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This research contained four studies aiming to expand the current knowledge of the 

etiology, pathogenesis, treatment and prevention of calf diarrhea. 

 

The first study of this thesis investigated the detection rates of BCoV in feces of healthy 

and diarrheic dairy calves. BCoV was more likely to be detected in diarrheic than farm-

, season-, aged-matched healthy calves.  

  

The second study of this thesis characterized the fecal microbiota of healthy calves and 

calves with diarrhea from 2 different farms. The fecal microbiota of healthy dairy 

calves appeared to be farm-specific as were the changes during diarrhea. Significant 

differences in microbiota structure and membership between healthy and diarrheic 

calves suggest that dysbiosis occurred in diarrheic calves. 

 

The third study evaluated the impact of an algorithm for selection of antimicrobial 

therapy for diarrheic calves on antimicrobial treatment rates and changes in the fecal 

microbiota. The implementation of an algorithm resulted in a reduction in 

antimicrobial treatment rates of 80%, with no identifiable negative impacts on clinical 

outcomes. The marked reduction in antimicrobial treatment rates coincided with a 

significant increase of the Bacteroides and multiple butyrate -producing bacteria along 

with the reduction of members of the phylum Proteobacteria.



 

The last study evaluated the impact of an antimicrobial-use algorithm for treatment of 

diarrhea antimicrobial usage and calf health in 10 dairy farms from Ontario. The 

implementation of an algorithm drastically reduced in the number of diarrheic calves 

treated with antimicrobials (before implementation: 85%, after implementation: 18%; 

P < 0.001), the total mass of antimicrobials used in the farms, and the use of highly 

important antimicrobials for human health (e.g. cephalosporins) without impacting 

negatively the health and welfare of the calves.  

 

Our study provided additional support for the role of BCV and dysbiosis in calf 

diarrhea. Our study also demonstrated that the use of written protocols for treatment 

of diarrheic calves resulted in a drastic reduction in antimicrobial usage with no 

negative effects in calf health. Furthermore, the reduction in the use of antimicrobial 

agents could have a beneficial effect on the gut microbiota.
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1. CHAPTER ONE: literature review: Calf diarrhea: bovine coronavirus, intestinal 

microbiota, and antimicrobial usage. 

1.1 Introduction 

Diarrhea is the most important cause of disease in calves < 30 days of age and is a major 

cause of economic loss to cattle producers (Svensson, et al., 2006; USDA, 2002). The 

financial losses arise from mortality, cost of medication, especially antimicrobials, labour 

needed to treat sick calves, delayed growth of calves and higher age at first calving (Tyler, et 

al., 1999; Stanton, et al., 2013). The 2007 National Animal Health Monitoring System U.S. 

dairy report stated that 57% of calf deaths before weanling resulted from diarrhea, with most 

cases occurring in calves < 1 month of age (USDA, 2007). Similar mortality rates in dairy 

calves due to calf diarrhea were recently reported in Korea (53%) (Cho, et al., 2014) and Iran 

(58%) (Azizzadeh, et al., 2012).  

 

Etiologic agents involved in calf diarrhea include Escherichia coli, Salmonella spp, 

Cryptosporidium spp, bovine rotavirus (BRoV), and coronavirus (BCoV). In addition, recent 

studies have documented the presence of numerous viruses in diarrheic calves (reviewed by 

Gomez and Weese 2017). However, identification of a virus in a diarrheic calf is typically 

much easier than determining what role, if any, it has in disease. The presence of viruses 

such as BCoV in both healthy and diarrheic calves does not rule out the potential that they 

can cause disease, but it complicates determination of their potential pathogenicity. Recent 

studies have demonstrated a drastic increase in the prevalence rates of BCoV in diarrheic 

calves compared to studies performed 2 or 3 decades ago (Lojkic, et al., 2015), however, 

studies investigating the etiology of calf diarrhea have focused on sick calves (Lojkic, et al., 

2015; Coura, et al., 2014; Uhde, et al., 2008; Izzo, et al., 2010; Gillhuber, et al., 2014). 

Currently, there is a lack of information regarding the actual prevalence of BCoV in healthy 

and diarrheic calves from dairy farms in Ontario and its association with diarrhea.  

 

Investigation on diarrhea has been focused on specific pathogens, but recent evidence 

suggest that gut microbita (formerly called gut flora; is the name given today to the microbe 

population living in the intestine) plays key role in health and disease and its disturbances, 

otherwise known as ‘dysbiosis’, can result in disease (Owyang, et al., 2014). The molecular 
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bases of dysbiosis as well as the key bacterial species involved remain poorly defined. It is 

clear that if the gut microbiota is disturbed (e.g. antibiotic treatment or gut inflammation) the 

risk of disease increases significantly (Antharam, et al., 2013; Stecher, et al., 2007; Lupp, et 

al., 2007) and that re-establishment of the “normal” microbiota results in recovery of disease 

(Van Nood, et al., 2013). Due to physiological, nutritional, and immunological contributions 

of the gastrointestinal microbiota to the gut health and disease, the structure, development 

and functional roles of the bacterial microbiota in healthy and diarrheic calves need to be 

examined in more detail.  

 

Broader knowledge of the ecology of the calf’s gut, the role of bacterial microbiotas in 

causing diarrhea and understanding of the effect of management practices on the “normal” 

balance of gut microbiota can better define predisposing factors, sources or sites of exposure. 

This can result in the development of more effective treatment plans and more specific 

preventive recommendations (McGuirk, et al., 2008) beyond the empirical, often futile, and 

potentially detrimental broad spectrum antimicrobial therapy. Antimicrobials are commonly 

used for prevention and treatment of disease in calves (GF2:CVO, 2016) and are sometimes 

given because of the fear of calf mortality (Berge, et al., 2009) rather than based on any 

scientific evidence. Antimicrobial usage is associated with cost, potential for resistance 

development, negative public perceptions and inability to prevent or treat all diseases. More 

importantly, antimicrobials can impact negatively the microbial communities of the gut 

increasing the risk of development of gastrointestinal disease (Nagao-Kitamoto, et al., 2016). 

To minimize those negative effects and reduce and refine the use of antimicrobials in dairy 

farms new farmer-friendly management practices including development standardized 

written protocols for treatment of diarrhea are required. Currently, there is not information 

regarding the impact antimicrobial-use algorithms on health, treatment rates, and gut 

microbiota of healthy calves. 

1.2 Methods to identify viral and bacterial microbiota of neonatal calves. 

1.2.1 Methods to identify viruses in fecal samples 

The viral component of the microbiome -the catalog of microbes and their genes- is referred 

to as virome (Wylie, et al., 2012). The mammalian virome includes viruses and 
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bacteriophages, viruses causing acute, persistent, or latent infection, and viruses integrated 

into the genome such as endogenous retroviruses (Wylie, et al., 2012). Traditionally, 

investigation of the viral microbiota of the gastrointestinal tract (GIT) of calf has involved a 

wide range of methods including electron microscopy, cell culture, inoculation studies and 

serology (Bexfield, et al., 1997). Culture techniques have been the gold standard for 

detection of viruses for a century, however, it is well known now that the vast majority of 

viruses including BCoV are not easily cultivable. Therefore, investigation of the viral 

component of GIT of calves requires culture-independent methods with larger detection 

coverage than culture (Mokili, et al., 2012; Speers D, 2006).  

 

Sequence-dependent methods including PCR and microarrays have been used for virus 

identification and discovery. These methods are limited because previous knowledge of the 

nucleic acid of the target virus is required (Mokili, et al., 2012). However, identification of 

novel viruses with sufficient sequence similarity has been documented using sequence-

dependent technologies (Wang, et al., 2003). Unfortunately, inconsistent results have been 

reported, demonstrating the limitations of these methodologies (Farley, et al., 2011; Switzer, 

et al., 2006; Draghici, et al., 2006). For instance, consensus RT (reverse transcription)-PCRs 

have been developed based on an alignment of conserved genome regions of several 

coronaviruses, in an attempt to detect of all known coronaviruses in one assay  (Stephensen, 

et al., 1999). However, the identification of the novel Human CoV-NL63 demonstrated that 

this novel CoV could not be amplified by the consensus RT-PCR previously described. This 

limitation can be explained by the presence of several mismatches in the primer sequences. A 

novel pancoronavirus RT-PCR with consensus RT-PCR primers based on an alignment of 14 

other coronaviruses including CoV-NL63 was designed (Moes, et al., 2005). Theoretically, 

this pancoronavirus RT-PCR should amplify a 251-bp fragment of the polymerase gene of all 

CoV known at present (Vijgen, et al., 2008). The utility of PanCoV to detect BCoV in 

samples of animals with clinical diseases has not been described previously.  

 

Other sequence-independent methods for virus identification include suppression subtractive 

hybridization (SSH) (Lan, et al., 2010), representational difference analysis (RDA) (Simons, 

1995; Nishizawa, 1997) and sequence independent single-primer amplification (SISPA) 
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(Allender, et al., 2001; Reyes, et al., 1991). Although all three methodologies have been used 

for virus detection, SSH and RDA have limited sensitivity when the viral burden is low 

(Allender, et al., 2001; Mokili, et al., 2012). In fact, initial studies recommended shearing of 

DNA and cloning to obtain sufficient nucleic acids given the low amount of viral DNA in 

environmental samples (Breitbart, et al., 2008). Viral metagenomics (methagenomics can be 

defined as the direct genetic analysis of genomes contained with an environmental sample) 

circumvents some limitations associated with traditional virus characterization methods 

(Rosario, et al., 2011). However, studies evaluating the viral communities are less common 

than bacterial communities due to elevated cost per sample, greater technical demands and 

greater bioinformatics challenges. Viral metagenomic analysis comprises three main steps 

including a) sample preparation, b) high-throughput sequencing and c) bioinformatics 

analysis with each of them having its own limitations (review by Delwart, et al., 2007 and 

Bexfield and Kellam, 2011). Despite these limitations metagenomic analysis of viral 

communities has been applied to different types of samples from humans and domestic 

animals (Lysholm, et al., 2012; Minot, et al., 2011; Sachsenroder, et al., 2014; Li, et al., 

2015; Li, et al., 2011) allowing a more broad understanding of the role of viral microbiota on 

gut health and diseases.  

1.2.2 Methods to characterize bacterial microbiota 

1.2.2.1 Culture-dependent methodologies 

Traditionally, culture-based methods have been used to identify different microbial 

components the intestinal tract of calves and have largely focused to determine the total 

number of anaerobic bacteria, coliforms, Lactobacillus, Bifidobacterium and Enterococcus 

(Smith, et al., 1925; Smith, S. 1965; Mylrea, et al., 1969; Youanes, et al., 1987). Ellinger et 

al., (1980) reported that Lactobacillus was the dominant bacterial group in feces of healthy 

calves during the first 3 weeks of life, regardless of the type of diet. Vlkova et al., (2006) 

reported that Bifidobacterium and coliforms dominated in fecal samples of healthy neonatal 

calves, whereas lactobacilli and enterococci were subdominant groups. Smith et al., (1965) 

determined that the numbers of E. coli and other bacteria in calves of same age can differ 

considerably without any accompanying differences in health status or consistency of the 

intestinal contents or feces, while other studies reported a significant increase in numbers of 
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E. coli in the small intestine of calves with naturally acquired diarrhea (Isaacson et al., 1978; 

Youanes, et al., 1987). These marked differences and inconsistent results may reflect the 

limitations of culture-based methods. Use of culture-dependent techniques can lead to a 

noticeable underestimation of richness (a measure of how many species are present in a 

population of organisms), diversity (the measure of the number and abundance of different 

microorganism in a population) and total count of the microbiota because of the limited 

ability to characterize complex microbial populations, particularly fastidious and strictly 

anaerobic microbes (Al-Talib, et al., 2010).  

 

Culture-based methods also can overestimate the significance of bacteria species that grow 

extremely well in selective and enriched media conditions. For instances, Clostridium 

perfringens, a pathogen known to cause enterotoxemia in young calves, grows 

disproportionally well in selective media and conditions, and large numbers of this bacterium 

can be recovered from the intestinal tract (Duncan, et al., 1968), however, it is well known 

that only some toxigenic types are consistently associated with disease and that this 

bacterium readily overgrows as a response to some gastrointestinal disturbances, not 

necessarily as the cause (Songer, et al., 1996). Additional factors limiting the sensitivity of 

culture-based methods include complexity of the microbiota, previous antimicrobial therapy, 

suboptimal collection of the sample, or incorrect pre-analytical processing (Mancini, et al., 

2010; Breitkopf, et al., 2005). Despite the clear operational limitations, culture-based 

methodologies have provided valuable information regarding microbial characterization and 

most of the current knowledge regarding the development of gut microbiota of neonatal 

calves has been established using these techniques.  

 

1.2.2.2 Culture-independent methodologies    

Different culture-independent methodologies have been developed for evaluation of 

microbial communities in a given environment. Molecular fingerprinting or sequencing 

techniques are culture-independent methodologies frequently used to examine bacterial 

communities typically by amplification of segments of the 16S rRNA gene. The most 

popular molecular fingerprinting techniques are amplified fragment length polymorphism 

(AFLP), denaturing gradient gel electrophoresis (DGGE) and terminal restriction fragment 
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length polymorphism (T-RFLP). AFLP has been used to analyze the naturally occurring flora 

of lactic acid bacteria (LAB) in gut of healthy ruminant calves (Busconi, et al., 2008). DGGE 

(Lukas, et al., 2007), and T-RFLP (Sakamoto, et al., 2003) were previously used to determine 

the bacterial diversity of fecal samples of calves and adult cattle, respectively. By using these 

methods, the analysis of metagenomes provides valuable information concerning genetic 

diversity, species richness, and population structure, including bacteria that are difficult or 

impossible to culture as well as allowing cross comparison of different communities and 

monitoring temporal shifts (Nocker, et al., 2007). However, incomplete restriction digestion 

during T-RFLP may lead to an overestimation of diversity. T-RFLP is also limited by 

comigration of different sequences to the same position suggesting that the assumption that 

one band equals one genome is not always valid (Muyzer, et al., 1993; Jackson, et al., 1998). 

Similarly, the presence of bands at similar positions in gels does not confirm the presence of 

the same sequence or bacterial species in each sample (Muyzer, et al., 1993; Jackson, et al., 

1997; Gelsomino, et al., 1999). Limitations of DGGE include low DNA sequence quality 

when different phylotypes with similar electrophoretic mobility are amplified and small 

fragment sizes of PCR products might not contain enough information for precise taxonomic 

classification (Noker, et al., 2007). For any fingerprint method, another major limitation is 

that while the method may indicate a change has occurred, it is difficult or impossible to 

define what that change was (e.g. the taxa responsible for the change). These limitations do 

not prohibit the use of fingerprinting technologies to compare different microbial 

communities; however, they limit the conclusions that can be drawn from using them alone. 

 

Fluorescent in situ hybridization (FISH) methodology is a non-culture dependent technique 

based on the hybridization of synthetic oligodeoxynucleotide probes to specific regions 

within the bacterial ribosome. This method was previously used to evaluate bacterial 

microbiota of calves and lambs (Collado, et al., 2007). Bacterial quantification can be 

achieved using FISH methodology, which also offers a good sensitivity for the identification 

of low abundance organisms in a sample. Previous knowledge of suitable oligonucleotide 

sequences is needed for probe design, which limits the comprehensive evaluation of the 

bacterial communities in determined environment (Collado, et al., 2007). FISH may be useful 

for targeted studies due to possibility of differentiating numerous taxa and for studies 
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evaluating mucosa-associated populations.  

 

Availability of genome sequence has revolutionized the study of microbiotas, with profound 

advances over the past 10 to 15 years. Initially, Sanger shotgun sequencing was typically 

used to sequence prokaryotic genomes (Sanger, et al., 1992). This methodology relies on 

shearing the DNA content of a genomic clone into random fragments (hence the ‘‘shotgun’’ 

term) (Wooley, et al., 2010). The resulting fragments are cloned into plasmid vectors that are 

developed in monoclonal libraries to generate sufficient genomic material for sequencing. 

Dye-termination (Sanger sequencing) methods are then used to sequence the DNA. 

Assembly software is then used to assemble the sequence fragments into the whole genome. 

Although any genome shorter than 5 Mbp can be assembled, regions with large repeats often 

are not incorporated into the whole genomic picture due to assembly software problems, 

leaving some gaps. “Cloning bias” is an additional limitation of the shotgun sequencing 

because some genes cannot be integrated into the library vector, usually because of 

harmfulness to the vector expressing them. This inability to be integrated can be alleviated 

using more than one vector for cloning, or using sequencing techniques that do not require 

cloning such as second-generation sequencing. A major limitation of this method is the low 

throughput, as each sequence is derived through an individually cloned plasmid that is then 

sequenced. While providing important new information, Sanger sequence-based studies were 

greatly limited by their throughout, and were both expensive and small (Schuster, et al., 

2008).  

 

Development of next generation sequencing (NGS) methodologies has overcome many of 

the limitations of Sanger sequencing and now allows for high throughput, low cost 

sequencing. The NGS approach constitutes various strategies that rely on a combination of 

template preparation, sequencing and imaging, and genome alignment and assembly methods 

(Metzker, et al., 2010). These NGS technologies have different underlying biochemistries 

and different sequencing protocols, throughput, and sequence length (Review by Mardis, 

2013). Compared with Sanger technologies, NGS platforms offer the combined advantages 

of speed, automation, high throughput and lower cost per read.  These methods provide a 

relatively rapid and cost-effective approach to evaluate the gut’s microbial diversity and 
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abundance. Although molecular techniques based on PCR have been used to overcome 

limitations of culture-based methods, these techniques have their own limitations including 

cell lysis efficiency, bias introduced by DNA and RNA extraction methods and differential 

amplification of the target genes such as different affinities of primers to templates, primer 

specificity, annealing temperatures and preferential amplification of sequences with lower 

G+C content, all of which can introduce bias into the procedure (Mamedow, et al., 2008). 

However, potential biases notwithstanding, these methods can reveal a great deal about the 

complex community in the calf gut and allow a better understanding of the interaction 

between the environment, microbiota and the host, and how they affect animal health.  

 

1.3 Bovine coronavirus: A component of the virome of neonatal calves 

The functions of the fecal virome are variable, including the role of viruses as pathogens, 

regulators of bacterial growth, gene-transfer vehicles and modulators of the immune system 

(Sachsenröder, et al., 2014; Modi, et al., 2013). In contrast to the bacterial microbiota little is 

known regarding the development, establishment and factor that modify the gut virome 

during the neonatal period and adulthood. Limited studies characterizing the fecal virome of 

humans (Minot, et al., 2011; Minot, et al., 2013; Holtz, et al., 2014 Kapusinszky, et al., 2012; 

Reyes, et al., 2015), pigs (Sachsenroder, et al., 2014; Shan, et al., 2011; Karlsson, et al., 

2016), horses (Cann, et al., 2005), and cats (Zhang, et al., 2014) have been published but 

studies investigating the components of the fecal virome of neonatal calves are lacking. 

 

Studies investigating fecal virome of different species suggest the presence of several enteric 

viruses in feces of clinically normal neonates in different species complicating the 

assessment of their role as a primary pathogen (Norman, et al., 2014; Duckmanton, et al., 

1998; Cho, et al., 2013). A detailed longitudinal study of viral shedding of two healthy infant 

siblings demonstrated that viruses are constantly excreted through the feces during the first 

year of age (Kapusinzky, et al., 2012). Persistent or intermittent shedding of enteric 

eukaryotic viruses (e.g. enterovirus, parechovirus, adenovirus, aichi virus, anellovirus, 

astrovirus, bocavirus, picobirnavirus, and rotavirus) was observed during the neonatal period 

in infants and piglets (Kapusinzky, et al., 2012; Sachsenroder, et al., 2014). In pigs, excretion 

of enteric eukaryotes viruses varies with the age with porcine kobuvirus being detected in 
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feces of 12 day-old piglets in high proportions but rarely detected at 54 days of age 

(Sachsenroder, et al., 2014). In feces of sows, the presence of enteric eukaryotic viruses is 

rare while several different small circular DNA viruses are abundant. Additionally, diversity 

of fecal eukaryote virome in piglets is lower than sows, indicating that the diversity increased 

with age (Shannon index 1.9 and 3, respectively) (Sachsenroder, et al., 2014).  

 

In cattle and specifically in neonatal calves, a general overview of the virome has not been 

investigated using metagenomic analysis. However, few studies have evaluated the presence 

of specific viruses in feces of healthy neonatal and adult cattle. A recent study demonstrated 

the presence of astrovirus in feces of healthy calves (65%) but it was uncommonly detected 

in feces of adult cattle (Sharp, et al., 2015). Healthy calves also can also shed enteric viruses 

including bovine norovirus (Di Martino, et al., 2014), bovine kobuvirus (Picornaviridae) (Di 

Martino, et al., 2012), bovine adenovirus (Fent, et al., 2002; Woods, et al., 2008). Further, 

BCoV has been frequently detected in healthy calves and intermittently in the feces of more 

than 70% of clinically normal cows (Crouch, et al., 1985). The lack of defined clinical signs 

in infants, piglets, calves and adult cattle shedding one or more viruses suggest that those 

eukaryotic viruses comprise, in part, the normal (commensal) gut microbiota in those species. 

Future studies should focus in both to define whether the presence of these viruses is 

permanent or transient and to determine the association of those viruses with gut health and 

disease.  

 

BCoV has been associated with diarrhea in newborn calves (Snodgrass, 1986), winter 

dysentery in adult cows (Saif et al., 1991; Cho et al., 2000), and respiratory tract illness in 

calves and adults (Lathrop et al., 2000; Hasokzus et al., 1999). In dairy and beef calves, 

BCoV can cause enteritis with naturally occurring cases showing clinical signs of disease 

between 5 and 30 days of life (Boileau and Kapil, 2010). However, BCoV can be found in 

both healthy and diarrheic calves, complicating assessment of its role as a primary pathogen 

(Bartels, et al., 2010). Some studies have identified numerical but not statistical association 

between the detection of BCoV in fecal or nasal samples and clinical signs (Hasoksuz, et al., 

2002; Hasoksuz, et al., 2005; Francoz, et al., 2015). Contrary, one case-control study 

involving 380 calves found a statistical association between BCoV and diarrhea in diary 
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calves in Costa Rica (Perez, et al., 1998). Discrepancies between studies can be explained, at 

least in part, by differences in the samples size of those investigations. The diagnosis of 

BCoV enteritis can be achieved using viral culture, antigen-capture ELISA, hemagglutination 

assay using mouse erythrocytes, and PCR (Boileau, et al., 2009). Recently, a pancoronavirus 

RT-PCR assay (PanCoV-RT) was described to identify human CoV from samples of people 

with respiratory diseases (Moes, et al., 2005), using primers that should amplify a 251-bp 

fragment of the polymerase gene of all known coronaviruses (Vijgen, et al., 2008). The 

utility of PanCoV to detect BCoV in samples of animals with clinical diseases has not been 

described previously.  

 

The prevalence of BCoV has been investigated previously in dairy farms from Ontario at 

three different periods: 1982, 1990 to 1991 and 1995 to 1997 (Waltner-Toews, et al., 1986, 

Carman, et al., 1992, Duckmanton, et al., 1998). The overall prevalence ranged from of 5% 

to 17%. However, the aforementioned studies failed to differentiate the prevalence of BCoV 

in healthy and diarrheic calves. Higher prevalence rates of BCoV in diarrheic calves have 

been reported recently compared to those identified 2 to 3 decades ago  (Lojkic, et al., 2015). 

Further, new strains of BCoV have been described worldwide during the last decade (Fulton, 

et al., 2015; Park, et al., 2007). At present, the prevalence of BCoV in healthy and diarrheic 

calves from Ontario, its association with diarrhea and whether new strains are circulating 

among dairy farms is yet to be determined.  

 

In summary, the absence of defined clinical signs in infants, piglets and calves shedding 

different families of viruses may indicate that some of those viruses represent a significant 

portion of the normal gut virome and may be harmless or even potentially beneficial for the 

homeostasis of the gut. Investigation attempting to determine the presence of BCoV in 

healthy and diarrheic calves and its association with health and disease are warranted.  

 

1.4 Gut bacterial microbiota of neonatal calves 

The bacterial content of the mammalian GIT is estimated to be composed of approximately 

1014 bacteria (Luckey, et al., 1972; Savage, et al., 1977). This microbiota is compose of 

autochthonous (true resident members) and alloachthonous (transient) organisms and they 
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play an imperative role on the acquisition and development of gut microbiota (Mackie, et al., 

1999). Understanding of the process of colonization, establishment, and mechanisms of 

interaction between the intestinal microbiota, and the host, and the development of disease is 

necessary to define what a “normal” gut microbiota is and which alterations result in disease 

in neonatal calves (Sjogren, et al., 2009). Investigations regarding the development of the 

microbial communities in calves were initially conducted in the 1920’s using culture-based 

methods (Smith, et al., 1925) and recently had been investigated using culture-independent 

methodologies (Klein-Jobstl, et al., 2014). The composition of the microbiota of mammals 

changes substantially at 2 stages in early life: from birth to weaning, and from weaning to 

adulthood (Wopereis, et al., 2014). From the functional point of view, the newborn calf is a 

non-ruminant. During the first 2 to 3 weeks of life, significant changes in anatomy and 

physiology of the GIT occur. During this critical stage, calves make the metabolic, 

nutritional, and behavioural changes to become a functional ruminant. The period from birth 

to 6-8 weeks of age represents the period of greatest stress and metabolic and immunologic 

challenge to young calves. The development of the intestinal microbiota in neonatal calves 

from birth to weaning is a dynamic and complex process influence by external and internal 

factors that affect intestinal microbial succession (Malmuthuge, et al., 2013). External factors 

influencing the development of gut microbiota include, but not limited to, genetic 

background (Mayer, et al., 2012), microbial load in the environment, quality and quantity of 

colostrum (Fecteau, et al., 2002; Malmuthuge, et al., 2015), type of feeding (raw milk versus 

pasteurized milk versus milk replacer) (Edrington, et al., 2012), housing (Pereira, et al., 

2014), and administration of probiotics, prebiotics or antibiotics (Van Vleck Pereira, et al., 

2016; Oultram, et al., 2015; Foditsch, et al., 2015). Internal factors that can influence the gut 

microbiota involve the nutritional state, functional immaturity of the immune system, 

intestinal pH, peristalsis, bile acids, host secretions, bacterial mucosal receptors and 

microbial interactions (Mackei, et al., 1999). Differences in these factors can explain, in part, 

the variances of the fecal microbiota of healthy calves identified in several studies 

(Edrington, et al., 2012; Oikonomou, et al., 2013; Klein-Jobstl, et al., 2014; Uyeno, et al., 

2010; Malmuthuge, et al., 2014). Together, these studies have demonstrated the importance 

of different factors on the development and establishment of calf’s gut microbiota. However, 

the results of those studies are limited by the fact that the experiments were carried out in 
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single farms/units, which prevent the generalization of the results to a broad spectrum of 

farms with different management practices. Future studies should involve farms with 

dissimilar management practices to determine whether the observed changes consistently 

occur under different farms conditions.  

 

Microbial development during the neonatal period of humans (Mackie, et al., 1999; Jost, et 

al., 2012), pigs (Slifierz, et al., 2015), foals (Costa, et al., 2015) and calves (Oikonomou, et 

al., 2013) is similar even though neonatal food-producing animals are exposed to greater 

numbers of fecal and environmental bacteria than are human neonates (Mackie, et al., 1999). 

Until recently, it was believed that bacterial colonization of the newborn occurs after 

contamination with maternal vaginal, skin and fecal bacteria during the parturition; however, 

recent studies have questioned the sterility of the meconium and the uterine environment. 

Several studies have demonstrated the presence of bacterial populations including 

Enterococcus, Escherichia, Leuconostoc, Lactococcus, and Streptococcus in the meconium 

of infants (Dominguez-Bello, et al., 2010; Gosalbes, et al., 2013; Hansen, et al., 2015). Oral 

administration of a genetically labeled Enterococcus faecium to pregnant mice resulted in its 

presence in the amniotic fluid and meconium of term offspring after sterile cesarean section 

(Jimenez, et al., 2005; Jimenez, et al., 2008). These results provided primary evidence for 

maternal transmission of the gut microbiota to offspring in mammals. These findings could 

explain, in part, the results of a previous study in which certain group of bacteria including 

Citrobacter spp, and Leuconostoc spp were identified in feces of healthy calves during the 

first 6h of life of the calf but were not detected by 24h of age (Mayer, et al., 2012). The 

presence of bacterial DNA in the amniotic fluid (Rautava, et al., 2012), umbilical cord blood 

(Jimenez, et al., 2005), meconium, placenta and fetal membranes (Steel, et al., 2005) from 

healthy pregnancies has been identified without eliciting inflammatory response. The human 

placenta harbours a unique, low-abundance, but metabolically rich microbiota composed 

mostly of commensal bacteria from the Firmicutes, Tenericutes, Proteobacteria, 

Bacteriodetes, and Fusobacteria phyla (Aagaard, et al., 2014). It is important to stress that 

most of studies were performed culture-independent methodologies. These approaches fail to 

differentiate between living, dead, or ruptured bacteria because all of these sources could 

generate the same positive signals. Currently, it is still unclear whether the presence of 
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bacteria in the gravid uterus is a transitory or permanent phenomenon, or whether these 

bacteria are alive and able to colonize the fetal gut. Therefore, additional studies using both 

culture-dependent and metagenomic approaches are need to ultimately answer these 

questions.  

 

During calving, the calf is exposed to different bacterial communities including those from 

vaginal and skin maternal flora. Human neonates delivered via birth canal acquired gut 

microbiota similar to bacteria residents of the vaginal mucosa, whereas the gut bacteria 

microbiota of neonates delivered by caesarian-section closely resembled that from maternal 

epidermal flora and these differences persisted well beyond the neonatal period (Dominguez-

bello, et al., 2010).  Several studies using culture- dependent and independent methodologies 

demonstrated that during the calving the calf could be exposed to a variety of bacterial 

communities predominantly those from the phyla Firmicutes and Bacteriodetes that are the 

predominant bacteria in the vaginal canal (Zambrano-Nava, et al., 2011; Laguardia-

Nascimento, et al., 2015). However, studies evaluating the direct association between vaginal 

microbiota and gut microbiota of calves are lacking.  

 

After calving, oral and cutaneous microbes from the dam can be transferred to the newborn 

by several processes including licking and suckling. Although it has not been investigated in 

calves, it is likely that during suckling the calf may acquire bacteria from the cow’s skin and 

environment (Dore, et al., 2012). Current management practices in dairy farms include the 

immediate removal of calves from their dams after birth to minimize the risk of disease. It is 

unclear whether restricted exposure to mature dairy cows can impact the gut development, 

growth, and health during the neonatal period. Maternal contact is a corner stone for the 

development of healthy infants (Penders, et al., 2007). Therefore, the effect of restriction of 

direct contact between the calf and dam on gut microbiota and health needs to be further 

investigated.  

 

During the first hours of life, colostrum is offered to the calf as an important source of energy 

and to provide factors for development of the GIT and immune system. In general, bovine 

colostrum is dominated by Lactobacillus (phylum Firmicutes) and Bifidobacterium (phylum 
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Actinobacteria) (Malmuthuge, et al., 2015). Fecteau, et al., (2002) reported that colostrum 

fed to newborn neonates contained Staphylococcus spp. (phylum Firmicutes), coliforms 

(phylum Proteobacteria), and Streptococcus uberis (phylum Firmicutes). Similar results have 

been identified using high throughput sequencing methodologies (Lima, et al., 2017). 

In agreement with those studies, coliforms and lactobacilli were identified to be the 

predominant communities during the first 3 days of calf’s life reaching populations of 8.4 

and 9 logCFU/g, respectively (Mylrea, et al., 1969; Karney, et al., 1986). In fact, E. coli was 

detectable in all areas of the GIT by 8h after birth, and lactobacilli and streptococci by 24h 

(Vlkova, et al., 2006; Vlkova, et al., 2008). This support the idea that colostrum is an 

important source of bacterial acquisition that promotes the colonization and maturation of the 

calf gut microbiota.  

 

Mounting evidence indicates that the type and quality of the colostrum administered to calf 

can influence the development of calf’s gut microbiota. Feeding colostrum (either fresh or 

heat-treated) facilitated gut microbial colonization, allowing bacterial numbers to reach 1010 

16S rRNA gene copies/g in fecal samples within the first 12h of life (Malmuthuge, et al., 

2015). In contrast, slower bacterial colonization was observed in colostrum-deprived calves 

in which very low bacterial counts were observed within the first 12h of life, resembling the 

counts identified in a newborn calf.  

 

The type of feeding also impacted bacterial communities of the small intestine during the 

first hours after birth (Malmuthuge, et al., 2015). The prevalence of Bifidobacterium in the 

small intestine was higher in calves fed heat-treated colostrum when compared with fresh 

colostrum or calves that were colostrum-deprived. The effect of being fed heat-treated 

colostrum on colonization of the small intestine by Bifidobacterium in calves appeared to be 

associated with bioactive factors rather than inoculation of bacteria since heat-treated 

colostrum was free of bacteria (Malmuthuge, et al., 2015). The type of colostrum fed also 

affected the prevalence of early gut’s colonizers including Lactobacillus and coliforms. 

Colostrum-deprived calves had a higher relative abundance of Lactobacillus groups 

compared with the colostrum-fed calves, whereas the prevalence of E. coli in the small 

intestine was lower in calves fed heat-treated colostrum than those fed fresh colostrum or 
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colostrum-deprived calves (Malmuthuge, et al., 2015). In summary, colostrum can facilitate 

and accelerate bacterial colonization of the calf’s gut and the type of colostrum strongly 

influences the establishment of calf’s gut microbiota not only by direct introduction of 

microbiota but also by a prebiotic effect. Interaction with other bacteria from other soursces 

needs to be evaluated. 

  

Culture-based studies have determined that coliforms and lactobacilli dominate the fecal 

communities during the first weeks of life, whereas Bifidobacterium spp increase rapidly 

after the first week of life and reached maximum numbers by seven weeks (Smith, et al., 

1965; Karney, et al., 1986). Recently, it was reported that Bifidobacterium group, which 

accounted for 10% of total bacterial counts, dominated the fecal microbiota of calves after 

one week of life. (Vlkova, et al., 2006; Vlkova, et al., 2008). The total number counts of 

anaerobic bacteria in feces of healthy calves appeared to be higher after 3 days of life and 

then remaining stable. The same study demonstrated that enterococci are important 

components of the bacterial community present in feces of healthy calves during the first 

days of calf life; however, enterococci become subdominant during the following 7 weeks 

life  (Vlkova, et al., 2008). Lukas et al., (2007) compared the fecal bacterial diversity of 2 

Holstein calves from birth to 1 month of live by analyzing denaturing gradient gel 

electrophoresis (DGGE) profiles obtained from amplicons of V3 region of the 16S rRNA 

gene. This study showed high instability of the bacterial community during the first month of 

life. The first colonizer (day 1) had a sequence similar to E. coli and remained the most 

intense band until day 7, whereas bifidobacteria were identified on day 1, but on day 5 was 

no longer detected. Clostridium spp were detected during the first 3 days of life and 

Faecalibacterium spp were first identified on day 3 and remained present during the 

following 30 days. These findings are consistent with the classical pattern of gut microbiota 

development in neonates that implicates rapid colonization by facultative anaerobes 

including E. coli and other Enterobacteriaceae  (Matamoros, et al., 2013; Jost, et al., 2012; 

Slifierz, et al., 2015). Once these communities have exhausted oxygen supplies (few days), 

the gut turns into an anaerobic milieu, favoring the establishment of strictly anaerobic 

bacteria including Clostridium, Bifidobacterium, Eubacterium, and Bacteroides (Matamoros, 

et al., 2013; Jost, et al., 2012).  
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Dynamic changes in the fecal microbiota of healthy calves from birth to 40 days of age have 

been documented using analysis of PCR single strand conformation polymorphism profiles 

(PCR-SSCP) (Mayer, et al., 2012). This study documented that after 7 days of age, the fecal 

microbiota of healthy calves became more diverse and species richness increased 

significantly. Consistent with this results, most of the investigations regarding development 

of microbiota in neonates have reported that richness and diversity of the fecal communities 

increased with age (Klein-Jobstl, et al., 2014) and is associated with the type of diet 

(Malmuthuge, et al., 2013; Edrington, et al., 2012) and consumption of solid food (Fallani, et 

al., 2011) suggesting that similar to human infants, the type of milk and likely milk replacer 

impact the diversity of gut bacterial communities and therefore the development of the gut 

microbiota (Wopereis, et al., 2014, Matamoros, et al., 2013).  

 

Milk and milk replacer can be an important source of Firmicutes and Actinobacteria 

communities. For instance, milk samples from cattle contains high levels of 

Faecalibacterium, unclassified Lachnospiraceae, Propionibacterium and Aeribacillus 

regardless the health status of the quarter (Oikonomou, et al., 2014). Additionally, 

Staphylococcus spp. and Streptococcus spp. are among the most prevalent genera in all milk 

samples. Metagenomics studies analyzing the fecal microbiota of calves fed pasteurized milk 

determined that during the first 7 weeks of life, Firmicutes was the most abundant phylum 

with a relative abundance ranging from 64% to 82%, followed by Bacteroidetes (8.3% to 

24%), Proteobacteria (3.7% to 9.8%), Fusobacteria (0.7% to 5.6%), and Actinobacteria (1% 

to 2.3%) (Oikonomou, et al., 2013). Contradictory results regarding gut microbiota have been 

documented in calves belonging to a different breed or selected from farms with different 

management practices. In one study Bacteroidetes (69%), Proteobacteria (16%) and 

Firmicutes (15%) dominated the fecal microbiota of neonatal Simmental calves fed sellable 

whole milk (Klein-jobstl, et al., 2014). Bacteroidetes dominated during the neonatal period 

(with medians ranging from 32 to 85%) except during the first 12 hours of life, when 

Proteobacteria showed the highest abundance with a median of 39%, while Bacteroidetes 

decreased, Firmicutes increased over time. Another study investigated the fecal microbiota of 

healthy calves receiving pasteurized or nonpasteurized waste milk (Edrington, et al., 2012). 



 

 

17 

Bacteroidetes accounted for 18% to 56% of the total phyla during the first 2 weeks of life, 

whereas Firmicutes accounted for 42 to 62%, regardless the type of diet. Proteobacteria 

accounted for 20% to 30% of the total phyla during the first weeks of life but decreased to 

4% to 7% by 4 weeks. The variances between studies can be explained by differences in 

environment, breed and genetic background of the calves, and management practices at the 

farm. Furthermore, differences in the experimental designs and methodological procedures 

can also account for the differences between studies. For instance, it is well established that 

differences in Bacteroidetes abundance can be found with Illumina vs 454 sequencing likely 

due to the choice of different primers (Nelson, et al., 2014). 

 

The development of gut microbiota in Holstein calves fed with milk colostrum containing 

bacitracin and polymixin B was previously evaluated (Uyeno et al., 2010). During the first 3 

weeks of life Bacteroidetes (40%) and Firmicutes (40%) accounted for most of the 

sequences, whereas Actinobacteria accounted for 12% and Proteobacteria accounted for 1%. 

By week five, Bacteroidetes accounted for 60% of the total sequences, whereas Firmicutes 

decreased to 13% and Actinobacteria and Proteobacteria accounted for less than 2%. From 

week 7 to weaning time, Firmicutes was relatively constant (20% to 27%) and Bacteroidetes 

decreased from 58% to 33%, whereas Proteobacteria and Actinobacteria were no longer 

detected. Although this study revealed that fecal communities exhibit a rapid ecological 

change during the first 12 weeks of life, it has two important limitations to accurately 

determine the “normal” calf’s gut microbiota. First, the coverage of the probe was relatively 

low when used for fecal samples at weeks 9 to 12 detecting only 61 to 63% of the total 16S 

rRNA genes in the sample. Second, the spectrum of activity of bacitracin includes those 

bacteria from the phylum Firmicutes, whereas polymixin may have selectively eliminated 

bacteria groups from the phylum Proteobacteria. Furthermore, the absence of a control group 

limits the conclusions of the study because it is not possible to determine the true bacterial 

communities in feces of healthy calves and the effect of antimicrobial on fecal microbita.  

 

Limited number of studies using metagenomic analysis described relative the abundance -a 

measure of the proportion of a taxa relative to the other taxa present in a population of 

organisms- of specific genera in the feces of neonatal calves (Klein-Jobstl, et al., 2014; 
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Edrington, et al., 2012). In a group of Simmental calves fed sellable whole milk, Bacteroides 

spp was the dominating community during the first 3 weeks of life. Escherichia-Shigella 

(with median relative abundances varying between 0 and 2%) appeared significantly more 

often during that period than at weanling time. Lactobacillus had relatively low abundances 

(overall relative abundance of 1.5%). Highest Lactobacillus relative abundances were found 

during the first 2 to 3 weeks of life with a significant decrease over time. Faecalibacterium 

(overall relative abundance of 5%) was a significant member of the gut microbiota during the 

first 7 weeks of calves’ life (Oikonomou, et al., 2013). Similarly, a study in Holstein calves 

fed pasteurized milk demonstrated that Bifidobacterium spp. and Lactobacillus spp. were 

important components of the calf’s gut microbiota during the first 4 weeks of life. 

Oscillibacter, Phocaeicola, and Alistipes were important members of calf’s gut microbiota 

closer to weaning time. Paraprevotella increased from birth to weaning and was most 

abundant during weaning time (Edrington, et al., 2012). These studies had provided valuable 

information regarding the gut bacterial microbiota of calves, but their results were obtained 

from single farms, therefore variations between farms and influence of management practices 

is unclear. Additionally, those studies have focused in healthy calves, therefore the changes 

in bacterial communities during calf diarrhea remain to be determined. 

 

1.4.1 Bacterial microbiota: differences between GIT compartments, and mucosa- and 

digesta-associated communities 

The bacterial microbiota associated with the mucosa and digesta through the different regions 

of the GIT of calves had been previously reported (Malmuthuge, et al., 2014). Two studies 

identified Bacteroides-Prevotella and Faecalibacterium groups as the more important 

components of both the colonic (Malmuthuge, et al., 2014) and fecal (Uyeno, et al., 2010) 

microbiota of 3-week-old calves, however significant differences were identified in 

Clostridium coccoides-Eubacterium rectale groups, which were an important constituent of 

fecal bacterial microbiota of healthy calves (Uyeno, et al., 2010), but not in colonic samples 

(Malmuthuge, et al., 2014). One study determined that Bacteroidetes and Firmicutes 

dominated the microbiota of the rumen and large intestinal regions, while Firmicutes 

dominated the small intestine (Sjogren, et al., 2009). Differences in microbial richness also 

were observed in the different compartments of the GIT of lambs and calves with higher 
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richness in the rumen and large intestine in comparison to the small intestinal (Sjogren, et al., 

2009). Differences had also been detected between mucosa- and digesta-associated bacterial 

microbiota of pre-weaned calves (Malmuthuge, et al., 2014). The magnitude of this 

differences varied depending of the portion of the GIT evaluated. Although minor, 

differences also were detected in the relative abundance of large-intestinal digesta- and 

mucosa-associated Bacteroidetes (cecum: tissue, 57% and digesta: 48%; colon: tissue, 53% 

and digesta, 50%) and Firmicutes communities (cecum: tissue, 21% and digesta, 38%; colon: 

tissue, 32% and digesta, 25%). Larger differences also were identified in the abundance of 

mucosa- and digesta-associated communities in the ileum. The ileal digesta of preweaned 

calves contained primarily Firmicutes (98%), while the ileal tissue was comprised of 

Bacteroidetes (34%), followed by Firmicutes (32%) and Proteobacteria (24%). The detected 

variations in the bacterial composition of different regions of the GIT of pre-weaned calves 

indicate that that fecal-sample-based studies could fail to detect the true bacterial microbiota 

of the entire calf’s gut. Furthermore, differences in the mucosa- and digesta-associated 

communities suggest that fecal samples cannot represent the actual host–microbiota 

interactions throughout the GIT.   

 

In conclusion, culture-dependent and sequencing-based studies demonstrated that the 

development and establishment of GIT microbiota is a dynamic process during the pre-

weaning period influenced by several internal and external factors. Differences in bacterial 

communities can be detected between the compartments of the GIT of pre-weaned calves and 

between tissue-associated and digest-associated microbiota. This limits the use of fecal 

samples for assessment of the different regions of the GIT. 

 

1.4.2 Does dysbiosis occur in neonatal calves and is it associated with diarrhea?  

Gastrointestinal infections account for most of the morbidity and mortality in neonatal calves 

(USDA, 2007). The GIT microbiota is thought to be one of the first lines of protection 

against incoming pathogens, hosting an arsenal of defense mechanisms to counter a potential 

pathogenic invasion (Eloe-Fadrosh, et al., 2013) and the disruptions in these populations, 

otherwise known as “dysbiosis” can be triggers of disease (Singh, et al., 2015). The 

protection against colonization by enteric pathogens, termed colonization resistance, is 
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thought to act through three distinct mechanisms: (a) the direct inhibition of pathogen growth 

by microbiota-derived substances, (b) nutrient depletion by microbiota growth, and (c) 

microbiota-induced stimulation of innate and adaptive immune responses (Stecher, et al., 

2011; Eloe-Fadrosh, et al., 2013). A recent study evaluated the association between 

commensal gut bacteria and bacteria-bacteria interaction with recovering from cholera.  This 

study demonstrated that commensal gut bacteria (specifically Ruminococcus obeum) reduce 

colonization by Vibrio cholera (Hsiao, et al., 2014). Additional studies have demonstrated 

important roles of the resident microbiota in the resistant to colonization of pathogenic 

microorganism likely by competing with invaders for niche space and resources (Hay, 2014). 

The best example of the substantial role of resident microbiota is the pathogenesis of 

Clostridium difficile infection, where disease is thought to usually or always occur secondary 

to disruption of the normal microbiota, most often associated with administration of 

antimicrobials (Hay, et al., 2014; Otten, et al., 2010). More interestingly, the infection can be 

cured via transplantation of healthy microbial communities (Petrof, et al., 2013; Seekatz, et 

al., 2014). In horses, Costa et al., (2012) demonstrated an alteration of intestinal microbiota 

of horses with colitis of unknown etiology. Similar changes have also been observed in 

human, dogs, pigs with acute or chronic gastrointestinal diseases (Hay, et al., 2014; Otten, et 

al., 2010; Honnefer, et al., 2014; Guard, et al., 2015; Koh, et al., 2015). Despite the current 

attention and research on the gut microbiota, few population-based bovine studies have been 

conducted to better understand how the microbiota and its functional potential are impacted 

during neonatal diarrhea. Oikonomou, et al., (2013) observed that the incidence of diarrhea 

during the first four weeks of life is highly related to a reduction of microbial diversity during 

the third week of life. In the aforementioned study, calves with a higher relative abundance 

of Faecalibacterium spp. in the first week of life had a significantly lower incidence of 

diarrhea during the first 4 weeks of life. Although this study described the changes in 

microbiota during the first 7 weeks of life and taxa associated with the development of 

diarrhea, it failed to investigate whether specific changes in bacterial communities occur 

during diarrhea.   

 

Studies conducted in the 1920’s already documented changes in bacterial microbiota 

(increased numbers of E. coli) of calves with diarrhea (Smith, et al., 1925). More recently, 



 

 

21 

two different studies reported increased numbers of intestinal E. coli (family 

Enterobacteriaceae, phylum Proteobacteria) in calves with naturally acquired diarrhea 

regardless of the age of the calf or the cause of the diarrhea (Issacson, et al., 1978; Younes, et 

al., 1987). Increases in member of the phylum Proteobacteria have been suggested as a 

microbial marker of dysbiosis in different species and it was proposed to result in enhanced 

susceptibility to enteric infection as it changes the microbial homeostasis away from healthy 

state (Singh, et al., 2015). Recent studies have revealed a mechanistic interrelation between 

Proteobacteria, the gut immune response and inflammation (Maharshak, et al., 2013; 

Devkota, et al., 2013). Dysregulated innate immune responses can elicit the bloom of 

Proteobacteria that promotes gut inflammation. Given that dysbiosis induces selective 

pressure and seems to interfere with the stability of the gut microbiota, Proteobacteria 

successively take the opportunity to increase their fitness (Shin, et al., 2015; Stecher, et al., 

2008). The uncontrolled growth of Proteobacteria can facilitate inflammation or invasion by 

pathogens (Stecher, et al., 2010; Shin, et al., 2015; Mirpuri, et al., 2016) resulting in 

gastrointestinal diseases.  Studies comparing the specific changes in bacterial communities 

occurring during diarrhea are needed to elucidate the possible role of dybiosis in the 

pathogenesis of calf diarrhea.   

    

Two experimental studies have highlighted interaction between bacteria and viruses, and 

bacteria and parasites (Kuss, et al., 2011; Ras, et al., 2015). One study investigated bacteria-

virus interaction and the development of gastrointestinal disease demonstrated that antibiotic-

treated mice are less susceptible to enterovirus disease and support minimal viral replication 

in the intestine. However, reintroduction of fecal bacteria into antibiotic-treated mice 

enhanced enterovirus disease indicating that bacterial microbiome may promote viral 

pathogenesis (Kuss, et al., 2011). A second study investigated bacteria-protozoa interactions 

by administration of C. parvum to immunosuppressed mice showed that infection with C. 

parvum perturbs the intestinal microbiota; however, this study failed to demonstrated 

whether this changes in microbiome occurred by microbiome-protozoa interaction or due to 

intestinal pathology (Ras, et al., 2015). The findings from the above mentioned studies 

evaluating interaction bacteria-bacteria, bacteria-virus and bacteria-protozoa highlight the 
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importance of the gut homeostasis and its role in health and disease. Therefore, the role of 

dysbiosis needs to be further evaluated in calves with diarrhea. 

 

Changes in eukaryotic viruses during diarrhea have also been documented in different 

species during gastrointestinal disease. For instance, healthy piglets excrete enteric 

pathogenic viruses but a lower numbers when compared with diarrheic piglets (Sachsenroder, 

et al., 2014). Piglets that shed six or more distinct viruses were more likely suffer from 

diarrhea. Healthy dogs with and without diarrhea shed enteric viruses including rotavirus, 

coronavirus, parvovirus, norovirus, astrovirus, distemper virus, and paramyxovirus (Li, et al., 

2011). Interestingly, canine enteric coronavirus was more prevalent in feces of healthy dogs 

than dogs with diarrhea (18% and 2%, respectively) and canine parvovirus shedding was 

similar in proportion from healthy and diarrheic dogs (2% and 2%, respectively) (Li, et al., 

2011). These studies indicate that pathogenic viruses can be detected in healthy animals and 

that co-infections with a large number of pathogens rather a single entity can be responsible 

of the diarrhea in neonates by overwhelming the gut mechanism of defense against 

pathogens. 

 

1.5 Use of antimicrobials for treatment of calf diarrhea   

Antimicrobials are among the most important advances in human and veterinary medicine. 

However, the use of virtually any antimicrobial leads to some potential for antimicrobial 

resistance, and concerns about the epidemic of resistance in human and animal pathogens, as 

well as the environment, continue to grow (Wernli, et al., 2011). The impacts of 

antimicrobial resistance in dairy production are multiple, including treatment difficulties, the 

need for more expensive drugs or intensive treatments and negative public perceptions. It is 

well accepted that the main risk factor for this increase in resistance in pathogenic bacteria is 

the use of antimicrobials, prudent use, overuse and misuse all included (van den Bogaard, et 

al., 2000). Antimicrobials can be used in different manners, including therapeutic (treatment 

of disease) and prophylactic (prevention of disease), with large volumes of antimicrobials 

used in dairy operations (Marshall, et al., 2011). The majority (an estimated of 68%) of 

antimicrobials consumed in food-producing animal farms are in the same classes as those 

used in human medicine (CARSS, 2015).  
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Regardless the cause, antimicrobials are often administered to diarrheic calves. A recent 

survey in Canada and the United States demonstrated that 23% of dairy calves are treated for 

diarrhea with antimicrobials during the pre-weaning period (Windeyer, et al., 2014). Reasons 

for their use are not well established but include prevention of bacteremia from bacterial 

translocation and attempts to eliminate the offending pathogen from the GIT (Constable, 

2004). However, the usage seems more common than strictly justified (Berge, et al., 2009). It 

is also unclear whether antimicrobials have any benefit in calves with mild to moderate 

disease (Berge, et al., 2009). 

 

Clinical trials investigating whether protocols or algorithms are effective in reducing and 

refining antimicrobial use in pre-weaned calves are lacking. A clinical trial investigating the 

effect of one farm’s traditional therapy (administration of 4 different antimicrobials to any 

calf with diarrhea) and targeted therapy (administration of 2 antimicrobials to diarrheic 

calves with decreased attitude or fever) on health and growth failed to detect differences in 

the morbidity and mortality rates between groups (Berge, et al., 2009). Further, the farm’s 

traditional therapy group had 70% more days of diarrhea than the targeted therapy group. It is 

likely that many (or most) cases of neonatal diarrhea are not responsive to antimicrobials 

(e.g. viral or parasitic infection), but use of antimicrobials contributes to treatment costs and 

the potential for antimicrobial resistance. Further, antimicrobial exposure presumably has an 

impact on the important gut microbiota, perhaps accounting for the increased diarrhea noted 

in calves treated with antimicrobials (Berger, et al., 2009), with the accompanying potential 

that antimicrobial use in food animals could lead further resistance in human pathogens such 

as Salmonella spp. and E. coli.  

 

Antimicrobials are well recognized for their ability to disrupt the microbiota and incite 

gastrointestinal disease (Costa, et al., 2015; Panda, et al., 2014; Schokker, et al., 2015; 

Shahinas, et al., 2012; Suchodolski, et al., 2009). However, this has been scarcely 

investigated in neonatal calves. Antimicrobials can modify the taxonomic, genomic and 

functional characteristics of the gut microbiota, and their impact can be immediate and 

sometimes permanent (Korpela, et al., 2015). For instances, different studies have 
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demonstrated that administration of antimicrobials reduced gut bacterial richness and 

diversity in humans, horses, dogs and mouse model (Suchodolski, et al., 2009; Shahinas, et 

al., 2012; Panda, et al., 2014; Schokker, et al., 2015; Costa, et al., 2015). Alteration in 

microbial diversity has been associated with the expansion of pathogens including C. difficile 

and Salmonella Typhimurium that can cause diarrhea and potentially fatal colitis (Modi, et 

al., 2014; Leffler, et al., 2015). After administration of antimicrobials, 30–90% of the 

antimicrobials can be excreted in feces or urine (Kumar, et al., 2005). Several antimicrobials 

have been detected in feces of food producing animals including those from family of 

quinolones, tetracyclines, sulfonamides and macrolides (Zhao, et al., 2010; Cessna, et al.,  

2011; Sura, et al.,  2014). Veterinary antimicrobials can be detected in soils, feedlot catch 

basin, runoff from manure-ammended soils and surface and ground water near to intensive 

cattle feeding operations (Sura, et al., 2014; Amarakoon, et al.,  2014; Kuchta, et al.,  2009; 

Sura, et al.,  2015). Then, it is possible that excessive use of antimicrobials in dairy farms can 

result in a considerable contamination of the environment and an indirectly impact calves’ 

gut bacterial microbiota. Currently, there are not studies comparing the fecal bacterial 

microbiota of calves from farms transitioning from high to low rates of antimicrobials use. 

Understanding how the microbiota changes with the reduction in the use of antimicrobials in 

the farm can help identify predisposing factors for disease and potentially identify new ways 

to prevent and treat disease (e.g. microbiota manipulation).  

 

Current antimicrobial recommendations for treatment of diarrhea include the use of broad-

spectrum β-lactam drugs such as amoxicillin, 3rd generation cephalosporins (ceftiofur) and 

potentiated sulfonamides (Constable, 2004), most of which belong to World Health 

Organization Category I (Critically Important). Of particular concern is increasing 

agricultural use of (and resistance to) 3rd generation cephalosporins, a drug class that is 

important in treating many human diseases (Van Vleck Pereira, et al., 2016). Veterinary use 

of these drugs is under intense scrutiny because of their importance in humans and evidence 

of emergence of resistance following use in animals. For example, treatment of dairy calves 

with antibiotics, particularly enrofloxacin or ceftiofur, was associated with resistance to those 

drugs as well as multidrug resistance (Pereira, et al., 2014). Increasing pressure from the 

public health community, regulators, public interest groups and consumers to limit 
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antimicrobial use in food-producing animals has stimulated the development of farm 

management practices that reduce antimicrobial use (Torrence, et al., 2001). Recently, the 

College of Veterinarians of Ontario developed a project (GF2:CVO) to explore the current 

practices, views and recommendations of Ontario veterinarians on the issue of antibiotic use 

in food-producing animals. One of the most important recommendations was that “all food 

animal production sectors be mandated to develop treatment protocols for common diseases 

in consultation with veterinarians”. This recommendation is important because non-

veterinary personnel often make treatment decisions on farms, something that can lead to 

excessive or inappropriate antimicrobial use. Yet, the practicalities of dairy production 

dictate much decision-making by farm personnel, so development of aids to improve 

treatment decisions can be important to optimize calf health and antimicrobial use.  

One approach to improving treatment decisions can be the use of practical decision trees or 

algorithms to guide the user towards an ideal course of action. This maintains the efficiency 

of operation on the farm but can incorporate specific veterinary guidance in the decision-

making process. It is possible that implementation of targeted antimicrobial therapy based on 

clinical signs associated with bacteremia (diarrhea, fever and decreased food intake) for 

treatment of diarrheic calves can reduce and refine the use of antimicrobials at the farm 

without impact on the health of the calves and, productivity and efficiency of the farms. 

Simple and cost-effective measures such as this could be a tremendous asset to the dairy 

industry to improve calf management, reduce unnecessary treatment and reduce the potential 

for antimicrobial resistance.  

 

1.6 Conclusions 

Broader knowledge of the ecology of healthy and diseased the calf’s gut, the role of bacterial 

microbiotas in causing diarrhea and understanding of the effect of management practices on 

the “normal” balance of gut microbiota can better define predisposing factors and sources or 

sites of exposure. This can result in the development of more effective treatment plans, and 

can result in more specific preventive recommendations beyond the empirical, often futile, 

and potentially detrimental broad-spectrum antimicrobial therapy.  
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The detection of viruses in the gut of mammals appears to decrease with age and can be 

associated to multiple factors. The absence of defined clinical signs in calves shedding 

different families of viruses may indicate that some of those viruses represent a significant 

portion of the normal gut virome and may be harmless or even potentially beneficial for the 

homeostasis of the gut. Investigation attempting to determine the presence of BCoV in 

healthy and diarrheic calves and its association with health and disease are requiered.  

 

Despite the current attention and research on the gut microbiota, few population-based 

bovine studies particularly within farms and between farms locally and regionally have been 

conducted to better understand how the microbiota and its functional potential are impacted 

during neonatal diarrhea. 

 

Increased numbers of intestinal E. coli (family Enterobacteriaceae, phylum Proteobacteria) in 

calves with naturally acquired diarrhea have been described regardless of the age of the calf 

or the cause of the diarrhea. Increases in Proteobacteria, particularly Enterobacteriaceae, have 

been suggested as a microbial marker of dysbiosis and as a predispoing factors for enteric 

disease. Currently, it is unclear the role of dysbiosis in the pathogenesis of diarrhea in calves.  

 

The use of antimicrobials appears to be common in diarrheic calves but frequently not 

justified. Use of antimicrobials for treatment and prevention of diarrhea leading to a high 

levels of antimicrobial in the environment through fecal excretion can have an impact on the 

health of the calf by disturbing the gut bacterial. The long-term effects of reducing the use of 

antimicrobials on the gut microbiota of dairy calves needs to be investigated to identify 

whether this reduction can have an impact on the health of the calf.  

 

Although several studies have characterized farmers’ and veterinarian’s attitudes towards 

antimicrobial usage, interventional studies evaluating the effect of written protocols or 

algorithms for treatment of infectious diseases on antimicrobial usage in calves are lacking. 

Simple and cost-effective measures such as this could be a tremendous asset to the dairy 

industry to improve calf management, reduce unnecessary treatment and minimize potential 

for antimicrobial resistance.  
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1.7 Hypotheses 

1. Bovine CoV can be detected in feces of healthy and diarrheic calves and its presence 

is significantly associated with calf diarrhea.  

2. Fecal microbiota of healthy calves from different farms differs in diversity, 

membership and structure, and functional potential. 

3. The diversity, bacterial membership and structure, and functional potential of fecal 

communities of healthy and diarrheic calves within the same farm differ significantly, 

indicating that dysbiosis occur during calf diarrhea. 

4. Antimicrobial agents can have a broader or cumulative impact on fecal microbiota of 

healthy calves, where high usage of antimicrobials results in the development of a 

particular microbiota of healthy untreated calves. 

5. Using antimicrobial-use algorithms for selection of antimicrobial therapy of diarrheic 

calves can drastically decrease the use of antimicrobials in dairy farms without 

negatively impacting animal walfare. 

 

1.8 Objectives  

1. To investigate the presence of BCoV in feces of healthy and diarrheic calves and 

determine its association with disease.  

2. To profile the fecal microbiota and predict the functional potential of the microbial 

communities in healthy calves from 2 large dairy farms with dissimilar management 

practices. 

3. To characterize the changes in the fecal microbiota and predict the functional 

potential of the microbial communities of calves with diarrhea from 2 large dairy 

farms with dissimilar management practices. 

4. To characterize the fecal microbiota of healthy calves from dairy farms before and 

after (1 year) of implementing an antimicrobial-use algorithm to reduce the usage of 

antimicrobials.  
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5. To evaluate the impact of an antimicrobial-use algorithm on calf health (morbidity 

and mortality rates) and antimicrobial use (treatment rates) in calves from dairy farms 

with different management practices and diarrhea prevalence.  
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2. CHAPTER TWO: Detection of Bovine Coronavirus in Healthy and Diarrheic Dairy 

Calves. 

Gomez DE, Arroyo LG, Poljak Z, Viel L, Weese JS. Detection of Bovine Coronavirus in 

Healthy and Diarrheic Dairy Calves. Journal Veterinary Internal Medicine. 2017. DOI: 

10.1111/jvim.14811 

 

2.0 Abstract 

Background: BCoV is identified in both healthy and diarrheic calves, complicating its 
assessment as a primary pathogen.  
Objectives: To investigate the detection rates of bovine coronavirus (BCoV) in feces of 
healthy and diarrheic calves and to describe the usefulness of a pancoronavirus reverse 
transcriptase (RT) PCR (PanCoV-RT-PCR) assay to identify BCoV in samples of diarrheic 
calves. 
Animals: 286 calves <21 days. Calves with liquid or semiliquid feces, temperature >39.5°
Celsius and inappetence were considered as cases, and those that had pasty or firm feces and 
normal physical exam were designated as controls.    
Methods: Prospective case-control study. A specific BCoV-RT-PCR assay was used to detect 
BCoV in fecal samples. Association between BCoV and health status was evaluated using 
exact and random effect logistic regression. Fecal (n=28) and nasal (n=8) samples from 
diarrheic calves were tested for the presence of BCoV using both the PanCoV-RT-PCR and a 
specific BCoV-RT-PCR assays. A Kappa coefficient test was used to assess the level of 
agreement of both assays.  
Results: BCoV was detected in 55% (157/286) of calves; 46% (66/143) and 64% (91/143) of 
healthy and diarrheic calves, respectively. Diarrheic calves had higher odds of BCoV 
presence than healthy calves (OR: 2.16, 95%CI: 1.26 to 3.83, p=0.004). A good agreement 
between PanCoV-RT-PCR and BCoV-RT-PCR to detect BCoV was identified (κ=0.680, 
95%CI: 0.392 to 0.967; p<0.001). 
Conclusions and clinical importance: BCoV was more likely to be detected in diarrheic than 
healthy calves. The Pan-CoV-RT-PCR assay can be a useful tool to detect CoV in samples 
from diarrheic calves.  
 

2.1 Introduction  

Neonatal diarrhea is the most important cause of disease in calves worldwide,1,2 leading to 

large economic losses to cattle herds.3 Common etiologic agents involved in calf diarrhea 

include Escherichia coli, Cryptosporidium spp, bovine rotavirus (BRoV), and bovine 

coronavirus (BCoV). Most of the studies investigating the etiology of calf diarrhea have 

focused on sick calves.4-8 However, some agents, especially viruses, could be frequently 

detected in healthy calves.9,10,11 For instance, BCoV has been identified in both healthy and 
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diarrheic calves,10,11 complicating assessment of its role as a primary pathogen. BCoV has 

been recognized to be the causative agent of diarrhea in newborn calves,12 winter dysentery 

in adult cows,13 and respiratory tract illness in calves and adults.14,15 However, some studies 

have identified numerical but not statistical association between BCoV in fecal or nasal 

samples and clinical signs.16,17,18 Cases of BCoV enteritis have been reported in both dairy 

and beef herds, with clinical signs developing between 5 and 30 days of life and a peak of 

incidence between days 7 and 10.19 Transmission from calf-to-calf is mainly by the fecal-oral 

route but respiratory transmission can be possible.16,19 Infected calves can excrete high levels 

of virus within 48 h of experimental infection, and this can continue up to 14 days.19 The 

mechanisms of diarrhea due to BCoV infection are still unclear, but malabsorption and 

hypersecretion appear to play important roles.20 Clinically recovered calves may continue to 

shed low levels of virus for weeks.21,22  

 

Diagnosis of BCoV enteritis can be achieved using viral culture, antigen-capture ELISA, 

hemagglutination assay using mouse erythrocytes, and PCR.19 Recently, a pancoronavirus 

reverse transcription (RT) PCR assay (PanCoV-RT-PCR) was described to identify human 

CoV from samples of people with respiratory diseases,23 using primers that should amplify a 

251-bp fragment of the polymerase gene of all known coronaviruses.24 The utility of 

PanCoV-RT-PCR to detect BCoV in samples of animals with clinical diseases is yet to be 

determined. 

 

The objectives of this study were to investigate the detection rates of BCoV in feces of 

healthy and diarrheic dairy calves and to describe the usefulness of a PanCoV RT-PCR assay 

to identify BCoV in nasal and fecal samples of a group of calves from a dairy farm suffering 

an outbreak of diarrhea.  
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2.2 Material and methods  

Detection of BCoV in healthy and diarrheic dairy calves from Southern Ontario 

 

Sample size calculation 

A prospective case-control study approach was used and the sample size was calculated 

based on an estimated 30% BCoV detection rate in healthy calves. The set parameters to 

detect an odds ratio of 2, including equal number of cases and controls, with a 95% 

confidence and a power of 0.8, yielded a total of a 138 calves in each group.  

 

Study design, definitions and sample collection  

Calves from 6 dairy farms selected from a convenience sample of commercial dairy farms 

within a 120 km radius from the University of Guelph (Guelph, ON) were sampled between 

the fall of 2014 and the fall of 2016. The number of diarrheic calves enrolled from each farm 

(approximately 5% of the total number of calves raised at each farm per year), the year and 

season in which the samples were collected, the management practices as well as the total 

duration the farm was enrolled in the study are presented in Table 1. Cases (diarrheic) and 

control (healthy) calves were farm-, season-, year- and age-matched. Cases and controls were 

defined on the basis of the physical exam and fecal consistency (liquid, semiliquid, pasty, or 

firm). Calves that had liquid or semiliquid feces, fever (temperature > 39.5° Celcius) and 

decreased appetite were considered as diarrheic (i.e. cases), and those that had pasty or firm 

feces and normal physical exam were designated as controls. Once a diarrheic calf was 

identified an age-matched (+/- 2 days) control calf was enrolled on each farm. Calves were 

not included in the study if they had a previous incident of diarrhea since birth (only the first 

case of diarrhea was included in the study). All samples were screened for the presence of 

BCoV using the BCoV RT-PCR assay.  

 

Bovine Coronavirus RT-PCR assay  

Briefly, RNA was extracted using a commercial kita according to the manufacturer’s 

instructions. Amplification of an 81 bp fragment of the BCoV nucleocapsid protein was 

performed using the following primer set: Cor-FW (5'- 

CTAGTAACCAGGCTGATGTCAATACC -3') and Cor-RV (5'- 
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GGCGGAAACCTAGTCGGAATA -3'). These one-step RT-PCR assays (OneStep RT-PCR 

kit; QIAGEN) were undertaken in a 50 μl reaction volume containing 10 μL RNA-extract, 10 

μl 5x QIAGEN OneStep RT-PCR Buffer, 2 μl dNTP mix (final concentration of 400 μM of 

each dNTP), 1.8 μl OneStep RT-PCR Enzyme Mix (a combination of Omniscript and 

Sensiscript reverse transcriptase and Hot- StarTaq DNA polymerase)b, 4 μM of each primer, 

and RNase-free water to 50 μl. The reaction was carried out with an initial reverse 

transcription step at 50°C for 30 min, followed by PCR activation at 95°C for 10 min, 40 

cycles of amplification (30 sec at 94°C; 45 sec at 60°C; 1 min at 72°C), and a final extension 

step at 72°C for 10 min in a GeneAmp PCR system 9600 thermal cycler.c A BCoV isolate 

recovered from a cow suffering from winter dysentery was used as a positive control. 

Specific methods to assess for the presence of non-specific inhibitors of PCR were not 

performed. 

 

Use of pancoronavirus assay to detect CoV in fecal and nasal samples of diarrheic 

calves from an outbreak  

Sampling  

A large dairy farm located in southern Ontario, Canada, experienced a sudden increase in the 

incidence of diarrhea and mortality attributable to diarrhea in calves younger < 30 days of 

age that was sustained over a 2-month period. At the time of the outbreak approximately 200 

pre-weaned calves were maintained in the calf barn. The calculated incidence of diarrhea 

increased from (calculated from the month before the outbreak) 36% to 57% (54/94) during 

the outbreak period in calves < 30 days. The case fatality increased from 5% to 17% (9/54). 

Eight severely affected diarrheic calves were referred to the Ontario Veterinary College 

Health Sciences Centre (OVC-HSC) for diagnosis and treatment of diarrhea. Rectal swabs or 

fecal samples, and nasal swabs were collected at admission. Fecal samples were tested by 

culture for Salmonella spp using Rappaport-Vassiliadis and tetrathionate broths and 

inoculation onto brilliant green sulpha and Hectoen agars. Escherichia coli was isolated on 

blood and MacConkey’s agars and isolates were serotyped using antiserum against F4 (K88) 

and F5 (K99) fimbriae for detection of ETEC. Sucrose wet mount assay was used for 

detection of Cryptosporidium spp and Giardia Spp, and real-time polymerase chain reaction 

was performed to detect ruminant rotavirus A and B. PanCoV-RT-PCR and BCoV-RT-PCR 
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assays were used to screen fecal samples and nasal swabs for the presence of BCoV. 

Additionally, a farm visit took place 3 days after presentation of the eight affected calves. 

Fecal samples were collected from 20 diarrheic calves for PanCoV-RT-PCR and BCoV-RT-

PCR.  

 

Pancoronavirus RT-PCR assay  

Amplification of a 251 bp fragment of the BCoV polymerase gene was performed using the 

following primer set: Cor-FW (5'-ACWCARHTVAAYYTNAARTAYGC-3') and Cor-RV 

(5'-TCRCAYTTDGGRTARTCCCA-3'). These one-step RT-PCR assays were undertaken 

similarly than those described for the BCoV-RT assay. The reaction was carried out with an 

initial reverse transcription step at 50°C for 30 min, followed by PCR activation at 95°C for 

15 min, 50 cycles of amplification (30 sec at 94°C; 30 sec at 48°C; 1 min at 72°C), and a 

final extension step at 72°C for 10 min in a GeneAmp PCR system 9600 thermal cycler.c 

Specific methods to asses for the presence of non-specific inhibitors of PCR were not 

performed. A BCoV isolate recovered from a cow suffering from winter dysentery was used 

as a positive control. All samples were further tested using specific BCoV primers. 

 

Statistical analysis 

The primary exposure of interest for development of diarrhea in this study was presence of 

BCoV, and sex of animals was considered as a possible confounder. The matching variables 

were: age, farm, and time of diarrhea cases. We therefore summarized primary exposure in 

case and control animals using simple cross-tabulations, and additionally examined 

frequency of primary exposure in case and control animals across variables representing the 

matched variables including: age, farm, calendar year, and season. Statistical analysis was 

conducted using two approaches: conditional exact logistic regression accounting for the 

matched pair as strata, and by using random intercept logistic regression where the matched 

pair designation represented a random effect on the intercept. Following the univariable 

analysis, difference in the effect of the BCoV across each of the matched factors was 

evaluated by evaluating statistical significance of interaction between BCoV with each of the 

matching variables. The final models (Exact logistic regression and Random effect logistic 

regression) considered inclusion of all variables that were statistically significant at liberal p-



 

 

51 

value of < 0.20. Interaction between exposure of interest and sex was also tested. Choice of 

the final model was based on the combination of the achieved level of statistical significance 

and the AIC obtained in the random effect model. Analysis was performed using a statistical 

software.d  

 

In order to test whether the PanCoV-RT-PCR and BCoV-RT-PCR assays were equally likely 

in detecting CoV in samples from sick calves the McNemar’s test was used. The level of 

agreement between both assays in detecting BCoV was assessed using Kappa coefficient test. 

Analysis was performed using the statistical software JMP.e  

 

2.3 RESULTS  

Detection of BCoV in healthy and diarrheic calves from farms of Ontario  

A total of 143 diarrheic calves between 3 and 21 days of age and 143 healthy farm- and age-

matched control calves were enrolled (Table 1). None of the healthy calves developed 

diarrhea within one week after sampling. Cases were distributed across six herds (Fig. 1), all 

4 seasons (Fig. 2), and over a period of 3 years (Fig. 3). BCoV was detected in 157/286 

(55%) of calves; 46% (66/143) of healthy calves and 64% (91/143) of diarrheic calves (Table 

2). Overall, diarrhea cases had higher odds of BCoV presence than the age-matched control 

animals, although the numerical estimates varied slightly between the estimates based on 

exact logistic regression and random intercept logistic regression (Table 3). Sex was also 

associated with the presence of BCoV, with male calves at increased risk (Table 3). Based on 

the non-significant interaction between BCoV and matching factors (age, farm, season and 

year), the association of BCoV with diarrhea did not appear to vary according to age of the 

animals, season, and farm (Table 3 and 5, Fig. 2 and 3). In exact logistic regression, 

interaction of exposure with year of sampling was close to statistical significance and 

indicated that in year 2015, the effect of BCoV could have been different than in the other 

two years (Table 3). The effect of year in 2015 could not be identified as statistically 

significant in the random effect model for the year of 2015 (Fig. 3). The final model (exact 

logistic regression and random effect logistic regression) contained covariates for BCoV and 

sex. Their interaction was not statistically significant, and the coefficients for both BCoV and 

sex changed by very small quantity once both variables were in the model. This suggests that 
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sex failed to act as confounder for the association between BCoV and diarrhea in this dataset 

(Table 3).  

 

PanCoV-RT-PCR for detection of CoV in fecal and nasal samples  

By PanCoV RT-PCR, the CoV RNA was detected in 8/8 fecal samples and 6/8 nasal swabs 

from the calves presented to OVC-HSC (Table 4). All but one sample that was positive for 

CoV using the PanCoV-RT-PCR were also positive on the BCoV RT-PCR.  Thirteen out of 

20 (65%) diarrheic calves from the same farm tested positive for CoV using PanCoV-RT-

PCR assay. All of the samples that tested positive in the PanCoV-RT-PCR assay were also 

positive when screening using BCoV-RT-PCR assay but 3 samples positive for BCoV in the 

BCoV-RT-PCR assay were negative on the PanCoV RT-PCR assay (Table 5). McNemar’s 

test demonstrated that both test were equally likely to detect CoV in samples from calves (P 

= 0.671). Kappa agreement test revealed a good agreement between both test for detection of 

BCoV in fecal and nasal samples from diarrheic calves (κ = 0.680, 95%CI: 0.392 to 0.967; P 

<0.001). The results of the bacterial, viral, and protozoal analyses performed in feces of the 

calves presented to the OVC-HSC are presented in the Table 5. All 20 fecal samples were 

negative for Salmonella.  

 

2.4 DISCUSSION  

The results of this study demonstrated a positive association between BCoV and diarrhea in 

dairy calves as detection rates of this agent were higher in diarrheic calves than in farm-, 

season-, aged-matched non-diarrheic calves. Similar results were found in one case-control 

study involving 380 calves.25 However, studies including small numbers of calves (n < 100) 

identified numerical but not statistical association between BCoV in fecal or nasal samples 

and clinical signs.16-18 Discrepancies between studies can be explained, at least in part, by 

differences in the source population, methodology, especially, the samples size used in the 

different investigations.16,25  

 

Detection of BCoV, either in diarrheic and non-diarrheic calves, was higher in comparison to 

previous studies from the same geographic area,10,26 other studies from different regions 

worldwide 6,7,25 and more in line with recent studies from Europe.4 Earlier studies (1980 to 
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2007) investigating the presence of infectious agents in feces of healthy and diarrheic calves 

reported a prevalence of BCoV in healthy calves between 0 to 8.2% and in diarrheic calves 

between 3 to 40%.10,26 More recent studies (2008 to 2012) reported prevalence of BCoV in 

healthy calves of 7.4% and in diarrheic calves between 3.4 to 40%.6,7 Interestingly a recent 

report from Europe identified a prevalence of BCoV of 79% of diarrheic calves,4 however, 

this study failed to investigate healthy controls. The prevalence of infectious agents causing 

diarrhea in calves was previously investigated in dairy farms from Ontario at three different 

periods using ELISA assays, 1982,26 1990-1991,27 and 1995-1997.10 The overall prevalence 

of BCoV in the 1982’s study was 5% (3/56) but this study did not discriminate the 

prevalence of healthy and diarrheic calves.26 In the 1992 study, the prevalence of BCoV in 

diarrheic calves was 17% (54/312), whereas in 1998 the overall prevalence was 10% 

(16/161), and BCoV was detected in 13% (15/118) and 2.3% (1/43) of diarrheic and healthy 

calves, respectively. The reasons for these differences in the detection rates of BCoV in 

calves (healthy and diarrheic) between our study and previous investigations in the same 

geographic area (Ontario) are unclear. In fact, it is difficult to discern whether the increasing 

detection of BCoV reflects a true rise in prevalence in the course of time or whether it is due 

to simply to the better detection rate.28 The differences between studies could be explained, at 

least in part, by changes in farm management practices overtime (e.g. calf population density, 

antimicrobial drug use and management/agricultural practices), differences in the type of 

assay used for detection of BCoV, and the emergence or re-emergence of BCoV strains over 

the years.    

 

Regarding the influence that farm management practices can have on the prevalence of 

infectious diseases contradictory results have reported.1,29-31 In one study the prevalence of 

salmonellosis in prewaened calves was reported to be higher in-group pen calves than those 

in individual pens.29 Contrary, some studies failed to identify an effect of management and 

infrastructure variables on the presence of enteropathogens in calves.30,31 This study was not 

designed to evaluate farm-level differences, something that would warrant further 

investigation. 
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Differences in the type of assay used for detection of BCoV (e.g. ELISA vs. RT-PCR) also 

can explain differences in the detection rates of BCoV between studies. One study 

investigating the rates of BCoV fecal shedding in diarrheic calves found a detection rate of 

BCoV of 53% when using ELISA and 96% when using RT-PCR16 suggesting that RT-PCR 

was a more sensitive method. These results were further confirmed by one study reporting 

that the sensitivity and specificity of some ELISA assays were lower compared with 

quantitative RT-PCR when both test were used to identify the presence of BCoV in feces of 

diarrheic calves.32 Furthermore, more sensitive diagnostic assays also could contribute to 

detect lower levels of BCoV that cannot be detected using other methods.32 

 

An alternative explanation for the changes in detection rates of BCoV in healthy and 

diarrheic calves over the years in dairy farms from Ontario could be the emerging and re-

emerging of BCoV strains. Similar to other RNA viruses, CoVs are believed to mutate 

frequently that could result in altered antigenicity and pathogenicity of new strains.33,34 

During the past decades several CoVs have caused serious problems in humans and animals 

(e.g. severe acute respiratory syndrome coronavirus, SARS-CoV; Middle East respiratory 

syndrome coronavirus, MERS-CoV and porcine epidemic diarrhea virus, PEDV).35 

Emerging outbreaks associated with CoV also have been documented in horses worldwide36 

and emerging canine CoV variants have been associated with systemic infections in the 

European Union.37 In an Oklahoma study, a new CoV belonging to a BCoV clade 2 was 

isolated from nasal secretion and lung fluids of postweaned healthy beef calves and calves 

with respiratory disease.38 This new field isolate was antigenically and genetically different 

to previously isolated BCoV strains including those from neonatal diarrhea, reference strains 

and the strain in the current modified live vaccine BCoV licence in United States that belong 

to CoV clade 1.338 Similar results have been reported in Europe4 and Asia.39 In 2012, the 

BCoV clade 2 strain was recovered from postweaned calves (6 to 7 months) suffering of 

severe enteritis with bloody diarrhea; the authors of that study suggested that this clinical 

syndrome caused by BCoV clade 2 should be added to the already known syndromes caused 

by BCoV.40 The results of these studies suggest that current BCoV strains circulating in 

worldwide are diverging from the prototype BCoV isolated in earlier studies and used in 

vaccines.38 This can result in the emergency of new clinical syndromes,40 outbreaks of 
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enteric diseases with higher morbidity and mortality (similar to the one described in this 

study), increased detection rates of BCoV in nasal and fecal samples of healthy and ill 

calves4,18,41 and the lack of efficacy of the vaccination protocols.42 Future studies should 

focus on investigating the biological, antigenical and genomical characteristic of BCoV 

circulating in Canada. It is important to highlight that in our study no other virus, parasites 

and bacterial agents were investigated and the role of BCoV in association with multiple 

pathogens was not determined which prevent us to clearly identify the role of BCoV as a 

primary cause of disease or as a agent associated with coinfection.  

 

Our study also demonstrated that a recently described PanCoV-RT-PCR assay can be as 

useful as the BCoV-RT-PCR assay to identify BCoV in fecal and nasal samples of diarrheic 

calves, with the added benefit of providing a broader test that would detect novel CoVs. 

Currently, viral culture is the gold standard for laboratory diagnosis of viral gastrointestinal 

disorders; however, detection of coronavirus by culture isolation or serological methods can 

be difficult.23 In order to overcome this issue and obtain rapid diagnostic results, several 

sensitive molecular assays for detection of CoV have been developed, including RT-PCR, 

nested RT-PCR and real-time RT-PCR. Recently, a novel PanCoV-RT-PCR assay was 

designed to allow detection of all known CoV based on an alignment of conserved genome 

regions of several coronavirus.43 Our results showed a good level of agreement between 

BCoV-RT-PCR and the novel PanCoV-RT-PCR assays indicating that PanCoV-RT-PCR can 

be a rapid tool to detect BCoV in samples from cattle. Future studies with a larger sample 

size are required to corroborate our findings.  

 

2.5 CONCLUSION 

Calves positive to BCoV were more likely to suffer from diarrhea than farm- and aged-

matched healthy calves. Our results also showed an apparent higher prevalence of BCoV in 

fecal samples of healthy and diarrheic calves in Ontario, Canada, compared with previous 

years. A new Pan-CoV-RT-PCR was useful in identifying the presence of CoV in nasal and 

fecal samples from diarrheic calves during an outbreak of diarrhea.  
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b OneStep RT-PCR kit; QIAGEN, Toronto, ON. 
c Applied Biosystems, Foster City, CA. 
d SAS Institute Inc., Cary, NC  
e JMP 12, SAS Institute Inc., Cary, NC 
f Calf Guard, Zoetis,  Parsippany, NJ 
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2.9 Tables 
 
Table 2.1. Farms characteristics, number and demographic data of the calves tested for the 
presence of BCoV, year and season of sampling. 
 
 

 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 
Farms characteristics 
Breed Holstein Holstein Holstein Holstein Holstein Jersey 
Calves born per 
year  800 1000 350 330 150 80 

Housing Group pen Individual  Group pen Hutches Hutches Group pen 
 
Bedding Saw dust  Shavings Straw Straw Straw Straw 

 
Colostrum 
(pooled)  

4L first 6h 6L first 6h  6L first 4h 5L first 6h 5L first 6h 5L first 6h 

 
Diet (up to 12 
wks.) 

Pasteurized 
milk  Milk replacer Pasteurized 

milk 
Pasteurized 
milk 

Pasteurized 
milk 

Pasteurized 
milk 

Feeding 
method 

Robot 
machine  

Individual 
bucket 

Robot 
machine 

Individual 
bucket 

Individual 
bucket / 
Robot 
machine 

Bottle 

Vaccination of 
pregnant cows* Yes   Yes Yes Yes Yes Yes 

 
Sampled calves 
       
Calves enrolled 84 94 48 30 20 10 
 
Sex (n,%)       

Female 60 (71%) 65 (69%) 39 (81%) 30 (100%) 20 (100%) 8 (80%) 
Male 24 (29%) 30 (31%) 9 (19) 0 (0%) 0 (0%) 2 (20%) 
 
Age 
(mean±SD) 

10 ± 4.7 8.9 ± 2.2 7.7 ± 3.4 8.5 ± 2.1 10.5 ± 1.7 9.5 ± 2.7 

Sampling year 
and season  

 
F-2015 
W-2016 
Sp-2016 
Su-2016 

 
F-2014 
W-2015 
Sp-2015 
Su-2015 

F-2014 
W-2015 
Sp-2015 

W-2015 
Sp-2015 
Su-2015 

 
Sp-2016 
Su-2016 

 
Su-2016 
F-2016 

wks, weeks; F, fall; W, winter; Sp, spring; Su, summer, * In all farms, cows were vaccinated against bovine rotavirus 
and coronavirus 8 and 4 weeks before calving using a vaccine containing attenuated strains of bovine rotavirus and 
coronavirus. 
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Table 2.2: Frequency distribution of BCoV positivity status stratified by clinical status and sex of 286 calves from 6 dairy farms. 
 

   Farm     

 1 2 3 4 5 6 All farms Sex 

BCoV H D H D H D H D H D H D H D M F 

- 14 

(33%) 

10 

(24%) 

24 

(51%) 

15 

(32%) 

19 

(79%) 

3 

(60%) 

9 

(60%) 

8 

(53%) 

7 

(70%) 

4 

(40%) 

4 

(80%) 

3 

(60%) 

77 

(54%) 

52 

(36%) 

25 

(27%) 

118 

(82%) 

+ 28 

(67%) 

32 

(76%) 

23 

(49%) 

32 

(68%) 

5 

(21%) 

2 

(40%) 

6 

(40%) 

7 

(47%) 

3 

(30%) 

6 

(60%) 

1 

(20%) 

2 

(40%) 

66 

(46%) 

91 

(64%) 

39 

(18%) 

104 

(73%) 

Total 42 42 47 47 24 5 15 15 10 10 5 5 143 143 64 222 

BCoV, Bovine Coronavirus; +, positive; -, negative; H, healthy (controls); D, diarrhea (cases); M, male; F, female  
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Table 2.3: Evaluation of the association between BCoV, diarrhea and matched variables 
(age, farm, season and year). 
 

  Analysis of single factors of interests 

  Exact logistic regression  Random effect logistic regression 

  OR 95% CI p-value  OR 95% CI p-value 

BCoV (+ve) +ve 2.19 (1.28  3.86) 0.031  2.04 1.27 3.29 0.0037 

Sex (Male) Male 1.87 (0.99 3.68) 0.054  1.77 0.99 3.14 0.050 

BCov*age - - - - 0.92  - - - 0.97 

BCov*season - - - - 0.47  - - - 0.86 

BCov*year - - - - 0.03  - - - 0.17 

 2014*BCoV 2.51 (1.13 +inf)   4.74 1.62 13.9  

 2015*BCoV 0.43 (-inf 0.83)   1.67 0.95 2.91  

 2016*BCoV 3.36 (1.85 +inf)   2.11 1.09 4.11  

BCoV*farm - - - - 0.76  - - - 0.84 

  Final model 

  Exact logistic regression  Random effect logistic regression 

  OR 95% CI p-value  OR 95% CI p-value 

BCoV +ve 2.16 1.26 3.83 0.004  1.96 1.21 3.17 0.006 

Sex Male 1.84 0.95 2.95 0.072  1.63 0.91 2.92 0.097 

BCoV, Bovine coronavirus; +ve, positive; OR, odds ratio, CI, confidence interval.  
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Table 2.4: Test results for bacterial, viral, and protozoal analyses performed in feces of 8 
hospitalized diarrheic calves. 
 

Pathogen / Calf  1 2 3 4 5 6 7 8 

E. coli (F5/K99) - - - - - - - - 

Cryptosporidium + + - + - - - + 

BRoV-A - + - - - - - - 

BRoV-B - + - - - - - - 

PanCoV-RT-

PCR 
+ + + + + + + + 

BCoV-RT-PCR + + + + + + + + 

Salmonella spp. - - - - - - - - 

Giardia spp. - + - - - + - - 

F5/K99, E. coli F5 (K99) fimbriae attachment factor; BRoV, 

bovine rotavirus; PanCoV pancoronavirus RT-PCR assay, 

BCoV coronavirus RT-PCR assay.  
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Table 2.5: Comparison of Coronavirus detection results by Pancoronavirus reverse 
transcriptase (PanCoV) and BCoV reverse transcriptase (BCoV) assays. 
 

  PanCoV  

  + -  

BCoV 
+ 26 3 29 

- 1 6 7 

 Total 27 9 36 

McNemar’s test P-value = 0.671.  Kappa 
agreement test, κ = 0.680, 95%CI: 0.392 to 
0.967; P <0.001. 
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2.10 Figures 

Figure 2.1: Age distribution of diarrheic cases from 6 different farms that tested positive for 

bovine coronavirus in feces.  
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Figure 2.2: Frequency distribution of healthy (Green) and diarrheic (Red) calves that tested positive (Dark) and negative (light) for 

bovine coronavirus (BCoV) in feces during the different sampling seasons. (%) represents the percentage o the total number of cases. 
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Figure 2.3: Frequency distribution of healthy (Green) and diarrheic (Red) calves that tested positive (Dark) and negative (light) for 

bovine coronavirus (BCoV) in feces during the different sampling years. (%) represents the percentage of the total number of cases. 
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3. CHAPTER THREE: Characterization of the Fecal Bacterial Microbiota of Healthy 

and Diarrheic Dairy Calves 

 

Gomez DE, Arroyo LG, Costa MC, Viel L, Weese JS. Characterization of the Fecal Bacterial 

Microbiota of Healthy and Diarrheic Dairy Calves. J Vet Intern Med. 2017;31:928-939. doi: 

10.1111/jvim.14695.  

 

3.0 Abstract  
 
Background: Neonatal diarrhea accounts for more than 50% of total deaths in dairy calves. 
Few population-based studies of cattle have investigated how the microbiota is impacted 
during diarrhea.  
Objectives: The objectives of this study were to characterize the fecal microbiota and predict 
the functional potential of the microbial communities in healthy and diarrheic calves.  
Methods: Fifteen diarrheic calves between the ages of 1 to 30 days and 15 age-matched 
healthy control calves were enrolled from 2 dairy farms. The Illumina MiSeq sequencer was 
used for high throughput sequencing of the V4 region of the 16S rRNA gene.  
Results: Significant differences in community membership and structure were identified 
among healthy calves from different farms. Differences in community membership and 
structure also were identified between healthy and diarrheic calves within each farm. Based 
on linear discriminant analysis effect size (LEfSe), the genera Bifidobacterium, Megamonas 
and a genus of the family Bifidobacteriaceae were associated with health at farm 1, whereas 
Lachnospiraceae incertae sedis, Dietzia and an unclassified genus of the family 
Veillonellaceae were significantly associated with health at farm 2. The Phylogenetic 
Investigation of Communities Reconstruction of Unobserved States (PICRUSt) analysis 
indicated that diarrheic calves had decreased abundances of genes responsible for 
metabolism of various vitamins, amino acids and carbohydrate.  
Conclusions: The fecal microbiota of healthy dairy calves appeared to be farm-specific as 
were the changes observed during diarrhea. The differences in microbiota structure and 
membership between healthy and diarrheic calves suggest that dysbiosis can occur in 
diarrheic calves and it is associated with changes in predictive metagenomic function.  
 

 

3.1 Introduction  

Neonatal calf diarrhea accounts for most of the morbidity and mortality in calves, accounting 

for > 50% of total deaths, and has a large impact on the economy of dairy farms.1 Although 

pathogenic bacteria (Escherichia coli, Salmonella spp), viruses (rotavirus, coronavirus) and 

protozoa (Cryptosporidium spp) can be found in a large percentage of cases, the etiology of 
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disease may be hard to discern because of the common presence of coinfections (>1 pathogen 

identified in the same patient)2 and the fact that most organism also can be found in healthy 

individuals. These observations suggest that the cause of diarrhea is complex rather than 

associated with single pathogen. Diagnosis of enteric disease also is likely affected by the 

complexity of the microbiota (i.e. the rich and diverse polymicrobial community present in 

the gut).  

 

The gastrointestinal microbiota plays an important role in maintaining host health by 

providing vitamins and energy,3 by facilitating development of gut tissue and the immune 

system,4 by modulating inflammatory responses at local and distal organs,5 and by competing 

with pathogens for nutrients and attachment sites on the gut epithelial surface.6 Although 

traditional focus on calf diarrhea has been on individual pathogens, it has become 

increasingly clear in other species that microbial populations play a key role in health and 

disease. Disruption of this ecosystem, otherwise known as “dysbiosis”, can trigger 

gastrointestinal disorders.7 To date, the molecular basis of dysbiosis and the key bacterial 

groups involved remain poorly defined. It is clear however that if the gut microbiota is 

disrupted (e.g. antibiotic treatment, gut inflammation) the risk of disease can increase 

substantially 8, 9, 10 and re-establishment of the normal microbiota can result in recovery from 

disease.11  

 

Despite current attention and research on the gut microbiota, few population-based studies 

have been conducted in cattle to better understand how the microbiota and its functional 

potential are impacted during neonatal diarrhea. Calf diarrhea may be associated with altered 

microbial diversity and decreased abundance of butyrate-producing microorganisms during 

the first weeks of life.12 The gastrointestinal microbiota is a major contributor to the 

physiological, nutritional, and immunological functions of the gut. Therefore, the structure 

and functional roles of the microbiota in diarrheic calves should be examined in more detail. 

The objectives of our study were to profile the fecal microbiota and predict the functional 

potential of microbial communities in healthy calves and calves with diarrhea from 2 large 

dairy farms with dissimilar management practices.  
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3.2 Materials and methods 

Animals, farms and study design  

This prospective study used a case-control design. Holstein-Friesen calves from 2 large dairy 

farms (F1 and F2) were enrolled during the spring season of 2015. Study farms were selected 

from a convenience sample of commercial farms within 120-km radius of the University of 

Guelph (Guelph, ON). On both farms, cows were vaccinated against bovine coronavirus and 

rotavirus 8 weeks and 4 weeks before calving.a Calves were separated from their dams at 

birth and received 1 bolus containing antibodies against enterotoxigenic E. coli and bovine 

coronavirus.b Farm details and management practices are presented in Table 1.  

 

Fifteen diarrheic calves between the ages of 1 and 30 days, and 15 age-matched healthy 

control calves were enrolled from each farm. Health status of the calves was assessed using a 

standardized calf health-scoring chart.13 This system assisted the assessment of health by 

evaluating body temperature score (0, 1 = normal; 2, 3 = fever) fecal score (0, 1 = normal; 2, 

3 = diarrhea), nasal score (0, 1 = normal; 2, 3 = nasal discharge), eye score (0, 1 = normal; 2, 

3 = eye discharge, crusty eyes), and ear score (0, 1 = normal; 2, 3 = head tilt, 1 ear or both 

ears dropped). A diarrheic calf was defined as a calf with fecal and body temperature scores 

≥ 2 and score ≤ 1 in the other evaluated systems. Once a diarrheic calf was identified, an age-

matched (± 2 days) control calf with health score ≤ 1 in all of the evaluated systems was 

enrolled. Calves were not included in the study if they had a previous episode of diarrhea, 

other diseases (e.g. umbilical abscess, pneumonia) or if they had ever been treated with 

antimicrobial drugs. Healthy calves that developed diarrhea within the 10 days after sampling 

also were excluded. Fecal samples were obtained per rectum from cases and controls, labeled 

and immediately stored at -20o C. 

 

The incidence of calf diarrhea, as recorded by farm personnel, for calves < 30 days of age 

was obtained from farms for the preceding 12-month period. Attributable mortality rates due 

to calf diarrhea also were calculated for each farm, based on the number of deaths attributed 

to diarrhea by farm or veterinary personnel divided by the total number of deaths during a 

period of 1 year.  
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DNA extraction, amplification and sequencing of bacterial 16S rRNA gene 

Total DNA was extracted from 200 mg (wet weight) of fecal samples using a commercial 

Kit.c The V4 region of the 16S rRNA gene was amplified with the forward (5′-

AYTGGGYDTAAAGNG-3′) and reverse (5′- TACNVGGGTATCTAATCC-3′) primers14 

The primers were designed with overhanging adapters (Forward: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG, Reverse: 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) for annealing to Illumina 

universal index sequencing adaptors that were added in a later PCR. The reaction mixture 

and amplification conditions have been described previously.15 The PCR products were 

purified with magnetic beads.d Illumina universal adapters (Forward: AATGATACGG 

CGACCACCGAGATCTACAC-index-TCGTCGGCAGCGTC, Reverse: 

CAAGCAGAAGACGGCATACGAGAT- index-GTCTCGTGGGCTCGG) then were added 

to the purified 16S rRNA gene product by PCR.15 The PCR products were evaluated by 

electrophoresis in 1.5% agarose gel and purified as described above. After purification, 

spectrophotometrye was used to quantify the PCR products. Samples were normalized to a 

final concentration of 2 nM. The library pool was submitted to the Genomics Facility of the 

University of Guelph and sequenced with an Illumina MiSeqf for 250 cycles from each end.  

 

Statistical Analysis  

Incidence of diarrhea and mortality rates attributed to diarrhea, as well as treatment rates 

were compared using a Fisher’s exact test. The Mothur software packageg was used for the 

bioinformatic analysis.16 Paired end reads were merged to fully overlapping reads and then 

aligned to the SILVA 16S rRNA reference database.17 Sequences that were misaligned with 

the target region were removed. Irregular sequences including those with contiguous 

sequence lengths > 245 bp or < 239 bp and ambiguous base calls also were removed, as were 

those with runs of homopolymers > 8 base pairs. Uchime was utilized to identify chimeras,18 

which then were removed. Sequences belonging to nonbacterial domains (chloroplasts, 

mitochondria, Archaea and eukaryotes) also were removed. The remaining sequences were 

assigned into operational taxonomic units (OTUs) using an open OTU-picking approach, 

with a distance limit of 0.03 (97% similarity). The OTUs were classified using the Ribosomal 

Database Project classifier.h 
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Relative abundances of the main phyla, classes, orders and families (median relative 

abundance > 0.1%) and the main genera (median relative abundance > 0.05%) were 

calculated. The Shapiro-Wilk test was used to evaluate normality of the datasets. The 

majority of datasets did not meet the assumptions of normal distribution. Therefore, 

comparison of the relative abundances between groups (healthy calves between farms, and 

healthy and diarrheic calves within farms) was performed using the non-parametric Mann–

Whitney U test. P-values were adjusted for multiple comparisons using the Benjamini & 

Hochberg’s False Discovery Rate19 using a statistical softwarei to generate q-values. A q < 

0.05 was considered statistically significant. 

 

Subsampling was completed to normalize sequence number by random selection of a number 

of sequences that corresponded to the lowest number of reads for any sample. Sampling 

coverage was assessed by Good’s coverage value. Diversity, evenness and richness were 

calculated using the inverse Simpson’s, Shannon’s evenness and Chao1 indexes, 

respectively, and comparison between groups was made using Wilcoxon rank sum test. The 

core microbiota was investigated by identifying genera with relative abundances of at least 

1% in all samples from a group.  

 

The Jaccard index (a measure of community membership, which only considers the number 

of shared genera, but not their abundance) and the Yue and Clayton index (a measure of 

community structure, which considers shared genera and their relative abundances) were 

calculated. Unweighted-Unique Fraction Metric (Unweighted-UNIFRAC) analysis of 

molecular variance (AMOVA), homogeneity of molecular variance analysis (HOMOVA) 

and parsimony test were used to compare community membership and structure between 

groups. The similarity between groups was visualized by dendrograms plotted using FigTree 

v1.4.0.1.j Clustering of the groups was represented by principal coordinate analysis plotted 

using a statistical software.k 

 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 

(PICRUSt)20 was used to predict the functional gene content in the fecal microbiota based on 

taxonomy obtained from the Greengenes reference database (http://greengenes.lbl.gov/cgi- 

http://greengenes.lbl.gov/cgi-%20bin/nph-index.cgi
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bin/nph-index.cgi).21 Comparison of the percentages of functional gene content between 

groups (healthy calves between farms, and healthy and diarrheic calves within farms) was 

performed using Mann–Whitney U test, adjusted for multiple comparisons.  

 

Linear discriminant analysis effect size (LEfSe)22 was used to identify bacterial taxa and 

predicted functional genes (PICRUSt) that were enriched in feces of healthy and diarrheic 

calves, based on a P<0.05 and LDA score >2,0. The PICRUSt and LEfSe were performed 

online in the Galaxy workflow framework (https://huttenhower.sph.harvard.edu/galaxy/).  

Data were made publicly available at the National Center for Biotechnology Information 

Sequence Read Archive under accession number SUB2017706. 

 

3.3 Results 

Farm, calves and management practices  

The incidence of diarrhea in calves < 1 month of age during a 1-year period was significantly 

different between farms (F1: 78%, 529/679; F2: 90%, 957/1051; p =0.001). However, the 

mortality rate due to diarrhea did not differ (3% and 3%; p =1.000). The proportion of calves 

with diarrhea treated with antimicrobials was high and not different between F1 (494/529, 

93%) and F2 (901/957, 94%) (p < 0.1). The age distribution (days) of diarrheic calves was 

similar across the calves from the 2 farms with mean ages of 8 ± 2 and 8 ± 3 days for F1 and 

F2, respectively (p = 0.92). 

 

Analysis of 16S rRNA gene sequencing  

A total of 7,564,140 reads were obtained with a mean of 70,106 reads per calf (standard 

deviation [SD] 30,903; median, 69,275, range, 17,827 to 169,045). A random subsample of 

17,827 reads per sample was used to normalize data. Subsampling was considered adequate, 

as evidenced by the coverage of 99.9% obtained for all samples.  

 

Alpha diversity 

Significant differences in richness, evenness and diversity of gut microbiota were noted 

between healthy and diarrheic calves  (Fig 1). 

 

http://greengenes.lbl.gov/cgi-%20bin/nph-index.cgi


 

 

76 

Relative abundance and core microbiota 

Twenty-two different phyla were identified, but Firmicutes, Actinobacteria and 

Proteobacteria accounted for > 88% of sequences (Fig 2). Fusobacteria, Bacteroidetes and 

Verrucomicrobia were identified in healthy and diarrheic calves at > 1% of the total number 

of sequences. Comparison between healthy calves from F1 and F2 identified a higher relative 

abundance of Fusobacteria (p=0.044) and lower relative abundance of Proteobacteria 

(p=0.044) in calves from F1. Firmicutes, Actinobacteria and Proteobacteria also dominated 

the fecal microbiota of diarrheic calves (Fig 2). On F1, diarrheic calves had a significantly 

lower relative abundance of Actinobacteria than did healthy calves from the same farm 

(p=0.005). There were no differences in phyla between healthy and diarrheic calves on F2 

(Table 2.5). 

 

Forty-three different classes, 83 orders and 166 families were identified but only 11, 16 and 

25 accounted for ≥ 0.1% of sequences overall, respectively. The relative abundances of most 

abundant bacterial taxa identified in feces of healthy and diarrheic calves from F1 and F2 are 

presented in supplemental Table 1. The significantly different taxa in healthy calves between 

farms, and in healthy and diarrheic calves within each farm are shown in Table 2. In F2, there 

were no statistically significant differences in the relative abundance of any bacterial taxa of 

healthy versus diarrheic calves.  

 

Overall, 385 genera were detected. Fifty five of those were present at relative abundance of > 

0.05%. The relative abundances of the most abundant genera found in healthy and diarrheic 

calves from F1 and F2 are presented in Fig 3 and Table 3.  

 

LEfSe Analysis  

When comparing healthy calves, 34 and 12 bacterial taxa enriched in healthy calves from F1 

and F2, respectively, were identified. Enriched phylotypes from F1 were predominantly from 

the classes Bacilli, Fusobacteria, Alphaproteobacteria, Betaproteobacteria and Bacteroidetes, 

whereas most from F2 were Gammaproteobacteria (Fig 4). Comparing healthy and diarrheic 

calves within each farm, 3 genera were enriched in the feces of healthy calves and 25 genera 

were enriched in diarrheic calves from F1, whereas in F2 3 genera were enriched in healthy 
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calves and 4 in diarrheic calves (Fig 5). Based on LEfSe, the genera Bifidobacterium, 

Megamonas and a genus of the family Bifidobacteriaceae were associated with health in F1, 

whereas Lachnospiraceae incertae sedis, Dietzia and an unclassified genus of the family 

Veillonellaceae were significantly associated with health in F2 (Fig 6).  

 

Community membership and structure 

As shown in Table 4, there were significant differences in community membership (Jaccard 

index) and community structure (Yue & Clayton index) between healthy calves from the 

different farms. Healthy and diarrheic calves from F1 were significantly different in 

community membership but there was no difference in community membership between 

healthy and diarrheic calves from F2. Community structure was significantly different 

between healthy and diarrheic calves from F1. These differences in community membership 

and structure were visualized by dendrograms (Fig 7) and PCoA plots (Fig 8 and 9).  

 

PICRUSt analysis  

At Kyoto Encyclopedia of Genes and Genomes (KEGG) level 1, genes associated with 

metabolism predominated, accounting for 62% (n=148) overall. Genes encoding genetic 

information processing (31; 13%), environmental information processing (15; 6%), cellular 

information processing (15; 6%) and organismal system (immune system, endocrine system 

and nervous system; 19; 8%) also were common. At KEGG level 2, 14% (n=20) of the 

metabolism genes belonged to xenobiotic biodegradation metabolism, 11% (n=17) to lipid 

metabolism, 11% (n=16) to biosynthesis of secondary metabolites, 10% (n=15) to 

carbohydrate metabolism, 9% (n=14) to aminoacid metabolism, 9% (n=13) to metabolism of 

terpenoids and polyketides, 8% (n=12) to metabolism of cofactors and vitamins, 7% (n=11) 

to glycan metabolism, 6% (n=9) metabolism of other aminoacids, 5% (n=8) were 

unclassified, 5% (n=8) were related to energy metabolism and 2% (n=2) to enzyme families. 

There were no differences in the percentages of KEGG orthologs from either level 1 or 2 (all 

adjusted P values > 0.05). The relative abundances of the 20 most abundant KEGG orthologs 

are presented in supplemental Fig 1. When comparing healthy and diarrheic calves, LEfSe 

analysis indicate that porphyrin and chlorophyll metabolism pathway genes were enriched in 

diarrheic calves from F1. On F2, biosynthesis of vancomycin group antibiotics; valine, 
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leucine and isoleucine biosynthesis,; glycine, serine and threonine metabolism; folate 

biosynthesis; pantothenate and CoA biosynthesis; and, C5 branched dibasic acid metabolism 

were enriched in healthy calves, whereas porphyrin and chlorophyll metabolism pathway 

genes were enriched in diarrheic calves (Fig 10).  

 

3.4 Discussion 

Various studies have described the development of the gastrointestinal microbiota of calves12, 

23-28 and the changes associated with different management practices including feeding, 

housing and antimicrobial administration during the neonatal period.29, 30 However, limited 

information is available regarding the specific changes occurring in the fecal microbiota and 

the functional genes in calves with neonatal diarrhea.31-33 We identified significant 

differences in the fecal microbiota and its predicted functional metabolic pathways in healthy 

and diarrheic calves from 2 large dairy farms with different management practices. The 

analyses evaluating the similarity of community membership and structure of the fecal 

microbiota showed that calves from the same farm shared similar microbial communities 

regardless the health status when compared to healthy and diarrheic calves from a different 

farm. The degree of inter-farm variation is important to recognize, particularly because 

earlier studies have been based primarily on animals from single facilities. These data 

indicate potentially important differences between facilities that must be considered when 

designing and interpreting microbiota studies. 

The development of intestinal microbiota in neonatal calves is a dynamic and complex 

process influenced by external and internal factors that affect intestinal microbial 

succession.30 External factors include microbial load in the environment, delivery mode,34 

type of colostrum,35 type of feeding (raw milk versus pasteurized milk versus milk 

replacer),29 housing,36 and administration of probiotics, prebiotics or antibiotics.37-39 

Individual factors that can influence gut microbiota include nutritional state, functional 

immaturity of the immune system, intestinal pH, peristalsis, bile acids, bacterial mucosal 

receptors and microbial interactions.40 Therefore, management factors are a likely 

explanation for the inter-farm differences that were noted, but further study of factors that 

influence both the individual calf and farm-level microbiota are needed.  
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In humans and most other studied species, a small number of phyla tend to account for the 

majority of the intestinal microbiota. Firmicutes tends to be the dominant phylum in most 

animal species,12, 15, 41, 42 as was the case here. The predominance of Firmicutes, 

Actinobacteria and Proteobacteria noted in these calves is also consistent with previous 

studies in infants,41 foals,42 piglets15 and calves.12, 35 The predominance of Actinobacteria is 

presumably a reflection of the early colonization of the gut in neonates. Bovine milk contains 

complex non-digestible oligosaccharides43 that promote proliferation of specific gut 

microbes, especially Bifidobacterium spp. from the Actinobacteria phyla.44 

 

Although it is difficult to define normal calf microbiota, general trends can be inferred from 

previous studies. From a phylum level perspective, the fecal microbiota of healthy Holstein 

calves during the neonatal period was dominated by Firmicutes, with a relative abundance 

ranging from 64% to 82%, followed by Bacteroidetes (8% to 24%), Proteobacteria (4% to 

10%), Fusobacteria (1% to 6%), and Actinobacteria (1% to 2%).12 At the genus level several 

studies identified higher abundance of Bacteroides and Clostridium spp. in the feces of 

healthy calves.27-29 In addition, in pre-weaned Holstein calves relative abundance of 

Faecalibacterium prautsnitzii, a microorganism that belongs to the phylum Firmicutes, was 

higher during the first weeks of life and this high abundance was associated with decreased 

incidence of diarrhea.12  

 

Our results differed with the aforementioned studies in several aspects. The phylum 

Bacteroidetes accounted for < 1% of the total sequences identified in healthy and diarrheic 

calves, something that could be accounted for, at least in part, by methodology, because it is 

well established that differences in Bacteroidetes abundance can be found with Illumina vs 

454 sequencing likely due to the choice of different primers (V4-V5 vs V4, respectively).45  

Proteobacteria, especially members of the Enterobacteriaceae family, were enriched in feces 

of healthy calves from F2, and in feces of diarrheic calves from both F1 and F2. The increase 

in diarrheic calves is not surprising as this phylum often is associated with intestinal 

dysbiosis,46 but the difference between farms was interesting. A recent study of nursing 

calves from 5 beef farms identified some farms with high relative abundances of 

Proteobacteria,47  suggesting that higher Proteobacteria levels could be a farm-associated 
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effect, perhaps from management practices. This could be of concern because recent studies 

have identified a mechanistic interrelation among Proteobacteria, the gut immune response 

and inflammation.48,49  Dysregulated innate immune responses can elicit the bloom of 

Proteobacteria that promotes gut inflammation and facilitate inflammation or invasion by 

pathogens.50,51 Additionally, the relative abundance of Faecalibacterium spp. was lower in 

healthy calves, a somewhat surprising result because F. prautsnitzii has been associated with 

anti-inflammatory properties by stimulating the production of anti-inflammatory cytokines, 

decreasing the secretion of the pro-inflammatory cytokines and by the production of 

butyrate.52,53 Contradictory results regarding the relative abundance of Faecalibacterium spp 

in feces of preweaned calves from different farms also have been reported in dairy12,27 and 

beef calves.47 The reasons accounting for these differences are unclear, but differences in 

methodologies among studies as well as a farm-associated effects (management practices) 

could explain the differences in gut microbiota.  

 

We also identified significant differences in microbiota structure and membership between 

healthy and diarrheic calves. This observation was not surprising given the differences that 

have been noted with enteric disease in various animal species and diseases.54,55,56 The 

differences that were noted with our analyses, along with those identified using other 

approaches (e.g. LEfSe) highlight the need to look beyond simple comparison of relative 

abundances when trying to interpret the microbiota, because relative abundance changes 

were more modest. 

 

The relative abundance of Actinobacteria was significantly increased in healthy calves. At 

the genus level, LEfSe analysis identified enrichment of Bifidobacterium and an unclassified 

genus of the Bifidobacteriaceae family in healthy calves. Changes in the relative abundance 

of Bifidobacterium have been reported with different dysbiosis-associated intestinal 

diseases.57,58 Bifidobacteria have been reported to prevent gastrointestinal infections by out-

competing pathogenic viruses or bacteria for binding sites on epithelial cells.59,60 

Bifidobacteria also produce short chain fatty acids that are transformed to butyrate and 

stimulate growth of butyrate-producing bacteria.59  Butyrate has been shown to have trophic 

and immunomodulatory effects on the intestinal epithelium.61,62 Bifidobacterium also can 
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contribute to the gut health by production of inhibitory substances,62,63 and modulating the 

gastrointestinal immune system response.64,65 These characteristics can explain the positive 

impact of Bifidobacterium-based probiotics on prevention of gastrointestinal diseases in 

calves.66  

 

The PICRUSt analysis was used to infer functional capabilities of the microbial 

communities. This approach infers the functional capacity of the microbiota by prediction of 

functional genes that typically are associated with different taxa. Although the biological 

relevance of this approach is still unclear, LEfSe analysis identified several functional gene 

categories that were enriched in healthy and diarrheic calves. Diarrheic calves had decreased 

abundances of genes responsible for metabolism of various vitamins (e.g., folate, 

panthotenate), aminoacids (e.g., valine, leucine, isoleucine, glycine, serine, threonine) and 

carbohydrate metabolism. This imbalance might indicate that free vitamin and nutrient 

availability is altered in diarrheic calves. Alterations in aminoacid metabolism have been 

observed in dogs with chronic diarrhea caused by idiopathic inflammatory bowel disease,53 

in cats with acute diarrhea54 and in humans with gut inflammation,67 suggesting that 

aminoacid dysmetabolism may be an important feature of dysbiosis-associated diseases. 

Increased relative abundances of genes associated with porphyrin and chlorophyll 

metabolism also were present in diarrheic calves. Porphyrins are tetrapyrroles that bind 

covalently to a metal (iron, to form cytochromes, peroxidase, catalase, myoglobin and 

hemoglobin; copper or nickel to form molecules for electron transport in methanogenic 

bacteria).68 In non-photosynthetic eukaryotes such as animals, insects, fungi, and protozoa, as 

well as in the α-Proteobacteria group of bacteria, the committed step for porphyrin 

biosynthesis is the formation of δ-aminolevulinic acid by the reaction of the amino acid 

glycine with succinyl CoA from the citric acid cycle.68 Metabolites such as δ-aminolevulinic 

acid potentially could be used as a marker of increased abundance of Proteobacteria and 

therefore dysbiosis. However, PICRUSt is only a predictor of metagenomic function, and 

metabolomic approaches are preferred to identify factual changes in metabolic function of 

microbiota of diarrheic calves and identify markers of unstable gut microbiota.   
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3.5 Conclusions 

The intestinal microbiota of healthy dairy calves appeared to be farm-specific as were the 

changes during diarrhea. Significant differences in microbiota structure and membership 

between healthy and diarrheic calves suggest that dysbiosis occurred in diarrheic calves and 

was associated with changes in the predictive metagenomic function of the bacterial 

communities. A metabolomic approach is required however to accurately establish changes 

in metabolic function. 
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3.9 Tables 
 
Table 3.1: Farm characteristics and management practices. 
 
 Farm 1 Farm 2 

Breed Holstein- Friesen Holstein- Friesen 

Calves per year  700 1,000 

Type of housing Group pen Individual pen 

Type of bedding Sawdust Shavings 

Colostrum feeding 4L first 4h 6L first 6h 

Diet (8-12 wks.) Pasteurized milk Milk replacer 

Feeding method Robot machine  Individual bucket 

Diarrhea treatment 
protocol 

TMS (1920 mg, PO, once) SP (30 mg/kg, IM, q24h/10d) 

 + + 
 CFT (2.2 mg/kg, SC, q24h/3d)  LCM (15 mg/kg, IM, q24h/10d)  
 Or + 
 TMS* (16 mg/kg, IM, q24h/3d) TMS (16 mg/kg, IM, q24h/5d) 
TMS, trimethoprim-sulfamethazine; CFT, sodium ceftiofur; SP, spectinomycin; 
LCM, lincomycin; TMS*, trimethoprim-sulfadoxine, PO, orally, SC, subcutaneously; 
IM, intramuscularly. 
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Table 3.2: Relative abundance (median in percentage and ranges) of all bacterial taxa significantly 
different identified in feces of healthy and diarrheic calves. 
 
 F1 Healthy F2 Healthy q-value* 
Phylum [8]    
Proteobacteria 8.3 (3 – 35) 25 (2.3 - 63) 0.044 
Fusobacteria 0.4 (0 – 2.2) 0 (0 – 2.7) 0.044 
Class [12]    
Betaproteobacteria 0.6 (0.01 – 3.3) 0.01 (0 – 1.3) 0.037 
Gammaproteobacteria 6 (2 – 35) 23 (2 – 62) 0.046 
Fusobacteria 0.04 (0 – 2.2) 0 (0 – 2.7) 0.055 
Order [17]    
Enterobacteriales  5 (1.4 – 28) 18 (2 – 62) 0.037 
Burkholderiales  0.6 (0 -3.3) 0 (0 – 1.3) 0.003 
Coriobacteriales  0.1 (0 – 0.3) 0.03 (0 – 0.1) 0.007 
Fusobacteriales  0.04 (0 2.2) 0 (0 – 2.7) 0.040 
Actinomycetales  0.7 (0 – 6.12) 0.08 (0 – 4.2) 0.040 
Family [28]    
Acidaminococcaceae  27 (1.4 - 69) 8 (0.2 – 35) 0.01 
Coriobacteriaceae  12 (2 – 39) 3.2 (0 – 26) 0.007 
Actinomycetaceae  0.6 (0 – 6.1) 0.05 (0 – 4.2) 0.046 
Sutterellaceae  0.4 (0 – 3.2) 0 (0 – 1.2) 0.005 
Enterobacteriaceae  0.04 (0 – 2.2) 0 (0 - 3) 0.035 
Alcaligenaceae  0.004 (0 – 0.8) 0 (0 – 0.06) 0.007 
Genus [70]    
Escherichia_Shigella 3.3 (0.9 – 16.8) 12 (1 - 42) 0.037 
Unclass. Enterobacteriacea  1.2 (0.2 - 12) 6.3 (1.2 - 20) 0.025 
Collinsella 9.3 (0.4 - 20) 1.8 (0 - 8.4) 0.019 
Unclass. Alcaligenaceae  1.1 (0.09 – 8) 0.3 (0 – 9) 0.007 
Howardella  0.9 (0 - 9) 0.14 (0 – 1.4) 0.022 
Unclass. Fusobacteriaceae  0.02 (0 – 2) 0 (0 – 0.08) 0.058 
Sutterella  0.32 (0 – 3) 0 (0 – 0.7) 0.007 
Unclass. Acidaminococcaceae  0.25 (0 – 1.7) 0 (0 – 2) 0.022 
Unclass. TM7 order incertae sedis  0.2 (0.02 – 0.5) 0.03 (0 - 0.07) 0.025 
Pseudomonas  0.08 (0 – 0.2) 0.01 (0.1) 0.025 
Unclass. Pasteurellaceae  0.02 (0 – 0.03) 0.04 (0 – 12) 0.036 
Erysipelotrichaceae _incertae_sedis 0.2 (0.01 – 5) 0.05 (0 – 1.5) 0.036 
    
 F1 Healthy F1 Diarrhea  
Phylum [8]    
Actinobacteria 22 (4 – 57) 8 (2.3 - 29) 0.004 
Class [12]    
Actinobacteria 22 (4.4 – 57) 8 (2.2 – 29) 0.007 
Order [17]    
Bifidobacteriales  13 (0.4 – 46) 1.2 (0.3 – 9) 0.003 
Family [28]    
Bifidobacteriaceae  13 (0.4 – 46) 1.2 (0.3 - 9) 0.005 
Genus [70]    
Bifidobacterium 13 (0.4 - 46) 1.2 (0.3 - 9) 0.02 
F1, farm one; F2, farm 2. 
*p-values were adjusted for multiple comparisons using the Benjamini & Hochberg’s False Discovery Rate to 
generate q-values. Numbers in [] indicate the number of comparisons performed at each level of taxonomic 
classification. The abbreviation "unclass." indicates an unclassified taxonomy within the respective taxonomic 
group. 
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Table 3.3: The 10 most abundant genera (median (min – max)) from feces of healthy and 

diarrheic calves. 
 
Farm 1  Farm 1  Farm 2  Farm 2  
Healthy Diarrhea Healthy Diarrhea 
Lactobacillus Lactobacillus Bifidobacterium Bifidobacterium 
24 (1.4 – 67) 19 (2 – 48) 18 (2 – 77) 13 (0 – 33) 
Bifidobacterium Unclass.Lachnospiraceae Escherichia_Shigella Lactobacillus 
13 (0.4 – 45) 16 (0.1 – 22) 12 (1 – 42) 9 (0.2 – 53) 
Collinsella Escherichia_Shigella Butyricicoccus Escherichia_Shigella 
7 (0.4 – 20) 7 (1.4 – 16) 8 (0 – 20) 9 (0.2 – 26) 
unclass.Lachnospiraceae unclass.Enterobacteriaceae Lactobacillus unclass.Enterobacteriaceae 
7.5 (1.8 – 27) 6 (0.8 – 12) 8 (0.2 – 33) 5.5 (0.3 – 19) 
Butyricicoccus Collinsella unclass.Enterobacteriaceae Butyricicoccus 
3.7 (0.2 – 7) 4.5 (0.8 – 23) 6 (1 – 20) 5 (1.6 – 12) 
Escherichia_Shigella Dorea Collinsella unclass.Lachnospiraceae 
3.3 (0.9 – 17) 1.5 (0 – 9) 2 (0 – 8) 4 (0.4 – 29) 
Unclass.Enterobacteriaceae Bifidobacterium unclass.Lachnospiraceae Faecalibacterium 
1.4 (0.2 – 12) 1.2 (0.2 – 9) 1.5 (0 – 17) 4 (0 – 30) 
Gallibacterium Actinomyces Peptostreptococcus Collinsella 
1.1 (0 – 15) 0.9 (0 – 3) 1.2 (0 – 6) 3 (0 – 17) 
unclass.Lactobacillaceae Butyricicoccus Faecalibacterium Clostridium_sensu_stricto 
0.8 (0 – 8.5) 0.8 (0 – 8) 0.5 (0 – 18) 0.7 (0 – 44) 
Dorea Gallibacterium Bacteroides Peptostreptococcus 
0.8 (0 – 7.5) 0.8 (0 – 23) 0.5 (0 – 13) 0.4 (0 – 28) 
The abbreviation "unclass." indicates an unclassified taxonomy within the respective taxonomic group. 
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Table 3.4: p-values obtained from statistical analyses comparing community membership 
and structure of fecal samples of healthy and diarrheic calves from two different farms. 
 

 
UNIFRAC 

Unweight 
AMOVA HOMOVA Parsimony 

The Classic Jaccard index 

F1 Healthy – F2 Healthy 0.008 <0.001 >0.05 <0.001 

F1 Diarrhea – F2 Diarrhea 0.013 <0.001 >0.05 <0.001 

F1 Healthy – F1 Diarrhea 0.05 0.02 >0.05 0.267 

F2 Healthy – F2 Diarrhea 0.149 0.09 >0.05 0.520 

 

The Yue and Clayton index 

F1 Healthy – F2 Healthy 0.038 <0.001 0.348 0.026 

F1 Diarrhea – F2 Diarrhea 0.009 <0.001 0.055 <0.001 

F1 Healthy – F1 Diarrhea 0.014 0.004 0.357 0.113 

F2 Healthy – F2 Diarrhea 0.03 0.038 0.011 0.108 

F1, farm one; F2, farm 2; AMOVA, analysis of molecular variance; HOMOVA, 
Homogeneity of molecular variance. 
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Table 3.5: Relative abundance (median, min and max) of the most abundant phyla, classes, 
order, and families identified in feces of healthy and diarrheic calves from two different 
farms. 
 
 Farm 1-H Farm 1-D *q-value Farm 2-H Farm 2-D *q-value 
Phyla [8]       
Firmicutes 59 (21 – 84) 64 (34 – 86) 0.721 48 (2 – 63) 55 (31 – 88) 0.358 
Actinobacteria 22 (4 – 57) 8 (2 – 29) 0.004 24 (2 – 83) 15 (0 – 45) 0.709 
Proteobacteria 8 (3 – 35) 16 (6 – 40) 0.174 25 (3 – 62) 19 (3 – 35) 0.430 
Bacteroidetes 0.5 (0 – 6) 0.6 (0 – 9) 0.835 0.5 (0 – 13) 0.3 (0 – 20) 0.771 
Fusobacteria 0 (0 – 2) 0 (0 – 16) 0.155 0 (0 – 3) 0 (0 – 2) 0.430 
Verrucomicrobia 0 (0 – 1) 0 (0 – 0.1) 0.155 0 (0 – 13) 0 (0 – 5) 0.716 
Deinococcus-Thermus 0 (0 – 0.3) 0.1 (0 – 0.8) 0.108 0 (0 – 0.1) 0 (0 – 0.4) 0.709 
Class [12]       
Clostridia 23 (7 – 44) 33 (5 – 48) 0.276 26 (8 – 40) 32 (13 – 64) 0.249 
Bacilli 30 (1 – 70) 26 (3 – 60) 0.680 13 (0.6 – 37) 12 (2 – 57) 0.814 
Actinobacteria 22 (4 – 57) 8 (2 – 29) 0.007 24 (2 – 83) 15 (0 – 45) 0.781 
Gammaproteobacteria 6 (2 – 35) 15 (5 – 39) 0.170 23 (2 – 62) 19 (0.5 – 44) 0.540 
Bacteroidia 0.5 (0 – 6) 0.6 (0 – 9) 0.688 0.5 (0 – 13) 0.3 (0 – 20) 0.814 
Erysipelotrichia 1 (0.1 – 5) 1 (0 – 3) 0.639 0.3 (0 – 3) 0.8 (0 – 7) 0.781 
Fusobacteria 0 (0 – 2) 0 (0 – 16) 0.244 0 (0 – 3) 0 (0 – 2) 0.421 
Verrucomicrobiae 0 (0 – 1) 0 (0 – 1) 0.363 0 (0 – 13) 0 (0 – 5) 0.781 
Negativicutes 0.7 (0 – 2) 0.8 (0 – 3) 0.680 0.3 (0 – 5) 0 (0 – 1) 0.249 
Betaproteobacteria 0.6 (0 – 3) 0.8 (0 – 3) 0.680 0 (0 – 1) 0.2 (2 – 3) 0.249 
Order [17]       
Clostridiales 23 (7 – 44) 33 (5 – 48) 0.133 26 (0.8 – 40) 32 (14 – 65) 0.362 
Lactobacillales 30 (2 – 70) 25 (3 – 59) 0.641 13 (0 – 36) 12 (2 (57) 0.78 
Enterobacteriales 4 (1 – 29) 13 (4 – 27) 0.237 18 (2 – 62) 17 (0.4 – 44) 0.613 
Bifidobacteriales 13 (0.4 – 45) 1 (0.2 – 9) 0.003 18 (2 – 77) 13 (0 – 33) 0.421 
Coriobacteriales 9 (0.8 – 24) 5 (0.4 – 20) 0.237 2 (0 -8) 3 (0 – 17) 0.568 
Pasteurellales 1 (0 – 15) 0.8 (0 – 23) 0.933 0.8 (0 – 22) 0.6 (0 – 13) 0.761 
Bacteroidales 0.5 (0 – 6) 0.6 (0 – 9) 0.926 0.5 (0 – 13) 0.3 (0 – 20) 0.789 
Erysipelotrichales 1 (0.1 – 5) 1 (0 – 3) 0.641 0.3 (0.1 – 3) 0.8 (0 – 7) 0.662 
Fusobacteriales 0 (0 – 2) 0 (0 – 16) 0.237 0 (0 – 3) 0 (0 – 2) 0.421 
Verrucomicrobiales 0 (0 – 1) 0 (0 – 1) 0.330 0 (0 – 13) 0 (0 – 5) 0.757 
Family [28]       
Lactobacillaceae 27 (1.4 – 69) 20 (2 – 50) 0.994 8 (0.2 – 35) 9 (0 – 54) 0.799 
Enterobacteriaceae 4 (1 – 29) 13 (4 – 28) 0.265 18 (2 – 62) 17 (0.4 – 44) 0.758 
Bifidobacteriaceae 13 (0.4 – 45) 1 (0.2 – 39) 0.005 18 (2 – 76) 12 (0 – 33) 0.576 
Lachnospiraceae 12 (2 – 39) 20 (0.3 – 38) 0.258 3 (0 – 26) 7 (0.4 – 37) 0.758 
Ruminococcaceae 8 (0.8 – 20) 7 (0.1 – 35) 0.635 17 (0.2 – 29) 11 (2 – 33) 0.966 
Coriobacteriaceae 9 (0.5 – 21) 5 (0.8 – 24) 0.258 2 (0 – 8) 3 (0 – 17) 0.758 
Clostridiaceae_1 0.3 (0 – 6) 0.4 (0 – 7.1) 0.258 0.1 (0 – 13) 1 (0 – 49) 0.758 
Pasteurellaceae 1 (0 – 15) 0.8 (0 – 23) 1 0.8 (0 – 22) 0.6 (0 – 13) 0.808 
Streptococcaceae 0.6 (0 – 13) 0.4 (0 – 2) 0.54 0.5 (0 – 20) 0 (0 – 28) 0.576 
Bacteroidaceae 0.5 (0 – 6) 0.6 (0 – 8) 0.994 0.5 (0 – 13) 0.3 (0 – 20) 0.799 
[] Indicate the number of comparisons performed at each level of taxonomic classification. ** p-values were adjusted 
for multiple comparisons using the Benjamini & Hochberg’s False Discovery Rate to generate q-values. The 
abbreviation "unclass." denotes an unclassified taxonomy within the respective taxonomic group. 
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3.10 Figures 

Figure 3.1: Richness (Chao-1), diversity (Inverse Simpson), and evenness (Shannon evenness) indexes observed in healthy and 

diarrheic calves from 2 different farms. 
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Figure 3.2: Median relative abundance of the main bacterial phyla (>1% of the total of sequences) in feces of healthy and 
diarrheic calves from 2 different farms (n = 15 per group).
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Figure 3.3: Median relative abundance of genera accounting for >1% of the total of 

sequences in feces of healthy and diarrheic calves from 2 different farms (n = 15 per 

group).
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Figure 3.4: Cladogram plotted from LEfSe analysis showing the taxonomic levels 

represented by rings with phyla in the outermost the ring and genera in the innermost 

ring. Each circle is a member within that level. Those taxa in each level are coloured by 

farm for which it is more abundant (P < .05; LDA score 2).
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Figure 3.5: Plot from LEfSe analysis indicating enriched bacterial gen- era associated 

either with healthy (green) or diarrheic (red) calves from farm 1. 
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Figure 3.6: Plot from LEfSe analysis indicating enriched genera associated either with healthy (green) or diarrheic (red) 

calves from farm 2. *Editorial office note: Figure is clear when downloaded and viewed on computer. Figure is blurry when 

compiled into a PDF of full article. If this manuscript is published, the publishers’ production team will make sure figure is 

represented clearly in final representation. 
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Figure 3.7: Dendrograms representing the similarity of community membership (Jaccard index, left panel) and structure 

(Yue and Clayton index, right panel) found in fecal samples collected from healthy (blue) and diarrheic (red) calves from 

farm 1 and healthy (green) and diarrheic (yellow) calves from farm 2.
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Figure 3.8: Dendrograms representing the similarity of community membership 
(Jaccard index, left panel) and structure (Yue and Clayton index, right panel) found in 
fecal samples collected from healthy (blue) and diarrheic (red) calves from farm 1 and 
healthy (green) and diarrheic (yellow) calves from farm 2.
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Figure 3.9: Three-dimensional principal coordinates analyses of the community 

structure (Yue and Clayton index) of the fecal micro- biota of healthy and diarrheic 

calves. Coloured points and ellipses indicate groups: healthy calves from farm 1 (green) 

and farm 2 (red) and diarrheic calves from farm 1 (orange) and farm 2 (blue).
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Figure 3.10: Three-dimensional principal coordinates analyses of the community structure (Yue and Clayton index) of the 

fecal micro- biota of healthy and diarrheic calves. Coloured points and ellipses indicate groups: healthy calves from farm 1 

(green) and farm 2 (red) and diarrheic calves from farm 1 (orange) and farm 2 (blue).
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Figure 3.11: Median relative abundance of the main meta- bolic pathways genes 

identified in feces of healthy and diarrheic calves from 2 different farms (n = 15 per 

group).
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4. CHAPTER FOUR: Implementation of an algorithm for selection of antimicrobial 

therapy for diarrhoeic calves: Impact on antimicrobial treatment rates, health and 

faecal microbiota 

 

 

Gomez DE, Arroyo LG, Poljak, Viel L, Weese JS. Implementation of an algorithm for 

selection of antimicrobial therapy for diarrhoeic calves: Impact on antimicrobial treatment 

rates, health and faecal microbiota. The Veterinary Journal 226 (2017) 15–25. 

doi.org/10.1016/j.tvjl.2017.06.009  

 

 
4.0 Abstract 
This study evaluated the impact of an algorithm targeting antimicrobial therapy of diarrhoeic 
calves on the following outcomes: incidence of diarrhoea, antimicrobial treatment rates, 
overall mortality, mortality of diarrhoeic calves and changes in the faecal microbiota. The 
algorithm was designed to target antimicrobial therapy in systemically ill calves from two 
dairy farms (F1 and F2).  
A retrospective (F1: 529 calves and F2: 639 calves) and a prospective (F1: 639 calves and 
F2: 842 calves) cohort were examined for 12 months before and after implementation of the 
algorithm. Mantel-Haenszel test and the Kaplan-Meier survival curves were used to assess 
the cumulative incidence risk (CIR) and time to development of each outcome in the before- 
and after-period, respectively. The CIR of antimicrobial treatment rates was 80% lower after 
implementation of the algorithm on both farms (CIR 0.19, 95% confidence interval 0.17-to-
0.21). There was no difference in the CIR of the overall mortality, but the CRI for mortality 
of diarrhoeic calves was lower in the after-period (F2). The faecal microbiota of 15 healthy 
calves from F1 and F2 at each period were characterised using a sequencing platform 
targeting the V4 region of the 16S rRNA gene. On both farms, there were significant 
differences in community membership and structure (Parsimony P < 0.001).  
Use of the algorithm for treatment of diarrhoeic calves reduced antimicrobial treatment rates 
without negatively impacting calf’s health and appeared to impact positively the faecal 
microbiota. However, the potential confounding effect of dietary changes during the study 
periods should be considered.  
 

4.1 Introduction 

Diarrhoea is responsible for more than 50% of mortality in dairy heifers < 1 month of age in 

the USA (USDA, 2007) and antimicrobial therapy is commonly recommended regardless of 

the aetiological agent (Walker et al., 2012). The reasons for this recommendation are not well 

established, but include prevention of bacteraemia and elimination of the suspected pathogen 
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from the intestinal tract (Constable, 2004). However, antimicrobial therapy may not be 

beneficial in many (or most) cases of calf diarrhoea (e.g. viral or parasitic infection), may 

result in longer recovery times (Berge et al., 2009), and may contribute to antimicrobial 

resistance and environmental contamination with antimicrobial compounds (Zhao et al., 

2010; Sura et al., 2014). 

 

Enteral and parenteral antimicrobial agents and their metabolites can be excreted in 

significant amounts through faeces and urine (Elmund et al., 1971; Feinman and Matheson, 

1978; Zhao et al., 2010; Sura et al., 2014). Farm environmental contamination with these 

antimicrobial residues could reach the gastrointestinal tract of healthy untreated calves, 

resulting not only in maintenance and development of antimicrobial resistance, but also 

producing alteration of the normal gut microbial populations (Panda et al., 2014; Schokker et 

al., 2015). One approach to reduce and improve the use of antimicrobial agents on dairy 

farms is the application of algorithms1 to guide the user towards a more rational course of 

action (Berge et al., 2009). Simple and cost effective measures such as this could be an asset 

to the dairy industry to improve calf management and reduce unnecessary usage of 

antimicrobial agents. Therefore, the aims of the present study were to evaluate the impact of 

an antibiotic use algorithm on calf health (morbidity and mortality) and antimicrobial 

treatment rates, and to characterise the faecal microbiota of healthy calves before and after 

implementing the algorithm. 

 

4.2 Materials and methods 

Impact of an antimicrobial use algorithm on calf health and treatment rates 

Farms - Two large commercial dairy farms located at a distance within 120-km radius of 

University of Guelph (Guelph, ON) were selected to participate on the basis of convenience, 

since both farms had a record keeping system for documenting health and disease events, 

treatment of calves and outcomes. The farms had not experienced or anticipated changes in 

                                                        
1 See: https://cvo.org/CVO/media/College-of-Veterinarians-of-
Ontario/Resources%20and%20Publications/Reports/GF2DiscussionSummary.pdf (accessed 
6 May 2017). 
 

https://cvo.org/CVO/media/College-of-Veterinarians-of-Ontario/Resources%20and%20Publications/Reports/GF2DiscussionSummary.pdf
https://cvo.org/CVO/media/College-of-Veterinarians-of-Ontario/Resources%20and%20Publications/Reports/GF2DiscussionSummary.pdf
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management in the year before and after enrolment in the study (e.g. expansion, new 

buildings or major changes in disease management practices). Farm’s characteristics 

identified in each period are presented in Table 1. The production system in both farms was 

free stall with automated milking system. The herd size in F1 was approximately of 600 

cows, while in F2 was 700 cows. The average of milk production was 10,300 kg/cow/year in 

F1 and 10,400 kg/cow/year in F2. Neither farm had a treatment protocol for diarrhoeic calves 

at the time of enrolment. Calves that developed diarrhoea in F1 were treated with 3 

antimicrobial agents (trimethoprim-sulphadoxine, spectinomycin and lincomycin), while 

diarrhoeic calves from F2 were treated with one antimicrobial agent orally (sulfamethazine) 

and one parenterally (trimethoprim-sulphadoxine or sodium ceftiofur).  

 

Study design and outcomes - Results were compared between a retrospective cohort of calves 

examined for 12 months before implementation of the algorithm (529 calves on farm 1 and 

639 calves on farm 2) and a prospective cohort of calves examined for 12 months after 

implementation of the algorithm (768 calves on farm 1 and 842 calves on farm 2). The study 

periods (before and after-algorithm implementation) on both farms were of 12 months. 

Outcomes assessed before and after implementation of the algorithm were: (1) incidence of 

diarrhoea; (2) antimicrobial treatment rates; (3) overall mortality; and (4) mortality of 

diarrhoeic calves. 

 

Data collection - Electronic and paper-based calf health records during the course of the 

study were reviewed and the following events occurring during the first 30 days of the life of 

each calf were recorded: (1) date of birth; (2) age and date at first diarrhoeic episode; (3) age 

and date at time of first treatment for diarrhoea; and (4) antimicrobial agents used. The 

outcome (survival or death) at 30 days of life was registered. When the cause of death was 

not registered, the following decisions were made: (1) if the calf died while being treated for 

diarrhoea, the death was attributed to diarrhoea; and (2) if a calf died suddenly or while being 

treated for another disease (e.g. pneumonia) the cause of death was not considered to be 

diarrhoea. In the period following implementation of the algorithm, farm staff registered the 

cause of death; if the cause of death was not clearly identified, a gross post-mortem 
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examination was performed. No additional samples were collected for laboratory 

examination.  

 

Design and implementation of the algorithm - A multidisciplinary team of large animal 

internal medicine and infectious disease specialists, an epidemiologist and the veterinary 

practitioner for each farm collaborated to develop an algorithm for use of antimicrobial 

agents. The algorithm was designed for farmers to evaluate four main clinical signs: (1) 

presence of diarrhoea (defined as loose faeces that stay on top of the bedding, or watery 

faeces that sifts through the bedding); (2) fever (rectal temperature > 39.5 °C); (3) 

haematochezia; and (4) changes in demeanour and milk intake. Depending on the presence of 

these clinical signs, each calf was assigned to a treatment with or without systemic 

administration of an antimicrobial agent (Fig. 1). A healthy calf was defined as a calf with 

normal demeanour, faecal consistency and body temperature (rectal temperature < 39.2 °C), 

and no major changes in milk intake. Farm staff trained in health evaluation and use of the 

algorithm executed the protocol. Regular farm visits were used to communicate with 

personnel to ensure there was no confusion or non-compliance.  

 

Faecal microbiota of healthy calves in the period before and after implementation of the 

algorithm 

 

Calves and sampling - Management practices for both farms during the study period are 

summarized in Table 1. Dietary changes occurred in both farms during the study period 

(Table 1). Briefly, calves were fed non-antibiotic pasteurized milk during the before-period 

while non-medicated milk replacer in the after-period in F1. In F2, calves were fed non-

medicated milk replacer in the before-period and non-antibiotic pasteurized milk in the after-

period. 

  

Faecal samples from 15 healthy calves < 30 days of age were collected from each farm 6 

weeks to 1 week before implementation of the algorithm, along with 15 healthy calves, 

matched for age and farm, 12 months after implementation of the algorithm. Calves were 

excluded if they had experienced a previous episode of diarrhoea, had other diseases (e.g. 
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omphalophlebitis or pneumonia) or had received antimicrobial agents previously. Calves that 

developed diarrhoea within 10 days after sampling were excluded and new calves were 

enrolled in their places. Faecal samples were obtained per rectum and stored at -20 °C. 

 

DNA extraction, amplification and sequencing of the bacterial 16S rRNA gene - DNA 

extraction was performed as described by Gomez et al. (2017). DNA was amplified with a 

set of oligonucleotide primers targeting the V4 region of the 16S rRNA gene with 

overhanging adapters for annealing to Illumina universal index sequencing adaptors 

(Klindworth et al., 2013; Slifierz et al., 2015). The library pool was sequenced with an 

Illumina MiSeq (Illumina RTA v1.17.28; MCS v2.2) for 250 cycles from each end. 

 

Statistical analysis - Outcomes before and after implementation of the algorithm - Outcomes 

considered for epidemiological analysis were: (1) incidence of diarrhoea; (2) antimicrobial 

treatment rates; (3) overall mortality; and (4) mortality of diarrhoeic calves. Differences in 

the risk of developing each of these outcomes were evaluated using the period (before- and 

after algorithm implementation) as the main exposure of interest; therefore the effect of 

specific factors (e.g. dietary changes) on the epidemiological outcomes could not be 

specifically evaluated. Cumulative incidence risk (CIR) was evaluated using Mantel-

Haenszel approach stratifying on farm as the potential confounder. This approach was used 

to determine differences in the incidence of each of the four epidemiological outcomes 

between periods. Time to development of each outcome was evaluated using Kaplan-Meier 

survival curves. Log rank χ2 -square test was used to ascertain whether or not there were 

differences in the survival experiences of the calves in both periods. The null hypothesis was 

that the survival curves were the same in both periods. Analyses were performed using 

STATA data analysis and statistical software (StataCorp LP).  

 

Faecal microbiota analysis - Mothur software package (v.1.36.1)2 was used for bioinformatic 

analysis, as described previously (Gomez, et al., 2017; Weese and Jelinsky 2017). Random 

subsampling was completed to normalise the sequence count. Sampling coverage was 

assessed using Good’s coverage value. The inverse Simpson’s, Shannon’s evenness and 

                                                        
2 See https://www.mothur.org (accessed Jun 13 2017) 

https://www.mothur.org/
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Chao-1 indices were used to calculate α-diversity and comparisons between groups were 

performed using the Steel-Dwass test. The community membership and structure were 

assessed as described previously (Gomez et al. 2017; Weese and Jelinsky, 2017). The 

differences between groups were represented by dendrograms (FigTree v1.4.0.1)3. Clustering 

of the groups was visualised by principle coordinate analysis (JMP 12, SAS Institute). 

 

Relative abundances of the main phyla, classes, orders and families, and the main genera, 

were calculated and comparisons were performed using the Mann-Whitney U test (JMP 12, 

SAS Institute). Changes in faecal microbiota were evaluated using the period (before- and 

after-algorithm implementation) as the main exposure of interest. Similarly to the 

epidemiological analysis, the effect of specific management practices could not be 

determined using this approach. Benjamini and Hochberg’s false discovery rate (FDR) 

(Benjamini and Hochberg, 1995) was used to adjust P values for multiple comparisons (R! 

Core Team, 2013).4 Bacterial taxa enriched in faeces in each period were identified using 

linear discriminant analysis effect size (LEfSe) (Segata et al., 2011), based on P < 0.05 and a 

linear discriminant analysis (LDA) score > 3,0 using the online Galaxy workflow 

framework.5 The number of different meta-communities (enterotypes) that the data could be 

clustered into was determined using the Dirichlet multinomial mixture model (DMM) 

(Holmes et al., 2012). Random forests classifier (RFC) (Knights et al., 2011) was also used to 

determine whether a set of predictive features could be used to accurately identify samples 

from each period, farms and farms/periods. Data were made publicly available at the 

National Centre for Biotechnology Information (NCBI) Sequence Read Archive 6  under 

accession number SUB2017706. 

 

4.3 Results 

Farm, calves and management practices 

Demographic characteristics, and selected farm practices identified on farms 1 and 2 in each 

period are presented in Table 1. In the period before implementation of the algorithm, 

                                                        
3 See: http://tree.bio.ed.ac.uk/software/figtree/ (accessed 13 Jun 2017) 
4 See: https://www.r-project.org (accessed 13 Jun 2017) 
5 See: https://huttenhower.sph.harvard.edu/galaxy/ (accessed 6 May 2017). 
6 See: https://www.ncbi.nlm.nih.gov/sra  

http://tree.bio.ed.ac.uk/software/figtree/
https://www.r-project.org/
https://huttenhower.sph.harvard.edu/galaxy/
https://www.ncbi.nlm.nih.gov/sra
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diarrhoeic calves from farm 1 received three different antimicrobial agents concurrently, 

whereas two antimicrobial agents were used on farm 2 (Table 1). In the period after 

implementation of the algorithm, all diarrhoeic calves were treated according to the 

antimicrobial use algorithm (Table 1; Fig. 1). 

 

Antimicrobial use algorithm and outcomes 

Data for antimicrobial treatment rates, incidence of diarrhoea, and overall mortality and 

mortality of diarrhoeic calves, on both farms for each period are presented in Table 2. On 

both farms, there was a marked reduction in the cumulative risk of administering 

antimicrobial treatment following implementation of the algorithm (Table 3). The CIR of 

antimicrobial treatment for diarrhoea in the period after implementation of the algorithm was 

81% lower than in the period before implementation (incidence risk ratio, IRR, 0.19, 95% CI 

0.17-0.21; P < 0.01) and these estimates were similar between farms. On farm 1, the CIR of 

diarrhoea was 19% lower following implementation of the algorithm (IRR 0.81; 95% CI 

0.77-0.85; P < 0.01), but there was no difference in CIR before and after implementation of 

the algorithm on farm 1 (IRR 1.0, 95% CI 0.97-1.04; P = 0.67). The risk of mortality of 

diarrhoeic calves was lower after implementation of the algorithm on farm 2 (IRR 0.48, 95% 

CI 0.26-0.90; P = 0.05). There was no significant difference in overall mortality before and 

after implementation of the algorithm (Table 3). 

 

Survival curves indicated that calves raised before implementation of the algorithm were 

more likely to be treated with antimicrobial agents than those raised after implementation of 

the algorithm (Fig. 2). The time to treatment with antimicrobial agents was different between 

study periods on both farms and overall (log rank P < 0.01; Fig. 2). Calves developed 

diarrhoea at an older age after implementation of the algorithm on both farms (log rank P 

value < 0.01; Fig. 2). There was no significant difference in the time to death (overall 

mortality and mortality of diarrhoeic calves) between the periods before and after 

implementation of the algorithm (log rank P > 0.05; Fig. 2). 

 

Faecal microbiota 
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The calves - The age distribution (days) of healthy calves included in this study for 

microbiota assessment was similar within and between farms on both periods. In F1, mean 

ages were 8 ± 2 and 9 ± 2 days in the before- and after-period, respectively, whereas in F2 

mean ages were 8 ± 3 days and 8 ± 2 days (P-values were > 0.05 for all comparisons) 

 

Metrics - A total of 2,023,382 reads were obtained, with a mean of 66,352 reads per calf (SD 

28,891; median 66,352; range 12,343-141,990). A random subsample of 12,343 reads per 

sample was used to normalise data. Subsampling was considered to be adequate, as 

evidenced by Good’s coverage obtained for all samples (median 99.7%; range 99.2-99.9%). 

 

α Diversity indices - In the period after implementation of the algorithm there was a 

significant increase in richness (farms 1 and 2) and diversity (farm 1) of the faecal microbiota 

of healthy calves (Fig. 3). 

 

Relative abundances - Twenty-eight different phyla were identified; Firmicutes, 

Actinobacteria, Proteobacteria and Bacteroidetes accounted for more than 88% of sequences 

(see Appendix: Supplementary Fig. 1). Changes in the relative abundances of the main phyla 

are presented in the Table 4 and Supplementary Fig. 1 (see Appendix). The relative 

abundance of Bacteroidetes was significantly higher in the period after implementation of the 

algorithm than in the period before implementation on both farms. On farm 2, the relative 

abundance of Proteobacteria was significantly lower in the period after implementation of the 

algorithm. 

 

Sixty-seven different classes, 119 orders and 252 families were identified; 12 classes, 19 

orders and 28 families accounted for ≥ 0.1% of sequences. The relative abundances of the 10 

most abundant bacterial taxa (class, order, family) identified in faeces in the periods before 

and after implementation of the algorithm are presented in Tables 4 and 5. Overall, 696 

genera were detected; 92 genera were present at relative abundances of > 0.01%. Changes in 

the relative abundances of the most abundant genera in each period are presented in Table 5 

and Supplementary Fig. 4 (see Appendix). 
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Linear discriminant analysis effect size - Enriched phylotypes in faeces of calves in each 

period are presented in Fig. 4A (farm 2) and supplementary Fig. 3A (farm 1; see Appendix). 

The genera that were enriched in faecal samples in the period before and after 

implementation of the algorithm are presented in Fig. 4B (farm 2) and Supplementary Fig. 

3B (farm 1; see Appendix). 

 

Population analysis - There were significant differences in community membership (Jaccard 

index) and community structure (Yue and Clayton index) of faecal microbiota between the 

periods before and after implementation of the algorithm (Table 6). These differences can be 

visualised in the dendrograms (Fig. 5) and PCoA plots (See Appendix: Supplementary Fig. 

4). 

 

Meta-communities and random forest classifier analyses - Using the DMM, two meta-

communities (enterotypes) were identified corresponding to Enterotypes 1 comprising all 

faecal samples collected before algorithm implementation and Enterotypes 2 containing all 

samples obtained in the after-period. The RFC analysis identified a 0% error rate for 

classifying samples (based on the taxa identified in each sample) into the appropriate period 

(before- and after algorithm implementation), whereas a 6% error rate for classifying samples 

into the appropriate farm or farm/period. These results indicated that RFC had a stronger 

ability to separate samples by the appropriate period rather than into the appropriate farm or 

farm/period.  

 

4.4 Discussion 

The implementation of an algorithm for treatment of diarrhoea targeting systemically ill 

calves resulted in a reduction in antimicrobial treatment rates of 80%, with no identifiable 

negative impacts on clinical outcome. Clinical trials investigating the effectiveness of 

protocols to reduce and refine antimicrobial treatment in pre-weaned calves are scarce. A 

clinical trial investigating the effect of conventional therapy on one farm (four antimicrobial 

agents administered to any diarrhoeic calf) and targeted therapy (two antimicrobial agents 

administered to diarrhoeic calves with depression or fever) on health and growth failed to 

detect differences in the morbidity and mortality rates between groups (Berge et al., 2009). 
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Furthermore, the conventional therapy group had 70% more days of diarrhoea than the 

targeted therapy group. Similarly, our study demonstrated that targeting antimicrobial 

therapy to calves that are systemically affected is a feasible approach to decrease the use of 

antimicrobial agents in diarrhoeic calves, with possible beneficial effects on health (fewer 

days of diarrhoea) (Berge et al., 2009).  

 

Historically, farmers and veterinary practitioners have been concerned that delayed or non-

treatment with antimicrobial agents could have a negative impact on calf health and welfare. 

However, targeting therapy to systemically ill diarrhoeic calves resulted in lower rates of 

antimicrobial treatment, without a negative effect on the overall morbidity and mortality 

attributed to diarrhoea. Similar results have been documented in some European countries in 

which the use of antimicrobial agents in farm producing animals decreased by > 50%, with 

minor impact on health and productivity (Wierup, 2001; Aarestrup et al., 2010; Speksnijder 

et al., 2015). Possible reason for the lack of adverse effects included improving in the quality 

and quantity of colostrum, diet and water, and improvement of housing and climate. Studies 

have demonstrated that improving feed quality in pig production can contribute to reduce 

antimicrobial use and maintain animal health (Postma et al., 2015). One study documented 

that pig veterinarians and farmers in the UK indicated that poor housing conditions is a very 

important hurdle in reducing antibiotic use (Coyne et al. 2014). Improvements in climate and 

balanced housing have been regarded as important measures importance of a balanced 

housing system for dairy cows to prevent diseases (LeBlanc et al., 2006; Vaarst et al., 2006). 

Changes in the behaviour of veterinarians and farmers towards the usage of antimicrobials in 

farm animals focussing efforts to preventive measures (e.g. optimal housing and hygiene 

practices, climate control, and feed and water quality) leading to the enhancement of calf’s 

health could have also contribute to the reduction in antimicrobial use without negatively 

impact calf’s health.  

 

Differences in bacterial membership and structure of the faecal microbiota of calves in the 

periods before and after implementation of the algorithm were evident on both farms. Diet, 

pathogen occurrence, environmental factors (e.g. season) and reduction in antimicrobial 

treatment rates could have influenced the composition of gut microbiota and could play an 
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important role in the observed temporal changes (Jami et al., 2013; Rey et al., 2014). Our 

statistical analyses used the period (before and after algorithm implementation) as the main 

exposure of interest. This approach prevented us to clearly differentiate the effect of dietary 

changes and the reduction in the antimicrobial treatment rates on faecal microbiota of healthy 

calves. The DMM analysis identified the presence enterotypes 1 and 2 comprising all 

samples from the before-period and the after-period, respectively, regardless of the farm of 

origin; and the RFC analyses had a perfect ability to separate samples into their appropriate 

period (0% error rate). In addition, the results of the LEfSe analyses demonstrate that the 

changes in faecal microbiota appear to be similar in both farms in the after-period. These 

results suggested that the main factor contributing to the changes faecal microbiota between 

periods was, in fact, a factor that was common between farms during the after-period. The 

antimicrobial treatment rates were markedly higher in the before-period in both farms, but 

drastically reduced after implementation of the algorithm. Therefore, these results suggest to 

us that the marked reduction in antimicrobial treatment rates appear to have the greatest 

impact in the observed changes. Although dietary changes occurred in both farms, the 

nutritional source was also different between farms (F1 changed diet from non-antibiotic 

pasteurized milk to non-medicated milk replacer, while F2 changed from non-medicated milk 

replacer to non-antibiotic pasteurized milk). If the dietary changes would have played a 

major role on the observed changes, it would have been expected the DMM to identified 

enterotypes based on diet rather than the period (e.g. all calves fed non-medicated milk 

replacer: F1 before- and F2 after- period and all calves fed non-antibiotic milk: F1 after- and 

F2 before-period). In addition, a stronger ability of RFC to assign samples to the farm/period 

rather than to the period would be expected.  

 

Whilst an impact of antimicrobial agents on calves has been demonstrated previously (Smith 

and Crabb, 1956; Grønvold et al., 2011), the potential changes in the faecal microbiota of 

healthy calves from farms having a marked reduction in antimicrobials treatment rates 

associated with the use of treatment algorithms had not been reported The reduction in 

antimicrobial treatment rates and dietary changes on both farms after implementation of the 

algorithm was associated with a decrease representation of members of the Proteobacteria 

phylum (family Enterobacteraceae and genera Escherichia-Shigella) in the faecal flora of 
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calves. The higher representation of Proteobacteria in healthy calves in period before 

implementation of the algorithm was unexpected, because enrichment with members of this 

phylum has been associated with intestinal dysbiosis in different species (Singh et al., 2015; 

Suchodolski, et al., 2012; Costa et al., 2012) and diarrhoea in dairy calves (Gomez et al., 

2017). Marked differences in the faecal microbiota of healthy beef calves have been 

identified among farms, with some farms having Firmicutes-dominant microbiota and others 

Proteobacteria-dominant microbiota; in general, higher Proteobacteria levels were present on 

farms with high usage of antimicrobial agents (Weese and Jelinski, 2016). These results are 

aligned with the hypothesis that antimicrobial agents can have a broader or cumulative 

impact on farms, where regular use results in the development of a particular microbiota in 

those calves, regardless of their individual antimicrobial exposure (Weese and Jelinski, 

2016). 

 

The marked reduction in antimicrobial treatment rates and dietary changes also coincided 

with a significant increase of the Bacteroides and multiple butyrate -producing bacteria 

(Faecalibacterium and unclassified genera from the families Lachnospiraceae and 

Ruminococcaceae). These genera have been associated with ‘gut health’ in different species, 

including human beings (Sokol et al., 2008), horses (Weese et al., 2014), dogs (Suchodolski 

et al., 2012) and calves (Oikonomou et al., 2013). We speculate that a reduction in the use of 

antimicrobial agents and changes in the dietary source could have had a beneficial effect on 

the gut microbiota of calves by favouring taxa associated with ‘gut health’ (Bacteriodetes 

and butyrate-producing bacteria) over those associated with dysbiosis (Proteobacteria).  

 

The specific changes (especially at the genus level) in microbiota were not consistent 

between the two farms. One possible explanation is impact of the geographic location and 

management practices within the farms. Differences in the faecal microbiota of healthy 

calves from different farms have been previously demonstrated (Gomez et al., 2017). Earlier 

studies based primarily on animals from single farms demonstrated a large degree of inter-

farm variation of faecal microbiota (Edrigton et al., 2012; Oikonomou et al., 2013; Klein-

Jöbstl et al., 2014). Therefore, the variance in the faecal microbiota of healthy calves from 
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different farms must be considered when designing and interpreting microbiota studies in 

calves.  

Pathogen occurrence could have also contributed to the specific changes in microbiota 

identified in our study. In cattle, a study demonstrated that enteric infections caused by 

Mycobacterium avium subsp. paratuberculosis result in increased Proteobacteria and reduced 

Firmicutes and Bacteroidetes (Fecteau et al., 2016). Similar changes on gut microbiota were 

identified in calves suffering from undifferentiated neonatal diarrhea (Gomez et al, 2017). 

These results suggest that changes in the gut microbial communities during disease are 

similar regardless the pathogen. Therefore, changes in the occurrence of pathogens between 

periods could have an impact, but minor, on the observed changes.  

 

An important limitation to consider was that the two clinical algorithms were not 

implemented concurrently within the same population. This design could have resulted in the 

situation in which the impact of the new clinical algorithm on any of the clinical outcomes 

considered could be confounded by other time-dependent variables, such as environment, 

husbandry and other health management practices. To reduce possibility of confounding, the 

inclusion criteria aimed to include only herds that had no plan to change treatment and 

prevention protocols. Although a randomised field trial with concurrent treatment arms 

within the same source population would have been the preferred design, its implementation 

was not possible because of the cost and effort required from farmers and veterinarians (e.g. 

farmers were willing to follow only one simple treatment protocol). Additionally, another 

major limitation is that the confounding effects of the diet between periods in both farms 

could not be specifically evaluated in the microbiota assessment. However, the results of 

robust statistical analyses (e.g. DMM and RFC) suggested that reduction in antimicrobial 

treatment rates was the variable with the main effect on the observed changes.  

 

4.5 Conclusions 

The use of an algorithm for treatment of calf diarrhoea decreased the rates of antimicrobial 

treatment on two dairy farms without an adverse effect on the health of the calves. 

Management practices and reduction in antimicrobial treatment rates at the farm level could 

have an impact on the development and establishment of faecal microbiota of healthy calves. 
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4.8 Tables 

Table 4.1: Farm characteristics, management practices and antimicrobial treatment protocol during the before- and after-period. 
 Farm 1 Farm 2 
 Before period After period Before period After period 
Calves enrolled 529 639 768 842 
Breed Holstein Holstein Holstein Holstein 
Sex     
 Female (n) 288 395 487 585 
 Male (n) 241 244 281 257 
Calves from external 
sources 

Yes Yes Not Not 

Housing (pen) Group Group Individual Individual 
Bedding Sawdust Sawdust Shavings Shavings 
Colostrum feeding 4 L first 4 h 5 L first 4 h 6 L first 6 h 6 L first 6 h 
Diet (< 30 days) Non-antibiotic pasteurised 

milk 
Non-medicated milk 
replacer 

Non-medicated milk 
replacer 

Non-antibiotic pasteurised 
milk 

Volume per feeding a  15% 15% 12% 12% 
Feeding method Robot machine Robot machine Bucket Bucket 
Calf starter b Yes Yes Yes Yes 
Vaccination of cows c  Yes Yes Yes Yes 
Antibodies against BCoV 
and Escherichia coli 
K99+  

Yes Yes Yes Yes 

Care givers Men and woman Woman Men Men and woman 
Isolation of sick calves Not Yes Not Yes 
Antimicrobial treatment 
protocol 

SP 30 mg/kg IM every 24 h 
for 10 days 

TMS 16 mg/kg IM every 
24 h for 3 days 

TMS 1920 mg PO once TMS 16 mg/kg IM every 24 
h for 3 days 

 +  + or 
 LCM 15 mg/kg IM every 24 

h for 10 days  
 CFT 2.2 mg/kg SC every 

24 h for 3 days  
CFT 2.2 mg/kg SC every 24 
h for 3 days 

 +  or  
 TMS 16 mg/kg IM every 24 

h for 5 days 
 TMS 16 mg/kg IM every 

24 h for 3 days 
 

NSAIDs Yes Yes Yes Yes 
a Percentage of body weight. 
b Medicated with decoqunate. 
c On both farms, cows were vaccinated against bovine rotavirus and coronavirus (BCoV) 4 weeks before calving 
TMS, trimethoprim-sulphamethazine; CFT, sodium ceftiofur; SP, spectinomycin; LCM, lincomycin; TMS, trimethoprim-sulphadoxine; PO, perorally; SC, 
subcutaneously; IM, intramuscularly, NSAIDs, Non-steroidal anti-inflammatory drugs. 
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Table 4.2: Number of calves (and age), calves with diarrhoea, calves treated with 
antimicrobial agents, overall mortality (and age) and mortality of diarrhoeic calves on two 
dairy farms before and after implementation of an algorithm for treatment of diarrhoeic 
calves. 
 
                Farm 1               Farm 2 

 Before After Before After 

Number of calves enrolled 529 639 768 842 

Age of calves with diarrhoea  8 (1-10) 10 (1-30) 8 (0.5-30) 10 (1-30) 

Number of diarrhoeic calves 509 497 693 765 

Calves treated with antimicrobial 

agents 
504 125 671 126 

Age at death 22 (3-30) 23 (13-30) 21 (10-30) 15 (1-30) 

Calf deaths 23 37 28 17 

Number of diarrhoeic calf deaths 20 31 28 14 

Age presented as median and range in brackets 
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Table 4.3: Difference in the risk of antimicrobial treatment, development of diarrhoea, 
overall mortality and mortality in diarrhoeic calves before and after implementation of the 
algorithm. 
 
 Risk 

 (Before) 
Risk 
(After) 

Incidence risk 
ratio 

95% Confidence 
interval 

P value 

Antimicrobial treatment incidence  Lower Upper  
Farm 1 0.95 0.20 0.20 0.17 0.24 < 0.01 
Farm 2 0.87 0.15 0.17 0.14 0.20 < 0.01 
Crude   0.19 0.17 0.21 < 0.01 
Combined 0.91 0.17 0.19 0.17 0.21  
   Homogeneity of IRR across strata P = 0.11  
Incidence of diarrhoea      
Farm 1 0.96 0.78 0.81 0.77 0.85 < 0.01 
Farm 2 0.90 0.91 1.00 0.97 1.04 0.67 
Crude   0.92 0.90 0.94 < 0.01 
Combined 0.93 0.85 NA NA NA  
   Homogeneity of IRR across strata P < 0.01  
Overall mortality     
Farm 1 0.043 0.058 1.33 0.80 2.21 0.29 
Farm 2 0.036 0.024 0.65 0.37 1.15 0.06 
Crude   0.98 0.67 1.42 0.69 
Combined 0.039 0.038 0.97 0.67 1.40  
   Homogeneity of IRR across strata P = 0.06  
Mortality of diarrhoeic calves      
Farm 1 .039 .062 1.59 0.92 2.74 0.11 
Farm 2 .040 .019 0.48 0.26 0.90 0.01 
Crude   0.91 0.61 1.36 0.79 
Combined .040 .036 NA NA NA  
   Homogeneity of IRR across strata P < 0.01  
IRR, incidence risk ratio; NA, not applicable because of non-homogeneity of IRR across     

strata. 
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Table 4.4: Relative abundance (median in percentage and ranges) of the main phyla (> 1%), classes (> 0.7%) and orders (> 1% of the 
total of sequences) identified in faeces of healthy calves from farms 1 and 2 before and after implementation of the algorithm. 
 
 

Taxon Farm 1 Before Farm 1 After Adjusted P value Farm 2 Before Farm 2 After Adjusted P value 
Phyla       
Firmicutes 60 (24-86) 57 (13-85) 0.093 40 (1-64) 53 (32-63) 0.213 
Actinobacteria 19 (3.4-55) 12 (2-25) 0.002 18 (3-87) 10 (1.5-47) 0.02 
Bacteroidetes 0.6 (0.02-7) 4 (1-10) 0.426 1 (0.01-15) 13 (0.2-37) 0.036 
Proteobacteria  9 (3-36) 17 (3-82) 0.455 35 (3-65) 19 (7-43) 0.036 
Verrucomicrobia 0 (0-1) 0.04 (0.01-0.1) 0.001 0 (0-14) 0.1 (0.01-0.8) 0.046 
Class       
Clostridia 41 (9-72) 29 (8-49) 0.017 44 (1.5-53) 28 (0.8-44) 0.052 
Actinobacteria 12 (2-25) 19 (3.4-55) 0.058 10 (1.5-47) 18 (2.5-87) 0.250 
Gammaproteobacteria 9 (1-36) 7 (2.5-36) 0.933 14 (5-42) 34 (3-65) 0.016 
Bacilli 10 (4-22) 33 (2-75) 0.025 11 (3.5-44) 11 (0.5-37) 0.335 
Bacteroidia 3.5 (1-9) 0.5 (0.01-7) 0.003 13 (0.05-37) 0.7 (0.01-14) 0.013 
Epsilonproteobacteria 0.8 (0.01-43) 0 (0-11) 0.010 0.01 (0-1) 0 (0-2) 0.028 
Betaproteobacteria 1.6 (0.4-3.4) 0.7 (0.01-3.8) < 0.001 1.2 (0.1-7) 0.01 (0-14) 0.332 
Verrucomicrobiae 0.03 (0.01-0.2) 0 (0-1) 0.001 0.08 (0.01-0.7) 0 (0-14) 0.058 
Alphaproteobacteria 0.5 (0.3-13) 0 (0-0.1) < 0.001 0.4 (0.1-10) 0 (0-0.01) < 0.001 
Deltaproteobacteria 0.1 (0.01-2) 0 (0-0.03 < 0.001 0.02 (0.01-0.2) 0 (0-0.3) 0.001 
Order       
Clostridiales 29 (8-49) 41 (8-72) 0.019 28 (1-44) 44 (1.5-53) 0.041 
Lactobacillales 33 (2-75) 9 (3-19) 0.019 11 (0.3-37) 9 (2-41) 0.455 
Bifidobacteriales 33 (2-75) 3 (0.3-20) 0.013 17 (2-82) 13 (0.4-46) 0.241 
Enterobacteriales 5 (1.6-26) 0.6 (0.2-14) < 0.001 23 (3-65) 3 (0.4-11) < 0.001 
Pasteurellales 1 (0.04-19) 5 (0.3-34) 0.029 1 (0.02-25) 9 (0.1-39) 0.09 
Bacteroidales 0.5 (0.01-7) 4 (1-9) 0.003 0.7 (0.01-14) 13 (0.05-37) 0.008 
Coriobacteriales 6 (0.2-13) 3 (0.6-17) 0.087 28 (1-44) 44 (1.5-53) 0.031 
Campylobacterales 0 (0-11) 0.8 (0.01-43) 0.009 1 (0-6) 0.2 (0-1) 0.022 
Burkholderiales 0.6 (0-4) 2 (0.2-3) 0.370 0 (0-2.5) 0.01 (0 1) < 0.001 
Actinomycetales 0.6 (0-5) 1 (0-15) 0.019 0 (0-1) 1 (0.1-7) 0.002 
P values adjusted based on the Benjamini and Hochberg false discovery rate. 
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Table 4.5: Relative abundance (median in percentage and ranges) of the families (> 1%) and genera (> 2.5% of the total of sequences) 
identified in faeces of healthy calves from farms 1 and 2 during the before and after period. 

Taxa Farm 1 
Before 

Farm 1 
After 

Adjusted P 
value 

Farm 2 
Before 

Farm 2 
After 

Adjusted P 
value 

Family       
Ruminococcaceae 9 (0.8-24) 19 (3-33) 0.009 15 (0.3-31) 17 (0.3-41) 0.733 
Lactobacillaceae 31 (2-74) 7 (0.3-13) 0.009 10 (0.3-36) 7 (0.2-37) 0.966 
Bifidobacteriaceae 13 (0.4-46) 4 (0.3-20) 0.013 16 (2-82) 10 (0.4-45) 0.270 
Lachnospiraceae 12 (2-44) 20 (5-42) 0.186 5 (0.1-27) 10 (0.3-20) 0.435 
Enterobacteriaceae 5 (2-30) 0.5 (0.2-14) < 0.001 23 (3-65) 3 (0.4-11) <0.001 
Pasteurellaceae 1 (0.04-19) 5 (0.3-34) 0.031 0.9 (0.02-25) 9 (0.4-11) 0.099 
Bacteroidaceae 0.5 (0.01-7) 2 (0.9-9) 0.009 0.7 (0.01-14) 13(0.04-37) 0.014 
Clostridiaceae_1 0.3 (0-7) 0.1 (0.05-6) 0.551 0.2 (0-17) 0.1 (0-41) 0.966 
Coriobacteriaceae 6 (0.3-13) 3 (0.6-17) 0.093 1 (0-6) 0.2 (0-1.4) 0.036 
Campylobacteraceae 0 (0-11) 0.8 (0.01-43) 0.009 0 (0-2.5) 0 (0-1) 0.086 
Genera       
Lactobacillus 31 (2-74) 7 (0.3-12) 0.013 9 (0.3 36) 7 (0.2-37) 0.988 
Bifidobacterium 13 (0.4-46) 3 (0.3-20) 0.017 17 (2.5-82) 10 (0.4-45) 0.298 
Escherichia_Shigella 5 (1.5-29) 0.3 (0.1-14) 0.001 23 (2.5-65) 3 (0.4-11) < 0.001 
Faecalibacterium 0.8 (0.1-26) 13 (0.7-19) 0.017 0.7 (0-20) 9 (0.01-28) 0.117 
Gallibacterium 1.3 (0.04-19) 4 (0.3-34) 0.061 0.1 (0-11) 9 (0.04-39) 0.009 
Bacteroides 0.5 (0.01-7) 2.5 (0.9-9) 0.013 0.7 (0.01-14) 13(0.04-37) 0.017 
Butyricicoccus 4 (0.2-8) 2 (0.8-14) 0.226 8 (0-23) 4 (0-20) 0.378 
Unclassified 
Lachnospiraceae 

3 (0.6-10) 5 (1-11) 0.290 0.9 (0.02-4) 4 (0.1-14) 0.009 

Clostridium_sensu_stricto 0.2 (0-1) 0.1 (0.04-6) 0.898 0.2 (0-16) 0.1 (0-40) 0.873 
P values adjusted based on the Benjamini and Hochberg false discovery rate.  
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Table 4.6: P values obtained from UNIFRAC, AMOVA and Parsimony analysis comparing 

community membership and structure of faecal samples of healthy calves during the before 

and after period. 

 
 UNIFRAC unweighted AMOVA Parsimony 
Classic Jaccard index 
F1 Pre-F2 Pre < 0.001 < 0.001 0.007 
F1 Pre-F1 Post < 0.001 < 0.001 0.001 
F2 Pre-F2 Post < 0.001 < 0.001 0.001 
F1 Pre-F2 Post < 0.001 < 0.001 0.001 
Yue and Clayton index 
F1 Pre-F2 Pre < 0.001 < 0.001 0.02 
F1 Pre-F1 Post < 0.001 < 0.001 0.001 
F2 Pre-F2 Post < 0.001 < 0.001 0.001 
F1 Pre-F2 Post < 0.001 0.002 0.001 
F1, farm 1; F2, farm 2; AMOVA, analysis of molecular variance; UNIFRAC, unique 
fraction metric 
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4.9 Figures 

Figure 4.1. Recommended algorithm for treatment of diarrhoea in calves < 30 days of age. # 

If needed, administrate oral electrolyte solution (OES) by tubing. BAR, bright, alert and 

responsive; NSAIDs, non-steroidal anti-inflammatory drugs; IV, intravenous; °T, 

temperature. Refer to Table 1 for type and doses of antimicrobial agents and NSAIDs. 
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Figure 4.2: Kaplan-Meier estimates of time to onset of diarrhoea (A), antimicrobial 
treatment (B), overall time to mortality (C) and time to mortality of diarrhoeic calves (D) in 
before (solid lines) and after (dashed lines) implementation of the algorithm. P values were 
obtained from the log rank χ2 test.  
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Figure 4.3 Chao-1 (richness, A), Shannon-evenness (evenness, B) and inverse-Simpson (diversity, C) indices observed in healthy 

calves before and after implementation of the algorithm. F1, farm 1; F2, farm 2. * P < 0.001; ** P = 0.01. 
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Figure 4.4: (A) Cladogram plotted from linear discriminant analysis effect size (LEfSe) 
analysis showing the taxonomic levels represented by rings with phyla in the outermost ring 
and genera in the innermost ring. Each circle is a member within that level. Those taxa in 
each level are coloured by farm for which it is more abundant, indicated by a linear 
discriminant analysis (LDA) score of 3 (P < 0.05. (B) Plot from LEfSe analysis indicating 
enriched bacterial genera in faeces of healthy calves before (green) and after (red) 
implementation of the algorithm. F1, farm 1; F2, farm 2. 
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Figure. 4.5: Dendrograms representing the similarity of community structure (Yue and Clayton index, A) and membership (Jaccard 

index, B) in faecal samples collected from healthy calves before (farm 1, purple; farm 2, green) and after (farm 1, blue; farm 2, red) 

implementation of an algorithm for antimicrobial treatment. 
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Figure 4.6: Median relative abundance of the main bacterial phyla (> 1% of the total of 

sequences) in faeces of healthy calves from farms 1 and 2 before and after implementation of 

the algorithm for antimicrobial treatment (n = 15 per group). 
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Figure 4.7: Median relative abundance of the main bacterial genera (> 0.75% of the total of 

sequences) in faeces of healthy calves from farms 1 and 2 before and after implementation of 

the algorithm for antimicrobial treatment (n = 15 per group). 
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Figure 4.8: (A) Cladogram plotted from linear discriminant analysis effect size (LEfSe) 
analysis, showing the taxonomic levels represented by rings, with phyla in the outermost the 
ring and genera in the innermost ring. Each circle is a member within that level. Taxa in each 
level are coloured by the farm for which they are more abundant, indicated by a linear 
discriminant analysis (LDA) score of 3 (P < 0.05. (B) Plot from LEfSe analysis indicating 
enriched bacterial genera in faeces of healthy calves on farm 1 before (green) and after (red) 

implementation of the algorithm. F1, farm 1; F2, farm 2. 
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Figure 4.9: Three-dimensional principal coordinates analyses of the community membership (Jaccard Index, A) and structure (Yue 

and Clayton index, B) of faecal samples of healthy calves before (farm 1, purple; farm 2, green) and after (farm 1, blue; farm 2, red) 

implementation of an algorithm for antimicrobial treatment. 
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5. CHAPTER FIVE: Impact of an antimicrobial-use algorithm for treatment of 

diarrhea on calf health and antimicrobial usage in dairy farms. 

 

5.0Abstract 

The objective of this study was to evaluate the impact of an antimicrobial-use algorithm for 
treatment of diarrhea on calf health and antimicrobial usage in dairy farms from Ontario.  
Assessed health outcomes included incidence of diarrhea, overall mortality and mortality 
attributable to diarrhea. Antimicrobial usage outcomes evaluated were antimicrobial 
treatment rates, percentage of calves treated, total mass of antimicrobial used (stratified by 
antimicrobial) at the calf and farm level. A combination of retrospective (before-period; BP)) 
and prospective (after-period; AP) cohorts was used. The algorithm was designed to target 
antimicrobial therapy in systemically ill calves from 10 dairy farms. Differences in the health 
and antimicrobials usage outcomes were assessed using the χ2 or Fisher exact test, t-Student, 
Welch’s test (parametric data) or Mann-Whitney test (non-parametric data) using the period 
BP and AP as the main exposure of interest. Multivariable mixed model analyses were used 
for assessment of the association of antimicrobial usage and incidence of diarrhea with farm 
management practices. 
In general, in the BP 85% (1303/1573) of the diarrheic calves were treated antimicrobials, 
while in the AP 18% (289/1592) were treated as per antimicrobial algorithm protocol (P < 
0.001). There were not differences in the incidence of diarrhea (P = 0.65), overall mortality 
(P = 0.32) or the mortality attributable to diarrhea between periods (P = 0.73). The 
multivariable mixed model using farms as a random effect demonstrated that antimicrobial 
treatment rates in diarrheic calves were significantly lower in the AP (Table 8). In the BP 
diarrheic calves had 76 (95%CI: 56 - 98; P < 0.001) greater odds of being treated with 
antimicrobials than in the AP. Along with the reduction in antimicrobial treatments, there 
was a significant reduction in the total mass of antimicrobial agent used at the farm and calf 
level, and the associated cost of antimicrobial agents.  
The implementation of an algorithm for treatment of diarrheic calves in 10 dairy farms, 
targeting systemically ill calves, resulted in a significant reduction in the number of calves 
treated with antimicrobials and the total mass of antimicrobials used in the farms without 
impacting negatively the health and welfare of the calves.  
 

5.1 Introduction 

There is a growing concern worldwide regarding the increased prevalence of antimicrobial 

resistance (Wernli, et al., 2011). It is now accepted that the main risk factor for this increase 

in resistance in pathogenic bacteria is the increased use of antimicrobials (van den Bogaard, 

et al., 2000). This situation applies to antimicrobial usage in animals and humans. In both, 

antimicrobial agents are used for therapy and prophylaxis of infectious diseases (Marshall, et 

al., 2011). In 2013, an estimated 1.6 million kg of antimicrobial active ingredients were 
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distributed for use in animals in Canada (CARSS, 2015). In total, 99.4% of the antimicrobials 

distributed for veterinary usage in Canada were used in food-production animals with the 

majority (68%) of antimicrobial mass that was used in animals was the same classes as 

human drugs (CARSS, 2015).  

 

Calf diarrhea is the major cause of mortality and usage of antimicrobial agents in calves < 30 

days of age on dairy farms (USDA, 2010; Hur, et al., 2013; Azizzadeh, et al., 2012). 

Regardless the cause of diarrhea, antimicrobials have been historically recommended as part 

of the treatment of systemically ill calves (Walker et al., 2012; Constable, 2004). However, 

on dairy farms, it has been suggested that the use of antimicrobial agents for treatment of 

diarrhea is more common than medically justified (Berge et al., 2009). This can be explained, 

at least in part, because farmers and veterinary practitioners have historically been concerned 

that calf health and welfare could be negatively impacted by delayed or non-treatment with 

antimicrobial agents (Morley, et al., 2005; Coyne, et al., 2016). However, antimicrobials 

might not be beneficial in many cases of calf diarrhea (e.g. viral or parasitic infection) and 

might prolong the recovery time from diarrhea (Berge et al., 2009). Additionally, 

antimicrobials administered to cattle can be excreted in feces and urine as the parent 

compound or its metabolites (Elmund et al., 1971; Feinman and Matheson, 1978). This 

environmental contamination with antimicrobials also can impact negatively the gut 

microbiota of healthy calves (Gomez, et al., 2017), and might contribute to antimicrobial 

resistance.  

 

Increasing pressure from public health community, regulators, public interest groups and 

consumers to limit antimicrobial use in food-producing animals has stimulated the 

development of farm management practices that reduce antimicrobial use (Torrence, et al., 

2001; FAO/WHO/OIE, 2007). Recently, the College of Veterinarians of Ontario developed a 

project (GF2:CVO; 2015) to explore the current practices, views and recommendations of 

Ontario veterinarians on the issue of antibiotic use in food-producing animals. One of the 

most important recommendations was that “all food animal production sectors be mandated 

to develop treatment protocols for common diseases in consultation with veterinarians”. This 

recommendation is important as treatment decisions on farms are often made by non-
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veterinary personnel, something that can lead to excessive or inappropriate antimicrobial 

usage (Raymond, et al., 2006). Yet, the practicalities of dairy production dictate much 

decision-making by farm personnel, so development of aids to improve treatment decisions is 

important to optimize calf health and antimicrobial use. Therefore, the objective of this study 

was to evaluate the impact of an antimicrobial-use algorithm for treatment of diarrhea on calf 

health and antimicrobial usage in dairy farms in Ontario.  

 

5.2 Materials and methods 

 

Sample size 

A previous study (Gomez, et al., 2017) demonstrated that the implementation of the algoritm 

in two farms reduced the antimicrobial treatment rates by 81% on the absolute scale (from 

91% to 17%). We therefore evaluated sample size using a conservative assumption of two-

fold decrease (e.g. 80% to 40%) in the treatment rates with 95% confidence and a power of 

0.8. The calculated sample size was 21 farms. Seven months after algorithm implementation, 

a preliminary data analysis was perfomed and demonstrated the implementation of the 

algoritm reduced the antimicrobial treatment rates by 80% on the absolute scale. A new 

sample size calculation was performed using the assumption of a decrease from 80% to 25% 

in the treatment rates with 95% confidence and a power of 0.8. Here, the calculated sample 

size was 10 farms.  

 

The farms 

Ten large commercial dairy farms were conveniently selected based on a distance within 

120-km radius of the University of Guelph (Guelph, ON). Criteria for inclusion were the 

farm’s willingness to participate in the study, no recent (within the past year) or anticipated 

(in the following year) changes in management (e.g. expansion, new building, major changes 

in disease management practices, changes in ownership) and the presence of a record-

keeping system for recording of health and disease events (e.g. diseases, treatment and 

outcome of calves). This study was approved by the University of Guelph Animal Care 

Committee. 
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Study design  

This study used a combination of retrospective (before algorithm implementation period, BP) 

and prospective (immediately after the algorithm implementation period, AP) cohorts. The 

BP consisted of 1 year and the AP varied between farms from 7 to 12 months (Table 1).  

 

The Algorithm  

An interdisciplinary team including infectious disease and large animal internal medicine 

specialists, epidemiologist, veterinary practitioners and farmers participated in the 

development of the antimicrobial-use algorithm for treatment of diarrheic calves (Figure 1). 

This algorithm was designed for farmers to assess four major clinical signs: diarrhea, 

hematochezia (presence of fresh blood in feces), alteration in attitude and appetite, and the 

presence of fever (rectal temperature > 39.5 Celsius). Depending on the presence of those 

clinical signs each calf was assigned to receive oral or intravenous electrolytes solutions, 

nonsteroidal anti-inflammatory drugs, with or without systemic administration of an 

antimicrobial agent. All calves with hematochezia received antimicrobials. Farm’s staff -

involved in calf care or directing treatment of calves- were trained on health evaluation and 

use of the algorithm. In order to ensure compliance and address any questions that might 

have arisen the application of the algorithm, farms were routinely visited to communicate 

with personnel.   

 

Data collection 

For all farms, demographics, farm management practices and treatment protocols were 

recorded for the BP and AP. For both periods, electronic and paper-based calf health records 

were also reviewed and the following events taking place during the first 30 days of calf’s 

live were documented: birth date, age first episode of diarrhea, date and age at first 

antimicrobial treatment, antimicrobial dose (mg/kg and total ml), number of treatments.  

The outcome at 30 days of life (survival or death) also was recorded. For the BP, if necropsy 

examination results or the cause of death was not clearly documented in the records, the 

following procedure was implemented: when the calf died while being treated for diarrhea 

the cause of death was attributed to diarrhea, but when a calf died suddenly or while being 

treated for other illness (e.g. pneumonia) it was considered as death due to a non-diarrhea 
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cause. During the AP farmers documented the cause of death. When the cause was not 

clearly identified, a veterinarian completed a necropsy and made the decision about the cause 

of death.  

 

Health Outcomes and Antimicrobial Use Metrics 

The following health outcomes were evaluated at each period: Incidence of diarrhea, overall 

mortality, and mortality attributable to diarrhea (case fatality).   

• Incidence rate of diarrhea = (number of new cases of diarrhea in each period  / 

number of calves at risk in each period) 

• Mortality: total number of deaths from all causes in each period /number of calves at 

risk in each period  

• Mortality attributable to diarrhea = number of calves dying during each period after 

diarrhea onset  / number of calves with diarrhea in each period 

 

Antimicrobial consumption in each farm at each period was assessed using the following 

metrics (Morley, et al., 2012): antimicrobial treatment rates, overall percentage of calves 

treated, total mass of antimicrobial used (stratified by antimicrobial) at the calf and farm 

level.  

The AUM were calculated as:  

• Diarrhea antimicrobial treatment rate = (# of diarrheic calves treated / total 

diarrheic calves) * 100. 

• Overall percentage of calves treated =  (# of calves treated / total calves) * 100. 

• Total mass of antimicrobial agents at the farm (TMAF) = ∑ of the total mass of              

antimicrobial agents used in each calf. 

• Average mass of antimicrobial agents used in diarrheic calves = TMAF/ total 

diarrheic calves. 

In addition, the associated cost of antimicrobial treatment per diarrheic calves was also 

calculated as: 

• Average cost of antimicrobial therapy of diarrheic calves = ∑ of cost of each 

antimicrobial agent used at the farm in each period / total diarrheic calves in each 

period. 
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Statistical analysis 

The health outcomes considered for analysis were incidence of diarrhea, overall mortality 

and mortality of diarrheic calves. The antimicrobial use outcomes considered for analysis 

were the incidence rates of antimicrobial treatment, the total amounts of antimicrobial agents 

used at the farm level, and the average amount and the cost of antimicrobial agents used in 

diarrheic calves. Normality testing was performed using the Shapiro Wilk test and 

descriptive statistics reporting frequency (%), and means (plus SD) or medians (plus ranges) 

were used for all data. A descriptive analysis was performed separately for each farm. 

Differences in the health and antimicrobials usage outcomes, age at development of diarrhea 

and death of calves from each farm were initially assessed using the χ2 or Fisher exact test, 

and t-Student (parametric data) or Mann-Whitney test (non-parametric data) using the period 

BP and AP as the main exposure of interest. Differences in the average mass of antimicrobial 

agents and the average cost of antimicrobial therapy used in diarrheic calves in each period 

were assessed using the Welch’s test. 

  

Then, the data from all the farms was collected into a two data sets. The first data set 

included all the calves enrolled into the study and was used to assess associations between 

management practices that were different between farms in both periods and the incidence of 

diarrhea and overall mortality. The second data set included only diarrheic calves and was 

used for assessment of the association of antimicrobial usage and mortality attributed to 

diarrhea with the management practices that were different between periods. Uni- and 

multivariable analyses were performed on the outcomes of interest (mortality, mortality 

attributable to diarrhea, incidence of diarrhea and antimicrobial treatments rates). Univariable 

analysis was performed using χ2 or Fisher exact test, t-Student or Mann-Whitney test. The 

univariable logistic regression analysis was used to determine candidate predictors for 

inclusion in multivariable logistic analysis, with a cut off of P ≤ 0.2. A multivariable analysis 

was used with a mixed effect logistic regression model, in which farms were included as a 

random effect. Candidate variables were entered into the model based on manual backwards 

elimination procedures. Interaction terms were assessed for candidate variables and no 

significant interactions were found to be present. Variables remained in the final model if the 
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coefficient achieved a P < 0.05. Post-estimation model checking was performed on a 

simplified model (farm effect was removed) after calculation of covariant pattern by 

assessment of goodness of fit (Pearson χ2, Hosmer-Lemeshow Test), examination of Pearson 

residuals, and dispersion procedures. The results of the multivariable logistic regression 

analysis were expressed as odd-ratios, with a 95% confidence interval. Stata 14 software 

(Stata Corp, College Station, Tex.) was used for the statistical analysis. 

 

5.3 Results 

Farm, Calves and Management Practices  

The farm management practices (housing, bedding, feeding methods, feed volume 

administered to newborns, nutritional source and volume, vaccination protocols, 

antimicrobial prophylaxis, changes in care takers) and the changes performed in at he AP are 

presented in the Table 1. Demographic characteristics (breed, sex, age at first episode of 

diarrhea) of the calves enrolled in the study (BP and AP) also are presented in the Table 1. In 

4 farms the volume of colostrum administered to the newborn calves during the first 6 h of 

life increased by 1 L in the AP. The nutritional source (milk or milk replacer) and the volume 

fed (based on percentage of BW) were different between periods in 3 and 4 farms, 

respectively. On two farms (F3 and F5) antimicrobial agents were administered 

prophylactically, at day 5 after birth, to all the calves, for prevention of infectious diseases, 

but this practice was discontinued in the AP (Table 1). The gender of caretakers was also 

different in 4 farms in the AP. Farms feeding using buckets were instructed to feed all the 

animals and then perform any required treatment. The following management practices were 

instituted on all the farms in the AP: isolation of critically ill calves and calves with 

hematochezia. 

 

The antimicrobial treatment approaches for diarrheic calves in each farm during the BP are 

presented in the Table 2. Of significance, in F2 diarrheic calves were treated with three 

different parenteral antimicrobial agents (TMS, spectinomycin and lincomycin). In the 

remaining nine farms, diarrheic calves (at first episode of diarrhea) were treated with one 

parenteral antimicrobial agent. On two farms (F6 and F10) diarrheic calves were 

administered long acting ceftiofur crystalline free acid (CCFA) and in the remaining seven 



 
 
 

 

151 

farms diarrheic calves were treated with TMS. In the AP, diarrheic calves in all ten farms 

were treated as per the antimicrobial-use algorithm (Figure 1). Overall, in the AP 

systemically ill calves were administered one antimicrobial agent (TMS) (F2 to F10). On one 

farm (F1) treated diarrheic calves received either TMS or sodium ceftiofur.  

 

Antimicrobial-use Algorithm and health 

The data regarding incidence of diarrhea, mortality attributable to diarrhea and overall 

mortality in both periods in each farm are presented in Table 3. Overall, the incidence of 

diarrhea was similar between periods (BP: 49%, 1,573/2,049 vs. AP: 51%, 1,592/2,090; P = 

0.9). The incidence of diarrhea was different between periods in 3 farms. The incidence of 

diarrhea increased in the AP in F3 (BP: 95/190, 50% vs. AP: 127/203, 62%; P = 0.01) and F8 

(BP: 11/36, 30% vs. AP: 14/25, 56%; P = 0.046), whereas in F2 the incidence of diarrhea 

decreased in the AP (BP: 509/529, 96% vs. AP: 497/639, 78%; P < 0.001). The multivariable 

mixed model (using farm as a random effect) revealed that changes in the nutritional source 

(from non-antimicrobial pasteurized milk to non-antimicrobial milk replacer) was associated 

with lower odds of developing diarrhea in the AP (OR: 0.32, 95%CI: 0.22 - 0.5; P < 0.001) 

and changes in caretakers were associated greater odds of developing diarrhea in the AP 

(OR: 1.5, 95%CI: 1.08 - 2.2; P < 0.001). Farm effect (random) was also significant (P < 

0.001) indicating that the changes were not homogeneous across the farms (Table 4).  

 

In general, there were no differences in the overall mortality (BP: 75/1573, 4% vs. AP: 

66/2090, 3%; P = 0.32) or the mortality attributable to diarrhea between periods (BP: 

22/1573, 1% vs. AP: 12/1592, 0.6%; P = 0.73). However, a numerically, but not statistical (P 

= 0.07), increase in the mortality rate was observed in 1 farm (F4). In F1 there was a 

significant reduction in the mortality attributable to diarrhea (P = 0.01). Additionally, the age 

at death of the overall population was greater in the BP (median: 21, range: 10 – 30 days) 

than in the AP (16, 1 – 30 days) (P = 0.02). The multivariable mixed model (using farm as a 

random effect) failed to detect association between overall mortality and mortality 

attributable to diarrhea with the farm’s management practices (Table 5 and 6).  
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Antimicrobial-use Algorithm and Antimicrobial usage 

The numbers and proportions of diarrheic calves treated with antimicrobials in both periods 

at each farm are presented in the Table 3 and Figure 2. Implementation of the algorithm for 

treatment of diarrheic calves resulted in a marked reduction in the antimicrobial treatment 

rates. In the BP 85% (1303/1573) of the diarrheic calves were treated antimicrobials, while in 

the AP 18% (289/1592) were treated (P < 0.001) (Table 4). The multivariable mixed model 

using farms as a random effect demonstrated that antimicrobial treatment rates in diarrheic 

calves were significantly lower in the AP (Table 8). In the BP diarrheic calves had 76 

(95%CI: 56 - 98; P < 0.001) times greater odds of being treated with antimicrobials than in 

the AP. Farm effect (random) was also significant (P < 0.001) indicating that the changes 

were not homogeneous across the farms (Table 8). Descriptively, reduction in the 

antimicrobial treatment rates of diarrheic calves was observed in 7 farms during the AP, but 

differences were not observed in 3 farms (F6, F7, F8) (P > 0.05) (Table 3).  

 

The total mass of each antimicrobial used at farm level and the average mass of antimicrobial 

agents used in diarrheic calves in the BP and AP are presented in the Table 7 and Figures 3 

and 4. Descriptively, on all farms there was a reduction in the mass of antimicrobials used for 

treatment of diarrhea. Specifically, on all farms (8/10) that used TMS for treatment of 

diarrhea in the BP there was a numerical reduction in the total mass of sulfamethazine and 

trimethropin used at the farm, and in 7/8 farms there was significantly reduction in the 

average amount of both antimicrobial used in diarrheic calves (P <0.001, for all comparisons) 

(Table 8 and Figure 3). In F2 the use of lincomycin (BP: 990 g vs. AP: 0 g) and 

spectinomycin BP: 1,980 g vs. AP: 0 g) for treatment of diarrheic calves was abolished 

(Table 8 and Figure 4). Similarly, in F3 and F5, the prophylactic administration of 

tulathromycin to diarrheic calves in the BP was abolished resulting in a reduction of the total 

mass of this antimicrobial from 19 g and 16 g to 0 g in both farms, respectively (Figure 4). 

Finally, the total mass of cephalosporin (ceftiofur) used at the farm level and the average 

amount of antimicrobial used in diarrheic calves was reduced significantly in the AP in 3 

farms (F1, F6 and F10) (Table 8 and Figure 4).  
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The average cost of antimicrobial therapy of diarrheic calves is presented in Table 9. In 

general, there was a marked reduction in the cost associated with the antimicrobial agent in 

8/10 farms (Table 9).      

 

5.4 Discussion 

The implementation of an algorithm for treatment of diarrheic calves on 10 dairy farms, 

targeting systemically ill calves resulted in a significant reduction in the number of calves 

treated with antimicrobials, the mass antimicrobials used on the farms and reduction in the 

usage of antimicrobial agents critically important for human health (e.g. third generation 

cephalosporin) with no identifiable negative impacts on clinical outcome or animal welfare.  

 

Three main general approaches have been recommended for limiting antimicrobial 

resistance: disease prevention, reduction of the total mass of antimicrobial usage and 

improvement of the antimicrobial usage (WHO, 2007). Regarding disease prevention, 

improvement of feed quality (Postma et al., 2015), housing (Coyne et al. 2014), and hygiene 

contribute to reduce antimicrobial use in pigs and maintain animal health in cattle production 

(LeBlanc et al., 2006; Vaarst et al., 2006). Although the main objective of this study was to 

evaluate the impact of the algorithm on health and antimicrobial use, specific changes in 

management practices focused on enhancing immunity and prevention of infectious diseases 

(e.g. volume of colostrum administered during the first 6h of calf’s life, change in nutritional 

source, isolation of sick animals and quarantine of new animal before introduction to the 

herd) were implemented in the after-period on some farms. For instance, change in 

nutritional source was associated with lower odds of developing diarrhea in the AP. 

Specifically, on F2 the change in the nutritional source (from non-antimicrobial pasteurized 

milk to non-medicated milk replacer) coincided with a significant reduction on the incidence 

of diarrhea. In dairy calves respiratory and gastrointestinal diseases account for more of the 

illnesses during the first 30 days of life and appear to be associated with the quantity and 

quality of diet administered during the preweaning period (Curtis, et al., 1993).  

 

Our statistical analysis also demonstrated that the incidence of diarrhea was positively 

associated with the change in caretakers in the AP. Specifically, on F3 and F8 the significant 
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increase in the incidence of diarrhea coincided with changes in caretakers. Several studies 

have documented the association of mortality with the care provided by farm personnel 

(Hartman, et al., 1974; Waltner-toews, et al., 1986; Losinger and Heinrichs, 1997). The 

reasons for this association are unclear and warrant further investigation. All together the 

results of our statistical models suggest that herd strategies to prevent neonatal calf diarrhea 

must have a holistic approach involving aspects related to environment (e.g. hygiene and 

biosecurity practices), calf immunity (e.g. colostrum administration, vaccination), nutrition 

(type and volume of the diet) and personal providing calf care (e.g. training in early 

recognition of disease and understanding of biosecurity practices).        

 

The reduction of the total mass of antimicrobial usage has been regarded as a practice to 

reduce antimicrobial resistance (WHO, 2007).  Actions to decrease veterinary antimicrobial 

use in European countries have been successful, resulting a decrease of over 50% use in 

livestock, without a major negative impact on health and productivity to the various 

industries (Aarestrup, et al., 2010; Wierup, et al., 2001; Speksnijder, et al., 2015). In our 

study, the implementation of the algorithm for treatment of diarrhea reduced the 

antimicrobial treatment rates from 85% to 18%, with corresponding reductions in the total 

mass of several antimicrobial agents used. Although several studies have characterized the 

attitudes of farmers and veterinarians towards antimicrobial usage (McDougall, et al., 2017; 

Jones, et al., 2015; Raymond, et al., 2006; Friedman, et al., 2007), interventional studies 

evaluating the effect of written protocols or algorithms for treatment of infectious diseases on 

antimicrobial usage in calves are lacking. One study compared the effect of one farm’s 

traditional therapy (administration of four different antimicrobials to any diarrheic calf) and 

targeted therapy to systemically affected calves (administration of two antimicrobials, one 

parenteral and one oral, to systemically ill diarrheic calves) on health and growth (Berge, et 

al., 2009). This study failed to demonstrated differences in the morbidity and mortality rates 

between groups. Interestingly, the farm’s traditional therapy group had 70% more days of 

diarrhea than the targeted therapy group. These findings agreed with our study demonstrating 

that targeting antimicrobial therapy to calves with altered demeanor and fever (or calves with 

hematochezia) is a reasonable methodology to reduce the usage of antimicrobials in diarrheic 

calves. 
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Refining antimicrobial therapy has been proposed as a practice to limit antimicrobial 

resistance (WHO, 2007). Since the frequency of antimicrobial therapy on dairy calves is high 

and involves numerous personnel who administering antimicrobials, a lack of written 

protocols could lead to variability in therapy as well as inappropriate drug selection, dosing, 

or scheduling, resulting in overuse and misuse of antimicrobials (Raymond, et al., 2006; 

Sawant, et al., 2005). Two previous studies documented that 70% to 80% of farmers 

administered antimicrobials without the benefit of written protocols (Sawant, et al., 2005; 

Raymond, et al., 2006); however, farmers use veterinarians as their information source 

regarding antimicrobial therapy (McDougall, et al., 2017; Jones, et al., 2015; Friedman, et al., 

2007). Therefore, providing written protocols/algorithms for disease diagnosis and treatment 

that practitioners can customize to the farm by entering drugs and dosages can be a cost 

effective tool for obtaining veterinarian’s advice into the treatment decisions.  

 

In addition, our study documented that the use of algorithm-base antimicrobial therapy for 

diarrheic calves reduced the use of cephalosporin’s in dairy farms, standardized the doses and 

the course of antimicrobial therapy, eliminated the use of unnecessary antimicrobial agents 

(lincomycin and spectinomycin) and eliminated prophylactic antimicrobial therapy 

(tulathromycin). Therefore, using algorithms for treatment of diarrheic calves not only 

decreases the use of antimicrobial but also assists in refining the antimicrobial usage.  

 

The incidence of diarrhea in our study varied from 30 to 96%. Calf diarrhea can account for 

> 50% of total calf deaths in dairy operations in United States (USDA, 2007). These findings 

highlight the importance of this disease on the economy and productivity of the dairy farms. 

Farmers and veterinary practitioners have historically been concerned that calf health and 

welfare could be negatively impacted by delayed or non-treatment with antimicrobial agents 

(Morley, et al., 2005; Coyne, et al., 2016). For instance, 97% of the dairy operation in 

Washington administered antimicrobials agents to diarrheic calves (Raymond, et al., 2006) 

and veterinarian from Ontario, Canada, also reported that antimicrobial are often 

administered for treatment of diarrhea in dairy calves (GF2:CVO; 2015). These reports are in 

agreement with the findings of our study as antimicrobial treatment rates of diarrheic calves 

vary from 22% to 100%. Interestingly, the incidences of diarrhea and antimicrobial treatment 
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rates were greater in larger farms (e.g. farms raising > 700 calves per year) than medium and 

small farms. Larger farm size has been associated with increased morbidity and mortality in 

calves, likely relate to problematic disease detection, and implementation of preventive 

practices (Thomsen, et al., 2005). Herd size also was associated with antimicrobial choices 

(Hill, et al., 2009). It is possible that due to the infectious nature of the disease, and the 

difficulty of maintaining biosecurity practices in some large herds, farmers from large farms 

relay on antimicrobial therapy to reduce the impact of diarrhea on calf health and farm 

productivity. However, we identified drastic reduction in antimicrobial treatment rates in all 

the farms, especially large farms, demonstrating that using written protocols or algorithms to 

guide antimicrobial therapy can be a safe, low cost practice to reduce and refining the usage 

of antimicrobials in diarrheic dairy calves. Our results also support the previous 

recommendation, based on a critical review of the published literature, that antimicrobial 

therapy should only be used in systemically ill diarrheic calves (Constable, 2004).   

 

There were several limitations to our results. The first limitation of this study was that the 

algorithm was not assessed concurrently within the same source population. This 

experimental design could have then lead to the situation in which the impact of our 

algorithm on any of the outcomes evaluated in this study could be confounded by other time-

variant variables (e.g. environment, husbandry, and health management practices). In fact, 

some variables acted as complete confounders. For instance, we were interested in the effect 

of implementing the treatment algorithm on health and antimicrobial usage outcomes, 

however the algorithm was implemented simultaneously with various changes in 

management practices (e.g. isolation of sick animals). This approach prevents the accurate 

differentiation of the effect of the algorithm from the effects of the changes in other 

management practices. Collinearity of the predictor variables also could affect the results of 

the multivariable model that evaluated the association of antimicrobial treatment rates with 

farm management practices that changed between periods (Table 6). Collinearity could have 

resulted from the fact that changes in management practices and implementation of the 

algorithm occurred simultaneously in the AP. To minimize the probability of confounding, 

different approaches were used when analyzing the data. First, we only enrolled farms that 

had no intention of modifying treatment and infectious diseases prevention protocols. 
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Second, the confounding effects of the changes of several management practices in some 

farms between the two study periods for both farms were incorporated into the statistical 

analysis. Finally, to address the issue of complete confounders and collinearity, different 

causal diagrams were developed to visualize the causal relationships between variables and 

outcomes. Those variables with the greatest biological causal effect were included within the 

statistical model. For intance, causal diagrams demonstrated that changes in management 

practices such as changes in diet source, diet volume, colostrum volume and caretakers could 

have an effect on the incidence of diarrhea, morbility or mortality of the calves included in 

the AP, but it is unlikely that those changes have an impact on the use of the algorithm and 

the desition of treating a diarrheic calf with antimicrobials.   

 

A randomized field trial with simultaneous treatment arms implemented within the same 

population could have been the preferred strategy to evaluate the impact of the algorithm on 

health and antimicrobial usage in the farms. However, its implementation was not feasible 

due to the required effort from farmers and veterinarians (e.g. farmers were reluctant to use 

more than one simple treatment protocol). Thus, conclusions based on this study must be 

considered in the context of this limitation, but assessment of potential biases and 

confounders does not provide much concern that the effectiveness of the algorithm would be 

over-estimated.  

 

 

5.5 Conclusion  

Our study demonstrated that the usage of written protocols such as the algorithm used in this 

study is a useful and low cost tool to assist educated decision-making by farm personnel. Our 

study also demonstrated that written protocols resulted in reduction and refining of 

antimicrobial usage in dairy farms with no negative effects on calf health. Future studies 

involving a large number of farms are required to confirm our results and identified the 

farm’s factors associated with the success of those protocols.  
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5.7 Tables 
Table 5.1: Farms management practices identified in each farm in the before (BP) and after (AP) and the changes in those practices 
occurred on during the AP. 
 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 Farm 7 Farm 8 Farm 9 Farm 10 
Breed Holstein Holstein Holstein Holstein Holstein Holstein Holstein Jersey Holstein Holstein 
Calves enrolled (n)           
   BP 768 529 190 117 156 56 36 36 91 70 
   AP 842 639 203 156 114 31 21 25 36 23 
Practices varying between periods           
Sex of enrolled calves           
   BP F/M F/M F F F F/M F/M F/M F F/M 
   AP F/M F/M F F/M F F/M F/M F/M F F/M 
Colostrum (first < 6h)           
   BP 6L  4L  4L  5L 5L  4L  4L 5L  6L  5L  
   AP 6L  5L  4L  5L  5L  5L  5L 6L  6L  5L  
Diet (< 30 days)           
   BP MR PM PM  PM  PM  PM  PM PM  PM PM  
   AP PM MR PM PM PM PM PM PM MR PM 
Milk volume (% BW)           
   BP 12% 15% 15% 12% 15% 15% 12% 10% 10% 12% 
   AP 12% 15% 15% 12% 15% 15% 15% 12% 12% 15% 
Prophylactic Antimicrobials           
   BP Not Not Yes  Not Yes  Not Not Not Not Not 
   AP Not Not Not Not Not Not Not Not Not Not 
Care Takers changes  Yes Yes Yes Not Not Not  Not Yes Not  Not 
Isolation of sick animals in the AP Yes Yes Yes  Yes Yes Yes Yes Yes Yes Yes 
           
Practices remaining similar between periods 
   Housing IP GP GP Hutches Hutches GP Hutches GP GP IP 
   Bedding Shavings Saw dust Straw  Straw Straw Straw Straw Straw Straw Straw 
   Feeding method Bucket RM RM Bucket RM Bottle Bucket  Bottle RM Bottle  
   Vaccination of pregnant cows  Yes Yes Yes   Yes Yes Not Yes Yes Yes Yes 
   E. coli and BCoV ab. at birth Yes  Yes Yes Yes Yes  Yes  Not Not Not Yes  
F, female; M, male; h, hours; L, liters; BW, body weigh; MR, non-antimicrobial milk replacer (mediactaed with decoquinate), PM, non-antimicrobial pasteurized milk; IP; 
individual pen; GP, group pen; ab, antibodies; BCoV, bovine coronavirus. 
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Table 5.2: General antimicrobial treatment approaches for diarrheic calves in each farm before implementation of the treatment 
algorithm. 
 
 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 Farm 7 Farm 8 Farm 9 Farm 10 

Antimicrobial 
agents 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

CCFA 

6.6 
mg/kg, 
SC,  
once 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

TMS 

16 
mg/kg, 
IM, 
q24h/3d 

CCFA 

6.6 
mg/kg, 
SC,  
once 

 or + and  and      
       
 CFT 

2.2 
mg/kg, 
SC, 
q24h/3d 

SP 

30 
mg/kg, 
IM, 
q24h/10d 

* TUL 

2.5 
mg/kg, 
SC,  
once 

 * TUL 

2.5 
mg/kg, 
SC,  
once 

     

  +         
  LCM 

15 
mg/kg, 
IM, 
q24h/10d 

        

TMS, trimethoprim-sulfamethazine; CFT, sodium ceftiofur; SP, spectinomycin; LCM, lincomycin; TMS*, trimethoprim-
sulfadoxine, CCFA, ceftiofur crystalline free acid; TUL, tulathromycin; SC, subcutaneously; IM, intramuscularly. * TUL was 
administered to all calves on day 5 of life for prevention of infectious diseases. 
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Table 5.3: Incidence of diarrhea, mortality attributable to diarrhea, overall mortality and antimicrobial treatment rates of calves from 
10 dairy farms before (BF) and after (AF) implementation of an algorithm for treatment of diarrhea. 
 

 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 Farm 7 Farm 8 Farm 9 Farm 10 All farms 
            
Months of follow up            
   BP 12 12 12 12 12 12 12 12 12 12 - 
   AP 12 12 12 12 9 8 8 10 7 7 - 
Calves enrolled            
   BP 768 529 190 117 156 56 36 36 91 70 2049 
   AP 842 639 203 156 114 31 21 25 36 23 2090 
Age* of onset of 
diarrhea             

   BP 8 (1–30) 8 (1–30) 9 (2–22) 10 (3–23) 10 (3–17) 9 (5–14) 11 (7–13) 12 (6–13) 10 (3–17) 10 (3–30) 8 (1 – 30) 
   AF 10 (0.5–30) 10 (1–30) 8 (2–20) 9 (3–21) 10 (3–18) 10 (7–13) 10 (3–20) 9 (11–14) 9 (4–14) 12 (13–30) 10 (1 – 30)  
   P-value <0.001 <0.001 0.07 0.37 0.40 0.43 0.01 <0.01 0.95 0.32 <0.001 
Diarrheic calves#            
   BP 693 (90%) 509 (96%) 95 (50%) 52 (44%) 69 (44%) 33 (59%) 17 (47%) 11 (30%) 50 (55%) 44 (62%) 1573 (49%) 
   AF 766 (91%) 497 (78)  127 (62%)  85 (54%) 45 (40%) 16 (52%) 10 (48%) 14 (56%) 19 (52%) 13 (56%) 1592 (51%) 
   P-value 0.61 <0.001 0.012 0.1 0.43 0.51 0.97 0.046 0.82 0.59 0.65 
Calves treated with 
antimicrobials#           

 

   BP 671 (97%) 504 (99%) 34 (36%) 29 (56%) 27 (39%) 9 (27%) 6 (22%) 7 (63%) 36 (72%) 27 (61%) 1303 (85%) 
   AF 126 (17%) 125 (25%) 4 (3%) 13 (15%) 7 (16%)  1 (6%)  0 (0%) 8 (57%)  4 (21%) 1 (8%) 289 (18%) 
   P-value <0.001 <0.001 <0.001 <0.001 0.007 0.13 0.057 0.7 <0.001 <0.001 <0.001 
Calves deaths#            
   BP 28 (3.6%) 23 (4.3%) 4 (2.1%) 0 (0%) 5 (3.2%) 1 (1.8%) 1 (2.7%) 2 (5.5%) 5 (5.4%) 6 (8.5%) 75 (4%) 
   AF 17 (2%) 37 (5.8%) 2 (1%) 3 (2%) 2 (1.8%) 1 (3.2%) 1 (4.7%) 1 (4%) 1 (2.7%) 1 (4.3%) 66 (3%)  
   P-value 0.04 0.26 0.36 0.06 0.44 0.67 0.69 0.77 0.49 0.48 0.3 
Death attributable to 
diarrhea#           

 

   BP 7 (1%) 9 (1.7%) 0 (0%) 0 (0%) 2 (2.3%) 0 (0%) 0 (0%) 0 (0%) 2 (4%) 2 (4.5) 22 (1%) 
   AF 1 (0.1%) 9 (1.8%) 0 (0%) 1 (1.2%) 1 (2.2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 12 (0.6%)  
   P-value 0.01 0.68 - 0.28 0.75 - - - 0.24 0.28 0.7 
Age* at death            
   BP 21 (10 - 30) 22 (3–30) 17 (12–23) NA 22 (8–27) 25 (NA) 14 (NA) 21 (7–21) 19 (5–26) 14 (7–21) 21 (3–30) 
   AF 16 (1 - 30) 23 (13–30) 24 (21–27) 19 (16–26) 17 (12–21) 29 (NA) 16 (NA) 10 (NA) 24 (NA) 22 (NA) 21 (1–30) 
   P-value 0.022 0.61 0.16 - 0.81 0.54 1 0.54 0.55 0.21 0.91 
*data presented as median and range; # data presented as n and (%). 
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Table 5.4: Evaluation of the association of incidence of diarrhea with farm management 
practices that changed between the before (BP) and after (AP) period. 
 

Analysis of single factors of interest 

 Mixed effects regression analysis X2 t-test  

Variables OR 95% CI P-value  P-value 

BP vs. AP (algorithm) 1.03 0.89 - 1.2 0.651 0.205 0.651 

AM prophylaxis vs.  

no AM prophylaxis  

0.32 0.26 - 0.41 <0.001 94.24 >0.001 

Change in diet source vs.  

no changes  

2.21 1.88 - 2.6 <0.001 92.03 >0.001 

Change in diet volume vs.  

no changes 

0.34 0.23 - 0.5 <0.001 32.04 >0.001 

Change in colostrum 

volume vs. no changes 

0.91 0.75 - 1.1 <0.31 1.04 0.309 

Change in caretakers vs.  

no changes 

1.75 1.5 - 2.0 <0.001 52.29 >0.001 

Age (continuous) 1.03 0.9 - 1.2 0.651 0.205 0.651 

    

 Final Model   

 Mixed effects regression analysis   

Variables OR 95% CI P-value - - 

Change in diet source vs.  

no changes 

0.32 55 - 98 <0.001 - - 

Change in caretakers vs.  

no changes 

1.5 1.08 - 2.2 <0.001 - - 

Farm (random) - - <0.001 - - 

OR, odd ratio; CI, confidence interval. 
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Table 5.5: Evaluation of the association of overall mortality rates with farm management 
practices that changed between the before (BP) and after (AP) period. 
 
 

Analysis of single factors of interest 

 Mixed effects regression analysis X2 t-test  

Variables OR 95% CI P-value  P-value 

BP vs. AP (algorithm) 1.16 0.83 - 1.6 0.373 0.793 0.373 

AM prophylaxis vs.  

no AM prophylaxis  

0.34 0.12 - 0.93 0.036   4.805 0.028 

Change in diet source vs.  

no changes  

1.12 0.79 - 1.59 0.503 0.45 0.502 

Change in diet volume vs.  

no changes 

1.12 0.41 -3.1 0.818 0.053 0.818 

Change in colostrum 

volume vs. no changes 

1.94 1.34 - 2.83 0.001 12.5 <0.001 

Change in care takers vs.  

no changes 

0.96 0.68 - 1.35 0.832   0.0450 0.83 

Age (continuous) 1.01 0.99 - 1.02 0.199 -1.28 0.198 

OR, odd ratio; CI, confidence interval. 
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Table 5.6: Evaluation of the association of death attributable to diarrhea with farm 

management practices that changed between the before (BP) and after (AP) period. 

 
Analysis of single factors of interest 

 Mixed effects regression analysis X2 t-test  

Variables OR 95% CI P-value  P-value 

BP vs. AP (algorithm) 1.61 0.78 - 3.33 0.199 1.682 0.195 

AM prophylaxis vs.  

no AM prophylaxis  

0.58 0.08 - 4.26 0.59 0.298 0.585 

Change in diet source vs.  

no changes  

0.70 0.33 - 1.5 0.36 0.845 0.358 

Change in diet volume vs.  

no changes 

- - - 0.56 0.453 

Change in colostrum 

volume vs. no changes 

0.68 0.32 - 1.45 0.314 1.03 0.311 

Change in care takers vs.  

no changes 

0.59 0.28 - 1.26 0.178 1.857 0.173 

Age (continuous) 1.01 0.98 - 1.04 0.658 -0.44 0.657 

OR, odd ratio; CI, confidence interval. 
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Table 5.7: Mass of antimicrobial agents used in diarrheic calves at the farm and calf level (mean and SE of the mean) in the before (BP) and after (AP) 
period. 
 Farm 1  Farm 2  Farm 3 Farm 4 Farm 5 Farm 6 Farm 7 Farm 8 Farm 9 Farm 10  
Calves treated / diarrheic calves 
   BP 671/693 529/509 190/95 117/52 156/69 56/33 36/17 36/17 91/50 70/44 
   AF 126/766 639/497 203/127 156/85 114/45 31/16 21/10 25/10 36/19 23/13 
Sulfamethazine (g)           
  Farm - BP  716 1,502 102 139 76.8 0 1.8 19.2 72 0 
  Farm - AF 212 234 7.8  26.4 14.4 1.8 0 14.4 7.8 1.8 
  Diarrheic calf  -BP 0.93 (0.05) 2.8 (0.03) 0.54 (0.08) 1.2 (0.2) 0.5 (0.09) 0 (0) 0.5 (0.2) 0.53 (0.18) 0.8 (0.1) 0 (0) 
  Diarrheic calf  -AP 0.25 (0.03) 0.37 (0.03) 0.04 (0.02) 0.17 (0.05) 0.12 (0.05) 0.06 (0.06) 0 (0) 0.57 (0.17) 0.2 (0.1) 0.08 (0.08) 
   P-value <0.001 <0.001 <0.001 <0.001 <0.001 0.3 0.01 0.86 <0.001 0.32 
Trimethoprim (g)           
  Farm- BP  143 301 20  28 15 0 3.6 3.8 14 0 
  Farm - AF 42 47 1.6 5.3 3 0.4 0 2.9 1.6 0.36 
  Diarrheic calf -BP 0.19 (0.01) 0.56 (0.06) 0.1 (0.02) 0.24 (0.01) 0.1 (0.02) 0 (0) 0.1 (0.04) 0.1 (0.03) 0.16 (0.02) 0 (0) 
  Diarrheic calf -AP 0.05 (0.006) 0.07 (0.06) 0.008 (0.004) 0.03 (0.009) 0.02 (0.009) 0.01 (0.01) 0 (0) 0.1 (0.03) 0.05 (0.02) 0.02 (0.02) 
   P-value <0.001 <0.001 <0.001 <0.001 <0.001 0.3 0.01 0.86 <0.001 0.32 
Lincomycin (g)           
  Farm (g) - BP  – 990   –   –   –   –   –   –   –   –  
  Farm (g) - AF  –  0 (0) – – – – – – – – 
  Diarrheic calf -BP – 1.9 (0.02)  –   –   –   –   –   –   –   –  
  Diarrheic calf -AP  –  0 (0) – – – – – – – – 
   P-value – <0.001  –   –   –   –   –   –   –   –  
Spectinomycin (g)             
  Farm  - BP  – 1,980  –   –   –   –   –   –   –   –  
  Farm- AF – 0 – – – – – – – – 
  Diarrheic calf  -BP – 3.7 (0.03)  –   –   –   –   –   –   –   –  
  Diarrheic calf  -AP  –  0 (0) – – – – – – – – 
  P-value – <0.001  –   –   –   –   –   –   –   –  
Sodium Ceftiofur (g)             
  Farm - BP  69  –   –   –   –   –   –   –   –   –  
  Farm- AF 8.1 – – – – – – – – – 
  Diarrheic calf -BP 0.09 (0.003)  –   –   –   –   –   –   –   –   –  
  Diarrheic calf  -AP 0.01 (0.001) – – – – – – – – – 
  P-value <0.001  –   –   –   –   –   –   –   –   –  
CCFA (g)           
  Farm - BP   –   –   –   –   –  2.7  –   –   –  9 
  Farm - AF – – – – – 0 – – – 0 
  Diarrheic calf -BP  –   –   –   –   –  0.05 (0.01)  –   –   –  0.13 (0.02) 
  Diarrheic calf -AP – – – – – 0 (0) – – – 0 (0) 
  P-value  –  – – –  –  <0.001  –   –   –  < 0.001 
g, grams; CCFA, ceftiofur crystal free acid; P-value was obtained by comparing the average mass of antimicrobial agents used in diarrheic calves using the Welch’s test. CND; Canadian dollars. 
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Table 5.8: Evaluation of the association of antimicrobial treatment rates with farm 
management practices that changed between the before (BP) and after (AP) period. 
 

Analysis of single factors of interest 

 Mixed effects regression analysis X2 t-test  

Variables OR 95% CI P-value  P-value 

BP vs. AP (algorithm) 27 22 - 33 <0.001 1.5e+03 <0.001 

AM prophylaxis vs.  

no AM prophylaxis  

20 9.4 - 33 <0.001 149.98 <0.001 

Change in diet source vs.  

no changes  

0.09 0.07 - 0.10 <0.001 878.78 <0.001 

Change in diet volume vs.  

no changes 

0.27 0.14 - 0.51 <0.001 18.63 <0.001 

Change in colostrum 

volume vs. no changes 

0.09 0.07 - 0.1 <0.001 898.8 <0.001 

Change in care takers vs.  

no changes 

0.06 0.05 - 0.07 <0.001 1.1e+03 <0.001 

Age (continuous) 1.01 1.0 - 1.02 <0.001 -4.39 <0.001 

    

 Final Model   

 Mixed effects regression analysis   

Variables OR 95% CI P-value - - 

BP vs AP (algorithm) 74 55 - 98 <0.001 - - 

Farm (random) - - <0.001 - - 

OR, odd ratio; CI, confidence interval. 
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Table 5.9: Cost (mean and SE of the mean) of antimicrobial agents usage at the farm and calf level in each farm in the before (BP) 
and after (AP) implementation of an algorithm for treatment of calf diarrhea. 
 
 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 Farm 7 Farm 8 Farm 9 Farm 10 

  Farm - BP  $ 4,011 $ 12,319 $ 1,439 $ 347 $ 1,145 $ 48 $ 45 29 $ 180 $ 99 

  Farm - AF $ 855 $ 1,235 $ 41 $ 66 $ 36 $ 36 $ 0 9 $ 19 $ 10 

  Diarrheic calf -

BP 
$ 5.3 $ 23 (0.2)  $ 7.5 (5.9) $ 2.9 (0.5) $ 7.3 (5.6) $ 0.5 (0.3) $ 1.2 (2.8) 1.3 (0.5) $2 (0.3) $ 1.4 (0.2) 

  Diarrheic calf -

AP 
$1.01 $ 2 (0.2) $ 0.2 (0.1) $ 0.4 (0.1) $ 0.3 (1.3) $ 0.3 (1.7) $ 0 (0) 1.4 (0.4) $0.5 (0.3) $ 0.4 (0.4) 

  P-value <0.001 <0.001 <0.001 <0.001 <0.001 0.64 - 0.86 <0.01 0.04 

P-value was obtained by comparing the average cost of antimicrobial agents used in diarrheic calves using the Welch’s test. CND; Canadian 
dollars. 
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5.8 Figures 
Figure  5.1: Recommended algorithm for treatment of diarrhea in calves < 30 days of age. # If needed, administrate oral electrolyte 
solution (OES) by tubing. BAR, bright, alert and responsive; NSAIDs, non-steroidal anti-inflammatory drugs; IV, intravenous; °T, 
temperature.  
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Figure 5.2: Antimicrobial treatment rates in 10 dairy farms before (BP) and after (AP) implementation of an algorithm for 

treatment of diarrheic calves.  
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Figure 5.3: The total mass of sulfamethazine (black bar) and trimethropin (grey bar) used (in grams, g) for treatment of diarrheic 

calves in 10 dairy farms before (BP) and after (AP) implementation of an algorithm for treatment of diarrheic calves.
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Figure 5.4: The total mass of antimicrobials (others than sulfamethazine and trimethropin) used (in grams, g) in 6 farms for treatment 

of diarrheic calves in 6 dairy farms before before (BP) and after (AP) implementation of an algorithm for treatment of diarrheic calves.  
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6. CHAPTER SIX: Discussion and conclusions 

 

This research comprised four studies aiming to contribute to fill, at least in part, certain gaps 

of our current knolwdge of the etiology, pathogenesis, treatment and prevention of neonatal 

calf diarrhea. First, our understanding of the causes of calf diarrhea is not exhaustive as many 

cases remain undiagnosed, the role of BCoV and dysbiosis on the occurrence of diarrhea 

needs to be clarified, and the effect of antimicrobial therapy (at the farm level) on the 

development of gut microbiota has not been elucidated. Second, increasing pressure from 

public health community, regulators, public interest groups and consumers to limit 

antimicrobial use in food-producing animals will require the development of new approaches 

to reduce and refine antimicrobial usage in calves suffering from diarrhea. However, 

interventional studies evaluating the effect of written protocols or algorithms for treatment of 

infectious diseases on antimicrobial usage in calves are lacking. Therefore, we formulated 4 

specific questions that were addressed by each of the studies developed this research: Is the 

presence of bovine coronavirus (BCoV) in feces associated with calf diarrhea?, Does 

dysbiosis play any role in calf diarrhea?, Does the use of antimicrobial agents (at the farm 

level) impact the development of fecal microbiota of healthy (untreated) calves?, and finally, 

is it possible to reduce and refine antimicrobial usage in diarrheic calves in dairy farms by 

using simple treatment algorithms?. 

 

Is BCoV associated with development of calf diarrhea? 

Preliminary data obtained from the analysis of fecal samples of diarrheic calves from a farm 

suffering from an outbreak of diarrhea identified a potential unidentified role of 

coronaviruses in calf diarrhea, through detection of BCoV using a pan-coronavirus PCR 

assay on samples that were negative using conventional bovine coronavirus PCR. These 

preliminary data indicated a need to better study the prevalence of coronaviruses in healthy 

and diarrheic cattle and to identify the usefulness of this PanCoV RT-PCR assay to identify 

BCoV in nasal and fecal samples of calves suffering from diarrhea.  

 

The results of our study demonstrated a positive association between BCoV and diarrhea in 

dairy calves as BCoV was more likely to be detected in diarrheic than farm-, season-, aged-
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matched healthy calves. Of interest, the detection rates of this agent in both diarrheic and 

non-diarrheic calves were greater than those detected in previous studies from Ontario farms. 

The reasons for these differences could not be elucidated by our study. In fact, the 

experimental design used in this study prevents us from differentiating between a true 

increase in BCoV prevalence over time or whether it is due to simply to the better detection 

rate. Although the dissimilarities between studies could be explained, by changes in farm 

management practices overtime and differences in the type of assay used for detection of 

BCoV, our results are interesting through the suggestion that differences in BCoV prevalence 

in Ontario dairy farms could be the results of the emergence or re-emergence of BCoV 

strains over the years. Recent studies have documented that current BCoV strains circulating 

worldwide are diverging from the prototype BCoV isolated in earlier studies and BCoV used 

in vaccines, with the potential for impacts on diagnostic testing and vaccine efficacy. This 

can result in outbreaks of enteric diseases with high morbidity and mortality (similar to the 

one described in our study), increased detection rates of BCoV in nasal and fecal samples of 

healthy and ill calves as documented in our study and the lack of efficacy vaccination 

protocols. Unfortunatly, our study failed to investigate the presence of other pathogen in 

feces of healthy and diarrheic caves. Consequently, the role of BCoV in coinfection could not 

be evaluated. Understanding of the biology of the circulating strains in Ontario and the role 

of BCoV in coinfection can improve the development of preventive and control measures in 

dairy farms of Ontario.  

 

Does dysbiosis play a role in calf diarrhea? 

While the traditional focus on calf diarrhea has been on individual pathogens, it is becoming 

increasingly clear in other species that microbial populations (microbiotas) play key roles in 

health and disease, and disruptions in these populations (otherwise known as dysbiosis) can 

be triggers of disease. However, studies investigating the role of dysbiosis on calf diarrhea 

are limited. Therefore we developed a case control study aiming to characterize the fecal 

microbiota of healthy calves from different farms and to compare the fecal microbiota 

between healthy and diarrheic calves. Characterization of normal calves and comparison with 

diarrheic calves can provide insight into the pathophysiology of disease.  
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We documented that calves from the same farm shared similar microbial communities 

regardless the health status (diarrhea vs. diarrhea) when compared to healthy and diarrheic 

calves from a different farm. The degree of inter-farm variation is important to recognize, 

particularly because earlier studies have been based primarily on animals from single 

facilities. Management factors (e.g. diet, housing or biosecurity measures) are a likely 

explanation for the inter-farm differences that were noted, but further study of factors that 

influence both the individual calf and farm-level microbiota involving a greater number of 

dairy farms are needed.  

 

Despite the profound inter-farm variation, results of our analyses also identified significant 

differences in the microbiota structure and membership of healthy and diarrheic calves 

indicating that dysbiosis does occur during diarrhea in calves. This observation was not 

surprising given the differences that have been noted with enteric disease in various animal 

species and diseases. Of interest, the increase in Proteobacteria in diarrheic calves as this 

often is associated with intestinal dysbiosis, and recent evidence suggested that enrichment of 

Proteobacteria can be a marker of dysbiosis. Additionally, the relative abundance of butyrate-

producing bacteria was significantly decreased in diarrheic calves, and this group is 

increasingly implicated in gut health in a wide range of species. Changes in the relative 

abundance of Bifidobacterium have been reported with different dysbiosis-associated 

intestinal diseases.  

 

We also identified that diarrheic calves had decreased relative abundances of genes 

responsible for metabolism of various vitamins, aminoacids and carbohydrate metabolism. 

This imbalance might indicate that free vitamin and nutrient availability is altered in 

diarrheic calves. Alterations in amino acid metabolism have been observed with 

gastrointestinal diseases in different species (e.g. humans, dogs and cats), suggesting that 

amino acid dysmetabolism may be an important feature of dysbiosis-associated diseases in 

calves.  

 

Although our study is the first on documenting dysbiosis in diarrheic calves and the changes 

in functional capabilities of the microbial communities, our experimental design prohibited 
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us to differentiate whether dysbiosis was the culprit of the onset of diarrhea or a 

consequence. A longitudinal is study is essential to precisely identify the time of onset of 

dysbiosis and its association with diarrhea. In addition, a metabolomic approach is required 

to accurately establish changes in metabolic function during diarrhea and dysbiosis. 

 

Is the use of antimicrobial agents at the farm level associated with the development of fecal 

microbiota of healthy calves?  

The results obtained from this research provided important novel information about the 

impact of the use of antimicrobial agents at the farm level on the bacterial microbiota of 

healthy untreated calves.  While an impact of antimicrobial agents on calves has been 

demonstrated previously, the potential changes in the fecal microbiota of healthy calves from 

farms having a marked reduction in antimicrobials treatment rates associated with the use of 

written protocols had not been previously reported.  

 

The implementation of an algorithm for selection of treatment of diarrheic calves in two 

dairy farms along with changes in management practices especially the source of nutrition 

resulted in a drastic reduction in antimicrobial treatment rates. This reduction on 

antimicrobial usage at the farm level was associated with subsequent marked changes in gut 

microbiota of healthy untreated calves. Of importance, reduction of antimicrobial usage 

coincided with a decrease enrichments of Proteobacteria phylum in the fecal microbiota of 

calves. The higher representation of Proteobacteria in healthy calves during the period of 

high usage of antimicrobials was unexpected as enrichment with members of this phylum has 

been associated with gut dysbiosis in different species and diarrhea in dairy calves. The 

marked reduction in antimicrobial treatment rates and dietary changes also coincided with a 

significant increase of the Bacteroides and multiple butyrate -producing bacteria that have 

been associated with ‘gut health’ in different species. These results generate two additional 

hypotheses that need to be addressed in future studies: first, antimicrobial agents used at the 

farm level can have a broader or cumulative impact on gut bacterial communities, where 

regular use results in the development of a particular microbiota regardless of their individual 

exposure. Second, a reduction in the use of antimicrobial agents and changes in the dietary 

source could have had a beneficial effect on the gut microbiota of calves by favoring taxa 
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associated with ‘gut health’ (Bacteriodetes and butyrate-producing bacteria) over those 

associated with dysbiosis (Proteobacteria).  

 

The results of our study should be interpreted with caution as our study was limited by the 

fact that the algorithm was not assessed concurrently within the same source population; 

therefore, we could not precisely differentiate whether the observed changes resulted from 

the marked reduction in antimicrobial treatment rates in diarrheic calves or due to changes in 

the nutritional source or other management practices. Although our statistical analyses 

suggest that the main driver on the changes in fecal microbiota was the reduction in 

antimicrobial usage, a randomized field trial with simultaneous treatment arms implemented 

within the same population is required to evaluate the impact of the algorithm on the fecal 

microbiota. 

  

 

Is it possible to reduce and refine antimicrobial usage in diarrheic calves in dairy farms by 

using simple treatment algorithms? 

Approaches focused to reduce and refine the total mass of antimicrobial usage have been 

recommended for the world health organization to limit antimicrobial resistance. The final 

component of this research attempted to evaluate the impact of a simple treatment algorithm 

targeting antimicrobial therapy to systemically ill diarrheic calves on calf health (incidence of 

diarrhea, overall mortality and mortality attributable to diarrhea) and antimicrobial usage 

(antimicrobial treatments rates, total mass of antimicrobial used at the farm and calf level). 

We were able to evaluate the impact of the implementation of the algorithm in 10 dairy farms 

involving a total of 4,139 calves and varying baseline approaches to the management of calf 

diarrhea. The implementation of the algorithm for selection of antimicrobial therapy for 

diarrheic calves resulted in a reduction in the antimicrobial treatment rates from 85% to 18%, 

the total mass antimicrobials used at the farm level, and reduction in the usage of 

antimicrobial agents critically important for human health (e.g. third generation 

cephalosporin) with no identifiable negative impacts on clinical outcome or animal welfare. 

An additional effect of the implementation of the algorithm was the reduction in the cost of 

antimicrobial agents used in diarrheic calves.  
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The results of our study suggest that the usage of antimicrobial agents for treatment of 

diarrhea appeared to be more common than strictly justified. Two previous studies 

documented that 70% to 80% of farmers administered antimicrobials without the benefit of 

written protocols. Lack of written protocols can result in inappropriate drug selection, dosing, 

or scheduling, resulting in overuse and misuse of antimicrobials. Simple and cost-effective 

measures such the algorithm developed in our study could be a tremendous asset to the dairy 

industry to improve calf management, reduce unnecessary treatment and reduce the potential 

for antimicrobial resistance. Of importance, several studies have documented that farmers 

use veterinarians as their information source regarding antimicrobial therapy. Practitioners 

can use or customize protocols such as the one developed here by entering clinical 

information, antimicrobial agents and dosages. This could be a cost effective tool for 

obtaining veterinarian’s guidance into the treatment decisions in dairy farms.  

 

Our results are encouraging by the fact that antimicrobial agents usage could be reduced and 

refined in dairy farms by using written protocols and adjusting farm’s management practices. 

However, our results were also limited as it is possible that the impact of our algorithm on 

any of the outcomes (e.g. diarrhea or mortality) could have been confounded by other time-

variant variables (e.g. environment, husbandry, and health management practices). Future 

studies using randomized field trial comparing on farm antimicrobial therapy and the new 

written protocols implemented within the same population are required to minimize possible 

confounding effects. Although conclusions based on in this study must be considered in the 

context of this limitation, assessment of potential biases and confounders should not under-

estimated the effectiveness of the implementation of the algorithm. 

 

In conclusion, our study demonstrated that clinical and epidemiological investigation of the 

causes of diarrhea in dairy calves required a comprehensive approach that includes the 

examination of the presence of specific pathogens (e.g. BCoV, Salmonella) evaluation of the 

occurrence of coinfection, and the assessment of the gut microbiota (dysbiosis). Our results 

also suggest that antimicrobial usage at the farm level could impact the development and 

establishment of gut microbiota of healthy untreated calves and reduction in antimicrobial 

usage can be associated with the blooming of bacterial communities associate with gut 



 
 
 

 

182 

health. Finally, we demonstrated that the implementation of written protocols for treatment of 

diarrheic calves could lead to a dramatic reduction in antimicrobial usage without negative 

effects in animal welfare.  
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