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Figure 1. Fully recursive model for three variables
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Summary

ZUSAMMENFASSUNG

Klauenerkrankungen stellen eine der groten Abgangsursachen fur Milchkihe aus dem
Produktionssystem dar. Aufgrund der sich oft anschlielienden Lahmheiten im Bestand gehen
die Futteraufnahme und damit nicht zuletzt auch die Milchleistung der betroffenen Tiere
zurlck. Diese indirekten Kosten werden durch die ebenfalls zurlickgehende Fruchtbarkeit
betroffener Tiere weiter erhoht. Hinzu kommen die direkten Kosten durch tierarztliche
Behandlungen, Medikamentengaben und einen héheren Pflegebedarf der lahmenden Tiere.
Eine der haufigsten Erkrankungen in diesem Bereich mit weltweitem Vorkommen ist Dermatitis
digitalis, meist besser als Mortellaro’sche Erkrankung bekannt. Bei Dermatitis digitalis (DD)
handelt es sich um eine multifaktorielle Erkrankung, bei welcher sowohl die Haltungsumwelt
als auch die Genetik der Tiere eine Rolle spielt. So wurden in den vergangenen Jahren bereits
einige Studien zur Aufklarung der genetischen Hintergriinde von Klauenerkrankungen im
Allgemeinen und fur DD im Speziellen publiziert. In diesem Zusammenhang wurden Genom-
weite Assoziationsstudien (GWAS) durchgefiihrt und bereits potentielle Kandidatengene, die
in Verbindung mit Klauenerkrankungen stehen kdonnten, annotiert. Was jedoch bisher unklar
blieb, ist die Frage wie spezifische Umweltbedingungen auf die Schatzung von
Varianzkomponenten und GWAS einwirken. Gerade die klimatischen Bedingungen haben sich
in den letzten Jahren verandert und werden auch zukinftig einen immer gréReren Einfluss auf
Produktivitdt und Wohlbefinden der Rinder haben. Ein bereits wissenschaftlich erprobtes Tool
stellt in diesem Zusammenhang der Temperatur-Luftfeuchtigkeit Index (THI) dar. So beginnt
fur Rinder der Hitzestress (HS) ab einem THI > 68. Durch die breite Datenverfiigbarkeit von
Wetterstationen in der Nahe von Betrieben kann so ein entsprechendes Management erfolgen.
Um hier mdgliche Zusammenhdnge mit der Klauengesundheit identifizieren zu kénnen,
wurden im ersten Teil dieser Studie Single-nucleotide polymorphism (SNP) x Hitzestress (HS)
Interaktionen fur Klauenerkrankungen analysiert. Hierbei zeigte sich das bestimmte SNPs und
deren annotierten Kandidatengene nur unter HS oder thermoneutralen Bedingungen von
Bedeutung waren. Im zweiten Teil dieser Studie wurde der Aspekt Interaktionseffekte
nochmals aufgegriffen. Hier wurden fur drei gebildete DD-Merkmale in den Haltungssystemen
Liegeboxenlaufstall und Kompostierungsstall, SNP x Haltungssystem Interaktionen geschéatzt.
Hier zeigten sich allerdings sehr ahnliche genetische Parameter fir dieselben Merkmale in
verschiedenen Umwelten, sowie vernachlassigbare Genotyp x Haltungssystem Interaktionen.
Dies deutet daraufhin, dass das Haltungssystem nur geringe Auswirkungen auf die
genetischen Hintergriinde einer DD-Erkrankung hat. Da die Rinderhaltung sich zum einen auf
die negativen Folgen der Klimaveranderungen einstellen muss, zum anderen als
Mitverursacher des Klimawandels genannt wird, sollten sich auch diese Aspekte im

Studiendesign wieder finden. Daher wurden zum einen Klimaeinflisse (Windgeschwindigkeit,
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Temperatur und Luftfeuchte) erfasst, zum anderen auch die Emissionen von Ammoniak,
Distickstoffmonoxid, Kohlenstoffdioxid und Methan im Stall gemessen. Hierfir erfolgte der Bau
eines eigenen "Klimagasmesswagens". Dieser ermdglichte es die Klimaeinflisse, sowie die
Emissionen zeitgleich an verschieden Bereichen im Stallgebaude zu erfassen. Im dritten Teil
dieser Studie sollten die Effekte der Haltungsumwelt, Kuh-Phanotypen und Genomik in einen
Ubergeordneten Gesamtzusammenhang gebracht werden. Dieser Ansatz wurde in der
Tierzucht bisher sehr selten und mit Bezug auf eine DD-Erkrankung noch gar nicht verfolgt.
Fir diesen Losungsweg stellte man Strukturgleichungsmodelle (SEM) auf. Diese Modelle
kénnen sowohl messbare als auch nicht messbare Variablen in die Analysen mit einbeziehen
und fanden bisher meist in der Psychologie Anwendung. In dieser Studie ermdéglichen die
aufgestellten Modelle die simultane Berucksichtigung von Umwelt- und Genetik-Effekten. Die
SEM dieser Studie zeigten, dass die Haltungsumwelt einen gréReren Einfluss auf eine DD-
Erkrankung, als beispielsweise genetische Parameter hat. Zusammenfassend lasst sich
feststellen, dass die in dieser Studie gemachten Erkenntnisse dazu beitragen, die genetischen
Hintergrinde von Klauenerkrankungen im Allgemeinen und von DD im Speziellen besser
verstehen zu kdnnen. Ebenfalls leisten die gemachten Erkenntnisse einen wichtigen Beitrag

zum besseren Verstandnis und zur weiteren Aufklarung von Genotyp-Umwelt-Interaktionen.

Um in das Thema der Dissertation allgemein einzuleiten, wird in Kapitel 1 die Erkrankung DD
naher beleuchtet. Hierbei wird zum einen auf das allgemeine Krankheitsgeschehen mit Klinik,
Therapie und Pravention eingegangen, zum anderen werden aber auch wirtschaftliche
Aspekte und die Vielschichtigkeit mdglicher Erkrankungsursachen genannt. Im weiteren
Verlauf geht es um die Haltungssysteme konventioneller Liegeboxenlaufstall und
Kompostierungsstall. Das Kapitel endet mit verschiedenen Mdglichkeiten der Modellierung

und den bisherigen Erkenntnissen zur Zucht auf Krankheitsresistenz.

Kapitel 2 verfolgt das Ziel einer tieferen genomischen Analyse der drei Klauenerkrankungen
DD, Hyperplasia interdigitalis (HYP) und Sohlengeschwire (SU), sowie deren genetische
Assoziation zu anderen wichtigen Zuchtzielmerkmalen. AbschlieRend werden mdgliche SNP
x Hitzestress Interaktionen fur Klauenerkrankungen analysiert. Das Studiendesign umfasste
hier 17.264 genotypisierte, erstlaktierende Holstein Friesian Kihe, welche in 50 Herden in
Nordost-Deutschland standen. Die Heritabilitaten der drei Klauenerkrankungen wurden Uber
lineare und Schwellenwertmodelle geschatzt und lagen bei 0,04 und 0,08 fur DD, 0,03 und
0,10 fir SU und 0,03 und 0,23 fur HYP. Die genetischen Korrelationen, welche in bivariaten
linearen Modellen geschatzt wurden, zeigten sich mit den ausgewahlten
Fundamentmerkmalen durchweg positiv. Dies verdeutlicht indirekt die Notwendigkeit zur
Selektion auf Fundamentmerkmale zur Verbesserung der Klauengesundheit. Genetische

Korrelationen mit anderen Zuchtzielmerkmalen zeigten verminderte Fruchtbarkeit, schlechtere
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Eutergesundheit und Produktivitat bei erkrankten Kiihen. Zwischen den Klauenerkrankungen
fanden sich genetische Korrelationen, die einen naheren genetischen Zusammenhang
vermuten lassen. Weiterhin wurden krankheitsspezifische Kandidatengene und genetische
Assoziationen basierend auf den umliegenden SNPs, welche sich teilweise von den
genetischen Korrelationen unterschieden geschatzt. Fir die SNP x Hitzestress Interaktionen
wurden signifikante SNPs auf Bos Taurus Autosome (BTA) 2,4,5,7,8,9,13,22,25 und 28
identifiziert. = Die Ergebnisse lassen Gen-spezifische Mechanismen auf die

Klauenerkrankungen nur in spezifischen Umwelten vermuten.

In Kapitel 3 wurde eine detaillierte Phanotypisierung der Klauenerkrankung DD in den zwei
Haltungsumwelten  (konventioneller  Liegeboxenlaufstall und  Kompostierungsstall)
durchgefthrt, um mdgliche Genotyp x Haltungssystem Interaktionen zu ermitteln. Insgesamt
umfasste der Datensatz 2.980 Beobachtungen fur die drei gebildeten DD-Merkmale (DD-
erkrankt, DD-akut und DD-chronisch) von 1.311 Holstein-Friesian und 399 Fleckvieh-
Simmental Kihen. Hier lagen fur 926 Kihe, Daten fir die genomischen Studien vor. Von den
Kihen standen 899 im Kompostierungsstall (1.530 Beobachtungen) und 811 im
konventionellen Liegeboxenlaufstall (1.450 Beobachtungen). Die Krankheitspravalenz lag hier
im Liegeboxenlaufstall héher als im Kompostierungsstall. Die Heritabilitdten Gber den
gesamten Datensatz lagen bei 0,16 fur DD-erkrankt, 0,14 fur DD-akut und 0,11 fir DD-
chronisch. Hierbei war ein leichter Anstieg der Heritabilitdten und genetischen Varianzen bei
der Haltungsumwelt Liegeboxenlaufstall im Vergleich zum Kompostierungsstall zu erkennen.
Genetische Korrelationen zwischen den gleichen DD-Merkmalen in den unterschiedlichen
Haltungsumwelten lagen nahe 0,80, dies widerlegt offensichtliche Genotyp x Haltungssystem-
Interaktionen. Die genetischen Korrelationen zwischen den drei DD-Merkmalen bewegten sich
zwischen 0,58 und 0,81. Die SNP Haupteffekte und SNP x Haltungssystem-Interaktionen
wurden Uber genomweite Assoziationsstudien geschatzt. Fir DD-erkrankt und DD-akut
wurden hier einige gemeinsame Kandidatengene identifiziert. Die Gene hatten direkte oder
indirekte Effekte auf Krankheitsresistenz oder immunologische Prozesse. Fur die SNP x
Haltungssystem Interaktionen wurden fir DD-erkrankt und DD-akut die Gene ASXL7 und
NOLA4L annotiert.

Kapitel 4 analysiert tiefergehend die Effekte aus Haltungsumwelt, Kuh-Phanotypen und
Genomik auf die in Kapitel 3 behandelten DD-Merkmale. In linearen Modellen wurden die
relevantesten Haltungscharakteristika analysiert. Die Last-squares-means fur die
Infektionshaufigkeit ~waren allgemein im  Kompostierungsstall kleiner als im
Liegeboxenlaufstall. Die genomweiten Assoziationsstudien zeigten ahnliche Manhattan-Plots
fur DD-erkrankt und DD-akut und jeweils ahnliche potentielle Kandidatengene. Finf SNPs

waren signifikant assoziiert entweder mit DD-akut und DD-erkrankt oder mit DD-chronisch und
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DD-erkrankt. Diese signifikanten SNPs wurden im Weiteren mit phanotypischen und genetisch
geschatzten Zuchtwerten fir die DD-Merkmale, sowie mit Produktionsdaten und
Haltungsumweltfaktoren in Strukturgleichungsmodellen in Beziehung gesetzt. Hier zeigte sich,
dass die Haltungsumwelt einen groReren Einfluss auf ein DD-Infektionsrisiko hatte als

beispielsweise genetische Parameter.

AbschlieRend werden einige wichtige Aspekte dieser Arbeit in Kapitel 5 noch einmal
zusammenhangend diskutiert. Hier werden besonders genomische Aspekte von
Klauenerkrankungen, Einflisse der Haltungsumwelt und wirtschaftliche Gewichte von

Klauenerkrankungen im Gesamtzuchtwert betrachtet.

SUMMARY

Claw disorders are one of the main reasons for the culling of dairy cows. Due to the lameness
that often follows in the herd, the feed intake and, not least, the milk yield of the affected
animals decrease. These indirect costs are further increased by the also decreasing fertility of
affected animals. In addition, there are the direct costs of veterinary treatment, medication and
the need for more care of the lame animals. One of the most frequent claw disorders in this
area, occurring worldwide, is dermatitis digitalis, usually better known as Mortellaro's disease.
Dermatitis digitalis (DD) is a multifactorial disease in which both the housing environment and
the genetics of the animals play a role. In recent years, several studies have been published
to clarify the genetic background of claw disorders in general and DD in particular. In this
context, genome-wide association studies (GWAS) have been conducted and potential
candidate genes associated with claw disorders have been annotated. However, it is still
unclear how specific environmental effects influence the estimation of variance components
and GWAS. Climatic conditions in particular have changed in recent years and will continue to
have an increasing impact on the productivity and welfare of cattle in the future. The
Temperature-Humidity Index (THI) is a scientifically proven tool in this context. Heat stress
(HS) for cattle begins at a THI > 68. The wide availability of data from weather stations near
farms enables appropriate management. In order to identify possible correlations with claw
health, SNP x heat stress (HS) interactions for claw disorders were analysed in the first part of
this study. This showed that specific SNPs and their annotated candidate genes were only
significant under HS or thermoneutral conditions. In the second part of this study, the aspect
of interaction effects was taken up again. Here, SNP x housing system interactions were
estimated for three DD traits in the housing systems of cubicle housing and compost bedded
pack barn. However, very similar genetic parameters were found for the same traits in different

environments. As well as negligible genotype x housing system interactions. This indicates
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that the housing system has only a minor effect on the genetic evaluation of a DD disease.
Since cattle farming must adapt to the negative consequences of climate change, on the one
hand, and is mentioned as a contributor to climate change, on the other, these aspects should
also be reflected in the study design. Therefore, on the one hand, climate influences (wind
speed, temperature and humidity) were recorded, and on the other hand, the emissions of
ammonia, nitrous oxide, carbon dioxide and methane were measured in the barn. A special
‘climate gas trolley’ was built for this purpose. Using this, it was possible to measure the effects
of climate and emissions at the same time in different areas of the barn. In the third part of this
study, the effects of the housing environment, cow phenotypes and genomics were placed in
an overall context. This approach has been used very rarely in animal breeding to date and
not at all in relation to a DD disorder. Structural equation modelling (SEM) was used to address
this issue. These models can incorporate both measurable and non-measurable variables into
the analyses and have mostly been used in psychology until now. In this study, the models
allow for the simultaneous consideration of environmental and genetic effects. The SEM
showed that the housing environment has a greater influence on DD than genetic parameters,
for example. In summary, the results of this study contribute to a better understanding of the
genetic background of claw disorders in general and DD in particular. The results also provide
an important contribution to a better understanding and further clarification of genotype-

environment interactions.

To provide a general introduction to the subject of the dissertation, Chapter 1 will take a closer
look at the disease DD. On the one hand, the general course of the disease with its clinical
symptoms, therapy and prevention is discussed, but on the other hand, economic aspects and
the complexity of possible causes of the disease are also mentioned. The following part of the
chapter deals with the housing systems of conventional cubicle housing and compost bedded
housing. The chapter ends with various possibilities for modelling and the current knowledge

on breeding for disease resistance.

Chapter 2 aims at a deeper genomic analysis of the three claw disorders DD, hyperplasia
interdigitalis (HYP) and Sole ulcer (SU), as well as their genetic association with other
important breeding goal traits. Finally, possible SNP x heat stress interactions for claw
disorders are analysed. The study design included 17,264 genotyped, first-lactating Holstein
Friesian cows from 50 herds in northeast Germany. The heritabilities of the three claw
disorders were estimated using linear and threshold models and were 0.04 and 0.08 for DD,
0.03 and 0.10 for SU and 0.03 and 0.23 for HYP. Genetic correlations estimated in bivariate
linear models were consistently positive with the selected conformation traits. This indirectly
indicates the need for selection on conformation traits to improve claw health. Genetic

correlations with other breeding goal traits showed reduced fertility, poorer udder health and
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productivity in diseased cows. Genetic correlations were observed between the claw disorders,
suggesting a closer genetic relationship. Furthermore, disease-specific candidate genes and
genetic associations based on the surrounding SNPs were estimated, which in some cases
differed from the genetic correlations. For the SNP x heat stress interactions, significant SNPs
were identified on BTA 2,4,5,7,8,9,13,22,25 and 28. The results suggest gene-specific

mechanisms for claw disorders only in specific environments.

In Chapter 3, a detailed phenotypic characterisation of the claw disorder DD in the two housing
environments (conventional cubicle barn and compost bedded pack barn) was carried out to
determine possible genotype x housing system interactions. In total, the data set comprised
2,980 observations for the three traits DD-sick, DD-acute and DD-chronic from 1,311 Holstein-
Friesian and 399 Simmental cows, 926 of these animals were available for the genomic
studies. In total 899 cows were housed in the compost bedded pack barn (1,530 observations)
and 811 were housed in the conventional cubicle barn (1,450 observations). The disease
prevalence was higher in the cubicle barn than in the compost bedded pack barn. The
heritabilities over the entire data set were 0.16 for DD-sick, 0.14 for DD-acute and 0.11 for DD-
chronic. A slight increase in heritabilities and genetic variances was observed in the housing

environment of the cubicle barn compared to the compost bedded pack barn.

Genetic correlations between the same DD traits in the different housing environments were
close to 0.80, indicating obvious genotype x housing system interactions. The genetic
correlations between the three DD traits ranged from 0.58 to 0.81. The SNP main effects and
SNP x housing system interactions were estimated using genome-wide association studies.
Some common candidate genes were identified for DD-sick and DD-acute. The genes had
direct or indirect effects on disease resistance or immunological processes. The genes ASXL1
and NOL4L were annotated for the SNP x housing system interactions for DD-sick and DD-

acute.

Chapter 4 analyses the effects of the environmental factors, cow phenotypes and genomics
in more detail for the DD traits discussed in Chapter 3. The most relevant housing
characteristics were analysed in linear models. The last-squares means for the infection
probability were generally lower in the compost bedded pack barn than in the cubicle barn.
The genome-wide association studies showed similar Manhattan plots for DD-sick and DD-
acute and similar potential candidate genes in each case. Five SNPs were significantly
associated with either DD-acute and DD-sick or with DD-chronic and DD-sick. These
significant SNPs were then related to phenotypic and genetic estimated breeding values for
the DD traits, as well as to production data and housing environmental factors in structural
equation models. This showed that the housing environment had a greater influence on the

risk of DD infection than genetic parameters, for example.
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Finally, some important aspects of this work are discussed again in chapter 5. In particular,
genomic aspects of claw disorders, the influence of the housing environment and the economic

weight of claw disorders in the total breeding value are considered here.
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General Introduction
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Chapter 1

1 Introduction

In addition to mastitis and fertility disorders, lameness is one of the major causes of culling in
dairy herds worldwide (Booth et al., 2004). Among the claw diseases, dermatitis digitalis (DD)
is one of the most important, as DD is not only highly prevalent worldwide, but has also a
significant economic impact on farms (Klitgaard et al., 2014; Solano et al., 2016). DD is a
multifactorial disease (Read and Walker, 1994). In addition to the involvement of certain
bacteria, primarily of the genus Treponema ssp., the housing, feeding and genetics of the
animals play a decisive role (Dopfer et al., 2012; Solano et al., 2017). In order to better
understand the deeper connections between cattle genetics and DD, several studies have
already been published in recent years. So the pedigree-based heritabilities for DD were in the
small to moderate range, between 7.3% and 14.2% (Konig et al., 2005; Schépke et al., 2015;
van der Linde et al.,, 2010), and in the range of 5% to 36.7% when genomic relationship
matrices were used. In further studies, genome-wide association studies (GWAS) were
conducted and potential candidate genes associated with DD were identified (Naderi et al.,
2018; Kopke et al., 2020). What has not yet been done is to include specific environmental
conditions and how these affect the estimation of variance components and GWAS. In
particular, due to changing climatic conditions, external influences such as heat stress (HS)
and its effects on productivity and health will become increasingly important in cattle breeding
(Polsky and von Keyserlingk, 2017). Brigemann et al. (2013) and Gernand et al. (2019)
especially identified effects of HS directly after calving on genetic parameter estimates for low
heritability functional traits, and hypothesized HS effects on genetic mechanisms. In such
context, consideration of high-throughput genomic marker data combined with innovative
statistical modeling approaches allows deeper insights with possibilities to infer SNP marker x
HS interactions (Halli et al., 2021). In the first part of this study, SNP x HS interactions for claw
disorders were estimated. This showed that certain SNPs and their annotated candidate genes
were only significant under HS or thermoneutral conditions. In genomic evaluations, data from
farmers or claw trimmers are frequently employed for the purposes of assessing claw diseases.
These data are typically structured in a straightforward manner and can be accessed in large
numbers via herd management software (Zwald et al., 2014). In particular with regard to more
complex diseases, such as DD with specific acute and chronic stages, the disease
pathogenesis is challenging to describe using only binary diagnoses (Ddpfer et al., 1997).
Schdpke et al. (2015) established a scoring system for the different DD stages for quantitative
genetic analyses. This scoring is much more complex and requires more time and effort, but it

provides higher heritabilities compared to binary diagnoses (Schépke et al., 2015).
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Chapter 1

A more detailed modelling of environmental effects is crucial in the context of more precise
phenotyping in order to gain a deeper understanding of possible genomic mechanisms (Yin
and Konig, 2018). This aspect and the fact that lameness in conventional cubicle barns (CON)
is often favoured by the concrete floor (Somers et al., 2005; Kester et al., 2014) led to a focus
on novel housing systems such as the compost bedded pack barn (CBPB). This housing
system has the potential to combine a high level of animal welfare, productivity and the
reduction of greenhouse gas emissions (Leso et al., 2020; Petersen, 2018). In the second part
of this study, three DD traits were analysed in the two housing systems CON and CBPB to
identify possible genotype x housing system interactions. It showed very similar genetic
parameters for the same traits in different environments and negligible genotyp x housing
system interactions, this indicate only minor effects on genetic evaluation for DD due to
housing system particularities. In addition to the effects of climate change, cattle farming is
also confronted with the role of co-polluter (Statham et al., 2017). In the experimental set-up
of this study, on the one hand, the external influences (wind speed, temperature and humidity)
were recorded, and on the other hand, the concentrations of ammonia, carbon dioxide, nitrous
oxide and methane in the barn were measured using a specially developed ‘climate gas trolley’.
Inferring the complex interplay among genetics, housing conditions, climate parameters, cow
emissions and individual cow characteristics (production level, overall health status) via
standard mixed model applications might be a challenge. Possible confounding effects as well
as mutual recursive or causal relationships among response variables and between traits and
effects hamper applications of standard mixed model theory (Rehbein et al., 2013). For taking
into account mutual trait relationships and to assess effects of parameters which are not
directly measurable, structural equation models (SEM) have been suggested (Gana and Broc,
2019). SEM are standard analytical tools in social sciences and psychology, because they are
able to measure causal relationships and to represent complex causal processes via
measurable (manifest) and non-measurable (latent) variables (Bielby and Hauser 1977; Hair
et al., 2014). With regard to animal health analyses, Detilleux et al. (2013) applied SEM to infer
risk factors and tolerance mechanisms for bovine mastitis infections. Wagner et al. (2023) used
an SEM approach to detangle causal relationships among environmental and genetic factors
on udder health. The SEM of this study showed that the housing environment has a greater
influence on DD than genetic parameters, for example. In summary, the results of this study
contribute to a better understanding of the genetic background of claw disorders in general
and DD in particular. The results also provide an important contribution to a better

understanding and further clarification of genotype-environment interactions.
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1.1 Dermatitis digitalis

Dermatitis digitalis (DD) is a claw disorder which occurs in cattle as well as in sheep and goats.
In general, claw disorders are divided into infectious and non-infectious disorders (Dhakal et
al.,, 2015). DD is an infectious disorder, because it usually causes acute or chronic
inflammation of the skin (dermis; Kopke, 2019). In today's dairy cattle farming, DD is one of
the most important claw disorders alongside with other disorders such as phlegmon, interdigital

hyperplasia, white line defects, bunion ulcers and laminitis.

1.1.1 Distribution and significance

DD was first named in Italy in 1974 by Cheli and Mortellaro, which is why the name Mortellaro's
disease is still widely used in Europe. The name strawberry disease comes from the
strawberry-like appearance of the lesions (Cheli and Mortellaro, 1974; Weiss and Teifke,
2007). Today, the disorder is a worldwide problem in cattle farming due to its severity,
contagiousness and the limited effect of therapeutic measures (Evans et al.,, 2016).
Prevalences of between 10.5% and 55% are described for individual animals and up to 83%
at herd level (Somers et al., 2005; Holzhauer et al., 2012b). DD occurs in cows as well as in
heifers, bulls, calves and beef cattle (Sullivan et al., 2013; Gomez et al., 2014b and 2015b).
Animals kept in loose housing are more likely to be affected than those kept on pasture or
tethered (Dirksen, 2006). The highest prevalence is described in young cattle, newly housed
heifers or during initial outbreaks in previously naive herds; DD usually occurs in connection
with unhygienic housing conditions (Read and Walker, 1998). Links with non-healing lesions
in the claw and udder area are suspected (Evans et al., 2011; Clegg et al., 2016b). Secondary
infection in cases of interdigital hyperplasia or claw sole ulcers has also been described
(Holzhauer et al., 2008a; Blowey, 2008). The annual economic losses in the European Union
and the United States are calculated at 133 US dollars per diseased animal, with an incidence
rate of 25% at over 1.1 billion US dollars (Zinicola et al., 2015b). For a farm with 65 cows, costs
are estimated at 1,517 US dollars (Bruijnis et al., 2015). The largest share of costs here is
attributable to veterinary treatment and medication (Cha et al., 2010). As diseased animals
usually show an increased risk of disease outbreaks in subsequent lactations, further costs
are incurred (Dopfer et al., 2018; Gomez et al., 2015b). Further consequences are a reduced
general state of health, reduced milk yield and fertility (Gomez et al., 2015 a and b; Bicalho et
al., 2007). The influence of DD on milk yield is still being discussed, with Gomez et al. (2015b)
describing significant milk yield losses in young cows. It is also assumed that higher milk yields
lead to a higher susceptibility to claw disorders (Koenig et al., 2005; Onyiro et al. 2008). In

addition to the points mentioned, there are significantly lower conception rates, lower
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conception probabilities and longer times to successful conception (Bicalho et al. 2007; Gomez
et al., 2015b). Among other things, lameness and severe, protracted and recurring illnesses
significantly increase the risk of early exit from the herd (Bicalho et al., 2007; Bruijnis et al.,
2012). Animal welfare is negatively affected by DD infection, which manifests itself in defence
reactions when touching the painful lesions, frequent lifting and shaking of the affected limb,
prolonged lying times and reduced movement (Hernandez et al., 2001; Bruijnis et al., 2012).
Due to the high incidences in herds, DD has a major impact on animal welfare alongside other
claw diseases such as sole haemorrhages or dermatitis interdigitalis (Bruijnis et al., 2012;
Solano et al., 2016).

1.1.2 Etiology

The reasons for DD are still not fully understood (Krull et al., 2014). As DD is geographically
widespread, highly contagious and antibiotic therapy can lead to a cure, it was assumed to be
an infectious disease with a bacterial cause (Dopfer et al., 1997; Read and Walker, 1998). It is
currently assumed that DD is a multifactorial disease with polymicrobial involvement (Krull et
al., 2014; Zinicola et al., 2015 a and b). The gram-negative, anaerobic to microaerophilic
spirochetes of the genus Treponema in particular appear to have a major influence on the
disease (Weiss and Teifke, 2007; Evans et al., 2014). Further species have been detected
intralesionally: Campylobacter spp, Tissierella spp, Dichelobacter nodosus, Fusobacterium
necrophorum, Porphyromonas spp, Guggenheimella bovis, Candidatus Amoebophilus
asiaticus, Mycoplasma spp, Moraxella spp. and Aerococcus spp. (Dopfer et al., 1997; Capion
et al., 2012; Rasmussen et al., 2012; Krull et al., 2014, Zinicola et al., 2015b; Nielsen et al.,
2016). The involvement of fungi and viruses has not yet been proven (Brandt et al., 2011; Krull
et al., 2014). To this day, the direct pathological role of the bacteria involved remains unclear
(Hargis and Ginn, 2009; Straubinger, 2015). The majority of bacteria appear to be localised in
the superficial layers of the skin (Nielsen et al., 2016). The species Sphearophorus
necrophorus, Fusobacterium necrophorum and Dichelobacter nodosus are responsible for

macerating the skin (Nuss and Steiner, 2004).

1.1.3 Dermatitis digitalis as a factor disease

The multifactorial causes of DD can be categorised into animal factors, management and
environmental factors. Animal factors are the breed and individual predisposing factors, such
as genetic predisposition (Rodriguez-Lainz et al., 1996 and 1999; Holzhauer et al., 2006). The
genotype may have a decisive influence on the occurrence and course of the disease in the

individual animal (Schopke et al., 2015). For example, Dopfer et al. (2004) already showed
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that there are cows that do not get sick despite a high incidence of disease in the herd, while
other animals repeatedly show lesions. The sequencing of the bovine genome in particular, as
well as the now widespread high-throughput genotyping in combination with genome-wide
association studies, could detect genetic variants that are associated with specific traits and
diseases (Kopke, 2019). The identification of these markers in association with claw diseases
allows a better understanding of the genetic architecture and development of these diseases
(van der Spek et al., 2015).

Other influences are parity, stage of lactation, as well as age at first calving and calving season
(Read and Walker, 1998; Somers et al., 2005; Krull et al., 2016b). In terms of management,
inadequate and lack of claw care, damp and unhygienic housing conditions with prolonged
contact of the distal limbs with faeces and urine are particularly important influencing factors
(Somers et al., 2005; Cramer et al., 2008). In terms of environmental factors, high levels of
precipitation during grazing in autumn and winter and excessively dry soils can lead to
microtraumatisation (Rodriguez-Lainz et al., 1996 and 1999). Other factors described include
a lack of grazing, excessive stocking rates, poor cubicle design, a lack of cubicles and
unbalanced feeding (Somers et al., 2005; Onyiro et al., 2008; Holzhauer, 2012b). Increased
prevalence of DD can also occur in under- and over-conditioned animals (BCS < 2.5 or >3.0;
Schopke et al., 2013). Other factors include the purchase of diseased animals as well as the
presence of other claw diseases such as dermatitis interdigitalis, hyperplasia or phlegmons
(Somers et al., 2005; Holzhauer, 2006).

1.1.4 Clinic

The disease occurs immediately proximal to the coronary band, at the border to the interdigital
space, soft bunion as a circumscribed inflammation of the bunion skin (Read and Walker, 1998;
Holzhauer et al., 2008 a). As the disease progresses, DD can spread to the corneal capsule
and the interdigital space; rarely does the disease primarily affect the interdigital space or the
front of the foot (Blowey, 2005; Solano et al., 2017). A tenfold increase in prevalence was
detected on the hind legs compared to the front legs (Cramer et al., 2008). The early lesions
are usually only observed incidentally and show circumscribed epithelial loss with adherent
detritus in the bunion furrow, as well as a white to yellowish discolouration of the skin (Kopke,
2019). Later, a 1-5 cm large, sharply defined, slightly raised, round or oval focus with an erosive
or proliferative character develops above the coronary band, which is usually covered with a
grey-white, foul-smelling coating (Weiss and Teifke, 2007). In some case’s there is loss of skin
and necrosis of the epidermis, while the neighbouring hairs are conspicuously long and
protrude. A whitish border forms at the edge of the lesions and the neighbouring skin appears

to be raised in the shape of a wall. The focus spreads both in terms of area and depth, and the
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bumpy, blood-red granulation tissue that forms give's the rise to the strawberry-like
appearance (Weiss and Teifke, 2007). DD can spread to the sole dermis or occur on the
dewclaws (Rodrigues et al., 2010; Gomez et al., 2012). In the chronic form, massive growths
and occasional keratinisation occur; due to the parakeratosis over the dermal papillae, this
form is also referred to as papillomatous or verrucous (Read and Walker, 1998; Weiss and
Teifke, 2007). As the chronic stages can relapse into acute stages, once infected animals pose
a potential risk to the entire herd (Berry, 2012). In severe cases, infections of deeper structures
can occur, including phlegmonous inflammation of the entire bale area (Weiss and Teifke,
2007). Clinically, affected animals often present with mild to moderate lameness of the
supporting leg and hyperflexion of the distal limb (Cheli and Mortellaro, 1974). Animals with
advanced DD show longer lying times and consume less feed, which subsequently leads to
milk yield losses (Gomez et al., 2015 a and b, Bicalho et al., 2007). Occasionally there are
severe movement disorders, severe lameness due to deep-seated diseases can also be
associated with disorders of general condition (Kopke, 2019). Affected animals do not
necessarily have to show signs of lameness; a rhythmic shift in weight from one leg to the

other can often be observed (Krull et al., 2016b).

1.1.5 Improved disease monitoring through more precise description

As chronic lesions essentially influence the dynamics of DD, categorisation systems have been
established to record the stages and progression of the disease (Dopfer et al., 2008; Krull et
al., 2014). The simple classification of affected and unaffected cows has been replaced by
more specific schemes to describe macroscopic changes in the skin as well as the cow's pain
perception and response to treatment (Dopfer et al., 1997; Laven and Hunt, 2002; Krull et al.,
2014 and 2016b). A further subdivision into active and inactive or early and late lesions is also
proposed. Based on macroscopic findings of DD lesions, one of the most important
categorisation systems was described by Dopfer et al. (1997) and refined by Berry et al. (2012).
This system has been used in numerous studies investigating DD (Gomez et al., 2014b and
2015a; Schopke et al., 2015; Zinicola et al., 2015b). The system defines six stages, the so-
called M-stages, of the disease. The stages are part of the disease cycle: MO defines healthy
skin with no signs of previous lesions, M1 describes the onset of the disease, which begins
with local ischaemia with discolouration and loss of the epithelium, as well as swelling and
hyperaemia in the area surrounding the lesion. Macroscopically, there is a small focal red/grey
demarcated lesion, which is < 2cm in diameter and is not painful. The loss of the epithelium
and the damage to the keratinocytes lead to an erosive and later proliferative stage M2. This
in turn shows a large active ulcerative red/grey lesion > 2cm in diameter, which is painful for
the animals. M3 describes the healing centre with a scab-like surface. This scab-like dry brown

surface is also visible macroscopically, which is typically present after treatment and is not
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painful. The chronic stage appears as a hyperkeratotic or proliferative form M4. This is
characterised by dyskeratosis or irregular brown/black proliferative hyperkeratotic growths,
which are not painful for the animal (Kopke, 2019). Within these chronic stages, new foci can
flare up again M4.1, which are now painful again (Dopfer et al., 1997; Berry et al., 2012). The
transitions between the individual lesions can last from several days to years (Krull et al., 2014
and 2016b). For the control and better prevention of DD in the herd, repeated categorisation

of the herd at short intervals therefore appears to be useful (Dopfer et al., 2012).

1.1.6 Therapy and prevention

For the therapy of DD, a distinction is made between treatment of individual animals and
treatment at the herd level. The type of therapeutic approach depends on the occurrence and
severity of the disease in each individual case. Treatment options include: surgical treatment,
systemic antibacterial therapy, local antibacterial therapy, local antiseptic therapy and herd
treatments with claw baths (Kopke, 2019). Surgical removal of the affected tissue is considered
obsolete due to the pain caused, delayed healing, poorer success rate and possible
complications (Read and Walker, 1998). Systemic antibacterial therapy with penicillin and
ceftiofur has been used effectively, but is not very useful at the herd level due to the waiting
time for milk and eatable tissue (Read and Walker, 1998). As DD is present in many herds with
high prevalence, it is advisable to apply prevention and control throughout the herd (Evans et
al., 2016). The best way to do this is through effective footbathing strategies and localised
treatment of individual animals. Before applying localised substances, the claws should be
cleaned (also during the footbath) and the hair in the ball area should be clipped and dried.
After repeated application of antibacterial, anti-inflammatory or antiseptic substances as an
application or spray treatment, a loose bandage should be applied for two to three days
(Holzhauer et al., 2012a; Sullivan et al., 2013). Local treatment is in any case simpler, cheaper
and more effective than a claw bath, but involves more work in identifying and treating affected
animals (Evans et al., 2016). In addition to the type and duration of medication, the success of
the therapy depends on the anatomical localisation of the lesion, the timing of the treatment,
the elimination of favourable factors and animal-specific criteria (Dopfer et al., 2008). Early
controlled treatments show rapid and complete healing. If the treponemas have already formed
a reservoir in the skin, recurrence rates are high (Kopke, 2019). Recurrence rates of up to 50%
and the occurrence of new lesions after the treatment has ended have been described (Read
and Walker, 1998; Berry et al., 2012). Since heifers affected by DD also show increased DD
lesions later in life, preventive measures should already start at calf/heifer age (Dopfer et al.,
2008; Gomez et al., 2015b). Problem animals/groups can be identified via monitoring systems

and treated locally and with effective footbath strategies (Kopke, 2019). Regular follow-up
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checks should be carried out at the transition to and during lactation to avoid potential
outbreaks at the herd level (Dopfer et al., 2012; Schopke et al., 2015). Effective prophylaxis
focuses in particular on the predisposing factors. These include the creation of species-
appropriate and hygienic husbandry conditions, quarantine when purchasing animals,
purchasing only from DD-free herds, and correct and regular claw care. When feeding the
animals, it is important to feed them according to their nutritional needs and performance, as

this can lead to a suppression of the immune system (Gomez et al., 2014b; Kopke, 2019).

1.2 Housing systems

The housing system has a strong impact on animal health and welfare (Fregonesi et al., 2009;
Kester et al., 2014). Conventional cubicle barns, which are the standard housing system used
for decades in the dairy industry, enable the best possible hygiene by separating manure and
urine from the lying area however, at the expense of animal welfare (Bewley et al., 2017;
Petersen, 2018). In addition, the high proportion of liquid manure contributes to greenhouse
gas emissions (Petersen, 2018). New freewalk housing systems, such as the compost-bedded
pack barns, grow in attraction due to better animal welfare, longevity and health (Leso et al.,
2020).

1.2.1 Structure and differences between compost-bedded pack barns and cubicle

barns

Conventional cubicle barns (CON) typically have a feed alley with a solid floor alleys with
slatted concrete surfaces and individual resting areas (Leso et al., 2020). The lying area can
vary between deep bedded and synthetic mattresses. A wide variety of bedding materials can
be used in the deep bedded areas. Sand, straw, sawdust and solids from recycled manure are
used most often. They usually provide good comfort, but are very labor-intensive and require
a lot of bedding material (Bewley et al., 2017). Synthetic mattresses, on the other hand, reduce
labor intensity and material consumption, but reduce lying comfort and increase hock lesions
and lameness (Cook et al., 2004). Manure and urine are excreted onto the concrete slatted
floor, where it is trodden through the slats or moved away using a scraper. If this concrete floor

is not roughened, it can become very slippery for the cows (Albright, 1995).

The system of compost-bedded pack barns (CBPB) was developed in Virginia in the 1980s
(Wagner, 2002). This housing system attracted increasing interest worldwide in the last 15
years. In Europe, the first CBPB were established in 2009/2010 (Leso et al., 2020).
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The CBPB also contains a feeding corridor with a solid floor (Bewley et al., 2017) and access
to water (Janni et al., 2007). The rest of the area consists of an open bedded pack where the
animals can move and rest. The open bedded pack area consists of a mixture of organic
bedding and cattle excrement. This area is cultivated one to three times per day to get fresh
manure and air into the pack, allowing for an aerobic composting process (Leso et al., 2020).
This mixture also has the advantage that it is solid and already has undergone a composting
process enabling it to be used directly for soil application (Bewley et al., 2017). However, the
area per cow in the compost-bedded pack barn is greater than in the cubicle barn or straw
yard (Bewley et al., 2017; Leso et al., 2020). Depending on various factors, such as climate,
bedding, pack management and cow characteristics, between 7.4 - 15m?/cow are required
(Leso et al., 2020). The pack depth varies between 20 cm and 1m, depending on pack
management and bedding use (Leso et al., 2020). Galama et al. (2014b) were able to show
that around 50 cm are required to maintain sufficient heat in the pack to support the composting

process.

As evaporation occurs on the surface, more surface area per cow results in dryer bedding,
reduced use of bedding material and therefore lower running costs (Leso et al., 2020). Another
factor influencing the drying rate of the pack is the heat development within the pack (Smits
and Aarnink, 2009). Ideally, the temperature at a depth of 15 to 30 cm should be between
43.3°C and 65°C (Janni et al., 2007; Bewley et al., 2013). For good cultivation of the pack, the
manure level should ideally be between 40 and 65% (Janni et al., 2007; Black et al., 2013).

Climate, especially air conditions, also have a high impact on the drying rate (Eckelkamp et
al.,, 2016a). In warm, dry and windy regions, the drying rate is higher and therefore the
consumption of bedding is lower. In cold and humid regions, on the other hand, the drying rate
is limited. Therefore, more space per cow is needed to achieve a higher drying rate (Smits and
Aarnink, 2009). In addition, the outside temperature plays a central role in the processing of
the pack. In warm temperatures, more frequent processing of the pack leads to an increase in
temperature of up to 10°C and thus a better composting process (Black et al., 2013). At cold
temperatures, more frequent processing leads to a significant loss of temperature in the pack.
Therefore, in this case processing should be reduced (Galama, 2014a; Leso et al., 2020). With
regard to the weather, the building design should also consider the structural orientation of the

barn in order to optimize utilization of natural ventilation (Gooch, 2008).

Manure removal is usually done every six months to once a year, then the composting process
starts all over again (Barberg et al., 2007a). The time to add fresh bedding is essential for a
well-functioning system, clean animals and healthy udders. It should be added before the pack
sticks to the animals (Barberg et al., 2007a; Janni et al., 2007). There is a wide variety of

bedding materials worldwide. In Kentucky, for example, green, kiln-dried shavings or soy hulls
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mixed with sawdust are used (Black et al., 2013). In Italy, a mixture of sawdust and wood
shavings is used (Leso et al., 2013). As well as in Brazil, where rice straw or coffee husks are
also used (Mota et al., 2017). Whereas in the Netherlands wood chips used (Galama et al.,
2011).

1.2.2 Effects of the housing system on animal welfare

Animal health and welfare significantly depend on the housing system and management
(Fregonesi et al., 2009; Kester et al., 2014). Particularly the lying time affects rumination time
and consequently milk production (Schirmann et al., 2012). Uncomfortable barns have a major
impact, particularly in cubicle barns. Poorly designed lying areas result in less lying time and
more standing time on slatted floors, influencing rumination, milk production and claw health
(Fregonesi et al., 2009; Kester et al., 2014). Additionally, the soil has an effect on walking
performance and thus on total behavior. Especially in the case of non-roughened concrete
floors, the heat behavior changes and thus affects the fertility rate (Frankena et al., 2009;
Lopez-Gatius, 2012). In Fregonesi et al. (2009), it was observed that the animals spent
significantly more time in the open pack than in the cubicle barn when given a free choice
between cubicle barn and straw yard. The animals showed synchronized lying behavior, as
well as longer lying times and thus an increased rumination time in straw yard (Fregonesi and
Leaver, 2001). However, the disadvantages of the straw yard were shown by a higher degree
of soiling of the animals and lower udder health. The somatic cell count and the incidence of
clinical mastitis was significantly higher in straw yards than in cubicle barns (Fregonesi and
Leaver, 2001).

Compost-bedded pack barns were developed to improve cow comfort and longevity (Janni et
al., 2007) and to provide more natural living conditions for the animals (Endres and Barberg,
2007). The pack management should be hygienic and offer the cows a comfortable lying area
(Leso et al., 2020).

Due to the shorter standing times on concrete surfaces, cows suffer significantly less diseases,
when compared to cubicle barns (Bewley et al., 2017). Various studies have shown that
animals in compost-bedded pack barns have significantly reduced lameness and hock lesions
compared to cubicle barns (Fulwider et al., 2007; Lobeck et al., 2011; Ofner-Schrock et al.,
2015). Due to the softer bedding, the animals rest longer, stand more frequently on soft ground

and lie down more often than in cubicle barns (Haley et al., 2001).

The animals' cleanliness and udder health depend primarily on the management (Black et al.,
2013; Eckelkamp et al., 2016b). Wet bedding can stick to the cows and lead to dirty animals

with an increased risk of mastitis and a longer preparation time of the udders before milking
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(Black et al., 2013). Especially, manure levels (Eckelkamp et al., 2016a) and the frequency of

pack preparation have a major impact (Janni et al., 2007; Damasceno, 2012).

Udder health in compost bedded pack barns is discussed controversially. Lobeck et al. (2011)
found a higher somatic cell count (SCC) in compost-bedded pack barns than in cubicle barns.
An increased proportion of Klebsiella spp. in the pack, as well as an increased prevalence in
the udder, can occur with intensive use of wood shavings and sawdust (Janni et al., 2007). In
contrast, Eckelkamp et al. (2016b), determined no significant differences between the two
systems in SCC and mastitis prevalence. Other studies even showed a lower herd mastitis
infection prevalence (Barberg et al., 2007b), a lower SCC (Fulwider et al., 2007) and higher
milk production as a result of the lower stress level of the animals in compost-bedded pack
barns (Black et al., 2013; Borchers, 2018). However, optimized bedded pack conditions and
management are essential for udder and cow hygiene (Favero et al., 2015; Albino et al., 2018).
Nevertheless, no relationship was detected between the SCC and the count of bacteria in the
pack (Shane et al., 2010).

1.3 Breeding for disease resistance

Since the process of domestication, farmers have been engaged in efforts to adapt their
animals to changing environmental influences and diseases (Morris, 2007). The financial
burden imposed by diseases on the livestock industry is considerable and pervasive, affecting
all aspects of the production system (Bishop and Wooliams, 2014). The total costs associated
with disease are estimated to account for approximately 20% of sales in the production system
of industrialised countries, and in the direct livestock industry, the total estimated costs of
disease are estimated to account for a significant proportion of sales, ranging from 35% to 50%
(Bennett et al., 2005). However, it should be noted that estimating these costs is a highly
complex undertaking. There is the question of whether the costs are direct, indirect, or
immaterial. Who is affected by the disease and can the disease affect other species, is there
even a zoonotic potential for humans (Perry and Grace, 2009). Nicholas (2005) roughly divides
diseases into two types. On the one hand, diseases from the outside, which are caused by
bacteria, viruses, parasites and feed toxins, and diseases from the inside, which are genetically
determined. However, it can also be observed that there is a great degree of variability in the
occurrence of diseases in animals. This variability therefore also appears to be genetically
determined (Bishop et al., 2002) and is often referred to as disease resistance. The concept
of resistance can be most effectively conceptualised from an ecological perspective,

specifically in relation to the interaction between the host and the pathogen species (Grenfell
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and Dobson, 1995). It can be defined as the ability of the host to exert some degree of control
over the pathogen cycle (Bishop and Stear, 2003; Bishop, 2012).

Disease resistance can be observed in two distinct forms: firstly, as a consequence of the
existence of breed differences in susceptibility to a given disease, and secondly, as a result of
the inheritance of disease resistance within a given breed (Morris, 2007). In addition to genetic
selection within a breed, other aspects of disease prophylaxis also need to be considered.
These include herd management, herd protection (e. g. vaccination, treatment), utilisation of
natural resistance and the general implementation of genetically resistant breeds and cross-
breeding (Morris, 2007). In this context, the costs and time required to achieve disease
resistance vary. Especially in the case of diseases that occur less frequently, progress towards
achieving resistance is significantly slower than in the case of common diseases, as selection
and testing can be performed differently (Morris, 2007).

To date, diseases caused by an external agent have been combated through the
administration of vaccines or antibiotic treatments. In light of concerns pertaining to drug
residues and the rising prevalence of antibiotic and antiparasitic resistance (Bishop and
Wooliams, 2014), there is a growing interest in breeding for disease resistance. Achieving
success in this domain would be particularly advantageous in the context of mastitis and
lameness, given that these are the two most costly diseases in the dairy production system
(Heringstad et al., 2003; Berry et al., 2011).

Nevertheless, classical genetic evaluations are unable to fully account for the complexities of
breeding for improved disease resistance. On the one hand, recorded phenotypes are
frequently inaccurate or the phenotype cannot be quantified in both sexes (e. g. mastitis).
Moreover, a considerable time interval elapses before the performance of an adult animal can
be evaluated (from calf to heifer). There are frequent antagonistic and unfavourable genetic
correlations between traits of interest, such as health and milk production. Additionally, there
can be interactions between genotype and environment, as the environment influences the
expression of an animal's genes (Berry et al., 2011). By combining SNP genotyping with
traditional genetic evaluations, a genomic estimated breeding value (GEBV) can be generated
(van Raden et al., 2009). One of the biggest challenges in breeding for improved animal health
or disease resistance remains access to accurate phenotypes of health traits. This may be
accomplished by the development of inexpensive tests (e. g., tuberculin tests) or the creation
of biomarkers that can be obtained from numerous animals at relatively low costs (Berry et al.,
2011). In addition, not only the host genome should be genotyped, but also that of the
pathogen, in order to determine how they interact with each other and to develop prophylactic
strategies (Berry et al., 2011). “Lastly, breeding for disease resistance is a multidisciplinary
activity. Our own experiences strongly reinforce the need for widespread dialogue between

geneticists and animal health experts, and the need to incorporate concepts from disease
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biology and epidemiology into animal genetics, and vice versa. Both communities must
understand the goal and techniques used by the other community” (Bishop and Wooliams,
2014, p. 197).

1.4 Modelling options for detecting effects between variables, between
variables and traits

To approach the subject slowly, we should first look at the definition of the individual terms:
model (from the Latin modulus, meaning measure or standard); a representation, illustration,
reproduction of an object that emphasises the features considered to be essential. The aim is
to create a simplified image of reality, whereby the important thing is what you want to achieve

with this model or what it is used for.

Modelling then describes the development, formation or production of a model in the scientific
sense, the representation of empirical objects, phenomena or physical processes in order to
be able to understand, define, quantify, visualise or simulate a certain part. The variables (as
a variable size), the traits (observable property, e. g. phenotypic expression) and effects (an
effect that simply arises or can also be deliberately brought about) then flow into the modelling.

Various models will be described in more detail below.

One possible option would be to set up mixed models. This involves checking whether a
dependent variable is influenced by one or more independent factors. Independent factors are
usually categorical, but can also be numerical. ‘Mixed’ here stands for the presence of both
fixed and random factors, i.e. factors whose influence on the dependent variables interest the
researchers (fixed factors), as well as those that are highly likely to exert an influence on the
dependent variable, but whose influence is of no interest to the researchers (Reubold and
Harrington, 2015). This type of modelling is increasingly replacing univariate (split-plot in time)
or multivariate ANOVA models (Wang and Gonnewardene, 2004), as it is able to analyse data
with hierarchical or nested structures. This is the case when data are grouped into units that
may be grouped into higher units. The individual observations or units are usually at the lowest
level. The mixed models now allow a more precise modelling of the relationships between the
variables, since observations are not considered to be independent of each other in principle,
but the model recognises that the variations exist both within and between groups (Hox et al.,
2017). Another advantage of this modelling is that repeated observations can be included.
Even unbalanced data is not a problem for mixed models; the influence of the group is taken
into account in the model according to the group size. Another advantage is that missing data
is not a problem either. Disadvantages become apparent with smaller numbers of
observations, where the model is unstable and does not converge (Reubold and Harrington,
2018).
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Particularly in animal and plant breeding, there is often feedback or recursive relationships
between phenotypes, which are represented in many biological processes. Standard models
cannot reflect these relationships (Gianola and Sorensen, 2004). Turner and Stevens (1959)
tried to illustrate this with feedback relationships between the concentrations of CO. in the air
(A) and in the alveoli of the lungs (C), as well as the depth of respiration (D). A influences C;
in turn C and D have a feedback relationship. Further recursive relationships can be shown in
offspring-parent regression and for genetic and environmental correlations between traits
(Gianola and Sorensen, 2004). The special feature of recursive models is that all causal effects
go in one direction and that disturbances are uncorrelated. Thus, y;s affects yiz, but the latter
variable has no effect on yi; (Gianola and Sorensen, 2004). An example is the maternal-effects
model proposed by Falconer (1965) and examined by Koerhuis and Thompson (1997). This
model postulate that the phenotype of an offspring is affected by the phenotype of its dam. In
pigs, for instance, it is known that females born in larger litters tend to produce smaller litters.
Gianola and Sorensen (2004) have illustrated a figure for a “cyclically recursive” model, which
is also shown here (Figure 1). “Here, the causal relationship modeled is Y 2> Y>> Y3 >
Y;=>.... For instance, consider a hypothetical situation where Y7, Y2 and Y3 are phenotypic
values in sibships of size 3, with the subscript indicating birth order. It may be that the chain
on influences is such that the older sib (with phenotype Y;) affects the second sib (Y>) and so
on, with the loop closing via an influence of the youngest on the oldest sib” (Gianola and
Sorensen, 2004).
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Figure 1.: Fully recursive model for three variables: Y7, Y2 and Y3 are the phenotypic values;
U+, U2 and Us are additive genetic effects acting on this system; E+, E> und E; are residual
effects. A single-headed arrow (e.g., A>B) indicates that variable A affects variable B. Double-
headed arrows denote correlations between pairs of variables. 4; indicates the rate of change

of variable i with respect to variable j. (Gianola and Sorensen, 2004).

Finally, structural equation models (SEM) will be discussed in this section. These are able to
empirically test theoretical statements about complex cause-and-effect relationships (Geiser,
2010; Fuchs, 2011). SEMs can be used to check whether a theoretical model matches
observed data and show whether and how theoretical models are appropriate. However, it is
not used to test the classic null hypothesis (Urban and Mayerl, 2014). A special feature of SEM
is that it allows a clear distinction between manifest (measurable) and latent (non-measurable)
variables (Fuchs 2011; Urban and Mayerl, 2014). Thus, measurement errors can be taken into
account in the analysis by using latent variables. Furthermore, correlations can be estimated
more correctly than is possible in correlation, regression and path analyses (Geiser, 2010).
SEM therefore enables multivariate analyses of causal models, in which a distinction is also
made between independent (exogenous) variables and dependent (endogenous) variables. It
is also possible to estimate direct, indirect and total effects (Urban and Mayerl, 2014). So far,

SEMs have been less used in animal breeding. Pefiagaricano et al. (2015) used SEM to
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analyse possible causal relationships between growth and meat quality traits in pigs. Detilleux
et al. (2012) tried to model risk factors for subclinical and clinical mastitis using SEMs. Wagner
et al. (2023) wanted to better identify environmental and genetic influences on somatic cell

count and mastitis pathogens using SEMs.

1.5 Aims of the study

The present study deals with the genetic analysis of DD and its interaction with the housing
environment in dairy cows of the Holstein Friesian and Simmental breeds in the housing
systems cubicle housing and compost bedded pack barn. In addition to the DD scores, animal,
performance and environmental parameters were recorded on the participating farms in order
to analyse them in genetic statistical models. In GWAS SNP main effects, SNP x housing
system interactions and structural equation models were used to analyse the influence of
animal, performance and environmental data on DD disease. The chapters of this study have

the following aims:

I.  Chapter 2 should provide a comprehensive genomic analyses for DD, HYP, and SU
including the estimation of heritabilities based on genomic relationship matrices, the
estimation of SNP-marker effects for DD, HYP, and SU and the annotation of potential
candidate genes from models considering or ignoring possible HS interactions, and the
estimation of genetic correlations based on genomic relationship matrices between DD,
HYP, and SU with breeding goal traits reflecting health, female fertility, and productivity,
and of respective correlations based on SNP effects with focus on the identified

candidate gene segments.

II.  Chapter 3 conduct a comprehensive genetic and genomic analyses for novel traits
derived from DD scoring including the estimation of genetic parameters in a single-step
approach separately for the overall, CON, and CBPB datasets, and GWAS and the
annotation of potential candidate genes for main and interaction effects with the

discrete housing system considering the phenotypic records from genotyped cows.

lll.  Chapter 4 will analyse the CBPB environment and its various influencing factors.
Afterwords the collected parameters in connection with the DD diagnosis which were
also recovered. In the end the parameters from the housing environment, cow-related

and genetic aspects should be analyse in SEM for a possible DD disease.
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al., 2017). Recently, in some countries, official national
genetic evaluations for DD have been introduced, con-
sidering diagnoses from producers and claw trimmers
(Rensing, 2019). The estimated heritabilities for DD
were in small to moderate range from 7.3 to 14.2%
from pedigree-based approaches (Koenig et al., 2005;
van der Linde et al., 2010; Schépke et al., 2015), and
from 5 to 36.7% when considering genomic relationship
matrices (Biemans et al., 2019; Shabalina et al., 2021).
The development of claw selection indices requires ge-
netic correlations among all diseases. Malchiodi et al.
(2017) estimated positive genetic correlations through-
out between DD with other claw diseases, and identi-
fied the largest correlation between DD and interdigital
hyperplasia (HYP) with 0.57. Accordingly, Gernand
et al. (2012) estimated quite large genetic correlations
between DD and HYP, ranging from 0.50 to 0.61 in
the course of lactation; additionally, among all claw
disorders, HYP was the trait with the highest heritabil-
ity (up to 0.35 at the end of lactation). Gotze (1952)
described a strong genetic predisposition for HYP de-
cades ago. A third claw disorder displaying increasing
incidences in German dairy cow herds is sole ulceration
(SU; Gernand et al., 2012). van der Spek et al. (2013)
and Gernand et al. (2012) estimated a heritability for
SU in threshold models of 0.08 and 0.07, respectively.
The genetic correlation between SU and HYP was 0.18
(van der Waaij et al., 2005). For the development of
selection indices, it is also imperative to study genetic
associations between DD with conformation traits, fe-
male fertility, and productivity. In this regard, opposite
pedigree-based genetic correlations were estimated be-
tween DD with milk yield, such as —0.31 by Onyiro et
al. (2008), but 0.24 by Koenig et al. (2005). The genetic
correlations between DD and the interval from calving
to first insemination was 0.01 (Buch et al., 2011).
Regarding genomic analyses, GWAS for DD with on-
going gene annotations suggested potential candidate
genes on chromosomes 3, 6, 9, 11, 12, 19, and 26 (Na-
deri et al., 2018; Sanchez-Molano et al., 2019; Kopke
et al., 2020; Shabalina et al., 2020). For HYP, Zhang
et al. (2019) identified a missense mutation in the gene
ROR2 on BTA 8, which was associated with distal limb
ossification and brachydactyly in humans. For SU, van
der Spek et al. (2015), Sédnchez-Molano et al. (2019),
and Butty et al. (2021) reported QTL or potential can-
didate genes on BTA 8, 10, 11, 12, 18, 22, and 29. In
summary, some genomic studies for DD, HYP, and SU
have been conducted, but ignored possible environmen-
tal effects on genetic mechanisms. Recently in middle
Europe, periods of heat stress (HS) have increased
gradually. Briiggemann et al. (2013) and Gernand et al.
(2019) especially identified effects of HS directly after
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calving on genetic parameter estimates for low heri-
tability functional traits, and hypothesized HS effects
on genetic mechanisms. In such context, consideration
of high-throughput genomic marker data combined
with innovative statistical modeling approaches allows
deeper insights, with possibilities to infer SNP marker
x HS interactions (Halli et al., 2021).

Consequently, the aim of the present study was to
conduct comprehensive genomic analyses for DD, HYP,
and SU including (1) the estimation of heritabilities
based on genomic relationship matrices, (2) the estima-
tion of SNP-marker effects for DD, HYP, and SU and
the annotation of potential candidate genes from mod-
els considering or ignoring possible HS interactions,
and (3) the estimation of genetic correlations based on
genomic relationship matrices between DD, HYP, and
SU with breeding goal traits reflecting health, female
fertility, and productivity, and of respective correla-
tions based on SNP effects with focus on the identified
candidate gene segments.

MATERIALS AND METHODS

Cow Traits

The genotypes and phenotypes were from databases
for national official genetic evaluations. Hence, no addi-
tional animal care statement was necessary. We consid-
ered 17,264 first-lactation Holstein Friesian cows from
50 large-scale co-operator herds located in the German
federal states of Brandenburg and Mecklenburg-West
Pomerania. The calving years covered the period from
2010 to 2016. The age at first calving ranged from 20
to 40 mo. All cows were diagnosed (1 = diseased; 0 =
healthy) for the claw disorders DD, HYP, and SU, for
endometritis (EM), and for clinical mastitis (CM) by
veterinarians and herd managers based on the “central
diagnosis key for health data recording” according to
the official ICAR nomenclature (Stock et al., 2013). A
cow was classified as diseased if at least one diagnosis
was recorded until lactation d 365. All cows without any
diagnosis until lactation d 365 were defined as healthy
for the corresponding disease. Repeated entries for the
same diagnosis were ignored. The average prevalence
was 15.96% for DD, 8.20% for SU, 2.36% for HYP,
25.12% for EM, and 25.77% for CM.

Conformation traits included linear scores from of-
ficial type trait recording for rear leg side view (SV),
foot angle (FA), and rear leg rear view (RV) for a
subset of 14,648 cows. For the conformation trait SV
with an intermediate optimum (score = 5), deviations
in both directions were treated equally; that is, scores 1
and 9 were allocated to class 1, scores 2 and 7 to class
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Table 1. Descriptive statistics for conformation, female
units in brackets)

fertility, health, and 305-d lactation traits (respective

Trait Cow (n) Mean SD Minimum  Maximum
Rear leg side view (points) 14,648 5.32 1.23 1 9
Foot angle (points) 14,648 4.87 1.23 1 9
Rear leg rear view (points) 14,648 5.04 1.46 1 9
Nonreturn, d 90 (frequency) 15,452 0.44 0.50 0 1
Days from calving to first insemination (d) 15,452 71.46 21.42 21 149
Calving interval (d) 13,732 388.95 52.30 295 549
Dermatitis digitalis (frequency) 17,264 0.16 0.37 0 1
Sole ulcer (frequency) 17,264 0.08 0.27 0 1
Interdigital hyperplasia (frequency) 17,264 0.02 0.15 0 1
Endometritis (frequency) 17,264 0.25 0.43 0 1
Mastitis (frequency) 17,264 0.26 0.44 0 1
Milk yield (kg) 16,147 9,058.27  1,524.01 1,378 16,156
Fat yield (kg) 16,147 343.87 52.78 57 571
Protein yield (kg) 16,147 301.88 45.81 48 528

2, scores 3 and 6 to class 4, and the score 5 represented
the best value in class 5. For RV and FA on a scale from
1 to 9, 9 was the best value.

Records for the female fertility traits nonreturn at d
90 (NR90) and for the interval from calving to first in-
semination (CFI) were available for a subset of 15,452
cows. For calving interval (CIN) between the calving
dates in lactation 1 and 2, we considered records from
13,732 cows. Production data for 305-d lactation milk
yield (MY), fat yield (FY), and protein yield (PY)
were available from 16,147 cows. Table 1 shows the
descriptive statistics for all traits.

Genotypes

The cows were genotyped with the Illumina Bo-
vineSNP50 v2 BeadChip (Illumina Inc.; 4,589 cows)
or with the Illumina Bovine Eurogenomics 10k chip
(12,675 cows). Cows with low-density 10k genotypes
were imputed to the 50k panel by the project part-
ner VIT (Vereinigte Informationssysteme Tierhaltung
w.V., Verden, Germany) using the algorithm by Segelke
et al. (2012). The SNP data set included 44,474 SNPs
from 17,264 genotyped cows with phenotypic records.
Quality control of the genotype data was performed
with the software package PLINK (Purcell et al., 2007).
Single nucleotide polymorphisms with a minor allele
frequency <1% and a deviation from the Hardy-Wein-
berg equilibrium (P-value < 1 x 107%) were discarded.
Finally, 44,046 SNPs from 17,264 cows remained for the
genomic studies.

Meteorological Data

For the identification of the nearest weather station
for each herd, distances (km) between each herd and
all public weather stations were calculated using the
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R-package GEOSPHERE (Hijmans et al., 2019), con-
sidering the respective longitudes and latitudes of the
herds and the weather stations. Finally, we allocated
30 weather stations to 50 herds. The maximum dis-
tance between a herd and a weather station was 27.88
km, the minimum distance was 0.74 km, and the aver-
age distance was 13.96 km. We computed the hourly
temperature-humidity index (THI) as follows (NRC,
1971):

THI = (1.8 x T 4 32) — (0.55 — 0.0055 x RH)
x (1.8 x T — 26),

where T = hourly temperature and RH = relative
humidity. Afterward, we calculated the average daily
THI for all days within the period from —1 d before
to 21 d after calving. We focused on this interval be-
cause HS, especially during the early lactation period,
contributed to an increase of claw disorder incidences
(Gernand et al., 2019). The range of the daily THI
within the defined period was from 32.11 to 76.95. In
a next step, we defined a HS threshold with THI 68 as
identified by Briigemann et al. (2012) for functional
traits in different production systems in Germany. A
genotyped cow underwent HS after first calving if at
least one of the daily THI within the defined period
exceeded 68. Otherwise, the cow was allocated to the
cow group without HS. The number of cows allocated
to THI >68 was 3,866, implying 22.39% of the cows
from all 50 herds were exposed to HS.

Statistical Models

Estimation of Heritabilities for Claw Disor-
ders. Single nucleotide polymorphism-based herita-
bilities for DD, HYP, and SU were estimated via both
linear (on the observed scale) and threshold (on the
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underlying liability scale) single-trait animal models us-
ing the GREML function as implemented in the GCTA
software package (Yang et al., 2011). The single-trait
model 1 was

y=XB+ Zg + e, [1]

where y = vector of observations for DD, HYP, and
SU; B = a vector of fixed effects including herd (50
herds), calving year (2010-2016), calving season (4
quarters: Jan—Mar, Apr—Jun, Jul-Sep, Oct—Dec), and
first calving age (linear regression); g = a vector of
additive genetic effects following N (0, Goj), where G
= the genomic relationship matrix constructed accord-
ing to Yang et al. (2010) and 03 = the genomic vari-
a vector of random residuals following
N (0, Iaf), where T = an identity matrix and 03 = re-

ance; e =

sidual variance; and X and Z = incidence matrices for
fixed and random genetic effects, respectively. In the
threshold model, variances from the observed scale
were transformed to the underlying liability scale ac-
cording to Lee et al. (2011).

Estimation of Genetic Correlations Among
Claw Disorders, and Between Claw Disorders
with Female Fertility, Conformation, Health,
and Production Traits. Genetic correlations among
DD, HYP, and SU and between DD, HYP, and SU with
conformation, female fertility, health, and 305-d lacta-
tion traits, were estimated via bivariate linear animal
models using the GREML algorithm as implemented in
GCTA (Yang et al., 2011). The bivariate model 2 was

Y1
Yo

: 2]

_ \X161 +17g, +e
X,B, +7Zg, +e,

where the subscripts 1 and 2 represent the first and the
second trait, respectively. The effects were the same as
described in model 1. The bivariate model considered
the following (co)variance structure for random effects:

2
u, Gagl Gc;'g12 0 0
2
Uy Gggu Gggz 0
var = ’
€ 0 0 oy Io,
©2 0 0 In, I?

2 2
9’ 092’
= genomic variances for the first and the second

where G = genomic relationship matrix; o and

g
912
trait, and genomic covariance between both traits, re-

spectively; I = identity matrix for the observations; 031,
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0’22, and o, | = residual variances for the first and second

trait and residual covariance between both traits, re-
spectively.

Genome-Wide Associations and Gene Anno-
tations. We performed a GWAS for DD, HYP, and
SU in a case-control design by applying a single SNP
linear mixed model and using the mlma-loco “leaving
one chromosome out” option as implemented in the
software GCTA (Yang et al., 2011). Statistical model 3
was defined as follows:

y = XB + Xsnpusnp + Zg + €, [3]

where xg,, = SNP genotypes and wu,,, = SNP effect.
The remaining effects were the same as described in
model 1.

The number of false positives associations was indi-
cated by QQ plots and inflation factors (X\).

The genome-wide significance level according to Bon-
ferroni (pBF = 0.05/Ngyp = 44,046) was 1.14 x 107°,
Furthermore, following Kurz et al. (2018) and Klein et
al. (2020), a less conservative normative significance
threshold was used to identify candidate SNPs defined
as pCD = 1 x 10~% Potential candidate genes from
the Ensembl database based on the Bos taurus ARS-
UCD1.2 genome assembly (Yates et al., 2019) were
identified, and assigned to the corresponding significant
or candidate SNPs. In this regard, a gene was consid-
ered as a candidate gene if at least one significantly
associated SNP was located in the gene or within a
window size of 200 kb up- and downstream. In the last
step, physiological functions of potential candidate
genes were inferred based on information from the En-
sembl (Yates et al., 2019) and Genecard (Stelzer et al.,
2016) databases.

Model 3 was also applied to estimate SNP effects for
conformation traits, female fertility traits, EM, CM,
and 305-d lactation traits. For conformation and 305-d
lactation traits, we applied linear mixed model asso-
ciation analyses (option mlma instead of mlma-loco)
as a significantly greater population stratification was
observed in the GWAS for these traits (A > 2).

Calculation of SNP Effect Correlations. We
calculated correlations for the estimated SNP effects
from model 3 between DD, HYP, and SU with confor-
mation traits (SV, FA, and RV), female fertility traits
(NR90, CFI, and CIN), health traits (EM and CM),
and 305-d lactation traits (MY, FY, and PY). In this
regard, we considered the SNPs located 200 kb up- and
downstream of the respective identified potential can-
didate gene for DD, HYP, and SU. The total number
of variants within the defined chromosome segments of
all identified potential candidate genes for the 3 claw
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disorders DD, HYP, and SU ranged from 5 to 24, with
an average number of 10.84 variants per interval.

Genome-Wide Associations for Claw Disor-
ders with SNP by Heat Stress Interactions. We
estimated main and interaction SNP effects for DD,
HYP, and SU via generalized least squares equations
according to the algorithm as introduced by Yang et
al. (2014). Statistical model 4 to estimate main and
interaction SNP effects was

y = XB + Xsnpiusnpi + Xinteri Winteri + Zg
+ Wghs + €, [4]

where y = a vector of observations for DD, HYP, and
SU; Xgupi = SNP genotypes; u,,, = SNP main effect;
Xinteri = & vector of genotypes for cows undergoing HS
(i.e., THI >68) after first calving; u,.,, = SNP by HS
interaction effect; gy, = a vector of genotype by HS
interaction effects for cows with HS following
N (0, Ghsaghs), where Gy = the genomic relationship

matrix for the cows with HS and 02, = the variance of

genotype by HS interactions (estimated using the gxe
option in GCTA); and W = a design matrix allocating
phenotypic records to gy, Hence, the term w,,,,,; with
the respective design matrix Xj,..rq Was used to indicate
whether the genotyped cow was exposed to HS. The
regression coefficients of genotypes were nested within
the 2 THI classes THI <68 or THI >68. The remaining
effects were the same as described in model 1. The sig-
nificance values of main and interaction effects for each
SNP were estimated using our own R-package
“GWAInter.R” (Halli et al., 2021). Hence, each SNP
has 2 P-values, specifically one for the significance of
the main effect and another for the significance of the
interaction effect. In the next step, potential candidate
genes for interaction effects were annotated as described
above for the SNPs from model 3.

RESULTS AND DISCUSSION
Heritabilities for Claw Disorders

The SNP based heritability for DD from the linear
model on the observed scale was 0.04 (SE 0.005), re-
flecting pedigree-based estimates from linear models by
Onyiro et al. (2008) and Johansson et al. (2011) (Table
2). As expected from theory (Fahrmeir and Tutz,
2001; Mrode 2005), the heritability on the underlying
liability scale from the threshold model for DD was
slightly larger with 0.08 (SE 0.01). Dermatitis digitalis
heritabilities in Holstein populations from threshold
models were 0.10 (van der Waaij et al., 2005), 0.07
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Table 2. Additive genetic variances (V,) residual variances (V,), and
corresponding heritabilities for claw disorders from the linear model
(h*-lin) and from the model with the logit link function (h*logit)

: 1
Genetic parameter

Claw disorder V, V. hlin h%logit
Dermatitis digitalis 0.004 0.113 0.04 0.08
(0.001) (0.001) (0.005) (0.01)
Interdigital hyperplasia 0.001 0.022 0.03 0.23
(0.0001)  (0.0002)  (0.005) (0.04)
Sole ulcer 0.002 0.067 0.03 0.10
(0.0003)  (0.0007)  (0.005) (0.02)

1 .
Standard errors are shown in parentheses.

(Koenig et al., 2005), and 0.09 (Gernand et al., 2012).
The differences in heritability estimates from linear and
threshold models for HYP and SU were obvious, but
expected due to their low prevalence (Table 2). The in-
cidence of a disease strongly determines the value of the
transformed heritability when applying the transforma-
tion equation as developed by Dempster and Lerner
(1954), explaining the large heritability differences on
the observed and on the underlying liability scale for
the diseases with low incidences. Accordingly, the linear
estimated heritability for HYP was 0.03 (SE 0.006), but
0.23 (SE 0.04) from the threshold model. The thresh-
old model heritabilities for HYP agree with estimates
in Holstein populations conducted by Gernand et al.
(2012) with 0.22 (SE 0.04) and by Burmester (2005)
with 0.28. Similarly, for SU, the heritability was 0.10
(SE 0.02) from the threshold model, and 0.03 (SE
0.005) from the linear model. Similar heritabilities for
SU were estimated by van der Spek et al. (2013), such
as a heritability of 0.03 from the linear model, and 0.11
from the threshold model.

Genome-Wide Associations and Potential Candidate
Genes for Claw Disorders

The Manhattan plot for the DD GWAS from model
3 is presented in Figure la. The corresponding inflation
factor X was 1.20. We identified 13 significant SNPs
associated with 14 potential candidate genes (Table 3).
One of the SNPs located on BTA 10 exceeded pBF.
The other 12 significant SNP markers according to pCD
are located on BTA 9, 10, 16, 19, and 24. The largest
number of significantly associated SNPs was detected
on BTA 10. Table 3 shows the significant SNPs, as well
as the annotated potential candidate genes for DD. The
potential candidate gene NEO1 on BTA 10 encodes a
cell surface protein that belongs to the immunoglobulin
superfamily (Vielmetter et al., 1997). The involvement
in cell growth and differentiation might explain the
significant effect on DD. Accordingly, in the context
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of cell growth, Cole et al. (2018) discussed associations
between genotypes of the NEO1 gene with fertility and
embryonic size in humans and mice. Another identi-
fied potential candidate gene for DD is DAPKZ2 on
BTA 10. Britschgi et al. (2008) described functions of
DAPK2 on granulocytic differentiations. Granulocytes
represent a subgroup of leukocytes, explaining the
effects of DAPK2 on DD, because leucocytes defend
infections caused by bacteria (e.g., treponemes), fungi,
or parasites. The annotated potential candidate gene
USP3 on BTA 10 is involved in protein ubiquitination
(Das et al., 2020). This process, in turn, is directly or
indirectly involved in numerous cellular processes, ex-
plaining the entrance of treponemes due to damaged
skin cells. Keogh et al. (2021) addressed similar cell
repairing mechanisms regulated by USP3 in the context
of calving difficulties and recovering after calving in
dairy cows and beef heifers. The potential candidate
gene CA12 on BTA 10 was related to feed intake in
Hereford and Angus cattle (Seabury et al., 2017) and
with uterine pH in Holstein Friesian cattle (Kiser et al.,
2019), but not directly with disease resistances. The
potential candidate genes KRT33A and KRT33B on
BTA 19 are involved in keratin formation (McKenzie
et al., 2010). Keratin is a major component of the claw
horn (Litzke, 2019), implying the penetration of trepo-
nemes in case of insufficient keratin production.

The Manhattan plot for the GWAS of HYP is pre-
sented in Figure 1b. For HYP, we identified 27 sig-
nificant SNPs associated with 12 potential candidate
genes. The corresponding inflation factor X\ was 1.16.
One of the SNPs located on BTA 13 exceeded pBF.
The largest number of significant SNPs according to
pCD is located on BTA 8. Table 4 includes the signifi-
cant SNPs, as well as the associated candidate genes for
HYP. The potential candidate gene UBQLNI on BTA
8 influences protein degradation in vivo, and proteins
interacted with diseases such as the foot and mouth
disease virus (Gladue et al., 2014). The potential can-
didate gene WDPCP on BTA 11 plays a crucial role in
collective cell movement and cilia formation, explain-
ing the involvement in disease resistance mechanisms
(e.g., de las Heras-Saldana et al., 2019; Afonso et al.,
2020). The potential candidate gene ITPR1 on BTA 22
encodes an intracellular receptor for inositol-1, 4, 5-tri-
phosphate, and was active in the presence of external
stressors (Cheruiyot et al., 2021).

The Manhattan plot for the GWAS of SU is pre-
sented in Figure 1c. For SU, we identified 14 significant
SNPs associated with 6 potential candidate genes. The
corresponding inflation factor X was 1.16. None of the
SNPs exceeded pBF. The significant SNP markers ac-
cording to pCD are located on BTA 4, 5, 6, 7, 9, 12,
13, and 27. The largest number of significant SNPs was
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found on BTA 13. Table 5 shows the significant SNPs
for SU and the annotated potential candidate genes.
However, direct relationships between the identified
genes and diseases were only reported for C'200rf202 on
BTA 13, due to the effect on Na/K/2CL cotransporter
mechanisms (Shiozaki et al., 2014). The other potential
candidate genes for SU were associated with body size
(JAZF1; Zhao et al., 2015 and RSP0/; Duan et al.,
2021), MY (CCDC159; Du et al., 2019), female fertility
(MANI1AT1; Tarekegn et al., 2019), and male fertility
(CTCFL; Han and Penagaricano, 2016; Chen et al.,
2021) in cattle.

Visual inspections of the Manhattan plots for the
3 claw disorders DD, HYP, and SU in Figures la—c
indicate regions containing potential candidate genes
on BTA 9. Especially for DD and HYP, a large number
of potential candidate genes are located on BTA 8, 9,
10, and 11. Furthermore, both diseases have several
potential candidate genes on BTA 19 between base pair
positions 34,000,000 and 55,000,000, again indicating
similar genetic mechanisms and supporting the quite
large genetic correlation. From a pathological perspec-
tive and in the context of shared diseases pathways,
HYP often occurs after a DD infection due to external
stressors (de Jesus Argdez-Rodriguez et al., 1997). Nev-
ertheless, we also identified a large number of variants,
which did not overlap across the different claw disor-
ders, indicating that the genetic correlation is mostly
due to polygenetic effects.

Genetic Correlations and SNP Effect Correlations
Among Claw Disorders, and Between Claw
Disorders and Remaining Traits

Dermatitis Digitalis. Genetic and SNP effect cor-
relations between DD with all other traits are presented
in Figure 2. The genetic correlation between DD and
the conformation traits SV, FA, and RV was negative
throughout, but close to zero and in a narrow range
from 0.05 to —0.14. From a breeding perspective, a
negative correlation is favorable, implying that bulls
with a fewer number of diseased daughters have the
desired scores for linear type traits from the feet and
leg composite. Onyiro et al. (2008) and van der Linde
et al. (2010) estimated stronger genetic correlations
between DD with feet and leg type traits of —0.31 and
—0.67, respectively, for locomotion, and of —0.27 and
—0.63, respectively, for the overall fundament score.
Genetically, Kopke et al. (2020) associated favorable
DD breeding values with steeper and parallel legs,
supporting the results from the present study. The
SNP effect correlations between DD and FA consider-
ing the SNPs from the potential candidate genes were
highly variable, and ranged from —0.87 (SHCY) to 0.75
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Figure 1. (a) Manhattan plot for —log(10) P-values of SNP effects for dermatitis digitalis; (b) Manhattan plot for —log(10) P-values of SNP
effects for interdigital hyperplasia; (c) Manhattan plot for —log(10) P-values of SNP effects for sole ulcer. Genome-wide significance threshold
(pBF = 1.14 x 10°%); suggestive candidate threshold (pCD = 1 x 10™*). pBF = genome-wide significance level according to Bonferroni; pCD
= normative significance threshold.
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Table 3. Significantly associated SNP markers and annotated potential candidate genes for dermatitis digitalis

BTA SNP-ID SNP position (bp) P-value Gene' Gene position (bp)"

9 rs109476338 5,558,499 7.38 x 107° — —
rs109910772 101,846,818 6.67 x 107° FGFR10P 101,818,057-101,845,437
rs109910772 101,846,818 6.67 x 107" ENSBTAG00000054087 101,855,408-101,856,823

10 rs110975142 19,887,506 5.11 x 107° NEO1 19,888,399-20,126,828
rs42584950 45,998,237 0.10 x 107° DAPK?2 45,948,472-46,088,593
rs109741931 46,490,485 1.13 x 107° USP3 46,413,154-46,513,245
rs41256789 46,254,922 1.31 x 107° HERC1 46,185,094-46,254,294
rs42838073 46,609,304 0.45 x 107° CA12 46,649,404-46,851,817
rs41649796 49,690,693 1.93 x 107° RORA 48,892,525-49,702,163
rs111011739 61,347,219 2.01 x 107° SHCY 61,284,100-61,419,065

16 rs41809605 54,144,431 872 x 107° LRRC38 54,111,470-54,145,850

19 rs110240780 34,064,148 3.18 x 107° RNF112 34,063,776-34,069,380
rs43729493 41,559,996 6.16 x 107" KRT33A 41,552,389-41,557,718
1543729493 41,559,996 6.16 x 107° KRTS33B 41,575,278-41,581,410

24 rs41647307 54.822.569 293 x 10°° TCF} 54.504.983-54.976.864

'No gene name or no gene position: SNP was not located in the gene or within a window size of 200 kb up- and downstream.

(NEOI). The correlation was positive (0.75) and signifi-
cantly (P < 0.05) different from zero for SNPs from the
NEO1 gene segment, as well as for SNPs surrounding
the LRRC38 gene segment (0.85). There was a highly
significant positive correlation (0.85) between DD and
SV for SNPs from the HERC'1 segment. With regard to
RV, the strongest SNP correlation (0.96) with DD was
estimated based on SNPs from the segments surround-
ing the genes KRT33A and KRTS33B. However, most
of the SNP effect correlations for specific chromosome

segments between DD and conformation traits were
negative, supporting the genetic correlation estimates.

Genetic correlations between DD and female fertil-
ity traits were —0.16 for NR90, 0.12 for CFI, and 0.28
for CIN. The positive genetic correlations between DD
and fertility interval traits indicate longer periods from
calving to first estrus for diseased or lame cows. Ac-
cordingly, Buch et al. (2011) estimated a positive, but
very small genetic correlation of 0.01 between DD with
CFI. The negative genetic correlation between DD and

Table 4. Significantly associated SNP markers and annotated potential candidate genes for interdigital hyperplasia

BTA SNP-ID SNP position (bp) P-value Gene' Gene position (bp)

1 1541639125 7,484,829 5.54 x 107° — —

7 rs41607741 78,689,485 9.16 x 107° — —

8 1529010321 68,193,101 1.59 x 107° — —
rs41587016 73,406,436 7.98 x 107‘? — —
15110594250 73,731,612 9.02 x 10°° — —
rs110430166 74,463,486 9.34 x 107° — —
543010550 76,873,029 8.99 x 107° UBQLN1 76,869,555-76,925,625
rs110311453 76,927,444 9.99 x 107" UBQLN1 76,869,555-76,925,625
1542295642 77,126,858 1.62 x 107° KIF27 77,083,416-77,176,341
1542295713 77,243,628 6.67 x 107° RMI1 77,241,944-77,244,793

9 1529012613 19,914,423 9.45 x 107° BCKDHB 19,804,029-20,074,759

10 1543625750 41,725,845 6.98 x 107° — —

11 rs109261711 61,853,060 7.34 x 107° WDPCP 61,723,956-62,023,241

12 rs109743542 11,839,129 9.12 x 107° VIWAS 11,675,264-12,071,822

13 rs110732787 65,832,716 5.06 x 107° — —
rs41702929 66,361,962 317 x 107° — —

14 15110259526 19,840,969 4.33 x 1077 — —
rs109185030 19,923,818 402 x 1077 - -

15 15109584130 41,778,626 6.05 x 107° — —

18 rs110840644 93,178,646 7.37 x 107 - -

19 rs109954470 46,980,971 2.20 x 107° TLK2 46,911,925-47,034,030
rs41918393 49,207,326 2.06 x 107° — —
rs41919813 55,023,618 5.39 x 107° MFSD11 55,014,709-55,043,048
1541921756 55,099,255 9.93 x 107° MXRA7 55,081,443-55,096,598
rs109693837 55,137,609 814 x 107° ST6GALNAC1 55,121,131-55,140,468

22 rs41640905 21,522,835 6.47 x 107° ITPR1 21,523,823-21,876,681

29 rs109416157 40,631,214 5.25 x 107° INCENP 40,599,706-40,634,288

'No gene name or no gene position: SNP was not located in the gene or within a window size of 200 kb up- and downstream.
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Table 5. Significantly associated SNP markers and annotated potential candidate genes for sole ulcer

BTA SNP-ID SNP position (bp) P-value Gene' Gene position (bp)'

4 rs41622258 68,127,101 2.86 x 1078 JAZF1 67,992,971-68,321,145

5 rs109158459 31,569,741 5.93 x 107° C5H1201f54 31,543,719-31,568,121
15109997913 117,596,182 452 x 10°° . .

6 1529012203 105,234,399 9.93 x 107° — —

7 rs109444369 15,754,379 2.08 x 107° CCDC159 15,752,075-15,759,370

9 rs42785019 31,725,734 6.44 x 107° MAN1A1 31,675,672-31,849,229
rs42786248 31,733,303 5.75 x 107° MANI1A1 31,675,672-31,849,229
rs42827834 55,390,187 1.97 x 107° — —

12 15110161003 46,739,136 1.19 x 10°° - .

13 rs41256263 57,339,787 6.72 x 107 — —
1542555087 58,659,653 8.93 x 107° CTCFL 58,657,726-58,682,600
rs110791636 59,930,801 1.72 x 107° C200rf202 59,934,485-59,939,133
rs41703753 60,152,518 1.31 x 10°° RSPO/ 60,118,678-60,153,362

27 1542237076 796,128 9.35 x 107° — —

'No gene name or no gene position: SNP was not located in the gene or within a window size of 200 kb up- and downstream.

NR90 indicates improved conception for healthy cows.
With focus on some specific gene segments, SNP effect
correlations differed from the genetic correlations. In
this regard, the SNP effect correlation between DD and
NR90 was —0.89 for the DAPK2 gene segment, and
—0.91 for the LRRCS38 gene segment. For the fertility
interval traits, the sign of SNP effect correlations most-
ly differed when compared with the genetic correlation.
The genetic correlations between DD and interval traits
were positive and favorable from a breeding perspec-
tive, but negative for most of the relevant chromosome
segments.

The genetic correlation between DD with SU was
0.20, and 0.64 with HYP. Fiedler (2014) explained posi-
tive phenotypic correlations among DD, HYP, and SU
through causalities in infection pathways. Single nu-
cleotide polymorphism effect correlations between DD
and SU considering the gene segments varied widely in
the range from —0.63 (ENSBTAG00000054087) to 0.42
(HERC1). We identified significant positive SNP effect
correlations between DD and HYP for 11 of the 14
genes, with largest correlations considering the SNPs
from the segments KRT33A (0.93), KRT33B (0.93),
HERC1 (0.90), and DAPK2 (0.84). The weak to mod-
erate negative genetic correlations between DD with
EM (—0.22) and with CM (—0.07) indicate different
pathways for bacterial infections of different disease
categories and a broad variety of bacteria species that
can trigger the respective disease. Accordingly, Ger-
nand et al. (2012) and Buch et al. (2011) found genetic
correlations close to zero between DD with diseases
from other health categories. For SNP effect correla-
tions for EM, the range varied from —0.94 (HERCI)
to 0.79 (ENSBTAG000054087). Most of the SNP effect
correlations between DD and EM, and between DD and
CM were negative.
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With regard to 305-d lactation traits, genetic correla-
tions between DD with MY (0.13), FK (0.03), and PK
(0.10) indicate slight genetic antagonistic relationships
between bacterial claw infections and productivity as
previously shown by Koenig et al. (2005). However, with
focus on the most important genes or chromosome seg-
ments for DD, SNP effect correlations with 305-d lacta-
tion MY ranged from —0.58 (ENSBTAG00000054087)
to0 0.79 (LRRC38), with 10 of the 14 correlations being
positive. Regarding FY, SNP effect correlations with
DD varied in the range from —0.91 (RNF112) to 0.73
(LRR(CS38), and for PY from —0.75 (RNF112) to 0.82
(LRRC38). With regard to the LRRC38 segment, the
SNP effect correlations between DD and the produc-
tion traits MY, FY, and PY were significant and posi-
tive. LRR(C38 is actively involved in K transport and is
associated with postpartum Ca concentration in blood
and in milk of Holstein cows (Cavani et al., 2022). Cal-
cium in turn plays an important role in milk production
(Breves et al., 2016), as well as in keratinization and
mature horn cell formation of the claw (Langova et
al., 2020). Rodriguez et al. (2017) associated increased
blood calcium losses at the beginning of lactation and
hypocalcemia of especially high yielding cows with
several diseases, which may explain the positive cor-
relations between DD and the production traits based
on the SNPs of the LRRCS38 segment.

Interdigital Hyperplasia. Genetic and SNP effect
correlations for HYP with all other traits are presented
in Figure 3. The genetic correlations between HYP and
the conformation traits SV, FA, and RV were 0.03,
—0.18, and —0.21, respectively. Hence, genetic improve-
ments of FA and RV imply indirect favorable selec-
tion response in the HYP health status. Similarly, in
pedigree-based approaches, van der Waaij et al. (2005)
estimated negative genetic correlations between HYP
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Potential candidate genes for dermatitis digitalis

Figure 2. Genetic correlations and SNP effect correlations considering SNPs surrounding potential candidate genes for dermatitis digitalis
(DD) between DD and remaining traits. Significance of the Pearson correlation: *P < 0.05; **P < 0.01; ***P < 0.001; SV = rear leg side view;
FA = foot angle; RV = rear leg rear view; NR90 = nonreturn rate at d 90; CFI = days from calving to first insemination; CIN = calving interval;
SU = sole ulcer; HYP = interdigital hyperplasia; EM = endometritis; CM = clinical mastitis; MY = milk yield; FY = fat yield; PY = protein
yield; rg = genetic correlation between dermatitis digitalis and the listed traits.

with FA (—0.15) and with RV (—0.35), but a weak
positive genetic correlation with SV (0.04). Again, the
SNP effect correlations with SV based on the identified
candidate genes for HYP display a heterogeneous pat-
tern from —0.89 (KIF27) to 0.80 (ITPR1). Regarding
FA, SNP effect correlations with HYP ranged from
—0.46 (KIF27) to 0.68 (ITPR1).

Journal of Dairy Science Vol. 105 No. 10, 2022

The genetic correlations between HYP with NR90
(—0.06), CFI (0.17), and CIN (0.11) reflect the esti-
mates between female fertility traits with DD. Hence,
increased susceptibility to HYP is genetically related
to a delayed estrus activity after calving and with im-
paired conception. Regarding the identified important
chromosome segments for HYP, 7 genes contributed to
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Potential candidate genes for interdigital hyperplasia

Figure 3. Genetic correlations and SNP effect correlations considering SNPs surrounding potential candidate genes for interdigital hyper-
plasia (HYP) between HYP and remaining traits. Significance of the Pearson correlation: *P < 0.05; **P < 0.01; ***P < 0.001; SV = rear leg
side view; FA = foot angle; RV = rear leg rear view; NR90 = nonreturn rate at d 90; CFI = days from calving to first insemination; CIN =
calving interval; DD = dermatitis digitalis; SU = sole ulcer; EM = endometritis; CM = clinical mastitis; MY = milk yield; FY = fat yield; PY
= protein yield; rg = genetic correlation between interdigital hyperplasia and the listed traits.

negative correlations with NR90, and 5 genes to posi-
tive correlations with NR90. Such a “balance” of gene
segments contributing to either favorable or unfavor-
able SNP effect correlations with HYP also was identi-
fied for the fertility interval traits CFI and CIN. Highly
significant correlations were found between HYP and
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CFI (0.90), as well as between HYP and CIN (0.74)
for SNPs surrounding the KIF27 gene. With regard to
the potential candidate gene KIF27 on BTA 8, Parker
Gaddis et al. (2016) confirmed the effect on female
fertility. The genetic correlation between HYP and SU
was 0.14 (0.13), reflecting estimates by van der Waaij
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et al. (2005) based on pedigree data. Accordingly, Koe-
nig et al. (2005) estimated positive genetic correlations
among DD, SU, and HYP, and they indicated that claw
disorders “genetically appear to occur in clusters.” This
means that a cow with a DD infection has an increased
genetic risk to show symptoms for HYP or SU, and
vice versa. Phenotypically, 580 cows had more than one
claw disorder; specifically, 155 cows with a diagnosis
for DD and HYP, 336 cows with a diagnosis for DD
and SU, 25 cows with a diagnosis for DD, HYP, and
SU, and 64 cows with a diagnosis for HYP and SU.
Very strong positive correlations between SNP effects
for HYP and SU were calculated based on the SNPs
surrounding the genes MFSD11 (0.87), MXRA7 (0.84),
and ST6GALNAC1 (0.83), supporting the favorable
genetic correlation between HYP and SU. With regard
to WDPCP, the correlation between DD and HYP was
0.89. WDPCP was associated with inflammatory re-
sponse mechanisms to infections (de las Heras-Saldana
et al., 2019; Afonso et al., 2020), which might play a
role for both claw disorders DD and HYP. The ge-
netic correlation between HYP and CM was 0.08, and
—0.04 between HYP and EM. Similarly, Gernand et al.
(2012) estimated genetic correlations of 0.03 between
HYP with EM, and of 0.00 between HYP and CM.
For production traits, genetic correlations with HYP
were close to zero, but always positive; in particular,
correlations were 0.09 with MY, 0.05 with FY, and 0.08
with PY. Accordingly, SNP effects correlations between
HYP and MY were positive for 11 gene segments, and
only negative based on the SNPs surrounding WDPCP.
Sole Ulceration. Figure 4 displays the genetic and
SNP effect correlations between SU and the selected
traits. Genetic correlations between SU and the con-
formation traits SV, FA, and RV were throughout
negative with —0.21, —0.07, and —0.19, respectively.
SNP effect correlations between SU and SV ranged
from —0.90 to —0.06. Pronounced negative correlations
were calculated between SU with SV (—0.81), with FA
(—0.66), and with RV (—0.58) for the SNPs located in
the MANI1A1 segment. With regard to SU and female
fertility associations, genetic correlations were 0.05 with
NR90, 0.31 with CFI, and 0.23 with CIN. Accordingly,
Buch et al. (2011) estimated a genetic correlation of
0.33 between SU and CFI based on pedigree data. The
SNP effect correlations with focus on the SU candidate
genes and female fertility traits showed a heterogeneous
pattern. Again, strong correlations were found for the
MANI1A1 gene segment, such as 0.92 between the SNP
effects for SU and for CIN. MAN1A1 was suggested as
a candidate gene for human health and fertility dis-
orders, such as in the context of mesenchymal tumor
development (Alonso-Garcia et al., 2020).
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With regard to direct health trait diagnoses, the
genetic correlation between SU and EM was 0.65, and
0.22 between SU and CM. The respective SNP effect
correlations between SU and EM ranged from —0.90
(CTCFL) to 0.34 (CCDC159). Genetic correlations
between SU and 305-d lactation traits were throughout
antagonistic; specifically, they were 0.25 with MY, 0.26
with FY, and 0.27 with PY, reflecting estimates by
Koenig et al. (2005) and Oliveira Junior et al. (2021)
when using pedigree data.

Genome-Wide Associations for SNP by Heat
Stress Interactions

The Manhattan plot for the SNP interaction effects
with HS for DD is presented in Figure 5. A significant
interaction means that the respective SNP is relevant
for DD susceptibility under HS, but not under ther-
moneutral conditions, or vice versa. The corresponding
inflation factor X was 1.07. Two SNPs exceeded the
candidate threshold. The annotated potential candi-
date genes for interactions effects are listed in Table
6. One significant SNP was located in close distance
to the gene THBD on BTA 13. This protein-coding
gene is involved in blood clotting and associated with
tuberculosis disease in mice (Weijer et al., 2005). With
regard to the main effects from model 4, the Manhat-
tan plot (not shown) was similar with the pattern from
model 3 as presented in Figure la. Again, most of the
significant SNPs are located on BTA 10 and on BTA
16 (see Figure 1a).

The Manhattan plot for the SNP interaction effects
for HYP is presented in Figure 6. The corresponding
inflation factor X was 1.01. Two of the SNPs exceeded
the candidate threshold (see Table 6). For the HYP x
HS interaction, a significant SNP was found in the seg-
ment of ADGRV1 on BTA 7. ADGRV1 was associated
with metabolic BW in Holstein Friesian cows (Hardie
et al., 2017). With regard to the main effects, the Man-
hattan plot from the interaction model 4 (not shown)
was similar with the pattern from model 3 as presented
in Figure 1b. Again, most of the significant SNPs are
located on BTA 19 (see Figure 1b).

The Manhattan plot for the SNP interaction effects for
SU with HS is presented in Figure 7. The corresponding
inflation factor \ was 1.15. Fifteen of the SNPs exceeds
the candidate threshold (see Table 6). For the interac-
tion term, a significant SNP was found in the CLCN1
segment on BTA 4. CLCN{ is involved in the electrical
excitability of skeletal muscle cells, explaining its role
in the occurrence of myotonia hereditaria in Australian
cattle dogs (Finnigan et al., 2007). Another significant
SNP is located in close distance to the segment of TRH
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Potential candidate genes for sole ulcer

Figure 4. Genetic correlations and SNP effect correlations considering SNPs surrounding potential candidate genes for sole ulcer (SU)
between SU and remaining traits. Significance of the Pearson correlation: *P < 0.05; **P < 0.01; ***P < 0.001; SV = rear leg side view; FA
= foot angle; RV = rear leg rear view; NR90 = nonreturn rate at d 90; CFI = days from calving to first insemination; CIN = calving interval;
DD = dermatitis digitalis; HYP = interdigital hyperplasia; EM = endometritis; CM = clinical mastitis; MY = milk yield; FY = fat yield; PY
= protein yield; rg = genetic correlation between sole ulcer and the listed traits.
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Figure 5. Manhattan plot for —log(10) P-values of SNP x heat stress interaction effects for dermatitis digitalis. Genome-wide signifi-
cance threshold (pBF = 1.14 x 10’6); suggestive candidate threshold (pCD = 1 x 10’4), pBF = genome-wide significance level according to
Bonferroni; pCD = normative significance threshold.

on BTA 22, which is related to growth hormone and Studies addressing genotype x environment interac-
prolactin secretion (Kaiser et al., 1994). One significant  tions for claw disorders are quite rare. Applying the
SNP is located within the segment of RHOBTB1 on classical multiple-trait approach, Shabalina et al.
BTA 28. This protein-coding gene is involved in actin  (2021) proved genotype X environment interactions for
filament assembly and affected meat quality in cattle DD based on genetic correlations smaller than 0.80 be-
(Silva et al., 2020). tween DD recorded in conventional or in organic farms.

Table 6. Significantly associated SNP markers and annotated potential candidate genes for SNP x heat stress interaction effects

Claw disorder BTA SNP-ID SNP position (bp) P-value Gene' Gene position (bp)"
Dermatitis digitalis 13 rs41689217 41,935,549 7.55 x 107 THBD 41,849,505-41,854,998
Dermatitis digitalis 13 1529024306 44,156,728 9.30 x 107° — —
Interdigital hyperplasia 2 rs110893390 10,542,376 7.23 x 107 FSIP2 10,562,943-10,705,287
Interdigital hyperplasia 7 1s29011503 90,389,523 711 x 10°  ADGRVI 90,154,320-90,667,809
Sole ulcer 2 1841597882 12,931,458 9.96 x 10°  ENSBTAG00000052131  12,940,014-12,941,224

4 15109245784 106,723,818 9.47 x 107° CLCN1 106,700,966-106,738,430

5 1s42485609 7,930,463 9221 x 1070 .

5 1529017368 57,677,072 3.59 x 107° OR6CS 57,673,709-57,674,653

7 s41569775 33,733,352 843 x 1070 -

7 rs41618235 71,209,958 4.55 x 107° ENSBTAG00000050222 71,358,400-71,362,800

7 rsA2668574 105,414,564 549 x 1070 .

8 rs109909107 105,987,019 7.94 x 107 ASTN2 105,642,638-106,693,624

9 rs110131550 23,016,695 7.42 x 107 DOP1A 22,963,808-23,089,404

17 rs41584487 22,998,749 7.95 x 107 — —

22 1529013532 55,883,157 4.63 x 107° TRH 55,886,672-55,889,873

25 rs110927692 12,436,815 5.16 x 1077 — —

25 rs109782763 12,512,507 4.98 x 107° — —

25 rs110912511 12,724,331 8.00 x 1077 ERCCY 12,833,435-12,874,714

28 rs110136757 16,691,439 4.49 x 107° RHOBTB1 16,637,438-16,777,483

'No gene name or no gene position: SNP was not located in the gene or within a window size of 200 kb up- and downstream.

Journal of Dairy Science Vol. 105 No. 10, 2022
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Figure 6. Manhattan plot for —log(10) P-values of SNP x heat stress interaction effects for interdigital hyperplasia. Genome-wide signifi-
cance threshold (pBF = 1.14 x 107%); suggestive candidate threshold (pCD = 1 x 10™"). pBF = genome-wide significance level according to

Bonferroni; pCD = normative significance threshold.

Accordingly, for the claw disorder sole hemorrhage,
Swalve et al. (2014) indicated that the etiology of a
disease is highly dependent on the particular environ-
ment. In their study, they found strong associations of
genotypes for IQGAP1 on sole hemorrhage. However, in
a previous study (Urao et al., 2010), effects of IQGAP1
on blood circulation in mice feet depended on the
environmental stress conditions. Brenig et al. (2003)
indicated that the SLC26a2 Gen (bovine diastrophic
sulfate transporter) is involved in mechanisms regulat-
ing cell sulfate intake in the cattle claw. However, in
associated analyses conducted in bulls kept on station,
the same authors reported stable surface particularities
on SLC26a2 expressions.

CONCLUSIONS

Single nucleotide polymorphism-based heritabilities
were 0.04 and 0.03 for DD, 0.08 and 0.10 for SU, and
0.03 and 0.23 for HYP from linear and threshold mod-
els, respectively. The heritability differences from linear
and threshold models reflect theoretical expectations
when considering the respective disease prevalence.
The genetic and the SNP based correlations between
DD, HYP, and SU with conformation traits from the
feet and leg composite were throughout favorable from

Journal of Dairy Science Vol. 105 No. 10, 2022

a breeding point of view. Genetic correlations between
DD, SU, and HYP with other breeding goal traits
indicated impaired female fertility, an impaired udder
health status, and a productivity decline of diseased
cows. Genetic correlations among DD, SU, and HYP
were moderate to large, indicating that different claw
disorders have similar genetic mechanisms. Neverthe-
less, we identified disease specific potential candidate
genes, and genetic associations based on the surround-
ing SNPs partly differed from the genetic relation-
ships. Especially for candidate genes affecting 2 traits
simultaneously, SNP effect correlations were close to
1 or to —1. With regard to SNP x HS interactions,
we identified significant SNPs on several chromosomes,
and annotated the potential candidate genes FSIP2,
CLCN1, ADGRV1, DOP1A, THBD, and RHOBTBI.
These results indicate gene specific mechanisms of claw
disorders only in specific environments.
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Genetic evaluations and genome-wide association studies
for specific digital dermatitis diagnoses in dairy cows
considering genotype x housing system interactions

Niklas Solzer, Kerstin Briigemann, Tong Yin, and Sven Konig*
Institute of Animal Breeding and Genetics, Justus-Liebig-University Gie3en, 35390 Gielten, Germany

ABSTRACT

The present study aimed to use detailed phenotyping
for the claw disorder digital dermatitis (DD) considering
specific DD stages in 2 housing systems (conventional
cubicle barns [CON] and compost-bedded pack barns
[CBPB]) to infer possible genotype X housing system
interactions. The DD stages included 2,980 observations
for the 3 traits DD-sick, DD-acute, and DD-chronic from
1,311 Holstein-Friesian and 399 Fleckvieh-Simmental
cows. Selection of the 5 CBPB and 5 CON herds was
based on a specific protocol to achieve a high level of
herd similarity with regard to climate, feeding, milking
system, and location, but with pronounced housing-
system differences. Five other farms had a “mixed sys-
tem” with 2 subherds, one representing CBPB and the
other one CON. The CBPB system was represented by
899 cows (1,530 observations), and 811 cows (1,450
observations) represented the CON system. The average
disease prevalence was 20.47% for DD-sick, 13.88%
for DD-acute, and 5.34% for DD-chronic, with a higher
prevalence in CON than in CBPB. After quality control
of 50K genotypes, 38,495 SNPs from 926 cows remained
for the ongoing genomic analyses. Genetic parameters
for DD-sick, DD-acute, and DD-chronic were estimated
by applying single-step approaches for single-trait re-
peatability animal models considering the whole dataset,
and separately for the CON and CBPB subsets. Genetic
correlations between same DD traits from different hous-
ing systems, and between DD-sick, DD-chronic, and
DD-acute, were estimated via bivariate animal models.
Heritabilities based on the whole dataset were 0.16 for
DD-sick, 0.14 for DD-acute, and 0.11 for DD-chronic. A
slight increase of heritabilities and genetic variances was
observed in CON compared with the “well-being” CBPB
system, indicating a stronger genetic differentiation of
diseases in a more challenging environment. Genetic cor-
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*Corresponding author: sven.koenig@agrar.uni-giessen.de

relations between same DD traits recorded in CON or
CBPB were close to 0.80, disproving obvious genotype X
housing system interactions. Genetic correlations among
DD-sick, DD-acute and DD-chronic ranged from 0.58
to 0.81. SNP main effects and SNP X housing system
interaction effects were estimated simultaneously via
GWAS, considering only the phenotypes from genotyped
cows. Ongoing annotations of potential candidate genes
focused on chromosomal segments 100 kb upstream and
downstream from the significantly associated candidate
SNP. GWAS for main effects indicated heterogeneous
Manhattan plots especially for DD-acute and DD-chron-
ic, indicating particularities in disease pathogenesis.
Nevertheless, a few shared annotated potential candidate
genes, that is, METTL25, AFF3, PRKGI, and TENM4
for DD-sick and DD-acute, were identified. These genes
have direct or indirect effects on disease resistance or
immunology. For the SNP x housing system interaction,
the annotated genes ASXLI and NOL4L on BTA 13 were
relevant for DD-sick and DD-acute. Overall, the very
similar genetic parameters for the same traits in different
environments and negligible genotype x housing system
interactions indicate only minor effects on genetic evalu-
ations for DD due to housing-system particularities.

Key words: claw health, genetic parameters, genome-
wide associations, genotype X housing system interactions

INTRODUCTION

One of the most important claw disorders in dairy cat-
tle with the highest incidence and pronounced effects on
farm economy is digital dermatitis (DD; Klitgaard et al.,
2014; Solano et al., 2016). Digital dermatitis is a multi-
factorial claw infection (Blowey and Sharp, 1988; Read
and Walker, 1994). In addition to the predominant bacte-
rial effects caused by the genus Treponema spp., housing
conditions, feeding characteristics, and genetics of the
host play an important role (Dopfer et al., 2012; Solano
et al., 2017). In some countries, official genetic evalua-
tions for DD have been established, and these are mostly
based on binary disease diagnoses from producers and

The list of standard abbreviations for JDS is available at adsa.org/jds-abbreviations-24. Nonstandard abbreviations are available in the Notes.
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claw trimmers (Rensing, 2019). The pedigree-based bi-
nary DD heritabilities were in a small-to-moderate range
from 7.3% to 14.2% (Konig et al., 2005; van der Linde et
al., 2010; Schopke et al., 2015), and from 5% to 36.7%
when considering genomic relationship matrixes (Bie-
mans et al., 2019; Shabalina et al., 2020). Enlarging the
data pool for genomic predictions and genetic-parameter
estimations is possible in so-called single-step approach-
es, simultaneously considering genomic and pedigree
relationships (e.g., Lourenco et al., 2020; Misztal et al.,
2020). With regard to functional traits, single-step evalu-
ations have been carried out for milkability (Guarini et
al., 2019a), for female fertility (Matilainen et al., 2018;
Guarini et al., 2019b), and for diseases (Vukasinovic et
al., 2017). Shabalina et al. (2020) compared genetic-
parameter estimates for clinical mastitis considering the
different matrixes A, G, and H, but results from pure
genomic and single-step approaches were quite similar.

In genomic evaluations for claw disorders, mostly
producer-recorded disease diagnoses or data from rou-
tine claw trimming are used. The advantage of producer-
recorded diseases is the use of simplified diagnosis
schemes as mostly implemented in herd-management
software programs, which contributes to large datasets
for genetic evaluations (Zwald et al., 2004). However,
for complex diseases and especially for DD with spe-
cific acute and chronic stages, disease pathogenesis is
insufficiently depicted through simple binary diagnoses
(Dopfer et al., 1997). Schopke et al. (2015) introduced a
recording system for different DD stages for quantitative
genetic analyses. Such comprehensive DD scoring is as-
sociated with additional efforts regarding time and labor
and requires veterinarian expertise, but heritabilities were
larger compared with a binary DD definition based on
producer records (Schopke et al., 2015). Consequently,
in genomic analyses, stronger association signals for mo-
lecular markers and annotated potential candidate genes
are expected when considering a detailed phenotyping
strategy reflecting disease pathogenesis. In GWAS for
simple binary DD with subsequent gene annotations, po-
tential candidate genes were detected on chromosomes 3,
6,9, 11,12, 19, and 26 (Naderi et al., 2018; Kopke, 2019;
Sanchez- Molano et al., 2019; Shabalina et al., 2021).
However, most of the significantly associated SNPs only
surpassed the less conservative suggestive threshold, but
were not significant according to the strict Bonferroni
criterion.

In addition to precise phenotyping, detailed modeling
of environmental effects might contribute to a deeper
understanding of genomic mechanisms. For disease-
indicator traits, obvious genotype X environment inter-
actions were detected when modeling the environment
through herd gradients reflecting herd size or the hygiene
status (Yin and Konig, 2018). Environmental alterations

Journal of Dairy Science Vol. 107 No. 6, 2024

3725

might contribute to differences in gene expressions, as
experimentally shown in heat-stressed mice (Cammack
et al., 2009). In dairy cattle genomic studies, Shabalina
et al. (2021) identified different significant SNPs for DD
in GWAS conducted either in organic or in conventional
populations. Solzer et al. (2022) focused on genotype
by climate interactions and annotated different potential
candidate genes for DD under heat stress and thermo-
neutral conditions. In addition to population or climatic
effects, specific housing characteristics might contribute
to the claw health status and possible genotype x housing
interactions for DD. In the context of DD improvements,
Lobeck et al. (2011) promoted compost-bedded pack
barns (CBPB) as a favorable housing alternative. In con-
ventional freestall herds (CON), the phenotypic expres-
sion of lameness is mostly induced through the concrete
floor (Somers et al., 2005; Kester et al., 2014). How-
ever, different breeds responded differently in CBPB and
CON, pointing to possible genotype x housing system
interactions (Leso et al., 2020). In this regard, Wagner
et al. (2021) detected specific significant SNPs for ud-
der health due to housing particularities. The annotated
potential candidate genes were related to the regulation
of the immune system under environmental stress.

Consequently, the aim of the present study was to
conduct comprehensive genetic and genomic analyses
for novel traits derived from DD scoring including (1)
the estimation of genetic parameters in a single-step
approach separately for the overall, CON, and CBPB
datasets, and (2) GWAS and the annotation of potential
candidate genes for main and interaction effects with
the discrete housing system considering the phenotypic
records from genotyped cows.

MATERIALS AND METHODS

DD Recording

Phenotyping for DD traits considered 2,980 observa-
tions of 1,311 lactating Holstein-Friesian (HF) and 399
Fleckvieh-Simmental cows. The DD scoring in the years
2021 and 2022 was accomplished according to a validat-
ed diagnosis scheme (Dopfer et al., 1997), considering
the DD stages M.0 to M.4.1 of the claws from the hind
legs. For DD stage diagnosing, the cows were scored by
one trained veterinarian. In this regard, the veterinar-
ian saw all cows from the herd at the same recording
date. The interval of consecutive herd visits was 3 mo.
A specific mirror was used to diagnose the different DD
stages as accurately as possible. The single DD stages
were grouped into 3 traits: DD-sick (including the stages
M.1-M.4.1), DD-acute (including the stages M.1, M.2,
or M.3) and DD-chronic (including the stages M.4 or
M.4.1). Stage M.O represents healthy cows without any
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DD acute

Acute stage Healing stage

Chronicstage

Chronic stage with relapse

DD chronic

Figure 1. Digital dermatitis (DD) stages according to the diagnosis scheme by Dépfer et al. (1997) and classification into the DD trait categories
DD-sick, DD-acute, and DD-chronic Briefly, the DD scoring was accomplished considering the DD stages M.0 to M.4.1 of the claws from the hind
legs. For DD stage diagnosing, the cows were scored by one trained veterinarian. A specific mirror was used to diagnose the different DD stages as
accurately as possible. The single DD stages were grouped into 3 traits: DD-sick (including the stages M.1-M.4.1), DD-acute (including the stages
M.1, M.2, or M.3) and DD-chronic (including the stages M.4 or M.4.1). Stage M.0 represents healthy cows without any lesions.

lesions. Figure 1 illustrates the different DD stages ac-
cording to Dopfer et al. (1997) and the stage transfor-
mations into the aforementioned DD traits. For different
observed DD stages at different cow legs, the respective
cow was considered to be sick = 1 for, for example, a
DD-chronic entry at the right hind leg, and as sick = 1
for, for example, a DD-acute entry at the left hind leg.
Hence, all DD stages were analyzed separately consider-
ing the binary data structure (no entry for the respective
DD stage implied a score = 0 for healthy), and using the
cow as the observational unit. The average prevalence
(always calculated in relation to the healthy control
unit from the same herd visit) was 20.47% for DD-sick,
13.88% for DD-acute, and 5.34% for DD-chronic.

Housing-System Characteristics

The cows were kept in 15 farms located in the Ger-
man federal states of Bavaria, Hesse, and Rhineland-
Palatinate, reflecting the housing system CON or CBPB.
The CON farms were typical German cubicle farms with
a concrete floor. The herd size per farm ranged from 25
to 840 cows. Lactation numbers of cows ranged from
1 to 14. Five farms had only the CON system, 5 other
farms had only the CBPB system, and the remaining 5
farms had both CON and CBPB systems. The farms with
both systems had 2 farm buildings, that is, one for the
CBPB cows and the other one for the CON cows, which
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were considered as to 2 separate herds in the ongoing
analyses. The CON herds were chosen as control herds
for a respective CBPB herd with regard to geographic
coordinates, climate, feed ration and feeding system, and
herd size according to the guidelines for selecting case
(i.e., compost) and control (i.e., cubicle) herds as defined
by an expert group from the European Freewalk Consor-
tium (Blanco-Penedo et al., 2020). The prevalences were
10.65% and 26.39% for DD-sick, 7.45% and 17.11% for
DD-acute, and 1.49% and 9.03% for DD-chronic, for
cows kept in CBPB and CON, respectively.

Genotypes

Genotyping of cows was organized by the breeding
organizations in the routine process of national genetic
evaluations, and the farmers actively participate in this
routine based on specific contracts with the breeding
organizations. Hence, no additional animal care approval
was needed for this study. A subset of 935 cows was
genotyped with the Illumina BovineSNP50 v2 BeadChip
(Illumina Inc.). Quality control of the genotype data was
performed using the software package PLINK (Purcell et
al., 2007). SNPs with a minor allele frequency <1% and
a significant deviation from the Hardy-Weinberg equilib-
rium (P < 1 x 10”®) were discarded. Finally, 38,495 SNPs
from 926 cows remained for the genomic studies. The
average coefficient for relationships based on SNP data
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Table 1. Number of observations, number of cows, and prevalence for the 3 DD traits (sick, acute, and chronic) in 2

housing systems (CBPB and CON)

All cows Genotyped cows
Item CBPB CON CBPB CON
No. of observations 1,530 1,450 859 883
No. of cows 899 811 441 485
DD-sick 10.65 26.93 11.97 30.79
DD-acute 7.45 17.11 8.55 20.00
DD-chronic 1.43 7.15 1.71 11.97

'Trait definitions as explained in Materials and Methods and in Figure 1.

between the HF and Fleckvieh-Simmental cows from Ba-
varia was 4.24%, indicating the use of Red Holstein bulls
in the Simmental population in past decades. Numbers of
cows and observations with phenotypes and genotypes
in both CON and CBPB production systems are given in
Table 1.

Statistical Models

Single-Step Genetic-Parameter Estimations. For
the estimation of genetic (co)variance components and
breeding values for DD-sick, DD-chronic, and DD-acute
via ssGBLUP, the genetic-statistical single-trait repeat-
ability model 1 was defined in matrix notation as follows:

y = Xp + Za + Wpe + e, (D)
where y was a vector that included observations for DD-
sick, DD-chronic, or DD-acute; f was a vector of fixed
effects, including herd, year of diagnosis, season of diag-
nosis (4 seasons: January to March; April to June; July to
September; October to December), parity (5 classes: 1, 2,
3, 4, and >5) and breed; a was a vector of random addi-
tive genetic effects, witha ~ N(O,Haz ) , where az was the

additive genetic variance; pe was the vector of random
permanent environmental effects for repeated measure-

ments across lactations, with pe ~ N(O,Iaf)e , where af)e

was the permanent environmental variance; e was the
vector of random residual effects with e ~ N(O,Iog),

where 082 was the residual variance; and X, Z, and W

were the incidence matrixes for fixed, additive genetic,
and permanent environmental effects, respectively. The
combined inverse of the H matrix was computed accord-
ing to Legarra et al. (2009) by considering G,, = (0.95 x
G + 0.05 x A,,), where A,, was the submatrix of the
pedigree-based relationship matrix for genotyped ani-
mals and G was the genomic relationship matrix (Van-
Raden, 2008). The pedigree-relationship matrix consid-
ered ancestors back to at least 3 generations and com-
prised 11,385 animals with genetic relationships to the
cows with phenotypes. The oldest ancestor in the pedi-
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gree dataset was born in 1921. Model 1 was applied to
the whole dataset, as well as for the subdatasets CON and
CBPB.

Genetic correlations between DD-sickcgpg With DD-
sickcon, between DD-chronicegpy with DD-chroniceqy,
and between DD-acutecgpg With DD-acutecgn were es-
timated via bivariate animal models and considering the
same DD trait as 2 different traits. The effects were the
same as defined for model 1. However, a cow was kept
in the same housing system during the recording period,
implying not estimable residual covariances and residual
correlations. Genetic correlation estimates were com-
pared with breeding value correlations (breeding values
from the single-trait analyses) considering phenotyped
cows and sires with DD daughter records.

Genetic correlations between DD-sick, DD-chronic,
and DD-acute for the whole dataset considering cows
from both housing systems were estimated in bivariate
repeatability models, considering the same fixed and
random effects as described above for model 1. Never-
theless, due to the DD trait definitions, DD-chronic and
DD-acute represent a subsample of DD-sick, implying
some kind of autocorrelations due to trait dependencies.

All (co)variance components were estimated using the
AI-REML algorithm as implemented in the BLUPF90
software package (Misztal et al., 2018).

Genome-Wide Associations for DD Stages with Hous-
ing System Interactions. The GWAS considering only
the phenotypic records from genotyped cows (see Table
1) were applied to estimate SNP main effects and SNP
x housing system-interaction effects for DD-sick, DD-
acute and DD-chronic. For the interaction analyses, we
considered only one observation per cow and DD trait,
that is, the DD record from the most recent lactation.
Calculations were performed using our own software
package GWAInter.R (Halli et al., 2021) and applying
generalized least squares methodology and the algorithm
as introduced by Yang et al. (2014). The respective statis-
tical model 2 used to estimate main and interaction SNP
effects was:

Y= XB + xsnpi usnpi + XinteriUinteri +Za + €,

()
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where y = a vector of observations for DD-sick, DD-
chronic, or DD-acute; Xy,p; = a vector for SNP genotypes;
Uy, = a vector including SNP main effect; Xipeeri = @
vector of genotypes for cows in the CBPB system; Wjyeri
= a vector for the difference in regression coefficients,
that is, SNP effects in the CBPB system compared with
SNP effects in the CON system (SNP X housing system
interaction effect). The notations for fixed and random
effects are described in model 1. The modeling approach
implied 2 P-values for each SNP: one for the significance
of the main effect and another one for the significance
of the interaction effect. The genome-wide significance
level according to Bonferroni (pBF) was defined with
pBF = 0.05, no. of SNP = 1.3e—06. A normative sig-
nificance threshold (pCD) was used to identify potential
candidate SNPs, considering pCD = 1e—04 (Kurz et al.,
2019). Annotated potential candidate genes located in
100 kb upstream and downstream from the significantly
associated candidate SNP were detected using Ensembl,
release 102 (Zerbino et al., 2018).

RESULTS AND DISCUSSION

Genetic Parameters for DD Traits

The estimates for single-step variance components
and heritabilities are given in Table 2. The heritabilities
for the 3 DD traits were in a narrow range with 0.16 for
DD-sick, 0.14 for DD-acute, and 0.11 for DD-chronic.
The more precise phenotyping of DD based on veterinar-
ian expertise contributed to larger genetic variances and
heritabilities compared with producer health diagnoses
as outlined by Schopke et al. (2015) for pedigree-based
genetic relationships. This is in agreement with results
for other health or functional traits. For udder health trait
genetic analyses, Wagner et al. (2021) emphasized the
more precise genetic evaluations when using laboratory
measurements including specific mastitis pathogens com-
pared with analyses based on producer-recorded clinical
mastitis. With regard to female fertility and classical trait
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definitions as used in genetic evaluations, Berry et al.
(2014) reported small heritabilities ranging from 0.01 to
0.18. Heritabilities were substantially larger, up to 0.33,
with genetic studies on the underlying endocrine profiles
such as measurements for progesterone (Haggman et al.,
2019). However, a more accurate phenotyping strategy
is always associated with additional efforts regarding
logistics, time, and labor, which hamper the creation of
very large datasets.

In addition to the phenotyping strategy or the trait
definition, environmental conditions might contribute
to genetic-parameter differences between studies. In the
present study, heritabilities and variance components for
same DD traits were quite similar for the overall dataset,
CBPB and CON (Table 2). Nevertheless, additive ge-
netic, permanent environmental, and residual variances
for all DD traits were larger in the CON environment.
With regard to the comparison of same-variance compo-
nents between the CON and CBPB systems for the same
DD trait, the larger differences for additive genetic vari-
ances than for the permanent environmental and residual
components contributed to the smallest DD heritabilities
in the CBPB data subset. The CBPB production system
reflects a modern “well-being environment,” with strong
focus on cow welfare (Leso et al., 2020). Schierenbeck
at al. (2011) reported larger standard deviations for es-
timated breeding values and daughter yield deviations,
indicating a more pronounced genetic differentiation, in
“challenging environments” for low heritability health
traits. That finding was supported by Schafberg et al.
(2006) for detailed recorded mastitis traits including
specific major pathogens. In such a context, the lower
prevalence of diseases in superior environments, that is,
a higher fraction of healthy cows in the CBPB system
than in the more challenging CON system, might hamper
the identification of genetic differences. Effects of in-
cidences on genetic variations and heritability estimates
have been theoretically derived for threshold model ap-
plications and human diseases by Dahlqwist et al. (2019).
Consequently, using a health dataset from cooperator

Table 2. Heritabilities (h?) with corresponding SE in brackets, additive genetic variances (02), permanent
environmental variances (ozc) and residual variances (af) for DD-sick, DD-acute, and DD-chronic cows

Trait' Dataset h* (SE) ol age o’
DD-sick All 0.16 (0.03) 2.46 0.88 11.76
CBPB 0.13 (0.06) 1.83 0.70 11.07
CON 0.18 (0.05) 2.97 0.94 12.02
DD-acute All 0.14 (0.03) 1.97 0.04 12.07
CBPB 0.11 (0.06) 1.55 0.03 12.01
CON 0.15 (0.04) 2.36 0.04 13.12
DD-chronic All 0.11 (0.01) 0.66 0.01 5.36
CBPB 0.09 (0.04) 0.52 0.01 5.11
CON 0.16 (0.04) 1.16 0.04 5.98

'Trait definition as explained in Materials and Methods and in Figure 1.
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Table 3. Genetic correlations and breeding value correlations (from the cows with DD records) between same DD

traits recorded in different environments

. . .1
Trait combination

Genetic correlation (SE)

Breeding value correlation

DD-sickegpg with DD-sickcoy
DD-acutecgpg with DD-acutecoy
DD-chroniccgpg with DD-chroniccon

0.85 (0.15) 0.83
0.73 (0.19) 0.68
0.82 (0.21) 0.77

'Trait definition as explained in Materials and Methods and in Figure 1. Subscripts indicate housing environment.

herds reflecting a superior environment, Gernand et al.
(2013) focused on only major claw disorders displaying
lactation incidences larger than 10%, due to failure in
convergence or extremely small genetic variances for
rare diseases.

The genetic correlations for the same DD traits from
different housing systems were 0.85 between DD-
sickcgpg With DD-sickcgn, 0.73 between DD-acutecppg
with DD-acutecoy, and 0.82 between DD-chronicegpg
with DD-chroniccoy (Table 3). The genetic correlation
estimates had quite large standard errors, but the respec-
tive breeding value correlations (based on the breeding
values from the single-trait analyses) were very similar.
The breeding value correlations (Pearson correlation co-
efficient) between the same DD traits from the different
datasets (whole dataset, CBPB, CON) for cows with phe-
notypic records as well as for 61 sires with more than 5
phenotyped daughters in both systems were in the range
from 0.68 (DD-acute CON with DD-acute CBPB for
cows) to 0.83 (DD-sick CON with DD-sick whole dataset
for sires). Only in the case of a breeding value accuracy
of 1 was a correlation between breeding values identical
with a genetic correlation (Calo et al., 1973). According
to the theoretical derivations made by Robertson (1959),
correlations smaller than 0.80 indicate significant geno-
type x housing interactions. The genetic correlations and
breeding value correlations close to 0.80 (see Table 3)
indicate only slight rerankings of animals in the different
housing systems. Substantially smaller genetic correla-
tions for health traits were reported by Shabalina et al.
(2021) when creating datasets according to organic or
conventional criteria. Such classification simultaneously
includes feeding, housing, and management aspects.
The CON—-CBPB classification strongly focused on the
housing separation, while keeping feeding, milking, and
management effects as identical as possible. For differ-
ent datasets of large-scale CON herds reflecting different
feeding systems, Yin and Konig (2018) estimated very
small genetic correlations between same health and
health indicator traits.

Considering the overall dataset including cows from
both housing systems, the genetic correlations be-
tween the different DD traits were 0.81 (DD-sick with
DD-acute), 0.93 (DD-sick with DD-chronic) and 0.58
(DD-acute with DD-chronic; Table 4). Hence, consid-
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eration of specific DD stages and disease pathogenesis
according to veterinary expertise (Dopfer et al., 1997)
reflects a differing genetic background for DD-acute and
DD-chronic. The genetic correlations between DD-sick
with DD-chronic, and between DD-sick with DD-acute,
might be biased because of the existing autocorrelations
and trait dependencies (DD-acute and DD-chronic are
subsets of DD-sick). The phenotypic correlations among
the DD traits were slightly smaller than the respective
genetic correlations (Table 4).

Genome-Wide Associations and Potential Candidate
Genes for DD Traits

The Manhattan plot from the GWAS for SNP main
effects of the 3 DD traits is shown in Figure 2, with DD-
sick in Figure 2a. The corresponding inflation factor A
was 1.32. We identified 23 significant SNPs for DD-sick
associated with 24 potential candidate genes as sum-
marized in Supplemental Table S1. However, only one
of these SNPs (on BTA 29) exceeded pBF. This SNP is
located in the exon of the gene TENM4. Generally, the
largest number of significant SNPs according to the
more relaxed normative threshold was detected on BTA
29. The annotated potential candidate gene UMODLI on
BTA 1 is related to immune response and regulation of
neutrophil granulocyte migration (Fortin et al., 2019).
Neutrophil granulocytes are the category of defense cells
responding first to bacterial infections, such as in the case
of DD pathogens. In humans, UMODLI regulates im-
mune and reproductive mechanisms (Wang et al., 2012)
and recently has been identified as a candidate gene for
female fertility in Brown Swiss cattle (Manca et al.,
2021). The annotated potential candidate gene NUGGC

Table 4. Genetic (above diagonal) and phenotypic correlations (below
diagonal) among the different DD traits'

Trait DD-sick DD-acute DD-chronic
DD-sick 0.81 (0.09) 0.93 (0.08)
DD-acute 0.73 (0.01) 0.58 (0.13)
DD-chronic 0.67 (0.02) 0.55(0.02)

'Analyses were based on the overall dataset including cows from both
housing systems (compost-bedded pack barn or conventional cubicle
barn). Trait definitions as explained in Materials and Methods and in
Figure 1.
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Figure 2. Manhattan plot for —log(10) P-values of SNP main effects for DD. (a) DD-sick, (b) DD-acute, and (¢) DD-chronic. The DD traits are
explained in Materials and Methods and in Figure 1.
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on BTA 8 is involved in the cellular response to altera-
tions of lipopolysaccharide levels (e.g., in the formation
of the outer cell membrane of gram-negative bacteria;
Raetz and Whitfield, 2002). Linking NUGGC to DD,
gram-negative treponemes represent the main bacterial
milieu of a DD infection (Dopfer et al., 2012). Further-
more, NUGGC was intensively discussed in the context
of foot-and-mouth disease infections, with overexpres-
sion during humoral immune response (Eschbaumer et
al., 2016). The 2 potential candidate genes CCDC88C
and PPP4R34 on BTA 21 were associated with metabolic
cow diseases in early lactation (Klein et al., 2021). Meta-
bolic diseases contribute to stress and impair the immune
defense mechanisms, in causality implying an increased
susceptibility to claw infections (Schopke et al., 2015).

The Manhattan plot from the GWAS for DD-acute
GWAS is presented in Figure 2b. The corresponding
inflation factor A was 1.31. We identified 21 significant
SNPs associated with 24 potential candidate genes as
summarized in Supplemental Table S1. One of these
SNPs on BTA 23 exceeded pBF. The largest number of
significant SNPs according to the normative threshold
was detected on BTA 6 and BAT 11. The potential can-
didate gene NRXN3 on BTA 10 affected neuronal recep-
tors, specifically the differentiation of synapses (Reiss-
ner et al., 2013). Functions of NRXN3 mainly addressed
behavioral disorders and temperament abnormalities
in mice (Brown et al., 2011) and in Brahman cattle
(Paredes-Sanchez et al., 2020). In dairy cattle genomic
health studies, Klein et al. (2020) and Hayirli (2006)
associated NRXN3 with metabolic disorders. The poten-
tial candidate gene UBRS5 on BTA 14 is involved in the
ubiquitination of proteins, but was deregulated in case of
severe disease stressors, especially due to some cancers
(Shearer et al., 2015). van der Spek et al. (2015) related
genotypes of UBRS to the claw disease interdigital hy-
perplasia in Holstein cows. Strong genetic correlations
between interdigital hyperplasia and DD were estimated
in pedigree-based analyses (Konig et al., 2005; Gernand
et al., 2012), supporting the results from genomic stud-
ies and the identified overlapping genomic mechanisms
(Solzer et al., 2022). The annotated potential candidate
gene DOCK2 on BTA 20 for DD-acute is directly in-
volved in immune defense mechanisms. A mutation in
this gene implied immunodeficiency in humans, due to
impaired functions of T cells and defects of B and NK
cells (Dobbs et al., 2015).

The Manhattan plot for the SNP main effects of
DD-chronic GWAS is presented in Figure 2c. The cor-
responding inflation factor A was 1.39. We identified 25
significant SNPs associated with 33 potential candidate
genes as summarized in Supplemental Table S1. Two of
these SNPs exceeded pBF, one located on BTA 11 and
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the other one located on BTA 16. The largest number of
significant SNPs according to pCD was detected on BTA
11 and 28. The significant SNP ARS-BRGL-NGS-23211
on BTA 11 is located in a segment of the gene WDR54,
as well as in close chromosomal proximity to 16 fur-
ther potential candidate genes. All of these genes, that
is, AUP1, TLX2, PCGF1, LBX2, CCDC142, MRPL53,
WBP1, RTKN, WDR54, ClIH2orf81, MGCI152281,
ENSBTAG000050345, and DCTNI, were associated
with multifocal paratuberculosis in cattle (Canive et al.,
2021). Paratuberculosis is caused by Mycobacterium
avium ssp. paratuberculosis, and very similar to DD,
the phenotypic expression of this multifactorial disease
is strongly related to immune system deficiencies (Ca-
nive et al., 2021). The annotated potential candidate
gene TACR2 on BTA 28 is involved in inflammatory
processes and immune defense mechanisms, and was
described in the context of substance P release in pigs
(Jakimiuk et al., 2017). Substance P causes vasodilation
and an increase in vascular permeability and is respon-
sible for the chemotaxis of leukocytes (Harrison and
Geppetti, 2001).

Some overlapping association signals were found
when comparing the Manhattan plots for DD-sick and
DD-acute, and for DD-sick and DD-chronic. For DD-
sick and DD-acute, the annotated potential candidate
gene METTL25 on BTA 5 is involved in DNA meth-
ylation (de Greef et al., 2023). Another shared potential
candidate gene, AFF3 on BTA 11, was discussed in the
context of expressions in B cells and oncogenesis (Shi et
al., 2018), and associated with abortion in Holstein heif-
ers (Oliver et al., 2019). The shared potential candidate
gene PRKGI on BTA 26 contributes to the cyclic guano-
sine monophosphate signaling pathway (Hofmann et al.,
2009), and was associated with milk fatty acid contents
in Chinese Holstein populations (Shi et al., 2019). A
further shared potential candidate gene for DD-sick and
DD-acute is TENM4 on BTA 29. TENM4 is a marker for
myoblast quiescence (Pietrosemoli et al., 2017) and was
discussed in the context of zilpaterol application in cattle
(Reith et al., 2022). Zilpaterol is a § agonist with effects
on muscle mass accumulation in farm animals. How-
ever, zilpaterol application under heat-stress conditions
contributed to a downregulation of TENM4 expression
(Reith et al., 2022), indicating an environmental effect
on gene activities.

A shared potential candidate gene for DD-sick and
DD-chronic is MCU on BTA 28. The protein encoded by
MCU interacts with mitochondrial calcium uptake (Tara-
sov et al., 2012). Calcium in turn plays an important role
in milk production (Breves et al., 2016), as well as in
keratinization and mature horn cell formation of the claw
(Langova et al., 2020). Rodriguez et al. (2017) associ-
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Figure 3. Manhattan plot for —log(10) P-values of SNP interaction effects with the housing system for DD-sick. The DD traits are explained in
Materials and Methods and in Figure 1. Briefly, the DD scoring was accomplished according to a validated diagnosis scheme (Dopfer et al., 1997),
considering the DD stages M.0 to M.4.1 of the claws from the hind legs. For DD stage diagnosing, the cows were scored by one trained veterinarian.
A specific mirror was used to diagnose the different DD stages as accurately as possible. The single DD stages were grouped into 3 traits: DD-sick
(including the stages M.1-M.4.1), DD-acute (including the stages M.1, M.2, or M.3) and DD-chronic (including the stages M.4 or M.4.1). Stage M.0

represents healthy cows without any lesions.

ated increased blood calcium losses at the beginning of
lactation and hypocalcemia of high-yielding cows with
several diseases, including claw disorders. The potential
candidate gene /TGA 1l for DD-sick and DD-chronic on
BTA 10 is involved in integrin-mediated cell adhesion
and cell migration (Zhang et al., 2002) and was associ-
ated with DD in beef cattle (Kopke et al., 2020).

Genome-Wide Associations for SNP Interaction
Effects with Housing-System Effects

The Manhattan plots for the SNP interaction effects
with the housing system are displayed in Figure 3 (DD-
sick), Figure 4 (DD-acute), and Figure 5 (DD-chronic). As
indicated above, a significant interaction means that the

—— Candidate threshold (p= 1e704)
—— Bonferroni corrected threshold (p = 1.14e7%)
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Figure 4. Manhattan plot for —log(10) P-values of SNP interaction effects with the housing system for DD-acute. The DD traits are explained in
Materials and Methods and in Figure 1. Briefly, the DD scoring was accomplished according to a validated diagnosis scheme (Dopfer et al., 1997),
considering the DD stages M.0 to M.4.1 of the claws from the hind legs. For DD stage diagnosing, the cows were scored by one trained veterinarian.
A specific mirror was used to diagnose the different DD stages as accurately as possible. The single DD stages were grouped into 3 traits: DD-sick
(including the stages M.1-M.4.1), DD-acute (including the stages M.1, M.2, or M.3) and DD-chronic (including the stages M.4 or M.4.1). Stage M.0

represents healthy cows without any lesions.
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Figure 5. Manhattan plot for —log(10) P-values of SNP interaction effects with the housing system for DD-chronic. The DD traits are explained in
Materials and Methods and in Figure 1. Briefly, the DD scoring was accomplished according to a validated diagnosis scheme (Dopfer et al., 1997),
considering the DD stages M.0 to M.4.1 of the claws from the hind legs. For DD stage diagnosing, the cows were scored by one trained veterinarian.
A specific mirror was used to diagnose the different DD stages as accurately as possible. The single DD stages were grouped into 3 traits: DD-sick
(including the stages M.1-M.4.1), DD-acute (including the stages M.1, M.2, or M.3) and DD-chronic (including the stages M.4 or M.4.1). Stage M.0

represents healthy cows without any lesions.

respective SNP is relevant for a housing system CBPB,
but not for CON, or vice versa. The corresponding infla-
tion factor A was 1.17 for DD-sick, 1.2 for DD-acute, and
1.47 for DD-chronic. The annotated potential candidate
genes for interaction effects are listed in Table 5. For DD-
sick and DD-acute, 3 and 5 SNPs, respectively, exceeded
the candidate threshold, but no SNP was significantly as-

sociated with DD-chronic. For DD-sick and DD-acute, the
same SNP on BTA 13 was significant for the interaction
component. This SNP is located close to the genes ASXL/
and NOL4L. Both genes were associated with the occur-
rence of cancer (Stein et al., 2011; Lin et al., 2021). Na-
deri et al. (2020) reported significant effects of ASXL/ and
NOL4L on binary DD when evaluating high-yielding HF

Table 5. Significantly associated SNP markers and annotated potential candidate genes for the interaction effect with the housing system

Trait! BTA SNP-ID SNP position (bp) P-value Gene’ Gene position (bp)'
DD-sick 13 rs110282784 61,954,306 129 x107° ASXL1 61,807,148-61,871,197
13 rs110282784 61,954,306 129 x 107 NOL4L 61,874,277-61,955,381
24 r1s110415388 57,151,899 2.15x10°¢ — —
24 r1s41643954 57,185,546 6.70 x 107 — —
DD-acute 2 15110334343 30,980,589 124 x 107 SCN24 30,880,623-31,019,443
2 143707331 31,096,836 4.61x107 SCN24 30,880,623-31,019,443
2 r1s43707331 31,096,836 4.61x107 ENSBTAG00000050020 31,096,287-31,096,586
2 143707331 31,096,836 4.61x107 SCN34 31,103,231-31,183,473
4 1s109248092 92,474,426 6.30 x 107 LEP 92,436,922-92,453,653
4 15109248092 92,474,426 6.30 x 107 RBM28 92,499,373-92,531,680
4 1s109248092 92,474,426 6.30 x 107 PRRT4 92,537,251-92,545,269
4 15109248092 92,474,426 6.30 x 107 ENSBTAG00000031866 92,565,558-92,569,356
4 1s109248092 92,474,426 6.30 x 107 IMPDH1 92,569,423-92,586,808
7 143496217 3,079,094 7.87 %107 GJC2 2,972,742-2,982,335
7 1s43496217 3,079,094 7.87%x 107 GUKI1 2,983,133-2,993,613
7 1s43496217 3,079,094 7.87 %107 MRPLS5S 2,993,262-2,997,182
7 1s43496217 3,079,094 7.87%x 107 C7Hlorf35 2,996,902-3,000,276
7 1s43496217 3,079,094 7.87 %107 ARF1 3,001,505-3,019,569
7 1s43496217 3,079,094 7.87%x 107 WNT3A4 3,035,810-3,087,361
7 1543496217 3,079,094 7.87x 107 WNT94 3,155,441-3,163,239
13 rs110282784 61,954,306 3.16x 107 ASXL1 61,807,148-61,871,197
13 rs110282784 61,954,306 3.16 x 107 NOL4L 61,874,277-61,955,381

'Trait definitions as explained in Materials and Methods and in Figure 1.

*No gene name or no gene position: SNP was not located in the gene or within a window size of 100 kb up- and downstream.
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cows from CON systems. However, they could not con-
firm their findings in a subsample of black and white dual-
purpose cattle (founder breed of modern HF), which were
mostly kept in grassland systems. Hence, effects of the
breed or of the system, or both, contributed to SNP signifi-
cances. Additionally, NOL4L was suggested as potential
candidate gene for udder health (Wolf et al., 2021). More
than 95% of all somatic cells are leucocytes, and levels of
leucocytes have been suggested as indicator for bacterial
infections of the udder (Bradley and Green, 2005). Conse-
quently, Gernand et al. (2012) postulated a close genetic
relationship between SCS and bacterial claw infections,
including DD, but the genetic correlation between DD and
SCS was close to zero. For DD-acute, 2 significant SNPs
for the interaction component are located on BTA 2 close
to the genes SCN24 and SCN3A4. Both genes encode pro-
teins that are involved in the construction of voltage-gated
sodium channels, playing an important role in the trans-
mission of action potentials in neurons. Mutations in the
SCN2A4 and SCN3A genes were associated with epilepsy
in humans (Holland et al., 2008). Another significant SNP
for the interaction effect of DD-acute on BTA 4 is located
in close chromosomal distance to the genes LEP, RBM24,
and IMPDHI. The LEP gene is involved in many cellular
signal pathways in the organism, including the regulation
of the innate and adaptive immune system. For example,
LEP promotes the activation of neutrophil granulocytes
(Francisco et al., 2018). Neutrophil granulocytes, in turn,
are involved in initial defense mechanisms against bacte-
ria through phagocytosis and exocytosis (Guo and Ward,
2005), explaining the effects on DD. In dairy cattle, Shab-
alina et al. (2020) reported significant effects of LEP and
of RBM?28 on the length of productive life for cows kept in
conventional dairy farms, but they could not verify their
results in organic environments (Shabalina et al., 2021).
The annotated potential candidate gene IMPDHI was
involved in immunological signal pathways (Jonsson and
Carlsten, 2002; Malvisi et al., 2016). In heat-stressed An-
gus cattle, the expression of IMPDHI was downregulated
under simultaneous zilpaterol application, as previously
indicated for TENM4 (Reith et al., 2022). The significant
SNP for the interaction component of DD-acute is located
on BTA 7. One annotated potential candidate gene is
MRPLS55, which is involved in protein biosynthesis in the
mitochondrion and encodes a protein of the 39 S-subunit
(Mai et al., 2017). MRPL55 was associated with early
abortions in mice (Cheong et al., 2020). In Brown Swiss
cattle, MRPL55 was suggested as a potential candidate
gene for female fertility, with the largest effects on the
interval between first and last insemination (Héfliger et
al., 2021). The identified potential candidate gene for the
DD-acute interaction effect is located on BTA 7, and was
associated with milk yield traits in Chinese Holstein cows
(Lu et al., 2022).
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CONCLUSIONS

Heritabilities and additive genetic variances were
slightly larger for same DD traits in the CON than in
the “well-being” CBPB system, indicating a stronger
genetic differentiation of diseases in a more challenging
conventional environment. However, genetic correla-
tions between the same DD traits in the different sys-
tems (CON and CBPB) were close to 0.80, disproving
possible genotype X housing interactions. The genetic
correlation between DD-acute and DD-chronic was
0.58, indicating a partly different genetic background
for acute and chronic diseases. The GWAS for main
SNP effects indicated heterogeneous Manhattan plots
especially for DD-acute and DD-chronic, supporting the
differences or particularities in disease pathogenesis.
Nevertheless, we identified a few shared annotated po-
tential candidate genes, METTL25, AFF3, PRKGI, and
TENM4 for DD-sick and DD-acute, which mostly have
been reported in the context of immunology. For SNP
x housing system interactions, only a few significant
SNPs were detected.
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HIGHLIGHTS OF THIS STUDY

e Specific dermatitis digitalis disease stages indicate a differing genetic background with different significant SNPs and annotated candidate genes for acute and

chronic stages.

o The most relevant housing effects on dermatitis digitalis were the bedding material, the air volume in the barn, temperature, humidity and wind speed in the barn,

and the ammonia concentration.

o Considering all effects in structural equation models indicated the pre-dominance of housing effects on acute dermatitis digitalis, but stronger genetic effects on the

chronic stage.
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ABSTRACT

The aim of the present study was to infer effects of housing systems, cow phenotypes and genomics on specific
stages of the claw disorder dermatitis digitalis (DD) of dairy cows kept in compost bedded pack barns (CBPB) and
conventional cubicle barns (CCB) applying structural equation models (SEM). Housing system characterisations,
herd hygiene status determination and greenhouse gas emission recordings considered 11 farms, whereas 6 farms
represented the CBPB system, 2 farms represented the CCB system, and 3 farms “mixed farming” system with
CBPB for sub-herd A and CCB for sub-herd B. In these 11 farms, 1,047 Holstein-Friesian and Fleckvieh-Simmental
cows (1,611 observations) were phenotyped for the DD stages DD sick, DD acute and DD chronic. Cows from 4
further farms without housing and greenhouse gas emission data were considered for DD phenotyping and SNP
genotyping, implying the availability of 2,980 DD observations from 1,710 cows for genomic studies of DD traits.
In a first step, generalized linear mixed models were applied to identify the most relevant housing characteristics
on DD sick, DD acute and DD chronic. Least-squares-means for infection probabilities were generally smaller in
CBPB than in CCB. With regard to compost, barn air and barn emission characteristics in CBPB, a bedding
temperature in the range < 28°C, a C:N ratio in the bedding material > 21, a pH-value in the bedding material >
8.8, small NH3 concentrations (< 0.55) in the barn air, as well as small as moderate air humidity, were associated
with the highest DD health status. The single-step GWAS indicated similar Manhattan plots for DD sick and DD
acute, and respective shared potential candidate genes based on gene annotations from the Bos taurus ARS1.2
genome assembly. Three same SNPs were significantly associated (according to normative significance
threshold) with DD acute and DD sick, but no overlaps in this regard were identified for other DD stages. Strong
association signals in the Manhattan plots according to strict pBF were identified for DD chronic including three
further SNPs, and for DD acute including the SNP Hapmap47993-BTA-56668 (HAP) located on BTA 23. These
SNPs together with latent variables for the cow DD individuality (DD indiv, including phenotypes and estimated
breeding values for DD stages), cow productivity before and after a DD diagnosis, and the relevant barn and
housing characteristics (as identified via mixed model applications), were simultaneously considered in SEM for
DD sick, DD acute and DD chronic. Housing and barn characteristics played a predominant role with regard to
infection risks for DD sick and DD acute. In contrast for DD chronic, path coefficients on DD indiv were quite
large for DD chronic EBVs, as well as for single SNP effects.
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1. Introduction

Structural as well as demographical changes plus increasing de-
mands raised by the society imply respective challenges in future dairy
cattle farming strategies (Readts et al., 2017). On the one hand, due to
the growing global population size, there is an increasing demand for
high-quantity and high-quality edible food resources with moderate
prices. On the other hand, strict standards and restrictions plus legal
guidelines with regard to animal welfare, animal housing and climate
and resource protection, affect the costs of dairy cattle farming (Beaver
et al., 2020; Galama et al., 2020). As a compromise combining both
aspects, i.e., cow productivity and innovative welfare-friendly cattle
housing, compost bedded pack barns (CBPB), have been suggested (Leso
et al., 2020). A high level of animal welfare and corresponding pro-
ductivity can be achieved in the free lying area, which is littered with
compostable material (e.g., wood chips, sawdust or shavings) (Janni
et al., 2007). Major characteristics of the bedding material are the
bedding temperature, and dry matter and the carbon-to-nitrogen ratio
(C:N-ratio) in the bedding material (Bewley et al., 2013; Eckelkamp
et al., 2016). Furthermore, the composting process in the lying area
affects the compost fertiliser quality criteria (Black et al., 2013; Bewley
et al.,, 2017). However, the effects of such housing and composting
characteristics on cow health traits are unclear. Climatic effects and
barn-specific emissions including air humidity, air temperature and
wind speed have direct effects on cow traits (e.g. Halli et al., 2023), but
imply also indirect effects via compost alterations (Giambra et al.,
2021). Vice versa, the housing system might affect greenhouse gas
emissions, e.g., through the storage technique of slurry, compost or
manure inside the cow barn. First effects of greenhouse gas emissions
directly recorded inside the barn including ammonia and carbon dioxide
on cow health traits and possible genotype-by-emission interactions,
were outlined by Konig et al. (2022).

One of the most important cow diseases worldwide with quite large
incidences across housing systems is the claw disorder dermatitis digi-
talis (DD) (Klitgaard et al., 2014; Solano et al., 2016). Dermatitis digi-
talis is a multi-factorial claw infection (Blowey and Sharp, 1988; Read
and Walker, 1994). In addition to the predominant bacterial environ-
ment (bacteria of the Treponema spp. Genus), the housing conditions,
feeding and genetics of the hosts play a decisive role (Dopfer et al., 2012;
Solano et al., 2017). For in-depth DD studies, Dopfer et al. (1997)
developed a specific scoring system, with focus on a detailed scoring of
specific DD disease stages. Previous genetic studies utilising the specific
DD stages focused on the estimation of genetic parameters (Schopke
et al.,, 2015), on the identification of functional genetic variants
(Oelschlaegel et al, 2022) and on proofs for possible
genotype-by-climate interactions (Solzer et al., 2022). In the housing
context, Solzer et al. (2024) explicitly estimated heritabilities for DD
stages in CBPB, which were in a range from 0.09 to 0.18 (SE in the range
from 0.02 to 0.05). Furthermore, based on breeding value correlations,
Solzer et al. (2024) indicated genotype-by-housing interactions when
considering the breeding values from CBPB and from cows kept in
conventional farming systems.

Inferring the complex interplay among genetics, housing conditions,
climate parameters, cow emissions and individual cow characteristics
(production level, overall health status) via standard mixed model ap-
plications might be a challenge. Possible confounding effects as well as
mutual recursive or causal relationships among response variables and
between traits and effects hamper applications of standard mixed model
theory (Rehbein et al., 2013). For taking into account mutual trait re-
lationships and to assess effects of parameters which are not directly
measurable, structural equation models (SEM) have been suggested
(Gana and Broc, 2019). SEM are standard analytical tools in social sci-
ences and psychology, because they are able to measure causal re-
lationships and to represent complex causal processes via measurable
(manifest) variables and non-measurable (latent) variables (Bielby and
Hauser 1977; Hair et al., 2014). With regard to animal health analyses,
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Detilleux et al. (2013) applied SEM to infer risk factors and tolerance
mechanisms for bovine mastitis infections. Wagner et al. (2023) used an
SEM approach to detangle causal relationships among environmental
and genetic factors on udder health.

The objective of this study was to infer the effects of different risk
factors including individual, genomic, herd and housing characteristics
on claw health. In this regard, the present study aimed on a detailed
recording for different DD stages, on a detailed characterisation of the
housing environment including measurements of greenhouse gases in-
side the barn in CBPB and in conventional cubicle barns (CCB), and on a
detailed genomic characterisation using dense SNP marker data. In a
first analysis step, we applied generalized linear mixed models to
especially infer the effects of compost characteristics and gas emissions
on DD traits. Secondly, the genetics part focussed on genome-wide as-
sociation studies (GWAS) and the estimation of genomic breeding
values. Finally, the comprehensive data sources and results from specific
analyses were simultaneously considered in integrative SEM analyses.

2. Materials and methods
2.1. Cow trait recording

The complete dataset with regard to housing characteristics and cow
traits considered 1,611 observations for different DD stages from 1,047
cows during the recording years 2021 and 2022. The breed of the cows
was Holstein-Friesian (HF, 1050 observations) and Fleckvieh-Simmental
(FS, 561 observations). The cows were kept on 11 farms in the German
federal states of Bavaria, Hesse and Rhineland-Palatinate. Six farms
represented the CBPB system, 2 farms represented the CCB system, and 3
farms represented a “mixed farming” system with CBPB for sub-herd A
and CCB for sub-herd B. The herd size ranged between 25 and 800
milking cows. Cows were from parities 1 to 14. 62.5% of all cows had
observations from at least 2 DD recording dates.

The detailed DD scoring was done according to a validated scheme
considering the DD stages M.0 to M.4.1 of the claws from all four legs
(Dopfer et al., 1997). For ongoing analyses, specific DD stages were
grouped into three DD traits according to disease pathogenesis. The trait
DD sick included the stages M.1 - M.4.1, DD acute included the stages
M.1, M.2 or M.3, and DD chronic included the stages M.4 or M.4.1. The
different DD stages and the respective trait grouping is illustrated in
Fig. 1. The average prevalence was 24.64 for DD sick, 16.88 for DD acute
and 7.08 for DD chronic. Production data of theses cows considered
records for milk yield, fat percentage, protein percentage and somatic
cell count from the nearest test-day before DD scoring (1390 observa-
tions) and from the nearest test-day after DD scoring (1487 observa-
tions). Furthermore, the cleanliness of the cows, as a parameter
reflecting the herd hygiene status, was determined at the date of DD
scoring using the monitoring scheme by Cook (2002). In this regard, the
lower leg, upper leg and flank were scored on a scale from 1 to 4. The
score = 1 indicated a very clean cow, score = 2 was assigned for minor
splashing, score 3 implied distinct plaques of manure, and score = 4 was
used for a very dirty cow with confluent plaque of manure.

This dataset including the 1,047 cows with DD records could be
associated with the herd hygiene status, housing characterizations (see
chapter 2.2.1) and greenhouse gas emission recording (see chapter
2.2.2) at the same time. Genomic analyses (see chapter 2.3.1) to identify
the most interesting potential candidate genes based on a larger dataset
including 2,980 observations from 1,710 cows from 15 herds. However,
from these additional 4 herds, we had no hygiene scores, housing and
barn characteristics and greenhouse gas emissions, implying to exclude
these herds from the fixed effect analyses (see chapter 2.2.3) and the
integrative structural equation modelling (see chapter 2.4.1).
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2.2. Barn and housing characteristics recording and respective association
analyses with DD traits

2.2.1. Analysis of the bedding material in compost bedded pack barns

At each farm visit for DD scoring, the bedding temperature was
measured at eight sampling points spread across the whole bedding area
at a litter depth of 20 cm (Testo 435-2, Testo SE & Co. KGaA, Titisee-
Neustadt, Germany), and compost samples were taken. The compost
samples were taken at three depths per sampling point. The first sample
was taken from the surface, another sample at a depth of 5 cm to 10 cm,
and the third sample at a depth of 20 cm. The samples from the same
sampling point were mixed, placed in a plastic bag and stored in a cool
container. Samples were used for dry mass determination in the labo-
ratory at the same day, while the remaining content was frozen for
further analyses. For dry mass determination, the compost samples were
dried in the drying oven at 105°C for 24 hours. For the ongoing analyses,
the frozen samples were slowly melted in the refrigerator. The pH-value
was measured in the laboratory according to the HBU 3.5.1 method, DIN
19684-1. For the determination of carbon and nitrogen in the compost,
the melted sample was dried at 60°C, and afterwards milled. The airtight
sealed sample were stored at room temperature and contents for carbon,
nitrogen, nitrate and ammonium were determined in the laboratory of
the department for “Organic Farming with focus on sustainable soil use”
at University of Giessen.

2.2.2. Measuring of greenhouse gases

In cooperation with the company MSA (MSA Industries, Pennsylva-
nia, United States), we developed a mobile gas measuring system, which
was used to measure the gas concentrations for carbon dioxide (CO2) (in
the percentage range; infrared measurement; ULTIMA® XIR gas detec-
tor from MSA, Pennsylvania, United States), methane (CHy4) (in the ppm
range; electro-chemical measurement; Monicon S500L Gas Monitor
from Monicon Technology Ltd, Galway, Ireland) and ammonia (NH3) (in
the ppm range; electro-chemical measurement; PrimaX® P Gas
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Transmitter from MSA, Pennsylvania, United States). Gas measurements
considered all herds from both housing systems CBPB and CCB. Previous
to the gas recordings, 8 to 10 measuring points inside and outside the
barn were marked. At these measuring points, the gas measuring trolley
was installed at a height from 40 to 80 cm for periods of 5 minutes. In
parallel, air temperature (T), relative humidity (RH) and wind speed
(WS) were recorded at each measuring point using a mobile weather
station (Testo 435-2, Testo SE & Co. KGaA, Titisee-Neustadt, Germany).

2.2.3. Statistical models to infer effects of farm characteristics on DD traits

For studying the effects of compost characteristics, climate and
greenhouse gas emissions directly recorded inside the cow barn on the
three binary DD traits (DD sick, DD acute, DD chronic), generalized
linear mixed models with a logit-link function as implemented in the
SAS GLIMMIX procedure (SAS, 2022), have been applied. The statistical
model 1 was defined as follows:

Yiiimn =}t + Herd; + Season; + Parity; + Breed, + DIM,,
+ Herd,[BTc; CNc; pHc; NHsc; Tc; RHc], + cow, + ejjkimno (€8]

where u was the overall mean effect, Herd; was the fixed effect for the i-th
herd, Season; was the fixed effect for the jt-th season (4 seasons: Mar-
May, Jun-Aug, Sep-Nov, Dec-Feb) of DD scoring, Parity, was the k-th
lactation number of the cow (1, 2, 3, >3), Breed; was the fixed effect for
the I-th breed, DIM;, was the linear regression on days in milk for the
lactation stage reflecting the days after calving at DD recording (range:
11 to 336 days), Herd;[BTc; CNc; pHc; NHsc; Tc; RHc], was the nesting of
the herd effect within the different housing characteristics in consecu-
tive runs. The housing characteristics were the fixed effect classes for the
bedding temperature (BTc) in the compost at a depth of 20 c¢m class (<
28°C, 28°C-36°C, > 36°C, control), for the C:N ratio (CNc) in the
bedding material (< 21, 21-29, > 29, control), for the pH-value of the
bedding material (pHc) (< 8.5, 8.5-8.9, >8.9, control), for the NHj
concentration (NHzc) in the barn air (< 0.55 ppm, 0.55 ppm-1.15 ppm,

DD acute
Acute stage

No lesion
M.O

Disease patterns

M4

Chronic stage

Chronic stage with relapse

DD chronic M4.1

Fig. 1. Overview for the different dermatitis digitalis (DD) stages (according to Dopfer et al., 1997) and respective classifications into the DD traits DD sick, DD acute
and DD chronic. The arrows indicate the change of the different DD stages, with green-dotted arrows representing the healing process, and red-solid arrows rep-
resenting the changes from healthy towards DD stages and possible changes among DD stages.
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> 1.15 ppm, control), for the barn air temperature (Tc) (< 7.5°C, 7.5°C-
12.5°C, > 12.5°C, control) and for the barn humidity (RHc) (<65, 65-
85, >85, control). The repeated measurements for the o-th cow were
considered through the random cow effect (cowp), and ejjkimno was the
random residual effect. Least-squares-means (LSmeans) for DD disease
probabilities (Pr) were calculated for the observed scale applying the

eestimate

following transformation: Pr = with estimate being the LSmeans

1+ eestimate

on the logit scale.

2.3. Genomic analyses

2.3.1. Genotyping and quality control

Cows from 4 further farms without housing and greenhouse gas
emission data were considered for DD phenotyping and SNP genotyping,
implying the availability of 2,980 DD observations from 1,710 cows for
genetic studies of DD traits. A subset of 935 cows was genotyped with
the Illumina BovineSNP50 v2 BeadChip (Illumina Inc.). All herds involved
in this study participate at the German national health monitoring and
genotyping program to implement genomic evaluations for health traits
since 2021. In consequence, all female cattle from these herds are
routinely genotyped, and the genotypes stored at the national genetic
evaluation centres were used for this study. The smaller number of
genotyped cows compared to the number of phenotyped cows is due the
delayed start of calf genotyping in most herds later than in the year
20109.

Quality control of the genotype data was performed using the soft-
ware package PLINK (Purcell et al., 2007). Quality control criteria
considered a call rate > 95%, a minor allele frequency (MAF) > 0.01,
and SNPs not significantly deviating from Hardy-Weinberg equilibrium
(P > 0.001). We considered only SNPs located on Bos taurus autosomes,
and we excluded cows with more than 95% identical genotypes. After
quality control, 38,495 SNPs from 926 cows with DD phenotypes were
available for the genomic studies. With regard to the complete dataset (i.
e., the cows from herds with housing characteristics and hygiene status),
454 cows (776 observations) were genotyped.

2.3.2. Estimation of genetic parameters and genomic breeding values

For the estimation of variance components, genetic parameters and
genomic breeding values for DD-sick, DD-acute and DD-chronic, we used
the DD dataset including the 2,980 DD observations from the 1,710 cows
(926 cows with genotypes). In this regard, single-step analyses
(ssGBLUP) was applied, using the AI-REML algorithm as implemented
in the AIREMLF90 program (Misztal et al., 2018). The respective
genetic-statistical single trait animal model 2 was defined in matrix
notation as follows:

y=X8+Za+Wp+e @

where y was a vector including observations for the three DD traits; 8
was a vector of fixed effects including herd-year season of diagnosis (4
seasons: Jan — Mar.; Apr.- Jun.; Jul.- Sep.; Oct.- Dec.), breed, parity (1
(26.9% of all observations), 2 (27.3% of all observations), 3 (18.4% of
all observations), 4 (13.8% of all observations), and > 5 (13.6% of all
observations)), and a linear regression on days in milk (DIM) reflecting
the days after calving at DD recording (range: 11 to 336 days); a was a
vector of random additive-genetic effects; p was a vector of random
permanent environmental effects, e was a vector of random residual
effects; X, Z and W were the incidence matrices for f, a, and p,
respectively. It was assumed thata ~ N (O, Hr;ﬁ), p~N(O, Iaf,) and e
~ N (0, I62) where csf,, GIZ, and o? are the additive-genetic, permanent
environmental, and residual variances, respectively. The combined in-
verse of the H matrix was computed using the PREGSF90 program by
blending the pedigree relationship matrix (Gw; Legarra et al., 2009). Gy
was calculated as follows Gy = (0.95 x G + 0.05 x Ags), where Agp was
the submatrix of the pedigree-based relationship matrix for genotyped
animals and G was the genomic relationship matrix (VanRaden, 2008).
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The pedigree relationship matrix considered at least a depth of 3 gen-
erations backwards, with oldest founder animals born in 1906,
contributing to a pedigree dataset of 11,385 animals. The 1,710 cows
with DD records originated from 416 different sires, and from 1,299
different dams. Genomic relationships between HF and FS were due the
introgression of Red Holstein genes into the FS population at the
beginning of the 1980s.

2.3.3. Genome-wide association study

The single-step GWAS for the estimations of SNP marker effects
based on the genomic breeding values as obtained from ssGBLUP ana-
lyses. The SNP effects and p-values were estimated with the “OPTION
snp_p_value” as implemented in POSTGSF90 (Aguilar et al., 2019). The
genome-wide significance level according to Bonferroni was defined
(pBF = 0.05/ Ngnp = 1.3e-06). Additionally, a less stringent normative
significance threshold (pCD) was considered, with pCD = 1e-04 (Kurz
et al., 2019).

2.3.4. Annotation of potential candidate genes

For gaining deeper insights into possible physiological mechanisms,
we annotated potential candidate genes located in a window 100 kb
upstream or downstream from the significantly associated candidate
SNP by utilizing the Ensembl database, release 102, on the basis of the
Bos taurus ARS1.2 genome assembly (Zerbino et al., 2018). SNP were
mapped to corresponding genes from the Bos taurus annotation from the
Ensembl database (http://www.ensembl.org/biomart/martview),
applying the R package biomaRt (Durinck et al., 2009). The SNP markers
related to the potential candidate genes with a significance according to
pBF, or with a significance according to pCD for one of the DD traits
(DD-sick or DD-acute or DD-chronic), were integrated into ongoing SEM
modelling approaches (see the next chapter 2.4.1 and Table 1). The
description of functions of the annotated potential candidate genes
based on reports given in the literature.

2.4. Structural equation modelling for integrative analyses considering of
housing characteristics and genomic information simultaneously

2.4.1. Latent and indicator variables

We set up a SEM separately for DD-sick, DD-acute and DD-chronic by
applying the lavaan package (Rosseel, 2012) as implemented in R,
version 4.4.2 for Windows (R Core Team, 2020). In this regard, we
considered 5 latent variables in the SEM, often defined as the ‘mea-
surement part of the SEM’ (Detilleux et al., 2013). Each latent variable
covered observed variables, i.e., so called indicator variables. These are
either directly related to the latent variables (indicators) or are present
as free variables (free indicators) in the SEM (Moshagen, 2012). The
latent variables as well as the descriptive indicator and free indicator
variables are listed in Table 1. In this regard, the first latent variable was
related to the individuality of a cow (DD indiv) considering their phe-
notypes for the DD traits, the respective estimated genomic breeding
values (ebv) for the DD traits, and the phenotypes for the hygiene score
(hyg) and somatic cell score (scs) as related disease indicator traits. The
second latent variable was the genomics (Gen) component, considering
the most significant SNPs from the previous GWAS as explained above.
The influence of cow productivity on DD traits as well as possible
recursive effects were depicted through the latent variables for test-day
production before (Prb) and after the date (Pra) for DD scoring.
Considered indicator variables were the respective test-day records for
milk yield (myb, mya), fat content (fcb, fca) and protein content (pcb,
pca), as well as the respective lactation number (Inr) and lactation stage
(Isb, 1sa) considering the days in milk after calving. The latent variable
for the barn characteristics (barn) included the overall housing system
information (sys), the air volume in the barn (aiv), the barn temperature
(T), the relative humidity in the barn (RH), wind speed in the barn
(wsp), and the ammonia concentration in the barn air (NH3).
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Table 1
Latent variables and indicator variables as considered in the structural equation
model (abbreviations of the variables (in bold) are used in Figs. 3, 4 and 5).

Latent variables in the SEM Indicator variables in the SEM

DD phenotypes and estimated breeding
values of the cow reflecting the DD and DD acute
individuality Hygiene score according to Cook (2002)
(DD indiv) (hyg)
Somatic cell score before DD scoring
(scs)
Estimated genomic breeding value for
DD sick (ebv DD sick), for DD acute (ebv
DD acute) and DD chronic (ebv DD
chronic)
Significant SNPs for a DD diagnosis’
Genomics ARS-BFGL-NGS-29426 (AR6) on BTA 5
(Gen) ARS-BFGL-NGS-39422 (AR2) on BTA 29
ARS-BFGL-NGS-75315 (AR5) on BTA 16
BTB-0118497 (BTB) on BTA 8
Hapmap47993-BTA-56668 (HAP) on BTA
23
Hapmap40478-BTA-106311 (HP1) on
BTA 11
Hapmap58551-rs29023108 (HP8) on
BTA 11
Milk yield before DD scoring (myb)
Fat content before DD scoring (fcb)
Protein content before DD scoring (pcb)
Milk yield after DD scoring (mya)
Fat content after DD scoring (fca)
Protein content after DD scoring (pca)
Lactation number (Ilnr)
Lactation stage before DD scoring (Isb)
Lactation stage after DD scoring (Isa)
Barn characteristic Housing system (compost or cubicles)
(barn) (sys)
Air volume in the barn (aiv)
Temperature in the barn (T)
Relative humidity in the barn (RH)
Wind speed in the barn (wsp)
Ammonia concentration in the barn
(NH3)

Phenotypic scores for DD sick, DD acute

Yields for test-day production traits
before (Prb) and after (Pra) a DD
diagnosis

! Signficant SNPs for at least 2 DD traits according to pCD, or at least for one
DD trait according to pBF.

2.4.2. Structural equation model definition
In matrix notation, the SEM was defined as follows:

y=An+v
n=Bn+¢&

where y was the vector of observed variables, | was the corresponding
vector for latent variables, and v and { were the corresponding vectors of
error terms. It was assumed that E (v) = 0, var (v) = 0, E ({) = 0, and var
(&) = . Elements (M) of A were partial regression coefficients relating
latent variables to the observed variables, while elements (f) of B con-
nected latent variables among them (direct and indirect effects). We
decided to apply the following model quality criteria: For the compar-
ative fit index (CFI) a cut-off value close to 0.95, for the standardised
root mean square residual (SRMR) a cut-off value close to 0.08, and for
the root mean square error of approximation (RMSEA) a cut-off value
close to 0.06 (Hu and Bentler, 1999).

Effects of the latent constructs were assessed by studying the path
coefficients (An). Path coefficients can range between -1 and +1, with a
value > 0.20 or < -0.20 indicating a significant correlation (Chin, 1998).
Path coefficients outside the theoretical parameter range (< -1 or > 1)
are due to the standard errors.
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3. Results and discussion
3.1. Effects of compost and housing characteristics on DD traits

This chapter addresses the results from the fixed effect model (model
1) as defined in chapter 2.2.3. The overall F-Test displayed significant
effects (P < 0.01) of the compost and housing characteristics BTc, CNc,
pHe, NH3c, Tc and RHe on DD sick, DD acute and DD chronic. The
LSmeans for disease probabilities of the three DD traits for the different
levels of these compost and housing characteristics are given in the
Supplementary Figures S1 (BTc), S2 (CNc), S3 (pHc), S4 (NH3c), S5 (Tc)
and S6 (RHc). The generally better health status for cows kept in the
CBPB when compared to the control group (CCB) was observed for all
sub-models with respective LSmeans as displayed in the Supplementary
Figures S1-S6. With regard to cows kept in the CBPB, bedding temper-
atures < 35°C at a depth of 20 cm were associated with smallest
LSmeans for infection probabilities for DD sick, DD acute and DD
chronic. Optimal composting processes in the CBPP were reported for
bedding temperatures in the range from 43.3°C to 65°C at a depth of 15
cm to 31 ecm (Janni et al., 2007; Bewley et al., 2013). However, such
quite high bedding temperatures imply optimal and durable composting
processes as being the case in the experienced CBPB farms in the US. In
the CBPB in Germany as considered in the present study, the farms
characterized by low bedding temperatures have large resources of
bedding material and focus on a bedding management with frequent
re-spreading, aiming on a generally dry and clean lying surface. For
CBPB farms, 2 possible optimal bedding management practices have
been reported. First, to initiate a real and sustainable composting pro-
cess (argument for high bedding temperatures), or, on the other hand,
the focus on the clean lying area and the high hygiene status, realized
through the narrow re-spreading intervals (argument for low bedding
temperatures). In such management context, the focus on the dry and
clean lying areas was the most efficient strategy to prevent any DD in-
fections (Alvergnas et al., 2019).

With regard to CNc, the smallest C:N range (CNc < 21) in the bedding
material was associated with highest LSmeans for the incidences of DD
sick, DD acute and DD chronic. Rosen et al. (2000) and Galama (2014)
indicated a quite broad optimal C:N-ratio from 15:1 to 25:1. In the
present study, LSmeans for DD disease probabilities did not differ
significantly (P > 0.05) between CNc > 28 and CNc 21-28, but a narrow
ratio with CNc < 21 was associated with a significant increase for the
risk of an infection for DD sick and DD acute.

With regard to the effects of pH-values in the bedding material,
significant differences (P < 0.01) were only observed when comparing
infection probabilities for DD chronic in pHc 8.5-8.8 and in pHc >8.8.
The pairwise difference of LSmeans was 15.8%. This finding, i.e., a
better DD health status with increasing pH-values, is in agreement with
survival pattern of bovine digital dermatitis treponemes (Bell et al.,
2023).

LSmeans for the probability of occurrence of the DD traits in de-
pendency of NH3c indicate highest infections risks for the highest level
of NH3 concentrations (> 1.14 ppm) in the barn air. Ammonia is
generated in the conversion process of urea through urease enzymes,
mainly in faeces, in manure of the bedding material and in urine
(Bristow et al., 1992). The risk of a DD infection increased under wet and
unhygienic conditions, which contributed to a higher level of ammonia
concentrations (Somers et al., 2005).

An increase of barn temperatures was associated with significantly
increased probabilities for an infection for all three DD traits, i.e.,
highest LSmeans for DD disease probabilities at Tc > 12.4. Favorable
effects of low barn temperatures on a broad pattern of claw disorders
were shown by Gernand et al. (2019) for other housing systems than
CBPB. The effect of barn humidity indicated significant differences be-
tween LSmeans (P < 0.01) for DD sick and DD chronic, displaying
highest infection probabilities for the highest humidity class (RHc > 84).
The stronger effect of air temperatures than of air humidities on cow
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health and wellbeing was recently indicated by Konig et al. (2025),
because the applied temperature-humidity formulas considered tem-
perature with stronger weighing factors than humidity.

3.2. SNPs and potential candidate genes with significant effects on DD
traits

Shared significant SNPs for at least two DD traits (according to pCD),
or significant SNPs for one DD trait (according to strict pBF) integrated
into the SEM (see Table 1 in chapter 2.4.1) based on the SNP effects from
the GWAS as depicted in Fig. 2. This Fig. was also part in the in-
terpretations by Solzer et al. (2024) as a side-product in GWAS with
additional SNP interaction effects. The respective Manhattan plot for DD
sick (inflation factor A was 1.32) is given in Fig. 2a, for DD acute in
Fig. 2b (inflation factor A was 1.31), and for DD (inflation factor A was
1.39) in Fig. 2c.

Significant SNPs on two DD traits comprised ARS-BFGL-NGS-29426
(AR6) located on BTA 5 (for DD sick and DD acute), ARS-BFGL-NGS-
39422 (AR2) located on BTA 29 (for DD sick and DD acute), and BTB-
0118497 (BTB) located on BTA 8 (for DD sick and DD acute). Hence,
same SNPs with significant effects on two DD traits always were iden-
tified for DD acute and DD sick, but not for other DD stage combinations
including DD chronic. This is in agreement with the DD disease pa-
thology, indicating different biologic functions with obvious different
phenotypic characteristics for chronic and acute disease stages (e.g.,
Dopfer et al., 1997; Schopke et al., 2015). In this regard, different ge-
netic mechanisms related to specific immune responses can be assumed
(Canive et al., 2021). Consequently, the pattern in den Manhattan plots
obviously differed between DD acute and DD chronic, but some simi-
larities were identified for DD acute and DD sick. Strong association
signals in the Manhattan plots according to strict pBF were identified for
DD chronic including the SNP ARS-BFGL-NGS-75315 (ARS5) located on
BTA 16, the SNP Hapmap40478-BTA-106311 (HP1) located on BTA 11,
and the SNP Hapmap58551-rs29023108 (HP8) located on BTA 11.
Furthermore, the SNP Hapmap47993-BTA-56668 (HAP) located on BTA
23 was significant according to strict pBF for DD acute. These ssignifi-
cant SNPs according to pCD for at least two DD traits or with strong
association signals for one DD trait according to pBF, were considered in
the ongoing SEM and are listed in Table 1.

Because of the overlapping significant SNPs for at least two DD traits,
we were interested in the annotation of potential candidate genes, and
the respective functions of these genes as described in the literature.
However, only the significant SNPs were considered in the ongoing SEM,
but not the annotated genes. Due to the similar Manhattan plot pattern
for DD sick and DD acute, we expected to identify shared potential
candidate genes for both DD traits. In consequence, for DD sick and DD
acute, we annotated the shared potential candidate gene METTL25 on
BTA 5. The detection of this shared potential candidate gene is the
consequence of the significant SNP ARS-BFGL-NGS-29426 (AR6) for
both DD traits located in close chromosomal distance. Several studies (e.
g., de Greef et al., 2023) highlighted METTL25 in the context of DNA
methylation. According to the “Gene Cards Human Database” (https://
www.genecards.org/), METTL25 is defined as a protein coding gene. In
this database, immunodeficiency is indicated as a disease being strongly
associated with METTL25. Konig and May (2018) identified several cow
diseases due to immunodeficiency, especially major claw disorders
including DD. The potential candidate gene TENM4 is located on BTAT
29 in the window harbouring the SNP ARS-BFGL-NGS-39422 (AR2), also
displaying significant effects on DD sick and DD acute. According to the
“Gene Cards Human Database” (https://www.genecards.org/) TENM4
(Teneurin Transmembrane Protein 4) is a protein coding gene, and
associated listed diseases in this database were very specific neurolog-
ical disorders. Pietrosemoli et al. (2017) reported the involvement of
TENM4 in regulative processes of myoblast quiescence and respective
interfaces with neurological functions. In farm animals (beef cattle),
Reith et al. (2022) identified differentiated TENM4 gene expressions in
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relation to environmental stress and to feeding particularities (zilpaterol
supplementation). The aspect of stress in this context might be very
interesting, supporting findings by Solzer et al. (2022) in genome-wide
associations with heat stress interactions.

For the SNP BTB-0118497 (BTB) displaying significant effects on
both DD traits DD acute and DD sick, no potential candidate gene was
annotated. An explanation might be the narrow chromosomal segment
of +£100 kb as used for gene annotations, because in other studies also
windows comprising 250 kb (e.g., Klein et al., 2021) or even 400 kb (e.
g., Bohlouli et al. 2022) were defined, contributing to an inflating
number of annotated potential candidate genes. However, for the
ongoing integrated structural equation modelling, we intended to limit
the genomics input data, which explains the strict procedure in all
genomic analyses. Nevertheless, albeit the non-significant SNPs ac-
cording to pCD or pBF, we annotated AFF3 on BTA 11 as a further po-
tential candidate gene for both stages DD sick and DD acute. AFF3 was
already highlighted in the DD study by Solzer et al. (2024). AFF3 is
expressed in B cells, and its expression was related with different types of
cancer (Shi et al., 2019). So far, there is no direct link connecting AFF3
with claw disorders, but effects on pregnancy in dairy cows were re-
ported (Oliver et al., 2019). A further annotated potential candidate
gene for DD sick and DD acute was PRKG1 BTA 26, but different sig-
nificant SNPs in this chromosomal segment were identified for both DD
traits.

3.3. Integrative analysis: path coefficients from the structural equation
modelling

3.3.1. Overall remarks

In this chapter, we address the results from the SEM simultaneously
considering the previously identified major compost and housing char-
acteristics, and the previously identified significant SNPs. Regarding the
importance of path coefficients, we focused in the interpretations of the
absolute values, and we did not differentiate between negative or pos-
itive signs for the same coefficient. Especially in the case of SNP geno-
types, the same homozygous genotype could be assigned with a code “0”
in a run for trait A, but with a code “2” in a run for trait B. Such auto-
matic assignments might affect the signs of other path coefficients.

3.3.2. Structural equation models for DD sick and DD acute

Fig. 3 shows completely standardized estimates for the path co-
efficients of the SEM for DD sick, and Fig. 4 for DD acute. Overlapping
pattern for the Manhattan plots (Fig. 2) with shared potential candidate
genes (Table 1) were identified for both DD traits, and in consequence,
effects and respective path coefficients in the SEM indicated close sim-
ilarities. The latent variable for the barn characteristics with path co-
efficients for barn of 0.38 on DD indiv (for DD sick) and of 0.37 on DD
indiv (for DD chronic) indicate quite strong effects on both DD disease
stages, mainly due to the major effects of the barn characteristics on the
indicator variables representing the barn climate, especially T (0.85 in
the DD sick SEM, 0.86 in the DD acute SEM) and RH (-0.86 in the DD sick
SEM, -0.85 in the DD acute SEM). It is well know that barn character-
istics (type of the farm building, etc.) strongly determine the barn
climate, with causal effects on cow claw disorders including DD
(Gernand et al., 2019) and on health trait indicators (Lambertz et al.,
2013). Nevertheless, the effects of barn climate on DD are very complex,
especially in the context of proven genotype x barn climate interactions
(Solzer et al., 2022). The ammonia gas concentrations also were closely
related with the barn characteristics (0.82 in the SEM for DD sick, and
0.82 in the SEM for DD acute), indicating the importance of the latent
variable NH3 on DD infections. Ammonia strongly determines air
quality, with causal effects on health traits. In this regard, van Leenen
et al. (2020) described the detrimental effect of increased ammonia
exposure on the bovine respiratory disease complex in beef and dairy
cattle calves and heifers, with time-lagged effects on cow disease sus-
ceptibility including claw disorders. Phenotypic as well as genetic
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Fig. 2. Manhattan plots for the genome-wide associations for the specific dermatitis digitalis stages DD sick (a), DD acute (b) and DD chronic (c).
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Fig. 3. Structural equation model for DD sick with respective path coefficients for latent and observed variables (hyg = hygiene score, scs = somatic cell score, ebv =
estimated breeding value, AR6 = SNP ARS-BFGL-NGS-29426, AR2 = SNP ARS-BFGL-NGS-39422, AR5 = SNP ARS-BFGL-NGS-75315, BTB = SNP BTB-0118497, HAP
= SNP Hapmap47993-BTA-56668, HP1 = SNP Hapmap40478-BTA-106311, HP8 = SNP Hapmap58551-rs29023108, myb = milk yield before DD scoring, fcb = fat
yield before DD scoring, pcb = protein yield before DD scoring, mya = milk yield after DD scoring, fca = fat yield after DD scoring, pca = protein yield after DD
scoring, Inr = lactation number, Isb = lactation stage before DD scoring, lsa = lactation stage after DD scoring, sys = housing system, aiv = air volume in the barn, T
= temperature in the barn, RH = relative humidity in the barn, wsp = wind speed in the barn, NH3 = ammonia concentration in the barn, DD indiv = latent variable
for the cow individuality, Gen = latent variable for gemomics, barn = latent variable for barn characteristics).
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Fig. 4. Structural equation model for DD acute with respective path coefficients for latent and observed variables ((hyg = hygiene score, scs = somatic cell score, ebv
= estimated breeding value, AR6 = SNP ARS-BFGL-NGS-29426, AR2 = SNP ARS-BFGL-NGS-39422, AR5 = SNP ARS-BFGL-NGS-75315, BTB = SNP BTB-0118497,
HAP = SNP Hapmap47993-BTA-56668, HP1 = SNP Hapmap40478-BTA-106311, HP8 = SNP Hapmap58551-rs29023108, myb = milk yield before DD scoring, fcb =
fat yield before DD scoring, pcb = protein yield before DD scoring, mya = milk yield after DD scoring, fca = fat yield after DD scoring, pca = protein yield after DD
scoring, Inr = lactation number, Isb = lactation stage before DD scoring, Isa = lactation stage after DD scoring, sys = housing system, aiv = air volume in the barn, T
= temperature in the barn, RH = relative humidity in the barn, wsp = wind speed in the barn, NH3 = ammonia concentration in the barn, DD indiv = latent variable
for the cow individuality, Gen = latent variable for gemomics, barn = latent variable for barn characteristics).
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associations among respiratory diseases and later cow productivity and
claw health were also inferred by Mahmoud et al. (2017).

Quite strong associations were identified between the general effect
of the housing system (CBPB or CCB) and barn wind speed with path
coefficients between sys and wsp of -0.58 in the SEM for DD sick, and of
-0.59 in the SEM for DD acute. The pronounced path coefficient between
sys and wsp might be due to the fact that the CBPB are constructed as
open buildings allowing more wind-permeability than CCB. Especially
in CBPB, wps is an important factor influencing hygiene and cow health.
Specifically, moisture and heat can only be released from the compost
bedding material if the lying area is adequately ventilated. Leso et al.
(2020) emphasized the importance of technical mechanisms to increase
wsp in CBPB to make the lying area more attractive and more hygienic
for the milking cows. Accordingly, in other free stall or open housing
systems, favorable effects of wind speed on cow hygiene, and in cau-
sality on cow health, were reported (Pinto et al., 2020).

Moderate causal relationships were identified between ammonia
emissions and cow hygiene, i.e., path coefficients of 0.33 between hyg
and NH3 for the DD sick as well as for the DD acute SEM approach. The
causalities can be interpreted as follows: increased contamination of
cows is a strong indication of wet and unclean lying areas and alleys. In
turn, an increase of manure in the barn implies an associated increase of
ammonia formation (Edouard et al., 2019).

The cow-related variables play a comparatively minor role in the
SEM for DD sick and DD acute, especially with regard to effects of DD
indiv on ongoing productivity in terms of milk yield. The respective path
coefficients were -0.06 (in the SEM for DD sick) and 0.05 (in the SEM for
DD acute). The path coefficients very close to zero reflect previous
phenotypic and genetic correlations between production traits and claw
disorders, indicating neutral relationships or only slight genetic antag-
onisms (Konig et al., 2005; Gernand et al., 2013; Solzer et al., 2022).

The overall genomics effect through individual significant SNPs on
DD indiv was comparably small with path coefficients of 0.17 between
Gen and DD indiv in the SEM for DD sick, and with 0.07 in the SEM for
DD acute. Hence, the small path coefficients support the assumption for
an infinitesimal model of inheritance for DD, indicating only small
additional gain when focusing on only a few specific SNPs or annotated
potential candidate genes. The SNPs considered in the SEM explained
less than 1% of the genetic variance, supporting the results by Pimentel
et al. (2011) who estimated variance components for chromosomal
segments. In contrast, the path coefficient was moderate (0.36) between
DD indiv and the respective EBV for DD acute. Such moderate associa-
tions support the application of the so-called “genomic herd manage-
ment”, i.e., early intra-herd selections based on genomic breeding values
to improve the phenotypic cow health status (e.g., McNeel et al., 2017).
Nevertheless, according to selection index theory (Dekkers, 2007), the
trait heritability strongly determines associations between breeding
values and phenotypes, supporting the larger path coefficients for barn
characteristics than for cow genetic factors on phenotypic variations for
low heritability DD traits. The single-step heritability from model 2 was
small with 0.16 (SE = 0.03) for DD sick. Accordingly, the path coeffi-
cient was quite small (0.13) between the EBV for DD sick and DD indiv.
With regard to the genomics component, the SNP ARS-BFGL-NGS-29426
(AR6) indicated moderate effects on the latent genomics variable (Gen)
in the SEM for DD sick (0.22) as well as in the SEM for DD acute (-1.07).
The same SNP was significant for the interaction term in genome-wide
associations with climate interactions for the trait DD (Solzer et al.,
2022). The SNP ARS-BFGL-NGS-29426 is located in a QTL segment
directly affecting the susceptibility to DD infections (Croué et al., 2019).
The SNP AR2 displayed a strong effect (-1.12) on the latent variable for
Gen in the SEM for DD sick, and the pathway coefficients were -0.72 for
BTB, and 0.91 for HAP in the SEM for DD acute. All these SNPs were
annotated with potential candidate genes which were involved in
fundamental biological and immunological processes (Wong and
Eirin-Lopez, 2021).

As indicated above, path coefficients show high similarity in the SEM
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for DD sick and in the SEM for DD acute. A larger difference was only
observed for the path reflecting the housing system, i.e. of sys on DD
indiv. The respective path coefficient was 0.32 in the DD sick SEM, but
0.16 in the DD acute SEM. Despite the identified overlap of genomic
mechanisms for DD sick and DD acute with shared potential candidate
genes, differences in disease pathogenesis for different DD stages have
been reported (Dopfer et al., 1997). The correlation between genomic
breeding values for DD sick and DD acute in the present study for cows
with phenotypes was 0.79, indicating a similar genetic background, but
also some DD stage genomic particularities. Such particularities were
identified by Solzer et al. (2024) with regard to specific housing system
analyses, i.e. genetic analyses in CBPB or in CCB. Furthermore, the
disease prevalence for binary traits might affect genetic parameters and
path coefficients in SEM. The disease prevalence in CBPB was 10.65%
for DD sick and 7.45% for DD acute. Even stronger prevalence differ-
ences were observed in CCB, with 26.93% for DD sick and 17.11% for
DD acute. Effects of the disease prevalence on causal phenotypic and
genetic trait relationships were proven from a theoretical perspective
(Freund and Walpole, 1980), as well as based on real claw disorder data
(Kénig et al., 2008).

3.3.3. Structural equation model for DD chronic

Completely standardized estimates for the path coefficients in the
SEM for DD chronic are shown in Fig. 5. Generally, the magnitude of
effects among latent variables, and among latent and indicator variables,
reflect relationships as outlined for DD sick and DD acute. The path
coefficient from the latent variable “barn” on latent DD indiv was
smaller in the SEM for DD chronic (0.28) than in the SEM for DD sick
(0.38) or DD acute (0.37). Again, with regard to the barn characteristics,
strongest effects were observed for the barn temperature (0.87) and
humidity (0.85), which were strongly significant (according to Chin
et al., 1998). The path coefficients of “barn” on NH3 (0.81) and of “hyg”
on NH3 (0.33) indicate strong similarities with results for the DD sick
SEM and DD acute SEM, again explaining the moderate interplay among
housing characteristics, cow hygiene and ammonia emissions (Pinto
et al., 2020). Moderate path coefficients were found between “wsp” and
sys (-0.59) and between NH3 and “sys” (0.33), indicating the causalities
of the overall housing system (CBPB or CCB) on barn air parameters and
ammonia emissions. The open construction of the farm buildings in the
CBPB system enables improved air-permeability compared to standard
closed farm buildings in the CCB system. Such CBPB and CCB charac-
terizations were outlined by Fehmer et al. (2021). The quite strong
interplay among variables for barn characteristics in the SEM for DD
chronic might explain the strong significance for the path coefficient of
sys on DD indiv. Again, an indicator for the differing effects of the
housing system (CBPB versus CBB) on DD chronic prevalence, which
was tenfold higher in compost barns compared to the control group in
the study by Solzer et al. (2024). The cow-related factors associated with
productivity directly after (Pra) and before (Prb) the DD diagnosis
indicated weak direct relationships with DD indiv, or only indirect as-
sociations. For example, the path coefficient of DD indiv on Pra was
0.02, and was exactly zero for the effect of Inr on DD indiv. Productivity
or lactation stage effects before the DD diagnosis were indirectly asso-
ciated with DD indiv through other latent variables. The non-significant
effects of lactation number and lactation stage on DD confirms results
from previous studies. In contrast to other claw disorders, also Konig
et al. (2005) found that the susceptibility to a DD infection was slightly
higher in first parity than in adult cows, maybe due to evolved re-
sistances. Furthermore, an effect of selection was postulated, because
especially in the large-scale cow herds in Germany, intra-herd selection
strategies strongly focused of early replacements of DD susceptible cows
(Swalve et al., 2018). Very interesting is the strong association between
DD indiv and the EBV for DD chronic (path coefficient of 1.85), and also
of the latent genomics variable (Gen) on DD indiv (path coefficient of
1.14). In consequence, genetic selection suggests stronger favorable ef-
fects on DD chronic than on DD sick or on DD acute, again indicating
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Fig. 5. Structural equation model for DD chronic with respective path coefficients for latent and observed variables ((hyg = hygiene score, scs = somatic cell score,
ebv = estimated breeding value, AR6 = SNP ARS-BFGL-NGS-29426, AR2 = SNP ARS-BFGL-NGS-39422, AR5 = SNP ARS-BFGL-NGS-75315, BTB = SNP BTB-0118497,
HAP = SNP Hapmap47993-BTA-56668, HP1 = SNP Hapmap40478-BTA-106311, HP8 = SNP Hapmap58551-rs29023108, myb = milk yield before DD scoring, fcb =
fat yield before DD scoring, pcb = protein yield before DD scoring, mya = milk yield after DD scoring, fca = fat yield after DD scoring, pca = protein yield after DD
scoring, Inr = lactation number, 1sb = lactation stage before DD scoring, Isa = lactation stage after DD scoring, sys = housing system, aiv = air volume in the barn, T
= temperature in the barn, RH = relative humidity in the barn, wsp = wind speed in the barn, NH3 = ammonia concentration in the barn, DD indiv = latent variable
for the cow individuality, Gen = latent variable for gemomics, barn = latent variable for barn characteristics).

differing genetic mechanisms for the different DD stages. Major gene
effects only for specific DD stages were recently reported by Oels-
chlaegel et al. (2022). Accordingly, in the present study, the correlations
between EBVs for DD chronic with DD sick (0.58) and with DD acute
(0.55) were smaller than the EBV correlation between DD sick and DD

acute (0.81).
4. Conclusion

A “2-step-approach” was successfully applied to infer effects of
different types of variables at different scales (climate scale, housing
scale, individual cow scale, genomic scale) on the specific disease stages
DD acute, DD chronic and DD sick. “2-step-approach” means the iden-
tification of most relevant housing characteristics and genomic charac-
teristics in independent first steps, and afterwards integrating the most
relevant identified factors as input parameters into the SEM in the final
step 2. In step 1 in the fixed effect analyses, the climate variables T and
RH, the greenhouse gas emission NH3 and specifically in the CBPB
system the bedding parameters including the bedding temperature, the
pH-value of the bedding material and the C:N ratio of the compost,
indicated significant effects on all DD stages. In step 1 for genomics,
similar pattern for Manhattan plots of SNP effects were identified for DD
acute and DD sick, but differing effects with regard to the results from
the GWAS and annotated potential candidate genes, were identified for
DD chronic. In the integrative SEM approach, the considered specific
SNPs played a minor role compared to the housing and climatic effects
with path coefficients close to zero for the infection risk on DD sick and
DD acute. In contrast for DD chronic, path coefficients on DD indiv were
quite large for genomic breeding values for DD chronic, as well as for
single SNP effects. In consequence, the success of the application of
genomic tools for the reduction of DD infections strongly depends on DD
stages, due to the differing genetic background in DD disease stage
pathogenesis.
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Supplementary Figures

Figure S1. LSmeans with respective standard errors for the probability of infection of DD sick
(a), DD acute (b) and DD chronic (¢) for classes of bedding temperatures (BTc) at a depth of

20 cm. Significant differences (p < 0.05) between LSmeans are marked with different letters.

Figure S2. LSmeans with respective standard errors for the probability of infection of DD sick
(a), DD acute (b) and DD chronic (¢) for classes of C:N ratios (CNc) in the bedding material.

Significant differences (p < 0.05) between LSmeans are marked with different letters.

Figure S3. LSmeans with respective standard errors for the probability of infection of DD sick
(a), DD acute (b) and DD chronic (¢) for classes of pH-values (pHc) in the bedding material.

Significant differences (p < 0.05) between LSmeans are marked with different letters.

Figure S4. LSmeans with respective standard errors for the probability of infection of DD sick
(a), DD acute (b) and DD chronic (¢) for classes of NH3 concentrations (NH3c) in the barn air.

Significant differences (p < 0.05) between LSmeans are marked with different letters.

Figure S5. LSmeans with respective standard errors for the probability of infection of DD sick
(a), DD acute (b) and DD chronic (¢) for classes of air temperatures (Tc) inside the barn.

Significant differences (p < 0.05) between LSmeans are marked with different letters.

Figure S6. LSMeans with respective standard errors for the probability of infection of DD sick
(a), DD acute (b) and DD chronic (c¢) for classes of relative humidity (RHc) in the barn air.
Significant differences (p < 0.05) between LSmeans are marked with different letters.
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Figure S1. LSmeans with respective standard errors for the probability of occurrence of DD
sick (a), DD acute (b) and DD chronic (¢)] for different bedding temperatures (BTc) at a depth
of 20 cm. Significant differences (p < 0.05) between LSmeans are marked with different

superscripts.
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Figure S2. LSmeans with respective standard errors for the probability of occurrence of DD
sick (a), DD acute (b) and DD chronic (¢) for classes of C:N ratios (CNc¢) in the bedding

material. Significant differences (p < 0.05) between LSmeans are marked with different letters.



~—

. . . m

Probability of infection ~
© © © o o o
— ) " . Ln o

(=]

04
0.35

®

p—

Probability of infection

0.05

~
@]
R

Probability of infection

<8.5 8.5-8.8 >8.8

pHc

ba

<8.5 8.5-8.8 >8.8

—_—

<85 8.5-8.8 >Ts

b

pHc

control

control

o I

control

Figure S3. LSmeans with respective standard errors for the probability of occurrence of DD

sick (a), DD acute (b) and DD chronic (c¢) for classes of pH-values (pHc) in the bedding

material. Significant differences (p < 0.05) between LSmeans are marked with different letters.
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Figure S4. LSmeans with respective standard errors for the probability of occurrence of DD
sick (a), DD acute (b) and DD chronic (¢) for classes of NH3 concentrations (NH3c) in the barn

air. Significant differences (p < 0.05) between LSmeans are marked with different letters.
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Figure S5. LSmeans with respective standard errors for the probability of occurrence of DD
sick (a), DD acute (b) and DD chronic (¢) for classes of air temperatures (Tc) inside the barn.

Significant differences (p < 0.05) between LSmeans are marked with different letters.
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Figure S6. LSMeans with respective standard errors for the probability of occurrence of DD
sick (a), DD acute (b) and DD chronic (¢) for classes of relative humidity (RHc) in the barn air.
Significant differences (p < 0.05) between LSmeans are marked with different letters.






Chapter 5

5 General Discussion

The analyses in the present study dealt with the genetic background of selected claw disorders
in general and with Dermatitis digitalis (DD) in particular. As a novel approach, interaction
effects with environmental descriptors were also estimated. Furthermore, a more precise
phenotyping of DD was carried out in the two housing environments of a classic cubicle barn
(CON) and a compost bedded pack barn (CBPB). Furthermore, ammonia, nitrous oxide,
carbon dioxide and methane emissions were measured at various points in the barns. These
were analysed with other traits of the housing environment, cow phenotypes and genetic
effects in structural equation models (SEM) to draw better conclusions about the parameters
influencing DD. In Chapter 2, heritabilities for DD, Hyperplasia Interdigitalis (HYP) and Sole
ulcer (SU) were estimated in a provided data set. Furthermore, genetic correlations between
the three claw disorders and other breeding goal traits were calculated. In the further course,
disease-specific candidate genes were identified and SNP effect correlations were calculated.
As a final point in this chapter, SNP x heat stress (HS) interactions were estimated and
significant SNPs were identified here as well. In chapter 3, work was now carried out on the
own DD data set. Here, the occurrence in the housing systems CON and CBPB was analysed,
for which the three trait categories DD sick, DD acute and DD chronic were introduced.
Heritabilities and genetic correlations were estimated in relation to the three DD traits, potential
candidate genes were identified and SNP x housing system interactions were calculated. In
chapter 4, a two-step procedure was used. In the first step, fixed effect analyses were
conducted to test the climate variables temperature (T) and humidity (RH), the ammonia
emissions (NH3c) and the bedding characteristics: bedding temperature (BTc), C:N-ratio
(CNc) and pH-value (pHc) for their significance with regard to the DD stages. In the second
step, the parameters were linked to cow phenotypes and genetic parameters in structural

equation models (SEM) to determine their strength of influence on a DD disease.

Further on in the chapter, the genomic evaluations are looked at, how more precise
phenotyping affects disease resistance, whether alternative housing systems have an
influence, and how breeding strategies can be adapted. Finally, concluding remarks and

practical recommendations are given.

5.1 Genomic analyses of claw diseases

At the outset of the study design planning process, the DD scoring system was initially
discussed. It was resolved that monitoring would be conducted in accordance with the M-

stages proposed by Dépfer et al. (1997). Following the initial scoring on the participating farms,
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it became evident that the recording of relevant phenotypes and the corresponding number of
phenotypes, which are pivotal for genetic studies (Berry et al., 2011), would necessitate a
considerable investment of time. It was therefore decided to analyse an existing data set, which
contained a substantial amount of disease data, in order to investigate DD. This enabled the
initial genetic-statistical modeling to be performed, which could subsequently be applied to the
data to be collected later. During the preliminary examination of the data set, it became evident
that the investigation of additional claw disorders, beyond DD, could prove beneficial. For
example, Gernand et al. (2012) estimated the heritability of HYP to be 0.22 and described a
closer genetic relationship to DD. In accordance with the adage that all good things come in
threes, SU was selected in addition to the claw diseases already mentioned as a potential trait
for investigation. The heritabilities of SU, which ranged from 0.03 to 0.11, were comparable to
those of DD, depending on the estimation model employed (Onyiro et al., 2008; van der Spek
et al., 2013). Moreover, Fiedler (2014) outlined positive phenotypic correlations between DD,
HYP and SU, which can be attributed to causal relationships in the infection pathways. All
these considerations ultimately led to the study presented in Chapter 2. In total, 17,264 first-
lactating Holstein-Friesian cows were examined for the three claw disorders. The prevalences
were 15.96% for DD, 8.20% for SU and 2.36% for HYP. A further advantage of the data set
available was that all animals with diagnoses of the claw disorders were also genotyped and
had corresponding data from the areas of conformation, female fertility, health and 305-d
lactation (see Table 1 in Chapter 2). Such data quantities would not have been possible in our

own data collection and of course give the study greater significance.

Finally, the study was able to show that, with regard to heritabilities, there are large differences
between the estimates in the linear model (HYP 0.03; SU 0 .03) and those in the threshold
model (HYP 0.23 and SU 0.10; Gernand et al., 2012; van der Spek et al., 2013). The Genome-
wide association studies (GWAS) results for all three claw disorders identified potential
candidate genes associated with cell metabolism and immune defence. For DD, two candidate
genes were identified that are involved in keratin formation: KRT33A and KRT33B (McKenzie
et al., 2010). In keratinocytes, possible inflammatory processes occur in the event of infection
with treponema (Evans et al., 2014). The genetic correlations between DD, SU and HYP were
consistently positive and amounted to 0.20 (SU) and 0.64 (HYP). Koenig et al. (2005) already
suggested that there is a closer genetic relationship between the three disorders mentioned.
From a pathological perspective, it can be noted that HYP often emerges after a DD infection
due to external stressors (de Jesus Argaez-Rodriguez et al., 1997). It would be beneficial for
future studies to investigate the assumption that the different claw disorders have a similar
genetic mechanism in greater detail, in order to better identify possible genetic disease

resistance.
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5.2 Relationship between detailed phenotyping of Dermatitis digitalis and

disease resistance

In order to successfully select animals for disease resistance, it is essential to collect accurate
phenotypes (Berry et al., 2011). Schopke et al. (2015) established a scoring system for the
different DD stages, which is considerably more complex and time-consuming than the simpler
binary assessment, but provides higher heritabilities (Schopke et al., 2015). For this reason,
the study design for the present work was based on the M-stages (Ddpfer et al., 1997; Schdpke
et al,, 2015). In total, 2,980 observations from 1,311 lactating Holstein Friesian and 399
Fleckvieh-Simmental cows with corresponding scoring were collected. The heritabilities were
0.16 for DD-sick, 0.14 for DD-acute, and 0.11 for DD-chronic, which is higher than the values
described in Chapter 2 for the binary DD trait. This conclusion was also reached by Wagner et
al. (2021) in their study on udder health, where mastitis diagnoses by farmers (producer-
recorded) were compared with cell fractions found in the milk. The genetic correlations
between DD-acute and DD-chronic (0.58) suggest a partially different genetic background for
acute and chronic disease progression, could not be identified by the binary approach. The
GWAS of the SNP main effects also provided heterogeneous Manhattan plots, especially for
DD-acute and DD-chronic, thus supporting the hypothesis of partial differences in disease
pathogenesis. Nevertheless, some common candidate genes related to immunology were
identified, especially for DD-sick and DD-acute. For farmers, breeding for reduced DD
prevalence would be worthwhile in any case and would at least offset the potentially higher
costs of more work and time required for more accurate DD scoring. On the one hand, this
would result in fewer painful DD lesions, which would not only improve animal welfare but could
also lead to reduced milk and performance losses. The costs of treating the animals would
decrease significantly, as would the use of antibiotics (Kopke, 2019). However, it should be
noted that genetic progress in one trait may usually mean a step backwards in another trait,
so genetic relationships with other diseases and production traits would also need to be taken
into account when breeding for DD resistance (Berry et al., 2011; Kopke, 2019). Nevertheless,
a comprehensive selection would certainly lead to an improvement in claw health (Haggman
and Juga 2013). Furthermore, genetically favoured animals could be characterised by a
generally improved immune system, so that positive effects could also be seen in other traits
(Koenig, et al., 2005; Oberbauer et al., 2013).
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5.3 Influence of alternative housing systems such as the compost bedded pack

barn on Dermatitis digitalis

New alternative housing systems with a free lying area such as the CBPB are designed to
promote animal welfare and improve animal health on the farm (Leso et al., 2020). Lobeck et
al. (2011) attribute positive effects to the CBPB, especially with regard to a possible DD
disease, as the phenotypic occurrence of lameness in CON is induced by the concrete floor
(Somers et al., 2005; Kester et al., 2014). This was one of the motivations for analysing the
occurrence of DD in more detail in Chapters 3 and 4 in both CBPB and CON. It was already
noticeable in the estimated prevalences that these were significantly lower in the CBPB farms
than in the CON farms for all three DD traits. For the DD-sick characteristic in particular, the
prevalences here were 10.65 in the CBPB and 26.93 in the CON. The heritabilities and
variance components for the same DD traits were quite similar for the whole data set CBPB
and CON. Nevertheless, additive genetic, permanent environmental, and residual variances
for all DD traits were larger in the CON environment than in the CBPB. The larger differences
in additive genetic variances compared to the others may be due to the lower heritability for
DD traits in the CBPB data set. The genetic correlations for the same DD traits showed quite
high correlations between the housing systems for DD-sick (0.85). It should be mentioned here
that the genetic correlations showed quite high standard errors, but the breeding value
correlations were very similar. According to the theoretical derivations of Robertson (1959),
correlations of less than 0.80 indicate significant genotype x housing interactions. A significant
interaction means that the respective SNP is relevant for the housing system CBPB but not for
CON, or vice versa. Several significant SNPs and potential candidate genes were found, some
of them associated with immunological processes or other traits of breeding interest. With
regard to the LS-Means for various influencing factors from the CBPB (bedding temperature,
C:N ratio) in relation to the three recorded DD traits, no direct conclusions can be reached as
to whether the ‘perfect’ CBPB provides a smaller number of DD diagnoses. For example, the
bedding temperature, which in the best case should be between 43.3°C - 65°C (Janni et al.,
2007), shows that different temperature classes assumed the lowest values depending on the
DD trait. In the SEMs, where the path coefficients allow a comment on the strength of the effect
of the latent constructs. These lie in the interval between -1 and 1, whereby one can already
refer to a significant correlation from a value of >= 0.2 or <= 0.2 (Chin et al., 1998). The
coefficients for DD-sick (-0.32) and DD-chronic (0.78) are quite high, so that a closer
relationship between the housing system and a possible DD disease can generally be
mentioned here. In conclusion, the CBPB certainly has a positive effect on claw health in

general and for a DD disease in particular, which is also shown by the significantly lower
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prevalence of CBPB. However, the management of the lying area, which provides a dry

environment for the claws, is still important (Leso et al., 2020; Bewley et al., 2017).

5.4 Effects of genotype-environment interactions

Genotype-by-environment interactions reflect how a genotype leads to different expressions
of the phenotype in different environments (Hammani et al., 2009). However, the assessment
of genotype-by-environment interactions for a given trait depends very much on the quality of
the definition of the trait and on the number of factors influencing that trait (Barkema et al.,
1998; Streit et al., 2013). Probably the most important environmental factor is the level of
feeding, which is determined by the average milk yield of the herd (Hayes et al., 2003). In order
to create the most consistent conditions possible for the study, and to make the environmental
conditions as similar as possible for all, the study in Chapter 2 focused on large cooperating
herds in northeast Germany. These had already been selected in a previously running cow
reference cohort (grant number: 031A416C) and were characterised by very consistent
environmental conditions. In the GWAS conducted in Chapter 2, a total of 13 significant SNPs
were found, which were associated with 14 potential candidate genes. One of the SNPs, which
was localised on BTA 10, exceeded pBF. The other 12 significant SNPs were located on BTA
9, 10, 16, 19 and 24. Other studies have already found potential candidate genes on BTA 3, 6
, 9, 11, 12, 19 and 26 (Naderi et al., 2018; Sanchez-Molano et al., 2019; Kopke et al., 2020).
Most of the potential candidate genes found were involved in biological and immunological
processes. For example, the candidate gene DAPK2 was identified on BTA 10. DAPK2 is
involved in the differentiation of granulocytes (Britschgi et al., 2008). On BTA 19, the candidate
genes KRT33A and KRT33B, which are involved in keratin formation, were found (McKenzie
et al., 2010). In the GWAS for HYP, 27 significant SNPs were identified with 12 potential
candidate genes. A SNP on BTA 13 exceeded pBF. In the GWAS for SU, 14 significant SNPs
were identified, which were associated with 6 potential candidate genes. These were localised
on BTA4,5,6,7,9, 12, 13 and 27. In the literature, potential candidate genes had previously
been described on BTA 8, 10, 11, 12, 18, 22 and 29 (van der Spek et al., 2015; Sanchez-
Molano et al., 2019; Butty et al., 2021).

In the context of changing climatic conditions and an increase in extreme weather situations,
SNP x HS interactions were also estimated for the three claw disorders DD, HYP and SU in
Chapter 2. Since cows spend more time standing under HS conditions, this indirectly
influences the increase of lameness in the herd (Polsky and von Keyserlingk, 2017). A
significant interaction means that the respective SNP is relevant for DD, HYP or SU

susceptibility under HS, but not under thermo neutral conditions, or vice versa. For the SNP x

107



Chapter 5

HS interactions with regard to DD, two SNPs exceeded the candidate threshold. A potential
candidate gene was THBD on BTA 13. For the SNP interaction effects for HYP, two SNPs also
exceeded the candidate threshold. A potential candidate gene here was ADGRV1 on BTA 7.
This gene is associated with metabolic BW in Holstein Friesian cows (Hardie et al., 2017). For
the interaction effects for SU with HS, fifteen SNPs exceeded the candidate threshold. One of
the potential candidate genes, RHOBTB1 on BTA 28, is a protein-coding gene and is involved
in actin filament assembly, thus influencing beef quality in cattle (Silva et al., 2020). Studies
addressing genotype x environment interactions for claw disorders are quite rare. Applying the
classical multiple-trait approach, Shabalina et al. (2021) proved genotype x environment
interactions for DD based on genetic correlations smaller than 0.80 between DD recorded in
conventional or in organic farms. Accordingly for the claw disorder sole hemorrhage, Swalve
et al. (2014) indicated that the etiology of a disease is highly depent on the particular
environment. Also, in the SNP x HS interactions performed in Chapter 2, gene-specific

mechanisms were only observed in specific environments.

In Chapter 3, the three DD stages recorded in the two housing environments CON and CBPB
were analysed in more detail. Since the different housing systems already had a major
environmental influence here, at least feeding, management and productivity should be similar.
Schierenbeck et al. (2011) have already described major genetic differentiations in ‘changing
environments’ for low-heritability health traits. In such context, the lower prevalence of
diseases in superior environments, that is, a higher fraction of healthy cows in the CBPB
system than in the more challenging CON system, might hamper the identification of genetic
differences. The GWAS for DD-sick identified 23 significant SNPs with 24 associated potential
candidate genes. A SNP on BTA 29 exceeded pBF. This was localised in the exon of the
TENM4 gene. The GWAS for DD-acute identified 21 significant SNPs associated with 24
potential candidate genes. One SNP on BTA 23 exceeded pBF. In the GWAS for DD-chronic,
25 significant SNPs were identified, which were associated with 33 potential candidate genes.
Two of the SNPs exceeded pBF. For the interaction effects with the housing environments for
DD-sick and DD-acute, 3 and 5 SNPs exceeded the candidate threshold. In this context, a
significant interaction means that the respective SNP is relevant for the CBPB housing
environment but not for CON, or vice versa. For DD-sick and DD-acute, the same SNP on BTA
13 was significant for the interaction component. This SNP was in close proximity to the ASXL17
and NOL4L genes. Naderi et al. (2020) reported significant effects of ASXL1 and NOL4L on
binary DD when evaluating high-yielding HF cows from CON systems. No SNP was
significantly associated with DD-chronic. The genetic correlations between the same DD traits
in the different systems (CON and CBPB) were close to 0.80, disproving possible genotype x
housing interactions, but only a few significant SNPs were detected. Shabalina et al. (2021)

reported smaller genetic correlations for health traits, differentiating between organic and
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conventional criteria. Since these include not only housing but also feeding and management,
the environmental influence is of course much higher than with the CBPB-CON classification,

which is only based on the housing system.

5.5 Structural equation models as a tool to enhance the understanding of

Dermatitis digitalis

Since DD is a multifactorial disease with a wide range of parameters that are very difficult to
model using ‘classic’ animal breeding approaches, SEMs were set up in Chapter 4. Detilleux
et al. (2013) and Wagner et al. (2023) have already used SEMs to better understand the
influences on udder health. Since udder health is also influenced by many direct and indirect
factors, initial parallels to our project with SEM for DD could already be drawn here. Finally,
three SEMs were constructed in Chapter 4 for the DD stages defined in Chapter 3. Latent
variables were selected in each case for DD indiv (DD phenotypes and estimated breeding
values of the cow reflecting the DD individuality), Gen (genomics), Prb (yields for test-day
production trait before), Pra (yields for test-day production trait after) and barn (barn
characteristic). The latent variables were in turn described by more than 20 measurable
(manifest) variables. The SEMs for DD-sick and DD-acute showed similar results. Here, the
latent variable barn had the greatest influence on DD indiv, followed by the housing system.
Genomics and production parameters played a rather subordinate role here. Among the
manifest variables related to the barn latent variable, temperature and humidity again had the
greatest influence, closely followed by ammonia concentration. This once again underlines the
importance of proper management in this area. Certainly, there are still some areas for
optimisation to be found in the farms. It was striking that the SEM for DD-chronic showed a
slightly different result. Here, genomics had a significantly greater influence on the latent
variable DD indiv than in the other two SEMs, suggesting a differentiated genetic background
in the pathogenesis of the individual DD stages. Furthermore, the housing system had a high
influence on DD indiv, an impression that could already be observed in the phenotypic
prevalences for the individual DD stages in the different housing systems. The latent variable
barn had a significantly lower influence here, with the individual manifest variables having
similar influence coefficients, as already reported for DD-sick and DD-acute. These results also
further support the management recommendations made there. In summary, SEM is a useful
addition to ‘classical’ animal breeding models. On the one hand, many variables, especially
those that are difficult to measure, can be incorporated into the SEM. On the other hand, the
model complexity can be reduced by using latent variables. In this way, new traits can be

identified as health indicators, which can then be included in ‘classical’ modelling and breeding
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value estimation (Wagner, 2024). Possible SEM for DD or claw disorders in general could be
further improved by an even more precise phenotyping of the environment and other relevant
parameters (Wagner, 2024). For example, the presence of microorganisms in the bedding
material of the CBPB or on the walkways, in the cubicles of the CON could be analysed in
more detail and incorporated into an SEM. This would allow new insights to be gained,
particularly with regard to the microbial flora influencing DD. Another starting point would be a
more precise analysis of the Somatic Cell Count (SCC) using the Differential Somatic Cell
Count (DSCC). Since the analyses carried out in this study using the Somatic Cell Score (SCS)
did not produce any significant results with regard to DD, Gernand et al. (2012) suspected a
close genetic relationship between SCS and bacterial claw disorders. Perhaps the more

precise differentiation using DSCC via an SEM could provide new insights.

5.6 Evaluation of claw disorders in the total breeding value and effects for

breeding programmes

Until 1996, Holstein Friesian in Germany were bred exclusively for milk production. Due to the
dairy-focused genetics, good farm and feeding management, and the increasing importance
of scientific knowledge, milk production increased to a remarkable level. However, since the
longevity remained at an unsatisfactory level, efforts were made to focus breeding more on
improving animal health. In 1997, conformation (an indicator of claw and udder health), cell
count (udder health), longevity, fertility and calving behaviour were integrated into the total
breeding value on a proportional basis. The proportion of the trait milk yield decreased from
100% to 45% until 2008. This trend will continue with the introduction of the economic breeding
value in 2020 and the new total breeding value in 2021. The total breeding value is now
composed as follows: health (18%), longevity (18%), milk production (36%), conformation
(15%), fertility (7%), calf health (3%) and calving behaviour (3%; vit, 2024). With health
breeding values, claw health can be improved. Since 2019, there have been direct health traits
such as Digital dermatitis. The data was provided from a large-scale project in Germany,
Luxembourg and Austria and was recorded by the farms (veterinarian, hoof trimmer, farmer).
The overall “RZhealth” index, which is made up of the breeding values for udder health (40%),
health of the reproductive tract (15%), metabolic health (25%) and claw health (20%), provides
an initial orientation for improving animal health. Since claw health was rated as the most
important breeding goal in the coming years by 47% of the dairy farmers in a cattle breeding
organisation in western Germany, it is worth taking a closer look at the individual traits here.
The breeding value for claw health includes the following traits: dermatitis digitalis (30%), sole

ulcers (15%), sole hemorrhage (15%), white line disease (15%), laminitis (15%) and
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hyperplasia interdigitalis (10%). This allows direct breeding for healthier claws, although the
low heritability of the traits means that the environmental influence on animal health should
definitely be taken into account (vit, 2024). Since December 2023, there has been a breeding
value estimation for claw health in the Simmental and Brown Swiss breeds. This includes the
claw disorders (dermatitis digitalis, hyperplasia interdigitalis, white line defects, sole ulcer, heel
horn erosion, laminitis and a trait that includes all other claw disorders). Depending on their
economic importance, the individual traits are combined to form the claw health score (digital
dermatitis 20%). The claw health score is published in the fithess block but has no influence

on the total breeding value (Emmerling et al., 2023).

According to a survey of ICAR member countries, it was already clear in 2012 that claw health
is a topic of great interest (Stock et al., 2012). In countries with routine breeding value
estimation, hoof trimming scores have been successfully harmonised (Egger-Danner, 2015).
The Scandinavian countries in particular have been pioneers in this area, with Denmark
launching the ‘Nordic claw recording programme’ in 2010. In the meantime, claw scores have
been harmonised between the four Scandinavian countries (Denmark, Sweden, Finland and
Norway) and a common breeding value estimation has been developed. Since 2012, there has
been a claw health index that takes into account the various relevant data sources. Genomic
breeding value estimation for claw health has been available here since 2014 (NAV, 2014;
Egger-Danner, 2015). The Netherlands is also among the leading nations in this regard and
has been publishing breeding values for claw health since 2010 (Egger-Danner, 2015). The
first breeding value estimate was based on 141,262 trimmings in 62,187 cows. The claw
disorders sole hemorrhage, dermatitis digitalis, interdigital dermatitis, wall ulcer, sole ulcer,
hyperplasia interdigitalis and white line disease were recorded. The traits were included in the
breeding value according to economic weighting. It was found that sole hemorrhage, dermatitis
digitalis and interdigital dermatitis had the highest economic values at €4 per trait. The authors
of the study were thus able to calculate a cost reduction of €1.29 per cow per year when using
a breeding index that includes claw health and conformation traits (van der Linde et al., 2010).
For a long-term genetic improvement of claw health, a centralised collection of data at the
population level is essential. Only in this way indices can be compared and used for common
breeding value estimation. Therefore, an international harmonisation of claw scores is
necessary. Especially with regard to the increasing genomic selection, it is becoming more and
more important that the largest possible reference samples are available for new traits and
that data can be considered across national borders for breeding value estimation (Egger-
Danner, 2015).

One possible approach for implementing the results of this study in breeding programmes

includes the following points: For the male side, there is already the breeding value DD control
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for reducing DD in the herd. This promises about 25% lower ‘clinical’ DD (scored according to
D.Doépfer M2 stage) in the offspring of bulls with high DD control breeding values than in the
worst group of bulls for this breeding value. However, the genetic structure of the disease
pathogenesis causes only minor differences between the sires in the medium breeding value
range. Therefore, no relative breeding values were given, but the 10% best bulls received the
DD-Premium seal and the next 15% received the DD-control seal. To achieve further success,
corresponding breeding values must also be implemented on the female side. This could best
be done in ongoing studies such as ‘KuhVision’, since the animals in this project are
genomically examined and linearly described. Health and claw data are even already being
collected. However, more precise phenotyping is needed here, especially in the area of DD,
since our results showed different genetic backgrounds for the different stages of DD. This
approach is associated with a significantly higher workload, but only a more precise
phenotyping can also lead to a more precise genetic evaluation (Wagner et al., 2021). Only by
taking these specific measures can the health of the herd be improved in the area of claw
health in the wider population. Since the claw disorders DD, HYP and SU, as shown in other
studies, ‘genetically occur in clusters’ (Koenig et al., 2005), targeting a claw trait in more
precise phenotyping (e.g. DD), could make a corresponding contribution to improving general
claw health. Another benefit for participating farms is direct information on the claw health
status of the herd, enabling early selection decisions, ideally as early as the young stock herd.
Such measures can quickly and specifically improve the claw health of the herd. Another
approach would be to evaluate and implement the results obtained at the genomic level. This
would require a larger number of animals in order to obtain a better data basis and statistical
validation. Here, too, corresponding cow reference samples with simultaneous genotyping of
the animals are recommended. For HYP, Zhang et al. (2019) identified a missense mutation
in the receptor gene ROR2. Since the study provided very specific results in this area, this
approach should be pursued more intensively in order to be considered in genotyping in the
mid-term. Since our results confirmed polygenic effects between HYP and DD, targeted
genotyping in the HYP region would also reduce susceptibility to DD. Furthermore, our results
clearly show that genetic mechanisms are only important in certain environments. Here too,
the SNPs found in the specific environments could be further evaluated and implemented on
SNP chips to be prepared for future climatic changes and changing housing conditions and to

be able to select the better adapted animals in each case.
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5.7 General conclusion and recommendations

In summary, it can be said that the genomic studies have shown that DD, SU and HYP
‘genetically occur in clusters’; these similar genetic mechanisms have also been described in
the literature (Konig et al., 2005). Furthermore, it was shown that the genetic and SNP-based
correlations were positive with the conformation traits and negative with fertility, udder health
and productivity. From a practical point of view, this means that it makes sense to select for
cows with good conformation traits, because this also results in better claw health and
mitigates the negative effects on fertility, udder health and productivity. In addition, it was
shown that, with regard to the SNP x HS interactions, gene-specific mechanisms only occur in
specific environments. Thus, with regard to the changing climate, attention should be paid to
appropriate ‘heat stress’ management in order to mitigate the negative effects. Further, it was
demonstrated that the heritabilities and variance components for the three DD stages are very
similar. However, the correlations between DD-acute and DD-chronic showed different genetic
backgrounds in some cases. The Manhattan plots of the two stages also deviated considerably
from each other, which supports the assumption of possible differences in the pathogenesis of
the disease. The practical user can thus only be recommended to carry out a more precise
phenotyping of the individual DD stages. Since a more precise phenotyping also results in a
more precise genetic evaluation (Wagner et al., 2021). The workload associated with DD
scoring in the milking parlour or feeding fence can also be kept manageable. This provides a
good overview of the claw health of the herd and allows proper treatment and prophylactic
measures to be adapted. In terms of housing environment, heritabilities and additive genetic
variances were slightly higher for the three DD stages in CON than in CBPB. This is indicated
by the higher genetic differentiation in the more changing conventional environment. The
genetic correlations between the two housing environments, close to 0.80, indicate possible
genotype x housing system interactions. The fixed effect models indicated significant
influences of the bedding characteristics and climate effects on the DD stages. In general, the
LSMeans for the parameters recorded in the CBPB always showed lower probabilities of DD
infection than the comparison value in the CON. It was striking that there were few DD
infections despite lower bedding temperatures. For practical applications, with ‘lower’ bedding
temperatures, which should normally be at a depth of 15 cm — 31 cm, between 43.3°C — 65°C
(Janni et al., 2007; Bewley et al., 2013), it is possible to keep clean animals with healthy claws.
However, this requires an appropriate amount of bedding material and a re-bedding interval
that is adjusted accordingly to ensure a dry and clean lying surface. The SEM for DD-sick and
DD-acute attributed a major role to housing and climate effects, in contrast to genomics. On
the one hand, this underlines the importance of good management in order to be able to

counteract even the smallest deviations in these areas. This requires well-educated personal,
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which is able to oversee the various parameters and draw the necessary conclusions quickly.
Furthermore, these results once again underline the extent that dairy farming must adapt to
changing climate conditions. A slightly different picture was shown in the SEM for DD-chronic,
where the genomic effects were significantly more pronounced. This also highlights the
importance of accurate phenotyping of the DD stages, since the success of using genomic
tools to reduce DD infections depends heavily on the particular DD stage, due to the

differentiated genetic background in the disease pathogenesis of each stage.
From this study, scientific and practical recommendations are the following:

o detailed disease phenotyping strategies for DD are a pre-requisite for in-depth genomic
analyses

o detailed characterisations of the farm environment (housing system, bedding material,
herd hygiene status, etc.) enable respective considerations of effects in statistical
modelling approaches, and in consequence, to more accurate genomic predictions and
should be considered in addition to accurate phenotypes and dense genotypes in large-
scale cow reference samples

e the claw disorders DD, SU and HYP displayed similar genetic and genomic
mechanisms, so that practical breeding on one specific disease improves the overall
resistance to claw infections

o alternative welfare-friendly housing systems such as CBPB simultaneously promote
claw health. For the three DD stages, the LS means for disease prevalences in CBPB
were significantly lower than in CON herds. However, a proper CBPB management
with strong focus on a dry and clean lying area is imperative

e SEM is particularly useful for modelling direct and indirect factors, as well as for
analyses based on nested data sets. This allows the generation of new latent variables
that can be considered in other models and breeding value estimates

¢ the developed software package for the detection of SNP x housing and SNP x climate
interaction effects is freely available and can be used in ongoing genomic researches
to study specified genetic mechanisms in discrete environments

¢ estimated climate and housing specific genomic breeding values for DD can be used
for a more precise selection of sires, i.e., to select the best sire for a specific herd
environment

e the analyses of genotype x emission interactions reflect scientific novelty, and the
detected potential candidate genes encourage ongoing genomic studies in this regard,

e.g., the analyses of gene expression pattern with environmental alterations
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