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Abstract

Maintaining the health of feedlot beef cattle is essential because diseases are directly associated
with economic losses and animal welfare. Lameness is an important health issue in feedlot cattle.
However, the molecular mechanisms behind cattle lameness have not been well studied. Moreover,
there are different types of lameness with various causes, and visual diagnosis methods may not
differentiate them, leading to misdiagnosis and ineffective treatment. Recent evidence has
demonstrated that circulating microRNAs (miRNAs) in biological fluids can reflect the changes
in the physiological status and biological processes in the tissues/organs, which can be used as
biomarkers for disease diagnosis. Therefore, this thesis research aimed to characterize miRNA
profiles in the whole blood of beef cattle using RNA-sequencing and to determine whether they
were different between healthy (HC) and lame beef cattle with different lameness phenotypes,
including digital dermatitis (DD), foot rot (FR), toe tip necrosis (TTN) and foot rot & digital
dermatitis combined (FRDD). In the first study (Chapter 2), although profiles of blood total
miRNAs were not significantly different between healthy and lame cattle, 4 and 12 miRNAs were
exclusively expressed in healthy and lameness phenotypes, respectively. In addition, 3, 7, 6, and
14 miRNAs were differentially expressed (FDR < 0.05, and log> fold change < -1 or > 1)) in the
blood of DD, FR, TTN, and FRDD cattle when compared to that of healthy cattle. Further RT-
qPCR validation analysis of 6 selected miRNAs, including three lameness phenotype-specific
miRNAs (DD-specific: bta-miR-2904; FR-specific: bta-miR-200a; and TTN-specific: bta-miR-

483) and three differentially expressed miRNAs (bta-miR-6119-3p, down-regulated in all



lameness phenotypes; bta-miR-133a, up-regulated in the FR and TTN group; and bta-miR-1, up-
regulated in the TTN group) confirmed that bta-miR-133a was highly expressed in the TTN group
compared with HC and bta-miR-483 was highly expressed in the TTN group compared with FR
as detected based on RNA-seq. Moreover, predicted functions of all differentially expressed
miRNAs revealed that they were involved in functions of inflammation response and muscle cell
development. The second study compared the temporal expression of miRNAs in the whole blood
collected for three weeks after lameness diagnosis and treatment (DD, TTN, and FRDD) to identify
the relationship between miRNA temporal expression changes and lameness recovery patterns.
The comparison of blood miRNA profiles between recovered and unrecovered lame cattle revealed
that some miRNAs (bta-miR-1 and bta-miR-206 in the DD and FRDD groups, respectively) were
only expressed in the blood of unrecovered cattle and vice versa. The predicted functions of those
uniquely and differentially expressed miRNAs in unrecovered cattle were mainly related to
bacterial infection and muscle cell self-repair. Further time-series analysis revealed miRNAs with
specific expression-changing patterns over three weeks following the first assessment for each
lameness phenotype. The miRNAs identified in the patterns may involve functions related to
infection and inflammatory response during the treatment period. In summary, the comparative
miRNAome analysis revealed that the blood miRNAs might affect the functions related to muscle
and immune functions of cattle as a result of varied pathogenesis of different lameness phenotypes.
The two miRNAs: bta-miR-133a and bta-miR-483, are potential markers for TTN, which warrant

future research on their functions and validation using large populations.
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Chapter 1. Literature review

1.0 Introduction

Canada is one of the largest beef exporting countries globally (Pogue et al., 2018). Alberta owns
the most cattle inventories among all provinces and territories, with 40.4 percent of all Canadian
beef cattle and significantly contributes to the Canadian beef industry (Statistic Canada, 2020).
Canada's traditional beef cattle operation consists of three parts: cow-calf, backgrounding, and
finishing periods (Alemu et al., 2016). Beef cattle spend from sixteen to two hundred days in the
feedlot during the finishing period, which is also the main weight-gaining period during their life
(Greenwood, 2021). In feedlots, cattle are confined to a narrow place to restrict their movement
and fed with a high-grain ration to quickly increase muscle and body fat (Greenwood, 2021). The
advantages of this feeding operation are apparent to allow farmers to achieve maximum production
efficiency compared with pasture grazing. Moreover, cattle can be checked more frequently and
closely monitored for their behaviors and health conditions under this operational setting. However,
the long-distance transportation of the herd from pasture to the feedlot (Holman et al., 2017),
limited space in one pen that confines numerous cattle, and the rapid dietary change from grass to
high grain have been reported to cause health and welfare issues in the feedlot cattle (Scheuer et
al., 2010).

Feet health problems in cattle, which are defined as lameness, are usually caused by multiple
factors such as long-standing in their feces and urine; the muddy environment makes the cattle
hoof moist and weaken the protective function of the epidermis (Davis-Unger et al., 2017a).
Lameness is one of the leading health and animal welfare issues that usually happen in the feedlot.

Cattle with lameness behave significantly differently compared to healthy ones, such as the arched
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back, resistance movement (Whay, 2002a), and reduced food and water intake (Norring et al.,
2014a). Consequently, lameness in the feedlot cattle can cause an economic loss because of the
poor performance of cattle and additional costs for labor/treatment (Shearer et al., 2013a).
Moreover, cattle may suffer from pain for a long time because lameness is a chronic health problem
(Babatunde et al., 2019). Currently, the detection of cattle lameness is mainly based on the visual
observation of their back and pace, scoring their gaits to assess the severity of lameness, and foot
exam to determine the severity of lameness (Qiao et al., 2021a). However, the foot exams are
always time-consuming and laborious, some similar lesions even lead to misdiagnosis, which
makes these methods defective and inaccurate. Therefore, a novel detection approach is needed to
diagnose lameness accurately and effectively.

In recent years, disease detection and prediction at the molecular level have become popular,
particularly regarding the regulatory molecules that can affect cellular and tissue functions
involved in animal physiology and metabolism. MicroRNAs (miRNAs) are small RNA molecules
in eukaryotes that regulate gene expression at the post-transcription level (Wilczynska and Bushell,
2014a). In the last decade, miRNA-based diagnosis has been proposed to detect complicated
diseases in humans. There is accumulating evidence suggesting that miRNAs in animal body fluid
can be identified as potential biomarkers for specific disease diagnosis, not only in humans but
also in livestock animals, including dairy cows (Q. Li et al., 2018a), pigs (Huang et al., 2011) and
horses (Unger et al., 2019). However, only a few studies focused on the application of miRNAs as
diagnostic tools in beef cattle (McDaneld, 2009). Therefore, the following literature review aims
to 1) review the current knowledge of beef cattle production focusing on feedlot production in
Alberta, Canada; 2) how lameness affects production; and 3) background information on

circulating miRNAs and their applications in disease detection.



1.1 Beef cattle production system

1.1.1 Canadian beef cattle production system

According to Statistics Canada, 1.55 million tonnes of beef had been produced in Canada, and
approximately 45 percent of beef products were exported to other countries in 2020 (Greenwood,
2021). Among all provinces and territories in Canada, the beef production industry of Alberta
makes a significant contribution to the country, providing over 40 percent of all beef cattle yield
(Lee et al., 2017). Moreover, Alberta has the highest portion of beef cattle in Canada accounting
for 59.6 % of the breeding stock and 42.3% of the replacement cattle, also producing the highest

number of slaughtered cattle in the country (Statistics Canada, 2017).

As described above, the beef cattle production in Canada is typically separated into three
different sectors: Cow-calf, backgrounding and finishing. Although these phases are
interconnected, most farmers only focus on one process to maximize production efficiency (Pogue
et al., 2018). During the cow-calf operation, calves spend their time with the dams on the pasture.
The cows then consume the new grass growing in spring and provide sufficient milk for calves
(Feuz and Umberger, 2003). During this period, the calves are grown with dams and their diet
gradually transformed from milk into forage. Since the cows also need to enter the next breeding

cycle (Damiran et al., 2018), they are separated for the backgrounding stage.

During the backgrounding stage, calves typically remain on the pasture from weaning until
they are bought for the finishing period to maximize the usage of pasture (Greenwood, 2021),
while some of them are backgrounded in the feedlot (Kumar et al., 2012). Traditionally, when the
heifer and steer calves grow between 400 to 600 pounds, they are weaned, vaccinated, dehorned,

and castrated (Peterson et al., 1989) to reduce the risk of high morbidity and mortality. As the most



critical phase for heifers and steers to build up the frame size, backgrounding aims for the beef
cattle to gain weight primarily by muscle development. In other words, growth during the
backgrounding stage decides how much weight the cattle can gain in the next stage and can
significantly affect the cost when the heifers and steers are in the feedlot (McMillan et al., 2018).
The calves then consume fertile forage until reaching 850 to 1000 pounds in the backgrounding

period.

Although Alberta produces the largest amount of feedlot cattle in Canada, there are still a few
small farms finishing their backgrounding beef cattle on the pasture to produce grass-fed beef.
Instead, most backgrounding cattle are bought or owned by the large commercial feedlot for the
last weight-gaining period (Sheppard et al., 2015). When the cattle are transported to the feedlot,
individual information for each animal is recorded, including ID, weight, age, and the vaccine
injection record; this process aims to ensure the cattle are healthy when entering the feedlot to
prevent potential diseases. The diet of finishing beef cattle changes from a main-forage ration
during the backgrounding period to a high grain diet after two weeks of transition feeding (Wagner
et al., 2014). A typical diet for the finishing cattle consists of approximately 80% of grain (corn,
barley, or wheat), 10% forage, and 10 % supplements (Wagner et al., 2014). These diets are high
in proteins and carbohydrates with higher energy density, making the cattle grow quickly to reach
the slaughter weight (Hannon et al., 2020). The feedlot is a highly intensive system where a large
number of cattle are housed and are fed high-energy diets for rapid and efficient weight gain
thereby reducing the cost of production for each pound of beef (Pogue et al., 2018). Moreover,
beef cattle in the feedlot cannot move as freely as on the pasture, thus reducing energy expenditure.
However, high stocking densities and the feeding of high-grain diets are known to increase cattle
morbidity and mortality. For example, ruminal acidosis is one of the most common digestive
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disorders resulting from feeding high-grain diets (Nagaraja and Lechtenberg, 2007). In addition to
ruminal acidosis, the most prevalent infectious disease in the feedlot is bovine respiratory disease
(BRD) which is also widely known as shipping fever, which can significantly affect cattle growth
performance by causing depression, and reduced appetite, and increased temperature and
respiration (Griffin, 2014). As the main cause of feedlot cattle disease, BRD is highly related to
the change in cattle behaviour and immune functions (White et al., 2012). Lameness, which is
defined as a foot health problem, has also been widely identified in both dairy and beef cattle herds,
and the prevalence of lameness is only second to BRD in Alberta feedlots (Davis-Unger et al.,
2019a). When cattle were affected by lameness, a higher likelihood of BRD prevalence was also
detected (Davis-Unger et al., 2019b), suggesting the potential relationship between diseases

happens in the feedlot.

In summary, diseases that happen in the feedlot can affect beef cattle production and industry
income. Thus, monitoring and diagnosing those diseases in time are essential for keeping the herd
healthy. Furthermore, lameness is a severe animal health problem that affects animals’ health and

productivity in feedlots, which will be the main focus of the rest of the literature review chapter.

1.2 Lameness in feedlot

1.2.1 Prevalence of lameness

Lameness is a significant economic and welfare concern for beef cattle raised in the feedlot. Griffin
et al. (1993a) reported that 13.1% of feedlot cattle in the US are affected by various health issues.
Among them, lameness accounted for 16% (Griffin et al., 1993a), suggesting over 2% of beef
cattle in America are diagnosed with lameness. A western Canadian study assessed the prevalence

of lameness in 28 feedlots over a 10-year period and found that 32% of the cattle were diagnosed
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with lameness, which is second to the BRD (40%) among all diseases detected in feedlots (Davis-
Unger et al., 2019¢). Lameness was not only detected in the feedlot, but its high prevalence was
also reported at slaughter (Bras et al., 2017), suggesting this disease deserves more attention.
However, from the perspective of many feedlots’ owners, mortality rates caused by lameness are
low in comparison to BRD or other acute illnesses and therefore are not viewed with the same

urgency as long as the cattle can reach the slaughter weight.

1.2.2 Symptoms and disadvantages of lameness

Lameness is a foot disease in livestock whose clinical signs are hard to detect, usually with leg or
foot pain that affects their movement. One significant lameness symptom is the arched back that
the whole back of the cattle arches up, while the back of a normal cattle is straight (Poursaberi et
al., 2011). Abnormal behaviour caused by lameness includes refusing to move and reducing food
and water intake because of foot or leg pain that can affect their daily life significantly (Norring et
al., 2014b). Usually, lameness occurs after the damage occurs to leg or foot due to physical injury
or pathogenic infections (Stokka et al., 2001a). These open wounds or ulcer-like injured tissue are
the source of pain, which can indirectly cause a decrease in production performance (Shearer et
al., 2013b). The average daily gain (ADG) of the lame cattle is significantly lower than that of
healthy cattle, which decreased from 1.34 kg to 0.79 kg, and they require two more weeks to
achieve the slaughter weight compared to the steers without lameness (Rouillard, 2020). Apart
from the longer feeding time, lameness in feedlot also causes significant economic loss. It is
reported that the estimated economic value of lame cattle is 53% lower than their original price in
a Nebraska feedlot (Griffin et al., 1993b), and it ranged from 18% to 58% in Alberta based on the

severity of lameness (Davis-Unger et al., 2017b).



The occurrence of lameness in the feedlot is caused by various factors, including genetics,
injury or infection, environment, and nutrition. Boettcher et al. (1998) reported that genetically
associated lower foot angles (-0.76, with a threshold of -0.64) in cattle were associated with clinical
lameness (Boettcher et al., 1998a). In addition, some nutrition factors can also lead to lameness.
For example, there is substantial evidence indicating that glucose and fructans can increase the
probability of laminitis in the feedlot, which can be represented as the symptoms of lameness due
to the pain (Lean et al., 2013a). This disease may be caused by the lactic acid production in the
rumen due to a high glucose diet, especially when cattle are held on feed too long. However,
physical injury and pathogen infection are the leading cause of lameness. Many studies reported
that the concrete or rough flooring could cause physical injury to cattle hoofs (Shearer, 1998),
especially when the cattle are stressed because they are more likely to step or scramble (Shearer et
al., 2012a; Endres, 2017). Hoof damage and tissue morphological changes caused by these
abnormal behaviours provide an entry point for pathogen infection, which is becoming the most

common cause of lameness (Zhao et al., 2015).

1.2.3 Different types of lameness and diagnostic strategies

1.2.3.1 Foot rot

Foot rot, also termed infectious pododermatitis, has been widely diagnosed in both beef and dairy
cattle herds worldwide (van Metre, 2017). Foot rot was the most common type of lameness in beef
cattle in 28 western Canada feedlots over ten years, accounting for 74.5 % of all diagnosed
lameness (Davis-Unger et al., 2019d). The leading cause of foot rot is secondary infection after
physical damage caused by hard rocks and sharp objects on the feedlot ground (Allenstein, 1981).

Feedlot cattle are housed in pens for about 200 days where they are exposed to muddy pen



conditions (Kara et al., 2011), particularly around water troughs or feed bunks, making the skin
between the hooves more likely to soften and get damaged (Green et al., 2006). During the winter,
the ice and dried mud become sharp and slippery, which are other factors causing foot injuries
(Davis-Unger et al., 2019d). The most common pathogen causing foot rot is Fusobacterium
necrophorum, a gram-negative bacterium widely inhabiting healthy skin and the environment
(Brazier, 2006). This pathogen needs a physical injury or weakened barrier on the skin to enter the
tissue. Foot rot is a polymicrobial disease, and the most abundant pathogens associated with the
lesions are F. necrophorum, Escherichia coli and Porphyromonas levii (Smith et al., 1989). Thus,

cattle are more likely to suffer from lameness when exposed to these three bacteria.

When cattle get foot rot, the soft tissue between two claws on the hoof usually be infected. In
this case, careful observation of the infected area by the veterinarian is needed to have an accurate
diagnosis. Under the foot rot diseased condition, the erythema and swelling tissue can be easily
spotted in this area (Cortes et al., 2021a). Usually, the claws are separated by the swelling, and
they are parallel to the axial midline of the foot (van Metre, 2017), which is also a critical judgment
factor for veterinary inspection. Thus, cleaning the infected area is a top priority to reduce the
source of subsequent infections (Currin et al., 2014). Based on the severity of foot rot, different
types and doses of wide-spectrum antibiotics injection is the most effective treatment for lameness
(van Metre, 2017), sometimes accompanied by topical administration. From previous research and
practical application in the industry, ceftiofur sodium (Kausche et al., 2003) and oxytetracycline
(Kausche et al., 2003) have been widely applied to treat foot rot in cattle in North America, which
are highly efficient, and cattle have shorter withdrawal times to clear the medicine from their body.
Furthermore, the foot bath with heavy metal salt as a means of preventing foot disease (Zanolari

et al., 2021), especially the copper sulphate solution, has been widely used as ovine foot rot



treatment with good results (Hérdi-Landerer et al., 2019).

The expenditure on disease prevention is usually less than the medical and labour costs for
curing ill cattle, which may only account for 4% to 7% of total lameness case costs (Dolecheck
and Bewley, 2018). Environmental management of the feedlot can reduce the occurrence of foot
rot, as well as other phenotypes of lameness significantly, including removing iced feces, sharp
rocks, and having well-drained pens. In addition, feeding cattle with extra minerals is another
solution, with the zinc additive in the cattle diet reducing the incidence of foot rot (2.45% vs 5.38%,
p < 0.06) (Brazle, 1993). A Fusobacterium necrophorum vaccine is another economical and
convenient preventative method, which has demonstrated promising results from a study
conducted at the University of Saskatchewan in 2005. Half of 447 mixed breed beef steers were
pre-injected with 2 ml Fusobacterium necrophorum vaccine when they entered the feedlot,
whereas the rest of the animals were given the placebo injection. The results showed that vaccine
injection reduced the occurrence of foot rot by 80% (Checkley et al., 2005a). Unfortunately, its
use was not widely adopted by the industry due to a lack of effectiveness in commercial feedlots
(Checkley et al., 2005b). In summary, as the most common lameness phenotype in the feedlot,
foot rot is not difficult to cure during the early stages. Therefore, disease prevention and more
accurate diagnosis techniques are needed to avoid additional labour, treatment costs and treatment

delay.

1.2.3.2 Digital dermatitis

Digital dermatitis (DD) is a foot lesion that was first reported in dairy herds in Italy in 1974 (Cheli
R and Mortellaro C, 1974) and has become another health problem in cattle worldwide (van Amstel

et al., 1995). DD has become one of the most significant lameness problems in dairy herds, with



over 92% of herds being infected worldwide, and the prevalence in single herds is highest and
attainable at 83% (Holzhauer et al., 2006). In Alberta, the prevalence of DD was reported to range
between 19% and 84% in dairy cows (Jacobs et al., 2017). However, in the past 40 years, the
majority of studies have only focused on dairy cows because this disease reduces milk yield
(Argaez-Rodriguez et al., 1997) and reproductive performance (Garbarino et al., 2004). Due to DD
being one of the main animal welfare concerns, researchers started to pay more attention to the

DD incidence in feedlot beef cattle (Julian A, 2020).

The clinical sign of DD usually presents as lameness, which is similar to other lameness
phenotypes (RW and MW, 1988), and cattle typically walk on their toe tips (Read and Walker,
2016). DD lesions appear as an ulcer (2 to 6 cm in diameter) with hyperkeratotic, and hair or wart-
like projections (Plummer and Krull, 2017) surrounding the lesion. Histopathological studies have
described DD as a highly proliferative epidermis, hyperplastic stratum corneum as well as lesions
infiltrated by inflammatory cells (Dopfer et al., 1997). Treponema spp (Schrank et al., 1999; Trott
et al., 2003) and other spirochete-like, filamentous organisms (RW and MW, 1988) have been
widely identified in the DD tissue using bacterial culture-based methods; thus, they were once
considered to be the pathogens of DD. However, the pathogenic result in cattle induced by the
pure culture of Treponema spp is inconsistent with the naturally occurring DD (Gomez et al., 2012).
In addition, vaccines against this bacterium did not reduce the incidence or alleviate the severity
of DD (Plummer and Krull, 2017). Thus, the primary pathogen cause DD is still controversial and
inconclusive. Unlike FR, treatment of DD is costly and lacks efficiency (RA and DN, 2006; Evans
et al., 2016). In fact, the direct-applied antibiotic application to the lesion (Plummer and Krull,
2017) and foot bath (Cook, 2017a) are the common treatments. To be specific, oxytetracycline is
the most-used antibiotic for DD treatment. A dose of 2.0 to 25 g oxytetracycline soluble powder
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to the lesion has been reported by vets and hoof trimmers, whereas there was no evidence to
support if the larger dose is helpful or not for disease recovery (Plummer and Krull, 2017).
However, these treatment strategies still lack efficiency. For example, a study that assessed the
treatment of DD Holsten dairy cattle for three years in lowa demonstrated that 93% of them
showed better lesion recovery after local antibiotic treatment (Krull et al., 2016), but only 9% of
them recovered to normal healthy skin. Some of them needed secondary treatment in the following
year (Krull et al., 2016). This indicates that antibiotic treatment can alleviate symptoms but cannot
completely resolve the infection. Similar to FR, prevention is an excellent way to reduce the
prevalence of DD. Footbath is the most common method to control lameness in dairy farms and
feedlots (Cook, 2017b). A study comparing two different footbath methods when treating Holstein
and Simmental cows using 5% copper sulphate and non-heavy metal-based proprietary dip for
three months demonstrated that both methods reduced the incidence of DD and increased milk
yield (Prastiwi et al., 2019). In addition, 5% copper sulphate footbath showed a better performance
than other footbath methods when treating DD (Logue et al., 2012). The clinical symptom of DD
in beef cattle is the same as in dairy cows with similar predisposing factors (Wilson-Welder et al.,
2015). With the increasing attention to beef cattle welfare, DD has become one of the leading

health and welfare concerns in beef cattle.

1.2.3.3 Toe-tip necrosis

Toe-tip necrosis (TTN) is not as frequent as other lameness phenotypes (FR and DD discussed
above) in feedlot cattle, which has an average incidence rate of 3.8% (Jelinski et al., 2016a).
However, this disease is much more devastating than other foot diseases. TTN typically affects the
hind feet and is usually observed during the first three weeks when the cattle enter the feedlot. An

important clinical sign of TTN is white line separation which means the area that connects the sole
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and hoof wall allowing bacteria to easily invade and infect the internal tissues (Johnston et al.,
2019a). It is proposed that TTN happens due to external physical damage to the hooves followed
by bacterial infection, which is also accepted by the mainstream and called “abrasion theory”
(Jelinski et al., 2016b). After the white line separation by external force damage, bacteria in the
environment invade and infect the soft tissues of the toes and finally form the inflammation, which
continues to spread upward in most cases causing other diseases, such as cellulitis, myositis,

arthritis, tendonitis, tenosynovitis, and other systemic diseases (Jelinski et al., 2016b).

Compared to other lameness phenotypes, TTN is difficult to diagnose because the lesions
occur inside the hoof. The disease definition of TTN is observing necrosis inside the toes on the
third phalangeal bone when cutting the toe tip into two pieces (Jelinski et al., 2016c¢). In this case,
TTN in the cattle is usually detected after euthanasia or slaughter. Although “white line separation”
is defined as the clinical sign of this disease, this pathognomonic is not always evident in actual
inspection (Jelinski et al., 2016d), which sometimes makes it misdiagnosed as a physical injury.
In most cases, a single pathogen infection does not cause TTN. A study assessed over 200 beef
steers who died of TTN in western Canadian feedlots over two years demonstrated that the heavy
growth of Escherichia coli and Trueperella pyogenes were identified in the lesion of TTN in cattle
based on the bacteria testing using anaerobic swabs (Paetsch et al., 2017). Moreover, other organic
fragments, such as straw, were found inside the white line (Paetsch et al., 2017). The possible
explanation is that the separation of the white line leads to the entry of foreign organic matter into
the claw, then causes anaerobic bacterial infection and leads to soft tissue and systemic infections.
Besides, some people believe that the enzymes produced by the bacteria can cause further
degradation of the white line and hoof (Jelinski et al., 2016d; Johnston et al., 2019b). Therefore,
the mainstream recognition of TTN caused by external injuries still needs further exploration.
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Like other lameness phenotypes, prevention has a far better effect on TTN than post-treatment,
especially when TTN is extremely difficult to cure. A previous study compared the effectiveness
of antimicrobial treatment in TTN beef cattle from 1904 batches of beef cattle in 48 feedlots
located in western Canada; it revealed that around 25% of affected cattle died 6-days after
treatment, and over 70% of affected cattle died when not administered with an antimicrobial
(Jelinski et al., 2016d). Once the infection affects the third phalangeal bone, the use of
antimicrobials is not effective in curing the lesion. This suggests that more radical treatment is in

demand, including amputation and euthanasia.

1.2.3.4 Traditional lameness detection methods

The most common method of diagnosing lameness employed by veterinarians, farmers and hoof
trimmers is visual assessment. Clinical signs including an arched back, impaired movement,
abnormal gait, and foot lesions are observed in an animal (Shearer et al., 2012b; Nuffel et al.,
2015). Different gait assessment schemes for lameness detection have been identified by various
modes, including gait patterns like a slower and shorter stride (Maertens et al., 2011; van Nuffel
et al., 2013; van Nuffel et al., 2015), posture or body movement patterns like arched back (Distl
and Mair, 1993; Nordlund et al., 2004), weight distribution patterns by measuring the “leg/weight
ratio” (Scott, 1989; Phillips, 2007), and behavioural changes in the cattle (Blackie et al., 2011).
Manson and Leaver (1988) proposed a 9-point system to describe different levels of lameness,
with the higher the score indicating the more serious the lameness (Manson and Leaver, 1988).
Some other locomotion indices have also been developed by different researchers, including the
Five-point system (Winckler and Willen, 2010); Visual analogue scale (VAS) (Flower and Weary,
2006), and the most used visual scoring method being proposed by Sprecher (Sprecher et al.,

1997a). Sprecher determines the lameness severity into five levels: 0~4, where 0 means no
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lameness and 4 represents the most severe lameness. All the monitoring programs are based on the
changes in the cattle locomotion itself, and it still needs professional observations. Although
automated lameness detection such as automatic deep image analysis (Condotta et al., 2020) and
accelerometers system (O’Leary et al., 2020a) has become a hot research topic in recent years,
these detection methods are only effective after lameness occurs. In addition, compared with dairy
cows, beef cattle herds are not subjected to daily uninterrupted inspections, especially in feedlots
(Paetsch et al., 2017). Dairy cows are continuously monitored so that lameness and other diseases
can be detected earlier. However, lameness detection in beef cattle only occurs when they show
obvious lame conditions and are observed by the pen operators. At present, lameness detection is
only performed after the occurrence of the disease, usually based on visual observation and
expertise of the stock personals, and the corresponding lameness phenotypes cannot be accurately

diagnosed.

1.3 MiRNAs as molecular biomarkers in lameness diagnosis

1.3.1 MiRNAs feature and functions

MiRNAs are a subset of non-coding RNAs, usually 21 to 25 nt single-strand RNA molecules,
which represent and account for 1 to 2 % of identified transcripts in eukaryote species (John et al.,
2004). In 1993, Rosalind C. Lee was the first to identify two genes: lin-4 and let-7 in nematode
C.elegans that encode small RNAs rather than proteins (Lee et al., 1993), which were then defined
as miRNA. To date, 38,589 miRNAs have been identified from eukaryotes and are recorded in the
miRNA database (miRbase R 22.1) (Kozomara et al., 2019a). Interestingly, the sequences of
miRNAs are highly conserved in different species, which play essential roles in regulating

almost every cellular process (Wilczynska and Bushell, 2014b). The conservation of miRNAs has
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also been found among different plants. From the first group of identified miRNAs in Arabidopsis,
8 out of 16 matched the orthologous locus in rice and the mature miRNA sequence is almost
unchanged (Ha et al., 2008), validating the conservation of miRNAs to a large extent and its

importance in biological functions.

In general, the mature miRNA is produced by a two-step cleavage derived from primary
miRNA (pri-miRNA) (MacFarlane and Murphy, 2010a). Briefly, pri-miRNA is first transcribed
from miRNA genes and then forms precursor miRNA (pre-miRNA) through the cleavage by
enzymes Drosha and Pasha. Afterwards, pre-miRNA form miRNA duplexes in the cytoplasm
through the second cleavage by protein Exportin-5. The miRNA duplexes usually have a stem-
loop structure called miRNA/miRNA* duplex with two complementary strands. After Dicer
enzyme-mediated hairpin excision, dsSRNA containing mature miRNA bind to the Argonaute (Ago)
protein (Meister et al., 2004), and this effector complex is called RNA-induced silencing complex
(RISC) (Okamura et al., 2004). The antisense strand of miRNA can be complemented with the
target mRNA and induce the endonucleolytic, therefore achieving the gene silencing. Most
functions of miRNA rely on their binding to mRNA, which leads to post-transcriptional

suppression (Bartel, 2018).

In animals, there are three main mechanisms to silence mRNAs by miRNAs: mRNA cleavage
(Xu et al., 2016), reducing translation efficiency (MacFarlane and Murphy, 2010b)and poly (A)
tail shortening (Fabian et al., 2010a). Among them, target mRNA cleavage is the most frequently
reported post-transcriptional regulation mechanism, in which miRNAs can pair the 3’ untranslated
regions (3'-UTRs), following the cleavage and destroying of target mRNAs by the catalysis of the
Ago protein (Rhoades et al., 2002). This activity directly reduces mRNA levels and protein

production, thereby regulating gene expression at the post-transcriptional level (Guo et al., 2010).
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It is proposed that miRNA can inhibit the translation of mRNA by shortening the poly (A) tail
based on the finding of the alleviation of the miR-340 suppression of tdrd7 mRNA via shortening
the poly (A) tail of mRNA with the function of germline-specific RNA-binding protein termed
DAZ-like (DAZL) (Takeda et al., 2009). In summary, miRNA can inhibit protein synthesis by
mRNA degradation or deadenylation (Eulalio et al., 2008; Filipowicz et al., 2008). However, the
inhibition also happens at or after the beginning stage of translation by targeting the cap
recognition on ribosomes or preventing the assembly of ribosome 80s complex (Fabian et al.,
2010b). Many studies have started focusing on the gene regulation function of miRNAs at the post-
transcription level to explore the roles of miRNAs in expression and processing in various

biological processes (Ladomery et al., 2011).

1.3.2 Circulating miRNA in body fluids

There are two types of miRNAs presenting in animals: cellular miRNAs and circulating miRNAs,
which play different roles in the body (Duttagupta et al., 2011a). The mature miRNAs were firstly
formatted and integrated into the RISC in the cytoplasm to target mRNA (Yu et al., 2016).
However, some researchers have found that miRNAs are not only functional in the cell where they
are produced (Kumar et al., 2013a), but also are exported to target mRNAs in distant target cells
(Valadi et al., 2007; Vickers et al., 2011). In addition, miRNAs were found in different bodily
fluids including blood (Z.-M. Luoreng et al., 2018; Gasparello et al., 2020; Umezu et al., 2020),
serum (Elias et al., 2017; Leao et al., 2018; Shiino et al., 2019), urine (Kutwin et al., 2018;
Lekchnov et al., 2018; Jeon et al., 2020), milk (Golan-Gerstl et al., 2017; Quan et al., 2020; Kupsco
et al., 2021), saliva (Rapado-Gonzalez et al., 2019), and semen (Barcel¢ et al., 2019; Mayes et al.,
2019; Mercadal et al., 2020). Generally, most circulating miRNAs in body fluids are highly stable

and bound to exosomes and other extracellular vesicles (Kosaka et al., 2010) to avoid RNase
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degradation (Duttagupta et al., 2011a). This structural complexity is also beneficial for the
transportation of miRNAs to remotely regulate their targets (Sun et al., 2018). In this case, body
fluids are a good source to detect circulating miRNAs related to disease progress or specific
physiological condition (Anindo and Yaqinuddin, 2012; Azzalini et al., 2019; Coenen-Stass et al.,
2019; Isabel Gessner et al., 2021). In the meantime, body fluids such as saliva, urine and/or blood

also have the advantage during detection, including easy access, low invasiveness, and time-saving.

1.3.3 MiRNAs as a novel diagnosing tool in human diseases

Accumulating evidence suggests that circulating miRNAs can be selected as critical biomarkers
for human disease detection and diagnosis (Jiang and Zhu, 2020). The first application was
published in 2006 by Dr. Slack’s group at Yale University, who identified that miRNA’s mutation
was related to various human cancers and functioned as cancer-related gene expression repression
(Esquela-Kerscher and Slack, 2006). This study was the first to demonstrate the potential of
miRNA as a diagnostic molecule for human cancers. In the following decade, the role of miRNAs
in human cancer has been widely studied (Tong and Nemunaitis, 2008; Mulrane et al., 2013a;
Wang et al., 2013; McGuire et al., 2015a; Qadir and Faheem, 2017) with over half of the identified
miRNA genes reported being located in the cancer-associated region or fragile sites (Reddy, 2015).
To date, miRNAs have been proved to function in the formation of different types of cancers,
including breast cancer (lorio et al., 2005; Mulrane et al., 2013b; McGuire et al., 2015b), colon
cancer (Akao et al., 2007; Schepeler et al., 2008; Zhang et al., 2013), gastric cancer (Shin and Chu,
2014; Wu et al., 2014; Hao et al., 2017), lung cancer (Wang et al., 2010; Vsa et al., 2013; Uddin
and Chakraborty, 2018), prostate cancer (Brase et al., 2011; Filella and Foj, 2017; Cochetti et al.,
2020) and thyroid cancer (Marini et al., 2011; Lodewijk et al., 2012; Qiu et al., 2018). Recent

findings further indicate that molecular marker-based diagnostic tool has the potential for disease
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diagnosis and prognosis (Yerukala Sathipati and Ho, 2018b), and the miRNA expression profile is

more accurate than gene expression profiles for classifying human diseases (Lu et al., 2005).

With the development of new diagnostic methods, more miRNAs in different body fluids have
been identified as biomarkers for specific disease diagnosis (Backes et al., 2016). To be more
specific, miRNA profiles have been identified and applied in disease diagnosis in type II diabetes
(Bunt et al., 2013; Chakraborty et al., 2014; Satake et al., 2018), Alzheimer's disease (Kumar et
al., 2013b; Leidinger et al., 2013; Swarbrick et al., 2019), vascular disease (Zhang, 2009; Zhang,
2010; Jamaluddin et al., 2014) and other clinical diseases like Creutzfeldt-Jakob disease; bladder
or liver diseases(Murakami et al., 2012; Norsworthy et al., 2020). These findings provide new
ideas for early disease diagnosis because the miRNA level changes in bodily fluids before the
onset stage (Zhou and Zhang, 2014). Based on these findings, miRNAs might have potential in the

detection and characterization of various causes of lameness in livestock.

1.3.4 Current application of miRNA as a detection tool on livestock

In addition to the human diseases, application of specific miRNAs related to various livestock
physiological conditions and diseases could be applied to diagnose the similar situations in animals
(Wara et al., 2019; Gupta et al., 2018a; Z.M. Luoreng et al., 2018). The current studies on animal
miRNAs are related to the assessment of the relationships between the miRNA profiles and/or
expression with specific phenotypes including productivity (Strotbek et al., 2013; Ioannidis and
Donadeu, 2016a), fertility (Mclver et al., 2012; Hu et al., 2020; Turri et al., 2021) and other
production indicators. As described previously, livestock diseases can lead to significant economic
loss and welfare issues (Bishop and Woolliams, 2014; Hu et al., 2020). Therefore, a novel disease

diagnosis method is needed to improve diagnostic accuracy, reduce economic losses, reduce the
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use of antimicrobials and improve animal welfare (Bennett, 2003). Currently, most miRNA studies
conducted on animal diseases have focused on the stage of disease detection without clinical or
commercial application. Although the specific miRNAs and their functions have been identified
in these studies, the regulatory mechanisms of miRNAs in these health-related traits have not been
identified (Do et al., 2021). More in-depth study of the regulating roles of miRNA underlying the

disease is required.

There is substantial evidence that miRNAs can serve as biomarkers for disease diagnosis in
different livestock species. In cattle, miRNAs have been widely studied in dairy cows for their
roles in affecting different biological processes under various physiological conditions (Ioannidis
et al., 2018). The comparison of miRNAs expressed in the mammary gland identified seven
differentially expressed miRNAs between four heat-stressed and four healthy lactating Holstein
cows ( Li et al., 2018b). Similarly, eleven differentially expressed miRNAs were identified in the
whole blood of heat-stressed Holstein cows when compared to those without being heat stressed
(Lee et al., 2020a). In addition, miR-1976, miR-873-3p, miR-520f-3p, and miR-126-3p in cattle
serum were found to be differentially expressed in those diagnosed with Johne’s disease when
compared with healthy ones (Gupta et al., 2018). Similarly, Ssc-let-7d-3p has been identified as
differentially expressed in serum between commercial specific pathogen-free swine herds and
those affected by Trichuris suis (Hansen et al., 2016). Likewise, gga-miR-15b was significantly
differentially expressed between specific pathogen free white leghorn chickens’ spleen and the
spleen tumor tissue with Marek’s disease (Tian et al., 2012). These findings suggest that blood
circulating miRNAs can be informative biomarkers to detect the different physiological conditions

and diseases in livestock.
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1.3.5 Methods to detect miRNAS

Currently, the most used methods for miRNA detection and comparation are miRNA hybridization
microarray, small RNA sequencing (miRNA-seq), and miRNA real time-quantitative reverse
transcription PCR (RT-qPCR) (Meyer et al., 2010). Microarray is based on the high sensitivity
hybridization technology which targets the specific miRNAs using predesigned fluorescence
probes and produces the desired expression data by different levels of fluorescence indicators
(Nagl et al., 2005). The small RNA-seq is a sequencing method through small RNA ligation or
poly-A tailing to extend the length of small RNAs, generating the overall expression profiles of
small RNAs (Giraldez et al., 2018). RT-qPCR usually uses predesigned TagMan miRNA probes
to detect the expression level of selected miRNAs based on the reaction product of step-loop RT-
qPCR (Johansen and Andreassen, 2014). Each method has its pros and cons. For example, the
microarray is a commercially designed tool based on hybridization to detect over 1500 mature
miRNAs from 474 human and 373 mice miRNA genes at the same time, which can generate data
quickly and is cost-effective (Pradervand et al., 2018). However, the limitation of this method is
that microarray can only detect known miRNAs with predesigned probes. Because it is based on
hybridization, novel miRNAs cannot be detected. RNA-seq is a sequencing method based on next-
generation sequencing (NGS), including cDNA library construction and sequencing, which allows
detection, prediction, and quantification of all miRNAs within a biological sample based on the
different sequencing depths (Meyer et al., 2010) making it the most comprehensive detection
method. However, it is costly and time-consuming, and the results may be highly variable
depending on the analytical methods used (Maria D Giraldez et al., 2018). MiRNA RT-qPCR can
detect the expression level of particular miRNAs based on specially designed probes or primers
(Forero et al., 2019) and it is highly sensitive and accurate, requires less time and is cost-effective
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(Chen et al., 2005). However, it can only detect the targeted miRNAs and is not have a high

throughput.

1.4 Knowledge gaps and hypothesis

To date, most published studies on lameness in cattle have been conducted on dairy cows because
they are more accessible and observable, and lameness in dairy cows can cause obvious economic
loss. Only a few studies have assessed lameness in feedlot beef cattle, even though lameness is
considered the second most prevalent health issue in the feedlot (Davis-Unger et al., 2019b).
Moreover, the visual detection methods of lameness are limited, including time-consuming,
laborious, and inaccurate. Currently, the molecular regulatory mechanism behind lameness is still
unclear and no study yet assesses the functions of miRNAs in regulating the biological process
associated with lameness. We hypothesize that when cattle have different types of lameness, they
have different physiological changes, and miRNAs and their expression shift can be one of the
regulators behind those changes. And the specific miRNAs can be detected differentially expressed
between lame and healthy cattle and between different lameness phenotypes. The objectives of the
present thesis research were (1) to identify if there are differences between the miRNA profiles of
healthy and different lameness phenotypes in cattle, and (2) to identify if the level of differentially
expressed miRNAs changes during the recovery period. Specifically, we aimed to generate the
miRNA profile from lame and healthy beef cattle blood to demonstrate how the miRNA profiles
differ and predict their potential regulating roles associated with lameness. The long-term goal of
this thesis research is to provide the basic knowledge of miRNAs in cattle blood under lameness
conditions and potentially develop a novel and accurate miRNA-based diagnostic tool for different
lameness phenotypes. The study of the miRNAs in beef cattle blood and their associations with

the formation of different phenotypes of lameness will advance our knowledge about how the
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miRNAs regulate the formation of lameness, which will help to develop a potential novel detection
method for beef cattle lameness through comparing the miRNA profiles between lame and healthy

cattle.
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Chapter 2. Potential regulatory role of microRNAs in different types of beef cattle lameness

2.1 Introduction

The beef cattle industry makes significant economic and social contributions to Canadian
agriculture (Chen, 2021). However, various health and welfare issues have a severe impact on
cattle performance and become challenges to the beef cattle industry (Thomas et al., 1978).
Lameness is a worldwide health problem for both dairy and beef cattle which affects animals’
productivity and welfare (Tunstall et al., 2021). The most recent report indicates that the prevalence
of lameness in Alberta dairy farms ranges from 2 to 56% (van Huyssteen et al., 2020), and it was
estimated at 4.5% in feedlot beef cattle, accounting for more than 30% of the diagnosed diseases,
found in feedlot cattle (Davis-Unger et al., 2019).

Lameness is a complex clinical symptom that can be caused by a multitude of lesions and
injuries. The most common lesions include footrot (FR), digital dermatitis (DD), toe tip necrosis
(TTN) and other types of lesions (Cortes et al., 2021b), among which FR is the most prevalent
(74.5% of all cattle diagnosed with lameness) (Davis-Unger et al., 2019b). Lame cattle show a
series of abnormal features such as reduced feed/water intake, reluctance to move, and an arched
back (Thomsen et al., 2008; Norring et al., 2014c). A recent study based on beef cattle involving
28 Alberta feedlots over ten years revealed that cattle affected with FR had reduced average returns
ranging between $690 and $568 per animal (Davis-Unger et al., 2017b). A similar study compared
the cost of operation between lame and healthy cattle in another two feedlots in southern Alberta
also proved that the partial budget of their farm operation decreased by $96 - $98 when the heifers
and steers were affected by DD (Cortes et al., 2021c).

Different lameness phenotypes require specific diagnosis and treatment methods. Traditionally,
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lameness detection relies on the visual assessments of beef herds. During the last century, a series
of lameness detection methods related to locomotion and lameness scoring have been developed
and applied on dairy farms (Whay, 2002b). In general, most detection systems classify the cow's
gait into several levels and use this level to evaluate the severity of lameness (Sprecher et al.,
1997b). Although these methods are easily applied on farms without any intrusive devices (Whay,
2002c), they are usually not sensitive when symptoms are not evident (Tadich et al., 2010).
Moreover, automatic detection technologies such as wearable sensors (Haladjian et al., 2018), 3D-
video recording (van Hertem et al., 2014), and accelerometers (O’Leary et al., 2020b) have been
developed and applied to detect lameness, they are not effective before lameness symptoms appear
and cannot distinguish different lameness phenotypes without the careful evaluation of the feet by
the veterinarian. Therefore, the development of a novel method to diagnose early-stage lameness
is necessary to prevent and properly treat the lameness of beef cattle.

There is substantial evidence suggesting that molecular biomarkers can be used for early-stage
disease diagnosis in both humans (Krishnan et al., 2018) and livestock (Jung et al., 2020). However,
the understanding of the pathogenesis and regulatory mechanisms of lameness in cattle at the
molecular level is very limited. MicroRNAs (miRNAs) are small 19-24 nucleotides single-strand
non-coding RNA molecules that regulate gene expression through the degradation of the target
messenger RNA (mRNA) and translation inhibition (O’Brien et al., 2018; Ye et al., 2019). Many
studies have revealed the essential roles of miRNAs in the pathogenesis of human diseases, and
specific miRNAs are uniquely expressed under different pathological conditions (L. Wang et al.,
2019). For instance, the expression of miRNAs including miR-219-1, miR-207, miR-38 and miR-
185 are significantly increased in metastatic liver tissues when compared with the healthy liver

tissues (Budhu et al., 2008). Accumulating similar findings suggest the miRNAs expression levels
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changes can reflect the animal physical condition changes. The miRNA expression profiles are
regional and tissue-specific within an animal system and can change under different physiological
conditions (Liang et al., 2007). In addition, miRNAs can also be found in body fluids, including
blood, serum, saliva, and urine, where they are identified as circulating miRNAs (circ-miRNA).
Blood and plasma are the most studied body fluids for disease detection and disease biomarker
discovery such as in various cancer diagnoses (Montani and Bianchi, 2016). Moreover, recent
studies have reported that plasma and whole blood miRNA profiles are related to the heat-stress
(Lee et al., 2020b) and early pregnancy in dairy cattle (Ioannidis and Donadeu, 2016b), with
differentially expressed miRNAs specifically identified in cattle who suffered from heat-stress
(bta-miR-19a up-regulated and bta-miR-2284a down-regulated) and pregnant cows (miR-26a and
miR-1249 were up-regulated) when compared with healthy and open cattle, respectively. This
suggests that the blood miRNAomes could reflect the animal’s response to abnormal physiological
conditions, which makes them a global indicator for disease and physiological conditions (Cui et
al., 2016) and their potential as biomarkers for early-stage disease detection.

To date, there are no studies assessing the roles of miRNA in the pathogenesis of lameness in
cattle. Thus, we hypothesized that blood miRNA profiles are different between lame and healthy
cattle, and cattle with different lameness phenotypes have uniquely expressed miRNAs in the
blood. Therefore, this study aimed to 1) profile expressed microRNAs in the blood of feedlot cattle
diagnosed with three lameness phenotypes: DD, FR and TTN; 2) compare the miRNA profiles
among three lameness phenotypes; 3) investigate whether phenotype-specific miRNAs can be

selected as potential markers for lameness diagnosis.
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2.1 Materials and methods

2.1.1 Ethical statement

All experimental protocols described in this chapter were reviewed and approved by the
Lethbridge Research and Development Centre Animal care committee (Animal Use protocol
Review 1817), and the procedures were conducted following the guidelines of the Canadian

Council on Animal Care (2020).

2.1.2 Animal and sample selection

Between September 2018 and March 2020, 596 whole blood samples (3 ml per sample) were
collected by venipuncture from a total of 363 lame and healthy feedlot cattle consisting of heifers
(n=142; Average body weight =464 kg) and steers (n =221; Average body weight =496 kg) using
Tempus™ Blood RNA Tubes (Thermo Fisher Scientific, CA). The experimental animals were
selected from five over-10,000 head capacity feedlots located in southern Alberta near Lethbridge.
The lame cattle were observed and then pulled for lameness severity evaluation by the research
group from Lethbridge Research and Development Centre based on M-stage scoring and the Gait
score system. Whole blood samples were collected prior to any medical treatments (Week 0, n =
369), one week after treatment (Week 1, n = 104), two weeks after treatment (Week 2, n = 74),
and three weeks after treatment (Week 3, n = 24) and more than three weeks treatment until the
animal was healed after treatment (up to 25 weeks, n = 25). Beef cattle diagnosed with lameness
were treated after the first-time whole blood sample collection with different therapies based on
their lameness phenotypes according to the protocol (Table 2.1).

To generate microRNA expression profiles in the whole blood of feedlot cattle diagnosed with

three lameness phenotypes without treatment effect, blood samples collected from 106 cattle at
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Week 0 were selected for downstream RNA-seq analysis, including HC (n=12), DD (n=24), FR

(n=40), TTN (n=13), as well as FRDD (n = 17).

2.1.3 Total RNA extraction and quality determination

Total RNA was extracted using a Preserved Blood RNA Purification Kit I (Norgen, Thorold, ON,
CA) according to the manufacturer's instructions. Briefly, 4.5 ml of the blood and Stabilizing
Reagent mix was transferred to a new Falcon 50 ml Conical Centrifuge Tube (Fisher Scientific,
US) and mixed with 3 mL of Tempus TM Blood RNA Tube Diluent by a vigorous vortex. The
mixture was centrifuged at 5000 x g for 30 min at 4 °C to separate the RNA pellet. The supernatant
was discarded, and the RNA pellet was lysed by chemical disruption using Lysis Solution. Next,
300 pl ethanol was added to the lysed solution and all content was transferred to a new Mini Spin
column provided in the kit followed by a two-time wash using the washing solution provided in
the kit. After the washing step, total RNA was eluted by 50 pl Elution Solution provided in the kit.

The concentration of total RNA was determined using UV spectrum and absorbance on a
NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). The RNA
quality and integrity were assessed by the RNA Integrity Number (RIN) using a 2200 TapeStation
Instrument with RNA ScreenTapes (Agilent Technologies, Santa Clara, CA), and only samples

with RIN > 7 were subjected to the miRNA library construction.

2.1.4 miRNA library construction and miRNA-sequencing

Total RNA (1.0 pg) extracted from each blood sample was used to construct miRNA RNA-seq
libraries using QIAseq miRNA Library Kit (96) (Qiagen, CA) according to the manufacturer’s
instructions. Briefly, the total RNA was subjected to 3’ adapter ligation to increase the length of

miRNA  for sequencing, followed by 5 adapter ligation (3’  adapter:
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AACTGTAGGCACCATCAAT; 5 adapter: GTTCAGAGTTCTACAGTCCGACGATC). The
reverse transcription of ligated total RNA was carried out on a GeneAmp PCR System 9700
(Invitrogen, Carlsbad, CA, USA) using the reagents provided in the QIAseq miRNA Library Kit
with the following steps: Incubation for one hour at 50 °C, 15 min at 70 °C, and held at 4 °C. PCR
enrichment was performed as follows: Held at 95 °C for 15 mins, followed by 11 cycles of 95 °C
for 15 seconds, annealing at 60 °C for 30 seconds and. Extension at 72 °C for 15 seconds was
finally held at 72 °C for 2 mins. The PCR enriched miRNA cDNA libraries were cleaned using
QIAseq miRNA Next Generation Sequencing (QMN) Beads (Qiagen, CA) on a magnetic stand.
Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) was used for miRNA ¢cDNA libraries quantity
measurement. The cDNA library was sequenced at Génome Québec (Montréal, Canada) using an

[lumina HiSeq 2000 system (Illumina) with 50 bases single end reads.

2.1.5 miRNA sequence data analysis

The generated raw sequences were subjected to a web-based tool: sRNAtoolbox
(https://arn.ugr.es/srnatoolbox/) for the low-quality read removal, 3’ adapter trimming and small
RNA sequence length distribution analysis (Aparicio-Puerta et al., 2019). SRNAtoolbox is an
online web-based tool that can implement automatic processing of miRNA expression profiling
and downstream analysis. To identify known miRNAs, sequences that passed quality control with
lengths larger than 15 nt were aligned to the corresponding miRNA precursor sequences in the
bovine miRNA database (miRBase v22.2, http://www.mirbase.org/) using sRNAtoolbox with
default parameters (alignment type: bowtie seed alignment; seed length for alignment: 20;
minimum read count: 2; minimum read length: 15; allowed number of mismatches: 2; the
maximum number of multiple mappings: 10) following the pipeline published by Sun et al., (2019).

The read counts were normalized to RPM (reads per million mapped reads) and were used for
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downstream analysis using R studio (Version 1.4.1717, RStudio Team, 2020).

2.1.6 Differential expression analysis

To investigate whether blood miRNA profiles differ between HC and lameness phenotypes,
principal component analysis (PCA) was performed to compare the overall grouping patterns of
miRNA profiles based on the RPM matrix using the DEseq2 and ggplot2 R packages in R studio.
Firstly, reads of miRNA were normalized using counts per million reads mapped (RPM), with
RPM > 1 being considered as expressed. Lameness phenotype specifically expressed miRNA were
defined as those with an RPM > 1 in at least 60% of all samples within one phenotype group but
not expressed in HC and other phenotype groups. The differentially expressed (DE) miRNAs
between different lameness phenotype groups and the HC group were identified using the DEseq2
package (Love et al., 2014a) in the R studio. Specifically, the normalized miRNA expression was
compared following: HC vs DD; HC vs TTN; HC vs FR; DD vs TTN; DD vs FR and FR vs TTN
using the DEseq 2 package (Love et al., 2014b) in R studio. The DE miRNAs were identified
between two groups with the threshold of logz fold change < -1 or >1 and false discovery rate
(FDR) < 0.05 based on Benjamini and Hochberg’s multiple testing correction (Benjamini and

Hochberg, 1995).

2.1.7 Target gene prediction and functional analysis

The target genes for DE miRNAs and phenotype-specific miRNAs were predicted using
TargetScan (Release 7.2, http://www.targetscan.org/vert 72/, Agarwal et al., 2015). The predicted
functions of DE miRNAs were identified based on their predicted target genes using Database for
Annotation,  Visualization and  Integrated Discovery (DAVID, version 6.8,

https://david.ncifcrf.gov/). The miRNA-related genes were grouped into functional clusters, and a
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threshold of FDR < 0.05 was applied to the enrichment of functional annotation clusters. The
clusters were sorted by enrichment score, and the groups with the highest enrichment score in the

output list were subjected to the following analysis.

2.1.8 Validation of differentially expressed miRNAs expression using RT-qPCR

To wvalidate the identified DE miRNAs and lameness phenotype-specific miRNAs from
transcriptome comparison, three DE (bta-miR-6119-3p, bta-miR-1, bta-miR-133a) and three
phenotype-specific miRNAs (bta-miR-200a, bta-miR-2904 and bta-miR-483) were selected for
validation using stem-loop RT-qPCR with Tagman miRNA assays (Applied Biosystems, Carlsbad,
CA). Briefly, 10 ng of total RNA were reversely transcribed to cDNAs using commercial miRNA
RT primers (Applied Biosystems, Carlsbad, CA) and then subjected to RT-qPCR on a ViiA 7 Real-
Time PCR System (Applied Biosystems, Carlsbad, CA). Specifically, the RT-qPCR program was
used as follows: incubation at 95 °C for 10 minutes, followed by 40 cycles of denaturation at 95 °C
for 15 seconds, annealing and extending at 60 °C for 60 seconds. Two miRNAs were used as
references for miRNA RT-qPCR: bta-miR-93, selected based on a previous study (Zhao et al.,
2016a); and bta-miR-16b, selected based on RNA-seq results with the most stable expression level.
The relative expression level of each targeted miRNA was calculated using the AACt method
(relative expression = ACt of selected miRNA- ACt of reference miRNA). One-way ANOVA was
applied to the normally distributed relative expression data of miRNA to compare the difference
between different lameness phenotypes with a threshold of p < 0.05 was considered the significant

difference.
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2.3 Results

2.3.1 Profiling of miRNAs in blood of lame and healthy beef cattle

A total of 709 million reads were obtained from RNA sequencing with an average of 9.4 + 5.31
million reads per sample, and the sequence length distribution of the reads revealed most of the
sequences had a length of 21-23 nt (Figure 2.1). Among them, 563 million out of 709 million reads
were mapped to the known miRNA database (miRbase; Release 22.1). In total, 321 known
miRNAs were identified from all samples, with 273 in the HC group, 280 in the DD group, 289 in
the TTN group, 280 in the FR group and 286 in the FRDD group, respectively. Of the expressed
miRNAs, 254 were detected in blood samples of all groups (Figure 2.2A), with the top 10 most
expressed miRNAs accounting for more than 80% of the total number of reads. Among them, bta-
miR-486 was the most highly expressed miRNA followed by bta-let-7 (bta-let-7b and bta-let-7a-
5p) and bta-miR-16b families (Figure 2.2B). Principal component analysis showed no difference
in the whole miRNA profiles between healthy and lame animals and among different lameness
phenotype groups (Figure 2.3).

The expression of some miRNAs was only detected in particular lameness phenotypes, which
were defined as lameness phenotype-specific miRNAs: seven from the HC group, four from the
DD group, three from the FR group, seven from the TTN group and seven from the FRDD group,
respectively. The average expression level of lameness phenotype-specific miRNAs ranged from

1.16 + 0.38 RPM to 7.46 + 6.20 RPM (Table 2.1).

2.3.2 Identification of lameness phenotype differentially expressed miRNAs

When the expression of miRNAs was further compared between each lameness phenotype and the

HC group, three, seven, six, and fourteen DE miRNAs were identified for DD vs HC, FR vs HC,
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TTN vs HC, and FRDD vs HC comparisons, respectively (Table 2.2). Among these DE miRNAs,
the expression of three (bta-miR-340, bta-miR-2408 and bta-miR-6119-3p) identified in the DD
group were all down-regulated compared to those from the HC group. Expression of bta-miR-
6119-3p was down-regulated in all lameness phenotypes compared to the HC group. The
expression of bta-miR-133a and bta-miR-206 were up-regulated in TTN and FR groups but
represented a similar expression level in FRDD and DD cases when compared with HC animals.
The expression of two DE miRNAs: bta-miR-340 and bta-miR-2408 were down-regulated in the
TTN and DD groups compared to HC. The expression of another down-regulated miRNA: bta-
miR-125a was identified in FR and FRDD groups compared to HC (Table 2.2).

Further DE analysis between lameness phenotype groups revealed the DE miRNAs between
lameness phenotype groups, with five, twenty, six, twelve, seven and fifteen DE miRNAs were
identified for DD vs FR, DD vs FRDD, DD vs TTN, FR vs TTN and FRDD vs TTN, respectively
(Table 2.3). Most DE miRNAs identified between lameness phenotype groups had the same up-
or down-regulation trends when they were compared between HC and lameness groups. For
example, bta-miR-92b was down-regulated in the FRDD group when compared to the HC group,
and it was also down-regulated when compared with FR, DD and TTN groups (Table 2.3).
Moreover, bta-miR-6119-3p miRNAs were identified as down-regulated DE miRNA in all

lameness phenotypes.

2.3.3 Functional predictions of differentially expressed miRNAs and phenotype-specific

miRNAs

The identified lameness phenotype-specific miRNAs and DE miRNAs were subjected to
functional analysis to explore their roles in lameness. Based on the target genes generated using

TargetScan, the most significant enriched function annotations (FDR < 0.05) with the highest
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enrichment score were identified by DAVID. Significantly enriched functions were identified for
13 out of 22 DE miRNAs, including six down-regulated and seven upregulated DE miRNAs. For
the down-regulated miRNAs identified in different lameness phenotype groups, five significant
enriched function categories were identified, including Zinc-finger, Voltage-gated channel, Src
homology-3 domain, Cadherin-like and MAD homology 1 for four out of six down-regulated
miRNAs (bta-miR-340 in DD and TTN group, -125a in FR and FRDD group, -6119-3p in all three
lameness phenotype groups and -2408 in DD and TTN group) (Table 2.4). While significantly
enriched functions of the other two down-regulated miRNAs (bta-miR-211 and -92b) were
different from others which related to the cadherin conservation sites and a CCAAT box-binding
transcription factor. As for the up-regulated DE miRNAs identified in different lameness
phenotype groups, only one out of seven (bta-miR-30a) was predicted to play essential roles in the
Zinc-finger protein and zinc-iron binding functions, which was similar to most of the down-
regulated DE miRNAs. While the enriched predicted functions of the other six up-regulated DE
miRNAs were related to serine/threonine-protein kinase, protein kinase, FoxO signaling pathway,
SH3 domain and insulin resistance (Table 2.5). However, no significant enriched function was

identified for lameness phenotype-specific miRNAs.

2.3.4 Validation of selected differentially expressed and lameness phenotype-specific miRNAs

using reverse transcription-quantitative real-time PCR

Bta-miR-1 (TTN vs HC), bta-miR-133a (TTN vs HC) and bta-miR-6119-3p (DD, FR, TTN vs HC)
from DE miRNAs between lameness phenotypes and HC group (Table 2.2); bta-miR-2904, bta-
miR-200a and bta-miR-483 from lameness phenotype-specific miRNAs (Table 2.1) were selected
for further validation using reverse transcription-quantitative real-time PCR (RT-qPCR) analysis.

The expression of bta-miR-133a was significantly higher (p = 0.007) in the TTN group when
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compared to the HC group, which was consistent with the RNA-seq based comparison (Figure
2.4A). The expression of bta-miR-483 was significantly higher in the TTN group (p = 0.007)
compared with the FR group, which was consistent with the trend identified by RNA-seq (Figure
2.4B), although the expression level of bta-miR-483 was not significantly different between these
two groups from RNA-seq. From the comparison between other groups, the qPCR results showed
the expression of bta-miR-483 was significantly down-regulated in the FR compared to the DD
group (p = 0.014), while bta-miR-6119-3p was up-regulated in the FR compared to the HC group
(p = 0.045). However, the opposite regulatory trend was observed using RNA-seq since the
expression level of bta-miR-483 was higher in FR compared to DD cattle (Figure 2.4C), and bta-

miR-6119-3p was significantly up-regulated in the HC group (Figure 2.4D).

2.4 Discussion

Although miRNAs have been identified as potential biomarkers of various diseases in different
mammalian species (Duttagupta et al., 2011; Miretti et al., 2020), studies focusing on miRNAs in
beef cattle are still limited, especially regarding their expression profiles in the blood and their
profiles related to cattle disease and health-related traits. In this study, we identified 321 miRNAs
expressed in the whole blood of beef steers and heifers, which is similar to previously reported
bovine blood-specific miRNAs (~320) (Ioannidis and Donadeu, 2016c). A previous study revealed
that the most highly expressed miRNA in bovine blood was bta-miR-486 (Sun et al., 2019a), which
was also confirmed in the current study. In addition, the top ten most highly expressed miRNAs
were similar to those reported in cattle sera and exosomes (Zhao et al., 2016b). These suggest that
the bovine blood miRNAome is highly consistent among studies.

Although bta-miR-486 is one of the top 10 highly expressed miRNAs in bovine blood from

our study, its expression levels differ in other bovine tissue, including liver and muscle (Sun et al.,
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2019b). Previous studies also suggested its expression was associated with different traits.
Specifically, the differential expression of bta-miR-486 has been reported in different studies,
which was linked with various physiological conditions and critical functions. For instance, the
expression of bta-miR-486 was significantly down-regulated in buffalo sera when the animals were
infected by Fasciola gigantica (Guo and Guo, 2019). The differential expression of bta-miR-486
has also been reported in serum when cattle were challenged with the bovine viral diarrhea virus
(Taxis et al., 2017). Its expression has also been found in skeletal muscle, and its enriched target
gene function has been shown to affect feed efficiency in Nelore cattle (de Oliveira et al., 2018a).
These findings suggest that bta-miR-486 is one of the circulating miRNAs in the bovine blood and
is related to various physiological states in cattle.

Among all identified DE miRNAs between healthy and lame cattle, expression of bta-miR-
6119-3p was down-regulated in whole blood of all lameness groups compared with the HC group
at Week 0. Only a few studies reported the differential expression of bta-miR-6119-3p under
particular physiological conditions. Husseini reported that bta-miR-6119-5p, which is processed
from the same pre-miRNA with bta-miR-6119-3p, was up-regulated with a 3.4 foldchange (p =
0.21) in liver tissues of high RFI Angus bulls compared to that in low RFI cattle, but no significant
enriched function or targeted mRNA of bta-miR-6119 was reported (Al-Husseini et al., 2016a). It
is unknown about the potential regulatory roles of bta-miR-6119 related to reduced feed efficiency,
further studies are needed to explore the potential function of this miRNA in blood. Functional
analysis showed that the main predicted functions of bta-miR-6119-3p were related to the Zinc-
finger domain, one of the most frequently utilized DNA-binding motifs (Cassandri et al., 2017).
The zinc finger domain is one of the transcriptional factors that regulate many cellular processes

(Ladomery and Dellaire, 2002). The higher expression of this miRNA in the liver tissue, suggests
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the potentially suppressed expression of genes which regulate the metabolic homeostasis including
glucose and lipid metabolism, therefore leading to lower feed efficiency (Al-Husseini et al., 2016b).
It is known that when cattle suffer from lameness, their movement is reduced due to the pain, as a
result, their energy consumption is lower than healthy cattle who can walk freely. The
downregulation of bta-miR-6119-3p could be the result of lower feed intake due to lameness and
the possible reason for this regulation may relate to the reduction of extra energy consumption
from movement. However, further studies are required to verify the role of this miRNA in
regulating the potential relationship between feed intake and energy consumption.

It has also been reported that Zinc-finger proteins family member ZNF750 has functions in
the pathogenesis of seborrhea-like dermatitis and psoriatic in humans (Birnbaum et al., 2006), and
the promotion of ZNF750 is potentially related to skin diseases. Since miRNA is highly conserved
between different species and the predicted function of bta-miR-6119-3p is related to the zinc-
finger domain, it is speculated that this miRNA may have similar regulatory roles in skin diseases,
including dermatitis on the skin between two digitals in cattle hoofs. As one of the most abundant
transcription factors, zinc-finger proteins also play essential roles in muscle differentiation
(Cassandri et al., 2017). The decreased SMYDI, one of the Zinc-finger proteins, has been reported
to reduce the muscle cell myofiber formation and depress the muscle’s special gene expression
(Nagandla et al., 2016). In lame cattle, the muscle development function was affected due to
restricted movement and reduced feed intake. Thus, the differential expression of bta-miR-6119-
3p may be related to the muscle degeneration caused by different phenotypes of lameness. In
addition to mediating the generation of skin diseases, bta-miR-6119-3p has a potential role in
significantly reducing virus titers following infection with foot mouth disease (Sahu et al., 2020)

and bovine respiratory disease (Johnston et al., 2021) by targeting the DE gene BAK, which can
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regulate the interferon response to virus infection. Lower expression levels of bta-miR-6119-3p in
all lameness phenotypes may suggest the miRNA-mediated systemic inflammation reaction
happened as the result of lameness. For other down-regulated DE miRNAs identified in lameness
groups, most of them have predicted functions in the inhibition of cell growth, for instance, the
miR-340 was reported to have functions related to colorectal cancer cells growth inhibition, with
its expression level significantly down-regulated in colon tissue cell from human who survival
over 5 years after colon cancer diagnosis (Sun et al., 2012). Similarly, another miRNA: miR-125a,
a down-regulated DE miRNA identified in FR and FRDD groups, its expression level was
decreased in Acute Myeloid Leukemia patient samples, and its predicted function was related to
the cell cycle inhibition (Utkin et al., 2014). The above evidence indicates that some of the down-
regulated DE miRNAs in this may play essential roles in the cell cycle and growth inhibition in
humans. In other words, their down-regulation might reduce the inhibition function, and even
promote cell growth and progression, which indicates the potential self-healing in lame cattle.
The expression levels of bta-miR-1, -206 and -133a were significantly up-regulated in the
TTN compared to the HC group. The bta-miR-1 and bta-miR-206 belong to the same miRNA
family with similar sequences and predicted functions (Dai et al., 2016). These two miRNAs and
bta-miR-133a were all reported to have functions in skeletal muscle development and progression
(J Sunetal., 2015a; Siracusa et al., 2018; Hao et al., 2021a). The expression of these three miRNAs
was determined as muscle-specific in previous studies. Sun et al. compared the expression level of
bta-miR-1, -133a and -206 in different beef cattle tissues using stem-loop RT-qPCR and reported
that those three miRNAs were not detected in liver, lung, kidney, brain and some other tissues, but
were highly expressed in muscle and heart tissues (Sun et al., 2014). Two comprehensive analyses

of miRNA profiles in cattle blood demonstrated that bta-miR-1 and bta-miR-206 were not
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detectable (Ioannidis and Donadeu, 2018a), while bta-miR-133a was identified in plasma but not
in blood cells (Sun et al., 2019b). Bta-miR-1 targets the Histone Deacetylase 4 gene to promote
muscle development while miR-133a increases muscle cell growth by suppressing the Serum
Response Factor gene (Rosenberg et al., 2006). In the current study, the possible reason for
detecting those previously reported muscle-specific miRNAs in the blood is that muscle-specific
miRNAs were compensatorily increased and released to blood from muscle by exosome emission,
and finally led to muscle loss by reduced ambulation. In addition, the predicted functions of up-
regulated DE miRNAs in the blood of lame cattle are involved in traumatic muscle stress (Zhao et
al., 2012)and intramuscular adipogenesis (bta-miR-497 and bta-miR-210 from the FRDD group)
(Ren et al., 2020), further suggesting that miRNAs may be involved in body weight or muscle loss
after cattle affected by lameness. Future studies are needed to evaluate the expression of these
miRNAs in the wound and swap samples from the lame cattle to verify our speculations.

In summary, based on the functional analysis, some of the down-regulated DE miRNAs
between HC and other lameness phenotypes including bta-miR-125a and bta-miR-340 have
reported functions involved in cell growth inhibition, suggesting that the downregulation of these
miRNAs exerts an effect on cell growth promotion, which may be related to the lesion self-repair
when lameness happens. Another down-regulated DE miRNA: bta-miR-6119-3p which was
identified as down-regulated in all lameness phenotypes when compared to the HC group, was
reported to play essential roles in the pathogenesis of human skin diseases. Also, two main
phenotypes of lameness: DD and FR are specific skin diseases that happen on cattle hoofs, which
suggests the downregulation of bta-miR-6119-3p may play similar functions in lameness as
miRNAs are highly conserved among different species.

The potential functions of up-regulated miRNAs in different lameness phenotypes might be
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related to the muscle cell development function in lameness phenotype groups, especially since
some of them were not detected in bovine blood in the previous studies; this was probably related
to the reaction to body muscle loss due to the low feed intake and restrict movement, suggesting
the exosome emission may happen and deliver the miRNAs from muscle to whole blood.

In addition to the identification of DE miRNAs between lame and healthy cattle, we also
observed that expression of some miRNAs was only detected in the blood of a specific lameness
phenotype. It is noticeable that many of the lameness phenotype-specific miRNAs were low
expressed, and no functions were predicted for most of them. However, it was reported that some
of the lameness phenotype-specific miRNAs were differentially expressed in the cattle blood under
different physiological conditions, which provides evidence of their potential regulatory roles in
the corresponding conditions. For example, DD phenotype-specific miRNA bta-miR-2904 has
been identified to be differently expressed in bovine milk and bovine granulosa cells, respectively,
when under inflammation stress or when cattle were challenged with Staphylococcus aureus (Ma
et al., 2019) or under heat stress (Menjivar et al., 2021). For the FR-specific miRNA, bta-miR-
200a has been found to be up-regulated in mastitis and systemic lupus erythematosus models
(Luoreng et al., 2018c). The bta-miR-10b was reported to be secreted by bovine embryos and
negatively affected embryo quality (Lin et al., 2019). Wang et al. reported that the expression of
bta-miR-2887 was down-regulated in the intestinal tissue of cattle with Escherichia coli O157:H7
fecal shedding and was implicated in affecting hematological system development (Wang et al.,
2021a). And bta-miR-494 was identified as a response to gram-negative bacterial infection in
bovine mammary epithelial cells with a significant downregulation (Lawless et al., 2013a).
Although no significant enriched functions were predicted for lameness phenotype-specific

miRNAs by the functional analysis in this study, based on the previous literature, it suggests that
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these miRNAs could have target genes or related functions involved in immune and infection
responses, proving that their specific expression may be due to their response to diagnosed
lameness. Muscle-specific miRNAs with functions specifically related to muscle development
were also identified in the FR and TTN group, which suggests that the muscle growth may be
promoted under these conditions, and their existence in blood potentially suggests the miRNAs
circulation by exosome emission from muscle to blood. In addition, the lameness phenotype-
specific miRNAs were reported to express differentially under disease conditions in different
bovine tissues, which suggests the identification of these miRNAs in bovine blood could be related
to the existing health problem as the result of lameness. However, further research is needed to
identify the target gene for the selected DE and phenotype-specific miRNAs to prove their roles
in lameness pathogenesis.

Further RT-qPCR validation revealed that only bta-miR-133a showed a consistent altered
expression trend between RT-qPCR and RNA-seq compared to the HC and TTN group, suggesting
that miR-133a can be a potential miRNA marker for TTN. As for the other selected miRNAs, their
expression levels were not significantly different between the groups throughout RT-qPCR and in
some cases showed the opposite trend which might be caused by their low expression level
(Cristino et al., 2011). Further analysis on the validation of more DE and group-specific miRNAs
is needed to provide further evidence of their potential for biomarkers of different lameness

phenotypes.

2.5 Conclusions

As the first study profiling the blood miRNA of healthy cattle and those diagnosed with different
phenotypes of lameness, the results from the current study provided the baseline miRNAome data

to study beef cattle lameness. This study revealed that although overall miRNAomes did not differ,
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some specific miRNAs were differentially expressed among different lameness groups. Their
differential expression may help distinguish the lameness phenotype based on the identified DE
and lameness phenotype-specific miRNAs. Some of the identified lameness phenotype-specific
miRNAs have potential immune and inflammation response functions. However, the inclusion of
larger sample size and more DE miRNAs is needed for future validation using qPCR to verify the
accuracy of potential miRNA markers for different lameness phenotypes. Moreover, functional
validation analysis is required to determine the relationship between the DE miRNAs and their
regulatory roles in biological processes behind different phenotypes of lameness pathogenesis and

to what extent the miRNAs change contributes to this health issues of cattle.
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2.7 Figures and tables
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Figure 2.1 Length distribution of identified small RNA reads from blood samples collected
from beef steers generated from RNA-seq. The X axis represents the read length of sequence
reads and the Y axis represents their percentage.
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Figure 2.2 Overview of miRNAs expressed in from blood samples collected from beef steers
using miRNA sequencing. (A) Comparison of the number of expressed miRNAs detected in
health control (HC), digital dermatitis (DD), foot rot (FR), toe tip necrosis (TTN) and foot rot &
digital dermatitis combined (FRDD). Colors represent different groups. (B) Comparative
expression of top 10 highly expressed miRNAs in health control (HC), digital dermatitis (DD),
foot rot (FR), toe tip necrosis (TTN) and foot rot & digital dermatitis combined (FRDD) using
Heatmap function in GraphPad Prism 9. Colors represent different normalized reads per million
(RPM) as indicated by the color bar.
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Figure 2.3 PCA plot of all the identified miRNAs. Comparison of overall miRNA profiles
detected in health control (HC), digital dermatitis (DD), foot rot (FR), toe tip necrosis (TTN) and
foot rot & digital dermatitis combined (FRDD). Each dot represents each sample, and the colors
represent different groups. The X and Y-axis represent the first two principal components. The
percentage value in the bracket represents the percentage of variance explained by that principal
component. Nonsignificant difference had been identified from the miRNA profiles between

each group.
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Figure 2.4 Expression of selected DE and phenotype specific miRNAs between each group
detected by RT-qPCR and RNA-seq (A) Expression of miR-133a between health control (HC)
and toe tip necrosis (TTN) group; (B) Expression of miR-483 between foot rot (FR) and TTN
group; (C) Expression of miR-483 between digital dermatitis (DD) group and FR group; (D)
Expression of miR-6119-3p between HC and FR group. miRNA expression from RNA-seq
represented by bars and values are shown on the left vertical axis as logaRPM and the expression
level from RT-qPCR represented by lines and values are shown on the right vertical axis as log2
relative expression level. * On the top of the bar or lines indicates significant (P <0.05)
difference identified, data are presented as Mean + STD
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Table 2.1 Phenotype specific miRNAs and expression levels

Phenotype specific miRNA

Average expression level (RPM)

bta-miR-10b 1.28+0.47
HC bta-miR-2903 1.78+0.76
bta-miR-2285aj-5p 1.48+0.64
bta-miR-10164-3p 1.70+0.88
bta-miR-2887 3.04+3.49
DD bta-miR-2320-3p 1.28+0.60
bta-miR-2904 7.46+6.20
bta-miR-7861 1.16+0.38
TTN bta-m%R- 11998 1.60+0.53
bta-miR-483 2.91+2.30
bta-miR-2285dj 1.26+0.69
FR bta-miR-2382-5p 1.56+0.80
bta-miR-200a 3.60+2.82
bta-miR-1388-5p 1.28+0.66
FRDD bta-miR-494 1.69+1.01
bta-miR-2483-5p 1.34+0.72

86



Table 2.2 Differentially expressed miRNAs between health control and different lameness
phenotype groups

Group DE miRNA log2FoldChange Padj
bta-miR-6119-3p -1.50 2.00E-04
DD vs HC bta-miR-2408 -1.46 5.00E-04
bta-miR-340 -1.01 7.00E-03
bta-miR-6119-3p -1.29 2.00E-04
bta-miR-125a -1.01 2.00E-04
bta-miR-200c 1.14 1.00E-04
FR vs HC bta-miR-30a-5p 1.17 6.00E-04
bta-miR-10225a 1.31 4.00E-03
bta-miR-206 1.81 4.00E-03
bta-miR-133a 2.45 8.00E-04
bta-miR-6119-3p -1.75 3.00E-04
bta-miR-1434-3p -1.58 7.00E-03
bta-miR-211 -1.23 2.00E-02
bta-miR-1246 -1.09 3.00E-02
bta-miR-125a -1.09 3.00E-04
bta-miR-484 -1.08 7.00E-04
bta-miR-92b -1.07 6.00E-05
FRDD vs HC bta-miR-1306 -1.03 8.00E-03
bta-miR-2378 1.03 4.00E-02
bta-miR-338 1.04 9.00E-03
bta-miR-497 1.12 3.00E-04
bta-miR-210 1.17 1.00E-05
bta-miR-345-5p 1.47 1.00E-09
bta-miR-21-3p 1.71 2.00E-06
bta-miR-6119-3p -1.36 7.00E-03
bta-miR-2408 -1.22 2.00E-02
bta-miR-340 -1.12 1.00E-02
TINVSHC aemiR-1 2.67 8.00E-03
bta-miR-206 2.94 3.00E-05

bta-miR-133a 4.32 1.00E-07
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Table 2.3 Identified differential expressed miRNAs between lameness phenotype groups

Group DE miRNA log2FoldChange Padj
bta-miR-133a -1.44 1.41E-02
bta-miR-141 -1.31 7.48E-05

DD vs FR bta-miR-200c¢ -1.12 7.39E-09
bta-miR-206 -1.06 3.43E-02
bta-miR-122 1.60 5.27E-04
bta-miR-2363 -1.76 7.97E-03
bta-miR-497 -1.23 1.01E-05
bta-miR-21-3p -1.17 7.80E-05
bta-miR-339b -1.11 9.10E-07
bta-miR-339a -1.07 1.10E-06
bta-miR-10225a -1.07 9.02E-03
bta-miR-127 -1.01 5.93E-04
bta-miR-877 1.00 1.84E-02
bta-miR-2284z 1.01 2.47E-07

DD vs FRDD bta—m?R—374b 1.01 8.88E-08
bta-miR-92a 1.04 1.04E-05

bta-miR-2284aa 1.06 1.13E-07

bta-miR-320a 1.20 1.17E-04

bta-miR-451 1.27 8.88E-08

bta-miR-2332 1.28 9.02E-03

bta-miR-1 1.36 3.26E-02

bta-miR-1249 1.45 2.06E-03

bta-miR-92b 1.49 1.04E-07

bta-miR-2404 1.83 2.59E-04

bta-miR-1434-3p 1.93 1.90E-03

bta-miR-133a -3.34 8.05E-07

bta-miR-206 -2.19 9.61E-04

DD vs TIN bta-miR-211 -1.32 2.36E-02
bta-miR-452 -1.29 2.30E-02

bta-miR-2285bf 1.03 1.39E-02

bta-miR-129-5p 1.17 3.43E-02

bta-miR-2363 -1.70 4.08E-03

bta-miR-199a-5p -1.20 6.72E-03

bta-miR-127 -1.18 6.69E-06

FRVSERDD o miR-330b 1.18 1.18E-08
bta-miR-339a -1.14 1.18E-08

bta-miR-21-5p 1.02 8.32E-12
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bta-miR-877 1.10 4 95E-03
bta-miR-92b 1.18 6.67E-06
bta-miR-1434-3p 1.50 1.19E-02
bta-miR-200c¢ 1.52 5.49E-13
bta-miR-206 1.75 3.40E-04
bta-miR-133a 1.83 1.66E-03
bta-miR-133a -1.90 1.77E-02
bta-miR-1 -1.80 1.98E-02
bta-miR-122 -1.39 3.95E-02
FR vs TTN bta-miR-11986¢ 1.02 3.78E-02
bta-miR-141 1.19 1.77E-02
bta-miR-129 1.42 1.99E-02
bta-miR-129-5p 1.43 4.13E-03
bta-miR-129-5p -1.61 3.06E-04
bta-miR-129 -1.51 5.39E-03
bta-miR-21-3p -1.15 2.15E-03
bta-miR-11986¢ -1.13 1.60E-02
bta-miR-345-5p -1.09 1.15E-03
bta-miR-339b -1.08 1.54E-04
bta-miR-210 -1.08 5.59E-06
FRDD vs TTN bta-miR-339a -1.01 2.56E-04
bta-miR-92b 1.05 3.62E-03
bta-miR-2404 1.62 1.10E-02
bta-miR-211 1.80 5.18E-04
bta-miR-1434-3p 2.18 4.15E-03
bta-miR-1 2.64 2.80E-04
bta-miR-206 2.88 5.59E-06
bta-miR-133a 3.73 2.71E-07
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Table 2.4 Significantly enriched functional categories of down-regulated differentially expressed miRNAs using TargetScan
and DAVID

. Functional Annotation Clustering .
Group miRNAs Function Reference

(With highest enrichment score)

Zinc-finger Sun et al., 2012

Zinc ion bindi o
DD & TTN vs HC  bta-miR-340 inc 1on‘ 11‘1 ing Inhibition of cancer cells
Metal-binding growth Fernandez et al.,
Zinc 2015

Itage- h 1
Voltage-gated channe Wu et al,, 2011

Ton t ¢ e
FR & FRDD vs HC bta-miR-125a gn ranspor ‘ Inhlbltlop of cell cycle
Zinc finger, C2H2-like progression ]
: .. Xiong et al., 2017
Metal ion binding
Zinc-finger Formation of seborrhea-like
Zinc ion bindi dermatitis
All groups vs HC  bta-miR-6119-3p e 1on' H,l e ) .. Cassandri et al., 2017
Metal-binding Formation of psoriatic
Zinc epidermis

Src homology-3 domain

T
CGMP-PKG signaling pathway Umor Suppressors

DD & TTN vs HC bta-miR-2408 Jietal., 2014

Zinc-finger Development of inflammatory
Zinc ion binding disease
Cadherin-like
FRDD vs HC bta-miR-211 Cadherin conserved site Host immune regulation Wang et al., 2021

Sterile alpha motif/pointed domain

MAD homology 1, Dwarfin-type E. coli lipopolysaccharide-

FRDD vs HC bta-miR-92b . . . .
ve - CTF transcription factor/nuclear factor 1 mediated inflammatory injury

Jiang et al., 2021

90



Table 2.5 Significantly enriched functional categories of up-regulated differentially expressed miRNAs using TargetScan and
DAVID

Functional Annotation Clustering Function Reference
Group miRNAs
(With highest enrichment score)
TTN vs HC bta-miR-1 DNA-binding Regulate skeletal muscle Valsecchi et al.,
development 2015
SH3 domain Regulate muscle cell
TTN vs HC bta-miR-206 P Chen et al., 2006
BTB/POZ-like Herentiation
TTN vs HC bta-miR-133 Pleckstrin homology-like domain
zinc ion binding Suppress tumor growth, cell Kawaguchi et al
FRvs HC bta-miR-30a mipfation and ing asion, 2017 : ’
K Homology domain & v
FR vs HC bta-miR-200c  Serine/threonine-protein kinase, active site

Protein kinase, catalytic domain
FRDD vs HC bta-miR-497 Muscle traumatic stress Zhao, 2012
Serine/threonine-protein kinase, active site

FoxO signaling pathway Bovine early intramuscular

FRDD vs HC bta-miR-210 . .
adipogenesis

Ren et al., 2020
Insulin resistance
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Chapter 3. Analysis of temporal expression of miRNAs in cattle blood revealed their

relationship with lameness recovery patterns

3.1 Introduction

Beef cattle are more likely to get lameness when entering the feedlot due to changes in diet, water,
housing, rough flooring surfaces, and a series of stressors including transportation, high population
density and different handling strategies (Davis-Unger et al., 2019¢). The causes of lameness are
multi-factorial, including environmental factors like the muddy feedlot pens and nutritional factors
such as low calcium and magnesium intake that make the hoofs soften and more susceptible (Smart,
1985; Marti et al., 2021). Compared to other common diseases that happen in the feedlot, the
subclinical symptoms of lameness are hard to be observed and require different treatments (Qiao
et al., 2021b). Foot rot is the most prevalent phenotype of lameness (75% of all cases) and is
usually treated by injectable antibiotics including penicillin or broad-spectrum antibiotics (Currin
et al., 2005). However, many operators may treat lame cattle as foot rot without close observation,
which may lead to ineffective treatment, this suggests a detailed diagnostic method is needed for
the varied causes and pathogenesis of different lameness phenotypes (Tunstall et al., 2019). In
addition, some lameness phenotypes like digital dermatitis may not respond well to antibiotic
treatment (Laven and Logue, 2006; Penny et al., 2017). Moreover, the lameness pathogenesis of
different lameness phenotypes is still not well understood, especially in beef cattle (Huxley, 2013a).

Furthermore, a large percentage of lame dairy cows had high relapse rates after treatments
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(Thomas et al., 2016); only less than 16% was recovered. This suggests that proper diagnosis and
treatments are essential to improve lameness detection, prognosis and recovery.

The previous research chapter identified that blood microRNAs, a group of non-coding RNAs,
are associated with different lameness phenotypes. The expression of some miRNAs was only
detected in the blood of cattle with specific lameness phenotype, and expression of some miRNAs
was up- or down-regulated in the lame cattle compared to healthy ones. Specifically, 18
differentially expressed miRNA (DE miRNA) were identified in each lameness phenotype group
when compared with healthy cattle, along with 16 lameness phenotype-specific miRNAs. These
findings suggest that blood miRNAs have the potential to be diagnostic markers for lame cattle,
other animals (Ioannidis and Donadeu, 2016b; Ioannidis and Donadeu, 2018b), and even in
humans (Duttagupta et al., 2011; Cheng et al., 2014). Apart from disease diagnosis markers, the
miRNA profiles may also function as markers of disease progression or recovery, because their
expression-changing trends may reflect different physiological states associated with advancing
disease or a return to the health status (Lau et al., 2013). For example, the different profiles of
specific miRNAs, such as hsa-miR-503, -1307, -212 and -592, between healthy and people
affected by early/advanced-stage breast cancer showed the relationship between miRNA and
cancer prognosis, stages and severity (Sathipati and Ho, 2018). The serum miRNA profiles
between humans suffering from liver injury and recovered individuals were compared using
miRNA RT-gPCR, which demonstrated that a unique miRNA signature undergoes concordant

changes in three types of recovery after liver transplantation and infection with the hepatitis C
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virus (Salehi et al., 2020). Therefore, miRNA profiles in biological samples may be useful in
identifying varying stages of disease progression and recovery. However, whether temporal
differences in miRNA profiles can be detected in various stages of either lameness progression or
recovery has not been studied.

In the present study, we hypothesized that the miRNA profiles change after lameness
treatment and the profiles differ between recovered and unrecovered cattle for each lameness
phenotype. Therefore, the aim of this study was to identify the temporal changes of miRNAs
expression in blood over a two—week period following diagnosis and treatment for three types of
lameness: digital dermatitis (DD), toe tip necrosis (TTN) and foot rot (FR) and DD combined

(FRDD), respectively.

3.2 Material and methods

3.2.1 Whole Blood sample selection

A total of 596 whole blood samples were collected from 363 lames (n = 344) and healthy cattle (n
= 19) by venipuncture and using Tempus™ Blood RNA Tubes (Thermo Fisher Scientific, CA)
between the 2018 fall and the 2020 spring. The cattle used in this study were selected from five
feedlots (> 10000 heads) located in southern Alberta and consisted of 142 heifers and 221 beef
steers with different breeds, including Black/red Angus, Simmental, Charolais, Hereford and other
mixed breeds, respectively. The blood sample collection followed the Animal Use protocol Review
#1817 approved by the Lethbridge RDC Animal care committee. To identify the relationship

between lameness recovery and miRNA expression patterns, 140 blood samples werecollected
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from three lameness phenotype groups, including DD (n = 59), TTN (n = 31) and FRDD (n = 50)
were selected for miRNA-seq in this study. To be more specific, the blood samples were collected
on the day when lame cattle were pulled for treatment (defined as Week 0, W0); one week after
diagnosis and treatment (defined as Week 1, W1) and 2 weeks after the first treatment (defined as
Week 2, W2). Afterwards, the lame cattle were further classified into 18 different groups based on
their monitored gait score, including recovered (RE) and unrecovered (UNR) across the three-time
points (2 recovery patterns * 3 lameness phenotypes * 3 time points=18). Specifically, the gait
score of each lame animal was categorized according to a 4-point scale (between 0 and 3)
previously described by Webster et al. (2008), with 0 defined as no lameness and 3 defined as the
most severe lameness. The cattle with gait scores showed a down-regulating trend among the three
time points were dd as RE cattle, and UNR cattle’s gait scores were increased or not changed from
W0 to W2. The sample number of each group is presented in Table 3.1, and the detailed sample
information is listed in the appendix Table A1l. FR group was not included in this study as all FR

samples were collected in WO only.

3.2.2 Total RNA extraction, miRNA-seq library construction, and sequencing

Total RNA was extracted from 4.5 mL of whole blood using Preserved Blood RNA Purification
Kit I (Norgen, Thorold, ON, CA) following the manufacturer's protocol. The concentration and
quality of total RNA were measured following the procedures described in Chapter 2. Only the
total RNA samples with RIN > 7.0 passed the quality control and were subjected to RNA-seq

library construction.
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One microgram of total RNA from each sample was selected for miRNA library construction
using QIAseq miRNA Library Kit (Qiagen, CA) following the manufacturer’s instructions. The
library quantity was determined using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and was
sent to Génome Québec (Montréal, Canada) for sequencing with 50 bases single-end reads on an

Illumina HiSeq 2000 system (Illumina).

3.2.3 miRNA sequencing data analysis

Low-quality sequences from the raw sequencing data were filtered by quality control and the
passed sequences were then aligned to the bovine miRNA database (miRBase, v22.2) (Kozomara
et al., 2019b) using the web-based tool sRNAtoolbox (https://arn.ugr.es/srnatoolbox/, Aparicio-
Puerta et al., 2019) with default parameters which were described in the previous chapter. The
expression level of each miRNA was normalized by counts per million mapped reads (RPM) by
the following method: RPM = (miRNA reads number/total mapped reads per library) x 1000000.
To compare the overall miRNA profiles, principal component analysis (PCA) was performed using
DEseq2 and ggplot2 packages in R studio (Version 1.4.1717, RStudio Team, 2020); PCA plots
were generated based on the following groupings: 1. Based on the time points within the same

phenotype; 2. Based on the recovery information within the same time point and phenotype group.

3.3.4. Identification of differentially expressed miRNAs

The miRNA with RPM > 1 in at least 60% of samples in one group was identified as expressed
miRNA and used for differential expression (DE) analysis. Differentially expressed miRNAs were
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identified using the DEseq2 package Release (3.14) (Love et al., 2014c) in RStudio. As for the
threshold of the differential expression analysis, adjusted p-value (padj) using the Benjamini and
Hochberg method, also represented as a false discovery rate (FDR) (Benjamini and Hochberg,
1995). The expression miRNAs with logz foldchange (FC) < -1 or > 1 and FDR < 0.05 was
considered as significantly different.

The identification of DE and lameness phenotype-temporal miRNAs were performed on the
following comparisons: 1). The lameness phenotype-temporal miRNAs were first identified
between different time points for each lameness phenotype to investigate the time effect on the
miRNA profile; 2). The differential expression analysis was performed between RE and UNR
groups within the same time-point and lameness phenotype to identify the RE-related or UNR-

related miRNAs for each lameness phenotype.

3.2.5 Time-series clustering analysis

To identify the relationship between miRNAs expression and different recovery patterns in three
lameness phenotypes, time-series clustering analysis was performed to cluster differentially
expressed miRNAs along with time series using datasets categorized from recovered DD cattle
(DDRE), unrecovered DD cattle (DDUNR), recovered FRDD cattle (FRDDRE), unrecovered
FRDD cattle (FRDDUNR), recovered TTN cattle (TTNRE) and unrecovered TTN cattle
(TTNUNR) respectively (see Table 3.1) using the R package Mfuzz (v2.30, Futschik M, Carlisle
B, 2005). To be more specific, the miRNA expression patterns were generated within each group

which considered all the time, recovery, and phenotype information.: all W0 blood samples from
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the cattle diagnosed with DD and identified recovered during this period were defined as the DD
recovered group at W0 (DDREWO0) and samples from unrecovered cattle were defined as the DD
unrecovered group at W0 (DDUNRWO), while the samples collected at Week 1 and Week 2 were
defined as DDREW1, DDUNRW1, DDREW2 and DDUNRW?2 as well. Correspondingly, similar
names were defined in the FRDD and TTN groups with recovery and time point information
(FRDD: FRDDREWO; FRDDUNRWO; FRDDREWI; FRDDUNRWI FRDDREW2;
FRDDUNRW2. TTN: TTNREWO; TTNUNRWO; TTNREWI1; TTNUNRWI; TTNREW?2;
TTNUNRW?2). The average RPM of each miRNA within each time point (W1, W2 and W3,
respectively) in each lameness phenotype (DD, TTN and FRDD) was used to generate the miRNA
expression changing pattern among three time points. Temporally expressed miRNAs assigned to
each time series cluster were filtered by a membership score > 0.7 (Futschik and Carlisle, 2005),
and miRNA with the higher score (maximum 1) was more likely to belong to the specific pattern.
A changing miRNA expression pattern between two-time points with an up-regulated trend was
defined as “U,” while no change in the expression pattern was defined as “N”, and the down-
regulated trend was defined as “D”. The overall change in miRNA expression patterns within the
three-time points were defined as a combination of the two letters. For example, if a miRNA
expression showed continuous up-regulation within two weeks (from W0 to W1 and to W2), the

miRNA expression changing pattern was defined as “U-U”.

3.2.6 Target gene prediction and functional analysis

Target gene prediction was performed for the selected miRNAs based on their time-series changing
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patterns using TargetScan (Release 7.2, http://www.targetscan.org/vert 72/, Agarwal et al., 2015).
The functional enrichment analysis of predicted target genes was then performed using Database
for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/). To
identify the significance of predicted functional categories, multiple testing corrected P-value
determined by the Benjamini-Hochberg method was used, and a threshold of FDR < 0.05 was

applied to the enriched functions.

3.3 Results

3.3.1 Profiling of miRNAs in the blood of cattle with different lameness phenotypes over a

two-week period after diagnosis and treatment

A total of 1,212 million high-quality 50 bp single reads were obtained from the 140 bovine blood
miRNA-seq libraries. After quality control and the application of sequence length filters, ~ 96%
of reads were mapped to the bovine mature miRNA database (miRBase, Release 22.1), with less
than 2% of reads mapped to the bovine miRNA hairpin sequences (miRBase v22) and less than 1%
of reads mapped to tRNA, snoRNA and rRNA (Figure 3.1A). Size distributions revealed most of
the sequences had a length of 21-23 nt which accounted for 85.19 % of total reads (Figure 3.1B).
A total of 350 known miRNAs were identified with an expression of 307 miRNAs detected for the
DD group, 318 for the TTN group and 304 for the FDRR group across all three-time points. PCA
plots showed that overall miRNA profiles were not grouped based on the time points for the DD

group (Figure 3.2A), the TTN (Figure 3.2B) and FRDD groups (Figure 3.2C).
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3.3.2 Identification of temporally specific expressed miRNAs

The temporally specific expressed miRNAs for each lameness phenotype were then identified by
comparing the number of expressed miRNAs between each time point within the same lameness
phenotype (Figure 3.3). Among identified miRNAs for each lameness phenotype, 267 miRNAs
were expressed at all 3-time points in the DD group, with 5, 13, and 3 miRNAs specifically
expressed at W0, W1, and W2, respectively (Figure 3.3A). The number of time-related commonly
expressed miRNAs in the TTN group was 277, with 2 miRNAs expressed at W0, 3 at W1, and 6
at W2 (Figure 3.3 B). In the FRDD group, no W0 specific miRNA was detected, but two miRNAs
were identified at W1 and 10 at W2, with 273 miRNAs commonly expressed at all three-time
points (Figure 3.3C). Temporally specific miRNAs were identified between different time points
within same lameness phenotype. As a result, 30 temporally specific miRNAs were identified in
nine groups (DDWO, DDWI1, DDW2, TTNWO0, TTNWI1, TTNW2, FRDDWO0, FRDDWI1,
FRDDW?2) and their expression levels were presented in Table 3.2. From all temporally expressed
miRNAs, bta-miR-2285j was screened from more than one lameness phenotype group & time
point including DDW1 (RPM = 1.60 + 0.93), TTNW2 (RPM = 1.33 + 0.68), and FRDDW?2 (RPM
= 1.72 £ 1.45) groups. There were two miRNAs, bta-miR-2397-3p and bta-miR-149-5p, also
identified in DDW1 (bta-miR-2397-3p, RPM = 1.21 + 0.57) and FRDDW1 (bta-miR-2397-3p,
RPM =1.34 + 0.45), DDW1 (bta-miR-149-5p, RPM = 1.46 + 0.85) and FRDDW?2 (bta-miR-149-
5, RPM = 1.21 + 0.54), respectively. Other selected temporal-specific miRNAs were only

identified once in one lameness phenotype group.
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3.3.3 Identification of differentially expressed miRNAs between recovered and recovered

lame cattle

The expression of miRNAs was further compared between RE and UNR groups at each time point
within each lameness phenotype group. PCA plots showed that overall miRNA profiles were not
different between RE and UNR groups for DD at any of the time points (Figure 3.4), as well as in
the TTN group at W0 and W2 (Figure 3.5A, C), and in FRDD group at W0 and W1 (Figure 3.6A,
B). However, significant separations were detected between RE and UNR groups for TTN at W1
(Figure 3.5B), and for FDRR at W2 (Figure 3.6C).

The expression of miRNAs was further compared between RE and UNR groups at
different time points, and a total of 10 DE miRNAs were identified among all the groups (Figure
3.7). Two miRNAs: bta-miR-1 and bta-miR-211 were differentially expressed between recovered
and unrecovered DD cattle on W0 with Bta-miR-1 having a higher expression (log2FC of
DDREWO0 vs DDUNRWO = 3.89, Padj = 0.009) and bta-miR-211 showing lower expression in the
UNR cattle (log2FC of DDREWO vs DDUNRWO = -1.99, Padj = 0.352) (Fig 3.8A). The DE
miRNAs were also identified in the FRDD group: three miRNAs were differently expressed
between RE and UNR cattle on WO including bta-miR-2903 (log2FC of FRDDREWO vs
FRDDUNRWO = -2.23, Padj = 0.009); bta-miR-874 (log2FC of FRDDREWO0 vs FRDDUNRWO
= -1.05, Padj = 0.009) and bta-miR-33b (log2FC of FRDDREWO0 vs FRDDUNRWO = 1.58, Padj
= 0.038). Moreover, the lowest log2 foldchange of DE miRNA was detected in the FRDDW1

group, with bta-miR-339a being less expressed in UNR cattle (loga2FC of FRDDREW1 vs
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FRDDUNRWI = -6.37, Padj = 0.003) (Figure 3.7B). Another four DE miRNAs, bta-miR-1246
were identified at week1 with logs FC = 7.68 and Padj = 0.0001) and DE three miRNAs at Week
2 including bta-miR-9-5p (logoFC of TTNREW2 vs TTNUNRW?2 = 1.78, Padj < 0.001), bta-miR-
296-3p (logoFC of TTNREW2 vs TTNUNRW?2 = -1.17, Padj = 0.016) and bta-miR-6523a (logFC
of TTNREW2 vs TTNUNRW2 = -1.31, Padj = 0.025) which were identified as DE miRNAs
between RE and UNR cattle in the TTN group (Figure 3.7C). Expression of bta-miR-1246 and
bta-miR-9-5p were upregulated in UNR cattle at Week 1 and Week 2, respectively, while
expression of another two miRNAs, bta-miR-296-3p and bta-miR-6523a, were downregulated in

uncovered TTN cattle at Week 2.

3.3.4 Temporal changes in miRNAs profiles between recovered and unrecovered cattle

diagnosed with lameness

As shown in Figure 3.8, 36 temporal change patterns in miRNAs expression were identified in
both RE and UNR groups within each lameness phenotype, respectively. Specifically, no N-N
pattern was detected for any miRNA profile, while D-D and U-D patterns were only detected for
miRNAs of unrecovered DD cattle, and D-U patterns were only detected in REDD cattle. For the
TTN cattle, the U-N pattern was UNR phenotype-specific, and for FRDD cattle, U-D and U-U
patterns were only detected in UNR and RE cattle, respectively. The expressed miRNAs with a

membership score > 0.7 in each changing pattern indicated above are presented in Table 3.3.
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3.3.5 Functional predictions of differentially expressed miRNAs and special miRNA

changing patterns between recovered and unrecovered cattle diagnosed with lameness

The significantly enriched functional categories of the 10 DE miRNAs between RE and UNR
cattle were identified through the target gene prediction and functional analysis. Among these, a
total of 6 functional categories were enriched from 5 DE miRNAs (bta-miR-1, -211, -1246, -2903,
-33b) based on the threshold of FDR < 0.05 including transcription regulation, cadherin conserved
site, zinc-finger, homeobox conserved site, protein kinase-like domain, and BTB/POZ-like domain
(Table 3.4), no significant enriched functional categories were discovered for the other 5 DE
miRNAs.

In addition, miRNAs identified with the changing patterns between RE and UNR cattle
were subjected to further functional analysis. The significantly enriched function categories of the
selected six miRNAs change patterns included D-D, U-D in DDUNR cattle; D-U in recovered DD
cattle; U-N in TTNUNR cattle; U-D in FRDDUNR cattle and U-U in FRDDRE cattle. A total of
5 functional categories were identified from the six miRNA patterns identified between RE and
UNR cattle, including Ras signaling pathway, BTB/POZ-like domain, zinc-finger, homeodomain,
metazoan, and DNA-binding (Table 3.5). Among these, four out of six changing patterns were
specifically identified in UNR cattle, two in DD, one in TTN and one in FRDD groups, while no
specific miRNA change trends were observed in recovered cattle. The only exception was in DD
cattle, with 4 miRNAs (bta-miR-12044, bta-miR-142-3p, bta-miR-181b and bta-miR-374b)

identified within the D-U trend which predicted functions in the BTB/BOZ-like domain. The
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BTB/BOZ-like and zinc-finger functional categories had been identified in most of the changing
patterns except for the U-D pattern in the FRDD group. In addition, bta-miR-505 was the only
miRNA that had been identified within the U-U changing trend in recovered FRDD cattle over the
two-week evaluation period however, no significant enriched functions were found for this

miRNA.

3.4 Discussions

No significant difference in overall miRNA profiles identified between the different time points
indicates the overall composition of blood miRNA profiles did not change significantly over the
two-week sample collection period. Although time point-specific miRNAs were identified, their
expression levels were too low to affect the overall profile expression.

From the identified time point-specific miRNAs for each group, some miRNAs expressed in
more than one-time point and/or one lameness phenotype. For example, bta-miR-2285j was
detected in the DDW1, TTNW2, and FRDDW?2 groups; bta-miR-2397-3p was identified in the
DDWI1 and FRDDW1 groups, and bta-miR-149-5p was found in DDW1 and FRDDW?2 groups.
Among them, only bta-miR-149-5p was reported to have the predicted function as a negative
regulator of adipocyte differentiation in bovine primary preadipocytes (Khan et al., 2020; Guo et
al., 2021), and the functions of the other two miRNAs have not been reported. In addition, the
expression of bta-miR-30f was only detected in the FRDDW?2 group. Actually, bta-miR-30f could
act as a lipid deposit regulator in cattle which negatively affects the fat deposit by inhibiting the

PPAR signaling pathway (Y. Guo et al., 2017). Therefore, the inhibition of adipocyte
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differentiation may happen in the first and the second week when cattle were diagnosed as and
treated for DD and FRDD, respectively. The possible explanation of this regulation may relate to
the reduced feed intake of lame cattle which could lead to a decrease in the body fat deposit.
Moreover, the miRNA bta-miR-2887 was specifically identified expressed at W0 in the DD group.
A similar finding was also reported in Chapter 2, where bta-miR-2887 was identified as a
phenotype-specific miRNA in DD cattle. This miRNA is an immune response-related miRNA that
was up-regulated in bovine serum when infected by Mycobacterium avium (Choi et al., 2021).
Also, eczematous dermatitis was diagnosed in humans after the Mycobacterium avium infection
(Inagaki et al., 2018), providing the potential linkage between the up-regulation of bta-miR-2887
and dermatitis. The possible reason for the specific identification of this miRNA in DD samples
may be related to the different pathogenesis when compared with FR and TTN, which are defined
as dermatitis or skin disease rather than local tissue rot or necrosis. Thus, bta-miR-2887 could be
a biomarker for the diagnosis of specific lameness phenotypes like DD since the expression was
not identified in other lameness phenotypes and timepoints. Besides, no significant enriched or
reported functions were identified for other timepoint-specific miRNAs, which may be related to
their relatively low expression level (< 4 RPM) and are rarely studied.

In addition, the expression of some miRNAs related to the recovery patterns of cattle was
identified for each lameness phenotype. Unique miRNAs were identified in specific recovery
patterns among different lameness phenotypes, which were only detected in the blood of RE cattle

or UNR cattle. For example, the bta-miR-10225a was only expressed in RE cattle in the DD group
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at all three time points. This miRNA has been reported as a novel detected miRNA in the bovine
alveolar macrophage challenged by Mycobacterium bovis (Vegh et al., 2015). Mycobacterium
bovis can affect both humans and cattle (Grange and Yates, 1994), and chronic dermatitis was
reported in humans after foodborne and waterborne Mycobacterium bovi infection (Dark, 2013).
The possible explanation of the specific expression of bta-miR-10225a in DDRE cattle blood may
be related to the unique type of DD: dermatitis. However, further studies about the target gene and
functions of bta-miR-10225a and its role in the skin health of cattle are needed. Expression of bta-
miR-339a, -1 and -10179-5p were detected at all three time points for unrecovered DD cattle. Bta-
miR-339a was reported as an insulin signaling pathway regulator in the skeletal muscle and liver
of beef cattle, with its expression can positively regulate the residual feed intake (RFI) of cattle
(de Oliveira et al., 2018b), in other words, the downregulation of bta-miR-339a can reduce the RFI
(cattle with high feed efficiency). The higher or specific expression of this miRNA suggests that
DDUNR cattle may have higher RFI (lower feed efficiency) due to an unhealthy state compared
with healthy cattle. Another unrecovered cattle-specific miRNA, bta-miR-1, had a downregulating
trend for two weeks. This miRNA family was reported in cattle muscle which acts as a muscle cell
development promoter in various studies (Sun et al., 2015b; Hao et al., 2021b). However, the
clinical sign of DD is skin and underlying tissue lesions rather than muscle damage. Therefore, the
identification of bta-miR-1 in the blood of unrecovered DD cattle suggests the possibility of
misdiagnosis of these cattle in terms of their lameness phenotypes and is also evidenced by why

they were not recovered after treatment. Future study is needed to determine whether this miRNA
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can be transferred by microvesicles (exosomes) from muscle to blood. Moreover, bta-miR-206
was specifically expressed in FRDDUNR cattle blood when compared with recovered cattle. The
miR-206 shares the same seed sequence with miR-1, which was also found to act as the major
regulator of muscle reconnection following injury in mice (Mitchelson and Qin, 2015). As
miRNAs are highly conserved in mammals (Pedersen et al., 2007), the findings identified in other
mammalian species could have similar implications in cattle (Zhao et al., 2016¢). Therefore, the
expression of this miRNA indicates the potential myofiber reconnection in DDUNR cattle. Two
possible reasons for this finding are: the muscle reconnection may happen on the healthy legs since
they were used more to support the body, or maybe actually the cattle were affected by another
muscle-related lameness. In addition, the expressions of bta-miR-1 and bta-miR-206 were
significantly up-regulated in the TTN group at WO compared with health control but not
differentially expressed in the FR and DD group (Chapter 2), which suggests that DDUNR and
FRDDUNR animals might also be misdiagnosed, and the actual cause of the lameness could be
TTN.

As for the DE miRNAs identified between RE and UNR cattle within the same lameness
phenotype, significant upregulation of bta-miR-1 and downregulation of bta-miR-211was
identified in unrecovered DD cattle at W0. The bta-miR-211 was identified as downregulated
miRNA in the FRDD group when compared with health control at W0. The functions of bta-miR-
211 were predicted to be associated with hematological system development, and immune cell

trafficking, and its up-regulation at the recto-anal junction in British x Continental feedlot steers
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is reported to be involved in reducing the presence of Escherichia coli O157:H7 in the digestive
tract and its shedding in feces (Wang et al., 2021b). In addition, up-regulation of blood miRNA
bta-miR-211 was reported to inhibit inflammation in Chinese Holstein cows through the reduction
of secretory IL-10 (S. Wang et al., 2018; Chen et al., 2020a). These studies suggest that the
downregulation of this miRNA in the blood may reflect the systemic exacerbate inflammation and
altered immune function that subsequently affects lameness recovery. For up-regulated DE
miRNAs, bta-miR-1246 and bta-miR-9-5p were highly expressed in TTNUNR cattle at Week 1
and Week 2 post-treatment, respectively. Increased expression of this miRNA was found in cattle
suffering from heat stress (Lee et al., 2020c) and S. aureus infection (Li et al., 2015a; Z.M. Luoreng
et al., 2018b). In addition, significant up-regulation of bta-miR-1246 was associated with
responses to Caprine parainfluenza virus type 3, the S. aureus (Li et al., 2015b) and M. avium
subsp. Paratuberculosis infections in bovine MDBK cells (J. Li et al., 2018), mammary glands
and macrophages (Wang et al., 2019), respectively. Although S. aureus and M. avium subsp.
Paratuberculosis is not the main pathogen associated with cattle lameness, S. aureus has been
reported to be one of the pathogens related to lameness in chickens (Kumar et al., 2011) and
mastitis in dairy cows (Ekesi et al., 2021). This suggests that the suppressed immunity caused by
lameness may lead to other infectious diseases caused by the above bacteria (Stokka et al., 2001b;
Davis-Unger et al., 2019f), and the identification of these miRNAs suggests the possible presence
of other infectious diseases. Therefore, suppress the immune system and this complication may

lead to a delay in the recovery from the lameness.
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In addition, miRNAs with unique temporal expression patterns were identified in RE and
UNR cattle. Two miRNAs, miR-2468 and miR-494, had downregulated expression over the two
weeks evaluation period after treatment in the unrecovered DD cattle. The bta-miR-494 might play
an essential role in body fat deposition (Lawless et al., 2013b) and the response to gram-negative
bacterial infections (Seong et al., 2016). It was identified that the expression level of bta-miR-486
was significantly reduced after a lipopolysaccharide (LPS) challenge in mouse lungs (Lawless et
al., 2013b). It is known that the primary pathogens of different lameness phenotypes, including
DD, FR and TTN are all gram-negative bacteria (Spirochete and Fusobacterium) (Walker et al.,
1995a; Grant Bennett et al., 2009). Moreover, a higher concentration of LPS in the cattle rumen
and hindgut led to ruminal and hindgut acidosis in cattle and made rumen epithelium at risk of
injury (Gozho et al., 2005). It was also reported that higher LPS intake could induce the metabolic
endotoxemia and results in inflammation and obesity in human (Chakraborti, 2015) and mice
(Masaki et al., 2004). These findings suggest that UNR cattle may have more inflammation and
fat metabolism in response to LPS produced by the pathogens, therefore harder to recover under
the same treatment as the RE cattle. However, the role of blood miRNAs behind the response to
systemic LPS changes in relation to lameness warrants future research.

Other miRNAs changing trends, including U-D and U-N were also detected in the UNR cattle,
the U-D and U-N expression patterns of bta-let-7 families were identified in both unrecovered
TTN and DD groups. This miRNA has been reported to have functions suppressing the immune

response by negatively regulating the level of anti-inflammatory cytokines in cattle blood (Lawless
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et al., 2013b). The bta-let-7 family has similar muscle-enriched expression patterns with the bta-
miR-1/206 family, which functions in the regulation of skeletal muscle development (Sun et al.,
2015¢). In a human study, the upregulation of the bta-let-7 family was reported as a marker of cell
cycle function damage, which may reduce the renewal and regeneration of muscle cells in older
individuals (Drummond et al., 2011). Thus, the up-regulation of bta-let-7 family in the first week
after treatment in UNR cattle may be the result of suppressed immune function and reduced muscle
cell repair. However, lame cattle were not assessed for their muscle damage in this study. It is
unclear whether the local infection/disease happened on the feet could affect the whole-body
muscle cell development, as well as whether the leg muscle could be affected by feet disorders.
Thus, it is meaningful to investigate the potential functions of bta-let-7 to identify the potential
regulating roles on muscle development and the effect of lameness on other parts of the body. Only
one RE-specific changing pattern was identified among all groups: the D-U trend in DDRE group,
with four miRNAs including bta-miR-12044, bta-miR-142-3p, bta-miR-181b, and bta-miR-374b
were specifically expressed in this trend. However, no significant related functions were enriched
for all these miRNAs, therefore their roles in DD recovery cannot be speculated.

The i1dentification of temporal expression patterns of these miRNAs in unrecovered cattle
indicates their potential for disease recovery suppression by inducing inflammatory responses and

reducing immune function and tissue repair therefore leading to unresolved lameness.

3.5 Conclusions

This is the first study to analyze the miRNAs expression changing trends in the blood of lame
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cattle during the treatment period. We identified that the overall expression of blood miRNAs was
not significantly different between the onset of the diagnosis of lameness as well as two weeks
after treatment. The functions of the differentially expressed miRNAs between recovered and
unrecovered cattle were mainly related to the immune response of inflammation and muscle cell
progression development. In addition, the lameness phenotype-specific miRNAs identified in
Chapter 2 were also identified in this study. However, some of them were identified in unrecovered
cattle with different lameness phenotypes, which provided the conjecture of lameness
misdiagnosis. Besides, the predicted functions of specific miRNA changing trends identified in
unrecovered cattle showed a regulatory in the inhibition of immune function and body repair,
suggesting the possible molecular regulatory mechanisms on the delay in the recovery from
lameness after treatment. In summary, the comparisons between lame cattle miRNAs profiles
reveal the role of specific miRNAs in lameness recovery under different recovery modes, which
provides the basis for identifying lameness recovery conditions. In addition, the detection of
different miRNA patterns provides ideas for evaluating the effectiveness specific lameness
mitigation strategies in beef cattle. However, it still needs to determine to what extent the specific

miRNAs can reflect the lameness recovery efficiency and their practicality in treating lameness.
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3.7 Figures and tables
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Figure 3.1 Profiling of small RNAs in blood samples collected from beef steer
generated using RNA-seq (A) Relative abundance of different classes of small RNAs, y
axis represents reads per million and x axis represents type of small RNA. (B) Size and

frequency distribution of detected small RNAs (15-40 nt), y axis represents reads

percentage and x axis represents length of identified reads
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Figure 3.2 Principal component analysis of the overall miRNA profiles in different
lameness phenotypes and under two weeks after treatment. (A) PCA plot based on DD
group; DDWO (red color) refers to DD samples collected at Week 0; DDW1 (green color)
refers to DD samples collected at Week 1; DDW?2 refers to DD samples collected at Week
2 (B) PCA plot based on TTN group; TTNWO (red color) refers to TTN samples collected
at Week 0; TTNW1 (green color) refers to TTN samples collected at Week 1; TTNW2
refers to TTN samples collected at Week 2 (C) PCA plot based on FRDD group; FRDDWO
(red color) refers to FRDD samples collected at Week 0; FRDDW1 (green color) refers to

FRDD samples collected at Week 1; FRDDW?2 refers to FRDD samples collected at Week
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FRDDW2

Figure 3.3 Overview of the identified miRNAs during the treatment period. (A).
Numbers of expressed miRNA identified in the DD group within each time point (B).
Numbers of expressed miRNA identified in the TTN group within each time point (C).
Numbers of expressed miRNA identified in the FRDD group within each time point
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Figure 3.4 Principal component analysis of the total detected miRNAs in DD group
with different time points and recovery patterns (A) comparison between recovered and
unrecovered samples in Week 0. (B) comparison between recovered and unrecovered
samples in Week 1. (C) comparison between recovered and unrecovered samples in Week
2. The X and Y-axis represent the first two principal components. The percentage value in
the bracket represents the percentage of variance explained by that principal component.
The blue color of dots represents recovered samples and red color represents unrecovered
samples
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PCA of VST Data PCA af VST Data

Figure 3.5 Principal component analysis of the total detected miRNAs in TTN group
with different time points and recovery patterns (A) comparison between recovered and
unrecovered samples in Week 0. (B) comparison between recovered and unrecovered
samples in Week 1. (C) comparison between recovered and unrecovered samples in Week
2. The X and Y-axis represent the first two principal components. The percentage value in
the bracket represents the percentage of variance explained by that principal component.
The blue color of dots represents recovered samples and red color represents unrecovered

samples
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Figure 3.6 Principal component analysis of the total detected miRNAs in FRDD group
with different time points and recovery patterns (A) comparison between recovered and
unrecovered samples in Week 0. (B) comparison between recovered and unrecovered
samples in Week 1. (C) comparison between recovered and unrecovered samples in Week
2. The X and Y-axis represent the first two principal components. The percentage value in
the bracket represents the percentage of variance explained by that principal component.
The blue color of dots represents recovered samples and red color represents unrecovered
samples
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Figure 3.7 Expression of selected DE miRNAs between recovered and unrecovered cattle
using miRNA-seq. The colors represent the recover pattern including recovered (RE) and
unrecovered (UNR), and the y axis represents the average expression level normalized by log>
average base mean (A) Digital dermatitis group (DD); (B) Foot rot & Digital dermatitis combined
group (FRDD); (C) Tor tip necrosis group (TTN)
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Figure 3.8 Temporally blood miRNA expression patterns for recovered and unrecovered cattle in three lameness phenotypes The
letters in the X axis represent the miRNA regulating trends including downregulation (D), upregulation (U) and non-significant
regulation (N). The Y axis represents different datasets including recovered DD group (DDRE), unrecovered DD group (DDUNR),
recovered TTN group (TTNRE), unrecovered TTN group (TTNUNR, recovered FRDD group (FRDDRE) and unrecovered FRDD group
(FRDDUNR)
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Table 3.1 Number of samples under each classification

DD FRDD TTN
Week W0 W1 W2 W0 W1 W2 WO W1 W2
RE 11 9 8 7 7 7 8 6 8
UNR 5 4 4 6 6 6 3 2 2

The blood samples were collected from digital dermatitis (DD); foot rot & digital dermatitis combined (FRDD) and toe tip necrosis
(TTN) cattle from Week 0 (W0) to Week 2 (W2). The blood samples were then defined as recovered group (RE) and unrecovered group
(UNR) based on monitored gait score of the cattle
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Table 3.2 Expression level of time point specific miRNA in three lameness phenotypes

DDWO DDW1 DDW?2 TINWO  TTNWI TINW2  FRDDWO FRDDW1 FRDDW2
bta-miR-2887 395+3.88 0 0 0 0 0 0 0 0
bta-miR-2320-3p 1.40+0.72 0 0 0 0 0 0 0 0
bta-miR-2285bz 1.52+0.81 0 0 0 0 0 0 0 0
bta-miR-339a 0 6.00+£3.03 0 0 0 0 0 0 0
bta-miR-545-3p 0 1.64+1.05 0 0 0 0 0 0 0
bta-miR-2285aj-5p 0 1.37+0.70 0 0 0 0 0 0 0
bta-miR-2285j 0 1.60+0.93 0 0 0 1.33+0.68 0 0 1.72 £ 1.45
bta-miR-2397-3p 0 1.21+0.57 0 0 0 0 0 1.34+0450
bta-miR-33b 0 201+1.14 0 0 0 0 0 0 0
bta-miR-149-5p 0 146 +£0.85 0 0 0 0 0 0 1.21 +£0.54
bta-miR-10179-5p 0 0 1.96+1.32 0 0 0 0 0 0
bta-miR-7861 0 0 0 1.20+0.46 0 0 0 0 0
bta-miR-582 0 0 0 1.58+0.63 0 0 0 0 0
bta-miR-494 0 0 0 0 222+1.12 0 0 0 0
bta-miR-10b 0 0 0 0 1.40+0.79 0 0 0 0
bta-miR-199a-5p 0 0 0 0 1.15+0.57 0 0 0 0
bta-miR-2440 0 0 0 0 0 1.28+0.72 0 0 0
bta-miR-545-5p 0 0 0 0 0 1.46 £0.66 0 0 0
bta-miR-2285ak-5p 0 0 0 0 0 1.15+£0.57 0 0 0
bta-miR-1388-5p 0 0 0 0 0 1.75+£0.77 0 0 0
bta-miR-2411-3p 0 0 0 0 0 1.93+1,45 0 0 0
bta-miR-2382-5p 0 0 0 0 0 0 0 1.94+1.70 0
bta-miR-2448-5p 0 0 0 0 0 0 0 0 1.35+0.75
bta-miR-2903 0 0 0 0 0 0 0 0 1.21+0.38
bta-miR-30f 0 0 0 0 0 0 0 0 1.48 £ 0.54
bta-miR-11998 0 0 0 0 0 0 0 0 1.67+1.10
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bta-miR-7859 0 0 0 0 0 0 0 0 2.16 £ 1.06
bta-miR-2382-3p 0 0 0 0 0 0 0 0 1.49+0.71
bta-miR-2285d; 0 0 0 0 0 0 0 0 1.62 +1.05
bta-miR-411a 0 0 0 0 0 0 0 0 1.40 £ 0.56

The expression level is represented by RPM, and identified from digital dermatitis (DD), toe tip necrosis (TTN), and foot rot & digital
dermatitis combined (FRDD); and different time point including Week 0 (W0), Week 1 (W1) and Week 2 (W2)
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Table 3.3 Identified miRNAs in each expression changing pattern among all datasets

D-D D-N D-U N-D N-N N-U U-D U-N U-U
bta-miR- bta-miR- bta-miR- . bta-miR-
146b 12044 2408 bta-miR-12042 126-5p
bta-miR- bta-miR- bta-miR- bta-miR-

ta-miR-423-

BDRE 2313-3p  142-3p 361 bta-miR-423-5p 20b
bta-miR- bta-miR- bta-miR-
181b 362-5p 26b
bta-miR- bta-miR- bta-miR-
374b 363 338

bta-miR- bta-miR- bta-miR- ) bta-miR-

2468 2285i 1839 bta-miR-1296 bta-let-7¢c 122

bta-miR- bta-miR- bta-miR- ) bta-miR- bta-miR-

494 2424 27a-3p bta-miR-423-3p 5 449a

bta-miR- ) bta-miR- bta-miR-

DDUN 382 bta-miR-6525 1y 7180

R bta-miR- ) bta-miR-

18a bta-miR-11986¢ 30b-3p
bta-miR- ) bta-miR-
6a bta-miR-2443 545-5p
bta-miR-

451

bta-miR- bta-miR- bta-miR- bta-miR-

199a-3p bta-let-7a-5p 196b bta-miR-10167-3p 185 1388-5p

TTNR  bta-miR- bta-miR- bta-miR- bta-miR-

E 499 2285ak-5p 29a bta-miR-2346 29b

bta-miR- bta-miR-
bta-miR-7 421 bta-miR-2450a 340
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bta-miR- bta-miR-
148a bta-miR-299 345-3p
bta-miR- bta-miR-
452 21-5p
bta-miR-
33a
bta-miR- bta-miR- bta-let-7a- bta-miR- bta-miR-
2387 1388-3p 5p bta-miR-2397-3p 130a bta-let-7f 12044
bta-miR- bta-miR- bta-miR- bta-miR- bta-miR-
TTINU  296-3p 2448-3p bta-miR-582 2440 2336 147
NR bta-miR- bta-miR- bta-miR-9-
bta-miR-324 12027 342 5p
bta-miR- bta-miR-
7180 95
bta-miR- bta-miR- bta-miR- bta-miR-
11986¢ bta-miR-31 2903 bta-miR-1388-3p 11984 505
bta-miR- bta-miR-
130b bta-miR-361 6123 bta-miR-15a bta-let-7b
bta-miR- bta-miR-
FRDD 671 bta-miR-181a 423-3p
RE bta-miR-301b
bta-miR-7859
bta-miR-187
bta-miR-199b
bta-miR-2285bf
bta-miR- bta-miR- bta-miR- bta-miR- bta-miR-
FRDD 11991 10174-3p 10a bta-miR-130b 1307 197
UNR bta-miR- bta-miR- bta-miR- bta-miR-
12042 bta-miR-16a 2431-3p bta-miR-2284x 7857-5p 2285p
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bta-miR-
125b
bta-miR-
145
bta-miR-
1468
bta-miR-
181b
bta-miR-
2313-3p
bta-miR-
2336

bta-miR-
29d-5p

bta-miR-205
bta-miR-33a
bta-miR-128

bta-miR-
148b

bta-miR-
362-5p
bta-miR-
532
bta-miR-
671

bta-miR-2285bf
bta-miR-30e-
5p$bta-miR-30d

bta-miR-
99a-5p

bta-miR-
6120-3p
bta-miR-
6123
bta-miR-
744
bta-miR-
760-3p

The letters in the top represent the miRNA regulating trends including downregulation (D), upregulation (U) and non-significant
regulation (N). And the letters on the left of the table represents different datasets including recovered DD group (DDRE), unrecovered
DD group (DDUNR), recovered TTN group (TTNRE), unrecovered TTN group (TTNUNR, recovered FRDD group (FRDDRE) and

unrecovered FRDD group (FRDDUNR)
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Table 3.4 Significantly enriched function categories of DE miRNAs identified between RE
and UNR cattle

DE miRNAs Enriched functional category FDR
bta-miR-1 Transcription regulation 1.20E-04
Transcription 4.80E-04
Nucleus 2.40E-03
DNA-binding 1.40E-02
bta-miR-211 Cadherin-like 6.00E-03
Cadherin conserved site 6.00E-03
Cadherin 8.40E-03
CA 3.70E-02
bta-miR-1246 Zinc-finger 2.90E-06
Zinc 1.20E-04
Metal-binding 8.10E-04
bta-miR-2903 Homeobox, conserved site 1.50E-06
Homeobox 1.20E-06
Homeodomain 2.00E-06
Homeodomain-like 1.20E-05
HOX 1.50E-05
bta-miR-33b Protein kinase-like domain 9.10E-03
Protein kinase, catalytic domain 2.10E-02
ATP binding 1.50E-02
Serine/threonine-protein kinase, active site 2.10E-02
Protein kinase, ATP binding site 2.10E-02
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Table 3.5 Significantly enriched functional categories of special miRNA changing
trends detected among RE and UNR cattle using DAVID

Cluster

Group miRNAs 4 Predicted functions Counts FDR
bta-miR-2468 ~ Cluster  Ras signaling 2.00E-05
1 pathway
bta-miR-494 Rapl signaling 5o 2.00E-05
D-D trend pathway
in DDU Melanoma 25 4.70E-04
group glumr BTB/POZ fold 52 4.10E-03
BTB/POZ-like 49 4.10E-03
BTB 47 4.60E-02
bta-miR-12044 %7 BTRPOZ-like 48 1.10E-02
D-U trend 1
in DDR bta-miR-142-3p BTB/POZ fold 49 1.50E-02
group bta-miR-181b BTB 47 5.20E-02
bta-miR-374b
bta-let-7c flusm BTB/POZ-like 53 8 40E-05
bta-miR-139 BTB/POZ fold 55 1.20E-04
bta-miR-144 BTB 53 7.40E-03
bta-miR-30b-3p glu“er Zinc finger, C2H2 121 6.90E-05
U-D trend bta-miR-545-5p metal ion binding 238 3.10E-04
| DDU i -
n Zlnc finger, C2H2 110 6.70E-04
group like
Zinc finger C2H2-
type/integrase
DNA-binding 95 4.30E-03
domain
nucleic acid binding 105 4.40E-02
ZnF C2H2 110 3.20E-01
|
bta-let-7f f USIET B TB/POZ fold 8 8.10E-04
E’N TtTrng bta-miR-2336 BTB/POZ-like 41 8.10E-04
rou bta-miR-342 BTB 39 7.50E-02
grotp ) Cluster )
bta-miR-95 Zinc finger, C2H2 87 5.30E-03

2
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Zinc finger, C2H2-

like 82 7.10E-03
metal ion binding 167 1.30E-02
Zinc finger C2H2-
type/integrase
DNA-binding 71 3.20E-02
domain
nucleic acid binding 78 9.00E-02
ZnF _C2H2 82 4.30E-01
bta-miR-1307 ~ Ciuster  Homeodomain, 13 4.90E-02
1 metazoa
l;;a-m1R-7857- Homeodomain-like 25 4.90E-02
bta-miR-99a-5p Homeobox, 18 5.60E-02
conserved site
Homeobox 20 4.60E-02
Homeodomain 20 5.60E-02
HOX 20 3.40E-01
U-D trend sequence-specific
in FRDDU DNA binding 24 9-00E-01
group DNA-binding 39 1.00E+00
Cluster ~ Wnt signaling 16 6.40E-03
2 pathway
Signaling pathways
regulating 14 5.40E-02
pluripotency of stem
cells
Hippo signaling
11 8.50E-01
pathway
Basal cell carcinoma 6 8.50E-01
U-U trend
in FRDDR bta-miR-505
group

Cluster 1 and 2 were generated based on the enrichment score provided by DAVID, the
functional cluster with the highest enrichment score was defined as cluster 1, then followed
by cluster
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Chapter 4. General discussion

4.1 Summary of the main findings

There is substantial evidence supporting that the pain and distress associated with lameness in
cattle and other livestock could lead to poor performance and reduced production (Whay et al.,
1998; Warnick et al., 2001; Huxley, 2013b). Previous research has revealed different causes and
the typical pathogens for different phenotypes of lameness (Walker et al., 1995b; Boettcher et al.,
1998b; G. Bennett et al.,, 2009; Lean et al., 2013b), however, the molecular mechanisms of
lameness pathogenesis in beef cattle are still unknown. This research investigated the relationship
between blood miRNAomes and beef cattle lameness to determine if miRNAs could be the
potential diagnostic markers for different lameness phenotypes in beef cattle. Two studies were
performed, and the main findings are summarized in the following sections.

The results from Chapter 2 have provided the knowledge of 1) the overall expression of blood
miRNAs in the beef steers/heifers and 2) the expression difference of miRNAs between healthy
animals and cattle diagnosed with four phenotypes of lameness, including digital dermatitis (DD),
foot rot (FR), toe tip necrosis (TTN) and FR & DD combined lameness (FRDD). The top ten most
expressed miRNAs in the whole blood of beef steers are similar to those previously identified in
the sera and exosomes of dairy cows (Zhao et al., 2016c), suggesting these miRNAs are the core
miRNAs in the blood of cattle. However, future studies are needed to evaluate their functions to

advance the knowledge of their roles in cattle biology. The overall blood miRNA expression
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profiles were similar, however, differentially expressed miRNAs were detected between healthy
and lame cattle. Among them, bta-miR-6119-3p was down-regulated in blood of all lame cattle.
As reported, the downregulated expression of bta-miR-6119-3p in the blood of cattle was
challenged with foot mouth disease virus (Johnston et al., 2021) and bovine respiratory disease
virus (Sahu et al., 2020) when compared with healthy cattle. This suggests that the reduced
expression of this miRNA might be related to the cattle’s response to the infection due to lameness.
In addition, the expression of some miRNAs was only detected in the blood of cattle with the
particular lameness phenotype. Subsequent analysis revealed that their predicted functions were
related to cell migration, traumatic muscle stress, and immune/infection reactions. As reported in
the previous study, particular miRNAs rather than the overall miRNAome expression profiles can
affect the gene expression in different biological processed (X. Wang et al., 2018). For example,
the expression of three miRNAs, bta-miR-1, bta-miR-133a and bta-miR-206, which have been
reported to be associated with muscle functions (Sun et al., 2015¢; Sun et al., 2019¢; Hao et al.,
2021b), was up-regulated in the TTN group. Therefore, these lameness phenotype-specific
miRNAs might be directly involved in various physiological responses to the corresponding
lameness phenotype. However, it is unclear whether these miRNAs are also expressed in the
tissues/toes of these cattle in response to different lameness phenotypes and can be circulated into
the blood. Moreover, both RNA-seq and RT-qPCR analysis verified the similar differentially
expression trend of bta-miR-133a and bta-miR-483. The expression of bta-miR-133a was

significantly higher in TTN group when compared to HC group, and the expression level of bta-
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miR-483 was higher than that in TTN group than that in FR group. This finding suggests that
miRNA RT-qPCR could help distinguish different lameness phenotypes based on the expression
change or difference. For example, the expression difference of bta-miR-133a suggests that it is
TTN cattle associated as its expression level in TTN is significantly higher than HC and other
lameness phenotypes (Chapter 2). Similarly, bta-miR-483 can also be selected as an auxiliary
marker for FR cattle since its expression in FR cattle is significantly lower when compared with
TTN cattle. Further investigation is needed to explore the roles of the differentially expressed
miRNAs and the phenotype-specific miRNAs in the pathogenesis of cattle lameness.

In Chapter 3, I further studied the expression changes of miRNAs between cattle that
recovered from lameness and those that did not recover; specific miRNA changing patterns were
identified for each lameness phenotype. The specific miRNAs including bta-miR-211, bta-miR-
1246 and bta-miR-9-5p, which have been reported to be involved in immune, infection and
inflammation functions, were differentially expressed between recovered and unrecovered lame
cattle. Bta-miR-211 was down-regulated and the other two were up-regulated in the blood of
unrecovered cattle than the recovered ones. Previous studies revealed their expression levels
change in cattle under different physiological states like E. Coli O157:H7 shedding (bta-miR-211)
(Wang et al., 2021) and Johne’s disease (bta-miR-1246 and bta-miR-9-5p) (Wang et al., 2019),
with their functions directly related to inflammation inhibition and immunity suppression (Chen
et al., 2020b). These suggest that the regulatory roles of miRNAs in the inflammation may lead to

unhealed lameness conditions (Davis-Unger et al., 2019b). Also, the unique temporally changing
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patterns of miRNAs were identified between recovered and unrecovered cattle during the
treatment period. These miRNAs were reported to play crucial roles in affecting the body fat
deposit function in Hanwoo longissimus muscle tissue (Seong et al., 2016) and gram-negative
bacterial infection in bovine mammary epithelial cells (Lawless et al., 2013), respectively,
suggesting that the failure or delay of recovery and reduced daily weight gain in unrecovered lame
cattle could affect the expression of these miRNAs. Furthermore, the identified phenotype-related
DE miRNAs from Chapter 2 were also identified in the unrecovered cattle when comparing the
miRNA profiles between recovered and unrecovered cattle at the same time points, including TTN-
related miRNAs: bta-miR-1 and bta-miR-206. However, these two miRNAs were not previously
identified in the DD and FRDD groups. Such inconsistency brings the question that if the cattle
were treated with ineffective methods, or they were misdiagnosed at the first time point. The data
of causes for each lameness phenotype (such as histology and bacterial pathogens) should be
collected and linked to the expression of lameness phenotype-specific miRNAs to draw more

reliable conclusions.

4.2 Limitations and future directions

The limitations of the present study mainly reflected from the following aspects. First, although
the potential functions of DE miRNAs were reported, their functions were predicted based on the
predicted mRNA targets and the literature, which need to be validated using the luciferase reporter
assay method to verify the miRNA-mRNA relationship. In addition, this thesis only studied the

miRNAs and did not provide the miRNA-mediated regulatory network to explain the interaction
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between miRNAs and other molecules in cattle blood and how they cooperatively regulate
lameness. Furthermore, this study only investigated the miRNA profiles from blood samples, it is
unclear whether the detected DE miRNAs in blood reflect the local responses in diseased foot
tissue. In the meantime, no physiological measurement of cattle was included in the data analysis,
therefore, it is unknown whether the DE miRNAs are the results of lameness or their physiological
changes and/or the combined effect. Future studies are required to supplement more information,
including the changes of mRNA expression and protein level in blood and diseased foot tissues to
investigate the mechanisms behind lameness pathogenesis. To be more specific, the bacteria
culture using an anaerobic/aerobic swab from the lesion for lame cattle is necessary to determine
the pathogen of each lameness phenotype and used for miRNAome (together with mRNA and
protein) analysis; biopsy as a secondary method should also be done. For the blood indices, more
information related to the disease pathogenesis is required. For instance, the complete blood cell
count as indicators for inflammation response, substance P as a pain marker, and the haptoglobin
as an inflammation indicative should be included to help explain cattle’s physiological response to
lameness. Secondly, only six out of thirty-eight candidates were selected, and thirty-two cattle
were used for RT-qPCR validation. As a result, the accuracy of the DE expression could be affected
under a smaller sample size. Thus, the expression of all 38 DE miRNAs and 16 phenotype-specific
miRNAs should be tested in the blood of all the samples collected (n = 596) from 363 lame cattle
consisting of different lameness phenotypes and 19 healthy cattle to validate whether they are

differentially expressed between healthy cattle and different lameness phenotypes as identified
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from Chapter 2. Similarly, the temporal and recovery pattern related miRNAs should also be tested
from 71 recovered cattle and 38 unrecovered cattle using miRNA RT-qPCR to determine whether
their differential expression and changing patterns are related to the recovery pattern of the cattle.

There are some other limitations of the present study. The blood miRNAome varied
significantly among individual animals within each group. Many factors might affect the
expression of miRNAs in the blood such as diet, environment, genetics, animal physiological and
metabolic conditions. The blood samples in this study were randomly selected from feedlot beef
cattle with different breeds, including Black/Red Angus, Charolais, Simmental, Hereford and other
breeds as well as their hybrids. Different breeds could lead to the variance in the blood miRNAome.
795 differential expressed miRNAs were identified from the colostrum exosome miRNAs between
Holstein and Dogu Anadolu Kirmizisi cows (Ozdemir, 2020). This finding suggests the miRNA
compositions in body fluids can be affected by animal genetics although some of them are highly
conserved among different mammalian species. Thus, the observed individualized expression of
blood miRNAs might be potentially affected by different breeds. Apart from breeds, the sex
difference should also be considered as the cattle used in this study included heifers and steers.
Difterentially expressed miRNAs including bta-miR-192 and bta-miR-101 have been identified in
the serum from Korean native bulls, steers and heifers (bta-miR-192: p < 0.085 and bta-miR-101:
p <0.070) (Bae et al., 2015). In concert with this finding, deregulation of miRNAs was reported
in human between males and females based on information provided from Cancer Genome Atlas

database (L. Guo et al., 2017). These findings suggest that the expression of specific miRNAs

144



could be affected by sex; this should be taken into account in future experimental design and data
analysis.

In addition, the sample collection time also affected the blood miRNAs profiles. All blood
samples including two breeding cycles used in this study were collected from 2018 to 2020. As
reported, different levels of sex hormones can affect the miRNA profiles; differentially expressed
miRNAs between the ovine anestrus and the breeding season were identified in Tan sheep ovarian
(Di et al., 2014). Moreover, season (environment) such as different temperatures can also affect
the miRNA expression. It was reported that the blood miRNA profile in cattle might change under
the higher temperature in summer. For example, 65 differentially expressed miRNAs in the blood
of Frieswal dairy cow under summer heat stress were identified when compared with the same
cow during the winter (Sengar et al., 2018). Also, there was a difference in blood miRNA profiles
between the heat-stressed and healthy Holstein cows (Lee et al., 2020b). Moreover, the age
information for all 363 cattle selected in this study is missing, the heifers and steers had different
ages. As miRNAs play essential roles in gene expression regulation, their expression profiles may
vary under different ages. In fact, the circulating skeletal muscle miRNA profiles in Piedmonts
cattle were significantly different between different age groups; bta-miR-10b was significantly up-
regulated and bta-miR-21-5p and bta-miR-211 significantly were down-regulated in the newborn
cattle (Tewari et al., 2021). These miRNAs were also reported in Chapters 2 and 3 as phenotype-
specific miRNAs and DE miRNAs, making it hard to distinguish if the differential expression

identified in our study is due to lameness or age differences. As mentioned above, the
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environmental difference should also be considered as the environmental condition is not the same
among the six feedlots. Furthermore, the other health conditions of the lame cattle were not
assessed. It is unknown if they were affected by other diseases like bovine respiratory diseases or
rumen acidosis. Reported differentially expressed miRNAs in these two studies which function in
immune and inflammation responses was also related to other potential diseases. Taken together,
these suggest that the actual functions of the selected miRNAs await to be validated to take all
above factors into account to investigate their roles in the pathogenesis of different phenotypes of
lameness and their potentials to be selected as disease markers.

Further studies to investigate the relationship between miRNA and beef cattle lameness
require better experimental design to minimize or control the above discussed factors. For example,
the cattle should be born in the same breeding season, breed and sex, and also need to be fed in the
same pen in the feedlot to minimize the environmental effect. Most importantly, the different
lameness phenotypes should not be selected from the cattle with naturally occurring diseases, and

those phenotypes should be artificially induced to maximize the pathogenesis consistency.

4.3 Implications to the industry

To the best of our knowledge, this is the first study to reveal the potential regulatory roles of
miRNAs in feedlot beef cattle lameness. This study provided the blood miRNA expression profiles
of different phenotypes of lameness and revealed the potential relationship between blood miRNA
profiles and different types of lameness. Moreover, the RT-qPCR results of selected candidate

miRNAs proved their potential to be selected as miRNA markers, which could be useful as
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diagnostic tools to distinguish different lameness phenotypes and evaluate the lameness treatment
efficiency. The knowledge obtained from this research will help develop novel diagnostic tools
with higher accuracy and efficiency for lameness detection and mitigation, thus improving animal
health and welfare. If the developed diagnosis tool could be applied to the industry, the disease
screening when cattle enter the feedlot could significantly reduce the cost of lameness diagnosis
and treatments, which could also help the feedlot operators change their management strategy. In
addition, the application of this method could vastly improve animal welfare because it can
diagnose lameness at the early stage, and the cattle will not suffer from pain for a long time until

their abnormal was observed by the farmers.
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Appendix

Table A1l. Sample information for recovered (RE) and unrecovered cattle definition

Date Sample ID Final Diagnosis Animal ID Week Gait Sex Breed
9 DDM2 DD-3 0 2 heifer Black Angus
12 DDM4.1 DD-4 0 2 heifer Charolais/Black Angus
21 DD DD-1 0 1 steer Black Angus / Red Angus
379 DDM4 DD-12 0 2 steer Red Angus
407 DDM4.1 DD-15 0 2 Steer Red Angus
DDREW0 409 DDM4.1 DD-17 0 3 Steer Hereford
410 DDM4.1 DD-18 0 1 Steer Red Angus
420 DDM2 DD-19 0 3 steer Charolais
422 DDM?2 DD-21 0 3 steer Black Angus
445 DDM4.1 DD-24 0 3 steer Black Angus
446 DDM2 DD-25 0 3 steer Red Angus
17 DDM4 DD-4 1 0 heifer Charolais/Black Angus
44 DD DD-1 1 3 steer Black Angus / Red Angus
397 DD DD-12 1 1 Steer Red Angus
415 DDM4.1 DD-15 1 1 steer Red Angus
DDREWI 416 DDM4.1 DD-17 1 1 steer Hereford
417 DDM4.1 DD-18 1 2 steer Red Angus
431 DDM2 DD-20 1 2 steer Red Angus
432 DDMO DD-21 1 0 steer Black Angus
433 DDM4 DD-19 1 2 steer Charolais
DDREW?2 30 DDMO DD-4 2 1 heifer Black Angus/Charolais
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59 DDMO DD-1 2 1 steer Black Angus / Red Angus
405 DDMO DD-12 2 0 Steer Red Angus
428 DDM4.1 DD-15 2 1 steer Red Angus
429 DDM4.1 DD-17 2 1 steer Hereford
434 DDMO DD-18 2 0 steer Red Angus
436 DDMO DD-19 2 0 steer Charolais
437 DDM?2 DD-20 2 1 steer Red Angus
242 DDM4.1 DD-6 0 N/A heifer Black Angus
349 DDM?2 DD-10 0 1 steer Simmental
DDUNRWO 396 DDM4.1 DD-13 0 2 Steer Red Angus
423 DDM4.1 DD-22 0 2 steer Black Angus
443 DDM2 DD-23 0 1 steer Black Angus
256 DD DD-6 1 0 heifer Black Angus
363 DDM4.1 DD-10 1 1 steer Simmental
DDUNRWI 406 DDM4.1 DD-13 1 1 Steer Red Angus
430 DDM4.1 DD-22 1 1 steer Black Angus
259 DDM4.1 DD-6 2 1 heifer Black Angus
375 DDM?2 DD-10 2 2 steer Simmental
DDUNRW2 418 DDM4.1 DD-13 2 2 steer Red Angus
435 DDM4.1 DD-22 2 2 steer Black Angus
24 TTN TTN-1 0 3 steer Black Angus
28 TTN TTN-2 0 3 steer Black Angus
37 TTN TTN-3 0 2 steer Black Angus
353 TTN TTNS-8 0 2 steer Black Angus
TTNREWO 355 TTN TTN-9 0 1 steer Black Angus
369 TTN TTN-10 0 N/A steer Black Angus
371 TTN TTN-11 0 steer Black Angus
390 TTN TTN-12 0 3 Steer Red Angus
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45 TTN TTN-1 1 3 steer Black Angus
47 TTN TTN-2 1 3 steer Black Angus
58 TTN TTN-3 1 0 steer Black Angus
TINREWI 368 TTN TTN-9 1 1 steer Black Angus
374 TTN TTN-8 1 1 steer Black Angus
386 TTN TTN-11 1 1 Steer Black Angus
60 TTN TTN-2 2 2 steer Black Angus
61 TTN TTN-1 2 3 steer Black Angus
75 TTN TTN-3 2 1 steer Black Angus
383 TTN TTN-8 2 1 Steer Black Angus
TINREW? 384 TTN TTN-9 2 2 Steer Black Angus
399 TTN TTN-10 2 1 Steer Black Angus
400 TTN TTN-11 2 1 Steer Black Angus
414 TTN TTN-12 2 1 Steer Red Angus
40 TTN TTN-4 0 3 steer Black Angus
TTNUNRWO 82 TTN TTN-5 0 1 steer Black Angus
394 TTN TTN-13 0 1 Steer Black Angus cross
62 TTN TTN-4 1 3 steer Black Angus
TINUNRWI 97 TTN TTN-5 1 3 steer Black Angus
109 TTN TTN-5 2 1 steer Black Angus
TINUNRW2 413 TTN TTN-13 2 1 Steer Black Angus cross
170 FR/DDM4 FRDD-4 0 2 heifer Black Angus/Hereford
203 FR/DDM4.1 FRDD-12 0 2 heifer Black Angus/Hereford
226 FR/DDM2 FRDD-15 0 2 heifer Charolais
FRDDREWO 231 FR/DDM2 FRDD-17 0 2 heifer Black Angus
243 FR/DDM4 FRDD-20 0 2 steer Black Angus
303 FR/DDMA4.1 FRDD-24 0 1 Heifer Black Angus
326 FR/DDM2 FRDD-30 0 3 steer Red Angus
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199 FR/DD FRDD-4 1 1 heifer Black Angus/Hereford

211 FR/DDM?2 FRDD-12 1 1 heifer Black Angus/Hereford

239 FR(healed)/DDM4.1  FRDD-15 1 0 heifer Charolais

FRDDREWI 246 FR(healed)/DDM?2 FRDD-17 1 1 heifer Black Angus

252 FR(healed)/DDM4.1  FRDD-20 1 1 steer Black Angus

316 FR/DDMO FRDD-24 1 N/A Heifer Black Angus

341 FR/DDM2 FRDD-30 1 0 steer Red Angus

210 FR/DDMA4.1 FRDD-4 2 1 heifer Black Angus

223 FR(healed)/DD4.1 FRDD-12 2 1 heifer Black Angus/Hereford

244 FR(healed)/DDM4.1  FRDD-15 2 0 heifer Charolais

FRDDREW?2 251 FR(healed)/DDM2 FRDD-17 2 1 heifer Black Angus

258 FR(healed)/DDM2 FRDD-20 2 0 steer Black Angus

328 FR/DDMO FRDD-24 2 0 heifer Black Angus

357 FR/DDMO FRDD-30 2 0 steer Red Angus

171 FR/DD2 + DDM4 FRDD-5 0 2 steer Black Angus

175 FR/DDM2 FRDD-6 0 2 heifer Black Angus/Hereford
FRDDUNRWO 186 FR/DDM4 FRDD-10 0 2 heifer Black Angus

229 FR/DDM4.1 FRDD-16 0 2 heifer Charolais

234 FR/DDM4.1 FRDD-19 0 1 steer Black Angus

261 FR/DDM?2 FRDD-22 0 2 heifer Simmental

194 FR/DDMA4.1 FRDD-5 1 1 steer Black Angus

195 FR/DDM?2 FRDD-10 1 1 heifer Black Angus

198 FR/DDMA4.1 FRDD-6 1 1 heifer Black Angus/Hereford
FRDDUNRIWI 238 FR(healed)/DDM4 FRDD-16 1 2 heifer Charolais

245 FR(healed)/DDM4.1  FRDD-19 1 0 heifer Black Angus

265 FR/DDM2 FRDD-22 1 2 heifer Simmental

204 FR/DDMA4.1 FRDD-10 2 1 heifer Black Angus
FRDDUNRW 206 FR/DDMA4.1 FRDD-5 2 1 steer Black Angus
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