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Abstract

Bovine mastitis is an inflammation of the mammary gland that negatively impacts milk production,
animal welfare, and is a significant economic burden to the dairy industry. Many factors, including
age, stage of lactation, housing, and milking procedures can affect incidence of mastitis on dairy
farms worldwide. Mastitis typically occurs in the first few weeks postpartum and is generally caused
by a bacterial infection. Mastitis can be clinical (CM; presence of clinical signs such as flakes or clots
in the milk and/or redness or swelling of the mammary gland) or subclinical [SCM; milk somatic cell
count (SCC) =200,000 cells/mL and no clinical signs]. Milk components, such as lactose, protein,
sodium (Na), and potassium (K) concentrations; and the ratio of Na to K (Na/K) are distinctly altered
during mastitis. The overall aim of the research presented in this dissertation was to comprehensively
evaluate bovine mastitis utilizing different technologies, such as 16S rRNA full-length sequencing,
proteomics, metabolomics, and lipidomics, on the same milk samples collected daily (over the first 22
d postpartum) from healthy cows and cows with naturally occurring CM or SCM on four commercial
dairies in southern Idaho. The first objectives of this dissertation were to use SCC, concentrations of
lactose, protein, Na and K, and Na/K to identify CM (in colostrum and milk) and SCM (in milk only)
in individual mammary gland quarters of cows in early lactation and to test the diagnostic ability of
components for mastitis. We hypothesized that components would accurately identify CM (in
colostrum and milk) and SCM (in milk only) in individual mammary gland quarters. We found that
diagnostic thresholds of SCC and K concentration could distinguish colostrum produced by quarters
with CM from colostrum produced by quarters without CM. Furthermore, diagnostic thresholds of
Na/K and Na and K concentrations were capable of accurately identifying milk produced by quarters
with CM. Diagnostic thresholds of Na/K and lactose and Na concentrations accurately identified milk
produced by quarters with SCM. These components in both colostrum and milk aid in the detection of
CM and SCM in individual mammary gland quarters of cows in early lactation. The second
objectives were to identify differences in milk bacterial communities among samples collected from
quarters with CM, quarters with SCM, and healthy quarters between two timepoints: before the
matched event (1-3 d prior to first observance of clinical signs) and during the matched event (first
observance of clinical signs). The milk samples collected from quarters with SCM and from healthy
quarters were matched, as closely as possible based on dairy, parity, and d postpartum, to milk
samples collected from quarters with CM. We hypothesized bacterial communities would not be
different among milk samples collected from quarters with CM, milk samples collected from quarters
with SCM, and milk samples collected from healthy quarters before the matched event. We further

hypothesized bacterial communities would be different among milk samples collected from quarters
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with CM, milk samples collected from quarters with SCM, and milk samples collected from healthy
quarters during the matched event. Finally, we hypothesized bacterial communities in milk collected
from quarters with CM or SCM would exhibit distinct shifts between the two timepoints but that the
bacterial communities in milk samples collected from healthy quarters would not exhibit such shifts.
Staphylococcus was more abundant in milk samples collected from quarters with SCM relative to
milk samples collected from healthy quarters and quarters with CM. An interesting aspect of this
study was that Bifidobacterium was identified in high relative abundance across all milk samples.
Accounting for environmental influences may provide important information to assist our
understanding of mastitis and the milk microbiome. The third objective was to perform proteomic,
metabolomic, and lipidomic analyses on milk samples collected from quarters with CM, milk samples
collected from quarters with SCM, and milk samples collected from healthy quarters at two
timepoints (before the matched event and during the matched event). A final objective was to identify
specific proteins, metabolites, and lipids that may predict CM in early lactation, aiding in the
management of mammary gland health. We hypothesized that proteins, metabolites, and lipids would
be differentially abundant in milk collected from quarters with CM or SCM compared to milk
collected from healthy quarters. Furthermore, we hypothesized that a few proteins, metabolites, and
lipids would be early predictors of CM. We found differences in specific proteins, metabolites, and
lipids in milk produced by quarters with CM or SCM compared to milk produced by healthy quarters
among cows and within the same cow. Proteins and metabolites related to immune function were at
higher levels in milk produced by quarters with CM or SCM relative to milk produced by healthy
quarters. Milk produced by quarters with CM exhibited higher levels of lipids abundant in cell
membranes and lower levels of main milk lipids relative to milk produced by healthy quarters.
Several specific proteins (VPS37B subunit of ESCRT-I, transitional endoplasmic reticulum ATPase,
fructose-bisphosphatase, complement C8 gamma chain, cartilage acidic protein 1, alpha-L-
iduronidase, osteoclast stimulating factor 1, N-acetyl-alpha-glucosaminidase, ras-related protein Rab-
18, nucleobindin 1, HRas proto-onco GTPase, 3-casein, NSF attachment protein gamma, filamin A,
glycosylation-dependent cell adhesion molecule 1, transforming growth factor B, MIA SH3 domain
endoplasmic reticulum export factor 3, syntaxin-19, xanthine dehydrogenase/oxidase, and tartrate-
resistant acid phosphatase type 5), metabolites (citric acid, L-leucine, L-tyrosine, palatinose, 3-
indolelactic acid, L-isoleucine, L-lysine, and trans-3-hydroxyl-L-proline), and lipids (one
sphingomyelin species, four phosphatidylcholine species, one triglyceride species, one
phosphatidylinositol species, and one phosphatidylethanolamine species) were identified in milk via

machine learning to accurately predict the occurrence of CM in individual mammary gland quarters
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of cows in early lactation. Overall, this research will contribute to the advancement of bovine mastitis

research and commercial milk production.
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Chapter 1: Literature Review

Mastitis
Mastitis, or inflammation of the mammary gland, is a burdensome disease that affects many dairy
cows. Mastitis tends to occur in the first few weeks postpartum, is often caused by bacterial infection,
and generally leads to decreased milk production and compromised animal health (Pydrélé, 2008;
Ballou, 2011). It is important to note that mastitis and intramammary infection (IMI) are not
necessarily equivalent. Mastitis encompasses inflammation of the mammary gland, whether it results
from an infection or not, whereas IMI necessitates the presence of a pathogen in the mammary gland
(Andersen et al., 2010; Souza et al., 2020). These terms are commonly used interchangeably because
of the inconsistency of their definitions. Milk somatic cell count (SCC), a common marker of
inflammation, is typically used in the identification of mastitis. Milk SCC contains mostly white
blood cells such as macrophages, lymphocytes, and neutrophils (Kehrli and Shuster, 1994; Alhussien
and Dang, 2018; Malik et al., 2018). Somatic cell count is a valuable monitoring tool as somatic cells
in milk give an impression of the inflammatory status of the mammary gland (Kehrli and Shuster,
1994; Schukken et al., 2003; Hagnestam-Nielsen et al., 2009; Alhussien and Dang, 2018). Eberhart et
al. (1979) reported the factor that had the greatest effect on SCC was infection status and Djabri et al.
(2002) noted that one infected quarter is usually enough to consider the entire mammary gland as
infected. In milk produced by healthy quarters, macrophages are the main cell type but, in the event
of an infection, they recruit polymorphonuclear neutrophils (PMN) from the blood via inflammatory
chemoattractants such as lipopolysaccharide (LPS) and cytokines (Paape et al., 2003; Malik et al.,
2018; Souza et al., 2020). Phagocytosis by PMN is the optimal defense against invading bacteria.
However, PMN can also cause injury to mammary gland tissues and inhibit function by generating
excessive reactive oxygen species (Paape et al., 2002; Paape et al., 2003) and releasing granular
enzymes (serine proteases found in T cells; Tizard, 2013). Ultimately, infection outcome and disease
severity are determined by number of circulating PMN, their efficiency at adhesion, migration,
opsonization, and phagocytosis to eliminate the bacterial threat, and, finally, their ability to regress to
pre-infection levels (Paape et al., 2002; Paape et al., 2003). The inflammatory response induces both
local and systemic effects which can severely impact mammary gland function, milk production, and
overall animal health. Local effects include leakage of milk components through compromised
mammary epithelial cell barriers, increased nutrition and energy requirements to support recruited
leukocytes and other inflammatory responses, and reduced ability of mammary epithelial cells to
synthesize milk components, regardless of the substrate availability. Systemic effects encompass

decreased dry matter intake, alterations in nutrient partitioning that negatively affect substrate



availability to mammary epithelial cells, and hyperthermia (Ballou, 2011). Inflammation is an
important part of the immune response. However, the balance between pro- and anti-inflammatory

mediators is critical in preventing uncontrollable disease.

Mastitis generally occurs in the first few weeks postpartum, possibly due to immunosuppression from
physiological changes associated with parturition, colostrogenesis, and lactogenesis (Akers, 2002;
Tizard, 2013). These rapid and dramatic changes around parturition may lead to minimized immune
capacity, negative energy balance, hypocalcemia, systemic inflammation, and oxidative stress; all of
which influence maternal health (Trevisi and Minuti, 2018; Bronzo et al., 2020; Horst et al., 2021).
Problems of a metabolic and/or infectious nature can materialize when these issues become prolonged
and exaggerated. Parturition is considered a stressful event as stress hormones such as glucocorticoids
(like cortisol) and catecholamines (such as epinephrine and norepinephrine) are released during this
time and negatively impact the immune system (Akers, 2002; Reece, 2004). This issue is further
exacerbated as immunoglobulins and molecules, such as lysozyme and lactoferrin, that regulate the
immune system are transferred to colostrum during colostrogenesis (Akers, 2002). Glucocorticoid
concentrations increase to initiate lactogenesis (Aleri et al., 2016). The release of pro-inflammatory
mediators such as interleukins-1 and -6 and tumor necrosis factor are inhibited by these stress
hormones (Diez-Fraile et al., 2003). Populations of macrophages, lymphocytes, and PMN and their
associated functions are also altered due to heightened glucocorticoid concentration (Aleri et al.,
2016). Reduced effectiveness of PMN activities such as activation, migration, adherence, and
phagocytosis may perpetuate increased susceptibility to intramammary infections (Pydrélé, 2008).
Ultimately, cellular immunity may be selectively suppressed, and antibody-mediated immunity may
be selectively promoted. This could lead to an imbalance of pro- and anti-inflammatory mediators and

possibly result in immunosuppression.

Mastitis can be subclinical (SCM; milk SCC >200,000 cells/mL without clinical signs) or clinical
(CM; presence of clinical signs) [Smith et al., 2001; International Dairy Federation (IDF) Bulletin
466, 2013]. Signs of CM include milk that contains blood, flakes, or clots and/or swelling, redness, or
hardness of the mammary gland. Morrison et al. (2018) concluded mammary gland edema was
associated with a greater incidence of CM in early lactation whereas other metabolic disorders were
not. Clinical mastitis and SCM have different economic impacts as well. On average, a case of CM in
early lactation can cost a producer $444 of which direct costs contribute $128 and indirect costs
contribute $316 (Rollin et al., 2015). Direct costs include diagnostics, veterinary services,
therapeutics, death loss, discarded milk, and labor. Indirect costs are associated with future

reproductive and milk production losses, replacement costs, and premature culling. Economic loss at



the herd-level is far greater for SCM than for CM (Hagnestam-Nielsen et al., 2009). On average,
SCM costs $110/case with an estimated 15 to 40 times greater incidence in most dairy herds
compared to CM cases (Ott, 1999; Shaheen et al., 2016; Malik et al., 2018). The greater economic
loss with SCM compared to CM is mainly attributed to decreased milk production by affected, yet
generally undetectable, animals in the herd. Overall, the devastating economic losses associated with

mastitis are attributable to both CM and SCM cases.

A variety of factors can increase the risk of mastitis in cows. History of mastitis, higher parity, milk
production, and earlier stage of lactation are important risk factors (Zadoks et al., 2001; Williams, et
al., 2012; Jamali et al., 2018). Zadoks et al. (2001) reported the rate of mastitis attributed to
Staphylococcus aureus or Streptococcus uberis infection was diminished in lower-parity cows (<2)
compared to higher-parity cows (>2). Williams et al. (2012) found animals with elevated milk SCC
(>200,000 cells/mL) in their first lactation were more likely (odds ratio of 3.11) to have days of
elevated milk SCC in their second lactation. Any milk SCC patterns that appear in the first lactation
will likely influence mammary gland health in later lactations. Syvéjérvi et al. (1986) found older
cows from herds with very high milk yields (>6,150 kg) were at a greater risk of CM (25% risk)
compared to first-lactation cows from herds with very low milk yields (<4,870 kg; 2.2% risk). Using
logistic regression models, Grohn et al. (1990) reported individual cows with high levels of
production (>7,060 kg) in the preceding lactation were at a greater risk for CM as well as teat injury
and that, as milk production climbed, so did the risk for acute mastitis. The elevated risk of teat injury
and/or chronic mastitis was linked to only the highest levels of production. Grohn et al. (1995) also
noted older cows were more at risk of contracting mastitis compared to younger cows. A review by
Jamali et al. (2018) concluded higher levels of milk production and higher parity were notable risk
factors for recurring CM (generally defined as additional cases of CM within the same lactation).
Other important cow-specific risk factors include poor housing conditions, inadequate cleaning
procedures, and improper milking procedures (Schukken et al., 1990; Taponen et al., 2016; Latorre et
al., 2019). Dufour et al. (2011) reported lower incidence and prevalence of IMI caused by S. aureus
when gloves were worn during milking, pre-milking teat disinfectant was used, and teat-end condition
was adequately maintained. Clinical mastitis was positively associated with bedding materials such as
manure solids and organic non-manure options (such as straw and sawdust) that have high levels of
bacteria (Shaheen et al., 2016; Patel et al., 2019; Rowe et al., 2019). Breen et al. (2009) reported
severe teat-end damage and extremely dirty mammary glands to be important cow-level risk factors
for CM. Breed (such as Holstein-Friesian associated with lowest risk compared to Meuse-Rhine-
Yssel) and season (like summer months associated with lowest risk compared to spring months) have

also been found to increase the risk of CM in cows (Schukken et al., 1990; Shpigel et al., 1998;



Oliveira et al., 2015). Rear quarters are at a higher risk of infection likely due to their larger size and
greater chance of injury compared to the front quarters (Barkema et al., 1997; Shpigel et al., 1998;
Sumon et al., 2020). In summary, milk yield, age, stage of lactation, breed, season, and bedding

materials are risk factors associated with mastitis incidence.

Directly measuring milk SCC is important for accurate characterization of mastitis but can be costly,
time-consuming, and difficult to implement on-farm. Therefore, various indirect methods have been
introduced and tested for accuracy. Pearson et al. (1971) compared the California Mastitis Test
(CMT) with directly measured cell counts to see how well CMT indirectly measured SCC in quarter
milk samples. They determined CMT scores corresponded well with actual SCC due to a high
correlation coefficient of 0.88. Ward and Schultz (1972) estimated milk SCC using the filter-DNA
method to investigate the relationship of SCC and the type of bacteria present in the infected gland.
They also compared milk SCC of cows with a history of CM to milk SCC of cows without a history
of CM. They reported the overall estimated mean SCC of milk collected from quarters that did not
yield any bacteria was 310,000 cells/mL compared to milk collected from quarters that yielded
bacteria (SCC range of 356,000-1,625,000 cells/mL). Regardless of bacterial presence, milk collected
from cows without a history of CM had an estimated mean SCC of 414,000 cells/mL. Milk collected
from cows with a history of CM had an estimated mean SCC of 1,120,000 cells/mL. Pearson and
Greer (1974) conducted a follow-up study using CMT, but this time examined the relationship
between CMT and different levels of bacterial isolation. They reported correlation coefficients of
0.71-0.88 depending upon the category of infection of which there were five denoting varying
degrees of bacterial isolation (number of colonies) and CMT scores (from negative to CM).
Wanasinghe and Frost (1979) used another indirect method of measuring milk SCC, the Wisconsin
Mastitis Test (WMT), and bacterial culturing to examine infection prevalence between two herds. At
the bulk-tank level, one herd had a low WMT score (<15 mm which is approximately equal to an
SCC of 800,000 cells/mL) and the other herd had a high WMT score (>15 mm). They reported the
herd with the higher WMT score of bulk tank milk had higher WMT scores for quarter milk samples.
The herd with the higher WMT score also had a higher prevalence of infection compared to the herd
with the lower WMT score of bulk tank milk and consequently lower WMT scores for quarter milk
samples. Eberhart et al. (1982) reported a correlation coefficient of 0.77 between bulk tank SCC and
infection prevalence. They also reported 0.59 as the coefficient of determination thus indicating bulk
tank SCC was associated with infection prevalence. These studies documented fluctuations in milk
SCC pertaining to age, lactation stage, and history of mastitis as well as described indirect methods to

measure SCC.



Mastitis affects milk yield and milk components such as protein, lactose, fat, sodium (Na), and
potassium (K). Rajala-Schultz et al. (1999) found that, depending upon parity and disease onset, milk
loss over a full lactation can range from 110-552 kg. Pérez-Baez et al. (2019) reported cows with CM
experienced reduced feed intake (expressed as dry matter intake as percentage of body weight) and
reduced energy-corrected milk yield. Increased milk SCC is associated with decreased milk yield due
to physical damage to milk epithelial cells stemming from the immune response to an infection (Kerli
and Shuster, 1994). Mammary epithelial cells lose their capacity to synthesize and secrete milk
components during mastitis, which can persist for the remainder of lactation (Ballou, 2011; Alhussien
and Dang, 2018; Malik et al., 2018). Milk yield also decreases due to loss of milk lactose into
circulation as it is the osmotic regulator in milk. Lactose leaks out of alveoli as tight junctions of the
mammary epithelial cells are loosened by incoming white blood cells (Harmon, 1994; Auldist and
Hubble, 1998). Not only does the damage to the tight junctions allow milk components to leak out but
it allows for blood components, such as Na, to flow in. This results in above-normal concentrations of
Na in milk (Harmon, 1994; Alhussien and Dang, 2018; Hughes and Watson, 2018). Elevated SCC
and bacteria in milk contribute to heightened enzymatic activity that affects milk components such as
protein. Murphy et al. (2016) describes the increased action of plasmin, an active protease in milk,
derived from the increased activation of plasminogen (an inactive precursor of plasmin also found in
milk). Enhanced plasminogen activation is related to somatic cells so increased SCC ultimately leads
to digested milk proteins, such as a-caseins and -casein. Whey proteins are not as susceptible to
plasmin, so they remain largely undigested (Murphy et al., 2016). This results in a milk protein
profile that contains a relatively higher concentration of whey proteins and a relatively lower
concentration of casein proteins. However, the overall milk protein concentration remains unchanged
(Harmon, 1994; Auldist and Hubble, 1998). Milk fat composition remains largely unaffected by
changes in milk SCC (Lindmark-Ménsson et al., 2006; Murphy et al., 2016; Alhussien and Dang,
2018). Murphy et al. (2016) reported that use of raw milk with an SCC >100,000 cells/mL resulted in
reduced cheese yields while use of raw milk with an SCC >400,000 cells/mL produced cheese and
other dairy products that had flavor and textural deficiencies (like rancidity and bitterness). These
changes could also occur in high SCC milk that undergoes pasteurization and storage under
refrigerated conditions. In summary, milk production, milk components, and, ultimately, dairy

products for human consumption are all impacted by mastitis.

Pathogens such as Escherichia coli, S. aureus, Corynebacterium bovis, Klebsiella spp., Streptococcus
dysgalactiae, S. uberis, and non-aureus staphylococci (NAS) are thought to be responsible for most
mastitis cases stemming from an infection (Heikkild et al., 2018; Massé et al., 2019). A meta-analysis

by Djabri et al. (2002) found that milk produced by healthy quarters had an average SCC of 70,000



cells/mL whereas milk produced by infected quarters had an average SCC between 110,000-150,000
cells/mL for minor pathogens and an average SCC >350,000 cells/mL for major pathogens. Major
pathogens included S. aureus, S. agalactiae, S. dysgalactiae, S. uberis, and coliforms (like E. coli)
while minor pathogens included NAS and C. bovis. Heikkila et al. (2018) reported milk loss resulting
from mastitis by all pathogens studied (S. aureus, E. coli, C. bovis, S. dysgalactiae, S. uberis, and
NAS). The extent of the loss was heavily influenced by the pathogen itself, whether it was SCM or
CM, and when the mastitis occurred during lactation. S. aureus is a troublesome pathogen because it
is highly contagious, has many genes that encode virulence factors (such as staphylococcus
enterotoxins, Panton-Valentine leucocidin, hemolysins, and toxic shock syndrome toxin-1), and
displays resistance to several antimicrobials (Ren et al., 2020). Different S. aureus genotypes dictate
infection prevalence in cows and individual mammary gland quarters. Furthermore, multiple quarters
within a cow are often infected (Fournier et al., 2008). Kiimmel et al. (2016) tracked S. aureus from
cow to dairy product and discovered certain subtypes, specifically those depicting characteristics of
genotype B (spa type t2953, sequence type 8, and enterotoxin genes sea, sed, and sej), were able to
infiltrate the manufacturing chain through contaminated milk. These S. aureus subtypes ended up in
the saleable product, which demonstrates how toxins can potentially present a risk to human health.
Genes encoding staphylococcal superantigens, which comprise several enterotoxins and toxic shock
syndrome toxin 1, that were originally observed in S. aureus have more recently been found in NAS
(Park et al., 2011a). Park et al. (2011b) detected several genes encoding staphylococcal superantigens,
such as enterotoxin genes, in NAS isolated from milk collected from cows with IMI. The most
frequent gene combination of seb, seln, and selg was found in 45 of 82 NAS isolates (Park et al.,
2011). Non-aureus staphylococci collectively refer to a group of >50 species and subspecies of
staphylococci that tend to cause many infections in early lactation, primiparous cows (Valckenier et
al., 2019). Fox et al. (1995) reported NAS were responsible for the majority of IMI observed pre- and
postpartum in both pregnant and nonpregnant heifers. Non-aureus staphylococci are the most
pervasive agents of heifer mastitis with the highest incidence occurring at calving (Fox, 2009). E. coli
is considered an opportunistic environmental pathogen that causes CM, which can sometimes be fatal,
and is characterized by its potent endotoxin, LPS (Burvenich et al., 2003). Incidence of mastitis
caused by E. coli is less of a concern than disease severity. Cow factors, such as stage of lactation,
parity, and negative energy balance, rather than pathogenicity dictate the severity of E. coli mastitis.
Acute signs of systemic disease occur around parturition whereas milder disease occurs in later
lactation. Therefore, older cows in early lactation tend to experience more debilitating disease.
Klebsiella spp. are prevalent in the dairy environment and are considered opportunistic pathogens

because they can cause severe CM. Cows often exhibit acute clinical signs, suffer significant losses in



milk production, and, despite administration of antimicrobials, are very difficult to cure so they tend
to be removed from the herd (Massé et al., 2019). Understanding the variations in disease severity and
incidence caused by these pathogens is of utmost importance as they are responsible for most of the

mastitis affecting dairy cattle worldwide.

Antibiotics are typically used to treat bovine mastitis; however, varying rates of success and the
emergence of antimicrobial resistance have inspired the development and exploration of other
treatment options. Cephalosporin tends to be the antibiotic of choice for treatment of mastitis for most
dairy farms followed by lincosamide, and other B-lactam antibiotics (Oliver et al., 2011). Schukken et
al. (2011) examined the effect of intramammary-infused ceftiofur hydrochloride, a third-generation
cephalosporin, on CM caused by either E. coli or Klebsiella spp. They reported increased
bacteriological cure (defined as the absence of the coliform species identified in the pretreatment
sample in two posttreatment samples via bacterial culturing and strain typing) and greater clinical
improvement in treated cows compared to untreated controls. There was also no difference in milk
production or SCC between the two groups. Knowing the type of mastitis pathogen is important for
determining treatment as some antibiotics are not effective against certain pathogens. Chronic S.
aureus infections are very difficult, if not impossible, to treat with antibiotics (Oliver et al., 2011).
Long-acting antibiotics such as cephapirin and dihydrostreptomycin are also used for prophylactic
purposes in the form of dry cow therapy (DCT; Oliver et al., 2011). Dry cow therapy is administered
at the beginning of the dry off period to all mammary gland quarters of all cows to treat existing
infections and to prevent new infections. This traditional practice of blanket DCT has been very
effective at decreasing incidence of mastitis but, with increasing concerns of antimicrobial resistance,
a slightly different approach is gaining attention (Cameron et al., 2013). Selective DCT refers to
identifying cows to receive treatment based on milk SCC and on-farm culture results to only treat
those at the highest risk of mastitis but also reduce overall antibiotic use. Cameron et al. (2013)
compared mastitis risk in cows that received selective DCT (based on a Petri-film culture method
done on-farm) and cows that received blanket DCT. No differences were reported in terms of risk
associated with cure of current infections, new infections over the dry period, new infections at
calving, and CM occurrence in the first part of lactation between the two groups. Selective DCT holds
promise to reduce antibiotic usage, but some research (Crispie et al., 2008; Piepers et al., 2016; Gao

et al., 2020) is going even further to eliminate the need for antibiotics to treat mastitis.

Probiotics, vaccines, and immunomodulators have been, and are continuing to be, explored as novel
treatments for mastitis. Crispie et al. (2008) and Klostermann et al. (2008) both reported

intramammary infusion of a probiotic (a live culture of Lactococcus lactis) behaved similarly to a



commonly used antibiotic in the treatment of mastitis. Gao et al. (2020) observed decreased milk SCC
and inflammatory activity (measured as milk concentrations of proinflammatory cytokines and
enzymes) in cows with mastitis (SCC >500,000 cells/mL; CM or SCM not distinguished)
supplemented with either yeast, lactic acid bacteria (LAB), or a mix of the two probiotics compared
to unsupplemented cows with mastitis. The yeast and/or LAB supplements were mixed into the total
mixed ration and fed to the cows. They reported no differences in milk SCC or inflammatory activity
in the probiotic-supplemented cows compared to healthy controls (SCC <500,000 cells/mL and no
clinical signs). This suggests yeast and LAB have potential as probiotic treatments. However, it is
important to note that inflammation is usually present when milk SCC is >200,000 cells/mL so those
cows denoted as healthy may have SCM and, therefore, would not provide an appropriate
comparison. Yu et al. (2017) compared a teat disinfectant containing LAB to a commonly used teat
disinfectant on cows with SCM (milk SCC >200,000 cells/mL and no clinical signs). They observed a
slight decrease in SCC from cows treated with the LAB teat product compared to the cows treated
with the commercial teat product. A review by Rainard and Foucras (2018) points out many issues
and inconsistencies with probiotics research for managing mastitis. They conclude oral probiotics
show little promise, intramammary probiotics should be regarded with caution, and teat end

probiotics have the most positive outlook.

Vaccines to protect against mastitis infections by various pathogens are being created and tested with
a few even commercialized. Piepers et al. (2016) examined the efficacy of a polyvalent (now
commercialized) vaccine against S. aureus in heifers and cows subject to an intramammary challenge.
The inflammatory reaction was mild in vaccinated animals compared to unvaccinated controls,
suggesting the vaccine elicited a more adept immune response that resulted in efficient clearance of
the pathogens. Rainard et al. (2021) summarized effectiveness of commercial and experimental
vaccines against certain mastitis pathogens and reported mixed results. Specifically, vaccines for
coliform mastitis, streptococcal mastitis (such as S. uberis, S. agalactiae, and S. dysgalactiae), and S.
aureus mastitis have been found to be mildly effective or not effective at all. The development of
truly efficacious vaccines is advancing. However, there are still several questions to answer,

nefficiencies to work out, and obstacles to overcome.

Nonetheless, mammalian secreted phospholipases A2 (sPLA2s) and GLP 810 (a patented
immunomodulatory product consisting of lactic acid, glycopeptides, lysozyme, and 0.9% NaCl
solution), show promise. Seroussi et al. (2018) tested the use of SPLA2s anti-inflammatory effects as
treatment for cows infected with S. dysgalactiae or NAS. Infection of S. dysgalactiae was cleared up

with one treatment of the sSPLA2. However, no improvement was observed in infections by NAS.



Gulbe et al. (2020) examined the potential effects of GLP 810 on cows with SCM (milk SCC
>400,000 cells/mL and no clinical signs). They reported intramammary infusion of GLP 810
increased the numbers of PMNs and some pro-inflammatory cytokines and decreased the number of
macrophages and bacterial pathogens. They propose this compound could be used to enhance the
immune response in cases of SCM. In summary, control of mastitis with probiotics, vaccines, and

immunomodulators, though promising, is not yet viable, and further research is needed.

The Milk Microbiome
Table 1-1 highlights some of the wide variation of microbiomes in milk produced by healthy cows,
cows with SCM, and cows with CM. Historically, milk was thought to be sterile. Any bacterial
presence was attributed to contamination during collection or during cases of infection (like mastitis).
Culture-dependent methods established presence of bacteria. They were used for isolation and
characterization of known bacteria particularly related to mastitis. These methods have been used to
isolate roughly 140 bacterial species or subspecies in milk from infected bovine mammary glands
(Koskinen et al., 2010; Taponen et al., 2019). However, these methods fail to grow bacteria in 20-
30% of CM cases in cows (Taponen et al., 2009). Culture-independent methods to identify bacteria in
a sample are based on DNA, specifically the 16S rRNA gene present in all bacteria (Hugerth and
Andersson, 2017). These methods are gradually being utilized to aid in identifying bacterial
pathogens for every case of mastitis. Polymerase chain reaction (PCR) amplifies targeted regions
(conserved regions and hypervariable regions) of the 16S rRNA gene. Results of sequencing of
amplified PCR products, or amplicons, can be checked against databases of known sequences, thus

allowing the identification of bacterial taxa or groups in a specific sample.

Bovine milk microbiome research indicates bacterial communities differ in milk collected from
healthy cows compared to milk collected from cows with CM or SCM. Metzger et al. (2018) noted
the milk microbiome of healthy quarters is richer (greater Chao richness) and more diverse (greater
Shannon diversity) but less abundant compared to the milk microbiome of quarters with SCM.
Derakhshani et al. (2018) hypothesized a reduction in commensal bacteria in the mammary gland may
have a negative effect on mammary health and natural resistance to mastitis. Decreased diversity and
changes in microbiome composition, or dysbiosis, may be associated with mastitis incidence
(Derakhshani et al., 2018; Taponen et al., 2019; Andrews et al., 2019). Dahlberg et al. (2020)
collected milk from healthy cows (SCC <100,000 cells/mL and no history of mastitis) and found
differences in relative abundance of certain taxa between samples collected directly from the teat and
samples collected from a quarter milking machine. Compared to milk samples collected from a

quarter milking machine, Dyella, Delftia, and Janthinobacterium were in higher relative abundance in
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milk collected directly from the teat. Compared to milk samples collected directly from the teat,
Clostridium XI, Stenotrophomonas, and Pseudomonas were in higher relative abundance in milk
collected from a quarter milking machine. Andrews et al. (2019) reported the microbiome of milk
collected directly from the teat cistern (via a teat cannula) was less rich than the microbiome of teat
skin samples collected by swabbing the end of the teat. There was no difference in richness between
the microbiomes of milk collected from healthy cows (SCC <100,000 cells/mL and no clinical signs)
and the microbiomes of milk collected from cows with SCM (SCC >200,000 cells/mL and no clinical
signs) or with CM (SCC >200,000 cells/mL and clinical signs). However, milk samples collected
from quarters with mastitis (either SCM or CM, defined above) had reduced evenness compared to
milk samples collected from healthy quarters. The microbiomes of teat end samples from both healthy
cows and cows with SCM or CM had similar richness and evenness. Milk microbiome and teat end
microbiome composition overlapped the most in samples collected from cows with SCM or CM
compared to samples collected from healthy cows. The most abundant taxon in the microbiomes of
teat ends of healthy cows and cows with SCM or CM was Staphylococcus. The most abundant taxon
in the microbiomes of milk collected from cows with SCM or CM was Staphylococcus. Micrococcus
and Acinetobacter were the most abundant taxa in milk collected from healthy cows. The similarities
between teat end microbiomes and teat cistern milk microbiomes suggest a connection that may be
influenced by infection status or by proximity. Although great care was taken to reduce

contamination, the possibility cannot be completely discounted.

Kuehn et al. (2013) collected milk samples from both a quarter with CM and a healthy quarter within
a cow with CM (identified by animal care personnel). They reported differences in relative abundance
of certain taxa. Milk collected from quarters with CM had higher relative abundances of
Sphingomonas, Stenotrophomonas, and Corynebacterium compared to milk collected from healthy
quarters within cows with CM. Milk collected from healthy quarters had higher relative abundances
of Ralstonia, Pseudomonas, Psychrobacter, and Bradyrhizobium compared to milk collected from
quarters with CM within cows with CM. Oikonomou et al. (2014) compared milk collected from
healthy cows (culture negative with SCC <20,000 cells/mL) to milk collected from cows with CM
(culture negative but exhibited signs of CM). Milk samples collected from healthy cows contained
higher relative abundances of Propionibacterium, Aeribacillus, unclassified Lachnospiraceae, and
unclassified Ruminococcaceae compared to milk collected from cows with CM. Milk produced by
cows with CM had higher relative abundances of Strepfococcus, unclassified Bacteroidales,
Porphyromonas, Fusobacterium, and Asticcacoulis compared to milk produced by healthy cows.
Hoque et al. (2019) also compared milk microbiomes of healthy cows and cows with CM (determined

by CMT). They observed changes in relative abundances of certain taxa that are unique from those
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reported by Kuehn et al. (2013) and Oikonomou et al. (2014). Milk collected from cows with CM had
higher relative abundances of Acinetobacter, Campylobacter, Pantoea, and Klebsiella compared to
milk collected from healthy cows. Milk collected from healthy cows had higher relative abundances
of Acinetobacter, Pseudomonas, Micromonospora, and Eubacterium compared to milk collected from
cows with CM. There are some concerns with this study as Acinetobacter was the most abundant
taxon in milk collected from both CM (60.1%) and healthy cows (52.9%), which differs from most
other studies. Furthermore, the same Acinetobacter strain, Acinetobacter johnsonii XBB1, was
reported as the most abundant strain in milk collected from both cows with CM (39.0%) and healthy
(31.2%) cows. Very few DNA extraction details were provided, and the references cited for their
protocol do not offer clarification. The discrepancy in taxa identification of PathoScope and MG-
RAST is large. For those taxa that were identified by both methods, differences in relative abundance
are notable. Pang et al. (2018) noted differences in milk microbiomes of healthy cows (SCC <100,000
cells/mL and no inflammation of the mammary gland) and cows with SCM (SCC >500,000 cells/mL
and no inflammation of the mammary gland) on two different dairies (A and B). The authors’
definition of SCM was contradictory as inflammation would most certainly be present at that level of
milk SCC. The intention may have been to denote that no clinical signs were observed, but that is not
clear. On dairy A, milk produced by healthy cows had higher relative abundances of Acinetobacter
and Listeria compared to milk produced by cows with SCM. Milk produced by cows with SCM had
higher relative abundances of Halomonas, Klebsiella, and Escherichia-Shigella compared to milk
produced by healthy cows. On dairy B, milk from healthy cows had higher relative abundances of
Halomonas and Atopostipes compared to milk produced by cows with SCM. Milk produced by cows
with SCM had higher relative abundances of Streptococcus and Corynebacterium compared to milk
produced by healthy cows. Tong et al. (2019) characterized microbiomes in milk collected from
healthy cows and milk collected from cows with SCM likely caused by S. agalactiae (determined by
culture dependent analyses). Very few sampling details were provided so it is not possible to know if
samples were collected aseptically, which could have an impact on their results. Milk microbiomes of
cows with SCM had higher relative abundances of Streptococcus, Romboutsia, and Turicibacter
compared to milk microbiomes of healthy cows. Milk microbiomes of healthy cows had higher
relative abundances of Acinetobacter, Stenotrophomonas, and Microbacterium compared to milk
microbiomes of cows with SCM. Currently, substantial variation exists among reported microbiomes

of milk produced by healthy cows and those of milk produced by cows with mastitis.

Sources that may contribute to the variation seen among reported milk microbiomes include
geographical location, environmental conditions, and farm hygiene practices (Taponen et al., 2019).

Sample collection methods could also influence the characterization of bovine milk microbiomes
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(Dahlberg et al., 2020). No differences in milk microbiota were found between milk samples
collected from healthy cows (no history of CM and SCC <100,000 cells/mL) collected directly from
the teat (through hand-stripping, teat canal cannula, or trans-teat wall needle aspirate) either before or
after milking. However, microbiome differences in milk collected directly from the teat compared to
milk collected from a quarter milking machine were observed suggesting contamination of milk by
bacteria within a milking machine. Wang et al. (2020a) reported differences in milk microbiomes
among healthy cows (SCC <100,000 cells/mL, no clinical signs, and negative CMT results), cows
with SCM (SCC 500,000-800,000 cells/mL, no clinical signs, and weakly positive CMT results), and
cows with CM (SCC >1,000,000 cells/mL, clinical signs, and strongly positive CMT results). They
observed three phyla as the most abundant in each health group: Proteobacteria (relative abundance of
73.5% in milk collected from healthy cows; relative abundance of 67.5% in milk collected from cows
with SCM and relative abundance of 68.6% in milk collected from cows with CM), Firmicutes
(relative abundance of 16.4% in milk collected from healthy cows; relative abundance of 13.9% in
milk collected from cows with SCM and relative abundance of 25.6% in milk collected from cows
with CM), and Actinobacteria (relative abundance of 7.0% in milk collected from healthy cows;
relative abundance of 8.7% in milk collected from cows with SCM and relative abundance of 2.9% in
milk collected from cows with CM). Their results indicate no differences among milk microbiomes of
healthy cows, cows with SCM, and cows with CM, which contradict results from the above-
mentioned studies and others (Oikonomou et al., 2012; Hoque et al., 2020). Few sampling details are
provided (such as the use of an automated milking system, samples collected in sterile centrifuge
tubes) so it is hard to discern whether these results represent the milk samples themselves or the

milking equipment.

Some studies (Oikonomou et al., 2012; Bhanderi et al., 2014; Hoque et al., 2020) applied
metagenomic analyses to characterize milk microbiomes of healthy cows and cows with SCM or CM.
Oikonomou et al. (2012) used metagenomic pyrosequencing of the bacterial 16S rRNA gene to
identify bacterial communities in milk collected from healthy cows and from cows with mastitis
(either SCM or CM). No details on mastitis determination were provided, nor were SCM and CM
segregated. A higher prevalence of Fusobacterium and Streptococcus in milk collected from cows
with mastitis was found compared to milk collected from healthy cows. Milk collected from healthy
cows had a higher prevalence of Propionibacterium and unclassified Ruminococcaceae compared to
milk collected from cows with mastitis. Bhanderi et al. (2014) also used metagenomic analysis to
characterize milk microbiomes of cows with SCM (determined according to guidelines of IDF
Bulletin 215, 1987). Staphylococcus, Ralstonia, Serratia, Pseudomonas, and Bacillus were identified

as the top taxa in milk collected from cows with SCM; however, no bacteria in milk collected from
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healthy cows were included for comparison. Sampling details were also not provided. Hoque et al.
(2020) employed whole metagenome sequencing to characterize milk microbiomes of healthy cows,
cows with SCM, cows with CM, and cows with recurring CM (defined as either a persistent case of
CM by a mastitis pathogen or a reinfection after bacteriological cure of CM) using CMT to identify
different states of mastitis. Findings included higher relative abundances of Pseudomonas and
Escherichia in milk collected from cows with CM, higher relative abundances of Pseudomonas and
Aeromonas in milk collected from cows with recurrent CM, higher relative abundances of
Lactococcus and Chryseobacterium in milk collected from cows with SCM, and higher relative

abundances of Acinetobacter and Pseudomonas in milk collected from healthy cows.

Milk Multi-omics: Metabolomic, Proteomic, and Lipidomic Analyses
Metabolomics, or the study of metabolites in an environment, can monitor the metabolic status of
lactating dairy cows by identifying and quantifying metabolites present in milk (Zandkarimi et al.,
2018). Table 2-1 provides a summary of the reported metabolite differences in milk produced by
cows with SCM or CM compared to milk produced by healthy cows. Chromatography and mass
spectrometry techniques such as gas chromatography time-of-flight mass spectrometry (GC-TOF-
MS), liquid chromatography mass spectrometry (LC-MS), ultra-performance liquid chromatography-
quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS), and proton nuclear magnetic
resonance ('H-NMR) are used to quantitatively measure metabolites ranging from organic acids and
their derivatives, vitamins and cofactors, nucleotides and their derivatives, alcohols, conjugated bile
acids, carbohydrates, free and acylated carnitines, free fatty acids, and amino acid metabolites (Xi et
al., 2016; Zandkarimi, et al., 2018; Huang et al., 2019; Tong et al., 2019). Sundekilde et al. (2012)
employed '"H-NMR to identify and quantify metabolites in milk collected from cows with varying
SCC. Cows were divided into two categories: low milk SCC (<14,000 cells/mL) and high milk SCC
(>720,000 cells/mL). Such extremes of milk SCC were specifically chosen by the authors to increase
their likelihood of detecting differences should they exist. Milk collected from the high SCC group
had increased butyrate, acetate, lactate, f-hydroxybutyrate (BHBA), and isoleucine and decreased
fumarate and hippurate compared to milk collected from the low SCC group. Thomas et al. (2016b)
performed an intramammary challenge with a strain of S. uberis to induce mastitis in one quarter of
healthy dairy cows (the quarter had to be culture-negative) and used LC-MS to measure changes in
milk metabolites. They observed increases in bile acids, leucine, and lactate and decreases in
hippurate and lactose over the course of the post-challenge period. Xi et al. (2016) utilized UPLC-Q-
TOF-MS to measure metabolites in milk collected from cows with CM (SCC >500,000 cells/mL with
clinical signs of inflammation), from cows with SCM (SCC 100,000-500,000 cells/mL and no clinical
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signs), and from healthy cows (SCC <100,000 cells/mL and no clinical signs). They detected
decreased 4-hydroxyphenyllactate, citrate, glucose, L-carnitine, D-glycerol-1-phosphate, hippurate,
and sn-glycero-3-phosphocholine in milk collected from cows with CM compared to milk collected
from healthy cows. They also found decreased L-carnitine, D-glycerol-1-phosphate, cis-aconitate, and
benzoic acid in milk collected from cows with SCM compared to milk collected from healthy cows.
Leu-Leu and arginine were increased in milk collected from cows with mastitis (SCM or CM)
compared to milk collected from healthy cows. Milk collected from cows with SCM had higher
amounts of cis-aconitate, oxoglutarate, 4-hydroxyphenyllactate, and lactose compared to milk
collected from cows with CM. The oligopeptides Phe-Pro-Ile, Val-Phe-Val-Tyr, Leu-Ala, and Asn-
Arg-Ala-lIle were increased in milk collected from cows with CM compared to milk collected from
cows with SCM. Johnzon et al. (2018) experimentally induced mastitis in healthy dairy cows (milk
SCC <100,000 cells/mL and no signs of mastitis) using LPS purified from E. coli and measured milk
metabolites by 'H-NMR. They reported a decrease in lactose as the only significant metabolite
change in milk post-infusion. Tong et al. (2019) measured milk metabolites in milk collected from
cows with SCM (culture positive for S. agalactiae) and cows that were healthy (not culture positive
for S. agalactiae) via GC-TOF-MS. They did not explicitly state whether healthy cows were culture-
negative, just that S. agalactiae was not detected. The metabolites phenylpyruvic acid, the ratio of
xanthine:guanine, glycerol, homogentisic acid: 4-Hydroxyphenylpyruvic acid (4-HPPA), and uridine
were significantly elevated in milk collected from cows with SCM compared to milk collected from
cows that were free from S. agalactiae infection. Luangwilai et al. (2020) used '"H-NMR to measure
metabolites in milk collected from cows with CM, cows with SCM, and healthy cows (determined via
CMT). Milk collected from cows with CM had increased lactate, acetate, hippurate, valerate,
benzoate, formate, BHBA, histidine, leucine, isoleucine, alanine, phenylalanine, valine, threonine,
and N-acetylamino acid compared to milk collected from healthy cows. Leucine, isoleucine, histidine,
hippurate, valerate, and N-acetylglucosamine were increased in milk collected from cows with SCM
compared to milk collected from healthy cows. Interestingly, hippurate was increased in milk
collected from cows with CM and SCM in this study as opposed to other studies (Sundekilde et al.,
2012; Thomas et al., 2016a; Xi et al., 2016) where it was decreased in milk collected from cows with
CM and SCM (Table 2-1). Wang et al. (2020) quantitatively measured metabolites in milk collected
from cows with CM (SCC >1,000,000 cells/mL and clinical signs of inflammation; CMT strongly
positive), from cows with SCM (SCC 500,000-800,000 cells/mL and no clinical signs; CMT weakly
positive), and from cows that were healthy (SCC <100,000 cells/mL and no clinical signs; CMT
negative) via LC-MS. Milk collected from cows with CM had increased 5-methyl-tetrahydrofolate

(THF) and testosterone glucuronide and decreased urea, creatine, L-arginine phosphate, melibiose,
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flavin mononucleotide (FMNH), brassidic acid, orotic acid, xanthine, thiamine, and 5-
aminoimidazole ribonucleotide (AIR) compared to milk collected from healthy cows. Milk collected
from cows with SCM had decreased thiamine, AIR, xanthine, orotic acid, melibiose, L-arginine
phosphate, and uridine compared to milk collected from healthy cows. Finally, they observed milk
collected from cows with CM had increased testosterone glucuronide and THF and decreased orotic

acid, FMNH, and AIR compared to milk collected from cows with SCM.

Proteomics refers to the study of all the proteins in an environment. Table 3-1 summarizes the
reported protein differences in milk produced by cows with mastitis (SCM or CM) compared to milk
produced by healthy cows. Chromatography and mass spectrometry are used to quantitatively
measure the proteins found in milk of lactating dairy cows. A commonly used proteomic method is
liquid chromatography tandem mass spectrometry (LC-MS/MS) but other methods such as selected
reaction monitoring mass spectrometry (SRM) and shotgun tandem mass tag (TMT) are used as well.
Many milk proteins, including caseins, B-lactoglobulin, a-lactalbumin, apolipoproteins, cathelicidins,
transferrin, lactoferrin, and bovine serum albumin (BSA) are measurable via proteomics (Boehmer et
al., 2009; Danielsen et al., 2010; Brink et al., 2019; Turk et al., 2021). Boehmer et al. (2009) utilized
LC-MS/MS to identify proteins in milk collected from healthy cows (SCC <200,000 cells/mL)
challenged with E. coli in the right front quarter. They found transferrin, fibrinogen, cathelicidin-1,
apolipoprotein I, and peptidoglycan recognition receptor protein (PGRP) present in the milk after
challenge that were not present pre-challenge. They also noted BSA, lactoferrin, and transferrin were
increased in post-challenge milk compared to pre-challenge milk. Danielsen et al. (2010) used LC-
MS/MS to measure proteins in milk collected from healthy cows (SCC <120,000 cells/mL and
culture negative) challenged with LPS. Apolipoproteins (I, I, and IV), caseins (a-, -, and k-caseins),
complement proteins C3 and C4, calgranulin B, and growth-related a protein were all upregulated in
post-challenge milk compared to pre-challenge milk. Thomas et al. (2016a) measured high abundance
proteins and acute phase proteins in milk collected from cows challenged with a specific strain of S.
uberis. They reported decreased B-lactoglobulin, a-lactalbumin, and caseins and increased lactoferrin,
albumin, and immunoglobulin G (IgG) in milk post-challenge. Increased mammary associated serum
amyloid A3 (MSAA3), C-reactive protein (CRP), and haptoglobin were also found in milk post-
challenge. Mudaliar et al. (2016) employed LC-MS/MS to identify proteins in milk collected from
cows challenged with a specific S. uberis strain. Post-challenge milk contained upregulated SAA,
haptoglobin, PGRP, cathelicidin proteins, LPS-binding protein, and histidine-rich glycoprotein and
downregulated mucin-1, cystatin-B, dystroglycan, a-lactalbumin, and myozenin-1 compared to pre-
challenge milk. Kusebauch et al. (2018) utilized SRM to quantify proteins in milk collected from
healthy cows (SCC <100,000 cells/mL). Three cows were challenged with LPS to mimic E. coli



16

mastitis and three cows were challenged with peptidoglycans (PGN) to mimic S. aureus mastitis.
Haptoglobin, cathepsin C, a-1 antitrypsin, a-2 macroglobulin (A2M), galectin 3, galectin 1,
interleukin-8 (IL-8), vanin-1, calgranulin B, cluster of differentiation 14 (CD 14), and SAA3 were
increased in post-challenge milk from both LPS- and PGN-challenged cows compared to pre-
challenge milk. The protein increases in LPS-challenged milk were more pronounced than the protein
increases in PGN-challenged milk. Turk et al. (2021) quantitatively measured proteins in milk
collected from cows with CM (exhibiting clinical signs), from cows with SCM (SCC >400,000
cells/mL without clinical signs and CMT positive), and from healthy cows (SCC <400,000 cells/mL
without clinical signs and CMT negative) using shotgun TMT. Haptoglobin, serpins B1 and B3, -
defensin, and SAA increased in milk collected from cows with mastitis (both SCM and CM)
compared to milk collected from healthy cows. Immunoglobulin heavy chain, cathelicidin 3, A2M,
and pregnancy zone protein increased and mucin-1, ATP-binding transporter, and butyrophilin
decreased in milk collected from cows with mastitis (greater increases/decreases in CM compared to
SCM) compared to milk collected from healthy cows. Furthermore, they noted milk collected from
cows with CM had increased calponin, apolipoproteins I and II, variant 19 of A2M, and cathelicidin 1
and had decreased as-casein, k-casein, f-lactoglobulin, and thrombospondin compared to milk

collected from healthy cows.

Lipidomics refers to the study of all the lipids in an environment. Table 4-1 summarizes the reported
lipid differences in milk produced by cows with SCM or CM compared to milk produced by healthy
cows. Liquid chromatography-quadrupole time-of-flight mass spectrometry, ultra-high-performance
LC-Q-TOF-MS (UHPLC-Q-TOF-MS), and LC-MS/MS are some of the methods used to
quantitatively measure lipids in bovine milk. In addition to free fatty acids, several subclasses of
lipids, including triglycerides (TG), diglycerides (DQ), triacylglycerols (TAG), sphingomyelin (SM),
phospholipids (PL), and ceramides (Cer) have been identified and quantified (Mavangira et al., 2015;
Lietal., 2017; Cecillani et al., 2021). Oxylipids, or products of oxidized polyunsaturated fatty acids
(PUFA), produced by reactive oxygen species (ROS) during oxidative stress are also measured by
lipidomic methods (Mavangira et al., 2015; Mavangira and Sordillo, 2018). Li et al. (2017) used
UPLC-Q-Exactive Orbitrap MS to measure lipids in commercial bovine milk. They detected three
Cer species, two phosphatidylglycerol (PG) species, and two phosphatidylinositol (PI) species.
Tsiafoulis et al. (2019) used '"H-NMR metabolomics to identify lipids in both raw (bulk-tank) and
retail milk from both organic and conventional practices. They found increased linoleic acid (LA), a-
linolenic acid (ALA), C18:2 cis-9, trans-11 conjugated linoleic acid (CLA), and total unsaturated
fatty acids (UFA) and decreased caproleic acid in organic milk (both raw and retail) as compared to

conventional milk (both raw and retail). The authors note that 'H-NMR metabolomics is not as
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sensitive and has lower classification capabilities compared to traditional lipidomic methods such as
LC-MS. However, they determined it was an appropriate analysis for the aim of their investigation.
Wang et al. (2020b) utilized UHPLC-Q-TOF-MS to identify lipids in bovine milk purchased from a
farm. It is not clear whether the milk was raw or commercial. They identified a TG species, two
phosphatidylcholine (PC) species, and a SM species. Li et al. (2020) employed UHPLC-Q-TOF-MS
to identify lipids in raw bovine colostrum (1-5 d postpartum) and milk (2-3 mo postpartum). They
reported several lipid subclasses, TG, DG, SM, phosphatidylethanolamine (PE), PC, Cer,
hexosylceramide (HexCer), phosphatidylserine (PS), PI, dihexosylceramide (Hex2Cer), cardiolipin
(CL), PG, and PA were higher in colostrum compared to milk. Mitina et al. (2020) utilized LC-Q-
TOF-MS to identify and quantify lipids in milk collected from seven different mammalian species:
pig, goat, yak, macaque (two species), human, and cow. Only four cows were used, and no other
details were provided (such as age, lactation stage, health status, etc.). Milk TAG profiles were the
only results given for each species. The authors noted they focused on the high-abundance TAGs
because of the small sample size. They reported long monounsaturated fatty acids (MUFA) were most
abundant in milk collected from cows as compared to milks collected from the other species. In
comparing cow milk to human milk, they reported cow milk was higher saturated fatty acids (SFA)
whereas human milk was higher in PUFA. Mavangira et al. (2015) utilized LC-MS/MS to quantify
targeted fatty acids and oxylipids in milk collected from cows with coliform mastitis (culture positive
for E. coli and clinical signs) and milk collected from healthy cows (culture negative with SCC
<250,000 cells/mL). They found LA, arachidonic acid (ArA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), and oleic acid were increased in milk collected from cows with
coliform mastitis compared to milk collected from healthy cows. Several oxylipids including 6-
KetoPGF1,, PGE,, 13-hydroxyoctadecadienoic acids (HODE), 9-HODE?, 14,15-
dihydroxyeicosatetraenoic acid (DiHETE), 20-hydroxyeicosatetraenoic acids (HETE?), 11-HETE?,
and 9-HETE® were increased in milk collected from cows with coliform mastitis compared to milk
collected from healthy cows. Ceciliani et al. (2021) employed LC-Q-TOF-MS to identify lipids
present in milk collected from cows with SCM caused by NAS and milk collected from healthy cows
(SCC <100,000 cells/mL and culture negative). The SCM cows were culture positive for NAS and
split into two groups: milk SCC >200,000 cells/mL (high SCC quarters) and milk SCC <200,000
cells/mL (low SCC quarters). They reported a decreased TAG species and increased Cer species and
HexCer species in milk collected from cows with SCM compared to milk collected from healthy
cows. No differences in milk lipid profiles were found between the high SCC group and the low SCC

group.
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To date, most bovine milk microbiome studies (like Oikonomou et al., 2012; Pang et al., 2018; Tong
et al., 2019; Hoque et al., 2020) have been cross-sectional, thus characterizing milk microbiomes of
healthy cows, milk microbiomes of cows with SCM, and milk microbiomes of cows with CM at one
time point. Furthermore, several metabolites, proteins, and lipids are altered (increased/decreased or
absent/present) in milk collected from cows with mastitis (SCM or CM) compared to milk collected
from healthy cows. However, differences in methods and definitions of CM, SCM, and healthy across
studies create uncertainty in the interpretation of multiomic results. Implementing longitudinal
microbiome studies along with metabolomic, proteomic, and lipidomic analyses could prove to be
beneficial as information gleaned from such studies combined with results from previously conducted
research may mabke it possible to predict mastitis (SCM or CM) before it occurs. Observing shifts in
bacterial communities and the host response (like changes in milk SCC, Na/K, metabolites, proteins,
lipids) shortly before and during the actual mastitis event could play an important role in prevention

protocols and better inform treatment strategies.
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Table 1-1: Summary of top five bacterial taxa in colostrum or milk collected from healthy cows,
from cows with subclinical mastitis (SCM), and from cows with clinical mastitis (CM) using 16S
rRNA assessment of the microbiome from several studies illustrating similarities and differences

among results.

Confidence

Reference 1 Healthy SCM CM
Level
Propionibacterium Streptococcus Fusobacterium
Staphylococcus Fusobacterium Streptococcus
Oikonomou low Bacteroides Bacteroides Staphylococcus
et al. 2012 Streptococcus Staphylococcus | Escherichia/Shigella
unclassified unclassified unclassified
Ruminococcaceae | Enterobacteriaceae Prevotellaceae
Ralstonia Sphingomonas
Pseudomonas Stenotrophomonas
Kuehn et al. . )
2013 high Stenotrophomonas Ralstonia
Psychrobacter Pseudomonas
Bradyrhizobium Corynebacterium
Staphylococcus
Bhanderi et al. Ralston.za
2014 low Serratia
Pseudomonas
Bacillus
Propionibacterium | Propionibacterium . .
o oo Asticcacoulis
Aeribacillus Aeribacillus )
. . Fusobacterium
. Faecalibacterium Staphylococcus
Oikonomou . . . Streptococcus
high unclassified unclassified o
et al. 2014 . . Aeribacillus
Lachnospiraceae | Lachnospiraceae .
. . unclassified
unclassified unclassified .
. . Bacteroidales
Ruminococcaceae | Ruminococcaceae
Staphylococcus Staphylococcus
. Pseudomonas Fusobacterium
Lima et al. . .
high Fusobacterium Mycoplasma
2017
Mycoplasma Pseudomonas
Corynebacterium Corynebacterium
Enhydrobacter Staphylococcus Staphylococcus
Metzeer et al Janthinobacterium Enhydrobacter Fibrobacter
2018 £ ' high Corynebacterium | Corynebacterium Enhydrobacter
Knoellia Knoellia Corynebacterium
Cupriavidus Coxiella Aerococcus
Acinetobacter Halomg nas
o Klebsiella
Listeria .
Pang et al. . Escherichia-
high Halomonas .
2018 . Shigella
Atopostipes
: Streptococcus
Ruminococcus .
Corynebacterium
Acinetobacter Acinetobacter
Serratia Serratia
Hoque et al. low Campylobacter Campylobacter
2019 Pseudomonas Pseudomonas
Eubacterium Eubacterium
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Table 1-1. cont’d

Tong et al.
2019

low

Acinetobacter
Stenotrophomonas
Microbacterium
Corynebacterium
Romboutsia

Streptococcus
Acinetobacter
Romboutsia
Turicibacter
Enterococcus

Dahlberg et al.
2020

high

Dyella
Delftia
Janthinobacterium
Stenotrophomonas
Pseudomonas

Hoque et al.
2020

low

Enterobacter
Acinetobacter
Pseudomonas
Streptococcus
Salmonella

Escherichia
Shigella
Serratia

Lactococcus

Enterobacter

Actinobacter
Pseudomonas
Escherichia
Shigella
Aeromonas

Guo et al.
2021

low

Bacillus
Lactococcus
Pseudomonas
Lactobacillus
Acinetobacter

Ma et al.
2021

high

Lactobacillus
Lactococcus
Bacteroides

Acinetobacter

Massilia

Bacillus
Clostridium
Streptococcus
Helcococcus
Lactobacillus

'Refers to confidence in the results based on thoroughness of details in the methods (such as
aseptic sample collection, definitions/determinations of CM, SCM, and healthy, and use of healthy

control samples for comparisons) provided.
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Table 1-2: Summary of detected metabolite changes in milk collected from healthy (H) cows, from
cows with subclinical mastitis (SCM), and from cows with clinical mastitis (CM) using
metabolomic analysis.

Response

Reference Metabolites CMvsH | SCMvsH | SCM vs CM

. butyrate, acetate, lactate, isoleucine
Sundekilde v -
etal., 2012 B-hydroxybutyrate

fumarate, hippurate

Thomas et al., lactate, bile acids, leucine

e B o

2016b hippurate, lactose

hippurate, citrate, glucose

lactose

|-

4-hydroxyphenyllactate

L-carnitine

D-glycerol-1-phosphate

||| |«

sn-glycero-3-phosphocholine

Xietal., 2016 ; -
cis-aconitate

benzoic acid

S| | ||
_)

Leu-Leu, arginine T

oxoglutarate

Phe-Pro-Ile, Val-Phe-Val-Tyr

||

Leu-Ala, Asn-Arg-Ala-lle

Johnzon et al., lactose !
2018

phenylpyruvic acid, glycerol

Tong et al., 2019 | xanthine:guanine, uridine

||

Homogentisic acid:4-HPPA

acetate, lactate, benzoate, formate

[B-hydroxybutyrate

isoleucine, hippurate, leucine

Luangwilai et valerate, histidine

1., 202
al., 2020 alanine, phenylalanine

valine, threonine

N-acetylglucosamine

|-

uridine

5-methyl-tetrahydrofolate

|

testosterone glucuronide

urea, creatine, brassidic acid

Wang, Y. et al.,

2020 L-arginine phosphate, melibiose

flavin mononucleotide

orotic acid

xanthine, thiamine

R R R R e e N B S e B e B e

||| |«

5-aminoimidazole ribonucleotide
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Table 1-3: Summary of detected protein changes in milk collected from healthy (H) cows, from
cows with subclinical mastitis (SCM), and from cows with clinical mastitis (CM) using proteomic

analysis.

Response

Reference

Protein

CMvs H

SCMvs H

SCM vs CM

Boehmer et al.,
2009

transferrin, fibrinogen

cathelicidin-1, apolipoprotein I

peptidoglycan recognition receptor
protein

bovine serum albumin, lactoferrin

Danielsen et al.,
2010

Apolipoproteins I, II, and IV

a-, B-, and k-casein

complement proteins C3 and C4

calgranulin B, growth-related o
protein

e e e e e

Mudaliar et al.,
2016

peptidoglycan recognition receptor
protein

serum amyloid A, haptoglobin

cathelicidin proteins, LPS-binding
protein

histidine-rich glycoprotein

mucin-1, cystatin-B, dystroglycan

a-lactalbumin, myozenin-1

| > > >

Kusebauch et al.,
2018

cathepsin C, a-1 antitrypsin, vanin-
1

a-2 macroglobulin, interleukin-8

galectin 1 and 3, haptoglobin

cluster of differentiation 14

calgranulin B, serum amyloid A3

Turk et al., 2021

serpins B1 and B3, B-defensin

Ig heavy chain, cathelicidin-3

Pregnancy zone protein

ATP-binding transporter,
butyrophilin

— |2 o2 &

«— |>>|->

calponin, variant 19 of -2
macroglobulin

as2-casein, B-lactoglobulin, k-
casein

thrombospondin

apolipoproteins I and II,
cathelicidin-1

«— | o | «

Serum amyloid A, haptoglobin

mucin-1

a-2 macroglobulin

|

>«
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Table 1-4: Summary of detected lipid changes in milk from healthy (H) cows, cows with
subclinical mastitis (SCM), and cows with clinical mastitis (CM) using lipidomic analysis.

Response
Reference Lipid CMvsH | SCMvsH
linoleic acid, arachidonic acid, oleic acid T
eicosapentaenoic acid, docosahexaenoic acid T
Mavangira et al., 2015 | 6-KetoPGF,, PGE,, 13-HODE, 9-HODE? T
14,15-DiHETE, 20-HETE?, 11-HETE?, 9- 2

HETE’

Ceciliani et al., 2021

TAG 40:0 and 40:1

Cer 58:2, HexCer d82:15

|«




36

Chapter 2: Use of somatic cell count and sodium and potassium
concentrations in milk aids in detection of subclinical and clinical mastitis

in the first 22 days postpartum

H.K. Peterson', R.M. Pace?, J.E. Williams', M.K. McGuire?, and M.A. McGuire'

" Department of Animal, Veterinary and Food Sciences, University of Idaho

? Margaret Ritchie School of Family and Consumer Sciences, University of Idaho



37

Abstract
Bovine milk somatic cell count (SCC), lactose, protein, sodium (Na) and potassium (K)
concentrations, and the ratio of Na to K (Na/K) are distinctly altered during mastitis. Consequently,
they can be used to aid in the detection of clinical (CM) and subclinical (SCM) mastitis in early
lactation. However, to date there have been no studies comprehensively evaluating all these
parameters simultaneously. To help fill this research gap, we collected daily post-milking, quarter-
milk samples from 107 cows across the first 22 d postpartum. Samples were classified as colostrum
(0-1 d postpartum) or milk (2-21 d postpartum). Quarters were classified as having CM if visible
signs (such as flakes, blood, clots) were present in the secretion. Quarters were classified as having
SCM if SCC was =200,000 cells/mL and no visible signs of CM were present. Quarters were
classified as healthy if SCC was <200,000 cells/mL and no visible signs of CM were present in either
colostrum or milk. Somatic cell counts and lactose and protein concentrations were measured using
near-infrared analysis; Na and K concentrations were measured using a handheld ion-selective meter
and Na/K calculated. Receiver operating characteristic (ROC) curves were used to test the diagnostic
capability of components. Very few cases of CM were detected in colostrum (0.6% of samples) and
milk (1.2% of samples). Subclinical mastitis cases accounted for 18.2% of the milk samples. Somatic
cell count and K concentration best identified colostrum collected from quarters without CM from
colostrum collected from quarters with CM. In milk, Na and K concentrations and their ratios best
identified quarters with CM whereas Na/K and lactose and Na concentrations best identified quarters
with SCM. Somatic cell count and K concentration in colostrum and Na/K and the concentrations of
Na, K, and lactose in milk assist in the detection of mastitis in individual mammary gland quarters of

cows in early lactation.
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Introduction
Inflammation of the mammary gland (mastitis) negatively impacts the dairy industry worldwide and,
despite adoption of control strategies, remains a significant challenge (Bradley, 2002; Shaheen et al.,
2016; Potter et al., 2018). Intramammary bacterial infection, a common cause of mastitis, is
associated with an increase in somatic cell count (SCC), a measure of immune cells in milk (Eberhart
et al., 1979). Therefore, determination of a SCC threshold to distinguish between infected and
uninfected animals garnered much interest in early work. Various SCC thresholds have been
proposed, assessed, and reviewed (e.g., Reichmuth, 1975; Klastrup, 1975; Schultz, 1977; Kitchen
1981; Dohoo et al., 1981; Dohoo and Meek, 1982; Dohoo and Leslie, 1991; Harmon 1994; Schepers
et al., 1997). A milk SCC cutoff of 200,000 cells/mL to distinguish between infected and uninfected
cows has become widely accepted in mastitis management [Harmon, 2001; Smith et al., 2001;
International Dairy Federation (IDF), 2013)]. In particular, the most recent guidelines suggest
diagnosing clinical mastitis (CM) via clinical examination and subclinical mastitis (SCM) via a milk
SCC threshold of 200,000 cells/mL at the quarter-level (Farre et al., 2022). However, SCC is just one

tool available for the management of mastitis and overall mammary gland health.

Several milk components, in addition to immune cell number, are affected by mastitis. For example,
lysis of bacteria, increased presence of polymorphonuclear neutrophils (PMN), and macrophage-
derived enzymes such as lipases, oxidases, proteases, and glycosidases contribute to mammary gland
injury (Li et al., 2014). The blood-milk barrier, primarily through mammary epithelial cells that
control the exchange of components between blood and milk, can become disrupted (Wellnitz and
Bruckmaier, 2021). Leaky junctions between mammary epithelial cells caused by migration of PMN
to the site of infection as well as loss of mammary epithelial cells can lead to milk components
leaking out of, and blood components flowing into, the alveolar lumen (Harmon, 1994; Auldist and
Hubble, 1998; Wellnitz and Bruckmaier, 2021). In addition to reducing milk yield, this damage
causes compositional changes in the milk such as increased concentrations of albumin,
immunoglobulins, and sodium (Na), and decreased caseins, lactose, and potassium (K) (Harmon,
1994; Malik et al., 2018; Wellnitz and Bruckmaier, 2021). As milk Na increases, milk K decreases to
preserve milk osmolality (Harmon, 1994; Kandeel et al., 2019). Many studies have reported increased
Na and decreased K in milk produced by cows with mastitis compared to milk produced by healthy
cows (Tallamy and Randolph, 1970; Wegner and Stull, 1978; El Zubeir et al., 2005; Haron et al.,
2014). However, Na and K concentration and the ratio of Na to K (Na/K) in milk is much more
commonly used to assess mastitis risk and/or severity in humans (Willumsen et al., 2003; Aryeetey et

al., 2008; Pace et al., 2022). Thus, in the present study we sought to apply those parameters used in
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human health along with the parameters commonly used in the dairy industry (measurements of SCC
and, to a lesser extent, protein and lactose concentrations) to a large dataset to detect mastitis in

individual mammary gland quarters of cows in early lactation.

The aim of this study was to test the diagnostic ability of SCC, concentrations of lactose, protein, Na
and K, and Na/K in identifying CM and SCM in colostrum (CM only) and milk (CM and SCM)
collected from individual mammary gland quarters. We hypothesized thresholds of SCC, Na and K
concentrations and Na/K would be able to distinguish colostrum produced by quarters with CM from
colostrum produced by quarters without CM. We further hypothesized that thresholds of SCC,
lactose, protein, Na, and K concentrations, and Na/K would be able to distinguish milk produced by
quarters with CM from milk produced by healthy quarters. Finally, we hypothesized that thresholds
of lactose, protein, Na, and K concentrations and Na/K would be able to distinguish milk collected

from quarters with SCM from milk collected from healthy quarters.

Materials and Methods
Animals and milk collection procedures All procedures involving animals were approved by the
University of Idaho Animal Care and Use Committee (protocol 2018-66). Milk samples (n = 8,888)
were collected from 107 mostly Holstein cows on four commercial dairies in southern Idaho. Milk
was collected daily from each mammary gland quarter after milking in the first 22 d postpartum.
Samples were aseptically collected following National Mastitis Council (2004) recommendations.
Briefly, after removal of the milking machine and while wearing gloves, each teat was wiped
carefully using ethanol-soaked wipes (Ecolab Inc., St. Paul, MN), paying particular attention to the
teat end. Approximately 40-50 mL of milk were collected from each quarter into sterile 50 mL
centrifuge tubes (Stockwell Scientific, Scottsdale, AZ). Samples were placed in a cooler filled with
ice packs until transported to the laboratory. After sample collection, teats were dipped or sprayed
with post-milking teat disinfectant as per each dairy’s protocol. Gloves were sanitized between
animals or, when feasible, changed. Animals were monitored closely by both study and dairy
personnel for signs of CM (such as milk with blood or clots and swelling, redness, or hardness of the

mammary gland) and any evidence documented by quarter.

SCC, protein, and lactose evaluation Approximately 30 mL of colostrum/milk were transferred to a
tube containing preservative for determination of SCC, protein concentration, and lactose
concentration via near-infrared analysis (High Desert Dairy Lab Inc., Nampa, ID). For low-volume
samples (<20 mL), SCC was determined by study personnel using a DeLaval cell counter (model

#92740080, Tumba, Sweden).
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Classification of mammary health status and sample type Quarters with clinical signs in milk (flakes,
clots, or blood) and/or in mammary gland (redness, hardness, or swelling; Farre et al., 2022) were
categorized as having CM. Quarters producing milk with SCC >200,000 cells/mL but no clinical
signs in milk or mammary gland were categorized as having SCM. Quarters producing milk with
SCC <200,000 cells/mL and no clinical signs in milk or the mammary gland were categorized as
healthy. Samples were further divided into colostrum (0-1 d postpartum, with 0 d postpartum
indicating the first milking after calving) and milk (2-21 d postpartum).

Electrolyte evaluation Sodium (Na) and potassium (K) concentrations were measured,
retrospectively, in a subset of the samples (n= 745). Sodium and K concentrations were determined
using handheld ion-selective meters (LAQUAtwin Na-11 and LAQUAtwin K-11, HORIBA
Advanced Techno Co., Ltd. Kyoto, Japan). The subset was determined to provide a representative set
of each mammary gland health status group (quarters with CM, quarters with SCM, and healthy
quarters) in both colostrum and milk. Before use, meters were calibrated using appropriate solutions.
Samples were thawed on ice at room temperature and 200 pL pipetted onto the sensor of the Na
meter; after a few seconds, the result was recorded. This process was repeated for the K meter.

Concentrations of Na and K (reported in ppm) were converted to mmol/L.

Statistical analyses All statistical analyses were performed using R (v4.1.2; R Core Team) or Prism
10 (v10.0.3; GraphPad Software, San Diego, USA). We used Ime from the R package nlme (v3.1-
162; Pinheiro et al., 2015) and emmeans from the R package emmeans (v1.8.8; Searle et al., 1980) to
determine least-squares means for each colostrum or milk component. The model included the
mammary gland quarter health status group (with CM or without CM for colostrum samples and
healthy, SCM, or CM for milk samples) as a fixed effect and quarter nested within cow as a random
effect. Tukey’s test was used to identify differences in least-squares means of each colostrum or milk
component among mammary gland quarter health status group. Due to excessive coagulation, lactose
or protein concentrations could not be determined in twelve CM samples. Receiver operating
characteristic (ROC) curves (Fawcett, 2006) were used to test for sensitivity and specificity for
detection of mastitis of SCC, Na and K concentrations, and Na/K in colostrum and of SCC,
concentrations of protein, lactose, Na and K, and Na/K in milk. Youden’s index (Youden, 1950) was
calculated (sensitivity + specificity — 100) and used to determine the optimum threshold of sensitivity
and specificity for detection of mastitis for each component. Positive predictive values and negative
predictive values were also calculated. Significance was declared at P<0.05 with trends noted at

P<0.10 and P>0.05.
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Results
Day-to-day variation in mean SCC, lactose concentration, and protein concentration in colostrum and
milk from each mammary gland quarter health group is shown in Figure 2-1. The use of the IDF
definition of SCM (=200,000 cells/mL and no clinical signs) was deemed inappropriate for colostrum
(0-1 d postpartum) samples because the IDF definition was established for milk only (Farre et al.,
2022). Furthermore, SCC is naturally elevated in colostrum (Dohoo and Meek, 1982). Therefore,
SCM (as per the IDF definition) was not defined in colostrum. In milk produced by quarters with
CM, SCC appeared to be greater than SCC in milk produced by healthy quarters. In milk produced by
quarters with SCM, SCC was greater than SCC in milk produced by healthy quarters. Lactose
concentration increased in the transition from colostrum to milk. Lactose concentration appeared to
be lower in milk produced by quarters with CM compared to milk produced by quarters with SCM or
healthy quarters. Protein concentration declined rapidly in the first 3 d postpartum. Milk collected
from quarters with CM appeared to have greater protein concentration than in milk produced by

quarters with SCM or healthy quarters after 9 d postpartum (Figure 2-1).

Colostrum analyses Clinical mastitis was associated with 0.6% of the 827 colostrum samples
collected. Somatic cell count was greater (P<0.0001) and concentration of Na lower (P=0.0022) in
colostrum produced by quarters with CM compared to colostrum produced by quarters without CM
(Table 2-1). Trends for differences in K concentration (P=0.0908) and Na/K (P=0.0626) between
quarters without CM and quarters with CM were observed. Thresholds for SCC (564,500 cells/mL;
P=0.0009) and concentration of K (21.10 mmol/L; P=0.0135) distinguished colostrum collected from
quarters with CM from colostrum collected from quarters without CM with high sensitivity and
specificity (Table 2-2).

Milk analyses The percentage of mastitis status types in 8,061 quarter milk samples was 1.2% for
CM, 18.2% for SCM, and 80.6% for healthy in 107 cows over the first 22 d of lactation. Somatic cell
count was lowest in milk collected from healthy quarters, greater in milk collected from quarters with
SCM, and greatest in milk collected from quarters with CM (Table 2-3). Lactose concentration was
greater in milk collected from healthy quarters than in milk collected from quarters with SCM or CM.
Lactose concentration was lower in milk collected from quarters with CM than in milk collected from
quarters with SCM. Protein concentration was lower in milk collected from healthy quarters than in
milk collected from quarters with SCM or CM. Sodium concentration and Na/K were lowest in milk
collected from healthy quarters, greater in milk collected from quarters with SCM, and greatest in
milk collected from quarters with CM (Table 2-3). Concentration of K in milk collected from quarters

with CM was lower than in milk collected from quarters with SCM or healthy quarters. Potassium
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concentration in milk collected from quarters with SCM was higher than in milk collected from
healthy quarters (Table 2-3). Thresholds for SCC (291,500 cells/mL; P<0.0001); lactose (4.03%;
P<0.0001), protein (3.38%; P<0.0001), Na (22.84 mmol/L; P<0.0001), and K (19.95 mmol/L;
P<0.0001) concentrations; and Na/K (1.11; P<0.0001) distinguished milk collected from quarters
with CM from milk collected from quarters without CM (Table 2-4). All thresholds (P<0.0001) were
the same to identify milk collected from quarters with CM from milk collected from healthy quarters
only, except for a lower threshold of SCC (195,500 cells/mL; Table 2-4). Milk collected from
quarters with SCM was differentiated from milk collected from healthy quarters through thresholds
for lactose (4.30%; P<0.0001), protein (3.18%; P<0.0001) and Na (12.83 mmol/L; P<0.0001)
concentrations; and Na/K (0.51; P<0.0001; Table 2-4).

Discussion
In the present study, the large sample size allowed for the examination of components in colostrum
and milk for their ability to identify mastitis in individual mammary gland quarters of cows in early
lactation. Intramammary bacterial infection was not included in our approach, unlike that of many
others (such as Schultz, 1977; Dohoo et al., 1981; Schepers et al., 1997; Barkema et al., 1999), to
avoid the pitfalls of conventional culture. Culture-dependent methods can fail to grow bacteria in
>30% of milk samples collected from quarters with either CM or SCM (Taponen et al., 2009).
Furthermore, it would be inappropriate to classify infected/non-infected interchangeably with
mastitis/healthy since mastitis may not be solely caused by bacterial infection. Moreover, the term
“culture-negative” to describe healthy milk fails to acknowledge the existence of a large and diverse
bacterial population, as determined by culture-independent methods (Oikonomou et al., 2012; Kuehn
et al., 2013). Culture-independent methods provide a plethora of information (like identification,
relative abundance, and function) beyond presence/absence of infection and growth/no-growth of
bacteria. Therefore, because mastitis can be the result of various factors, we chose to define CM
(clinical signs of milk such as clots, blood, and/or mammary gland such as redness, swelling) and
SCM (SCC =200,000 cells/mL and no clinical signs) based on the guidelines recently published by
the IDF (Farre et al., 2022) rather than conventional culture and infection status. Furthermore,
because distinct compositional changes were observed in colostrum (0-1 d postpartum) and milk (2-

21 d postpartum), data from colostrum and milk were analyzed separately.

Characterization of CM via colostrum components As one of few reports available that compares
colostrum collected from quarters with and without mastitis, Barkema et al. (1999) observed SCC
was greater in colostrum produced by quarters infected with either a minor pathogen

(Corynebacterium bovis and coagulase-negative staphylococci) or a major pathogen (Staphylococcus
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aureus, Streptococcus agalactiae, Streptococcus dysgalactiae, Streptococcus uberis, and Escherichia
coli) than in colostrum produced by culture-negative quarters. Likely due (at least in part) to the
limited number of observations, we only detected trends for differences in K concentration and Na/K
between colostrum collected from quarters without CM versus with CM. However, SCC and Na
concentration were different (Table 2-1). For diagnostic purposes, thresholds of SCC and K
concentration were the only components in colostrum that might be capable of distinguishing between
quarters with CM and quarters without CM (Table 2-2). Both thresholds are highly sensitive but have
low positive predictive values, indicating a low probability of either threshold correctly identifying
quarters with CM. If the goal is to correctly identify quarters with CM, K concentration would
perform slightly better than SCC. Both thresholds are highly specific and have negative predictive
values of 100% indicating a high probability of either threshold correctly identifying quarters without
CM. If the goal is to correctly identify quarters without CM, SCC and K concentration would perform
similarly (Table 2-2). No other studies to our knowledge have attempted to identify diagnostic
thresholds for components in colostrum although our limited number of CM cases only provides

preliminary determination of diagnostic capacity.

Characterization of CM and SCM via milk components In the current study, shifts in milk
components align well with previously reported changes (Wegner and Stull, 1978; Auldist and
Hubble, 1998; Le Maréchal et al., 2011; Li et al., 2014). Milk collected from quarters with mastitis
(either SCM or CM) had elevated SCC compared with milk collected from healthy quarters (Table 2-
3). However, many samples (n = 36) collected from quarters with CM had low SCC (<200,000
cells/mL). An increase in SCC would be expected given the massive influx of immune cells to defend
the mammary gland against bacterial infection (Paape et al., 2002) but that is not always the case.
Low SCC has been found to be a risk factor for the development of CM (Schukken et al., 1990;
Suriyasathaporn et al., 2000; Burvenich et al., 2003) or reflective of transient infection of minor
mastitis pathogens (Ward and Schultz, 1972; Harmon, 1994; Sharma et al., 2011). In agreement with
Alhussien and Dang (2018), total protein concentration in milk produced by quarters with CM or
SCM was greater than in milk produced by healthy quarters. However, several reviews (Kitchen,
1981; Auldist and Hubble, 1998; Le Maréchal et al., 2011) conclude that even though changes in
individual proteins (such as caseins, 3-lactoglobulin, whey proteins, and serum albumin) are evident,
total protein concentration does not vary significantly between milk produced by quarters with
mastitis (CM or SCM) and milk produced by healthy quarters. Auldist and Hubble (1998) noted that
an increase in proteins originating in the blood is compensated by a decrease in milk proteins due to
the disruption in mammary epithelial cell integrity and blood-milk barrier. Although individual

proteins were not measured in the current study, the increase in protein concentration in milk
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collected from quarters with mastitis may be reflective of greater concentrations of blood proteins
relative to milk proteins or reduced concentrations of milk proteins relative to blood proteins. Future
studies should examine changes in individual proteins in conjunction with total protein concentration
in milk collected post-milking from quarters with mastitis (CM or SCM) compared to milk collected
from healthy quarters of cows in early lactation. In accordance with Kitchen et al. (1981), Harmon
(1994), and Le Maréchal et al. (2011), lactose concentration was greatest in milk produced by healthy
quarters compared to milk produced by quarters with SCM or CM. The greater Na concentration and
lower K concentration in milk produced by quarters with SCM or CM compared to milk produced by
healthy quarters (Table 2-3) agrees with previous studies (Reichmuth, 1975; Kitchen, 1981; El Zubeir
et al., 2005). In accordance with Wegner and Stull (1978) and El Zubeir et al. (2005), Na/K was
greater in milk produced by quarters with SCM or CM compared to milk produced by healthy

quarters.

Diagnostic SCC thresholds The threshold of SCC (195,500 cells/mL) that distinguished milk
produced by quarters with CM from milk produced by healthy quarters had greater specificity,
sensitivity, and positive predictive value compared with the threshold of SCC (291,500 cells/mL) for
milk produced by quarters with CM versus those without CM (Table 2-4). The latter threshold of
SCC had reasonably high sensitivity but a low positive predictive value reducing the probability of
correctly identifying milk produced by quarters with CM from milk produced by quarters without CM
(Table 2-4). This is most likely attributable to the fact that both milk collected from quarters with CM
and milk collected from quarters with SCM had greater SCC relative to milk collected from healthy
quarters (Table 2-3). McDermott et al. (1982) tested several SCC thresholds to distinguish milk
produced by infected cows from milk produced by uninfected cows using composite samples.
Although not directly comparable (CM/healthy versus infected/not infected as well as quarter versus
cow), their thresholds of 200,000 and 300,000 cells/mL had greater sensitivities and positive
predictive values, but lower specificities and negative predictive values compared with the SCC
thresholds in the present study (Table 2-4). Dohoo and Leslie (1991) determined a SCC threshold of
200,000 cells/mL to distinguish milk produced by infected cows (culture-positive) from milk
produced by non-infected (culture-negative) cows. Schepers et al. (1997) and Petzer et al. (2017) also
determined the 200,000 cells/mL threshold was capable of distinguishing milk produced by infected
quarters from milk produced by non-infected quarters. Despite the differences (such as CM/healthy vs
infected/non-infected and quarter vs cow), the diagnostic capabilities of the SCC thresholds in the

present study performed similarly to the SCC thresholds in these other studies.
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Diagnostic lactose concentration thresholds The threshold for concentration of lactose (4.03%,
wt/vol) distinguished milk produced by quarters with CM from milk produced by quarters without
CM and from milk produced by healthy quarters alone. Although the sensitivity and negative
predictive values are the same, the slightly greater specificity and positive predictive value indicate
better diagnostic performance when the quarters with SCM were removed from the test (Table 2-4).
A lactose concentration threshold of 4.30% performed reasonably well when used to identify milk
produced by quarters with SCM from milk produced by healthy quarters. No other studies to our
knowledge have attempted to identify diagnostic thresholds for lactose in milk.

Diagnostic protein concentration thresholds The protein concentration threshold of 3.38%
distinguished milk produced by quarters with CM from milk produced by quarters without CM and
from milk produced by healthy quarters alone. The sensitivity and negative predictive values were the
same, but the specificity and positive predictive values were a little higher (Table 2-4). Removing the
quarters with SCM resulted in a slight improvement in the diagnostic performance of this protein
concentration threshold. The protein concentration threshold of 3.18% has the lowest sensitivity and
negative predictive values and a low specificity, indicating it has the lowest diagnostic performance
when used to identify milk produced by quarters with SCM from milk produced by healthy quarters.
No other studies to our knowledge have attempted to identify diagnostic thresholds for protein in

milk.

Diagnostic Na concentration thresholds The Na concentration threshold of 22.84 mmol/L
distinguished milk produced by quarters with CM from milk produced by quarters without CM and
from milk produced by healthy quarters only. The sensitivity and negative predictive values were the
highest and were the same for both comparison groups (Table 2-4). The high specificity and positive
predictive values indicate the threshold performed the best when it was used to distinguish quarters
with CM from healthy quarters. The threshold of 12.83 mmol/L that distinguished quarters with SCM
from healthy quarters had the lowest diagnostic performance of the Na concentration thresholds
(Table 2-4). Kandeel et al. (2019) reported a higher Na threshold (24 mmol/L) with greater
sensitivity, but lower specificity compared to the Na threshold (12.83 mmol/L) determined in the
present study to identify milk produced by quarters with SCM from milk produced by healthy

quarters.

Diagnostic K concentration thresholds The K concentration threshold of 19.95 mmol/L distinguished
milk produced by quarters with CM from milk produced by quarters without CM and from milk
produced by healthy quarters alone. The sensitivity and negative predictive values were the highest

and were the same for both comparison groups (Table 2-4). The specificity and positive predictive
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values were slightly higher, thus the diagnostic performance was marginally better, when the quarters
with SCM were removed from the test. Unlike Kandeel et al. (2019), it was not possible to determine
a reliable threshold to distinguish milk produced by quarters with SCM from milk produced by

healthy quarters based on K concentration in the present study.

Diagnostic Na/K thresholds The Na/K threshold of 1.10 had the highest sensitivity, specificity,
positive predictive value, and negative predictive value of the Na/K thresholds determined (Table 2-
4). This indicates it has a high probability of correctly identifying quarters with CM as well as
identifying healthy quarters. A nearly identical Na/K threshold of 1.11 was determined to distinguish
milk produced by quarters with CM from milk produced by quarters without CM (Table 2-4). The
positive predictive value is lower, so the performance is slightly lower than the 1.10 Na/K threshold.
Although it had the lowest diagnostic performance of all the Na/K thresholds, the threshold of 0.51
performed reasonably well in correctly identifying quarters with SCM from healthy quarters.

Summary of diagnostic performance of milk components The ratio of Na/K had the best diagnostic
performance as determined by the area under the curve (AUC) in identifying quarters with SCM or
CM. Sodium and K concentrations and Na/K appeared to be better indicators than SCC in identifying
quarters with CM (Table 2-4). Implementing Na and K sensors into automatic milking systems, as is
already done to measure SCC with varying levels of success (van der Voort et al., 2021), would
strengthen detection of CM in instances when milk is not visually inspected. Protein concentration
performed similarly to SCC in identifying quarters with CM whereas lactose concentration performed
worse. Quarters with SCM were also well identified through lactose and Na concentrations but
protein and K concentrations had a lower diagnostic performance (Table 2-4). In summary, Na/K and
individual Na and K concentrations have better diagnostic capabilities than the traditional measure of

SCC in identifying CM in individual mammary gland quarters.

The dairies utilized in this study had low incidence of naturally occurring CM. This resulted in
limited applicability and interpretation of the CM findings, particularly in colostrum samples.
Another limitation was our use of the IDF definition of SCM (Farre et al., 2022). Although an SCC
cutoff of 200,000 cells/mL at quarter-level is recommended, it is not a precise characterization of
non-visible inflammation in the mammary gland. Several studies (Reichmuth, 1975; Kitchen, 1981;
Harmon, 1994; Schukken et al., 2003; Malik et al., 2018) report compositional changes in milk at a
range of SCC 100,000-1,000,000 cells/mL. Therefore, the SCM results of this study are only
applicable to the SCM definition of SCC >200,000 cells/mL. The results of this study may also not
apply to post-milking samples after the first 22 d postpartum. While the diagnostic factors may be

reflective of mastitis in the dairy industry of southern Idaho, our results may not be applicable to the
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dairy industry in other regions of the United States. Future studies should determine diagnostic
thresholds of SCC, protein, lactose, Na, and K concentrations, and Na/K for different geographical

regions, different breeds, and across all stages of lactation.

Conclusion
In the current study, SCC, Na and K concentrations, and Na/K were evaluated to characterize CM in
colostrum (0-1 d postpartum) from individual mammary gland quarters. Additionally, SCC, lactose,
protein, Na, and K concentrations, and Na/K were appraised to more closely define SCM and CM in
milk (2-21 d postpartum). Thresholds of SCC and K concentration in colostrum are the first to
identify specific mammary gland quarters with CM. Our calculated SCC thresholds of 291,500 and
195,500 cells/mL distinguished quarters with CM from quarters without CM and from healthy
quarters only. These cutoffs are consistent with earlier research and support current advice to dairy
farmers to adopt an SCC cutoff of 200,000 cells/mL to identify SCM. The use of Na and K
concentrations and their ratio to identify mastitis is novel in the dairy industry. The ratio of Na/K had
the best diagnostic performance of milk components, followed by Na and K concentration, in
identifying quarters with CM. Milk Na/K and lactose and Na concentrations best identified quarters
with SCM. Implementing use of Na and K concentrations and their ratio on-farm, such as with
sensors to measure Na and K concentrations in automatic milking systems, may provide reliable

diagnostic tools for the detection of CM and SCM in early lactation.
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Table 2-1: Summary measurements of components in colostrum from quarters with or without

clinical mastitis (CM)".

Component Without CM With CM P-value
SCC (cells/mL) 386,180 + 29,902 1,818,091 + 232,120 <0.0001
Na (mmol/L) 17.0+1.3 293+39 0.0022
K (mmol/L) 31.0+£1.7 24142 0.0908
Na/K 0.7£0.2 1.2+0.3 0.0626

'Values represent least-squares means =+ standard errors of the mean. The numbers of

observations for SCC were 822 in quarters without CM and 5 in quarters with CM,

respectively. The numbers of observations for Na, K, and Na/K measured in quarters without
CM and in quarters with CM were 100 and 3, respectively. P-value obtained via Tukey’s test.
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Table 2-2: Receiver operating characteristic curves and area under the curve for the efficacy of components in colostrum from mammary gland

quarters as predictors of clinical mastitis (CM).

Sensitivity | Specificity Positive Negative Area
Component Threshold (%) (%) Predictive Value | Predictive Value | Under the 95% CI P-value
(%) (%) Curve
SCC (cells/mL) 564,500 100 80 3 100 0.93 0.87t0 1.00 | 0.0009
Na (mmol/L) 13.27 67 67 4 98 0.52 0.09 to 0.95 0.9141
K (mmol/L) 21.10 100 87 19 100 0.92 0.84t0 1.00 | 0.0135
Na/K 0.62 67 79 13 98 0.73 0.44t01.00 | 0.1791
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Table 2-3: Summary measurements of milk components by healthy quarters, quarters with

subclinical mastitis (SCM), and quarters with clinical mastitis (CM)".

Component Healthy SCM CM

SCC (cells/mL) 93,325+ 16,955* | 687,356 + 20,461° 1,876,232 + 58,322°
Lactose (%, wt/vol) 4.43 +0.03° 4.13+0.03° 3.46 + 0.05°
Protein (%, wt/vol) 2.91 +0.03? 3.25+0.04° 3.40 + 0.07°

Na (mmol/L) 13.70 + 0.89* 19.00 + 1.02° 36.40 £ 2.16°

K (mmol/L) 27.96 + 1.32° 30.07 + 1.44° 6.71 £2.72¢
Na/K 0.51 +0.05 0.74 + 0.08° 6.18 £0.23¢

'"Values represent least-squares means + standard errors of the mean. Different superscripts
indicate differences in means within component across quarter health status (P<0.05). The
number of observations for SCC, lactose, and protein measured in healthy quarters was
6414, 6309, and 6347, respectively; in SCM quarters was 1548, 1471, and 1520,
respectively; and in CM quarters was 99, 91, and 91, respectively. The number of
observations for Na, K, and Na/K measured in healthy, SCM, and CM quarters was 531,
105, and 6, respectively.
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Table 2-4: Assessment of milk components collected by mammary gland quarter to predict clinical (CM) and subclinical (SCM) mastitis
through receiver operating characteristic analysis.

Positive Negative Area

Milk Component Threshold | Sensitivity (%) | Specificity (%) | Predictive Predictive | Under the 95% CI P-value

Value (%) Value (%) Curve
SCC (cells/mL)
CM vs Not CM 291,500 64 86 8 100 0.79 0.74 10 0.84 | <0.0001
CM vs Healthy 195,500 68 100 80 100 0.86 0.81100.91 | <0.0001
Lactose (%, wt/vol)
CM vs Not CM 4.03 54 88 9 99 0.72 0.66 t0 0.79 | <0.0001
CM vs Healthy 4.03 54 93 16 99 0.75 0.69 to 0.81 | <0.0001
SCM vs Healthy 4.30 61 73 47 92 0.73 0.72 t0 0.75 | <0.0001
Protein (%, wt/vol)
CM vs Not CM 3.38 67 84 7 100 0.78 0.7210 0.84 | <0.0001
CM vs Healthy 3.38 67 87 10 100 0.80 0.74 t0 0.85 | <0.0001
SCM vs Healthy 3.18 42 77 52 88 0.63 0.61 to 0.64 | <0.0001
Na (mmol/L)
CM vs Not CM 22.84 100 94 14 100 0.98 0.96 to 1.00 | <0.0001
CM vs Healthy 22.84 100 97 26 100 0.99 0.98 t0 1.00 | <0.0001
SCM vs Healthy 12.83 83 49 28 97 0.71 0.66 to 0.77 | <0.0001
K (mmol/L)
CM vs Not CM 19.95 100 89 7 100 0.98 0.95t01.00 | <0.0001
CM vs Healthy 19.95 100 91 10 100 0.98 0.96 t0 1.00 | <0.0001
SCM vs Healthy 33.25 76 38 22 96 0.53 0.471t00.59 | 0.3953
Na/K
CM vs Not CM 1.11 100 97 27 100 0.99 0.99t0 1.00 | <0.0001
CM vs Healthy 1.10 100 99 67 100 1.00 1.00 to 1.00 | <0.0001
SCM vs Healthy 0.51 70 72 40 94 0.75 0.70 to 0.80 | <0.0001

9¢
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Figure 2-1: Mean (£ SD) somatic cell count (SCC), lactose concentration, and protein concentration
in milk produced by healthy quarters (n = 7236, 6993, and 7141, respectively; A ) and those with
clinical mastitis (CM; n = 104, 92, and 92, respectively; ®) or subclinical mastitis (SCM; n = 1548,
1471, and 1520, respectively; l) across the first three weeks postpartum. No distinction between
SCM and healthy quarters occurred on days 0 and 1 (colostrum) where use of the IDF definition of
SCM was inappropriate. The day of calving is denoted by day 0.
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Supplementary Table 2-1: Components of colostrum (0-1 d postpartum) produced by quarters
without and with clinical mastitis (CM).

Without CM' With CM?

SCC

Number of quarters 822 5

Mean (cells/mL) 384,376 1,973,800

Range (cells/mL) 9,000-3,936,000 565,000-4,000,000
Lactose

Number of quarters 684 1

Mean (%, wt/vol) 3.60 3.68

Range (%, wt/vol) 0.61-4.82 NA
Protein

Number of quarters 794 1

Mean (%, wt/vol) 7.16 5.04

Range (%, wt/vol) 2.63-13.37 NA
Na

Number of quarters 100 3

Mean (mmol/L) 17.38 24.94

Range (mmol/L) 6.53-47.85 9.57-52.20
K

Number of quarters 100 3

Mean (mmol/L) 31.94 15.77

Range (mmol/L) 18.42-61.38 5.37-20.97
Na/K

Number of quarters 100 3

Mean 0.57 3.60

Range 0.26-2.08 0.46-9.72

'Quarters without CM did not have clinical signs (such as blood, flakes in colostrum and/or
redness, swelling of the mammary gland)
?Quarters with CM did have clinical signs in colostrum and/or mammary gland
NA= not applicable with only one value
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Supplementary Table 2-2: Components of milk (2-21 d postpartum) produced by quarters classified
as healthy or as having subclinical (SCM) or clinical mastitis (CM).

Healthy SCM! CM?

SCC

Number of quarters 6,414 1,548 99

Mean (cells/mL) 62,864 831,016 1,649,273

Range (cells/mL) 1,000-199,000 200,000-7,832,000 4,000-8,998,000
Lactose

Number of quarters 6,309 1,471 91

Mean (%, wt/vol) 4.46 4.14 3.42

Range (%, wt/vol) 1.74-5.37 0.66-5.48 0.05-5.05
Protein

Number of quarters 6,347 1,520 91

Mean (%, wt/vol) 2.89 3.19 3.79

Range (%, wt/vol) 1.19-6.06 0.51-9.52 2.35-6.71
Na

Number of quarters 531 105 6

Mean (mmol/L) 13.56 19.71 41.47

Range (mmol/L) 5.22-36.54 7.40-65.25 23.05-69.60
K

Number of quarters 531 105 6

Mean (mmol/L) 29.36 27.99 9.34

Range (mmol/L) 13.04-58.83 11.00-46.04 4.35-19.95
Na/K

Number of quarters 531 105 6

Mean 0.47 0.83 6.42

Range 0.23-1.53 0.34-5.14 1.16-16.01

'SCM defined as milk with an SCC >200,000 cells/mL and no clinical signs (such as blood, flakes
in milk and/or redness, swelling of the mammary gland)
’CM defined as the presence of clinical signs in milk and/or mammary gland
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Abstract
Bovine milk production can be severely hampered by inflammation of the mammary gland, or
mastitis. Many factors, including age, stage of lactation, housing, and milking procedures can affect
incidence of mastitis on dairy farms. Mastitis mostly occurs in the first few weeks postpartum and is
generally caused by a bacterial infection. Mastitis can be clinical (CM; presence of clinical signs such
as flakes or clots in the milk and/or redness or swelling of the mammary gland) or subclinical [SCM;
milk somatic cell count (SCC) >200,000 cells/mL and no clinical signs]. It may be possible for
producers to more effectively treat mastitis in their herds if they are aware of the variations between
the bacterial communities in the milk of cows with CM or SCM. The aim of this study was to apply
full-length sequencing of the 16S rRNA gene, present in all bacteria, to a subset (n = 748) of daily
quarter-milk samples (n = 8,888) collected post-milking from healthy cows (milk SCC <200,000
cells/mL and no clinical signs), from cows with SCM (milk SCC >200,000 cells/mL and no clinical
signs), and from cows with CM (presence of clinical signs) on four dairies in southern Idaho in the
first 22 d postpartum. Samples collected from quarters with CM were matched, as closely as possible
based on dairy, parity, and d postpartum, to samples collected from healthy quarters and quarters with
SCM for comparisons both before the matched event (1-3 d prior to first observance of clinical signs)
and during the matched event (first observance of clinical signs). A higher relative abundance of
Staphylococcus, a taxon commonly associated with mastitis, was identified in milk collected from
quarters with SCM compared to milk collected from healthy quarters and quarters with CM.
Interestingly, Bifidobacterium was identified in high relative abundance in all milk samples,
regardless of mammary gland quarter health status group. Understanding the impact of mastitis
incidence and environmental influences on milk microbiota would provide important information to

expand our knowledge of these complex and intertwined entities.
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Introduction
Mastitis, or inflammation of the mammary gland, is a disease that significantly affects lactating dairy
cows (Pyorild, 2008; Angelopoulou et al., 2019). Mastitis presents an economic challenge (~$2
billion/y) to the US dairy industry due to discarded milk, decreased milk production, and
compromised animal health (Rollin et al., 2015; Shaheen et al., 2016). Mastitis tends to occur in the
few first weeks postpartum and usually causes elevated somatic cell count (SCC), an inflammatory
marker measurable in milk. Consisting of mostly white blood cells such as macrophages,
lymphocytes, and neutrophils, SCC is a good indicator of inflammation of the mammary gland
(Ballou, 2011). Mastitis can be clinical (CM; presence of clinical signs such as flakes, clots, blood in
the milk and/or redness, swelling, hardness of the mammary gland) or subclinical (SCM; milk SCC
=>200,000 cells/mL without clinical signs) (National Mastitis Council, 1999; Farre et al., 2022).
Mastitis is generally caused by a bacterial infection commonly with Escherichia coli, Streptococcus
uberis, Streptococcus agalactia, Staphylococcus aureus, and non-aureus staphylococci (NAS)

(Bradley, 2002; Shaheen et al., 2016).

Bacterial culturing is customarily used to identify the offending mastitis pathogen(s) so the
appropriate treatment(s) (such as antibiotics) could be administered. However, these culture-
dependent methods fail to grow bacteria in 20-30% of CM cases in cows (Taponen et al., 2009).
Advanced methods, such as culture-independent techniques based on DNA, specifically the 16S
rRNA gene present in all bacteria, improve the identification of bacterial pathogens in mastitis cases
(Koskinen et al., 2010; Oikonomou et al., 2020; Ruegg, 2022). Targeted regions (conserved regions
and hypervariable regions) of the 16S rRNA gene can be amplified via polymerase chain reaction
(PCR). These amplicons, or amplified products, are then subject to DNA sequencing. The resulting
sequences can be checked against databases of known sequences for identification of specific taxa
(Hugerth and Andersson, 2017) allowing for the identification of bacterial species or groups in a
specific sample. Some studies (Kuehn et al., 2013; Oikonomou et al., 2014; Pang et al., 2018) target
certain hypervariable regions of the 16S rRNA gene while others (Abellan-Schneyder et al., 2021;
Guo et al., 2021; Ma et al., 2021) target the entire gene using full-length gene sequencing. Several
reports (Derakhshani et al., 2018; Oikonomou et al., 2020; Parente et al., 2020) show a myriad of
bacteria present even in milk produced by healthy quarters (milk SCC <200,000 cells/mL and no
clinical signs). Interestingly, milk was once thought to be sterile, and that any bacterial presence must
be due to cases of infection, like mastitis. However, microbiome research indicates milk produced by
all cows, regardless of mammary health status, contains distinct bacterial communities (Kuehn et al.,

2013; Oikonomou et al., 2014; Metzger et al., 2018).
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Observing shifts in bacterial communities shortly before the actual mastitis event could benefit and
enhance our approach to cure or prevent mastitis. Therefore, the objective of the current study was to
identify differences in milk microbiomes among samples collected from quarters with CM that were
matched, based on dairy, parity, and d postpartum, to samples collected from quarters with SCM and
healthy quarters both before the matched event (1-3 d prior to first observance of clinical signs) and
during the matched event (first observance of clinical signs) within early-lactation cows. Another
objective was to identify differences in milk microbiomes between the two timepoints (before and
during the matched event) within quarters with CM, quarters with SCM, and healthy quarters. We
hypothesized that bacterial communities in milk collected from quarters with mastitis (either CM or
SCM) would be different from bacterial communities in milk collected from healthy quarters at both
timepoints. We further hypothesized that a distinct shift would occur in bacterial communities in milk
collected from quarters with CM before the matched event to during the matched event. We also
hypothesized that bacterial communities in milk collected from quarters with SCM would be different
before the matched event compared to during the matched event. Finally, we hypothesized milk
microbiomes of healthy quarters would remain unchanged in the shift between the timepoint before

the matched event to during the matched event.

Materials and Methods
Animals and milk collection procedures All procedures involving animals were approved by the
University of Idaho Animal Care and Use Committee (protocol 2018-66). Daily quarter-milk samples
(n = 8,888) were collected from 107 cows on four commercial dairies in southern Idaho across the
first 22 d postpartum. Samples were aseptically collected post-milking following the National
Mastitis Council recommendations for collection (National Mastitis Council, 2004). Briefly, while
wearing gloves, each teat was wiped carefully using Sani-wipes (Ecolab Inc., St. Paul, MN) paying
particular attention to the teat end. Approximately 40-50 mL of milk was collected from each
mammary gland quarter into sterile 50 mL centrifuge tubes (Stockwell Scientific, Scottsdale, AZ),
taking care not to touch the teat end to the tube or anything else. After sample collection, teats were
dipped or sprayed with post-milking teat disinfectant as per the dairy’s protocol. Gloves were
sanitized with Sani-wipes between animals or changed completely when feasible. Animals were
monitored closely by both study and dairy personnel for any signs of CM (such as milk with flakes or
blood and/or swelling or redness of the mammary gland). Study personnel documented any clinical
signs and noted which quarter(s) were affected. Animals exhibiting clinical signs were moved into
hospital pens for treatment where study personnel continued to collect samples until either the animal

responded to treatment and was returned to her original milking pen, the 22-day sample period was
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reached, or the animal was removed from the herd (n= 1). Milk samples were placed in a cooler filled

with ice packs immediately after collection before transportation to a lab.

Sample preparation and SCC evaluation Samples were aliquoted into five 1.7 mL microcentrifuge
tubes (VWR, Radnor, PA) in 1 mL amounts and frozen at -20 °C until further analysis.
Approximately 30-40 mL of milk was transferred to a tube containing preservative for measurement
of SCC (High Desert Dairy Lab Inc., Nampa, ID). The SCC for low-volume milk samples (<20 mL)
was determined by study personnel using a DeLaval cell counter (Sweden). Some milk samples
collected from cows exhibiting CM signs were too clotted to obtain a successful reading from the cell

counter (n= 32).

Classification of mammary health status A subset of the samples (n = 748) was used to be
representative of healthy quarters (milk SCC <200,000 cells/mL and no clinical signs), quarters with
SCM (milk SCC =>200,000 cells/mL and no clinical signs), and quarters with CM (presence of

clinical signs) among the four dairies.

DNA extraction DNA was extracted using the ZymoBIOMICS 96 MagBead DNA Kit (Zymo
Research Corp.) following the automation protocol on a KingFisher Flex system (ThermoFisher
Scientific). Briefly, 1 mL aliquots of samples (n= 748) were thawed on ice at room temperature and
then centrifuged at 13,000 x g for 10 min at 4 °C. The supernatant was carefully removed to leave the
cell pellet and fat layer for extraction. ZymoBIOMICS Lysis Solution (750 pL) was added to the
sample tube to resuspend the cell pellet and fat layer which was then transferred to a ZR Bashing
Bead Lysis Tube. Samples were attached to tube adaptors on Vortex Genies (VWR) and processed
for 40 min at max speed. Samples were centrifuged at 13,000 x g for 1 min to pellet the beads and
200 pL of supernatant were transferred to a 96-deep-well plate. The sample plate, reagents, and
plasticware were assembled on the KingFisher Flex according to the setup guide and then the Zymo
protocol was executed. Samples were eluted in 50 pL ZymoBIOMICS DNase/RNase Free Water and
stored at -20 °C until further analysis.

Amplification of full-length 16S rRNA genes For SMRT barcode sequencing, full-length 16S rRNA
gene sequences were amplified by PCR from the extracted DNA. Universal primer pair 27F (5’-
AGRGTTYGATYMTGGCTCAG-3’) and 1492R (5’-RGYTACCTTGTTACGACTT-3") were used
with 16-base barcodes (Integrated DNA Technologies, Coralville, [A) to distinguish between
samples. All PCR were performed in 25 pL reactions containing 12.5 pL of 2x KAPA HiFi HotStart
ReadyMix (Roche Molecular System Inc., Pleasanton, CA), 1.5 pL of nuclease-free water
(ThermoFisher Scientific, Waltham, MA), 3 puL of barcoded forward primers (2.5 uM), 3 uL of
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barcoded reverse primers (2.5 uM), and 5 pL of template DNA. The thermocycling program was 1
cycle of 95 °C for 3 min, followed by 27 cycles of 95 °C for 30 sec, 57 °C for 30 sec, and 72 °C for
60 sec. PCR amplification results were checked via QIAxcel (Qiagen, Hilden, Germany).

Sequencing by SMRT The 16S rRNA gene amplicons were used to construct DNA libraries with the
Pacific Biosciences (PacBio) SMRT Bell Template Prep Kit 3.0, according to the manufacturer’s
instructions. Sequencing was achieved by adding the constructed library, DNA polymerase, and

sequencing primers to the SMRT cells and running on a PacBio Sequel II instrument.

Bioinformatics analysis Raw data were processed via SMRT link v11 with Detect And Split
Heteroduplex Reads (DASHR) turned on. Specific filtering criteria were as follows: (1) minimum full
passes of 3; (2) minimum predicted accuracy of 90; (3) minimum insert read length of 1,000; and
maximum insert read length of 1,700. All reads were sorted into different samples based on their
barcodes and then barcodes and primer sequences were removed. High-quality sequences were
processed into amplicon sequence variants (ASV) with chimeric sequences removed via DADA?2
(v1.22.0) in R (v4.1.2). The Silva database (v138) was used to assign the taxonomy of each ASV
representative sequence with an 80% confidence threshold. Contaminant sequences were removed via
the decontam R package (v1.14.0; Davis et al., 2017). Due to incomplete taxonomic assignment, we

decided to drop taxonomic rank to fill in missing taxonomic information.

Statistical analysis Statistical analyses were performed using R (v.4.1.2). Chaol index, Shannon
diversity index, and Simpson diversity index were used to estimate richness and diversity of bacterial
taxa of milk samples. Principal coordinate analysis (PCoA) was used to observe differences in milk
microbiota among samples collected from quarters with CM, from quarters with SCM, and from
healthy quarters. Milk samples collected from quarters with CM were matched, as closely as possible
based on dairy, parity, and day postpartum, to milk samples collected from healthy quarters and from
quarters with SCM. Samples were further separated into two timepoints: before the matched event (1-
3 d prior to first observance of clinical signs) and during the matched event (first observance of
clinical signs). Two cows were diagnosed with CM on 0 d postpartum (day of calving) and therefore
did not have before matched event samples. We used adonis2 from the R package vegan (v2.6-4;
Oksanen et al., 2022) to perform permutational multivariate analysis of variance (PERMANOVA) to
identify the effect of different mammary gland quarter health status groups on bacterial microbiota
composition. The pairwise.wilcox.test from the R package stats (v4.1.2; R Core Team, 2021) was
used to compare mammary gland quarter health status group levels with Benjamini-Hochberg
correction for multiple testing. We used Imer from the R package Ime4 (v1.1.32; Bates et al., 2015) to

perform analysis of variance (ANOVA) to test for differences among relative abundances of the top
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20 taxa identified in milk collected from quarters with CM, from quarters with SCM, and from
healthy quarters at both timepoints. The model included the mammary gland quarter health status
group (healthy, SCM, or CM), timepoint (before the matched event and during the matched event),
and the interaction of mammary gland quarter health status group and timepoint as fixed effects and
quarter nested within cow as a random effect. Tukey’s test was used to identify which mammary
gland quarter health status group(s) and/or timepoint(s) were different. Significance was declared at

P<0.05 with trends declared at 2>0.05 but <0.10.

Results
A total of 8,033,417 high-quality 16S rRNA reads were produced from the 748 milk samples in the
current study (mean = 10,740 £ 26,395 reads per sample). These reads were processed into 62,569
ASVs. After removal of primers and chimeric sequences, 2,790 ASVs remained in 735 milk samples

for downstream analysis. Eight quarter-milk samples were dropped after filtering out contaminants.

Figure 3-1 depicts the top 20 bacterial taxa by overall relative abundance, prevalence, and individual
sample relative abundance in milk samples collected from healthy quarters, from quarters with SCM,
and from quarters with CM across all samples with successful sequencing. In milk produced by
healthy quarters, Bifidobacterium was the most abundant taxon, but Romboutsia was the most
prevalent taxon. In milk produced by quarters with SCM, Staphylococcus was the most abundant
taxon whereas Corynebacterium was the most prevalent taxon. In milk produced by quarters with
CM, Escherichia-Shigella was the most abundant taxon whereas Bifidobacterium, Corynebacterium,
Paeniclostridium, Clostridium sensu stricto 1, Atopostipes, and Planococcus were the most prevalent
taxa (Figure 3-1). Distinct separation was not observed among mammary gland quarter health status
groups (Figure 3-2). The Chaol alpha diversity index was higher (P=0.02) in quarters with SCM
compared to healthy quarters (Figure 3-3). The Shannon alpha diversity index tended to be higher
(P=0.06) in quarters with SCM compared to healthy quarters (Figure 3-4). The Simpson alpha
diversity index tended to be higher (P=0.06) in quarters with SCM compared to quarters with CM
(Figure 3-5).

Differences in relative abundance of the top 20 taxa were observed (Figure 3-6) among mammary
gland quarter health status group (healthy, SCM, and CM) and timepoint (before matched event and
during matched event). The relative abundance of Afopostipes was different (P=0.047) in milk
collected from healthy quarters compared to milk collected from quarters with CM (Table 3-1). The
relative abundance of Jeotgalicoccus was higher (P=0.001) in milk samples collected before the
matched event compared to milk samples collected during the matched event for all mammary gland

quarter health status groups. The relative abundance of Staphylococcus was higher (P=0.005) in milk



67

produced by SCM compared to milk produced by healthy quarters and quarters with CM both before
and during the matched event. The relative abundance of Tissierella tended to be higher (P=0.089) in
milk samples collected from healthy quarters during the matched event compared to milk samples

collected from healthy quarters before the matched event (Table 3-1).

Discussion
In the present study, milk samples were collected from cows on four dairies in southern Idaho and
evaluated for differences in bacterial communities among samples collected from quarters with CM,
from quarters with SCM, and from healthy quarters both before and during the matched event via
full-length 16S rRNA gene sequencing. The most interesting aspect of the current study is that it
appears to be the first to report Bifidobacterium as a highly abundant taxon identified in milk samples
collected from healthy quarters, from quarters with SCM, and from quarters with CM (Figure 3-1).
Although the relative abundance of Bifidobacterium appeared to numerically decrease in milk
produced by quarters with mastitis (both SCM and CM) from before the matched event to during the
matched event (Figure 3-6; Table 3-1), it is likely that insufficient experimental power was likely to
detect a significant difference. Gastrointestinal tracts of mammals are inhabited by Bifidobacterium,
but it is not normally found in high relative abundance in bovine milk (Oikonomou et al., 2012;
Kuehn et al., 2013; Oikonomou et al., 2014; Lima et al., 2016; Metzger et al., 2018; Pang et al., 2018;
Andrews et al., 2019; Taponen et al., 2019; Dahlberg et al., 2020; Guo et al., 2021; Ma et al., 2021;
Sokolov et al., 2021). In contrast, Bifidobacterium is commonly detected in human milk (Martin et
al., 2008; Soto et al., 2014; Kordy et al., 2020). Various Bifidobacterium species, such as B. infantis,
B. breve, and B. bifidum, colonize the infant gastrointestinal tract and promote a healthy immune
system (Meng et al., 2020; Laursen et al., 2021). An enteromammary pathway has been suggested as
the route through which Bifidobacterium from the gastrointestinal tract ends up in human milk
(Rodriguez, 2014; Jost et al., 2015). An enteromammary pathway has been theorized for bovine milk
as well (Derakhshani et al., 2018; Oikonomou et al., 2020; Ruegg, 2022). Much controversy
surrounds the concept of enteromammary pathways so future studies are warranted to establish the

source of Bifidobacterium in bovine milk.

In the present study, Chaol and Shannon diversity indices were higher in quarters with SCM than in
healthy quarters but not different in quarters with CM. Milk collected from healthy quarters has
previously been found to be more diverse than milk collected from quarters with mastitis (Lima et al.,
2016; Metzger et al., 2018; Andrews et al., 2019). In contrast to Pang et al. (2018), Shannon diversity
index was higher in quarters with SCM compared to healthy quarters (Figure 3-4). Ma et al. (2021)

also reported higher Shannon diversity in samples collected from healthy cows compared to samples
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collected from cows with mastitis. Like Sokolov et al. (2021) however, Chaol and Shannon diversity
indices were higher in samples collected from cows with mastitis (both CM and SCM) compared to

samples collected from healthy cows (Figures 3-3 and 3-4).

The relative abundance of Atopostipes was different between healthy quarters and quarters with CM,
particularly during the matched event (Table 3-1). A few other studies (Pang et al., 2018; Sokolov et
al., 2021) have also identified Atopostipes in bovine milk. Atopostipes was first isolated from pig
manure (Cotta et al., 2004) but has also been identified as a member of the fecal microbiome of the
black rhino (Antwis et al., 2019). Antwis et al. (2019) noted an association of Afopostipes with
improved reproduction parameters in the black rhino. Like Bifidobacterium, it appears Atopostipes
may be another gastrointestinal microbe identifiable in bovine milk and perhaps supportive of an
enteromammary pathway (Ruegg, 2022). The relative abundance of Jeotgalicoccus, typically
associated with the environment (Schwalger et al., 2010; Cao et al., 2012), was higher before the
matched event than during the matched event, regardless of mammary gland quarter health status
group. Milk produced by healthy quarters tended to have a lower relative abundance of Tissierella
before compared to during the matched event (Table 3-1). Tissierella is generally found in the
environment, but it has been observed in human gastrointestinal tracts (Caméléna et al., 2016; Yang
et al., 2022). It appears shifts in milk microbiota occur even in healthy quarters between timepoints,

which could be helpful in detecting mastitis in other mammary gland quarters.

Bacterial taxa (Escherichia-Shigella and Staphylococcus) associated with common mastitis pathogens
such as E. coli and S. aureus (Akers, 2002) were identified in milk produced by healthy quarters
(Staphylococcus only), by quarters with SCM, and by quarters with CM (Escherichia-Shigella only;
Figure 3-1). This is in accordance with several reports (Kuehn et al., 2013; Lima et al., 2016; Metzger
et al., 2018; Dahlberg et al., 2020). Species of Escherichia-Shigella, specifically E. coli, are important
pathogens of CM (Burvenich et al., 2003; Blum et al., 2018; Sharifi et al., 2019; Orsi et al., 2022).
The relative abundance of Staphylococcus was higher in milk produced by quarters with SCM than in
milk produced by healthy quarters and quarters with CM (Figure 3-6; Table 3-1). A numerical
increase in relative abundance of Staphylococcus was further observed in milk produced by quarters
with SCM from the timepoint before the matched event to the timepoint during the matched event
(Table 3-1). Incidence of subclinical mastitis is commonly associated with Staphylococcus, in
particular S. aureus (Castilho et al., 2017; Bonsaglia et al., 2018; Nedic et al., 2019; Ren et al., 2019),
so this suggests a high relative abundance of Staphylococcus could be used to detect SCM even

before an increase in SCC is observed. This knowledge could assist in early detection of CM.
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Conclusion
The microbiome of bovine milk is incredibly complex, highly varied, and greatly influenced by
mastitis (either CM or SCM) and environmental input. We utilized full-length 16S rRNA gene
sequencing to provide more information on our understanding of bovine mastitis and its relationship
with the milk microbiome. Of immense interest was the detection of Bifidobacterium in high relative
abundance among all milk samples, regardless of mammary gland quarter health status group (CM,
SCM, and healthy). Few differences in relative abundance of milk microbiota (Atopostipes and
Staphylococcus) were observed among samples collected from quarters with CM, from quarters with
SCM, and from healthy quarters, regardless of timepoint. The relative abundances of only a couple of
taxa, Jeotgalicoccus and Tissierella, were different between the two timepoints. A key aspect of the
present study was matching quarters with SCM and healthy quarters to quarters with CM based on
dairy, parity, and d postpartum. As mastitis was naturally occurring, a main limitation of the present
study was the low number of mastitis cases. Another limitation was the issue of incomplete
taxonomic assignment. Future studies should take a closer look at the presence of gastrointestinal
microbiota such as Bifidobacterium and Atopostipes in bovine milk and how they may (or may not)

influence bovine mastitis.
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Table 3-1: Differences in the top 20 bacterial taxa identified in milk samples collected from healthy
quarters, quarters with subclinical mastitis (SCM), and quarters with clinical mastitis (CM)
between two timepoints (before the matched event and during the matched event').

Healthy SCM CM
Taxa Before | During | Before | During | Before | During | SEM? | P-value®
Acetitomaculum 1.0 1.3 0.9 0.2 1.7 1.4 0.2 0.506
Atopostipes 8.9° 8.8° 7.9% 3.8 9.1° 2.4° 1.1 0.047
Bifidobacterium 124 11.0 11.5 4.1 14.5 7.1 1.6 0.309
Clostridium 5.2 42 3.7 7.3 44 2.7 0.6 0.285
sensu stricto 1
Corynebacterium 8.0 6.6 7.8 6.6 9.0 52 0.5 0.631
Dietzia 1.1 1.5 0.7 0.9 1.1 0.5 0.1 0.879
Enteractinococcus 1.8 1.6 1.9 2.0 1.6 0.8 0.2 0.612
Facklamia 3.6 5.0 2.8 3.0 32 0.5 0.6 0.345
Family_ 1.7 25 1.4 2.0 1.8 0.5 0.3 0.237
Carnobacteriaceae
Jeotgalicoccus 6.8 5.2 6.0 5.3 8.1 2.1° 0.8 0.001
Paeniclostridium 4.6 4.5 33 2.4 3.7 3.0 0.4 0.941
Planococcus 2.7 2.8 33 2.9 24 1.8 0.2 0.423
Pseudomonas 34 1.6 1.2 0.2 0.4 1.7 0.5 0.590
Psychrobacter 2.7 3.7 23 4.1 3.1 0.4 0.5 0.100
Romboutsia 7.7 6.3 5.6 4.1 6.6 4.8 0.5 0.999
Salinicoccus 1.2 1.1 1.0 1.5 1.0 0.3 0.2 0.296
Staphylococcus 2.4 1.5 13.1° 20.1° 2.8 0.3 3.3 0.005
Tissierella 1.2¢ 1.9 1.6° 1.7% 1.5% 0.5% 0.2 0.089
Turicibacter 4.2 3.8 4.1 3.5 3.9 2.4 0.3 0.898
Other 19.5% 25.0° 19.9% 19.0% 20.7% 61.6¢ 6.9 <0.05

'Quarters with CM were matched, as closely as possible, to quarters with SCM and healthy quarters
based on dairy, parity, and d postpartum both before the matched event (1-3 d prior to first
observance of clinical signs such as blood or flakes in milk and/or redness or swelling of the
mammary gland) and during the matched event (first observance of clinical signs).
2 Standard error of the mean
*Values represent mean relative abundance (%). Means within taxa that do not share superscripts
among mammary gland quarter health groups and timepoints differ at P<0.05.
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Figure 3-1: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk samples
collected from healthy quarters [n = 592; milk somatic cell count (SCC) <200,000 cells/mL and no clinical signs such as blood or flakes in milk
and/or redness or swelling of the mammary gland], across milk samples collected from quarters with subclinical mastitis (SCM; n = 137; milk
SCC >200,000 cells/mL and no clinical signs), and across milk samples collected from quarters with clinical mastitis (CM; n = 6; presence of
clinical signs).
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Figure 3-2: Principal coordinate analysis (PCoA; Bray-Curtis distance) of bacterial taxa in all milk samples grouped by mammary gland quarter
mastitis status [clinical mastitis (CM) defined as presence of clinical signs such as clots or blood in milk and/or swelling or redness of the
mammary gland; subclinical mastitis (SCM) defined as somatic cell count (SCC) >200,000 cells/mL and no clinical signs; and healthy defined as
SCC <200,000 cells/mL and no clinical signs]. Results of permutational multivariate analysis of variance (PERMANOVA) are shown in the PCoA

plot.
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Figure 3-3: Chaol index (logl0-transformed) of milk microbiota of healthy quarters, quarters with
subclinical mastitis (SCM), and quarters with clinical mastitis (CM). Columns that do not share
superscripts differ (P=0.02) in Chaol alpha diversity among mammary gland quarter health groups.
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Figure 3-4: Shannon diversity index of milk microbiota of healthy quarters, quarters with subclinical
mastitis (SCM), and quarters with clinical mastitis (CM). Columns that do not share superscripts
indicate a trend (P=0.06) for differences in Shannon diversity among mammary gland quarter health
groups.
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Figure 3-5: Simpson diversity index of milk microbiota of healthy quarters, quarters with subclinical
mastitis (SCM), and quarters with clinical mastitis (CM). Columns that do not share superscripts
indicate a trend (P=0.06) for differences in Simpson diversity among mammary gland quarter health
groups.
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Figure 3-6: The top 20 bacterial taxa across all milk samples by mean (relative abundance) grouped
by mammary gland quarter health status [clinical mastitis (CM) defined as presence of clinical signs
such as blood or flakes in milk and/or redness or swelling of the mammary gland; healthy defined as
milk somatic cell count (SCC) <200,000 cells/mL and no clinical signs; and subclinical mastitis
(SCM) defined as milk SCC >200,000 cells/mL and no clinical signs] before the matched event (1-3 d
prior to first observance of clinical signs) and during the matched event (first observance of clinical
signs). Quarters with CM were matched, as closely as possible, to quarters with SCM and healthy
quarters based on dairy, parity, and d postpartum.
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Abstract
Bovine mastitis is an inflammation of the mammary gland that negatively impacts milk production,
animal welfare, and is a significant economic burden to the dairy industry. Mastitis can cause severe
disease with obvious local/systemic manifestations, or it can be virtually undetectable. Milk somatic
cell count (SCC) is a common tool used in identifying mastitis, but the addition of other biological
indicators of inflammation, or biomarkers, is of interest. The aim of this study was to apply
proteomic, lipidomic, and metabolomic analyses to identify components in milk collected from
individual mammary gland quarters altered by mastitis. Quarter-milk samples (n = 8,888) were
collected from cows with clinical mastitis (CM; presence of clinical signs of milk such as blood,
clots, and/or mammary gland such as swelling, hardness), from cows with subclinical mastitis (SCM;
SCC >200,000 cells/mL and no clinical signs), and from healthy cows (SCC <200,000 cells/mL and
no clinical signs) in the first 22 d postpartum. A subset of the samples (n = 112) was used to compare
healthy quarters to quarters with mastitis (CM or SCM) both within and among cows. Milk samples
collected from healthy quarters and from quarters with SCM were matched to milk samples collected
from quarters with CM based on dairy, parity, and d postpartum. Milk samples produced by quarters
with CM or SCM were compared to milk samples produced by healthy quarters within cows with CM
or SCM. Furthermore, milk samples collected from two healthy quarters were compared to each other
within healthy cows. Milk samples collected from healthy quarters were compared among healthy
cows, cows with SCM, and cows with CM. Milk samples produced by quarters with CM of cows
with CM were compared to milk samples produced by healthy quarters of healthy cows. Milk
samples produced by quarters with SCM of cows with SCM were compared to milk samples
produced by healthy quarters of healthy cows. Finally, milk samples collected from quarters with
SCM of cows with SCM were compared to milk samples collected from quarters with CM of cows
with CM. We performed untargeted proteomics using liquid-chromatography coupled with tandem
mass spectrometry, untargeted lipidomics using liquid-chromatography mass spectrometry, and
untargeted metabolomics using gas-chromatography mass spectrometry. Machine learning was
performed to determine whether any features could predict CM in individual mammary gland quarters
before clinical signs were first observed. Milk composition of quarters with mastitis (CM or SCM)
was different from the milk composition of healthy quarters within cows with either CM or SCM.
Several proteins and metabolites related to immune function were at higher levels in milk produced
by quarters with mastitis (CM or SCM) relative to milk produced by healthy quarters. Variation in
milk composition of healthy quarters among healthy cows, cows with SCM, and cows with CM was
observed. Lipids abundant in cell membranes were at higher levels and prominent milk lipids were at

lower levels in milk produced by quarters with CM relative to milk produced by healthy quarters.
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Lipid level differences were not so apparent in milk produced by quarters with SCM compared to
milk produced by healthy quarters. Machine learning identified features in milk, such as transitional
endoplasmic reticulum ATPase, complement C8 gamma chain, alpha-L-iduronidase, fructose-
bisphosphatase, L-leucine, 3-indolelactic acid, trans-3-hydroxyl-L-proline, citric acid, N-acetyl-alpha-
glucosaminidase, L-lysine, L-isoleucine, osteoclast stimulating factor 1, Ras-related protein Rab-18, a
triglyceride species, and two phosphatidylcholine species that may be able to, with reasonable

accuracy, predict CM in individual mammary gland quarters before clinical signs are observed.
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Introduction
Mastitis, or inflammation of the mammary gland, affects the dairy industry in many aspects, from
milk production and animal welfare to management decisions and economics (Potter et al., 2018;
Gussmann et al., 2018; Stevens et al., 2018; Puerto et al., 2021). A bacterial infection of the
mammary gland is usually the cause of mastitis but injury through other means (like mechanical,
chemical, or physical) can also lead to mastitis. Common mastitis pathogens include Streptococcus
agalactiae, Staphylococcus aureus, non-aureus staphylococci and Escherichia coli (Erskine et al.,
1988). Somatic cell count (SCC), a marker of inflammation measurable in milk, has traditionally been
used to monitor mastitis in dairy cows (Kirkeby et al., 2019). McDermott et al. (1982) observed an
increased risk of mastitis was associated with increased milk SCC across several herds. Mastitis can
be clinical (CM; presence of clinical signs such as blood or clots in the milk, and/or redness or
swelling of the mammary gland) or subclinical (SCM; milk SCC >200,000 cells/mL but no clinical
signs) with difficulty of detection and subsequent treatment. Hand et al. (2012) noted a linear
relationship of SCC and milk loss as average SCC increased across lactation; projected milk loss (up
to 919 kg/cow/lactation) also increased. Identifying mastitis quickly is critical for producers to be able
to make appropriate management decisions. Although SCC is a useful tool for monitoring milk
quality and animal health, finding and utilizing additional biomarkers of mastitis would be of great

benefit to the dairy industry.

The use of metabolomics, proteomics, and lipidomics in dairy cattle research is still in its infancy but
shows promise in elucidating the complex milk environment in the mammary gland. Harnessing
technological advancements to measure milk components such as metabolites, proteins, and lipids
more thoroughly and accurately could be a better approach to identify potential biological indicators
of mastitis. A variety of metabolites, including sugars, free amino acids, and free fatty acids, can be
detected and measured in milk (Sundekilde et al., 2012; Luangwilai et al., 2020; Bobbo et al., 2021).
Furthermore, milk contains many proteins related to the immune system (such as cathelicidins,
lysozymes, and cytokines) that could be excellent biomarker candidates (Boehmer et al., 2009;
Danielsen et al., 2010; Kusebauch et al., 2018). Milk lipids, such as phospholipids (PL) and
sphingomyelin (SM), can signal disruption in the mammary gland. The primary component of milk
fat globule membranes (MFGM) is phosphatidylcholine (PC), followed by phosphatidylethanolamine
(PE), SM, phosphatidylinositol (PI), and phosphatidylserine (PS) (Jensen, 2002). The PL and SM
function as emulsifiers and stabilizers of the MFGM. They are also sources of long-chain
polyunsaturated fatty acids (Jensen et al., 1991). Moreover, bacterial cell membranes are primarily

composed of PE (Sohlenkamp and Geiger, 2016). Differences in milk metabolites, including
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oligopeptides and bile acids, between cows with mastitis (CM or SCM) and healthy cows have been
shown (Xi et al., 2016; Johnzon et al., 2018; Tong et al., 2019; Wang et al., 2020). Major milk
proteins, such as caseins and whey proteins, as well as other proteins like histones and peptidoglycan
recognition protein 1, are altered in milk collected from cows with mastitis (CM or SCM) compared
with milk collected from healthy cows (Boehmer et al., 2009; Thomas et al., 2016a; Turk et al.,

2021). Lipids, including triacylglycerols, oxylipids, and ceramides (Cer), have been shown to be
different in milk collected from cows with mastitis (CM or SCM) compared to milk collected from
healthy cows (Mavangira et al., 2015; Ceciliani et al., 2021). Identifying and monitoring alterations of
milk metabolites, proteins, and lipids may allow for the application of other biological markers to

indicate cases of mastitis (CM or SCM) as well as to provide more insight into the disease itself.

The objective of the current study was to perform untargeted proteomics, lipidomics, and
metabolomics on quarter-milk samples collected from cows with CM, from cows with SCM, and
from healthy cows. Further objectives were to compare the metabolomes, proteomes, and lipidomes
of milk collected from quarters with CM, from quarters with SCM, and from healthy quarters at two
different timepoints: before the matched event (1-3 d prior to the first observance of clinical signs in
quarters with CM) and during the matched event (when clinical signs are first observed in quarters
with CM) both within and among cows. A final objective was to use a machine learning approach to
identify predictors of CM in individual mammary gland quarters before the matched event. We
hypothesized that milk proteins, metabolites, and lipids would not be differentially abundant before
the matched event in samples collected from quarters with mastitis (CM or SCM) compared to
samples collected from healthy quarters within cow, in samples collected from healthy quarters of
cows with mastitis (CM or SCM) compared to samples collected from healthy quarters of healthy
cows, and in samples collected from quarters with mastitis (CM or SCM) of cows with mastitis (CM
or SCM) compared to samples collected from healthy quarters of healthy cows. We further
hypothesized that milk proteins, metabolites, and lipids would be differentially abundant during the
matched event in samples collected from quarters with mastitis (CM or SCM) compared to samples
collected from healthy quarters within cow, in samples collected from healthy quarters of cows with
mastitis (CM or SCM) compared to samples collected from healthy quarters of healthy cows, and in
samples collected from quarters with mastitis (CM or SCM) of cows with mastitis (CM or SCM)
compared to samples collected from healthy quarters of healthy cows. Finally, we hypothesized a few
specific proteins, metabolites, and lipids would be identified as early predictors of CM in individual

mammary gland quarters.
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Materials and Methods
Sample collection Post-milking quarter-milk samples (n= 8,888) were collected in the first 22 d
postpartum from cows with CM (clinical signs of milk such as flakes, blood, and/or mammary gland
such as swelling, redness), from cows with SCM (milk SCC >200,000 cells/mL and no clinical signs),
and from healthy cows (milk SCC <200,000 cells/mL and no clinical signs) on four southern Idaho
dairies. A subset of the samples (n = 112) was used to compare milk collected from quarters with
mastitis (CM or SCM) to milk collected from healthy quarters. Samples were separated into two
timepoints based on detection of CM: before the matched event (1-3 d prior to observation of clinical
signs) and during the matched event (first observance of clinical signs). Milk samples collected from
cows with SCM and from healthy cows were matched, as closely as possible, to milk samples
collected from cows with CM based on dairy, parity, and d postpartum. This allowed for quarter-level

comparisons among cows as well as within cows both before and during the matched event.

Global proteomics, lipidomics, and metabolomics analyses were performed at the Pacific Northwest
National Laboratory (Richland, WA). Briefly, samples were extracted with the MPLEx (Metabolite,
Protein and Lipid Extraction) approach by adding 4 volumes of chloroform/methanol (2:1, v/v).
Samples were then vortexed and incubated for 10 min on ice before centrifuging for 10 min at 16,000
X g to separate into a hydrophilic layer with polar metabolites, a hydrophobic layer with lipids, and
precipitated proteins (Nakayasu et al., 2016). The hydrophilic and hydrophobic layers were separately
collected into glass autosampler vials and dried in vacuo. Methanol was used to rinse the precipitated

proteins and then dried. All fractions were stored at -80 °C until further processing.

Proteomic analysis Precipitated milk proteins were solubilized with 8 M urea in 50 mM NH4sHCOs,
pH 8.5. Protein disulfide bonds were reduced by adding 500 mM dithiothreitol to a final
concentration of 5 mM and incubating for 30 min at 60 °C. Cysteine residues were then alkylated by
adding 400 mM iodoacetamide to a final concentration of 20 mM and incubated in the dark at 24 °C
for 1 h. The digestion was performed with 1/50 sequencing-grade trypsin/protein ratio for 3 h at 37
°C. Peptides were desalted with C18 solid phase extraction cartridges and labeled with 16-plex
tandem mass tags (TMT, Thermo Fisher Scientific) following manufacturer recommendations.
Labeled peptides were multiplexed and fractionated by basic pH reversed phase chromatography
(Wang et al., 2011) prior to the liquid chromatography-tandem mass spectrometry analysis. A
Thermo Dionex Ultimate 3000 UPLC system (Thermo Scientific, San Jose, CA) was configured to
load a SuL injection directly onto the column at a flow rate of 200 nL/min, allowing 40 min to load
the sample onto the column before the elution gradient was started. The analytical column was made

using an integrated emitter capillary (75 um i.d. x 25 cm long), packed in-house using Waters BEH
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C18 media (Milford, MA) in 1.7um particle size. Columns were heated to 45 °C using the
MonoSLEEVE controller and a 15 cm heater (Analytical Sales and Services Inc., Flanders,

NJ). Mobile phases consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in
acetonitrile with the following gradient profile (min, %B): 0,1; 40, 1; 50, 8; 145, 25; 155, 35; 160, 75;
165, 5; 170, 95; 175, 1. Mass spectrometry analysis was performed using an Q Exactive HF-X mass
spectrometer (Thermo Scientific, San Jose, CA) outfitted with a Nanospray Flex™ Ion Source
(Thermo Scientific, San Jose, CA) ionization interface. The ion transfer tube temperature and spray
voltage were 300 °C and 2.2 kV, respectively. Data were collected for 120 min following a 60 min
delay from sample injection. Fourier transform-mass spectrometry spectra were acquired from 300-
1800 m/z at a resolution of 60k (AGC target 3e6) and while the top 12 FT-HCD-MS/MS spectra were
acquired in data dependent mode with an isolation window of 0.7 m/z and at a resolution of 45K
(AGC target 1e5) using a normalized collision energy of 30 and a 45 sec exclusion time. An internal
standard of a pooled reference sample was used to enable comparison of different sets of LC-MS/MS
analyses. To determine possible bacteria present in the samples, peptides were submitted to de novo
sequencing and sequenced peptides were searched against the whole non-redundant Uniprot
Knowledgebase using an in-house developed tool named Kaiko (Lee et al., 2022). The species with
the highest coverage for the top 100 genera, along with Bos faurus, had their protein database
sequences downloaded from Uniprot to build the database for peptide identification. Peptides were
identified by searching against this database using the MS-GF+ tool (Kim and Pevzner, 2014). A
target-decoy approach was used to control false discovery. Only tryptic peptide identifications of no
more than 2 missed cleavage sites were kept for further evaluation. The peptide-spectrum-matches
(PSM) were then filtered with mass error < 4.66 ppm and MS-GF+ spectra probability score < 7.20e-
11 to ensure peptide-level false discovery rate (FDR) of 1%. Tandem mass tag reporter ion intensities
were extracted from each PSM using the MASIC software (Monroe et al., 2008). Within each TMT
set, for each peptide, the PSM with the highest sum of reporter ion intensities was used for the
subsequent calculation of peptide abundances. Peptide abundances were measured based on the TMT

reporter ion intensities.

Lipidomic analysis Lipid LC-MS/MS was carried out essentially as described previously (Farley et
al., 2022). Briefly, extracted lipids were dissolved in 1:9 chloroform:methanol (v/v) solution and
loaded into a Waters CSH reverse phase column (3.0 mm x 150 mm x 1.7 um particle size) and eluted
with a 34-min gradient (mobile phase A: acetonitrile/water (40:60) containing 10 mM ammonium
acetate; mobile phase B: acetonitrile/isopropanol (10:90) containing 10 mM ammonium acetate) with
a flow rate of 250 pL/min with a Waters Aquity UPLC H-class system. Mass spectra were collected

with a Velos-ETD Orbitrap mass spectrometer (Thermo Fisher Scientific) in both positive and
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negative ionization modes. Lipids were fragmented with both higher-energy collision dissociation and
collision-induced dissociation. Mass spectrometry raw files were converted to ABF format using
Reifycs Abf (Analysis Base File) Converter and analyzed with MS-DIAL (v4.92) for lipid
identification and extraction of peak areas. A parent mass tolerance of 0.05 Da and a fragment mass
tolerance of 0.5 Da were used for identification. A 0.05 Da mass tolerance and a 0.2 min retention
time tolerance were used for peak alignment. Identifications were manually inspected based on their
fragmentation profile and retention time to eliminate lipids formed by in-source fragmentation, such

as fatty acids and lysophospholipids.

Metabolomic analysis The metabolite extracts were reconstituted with pyridine-containing
methoxyamine for derivatizing carbonyl groups by methoxyamination. N-methl-N-
trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane was used to subsequently derivatize
the hydroxl and amine groups (Kim et al., 2013). Analysis of the derivatized metabolites occurred via
gas chromatography-mass spectrometry (GC-MS) on an Agilent GC 8890 coupled with a single
quadrupole MSD 5977B (Agilent Technologies, Inc). An HP-5MS column (30 m % 0.25 mm % 0.25
um; Agilent Technologies) was used for untargeted metabolomic analyses. The sample injection
mode was splitless and 1 pl of each sample was injected. The injection port temperature was held at
250 °C throughout the analysis. The GC oven was held at 60 °C for 1 min after injection and the
temperature was then increased to 325 °C by 10 °C min™', followed by a 5 min hold at 325 °C
(Couvillion et al., 2023). The helium gas flow rates for each experiment were determined by the
Agilent Retention Time Locking function based on analysis of deuterated myristic acid and were in
the range of 0.45-0.5 ml min™'. Data were collected over the mass range 50-550 m/z. A mixture of
fatty acid methyl esters (FAMEs) (C8—C28) was analyzed once per day together with the samples for
retention index alignment purposes during subsequent data analysis. The GC-MS data were
deconvoluted and chromatographically aligned using MetaboliteDetector (Hiller et al., 2009) and
metabolites were identified by matching against the Fiehn Metabolomics Library method (Kind et al.,
2009) based on retention time and mass spectral profiles. All identifications were manually validated
to reduce deconvolution errors and to eliminate false identifications. The NIST 14 GC-MS library
was also used to cross-validate the spectral matching scores obtained using the Agilent library and to

provide identifications of unmatched metabolites.

Statistical analysis All data were first subjected to quality control processing using standard principal
component analysis (PCA) for visual inspection for potential outliers. The proteomics data were
additionally evaluated via a robust Mahalanobis distance with Peptide Abundance Vectors (rMd-

PAV) to attain a quantitative evaluation of outlier behavior (Matzke et al., 2011). The metabolomics
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dataset had 1.7% of the measured values that were not detected and the lipidomics data had 0.2% and
0.7% missing across the datasets for positive and negative modes, respectively. These two datasets
were imputed with probabilistic PCA. The proteomics data had 56.1% missing data. An initial filter
was applied to remove proteins that were identified by a single peptide as well as peptides that did not
have enough data present for statistical analysis, which was defined as peptides not observed in at
least 3 of the individual batches (10 batches based on TMT-16). This reduced the total missing data to
7.9%, a total of 9,490 unique peptides mapping to 5,461 proteins. There were multiple proteins
defined by identical peptides with 2,933 unique protein families noted. Proteomics data were not
imputed but were normalized to the reference pool within each of the 10 batches. All datasets were

normalized to total abundance via median centering.

To identify statistical associations, data were analyzed using Analysis of Variance (ANOVA) with an
effect for mammary gland quarter health status group (CM, SCM, and healthy) adjusted for dairy.
Models were run comparing the healthy quarter before and during the matched event, comparing the
quarter with mastitis (CM or SCM) before and during the matched event, and the ratio of the quarter
with mastitis (CM or SCM) to the healthy quarter before and during the matched event (9 total

models). Comparisons are illustrated in Figure 4-1. Changes were considered significant at P<0.05.

Pathway enrichment analysis was performed on differential proteins and metabolites identified in
each mammary gland quarter health status group. For the proteins, UniProt accession numbers were
converted into genes by the DAVID conversion tool (https://david.ncifcrf.gov/tools.jsp) to be plugged
into the KEGG pathway database (https://www.genome.jp/kegg/pathway.html). For the metabolites,
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca) combined with the KEGG Pathway database was

used.

Machine learning was performed in MatLab®, using logistic regression with 3- fold cross-validation.
Feature selection was performed using Repeated Optimization for Feature Interpretation (ROFI)
(Frohnert et al., 2020; Webb-Robertson et al., 2021; Webb-Robertson et al., 2022) using 100
repetitions, 10 iterations, o of 1E-5, and y of 1E-3. Features selected by ROFI with greater than 20%

frequency were considered as important based on a ROFI analysis with random outcome assignment.

Results
A total of 2,933 proteins, 193 metabolites, and 291 lipids were detected in 112 bovine quarter-milk

samples via proteomic, metabolomic, and lipidomic analyses (Table 4-1).

Two healthy quarters within healthy cows (Figure 1 line 1) A total of 48 features were different (22

features before the matched event and 26 features during the matched event) between milk samples
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collected from two separate healthy quarters within healthy cows (Table 4-1). The detected variation
represented 0.6% of proteins, 1.0% of metabolites, and 1.0% of lipids before the matched event and
0.8% of proteins, 0.5% of metabolites, and 0.7% of lipids during the matched event. Before the
matched event, proteins and metabolites that mapped to pathways of cell motility and the immune
system were at higher levels in milk collected from one set of healthy quarters relative to milk
collected from the other set of healthy quarters within healthy cows (Table 4-2). One PE species and
one triglyceride (TG) species were at higher levels, whereas another PE species was at a lower level,
in milk collected from one set of healthy quarters relative to milk collected from the other set of
healthy quarters within healthy cows. During the matched event, one PC species was at a higher level,
and one PE species was at a lower level in milk collected from one set of healthy quarters relative to

milk collected from the other set of healthy quarters within healthy cows (Table 4-3).

Quarters with SCM vs healthy quarters within cows with SCM (Figure 1 line 2) A total of 317
features were different (4 features before the matched event and 313 features during the matched
event) in milk produced by quarters with SCM compared to milk produced by healthy quarters within
cows with SCM (Table 4-1). The detected variation represented 0.1% of proteins, 0% of metabolites,
and 0% of lipids before the matched event and 10.5% of proteins, 0.5% of metabolites, and 1.0% of
lipids during the matched event. During the matched event, proteins and metabolites that mapped to
pathways of immune, circulatory, nervous, and endocrine systems; transport and catabolism; cell
motility; cell growth and death; carbohydrate and amino acid metabolism; transcription; and signal
transduction were at higher levels in milk produced by quarters with SCM relative to milk produced
by healthy quarters within cows with SCM (Table 4-2). Proteins and metabolites that mapped to
pathways of the nervous system; signal transduction; glycan biosynthesis and metabolism; and
membrane transport were at lower levels in milk produced by quarters with SCM relative to milk
produced by healthy quarters within cows with SCM (Table 4-2). One PC species was at a higher
level; one diglyceride (DG) species and one PE species were at lower levels in milk produced by

quarters with SCM relative to milk produced by healthy quarters within cows with SCM (Table 4-3).

Quarters with CM vs healthy quarters within cows with CM (Figure 1 line 3) A total of 774 features
were different (7 features before the matched event and 767 features during the matched event) in
milk collected from quarters with CM compared to milk collected from healthy quarters within cows
with CM (Table 4-1). The detected variation represented 0.2% of proteins, 0.5% of metabolites, and
0.3% of lipids before the matched event and 21.5% of proteins, 15.0% of metabolites, and 37.1% of
lipids during the matched event. Before the matched event, one PC species was at a lower level in

milk collected from quarters with CM relative to milk collected from healthy quarters within cows
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with CM (Table 4-3). During the matched event, proteins and metabolites that mapped to pathways of
immune, circulatory, nervous, and endocrine systems; cell motility; cell growth and death;
carbohydrate and amino acid metabolism; transcription; signal transduction; energy metabolism;
development and regeneration; folding, sorting and degradation; replication and repair; translation;
and metabolism of cofactors and vitamins were at higher levels in milk collected from quarters with
CM relative to milk collected from healthy quarters within cows with CM (Table 4-2). Proteins and
metabolites that mapped to pathways of immune and endocrine systems; transport and catabolism;
cell growth and death; carbohydrate metabolism; signal transduction; glycan biosynthesis and
metabolism; development and regeneration; folding, sorting and degradation; and signaling molecules
and interaction were at lower levels in milk collected from quarters with CM relative to milk
collected from healthy quarters within cows with CM (Table 4-2). Two Cer species, 36 PC species,
four PE species, one PI species, one PS species, and eight SM species were at higher levels and one
DG species, seven PE species, and 48 TG species were at lower levels in milk collected from quarters

with CM relative to milk collected from healthy quarters within cows with CM (Table 4-3).

Healthy quarters of cows with SCM vs healthy quarters of healthy cows (Figure I line 4) A total of
31 features were different (22 features before the matched event and 9 features during the matched
event) in milk produced by healthy quarters of cows with SCM compared to milk produced by
healthy quarters of healthy cows (Table 4-1). The detected variation represented 0.6% of proteins,
0.5% of metabolites, and 1.0% of lipids before the matched event and 0.3% of proteins, 0% of
metabolites, and 0.3% of lipids during the matched event. Before the matched event, proteins and
metabolites that mapped to pathways of the immune system were at higher levels and others were at
lower levels in milk produced by healthy quarters of cows with SCM relative to milk produced by
healthy quarters of healthy cows (Table 4-4). Three TG species were at lower levels in milk produced
by healthy quarters of cows with SCM relative to milk produced by healthy quarters of healthy cows
(Table 4-3). During the matched event, proteins and metabolites that mapped to pathways of the
immune system were at higher levels and transport and catabolism were at lower levels in milk
produced by healthy quarters of cows with SCM relative to milk produced by healthy quarters of
healthy cows (Table 4-4). One PC species was at a higher level in milk produced by healthy quarters
of cows with SCM relative to milk produced by healthy quarters of healthy cows (Table 4-3).

Healthy quarters of cows with CM vs healthy quarters of healthy cows (Figure 1 line 5) A total of
250 features were different (41 features before the matched event and 209 features during the
matched event) in milk collected from healthy quarters of cows with CM compared to milk collected

from healthy quarters of healthy cows (Table 4-1). The detected variation represented 1.3% of
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proteins, 1.0% of metabolites, and 0.3% of lipids before the matched event and 6.0% of proteins,
8.8% of metabolites, and 5.5% of lipids during the matched event. Before the matched event, proteins
and metabolites that mapped to pathways of transcription were at higher levels in milk collected from
healthy quarters of cows with CM relative to milk collected from healthy quarters of healthy cows
(Table 4-4). One Cer species was at a lower level in milk collected from healthy quarters of cows
with CM relative to milk collected from healthy quarters of healthy cows (Table 4-3). During the
matched event, proteins and metabolites that mapped to pathways of transport and catabolism; signal
transduction; cell motility; the nervous system; metabolism of cofactors and vitamins; carbohydrate
and amino acid metabolism; and translation were at lower levels in milk collected from healthy
quarters of cows with CM relative to milk collected from healthy quarters of healthy cows. Proteins
and metabolites that mapped to pathways of carbohydrate metabolism were at higher levels in milk
collected from healthy quarters of cows with CM relative to milk collected from healthy quarters of
healthy cows (Table 4-4). Four PC species and one SM species were at higher levels, and one PC
species, six PE species, and two PI species were at lower levels in milk collected from healthy
quarters of cows with CM relative to milk collected from healthy quarters of healthy cows (Table 4-
3).

Healthy quarters of cows with SCM vs healthy quarters of cows with CM (Figure I line 6) A total of
157 features were different (32 features before the matched event and 125 features during the
matched event) in milk produced by healthy quarters of cows with SCM compared to milk produced
by healthy quarters of cows with CM (Table 4-1). The detected variation represented 1.0% of
proteins, 0% of metabolites, and 0.7% of lipids before the matched event and 3.5% of proteins, 7.3%
of metabolites, and 2.7% of lipids during the matched event. Before the matched event, proteins and
metabolites that mapped to pathways of carbohydrate and amino acid metabolism and translation
were at lower levels in milk produced by healthy quarters of cows with SCM relative to milk
produced by healthy quarters of cows with CM (Table 4-4). Two Cer species were at lower levels in
milk produced by healthy quarters of cows with SCM relative to milk produced by healthy quarters of
cows with CM (Table 4-3). During the matched event, proteins and metabolites that mapped to
pathways of the immune system and carbohydrate metabolism were at higher levels in milk produced
by healthy quarters of cows with SCM relative to milk produced by healthy quarters of cows with
CM. Proteins and metabolites that mapped to pathways of metabolism of cofactors and vitamins;
translation; and amino acid metabolism were at lower levels in milk produced by healthy quarters of
cows with SCM relative to milk produced by healthy quarters of cows with CM (Table 4-4). Five PE
species, one PC species, and two PI species were at lower levels in milk produced by healthy quarters

of cows with SCM relative to milk produced by healthy quarters of cows with CM (Table 4-3).
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Quarters with SCM of cows with SCM vs healthy quarters of healthy cows (Figure 1 line 7) A total of
185 features were different (28 features before the matched event and 157 features during the
matched event) in milk collected from quarters with SCM of cows with SCM compared to milk
collected from healthy quarters of healthy cows (Table 4-1). The detected variation represented 1.0%
of proteins, 0% of metabolites, and 0% of lipids before the matched event and 5.3% of proteins, 0.5%
of metabolites, and 0% of lipids during the matched event. Before the matched event, proteins and
metabolites that mapped to pathways of the immune system were at higher levels whereas transport
and catabolism were at lower levels in milk collected from quarters with SCM of cows with SCM
relative to milk collected from healthy quarters of healthy cows (Table 4-5). During the matched
event, proteins and metabolites that mapped to pathways of cell motility; immune and circulatory
systems; signal transduction; and carbohydrate metabolism were at higher levels in milk collected
from quarters with SCM of cows with SCM relative to milk collected from healthy quarters of
healthy cows. Proteins and metabolites that mapped to pathways of the immune system; cell growth
and death; and signaling molecules and interaction were at lower levels in milk collected from
quarters with SCM of cows with SCM relative to milk collected from healthy quarters of healthy
cows (Table 4-5).

Quarters with CM of cows with CM vs healthy quarters of healthy cows (Figure 1 line 8) A total of
1,489 features were different (13 features before the matched event and 1,476 features during the
matched event) in milk produced by quarters with CM of cows with CM compared to milk produced
by healthy quarters of healthy cows (Table 4-1). The detected variation represented 0.4% of proteins,
0.5% of metabolites, and 0.3% of lipids before the matched event and 45.2% of proteins, 23.8% of
metabolites, and 36.1% of lipids during the matched event. Before the matched event, proteins and
metabolites that mapped to pathways of nucleotide metabolism were at lower levels in milk produced
by quarters with CM of cows with CM relative to milk produced by healthy quarters of healthy cows
(Table 4-5). One PE species was at a lower level in milk produced by quarters with CM of cows with
CM relative to milk produced by healthy quarters of healthy cows (Table 4-3). During the matched
event, proteins and metabolites that mapped to pathways of cell motility; immune, circulatory, and
digestive systems; signal transduction; carbohydrate and amino acid metabolism; cell growth and
death; energy metabolism; folding, sorting and degradation; transcription; metabolism of cofactors
and vitamins; and translation were at higher levels in milk produced by quarters with CM of cows
with CM relative to milk produced by healthy quarters of healthy cows (Table 4-5). Proteins and
metabolites that mapped to pathways of transport and catabolism; immune, endocrine, nervous, and
digestive systems; signal transduction; carbohydrate and amino acid metabolism; cell growth and

death; signaling molecules and interaction; folding, sorting and degradation; glycan biosynthesis and
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metabolism; lipid metabolism; metabolism of cofactors and vitamins; and development and
regeneration were at lower levels in milk produced by quarters with CM of cows with CM relative to
milk produced by healthy quarters of healthy cows (Table 4-5). Two Cer species, 38 PC species, ten
PE species, two PI species, nine SM species, and one PS species were at higher levels and 11 PE
species, two PI species, and 30 TG species were at lower levels in milk produced by quarters with

CM of cows with CM relative to milk produced by healthy quarters of healthy cows (Table 4-3).

Quarters with SCM of cows with SCM vs quarters with CM of cows with CM (Figure 1 line 9) A total
of 982 features were different (28 features before the matched event and 954 features during the
matched event) in milk collected from quarters with SCM of cows with SCM compared to milk
collected from quarters with CM of cows with CM (Table 4-1). The detected variation represented
1.0% of proteins, 0% of metabolites, and 0% of lipids before the matched event and 27.6% of
proteins, 25.9% of metabolites, and 32.6% of lipids during the matched event. Before the matched
event, proteins and metabolites that mapped to pathways of transport and catabolism were at higher
levels and nucleotide metabolism were at lower levels in milk collected from quarters with SCM of
cows with SCM relative to milk collected from quarters with CM of cows with CM (Table 4-5).
During the matched event, proteins and metabolites that mapped to pathways of transport and
catabolism; the immune system, signal transduction, carbohydrate and amino acid metabolism; cell
growth and death; folding, sorting and degradation; transcription; metabolism of cofactors and
vitamins; replication and repair; and translation were at higher levels in milk collected from quarters
with SCM of cows with SCM relative to milk collected from quarters with CM of cows with CM
(Table 4-5). Proteins and metabolites that mapped to pathways of transport and catabolism; signal
transduction; amino acid metabolism; the endocrine and nervous systems; folding, sorting and
degradation; glycan biosynthesis and metabolism; lipid metabolism; and development and
regeneration were at lower levels in milk collected from quarters with SCM of cows with SCM
relative to milk collected from quarters with CM of cows with CM (Table 4-5). Seven PE species, 39
PC species, two PI species, one PS species, and eight SM species were at higher levels and eight PE
species, one PI species, and 29 TG species were at lower levels in milk collected from quarters with
SCM of cows with SCM relative to milk collected from quarters with CM of cows with CM (Table 4-
3).

Machine learning Fourteen features (six proteins, five metabolites, and three lipids) identified in milk
collected from healthy quarters of cows with CM predicted, with reasonable accuracy, the
development of CM 1-3 days before clinical signs appear in early lactation. The proteins VPS37B
subunit of ESCRT-I and alpha-L-iduronidase, the metabolites L-leucine and L-tyrosine, and the lipids
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SM(d18:0/18:2) and PC(0:0/18:0) were at lower levels in milk collected from healthy quarters of
cows with CM relative to milk collected from healthy quarters of cows with SCM and healthy cows
before the matched event. The proteins transitional endoplasmic reticulum ATPase, fructose-
bisphosphatase, complement C8 gamma chain, and cartilage acidic protein 1, the metabolites citric
acid, palatinose, and 3-indolelactic acid, and the coeluted lipids PC(17:0/17:0);PC(16:0/18:0) were at
higher levels in milk collected from healthy quarters of cows with CM relative to milk collected from
healthy quarters of cows with SCM and healthy cows before the matched event (Table 4-6). Thirteen
features (six proteins, five metabolites, and two lipids) identified in milk from quarters with CM of
cows with CM predicted, with high accuracy, the development of CM 1-3 days before clinical signs
appear. The proteins VPS37B subunit of ESCRT-I and two isoforms of osteoclast stimulating factor
1, the metabolites L-tyrosine, L-lysine, and palatinose, and the lipid TG(47:2) were at lower levels in
milk collected from quarters with CM of cows with CM relative to milk collected from quarters with
SCM of cows with SCM and healthy quarters of healthy cows before the matched event. The proteins
N-acetyl-alpha-glucosaminidase, cartilage acidic protein 1, and ras-related protein Rab-18, the
metabolites L-isoleucine and trans-3-hydroxyl-L-proline, and the lipid SM(d18:0/18:2) were at higher
levels in milk collected from quarters with CM of cows with CM relative to milk collected from
quarters with SCM of cows with SCM and healthy quarters of healthy cows before the matched event
(Table 4-6).

Discussion
In the current study, proteomic, metabolomic, and lipidomic analyses were performed on post-
milking quarter-milk samples (n = 112) collected prospectively from cows before determination of
quarter health status. Samples collected from quarters with SCM and from healthy quarters were
matched, as closely as possible, to samples collected from quarters with CM based on dairy, parity,
and d postpartum. This approach was used to best match cows with naturally occurring mastitis.
Previous studies compared milk through proteomic analysis (Boehmer et al., 2009; Danielsen et al.,
2010; Mudaliar et al., 2016; Thomas et al., 2016a; Kusebauch et al., 2018) and metabolomic analysis
(Thomas et al., 2016b; Johnzon et al., 2018) collected from cows with experimentally induced

mastitis, which allowed for a more specific evaluation of changes due to specific mastitis pathogens.

Comparisons before mastitis In the present study, few features and pathways were different before
mastitis was determined. Quarters that would become SCM or CM had no differential pathways
identified noting the relative acuteness of mastitis. Within cow comparisons between healthy quarters
before the matched event (Table 4-2) detected 3 sub pathways in 3 super pathways. The differential

pathways included regulation of actin cytoskeleton, a critical component in maintaining the shape and
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structure of cells and involved in cell migration and trafficking (Balta et al., 2021); adherens junction,
or the junctions that mechanically hold cells together (Alberts et al., 1983); and leukocyte
transendothelial migration, or the transient movement of leukocytes through the endothelium of blood
vessels as part of the inflammatory response (Schimmel et al., 2017). These pathways all relate to cell
structure and movement and could reflect the variation in mammary tissue remodeling as lactation

becomes established.

Comparisons during mastitis As expected, a large number of immune system pathways were altered
in quarters from cows during CM and SCM compared to their healthy quarters (Table 4-2). Many of
the pathways in both SCM and CM reflect the immune response to a pathogen and enhanced
inflammatory signaling (Tizard, 2013; Parham, 2015). In particular, neutrophils, macrophages, and
eosinophils phagocytose invading bacteria as part of the innate immune response. Neutrophils can
also release nuclear contents to trap and destroy bacteria (Tizard, 2013). Various signaling pathways,
such as interleukin-17, chemokine, and Fc epsilon RI pathways, activate and recruit leukocytes to the
site of infection (Parham, 2015). B cell and T cell receptor signaling pathways were at higher levels in
quarters with CM. These signaling pathways are responsible for activating B cells (antibody-mediated
response) and T cells (cell-mediated response) as part of the adaptive immune response (Parham,
2015). This indicates quarters with CM may elicit a more advanced immune response compared to
quarters with SCM. Higher levels of complement and coagulation cascades imply the innate immune
response is still active in healthy quarters of cows with SCM relative to healthy quarters of cows with
CM. These cascades include opsonization of bacteria, elimination of apoptotic cells, production of
proinflammatory cytokines, augmentation of blood coagulation, and instigation of chemotaxis
(Tizard, 2013; Parham, 2015). In quarters with CM, a reduction in glutathione metabolism, a key
player in antioxidant defense and production of cytokines, possibly reflects oxidative stress (Wu et
al., 2004; Tizard, 2013). These immune system pathways are intricately woven together to work in

harmony as part of the complexity of CM and SCM.

Lower levels of galactose, arginine, histidine, beta-alanine, and vitamin B6 metabolism as well as
pantothenate, CoA, and aminoacyl-tRNA biosynthesis were observed in milk produced by healthy
quarters of cows with CM (Table 4-4). This could indicate reduced synthesis of milk in the healthy
quarter (Stryer, 1981; Reece, 2004). Thus, CM appears to have an effect on the healthy quarter.
Synthesis of milk components was further disrupted in healthy quarters of cows with SCM compared
to healthy quarters of cows with CM (Table 4-4). Impacts of CM and SCM beyond the inflamed

quarter are detectable.
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Lower levels of a few Cer species were observed in healthy quarters of cows with SCM or CM (Table
4-3). Ceramides are a necessary unit of sphingolipids such as sphingomyelin (an important
component of mammalian cell membranes), cerebroside (abundant in nerve myelin sheaths), and
ganglioside (present on surface of neuronal cells) (Kolter, 2012; Slotte, 2013; Blanco and Blanco,

2017).

Increases in circulatory and nervous system pathways were observed (Table 4-2) in quarters with
mastitis (SCM or CM). The pathway for vascular smooth muscle contraction was at higher levels in
quarters with SCM or CM relative to healthy quarters within cows with SCM or CM (Table 4-2).
Furthermore, this pathway was at higher levels in quarters with SCM or CM of cows with SCM or
CM compared to healthy quarters of healthy cows (Table 4-5). The sub pathway of vascular smooth
muscle contraction refers to the contraction of blood vessels, such as those located in the mammary
gland (Reece, 2004; Brozovich et al., 2016). An increase in vascular smooth muscle contraction
results in vasoconstriction of blood vessels to decrease blood flow, reduce nutrient delivery, and

allow for leukocyte transendothelial migration (Tizard, 2013; Schimmel et al., 2017).

Within cows with mastitis (SCM or CM), quarters with mastitis (SCM or CM) exhibited higher levels
of long-term potentiation and neurotrophin signaling pathway compared to healthy quarters. The
neurotrophin signaling pathway regulates long-term potentiation (Mitre et al., 2017). Long-term
potentiation refers to synaptic plasticity or an escalation in synaptic strength that results in an
enduring signal transmission between neurons (Verslegers et al., 2013; Fu and Jhamandas, 2020). A
lower level of a nervous system pathway, long-term potentiation, was observed in healthy quarters of
cows with CM relative to healthy quarters of healthy cows suggesting a decrease in signal

transmission. Clinical mastitis appears to affect neuronal function even in noninflamed quarters.

The dopaminergic synapse pathway is at lower levels in quarters with SCM relative to healthy
quarters within cows with SCM (Table 4-2). Dopamine is a neurotransmitter that regulates gene
expression and release of prolactin, a hormone associated with mammary gland growth and the
initiation and maintenance of lactation (Ben-Jonathan and Hnasko, 2001; Reece, 2004). Prolactin is
also associated with the immune system as it regulates humoral and cellular inflammatory response
(Freeman et al., 2000; Akers, 2002; Boutet et al., 2007). Lower levels of long-term depression and
cholinergic synapse pathways were observed in quarters with SCM or CM (Table 4-5). In contrast to
long-term potentiation, long-term depression refers to decreased capability of synapses to transmit
neuronal signals between parallel fibers, axons of small neurons located in the brain, and Purkinje
cells, large neurons with several branching dendrites also located in the brain (Ferrari and Goda,

2009). Purkinje cells release gamma-aminobutyric acid, an inhibitory neurotransmitter that decreases
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nerve cell stimulation (Jewett and Sharma, 2023). Gamma-aminobutyric acid may play an anti-
inflammatory role in mastitis by minimizing consequences of cell apoptosis and hindering expression
of proinflammatory cytokines (Wang et al., 2018). Cholinergic synapse refers to the use of
acetylcholine as a neurotransmitter with excitatory or inhibitory properties in the central nervous
system (Stryer, 1981; Alberts et al., 1983; Thany and Tricoire-Leignel, 2011). In quarters with CM,
serotonergic synapse was at lower levels (Table 4-5). Serotonin is a neurotransmitter produced in the
mammary gland that has been shown to regulate lactation through feedback inhibition (Hernandez et
al., 2008; Collier et al., 2012). In summary, quarters with mastitis exhibited differences in milk

protein and metabolite pathways related to the circulatory and nervous systems.

Machine learning Milk composition appears to be very consistent in healthy mammary glands and
any differences may illustrate the natural variation among healthy quarters within healthy cows
whereas healthy quarters that remain among healthy cows, cows with SCM, and cows with CM still
exhibit differences in milk composition. Even though milk composition was similar in quarters before
mastitis, we employed machine learning in an attempt to tease apart predictive features. A
combination of differentially abundant features that may predict CM were ascertained from the data
(Table 4-6). Most of the proteins and metabolites identified were involved in carbohydrate
metabolism. Higher levels of fructose-bisphosphatase, citric acid, L-isoleucine, and trans-3-hydroxyl-
L-proline indicate an increase in glycolysis whereas lower levels of L-leucine, L-tyrosine, and L-
lysine imply lower glycolytic activity (Alberts et al., 1983; Reece, 2004). A higher level of palatinose
(trade name of isomaltulose), a sugar alternative consisting of one glucose molecule and one fructose
molecule, was identified from the data as being predictive of CM (Table 4-6). Isomaltulose is
naturally found in sugarcane, honey, and beet extracts and has been identified as an animal metabolite
(Livesey, 2014). Two proteins at higher levels, transitional endoplasmic reticulum ATPase and ras-
related protein Rab-18, and one protein at a lower level, vacuolar protein sorting-associated protein
37B (VPS37B) subunit of endosomal sorting complex required for transport I (ESCRT-I), involved in
vesicle trafficking and endocytosis, or the intracellular transport of proteins and other molecules
(Stryer, 1981; Alberts et al., 1983) were also noted. Other features found through machine learning as
predictive of CM include two proteins involved in glycosaminoglycan breakdown, N-acetyl-alpha-
glucosaminidase (at a higher level in quarters with CM) and alpha-L-iduronidase (at a lower level in
healthy quarters of cows with CM) (Table 4-6). Glycosaminoglycans include heparan sulfate, a cell
surface receptor that elicits effects on cell tissue structure, and heparin, an anticoagulant found in
mast cells (Reece, 2004; Sarrazin et al., 2011). Connective tissue of the bovine mammary gland is
composed of proteoglycans, which include heparan sulfate, and contains mast cells, which

incorporate heparin (Stryer, 1981; Akers, 2002). Key players in mammary cell apoptosis, lysosomes,
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contain N-acetyl-alpha-glucosaminidase and alpha-L-iduronidase (Tizard, 2013). The higher level of
N-acetyl-alpha-glucosaminidase in quarters with CM and the lower level of alpha-L-iduronidase
could indicate connective tissue remodeling in the mammary gland as part of the immune system
response. Furthermore, a protein involved in the immune response was at a higher level in healthy
quarters of cows with CM. Complement C8 gamma chain is a component of the membrane attack
complex of the complement system (Parham, 2015). In summary, disruption in mammary gland

metabolism appears to be evident before clinical signs of mastitis are observed.

Interestingly, 3-indolelactic acid was identified from the data as predictive of CM (Table 4-6). It is a
gut-associated metabolite of tryptophan shown to have anti-inflammatory properties, including
neutralizing free radicals and reducing oxidative stress (National Center for Biotechnology
Information, 2023). According to Meng et al. (2020), 3-indolelactic acid is produced by
Bifidobacterium longum subsp. infantis, a commensal organism associated with human milk. Other
species of Bifidobacterium, including B. breve and B. bifidum have been shown to produce 3-
indolelactic acid as well (Laursen et al., 2021). Ehrlich et al. (2020) reported higher levels of 3-
indolelactic acid in infant feces that contained a higher level of B. infantis. This metabolite appears to
have the most anti-inflammatory effect in immature infant intestinal enterocytes as opposed to mature
enterocytes (Ehrlich et al., 2020; Meng et al., 2020; Laursen et al., 2021). The present study identified
3-indolelactic acid in bovine milk whereas others have detected it in human milk. Future studies are
needed to elucidate factors that impact the concentration of 3-indolelactic acid in bovine milk and its

relationship with risk of mastitis.

Conclusion
In the present study, proteomic, metabolomic, and lipidomic analyses were performed on milk
samples collected from quarters with CM, quarters with SCM, and healthy quarters both within and
among cows in early lactation. Matching quarters with SCM and healthy quarters to quarters with CM
based on dairy, parity, and d postpartum was a main strength of the current study. As mastitis was
naturally occurring, a main limitation of the present study was the low number of mastitis cases. Very
few changes in milk proteins, metabolites, and lipids were observed 1-3 days before mastitis
occurred. However, several pathways related to the immune system were differentially abundant
during mastitis incidence. Pathways of the innate immune response included neutrophil extracellular
trap formation, Fc gamma R-mediated phagocytosis, and natural killer cell mediated cytotoxicity.
Pathways of the adaptive immune response included antigen processing and presentation as well as B
cell and T cell signaling pathways. This indicates a logical immune response was noted in quarters

with CM or SCM. Several components, such as palatinose, alpha-L-iduronidase, and 3-indolelactic
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acid, were identified from the data as being predictive of CM. Further testing of these identified

components will help advance bovine mastitis detection and prevention.
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Table 4-1: Number of differential features in each comparison group before and during the
matched event'.

Before the Matched Event

During the Matched Event

Line'

Comparison
Group

Proteins

Metabolites

Lipids

Proteins

Metabolites

Lipids

1

Healthy vs healthy
quarters within
healthy cows

17

23

Quarters with
SCM vs healthy
quarters within
cows with SCM

309

Quarters with CM
vs healthy
quarters within
cows with CM

630

29

108

Healthy quarters
from cows with
SCM vs healthy
quarters from
healthy cows

18

Healthy quarters
from cows with
CM vs healthy
quarters from
healthy cows

38

176

17

16

Healthy quarters
from cows with
SCM vs healthy
quarters from
cows with CM

30

103

14

Quarters with
SCM from cows
with SCM vs
healthy quarters
from healthy cows

28

156

Quarters with CM
from cows with
CM vs healthy
quarters from
healthy cows

11

1325

46

105

Quarters with
SCM from cows
with SCM vs
quarters with CM
from cows with
CM

28

809

50

95
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[
Table 4-1. cont’d

'Quarters with subclinical mastitis (SCM) and healthy quarters were matched, as closely as
possible, to quarters with clinical mastitis (CM) based on dairy, parity, and d postpartum both
before (1-3 d prior to first observance of clinical signs, i.e., blood, flakes in milk and/or redness,
swelling of the mammary gland) and during (first observance of clinical signs).

Corresponds to the line number in Figure 1 depicting the various comparisons that were
performed.
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Table 4-2: Response of pathways comparing milk produced by quarters with clinical mastitis (CM)
and by quarters with subclinical mastitis (SCM) to milk produced by healthy (H) quarters before
and during the matched event using differential features from proteomic and metabolomic analyses

within cows'.

Response

H

SCM

CM

Timepoint

Super Pathway

Sub Pathway

Hvs H

SCMvs H

CMvs H

Cell Motility

Regulation of actin
cytoskeleton

Before
Matched
Event

Cellular
Community--
Eukaryotes

Adherens junction

Immune System

Leukocyte transendothelial
migration

During
Matched
Event

Immune System

Neutrophil extracellular trap
formation

Fc gamma R-mediated
phagocytosis

Leukocyte transendothelial
migration

_)

Platelet activation

_)

IL-17 signaling pathway

Chemokine signaling
pathway

B cell receptor signaling
pathway

Fc epsilon RI signaling
pathway

Natural killer cell mediated
cytotoxicity

T cell receptor signaling
pathway

Antigen processing and
presentation

Circulatory
System

Vascular smooth muscle
contraction

Nervous System

Long-term potentiation

Neurotrophin signaling
pathway

e e e e B B B

Dopaminergic synapse

Endocrine
System

Glucagon signaling pathway

Thyroid hormone signaling
pathway

Growth hormone synthesis,
secretion and action

Oxytocin signaling pathway

GnRH signaling pathway
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T
Table 4-2. cont’d

Estrogen signaling pathway

Cellular
Community--
Eukaryotes

Tight junction

Gap junction

Focal adhesion

Transport and
Catabolism

phagosome

lysosome

Cell Motility

Regulation of actin
cytoskeleton

Cell Growth
and Death

apoptosis

> -

Cellular senescence

%

Carbohydrate
Metabolism

Glycolysis

Pentose phosphate pathway

Pyruvate metabolism

Starch and sucrose
metabolism

- |>|>>

Galactose metabolism

Fructose and mannose
metabolism

Amino Acid
Metabolism

Cysteine and methionine
metabolism

Selenocompound metabolism

Valine, leucine and isoleucine
biosynthesis

Valine, leucine and isoleucine
degradation

Phenylalanine, tyrosine and
tryptophan biosynthesis

Arginine and proline
metabolism

Transcription

spliceosome

Signal
Transduction

HIF-1 signaling pathway

cAMP signaling pathway

Rapl1 signaling pathway

cGMP-PKG signaling
pathway

VEGEF signaling pathway

ErbB signaling pathway

Sphingolipid signaling
pathway

Ras signaling pathway

MAPK signaling pathway

AMPK signaling pathway

—o o o o oo 2 2 | o o« o o oo

Glycan
Biosynthesis
and Metabolism

Glycosaminoglycan
biosynthesis—heparan
sulfate/heparin
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Various types of N-glycan

Table 4-2. cont’d : ; N

biosynthesis

Membrane ABC transporters

Transport B

Energy Sulfur metabolism A

Metabolism

Development Axon guidance

and \2

Regeneration

Folding, Sorting protee'lsome T T

and Degradation Protein processing in !
endoplasmic reticulum

Replication and | DNA replication A

Repair

Signaling Cell adhesion molecules

Molecules and \2

Interaction

Translation Aminoacyl-tRNA 2
biosynthesis

Metabolism of | Thiamine metabolism

Cofactors and )

Vitamins

'Quarters with SCM and healthy quarters were matched, as closely as possible, to quarters with
CM based on dairy, parity, and d postpartum both before (1-3 d prior to first observance of clinical
signs such as blood, flakes in milk and/or redness, swelling of the mammary gland) and during
(first observance of clinical signs) the matched event.
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Table 4-3: Differential lipids in milk collected from healthy quarters, from quarters with subclinical
mastitis (SCM), and from quarters with clinical mastitis (CM) both within and among cows before

and during the matched event'.

Quarters with CM or SCM
vs healthy quarters within | Timepoint Lipid®** Response
COWS
Before 1 PE species; 1 TG species )
Healthy quarters vs healthy Matched Event 1 PE species \l/
quarters During 1 PC species T
Matched Event | 1 PE species J
Quarters with SCM vs During 1 PC species T
healthy quarters Matched Event | 1 DG species; 1 PE species J
Before .
Matched Event I PC species v
2 Cer species; 36 PC species; 4 PE A
. species
Ql;artrteirss with CM vs healthy During 1 PI species; 1 PS species; 8 SM 2
d Matched Event | species
1 DG species; 7 PE species; 48 TG 1
species
Healthy quarters among
COWS
Before .
Healthy quarters of cows 3 TG species J
with SCM vs healthy glsr‘ﬁl;d Event
quarters of healthy cows Matched Event 1 PC species )
Before 1 Cer species J
Healthy quarters of cows Matched Event
with CM vs healthy quarters . 4 PC species; 1 SM species T
of healthy cows During 1 PC species; 6 PE species; 2 PI
y Matched Event  Species, Species; J
species
Healthy quarters of cows Before 2 Cer species \2
with SCM vs healthy Mat.ched Event : ;
quarters of cows with CM During 5 PE. species; 1 PC species; 2 PI !
Matched Event | species
Quarters with CM or SCM
vs healthy quarters among
COWS
Before .
Matched Event I PE species v
38 PC species; 2 Cer species T
Quarters with CM of cows 10 PE species; 2 PI species )
with CM vs healthy quarters 1 PS species; 9 SM species 0
of healthy cows During
Matched Event . .
11 PE species; 2 PI species; 30 TG !

species
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Table 4-3. cont’d

39 PC species; 7 PE species )
Quarters with SCM of cows Duri 2 PI species; 1 PS species; 8 SM
. . uring ) )
with SCM vs quarters with Matched Event |-SPecies
CM of cows with CM 8 PE species; 1 PI species; 29 TG !
species

'Quarters with SCM and healthy quarters were matched, as closely as possible, to quarters with
CM based on dairy, parity, and d postpartum both before (1-3 d prior to first observance of clinical
signs such as blood, flakes in milk and/or redness, swelling of the mammary gland) and during

(first observance of clinical signs) the matched event.

*Phospholipids: PC = phosphatidylcholine, PE = phosphatidylethanolamine, PI =
phosphatidylinositol, PS= phosphatidylserine

3Sphingolipid: SM= sphingomyelin,

*Other lipids: Cer = ceramide, DG = diglyceride, TG = triglyceride
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Table 4-4: Response of pathways comparing milk produced by healthy (H) quarters of healthy
cows, of cows with subclinical mastitis (SCM), and of cows with clinical mastitis (CM) both before
and during the matched event using differential features from proteomic and metabolomic analyses

among cows'.

Response
Timepoint | >UPer Sub Pathway SCMvsH | CMvs H | SCM vs CM
Pathway
Fc gamma R-mediated 2 _ N
Immune phagocytosis
System Antigen processing and ! __ N
presentation
Before Transcription spliceosome -- ) --
Matched - ; : .
Event Amino Amd Tyrosine metabolism N _ !
Metabolism
Carbohydrate Glycolysis . . !
Metabolism
Translation ribosome -- -- 3
NOD-like receptor A _ N
Immune signaling pathway
System Complement and . __ 2
coagulation cascades
Transport and Zldocytosw v — —
Catabolism gtophagy and - N --
mitophagy
Signaling ECM-receptor
Molecules and | interaction -- T --
Interaction
Signal AMPK signaling N ! N
Transduction pathway
Ras signaling pathway -- J --
During Cell Motility Regulation of actin N ! N
Matched cytoskeleton
Event Nervous Long-term potentiation . ! .
System
Metabolism of | Vitamin B6 metabolism - J N
Cofactors and | Pantothenate and CoA N ! l
Vitamins biosynthesis
Carbohydrate I()}alactose metabolism -- J --
Metabolism entose phosphate . A A
pathway
ribosome -- - J
Translation Aminoacyl-tRNA . ! !
biosynthesis
. ) Glutathione metabolism -- J J
Amino Acid Arginine bi thesi — 1 1
Metabolism rginine biosynthesis
Histidine metabolism -- N N
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T .
Table 4-4. cont'd Beta-Alanine

| metabolism
'Quarters with SCM and healthy quarters were matched, as closely as possible, to quarters with
CM based on dairy, parity, and d postpartum both before (1-3 d prior to first observance of clinical

signs such as blood, flakes in milk and/or redness, swelling of the mammary gland) and during
(first observance of clinical signs) the matched event.

~ ! -
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Table 4-5: Response of pathways comparing milk produced by healthy (H) quarters, by quarters
with subclinical mastitis (SCM), and by quarters with clinical mastitis (CM) both before and during
the matched event using differential features from proteomic and metabolomic analyses among

cows'.

Response

Timepoint

Super Pathway

Sub Pathway

SCM
vs H

CM
vs H

SCM
vs CM

Before
Matched
Event

Immune System

NOD-like receptor signaling
pathway

Transport and
Catabolism

endocytosis

phagosome

Nucleotide
Metabolism

Pyrimidine metabolism

Purine metabolism

During
Matched
Event

Cellular
Community--
Eukaryotes

Tight junction

Gap junction

Focal adhesion

S| |||« | |

Cell Motility

Regulation of actin cytoskeleton

Transport and
Catabolism

phagosome

endocytosis

lysosome

autophagy

peroxisome

|||

Immune System

Neutrophil extracellular trap
formation

Fc gamma R-mediated
phagocytosis

_)

Leukocyte transendothelial
migration

Antigen processing and
presentation

Platelet activation

Complement and coagulation
cascades

NOD-like receptor signaling
pathway

B cell receptor signaling pathway

C-type lectin receptor signaling
pathway

Circulatory System

Vascular smooth muscle
contraction

Signal Transduction

HIF-1 signaling pathway

_)

ErbB signaling pathway

VEGEF signaling pathway

AMPK signaling pathway

Phospholipase D signaling
pathway

Apelin signaling pathway

Sphingolipid signaling pathway

A o o o 2 | | >

|| « |«|>
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Ras signaling pathway

%

Table 4-5. cont’d

Carbohydrate
Metabolism

Glycolysis/gluconeogenesis

Pentose phosphate pathway

_)

Pyruvate metabolism

Citric acid cycle

Starch and sucrose metabolism

Amino sugar and nucleotide
sugar metabolism

Galactose metabolism

| « |>]>

Fructose and mannose
metabolism

Butanoate metabolism

Cell Growth and
Death

Cellular senescence

necroptosis

apoptosis

Cell cycle

Signaling Molecules
and Interaction

Cell adhesion molecules

Amino Acid
Metabolism

Cysteine and methionine
metabolism

Alanine, aspartate and glutamate
metabolism

Tyrosine metabolism

Glutathione metabolism

Valine, leucine and isoleucine
biosynthesis

Valine, leucine and isoleucine
degradation

Phenylalanine, tyrosine and
tryptophan biosynthesis

Arginine and proline metabolism

D | | o] o> | o | «

Histidine metabolism

> o | o>

Energy Metabolism

Sulfur metabolism

_)

Endocrine System

Insulin signaling pathway

%

PPAR signaling pathway

Adipocytokine signaling pathway

|

GnRH signaling pathway

|«

Digestive System

Cholesterol metabolism

Folding, Sorting and
Degradation

proteasome

_)

RNA degradation

Protein processing in
endoplasmic reticulum

SNARE interactions in vesicular
transport

Transcription

spliceosome

Glycan Biosynthesis
and Metabolism

N-glycan biosynthesis

Other glycan degradation

— ||| « | « |«
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T
Table 4-5. cont’d

. , Fatty acid biosynthesis -- J 3
Lipid Metabolism =510 0 linid metabolism ~ 7 I
Metabolism of Vitamin B6 metabolism - N -
Cofactors and Pantothenate and CoA . A A
Vitamins biosynthesis

Long-term depression -- J 3
Nervous System Cholinergic synapse -- N N
Serotonergic synapse -- 3 -
Development and Axon guidance . ! !
Regeneration
Replication and DNA replication . . A
Repair
Translation Aminoacyl-tRNA biosynthesis -- ) )

'Quarters with SCM and healthy quarters were matched, as closely as possible, to quarters with
CM based on dairy, parity, and d postpartum both before (1-3 d prior to first observance of clinical

signs such as blood, flakes in milk and/or redness, swelling of the mammary gland) and during

(first observance of clinical signs) the matched event.
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Table 4-6: Features from machine learning which predict the development of clinical mastitis (CM)
by comparing healthy quarters of cows with CM to healthy quarters of cows without CM and by

comparing quarters with CM of cows with CM to quarters without CM of cows without CM before
the matched event'.

Healthy Quarters® Response | Quarters with CM® Response
VPS37B subunit of ESCRT- \ VPS37B subunit of \
I ESCRT-I
Transitional endoplasmic T Osteoclast stimulating \
reticulum ATPase factor 1 (A)
. Fructose-bisphosphatase T Osteoclast stimulating \
Proteins
factor 1 (B)
Complement C8 gamma T N-acetyl-alpha- T
chain glucosaminidase
Cartilage acidic protein 1 T Cartilage acidic protein 1 T
Alpha-L-iduronidase { Ras-related protein Rab-18 T
Citric acid ) L-isoleucine T
L-leucine { L-tyrosine \
Metabolites | L-tyrosine { L-lysine \
Palatinose T Palatinose {
3-indolelactic acid ) Trans-3-hydroxyl-L-proline )
SM(d18:0/18:2) Y SM(d18:0/18:2) T
Lipids PC(0:0/18:0) J TG(47:2) \
PC(17:0/17:0);PC(16:0/18:0) T

'Quarters with SCM and healthy quarters were matched, as closely as possible, to quarters with
CM based on dairy, parity, and d postpartum before the matched event (1-3 d prior to first
observance of clinical signs such as blood, flakes in milk and/or redness, swelling of the mammary

gland).

?Area under the curve (AUC) = 0.763; 95% confidence interval (95% CI) = 0.617 to 0.900
JAUC = 0.869; 95% CI = 0.728 to 1.000
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Healthy Cows

Healthy
Quarter

Healthy
Quarter

X

Subclinical Health Clinical
Healthy Mastitis Mastitis
Quarter Quarter Quarter

Cows with Subclinical Mastitis Cows with Clinical Mastitis

Figure 4-1: Comparisons before the matched event (1-3 d prior to observation of clinical signs such as
blood or flakes in milk and/or redness or swelling of the mammary gland) and during the matched
event (first observance of clinical signs) were made as shown by the arrows. Blue arrows (=) show
comparisons between healthy quarters of healthy cows (n = 20), of cows with subclinical mastitis
(SCM; n = 20), and of cows with clinical mastitis (CM; n = 16). Red arrows (=) show comparisons
between healthy quarters of healthy cows (n = 20), quarters with SCM of cows with SCM (n = 20),
and quarters with CM of cows with CM (n = 16). Purple arrows (=) show quarter comparisons
within cows.
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Chapter 5: Conclusion

Lactating dairy cows are critical in the production of nutritious milk to feed an ever-growing world
population. However, despite decades of research, bovine mastitis presents an enormous challenge in
terms of treatment and prevention. The first chapter in this dissertation provides a brief overview of
mastitis research and its relationship with milk components from somatic cell count (SCC) to milk
bacterial communities to specific milk proteins, metabolites, and lipids. Mastitis can be clinical (CM;
presence of clinical signs such as flakes, clots, or blood in milk and/or redness, swelling, or hardness
of the mammary gland) or subclinical (SCM; milk SCC >200,000 cells/mL and no clinical signs).
Milk produced by a healthy mammary gland quarter is generally defined as having an SCC <200,000
cells/mL and no clinical signs. Milk SCC contains mostly white blood cells such as macrophages,
lymphocytes, and neutrophils. Milk protein, lactose, sodium (Na), and potassium (K) concentrations
and the ratio of Na to K (Na/K) are altered during mastitis. Historically, milk was thought to be
sterile, and any bacterial presence was attributed to contamination during collection or during cases of
infection (like mastitis). Culture-dependent methods established presence of bacteria and were used
for isolation and characterization of known bacteria particularly related to mastitis. However,
sometimes these methods fail to grow bacteria in milk collected from cows with mastitis. Culture-
independent methods based on the 16S rRNA gene, which is present in all bacteria, aid in identifying
bacterial pathogens for every case of mastitis. Bovine milk microbiome research indicates bacterial
communities differ in milk collected from healthy cows compared to milk collected from cows with
CM or SCM. Multiomic methods, including proteomics, metabolomics, and lipidomics, allow for a
more in-depth analysis and comparison of specific milk proteins, lipids, and metabolites in milk
produced by healthy quarters, by quarters with SCM, and by quarters with CM. Milk casein and whey
proteins; free fatty acids and amino acids; sugars, and different phospholipid classes are typically

altered during mastitis.

The second chapter of this dissertation examines the differences in colostrum/milk SCC; protein,
lactose, Na, and K concentrations; and Na/K among quarters with mastitis (CM and SCM) and
healthy quarters. An SCC threshold of 564,500 cells/mL and a K concentration threshold of 21.10
mmol/L accurately distinguished colostrum collected from quarters with CM from colostrum
collected from quarters without CM. An Na/K threshold of 1.10 distinguished, with the highest
accuracy, milk collected from quarters with CM from milk collected from healthy quarters. An Na/K
threshold of 0.51 distinguished, with the highest accuracy, milk collected from quarters with SCM
from milk collected from healthy quarters. In the age of automatic milking systems and shifting

management styles, this study provides the dairy industry with information to aid in the detection of
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CM and SCM in individual mammary gland quarters of early lactation cows. The third chapter of this
dissertation explores differences in milk bacterial communities among samples collected from healthy
quarters, from quarters with SCM, and from quarters with CM at two timepoints (before the matched
event and during the matched event). Understanding how bacteria in milk impact CM and SCM
incidence, or vice versa, is of immense interest. The relative abundance of Afopostipes was different
between milk collected from healthy quarters and milk collected from quarters with CM. The relative
abundance of Jeotgalicoccus was higher in milk samples collected before the matched event
compared to milk samples collected during the matched event among all mammary gland quarter
health status groups. Staphylococcus was in higher relative abundance in milk collected from quarters
with SCM compared to milk collected from healthy quarters and from quarters with CM. Curiously,
Bifidobacterium was identified in high relative abundance in milk samples, regardless of mammary
gland quarter health status (CM, SCM, or healthy). This study aids mastitis research and the dairy
industry in understanding how mastitis incidence, management differences, and environmental
influences impact milk microbiota. The fourth chapter of this dissertation provides a closer look at
changes in specific proteins, metabolites, and lipids in milk produced by quarters with mastitis (CM
and SCM) as well as identified predictive features of CM. Many proteins and metabolites related to
immune function were at higher levels in milk produced by quarters with either CM or SCM. In milk
produced by quarters with CM, phospholipids abundant in cell membranes were at higher levels and
triacylglycerols were at lower levels relative to milk produced by healthy quarters. Lipid differences
were less noticeable in milk produced by quarters with SCM. Machine learning identified certain
features such as L-leucine, three phosphatidylcholine species, L-lysine, and a phosphatidylinositol
species, that may predict CM in individual mammary gland quarters with reasonable accuracy. This
knowledge allows mastitis research and the dairy industry to better understand the cow’s biological

response which can be used to aid in detection of CM and SCM and prediction of CM.

Despite such a large dataset, some aspects were not able to be fully explored due to relatively low
numbers of samples collected from quarters with SCM and even lower numbers of samples collected
from quarters with CM. Overwhelmingly, the cows sampled on each dairy were healthy with rates of
CM ranging 4.5-9.3%, which is a good thing from an industry perspective but provides limitations in
research. Bacterial culturing was performed on the milk samples collected from quarters with CM to
identify common mastitis pathogens, but most results were inconclusive. Cultured samples with
predominantly Escherichia coli tended to match the most abundant taxa, Escherichia-Shigella
identified in those same CM samples via full-length 16S rRNA gene sequencing. Metagenomic
analysis was also performed on some of the same milk samples and, although 16S rRNA sequencing

and metagenomic sequencing are different methods, a few of the taxa were identified as highly
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abundant in both methods. Due to insufficient sequencing depth, functional annotation was not
achievable in the metagenomic analysis. Future studies with greater cow numbers and/or a longer

sampling period to boost mastitis sample numbers are warranted to answer some of these questions.

The studies in this dissertation evaluate naturally occurring mastitis and its relationship with general
milk components, milk microbiome, and specific proteins, metabolites, and lipids in milk collected
daily from individual mammary gland quarters of cows in early lactation on four commercial dairies
in southern Idaho. A unique aspect of the studies in this dissertation is the large sample number that
allowed for performing the various analyses described (full-length 16S rRNA gene sequencing,
proteomics, metabolomics, and lipidomics) on the same set of milk samples. Furthermore, this work
provides a snapshot of the similarities and differences among commercial dairy farms located in the
vibrant Magic Valley dairy community of southern Idaho. This framework could be applied to other
regions to not only benefit the dairy industry but also provide valuable information on specific
communities worldwide. This research contributes to the continued advancement of bovine mastitis
management using newer technologies to provide a deeper understanding of the complexities of the
milk environment that will be imperative to ensuring the health of cows, the sustainability of dairy

farm family livelihoods, and the reliability of a nutritious food source.
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Appendix A: Protocol Approval Letter

Universityofldaho

Office of Research Assurances

Institutional Animal Care and Use Committee
875 Perimeter Drive, MS 3010

Moscow, ID 83844-3010

Phone: 208-885-6162

Fax: 208-885-6014

Email: iacuc@uidaho.edu

Date: February 21,2019

To: Mark A. McGuire

From: University of Idaho Institutional Animal Care and Use Committee

Re:  Protocol IACUC-2018-66 Mammary and milk microbiomes and metabolomes -
Understanding early variation and impacts on risk for mammary inflammation and
mastitis

Your requested amendment of the animal care and use protocol listed above was reviewed and
approved by the Institutional Animal Care and Use Committee on 02/21/2019.

This amendment request, 004704, was submitted for review on: 02/21/2019 10:18:31 AM PST
The original approval date for this protocol was: 11/16/2018

This approval will remain in effect until: 02/20/2020

The protocol may be continued by annual updates until: 11/15/2021

Currently approved internal personnel on this protocol are: McGuire, Mark A.; McGuire,
Michelle; Peterson, Haley; Williams, Janet

Currently approved external personnel on this protocol are: Matt Luth

Federal laws and guidelines require that institutional animal care and use committees review
ongoing projects annually. For the first two years after initial approval of the protocol you will
be asked to submit an annual update form describing any changes in procedures or personnel.
The committee may, at its discretion, extend approval for the project in yearly increments until
the third anniversary of the original approval of the project. At that time, the protocol must be
replaced by an entirely new submission.

Craig Mcf}owan, IACUC Chair
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Appendix B: Milk Microbiome Differences Among Dairies
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Appendix B Figure 1: Principal coordinate analysis (PCoA) of the top 20 bacterial taxa of milk
samples collected grouped by dairy. The four dairies are represented by ‘A’, ‘B’, ‘C’, and ‘D’.
Results of permutational multivariate analysis of variance (PERMANOVA) are shown in the PCoA
plot. Dairies A and B are different (P=0.003). Dairies A and C are different (P<0.05). Dairies A and
D are different (P<0.05). Dairies B and C tended to be different (P=0.086). Dairies B and D are
different (P<0.05). Dairies C and D are different (P<0.05).



129

100

75

. Other

B o=

[ Acttomacutum
Bl saioceus
[ Tissierela

. Entoractinococcus
[ Famity_camobacteriacase
[l Fsevomonas
. Planococous
W Frerobcter
. Staphylocooous
B recoema

[ Tuiciacter

B rascicostndim

[ ciostidiem zensu stricto 1
. Jeotgalicaccus

[ Romboutsa

. Corynabactedum

[T Asopostipss

. Bifidobacterium

mean
5]
=]

25

Dairy

Appendix B Figure 2: Mean (relative abundance) of the top 20 bacterial taxa from milk samples
collected grouped by dairy.
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Appendix B Figure 3: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with clinical mastitis (CM; presence of clinical signs such as blood or flakes in milk and/or redness or swelling of
the mammary gland) and from healthy quarters [somatic cell count (SCC) <200,000 cells/mL and no clinical signs] within cows with CM from
Dairy A. The top five taxa (relative abundance) identified in milk samples collected from quarters with CM were: Bifidobacterium (24.3%),
Escherichia-Shigella (7.9%), Atopostipes (6.9%), Corynebacterium (5.4%) and Jeotgalicoccus (5.4%). The top five taxa identified in milk samples
collected from healthy quarters within the same cow were: Bifidobacterium (21.8%), Atopostipes (8.1%), Corynebacterium (6.6%), Romboutsia
(6.0%), and Jeotgalicoccus (5.9%).
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Appendix B Figure 4: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with CM before clinical signs were observed and from quarters with CM when clinical signs were observed within
cows with CM from Dairy A. The top five taxa identified in milk samples collected quarters with CM before clinical signs were observed were:
Bifidobacterium (25.6%), Atopostipes (7.5%), Corynebacterium (5.9%), Jeotgalicoccus (5.8%), and Romboutsia (5.0%). The top five taxa
identified in milk samples collected from quarters with CM when clinical signs were first observed were: Escherichia-Shigella (49.4%), Kocuria
(15.2%), Bifidobacterium (10.3%), Pseudomonas (5.0%), and Coxiella (4.0%).
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Appendix B Figure 5: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with subclinical mastitis (SCM; SCC =>200,000 cells/mL and no clinical signs) and from healthy quarters (SCC
<200,000 cells/mL and no clinical signs) from Dairy A. The top five taxa identified in milk samples collected from quarters with SCM were:
Bifidobacterium (17.2%), Planococcus (9.5%), Atopostipes (8.1%), Corynebacterium (6.7%), and Facklamia (5.4%). The top five taxa identified
in milk samples collected from healthy quarters were: Bifidobacterium (19.4%), Atopostipes (9.1%), Romboutsia (6.2%), Facklamia (6.2%), and

Planococcus (5.3%).
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Appendix B Figure 6: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with CM and from healthy quarters within cows with CM from Dairy B. The top five taxa identified in milk
samples collected from quarters with CM were: Bifidobacterium (11.9%), Corynebacterium (8.4%), Atopostipes (7.7%), Romboutsia (7.5%), and
Jeotgalicoccus (7.1%). The top five taxa identified in milk samples collected from healthy quarters were: Bifidobacterium (10.7%),
Corynebacterium (8.7%), Atopostipes (8.2%), Clostridium sensu stricto 1 (7.7%), and Romboutsia (7.1%).
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Appendix B Figure 7: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with CM before clinical signs were observed and from quarters with CM when clinical signs were observed within
cows with CM from Dairy B. The top five taxa identified in milk samples collected from quarters with CM before clinical signs were observed
were: Bifidobacterium (12.2%), Corynebacterium (8.7%), Atopostipes (8.1%), and Jeotgalicoccus (7.6%), and Romboutsia (7.6%). The top five
taxa identified in milk samples collected from quarters with CM when clinical signs were first observed were: Escherichia-Shigella (58.8%),
Bifidobacterium (7.0%), Romboutsia (6.8%), Corynebacterium (4.9%), and Clostridium sensu stricto 1 (3.9%).
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Appendix B Figure 8: The top 20 bacterial taxa overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with SCM and from healthy quarters from Dairy B. The top five taxa identified in milk samples collected from
quarters with SCM were: Atopostipes (11.6%), Bifidobacterium (11.2%), Corynebacterium (10.7%), Jeotgalicoccus (8.6%), and Clostridium sensu
stricto 1 (6.4%). The top five taxa identified in milk samples collected from healthy quarters were: Corynebacterium (10.0%), Atopostipes (9.6%),

Bifidobacterium (9.4%), Jeotgalicoccus (7.2%), and Clostridium sensu stricto 1 (6.7%).
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Appendix B Figure 9: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from the quarter with CM and from the healthy quarter within the cow with CM from Dairy C. The top five taxa identified in
milk samples collected from the quarter with CM were: Corynebacterium (14.9%), Atopostipes (14.3%), Jeotgalicoccus (12.9%), Romboutsia
(6.3%), and Bifidobacterium (3.9%). The top five taxa identified in milk samples collected from the healthy quarter were: Afopostipes (16.8%),
Corynebacterium (15.2%), Jeotgalicoccus (11.5%), Bifidobacterium (5.9%), and Romboutsia (5.8%).
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Appendix B Figure 10: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from the quarter with CM before clinical signs were observed and from the quarter with CM when clinical signs were observed
within the cow with CM from Dairy C. The top five taxa identified in milk samples collected from the quarter with CM before clinical signs were
observed were: Corynebacterium (14.8%), Atopostipes (14.7%), Jeotgalicoccus (13.1%), Romboutsia (6.2%), and Bifidobacterium (4.0%). The
top five taxa identified in the milk sample collected from the quarter with CM when clinical signs were first observed were: Corynebacterium
(15.9%), Jeotgalicoccus (9.5%), Atopostipes (8.7%), Romboutsia (8.6%), and Paeniclostridium (4.7%).
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Appendix B Figure 11: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with SCM and from healthy quarters from Dairy C. The top five taxa identified in milk samples collected from
quarters with SCM were: Staphylococcus (37.1%), Bifidobacterium (6.8%), Corynebacterium (5.0%), Romboutsia (4.8%), and Atopostipes
(4.7%). The top five taxa identified in milk samples collected from healthy quarters were: Jeotgalicoccus (13.4%), Atopostipes (12.5%),

Corynebacterium (11.0%), Romboutsia (6.7%), and Bifidobacterium (4.3%).
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Appendix B Figure 12: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance in the milk
sample collected the healthy quarter within the cow with CM from Dairy D. The cow with CM was diagnosed on 0 d postpartum so it was not
possible to compare samples before clinical signs were observed to samples collected when clinical signs were observed. The top five taxa
identified in the milk sample collected from the healthy quarter were: Facklamia (21.6%), Aerococcus (14.6%), Corynebacterium (10.7%),

Bifidobacterium (8.9%), and Staphylococcus (8.4%).

6¢l



8

® o

Facklamia

Romboutsia

Clostridium sensu stricto 1

Abundance

Turicibacter

996 e

Genus

Family_C

Gardnerella

Atopostipes

Other .

8
°

Abundance Prevalence

Romboutsia

°

L

L
8

Abundance

Genus

Family_C

Dairy D Milk Samples collected from Healthy Quarters

°

Abundance Prevalence

Appendix B Figure 13: The top 20 bacterial taxa by overall relative abundance, prevalence, and individual sample relative abundance across milk
samples collected from quarters with SCM and from healthy quarters from Dairy D. The top five taxa identified in milk samples collected from
quarters with SCM were: Staphylococcus (45.6%), Streptococcus (9.7%), Escherichia-Shigella (9.2%), Aerococcus (4.3%), and Bifidobacterium
(3.8%). The top five taxa identified in milk collected from healthy quarters were: Romboutsia (11.2%), Bifidobacterium (9.2%), Pseudomonas

(7.9%), Staphylococcus (6.4%), and Turicibacter (5.8%).
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