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Abstract 

Johne’s Disease, caused by Mycobacterium avium subsp. paratuberculosis (MAP), causes 

weight loss, diarrhoea and reduced milk yields in affected cattle. However, only 10% to 15% of 

MAP-infected cattle display clinical signs and the sensitivity of traditional diagnostic tests is 

dependent on the stage of infection. The application of metabolomic techniques is increasing 

due to their high-throughput capabilities and advancements in analytical methods. However, 

the application of metabolomics within MAP research is limited.  This project aimed to identify 

novel biomarkers for MAP by examining sera and milk samples from naturally MAP-infected or 

MAP-challenged cattle, alongside control samples, using flow infusion electrospray ionization-

high-resolution mass spectrometry (FIE-HRMS) on a Q Exactive hybrid quadrupole–Orbitrap 

mass spectrometer for high-throughput, sensitive, non-targeted metabolite fingerprinting. In 

addition to correlating the accumulation of identified metabolites to haematological and 

immunological parameters, as well as milk yield and milk composition.  

Firstly, sera from 20 healthy, Holstein-Friesian (HF) heifers aged from 2 weeks to 19 months of 

age were used to demonstrate the effects of physiological changes on the sera metabolite 

profile (Chapter 3). Time series analyses identified 45 metabolites associated with rumen 

development, weaning induced stress or growth. Our findings highlighted the role of acetic 

acid in rumen development and used correlation analysis to display the positive relationship 

between acetic acid accumulation and liveweight at 3 months of age. Furthermore, pathway 

analysis demonstrated the role of the alpha-linoleic acid and linoleic acid metabolism within 

the weaning induced stress response, as well as long-term growth and development.  

Next, sera from 9 MAP-challenged and 9 control HF steers, collected over 11 timepoints, up to 

33 months post MAP-challenge were examined (Chapter 4). In total, 25 metabolites capable of 

distinguishing between experimental groups were identified. However, area under the curve 

(AUC) assessments suggested that these were time specific changes. Nevertheless, metabolite 

changes were better able to discriminate between experimental groups than the interferon-

gamma (IFN-γ) release assay. Notably, correlations were observed between monocyte levels 

and the accumulation patterns of identified metabolites. Targeted metabolites suggested that 

amino acid and phosphocholine changes may reflect immune system activation, including 

macrophage activation.  
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Furthermore, an analysis of sera samples derived from 10 naturally MAP-infected, faecal 

culture positive heifers compared to healthy controls between 2 weeks to 19 months of age 

highlighted potential biomarkers for MAP infections (Chapter 5). In total, 33 metabolites were 

identified, including 5 which were differentially accumulated throughout the study; leukotriene 

B4, bicyclo prostaglandin E2 (bicyclo PGE2), itaconic acid, 2-hydroxyglutaric acid and N6-acetyl-

L-lysine. Additionally, the accumulation patterns of 6 additional metabolites demonstrated 

correlation with antibody responses to MAP antigens. In line with Chapter 4, these findings 

suggested that changes to bioenergetic pathways and amino acid accumulation may reflect 

immune system activation, as well as highlighting the role of eicosanoids in inflammation. 

These findings were reinforced using sera from 20 MAP-inoculated and 20 control heifers of 

similar ages (Chapter 6). Of the 34 identified metabolites, 11 metabolites were previously 

identified in Chapter 5, including; bicyclo PGE2 and leukotriene B4. Interestingly, 6 newly 

identified fatty acyls were able to differentiate between experimental groups irrespective of 

age. Furthermore, as also observed in Chapter 4, identified metabolites were better able to 

discriminate between experimental groups than faecal culture tests or serum enzyme-linked 

immunosorbent assays (ELISAs). These changes further suggest how omega-3 (n-3) poly 

unsaturated fatty acids (PUFAs) and omega-6 (n-6) PUFAs, alongside cyclooxygenase (COX)-

dependent and lipoxygenase (LOX)-dependent metabolites, may influence the MAP induced 

immune system response.   

Finally, to assess the impact of the early lactation negative energy balance on the metabolite 

profile of milk from MAP-infected cattle, milk samples from 5 ELISA positive and 5 control 

multiparous lactating dairy cows which were 73.4 ± 3.79 (early lactation) and 143 ± 3.79 (mean 

± SE) (mid-lactation) days post-calving were examined (Chapter 7). In total, 45 metabolites 

were identified, including 6 metabolites which were present throughout lactation. However, 

the stage of lactation was a larger source of variation than MAP status. Nonetheless, pathway 

analysis highlighted the impact of MAP on the malate-aspartate shuffle and the targeted 

metabolites suggested that MAP may influence mitochondrial energy pathways.  

Overall, the project highlighted potential biomarkers for subclinical MAP infections and used 

correlation analysis to explore links between identified metabolites and immune system 

parameters. Future work could include extending these metabolomic assessments to include 

additional lactating dairy cows, as well as verifying the specificity of these metabolites to MAP. 
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Chapter 1 - Introduction 

Abstract 

Mycobacterium avium ssp. paratuberculosis (MAP), the causative organism of  Johne’s Disease, 

causes weight loss, diarrhoea and reduced milk yields in affected cattle. Following exposure to 

MAP, infected cattle enter a prolonged incubation period before shedding bacteria and the 

onset of clinical signs in the sub(clinical) stages of infection. Only 10% - 15% of MAP-infected 

cattle display clinical signs and the performance of diagnostic tests is depedent on the stage of 

infection. A recent review examining the popularity of MAP diagnostic tests across 22 countries 

indicated the wide-spread use of individual faecal polymerase chain reaction (PCR) tests, 

enzyme-linked immunosorbent assays (ELISAs) and post-mortem pathology reports. These 

diagnostic tests, in addition to culture, interferon-gamma (IFN-γ) assays and bacteriophages, 

exhibit poor sensitivities during the early stages of infection. Moreover, there is an  urgent 

need develop a rapid, point-of-care  test for MAP following the detection of MAP within dairy 

products destined for human consumption. The development of new more senstive tests 

requires the identification of new biomarkers. In deriving such biomarkers, omics approaches 

encompassing transcriptomics, proteomics or metabolomics could yield new candiadates. 

Omic approaches have furthered the development of traditional tests, particularly the 

application of proteomics within serum ELISAs, as well as highlighting novel potential 

biomarkers. This review aims to discuss the strengths and weaknesses of established and 

developing MAP diagnostic techniques.  
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1.1 An overview of MAP 

1.1.1 MAP microbiology 

The Mycobacterium genus represents 188 species of bacterium (Figure 1:1) (Parte, 2014). 

Mycobacterium avium ssp. paratuberculosis (MAP) is an aerobic, acid-fast, catalase positive 

and gram-positive bacteria (Percival and Williams, 2014). It is 0.5 x 1.5 um in size (Rathnaiah et 

al., 2017), rod-shaped, non-motile and non-spore forming (Percival and Williams, 2014).  

 

 

 

 

 

 

 

 

MAP is a member of the Mycobacterium avium complex (MAC), alongside Mycobacterium 

avium (M. avium) and Mycobacterium intracellulare (M. intracellulare) (Figure 1:2) (Inderlied 

et al., 1993). The M. avium species consists of MAP, M. avium ssp. avium, M. avium ssp. 

silvaticum (M. silvaticum) and M. avium ssp. hominisuis (M. hominisuis) (Biet et al., 2004). The 

MAP subspecies consists of two strains; type S (Sheep-Type) and type C (Cattle-Type). Type S 

includes the subtypes type I, type III and Arabian camelids. Type C includes the subtypes type 

B (Bison-Type, also known as Indian Bison type) and USA Bison type. Interestingly, type C MAP 

strains do not demonstrate host preference, unlike type S MAP strains which are mainly 

isolated from sheep and goats (Stevenson, 2015). Literature detailing geographically distinct 

strains of MAP is limited. Nevertheless, pigmented Type I MAP strains are rarely isolated 

outside of the UK (Stevenson et al., 2002). 

Figure 1: 1 Phylogenetic tree of mycobacteria. 

  (Biet et al., 2004) 
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The MAP cell envelope is made up of an outermost layer, cell wall and plasma membrane 

(Figure 1:3). The cell wall comprises of mycomembrane, arabinogalactan and peptidoglycan. 

The inner mycomembrane is made up of mycolic acids and esterifying arabinogalactan which 

is covalently attached to peptidoglycan. The outer mycomembrane is made up of lipids 

including; phospholipids and lipoglycans. The cell wall and plasma membrane are connected 

by the 7–8 nm periplasmic space (Chiaradia et al., 2017). Crucially, this structure allows MAP 

to survive harsh environments, 60% of the cell wall consists of lipids, which confers 

hydrophobicity and the ability to withstand chemical and physical attack (Rowe and Grant, 

2006). Likewise, functional classification of cell surface and cell wall proteins highlighted that 

7/39 and 17/309 cell surface and cell wall proteins, respectively, are used to aid virulence, 

detoxification and adaptation (He and de Buck, 2010). 

Outside of the MAC complex, MAP shows genetic similarity to Mycobacterium bovis (M. bovis), 

with selected MAP antigens exhibiting up to 87% homology to M. bovis (Mikkelson et al., 2011). 

However, genomic analysis of MAP or M. bovis infected bovine monocyte derived 

macrophages has demonstrated differences in host macrophage-pathogen interactions. 

Overall, 203, 241 and 5 genes were differentially expressed in both MAP and M. bovis infected 

monocyte derived macrophages 2-, 6- and 24-hours post infection, respectively. Although 

monocyte derived macrophages show notably more differentially expressed genes in response 

to M. bovis compared to MAP.  As an example, 1261 vs 206 genes were differentially expressed 

in M. bovis and MAP-infected monocyte derived macrophages 2-hours post infection, 

respectively (Rue-Albrecht et al., 2014). Nevertheless, the remaining genetic similarity can 

Figure 1: 2 Phylogenetic tree of the M. avium-intracellulare complex (MAC).   

(Biet et al., 2004) 
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induce false-positive serological results for MAP in M. bovis-infected cattle (Didkowska et al., 

2021) and identifying new, specific diagnostic biomarkers for MAP and M. bovis is challenging.  

 

1.1.2  Worldwide MAP epidemiology  

The relatively poor sensitivities and specificities of current MAP diagnostics (Nielsen and Toft, 

2008) and under-reporting of MAP infections (Whittington et al., 2019) have likely contributed 

to the absence of up-to-date MAP prevalence statistics. Indeed, the latest review of 

international MAP prevalence was published in 2009 (Nielsen and Toft). Nevertheless, a UK-

based study examining 136 dairy herds reported an estimated herd prevalance of 34.7% (Cook 

et al., 2009). Likewise, Irish data estimated an overall herd prevalence of 9.5%, although MAP 

prevalence within dairy herds was noticeably higher at 20.6%, compared to beef herds at 7.6% 

Figure 1: 3 The cell envelope of MAP. Whereby, OL = outermost layer; MM = mycomembrane; AG = 

arabinogalactan; PG = peptidoglycan; PM = plasma membrane; TMM = trehalose monomycolates; TDM = 

trehalose dimycolates; GPL = glycopeptidolipids; PL = phospholipids; PIM = phosphatidyl-myo-inositol-

mannosides; LAM = lipoarabinomannans; TAG = triacylglycerols; Ag85 = antigen 85. 

         (Chiaradia et al., 2017) 
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(Good et al., 2009). Within mainland Europe, Denmark and the Netherlands display high herd 

prevalence’s of 80% - 85% (Nielsen, 2009) and 31% - 71% (Muskens et al., 2000), respectively, 

but relatively low within herd prevalence’s of 20% - 30% (Nielsen, 2009) and 2.7% - 6.9% 

(Muskens et al., 2000), respectively. Canada displays a similar pattern with an estimated herd 

prevalence of 9.8% - 43.1% but a within herd prevalence of 1.3% - 7.0% (Tiwari et al., 2006). 

Thus, MAP appears to be endemic within European countries with intensive dairy production 

systems although within-herd prevalence’s are relatively low. Nevertheless, these statistics 

were published between 10 - 21 years ago and current levels are likely to be different.  

Various studies have estimated the associated financial costs of MAP to the UK economy. 

Bennett and Ijpelaar (2005) initially predicted UK annual losses of £0.3 - £10 million. 

Subsequently, Cook et al.,(2009) estimated UK losses upwards of £13 million following 

extensive testing. Recent modelling estimated UK 10-year annual losses to be  $49.38 million 

(£37.01 million) compared $12.09 million (£9.06 million), $20.02 million (£15.01 million) and 

$150.09 million (£112.50 million) in Ireland, Canada and Germany, respectively (Rasmussen et 

al., 2021). Moreover, an in-depth breakdown of MAP-associated costs indicated losses of 

£112.89/infected cow, including milk yield losses (£60.57) and voluntary culling (£51.19) 

(Barratt et al., 2018).  

1.1.3  Dairy production parameters 

After infertility at 31.3%, MAP represents the 2nd most common reason for voluntary culling 

within dairy herds at 28.3% (Richardson and More, 2009). MAP-infected cows frequently 

demonstrate reduced milk yields, although changes in milk composition are inconsistent, 

particularly milk fat yields and milk protein yields (Wiszniewska-Łaszczych et al., 2020; Ozsvari 

et al., 2020; Gonda et al., 2007). Likewise, the effect of MAP on fertility remains unclear. MAP 

has been reported to improve pregnancy rates (Gonda et al., 2007) but increase calving to 

conception intervals, calving intervals and services/conception (Ozsvari et al., 2020) or have no 

significant effects on fertility parameters (Chaffer et al., 2021). Nonetheless, MAP-infected 

cattle are more prone to other health conditions, for example, MAP-infected cattle are 2.7 

times more likely to become lame (Smith and Van Winden, 2019).  
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Furthermore, postponing the culling of MAP-infected cattle until the clinical stages of infection 

may minimise milk yield losses. However, MAP-infected cows demonstrate reduced slaughter 

weights. Crucially, the severity of losses depends on the stage of infection. MAP-infected, 

faecal culture positive cows typically display reduced slaughter weights and slaughter value of 

up to 15% and 31%, respectively (Kudahl and Nielsen, 2009). Thus, balancing the transmission 

risk associated with MAP-infected cattle alongside, production losses due to voluntary culling 

and the cost of purchasing replacement cows is an on-going challenge for farmers.  

1.1.4  Lesion development 

Following the uptake of MAP by macrophages or dendrite cells (DCs) in the lamina propia (the 

connective tissue between the muscularis mucosa and epithelium), granulomas develop into 

pluribacillary or paucibacillary lesions. Eventually MAP-infected macrophages rupture 

releasing free MAP into the intestinal lumen, resulting in faecal shedding. The cumulative 

effects from multiple infected macrophages results in the formation of scar tissue at the 

original site of infection (Koets et al., 2015). 

Gross pathological observations within MAP-infected cattle at post-mortem varies depending 

on the stage of infection (Hailat et al., 2012). Mild clinical cases exhibit thickening of the 

mucosal surface and ileum, in addition to enlarged lymph vessels. Meanwhile, moderate to 

advanced clinical cases demonstrate more pronounced thickening and corrugation of the 

mucosal surface and ileum, as well as further enlargement of lymph vessels (Divers and Peek, 

2018). Okuni et al., (2013) examined the ileocaecal junction and related lymph nodes of 1022 

cattle of unknown MAP status. Of the 48 MAP-infected cattle, focal, multifocal and diffuse 

lesions accounted for approximately 60.4%, 29.1% and 10.4% of lesions, respectively. 

1.1.5  Routes of transmission 

MAP is commonly transmitted via the ingestion of colostrum, milk and faeces (Sweeney, 1996). 

Other routes of transmission include; uterine transmission (Sweeney et al., 1992) and 

potentially wildlife (Daniels et al., 2003). MAP has also been detected using PCR amplification 

within floor and dust samples from inside barns and cubicles, as well as in human-only areas, 

such as walking paths, highlighting how easily MAP can be transmitted between different farm 

areas (Eisenberg et al., 2010).  
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An in-depth examination of colostrum and milk as risk factors for MAP transmission using data 

from 93,994 animals indicated that calves fed colostrum from multiple cattle demonstrated a 

higher odds ratio (1.24) of being milk ELISA positive, compared to calves only fed from their 

dam.  Moreover, calves suckling from foster cattle, versus those supplied with milk replacer, 

showed an odds ratio of 2.01 of being milk ELISA positive (Nielsen et al., 2008).  

A review of uterine transmission, considering 5 studies examining 229 foetuses, calculated that 

an average of 13% (95% C. I. 9% - 18%) of calves from MAP positive dams will become MAP 

positive (Whittington and Windsor, 2009). Crucially, the stage of infection impacts the 

likelihood of offspring becoming MAP positive. An average of 9% (95% C. I. 6% - 14%) of calves 

from subclinically infected dams, compared to 39% (95% C. I. 20% - 60%) of calves from 

clinically infected dams will become MAP positive (Whittington and Windsor, 2009).  

Additionally, of 253 serum samples collected from semen production units, MAP was detected 

in 20.0% of serum from breeding bulls and 33.3% of serum from teaser bulls using an indirect 

ELISA screen (Abbas et al., 2011). The collection of such data is made more complicated as 

calves demonstrate varied immune responses, bacterial shedding patterns and pathology 

(Mortier et al., 2015). However, some broad conclusions can be made. Calves ≤ 6 months of 

age are most susceptible to MAP, ~75% of calves ≤ 6 months of age, 50% of calves 6 - 12 months 

of age and 20% of calves ≥ 12 months of age exposed to MAP will develop lesions (Whittington 

and Windsor, 2009). Equally, calves exposed to high doses of MAP tend to develop more severe 

lesions. Of 50 MAP-inoculated calves, all calves with ≥ 4 MAP positive tissue cultures had 

received 5 × 109 CFU (colony forming units), as opposed to 5 × 107 CFU (Mortier et al., 2013). 

Thus, highlighting the importance of calf management in minimising MAP transmission. 

Interestingly, a review of MAP within 178 species of wildlife suggested a prevalence of 2.41% 

(95% C.I. 1.76 - 3.06) (Carta et al., 2013). However, the significance of wildlife acting as MAP 

reservoirs is debateable. 

1.1.6  Vaccination, on-farm management and treatment 

The administration of Gudair, a common bovine MAP vaccine, causes cattle to react to purified 

protein derivative avian tuberculin (PPDA) and purified protein derivative bovine tuberculin 

(PPDB). However, the single intradermal comparative cervical tuberculin skin-test test (SICCT), 

which is used to detect M. bovis within the UK, relies on a differential reaction between PPDA 
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and PPDB. Crucially, Guidar vaccinated cattle are more likely to display false-negative SICCT 

results (Coad et al., 2012). Consequently, Gudair is licensed for use within sheep and goats only 

within the UK (APHA, 2021). Instead, UK farmers control MAP infections through on-farm 

biosecurity measures, in addition to adopting the test and cull strategy. 

A model based on 102 farms in Denmark demonstrated that culling high risk cows was the 

most profitable management practice. However, other strategies, such as; removing calves  

from their dams and improving the handling of colostrum and waste milk by using milk or 

colostrum from MAP negative cows only for feeding calves, must be simultaneously 

implemented to eradicate MAP within 10 years (Kirkeby et al., 2016). Moreover, an 

examination of a 200-cow milking dairy herd, demonstrated that outdoor calving resulted the 

greatest reduction in within-herd MAP prevalence at >35%, followed by limiting faecal 

exposure within the calving area at 30%. Other measures, such as; reducing calf-dam 

interaction and the use of milk and colostrum replacements, prompted 15% - 25% reductions 

in MAP prevalence (Radia et al., 2013). When translating these biosecurity measures into 

annual preventable losses, outdoor calving, limiting faecal exposure in the calving area and 

reducing calf-dam interaction resulted in preventable losses of £4000, ~£3250 and ~£2600, 

respectively. Moreover, implementing a mixture of biosecurity measures could prevent losses 

of £7000 - £11000 per year (Radia et al., 2013). Therefore, implementing biosecurity improves 

animal welfare and minimises the financial burden associated with MAP infections.   

Furthermore, as discussed by Sweeney et al., (2012) MAP infections cannot be cured and 

antibiotics are expensive and often not approved for use within food animal species. Although 

antibiotics may reduce clinical signs, infected cows may continue to shed bacteria and continue 

to represent a transmission risk. Despite this, many case studies report improvements in 

clinical MAP infections, but these studies often lack adequate sample sizes. Interestingly, a 

survey examining the control of MAP infections across 22 countries highlighted how 86.4% of 

countries culled clinical cases (Whittington et al., 2019). However, as only 10% - 15% of MAP-

infected cattle develop clinical signs (Olsen et al., 2002), the true percentage of MAP-infected 

cattle being culled is much lower. 
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1.1.7  Immune system responses to MAP 

In summary, upon exposure to MAP, cattle enter a prolonged incubation period followed by 

the sub(clinical) stages of infection (Whitlock et al., 2000). The onset of MAP bacterial 

shedding, via milk and faeces, commences in the subclinical stage of infection (Stabel et al., 

2014; Sweeney et al., 2011). However, clinical signs, such as weight loss, diarrhoea and reduced 

milk yields, remain absent until 2 to 6 years post-infection (Salem et al., 2013) and only 10% - 

15% of MAP-infected cattle develop clinical signs (Olsen et al., 2002). Nevertheless, MAP 

progression is signified by the host immune system response. Traditionally, the host initiates a 

cell mediated immune (CMI) response in the incubation period. During the sub(clinical) stages 

of infection, the CMI response lessens, the humoral immune response becomes more 

prominent and bacteria shedding commences (Figure 1:4) (Koets et al., 2015). 

  

Following exposure, MAP cells cross the intestinal barrier via M cells or enterocytes. MAP 

interacts with fibronectin bridges on M cells, leading to phagocytosis by DCs or macrophages. 

Alternatively, enterocytes use the Cdc42-RhoA mechanism to transport MAP into an acidified 

endosomal vacuole, prompting IL-1β production and attracting subepithelial macrophages. 

Figure 1: 4 The stages of MAP infections relative to the CM and humoral immune responses. 

(Adapted from Chiodini, 1984) 
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Additionally, MAP interferes with cell communication, enabling entry to the lamina propia by 

slipping between enterocytes (Bannantine and Bermudez, 2013). 

Crucially, macrophages can moderate the destruction of MAP, as well as aiding the survival and 

proliferation of MAP. MAP is taken up by sub-epithelial macrophages following recognition by 

complement receptors, immunoglobulin receptors, the mannose receptor and scavenger 

receptors (Guirado et al., 2013). Subsequent to macrophage entry, MAP blocks phagolysosome 

fusion and limits macrophage responsiveness. Macrophages are defined as phagocytes, 

alongside neutrophils and DCs. Phagocytes develop into late endosomes and fuse with 

lysosomes to create phagolysosomes, which destroy MAP and other bacteria (Koul et al., 

2004). MAP utilises multiple mechanisms to prevent phagolysosome fusion including; binding 

to V-ATPase via protein PtpA, inhibiting the release of tryptophan aspartate-containing coat 

protein and the inhibition of early endosomal autoantigen 1 (Arsenault et al., 2014). Likewise, 

MAP utilises various mechanisms to limit macrophage responsiveness, including; promoting 

the activation of toll-like receptor (TLR)-2 to minimise the immune response. Within the 

MAPK–p38 pathway, TLR-2 is activated by mannosylated liparabinomannan (ManLAM), 

prompting increased production of anti-inflammatory cytokine IL-10 (Arsenault et al., 2014). 

The length of the incubation period is unspecified. However, traditionally, the Th1 immune 

response is dominant during the incubation period, before the Th2 immune response becomes 

dominant during the sub(clinical) stages of infection. The Th1 response, also known as the CMI 

response, is characterised by T helper 1 cells secreting pro-inflammatory cytokines, including 

interferon (INF)-γ and IL-12, and promoting the activation of macrophages. Detecting MAP-

infected cattle in this period is challenging due to the absence of clinical signs or antibody 

response, although INF-γ assays can detect the initial CMI response (Huda et al., 2004). 

In contrast, the Th2 response, also known as the humoral response, is characterised by T helper 

2 cells and regulatory T cells secreting anti-inflammatory cytokines, including IL-10 and 

transforming growth factor beta (TGF-β), to discourage the Th1 response and macrophage 

activation (Hussain et al., 2016). Interestingly, reports of clinically MAP-infected animals 

demonstrating a Th1 and Th2 response simultaneously are increasing (Begg et al., 2011; Stabel 

et al., 2015). Alternate modelling of the classic Th1/Th2 switch in ovines has suggested that the 

paradigm is mediated through Th1 immune exhaustion, bacterial growth and the proliferation 
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and differentiation inhibition of T cells (Magombedze et al., 2014). However, the precise 

mechanism is remains unclear.  Nonetheless, asymptomatic, sub-clinically infected cattle are 

commonly detected on-farm using milk and serum ELISA assays during this stage of infection. 

Within a progressive MAP infection, MAP successfully replicates, mediates the intracellular 

environment of macrophages and DCs, and releases anti-inflammatory cytokines to promote 

the longevity of the infected cell (Arsenault et al., 2014). Crucially, infection progression is 

usually associated with an absence of CD4+ T cells (Koets et al., 2002) and increased 

accumulation of proliferating cytotoxic suppressor cells (Coussens, 2004). Moreover, the 

visibility of clinical signs, including weight loss, diarrhoea and reduced milk yields, signifies the 

onset of the clinical stage of infection and indicates that the host’s immune system can no 

longer control MAP proliferation.  

1.1.8  One-health: MAP and Crohn’s Disease  

MAP-infected cattle and Crohn’s Disease (CD) patients demonstrate histopathological and 

clinical similarities, such as; intermittent diarrhoea, weight loss, mucosal ulcerations and 

granulomas (Naser et al., 2014). Despite early studies being unable to detect MAP within CD 

patients (Wu et al., 1991; Rowbotham et al., 1995), more recent studies have detected MAP 

via PCR within 29% and 47% of CD patients, respectively (Timmes et al., 2016; Zarei-Kordshouli 

et al., 2019). Likewise, genomics has highlighted CD susceptibility genes; NOD2 (Ferwerda et 

al., 2007), IRGM1 (Feng et al., 2004) and IL23R (Khader et al., 2007; Altare et al., 1998). These 

genes affect the immune system response to Mycobacteria, albeit lack specificity to MAP.  

Interestingly, farming communities do not display increased CD prevalence rates (Jones et al., 

2006) and TNF-α suppressive therapies are unexpectedly associated with improved patient 

health (Sartor, 2005). Additionally, nested PCR, targeting insertion sequence IS900, detected 

MAP within 9.7% of healthy controls and correlation was observed between the consumption 

of fast food meals, compared to fruit and vegetables, with immune reactivity to MAP epitopes 

(Zamini et al., 2017). Thus, suggesting that a combination of exposure to MAP and lifestyle 

choices influence the development of CD. Moreover, the use of methods which have been 

validated using tissues infected with MAP and other Mycobacteria is absent from previous PCR-

based CD studies (Behr and Kapur, 2008). Subsequent studies could focus on validating these 
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PCR methods, in addition to exploring anti-mycobacterial agents and the alternative roles of 

CD susceptibility genes (Behr and Kapur, 2008). 

Crucially, MAP has also been identified in milk, cheese and powdered infant food. MAP was 

detected within retailed milk samples from the UK, Ireland, Canada, the USA and India (Gill et 

al., 2011). Similarly, cheese samples from five retailers across Greece, Czech Republic, Cyprus, 

Switzerland and the UK tested positive for MAP presence via culture or PCR (Gill et al., 2011). 

Consequently, the problem appears to be widespread to a range of worldwide dairy products.  

Considering that sub(clinically) MAP-infected cattle shed MAP bacteria and the risk of faecal 

contamination, the presence of MAP in 16.5% to 28.1% of raw milk samples is unsurprisingly 

(de Albuquerque et al., 2017). However, the detection of MAP in 10.3% of semi-skimmed 

pasteurised milk samples is concerning (Gerrard et al., 2018). A similar study identified MAP 

within 4.9% to 39% of pasteurised milk samples (Sadeghi et al., 2019). Thus, reinforcing prior 

observations that a proportion of MAP organisms are able to survive high temperature short -

time pasteurization, whereby milk is heated to a minimum of 71.7ºC for 15 seconds (Grant et 

al., 2001). Perhaps more concerningly, MAP has been detected in 35.3% to 49.0% of dairy 

derived infant food (Hruska et al., 2005). Likewise, culture with confirmation via PCR, phage-

PCR and direct PCR identified MAP within 9%, 13% and 22% of powdered infant formula, 

respectively (Botsaris et al., 2016).  

However, these diagnostics methods exhibit inconsistent performance values and developing 

methods require validation. A comparison of culture, qPCR targeting IS900, pPCR targeting 

MAP genome element F57 and peptide-mediated magnetic separation (PMS/PMMS)-phages 

highlighted trueness values of 89%, 93%, 85% and 49%, respectively (Butot et al., 2019). 

Therefore, although the development of PMS, has allowed the extraction of target bacteria 

and exclusion of non-target and inhibitory compounds, further method development is 

required prior to OIE validation (Husakova et al., 2017). Nevertheless, an established link 

between MAP and CD would be detrimental to farmers. Thus, improving disease control should 

be a priority for the dairy industry.    
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1.2  Current diagnostic techniques   

As a reflection of the difficulty in identifying MAP, diagnostic techniques are continually 

modified and re-assessed. Table 1:1 details the performance of diagnostic techniques from 

papers published since 2012, whereby the MAP-status of individual cows was known. 

1.2.1 Lesion classification at post-mortem 

As previously described, post-mortem observations vary between the stages of MAP infections 

(Hailat et al., 2012). Originally, lesions were classified as lepromatous-like or tuberculoid-like 

(Buergelt, 1978). Nowadays, lesions are categorised as focal, multifocal or diffuse lesions 

dependent on the presence of macrophages, lymphocytes and other characteristics (Gonzalez 

et al., 2005). Additionally, the presence of MAP within lesions can be determined by culture or 

Ziehl-Nielsen (ZN) staining. However, ZN staining categorised 19.3%, 49.3% and 36.4% of 

subclinically infected, clinically infected and healthy control as MAP positive (Zimmer et al., 

1999). Moreover, as discussed by Huntley et al., (2005), ZN staining is not specific to MAP, and 

has previously falsely identified Nocardia and Corynebacteria. Nevertheless, neither lesion 

identification nor ZN staining are commonly adopted MAP diagnostics techniques within the 

UK (Whittington et al., 2019). 

1.2.2  MAP culture using PCR as a confirmatory technique 

Faecal culture is often regarded as the gold standard test for MAP (OIE, 2021). Despite early 

publications reporting 94% sensitivity (Colgrove et al., 1989), Nielsen and Toft (2008) 

demonstrated that faecal culture using HEYM (Herrold’s egg yolk medium) has an average 

sensitivity of 49.4% (with a range of 25 - 74%). Traditionally, MAP was cultured in Mycobactin-

supplemented culture medium and the presence of MAP was confirmed using a secondary 

subculture with and without Mycobactin (Damato and Collins, 1989). More recently, PCR 

methods are used to confirm the presence of MAP following culture. Incubation on HEYM for 

84 days, compared to incubation on the broth Trek ESP culture system II for 49 days, using 

positive acid-fast stain and qPCR targeting the hspX gene as confirmation methods, 

demonstrated that broth media is more sensitive than solid media. As an example; solid media 

and broth media showed sensitivities of 15.9% and 30.9%, respectively, when applied to faecal 

samples from MAP-infected cattle exhibiting high severity shedding (Table 1:1) (Laurin et al., 
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2015a). The same culture methods were also used to assess the effects of material e.g. faeces 

or milk, stage of lactation and severity of MAP shedding on the sensitivity of MAP culture 

(Laurin et al., 2015a, Laurin et al., 2015b). Faecal samples, followed by milk and colostrum 

samples demonstrated the highest sensitivity values, irrespective of the severity of shedding 

or incubation media (Table 1:1) (Laurin et al., 2015a). However, the impact of the severity of 

MAP shedding on MAP culture remains unclear (Table 1:1) (Laurin et al., 2015a). Nevertheless, 

the sensitivity of MAP culture is improved during the dry period, compared to post-partum. 

Incubation on HEYM and the broth Trek ESP culture system II reported sensitivities of 60.0% 

and 81.8% during the dry period, compared to 33.3% and 47.6% post-partum, respectively 

(Table 1:1) (Laurin et al., 2015b). 

Alternatively, the culture of faecal samples collected from the environment, such as manure 

spreaders or gutters, using ESP para-JEM broth media and confirmation by real-time PCR 

targeting the hspX gene, displayed sensitivity and specificity values of 71% and 99%, 

respectively (Lavers et al., 2013). Crucially, despite environmental cultures highlighting the 

presence of MAP on farms, further individual tests would be required to identify which cattle 

were infected.   

1.2.3  A comparison of MAP culture and PCR 

In addition to using PCR as a confirmatory technique, PCR can be used as a standalone method. 

Douarre et al., (2010) compared faecal MAP culture using HEYM, followed by confirmation 

using PCR targeting 16S typing and LSPA20 detection, to PCR targeting insertion sequences 

IS900 and ISMAPO2 without prior culture. (16S typing and LSPA20 detection refers to the 

detection of the 16S rRNA gene and bovine specific large sequence polymorphism LSPA20 

which are located in multiple locations within the MAP genome). From 290 faecal samples 

obtained from cattle of unknown MAP status, MAP was detected within 7.9%, 36% and 46% of 

samples using culture, PCR and nested PCR, respectively. Thus, PCR-based techniques were 

more sensitive. However, as observed in faecal culture, the sensitivity of faecal PCR is affected 

by the severity of MAP shedding. Faecal PCR targeting IS900 exhibited 4% sensitivity in light-

to-moderate MAP faecal shedders but 76% sensitivity in heavy MAP faecal shedders (Wells et 

al., 2006). Nevertheless, a 5-fold dilution of the DNA extract increases the quantification of 

DNA and increases IS900-based qPCR sensitivity from 55% to 88% (Acharya et al., 2017). 
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Considering the popularity of faecal PCR, Beinhauerova et al., (2021) has developed an 

international standard qPCR reference standard which will aid the comparison of different 

qPCR assays. 

These techniques have also been adapted for use within milk samples. A comparison of culture 

using Middlebrook’s 7H9 broth, using ZN staining for confirmation, and direct PCR targeting 

IS900, identified 4% and 33% of milk samples, from herds with a history of MAP, as MAP 

positive, respectively (Pillai and Jayaro, 2002). In contrast, culture on HEYM, using PCR for 

confirmation, direct PCR and nested PCR, whereby all PCR approaches target IS900, reported 

sensitives of 58.7%, 41.3% and 77.8%, respectively (Gao et al., 2009). Likewise, out of 121 milk 

samples obtained from cows based on herds with a history of MAP, 16.5% and 28.1% were 

categorised as MAP positive via conventional milk PCR and qPCR, both targeting IS900 (de 

Albuquerque et al., 2017). Thus, in line with faecal-based methods, the sensitivity of milk-based 

approaches is inconsistent. Nevertheless, considering the ease of collection and identification 

of MAP within retailed milk samples (Gerrard et al., 2018), the improved detection of MAP 

within milk samples would benefit cattle and potentially human health. 

1.2.4  IFN-γ assays 

IFN-γ assays measure the release of IFN-γ from T-cells in response to in vitro PPD stimulation 

(Pai et al., 2014). In the detection of MAP, aliquoted blood samples are stimulated with purified 

protein derivative johnin tuberculin (PPDJ) and a control solution before the release of IFN-γ is 

assessed. T-cells from MAP-infected cattle release more IFN-γ compared the control solution 

(Corneli et al., 2019). However, cattle younger than 6-months old demonstrate relatively high 

proportions of γσ T-cells (Mackay and Hein, 1991). The release of IFN-γ from γσ T-cells is non-

specific and subsequently causes false positive IFN-γ results in young cattle (Huda et al., 2003). 

Therefore, IFN-γ assays are only applicable for the detection of M. bovis in cattle over 6-months 

of age (TB Hub, 2020) and the use of IFN-γ assays for the detection of MAP on-farm is limited.  

IFN-γ testing on 252 dairy cattle from MAP-infected herds and 119 dairy cattle from MAP free 

herds highlighted issues with longitudinal consistency. Of 44 MAP-infected cattle, as confirmed 

by faecal culture, 50%, 85% and 75% of cattle 1+ years, 2+ years and ≥3 years of age 

demonstrated positive IFN-γ results, respectively. Thus, the sensitivity of IFN-γ appears to peak 

in cattle between 2 and 3 years of age. However, of 208 MAP exposed cattle, 49%, 34% and 
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22% of cattle aged 1+ years, 2+ years and ≥3 years demonstrated IFN- γ positive results, 

respectively (Huda et al., 2004). Consequently, the age of peak sensitivity varies depending on 

the age of cattle and faecal culture results. In line with these observations, the MAP status of 

315 cattle of mixed ages was determined using faecal culture and IFN-γ at three consecutive 

sampling dates. Of 99 cattle which displayed ≥1 positive IFN-γ result, only 44 cattle were IFN-γ 

positive at all sampling points (Huda et al., 2003). Thus, repeat testing is required to accurately 

determine the MAP status of cattle.   

Nonetheless, adjustments to interpretation criteria can improve IFN-γ sensitivity and specificity 

values. Original algorithms from kit suppliers resulted in specificities of 66.1% and 67.0%. 

However, adjustments by Kalis et al., (2003) lead to an improved specificity of 93.5%. Likewise, 

Jungersen et al., (2002) reported estimated specificities between 95% and 99% in response to 

PPDJ stimulation, compared to specificities between 64% and 99% following PPDA stimulation. 

More recently, Corneli et al., (2021) compared the use of PPDA, PPDB and PPDJ, as well as 12 

interpretative criteria. PPDJ consistently displayed the highest sensitivity and specificity values, 

compared to PPDA and PPDB. Moreover, the manipulation of interpretative criteria resulted in 

sensitivity values of 100% with a specificity of 91.8%, and specificity values of 100% with a 

sensitivity of 80.6% (Table 1:1). Consequently, under appropriate interpretative criteria IFN-γ 

can accurately identify MAP-infected cattle.   

Recent approaches are combining IFN-γ with alternative antigens. The diagnostic potential of 

6 MAP antigens (Ag5, Ag6, MAP1637c, MAP0388, MAP3547c and MAP0586c), which were 

originally identified through proteomics and genomics, were assessed within a 20-hour IFN-γ 

release assay. Within cattle <18 months of age, Ag5, MAP0388, Ag6, MAP1637c, MAP3547c 

and MAP0586c were recognised within 10.1%, 7.7%, 38.6%, 29.4%, 25.6% and 39.0% of cattle 

from MAP-infected herds, respectively. Within cattle >18 months of age, these antigens were 

recognised in 28.0%, 24.0%, 45.5%, 47.1%, 49.8% and 47.4% of cattle from MAP-infected 

herds, respectively (Table 1:1) (Dernivoix et al., 2017). Thus, the antigens were recognised 

within a higher proportion of cattle over >18-months of age. On the other hand, IFN- γ assays 

using PPDJ demonstrated poor correlation with IFN-γ assays using novel antigens. 

Nevertheless, 3 latency proteins (LATP-1, LATP-2 and LATP-3) displayed results suggestive of 

high immunogenicity (Mikkelson et al., 2011). Likewise, lipopentapeptide L5P and PPD induced 

IFN-γ responses in a limited number of MAP-infected cattle (Holbert et al., 2015). Overall, 
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although antigen-IFN-γ combinations are able to induce an IFN- γ response further research is 

required to identify antigens with higher sensitivity. 

1.2.5  Serum and milk ELISAs 

ELISAs are applicable to various bovine infections (Whelan et al., 2010, Howard et al., 1985) 

but follow the same principles. Firstly, capture antibodies detect target antigens. Next, 

enzyme-linked detection antibodies bind to target antigens. Then, substrate is added resulting 

in a colour change. The intensity of the colour change indicates the target antigen 

concentration (Hosseini et al., 2017). Within MAP diagnostics, IgG antibodies are usually 

utilised, but MAP target antigens vary between ELISAs (Eisenberg et al., 2015; Shin et al., 2008). 

A recent review examining the means used to control MAP highlighted the popularity of the 

serum ELISAs, with 17 out of 22 countries using serum ELISAs to identify MAP-infected cows 

(Whittington et al., 2019). Nielsen and Toft (2008) reviewed 42 studies, published between 

1989 and 2006, which examined the sensitivity and specificity of serum antibody ELISAs for the 

detection of MAP. Similar to IFN-γ, the performance of serum ELISAs varies depending on the 

stage of infection, for example, clinically infected cattle demonstrated 87% sensitivity but 

cattle without clinical signs and relatively low levels of MAP shedding demonstrated only 15% 

sensitivity (Sweeney et al., 1995). Nevertheless, Nielsen and Toft (2008) reported that serum 

antibody ELISAs demonstrated sensitivities ranges from 7% to 94% and specificities ranges 

from 41% to 100%.  

A new ELISA assay, named JCT-ELISA, later displayed improved performance in comparison to 

5 other commercially available serum ELISAs. The JCT-ELISA demonstrated the highest area 

under the curve (AUC) value of 0.894, highest sensitivity at 56.3% but 2nd lowest specificity at 

99.0%, within MAP faecal culture positive cattle. Additionally, this assay detected significantly 

more MAP-infected cattle which were categorised as demonstrating slight or light faecal 

shedding. However, over 50% of these cows were not categorised as positive (Shin et al., 2008). 

Thus, reinforcing previous studies which have displayed sensitivity issues in the early stages of 

MAP infections (Sweeney et al., 1995). 

Furthermore, numerous studies have explored the effectiveness of serum ELISAs against 

different antigens, for example; antibodies against the antigens, MAP1693c, MAP4308c and 

MAP2677C demonstrated sensitivity and specificity values of 94.74% and 97.92%, respectively 
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(Leroy et al., 2007). Likewise, a cocktail of antibodies against MAP2513, MAP1693, MAP2020, 

MAP0038, MAP1272, MAP0209c, and MAP 210c displayed 72% sensitivity. Within the same 

study, the commercial ELISA, PPA-3, displayed a sensitivity of 64%. However, the cocktail of 

antibodies against 7 antigens categorised 17.6% of M. bovis infected cattle as MAP positive 

(Table 1:1). Likewise, PPA-3 categorised 70.5% of M. bovis infected cattle as MAP positive (Mon 

et al., 2012). Thus, reinforcing the importance of verifying the specificity of potential MAP 

biomarkers against M. bovis. As highlighted by Mikkelson et al., (2011), 80% of MAP antigens 

exhibited homology to M. avium or M. bovis. 

More recently, further adaptations to the serum ELISAs include the utilisation of recombinant 

MAP cell envelope proteins (SdhA, FadE25_2, FadE3_2, Mkl, DesA2 and hypothetical protein 

MAP1233) or an extract of MAP total cell envelope proteins. Using 153 bovine serum samples 

obtained from MAP faecal culture positive and control cattle, the IDEXX ELISA demonstrated 

sensitivity and specificity values of 56% and 99%, respectively. The recombinant protein ELISA 

exhibited sensitivity and specificity values of 75% and 96%, respectively (Table 1:1) 

(Karuppusamy et al., 2021). However, the performance of these recombinant proteins at 

differing stages of MAP infections is yet to be determined.  

In-line with the serum ELISA, a recent review examining the means used to control MAP 

highlighted the popularity of the milk ELISA test, with 10 out of 22 countries using individual 

milk ELISA tests and a further 6 using bulk milk ELISA tests (Whittington et al., 2019). This 

popularity is likely attributable to milk sampling being non-invasive and able to be collected by 

farmers. In addition, milk samples exhibit lower antibody concentrations so require less 

dilution with phosphate buffered saline compared to colostrum (Sasaki et al., 1976) and serum 

samples (Klausen et al., 2003). 

Nielsen and Toft (2008) reviewed studies published between 1989 and 2006 which assessed 

the sensitivity and specificity of milk antibody ELISA tests for the detection of MAP. Notably, 

only 6 studies were available. Nevertheless, milk ELISAs demonstrated sensitivity ranges from 

21% - 61% and specificity ranges from 83% - 100%. Alternatively, a comparison of 5 milk ELISAs 

reported an average sensitivity of 69.4%, with a sensitivity range of 59% - 92% (Table 1:1) 

(Lavers et al., 2014). Further exploration using the IDEXX ELISA test highlighted how MAP herd 

prevalence affected performance. The sensitivity of the IDEXX ELISA within herds with MAP 

prevalence’s of <5% and 5% were 11% and 62%, respectively (Lavers et al., 2014). More 
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recently, a study which performed monthly milk ELISA MAP detection tests for a year on cattle 

which had previously shed MAP bacteria, reported an average sensitivity of 29.9% (Table 1:1) 

(Laurin et al., 2017). Thus, serum ELISA and milk ELISA tests appear to both be susceptible to 

sensitivity issues at the early stages of MAP infection.  

Alternatively, pooled milk antibody ELISAs reduce the costs associated with individual tests. 

However, the potential dilution of MAP positive milk within a pool causes sensitivity issues and 

additional testing is required to identify individual cows within a pool. The sensitivity and 

specificity values vary depending on the applied sample-to-positive ratio (S/P %). An 

examination of 383 milk samples from multiple herds of known seroprevalence highlighted 

that within a herd with a seroprevalence of ≥5%, reducing the S/P cut-off from 30% to 12.5% 

increases the sensitivity from 50% to 72%, but decreases the specificity from 99% to 92% 

(Kohler et al., 2017). In agreement, based on a herd seroprevalence of ≥3% and S/P of 30%, 

the Pourquier bulk milk ELISA test demonstrated sensitivity and specificity values of 24% and 

99%, respectively. However, reducing the S/P to 12.5% resulted in revised sensitivity and 

specificity values of 85% and 96%, respectively (van Weering et al., 2007). Thus, demonstrating 

how the S/P can be manipulated depending on the severity of interpretation.  

1.2.6  Bacteriophages 

Bacteriophages enable the identification of bacteria by modifying, lysing, isolating or extracting 

bacteria. Within traditional plaque PCR, bacteriophages infect MAP infected cells, inject their 

DNA and replicate. Following lysis of the bacterial cell, the released bacteriophages are 

detected by plaques on a lawn of host organism or qPCR. More recently, the use of PMS/PMMS 

prior to amplification and detection has been explored (Jones et al., 2020). Phage technology 

is rapid, cost-effective and only detect viable bacteria but demonstrates inconsistent results 

(Jones et al., 2020). MAP was first identified using phages within bulk tank milk via phage PCR 

(Stanley et al., 2007), but further studies have used phages to detect MAP within blood (Swift 

et al., 2013) and individual milk samples (Foddai and Grant, 2017). 

Early evaluations of blood-based PMS phage assays demonstrated sensitivity and specificity 

values of 100% and 100%, respectively, within milk ELISA positive cattle. However, the sample 

size within this study was limited to 9 MAP-infected and 5 control cows (Table 1:1) (Swift et al., 

2013). Nonetheless, this PMS-phage assay detected MAP within 37% of MAP exposed cattle, 
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compared to faecal culture, faecal PCR targeting IS900 and serum ELISA which detected MAP 

within only 11% of MAP exposed cattle (Table 1:1) (Swift et al., 2016). Thus, reinforcing that 

PMS phage assays are more sensitive than traditional diagnostic techniques. 

Further studies have examined the application of bacteriophages within milk samples. A 

combined phage-PCR assay exhibited sensitivity and specificity values of 90% and 99%, 

respectively, within bulk tank milk samples (Table 1:1) (Botsaris et al., 2013). However, PMS 

phage assays displayed lower sensitivity and specificity values of 32.5% and 100%, respectively, 

within individual milk samples obtained from faecal culture positive or milk EILSA positive cattle 

(Table 1) (O’Brien et al., 2017). Nevertheless, in line with blood-based phages, milk-based 

phages frequently exhibit increased sensitivity compared to traditional diagnostic techniques. 

MAP was detected in 40% and 12% of bulk tank milk samples from Northern Ireland via PMS-

phage assays and culture, respectively, whereby samples were obtained from herds with ≥1 

seropositive prevalence (Foddai et al., 2011). Likewise, MAP was detected in 26% and 11% of 

bulk tank milk samples from America via PMS-phage assays and culture, respectively, from 

herds with a known MAP status. In contrast, IS900 qPCR and PMS-phages displayed sensitivity 

values of 28.6% and 22.2%, respectively (Botsaris et al., 2010), based on samples collected and 

analysed using IS900 qPCR by Slana et al., (2009). Therefore, the sensitivity of bacteriophages 

appears to be highly variable.  

A comparison of PMS-phages, PMS-qPCR targeting IS900, PMS-qPCR targeting F57 and PMS-

mycobacteria growth indicator tube (MGIT) culture within individual and bulk tank milk 

samples from MAP-infected herds, highlighted PMS-phage assays as the most sensitive. Within 

individual milk samples, PMS-phage, PMS-qPCR (IS900), PMS-qPCR (F57) and PMS-MGIT 

categorised 21.2%, 9.1%, 2.6% and 11.6% of milk samples as MAP-positive, respectively. 

Meanwhile, within bulk tank milk samples, PMS-phage, PMS-qPCR (IS900), PMS-qPCR (F57) 

and PMS-MGIT labelled 59.1%, 45.5 %, 9.10% and 50.0% of milk samples as MAP-positive, 

respectively (Foddai and Grant, 2017). Consequently, phages appear to be more sensitive 

within milk bulk tank samples. 
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Table 1: 1 The performance of traditional MAP diagnostic techniques, published since 2012. 

Diagnostic Technique Material Sens. (%) Spec.  (%) Reference 

BACTERIOPHAGES 

PMS Phage Assay, 

confirmation by IS900 

 

Plasma 

 

100 

 

100 

 

(Swift et al., 2013) 

PMM Phage Assay, 

confirmation by IS900 
Plasma 37 100 (Swift et al., 2016) 

PMS Phage Assay, 

confirmation by IS900 
Bulk milk tank 90 99 (Botsaris et al., 2013) 

PMS Phage Assay, 

confirmation by IS900 
Individual milk 32.5 100 (O’Brien et al., 2017) 

CULTURE     

Culture, broth media, 

confirmation by PCR  

(hspX gene) 

 

Environmental 

 

71.0 

 

99.0 

 

(Lavers et al., 2013) 

Culture, confirmation via 

AFS and qPCR (hspX gene) 

 

Solid media 

Low shedding 

Mod. shedding 

High shedding 

Broth media 

Low shedding 

Mod. shedding 

High shedding 
 

Solid media 

Low shedding 

Mod. shedding 

High shedding 

Broth media 

Low shedding 

Mod. shedding 

High shedding 
 

Solid media 

Low shedding 

Mod. shedding 

 

 

 

 

Faeces 

Faeces 

Faeces 

 

Faeces 

Faeces 

Faeces 
 

 

Milk 

Milk 

Milk 

 

Milk 

Milk 

Milk 
 

 

Colostrum 

Colostrum 

 

 

 

 

15.9 

8.1 

22.6 

 

30.9 

9.1 

15.1 
 

 

9.3 

0.7 

3.4 

 

11.8 

2.3 

0.0 
 

 

0.0 

0.0 

 

 

 

 

- 

- 

- 

 

- 

- 

- 
 

 

- 

- 

- 

 

- 

- 

- 

 

 

- 

- 

 

 

 

 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 
 

 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 
 

 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 
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High shedding 
 

Broth media 

Low shedding 

Mod. shedding 

High shedding 

Colostrum 
 

 

Colostrum 

Colostrum 

Colostrum 

3.0 
 

 

10.7 

0.0 

0.0 

- 
 

 

- 

- 

- 

(Laurin et al., 2015b) 

 

 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

(Laurin et al., 2015b) 

Culture, confirmation via 

AFS and qPCR (hspX gene) 

 

Solid media 

Dry period 

Post-partum 

Broth media 

Dry period 

Post-partum 

 

 

 

 

Faeces 

Faeces 

 

Faeces 

Faeces 

 

 

 

 

60.0 

33.3 

 

81.8 

47.6 

 

 

 

 

- 

- 

 

- 

- 

 

 

 
 

(Laurin et al., 2015a) 

(Laurin et al., 2015a) 

 

(Laurin et al., 2015a) 

(Laurin et al., 2015a) 

Culture, confirmation via 

AFS and qPCR (hspX gene) 

Solid media 

Broth media 

 

 

Faeces 

Faeces 

 

 

46.7 

55.0 

 

 

- 

- 

 

 

(Laurin et al., 2017) 

(Laurin et al., 2017) 

ELISA 

MAP antigens; MAP2513, 

MAP1693, MAP2020, 

MAP0038, MAP1272, 

MAP0209c and MAP210c 

 

 

Serum 

 

 

72.0 

 

 

- 

 

 

(Mon et al., 2012) 

Parachek2, Prionics AG 

IDEXX Laboratories Inc 

Paratuberculosis Indirect 

Milk 

Milk 

Milk 

59.0 

56.0 

63.0 

80.0 

96.0 

92.0 

(Lavers et al., 2014) 

(Lavers et al., 2014) 

(Lavers et al., 2014) 

Parachek2, Prionics AG Milk 29.9 - (Laurin et al., 2017) 

Recombinant MAP cell 

envelope proteins (SdhA, 

FadE25_2, FadE3_2, Mkl, 

DesA2, and hypothetical 

protein MAP1233) and an 

extract of MAP total cell 

envelope proteins 

 

 

Serum (- abs*) 

Serum (+ abs*) 

Serum (IDEXX) 

 

 

72.2 

75.0 

55.6 

 

 

90.4 

95.6 

99.1 

 

 

(Karuppusamy et al., 2021) 

(Karuppusamy et al., 2021) 

(Karuppusamy et al., 2021) 

IFN-γ 

IFN-γ data were evaluated 

using 12 criteria following 

 

Plasma 

Plasma 

 

100 

80.6 

 

91.8 

100 

 

(Corneli et al., 2021) 

(Corneli et al., 2021) 
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stimulation with PPDA, 

PPDB and PPDJ 

Plasma (Range of 

25.4 - 100) 

(Range of 

69.0 - 100) 

(Corneli et al., 2021) 

PCR     

qPCR, hspX gene 

Dry period 

Post-partum 

 

Faeces 

 

90.9 

81.0 

 

- 

- 

 

(Laurin et al., 2015a) 

Direct, real-time PCR  

(hspX gene) 
Faecal 78.4 - (Laurin et al., 2017) 

qPCR, IS900 sequence Faeces 88.0 - (Acharya et al., 2017) 

 

1.3  An introduction to omic approaches  

As established methods of MAP diagnosis display poor and/or inconsistent sensitivities, this 

project explored the value of metabolomic approaches to define new biomarkers. The 

phenotype of an organism is attributable to multiple omic levels and environmental factors 

(Hasin et al., 2017). These omic levels are divided into the following categories; genomics, 

epigenetic markers (epigenome), RNA transcription (transcriptome), proteins (proteome), 

metabolites (metabolome) and lipids (lipidome) (Guillemin et al., 2016). Omic techniques have 

identified numerous biomarkers for MAP. However, the majority of omic studies are in the 

preliminary stages and very few biomarkers successfully transition into a commercial 

diagnostic test.  

1.3.1  Genomics and transcriptomics 

Genomic analysis offers the possibility identifying allele variants which could be linked to MAP 

susceptibility. There was a recent indication of the value of this approach, as genomic analyses 

have identified single nucleotide polymorphisms; rs109651404 and rs110287192, which are 

located within the promoter region of endothelin 2 and associated with MAP susceptibly (Kiser 

et al., 2021).  

Considering transcriptomic approaches, RNA sequencing of whole blood, including the 

regulatory microRNA (miRNA) population, from 5 MAP-infected, 5 MAP-exposed and 5 

negative controls by Malvisi et al., (2016) identified 162 genes were differentially expressed 

between groups. The top canonical pathways associated with these genes included; eicosanoid 

signalling and leukotriene biosynthesis within the MAP induced immune response. Crucially, 7 
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of the differentially expressed miRNA had been shown to be targeting inflammatory and 

immunological functions in other species.  For example, mir-19b has also been identified in the 

serum of humans infected with Mycobacterium tuberculosis (M. tuberculosis) (Fu et al., 2014) 

and mucosal tissue of CD patients (Cheng et al., 2015), indicating that these changes are not 

MAP-specific.  

Furthermore, Liang et al., (2016) experimentally inoculated 5, male, Holstein calves using 

surgically isolated intestinal segments. Distal (infected) and proximal (control) ileal 

compartments were removed following euthanasia 4-weeks post MAP-inoculation. Of the 

differentially expressed ileal miRNA, the most common functions included the proliferation of 

endothelial cells (bta-miR-196 b), bacteria recognition (bta-miR-146 b), and the regulation of 

the inflammatory response (bta-miR-146 b). Subsequently reinforcing the role of miRNA in the 

MAP-induced immune response.  

Additionally, serum samples from MAP-infected cattle and age-matched controls at 0- and 6- 

months post inoculation reported no significant differences between the groups. Significant 

miRNA changes in miR-205 and miR-432 were observed in both groups, suggesting that the 

results were linked to development (Farrell et al., 2015). A similar study comparing biobanked 

samples from MAP-inoculated and control cattle from 0- to 49-months post inoculation also 

reported no significant differentially expressed miRNAs (Shaughnessy et al., 2015). Thus, 

miRNA seems like an unlikely source of novel MAP biomarkers, particularly in the early stages 

of MAP infections.  

1.3.2  Proteomics 

Fingerprinting by 2-dimensional fluorescence difference gel electrophoresis of plasma samples 

obtained from 5 MAP-infected, as determined by M.pt. Johne’s antibody Kit (IDEXX), and 5 

control cattle, highlighted 8 affected proteins. Transferrin, gelsolin isoforms, complement 

subcomponent C1r, complement component C3, amine oxidase-copper containing 3 and 

coagulation factor II were upregulated by a minimum of 2-fold. However, coagulation factor 

XIII -B polypeptide, fibrinogen chain and its precursor were down-regulated by a minimum of 

2-fold (You et al., 2012).  More recently, an alanine and proline-rich antigen (Apa) can be 

reliably detected within the faeces of serum ELISA positive cattle. However, similarly to the 
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findings by You et al., (2012) the use of Apa for MAP detection requires validation (da Silva de 

Souza et al., 2018). 

Seth et al., (2009) compared the serum proteomic profiles of 5 MAP-infected, 5 M. bovis 

infected and 5 control cattle using iTRAQ, a liquid chromatography and tandem mass 

spectrometry approach. In total, 110 differentially elevated proteins were identified. However, 

only transthyretin, retinol binding proteins and cathelicidin were elevated exclusively within 

MAP-infected cattle. Additional proteins which demonstrated increased expression in 

response to MAP include; vitamin D binding protein precursor and alpha-1 acid glycoprotein. 

However, these proteins were also elevated in response to M. bovis. This data reinforces the 

importance of validating the specificity of biomarkers to minimise false-positive results. 

Likewise, Karuppusamy et al (2018) displayed 13 antigenic proteins which are present in MAP 

but not M. hominissuis and Mycobacterium smegmatis. Three of these proteins, SdhA, 

FadE25_2 and DesA2 were present in sufficient quantities to generate polyclonal antibodies. 

Interestingly, further research examining SdhA has established maximum sensitivity and 

specificity values of 94% and 100%, respectively, when combined with MAP1233 

(Karuppusamy et al., 2021). 

Meanwhile, He and de Buck (2010) used proteomic analysis to identify 309 cell wall proteins 

and 39 cell surface proteins. Intermediary metabolism and respiration accounted for 

approximately 28% and 24% of cell surface and cell wall protein function, respectively. Other 

notable cell surface functions included virulence, detoxification and adaptation (~18%) and 

lipid metabolism (~18%). Cell wall functions included proline-glutamate (PE) and proline-

proline-glutamate (PPE) proteins (~21%) and conserved hypothetical proteins (~17%).  Rana et 

al., (2014) conducted similar research based on outer membrane proteins. Following 

processing, 57 proteins were identified as core outer membrane proteins. The most popular 

outer membrane proteins functions were cell wall and cell processes (~27%), hypothetical  

proteins (~25%) and virulence, detoxification and adaptation (~23%). Cell surface proteins 

regulate interactions between gram positive bacteria, including MAP, and the host (Pickering 

and Fitzgerald, 2020). Thus, the identification of these proteins is essential for vaccine 

development (He and de Buck, 2010, Rana et al., 2014). 
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The proteomic analysis of membranes and immunoblotting have indicated further possible 

vaccine targets, including; MAP0010c, MAP1775, MAP2643 and MAP3968 (Weigoldt et al., 

2011) and MAP-3007 and MAP-2121c (Piras et al., 2015). However, as previously discussed, 

very few MAP related proteins are developed beyond the preliminary findings stage. 

Nevertheless, the Luminxex assay can differentiate between MAP-infected and healthy 

controls in the early and later stages of infection. The assay was applied to 180 serum and 90 

milk samples from a mixture of faecal culture positive, ELISA positive (F+E+), faecal culture 

positive, ELISA negative (F+E-) and culture negative, ELISA negative (F-E-). Within serum 

samples, a combination of 6 MAP antigens (MAP1272c, MAP1569, MAP2121c, MAP2942c, 

MAP2609 and MAP1201c+2942c) demonstrated an average sensitivity of 67.5% and 

sensitivities of 43.3% and 91.7% within F+E+ and F+E- groups, respectively. Moreover, the 

assay demonstrated improved sensitivity in milk samples, the same combination of 6 MAP 

antigens displayed an average sensitivity of 78.3% and sensitivities of 63.3% and 93.3% within 

F+E+ and F+E- groups, respectively (Li et al., 2017a).  

1.3.3  Metabolomics 

Research whereby 35 male Holstein-Friesian (HF) calves were inoculated with MAP and blood 

sampled monthly for 17-months highlighted significant energy and protein metabolism related 

changes between MAP-infected and control calves. 1H nuclear magnetic resonance (NMR) 

spectrometry of serum samples indicated that MAP-infected cattle demonstrated energy 

shortages and increased fat metabolism, hence abnormal acetone, citrate, glycerol and iso-

butyrate concentrations. This group also displayed increased urea concentrations and amino 

acid fluctuation due to a higher protein demand driven by a reduced energy and amino acid 

intake. However, the identified metabolites were unable to distinguish between MAP-infected 

and control cattle during growth and development (de Buck et al., 2014).  

Tata et al.,(2021) examined the sera metabolite profiles of 10 MAP-infected cattle, 17 MAP 

infectious cattle and 20 healthy controls. All Holstein cattle were of mixed ages (13 to 119-

months of age) and MAP status was determined by prior serum ELISA, faecal PCR and culture 

results. Direct analysis in real time coupled with high-resolution mass spectrometry (DART–

HRMS) suggested the MAP-infected and infectious cattle experienced altered lipid processing 
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and reduced energy intake. However, these metabolites are not suitable as biomarkers due to 

overlapping in metabolite levels between infected, infectious and control groups. 

1.3.4  Lipidomics 

Research whereby cattle were experimentally inoculated with MAP and periodically sampled 

for 16 months showed a significant reduction of phosphocholine-containing lipids, such as; 

phosphatidylcholines, choline plasmalogens, and sphingomyelins. However, the decreases in 

phosphocholine-containing lipids were only observed in clinically infected cattle (Wood et al., 

2018). These observations are reinforced by prior research which demonstrated how MAP uses 

cholesterol to invade human cells (Keown et al., 2012) and elevated intracellular cholesterol 

level within MAP-infected macrophages (Johansen et al., 2019). More recently, lipidomic 

research demonstrated that glycopeptidolipids are replaced by lipopentapeptides within the 

MAP cell wall. Within an ELISA, lipopentapeptide L5P has a sensitivity of 82% but this is below 

the commercial test sensitivity of 98% (Bay et al., 2021). However, unlike potential proteomic 

biomarkers Seth et al., (2009), lipopentapeptide L5P did not cross-react with M. bovis or M. 

hominissuis (Bay et al., 2021). Nevertheless, further research is required to identify lipids 

capable of identifying MAP-infected cattle in the early stages of disease and with performance 

values exceeding those of already validated tests.  

1.4  Conclusions 

Current diagnostic techniques target the CMI response, humoral response or detect viable 

MAP bacteria. As reinforced by low sensitivity values within the incubation and subclinical 

stages of infection, detecting MAP between the initial CMI and humoral response is 

challenging. Moreover, despite the development of new diagnostic methods, their 

performance within the incubation period and subclinical stages of infection remains unclear. 

Likewise, excluding proteomics, potential biomarkers identified using omic approaches remain 

in the early stages of development. Ideally, potential biomarkers will be capable of 

distinguishing between MAP-infected and control cows irrespective of the stage of infection or 

the host’s stage of development. Thus, further research is needed to validate these preliminary 

findings within all stages of MAP infection.    
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1.5  Research project objectives 

This project aimed to use flow infusion electrospray ionization-high-resolution mass 

spectrometry (FIE-HRMS) to explore the following objectives: 

a) To establish how the bovine metabolome is affected by rumen development, weaning 

and growth by examining the serum metabolite profiles of healthy heifers from the pre-

ruminant stage to maturity  

b) To identify and validate novel biomarkers for MAP through the comparison of serum 

metabolite profiles from naturally MAP-infected and control heifers 

c) To compare the serum metabolite profiles, CMI and humoral mediated responses of 

experimentally MAP-challenged and control steers 

d) To investigate the effects of the early lactation negative energy balance on the ability 

to identify novel milk biomarkers for MAP  
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Chapter 2 – General Materials and Methods 

2.1  Untargeted sera metabolite fingerprinting  

Sera was prepared using the method described by Beckmann and colleagues (2008) with minor 

amendments. Samples were defrosted on ice, vortexed for 5 seconds and 200 µL was pipetted 

into 1520 µL pre-chilled solvent mix (methanol/chloroform [4/1]) containing 1 micro-spoon of 

glass beads. Samples were then vortexed for 5 seconds, shaken for 15 minutes at +4 °C and 

kept at -20 °C for 20 minutes. Following centrifugation at 21,000 g and 4 °C for 5 min, 100 µL 

of the plasma supernatant was transferred into mass spectrometry vials along with 100µl 

methanol/water [70/30]. Samples were stored at -80 °C until analysis by FIE-HRMS. For each 

sample, 20 µL were injected into a flow of 60 µL per minute water-methanol, at a ratio of 70 

% water and 30% methanol, using a Surveyor flow system into a Q Exactive plus mass analyser 

instrument with UHPLC system (Thermo Fisher Scientific©, Bremen, Germany) for high 

throughput FIE-HRMS. Data acquisition for each serum sample was done by alternating the 

positive and negative ionisation modes, throughout four different scan ranges (15-110 mass 

ion (m/z), 100-220 m/z, 210-510 m/z, 500-1200 m/z) with an acquisition time of 2 min.  

2.2  Sera statistical analysis 

Metabolomic data were analysed using MetaboAnalyst 4 (Chong et al., 2019). Data were 

subjected to interquartile range-based filtering, log10 transformations and Pareto scaling. 

Unless otherwise stated, time series analyses used false discovery rate (FDR)-adjusted two-way 

ANOVA tests to identify m/z, which significantly (p-values < 0.05) differed between 

experimental classes. Variables of importance for the projection (VIP) scores following 

multivariate analyses were also used to indicate m/z which discriminated between the classes. 

Partial least squares-discriminate analysis (PLS-DA) was used to visualise the differences 

between the experimental classes. Random forest (RF) was used as an alternative multivariate 

classification test. This uses a confusion matrix to estimate how often a given m/z variable 

would provide an estimate of the classification error. The major sources of variation were 

displayed using unsupervised hierarchal cluster analysis (HCA). AUC based on sensitivity and 

specificity estimates was used to determine the accuracy of the target m/z as potential 

biomarkers.  
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Significant m/z were identified based on accurate mass (5 ppm) using the DIMEdb database 

based on their ionised masses, molecular formula and the Bovine Metabolome Database 

(Foroutan et al., 2020). All isotopes/adducts were considered. Metabolite set enrichment 

analysis (MSEA) using over representation analysis (ORA) was used to highlight key biochemical 

pathways. Where appropriate, correlation analysis between identified metabolites and other 

parameters were performed using Pearson’s correlation coefficient.  

2.3 Untargeted milk metabolite fingerprinting  

Milk samples were stored at -20°C during the collection period before being stored at -80°C 

for long-term storage prior to metabolomic analysis. Milk was prepared using the method 

described by Beckmann and colleagues (2008) with amendments. Samples were defrosted in 

warm water but stored on ice once thawed. Once defrosted, 500 uL of raw milk was pipetted 

into a 2 mL microcentrifuge tube according to the a.m. and p.m. milk yield data. Next, each 2 

mL microcentrifuge tube was centrifuged at 22000 x g at 4°C for 8 minutes and 200 uL of 

skimmed milk pipetted into 1520 µL pre-chilled solvent mix (methanol/chloroform [4/1]) 

containing 1 micro-spoon of glass beads (< 106 m, Sigma, UK). Samples were then vortexed 

for 5 seconds, shaken for 15 minutes at +4 °C and kept at -20 °C for 20 min. Following 

centrifugation at 22000 x g and 4°C for 5 min, 100 µL of the milk supernatant was transferred 

into mass spectrometry vials along with 100µl methanol/water [70/30]. Samples were stored 

at -80 °C until analysis using FIE-HRMS. For each sample, 20 µL were injected into 70 % water/ 

30% methanol at a flow of 60 µL per minute, using a Surveyor flow system into a Q Exactive 

plus mass analyser instrument with a UHPLC system (Thermo Fisher Scientific©, Bremen, 

Germany). Data acquisition for each sample was in alternating the positive and negative 

ionisation modes, throughout four different scan ranges (15-110 m/z, 100-220 m/z, 210-510 

m/z, 500-1200 m/z) with an acquisition time of 2 min.  

2.4 Milk statistical analysis 

Metabolomic data were analysed similarly to metabolomic sera data. However, VIP >1 in PLS-

DA plots were used to indicate m/z values which discriminated between experimental classes 

in early and mid-lactation, as opposed to time series analyses used FDR-adjusted two-way 

ANOVA tests. Cross validation verified that PLS-DA did not overfit the data. Two-way ANOVA, 



   
 

31 

 

corrected for false discovery rates (FDR), assessed the impact of MAP status and stage of 

lactation on m/z values with a VIP score >1. Additionally, milk yield and milk composition were 

analysed by paired t.test using Genstat version 18 (VSN International Ltd., Oxford, UK).  
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Chapter 3 - Defining fatty acids changes linked to rumen 

development, weaning and growth within Holstein-Friesian 
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Abstract 

After birth, as effectively monogastric animals, calves undergo substantial physiological 

changes to become ruminants by 3 months of age and reach sexual maturity at approximately  

15 months of age. Herein, we assess longitudinal metabolomic changes in HF heifers from birth 

until sexual maturity during this developmental process. Sera from 20 healthy, HF heifers were 

sampled biweekly from 2 weeks of age until 13 months of age and then monthly until 19 

months of age. Sera were assessed using FIE-HRMS on a Q Exactive hybrid quadrupole-Orbitrap 

mass spectrometer for high-throughput, sensitive, non-targeted metabolite fingerprinting. 

PLSDA and unsupervised HCA of the derived metabolomes indicated changes detectable in 

heifers’ sera over time. Time series analyses identified 30 metabolites that could be related to 

rumen development and weaning at ~3 months of age. Further time series analysis identified 

40 metabolites that could be correlated with growth. These findings highlight the role of acetic 

acid and 3-phenylpropionate (3-PP) in rumen development and growth, suggest that weaning 

induces elevated levels of fatty acyls in response to a post-weaning stress-induced innate 

immune response and demonstrate the utilization of fatty acyls in growth. The identified 

metabolites offer serum metabolites which could inform the nutrition and healthy 

development of heifers. 
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3.1 Introduction 

From birth to sexual maturity, dairy heifers exhibit substantial physiological and biochemical 

changes associated with rumen development, weaning and growth. Prior to the development 

of a functional rumen at approximately 3 months, calves are effectively monogastric as the 

esophageal groove ensures that liquid feeds are directed to the abomasum and small intestine 

(Wise et al., 1942). The development of the rumen allows heifers to convert complex plant 

carbohydrates into simple sugars via fermentation by rumen microbes. These simple sugars 

are later converted into volatile fatty acids (VFAs) such as acetate, propionate and butytrate, 

which are used as energy sources in heifer maintenance, growth and pregnancy (Moran, 2005).  

Following a typical birth weight of 43.4 kg (± 4.93) and weaning weight of 69.8 kg (± 8.38) 

(Coffey et al., 2006), dairy heifers show a growth rate of 0.584 kg/day until 22 months of age 

(Handcock et al., 2018). Sexual maturity is reached at approximately 60% of their mature 

liveweight, which equates to ~330 kg at 15 months of age, based on a mature liveweight of 

550 kg (Troccon, 1993). Heifer growth rates influence the financial sustainability of dairy farms. 

Dairy heifers exhibit birth to first -calving rearing costs of £1819 ± 387/heifer (£2.31 ± 

0.41/day/heifer) and each heifer which exceeds 784 days of age at first-calving exhibits 

additional rearing costs of £2.87/day (Boulton et al., 2017). Thus, an in-depth metabolomic 

understanding of the biochemical pathways active during physiological changes, such as rumen 

development and weaning, could enable nutritionists and farmers to adapt and develop 

management strategies to improve herd health and productivity.  

Many studies have examined factors that may influence rumen development and adaptation, 

such as; weaning (Diao et al., 2019) and sexual maturity (Curtis et al., 2018). Rumen 

development is affected by liquid and starter feed, forage and physical feed types, VFAs and 

feeding management (Diao et al., 2019). Growth is influenced by the type of dam (primiparous 

or multiparous), milk replacer availability and preweaning calf housing (individually or within 

groups) (Curtis et al., 2018). With regards to omic approaches, Li et al., (2017b) reviewed how 

omic approaches have been used to examine milk yield and milk composition, the impacts of 

dietary treatments and identify novel biomarkers for mastitis. Transcriptomic analysis of post -

weaned beef heifers with varying feed efficiencies highlighted how more efficient heifers 
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focused nutrients on growth and protein accretion, as opposed to inflammation following 

exposure to a hepatic proinflammatory stimulus (Paradis et al., 2015). 

Given the nutritional-biochemical changes associated with heifer development, metabolomic 

approaches are particularly appropriate. Metabolomic techniques tend to focus on low-

molecular-weight compounds (<1 kD) often referred to as the end products of interactions 

between the genome and the environment.  In the context of bovine research, the extensive 

characterisation of the bovine metabolome is particularly useful. Thus, the bovine 

metabolomes for serum, ruminal fluid, liver, longissimus thoracis muscle, semimembranosus 

muscle, and testis tissue have been described to identify 51,801 bovine metabolites and 46,628 

metabolites from genome-scale metabolite inference methods (Foroutan et al., 2020). Some 

metabolomic assessments of lactating dairy cows have already been undertaken. Multi-omic 

approaches have successfully linked individual rumen microbial metabolites and specific 

microbial taxa to high milk protein yields (Xue et al., 2020) and milk-based saturated fatty acids 

(Stergiadis et al., 2021). In relation to rearing heifers, enhancing early-life nutrition affects 

energy, protein and liver metabolism (Leal et al., 2021), as well as inducing changes in 

mammary morphology and physiological associated transcriptome expression (Hare et al., 

2018). However, metabolomic approaches have not been used to examine the changes linked 

to bovine weaning, rumen development and growth.  

This study aimed to use time series analysis to determine the effects of age on the 

metabolomic profile of HF heifers. Serum samples collected longitudinally from heifers 

between 2 weeks and 19 months of age, were examined using FIE-HRMS. We observed 

metabolomic changes with correlated with rumen development and weaning followed by 

growth, which are of likely functional relevance and indicative of heifer development.  
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3.2 Materials and methods 

Animals samples 

The animal experiments were approved by the Animal Welfare Body of Utrecht  University 

(permit number 0202.0806) and in accordance with the Dutch regulations on animal 

experimentation. Sera from 20 healthy HF heifers were sampled biweekly from 2 weeks until 

13 months of age and then monthly until 19 months of age. Liveweight (kg) data were 

estimated at approximately 30 days of age and biweekly from 3 months of age onwards based 

on chest circumference. Calves were raised following nutritional recommendations, i.e., calves 

had restricted access to a commercially available milk replacer and calf concentrate following 

the recommendations of the respective feed producers for rearing dairy calves. 

1. Calves were born in May and kept indoors in small group accommodations (n = 4) on 

straw bedding. The calves had free access to hay and drinking water, in addition to 

restricted access to a commercially available milk replacer and calf concentrate. 

2. Following weaning at ~6 weeks of age, the calves received a conventional diet based 

on grass silage and limited concentrates with free access to water. 

3. From the beginning of July, the calves were housed in 2 groups of 10 but remained 

indoors on a ration of grass silage and limited concentrates with free access to water. 

4. During the subsequent summer period (May until October), the heifers were kept on 

pasture with free access to grass and limited concentrates. 

5. The heifers returned indoors from October until the end of the study. 

 

Practices of animal husbandry during the experiment closely resembled dairy cattle farming 

practices commonly accepted in the Netherlands, including those of pasture grazing. Animals 

were bred at approximately 15 months of age. For logistical reasons, cows were synchronized 

for the start of the cycle using an ear implant for 9 days (3 mg Norgestomet, Crestar; Intervet 

International, Boxmeer, The Netherlands) accompanied by treatment with 3 mg Norgestomet 

with 5 mg estradiol valerate (i.m.; Intervet International). Two days before removal of the 

implant, prostaglandin (15 mg Prosolvin i.m.; Intervet International) was administered to 

ensure complete regression of the corpus luteum. It is known that the cows ovulate on average 

3 days after removal of the Crestar ear implant, and this day was used for artificial 
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insemination. Cows were subsequently monitored for oestrous behaviour and examined by 

rectal ultrasound pregnancy checks at 6 and 12 weeks following first (or repeat) insemination. 

Animals conceived between approximately 15 and 17 months of age.  

Statistical analysis 

In contrast to the methods described in Chapter 2.2, time series analyses were used to identify 

m/z which (p-values < 0.05) differed between experimental classes. 

3.3 Results 

PLS-DA assessments of sera derived from 20 healthy, HF heifers sampled from 2 weeks until 

19 months of age suggest gradual changes in the metabolome although there appeared to be 

distinct phases. These were divided into two phases that broadly corresponded to pre (≤ 3 

months) and post rumen development (> 3 months) phases (Moran, 2005) (Appendix A: Figure 

1). The metabolomes did not change during the first month but there was a shift towards a 

distinct metabolome that was established at 2.5 and 3 months following probable increases in 

rumen muscle mass and rumen papillae development (Figure 3:1a). Considering later time 

points, metabolomic changes continued until 11.5 months, after which all the serum 

metabolomes appeared to similar (Figure 3:1b). Metabolomic changes between weaning and 

11.5 months of age are likely attributable to growth and development as the heifers’ diet and 

environment remained unchanged. Taken together these data indicate distinct phases in 

bovine serum metabolome within the first 12 months of life. The sources of variation were 

initially targeted based on VIP scores. These indicated that up to 3 months of age the major 

changes were increases in 3-PP and acetic acid (Figure 3:1c). Subsequently up to 19 months of 

age important changes appeared to be broadly linked to increases in some eicosanoids, with 

elevated levels of alpha-linoleic acid and eicosapentaenoic (EPA) acid being particularly 

prominent (Figure 3:1d).  

Then, m/z, which differed significantly (p-values < 0.05, adjusted for FDR) between 

experimental classes, were targeted by time series analyses. The m/z were identified and 

displayed using two heatmaps that displayed changes in the pre- and post-rumen development 

phases. Of the 30 metabolites identified between 2 weeks and 3 months of age, 20 metabolites 

displayed a peak in accumulation between 1.5 and 2.0 months of age (Figure 3:2) and changes 
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in fatty acyl class metabolites were prominent (Table 3:1). Considering these in greater detail, 

the metabolites belonged to the following subclasses (number of metabolites); fatty acids and 

conjugates (11), linoleic acids and derivatives (4), eicosanoids (3) and fatty amides (1) (Table 

3:1). Considering, metabolomic changes occurring post-rumen development, time series 

analyses targeted 40 metabolites (Figure 3:3). Of these 22 metabolites increased, 13 decreased 

and five fluctuated with no clear pattern, over time. Most of the metabolites were again fatty 

acyls (Figure 3:3), belonging to the following subclasses (number of metabolites); fatty acids 

and conjugates (15), eicosanoids (8) and linoleic acids and derivatives (4) (Table 3:1). Of the 

identified metabolites, 25 were also identified within the 2 weeks to 3 months of age time 

series analysis (Table 3:1). Leukotriene-related metabolites (leukotriene B4, 10,11-dihydro-

leukotriene B4, 20-hydroxy-leukotriene B4 and 20-oxo-leukotriene B4), generally increased 

over time but showed noticeable accumulation peaks at 2.0, 7.5, 12.5 and 17.0 months of age 

(Figure 3:4). The initial peak at 2.0 months of age broadly corresponds to weaning at 

approximately 6 weeks of age. Meanwhile, the peaks at 12.5 months and 17.0 months of age 

coincide with environmental and dietary changes. However, the underlying reason behind the 

isolated peak at 7.5 months remains unknown, it may be a technical anomaly as it does not 

correlate with any known experimental variables. In line with this, pathway assessments based 

on MSEA using ORA indicated that only alpha linolenic acid and linoleic acid metabolism were 

significantly changing in pre and post-weaning analyses (Appendix A: Figure 2). 

Pearson’s correlation coefficient was used to assess if the changes in any of the identified 

metabolites could be related to liveweight (Appendix A: Figures 3 and 4). Of 30 analysed 

correlations between liveweight and metabolite profiles at 3 months of age, two were 

positively correlated (correlation co-efficient > 0.4) and four were negatively correlated 

(correlation co-efficient < -0.4). Acetic acid showed the strongest correlation with a value of 

0.679 (r2 = 0.46) (Figure 3:5, Appendix A: Figure 3). This substantiated the importance of acetic 

acid in this first phase as also indicated by its VIP score of 3.33 (Figure 3:1c). However, no 

metabolites showed a significant correlation (-0.4 < correlation co-efficient > 0.4) with 

liveweight in the second phase (Appendix A: Figure 4).  
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Figure 3: 1 PLS-DA and VIP score plots for healthy, HF heifers during rumen development, weaning and growth. 

(a) PLS-DA of HF heifers between 0.5- and 3.0- months of age (b) PLS-DA of HF heifers between 0.5- and 19.0-

months of age (c) VIP score plots produced by PLS-DA of metabolites with a VIP score > 0.75 in HF heifers 

between 0.5- and 3.0-months of age (d) VIP score plots produced by PLS-DA of metabolites > 1.0 in HF heifers 

between 0.5- and 19.0-months of age. All in the combined ionization mode m/z. 
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Figure 3: 2 HCA of the major metabolite changes within healthy, HF heifers from 0.5- to 3.0-months of age. 
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Table 3: 1 Metabolites which change over time in HF heifers aged 0.5- to 19-months of age. 

Class Subclass Metabolite Mode 

Age (months) 

0.5 – 3.0 0.5 – 19.0 

F-value P-value F-value P-value 

Carboxylic acids and 
derivatives 

Amino acids, peptides, and 
analogues 

Valine Pos   1.31 X 101 2.06 X 10-48 

Carboxylic acids Acetic acid Neg 1.69 X 101 2.77 X 10-11 6.48 X 101 1.72 X 10-165 

Fatty Acyls 

Eicosanoids 

20-Hydroxy-leukotriene B4 Neg 2.79 X 100 2.55 X 10-2 4.21 X 101 9.68 X 10-127 

5-Hete Neg 1.05 X 101 1.23 X 10-7 3.19 X 101 2.97 X 10-104 

Leukotriene B4 Neg 5.24 X 100 3.95 X 10-4 2.91 X 101 2.02 X 10-97 

10,11-dihydro-leukotriene B4 Neg   2.00 X 101 5.99 X 10-72 

11,12,15-THETA Neg   1.68 X 101 1.74 X 10-61 

20-oxo-leukotriene B4 Neg   4.21 X 101 8.13 X 10-127 

bicyclo-PGE2 Neg   4.09 X 101 1.93 X 10-124 

Carbocyclic thromboxane A2 Neg   7.86 X 100 5.11 X 10-28 

Fatty acids and conjugates 

11,14,17-Eicosatrienoic acid Neg   2.47 X 100 2.65 X 10-5 

12(13)Ep-9-KODE Neg 1.11 X 101 5.15 X 10-8 4.67 X 101 1.19 X 10-135 

17-HDoHE Neg 8.09 X 100 4.06 X 10-6 1.27 X 101 4.62 X 10-47 

19,20-DiHDPA Neg 5.15 X 100 4.54 X 10-4 2.73 X 101 1.01 X 10-92 

9,10,13-TriHOME Neg 4.45 X 100 1.49 X 10-3   

Cis-8,11,14,17-Eicosatetraenoic acid Neg 5.01 X 100 5.77 X 10-4 3.89 X 100 4.15 X 10-11 

Docosahexaenoic acid Neg 8.02 X 100 4.49 X 10-6 3.79 X 100 1.12 X 10-10 

Docosapentaenoic acid Neg   1.30 X 101 3.97 X 10-48 

Eicosapentaenoic acid Neg   2.32 X 101 2.78 X 10-81 

Eicosenoic acid Neg 7.42 X 100 1.13 X 10-5   

Heptadecanoic acid Neg 4.17 X 100 2.41 X 10-3 9.65 X 100 2.68 X 10-35 

Myristic acid Neg 6.94 X 100 2.41 X 10-5 9.50 X 100 1.01 X 10-34 

Nonadeca-10(Z)-enoic acid Neg   2.06 X 100 7.96 X 10-4 

Oleic acid Neg 6.16 X 100 8.58 X 10-5 6.22 X 100 4.23 X 10-21 

Palmitic acid Neg 2.38 X 101 1.49 X 10-14 1.25 X 101 2.06 X 10-46 



   
 

42 

 

Palmitoleic acid Neg   3.74 X 100 1.86 X 10-10 

Stearic acid Neg   1.72 X 100 9.85 X 10-3 

Fatty amides Oleamide Neg 7.38 X 100 1.20 X 10-5   

Lineolic acids and derivatives 

13-L-Hydroperoxylinoleic acid Neg 7.75 X 100 6.83 X 10-6 2.33 X 101 1.05 X 10-81 

6Z,9Z-octadecadienoic acid Neg 5.23 X 100 4.00 X 10-4 5.61 X 100 1.81 X 10-18 

Alpha-Linolenic acid Neg 3.60 X 100 6.36 X 10-3 4.11 X 101 9.48 X 10-125 

Corchorifatty acid F Neg 9.28 X 100 6.84 X 10-7 2.40 X 101 1.22 X 10-83 

Glycerophospholipids 

Glycerophosphocholines LysoPC(P-18:0) Neg 1.11 X 101 4.83 X 10-8 2.96 X 101 9.10 X 10-99 

Glycerophosphoethanolamines PE(22:6)* Neg 1.31 X 101 3.14 X 10-9   

Glycerophosphoethanolamines PE(18:3)* Neg   9.65 X 100 2.53 X 10-35 

Hydroxy acids and derivatives 

Alpha hydroxy acids and 
derivatives 

Glycolic acid Neg 5.96 X 100 1.18 X 10-4 4.84 X 100 3.64 X 10-15 

Beta hydroxy acids and 
derivatives 

Hydroxypropionic acid Neg 5.64 X 101 1.37 X 10-24 6.42 X 101 1.52 X 10-164 

Organonitrogen compounds Quaternary ammonium salts Neurine Pos   5.80 X 100 3.70 X 10-19 

Organooxygen compounds 
Carbohydrates and 

carbohydrate conjugates 
D-Glucose Neg 1.18 X 101 1.96 X 10-8 2.11 X 101 4.75 X 10-75 

Phenylpropanoic acids - 3-Phenylpropionate Neg 2.94 X 101 7.81 X 10-17 4.69 X 101 3.73 X 10-136 

Sphingolipids Glycosphingolipids Lactosylceramide (d18:1/16:0) Pos   2.17 X 101 1.22 X 10-76 

Steroids and steroid 
derivatives 

Bile acids, alcohols and 
derivatives 

Chenodeoxyglycocholic acid Neg 8.62 X 100 1.80 X 10-6 1.30 X 101 4.11 X 10-48 

Glycocholic acid Neg 7.27 X 100 1.43 X 10-5 6.23 X 100 3.85 X 10-21 

Steroid esters CE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)) Pos 3.20 X 100 1.55 X 10-2   

Steroidal glycosides 
Dehydroisoandrosterone 3-

glucuronide 
Pos 2.85 X 100 2.74 X 10-2 2.33 X 100 9.65 X 10-5 

*PE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/14:1(9Z)) 
*PE(18:3(6Z,9Z,12Z)/18:4(6Z,9Z,12Z,15Z)) 
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Figure 3: 3 HCA of the major metabolite changes within healthy, HF heifers during rumen development, 

weaning and growth alongside changes in diet and/ or environment. P* = pre-weaning. 
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Figure 3: 4 The accumulation of leukotrienes alongside changes in diet and/ or environment. The following 

metabolites were assessed within healthy HF heifers aged from 0.5 to 19 months of age; leukotriene B4, 10,11-

dihydro-leukotriene B4, 20-hydroxy-leukotriene B4 and 20-oxo-leukotriene B4. P* = pre-weaning. 
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Figure 3: 5 A heatmap of the correlation between identified metabolites and 

liveweight at 3.0 months of age. Pearson’s correlation coefficients were produced by 

comparing liveweight at 3.0 months of age and metabolites significantly affected by 

time between 2 weeks and 3 months of age whereby -0.4 < correlation co-efficient > 

0.4.  Positive correlations are shown in red, negative correlations are shown in blue. 

A = liveweight, B = 3-PP, C = acetic acid, D = dehydroisoandrosterone 3-glucuronide, 

E = hydroxypropionic acid, F = 13-L-Hydroperoxylinoleic acid, G = docosapentaenoic 

acid. 
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3.4 Discussion 

Rumen development, growth and sexual maturity are vital processes within bovine 

development and are crucial to the financial sustainability of dairy farms. Dietary factors, such 

as ration particle size and forage allowance, are known to influence rumen development (Diao 

et al., 2019) and ultimately affect liveweight. Nevertheless, balancing rearing costs, age at first-

calving and first lactation milk production are vital for long-term profitability (Mohd Nor et al., 

2013). Advancements in the understanding of biochemical pathways active during the rearing 

phase which could be applied on-farm would benefit herd health and productively, as well as 

improving financial outlooks for farmers.  

Previously, the utilisation of omic approaches within dairy research has focused on lactating 

dairy cows. Metabolomic analysis has highlighted metabolites related to milk yield, milk 

composition and novel biomarkers for mastitis (Li et al., 2017b). Additionally, multi-omic 

approaches have linked rumen microbial metabolites and specific microbial taxa (Xue et al., 

2020; Stergiadis et al., 2021). However, few studies have applied metabolomic analysis to 

describe changes seen in vivo during heifer rearing. We use FIE-HRMS to demonstrate the 

importance of VFA within rumen development, followed by the role of fatty acyls, particularly 

eicosanoids, within weaning and growth.  

Although heifers were synchronized at 15 months of age, conception was staggered between 

approximately 15 and 17 months of age. Moreover, small and unequal small sample sizes 

resulted in time series analyses two-way ANOVA aiming to identify pregnancy related 

metabolites being unfeasible. Limited studies have examined how the bovine metabolome 

responds to pregnancy. Nevertheless, Phillips et al., (2018) observed significant accumulations 

of amino acids (asparagine, lysine, glutamine, histidine, tryptophan, cysteine, and ornithine) 

within fertile heifers. In contrast, Gomez et al., (2021) observed lower levels of stearic acid and 

palmitic acid in successful pregnancies, including lower levels of valine between 40 and 62 days 

of gestation. Within our data, the accumulations of identified metabolites, including; stearic 

acid, palmitic acid and valine, remained stable from 15 months of age (Figure 3:3). Thus, 

suggesting that synchronization and the subsequent gestation period had minimal impacts on 

the identified metabolites. 
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During rumen development, in response to increasing VFAs concentrations, the rumen pH 

decreases from approximately 6.0 to 5.0 – 5.5 (Nagaraja, 2016) with possible effects on rumen 

epithelial development (Diao et al., 2019). Indeed, with both pre-ruminant calves and mature 

cows, VFAs are released to decrease rumen pH and have a buffering role (Salem et al., 2012). 

Our metabolomic assessments clearly indicated the accumulation of the VFA, acetic acid as the 

heifers were weaned and the rumen became functional (Figure 3:2). Interestingly, acetate 

increases were not associated with changes in other important VFAs, butyrate or propionate 

in the sera. Instead, 3-PP was shown to increase (Figure 3:2). 3-PP is a vital ruminal aromatic 

acid, accounting for 50.8% of total aromatic acids in the rumen fluid of forage-fed sheep 

(Pagella, 1998). Studies supplying varying levels of grain to lactating dairy cows reported 

positive correlations between acetate and 3-PP with rumen pH (Salem et al., 2012; Ametaj et 

al., 2010).  

Interestingly, acetic acid and 3-PP were correlated (-0.4 > correlation co-efficient > 0.4) with 

liveweight (Figure 3:5). Previous studies have not directly compared VFA or ruminal aromatic 

acids with liveweight, but this association is implicit as reticulorumen weight and liveweight 

exhibit significant correlation (Hamada et al., 1976). As the rumen develops, the reticulorumen 

and abomasum occupy increasing and decreasing proportions of the forestomach (as a 

percentage of the total weight of the forestomach), respectively. The reticulorumen accounts 

for 38%, 61% and 67% and the abomasum accounts for 49%, 25% and 15% of the forestomach 

in calves aged 0, 2 and 3-4 months of age, respectively (Davis and Drackley, 1998). Further, 

nutritional assessment often investigated VFA levels alongside rumen or liveweight. For 

example, Lin et al., (2018) examined the effects of adding hay to the diets of pre-weaned calves 

at varying ages. Acetate and liveweight displayed similar patterns, but only liveweight was 

significantly affected by the addition of hay to the diet. Likewise, calves fed milk via the step-

down method, displayed increased rumen pH, acetate, propionate and liveweight when 

compared to conventional feeding methods (Khan et al., 2008). Taking all of these factors 

together, the levels of serum acetic acid and 3-PP may indicate rumen maturation, 

reticulorumen weight and liveweight increases.  
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Serum oxylipids indicate inflammatory and innate immune responses  

Beyond VFAs, most of the changes in the serum metabolomes were associated with longer 

chain fatty acids. Similar changes are seen with weaning in a monogastric. A colonic  

metabolomic analysis of piglets pre- and post-weaning using gas chromatography tandem 

time-of-flight (GC-TOF) mass spectrometry indicated changes in numerous fatty acids, 

including myristic acid, stearic acid and arachidic acid, demonstrated a VIP > 1 (Appendix A: 

Table 1) (Li et al., 2018l). Likewise, a comparison of hepatic metabolite profiles of weaned and 

un-weaned piglets using gas chromatography-mass spectrometry (GC-MS) showed elevated 

fatty acid metabolism with as phosphoethanolamine, ethanolamine and 

glycerophosphoglycerol being prominent (Southey et al., 2021).  Our more detailed 

longitudinal assessment indicated that many serum metabolites showed an increase between 

1.5 and 2.0 months of age (Figure 3:2) which also coincided with the calf weaning period (Mills 

and Marchant-Forde. 2010).  

Weaning frequently induces an innate immune response, elevating proinflammatory cytokines 

(Carroll et al., 2009), TNF-α and cortisol levels but decreasing IFN-γ levels (Kim et al., 2011). 

Crucially, 15 of our metabolites were fatty acyls (Table 3:1), often products of alpha linolenic 

acid and linoleic acid metabolism (Appendix A: Figure 3), which have established roles within 

the regulation of inflammatory pathways (Sordillo, 2018). These included, n-6 and n-3 poly 

PUFAs that can promote or reduce inflammation. When required, PUFAs are released from 

membrane phospholipids and hydrolysed by phospholipase enzymes so act as substrates for 

specific oxylipid synthesis (Sordillo, 2018). Generally, inflammation is reduced by n-3 PUFAs 

(such as EPA and docosahexaenoic acid, Figure 3:3) and promoted by n-6 PUFAs (such as 5- 

Hydroxyeicosatetraenoic acid (HETE) and leukotriene B4, Figure 3:3) (Calder, 2009). The 

observation that both pro- and anti-inflammatory PUFAs were observed in the sera 

metabolomes was indicative of a marked modulation of inflammatory events as heifers were 

weaned and the rumen became functional. The increases in leukotriene B4 metabolites 

(leukotriene B4, 10,11-dihydro- leukotriene B4, 20-hydroxy- leukotriene B4 and 20-oxo- 

leukotriene B4), could be indicative of wider immunological changes. Leukotriene B4 is 

synthesised following the release of arachidonic acid from membrane phospholipids (Hedi and 

Norbert, 2004) and interacts with various immune cells, including the promotion of IL-6 (Rola-

Pleszczynski and Stankova, 1992), IL-1 and TNF production by macrophages (Dubois et al., 
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1989). These proinflammatory cytokines have been shown to be elevated post-weaning 

(Carroll et al., 2009). Furthermore, nutritional and environmental changes are known to induce 

stress in lactating dairy cattle (Cavallini et al., 2019). There is an absence of studies exploring 

the omic effects of indoor housing vs pasture or grass silage vs grass. Nevertheless, genes 

associated with 4 intermediate enzymes of leukotriene synthesis (ALOX5, ALOX5AP, LTA4H, 

and LTC4S) have been shown to increase in abundance following a short-term subacute 

ruminal acidosis (SARA) challenge (Kent-Dennis et al., 2019). Along with our metabolomic data, 

this indicates the activation of the innate immune system response.  

If weaning and growth, alongside environmental and dietary changes, are associated with 

activation of the immune responses, a key question is how these could be subsequently 

suppressed. n-3 PUFAs simultaneously increase mitochondrial biogenesis, cell survival and 

growth but decrease inflammation by inhibiting eicosanoid production; subsequently, boosting 

cell differentiation and aiding muscle repair (Tachtsis et al., 2018). This could be the role of the 

numerous n-3 PUFAs; for example, alpha linolenic acid and eicosapentaenomic acid, seen to 

increase from approximately 8 months of age (Figure 3:3).  Such modulation of the immune 

responses may directly or indirectly be linked, to n-3 PUFAs growth promoting properties. In 

support of this, HF calves receiving 40 g n-3 PUFA per day for 61 days, from 13.7 ± 2.5 days of 

age, reported significantly increased turnout weight and end weights (McDonnel et al., 2019). 

Likewise, pre-weaned HF calves receiving 3 - 5 grams/day of linoleic acid and 0.3 - 0.6 

grams/day of α- linoleic acid demonstrated improved growth (Garcia et al., 2015). Examining 

our data, we did not show a significant correlation in serum n-3 PUFA and liveweights following 

weaning, although a significant positive correlation was observed with docosapentaenoic acid 

and liveweights at the pre-weaning stages (Figure 3:5).  
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3.5 Conclusion 

Metabolomic analysis of HF heifers aged between 2 weeks and 19 months of age demonstrated 

the ability of untargeted FIE-MS to identify rumen development, weaning and growth-related 

changes. Time series analysis of calves between 2 weeks and 3 months of age, followed by 

correlation analysis between identified metabolites and liveweight, highlighted how acetic acid 

and 3-PP support rumen development and growth. Targeted metabolites suggest that weaning 

induces elevated levels of fatty acyls that reflect a post-weaning stress induced innate immune 

response.  Further, n-3 PUFAs could play a role in modulating immunity and promoting growth. 

Crucially, our work provides serum biomarkers metabolites indicative of the calf maturation 

process that could be monitored to improve nutrition, health and growth. Future work could 

include extending our longitudinal sampling to include first calving, so metabolites associated 

with the transition period could be determined. 
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Chapter 4 - Metabolomic changes in MAP-challenged Holstein-

Friesian cattle highlight the role of serum amino acids as 

indicators of immune system activation 
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Abstract 

Paratuberculosis, commonly known as Johne’s disease, is a chronic granulomatous  infection of 

ruminants caused by Mycobacterium avium subspecies paratuberculosis (MAP). Clinical signs, 

including reduced milk yields, weight loss and diarrhoea, are typically absent until 2 to 6 years 

post exposure. To identify metabolomic changes profiles of MAP-challenged HF cattle and 

correlate identified metabolites to haematological and immunological parameters. At 

approximately 6 weeks of age, calves (n=9) were challenged with 3.8 x 109 cells of MAP (clinical 

isolate CIT003) on 2 consecutive days. Additional unchallenged calves (n=9) formed the control 

group. The study used biobanked serum from cattle sampled periodically from 3 to 33 months 

post challenge. The assessment of sera FIE-HRMS for high throughput, sensitive, non-targeted 

metabolite fingerprinting highlighted differences in metabolite levels between the two groups.  

In total, 25 metabolites which were differentially accumulated in MAP-challenged cattle were 

identified, including 20 which displayed correlation to haematology parameters, particularly 

monocyte levels. The targeted metabolites suggest shifts in amino acid metabolism that could 

reflect immune system activation linked to MAP and as well as differences in phosphocholine 

levels which could reflect activation of the Th1 (tending towards pro-inflammatory) immune 

response.  If verified by future work, selected metabolites could be used as biomarkers to 

diagnose and manage MAP-infected cattle. 
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4.1 Introduction 

Paratuberculosis, commonly known as Johne’s disease, is a chronic granulomatous infection of 

ruminants caused by MAP. MAP is commonly transmitted via the ingestion of infected faeces 

or colostrum (Sweeney, 1996) when calves are <6-months of age (Windsor and Whittington, 

2010). Following MAP exposure, infected calves enter a prolonged incubation period before 

the (sub)clinical stages of disease (Koets et al., 2015). Characteristic clinical signs, such as 

weight loss, diarrhoea and reduced milk yields (Whitlock and Buergelt, 1996), are often absent 

until 2 to 6 years post infection (Salem et al., 2013).  

MAP contaminated cattle demonstrate an associated annual loss of £112.9/cow (€131.8/cow), 

including milk yield losses of £60.6/cow (€70.7/cow) (Barratt et al., 2018). Serum ELISA data 

indicate that UK and Irish dairy herds have similar herd prevalence’s of  34.7% (95% CI: 27.6 - 

42.5%) (Cook et al., 2009) and 31.5% (95% CI: 24.6 – 39.3%) (Good et al., 2009), respectively.  

However, these Figures are likely underestimates, as serum ELISAs do not detect infected cattle 

in the long incubation period (Whitlock et al., 2000). Furthermore, repeat testing is needed 

given that the sensitivity of the serum ELISA ranges from 7% to 94% (Nielsen and Toft, 2008). 

Interferon-γ (IFN-γ) assays can detect CMI responses during early infection but this response 

fades as infection progresses (Plain et al., 2012). Thus, diagnostic tests are currently unsuitable 

to identify MAP-infected cattle between the initial CMI response and the onset of faecal or 

milk shedding in the (sub)clinical stages of infection.  New tests will undoubtedly arise from an 

improved understanding of MAP infection and persistence mechanisms and, in this, omic 

approaches could prove especially useful. 

As metabolites are the end products of interactions between the genome and the 

environment, the metabolome could be particularly informative to MAP research. Some 

metabolomic research on MAP has been undertaken, for example, using 1H NMR spectrometry 

to show how MAP promotes increased energy deficits, fat metabolism and protein turnover in 

experimentally infected cattle (de Buck et al., 2014). Likewise, DART-HRMS indicated similar 

energy and lipid-related changes in response to MAP in naturally infected and infectious cattle, 

in comparison to healthy controls (Tata et al., 2021).  

We aimed to expand our understanding of MAP by examining the effects of MAP exposure on 

the metabolomic profiles of HF cattle using FIE-HRMS. We also correlated the levels of targeted 
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metabolites with cell mediated and humoral immune responses, as previously published for 

the same study (Britton, 2017). We demonstrate the ability of metabolomics to differentiate 

between MAP-challenged and control cattle, as well as utilising correlation analysis with 

haematological and immunological parameters to suggest how the identified metabolites 

could reflect changes in the immune system. 

4.2 Materials and methods 

Study Design, MAP Culture and Immunology Assessments 

The animal study was first described by Britton (2017) and was conducted in accordance with 

the Irish Health Products Regulatory Authority (Earlsfort Terrace, Dublin, Ireland) and approved 

by the UCD Animal Review Ethics Committee (UCD, Dublin, Ireland).  The study was based on 

55 HF calves (54 males and 1 freemartin) sourced from 2 farms with MAP seropositivity rates 

of ≤10 %. All dams were MAP faecal culture negative and seronegative. Calves were housed 

indoors at the Central Veterinary Research Laboratory Farm (County Kildare, Ireland) for the 

duration of the study. To minimise cross contamination, the two groups were housed 

approximately 0.5 km apart and strict biosecurity measures enforced.  

Calves were randomly assigned to the MAP-challenge (n = 35) or control (n = 20) group. At 

approximately 6-weeks of age, the challenge group received an inoculation with 3.8 x 109 MAP 

bacterial cells (clinical isolate CIT003) on 2 consecutive days. Faecal MAP culture tests were 

performed at 3-, 6-, 9-, 12-, 16-, 20-, 24-, 28-, 31- and 33-months post challenge. Tissue culture 

was conducted upon euthanasia at either 12-, 24- or 33-months post challenge. Pathological 

evaluations assessed the ileum and ileocaecal valve, as well as the ileal and ileocaecal lymph 

nodes, for changes consistent with MAP infection. Blood samples were collected in EDTA tubes 

and measured for a range of haematology parameters, including monocytes (% and x 109/L) 

(Appendix B: Table 1).  

The CMI response was assessed 2-, 3-, 6-, 10-, 12-, 16-, 20-, 24-, 28-, 31- and 33-months post 

challenge using the Bovigam IFNɣ release assay (IGRA) (Prionics AG, Schlieren-Zurich, 

Switzerland) following manufacturer’s instructions. IGRA results were determined by 

subtracting the mean delta optical density (∆OD) of the phosphate buffered saline (PBS) 

stimulated wells from antigen stimulated wells. In line with IDEXX-criteria (Jungersen et al., 
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2022), results were classified as MAP-positive if the PPDa stimulated wells exhibited an ∆OD 

0.999 higher than the PBS stimulated wells and if the PPDb stimulated wells divided by the 

mean of the PPDa wells was below 0.71. 

The humoral immune response was assessed pre-challenge, 3-, 6-, 10-, 12-, 15-, 16-, 20-, 21-, 

24-, 27-, 28-, 30-, 31- and 33-months post challenge using the Johne’s Identification and 

Verification ELISA (IDEXX laboratories Inc., Maine, USA) following manufacturer’s instructions. 

Initially, samples were tested using the Johne’s Identification ELISA, samples with a positive 

control ratio (S/P%) <45% were classified as MAP negative. All samples ≥45% were retested 

with the Johne’s Verification ELISA. S/P% values between 45-54% were deemed inconclusive 

and S/P% values ≥55% were classified as MAP positive. 

Untargeted metabolite fingerprinting by FIE-HRMS 

Sera from 9 MAP-challenged and 9 control cows, which were euthanized 33-months post MAP-

challenge and sampled 3-, 6-, 9-, 12-, 15-, 21-, 24-, 28-, 31- and 33-months post MAP-challenge 

were prepared as described in Chapter 2.2. 

Statistical analysis 

In contrast to the methods described in Chapter 2.2, Significant m/z were identified based on 

accurate mass (5ppm resolution) using the mummichog algorithm. 

4.3 Results 

The MAP-challenge study  

The MAP-challenge study has already been described by Britton (2017) and details are here 

included to aid comprehension of these follow-on metabolomic experiments.  All cattle were 

faecal and tissue culture MAP negative throughout the study. Post-euthanasia examinations of 

MAP-challenged cattle highlighted a number of gross pathological changes, such as thickening 

of the ileum and enlarged ileocaecal lymph nodes. However, all ZN stained tissue smears were 

negative. MAP-challenged cattle showed significantly higher IGRA (∆OD) expression in 

response to PPD from PPDa or PPDj stimulation at 2-, 6-, 10-, 12-, 16-, 28-, 31- and 33- months 

post MAP-challenge (Mann Whitney test; p<0.05) compared to controls. Likewise, purified 

protein derivative from PPDb stimulation led to significantly higher IGRA (∆OD) expression in 
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infected cattle at 6-, 10-, 12-, 16-, 28-, 31- and 33- months post MAP-challenge (Mann Whitney 

test; p<0.05) compared to controls. Over the duration of the study, 7 MAP-challenged and 2 

control cattle were ELISA positive and a further 3 MAP-challenged cattle displayed inconclusive 

results. Analysis of haematology parameters, including lymphocytes and monocytes, at 12-, 

24- and 33-months post MAP-challenge demonstrated no significant results (p > 0.05) 

(Appendix B: Table 1).  

Metabolomic changes 

PLS-DA of the serum metabolite profiles derived from both negative and positive ionisation 

modes m/z exhibited some discrimination between MAP-challenged and control cattle, albeit 

with overlapping of 95% confidence intervals, PLS-DA models 24 months post MAP inoculation 

are shown in Figure 4:1. The sources of variation are displayed based on their VIP scores from 

PLS-DA models and were classified based on differences between control and MAP-inoculated 

datasets. Appendix B: Figures 1 and 2 display the VIP scores (>1) for the PLS-DA models 24 

months post MAP inoculation. Nevertheless, the sources of variation between the 

experimental classes were identified based on time series two-way ANOVA (p < 0.05) and 

corrected for FDR. These assessments identified 25 significant metabolites (Table 4:1). Discrete 

metabolites showed either relative increases or decreases in MAP-challenged samples 

compared to controls (Appendix B: Figures 3 and 4). Table 4:1 indicates that identified 

metabolites belonged to various (sub) classes, although. there is a notable accumulation of 6 

metabolites from the amino acids, peptides and analogues subclass. MSEA using ORA 

highlighted the effect of MAP-challenge on phosphatidylcholine biosynthesis and alanine 

metabolism in negative ionisation mode (p < 0.05) (Appendix B: Figure 5) and arginine and 

proline metabolism in positive ionisation mode (p < 0.05) (Appendix B: Figure 6). 

Of the 25 metabolites identified, all were significantly affected by time and 12 out of 25 

metabolites by MAP-challenge status *time (p < 0.05) (Table 4:1). Therefore, the levels of the 

25 metabolites derived from either negative (Figure 4:2a) and positive ionisation modes (Figure 

4:2b) are displayed over time using heat maps. Considerable variation in m/z was observed, 

particularly at early time points but there appeared to be improved consistency from 15 

months post MAP-challenge. Within the negative ionisation data, the abundance of 

metabolites involved in nucleotide metabolism (deoxyadenosine and uridine), the Krebs cycle 

(glyoxylic acid) and phosphatidylcholine biosynthesis (o-phosphoethanolamine) decreased 
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within MAP-challenged cattle. However, the majority of metabolite changes showed increases, 

particularly two keto acids (maleylacetoacetic acid and 2-oxosuccinamate). In contrast, in the 

positive ionisation data, levels of all metabolites decreased in MAP-challenged cattle, except 

for malonyl-CoA. Interestingly, 4 out of 7 metabolites that showed a decrease belong to the 

amino acids, peptides and analogues subclass. 

The specificities and sensitivities of each of the targeted metabolites were assessed using AUC 

calculations (Appendix B: Table 2). Of the 25 identified metabolites, 5 metabolites (2-

oxosuccinamate, 6-thioxanthine 5'-monophosphate, acetaldehyde, biotin and (S)-

ureidoglycolate) showed AUC values of >0.75 from 24 months post challenge. Other 

metabolites detected using the positive ionisation mode (3a,7a,12a-Trihydroxy-5b-

cholestanoic acid, proline and (S)-ureidoglycolate) exhibited discriminatory AUC values of 

>0.90 within 3 months post challenge. However, these AUC values dramatically decreased to 

<0.60 within 6 months post challenge. Thus, AUC calculations suggested that no metabolites 

were able to distinguish between experimental classes at all stages of the study. These results 

were consistent with the trends shown in Figures 4:2a and 4:2b. Additionally, RF analysis 

reported class errors of 0.00 for both MAP-challenge and control cattle 33 months post 

challenge, respectively. 

We next assessed the ability of metabolomes to differentiate between MAP-challenge status 

and IGRA status. Significant metabolite changes that differentiate between the experimental 

classes are displayed using a heat map many of which could not be unambiguously identified, 

and their molecular formulae are provided (Figure 4:3). There was limited overlap in the 

metabolites identified based on MAP or IGRA status with only phenylacetylglycine, hippuric 

acid, biotin and cytidine being common to both analyses. The heat map showed that it was 

possible to differentiate between MAP-challenged and control cattle but not between control 

cattle which were IGRA positive or negative. These findings were reinforced by Pearson’s 

correlation analysis which showed poor correlation between identified metabolites and 

responses to PPDa, PPDb and PPDj stimulation (Appendix B: Figure 7). It should be noted that 

Britton (2017) showed significant differences between IGRA expression in response to PPDa 

and PPDj 2-, 6-, 10-, 12-, 16-, 28-, 31- and 33-months post MAP-challenge. 

Pearson’s correlation analyses were next used to examine the relationship between 25 

identified metabolites, the CMI and humoral immune responses, as well as the 17 
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haematological parameters examined. Of the 525 analysed correlations, 28 were positively 

correlated (correlation co-efficient > 0.4) and 26 were negatively correlated (correlation co-

efficient < -0.4).  Of the 54 observed correlations, 53 were between identified metabolites and 

haematological parameters (Appendix B: Figure 8). As also shown by Britton (2017), no 

significant differences were observed within the haematology parameters of MAP-challenged 

and control cattle. Nevertheless, most of the haematology parameters showed significant 

correlations with 1 or more identified metabolites.  Monocytes (%) and MCH (pg) were most 

frequently correlated to metabolites, displaying 11 and 6 correlations, respectively, (Appendix 

B: Table 3). Keto acids (2-oxosuccinamate and maleylacetoacetic acid) showed the most 

significant negative correlation (Appendix B: Figure 7, Figure 4:4a), whilst glyoxylic acid and (S)-

ureidoglycolic acid from the carboxylic acids and derivatives class displayed the strongest 

positive correlation to monocytes (Appendix B: Figure 9, Figure 4:4b). 

Blood from MAP-challenged cattle stimulated with PPDa exhibited positive correlation with 

phosphocholine, but blood stimulated with PPDb or PPDj, or serum ELISA data showed either 

no, or only a weak correlation with identified metabolites (Appendix B: Figure 7).  Interestingly, 

6-thioxanthine 5'-monophosphate and phenylacetylglycine exhibited peaks 28-months post 

MAP-challenge (Figure 4:5a, 4:5b). Despite showing a weak overall correlation to PPDa, PPDb 

and PPDj, this peak coincides with the 2nd peak in IGRA (∆OD) expression in response to PPDa, 

PPDb and PPDj stimulation (Appendix B: Figure 10). 
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Figure 4: 1 PLS-DA for MAP-challenged and control cattle 24-months post MAP-challenge in the (a) negative 

ionization and (b) positive ionization modes m/z. The light red and green ellipses represent 95% confidence 

intervals.   
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Table 4: 1 Metabolites differentiating between MAP-challenged and control cattle. Metabolites were identified using time-series analyses used FDR adjusted two-way ANOVA. 

Class Subclass Common Metabolite Name Mode 
P-values 

MAP Status Time Interaction 

Benzene and 
substituted derivatives 

Benzoic acids and derivatives Hippuric acid Neg 3.74 x 10-2 2.12 x 10-18 5.54 x 10-3 

Biotin and derivatives - Biotin Neg 1.85 x 10-3 4.72 x 10-6 7.83 x 10-3 

Carboxylic acids and 
derivatives  

Amino acids, peptides, and 
analogues  

(S)-Ureidoglycolic acid Pos 1.09 x 10-2 5.17 x 10-16 3.06 x 10-1 

3-Sulfinoalanine Pos 4.18 x 10-2 3.67 x 10-2 9.39 x 10-2 

Citrulline Pos 1.85 x 10-2 3.51 x 10-4 5.10 x 10-2 

Methionine Neg 4.74 x 10-2 1.36 x 10-4 5.35 x 10-1 

Proline Pos 3.61 x 10-2 1.25 x 10-17 8.34 x 10-3 

Phenylacetylglycine Neg 2.85 x 10-2 1.57 x 10-11 1.19 x 10-6 

Carboxylic acids Glyoxylic acid Neg 2.66 x 10-2 1.31 x 10-3 2.74 x 10-1 

Diazines 
Pyrimidines and pyrimidine 

derivatives 
6-Thioxanthine 5'-monophosphate Neg 3.68 x 10-3 2.00 x 10-17 1.56 x 10-7 

Fatty acyls Fatty acids and conjugates Arachidic acid Neg 3.02 x 10-2 2.31 x 10-15 6.43 x 10-1 

Glycerolipids Glycosylglycerols Galactosylglycerol Pos 1.55 x 10-2 6.80 x 10-12 4.88 x 10-3 

Keto acids and 
derivatives  

Medium-chain keto acids and 
derivatives 

Maleylacetoacetic acid Neg 3.09 x 10-3 2.48 x 10-8 4.78 x 10-6 

Short-chain keto acids and 
derivatives 

2-Oxosuccinamate Neg 1.55 x 10-2 4.75 x 10-6 1.50 x 10-1 

Organic phosphoric 
acids and derivatives 

Phosphate esters O-Phosphoethanolamine Neg 4.89 x 10-2 1.10 x 10-6 6.89 x 10-2 

Organonitrogen 
compounds  

Quaternary ammonium salts Phosphorylcholine Neg 2.32 x 10-2 2.52 x 10-13 4.88 x 10-2 

Carbohydrates and 
carbohydrate conjugates 

Xylose Pos 3.61 x 10-2 3.10 x 10-7 4.27 x 10-1 

N-Acetylneuraminate Neg 1.19 x 10-2 4.61 x 10-4 9.37 x 10-1 

Carbonyl compounds 

4-Aminobutyraldehyde Neg 3.68 x 10-2 1.43 x 10-3 2.89 x 10-1 

Acetaldehyde Neg 4.94 x 10-4 3.29 x 10-12 3.73 x 10-5 

Malonyl-CoA Pos 3.16 x 10-2 7.04 x 10-18 6.44 x 10-1 

Purine nucleosides 
Purine 2'-

deoxyribonucleosides 
Deoxyadenosine Neg 2.32 x 10-2 2.27 x 10-3 3.29 x 10-2 
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Pyrimidine nucleosides - 
Cytidine Neg 5.89 x 10-3 4.49 x 10-4 3.51 x 10-3 

Uridine Neg 4.89 x 10-2 1.72 x 10-4 1.00 x 10-1 

Steroids and steroid 
derivatives 

Bile acids, alcohols and 
derivatives 

3a,7a,12a-Trihydroxy-5b-
cholestanoic acid 

Pos 3.61 x 10-2 9.05 x 10-7 4.37 x 10-3 
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Figure 4: 2 Major metabolite changes differentiating between MAP-challenged and control cattle in the (a) 

negative and (b) positive ionization modes m/z. CON = control, MAP = MAP-challenge. 
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Figure 4: 3 Significant metabolite changes (negative ionization mode) differentiating between MAP-challenge 

status and IGRA status between 24- and 28-months post MAP-challenge. CON = control, MAP = MAP-challenge. 
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Figure 4: 4 Relationships between monocyte concentrations (%) and metabolite abundances 33-months post 

MAP-challenge. (a) 2-oxosuccinamate and maleylacetoacetic acid, in addition to (b) glyoxylic acid and 

ureidoglycolic acid. 

Figure 4: 5 Box and whisker plots of metabolites with reduced overlapping between experimental groups from 

21-months post MAP-challenge. Blue boxplots = MAP-challenged cattle, green boxplots = control cattle. 
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4.4 Discussion 

Paratuberculosis is a chronic disease that represents an on-going challenge to farmers. The 

management of MAP will be improved if the disease is better understood and, in this, the 

application of ‘omic approaches have a major role to play. However, metabolomics has only 

rarely been applied in MAP research. This stated, metabolomic approaches have been used to 

show the impact of MAP on energy, lipid and protein metabolism within naturally and 

experimentally infected cattle (Tata et al., 2021; de Buck et al., 2014).  We sought to extend 

such studies by examining the effects of experimentally challenging cattle with MAP with a 

view to providing new clinical insights and possibly identifying novel metabolite biomarkers. To 

provide additional insights and to provide wider context, we sought to correlate the key, 

identified metabolites with CMI and humoral immune responses, as well as haematological 

parameters. FIE-HRMS does not utilise prior chromatographic separation and this allows a wide 

dynamic range of metabolite content to be measured with a high sensitivity.  This, coupled 

with a high resolution (3 ppm) that facilitates metabolite identification, allows the chemical 

content of a sample to be more comprehensively profiled (Draper et al., 2013). The value of 

this approach was demonstrated when FIE-HRMS successfully discriminated between MAP-

challenged and control cattle 24 months post challenge (Figure 4:1) despite a small sample 

size. This was an important observation as faecal and tissues cultures were unable to confirm 

the presence of MAP within MAP-challenged cattle, despite a number of gross pathological 

changes, such as thickening of the ileum and enlarged ileocaecal lymph nodes. This stated, 

other tests results could be linked with MAP infection, including IGRA  expression in response 

to PPDa, PPDb and PPDj stimulation being significantly higher in MAP-challenged cattle.   

Time series two-way ANOVA (p < 0.05) analyses corrected for FDR indicated how identified 

metabolites significantly changed over the duration of the study (Table 4:1). However, within 

the experimental classes, as shown by HCA, considerable variation was observed at the early 

time points, but this reduced from 15 months post MAP-challenge (Figure 4:2).  Considering 

that male bovine puberty occurs between 37 and 50 weeks of age (Rawlings et al., 2008), 

sexual maturity is unlikely to be a major driver of metabolite fluctuations in this experiment. 

However, HF steers continue to grow until a liveweight of ~620kg is achieved at approximately 

24 months of age (O’Riordan et al., 2019). Additionally, the impact of diet on the bovine 

metabolome is well-documented (Yang et al., 2018). Therefore, a mixture of growth and 
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dietary factors are likely to contribute to metabolite variation up to 15months post MAP-

challenge. Similarly, a longitudinal trial conducted by de Buck et al., (2014) of MAP-infected HF 

heifers and age-matched controls sampled over 17 months noted that key variables were 

significantly affected by time. These metabolomic changes were suggested to reflect 

development and dietary changes.  

Many of the major metabolite changes differentiating between MAP-challenged and control 

cattle belonged to the amino acids, peptides, and analogues sub(classes) which was also noted 

in other MAP metabolomic studies (Taylor et al., 2021a; Taylor et al., 2022a). In support of the 

accumulation of these metabolites being specific to MAP, amino acids have not been identified 

as potential biomarkers in badgers for the closely related bacterium M. bovis (Scott Bauman et 

al., 2022). This stated some of our MAP associated metabolites have been identified in 

metabolomic assessments of mastitis infections (Hu et al., 2021). Out of 6 amino acids 

identified in this study, 3 have been linked to mastitis; alanine (Luangwilai et al., 2021), 

methionine and proline (Dervishi et al., 2016). Likewise, phenyalanine, which is closely related 

to 3-sulfinoalanine, has been highlighted as a potential biomarker for bovine respiratory 

disease (Blakebrough-Hall et al., 2020). Thus, subsequent studies could explore the 

metabolomic effects of other common bovine infections, particularly M. bovis, and ensure the 

use of multiple metabolite panels to further improve specificity. 

MAP exposure is typified by amino acid and phospholipid changes in the serum metabolome  

Considering the discriminatory metabolites, it was notable that amino acids, peptides, and 

analogues subclass (class - carboxylic acids and derivatives) showed prominent changes 

following MAP-challenge. Methionine and phenylacetylglycine levels increased, whilst (S)-

ureidoglycolic acid, 3-sulfinoalanine, citrulline and proline decreased (Figure 4:2). Although 

these metabolites have not been previously associated to MAP, the effect of MAP on amino 

acid levels is well-documented. Thus, de Buck et al., (2014) reported significant increases in 

amino acids; tyrosine, threonine, isoleucine, leucine and asparagine, within MAP-infected 

cattle. Likewise, Tata et al., (2021) found increased creatine, creatinine and tryptamine levels 

within MAP-infected and infectious cattle, compared to controls.  These changes were 

suggested to be linked to a reduced absorptive capacity due to MAP induced inflammation (de 

Buck et al., 2014).  However, this does not accord with our observations as only 3 MAP-

challenged cattle included in the metabolomic analysis showed thickening and corrugation of 
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the ileum, and none exhibited positive ZN stains (Britton, 2017). It is may be that a reduced 

absorptive capacity is not the cause of altered amino acid metabolism.  

Other amino acid changes could be more easily associated with the possible effects of MAP 

infection. MSEA using ORA showed that alanine metabolism was significantly affected by MAP-

challenge (Appendix B: Figure 5). Biotin was significantly increased but glyoxylic acid was 

significantly decreased in MAP-challenged cattle (Figure 4:2a). These results suggest that 

alanine was converted to pyruvic acid by NAD(H) dependent L-alanine dehydrogenase (ALD), 

in conjunction with glyoxylic acid being converted to glycine by glycine dehydrogenase (Giffin 

et al., 2011). Pyruvic acid would then be converted to oxalacetic acid, via pyruvate carboxylase 

(using biotin as a co-factor), to feed the citric acid cycle (SMPDB, 2019).  Previous studies have 

demonstrated the oxidative deamination of alanine to pyruvate to aid the growth of 

Mycobacterium tuberculosis (Giffin et al., 2011), Mycobacterium bovis Bacillus Calmette-

Guérin (M. bovis BCG) (Chen et al., 2003) and M. smegmatis (Feng et al., 2002). Therefore, 

these changes in host sera maybe indicative of MAP metabolism within challenged cattle.  

MSEA using ORA also suggests that phosphatidylcholine biosynthesis was significantly affected 

by MAP-challenge (Appendix B: Figure 5). This indicated that o-phosphoethanolamine and N-

trimethyl-2-aminoethylphosphonate (also known as phosphorylcholine) differed following 

MAP inoculation. Reduced levels of phosphocholine-containing lipids, such as 

phosphatidylcholines, choline plasmalogens, and sphingomyelins have previously been 

identified as features of MAP-infected cattle that were displaying clinical signs (Wood et al., 

2018). Our data suggests that MAP-challenges induce minor changes in phosphatidylcholine 

biosynthesis within MAP-challenged cattle during the incubation period, but major shifts do 

not develop until the clinical stage of infection. Furthermore, our correlation analyses indicated 

a positive correlation between PPDa stimulated blood and phosphorylcholine.  Both PPDa 

stimulated blood and phosphorylcholine showed a two-peaked pattern, starting out at a high 

level but reducing 21 to 24-months post MAP-challenge before increasing again. (Figure 4:2a, 

Appendix B: Figure 10). PPDa antigens highlight Th1 immune responses (mostly pro-

inflammatory) and IFN-γ has been shown to increase phosphatidylcholine hydrolysis and 

phosphorylcholine production in human HeLa-S3 cells (Pfeffer et al., 1990). Thus, elevated 

phosphorylcholine expression is suggestive of Th1 immune response activation. 
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 The MAP-challenged cattle metabolome may reflect immunological changes  

To develop our understanding of the biological relevance of the metabolomic differences 

following MAP infection, we correlated these with key haematological data as provided by 

Britton (2017). This indicated correlations (-0.4 < correlation co-efficient > 0.4) between 53 of 

the metabolites and haematology parameters, particularly MCH and monocytes (Appendix B: 

Table 3, Figure 8). At the onset of infection, monocytes are recruited to the affected tissue 

where they differentiate into macrophages or DCs (Yang et al., 2014). Macrophages play 

important roles in destroying MAP-infected tissues and therefore preventing disease 

progression (Jenvey et al., 2019). Interestingly, alanine metabolism, which was significantly 

affected by MAP-challenge (Appendix B: Figure 5), is altered in M2 macrophages (Abuawad et 

al., 2020) and the alanine-associated metabolite, glyoxylic acid was correlated with monocytes 

levels (Appendix B: Figure 8). Th1 cells secrete cytokines such as IFN-γ, to promote macrophage 

activation and cytotoxic T cell proliferation and MAP elicited changes within the alanine 

metabolism are likely to contribute to this immune response through M2 macrophage 

recruitment.  Beyond alanine metabolism, monocytes displayed the strongest correlation with 

metabolites from the keto acids and derivatives class; 2-oxosuccinamate and 

maleylacetoacetic acid (Figure 4:4a, Appendix B: Figure 8) which are, respectively, derivatives 

of asparagine and tyrosine (Quash et al., 2003; Matthews, 2007).  Significantly, we also found 

that tyrosine and asparagine were significantly different in MAP-challenged cattle (Table 4:1) 

and exhibited high AUC values, especially in the latter phase of the experimental time course 

(Appendix B: Table 2). These data suggest that MAP-elicited amino acid processing arises from 

immunological responses to infection and therefore, may have utility as biomarkers.  

Differences in N-acetylneuraminate (the predominant sialic acid) levels reinforce these 

findings. M. tuberculosis infected patients demonstrate positive correlation between sialic acid 

and mycobacterial load (Xia et al., 2020). Moreover, M. tuberculosis, alongside other bacteria, 

exhibit sialic acid decorated proteins which act as receptors and are capable of masking 

recognition sites and provide protection from humoral and cellular immune system responses 

(Bhagavat and Chandra, 2013). Therefore, elevated levels of N-acetylneuraminate within MAP-

challenged cattle (Figure 4:2a) may reflect bacterial load and be indicative of MAP using 

altering sialic acid patterns on proteins to evade the immune system.  

 



   
 

69 

 

4.4 Conclusion 

Metabolomic analysis of MAP-challenged and control cattle between 3- and 33-months post 

MAP-challenge using untargeted FIE-MS highlighted metabolites indicative of MAP exposure. 

In total, 25 metabolites which were differentially accumulated in MAP-challenged cattle were 

identified, including 20 which displayed significant correlation to haematological parameters. 

The targeted metabolites suggest that MAP induces changes in amino acid and phosphocholine 

levels which are suggestive of a Th1 immune response. Future work could include identifying 

these metabolites in naturally MAP-infected cattle and tissue or faecal culture positive cattle, 

as well as measuring their accumulations in M. bovis infected cattle to verify their specificity to 

MAP. 
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Chapter 5 - Metabolomic changes in naturally MAP-infected 

Holstein-Friesian heifers indicate immunologically related 

biochemical reprogramming 
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Abstract 

Johne’s disease, caused by Mycobacterium avium subspecies paratuberculosis (MAP), causes 

weight loss, diarrhoea, and reduced milk yields in clinically infected cattle. Asymptomatic, 

subclinically infected cattle shed MAP bacteria but are frequently not detected by diagnostic 

tests. Herein, we compare the metabolite profiles of sera from subclinically infected HF heifers 

and antibody binding to selected MAP antigens. The study used biobanked serum samples 

from 10 naturally MAP-infected and 10 control heifers, sampled monthly from ~1 to 19 months 

of age. Sera were assessed using FIE–HRMS on a Q Exactive hybrid quadrupole-Orbitrap mass 

spectrometer for high-throughput, sensitive, non-targeted metabolite fingerprinting. PLS-DA 

and HCA of the data discriminated between naturally MAP-infected and control heifers. In 

total, 33 metabolites that differentially accumulated in naturally MAP-infected heifers 

compared to controls were identified. Five were significantly elevated within MAP-infected 

heifers throughout the study, i.e., leukotriene B4, bicyclo prostaglandin E2 (bicyclo PGE2), 

itaconic acid, 2-hydroxyglutaric acid and N6-acetyl-L-lysine. These findings highlight the 

potential of metabolomics in the identification of novel MAP diagnostic markers and particular 

biochemical pathways, which may provide insights into the bovine immune response to MAP. 
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5.1 Introduction 

Paratuberculosis, commonly known as Johne’s disease, is a chronic intestinal infection in 

ruminants, caused by MAP. MAP is commonly transmitted via infected faeces or colostrum, 

but other transmission routes include in utero, semen and contaminated environments such 

as manure, soil or stream water (Sweeney, 1996). The progression of MAP infections can be 

subdivided into an incubation period and subclinical and clinical stages (Whitlock and Buergelt, 

1996). Infected cattle begin shedding MAP during the subclinical stage, via faeces (Sweeney, 

2011) and milk (Stabel et al., 2014). However, clinical signs, such as weight loss, diarrhoea and 

reduced milk yields, are absent until 2 to 6 years post-infection (Salem et al., 2013). A UK-based 

examination of the financial impact of MAP infections reported a total loss of £112.89 per 

infected cow, including £60.57 through milk yield losses and £51.19 via voluntary culling 

(Barratt et al., 2018). A UK-based survey using ELISA tests estimated a herd prevalence of 34.7% 

(credible interval 27.6% - 42.5%) (Cook et al., 2009), but this is most likely an under-estimate. 

Detecting MAP infections is challenging, as only 10% - 15% of MAP-infected cattle display 

clinical signs (Olsen et al., 2002), and the performance of diagnostic tests is dependent on the 

stage of infection (Nielsen and Toft, 2008). The sensitivity of ELISA tests against a series of 

serum antigens ranges from 7% to 94%, and the specificity from 41% to 100%. Faecal culture, 

milk ELISA antibody and IFN-γ tests exhibit similar problems (Nielsen and Toft, 2008). 

Consequently, repeat testing is required to accurately assess the MAP status of herds. MAP 

detection in calves and youngstock is particularly challenging due to the long incubation period 

of MAP, leading to low test sensitivities. Indeed, the sensitivity of milk ELISA tests increases 

almost linearly for cows from 2 to 5 years of age (Nielsen and Toft, 2006). Furthermore, faecal 

culture is often able to detect MAP-infected cattle within 6 months of MAP exposure but 

detecting infected cattle between this point and the later stages of infection is challenging due 

to the impacts of CMI and antibody responses on shedding (Mortier et al., 2015). Given this 

situation, there is a need for an improved diagnostic test that would allow farmers to identify 

MAP-infected youngstock and enable more informed management decisions to be made; 

improved herd management may help in the elimination of MAP infections from affected 

herds. 
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Some studies have suggested the potential of “omic” approaches in relation to MAP 

diagnostics. Proteomic analysis of cattle serum with advanced MAP infections and control 

cattle highlighted 32 differentially expressed proteins (Seth et al., 2009). Likewise, miRNA 

analysis using the NanoString technology identified four miRNAs (miR-1976, miR-873-3p, miR-

520f-3p and Mir-126-3p) capable of successfully distinguishing between moderately/severely 

MAP-infected cattle and control cattle (Gupta et al., 2018). Another approach is focused on 

detecting metabolite changes that are products of complex interactions within the cell and 

between the cell and its surrounding environment (Goldansaz et al., 2017). Such changes can 

be determined using metabolomic techniques that provide a snapshot of the cells’ responses 

to stress (Hollywood et al., 2006). The high-throughput capabilities of metabolomics (Overy et 

al., 2008) combined with advances in analytical chemistry and metabolite data analysis have 

increased the use of metabolomics in research (Goldansaz et al., 2017). An example of the 

diagnostic potential of metabolomics is provided by M. tuberculosis infections of humans. 

Here, a metabolite signature could predict whether M. tuberculosis exposed individuals will 

develop symptoms or remain unaffected up to 2 years post exposure with a sensitivity of 69% 

and a specificity of 75% (Weiner et al., 2018). 

Metabolomics has yet to be used extensively to examine the effects of MAP infections 

(Mirsaeidi et al., 2015). Previous sera-based studies of experimentally inoculated HF calves 

using 1H NMR spectrometry showed metabolite changes suggestive of energy deficits as well 

as elevated lipid metabolism and protein turnover (de Buck et al., 2014). Likewise, Holstein 

cattle of mixed ages which were categorized as infectious or infected and analysed using 

DART–HRMS, showed altered fat metabolism and decreased energy intake, compared to 

control cattle (Tata et al., 2021). However, as with many other omic biomarkers (Seth et al., 

2009; Gupta et al., 2018) none have been commercially developed into a diagnostic method. 

This study aimed to identify novel metabolomic biomarkers for MAP by examining the effects 

of natural MAP infections on the metabolomic profile of HF heifers, with key changes 

correlated with changes in the antibody-based detection of selected MAP antigens. Monthly 

serum samples from naturally MAP-infected and control heifers, aged between 1 month and 

19 months were analysed by FIE–HRMS, and metabolites whose levels were significantly 

affected were identified. Crucially, the levels of some of the targeted metabolites were 
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correlated with antibody detection of MAP antigens. We highlight potential metabolite 

biomarkers for subclinical MAP infections and some likely biological changes that they reflect. 

5.2 Methods and materials 

Animal Samples 

The animal experiments were approved by the Animal Welfare Body of WBVR (MAP-infected 

animals, permit number 299-47053-07/99-01), and the Animal Welfare Body of Utrecht 

University (control heifers, permit number 0202.0806) in accordance with the Dutch 

regulations on animal experimentation. 

Sera from 10 naturally MAP-infected and 10 age-matched control heifers were sampled for a 

period of 40 and 22 months, respectively. Control HF heifer calves were sourced at an age of 

approximately 14 days from MAP negative (control heifer calves) herds. The herd status of 

MAP negative farms was indicated from the culture of faecal samples obtained from animals 

that were at least 2 years old and were sampled once or twice yearly for a period of at least 8 

years as part of a Dutch national MAP surveillance program. In addition, these heifers were 

MAP-negative at necropsy. 

Naturally MAP-infected heifers were not experimentally exposed to MAP but demonstrated 

MAP positive faecal culture results during routine testing. Heifers displayed MAP-positive 

faecal culture results at the following ages (number of positive heifers between brackets); 7 

months (one), 13 months (six), 16 months (one), 39 months (one) and 48 months (one). Faecal 

samples from naturally MAP-infected heifers were incubated on Lowenstein–Jensen (LJ) 

growth medium, and the presence of MAP was confirmed using IS900 PCR at Wageningen 

Bioveterinary Research in Lelystad, the Netherlands. Faecal samples from control heifers were 

processed using the routine diagnostic MAP faecal culture system at the Veterinary Health 

Service laboratory (Royal GD), Deventer, the Netherlands. All infected heifers were housed in 

conventional facilities of Wageningen Bioveterinary Research in Lelystad, the Netherlands; all 

control heifers were housed in conventional facilities at the faculty of Veterinary Medicine, 

Utrecht University, Utrecht, the Netherlands. 
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 Antibody Tests 

The detection of serum antibodies to diagnostic MAP antigens by ELISA has been published 

previously (Willemsen et al., 2006; Mon et al., 2012). The MAP antigens used in this study are 

listed in Table 5:1. The ELISA tests were performed as described previously (Mon et al., 2012), 

except that a different dose of antigen was used in coating the plates. Thus, each single 

recombinant antigen was coated at a final concentration of 10 μg/mL whilst the recombinant 

antigens mix (TOP4) was coated at a concentration of 40 μg/mL. 

 
Table 5: 1 Details of recombinant MAP antigens, antigen mixes and commercially available ELISA tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3 Results 

FIE–HRMS assessments were based on biobanked sera from MAP-infected and age-matched 

control heifers, aged between 1 month and 19 months. PLS-DA of the serum metabolite 

profiles derived from both negative (Figure 5:1a) and positive ionization modes (Figure 5:1b) 

discriminated between naturally MAP-infected and control heifers, with minimal overlap 

between the 95% confidence intervals for each class. Control heifers (red ellipses) showed 

greater variation compared to MAP-infected heifers (green ellipses). 

Antigen  Antigen description (Uniprot for recombinants) 

MAP_0210c Ag1del1 PirG; P36 or erp (Exported Repeated Protein) 

MAP_0211 - Glf; UDP-galactopyranose mutase activity 

MAP_0946 - Uncharacterized protein; DNA binding 

MAP_1272 - 
NLPC_P60 domain-containing protein; integral membrane 

protein 

MAP_1693c - Peptidyl-prolyl cis-trans isomerase 

MAP_1889c Antigen 84 Wag31; Cell wall synthesis protein 

MAP_2609 Ag 7 Uncharacterized protein; heme binding 

MAP_2821 - Endoribonuclease L-PSP 

MAP_2942c 
Ag2, 

mpt53 
Mpt53; oxidoreductase activity 

TOP4 TOP4 Mix of MAP_0210c, MAP_1272, MAP_1693c and MAP_2609 

- ID-Vet 
Commercially available absorbed ELISA (ID-Vet): 

ID Screen® Paratuberculosis Indirect 

- Pourquier 
Commercially available absorbed ELISA (Pourquier): 

IDEXX® Pourquier Paratuberculosis ELISA Antibody 
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The sources of variation as indicated by PLS-DA were identified using two approaches. In one, 

VIP score plots from two components from PLS-DA were used to indicate metabolites which 

could discriminate between MAP-infected and control heifers (Figure 5:2). These indicated that 

itaconic acid, 2-hydroxyglutaric (Figure 5:2a), biocylo-PGE2, leukotriene B4 and N6-acetyl-L-

lysine (Figure 5:2b) were particularly prominent sources of variation, in each case showing 

increases within MAP-infected cattle, compared to controls. 

Additionally, the experimentally relevant variables were identified by time-series two-way 

ANOVA (p < 0.05), corrected for FDR. These levels of metabolites were compared using HCA 

and showed some variation within naturally MAP-infected and controls groups (Figure 5:3) in 

the initial stages of the experiment that could be attributable to different stages of growth and 

development. However, all heifers, irrespective of their infection status, showed more 

consistent metabolite accumulation patterns from 14 months of age onwards. The effects of 

MAP infection were assessed using repeated-measures ANOVA and visualized using estimated 

marginal means plots. Additionally, analyses indicated 29/33 metabolites and 28/33 

metabolites being significantly affected by time and MAP status*time (Appendix C: Tables 1 

and 2), respectively. Of the 33 identified metabolites, 17 belonged to the fatty acyl class, 14 to 

the fatty acids and conjugates subclass, and 3 to the eicosanoids sub-class (Appendix C: Table 

2). To better understand the biological relevance of the metabolomic changes within MAP-

infected heifers, the 33 metabolites were assessed by pathway enrichment analyses based on 

MSEA using ORA (Appendix C: Figures 1a and1b). This indicated that “alpha-linoleic acid and 

linoleic acid metabolism” and “arachidonic acid metabolism” pathways were significantly 

enhanced. 

The five metabolites identified by VIP scores and ANOVA as being particularly prominent 

sources of variation displayed minimal overlap between MAP-infected and control heifers, as 

indicated by box and whisker plots (Figure 5:4). These metabolites were selected for RF 

assessments and showed very low classification errors between naturally MAP-infected and 

control heifers from 14 months of age, of 0.0000 and 0.0189, respectively (Table 5:1). Based 

on an optimal cut-off at 0.274577, this model had sensitivity and specificity values of 1.0 and 

1.0, respectively, at 19 months of age. Assessments of the five metabolites for their potential 

as MAP infection biomarkers were based on AUC and indicated values >0.889, in the range of 

0.889 - 1.000, at 19 months of age (Appendix C: Table 2). 
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Pearson’s correlation analysis was employed to examine the relationship between the 33 

metabolites significantly altered by MAP and the antibody responses to 13 antigen/antigen 

combinations as detected by ELISA (Table 5:2). Unlike other MAP antigens, data were available 

for antibody responses to MAP_1889c (Wag31) in both MAP-infected and control heifers. The 

controls showed some increases in Wag31 antibodies but, as Wag31 is a highly conserved 

protein, this could reflect responses to environmental mycobacteria. However, serum antibody 

responses to Wag31 were consistently higher in naturally MAP-infected heifers (Figure 5:5a). 

The reduction in Wag31 antibody levels between 10 months and 12 months of age did not 

correspond to faecal shedding in 6/10 naturally MAP-infected heifers at 13 months of age. 

MAP0211, MAP0946 and TOP4 displayed similar, but less prominent, patterns to those of 

Wag31 (Figure 5:5b). Correlations with the metabolites involved 429 analyses. Of these, 19 

proved to be significantly correlated (p < 0.05, −0.4 < correlation co-efficient > 0.4), 15 were 

positively correlated, and 4 were negatively correlated (Figure 5:6, Appendix C: Figure 2). The 

levels of lysophosphatidic acid (LPA) (18:2 (9Z,12Z)/0:0) was significantly lower in naturally 

MAP-infected heifers (Appendix C: Tables 1 and 2) and displayed a significant, negative 

correlation with antibody responses to MAP antigens (Figure 5:6, Appendix C: Figure 2). 

Meanwhile, EPA, p-cresol, hippuric acid and phytanic acid significantly accumulated in MAP-

infected heifers (Appendix C: Tables 1 and 2) and demonstrated a significant, positive 

correlation with binding to MAP antigens (Figures 5 and 6, Appendix C: Figure 2). 
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Figure 5: 2 VIP scores based on two components from the PLS-DA of metabolites differentially expressed in 

naturally MAP-infected heifers compared to control heifers. In both the (a) negative ionization and (b) positive 

ionization modes m/z. 

Figure 5: 1 PLS-DA of naturally MAP-infected and control heifers. In both the (a) negative ionization and (b) 

positive ionization modes m/z. The light red and green ellipses represent 95% confidence intervals. 
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Figure 5: 1 HCA of the major metabolite changes differentiating naturally MAP-infected from control heifers between 1- and 19-months of age. In 

both the (a) negative ionization and (b) positive ionization mode. C = control heifer, NP = naturally MAP-infected heifer. 
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Figure 5: 2 Box and whisker plots of metabolites which displayed minimal overlapping between naturally MAP-

infected and control heifers, aged 1- to 19-months. (a) Leukotriene B4; (b) bicyclo-PGE2; (c) itaconic acid; (d) 

N6-acetyl-L-lysine (e) 2-hydroxyglutaric acid. Blue boxplots = naturally MAP-infected heifers, green boxplots = 

control heifers. 
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Table 5: 2 Cross validation results of the RF assessments for naturally MAP-infected and control heifers between 

14- and 19- months of age. The following metabolites were assessed; leukotriene B4, bicyclo-PGE2, itaconic acid, 

2-hydroxyglutaric acid and N6-acetyl-L-lysine.  

 Control Naturally Infected Class Error 

Control 52 1 0.0189 

Naturally Infected 0 60 0.0000 

 

 

 

 

 

 

 

 

 

Figure 5: 3 Levels of selected MAP antigens over time. (a) The expression of WAG31 in naturally MAP-infected 

and control heifers and (b) the expression of MAP0211, MAP0946, WAG31, TOP4 and MAP1693 in naturally 

MAP-infected heifers between 1- and 19-months of age. 
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Figure 5: 4 A heatmap of the correlation between identified 

metabolites and MAP-related antigens. Pearson’s 

correlation coefficients were produced by comparing 

metabolites significantly affected by natural MAP infections 

and MAP-related antigens, whereby −0.4 < correlation co-

efficient > 0.4. Positive correlations are shown in red, 

negative correlations are shown in blue. A = LPA (18:2 

(9Z,12Z)/0:0), B = p-cresol, C = Hippuric acid, D = EPA, E = 

Phytanic acid, F = WAG31, G = TOP4, H = MAP1693, I = 

MAP0211, J = MAP0946. 
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5.4 Discussion 

Classically, Johne’s disease progression is divided into four stages (Whitlock and Buergelt, 

1996). The first initial silent stage is typified by no clinical symptoms. During the subclinical 

stage, it is possible to detect MAP shedding. However, crucially, clinical signs are frequently 

absent until 2 to 6 years post-infection during the clinical and advanced clinical stages of the 

disease (Salem et al., 2013). There is therefore a need to develop new, sensitive and specific 

tests for MAP, during this incubation period. IFN-γ tests assess the CMI response associated 

with early infection but demonstrate poor sensitivity in cattle at 12 to 24 months of age (Huda 

et al., 2004); therefore, their utility during the incubation period is very limited. Faecal culture, 

antibody ELISA and IFN-γ have been shown to detect MAP in experimentally infected calves, 

but the results were inconsistent over time (Mortier et al., 2014a; Mortier et al., 2014b; 

Mortier et al., 2014c). Furthermore, the PMS-phage assay has demonstrated the ability to 

detect viable MAP cells within MAP exposed mature cattle, but this method requires validation 

(Swift et al., 2016). 

Few studies have used omic techniques to study MAP, particularly metabolomics, despite their 

ability to demonstrate the dynamics of infection and highlight potential diagnostic biomarkers. 

Previous studies examining the metabolomics of MAP using NMR and DART–HRMS highlighted 

significant energy deficits alongside altered fat metabolism in experimentally and MAP-

infected cattle (de Buck et al., 2014; Tata et al., 2021). In this study, we observed five 

metabolites which discriminated between naturally MAP-infected and control heifers 

consistently from 1 to 19 months of age (Figure 5:4); clearly, these metabolites will require 

validation with further experimentation. Additionally, FIE-HRMS offered the possibility of 

obtaining more metabolomic data, providing greater insight into biochemical changes seen in 

cattle with MAP progression. 

We recognise that these metabolites require validation using independent samples, as well as 

assessment within MAP-infected faecal culture negative cattle to verify their ability to detect 

MAP in cattle with a lower bacterial load. Moreover, a comparison of M. bovis vs MAP-infected 

bovine metabolomes is crucial for verifying the specificity of these metabolites to MAP. 

Although literature detailing the metabolomic effects of Mycobacterium on bovines is limited, 
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fatty acids and eicosanoids, including; oleic acid, prostaglandin H2 and leukotriene E4, have 

been identified as potential biomarkers for M. bovis in badgers (Scott-Bauman et al., 2022).  

Early Changes in Bioenergetic Pathways Suggest Shifts towards Immunomodulatory Pathways 

As the clinical phases of Johne’s disease are typified by progressive weight loss, it is perhaps 

unsurprising that our metabolomic investigations should find changes in bioenergetic 

metabolism in MAP-infected heifers. However, the key changes identified, including 2-

hydroxyglutaric acid and itaconic acid, did not appear to be particularly linked to the derivation 

of reductants such as NADH, as neither glycolysis- nor tricarboxylic acid (TCA) cycle-linked 

metabolism appeared to be affected. The reported changes in TCA metabolites, which could 

be a reflection of the more potent impact of artificially inoculated MAP infection, were 

previously noted (de Buck et al., 2014). In our naturally infected cattle, these changes seemed 

to be linked to the modulation of the immune system. 

The compound 2-hydroxyglutarate is produced from the TCA intermediate α-ketoglutarate 

using isocitrate dehydrogenase (IDH) 1 or 3-phosphoglycerate dehydrogenase (Linster et al., 

2013). Due to its structural similarity to α-ketoglutarate, it can also be produced, at low levels, 

from malate dehydrogenase (MDH) (which converts malate to oxaloacetate) or lactate 

dehydrogenase (Du and Hu, 2021). The accumulation of 2-hydroxyglutarate is a feature of 

glioblastoma and acute myeloid leukaemia and has been suggested to contribute to 

carcinogenesis through epigenetic changes and altered immune responses (Gagne et al., 

2017). In cancer, increases in 2-hydroxyglutarate arise through mutations in IDH1 but can also 

increase physiologically with hypoxia and shifts to acidic pH (Oldham et al., 2015). CD8+ T cells 

produce millimolar amounts of 2-hydroxyglutarate, a process mediated by hypoxia inducible 

factor 1α, when T cell receptors are triggered. The application of 2-hydroxyglutarate has been 

shown to enhance CD8+ proliferation (Tyrakis et al., 2016). Thus, 2-hydroxyglutarate has been 

suggested to be an “immunometabolite”, mostly likely influencing whether CD8+ cells form 

memory cells (Du and Hu, 2021). The rapid elevation of 2-hydroxyglutarate with MAP infection 

could reflect similar immunometabolic roles which are initiated early in the infection process.  

Itaconic acid is produced from the decarboxylation of cis-aconitic acid within the TCA cycle by 

the immune-responsive gene 1 protein (Michelucci et al., 2013). Biochemically, itaconic acid 

can lead to shifts in metabolism through the inhibition of succinate dehydrogenase and, via 

linkage to co-enzyme A, inactivates the mitochondria coenzyme B12 to influence amino acid 
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and fatty acid metabolism. These metabolic changes may be linked to the roles of itaconic acid 

in driving proinflammatory effects and macrophage activation (O’Neill and Artyomov, 2019). 

As itaconic acid was significantly elevated in MAP-infected heifers throughout the study (Figure 

5:4), this is evidence of an early reprogramming of the bioenergetic metabolism toward pro-

inflammatory responses to infection. 

Differential Processing of Eicosanoids Are Features of Subclinically MAP-infected Cattle 

The early initiation of inflammatory events following MAP infection is also suggested by the 

fact that two of the five metabolites shown to have rapid and persistent increases were 

eicosanoids (Appendix C: Table 2). Pathway analysis comparing gene levels within MAP-

infected and control cattle also identified eicosanoid signalling as the top pathway (Malvisi et 

al., 2016). As examples of eicosanoids, prostaglandins are synthesized from arachidonic acid 

to prostaglandin G2 and prostaglandin endoperoxide (PGH) by prostaglandin G/H synthase, 

(also known as cyclooxygenase, [COX]), before being converted into a range of eicosanoids 

including PGE2, PGD2 and PGF2a (Dubois et al., 1998). Bicyclo-PGE2 is the stable breakdown 

of product of PGE2, which is derived from PGH2, we showed this metabolite to be elevated in 

MAP-infected heifers, and this feature can be used to estimate PGE2 metabolism which can be 

difficult to measure. PGE2 increases were also observed in M. bovis infected cattle (Goto et al., 

2020) and in humans infected with M. tuberculosis (Nishimura et al., 2013). Another 

eicosanoid, Leukotriene B4 was significantly elevated in naturally MAP-infected heifers (Figure 

5:4). Leukotriene B4 recruits’ neutrophils to infected areas and promotes the production of 

inflammatory cytokines (Crooks and Stockley, 1998). In leukotriene biosynthesis, arachidonic 

acid is converted to 5-hydroperoxyeicosatetraenoic acid (HPETE) and then to leukotriene A4 

by 5-lipoxygenase (ALOX5) (Talahalli et al., 2013). Within MAP-infected macrophages, ALOX5 

is downregulated, but COX2 is elevated between 8 and 24 h post-infection, and ALOX5, along 

with other immune-related genes, is downregulated 6 months post MAP inoculation (David et 

al., 2014). Similarly, within our data, leukotriene B4 levels were also temporarily reduced at 

approximately 6 months of age (Figure 5:4). 

Linolenic and α-linoleic acid can feed into the production of EPA, which, in turn, leads to 

arachidonic acid biosynthesis. It was therefore highly relevant that EPA was significantly 

elevated within naturally MAP-infected cattle (Appendix C: Tables 1 and 2) and that the α-

linolenic acid and linoleic acid metabolism pathway was one of two significantly enriched 
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pathways within MAP-infected heifers (Appendix C: Figure 1a). This EPA increase is likely to 

reflect an increased flux towards the production of eicosanoids. Equally, the discrete roles of 

EPA should be considered, as this molecule affects a broad range of innate and adaptive 

immune cells (Radzikowska et al., 2019). Notably, EPA exhibits inhibitory effects on IL-10 

production within DCs (Marion-Letellier et al., 2004), T cells (Jaudszus et al., 2013) and B cells 

(Verlengia et al., 2004); IL-10 is a key cytokine in early-phase MAP infections (Hussain et al., 

2016). Moreover, macrophages treated with EPA prior to M. tuberculosis infection 

demonstrated enhanced bacterial growth by inhibiting TNF-α secretion (Jordao et al., 2008). 

The positive correlation between EPA and antibody responses to the MAP antigens MAP1693, 

MAP0211, MAP0946 and Wag31 (Figure 5:6, Appendix C: Figure 2) could indicate that EPA 

effects aid in MAP proliferation; it would be interesting to test if this is also linked to the 

inhibition of TNF-α secretion. 

Key Metabolites Suggest Uraemic Changes That May Be Indicative of Th1–Th2 Switches 

The levels of metabolites within the amino acid, peptide, and analogues subclasses (class, 

carboxylic acids and derivatives), creatine, creatinine, guanidinosuccinic acid, valine and N6-

acetyl-L-lysine were increased in MAP-infected heifers (Appendix C: Tables 1 and 2). This was 

partially in contrast to previous studies. Tata et al., (2021) reported an increase in 

creatine/creatinine in MAP-infected and infectious cattle but a decrease in urea within 

infectious cattle. However, de Buck et al., (2014) demonstrated a significant increase in urea 

but a decrease in creatinine within MAP-inoculated cattle. This lack of consistency can only be 

addressed in further studies but could reflect dietary differences. The elevated creatine, 

creatinine and guanidinosuccinic acid levels may be attributable to increases in arginine. 

Creatine and creatinine are synthesized indirectly from arginine (Brosnan et al., 2011), and 

guanidinosuccinic acid is produced via the transamidination of arginine (Stein et al., 1969) in 

response to elevated urea levels inhibiting urea cycle enzymes (Cohen et al., 1968; Perez et al., 

1976). P-cresol may also be linked to elevated uraemia (Gryp et al., 2017). P-cresol is a uraemic 

solute produced from tyrosine and phenylalanine by intestinal bacterial fermentation (Smith 

and MacFarlane, 1996; Smith and MacFarlane, 1997). Whilst p-cresol has not been previously 

linked to mycobacterial infections, it could have effects that are deleterious to the host. 

Numerous studies in humans have shown detrimental effects on the immune system, 

including, the inhibition of phagocyte activity (Vanholder et al., 1995) and impaired leukocyte 
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trans-endothelial migration (Faure et al., 2006). Interestingly, p-cresyl sulphate, a sulphate-

conjugate of p-cresol, downregulates the Th1 (tending to be pro-inflammatory) immune 

response (Shiba et al., 2014). In line with this hypothesis, there was a positive correlation 

between p-cresol and antibody responses with the detection of the MAP antigens MAP1693, 

MAP0211 and MAP0946 (Figure 5:6, Appendix C: Figure 2). 

Given that we observed metabolomic effects linked to arginine metabolism, it is worth 

highlighting the immunological roles of this important amino acid. Arginine is required for the 

proliferation of T lymphocytes (Hibbs et al., 1987) and influences the levels of a functional T 

cell receptor (Rodriguez et al., 2003). Further, it affects the cytotoxicity of monocytes and 

natural killer (NK) cells in vitro (Abumrad and Barbul, 2004). Clearly, a major role for arginine is 

in acting as the substrate for NO synthesis by inducible NO synthase (iNOS) in macrophages 

and neutrophils. (Bronte and Zanovello, 2005). iNOS levels are induced in leucocytes in 

response to IFN-γ, directly linking arginine, NO and the Th1 response. The diversion of arginine 

to creatine and creatinine guanidinosuccinic acid in MAP infections could influence NO 

production and, possibly, be suggesting an increased dominance of the Th2-mediated humoral 

response (Linster et al., 2013) as the infection progresses. This would align with the Th2 

response being associated with MAP faecal shedding (Magombedze et al., 2016), the presence 

of multibacillary lesions (Smeed et al., 2007) and the development of clinical symptoms (Stabel, 

2000). 

de Buck et al., (2004) observed increases in lysine, and we also observed higher levels of N6-

acetyl-L-lysine in MAP-infected heifers throughout the study (Figure 5:4). N6-acetyl-L-lysine is 

a post-translationally modified version of lysine. Lysine shares the same transport systems with 

arginine and if lysine levels are elevated, it can reduce arginine uptake and thereby affect NO 

synthesis by iNOS (Wu and Meininger, 2002). Therefore, the elevation in lysine could also be 

an indicator of suppressed NO production in macrophages (Closs et al., 2000). However, to 

assess if our observed changes in amino acid metabolism were indicative of a classical Th1–

Th2 shift, will require correlations with actual measurements of cytokine changes. 
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5.5 Conclusion 

Metabolomic analysis of naturally MAP-infected heifers and control heifers demonstrated the 

ability of untargeted FIE–MS to examine the metabolic processes of mycobacterial infections. 

Our findings showed a clear differentiation of metabolites between naturally MAP-infected 

and control heifers aged between 1 month and 19 months, including five metabolites which 

were significantly elevated within naturally MAP-infected heifers throughout the trial. These 

metabolites can identify MAP-infected heifers irrespective of their age, thus, highlighting their 

potential as biomarkers for subclinical MAP infections. The identified metabolites also highlight 

the potential effects of MAP infection on primary metabolism and the immune system. As 

these findings are preliminary, future work could include validating these metabolites using 

independent samples, as well as assessing the levels of these metabolites within clinically MAP-

infected cattle demonstrating symptoms and verifying the specificity of these metabolites by 

comparison with M. bovis infected cattle. 
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Abstract 

Mycobacterium avium subspecies paratuberculosis (MAP) is the causative organism of Johne’s 

disease, a chronic granulomatous enteritis of ruminants. We have previously used naturally 

MAP-infected heifer calves to document metabolomic changes occurring in MAP infections. 

Herein, we used experimentally MAP-inoculated heifer calves to identify biomarkers for MAP 

infections. At 2 weeks of age, 20 HF calves were experimentally inoculated with MAP. These 

calves, along with 20 control heifer calves, were sampled biweekly up to 13-months of age and 

then monthly up to 19-months of age. Sera were assessed using FIE-HRMS on a Q Exactive 

hybrid quadrupole-Orbitrap mass spectrometer for high throughput, sensitive, non-targeted 

metabolite fingerprinting. PLS-DA and HCA discriminated between MAP-inoculated and control 

heifer calves. Out of 34 identified metabolites, six fatty acyls were able to differentiate 

between experimental groups throughout the study, including 8, 11, 14-eicosatrienoic acid and 

cis-8, 11, 14, 17-eicosatetraenoic acid which were also detected in our previous study and so 

further suggested their value as biomarkers for MAP infection. Pathway analysis highlighted 

the role of the alpha-linoleic acid and linoleic acid metabolism. Within these pathways, two 

broad types of response with a rapid increase in some saturated fatty acids and some n-3 

PUFAs and later n-6 PUFAs became predominant. This could indicate an initial anti-

inflammatory colonisation phase, followed by an inflammatory phase. This study demonstrates 

the validity of the metabolomic approach in studying MAP infections. Nevertheless, further 

work is required to define further key events, particularly at a cell-specific level.  
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6.1 Introduction 

Johne’s disease, caused by MAP, is a chronic granulomatous enteritis of ruminants. MAP is 

frequently transmitted via the ingestion of colostrum, milk and faeces (Sweeney, 1996). 

Following exposure to MAP, infected cattle enter a prolonged incubation period prior to the 

onset of shedding and clinical signs, such as; weight loss, diarrhoea and reduced milk yields 

(Whitlock and Buergelt, 1996). With estimated herd prevalence’s exceeding 50% in countries 

with intensive dairy production systems (Behr and Collins, 2010) and 10-year annual losses of 

~$49 million (~£35 million) in the UK (Rasmussen et al., 2021), MAP represents an on-going 

economic and animal welfare challenge for farmers.  

Identifying MAP-infected young stock is particularly challenging due to an absence of clinical 

signs (Salem et al., 2013), and detection being based on bacterial shedding patterns that are 

influenced by the level and age of calves at MAP exposure (Whitlock et al., 2000). Individual 

faecal PCR tests and serum ELISAs are commonly used to identify MAP-infected cattle 

(Whittington et al., 2019) but exhibit poor sensitivity values of approximately 4% and 13% in 

light-to-moderate faecal shedders (Wells et al., 2006). Furthermore, INF-γ tests only detect 

approximately half of MAP faecal culture positive cattle aged between 12 and 23 months of 

age (Huda et al., 2004) and milk ELISA tests are limited to post-partum use only. Consequently, 

a diagnostic tool capable of detecting MAP-infected youngstock would benefit farmers 

worldwide.   

Omic approaches encapsulate various subdivisions of systems biology, including genomics, 

proteomics, lipidomics and metabolomics (Suravajhala et al., 2016). The application of these 

approaches in MAP research has highlighted multiple potential biomarkers, but these findings 

require further validation (Bay et al., 2021; Karuppusamy et al., 2021; Kiser et al., 2021). 

Proteomic approaches identified antigenically distinct recombinant MAP cell envelope 

proteins; Sdh A and MAP1233m and their detection using ELISA showed maximum sensitivity 

and specificity values of 94% and 100%, respectively (Karuppusamy et al., 2021). Further 

lipidomic approaches were used to show that glycopeptidolipids are replaced by 

lipopentapeptides within the MAP cell wall. Subsequently, a lipopentapeptide L5P-based test 

exhibited a sensitivity of 82% (Bay et al., 2021). These studies suggest that the performance of 

these omic study-derived biomarkers exceeds many commercially available tests (Wells et al., 
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2006). This stated, these have focused on post-partum cattle (Karuppusamy et al., 2021; Kiser 

et al., 2021) so that the application of these biomarkers in youngstock is questionable.  

In contrast, metabolomic studies have focused on both calves and young stock. Analysis of sera 

from experimentally MAP-infected calves using H1 NMR spectrometry showed metabolomic 

changes indicative of energy shortages, elevated lipid metabolism and increased protein 

turnover (de Buck et al., 2014). Similar energy and lipid-related changes were reported within 

the sera of mature, naturally MAP-infected cows following analysis via DART-HRMS (Tata et al., 

2021). However, the metabolites identified by de Buck et al., (2014) exhibited similar levels 

between MAP-infected and control cattle until 200 days post infection. Likewise, the 

metabolites identified by Tata et al., (2021) showed overlapping levels between infected, 

infectious and control groups. Thus, the targeted metabolites were unsuitable as biomarkers 

for MAP infections.   

We have previously examined the sera metabolite profiles of naturally MAP-infected HF heifer 

calves compared to controls between 1 and 19 months of age and identified 33 metabolites 

which were differentially accumulated in MAP-infected heifer calves (Taylor et al., 2021a). 

Crucially, five of these metabolites were elevated throughout the study. However, to more 

clearly examine the time dependent changes following MAP infection in youngstock, we herein 

use metabolomics to assess a complementary experiment based on HF heifer calves 

experimentally inoculated with MAP. Biweekly sera samples of heifer calves up to 13 months 

of age and monthly sera samples of heifer calves up to 19 months of age were analysed using 

FIE-HRMS.  
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6.2 Materials and methods 

Animals samples 

The animal experiments were approved by the Animal Welfare Body of Utrecht University 

(permit number 0202.0806) in accordance with the Dutch regulations on animal 

experimentation. All samples were bio-archived serum samples previously described in Koets 

et al., (2006). 

Sera were obtained from 20 experimentally MAP-inoculated, and 20 controls heifer calves, 

sampled biweekly until 12 months of age and by monthly until 19 months of age. Control HF 

heifer calves were sourced at approximately 2 weeks of age from MAP-negative herds. The 

MAP status of control farms was confirmed via faecal culture from cattle ≥ 24 months of age 

every 6 months or 12 months for a minimum of 8 years as part of a Dutch national MAP 

surveillance program.  All MAP-inoculated heifer calves were confirmed to be MAP positive in 

at least one tissue sample at necropsy. No macroscopic lesions were observed. 

MAP-inoculated calves were orally inoculated with approximately 1.8 × 104 CFU, supplied 

across nine doses of 20 g of faeces, and mixed with 100 ml milk replacer over 21 days (Koets 

et al., 2006). The faeces were derived from a MAP-infected cow, whose infection status was 

confirmed via faecal culture and PCR. Faecal samples were collected from all heifer calves 0-, 

14-, 126-, 280-, 406- and 532- days post inoculation. Of the MAP-inoculated heifer calves, 13 

were MAP faecal culture positive and 7 were negative, all control heifer calves were culture 

negative. MAP faecal culture positive heifer calves displayed faecal shedding at either 14 (one 

heifer calf) or 126 (twelve heifer calves) days post inoculation. Faecal samples from heifer 

calves were processed using the routine diagnostic MAP faecal culture system at the Veterinary 

Health Service laboratory (Royal GD), Deventer, the Netherlands.  

Heifer calves were screened using a commercially available absorbed ELISA assay following the 

manufacturer’s instructions (Institute Pourquier, Montpellier, France) using blood samples 

collected 0-, 14-, 126-, 280-, 406- and 532- days post-inoculation. Samples with a sample to 

negative (S/N) ratio >59 % were considered MAP positive. Of the MAP-inoculated calves, 8 

were ELISA positive and 12 were negative. Of the control calves, 2 were ELISA positive and 18 

were negative. All positive ELISA results occurred a minimum of 406 days post inoculation. 
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6.3 Results 

Serum samples were profiled by FIE-HRMS and the derived spectra assessed by PLS-DA. PLS-

DA of the data from both positive and negative ionisations indicted a clear differentiation 

between MAP-inoculated and control heifer calves (Figure 6:1a). The sources of variation most 

utilised in the PLS-DA were indicated using a VIP plot (> 1.0) based on two components (Figure 

6:1b).  This indicated that the eicosanoid, 8, 11, 14 eicosatrienoic acid (C20:4) was the most 

notable discriminator between MAP-inoculated and control heifer calves. Indeed, other 

eicosanoids were also shown to have fairly high VIP scores, for example, eicosenoic acid (20:1) 

and 6Z, 9Z-octadecadienoic acid (C18:2).  

Subsequently, the derived metabolomes were assessed using time series analysis, adjusted for 

FDR, two-way ANOVA. Significant metabolites were identified, and all were significantly 

affected by time and MAP inoculation status*time (p < 0.05) (Appendix D: Table 1). Out of 34 

identified metabolites, 25 were fatty acyls and notable subclass included; fatty acids and 

conjugates (16), eicosanoids (6) and linoleic acid and derivatives (3) (Appendix D: Table 2).  

Significantly altered metabolite changes were visualised using a heat map (Figure 6:2). The 

accumulation of identified metabolites was significantly higher in MAP-inoculated heifer calves 

compared to controls. However, the timings of metabolite accumulations differed between 

clades, whereby clades are defined as groups of metabolites which demonstrate comparable 

levels over time. Some changes were seen quickly following MAP inoculation (within 1 month) 

and remained elevated throughout the timeframe of the experiment. These metabolites are 

included in Figure 2 clade 3 and included alpha-linolenic acid, 8, 11, 14 eicosatrienoic acid and 

stearic acid. The elevation of other metabolites (Figure 6:2, clade 4) was equally rapid following 

MAP inoculation but started to decrease after 12 months. Examples of metabolites in these 

categories included the fatty acids; myristic and palmitic acid, as well as 6Z, 9Z-octadecadienoic 

acid (C18:2). Other metabolites were only elevated after 6 to 12 months and then remained 

higher (Figure 6:2, clade 1) and include important eicosanoids, such as prostaglandin E1 and 

leukotriene B4. The eicosanoid, thromboxane A2, was more rapidly elevated and was found in 

Figure 6:2, clade 3. Interestingly, many eicosanoid levels in the sera of control heifer calves 

shown in Figure 6:2 clade 1, exhibited some slight increases over time, possibly due to heifer 

growth and development.  
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To better visualise the biological events indicated by these metabolomic changes, identified 

metabolites were related to different pathways by MSEA using ORA analysis. This indicated 

that alpha-linoleic acid and linoleic acid metabolism was the only pathway to be significantly 

(p < 0.05) affected by MAP inoculation status (Appendix D: Figure 1). This pathway is depicted 

schematically in Figure 6:3, where the metabolites identified in our study are indicated. To 

further illustrate changes in the pathway, the accumulation patterns of individual metabolites 

(8, 11, 14-eicosatrienoic acid, alpha-linoleic acid, cis-8, 11, 14, 17-eicosatetraenoic acid and 

EPA) are plotted (Figure 6:4). Thus, elevated levels of alpha-linoleic acid derivatives were linked 

to increased levels of docosahexaenoic acid. This metabolite is shown in Figure 6:2, clade 4, 

indicating that its levels decreased > 11 months following MAP infection. However, the linoleic 

acid derivative pathway, linked to COX and lipoxygenase LOX-dependent pathway, was active 

as shown by the detection of many prostaglandin, thromboxane and leukotriene derivatives. 

These metabolites increased more slowly following MAP inoculation (Figure 6:2, clade 1).  

Excluding docosahexanoic acid, whereby the inter-quartile ranges of experimental groups 

overlapped 15 months post MAP inoculation (Appendix D: Figure 2), metabolites identified 

within the alpha-linoleic acid and linolenic acid metabolism showed no evidence of increases 

in control heifer calves over time (Figure 6:4), suggesting that these changes were intimately 

associated with MAP inoculation. It was also noted that, the linoleic pathway metabolites, 10-

octadecenoic acid and heptadecanoic acid showed no increases in control heifer calves over 

time (Appendix D: Figure 3). Consequently, RF and AUC assessments were used to determine 

the potential of these six metabolites as biomarkers for MAP infections. RF assessments across 

all ages indicated classification errors for MAP-inoculated and control heifer calves of only 

0.00781 and 0.00313, respectively (Table 6:1). Moreover, AUC assessments of these 

metabolites at 19 months of age suggested individual metabolite AUC values of 1.0 (C.I 0.913 

– 0.999) (Appendix D: Table 2) and a combined AUC value of 0.999 (C.I 0.992 – 1.000), as well 

as sensitivity and specificity values of 99.2 % and 99.6 %, irrespective of age.  

Additionally, we compared the ability of identified metabolites, faecal culture and serum ELISA 

tests to differentiate between experimental groups. Although our metabolites were unable to 

differentiate between heifer calves based on faecal culture or serum ELISA status (Figures 6:5; 

6:6), our metabolites better discriminated between experimental groups based on MAP 

inoculation status. 
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Figure 6: 1 (a) PLS-DA and (b) VIP score plots produced by PLS-DA for MAP-inoculated and control heifer calves 

between 1- and 19-months of age. The light red and green ellipses represent 95% confidence intervals. 
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Figure 6: 2 HCA of significant metabolite changes differentiating between MAP-inoculated and control heifer calves between 1- and 19-months of age. Major patterns of 

metabolite accumulation during the experiment are indicated by the numbered clades (1,2,3 and 4). 
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Figure 6: 3 The metabolomic impact of MAP on selected metabolites. Metabolites include; selected 

unsaturated fatty acids, metabolites located within alpha-linolenic acid and linoleic acid metabolism and 

selected eicosanoids. Coloured boxes = identified metabolites, white boxes = metabolites which were not 

identified. FADS1 = fatty acid desaturase 1, FADS2 = fatty acid desaturase 2, ELOV5 = elongation of very long 

chain fatty acids protein 5, COX = cyclooxygenase, 5-LOX = 5-lipoxygenase, PGH2 = prostaglandin H2, 5-HPETE 

= 5-hydroperoxyeicosatetraenoic acid, 5-HETE = 5-hydroxyeicosatetraenoic acid, TXA2 = carbocyclic 

thromboxane A2 LTA4 = leukotriene A4, LTB4 = leukotriene B4, 10, 11-LTB4 = 10,11-dihydro-leukotriene B4. 
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Table 6: 1 Cross validation results of the RF assessments for MAP-inoculated and control heifer calves between 1- 

and 19-months of age. The following metabolites were included; 8,11,14-eicosatrienoic acid, 10-octadecenoic 

acid, alpha-linolenic acid, cis-8,11,14,17-eicosatetraenoic acid, eicosapentaenoic acid and heptadecanoic acid. 

 

 

 

 

 

 

 

 

 MAP-inoculated Control Class Error 

MAP-inoculated 638 2 0.00313 

Control 5 635 0.00781 

Figure 6: 4 Box and whisker plots of metabolites which display minimal overlapping between experimental 

groups over time. (a) 8,11,14-eicosatrienoic acid; (b) alpha-linoleic acid; (c) cis-8,11,14,17-eicosatetraenoic 

acid; (d) eicosapentaenoic acid. Blue boxplots = MAP-inoculated heifer calves, green boxplots = control heifer 

calves. 
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Figure 6: 5  HCA of the metabolites changes alongside faecal culture results at 4.5-months of age. The 

metabolite changes are those which differentiate between MAP-inoculated and control heifer calves in the 

combined ionisation mode m/z. 



   
 

101 

 

 

 

 

 

 

 

 

Figure 6: 6 HCA of the metabolite changes alongside serum ELISA results at 15-months of age. The metabolite 

changes are those which differentiate between MAP-inoculated and control heifer calves in the combined 

ionisation mode m/z. 
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6.4 Discussion 

Johne’s disease, caused by MAP, has a significant impact on cattle health alongside severe 

economic consequences. Current diagnostic tests for MAP, including faecal PCR, serum ELISA 

(Wells et al., 2006) and IFN-γ tests (Huda et al., 2004) rely on detecting a CMI response, 

antibody production or bacterial shedding. As a result, they perform poorly between the initial 

CMI response and the sub(clinical) stages of infection (Kravitz et al., 2021). The application of 

omic approaches have suggested that they could be a potential source of new biomarkers with 

sensitivity and specificity values reported ranging between 82% and 94% (Bay et al., 2021; 

Karuppusamy et al., 2021). However, no omic study has assessed MAP infection associated 

changes in youngstock. Our previous metabolomic study identified 33 metabolites which were 

differentially accumulated within naturally MAP-infected heifer calves, including 5 metabolites 

which were elevated throughout the study (Taylor et al., 2021a). In this study, we examined 

experimentally MAP-inoculated heifer calves to more clearly assess early changes occurring 

following infection and to validate the previously observed metabolites changes in an 

analogous study.   

Our findings identified 11 metabolites in MAP-inoculated heifer calves that were also observed 

in our Taylor et al., (2021) study which focused on natural MAP infections. The prominence of 

metabolites from the fatty acyl class and fatty acids and conjugates subclass, alongside the 

eicosanoid subclass was notable in both studies (Appendix D: Table 2) (Taylor et al., 2021a). 

However, there was an absence of metabolites belonging to the amino acids, peptides and 

analogues subclass in our current study (Appendix D: Table 2). Changes to bioenergetic and 

uraemic pathways also seem specific to naturally infected heifer calves (Taylor et al., 2021a). 

These changes may be attributable to differences in bacterial load, as indicated by the faecal 

culture results. Taylor et al., (2021) noted MAP-positive faecal culture results within all MAP-

positive heifer calves. In contrast, only 13 out of 20 MAP-inoculated heifer calves were MAP 

faecal culture positive within our current study. Thus, implying that a higher bacterial load is 

required to observe bioenergetic and uraemic changes, compared to fatty acyl related 

changes. In contrast, fatty acyls changes appear to be consistent in both naturally and 

experimentally MAP-inoculated heifer calf studies. This could support their importance as 

potential immunomodulators. 
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Moreover, although Taylor et al., (2021) reported that accumulations of leukotriene B4, bicyclo 

prostaglandin E2, itaconic acid, 2-hydroxyglutaric acid and N6-acetyl-L-lysine were significantly 

elevated throughout the study, accumulations of the majority of metabolites fluctuated within 

MAP-infected and control heifer calves up to 13 months of age. In our current study, 

eicosanoids also followed this pattern (clade 1, Figure 6:2). However, fatty acids and conjugates 

demonstrated minimal fluctuations (clade 3, Figure 6:2). These observations may reflect MAP-

inoculated heifer calves receiving nine doses of 20 g of faeces, as opposed to being naturally 

infected. Fecteau et al., (2016) and Kaevska et al., (2016) observed significant differences 

within the faecal microbiota of MAP shedding cattle, compared to non-shedding cattle. 

Likewise, Derakhshani et al., (2017) noted the influence of rumen microbiota on functional 

pathways, such as; carbohydrate, lipid and amino acid metabolism. More recently, Umanets et 

al., (2021) demonstrated how intestinal microbiota can be utilised to predict the severity of 

future MAP shedding with AUC accuracies between 0.91 and 0.92 for cattle aged between 12 

and 24 months of age. Thus, repeat inoculations of MAP culture positive faeces may aid the 

establishment of a MAP permissive microbiome. 

Our previous examination of MAP effects on the sera in naturally infected heifer calves, had 

indicated the prominence of fatty acid changes (Taylor et al., 2021a) and this was again the 

case in this study. Accumulations of palmitic acid (C16:0) and stearic acid (C18:0) were 

observed in naturally and experimentally MAP-inoculated heifer calves (Figure 6:2). Such an 

observation was partially in agreement with those of Tata et al., (2021) who also targeted 

palmitic acid as a MAP infection associated change although not stearic acid. In another MAP 

focused metabolomic study, neither of these metabolites were identified (de Buck et al., 2014). 

Although, this could be seen to reduce the validity of our observations, these differences may 

be attributable to a mixture of biological factors, such as; MAP dose and bacterial strain, and 

our use of a direct infusion MS approach, as opposed to NMR spectrometry. Equally, there is 

independent corroboration of our observations in a transcriptional assessment of MAP-

infected sheep. Thus, the expression of FABP3 and PDK4, which are associated with the 

oxidation of palmitic acid, as well as, FABP3 and ORL1, which are linked to the uptake of 

palmitic acid, were elevated in paucibacillary and resilient MAP-infected sheep, respectively 

(Purdie et al., 2019). It was not possible to assess how far these changes reflected metabolic 

events occurring in either the heifer calves or in the MAP organisms or both combined. It 
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should be noted that palmitic acid and stearic acid are common biochemical features of 

Mycobacterium (McCarthy, 1974; McCarthy, 1971).  To define the relative origins of particular 

metabolites will require the use of isotopically labelled MAP in further infection experiments 

as demonstrated in other pathosystems (Pang et al., 2018). Alternatively, comparisons of cell 

cultures infected with labelled MAP or labelled metabolite precursors, versus uninfected cell 

cultures, could potentially highlight metabolite origins. 

The likely increased depth of the direct infusion MS approach could have led our targeting of 

the alpha-linolenic acid (C18:3) and linoleic acid (C18:2) metabolism. This pathway was not 

identified in other MAP-focused metabolomic studies (de Buck et al., 2014; Tata et al., 2021) 

but was significantly affected by MAP inoculation status in our current (Appendix D: Figure 1) 

and previous study (Taylor et al., 2021a). The metabolites that formed part of the alpha-

linolenic acid and linoleic acid (C18:2) pathway were previously suggested to be potential 

biomarkers for MAP infection in heifer calves (Taylor et al., 2021a). This underlined the validity 

of changes in 8, 11, 14-eicosatrienoic acid, cis-8, 11, 14, 17-eicosatetraenioc acid, EPA and 

docosahexaenoic acid as early biomarkers for MAP infection. Two patterns of alpha-linolenic 

acid and linoleic acid metabolite accumulation was observed. Most metabolites in this pathway 

increased over time (Figure 6:2), however, docosahexaenoic acid showed a rapid increase, 

followed by a decline in levels after ~ 10 months. This raises the question as to the clinical 

significance of these differential accumulation patterns.  

Metabolites derived from alpha-linolenic acid are n-3 PUFAs and metabolites derived from 

linoleic acid are n-6 PUFAs. Linoleic acid feeds into the production of arachidonic acid (C20:4) 

from which a range of pro-inflammatory eiconsoids are derived, for example, prostaglandins 

and leukotrienes. n-6 PUFA, such as eicosapentaenoic and docosahexanoic acids (as detected 

in MAP infections) will inhibit arachidonic metabolism. However, it is very much an over-

simplification to suggest that n-3 PUFAs minimise inflammation and n-6 PUFAs promote 

inflammation For example, prostaglandin E2 has both a classic pro-inflammatory and an anti-

inflammatory role (Scher and Pillinger, 2009). This stated, the decreases in docosahexanoic 

acid (Figure 6:2, clade 4) at 10 to 12 months post MAP inoculation is followed by increases in 

leukotriene B4 and prostaglandins. Thus, could indicate that an initial phase in responses to 

MAP where anti-inflammatory responses are dominant, but then at later phases, inflammation 

dominates. The potential roles of n-3/n-6 PUFAs ratio in MAP infections has not been assessed 
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but there may be relevant parallels from M. tuberculosis infections. M. tuberculosis 

colonisation was increased in the spleens of guinea pigs fed an n-3 PUFA based diet, compared 

to n-6 PUFA based or control diets (Paul et al., 1997; Mayatepek et al., 1994). Similarly, M. 

tuberculosis infected guinea pigs fed an n-3 PUFA based diet exhibited increased M. 

tuberculosis pulmonary colonisation compared to controls (McFarland et al., 2008). Such 

studies suggest that the observed increased n-3 PUFAs (cis-8, 11, 14, 17-eicosatetraenoic acid, 

EPA and docosahexaenoic acid) encourage MAP colonisation, possibly linked to an anti-

inflammatory role.  

Arachidonic acid discourages M. tuberculosis growth by stimulating the secretion of TNF-α but 

EPA supported colonisation by inhibiting TNF-α secretion (Jordao et al., 2008). Anes et al., 

(2003) observed similar effects with M. avium whereby n-3 PUFAs stimulated growth. In 

further support of this, incubating macrophage-like J77A4.1 cells with conjugated 

docosahexaenoic acid suppressed the production of pro-inflammatory cytokines (TNF-α, IL-6 

and MCP-1) and co-stimulatory molecules (CD40 and CD86) (Bonilla et al., 2010).  

Consequently, our findings indicate that levels of early n-3 PUFAs mycobacterial colonisation 

increase simultaneously. However, our hypothesis may be too simplistic as M. tuberculosis  

infected mice on an n-3 PUFA enriched diet demonstrated elevated pathogen killing (Jordao et 

al., 2008) and those with a deficient diet showed reduced levels of pro-inflammatory cytokines 

(IL-6, IL-1α, MCP1, MIP1 and RANTES) and elevated levels of anti-inflammatory cytokines (IL-4 

and growth factor GMCSF) (Hayford et al., 2021). Clearly, further MAP focused studies are 

required to define the role of the early n-3 PUFA increases. Previous studies suggested that 

lipid-related metabolomic (De Buck et al., 2014) and lipidomic (Wood et al., 2018) changes 

were indicative of lipid mobilisation that occurred, in response to a reduced absorptive 

capability of the small intestine. However, this is an unlikely cause of our observed lipid-related 

changes as the heifer calves were asymptomatic throughout the study. 

 n-6 PUFA increases via the arachidonic acid-derived eicosanoid pathway were one of the most 

prominent subclasses of metabolites changing on MAP infection (Appendix D: Table 2).  Many 

important eicosanoids increased 11 months post MAP inoculation although carbocyclic 

thromboxane A2 appear to be increasing at earlier time point (Figure 6:2). Crucially, two of 

these metabolites, leukotriene B4 and bicylo-PGE2 were identified in our previous study 

underlying their validity as biomarkers (Taylor et al., 2021a). Eicosanoids processing from 
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arachidonic acid can follow one of two enzymatic routes; the COX mediated route produces 

prostaglandins and thromboxane’s, and the LOX mediated route produces HETEs and 

leukotrienes (Brock and Peters-Golden, 2007). Our analyses showed that the metabolite end-

points of both routes accumulated at later points of MAP infections (Figure 6:3). As these are 

mostly involved in mediating inflammation (Funk, 2001), this was consistent with inflammation 

dominating MAP infection after 11 months, probably after the initial phase where MAP was 

suppressed. Steps which could be suppressed could include neutrophil migration and 

recruitment of CD4 and CD8 T lymphocytes which have been linked to LOX-derived metabolites 

promotion (Tager et al., 2003; Coffey et al., 2004). There is some evidence for this from 

transcriptomic assessments where the LOX pathway, as indicated by ALOX15, is downregulated 

in both MAP positive cows (Malvisi et al., 2016) and calves 6 months post MAP inoculation 

(David et al., 2014). Further, ALOX5 was down-regulated in primary monocyte-derived 

macrophages in MAP positive cows (Ariel et al., 2020). This would align with the delayed 

accumulation of LOX-dependent metabolites, including 5-HETE, 10, 11-dihydro-leukotriene B4 

and leukotriene B4 in our metabolomic study (Figure 6:2).   

Considering the COX pathway, it seems likely that this does not wholly conform to the pro-

inflammatory phase model in our MAP infection experiment. The literature suggests that 

expression of the COX2 encoding gene, PTGS2, is rapidly increased in primary monocyte-

derived macrophages from MAP positive cows at 8 to 24 h post infection (Ariel et al., 2020). 

Outside of MAP studies, M. bovis elicits elevated levels of COX-dependent prostaglandin E2 

(Goto et al., 2020), as well as increased expression of prostaglandin E synthase (Cheng et al., 

2015). We did observe an increase in thromboxane A2 in first few months following MAP 

infection. Thromboxane A2 is produced by platelets and has vaso-constrictive and 

prothrombotic properties, so is not directly inflammatory. Further, thromboxane A2 is unstable 

so that its production must be persistent to allow its detection in our assays (Hamberg et al., 

1975). It may be that early COX metabolism feeds into this sub-pathway, rather than more 

proinflammatory COX products such as prostaglandin E1 and bicyclo-PGE2 which were 

observed at later timepoints of MAP infection.  However, we also observed later increases in 

prostaglandin E2 which increases levels of the regulatory cytokine IL-10 although decreasing T-

cell proliferation and Th1 cytokine production but and immunosuppressive programmed death 

ligand 1 (Sajiki et al., 2018). The absence of clear mechanistic trends to emerge from our 
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eicosanoid assessments could be as a result of our focusing on sera which represented the 

pooling of metabolites arising from a range of cell and tissue specific effects. Further research 

assessing immune system parameters, including in specific cell types, are required to define 

the influence of LOX-dependent and COX-dependent metabolites on inflammatory events and 

the immune system.  

Moreover, these results demonstrate the validity of the metabolomic approach in studying 

MAP infections and reinforces the ability of fatty acyls and eicosanoids to identify MAP-

infected heifers with mixed faecal culture statuses from less than 1-month of age. However, 

similarly to chapter 5, a comparison of M. bovis vs MAP-infected bovine metabolomes is crucial 

for verifying the specificity of these metabolites to MAP. Oleic acid, prostaglandin H2 and 

leukotriene E4, have been identified as potential biomarkers for M. bovis in badgers (Scott-

Bauman et al., 2022) but studies exploring the metabolomic effects of other Mycobacterial 

infections in bovines are yet to be published.  

6.5 Conclusion 

Metabolomic analysis of experimentally MAP-inoculated and control heifer calves using 

untargeted FIE-HRMS successfully differentiated between experimental groups between 1- 

and 19- months post MAP inoculation. Broadly, two main types of response were observed, a 

rapid increase (within 1 month) of saturated fatty acids and some n-3 PUFA that could promote 

colonisation and suppress inflammation, and a later accumulation of fatty acids including n-6 

PUFA and COX products that could indicate a more pro-inflammatory, immune-modulatory 

phase. Crucially, six fatty acyls were able to differentiate between experimental groups 

throughout the study. Moreover, several metabolites that were suggested to be biomarkers 

for MAP in naturally infected heifer calves were also observed in this study where heifer calves 

were experimentally inoculated. Future work could include examining immune system 

parameters alongside these targeted metabolites.  
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Chapter 7 - Metabolomic changes in lactating multiparous 

naturally MAP-infected Holstein-Friesian dairy cows suggest 

changes in mitochondrial energy pathways 
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Abstract 

Mycobacterium avium subspecies paratuberculosis (MAP) is the causative organism of Johne’s 

Disease, a chronic intestinal infection of ruminants. Infected cows begin shedding MAP within 

the asymptomatic, subclinical stage of infection before clinical signs, such as weight loss, 

diarrhoea and reduced milk yields develop within the clinical stages of disease. Herein, we 

examine the milk metabolomic profiles of naturally MAP-infected HF cows. The study used 

biobanked milk samples which were collected 73.4 ± 3.79 (early lactation) and 143 ± 3.79 

(mean ± SE) (mid-lactation) days post-calving from 5 MAP-infected and 5 control multiparous 

cows. The milk metabolome was assessed using FIE-HRMS for sensitive, non-targeted 

metabolite fingerprinting. Metabolite fingerprinting assessments using PLS-DA indicated that 

lactation stage was a larger source of variation than MAP status. Examining each lactation stage 

separately for changes associated to MAP-infection status identified 45 metabolites, 33 in early 

lactation and 12 in mid-lactation, but only 6 metabolites were targeted in both stages of 

lactation. Pathway enrichment analysis suggested that MAP affected the malate-aspartate 

shuffle during early lactation. Pearson’s correlation analysis indicated relationships between 

milk lactose concentrations in mid-lactation and 6 metabolites that were tentatively linked to 

MAP-infection status. The targeted metabolites were suggestive of wider changes in the 

bioenergetic metabolism that appear to be an acceleration of the effects of progressing 

lactation in healthy cows. Additionally, milk lactose concentrations suggest that MAP reduces 

the availability of lactose derivatives. 
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7.1 Introduction 

MAP is the causative organism of Johne’s Disease, a chronic intestinal infection of ruminants. 

Common routes of transmission include; colostrum, milk and faeces (Sweeney, 1996), in 

addition to in-utero and environmental reservoirs (Biemans et al., 2021). Calves aged under 6-

months of age are most susceptible to MAP with approximately 75% of calves exposed to MAP 

aged under 6-months old developing lesions indicative of MAP in later life (Windsor and 

Whittington, 2010). Following a prolonged incubation period of 2 to 5 years, cows begin 

shedding MAP in the asymptomatic, subclinical stage of infection followed by the development 

of clinical signs, such as weight loss, diarrhoea and reduced milk yields during the clinical stage 

(Whitlock and Buergelt, 1996).  

MAP infections represent a substantial financial burden to dairy farmers with each MAP-

infected cow linked to losses of £113 per year, mainly though reduced milk yields and voluntary 

culling (Barratt et al., 2018), compared to average annual profits of £233 per cow (Old Mill, 

2020). Moreover, despite various regional programmes designed to control and reduce the 

prevalence of MAP being initiated as early as the 1920s (Benedictus et al., 2000), MAP is 

endemic across many countries, including Australia, Canada, Denmark, Netherlands, UK and 

USA (Geraghty et al., 2014).  

A recent review examining the means used to control MAP highlighted the popularity of the 

milk ELISA test, with 10 out of 22 countries using individual milk ELISA tests and a further 6 

using bulk milk ELISA tests (Whittington et al., 2019). However, quarterly testing is required to 

accurately assess the MAP status of cows due to the sensitivity and specificity ranges of the 

individual milk ELISA test at 21 - 61% and 83 - 100%, respectively (Nielsen and Toft, 2008). 

Alternative, milk-based diagnostic tests include; F57 qPCR, IS900 qPCR and PMS phage-based 

assays. These methods exhibit sensitivities of 76%, 94% and 40% and specificities of 85%, 93% 

and 49%, respectively (Butot et al., 2019), but require further validation. 

Metabolomics is the study of large numbers of metabolites found within cells, biofluids, tissues 

or organisms. Previous sera-based metabolomic analyses highlighted energy deficits (de Buck 

et al., 2014) and amino acid accumulations (Taylor et al., 2022a; de Buck et al., 2014), in 

addition to increased lipid-metabolism (de Buck et al., 2014) and phosphatidylcholine 

biosynthesis (Taylor et al., 2022a) within MAP-challenged HF cattle. In agreement, sera-based 
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metabolomic analysis of naturally MAP-infected HF cattle suggested elevated lipid metabolism 

and reduced energy intake (Tata et al., 2021). Furthermore, Taylor et al., (2021) identified 5 

metabolites (leukotriene B4, bicyclo prostaglandin E2, itaconic acid, 2-hydroxyglutaric acid and 

N6-acetyl-L-lysine) capable of differentiating between naturally MAP-infected and healthy HF 

heifers from 1- to 19-months of age. This highlighted the potential of metabolomics, 

particularly FIE-HRMS, to identify potential biomarkers for MAP. 

Considering milk, non-MAP focused metabolomic studies have shown the impact of the 

negative energy balance in individual dairy cows in early lactation (Xu et al., 2018), subclinical 

Streptococcus agalactiae mastitis (Tong et al., 2019) and the impact of dietary treatments 

(Scano et al., 2020) on the milk metabolome. However, although milk-based ELISA tests are 

popular, the potential of milk samples to identify MAP-related metabolomic changes has yet 

to be explored. 

Herein, we assessed the use milk metabolomic profiling to identify novel biomarkers for MAP 

using FIE-HRMS. Further, we examined how the stage of lactation affects the ability of 

metabolomic approaches to identify MAP-infected cattle, followed by using correlation 

analysis to highlight relationships between milk composition parameters and metabolites 

associated to MAP-infection status. 

7.2 Materials and methods 

Animal Samples 

Biobanked milk samples were sourced from Harper Adams University (HAU) and received local 

ethical approval from the HAU Animal Welfare and Ethical Review Body. Cows were sourced 

from HAU in their 2nd lactation onwards (range, 2 to 7), were matched according to diet and 

demonstrated no other health issues (Appendix E: Tables 1, 2). Early and mid-lactation were 

defined as 14 to 100 days post-partum and >100 days post-partum, respectively (Hutjens, 

2016). Thus, samples were collected by pooling milk from all udder quarters during a.m. and 

p.m. milking at 73.4 ± 3.79 (early lactation) and 143 ± 3.79 (mid-lactation) (mean ± SE) days 

post calving from 5 MAP-infected and 5 control multiparous HF dairy cows. In total, 40 samples 

were collected, 1 AM and 1 PM sample/cow/stage of lactation. However, individual AM and 

PM samples from each cow at each stage of lactation were mixed in proportion to AM and PM 



   
 

112 

 

milk yields. Therefore, 20 samples (1 sample/cow/stage of lactation) were stored at -20°C until 

metabolite fingerprinting. Early lactation samples were collected between mid-October and 

mid-November 2019, mid-lactation samples were collected between mid-December 2019 and 

mid-January 2019.  

Cows categorised as MAP-infected showed one or more positive milk ELISA tests in their 

previous lactation, but the control group had negative milk ELISA results throughout all 

lactations. All cows were routinely MAP tested every 3 months using the IDEXX milk ELISA 

(NMR, Wolverhampton, UK). MAP faecal culture tests were conducted by the Animal and Plant 

Health Agency (Starcross, Exeter) using paraJEMTM growth media (Treks Diagnostic) and 

absence of MAP shedding confirmed by ZN staining 121 ± 4.9 days post-calving. All cows, from 

both experimental classes, were MAP faecal culture negative and asymptomatic. 

7.3 Results 

Following FIE-HRMS, PLS-DA was used to assess the milk metabolite profiles of MAP-infected 

and control cows in early and mid-lactation (Figure 7:1). Comparisons between all of the 

experimental classes indicated that lactation stage was by far the greater source of variation, 

compared to MAP status (Figure 7:1a). However, when the different stages of lactation were 

considered separately, PLS-DA could discriminate between MAP-infected and control cows, 

with no overlapping of 95 % confidence intervals (Figures 7:1b and 7:1c, Appendix E: Figures 1 

and 2). Even if variation between individual cows is considered, samples obtained from the 

control cows were more variable than MAP-infected cows, irrespective of lactation period 

(Figures 7:1b and 7:1c). The multivariate VIP scores from Figure 7:1b and 7:1c as well as AUC 

scores of >0.6 (the minimum for acceptance) were used to target m/z linked to MAP infection 

(Table 7:1). A total of 45 m/z could differentiate between MAP-infected and control cows 

within either early or mid-lactation. HCA and heatmaps successfully clustered the experimental 

groups in early lactation only, indicating that the identified metabolites could clearly 

differentiate between MAP-infected and control cows in early lactation (Figure 7:2a) but less 

clearly for mid lactation (Figure 7:2b), although considerable variation between the cows of 

each experimental class was noted. Of the 45 metabolites, only 6 metabolites were common 

to both lactation sample points, with most found at early lactation i.e. 33 early and 12 mid 

lactation (Table 7:1). Of the 6 common metabolites, (2-butenoic acid, 2-methylpentatnoic acid, 
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6-methylpentanoic acid, galactonic acid, glutamic acid and glycerol 1-acetate) all except 2-

butenoic acid exhibited the same direction of change in early and mid-lactation (Figure 7:3a). 

However, the relative levels of these metabolites appeared to differ with each stage of 

lactation. Indeed, univariate assessments based on two-way ANOVA (corrected for FDR) 

suggested that only glycerol-1-acetate changed significantly with MAP status but also with 

lactation (Appendix E: Table 3). The cause of this weak association with MAP infection for these 

biomarkers was suggested by considering the accumulation patterns of glycerol-1-acetate. This 

showed that the metabolite increases associated to MAP-infection status were higher than the 

respective controls at each sampling point; but, crucially, control mid-lactation levels were not 

significantly different to MAP-infected samples from the early lactation time point (Figure 

7:3b). This suggests that MAP associated changes were similar to those occurring at a later 

lactation stage in uninfected heifers.   

Considering the types of metabolites that tended to change in response to MAP (Table 7:1), 

fatty acyls, carboxylic acids and derivatives classes were dominant. Fatty acyls accounted for a 

third of the identified metabolites, the direction of change varied in early lactation but 

decreased consistently in mid-lactation. In contrast, carboxylic acids and derivative levels 

consistently increased in early lactation but the direction of change varied in mid-lactation. The 

identified metabolites were analysed based on MSEA using ORA to link them to biological 

pathways. This highlighted the effect of MAP on the malate-aspartate shuttle in the 

mitochondria in early lactation in the negative ionisation mode (p < 0.05) (Figure 7:4, Appendix 

E: Figure 3). Interestingly, the malate-aspartate shuttle was the most enriched pathway in mid-

lactation in the negative ionisation mode too, but these changes were non-significant (p > 0.05) 

(Appendix E: Figures 4, 5 and 6).  

Examining milk composition parameters, MAP-infected cows tended (p = 0.054) to have lower 

milk lactose concentrations (g/kg) in mid-lactation (Appendix E: Table 4). Pearson’s correlation 

analysis examined the relationship between milk lactose concentrations (g/kg) and those 

metabolites that changed mid-lactation. In total, 6 metabolites were correlated to lactose 

concentrations (-0.4 < correlation co-efficient > 0.4); 5 positively and 1 negatively. These 

metabolites were 2-methylpentanoic acid, 2, 3-methylenesuccinic acid, galactonic acid, 

glutaric acid, glycerol 1-acetate and propynoic acid (Figure 7:5, Appendix E: Figure 7). 
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Figure 7: 1 PLS-DA for milk from MAP-infected and control cattle. In (a) early (73.4 ± 3.79 days post-calving) 

and mid-lactation (143 ± 3.79 days post-calving) (b) early lactation only and (c) late lactation only in the mixed 

ionization mode. The ellipses represent 95% confidence intervals for each group. 
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Figure 7: 2 Major metabolite changes differentiating between milk from MAP-infected and control cattle in (a) 

early and (b) mid-lactation in the mixed ionization mode m/z. 
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Table 7: 1 Metabolites differentiating between MAP-infected and control cattle in milk. 

Class Subclass Metabolite Lactation Mode AUC VIP Score Log2(FC) 

Carboxylic acids and derivatives 

Amino acids, peptides, and analogues 

Alanine Early Neg 0.96 1.435 -0.630 

Aspartic acid Early Neg 0.72 1.267 -0.530 

Creatine Early Pos 0.88 1.216 -0.379 

Glutamic acid Early Neg 0.80 1.405 -0.736 

Homocitric acid Early Neg 0.84 1.153 -0.455 

Tricarboxylic acids and derivatives 
cis-Aconitic acid Early Neg 0.88 1.151 -0.469 

Citric acid Early Neg 0.92 1.392 -0.643 

Diazines Pyrimidines and pyrimidine derivatives 
Orotic acid Early Neg 0.84 1.143 -0.567 

Uracil Early Neg 0.84 1.291 -0.670 

Fatty Acyls 

Fatty acid esters 
Acetylcarnitine Early Pos 0.64 1.459 0.859 

Dodecanoylcarnitine Early Pos 0.88 1.566 0.561 

Fatty acids and conjugates 

10-Octadecenoic acid Early Neg 0.76 1.317 0.850 

2-Butenoic acid Early Neg 0.96 1.264 -0.503 

2-Methylpentanoic acid Early Neg 0.64 1.408 1.885 

3-Dehydroxycarnitine Early Pos 0.68 1.140 -0.350 

6-Methylheptanoic acid Early Neg 0.64 1.299 1.544 

Capric acid Early Neg 0.72 1.403 1.580 

Itaconic acid Early Neg 0.92 1.123 -0.417 

Pentadecanoic acid Early Neg 0.84 2.039 1.600 

Stearic acid Early Neg 0.92 1.144 0.524 

Furans Furoic acid and derivatives 3-Furoic acid Early Neg 0.92 1.423 -0.688 

Glycerolipids 

Monoradylglycerols Glycerol 1-acetate Early Neg 0.84 1.335 -0.564 

Triradylcglycerols 

TG(8:0/10:0/10:0) Early Pos 0.68 1.239 0.473 

TG(8:0/12:0/12:0) Early Pos 0.80 1.084 0.316 

TG(8:0/13:0/12:0) Early Pos 0.68 1.447 0.571 

Hydroxy acids and derivatives Beta hydroxy acids and derivatives 2-Deoxypentonic acid Early Neg 0.88 1.074 -0.434 
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Malic acid Early Neg 0.84 1.443 -0.793 

Medium-chain hydroxy acids and 

derivatives 
Galactonic acid Early Neg 0.84 1.209 0.500 

Short-chain hydroxy acids and derivatives 2-Hydroxyglutaric acid Early Neg 0.76 1.061 -0.485 

Organic sulfuric acids and derivatives Arylsulfates 4-ethylphenylsulfate Early Neg 0.92 1.539 -0.709 

Organooxygen compounds 

Alcohols and polyols Pantothenic acid Early Neg 0.88 1.289 -0.534 

Carbohydrates and carbohydrate 

conjugates 

Glucuronic acid Early Neg 0.88 1.144 -0.522 

Beta-N-Acetylglucosamine Early Neg 0.92 1.835 -1.009 

Carboxylic acids and derivatives 

Amino acids, peptides, and analogues 
Glutamic acid Mid Neg 0.65 1.014 -0.393 

Valine Mid Pos 0.80 1.087 -0.359 

Carboxylic acids Propynoic acid Mid Neg 0.80 1.510 0.628 

Dicarboxylic acids and derivatives Glutaric acid Mid Neg 0.80 1.241 -0.480 

Tricarboxylic acids and derivatives 1,2,3-Propanetricarboxylic acid Mid Neg 0.70 1.076 0.517 

Fatty Acyls Fatty acids and conjugates 

2,3-Methylenesuccinic acid Mid Neg 0.90 1.580 0.632 

2-Butenoic acid Mid Pos 0.85 1.088 0.391 

2-Methylpentanoic acid Mid Neg 0.75 1.412 1.108 

6-Methylheptanoic acid Mid Neg 0.75 1.218 0.819 

Glycerolipids Monoradylglycerols Glycerol 1-acetate Mid Neg 0.75 1.190 -0.381 

Glycerophospholipids Glycerophosphocholines Glycerophosphocholine Mid Neg 0.90 1.601 0.588 

Hydroxy acids and derivatives 
Medium-chain hydroxy acids and 

derivatives 
Galactonic acid Mid Neg 0.85 1.407 0.501 
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Figure 7: 3 The accumulation of metabolites common to early and mid-lactation. (a) HCA of metabolites 

affected by MAP (VIP score >1) within MAP-infected and control cattle during early and mid-lactation (b) 

boxplots showing the effect of the stage of lactation on glycerol 1-acetate levels. Early = early lactation, mid = 

mid lactation. 
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Aspartic acid Glutamic acid Malic acid 

b) 

Figure 7: 4 The effect of MAP infection status on metabolites within the malate-aspartate shuttle. (a) MSEA 

using ORA demonstrates the effect of MAP on the malate-aspartate shuttle pathway in the mitochondria in 

early lactation, affected metabolites (VIP score > 1) are highlighted in red, and (b) boxplots showing the effects 

of MAP infection on aspartic acid, glutamic acid and malic acid levels. N = control, P = MAP-infected. 
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Figure 7: 5 A heatmap of the correlation between identified metabolites and milk lactose. Pearson’s 

correlation coefficients were produced by comparing metabolites significantly affected by MAP-

infected and control cattle with milk lactose (g/kg) and lactose yield (kg/day) in mid-lactation. 

Whereby, A = Glutaric acid, B = Glycerol 1-Acetate, C = Lactose (g/kg), D = 2-Methylpentanoic acid, 

E = 2,3-Methylenesuccinic acid, F = Galactonic acid, G = Propynoic acid. Positive correlations are 

shown in red, negative correlations are shown in blue. 
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7.4 Discussion 

The financial impact of MAP infections on dairy farmers (Barratt et al., 2018) and detection of 

MAP in pasteurised milk samples (Gerrard et al., 2018) is making the accurate and sensitive 

detection of MAP in milk increasingly important. This interest is also being driven by a possible 

link between MAP and CD (McNees et al., 2015). Previous serum focused metabolomic studies 

have highlighted changes in energy-related pathways and lipid-metabolism (de Buck et al., 

2014; Tata et al., 2021), but the potential of milk metabolomic profiling is yet to be explored.  

If metabolite changes could be detected in milk, these could represent biomarkers with the 

potential to be developed into a milk-based MAP diagnostic test. Additionally, in contrast to 

sera or plasma-based diagnostic tools, milk sampling is non-invasive and could be conducted 

by farmers. It was therefore, important not only to detect MAP responsive metabolites but 

also to define how these changed during lactation. This influenced our experimental design, 

which included milk sampling of MAP-ELISA positive cows at two stages of lactation.  

The results of our FIE-HRMS assessment and multivariate statistical analyses identified 45 

metabolites that were associated to MAP-infection status. Of these, only 6 MAP responsive 

metabolites were common to both early and mid- lactation stage. Such variability in 

metabolites with lactation was also observed in other, non-MAP related studies. Thus, Xu et 

al.,(2018), attempted to use 10 milk metabolites to model energy balance at 2- and 7-weeks 

post-partum but only 5 metabolites were present at both timepoints. Moreover, the levels of 

the 6 metabolites common to early and mid-lactation were affected by time, as shown by 

glycerol 1-acetate (Figure 7:3b). In the case of de Buck et al.,(2014) who examined sera 

metabolomics in MAP-inoculated calves aged from 2-weeks to 17-months of age, these 

changes were thought to be attributable to growth and development. Further, considering the 

causes of this variation, in early lactation, cows enter negative energy balance in response to 

a sudden increase in glucose, amino acids and fatty acids requirements (Bell, 1995). It seems 

likely that this energy balance change could be a common response to MAP infection and early 

lactation stage, so that obtaining MAP-specific metabolite biomarkers were difficult to identify 

(Table 7:1). Interestingly, serum ELISA and faecal culture MAP diagnostic tests show decreased 

sensitivity as lactation progresses (Stabel et al., 2014). In contrast, milk ELISA tests generally 

display increased sensitivity as lactation progresses (Nielsen and Toft, 2012) and a positive 

energy balance is restored. Further metabolomic assessments with more time points are 
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required to resolve how metabolomic changes associated with MAP-infection status could be 

related to the lactation cycle.   

We recognise that a larger sample size with additional time points would improve the power 

of this pilot study. Considering the specificity of the detected metabolite changes, there was 

continuous cattle health monitoring throughout the study (such as verifying udder health 

through biweekly milk somatic cell count (SCC) (log10/mL) assessments), suggesting a 

specificity for MAP infections. Further, many of the metabolomic changes associated with a 

positive MAP-infection status have been previously identified within sera collected from 

naturally MAP-infected heifers, including itaconic acid and 2-hydroxyglutaric acid. Crucially, 

these metabolites were significantly elevated in MAP-infected cattle aged between 1-month 

and 19-months of age, compared to control cattle (Taylor et al., 2021a). This stated some of 

our MAP associated metabolites have been also seen in a metabolomic assessment of mastitis 

infection (Hu et al., 2021). Indeed, out of 45 identified metabolites in this MAP study, 5 have 

been previously linked to mastitis. For example, alanine was identified in milk samples collected 

from cattle with clinical mastitis infections (Luangwilai et al., 2021), and in our current MAP 

study. Such observations highlight the importance of the SCC assessments in reducing the 

possibility of mastitis complicating our observations. However, definitive exclusion of co-

infection with such as Mycobacterium bovis, would help establish the specificity of identified 

metabolites. Therefore, although further studies examining the metabolomic effects of 

infection, particularly M. bovis, on the bovine metabolome are required. These should also aim 

to derive multiple metabolites linked to MAP-infection status of cattle, in order to improve the 

specificity of metabolite panels (Zhang et al., 2020).   

The possible role of MAP within mitochondrial bioenergetics 

Many of the MAP-related metabolites identified in early lactation have roles within 

mitochondrial bioenergetics as the MSEA analyses targeted the malate-aspartate shuttle 

(Figure 7:4). During glycolysis, the malate-aspartate shuttle facilitates the transport of 

electrons across the inner mitochondrial membrane for oxidation phosphorylation (Ying, 

2006). In the cytosol, malate dehydrogenase catalyses the formation of malate and NAD+ from 

oxaloacetate and NADH (Borst, 2020). Malate then crosses the inner mitochondrial membrane 

via the malate-α-ketoglutarate-transporter using bidirectional transfer, so a higher 

concentration of electrons in the cytosol is crucial (Safer et al., 1971). In the mitochondrial 
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matrix, malate dehydrogenase catalyses the reformation of oxaloacetate and NADH from 

malate and NAD+ (Borst, 2020). The levels of affected metabolites (aspartic acid, glutamic acid 

and malic acid) increased within MAP-infected cows (Figure 7:4b). de Buck et al., (2014) also 

reported increased aspartate and glutamine, suggesting that MAP-infected cows exhibit higher 

energy demands (Ying, 2006). This bioenergetic link for our metabolites associated with MAP-

infection status may be the reason that for the variation over the lactation/ developmental 

periods.  

Xu et al., (2018) employed metabolomic analysis to differentiate between the milk metabolite 

profiles of cows 2- and 7-weeks post-partum that could predict the energy balance of individual 

cows. Likewise, Xu et al., (2020) used metabolomic analysis to compare energy balance and 

the metabolite profiles of milk and plasma from early lactation dairy cows. Interestingly, in our 

study, some of these identified metabolites also differentiated between milk samples from 

cows with a positive MAP-infection status and control cows; aspartic acid, carnitine, citric acid, 

creatine and glutamic acid (Table 7:1). Carnitine and citric acid account for 8.6 % and 8.5 % of 

the energy balance variation in early lactation. Citric acid, aspartate and glutamate are crucial 

components of the tricarboxylic acid (TCA) cycle (Martínez-Reyes and Chandel, 2020). Thus, 

these findings reinforce the link between MAP on energy-related pathways and therefore, the 

difficulty in identifying milk metabolomic changes associated with MAP-infection status which 

are not influenced by the energy balance of the host.  

It is possible that these changes in mitochondrial metabolism, at least partially, reflect 

interactions between MAP and macrophages. Transcriptome profiling of MAP-challenged 

primary monocyte-derived macrophages at 1, 4, 8, and 24 h post-challenge highlighted that 

MAP-infected macrophages promoted an immunometabolic shift to aerobic glycolysis (Ariel et 

al., 2020). Therefore, the upregulation of the malate-aspartate shuttle may reflect the 

activation of macrophages. Transcriptome profiling has suggested that monocytes derived 

from cattle with a positive MAP-infection status can differentiate into mixed M1/M2 

macrophage phenotypes (Ariel et al., 2020). However, determining the phase of these 

macrophages in our study was not possible. Likewise, the examination of molecular markers 

and release of effector agents within experimentally MAP-challenged cattle also reported 

mixed M1/M2 macrophage phenotypes (Thirunavukkarasu et al., 2015). In line with these 

observations, metabolomically, the M. tuberculosis elicited M1 state is associated with 
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increases in glycolytic enzyme activity to promote the glycolytic flux, leading to increases in 

pyruvate and lactate within macrophages. The M2 phase is typified by increased citrate levels 

and the subsequent build-up of fatty acids as lipid droplets. MAP-infected cows showed 

increased citrate and the citrate derivative, itaconic acid (Figure 7:2a) in early lactation. 

Itaconic acid is mainly produced by M1 macrophages and has been shown to inhibit M. 

tuberculosis growth in mice (Michelucci et al., 2013). However, increases in glutamic acid 

throughout lactation (Figure 7:2a) could be indicative of M2 polarization (Vrieling et al., 2020). 

Thus, our study supports previous studies (Ariel et al., 2020; Thirunavukkarasu et al., 2015) by 

suggesting that M1 and M2 macrophage phenotypes could be present simultaneously within 

MAP-infections.  

The influence of MAP on milk lactose in mid-lactation 

As bioenergetic metabolism was being affected by both the stage of lactation and MAP 

infection, we assessed how these could be reflected in milk composition parameters. Our 

assessments suggested that MAP-infected cows exhibited a trend (p = 0.054) of lower milk 

lactose concentrations in mid-lactation (Appendix E: Table 4). Similarly, Donat et al., (2014), 

reported significant decreases in lactose concentrations (%), in addition to significant (p < 0.05) 

reductions in milk yield (kg) and milk protein (%) in MAP culture positive cows. Likewise, 

Jurkovish et al., (2016) observed a trend of lower lactose (%) (p = 0.077) and milk yields (L) (p 

= 0.074), as well as significantly (p < 0.05) higher fat concentrations (%) in milk from MAP faecal 

PCR positive cows. Our observation that only lactose concentrations were reduced in MAP-

infected cows may reflect that, although the cows were milk ELISA positive, their MAP faecal 

culture results were negative. Nevertheless, milk lactose concentrations in mid-lactation were 

correlated (-0.4 < correlation co-efficient > 0.4) to 6 of the targeted MAP responsive 

metabolites (Figure 7:5, Appendix E: Figure 7). Lactose is synthesized from glucose and uridine 

diphosphate (UDP)-galactose in the Golgi apparatus (Costa et al., 2019). Propionoic acid is 

converted into glucose (Aschenbach et al., 2010) and UDP-galactose is derived from UDP-

glucose via the enzyme UDP-glucose-4-epimeras (Frey, 1996). In line with this, galactonic acid 

and propynoic acid (an unsaturated propionate analog) levels were decreased in MAP-infected 

cows (Figure 7:2) and display positively correlation with lactose (Figure 7:5). In contrast, de 

Buck et al., (2014) reported notable increases in propionate and glutamate (the conjugate acid 

of galactonic acid) levels within sera from MAP-inoculated male HF cattle aged from 2-weeks 
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to 17-months. Nevertheless, our data suggests that MAP indirectly decreases the availability 

of glucose and UDP-galactose for lactose synthesis. 

7.5 Conclusion 

Metabolomic analysis of milk samples from MAP-infected and control cows during early and 

mid-lactation using untargeted FIE-MS suggested that metabolomic changes associated to 

MAP-infection status could be observed. However, the identified metabolites appeared to be 

correlated with changes in bioenergetic metabolism and lactation-associated changes 

confounded the long-term detection of MAP. The findings of this pilot study are preliminary, 

future work could focus on identifying metabolites at additional time points throughout 

lactation and correlating these metabolites to milk energy output. This could also indicate 

better MAP-infection status discriminatory metabolites in milk that could serve as biomarkers. 
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Chapter 8 – General Discussion 

MAP is present across Europe within intensive dairy production systems (Cook et al., 2009; 

Nielsen, 2009; Muskens et al., 2000). Each MAP-infected cow results in losses of £122.89, 

including £60.57 via milk yield losses and £51.19 via reduced slaughter value (Barratt et al., 

2018). Consequently, recent modelling has estimated that MAP-associated 10-year annual 

losses in the UK are $49.38 million (£37.01 million) (Rasmussen et al., 2021). Moreover, the 

detection of viable MAP within retailed, pasteurized milk (Gerrard et al., 2018) and potential 

link between MAP infections in dairy cattle and CD in humans (Garcia and Shalloo, 2015) has 

underlined the importance of being able to identify MAP in the early stages of infection. 

However, MAP exhibits a prolonged incubation period and only 10% - 15% of MAP-infected 

cattle develop clinical signs (Olsen et al., 2002). The problem is compounded by, individual 

faecal PCR, serum ELISA and pathology reports remaining the most popular MAP diagnostic 

tests worldwide (Whittington et al., 2019), despite displaying poor sensitivity, particularly 

within the early stages of infection (Wells et al., 2006).   

To aid in the development of new diagnostics, this project focused on the use of metabolomic 

approaches. To date, the application of omic approaches, particularly metabolomics, to MAP 

has been limited. de Buck et al (2014) and Tata et al., (2021) used NMR spectrometry and 

DART-HRMS, respectively, to identify MAP-related metabolites indicative of elevated lipid and 

protein metabolism alongside energy shortages. However, the accumulation of these 

metabolites overlapped between experimental groups (Tata et al., 2021) and they were unable 

to differentiate between MAP-infected and healthy controls over time (de Buck et al., 2021). 

In this project, we used high resolution (3 ppm) FIE-HRMS, which captures detailed chemical 

profiles to by measuring a range of metabolites over a wide range of concentrations and 

eliminating prior chromatographic separation to increase sensitivities (Draper et al., 2013), to 

identify potential biomarkers. In view of the poor performance of current diagnostic 

techniques within the incubation and subclinical stages of MAP-infections, the project focused 

on asymptomatic, HF calves and youngstock.   

First of all, it was important to establish how physiological changes within rumen development, 

weaning and growth impacted the bovine metabolome. Numerous studies have examined 

factors affecting rumen development (Diao et al., 2019), growth and nutrition (Curtis et al., 
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2018). However, these studies were limited in length and utilized a targeted metabolomic 

approach (Chapter 3). In contrast, we used biobanked sera from healthy, control heifers aged 

from 2-weeks to 19-months of age to examine the effects of rumen development, weaning 

and growth on the sera metabolome. The role of acetic and 3-PP within rumen development 

was confirmed alongside the accumulation of oxylipids indicating weaning induced stress and 

observations of n-6 PUFAs and n-3 PUFAs mediating growth and development. Although 

comprehensive, this study could have been strengthened by exploring the effect of pregnancy 

as the immune system and metabolome are known to adapt to the demands of gestation. For 

example, macrophages downregulate the activation of anti-conceptus immune responses 

(Oliveira et al., 2010) and early ovine pregnancy is known to affect fatty acid transport, 

hormone synthesis and the availability of nutrients (Romero et al., 2017). However, the 

examination of pregnancy related metabolites was not possible as the heifers conceived on 

staggered dates from 14-months of age and we did not have a non-pregnant control group. In 

addition, time series analyses of pre-conception and post-conception sera metabolite profiles 

would have been potentially confounded by growth and development. Nonetheless, as no 

notable peaks were observed from 14-months of age (Figure 3:3), we could be reasonably 

confident that conception did not influence the accumulation of the identified metabolites.  

Next, we examined the sera metabolite profiles of MAP-challenged steers from the UCD ICON-

MAP project and correlated identified metabolites to hematological and immunological 

parameters (Chapter 4). These cattle were challenged with MAP on 2 consecutive days and 

sera sampled at 11 timepoints over 33-months. Despite observing gross pathological changes, 

MAP-challenged cattle remained tissue and faecal culture MAP-negative throughout the study. 

Crucially, FIE-HRMS successfully discriminated between MAP-challenged and control cattle. 

We suggested that changes to amino acid and phospholipid accumulations within MAP-

challenged cattle were attributable to MAP metabolism and activation of the Th1 immune 

response, respectively. Furthermore, correlation between monocyte concentrations and 

identified metabolites reinforced the interaction between M2 macrophages and alanine -

related metabolites. These results were in partial agreement with de Buck et al (2014) and Tata 

et al., (2021) who also noted MAP induced changes in amino acid metabolism. Previous studies 

have also shown how Mycobacteria utilizes alanine for growth (Griffin et al., 2011; Chen et al., 

2003; Feng et al., 2002). In contrast, phospholipid accumulations have only previously been 
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observed in clinically MAP-infected cattle (Wood et al., 2018). However, our identified 

metabolites were unsuitable as biomarkers because, similar to the de Buck et al (2014) study, 

their ability to differentiate between experimental groups was inconsistent over time. 

Nonetheless, HCA demonstrated that FIE-HRMS was able to better discriminate between MAP-

challenged and control cattle than the IFN-γ release assay. Overall, irrespective of the absence 

of suitable biomarkers, this study showcased the capabilities of FIE-HRMS to differentiate 

between MAP-challenged and control cattle, as well as highlighting the interaction between 

amino acids and immune system activation.   

Unlike sera from the UCD ICON-MAP project, the initial sera samples supplied by Wageningen 

University and Research originated from MAP faecal culture positive heifers. Chapter 5 aimed 

to identify novel biomarkers for MAP by examining the effects of natural MAP infections on 

sera metabolite profiles and correlate identified metabolites to the antibody-based detection 

of selected MAP antigens. We examined monthly serum samples from naturally MAP-infected 

and control heifers between 1- and 19-months of age. In contrast to previous studies (Taylor 

et al., 2022a; Tata et al., 2021; de Buck et al., 2014), the identified metabolites could 

differentiate between MAP-infected and control cattle irrespective of age. Crucially, five 

metabolites were significantly elevated within MAP-infected heifers throughout the study, i.e., 

leukotriene B4, bicyclo prostaglandin E2 (bicyclo PGE2), itaconic acid, 2-hydroxyglutaric acid 

and N6-acetyl-L-lysine. Thus, these were potential biomarkers for MAP infections.   

These findings reinforced our previous study (Chapter 3), where links between amino acids and 

macrophages were observed, and highlighted further metabolite subclasses which may 

interact with macrophages. N6-acetyl-L-lysine, may reflect the suppression of NO production 

in macrophages (Closs et al., 2000). However, itaconic acid has also been linked to 

proinflammatory effects and macrophage activation (O’Neil et al., 2019). Furthermore, Ariel et 

al., (2020) reported the upregulation of COX2 but downregulation of ALOX5 within 

macrophages between 8- and 24-hours post MAP infection. In partial agreement, bicyclo 

prostaglandin E2 (a derivative of COX2) and leukotriene B4 (a derivative of ALOX5) were both 

significantly accumulated within MAP-infected cattle. Thus, MAP simultaneously promotes the 

production of bicyclo PGE2, which suppresses the innate immune system (Agard et al., 2013), 

and minimizes the release of leukotriene B4, which recruits neutrophils to infected areas and 

promotes the production of inflammatory cytokines (Crooks and Stockley, 1998). These 
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contrasting findings may be attributable to differences in study length. Ariel et al., (2020) 

examined macrophages up to 24-hours post MAP infection but our study examined heifers 

aged from 2-weeks to 19-months of age.   

Interestingly, 6/10 naturally MAP-infected heifers displayed MAP faecal shedding at 13-months 

of age. However, neither the antibody responses to MAP antigens or identified metabolites 

exhibited increases around this date. A time-series two-way ANOVA (p<0.05), corrected for 

FDR, comparing faecal culture positive and faecal culture negative heifers within the MAP-

infected group from 12- to 14-months of age was conducted. However, the identities of these 

metabolite were unambiguous. Nevertheless, 6 metabolites exhibited significant correlation 

with antibody responses to MAP antigens, including p-cresol. P-cresyl sulphate, a sulphate-

conjugate of p-cresol which was accumulated in naturally MAP-infected heifers, 

downregulates the Th1 (tending to be pro-inflammatory) immune response (Shiba et al., 2014). 

Thus, further suggesting that MAP induces immunologically related biochemical 

reprogramming.  

Despite highlighting potential biomarkers for MAP, our sample size was relatively small (n=10) 

and these findings required validation. In response, Wageningen University and Research 

supplied additional sera samples from 20 experimentally MAP-inoculated heifers alongside 

sera samples from 20 healthy, control heifers (Chapter 6). Of the 34 identified metabolites, 11 

metabolites had been previously identified within naturally MAP-infected heifers (Chapter 5), 

including; bicyclo prostaglandin E2 and leukotriene B4. Additionally, six metabolites which had 

not been previously identified were significantly elevated within MAP-inoculated heifers 

throughout the study. Interestingly, four of these metabolites were associated with the alpha-

linoleic and linoleic acid metabolism which was highlighted as being significantly affected by 

MAP using MSEA using ORA.  

In line with Chapter 5, where bicyclo PGE2 (a derivative of COX2) and leukotriene B4 were both 

significantly accumulated within MAP-infected cattle despite having contrasting roles in the 

immune system, a mixture of n-3 PUFAs and n-6 PUFAs were significantly accumulated in MAP-

inoculated heifers, although n-3 PUFAs minimize inflammation and n-6 PUFAs promote 

inflammation (Calder, 2009). These observations could be allied to those with M. tuberculosis  

whereby infected guinea pigs exhibited increased colonization when supplied an n-3 PUFA-

based diet (McFarland et al., 2008; Paul et al., 1997; Mayatepek et al., 1994) despite M. 
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tuberculosis infected mice displaying reduced levels of pro-inflammatory cytokines but 

elevated levels of anti-inflammatory cytokines (Hayford et al., 2021). Likewise, the treatment 

of macrophages with arachidonic acid, an n-6 PUFA, reduces M. tuberculosis growth via the 

secretion of TNF-α but treatment with EPA, an n-3 PUFA, supports MAP colonisation by 

inhibiting TNF-α secretion (Jordao et al., 2008). Furthermore, as discussed in Chapter 5, LOX-

dependent and COX-dependent metabolites display similar accumulation patterns but 

opposing biological roles. Thus, MAP and the host appear to simultaneously induce opposing 

immune responses.   

Chapters 4 to 6 used steers or heifers up to 2-years of age. In response, Harper Adams 

University kindly supplied milk samples from asymptomatic, milk ELISA positive multiparous 

lactating dairy cows. Examining lactating dairy cows was particularly important as Xu et al., 

(2018) highlighted the importance of the negative energy balance in early lactation on the 

bovine metabolome. Moreover, many farmers prefer milk-based tests as they are non-invasive 

and can be performed by farm workers. Chapter 7 used biobanked milk samples which were 

collected 73.4 ± 3.79 (early lactation) and 143 ± 3.79 (mean ± SE) (mid-lactation) days post-

calving from 5 MAP-infected and 5 control multiparous cows. Interestingly, the early lactation 

negative energy balance was a larger source of variation than MAP status. Nonetheless, 45 

metabolites were identified, 33 in early lactation versus 12 in mid-lactation, including 6 

metabolites were present throughout lactation. In addition, MSEA using ORA highlighted the 

impact of MAP on the malate-aspartate shuffle during early lactation and Pearson’s correlation 

analysis indicated relationships between milk lactose concentrations in mid-lactation and 6 

MAP-related metabolites.   

The targeted milk metabolites indicated that MAP affected mitochondrial bioenergetics via the 

malate-aspartate shuttle. In-line with observations in previous chapters, these may be 

attributable to interactions between MAP and macrophages. However, the type of 

macrophage, M1 or M2, remains unclear. M. tuberculosis encourages M1 macrophages to 

activate the glycolytic flux and breakdown of the TCA cycle (Mohareer et al., 2020). However, 

accumulations of glutamic acid are suggestive of M2 macrophages (Vrieling et al., 2020). In 

agreement with our findings, de Buck et al., (2014) observed significant accumulations of 

aspartate and glutamine. Thus, indicating that MAP increases energy requirements and alters 

bioenergetic pathways. Overall, despite lactation stage demonstrating a larger effect on the 
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bovine metabolome than MAP status, this pilot study further highlights the ability of FIE-HRMS 

to differentiate between MAP-infected and control cattle.   

Developments of this experiment beyond a pilot study would benefit from increased sample 

numbers and access to MAP faecal culture positive cattle. Chapters 5 and 6 which identified 

potential biomarkers for subclinical MAP infections utilized sera samples derived from MAP 

faecal culture positive cattle. In contrast, metabolites identified using sera derived from MAP 

faecal culture negative cattle were unable to consistently differentiate between MAP-

challenged and control cattle over time. In addition, considering the impact of the early 

lactation negative energy balance on bovine metabolome, increasing the frequency of 

sampling along with correlation analysis with milk energy output would facilitate a more 

detailed analysis of the relationship between identified metabolites and energy balance.   

Future work could include verifying the specificity of identified metabolites to MAP, 

determining the ability of these metabolites to identify MAP in mature cattle and ensuring that 

any potential commercialised products meet the farmers needs. A comparison of M. bovis vs 

MAP-infected bovine metabolomes is crucial for verifying the specificity of these metabolites 

to MAP. Literature exploring the metabolomic effects of other Mycobacterial infections in 

bovines are extremely limited. However, oleic acid, prostaglandin H2 and leukotriene E4, have 

been identified as potential biomarkers for M. bovis in badgers (Scott-Bauman et al., 2022).  

Furthermore, considering that our metabolites with diagnostic potential were identified using 

heifers up to 2-years of age and the challenges of identifying MAP-related metabolites in milk 

from multiparous cows in early and mid-lactation, it is vital to determine if our potential 

biomarkers are capable of identifying MAP in cattle of all ages. Nevertheless, our patented 

metabolites have demonstrated sensitivity and specificity values up to 100% in the incubation 

period. Excluding IFN-γ, current diagnostic tests report poor performance in the incubation 

period. Therefore, our patented metabolites could vastly improve MAP control even if the 

biomarkers are only applicable for cattle aged up to 2-years. Currently, the majority of UK 

farmers rely on the milk ELISA test, whereby heifers are MAP tested quarterly from 2.5 – 3.0 

years of age onwards, to determine MAP status. Giving farmers the tools to identify MAP-

infected from 2-weeks of age would enable more informed management decisions to be made.  
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Outside of MAP research, metabolomic approaches can also be applied to ruminant nutrition. 

As an example, feeding high starch diets decreases the accumulations of phenylalanine and 

tyrosine metabolism related metabolites (Taylor et al., 2021b). Likewise, Pacífico et al., (2020) 

reported altered amino acid metabolism and metabolomic changes likely attributable to gut 

dysbiosis following a rumen acidotic challenge in Simmental cattle. These applications highlight 

the utility of FIE-HRMS and simultaneously reinforce the why further research is required to 

ensure that biomarker panels are specific to MAP.  

Nonetheless, the validation of biomarkers and verification of their specificity to MAP does not 

guarantee successful commercialisation. Crucially, farmers will consider the cost of the 

diagnostic test versus the benefits of improved disease control. A new diagnostic test which 

costs approximately 50% more than alternative tests which are already available will only be 

utilised by high-risk herds (Mohr et al., 2020). Likewise, a survey of veterinarians and farmers 

reported cost as the largest barrier for the update of diagnostic tests (Donadeu et al., 2020). If 

biomarker validation and specificity comparisons are successful, these biomarkers will be 

utilised within a lateral flow device. Therefore, although the cost of this potential diagnostic 

test is currently unknown, the test must be financially viable for farmers to ensure uptake.  

Overall, these studies demonstrate the validity of the metabolomic approach in studying MAP 

infections, particularly the use of fatty acyls and eicosanoids to identify MAP-infected heifers 

(Table 8:1). However, further research is needed to verify the specificity of identified 

metabolites to MAP. 
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Table 8: 1 Summary of all identified metabolites. 

Class Subclass Metabolite 

Thesis Chapter 

*1 

- 

*2 

E - 

*3 

N + 

*4 

E +/- 

*5 

N - 

Benzene and substituted 

derivatives 
Benzoic acids and derivatives Hippuric acid  

✓ ✓ 
  

Biotin and derivatives - Biotin  
✓ 

   

Carboxylic acids and derivatives 

Amino acids, peptides, and 

analogues 

(S)-Ureidoglycolic acid  ✓    

3-Sulfinoalanine  ✓    

Alanine     ✓ 

Aspartic acid     
✓ 

Citrulline  
✓ 

   

Creatine   ✓  ✓ 

Creatinine   ✓   

Glutamic acid     
✓ 

Guanidinosuccinic acid   
✓ 

  

Homocitric acid     ✓ 

Methionine  ✓    

N6-Acetyl-L-lysine   ✓   

Phenylacetylglycine  
✓ 

   

Proline  ✓    

Valine ✓  ✓  ✓ 

Carboxylic acids 

Acetic acid ✓   ✓  

Glyoxylic acid  
✓ 

   

Propynoic acid     
✓ 

Dicarboxylic acids and derivatives Glutaric acid     ✓ 

Tricarboxylic acids and derivatives 

1,2,3-Propanetricarboxylic acid     ✓ 

cis-Aconitic acid     
✓ 

Citric acid     
✓ 

 6-Thioxanthine 5'-monophosphate  ✓    
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Diazines Pyrimidines and pyrimidine 

derivatives 

Orotic acid     ✓ 

Uracil     ✓ 

Fatty Acyls 

Eicosanoids 

10,11-dihydro-leukotriene B4 ✓   ✓  

11,12,15-THETA ✓ 
    

15-HETE   
✓ 

  

20-Hydroxy-leukotriene B4 ✓     

20-oxo-leukotriene B4 ✓     

5-Hete ✓ 
  

✓ 
 

Bicyclo-PGE2 ✓ 
 

✓ ✓ 
 

Carbocyclic thromboxane A2 ✓   ✓  

Leukotriene B4 ✓  ✓ ✓  

Prostaglandin E1    ✓  

Fatty acid esters 
Acetylcarnitine     

✓ 

Dodecanoylcarnitine     ✓ 

Fatty acids and conjugates 

10-Nonadecanoic acid   ✓ ✓  

10-Octadecenoic acid    ✓ ✓ 

11,14,17-Eicosatrienoic acid ✓ 
    

11,14-Eicosadienoic acid    
✓ 

 

12(13)Ep-9-KODE ✓   ✓  

17-HDoHE ✓  ✓ ✓  

19,20-DiHDPA ✓     

2,3-Methylenesuccinic acid     
✓ 

2-Butenoic acid     ✓ 

2-Methylpentanoic acid     ✓ 

3-Dehydroxycarnitine     ✓ 

3-Hydroxy-Octadecanoic acid   
✓ 

  

6-Methylheptanoic acid     ✓ 

8,11,14-Eicosatrienoic acid   ✓ ✓  

9,10,13-TriHOME ✓   ✓  

9,10-DHOME   
✓ 

  

Adrenic acid   
✓ 
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Arachidic acid  ✓    

Capric acid     ✓ 

Cis-8,11,14,17-Eicosatetraenoic acid ✓  ✓ ✓  

Docosahexaenoic acid ✓ 
 

✓ ✓ 
 

Docosapentaenoic acid ✓ 
    

Eicosapentaenoic acid ✓  ✓ ✓  

Eicosenoic acid ✓   ✓  

Heptadecanoic acid ✓ 
  

✓ 
 

Itaconic acid   
✓ 

 
✓ 

Myristic acid ✓   ✓  

Nonadeca-10(Z)-enoic acid ✓     

Nonadecanoic acid   ✓   

Oleic acid ✓ 
    

Palmitic acid ✓  ✓ ✓  

Palmitoleic acid ✓  ✓ ✓  

Pentadecanoic acid     ✓ 

Stearic acid ✓ 
 

✓ ✓ ✓ 

Fatty amides Oleamide ✓ 
    

Lineolic acids and derivatives 

13-L-Hydroperoxylinoleic acid ✓   ✓  

6Z,9Z-octadecadienoic acid ✓   ✓  

Alpha-Linolenic acid ✓   ✓  

Corchorifatty acid F ✓ 
    

Furans Furoic acid and derivatives 3-Furoic acid     ✓ 

Glycerolipids 

Glycosylglycerols Galactosylglycerol  ✓    

Monoradylglycerols Glycerol 1-acetate     ✓ 

Triradylcglycerols 

TG(8:0/10:0/10:0)     
✓ 

TG(8:0/12:0/12:0)     ✓ 

TG(8:0/13:0/12:0)     ✓ 

 

 

 

Glycerophosphates LPA(18:2(9Z,12Z)/0:0)   ✓   

 

Glycerophosphocholines 

Glycerophosphocholine     
✓ 

LysoPC(18:4(6Z,9Z,12Z,15Z))   
✓ 
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Glycerophospholipids LysoPC(20:4(5Z,8Z,11Z,14Z))   ✓   

LysoPC(P-18:0) ✓   ✓  

Glycerophosphoethanolamines 

LysoPE(0:0/22:4(7Z,10Z,13Z,16Z))   ✓   

*PE(18:3) ✓ 
    

*PE(22:6) ✓ 
    

Hydroxy acids and derivatives 

Alpha hydroxy acids and 

derivatives 
Glycolic acid ✓ 

  
✓ 

 

Beta hydroxy acids and derivatives 

2-Deoxypentonic acid     
✓ 

Hydroxypropionic acid ✓   ✓  

Malic acid     ✓ 

Medium-chain hydroxy acids and 

derivatives 
Galactonic acid     ✓ 

Short-chain hydroxy acids and 

derivatives 
2-Hydroxyglutaric acid   

✓ 
 

✓ 

Keto acids and derivatives 

Alpha-keto acids and derivatives Pyruvic acid   
✓ 

  

Medium-chain keto acids and 

derivatives 
Maleylacetoacetic acid  

✓ 
   

Short-chain keto acids and 

derivatives 
2-Oxosuccinamate  ✓    

Organic phosphoric acids and 

derivatives 
Phosphate esters O-Phosphoethanolamine  

✓ 
   

Organic sulfuric acids and 

derivatives 
Arylsulfates 4-ethylphenylsulfate     ✓ 

Organonitrogen compounds 

Carbohydrates and carbohydrate 

conjugates 

N-Acetylneuraminate  ✓    

Xylose  
✓ 

   

Carbonyl compounds 

4-Aminobutyraldehyde  
✓ 

   

Acetaldehyde  ✓    

Malonyl-CoA  ✓    

Quaternary ammonium salts 
Neurine ✓ 

    

Phosphorylcholine  
✓ 

   

Organooxygen compounds Alcohols and polyols Pantothenic acid     ✓ 
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Carbohydrates and carbohydrate 

conjugates 

Beta-N-Acetylglucosamine     ✓ 

D-Glucose ✓   ✓  

Glucuronic acid     ✓ 

Carbonyl compounds DHAP(18:0)   
✓ 

  

Phenols Cresols p-Cresol   
✓ 

  

Phenylpropanoic acids - 3-Phenylpropionate ✓     

Prenol lipids Diterpenoids Phytanic acid   ✓   

Purine nucleosides Purine 2'-deoxyribonucleosides Deoxyadenosine  
✓ 

   

Pyrimidine nucleosides 
- Cytidine  

✓ 
   

- Uridine  ✓    

Sphingolipids Glycosphingolipids Lactosylceramide (d18:1/16:0) ✓   ✓  

Steroids and steroid derivatives 

Bile acids, alcohols and derivatives 

3a,7a,12a-Trihydroxy-5b-cholestanoic acid  ✓    

3a,7a,12b-Trihydroxy-5b-cholanoic acid   
✓ 

  

Chenodeoxycholic acid    ✓  

Chenodeoxyglycocholic acid ✓     

Glycocholic acid ✓   ✓  

Steroid esters 
CE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)) ✓ 

    

Cholesteryl docosahexaenoic acid    
✓ 

 

Steroidal glycosides Dehydroisoandrosterone 3-glucuronide ✓     

*1 = healthy, controls; *2 = experimentally inoculated, culture negative; *3 = naturally infected, culture positive; *4 = experimentally inoculated, mixed negative and 

positive culture results’ *5 = naturally infected, culture negative. 

*PE(18:3) = PE(18:3(6Z,9Z,12Z)/18:4(6Z,9Z,12Z,15Z)) 

*PE(22:6) = PE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/14:1(9Z)) 
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Chapter 9 – Thesis Output 
 

Publications 

• Taylor, E. N., Beckmann, M., Hewinson, G., Rooke, D., Sinclair, L. A. and Mur, L. A. J. 

(2022). Metabolomic changes in lactating multiparous naturally MAP-infected Holstein-

Friesian dairy cows highlight changes in mitochondrial energy pathways. Research in 

Veterinary Science. [In press].  

• Taylor, E. N., Beckmann, M., Hewinson, G., Rooke, D., Mur, L. A. J. and Koets, A. P. 

(2022). Metabolomic changes in polyunsaturated fatty acids and eicosanoids as 

diagnostic biomarkers in Mycobacterium avium subsp. paratuberculosis (MAP) 

inoculated Holstein-Friesian heifers. Veterinary Research. 53, article number: 68. 

• Mur, L. A. J., Taylor, E. N., Rooke, D. and Koets, A. P. (2022). Biomarkers for 

Mycobacterium avium subspecies paratuberculosis. WO2022112763A1. 

• Taylor, E. N., Han, J., Fan, C., Beckmann, M., Hewinson, G., Rooke, D., Koets, A. P. and 

Mur, L. A. J. (2022). Defining fatty acids changes linked to rumen development, weaning 

and growth within Holstein-Friesian heifers. Metabolites. 12, article number: 15.  

• Taylor, E. N., Beckmannn, M., Markey, B. K., Gordan, S. V., Hewinson, G., Rooke, D. and 

Mur, L. A. J. (2022). Metabolomic changes in Mycobacterium avium subsp. 

paratuberculosis (MAP) challenged Holstein-Friesian cattle highlight the role of serum 

amino acids as indicators of immune system activation. Metabolomics. 18, article 

number: 21.  

• Taylor, E. N., Beckmannn, M., Villareal-Ramos, B., Vordermeier, H-M., Hewinson, G., 

Rooke, D., Mur, L. A. J. and Koets, A. P. (2021). Metabolomic changes in naturally MAP-

infected Holstein-Friesian heifers indicate immunologically related biochemical 

reprogramming. Metabolites. 11, article number: 727.  
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Conference presentations 

• Taylor, E. N., Beckmann, M., Markey, B., Gordon, S., Hewinson, G., Rooke, D. and Mur, 

L. (2021). Metabolomic changes in Mycobacterium avium subsp. paratuberculosis  

(MAP) inoculated HF cattle suggest metabolites indicative of MAP exposure. Animal –

Science Proceedings. 12(1), pp. 152. 

 

Conference posters 

• Taylor, E. N., Beckmannn, M., Villareal-Ramos, B., Vordermeier, H-M., Hewinson, G., 

Rooke, D., Mur, L. A. J. and Koets, A. P. (2021). Metabolomic changes in naturally MAP-

infected Holstein-Friesian heifers indicate infection related biochemical pathways. 17th 

Annual Conference of the Metabolomics Society, 22nd-24th June 2021, online. 

• Taylor, E. N., Markey, B. K., Gordon, S. V., Rooke, D. and Mur, L. A. J. (2021). Using omic 

approaches to improve the detection of Paratuberculosis in dairy cattle. Action Johne’s 

Conference, 30th January 2019, Worcester. 
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Chapter 10 – Non-Thesis-Related Output 
 

• Taylor, E. N., McCaughern, J., Beckmannn, M., Mackenzie, A., Mur, L. A. J. and Sinclair, 

L. A. (2021). Dietary starch concentration influences milk protein via the phenylalanine 

and tyrosine metabolism in early lactation Holstein Friesian dairy cows. Animal-Science 

Proceedings. 12(1), pp. 97. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



   
 

145 

 

References 
 

Abbas, M., Munir, M., Khaliq, S.A., Haq, M.I.U., Khan, M.T. and Qureshi, Z.A. (2011). Detection 

of paratuberculosis in breeding bulls at Pakistani semen production units: a continuous source 

of threat. ISRN Veterinary Science. 2011, article number: 501235. 

Abuawad, A., Mbadugha, C., Ghaemmaghami, A.M. and Kim, DH. (2020). Metabolic 

characterization of THP-1 macrophage polarization using LC-MS-based metabolite profiling. 

Metabolomics. 19, article number: 33. 

Abumrad, N.N. and Barbul, A. (2004). The use of arginine in clinical practice. In: Cynober, L.A. 

Metabolic & Therapeutic Aspects of Amino Acids in Clinical Nutrition. 2nd ed. Boco Raton: CRC 

Press, pp. 595-611. 

Acharya, K.R., Dhand, N.K., Whittington, R.J. and Plain, K.M. (2017). PCR inhibition of a 

quantitative PCR for detection of Mycobacterium avium subsp. paratuberculosis DNA in feces: 

diagnostic implications and potential solutions. Frontiers in Microbiology. 8, article number: 

115. 

Altare, F., Lammas, D., Revy, P., Jouanguy, E, Döffinger, R., Lamhamedi, S., Drysdale, P., Scheel-

Toellner, D., Girdlestone, J., Darbyshire, P., Wadhwa, M., Dockrell, H., Salmon, M., Fischer, A., 

Durandy, A., Casanova, J.L. and Kumararatne, D.S. (1998). Inherited interleukin 12 deficiency 

in a child with bacille Calmette-Gue´rin and Salmonella enteritidis disseminated infection. 

Journal of Clinical Investigation. 102, pp. 2035 - 2040. 

Ametaj, B.N., Zebeli, Q., Saleem, F., Psychogios, N., Lewis, M.J., Dunn, S.M., Xia, J. and Wishart, 

D.S. (2010). Metabolomics reveals unhealthy alterations in rumen metabolism with increased 

proportion of cereal grain in the die of dairy cows. Metabolomics. 6, pp. 583-594.  

Anes, E., Kuhnel, M.P., Bos, E., Moniz-Pereira, J., Habermann, A. and Griffiths, G. (2003). 

Selected lipids active phagosome actin assembly and maturation resulting in killing of 

pathogenic mycobacteria. Nature Cell Biology. 5(9), pp. 793-803. 



   
 

146 

 

Ariel, O., Gendron, D., Dudemaine, P-L., Gevry, N., Ibeagha-Awemu, E.M. and Bissonnette, N. 

(2020). Transcriptome profiling of bovine macrophages infected by Mycobacterium avium spp. 

paratuberculosis depicts foam cell and innate immune tolerance phenotypes. Frontiers in 

Immunology. 10, article number: 2874. 

Arsenault, R.J., Maattanen, P., Daigle, K., Potter, A., Griebel, O. and Napper, S. (2014). From 

mouth to macrophage: mechanisms of innate immune subversion of Mycobacterium avium 

subsp. paratuberculosis. Veterinary Research. 45, article number: 54. 

Aschenbach, J.R., Kristensen, N.B., Donkin, S.S., Hammon, H.M. and Penner, G.B. (2010). 

Gluconeogenesis in Dairy Cows: The secret of making sweet milk from sour dough. IUBMB Life. 

62(12), pp. 869–877.  

Bannantine, J.P. and Bermudez, L.E. (2013). No holes barred: Invasion of the intestinal mucosa 

by Mycobacterium avium subsp. paratuberculosis. Infection and Immunity. 81(11), pp. 3960-

3965. 

Bannantine, J.P., Baechler, E., Zhang, Q., Li, L.L. and Kapur, V. (2002). Genome scale comparison 

of Mycobacterium avium subsp. paratuberculosis with Mycobacterium avium subsp. avium 

reveals potential diagnostic sequences. Journal of Clinical Microbiology. 40(4), pp. 1303-1310.  

Barratt, A.S., Arnoult, M.H., Ahmadi, B.V., Rich, K.M., Gunn, G.J. and Stott, A.W. (2018). A 

framework for estimating society’s economic welfare following the introduction of an animal 

disease: The case of Johne’s disease. PLOS One. 13, article number: e0202253. 

Bay, S., Begg, D., Ganneau, C., Branger, M., Cochard, T., Bannantine, J.P., Kohler, H., Moyen, J-

L., Whittington, R.J. and Biet, F.B. (2021). Engineering synthetic lipopeptide antigen for specific 

detection of Mycobacterium avium subsp. paratuberculosis infection. Frontiers in Veterinary 

Science. 8, article number: 637841.  

Beckmannn, M., Parker, D., Enot, D.P., Duval, E. and Draper, J. (2008). High-throughput, 

nontargeted metabolite fingerprinting using nominal mass flow injection electrospray mass 

spectrometry. Nature Protocols. 3(3), pp. 486-504.  



   
 

147 

 

Begg, D.J., de Silva, K., Carter, N., Plain, K.M., Purdie, A. and Whittington, R.J. (2011). Does a 

Th1 over Th2 dominancy really exist in the early stages of Mycobacterium avium subsp. 

paratuberculosis infections? Immunobiology. 216(7), pp. 840-846.  

Behr, M.A. and Kapur, V. (2008). The evidence for Mycobacterium paratuberculosis in Crohn’s 

disease. Current Opinion in Gastroenterology. 24, pp. 17 – 21.  

Beinhauerova, M., Beinhauerova, M., McCallum, S., Sellal, E., Ricchi, M., O’Brien, R., Blanchard, 

B., Slana, I., Babak, V. and Kralik, P. (2021). Development of a reference standard for the 

detection and quantification of Mycobacterium avium subsp. paratuberculosis by quantitative 

PCR. Scientific Reports. 11, article number: 11622.  

Bell, A.W. (1995). Regulation of organic nutrient metabolism during transition from late 

pregnancy to early lactation. Journal of Animal Science. 73(9), pp. 2804-2819. 

Benedictus, G., Verhoeff, J., Schukken, Y.H. and Hesselink, J.W. (2000). Dutch paratuberculosis 

programme history, principles and development. Veterinary Microbiology. 77(3-4), pp. 399-

413. 

Bennett, R. and IJpelaar, J. (2005). Updated estimates of the costs associated with thirty-four 

endemic livestock diseases in Great Britain: A note. Journal of Agricultural Economics. 56(1), 

pp. 135-144. 

Bhagavat, R. and Chandra, N. (2013). Common recognition principles across diverse sequence 

and structural families of sialic acid binding proteins. Glycobiology. 24(1), pp. 5-16.  

Biemans, F., Romdhane, R.B., Gontier, P., Fourichon, C., Ramsbottom, G., More, S.J. and 

Ezanno, P. (2021). Modelling transmission and control of Mycobacterium avium subsp. 

paratuberculosis within Irish dairy herds with compact spring calving. Preventive Veterinary 

Medicine. 186, article number: 105228.  

Biet, F., Boschiroli, M.L., Thorel, M.F. and Guilloteau, L.A. (2005). Zoonotic aspects of 

Mycobacterium bovis and Mycobacterium avium-intracellulare complex (MAC). Veterinary 

Research. 36(3), pp. 411 – 436. 



   
 

148 

 

Blakebrough-Hall, C., Dona, A., D’occhio, M. J., McMeniman, J. and González, L. A. (2020). 

Diagnosis of bovine respiratory disease in feedlot cattle using blood 1H NMR metabolomics. 

Scientific Reports. 10, article number: 115. 

Bonilla, D.L., Ly, L.H., Fan, Y-Y., Chapkin, R.S. and McMurray, D.N. (2010). Incorporation of a 

dietary omega-3 fatty acid impairs murine macrophage responses to Mycobacterium 

tuberculosis. PLOS One. 5, article number: e10878.  

Borst, P. 2020. The malate–aspartate shuttle (Borst cycle): How it started and developed into 

a major metabolic pathway. IUBMB Life. 72(11), pp. 241–2259. 

Botsaris, G., Laipi, M., Kakogiannis, C., Dodd, C.E.R. and Rees, C.E.D. (2013). Detection of 

Mycobacterium avium subsp. paratuberculosis in bulk tank milk by combined phage-PCR assay: 

Evidence that plaque number is a good predictor of MAP. International Journal of Food 

Microbiology. 164(1), pp. 76-80. 

Botsaris, G., Slana, I., Liapi, M., Dodd, C., Economides, C., Rees, C. and Pavlik, I. (2010). Rapid 

detection methods for viable Mycobacterium avium subsp. paratuberculosis in milk and 

cheese. International Journal of Food Microbiology. 141(Supplement), pp. S87-S90.  

Botsaris, G., Swift, B.M.C., Slana I., Liapi, M., Christodoulou, M., Hatzitofi, M., Christodoulou, V. 

and Rees, C.E.D. (2016). Detection of viable Mycobacterium avium subsp. paratuberculosis in 

powdered infant formula by phage-PCR and confirmed by culture. International Journal of Food 

Microbiology. 216, pp. 91-94. 

Boulton, A.C., Rushton, J. and Wathes, D.C. (2017). An empirical analysis of the cost of rearing 

dairy heifers from birth to first calving and the time taken to repay these costs. Animal. 11(8), 

pp. 1372-1380. 

Britton, L.E. (2017). The Immunopathology of Mycobacterium avium subsp. paratuberculosis 

(MAP) infection in cattle as a basis for novel diagnostics. Ph.D. thesis, University College Dublin.  

Brock, T.G. and Peters-Golden, M. (2007). Activation and regulation of cellular eicosanoid 

biosynthesis. The Scientific World Journal. 7, pp. 1273-1284. 



   
 

149 

 

Bronte, V. and Zanovello. P. (2005). Regulation of immune responses by L-arginine metabolism. 

Nature Reviews Immunology. 5, pp. 641-654. 

Brosnan, J.T., da Silva, R.P. and Brosnan, M.E. (2011). The metabolite burden of creatine 

synthesis. Amino Acids. 40(5), pp. 1325-1331. 

Buergelt, C.D., Hall, C., McEntee, K. and Duncan, J.R. (1978). Pathological evaluation of 

paratuberculosis in naturally infected cattle. Veterinary Pathology. 15(2), pp. 196-207. 

Butot, S., Ricchi, M., Sevilla, I.A., Michot, L., Molina, E., Tello, M., Russo, S., Arrigonia, N., 

Garrido, J.M. and Tomas, D. (2019). Estimation of performance characteristics of analytical 

methods for Mycobacterium avium subsp. paratuberculosis detection in dairy products. 

Frontiers in Microbiology. 10, article number: 509.  

Calder, P.C. (2009). Polyunsaturated fatty acids and inflammatory processes: New twists in an 

old tale. Biochimie. 91(6), pp. 791-795. 

Carroll, J.A., Arthington, J.D. and Chase, C.C. (2009). Early weaning alters the acute phase 

reaction to an endotoxin challenge in beef calves. Journal of Animal Science. 87(12), pp. 4167-

4172. 

Carta, T., Alvarez, K., Perez de la Lastra, J.M. and Gortazar, C. (2013). Wildlife and 

paratuberculosis: A review. Research in Veterinary Science. 94(2), pp. 191–197. 

Cavallini, D., Mammi, L.M.E., Buonaiuto, G., Palmonari, A., Valle, E. and Formigoni, A. (2021). 

Immune-metabolic-inflammatory markers in Holstein cows exposed to a nutritional and 

environmental stressing challenge. Journal of Animal Physiology and Animal Nutrition. 105(S1), 

pp. 42-55. 

Chaffer, M., Grinberg, K., Ezra. E. and Elad, D. (2021). The effect of sub-clinical Johne’s disease 

on milk production, fertility and milk quality in Israel. In: Proceedings of the Seventh 

International Colloquium on Paratuberculosis, 11th-14th June 2021, Spain. International 

Association for Paratuberculosis, pp. 351-352. 

Chen, J.M., Alexander, D.C., Behr, M.A. and Liu, J. (2003). Mycobacterium bovis BCG vaccines 

exhibit defects in alanine and serine catabolism. Infection and Immunity. 71(2), pp. 708–716.  



   
 

150 

 

Cheng, X., Zhang, X., Su, J., Zhang, Y., Zhou, W., Zhou, J., Wang, C., Liang, H., Chen, X., Shi, R., 

Zen, K., Zhang, C-Y. and Zhang, H. (2015). miR-19b downregulates intestinal SOCS3 to reduce 

intestinal inflammation in Crohn’s disease. Scientific Reports. 5, article number: 10397. 

Cheng, Y., Chou, C-H. and Tsai, H-J. (2015). In vitro gene expression profile of bovine peripheral 

blood mononuclear cells in early Mycobacterium bovis infection. Experimental and therapeutic 

medicine. 10(6), pp. 2021-2118. 

Chiodini, R.J., Van Kruiningen, H.J. and Merkal, R.S. (1984). Ruminant paratuberculosis (Johne’s 

disease)-The current status and future prospects. The Cornell Veterinarian. 74(3), pp.218–262.  

Chiaradia, L., Lefebvre, C., Paraa, J., Marcoux, J., Burlet-Schiltz, O., Eitenne, G., Tropis, M. and 

Daffe, M. (2017). Dissecting the mycobacterial cell envelope and defining the composition of 

the native mycomembrane. Scientific Reports. 9, article number: 10.1038/s41598-017-12718-

4. 

Chong, J., Wishart, D. and Xai, J. (2019). Using MetaboAnalyst 4.0 for comprehensive and 

integrative metabolomics data analysis. Current Protocols in Bioinformatics. 68, article number: 

e86.  

Closs, E.I., Scheld, J.S., Sharafi, M. and Forstermann, U. (2000). Substrate supply for nitric oxide 

synthase in macrophages and endothelial cells: role of cationic amino acid transporters. 

Molecular Pharmacology. 57(1), pp. 68-74. 

Coad, M., Clifford, D.J., Vordermeier, H.M. and Whelan, A.O. (2012). The consequences of 

vaccination with Johne’s disease vaccine, Guidar, on diagnosis of Bovine tuberculosis. 

Veterinary Record. 172, article number: 266.  

Coffey, M.J., Phare, S.M. and Peters-Golden, M. (2004). Role of leukotrienes in killing of 

Mycobacterium bovis by neutrophils. Infection and Immunity. 71(3), pp. 185-190.  

Coffey, M. P., Hickey, J. and Brotherstone, S. 2006. Genetic aspects of growth of HF dairy cows 

from birth to maturity. Journal of Dairy Science. 89(1), pp. 322-329. 

Cohen, B.D., Stein, I.M. and Bonas, J.E. (1968). Guanidinosuccinic aciduria in uremia: A possible 

alternate pathway for urea synthesis. The American Journal of Medicine. 45(1), pp. 63-68. 



   
 

151 

 

Colgrove, G.S., Thoen, C.O., Blackburn, B.O. and Murphy, C.D. (1989). Paratuberculosis in 

cattle: A comparison of three serologic tests with results of fecal culture. Veterinary 

Microbiology. 19(2), pp. 183–187. 

Cook, A.J.C., McGoldrick, A., Vidal-Diez, A. and Sayers, R. (2009). Chapter 3 - Results of culture 

of pooled faecal samples from the participating herds. In: Veterinary Laboratories Agency, 

DEFRA, Welsh Government, AFBI, SAC, The Scottish Government, Department of Agricultural 

and Rural Development. SB4022: An integrated strategy to determine the herd level prevalence 

of Johne’s disease in the UK dairy herd. UK: UK Government, pp. 39 – 50. 

Corneli, S., Corte, L., Roscini, L., Di Paolo, A., Colabella, C., Petrucci, L., Severi, G., Cagiola, M. 

and Mazzone, P. (2019). Spectroscopic characterization of bovine, avian and johnin purified 

protein derivative (PPD) with high-throughput fourier transform infrared-based method. 

Pathogens. 8, article number: 36.  

Corneli, S., Di Paolo, A., Vitale, N., Torricelli, M., Petrucci, L., Sebastiani, C., Ciullo, M., Curcio, 

L., Biagetti, M., Papa, P., Costarelli, S., Cagiola, M., Dondo, A. and Mazzone, P. (2021). Early 

detection of Mycobacterium avium subsp. paratuberculosis infected cattle: Use of 

experimental Johnins and innovative interferon-gamma test interpretative criteria. Frontiers in 

Veterinary Science. 8, article number: 638890.  

Costa, A., Lopez-Villalobos, N., Sneddon, N.W., Shalloo, L., Franzoi, M., De Marchi, M. and 

Penasa, M. (2019). Invited review: Milk lactose—Current status and future challenges in dairy 

cattle. Journal of Dairy Science. 102(7), pp. 5883-5898. 

Coussens, P.M. (2004). Model for immune responses to Mycobacterium avium subsp. 

paratuberculosis in cattle. Infection and Immunity. 72(6), pp. 3089-3096. 

Crooks, S.W. and Stockley, R.A. (1998). Leukotriene B4. The International Journal of 

Biochemistry & Cell Biology. 30(2), pp. 173-178. 

Curtis, G., McGregor Argo, C., Jones, D. and Grove-White, D. (2018). The impact of early life 

nutrition and housing on growth and reproduction in dairy cattle. PLOS One. 13, article number: 

e0191687. 



   
 

152 

 

da Silva de Souza, G., Rodriguez, A.B.F., Romano, M.I., Ribeiro, E.S., Oelemann, W.M.R., da 

Rocha, D.G., da Silva, W.D. and Lasunskaia, E.B. (2018). Identification of the Apa protein 

secreted by Mycobacterium avium subsp. paratuberculosis as a novel fecal biomarker for 

Johne’s disease in cattle. Pathogens and Disease. 76, article number: fty063.  

Damato, J.J. and Collins, M.T. (1999). Growth of Mycobacterium paratuberculosis in 

radiometric, middlebrook and egg-based media. Veterinary Microbiology. 22, pp. 31 – 42.  

Daniels, M.J., Hutchings, M.R., Beard, P.M., Henderson, D., Greig, A., Stevenson, K. and Sharp, 

J.M. (2003). Do non-ruminant wildlife pose a risk of paratuberculosis to domestic livestock and 

vice versa in Scotland? Journal of Wildlife Disease. 39(1), pp. 10-15. 

David, J., Barkema, H., Guan, L.L. and de Buck, J. (2014). Gene-expression profiling of calves 6 

and 9 months after inoculation with Mycobacterium avium subsp. paratuberculosis. Veterinary 

Research. 45, article number: 96.  

Davis, C.L. and Drackley, J.K. (1998). The Development, Nutrition, and Management of the 

Young Calf. Ames: Iowa State University Press. 

De Albuquerque, P.P.F., de Souza Santos, A., de Souza Neto, O.L., de Cassia Peixoto Kim, P., 

Cavalcanti, E., de Olivia, J.M.B., Mota, R.A. and Junior, J.W.P. (2017). Detection of 

Mycobacterium avium subsp. paratuberculosis in bovine milk from the state of Pernambuco, 

Brazil. Brazilian Journal of Microbiology. 48(1), pp. 113–117. 

de Buck, J., Shaykhutdinov, R., Barkema, H.W. and Vogel, H.J. (2014). Metabolomic profiling 

in cattle experimentally infected with Mycobacterium avium subsp. paratuberculosis. PLOS 

One. 9, article number: e111872.  

Derakhshani, H., Tun, H.M., Cardoso, F.C., Plaizier, J.C., Khafipour, E., Loor, J.J. (2017) Linking 

peripartal dynamics of ruminal microbiota to dietary changes and production parameters. 

Frontiers in Microbiology. 7, article number: 2143.  

Dernivoix, K., Roupie, V., Welby, S., Roelandt, S., Viart, S., Letesson, J-J., Wattiez, R., Huygen, K. 

and Govaerts, M. (2017). Field performance of six Mycobacterium avium subsp. 



   
 

153 

 

paratuberculosis antigens in a 20 h interferon gamma release assay in Belgium. Veterinary 

Immunology and Immunopathology. 189, pp. 17-27. 

Dervishi, E., Zhang, G., Dunn, S.M., Mandal, R., Wishart, D.S. and Ametaj, B.N. (2017). GC-MS 

metabolomics identifies metabolite alterations that precede subclinical mastitis in the blood 

of transition dairy cows. Journal of Proteome Research. 16, pp. 433 – 446. 

Diao, Q., Zhang, R. and Fu, T. (2019). Review of strategies to promote rumen development in 

calves. Animals. 9, article number: 490.  

Didkowska, A., Krajewska-Wedzina, M., Klich, D., Prolejko, K., Orlowska, B. and Anusz, K. (2021). 

The risk of false-positive serological results for paratuberculosis in Mycobacterium bovis-

infected cattle. Pathogens. 10, article number: 1054. 

Diez-Pascual, A.M. (2019). Antibacterial nanocomposites based on thermosetting polymers 

derived from vegetable oils and metal oxide nanoparticles. Polymers. 11, article: 1790.  

Donadeu, F.X., Howes, N.L., Esteves, C.L., Howes, M.P., Byrne, T.J. and Macrae. A.I. (2020). 

Farmer and veterinary practices and opinions related to the diagnosis of mastitis and metabolic 

disease in UK dairy cows. Frontiers in Veterinary Science. 7, article number: 127.  

Donat, K., Soschinka, A., Erhardt, G. and Brandt, H.R. (2014). Paratuberculosis: decrease in milk 

production of German Holstein dairy cows shedding Mycobacterium avium ssp. 

paratuberculosis depends on within-herd prevalence. Animal. 8(5), pp. 852-858. 

Douarre, P.E., Cashman, W., Buckley, J., Coffey, A. and O’Mahony, J. (2010). Isolation and 

detection of Mycobacterium avium subsp. paratuberculosis (MAP) from cattle in Ireland using 

both traditional culture and molecular based methods. Gut Pathogens. 2, article number: 11.  

Draper, J., Lloyd, A.J., Goodacre, R. and Beckmannn, M. (2013). Flow infusion electrospray 

ionization mass spectrometry for high throughout, non-targeted metabolite fingerprinting: a 

review. Metabolomics, 9(Supplement), pp. S4–S29. 

Du, X. and Hu, H. (2021). The roles of 2-hydroxyglutarate. Frontiers in Cell and Development 

Biology. 9, article number: 651317.  



   
 

154 

 

Dubois, C.M., Bissonnette, E. and Rola-Pleszczynski, M. (1989). Asbestos fibers and silica 

particles stimulate rat alveolar macrophages to release tumor necrosis factor. Autoregulatory 

role of leukotriene B4. The American Review of Respiratory Diseases. 139(5), pp. 1257-1264. 

Eisenberg, S.W.F., Nielsen, M., Santema, W., Houwers, D.J., Heederik, D. and Koets, A.P. (2010). 

Detection of spatial and temporal spread of Mycobacterium avium subsp. paratuberculosis in 

the environment of a cattle farm through bio-aerosols. Veterinary Microbiology. 143(2-4), pp. 

284-292. 

Eisenberg, S.W.F., Veldman, E., Rutten, V.P.M.G and Koets, A.P. (2015). A longitudinal study of 

factors influencing the result of a Mycobacterium avium ssp. paratuberculosis antibody ELISA 

in milk of dairy cows. Journal of Dairy Science. 98, pp. 2345 – 2355.  

Farrell, D., Shaughnessy, R.G, Britton, L., MacHugh, D.E., Markey, B. and Gordan, S.V. (2015). 

The identification of circulating miRNA in bovine serum and the potential as novel biomarkers 

of early Mycobacterium avium subsp. Paratuberculosis infection. PLOS One. 10, article number: 

e0134310.  

Faure, V., Cerini, C., Paul, P., Berland, Y., Dignat-George, F. and Brunet, P. (2006). The uremic 

solute p-cresol decreases leukocyte transendothelial migration in vitro. International 

Immunology. 18(10), pp. 1453-1459. 

Fecteau, M-E., Pitta, D.W., Vecchiarelli, B., Indugu, N., Kumar, S., Gallagher, S.C., Fyock, T.L., 

Sweeney, R.W. (2016). Dysbiosis of the fecal microbiota in cattle infected with Mycobacterium 

avium subsp. paratuberculosis. PLoS One. 11, article number: e0160353.  

Feng, Z., Caceres, N.E., Sarath, G. and Barletta, R.G. (2002). Mycobacterium smegmatis L-

alanine dehydrogenase (ald) is required for proficient utilization of alanine as a sole nitrogen 

source and sustained anaerobic growth. Journal of Bacteriology. 184(18), pp. 5001–5010.  

Ferwerda, G., Kullberg, B.J., de Jong D.J., Girardin, S.E., Langenberg, D.M.L., van Crevel, R., 

Ottenhoff, T.H.M., Van der Meer, J.W.M. and Netea, M.G. (2007). Mycobacterium 

paratuberculosis is recognized by Toll-like receptors and NOD2. Journal of Leukocyte Biology. 

82, pp. 1011 - 1018. 



   
 

155 

 

Feng, C.G., Collazo-Custodio, C.M., Eckhaus, M., Hieny, S., Belkaid, Y., Elkins, K., Jankovic, D., 

Taylor, G.A. and Sher, A. (2004). Mice deficient in LRG-47 display increased susceptibility to 

mycobacterial infection associated with the induction of lymphopenia. Journal of Immunology. 

172, pp. 1163 – 1168.  

Foddai, A.C.G. and Grant, I.R. (2017). Sensitive and specific detection of viable Mycobacterium 

avium subsp. paratuberculosis in raw milk by the peptide-mediated magnetic separation-

phage assay. Journal of Applied Microbiology. 122(5), pp. 1357-1367. 

Foddai, A., Strain, S., Whitlock, R.H., Elliott, C.T. and Grant, I.R. (2011). Application of a peptide-

mediated magnetic separation-phage assay for detection of viable Mycobacterium avium 

subsp. paratuberculosis to bovine bulk tank milk and feces samples. Journal of Clinical 

Microbiology. 49(5), pp. 2017-2019. 

Foroutan, A., Fitzsimmons, C., Mandal, R., Piri-Moghadam, H., Zheng, J., Guo, A.C., Li. C.., Guan, 

L.L. and Wishart, D.S. (2020). The bovine metabolome. Metabolites. 10, article number: 233.  

Frey, P. A. (1996). The Leloir pathway: a mechanistic imperative for three enzymes to change 

the stereochemical configuration of a single carbon in galactose. FASEB J. 10, pp. 461-470.  

Fu, Y., Yi, Z., Li, J. and Li, R. (2014). Deregulated microRNAs in CD4+ T cells from individuals with 

latent tuberculosis versus active tuberculosis. Journal of Cellular and Molecular Medicine. 

18(3), pp. 503-513. 

Funk, C.D. (2001). Prostaglandins and leukotrienes: advances in eicosanoid biology. Science. 

294(5548), pp. 1871-1875. 

Gagné, L.M., Boulay, K., Topisirovic, I., Huot, M.E. and Mallette, F.A. (2017). Oncogenic 

activities of IDH1/2 mutations: from epigenetics to cellular signaling. Trends in Cell Biology. 

27(10), pp. 738-752. 

Gao, A., Odumeru, J., Raymond, M., Hendrick, S., Duffield, T. and Mutharia, L. (2009). 

Comparison of milk culture, direct and nested polymerase chain reaction (PCR) with faecal 

culture based on samples from dairy herds infected with Mycobacterium avium subsp. 

paratuberculosis. Canadian Journal of Veterinary Research. 73(1), pp. 58 – 64.  



   
 

156 

 

Garcia, A.B. and Shalloo, L. (2021). Invited review: The economic impact and control of 

paratuberculosis in cattle. Journal of Dairy Science. 98(8), pp. 5019-5039. 

Garcia, M., Shin, J.H., Schlaefli, A., Greco, L.F., Maunsell, F.P., Thatcher, W.W., Santos, J.E.P. 

and Staples, C.R. (2015). Increasing intake of essential fatty acids from milk replacer benefits 

performance, immune responses, and health of preweaned Holstein calves. Journal of Dairy 

Science. 98(1), pp. 458-477. 

Geraghty, T., Graham, D.A., Mullowney, P. and More, S.J. (2014). A review of bovine Johne’s 

disease control activities in 6 endemically infected countries. Preventive Veterinary Medicine. 

116(1-2), pp. 1-11. 

Gerrard, Z.E., Swift, B.M.C., Botsaris, G., Davidson, R.S., Hutchings, M.R., Huxley, J.N. and Rees, 

C.E.D. (2018). Survival of Mycobacterium avium subsp. paratuberculosis in retail pasteurised 

milk. Food Microbiology. 74, pp. 57-63. 

Giffin, M.M., Modesti, K., Raab, R.W., Wayne, L.G. and Sohaskey, C.D. (2011). ald of 

Mycobacterium tuberculosis encodes both the alanine dehydrogenase and the putative glycine 

dehydrogenase.  Journal of Bacteriology. 194(5), pp. 1045–1054.  

Gill, C.O., Saucier, L. and Meadus, W.J. (2011). Review: Mycobacterium avium subsp. 

paratuberculosis in dairy products, meat and drinking water. Journal of Food Protection. 74(3), 

pp. 480-499. 

Goldansaz, S.A., Guo, A.C., Sajed, T., Steele, M.A., Plastow, G.S. and Wishart, D.S. (2017). 

Livestock metabolomics and the livestock metabolome: A systemic review. PLOS One. 12, 

article number: 233.  

Gomez, E., Canela, N., Herroro, P., Cereto, A., Gimeno, I., Carrocera, S., Martin-Gonzalez, D., 

Murillo, A. and Munoz, M. (2021). Metabolites secreted by bovine embryos in vitro predict 

pregnancies that the recipient plasma metabolome cannot and vice versa. Metabolites. 11, 

article number: 162. 



   
 

157 

 

Gonda, M.G., Chang, Y.M., Shook, G.E. and Collins, M.T. (2007). Effect of Mycobacterium 

paratuberculosis infection on production, reproduction, and health traits in US Holsteins. 

Preventive Veterinary Medicine. 80(2-3), pp. 103–119. 

Gonzalez, J., Geijo, M.V., Garcia-Pariente, C., Verna, A., Corpa, J.M., Reyes, L.E., Ferreras, M.C., 

Juste, R.A., Garcia Marin, J.F. and Perez, V. (2005). Histopathological classification of lesions 

associated with natural paratuberculosis infection in cattle. Journal of Comparative Pathology. 

133(2-3), pp. 184–196. 

Good, M., Clegg, T. Sheridan, H., Yearsley, D. O’Brien, T., Egan, J. and Mullowney, P. (2009). 

Prevalence and distribution of paratuberculosis (Johne’s disease) in cattle herds in Ireland. Irish 

Veterinary Journal. 62(9), pp.597–606.  

Goto, S., Konnai, S., Hirano, Y., Kohara, J., Okagawa, T., Maekawa, N., Sajiki, Y., Watari, K., 

Minato, E., Kobayashi, A., Gondaira, S., Higuchi, H., Koiwa, M., Tajima, M., Taguchi, E., Uemura, 

R., Yamada, S., Kaneko, M. K., Kato, Y., Yamamoto, K., Toda, M., Suzuki, Y., Murata, S. and 

Ohashi, K. 2020. Upregulation of PD-L1 expression by prostaglandin E 2 and the enhancement 

of IFN-γ by anti-PD-L1 antibody combined with a COX-2 inhibitor in Mycoplasma bovis 

infection. Frontiers in Immunology. 7, article number: 12.  

Grant, I.R., Rowe, M.T., Dundee, L. and Hitchings, E. (2001). Mycobacterium avium ssp. 

paratuberculosis: Its incidence, heat resistance and detection in milk and dairy products. 

International Journal of Dairy Technology. 54(1), pp. 2–13. 

Gryp, T., Vanholder, R., Vaneechoutte, M. and Glorieux, G. (2017). p-Cresyl Sulfate. Toxins. 9, 

article number: 52  

Guillemin, N., Horvatic, A., Kules, J., Galan, A., Mrljak, V. and Bhide, M. (2016). Omics approach 

to probe markers of disease resistance in animal science. Molecular Biosystems. 12(7), pp. 

2036-2046. 

Guirado, E., Schlesinger, L.S. and Kaplan, G. (2013). Macrophages in tuberculosis: friend or foe. 

Seminars in Immunopathology. 35, pp. 563–583. 



   
 

158 

 

Gupta, S.K., Maclean, P.H., Ganesh, S., Shu, D., Buddle, B.M., Wedlock, D.N. and Heiser, A. 

(2018). Detection of microRNA in cattle serum and their potential use to diagnose severity of 

Johne’s disease. Journal of Dairy Science. 101(11), pp. 10259-10270. 

Hailat, N., Hemida, H., Hananeh, W., Stabel, J., Rezig, F. E., Jaradat, S. and Al-Saleh, A-A. (2012). 

Investigation on the occurrence and pathology of paratuberculosis (Johne’s disease) in 

apparently healthy cattle in Jordan. Comparative Clinical Pathology. 21, pp. 879-888. 

Hamada, T., Maeda, S. and Kameoka, K. (1976). Factors influencing growth of rumen, liver, and 

other organs in kids weaned from milk replacers to solid foods. Journal of Dairy Science. 59(6), 

pp. 1110-1118.  

Hamberg, M., Svensson, J. and Samuelsson, B. (1975). Thromboxanes: a new group of 

biologically active compounds derived from prostaglandin endoperoxides. PNAS. 72(8), pp. 

2994-2998.  

Handcock, R.C., Lopez-Villalobos, N., McCaughton, L.R., Back, P.J., Edwards, G.R. and Hickson, 

R.E. (2018). Liveweight and growth of HF, Jersey, and crossbred dairy heifers in New Zealand. 

New Zealand Journal of Agricultural Research. 62(2), pp. 173-183.  

Hare, K.S., Leal, L.N., Romao, J.M., Hooiveld, G.J., Soberon, F., Berends, H., Van Amburgh, M.E., 

Martin-Tereso, J. and Steele, M.A. (2018). Preweaning nutrient supply alters mammary gland 

transcriptome expression relating to morphology, lipid accumulation, DNA synthesis, and RNA 

expression in Holstein heifer calves. Journal of Dairy Science. 102(3), pp. 2618-2630.  

Hasin, Y., Seldin, M. and Lusis, A. (2017). Multi-omics approaches to disease. Genome Biology. 

18, article number: 83.  

Hayford, F.E.A., Dolman, R.C., Ozturk, M., Nienaber, A., Ricci, C., Loots, D.T., Brombacher, F., 

Blauuw, R., Smuts, C.M., Parihar, S.P. and Malan, L. (2021). Adjunct n-3 long-chain 

polyunsaturated fatty acid treatment in tuberculosis reduces inflammation and improves 

anemia of infection more in C3HeB/FeJ mice with low n-3 fatty acid status than sufficient n-3 

fatty acid status. Frontiers in Nutrition. 8, article number: 695452.  



   
 

159 

 

He, Z. and de Buck, J. (2010). Localisation of proteins in the cell wall of Mycobacterium avium 

subsp. paratuberculosis K10 by proteomic analysis. Proteome Science. 8, article number: 21.  

Hedi, H. and Norbet, G. (2004). 5-Lipoxygenase pathway, dendritic cells and adaptive 

immunity. Journal of Biomedicine and Biotechnology. 2004(2), pp. 99-105.  

Kohler, H., Ziller, M., Gierke, F. and Donat, K. (2017). Within-pool prevalence limits for the 

identification of paratuberculosis infected herds using antibody detection in pooled milk 

samples. Berliner und Münchener Tierärztliche Wochenschrift. 130, pp. 34-41. 

Hibbs, H.B., Taintor, R.R. and Vavrin, Z. (1987). Macrophage cytotoxicity: role for L-arginine 

deiminase and imino nitrogen oxidation to nitrite. Science. 235(4787), pp. 473-476. 

Holbert, S., Branger, M., Souriau, A., Lamoureux, B., Ganneau, C., Richard, G., Cochard, T., 

Tholoniat, C., Bay, S., Winter, N., Moyen, J. L. and Biet, F. (2015). Interferon gamma response 

to Mycobacterium avium subsp. paratuberculosis specific lipopentapeptide antigen L5P in 

cattle. Research in Veterinary Science. 102, pp. 118-121. 

Hollywood, K., Brison, D.R. and Goodacre, R. (2006). Metabolomics: Current technologies and 

future trends. Proteomics. 6(17), pp. 4716-4723.  

Hosseini, S., Vazquez-Villegas, P., Rito-Palomares, M. and Martinez-Chapa, S.O. (2017). 

Enzyme-linked Immunosorbent Assay (ELISA): From A to Z. New York: Springer.  

Howard, C.J., Clarke, M.C. and Brownlie, J. (1985). An enzyme-linked immunosorbent assay 

(ELISA) for the detection of antibodies to bovine viral diarrhoea virus (BVDV) in cattle sera. 

Veterinary Microbiology. 10(4), pp. 359 – 369.  

Hruska, K., Bartos, M., Kralik, P. and Pavlik, I. (2005). Mycobacterium avium subsp. 

paratuberculosis in powdered infant milk: paratuberculosis in cattle—the public health 

problem to be solved. Journal of Veterinary Medicine. 50(8), pp. 327–335. 

Hu, H., Fang, Z., Mu, T., Wang, Z., Ma, Y. and Ma, Y. (2021). Applications of metabolomics in 

diagnosis of cow mastitis: A review. Frontiers in Veterinary Science. 8, article number: 747519. 



   
 

160 

 

Huda, A., Jungersen, G. and Lind, P. (2004). Longitudinal study of interferon-gamma, serum 

antibody and milk antibody response in cattle infected with Mycobacterium avium subsp. 

paratuberculosis. Veterinary Microbiology. 104(1-2), pp. 43–53. 

Huda, A., Lind, P., Christoffersen, A.B. and Jungersen, G. (2003). Analysis of repeated tests for 

interferon-gamma (IFN-γ) response and faecal excretion for diagnosis of subclinical 

paratuberculosis in Danish cattle. Veterinary Immunology and Immunopathology. 94(3-4), pp. 

95 – 103.  

Huntley, J.F.J., Whitlock, R.H., Bannatine, J.P. and Stabel, J.R. (2005). Comparison of Diagnostic 

Detection Methods for Mycobacterium avium subsp. paratuberculosis in North American 

Bison. Veterinary Pathology. 42, pp. 42 – 51.  

Hutjens, M.F. (2016). Dry-Lot Dairy Cow Breeds, in: Sweeney, P. L. H. and McNamara, J. P. 

Encyclopedia of Dairy Sciences (3rd edition). Academic Press, Cambridge, pp. 234-241. 

Husakova, M., Dziedzinska, R. and Slana, I. (2017). Magnetic separation methods for the 

detection of Mycobacterium avium subsp. paratuberculosis in various types of matrices: A 

review. BioMed Research International. 2017, article number: 5869854.  

Hussain, T., Shah, S.Z.A., Zhao, D., Sreevatsan, S. and Zhou, X. (2016). The role of IL-10 in 

Mycobacterium avium subsp. paratuberculosis infection. Cell Communication and Signalling. 

14, article number: 29.  

Inderlied, C.B., Kemper, C.A. and Bermudez, L.E. (1993). The Mycobacterium avium complex. 

Clinical Microbiology Reviews. 6(3), pp. 266-310. 

Jaudszus, A., Gruen, M., Watzl, B., Ness, C., Roth, A., Lochner, A., Barz, D., Grabriel, H., Rothe, 

M. and Jahreis, G. (2013). Evaluation of suppressive and pro-resolving effects of EPA and DHA 

in human primary monocytes and T-helper cells. Journal of Lipid Research. 54(4), pp. 923-935. 

Jenvey, C.J., Shircliff, A.L., Bannatine, J.P. and Stabel, J.R. (2019). Phenotypes of macrophages 

present in the intestine are impacted by stage of disease in cattle naturally infected with 

Mycobacterium avium subsp. paratuberculosis. PlosOne. 14, article number: e0217649.  



   
 

161 

 

Johansen, M.D., de Silva, K., Plain, K.M., Whittington, R.J. and Purdie, A.C. (2019). 

Mycobacterium avium subsp. paratuberculosis is able to manipulate host lipid metabolism and 

accumulate cholesterol within macrophages. Microbial Pathogenesis. 130, pp. 44-53.  

Jones, H.J., Shield, C.G. and Swift, B.M.C. (2020). The application of bacteriophage diagnostics 

for bacterial pathogens in the agricultural supply chain: from farm-to-fork. Phage: Therapy, 

Applications and Research. 1(4), pp. 176-188.  

Jones, P.H., Farver, T.B., Beaman, B., Cetinkaya, B., Morgan, L.K. (2006). Crohn’s disease in 

people exposed to clinical cases of bovine paratuberculosis. Epidemiology and Infection. 134, 

pp. 49 – 56.  

Jordao, L., Lengeling, A., Bordat, Y., Boudou, F., Gicquel, B., Neyrolles, O., Becker, P.D., Guzman, 

C.A., Griffiths, G. and Anes, E. (2008). Effects of omega-3 and -6 fatty acids on Mycobacterium 

tuberculosis in macrophages and in mice. Microbes and Infection. 10(12-13), pp. 1379-1386.  

Jungersen, G. Huda, A., Hansen, J. J. and Lind, P. (2002). Interpretation of the gamma interferon 

test for diagnosis of subclinical paratuberculosis in cattle. Clinical and Diagnostic Laboratory 

Immunology. 9(2), pp. 453–460. 

Jurkovich, V. Bognár, B., Balogh, K., Kovács-Weber, M., Fornyos, K., Szabó, R.T., Kovács, P., 

Könyve, L. and Mézes, M. (2016). Effects of subclinical Mycobacterium avium ssp. 

paratuberculosis infection on some physiological parameters, health status and production in 

dairy cows. Acta Veterinaria Hungarica. 64(3), pp. 301-312. 

Kaevska, M., Videnska, P., Sedlar, K., Bartejsova, I., Kralova, A. and Slana, I. (2016). Faecal 

bacterial composition in dairy cows shedding Mycobacterium avium subsp. paratuberculosis in 

faeces in comparison with nonshedding cows. Canadian Journal of Microbiology. 62(6), pp. 

538-41.  

Kalis, C. H. J., Colins, M. T., Hesselink, J. W. and Barkema, H. W. (2003). Specificity of two tests 

for the early diagnosis of bovine paratuberculosis based on cell-mediated immunity. Veterinary 

Microbiology. 97(1-2), pp. 73–86. 



   
 

162 

 

Karuppusamy, S., Mutharia, L., Kelton, D., Karrow, N. and Kirby, G. (2018). Identification of 

antigenic proteins from Mycobacterium avium subsp. paratuberculosis cell envelope by 

comparative proteomic analysis. Microbiology Research. 164(3), pp. 322–337. 

Karuppusamy, S., Mutharia, L., Kelton, D., Plattner, B., Mallikarjunappa, S., Karrow, N. and 

Kirby, G. (2021). Detection of Mycobacterium avium subsp. paratuberculosis (MAP) 

microorganisms using antigenic MAP cell envelope proteins. Frontiers in Veterinary Science. 8, 

article number: 615029.  

Kent-Dennis, C., Pasternak, A., Plaizier, J.C. and Penner, G.B. (2019). Potential for a localized 

immune response by the ruminal epithelium in nonpregnant heifers following a short-term 

subacute ruminal acidosis challenge. Journal of Dairy Science. 102(8), pp. 7556-7569. 

Keown, D.A., Collings, D.A. and Keenan, J.I. (2012). Uptake and persistence of Mycobacterium 

avium subsp. paratuberculosis in human monocytes. Infection and Immunity. 80(11), pp. 3768-

3775. 

Khader, S.A., Bell, G.K., Pearl, J.E., Fountain, J.J., Rangel-Moreno, J., Ciley, G.E., Shen, F., Eaton, 

S.M., Gaffen, S.L., Swain, S.L., Locksley, R.M., Haynes, L., Randall, T.D. and Cooper, A.M. (2007). 

IL-23 and IL-17 in the establishment of protective pulmonary CD4þ T cell responses after 

vaccination and during Mycobacterium tuberculosis challenge. Nature Immunology. 8, pp. 369 

– 377.  

Khan, M.A., Lee, H.J., Lee, W.S., Kim, H.S., Ki, K.S., Hur, T.Y., Suh, G.H., Kang, S.J. and Choi, Y.J. 

(2007). Structural growth, rumen development, and metabolic and immune responses of 

Holstein male calves fed milk through step-down and conventional methods. Journal of Dairy 

Science. 90(7), pp. 3376-87.  

Kim, M-H., Yang, J-Y., Upadhaya, S.D., Lee, H-J., Yun, C-H. and Ha, J. K. (2011). The stress of 

weaning influences serum levels of acute-phase proteins, iron-binding proteins, inflammatory 

cytokines, cortisol, and leukocyte subsets in Holstein calves. Journal of Veterinary Science. 

12(2), pp. 151-157.  



   
 

163 

 

Kirkeby, C., Græsbøll, K., Nielsen, S.S., Christiansen, L.E., Toft, N., Rattenborg, E and Halasa, T. 

(2016). Simulating the epidemiological and economic impact of paratuberculosis control 

actions in dairy cattle. Frontiers in Veterinary Science. 3, article number: 90.  

Kiser, J.N., Wang, Z., Zanella, R., Scraggs, E., Neupane, M., Cantrell, B., van Tassell, C. P., White, 

S.N., Taylor, J.F. and Neibergs, H.L. (2021). Functional variants surrounding endothelin 2 are 

associated with Mycobacterium avium subsp. paratuberculosis infection. Frontiers in 

Veterinary Science. 8, article number: 625323.  

Klausen, J., Huda, A., Ekeroth, L. and Ahrens, P. (2003). Evaluation of serum and milk ELISAs for 

paratuberculosis in Danish dairy cattle. Preventive Veterinary Medicine. 58, pp. 171 – 178. 

Koets, A.P., Eda, S., and Sreevatsan, S. (2015). The within host dynamics of Mycobacterium 

avium ssp. paratuberculosis infection in cattle: where time and place matter. Veterinary 

Research. 46, article number: 64.  

Koets, A., Hoek, A., Langelaar, M., Overdijk, M., Santema, W., Franken, P., van Eden, W. and 

Rutten, V. (2006). Mycobacterial 70 kD heat-shock protein is an effective subunit vaccine 

against bovine paratuberculosis. Vaccine. 24(14), pp. 2550–2559. 

Koets, A., Rutten, V., Hoek, A., van Mil, F., Muller, K., Bakker, D., Gruys, E. and van Eden, W. 

(2002). Progressive bovine paratuberculosis is associated with local loss of CD4 T cells, 

increased frequency of T Cells, and related changes in T-cell function. Infection and Immunity. 

70(7), pp. 3856-3864. 

Koul, A., Herget, T., Klebl, B. Ullrich, A. (2004). Interplay between mycobacteria and host 

signaling pathways. Nature Reviews Microbiology. 2, pp. 189 – 202. 

Kravitz, A., Pelzer, K. and Sriranganathan, N. (2021). The paratuberculosis paradigm examined: 

A review of host genetic resistance and innate immune fitness in Mycobacterium avium subsp. 

paratuberculosis infection. Frontiers in Veterinary Science. 8, article number: 721706.  

Kudahl, A.B. and Nielsen, S.S. (2009). Effect of paratuberculosis on slaughter weight and 

slaughter value of dairy cows. Journal of Dairy Science. 92(9), pp. 4340-4346. 



   
 

164 

 

Laurin, E.L., Chaffer, M., Trenton McClure, J., McKenna, S.L.B. and Keefe, G.P. (2015b). The 

association of detection method, season, and lactation stage on identification of fecal shedding 

in Mycobacterium avium ssp. paratuberculosis infectious dairy cows. Journal of Dairy Science. 

98(1), pp. 211-220. 

Laurin, E.L., Sanchez, J., Chaffer, M., McKenna, S.L.B. and Keefe, G.P. (2017). Assessment of the 

relative sensitivity of milk ELISA for detection of Mycobacterium avium ssp. paratuberculosis  

infectious dairy cows. Journal of Dairy Science. 100(1), pp. 598-607. 

Laurin, E., McKena, S., Chaffer, M. and Keefe, G. (2015a). Sensitivity of solid culture, broth 

culture, and real-time PCR assays for milk and colostrum samples from Mycobacterium avium 

ssp. paratuberculosis-infectious dairy cows. Journal of Dairy Science. 98(12), pp. 8597-8609. 

Lavers, C.J., Barkema, H.W., Dohoo, I.R., McKenna, S.L.B. and Keefe, G.P. (2014). Evaluation of 

milk ELISA for detection of Mycobacterium avium subsp. paratuberculosis in dairy herds and 

association with within-herd prevalence. Journal of Dairy Science. 97(1), pp. 299-309. 

Lavers, C.J., McKenna, S.L.B., Dohoo, I.R., Barkema, H.W. and Keefe, G.P. (2013). Evaluation of 

environmental fecal culture for Mycobacterium avium subsp. paratuberculosis detection in 

dairy herds and association with apparent within-herd prevalence. The Canadian Veterinary 

Journal. 54(11), pp. 1053–1060. 

Leal, L.N., Doelman, J., Keppler, B.R., Steele, M.A. and Martin-Tereso, J. (2021). Preweaning 

nutrient supply alters serum metabolomics profiles related to protein and energy metabolism 

and hepatic function in Holstein heifer calves. Journal of Dairy Science. 104(7), pp. 7711-7724.  

Leroy, B., Roupie, V., Noel-Georis, I., Rosseels, V., Walravens, K., Govaerts, M., Huygen, K. and 

Wattiez, R. (2007). Antigen discovery: a postgenomic approach to paratuberculosis diagnosis. 

Proteomics. 7(7), pp. 1164–1176. 

Li, L., Wagner, B., Freer, H., Schilling, M., Bannantine, J.P., Campo, J.J., Katani, R, Grohn, Y.T., 

Radzio-Basu, J. and Kapur, V. (2017a). Early detection of Mycobacterium avium subsp. 

paratuberculosis infection in cattle with multiplex-bead based immunoassays. PLOS One. 12, 

article number: e0189783.  



   
 

165 

 

Li, S., Wang, Q., Lin, X., Jin, X., Liu, L., Wang, C., Chen, Q., Liu, J. and Liu, H. (2017b). The use of 

“omics” in lactation research in dairy cows. International Journal of Molecular Sciences. 18, 

article number: 983  

Li, Y., Guo, Y., Wen, Z., Jiang, X., Ma, X. and Han, X. (2018). Weaning stress perturbs gut 

microbiome and its metabolic profile in piglets. Scientific Reports. 8, article number: 18068.  

Liang, G., Malmuthuge, N., Guan, Y., Ren, Y., Griebel, P. and Guan, L. L. (2016). Altered 

microRNA expression and pre-mRNA splicing events reveal new mechanisms associated with 

early stage Mycobacterium avium subsp. paratuberculosis infection. Scientific Reports. 6, 

article number: 24964.  

Lin, X.Y., Wang, Y., Wang, J., Hou, Q.L., Hu, Z.Y., Shi, K.R., Yan, Z.G. and Wang, Z.H. (2018). Effect 

of initial time of forage supply on growth and rumen development in preweaning calves. 

Animal Production Science. 58(12), pp. 2224-2232. 

Linster, C.L., Schaftingen, E.V. and Hanson, A. D. (2013). Metabolite damage and its repair or 

pre-emption. Nature Chemical Biology. 9, pp. 72-80. 

Luangwilai, M., Duangmal, K., Chantaprasarn, N., Settachaimongkon, S. (2021). Comparative 

metabolite profiling of raw milk from subclinical and clinical mastitis cows using 1H-NMR 

combined with chemometric analysis. International Journal of Food Science & Technology. 56, 

article number: 14665. 

Mackay, C.R. and Hein, W.R. (1989). A large proportion of bovine T cells express the gamma 

delta T cell receptor and show a distinct tissue distribution and surface phenotype. 

International Immunology. 1, pp. 540-545. 

Magombedze, G., Eda, S. and Ganusov, V.V. (2014). Competition for antigen between Th1 and 

Th2 responses determines the timing of the immune response switch during Mycobacterium 

avium subsp. paratuberculosis infection in ruminants. PLOS Computational Biology. 10, article 

number: e1003414.  



   
 

166 

 

Magombedze, G., Eda, S. and Koets, A. (2016). Can immune response mechanisms explain the 

faecal shedding patterns of cattle infected with Mycobacterium avium subsp. paratuberculosis. 

PLOS One. 11, article number: e0146844.  

 Malvisi, M., Palazzo, F., Morandi, N., Lazzari, B., Williams, J.L., Pagnacco, G. and Minozzi, G. 

(2016). Responses of bovine innate immunity to Mycobacterium avium subsp. paratuberculosis  

infection revealed by changes in gene expression and levels of miRNA. PlosONE. 11, article 

number: e0164461.  

Marion-Letellier, R., Butler, M., Déchelotte, P., Playford, R.J. and Ghosh, S. (2004). Comparison 

of cytokine modulation by natural peroxisome proliferator-activated receptor γ ligands with 

synthetic ligands in intestinal-like Caco-2 cells and human DCs-potential for dietary modulation 

of peroxisome proliferator-activated receptor γ in intestinal inflammation. American Journal of 

Clinical Nutrition. 87(4), pp. 939-948.  

Martínez-Reyes, I. and Chandel, N.S. (2020). Mitochondrial TCA cycle metabolites control 

physiology and disease. Nature Communications. 11, article number: 102.  

Matthews, D.E. (2007). An overview of phenylalanine and tyrosine kinetics in humans. The 

Journal of Nutrition. 137(6), pp. 1549S–1555S. 

Mayatepek, E., Paul, K., Leichsenring, M., Pfisterer, M., Wagner, D., Domann, M., Soontag, H.G. 

and Bremer, H.J. (1994). Influence of dietary (n-3) poly-unsaturated fatty acids on leukotriene 

B4 and prostaglandin E2 synthesis and course of experimental tuberculosis in guinea pigs. 

Infection.  22(2), pp. 46-52. 

McCarthy, C. (1971). Utilization of palmitic acid by Mycobacterium avium. Infection and 

Immunity. 4(3), pp. 199-204. 

McCarthy, C. (1974). Effect of palmitic acid utilization on cell division in Mycobacterium avium. 

Infection and Immunity. 9(2), pp. 363-372. 

McDonnell, R.P., Doherty, J.V., Earley, B., Clarke, A.M. and Kenny, D.A. (2019). Effect of 

supplementation with n-3 polyunsaturated fatty acids and/or β-glucans on performance, 



   
 

167 

 

feeding behaviour and immune status of Holstein Friesian bull calves during the pre- and post-

weaning periods. Journal of Animal Science and Biotechnology. 10, article number: 7.  

McFarland, C.T., Fan, Y-Y., Chapkin, R.S., Weeks, B.R. and McNurray, D.N. (2008). Dietary 

polyunsaturated fatty acids modulate resistance to Mycobacterium tuberculosis in guinea pigs. 

The Journal of Nutrition. 138(11), pp. 2123-2128.  

McNees, A.L., Markesich, D., Zayyani, N.R. and Graham, D.Y. (2015). Mycobacterium 

paratuberculosis as a cause of Crohn's disease. Expert Review of Gastroenterology & 

Hepatology. 9(12), pp. 1523-1534. 

Michelucci, A., Cordes, T., Ghelfi, J., Pailot, A., Reiling, N., Goldmann, O., Binz, T., Wegner, A., 

Tallam, A., Rausell, A., Buttini, M., Linster, C. L. Medina, E., Balling, R. and Hiller, K. (2013). 

Immune-responsive gene 1 protein links metabolism to immunity by catalyzing itaconic acid 

production. Proceedings of the National Academy of Sciences of the United States of America. 

110(19), pp. 7820-7825. 

Mikkelson, H., Aagaard, C., Nielsen, S. S. and Jungersen, G. (2011). Novel antigens for detection 

of cell mediated immune responses to Mycobacterium avium subsp. paratuberculosis infection 

in cattle. Veterinary Immunology and Immunopathology. 143(1-2), pp. 46-54.  

Mills, D.S. and Marchant-Forde, J.N. (2010). The Encyclopedia of Applied Animal Behaviour and 

Welfare. CABI. 

Mirsaeidi, M., Banoei, M.M., Winston, B.W. and Schraufnagel, D.E. (2015). Metabolomics: 

Applications and promise in Mycobacterial disease. Annals of the American Thoracic Society, 

12(9), pp. 1278-1287. 

Mohareer, K., Medikonda, K., Vadankula, G.R. and Banerjee, S. (2020). Mycobacterial control 

of host mitochondria: bioenergetic and metabolic changes shaping cell fate and infection 

outcome. Frontiers in Cellular and Infection Microbiology. 10, article number: 457.  

Mohd Nor, N., Steeneveld, W., van Werven, T., Mourits, M.C.M. and Hogeveen, H. (2013). First-

calving age and first-lactation milk production on Dutch dairy farms. Journal of Dairy Science. 

96(2), pp. 981-992. 



   
 

168 

 

Mohr, S. Beard, R., Nisbet, A.J., Gurgess, S.T.G., Reeve, R., Denwood, M., Porphyre, T., Zadoks, 

R.N. and Matthews, L. (2020). Uptake of diagnostic tests by livestock farmers: a stochastic 

game theory approach. Frontiers in Veterinary Science. 7, article number: 36.  

Mon, M.K., Viale, M., Baschetti, G., Pinedo, F.A., Gioffre, A., Traveria, G., Willemsen, P., Bakker, 

D. and Romano, M.I. (2012). Search for Mycobacterium avium subsp. paratuberculosis antigens 

for the diagnosis of paratuberculosis. Veterinary Medicine International. 2012, article number: 

860362. 

Moran, J. (2005). Tropical Dairy Farming: Feeding Management for Small Holder Dairy Farmers 

in the Humid Tropics. Clayton: Csiro Publishing. 

Mortier, R.A.R., Barkema, H.W. and de Buck, J. (2015). Susceptibility to and diagnosis of 

Mycobacterium avium subsp. paratuberculosis infection in dairy calves: A review. Preventative 

Veterinary Medicine. 121(3-4), pp. 189-198. 

Mortier, R.A.R., Barkema, H.W., Bystrom, J.M., Illanes, O., Orsel, K., Wolf, R., Atkins, G. and de 

Buck, J. (2013). Evaluation of age-dependent susceptibility in calves infected with two doses of 

Mycobacterium avium subsp. paratuberculosis using pathology and tissue culture. Veterinary 

Research. 44, article number: 94.  

Mortier, R.A.R., Barkema, H.W., Negron, M.E., Orsel, K., Wolf, R. and de Buck, J. (2014a). 

Antibody response early after experimental infection with Mycobacterium avium subsp. 

paratuberculosis in dairy calves. Journal of Dairy Science. 97(9), pp. 5558-5565.  

Mortier, R.A.R., Barkema, H.W., Orsel, K., Wolf, R. and de Buck, J. (2014b). Shedding patterns 

of dairy calves experimentally infected with Mycobacterium avium subsp. paratuberculosis. 

Veterinary Research. 45, article number: 71.  

Mortier, R.A.R., Barkema, H.W., Wilson, T.A., Sajobi, T.T., Wolf, R. and de Buck, J. (2014c). Dose-

dependent interferon-gamma release in dairy calves experimentally infected with 

Mycobacterium avium subsp. paratuberculosis. Veterinary Immunology and 

Immunopathology. 161(3-4), pp. 205-210. 



   
 

169 

 

Muskens, J., Barkema, H.W., Russchen, R., van Maanen, K., Schukken, Y.H. and Bakker, D. 

(2000). Prevalence and regional distribution of paratuberculosis in dairy herds in the 

Netherlands. Veterinary Microbiology. 77(3-4), pp. 253–261. 

Nagaraja, T. G. (2016). Chapter 2 – Microbiology of the Rumen. In: Millen, D. D., Arrigoni, M. 

D. B. and Pacheco, R. D. L. Rumenology. Berlin: Springer, pp. 39-62.  

Naser, S.A., Sagramsingh, S.R., Naser, A.S. and Thanigachalam, S. (2014). Mycobacterium avium 

subsp. paratuberculosis causes Crohn's disease in some inflammatory bowel disease patients. 

World Journal Gastroenterolgy. 20(23), pp. 7403-7415. 

Nielsen, S.S. (2009). Parameters used to assess the efforts to control paratuberculosis in 

Denmark. In: Proceedings of 2nd ParaTB Forum, 8th August 2009, Minneapolis. Brussels: 

International Dairy Federation, pp. 14-20. 

Nielsen, S.S. and Toft, N. (2008). Ante mortem diagnosis of paratuberculosis: A review of 

accuracies of ELISA, interferon-γ assay and faecal culture techniques. Veterinary Microbiology. 

129(3–4), pp. 217–235.  

Nielsen, S.S. and Toft, N. (2009). A review of prevalence’s of paratuberculosis in farmed animals 

in Europe. Preventive Veterinary Medicine. 88(1), pp. 1-14. 

Nielsen, S.S. and Toft, N. (2012). Effect of days in milk and milk yield on testing positive in milk 

antibody ELISA to Mycobacterium avium subsp. paratuberculosis in dairy cattle. Veterinary 

Immunology and Immunopathology. 149(1-2), pp. 6-10. 

Nielsen, S.S., Bjerre, H. and Toft, N. (2008). Colostrum and milk as risk factors for infection with 

Mycobacterium avium subsp. paratuberculosis in dairy cattle. Journal of Dairy Science. 91(12), 

pp. 4610-4615. 

Nielsen, S.S. and Toft, N. (2006). Age-specific characteristics of ELISA and fecal culture for 

purpose-specific testing for paratuberculosis. Journal of Dairy Science. 89(2), pp. 569-579. 

Nishimura, T., Zhao, X., Gan, H., Koyasu, S. and Remold, H.G. (2013). The prostaglandin E2 

receptor EP4 is integral to a positive feedback loop for prostaglandin E2 production in human 



   
 

170 

 

macrophages infected with Mycobacterium tuberculosis. The FASEB Journal. 27(9), pp. 3827-

3836. 

O’Brien, L.M., McAloon, C.G., Stewart, L.D., Strain, S.A.J. and Grant, I.R. (2017). Diagnostic 

potential of the peptide-mediated magnetic separation (PMS)-phage assay and PMS-culture to 

detect Mycobacterium avium subsp. paratuberculosis in bovine milk samples. Transboundary 

and Emerging Diseases. 65(3), pp. 719-726. 

O’Riordan, E.G., Cormican, P., Bryne, N. and Fahy, D. (2019). Systems and Economics of 

Production Systems - Production of spring-born Holstein/Friesian steers. In: Sustainable Grass-

Based Production Dairy Beef 2019, 21 May 2019, County Wexford. Teagasc Agriculture and 

Food Development Authority, County Wexford, pp. 26-27. 

OEI. 2021. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals 2021. [Online]. 

[Date accessed 20 May 2021]. Available from: https://www.oie.int/en/what-we-

do/standards/codes-and-manuals/terrestrial-manual-online-access/ 

Okuni, J.B., Reinacher, M., Loukopoulos, P. and Ojok, L. (2013). Prevalence and spectrum of 

Johne’s disease lesions in cattle slaughtered at two abattoirs in Kampala, Uganda. Tropical 

Animal Health and Production. 45(5), pp. 1197–1202. 

Old Mill, 2020. Milk Cost of Production Report 2020. [Online]. [Date access 11 August 2022]. 

Available from: https://om.uk/insight/milk-cost-of-production-report/ 

Oldham, W.M., Clish, C.B., Yang, Y. and Loscalzo, J. (2015). Hypoxia-mediated increases in L-2-

hydroxyglutarate coordinate the metabolic response to reductive stress. Cell Metabolism. 

22(2), pp. 291-303. 

Oliveira, L.J., McClellan, S. and Hansen, P.J. (2010). Differentation of the endometrial 

macrophage during pregnancy in the cow. PLOS One. 5, article number: e13213. 

Olsen, I., Sigurðardóttir, Ó.G. and Djønne, B. (2002). Paratuberculosis with special reference to 

cattle A review. Veterinary Quarterly. 24(1), pp 12–28. 

O'Neill, L.A.J. and Artyomov, M.N. (2019). Itaconate: the poster child of metabolic 

reprogramming in macrophage function. Nature Reviews Immunology. 19, pp. 273-281 



   
 

171 

 

Overy, D.P., Enot, D.P., Tailliart, K., Jenkins, H., Parker, D., Beckmannn, M. and Draper, J. (2008). 

Explanatory signal interpretation and metabolite identification strategies for nominal mass FIE-

MS metabolite fingerprints. Nature Protocols. 3(3), pp. 471-485. 

Ozsvari, L., Harnos, A., Lang, Z., Monostori, A., Strain, S. and Fodor, I. (2020). The Impact of 

Paratuberculosis on Milk Production, Fertility, and Culling in Large Commercial Hungarian Dairy 

Herds. Frontiers in Veterinary Science. 7, article number: 565324  

Pacífco, C., Stauder, A., Reisinger, C., Schwartz-Zimmermann, H.E. and Zebli, Q. (2022). Distinct 

serum metabolomic signatures of multiparous and primiparous dairy cows switched from a 

moderate to high‑grain diet during early lactation. Metabolomics. 16, article number: 96. 

Pagella, J. H. (1998). Urinary benzylated compounds as potential markers of forage intake and 

metabolism of their precursors in ruminants. Ph.D. thesis, Aberdeen University. 

Pai, M., Denkinger, C.M., Kik, S.V., Rangaka, M.X., Zwerling, A., Oxlade, O., Metcalfe, J.Z., 

Cattamanchi, A., Dowdy, D.W. Dheda, K. and Banaei, N. (2014). Gamma interferon release 

assays for detection of Mycobacterium tuberculosis Infection. Clinical Microbiology Reviews. 

27, pp. 3 – 20. 

Pang, Q., Zhang, T., Wang, Y., Kong, W., Guan, Q., Yan, X. and Chen, S. (2018). Metabolomics 

of early stage plant cell-microbe interaction using stable isotope labelling. Frontiers in Plant 

Science. 7, article number: 790. 

Paradis, F., Yue, S., Grant, J.R., Stothard, P., Basarab, J.A. and Fitzsimmons, C. (2015). 

Transcriptomic analysis by RNA sequencing reveals that hepatic interferon-induced genes may 

be associated with feed efficiency in beef heifers. American Society of Animal Science. 93(7), 

pp. 3331-3341.  

 Parte, A.C. (2014). LPSN-list of prokaryotic names with standing in nomenclature. Nucleic Acids 

Research. 42(Database Issue), D613–D616. 

Paul, K.P., Leichsenring, M., Pfisterer, M., Mayatepek, E., Wagner, D., Domann, M., Sonntag, 

H.G. and Bremer, H.J. (1997). Influence of n-6 and n-3 polyunsaturated fatty acids on the 

resistance to experimental tuberculosis. Metabolism. 46(6), pp. 619-624. 



   
 

172 

 

Peek, S. and Divers, T.J. (2018). Rebhun’s Diseases of Dairy Cattle. 3rd edition. Amsterdam: 

Elsevier Health Sciences. 

Percival, S.L. and Williams, D.W. (2014). Microbiology of waterborne diseases. 2nd ed. San 

Diego: Academic Press Elsevier. 

Perez, G., Rey, A. and Schiff, E. (1976). The biosynthesis of guanidinosuccinic acid by perfused 

rat liver. The Journal of Clinical Investigation. 57(3), pp. 807–809. 

Pfeffer, L.M., Strulovici, B. and Saltiel, A.R. (1990). Interferon-α selectivity activates the β 

isoform of protein kinase C through phosphatidylcholine hydrolysis. Proceedings of the 

National Academy of Sciences of the United States of America. 87(17), pp. 6537–6541.  

Phillips, K.M., Read, C.C., Kriese-Anderson, L.A., Rodning, S.P., Brandebourg, T.D., Biase, F.H., 

Marks, M.L., Elmore, J.B., Stanford, M.K. and Dyce, P.W. (2018). Plasma metabolomic profiles 

differ at the time of artificial insemination based on pregnancy outcome, in Bos taurus beef 

heifers. Scientific Reports. 8, article number: 13196. 

Pickering, A.C. and Fitzgerald, J.R. (2020). The role of gram-positive surface proteins in bacterial 

niche- and host-specialization. Frontiers in Microbiology. 11, article number: 594737. 

Pillai, S.R. and Jayarao, B.M. (2002). Application of IS900 PCR for detection of Mycobacterium 

avium subsp. paratuberculosis directly from raw milk. Journal of Dairy Science. 85(5), pp. 1052-

1057. 

Piras, C.P., Soggiu, A., Bonizzi, L., Greco, V., Ricchi, M., Arrigoni, N., Bassols, A., Urbani, A. and 

Roncada, P. (2015). Identification of immunoreactive proteins of Mycobacterium avium subsp. 

paratuberculosis. Proteomics. 15(4), pp. 813–823. 

Plain, K.M., Begg, D.J., de Silva, K., Purdie, A.C., and Whittington, R.J. (2012). Enhancement of 

the interferon gamma assay to detect paratuberculosis using interleukin-7 and interleukin-12 

potentiation. Veterinary Immunology and Immunopathology. 149(1-2), pp. 28-37.   

Purdie, A.C., Plain, K.M., Begg, D.J., de Silva, K. and Whittington, R.J. (2019). Gene expression 

profiles during subclinical Mycobacterium avium subsp. paratuberculosis infection in sheep can 

predict disease outcome. Scientific Reports. 9, article number: 8245.  



   
 

173 

 

Quash, G., Fournet, G. and Reichert, U. (2003). Anaplerotic reactions in tumour proliferation 

and apoptosis. Biochemical Pharmacology. 66(3), pp. 365-370.  

Radia, D., Bond, K., Limon, G., van Winden, S. and Guitian, J. (2013). Relationship between 

periparturient management, prevalence of MAP and preventable economic losses in UK dairy 

herds. Veterinary Record. 173, article number: 343.  

Radzikowska, U., Rinaldi, A., Sozener, Z. C., Karaguezel, D., Wojcik, M., Cypryk, K., Akdis, M., 

Akdis, C. A. and Sokolowska, M. (2019). The influence of dietary fatty acids on immune 

responses. Nutrients. 11, article number: 2990.  

Rana, A., Rub, A. and Akhter, Y. (2014). Proteome-scale identification of outer membrane 

proteins in Mycobacterium avium subsp. paratuberculosis using a structure based combined 

hierarchal approach. Molecular Biosystems, 10(9), pp. 2329-2337.  

Rasmussen, P., Barkema, H.W., Mason, S., Beaulieu, E. and Hall, D.C. (2021). Economic losses 

due to Johne’s disease (paratuberculosis) in dairy cattle. Journal of Dairy Science. 104(3), pp. 

3123-3143.  

Rathnaiah, G., Zinniel, D.K., Bannantine, J.P., Stabel, J.R., Gröhn, Y.T., Collins, M.T. and Barletta, 

R.G. (2017). Pathogenesis, molecular genetics and genomics of Mycobacterium avium subsp. 

paratuberculosis, the etiologic agent of Johne’s Disease. Frontiers in Veterinary Science. 4, 

article number: 187. 

Rawlings, N., Evans, A.C.O., Chandolia, R.K. and Bagu, E.T. (2008). Sexual Maturation in the Bull. 

Reproduction in Domestic Animals. 43(Supplement S2), pp. 295–301.  

Richardson, E.K.B. and More, S.J. (2009). Direct and indirect effects of Johne’s disease on farm 

and animal productivity in an Irish dairy herd. Irish Veterinary Journal. 62(8), pp. 526–532.  

Rodriguez, P.C., Zea, A.H., DeSalvo, J., Culotta, K.S., Zabaleta, J., Quiceno, D.G., Ochoa, J.B. and 

Ochoa, A.C. (2003). L-Arginine consumption by macrophages modulates the expression of CD3 

xi chain in T lymphocytes. Journal of Immunology. 171(3), pp. 1232-1239. 



   
 

174 

 

Rola-Pleszczynski, M. and Stankova, J. (1992). Leukotriene B4 enhances interleukin-6 (IL-6) 

production and IL6 messenger RNA accumulation in human monocytes in vitro: transcriptional 

and posttranscriptional mechanisms. Blood. 80(4), pp. 1004-1111.  

Romero, J.J., Liebig, B.E., Broeckling, C.D., Prenni, J.E and Hansen, T.R. (2017). Pregnancy-

induced changes in metabolome and proteome in ovine uterine flushings. Biology of 

Reproduction. 97(2), pp. 273-287. 

Rowbotham, D.S., Mapstone, N.P. Trejdosiewicz, L.K., Howdle, P.D. and Quirke, P. (1995). 

Mycobacterium paratuberculosis DNA not detected in Crohn’s disease tissue by fluorescent 

polymerase chain reaction. Gut. 37(5), pp. 660–667. 

Rowe, M.T. and Grant, I.R. (2006). Mycobacterium avium ssp. paratuberculosis and its potential 

survival tactics. Letters in Applied Microbiology. 42(4), pp. 305-311. 

Rue-Albrecht, K., Magee, D.A, Killick, K.E., Nalpas, N.C., Gordon, S.V. and MacHugh, D.E. (2014) 

Comparative functional genomics and the bovine macrophage response to strains of the 

Mycobacterium genus. Frontiers in Immunology. 5, article number: 536.  

Sadeghi, N., Jamshidi, A. and Seyyedin, M. (2019). Detection of Mycobacterium avium subsp. 

paratuberculosis in pasteurized milk samples by culture, direct nested PCR and PCR methods 

in Northeast of Iran. Iranian Journal of Chemistry & Chemical Engineering. 39(6), pp. 251-258. 

Sajiki, Y., Konnai, S., Okagwa, T., Nishimori, A., Maekawa, N., Goto, S., Ikebuchi, R., Nagata, R., 

Kawaji, S., Kagawa, Y., Yamada, S., Kato, Y., Nakajima, C., Suzuki, Y., Murata, S., Mori, Y and 

Ohashi, K. (2018). Prostaglandin E2 induction suppresses the Th1 immune responses in cattle 

with Johne’s Disease. Infection and Immunity. 86, article number: e00910-17.  

Safer, B., Smith, C. M. and Williamson, J. R. (1970). Control of the transport of reducing 

equivalents across the mitochondrial membrane in perfused rat heart. Journal of Molecular 

and Cellular Cardiology. 2(2), pp. 111 – 124.  

Salem, F., Ametaj, B.N., Bouatra, S., Mandal, R., Zebli, Q., Dunn, S.M. and Wishart, D.S. (2012). 

A metabolomics approach to uncover the effects of grain diets on rumen health in dairy cows. 

Journal of Dairy Science. 95(11), pp. 6606-6623.  



   
 

175 

 

Sartor, R.B. (2005). Does Mycobacterium avium subspecies paratuberculosis cause Crohn’s 

disease? Gut. 54, pp. 896–898. 

Sasaki, M., Davis, C.L. and Larson, B.L. (1976). Production and turnover of IgG1 and IgG2 

immunoglobulins in the bovine around parturition. Journal of Dairy Science. 59, pp. 2046 – 

2055.  

Scano, P., Carta, P., Ibba, I., Manis, C. and Caboni, P. (2020). An untargeted metabolomic 

comparison of milk composition from sheep kept under different grazing systems. Dairy. 1(1), 

pp. 30-41. 

Scher, J.U. and Pillinger, M.H. (2008). The anti-inflammatory effects of prostaglandins. Journal 

of Investigative Medicine. 57(6), pp. 703-708.  

Scott Bauman, J., Pizzey, R., Beckmann, M., Villarreal-Ramos, B., King, J., Hopkins, B., Rooke, D., 

Hewinson, G. and Mur, L.A.J. (2022). Untargeted metabolomic analysis of thoracic blood from 

badgers indicate changes linked to infection with bovine tuberculosis (Mycobacterium bovis): 

a pilot study. Metabolomics. 18, article number: 61.  

Seth, M., Lamont, E.A., Janagama, H.K., Widdel, A., Vulchanova, L., Judith, R., Stabel, W., Water, 

R., Palmer, M.V. and Sreevastsan, S. (2009). Biomarker discovery in subclinical mycobacterial 

infections of cattle. PLOSOne. 4, article number: e5478.  

Shaughnessy, R.G., Farrell, D., Riepema, K., Bakker, D., Gordan, S.V. (2015). Analysis of 

biobanked serum from a Mycobacterium avium subsp. paratuberculosis bovine infection 

model confirms the remarkable stability of circulating miRNA profiles and defines a bovine 

serum miRNA repertoire. PLOS One. 10, article number: e0145089.  

Shiba, T., Kawakami, K., Sasaki, T., Makino, I., Kato, I., Kobayashi, T., Uchida, K. and Kaneko, K. 

(2014). Effects of intestinal bacteria-deprived p-cresyl sulfate on Th1-type immune response 

in vivo and in vitro. Toxicology and Pharmacology, 274(2), pp. 191-199. 

Shin, S.J., Chio, D. and Collins, M.T. (2008). Diagnosis of Bovine Paratuberculosis by a novel 

enzyme-linked immunosorbent assay based on early secreted antigens of Mycobacterium 

avium subsp. paratuberculosis. Clinical and Vaccine Immunology. 15(8), pp. 1277-1281. 



   
 

176 

 

Simutis, F.J., Jones, D.E. and Hostetter, J.M. (2007). Failure of antigen-stimulated gamma delta 

T cells and CD4+ T cells from sensitized cattle to upregulate nitric oxide and mycobactericidal 

activity of autologous Mycobacterium avium subsp. paratuberculosis-infected macrophages. 

Veterinary Immunology and Immunopathology. 116(1-2), pp. 1-12. 

Slana, I., Liapi, M., Moravkova, M., Kralova, A. and Pavlik, I. (2009). Mycobacterium avium 

subsp. paratuberculosis in cow bulk tank milk in Cyprus detected by culture and quantitative 

IS900 and F57 real-time PCR. Preventative Veterinary Medicine. 89(3-4), pp. 223-226. 

Smartt, A.E. and Ripp, S. (2011). Bacteriophage reporter technology for sensing and detecting 

microbial targets. Analytical and Bioanalytical Chemistry. 400(4), pp. 991–1007. 

Smeed, J.A., Watkins, C.A., Rhind, S.M. and Hopkins, J. (2007). Differential cytokine gene 

expression profiles in the three pathological forms of sheep paratuberculosis. BMC Veterinary 

Research. 3, article number: 18.  

Smith, E.A. and Macfarlane, G.T. (1997). Dissimilatory amino acid metabolism in human colonic 

bacteria. Anaerobe, 3(5), pp. 327-337. 

Smith, E.A. and Macfarlane, G.T. (1996). Enumeration of human colonic bacteria producing 

phenolic and indolic compounds: effects of pH, carbohydrate availability and retention time on 

dissimilatory aromatic amino acid metabolism. Journal of Applied Bacteriology. 81(3), pp. 288-

302. 

Smith, J. and van Winden, S. (2019). Risk of Lameness in Dairy Cows with Paratuberculosis 

Infection. Animals. 9, article number: 339.  

SMPDB. 2019. Alanine Metabolism. [Online]. [Accessed 10 February 2021]. Available from: 

https://smpdb.ca/view/SMP0000055 

Sordillo, L.M. (2018). Symposium review: Oxylipids and the regulation of bovine mammary 

inflammatory responses. Journal of Dairy Science. 101(6), pp. 5629-5641 

Southey, B.R., Bolt, C.R., Rymut, H.E., Keever, M.R., Ulanov, A.V., Li, Z., Rund, L.A., Johnson,  

R.W. and Rodrigues-Zas, S.L. (2021). Impact of weaning and maternal immune activation on 

the metabolism of pigs. Frontiers in Molecular Biosciences. 8, article number: 660674.  



   
 

177 

 

Souza, C.D., Evanson, O.A. and Weiss, D.J. (2006). Mitogen activated protein kinase p38 

pathway is an important component of the anti-inflammatory response in Mycobacterium 

avium subsp. paratuberculosis-infected bovine monocytes. Microbial Pathogenesis. 41(2-3), 

pp. 59-66. 

Stabel, J.R. (2000). Transitions in immune responses to Mycobacterium paratuberculosis. 

Veterinary Microbiology. 77(3-4), pp. 465-473.   

Stabel, J.R., Bannantine, J.P. and Hostetter, J. (2015). Mycobacterium avium subsp. 

paratuberculosis infection, immunology and pathology of livestock. In: Mukundan, M., 

Chambers, M. Waters, R. and Larsen, M. tuberculosis, Leprosy, and Mycobacterial Diseases of 

Man and Animals: The Many Hosts of Mycobacteria. Boston: Centre for Agriculture and 

Biosciences International, pp. 512-537. 

Stabel, J.R., Bradner, L., Robbe-Austerman, S. and Beitz, D.C. (2014). Clinical disease and stage 

of lactation influence shedding of Mycobacterium avium subsp. paratuberculosis into milk and 

colostrum of naturally infected dairy cows. Journal of Dairy Science. 97(10), pp. 6296-6304.  

Stanley, E.C., Mole, R.J., Smith, R.J., Glenn, S.M., Barer, M.R., McGowan, M. and Rees, C.E.D. 

(2007). Development of a new, combined rapid method using phage and PCR for detection and 

identification of viable Mycobacterium paratuberculosis bacteria within 48 hours. Applied and 

Environmental Microbiology. 73(6), pp. 1851–1857. 

Stein, I.M., Cohen, B.D. and Kornhauser, R.S. (1969). Guanidinosuccinic acid in renal failure, 

experimental azotemia and inborn errors of the urea cycle. The New England Journal of 

Medicine. 280, pp. 926-930. 

Stergiadis, S., Cabeza-Luna, I., Mora-Ortiz, M., Stewart, R.D., Dewhurst, R.J., Humphries, D.J., 

Watson, M., Roehe, R. and Auffret, M.D. (2021). Unravelling the role of rumen microbial 

communities, genes, and activities, on milk fatty acid profile using a combination of omics 

approaches. Frontiers in Microbiology. 11, article number: 590441.  

Stevenson, K. (2015). Genetic diversity of Mycobacterium avium subspecies paratuberculosis 

and the influence of strain type on infection and pathogenesis: a review. Veterinary Research. 

46, article number: 64.  



   
 

178 

 

Stevenson, K., Hughs, V.M., de Juan, L., Inglis, N.F., Wright, F. and Sharp, J.M. (2002). Molecular 

characterization of pigmented and nonpigmented isolates of Mycobacterium avium subsp. 

paratuberculosis. Journal of Clinical Microbiology. 40(5), pp. 1798 – 1804.  

Suravajhala, P., Kogelman, L.J.A., Kadarmideen, H.A. (2016). Multi-omic data integration and 

analysis using systems genomics approaches: methods and applications in animal production, 

health and welfare. Genetics Selection Evolution. 43, article number: 38. 

Sweeney, R.W. (1996). Transmission of paratuberculosis. Veterinary Clinics of North America: 

Food Animal Practice. 12(2), 305-312.  

Sweeney, R.W., Collins, M.T., Koets, A.P., McGuirk, S.M. and Roussel, A.J. (2012). 

Paratuberculosis (Johne’s Disease) in cattle and other susceptible species. Journal of Veterinary 

Internal Medicine. 26(6), pp. 1239-1250. 

Sweeney, R.W., Whitlock, R.H. and Rosenberger, A.E. (1992). Mycobacterium paratuberculosis 

isolated from fetuses of infected cows not manifesting signs of the disease. American Journal 

of Veterinary Research. 53(4), pp. 477-480. 

Sweeney, R.W., Whitlock, R.H., Buckley, C.L. and Spencer, P.A. (1995). Evaluation of a 

commercial enzyme-linked immunosorbent assay for the diagnosis of paratuberculosis in dairy 

cattle. Journal of Veterinary Diagnostic Investigation. 7(4), pp. 488-493. 

Sweeney, R.W. (2011). Pathogenesis of paratuberculosis. Veterinary Clinics of North America: 

Food Animal Practice. 27, 537–546 

Swift, B.M.C., Denton, E.J., Mahendran, S.A., Huxley, J.N. and Rees, C.E.D. (2013). Development 

of a rapid phage-based method for the detection of viable Mycobacterium avium subsp. 

paratuberculosis in blood within 48 h. Journal of Microbiological Methods. 94(3), pp. 175-179. 

Swift, B.M.C., Huxley, J.N., Plain, K.M., Begg, D.J., de Silva, K., Purdie, A.C., Whittington, R.J. and 

Rees, C.E.D. (2016). Evaluation of the limitations and methods to improve rapid phage-based 

detection of viable Mycobacterium avium subsp. paratuberculosis in the blood of 

experimentally infected cattle. BMC Veterinary Research. 21, article number: 115.  



   
 

179 

 

Tachtsis, B., Camera, D. and Lacham-Kaplan, O.L. (2018). Potential roles of n-3 PUFAs during 

skeletal muscle growth and regeneration. Nutrients. 10, article number: 309.  

Tager, A.M., Bromley, S.K., Medoff, B.D., Islam, S.A., Bercury, S.D., Friedrich, E.B., Carafone, 

A.D., Gerszten, R.E. and Luster, A.D. (2003). Leukotriene B4 receptor BLT1 mediates early 

effector T cell recruitment. Nature Immunology. 4(10), pp. 982-990. 

Talahalli, R., Zarini, S., Sheibani, N., Murphy, R.C. and Gubitosi-Klug, R.A. (2013). Increased 

synthesis of leukotrienes in the mouse model of diabetic retinopathy. Investigative 

Ophthalmology & Visual Science. 51(3), pp. 1699-1708. 

Tata, A., Pallante, I., Massaro, A., Miano, B., Bottazzzari, M., Fiorini, P., Dal Pra, M., Paganini, L., 

Stefani, A., de Buck, J. Piro, R. and Pozzato, N. (2021). Serum metabolomic profiles of 

paratuberculosis infected and infectious dairy cattle by ambient mass spectrometry. Frontiers 

in Veterinary Science. 7, article number: 625067.  

Taylor, E. N., Beckmann, M., Hewinson, G., Rooke, D., Mur, L. A. J. and Koets, A. P. (2022b). 

Metabolomic changes in polyunsaturated fatty acids and eicosanoids as diagnostic biomarkers 

in Mycobacterium avium subsp. paratuberculosis (MAP) inoculated Holstein-Friesian heifers. 

Veterinary Research. 53, article number: 68. 

Taylor, E.N., Beckmann, M., Markey, B.K., Gordan, S.V., Hewinson, G., Rooke, D. and Mur, L.A.J. 

(2022a). Metabolomic changes in Mycobacterium avium subsp. paratuberculosis (MAP) 

challenged Holstein-Friesian cattle highlight the role of serum amino acids as indicators of 

immune system activation. Metabolomics. 18, article number: 21. 

Taylor, E.N., Beckmannn, M., Villareal-Ramos, B., Vordermeier, H-M., Hewinson, G., Rooke, D., 

Mur, L.A.J. and Koets, A.P. (2021a). Metabolomic Changes in Naturally MAP-Infected Holstein–

Friesian Heifers Indicate Immunologically Related Biochemical Reprogramming. Metabolites. 

11, article number: 727.  

Taylor, E. N., McCaughern, J., Beckmannn, M., Mackenzie, A., Mur, L.A.J. and Sinclair, L.A. 

(2021b). Dietary starch concentration influences milk protein via the phenylalanine and 

tyrosine metabolism in early lactation Holstein Friesian dairy cows. Animal-Science 

Proceedings. 12(1), pp. 97. 



   
 

180 

 

 

TB Hub. 2022. Interferon-gamma blood testing of cattle. [Online]. [Date accessed 19 August 

2022]. Available from: https://tbhub.co.uk/tb-testing-cattle/blood-testing/interferon-gamma-

blood-testing-of-cattle/ 

Thirunavukkarasu, S., de Silva, K., Begg, D. J., Whittington, R. J. and Plain, K. M. (2015). 

Macrophage polarization in cattle experimentally exposed to Mycobacterium avium subsp. 

paratuberculosis. Pathogens and Disease. 73, article number: ftv085.  

Tieri, P., Termanini, A., Bellavista, E., Salvioli, S., Capri, M.  and Franceschi, C. (2012). Charting 

the NF-κB Pathway Interactome Map. PLoS One. 7(3), article number: e32678. 

Timmes, V.J., Daskalopoulos, G., Mitchell, H.M. and Nielan, B.A. (2016). The association of 

Mycobacterium subsp. paratuberculosis with inflammatory bowel disease. PLOS One. 11, 

article number: e0148731.  

Tiwari, A., Van Leeuwen, J.A., McKenna, S.L.B., Keefe, G.P. and Barkema, H.W. (2006). Johne’s 

Disease in Canada. Part I: Clinical symptoms, pathology, diagnosis, and prevalence in dairy 

herds. Canadian Veterinary Journal. 47(9), pp. 874–882. 

Tong, J., Zhang, H., Zhang, Y., Xiong, B. and Jiang, L. (2019). Microbiome and metabolome 

analyses of milk from dairy cows with subclinical Streptococcus agalactiae mastitis – potential 

biomarkers. Frontiers in Microbiology. 10, article number: 2547.  

Troccon, J.L. (1993). Effects of winter feeding during the rearing period on performance and 

longevity in dairy cattle. Livestock Production Science. 36(2), pp. 157-176.  

Tyrakis, P.A., Palazon, A., Macias, D., Lee, K.L., Phan, A.T., Velica, P., You, J., Chia, G.S., Sim, J., 

Doedans, A., Abelanet, A., Evans, C. R., Griffiths, J. R., Poellinger, L., Goldrath, A.W. and 

Johnson, R.S. (2016). S-2-hydroxyglutarate regulates CD8+ T-lymphocyte fate. Nature. 

540(7632), pp. 236-241.  

Umanets, A., Dinkla, A., Vastenhouw, S., Ravesloot, L. and Koets, A.P. (2021). Classification and 

prediction of Mycobacterium Avium subsp. Paratuberculosis (MAP) shedding severity in cattle 



   
 

181 

 

based on young stock heifer faecal microbiota composition using random forest algorithms. 

Animal Microbiome. 3, article number: 78.  

Van Weering, H., van Schaik, G., van der Meulen, A., Waal, M., Franken, P., van Maanen, K. 

(2007). Diagnostic performance of the Pourquier ELISA for detection of antibodies against 

Mycobacterium avium subsp. paratuberculosis in individual milk and bulk milk samples of dairy 

herds. Veterinary Microbiology. 125(1-2), pp.49-58.  

Vanholder, R., De Smet, R., Waterloos, M-A., Van Landschoot, N, Vogeleere, P., Hoste, E., 

Ringoir, S. (1995). Mechanisms of uremic inhibition of phagocyte reactive species production: 

Characterization of the role of p-cresol. Kidney International. 47(2), pp. 510-517.  

Verlengia, R., Gorjao, R., Kanunfre, C.C., Bordin, S., de Lima, T.M. and Martins, E.F. (2004). 

Effects of EPA and DHA on proliferation, cytokine production and gene expression in raji cells. 

Lipids. 39(9), pp. 857-864.  

Vrieling, F., Kostidis, S., Spanik, H.P., Haks, M.C., Mayboroda, O.A., Ottenhof, T.H.M. and 

Joosten, S.A. (2020). Analyzing the impact of Mycobacterium tuberculosis infection on primary 

human macrophages by combined exploratory and targeted metabolomics. Scientific Reports. 

10, article number: 7085.  

Weigoldt, M., Means, J., Doll, K., Fritsch, I., Mobius, P., Goethe, R. and Gerlach, G.F. (2011). 

Differential proteome analysis of Mycobacterium avium subsp. Paratuberculosis grown in vitro 

and isolated from cases of clinical Johne’s disease. Microbiology. 157(Part 2), pp. 557–565. 

Weiner 3rd, J., Maertzdorf, J., Sutherland, J.S., Duffy, F.J., Thompson, E., Suilam, S., McEwen, 

G., Thiel, B., Parida, S.K. and Zyla, J. (2018). Metabolite changes in blood predict the onset of 

tuberculosis. Nature Communication. 9, article number: 5208.  

Weiss, D.J., Souza, C.D., Evanson, O.A., Sanders, M. and Rutherford, M. (2008). Bovine 

monocyte TLR2 receptors differentially regulate the intracellular fate of Mycobacterium avium 

subsp. paratuberculosis and Mycobacterium avium subsp. avium. Journal of Leukocyte Biology. 

83(1), pp. 48-55.  



   
 

182 

 

Wells, S.J., Collins, M.T., Faaberg, K.S., Wees, C., Tavornpanich, S., Petrini, K.R., Collins, J .E., 

Cernicchiaro, N. and Whitlock, R.H. (2006). Evaluation of a rapid fecel PCR test for detection of 

Mycobacterium avium subsp. paratuberculosis in dairy cattle. Clinical and Vaccine 

Immunology. 10(13), pp.1125-1130.  

Whelan, C., Whelan, A.O., Shuralev, E., Kwok, H.F., Hewinson, G., Clarke, J. and Vordermeier, 

H.M. (2010). Performance of the Enferplex TB assay with cattle in Great Britain and assessment 

of its suitability as a test to distinguish infected and vaccinated animals. Clinical and Vaccine 

Immunology. 17(5), pp. 813 – 817.  

Whitlock, R.H. and Buergelt, C. (1996). Preclinical and clinical manifestations of 

paratuberculosis (including pathology). Veterinary Clinics of North America: Food Animal 

Practice. 12(2), pp. 345-356. 

Whitlock, R.H., Wells, S.J., Sweeney, R.W. and Van Tiem, J. (2000). ELISA and faecal culture for 

paratuberculosis (Johne’s disease): sensitivity and specificity of each method. Veterinary 

Microbiology. 77(3-4), pp. 387-398.  

Whittington, R.J. and Windsor, P.A. (2009). In utero infection of cattle with Mycobacterium 

avium subsp. paratuberculosis: A critical review and meta-analysis. The Veterinary Journal. 

179(1), pp. 60-69. 

Whittington, R., Donat, K., Weber, M.F., Nielsen, S.S., Eisenberg, S. Arrigoni, N., Juste, R., Sáez, 

J.L., Dhand, N., Santi, A., Michel, A., Barkema, H., Kralik, P., Kostoulas, P., Citer, L., Griffin, F., 

Barwell, R., Moreira, M.A.S, Slana, I. … de Waard, J.H. (2019). Control paratuberculosis: who, 

why and how. A review of 48 countries. BMC Veterinary Research. 15, article number: 198.  

Willemsen, P.T.J., Westerveen, J., Dinkla, A., Bakker, D., van Zijderveld, F.G., Thole, J.E.R. (2006). 

Secreted antigens of Mycobacterium avium subsp. paratuberculosis as prominent immune 

targets. Veterinary Microbiology. 114(3-4), pp. 337-344.  

Windsor, P.A. and Whittington, R.J. (2010). Evidence for age susceptibility of cattle to Johne’s 

disease. The Veterinary Journal. 184(1), pp. 37-44.  



   
 

183 

 

Wise, G.H., Anderson, G.W. and Miller, P.G. (1942). Factors affecting the passage of liquids into 

the rumen of the dairy calf. II. Elevation of the head as milk is consumed. Journal of Dairy 

Science. 25(6), pp. 529-536. 

Wiszniewska-Łaszczych, A., Liedtke, K. G., Szteyn, J. M. and Lachowicz, T. (2020). The Effect of 

Mycobacterium avium subsp. paratuberculosis Infection on the Productivity of Cows in Two 

Dairy Herds with a Low Seroprevalence of Paratuberculosis. Animals. 10, article number: 490.  

Wood, P.L., Erol, E., Hoffsis, G.F., Steinman, M. and de Buck, J. (2018). Serum lipidomics of 

bovine paratuberculosis: Disruption of choline-containing glycerophospholipids and 

sphingolipids. Sage Open. 6, article number: 2050312118775302.  

Wu, S.W., Pao, C.C., Chan, J. and Yen, T.S. (1991). Lack of mycobacterial DNA in Crohn’s disease 

tissue. Lancet. 337(8734), pp. 174–175. 

Wu, G. and Meininger, C.J. (2002). Regulation of nitric oxide synthesis by dietary factors. 

Annual Review of Nutrition. 22, pp. 61-86.  

Xia, Q., Lee, M.H., Walsh, K.F., McAulay, K., Bean, J.M., Fitzgerald, D.W., Dupnik, K.M., Johnson, 

W.D., Pape, J.W., Rhee, K.Y. and Isa, F. (2020). Urinary biomarkers of mycobacterial load and 

treatment response in pulmonary tuberculosis. JCI Insight. 5, article number: e136301.  

Xu, W., Vervoot, J., Saccenti, E., van Hoeij, R., Kemp, B. and van Knegsel, A. (2018). Milk 

metabolomics data reveal the energy balance of individual dairy cows in early lactation. 

Scientific Reports. 8, article number: 15828.  

Xu, W., Vervoot, J., Saccenti, E., Kemp, B., van Hoeij, R. J. and van Knegsel, A.T.M. (2020). 

Journal of Dairy Science. 103(5), pp. 4795 – 4805.  

Xu, Z., Zhou, A., Ni, J., Zhang, Q., Wang, Y., Lu, J., Wu, W., Karakousis, P. C., Lu, S. and Yao, Y. 

(2015). Differential expression of miRNAs and their relation to active tuberculosis. Tuberculosis. 

95(4), pp. 395–403. 

Xue, M-Y., Sun, H-Z., Wu, X-H., Liu, J-X and Guan, L. L. (2020). Multi-omics reveals that the 

rumen microbiome and its metabolome together with the host metabolome contribute to 

individualized dairy cow performance. Microbiome. 8, article number: 64.  



   
 

184 

 

Yang, J., Zhang, L., Yu, C. Yang, X-F. and Wang, H. (2014). Monocyte and macrophage 

differentiation: circulation inflammatory monocyte as biomarkers for inflammatory diseases. 

Biomarker Research. 2, article number: 1.  

Yang, Y., Dong, G., Wang, Z., Wang, J., Zhang, Z. and Liu, J. (2018). Rumen and plasma 

metabolomics profiling by UHPLC-QTOF/MS revealed metabolic alterations associated with a 

high-corn diet in beef steers. Plos One. 13, article number: e0208031.  

Ying, W. (2006). NAD+ and NADH in cellular functions and cell death. Frontiers in Bioscience-

Landmark. 11(3), pp. 3129-3148. 

You, Q.Y., Verschoor, C.P., Pant, S.D., Macri, J., Kirby, G.M. and Karrow, N.A. (2012). Proteomic 

analysis of plasma from Holstein cows testing positive for mycobacterium avium subsp. 

paratuberculosis (MAP). Veterinary Immunology and Immunopathology. 148(3-4), pp. 243-251.  

Zamini, S., Zali, M.R., Aghdaei, H.A., Sechi, L.A., Niegowska, M., Caggiu, E., Keshavarz, R., 

Mosavari, N. and Feizabadi, M.M. (2017). Mycobacterium avium subsp. paratuberculosis and 

associated risk factors for inflammatory bowel disease in Iranian patients. Gut Pathogens. 9, 

article number: 1.  

Zarei-Kordshouli, F., Geramizadeh, B. and Khodakaram-Tafti, A. (2019). Prevalence of 

Mycobacterium avium subsp. paratuberculosis IS 900 DNA in biopsy tissues from patients with 

Crohn’s disease: histopathological and molecular comparison with Johne’s disease in Fars 

province of Iran. BMC Infectious Diseases. 19, article number: 23.  

Zhang, G., Zwierzchowski, G., Mandal, R., Wishart, D.S. and Ametaj, B.N. (2020). Serum 

metabolomics identifes metabolite panels that differentiate lame dairy cows from healthy 

ones. Metabolomics. 16, article number: 73.  

Zimmer, K., Drager, K.G., Klawonn, W. and Hess, R.G. (1999). Contribution to the diagnosis of 

Johne’s Disease in cattle comparative studies on the validity of Ziehl-Neelsen staining, faecal 

culture and a commercially available DNA-Probe® test in detecting Mycobacterium 

paratuberculosis in faeces from cattle. Journal of Veterinary Medicine. 46(2), pp. 137-140.  



   
 

185 

 

Appendix A  

 

 

 

 

 

 

 

 

Appendix A: Figure 1 PLS-DA of HF heifers between 0.5 and 19.0 months of age, in the combined 

ionization mode m/z. 
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Appendix A: Figure 2 Significantly enriched pathways in HF heifers (a) between 2 weeks and 3 months of age 

and (b) between 2 weeks and 19 months of age. Both in the combined ionisation mode m/z. 
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Appendix A: Figure 3 A heatmap of the Pearson’s correlation coefficients produced by comparing metabolites 

significantly affected by time between 2 weeks and 3 months of age and liveweight. Positive correlations are 

shown in red, negative correlations are shown in blue. 
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Appendix A: Figure 4 A heatmap of the Pearson’s correlation coefficients produced by comparing metabolites 

significantly affected by time between 2 weeks and 19 months of age and liveweight. Positive correlations are 

shown in red, negative correlations are shown in blue. 
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 Appendix A: Table 1 The formula and structure of common fatty acids. 
        (Diez-Pascual et al., 2019) 
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Appendix B 

Appendix B: Table 1 Haematology results for MAP-challenged and control cattle, 33-months post challenge. 

Group ID 
Hb  

g/dl 

PCV  

% 

RBC 

X10^12/L 

WBC 

X10^9/L 

MCV  

fl  

MCHC  

g/dl 

MCH  

pg 

Lymphocytes 

% 

Neutrophil 

% 

MAP 2149 11.8 33.7 6.04 4.1 55.8 35 19.5 54.8 31.6 

MAP 2155 13 35.5 7.74 5.4 45.9 36.6 16.8 53.8 32.9 

MAP 2176 13.3 37 7.42 5.1 49.9 35.9 17.9 73.4 19.9 

MAP 2194 13.1 36.8 7.14 5.4 51.5 35.6 18.3 69.9 21.3 

MAP 2201 10.7 29.5 6 7.4 49.2 36.3 17.8 58 20.8 

MAP 2212 14.6 41.1 7.87 8.7 52.2 35.5 18.6 75.3 17.9 

MAP 2387 11.4 32.5 6.43 5.2 50.5 35.1 17.7 60.4 32 

MAP 2390 12.7 36.9 6.95 7.1 53.1 34.4 18.3 66 21.4 

MAP 2402 13.8 39.2 7.74 8 50.6 35.2 17.8 70.3 18.5 

Control 2168 11.4 31.8 6.32 10.6 50.3 35.8 18 54.4 20.1 

Control 2218 11.6 32.1 7.05 5.8 45.5 36.1 16.5 65.1 22.2 

Control 2391 13.5 36.8 7.15 7.9 51.5 36.7 18.9 61.8 25.6 

Control 2395 13.7 37.7 8.29 8.4 45.5 36.3 16.5 50.8 35.5 

Control 2398 12.1 32.7 6.65 7.7 49.2 37 18.2 67.1 22.9 

Control 2405 12.6 34.7 7.22 6.8 48.1 36.3 17.5 63.2 25.6 

Control 2409 13.2 36.1 7.38 6.3 48.9 36.6 17.9 64.5 28 

Control 2425 11.6 32.1 6.94 7.7 46.3 36.1 16.7 61.3 25.6 

Control 2454 14.1 38.9 8.38 6.9 46.4 36.2 16.8 63.7 28.5 
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Appendix B: Table 1 (continued). 

Group ID 
Eosinophil 

(%) 

Monocyte 

(%) 

Basophil  

(%) 

Lymphocyte 

(X10^9/L) 

Neutrophil 

(X10^9/L) 

Eosinophil 

(X10^9/L) 

Monocyte 

(X10^9/L) 

Basophil 

(X10^9) 

MAP 2149 9.4 2.5 1.4 2.22 1.28 0.38 0.10 0.06 

MAP 2155 9.4 3.0 0.9 2.89 1.77 0.5 0.16 0.05 

MAP 2176 3.7 2.1 0.8 3.71 1.01 0.19 0.11 0.04 

MAP 2194 5.2 2.6 0.7 3.77 1.15 0.28 0.14 0.04 

MAP 2201 17.7 2.5 0.9 4.28 1.54 1.31 0.18 0.07 

MAP 2212 3.6 2.0 0.9 6.57 1.56 0.31 0.17 0.08 

MAP 2387 4.1 2.5 0.8 3.12 1.65 0.21 0.13 0.04 

MAP 2390 6.9 4.6 0.7 4.67 1.51 0.49 0.33 0.05 

MAP 2402 5.3 4.4 0.8 5.6 1.47 0.42 0.35 0.06 

Control 2168 22.4 2.4 0.7 5.74 2.12 2.37 0.25 0.07 

Control 2218 9.4 2.8 0.5 3.76 1.28 0.54 0.16 0.03 

Control 2391 8.0 3.6 0.7 4.86 2.01 0.63 0.28 0.06 

Control 2395 9.8 3.3 0.5 4.26 2.98 0.82 0.28 0.04 

Control 2398 6.0 3.1 0.8 5.2 1.77 0.46 0.24 0.06 

Control 2405 6.6 3.7 0.7 4.32 1.75 0.45 0.25 0.05 

Control 2409 3.0 3.3 0.8 4.04 1.76 0.19 0.21 0.05 

Control 2425 7.5 4.7 0.8 4.7 1.96 0.58 0.36 0.06 

Control 2454 3.3 3.4 0.7 - 1.97 0.23 0.24 0.05 

Hb* = haemoglobin, PCV* = packed cell volume, RBC* = red blood cell count, WBC* = white blood cell count, MCV* = mean corpuscular volume, 

MCHC* = mean corpuscular hemoglobin concentration, MCH* = mean corpuscular hemoglobin 
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Appendix B: Figure 1 VIP score plots (>1) produced by PLS-DA of metabolites 

differentially expressed in MAP-challenged and control cattle in the negative 

ionization mode 24-months post MAP-challenge. 
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Appendix B: Figure 2 VIP score plots (>1) produced by PLS-DA of metabolites 

differentially expressed in MAP-challenged and control cattle in the positive ionization 

mode 24-months post MAP-challenge. 



   
 

194 

 

 

 

 



   
 

195 

 

 

 

 



   
 

196 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Appendix B: Figure 3 Box and whisker plots of metabolites which displayed minimal overlapping between MAP-

challenged and control cattle in the negative ionisation mode, between 3- and 33-months post MAP-challenge. 

Blue boxplots = MAP-challenged cattle, green boxplots = control cattle. 
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Appendix B: Figure 4 Box and whisker plots of metabolites which displayed minimal overlapping between MAP-

challenged and control cattle in the positive ionisation mode, between 3- and 33-months post MAP-challenge. 

Blue boxplots = MAP-challenged cattle, green boxplots = control cattle. 
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Appendix B: Figure 5 Significantly enriched pathways in MAP-challenged cattle in the negative ionisation 

mode m/z. 
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Appendix B: Figure 6 Significantly enriched pathways in MAP-challenged cattle in the positive ionisation mode 

m/z. 
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Appendix B: Table 2 AUC assessments of the targeted metabolites. 

 

Metabolite Mode 
Post MAP-challenge (months) 

3 6 10 12 16 20 24 28 31 33 

2-Oxosuccinamate Neg 0.809 0.642 0.938 0.735 0.827 0.599 0.840 0.969 0.895 0.864 

3a,7a,12a-Trihydroxy-5b-cholestanoic acid Pos 0.901 0.802 0.568 0.593 0.704 0.889 0.704 0.519 0.506 0.926 

3-Sulfinoalanine Pos 0.877 0.926 0.531 0.710 0.568 0.765 0.691 0.667 0.901 0.778 

4-Aminobutyraldehyde Neg 0.519 0.667 0.617 0.654 0.630 0.642 0.617 0.877 0.778 0.691 

6-Thioxanthine 5'-monophosphate Neg 0.630 0.951 0.778 0.679 0.549 1.000 1.000 1.000 0.889 0.802 

Acetaldehyde Neg 0.790 0.938 0.914 0.852 0.889 1.000 0.914 1.000 0.877 0.975 

Arachidic acid Neg 0.691 0.691 0.617 0.580 0.840 0.753 0.901 0.914 0.938 0.877 

Biotin Neg 0.623 1.000 0.815 0.852 0.926 0.938 0.778 0.963 0.889 0.864 

Citrulline Pos 0.827 0.531 0.537 0.716 0.864 0.556 0.951 0.975 0.654 0.895 

Cytidine Neg 0.691 0.821 0.877 0.790 0.938 0.877 0.765 0.951 0.500 0.667 

Deoxyadenosine Neg 0.790 0.765 0.556 0.716 0.568 0.765 0.679 0.840 0.975 0.901 

Galactosylglycerol Pos 0.611 0.914 0.506 0.691 0.864 0.506 0.556 0.778 0.568 0.741 

Glyoxylic acid Neg 0.722 0.741 0.593 0.506 0.883 0.802 0.809 0.531 1.000 0.667 

Hippuric acid Neg 0.617 0.728 0.556 0.753 0.975 0.580 0.679 0.889 0.988 0.926 

Maleylacetoacetic acid Neg 0.827 0.877 0.840 0.901 0.975 0.790 0.716 1.000 1.000 0.556 

Malonyl-CoA Pos 0.568 0.802 0.568 0.605 0.864 0.840 0.889 0.852 0.815 0.605 

Methionine Neg 0.531 0.500 0.815 0.790 0.704 0.846 0.654 0.667 0.667 0.765 

N-Acetylneuraminate Neg 0.574 0.679 0.728 0.840 0.852 0.679 0.691 0.691 0.735 0.765 

Phosphorylcholine Neg 0.568 0.778 0.877 0.901 0.951 0.605 0.704 0.963 0.926 0.741 

O-Phosphoethanolamine Neg 0.506 0.654 0.963 0.679 0.679 0.765 0.691 0.519 0.673 0.846 

Phenylacetylglycine Neg 0.753 0.642 0.512 0.543 0.568 0.975 0.704 1.000 0.840 0.802 

Proline Pos 0.988 0.506 0.605 0.556 0.568 0.667 0.963 0.580 0.519 0.815 

S-Ureidoglycolic acid Pos 0.938 0.605 0.963 0.654 0.901 0.926 0.877 0.802 0.778 0.827 

Uridine Neg 0.654 0.741 0.753 0.568 0.852 0.704 0.691 0.747 0.580 0.531 

Xylose Pos 0.605 0.802 0.821 0.778 0.802 0.654 0.815 0.506 0.784 0.543 
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Appendix B: Figure 7 A heatmap of the Pearson’s correlation coefficients produced by comparing metabolites 

significantly affected by MAP-challenge, PPDA, PPDB, PDDJ and ELISA between 3- and 33-months post MAP-

challenge. Positive correlations are shown in red, negative correlations are shown in blue. 
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Appendix B: Figure 8 Pearson’s correlation coefficients between metabolites and hematology parameters 33-

months post MAP-challenge. Positive correlations are shown in red, negative correlations are shown in blue. 
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Appendix B: Table 3 The number of correlations between haematology parameters and metabolites significantly 

affected by MAP-challenge 33-months post MAP-challenge whereby -0.4 < correlation co-efficient > 0.4. 

Haematology Parameters Frequency 

Monocytes % 11 

MCH pg 6 

Monocytes X109/L 6 

Basophils % 5 

MCV fl 5 

Neutrophils X109/L 4 

MCHC g/dl 3 

Basophils X109/L 2 

Eosinophils % 2 

RBC X1012/L 2 

PCV % 2 

Eosinophils X109/L 1 

Hb g/dl 1 

Lymphocytes X109/L 1 

Neutrophils % 1 

WBC X109/L 1 

Lymphocytes % 0 
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Appendix B: Figure 9 Pearson’s correlation coefficients between metabolites significantly affected 

by MAP-challenge 33-months post MAP-challenge, whereby -0.4 < correlation co-efficient > 0.4.  A 

= 3-sulfinoalanine, B = (S)-Ureidoglycolic acid, C = monocyte (%), D = glyoxylic acid, E = 3a,7a,12a-

trihydroxy-5b-cholestanoic acid, F = cytidine, G = maleylacetoacetic acid, H = 2-oxosuccinamate, I = 

acetaldehyde, J = methionine and K = N-acetylneuraminate Positive correlations are shown in red, 

negative correlations are shown in blue. 
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Appendix B: Figure 10 Mean± SEM of Bovigam® IGRA results of challenged (solid lines) and control 

(dashed lines) cattle in response to stimulation with PPDa (O), PPDb (O) and PPDj (O) over the course 

of the experimental challenge. 
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Appendix C  

Appendix C: Table 1 Metabolite expression within naturally MAP-infected and control heifers. 

Common Metabolite Name MAP Status Time Interaction 

3-Hydroxy-Octadecanoic acid 1.37 x 10-7 6.63 x 10-27 1.03 x 10-17 

10-Nonadecanoic acid 4.17 x 10-8 6.17 x 10-27 8.71 x 10-9 

15-HETE 4.09 x 10-5 6.19 x 10-10 1.83 x 10-4 

17-HDoHE 4.84 x 10-4 8.05 x 10-14 8.84 x 10-3 

2-Hydroxyglutaric acid 8.87 x 10-11 1.25 x 10-2 4.19 x 10-2 

3a,7a,12b-Trihydroxy-5b-cholanoic acid 5.78 x 10-3 7.93 x 10-16 1.12 x 10-7 

8,11,14-Eicosatrienoic acid 4.85 x 10-5 1.38 x 10-18 7.49 x 10-15 

9,10-DHOME 7.16 x 10-5 1.53 x 10-14 3.67 x 10-17 

Adrenic acid 3.58 x 10-2 5.19 x 10-24 2.75 x 10-14 

Bicyclo-PGE2 5.40 x 10-19 2.39 x 10-1 3.48 x 10-1 

Cis-8,11,14,17-Eicosatetraenoic acid 3.69 x 10-4 1.39 x 10-10 3.55 x 10-10 

Creatine 3.35 x 10-7 1.30 x 10-9 2.62 x 10-9 

Creatinine 1.08 x 10-5 1.63 x 10-9 8.64 x 10-11 

DHAP(18:0) 1.10 x 10-2 8.36 x 10-31 2.45 x 10-17 

Docosahexaenoic acid 9.11 x 10-5 7.75 x 10-7 9.32 x 10-4 

Eicosapentaenoic acid 3.51 x 10-6 6.35 x 10-29 1.71 x 10-1 

Guanidinosuccinic acid 8.26 x 10-4 1.81 x 10-24 1.22 x 10-16 

Hippuric acid 1.19 x 10-3 6.88 x 10-59 1.92 x 10-1 

Itaconic acid 1.48 x 10-13 6.30 x 10-1 5.13 x 10-1 

Leukotriene B4 1.00 x 10-8 9.20 x 10-1 8.05 x 10-1 

LPA(18:2(9Z,12Z)/0:0) 3.29 x 10-4 1.54 x 10-42 2.00 x 10-6 

LysoPC(18:4(6Z,9Z,12Z,15Z)) 4.08 x 10-2 1.18 x 10-16 2.74 x 10-13 

LysoPC(20:4(5Z,8Z,11Z,14Z)) 2.90 x 10-2 8.96 x 10-11 7.95 x 10-9 

LysoPE(0:0/22:4(7Z,10Z,13Z,16Z)) 7.11 x 10-4 3.99 x 10-29 2.35 x 10-14 

N6-Acetyl-L-lysine 4.63 x 10-10 7.49 x 10-2 5.68 x 10-3 

Nonadecanoic acid 6.05 x 10-7 3.52 x 10-30 4.85 x 10-5 

Palmitic acid 1.21 x 10-4 6.72 x 10-22 2.03 x 10-17 

Palmitoleic acid 6.81 x 10-7 4.31 x 10-18 5.52 x 10-10 

p-Cresol 3.46 x 10-8 1.11 x 10-12 7.65 x 10-3 

Phytanic acid 4.05 x 10-9 2.41 x 10-16 1.27 x 10-2 

Pyruvic acid 1.17 x 10-5 1.95 x 10-34 1.28 x 10-25 

Stearic acid 1.04 x 10-7 3.78 x 10-16 1.69 x 10-7 

Valine 1.27 x 10-2 1.18 x 10-32 1.39 x 10-14 
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Appendix C: Table 2 Metabolites differentially expressed in naturally MAP-infected and control heifers at 19-months of age. 

Class Sub Class Common Metabolite Name Mode AUC P-value Log2(FC) 

Benzene and substituted 

derivatives 
Benzoic acids and derivatives Hippuric acid Neg 0.967 2.67 x 10-2 -7.22 x 10-1 

Carboxylic acids and derivatives 
Amino acids, peptides, and 

analogues 

Creatine Pos 0.822 6.41 x 10-3 -2.75 x 10-1 

Creatinine Pos 0.817 1.18 x 10-2 -1.17 x 10-1 

Guanidinosuccinic acid Pos 0.733 2.23 x 10-2 -2.47 x 10-1 

N6-Acetyl-L-lysine Pos 1.000 7.94 x 10-7 -1.79 x 100 

Valine Pos 0.689 5.46 x 10-1 7.68 x 10-2 

Fatty Acyls 

Eicosanoids 

 

15-HETE Pos 0.689 1.69 x 10-1 1.54 x 10-1 

Bicyclo-PGE2 Pos 1.000 1.01 x 10-5 -3.42 x 100 

Leukotriene B4 Pos 0.889 2.69 x 10-2 -1.39 x 100 

Fatty acids and conjugates 

3-Hydroxy-Octadecanoic acid Neg 0.700 2.43 x 10-1 1.70 x 10-1 

8,11,14-Eicosatrienoic acid Neg 0.922 1.64 x 10-4 -8.36 x 10-1 

9,10-DHOME Neg 0.744 1.01 x 10-1 1.44 x 10-1 

10-Nonadecanoic acid Neg 0.989 7.67 x 10-5 -1.18 x 100 

17-HDoHE Neg 0.789 2.45 x 10-2 -7.74 x 10-1 

Adrenic acid Neg 0.633 4.03 x 10-1 -1.85 x 10-1 

Cis-8,11,14,17-Eicosatetraenoic acid Neg 0.756 5.23 x 10-2 -4.81 x 10-1 

Docosahexaenoic acid Neg 0.844 5.91 x 10-3 -9.52 x 10-1 

Eicosapentaenoic acid Neg 0.944 1.76 x 10-3 -7.74 x 10-1 

Itaconic acid Neg 1.000 4.09 x 10-7 -3.83 x 100 

Nonadecanoic acid Neg 0.944 1.03 x 10-3 -7.19 x 10-1 

Palmitic acid Neg 0.711 4.68 x 10-1 -5.32 x 10-2 

Palmitoleic acid Neg 1.000 5.92 x 10-8 -1.07 x 100 

Stearic acid Neg 0.922 4.91 x 10-4 -5.64 x 10-1 
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Glycerophospholipids 

  

Glycerophosphates LPA(18:2(9Z,12Z)/0:0) Neg 0.733 9.97 x 10-1 6.59 x 10-1 

Glycerophosphocholines  
LysoPC(20:4(5Z,8Z,11Z,14Z)) Pos 0.822 1.29 x 10-2 -3.98 x 10-1 

LysoPC(18:4(6Z,9Z,12Z,15Z)) Pos 0.878 2.98 x 10-3 -5.45 x 10-1 

Glycerophosphoethanolamines LysoPE(0:0/224(7Z,10Z,13Z,16Z)) Pos 0.767 7.80 x 10-2 -3.57 x 10-1 

Hydroxy acids and derivatives 
Short chain hydroxy acids and 

derivatives 
2-Hydroxyglutaric acid Neg 1.000 5.82 x 10-7 -3.28 x 100 

Keto acids and derivatives Alpha-keto acids and derivatives Pyruvic acid Neg 0.889 1.76 x 10-4 -5.05 x 10-1 

Organooxygen compounds Carbonyl compounds DHAP(18:0) Neg 0.806 2.35 x 10-1 -3.20 x 10-2 

Phenols Cresols p-Cresol Neg 0.822 1.44 x 10-2 -8.58 x 10-1 

Prenol lipids Diterpenoids Phytanic acid Neg 0.889 1.81 x 10-2 -6.42 x 10-1 

Steroids and steroid derivatives 
Bile acids, alcohols and 

derivatives 

3a,7a,12b-Trihydroxy-5b-

cholanoic acid 
Neg 0.800 8.46 x 10-3 -1.32 x 100 

1 = Ionisation mode m/z 

2 = Area under the curve 

3 = P-value comparing MAP status effect results from t-test using an adjusted P-value (FDR) cut-off of 0.05 

4 = Log2(FC) (fold change) in naturally MAP-infected heifers 
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(a) 

(b) 

Appendix C: Figure 1 Significantly enriched pathways in naturally MAP-infected heifers in the (a) negative 

ionisation mode and (b) positive ionisation mode. 
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Appendix C: Figure 2 A heatmap of the Pearson’s correlation coefficients produced by comparing metabolites 

significantly affected by natural MAP infection and MAP-related antigens. Positive correlations are shown in 

red, negative correlations are shown in blue. 
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Appendix D  

Appendix D: Table 1 Metabolites that significantly changes following MAP inoculation. P-values are indicated. 

Common Metabolite Name MAP Status Time Interaction 

10,11-dihydro-leukotriene B4 4.76 x 10-16 3.49 x 10-200 1.84 x 10-19 

10-Nonadecanoic acid* 4.93 x 10-31 7.66 x 10-28 1.47 x 10-9 

10-Octadecenoic acid 5.14 x 10-35 3.17 x 10-35 7.40 x 10-20 

11,14-Eicosadienoic acid 2.38 x 10-34 2.03 x 10-16 9.47 x 10-9 

12(13)Ep-9-KODE 7.24 x 10-10 1.75 x 10-264 5.52 x 10-37 

13-L-Hydroperoxylinoleic acid 4.60 x 10-12 1.02 x 10-108 2.81 x 10-48 

17-HDoHE* 3.22 x 10-23 5.94 x 10-137 1.16 x 10-7 

5-Hete 2.09 x 10-21 5.85 x 10-280 6.39 x 10-19 

6Z,9Z-octadecadienoic acid 1.82 x 10-36 9.77 x 10-43 7.45 x 10-10 

8,11,14-Eicosatrienoic acid* 2.52 x 10-36 1.51 x 10-54 1.00 x 10-11 

9,10,13-TriHOME 5.08 x 10-15 1.03 x 10-73 3.39 x 10-26 

Acetic acid 3.58 x 10-4 0.00 x 100 9.85 x 10-26 

Alpha-Linolenic acid 8.53 x 10-32 0.00 x 100 1.29 x 10-51 

Bicyclo-PGE2* 5.14 x 10-10 0.00 x 100 2.38 x 10-8 

Carbocyclic thromboxane A2 3.96 x 10-27 2.41 x 10-129 9.66 x 10-9 

Chenodeoxycholic acid 8.47 x 10-5 2.87 x 10-42 6.51 x 10-9 

Cholesteryl docosahexaenoic acid 4.17 x 10-25 3.63 x 10-52 5.94 x 10-27 

Cis-8,11,14,17-Eicosatetraenoic acid* 1.64 x 10-31 4.27 x 10-48 1.06 x 10-19 

D-Glucose 3.21 x 10-4 2.99 x 10-34 1.32 x 10-10 

Docosahexaenoic acid* 4.19 x 10-25 1.65 x 10-46 3.74 x 10-9 

Eicosapentaenoic acid* 5.49 x 10-27 1.71 x 10-238 1.87 x 10-32 

Eicosenoic acid 1.33 x 10-29 8.91 x 10-45 2.71 x 10-28 

Glycocholic acid 1.70 x 10-6 2.78 x 10-33 3.80 x 10-17 

Glycolic acid 9.42 x 10-5 1.76 x 10-15 3.84 x 10-17 

Heptadecanoic acid 5.98 x 10-38 9.06 x 10-154 6.88 x 10-33 

Hydroxypropionic acid 3.34 x 10-8 2.98 x 10-83 2.46 x 10-43 

Lactosylceramide (d18:1/16:0) 3.31 x 10-3 8.09 x 10-170 9.38 x 10-9 

Leukotriene B4* 2.30 x 10-8 2.46 x 10-190 2.30 x 10-16 

LysoPC(P-18:0) 1.92 x 10-15 1.19 x 10-150 2.04 x 10-78 

Myristic acid 2.86 x 10-23 3.28 x 10-102 7.52 x 10-56 

Palmitic acid* 6.40 x 10-29 1.22 x 10-69 2.39 x 10-22 

Palmitoleic acid* 1.23 x 10-33 3.37 x 10-22 7.90 x 10-14 

Prostaglandin E1 9.58 x 10-8 9.58 x 10-143 3.84 x 10-22 

Stearic acid* 2.33 x 10-28 6.29 x 10-7 8.96 x 10-3 

* identified by Taylor et al.,(2021) 
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Appendix D: Table 2 The sub(classes) and AUC values of metabolites differentially expressed in MAP-inoculated heifers at 19-months of age. 

Class Sub Class Common Metabolite Name Mode AUC P-value Log2(FC) 

Carboxylic acids and derivatives Carboxylic acids Acetic acid Neg 0.590 1.94 x 10-1 -0.138 

Fatty Acyls 

Eicosanoids 

10,11-dihydro-leukotriene B4 Neg 1.000 1.10 x 10-17 -2.435 

5-Hete Neg 1.000 1.47 x 10-24 -2.781 

Bicyclo-PGE2* Neg 0.993 7.09 x 10-12 -1.736 

Carbocyclic thromboxane A2 Neg 1.000 1.13 x 10-15 -3.379 

Leukotriene B4* Neg 0.983 1.82 x 10-12 -1.7132 

Prostaglandin E1 Neg 0.855 4.19 x 10-5 -1.067 

Fatty acids and conjugates 

10-Nonadecanoic acid* Neg 0.965 2.44 x 10-10 -2.039 

10-Octadecenoic acid Neg 1.000 1.33 x 10-17 -2.546 

11,14-Eicosadienoic acid Neg 1.000 3.21 x 10-9 -1.915 

12(13)Ep-9-KODE Neg 0.813 9.08 x 10-5 -0.606 

17-HDoHE* Neg 1.000 6.40 x 10-18 -2.295 

8,11,14-Eicosatrienoic acid* Neg 1.000 9.27 x 10-18 -2.990 

9,10,13-TriHOME Neg 0.973 3.07 x 10-9 -1.052 

Cis-8,11,14,17-Eicosatetraenoic acid* Neg 1.000 9.34 x 10-17 -2.472 

Docosahexaenoic acid* Neg 1.000 5.12 x 10-17 -2.100 

Eicosapentaenoic acid* Neg 1.000 1.01 x 10-20 -2.176 

Eicosenoic acid Neg 1.000 1.19 x 10-14 -2.522 

Heptadecanoic acid Neg 1.000 3.09 x 10-22 -2.398 

Myristic acid Neg 0.930 4.74 x 10-7 -0.920 

Palmitic acid* Neg 0.894 6.67 x 10-5 -1.228 

Palmitoleic acid* Neg 1.000 3.04 x 10-15 -2.322 

Stearic acid* Neg 0.990 1.24 x 10-11 -1.842 

Linoleic acids and derivatives 

13-L-Hydroperoxylinoleic acid Neg 0.830 3.25 x 10-4 -0.684 

6Z,9Z-octadecadienoic acid Neg 1.000 2.45 x 10-9 -2.278 

Alpha-Linolenic acid Neg 1.000 8.70 x 10-22 -1.771 
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Glycerophospholipids Glycerophosphocholines LysoPC(P-18:0) Neg 1.000 9.20 x 10-13 -1.766 

Hydroxy acids and derivatives 

Alpha hydroxy acids and 

derivatives 
Glycolic acid Neg 0.683 2.20 x 10-2 0.263 

Beta hydroxy acids and 

derivatives 
Hydroxypropionic acid Neg 0.550 5.69 x 10-1 0.028 

Organooxygen compounds 
Carbohydrates and 

carbohydrate conjugates 
D-Glucose Neg 0.586 8.34 x 10-2 -0.249 

Sphingolipids Glycosphingolipids Lactosylceramide (d18:1/16:0) Pos 0.965 2.82 x 10-6 1.385 

Steroids and steroid derivatives 

Bile acids, alcohols and 

derivatives 

Chenodeoxycholic acid Neg 0.698 2.18 x 10-2 -0.745 

Glycocholic acid Neg 0.558 5.27 x 10-1 -0.108 

Steroid esters Cholesteryl docosahexaenoic acid Pos 0.813 7.09 x 10-2 -0.926 

1 = Ionisation mode m/z 

2 = Area under the curve 

3 = P-value comparing MAP status effect results from t -test using an adjusted P-value (FDR) cut-off of 0.05 

4 = Log2(FC) (fold change) in naturally MAP-infected heifers 

* = Identified by Taylor et al.,(2021) 
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Appendix D: Figure 1 Significantly enriched pathways in MAP-inoculated heifers in the combined ionisation 

mode. 
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Appendix D: Figure 2 Box and whisker plots of 

docosahexaenoic acid which display minimal 

overlapping between groups, MAP-inoculated and 

control heifers, between 1-month and 19-months of 

age. Blue boxplots = MAP-inoculated heifers, green 

boxplots = control heifers. 

Appendix D: Figure 3 Box and whisker plots of metabolites which display minimal overlapping between groups, 

MAP-inoculated and control heifers, between 1-month and 19-months of age. (a) 10-Octadecenoic acid; (b) 

heptadecanoic acid. Blue boxplots = MAP-inoculated heifers, green boxplots = control heifers. 
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Appendix E 

Appendix E: Table 1 Diet and parity for MAP-infected and control cattle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cow MAP Status Diet Parity 

Early 

lactation 

DIM1 

Mid 

lactation 

DIM2 

3547 Pos A 3 75 145 

2881 Pos B 5 82 152 

3544 Pos C 3 78 148 

3269 Pos D 4 55 125 

3350 Pos D 4 79 149 

2239 Neg A 7 72 142 

3190 Neg B 4 83 153 

3893 Neg C 2 87 157 

3983 Neg D 2 50 120 

3014 Neg D 4 73 143 
1 = Days in milk on the early lactation sampling date 

2 = Days in milk on the mid lactation sampling date 
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Appendix E: Table 2 Composition of the experimental diets used kg/DM/day. 

 A B C D 

 Red clover silage 6.30 6.30 6.30 6.30 

 Grass Silage 6.30 6.30 6.30 6.30 

 Barley1 3.50 3.50 3.50 6.40 

 Soyabean meal1 * 0.00 1.20 0.00 0.00 

 Soypass1 0.81 0.20 0.81 0.81 

 Soya hulls1 3.70 3.70 3.70 2.80 

 Molassed sugar beet pulp1 2.05 0.95 2.05 0.00 

 Rapeseed meal1 0.00 1.00 0.00 0.00 

 NovaPro1 0.89 0.40 0.89 0.89 

 Metasmart2 0.04 0.00 0.00 0.00 

 Megalac3 0.35 0.35 0.35 0.35 

 Minerals and Vitamins4 0.12 0.12 0.12 0.12 

 Total 24.00 24.00 24.00 24.00 

      

 Predicted Composition     

 CP (% DM) 15.9 17.6 15.8 15.9 

 MP-N (g/kg DM)5 110 121 110 110 

 MP-E (g/kg DM)6 100 103 100 102 

 MP (limiting)(% requirement) 97 100 97 99 

 Methionine (g/100g CP) 2.3 2.0 2.0 2.0 

1= KW Alternative Feeds, Staffordshire, UK. 2= Kemin Europa, Belgium. 3= Volac. 4= KW 

Profeed Harper Dairy I/F vitamin and mineral premix.  5= Metabolisable protein if nitrogen 

supply is limiting. 6= Metabolisable protein if energy is limiting.   
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Appendix E: Figure 1 Cross validation of the PLS-DA for MAP-infected and control cattle in early lactation. 
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Appendix E: Figure 2 Cross validation of the PLS-DA for MAP-infected and control cattle in mid-lactation. 
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Appendix E: Table 3 False discovery rate (FDR)-adjusted two-way ANOVA of metabolites which demonstrated VIP 

scores > 1.0 when differentiating between MAP-infected and control cattle in early and mid-lactation. 

Metabolite 
p-values 

Lactation MAP Status Interaction 

2-Butenoic acid 0.000 0.460 0.035 

Glycerol 1-acetate 0.002 0.025 0.897 

Galactonic acid 0.154 0.014 0.897 

2-Methylpentanoic acid 0.910 0.130 0.897 

6-Methylheptanoic acid 0.910 0.130 0.897 

Glutamic acid 0.910 0.130 0.897 
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Appendix E: Figure 3 Significantly enriched pathways in naturally MAP-infected cattle in early lactation in the 

negative ionisation mode. 
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Appendix E: Figure 4 Significantly enriched pathways in naturally MAP-infected cattle in early lactation in the 

positive ionisation mode. 
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Appendix E: Figure 5 Significantly enriched pathways in naturally MAP-infected cattle in mid-lactation in the 

negative ionisation mode. 
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Appendix E: Figure 6 Significantly enriched pathways in naturally MAP-infected cattle in mid-lactation in the 

positive ionisation mode. 
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Appendix E: Table 4 Milk yield and composition for MAP-infected and control cattle within early and mid-lactation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

  MAP Status     

Item Pos Neg S. E P-value 

Early Lactation     
Milk Yield, kg/d 37.8 37.4 5.19 0.942 

Fat, g/kg 44.2 43.8 2.47 0.890 

Protein, g/kg 31.63 31.5 0.86 0.924 

Lactose, g/kg 44.7 45.1 0.99 0.752 

Fat Yield, kg/d 1.66 1.62 0.17 0.790 

Protein Yield, kg/d 1.2 1.16 0.14 0.765 

Lactose Yield kg/d 1.69 1.68 0.22 0.969 

MUN, mg/dL 14.3 17.1 2.40 0.307 

Milk SCC, log^10/mL 1.94 1.44 0.48 0.354 

     
Mid Lactation     

Milk Yield, kg/d 35.1 37.3 6.20 0.749 

Fat, g/kg 38.5 45.7 4.27 0.190 

Protein, g/kg 32.2 32.9 1.26 0.602 

Lactose, g/kg 44.8 45.6 0.25 0.054 

Fat Yield, kg/d 1.36 1.66 0.15 0.128 

Protein Yield, kg/d 1.14 1.21 0.16 0.689 

Lactose Yield kg/d 1.58 1.70 0.29 0.697 

MUN, mg/dL 11.8 13.6 2.16 0.462 

Milk SCC, log^10/mL 1.9715 1.5243 0.31 0.239 
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Appendix E: Figure 7 A heatmap of the Pearson’s correlation coefficients produced by comparing metabolites 

significantly affected by MAP-infected and control cattle with milk composition in mid-lactation. Positive 

correlations are shown in red, negative correlations are shown in blue. 


