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Abstract

Abstract

Genetic and metabolic aspects of claw horn lesion aetiopathogenesis in
Holstein cows. Matthew Barden

Sole haemorrhage (SH), sole ulcers (SU), and white line lesions (WL),
collectively referred to as claw horn lesions (CHL), are important causes of
lameness in dairy cattle. This thesis aimed to explore the aetiopathogenesis of
CHL, with a focus on genetic and metabolic factors. A cohort of 2,352 Holstein
cows was enrolled on four herds in the UK and each animal was assessed at four
production stages. Data collected included detailed foot lesion records,
ultrasound measurements of digital cushion thickness (DCT) and, on one herd,
blood samples for analysis with proton nuclear magnetic resonance ("H NMR)
spectroscopy. Pedigree records and genotypes were obtained for all animals.

Single-step genetic analyses indicated sole lesions (SH and SU) had a
moderate heritability, while WL had a low heritability. The genetic correlation was
strong between SH and SU, moderate between SU and WL, and weak between SH
and WL. The heritability estimates of DCT were low-to-moderate depending on
the stage of production and location of DCT measurement. The genetic
correlation between DCT and sole lesions was generally negative. The recovery
of sole lesions between early and late lactation assessments was heritable and
appeared only weakly genetically correlated with sole lesion susceptibility.

Genome-wide association analyses of CHL and DCT traits revealed a
polygenic background, with candidate genes identified relating to immunity and
inflammation, as well as carbohydrate and lipid metabolism. Analysis of serum
using 'TH NMR spectroscopy indicated the serum metabolome could not
accurately differentiate between healthy cows and those affected with sole
lesions, but a small number of metabolites appeared to be associated with SU
development. Finally, the potential of breeding for improved lameness resistance
using national genetic indexes was assessed, and the Lameness Advantage
index was significantly associated with SH and SU development.

The additive genetic variance of CHL could be utilised to select for
increased resistance to these lesions; novel traits such as DCT and sole lesion
recovery may also be useful auxiliary traits to reduce CHL prevalence. The
genetic relationships between investigated traits, in addition to the genomic
regions and genes associated with CHL and DCT, provide further insights into the
genetic background and potential aetiopathogenesis of CHL. The metabolic
influence on CHL development is poorly understood with the results of this work
suggesting the serum metabolome is not directly associated with sole lesion
development, however, further metabolomic studies of CHL would be worthwhile.
Breeding for reduced CHL by selecting on the Lameness Advantage index is likely
to be effective, although more direct CHL traits would be more efficient. Genetic
selection alongside management and environmental changes should be
considered as the optimal approach to reducing CHL in dairy cattle.
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Chapter 1: Introduction and literature review

Chapter 1: Introduction and literature review

1.1 Introduction to lameness in dairy cattle

Against the backdrop of a growing global population, diminishing natural
resources and climate change, global food security has never been more
important (Tomlinson, 2013; FAQ, 2018). At the forefront of this challenge is the
sufficient and sustainable production of protein (Semba, 2016; Clark and
Lenaghan, 2020), a word derived from the Greek adjective mpwTtelog (proteios)
meaning “primary” (Vickery, 1950). Bovine milk is an important source of protein
in the human diet (Pereira, 2014) and there is an increasing worldwide demand
for dairy products (Muehlhoff et al., 2013). But while the nutritional value of milk
is clear, there is a widespread drive to promote plant-based alternatives to dairy
due to concerns regarding the sustainability of livestock farming (Willett et al.,
2019). Therefore, the dairy industry needs to demonstrate that the increased
demand for milk production can be met sustainably (Britt et al, 2021).
Sustainability in agriculture can be evaluated from economic, environmental, and
social aspects (Latruffe et al., 2016); lameness in dairy cattle presents a direct

threat to the sustainability of dairy farming from each of these fronts.

1.1.1 Detection of lameness

Lameness is the abnormal locomotion or posture which results from pain
or dysfunction in the locomotor system (Bell, 2016). In dairy cattle, lameness is
primarily detected by the visual assessment of gait and posture, and a range of
locomotion scoring systems have been developed to formalise the detection and
severity grading of lameness. Most modern systems are direct or adapted
versions of the five-point scale proposed by Sprecher et al. (1997). Despite minor
differences, most systems are broadly comparable to each other (Whay, 2002).
In the United Kingdom (UK), a simplified version of this five-point system, termed
“mobility scoring”, was promoted by the Agricultural and Horticulture
Development Board (AHDB) and has become the industry standard in this
country (Whay et al., 2003a; AHDB, 2020a).

Page | 1



Chapter 1: Introduction and literature review

1.1.2 Frequency of lameness

In the UK, a large number of studies have measured the frequency of
lameness in dairy cows. A recent meta-analysis of 68 UK-based studies
estimated the national prevalence of lameness in dairy cattle to be 30% (95%
confidence interval (Cl) 27 - 32%) with an incidence rate of 31 cases per 100 cow-
years (95% Cl 26 - 38) (Afonso et al., 2020). Similar levels of lameness in dairy
herds have been reported in other European countries (Dippel et al., 2009; Sarova
et al., 2011), as well as in North America (Espejo et al., 2006; von Keyserlingk et
al., 2012; Hoffman et al., 2013; Solano et al., 2015), South America (Tadich et al.,
2010; Bran et al., 2018), Asia (Chapinal et al., 2014; Sadiq et al., 2017; Ali, 2020),
and Australasia (Fabian et al., 2014; Ranjbar et al., 2016). In short, lameness in

dairy cattle is a universal problem.

Although the previously referenced studies used different locomotion
scoring systems, the thresholds to classify cows as lame were relatively high,
such as an immediately detectable lameness (AHDB, 2020a) or an arched back
posture whilst standing (Sprecher et al., 1997). Therefore, these prevalence
estimates have not been inflated by mild cases and relate to lameness of
clinically significant severity. Lameness has been identified as the most pressing
problem affecting the modern dairy industry in Europe (European Food Safety
Authority (EFSA), 2009; Nalon and Stevenson, 2019), and it is hard to dispute this
conclusion when around one in three cows on modern dairy farms are lame.
Recent cross-sectional studies from the UK reported that within-herd prevalence
ranged from 6% to 65% (Griffiths et al., 2018; Randall et al., 2019), indicating that
lameness is much more effectively controlled in some herds compared to others,

therefore a low national prevalence of lameness should be achievable.
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Chapter 1: Introduction and literature review

1.1.3 Aetiology of lameness

Lameness in dairy cattle is a symptom of a wide range of diseases with
disorders of the foot considered to be the predominant cause (Huxley, 2013). The
importance of foot lesions in lameness is underpinned by observations such as
the presence of clinically significant foot lesions in 90% of lame cows (Murray et
al., 1996; Somers and O’Grady, 2015); the positive correlation between lameness
severity and the likelihood of a painful foot lesion being recorded during foot-
trimming (Spearman correlation coefficient 0.48 + 0.04) (Bicalho et al., 2007a),
and the increased odds of lameness in animals with a foot lesion compared to
unaffected animals (odds ratio (OR) 2.7, 95% Cl 1.7 — 4.3) (van Huyssteen et al.,
2020).

The International Committee for Animal Recording (ICAR), which is a
collaborative, international initiative aiming to standardise data recording in
agriculture, published an atlas of 16 foot and claw disorders (Egger-Danner et al.,
2020). These disorders can broadly be attributed to either infectious or non-

infectious causes (Table 1.1a and Table 1.1b).

The importance of individual foot lesions in dairy cattle can be determined
by consideration of the severity of the lesion, which relates to the economic and
welfare impact, and the prevalence. Digital dermatitis is highly prevalent in UK
dairy herds (Barker et al, 2010) and is consequently considered the most
significant infectious cause of lameness in dairy cattle (Refaai et al., 2013). The
major non-infectious foot lesions which are associated with lameness in dairy
cattle are sole haemorrhage (SH), sole ulcers (SU), and white line lesions (WL).
These lesions have a high prevalence in dairy cattle (Murray et al., 1996; Laven
and Lawrence, 2006; Somers and O’Grady, 2015) and, relative to other foot
lesions, have been associated with the most severe pain responses (Whay et al.,
1998; Pastell et al., 2010), economic impacts (Amory et al., 2008; Bruijnis et al.,
2010; Dolecheck et al., 2019), and environmental consequences (Mostert et al.,
2018).
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Chapter 1: Introduction and literature review

Table 1.1a. Infectious foot and claw disorders described in the ICAR Claw Health
Atlas (Egger-Danner et al., 2020).

Disorder Description

Digital dermatitis Infection of digital or interdigital skin causing
circumscribed superficial ulcerations, and/or
chronic hyperkeratosis

Interdigital/superficial dermatitis  Mild superficial dermatitis around the claws or in
the interdigital cleft

Heel horn erosion (Slurry heel) Irregular loss of the horn around the heel bulbs
resulting in V-shaped grooves

Interdigital phlegmon (Foul of Symmetrical, acute inflammation of the
the foot, Foot rot) subcutaneous tissues of the foot with a
characteristic odour

Swelling of the coronary band Swelling of tissue proximal to the horn capsule in
and/or heel bulb the absence of a penetration injury or concurrent
claw horn lesion
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Table 1.1b. Non-infectious foot and claw disorders described in the ICAR Claw
Health Atlas (Egger-Danner et al., 2020).

Disorder

Description

Asymmetric claws

Concave dorsal wall
Corkscrew claws
Double sole

Horn fissure
Interdigital hyperplasia

Scissor claws

Sole haemorrhage

Ulcers (Sole ulcers, Heel ulcers,
Toe ulcers, and Toe necrosis)

Thin sole

White line disease

Differences in claw dimensions between medial
and lateral claws which cannot be corrected by
trimming

Concave shape of the dorsal wall of the claw

Deviation of the dorsal wall of the claw causing
twisting of the claw along the longitudinal axis

Multiple layers of underrun sole horn

Fissures in the claw wall, either horizontal or
vertical

Proliferative, fibrous mass in interdigital cleft

One or both toes deviate axially to cross over
each other

Discolouration of the sole or white line due to
blood staining (pink, purple, blue, or yellow
discolouration possible); lesions can be
circumscribed or diffuse

Exposure of fresh or necrotic corium through the
sole horn; toe necrosis can develop due to non-
healing toe ulcers

Sole horn is easily compressed when finger
pressure is applied, usually reflecting a sole horn
thickness < 5 mm

Separation of the junction between the wall and
sole (white line) which can progress to abscess
development
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1.1.4 The threat of lameness to sustainable dairy farming

Economic effects. In a comparison of herd-level economic losses
associated with production diseases in dairy cattle, lameness was second only
to clinical mastitis (Kossaibati and Esslemont, 1997). In addition to treatment
costs, losses due to lameness occur as a result of reduced milk production,
involuntary culling, and poorer fertility (Enting et al., 1997). It has been estimated
that foot lesions result in annual losses of around $75 per cow (Bruijnis et al.,
2010). The costs associated with specific foot lesions have also been estimated,
for example, losses of $216 were estimated for each case of SU (Cha et al., 2010).
More recent studies have shown that the costs associated with foot lesions
depend on the lesion severity, the parity of the affected animal, and the stage of
lactation at which the lesion develops (Charfeddine and Pérez-Cabal, 2017,
Dolecheck et al., 2019). For example, the total costs associated with mild cases
of SU and WL were estimated to be $232 and $221 per cow per year, respectively;
whereas severe SU and WL were associated with losses of $622 and $590,
respectively (Charfeddine and Pérez-Cabal, 2017). Dolecheck et al. (2019) found
the total cost associated with SU and WL was greatest when lesions developed
in multiparous animals in the first 60 days after calving ($282 and $249,
respectively), with a lower cost associated with lesions which developed in

primiparous animals or later in lactation.

Reduced milk yield is a major driver of the economic losses associated with
SU and WL (Cha et al.,, 2010; Charfeddine and Pérez-Cabal, 2017; Dolecheck et
al., 2019). Milk yield has been shown to be lower in cows before and after the
detection of lameness (Green et al., 2002; Archer et al., 2010b; Reader et al,,
2011). Milk yield reductions following lameness are estimated to be in the range
of 0.5 kg to 1.55 kg per day (Warnick et al., 2001; Archer et al., 2010b), with a 360
kg reduction (95% CI 163 — 552 kg) in milk yield over a lactation attributable to
lameness (Green et al., 2002). Lactation yield reductions of 574 kg (95% Cl 307
— 840 kg) were estimated in cows which developed SU and reductions of 369 kg
(95% Cl 137 — 600 kg) in cows which developed WL, compared to unaffected
cows (Amory et al., 2008); this effect on production can persist into subsequent

lactations (Oikonomou et al., 2013).
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Chapter 1: Introduction and literature review

Removal of inefficient animals from a herd promotes profitability but forced
culling of diseased animals (known as involuntary culling) has the opposite effect
(Rogers et al., 1988; Fetrow et al., 2006). Lame cows were found to be more likely
to be involuntarily culled or die compared to non-lame cows (Hazard ratio (HR)
1.45,95% Cl 1.12 - 1.78) (Bicalho et al., 2007b). Similarly, cows which developed
SU around peak lactation had a higher chance of being culled than unaffected
cows (HR 2.7,95% CI 1.3 - 6.0) (Booth et al., 2004).

Infertility is one of the most frequent reasons for culling dairy cows
(Bascom and Young, 1998; Brickell and Wathes, 2011). As lameness negatively
affects fertility (Hernandez et al.,, 2001; Bicalho et al.,, 2007b), there is an
additional indirect relationship between lameness and involuntary culling. It has
been shown that lame cows were more likely to be culled for fertility reasons than
non-lame cows (HR 8.4, 95% Cl 1.2 — 59.6) (Sprecher et al., 1997). Herd
productivity is closely related to reproductive efficiency (Britt, 1985) and
profitable milk production requires cows to become pregnant relatively early in
lactation, the period when the incidence of lameness is highest (Green et al.,
2002). Lameness in the first 30 days of lactation has been associated with a
lower chance of becoming pregnant compared to non-lame cows (HR 0.43, 95%
Cl 0.28 - 0.66) (Melendez et al., 2003); in a similar vein, severe lameness during
the first 35 days of lactation was associated with an increased chance of delayed
ovarian cyclicity compared to mildly lame or sound animals (OR 3.5,95% CI 1.00
- 12.21) (Garbarino et al., 2004). Therefore, the costs incurred through poorer

fertility are another significant source of economic losses due to lameness.

Environmental effects. The environmental impact of livestock farming is
under scrutiny, with a particular focus on the emissions of greenhouse gases
such as methane (Steinfeld et al., 2006; Rotz, 2020). Enteric methane production
from beef and dairy cows contributes a large proportion of the total greenhouse
gas emissions from the livestock sector (Caro et al., 2014). Several strategies
such as nutritional changes, feed additives, and genetic selection indexes have
been explored and may help align dairy production with global goals to reduce

greenhouse gases (Carrazco et al., 2020; Dillon et al., 2021; Richardson et al.,
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2022). Lameness in dairy cows has been directly linked to increased greenhouse
gas emissions, as well as other detrimental environmental impacts (Chen et al.,
2016), so improving the health and welfare of dairy cattle is another important
step toward reducing the environmental impact of dairy farming (Hristov et al.,
2013).

One logical approach to reducing the environmental impact of dairy farming
is to maximise productivity so that fewer animals are required to produce the
same volume of milk; or to put it another way, by increasing milk production the
emissions associated with each animal are effectively diluted (Boadi et al., 2004;
Gerber et al.,, 2011). As previously discussed concerning the economic effects,
lameness has a marked effect on milk yield (Green et al., 2002; Archer et al.,
2010b; Reader et al.,, 2011) and therefore lameness needs to be well controlled

to achieve maximum productivity.

As well as preventing the negative effects of lameness on milk production,
effective fertility management is required to achieve maximum productivity in a
dairy herd. Ensuring cattle become pregnant in early lactation is important
because it minimises the proportion of time spent in late lactation, where yields
are low, and reduces the requirement for prolonged non-productive dry periods
(Wall et al., 2012). The negative effect of lameness on fertility (Melendez et al.,
2003; Garbarino et al., 2004; Bicalho et al., 2007b) is another reason why high
levels of lameness must be addressed to reduce the environmental impact of

dairy farming.

Intensification of dairy farming would seem an effective approach to
increasing production, and high-input with high-output dairy farming systems are
reported to have a lower environmental impact than low-input, pasture-based
systems (Capper et al., 2009; Britt et al., 2021). However, increased herd turnover
is often overlooked. Increasing the productive lifespan of dairy cattle is a key
strategy to offset the environmental costs of rearing replacement heifers (Knaus,
2009; Grandl et al., 2019; De Vries and Marcondes, 2020). High replacement rates
are a common feature of intensive dairy farming systems (Overton and

Dhuyvetter, 2020); larger herd sizes and greater milk production tend to be
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correlated with higher herd turnover and shorter productive lifespans (Weigel et
al., 2003; Hadley et al., 2006; Knaus, 2009). As previously discussed, lameness is
associated with more involuntary culling which limits the productive lifespan of
dairy cattle and increases the number of required replacements (Booth et al.,
2004; Bicalho et al., 2007b).

Social effects. Social sustainability encompasses internal and external
factors (Lebacq et al., 2013). Internal factors include the well-being of farm staff;
a relevant example from a recent study showed that poor mental health of
farmers was associated with a higher prevalence of severely lame cows in a herd
(King et al., 2021). External factors relate to public opinion of farming practices,
principally the perception of animal welfare (Lebacq et al., 2013); lameness is a

particular issue in this respect.

Lameness is an intrinsically painful condition which is also associated with
hyperalgesia and allodynia (Whay et al., 1997, 1998; Bruijnis et al.,, 2012).
Consequently, lameness is the highest-ranked animal-based measure of welfare
in dairy cattle (Whay et al., 2003a). Animal welfare has traditionally been
measured using the “Five Freedoms” (FAWC, 1993), and it has been convincingly
argued that lameness in dairy cattle undermines every one of these freedoms
(Whay and Shearer, 2017). Concerningly, the “Five Freedoms” approach is now
considered to be too limited in scope to truly promote “good” welfare (Mellor,
2016), so it would be even harder to reconcile the high prevalence of lameness in
dairy cattle with more modern welfare standards. Another approach to assessing
animal welfare is to consider three overlapping areas of welfare concern:
biological functioning, affective state and natural living (Fraser et al., 1997).
Lameness is clearly in opposition to each of these areas, as summarised by von
Keyserlingk et al. (2009), “a lame cow is in pain (affective state), has lower milk
production and reproduction (poor biological function), and has reduced mobility

(natural behaviour)”.

To conclude this section, the sustainability of dairy farming is a challenge
that the industry must address. Low levels of lameness are a prerequisite of

sustainable dairy farming; current levels of lameness on dairy farms undermine
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the economic profitability of herds, prevent environmentally efficient milk
production, and represent an unquestionable failure of animal welfare.
Sustainable dairy farming is achievable, but not without reducing the levels of

lameness currently found on the majority of dairy farms.
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1.2 Aetiopathogenesis of claw horn lesions

Reducing the number of lame dairy cows requires an understanding of the
aetiology and pathogenesis of the condition (Huxley, 2012). This thesis will
explore the aetiopathogenesis of the three major non-infectious foot lesions: sole
haemorrhage (SH), sole ulcers (SU), and white line lesions (WL). These lesions
are collectively referred to as claw horn lesions (CHL) (Offer et al., 2000), but have
previously been known as “laminitis-associated lesions” (Ossent and Lischer,

1998) or “claw horn disruption lesions” (Hoblet and Weiss, 2001).

The reason SH, SU, and WL are often grouped together stems from the
proposed aetiopathogenesis, which is thought to centre around compromised
horn production (Hoblet and Weiss, 2001), hence the synonym: claw horn
disruption lesion. Horn production is the result of the cornification of epidermal
keratinocytes, cells which are dependent on the vascular corium (Hirschberg,
Miilling and Budras, 2001). Damage to the corium is viewed as the likely initiating
factor in CHL development, however, the aetiology of this damage is still fairly
speculative. Broadly, it is thought that pathological changes can develop in the
corium because: (1) the suspensory apparatus fails to prevent the downward
movement of the distal phalanx within the hoof capsule causing compression of
the corium (Lischer et al., 2002b); (2) the digital cushion is ineffective in
dissipating forces away from the corium (Bicalho et al., 2009); (3) bone
development on the distal phalanx creates focal points of pressure on the corium
(Newsome et al., 2016), or (4) mechanical damage occurs due to overgrowth or
poor conformation of the hoof, or prolonged standing on hard surfaces (Manske
et al., 2002a; Webster, 2002).

Observational studies have identified risk factors for CHL which may be
explained by one or more of these underlying pathological pathways. For
example, the incidence of CHL peaks around three to four months after calving
(Leach et al., 1997; Offer et al., 2000; Barker et al., 2009), and there is a lag of
approximately two months between instigating pathology in the corium and the
detection of visible lesions (Hoblet and Weiss, 2001). Therefore, changes around

calving and early lactation are of particular interest. Consequently, the reduction
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in strength of the suspensory apparatus following parturition (Tarlton et al., 2002;
Knott et al., 2007) and the nadir in digital cushion thickness the week after calving
(Newsome et al., 2017a; Bach et al., 2021) or in early lactation (Bicalho et al.,

2009; Griffiths et al., 2020), may contribute to this increased incidence.

Claw horn lesion development has been shown to increase the risk of CHL
in future lactations (Hirst et al., 2002; Oikonomou et al., 2013; Randall et al., 2016).
Fatty acids from the digital cushion have been hypothesised to be used as
inflammatory mediators, causing a reduction in thickness following CHL and an
increased risk of future recurrence (Ossent and Lischer, 1998; Lischer et al.,
2002b; Raber et al., 2006). Another consequence of chronic inflammation with
CHL is bone formation on the distal phalanx which can create sharp spurs and
increase the likelihood of future lesion development (Lischer et al., 2002b;
Newsome et al., 2016). This same mechanism may also underlie the correlation
between age and CHL risk (Lim et al., 2015; Randall et al., 2015; Newsome et al.,
2016).

Twice yearly foot-trimming has been associated with reduced CHL (Manske
et al., 2002a), and concrete flooring has been linked to more severe SH (Bergsten
and Frank, 1996). These results may point to a biomechanical aetiology (Miilling,
2019), but aberrant forces may be exacerbating rather than initiating factors
(Cook and Nordlund, 2009).

1.2.1 Description of the claw horn lesions

Sole haemorrhage. Contusions to the corium in the foot cause blood
staining of the germinal horn which manifests as areas of haemorrhage in the
sole (Figure 1.1). Sole haemorrhage is inconsistently associated with lameness
(Tadich et al.,, 2010), but it is considered a direct precursor of more severe SU
(Croué et al., 2017; Newsome et al., 2017b). Although this is a logical conclusion,
the relationship between SH and SU has not been well characterised. Sole
haemorrhage may be a precursor to SU, a milder presentation of the same
pathological process, or an unrelated, albeit similar, condition. Previous
longitudinal studies have not observed a relationship between SH and SU in a

single lactation (Leach et al., 1997; Capion et al., 2009), but these studies focused
Page| 12



Chapter 1: Introduction and literature review

exclusively on first lactation animals which tend to have a lower incidence of SU
than older animals (Barker et al., 2009; Somers and O’Grady, 2015), and severe
SH in the first lactation may be associated with increased risk of CHL in future
lactations (Hirst et al., 2002; Randall et al., 2016).

Sole ulcers. Sole ulcers occur when the corium perforates through the sole
horn (Figure 1.1). Sole ulcers develop in a typical region of the sole because the
flexor tuberosity of the distal phalanx creates a focal area of compression of the
corium during walking (van der Tol et al., 2003; van Amstel and Shearer, 2006).
Ulcers in the heel or bulb region of the sole can be regarded as distinct lesions to
SU (Blowey et al., 2000), but as there are only subtle differences, it is practical to
group sole and heel ulcers together for most purposes. Ulcers at the toe region
of the sole may arise from similar pathology to typical SU (Kofler, 2017), but toe
ulcers are also associated with a generalised thin sole due to over-wear or
excessive foot-trimming (Sanders et al., 2009; Kofler, 2017). Therefore, although
toe ulcers could be considered a CHL, these lesions can also have a distinct

aetiopathogenesis and therefore will not be regarded as CHL in this thesis.

White line lesions. The white line is the junction between the hoof wall and
the sole. White line lesions include haemorrhage of the white line, separation
along the white line between the hoof wall and sole, and ascending infections or
abscess formation between the hoof wall and dermis (Figure 1.1). The horn in
the white line is softer and structurally weaker than other parts of the foot and
the production of inferior claw horn heightens this vulnerability (Kempson and
Logue, 1993; Leach et al., 1998; Winkler and Margerison, 2012). This weakness
makes the white line vulnerable to excessive forces if animals slip during walking,
for example, due to inappropriate herding or inadequate flooring surfaces (Barker
et al.,, 2009). The white line is widest in the abaxial aspect of the hoof which also
corresponds to the point of the sole under maximum pressure during standing;
consequently, this region is predisposed to separation which can lead to
ascending infections (Hoblet and Weiss, 2001; van der Tol et al., 2002). Although
WL are considered to arise from the same disease process as SH and SU, the

peak incidence of WL is later in lactation than SH and SU in multiparous animals

Page| 13



Chapter 1: Introduction and literature review

(Offer et al., 2000), and it has been suggested that WL can also occur with or
without prior disturbance of horn production (Miilling, 2002).

Page | 14



Chapter 1: Introduction and literature review

Figure 1.1. Examples of claw horn lesions (CHL). Images A to D are sole
haemorrhage (SH): discolouration of the sole due to haemorrhage in the corium,
colour ranges from light red (A, B) to dark purple (C, D), lesions can be diffuse (C)
or circumscribed (D); images E to H are sole ulcers (SU): a defect of the horn
exposing the underlying corium which may be fresh (E, F) or necrotic (G); images
| to L are white line lesions: haemorrhage localised to the white line (I) or
separation of the white line without (J) or with purulent discharge (K, L).

Sole haemorrhage (SH)
/ SR .

White line lesions (WL)

L
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1.2.2 Body condition and lameness history

One of the risk factors for lameness in dairy cows which has received the
most attention is body condition. However, it is also one of the least specific in
terms of reflecting underlying pathophysiological pathways which may
contribute to CHL development. Within a production cycle, the peak incidence of
CHL is usually observed shortly after the nadir in body condition, therefore the
relationship between body condition and CHL appears pertinent (Bruckmaier et
al., 1998; Aeberhard et al., 2001; Amory et al., 2008; Sanders et al., 2009). Body
condition can be assessed and assigned a score following visible evaluation and
palpation of specific anatomical points; in the UK, the most common body
condition scoring system is a one to five scale with quarter-point intervals
(Edmonson et al.,, 1989; Ferguson et al., 1994), however, scoring systems vary by

country and are not always well correlated (Roche et al., 2004).

The nature of the association between body condition score (BCS) and
lameness is not always clear. A single herd study found a quadratic relationship
between BCS and lameness, with higher locomotion scores (i.e. more severe
lameness) associated with either a low or high BCS (Onyiro et al., 2008). A study
of 50 dairy herds found an association between BCS and lameness prevalence,
but the greatest and only statistically significant difference existed between
cows with BCS < 2.5/5 compared to those with BCS > 2.5/5 (52.6% vs 22.1% P <
0.01) (Espejo et al., 2006). The results of these studies indicate that although BCS

and lameness are associated, the relationship is not linear.

One of the key questions in terms of CHL aetiopathogenesis is whether poor
body condition precedes, or results from lameness. Lame cows appear to spend
less time eating (Gonzalez et al., 2008; Gomez and Cook, 2010) and have a lower
dry matter intake (Bach et al., 2007). But whether this translates to a lower BCS
following lameness is hard to determine, and is complicated by the association
between milk yield and lameness (Archer et al., 2010b; Reader et al., 2011) and
milk yield and body condition (Onyiro et al., 2008; Roche et al., 2009), as well as
how both milk yield and body condition affect dry matter intake. If CHL result in

a loss of body condition, then it becomes difficult to establish if poor body
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condition preceding lameness is linked to lameness history, or whether poor body

condition is an independent risk factor.

If cows with CHL are not treated promptly and effectively (Pedersen and
Wilson, 2021) lameness can persist, particularly if cows are chronically lame
when first treated (Thomas et al., 2016). It is thought that inflammation due to
CHL may cause new bone development on the distal phalanx which is
responsible for a lifelong increased risk of CHL (Lischer et al., 2002b; Newsome
et al., 2016). This may be why high rates of recurrence are observed for CHL in
consecutive lactations (Enevoldsen et al., 1991; Foditsch et al., 2016; Charfeddine
and Pérez-Cabal, 2017).

There is some support for the assertion that poor body condition, or loss of
body condition, precedes lameness. Two studies demonstrated that a low BCS
at calving was associated with subsequent lameness (Hoedemaker et al., 2009;
Lim et al., 2015), but only one of these studies found a statistically significant
association with body condition loss in early lactation (Lim et al., 2015). However,
neither of these studies controlled for the effect of previous lameness events or
milk yield. Another long-term study of a single herd demonstrated loss of = 0.25
BCS during the first four weeks of lactation was associated with a slight increase
in odds of visible lameness compared to no change in BCS (OR 1.21 95% CI 1.03
- 1.42); important confounding factors were included as covariates in this
statistical model (Randall et al.,, 2015). This same study also reported an
association between cows recorded with BCS <2/5 and visible lameness within
the next three weeks, compared to cows with BCS 22/5; similarly, the same BCS
difference in the previous two weeks was associated with first lifetime lameness
events in primiparous animals. Given the presumed time it takes for CHL to
develop (Hoblet and Weiss, 2001), if poor body condition is part of the
aetiopathogenesis of CHL then poor body condition two or three weeks before
lameness cannot convincingly be considered causative as opposed to
consequential. First lifetime events of lameness in multiparous were associated
with mild and severe lameness after a sixteen-week and eight-week lag,

respectively (Randall et al., 2015). This presents a more convincing picture that
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low body condition might precede lameness, although the number of animals in
this sub-set was small. The relevance of the results from all these studies for
CHL aetiopathogenesis is uncertain as the causes of lameness were not

described.

Studies which investigate specific lesions rather than non-specific
lameness are rare. A single herd study based on foot-trimming records found
cows with BCS < 2/5 in the two months before lesion diagnosis, compared to
cows with BCS > 2/5, had an increased odds of both SU and WL (OR 1.39 95% ClI
1.10 - 1.75) and SH (OR 2.44 95% CI 1.69 - 3.57) (Green et al., 2014). The same
comparison between BCS of cows revealed an increased odds of lameness two
to four months later due to SU and WL (OR 1.67 95% CI 1.22 - 2.27) and possibly
SH (OR 1.43 95% CI1 0.85 - 2.44). Analysis adjusted for the important confounding
factors of the stage of lactation, parity, milk yield, and previous lameness, and the
BCS variable was sufficiently lagged to infer a role in the development of CHL.
The same trends were apparent when data were analysed for the first cases of
lameness during each lactation, with lameness in previous lactations included as
a covariate in the model. Although the reliance on foot-trimming records may
limit the data quality for lesions such as SH, which does not consistently cause a
visible lameness but can affect future CHL risk (Tadich et al., 2010; Randall et al.,
2016), this study provides the most convincing evidence that poor body condition

increases the risk of CHL development.

Subsequent analysis of data from two of these previously discussed
studies (Green et al., 2014; Randall et al., 2015) demonstrated that around 8% of
lameness could be prevented by avoiding the loss of half a BCS, whereas the
population attributable risk of lameness due to a historic lameness event (> 16
weeks previous) was approximately 10 - 20% (Randall et al., 2018a). Therefore,
the weaker association between poor body condition and the first lifetime
lameness event and the lower population attributable risk for body condition
compared to historic lameness, highlight the important long-term effects of

lameness cases on the risk of recurrence.
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Body condition is a reflection of subcutaneous fat and skeletal muscle
coverage (Megahed et al., 2019). A lower prepartum back fat thickness was
associated with a greater increase in SH severity, but cows with the greatest
reductions in back fat thickness had the smallest increase in SH severity
(Wilhelm et al, 2017). These results would suggest that the depth of
subcutaneous fat may explain part of the association of lameness with poor body
condition but possibly not the association with body condition loss; however,
these results should be interpreted cautiously as statistical analysis did not
extend beyond univariable comparisons. Considering skeletal muscle loss
occurs simultaneously with subcutaneous fat (Bruckmaier et al., 1998), it would
be useful to also investigate the relationship between lameness and muscle

thickness.

Overall, there is reasonable evidence to support the assertion that poor body
condition predisposes lameness, and a meta-analysis of the results from two
additional epidemiological studies (Solano et al., 2015; King et al., 2017) also
reached this conclusion (Oehm et al., 2019). Rather than a linear relationship
between body condition and lameness, there appears to be a critical threshold
below which lameness risk increases. The loss of body condition also seems to
be important independent of the absolute body condition. However, historic
lameness cases may be more influential on future lameness risk than body

condition.

As mentioned previously, poor body condition, or loss of body condition, can
be linked to a wide range of pathophysiological processes, many of which could
have a role in the aetiopathogenesis of CHL. Body condition is the biological
endpoint of various interacting metabolic pathways, which include physiological
processes such as carbohydrate, protein, and lipid metabolism (Tamminga et al.,
1997, Roche et al, 2009; Megahed et al, 2019), and potentially
pathophysiological processes such as periparturient inflammation and oxidative
stress (Sordillo et al., 2009; Abuelo et al., 2015; Bradford et al., 2015; Mann, 2022).
The association between body condition and CHL could reflect the metabolic

processes which induce, result from, or occur concurrently with fat mobilisation
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(Ossent and Lischer, 1998; Lischer et al., 2002b). These changes may cause
inflammation or laxity in the suspensory apparatus of the distal phalanx which
results in it sinking downwards within the hoof and increasing pressure on the
corium. Another hypothesis proposes the most consequential effect of fat
mobilisation during early lactation is the depletion of the digital cushion which
leaves the bulbar dermis more susceptible to damage during mechanical loading
of the hoof (Bicalho et al., 2009). These hypotheses are not mutually exclusive
and either mechanism could, theoretically, potentiate the effects of the other
within the hoof.

1.2.3 The digital cushion

The digital cushion is composed of three parallel pads of soft fat and loose
collagenous tissue which separates the distal phalanx and sole horn (Raber et
al., 2004). It is thought the function of the digital cushion is to dissipate forces
away from the bulbar dermis and prevent damage to this vulnerable tissue
(Budras, 2003; Raber et al., 2004).

The digital cushion could be the link in the association between body
condition and lameness. Cadaver studies have reported moderate correlations
between body condition and adipocytes in the digital cushion (Newsome, 2016;
Hiss-Pesch et al., 2019). However, studies which measure the digital cushion
thickness (DCT) in vivo with ultrasonography report varying strengths of this
association between body condition and digital cushion thickness (Bicalho et al.,
2009; Machado et al, 2011; Newsome et al.,, 2017a; Griffiths et al., 2020).
Interestingly, the study which reported the weakest correlation between body
condition and DCT was the only study in which DCT was measured blind to body
condition and stage of lactation, and the thickest digital cushion coincided with
the nadir of the back fat thickness (Newsome et al., 2017a). Therefore, it is
possible that the stronger associations reported elsewhere could be inflated by
sub-conscious biases during measurement (Griffiths et al., 2020). There is also a
lack of consistency between studies in whether the middle or axial fat pad was
measured, this inconsistency may explain some of the variations in results, but

despite being different sizes (Raber et al., 2004), adipocyte size in both fat pads
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are both reported to correlate with body condition (Newsome, 2016; Hiss-Pesch
etal., 2019).

If DCT reflects body condition, the dynamics of both throughout a
production cycle would be expected to correlate. The first study to address this
concluded that “digital cushion thickness decreases steadily after parturition,
reaching a nadir four months into the lactation” (Bicalho et al., 2009), however,
this assertion is not robustly supported by the presented results. In addition to
the problems of inferring progressive change from a cross-sectional study, only
lame cows were assessed outside of the routine twice-yearly foot-trimming
which occurred in early lactation and before drying off. Therefore, this conclusion
regarding DCT changes during lactation may be affected by the time points in
lactation when cows were assessed other than routine foot-trimming, i.e., at the
treatment of lameness. In agreement with Bicalho et al. (2009), a thinner digital
cushion at approximately 70 days postpartum than within the first week after
calving was reported by Griffiths et al. (2020). However, Stambuk et al. (2019)
reported that during lactation DCT was thinnest at 8 — 34 days postpartum for
multiparous animals, although the nadir was at 93 — 118 days postpartum in
primiparous heifers. Finally, Newsome et al. (2017a), which included the most
frequent measurements from the individual cows during lactation, reported the
nadir of DCT occurred approximately seven days postpartum. Overall, there is not
a clear picture of how the digital cushion relates to body condition. It should also
be noted that despite referring to this ultrasonographic measurement as DCT, it
technically refers to the thickness of all soft tissues between the sole and distal
phalanx and therefore the thickness of the corium, which is not a constant, may

influence the results (Newsome et al., 20173; b).

Despite the lack of clarity regarding the relationship between digital cushion
and body condition, there is an agreement in the literature that a thin digital
cushion increases the subsequent risk of a CHL (Machado et al., 2011; Toholj et
al., 2014; Newsome et al., 2017b; Stambuk et al., 2019; Griffiths et al., 2020).
However, the effect of a concurrent CHL on DCT is less clear with some studies

reporting it is associated with an increased DCT (Toholj et al., 2014; Newsome et
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al., 2017b) and others the opposite (Bicalho et al., 2009; Griffiths et al., 2020). To
date, there is only one study which addresses changes in the digital cushion
throughout lactation and its association with CHL development, and a reduction
in DCT during early lactation did not increase the risk of CHL development
(Newsome et al., 2017b). Therefore, these results would not support the
hypothesis that fat mobilisation is associated with the thinning of the digital
cushion and subsequent CHL development, however, replication of these results

in further longitudinal studies is needed.

The assumed association between DCT and body condition should also be
interpreted in the context of how body condition relates to lameness. An
increased lameness risk has only been associated with a poor body condition,
rather than a linear relationship between body condition and lameness risk
(Green et al., 2014; Lim et al., 2015; Randall et al., 2015). The study which reported
the strongest association between body condition and DCT observed an average
difference of 0.6 mm in the DCT between cows with body condition scores of 2/5
and 2.5/5 (Bicalho et al., 2009). If the digital cushion is the mechanistic link
between poor body condition and lameness this highlights the exceptionally fine
margins that exist between dairy cows developing a sole ulcer or remaining

sound.

The shock-absorbing capacity of the digital cushion may be more
dependent on its composition than its dimensions, and this may explain the
inconsistencies between studies which have measured the digital cushion with
ultrasonography. Cadaver studies indicate the composition of the digital cushion
tended to vary with parity (Raber et al., 2004; izci et al., 2019), although standard
errors were either unreported or very large. Another cadaver study reported there
was significantly less fat in the digital cushion of primiparous than multiparous
animals, but did not account for the stage in lactation or body condition of the
animals (Raber et al., 2006). It is plausible that subtle changes in DCT may be
indicative of more substantial changes in composition which could have a
greater bearing on the biomechanics of the foot, but more research is needed to

support this. It is equally possible that changes in DCT are simply a result of the
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sinking of the distal phalanx within the hoof causing compression of the tissue
below; in healthy cows, this is prevented by a system of collagen fibres called the

suspensory apparatus (Miilling, 2012).

1.2.4 The suspensory apparatus

The distal phalanx of the bovine hoof is encased within the hoof capsule
and suspended from the hoof wall by collagenous fibres attached to the dermal
laminae, this is referred to as the suspensory apparatus (Lischer et al., 2002b;
Budras, 2003). The body mass of a cow is primarily transferred from the distal
phalanx to the ground via the suspensory laminae and hoof wall. If the
suspensory apparatus of the distal phalanx fails to prevent downward movement
of the phalanx within the hoof then the corium can be damaged leading to

subsequent CHL development (Lischer et al., 2002b).

The calving effect. One widely accepted cause of weakening of the
suspensory apparatus is parturition. Two studies, using similar study designs,
demonstrated a difference in the strength of the suspensory apparatus of the
distal phalanx in heifers on either side of their first calving (Tarlton et al., 2002;
Knott et al., 2007). Biomechanical strength in the laminae was decreased in
samples collected after parturition and weakest at the final time point twelve
weeks postpartum. Although these results are frequently considered to highlight
parturition as a risk factor for CHL development, changes in the laminae could
relate to either parturition or the onset of lactation, or a combination of both.
Furthermore, as the study population was nulliparous heifers, the comparison in
these studies is between animals which have never calved and those which have
calved once. Therefore, it is possible that observed changes are specific to the
first parturition, or the commencement of the first lactation, and may not

necessarily repeat at every subsequent parturition.

The significance of the periparturient period on CHL development is
supported by observations that increased standing times in the weeks on either
side of parturition was associated with future CHL development (Proudfoot et al.,
2010; Sepulveda-Varas et al., 2018). This observation may indicate the soft

tissues of the foot are more vulnerable to compressive forces in this
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periparturient period which would support the hypothesis of laxity in the
suspensory apparatus. Equally, this same behaviour has been associated with
other conditions which develop subsequently, such as clinical ketosis, and in this
instance, it is considered to reflect a generalised discomfort (ltle et al., 2015).
Therefore, both the consequences and causes of increased periparturient
standing times should be considered as possible direct or indirect risk factors for

CHL development.

Matrix metalloproteinases. The activity of matrix metalloproteinases
(MMP), and particularly their effects on the suspensory apparatus, are of interest
concerning CHL aetiopathogenesis. Matrix metalloproteinases are a family of
enzymes which are principally involved in remodelling structural components of
the extra-cellular matrix, but also have roles in the regulation of inflammation
(Mccawley and Matrisian, 2001; Parks et al., 2004; Vandenbroucke and Libert,
2014). Two MMP, MMP-2 and MMP-9, are specifically associated with collagen
degradation (Parks et al., 2004), and MMP-2 has been highlighted as a putative
cause of periparturient weakening of the suspensory apparatus of the distal
phalanx in cattle (Tarlton et al.,, 2002; Knott et al., 2007). Cows with SU had
increased gene expression for MMP-13, which could indicate MMP-13 is directly
associated with SU, as it is associated with inflammation, or indirectly via the
activation of MMP-2 and MMP-9 (O’Driscoll et al., 2015). The scope of this study
could not differentiate whether expression of MMP-13 occurred before the
development of SU or if it was elevated as a response to inflammation caused by

the lesion.

Physiologically, MMP are primarily controlled by steroid hormones, such as
progesterone, oestrogen, and cortisol (Cury et al.,, 2007; Takagi et al., 2007;
Mishra et al., 2012). Insulin-like hormones also have roles in MMP control, for
example, relaxin appears to increase MMP expression and said MMP are
associated with the release of insulin-like growth factors (IGF) (Mccawley and
Matrisian, 2001; Bathgate et al., 2013). Matrix metalloproteinases have been
demonstrated to mediate the remodelling of the postpartum endometrium and

facilitate the softening of soft tissues before parturition (Samuel et al., 1998;
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Walter and Boos, 2001; Schuler et al., 2018). This has led to the endocrinological
changes associated with parturition, particularly increases in oestrogen and
relaxin, to be considered as possible drivers of MMP activity in the connective
tissue of the hoof around calving (Knott et al., 2007), although this link has not
been substantiated. It should be noted that multiple hormones which might affect
MMP activity, such as progesterone, oestrogen, insulin, and IGF-1, are typically
lower in multiparous animals (Sartori et al., 2004; Wiltbank et al., 2006; Wathes et
al., 2007; Brown et al., 2012), therefore it may not be accurate to assume MMP
activity in the hoof is the same postpartum in primiparous and multiparous

animals.

The effects of relaxin in cattle are not well understood and many of the
presumed effects are extrapolated from other species; unlike other mammals,
cattle do not produce the relaxin-1 peptide and therefore care needs to be taken
with these assumptions (Southey et al., 2009). Furthermore, many MMP
receptors can be activated by both relaxin and insulin-like peptides (Bathgate et
al., 2013) and the role of other hormones in MMP control may also be worth
consideration. For example, the upregulation of MMP in the endometrium of
cattle has also been associated with postpartum negative energy balance
(Wathes et al., 2011). Cows with negative energy balance have a lower
concentration of IGF-1 (Wathes et al,, 2011), and it has been shown in vitro that
IGF-1 has a protective effect on the MMP degradation of collagen in bovine
cartilage (Hui et al, 2001). Therefore, it is plausible that MMP within the
connective tissue of the hoof may also respond to metabolic changes which are
not directly related to parturition but rather the endocrinological background of

early lactation.

Systemic inflammation. The expression of MMP increases during
endotoxin-induced systemic inflammation (Pagenstecher et al., 2000;
Vandenbroucke and Libert, 2014); inflammation is another key area of interest in
the aetiopathogenesis of CHL. Theoretically, any systemic inflammation may be
associated with localised inflammation within the hoof. Inflammation of the

laminae is hypothesised to cause laxity in the suspensory apparatus of the distal
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phalanx (Ossent and Lischer, 1998); inflammation of the soft tissues in the foot
may also affect the digital cushion or result in bone development on the distal
phalanx (Lischer et al., 2002b; Newsome et al., 2016). Any or all of these

consequences of inflammation could contribute to CHL development.

Biomarkers of systemic inflammation, such as serum amyloid A and
haptoglobin, can be elevated in animals with CHL, but results are inconsistent
(Laven et al.,, 2004; Kujala et al., 2010; Smith et al., 2010; Tothova et al., 2014).
Furthermore, as most studies only measure biomarkers of systemic
inflammation after CHL diagnosis, they do not necessarily implicate systemic
inflammation in the aetiopathogenesis of these lesions. A small study
retrospectively matched six lame cows in the first three weeks of lactation, with
six healthy controls, and analysed pre and postpartum serum samples for
biomarkers of inflammation (Zhang et al., 2015). Cows which were lame had
higher concentrations of interleukin-1 and serum amyloid A eight weeks
prepartum, both these biomarkers were also elevated four weeks prepartum as
well as interleukin-6 and haptoglobin. Although there were limitations to this
study design and analysis, including but not limited to the small study population
and unknown causes of lameness, these results could support a potential role of
inflammation in the aetiopathogenesis of CHL. Another study analysed the
biochemical profiles of 48 periparturient Holstein cows on a single Brazilian dairy
herd, in which eleven cows were diagnosed as lame in the first week postpartum
(Paiano et al., 2019). Albumin was significantly lower in lame cows from 18 days
before parturition to 60 days postpartum, and as there were no differences in
other markers of protein intake and synthesis, Paiano et al. (2019) suggest this
indicated a pro-inflammatory state. While this assertion may be correct, other
unrecorded and common inflammatory conditions, such as uterine infections,
can reduce also albumin levels, so this association can only be tentatively

attributed to lameness (Megahed et al., 2019).

Conditions such as mastitis are associated with a systemic inflammatory
response, even in the absence of systemic clinical signs (Eckersall et al., 2001).

Early lactation clinical mastitis was observed to increase the odds of subsequent
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SU development (Griffiths et al., 2020; Watson et al., 2022). This would support a
link between systemic inflammation and claw health, although results may also
be affected by changes in animal behaviour such as decreased lying time due to
painful mammary glands (Siivonen et al., 2011), or common predisposing factors
underlying both conditions. One mechanism through which laminae may be
affected by systemic inflammation is via the action of toxic compounds such as
lipopolysaccharides. An in vitro study demonstrated lipopolysaccharides caused
inflammation of the dermal cells in the hoof (Tian et al., 2019), and systemic
administration of lipopolysaccharides in vivo has been reported to induce
histological changes in the laminae (Boosman et al., 1991). The translocation of
lipopolysaccharides into systemic circulation has been demonstrated from
naturally and experimentally induced mastitis and metritis (Eckel and Ameta;j,
2016), therefore, it is possible that systemic inflammatory conditions could affect

the laminae in the hoof, although further work is needed to develop this theory.

One way to directly evaluate the importance of inflammation in CHL
aetiopathogenesis is to assess the effect of pharmacologically reducing
inflammation. A randomised control trial demonstrated that the most successful
treatment of CHL included the administration of three days of a non-steroidal
anti-inflammatory drug (NSAID) (Thomas et al., 2015), and consequently
administration of an NSAID has been advocated as the best practice for CHL
treatment, in addition to therapeutic foot-trimming and the application of a foot
block to the unaffected claw (Pedersen and Wilson, 2021). Although the follow-
up in this study was not long enough to record the recurrence of lesions in
subsequent lactations (Thomas et al, 2015), the results suggest that
inflammation due to CHL may prevent successful recovery. The same study
design applied to chronic cases indicated that recovery rates were poor
regardless of treatment (Thomas et al., 2016), implying any pathological changes

due to inflammation may be prevented with NSAID, but not reversed.

Another randomised controlled trial of primiparous heifers on a single herd,
which ran over consecutive lactations, compared study groups which either

included or omitted an NSAID as part of lameness treatment, and one group in
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which all animals also received three days of an NSAID following each calving
(Wilson et al., 2022). The group which received NSAID following calving, as well
as during treatment for lameness, had a reduced risk of visible lameness or
culling when compared to those that received no NSAID at calving or during
lameness treatment (Wilson et al., 2022). The results of this study suggest
periparturient inflammation may have an important role in lameness
development, however, although around 70% of lameness cases were attributed
to CHL, no analysis was reported to indicate how the results related specifically
to cases of CHL. Additionally, results were reported for all cases of lameness so
it was not possible to examine the effects on first cases in lactation compared to
repeated cases; this would be of particular relevance to differentiate the effects
of postpartum inflammation from inflammation caused by Ilameness.
Interestingly, there was no effect of NSAID following parturition on lameness in
multiparous animals enrolled in the same study (Wilson, 2021). This is possibly
areflection of the unknown lameness history of multiparous animals in this study
population, which may include previous cases of CHL. It may also suggest that
the effects of inflammation around parturition are only consequential the first
time an animal calves, or that there are other important risk factors for lameness
in older animals, such as increased milk production and metabolic changes,

which mask any benefit of reduced periparturient inflammation.

A randomised control trial of Holstein dairy cows reported that prepartum
administration of pegbovigastrim, which elevates circulating neutrophils, was
associated with a significantly greater incidence of lameness in the first 30 days
after calving (OR 1.79, 95% CI 1.16 - 2.76) (Zinicola et al., 2018). Most of these
lame cows did not have detectable foot lesions at the time, but lesion incidence
after the first 30 days of lactation was not reported. These results could support
a causal link between immune response, or at least leucocytosis (McDougall et
al., 2017), and subsequent lameness, but should be interpreted cautiously as
investigating this hypothesis was not the primary aim of this study. Conversely,
the administration of the pro-inflammatory cytokine interleukin-8 to prepartum
dairy cows reduced the incidence of lameness within the first 30 days of lactation
by approximately 50% (lameness recorded in 11/70 untreated controls, 6/70
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treated with intrauterine interleukin-8, 5/70 treated with intravenous interleukin-
8) (Zinicola et al., 2019b). This result would weaken the case for inflammation
being implicated in lameness, but this study was also designed to test a different
hypothesis and this result was not statistically significant (P = 0.16).
Experimentally inducing systemic inflammation in randomly controlled trials may
be the most robust approach to determine the role of systemic inflammation in

the aetiopathogenesis of CHL, and this area would benefit from further research.

Laminitis. Inflammation of the laminar corium is called laminitis, although
it is contested whether inflammation causes degeneration of the laminae, or
degeneration of laminae causes secondary inflammation due to tissue damage
(Shearer and van Amstel, 2017). Either way, degeneration of the laminae would

prevent the suspensory apparatus from functioning effectively.

Acute ruminal acidosis is associated with acute laminitis (Thoefner et al.,
2004; Danscher et al., 2009), but this was not found to be to be associated with a
reduction in the tensile strength of the laminae (Danscher et al, 2010),
undermining the importance of laminitis in the aetiopathogenesis of CHL. Sub-
acute ruminal acidosis (SARA) is common in early lactation due to the change
onto a high-starch ration, and CHL development may be a consequence of
subclinical laminitis due to this nutritional change (Vermunt and Greenough,
1994; Ossent and Lischer, 1998; Cook et al., 2004; Offer et al., 2004; Vermunt,
2007). Two studies observed no differences in CHL development during early
lactation in cows fed a high concentrate-to-forage ratio diet compared to cows
fed a ration with a low concentrate-to-forage ratio (Livesey et al., 2003; Offer et
al., 2004). Other studies have demonstrated that a low dry matter diet was
associated with an increased CHL incidence in primiparous heifers (Webster,
2001; Offer et al., 2003). The results of these studies should be interpreted with
caution because analyses were limited to either exclusively univariable
comparisons or multivariable analyses without important confounding factors

such as body condition and milk production.

Despite equivocal results, the association between rumen health and claw

health should not be disregarded. The relationship between SARA and CHL
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development is hindered, in part, by the limited understanding and
characterisation of SARA as a condition, which is difficult to diagnose in
individual animals (Grove-White, 2004). An association between SARA and CHL
is supported by the results of a randomised control trial which found that cows
which were changed onto a high-energy diet after calving developed more severe
CHL than cows which were already on the high-energy diet prepartum (Donovan
et al., 2004), although this study did not find an association between rumen pH

and CHL development.

The specific association between rumen pH and CHL development has
been an obstacle in attempts to link rumen health and claw health. This has led
some authors to dismiss this proposed component of CHL aetiopathogenesis
(Randall et al., 2018b), however, rumen health cannot be surmised exclusively by
its pH which correlates poorly with other indicators of rumen health and function,
such as concentrations of volatile fatty acids and ammonia (Bramley et al., 2008;
Lean and Golder, 2018). Moreover, the diurnal fluctuations in rumen pH render
point measurements of pH less predictive of SARA than the rumen pH kinetics
(Sato, 2016; Villot et al., 2018). Therefore, further research which attempted to
capture more of the complexity of rumen dynamics would be useful to investigate

the possible role of SARA in CHL aetiopathogenesis.

The proposed mechanism by which SARA affects claw health is through the
translocation of toxic compounds from the rumen which can subsequently
damage the connective tissues in the hoof (Lean et al., 2013; Tian et al., 2019).
Although toxic compounds generated during SARA have been measured in the
rumen, there is some debate as to how consistently these translocate across the
rumen epithelium (Plaizier et al., 2018). Experimentally induced SARA caused
increased systemic levels of lipopolysaccharides, in addition to other systemic
inflammatory markers (Khafipour et al., 2009; Guo et al., 2017). Additionally, there
appears to be cross-talk between the regions of the gastrointestinal tract, and
hindgut fermentation is also affected by the amount of dietary starch (Steele et
al., 2016). The epithelium of the distal intestines is more susceptible to acidic

damage than the rumen and translocation of toxic compounds occurs more
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frequently, therefore SARA may not exclusively reflect rumen health but could
indicate changes across the entirety of the gastrointestinal tract (Plaizier et al.,
2018). In horses, hindgut fermentation of excessive carbohydrates is associated
with systemic inflammation and clinical laminitis (Katz and Bailey, 2012),
although insulin resistance is now considered to be the predominant
aetiopathogenesis in most cases (de Laat et al., 2010; Patterson-Kane et al.,
2018; Durham et al., 2019).

Metabolic pathophysiology. In dairy cows, insulin resistance in the
periparturient period is considered a necessary homeorhetic adaption to supply
glucose to the reproductive tract and mammary gland (De Koster and Opsomer,
2013), and insulin resistance is linked to increased milk production (Chagas et
al., 2009). There is a well-recognised correlation between milk production and
lameness (Archer et al., 2010b; Reader et al., 2011) and therefore the relationship
between insulin resistance and lameness may be pertinent (Newsome, 2016).
This relationship may include systemic inflammation: the administration of the
pro-inflammatory cytokine interleukin-8 induced insulin resistance in a small
number of male calves (Zinicola et al., 2019b), and the administration of
interleukin-8 to prepartum dairy cows increased subsequent milk production
(Zinicola et al., 2019a).

In early lactation dairy cows, the combined effect of reduced dry matter
intake and accelerating milk production is a metabolic state which reaches, or at
least approaches, a state of negative energy balance (Collard et al., 2000). This
deficit is mitigated by extensive lipolysis which manifests as a loss of body
condition (Sordillo and Raphael, 2013). Lipolysis releases non-esterified fatty
acids (NEFA) from adipocytes and if NEFA production exceeds the metabolic

capacity of the liver, hyperketonaemia can develop (Raboisson et al., 2014).

Over-conditioned cows at parturition are recognised to be at increased risk
for hyperketonaemia (Vanholder et al., 2015), whereas under-conditioned cows
are at the highest risk of lameness (Green et al., 2014; Lim et al., 2015; Randall et
al., 2015). Therefore the observation that cows which developed claw lesions in

mid-lactation had elevated NEFA and hyperketonaemia around parturition is not
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intuitive (Sepulveda-Varas et al., 2018). This paradox highlights the complexity of
the periparturient metabolic environment which cannot be determined by the
concentration of one or two hormones in isolation. Lipid metabolism involves
interactions between hormones such as cortisol, growth hormone, insulin and
leptin (Roche et al., 2009), and adipose tissue itself expresses mRNA for many
other hormones and cytokines (De Koster and Opsomer, 2013). Additionally,
changes in muscle metabolism, which occur concurrent with lipid metabolism in
early lactation (Bruckmaier et al., 1998; Megahed et al., 2019), have yet to be
thoroughly investigated for an association with lameness. Therefore, although
the metabolic changes in early lactation may contribute to changes within the
connective tissues of the hoof, the specific links can be difficult to unravel. The
utilisation of -omics technologies offers the greatest potential to capture the full

complexity of these relationships.

Studies which attempt to characterise the entirety of biological molecules
within a biological system have the suffix “-omics”, for example, studies which
describe all proteins within a tissue (the proteome) are termed proteomic studies.
A proteomic case-control study using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MS) determined that the expression profiles of
proteins in the plasma were different between lame cows and sound cows (Dong
et al., 2015). There were multiple differences between cases and controls
including increased expression of proteins associated with cholesterol synthesis,
proteins implicated in lipopolysaccharide-induced inflammation, and acute
phase inflammatory proteins such as haptoglobin. Unfortunately, this study had
limitations such as not controlling for the stage of lactation and the limited
number of controls compared to the number of cases, nevertheless, a proteomic

approach to investigating CHL development would be worth pursuing.

Metabolomic techniques have also been employed to investigate lameness
in dairy cows. Metabolomics uses high-throughput platforms to detect large
numbers of low-molecular-weight metabolites within a biological sample
(Wishart, 2008). The primary technologies used in metabolomics are

chromatographic separation coupled with MS, and proton nuclear magnetic
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resonance ("H NMR) spectroscopy (Emwas et al., 2019). To date, all research in
this area comes from a single case-control study of six lame cows and 20 non-
lame controls which has generated multiple "TH NMR- and MS-based metabolic
analyses of serum, milk, and urine (Dervishi et al., 2019; Eckel et al., 2020; Zhang
et al., 2020b; a; Zwierzchowski et al., 2020). The study period spanned eight
weeks on either side of parturition and highlighted large numbers of metabolites
which may be associated with lameness, both several weeks before and after
calving and the onset of clinical signs. The results indicated metabolic pathways
associated with inflammation, muscle catabolism and immunosuppression were
up-regulated before parturition in lame cows. Other metabolite differences
suggested the presence of prepartum inflammation, in addition to oxidative
stress and acid-base imbalance. Results also implied metabolic markers could
be used to discriminate between lame and non-lame cows with almost perfect
accuracy in all evaluated biofluids; although the reported predictive accuracy may
be over-optimistic due to the risk of feature selection bias with the analytical
approach described (Xia et al., 2013; Kuhn and Johnson, 2018). There were other
limitations to these studies (Dervishi et al., 2019; Eckel et al., 2020; Zhang et al.,
2020b; a; Zwierzchowski et al, 2020) which limit the interpretation and
application of the results. In addition to the small sample size, the lameness
history of these cows was not reported so it is unclear whether lameness
developed for the first time in early lactation or if the cows were also lame
prepartum. This latter point is crucial because it affects whether the results
indicate changes which occurred before clinical lameness or changes which
occurred as a result of a pre-existing lameness. Furthermore, no details were
provided about the cause of the severe lameness, which is implied to have an
acute onset. If lameness cases had an infectious aetiology, such as interdigital
phlegmon, then evidence of preceding or concurrent inflammation may not be
unexpected (Zheng et al., 2016), but if lameness cases were due to CHL then this
would be a valuable insight into the aetiopathogenesis. Despite these limitations,
these results suggest that metabolomic studies have the potential to further the

understanding of metabolic mechanisms in CHL aetiopathogenesis, and even
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that it may be possible to identify animals at risk of future lameness using

metabolite profiles.

1.2.5 Conclusions

Despite a large number of known risk factors, the aetiopathogenesis of CHL
remains poorly understood. It appears that CHL aetiopathogenesis is
multifactorial, but it is not clear whether CHL development is dependent on the
cumulative effect of multiple factors or if there are key mechanisms which are
essential for lesion development and other factors which exacerbate the

pathogenesis.

There are many metabolic and inflammatory changes associated with
parturition and lactation in dairy cows, making it difficult to isolate specific
changes that influence CHL development. It appears that body condition is
related to CHL risk, but it is unclear whether this is because it reflects concurrent
metabolic processes or the functionality of the digital cushion. Prior lameness
due to CHL also appears to be an important risk factor for future CHL, and this
could be through bone development on the distal phalanx, permanent changes

within the soft tissue of the hoof, or via another causal risk factor.

From a practical perspective, some of the risk factors for CHL development
can be managed on farms, such as reducing damaging forces in the hoof by
ensuring optimal foot shape and avoiding unnecessary standing on hard
surfaces. Other risk factors, such as the effect of calving, cannot be avoided. One
aspect of CHL control programmes which has yet to receive much attention is

the use of breeding strategies to increase the resistance to CHL.
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1.3 Genetics of claw horn lesions

Sole ulcers are also referred to as Rusterholz ulcers after Anton Rusterholz
who published the first detailed description of the condition in 1920 (Rusterholz,
1920; Miilling, 2019). When discussing the potential pathogenesis of SU,
Rusterholz stated that due to the relationship between the anatomy of the claw
and SU development, the lesion “genetischem Interesse sein diirften” [may be of
genetic interest] (Rusterholz, 1920). A century or so later, there is still interest in

the genetics of SU, and lameness more generally.

Development of the modern dairy cow. Around 90% of Holsteins in the UK
are descended from North American Holsteins (Oltenacu and Algers, 2005).
Between 1920 and 2020, there was a fivefold increase in the lactation milk yield
of the average North American Holstein; approximately half of this increase can
be attributed to genetic changes (Miglior et al., 2017; Cole and VanRaden, 2018).
While this illustrates the remarkable genetic progress which can be achieved with
intense selection pressure, unfavourable genetic correlations between
production and fitness traits have contributed to a marked decline in the health
and welfare of dairy cows (Jones et al., 1994; Oltenacu and Algers, 2005). So,
although the development of the North American Holstein dairy cow is an

example of the power of genetic selection, it is also a cautionary tale.

The Bos taurus species emerged in present-day Syria from the
domestication of the wild ox (Bos primigenius) around 10,000 years ago (Magee
et al., 2014). Domesticated cattle spread across Europe along agricultural trade
routes with the Holstein-Friesian breed first recognised about 8,000 years later in
North Holland and West Friesland (McGuffey and Shirley, 2011; Elischer, 2014).
Holstein-Friesians were bred for high milk production so they were an attractive
breed to import into the United States of America (USA) to supply the growing
milk market in the mid-19% century (Elischer, 2014). Over the next 100 years or
so, three key developments were instrumental in creating the modern Holstein

dairy cow.

The first was the integration of phenotypes with pedigree information. In the

USA, the Dairy Herd Improvement Association was formed in 1908 and collated
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the results from regular testing of milk yields and constituents so that accurate
and clearly defined production phenotypes of progeny could be linked back to
individual bulls (Weigel et al., 2017). The second was the emergence of the field
of quantitative genetics which led to the development of estimated breeding
values for individual animals (McGuffey and Shirley, 2011; Weigel et al., 2017). At
this point, the science allowed the identification and selection of bulls with the
best genetic potential for production, but it was not until the development of
artificial insemination that the science could be efficiently applied. Building on a
large body of previous research, artificial insemination techniques were refined
and upscaled in the 1940s so that semen from the bulls with the highest genetic
merit for milk production could be used on a wider distribution and greater
number of female cows than would be possible with natural mating (Foote,
2002). Effective freezing techniques followed and enabled the transport of bull
semen all over the world (Oltenacu and Algers, 2005), resulting in the

predominance of North American Holstein genetics in the UK dairy herd.

1.3.1 Genetic selection for reduced lameness

Breeding programmes aim to improve the average phenotype for a given
trait within a population. The phenotype of an animal is partly dictated by the
genes it inherits, a proportion of this genetic component is additive which means
it can be measured and influenced by selection (Simm, 2000). The additive
genetic value of an animal is termed the estimated breeding value (EBV). An
equivalent expression of an animal’s genetic potential is predicted transmitting
ability (PTA), which is half the EBV and relates directly to the genetic merit passed

on to offspring.

Selection for profitability. In general, genetic selection aims to improve the
lifetime profitability of animals. To achieve this, individual trait indexes (either
EBV or PTA) are often combined into a composite index where each trait is
weighted according to their relationship to each other and their economic value
(Cole and VanRaden, 2018). A selection index for production, which includes milk
constituents and vyield, has been used in the UK since the 1980s (Hill and

Swanson, 1983). Traditionally, breed societies focussed on certain physical
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attributes to define breeds and inform breeding decisions. These physical
attributes were the basis of linear type scores, which were introduced as breeding
values in the UK in 1983 (Veerkamp et al., 1995). In the early 1990s, most
countries used profitability selection indexes which prioritised production
alongside linear type traits (Leitch, 1994). This was partly due to the large number
of accessible phenotype records required to evaluate national breeding values.
Regular milk recording allowed production phenotypes to be recorded and
collated with relative ease, similarly, breed society classifying results were

collected as part of the registration of pedigree animals.

In the latter part of the 20™ century, it became clear that while increased
production had increased profitability, future progress would be offset by the
costs associated with the genetic decline in health and fertility (Pryce et al.,
2000b). Effective selection indexes to reverse this trend were not readily
available. Longevity was the first functional trait to receive much attention, and
in the UK, it was included in an “index for total economic merit” (ITEM) using the
linear type traits of Angularity, Foot Angle, Udder Depth, and Teat Length as
indicator traits for Longevity (Veerkamp et al., 1995). Shortly after this, the
number of lactations was also incorporated into the index as a direct longevity
trait (Brotherstone et al., 1998), and the index was renamed the “profitable
lifetime index” (EPLI). However, selection on £PLI was not enough to mitigate the
negative consequences of selection for production (Pryce et al., 2000b), and £PLI
was broadened further to include specific health and fertility traits. A locomotion
assessment had been included in breed society classifying since 1998, and this
was added to £PLI, along with other functional traits, bringing the total proportion
of non-production traits in £PLI to 24% (Stott et al., 2005). Despite these changes,
this was still only expected to slow down the deterioration of health conditions
such as lameness and mastitis, rather than drive an improvement. As the urgency
to increase genetic health and function became more widely accepted, and more
direct functional traits were evaluated, the weighting of non-production traits in
£PLI increased further; 66% of the current £PLI is made up of non-production
traits (AHDB, 2020b). The equivalent selection index in the USA, Lifetime Net

Merit Index (NMS), has followed a similar trend over the past decades (Cole and
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VanRaden, 2018). However, due to the low heritability of lameness traits, genetic
progress is likely to be slow unless lameness traits are heavily weighted within

selection indexes (Neuenschwander et al., 2012).

Selection for reduced lameness. There is a high level of motivation in dairy
farmers to improve claw health because it is a major driver of welfare and
efficiency in the herd (Dutton-Regester et al., 2019). One such avenue is through
genetic selection, and farmers prioritise the genetic progress of functional traits
to breed robust cows (Egger-Danner et al., 2014). Lameness traits include linear
type traits which are indirectly associated with lameness, such as locomotion
assessed during classifying and conformation of limbs and feet, and traits which

directly relate to foot lesions or clinical lameness (van der Werf and Pryce, 2019).

Historically, farmers wishing to reduce CHL in their herd through improved
genetics could only select on indirect traits (McDaniel, 1998). Selection on
indicator traits can be used in place of direct selection providing three criteria are
met: (1) there is a strong genetic correlation between the indicator and target
trait, (2) the indicator trait can be recorded more cheaply, more easily, and earlier
in life than the target trait, and (3) the heritability of the indicator trait is greater
than the target trait (Shook, 1989). Although measurement of lameness-
associated type traits, such as foot and leg conformation is cheaper, easier and
possible in younger animals (McDaniel, 1998), the heritability of most type traits
is low or moderate, and crucially, the genetic correlation between indicator and
direct lameness traits is variable (Pryce et al., 200043; Berry et al., 2004; Oliveira
Junior et al., 2021). Lameness-associated type traits are not genetically
correlated with CHL strongly enough to be used as effective indicator traits to
increase resistance to CHL, but they have been shown to increase the reliability
of breeding values (Chapinal et al., 2013; Haggman and Juga, 2013) and the

expected response to selection (Koenig et al., 2005; van der Linde et al., 2010).

Selection on direct health traits is thought to be the most effective approach
to achieving genetic progress (Egger-Danner et al., 2014). It has been advocated
that to be included in a breeding programme traits should meet three criteria: (1)

have a demonstrable economic value, (2) have a reasonable degree of additive
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genetic variance (and heritability), and (3) be measurable at a low cost and be
clearly defined so that recording is consistent (Shook, 1989). For direct CHL
traits, the first of these three points is not contested due to the recognised costs
of these lesions, the second point is less clear with mixed reports about the
magnitude of CHL heritability, but the third point is the major obstacle to the
selection on direct CHL traits because repeated foot lesion records are required
for each animal, and these records cannot be obtained passively or

automatically.

Some countries have developed the infrastructure to collect foot-trimming
records so that these can be directly incorporated into selection indexes (van der
Linde et al., 2010; @degard et al., 2015). In the Netherlands, the incorporation of
foot lesions into a composite selection index has been predicted to have the
capacity to reduce lameness prevalence by 0.1 - 0.7% per year (van der Linde et
al.,, 2010). A sub-index for hoof health, based on lesions recorded by hoof
trimmers, is now available in Canada (Malchiodi et al., 2020), with the mean
reliability of CHL breeding values ranging from 73 - 76%. In recent years, private
companies have also identified the value of providing genetic predictions of
health traits to dairy farms (Eastham, 2019), including schemes such as Clarifide
Plus (www2.zoetis.co.uk/clarifide-plus/, accessed 13 April 2020) and Evolution
International (www.evolution-int.com/en/our-innovations, accessed 13 April
2020).

Where the infrastructure to record foot-trimming lesions on a large scale
has not been established, countries have instead utilised farm records of
lameness for genetic evaluations (Zwald et al., 2004; Pritchard et al., 2013; Parker
Gaddis et al.,, 2014). In the UK, Pritchard et al. (2013) demonstrated that farm
records could be used as lameness phenotypes. In 2018, a genetic selection
index to reduce lameness, termed “Lameness Advantage”, was published by the
AHDB with a reported heritability of 0.04 (AHDB, 2018a).

The Lameness Advantage index is calculated from farm records of
lameness and digital dermatitis (collected via milk recording organisations) in

combination with traits from type classification. The individual traits and their
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heritability (in parentheses) in the Lameness Advantage index are the number of
lameness events from farm records (0.03), digital dermatitis events (0.01), Bone
Quality (0.16), Locomotion (0.08), and Feet and Legs (0.10) (M Winters, 2021,
personal communication, 16 September). Feet and Legs is a composite index
from the overall assessment by the classifier incorporating Foot Angle, Rear Legs
Side View, Locomotion, and Bone Quality. The Lameness Advantage index is
expressed as a percentage ranging from -5% (bad) to +5% (excellent), with every
1% change in a bull's Lameness Advantage PTA expected to translate to an
equivalent change in the percentage of daughters becoming lame in each
lactation (AHDB, 2018a).

1.3.2 Genomics

The bovine genome has been mapped using markers selected to provide
coverage of the whole genome with alleles which are common in the population
(Zimin et al., 2009). There are approximately 2.89 billion base pairs (2.89 Gb) in
the bovine genome, and up to 12.1 million variants have been identified in female
Holstein cows (Das et al., 2015). The genotype of an individual can be determined
using genomic markers, often single nucleotide polymorphisms (SNP). In the
USA, the first commercial SNP microarray chip for Holstein cows was released
in 2007 and included 54,000 SNP (Wiggans et al., 2017).

Estimated breeding values are calculated with best linear unbiased
prediction (BLUP). Traditionally, EBV were based on pedigree relationships.
Estimated genomic breeding values (GEBV) can be calculated using the same
method but based on genomic relationships derived from SNP, or with a
combination of both pedigree and genomic information, referred to as a single-
step approach (Hayes et al., 2009; Weigel et al., 2017; Aguilar et al., 2019). The
correlation between estimated and true breeding values is termed the accuracy,
the squared accuracy is called the reliability (Simm, 2000). The reliability of GEBV
are improved by the incorporation of both genomic and pedigree information
(Hayes et al.,, 2009). For example, the reliability of a non-infectious foot lesion
PTA was increased by 0.18 (0.42 to 0.66) by using genomic information in
addition to pedigree information (Dhakal et al., 2015). The genetic homogeneity
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of Holsteins in different countries, due to the ubiquity of artificial insemination
and the global dissemination of semen and embryos (Zenger et al., 2007), has
resulted in vast numbers of offspring records per sire, this has dramatically
improved the accuracy of GEBV in the Holstein breed (Taylor et al., 2016; Weigel
etal., 2017).

Another reason for the increased reliability of GEBV is that relationships
between animals are defined from actual allele, or haplotype block, sharing rather
than probabilities of shared alleles (Speed and Balding, 2015). For example,
although full siblings share half of their additive genetic variance, genomic
analysis has determined that the range of shared alleles can range from 0.37 to
0.62 (Visscher et al., 2006). Therefore, unproven full siblings can have different
and more accurate GEBV, whereas their EBV would initially be identical (Hayes et
al., 2009). Consequently, there has been widespread uptake of genomic testing
from breeding companies because GEBYV are available for young bulls, at a time
when the breeding values could only be estimated from parental averages with
limited accuracy (Calus et al., 2013a; Wiggans et al., 2017). This has reduced the
generation interval and accelerated the rate of genetic progress (Garcia-Ruiz et
al., 2016).

The accuracy of GEBV is closely related to the level of linkage disequilibrium
(LD) between genomic markers and causative alleles (Meuwissen et al., 2001).
There is a relatively high level of LD in Holstein cows (Qanbari et al., 2010). The
inclusion of dam GEBV further increases the accuracy of genomic selection
(Kaniyamattam et al., 2016). If genomic testing of females is augmented by the
strategic use of sexed-semen, which facilitates greater selection intensity, then
even greater genetic gains can be made compared to bull selection alone
(Schaeffer, 2006). Currently, only a relatively small proportion of heifers in the UK
have been genotyped, although the uptake in North American countries has been

higher, and this is likely to increase in the future (Eastham, 2019).

The accuracy of GEBV for claw health and lameness is impeded by the
paucity of historical data (Heringstad et al., 2018). Claw horn lesions are labour-

intensive to record due to the need for feet to be inspected in a foot crush,
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therefore alternative phenotype sources have been used. Producer-recorded
lameness cases may correlate poorly to independently assessed lameness
prevalence (Whay et al., 2003a), therefore this source of phenotypic data may not
be reliable, and in any case, is likely to be skewed towards painful lesions which
require intervention. Foot-trimming records are a valuable resource for genetic
evaluations, but they also have limitations due to variability between individual
recorders and differences in terminology between countries (Christen et al.,
2015). Furthermore, less clinically important lesions, which often only require
minimal intervention, may be under-recorded when the primary purpose of
handling cattle is to perform preventative or therapeutic foot-trimming (Archer et
al.,, 2010a). Nevertheless, genomic predictions based on foot-trimmer records
still differentiated between the best and worst 10% of cows, despite the poor
accuracies reported (Croué et al., 2019). A genomic heritability estimate of 0.25
was reported for hoof health based on foot-trimmer recorded lesions, and this
indicates that genomic selection for improved claw health could be based on this

source of phenotypic data (Suchocki et al., 2020).

1.3.3 Heritability of claw horn lesions and associated traits

Heritability is the proportion of phenotypic variance in a population that can
be explained by genetic variance. The evaluation of different breeding strategies
requires accurate prediction of selection responses, calculated as a function of
heritability (Falconer and Mackay, 1996). Therefore, effective breeding for a
reduced incidence of CHL is dependent on understanding the additive genetic

variance, and heritability, of these lesions.

The heritability of CHL has been studied extensively in dairy cows. Lesion
records from professional foot-trimmers are the most common source of these
data for genetic studies because they can be collated for a large number of cows,
but there are some inherent biases in this source of data (Heringstad et al., 2018).
A study of foot-trimmer records, which used professional foot-trimmer records
from two years, reported considerable variation in the proportion of animals
assessed in each herd, ranging from less than 10% to greater than 90% (Croué et

al., 2017). In the absence of screening an entire population, a sample of the
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population can be assessed which, if randomly selected, can be representative
of the entire population (Dohoo et al., 2012). The subsets of individual herds in
foot-trimmer records are not randomly selected and are likely to over-represent
lame cows which will affect the estimated phenotypic and genetic variance (Kock
et al., 2019). Studies have tried to minimise this problem by excluding herds if
records were only available for a small proportion of animals or assuming non-
trimmed cows are healthy, but both of these approaches appear to introduce
other sources of bias and inaccuracy to estimates of genetic parameters (van
der Spek et al., 2013; Croué et al., 2017; Malchiodi et al., 2017).

Heritability estimates of CHL vary between studies (Table 1.2), but in
general, all CHL are reported to have a low to moderate heritability, with SU
generally reported to have the highest heritability of the three lesions. A study of
52 seasonally calving dairy herds evaluated the differences in genetic parameters
using different trait definitions of SH and WL and found heritability estimates
were higher if SH and WL were graded by severity, rather than dichotomised (Ring
et al., 2018). Ring et al. (2018) concluded the average lesion severity across all
feet would be the most effective trait to select for reduced SH and WL. Heritability
was also estimated for severe SH and WL, with mild cases classed as healthy,
which caused a marked reduction in heritability of SH but not WL. This result may
imply the genetic variance for WL susceptibility is driven by animals which

develop severe lesions, with only minimal genetic variance underlying mild WL.

Although the presence or absence of a CHL is a binary trait, they can be
modelled as linear variables to estimate heritability (Pérez-Cabal and
Charfeddine, 2015; Malchiodi et al., 2017). However, there are limitations to this
approach, and another method is to assume the underlying disease risk is
continuous; heritability can be estimated on this continuous underlying liability
scale using a threshold model, with a threshold which relates to disease
prevalence (Gianola, 1982; Lynch and Walsh, 1998). These two approaches can
produce different heritability estimates, particularly when the trait prevalence is

less than 0.25 (Tenesa and Haley, 2013), which is frequently the case for CHL.
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Heritability estimates with threshold models are usually higher than heritability

estimates from linear models (Table 1.2).
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Table 1.2. Heritability estimates for sole haemorrhage (SH), sole ulcers (SU) and white line lesions (WL) on either the observed or
underlying scale.

Study Heritability (observed) Heritability (underlying)
Reference population Breed Country
(N) SH SuU WL SH SuU WL
Ayrshire,
(Huang and Brown Swiss, United
9 1,239 Guernsey, States of - 0.03 0.08 - 0.02 0.15
Shanks, 1995) ! )
Holstein, America
Jersey
%%esr)"g etal, 5,634 Holstein Germany - 0.09 (0.006) 0.10 (0.001) - - -
(van der Waaij et Holstein- The i i i
21, 2005) 21,611 Frosion Netherlands 0-08 (0.02)  0.01(0.01)  0.02(0.01)
(K6nig et al., 2008) 5,360 Holstein Germany - 0.10(0.07) 0.10(0.05) - 0.14(0.07)  0.14 (0.05)
(Z%V(‘)’g')ve etal, 16,681 Holstein Germany - 0.06 (0.01) 0.05(0.01) - 0.17(0.02)  0.10(0.02)
(van der Linde et Holstein- The ) ) )
al.,, 2010) 62187 Friesian Netherlands 0.06 L 0.03
(Buch etal, 2011) 63,962 Swedish Red  Sweden 0.05(0.007) 0.03 (0.006) - 0.09a 0.17a -

Page | 45



Chapter 1: Introduction and literature review

Study Heritability (observed) Heritability (underlying)
Reference population Breed Country
(N) SH su WL SH su WL
. Denmark,
(Johanssonetal, ;4 g5  Holstein g d™  004-005 002-004 0.01 : : :
2011) Swedish Red
Sweden
(Gernand et al.,, 19.870 Holstei
2012) ) olstein Germany - - - - 0.07 (0.02) 0.09(0.02)
%?ggma” etal, 55508 Ayrshire Finland - - - ?60031) 0.15(0.03) 0.11(0.01)
SHuaggg%ig;"”d 24,685 Holstein Finland - . . ?60021) 0.08 (0.03)  0.04 (0.02)
United
(Oberbauer et al., ) 0.30(0.08- 0.24(0.10-
2013) 5043 States of 0.63) 0.42)
America
(@degard et al., Norwegian ) ) ) 0.07
2013) 178452 Norway 0.01) 0.18(0.02)  0.06 (0.02)
(van der Speket 5 47, Holstein- France  0.02(0.01)  0.03(0.01) 0.04(0.01)  0.05(0.1)* 0.11(0.01)* 0.09 (0.01)?
al.,, 2013) ! Friesian ) : : ’ : ’ : : : : : :
(Pérez-Cabal and 0.04 0.09
Charfeddine, 35,337 Holstein Spain - 0.004 0.02 (0.003) - 0.15(0.024) 0.021
2015) (0.004) (0.027)
(2%r1°7“)e etal, 25,511 Holstein France 0.02(0.01)  0.05(0.01) 0.06(0.01) - - -
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Study Heritability (observed) Heritability (underlying)
Reference population Breed Country

(N) SH su WL SH su wL
(Malchiodi et al., . 0.04 0.09
2017) 53,654 Holstein Canada 0.02 (0.003) (0.006) 0.02 (0.004) (0.02) 0.14(0.02) 0.06(0.01)

Holstein- 0.03 (0.008) 0.02 (0.004)
(Ringetal,2018) 6,814 Eriesian Ireland -0.27 - -0.21 - - -
(0.03)® (0.03)®

(Sénchez-Molano Holstein- United i i i
et al, 2019) 554 Eriesian Kingdom 0.14 (0.08) 0.35(0.10) 0.13(0.08)
(Shabalina et al., , ) 0.06 - _ ¢ ) )
2020) 90,215 Holstein Germany 0.12¢ 0.09 - 0.19
(Malchiodi et al.,, , 0.05 ] ) ]
2020) 127,729 Holstein Canada 0.03 (0.003) (0.003) 0.04 (0.003)
(Oliveira Junior et , 0.05 ] ) ]
al,, 2021) 500,000 Holstein Canada 0.03 (0.002) (0.003) 0.02 (0.002)

a Transformed to underlying scale after estimation on the observed scale

b Range denotes heritability estimates using different trait definitions for each lesion

¢ Range denotes heritability estimates at different stages of lactation for different parities
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Estimates of heritability can be affected by study design because they are
dependent on the phenotypic variance recorded, which is calculated as the sum
of the genetic and environmental (residual) variance estimates. Genetic variance
within a population, environmental factors which affect phenotypic variance, and
the correlation between genes and the environment can all change over time
(Lynch and Walsh, 1998). Heritability estimates of CHL have been reported to
vary by parity (van der Linde et al., 2010) and stage of lactation (Gernand et al.,
2013), therefore characteristics of the study population may produce different
results in differently designed studies. Studies based on the cows which
producers have presented to foot-trimmers may over-represent painful foot
lesions and therefore may not capture the full genetic variance within a
population (Kock et al., 2019).

The majority of the studies included in Table 1.2 used pedigree information
to estimate heritability. Pedigree-based heritability estimates rely on the
probability of relatedness between individuals which may not always be accurate
(Speed and Balding, 2015). A pedigree error rate of approximately 10% has been
found in UK dairy farms (Visscher et al., 2002), which will further limit the
accuracy of pedigree-based heritability estimates. Genomic relationships may
not explain all of the genetic variance captured by pedigree data (Hayes et al.,
2009); although, it may be that genomic estimates are closer to the true values
(Speed and Balding, 2015). This explains why genetic variance estimated using
pedigree and genomic relationships can vary. For example in one study, the
genomic heritability estimate of visible lameness in early lactation was estimated
to be 0.14 to 0.21, which was substantially lower than the pedigree-based
heritability estimate of 0.30 (Lopes et al., 2020). On the other hand, the genomic
heritability estimate of non-infectious lesions in first-lactation animals was 0.12,
which was higher than the pedigree-based heritability estimate of 0.08 (Dhakal et
al., 2015).

Pedigree-based heritability estimates are calculated under assumptions of
random mating, linkage equilibrium, no additive-epistatic genetic interactions

and no universal environmental influence (Lynch and Walsh, 1998). Some of
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these assumptions are unlikely to hold in modern dairy herds. For example, as
many dairy herds use artificial insemination and breeding decisions based on
breeding values, the assumption of random mating may not be met. Additionally,
the small effective population size of Holstein cows and the high rate of
inbreeding creates a greater degree of LD than found in wild populations,
violating the assumption regarding linkage equilibrium (Rodriguez-Ramilo et al.,
2015). Finally, female calves are born into the same environment as their mothers
and siblings and therefore there can be a familial correlation between
environmental effects. Other explanations for differences in genomic and
pedigree-based calculations relate to how genomic data is analysed, including
assumptions about SNP effects, minor allele frequency and levels of LD (Speed
et al.,, 2017). All of these factors could influence estimates of additive genetic

variance, and therefore heritability.

1.3.4 Genetic correlation between claw horn lesions and associated
traits

Genetic correlation refers to the correlation between the additive genetic
variance of two traits. Genetically correlated traits imply either the same genes
are associated with both traits, attributable to either pleiotropy or a direct
causative relationship between traits, or it can indicate genes which control both
traits exist in LD within a population (van Rheenen et al., 2019). Estimates of
genetic correlation often have large standard errors and can be markedly
different between populations, therefore the results of different studies should

be compared cautiously (Falconer and Mackay, 1996).

The results of multiple studies which have estimated the genetic correlation
between CHL are shown in Table 1.3. In general, the genetic correlation between
SH and SU is strongly positive. Interestingly, Croué et al. (2017) estimated that
SU was strongly genetically correlated with circumscribed SH (0.79), but the
genetic correlation between SU and diffuse SH was weak (0.22) and not
statistically different from zero. The genetic correlation between SU and WL is
reported to be positive, but variable in strength. In some studies, the genetic

correlation between SH and SU and between SU and WL are of comparable
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strength, but other studies estimate the genetic correlation between SU and WL
to be weaker. The genetic correlation between SH and WL is reported to be
positive but generally weak or moderate, it is relatively consistently estimated to

be the weakest genetic correlation between individual CHL.
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Table 1.3. Genetic correlation estimates between claw horn disruption lesions:

sole haemorrhage (SH), sole ulcer (SU) and white line lesions (WL).

Genetic correlation

Reference
SH - SU SH - WL SU - WL
(Koenig et al., 2005) - - 0.44 (0.12)
(2"03(;‘5‘;” Waaijetal, a1 (0.26) 0.30 (0.21) 0.95 (0.15)
(Swalve et al., 2008) - - 0.01
(2\’031”0;’” Linde et al, 0.58 - 0.79° 0.06 - 0.51° 0.41 - 0.60°
(Buch et al., 2011) 0.04 (0.01) . .
(Johansson et al, 0.68-0.74 0.62 - 0.73b 0.74 - 0.78
2011)
(Haggmanand Juga, ) 55 g 15) 0.39 (0.12) 0.31(0.13)
2013)
(@degard etal.,, 2013) - - 0.79 (0.08)
(van der Spek etal, 0.90 (0.10) 0.10(0.17) 0.49 (0.13)
2013)
(Pérez-Cabal and i ) 0.80 (0.05) -
Charfeddine, 2015) 0.98 (0.05)°
, SHD:0.22 (0.17)  SHD: 0.07 (0.17)
(Croué et al., 2017) 0.58 (0.11)
SHC:0.79 (0.12)  SHC: 0.44 (0.15)
(Malchiodi et al., 2017)  0.80 (0.08) 0.52 (0.13) 0.75 (0.08)
(Malchiodi et al., 2020)  0.56 (0.03) 0.21 (0.05) 0.17 (0.05)
(Oliveira Junioretal., g5 g ) 0.46 (0.04) 0.60 (0.04)
2021)
(Lai et al., 2021a) - - 0.92 (0.46)

a Range denotes the genetic correlation between lesions across parities
b Range denotes the genetic correlation between lesions in different breeds
¢ Range denotes the genetic correlation between lesions using linear and threshold models

SHD: diffuse sole haemorrhage, SHC: circumscribed sole haemorrhage
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The genetic correlation between DCT and CHL was estimated to be negative
(-0.60 £0.29) in a study of 972 Holstein cows in a single herd (Oikonomou et al.,
2014). The genetic correlation between CHL and conformation traits has been
estimated in several studies. Koenig et al. (2005) reported correlations between
breeding values for SU and various conformation traits. Although the correlation
between breeding values can reflect genetic correlation, this is only an
approximation, furthermore, no error terms are reported, so the uncertainty of
these estimates is unknown. With these caveats in mind, there appeared to be a
genetic correlation between SU and all conformation traits, with the largest
correlation coefficients reported for Feet & Legs (composite index), Rear Leg Side
View, Rear Leg Rear View, Strength, and Foot Angle. More recently, a statistically
significant genetic correlation was reported between SU and Feet & Legs
(composite index), Rear Leg Side View, and Locomotion, but no genetic
correlations with linear type traits were significant for either SH or WL (van der
Linde et al, 2010). A statistically significant genetic correlation was found
between SU and Rear Leg Rear View and Foot Angle; between SH and Rear Leg
Side View, and between WL and Foot Angle (Hdggman and Juga, 2013). In
summary, the estimated genetic correlations between CHL and conformation
traits are inconsistent, but it appears that a weak correlation may exist in many

instances.

One limitation of estimating the genetic correlation between CHL and
conformation traits is that the relationship may not be linear (Heringstad et al.,
2018). For example, intermediate values of linear type trait phenotypes are
associated with a reduced risk of SU and WL (Pérez-Cabal and Charfeddine,
2016), and a similar trend has been reported between sire PTA for type traits and
SU and WL (Oikonomou et al., 2013). Therefore, if both extremes of conformation
traits are genetically associated with increased CHL susceptibility, the non-

linearity of this relationship may deflate estimates of genetic correlation.
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1.3.5 Genome-wide association studies of claw horn lesions and
associated traits

Genome-wide association (GWA) studies aim to detect genomic variants
which influence a trait. With complex traits, genetic variance is usually spread
over a large number of quantitative trait loci (QTL) across the genome, therefore
finding variants with observable effects can be challenging (Kemper and
Goddard, 2012). There is also a risk of stochastic noise creating an apparent
association with the trait, or indirect association, due to LD or population
structure, which can be mistakenly inferred as causal (Platt et al, 2010).

Therefore, GWA studies of CHL are challenging to design, analyse, and interpret.

In Denmark, health traits have been recorded and used for national genetic
evaluations of dairy cattle since 1990 (Nielsen et al., 2000). One of these health
traits, “feet and leg diseases”, includes 11 lameness-related conditions (including
infectious and non-infectious foot lesions, proximal limb disorders, and lameness
of unknown aetiology). This lameness phenotype was analysed in the first GWA
study of a direct lameness trait (Buitenhuis et al., 2007). Since then, several GWA
studies have been published using a range of CHL phenotypes from farm records
(Naderi et al., 2018; Sdnchez-Molano et al., 2019), foot-trimmer records (van der
Spek et al., 2015; Croué et al.,, 2019; Suchocki et al., 2020; Lai et al., 20214a; b),
veterinary records (Suchocki et al., 2020), researcher recorded records (Swalve
et al., 2014; Sanchez-Molano et al., 2019), and deregressed breeding values (Wu
et al.,, 2016; Butty et al., 2021).

There is agreement from all GWA studies that lameness traits are highly
polygenic with very few, if any, QTL with large effects. A summary of QTL
identified in GWA studies of CHL or CHL-related phenotypes is shown in Table
1.4. There is limited agreement from all GWA studies regarding specific QTL,
however, there are a few instances of genomic regions which have been
highlighted by more than one study. For example, two QTL on Bos taurus
autosome 8 (BTA-8) around 74.0 Mb were associated with SU in two separate
studies (van der Spek et al., 2015; Lai et al., 2021b), and similarly, the region
around 12.0 Mb on BTA-12 was independently detected for SU in another two
studies (Croué et al., 2019; Sanchez-Molano et al., 2019). Two regions on BTA-20
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have been linked to CHL. Adjacent QTL around 47.0 - 49.0 Mb were identified for
SU and a composite CHL trait in two separate GWA studies (van der Spek et al.,
2015; Croué et al., 2019), and a copy number variant (CNV) was also recently
detected for SH at 71.0 Mb (Butty et al.,, 2021) which was close to a locus
previously linked to a composite CHL trait (van der Spek et al., 2015). Replication
of QTL in independent GWA studies increases the confidence that an observed

effect may be genuine, and these regions would warrant further exploration.

Three GWA studies of DCT have been published. One study of 360 cows did
not highlight any QTL associated with DCT in the week after calving (Sanchez-
Molano et al,, 2019). Two other GWA studies, both of a similar population of
approximately 600 Holstein and Jersey cows, characterised DCT as a complex
trait and identified candidate genes related to inflammation, fat tissue deposition,

bone growth, and keratinocyte function (Stambuk et al., 2020a; b).

Page | 54



Chapter 1: Introduction and literature review

Table 1.4 The chromosome (BTA) and position of quantitative trait loci (QTL)
reported in genome-wide association studies of phenotypes which directly relate
to (or could include) claw horn lesions in dairy cattle. Results should be compared
cautiously due to differences in study design, study population, analysis, trait
definition, and reference genome assembly from which QTL positions are drawn.

BTA  Position (Mb)  Trait Reference
18.2 SuU (van der Spek et al., 2015)
38.6-38.8 WL (Croué et al., 2019)

39.6 WL (Croué et al., 2019)
93.6 CHL (+DS)  (van der Spek et al., 2015)
109.7-111.0 SuU (Croué et al., 2019)

1 119.3-119.4 SuU (Croué et al., 2019)

125.5-125.8 SU & DD* (Lai et al., 2021a)

128.3 WL (Croué et al., 2019)

135.7 FD - trim. (Suchocki et al., 2020)

136.8 SHC (Croué et al., 2019)

158.1 SHC (Croué et al., 2019)

3.1-3.6 SHC (Croué et al., 2019)

45-56 SH (Sanchez-Molano et al., 2019)
4.9 SH (Sanchez-Molano et al., 2019)

2 57.4-57.7 WL (Croué et al., 2019)

64.0 FLD (Wu et al., 2016)
95.0-95.2 WL (Croué et al., 2019)
102.9-103.2 WL (Croué et al., 2019)

3 15.7-16.2 SuU (Croué et al., 2019)
98.3-98.5 SU (Croué et al., 2019)
28.1-28.6 SuU (Croué et al., 2019)

4 33.9 LAM (Naderi et al., 2018)
67.6-67.7 WL (Croué et al., 2019)
118.9-120.5 SU (Croué et al., 2019)
8.5-8.6 SHC (Croué et al., 2019)

44.2 FLD (Buitenhuis et al., 2007)

. 71.7 SuU (van der Spek et al., 2015)
79.7 LAM (Naderi et al., 2018)

94.4 WL (Sanchez-Molano et al., 2019)
105-109 FLD (Wu et al., 2016)
22.0-63.0 FLD (Wu et al., 2016)

6 53.9-54.1 SHD (Croué et al., 2019)
87.0-88.1 WL (Croué et al., 2019)
88.4-89.0 SuU (Croué et al., 2019)
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08-1.6 WL (Croué et al., 2019)

10.4 WL (Butty et al., 2021)

36.5 SuU (Croué et al., 2019)

56.3 WL (Croué et al., 2019)

61.6 LAM (Naderi et al., 2018)
7 63.0- 65.0 FLD (Wu et al., 2016)

63.2 LAM (Naderi et al., 2018)

68.2 SuU (van der Spek et al., 2015)

75.1 WL (Sanchez-Molano et al., 2019)

96.6-97.9 FD - no. (Suchocki et al., 2020)

109.5-109.6  SHC (Croué et al., 2019)

54 SuU (van der Spek et al., 2015)

6.3 WL (Croué et al., 2019)

36.4 WL (Croué et al., 2019)

SU & WL*
42.9-44.6 SU & DD* (Lai et al., 2021a)
SU & MET"

46.0 FLD (Wu et al., 2016)

67.8 SuU (van der Spek et al., 2015)
8 74.0 SuU (van der Spek et al., 2015)

74.3-77.5 su (Lai et al., 2021b)

78.5 SuU (van der Spek et al., 2015)

84.0 FLD (Wu et al., 2016)

100.8 SuU (van der Spek et al., 2015)

100.5 SuU (van der Spek et al., 2015)

101.0 SuU (van der Spek et al., 2015)

102.8-103.6 SHD (Croué et al., 2019)

106.6 SuU (van der Spek et al., 2015)

1.3 SuU (van der Spek et al., 2015)
9 23.7 SuU (Croué et al., 2019)

79.2 SuU (van der Spek et al., 2015)

6.8-7.0 SuU (Croué et al., 2019)

26.0 FLD (Wu et al., 2016)

31.0-41.0 FLD (Wu et al., 2016)

31.1 su (van der Spek et al., 2015)
10 44.0 SuU (van der Spek et al., 2015)

47 -58 FLD (Wu et al., 2016)

51.0-51.1 SuU (Croué et al., 2019)

54.0 WL (Croué et al., 2019)

78.5-78.8 SH (Butty et al., 2021)
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6.7. SHD (Croué et al., 2019)
21.0 FLD (Wu et al., 2016)

11 23.3 LAM (Naderi et al., 2018)

48.1 SuU (van der Spek et al., 2015)
64.8 - 64.9 SHC (Croué et al., 2019)
76.0-79.0 FLD (Wu et al., 2016)

11.6-12.1 Su (Croué et al., 2019)

12.6 SuU (Sanchez-Molano et al., 2019)

12 54.1-54.3 SU (Croué et al., 2019)

62.3 CHL (+DS)  (van der Spek et al., 2015)
62.6 CHL (+DS)  (van der Spek et al., 2015)
86.1-86.3 Su (Butty et al., 2021)

29.6 CHL (+ DS) (van der Spek et al., 2015)
31.3 su (van der Spek et al., 2015)
45.2-47.6 SU/WL (Lai et al., 2021b)

13 45.2-47.6 NICL (Lai et al., 2021b)
46.3-47.5 WL (Lai et al., 2021b)
51.7-51.9 FD - trim. (Suchocki et al., 2020)
53.1 Ssu (Croué et al., 2019)
82.1-82.6 WL (Croué et al., 2019)
2.6-4.1 WL (Croué et al., 2019)

5.8 WL (Sanchez-Molano et al., 2019)
6.2 SuU (van der Spek et al., 2015)
6.8-7.7 WL (Sanchez-Molano et al., 2019)

14 20.0-29.0 FLD (Wu et al., 2016)
449-45.0 SuU (Croué et al., 2019)
62.1-62.5 FD - vet. (Suchocki et al., 2020)
65.3-65.7 FD - no. (Suchocki et al., 2020)
66.3 SHD (Croué et al., 2019)

81.6 SU & DD’ (Lai et al., 2021a)
2.3 SuU (Croué et al., 2019)
53.0- 53.1 FD - vet. (Suchocki et al., 2020)
15 56.5-57.1 SHD (Croué et al., 2019)
67.1 SuU (van der Spek et al., 2015)
67.0 WL (Croué et al., 2019)
70.6-70.8 WL (Croué et al., 2019)
57.8 WL (Croué et al., 2019)

16 62.0 FLD (Wu et al., 2016)

63.9-65.0 WL (Croué et al., 2019)
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10.2-10.4 SuU (Croué et al., 2019)
23.3 WL (Croué et al., 2019)
17 41.3 SU & WL* (Lai et al., 2021a)
46.2 SuU (van der Spek et al., 2015)
61.6-61.7 SuU (Croué et al., 2019)
74.3 SHC (Croué et al., 2019)
23.8 SuU (van der Spek et al., 2015)
25.0 SuU (van der Spek et al., 2015)

18 34.5-34.6 WL (Croué et al., 2019)
35.8-36.2 WL (Croué et al., 2019)
42.7-43.3 WL (Croué et al., 2019)

58.1 - 58.6 SU (Croué et al., 2019)
12.1 FLD (Buitenhuis et al., 2007)

19 30.4 WL (Croué et al., 2019)

50.2-50.5 SuU (Croué et al., 2019)
5.6 WL (Croué et al., 2019)
37.7 CHL (+DS)  (van der Spek et al., 2015)

20 47.5-48.5 SuU (Croué et al., 2019)

48.9 CHL (+ DS)  (van der Spek et al., 2015)
70.8-71.1 SH (Butty et al., 2021)

71.4 CHL (+ DS)  (van der Spek et al., 2015)
7.5 Su (van der Spek et al., 2015)

21 22.5 SH (Swalve et al., 2014)

46.0 SH (Séanchez-Molano et al., 2019)
8.1 FLD (Buitenhuis et al., 2007)

14.3 SuU (van der Spek et al., 2015)
15.2 SuU (van der Spek et al., 2015)
29.0-35.0 FLD (Wu et al., 2016)

32.2-32.3 WL (Croué et al., 2019)

22 32.6 SU (Croué et al., 2019)
38.0-39.0 FLD (Wu et al., 2016)
39.3-39.5 FD - trim. (Suchocki et al., 2020)
46.5-46.8 SHD (Croué et al., 2019)
49.0-54.0 FLD (Wu et al., 2016)

56.0 WL (Croué et al., 2019)
15.7 SuU (van der Spek et al., 2015)
25.9 - 26.1 WL (Butty et al., 2021)

23 409-41.4 WL (Croué et al., 2019)
44.5-45.3 WL (Croué et al., 2019)

45.5 LAM (Naderi et al., 2018)
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19.6-20.0 SuU (Croué et al., 2019)

24 31.8-32.1 SuU (Croué et al., 2019)
58.6 WL (Croué et al., 2019)
3.1-43 SuU (Sanchez-Molano et al., 2019)
22.1-22.9 SU&MET*  (Laietal., 2021a)

25 31.0-31.1 SHC (Croué et al., 2019)
34.7-34.9 WL (Croué et al., 2019)
36.2-36.6 SHC (Croué et al., 2019)

06 45.3-46.0 WL (Croué et al., 2019)

56.1 FLD (Buitenhuis et al., 2007)

07 31.6-32.2 WL (Croué et al., 2019)
37.5-38.9 SU & WL* (Lai et al., 2021a)
15.1-16.1 WL (Croué et al., 2019)
25.0-251 SU (Croué et al., 2019)

08 25.7-26.0 SuU (Croué et al., 2019)
26.7-27.0 SU (Croué et al., 2019)
36.0-36.4 WL (Croué et al., 2019)
37.7 SHD (Croué et al., 2019)

29 49.6 su (Butty et al., 2021)

CHL: claw horn lesions; DD: digital dermatitis; DS: double sole; FD - no.. number of foot
disorders, FD - trim.: foot disorder recorded during foot-trimming, FD - vet.: foot disorder
detected by a veterinary surgeon; FLD: foot and leg disorder; LAM: laminitis; MET: metritis,
NICL: non-infectious claw lesion; SH: sole haemorrhage; SHD: diffuse sole haemorrhage;
SHC: circumscribed sole haemorrhage; SU: sole ulcer; WL: white line lesion

*Two-trait genome-wide association analysis
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Interpreting and comparing GWA studies is hindered by several factors.
Some of these factors are intrinsic and difficult to circumvent, such as
differences between populations. The majority of GWA studies of CHL have been
with Holstein cows, but some have included other breeds such as Braunvieh and
Fleckvieh (Suchocki et al., 2020); a GWA study of multiple breeds found no
consistency in QTL between breeds (Wu et al., 2016).

As genotyping cost and availability have improved, more recent GWA
studies have genotyped female cows so that the same animals have phenotypes
and genotypes (Sanchez-Molano et al., 2019; Lai et al., 2021b). Compared to GWA
studies using sire genotypes and daughter phenotypes, this may allow the
detection of QTL with smaller or weaker effects. Another consequence of
improved technology and the reduced genotyping cost is the use of higher-
density genotypes. Earlier GWA studies were based on relatively sparse arrays of
300 - 400 markers (Buitenhuis et al., 2007; Swalve et al., 2014), whereas more
recent studies have used higher density arrays of 777,000 SNP (Lai et al., 2021b;
a) or analysed structural variants in the genome such as CNV (Butty et al., 2021).
If a genetic variant confers fitness, then over time genetic selection will reduce
the allele which is detrimental to fitness, such as an allele associated with
disease susceptibility. As lower density SNP arrays are designed to include
variants which occur at a high frequency within a population, the effects of rare
alleles associated with disease susceptibility may not always be captured (Wray
et al., 2013).

The genomic variants most frequently identified during GWA analyses are
markers in LD with causative alleles, therefore the number of genomic markers
is arguably less important than the LD between genomic markers and causative
alleles (VanRaden et al., 2013). However, as the linkage phase varies between
families these results may generalise poorly to other populations (Dekkers,
2004). With high-density genotypes, the genome can be analysed in small
windows to identify markers in short-range LD with causative alleles (Dekkers,
2004), this may improve the replicability of results from GWA analyses in the

future.

Page | 60



Chapter 1: Introduction and literature review

The source of phenotypes varies between studies. As discussed previously,
there is typically a trade-off between the size of the study population and
phenotype accuracy. However, one difficulty in comparing GWA studies is
differences in how lesions are defined. For example, the QTL reported for
laminitis (Naderi et al., 2018) are difficult to compare to other GWA studies
because laminitis is not officially recognised as a foot lesion (Egger-Danner et al.,
2020). Although laminitis is often a synonym for SH (Swalve et al., 2014), it is not
clear whether this was the case in this instance, nor how the case definition
provided (“aseptic infection of the corium”) could realistically be determined

through inspection of the foot.

A major challenge with GWA studies of complex traits is that few, if any,
markers are associated with large effects. The power of GWA studies depends
on the number of animals in the study and the number of SNP analysed (Goddard
and Hayes, 2012), as well as the genetic background of the trait in question (Loh
et al.,, 2022) and its heritability (Shin and Lee, 2015).

To increase study power, many GWA studies analyse composite traits. For
example, Lai et al. (2021b) identified a locus on BTA-13 for WL but not for SU.
However, this locus had stronger evidence of an effect (i.e., a smaller P-value)
when SU was included with WL, and stronger still when other non-infectious claw
lesions were included (SH, sole fracture, sole abscess, wall abscess, heel
abscess, and laminitis). Therefore, the genomic differences at this locus appear
most pronounced in cows with WL but still occur in cows with SU and other non-
infectious claw lesions. Further investigation of this region could justify the

analysis of all non-infectious foot lesions together to improve study power.

Multivariate GWA analyses of correlated traits have to been shown to
increase study power (Zhou and Stephens, 2014), and two-trait GWA analyses
have recently been applied to CHL (Lai et al., 2021a). When SU was analysed in
combination with either WL, digital dermatitis or metritis, the same genomic
region (BTA-8, 42.9 - 44.6 Mb) was detected. This result may reflect “horizontal
pleiotropy”, where the same variant influences both phenotypes, “vertical

pleiotropy”, due to a causal relationship between the two phenotypes, or
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“spurious pleiotropy”, where two variants exist in LD in this region, and each
independently affects one of the two traits (van Rheenen et al., 2019). The latter
is less likely due to the moderate-to-strong genetic correlation between each trait
pair (Lai et al., 2021a), therefore, these results suggest there is a genetic or

biological relationship between SU and WL, digital dermatitis and metritis.

Due to the large number of genomic markers tested in GWA analysis,
statistical significance needs to be adjusted for type one error, but this needs to
be balanced against the power of the study, and there is little point in minimising
type one error if the increase in type two error eliminates the chances of detecting
any QTL from an experiment (Wakefield, 2008). Type one error, although
potentially misleading, can be highlighted by similar studies or subsequent fine
mapping of candidate regions, which is the natural follow-up to GWA studies
(Schaid et al., 2018). On the other hand, type two error could only be addressed
by conducting higher-powered studies, which would be even more demanding on
resources and funds. Therefore, the consequences of applying stringent
corrections for multiple testing may be more detrimental than the consequences
of reporting some false positive results (Perneger, 1998). There are
inconsistencies between GWA studies in approaches to correct for multiple
testing and therefore the strength of evidence for reported QTL varies between

studies.

One of the goals of GWA is to identify candidate genes which may improve
understanding of the biological background of the trait. Candidate genes are
usually selected based on their proximity to detected QTL, however, LD varies
across the genome and between populations (Qanbari, 2020). In humans, a locus
identified for obesity in multiple GWA studies, but without a clear biological link
to the phenotype, has since been found to be functionally connected to a distant
regulatory gene (Smemo et al., 2014), illustrating a limitation to positional gene
mapping in GWA studies. Furthermore, scrutiny of plausible candidate genes is
inherently difficult in GWA studies of non-specific phenotypes which can include
a range of lameness diseases which do not have a common aetiopathogenesis.

Finally, speculation about biologically plausible candidate genes is vulnerable to
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availability and confirmation biases because speculation about specific genes
focuses on genes with recognised biological roles which can be easily linked to

the accepted pathophysiology.

1.3.6 Conclusions

Compared to other health conditions of comparable importance, genetic
selection to improve resistance to CHL has been limited. One reason for this may
be that the heritability of CHL is generally low, and therefore it is often easier and
more immediately rewarding to focus on environmental and management
factors to reduce CHL (Cole and VanRaden, 2018). But genetic variance for CHL
has been demonstrated and therefore there is the opportunity to utilise this in
breeding programmes. One reason the heritability estimates of CHL are typically
low may be due to the inaccuracy of phenotypes sources from farm or foot-
trimming records, which inflate the residual variance. It would be useful to
estimate the genetic parameters of CHL using accurate phenotypes to

understand the extent of this problem.

The polygenic nature of lameness traits is advantageous for selective
breeding because non-additive genetic effects are diluted by a large number of
QTL, and therefore the genetic variance is mainly additive (Hill et al., 2008).
However, each allele is responsible for only a small proportion of the overall
genetic variance, and this can make it challenging to identify specific genomic
regions. Therefore, the lack of agreement between GWA studies is not surprising,
but there would be a benefit to additional GWA studies if they are based on

accurate phenotypic data.
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1.4 Thesis aims and objectives
This thesis aims to investigate the aetiopathogenesis of CHL with a

particular focus on genetic and metabolic factors.

The first three chapters (Chapter 2, Chapter 3, and Chapter 4) describe
genetic analyses relating to CHL. The objectives of these chapters are to
estimate the genetic parameters of traits which include SH, SU, WL, DCT, and the
recovery from SH and SU. A further objective in Chapter 2 and Chapter 3 is to
characterise the genomic background of SH, SU, WL, and DCT,; the identification
of candidate genes associated with these traits could further the understanding
of the aetiopathogenesis of CHL. Many of the current theories concerning the
aetiopathogenesis of sole lesions relate to metabolic pathways, this is addressed
in Chapter 5 using '"H NMR spectroscopy to explore the serum metabolome
before and after the development of SH and SU in early lactation. Finally, the
effectiveness of genetic selection to reduce the incidence of CHL is assessed in
Chapter 6 by quantifying the association between the current selection index for

lameness resistance in the UK, and the development of CHL.
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Chapter 2: Genetic parameters and genome-wide
association study of claw horn lesions in Holstein cows

2.1 Introduction

Lameness affects approximately one in three dairy cows in the United
Kingdom (UK) (Afonso et al., 2020) and reducing this prevalence is a key priority
for the UK dairy industry (GB Cattle Health & Welfare Group, 2020; Rioja-Lang et
al., 2020). Lameness in dairy cattle is primarily caused by foot lesions (Murray et
al., 1996; Bicalho et al., 2007a; van Huyssteen et al., 2020). Three of the most
important foot lesions are sole haemorrhage (SH), sole ulcers (SU), and white line
lesions (WL) (Somers et al., 2003; Solano et al., 2015; O’Connor et al., 2019;
Arango-Sabogal et al., 2020), collectively referred to as claw horn (disruption)
lesions (CHL) (Offer et al., 2000). Relative to other foot lesions, CHL have been
associated with the most severe pain responses (Whay et al., 1998; Pastell et al.,
2010), economic consequences (Amory et al., 2008; Bruijnis et al., 2010;

Dolecheck et al.,, 2019), and environmental impacts (Mostert et al., 2018).

In the UK, initiatives have been developed to reduce lameness and the
incidence of CHL in dairy cattle through management and environmental
improvements (AHDB, 2018b). A large number of studies have estimated the
heritability of CHL to be between 0.071 - 0.20 for SH; 0.01 — 0.35 for SU, and 0.01
— 0.19 for WL (van der Waaij et al., 2005; Johansson et al., 2011; Croué et al,
2017; Malchiodi et al., 2017; Heringstad et al., 2018; Sanchez-Molano et al., 2019;
Shabalina et al., 2020). Despite the variation in these results, there is a general
agreement that CHL are heritable, which means current CHL prevention
programmes could be more effective if husbandry-based approaches are

complemented with genetic selection.

Genetic analysis of CHL traits requires a large volume of foot lesion records.
Given the time and effort involved to lift cows’ feet, the majority of previous
studies on CHL have utilised foot lesion data which had been recorded by farmers
or foot-trimmers (Koenig et al., 2005; van der Linde et al., 2010; van der Spek et
al., 2013; Pérez-Cabal and Charfeddine, 2015; Malchiodi et al., 2017). Although
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foot-trimming records are a valuable resource for genetic evaluations, they have
limitations as a phenotype due to variability between individual recorders and
differences in terminology between countries (Christen et al., 2015). Furthermore,
less clinically important lesions, which often only require minimal intervention,
may be under-recorded when the primary purpose of handling cattle is to perform
preventative or therapeutic foot-trimming (Archer et al., 2010a). Ring et al. (2018)
reported lower heritability estimates for SH when only severe lesions were
considered as cases, as opposed to all severities of SH; consequently, if foot-
trimming records under-report mild lesions this may influence the estimation of

genetic parameters.

In addition to possible inconsistencies or insensitivities in foot-trimming
records, the study population may also be skewed in these records as only a
proportion of herds are assessed at each visit. In datasets of foot-trimming
records, the proportion of individual herds represented can range from less than
10% to greater than 90% of each herd (Croué et al., 2017). These sub-populations
may over-represent animals requiring intervention due to painful foot lesions (van
der Spek et al., 2013; Croué et al., 2017), or those with poorer genetic merit for
foot health (Kock et al., 2019). Previous studies have addressed this by excluding
herds unless a minimum proportion of each herd was reflected in foot-trimming
records (van der Waaij et al., 2005; van der Linde et al., 2010), but heritability
estimates appear dependent on this proportion, suggesting that this approach

could still introduce biases (van der Spek et al., 2013; Croué et al.,, 2017).

Genome-wide association (GWA) studies have progressed understanding
of the genetic background of CHL (Swalve et al., 2014; van der Spek et al., 2015;
Croué et al., 2019; Suchocki et al., 2020; Butty et al,, 2021; Lai et al., 2021b; a).
Results from these studies indicate that CHL are polygenic traits, although results
generally differ between studies concerning the presence and location of
possible quantitative trait loci (QTL). Given the complex genetic background,
limited consistency between studies regarding QTL is expected (Kemper and
Goddard, 2012; Robinson et al., 2014); however, other factors may contribute to

this lack of replicability, such as differences in study design and experimental
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population, trait definition, data handling and analysis, and study power
(McCarthy et al., 2008; Wang et al., 2019; Crouch and Bodmer, 2020).

2.1.1 Objectives

The objectives of this study were to use a dataset of accurate and detailed
claw horn lesion records from a cohort of prospectively enrolled Holstein cows
to (i) estimate the genetic parameters of sole haemorrhage, sole ulcers, and
white line lesions; and (ii) characterise the genetic background of these lesions

with genome-wide association analyses.
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2.2 Materials and methods

2.2.1 Study design and population

The study was conducted following ethical approval by the University of
Liverpool Research Ethics Committee (VREC269a, VREC466ab) and procedures
regulated by the Animals (Scientific Procedures) Act were conducted under a UK
Home Office License (P191F589B).

A prospective cohort study was designed to record foot lesions at four time
points during a production cycle. Data collection was conducted on four dairy
herds (A - D) in the northwest of the UK which were selected for convenience
based on the practicalities of frequent visits and assessments. Herds A to C
housed lactating cows all-year-round, milked cows three times daily and recorded
305-day milk yields of approximately 11,000 - 11,500 L. Herd D housed lactating
cows all-year-round except for lower-yielding cows which were grazed during the
summer; cows were milked twice daily and the 305-day milk yield was
approximately 9,000 L. Parous cows on all herds were routinely foot-trimmed
twice a year before drying off and 60 - 120 days after calving. On all herds,
lactating cows were regularly footbathed after milking. Herd A footbathed cows
three times a week with either copper sulphate or formalin; herd B footbathed
cows twice daily with formalin, herd C footbathed cows daily with either copper

sulphate or formalin and herd D footbathed three times a week with formalin.

All animals which were registered as Holsteins and expected to calve
between April and December 2019 were prospectively enrolled with no additional
inclusion or exclusion criteria applied. A total of 2,352 animals were enrolled.
Data were collected by qualified veterinary surgeons during weekly or twice
weekly visits to each herd from February 2019 to July 2020 (with a break from
March to June 2020 due to COVID-19 restrictions). Animals were assessed for
foot lesions at four time points: before parturition (T1-Precalving), immediately
after parturition (T2-Calving), in early lactation around the time of peak milk yield
(T3-Early), and in late lactation (T4-Late). The sample size was determined by

resource constraints. All eligible animals were enrolled until the final
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assessments (T4-Late) began, at which point further enrolments ended because

simultaneous data collection at four time points was not feasible.

2.2.2 Data collection

Animals were restrained in a foot-trimming crush and lesions on each claw
were recorded by qualified veterinary surgeons using case definitions as
described in the ICAR claw health atlas (Egger-Danner et al., 2020). Foot lesions
were recorded either during routine foot-trimming or following light trimming of
the sole horn to allow visualisation of lesions. If lesions were visible initially but
disappeared following the removal of the claw horn these were still recorded as
present. Lesions were graded according to severity (Table 2.1), broadly
comparable to absent (score 0), mild (score 1), moderate (score 2), and severe
(score 3). All foot lesions were examined and recorded by qualified veterinary
surgeons; over 90% by a single researcher, and the remainder by three other
researchers. Data collection was the same at all time points except for T2-Calving
on herd C where only the hind feet were assessed to reduce the handling time of
recently calved cows, this was only required on this herd due to the large numbers

of cows calving each week.
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Table 2.1. Case definitions and severity scoring system for assessing sole
haemorrhage (SH), sole ulcers (SU), and white line lesions (WL).

Lesion Case definition Severity grading

Sole Discolouration of Grade 1: light pink lesion < 2 cm diameter or
haemorrhage  the sole horn diffuse discoloration of sole

(SH)

Grade 2: light pink lesion = 2 cm diameter or
dark pink/purple lesion < 2 cm diameter

Grade 3: dark pink/purple lesion =2 cm
diameter or discolouration with a blue tinge

Sole ulcer (SU) Exposure of fresh or  Grade 1: < 2 cm diameter lesion covered by
necrotic corium a thin layer of horn before modelling

Grade 2: = 2 cm diameter lesion with < 1.5
cm granulation tissue protruding through
the horn

Grade 3: = 1.5 cm granulation tissue
protruding through the horn or secondary
bacterial infection

White line Lesion localised to Grade 1: haemorrhage of the white line or
lesion (WL) the white line region  discolouration or separation of the white
line which disappears after limited trimming

Grade 2: deeper separation or
discolouration of the white, lesion is still
present after limited trimming

Grade 3: separation of the white line which
extends to the corium, purulent exudate or
necrotic tissue may be present
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2.2.3 Trait definitions
Foot lesion records from all time points were used to define two traits for
each CHL (SH, SU, and WL): a binary trait to represent overall susceptibility, and

a continuous trait to reflect lesion severity.

Susceptibility. A binary trait classified animals as either “susceptible” or
“resistant” to each CHL over the whole study period. Animals were classified as
susceptible if a lesion was present on any claw (i.e., lesion severity = 1 - 3) at any
assessment, regardless of lesion severity, the number of claws affected, the
number of time points the lesion was present, or the total number of records for
that animal. Animals were classified as resistant if the lesion was absent (i.e.,
lesion severity = 0) from all claws in a complete set of records from all four time
points. Therefore, animals were unclassified by this trait if they were unaffected
by a lesion but did not have records from all four time points. This resulted in a
slight reduction in study power for this trait, due to a small proportion of
incomplete lesion records for animals which had otherwise always been
unaffected, but provided the highest confidence in the classification of animals

as resistant to each lesion.

Severity. A continuous trait which reflected both the severity and
distribution of each CHL was calculated by taking the maximum severity of each
lesion from the medial and lateral claw of each foot and then averaging this
across all feet. This approach was intended to try and capture the severity and
distribution of CHL, whilst minimising the diluting effect of healthy claws in
animals which were affected with CHL. This trait was calculated for each time

point, so each animal had repeated records of lesion severity at each time point.

2.2.4 Pedigrees and genotypes

Pedigree details for the study population were extracted from the national
database of dairy cattle by tracing back seven generations for each animal. Blood
samples were collected from the coccygeal vein of each animal into EDTA
vacutainers and used to genotype each animal with the Illumina BovineSNP50
BeadChip (lllumina Inc., USA). Genotypes were subsequently imputed to 80K
single nucleotide polymorphism (SNP) genotypes by Edinburgh Genetic

Page | 71



Chapter 2: Genetics of claw horn lesions

Evaluation Services (EGENES) using an in-house procedure which has been
developed for all national genomic evaluations of dairy cattle in the UK. Briefly,
this imputation process uses the lllumina BovineSNP50 BeadChip and lllumina
BovineHD BeadChip (lllumina Inc., USA), in addition to other commercial
genotyping arrays, extra gene tests, and large-effect sequence variants.
Following imputation, genotypes included 79,051 SNP spanning the entire
genome. Chromosomal locations of the imputed 80K SNP panel were drawn
from the latest assembly of the Bos taurus genome (ARS-UCD 1.2)(Rosen et al.,
2020).

Imputed genotypes were available for 2,250 animals. Genotype quality
control was implemented using PREGSF90 (Aguilar et al., 2014) within the
BLUPF90 software suite (Misztal et al., 2018). Quality control included the
removal of SNP with a call rate < 0.90 (N = 10,977), SNP with a minor allele
frequency < 0.05 (N = 3,008), monomorphic SNP (N = 36), or SNP showing a
strong deviation (> 0.15) from Hardy-Weinberg equilibrium (N = 14) (Wiggans et
al., 2009). Additionally, animals were removed if sample call rate < 0.90 (N = 63)
or there were parent-progeny Mendelian conflicts (N = 20). Quality control
procedures resulted in a final dataset of 2,167 animals with genotypes of 65,211
SNP.

2.2.5 Population structure

2.2.6 Genetic parameter estimation

Before genetic analyses, fixed effects were evaluated via mixed-effect linear
(or generalised linear) regression of repeated observations of each trait, with the
animal as arandom effect in the model. This analysis was conducted inR (R Core
Team, 2021) with the ImerTest package (Kuznetsova et al., 2017). The following
fixed effects were tested: herd, parity, the season of calving, the season of
assessment, days since calving at the assessment, and the researcher who
recorded CHL. The importance of each fixed effect was determined by finding
the multivariable model with the lowest Akaike information criterion. The effect
of which researcher examined and recorded CHL increased Akaike information

criterion, so this term was not included in subsequent genetic analyses.
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Additionally, the genetic structure of the study population was explored with a
principal component analysis of animal genotypes using GEMMA (Zhou and
Stephens, 2012); this revealed no distinct clusters in the genotypes which could

be attributed to a known population characteristics (Figure 2.1).

Susceptibility. Binary traits relating to SH, SU, and WL susceptibility were
analysed with threshold models to transform the phenotype to a latent liability
scale (Gianola, 1982). A Markov chain Monte Carlo approach was used to obtain
marginal posterior distributions for model parameters via the Gibbs sampling
algorithm in THRGIBBS1F90 (Tsuruta and Misztal, 2006). Convergence of Gibbs
sampling was assessed using the coda package in R (Plummer et al., 2006); a
chain length of 500,000 samples with a 50,000 sample burn-in produced
consistent results and was used for all models. Lag correlation between
consecutive samples was reduced with a thinning interval of 50, therefore genetic
parameters were estimated from the posterior distribution of 9,000 Gibbs

samples.

The animal threshold model used for each lesion was:

A =Xb +Za+e (1)

where 4 is a vector of unobserved liabilities for susceptibility to either SH, SU, or
WL; b is a vector of the fixed effect of parity (8 levels: 15t parity to =8t parity) and
herd-year-season of calving (12 levels); a is a vector of random additive genetic
effects for each animal; e is a vector of random residual effects, and X, and Z are
incidence matrices for b and a, respectively. Random effects were assumed to

be normally distributed with a mean of zero and covariance structure of:

a] Ho? 0 ] (2)
0 Io?

where o2 is the additive genetic variance; ¢2 is the residual variance; I is an
identity matrix, and H is the relationship matrix incorporating pedigree and
genomic information in a single-step genomic analyses framework as defined by
Legarra et al. (2009). The inverse of H is defined as (Aguilar et al., 2010;
Christensen and Lund, 2010):
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_ _ 0 0 (3)
1 1

B = a7 4y g agy]

where A is the pedigree relationship matrix; G is the genomic relationship matrix,
and A,, is the pedigree relationship matrix for genotyped animals. The A4 matrix
includes inbreeding coefficients calculated from pedigree relationships
(Meuwissen and Luo, 1992). The genomic relationship matrix was constructed

as 0.95G* + 0.054,,; G* is defined according to VanRaden (2008) as:

. zz (4)
S 23 pi(1- py)

where Z is a centred matrix of genotype at each locus (aa = 0, Aa =1, and AA =

2); M is the number of SNP, and p; is the minor allele frequency at locus .

Severity. Continuous traits relating to the severity of SH, SU, and WL were
analysed with linear mixed models using the average information-restricted
maximum likelihood algorithm, implemented in AIREMLF90 (Misztal et al., 2018).
The following animal repeatability model was used to take account of the

repeated lesion severities from each time point:

y = Xb + Za + Wpe + e (5)

where y is a vector of the severity of either SH, SU, or WL; b is a vector of the fixed
effect of parity (8 levels), HYS of each time point (12 levels), and time point (i.e.
stage of production cycle, 4 levels); a is a vector of random additive genetic
effects for each animal; pe is a vector of random permanent environmental
effects to account for repeated measurements from each animal, e is a vector of
random residual effects; X, Z and W are incidence matrices for b, a and pe
respectively. Random effects were assumed to be normally distributed with a

mean of zero and covariance structure of:

a- [HoZ 0 0 (6)
var |pe|=| 0 Igj, O
e 0 0 Ic?
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where ¢ is the additive genetic variance; o), is the permanent environmental
variance; o2 is the residual variance; I is an identity matrix, and H is the

relationship matrix as before (Equation 3).

2.2.7 Heritability
The heritability of the susceptibility to each lesion was estimated on the
underlying liability scale (h?) using variance components from the threshold

model (Equation 1), as:

hi = 03/(0d + 07) (7a)

with each variance component defined as before in Equation 2. Similarly, the
heritability of the severity of each lesion was estimated on the observed scale
(h2) using variance components from the linear repeatability model (Equation 5),

as:

hs = 04/(07 + 0pe + 0&) (7b)

with each variance component defined as before in Equation 6.

To allow comparison of the heritability of lesion susceptibility and severity
which were estimated on different scales, the heritability of lesion susceptibility
was transformed to the observed scale, adjusting for the over-representation of

cases compared to the study population prevalence (Lee et al., 2011) as:
, _ hiz’P(1-P) (8)
°7 K2(1-K)>?

where h? is the heritability on the liability scale (Equation 7a), K is the prevalence
of the trait in the full study population, P is the proportion of cases in the case-
control sub-population, and z is the height of the standard normal probability

density function at the truncation threshold given by K.
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2.2.8 Genetic correlation

For both the susceptibility and severity traits, additive genetic covariance
between different lesions was estimated with bivariate animal models based on
the same parameters as the corresponding univariate models (Equation 1 for
lesion susceptibility and Equation 5 for lesion severity). The genetic correlation
(r;) between lesions was calculated using (co)variance component estimates

from bivariate models as:

T, = cov(ty, ty) JyJvar(t))var(t,) (9)

where cov(t,,t,) is the additive genetic covariance between trait 1 (t,) and trait
2 (t,) and var(t,) and var(t,) are the additive genetic variance for trait 1 and trait

2, respectively.

2.2.9 Estimated genomic breeding values

The estimated genomic breeding value (GEBV) of each animal for each trait
was calculated. The GEBV for lesion susceptibility was estimated during Gibbs
sampling; the GEBV for lesion severity was estimated by single-step genomic

best linear unbiased prediction implemented in BLUPF90 (Misztal et al., 2018).

2.2.10 Genome-wide association analyses

For both traits, individual marker effects were calculated in POSTGSF90
(Aguilar et al., 2014) following the approach described by Wang et al., (2012) in
which SNP effects (i) are defined as (Strandén and Garrick, 2009):

o= DZ'[ZDZ'] 4, (10)

where D is the diagonal matrix of weights for the SNP effects, Z is a matrix

relating genotypes to each locus, and a, is the GEBV of genotyped animals.

Standardised SNP effects were calculated for the susceptibility to each
lesion by dividing the absolute SNP effects by the standard deviation of SNP
variance. For the lesion severity, P-values of marker effects were calculated
(Aguilar et al., 2019) after the test statistic had been adjusted for genomic

inflation, assuming constant inflation across the genome (Amin et al., 2007).
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Significant SNP were defined using a statistical significance threshold of P
< 0.05, which was corrected for multiple testing to 7.67E-07 (P < 0.05/number of
tested markers). Suggestive SNP were defined using a genome-wide threshold
equivalent to one false positive result per genome scan (Lander and Kruglyak,
1995), the suggestive threshold was 1.53E-05 (P < 1/number of tested markers).

A window-based GWA approach was used to further explore the association
between genomic regions and the susceptibility and severity traits for each
lesion. The window size was determined by linkage disequilibrium (LD) in the
study population (Silva et al., 2020). The magnitude and decay of LD between
SNP was evaluated using PLINK (Purcell et al., 2007). On average, LD was found
to decay by 50% every 0.65 Mb (Figure 2.1) and therefore sliding windows of 0.65
Mb were used for window-based analyses. The proportion of genetic variance
explained by each sliding window of 0.65 Mb was calculated using POSTGSF90,
as described by Wang et al. (2014):

Var(a;) Var(Xo.esmp Z;1;) (11)

—=x100% = - x 100%
O-a O-a

where a; is the genetic value of the i-th 0.65 Mb window, 62 is the total genetic
variance, Z; is a vector of the gene content of the j-th SNP for all individuals,

and 1; is marker effect of the j-th SNP within the i-th region.
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Figure 2.1. (A) Principal component analysis of genotypes. (B) Average linkage
disequilibrium (LD) decay between markers in the genotyped population.
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2.2.11 Quantitative trait loci and functional analysis

Positional candidate genes were identified using the latest assembly of the
Bos taurus genome (ARS-UCD 1.2) downloaded from the National Center for
Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/assembly/GCF_002263795.1/). In each GWA
analysis, the closest gene to each significant or suggestive SNP were identified,
up to a maximum of 0.2 Mb upstream or downstream from the marker.
Additionally, genes were explored if they were contained, or partially contained,
within the top genomic windows. The UniProt database (The UniProt Consortium,
2021) was used for functional annotation of positional candidate genes.
Enrichment analysis of the candidate genes from single-marker and window-
based GWA analyses was conducted using the DAVID bioinformatics resource
(Huang et al., 20094; b)
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2.3 Results

2.3.1 Population and dataset description

A total of 2,352 animals were enrolled in this study. In some cases (N = 38),
animals were enrolled before parturition but did not subsequently calve because
they aborted, died or were euthanised for health reasons. These animals were
excluded from further analysis due to the absence of a calving date, despite

having phenotypes recorded at T1-Precalving.

Additionally, to ensure environmental factors were broadly consistent at
each time point, an acceptable spread of sampling times was defined; T1-
Precalving: 0- 120 days pre-calving; T2-Calving: 0 - 21 days post-calving; T3-Early:
50 - 120 days post-calving, and T4-Late: more than 170 days post-calving.
Records were excluded from further analysis if they fell outside of these ranges
(T1-Precalving: N = 26, T2-Calving: N = 1, T3-Early: N = 8, T4-Late: N = 6). Most
records which fell outside the planned sampling time frame were at T1-
Precalving because animals were enrolled based on farm records of expected
calving dates which were occasionally inaccurate. A higher number of animals
were lost to follow-up between T3-Early and T4-Late due to a break in data
collection due to COVID-19 restrictions. There were 2,305 cows with lesion
records in the final dataset used for statistical analysis (Table 2.2); lesions
records were available from 2,277 cows at T1-Precalving, 2,185 at T2-Calving,
2,124 at T3-Early, and 1,931 at T4-Late.
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Table 2.2. Number of cows in the final study population by herd and lactation
number.

Number of cows

Lactation

Herd A Herd B Herd C Herd D Total
1 36 70 445 51 602
2 37 161 462 63 723
3 23 75 237 48 383
4 24 57 191 32 304
5 7 34 86 17 144
6 and greater 5 19 108 17 149
Total 132 416 1,529 228 2,305
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There were sporadic instances where all four feet were not assessed for
lesions at a time point due to the behaviour of the animal in the foot-trimming
crush which risked the safety of the animal or researchers. In the final dataset,
99.5% (2,266/2,277), 99.2% (2,108/2,224), and 96.7% (1,868/1,931) of animals
had lesion records from all four feet at T1-Precalving, T3-Early, and T4-Late,
respectively. At T2-Calving, although 99.0% (2,164/2,185) of animals had lesion
records from both hind feet, only 33.6% (734/2,185) had lesion records from all
four feet, due to the change in data collection procedure on herd C at this time

point.

The prevalence of SH, SU, and WL at each of the four time points is provided
in Table 2.3. The peak prevalence of SH (58%), and SU (6%) was at T3-Early, and
the peak of WL (59%) was at T4-Late. Details of the susceptibility and severity
traits are provided in Table 2.4. For the susceptibility trait, 2,139 cows were
classified as either susceptible or resistant for SH, 1,925 for SU, and 2,121 for
WL.
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Table 2.3. Proportion (frequency) of animals with sole haemorrhage (SH), sole
ulcers (SU), and white line lesions (WL) at each time point.

T1-Precalving T2-Calving T3-Early T4-Late
SH 0.33 (741) 0.33 (720) 0.58 (1,222) 0.53(1,022)
Su 0.04 (88) 0.03 (55) 0.06 (129) 0.06 (115)
WL 0.31 (705) 0.30 (661) 0.38 (802) 0.59 (1,143)
Total 2,277 2,185 2,214 1,931

Table 2.4. Summary of the susceptibility and severity traits for sole haemorrhage
(SH), sole ulcers (SU), and white line lesions (WL). The susceptibility trait
classified cows as susceptible if the lesion was present on any claw at any time
point, and resistant if the lesion was absent from all claws at all time points,
presented as the frequency of animals in each class. The severity trait is average
lesion severity at each time point, presented as the mean (standard deviation) of
this trait.

Susceptibility Severity
Susceptible Resistant ~ T1-Precalving T2 T3 T4-Late
Calving Early
0.14 0.19 0.33 0.27
SH 1775 364
(0.25) (0.33) (0.39)  (0.34)
0.02 0.02 0.02 0.03
SuU 268 1657
(0.09) (0.12) (0.10)  (0.14)
0.13 0.18 0.16 0.29
WL 1885 236
(0.24) (0.33) (0.26)  (0.32)
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2.3.2 Genetic parameters

The variance component and heritability estimates are provided in Table
2.5 and the genetic correlations between lesions in Table 2.6. For both the
susceptibility and severity traits, the heritability estimates for SH and SU were
higher than for WL. The genetic correlations between lesions were high and
positive for SH and SU with both traits. For both traits, the genetic correlation
between SU and WL was moderate and positive, however, the standard errors of
these estimates were relatively large. The genetic correlation between SH and

WL was not statistically different from zero for either trait.
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Table 2.5. Additive genetic variance (6Z), permanent environmental variance (o3,)
residual variance (¢2), and narrow-sense heritability (h?) estimates (standard
error) for susceptibility and severity of sole haemorrhage (SH), sole ulcers (SU),
and white line lesions (WL). Heritability was calculated on the liability scale for
the susceptibility trait (h?) and also transformed to the observed scale (h2) post
hoc, heritability was calculated on the observed scale for the severity trait (h2).

Susceptibility Severity
SH su WL SH su WL

, 042 0.56 0.12 1.2E-02 7.0E-03 3.2E-03
[v)

* (0.14) (0.20) (0.08) (1.8E-03)  (1.7E-04)  (8.2E-04)

, 9.8E-03 3.3E-03 2.6E-03
a' - - -

pe (1.6E-03)  (2.2E-04)  (9.6E-04)

, 101 1.01 1.01 7.7E-02 8.2E-03 6.9E-02
()

°  (0.04) (0.05) (0.04) (1.4E-03)  (1.5E-04)  (1.2E-03)
2 0.29 0.35 0.10

L' (0.07) (0.08) (0.06)
2 0.12 0.15 0.03 0.12 0.06 0.04

°  (0.03) (0.03) (0.02) (0.02) (0.01) (0.01)

Table 2.6. Genetic correlations (standard error) between sole haemorrhage (SH),
sole ulcers (SU), and white line lesions (WL). Results for lesion severity are above
the diagonal; results for lesion susceptibility are below the diagonal.

SH su WL
SH - 0.59 (0.17) 0.03 (0.27)
su 0.98 (0.04) - 0.67 (0.33)
WL 0.20 (0.27) 0.70 (0.20) -

Page | 84



Chapter 2: Genetics of claw horn lesions

2.3.3 Quantitative trait loci and functional analysis

There was a polygenic background to the susceptibility and severity of SH,
SU, and WL. There were no distinct peaks in plots of the standardised SNP effects
of lesion susceptibility (Figure 2.2). The ten markers with the largest
standardised SNP effects for susceptibility to each lesion are provided in Table
2.7, but due to the lack of any clear peaks, these markers were not mapped to
nearby genes. No markers had a significant effect on lesion severity; markers
with a suggestive effect were identified on Bos taurus autosome 8 (BTA-8) for
SU and BTA-23 for WL (Figure 2.3). Positional candidate genes located closest
to the top markers for the severity of each lesion, and within 0.2 Mb upstream or

downstream of the marker, are provided in Table 2.8.

Window-based GWA analyses revealed a similarly complex genetic
background to the lesion susceptibility traits, although some genomic regions
explained relatively greater proportions of the total genetic variance (Figure 2.4).
Details of the genes contained, or partially contained, within these genomic

regions are provided in Table 2.9.

The positional candidate genes identified from GWA analyses of all traits
were enriched in Gene Ontology (GO) biological processes of complement
activation, classical pathway (G0:0006957) and complement activation,
alternative pathway (G0:0006958). Additionally, genes were enriched in the Bos
taurus Reactome pathway of sphingolipid metabolism (R-BTA-428157).
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Figure 2.2. Standardised single nucleotide polymorphism (SNP) effects for
susceptibility to sole haemorrhage (SH), sole ulcers (SU), and white line lesions

(WL).
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Figure 2.3. Manhattan and quantile-quantile plots of the severity of sole
haemorrhage (SH), sole ulcers (SU), and white line lesions (WL); -log10 P-value of
marker effects against marker position on the chromosome. The solid line
represents the genome-wide significance threshold (P < 7.67E-07, 0.05/number

of tested markers) and the dashed line represents the suggestive threshold (P <
1.53E-05, 1/number of tested markers).
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Table 2.7. The ten single nucleotide polymorphisms (SNP) with the largest
standardised effects for sole haemorrhage (SH), sole ulcer (SU), and white line
disease (WL) susceptibility, including chromosome (BTA), position, and minor
allele frequency (MAF). The standardised SNP effects were calculated by dividing
the estimated SNP effects by their empirical standard deviation and are

presented in descending order for each trait.

Lesion BTA Position (bp) MAF SNP effect
7 1,796,400 0.28 4.09
28,253,982 0.35 4.08
7 12,965,356 0.48 4.07
27,890,577 0.40 4.01
29 44,577,341 0.40 4.00
S 15 68,358,382 0.34 3.99
5 33,560,114 0.48 3.98
17 19,924,694 0.49 3.95
13 79,875,689 0.40 3.92
7 12,994,583 0.46 3.85
27 24,424,298 0.45 4.47
5 4,889,808 0.33 4.25
89,051,206 0.41 4.23
7 76,625,461 0.38 4.21
26 31,562,060 0.36 4.09
sU 5 90,375,279 0.40 4.05
14 72,785,677 0.45 4.05
90,364,435 0.29 4.03
1,782,066 0.49 4.02
87,262,266 0.36 4.02
24 12,855,197 0.36 4.50
18 39,385,561 0.41 411
3 103,194,072 0.44 4.09
18 39,488,321 0.41 4.08
18 39,440,689 0.41 4.05
WL 14 52,361,610 0.48 3.97
2 99,164,443 0.48 3.95
21 13,283,849 0.33 3.92
18 40,219,814 0.21 3.91
8 88,091,837 0.49 3.91
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Table 2.8. The top markers for the severity of sole haemorrhage (SH), sole ulcers
(SU), and white line lesions (WL), with the respective chromosome (BTA) and
position (bp), minor allele frequency (MAF), P-value of marker effect, and name
and location of the closest gene. Markers with a significant (P < 7.67E-07,
0.05/number of tested markers) or suggestive effect (P < 1.53E-05, 1/number of
tested markers) are denoted with *, markers located inside candidate genes are

denoted with ™.

Lesion BTA Position (bp) MAF P-value Gene Gene location
1 141,365,527 0.21 2.73E-05 BACE2 141,381,597 -
141,487,147
SH 16 60,525,984 0.19 3.93E-05 ABL2" 60,462,811 -
60,558,443
28 24,747,891 0.42 3.45E-05 HNRNPH3 24,751,331 -
24,762,284
5 56,420,099 0.06 2.86E-05 TAC3 56,411,332 -
56,418,012
SuU 8 44,652,431 0.08 6.31E-06° PGM5 44,403,368 -
44,612,837
10 65,020,001 0.11 2.25E-05  C10H150rf48 65,015,661 -
65,019,322
3 89,815,776 022 2.10E-05 PLPP3 89,607,569 -
89,695,225
WL 17 7,269,721 0.35 3.07E-05 RPS3A 6,717,403 -
6,722,090
23 43,909,068 0.13  8.73E-06" PHACTRI1 43,276,513 -
43,796,605
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Figure 2.4. Proportion of the total additive genetic variance explained by sliding
windows of 0.65 Mb for the susceptibility and severity traits of sole haemorrhage
(SH), sole ulcers (SU), and white line lesions (WL).
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Table 2.9. Genomic regions which explained the greatest proportion of genetic
variance for the susceptibility and severity traits of sole haemorrhage (SH), sole
ulcer (SU), and white line disease (WL); including chromosome (BTA), window
position (bp), the proportion of total genetic variance explained, and the name of
genes contained (or partially contained) within these windows.

. . Window position Variance
Lesion Trait BTA o Gene(s
(bp) (%) ®)
90,725,628 -
3 91,356,392 0.47 BSND, TMEM61
- 21,574,466 — CHD9Y, RBL2, AKTIP,
Susceptibility 18 22223573 0.66 ETO
20 58,161,594 — 0.41 ANKH, OTULIN,
58,795,440 ’ OTULINL, TRIO
SH
88,750,416 -
3 89,386.272 0.50 C8B, C8A
. 58,161,594 — ANKH, OTULIN,
Severity 20 58705440 0.77 OTULINL, TRIO
29 21,284,764 - 061 BHLHEA4O, ITPR1,
21,911,533 ’ SUMF1
86,762,457 -
6 87405290 0.56 SLC4A4, GC
Susceptibility
18 21,422,708- 0.41 CHD9Y, RBL2, AKTIP,
22,070,855 ’ FTO
5,922,777 -
SuU 14 6,526,644 0.52 KHDRBS3
. 8,954,477 -
Severity 14 9,597.429 0.86 KCNQ3, EFR3A
21,454,669 - CHD9, RBL2, AKTIP,
18 22,081,129 0.70 FTO
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Window position

Variance

Lesion Trait BTA o Gene(s
(bp) (%) )
88,750,416 -
3 89,386.272 0.38 C8B, C8A
37,796,921 - i
© 38426291 0.36
Susceptibility
97,152,695 -
10 97,799,000 0.37
14 64,061,208 - 0.60 RNF19A, POLR2K,
64,708,627 ' MGC148714
153,405,778 -
1 154,054,353 0.61 DAZL, PLCL2
155,049,738 -
WL 1 155,696,507 0.49 SATB1
89,466,489 -
3 90,000412 0.49 PRKAA2, PLPP3
. 37,412,062 -
Severity 6 38,055,681 0.72 LCORL
5,843,870 -
17 6493219 0.48 GATB, MIR2404-1
59,814,966 - i
19 60,461,025 0.61
4,231,415 - )
25 4,872,654 0.75

Page | 92



Chapter 2: Genetics of claw horn lesions

2.4 Discussion

We have corroborated the results of previous studies which showed SH, SU,
and WL have a low to moderate heritability (van der Waaij et al., 2005; van der
Linde et al., 2010; Johansson et al., 2011; Hdggman and Juga, 2013; Croué et al.,
2017; Malchiodi et al., 2017; Heringstad et al., 2018; Ring et al., 2018; Shabalina
et al,, 2020; Oliveira Junior et al., 2021). The heritability estimates for the
susceptibility trait were higher than estimates for lesion severity. These
differences are predominantly a reflection of the differences in estimating
heritability on the liability scale as opposed to the observed scale (Visscher et al.,
2008; Tenesa and Haley, 2013). To allow comparison of the susceptibility and
severity traits, we transformed the heritability estimates for lesion susceptibility
to the observed scale. This transformation adjusted for the over-representation
of cases compared to the study population prevalence (Lee et al., 2011), although
this was only a minor problem in this dataset as case and control groups were
not designed to be balanced. Taking into account the uncertainty of the
estimates, the heritability on the observed scale was comparable for both the
susceptibility and severity traits, although the greatest difference was apparent
for SU which had a higher heritability for susceptibility than severity. This could
suggest that the case definition for SU is clearer than SH and WL, and therefore
assessment as a binary lesion is more consistent. It has previously been shown
that using the average lesion severity from all claws produces larger heritability
estimates for SH and WL than a binary lesion trait (Ring et al., 2018), but we did
not observe a similar trend between the heritability of SH and WL susceptibility

and severity.

2.4.1 Heritability of sole haemorrhage and sole ulcers

The heritability estimates of SH and SU susceptibility on the liability scale
were larger than those previously reported from studies that either directly
estimated variance components on the liability scale or transformed the
heritability to the liability scale post hoc (Buch et al., 2011; Haggman and Juga,
2013; van der Spek et al., 2013; Malchiodi et al., 2017). Although heritability

estimates from different populations should be compared cautiously (Visscher
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et al., 2008; Tenesa and Haley, 2013), there were some features of our study
which may contribute to larger heritability estimates; these relate to phenotype

recording, trait definitions, genetic relationships, and study population.

Phenotype recording. The previously referenced studies (Buch et al., 2011;
Haggman and Juga, 2013; van der Spek et al., 2013; Malchiodi et al., 2017),
included study populations much larger than ours and collated records from
multiple foot-trimmers. Harmonising foot lesion recording is challenging due to
variability between individuals and differences in terminology (Christen et al.,
2015), therefore there may have been unavoidable discrepancies in how lesions
were recorded during these studies. Additionally, the animals which are
presented to a foot-trimmer during a visit may over-represent those with painful
foot lesions and result in a skewed study population; this could affect heritability
estimates (van der Spek et al., 2013; Croué et al., 2017). In our study, all foot
lesions were recorded by qualified veterinary surgeons, predominantly a single
researcher; cows were prospectively enrolled and assessed specifically for
research purposes. Therefore, we believe we have minimised these common

sources of bias.

Trait definition. We defined the lesion susceptibility trait to differentiate
between “susceptible” and “resistant” animals, using a definition which was as
robust as possible within the constraints of our study. We used repeated records
from a single production cycle so that cows were only considered unaffected (or
“resistant”) if the lesion was absent on all four occasions. We intended this
approach to reduce misclassification bias, however, it did result in a slight
reduction in study power due to a small proportion of animals which were
unaffected by a lesion but did not have complete records. We were also careful
to record even very mild cases of SH, and consequently, 77% (1,775/2,305) of the
study population were recorded as being affected with SH (or “susceptible”). This
may have influenced our results because the heritability of SH has been shown
to be larger when mild cases of SH were classed as affected as opposed to being

grouped with unaffected animals (Ring et al., 2018).
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Genetic relationships. The majority of animals with recorded phenotypes
were genotyped (94%, 2,167/2,305), which was achievable because the study
population was comparatively smaller than the previously referenced studies
(Buch et al., 2011; Hadggman and Juga, 2013; van der Spek et al., 2013; Malchiodi
et al., 2017). We were, therefore, able to define relationships between animals
using pedigree and genomic information; which minimises the effect of pedigree
recording errors, is less affected by violated assumptions such as that of random
mating, and describes relatedness by actual allele sharing rather than the
probability of related individuals having the same alleles (Visscher et al., 2002,
2006; Speed and Balding, 2015). This may have avoided deflation of the
heritability estimates from increased residual variance in the analysis, compared

to studies which relied on the accuracy of pedigree information.

Study population. As previously mentioned, we had a smaller study
population than previous genetic studies of foot lesions, however, the main
limitation of our study was that animals were only from four herds, and three of
the four study herds were operating similar systems of zero-grazing and three-
times-a-day milking. This homogeneity may have reduced the environmental
variance, or the influence of a genotype x environment interaction, and resulted

in higher heritability estimates.

2.4.2 Heritability of white line lesions

The heritability estimates of WL were low for both the susceptibility and
severity traits: 0.10 and 0.04, respectively. Although the heritability estimates of
WL are comparable to previous studies (van der Waaij et al., 2005; van der Linde
et al,, 2010; Johansson et al., 2011; Haggman and Juga, 2013; Croué et al., 2017;
Malchiodi et al., 2017; Heringstad et al., 2018; Shabalina et al., 2020), they were
notably smaller than the heritability of SH and SU.

A study of grazing dairy herds in Ireland, which was methodologically
comparable to ours in many ways, estimated the heritability of WL to be 0.21
using a trait analogous to the WL severity (Ring et al., 2018). The higher
heritability of WL in grazed herds, compared to the heritability we estimated in

predominantly housed animals (0.04), would be worth further exploration as WL
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is regarded as a more important cause of lameness in grazed cattle compared to
other CHL (Chesterton et al., 2008; Navarro et al., 2013; Somers and O’'Grady,
2015).

The low heritability of WL suggests there is a more limited capacity for
genetic selection to reduce WL frequency in dairy herds compared to SH and SU,
although it does not preclude breeding for WL resistance. A Dutch study which
evaluated the value of foot lesion records in a composite claw health index
reported that the genetic response was minimal for WL compared to other
lesions, including SH and SU; additionally, the inclusion of WL in the index did not
improve the reliability of the index (van der Linde et al., 2010). Malchiodi et al.
(2020) ranked cows by a composite claw health genetic index of direct lesion
traits which weighted SH, SU, and WL at 3%, 20%, and 8% in the index, respectively,
and estimated the heritability of SH and WL to be similar. The difference in lesion
prevalence between the best and worst cows for this index was similar for SH
and WL (5 - 6%), despite the proportionally greater weighting of WL in the index.
The results of these two studies also suggest genetic selection for WL resistance
will be slower than for SH and SU unless selection intensity is proportionally
higher. However, another explanation for the differences in SH and WL
prevalence reported by Malchiodi et al. (2020) is a positive genetic correlation
between SH and SU, because SU was one of the most heavily weighted lesions
in the index, and therefore the reduction in SH prevalence may have been a

correlated selection response.

2.4.3 Genetic correlations between lesions

Genetic correlations between SH and SU were high for both lesion
susceptibility (0.98) and severity (0.59), indicating the possibility of genetic
improvement in one trait through selection on the other. Previous studies have
reported similar genetic correlations between SH and SU ranging from 0.38 to
0.90 (van der Waaij et al., 2005; Buch et al., 2011; Johansson et al, 2011;
Haggman and Juga, 2013; van der Spek et al., 2013; Malchiodi et al., 2017,
Heringstad et al.,, 2018). It has also been shown that the partial genetic

correlation between SH and SU is much smaller than the genetic correlation
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(Buch et al.,, 2011); in this case, the partial correlation was calculated with other
traits held constant (infectious foot lesions and production, health and fertility
traits). This result implies the shared genetic background between SH and SU is
more limited when the effects of other traits are considered. We only assessed
genetic correlation with bivariate models, so we can only speculate as to whether
this same result would have been apparent in our study population. Interestingly,
Croué et al. (2017) showed the strength of the genetic correlation between SH
and SU was dependent on the distribution pattern of SH; if SH was circumscribed,
the genetic correlation with SU was 0.72, but it was only 0.22 if SH was diffuse.
We did not differentiate between the distribution patterns of SH, but the severity
grading we used reflected this to some extent. The trait definition of susceptibility
to SH and SU, which did not take the severity or the distribution of the lesions into
account, indicated a very strong genetic correlation between SH and SU; this has
an important practical implication. In general, SH is associated with a less severe
lameness than SU (Tadich et al., 2010; Blackie et al., 2013), and therefore may
not be as reliably recorded in foot-trimming records (Archer et al., 2010a).
Furthermore, there can be ambiguity as to what severity threshold should be used
to denote lesion presence, resulting in the misclassification of animals with mild
SH as unaffected (Ring et al., 2018); the case definition for SU is much clearer in
this regard. Therefore, as SH and SU are strongly and positively genetically
correlated based on a simple present or absent classification (i.e., lesion
susceptibility trait), selection for reduced SU would be expected to result in a

reduction in SH, overcoming potential challenges with SH recording.

The genetic correlation between SU and WL was positive for both lesion
susceptibility (0.70) and severity (0.67), but with relatively large standard errors.
The genetic correlation between SU and WL has most frequently been reported
to be between 0.4 and 0.8 (Koenig et al., 2005; van der Linde et al., 2010;
Johansson et al., 2011; van der Spek et al., 2013; Croué et al., 2017; Malchiodi et
al., 2017, 2020), but ranges from 0.01 to 0.98 (Swalve et al., 2008; Pérez-Cabal
and Charfeddine, 2015). Our results, in combination with previous studies, would
suggest that although the genetic variance of SU and WL may correlate to an
extent, there is a substantial proportion of the genetic background which is
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distinct to each lesion. The genetic correlations between SH and WL were not
statistically different from zero in our study. The genetic correlation between SH
and WL is generally reported to be in the range of 0.2 to 0.55 (van der Waaij et al.,
2005; van der Linde et al., 2010; Malchiodi et al., 2017, 2020), and, similar to SU,
circumscribed SH has been reported to have a stronger genetic correlation with
WL than diffuse SH (Croué et al., 2017).

Taken together, our results suggest that WL may have a different genetic
background to SH and a lesser extent, SU. Although CHL are often regarded as
pathophysiologically similar lesions, it is also thought that WL can also develop
as primary lesions without prior disruption of claw horn production (Miilling,
2002). Epidemiological studies lend some support to this distinction because
different predisposing environmental factors have been identified for SH and SU
compared to WL (Sogstad et al., 2005; Barker et al., 2009; Cramer et al., 2009;
Sanders et al., 2009; Moreira et al., 2019). Further work which specifically focuses
on WL separately from SH and SU would be beneficial; but it is perhaps also worth
reconsidering the assumption that all CHL have a completely shared

aetiopathogenesis, at least from a genetic perspective.

2.4.4 Quantitative trait loci

The SH, SU, and WL susceptibility and severity traits all had a complex
genetic background, in agreement with previous research (van der Spek et al.,
2015; Croué et al., 2019; Sdnchez-Molano et al., 2019; Lai et al., 2021b). As these
traits are highly polygenic and our study population was relatively small for a
GWA study, there is a high risk of stochastic noise being misinterpreted as
meaningful (Lander and Kruglyak, 1995; Platt et al., 2010; Wray et al., 2013;
Visscher et al., 2017). Therefore, we interpret the GWA results cautiously and
focus on QTL which were either associated with multiple traits or lesions, or

those which have also been highlighted in previous studies.

Inference of the genomic region on BTA-14 (5.9 — 6.5 Mb), which explained
0.52% of the total genetic variance for SU severity, is strengthened because this
region includes a locus which has previously also been linked to SU in a

population of Holstein-Friesian cattle (van der Spek et al., 2015). The candidate
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gene in this region was KHDRBS3 (KH RNA Binding Domain Containing, Signal
Transduction Associated 3), which was also highlighted during GWA analyses of
digital cushion thickness using the same dataset (Chapter 3). Digital cushion
thickness is linked, both phenotypically and genetically, to CHL development
(Machado et al., 2011; Oikonomou et al., 2014; Toholj et al., 2014; Newsome et
al., 2017b; Stambuk et al., 2019; Griffiths et al., 2020). In cattle, the KHDRBS3 gene
is expressed in adipose and muscle tissue (Fang et al, 2020), has been
associated with average daily gain (Seabury et al., 2017), and is in LD with a
neighbouring gene associated with intramuscular fat deposition (Barendse et al.,
2004; Gibbs et al., 2009). The digital cushion is primarily composed of adipose
tissue and its fat content is correlated with CHL incidence (Lischer and Ossent,
2002; Raber et al., 2006; Wilson et al., 2021). Therefore, the KHDRBS3 gene may
play a role in SU development via mechanisms which relate to the digital cushion.
Furthermore, enrichment of the sphingolipid metabolism pathway also suggests
genetic control of lipid metabolism may have a role in CHL development, this is
a mechanism which could underlie the observations that subcutaneous fat

thickness is correlated with CHL risk (Newsome et al., 2017b).

A pleiotropic locus on BTA-8 (42.9 - 44.6 Mb) was associated with increased
susceptibility to SU, WL, digital dermatitis, and metritis in a GWA study of Holstein
cattle (Lai et al., 2021a). The marker which had the strongest effect on SU severity
in our study was adjacent to this locus (44.6 Mb), lending support to the results
reported by Lai et al. (2021a). Inflammation in early lactation has been posited as
a component of SU pathogenesis; early lactation clinical mastitis is associated
with an increased risk of SU development (Griffiths et al., 2020; Watson et al.,
2022), and metritis has been tentatively linked to increased SU incidence
(Enevoldsen et al., 1991); therefore a locus with pleiotropic effects on SU and
metritis has interesting implications. The translocation of lipopolysaccharides
into systemic circulation has been demonstrated from naturally and
experimentally induced mastitis and metritis (Eckel and Ametaj, 2016);
lipopolysaccharides are thought to affect the soft tissues of the suspensory
apparatus of the distal phalanx (Boosman et al., 1991; Tian et al., 2019), which is

considered a key mechanism in SU development (Lischer et al., 2002b). The
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closest gene to the marker associated with SU severity was PGMS5
(phosphoglucomutase 5) which codes for a key enzyme in glucose metabolism
and is related to adipogenesis, early gestation, and bovine tuberculosis
susceptibility in cattle (Yu et al., 2009; Cerri et al., 2012; Richardson et al., 2016);
as well as to muscle mass in sheep (Zlobin et al., 2021), and tissue healing in
lower limb injuries in mice (Aguilar et al., 2015). Therefore, although there is not
an obvious biological pathway which links the PGM5 gene with SU, WL, digital

dermatitis, and metritis; this region warrants further consideration.

For both SH susceptibility and SH severity, one of the greatest proportions
of genetic variance was explained by the same genomic region on BTA-20 (58.1
— 58.7 Mb). Genes within this candidate region are linked to inflammation, innate
immune signalling, and leukocyte migration (van Rijssel et al., 2012; Fiil et al.,
2013; Damgaard et al., 2016), implying genetic control of inflammatory processes
may influence SH development, a conclusion which is also supported by the

enrichment of two complement activation pathways.

The genomic region on BTA-25 (4.2 - 4.8 Mb) which explained 0.75% of the
total genetic variance associated with WL severity overlaps a genomic region
which has previously been associated with SU in Holstein cows (Sdnchez-Molano
et al., 2019). Genes in this region may contribute to the genetic correlation we
observed between SU and WL. Similarly, a genomic region on BTA-6 (86.7 — 87.4
Mb), which explained 0.56% of the total genetic variance associated with SU
susceptibility, overlapped with a genomic region previously linked to WL (Croué
et al., 2019). A marker located within this region on BTA-6 was associated with
Rump Width in dairy cattle in a previous GWA study (Hiendleder et al., 2003).
Rump Width is a linear type trait which is positively genetically correlated with
sole overgrowth and WL (Ring et al., 2018), and SU incidence was reported to be
twice as high in animals whose sire’s breeding value for Rump Width was in the
top tercile (positive value) compared to the bottom tercile (negative value)
(Oikonomou et al., 2013). One of the candidate genes in this region was GC (GC
vitamin D binding protein), a causal variant within this gene has been established

to relate to clinical mastitis resistance in dairy cattle (Freebern et al., 2020; Lee
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et al., 2021). Phenotypically there is a relationship between early lactation
mastitis and subsequent SU development (Griffiths et al., 2020; Watson et al.,
2022), and SU is positively genetically correlated with subclinical and clinical
mastitis (Koenig et al., 2005; Buch et al., 2011); the GC gene may contribute these

observations.

The same genomic window on BTA-3 (88.7 — 89.3 Mb) was one of the top
windows, based on the proportion of the total genetic variance explained, for both
SH severity and WL susceptibility. This region contains the genes C8A
(complement C8 alpha chain) and C8B (complement C8 beta chain) which are
related to the complement system and have previously been associated with
reproductive function and temperament in cattle (Chan, 2012; Tenghe et al.,
2016). A nearby marker on BTA-3 was also associated with WL severity (89.8 Mb)
and mapped to PLPP3 (phospholipid phosphatase 3), which has been reported
as a candidate gene related to mastitis resistance in Holstein cattle (Cai et al.,
2018). Both this genomic region and marker were located slightly upstream of a
marker previously associated with digital dermatitis (90.4 Mb) (Sanchez-Molano
et al.,, 2019). The genetic correlation between SH and digital dermatitis has been
estimated to be very low or zero, whereas the genetic correlation between WL
and digital dermatitis is often negative with estimates typically between -0.1 and
-0.3 (Swalve et al., 2008; van der Linde et al., 2010; Croué et al., 2017; Malchiodi
et al., 2017, 2020).

Overlapping windows on BTA-18 were associated with SH susceptibility and
SU susceptibility and severity (21.5 — 22.2 Mb and 21.4 — 22.0 Mb, respectively).
Genes within this region are related to cell division and apoptosis, regulation of
lipid metabolism, regulation of fat mass, adipogenesis and energy homeostasis
(Jia et al,, 2011; Zhou et al.,, 2015). These regions include, or neighbour, a marker
which was previously been associated with heel horn erosion in cattle (Croué et
al., 2019). Although heel horn erosion has historically been considered a CHL
(Hoblet and Weiss, 2001), it is now generally regarded to have an infectious
aetiology (Bergsten and Herlin, 1996; Greenough, 2007). The genetic correlation

between SH or SU and heel horn erosion has been reported to range from -0.07
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to 0.50 (Heringstad et al., 2018), although partial correlations were higher, when
other traits including infectious foot lesions and production, health and fertility

traits, were held constant (Buch et al., 2011).

A marker on BTA-23 (43.9 Mb) had the strongest evidence of an effect on
WL severity, although the lack of deviation from the baseline in adjacent SNP
means this result should be interpreted cautiously. This marker was located
within PHACTR1 (phosphatase and actin regulator 1) which is involved in the
regulation of actin cytoskeleton dynamics, tubule formation and endothelial cell
survival (Jarray et al., 2011; Allain et al., 2012). This marker is also within a
genomic region which was previously associated with interdigital hyperplasia in
Holstein cattle (Sanchez-Molano et al., 2019). Additionally, another genomic
region on BTA-14 (64.0 — 64.7 Mb), which explained 0.60% of the total genetic
variance associated with WL susceptibility, is close to a marker (64.0 Mb) which
has also been previously linked with interdigital hyperplasia (van der Spek et al.,
2015). Previous estimates of the genetic correlation between WL and interdigital
hyperplasia generally report minimal or no genetic correlation (Heringstad et al.,
2018), although there have been reports of a moderate and positive genetic

correlation between these two lesions (Koenig et al., 2005).
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2.5 Conclusions

We followed a prospective cohort study design to carefully record SH, SU,
and WL at multiple time points during a production cycle. With this dataset, we
estimated the heritability of SH, SU, and WL using two trait definitions relating to
the susceptibility and severity of each lesion. Our results corroborate those of
previous studies which showed that SH, SU, and WL have a low to moderate
heritability. The magnitude of the heritability estimates for SH and SU
susceptibility indicates the possibility to improve resistance to these lesions
through selective breeding; the heritability estimates for WL were low, and we
would be more conservative in our expectations regarding the potential to breed
resistance to this lesion. We observed a strong genetic correlation between SH
and SU implying that a correlated response would be expected through selection
on one of these lesions; additionally, it would suggest the genetic background of
these two lesions is similar, in support of the prevailing hypotheses regarding
pathogenesis. On the other hand, the genetic correlation between SH and SU with
WL was weaker and more variable, implying there is a distinct genetic component
to WL not shared by SH and SU. We characterised the genetic background of
these lesions as highly polygenic, in agreement with previous studies. We
highlighted QTL which may be associated with these lesions, in particular, genes
relating to lipid metabolism, inflammation and digital cushion thickness; as well
as QTL which have been detected in GWA analysis for other foot lesions and

health conditions in dairy cattle.
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Chapter 3: Genetic parameters and genome-wide
association study of digital cushion thickness in
Holstein cows

3.1 Introduction

The digital cushion of the bovine claw is composed of three parallel pads of
soft fat and loose connective tissue which are thought to play an important role
in protecting the corium from mechanical forces in the foot (Lischer and Ossent,
2002; Raber et al.,, 2004, 2006). New horn develops via cornification of
keratinocytes, cells that are nutritionally dependent on the corium (Hirschberg et
al., 2001); consequently, damage to the corium leads to the production of poor-
quality horn (Hoblet and Weiss, 2001). The term “claw horn (disruption) lesion”
(CHL) refers to foot lesions considered to arise from damaged corium; these

lesions are sole haemorrhage (SH), sole ulcers (SU), and white line lesions (WL).

In 1999, Kofler and others described an ultrasonographic approach to
visualise the digital cushion which could be employed in live animals (Kofler et
al.,, 1999). The digital cushion thickness (DCT) has since been measured in a
succession of studies, with a general agreement that a thin DCT represents an
increased risk of subsequent CHL development (Machado et al., 2011; Tohol;j et
al., 2014; Newsome et al., 2017b; Stambuk et al., 2019; Griffiths et al., 2020).
Studies that have focused on CHL as individual lesions have, to date, only
demonstrated an association between DCT and SH or SU (Newsome et al,,
2017b; Griffiths et al., 2020). Therefore, the contribution of WL to the previously

reported associations between DCT and CHL development is unclear.

Variation in DCT has been summarised as being conditional on a
combination of genetic, developmental, and pathological factors (Wilson et al.,
2021); the genetic background of DCT is the focus of our study. The heritability
of DCT, measured using ultrasonography, has been estimated to be 0.33 (+ 0.09)
using pedigree relationships (Oikonomou et al., 2014), and 0.31 (£ 0.13) from
multiple genomic analyses (Stambuk et al., 2020b). One other study, which

enrolled cows specifically for research purposes, reported the heritability of DCT
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in recently calved cows to be 0.23 (+ 0.12) (Sanchez-Molano et al, 2019). A
negative genetic correlation has been reported between DCT and CHL incidence
(Oikonomou et al., 2014), however, the separate genetic relationships between
DCT and sole lesions (SH and SU) and between DCT and WL are unknown.

The thickness of the digital cushion has been observed to change around
calving and throughout lactation, but with inconsistencies regarding the exact
changes which occur (Newsome et al., 2017a; Stambuk et al., 2019; Griffiths et
al., 2020; Bach et al., 2021). In some cases, the DCT has been reported to be
thinnest during early lactation; suggested to be a consequence of fat tissue
mobilisation and a reflection of the concurrent nadir in body condition (Bicalho
et al., 2009; Griffiths et al., 2020). Alternatively, other studies have observed the
thinnest DCT immediately after calving (Newsome et al., 2017a; Bach et al.,
2021), this is thought to be the result of compression due to periparturient laxity
in the suspensory apparatus of the distal phalanx (Tarlton et al., 2002; Knott et
al., 2007). Therefore, it would be useful to define the genetic parameters of DCT
at different periods during lactation, particularly as the stage of lactation has
been shown to affect genetic parameter estimates for other foot lesion traits
(Gernand et al., 2013).

Genome-wide association (GWA) studies have utilised genomic markers to
map quantitative trait loci (QTL) which may be associated with the genetic
variance of DCT. Two recent GWA studies of around 600 Holstein and Jersey
cows characterised DCT as a complex trait and identified candidate genes
related to inflammation, fat tissue deposition, bone growth, and keratinocyte
function (Stambuk et al., 2020a; b). Further studies are needed to corroborate
previously highlighted QTL as well as to explore QTL for DCT in different

populations.

3.1.1 Objectives

The objectives of our study were to (i) estimate genetic parameters for
digital cushion thickness at different stages during a production cycle, (ii)
estimate the genetic correlation between digital cushion thickness and claw horn

lesions, evaluating sole lesions (sole haemorrhage and sole ulcers) and white line
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lesions separately (iii) identify quantitative trait loci associated with digital

cushion thickness.
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3.2 Materials and methods

3.2.1 Study design and population

The study was conducted following ethical approval by the University of
Liverpool Research Ethics Committee (VREC269a, VREC466ab) and procedures
regulated by the Animals (Scientific Procedures) Act were conducted under a
United Kingdom (UK) Home Office License (P191F589B).

A prospective, cohort study was designed to measure the DCT in dairy cows
and record SH and SU at four time points during a production cycle. Data
collection was conducted on four dairy herds (A - D) in the northwest of the UK
which were selected for convenience based on the practicalities of frequent visits
and assessments. Herds A to C housed lactating cows all-year-round, milked
cows three times daily and recorded 305-day milk yields of approximately 11,000
- 11,500 L. Herd D housed lactating cows all-year-round except for lower-yielding
cows which were grazed during the summer; cows were milked twice daily and
the 305-day milk yield was approximately 9,000 L. Parous cows on all herds were
routinely foot-trimmed twice a year before drying off and 60 - 120 days after
calving. On all herds, lactating cows were regularly footbathed after milking. Herd
A footbathed cows three times a week with either copper sulphate or formalin;
herd B footbathed cows twice daily with formalin, herd C footbathed cows daily
with either copper sulphate or formalin and herd D footbathed three times a week

with formalin.

All animals which were registered as Holsteins and expected to calve
between April and December 2019 were prospectively enrolled with no additional
inclusion or exclusion criteria applied. A total of 2,352 animals were enrolled.
Data were collected by qualified veterinary surgeons during weekly or twice
weekly visits to each herd from February 2019 to July 2020 (with a break from
March - to June 2020 due to COVID-19 restrictions). Animals were assessed for
foot lesions at four time points: before parturition (T1-Precalving), immediately
after parturition (T2-Calving), in early lactation around the time of peak milk yield
(T3-Early), and in late lactation (T4-Late). The sample size was determined by

resource constraints; all eligible animals were enrolled until the final
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assessments (T4-Late) began, at which point further enroliments ended as data

collection at four time points simultaneously was not feasible.

3.2.2 Data collection

At each assessment time point, animals were restrained in a foot-trimming
crush and, if foot-trimming had not been conducted during the visit, the claw horn
on the sole of each foot was lightly trimmed to allow inspection of foot lesions.
On each claw, CHL were recorded using case definitions as described in the
International Committee for Animal Recording (ICAR) claw health atlas (Egger-
Danner et al., 2020). All CHL were graded according to severity (Table 3.1),
broadly comparable to absent (score 0), mild (score 1), moderate (score 2), and
severe (score 3). All foot lesions were examined and recorded by qualified
veterinary surgeons; over 90% by a single researcher, and the remainder by three

other researchers.
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Table 3.1. Case definitions and severity grading system for sole haemorrhage
(SH), sole ulcers (SU), and white line lesions (WL).

Lesion Case definition  Severity grading

Sole Discolouration  Grade 1: light pink lesion < 2 cm diameter or

haemorrhage of the sole horn diffuse discoloration of sole

(SH) Grade 2: light pink lesion = 2 cm diameter or
dark pink/purple lesion < 2 cm diameter
Grade 3: dark pink/purple lesion =2 cm
diameter or discolouration with a blue tinge

Sole ulcer (SU) Exposure of Grade 1: < 2 cm diameter lesion covered by a

White line lesion
(WL)

fresh or
necrotic corium

Lesion localised
to the white line
region

thin layer of horn before modelling

Grade 2: = 2 cm diameter lesion with < 1.5 cm
granulation tissue protruding through the horn

Grade 3: = 1.5 cm granulation tissue protruding
through the horn or secondary bacterial
infection

Grade 1: haemorrhage of the white line or
discolouration or separation of the white line
which disappears after limited trimming

Grade 2: deeper separation or discolouration of
the white, lesion is still present after limited
trimming

Grade 3: separation of the white line which
extends to the corium, purulent exudate or
necrotic tissue may be present
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After SH and SU had been recorded, the digital cushion was imaged in the
lateral claw of the left-hind digit using B-mode ultrasonography with the foot still
lifted off the ground (i.e. non-weight-bearing), as previously described (Kofler et
al., 1999). This site was chosen because the lateral claw of the hindlimb digit is
the most common site of CHL development (Murray et al., 1996). Time
constraints did not allow us to scan more than one claw per cow; the left-hind
digit was arbitrarily chosen over the right-hind digit. A 5 cm linear probe inside a
gel standoff was used with a DRAMINSKI Vet 4 Mini ultrasound machine
(DRAMINSKI S. A, Olsztyb, Poland); frequency was set to 6 MHz and image depth
to 4 cm. The probe was placed on the midline of the sole and the ultrasound
image was stored when the digital cushion, arch of the distal phalanx, and flexor

tuberosity of the distal phalanx were visible.

The data collection procedure was the same at all time points with two
exceptions. At T2-Calving on herd C, only hind feet were assessed to reduce the
handling time of cows which had recently calved; this was only required on this
herd due to the large numbers of cows calving each week. The other exception
was at the T4-Late assessments which resumed in June 2020 following a break
due to COVID-19 restrictions; data collection from this point onwards was more
limited due to social distancing protocols and digital cushion images were not

collected.

Following completion of data collection, DCT was measured on stored
images by a single researcher using ImageJ (Schneider et al., 2012). Images were
first re-labelled so measurements were blinded to details regarding image
collection such as time point, farm, or concurrent lesions. Two measurements
were recorded, in both cases between the internal aspect of the sole horn and the
distal aspect of the distal phalanx. The first measurement was at the most
proximal point in the arch of the distal phalanx, representing the greatest
thickness of the digital cushion (DCT-MAX); this point corresponds to the
interconnecting abaxial and axial pads of the digital cushion (primarily the axial
pad) in the midline of the claw (Raber et al., 2004). The second measurement was

immediately distal to the flexor tuberosity of the distal phalanx (DCT-FT); at this
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point, the specific part of the digital cushion measured was assumed to be the
middle pad in a typical cow (Réber et al., 2004). (For further details, readers are
referred to Figure 1 in Newsome et al. (2017b) which shows a midline sagittal
section of the bovine digit with a corresponding ultrasound image; in this figure,
site 2 corresponds to DCT-MAX and site 3 to DCT-FT). We only recorded
measurements if landmarks were clearly identifiable on each image; necessary
landmarks included the interfaces between sole horn and soft tissue and the
interface between soft tissue and distal phalanx. Additionally, the DCT-FT
measurement was only taken if the point of the flexor tuberosity of the distal

phalanx could be clearly identified.

It is important to note that these ultrasonographic DCT measurements do
not exclusively relate to the digital cushion and include all soft tissues between
the sole horn and distal phalanx, which include connective tissue and the corium
(Kofler et al., 1999; Raber et al., 2004). For this reason, DCT measured using
ultrasonography is sometimes, more correctly, referred to as sole soft tissue
thickness (Newsome et al., 20174a; Griffiths et al., 2020); however, for consistency
with the majority of published research in this area, the term digital cushion

thickness (DCT) will be used throughout this manuscript.

3.2.3 Trait definitions

The two DCT measurements (DCT-MAX and DCT-FT) were analysed as
continuous traits. As per our research objectives, sole lesions (SH and SU) were
analysed separately to WL. It is thought that SH and SU represent different stages
of the same disease process (Offer et al., 2000; Lischer and Ossent, 2002).
Therefore, at each time point, the severity of SH and SU on each claw were
combined so that the severity ranged from 0 to 6, with grades 1 to 3 directly
corresponding to SH severity, and grades 4 to 6 corresponding to SU severity.
The maximum severity of sole lesions from the medial and lateral claw of each
foot was taken and then averaged across all feet to create a variable called “sole
lesion severity” (SL-Severity). This approach was intended to try and capture the
severity and distribution of sole lesions whilst minimising the diluting effect of

healthy claws in animals which were affected with sole lesions. We followed the
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same process for WL (calculating the average of the most severe white line lesion
from each foot) to create a variable called “white line lesion severity” (WL-

Severity). Both SL-Severity and WL-Severity were analysed as continuous traits.

3.2.4 Pedigrees and genotypes

Pedigree details for the study population were extracted from the national
database of dairy cattle by tracing back seven generations for each animal. Blood
samples were collected from the coccygeal vein of each animal into EDTA
vacutainers and used to genotype each animal with the Illumina BovineSNP50
BeadChip (lllumina Inc., USA). Genotypes were subsequently imputed to 80K
single nucleotide polymorphism (SNP) genotypes by Edinburgh Genetic
Evaluation Services (EGENES) using an in-house procedure which has been
developed for all national genomic evaluations of dairy cattle in the UK. Briefly,
this imputation process uses the lllumina BovineSNP50 BeadChip and lllumina
BovineHD BeadChip (lllumina Inc., USA), in addition to other commercial
genotyping arrays, extra gene tests, and large-effect sequence variants.
Following imputation, genotypes included 79,051 SNP spanning the entire
genome. Chromosomal locations of the imputed 80K SNP panel were drawn
from the latest assembly of the Bos taurus genome (ARS-UCD 1.2) (Rosen et al.,
2020).

Imputed genotypes were available for 2,250 animals. Genotype quality
control was implemented using PREGSF90 (Aguilar et al., 2014) within the
BLUPF90 software suite (Misztal et al., 2018). Quality control included the
removal of SNP with a call rate < 0.90 (N = 10,977), SNP with a minor allele
frequency < 0.05 (N = 3,008), monomorphic SNP (N = 36), or SNP showing a
strong deviation (> 0.15) from Hardy-Weinberg equilibrium (N = 14) (Wiggans et
al., 2009). Additionally, animals were removed if sample call rate < 0.90 (N = 63)
or there were parent-progeny Mendelian conflicts (N = 20). Quality control
procedures resulted in a final dataset of 2,167 animals with genotypes of 65,211
SNP.
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3.2.5 Genetic parameter estimation

Before genetic analyses, fixed effects were evaluated via mixed-effect linear
regression of repeated observations of each trait, with the animal as a random
effect in the model. This analysis was conducted in R (R Core Team, 2021) with
the ImerTest package (Kuznetsova et al., 2017). The following fixed effects were
tested: herd, parity, the season of calving, the season of assessment, days since
calving at the assessment, and the researcher who recorded CHL. The
importance of each fixed effect was determined by finding the multivariable
model with the lowest Akaike information criterion. Season of calving had similar
effects on model fit as the season of assessment; the effect of which researcher
examined and recorded CHL increased Akaike information criterion, so this term

was not included in subsequent genetic analyses.

Genetic parameters of each trait (DCT-MAX, DCT-FT, SL-Severity, WL-
Severity) were estimated at each time point separately (T1-Precalving, T2-
Calving, T3-Early, T4-Late) with single-trait linear mixed models, resulting in a
total of 16 univariate models. Models were fit using the average information
restricted maximum likelihood algorithm, implemented in AIREMLF90 (Misztal et
al., 2018). The genetic parameters of each trait at each of the four time points

were estimated with the following univariate animal model:

y=Xb+Za+e (M

where y is a vector of one of the four traits (DCT-MAX, DCT-FT, SL-Severity,
or WL-Severity); b is a vector of the fixed effects including herd (4 levels), parity
(5 levels, 51 level = 5t parity and greater), the season of calving (2 levels, April -
September or October — March), and days relative to parturition (continuous
variable); a is a vector of random additive genetic effects for each animal; e is a
vector of random residual effects; X, and Z are incidence matrices for b and a,
respectively. Random effects were assumed to be normally distributed with a

mean of zero and covariance structure of:

a] Ho? 0 ] (2)

var [e =10 102
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where 62 is the additive genetic variance; 62 is the residual variance; I is an
identity matrix, and H is the relationship matrix incorporating pedigree and
genomic information in a single-step genomic analyses framework (Legarra et
al., 2009). The inverse of H is defined as (Aguilar et al., 2010; Christensen and
Lund, 2010):

0 0

3)
0 (G- Az%)]

H'= A" +

where A is the pedigree relationship matrix; G is the genomic relationship
matrix, and A, is the pedigree relationship matrix for genotyped animals. The A
matrix includes inbreeding coefficients calculated from pedigree relationships
(Meuwissen and Luo, 1992). The genomic relationship matrix, G, was

constructed as 0.95G* + 0.05A,,; G* is defined according to VanRaden (2008) as:

. 7’ 4)
G = i

where Z is a centred matrix of genotype at each locus (aa = 0, Aa = 1, and

AA = 2); M is the number of SNP, and p; is the minor allele frequency at locus i.

To explore the genetic relationship between the two DCT traits (DCT-MAX
and DCT-FT), bivariate models were fit for DCT-MAX and DCT-FT at each of the
four time points. To estimate the genetic correlation between stages of
production for each DCT trait, bivariate models were fit with each pairwise
combination of time points (i.e., DCT-MAX at T1-Precalving and DCT-MAX at T2-
Calving; DCT-FT at T1-Precalving and DCT-FT at T2-Calving etc.), resulting in six
bivariate models for DCT-MAX and six bivariate models for DCT-FT.

One of our objectives was to evaluate the genetic relationship between DCT
and CHL. Therefore, we fit bivariate models for combinations of DCT and CHL
traits, both within the same time point and between time points. Specifically, we
fit bivariate models for DCT-MAX and SL-Severity at each of the four time points
and for every pairwise combination of time points, such as DCT-MAX at T2-

Calving and SL-Severity at T3-Early, and so on. This was repeated for DCT-FT and
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SL-Severity, DCT-MAX and WL-Severity, and finally for DCT-FT and WL-Severity,

resulting in an additional 40 bivariate models.

Bivariate models had the same parameters as the univariate models
(Equation 1), random effects were assumed to be normally distributed with a

mean of zero and covariance structure of:

0o ®
var [:] = [G H (5)

ol

0 R, Q1
where G, is the genetic covariance matrix between traits due to animal
additive genetic effects; R, is the residual covariance matrix between traits; ® is

the Kronecker product; H is the relationship matrix, and I is an identity matrix.

3.2.6 Estimated genomic breeding values and genome-wide association
analyses

To address our objective of identifying QTL associated with DCT, we
followed a single-step GWA study approach for each DCT trait (DCT-MAX and
DCT-FT) at each of the four time points (Wang et al., 2012). The genetic
background of CHL was beyond the scope of this study. First, single-step
genomic best linear unbiased prediction was implemented in BLUPF90 (Misztal
et al., 2018) to calculate estimated genomic breeding values for DCT-MAX and
DCT-FT at each time point. Second, the genomic breeding values for DCT-MAX
and DCT-FT were back-solved to estimate individual marker effects and P-values,
using POSTGSF90 (Aguilar et al., 2014, 2019).

In each GWA analysis, genomic inflation was assessed by calculating the
inflation factor of the test statistic (Amin et al., 2007). We adjusted for multiple
testing with a Bonferroni correction which was considered appropriate for this
study given the sample size, genotype density, correlation structure between
markers, and the reported polygenic background of DCT (Loh et al, 2022).
Significant SNP were defined using a statistical significance threshold of P <
0.05, which was corrected for multiple testing to 7.67E-07 (P =< 0.05/number of

tested markers). Suggestive SNP were defined using a genome-wide threshold
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equivalent to one false positive result per genome scan (Lander and Kruglyak,
1995), the suggestive threshold was 1.53E-05 (P < 1/number of tested markers).

A window-based GWA approach was used to further explore the association
between genomic regions and DCT traits (DCT-MAX and DCT-FT). The window
size was determined by linkage disequilibrium (LD) in our study population (Silva
et al., 2020). The magnitude and decay of LD between SNP was evaluated using
PLINK (Purcell et al., 2007). On average, LD was found to decay by 50% every 0.65
Mb and therefore sliding windows of 0.65 Mb were used for window-based
analyses. The proportion of genetic variance explained by each sliding window
of 0.65 Mb was calculated using POSTGSF90, as described by Wang et al. (2014).

3.2.7 Quantitative trait loci and functional analysis

Positional candidate genes were identified using the latest assembly of the
Bos taurus genome (ARS-UCD 1.2) downloaded from the National Center for
Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/assembly/GCF_002263795.1/). In each GWA
analysis, the closest gene to each significant or suggestive SNP were identified,
up to a maximum of 0.2 Mb upstream or downstream from the marker.
Additionally, genes were explored if they were contained, or partially contained,
within genomic windows which explained > 0.5% of the total genetic variance.
The UniProt database (The UniProt Consortium, 2021) was used for functional
annotation of positional candidate genes. Enrichment analysis of the candidate
genes from single-marker and window-based GWA analyses was conducted

using the DAVID bioinformatic resource (Huang et al., 2009a; b)
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3.3 Results

3.3.1 Population and dataset description

A total of 2,352 animals were enrolled in this study: 132 animals from herd
A, 432 animals from herd B, 1,549 animals from herd C, and 239 animals from
herd D. Details of the final number of animals with phenotype records at each
assessment time point, and the timing of each assessment relative to parturition,
are provided in Table 3.2. In some cases (N = 38), animals were enrolled before
parturition but did not subsequently calve because they aborted, died or were
euthanised for health reasons. These animals were excluded from further
analysis due to the absence of a calving date, despite having phenotypes
recorded at T1-Precalving. Additionally, to ensure environmental factors were
broadly consistent at each time point, records were excluded from each time
point if they fell outside of the planned sampling time frame (see ranges in Table
3.2, number of excluded records: T1-Precalving: N = 26, T2-Calving: N = 1, T3-
Early: N = 8, T4-Late: N = 6). Most records which fell outside the planned sampling
time frame were at T1-Precalving because animals were enrolled based on farm
records of expected calving dates which were occasionally inaccurate. A higher
number of animals were lost to follow-up between T3-Early and T4-Late due to a
break in data collection due to COVID-19 restrictions. In sporadic instances, all
four feet were not assessed for lesions at a time point due to the behaviour of
the animal in the foot-trimming crush which risked the safety of the animal or
researchers. In the final dataset, 99.5% (2,266/2,277), 99.2% (2,108/2,224), and
96.7% (1,868/1,931) of animals had lesion records from all four feet at T1-
Precalving, T3-Early, and T4-Late, respectively. At T2-Calving, although 99.0%
(2,164/2,185) of animals had lesion records from both hind feet, only 33.6%
(734/2,185) had lesion records from all four feet, due to the change in data
collection procedure on herd C at this time point. Measurement of DCT at the two
pre-determined anatomical locations (DCT-MAX and DCT-FT) was not always
possible with high precision and confidence due to the absence or ambiguity of
necessary landmarks, in these cases no measurement was recorded to ensure
the DCT phenotypes were as accurate as possible. The DCT-FT measurement

was missing more frequently than the DCT-MAX measurement due to difficulties
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in clearly identifying the point of the flexor tuberosity of the distal phalanx in the

stored images.
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Table 3.2. Details of data collection at each time point including the timing of
each assessment relative to the calving date, the number of feet assessed, digital
cushion images collected, and digital cushion thickness measurements from
each animal (maximum digital cushion thickness (DCT-MAX) and digital cushion
thickness distal to the flexor tuberosity of the distal phalanx (DCT-FT)).

Assessment time point

T1-Precalving T2-Calving T3-Early T4-Late

Timing of  Mean (SD) -55.2(18.9)  +5.4(2.8) +84.0(13.6) +200.0 (31.0)

assessment

relative to

parturition i i

(days) Range 119 to -1 0to 21 5010 120 170 to 307
One footonly 1 21 1 2

Total Two feetonly 4 1,427 2 22

number of

feet Three feetonly 6 3 13 39

assessed

from each

animal All four feet 2,266 734 2,108 1,868
Total 2,277 2,185 2,124 1,931

Digital cushion image 2194 2139 2,061 1419

collected

Measurement of DCT-MAX 2,091 2,066 1,995 1,380

Measurement of DCT-FT 1,059 1,157 1,020 670
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Descriptive details of the phenotypes are provided in Table 3.3. Both DCT
measurements (DCT-MAX and DCT-FT) followed a similar trend during the
production cycle in both primiparous and multiparous animals: the thinnest DCT
was recorded at T2-Calving and the thickest at T4-Late. At each time point, the
Pearson correlation coefficient between DCT-MAX and DCT-FT ranged from 0.63
to 0.74. In primiparous animals, the prevalence of SH (all severity grades) was
highest at T3-Early (67.4%, 392/582); in multiparous animals, it was highest and
similar at both T3-Early (53.8%, 830/1,542) and T4-Late (55.1%, 758/1,375). The
prevalence of SU followed a similar pattern, the highest prevalence of SU (all
severity grades) in primiparous animals was at T3-Early (3.8%, 22/582) and in
multiparous animals, it was highest, and similar, at T3-Early (6.9%, 107/1,542)
and T4-Late (7.7%, 106/1,375). The prevalence of WL was highest at T4-Late for
both primiparous (54.7%, 304/556) and multiparous animals (61.0%, 839/1,375).
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Table 3.3. Mean (standard deviation) of each trait at each time point: the
maximum digital cushion thickness (DCT-MAX), the digital cushion thickness
distal to the flexor tuberosity of the distal phalanx (DCT-FT), the mean sole lesion
severity across all feet (SL-Severity), and the mean white line lesion severity
across all feet (WL-Severity).

T1- .
Precalving T2-Calving T3-Early T4-Late
o 5.98 5.92 6.26 7.01
Primiparous
DCT-MAX (0.79) (0.88) (0.77) (0.78)
(mm) 7.10 6.73 7.01 7.23
Multiparous
(0.93) (0.86) (0.90) (0.91)
o 4.95 4.61 5.23 5.80
Primiparous
DCT-ET (0.70) (0.77) (0.83) (0.80)
(mm) _ 5.93 5.43 5.80 6.04
Multiparous
(0.99) (0.95) (1.00) (0.97)
o 0.12 0.18 0.48 0.24
Primiparous
SL-Severity (0.21) (0.34) (0.50) (0.36)
(0-6) 0.20 0.26 0.37 0.40
Multiparous
(0.39) (0.55) (0.49) (0.57)
o 0.18 0.20 0.12 0.27
Primiparous 0.28 0.32 0.22 0.33
WL-Severity (028) (032) (022) (0:33)
©03) 0.12 0.17 0.18 0.29
Multiparous
(0.22) (0.33) (0.27) (0.31)
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3.3.2 Genetic parameters

Four traits (DCT-MAX, DCT-FT, SL-Severity, and WL-Severity) were analysed
at four assessment time points with single-trait models, estimates of variance
components and heritability are provided in Table 3.4. The genetic correlation
was estimated with bivariate models. The two DCT traits (DCT-MAX and DCT-FT)
were strongly genetically correlated with each other at each time point, with
estimates ranging from 0.95 (¢ 0.03) to 1.00 (+ 0.001). The genetic correlation
between time points was between 0.92 (+ 0.04) and 1.00 (+ 0.001) for DCT-MAX,
and between 0.88 (+ 0.26) and 1.00 (+ 0.01) for DCT-FT.

The genetic correlations between DCT traits (DCT-MAX and DCT-FT) and
CHL traits (SL-Severity and WL-Severity), both within each time point and between
time points, are provided in Table 3.5 and Table 3.6. The genetic correlation
between DCT-MAX and SL-Severity was generally negative; the 95% confidence
interval of this estimate did not include zero on five occasions: between DCT-
MAX at T2-Calving and SL-Severity at T3-Early and T4-Late (-0.33 and -0.37,
respectively), between DCT-MAX at T3-Early and SL-Severity at T3-Early and T4-
Late (-0.33 and -0.38, respectively), and between DCT-MAX and SL-Severity at T4-
Late (-0.35). The genetic correlation between DCT-FT and SL-Severity followed a
similar pattern but there were only two occasions where the 95% confidence
interval of this estimate did not include zero: between DCT-FT at T2-Calving and
SL-Severity at T3-Early and T4-Late (-0.44 and -0.30, respectively). The genetic
correlation between DCT traits and WL-Severity was effectively zero (95%
confidence interval of estimate included zero) on all occasions except between
DCT-MAX at T3-Early and WL-Severity at T4-Late (0.29).
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Table 3.4. Additive genetic variance (g2), residual variance (gZ), and narrow-
sense heritability (h2) estimates (standard error) from single-trait analysis at
each time point for the maximum digital cushion thickness (DCT-MAX), the digital
cushion thickness distal to the flexor tuberosity of the distal phalanx (DCT-FT),
the mean sole lesion severity across all feet (SL-Severity), and the mean white
line lesion severity across all feet (WL-Severity)

Number
Trait Time point of a’ 7 h?
animals

T1-Precalving 2,091  0.18(0.03)  0.61(0.03)  0.23(0.04)
oor.  T2-Calving 2066  021(0.03)  052(0.03)  0.29 (0.04)
MAX " T3-Early 1995  021(0.03)  0.51(0.03)  0.29(0.04)

T4-Late 1380 0.32(0.05)  0.40(0.04)  0.44(0.06)

T1-Precalving 1,059  0.11(0.05)  0.67(0.05)  0.14(0.06)

T2-Calving 1157  0.21(0.05)  0.58(0.05)  0.26(0.06)
DCT-FT

T3-Early 1020 0.12(0.05)  0.68(0.05  0.15(0.06)

T4-Late 670  021(0.08)  0.52(0.07)  0.29(0.10)

T1-Precalving 2277  0.018(0.004) 0.09(0.004) 0.16 (0.03)
oL T2-Calving 2185  0.028(0.006) 0.21(0.008) 0.12(0.03)
Severity 13 parly 2124  0.043(0.009) 0.17(0.008) 0.20 (0.04)

T4-Late 1931  0.038(0.009) 0.20(0.010) 0.16 (0.04)

T1-Precalving 2277  0.005(0.002) 0.05(0.002)  0.09 (0.03)
WL T2-Calving 2185  0.007 (0.003) 0.10(0.004) 0.07 (0.03)
Severity 13 garly 2124  0.007 (0.002) 0.05(0.002) 0.1 (0.03)

T4-Late 1931  0.013(0.001) 0.09(0.004) 0.13(0.04)
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Table 3.5. Genetic correlation (standard error) between the maximum digital
cushion thickness (DCT-MAX) or the digital cushion thickness distal to the flexor
tuberosity of the distal phalanx (DCT-FT) and mean severity of sole lesions
across all feet (SL-Severity). Values on the diagonal refer to the genetic
correlation between traits which were both recorded at the same time point,
above the diagonal refers to the genetic correlation between traits which were
recorded at different time points.

SL-Severity

T1-Precalving T2-Calving  T3-Early T4-Late

T1-Precalving -0.12(0.12)  -0.23(0.12) -0.17(0.11) -0.18 (0.12)

T2-Calving -0.12(0.12) -0.33(0.10)" -0.37 (0.11)"
DCT-MAX

T3-Early -0.33(0.10)" -0.38(0.11)"

T4-Late -0.35(0.11)"

SL-Severity
T1-Precalving T2-Calving  T3-Early T4-Late

T1-Precalving 0.17 (0.22) 0.06 (0.22) -0.11(0.22) -0.09(0.23)

T2-Calving -0.11(0.15) -0.44(0.12)" -0.30(0.14)"
DCT-FT

T3-Early -0.47 (0.46) -0.07 (0.23)

T4-Late -0.37 (0.42)

*95% confidence interval does not include zero.
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Table 3.6. Genetic correlation (standard error) between the maximum digital
cushion thickness (DCT-MAX) or the digital cushion thickness distal to the flexor
tuberosity of the distal phalanx (DCT-FT) and mean severity of white line lesions
across all feet (WL-Severity). Values on the diagonal refer to the genetic
correlation between traits which were both recorded at the same time point,
above the diagonal refers to the genetic correlation between traits which were

recorded at different time points.

WL-Severity
T1-Precalving T2-Calving T3-Early T4-Late
T1-Precalving 0.32(0.16) 0.04 (0.05) 0.23(0.16) -0.08(0.14)
T2-Calving 0.04(0.17) 0.18(0.13) -0.04(0.13)
DCT-MAX
T3-Early 0.13(0.14) 0.29(0.14)"
T4-Late 0.21 (0.14)
WL-Severity
T1-Precalving T2-Calving T3-Early T4-Late
T1-Precalving 0.42 (0.47) 0.29(0.55) 0.44(0.54) 0.26(0.28)
T2-Calving 0.41(0.27) 0.34(0.18) -0.03(0.18)
DCT-FT
T3-Early 0.45(0.32) 0.46 (0.30)
T4-Late 0.40 (0.38)

*95% confidence interval does not include zero.
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3.3.3 Quantitative trait loci and functional analysis

GWA analysis was performed for each DCT trait (DCT-MAX, DCT-FT) at each
time point. The genomic inflation factor ranged from 0.94 to 1.00 in the eight
single-marker GWA analyses. Single-marker analyses revealed a polygenic
background to both DCT-MAX and DCT-FT at each time point (Figure 3.1). From
all GWA analyses, only one significant SNP was identified: for DCT-MAX at T3-
Early on Bos taurus autosome 4 (BTA-4). Suggestive SNP were identified on BTA-
3, BTA-5, BTA-6, BTA-13, BTA-14, BTA-23, and BTA-26 (Table 3.7). Positional
candidate genes located closest to each suggestive or significant SNP, and

within 0.2 Mb upstream or downstream of the marker, are presented in Table 3.7.

Window-based GWA analyses showed a similarly complex genetic
background to DCT-MAX and DCT-FT (Figure 3.2). The same genomic window
on BTA-3 (comprising 31 SNP) explained more than 1% of the total genetic
variance for DCT-MAX at T2-Calving and T3-Early, and a neighbouring window
(comprising 29 SNP) explained 0.72% of total genetic variance for DCT-MAX at
T1-Precalving. Other genomic windows which explained more than 0.5% of the
total genetic variance were identified on BTA-5, BTA-6, BTA-8, BTA-11, BTA-14,
and BTA-21 (Table 3.8). All genes contained, or partially contained, within these

genomic windows are presented in Table 3.8.

The set of positional candidate genes, identified from single-marker and
window-based GWA analyses, were enriched in biological processes of five Gene
Ontology (GO) terms: positive regulation of I|-kappaB kinase/NF-kappaB
signalling (G0:0043123); positive regulation of CREB transcription factor activity
(GO: 0032793); cellular response to a mechanical stimulus (GO:0071260); cell
adhesions (G0:0007155), and positive regulation of phosphatidylinositol 3-
kinase signalling (GO: 0014068).
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Figure 3.1. Manhattan plots and quantile-quantile plots of the maximum digital
cushion thickness (DCT-MAX) and the digital cushion thickness distal to the
flexor tuberosity of the distal phalanx (DCT-FT) at each time point; -log10 P-value
of marker effects against marker position on the chromosome. The solid line
represents the genome-wide significance threshold (P < 7.67E-07, 0.05/number
of tested markers) and the dashed line represents the suggestive threshold (P <
1.53E-05, 1/number of tested markers).
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Table 3.7. Markers with a significant (P < 7.67E-07, 0.05/number of tested
markers) or suggestive effect (P < 1.53E-05, 1/number of tested markers) on
maximum digital cushion thickness (DCT-MAX) or digital cushion thickness
distal to the flexor tuberosity of the distal phalanx (DCT-FT) at each time point,
with the respective chromosome (BTA), position (bp), minor allele frequency
(MAF), P-value of marker effect, and name and location of the closest gene up to
a maximum of 0.2 Mb upstream or downstream from the marker.

Trait Tlr.ne BTA Position MAF  P-value Gene Gene.
point (bp) location
81,286,837 -
. 14 81,367,974 0.25 6.58E-06 DEPTORY 81402413
Precalving
. 16,471,820 -
23 16,504,326 0.33  8.96E-06 BICRAL 16,506,078
' 42,263,666 -
) _ * ) )
DCT- T2-Calving 6 42,273,485 0.19  8.43E-06 GBA3 42.395,508
MAX
84,203,793 -
3 84,753,032 0.27 6.05E-06 NFIA 84,620,790
T3-Early . 44,652,801 -
4 44,839,097 0.32  9.56E-08 RELN 45211015
26 28,997,874 0.48  3.96E-06 - -
15,433,548 -
3 15443604 008  1.37E05 TRIM46 .00,
DCT- T1-
' 104,024,027 -
FT Precalving 5 104,055,417 0.49 1.51E-06 TNFRSF1A 104,036,846
13 71,799,248 0.22  1.48E-05 - -

*Marker was located inside candidate gene
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Figure 3.2. Proportion of the total additive genetic variance explained by sliding
0.65 Mb windows for the maximum digital cushion thickness (DCT-MAX) and the
digital cushion thickness distal to the flexor tuberosity of the distal phalanx (DCT -
FT) at each time point.
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Table 3.8. Genomic regions which explained more than 0.5% of the total additive
genetic variance for the maximum digital cushion thickness (DCT-MAX) and the
digital cushion thickness distal to the flexor tuberosity of the distal phalanx (DCT -
FT) at each time point, with the respective chromosome (BTA), window position
(bp), the proportion of total genetic variance explained, and the name of gene(s)
contained (or partially contained) within these windows.

Window Variance

Trait Stage BTA position (bp) (%) Gene(s)
= 3 g?gggggg © 072 BSND, TMEM61
Precalving 3
14 gggggig 0.78 KHDRBS3
3 g?gggggg "~ 1.06 BSND, TMEM61
. 37,690,172 - )
T2-Calving 6 38332952 0.64
8 gg;?gg;g ~0.53 GADD45G, SEMA4D
DCT' ’ ]
MAX -
3 g?gggggg 1.03 BSND, TMEM61
T3-Early o
14 gggggig ) 0.95 KHDRBS3
11 ;g%;?iz "~ 0.68 LAPTMA4A, TTC32, OSR1
T4-Late 14 gz?gggg ) 0.51 KHDRBS3
2,416,354 - i
21 3,040,671 0.72
LPAR5, CHD4, NOP2, IFFO1,
5 103,798,423 - 0.65 GAPDH, NCAPD2, MRPL5T,
104,430,699 ’ VAMP1, TAPBPL, CD27, LTBR,
1 SCNN1A, TNFRSF1A, CD9, VWF
Precalvin 37,796,921 - -
DCT-FT 9 6 3gaze201 0
14 g'gg;"j;g © 072 KCNQ3, EFR3A
2,416,354 - i
T4-Late 21 3,040,671 0.79
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3.4 Discussion

3.4.1 Key results and interpretation: genetic parameters

We have corroborated the results of previous studies which demonstrated
that DCT, as measured using ultrasonography, is a heritable trait in Holstein cows
(Oikonomou et al., 2014; Sanchez-Molano et al., 2019; Stambuk et al., 20203; b).
Therefore, there could be scope to increase the average thickness of the digital
cushion in a population through selective breeding, and this may translate to a
reduced incidence of CHL (Machado et al., 2011; Toholj et al., 2014; Newsome et
al., 2017b; Stambuk et al., 2019; Griffiths et al., 2020).

The heritability estimates in our study tended to be higher for the maximum
DCT measurement (DCT-MAX, heritability: 0.23 - 0.44) compared to the DCT
measurement taken distal to the flexor tuberosity of distal phalanx (DCT-FT,
heritability: 0.14 — 0.29). The DCT-FT measurement is arguably more clinically
relevant than DCT-MAX for sole lesion development, as this corresponds to the
predilection site for these lesions and DCT-FT has been shown, phenotypically, to
correlate with CHL risk (Machado et al., 2011; Toholj et al., 2014; Newsome et al.,
2017b; Griffiths et al., 2020). We also observed a trend whereby the heritability of
the DCT was dependent on the stage of lactation; the heritability of DCT (both
DCT-MAX and DCT-FT) was lowest at T1-Precalving and highest at T4-Late.
These differences are partially a reflection of changes in environmental variance;
however, the additive genetic variance was highest at the T4-Late assessment.
This trend is difficult to explain biologically and previous studies have not
reported genetic parameters for DCT from different lactation stages (Oikonomou
et al.,, 2014; Sdnchez-Molano et al., 2019; Stambuk et al., 20203; b), therefore we
do not know if this observation is consistent in other populations. Overall, the
heritability estimates of DCT in our study (both DCT-MAX and DCT-FT) were
broadly comparable to previous studies of Holsteins where estimates range from
0.23 to 0.33 (Oikonomou et al., 2014; Sdnchez-Molano et al., 2019; Stambuk et
al., 2020b).

A key objective of our study was to estimate the genetic correlation between

DCT and CHL. The genetic correlation between DCT traits and WL-Severity was
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not statistically different from zero, except between DCT-MAX at T3-Early and
WL-Severity at T4-Late when it was positive (0.29 = 0.14). This single positive
genetic correlation should be interpreted cautiously due to the large standard
errors of this estimate, and because this was the only non-zero genetic
correlation between these traits. If there truly is a positive genetic correlation
between DCT and WL, it may be a reflection of previous observations that there
is a potentially positive genetic correlation between body condition and DCT
(Oikonomou et al., 2014), a positive genetic correlation between body condition
and body weight (Berry et al.,, 2003), and a positive phenotypic association
between body weight and WL (Schopke et al., 2013; Pérez-Cabal and Charfeddine,
2016). This is a convoluted explanation, in part because the direct relationship
between body condition and WL has not been established. Therefore, more
research would be beneficial to assess the relationship between body condition
and WL, as well as the genetic and phenotypic relationships between DCT and
WL.

Our results indicated that DCT traits were negatively correlated with SL-
Severity at several time points, although the magnitude of the genetic correlation
in these instances was relatively small. A negative genetic correlation between
DCT and CHL incidence was reported by Oikonomou et al. (2014), our results
imply that this relationship may have been due to a negative genetic correlation
between DCT and sole lesions (SH and SU), rather than between DCT and WL.
Correlated traits can be incorporated into a composite selection index to increase
the accuracy of selection and improve genetic progress (Boettcher et al., 1998;
Banos et al., 2006), therefore there could be a benefit to including DCT in
selection indexes for claw health. However, DCT is more challenging to record
than foot lesions, so this is unlikely to be practical unless DCT was recorded in
an intensively monitored reference population (Pryce et al., 2012; Calus et al,,
2013b; Coffey, 2020).

The strength of the genetic correlation between DCT traits and SL-Severity
we observed was generally weak, with large standard errors, and in many cases,

the 95% confidence interval included zero. Unbiased estimates of genetic
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correlation are effectively impossible to obtain (Lynch and Walsh, 1998),
therefore care should be taken not to over-interpret the magnitude of these
estimates or extrapolate them across populations. However, we consider the
occasions where the 95% confidence interval of the correlation estimate did not
include zero to be the most persuasive evidence for a truly negative relationship
between the additive genetic variance of both traits; these specific results are
interesting in the context of the proposed pathogenesis of sole lesion

development.

We observed a weak negative genetic correlation between the DCT
immediately after calving and the severity of sole lesions later in lactation. It has
been demonstrated that the suspensory apparatus of the distal phalanx is weaker
around parturition which may result in compression of the underlying soft
tissues, which include the digital cushion and corium (Tarlton et al., 2002; Knott
et al., 2007). Compression of the corium is thought to be detrimental to claw horn
production and to initiate the development of SH or SU (Lischer et al., 2002b;
Lischer and Ossent, 2002). The weak negative genetic correlation between DCT
immediately after calving and future sole lesions lends support to this hypothesis
from a genetic perspective. However, correlation is a bidirectional relationship
and therefore an alternative explanation also exists. The development of CHL has
been hypothesised to use fatty acids from the digital cushion as inflammatory
mediators, thereby reducing the adipose tissue in the digital cushion, causing a
reduction in thickness, and a presumed impairment of its functionality (Ossent
and Lischer, 1998; Lischer et al., 2002b; Raber et al., 2006). Development of CHL
has also been shown to increase the risk of future CHL development (Hirst et al.,
2002; Oikonomou et al., 2013); therefore, the weak genetic correlation we
observed, between DCT immediately after calving and sole lesions later in
lactation, could be due to the occurrence of previous sole lesions and the genetic
background to these historic lesions could affect future DCT and sole lesion risk.
As the lameness history of animals prior to the start of this study is unknown, we

cannot differentiate between these potential explanations with this data set.
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Periparturient compression of the digital cushion is an intuitive explanation
for our observation that DCT was thinnest immediately after calving, a finding
replicated elsewhere (Newsome et al., 2017a; Bach et al., 2021). Our results
indicated that DCT was strongly genetically correlated between stages of
lactation and the additive genetic variance estimates were similar at T2-Calving
to other time points. Therefore, it would appear there is not a major genetic
component which explains why the DCT is thinnest immediately after calving
beyond the genetic background to DCT which exists generally. We would
conclude from these results that the extent of periparturient laxity in the
suspensory apparatus of the distal phalanx, and associated compression of soft

tissues, is more likely to be determined by environmental factors than genetic.

We recorded the DCT to be thinner at T3-Early than it was at either T1-
Precalving or T4-Late, in agreement with previous research (Bicalho et al., 2009;
Newsome et al., 2017a; Griffiths et al., 2020). High-yielding dairy cows mobilise
extreme quantities of fat in early lactation (McNamara, 1991; Drackley et al.,
2006) and the digital cushion is primarily composed of adipose tissue (Raber et
al., 2004, 2006). It has been proposed that lipolysis during early lactation depletes
the adipose tissue of the digital cushion and this is responsible for the observed
reduction in DCT at this time, which in turn, is linked to an increased risk of CHL
development (Bicalho et al, 2009). We observed a weak negative genetic
correlation between DCT at T3-Early and T4-Late, and the severity of sole lesions
at both T3-Early lactation and T4-Late time points. This would suggest the
genetic tendency to have a thin DCT in early and late lactation is correlated with
the genetic predisposition to develop more severe sole lesions at these times.
However, the phenotypic relationships between fat mobilisation, DCT, and CHL
development are complicated and reduced subcutaneous backfat is also
associated with increased CHL risk independent of DCT (Newsome et al., 2017b).
Therefore, it would be interesting for future studies to consider the genetic

relationships between subcutaneous fat, DCT, and CHL development.
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3.4.2 Key results and interpretation: quantitative trait loci
Characterisation of the genetic background of DCT revealed a complex trait,
in agreement with previous research (Sanchez-Molano et al., 2019; Stambuk et
al., 2020a; b). The marker with the strongest evidence of an effect on DCT was
observed on BTA-4 for DCT-MAX at T3-Early. This SNP is situated within the RELN
(Reelin) gene. In cattle, RELN is primarily expressed in central nervous tissue and
is involved in neuron development (Fang et al., 2020; The UniProt Consortium,
2021). Although there is not an immediately intuitive link between the central
nervous system and the digital cushion, the RELN gene was also part of three out
of the five enriched biological pathways from the analysis of all candidate genes.
These biological pathways were CREB transcription factor activity, cell adhesion,
and phosphatidylinositol 3-kinase signalling. In dairy cattle, CREB is associated
with periparturient lipid metabolism and is considered to be a key regulator of
adipogenesis (McNamara et al., 1992). Phosphatidylinositol 3-kinase is an
enzyme that is involved in insulin signalling and mediates glucose and lipid
metabolism (Shepherd et al., 1998). Therefore, CREB transcription factor activity
and phosphatidylinositol 3-kinase signaling pathways could plausibly relate to
the thickness of the digital cushion and may underlie the observed association

between DCT and the RELN gene, although this requires further investigation.

Many of the candidate genes we identified have roles in inflammation. In
humans, RELN has been associated with bone development due to inflammation
(Garshasbi et al., 2020), as has another candidate gene, SEMA4D (semaphorin
4D), which was identified for DCT-MAX at T2-Calving (Lontos et al., 2018).
Localised inflammation in the bovine hoof has been linked with the development
of bone growth on the distal phalanx (Lischer et al., 2002b; Newsome et al., 2016),
and genes relating to inflammation and bone growth have previously been
associated with DCT in dairy cattle (Stambuk et al., 2020a; b). One of the enriched
biological processes was I-kB kinase/NF-kB signalling, a complex pathway which
is instrumental in a wide range of inflammatory responses (Ghosh and Hayden,
2008; Liu et al., 2017). This pathway is recognised to have an important role in
inflammatory osteolysis in humans (Boyce et al., 2010; Abu-Amer, 2013), and

inflammation in diseases linked to lipid metabolism (Barma et al., 2009; Baker et
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al.,, 2011). In cattle, ketone bodies, which are produced from the metabolism of
fatty acids, are reported to activate the NF-kB pathway in bovine hepatocytes (Shi
et al., 2014). It is possible that genetic regulation of inflammation, particularly if
also associated with bone changes or lipid metabolism, could directly or

indirectly influence the digital cushion.

The NF-kB pathway is activated by lipopolysaccharide and this pathway has
been linked to subacute ruminal acidosis and clinical mastitis in dairy cows (Fan
et al., 2016; Khan et al., 2020). An in vitro study demonstrated lipopolysaccharide
caused inflammation of the dermal cells in the bovine hoof (Tian et al., 2019), and
systemic administration of lipopolysaccharide in vivo has been reported to
induce histological changes in the laminae (Boosman et al., 1991). Inflammation
of the laminae is hypothesised to cause laxity in the suspensory apparatus of the
distal phalanx (Ossent and Lischer, 1998), which would result in compression of

the digital cushion.

Although candidate genes or biological pathways with roles in inflammation
may affect the digital cushion, the DCT has been reported to increase when CHL
were present due to inflammation in the corium (Ossent and Lischer, 1998;
Newsome et al.,, 2017a). Therefore, as the DCT measurement in our study
included both the digital cushion and the corium, it is also possible that genes
associated with inflammation affect DCT due to inflammation in the corium,

rather than directly affecting the thickness of the digital cushion.

The genomic region which explained the greatest proportion of the total
genetic variance for DCT at any time point was on BTA-3 (90.73 — 91.36 Mb). This
region explained 1.06% and 1.03% of the total genetic variation of DCT-MAX at
T2-Calving and T3-Early, respectively, and contained two candidate genes: BSND
(barttin CLCNK type accessory subunit beta) and TMEM61 (transmembrane
protein 61). The BSND gene is associated with chloride transport and TMEM61 is
unannotated (The UniProt Consortium, 2021), therefore it is not clear how these
genes may relate to the digital cushion. However, QTL in this window have
previously been associated with fat percentage and mineral content of milk in

dairy cattle (Buitenhuis et al., 2015; van den Berg et al., 2020), and with luteal
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activity in early lactation (Tenghe et al., 2016). Therefore, this part of the genome

may be worth further investigation in dairy cattle.

Other results of interest from GWA analyses include the genomic region on
BTA-14 (5.88 — 6.53 Mb) which explained 0.78% and 0.95% of the total genetic
variance for DCT-MAX at T1-Precalving and T3-Early, respectively. This window
was also adjacent to a region (6.00 — 6.62 Mb) which explained 0.51% of the total
genetic variance for DCT-MAX at T4-Late. The candidate gene in these windows
was KHDRBS3 (KH RNA Binding Domain Containing, Signal Transduction
Associated 3). This gene has been associated with average daily gain in cattle
(Seabury et al,, 2017), and is in LD with a neighbouring gene associated with
intramuscular fat deposition (Barendse et al., 2004, Gibbs et al., 2009). The digital
cushion is primarily composed of adipose tissue and KHDRBS3 is expressed in
both adipose and muscle tissue in cattle (Raber et al., 2006; Fang et al., 2020).
Therefore, there is a biologically plausible association between KHDRBS3 and
DCT. The KHDRBS3 gene was also associated with SU development in a GWA
study of CHL using the same dataset (Chapter 2), so KHDRBS3 may contribute to

the genetic correlation between DCT and sole lesions.

The other candidate genomic region on BTA-14 (8.95 — 9.60 Mb), which
explained 0.72% of the total genetic variation for DCT-FT at T1-Precalving, was
also associated with SU development in GWA analysis of CHL using this dataset
(Chapter 2). Candidate genes in this window were KCNQ3 (potassium voltage-
gated channel subfamily Q member 3) and EFR3A (EFR3 Homolog A). The KCNQ3
gene has previously been associated with milk fat percentage and milk yield in
Holsteins (Kolbehdari et al., 2008; Jiang et al., 2019), while EFR3A has previously
been associated with subclinical ketosis, milk fat percentage, and milk fatty acid
composition in Holsteins (Li et al., 2014; Jiang et al., 2019; Soares et al., 2021).
The lipid composition of the digital cushion changes with age (Raber et al., 2006)
and is correlated with body condition (Hiss-Pesch et al., 2019; Newsome et al.,
2021). Although it is not clear how the composition of the digital cushion affects
its physical properties, it is possible that the same genes which affect the fat and

fatty acid content of milk could have a similar influence on the digital cushion.
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Additionally, milk yield, body condition, and subclinical ketosis have all been
linked to CHL development (Amory et al., 2008; Green et al., 2014; Sepulveda-
Varas et al, 2018), so KCNQ3 and EFR3A may also contribute to the genetic

correlation between DCT and sole lesions.

Two of the candidate genes highlighted for DCT have previously been
associated with conformation traits in cattle. The OSR7 (Odd-Skipped Related
Transcription Factor 1) gene on BTA-11 (identified for DCT-MAX at T4-Late) has
been linked to multiple conformation traits including feet and leg conformation,
rear leg placement, and rump width (Cole et al., 2011). The VWF (von Willebrand
factor) gene on BTA-5 (identified for DCT-FT at T1-Precalving) has previously
been associated with foot angle (Kolbehdari et al., 2008). It has been shown that
the volume of the digital cushion increases when growing calves are exercised
on rough terrain (Gard et al., 2015), which implies the size of the digital cushion
is affected by external forces. Therefore, it is conceivable that genes which affect

limb conformation could influence DCT.

We did not identify any QTL or candidate genes which were highlighted by
previous GWA studies of DCT (Stambuk et al., 2020a; b). However, one candidate
gene was TRIM46 (tripartite motif containing 46 ) on BTA-3 (identified for DCT-
FT at T1-Precalving), and one of the candidate genes for DCT which was
identified by Stambuk et al. (2020b) was TRIM55 (tripartite motif containing 55 ).
Although TRIM46 and TRIM55 are in different families (Short and Cox, 2006;
Ozato et al., 2008), TRIM proteins are associated with immune responses (Yang
and Xia, 2021) and therefore there is a potential link between the genetic control
of the immune system and DCT which would benefit from future research.
Additionally, we highlighted QTL on BTA-3 (90.73 — 91.36 Mb) and BTA-14 (81.37
Mb) which are relatively close to QTL reported by Stambuk et al. (2020a) on BTA-
3 (95.85 - 95.93 Mb) and BTA-14 (80.04 — 80.66 Mb); these genomic regions

may also be worth further exploration.

Overall, in the context of the limited previous research in this area, our
results replicate some of the reported findings as well as provide additional data.

Given the number of markers tested in eight GWA analyses, only a small number
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of markers were associated with significant or suggestive effects on DCT. Our
results did not corroborate any of the specific QTL reported in two previous GWA
studies of DCT by Stambuk et al. (2020a; b). Although the biological grouping and
function of highlighted genes were similar in our results to those reported by
Stambuk et al. (20204; b), speculation about candidate genes relies heavily on
the existing understanding of the biology of the trait in question, therefore this

agreement in terms of gene function would be expected.

3.4.3 Study strengths and limitations

We have estimated the genetic parameters and characterised the genetic
background of digital cushion thickness using the largest dataset currently
available. In addition to the size of the study population, the prospective cohort
study design and accuracy of phenotype recording are further strengths of this

study, however, there are some important limitations which we acknowledge.

One of the limitations of this study population was the small number of
farms included, which could reduce estimates of environmental variance and
inflate the estimated heritability. This is also a feature of previous research so we
have limited context from which to speculate as to how strongly this would affect
our results. It is also important to note that almost two-thirds of the study
population were from a single herd; replication of results in a wider and more

diverse population would strengthen the interpretation of our findings.

A relatively large proportion of animals had missing data for the DCT-FT
measurement due to the absence or ambiguity of anatomical landmarks in the
stored ultrasound images, we did not record DCT-FT from these images to
maintain a high accuracy of this phenotype. We designed our study to collect and
store images which were retrospectively blinded and measured. If we had
measured images at the same time as data collection we could have reduced the
number of missing measurements, however, subconscious biases can influence
this process unless these measurements are taken blinded to factors such as
stage of lactation, body condition and presence of lesions (Griffiths et al., 2020).

We applied stringent criteria to all stored images to ensure all DCT
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measurements were consistent and accurate, but this approach resulted in more

missing DCT-FT measurements and reduced study power for this trait.

It has recently been shown, albeit in a small cohort of animals, that
ultrasound measurements of DCT in weight-bearing and non-weight-bearing feet
are only weakly correlated (Bach et al., 2021), therefore the key assumption that
our DCT measurements translate to DCT during standing and walking is
potentially undermined. There are also wider concerns about the interpretation
of ultrasound measurements of the digital cushion. A recent study quantified the
volume of the digital cushion in cadavers using magnetic resonance imaging
(MRI) and found the volume of the digital cushion in the lateral claws of hindfeet
to range from 0 — 30 mL, with the middle digital cushion pad often completely
absent (Wilson et al., 2021). Wilson et al. (2021) consider ultrasonographic DCT
measurements to therefore relate exclusively to the corium in many cases,
particularly when targeting the middle fat pad (i.e. DCT-FT) (Wilson et al., 2021).
Previous estimates of corium thickness are no more than approximately 3-4 mm
on ultrasound images (Toholj et al., 2014; Newsome et al., 2017a). In our study,
a DCT-FT measurement of 4 mm corresponded to the 5th percentile implying that
in 95% of cases the DCT-FT measurements are unlikely to only represent the
corium. We would consider it more likely that these measurements also include
connective tissue which is reported to replace adipose tissue in the digital
cushion (Ossent and Lischer et al., 2002b). This explanation would be more
consistent with the negative correlation reported between the thickness and
echotexture of the digital cushion (Bicalho et al., 2009), because the corium is
anechoic (Kofler et al., 1999). Regardless, the relationship of the corium with CHL
development is not fully understood. A thin corium has been associated with
future CHL development (Toholj et al., 2014), whereas a thickened corium is
associated with the presence of a concurrent CHL (Lischer et al., 2002b;
Newsome et al., 2017a). Interestingly, the ultrasonographic thickness of the
corium has also been shown to correlate to subcutaneous fat thickness
(Newsome et al., 2017a), which presents a further complication to the

hypothesised pathogenesis of CHL which appears to at least include the digital
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cushion, corium, and subcutaneous fat, as well as the relationships between

these factors.

In conclusion, it is reasonable to question whether DCT measured using
ultrasonography is the most important property of the digital cushion in terms of
force dissipation and CHL development. There have been studies which
described the composition of the digital cushion and its relationship with body
condition and foot lesions (Raber et al., 2006; Hiss-Pesch et al., 2019; izci et al.,
2019; Newsome et al., 2021), but results are still equivocal or preliminary in terms
of implications for CHL development. There are limitations in defining the ability
of the digital cushion to effectively dissipate forces in the foot by its thickness,
and key questions about how to infer the functionality of the digital cushion from
either physical dimensions or its composition remain unanswered. It is also fair
to say the measurement of the digital cushion using ultrasound is likely to be an
example of an observational bias, where its importance may have been
overestimated due to the relative ease of measurement. Further studies should
attempt to utilise different approaches to assess the functionality of the digital
cushion; but unfortunately, no such techniques have yet been described which
could be employed in the type of longitudinal study required to clarify the role of

the digital cushion in the pathogenesis of CHL.

3.4.4 Generalisability

Caution is required to generalise the genetic parameters and QTL reported
in this study, particularly given the polygenic nature of DCT and the small number
of herds. Our results are from a population of Holstein cows on four dairy herds
which were all commercially run with operating practices common to many UK
dairy farms, but could not be considered representative of the full spectrum of
dairy farms. Within these four herds, three were operating similar and relatively
intensive systems of zero-grazing and three times a day milking. The overall
period prevalence of lame cows (Mahendran et al., 2017), based on repeated
mobility scores throughout this project, ranged from 18.5% to 33.3% across the
four herds; the mean point prevalence of lameness from all time points ranged

from 6% to 11.8% across the four herds (data not shown). Recent cross-sectional
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studies in the UK reported that herd lameness prevalence ranged from 6% to 65%;
this suggests the four herds in our study had a lower prevalence of lameness
compared to many dairy herds in the UK (Griffiths et al., 2018; Randall et al.,
2019).
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3.5 Conclusions

The results from this prospective cohort study indicate that digital cushion
thickness is a heritable trait which is weakly negatively genetically correlated with
the severity of sole lesions, but not with white line lesions. The strength of the
genetic correlation between digital cushion thickness and sole lesions depends
on the stage of lactation at which both the digital cushion and sole lesions are
assessed. Digital cushion thickness is a polygenic trait, and few QTL were
associated with observable effects. Candidate genes identified for DCT are
related to inflammation, fat metabolism and bone development. Further work is
needed to investigate these candidate genes and establish the precise role of the

digital cushion in the pathogenesis of sole lesions.
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Chapter 4. Genetic parameters of sole lesion recovery
in Holstein cows

4.1 Introduction

Lameness in dairy cattle is a conspicuously painful condition that is ranked
as the most important indicator of animal welfare on dairy farms (Whay et al.,
2003b; Bicalho and Oikonomou, 2013). Lameness is also a major barrier to
productivity because it is associated with reduced milk production (Green et al.,
2002; Amory et al., 2008), poorer fertility (Melendez et al., 2003; Garbarino et al.,
2004), and increased risk of culling (Booth et al., 2004; Bicalho et al., 2007b). One
reason lameness has such a severe impact on both welfare and productivity is
the long duration of behavioural and physiological changes attributed to
lameness, which can persist for weeks or even months (Whay et al., 1998;
Almeida et al., 2008; Laven et al., 2008).

Lameness is highly prevalent in dairy cows, in the United Kingdom (UK) a
recent meta-analysis, using data from 27 studies published between 2000 and
2020, estimated the national prevalence to be between 30% - 40% (Afonso et al.,
2020). Approximately 50% of lame cows are chronically lame (Archer et al.,
2010b; Reader et al., 2011), therefore to reduce the prevalence of lameness,
efforts to ensure effective recovery are required alongside the prevention of new

cases.

Lameness in dairy cattle is primarily associated with foot lesions (Murray et
al., 1996; Bicalho et al., 2007a; van Huyssteen et al., 2020); two of the most
prevalent and important lesions are sole haemorrhage and sole ulcers (Murray et
al., 1996; Cramer et al., 2008; Somers and O’Grady, 2015). Sole haemorrhage (SH)
and sole ulcers (SU), collectively referred to as sole lesions, are thought to
represent different stages, or manifestations, of the same disease process (Offer
et al., 2000; Lischer and Ossent, 2002). The incidence of sole lesions peaks from
around three to four months after calving (Leach et al., 1997; Offer et al., 2000;
Barker et al., 2009). Although the prevalence of mild SH in early lactation can be
exceptionally high (Bergsten and Herlin, 1996; Capion et al., 2008; Maxwell et al.,
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2015), only severe cases of SH are considered to be clinically significant (Leach

et al., 1998), at least in the short-term.

Severe sole lesions, particularly SU, are time-consuming and expensive to
treat (Charfeddine and Pérez-Cabal, 2017; Dolecheck et al., 2018). Even with
treatment, high rates of recurrence are observed in consecutive lactations
(Enevoldsen et al., 1991; Foditsch et al., 2016; Charfeddine and Pérez-Cabal,
2017). It is thought that inflammation due to sole lesions may cause new bone
development on the distal phalanx which is responsible for the increased risk of
recurrence (Lischer et al., 2002b; Newsome et al., 2016). Consequently, one of
the primary goals of sole lesion treatment is to minimise the severity and duration

of inflammation (Pedersen and Wilson, 2021).

The success of sole lesion treatment can be determined by visual
assessment of lesion healing or the resolution of visible lameness, with both
reported to have similar time frames. Approximately 60 - 70% of uncomplicated
SU were covered in a layer of new horn after four weeks (Van Amstel et al., 2003;
Klawitter et al., 2019). With prompt and effective treatment, more than three-
quarters of cows with sole lesions were no longer lame after 35 days (Thomas et
al., 2015), although this was only true for 15% of cows which were chronically

lame when first treated (Thomas et al., 2016).

Genetic selection of dairy cattle has driven exceptional improvements in
production, but there has been a genetic decline in the health of dairy cows and
there is an urgent need to reverse this trend (Oltenacu and Algers, 2005; European
Food Safety Authority (EFSA), 2009; Miglior et al., 2017). Genetic selection for
lameness resistance has the potential to produce cumulative, long-term benefits
to complement husbandry-based initiatives. But just as lameness control
programmes include measures to ensure affected animals recover quickly, as
well as to prevent new cases (Bell et al., 2009; Leach and Whay, 2009), breeding
goals should also reflect this. The strongest foundation from which to reduce the
intractably high prevalence of lameness on dairy farms may be to select for cows
with a better ability to recover from lameness, as well as a greater resistance to

lameness.
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Historically, farmers wishing to reduce lameness in their herd through
genetic improvement could only select on indirect traits such as conformation
(McDaniel, 1998), but it is now recognised that it is likely to be more effective to
select on direct health traits, such as foot lesion records (Egger-Danner et al.,
2014). The first step toward developing selection indexes is to understand the
additive genetic variance that exists in a population. The heritability of sole lesion
susceptibility in dairy cattle has been estimated on the underlying liability scale
to range from 0.02 - 0.09 for SH (Buch et al., 2011; Haggman et al., 2013;
Malchiodi et al., 2017) and 0.02 — 0.18 for SU (Huang and Shanks, 1995; @degard
et al., 2013). These heritability estimates highlight the possibility to reduce lesion
susceptibility through breeding, and foot lesion records have been directly
incorporated into national selection indexes in many countries (Stoop et al., 2010;
Haggman and Juga, 2013; Malchiodi et al., 2020). The heritability of sole lesion

recovery, however, is unknown.

4.1.1 Objectives

The objectives of this study were to estimate the genetic parameters
relating to the recovery of sole lesions (sole haemorrhage and sole ulcers) in
dairy cows and to consider how this trait relates to the genetic background of

sole lesion susceptibility.
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4.2 Materials and methods

4.2.1 Study design and population

The study was conducted following ethical approval by the University of
Liverpool Research Ethics Committee (VREC269a, VREC466ab) and procedures
regulated by the Animals (Scientific Procedures) Act were conducted under a UK
Home Office License (P191F589B).

A prospective cohort study was designed to record SH and SU at four time
points during a production cycle. Data collection was conducted on four dairy
herds (A - D) in the northwest of the UK which were selected for convenience
based on the practicalities of frequent visits and assessments. Herds A to C
housed lactating cows all-year-round, milked cows three times daily and recorded
305-day milk yields of approximately 11,000 - 11,500 L. Herd D housed lactating
cows all-year-round except for lower-yielding cows which were grazed during the
summer; cows were milked twice daily and the 305-day milk yield was
approximately 9,000 L. Parous cows on all herds were routinely foot-trimmed
twice a year before drying off and 60 - 120 days after calving. On all herds,
lactating cows were footbathed after milking. Herd A footbathed cows three
times a week with either copper sulphate or formalin; herd B footbathed cows
twice daily with formalin, herd C footbathed cows daily with either copper

sulphate or formalin and herd D footbathed three times a week with formalin.

All animals which were registered as Holsteins and expected to calve
between April and December 2019 were prospectively enrolled with no additional
inclusion or exclusion criteria applied. Data were collected by qualified veterinary
surgeons during weekly or twice weekly visits to each herd from February 2019
to July 2020. Animals were assessed at four time points: before parturition (T1-
Precalving), immediately after parturition (T2-Calving), in early lactation close to
peak milk yield (T3-Early), and in late lactation (T4-Late). The sample size was
determined by resource constraints; all eligible animals were enrolled until the
final assessments (T4-Late) began, at which point further enrolments ended as

data collection at four time points simultaneously was not feasible.

Page | 147



Chapter 4: Genetics of sole lesion recovery

4.2.2 Data collection

At each assessment, all cows were mobility scored according to a four-
point system from 0 (sound) to 3 (severely lame) (Whay et al., 2003a; AHDB,
2020a). Animals were restrained in a foot-trimming crush and, if foot-trimming
was not conducted during the visit, the claw horn on the sole of each foot was
lightly trimmed to allow inspection of foot lesions. If lesions were visible initially
but disappeared following the removal of the claw horn these were still recorded
as present. On each claw, SH and SU were recorded using case definitions as
described in the International Committee for Animal Recording (ICAR) claw
health atlas (Egger-Danner et al., 2020). All foot lesions were examined and
recorded by qualified veterinary surgeons; over 90% by a single researcher, and

the remainder by three other researchers.

Sole haemorrhage was graded as either mild: light pink lesion < 2 cm
diameter or diffuse discolouration of sole, or severe: light pink lesion = 2 cm
diameter or dark pink/purple lesion of any size (Figure 4.1). Sole ulcers were
recorded as present or absent. This procedure was the same at all time points
except in the case of T2-Calving on herd C, during which only hind feet were
assessed to reduce the handling time of cows which had recently calved; this
was only required on this herd due to the large numbers of cows calving each

week.

When either severe SH or a SU were present, the claw was therapeutically
trimmed by researchers (herd A and D), farm staff (herd C), or a combination of
farm staff and professional foot-trimmers (herd B). All persons responsible for
foot-trimming had completed specialist training in this area and had extensive
experience. Regardless of the individual involved, a modified version of the five-
step Dutch method was used (Toussaint Raven et al., 1985) which included wider
and deeper modelling of the lateral claw on hind feet than the traditional method.
In all cases, therapeutic foot-trimming aimed to create a concavity in the middle
of the sole around the lesion and to reduce the heel of the affected claw to
redistribute load onto the unaffected claw (Mahendran and Bell, 2015).

Additionally, a hoof block was applied to the unaffected claw at the discretion of
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the foot-trimmer; a block was applied if there was exposure of the corium, a pain
response was elicited following digital pressure on the lesion (SH or SU), or the

animal had impaired mobility attributable to the sole lesion.
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Figure 4.1. Examples of sole haemorrhage (SH) severity grading. Mild sole
haemorrhage: diffuse discolouration of sole (A) or a light pink lesion < 2 cm
diameter (B); severe sole haemorrhage: light pink lesion = 2 cm diameter (C) or
dark pink/purple lesion of any size (D).
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4.2.3 Trait definitions
Two genetic traits were defined to reflect the overall susceptibility to sole
lesion development, and sole lesion recovery during lactation. The case definition

for a sole lesion was: “the presence of severe sole haemorrhage or a sole ulcer”.

Susceptibility to sole lesions. A binary trait (SL-Susceptibility) classified
animals as being either “susceptible” or “resistant” to sole lesions using records
from all claws across the whole study period. If animals were affected with a sole
lesion (severe SH or any SU) at any assessment they were classified as
“susceptible”, regardless of the number of claws affected, the number of time
points the lesion was present, or the total number of records for that animal.
Animals were classified as “resistant” if they were unaffected with sole lesions
(no or mild SH and no SU) at each assessment in a complete set of records from
all four time points. Therefore, animals were unclassified by this trait if they were
unaffected with a sole lesion but did not have records from all four time points.
This resulted in a slight reduction in study power, due to a small proportion of
incomplete lesion records for animals which had otherwise always been
unaffected, but was intended to minimise misclassification bias by using all
available information to increase confidence that these animals could be

regarded as “resistant”.

Recovery from sole lesions. A binary trait (SL-Recovery) defined animals
which were affected with a sole lesion at the T3-Early assessment as having
either “recovered” or remained “chronic” by T4-Late. The full dataset was filtered
to only include animals affected with a sole lesion at T3-Early. Animals were
excluded if lesion records were missing for any claw at either T3-Early or T4-Late.
Animals were classified as “recovered” if all affected claws at T3-Early were no
longer affected at T4-Late (no or mild SH and no SU), and “chronic” if at least one
of the affected claws at T3-Early was still affected at T4-Late (severe SH or any
Su).

4.2.4 Pedigrees and genotypes
Pedigree details for the study population were extracted from the national

database of dairy cattle by tracing back seven generations for each animal. Blood
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samples were collected from the coccygeal vein of each animal into EDTA
vacutainers and used to genotype each animal with the lllumina BovineSNP50
BeadChip (lllumina Inc., USA). Genotypes were subsequently imputed to 80K
single nucleotide polymorphism (SNP) genotypes by Edinburgh Genetic
Evaluation Services (EGENES) using an in-house procedure which has been
developed for all national genomic evaluations of dairy cattle in the UK. Briefly,
this imputation process uses the lllumina BovineSNP50 BeadChip and lllumina
BovineHD BeadChip (lllumina Inc., USA), in addition to other commercial
genotyping arrays, extra gene tests, and large-effect sequence variants.
Following imputation, genotypes included 79,051 SNP spanning the entire
genome. Chromosomal locations of the imputed 80K SNP panel were drawn
from the latest assembly of the Bos taurus genome (ARS-UCD 1.2) (Rosen et al.,
2020).

Imputed genotypes were available for 2,250 animals. Genotype quality
control was implemented using PREGSF90 (Aguilar et al., 2014) within the
BLUPF90 software suite (Misztal et al., 2018). Quality control included the
removal of SNP with a call rate < 0.90 (N = 10,977), SNP with a minor allele
frequency < 0.05 (N = 3,008), monomorphic SNP (N = 36), or SNP showing a
strong deviation (> 0.15) from Hardy-Weinberg equilibrium (N = 14) (Wiggans et
al., 2009). Additionally, animals were removed if sample call rate < 0.90 (N = 63)
or there were parent-progeny Mendelian conflicts (N = 20). Quality control
procedures resulted in a final dataset of 2,167 animals with genotypes of 65,211
SNP.

4.2.5 Phenotypic analysis

At a claw-level, the differences in the proportion of claws that “recovered”
or remained “chronic” were assessed with chi-square tests to compare forelimb
to hindlimb lesions, severe SH to SU, and claws which had previously been
affected with a sole lesion at T1-Precalving or T2-Calving to those which had
been unaffected. At a cow-level, the relationship between clinical lameness

(mobility score 2 or 3) and sole lesion recovery was also assessed with chi-
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square tests. The duration between T3-Early and T4-Late was compared between

animals classified as “recovered or “chronic” with a two-tailed t-test.

4.2.6 Genetic parameter estimation

Before genetic analyses of SL-Susceptibility and SL-Recovery, potential
fixed effects were evaluated with multivariable logistic regression of each trait in
R (R Core Team, 2021). The importance of each fixed effect was determined by
finding the multivariable model with the lowest Akaike information criterion. In
addition to the final model parameters, continuous variables of days in milk at
T3-Early and T4-Late were evaluated in the SL-Recovery model, but neither
improved model fit when the duration between T3-Early and T4-Late was included
as a covariate. The effect of the researcher examining and recording lesions was

tested but also increased Akaike information criterion.

Variance components were estimated for both traits (SL-Susceptibility and
SL-Recovery) using threshold models to transform the binary observed
phenotype to a latent liability scale (Gianola, 1982). A Markov chain Monte Carlo
approach was used to obtain marginal posterior distributions for model
parameters via the Gibbs sampling algorithm in THRGIBBS1F90 (Tsuruta and
Misztal, 2006). Convergence of Gibbs sampling was assessed using the coda
package in R (Plummer et al.,, 2006); a chain length of 500,000 samples with a
50,000 sample burn-in produced consistent results in both models. Lag
correlation between consecutive samples was reduced with a thinning interval of
100, therefore genetic parameters were estimated from the posterior distribution
of 4,500 Gibbs samples.

The animal threshold model used to separately analyse both traits (SL-

Susceptibility and SL-Recovery) was:

A =Xb +Z,,shys+Z,a+e (1)

where 4 is a vector of unobserved liabilities for either SL-Susceptibility or
SL-Recovery; b is a vector of the fixed effect of parity (3 levels: 1st parity, 2" parity

and =3 parity) and the interval between the T3-Early and T4-Late assessments
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in days as a continuous covariate (included in the model for SL-Recovery only,
omitted from the model for SL-Susceptibility); hys is a vector of the random
effects of herd-year-season of calving (HYS, 12 levels); a is a vector of random
additive genetic effects for each animal; e is a vector of random residual effects,
and X, Zp,,5, and Z, are incidence matrices for b, hys, and a, respectively. Model
convergence was improved by treating hys as a random effect compared to a
fixed effect. Random effects were assumed to be normally distributed with a

mean of zero and covariance structure of:

hys I O-i%ys 0 0 (2)
var|{ a |=| 0 Hs? 0
e 0 0 Io?

where gj;,  is the HYS variance; oZis the additive genetic variance; ¢ is the
residual variance; I is an identity matrix, and H is the relationship matrix
incorporating pedigree and genomic information in a single-step genomic
analyses framework as defined by Legarra et al. (2009). The inverse of H is
defined as (Aguilar et al., 2010; Christensen and Lund, 2010):
(3)

H = a7 40 g D ]

where A4 is the pedigree relationship matrix; G is the genomic relationship
matrix, and A,, is the pedigree relationship matrix for genotyped animals. The A
matrix includes inbreeding coefficients calculated from pedigree relationships
(Meuwissen and Luo, 1992). The genomic relationship matrix, G, was

constructed as 0.95G* + 0.054,,; G* is defined according to VanRaden (2008) as:

V4 (4)
2 Z 1 pi(1— py)

*

where Z is a centred matrix of genotype at each locus (aa = 0, Aa = 1, and

AA =2); M is the number of SNP, and p; is the minor allele frequency at locus i.

To estimate the genetic correlation between SL-Susceptibility and SL-
Recovery, a bivariate model was fit using both traits, based on the same model
as Equation 1. Model convergence was not satisfactory despite extending the
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chain length to one million samples. Therefore, the genomic estimated breeding
value (GEBV) for each trait was estimated during Gibbs sampling, and the
approximate genetic correlation between SL-Susceptibility and SL-Recovery was
calculated after adjusting for the GEBV reliability, for animals which had both
phenotypes recorded (Calo et al., 1973):

o V(X REL)(X REL,) ©
Tg12 = T2 X Y(REL, X REL,)

where REL,; and REL, are the reliabilities of GEBV for SL-Susceptibility and SL-
Recovery, and r, , is the Pearson correlation between GEBV for each trait. The

reliability of GEBV for each trait was calculated as (Aguilar et al., 2020):

PEV, (6)

REL;=1- ——L
' (1 +Fl)0'g

where PEV; is the prediction error variance of the GEBV in animal i (calculated as
the squared standard error of the GEBV), F; is the inbreeding coefficient of animal
i calculated from pedigree relationships (Meuwissen and Luo, 1992), and o2 is
the additive genetic variance estimated with the threshold model (Equation 1).
The standard error (SE) for the approximate genetic correlation was calculated
as:

— (7)

SE =
n—2

where #2,,, is the squared approximate genetic correlation calculated in

Equation 5, and n is the number of animals with records.
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4.3 Results

4.3.1 Population and dataset description

A total of 2,352 animals were enrolled in this study: 132 animals from herd
A, 432 animals from herd B, 1,549 animals from herd C, and 239 animals from
herd D. The mean (standard deviation) timing of each assessment time point
relative to parturition was T1-Precalving: -56.5 days (22.3), T2-Calving: +5.4 days
(2.9), T3-Early: +84.0 days (13.9), and T4-Late: +199.5 days (30.5). At each of the
four assessment time points, 2,341 animals had foot lesion records at T1-
Precalving, 2,186 animals at T2-Calving, 2,132 animals at T3-Early, and 1,937
animals at T4-Late. The highest frequency of sole lesions was at T3-Early, details

are provided in Table 4.1.
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Table 4.1. Proportion (frequency) of animals with sole haemorrhage (SH) or sole
ulcers (SU) at each assessment time point (using the most severe lesion from all
claws). In all analyses, animals with no SH or SU, or mild SH were considered
unaffected; animals with severe SH or a SU were considered affected.

Assessment time point

Sole lesion

T1-Precalving T2-Calving T3-Early T4-Late
NoSHorSU 0.66 (1,538) 0.66 (1,443) 0.41 (868) 0.45 (870)
Mild SH 0.24 (568) 0.26 (566) 0.32(676) 0.35(676)
Severe SH 0.06 (148) 0.06 (122) 0.21 (457) 0.14 (277)
SuU 0.04 (87) 0.03 (55) 0.06 (131) 0.06 (114)
Total 2,341 2,186 2,132 1,937
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The number of animals in the final study populations for the genetic
analysis of each trait is provided in Table 4.2. A total of 2,025 animals were used
to estimate the genetic parameters of sole lesion susceptibility (SL-
Susceptibility). Not all animals were classified for this trait because animals were
excluded if they were unaffected with a sole lesion but did not have complete
records from all four time points. Genetic parameters of sole lesion recovery (SL-
Recovery) used records from 498 animals. For analysis of this trait, the full
dataset (N = 2,352) was first filtered to only include animals affected with a sole
lesion at T3-Early, and which had been assessed again at T4-Late (N = 528).
Finally, only animals which had lesion records from all eight claws at both T3-
Early and T4-Late were included (N = 498). The final cohort of 498 animals

corresponded to 694 affected claws.

4.3.2 Phenotypic analysis

Of the claws affected with a sole lesion at T3-Early, 74.4% (517/694) had
recovered by T4-Late; the outcome of each sole lesion is displayed in Figure 4.2.
Forelimb claws was more like to recover than hindlimb claws (87.3% (96/110) vs
72.1% (421/584), x? =11.232, df = 1, P < 0.001); recovery of severe SH occurred
more frequently than recovery of SU (76.9% (445/579) vs 62.6% (72/115), x? =
10.251,df =1, P = 0.001). Claws which had not been affected with a sole lesion
at T1-Precalving or T2-Calving were more likely to have recovered between T3-
Early and T4-Late compared to those which had been affected (78.4% (462/589)
vs 52.3% (55/105), x? = 31.846, df = 1, P < 0.001). The SL-Recovery trait was
defined at the animal-level, animals were only considered to have recovered if all
affected claws at T3-Early were no longer affected at T4-Late. Of the 352 animals
in which all affected claws had recovered (SL-Recovery = “recovered”), 262
animals had only been affected on one claw, 79 animals on two claws, nine
animals on three claws and two animals on four claws. Of the 146 animals which
were considered to have been chronically affected (SL-Recovery = “chronic”), sole
lesions were still present at T4-Late on all affected claws in 93 animals; 53
animals had claws which had recovered and claws which remained chronic,

these animals were all classified as “chronic” for the SL-Recovery trait.
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Table 4.2. Summary of the two genetic traits with details regarding trait
classification and frequency of animals assigned to each class.

Trait Phenotype

Definition

Frequency

Resistant (= 0)
Sole lesion
susceptibility

(SL-Susceptibility)
Susceptible (= 1)

No sole ulcers and no/mild
sole haemorrhage on all claws
at all assessments with no
missing records

Severe sole haemorrhage
and/or a sole ulcer on at least
one claw at least one
assessment

1136

889

Chronic (= 0)

Sole lesion
recovery

(SL-Recovery)

Recovered (= 1)

Severe sole haemorrhage
and/or a sole ulcer at the early
lactation assessment (T3-
Early) and severe sole
haemorrhage and/or a sole
ulcer still present on the same
claw at the late lactation
assessment (T4-Late)

Severe sole haemorrhage
and/or a sole ulcer at the early
lactation assessment (T3-
Early) and no sole ulcer and
either no or only mild sole
haemorrhage present on the
same claw at the late lactation
assessment (T4-Late)

146

352
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Figure 4.2. The progression of sole lesion severity between the early lactation
(T3-Early) and late lactation (T4-Late) assessments was used to define the sole
lesion recovery trait (SL-Recovery). Data presented at claw-level for a total of 694
claws on 498 animals. SH = sole haemorrhage; SU = sole ulcer.
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In the cohort of animals used to analyse SL-Recovery, 11.5% (56/485) of
animals were lame according to mobility scoring (mobility score 2 or 3) at T3-
Early and 12.0% (58/482) at T4-Late. A lower proportion of cows which were
classified as “recovered” had been lame at T3-Early compared to cows classified
as “chronic” (9.4% (32/340) vs 16.6% (24/145), x? = 5.074, df = 1, P = 0.024).
Similarly, a lower proportion of cows which were classified as “recovered” were
lame at T4-Late compared to cows classified as “chronic” (7.6% (26/342) vs
22.9% (32/140), x> =21.838,df = 1,P < 0.001). The mean interval between the T3-
Early assessment and T4-Late was 115.2 days (standard deviation (SD) 33.9). On
average this interval was longer in “recovered “animals (mean 118.0 days, SD
35.6) compared to “chronic” animals (mean 108.5 days, SD 28.5); t(496) = 2.859,
P =0.004. The interval between T3-Early and T4-Late was correlated with the days
in milk of T3-Early (Pearson correlation coefficient -0.47, 95% confidence interval
(Cl) -0.54 to -0.40).

4.3.3 Genetic parameters

The heritability was calculated during each round of Gibbs sampling, for SL-
Susceptibility the posterior distribution had a mean of 0.25 (95% highest density
interval (HDI) 0.16 to 0.34), for SL-Recovery the posterior distribution had a mean
of 0.27 (95% HDI 0.02 to 0.52). Details of the variance component estimates are
provided in Table 4.3. The bivariate model did not converge despite an extended
chain length of 950,000 rounds (after a 50,000 burn-in), therefore the genetic
correlation between SL-Susceptibility and SL-Recovery could not be directly
estimated. The genetic correlation between SL-Susceptibility and SL-Recovery
was approximated from the GEBV for the 498 animals with both phenotypes
recorded, after adjusting for the GEBV reliabilities. The GEBV reliabilities were low
for both traits with an average reliability of 0.32 for SL-Susceptibility and 0.21 for
SL-Recovery. The approximate genetic correlation between SL-Susceptibility and
SL-Recovery was -0.11 (95% CI -0.20 to -0.02).
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Table 4.3. Additive genetic variance (g7), herd-year-season variance (ozys),
residual variance (¢2), and narrow-sense heritability (h?) estimates for two traits:
overall susceptibility to sole lesions (SL-Susceptibility) and recovery from sole
lesions (SL-Recovery). Estimates refer to the posterior mean (95% highest
density interval) from Gibbs sampling.

Trait o2 Ohys o’ h?

0.42 0.25 1.04 0.25

SL-Susceptibility
(0.25 - 0.63) (0.04 - 0.60) (0.91-1.09) (0.16 —0.34)

0.48 0.11 1.02 0.27

SL-Recover
y (0.02 - 1.20) (0.0001 - 0.34) (0.85-1.20) (0.02-0.52)
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4.4 Discussion

4.4.1 Key results and interpretation

We have used a dataset of accurately collected foot lesion records to define
a novel trait relating to the recovery of sole lesions in Holstein cows (SL-
Recovery). We estimate SL-Recovery to have a heritability of 0.27 on the liability
scale, and therefore there could be potential to breed cows that can more

effectively recover from sole lesions.

Reducing the prevalence of lameness is a key priority for the UK dairy
industry (GB Cattle Health & Welfare Group, 2020; Rioja-Lang et al., 2020). It is
suggested that producers aim for more than 75% of lame cows to recover
between consecutive (e.g. monthly) mobility scores (Green, 2012); but as
approximately 50% of lameness prevalence can be attributed to chronically lame
cows, it is likely many farms do not currently achieve this (Archer et al., 2010b;
Reader et al., 2011). While early identification and treatment of lame cows are
rightly regarded as the most important interventions required to meet this target
(Bell et al., 2009; Leach et al., 2012; Groenevelt et al., 2014), breeding cows that
can recover more quickly and effectively from sole lesions would also be
advantageous. Additionally, longevity is a now key priority of many breeding
strategies because it is closely related to the environmental impact and
profitability of dairy farming (Boulton et al., 2017; Grandl et al., 2019). As
lameness has been associated with a greater risk of culling (Sprecher et al., 1997;
Booth et al., 2004, Bicalho et al., 2007b), genetic selection for effective sole lesion
recovery would also benefit those aiming to breed cows for a longer productive

life.

The healing of sole lesions in cattle is similar to the secondary intention
healing of cutaneous wounds (Azarabad et al., 2006; Shearer et al., 2015). The
rate of ear punch hole closure has been used to investigate the genetics of
cutaneous wound healing in mice, which has been characterised as a complex
trait (Masinde et al., 2001) with an estimated heritability of 0.29 (Nicod et al.,
2016). Wound healing is a “dynamic, interactive process involving soluble

mediators, blood cells, extracellular matrix, and parenchymal cells” (Singer and
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Clark, 1999), and therefore there is an abundance of opportunities for genetic
influence. Notably, this genetic influence has been a therapeutic target since the
late 1990s when gene therapy was considered a promising approach to
promoting wound healing (Eming et al., 1997). However, single-gene targets
(such as growth factors) showed only modest responses, attributed to the
complexity of the healing process (Eming et al., 2014). As such, research in this
field is now focused on the identification of the full spectrum of wound healing
“driver genes” to advance this area (Tang et al., 2021); ultimately this may lead to

a clearer understanding of the underlying gene pathways involved.

One possible explanation for the delayed recovery of SU is the development
of complicating secondary infections with bacteria such as treponemes (Evans
etal., 2011; Sykora et al., 2015), which are more frequently associated with bovine
digital dermatitis. This complication could conceivably have a genetic
background as genotype has been associated with the microbiome of chronic
wounds in humans (Tipton et al., 2020) and the foot skin microbiome in cattle
(Bay et al., 2021). Another possible mechanism for genetic influence on sole
lesion recovery is via insulin-like growth factor-1 (IGF-1) which is a major
promoter of wound healing (Garoufalia et al., 2021). In cattle, serum IGF-1
concentration has been demonstrated to be highly heritable (Davis and Simmen,
1997) and specific mutations have been identified in the IGF-7 gene (Mullen et
al., 2011). However, as IGF-1 concentration also correlates with negative energy
balance and body condition, recovery of sole lesions could be affected by the
timing of lesion development during lactation (Fenwick et al., 2008; Akbar et al.,
2015). Future studies of sole lesion recovery in dairy cattle would therefore
benefit from minimising the variation around the lactation stage at which healing

is assessed.

We were unable to estimate the genetic correlation between SL-
Susceptibility and SL-Recovery using a bivariate model. Consequently, we
estimated the approximate genetic correlation between SL-Susceptibility and SL-
Recovery by calculating the correlation between the GEBV for each trait and

adjusting for the GEBV reliability. Correlation between breeding values is only

Page | 164



Chapter 4: Genetic parameters of sole lesion recovery in Holstein cows

equivalent to genetic correlation when the accuracy of the GEBV is 100% (Koenig
et al., 2005); given the low reliabilities of the GEBV, which were expected due to
the small study population, we are cautious in our interpretation of this result.
The approximate genetic correlation between SL-Susceptibility and SL-Recovery
had a 95% confidence interval of -0.20 to -0.02. We interpret this result to suggest
the genetic correlation between SL-Susceptibility and SL-Recovery is negative but
very weak, therefore these traits appear to have relatively distinct genetic
backgrounds. This result was unexpected and we anticipated these traits would
be strongly genetically correlated because common biological pathways could
plausibly underlie both traits. For example, genes related to keratinisation and
inflammation pathways have previously been linked with sole lesion
susceptibility (Swalve et al., 2014; Sdnchez-Molano et al., 2019; Lai et al., 2021b),
and these could conceivably also be involved in sole lesion healing (Hendry et al.,
2001). Nevertheless, our results do not suggest sole lesion recovery is strongly
genetically correlated with sole lesion susceptibility, although this result should

be interpreted cautiously pending replication in further studies.

A practical implication of the apparently weak genetic correlation between
SL-Susceptibility and SL-Recovery is that genetic selection for reduced
susceptibility to sole lesions would not be expected to result in improved
recovery (Shook, 1989). Therefore, to breed cows that can recover more quickly
from sole lesions, this phenotype would need to be specifically recorded so that
it could be utilised in national genetic evaluations. It is advised that cases of SU
are re-examined following treatment within 30 days (Van Amstel et al., 2003), so
one approach to obtain a phenotype of sole lesion recovery would be to record
details of all follow-up assessments in farm records. Although this would be
theoretically achievable, it is admittedly optimistic and, in general, lameness is
poorly recorded on farms compared to other health conditions (Zwald et al., 2004;
Leach et al., 2010; Parker Gaddis et al., 2014). A more realistic solution may be
to use lesion records from professional foot-trimmers for national genetic
evaluations, as is the case in other countries (Stoop et al., 2010; Hdggman and
Juga, 2013; Malchiodi et al., 2020). If repeated foot lesion records were available
from the same lactation, assuming a reasonable accuracy and consistency in
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recording, there would be scope to define a trait similar to SL-Recovery based on
repeated records for each animal. Additionally, the inclusion of foot lesion
records in genetic evaluations would be expected to improve existing genetic
selection indexes for reduced lameness (Koenig et al., 2005; van der Linde et al.,
2010; @degard et al., 2015).

The heritability of SL-Recovery had a large uncertainty estimate (95% HDI
0.02 to 0.52), so our results are also compatible with a very small or substantially
larger true heritability, this would affect the expected response to selection and
effectiveness of breeding programmes. The large uncertainty around the
heritability estimate is due, in part, to the small study population used to analyse
this trait (N = 498), but there are other sources of noise relating to this phenotype
that could also contribute to this uncertainty, we discuss this further in the

following section.

4.4.2 Study strengths and limitations

One of the strengths of this study was the accuracy and detail of foot lesion
recording, which allowed the outcome of lesions to be determined from
sequential assessments; however, there were some limitations to our study

design which may have affected the accuracy of this classification.

Studies which have assessed the healing rate of sole lesions following
different treatment protocols monitored lesion outcomes at multiple time points
(Lischer et al., 2002a; Thomas et al., 2015; Klawitter et al., 2019). We recognise
that this would be a more robust approach to judge the recovery of sole lesions
than a single follow-up assessment, but our priority was to use our available
resources to maximise the number of enrolled animals to allow the estimation of
genetic parameters. For example, the largest sample size of animals with sole
lesions with multiple follow-up assessments was 83 animals (Thomas et al.,
2015); this would have been insufficient for our objectives. Therefore, we accept
that a single follow-up assessment of a sole lesion has limitations regarding the

ability to definitively determine healing progress.
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We were not recording the spontaneous healing of sole lesions because all
animals with sole lesions were therapeutically trimmed, and the unaffected claw
was blocked when considered necessary. This treatment protocol reflects
common practice on UK dairy farms (Horseman et al., 2013), but it does not
represent the best approach to the treatment of sole lesions which includes
administering non-steroidal anti-inflammatory drugs (Thomas et al., 2015;
Pedersen and Wilson, 2021). One source of extraneous noise in our data may
have been inconsistencies between foot-trimmers in terms of whether
unaffected claws were blocked, as this is likely to affect the recovery rate
(Thomas et al., 2015). As the person responsible for foot-trimming depended on
the herd, we could not control for this in our analysis beyond the inclusion of herd

in the statistical model.

Wound healing is a continuous process and the point at which a sole lesion
could be regarded as having recovered is not absolute. A consensus is that, in
the absence of complicating factors, mild-to-moderate SU should be covered by
a thin layer of new horn after 30 days, and severe lesions after 40 to 60 days
(Shearer and van Amstel, 2017). The mean interval between the T3-Early
assessment and T4-Late was 115.2 days (SD 33.9) and the first percentile was
70 days, therefore we consider the interval to have been sufficiently long enough
for uncomplicated sole lesions to appear visibly healed. However, the
interquartile range of the duration between T3-Early and T4-Late was 90 to 126
days so in half of our study population there was a five-week or greater difference
in the interval between lesion identification and outcome assessment. We
observed a significant univariable association between this interval and whether
animals were considered to have recovered. We included the interval between
T3-Early and T4-Late as a covariate in the animal threshold model used to
estimate the heritability of SL-Recovery which we believe will have mitigated the
influence on the heritability estimate, at least to some extent. The association
between the duration between T3-Early and T4-Late and SL-Recovery could also
reflect how we classified the outcome of sole lesions, which meant that a SU was
considered to have not fully recovered if severe SH was observed at T4-Late,

despite the SU having potentially epithelialised. We grouped severe SH and SU to
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create a trait which had sufficient numbers in each class to reasonably estimate
the genetic parameters of sole lesion recovery, but there would be benefits from

future studies of a sufficient sample size to assess SU independently of SH.

In addition to the variation in the interval between T3-Early and T4-Late,
there was a dispersion of both assessment time points relative to parturition. We
consider the timing of T3-Early to be of particular clinical relevance because it
relates to when sole lesions developed during lactation and the timing of
therapeutic intervention. It has been shown that cows which develop sole lesions
in early lactation heal more quickly and respond better to corrective trimming and
foot blocking, with this response declining over time (Thomas et al., 2015). It is
also probable that lesions which were identified later in lactation were more likely
to represent chronic lesions, and the recovery of chronic lesions is poorer than in
acute cases (Leach et al.,, 2012; Groenevelt et al., 2014; Thomas et al., 2016).
Furthermore, the moderate negative correlation between the timing of T3-Early
and the interval between T3-Early and T4-Late meant that sole lesions which were
recorded later in lactation also tended to have a shorter duration until the
outcome was assessed, further complicating the interpretation of our results. In
a similar vein, historic sole lesions may have influenced the risk of lesion
development and recovery. We did not have a detailed lameness history for the
study population, therefore there would be benefits in further studies of sufficient

duration to record lesions over multiple lactations.

In conclusion, we acknowledge that the interpretation of sole lesion
recovery in our data is complicated by several factors, and this is an important
context in which to consider our results. However, if the recovery of sole lesions
is ever going to be deducible from farm records, such that it could be
incorporated into national genetic evaluations, the ability to recognise a heritable

trait from an admittedly noisy dataset could be viewed as encouraging.

4.4.3 Generalisability
This study only included four dairy herds which, despite all being
commercially run with operating practices common to many British dairy farms,

could not be considered representative of the full spectrum of dairy farms. Within
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these four herds, three were operating relatively intensive systems of zero-
grazing and three times a day milking. We did not observe any differences in
trends between these three farms and the remaining herd which was managed
with a combination of housed and grazed groups and had a lower milk

production.

The overall period prevalence of lame cows (Mahendran et al., 2017), based
on repeated mobility scores throughout this project, ranged from 18.5% to 33.3%
across the four herds; the mean point prevalence of lameness from all time
points ranged from 6% to 11.8% across the four herds (data not shown). Recent
cross-sectional studies in the UK reported that herd lameness prevalence ranged
from 6% to 65%; this suggests the four herds in our study had a lower prevalence
of lameness compared to many dairy herds in the UK (Griffiths et al., 2018;
Randall et al., 2019). We observed the peak prevalence of sole lesions in early
lactation (T3-Early) when 21.4% of cows had severe SH and 6.1% of cows had
SU. The prevalence of sole lesions in peer-reviewed literature has historically only
been reported in large numbers for lame animals or from foot-trimming records.
Therefore, previous reports may not have a reliable numerator, due to under-
reporting of mild lesions, or a reliable denominator due to over-representation of
lame cows. In studies using foot-trimming records, the prevalence of SH has
been reported to range from 5 — 59% (Capion et al., 2008; Malchiodi et al., 2017)
and between 5 — 17% for SU (van der Waaij et al., 2005; Konig et al., 2008).
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4.5 Conclusions

The results from this prospective cohort study indicate that recovery from
sole lesions is a heritable trait in Holstein cows. This result requires replication in
further studies, however, there could be potential to selectively breed cows which
can recover more effectively from sole lesions. Our results also suggest that
recovery from sole lesions is only weakly genetically correlated with the overall
susceptibility to sole lesions, although this finding also requires corroboration. If
sole lesion susceptibility and recovery are only weakly genetically correlated,
selecting for resistance to sole lesions may have a limited impact on the ability
of affected cows to recover, and a recovery trait would need to be evaluated
specifically. Additionally, the apparent weakness of the genetic correlation
between sole lesion recovery and susceptibility has interesting biological
implications because the genetic background to each trait could be inferred to be

largely independent.
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Chapter 5: 'TH NMR-based serum metabolomic analysis
of sole lesion development in Holstein cows

5.1 Introduction

Sole haemorrhage (SH) and sole ulcers (SU), referred to as sole lesions, are
two of the most prevalent foot lesions in dairy cattle (Murray et al., 1996; Capion
et al., 2008; Cramer et al., 2008; Somers and O'Grady, 2015). Sole lesions are
thought to arise from contusions in the corium following a failure of the
suspensory and supportive apparatus of the distal phalanx (Ossent and Lischer,
1998; Lischer et al., 2002b; Bicalho and Oikonomou, 2013). Tissue damage in the
corium can cause blood staining of the newly forming sole horn resulting in SH;
or the impairment of horn production resulting in SU (Hoblet and Weiss, 2001;

Lischer and Ossent, 2002; Shearer and van Amstel, 2017).

The aetiopathogenesis of sole lesions is widely regarded as multifactorial
and virtually all aspects of dairy cow management have been implicated in some
form (Miilling, 2012). Consequently, the interconnecting relationships between
causal factors and predisposing or exacerbating risks are complex, and many of
these elements still lack a strong evidence base (Solano et al., 2015; Newsome
et al., 2016). Historically, sole lesions were regarded as a consequence of
subclinical laminitis caused by inappropriate nutrition (Greenough and Vermunt,
1991; Vermunt, 1992; Vermunt and Greenough, 1994); but due to a lack of robust,
empirical support for this hypothesis (Randall et al., 2018b), current thinking now
favours a predominantly biomechanical aetiopathogenesis (Miilling, 2019).
However, there is still interest in the role of inflammation in sole lesion
development (Thomas et al., 2015; Watson et al., 2022; Wilson et al., 2022), and
it remains unclear whether there is any metabolic contribution to the disease

process (Lean et al., 2013).

Sole lesions occur more frequently in hindlimbs, with a peak incidence from
around three to four months after calving (Leach et al., 1997; Offer et al., 2000;
Barker et al.,, 2009). As there is an estimated lag of approximately two months

between instigating pathology in the corium and the detection of visible sole
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lesions (Hoblet and Weiss, 2001), much of the research concerning the
pathogenesis of sole lesions has focused on the transition period and early
lactation. This represents a time of significant metabolic, management, and
nutritional changes in dairy cattle (Goff and Horst, 1997; Drackley, 1999; Overton
and Waldron, 2004; Cook and Nordlund, 2009).

The physiological events around calving are of particular interest for sole
lesion pathogenesis because the biomechanical strength of the suspensory
apparatus has been shown to reduce following parturition (Tarlton et al., 2002;
Knott et al.,, 2007). Sole lesions have also been associated with poor body
condition and high milk production (Amory et al., 2008; Green et al., 2014). Body
condition and milk production both represent the biological endpoints of various
interacting metabolic pathways, which include physiological processes such as
carbohydrate, protein, and lipid metabolism (Tamminga et al., 1997; de Vries and
Veerkamp, 2000; Roche et al., 2009; Megahed et al., 2019), and potentially
pathophysiological processes such as periparturient inflammation and oxidative
stress (Sordillo et al., 2009; Abuelo et al., 2015; Bradford et al., 2015; Mann, 2022).
Therefore, there is an abundance of potential metabolic mechanisms which
could have a role in the development of sole lesions; untangling causative

relationships is difficult.

Measurement of metabolic markers in the blood has long been recognised
as a valuable tool to monitor periparturient and early lactation dairy cows (Payne
et al., 1970; Ingraham and Kappel, 1988). More recently, the field of
metabolomics has developed using high-throughput platforms to detect large
numbers of low-molecular-weight metabolites within a biological sample
(Wishart, 2008). The primary technologies used in metabolomics are
chromatographic separation coupled with mass spectrometry (MS), and proton

nuclear magnetic resonance ("H NMR) spectroscopy (Emwas et al., 2019).

Metabolomic techniques have only recently been directed toward studying
lameness in dairy cows. To date, all research in this area comes from a single
case-control study of six lame cows and 20 non-lame controls which has

generated multiple "TH NMR- and MS-based metabolic analyses of serum, milk,
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and urine (Dervishi et al., 2019; Eckel et al., 2020; Zhang et al., 2020b; a;
Zwierzchowski et al., 2020). These studies highlighted large numbers of
metabolites which may be associated with lameness, both several weeks before
and after the onset of clinical signs. Results also implied metabolic markers
could be used to discriminate between lame and non-lame cows with almost
perfect accuracy in all evaluated biofluids. However, as the cause of lameness
was not described in these studies, it is unclear whether these results directly
relate to sole lesions; additionally, there are other limitations to these studies,
such as the small sample size, and the interpretation of results should be
conditional on corroboration in further experiments. Nevertheless, there appears
to be potential for metabolomic approaches to highlight metabolic pathways
implicated in lameness, and this could make a valuable contribution toward

understanding the aetiopathogenesis of sole lesions.

The development of SU is associated with an increased risk of recurrence
in subsequent lactations (Hirst et al., 2002; Oikonomou et al., 2013), thought to
be due to inflammation causing permanent and detrimental changes to the digital
cushion and the distal phalanx (Lischer et al., 2002b; Raber et al., 2006; Newsome
et al., 2016). Consequently, research into sole lesion pathogenesis often focuses
on primiparous animals (Bell and Randall, 2021), because although heifers
frequently develop mild SH during the rearing period, cases of SU before calving
are extremely rare (Vermunt and Greenough, 1996; Randall et al., 2016). However,
the limitation of focusing exclusively on primiparous animals is that results can
only be extrapolated across parities without empirical evidence to support the
assumption of consistent effects. Therefore, it is beneficial to consider both
primiparous and multiparous animals, but with an understanding of the benefits

and limitations of each cohort.

5.1.1 Objectives

This study aimed to compare the serum metabolome of dairy cows which
developed sole lesions (sole haemorrhage and sole ulcers) in early lactation, to
those which remained unaffected. We aimed to evaluate the metabolome (i) to

determine the capacity of the serum metabolome to discriminate between
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affected and unaffected animals, and (ii) to identify any metabolites related to
sole lesions, which could infer a metabolic component of the pathogenesis.
Within the overarching aims, specific objectives also included (a) assessment of
the serum metabolome before the development of sole lesions, particularly
around parturition; (b) assessment of the serum metabolome in animals with a
concurrent sole lesion, and (c) specific evaluation of first parity animals, which

were less likely to have had previous cases of severe sole lesions.
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5.2 Materials and methods

The study was conducted following ethical approval by the University of
Liverpool Research Ethics Committee (VREC269a, VREC466ab) and procedures
regulated by the Animals (Scientific Procedures) Act were conducted under a
United Kingdom (UK) Home Office Licence (P191F589B).

5.2.1 Study overview

We designed a two-stage observational study to evaluate the serum
metabolome in dairy cattle which developed sole lesions in early lactation. The
first stage followed a prospective cohort approach to record foot lesions and
collect serum samples at repeated time points during a production cycle. In the
second stage, a case-control sampling strategy was employed to select samples
based on sole lesions recorded in early lactation to be analysed with "TH NMR
spectroscopy. The statistical analysis aimed to assess whether the serum
metabolome could be used to differentiate between cases and controls, and to

highlight any metabolites which were influential in this discrimination.

5.2.2 Stage one: cohort study

Herd description. Data collection was conducted on a single dairy herd in
the northwest of the UK which was chosen for convenience and practical
reasons, including the feasibility of frequent visits and assessments, herd size (>
1,000 cows), and the availability of a suitable environment on the farm in which
to process serum samples. Animals were housed all year round in freestall barns
of cubicles deep bedded with sand, milked three times daily, and recorded a 305-
day milk yield of approximately 11,500 L. All animals were fed ad libitum with a
total mixed ration formulated for each management group; no additional feed
was provided during milking. All parous cows were routinely foot-trimmed before
drying off and in early lactation. The timing of early lactation foot-trimming
depended on parity; primiparous cows were foot-trimmed 60 — 70 days
postpartum and multiparous cows were foot-trimmed 90 — 100 days postpartum.

Cows were footbathed twice daily with a formalin solution.
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Enrolment and sampling. All animals which were registered as Holsteins
and expected to calve between May and December 2019 were prospectively
enrolled with no additional inclusion or exclusion criteria applied. Data were
collected by qualified veterinary surgeons during twice-weekly visits from April
2019 to July 2020. Animals were assessed at four time points: before parturition
(T1-Precalving), immediately after parturition (T2-Calving), in early lactation (T3-
Early), and in late lactation (T4-Late). The timing of T3-Early corresponded to the
scheduled foot-trimming protocol on the farm, for that reason this time point was
slightly earlier for first lactation animals compared to older animals. Serum
samples were collected at the first three time points (T1-Precalving, T2-Calving,
and T3-Early). The maximum daily milk yield during the first 100 days after calving

was obtained from farm records for each animal.

Study size. The sample size of this part of the study was determined by
resource constraints. All eligible animals were enrolled until the final
assessments (T4-Late) began, at which point further enrolments stopped as data

collection at four time points simultaneously was not feasible.

Data collection procedures. Data collection was always conducted at the
same time of day in nulliparous animals, and immediately after milking in parous
animals; therefore, sampling times relative to feed access were consistent within
contemporary groups. At each assessment, animals were restrained in a foot-
trimming crush. Body condition score was recorded using a one to five scale with
quarter-point intervals (Edmonson et al., 1989). Foot lesions were recorded either
during routine foot-trimming (T1-Precalving and T3-Early) or after lightly trimming
the sole horn to visualise lesions (T2-Calving and T4-Late). On each claw, all foot
lesions were recorded using case definitions as described in the ICAR claw health
atlas (Egger-Danner et al., 2020). All foot lesions were examined and recorded by
qualified veterinary surgeons; over 95% by a single researcher, and the remainder
by three other researchers. Sole haemorrhage was graded as either mild: light
pink lesion < 2 cm diameter or diffuse discolouration of sole; or severe: light pink
lesion = 2 cm diameter or dark pink/purple lesion of any size (Figure 5.1). Sole

ulcers were recorded as present or absent. Foot lesion recording was the same
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at all time points except for T2-Calving, during which only hind feet were

assessed to reduce the handling time of recently calved cows.

At the first three time points (T1-Precalving, T2-Calving, and T3-Early), blood
samples were collected from the ventral coccygeal vein into plastic tubes coated
with silica (Becton Dickinson Ltd, UK). Samples were mixed, allowed to clot at
room temperature, and then centrifuged at 1,300 g for 20 minutes to separate the
serum. Serum aliquots were either transported on ice directly to -80°C storage or
placed into a -20°C freezer on the farm for up to eight hours before being
transferred to storage at -80°C. The times between sampling and centrifugation

and between centrifugation and storage at -80°C were recorded.
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Figure 5.1. Examples of sole haemorrhage (SH) severity grading. Mild sole
haemorrhage: diffuse discolouration of sole (A) or a light pink lesion < 2 cm
diameter (B); severe sole haemorrhage: light pink lesion = 2 cm diameter (C) or
dark pink/purple lesion of any size (D).
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5.2.3 Stage two: case-control study

Resources were available to analyse up to 600 serum samples using 'H
NMR spectroscopy, therefore a case-control approach was used to select
samples for further analysis from the data collected during stage one of this

study.

Data cleaning. The dataset was filtered to exclude animals with missing
data. Missing data occurred if the animal left the herd during the study period,
foot lesion records were incomplete from an assessment (minimum requirement
of lesion records from both hindfeet), or a serum sample was missing from one
of the first three time points. Animals were also excluded if data collection had
occurred outside of an acceptable spread of sampling times, which was
determined for each time point according to the expected variation at that stage
in the production cycle: T1-Precalving = -90 to -21 days prepartum; T2-Calving =
1 to 10 days postpartum; T3-Early = 50 to 120 days postpartum, and T4-Late =
170 to 300 days postpartum.

Parity cohorts. We defined a cohort of first parity animals to specifically
evaluate animals which were unlikely to have been affected by previous sole
ulcers. A low incidence of both SH and SU were recorded in second parity
animals, so these were excluded from subsequent analysis. Animals which were

third parity or greater were grouped into a separate cohort.

Serum samples from T2-Calving and T3-Early were analysed in both cohorts
(15t parity and =3 parity), and samples from T1-Precalving were analysed in the
primiparous cohort only. At T1-Precalving, nulliparous heifers were considered
likely to be relatively homogenous, unlike parous animals, and therefore
presented the best opportunity to evaluate possible differences in the

metabolome before parturition.

Sample haemolysis. Severe serum haemolysis is associated with changes
in the metabolome (Denihan et al., 2015). Before the final selection of cases and
controls, serum samples were assessed for serum haemolysis usinga 0 — 4

visual grading system (Akinyemi et al., 2018). A conservative threshold was
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applied so that animals with samples which had haemolysis of grades 3 or 4 were

excluded from further analysis.

Toe ulcers. Toe ulcers may develop from similar pathophysiological
processes to sole ulcers, but can also occur due to over-wear or excessive
trimming (Sanders et al., 2009; Kofler, 2017). Only a small number of cows were
affected with toe ulcers (N = 5), so these were excluded to avoid potentially

confounding effects.

Case and control definitions. Cases and controls were classified primarily
by sole lesions at T3-Early, whilst taking into account prior and subsequent foot
lesions. Animals with mild SH at T3-Early were excluded to promote the greatest
differences between cases and control based on sole lesions. Cases were
defined to reflect three separate outcomes relating to severe sole lesion

development at T3-Early:

1. New sole haemorrhage: severe SH present at T3-Early; unaffected
with severe SH or a SU at T1-Precalving and T2-Calving.

2. New sole ulcer: SU present at T3-Early; unaffected with severe SH or
a SU at T1-Precalving and T2-Calving.

3. Chronic sole ulcer: affected with a SU at either T1-Precalving or T2-

Calving, in addition to T3-Early.

Control animals were defined as those without mild or severe SH, or a SU at
T3-Early; in addition to being unaffected with severe SH or a SU at T1-Precalving,
T2-Calving, and T4-Late. Once cases had been defined, the same number of

controls were randomly selected from eligible animals within each parity cohort.

5.2.4 'H NMR metabolomics

NMR spectra acquisition. Samples were processed in a randomised order
(by sorting on a randomly generated number) to reduce systematic effects of
measurement or instrument variability. Phosphate buffer (pH = 7.4) was prepared
using dibasic and monobasic sodium phosphate in deuterated water. Once
thawed, serum samples were diluted with equal volumes of phosphate buffer to

minimise chemical shift due to pH fluctuations. Samples were vortexed,
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centrifuged at 12,000 g at 4°C for 5 minutes, and then 600 pL was transferred into
5 mm diameter NMR tubes. Spectra were acquired using a Bruker Ascend 700
MHz spectrometer fitted with a 5 mm TCI Cryoprobe, AVANCE Il HD console, and
a SampleJet automated sample changer (Bruker Corp., USA). Before acquisition,
spectrometer quality assurance was performed to establish temperature
accuracy and stability (+/- 0.1°C) and shim quality (< 1 Hz line width at half height
for DSS in Bruker supplied standard sucrose sample). Quality assurance was
performed every 72 hours throughout the sample acquisition. Each spectrum
was acquired at 37°C and one-dimensional "H NMR spectra were recorded using
a Carr-Purcell Meiboom-Gill (CPMG) pulse sequence (cpmgprid, Bruker). The
CPMG pulse program was selected because it attenuates signals from

macromolecules to highlight small-molecule metabolites (Soininen et al., 2009).

NMR spectra processing. Spectra were processed via an automated
pipeline (Bruker macro apk0.noe) to ensure consistent Fourier transformation,
window function, and phasing. Spectral quality was manually assessed using
TopSpin software (version 3.6; Bruker Corp.,, USA) according to the
Metabolomics Standard Initiative (Sumner et al., 2007). Spectra were aligned to
the alpha-glucose anomeric doublet at 5.24 ppm (indirectly referenced to
trimethylsilyl propionate) because the presence of albumin in serum precluded
the use of commonly used reference compounds (Pearce et al., 2008). Quality
control assessments included the measurement of the half-height linewidth of
glucose at 5.24 ppm, as well as a visual determination that water suppression,
baseline stability, and signal-to-noise ratio were acceptable. If a sample failed
quality control, then the spectra acquisition process was repeated a maximum of

five times per sample, after which samples were excluded from further analysis.

NMR spectra binning and annotation. Spectral features were binned using
the tameNMR toolkit on an in-house galaxy server (Afgan et al., 2018; Tools for
Analysis of Metabolomic NMR (tameNMR), 2021) and provisionally annotated
using Chenomx software (version 8.2; Chenomx Inc, Canada). Annotations were
based on chemical shift and multiplicity using the Chenomx reference library of

mammalian metabolites and cross-referenced with the Bovine Metabolome
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Database (Foroutan et al., 2020). All spectra were overlaid to allow the
visualisation of all small and consistent signals. Bin boundaries were manually
specified to capture annotated peaks; if metabolite annotation was not possible
then boundaries were selected to include individual peaks, distinct multiplets, or
regions of consistent deviation from the baseline in all overlaid spectra. The
peaks within each bin were integrated to calculate the relative intensity, and data
were imported into R for subsequent analysis (R Core Team, 2021). Any negative
values, due to noise at the baseline, were replaced with 1/5 of the minimum
positive value for each bin. Data from each sample were normalised by the total
spectral intensity to reduce technical variance between samples. A total of 211
bins were defined which contained all spectral peaks unaffected by residual

water signal; 118 bins were putatively annotated to 34 different metabolites.

Bin selection. Twenty-four metabolites were represented by multiple bins in
the spectrum. A single bin was manually selected which was highly correlated
with other bins of the same metabolite label, and therefore considered to be
representative of that metabolite (Grosman, 2019). Representative peaks were
also selected based on the confidence of annotation and visually appraised to

select a bin with minimal visible overlap from neighbouring signals.

There were 93 bins which could not be annotated with a candidate
metabolite. Unlabelled bins were excluded if they were strongly correlated with a
labelled bin (Pearson correlation coefficient = 0.9). The remaining unlabelled bins
were assessed for distinct clusters based on Euclidean distances using
complete-linkage hierarchical clustering. The number of clusters was selected so
that bins in different clusters had a Pearson correlation coefficient < 0.9; a single
bin within each cluster was selected based on the clarity of peak isolation, as

before.

The result of bin selection was to define the spectrum by a total of 85 bins.
All annotated metabolites were represented by a single bin, and the remaining
unlabelled bins were not strongly correlated with labelled or other unlabelled bins.
The relative intensities calculated for these 85 bins were used for subsequent

statistical analysis, referred to hereafter as (explanatory) variables.
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5.2.5 Statistical analysis
Statistical analysis was conducted in R using tidyverse and tidymodels
packages (Wickham et al., 2019; Kuhn and Wickham, 2020) unless otherwise

specified.

Preliminary analysis. Principal component analysis (PCA) was conducted
with the GGally package (Schloerke et al., 2018). The first five principal
components, of centred and autoscaled data (van den Berg et al., 2006), were
assessed for clustering or correlation due to technical or biological confounders.
Technical confounders assessed were the timing of sampling relative to
parturition, the time between sampling and centrifugation, the time between
centrifugation and storage at -80°C, and the degree of serum haemolysis.
Biological confounders assessed were body condition score, maximum milk

yield, and the presence of other foot lesions.

General approach to statistical analysis. The aims of statistical analysis
were to (i) determine whether the serum metabolome could discriminate
between unaffected animals and those with one of four outcomes: new SH, new
SU, either new SH or new SU (new SH/SU), and either new SU or chronic SU (all
SU); and (ii) to identify any metabolites which had an informative association with
one of these four outcomes. We, therefore, based our analysis on three methods

which could be used for class prediction and automated variable selection.

To address our objectives, we split the dataset into 17 subsets pertaining
to each comparison of interest. We analysed serum samples from animals at T1-
Precalving, T2-Calving, and T3-Early, but did not incorporate repeated measures
from each animal in our analysis, so each assessment time point (T1-Precalving,
T2-Calving, T3-Early) was evaluated separately. In all subsets, the comparison
group was cows which were not affected with severe SH or SU at any time point
in our study (controls). The analysis included a separate evaluation of the two
parity cohorts (15t parity and =3 parity) and two outcomes corresponding to new
sole lesions (new SH and new SU). We then repeated the analysis after pooling

new SH and new SU together (new SH/SU), and then after pooling both parity
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cohorts together. Finally, we used data from T3-Early to compare unaffected

cows to all animals which had either a chronic or a new SU at that time (all SU).

5.2.6 Univariate analysis

Density plots were used to visualise the distribution of the relative intensity
of each metabolite in each of the predefined subsets. Differences between case
and control groups were assessed with a two-tailed, unpaired Wilcoxon signed-

rank test as the distribution was non-gaussian in many instances.

5.2.7 Class prediction

The three statistical methods used were: partial least squares discriminant
analysis (PLSDA), least absolute shrinkage and selection operator (Lasso)
regression, and random forest classification; these were applied separately to
each predefined subset. In all cases, model predictive performance was
assessed using balanced accuracy, calculated as the average sensitivity and
specificity of class prediction. Model hyperparameters were tuned to optimise
balanced accuracy via 5-fold cross-validation repeated 20 times; the balanced
accuracy of class prediction was assessed from the out-of-fold prediction

results.

PLSDA. Partial least squares discriminant analysis is well suited to datasets
with a large number of highly correlated variables, and as such is one of the most
frequently used approaches in the analysis of metabolomics data (Gromski et al.,
2015). This method finds a linear subspace of explanatory variables (referred to
as components or latent variables) which maximises the covariance between the
outcome and explanatory variables. The PLSDA model was fit on centred and
autoscaled data using the mixOmics package (Rohart et al., 2017); the number of

components in the model was tuned between 1 and 20.

Lasso regression. Regression models with a large number of explanatory
variables can generalise poorly due to overfitting, this can be mitigated by
including an additional penalty to shrink the absolute magnitude of the regression
coefficients (Tibshirani, 1996). A logistic regression model with the lasso penalty

was fit using the glmnet package (Friedman et al., 2010) on centred and
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autoscaled data; the degree of penalisation was tuned on a grid of 20 values
between 0.000001 and 10.

Random forest. Random forests combine the results from multiple decision
trees which have each been fit on a random subsample of the data using a
randomly selected subset of explanatory variables (Breiman, 2001). Random
forests were fit using the ranger package (Wright and Ziegler, 2017) with 1000
individual trees and tuned via a grid of 100 combinations of mtry (number of

variables selected in each split, 1 to 20) and terminal node size (2 to 40).

5.2.8 Variable selection
The same three methods were also used to highlight explanatory variables
with an informative association with the outcome in each subset. Variables were

considered to be “selected” as follows:

PLSDA. The variable importance in projection (VIP) reflects the influence of
individual variables in a PLSDA model; scores greater than one corresponding to
the variable being more influential than the average variable (Mehmood et al.,
2012). The VIP scores were calculated in the final PLSDA model, and a variable

was considered to be selected if the VIP score was greater than one.

Lasso regression. The Lasso penalty shrinks regression coefficients to
produce coefficients of zero in the least important variables. A variable was

considered to be selected if there was a non-zero coefficient in the final model.

Random forest. The Boruta algorithm is a variable selection method which
uses random forests and performs well despite small group sizes, highly-
dimensional data, and collinearity among explanatory variables (Degenhardt et
al., 2019). The Boruta algorithm creates permuted copies of each variable and
fits a random forest using both the actual and permuted variables. Over multiple
iterations, the influence of each variable on model accuracy is assessed, and
actual variables which have significantly higher importance scores than
permuted variables (P < 0.01) are considered to be selected. The Boruta
algorithm was implemented using the Boruta package (Kursa and Rudnicki,
2010).
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5.2.9 Selection stability

Automated variable selection can erroneously classify non-informative
variables as important in highly-dimensional data, in the presence of collinearity
between variables, and without informed scrutiny of the variables being assessed
(Westerhuis et al., 2008; Fan and Lv, 2010; Heinze et al., 2018). We considered
incorrect variable selection (i.e., type one error) to be a likely problem in our
analysis due to some subsets having more explanatory variables than samples,
the complex correlation structures between metabolites, and the limited scope
to assess the biological plausibility of results due to the broad and largely
speculative metabolic component of sole lesion pathogenesis, and the inclusion
of unlabelled metabolites. We, therefore, employed additional steps to assist the

interpretation of variable selection results.

Observed stability. The robustness of selected variables to small
perturbations in the data was assessed by bootstrapping the data (random
sampling of the data with replacement) and repeating the variable selection
steps on each bootstrapped resample. The proportion of times a variable is
selected is termed stability, and higher stabilities increase confidence in a
selected variable being truly informative (Austin and Tu, 2004; Meinshausen and
Bihlmann, 2010; Sauerbrei et al, 2015). Variable selection stability was
calculated from 200 bootstrapped resamples of each subset; we averaged the
stability from the three variable selection methods to calculate a single,
combined stability for each variable as described by Lima, Hyde and Green

(2021), termed the “observed stability”.

Baseline stability. In each subset, we calculated thresholds to formalise the
interpretation of the observed stability of each variable. Following the approach
described by Green, Lima and Hyde (2021), the outcome variable was permuted
to create a dataset in which any existing association between explanatory
variables and the outcome had been removed. This was repeated ten times to
produce independent datasets with randomised class labels. In each of these
permuted datasets, the previous steps of bootstrapping and variable selection

were repeated using 20 bootstrapped resamples. As before, the variable
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selection stability in the bootstrapped resamples was calculated for each
variable and then averaged over the three variable selection methods to

determine the “baseline stability”.

In each permuted dataset, the 991 and 100%™ percentiles of the baseline
stabilities were taken from the distribution of baseline stabilities from all
individual variables and averaged over the ten permuted datasets to define two
thresholds, Too and Tioo, respectively. Therefore, on average 1% of variables in
permuted datasets had a baseline stability which exceeded the Tq9 threshold,
analogous to an expected false positive rate of 1%; similarly, the T+ threshold

translates to an expected false positive rate of 0%.

In summary, the following steps were taken for variable selection in each

specified subset:

1. Start with the original dataset
a. Bootstrap 200 resamples
i. Apply the three variable selection methods (PLSDA, Lasso
regression, Boruta) to each resample
ii. For each variable selection method - calculate the selection
stability of each variable as the selection frequency divided
by the number of bootstrap resamples
iii. For each variable - take the mean of the selection stabilities
from the three variable selection methods = “observed
stability”
2. Return to the original dataset
a. Generate ten datasets with permuted outcomes (remove the
existing relationship between the explanatory variable and the
outcome)
i. Bootstrap 20 resamples of each permuted dataset
o Apply the three variable selection methods (PLSDA,
Lasso regression, Boruta) to each resample
o For each variable selection method - calculate the

selection stability of each variable in the permuted
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dataset as the selection frequency divided by the
number of bootstrap resamples
o For each variable - take the mean of the selection
stabilities from the three variable selection methods
in the permuted dataset = “baseline stability”
ii. For each permuted dataset — take the 99™ and 100t
percentile of the baseline stabilities
iii. Take the mean of the 99t and 100t percentiles of baseline
stabilities from the ten permuted datasets to define two

thresholds: Tog and T1oo.
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5.3 Results

A total of 1,169 cows were prospectively enrolled. After data cleaning, there
were 737 animals which had foot lesion records from all time points, serum
samples from the first three time points, and which had been assessed per the
planned sampling time frame; the process and results of data cleaning are shown
in Figure 5.2. In the dataset of 737 animals, 99.9% (736/737), 99.3% (732/737),
and 96.6% (712/737) of animals had lesion records from all four feet at T1-
Precalving, T3-Early, and T4-Late, respectively; all animals had lesion records
from both hind feet at T2-Calving.

Details of foot lesion frequency at each assessment time point are provided
in Table 5.1. At T3-Early, 5% (12/249) of primiparous animals and 11% (27/243)
of animals in = 3 parity had SU; only 1% (2/245) of 2" parity animals had SU at
this time point. Not including those animals which also had SU, 26% (65/249) of
primiparous animals and 19% (46/243) of > 3" parity animals had severe SH at

T3-Early; only 9% (21/245) of 2" parity animals had severe SH at T3-Early.
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Figure 5.2. Data handling workflow to create the final case-control study
population used in the analysis. The reason for animal exclusion is given in the
grey box on the right.
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Table 5.1. Proportion (frequency) of animals affected by sole haemorrhage (SH)
and sole ulcers (SU) at each time point in the study population following data
cleaning (N = 737). Note: animals are defined according to the most severe sole
lesion on all claws.

No sole lesion Mild SH Severe SH SuU
15! parity
T1-Precalving  0.74 (184) 0.24 (59) 0.02 (5) <0.01 (1)
T2-Calving 0.74 (185) 0.20 (51) 0.05(12) <0.01 (1)
T3-Early 0.37(92) 0.32 (80) 0.26 (65) 0.05(12)
T4-Late 0.61 (152) 0.33 (83) 0.04 (11) 0.01 (3)
2"4 parity
T1-Precalving  0.90 (221) 0.09 (22) <0.01 (1) <0.01 (1)
T2-Calving 0.87 (214) 0.11 (27) 0.02 (4) 0.00 (0)
T3-Early 0.62 (151) 0.29 (71) 0.09 (21) 0.01 (2)
T4-Late 0.61 (149) 0.31(77) 0.05 (13) 0.02 (6)
= 3" parity
T1-Precalving  0.63 (153) 0.23 (57) 0.06 (15) 0.07 (18)
T2-Calving 0.69 (167) 0.24 (58) 0.03 (7) 0.05 (11)
T3-Early 0.37 (91) 0.33 (79) 0.19 (46) 0.11 (27)
T4-Late 0.41 (100) 0.35(84) 0.14 (34) 0.10 (25)
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A total of 114 animals were classified as cases and an equal number of
controls were randomly selected from eligible animals. In the 15t parity cohort,
the mean (standard deviation) maximum daily milk yield was 36.9 kg (5.0) and
38.3 kg (4.8) in cases and controls, respectively; in the =3™ parity cohort, the
mean (standard deviation) maximum daily milk yield was 54.5 kg (6.4) and 54.7
kg (6.4), respectively. Details of other potentially confounding factors in cases
and controls are provided in Table 5.2 and Table 5.3. Serum samples from the
1st parity cohort at T1-Precalving, T2-Calving, and T3-Early, and from the >3
parity cohort at T2-Calving and T3-Early, were analysed using 'H NMR
spectroscopy. Fourteen samples repeatedly failed quality control procedures and
were excluded from further analysis. Thirteen of these samples were from the
T3-Early assessment time point, the other sample was from T2-Calving; seven of
these samples were from 15t parity animals and the other seven from = 3 parity
animals. The final dataset used for statistical analysis comprised 567 samples
from 228 animals. Spectra were split into 211 bins, representative bins from
labelled metabolites and clusters of unlabelled metabolites were selected,
resulting in 85 selected bins (Table 5.4 and Table 5.5). Potential technical and
biological confounders were assessed with PCA, no clustering or correlation
attributable to these confounders was evident in the first five principal

components.
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Table 5.2. Details of potential technical confounders in the case and control groups.

Mean (SD) Mean (SD) time Mean (SD) time between  PToPortion (frequency) of samples
N assessment between sampling and serum separation and by haemolysis grade (0 - 4)
timing relative to  serum separation -80°C storage (minutes)
parturition (days) (minutes) 9 Grade0  Grade 1 Grade 2
15! parity
Control %% 526 12.7) 119.8 (28.5) 405.1 (73.2) 0.70 (45) 0.25(16) 0.05(3)
T1-Precalving
Case 61 533 (13.9) 120.1 (20) 405.6 (61.3) 0.61(37) 0.31(19) 0.08(5)
Control % 45 (2.0) 107.8 (64.8) 149.8 (81.6) 0.73(47) 0.17(11) 0.09 (6)
T2-Calving
Case 61 53 (2.3) 92.7 (48.7) 171.9 (83.6) 0.70(43) 0.18(11) 0.11(7)
Control 90 7.0 (4.2) 49.5(18.9) 143.9 (81.1) 0.60(36) 0.35(21) 0.05(3)
T3-Early
Case 58 671 (7.9) 52.0 (24.6) 133.4 (68.8) 0.66(38) 0.28(16) 0.07 (4)
= 3 parity
Control 49 54 (2.2) 72.6 (38.6) 192.5 (86.6) 0.78(38) 0.16(8) 0.06 (3)
T2-Calving
Case 52 53 (2.4) 71.5(25.8) 194.4 (81.1) 0.75(39) 0.17(9) 0.08 (4)
Control 48 957 (6.6) 74.3 (32.2) 185.8 (83.5) 0.79(38) 0.12(6) 0.08 (4)
T3-Early
Case 50 950 (4.5) 83.7 (26.2) 190.5 (83.2) 0.82(41) 0.12(6) 0.06 (3)

SD: standard deviation
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Table 5.3. Details of potential biological confounders in the case and control groups. Results are displayed as proportion affected
(frequency) unless otherwise stated.

Median (IQR) body condition i
(I9R) y White line lesion Thin sole Double sole Digital - HeeI.horn
score (1 - 5) dermatitis erosion
1t parity
Control 4 (4 - 4.25) 0.03(2) 0.02 (1) 0.05(3) 0.52(33) 0.02(1)
T1-Precalving
Case 4 (4 - 4.25) 0.07 (4) 0.03(2) 0.05(3) 0.51(31) 0.02(1)
Control 3.5(3.5-3.75) 0.03(2) 0.00 (0) 0.05(3) 0.31(20) 0.08(5)
T2-Calving
Case 3.5(3.5-3.75) 0.03(2) 0.00 (0) 0.03 (2) 0.26 (16) 0.02 (1)
T3.Earl Control 3.25(3 - 3.25) 0.03(2) 0.12 (7) 0.13(8) 0.18(11) 0.12(7)
-Early
Case 3.25(3-3.5) 0.03(2) 0.07 (4) 0.05(3) 0.14 (8) 0.12(7)
2 3" parity
Control  3.5(3.25-3.5) 0.02 (1) 0.00 (0) 0.04 (2) 0.18 (9) 0.08 (4)
T2-Calving
Case 3.25(3-3.5) 0.10 (5) 0.04 (2) 0.04 (2) 0.19(10) 0.17(9)
T3.Earl Control  3.25 (3 - 3.25) 0.08 (4) 0.08 (4) 0.29 (14) 0.19 (9) 0.21 (10)
-Early
Case 3(2.75-3.25) 0.14 (7) 0.10 (5) 0.32(16) 0.20(10) 0.34(17)

IQR: interquartile range
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Table 5.4. Details of the spectral bins selected as representative of each
annotated metabolite and used in statistical analysis, including the Bovine

Metabolome database identification number (BMDB ID).

Bin label BMDB ID Bin range Bin label BMDB ID Bin range
(ppm) (ppm)
1-Methylhistidine 0000001  8.00-7.97 | Histidine 0000177 7.83-7.76
3-Hydroxybutyrate 0000357 2.31-2.29 | Isoleucine 0000172 1.02-1.00
Acetate 0000042 1.93-1.91 | Lactate 0000190 4.12-4.09
Acetoacetate 0000060 2.29-2.28 | Leucine 0000687 0.98-0.96
Acetone 0001659  2.24-2.22 | Leucine-Lysine 0000687/ 1.74-1.70
0000182

Alanine 0000161  1.49-1.47 | Mannose 0000169 5.20-5.18
Arginine 0000517  3.25-3.24 | Methionine 0000696 2.65-2.64
Aspartate 0000191  2.94-2.92 | Methylsuccinate 0001844 1.08-1.06
Choline 0000097 3.20-3.20 | Mobile lipids - 0.90-0.80
Citrate 0000094 2.56-2.52 | NMDA 0002393 3.16-3.15
Creatine 0000064 3.94-3.92 | Phenylalanine 0000159 7.45-7.40
Creatinine 0000562 4.06-4.05 | Proline 0000162 3.34-3.33
Formate 0000142 8.47-8.45 | Propylene glycol 0001881 1.15-1.13
Glucose 0000122  3.54-3.53 | Threonine 0000167 3.59-3.59
Glutamate 0000148  2.11-2.09 | Tiglylglycine 0000959 1.83-1.82
Glutamine 0000641  2.48-2.43 | Tyrosine 0000158 7.217.17

Glycine 0000123  3.57-3.56 | Valine 0000883 0.99-0.98
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Table 5.5. Details of the unlabelled spectral bins (not annotated to a metabolite)

which were used in the statistical analysis.

Bin label ?I;:r:‘;"ge Bin label '(3;:;1")"99

Unlabelled_1 7.92-7.88 Unlabelled_27 3.20-3.17
Unlabelled_2 7.88-7.85 Unlabelled_28 3.08-3.05
Unlabelled_3 7.85-7.83 Unlabelled_29 3.04-3.03
Unlabelled_4 7.76-7.71 Unlabelled_30 2.95-2.94
Unlabelled_5 7.71-7.66 Unlabelled_31 2.92-2.87
Unlabelled_6 7.66-7.58 Unlabelled_32 2.81-2.77
Unlabelled_7 7.56-7.54 Unlabelled_33 2.60-2.57
Unlabelled_8 7.54-7.53 Unlabelled_34 2.57-2.56
Unlabelled_9 7.05-7.03 Unlabelled_35 2.38-2.36
Unlabelled_10 7.01-6.95 Unlabelled_36 2.28-2.24
Unlabelled_11 6.84 - 6.82 Unlabelled_37 2.21-219
Unlabelled_12 6.82-6.78 Unlabelled_38 2.18-2.17
Unlabelled_13 6.75-6.72 Unlabelled_39 2.17-2.16
Unlabelled_14 5.93-5.88 Unlabelled_40 2.06-2.03
Unlabelled_15 5.81-5.70 Unlabelled_41 1.91-1.90
Unlabelled_16 5.65-5.60 Unlabelled_42 1.89-1.88
Unlabelled_17 5.41-5.39 Unlabelled_43 1.87-1.83
Unlabelled_18 4.47 -4.45 Unlabelled_44 1.64-1.54
Unlabelled_19 4.36-4.29 Unlabelled_45 1.47-1.45
Unlabelled_20 4.21-4.17 Unlabelled_46 1.45-1.43
Unlabelled_21 4.08-4.07 Unlabelled_47 1.42-1.39
Unlabelled_22 4.03-4.02 Unlabelled_48 1.19-1.18
Unlabelled_23 3.71-3.70 Unlabelled_49 1.17-1.15
Unlabelled_24 3.53-3.52 Unlabelled_50 1.13-1.11
Unlabelled_25 3.33-3.32 Unlabelled_51 0.91-0.90
Unlabelled_26 3.31-3.30
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The full dataset was split by time point, parity cohort, and outcome
definition to create 17 subsets which related to the specific comparisons of
interests (Table 5.6). The number of animals ranged from 58 to 211 in each
subset. Univariate analysis of each metabolite in each subset was conducted
with a Wilcoxon signed-rank test to compare cases and controls (Supplementary
Table 5.1.). The balanced accuracy of class prediction was low in all subsets
regardless of the statistical method, the average balanced accuracy of the three
methods ranged from 50% to 62% (Table 5.6).

The stability of variable selection in bootstrapped resamples was
calculated for each variable in each of the 17 subsets, resulting in 1,445 observed
stabilities (Supplementary Table 5.2). Baseline stability thresholds were
calculated in each subset after permuting the outcome; Tqog and T1go thresholds
ranged from 73.7% to 91.8% and 81.8% to 94.3% respectively (Supplementary
Table 5.2).

As an example, Figure 5.3 shows the distribution of observed stabilities
from the subset relating to all parities at T3-Early, comparing all cases of SU (new
SU and chronic SU) to unaffected cows. Across all subsets (i.e., 1,445 observed
stabilities), 20 variables had an observed stability above the Tqo threshold for that
subset, corresponding to 15 different metabolites (Table 5.7). The distribution in
relative intensities of these metabolites in case and control samples are
displayed in Figure 5.4. Only nine variables had an observed stability greater than
the Tio00 threshold, corresponding to phenylalanine and four unlabelled
metabolites. Figure 5.5 displays the spectra and bin boundaries of the four
unlabelled metabolites represented by variables with an observed stability

greater than the T1qo threshold.
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Table 5.6. Balanced accuracy of class prediction using partial least squares
discriminant analysis (PLSDA), Lasso regression (Lasso), random forests (RF),
and the average of all three methods (Combined). Data were analysed in 17
prespecified subsets split by time point, parity, and outcome definition; the
control group in all cases were animals without sole lesions, cases were either
cases of new sole haemorrhage (New SH), cases of new sole ulcers (New SU),
those two groups combined (New SH/SU) or all cases of sole ulcers (All SU).

Balanced accuracy of class prediction

Control Case
(N) (N) Outcome -
PLSDA Lasso RF Combined

1st parity

50 New SH 0.52 0.51 0.51 0.51
T1-Precalving 64

11 New SU 0.50 0.50 0.50 0.50

50 New SH 0.55 0.55 0.50 0.53
T2-Calving 64

11 New SU 0.56 0.57 0.50 0.54

47 New SH 0.57 0.53 0.47 0.52
T3-Early 60

11 New SU 0.60 0.57 0.50 0.56
2 3" parity

25 New SH 0.63 0.54 0.58 0.58
T2-Calving 49

12 New SU 0.71 0.54 0.53 0.59

26 New SH 0.57 0.54 0.50 0.54
T3-Early 48

10 New SU 0.71 0.55 0.53 0.60
All parities

75 New SH 0.56 0.53 0.56 0.55
T2-Calving 113 23 New SU 0.53 0.53 0.50 0.52

98 New SH/SU 0.57 0.54 0.57 0.56

73 New SH 0.56 0.56 0.50 0.54

21 New SU 0.64 0.63 0.50 0.59
T3-Early 108

94 New SH/SU 0.60 0.58 0.52 0.57

35 All SU 0.66 0.65 0.54 0.62
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Figure 5.3. Variable selection stability for all cases of sole ulcers compared to unaffected cows in all parities in early lactation (T3-Early).

The solid line is the T1o0 threshold, and the dashed line is the Tgg threshold.
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Table 5.7. Variable selection stability of variables which had a stability greater
than the Tqg threshold, * denotes variables with a stability greater than the Too.
Details include the mean log (base 2) fold-change (Log2FC) and the baseline
stability thresholds (Tg99 and Tioo, equivalent to an expected 1% and 0% false
positive rate, respectively). Data were analysed in 17 prespecified subsets split
by time point, parity, and outcome definition; the control group in all cases were
animals without sole lesions, cases were either cases of sole new haemorrhage
(New SH), cases of new sole ulcers (New SU), those two groups combined (New
SH/SU) or all cases of sole ulcers (All SU).

Stability Too  Tioo

Time point Outcome Metabolite Log2FC (%) %) (%)
1t parity
New SH Alanine 0.07 88.2 84.8 89.2
T1-Precalving
New SU Citrate 0.14 77.5 75.8 82.8
New SH Unlabelled_7" -0.15 93.2 87.3 915
T2-Calving
New SU Unlabelled_47" 0.09 83.7 73.7 81.8
Phenylalanine 0.20 81.2
T3-Early New SU 75.6 83.7
Unlabelled_26" 0.35 92.5
= 3" parity
Unlabelled_24 0.09 78.3
New SH 77.5 85.3
T3-Early Propylene glycol  0.17 80.5
New SU Unlabelled_43 0.13 75.3 74.6 82.3
All parities
New SH Formate -0.14 90.8 89.4 091.3
. Unlabelled_10 0.12 80.8
T2-Calving New SU 78.8 82.7
Valine -0.13 82.0
New SH/SU  Unlabelled_7" -0.08 93.7 91.8 935
New SU Phenylalanine 0.16 94.2 818 840
Unlabelled_26" 0.18 86.3
Unlabelled_7" -0.11 89.3
T3-Early Phenylalanine” 0.08 88.5
All SU Unlabelled_17*  -017 885  oo4 872
Proline -0.13 84.3
Unlabelled_29 -0.08 86.0
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Figure 5.4. Density plots of standardised and mean-centred relative intensities of
the metabolites in Table 5.7.
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Figure 5.5. Example spectra and bin boundaries (yellow shading) for the four
unlabelled metabolites which had an observed stability greater than the Tioo
threshold (Table 5.7).
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5.4 Discussion

We designed a study to explore the association between the serum
metabolome and the development of sole lesions in Holstein cows. To minimise
variation due to factors other than our outcome of interest, data were analysed
in subsets split by time point, parity, and case definition. As a consequence,
analysis was conducted in relatively small subsets (range of observations: 58 to
211), often with imbalanced class sizes. We, therefore, limited the scope of our
analysis to a broad screen of the discriminatory power of the serum metabolome
in each subset, followed by further analysis to highlight informative variables. Our
results indicated the serum metabolome, as characterised by 'H NMR
spectroscopy, could not reliably discriminate between animals based on the
presence, or future development, of sole lesions. Additionally, we only identified
a small number of metabolites which may be associated with sole lesion
development. Taken together, there is limited support from this study for a major
metabolic component in serum to the pathogenesis of sole lesions, however, we
draw this conclusion cautiously because there are several important caveats to

these results.

5.4.1 Key results and interpretation

Class prediction. The average balanced accuracy of predictive modelling
did not exceed 62% in any subset, although the balanced accuracy of PLSDA
reached 71% on two occasions. Furthermore, as the predictive performance was
assessed from cross-validation during the tuning of model parameters,
estimates of the balanced accuracy may be upwardly biased (Varma and Simon,
2006). Balanced accuracy was highest in subsets relating to concurrent SU,
compared to time points before lesion development or when the outcome was
SH rather than SU, however, our results suggest a very limited predictive capacity

of the serum metabolome for sole lesions.

The poor balanced accuracy of class prediction we observed is in contrast
to results reported from two studies which analysed the serum metabolome of
lame cows using MS-based techniques (Dervishi et al., 2019; Zhang et al., 2020b);

but, as the cause of lameness in these cows was not described, these results

Page | 203



Chapter 5: Metabolomics of sole lesions

might not be comparable to our study. Nevertheless, both studies (Dervishi et al.,
2019; Zhang et al., 2020b) reported near-perfect diagnostic accuracy of selected
serum metabolites to differentiate between lame and non-lame cows before and
after the onset of clinical lameness (area under the receiver operating
characteristic curve > 0.99). The metabolites which had the highest VIP scores in
these PLSDA models were lysine, leucine, and isoleucine (Zhang et al., 2020b)
and valine, mannose, and phosphoric acid (Dervishi et al., 2019); except for
phosphoric acid, these metabolites were represented by variables in our dataset
but not highlighted as influential in our analysis. It should be noted that the
predictive accuracy reported in these studies (Dervishi et al., 2019; Zhang et al.,
2020b) may be over-optimistic due to the risk of feature selection bias with the

analytical approach described (Xia et al., 2013; Kuhn and Johnson, 2018).

Compared to other farmed species and humans, dairy cattle have
exceptionally high metabolic demands in early lactation (Webster, 2020), and
individual-specific responses in this turbulent period could present a challenge to
metabolomic studies of dairy cows. For example, Ghaffari et al. (2019) used MS-
based analysis to determine differences in the serum metabolome between over-
conditioned dairy cows and those in typical body condition at multiple time
points. Four classification models showed reasonable prediction accuracy
between groups (71% to 76%) when cows were also being fed different diets,
however, in early lactation when diets were the same but differences in body
condition remained, prediction accuracy was substantially lower (52% to 65%). In
contrast, human studies have demonstrated that obesity is strongly associated
with changes in the serum metabolome (Moore et al., 2018; Cirulli et al., 2019),
and therefore the modest prediction accuracy observed by Ghaffari et al. (2019)
may illustrate the challenges of assessing the serum metabolome in early
lactation dairy cows, even due to factors which are known to have strong

metabolic effects.

Variable selection. Across all subsets, only nine variables had an observed
stability greater than the Tio0 threshold, these corresponded to five different

metabolites: phenylalanine and four unlabelled metabolites (Table 5.7). Selected
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variables should be interpreted in the context of the poor balanced accuracy of
class prediction which suggests that even if these variables are truly associated
with sole lesions, they only explain a small part of the differences between

affected and unaffected animals.

Phenylalanine was highlighted as informative in subsets related to
concurrent SU, and had a higher concentration in animals with SU compared to
unaffected cows; Dervishi et al., (2019) observed the same trend between lame
and non-lame cows. Phenylalanine has been reported to be increased in humans
due to inflammation and oxidative stress associated with conditions such as
trauma, sepsis, and burns (Rath et al., 1987; Ploder et al., 2008). There is interest
in the role periparturient inflammation and oxidative stress may have on sole
lesion development in dairy cattle (Al-Qudah and Ismail, 2012; Zhao et al., 2015;
Watson et al,, 2022; Wilson et al., 2022).

Unlabelled metabolites were spectral features which could not be
annotated from a mammalian metabolite library. Example spectra of the four
unlabelled metabolites which had an observed stability greater than the Tioo
threshold are shown in Figure 5.5, two of these unlabelled metabolites represent
distinct single peaks (Unlabelled_17 and Unlabelled_26), whereas the other two
(Unlabelled_7 and Unlabelled_47) are much more poorly defined. By overlaying
the spectra from all 567 samples it was possible to visualise small, but
consistent, changes in the baseline. These weak signals could relate to
metabolites at the lower limit of detection by "H NMR spectroscopy, metabolites
occluded by the presence of albumin in serum, or signals attenuated during the
CPMG pulse program; either way interpretation of these peaks requires caution
due to the low signal-to-noise ratio. Such metabolites may be more reliably
detected and identified using serum extracts (which separate metabolite from
albumin), other NMR pulse sequences, two-dimensional NMR, or MS-based
techniques (Beckonert et al., 2007; Marchand et al., 2017; Emwas et al., 2019).

5.4.2 Reflections and implications
Sample processing. One of the challenges we experienced was ensuring
serum separation was rapid enough to minimise changes in metabolites due to
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ongoing cellular metabolism post-collection. Before the start of data collection,
we attempted to establish a standard operating procedure for sample
acquisition, processing, and storage (Stringer et al., 2016). To promote rapid clot
formation, it is recommended that serum samples for metabolomics analysis are
collected in glass tubes (Barri and Dragsted, 2013), however, this was not a
practical option. We instead elected to use plastic serum tubes coated with silica
and checked these did not produce any strong residual signals in NMR spectra.
We set up a centrifuge on the farm and initially centrifuged blood samples 30
minutes after collection, as recommended for metabolomics research
(Beckonert et al., 2007; Bernini et al., 2011). Unfortunately, a large proportion of
samples had not adequately clotted by this time, resulting in gelatinous or low
volumes of haemolysed serum. As cattle have variable and prolonged clotting
times compared to other species (Osbaldiston et al., 1970), we were forced to
adopt a less rigid protocol to allow time for clot formation and retraction.
Consequently, there was some unavoidable variation in the time between
collection and centrifugation due to samples which took a long time to clot.
Although we did not observe any effect of the time between sampling and
centrifugation with PCA, it is possible that this step in sample processing
introduced extraneous variance to the data. Furthermore, clotting times can vary
in periparturient cattle depending on the time since parturition (Heuwieser et al.,
1990), creating a potential interaction between sampling time relative to calving
and the efficiency of serum separation. Processing of plasma is more
reproducible than serum (Hernandes et al., 2017), which may be one reason why
plasma is more frequently analysed than serum in metabolomics studies of
cattle (Goldansaz et al., 2017); this would be a worthwhile consideration in future

studies.

Spectrum binning and annotation. For purposes of analysis, the serum
metabolome was characterised by 85 components of the NMR spectrum. To
reach this point, the spectrum was first manually subdivided into 211 bins to
capture all potentially relevant spectral signals. One benefit of this approach was
that bins could include entire multiplets which were annotated to the same

metabolite, and bin boundaries could be flexible to accommodate small spectral
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shifts in individual peaks; this is more challenging to achieve with equidistant
binning (Emwas et al., 2018). However, there are also limitations to manually
binning the spectrum due to the risk of introducing bias in the process of

subjectively deciding bin boundaries and annotating metabolites.

Spectral features were annotated to a total of 34 different metabolites
which is comparable to other NMR-based studies of serum in cattle (Chen et al.,
2013; Blakebrough-Hall et al., 2020), and only slightly fewer than typically
identified in NMR spectra acquired from human serum (Psychogios et al., 2011).
As some metabolites had multiple signals, we selected a representative bin for
each annotated metabolite (Grosman, 2019). This approach has advantages
because it reduces the dimensionality of the data and eliminates highly
correlated bins which relate to the same metabolite, although naturally occurring
correlation structures between metabolites in interacting metabolic pathways
remain. However, we acknowledge that this process also has limitations because
of the potential loss of information in the unselected bins. Before bin selection,
we used all 211 bins, corresponding to all signals in the spectra, in class
prediction models and did not observe any improvement in model performance;
therefore, we consider it unlikely that the poor balanced accuracy is attributable

to the loss of resolution in the selection of representative bins.

Class prediction. It is possible that we were unable to reliably differentiate
between cases and controls using the serum metabolome because there were
too many extraneous sources of spectral variation. We highlighted some
technical causes of potential variation, however, PCA did not indicate these to be
influential in this regard. Teahan et al. (2006) examined the effect of several
different experimental factors on NMR spectra and found the inter-individual
variation to be much more influential than experimental factors. We anticipate
that there were numerous biological differences between individual animals
which may have affected the serum metabolome. No strong differences in body
condition and milk yield were observed between cases and controls, and these
factors also did not appear influential with PCA. However, the serum metabolome

is known to be affected by a range of clinical and subclinical metabolic diseases,
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for example, retained placentas and subclinical ketosis, which may occur parallel
to sole lesion development in early lactation (Sun et al., 2014; Dervishi et al., 2016,
2017; Yong et al., 2021). As it was not feasible to monitor the study population
closely enough to record all such conditions, it is unknown how their incidence

may have affected our results.

Variable selection. We applied an approach to variable selection which
aimed to minimise false positive results. It is suggested that data analysis should
include multiple methods which have different and unrelated sources of bias to
avoid the interpretation of spurious results as informative (Munafo and Davey
Smith, 2018). This concept of triangulation has been further developed with
variable selection stability by Lima et al. (2020), and subsequently become
popular in recent veterinary epidemiological studies (Lewis et al., 2021; Browne
et al., 2022). We followed the approach described by Green, Lima and Hyde
(2021) by taking the average variable stability from multiple variable selection
methods and comparing this observed stability to the distribution of baseline
stabilities in permuted data. This approach was demonstrated to be robust to
false positive results from variable selection (Green et al., 2021), however, we
used different statistical methods, such as PLSDA and Boruta, so we cannot
claim to have replicated this method exactly. Nevertheless, we would expect the
principles of stability, triangulation, and permuted baseline stabilities to be

generalisable across a range of statistical methods.

The Too threshold was calculated from the 99t percentile in the distribution
of baseline stabilities; therefore, we considered this threshold to translate to an
expected false positive rate of 1%. By analysing 85 explanatory variables in 17
subsets, we calculated a total of 1,445 observed stabilities; if no variable had a
relationship with the outcome, by definition, we would still expect 1% of variables
to have an observed stability greater than the Tog threshold. Across all subsets,
20 variables had an observed stability which exceeded the Tq9 threshold, which
is, therefore, more than would be expected in the complete absence of any
informative explanatory variables. However, many of these variables could still

be false positives, so we focused our interpretation on the metabolites which had
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an observed stability above the T100 threshold, as these are the least likely to be
artefactual. Nevertheless, we have reported all variables with an observed
stability greater than the Tog9 threshold so that future studies can determine

whether any of these more equivocal results are verifiable.

The T1oo threshold was calculated for each subset as the average maximum
baseline stability from the ten datasets in which the outcome had been permuted.
It should be noted, however, that as we took the average maximum baseline
stability, this threshold does not represent the absolute maximum baseline
stability of any variable in the permuted datasets. In fact, in every subset, the
maximum baseline stability calculated was greater than the highest observed
stability. Therefore, we recognise that despite variables having an observed
stability high enough to infer probable importance, it is still possible to obtain
similar results in a dataset where the relationship between outcome and
explanatory variable has been removed, although there is only a small chance of

this occurring.

Future metabolomic studies. We annotated 118 bins to 34 different
metabolites. Approximately 350 different metabolites have been detected in
bovine serum, predominantly from MS-based analyses, although the full
complement of low molecular weight metabolites is likely to be considerably
greater (Goldansaz et al., 2017). It is recommended that metabolomics studies
use multiple analytical platforms to improve metabolite coverage, although most
published studies of livestock metabolomics only use a single approach
(Goldansaz et al., 2017). Even within a single analytical platform, annotation of
metabolites from spectral signals depends on the coverage of reference libraries,
and this is a major bottleneck in biological inference (Viant et al., 2017). To date,
the majority of metabolomics studies in cattle have analysed serum, plasma,
urine, rumen fluid, or milk (Goldansaz et al., 2017). Serum and plasma are useful
reflections of generalised physiological (or pathophysiological) states, but other
biofluids, such as urine, have distinct metabolite compositions which can provide
valuable complementary information regarding metabolic processes (Wishart,

2019; Kim et al., 2021; Anderson, 2022). Therefore, to characterise any metabolic
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component in the pathogenesis of sole lesions it may be necessary to consider
the parallel analysis of multiple sample types using multiple metabolomic

platforms.

Generalisability. We enrolled cows from a single herd and, as a
consequence, the generalisability of our study is intrinsically limited. The herd in
our study operated under a relatively intensive management system of zero-
grazing, and this is an important context from which to interpret our results. The
housing environment is a major risk factor for sole lesions (Cook et al., 2004;
Cook and Nordlund, 2009; Bergsten et al., 2015), and the aetiology and frequency
of lameness differ between grazed and housed herds (Hund et al., 2019). High-
input with high-output dairy systems are becoming increasingly common and
there has been a global trend in recent years toward year-round housing of dairy
cattle (Knaus, 2016). In a recent survey of 53 randomly selected dairy herds in
the UK, 36% housed milking cows all year round (Thompson et al., 2020); another
survey of 863 dairy herds, also in the UK, reported that 23% of herds housed early
lactation and high-yielding groups all year round (March et al., 2014).

The average herd prevalence of lame cows in the UK has recently been
reported from cross-sectional studies to be approximately 30% (Griffiths et al.,
2018; Randall et al., 2019); in our study, we recorded the prevalence of lame cows
to be between 7 - 9% depending on the time point of the study (data not shown).
Previous studies in the UK which recorded foot lesions in first parity animals
observed more than 95% of heifers were affected with sole lesions in early
lactation (Leach et al., 1997; Maxwell et al., 2015; Randall et al., 2016); 63% of
heifers were affected with a sole lesion at the T3-Early assessment in our study.
Taken together, we would conclude that our study population was from a herd

with a better overall management of lameness than the many UK dairy herds.

Luke et al. (2020) used "H NMR spectroscopy to analyse serum samples
from dairy cows in thirteen herds with similar management systems; results
indicated that inter-herd differences were responsible for 57% of the overall
spectral variation. Therefore, it is likely that even if our study was repeated in

seemingly comparable herds there could be differences in the results. Although
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metabolomic approaches may ultimately progress understanding of the
pathogenesis of sole lesions, a considerable body of further research is still

needed.
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5.5 Conclusions

We compared the serum metabolome in dairy cows which developed sole
lesions in early lactation to those which were unaffected. Analysis of the serum
metabolome could not reliably discriminate between animals based on the
presence, or future development, of sole lesions. We also only highlighted a small
number of metabolites which may be associated with sole lesion development.
We conclude that the serum metabolome, as characterised by 'H NMR
spectroscopy, is not strongly associated with sole lesion development; but any
true association may have been masked by variation between individual animals
or from other experimental sources. The application of metabolomics
undoubtedly has the potential to reveal underlying mechanisms of sole lesion
aetiopathogenesis in dairy cows, however, our results were equivocal in this

respect and further studies would be beneficial.
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Chapter 6: Association between a genetic index for
lameness resistance and the incidence of claw horn
lesions in Holstein cows

6.1 Introduction

Farmers and veterinary surgeons regard lameness as one of the most
important health and welfare concerns in dairy cattle (More et al., 2010; Bauman
et al., 2016), and lameness has been identified as the most pressing problem
affecting the modern dairy industry in Europe (European Food Safety Authority
(EFSA), 2009). Foot lesions are the major cause of lameness in dairy cows
(Murray et al., 1996; Bicalho et al., 2007a; van Huyssteen et al., 2020) and directly
impact the longevity, productivity, and fertility of affected animals (Booth et al.,
2004; Machado et al., 2010; Omontese et al., 2020).

Sole haemorrhage (SH), sole ulcers (SU), and white line lesions (WL) are
often grouped under the collective term “claw horn lesions” (Murray et al., 1996;
Offer et al., 2000). Claw horn lesions (CHL) have a high prevalence in dairy cattle
(Murray et al., 1996; Laven and Lawrence, 2006; Somers and O’Grady, 2015) and,
relative to other foot lesions, CHL have been associated with the most severe
pain responses (Whay et al., 1998; Pastell et al., 2010), economic impacts (Amory
et al., 2008; Bruijnis et al.,, 2010; Dolecheck et al., 2019), and environmental

consequences (Mostert et al., 2018).

The phenotypic variation of CHL in a population represents the underlying
risk of animals developing these lesions, this variation can be partitioned into
genetic and environmental components (Tenesa and Haley, 2013). The
proportion of phenotypic variation explained by genetic differences is referred to
as heritability. The heritability of CHL, based on underlying risk, has been
estimated in a large number of studies which have recently been summarised by
Heringstad et al. (2018) as 0.07 — 0.09 for SH, 0.07 - 0.18 for SU, and 0.06 — 0.10
for WL; the heritability of lameness diagnosed from locomotion scoring has been

estimated to be 0.15 (Weber et al.,, 2013). Therefore, although these heritability

Page| 213



Chapter 6: Genetic selection indexes to reduce claw horn lesions

estimates are low, genetic selection could produce cumulative, long-term

benefits to complement husbandry-based initiatives to reduce lameness.

Dairy farmers are generally motivated to reduce lameness (Bruijnis et al.,
2013; Bennett et al., 2014; Dutton-Regester et al., 2019) and lameness traits
ranked highly when farmers were surveyed about their genetic selection
preferences (Martin-Collado et al., 2015). Genetic traits relating to lameness can
be considered as either direct traits, such as foot lesions, or indirect traits which
include breed society classification traits such as leg conformation and gait

assessment (Heringstad et al.,, 2018).

Historically, farmers wishing to reduce lameness in their herd through
improved genetics could only select on indirect traits (McDaniel, 1998), but it is
now recognised more broadly that selection on direct health traits could
accelerate genetic gains (Egger-Danner et al, 2014). Consequently, two
approaches have evolved in recent years to develop effective genetic selection
indexes which can reduce the incidence of lameness in dairy herds. Some
countries have incorporated foot lesion records directly into selection indexes
(Egger-Danner et al., 2014), but other countries, where the infrastructure to record
foot-trimming lesions on a large scale has not been established, have instead
utilised farm records of lameness (Zwald et al., 2004; Pritchard et al., 2013;
Parker Gaddis et al., 2014). In the UK, Pritchard et al. (2013) demonstrated that
farm records could be used as phenotypes for both clinical mastitis and
lameness, however, there were concerns regarding the quality of farm lameness
records. In that study (Pritchard et al., 2013), only a third of cow records used for
the mastitis analysis were included in the lameness evaluations due to a lack of
lameness recording in individual herds. Furthermore, across the herds which
were recording lameness, there was an apparent incidence of 15.8% over the first
three lactations, which is lower than the average national prevalence of 34.9%
(Afonso et al., 2020), and dramatically lower than more directly comparable
annual incidence rates (Clarkson et al., 1996; Hedges et al., 2001). A further
concern is that farm records may be skewed towards lesions which are

consistently or severely associated with lameness (Archer et al., 2010a), for

Page | 214



Chapter 6: Genetic selection indexes to reduce claw horn lesions

example, SU are associated with more severe lameness than SH (Tadich et al.,

2010), and therefore farm records may not reflect SH and SU with equal accuracy.

In 2018, a genetic selection index for lameness, termed “Lameness
Advantage”, was published by the UK Agricultural and Horticultural Development
Board (AHDB). The Lameness Advantage index is calculated using lameness
events from farm records (collected via milk recording organisations) in
combination with traits from type classification: Bone Quality, Locomotion, Feet
and Legs (an overall assessment by the classifier incorporating Foot Angle, Rear
Legs Side View, Locomotion, and Bone Quality), and Digital Dermatitis (AHDB,
2020b). Higher values of this index are associated with better genetic merit for
lameness and an expected reduction in the incidence of lameness compared to
lower values, however, this index has not yet been evaluated in independent data.
A recent study in Ireland reported that cows with a positive genetic index for
lameness, in this case reflecting an increased genetic susceptibility, had a 37.5%
increase in the odds of lameness compared to animals with a negative genetic

index (Browne et al., 2022).

6.1.1 Objectives

It was hypothesised that the association between Lameness Advantage
genetic index and the actual frequency of claw horn lesions would be weak due
to the quality of farm lameness records; therefore, the primary objective of our
study was to quantify this relationship in a cohort of dairy cattle with accurate
foot lesion records. A further objective was to screen for associations between
other selection indexes and claw horn lesions or lameness, to evaluate whether

selection on type traits could still be utilised to reduce lameness.
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6.2 Materials and methods

6.2.1 Study design and population

The study was conducted following ethical approval by the University of
Liverpool Research Ethics Committee (VREC269a, VREC466ab). A prospective,
cohort study on four dairy herds in the UK was designed to record foot lesions at
four time points during a lactation cycle. Herds were selected based on the
convenience and practicalities of frequent visits and data collection. Herds A to
C housed lactating cows all-year-round, milked cows three times daily and
recorded 305-day milk yields of approximately 11,000 - 11,500 L. Herd D housed
early lactation and high-yielding cows all-year-round and lower-yielding cows
were grazed during the summer; cows were milked twice daily and the 305-day
milk yield was approximately 9,000 L. Parous cows on all herds were routinely
foot-trimmed twice a year before drying off and 60 - 120 days after calving. On all
herds, lactating cows were regularly footbathed after milking. Herd A footbathed
cows three times a week with either copper sulphate or formalin; herd B
footbathed cows twice daily with formalin, herd C footbathed cows daily with
either copper sulphate or formalin and herd D footbathed three times a week with

formalin.

6.2.2 Data collection

A total of 2,352 Holstein cows which were expected to calve between April
and December 2019 were prospectively enrolled before calving with no additional
inclusion or exclusion criteria applied. Data were collected by qualified veterinary
surgeons during weekly or twice weekly visits to each herd from February 2019
to July 2020. Animals were assessed at four time points relative to their calving
date: before calving (mean: -55 days, standard deviation (SD): 18), immediately
after calving (mean: +5 days, SD: 3), in early lactation (mean: +84 days, SD: 14),
and finally in late lactation (mean: +200 days, SD: 31). Enrolments continued until
the final assessments in late lactation began, at which point additional
enrolments stopped as data collection at four time points simultaneously was

not feasible.
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All cows were mobility scored according to the AHDB system from 0
(sound) to 3 (severely lame) (Whay et al., 2003a; AHDB, 2020a). Cows were
restrained in a foot-trimming crush and, depending on the assessment time point
and the foot-trimming schedule in each herd, either functionally foot-trimmed or
lightly trimmed to allow visualisation of foot lesions. In either case, CHL on each
claw were recorded based on the ICAR claw health atlas (Egger-Danner et al.,
2020). Over 90% of foot lesion identification and recording were performed by a

single researcher.

All cows were genotyped and genetic indexes for cows and their sires were
provided by the AHDB in the form of genomic predicted transmitting abilities,
following calculation in the August 2021 national evaluation. In addition to the
Lameness Advantage index, the other genetic indexes available for analysis were:
Profitable Lifetime Index (EPLI), Lifespan, Type Merit, Digital Dermatitis, Feet and
Legs, Locomotion, Condition Score, Milk (kg), Fat (kg), Protein (kg), Fat (%),
Protein (%), Somatic Cell Count (SCC), Mammary, Mastitis, Fertility Index, TB
Advantage, Calf Survival, Maintenance, Stature, Chest Width, Body Depth,
Angularity, Rump Angle, Rump Width, Rear Leg Side View, Foot Angle, Fore Udder
Attachment, Rear Udder Height, Udder Support, Udder Depth, Front Teat
Placement, Rear Teat Placement, Teat Position Side, Temperament, and Milking

Speed.

6.2.3 Statistical analysis

Four independent outcomes were defined to reflect the susceptibility or
resistance of an animal to SH, SU, WL, or lameness. Animals which were affected
by a lesion or lameness at any time point were regarded as susceptible, and
animals which were unaffected at every assessment were regarded as resistant.
Therefore, repeated records from each animal were used to reduce
misclassification bias by increasing the robustness of a “resistant” classification.
Statistical analysis aimed to quantify the association between the four outcomes
and genetic indexes by fitting logistic regression models in a descriptive

capacity.
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Lameness data collected during the study were matched by cow ear tag or
herd book number to their published genetic indexes. Matched records were
available for 2,107 cows out of the 2,352 with lameness data. Descriptive and

statistical analyses were conducted in R (R Core Team, 2021).

Lesion records from all assessments were used to categorise cows as
either affected (i.e., susceptible) if the lesion had been present on any foot at any
time point during the study, or unaffected (i.e., resistant) if the lesion had been
absent throughout. At each assessment, cows were considered affected with SU
if there was any ulceration in the sole area of the foot; cows were considered
affected with SH if the haemorrhage was =2cm diameter or dark pink/purple;
cows were considered affected with WL if there had been discolouration or
separation of the white line which was still present after limited trimming.
Similarly, mobility scores from each time point were summarised by the
maximum recorded mobility score across the whole study period. This maximum
mobility score was dichotomised to indicate either the animal had always been
recorded as “non-lame” (maximum mobility score 0 or 1) or the animal had been
recorded as “lame” at least once (maximum mobility score 2 or 3). Finally, when
adjusting for the confounding effects of parity, the parity of each cow was
grouped into an ordinal variable (1 to 5) where the top level included the 5% parity

or greater.

The Pearson correlation coefficient between the Lameness Advantage
index and other genetic indexes was calculated. The unadjusted relationship
between Lameness Advantage index and period prevalence (Mahendran et al.,
2017) of CHL and lameness was calculated by binning the index, based on the
distribution within our dataset, into: <-2.0,>-2.0<-1.0,>-1.0=<-0.5, >-0.5 < +0.5,
>+0.5=<+1.0, > +1.0 < +2.0, and > +2.0. This relationship was further evaluated
after adjusting for the effects of herd and parity by fitting a multivariable logistic
regression model with herd, parity, and Lameness Advantage index as covariates;
herd and parity were included as categorical variables and Lameness Advantage
index as a continuous variable. The same model was fit to the four different

outcomes which categorised cows as unaffected/affected by SH, SU, WL, and

Page | 218



Chapter 6: Genetic selection indexes to reduce claw horn lesions

lameness as described above. The assumptions of logistic regression were
assessed using the performance package (Liidecke et al., 2021). Specifically, log-
linearity was assessed by inspecting scatter plots of the genetic index against
logit values; multicollinearity was assessed by calculating the variance inflation
factor for each explanatory variable, and residual distribution was assessed by
examining binned residual plots. The goodness of fit was assessed using the
Hosmer-Lemeshow test and the explanatory power of the model was assessed
by calculating the coefficient of discrimination (Tjur’'s R?) (Tjur, 2009). The model-
adjusted probabilities of each outcome for different values of the Lameness
Advantage index were calculated using the ggeffects package (Liidecke, 2018),
this was displayed for different herds whilst averaging the effect of parity, and for

different parities whilst averaging the effect of the herd.

The same approach of fitting multivariable logistic regression models to
each of the four outcomes was repeated using the sire Lameness Advantage
index in place of the animal’s index. The only change made to this model was to
reduce the parity variable to three levels to maintain adequate numbers of
observations per level, consequently, cows were considered as either first parity,
second parity, or third parity and greater. Finally, all other genetic indexes in the
dataset were screened for an association with one of the four outcomes by fitting
each one in turn in multivariable logistic regression models which also included
farm and parity (five levels) as before. Given the lower prior probability of finding
an association during this final part of the analysis, and the large number of
hypotheses tested for each outcome (36 genetic indexes), associations were
only considered statistically significant if the regression coefficient for the
genetic index had a P-value lower than 0.05 following Bonferroni correction (i.e.,
0.05/36). Therefore, the adjusted significance level for the association between
a genetic index, other than Lameness Advantage, and one of the four outcomes

was set at 0.0014.
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6.3 Results

Lameness data and genetic indexes were available for 2,107 cows,
representing 90% of the cows with lameness data. The reasons for missing
genetic index data were either genotyping failures or mismatches between
pedigree and genotyping information such as parental identification. A total of
1,818 cows could be matched to sires which had a published Lameness

Advantage index, resulting in 280 different sires in this dataset.

The parity distribution and period prevalence of lesions and lameness were
similar in the 2,352 cows with lameness data we had collected and the 2,107
cows with both lameness data and genetic indexes (Table 6.1). The mean
Lameness Advantage index was +0.5 (SD 1.1) and ranged from -3.1 to +4.4;
younger animals tended to have higher values than older animals (Table 6.2). The
reliability of the Lameness Advantage index, calculated in the validation step of
the genetic evaluations as the squared correlation between genomic merit and
average relative performance, ranged from 0.46 to 0.60 (mean 0.55, SD 0.03).
The mean Lameness Advantage index in sires represented in this dataset was
+1.0 (SD 1.9) and ranged from -5.8 to +6.3. In cows which had a Lameness
Advantage index value close to the genetic average (-0.5 to +0.5), the period
prevalence of SH, SU, WL, and lameness was 33.0%, 11.1%, 21.3%, and 23.5%
respectively. In all cases, there was a clear trend that cows with a lower value of
Lameness Advantage had a higher period prevalence of each outcome and vice
versa (Table 6.3).
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Table 6.1. Period prevalence of claw horn lesions and lameness in the whole
population of animals with lameness data and the final study population used for
analysis.

Whole study population with lesion records (N = 2,352)

N SH SU WL Lameness
1st 610 38.2% 4.6% 15.9% 6.1%
2nd 730 22.2% 4.0% 20.5% 14.7%
Parity 3 394 35.8% 12.4% 20.6% 27.0%
4t 315 43.2% 22.9% 26.0% 40.5%
5th 303 45.5% 30.4% 35.3% 51.2%

Population with lesion records and genetic indexes (N = 2,107)

N SH SU WL Lameness
18t 583 37.2% 4.5% 16.1% 6.0%
2nd 589 23.3% 4.8% 20.7% 14.6%
Parity 3d 362 34.8% 13.0% 20.2% 25.2%
4th 290 39.7% 23.1% 24.1% 38.1%
5th 283 44.5% 29.3% 35.3% 51.2%

SH: sole haemorrhage, SU: sole ulcer, WL: white line lesion; Lameness: mobility score 2 or
3
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Table 6.2. The average and distribution of Lameness Advantage index in female
animals by year of birth.

Lameness Advantage

Year of birth N

Mean (SD) Range
2007 - 2012 159 -0.44 (1.17) -2.88 — +2.21
2013-2014 415 -0.07 (1.17) -2.62 — +3.59
2015-2016 940 +0.61 (1.03) -3.10 - +3.72
2017-2018 593 +0.90 (0.84) -1.43 — +4.40

SD: standard deviation

Table 6.3. Unadjusted period prevalence of claw horn lesions and lameness for
ranges of Lameness Advantage index.

Lameness Advantage

index N SH SuU WL Lameness
<-20 39 48.7% 56.4% 59.0% 61.5%
>-2.0<-1.0 174 45.4% 23.0% 29.9% 42.5%
>-1.0<-0.5 187 44.4% 23.5% 20.9% 32.3%
>-0.5<+0.5 630 33.0% 11.1% 21.3% 23.5%
>+0.5<+1.0 364 33.5% 9.3% 17.3% 16.5%
>+1.0=<+2.0 554 30.9% 6.0% 20.0% 13.7%
>+2.0 159 24.5% 5.0% 23.3% 15.1%

SH: sole haemorrhage, SU: sole ulcer, WL: white line lesion; Lameness: mobility score 2 or 3
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The multivariable logistic regression models were intended to quantify the
relationship between the Lameness Advantage index and each outcome after
adjusting for the effects of parity and herd. There were no violations in the
assumptions regarding log-linearity, multicollinearity, and residual distributions.
In all models, the Hosmer-Lemeshow test statistic was not statistically
significant (P > .05) indicating an acceptable fit to the data. The explanatory
power of each model was generally low, the coefficients of discrimination (Tjur’s
R?) were 0.07, 0.11, 0.04, and 0.15 for SH, SU, WL, and lameness, respectively.
The odds ratios (95% confidence intervals (Cl)) for the Lameness Advantage
index were 0.79 (95% CI1 0.72-0.86), 0.68 (95% CI 0.59 - 0.78), 0.94 (95% Cl 0.84
- 1.04), and 0.82 (95% CI 0.74 - 91) for SH, SU, WL, and lameness, respectively
(Table 6.4). Model-adjusted probabilities were calculated and indicated an
average relative risk increase between a Lameness Advantage index of -1
compared to +1 of 29% (absolute risk increase (ARI) 12%), 100% (ARI 10%), 12%
(ARI 3%), and 33% (ARI 7%) for SH, SU, WL, and lameness, respectively.
Subsequently, model-adjusted probabilities of each outcome were displayed for
each herd after averaging the effect of parity (Figure 6.1), and for each parity
after averaging the effect of the herd (Figure 6.2).
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Table 6.4. Multivariable logistic regression for claw horn lesion presence or lameness based on mobility score using the animal’s own

Lameness Advantage index (N = 2,107).

SH SuU WL Lameness
OR  95%Cl P OR  95%Cl P OR  95%Cl P OR  95%Cl P

kzr;‘aenrl‘;zz (animal) 079 072-086 <001 068 059-078 <001 094 084-104 210 082 074-091 <001
Parity 1 Reference

2 041 031-053 <001 096 055-1.68 .889 1.24 091-168 .170 272 1.81-416 <.001

3 073 055-097 .032 288 173-487 <001 1.30 091-184 .143 505 3.34-7.80 <.001

4 084 062-115 284 491 299-824 <001 159 1.10-229 .012 849 557-1321 <001

>5 096 070-132 .802 610 3.70-10.29 <001 272 1.90-3.89 <001 13.85 9.05-21.66 <.001
Herd A Reference

B 030 019-048 <001 036 019-071 .002 032 020-051 <001 085 047-1.64 .618

C 068 041-111 123 035 017-073 .004 053 032-088 .014 057 030-1.14 .098

D 077 072-086 <001 026 059-078 .001 027 0.15-048 <001 077 0.39-1.55 .470

The intercept (standard error) for each model was: SH: 0.65 (0.24); SU: -1.80 (0.36); WL: -0.58 (0.25), and Lameness: -2.39 (0.34).

OR: Odds ratio, Cl: confidence interval; SH: sole haemorrhage, SU: sole ulcer, WL: white line lesion; Lameness: mobility score 2 or 3.
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Figure 6.1. The model-adjusted probabilities of sole haemorrhage (SH), sole ulcer (SU), white line lesion (WL) and lameness based on
mobility score (Lameness). The probability of each outcome is displayed against the animal’'s Lameness Advantage genetic index for
each herd using the average effect of parity.
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Figure 6.2. The model-adjusted probabilities of sole haemorrhage (SH), sole ulcer (SU), white line lesion (WL) and lameness based on
mobility score (Lameness). The probability of each outcome is displayed against the animal's Lameness Advantage genetic index for
each parity using the average effect of the herd.
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The results of the multivariable logistic regression models which

included the sire’s Lameness Advantage index in place of the animal’s index
are presented in Table 6.5. Except for WL, there was a generally weaker effect
of the sire’s Lameness Advantage index compared to the animal's index,

although 95% confidence intervals overlapped.

The correlation between all published genetic indexes was calculated.
Only three indexes had a Pearson correlation coefficient with Lameness
Advantage greater than 0.4: Digital Dermatitis, £PLI and Lifespan. Correlations
between all genetic indexes are provided as supplementary materials
(Supplementary Table 6.1), but of note was the low and positive correlation (r
0.09,95% CI 0.04 — 0.13) between Lameness Advantage and the genetic index
for milk production. All remaining genetic indexes were screened for an
association with one of the four outcomes after adjusting for the effect of farm
and parity (Supplementary Table 6.2). Genetic indexes which had a
statistically significant association after adjusting for multiple testing

(significance level: 0.0014) are presented in Table 6.6.
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Table 6.5. Multivariable logistic regression for claw horn lesion presence or lameness based on mobility score using the Lameness

Advantage index of the sire of each animal (N = 1,818).

SH SuU WL Lameness
OR  95%Cl 2 OR  95%Cl P OR  95%Cl P OR  95%Cl P

szaen"tzzz (sire) 090 0.84-095 <001 082 075-088 <001 091 085-097 .003 089 083-094 <001
Parity 1 Reference

2 0.43 035-057 <001 104 058-184 906 135 097-188 .076 281 1.83-441 <001

>3 093 073-1.19 .570 506 3.28-814 <001 1.86 1.39-252 <001 921 6.31-13.86 <.001
Herd A Reference

B 0.31 019-050 <001 035 019-070 .002 032 020-052 <001 084 046-1.60 .570

C 073 0.44-122 232 034 017-072 .004 048 028-081 .006 0.53 027-1.06 .063

D 093 052-1.66 .804 021 008-053 .001 032 017-060 <001 0.58 027-129 .175

The intercept (standard error) for each model was: SH: 0.60 (0.25); SU: -1.73 (0.35); WL: -0.52 (0.25), and Lameness: -2.33 (0.35).

OR: Odds ratio, Cl: confidence interval; SH: sole haemorrhage, SU: sole ulcer, WL: white line lesion; Lameness: mobility score 2 or 3
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Table 6.6. Multivariable logistic regression screening for associations between
all genetic indexes and claw horn lesion presence or lameness (N = 2,107).
Results are presented as the odds ratio and 95% confidence interval for the
genetic index, adjusted for parity and herd. Only genetic indexes with at least one
association which was statistically significant at the adjusted significance level

of 0.0074 are presented, denoted with ™.

OR (95% CI) from multivariable model including parity and herd

SH SuU WL Lameness
Angularit 1.066 1.188 1.031 1.316"

9 y (0.947 -1.201) (0.990 - 1.429) (0.900-1.181) (1.138 - 1.525)
Digital 0.584" 0.490" 0.978 0.606
dermatitis (0.453 -0.751) (0.345-0.693) (0.739 - 1.295) (0.455-10.807)
Fertility 0.977 0.958 0.987 0.957*
index (0.958 - 0.997) (0.931-0.986) (0.965-1.009) (0.935-0.980)
Legs and 1.031 1.081 1.043 0.753"

Feet (0.896 - 1.187) (0.879 -1.331) (0.890 - 1.224) (0.637 - 0.889)
Lifespan 0.999 0.996 1.001 0.994"
P (0.996 - 1.001) (0.993 -0.999) (0.998 - 1.004) (0.991 -0.997)
Locomotion 1.084 1.137 1.075 0.751"
(0.943 - 1.246) (0.927 -1.395) (0.919-1.259) (0.636 —0.885)
ePL 1.000 0.998 1.000 0.998"
(0.999 - 1.000) (0.997 - 1.000) (0.999 - 1.001) (0.997 - 0.999)
sce 1.017 1.040 1.003 1.026

(1.003 - 1.031)

(1.018 - 1.062)

(0.987 - 1.018)

(1.009 - 1.044)

OR: Odds ratio; CI: confidence interval; SH: sole haemorrhage, SU: sole ulcer, WL: white line
lesion; Lameness: mobility score 2 or 3; £PLI: Profitable Lifetime Index, SCC: Somatic Cell
Count
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6.4 Discussion

6.4.1 Key results

Our primary objective was to evaluate the Lameness Advantage genetic
index with respect to claw horn lesion development in a cohort of dairy cows. The
Lameness Advantage index is calculated from national genetic evaluations and
primarily determined by an animal’s genotype, with additional information from
the animal's pedigree, farmer-recorded lameness events, and breed society
classifying results. As the foot lesions and mobility scores recorded during our
study were independent of the Lameness Advantage index calculation, we used

these records to independently assess this genetic index.

Our results showed the Lameness Advantage index was associated with
CHL development and lameness; for every one-point increase in Lameness
Advantage, there were reduced odds of an animal having SH, SU, or lameness
during our study. We observed a similar, but generally weaker, trend using the
sire’s index in place of the animal's index. It should be noted that as 95%
confidence intervals overlapped between the odds ratios of an animal’s own and
animal’s sire Lameness Advantage index, our results are also compatible with
the Lameness Advantage index of both animal and sire having equivalent effects,
although this is less likely. The strength of association between Lameness
Advantage and CHL, using either the animal’s index or the sire’s, followed the
general trend in heritability estimates of CHL, where SU is typically reported to
have the highest heritability and WL the lowest (Heringstad et al., 2018). These
results highlight the potential of genetic selection on the Lameness Advantage
index to complement strategies to reduce the incidence of SH and SU in UK dairy
herds.

6.4.2 Interpretation

In this study, the odds of SU decreased by 32% for every one-point increase
in the Lameness Advantage index (OR 0.68, 95% Cl 0.59 - 0.78), after adjusting
for the effects of parity and herd (Table 6.4); the odds of SU decreased by 18%
(OR 0.82, 95% CI 0.75 - 0.88) when the sire Lameness Advantage index was

assessed in the same way (Table 6.5). For context, a recent study reported a 20%

Page | 230



Chapter 6: Genetic selection indexes to reduce claw horn lesions

reduction in odds of a SU in cows which had been preventatively foot-trimmed
before drying-off (Thomsen et al., 2019). Preventive foot-trimming is widely
considered a key part of SU prevention, so on the strength of the association
between SU and the Lameness Advantage index, we believe it is advisable to also
include genetic selection as part of SU prevention programmes. Furthermore, one
of the major barriers to lameness control is often cited to be the cost of
interventions (Leach et al., 2010; Bruijnis et al., 2013; Bennett et al., 2014; Dutton-
Regester et al., 2019). However, the direct costs of selecting on a genetic index,
particularly from a bull proof as opposed to an animal’'s own genotype, are
negligible in comparison to other interventions which often include re-designing

housing or increasing foot-trimming frequency.

The magnitude of the potential reduction in SU incidence that could be
achieved through genetic selection could result in a substantial improvement in
both animal welfare and farm efficiency. From an animal welfare perspective, SU
are recognised as one of the major causes of lameness in dairy cattle, a condition
which is painful and highly representative of their welfare (Whay et al., 1997,
2003b; Whay and Shearer, 2017). Additionally, this reduction in SU could have an
economic benefit with every case of SU costing farmers between $232 and $622

depending on the severity of the lesion (Charfeddine and Pérez-Cabal, 2017).

All animals in our study had been genotyped and we observed the strongest
associations between an animal’'s own Lameness Advantage index and the odds
of SU development. Genomic testing and selection of females have risen over
recent years (VanRaden, 2020) and improved profitability can offset the costs of
genotyping (Weigel et al., 2012; Davenport et al.,, 2018), particularly when
combined with breeding programmes which use sexed or beef semen (Hjortg et
al., 2015; Garcia-Ruiz et al., 2016; Thomasen et al., 2016; Newton et al., 2018;
Clasen et al., 2021). The results of this study indicate an additional financial
return from the genomic selection of heifers may include the reduction in SU
incidence, and this could be realised, at least in part, during the first lactation. As
genetic gains are slow, farmers can be reluctant to engage with genetic selection

for lameness reduction (Bruijnis et al., 2013; Nielsen et al., 2014); therefore the
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reduced chance of SU development within the first lactation could present a

compelling incentive to consider this approach.

The relationship between Lameness Advantage and SU frequency appeared
to be strongest in older cows (Figure 6.2). Our interpretation of this trend is that
genetic resistance to SU may become increasingly important in older cows
because the risk of CHL development increases cumulatively with age (Sanders
et al., 2009; Newsome et al., 2016). Therefore, as there is a drive to increase the
longevity of dairy cows (Boulton et al., 2017; Grandl et al., 2019), breeding cows

with good genetic merit for lameness is a clear priority.

Genetic selection requires accurate selection indexes to be available and in
turn, genetic selection indexes are reliant on phenotype accuracy. The Lameness
Advantage index utilises farmer-recorded lameness to allow more direct
selection for lameness reduction than through conformation traits alone
(Pritchard et al., 2013), however, the recording of lameness in farm records has
repeatedly been highlighted to be poorer than other health conditions (Zwald et
al., 2004; Pritchard et al., 2013; Parker Gaddis et al., 2014). Despite the promising
results we observed, we still believe it is important to encourage better recording
of lameness on farms to provide useful phenotypes for national genetic
evaluations. In the future, direct lesion traits, such as foot-trimming records, may
be available for genetic evaluations, as they are in other countries (Stoop et al.,
2010; Haggman and Juga, 2013; Malchiodi et al., 2020), and ultimately this is
likely to be the approach which maximises genetic improvements to reduce

lameness (Egger-Danner et al., 2014).

We observed associations between genetic indexes other than Lameness
Advantage and the development of CHL or lameness. There were associations
between lameness and Fertility Index, Lifespan, and £PLI, and likewise between
SCC index and SU development. However, despite the low P-values, the
magnitude of these associations was negligible, and we do not consider these
results to be of particular importance. It is worth noting, however, the lack of
association between £PLI and CHL development. Therefore, although Lameness

Advantage is included in the £PLI, selection on £PLI alone is unlikely to result in
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reductions in CHL incidence. Of the top ten Holstein bulls for £PLI listed on the
AHDB website in November 2021 (Anon), four have a Lameness Advantage index
greater than +2.0 so it is possible to select for both high £PLI and good Lameness
Advantage; this is the approach we would advise to farms looking to use breeding
decisions as part of lameness reduction programmes. Having said that, the
correlations between Lameness Advantage and production indexes were low and
positive, indicating that selecting on Lameness Advantage alone does not risk

sacrificing productivity.

Lameness, as determined by mobility scoring, was associated with three
genetic indexes other than Lameness Advantage: Angularity (OR 1.32, 95% CI
1.14 - 1.53), Legs and Feet (OR 0.75, 95% CI 0.64 — 0.89), and Locomotion (OR
0.75, 95% CI 0.64 - 0.89). Angularity, also called “dairy form”, refers to the
openness between ribs and is recognised to correlate with body condition (higher
angularity is associated with lower body condition) and locomotion (Battagin et
al., 2013), therefore this association seems plausible. The Feet and Legs index
includes Locomotion, in addition to other linear conformation traits, and
unsurprisingly these two genetic indexes are highly correlated with each other
(Supplementary Table 6.1). The association between these three genetic indexes
and lameness, but not CHL development, could be explained by an association
with foot lesions other than CHL, which we did not evaluate in this study, or these
genetic indexes could relate more closely to gait than the development of painful
foot lesions. The absence of an association with CHL development suggests that
although selecting on type traits such as Angularity, Legs and Feet, and
Locomotion may reduce the prevalence of visibly lame cows, it is unlikely to
reduce the incidence of CHL. A study which compared farmers’ stated
preferences for genetic selection with actual selection practices reported that
although farmers reported health traits to be the most important, selection on
these traits was less frequent, and the opposite effect was observed for type
traits (Paakala et al., 2020). Our data indicate that type traits alone will not be as
effective at reducing CHL frequency and this result, alongside the validation of
the Lameness Advantage index, should be communicated to farmers wishing to

breed for reduced lameness.
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We observed a strong and unexpected association between the Digital
Dermatitis genetic index and SH and SU development. This result warrants
further investigation. The most straightforward explanation for this result would
be if SH and SU are highly genetically correlated with digital dermatitis; however,
previously reported genetic correlations have ranged from -0.15 to 0.12 for digital
dermatitis and SH and from -0.19 to 0.56 for digital dermatitis and SU (Heringstad
et al, 2018). Although the standard errors of previous genetic correlation
estimates are large, the magnitude of these correlations suggests this
explanation of our results is unlikely. Furthermore, the highest positive correlation
reported of 0.56 (Koenig et al., 2005) is an outlier among previous studies with
the next highest correlation reported to be 0.15 (van der Linde et al., 2010), and
the genetic correlation between digital dermatitis and SH and SU is frequently
reported to be negative (van der Waaij et al., 2005; Buch et al., 2011; Malchiodi et
al., 2020) making it harder to accept this as an explanation for the association

we observed in our study.

Digital dermatitis may be a risk factor for SH and SU in the absence of a
shared genetic background. For this mechanism to exist, the digital dermatitis
index must first have a strong association with digital dermatitis development,
and a preliminary analysis of our data indicates that this could be the case (data
not shown). However, it would then be necessary for digital dermatitis
development to substantially increase the risk of SH and SU development, which
previous studies have not identified, although analysis of sufficiently longitudinal
and detailed foot lesion data is lacking. It is therefore theoretically possible that
digital dermatitis in younger animals, such that it is identified during breed society
classification, increases the risk of the animal subsequently developing SH or SU;
but there are reasons to be sceptical about this hypothesis including the low rates
of concurrent digital dermatitis and SH or SU reported (van der Waaij et al., 2005;
van der Spek et al., 2013; Malchiodi et al., 2017) and the implausibly high
attributable risk required for this mechanism to hold. We consider it more likely,
therefore, that SH and SU may be conditionally associated with digital dermatitis
via an unknown factor which has an association with both digital dermatitis and
SH and SU, but is only genetically correlated with digital dermatitis.
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6.4.3 Limitations

As only four herds were included in this study, the applicability of the results
to other herds requires careful interpretation (further discussed in the
“Generalisability” section). Genetic indexes were only available for 90% of cows
with CHL and mobility score records and although the genetic merit of the
missing animals is unknown, the distribution of lesion prevalence across parities
appeared to be similar with and without these animals (Table 6.1). This study
analysed the relationship between the Lameness Advantage index and the risk of
CHL or lameness development during a single lactation. It, therefore, does not
relate to the performance of an animal over its entire lifetime which would be a
more appropriate phenotype to fully assess the influence of genetic merit, but
one that is logistically much more challenging to obtain. Equally, although the
accuracy of our phenotypes was improved by using repeated records for each
animal, it is still possible that lesions could have been missed if they occurred
transiently between assessment time points. Multivariable models were
designed to be descriptive and therefore not evaluated as predictive models. We
would expect the predictive performance of these models to be poor, as
suggested by the low coefficients of discrimination; this is because it would be
unlikely that a genetic index could predict the phenotype when the heritability
estimates of these lesions suggest that the majority of phenotypic variance is not

due to genetics (Heringstad et al., 2018).

6.4.4 Generalisability

Generalisability from a study which only includes four herds is limited,
however, we discuss relevant details of the study herds to allow interpretation of
the potential applicability of these results to other herds. This study included four
dairy herds which were all commercially run with operating practices common to
many British dairy farms, but could not be considered representative of the full
spectrum of dairy farms. Within these four herds, three were operating relatively
intensive systems of zero-grazing and three times a day milking. In a recent
survey of 53 randomly selected dairy herds in the UK, 36% housed milking cows

all year round (Thompson et al., 2020). A survey of 863 dairy herds in 2012, also
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in the UK, reported that 23% of herds housed early lactation and high-yielding
groups all year round (March et al., 2014). We did not observe any differences in
trends between the three farms which housed all milking cows and the remaining
herd which was managed with a combination of housed and grazed groups
(Figure 6.1).

The overall period prevalence of lame cows (Mahendran et al., 2017), based
on repeated mobility scores throughout this project, ranged from 18.5% to 33.3%
across the four herds; the mean point prevalence of lameness from all time
points ranged from 6% to 11.8% across the four herds (data not shown). Recent
cross-sectional studies in the UK reported that herd lameness prevalence ranged
from 6% to 65%; this suggests the four herds in our study had a lower prevalence
of lameness compared to many dairy herds in the UK (Griffiths et al., 2018;
Randall et al., 2019). The prevalence of CHL has historically only been reported
for lame animals or from foot-trimming records. Therefore, previous reports may
not have areliable numerator, due to under-reporting of mild lesions, or a reliable
denominator, due to over-representation of lame cows. In studies using foot-
trimming records, the prevalence of CHL has been reported to range from 5 -
59% for SH, 5 — 19% for SU, and 4 — 18% for WL (Manske et al., 2002b; Koenig et
al., 2005; van der Waaij et al., 2005; Capion et al., 2008; van der Linde et al., 2010;
van der Spek et al., 2013; Croué et al., 2017; Malchiodi et al., 2017). It is therefore
possible that our study had a population of cows with an unusually high
prevalence of CHL despite an average or below average prevalence of lame
cows. However, we think this is unlikely and would consider our results to
accurately represent the true frequency of CHL in these herds as foot lesions
were recorded at repeated time points in cows assessed specifically for this

purpose.
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6.5 Conclusions

The results of this study highlight the potential of the Lameness Advantage
genetic index to facilitate breeding cows with better resistance to lameness. We
found differences in the frequency of claw horn lesions and lameness in cattle
associated with this index, particularly for sole haemorrhage and sole ulcers. In
comparable populations, genetic selection on the Lameness Advantage index is
likely to translate to a reduced risk of cows developing sole haemorrhage and
sole ulcers, although we would expect the greatest reductions to occur through

a combination of genetic selection and husbandry-based improvements.
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Chapter 7: General discussion and future research

Lameness is a threat to the sustainability of dairy farming (European Food
Safety Authority (EFSA), 2009) and there is little indication that the number of
lame dairy cows in the United Kingdom (UK) is decreasing (Afonso et al., 2020).
Claw horn lesions (CHL) are a major cause of lameness in dairy cows (Murray et
al., 1996). Due to the risk of recurrence with CHL (Hirst et al., 2002; Oikonomou
et al, 2013; Newsome et al., 2016), prevention of first cases is particularly
important but this is hindered by an incomplete understanding of the

aetiopathogenesis (Huxley, 2012).

This thesis aimed to explore the aetiopathogenesis of CHL, with a specific
focus on genetic and metabolic aspects. To address this, data were collected in
a prospective, longitudinal study of around 2,300 Holstein cows. The most
important, and ambitious, part of this study was the collection of comprehensive
foot lesion records at repeated time points during a production cycle, including
times when cows’ feet would not otherwise have been examined, such as in the
week after calving. The nature of these foot lesion data facilitated genetic
analyses of accurate CHL phenotypes and novel traits such as the recovery of
severe sole lesions, in addition to the characterisation of the genetic relationship
between CHL and digital cushion thickness (DCT). This dataset also supported
metabolomic analyses relating to sole lesion development, enabling strict criteria
for claw health to be applied when selecting control animals. Finally, existing
genetic indexes were evaluated for the potential to reduce CHL through selective
breeding, using robust, lesion-specific case definitions of healthy and affected

animals.

7.1 Breeding for reduced claw horn lesions

In Chapter 2, the heritability of sole haemorrhage (SH), sole ulcers (SU) and
white line lesions (WL) were estimated to be higher than reported in many
previous studies (Heringstad et al., 2018), particularly for sole lesions (SH and
SU). This finding could be due to various aspects of the study design which

minimised residual variance. The heritability estimates of sole lesions had a
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similar magnitude to the reported heritability of many production traits, and a
greater magnitude than most linear type traits (Pryce et al., 20003; Berry et al.,
2004; Oliveira Junior et al., 2021). Although the heritability estimates of sole
lesions are not directly comparable to other traits and may not generalise to other
populations (Visscher et al., 2008; Tenesa and Haley, 2013), this context is useful

to communicate the capability of selective breeding to reduce SH and SU.

The heritability estimates of WL were lower than those for sole lesions, but
this does not preclude effective genetic selection (Berry et al., 2019). Genetic
progress can be achieved despite a low heritability, particularly given the large
volume of phenotype data used in genetic evaluations (which improve the
selection accuracy), as well as the increased accuracy and reduced generation
interval which is achievable with genomic testing (Garcia-Ruiz et al., 2016; Berry
et al., 2019; Coffey, 2020). This is evident in the improved reproduction observed
in dairy herds which can be attributed to genetic selection (Coleman et al., 2009);
all female fertility traits have a lower or similar estimated heritability to CHL (Berry
et al.,, 2014). Therefore, if appropriate genetic indexes are available, dairy cows

could be bred for increased resistance to SH, SU, and WL.

Direct traits such as foot lesion data are the most effective way to reduce
CHL with genetic selection (van der Linde et al., 2010; Hdggman and Juga, 2013;
Egger-Danner et al., 2014). A centralised dataset of foot lesions could be used for
genetic evaluations in the UK, as it is in other countries, as well as providing
phenotypes for research (Croué et al., 2017; Malchiodi et al., 2017; Ring et al.,
2018). Developing the infrastructure to collate foot-trimming data would be

hugely beneficial for the UK dairy industry.

The lack of direct genetic indexes for CHL in the UK could limit opportunities
to make use of the genetic variance of CHL in breeding strategies. In Chapter 6,
the effectiveness of the current selection index for improved lameness
resistance (Lameness Advantage) was evaluated. Although this index is based
on farm records of lameness, so it is not specific to CHL and uses data which
may be of limited accuracy (Pritchard et al., 2013), it was significantly associated

with the chance of animals having SH and SU. This result suggests currently
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available genetic indexes could be used in breeding programmes to strengthen
husbandry-based initiatives to reduce CHL. The challenge now is to
communicate this to those involved in breeding decisions, as well as those
working to reduce lameness in dairy cattle. To support this communication, a
useful follow-up study would be to use stochastic modelling to simulate genetic
selection (Raphaka et al., 2018), which could quantify the likely effect on CHL

incidence from selection on the Lameness Advantage index.

Sceptics may understandably argue that the potential effectiveness of the
Lameness Advantage index shown in Chapter 6 requires replication in a wider
and more varied population. Although this would be an important addition to this
area of research, considerable resources were required to collect data for this
project, and this could be prohibitive for similar follow-up studies. A compromise
would be to collate professional foot-trimming records from a diverse range of
dairy herds, along with nationally evaluated breeding values for the study
population. This would likely be sufficient to evaluate the Lameness Advantage
index and determine the replicability of the results reported in Chapter 6. Foot
lesions with relatively clear case definitions, such as SU, should be recorded
accurately enough in foot-trimming datasets to be used as the outcome in this
type of analysis. Recording of SH is likely to be more variable in foot-trimming
records. Although this should not be accepted as an immutable fact, the genetic
correlation between SH and SU estimated in Chapter 2 was strongly positive, so
for practical purposes, sole lesions could be regarded as a single genetic trait.
Ultimately, however, to undeniably demonstrate that selection on Lameness
Advantage can reduce CHL would require a long-term study comparing control

and selection lines (Veerkamp et al., 1994; de Paula Freitas et al., 2021).

Although the aetiopathogenesis of SH, SU, and WL are considered to be
broadly similar (Ossent and Lischer, 1998; Hoblet and Weiss, 2001; Shearer and
van Amstel, 2017), the genetic correlation between CHL estimated in Chapter 2
suggests WL may have a distinct, or at least partially distinct, genetic background
to sole lesions. Advice on the prevention of CHL is usually provided for CHL
collectively (Bicalho and Oikonomou, 2013; AHDB, 2018b; Newsome et al., 2019).
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Although this is a pragmatic approach, the epidemiological curve in lactation is
different for WL (Leach et al., 1997; Offer et al., 2000), and different risk factors
have been identified for WL compared to sole lesions (Sogstad et al., 2005; Barker
et al., 2009; Cramer et al., 2009; Sanders et al., 2009; Moreira et al., 2019). There
have been recent studies which suggest DCT has a weaker phenotypic
association with WL than sole lesions (Newsome et al., 2017b; Griffiths et al.,
2020), the estimated genetic correlations between sole lesions and DCT, and
between WL and DCT, support this distinction (Chapter 3). As the
aetiopathogenesis of WL could plausibly differ from sole lesions (Miilling, 2002),
and there appears to be a different genetic background to WL (Chapter 2), it
would be useful for future research to differentiate between WL and sole lesions,

especially when the role of the digital cushion is being assessed.

Ideally, research into CHL aetiopathogenesis should be based on foot lesion
records which have been collected from the whole study population, so that
lesion-specific (i.e., aetiopathogenesis-specific) risk factors can be determined.
Lifting cows'’ feet to record foot lesions is undoubtedly the most labour-intensive
part of lameness research, therefore a frequently adopted compromise is to
record foot lesions in lame animals. Locomotion scoring to detect painful foot
lesions has a sensitivity of around 0.67 (Bicalho et al., 2007a), therefore this
approach has limitations and is likely to miss mild CHL which may only cause
small changes in locomotion (Tadich et al., 2010; Blackie et al., 2013). In the
future, this methodology could be improved with automated lameness detection,
such as video analysis, to monitor for subtle changes in gait or posture (Abdul
Jabbar et al., 2017; Kang et al., 2020; Piette et al., 2020). This technology is still
being refined and needs validation against foot lesions and not just locomotion
scores, but it has the potential to be more sensitive than manual locomotion
scoring, and it could be a valuable tool for lameness research. The uptake of
automated lameness detection systems is likely to increase on dairy farms as
practical aspects and costs improve (Van De Gucht et al., 2017, 2018). Automatic
lameness detection could also generate a valuable phenotype for future genetic
analysis which could ultimately lead to the development of a direct and accurate
lameness genetic index.
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7.2 Digital cushion thickness

Digital cushion thickness was analysed as a genetic trait in Chapter 3. Even
though DCT is heritable and negatively genetically correlated with sole lesions,
the scope for it to be a useful auxiliary trait to reduce sole lesion incidence is
limited by the difficulty, and therefore the expense, of recording. As the
phenotypic relationship between DCT and CHL is still not fully understood, it is
hard to advocate the recording of DCT in an intensively phenotyped reference
population (Pryce et al., 2012; Calus et al., 2013b; Coffey, 2020).

The digital cushion may have a structural role in CHL pathogenesis, or it
may change as a consequence of CHL development (Lischer et al., 2002b; Raber
et al., 2006; Bicalho et al., 2009; Machado et al., 2010; Newsome et al., 2017b).
The complicating influence of previous CHL on the DCT could be mitigated, at
least in part, by enrolling enough primiparous animals in a similar study to that
described in Chapter 3 to assess the phenotypic and genetic associations
between DCT and first lifetime cases of CHL. However, as CHL can develop in
nulliparous heifers (Vermunt and Greenough, 1996; Randall et al., 2016), and the
development of DCT is affected by the rearing environment (Gard et al., 2015), it
may be necessary to enrol an even younger cohort of animals to fully characterise

the relationship between DCT and CHL.

There are limitations to ultrasound measurements of the digital cushion in
terms of accuracy, repeatability, and relevance to functionality (Bach et al., 2021;
Wilson et al., 2021). However, the major advantage of ultrasonography is that
repeated measurements in live animals allow the evaluation of the temporal
relationship between DCT and CHL development (Newsome et al., 2017b;
Griffiths et al., 2020). More advanced imaging modalities, such as computed-
tomography scanning and magnetic resonance imaging, have been used with
post-mortem specimens to describe changes in distal phalanx and soft tissues
of the foot, and these findings have been linked to historic CHL records
(Newsome et al., 2016; Wilson et al., 2021). In the future, there may be
opportunities to apply these techniques to live animals so that the functional

anatomy of the foot can be assessed longitudinally as animals develop CHL. This
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could progress understanding of the aetiopathogenesis of CHL more than
ultrasonographic measurements of the digital cushion or cross-sectional studies

of cadavers.

7.3 Sole lesion recovery

The recovery of sole lesions appears to be a heritable trait (Chapter 4), but
this analysis used a relatively small study population so this result should be
interpreted cautiously pending corroboration by future research, as should the

minimal genetic correlation between sole lesion recovery and susceptibility.

One of the reasons for the small study population was the relatively low
incidence of severe sole lesions in the four herds used for this study. A meta-
analysis of UK studies found the pooled incidence rate of SU was 53 cases per
100 cow-years (Afonso et al., 2020), therefore it might be possible to select herds
with a higher incidence of SU in future studies. Alternatively, the collation of foot-
trimming records from trained foot-trimmers could provide a database large
enough for genetic analysis of SU recovery, however, the need for a reliable
follow-up after lesion diagnosis would make this challenging to assess.
Recurrence of SU within a single lactation may be difficult to determine from
routine foot-trimming records unless herds adopted protocols to ensure treated
cows were always re-assessed at a fixed time point. Recurrence of SU across
multiple lactations could be more easily assessed, for example, if cows were
routinely foot-trimmed in early lactation; but these data would likely be biased by
culling of animals with chronic or severe cases. Another option would be to
assess the survival following the diagnosis of SU. Longevity can be evaluated as
a genetic trait in dairy cattle using a proportional hazard model (Jamrozik et al.,
2008; Pritchard et al., 2013). The same approach, but with foot-trimming records
to filter the dataset to cows diagnosed with SU, could be utilised to determine the
genetic variance relating to the effectiveness of SU recovery in a larger study

population.

Sole lesion recovery and susceptibility did not appear to be strongly
genetically correlated, which has interesting implications for the genetic

background of sole lesion recovery. A follow-up to the study described in Chapter
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4 would be a genome-wide association (GWA) analysis of sole lesion recovery.
This would be a useful starting point to understand the genetic background of

this trait, but this is again dependent on the availability of a large enough dataset.

Techniques have been described to collect and analyse fluid from wounds
in humans (Trengove et al., 1996), and more recently in horses (Bundgaard et al.,
2016). The metabolome and proteome of wound fluid can be evaluated (Kalkhof
et al., 2014). If this approach could be adapted for SU in cattle, this may provide
insight into the inflammatory and metabolic processes involved in SU healing.
Histologic changes and gene expression have been assessed in biopsies of
wound tissue in horses (Jgrgensen et al., 2020), and this technique could also be
applied to SU in cattle. As debridement of claw lesions under regional
anaesthesia is advocated as part of treatment (Shearer et al., 2015), it could be
possible to biopsy SU lesions without impeding the natural healing process so

that recovery rates could be compared.

Biopsies of the corium through the dorsal wall of the hoof have been
described in cattle to obtain tissue for transcriptomic analysis (Osorio et al.,
2012, 2016). Understanding how gene expression in the corium differs between
healthy cows and cows with CHL could be a useful approach to investigating the
aetiopathogenesis and genetic background of CHL. However, taking corium
biopsies from healthy cows will impact tissues in the foot which could increase
future CHL risk, therefore this approach would only provide cross-sectional data.
In cows already affected with SU, the endpoint is the recovery, or lack of recovery,
of the lesion. Therefore, it may be possible to biopsy the corium of cows with SU

without expecting this to have a major influence on lesion healing.

7.4 Genome-wide association analysis of claw horn lesions

The only consistent conclusion from GWA studies of CHL traits over the
past 15 years is that a large number of loci control the genetic variation of these
lesions. The GWA analyses described in Chapter 2 for CHL and Chapter 3 for DCT,
support this conclusion, and although quantitative trait loci (QTL) were
highlighted, there was little direct replication of results from previous GWA

studies. Therefore, conclusions regarding candidate genes and the inferred
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biological background to these traits should be interpreted cautiously. The
natural follow-up to GWA studies is fine mapping of candidate genomic regions
to identify causal variants (Schaid et al., 2018), however, given the equivocality of

results from GWA studies of CHL, this may be overly speculative at this stage.

The major challenge with GWA studies of complex traits is achieving
sufficient study power to detect variants with small or weak effects on the
phenotype. Study power increases for more heritable traits (Shin and Lee, 2015),
therefore detecting QTL is likely to be more rewarding for SU compared to other
CHL. Four GWA studies of SU have already been published (van der Spek et al.,
2015; Croué et al., 2019; Sdnchez-Molano et al., 2019; Lai et al., 2021b), which
combined with the data from this thesis equates to around 1,200 cases of SU and
over 14,000 genotyped animals. Pooling data in a meta-analysis increases the
power of GWA analyses (Wang et al., 2019), and this could be worthwhile with

the current body of research.

False positive results are common in GWA studies (Platt et al., 2010), and
attempts to control false positives with corrections for multiple testing severely
limit study power, increasing the number of false negative results (Tam et al.,
2019). These factors both contribute to the lack of replicability in GWA analyses
of CHL. There is a lot of discussion relating to statistical methods to overcome
these issues, one such avenue may be through employing analytical approaches
to try and separate true signals from noise, such as automated variable selection,
bootstrapping, and permutation. These techniques were used with metabolomics
data in Chapter 5, and these principles have been applied to GWA analysis (Faye
et al., 2011; Papachristou et al., 2016; Yang et al., 2020). Statistical methods
which more reliably detect QTL from GWA studies are likely to be utilised in the

future.

Further work with the data from this thesis could include multi-trait GWA
analyses, which have been shown to be effective when applied to CHL (Lai et al.,
2021a). This methodology could be particularly interesting if phenotypes
reflecting potentially causal mechanisms, such as periparturient inflammation,

are analysed alongside CHL to highlight pleiotropic QTL. For example, early
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lactation mastitis has been phenotypically linked to SU development (Watson et
al., 2022), therefore a two-trait GWA analysis of clinical mastitis and SU might
detect genomic regions associated with both traits. Equally, so-called “deep
phenotypes” (Robinson, 2012), such as biomarkers of inflammation, could be
included in multi-trait GWA analysis alongside CHL traits. Combining genomic
and metabolomic analyses to characterise the genetic background of
metabolites in cattle, as has been conducted in humans (Kettunen et al., 2012;
Shin et al., 2014), would be a useful starting point to identify potential metabolic
phenotypes; these could then be explored for any genetic association with CHL

development.

7.5 Metabolomics

In Chapter 5, proton nuclear magnetic resonance ("H NMR) spectroscopy
was used to analyse serum before and after the development of sole lesions in
early lactation. Although there was not a strong relationship between the serum
metabolome and sole lesion development, metabolomic platforms have the
potential to be useful for research into CHL aetiopathogenesis. As discussed in
Chapter 5, future metabolomic studies of CHL could benefit from analyses of
multiple biofluids such as plasma and urine, as well as the use of other
metabolomic techniques such as mass spectroscopy. It is widely considered that
changes around calving are fundamental to the aetiopathogenesis of CHL,
whether this is laxity in the suspensory apparatus (Lischer et al., 2002b; Tarlton
et al.,, 2002), systemic inflammation (Watson et al., 2022; Wilson et al., 2022), or
behavioural and environmental changes (Webster, 2002; Proudfoot et al., 2010).
There is scope for the application of -omics technologies, such as metabolomics
and proteomics, to characterise the complex hormonal, inflammatory, and
metabolic changes around parturition. Linking these results to CHL development

in early lactation could provide valuable insights into CHL aetiopathogenesis.

The predictive capacity of the serum metabolome was greatest using
serum collected when SU were present, rather than prior to SU development. This
implies future metabolomics studies could have the most success in exploring

the role of metabolite profiles as a diagnostic tool, with the ultimate goal of
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identifying cows with CHL using biomarkers. This could support the early
detection and treatment of individual cows or allow herd-level screening to audit
lameness control. The convenience of collecting milk samples from dairy cattle
makes milk the most attractive biofluid for diagnostic testing. Metabolomic
analysis of milk with "TH NMR spectroscopy and mass spectroscopy highlighted
changes in the milk which could reliably differentiate between lame and non-lame
cows (Zwierzchowski et al., 2020), although there are limitations to this study
that temper the interpretation of these results. Mid-infrared spectroscopy of milk
has been evaluated as a tool to predict lameness in dairy cattle (Bonfatti et al.,
2020; Shahinfar et al., 2021). Although prediction accuracy was modest in these
studies, further research is needed in herds with a higher lameness prevalence.
Milk spectral data should also be evaluated for CHL, and even a moderate
prediction accuracy could still have practical benefits on farms struggling to
control lameness. Metabolomic studies could make a significant contribution to
improving the understanding of CHL aetiopathogenesis, and this will be an

interesting area of research to follow.

7.6 Conclusions

This thesis builds on the current understanding of the genetic background
of CHL by estimating the genetic parameters of these lesions and related traits
in a cohort of prospectively enrolled and accurately phenotyped Holstein cows.
The results of these analyses corroborate those of previous studies which
showed that SH, SU, and WL have a low to moderate heritability. The magnitude
of the heritability estimates for SH and SU susceptibility are particularly
encouraging for the success of breeding programmes to improve resistance to
these lesions. The genetic correlation between SH and SU was strong and
positive, implying that a correlated response would be expected through
selection on one of these lesions. Successful genetic selection for WL resistance
would require greater selection intensity, due to the lower heritability, and
selection on a specific WL trait due to the weaker and more variable genetic

correlation with SH and SU.

Page | 247



Chapter 7: General discussion

The thickness of the digital cushion is heritable and weakly negatively
genetically correlated with the severity of sole lesions (SH and SU), but not with
WL. Therefore, genetic selection to increase the DCT in a herd may result in less
severe sole lesions. The recovery from sole lesions also appears to be heritable
and only weakly genetically correlated to the overall susceptibility to sole lesions.
Therefore, it may be possible to breed cows which recover better from sole

lesions, but this trait would need to be evaluated directly.

The genetic background of CHL and DCT was highly polygenic, in
agreement with previous studies. Candidate genes relating to lipid metabolism
and inflammation were identified for CHL, and genes related to inflammation,
lipid metabolism and bone development were highlighted for DCT. Additionally,
the same candidate gene, KHDRBS3, was identified for both SU and DCT.

The metabolic background of sole lesions was explored with "TH NMR
spectroscopy. Analysis of the serum metabolome could not reliably discriminate
between animals based on the presence, or future development, of sole lesions,
however, extraneous variation between individual animals or from other
experimental sources may have masked any differences. A small number of
metabolites appeared to be associated with sole lesions, mainly with concurrent
SU in early lactation. Further investigation of the metabolic background of sole

lesions using metabolomic platforms would be useful.

Finally, the relationship between selection indexes in national genetic
evaluations and CHL were evaluated. The Lameness Advantage index was
significantly associated with SH and SU development and appears to be a
promising option to help breed resistance to these lesions. Genetic selection
alongside management and environmental changes should be considered as the

optimal approach to reducing CHL in dairy cattle.
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Chapter 5

Supplementary Table 5.1. Results of univariable analysis with Wilcoxon signed-
rank tests. Data were analysed in 17 prespecified subsets split by time point, parity,
and outcome definition; the control group in all cases were animals without sole
lesions, cases were either cases of sole new haemorrhage (New SH), cases of new
sole ulcers (New SU), those two groups combined (New SH/SU) or all cases of
sole ulcers (All SU). P-values were corrected for multiple testing within each subset

with a Bonferroni correction to (i.e. 0.05/number of variables).

Supplementary Table 5.2. Variable selection stability including the mean log (base
2) fold-change (Log2FC) and the baseline stability thresholds (Teg and Tioo,
equivalent to an expected 1% and 0% false positive rate, respectively). Data were
analysed in 17 prespecified subsets split by time point, parity, and outcome
definition; the control group in all cases were animals without sole lesions, cases
were either cases of sole new haemorrhage (New SH), cases of new sole ulcers
(New SU), those two groups combined (New SH/SU) or all cases of sole ulcers (All
SU).

Chapter 6

Supplementary Table 6.1. Pearson correlation between genetic indexes.

Supplementary Table 6.2. Multivariable logistic regression screening for
associations between all genetic indexes and claw horn lesion presence or
lameness (N = 2,107). Results are presented as the odds ratio and 95% confidence

interval for the genetic index, adjusted for parity and herd.
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