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Abstract
The main objective of this experiment was to evaluate the effect of adding live yeast
(Saccharomyces cerevisiae CNCM 1-1077) in rations to dairy cows in early lactation on
apparent total tract digestibility, rumen physiological parameters, methane emission, milk

yield- and milk composition.

Six rumen cannulated dairy cows of the breed Norwegian Red (NRF) in > 2. lactation
(average 35 days in milk at start) were blocked by: 1) days in milk 2) milk yield 3) body
weight and divided in two groups: yeast + (Y+) and control (Y-). The animals were held in tie
stalls at the Animal Production Experimental Centre, NMBU. The experimental design was a
crossover design with two periods of 28 days, with a 14 days washout period in between. All
animals were fed a high fiber (NDF) grass silage (520 g NDF/kg dry matter) in combination
with a commercial concentrate as a total mixed ration (TMR). The experimental animals were
fed three times a day, either 21 or 22 kg dry matter daily as a fixed amount. Each day at
09:00, the Y+ group had 1 x 10'° CFU/day Saccharomyces cerevisiae CNCM 1-1077 inserted
into the rumen through the rumen cannula. The Y- group had their cannula opened, but with
no adding of yeast. Methane emission were measured for five days in each period by the
ERUCT method with SFe as marker. Daily milk yield, milk composition, rumen fermentation
products, rumen pH, body condition score and body weight were registered. Apparent total
tract digestibility was calculated from a 72-hour total collection of faeces and urine.

There was in general no effect of dietary treatment (Y+/Y-) on nutrient digestibility, milk
yield, milk composition or methane emission (P>0.05). There was a numerically higher
rumen pH in the Y+ group compared to the Y- (P=0.11). There was difference between the
Y+ and the Y- group on rumen fermentation pattern, with a trend (P=0.06) towards a higher
concentration of total acids (mmol/L) in the Y- group. There was a significant effect of
dietary treatment on rumen propionate (P=0.05) and butyrate (P=0.05) concentrations
(mmol/L) with the highest concentrations in the Y- group. The results showed a trend
(P=0.10) towards higher acetate concentrations in the Y- group compared to the Y+ group.
There was no effect of treatment on rumen propionate, acetate or butyrate when measured as

molar percentage, and no effect on the acetate:propionate ratio.

This study found no effect of adding Saccharomyces cerevisiae CNCM 1-1077 on nutrient
digestibility, milk yield, milk composition or methane emission in dairy cows fed a high fiber
grass silage and concentrate diet. However, Saccharomyces cerevisiae CNCM [1-1077 may

have an effect on rumen fermentation pattern and rumen pH.



Sammendrag
Formalet med dette forsgket var a evaluere effekten av a tilsette levende gjeer (Saccharomyces
cerevisiae CNCM 1-1077) i rajonen til melkekyr i tidlig laktasjon pa apparent total
fordgyelighet, fysiologiske parameter i vom, metanutslipp, melkeytelse og kjemisk

komposisjon i melk.

Seks vomfistulerte melkekyr av rasen norsk redt fe (NRF) i > 2. laktasjon (gjennomsnittlig 35
dager i melk ved forsgksstart) ble blokkert etter: 1) dager i melk 2) melkeytelse 3) kroppsvekt
og delt mellom to grupper: gjeer (Y+) eller kontroll (Y-). Kyrne ble holdt i basfjes ved
Stoffskifteavdelingen, NMBU. Forsgksdesignet var et crossover design med to
forsgksperioder av 28 dager, med en 14 dagers utvaskingsperiode imellom. Alle kyrne ble
féret med en grassilo med et hgyt innhold av fiber (NDF) (520 g NDF/Kkg tarrstoff), i
kombinasjon med en kommersiell kraftférblanding som en fullférblanding (TMR).
Forsgksdyrene ble foret tre ganger om dagen, enten 21 eller 22 kg tarrstoff daglig som en
fiksert mengde. Hver dag kl. 09:00 fikk Y+ gruppen 1 x 10*° CFU/dag Saccharomyces
cerevisiae CNCM 1-1077 lagt inn i vom via vomfistelen. Y- gruppen fikk deres vomfistler
apnet men ikke innlagt gjeer. Metanutslipp ble registrert i fem dager hver forsgksperiode ved
ERUCT metoden, med SFs som marker. Daglig melkeytelse, kjemiske komponenter i melk,
fermenteringsprodukter i vom, pH i vom, holdpoeng og kroppsvekt ble registrert. Apparent
total fordgyelighet ble kalkulert ut fra en 72 timers total oppsamling av urin og gjgdsel.

Det var generelt ingen effekt av behandling (Y+/Y-) pa naeringsstoff fordgyelighet,
melkeytelse, kjemisk innhold i melk eller metanutslipp. Det var en numerisk hgyere pH i vom
I Y+ gruppa sammenlignet med Y- gruppa (P=0.11). Det var en forskjell mellom Y+ og Y-
gruppene ved fermenteringsprodukter i vom, med en trend (P=0.06) mot hgyere
konsentrasjon av totale syrer (mmol/L) i Y- gruppa. Det var signifikant effekt av behandling
pa propionsyre (P=0.05) og smarsyre (P=0.05) konsentrasjoner (mmol/L) i vom med de
hgyeste konsentrasjonene i Y- gruppa. Det var en trend (P=0,10) til hgyere konsentrasjon av
eddiksyre i Y- gruppa sammenlignet med Y+ gruppa. Det var ikke effekt av behandling pa
propionsyre, eddiksyre eller smgrsyre nar tallene ble presentert i molar prosent, det var heller

ikke effekt av behandling pa forholdet eddiksyre:propionsyre.

Dette studiet fant ingen effekt av a tilsette Saccharomyces cerevisiae CNCM 1-1077 pa
neringsstoff fordayelighet, melkeytelse, kjemisk innhold i melk eller metanutslipp for
melkekyr féret med en grassilo med hgyt innhold av fiber og kraftfér. Men, Saccharomyces

cerevisiae CNCM [-1077 kan ha en effekt pa fermenteringsmgnsteret i vom og pH i vom.
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1 Introduction

Ruminant animals have a central role in agriculture and food security as they have the unique
ability to utilize fibrous feedstuffs to produce high-value food products. However, ruminant
production systems are under increasing pressure because of methane emissions, claimed
inefficiently use of arable land and use of feed resources that could more efficiently be
utilized directly for human consume (Peyraud & Peeters, 2016). Consequently, increasing the
feed utilization and reduce methane emission per produced unit food is of considerable

interest in ruminant production systems.

Sustainable meat- and milk production is essential for future agricultural production in
Norway. A primary goal for the government is food production based on national feed
resources (St.meld.nr 11 (2016-2017)). In Norway, only 2.9 % of the total land area is arable
land, where two thirds of this is only suitable for grass production. (Alvseike et al., 2017,
Mathiesen, 2014). Diets for high-yielding dairy cows in Norway commonly consists of locally
produced grass silage combined with concentrates, in ratio between 70:30 to 50:50. The
concentrates are based on Norwegian grain, but often have a high and increasing level of
imported feed materials. Because of these imported feedstuffs, roughage should be the main
part in Norwegian dairy cattle diets if the goal of food production on national resources is to

be met.

Different qualities of grass silage results in a wide variation of feed intake and production
responses, where botanical composition (Thomas et al., 1981), fermentation quality (Krizsan
& Randby, 2007) and stage of maturity (Steen, 1984) affects the production response. Grass
produced for silage is recommended to be mown on an early stage of maturity, when there is a
higher proportion of available energy for the animal and a higher protein value compared to
that of a later harvest (Mo, 2005). Due to variable climate and weather conditions in Norway,
not all grass for feed is harvested at the optimal stage of maturity. This can result in a
suboptimal feed quality and grass silage that often have a high indigestible fiber (iNDF) and
potential degradable fiber content. When plants mature, the ratio between stem:leaf increases
in addition to a lignification of the structural carbohydrates in the stem, resulting in an
increase in INDF and fiber (NDF) content in the silage (Mo, 2005). NDF is important to
maintain rumen function and milk yield (NRC, 2001). However, the digestibility of NDF in
forages varies considerably. Factors in the feed and characteristics of the animal results in
varying nutritional value of the NDF fraction. Although dairy cattle require NDF for



maximum production and health, excess dietary NDF will limit the voluntary feed intake
because of physical fill in the rumen (Volden et al., 2011). NDF degradability in the rumen is

following an important factor for feed- and energy intake.

Probiotics are becoming increasingly popular internationally as an alternative to antibiotics to
promote production in ruminants. Preventative usage of antibiotics is illegal in Norway, but
the effect of probiotics are of interest to e.g. improve roughage utilization. Probiotic
supplements have reported enhanced effects on production by increased milk yield, induce
better nutrient digestibility and enhance growth rate (Bajagai et al., 2016). Studies have
indicated that live yeast supplements enhance fiber degradation in both high-fiber- and/or
high concentrate diets (Chaucheyras-Durand et al., 2016) and that the effect is especially
pronounced in high-fiber diets (Desnoyers et al., 2009). The most prominent effects of
probiotic additives have been in periods or phases that the animals are exposed to stress, e.g.

weaning, early lactation or drastic changes in diet.

In addition to effects on production traits, both in vitro and in vivo experiments have indicated
that yeast additives can affect methane production, however the results are inconsistent (Carro
et al., 1992b; Doreau & Jouany, 1998; Mutsvangwa et al., 1992; Sullivan & Martin, 1999).
The reported effects probiotics have on rumen fermentation pathways, indicates that these
kind of feed additives is an important field of study to lessen environmental impact of

ruminants.

The main objective of this experiment was to evaluate the effect of adding live yeast
(Saccharomyces cerevisiae CNCM 1-1077) in rations to dairy cows in early lactation on total
tract digestibility of nutrients, rumen physiological parameters, methane emission, milk yield
and milk composition. The experiment is a part of the project FeedMilage, WP 3: “Improving

the utilization of local feed recourses in ruminants”.
The following hypothesis were tested:
Addition of live yeast in rations to dairy cows in early lactation fed high-fiber grass silage will

I.  Increase total tract digestibility of fiber (NDF) in the ration
I[l.  Reduce methane emission per kg ECM produced

I1l.  Stabilize pH in rumen

IV. Increase feed efficiency and thus increase milk yield

V. Influence the chemical composition of milk



2 Theory

2.1 Main nutrients in feed

McDonald et al. (2011) describes feed as “a material that after ingestion by animals is capable
of digestion, absorption and utilization”. Feedstuffs for dairy cattle can traditionally be
divided between concentrates and roughage. This classification depends on energy density,
fiber content, moisture content and particle length in the feed (\VVolden, 2011). However, more
precisely can feed be separated into nutrients where the energy yielding categories are

carbohydrates, protein and lipids.
2.1.1 Carbohydrates

Carbohydrates are the main source of energy for the dairy cow (NRC, 2001), and will usually
constitute ~70 % of the organic matter (OM) in the feed (Weisbjerg et al., 2003).
Carbohydrates are chemical compounds that consists of carbon, hydrogen and oxygen but
may in addition contain phosphor, nitrogen or sulfur (McDonald et al., 2011). Carbohydrates
can be divided into subgroups depending on chemical structure (e.g. monosaccharides) or

into fractions as structural and non-structural carbohydrates depending on qualities and origin.

Monosaccharides are the most basic form of carbohydrates and is often called simple sugars.
They have the empirical formula (C, H,,0,) and are divided between subgroups dependent on
number of carbon (C) atoms in the molecule: trioses (3C), tetroses (4C), pentoses (5C),
hexoses (6C) or heptoses (7C) (McDonald et al., 2011). For dairy cattle, the nutritionally most

important monosaccharides are glucose and fructose (Weisbjerg et al., 2003).

Oligosaccharides are polymers that consists of two or more (typically up to ten)
monosaccharides. Oligosaccharides are separated between subgroups depending on the
number of monosaccharides they contain. Disaccharides consists of two monosaccharides,
trisaccharide have three, tetrasaccharide with four and pentosaccarides contain five
monosaccharides (McDonald et al., 2011). For dairy cattle the nutritionally most important
oligosaccharides are sucrose, maltose and lactose (Weisbjerg et al., 2003). Oligosaccharides

are also referred to as sugars.

Polysaccharides are divided between homoglycans and heteroglycans. Homoglycans are
polymers that consist of one single type of monosaccharide bound together with glyosidic
linkage, while heteroglycans have two or more different monosaccharides in its structure.

Starch, cellulose and hemi-cellulose are important polysaccharides in ruminant nutrition.
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Starch is a homoglycan that consist of the polysaccharides amylose and amylopectin in a ratio
of 30:70 (McDonald et al., 2011). Amylopectin consists of glucose molecules bound together
with a1:4 - and a1:6 bindings, while amylose only have a1:4 bonds. Due to the o 1:6
bindings, amylopectin have frequent branching while amylose have no such structure. In feed,
starch occurs in granules that alternate between semi-crystalline layers and amorphous layers

due to the different characteristics of amylose and amylopectin (Svihus et al., 2005).

Cellulose is also a homoglycan, but differs from starch by that the glucose molecules are
linked together by B1:4 bindings in contrast to a bindings This results in that cellulose have a
linear structure. Cellulose is an important part of the plant cell wall, where it is a central part
in the microfibrils. Hemicellulose is a heteroglycan with similarities to cellulose but compared
to cellulose, it is a more complex molecule. Hemicellulose are composed of glucose,
galactose, mannose, xylose or arabinose in different ratios bound together by glyosidic
linkage (McDonald et al., 2011).

Carbohydrates can be categorized as soluble or insoluble cell-wall carbohydrates, starch or
water-soluble carbohydrates. The insoluble cell-wall carbohydrates consist of cellulose,
hemicellulose and lignin, which is usually referred to as NDF in a feed analysis. While lignin
is not per definition a carbohydrate, it is included in the NDF fraction. Pectins is an example
of soluble cell-wall carbohydrates. Water-soluble carbohydrates refers to different types of
sugars. In a standard feed fraction analyses, some carbohydrates will fall outside this
classification e.g. xylans, glucans and organic acids. These will constitute to a restCHO
fraction (Noziere et al., 2010).

2.1.2 Proteins

Proteins are large organic molecules that are built from small organic compounds (amino
acids) and contains the elements hydrogen, carbon, oxygen, nitrogen and usually sulfur.
Dependent on their amino acid composition, proteins varies in size, shape and function (NRC,
2001). Amino acids consist of one amino group (NH) and an acidic carboxyl group (-
COOH), in addition to a basic nitrogenous group and a side chain. This side chain is unique to
the specific amino acid and gives the amino acids their different characteristics. Over 200
different amino acids have been recognized, but only 20 are generally found in proteins
(McDonald et al., 2011). All cells contain proteins and proteins are art specific, which

explains the great diversity found in the plant- and animal kingdom.



In feedstuffs the protein content is usually expressed as crude protein (CP). Crude protein is
normally calculated as nitrogen content * 6.25 where the factor 6.25 is from the
simplification that protein in feedstuff contains 16 % nitrogen (NRC, 2001). Crude protein, as
it is calculated from nitrogen analysis, includes amino acids and non-protein nitrogen (NPN).

NPN is normally made up of NH3N, urea and nucleic acids (Volden, 2011).
2.1.3  Lipids

Lipids are a small part of a normal diet for dairy cows. But to increase the energy density in

the feed, lipids may be added as they are energy dense compounds (Volden, 2011).

In diets for dairy cows’ lipids are present as triglycerides in concentrates, and glycolipids and
phospholipids in roughage. Triglycerides constitutes of one alcohol, glycerol and three fatty
acids. Glycolipids and phospholipids are similar to triglycerides, but in the glycolipids one of
the fatty acids are replaced by a galactose molecule while in the phospholipids phosphate

replaces one of the fatty acids in the structure (McDonald et al., 2011).

The quality of lipids varies between feedstuffs and may be presented as a percentage of the
lipids that is in the form of fatty acids. Lipids in concentrates have approximately 80-85 % of
the crude fat as fatty acids, while typical forage lipids will have a proportion closer to 45 %.
This phenomena is explained by that triglycerides have a higher percentage of fatty acids than

glycolipids or phospholipids (\Volden, 2011).

Lipid characteristics are dependent on the fatty acids in the complexes. Fatty acids are
carboxylic acids that have one carboxyl group and one unbranched carbon chain, and the
basic empirical formula of C,,H,,,.;COOH. The number of carbons in the carbon chain will
vary between 2-20. Furthermore, fatty acids differentiate between saturated and unsaturated.
Saturated fatty acids are bound by simple hydrogen bonds, while unsaturated fatty acids have
one or more double bonds between the carbon atoms (McDonald et al., 2011). Fatty acids
with more than one double binding are frequently described as polyunsaturated fatty acids
(PUFA). The qualities and characteristics of the fatty acids depends both on the carbon chain

length and whether the fatty acids are saturated, unsaturated or polyunsaturated.



2.2 Digestion in the ruminants

For a high-yielding dairy cow roughage will be the main source of structural carbohydrates,
while the main portion of protein and easily fermentable carbohydrates will come from

concentrates.

Digestion in the ruminant animal have three main stages: 1) physical breakdown of the feed
by chewing and rumination 2) microbial digestion in the forestomaches and large intestine 3)
chemical digestion by the animal’s own digestive enzymes in the abomasum and small

intestine.

Ruminants have an unique way to digest forages and fibrous roughage. This due to their
symbiotic relationship with microorganisms in their forestomaches, and thus microbial
fermentation of feed (McDonald et al., 2011). The main site of microbial fermentation is in
the reticulorumen by the complex ecosystem of microorganism located here. The rumen
microorganisms consists of different families of bacteria, fungi and protozoa (Kristensen et
al., 2003; McDonald et al., 2011). The microbial ecosystem is influenced by interactions
between factors in the feed, the animal and the microbial populations that consequently will
affect the total digestion of a feed ration (Huhtanen et al., 2006). Fermentation is an
anaerobic, energy-yielding redox reaction where both the initial electron donor and final
electron acceptor are organic compounds. But the fermentation process is not an energy
efficient pathway for microorganisms to produce energy-rich molecules (ATP, NADH,
NADPH) (Owens & Basalan, 2016), and most of the energy is lost in by-products or heat. By-
products from microbial fermentation is, among others, volatile fatty acids (VFA), carbon
dioxide and methane. In ruminants, the VFAs are mainly absorbed over the ruminal wall and

constitute to 70-80 % of the animal’s daily energy requirements (Houtert M.F.J, 1993).

Another specific characteristic of the ruminants is the mechanism of rumination. Rumination
is the process where the animal regurgitates feed in boluses from the reticulorumen to the oral
cavity for addition chewing. Rumination reduces the particle size of the feed and increases the
surface of the particles (Sjaastad et al., 2010). During mastication in the oral cavity, the feed
is mixed with salvia secreted from salivary glands. Saliva secretion is, among other factors,
stimulated by chewing. Salvia contains water, sodium, potassium, chloride, calcium,
magnesium, urea, phosphate and bicarbonate in addition to some mucoproteins (Ngrgaard &
Hveplund, 2003) For dairy cattle daily secretion of saliva is typically 120-150 liters
(McDonald et al., 2011).



The digestive system of a ruminant animal consists of a muscular tube that goes from the oral
cavity to anus with adjoining glands (Figure 1). The digestive tract consists of the pharynx,
esophagus, the forestomaches (reticulum, rumen and omasum), the stomach (abomasum) and
small and large intestine. Duodenum, jejunum and ileum make up the small intestine while

the large intestine consists of cecum, colon and rectum (Membrive, 2016).

Large Intestine
Small Intestine

Figure 1. Overview of the cow s digestive system (Wattiaux & Howard, 2000).

When the cow eats and swallows, the feed enters the reticulorumen through the esophagus.
The reticulorumen stretches from the diaphragm to the pelvis and fills the whole left side and
part of the right side in the abdominal cavity, and it lies in contact with the left abdominal
wall (Sjaastad et al., 2010). The rumen in an adult cow is approximately 6 % of the adult body
weight and have a volume between 150-200 liter (Membrive, 2016). The rumen consists of
three blind sacs; the dorsal, ventral and cranial sac. The different sacs are partly divided by
muscle folds; the cranial and caudal pillar. The internal rumen wall is lined with mucosa and
short, ruminal papillae. The ruminal papillae greatly increases the surface area of the rumen
and contributes to transport of end-products from the microbial fermentation, in addition to

transport of nutrients and trace elements from rumen to blood (Sjaastad et al., 2010).

The reticulum is in front of the rumen, directly down from the esophagus and lies close to the
diaphragm. The rumen and reticulum have a constant flux of fluid because of an unobstructed,
large opening between the two compartments. The reticulum is characterized by ridges that

ranges from 5-20 mm high and 2-3 mm wide, which make up a crisscross pattern that



composes a “honeycomb” wall structure on the reticulum’s inner surface (Sjaastad et al.,
2010).

With a feed ration that consists of concentrates and roughage, the size of feed particles
entering the reticulorumen will have considerately variation, from particles originating from
milled feedstuffs in concentrate pellets to uncut roughage. Concentrate particles in the Nordic
feed evaluation system (NorFor) are defined as smaller than 6 mm (Volden, 2011), while
forage particles will vary from 200 um to well over 1200 um (Martz & Belyea, 1986). Martz
and Belyea (1986) claimed that the particles must be reduced to less than 1.2 mm before
passage from the rumen can occur. McDonald et al. (2011) refers to that particle size must be
reduced to similar size (1-2mm) before passage but that particles up to 3-4 mm have been

found to escape the reticulorumen.

Consequently, in the rumen there is are a wide variation of particle size, which is distributed
different throughout the rumen (Sjaastad et al., 2010). In the uppermost part of the rumen it is
a layer of different gases. Under this gas layer, in the remaining part of the dorsal sac, size
varies from the largest, newly swallowed forage particles to the smaller concentrate particles,
or to almost fully digested ones. The coarser, larger particles will float in the top sheet of the
rumen because of a lower density and small gas bubbles in their physical structure. When
these particles are reduced in size and exposed to microbial digestion, they sink closer to the
bottom of the rumen; either into the ventral sac, cranial sac or the reticulum (Sjaastad et al.,
2010). This different distribution of particles in the rumen are a consequence of characteristics

of the particles, but also mixing contractions in the ruminal wall.

The reticulorumen content is continuously mixed by contraction in the reticulum- and ruminal
wall. The contractions start in the reticulum with a two-phase contraction. The first phase
forces parts of the coarser content of the reticulum into the cranial sac, while in the second
phase the reticulo-omasal orifice opens, and a part of the finest well-fermented content of the
reticulum passes through to the omasum. This transition happens because of differences in
hydrostatic pressure between the two compartments. Then the reticulum relaxes, and the
contractions continues through to the ruminal wall. This by first contracting the cranial sac,
and then the contractions spreads to the dorsally and caudally part and end in the upper rumen
wall. When the contraction in the upper rumen are completed, similar contractions begin in
the ventral part of the rumen. The contraction starts in the cranial part of the ventral rumen
and continues toward the ventral blind sac. All of these contractions lead to that the

reticulorumen content are thoroughly mixed in slow, circular motions. (Sjaastad et al., 2010).
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Passage from the reticulorumen depends on the particle size, but also its chemical
composition. It is recognized that particles will follow different passage rates, age-
independent or age-independent passage. In addition will most particles follow the first order

of kinetics for passage, but some will not (see later in the chapter).

After the digesta passes through the reticulo-omasum orifice it enters the omasum. The
omasum is sometimes described as the third stomach even though this may be an imprecise
description. It is located after the reticulum, at the right side of the cranial part of the rumen
and has a round outer shape (Sjaastad et al., 2010). It is characterized with that its inner
structure is built up from several leave-like folds that are covered in short, keratinized
papillae. Because of this surface structure the absorptive capacity of the omasum is greatly
advanced. Full knowledge of the functions of the omasum is not fully understood, but it
appears to play a role in the absorption of water and nutrients from digesta, and prevent

passage of larger particles to the abomasum (Membrive, 2016; Van Soest, 1994).

The abomasum follows the omasum and is the true stomach in ruminants. It has a pear-like
shape and is located close to the abdominal floor. The internal structure of the abomasum is
divided between the cardiac region, the fundus and the antrum. The cardiac region is the area
closest to the omasal orifice, the fundus is the main body of the abomasum and the antrum is
near the pylorus/sphincter to the small intestine. The antrum is the general site for acid
secretion (Van Soest, 1994). Digesta that enters the abomasum is a mix of microbial protein,
buy-pass protein, starch and lipids in addition to minerals and vitamins. In the abomasum
there is a single layer of columnar epithelium forming glands that secrete a strong acid,
hydrochloric acid (HCI) (McDonald et al., 2011; Sjaastad et al., 2010). Because of HCI
secretion the pH in the rumen is between 2-3 (Sjaastad et al., 2010).

The small intestine is the main site for enzymatic digestion and absorption. When digesta
enters the duodenum, it is mixed with secretions from the pancreas and bile from the
gallbladder. These fluids neutralizes the acids, and consequently pH in digesta increases.
Absorption of nutrients happens over the intestinal wall, when the digesta comes in contact
with intestinal villi (Van Soest, 1994).

The colon and cecum of ruminants are additional sites for microbial fermentation if
potentially fermentable carbohydrates reach this point. In the large intestine it is absorption of

water, minerals, nitrogen and VFA (Van Soest, 1994).



2.2.1 Carbohydrate digestion

Several types of carbohydrates are present in feedstuffs, from cell-wall soluble and insoluble
carbohydrates to starch and water-soluble fractions. These different carbohydrates will

consequently have different digestion as they have distinct characteristics and qualities.

Mechanical digestion starts in the mount by chewing and rumination which exposes the feed
particles to hydration, microbial colonization and microbial enzymes (Noziére et al., 2010). In
the rumen, starch and simple sugars are hydrolyzed by microbial amylases, maltase or similar
enzymes, which breaks the chemical bonds in these disaccharides or polysaccharides. This
breakdown results in the monosaccharides glucose, maltose or fructose dependent on the
original chemical composition. These monosaccharides are immediately taken up by ruminal
microorganisms and utilized in their metabolism, where pyruvate from glycolysis is the main
intercellularly intermediate (McDonald et al., 2011). Because of the microbes, one will
seldom find residue of starch or sugar digestion in rumen liquid, and total tract digestion of
starch and sugars are usually total.

NorFor, the Nordic feed evaluation system, operates with a rate of degradation of soluble
starch with 150 %/h and that of sugar as 300 %/h (Volden & Larsen, 2011). In a study by
Stensig et al. (1998) rate of degradation of simple monosaccharides in the rumen varied
between 553-577 %/h. These numbers reflects on the rapid breakdown of these feed

components.

Insoluble cell wall carbohydrates (NDF) have a total tract digestibility of 40-58 % for forages
and 20-90 % for concentrates (Noziére et al., 2010). This variation is due to that fiber
digestibility depends on both qualities and quantities of the feed, and factors affecting the

rumen environment (Van Soest, 1994).

The different carbohydrate fractions of NDF are broken down by the following digestive
pathways; cellulose is first broken down to oligosaccharides then to cellobiose and lastly
glucose by cellulase complexes that break the B 1:4 and  1:6 bonds. These cellulases are
produced by ruminal cellulolytic bacteria and fungi. Hemicellulose are similarly chemically
digested in the rumen by enzymes secreted from ruminal microorganisms, but the end-
products of hemicellulose digestion is fructose and trioses (Houtert M.F.J, 1993). The
monosaccharide products are immediately transported into the microbes and further

metabolized in the glycolysis (Sjaastad et al., 2010).
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Amounts of nutrients available for absorption from the gastro-intestinal tract are determined
by the rate of digestion relative to the rate of passage. Most particles in the rumen are
expected to follow 1. order kinetics which says that any particle, independent of age or
particle size, will have the same probability of passage out of the rumen. This also indicates
that if no new material enters the rumen, the rumen-pool will fall exponentially with time.
This theory appears to be correct for most of the feed fractions but will be an incorrect
description of passage of NDF. NDF have selective detention in the rumen, and passage are
both dependent on particle size and age of the particle. Resultingly, NDF have an age-
dependent passage where the NDF particles must be reduced in size and increased in density
for passage out of the rumen. This occurs after the particles have been exposed to the rumen
environment for a set time (Weisbjerg et al., 2003). When plotting the digestion of NDF in the
rumen, a lag phase before onset of fermentation is often registered. This lag phase is assumed
to represent hydration and microbial colonization before the following microbial digestion
starts (Huhtanen et al., 2006).

By-products of microbial carbohydrate digestion are short volatile fatty acids (VFA), lactic
acid, hydrogen gas and carbon dioxide. VFA are produced from pyruvate intercellularly in
rumen bacteria by different biochemical pathways. Under normal conditions acetate will be
produced in largest quantities, followed by propionate and butyrate These three acids
constitute up to 95 % of the VFA produced. The remaining 5 % is iso-butyric acid, valeric

acid and iso-valeric acid (McDonald et al., 2011).

In Sjaastad et al. (2010) the relative amount of VFA produced by different
roughage:concentrate ratios presented, as showed in Table 1.

Table 1. Relative proportions of VFA produced in the rumen by different roughage:concentrate ratios (Sjaastad
etal., 2010).

Ratio Acetate Propionate Butyrate Other acids

roughage:concentrate

60:40 66 20 10 4
30:70 56 30 10 4
10:90 46 40 9 5
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2.2.2 Protein digestion

Protein digestion in ruminants can be said to have two stages. First by microbial digestion in
the reticulorumen, and then by chemical digestion in the abomasum and small intestine. In the
abomasum and small intestine, the chemical digestion is driven by enzymes secreted from the

animals owns glands.

In the rumen, feed protein are degraded to peptides, amino acids and simple nitrogenous
compounds in processes which both bacteria and protozoa are involved. Proteins are first
degraded to oligopeptides by proteolytic proteases secreted from the microorganisms. The
oligopeptides are then broken down to dipeptides and lastly amino acids. The degradations
from proteins to amino acids happens extracellularly. Then a large portion of these amino
acids are transported into the cell and broken down to ammonia, carbon dioxide and the

adjoining organic acid (Hveplund et al., 2003).

Following the protein breakdown, the microorganisms will utilize small peptides, free amino
acids and/or ammonia to synthesize their own body protein. A nutritional characteristic of the
ruminant is that, because of their relationship with the microbial ecosystem in the rumen, they
are normally not dependent on supply of essential amino acids in their diet. The ruminal
microorganisms can synthesize all the necessary amino acids, given that there is sufficiently
access to energy, nitrogenous compounds and sulfur (McDonald et al., 2011).

Ammonia in the rumen pool are derived from the breakdown of proteins, but also from non-
protein nitrogen (NPN). Up to 30 % of the nitrogen in ruminant feed may be NPN (McDonald
etal., 2011). In the liver, nitrogenous compounds are converted to urea. Urea is a small
molecule that are easily transported in the body, and ruminants have a mechanism to recycle
nitrogen by transporting urea to the oral cavity and recycle nitrogen in salvia when chewing
and ruminating (Hveplund et al., 2003; McDonald et al., 2011).

Not all protein that enters the rumen are digested at this site, some so-called buy-pass protein
will pass undegraded from the reticulorumen. In the review by Chalupa (1975) the proportion
of buy-pass protein varied from 20 % to 60 % of the total dietary protein. The amount of buy-
pass protein is correlated with the degree of protein breakdown in the rumen. Factors as feed
ration composition (by retention time and passage rate) and protein solubility affects the
amount of rumen degraded and undegraded protein (Satter, 1986).

Proteins that enter the abomasum and small intestine will be a combination of buy-pass feed

protein, microbial protein and endogenous protein from the digestive tract. The microbial
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protein account for the largest quantities (Clark et al., 1992). In the abomasum there is
secretion of HCI from the epithelia and the enzyme pepsinogen. Low pH activates pepsinogen
to pepsin. Pepsin breaks the peptide bonds in proteins at specific sites resulting in that the
products of protein digestion in the abomasum is a combination of peptides and free amino

acids.

In the small intestine the peptides are further broken down to small peptides (e.g. dipeptides)
and amino acids by the enzymes pepsin, trypsin, chymotrypsin and elastase secreted from the
pancreas and aminopeptidases secreted from intestinal mucosa. Characteristic for the
ruminant is that the secretes form the pancreas contains bicarbonate that neutralizes the acids
from the abomasum. This happens first in the middle of the small intestine (jejunum), which
leads pepsin still to be active in the duodenum (Hveplund et al., 2003).

The small peptides and amino acids are then transported across the intestinal wall by different
transport systems, mostly active transport. Ben-Ghedalia et al. (1974) observed that the fastest

rate of absorption was in the jejunum and proximal part of the ileum.
2.2.3 Lipid digestion

To increase the energy density in the diet for high yielding dairy cows, the adding of lipids or
free fatty acids is a normal practice. However, a too high fat percentage in the diet can
negatively affect the ruminal environment and decrease the carbohydrate digestion.
McDonald et al. (2011) supposes that a ration with more than 100 g crude fat/feed DM will
decrease the efficiency of ruminal microorganisms, and a general recommendation is to not
exceed 3 % crude fat’/kg DM (NRC, 2001).

Lipids are not digested in the rumen but through the process of lipolysis and
biohydrogenation, some changes will occur. Lipolysis is a process where triglycerides,
glycolipids and phospholipids are broken down to free fatty acids and glycerol, phosphate or
galactose. Glycerol and galactose enter the ruminal carbohydrate digestion. Lipolysis is
controlled by lipases, galactosidases and phospholipases secreted from the rumen bacteria
(Barsting et al., 2001).

Free fatty acids from the lipolysis is a combination of saturated and unsaturated fatty acids,
but the unsaturated fatty acids are rapidly hydrogenated to saturated fatty acids in the process
of biohydrogenation. Biohydrogenation is a process where specific microbes in the rumen

break the double bonds in the unsaturated fatty acids and make them saturated by adding
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hydrogen from the rumen pool. The full process of biohydrogenation is sometimes incomplete
(Hobson & Stewart, 2012).

Fatty acids disappear from the rumen either across the rumen wall by passive absorption or
follows the digesta bound to feed particles. Fatty acids reaching the small intestine is a
combination of fatty acids originating from feed and fatty acids of microbial origin, where the
fatty acids of microbial origin are generated in de novo synthesis in the ruminal
microorganisms (Hobson & Stewart, 2012). Because of this de novo synthesis, apparent fat
digestion in the rumen is often negative (Jenkins, 1993). Some triglycerides will escape the
processes in the rumen, and in the small intestine these triglycerides are broken down to
glycerol and free fatty acids of by lipases secreted from the pancreas. This process is usually
exhaustive but if large quantities of triglycerides reach the small intestine this process may be
incomplete (NRC, 2001).

The short chained fatty acids (< C12 and to some degree C14) are absorbed across the
intestinal wall to the blood and transported through the body. Components in bile secreted
from the gallbladder emulgates the longer fatty acids (> C14) to smaller, water-soluble
molecules. These make up micelles which are easily transportable. The micelles are re-
esterified to triglycerides in the epithelium in jejunum and stored in chylomicrons.
Chylomicrons are passive transported across the intestinal wall over into the lymph system
(Barsting et al., 2001).

2.3 The rumen environment

Ruminants are adapted to a wide variation of diets. They can utilize feed that are high or low
in moisture, high fibrous diets as well as diets that have a high starch content (Owens &
Basalan, 2016). However, the nutrients and feed fractions in the diet will affect the ruminal

environment which will have repercussions for the animal.

The ruminal ecosystem is complex. There are millions of different microorganisms that
coexists in a steadily, intricate competition for nutrients and organic matter. Some microbes
can and will utilize a wide variety of nutrients while others have a very small niche (Sjaastad
et al., 2010). Microorganisms in the ruminants’ gut is a mix between several different species
of bacteria, protozoa and fungi. The numerically largest fraction is the bacteria with 10°-10°
cells/mL rumen liquid. Protozoa ar