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1 CHAPTER1

GENERAL INTRODUCTION

The global demand for bovine fluid milk and dairy products is burgeoning due to population
growth and the steady improvement of per capita consumption, especially in developing
countries (Britt et al., 2018). Even in developed nations like the USA, where the demand for
dairy products had been perceived to be stagnant, it is still growing, albeit at a relatively slower
rate of 1% per annum (Jacobson, 1986). On the other hand, a report by Adesogan & Dahl, (2020)
indicates that the demand for milk and milk products in developing Asian and African nations
could be in the region of 35%. The improved livelihoods, urbanization, and high population
growth in developing countries in Africa and Asia spur the increment in demand for dairy
products as a rich source of nutrients. With the world population also anticipated to grow,
especially in the two continents mentioned above, the demand for dairy products is projected to
continue on the same trajectory for the next few decades (Britt et al., 2018).

In response to the above ever-growing demand for milk and dairy products, dairy production is
anticipated to concomitantly increase with the demand. Different reports have different
projections; for instance, Britt et al., (2018) & Food and Agriculture Organization, ( 2020) have
projected a 1% per annum increment in dairy production and demand, particularly in developed
countries. Due to the high demand for dairy products in the developing countries and relatively
lower international trade level in milk-averaging out at 8%-owing to its perishability, milk
production in the developing countries is predicted to soar to bridge the forecast gap in the milk
supply chain (Food and Agriculture Organization, 2020). The Milk symposiums report by
Adesogan & Dahl, (2020) highlighted the projected regional milk production, where the highest
milk production is expected in South Asia and the lowest in Western Europe.

The abovementioned projected high milk production is expected against the backdrop of various
production challenges facing the dairy sector. Heat stress is among those challenges bedeviling
bovine milk production. The increased temperature-humidity index beyond the bovine thermal
comfort zone induces physiological responses that lead to a decline in milk production, among
other physiological disorders (Polsky & von Keyserlingk, 2017). Areas anticipated to heighten
milk production are also expected to continue recording high temperature-humidity index over
the same period of projected high milk production. To achieve the anticipated high milk
production to meet the excessive demand for milk, the dairy sector must adopt mitigating and
abatement strategies. Some of those strategies include the incorporation of foolproof ventilation
and misters in cowsheds. According to Polsky & von Keyserlingk, (2017), this mitigation
strategy has been proven to lower rectal body temperature, improve dry matter intake, and
increase milk production. Moreover, some breeds of cows are more vulnerable to heat stress than



others. For instance, Jersey cows are more resistant to heat stress than Holstein cows. A study by
Smith et al., (2013) found that Holstein milk yield declined when Holstein experimental cows
were subjected to moderate and severe heat stress, while the milk yield of Jersey cows only
declined when they were subjected to extreme heat stress. On the other hand, Jersey cows’ milk
fat was unaffected by any category of heat stress, unlike Holstein cows’ milk fat, which declined
in both moderate and severe heat categories. These findings indicated that Jersey cows are more
resistant to heat stress than Holstein cows. Hence, it implies Jersey cows might perform better in
areas with elevated ambient temperature than Holstein cows.

In addition to the milk production challenges, there is a different aspect of demand for milk that
has deviated from just the demand for bovine fluid milk to bovine milk with high milk solids.
Unlike the demand for high milk volumes in developing nations, milk consumers in developed
countries have developed a predilection for milk with higher total solids. In some niches in the
marketplace, more emphasis is put on Solids-not-fat (Smith & Carpenter, 1976). Notably, high
milk protein and minerals have continually received much attention from consumers; hence, the
dairy industry in such niches is steamrolled to capitulate to consumers’ demand by striving to
churn out dairy products with high protein content and minerals. In such niches, the rearing of
Jersey cows is steadily gaining traction due to the high protein content of the milk they produce.

One of the major stumbling blocks to the projected amped milk production is the propensity of
cows to contract reproductive or nutritional diseases or disorders, especially during the
periparturient period. During this critical period in milk production, cows, particularly the higher
producer ones, are vulnerable to manifold health challenges. Soon after parturition, cows
experience the typical Negative Energy Balance (NEB) due to the heavy milk production burden
coupled with lower feed intake (Churakov et al., 2021; Fenwick et al., 2008). The severity of
NEB hinges on the breed of the animal, among several other factors. Holsteins have a higher
propensity to suffer severe NEB than their counterparts breeds like Jerseys. This likelihood
predisposes Holsteins to declined reproductive and productive performances. Brown et al.,
(2012) ascribed the lower reproductive performance in the Holsteins to the severe form of NEB
they suffer during the early lactation period. This finding was corroborated by De Vries &
Veerkamp, (2000), who found that 10 MJ of NEL/d lower nadir of energy balance corresponded
to a delay of ovulation of 1.25 d. Also, this severe NEB blights the milk quality and the
production ability of the Holsteins. During the early lactation period, there is a strong correlation
between NEB and a decline in milk fat. Although this correlation steadily declines as Days in
Milk (DIM) increase, it persists at about 180 DIM (De Vries & Veerkamp, 2000). This
correlation shows the vulnerability of cows reared affects the composition of the milk produced.

The quality and safety of milk produced and marketed are most important to both milk
processors and consumers. The quality of milk hinges on milk composition, while milk's safety
depends highly on microbial milk quality. The milk microbes are broadly categorized into three
categories: technologically beneficial microbes, pathogenic microbes, and spoilage microbes (Q.
D. Nguyen et al., 2020). The former category contributes to the milk fermentation, conferring
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desirable attributes to dairy products. Some strains of lactic acid bacteria have been isolated,
purified, and commercially stocked. These strains impart rheological and sensorial traits to milk.
The latter category spoils milk by acting on milk constituents like protein and fat. This category
produces heat-tolerant extracellular enzymes, peptidases and lipases.

Thermo-stable peptidase and lipases act on the milk protein and lipids, respectively. The impact
of the abovementioned enzymes includes bitter taste and aged gelation (Quigley et al., 2013).
The source of milk microbiota varies widely from naturally present in milk from the cowshed
environment and milking/storage equipment. Freshly drawn milk usually has an undetectable
level of psychrotrophic bacteria, but this population rapidly proliferates to dominate the milk
microbiota (de Oliveira et al., 2015). Milk microbiota from the cowshed environment includes
the cowshed beddings and airborne dust microbiota. Nguyen et al., (2020) found that the
microbiota of these two sources was clustered with milk microbiota; hence, it implied the
likelihood of the two being common sources of contamination to milk. Milk equipment, on the
other hand, harbors a complex population of microbiota with the potential to spoil milk. Due to
the physchrotrophs’ knack for forming a biofilm, which is a community of bacterial cells
embedded in a self-produced protective matrix of extracellular polymeric substance, they can
survive adverse environmental conditions such as detergent, acids, and heat from the clean-in-
place (CIP) water (Yin et al., 2019).

The modern dairy industry is dynamic, going by the milk production expectations placed on it
and the challenges it has to surmount to meet the demand for milk. The stakeholders in the dairy
industry are adopting an array of strategies to mitigate the challenges, boost milk production, and
churn out quality and safe milk to the market. The quality and safety of milk highly hinge on the
initial microbial load of raw milk delivered to a milk processor. Murphy et al., (2016) illustrated
how the initial microbial load of raw milk influences the quality of dairy products. From the
processor’s point of view, the quality of processed dairy products highly depends on the bacterial
count just before processing. The extent of quality defects of processed milk depends on the
types of microbes, the microbial load, the growth stage, and the spoilage enzymatic activities of
the bacteria present in raw milk before thermo-processing. As Nguyen et al., (2020) asserted,
milk composition influences milk microbiota, and milk composition changes across an entire
lactation period. Hence, we conducted experiments to investigate how milk composition and
microbiota change throughout a lactation period for both Jersey and Holstein cows. Below are
the synopses of the three experiments we conducted.

In experiment one, we collected milk and blood samples every other month from eight lactating
Holstein cows from the beginning to the end of their lactation. We also collected airborne dust
and bedding samples every time we collected milk samples. We determined milk composition
and milk microbiota from the milk samples collected. Blood samples, on the other hand, were
used to measure metabolic profiles, while environmental microbiota was determined from both
airborne dust and bedding samples collected.



In experiment two, we collected milk sample, blood, and rumen fluid samples from eight Jersey
cows every two months throughout their lactation period. Airborne dust samples from the
cowshed were also collected after every two months. The samples were used to meet the
experimental objective as described above.

In experiment three, a pilot study, we collected samples from the Jersey farm described in
experiment two. In this experiment, we collected swab samples from teat cups (TC), bulk tank
outlet (BTO), and bulk tank milk. We cultured both the swab and milk samples, representatively
isolated bacteria, and purified our isolates. The bacterial isolates obtained in this experiment
were used to test their biofilm-forming ability and their milk spoilage enzymatic activities.
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2 CHAPTER?2

LITERATURE REVIEW

2.1 The current dairy status, trends, and prospects

2.1.1 The current dairy status and trends

According to the Food and Agriculture Organization of the United Nations (2021), global milk
production averaged 928 million tons in 2021, up by 1.5 percent from 2020. The most significant
expansions were in Asia and North America, and expansions were moderate in Europe, Africa,
Oceania, Central America, and the Caribbean. On the contrary, South America registered a slight
milk output decline. In Asia, the countries leading milk production are China, India, Pakistan,
and Japan, while milk production shrank in S. Korea, Syria, and Saudi Arabia. The significant
Asian expansion in milk production has been driven by increased productivity of large-scale
dairy farms, enhanced domestic milk production capacity, and government subsidies in the dairy
sector. In other parts of the world, like South America and Africa, milk production has declined
slightly or stagnated in the last few years owing to prolonged drought, high cost of production,
and stiff competition from imported cheap dairy products. For instance, numerically, milk
production in Asia changed from 360 million tons in 2019 to 398 million tons in 2021, while
milk production remained unchanged during the same period (Africa produced 48+1 million tons
in 2020 and 2021 and South America produced 80+2 million tons in 2020 and 2021).

The demand for different dairy products is on the rise/decline, depending on the determinant
market drivers. For instance, skim milk product exports were anticipated to increase by 5.0
percent in 2021, nudging a record high of 2.7 million tons owing to the strong demand from
China, Indonesia, Mexico, and Vietnam. On the other hand, the world Cheese trade was
forecasted to increase by 4 percent to 3.6 million tons in 2021. This record increment was
predicted to be driven by significant import expansions in the Russian Federation, the United
States, and China. Notably, the economic growth and increasing consumer demand in China
spurred a 34 percent anticipated growth in cheese imports, equivalent to about 240 000 tons.

Conversely, in 2021, butter exports were expected to slump by 2.0 percent to 1 million tons. The
drop in butter exports mainly reflected the anticipated import declines in the United Kingdom,
the United States, and the Russian Federation. This decline in butter exports has been ascribed to
the lower shipments from the leading butter exporters like the European Union and New Zealand,
which prefer to allocate the limited milk produced to making cheese —the most profitable dairy
product under the current prices (Food and Agriculture Organization of the United Nations,
2021)



2.1.2 The prospects

According to the Department of Economic and Social Affairs of the United Nations ("World
Popul. Prospect. 2017 - Vol. Il Demogr. Profiles," 2021), the world's population is estimated to
reach 9.7 billion in 2050, with the majority believed to be residing in Africa or Asia. This
population increment, especially in developing countries in Asia and Africa, is expected to
trigger a concomitant increment in demand for milk and milk products. Globally, this population
increment is expected to increase, on the fresh milk equivalent basis, the world annual milk
consumption to 119 kg per person worldwide by 2067 from the current 87 kg per person (Britt et
al., 2018). In addition to the population growth, rural to urban migration, especially in
developing countries, is expected to drive the demand for dairy products. In most cases, the
population that migrates to the urban centers has improved per capita consumption power
compared to its counterpart in rural areas. Due to the mushrooming of urban centers in Asian and
African developing countries, the demand for dairy products is expected to go up. For instance, a
study in India by Bowen et al., (2011) found that rural-to-urban migration prompted the increase
in demand for dairy products. While the rural-to-urban migration in developing nations is
anticipated to occasion a rise in demand for dairy products, such migration is not expected to
affect the demand for milk products in developed countries, where the demand for milk is
relatively the same in both rural and urban areas. The demand for dairy products is expected to
nudge 600 billion kilograms of milk in 2067, more than it is produced today. To meet this
demand, the annual bovine milk production per cow must double from 2,405 to 4,531 kg (Britt et
al., 2018).

In addition to the high milk volume needed by 2067, the demand for milk solids is also expected
to rise in developed countries. Most market segments in countries like the US and New Zealand
will continue to favor milk solids over milk yield. Milk yield and milk solids projections by Britt
et al., (2018) show that milk solids and milk yields will double simultaneously by 2067. In the
countries above, among other developed countries, the emphasis will be placed on increased fat
and protein yields within a lower milk volume. Though it will be challenging, it is anticipated
that the demand for milk with higher solids will soar in the future. Farmers are expected to
leverage genomic selection and feedstuff quality and digestibility improvements to fulfill this
demand for higher milk solids.
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2.2 Dairy challenges and opportunities

2.2.1 Challenges the dairy sector is facing

The dairy sector is facing myriad challenges in meeting the ever-soaring demand for milk and
milk products. These challenges, if not sufficiently mitigated, can impede the full realization of
the dairy sector's potential. They include the following:

2.2.1.1 Climate change and the constriction of arable land

Consistently, global temperatures have been rising, and this trend is forecasted to continue in the
future. The worst aspect of this global warming is that it is severe in the northern hemisphere,
where over 80 percent of the worldwide milk production occurs, according to FAO, (2017). The
increased global temperature will induce heat stress in dairy cows. Heat stress, a non-specific
physiological response of dairy cows to soared ambient temperatures, can substantially
negatively affect dairy production (Liu et al., 2019). When the environmental temperatures are
elevated, it adds a load of heat cows have to dissipate. High-producing cows consume and
ferment herculean feedstuff loads, emitting a lot of heat. This situation is exacerbated by the heat
emanating from the environment. This heat load overwhelms cows' already limited ability of
heat dissipation, especially Holstein, owing to the relatively low surface area to body weight
ratio, short, dense body surface hair, and underdeveloped sweat glands. Heat stress blights the
milk production ability, not only because of the reduced feed intake, but due to physiological
discomfort experienced by cows. For instance, in the report by Summer et al., (2019) cows
subjected to heat stress reduced their feed ingestion and produced less milk in comparison with
cows reared in a thermos-comfortable environment. Contrastingly, the decrease in milk
production was not significant when cows kept in a thermo-comfortable shed were fed the same
quantity of feed ingested by the heat-stressed group. Additionally, when heat-stressed cows
returned to the thermo-comfortable shed, milk production increased to the physiological normal
level. This finding demonstrated that milk production by heat-stressed cows is not entirely due to
the heat-induced feed ingestion reduction. Bernabucci et al., (2010) found a decrease of 0.27 kg
of milk per temperature humidity index (THI) unit when Holstein cows were exposed to THI
higher than 68. Other studies reported a decline in milk production as higher as 0.41 kg per cow
per day for each THI unit increment above 69.

A hot and humid environment not only affects milk yield, but it also negatively affects milk
quality as well. Reports have been inconclusive regarding the impact of heat stress on milk fat.
Some reports like Bernabucci et al., (2015) showed a significant decline in milk fat during
summer (3.20 g/100 g) as opposed with the values observed in winter (3.80 g/100 g) and in
spring (3.61 g/100 g). On the other hand, Cowley et al., 2015) found no significant differences
for milk fat content between cows in thermos-comfortable barn and those subjected to heat stress.
Elevated THI influence on milk protein has been crystal-clear, and the reports by Bernabucci et
al., (2015) & Cowley et al., (2015) were in agreement.
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In a study by Bernabucci et al., (2015) higher milk casein content was reported in winter (2.75
9/100 g) and spring (2.48 g/100 g) than in the summer season (2.27 g/100 g). On the other hand,
Cowley et al., (2015) found that cows subjected to heat stress produced milk with less protein
than cows kept in a thermo-comfortable environment. Interestingly, Cowley et al., (2015)
demonstrated that the decline in milk protein content is largely related to the direct effect of heat
stress, contrary to what was believed to be due to a reduction in feed intake. Concerning the
proportion of casein in milk, Cowley et al., (2015) found that the differences between cows kept
in a temperature-comfortable shed and the group heat-stressed were 28.1 and 26.8 g/L.

Climatic changes will lead to a reduction in the acreage of arable land. For instance, Africa and
South America, where about 40% of arable land is situated, according to Zhang & Cai, (2011),
will lose 0.5- 18% and 1-21% of arable land, respectively. This kind of arable land loss
occasioned by global warming is expected in other regions such as Europe and Asia. Although
the greatest potential for agricultural expansion lies in South America and Africa, which have
just put about 20% of their arable land into agriculture, the realization of the full potential might
be stymied by the rapid population growth in the said regions. According to Britt et al., (2018),
countries with less arable land per capita will increasingly be compelled to convert the use of the
limited arable land they possess from growing animal fodder to producing human food. Some
currently existing permanent grassland will likely be converted to arable land in developing
countries, which will significantly reduce land for grazing. This will, in the long run, have dire
sequels on dairy production; if not aptly bridled, it might hamper the anticipated increment in
milk production.

2.2.1.2 Feed efficiency and farm profitability

Feed efficiency, which in dairy science refers to the quantity of milk produced per kilogram of
dry matter consumed, highly influences a farm's profitability. Higher feed costs and a slump in
milk prices, coupled with other existing dairy challenges, negatively affect the profit margin of
dairy enterprises. The profit margin declines because the cost of feeds generally represents about
60% of the total cost of milk production (Connor, 2015). This cost is only comparable to poultry
and swine production only for lactating cows. However, in dairy production, there is a stage
during heifer rearing where heifers consume feeds but produce no milk and during the typical 2-
month dry period. Hence, computing dairy production's feed efficiency is more intricate than the
above-mentioned production systems. In addition to the importance of efficient feed conversion
in farm profitability, it is also of paramount importance to the general environmental health.
Currently, greater emphasis is put on curtailing the emission of greenhouse gases (GHG) from
animal production. A study by Thoma et al., (2013) reported that the three most significant
contributors to GHG emissions in the US dairy farms were feed production, enteric methane and
manure. Further, they attributed the GHG differences between farms to feed conversion
efficiency. Feed efficiency was regarded as the major contributor to the farm-to-farm differences
since feed is the primary farm input. Hence, feed efficiency, combined with a dairy cow's
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specific genetic potential and physiological status, directly affects both enteric emissions and the
quantity and quality of manure excreted.

Since dairy farms are commercial enterprises, they must be profitable. Hence, profitability is
critically essential to sustainability of dairy farms. The profitability of dairy farms highly hinges
on the average fixed cost per cow or unit of milk sold, the price of milk in the marketplace, and
the feed cost. Britt et al., (2018) averred that feed represents the highest production cost incurred
by farmers irrespective of their scale of production, their location, or the local cost of feed. The
average fixed cost per unit of milk produced by a dairy farm may favor small-scale producers
who heavily rely on unpaid family labor and sink negligible outlay in dairy technology and
equipment. However, it is important to note that although large-scale farmers incur colossal sums
in farm machinery, equipment, land, labor, and technology, they have the advantage of
economies of scale. Milk is the only commodity dairy farmers sell to keep their enterprises afloat
and profitable. So, the stability of milk prices is of paramount importance. However, the
volatility in milk prices is inevitable due to the imbalance of demand and supply. Dairy farmers'
profits nosedive when the demand for milk slumps since it is relatively easier to increase milk
output when demand increases but difficult to reduce milk output when supply exceeds demand.
Britt et al., (2018) exemplified the importance and impact of volatility in milk prices. In their
report, they looked at the volatility of milk prices in New Zealand in the last two decades, and
they concluded that such price volatility will definitely edge out less profitable farms.

Hanrahan et al., (2018) reported that supplementary feeds usually reduce the profitability of any
dairy farm, especially during peak production periods responding to high demand for milk.
When the demand for milk is higher, farmers resort to the excessive use of supplementary feeds
to boost milk production. This excessive use of supplemental feeds may eat into the net profit
farmers earn.

2.2.1.3 Animal health and antibiotic residues in milk

The most globally widespread and costliest animal disease with a direct negative impact on milk
production is mastitis (Abebe et al., 2016). Mastitis, an inflammation of the mammary gland, is
caused by infectious or environmental pathogens. Since mastitis is multi-etiological, it is a
complex disease in terms of its control and treatment. It is typically characterized by chemical,
physical, and bacteriological changes in the milk. Also, glandular tissues undergo pathological
changes, particularly in severe clinical cases. It is usually classified as either clinical or
subclinical based on the visibility of inflammation of the mammary gland or its effects on milk.
Subclinical mastitis (SCM) does not manifest visible symptoms on the udder or visible milk
quality defects.

In most cases, elevated SCC is used as an indicator for SCM. Clinical mastitis (CM), on the other
hand, manifests visible clinical signs such as udder swelling and redness. Both categories of
mastitis blight the profits farmers earn by reducing milk yield, jettisoning mastitic milk, and
premature culling of animals bedeviled with mastitis (Muturi, 2020). Huijps et al., (2010)
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identified the reduction in milk production as the loss component with the severest economic
impact on the total cost of mastitis. Janzen, (1970) reported that losses in total milk production
due mastitis range from 5.0 to 25.0%. Similar findings were reported by Azooz et al., (2020),
where a decrease in milk production and quality premium losses were the most critical mastitis-
induced loss components. They argued that although the losses vary, reduced milk production is
the most enormous indirect cost related with mastitis. They further termed losses incurred due to
high SCC as hidden costs or a lost opportunity for income. The magnitude of the other two
components of the losses incurred due to mastitis, milk disposal and culling, hinges on the
severity of the disease. According to Aghamohammadi et al., (2018) the most considerable
percentage of the costs, 48%, was attributed to SCM, 34% was attributed to CM, and 15% was
incurred in implementing preventive measures. Their questionnaire survey found that for SCM
cases, the two most costly components of the losses were the resultant milk yield reduction and
culling at 72 and 25% of SCM costs, respectively. On the other hand, the first, second, and third
most crucial cost components for CM costs were culling at 48%, milk yield reduction losses
averaged out at 34%, and discarded milk at 11% of CM costs.

It is estimated that the world used over 63,151 + 1,560 tons of antimicrobials over a decade ago
(Van Boeckel et al., 2015). This usage is believed to have increased several folds. In fact, it is
believed that the amount of antibiotics used in the livestock industry is double the amount used
by humans (Aarestrup, 2012). In the dairy industry, antimicrobials are used for prophylactic
and/or therapeutic purposes. However, antibiotics have recently been administered not just to
treat or prevent infections but also for growth promotion and feed additives (Sachi et al., 2019).
This unscrupulous act poses a serious threat to human health. Since milk is consumed globally, it
has become an apt medium for transmitting antimicrobial residues. With studies reporting that
significant portions, in the region of 30%—70%, of antibiotics are released unaltered into animal
products like milk (Sachi et al., 2019), the challenge of antibiotic residues in the dairy sector has
been a concern to both processors and consumers. When farmers administer antimicrobials to
dairy animals for the abovementioned purposes, most antimicrobial drugs are metabolized for
detoxification and excretion. The excretion of antimicrobial drugs is through urine and feces.
However, after excretion, a significant portion of the drugs persists in milk as residues. If the
residue concentration exceeds the permitted level, it is termed antibiotic residues. Antibiotic
residues persist in milk if the recommended withdrawal period for residues to decline to
negligible or safe limits is not observed. Once the residues get to ready-to-consume animal-
derived foods like milk, they pose three major health concerns. These concerns are the potential
threat to direct toxicity to humans, the alteration of human gut microflora, and the possible
antibiotic therapy failure in clinical situations due to the development of resistant bacterial
strains (Nisha, 2008 & Rahman et al., 2021). Additionally, hypersensitive milk consumers
develop allergic responses to antibiotic residues in milk exceeding antibiotic residues limit
(Petrovi¢ et al., 2008).
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To milk processors, antibiotic residues in milk exceeding the acceptable antibiotic residues limit
pose a technological problem due to their capacity to partially or totally inhibit or slow down the
growth of starter cultures used in milk product processing (Keys et al., 1979). The fermentation
of milk can either be slowed down, partially inhabited, or completely stopped depending on the
active substance of the antibiotic residue, the residual concentration of the active antibiotic
residue, and the sensitivity of bacterial cultures used to ferment the milk.

Antibiotic resistance is the other negative impact of antimicrobial residues in animal products
like milk. Antibiotics are used to prevent and treat animal diseases; hence, Brown et al., (2020)
termed them as insurance against livestock losses to diseases. In developed countries, the
production, sale, access, prescription, and use of antibiotics used (is) to be strictly controlled.
However, with the advent of online shopping, widespread and affordable expedited access to
even currently restricted antimicrobial drugs such as rifampicin and ciprofloxacin is possible
(Michael et al., 2014). This hassle-free access to antimicrobial drugs in developed countries may
erode the gains made in such countries.

On the other hand, antibiotics are heavily used in countries with high prevalence and incidence
of animal disease, especially in developing nations (Mohamed et al., 2020). In such a setting, as
Brown et al., (2020) & Mohamed et al., (2020) intimated, there is little or no capacity for testing
antibiotic residues in milk, regulations for the use of antimicrobial agents are not strictly
complied with, and there is no enforcement of antibiotic withdrawal periods. Because of the
aforementioned shortcomings in such settings, farmers end up misusing, overusing, or
indiscriminately administering antibiotics with no observance of the recommended withdrawal
period. Consequently, antibiotics are shed into milk and other animal products. Consumers end
up ingesting milk and milk products with excessive quantities of antimicrobial residues.

What's more, the most considerable portion of antimicrobial drugs is metabolized and excreted
by animals into the environment via urine and feces (Sachi et al., 2019). This long-term exposure
to antibiotics through the milk and other animal-derived food leads to the development of
antibiotic-resistant bacterial strains. The excretion of antibiotics into the environment leads to the
growth and proliferation of antibiotic-resistant bacterial strains. This is because the occurrence of
antibiotics in the environment may lead to genetic or mutational changes in environmental
microbiota. Environmental microbiota that initially was sensitive to antibiotics becomes
resistant; hence such bacteria survive antibiotic exposure and proliferate as antibiotic-resistant
bacteria (Ben et al., 2019). The ramifications of the emergence of antibiotic-resistant bacteria are
dire and include frequent hospitalization, lengthy hospitalization, and the severity of diseases that
used to be easily curable (Mohamed et al., 2020). In some severe cases, humans succumb to
illnesses caused by antibiotic-resistant strains. For instance, as reported by (Golkar et al., 2014),
antibiotic-resistant bacterial infections take a heavy toll on human lives. In the US, methicillin-
resistant Staphylococcus aureus kills more Americans yearly than combined emphysema,
HIV/AIDS, Parkinson's disease, and homicide.
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The other clinically unrelated concern in the dairy industry emanating from antimicrobial drugs
is the slowdown in research, development, and production of new antibiotics. Golkar et al.,
(2014) intimated that the development of new antibiotics has slowed down significantly, and in
some cases, the production of antibiotics stopped. This reality, according to them, is due to
market failure since the production of antibiotics is no longer as profitable as the production of
drugs for chronic illnesses, diabetes, and asthma. This situation is compounded by the lack of
incentives, delayed publishing of workable guidelines that instruct how companies should design
antimicrobial clinical trials, and slow adoption of the new antibiotics by physicians. These
economic and regulatory disincentives have demoralized pharmaceutical companies, and if
nothing is urgently done, the future of antibiotics might be bleak. The world might be back to the
era before the advent of antibiotics.

2.2.1.4 Milk quality and safety

Milk quality depends on chemical parameters (fat and protein content and absence of inhibitory
substances). In contrast, milk safety largely hinges on the amount and type of microbes present
in milk (Fusco et al., 2020). From a microbiological viewpoint, microbes affect both milk quality
and safety. For this reason, milk processors put emphasis on the microbial quality of raw milk at
processing factories' reception (Munsch-Alatossava & Alatossava, 2019). This microbiological
threshold (total bacteria count) in raw milk varies among countries; it ranges from below
100,000 cfu/ml to below 300, 000 cfu/ml. According to Murphy et al., (2016), the quality of
processed dairy products depends on the microbiological quality of raw milk, so the quality of
processed dairy products is not harmonious. Microbiologically poor-quality raw milk leads to
quality defects in processed milk products due to the deteriorative actions of heat-resistant
bacteria-produced enzymes. The quality defects are gelling and development of fruity rancid
and/or bitter taste (Marchand et al., 2009 & von Neubeck et al., 2015)

Milk safety concerns stem from milk contamination. Raw bovine milk has various sources of
contamination ranging from feed, the environment (air, water, barn, and pasture), to the cow's
udder (Fusco et al., 2020 & Munsch-Alatossava & Alatossava, 2019). It becomes difficult to
effectively prevent contamination to achieve the microbiological threshold, especially in
developing nations (Kiambi et al., 2022 & Nyokabi et al., 2021). Since raw milk, without
pasteurization, is still consumed both in developing and developed countries (Fusco et al., 2020,
Kiambi et al., 2022 & States et al., 2017) due to the affordability and accessibility of pasteurized
milk and the desire to consume the wholesome milk, respectively. If milk is contaminated with
potentially pathogenic microbes, consumers are at risk of food-borne diseases (FDA, 2020 &
States et al., 2017). Salmonella spp., Listeria monocytogenes, Escherichia coli O157:H7 are
some of the bacteria associated with food-borne illnesses emanating from milk, especially raw
milk (Fusco et al., 2020). Pasteurization is usually intended to reduce pathogenic
microorganisms in milk, if present, to a level that cannot pose a significant health hazard. What's
more, pasteurization used to be aimed primarily at reducing the load of Mycobacterium
tuberculosis in milk if present; presently, however, there are many pathogens of safety concerns
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as above-mentioned (Fusco et al., 2020). Also, milk contamination with quality-deteriorative
and health-injurious bacteria has been reported (Tracy, 2008 & Martin et al., 2018).

2.2.2 The possible opportunities in the dairy sector that can be tapped into
As mentioned above, the dairy sector is bedeviled by a myriad of challenges that, if not mitigated
or circumvented, can thwart the full realization of its potential.

2.2.2.1 Mitigation of methane emission
The dairy sector should promptly address sector-caused climate change by either accelerating its
current efforts and/or adopting more innovative strategies to mitigate greenhouse gas emissions.

The current mitigation strategies that must be ramped up include the following: improving
digestibility is touted as a promising strategy that can continue to suppress methane production
and emission by dairy cows. According to Gerber et al., (2011), incorporation of more digestible
feed ingredients into dairy cows' diet (e.g. non-fermentable carbohydrates), and/or by enhancing
the efficiency with which lactating cows use the diet (e.g. through physical, chemical or
enzymatic pre-feeding treatments) will lead to a marked reduction in methane emission per unit
of milk output. While this strategy is promising, it has a limit that cannot be exceeded due to the
potential adverse health consequences, rumen acidosis, of diets containing very high levels of
fermentable carbohydrates.

On the other hand, improving animal health and reproductive efficiency is another strategy that
is being used to reduce methane emissions by dairy cows and should be accelerated. Poor animal
health is attributed to reduced feed intake, digestibility, and increased inefficiency at nutrient
utilization, leading to an increment in methane emission. For instance, Mostert et al., (2018) &
Ozkan Giilzari et al., (2018) found out the prevention of different types of foot lesions and
subclinical mastitis, respectively, could significantly reduce methane emissions. Poor
reproductivity means that more breeding animals are needed in the herd to achieve production
targets and more culling and replacements are also required to maintain the herd size (Llonch et
al., 2017). Garnsworthy, (2004), through a modeling approach, predicted that simple restoration
of fertility to the 1995 level could reduce methane emission by 12%, while further improvements
in herd fertility could result in methane reduction by up to 24%.

Feed additives are proving to be game-changers in the bid to reduce enteric methane emission.
For instance, microalgae, such as euglena, have elevated lipids (PUFA), resulting in a significant
reduction in enteric methane (Abbott et al., 2020). Lean et al. (2021) reported that microalgae
significantly reduced methane emissions and boosted milk production, fat, and protein. The use
of rumen modifiers to create unfavorable conditions for methanogens or suppression of the
activities of bacteria in a symbiotic relationship with methanogens is emerging as a promising
strategy to lower enteric methane production (Fouts et al., 2022). Nitrates are becoming reliable
rumen modifiers to reduce enteric methane emission by creating an alternative H2 sink and/or
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through nitrite toxicity; Zhou et al., (2012) found out that methanogens could hardly survive
nitrite toxicity in the rumen.

Selective breeding has considerable potential for sustained long-term enteric methane over
generations (Fouts et al., 2022). Since enteric methane emissions vary between breeds, individual
animals, and across the animal’s lifetime, according to De Haas et al., (2011), the direct selection
of low-emitting cows for breeding based on emission measurements is still promising. Though at
its nascent stage, genome selection for methane emission reduction also has a vast potential for a
sustained long-term worldwide reduction in enteric methane. Manzanilla-Pech et al., (2022)
found a strong association for methane production on chromosome 13 after conducting a
genome-wide association study on 1,962 Danish Holstein dairy cattle and 38,253 SNPs. Though
they acknowledge that there is a lot to be done, researchers in this sector agree that once methane
measurement technologies improve and data on genotypes and phenotypes are acquired, the
integration of genome selection into breeding programs has a huge potential to reduce
methane emissions throughout the world.

2.2.2.2 Mitigating mastitis and antimicrobial resistance

Since mastitis results from a failure in the intricate interrelationship between three factors: host
resistance, mastitis-causing bacteria, and the environment, conventional means to prevent
mastitis may be inefficient (Pyoréld, 2002). National Mastitis Council has developed a 5-point
mastitis control program. However, those procedures are less effective against environmental
pathogens, especially Streptococcus uberis, which accounts for a significant proportion of
subclinical mastitis (Kerro Dego, 2021). Later on, environmental hygiene and comfort were
included in a 10-point control program. Environmental hygiene has been underscored as an
essential mastitis-combating approach. Since antibiotics are proving ineffective due to the
resistance of mastitis pathogens against antimicrobials in use, vaccines trigger local production
of immunoglobulins which neutralize endotoxin and activate complement cell-mediated
immunity. In general, vaccines do not prevent new mastitis infections but significantly lessen the
clinical severity of mastitis, reduce the infection duration, and have less effect on milk
production (Kerro Dego, 2021 & Pyoréla, 2002). It is worth noting that vaccines against mastitis
have not had significant success; hence, much research effort is supposed to be devoted to
making vaccines more efficacious. Therapeutically, antibiotic treatment has become less
effective due to the development of antibiotic-resistant pathogenic strains. Plant-derived
compounds are advantageous over antibiotics since they do not induce resistance against
pathogens even after prolonged exposure. Also, plant-derived compounds are less toxic and can
inhibit the inflammation caused by mastitis pathogens (Wn & Sg, 2020).

To circumvent the antimicrobial resistance witnessed in animal husbandry, researchers like
Baker et al.,, (2018) have suggested various technologies that can be applied to address
antimicrobial resistance. Technologies like active uptake approaches, potentiation, and reverse
vaccinology are some of the promising ways to address the ever-soaring antimicrobial resistance.
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3 CHAPTERS3

Changes in the microbiota of milk & rumen fluid, milk production,
and blood metabolites of Jersey cows throughout a lactation period

3.1 Abstract

The imminent paradigm shift to the sustainable production of quality milk leads to increased
adoption of Jersey cows worldwide. This budding adoption of Jersey cows is against the
backdrop of a paucity of information on how milk microbiota changes as the lactation period of
Jersey cows progresses in relation to metabolic profiles and ruminal microbiota. To that end, we
collected rumen fluid, milk, and blood samples every other month from eight healthy lactating
Jersey cows from the beginning to the end of their lactation period. Blood metabolites were
determined by the use of commercial analysis kits and microbiota of milk and rumen fluid was
examined by Illumina MiSeq sequencing. NEFA, GOT, and Haptoglobin were low during the
early stage of lactation, while GPT, Phosphorus, and total protein were relatively higher towards
the end of the lactation. Burkholderiaceae and Oxalobacteriaceae were the predominant milk
microbiota, and the two taxa changed inconsistently across the lactation. The core milk taxa were
statistically unchanged across the entire lactation. Prevotellaceae and Rikenellaceae
predominated the microbiota of rumen, while S24-7 and Lactobacillaceae were the most
abundant taxa in cowshed’s airborne dust. According to PCoA, the microbiota of airborne dust
was closely clustered with milk microbiota. This clustering showed that airborne dust, in part,
was the source of milk contamination. Milk contamination by Burkholderiaceae and
Oxalobacteriaceaec was strongly linked with the liver’s GOT and GPT fluctuations. Milk fat
constantly increased throughout lactation, and this increment was strongly correlated with
Oscillospiraceae in the rumen. This study has demonstrated that airborne dust microbiota may
contaminate Jersey milk, particularly when liver function is impaired.
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3.2 Introduction

Due to the sustained burgeoning global demand for milk, Holstein Friesians have been the most
reared breed globally, owing to their unparalleled high milk production (Nguyen et al., 2020).
This unmatched milk production usually makes Holstein Friesians experience rather intensive
negative energy balance after calving down. Reproductively, Holstein Friesians reportedly have
had a lower conception rate than other breeds like Jersey (Washburn et al., 2002). Moreover, as
Washburn et al., (2002) also documented, Holstein Friesians are likely to have a higher incidence
of mastitis than Jersey cows. Additionally, Holstein Friesians’ feed intake is expectedly higher
than other breeds, while their feed conversion is comparably lower(Mackle et al., 1996). The
facts mentioned above, coupled with lower milk constituents, fat and protein, produced by
Holstein Friesians in comparison with other breeds, have gradually galvanized dairy stakeholders
into seeking alternative breeds that are more reproductive & productive-efficient, disease-
resistant, and environmentally benign. Jersey cows, in contrast to Holstein Friesians, have been
touted to be more efficient productively & reproductively (Mackle et al., 1996; Prendiville et al.,
2011), comparatively more resistant to mastitis (Washburn et al., 2002), versatile (Huson et al.,
2020), and environmentally benign (Uddin et al., 2021). These traits are endearing Jersey cows
to farmers worldwide.

What’s more, milk produced by Jersey cows has been gaining traction from both farmers and
milk processors due to superior milk fat and protein content that fetches higher milk prices for
farmers (Lim et al., 2020) and has superior processed dairy products characteristics (Yoo et al.,
2019). As Nguyen et al., (2020) asserted, the difference in milk composition between milk
produced by Jersey and Holstein Friesians may lead to different microbial profiles. Milk yield
and constituents change across an entire lactation period due to dietary changes, metabolic status,
and seasonal influence. For instance, Janovick Guretzky et al., (2006) observed lower non-
esterified fatty acids in Jersey cows compared to Holstein postpartum in an experimental control
group. It is still unclear how such lactation metabolite fluctuations may influence milk
microbiota across the lactation. Additionally, milk microbiota is influenced by the cowshed
environment, such as airborne dust and bedding (Wu et al., 2019). However, unlike the manifold
research that has been sunk into the lactation-long microbial changes of milk produced by
Holstein Friesians, to our knowledge, there is no single, comprehensive study that has
investigated how microbiota of milk produced by Jersey cows changes in relation to metabolic
profiles and ruminal microbiota across a lactation period.

Hence, we conducted this study to comprehensively investigate how the microbiota of milk
produced by healthy Jersey cows change across an entire lactation period in relation to the
lactation-long metabolic and ruminal microbiota changes. Moreover, we looked into how
microbiota of airborne dust collected from an experimental cows’ cowshed changed as the
experimental cows’ lactation period progressed and how the said airborne dust microbiota
influenced the milk microbiota. Milk microbiota and metabolic profile correlations and the
possible relationships between milk constituents and ruminal microbiota were analyzed.
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3.3 Materials and Methods

3.3.1 Sample collection

Milk samples were collected from eight lactating Jersey cows randomly selected from a herd
reared in a dairy college located in the Hiruzen region, Okayama, Japan. These experimental
cows had delivered within the same month; hence, this was one of the inclusion criteria. The
collection of milk samples began in the first month of the lactation period and continued every
other month until the end of the lactation period (the first month corresponded to September and
the last month was June). Each milk sample was collected after cleaning the surface of the udder
and four teats. The first few streams of foremilk were discarded, and the subsequent streams
from the four teats were aseptically collected into a 50 ml collection tube. The tubes were labeled
and frozen in liquid nitrogen forthwith. The collected milk samples were kept in a liquid
nitrogen-containing box during transportation and frozen at -31° C till further analyses.

Airborne dust samples were collected from the experimental cowshed by placing three opened
Petri dishes in different locations approximately one meter above the ground for about five
minutes. After the collection time elapsed, each petri dish was washed with 1 ml of sterile saline
to make a composite sample. The composite sample was shipped to the lab on ice and frozen at -
31° C till DNA extraction. Rumen fluid was collected as Wu et al., (2019) outlined. Briefly,
rumen fluid was obtained using a flexible stainless spring tube (Lumenar stomach evacuator
outfit, Fujihira Industry Co. Ltd., Tokyo, Japan) and emptied into autoclaved bottles after being
sieved with sterile cheesecloth. Filtered rumen fluid was then aliquoted into 1.5 ml microfuge
tubes and stored at -31° C. Blood samples, on the other hand, were taken from caudal veins and
transported on ice.

3.3.2 Milk composition and blood metabolites analyses

The somatic cell count (SCC) in milk was estimated by N-acetyl-B-d-glucosaminidase (NAGase)
activity assay. The content of fat, protein, solids-not-fat, and milk urea nitrogen (MUN) in milk
was determined using a CombiFossFT + analyzer (Foss Allé, Hillerad, Denmark) as reported by
Nguyen et al. (2020).

Plasma samples were analyzed for total cholesterol (T-Cho), albumin (Alb), non-esterified fatty
acids (NEFA), total protein, calcium, phosphorus, blood urea nitrogen (BUN), glutamic
oxaloacetic transaminase (GOT), and glutamic pyruvic transaminase (GPT) by following the
instructions of commercially available kits (Fujifilm Wako Pure Chemicals Co.). A commercial
bovine Hp ELISA kit (Life Diagnostics, Inc.) was used to determine the plasma haptoglobin
(Hp) content.

3.3.3 Bacterial DNA extraction

Bacterial DNA from milk and airborne dust samples were extracted from 1 ml of milk and
airborne dust as described by Nguyen et al. (2020). Briefly, 1 ml of milk was centrifuged at
16,000 x g for 15 min at 4°C. The fat layer was scraped off and the supernatant was pipetted out.
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1 ml of airborne dust was centrifuged at the same condition as aforementioned, and the
supernatant was removed. The DNA pellets were washed and re-suspended in 1 x PBS
(phosphate-buffered saline). 250 pL of the re-suspended DNA pellets of milk and airborne dust
and filtered rumen fluid were transferred into 2 ml screw-cap microcentrifuge tubes containing
0.4g zirconia beads (0.1 mm 3:1 0.5 mm) and 1 ml of lysis buffer (0.5M NaCl, 0.05M Tris-HCI,
0.05M EDTA, 4% sodium dodecyl sulfate). The mixture was homogenized by a mini-bead
beater, incubated at 70° C for 15 minutes, and the resultant supernatant was mixed with 200 pL
ammonium acetate. After centrifugation at 16,000 x g for 10 min at 4°C, the resultant
supernatant was mixed with an equal amount of 2-propanol, incubated on ice for 30 minutes,
centrifuged, and the DNA pellets washed and re-suspended in 100 uL. of TE. The DNA was
purified from the DNA suspension by using the DNeasy Stool Mini Kit (Qiagen, Germantown,
MD, USA).

3.3.4 16S rRNA gene amplicon MiSeq sequencing

The primers reported previously by Nguyen et al. (2020) targeting the hypervariable region V4
of the 16S ribosomal gene were used to generate the first-round PCR amplicons. The PCR
protocol was as reported in the aforementioned work, with the exception of cycle numbers,
where 30 cycles were used in the present work for DNA derived from milk and airborne dust and
25 cycles for DNA obtained from rumen fluid. The Resultant first-round PCR products were
electrophoresed on a 1% agarose gel, bands were excised, and purified Fast Gene Gel/PCR
Extraction Kit (NIPPON Genetics Co., LTD., Tokyo, Japan). With adapter-attached primers, the
purified first-round PCR amplicons were used as DNA templates for the second-round PCR, and
the thermocycling program described in work cited above was used. The second-round PCR
amplicons were purified as described above and sequencing was done at FASMAC Co., Ltd.

3.3.5 Bioinformatics and statistical analyses

The Quantitative Insights Into Microbial Ecology (QIIME?2) version 2022.2 was used to analyze
the pair-end raw sequences. Raw sequences, which were about 250bp, were truncated at the site
whose quality score was below 25(forward reads; 177 reverse reads 134). Quality-truncated
reads with a 60 bp overlap were pair-end joined, and the quality assessed, chimera-free, pair-end
sequences were grouped into operational taxonomic units with a similarity threshold of above
97%.

The JMP software version 14.2.0 was used to statistically analyze all microbial, metabolites, and
milk composition data. Tukey test was used to determine if there were statistical differences
between means. Principal coordinate analysis (PCoA) was performed by using the primer7
version 7.0.14 (Primer-E, Plymouth Marine Laboratory, Plymouth, UK) to determine how milk
and airborne dust microbiota was clustered.
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3.4 Results

3.4.1 Jersey’s milk production, milk composition, and blood metabolic profiles

The average daily production for the experimental cows was 22.61 kg per day; the milk
production ranged from 14.77 to 27.30 kg, peaking in the second month postpartum. Milk fat and
protein steadily increased as the lactation period advanced; fat and protein contents ranged
between 4.49 to 5.85% and 3.39 to 4.54%, respectively. Solids-not-fat and milk urea nitrogen
were higher at the advanced stages of the lactation period (9.01-9.83% SNF and 8.71-12.29
mg/dl MUN). Milk somatic cell counts remained relatively stable across the lactation period and
below the 2.0 x 10° cells per ml threshold (table 1).

Metabolically, the late lactation’s blood total protein was significantly higher than the early
lactation period level, and the albumin content was numerically higher towards the end of the
lactation period. On the contrary, the blood urea nitrogen was higher in the first four months of
the lactation period, sharply increased in the fifth lactation month, and plummeted in the
subsequent months till the end of the lactation period. Energy-wise, non-esterified fatty acids
(NEFA) were the highest within the first month after parturition, 0.39mEg/L, and decreased
progressively towards the penultimate month of the lactation up to 0.085mEg/L. There was an
uptick in NEFA in the last month of lactation (0.14mEg/L). The total cholesterol content in
blood was the lowest in the first month of lactation; it peaked the second month after parturition
and progressively declined to 179.88 mg/dl. The calcium and phosphorus levels irregularly
fluctuated throughout the lactation period, with an average of 8.88 and 4.80 mg/dl, respectively.
The liver functions biomarkers, glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic
transaminase (GPT), also fluctuated across the lactation period, with both enzymes peaking in
the fourth month after delivery (115.59 IU/L GOT and 33.62 GPT). Haptoglobin levels
decreased gradually as the lactation period advanced, from 62.56 to 10.60pg/L (tabl
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SEPT OCT DEC FEB APR JUN SE
Days in milk 26.88 55.88 118.88 179.88 238.88 302.14 1.07
Milk yield (kg) 26.99° 27.30°% 25.93% 20.43" 20.29" 14.77° 0.67
Milk Composition
Fat (%) 4.49° 4.69" 5.31% 5.31% 5.49% 5.85% 0.08
Protein (%) 3.39° 3.47° 4.23° 4.54° 4.54° 4.46° 0.04
Solids-not-fat (%)  9.01° 9.20° 9.83 10.02 9.97 9.83 0.04
scc (x 10° 103.71 70.14 87.57 121.57 202.43 169.43 5.94
cells/ml)
Milk Urea 8.96° 3.86¢ 8.71° 12.29° 10.26" 11.63% 0.20
Nitrogen (mg/dl)
Blood Metabolites
Albumin (g/dl) 3.85° 4.03b° 4.23" 7.04° 4.33 4.35 0.04
Blood Urea 9.87° 7.11° 8.78" 22.90° 2.37° 3.02° 0.27
Nitrogen (mg/dl)
Total cholesterol ~ 160.35°  229.30° 214.39%° 208.53% 196.19% 179.88% 5.65
(mg/dl)
NEFA (mEg/L) 0.39% 0.29" 0.11° 0.11° 0.085° 0.14° 13.59
Total Protein (g/dl)  4.98" 5.08° 8.10° 8.18? 8.37* 9.19 0.13
Calcium (mg/dl)  8.28" 9.25% 8.15° 10.04 8.94%° 8.61™ 0.10
Phosphorus 3.43" 4.37% 5.27° 4.52% 5.45% 5.77° 0.15
(mg/dl)
GOT (IU/L) 112.29*  75.98° 115.59% 76.25% 87.57° 98.11% 2.02
GPT (IU/L) 16.49° 16.32° 33.62° 27.95% 22.71% 19.55° 0.63
Haptoglobin 62.56° 51.86% 47.46% 13.27° 15.31° 10.60° 3.68
((ng/L)

Rows whose means have different letter superscripts depict statistical differences among means

Abbreviations: SCC; somatic cell count, NEFA; non-esterified fatty acid, GOT; glutamic oxaloacetic transaminase, and GPT,;

glutamic pyruvic transaminase, SE; standard error
Table 3. 1 Jersey milk yield, composition, and blood metabolites across the lactation
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Indices/Taxa SEPT OCT DEC FEB APR JUN SE
Diversity indices

chaol 404.94° 312.81% 270.00% 387.51° 373.73° 216.89" 13.09
Simpson 0.95% 0.87 0.63" 0.92% 0.87 0.73° 0.01
Shannon 6.01° 4.87° 3.56° 5.75% 5.17% 3.37° 0.12
Observed OTUs 393.88? 303.00%° 261.75" 376.25% 359.75% 210.43° 12.57
Phyla/Families

Proteobacteria 48.07c 59.08bc 74.32ab 47.23c 61.42bc 80.46a 1.44
Burkholderiaceae 22.44 12.19¢ 62.28° 12.15¢ 36.73" 29.20"° 0.97
Oxalobacteraceae 8.75°" 0.87° 2.21° 1.71° 9.81° 41.38 1.00
Bradyrhizobiaceae ~ 3.31° 0.64° 2.09%° 0.53° 3.20° 0.96" 0.10
Enterobacteriaceae ~ 0.32° 36.75° 0.29° 25.80° 0.26° 4.88° 0.99
Moraxellaceae 1.95 3.84 1.14 2.80 1.67 0.76 0.26
Caulobacteraceae 3.84% 0.16¢ 2.54° 0.41° 4.05% 1.13% 0.11
Firmicutes 33.60a 26.63ab 15.80bc 36.40a 23.40abc 12.57c 1.10
Erysipelotrichaceae  6.70° 4.66% 2.72% 5.14% 4.26%° 1.90° 0.38
Ruminococcaceae 5.51 2.65 3.27 7.09 5.05 2.55 0.42
Lactobacillaceae 2.40 2.59 1.53 2.30 2.00 1.96 0.18
Streptococcaceae 1.26° 2.81° 0.75° 1.85% 0.80° 0.51° 0.12
o__ Clostridiales 2.35 2.04% 0.96° 2.54° 1.45% 0.67° 0.12
Bacillaceae 0.81° 3.94 0.06" 2.70° 0.13° 0.65" 0.13
Lachnospiraceae 2.45 1.04 1.61 4.25 3.26 0.80 0.34
Staphylococcaceae 3.27 2.32 1.49 3.10 1.40 0.52 0.34
Actinobacteria 5.16a 3.77ab 1.68b 3.25ab 2.64ab 1.38b 0.23
Bifidobacteriaceae 3.14 2.35 0.88 2.38 1.39 0.75 0.22
Bacteroidetes 9.19a 7.80ab 4.45ab 8.39a 5.91ab 3.09b 0.41
Bacteroidaceae 1.81% 0.92° 0.96° 2.29° 1.26% 0.66° 0.13
Others 0.59 0.83 1.50 2.46 3.56 1.30 0.17
Bacterial diversity indices and Phyla/Families having a relative abundance of >2% in at least one sample

Means with different superscripts show statistical differences

Abbreviations: SE standard error

Table 3. 2 Jersey milk bacterial diversity indices and the most abundant bacterial phyla and

families
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3.4.2 Milk microbiota and diversity

Alpha diversity and evenness indices, Chaol, Simpson, Shannon, and observed OUT number
varied inconsistently throughout the lactation period; the lowest bacterial diversity and evenness
were observed mid-lactation and the last month of the lactation period (table2). Proteobacteria
and Firmicutes were the predominant phyla averaging out at 48.07-80.46% and 12.57-36.40%,
respectively.  Averagely, the most abundant families across the lactation period were
Burkholderiaceae  (29.2%), Enterobacteriaceae (11.4%), Oxalobacteriaceae (10.8%),
Ruminococcaceae (4.4%), and Erysipelotrichaceae (4.2%). Notably, the three most abundant
families changed intermittently across the lactation period. For instance, Oxalobacteriaceae
changed from 0.87 to 41.38%, while Enterobacteriaceae abundance varied from 0.29 to 36.75%.
Typical milk microbiota like lactobacillus, Lachnospiraceae, and Moraxellaceae remained
statistically unchanged across the lactation period (table 2). Only Burkholderiaceae and
Oxalobacteriaceae had seasonal variations: the former was highest in winter (37.06%), while the
latter was highest in summer (15.94%), as shown in Table 3.3.

Table 3. 3 seasonal impact on the most abundant milk bacterial taxa

Family Summer  winter SE

Burkholderiaceae 70 93° 37.06° 0.76

Oxalobacteriaceae 15 942 4.58° 0.65
Enterobacteriaceae 14.38 8.78 0.72
Erysipelotrichaceae 4.53 4.04 0.14
Lactobacillaceae 2.33 1.95 0.06
Bifidobacteriaceae  2.14 1.55 0.08
Bradyrhizobiaceae  1.67 1.94 0.06
Ruminococcaceae  3.61 5.13 0.16
Caulobacteraceae  1.73 2.33 0.08
Streptococcaceae 1.57 1.14 0.05
o__ Clostridiales 1.73 1.65 0.05
Others 0.89 2.51 0.06

Rows having different letter superscripts indicate
means are different statistically
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3.4.3 Airborne dust microbiota

The most prevalent families in the airborne dust collected from the experimental cows’ cowshed
were S24-7(17.5%), Lactobacillaceae (14.3%), Ruminococcaceae (12.5%), and Lachnospiraceae
(9.4%). Burkholderiaceae and Oxalobacteriaceae abundance in the airborne dust averaged out at
4.9% and 4.0%, respectively. In April, the penultimate month of the lactation period of the
experimental cows, the two families mentioned above were undetected in the airborne dust.

Jersey shed-derived airborne microbiota
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o 40% -
< M Bacteroidaceae
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Sample collection time

Figure 3. 1 The most abundant families of Jersey cows’ cowshed-collected airborne dust
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3.4.4 The relationship between milk and airborne dust microbiota
Airborne dust microbiota, as analyzed by PCoA, was closely grouped with milk microbiota,
with the September airborne dust microbiota being grouped with milk microbiota. In September
and December, equivalently during the first and fourth months of the lactation period,

Burkholderiaceae and Oxalobacteriaceae were higher in milk and airborne dust (table 2; figure 1).

PCQ2 (27 .3% of total variation}

Figure 3. 2 Principal coordinates plot characterizing the microbiota of airborne dust and milk.
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3.4.5 The notable relationships between milk microbiota and blood metabolites

According to network analysis, as shown in figure 3.3, the invasion of Burkholderiaceae and
Oxalobacteriaceae in milk was strongly and positively correlated with GOT and GPT (Spearman
r=0.5 p<0.001 and r=0.42 p<0.001, respectively). GOT was also negatively correlated with
Enterobacteriaceae (Spearman r=-0.33 p<0.05). Bradyrhizobiaceae was positively associated
with GOT (Spearman r=0.37 p<0.05) and negatively related to the calcium level in the blood
(Spearman r=-0.42 p<0.05). The abundance of Bacillus was negatively and positively

influenced by GOT (Spearman r=-0.35 p<0.05) and the level of calcium (Spearman r=0.47
p<0.05) in blood, respectively.
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Caulobacteraceae
Enterobacteriaceae
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Flavobacteriaceae

Burkholderiaceae
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Sinobacteraceae
Oxalobacteraceae
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Corynebacteriaceae
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Figure 3. 3 network analysis showing the relationship between milk microbiota and blood
metabolites. Only strong (correlation coefficient R > 0.3 or <-0.3) and significant (P < 0.01)
correlations were chosen to be displayed in the network. The edge width and color (red, positive;
green, negative) are proportional to the correlation strength. The orange circle (nodes) sizes are

proportional to the relative abundance of milk bacterial families. The light blue rectangles
indicate blood metabolites.
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3.4.6 The relationship between milk composition and blood metabolites

MUN and BUN were 8.96 and 6.13 mg/dl at the onset of the lactation, but they both declined to
the lactation-lowest values of 3.86 and 5.57 mg/dl in the subsequent lactation month,
respectively. From the lactation-lowest values, both BUN and MUN sharply increased over the
next four months to the lactation-peak values of 12.29 and 14.19 mg/dl, respectively. After
peaking, the two indicators of protein metabolism declined over the next two months and then
increased towards the end of the lactation to 11.63 mg/dl and 10.64 mg/dl for MUN and BUN,
respectively.
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Figure 3. 4 the equilibrium relationship between MUN and BUN across the lactation
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3.4.7 Rumen microbiota

Prevotellaceae predominated the rumen microbiota at 20%, followed by Rikenellaceae (11%),
Lachnospiraceae (9%), and Ruminococcaceae (8%). Prevotellaceae and Ruminococcaceae
remain statistically unchanged throughout the lactation period, while Rikenellaceae lowest and
Lachnospiraceae highest mid-lactation (Table 4).

Table 3. 4 the most abundant Jersey cows’ ruminal bacterial families across a lactation period

Month Sept Oct Dec Feb April SE
Families

Prevotellaceae 19.40 17.82 20.72 20.83 20.24 0.49
Rikenellaceae 11.48%°  1021™ 8.95°  13.93" 1262 5
Lachnospiraceae 6.26°  9.99°  13.80" 7.8 8.59° 0.8
Ruminococcaceae 7.54 7.90 7.68 8.81 7.73 0.33
Oscillospiraceae 4.58° 6.12°%  7.22%® 559 745 0.16
F082 423 370° 506"  6.01° 557" 44
RF39 6.81° 486"  320°  3.80™ 433" 0.14
Christensenellaceae  3.13°  5.08" 507" 4.03° 392" .,
Clostridiaceae 419° 435" 402" 227° 216 0.15
Methanobacteriaceae ~ 6.14"  3.02°  0.97°  3.52° 241° 0.25
Leuconostocaceae 5.89 7.20 0.01 0.08 0.00 0.92
RF16 2.23 2.73 3.22 206  2.63 0.16
Muribaculaceae 1.55° 241" 2.70° 1.73*®  2.59% 0.10
Hungateiclostridiaceae 1.32°  1.12°  2.23*  1.08° 1.89® 0.06
Acidaminococcaceae  1.40% 1.09° 1.58% 1.70* 1.81° 0.05
Spirochaetaceae 0.94® 076" 150 086" 124° 445
Erysipelotrichaceae 1.47 0.99 0.84 1.21 0.78 0.04

Rumen bacterial families with a relative abundance >1% in at least one sample.
Rows having means with different letter superscripts indicate statistical
differences among means. Abbreviation: SE; Standard Error
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3.5 Discussion

Milk production gradually decreased as the lactation progressed from approximately 27 kg per
day one month after parturition to 15 kg per day in the tenth month of the lactation period. Milk
production peaked at approximately 56 days in milk (27.3 kg of milk per day), contrary to what
was previously reported(Hickson et al., 2006), where Jersey cows milked twice a day peaked at
36 days in milk producing about 16 kg of milk per day. This difference could be ascribed to
either the dietary management differences between the two experimental herds and/or the
average parity of the two herds. O’Sullivan et al. (2019) reported that a cow’s milk production is
influenced by its parity. As O’Sullivan et al. (2019) previously reported, this is a usual milk
production trend, and the days in milk were comparable to other Jersey cows (Beneberu et al.,
2022). Milk composition: fat, protein, and SNF were higher in the late lactation than in the early
lactation stage. Milk fat progressively increased across the entire lactation, which was
comparable to what Bainbridge et al. (2016) observed. However, milk protein and SNF slumped
towards the end of the lactation period. Though the milk protein and SNF trends are not
congruent with what Bainbridge et al. (2016) & Lim et al. (2020) reported, they also observed
an inconsistent decline in both protein and SNF in milk, unlike the milk fat, which concomitantly
increased as the lactation progressed in their respective studies. Although milk fat depicts a
stable increment as DIM increases, it is confounding to note that Macciotta et al. (2002) reported
lower prediction accuracy for milk fat in Simmental cows as opposed to milk yield and protein.
Somatic cell count, which is a conventionally accepted indicator of a cow’s susceptibility or
resistance to intra-mammary infection according to Sharma, Singh, and Bhadwal (2011),
remained insignificantly unchanged across the entire lactation period, except in the eighth month
of the lactation period. In the eighth month, when the average SCC was elevated beyond the
accepted 1.0-2.0 x10° cells/mL threshold(Bytyqi et al., 2010), two of the eight experimental
cows had a separate average of 5.96 x10° cells/mL. Although this level is way above the
threshold mentioned above, the two cows did not depict mastitis-related symptoms. Intriguingly,
one of the two cows had an elevated SCC averaging out at 3.88 x10° cells/mL throughout the
entire lactation period.

Milk and blood urea nitrogen, which are the final product of protein metabolism, are arguably
helpful as a practical indicator for rapid monitoring of the dietary crude protein and energy
intake if other major sources of variations are controlled (Hammond, 1998; Rajala-Schultz &
Saville, 2003). Rajala-Schultz and Saville, (2003) observed lower MUN concentration in the first
month after parturition and an increment in MUN as DIM increased. This observation is
congruous with this study’s results. Gustafsson and Palmquist (1993) found out that MUN
equilibrated with BUN rapidly, and a somewhat similar observation was made in this study with
a few exceptions. The few exceptions can only be attributed to various factors influencing these
two parameters (Rajala-Schultz & Saville, 2003). NEFA, which are the estimator of energy
balance in lactating cows, were expectedly higher at the beginning of the lactation and decreased
as the lactation advanced (Grum et al., 2002).
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Contrary to NEFA, total cholesterol was lowest at the beginning of the lactation, increased mid-
lactation, and slightly declined at the end of the lactation period. This trend of the energy
estimator implied that the experimental cows had sufficient energy, especially during mid-
lactation (Kaneene et al., 1997). During the periparturient period, lactating cows are susceptible
to reproductive and metabolic disorders. For instance, when the conversion of NEFA to
triglycerides exceeds the metabolic capacity of hepatocytes, triglycerides accumulate in
hepatocytes, resulting in impairment in liver function (Ospina et al., 2010). Impaired liver
function induced by metabolic disorders and other infections is indicated by elevated GOT, GPT,
and Haptoglobin levels. GOT and haptoglobin were expectedly higher during the early lactation
period. This finding agrees with a study by Stojevi¢ et al. (2005) that previously reported the
highest activities of liver enzymes within the first 45 days after parturition and a subsequent
decline as the lactation advanced. This might be indicative of rather subtle hepatic stress the
experimental cows were undergoing during the early lactation period. As Chan et al. (2004) &
Cui et al. (2019) intimated, haptoglobin and GOT are blood biochemical indicators of an acute
infection, not non-infective disorders. As such, there is a dearth of information linking hepatic
function enzyme changes in blood of lactating cows with ingress of microbial opportunists.
However, this study’s network analysis strongly linked the trend of GOT in blood with changes
in the most predominant family observed in this study, Burkholderiaceae (Spearman r =0.5
p<0.001).

Burkholderiaceae, Enterobacteriaceae, and Oxalobacteriaceae predominated milk microbiota and
depicted variable fluctuations throughout the lactation period. Seasonally, only Burkholderiaceae
and Oxalobacteriaceae changed: the former was higher in winter, while the latter was higher in
summer. Nguyen et al., (2020) reported seasonal effects on just five bacterial families; they
observed several monthly changes at the family level. This observation is comparable to this
study’s findings since several families changed monthly. Dahlberg et al., (2019) initially reported
Burkholderiaceae and Oxalobacteriaceae among the fifteen most abundant families in milk
before filtering milk contaminants. After filtering and utilizing a recently published decontam R-
package, the families mentioned above were filtered and regarded as milk contaminants. Salter et
al. (2014) also reported the abovementioned families as potential contaminants in milk
emanating from the environment; the probable source of the bacteria from these families
reportedly being soil and water. The two families were also detected in airborne dust and
changed comparably to the fluctuations in milk microbiota. Nguyen et al., (2020) found out that
airborne dust microbiota was clustered together with milk microbiota. This study’s PCoA
clustered the microbiota of the first airborne dust sampling, which corresponded to the first
month of lactation. In contrast, the microbiota of the third airborne dust sampling was closely
grouped with milk microbiota. The Persistence of these bacterial families in milk, even after their
detection in the airborne dust diminished, could be attributed to the diversity of sources of these
contaminants(Salter et al. 2014 & Nguyen et al., (2020). Hence, it can be conjectured that
airborne dust was the most probable source of milk contamination at the beginning of the
lactation, but other sources also contributed to milk contamination towards the end of the
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lactation. It is worth noting that other widely known milk contaminants that deteriorate milk
quality, such as Pseudomonadaceae, were detected at a minute level. This observation is opposite
to the findings by Nguyen et al., (2020), where Pseudomonadaceae predominated milk
microbiota. This stark contrast in milk microbiota abundance between the two studies can be
ascribed to the method of collecting milk samples, where the cited research collected milk from
the sampling device attached to the milking parlor.

Milk microbial taxa believed to be the typical core bovine milk microbiota (Kable et al., 2016;
Oikonomou et al., 2020), such as Lactobacillaceae, Lachnospiraceae, and Moraxellaceae,
depicted stability throughout the lactation period. This observation is congruent with research
findings by Nguyen et al., (2020), who found no monthly or seasonal changes in the putative
core milk microbiota. Cremonesi et al., (2018) also found out Rendena cows’ milk microbiota
was largely stable, unlike Holstein Friesian cows’ milk microbiota over four sampling periods.
Their observation may point to the fact that core milk microbiota might be stable depending on
the breed and health of a herd.

In harmony with Wu et al., (2019), Prevotellaceae was the predominant taxon. This family has
been widely associated with the degradation of concentrate soluble carbohydrates in rumen(Petri
et al., 2012). As Petri et al., (2012) reported, Ruminococcacea abundance in the rumen is likely
to be influenced by forage intake; hence, this might explain the difference in abundance between
the study by Wu et al., (2019) and this study. Diet is the main factor shaping the rumen
microbiome as reported by Khafipour et al.,( 2016) and Petri et al., (2012). They argued that core
members of rumen microbiota are stable in adult cows; hence, this might explain why
Prevotellaceae and Ruminococcacea were stable across the lactation period as the diet proffered
to the cows enrolled in this study remained unchanged. In addition to the rumen microbiome
contributing to ruminal fermentation, manifold bacterial families have been associated with
different milk production traits. However, the associations of the ruminal microbiome to milk
production have not been conclusive. For instance, Lopes et al., (2021) reported that inoculation
of Prevotella led to increased milk fat content, while Jami et al., (2014) observed a significant
negative correlation between Prevotellaceae and milk fat content. This study, on the other hand,
did not observe any significant correlation between Prevotellaceae and milk fat. However, a
strong positive correlation (Spearman r=0.57 p<0.001) between Oscillospiraceae and milk fat
content was observed. Research reports reporting correlations between milk protein and ruminal
microbiota are scanty; Xue et al., (2019) reported a positive correlation between
Succinivibrionaceae and milk protein, while the current study observed that Oscillospiraceae and
Acidaminococcaceae were positively correlated with milk protein (Spearman r=0.46 p<0.001
for both). While manifold correlations between ruminal microbiota and milk components have
been reported, Jami et al., (2014), Lopes et al., (2021) & Xue et al., (2019) have unanimously
agreed on the need for in-depth, expansive research to practically corroborate these findings due
to inconsistencies reported in various reports.
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3.6 Conclusion

Burkholderiaceae and Oxalobacteriaceae, which were predominant milk microbial families and
putative milk contaminants, changed inconsistently across the lactation period. The probable
source of the bacterial families was airborne dust in the cowshed, but it was apparent it was not
the only source of the two bacterial families. The ingress of the two bacterial families into milk
was strongly associated with the liver function impairment depicted by the GOT fluctuations. On
the other hand, the core milk microbiota did not significantly change across the lactation period
despite the irregular fluctuations of the predominant milk microbiota. Milk fat content increased
as the DIM increased, and this milk fat increment was associated with Oscillospiraceae in the
rumen. The ruminal microbiota was predominated by Prevotellaceae, which was stable across the
lactation period, but other predominant ruminal microbiota changed variably across the lactation
period. This study agrees with the others that recommended the need for further research into the
association of ruminal microbiota with milk constituents.
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4 CHAPTERA4

Milk microbiota of Holstein cows is stable despite changes in milk
composition, blood metabolites, and environmental microbiota.

4.1 Abstract

Holsteins are renowned for high milk production, which predisposes them to nutritional
disorders, particularly during the periparturient period. Although farmers mount dietary
intervention strategies to stave off such disorders, periodic monitoring of metabolites is
necessary since such interventions do not yield the expected outcome always. Similarly,
monitoring milk microbiota occasionally is equally essential due to the influence of the initial
milk microbiota composition and diversity on processed milk quality. Since raw bovine milk is
highly susceptible to microbial contamination, especially from the ambient environment like
airborne dust and beddings, regular hygiene monitoring of the ambient environment is vital. In
light of the reasons mentioned above, we performed this study to monitor how lactating
Holsteins fare throughout the lactation metabolically and how the microbiota of their milk and
airborne dust of where they are housed was. After every other month, from the beginning of the
lactation to the end, we collected blood and milk samples from 8 Holstein cows reared at
Okayama Prefecture Livestock Research Institute (Okayama, Japan). The experimental cows
were housed in a free stall barn and fed total mixed ration silage throughout the lactation. We
also collected one airborne dust and bedding sample every time we collected other samples.
Commercially available kits were used to analyze blood metabolites, while a CombiFoss™
analyzer was used to analyze milk composition. The microbiota of Milk, bedding, and airborne
dust was sequenced on a MiSeq platform. Milk fat and protein increased as DIM increased.
MUN, total cholesterol, and NEFA were unchanged across the lactation. Hepatic enzymes, GOT
and GPT, were unusually low at the beginning of the lactation and increased towards the end.
Milk and airborne dust microbiota were surprisingly stable across the lactation and the collection
months, respectively. Milk microbiota was dominated by Lactobacillaceae, Lachnospiraceae,
Muribaculaceae, and Micrococcaceae at 15.4%, 15.4%, 14.4%, and 10.2%, respectively.
Airborne dust, on the other hand, was dominated by S24-7 (21.2%), Lactobacillaceae (17.3%),
Ruminococcaceae (14.7%), o_ Clostridiales (13.4%), and Lachnospiraceae (11.3%).
Aerococcaceae, Corynbacteriaceae, and Ruminococcaceae were the most abundant bedding
bacterial families at 26%, 14%, and 11%, respectively. Milk and airborne dust microbiota was
clustered together and separately from bedding microbiota. This indicated bedding did not
influence milk microbiota.
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4.2 Introduction

High quality and quantity of milk production is the prime goal of farmers globally. Milk quality,
from the processors’ perspective, is indicated by the level of protein and fat in milk. Although
Holstein cows are known for the highest milk production throughout the lactation period among
other dairy breeds, the proportion of fat in milk is usually the lowest among other breeds
(Dobson et al., 2007; Mogolldn-Garcia et al., 2020). Due to this exceptionally high milk
production across the entire lactation period, Holstein cows are susceptible to physiological and
nutritional disorders(Gonzélez et al., 2011). These disorders are experienced mainly during the
early lactation period when cows have a jaded appetite. Holstein cows have markedly reduced
dietary intake during the early lactation period if proper nutritional management practices are not
instituted. This leads to a negative energy balance, where cows are compelled to mobilize energy
reserves. For instance, Gonzalez et al., (2011) argue that due to milk production and limited feed
intake, high-yielding dairy cows experience lipomobilization. This lipomobilization, as reported
by Bradford et al., (2015), may lead to fatty infiltration of up to 25% of liver tissue. If this fat
accumulation in hepatic tissue exceeds its oxidation ability, Holsteins develop fatty liver disease.
Lactating Holsteins continue to experience such physiological changes due to high milk
production, body maintenance, and reproductive changes as the lactation period advances. These
inevitable physiological changes trigger metabolic changes, which, if not controlled, might blight
milk production (Dubuc et al., 2011; Kim et al., 2016). Mezzetti et al., (2021) elucidated how the
transition period should be handled holistically, and particularly, they underscored the welfare
condition of the lactating high-yielding cows, superior nutritional management, and proper
modulation of metabolic processes that would more likely overwhelm the control of homeostatic
mechanisms. Farmers manage to maintain metabolic profiles of lactating Holstein cows within
the physiologically normal levels through dietary manipulations. The said dietary interventions,
though aimed at maintaining lactating cows physiologically healthy, do not invariably occasion
the expected outcomes (Moyes et al., 2010). In their research, Moyes et al., (2010) found that
manipulating dietary protein to starch was not a potential strategy to solve physiological
imbalance experienced by high-yielding cows during early lactation. Hence, blood metabolic
profiles are conventionally conducted to monitor the metabolic and physiological statuses of
lactating cows. Caixeta & Omontese, (2021) emphasized the necessity of regularly monitoring
dairy cows during the early lactation period since it helps in detecting early metabolic anomalies,
diagnose clinical and subclinical diseases, and initiate restorative health management to avoid
health and milk production impairment. Different metabolic indicators such as NEFA and total
cholesterol are usually monitored to indicate energy status(Gonzélez et al., 2011), albumin and
BUN to indicate protein status, and GPT & GOT to indicate the liver health of lactating cows
(Stojevic et al., 2005).

Also, the safety and shelf-life of milk and milk products highly hinge on raw milk
microbiota(Desmasures & Gueguen, 1997; Schmidt et al., 2012). Milk, by virtual of being
nutritionally rich, harbors manifold bacteria(Quigley et al., 2013). A while ago, aseptically
freshly drawn milk was considered sterile(Evans, 1916), but this assumption was controverted
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when aseptically freshly drawn milk was proven to be inhabited by microbiota(McGuire &
McGuire, 2017). These bacteria that inhabit freshly drawn milk can be pathogenic, or spoilage,
and/or technologically beneficial(Nguyen et al., 2020). Although milk is generally exposed to
microbial annihilative thermal processing before consumption, dairy researchers have been
unanimous that the microbial composition of milk before thermal processing affects the quality
of the resultant milk products (Barbano et al., 2006). On the other hand, some milk products,
such as cheese, are produced from raw milk, so the knowledge of raw milk microbiota remains
crucial.

Several studies have investigated different aspects of milk composition, metabolic profiles, and
microbiota. These preceding studies have found out seminal fundamental results, which have
informed dairy stakeholders differently. However, there is still a paucity of information about
how milk production, metabolic profiles, and milk microbiota change throughout the lactation
periods of clinically healthy Holstein Friesian cows. So, this study was designed to gain insights
into how clinically healthy lactating cows metabolically fare throughout their lactation periods,
milk yield and components, and how aseptically freshly drawn milk microbiota are bi-monthly
across the lactation cycles of clinically healthy Friesian lactating cows. Also, this study looked
into the microbiota of airborne dust and beddings collected in the barn housing the experimental
cows. This was necessary since environmental microbiota had been reported to influence milk
microbiota (Nguyen et al., 2020 & Wu et al., 2019)
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4.3 Materials and Methods

4.3.1 Sample collection

Milk samples were collected from eight lactating Holstein cows randomly selected from a herd
reared in a research institute in Okayama, Japan. These experimental cows were randomly
selected from a subset of the herd that calved down within the same month. The collection of
milk samples began in the first month of the lactation period and continued every other month
until the end of the lactation period (the first month corresponded to August and the last month
was April). Each milk sample was collected after cleaning the surface of the udder and four teats
with clean lukewarm water and wiping the teats with clean towels. The first few streams of
foremilk were discarded, and the subsequent streams from the four teats were aseptically
collected into a 50 ml collection tube. The tubes were labeled and frozen in liquid nitrogen
forthwith. The collected milk samples were kept in a liquid nitrogen-containing box during
transportation and frozen at -31° C till further analyses.

Airborne dust samples were collected from the experimental cowshed by placing three opened
Petri dishes in different locations approximately one meter above the ground for about five
minutes. After the collection time was over, each petri dish was immediately covered with a lid
and sello-taped. In the laboratory, each petri dish was rinsed with 1 ml of sterile saline to make a
composite liquid sample(T. T. Nguyen et al., 2020). The composite samples were frozen at -31°
C till DNA extraction. Rumen fluid was collected as Wu et al., (2019) outlined. Blood samples,
on the other hand, were taken from caudal veins into vials containing anticoagulant, heparin, and
transported on ice.

4.3.2 Milk composition and blood metabolites analyses

The somatic cell count (SCC) in milk was estimated by N-acetyl-B-d-glucosaminidase (NAGase)
activity assay. The content of fat, protein, solids-not-fat, and milk urea nitrogen (MUN) in milk
was determined using a CombiFossFT + analyzer (Foss Allé, Hillerad, Denmark) as documented
by Nguyen et al. (2020).

Plasma samples were analyzed for total cholesterol (T-Cho), albumin (Alb), non-esterified fatty
acids (NEFA), total protein, calcium, phosphorus, blood urea nitrogen (BUN), glutamic
oxaloacetic transaminase (GOT), and glutamic pyruvic transaminase (GPT) by following the
instructions of commercially available kits (Fujifilm Wako Pure Chemicals Co.). A commercial
bovine Hp ELISA kit (Life Diagnostics, Inc.) was used to determine the plasma haptoglobin
(Hp) content.

4.3.3 Bacterial DNA extraction

Bacterial DNA from milk and airborne dust samples were extracted from 1 ml of milk and
airborne dust as described by Nguyen et al. (2020). Briefly, 1 ml of milk was centrifuged at
16,000 x g for 15 min at 4°C. The fat layer was scraped off and the supernatant was pipetted out.
1 ml of airborne dust was centrifuged at the same condition as aforementioned, and the
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supernatant was removed. The DNA pellets were washed and re-suspended in 1 x PBS
(phosphate-buffered saline). 250 pL of the re-suspended DNA pellets of milk and airborne dust
and 0.2g of beddings were transferred into 2 ml screw cap microcentrifuge tubes containing 0.4g
zirconia beads (0.1 mm 3:1 0.5 mm) and 1 ml of lysis buffer (0.5M NaCl, 0.05M Tris-HClI,
0.05M EDTA, 4% sodium dodecyl sulfate). The mixture was homogenized by a mini-bead
beater, incubated at 70° C for 15 minutes, and the resultant supernatant was mixed with 200 pL
ammonium acetate. After centrifugation at 16,000 x g for 10 min at 4°C, the resultant
supernatant was mixed with an equal amount of 2-propanol, incubated on ice for 30 minutes,
centrifuged, and the DNA pellets washed and re-suspended in 100 uL. of TE. The DNA was
purified from the DNA suspension using the DNeasy Stool Mini Kit (Qiagen, Germantown, MD,
USA).

4.3.4 16S rRNA gene amplicon MiSeq sequencing

To generate an amplicon library for MiSeq 16S rRNA gene sequencing, the primers and the PCR
protocol were as reported previously. Briefly, the primers were the forward primer 5'-
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCCAG

CMGCCGCGGTAA-3 & the reverse primer 5-GTGACTGGAGTTCAGACGTGTGCTCTTCC

GATCTGGACTACHVGGGTWTCTAAT-3 targeting the hypervariable region V4 of the 16S
ribosomal gene. The PCR protocol used to generate the first-round PCR products was as follows:
The initial denaturation at 95 °C for 5 min, followed by 30 cycles of denaturation at 95 °C for 15
s, annealing at 60 °C for 20 s, extension at 72 °C for 30 s, and the final elongation at 72 °C for 5
min. The amplicons were run on 1% agarose gel and the targeted bands were excised. The
excised bands were purified using the Fast Gene Gel/PCR Extraction Kit (NIPPON Genetics Co.,
Ltd., Tokyo, Japan). The purified first-round PCR amplicons were used as template DNA
samples for the second-round PCR.

With adapter-attached primers, the purified first-round PCR amplicons were used as DNA
templates for the second-round PCR, and the second-round PCR was performed by following
this thermo-cycling program: the initial denaturation was at 94°C for 2 mins followed by 10
cycles of denaturation at 94°C for 30 sec, annealing at 59°C for 30 sec, elongation at 72°C for 30
sec, and the final elongation of 72°C for 5 min. The resultant second-round PCR amplicons were
purified as described above and sequencing was done at FASMAC Co., Ltd.
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4.3.5 Bioinformatics and statistical analyses

The Quantitative Insights Into Microbial Ecology (QIIME?2) version 2022.2 was used to analyze
the pair-end raw sequences. Raw sequences, which were about 250bp, were truncated at the site
whose quality score was below 25(forward reads; 177 reverse reads 134). Quality-truncated
reads with a 60 bp overlap were pair-end joined, and the quality assessed, chimera-free, pair-end
sequences were grouped into operational taxonomic units with a similarity threshold of above
97%.

The JMP software version 14.2.0 was used to statistically analyze all microbial, metabolites, and
milk composition data. Tukey test was used to determine if there were statistical differences
between means. Principal coordinate analysis (PCoA) was performed by using the primer7
version 7.0.14 (Primer-E, Plymouth Marine Laboratory, Plymouth, UK) to determine how milk
and airborne dust microbiota was clustered.
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4.4 Results

4.4.1 Holsteins’ milk production and milk composition

Milk yield during the second month post parturition, when the collection of milk samples began,
was about 32Kg per day, as shown in table 4.1. Milk production continued to increase steadily
till the six month post-parturition (peak production 35Kg per day). After the peak milk
production, milk production declined to about 31Kg per day at about 300 days in milk (DIM).
Milk fat, on the other hand, increased progressively throughout the lactation period from 3.2%
two months after calving down to 4.1% just before drying off. Protein content in milk also
increased throughout the lactation period from about 2.9% two months after giving birth to 3.6%
after approximately 9 months of milk production. Solids-not-fat were higher during the late
lactation, but milk urea nitrogen (MUN). Somatic cells remained unchanged and below the
generally accepted threshold of 2.0 x 10° cells/ml.

Table 4. 1 days in milk, milk yield, and milk composition of Holsteins across a lactation period

Months AUG OCT DEC FEB APR SE
DIM 67.75 12375 185.75 241.75 298.75

YIELD (kg/day) 31.79 33.13 3547 3140 3059 4.74
Milk

composition

FAT (%) 3.17° 350" 3.66™  3.99°  4.07*  0.18
PROTEIN (%) 2.86° 3.13® 342® 346 356 0.13
SNF (%) 8.50° 872 9.18  9.02" 927*  0.13
SCC(x10° 177.00 219.00 59.71 9475 14025 65.14
cells/ml)

MUN (mg/ml) 1430 14.10 13.21 13.18 1494 0.8

Rows whose means have different letter superscripts depict statistical
differences among means

Abbreviations: SNF; solids-not-fat, SCC; somatic cells count, and MUN;
milk urea nitrogen

4.4.2 Holsteins’ metabolic profiles

Total cholesterol and non-esterified fatty acids (NEFA) were unchanged statistically across the
lactation period. Albumin increased from the beginning of the lactation to the penultimate month
of the lactation. The last month, just before drying off, aloumin content in the blood slightly
declined. On the other hand, blood urea nitrogen changed significantly across the lactation period.
Glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase (GPT), liver
function indicators, were lower in the early lactation period and increased in the late lactation
period, as graphically shown in figure 4.1. Calcium content was lower towards the end of the
lactation, as depicted in table 4.2.
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Table 4. 2 Holsteins’ blood metabolites from the beginning to the end of a lactation period

Months AUG OCT DEC FEB APR SE
Metabolites
Total 141.14 19550 201.75 164.25 189.63 8.93

cholesterol(mg/dl)
NEFA (uEg/L) 241.14 19950 229.75 184.88 182.88 9.37

Albumin (g/dl) 3.69°  4.10% 4.21*  437° 424  0.09

BUN (mg/dI) 9.99 783" 10.66® 1158 11.10° 0.52
GPT(IU/L) 3.89" 431" 4.068° 552° 570° 0.30
GOT(IU/L) 19.61° 22.33" 19.16" 24.99" 28.75° 141

Calcium (mg/dl)  10.09® 10.14* 9.11" 9.69*° 9.03°  0.19

Rows whose means have different letter superscripts depict statistical
differences among means

Abbreviations: BUN; blood urea nitrogen, NEFA; non-esterified fatty acid,
GOT; glutamic oxaloacetic transaminase, and GPT; glutamic pyruvic
transaminase, SE; standard error
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Figure 4. 1the trend of liver function indicators across the lactation
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4.4.3 The relationship between milk composition and blood metabolites
Notably, Milk protein and albumin content in the blood had somewhat a similar trend across the
lactation, as shown in figure 4.2. MUN and BUN, which expectedly are supposed to equilibrate
rapidly, were unrelated across the lactation period. BUN concentration seemed not to have any

proportionate relation with MUN, as shown in table 4.1 and 4.2
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Figure 4. 2 the trend of both milk protein and albumin in the blood
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4.4.4 Milk microbiota
Firmicutes, Bacteroidota, and Actinobacteriota were the three most abundant phyla, averaging at
56.7%, 22%, and 12.2%, respectively. At the family level, Lactobacillaceae, Lachnospiraceae,
Muribaculaceae, and Micrococcaceae were the most predominant families at 15.4%, 15.4%,
14.4%, and 10.2%, respectively. Milk microbiota remained relatively stable across the lactation
and unaffected by season as well. Putative contaminants were not detected in this survey.

Table 4. 3 bacterial diversity indices, phyla, and families of milk produced by Holstein cows

across a lactation period

Month AUG OoCT DEC FEB APR
Diversity indices

Chaol 205 201 258 205 215
Shannon 5.2 5.14 5.37 5.2 5.24
Simpson 0.94 0.94 0.95 0.94 0.94
Phyla/family

Firmicutes 55.71 55.76 57.33 56.96 57.91
Lactobacillaceae 15.27 15.3 15.08 15.56 15.73
Clostridia_UCG-014 6.96 7.04 6.8 7.03 7.05
Lachnospiraceae 15.12 15.33 15.03 15.67 15.61
Erysipelotrichaceae  1.27 1.31 1.41 1.32 1.38
Oscillospiraceae 2.94 3.02 3.42 3.06 3.3
Aerococcaceae 0.25 0.24 0.58 0.32 0.57
Streptococcaceae 0.45 0.46 0.7 0.52 0.49
Carnobacteriaceae 0.45 0.31 0.62 0.2 0.21
Ruminococcaceae 0.61 0.61 0.81 0.71 0.77
Clostridiaceae 0.54 0.5 0.61 0.52 0.55
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Anaerovoracaceae
Staphylococcaceae
Bacilli__RF39
Bacteriodota
Prevotellaceae
Rikenellaceae
Bacteroidaceae
Muribaculaceae
Actinobacteriota
Corynebacteriaceae
Micrococcaceae
Proteobacteria
Yersiniaceae
Succinivibrionaceae

Enterobacteriaceae

0.36
0.14
1.24
21.87
0.41
3.61
3.52
14.24
12.73
1.58

10.67

8.19
0.03
1.05

0.4
0.11
1.24
21.35
0.37
3.51
3.35
14.05
21.35
1.57

10.83

8.25
0.01
1.35

0.45
0.17
1.24
21.86
0.4
3.53
3.5
14.24
21.86
1.45

9.99

7.32
0.17

1.04

0.4
0.16
1.25
22.29
0.38
3.68
3.71
14.43
22.29
1.43

10.03

7.42

0.02

1.09

0.43
0.11
1.23
22.39
0.4
3.7
3.36
14.77
22.39
1.32

941

0.06
11

Phyla and families with a relative abundance of >0.5% in at least one sample
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4.45 Airborne dust microbiota
S24-7 (21.2%), Lactobacillaceae (17.3%), Ruminococcaceae (14.7%), o__ Clostridiales (13.4%),
and Lachnospiraceae (11.3%) were the most dominant five families in the airborne dust of the
experimental herd’s shed. The microbial composition of airborne dust across the lactation

remained unchanged and stable.
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Figure 4. 3 microbiota of Holstein collected airborne dust across the lactation of Holstein cows
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4.4.6 Bedding microbiota
Aerococcaceae, Corynbacteriaceae, and Ruminococcaceae were the most abundant families at
26%, 14%, and 11%, respectively. The relative abundance of Aerococcaceae was highest in

August and December at 39% and 30%, respectively.

100%

90%

80%

70%

60%

50%

40%

30%

Relative Abundance (%0)

20%

10%

0%

Holstein farm-derived beddings' abundant

families

| —
‘ |
OCT DEC FEB APR

Sample collection time

AUG

Others
[Tissierellaceae]
m Halomonadaceae
m Carnobacteriaceae
[Paraprevotellaceae]
= Clostridiaceae
= Corynebacteriaceae
m Peptostreptococcaceae
® Moraxellaceae
m Lachnospiraceae
= Bacteroidaceae
m Staphylococcaceae
m Aerococcaceae
B Ruminococcaceae

Figure 4. 4 microbiota of beddings collected from the Holstein cowshed
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4.4.7 The relationship between airborne dust, bedding, and milk microbiota

According to PCoA clustering, milk and airborne microbiota were clustered together. However,

bedding microbiota was clearly separated from both airborne and milk microbiota.
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Figure 4. 5 PCoA showing clustering of bedding, milk and airborne dust microbiota
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4.5 Comparison between the two breeds’ milk composition, metabolic profiles and
core microbiota

45.1 Milk composition

As expected, Jersey cows, across the entire lactation period, produced milk with superior milk fat
and protein to their counterpart Holstein cows. Jersey milk fat ranged from 4.5% at the beginning
of the lactation to 5.9% at the end of lactation, while Holstein milk fat was 3.2% to 4.1% at the
onset and the end of the lactation, respectively. Milk protein, on the other hand, was 3.4% to
3.5% from the start to the end of the Jersey lactation. On the contrary, Holstein cows produced
milk with 2.9% and 3.6% protein at the beginning and the end of the lactation, respectively.
Jerseys produced about 27Kg/day in the first month of the lactation and peaked in the second
month with a daily yield of 27.3 Kg/day. The milk yield decreased gradually as DIM increased to
14.8 Kg/day. On the other hand, Holsteins produced 31.8 Kg/day in the first month of our sample
collection and peaked at 35.5 Kg/day in the fifth month. Holsteins milk production decreased to
30.6 Kg/day before drying off.
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Figure 4. 6 a comparison between Holsteins and Jerseys’ milk yield and composition

60



4.5.2 Metabolic profiles

45.2.1 Energy status

The two breeds experienced different energy patterns throughout the lactation. Jersey cows had
the highest NEFA values at the beginning of the lactation, 0.39 mEg/L, as opposed to Holstein
cows which had 0.24 mEqg/L. Jersey cows’ NEFA plummeted to 0.09 mEg/L in the penultimate
lactation month, while the lowest Holstein cows’ NEFA was 0.18 mEg/L in the same period. The
total cholesterol for both breeds, on the other hand, was the lowest at the beginning of their
respective lactations. Jersey cows’ T-cho was 160.35 mg/dl at the beginning of the lactation,

while Holstein cows’ T-cho was 141.14 mg/dl. For both breeds, T-cho increased as their

respective lactations advanced and peaked at 229.3 and 201.85 mg/dl for Jersey and Holstein

cows, respectively.
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Figure 4. 7 a comparison of energy status indicators between Holsteins and Jerseys
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4.5.2.2 Protein status

The two breeds had different lactation-long patterns for protein status. Jerseys’ protein status and
protein metabolic products fluctuated in tandem across the lactation. BUN, MUN, and Alb were
8.96 mg/dl, 6.13 mg/dl, and 3.85 g/dl, respectively, at the beginning of the Jersey lactation.
While BUN and MUN dipped in the subsequent month to 3.86 and 5.57 mg/dl, there was an
uptick in Alb content to 4.03 g/dl. BUN, MUN, and Alb peaked at 14.19 mg/dl, 12.29 mg/dl, and
7.04 g/dl, respectively. Holsteins BUN, MUN, and Alb fluctuated irregularly and no unique
changing pattern was observed. At the beginning of the lactation, Alb was at the lowest level of
3.69 g/dl, while MUN was at 14.30 mg/dl - the lactation-long second highest. MUN remained
unchanged across the lactation, while BUN and Alb were statistically higher as the lactation
progressed. BUN and Alb peaked at 11.58 mg/dl and 4.37 g/dl, respectively.
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Figure 4. 8 a comparison between Jerseys and Holsteins’ BUN, MUN, and Albumin
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45.2.3 Liver function

Hepatically, the two breeds fared differently across their respective lactation periods. After

parturition, Jersey cows’ liver function indicators were 16.49 IU/L and 112.29 IU/L for GPT and
GOT, respectively. Holstein cows, on the other hand, had 3.89 IU/L and 19.611U/L for GPT and
GOT, respectively, at the beginning of their lactation. Jerseys’ liver function indicators, GPT and

GOT, fluctuated irregularly across the lactation, while Holsteins’ liver function indicators

steadily increased as the lactation advanced. The Jerseys’ peak values for GPT and GOT were
5.70 and 28.75 IU/L, respectively, while Holsteins’ peak values were 33.62 IU/L for GPT and
112.29 IU/L for GOT.
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Figure 4. 9 how Holsteins and Jerseys liver function indicators fared across the lactation
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45.2.4 Mineral content

Calcium content in blood for both breeds had somewhat a similar changing pattern. At the
beginning of the lactation, Jerseys’ had 8.28 mg/dl of Calcium circulating in their blood, while
Holsteins had 10.09 mg/dl circulating. When their respective lactations came to an end, Holsteins
had 9.03 mg/dl of Calcium circulating in their blood, while Jerseys’ blood-circulating Calcium
was 8.61 mg/dl.
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Figure 4. 10 lactation-long calcium fluctuations across the lactation for Holsteins and Jerseys
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4.5.3 The core Holstein-Jersey milk microbiota

The major core milk families shared between the two breeds in this study were 18 families.
Among the 18 major families shared, Lactobacillaceae, Lachnospiraceae, and Micrococacceae
were the most predominant core bacterial families for Holsteins at 15.4, 15.4, and 10.2%,
respectively. As for Jersey milk, the prevalent shared core families were Ruminococcaceae,
Erysipelotrichaceae, Lachnospiraceae, and Lactobacillaceae at 4.35, 4.23, 2.23, and 2.13%,
respectively. The above-shared core microbiota was statistically unchanged across the lactation
period for the two breeds.
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Figure 4. 11shared lactation-long core milk microbiota for Holsteins and Jerseys
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4.5.4 The shared airborne dust microbiota of the two breeds’ barns

The dominant shared airborne dust bacterial families for both breeds’ sheds were
Lactobacillaceae, Ruminococcaceae, and Lachnospiraceae (Jerseys’ shed; 14.30, 12.50, & 9.35%,
and 17.26, 14.73, & 11.32% at the Holsteins’ shed, respectively).
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Figure 4. 12 shared airborne dust microbiota of the two breeds’ barns
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455 The influence of airborne dust on milk microbiota

Milk microbiota for both breeds was grouped separately. On the one hand, Holstein milk
microbiota was clustered with the microbiota of airborne dust collected from Holstein shed and
Jersey shed, except the Jerseys’ shed September-collected airborne dust. On the other hand,
Jersey milk microbiota was fragmented into four clusters and associated with only the microbiota

of airborne dust collected in September.
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4.6 Discussion

Holsteins maintained a steady increment in milk production till about the sixth month (186 DIM)
into the lactation period, when milk production peaked at 35.5 kg/day. Milk production
subsequently declined to the lactation lowest milk yield, 30.6 kg/day, just before drying off (299
DIM). This milk yield is in the same region as the one previously reported by Bernabucci et al.,
(2015). However, Hickson et al., (2006) reported that Holstein milked twice daily had milk peak
production at 26.2 kg/day on 37 DIM. This peak production and time are incongruous with our
findings since even our experimental herd's lowest production after ten months in milk
production was higher than their study’s peak yield. This difference in peak milk yield and time
between the two studies can be ascribed to different factors, among them being the genetic
makeup and dietary management differences between the two herds (Kumar, 2017 & Min et al.,
2005). According to the study by Min et al., (2005), providing a high-quality diet increased
Alpine goats’ milk yield by up to 22%. Additionally, they also reported that peak time
concomitantly increased with the increase in dietary supplementation; this improvement was
from 29 DIM for the control group to 43 DIM for the group that was fed the highest quality diet.

Similarly, milk composition, milk protein and fat, increased as lactation advanced. This finding
is in agreement with Sharma et al., (1990) & Shibru et al., (2019); in their study, milk fat and
protein increased as the lactation progressed. Somatic cell count(SCC) remained unchanged
across the lactation and below the threshold, 200,000 cells/mL, which generally serves as a
marker for subclinical mastitis (Zecconi et al., 2019). This means our experimental herd was
healthy and might not have had subclinical mastitis throughout the lactation. MUN was also
statistically stable across the lactation and averaged out at 14 mg/dl. MUN below this value in
high-producing Holstein cows is regarded as an indicator of protein insufficiency (Webb & de
Bruyn, 2021). In the study by Rajala-Schultz et al., (2001), which had a high and low-producing
Holstein group, found that the high-yielding Holstein group had 13.6 mg/dl as compared to 11.1
mg/dl for the low-producing herd. This might mean our high-producing herd was partaking of
sufficient dietary protein across the lactation. BUN, on the other hand, significantly increased as
lactation advanced. This could have been occasioned by the improvement of dietary protein
provided to the herd as DIM increased. Though we did not determine the dietary protein content,
we could surmise it premised on the findings of Hoffman et al., (2001) that Albumin is positively
correlated with dietary protein. So, BUN being one of the end products of protein metabolism,
according to Hammond, (1998), might have increased due to dietary protein improvement.
However, the two end-products of protein metabolism, BUN and MUN, did not equilibrate
across the season as it had been intimated by Gustafsson & Palmquist, (1993). It is crystal clear
that Holstein had a predilection for apportioning urea in circulation to milk over plasma.
Averagely, Holstein milk had 14 mg/dl as compared t010.2 mg/dl every month across the
lactation period. The same observation was made by Rodriguez et al., (1997), where MUN for 12
Holstein cows was higher than BUN in their experiment. This observation points to the necessity
to investigate whether this observation is repeatable and whether it has a significant
physiological meaning. Albumin and milk protein had a notable upward trend as lactation
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advanced. While albumin has been shown to be directly influenced by dietary protein status
(Hoffman et al., 2001; Raggio et al., 2007), no study, according to our knowledge, has directly
linked the influence of albumin on milk protein. Nonetheless, it is worth noting that as Linn et al.,
(1988) & Larson, (1979) intimated, plasma proteins, albumin, might transudate into mammary
lacteal secretions through leaky junctional complexes. Due to the lack of incontrovertible
evidence that shows the influence of albumin on milk protein, we can only conjecture that the
trend observed in this study is a concomitant result induced by an increment in dietary protein.
For instance, in the study by Raggio et al., (2007), an increase in metabolizable protein in the
diet resulted in a 15% increment in milk protein and a paltry 4% in albumin concentration.
However, Bobbo et al., (2017) & Rowlands et al., (1977) reported that high-producing cows had
higher plasma albumin concentrations. The authors of the two reports did not weigh in on this
positive correlation between plasma concentrations and milk productivity. So, it remain unclear
whether plasma albumin has a direct influence on milk productivity and milk protein.

Glutamic Oxaloacetic Transaminase (GOT)/ Aspartate aminotransferase (AST) and Glutamic
Pyruvic Transaminase (GPT)/ Alanine aminotransferase (ALT) are liver enzymes which are
sensitive to hepatic disturbance emanating from various factors like metabolic disorders or the
stage of lactation (Aguirre et al., 2018). We found that the two enzymes were lower at the
beginning of the lactation period and rose gradually towards the end of lactation. Our findings
were in contrast with the results reported by Andjeli et al., (2022) & Boots & Ludwick, (1970).
Andjeli et al., (2022) attributed the higher activities of AST and ALT in the early lactation period
to fat infiltration into hepatic cells triggered by lipomobilization. The said lipomobilization was
induced by negative energy balance (NEB). In their study, the lipomobilization biomarker,
NEFA, was strongly positively correlated liver function indicator enzymes. In our study, NEFA
were statistically unchanged across the lactation. This suggested that during the early lactation
stage our experimental herd did not experience NEB, which could explain why the level of liver
enzymes was relatively low compared to the late lactation period.

Milk microbiota was surprisingly stable across the lactation and dominated by Firmicutes
(56.7%) at the phylum level. At the family level, Lactobacillaceae, Lachnospiraceae,
Muribaculaceae, and Micrococcaceae had over 55% dominance. Cremonesi et al., (2018) also
found out that Holstein milk was dominated by Firmicutes at 66%. Cremonesi et al., (2018) &
Oikonomou et al., (2014) also reported that Lachnospiraceae was one of Holstein milk's
dominant families. However, the level of dominance reported in their reports was lower than in
the present study. Other reports, like Nguyen et al., (2020), Nguyen et al., (2020) & Wu et al.,
(2019), found other families dominating raw bovine milk microbiota. In their reports,
Pseudomonadaceae (16.1%-59.7%), Staphylococcaceae (10.3%), and Aerococcaceae (24.3%)
were the most dominant families, respectively. However, in their reports, families that
constituted the dominant milk microbiota in the present study were also part of the dominant
microbiota in each report, though at relatively lower abundance. The variation in the dominant
raw bovine microbiota and the relative abundance of the dominant families has been attributed to
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the lack of the standard sampling procedure, the influence of the dwelling environment of
experimental herds, postpartum stages of herds, and nutritional management (Parente et al., 2020
& Steinberg et al., 2022). This surprising stability in milk microbiota across the lactation is
inexplicable and has not been reported, yet.

Airborne dust microbiota was also surprisingly stable and dominated by S24-7, Lactobacillaceae,
Ruminococcaceae, o__Clostridiales, and Lachnospiraceae, with a combined relative abundance
of about 80%. Reports by Nguyen et al., (2020) & Wu et al., (2019) had Staphylococcaceae
(13.4%) and Aerococcaceae(25.2%), respectively. In the two reports, S24-7 was not among the
five most abundant families. However, in the two reports, Ruminococcaceae and
Lachnospiraceae were among the five most abundant families. The surprising stability in
airborne microbiota observed in the present study was not observed by Nguyen et al., (2020).
Their study observed seasonal differences among many taxa detected, especially the five most
abundant families. Hence, the stability observed in the present study remains inexplicable.

Unlike the surprising stability observed in the microbiota of milk and airborne dust, bedding
microbiota was not stable and was dominated by Aerococcaceae, Corynbacteriaceae, and
Ruminococcaceae were the most abundant families. The three families represented over 50%
relative abundance of the bedding microbiota. Aerococcaceae and Ruminococcaceae varied
widely; the former was highest in August and lowest in April and the latter was the highest in
April and lowest in August. The dominance of Aerococcaceae and Ruminococcaceae in
beddings in the present study is in agreement with the reports by Nguyen et al., (2020) & Wu et
al., (2019). The higher dominance of Ruminococcaceae in April in our study was observed in
winter by Nguyen et al., (2020).

Bedding microbiota, according to PCoA clustering, did not have any influence on milk
microbiota. However, airborne dust microbiota closely resembled milk microbiota; hence, they
were clustered together. While the influence of the cowshed microbiota, airborne and beddings,
on milk microbiota has been appreciated, very few reports have reported it (Nguyen et al., 2020).
In contrast to our study, the microbiota of beddings in the studies by Nguyen et al., (2020) & Wu
et al., (2019) were clustered together with milk microbiota.

Throughout the lactation, Jerseys produced milk superior in protein and fat to the one produced
by Holsteins. Conversely, Holsteins sustained higher milk production in comparison to Jerseys
across the lactation. The findings of this present study are in agreement with reports by Hickson
et al., (2006), Lembeye et al., (2016) & Prendiville et al., (2011). The differences in milk
production and milk composition between the two breeds have largely been attributed to genetic
differences and environment to a small extent. For instance, Ahlborn-Breier & Hohenboken,
(1991) argued that Holstein and Jersey breeds have been separated for about 40 generations.
Hence, the two breeds are expected to have a greater genetic distance and exhibit a more
significant heterosis effect.
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Both breeds had different NEFA changing patterns across the lactation; Jersey had the greatest
variations of NEFA compared to Holsteins. Jersey had higher NEFA in the first month than
Holsteins. This suggests Jerseys had higher lipomobilization than Holsteins at the beginning of
the lactation due to a greater NEB. Janovick Guretzky et al., (2006) also found out that Jersey
cows were in greater negative energy balance postpartum than Holsteins. While nutrition
management during the periparturient period might influence the extent of NEB lactating cows
undergo, Parker Gaddis et al., (2018) indicated that there is a genetic component related to
ketosis (accumulation of ketone bodies) susceptibility in Jersey cattle.

Generally, the two breeds had a somewhat similar amount of albumin in circulation, except for
an upshot observed in Jersey cows in February (the 6™ month in lactation). This upshot in
albumin was reflected in the end-products of protein metabolism (MUN and BUN). The two
end-products fared differently across the lactation for the two breeds. MUN was higher in
Holsteins than BUN, suggesting that Holsteins apportion higher urea in circulation to milk in
comparison to blood. Rodriguez et al., (1997) also reported this kind of observation. Webb & de
Bruyn, (2021) concluded that Holsteins have a higher MUN threshold than Jerseys. Unlike in
Holsteins, BUN and MUN in Jerseys equilibrated across the lactation as it was suggested by
Gustafsson & Palmquist, (1993).

Jersey cows seemed to have undergone hepatic stress across the lactation, unlike their
counterparts, Holsteins, based on the amount and irregular fluctuations of hepatic enzymes, GOT
and GPT, in circulation. This observation could be attributable to the nutritional management
and genetic makeup of the two breeds (Andjeli, 2022; Parker Gaddis et al., 2018). The elevation
of the two enzymes at the onset of lactation can be associated with NEB, marked by a sharp rise
in NEFA. However, it is still unclear why the two enzymes remained higher in Jerseys’
circulation despite the decline in NEFA as the DIM increased. Although ketosis, an elevation of
ketone bodies in the circulation system, has been reported to be higher in Jersey and its crosses
unlike Holstein (Anderson et al., 2007), it’s still not clear whether it is only because of their
genetic predisposition suggested by Parker Gaddis et al., (2018).

Calcium levels in the plasma of the two breeds were quite comparable, and only slight changes
were observed as the DIM increased for each breed. Calcium is vital to lactating cows due to its
importance in bone metabolism, muscle contraction, and milk synthesis. Hypocalcemia
(hypocalcemia), insufficiency of Calcium in circulation, is affects lactating cows, especially at
the onset of lactation. While other studies have reported that Jersey cows are at higher risk of
suffering from milk fever (Chiwome et al., 2017, Lean et al., 2006, & Roche & Berry, 2006),
there was a notable difference in the level of plasma Calcium between the two breeds.

According to Kable et al, (2016) & Oikonomou et al., (2020), Lachnospiracea,
Ruminococcaceae, Lactobacillaceae, and Micrococcaceae, among others, constitute the core
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milk microbiota. The shared core bovine milk microbiota of milk produced by the two breeds
was relatively stable across their respective lactations in the present study. In agreement with our
study, Nguyen et al., (2020) also observed monthly stability in most core bovine milk microbiota.
The microbiota of airborne dust samples collected from barns housing both Jerseys and Holsteins
was somewhat similar for all months, except the first month of Jersey-collected airborne dust.
This could explain why the microbiota of airborne dust for all the other months, irrespective of
the shed of origin, was clustered with the microbiota of Holstein milk. The Microbiota of the
remaining Jersey shed-collected airborne dust, the September sample, which was characterized
by putative contaminants, was clustered with the microbiota of Jersey-produced milk. This
observation pointed to the importance of cowshed hygiene since the contamination of airborne
dust might end up in milk.

4.7 Conclusion

Holsteins sustained high milk production that peaked over five months post-parturition, and milk
fat and protein of Holstein-produced milk increased gradually throughout the lactation. On the
other hand, Holsteins seemed to prefer to apportion more urea in circulation to milk over blood.
The energy status of the Holstein herd was unchanged across the lactation, and the experimental
herd did not suffer severe NEB. It remains inexplicable why hepatic enzymes rose towards the
end of lactation. Milk microbiota was unusually stable across the lactation and was dominated by
technologically important microbiota. This lactation-long stability was similarly observed in
airborne dust microbiota of the barn housing the experimental herd.

Comparatively, Holsteins produced more milk than Jerseys, while Jerseys’ milk contained higher
milk fat and protein than Holsteins. However, the two breeds’ plasma calcium contents were
within the same range as the lactation progressed. The end products of protein metabolism
equilibrated for Jerseys but did not for Holsteins across the lactation. Notably, Jerseys seemed to
suffer to a greater extent from hepatic stress compared to Holsteins, as depicted by the irregular
fluctuations of hepatic enzymes in Jerseys. The microbiota of milk produced by Holsteins was
unusually stable, while that of milk produced by Jerseys fluctuated significantly across the
lactation. However, the shared core milk microbiota was unchanged as DIM increased. The
microbiota of airborne dust of the barns that housed the two experimental herds was largely
similar, except for the September-collected airborne dust sampled from Jerseys’ barn. Hence,
cowshed hygiene was demonstrated to be vital in a bid to produce microbiologically hygienic
milk, as contamination in airborne dust might end up in milk.
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5 CHAPTERS

Evaluation of milk spoilage potential of bacterial isolates obtained
from Jersey farm’s milking equipment and milk; a pilot study

5.1 Abstract

Raw milk and milking systems & storage tanks are inhabited by a diverse microbiota. This
microbiota can blight milk quality and/or shorten the shelf-life of processed dairy products due
production of heat-resistant extracellular enzymes. The risk of milk spoilage is exacerbated by
the formation of biofilms in cold storage facilities since biofilms enhance the heat resistance and
activities of the said enzymes. A proportion of bacteria in biofilms survive sanitizers used at
farms. To effectively gain insights into this complex and diverse microbial community, there is a
need to use both the culture-dependent and —independent method and incorporate a viable PCR
into the latter. As a pilot study, we cultured and isolated putative sanitizer-tolerant bacteria with
milk spoilage potential. We also assessed their biofilm-forming abilities. The effectiveness of
propidium monoazide to inhibit the amplification of DNA from dead bacterial cells was also
evaluated. Clostridium butyricum and Pseudarthrobacter equi had the highest and second-
highest proteolytic abilities, 16 h™. mI* and 6.9 h™®. ml™, respectively. Two strains of
Clostridium butyricum liberated the highest pmol of p-nitrophenol (27.01 and 13.81 pmol
(min.ml)) per minute per milliliter, Leifsonia shinshuensis, had the third-highest lipolytic activity
12.04 pumol (min.ml). Swab-derived isolates had a higher propensity for biofilm formation in
comparison with milk-derived isolates. Out of the 58 isolates obtained from swabs, 57 could
form biofilm of varied strength. On the contrary, only 22 out of the 55 isolates obtained from
milk could form biofilm of different strength. Propidium monoazide was found to be effective at
discriminating and inhibiting the amplification of membrane-compromised DNA. Its
effectiveness largely hinges on the length of the target DNA fragment; its efficiency improves as
the length of the targeted DNA fragment increases. It did not affect the sequence signal quality
and homology in Sanger and MiSeq sequencing. Hence, it can effectively be incorporated into
high-throughput sequencing in a bid to gain valuable insights into dairy biofilms.

78



5.2 Introduction

Milk, being nutritionally rich, harbors a complex microbial community, which can either be
technologically important or pose safety/quality concerns to the dairy industry. Although it was
initially believed that milk was sterile in a healthy cow’s udder, it has been undoubtedly
demonstrated that it has autochthonous microbiota inhabiting the lumen of the mammary gland
(Rainard, 2017). However, milk freshly drawn from a healthy udder might not have detectable,
culturable microbiota of quality concerns. Nonetheless, this microbiota, especially
psychrotolerant and thermoduric bacteria, increase over time during storage in silos and
transportation to the dairy factories (Hantsis-Zacharov and Halpern, 2007). Spoilage microbiota,
especially psychrotrophs and thermoduric bacteria, significantly deteriorates the quality of both
fluid pasteurized milk and milk products. Psychrotrophs load after milk collection depends on
storage hygiene, temperature, and time; under utmost sanitary conditions, the psychrotrophs load
in milk is less than ten percent of the total microbiota (Hantsis-Zacharov et al., 2007). There are
microbial milk tests that are routinely conducted to evaluate the herd health and ascertain milk’s
microbial quality at the farm and milk factory levels for both raw and pasteurized milk,
respectively; however, they might not be comprehensive, collative, and comparative to furnish
in-depth information about milk microbiota in a given area. The tests conducted can either be
culture-dependent or culture-independent, with the latter being more sensitive and revealing the
exact microbial composition of milk. The combination of the two microbiota-analytical
approaches has been recommended by Wember et al, (2019) as the best way to exhaustively
study a diverse microbiota community due to the limitations and edge of each approach over the
other.

Raw milk might also contain microbes emanating from unhygienic milking equipment, udder
skin, airborne dust, impure water, feed, and/or fecal materials. A study previously conducted by
Wu et al., (2018) underscored the influence of airborne dust on milk microbiota; however, the
study intimated the need to confirm whether the influence of airborne dust on milk microbiota
would exist in other dairy farms managed differently. Milking systems and Bulk Tanks (BT) are
implicated in impinging on the milk microbiological quality due to either inefficient sanitation or
formation of biofilms or both (Flach et al., 2014). The resultant biofilm becomes a perennial
source of milk contamination, either with microbiota or with thermo-stable milk-quality
degrading enzymes. It is, therefore, imperative to evaluate the efficiency of Clean In Place (CIP)
at dislodging biofilms, or the possibilities of recontamination in case of an efficient sanitation
process. The spoilage ability, the aptitude of producing deteriorative heat-stable enzymes, of
biofilm inhabitants will also be evaluated. Bacterial isolates from raw milk will also be assessed
for their ability to form biofilms and produce spoilage enzymes as described by Stepanovic et al.,
(2000).

Milk microbial analysis can be conducted for individual cow’s milk and/or Bulk Tank Milk
(BTM). The latter has been generally regarded as a useful tool for the comprehensive assessment
of the herd’s udder health and milk microbial quality (Rodrigues et al., 2017). Although
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considerable milk pathogenic microbes are exterminated by thermal treatments, HTST
pasteurization and ultra-heat treatment, not all microbes and their thermo-tolerant enzymes are
extirpated (Teh et al., 2011). According to Hantsis-Zacharov and Halpern, (2007),
psychrotrophic bacteria and their associated heat-stable enzymes significantly contribute to the
processed fluid milk and milk products’ organoleptic quality deterioration, particularly during
cold storage. Psychrophile-derived extracellular enzymes, protease and lipase, act on protein and
lipids respectively to produce off-flavors and milk bitterness. Consequently, the resultant
pasteurized milk quality highly hinges on the microbial load, composition, and diversity of raw
milk prior to heat treatment. It’s, therefore, necessary to monitor extensively and control the
microbiological quality of raw milk before pasteurization (Skeie et al., 2019). To that end, BTM
provides apt samples for the prior-pasteurization microbiological quality analyses of raw milk.
Also, a study by Weber et al.,( 2019) found out that the milking equipment retainers, teat cups
(TC), and the outlet of the bulk milk tanks(BMTO) were the most colonized spots by biofilm-
forming bacteria on both farms. Hence, in our pilot study, we swabbed both teat cups and bulk
tanks’ outlets in order to culture and isolate putative biofilm formers and bacteria with the
highest milk spoilage potential since Teh et al., (2011) reported that biofilm dwellers are likely to
produce the highest amount of proteolytic enzymes in comparison with their counterparts
planktonic cells. Hence, we conducted this pilot study to isolate culturable psychrotrophic
bacteria form a Jersey farm’s raw milk, TC, and BMTO and assess their in vitro biofilm-forming,
lipolytic, & proteolytic potential.
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5.3 Materials and Methods

5.3.1 Sample collection

The samples for this pilot study were collected from a Jersey farm where experiment two was
also conducted. The experimental farm is in Hiruzen, Okayama, Japan, and the Hiruzen area is
the home to the second-highest number of Jersey cows in Japan. The area has about 26 Jersey
farms. Swab samples from the teat cups and BMTO were taken using cotton swabs pre-wet with
sterile saline just before milking, processed, and shipped to Okayama University on ice. The
swab samples were taken immediately before the milking. BTM, on the other hand, was obtained
aseptically from the BT and aliquoted into 50 ml centrifuge tubes. The tubes were shipped the
same way as swab samples on ice immediately after collection.

5.3.2 Bacterial culturing and isolation

Milk and swab samples were serially diluted to the appropriate diluents depending on the type of
samples. Different diluents for each sample were seeded on different agar media (Pseudomonas
agar, Streptococcus & Staphylococcus agar, milk plate count agar, M17, and MRS) for
cultivation of bacteria. The plates were incubated at 7° C and 37° C for 7 days and 2 days,
respectively. After the cultivation period elapsed, distinct and representative colonies were
isolated with applicator sticks and streaked on respective medium for purification. After three
rounds of successful streaking, bacterial isolates were regarded as pure. Pure isolates were sub-
cultured in respective broths of the above agar media. Isolates were maintained in the respective
broths during downstream experiments. To preserve pure isolates, they were put in respective
broths supplemented with 15% of pure cryopreservative, glycerol.

5.3.3 Biofilm assessment

All the isolates from both swabs and milk were subjected to a preliminary assessment of the
biofilm-forming potential. The assessment was conducted as described by Stepanovi¢ et al.,
(2000). Briefly, 500 ul of all purified isolates in their respective culture suspensions were put
into wells of a sterile 24-well flat-bottomed plastic tissue-culture plate with a lid in triplicate. For
negative controls, each respective broth was used. Plates with cultured medium were incubated
at 37° C for 48 hours. After the incubation time elapsed, the culture of each well was aspirated,
and wells washed thrice sterile phosphate-buffered saline (pH=7.4). The plates were vigorously
shaken during washing to dislodge bacterial cells that were non-adherent. After sufficient rinsing
and emptying of the plates, the adherent cells in each well were fixed with 500 pl of 99%
methanol for 20 minutes. After the fixation period was over, the content of the wells were
emptied, and the adherent cells in each well were stained with 500 pl of 2% Hucker crystal violet.
The excess stain was rinsed off with distilled water, and the plates were let to dry adequately.
After sufficiently drying up of wells, the adherent cells were resolubilized with 200 of glacial
acetic acid, and the optical density (OD) of each well was measured at 570 nm by use of a
microplate reader. All the isolates, depending on their (or lack of) abilities to form a biofilm,
were broadly categorized into four major groups(Zain et al., 2016). The categories were: non-
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biofilm formers, weak biofilm formers, moderate biofilm formers, and strong biofilm formers in
accordance with the criterion spelled out by Stepanovi¢ et al., (2000) & Zain et al., (2016).

5.3.4 The screening for the ability to produce extracellular enzymes

5.3.4.1 Proteolytic enzymes

All the isolates were preliminarily subjected to screening for the ability to produce protease on
skim milk agar (nutrient agar supplemented with 1% wi/v of locally purchased skim milk).
Overnight grown cultures were streaked on skim milk agar plates, and the plates were incubated
at 37 C for 48 hours and 7 C for 7 days. Isolates were regarded as positive for proteolysis if, after
incubation, there was a transparent halo around the colony (Hahne et al., 2019).

Isolates that were positive protease activity on the screening medium above were selected for the
quantification of protease production. The isolates were grown overnight in the respective broth
supplemented with skim milk and used for the quantification of proteolysis in accordance with
the guidelines reported by Yuan et al., (2018) after slight customization. Briefly, the overnight
grown cultures were centrifuged at 12 000x g for 10 min at 4 °C, and 100 pl cell-free supernatant
of each isolate was used for the quantification of the respective isolate’s proteolytic potential.
The quantification was conducted on azocasein substrate prepared according to Hoong et al.,
(2012). The proteolysis reaction was initiated by adding 100 ul cell-free supernatant will to
microfuge tubes containing 300 ul phosphate-buffered saline (PBS; 50 mmol/L, pH=7.4) and
100 pl azocasein(1.5% (15 g/L). The microfuge tubes were incubated at 37° C for one hour. This
reaction between extracellular protease and substrate azocasein was stopped at the top of the
hour with the addition of 500 pul of 20% (0.2 g/ml) trichloracetic acid. The reaction mixtures
were then centrifuged at 12 000 x g and 4° C for 5 minutes. 100 ul of the resultant supernatants
were put in wells of a microtiter plate in triplicate. A control, which was sterilized PBS instead
of cell-free supernatant, was included in the microtiter plate. Absorbance was measured at 366
nm using a spectrometer-based microplate reader. Protease was expressed as the increment of
absorption at 366 nm per hour and milliliter (AA h—1-ml—1). This assay was repeated thrice.

5.3.4.2 Lipolytic enzymes

As with the screening for proteolytic activities, all isolates were also screened for lipolytic
activities. Tributyrin agar supplemented with phenol red to improve the visualization of clearing
halo. The agar medium was prepared in accordance with Ramnath et al., (2017). The isolates that
produced wide halos were considered positive for lipolytic activities and were selected for the
quantification of lipolysis.

P-Nitrophenol palmitate (pnpp) was used as a substrate for lipolytic enzymes produced by
bacterial isolates. The substrate was formulated as follows: 5 mg of pnpp were dissolved in 1 ml
of isopropanol and 9ml of 50mM Tris-HCL solution maintained at pH 8 and containing 40 mg of
Triton X-100 (Bussamara et al., 2010). The bacterial isolates that evinced lipolytic potential on
the Tributyrin Agar were grown overnight. The overnight-grown cultures were centrifuged at 12
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000 x g and 4° C for 10 minutes. After centrifugation, the resultant supernatant was filtered by
0.45um cellulose acetate filter to obviate the interference of dairy protein. To initiate a lipolytic
reaction, 100 ul of cell-free supernatant was mixed with 0.9 ml of pnpp in microfuge tubes. The
tubes were incubated at 37 °C for 30 minutes. After the incubation period elapsed, 0.5 ml of
95 % ethanol was added to each microfuge tube to stop the lipolytic reaction. The tubes were
then centrifuged at 1500 x g and 4 °C for five minutes. 150 pl of the supernatant for each isolate
were transferred in triplicate to wells of a microtiter plate, and the absorbance was taken at 410
nm. A negative control, which was sterilized PBS instead of cell-free supernatant, was included
in the microtiter plate in triplicate, also. The lipolytic activity will be expressed as the amount of
p-nitrophenol (umol) liberated per minute per milliliter (Bussamara et al., 2010; Yuan et al.,
2018). Three replicates were performed for the above lipolytic assay.

5.3.5 Assessment for the effectiveness of propidium monoaxide (PMA)

To effectively study the bacterial dwellers of a biofilm, especially at a dairy farm where
sanitation measures are conducted every day, there is need for discrimination between live and
dead bacterial cells. The effectiveness of PMA at discriminating between live and dead bacterial
cells and the impact of sample treatment with PMA on bacterial identification were investigated
as follows: Enterococcus durans and Leifsonia shinshuensis were used 11 formulations for this
investigation. Overnight grown cultures of both species were aliquoted into two portions, and
one portion was exposed to heat denaturation at 100° C for 15 minutes. The loss of viability was
confirmed by failure of colonies to grow on respective agar plates after incubating at the optimal
growth temperature (Nocker et al., 2006).

The eleven formulations were as follows:

Live Enterococcus durans

Live Leifsonia shinshuensis

Dead Leifsonia shinshuensis

Dead Enterococcus durans

Dead Leifsonia shinshuensis with PMA

Dead Enterococcus durans with PMA

Live Leifsonia shinshuensis and Live Enterococcus durans

Live Leifsonia shinshuensis and Live Enterococcus durans with PMA
. Dead Leifsonia shinshuensis and Dead Enterococcus durans with PMA
10. Live Leifsonia shinshuensis Dead Enterococcus durans with PMA

11. Dead Leifsonia shinshuensis and Live Enterococcus durans with PMA

©COoNo R WDE

A 20 mM PMA stock solution was prepared by dissolving the PMA powder into dimethyl
sulfoxide (DMSO), and the tube containing the stock solution was stored at -20° C after it was
wrapped in aluminum foil (Garcia-Cayuela et al., 2009).

For single strain formulations like formulation 1, 1 ml of the overnight grown cultures were used,
while 500 ul of each overnight grown cultures were mixed for two-strain formulations like
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formulation 7. Cultures were centrifuged at 10,000xg for 20 min to collect cell pellets. Cell
pellets were re-suspended in 500 pl of PBS (pH=7.4), and 2.5 ul of PMA stock solution was
added (final concentration of 100uM). For maximal PMA contact and interaction with bacterial
DNA, tubes containing bacterial suspension and PMA were incubated in dark for 15 minutes and
occasionally shaken. After incubation, the tubes were horizontally placed 20 cm from a 500W
halogen lamp and on ice to prevent overheating during photo-induction. Samples were exposed
to light under aforementioned conditions for 15 minutes. Then, PMA-treated samples were
centrifuged at 10,000xg for 15 min to re-collect cell pellets (Desfossés-Foucault et al., 2012).
PMA-treated cell pellets were then re-suspended in 250 ul of PBS and used for the repeated
bead-beating DNA extraction as described by (Nguyen et al., 2020). Primers 27 F and 1492 R
were used to amplify 16 S rRNA gene of extracted DNA. Purification of the resultant amplicons
and sequencing was as described below.

5.3.6 Bacterial identification

After the purification of colonies and evaluating the potential of the colonies to form biofilm and
produce extracellular milk spoilage enzymes, DNA was extracted as described above. All those
bacterial isolates with the potential to form biofilm and produce lipolytic and proteolytic
enzymes were subjected to denaturing gradient gel electrophoresis (DGGE) to characterize the
isolates according to their genetic similarities as described by Wu & Nishino, (2016). Briefly, the
extracted DNA for the targeted isolates was amplified using a primer set GC357f (5" —
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGA
GGCAGCAG-3") and the reverse primer 517r (5° ~ATTAC CGCGGCTGCTGG-3"). The
thermocycling program, the touchdown PCR, was as follows: an initial denaturation for ten
minutes at 95° C. The initial denaturation was followed by the first round of 9 cycles of

denaturation at 93° C for 30 seconds, annealing at 65° C for 30 seconds, and extension at 72°
C for 1 minute. In the second round of 9 cycles, only the annealing temperature was reduced to
60° C, while the rest remained as the first round of cycles. In the third round of cycles,
denaturation was still at 93° C for 30 seconds, annealing at 55° C for 30 seconds, and extension
was also at 72° C. The resultant amplicons were separated via DGGE by using the DCode
Universal Mutation Detection System (Bio-Rad Ltd., Tokyo, Japan). The concentration of
polyacrylamide, the denaturation gradient, and the denaturants used was as those outlined by Wu
& Nishino, (2016). Depending on the banding patterns, the representative isolates were selected
for sequencing and identification.

The original DNA of the representative isolates was used as the template for the 16S rRNA gene
amplification.  Primers  27F  (5-AGAGTTTGATCCTGGCTCAG-3’) 1492R  (5’-
GGTTACCTTGTTACGACTT-3") were used, and the thermocycling program was as follows:
the initial denaturation at 96° C for 1 minute was followed by 30 thermocycling cycles of
denaturation at 96° C for 10 seconds, annealing at 55 C for 10 seconds, extension at 72° C for 1
minute, and a final extension at 72° C for 5 minutes. The resultant amplicons were purified
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using the Fast Gene Gel/PCR Extraction Kit (NIPPON Genetics Co., Ltd., Tokyo, Japan) and
used as DNA templates for Sanger sequencing using BrilliantDye™ Terminator v3.1 Cycle
Sequencing Kit(NimaGen BV Lagelandseweg 56 6545 CG Nijmegen The Netherlands) by ABI
PRISM 3130 sequencer (Applied Biosystems Inc., Foster City, CA). For sequencing, only the
forward, 27F, primer was used. This PCR program was used for BrilliantDye™ Terminator
v3.1was an initial denaturation at 96° C for 45 seconds and 27° cycles of denaturation at 96° C

for 10 seconds, annealing at 50° C, and elongation at 60° C for 4 minutes. The Basic Local
Alignment Search Tool (BLAST) was used to search for the closest relatives of high-quality raw
sequences(Zain et al., 2016). The sequences that had over 98% homology on BLAST GeneBank
were considered identified.

5.3.7 Bioinformatics and statistical analysis
The data obtained from this study, depending on its nature, will be analyzed using relevant
analytical tools. For instance, analysis of variance will be used to analyze the bacterial load and
composition among farms, while heatmap will be used to represent the relative abundance of
major taxa. For the sources of milk bacterial contaminants, the SourceTracker algorithm will be
used as previously applied by Wu et al., (2018).
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5.4 Results

5.4.1 Milk isolates

After sequencing and identifying the representatives of the clusters of isolates obtained, 49
isolates were identified to the species level. The majority of isolates were cultured on
staphylococcus agar (18), pseudomonas agar base (14), and streptococcus agar (8).
Staphylococcus aureus (10), Streptococcus uberis (6), and Enterococcus durans (4) were the
most species isolated from milk.

Table 5. 1 representative bacteria isolated from milk samples

No. Bacterial identity Culturing medium No. of
isolates

1. Aerococcus viridans Pseudomonas agar 2

2. Bacillus licheniformis Pseudomonas agar 4

3. Staphylococcus aureus Staphylococcus agar 10

4. Pseudoclavibater faecalis Staphylococcus agar 2

5. Pseudomonas indoloxydans Pseudomonas agar 3

6. Streptococcus uberis Streptococcus agar 6

7. Corynebacterium variabile Staphylococcus agar 1

8. Corynebacterium glyciniphilum Staphylococcus agar 2

9. Enterococcus durans Milk plate count agar 4

10.  Streptococcus dysgalactiae Streptococcus agar 2

11.  Staphylococcus chromogenes Staphylococcus agar 3

12.  Leifsonia shinshuensis Milk plate count agar 2

13.  Psudomonas aeruginosa Pseudomonas agar 5

14.  Leifsonia soli Milk plate count agar 1

15.  Lactobacillus paracasei MRS 2

5.4.2 Swab isolates

74 swab-derived bacterial isolates were selected to represent clusters obtained from DGGE
bacterial fingerprints. The 74 representative isolates were sequenced and identified at the species
level, and the 74 isolates belonged to 24 different species. Lactiplantibacillus paraplantarum had
the highest selected representative isolates, 11 different representative isolates. Latilactobacillus
sakei had 6 representative isolates, representing the second-highest diverse bacterial fingerprints
on DGGE. According to the DGGE banding patterns, the third-most diverse species were
Clostridium butyricum and Latilactobacillus curvatus with 5 representative isolates each. 24 out
of 74 of isolates were cultured on MRS. The second-highest (16) and third-highest (14) isolates
were cultured on Staphylococcus agar and milk plate count agar, respectively.
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Table 5. 2 representative bacteria isolated from swab samples

No. Bacterial identity Culturing medium No. of
isolates

1. Rahnella inusitata Staphylococcus agar 4
2. Clostridium butyricum Pseudomonas agar 5
3. Rouxiella chamberiensis Streptococcus agar 4
4. Alkalihalobacillus clausii Staphylococcus agar 1
5. Leifsonia shinshuensis Milk plate count agar 2
6. Pseudarthrobacter equi Staphylococcus agar 2
7. Microvirga calopogonii Milk plate count agar 2
8. Staphylococcus warneri Staphylococcus agar 3
9. Latilactobacillus sakei MRS 6
10. Lactiplantibacillus paraplantarum MRS 11
11. Enterococcus gallinarum Milk plate count agar 1
12. Leuconostoc gelidum Milk plate count agar 2
13. Leuconostoc carnosum Milk plate count agar 1
14. Lactococcus lactis M17 2
15. Latilactobacillus curvatus MRS 5
16. Enterobacter wuhouensis Milk plate count agar 2
17. Pseudomonas oryzihabitans Pseudomonas agar 3
18. Microvirga calopogonii Milk plate count agar 4
19. Pantoea allii Staphylococcus agar 2
20. Cronobacter dublinensis Streptococcus agar 3
21. Pantoea eucalypti Staphylococcus agar 4
22. Trabulsiella odontotermitis M17 1
23. Enterobacter quasiroggenkampii M17 1
24. Enterobacter cloacae M17 3
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5.4.3 Quantitative assessment of proteolysis (azocasein assay)

Out of bacterial isolates that were positive for proteolysis at the screening stage, five isolates
with the strongest proteolytic ability (based on the diameter of halos) were selected for
preliminary quantification of their hourly proteolytic abilities. Clostridium butyricum had the
highest proteolytic ability both at the screening and quantification stage; its proteolytic activity
averaged out at 16 h™. ml™. Pseudarthrobacter equi had the second-highest proteolytic activity,
6.9 hY. mI™. The two species of Rouxiella chamberiensis species produced the third-highest
protease per hour (4 and 5.3 hX. mI™). However, there was a difference in the proteolytic
activities of the two species. Rahnella inusitata had the least proteolytic activity after a one-hour
reaction.

Hourly proteolysis of swab-derived isolates
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Bacterial isolates

Figure 5. 1the proteolytic potential of some teat cup- and BMTO-derived isolates
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5.4.4 Quantification of lipolytic activities (p-Nitrophenol palmitate assay)

Just like with the proteolytic activity, Clostridium butyricum had the highest lipolytic activity
among the isolates that were subjected to the quantitative assessment of lipolytic activities. The
two species (strains) liberated the highest umol of p-nitrophenol (27.01 and 13.81 umol
(min.ml)) per minute per milliliter. Leifsonia shinshuensis, had the third-highest lipolytic activity
12.04 pmol (min.ml), unlike the low proteolytic activities it produced in the quantitative
assessment of proteolysis. Alkalihalobacillus clausii liberated 7.38 pmol (min.ml), while
Rahnella inusitata had the lowest lipolytic activity (2.72 and 3.19 umol (min.ml)), just like it had
the lowest proteolytic activity.

Swab-derived isolates’ lipolysis
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Figure 5. 2 the ability of teat cup and BMTO-derived isolates to produce lipolytic enzymes
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5.4.5 A preliminary assessment of the biofilm-forming potential of isolates

5.4.5.1 Swab-derived isolates
The ability of 58 isolates obtained from a teat cups’ and BMTO’s swabs to form biofilm was
preliminarily assessed. Out of the 58 isolates, 46 were strong biofilm formers. 9 isolates
produced biofilm of moderate strength, 2 were weak biofilm producer, and 1 did not form

biofilm.
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Figure 5. 3 the biofilm forming potential of teat cups’ and BMTO’s swab-derived strains
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5.4.5.2 Milk-derived isolates

In this pilot experiment, the ability of 55 milk-derived isolates to form biofilm was assessed. 33
out of 55 did not form biofilm. 6, 5, 11 isolates produced weak biofilm, biofilm of moderate
strength, and strong biofilm, respectively.

Biofilm forming potential of milk-derived

isolates
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Non-biofilm Weak biofilm  Moderate Strong
strains producer biofilm biofilm
producer producer

Categories of biofillm formers

Figure 5. 4 the potential of BTM-derived isolates to form biofilm
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5.4.6 Discrimination between live and dead cells

The order of the samples

1. Live Enterococcus durans _ -.-n---" .

2. Live Leifsonia shinshuensis : |

3. Dead Leifsonia shinshuensis |

4. Dead Enterococcus durans 12345067 8091011

5. Dead Leifsonia shinshuensis with PMA

6. Dead Enterococcus durans with PMA

7. Live Leifsonia shinshuensis and live Enterococcus durans

8. Live Leifsonia shinshuensis and live Enterococcus durans with PMA
9. Dead Leifsonia shinshuensis and dead Enterococcus durans with PMA

10.Live Leifsonia shinshuensis and dead Enterococcus durans with PMA

11.Dead Leifsonia shinshuensis and live Enterococcus durans with PMA

Figure 5. 5 the schematic arrangement and composition of samples used for the assessment of
effectiveness of PMA in dead-and-live cells discrimination

The effectiveness of PMA in discriminating between live and dead cells

From the inset gel image above, PMA prevented the amplification of dead Enterococcus durans
and Leifsonia shinshuensisin the well number 5 and 6. Also, when the two species were mixed,
PMA also successfully thwarted the amplification of their targeted gene as shown in the well
number 9. The effectiveness of PMA at preventing the amplification of dead cells’ DNA treated
with PMA seemed to reduce with the size of the gene to be amplified. The lower lane of bands in
the inset above shows bands of 1500kb amplicons, while the upper lane of bands shows bands of
200kb. While PMA successfully prevented the amplification of larger fragments in the lower
lane’s well number 5, 6, and 9, there were faint bands observed in the upper lane’s larger DNA
fragments (well number 5, 6, and 9 of the inset’s upper lane).
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5.4.7 The impact of PMA treatment on bacterial sequencing and identification

PMA treatment did not affect the sequencing and identification of bacterial isolates. PMA
successfully enabled the prevention of amplification of dead Enterococcus durans and Leifsonia
shinshuensisin in both formulation number 10 and 11, respectively. Similarly PMA treatment
excluded the dead bacteria DNA signals in the identification of Enterococcus durans and
Leifsonia shinshuensisin in the sample number 10 and 11, respectively.

Table 5. 3 the identity of bacteria used for the assessment of PMA effectiveness in discriminating
live cells from dead cells as described in fig 5.5 above

The order of sample Bacteria identity Homology (%) Accession number
1 Enterococcus durans 100 MT604840.1

2 Leifsonia shinshuensis 100 MN709196.1

7 Enterococcus sp. 79.21 KF048929.1

8 Uncultured bacterium 82.89 HM316872.1

10 Leifsonia shinshuensis 100 MN709196.1

11 Enterococcus durans 100 HE646418.1
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5.5 Discussion

Milk, due to its high nutritional value, harbor a diverse microbiota and is susceptible to bacterial
contamination from manifold sources and bacteria-induced spoilage (Garedew et al., 2012 &
Reta et al., 2016). The main sources of contamination are cow’s udder & health (Garedew et al.,
2012 & Velazquez-Ordoriez et al., 2019), barn’s environment like airborne dust (Wu et al., 2019),
milking equipment and storage tanks (Veldzquez-Ordofiez et al., 2019 & Vidal et al., 2017).
Weber et al., (2019) found out that there are spots in milking and storage systems on dairy farms
that are more colonized than others. Milk retainers, teat cups, and BMTO were found to be
highly colonized by psychrotrophic bacteria than other sampling spots. We swabbed these spots
for our pilot study and isolated putative biofilm-forming bacteria. In addition to swabs, we also
collected BTM and isolated bacteria from it. After genetic fingerprinting using DGGE, 49 and 74
isolates from milk and swabs, respectively, were selected to represent unique genetic fingerprint
clusters. The isolates were found to represent 38 different species and 19 genera.

Even if a significant proportion of microbiota inhabiting milk is extirpated during thermo
processing, pasteurization, their heat-stable extracellular enzymes survive pasteurization
(Bagliniere et al., 2017). After surviving thermo processing, extracellular enzymes, lipase and
peptidase, lead to spoilage of thermally processed milk. Lipases are said to impart rancid taste
(Deeth, 2006 & von Neubeck et al., 2015) on milk due to hydrolysis of milk fat globules.
Peptidases, on the other hand, impart a bitter taste on milk and/or gelling of UHT milk
(Marchand et al., 2009 & NOrnberg et al., 2010) due to the casein micelle destabilization.
According to Adams et al., (1975) & NOrnberg et al., (2010), the ultimate ramifications of the
heat-resistant enzymes are the shortening of the shelf-life of processed dairy products and
unacceptable off-flavors.

From our pilot study, Clostridium butyricum had the highest proteolytic (16 h™. mI™") and
lipolytic (27.01 and 13.81 pumol (min.ml)) activities, higher than the one reported by Yuan et al.,
(2018) where Yersinia intermedia had the highest proteolytic activity at 14 h—1-ml-1 and
Aconetobacter guillouiae had the highest lipolysis liberating 14 pmol (min.ml). NOrnberg et al.,
(2010), on the other hand, found out that Burkholderia cepacia 1A4 had the highest proteolysis at
80 + 11 U/ml. Isolates identified as the same species like Clostridium butyricum and Rouxiella
chamberiensis had different lipolytic and proteolytic activities, respectively. For instance, the
two species of Clostridium butyricum liberated 27.01 and 13.81 umol (min.ml), while the two
species of Rouxiella chamberiensis had proteolytic activities at 4 and 5.3 h™. ml™. This
phenomenon, where different species in the same genus and different strains in the same species
having different enzymatic activities, has been reported previously by Baur et al., (2015) & Yuan
et al., (2018). For instance, in the report by Yuan et al., (2018), Pseudomonas fragi strains a & b
and Acinetobacter johnsonii strains a & b had different lipolytic and proteolytic activities at the
same condition. This difference in enzymatic activities between strains of the same species was
ascribed to the genetic diversity differences between strains (Baur et al., 2015). Also, the tight
regulation of the aprX gene coding for the protease and lipA gene that encodes the lipase may
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explain the difference in enzymatic activities between strains (Yuan et al., 2018). Furthermore,
Marchand et al., (2009) found out that there existed a broad spectrum of aprX gene
heterogeneity(similarities ranged between 63 to 99%) among strains of Pseudomonas. This
heterogeneity would underscore the differences in proteolytic activities among strains of the
same species.

Biofilms are communities of microbial cells adhered to a substratum and encased in extracellular
polysaccharides and non-cellular materials (Marchand et al., 2012 & Teh et al., 2014), have
become a great concern in the dairy industry. According to the reports by Latorre et al., (2010)
& Marchand et al., (2012), biofilms have become perennial sources of microbial contamination
in the dairy industry due to continual sloughing off the biofilm dwellers into milk. What’s more,
Teh et al., (2014) asserted that biofilms are an unrecognized source of extracellular enzymes like
protease and lipase. According to them, biofilms were previously an unrecognized reservoir of
bacterially produced enzymes with the potential to spoil milk. They further postulated that the
heat-resistance of biofilm-emanating bacterially produced enzymes might be enhanced by the
protective nature of exopolysaccharides in a biofilm matrix. Additionally, Teh et al., (2013)
found that sessile bacterial cells inhabiting a biofilm produced higher enzymatic activities than
their counterpart planktonic cells. The aforementioned facts underscored the importance of
biofilms in the dairy industry.

In light of the aforementioned reasons, we performed a pilot study to assess the potential of
bacterial isolates from BTM and swabs. We found out that the majority of milk-derived isolates
were not biofilm formers, while 22 out of the 55 milk-derived isolates could form biofilm of
varied strength. On the other hand, in stark contrast, the majority (46 out of 58) of the swab-
derived isolates formed strong biofilms and only 1 isolate could not form a biofilm. The rest, 11,
isolates formed biofilms of different strengths: 9 isolates formed biofilms of moderate strength
and 2 isolates formed weak biofilms. Rollet et al., (2009) found out that sessile and detached
cells had enhanced affinities for substratum as opposed to counterpart planktonic cells. This
implied that biofilm-derived bacterial cells could retain physiological biofilm characters after
they returned to a planktonic growth mode. This can explain why the majority of swab-derived
isolates had a higher potential to form biofilm, especially a strong biofilm, unlike milk-derived
isolates.

Unlike the culture-dependent approach that has been the usual method used to study biofilm, the
culture-independent has been proposed to be a superior technique to study biofilm since it offers
the overall view of the biofilm microbial community composition (Varjani et al., 2018).
However, the application of culture-independent method in studying dairy biofilms is also
limited by the fact that bacterial dwellers of biofilms have been reported to depict variable
resistance to sanitizers utilized in clean in place (CIP) due to the protective nature of the
polymeric matrix encasing bacterial cells (Lee et al., 2015). Hence, a proportion of a dairy
biofilm community might lose viability after CIP while others might retain it. Thus, a direct
application of culture-independent in studying dairy biofilms after CIP might either under- or
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overestimate the biofilm cells that are sensitive to sanitizers in use (Weber et al., 2019).
Therefore, to comparatively use both approaches and gain overall insights into the bacterial
community of dairy biofilms, the use of viability dyes has been suggested to a way to surmount
this challenge (Erkus et al., 2016).

Propidium monoaxide (PMA) is fluorescent dye that is usually applied for staining membrane
the DNA of compromised cells; it is a modified, superior version of the previously used
fluorescent dyes like propidium iodide (PI) and ethidium monoazide (EMA) (Erkus et al., 2016
& Nocker et al., 2006). Unlike previously used fluorescent dyes, PMA circumvented the
drawbacks of other dyes. It improved overall selectivity for only membrane compromised cells
unlike EMA due to its membrane-impermeant nature. It is identical to PI, albeit it has an azide
group which enables it to readily cross-link to DNA of a membrane-compromised cell upon light
exposure. The aforementioned qualities make it more promising than the other previously used
fluorescent dyes. Although quite promising, it has not been sufficiently used in the dairy sector,
especially in the study of complex microbial communities like biofilms using high-throughput
sequencing methods. For this reason, we decided to apply it at a pilot level to assess its
applicability in studying dairy biofilms using a culture-independent method.

From our pilot study, we found out that PMA successfully inhibited the amplification of DNA of
membrane-compromised cells (heat-exposed bacterial cells). This inhibition was not bacteria-
dependent since it prevented the amplification of DNA of heat-denatured Enterococcus durans
and Leifsonia shinshuensis. What’s more, PMA was able to selectively inhibit the amplification
of DNA of membrane-compromised cells in case of a mixture of both live and dead cells of
different species. For instance, in the figure 5.5 above, PMA inhibited the amplification of DNA
of dead Enterococcus durans and Leifsonia shinshuensis in samples no. 10 and 11, respectively.
Just like Banihashemi et al., (2012) found out that the targeted DNA length affects the
effectiveness of PMA, our pilot study had similar findings. In their study, they found out that
174-, 899- or 1512-bp fragments of the cpn60 gene of heat-treated Campylobacter jejuni yielded
faint, fainter, and no bands, respectively. In our pilot experiment as shown in the figure above,
PMA treatment completely inhibited the amplification of 1500 kb of 16S rRNA gene of heat-
killed Enterococcus durans and Leifsonia shinshuensi, while faint bands were observed for 200
kb of 16S rRNA gene of the aforementioned bacteria.

We found out that PMA treatment of samples did not affect Sanger sequencing. When PMA was
used in samples no. 10 and 11, as expected, we could successfully identify Leifsonia
shinshuensis and Enterococcus durans, respectively. PMA treatment of samples did not affect
the signal quality or the homology of a bacterium as shown in the table 5.3 above. Though the
data is not shown in this manuscript, PMA treatment of samples also did not affect MiSeq
sequencing.
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5.6 Conclusion

Despite CIP, key spots in the milking and storage systems were still inhabited by bacteria with
the milk spoilage potential. Milk in this system was contaminated with bacteria with the ability
to produce milk-quality deteriorative enzymes. Bacteria isolated from swabs after CIP showed
they could readily form strong biofilms, and their isolation after CIP meant they either survived
sanitizers used or re-contaminated the swabbed surfaces after CIP. PMA can be incorporated in
the culture-independent study of dairy biofilms to accurately gain an overall view of bacteria that
resist sanitizers in use in the dairy industry.
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