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Abstract

Beef cattle nutrition research has historically focused on formulating diets to address
nutrient requirements of cattle for given level of animal performance. While predictive models
accounfor many factors that may affect nutrient requirements, additional physiological effects
can alter the animalds ability to utilize die
ruminal microbiome composition and epithelial tissue function,rartident provision in utero.
The objective of this dissertation was to evaluate the effects of nutrition on these physiological
effects to determine their potential to influence nutrient utilization.

Supplemental sources of fat, such as condensedeatistiblublesGDS), are often added
to the diets of growing cattle to increase the energy density of the diet, but these products may
negatively impact rumen bacteria at high inclusion levElge ruminallyfistulated steers were
used in a 5 x 5 Latin s@re design to determine the effects of increasing dietary fat and sulfur
from (CDS) on the ruminal microbiomeAlphadiversity and species richness decreased (linear;
P < 0.05)in the liquid fractiorfor steers fed great€DS. At the phyla level, relat abundance
of Bacteroidetes decreased in steers fed increasing dietary inclusion of CDS as Firmicutes
increased to 82% of sequences for the 27% CDS treatment. The most abundant family of
sulfatereducing bacteria, Desulfovibrionaceae, increaBed@.03) in the solid and liquid
fraction in steers fed additional dietary CDS and sulfur. There were no efec.10) of
feeding increasing dietary fat from CDS on fibroylytityla Fibrobacteres either fraction.

Rapid consumption of a highly digdde diet causes rapid fermentation and may lead to
the onset of whacute ruminal acidosis (SARA9 condition thahegatively impacts the dairy
industry by decreasing dry matter intake, milk productasmprofitability. Six ruminally

fistulated lactaing Holstein cows were used in a replicated incomplete Latin square design to



determine the effects of SARA induction on the ruminal microbiome and epithadiung a
SARA induction model Ruminalcontents and epithelial biopsiegeng collected on d 1 ar&dof
each period prior to feedind?rincipal coordinate analysis of betaversityindicated samples
within the liquid fraction separated by day and coincided with an increased relative abundance of
generaPrevotella RuminococcusStreptococcusandLactobacilluson d 6 P < 0.06). Phylum
Bacteroidetes increased on d®6<{0.01) for SARA cows driven by greater genBravotella
and YRC22 P < 0.01). Streptococcus bovandSuccinivibrio dextrinosolvergopulations
tended to increase on d 6 but weré aftected bythe severity of acidotic boutn ruminal
epithelium,CLDN1andCLDN4expression increased on ds< 0.03) 24 h after SARA
induction but overall effects on ruminal epithelium were modest

Maternal nutrition provided during migestatio may influence skeletal muscle
development and lonterm metabolism. Three planes of nutrition were provided to cows to
addres¥0% (70%REQ), 100% REQ), and 130% NRC energy and protein requirements
(130%REQ) during midgestation. A calf progenyweremanaged as a single contemporary
groupand bngissimus muscles biopsies were taken on 99, 197, and 392 d dftegyskeletal
muscle transcriptome analysis at d 392 indicated over 2,06Qumressed genes were
downregulated in progeny born to 130%REd compared with REQed dams. These genes
were annotated to many lipassociated pathways including steroid and steroid hormone
biosynthesis, sulfur metabolism, retinol metabolism, ketone synthesis and degradation, fat
digestion and absorption, and PPABnsiling pathways. Another set of genes (342) was
activated in progeny born to 130%RE€ compared with 70%RE€@d dams and correlated
negatively with marbling score. These genes were annotated to pathways centered on

glycolysis/gluconeogenesis, energegtabolism, and calcium signaling to support increased



glycolytic muscle fibers (type 2x) in progeny born to 130%RE@dams. Skeletal muscle
mMiRNA were tightly regulated over time suggesting various roles in postnatal hypertrophy.
Maternal plane of nution effects P < 0.1) were observed for miB76d and miR381. Results
indicate that maternal plane of nutrition has a ergn impact on the skeletal muscle

transcriptome and may be linked to effects on meat quality.
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CHAPTER 1

LITERATURE REVIEW

Overview

Nutrients are essential for life for all animals, and the digestive tract is tasked wit
capturing these nutrients. In the animal kingdom, the specialized digestive tract of ruminants
uniquely facilitates their exploitation of the most widely available organic compound on the
planet, cellulose. A symbiotic relationship with bacteria inrttreen enables ruminants like
cattle to digest a wide array of feedstuffs. Compared with other livestock species, meeting the
nutrient requirements of rumen microbiota is a priority for ruminant nutritionist. Nutrition is the
largest variable cost in meth cattle production and nutrition related decisions are principally
motivated by animal performance outcomes in growth, milk production, reproductive success,
etc. Despite the fact ruminant nutrition research has been conducted in some manner for
hundrels of years, constant changes in feedstuff availability, industrial coproducts, commodity
market dynamics, and cattle genetics necessitate continuous research in this area.

Ruminant nutrition research has classically focused on increasing performands bytp
precisely addressing the nutritional requirements for gain or production goals. Based on the
nutrients required, diets are typically formulated on aleasts basis. Committees in countries
across the globe have incorporated existing data toediéfe nutrient requirements for beef
cattle. Diets are evaluated based on the composite nutrient values of individual feedstuffs.
Although these models accounts for a wide variety of factors such as mature body weight,

genetics, temperature, andake, there are a host of additional factors that may affect nutrient



utilization. Interactions occurring within dietary feed ingredients that can affect their utilization
are often called associative effects. Within the animal system, any physioldginglec
affecting nutrient requirements will, by definition, also alter nutrient utilization at a constant rate
of intake. While these effects abound, much more information is needed to understand how
these effects are mediated so that they can subsegbemtipdeled. These factors can be
termed physiological associative effects as they are innate to the animal itself. Examples of these
effects include the epigenome, rumen microbiome, imprinted metabolism, epithelial
permeability, and immune system actiga. While decades of research has focused on the diet
composition and animal performance measures, only within the last 15 years has the animal
science community began to evaluate physiological associative effects in a nutritional context.
While the curent condition of various physiological associative effects can shape
nutrient utilization, nutrition may also be able to have a lasting impact on some of these effects.
Therefore, prior nutrition may be one way to optimize subsequent nutrient utiiz#io
physiological associative effects. For example, maternal nutrition is responsible for nutrient
delivery to the fetus. The owesr underprovision of a particular nutrient during a critical
developmental window may shape letegm metabolism of aigen tissue and influence nutrient
utilization. Epigenetics exemplify the potential opportunity to utilize physiological associative
effects for longterm benefit. Alternatively, the effects may be more stesrh such as the
barrier function of ruminagpithelium. Acidotic ruminal pH values impair the barrier function in
the rumen and may lead to systemic inflammation and decreased animal performance. Greater
understanding of acidosis etiology and the role of theimastobiome interaction may lead to

further prevention and improved animal health. Many other opportunities exist to research



physiological associative effects for the benefit of efficient beef cattle production but a solid
foundation of current literature is needed to direct future exyeets.

Rumen Microbiome and Epithelium

Introduction

The fermentation abilities of microorganisms within the reticulorumen are the hallmark
of the ruminant digestive tract. The continuous fermentation in the rumen is driven by a diverse
and compttive microbiome consisting of bacteria, archaea, protozoa, and (Miagkie et al.,

2000 andviruses(Gilbert and Klieve, 20165 Regardless of the dietary substrates, the primary
end products ofdrmentation include volatile fatty acid¢KA ), microbial crude proteinMCP),

and ammonia, and are responsible for addressing a large portion of host energy and protein
requirementgRussell et al., 1992 Additional end products, G@nd methane, are released via
eructation and represent &oof energy to the animal. Collectively, this fermentation system
highlights the vast capabilities possessed by microorganisms and how they function in concert
with the host.

Although historically dependent on anaerobic culture techniques pioneerexbbst R
Hungate(Hungate, 1968Krause et al., 20)3the inception of nucleic acidased, molecular
technologies has redefined all fields of microbiol@igcCann et al., 2034~irkins and Yu,

2015. Microbial studies are no longer bound by the culturing aptitude of various microbial
species.Recent estimates suggest that less fita®oof rumen bacteria have been isolated in
pure culturgKim et al., 201). Nevertheless, a rich history of rumen microbiology research has
been foundational in our understanding of microbial function and metab@ismse et al.,

2013.



From a nutrition perspective, the rumen sets the stage for everything to follow in terms of
digedion and nutrient absorptiorTherefore, the inhabitants of the rumen and their function are
a primary consideration to help understand and augment classic nutritional concepts such as
intake and digestion, ruminal fermentation, and rate of passagéeffoore, as the uggowth
promoting technologies in the beef industry appears to be more restricted in thetieture,
optimization of nutrition and ruminal fermentation will only become more vital to maintain
production efficiency and profitability.

Lipid effects

Dietary lipids are included to increase the energy density of diets fed tptudhcing
ruminants, dairy cows in peak lactation, and beef steers on finishing diets. Unless in a protected
form, dietary lipids undergo microbial lipolysis abwhydrogenation in the rumédenkins,
1993. The final fatty acid profile of the digesta leaving the rumen is correlated to fatty acid
profile in meat and millas mammal lack hydrogenating enzymeBeyond greater dietary
energy, lipid inclusion may be increased due to coproduct incl@@enger and Singh, 2010
methane mitigatiofBeauchemin et al., 20D 7or toalter fatty acid profile of retail products
(AlvaradoGilis et al., 201% Importantly, some microbes are sensitive to high levels of
unsaturated fatty acids and the growth of cellulolytic bacteria in vitro was decreased by the
presence of polyunsaturated fatty ac{iaia et al., 200} Including fish oil, a highly
unsaturged source of fatty acids, in dairy cattle diets decredaayrivibrio fibrisolvensand
Psuedobutyrivibripbut Propionibacterium acnesicreased significantly at high levels of
supplementatioShingfield et al., 2012 Using a pyrosequencing approazaned et al. (2013
evaluated effect of adding 5% sunflower oil in high starch diets. Inclusion of sunflower oll

decreased Ruminococcaceae InceBadis,Osdllibacter, Fastidiosipila andBifidobacterium



but increasedrevotellasubstantially. Whilé°revotellahas often been observed as a dominant
genus in the rumefBtevenson and Weimer, 2Q0%ere are likly a diverse array of functions
possessed biyrevotellaspecies and strains yet to be described in culture. Furthermore,
Prevotellais not very sensitive to linoleic acid in vitfMaia et al., 200ywhich may allow it to
take advantage of a situation where sensitive species are hindered. Others have identified
terminal restriction fragments of ti@ria associated with biohydrogenation intermediates as
Prevotellaand Lachnospiraceae Incer8edis(Huws et al., 201)1 Beyond weldescribed
cultured bacteria, continuedffe@dondipdsahdt i on of
unsaturated fatty acids will inform potential effects of diet on the fatty acid composition of food
products derived from ruminants as well as microbial metabolism.
Starch and pH effects

Cereal grains are often added to ruminant deetsldress increased energy requirements
of the animal by shifting fermentation to greater production of propionate, a gluconeogenic
precursor. The high starch content in grains is the primary driver of ruminal fermentation
changes as their increaseypitally coupled with decreased forage in the diet. While greater
VFA and propionate production are necessary to help meet additional energy requirements of
high-producing and growing ruminants, this also corresponds with a decrease in ruminal pH.
The clange in substrates provided to the ruminal microbiome and subsequent fermentation end
products are linked to changes in the ruminal microbiome composition. There have been
consistent observations of changes in the ruminal microbiome with significanoasidit grains
to the diet. A decrease in alpha diversity, the diversity within a sample, is typically observed
with diets higher in energy or star@ernando €al., 2010 Pitta et al., 2010Zened et al., 2013

Alpha diversity is most commonly measured using the Shannon {Btiexinon and Weaver,



1949 and takes into account the number of observed speri€sTUs) and the evenness of
different bacterial populations. A reduction in the Shannon index for alpha diversity suggests
fewer bacteria are adapted to maintain stable population levels when additional grain is included
in the diet.

Bacteria withcellulolytic or fibrolytic capabilities are often sensitive to low ruminal pH
induced by additional dietary grajRussell and Dombrowski, 1980Their decrease under low
pH condition is due to inabilitio regulate internal pNagaraja, 2012and less available
substrate. Classically, this is illustratedgrobacter succinogeness it has lower abundance
and activity of the FATPase transpter in the cell membran®liwa et al., 199). At a pH of
< 5.8,F. succinogenewas unable to transport its primary substrate cellobiose indicating a pH
sensitive metabolisitRussell, 2002 Conversely, many other bacteria are more-ta&rant,
such asStreptococcus bovisAt a (H below 6.0,S. bovisasndMegashpaera elsdertiad a
greater amount of HATPase compared to a pH of {Niwa et al., 199Y. Thus, acietolerant
bacteria increase proton export capacity tbimiregulation of intracellular pH. Subsequent
research confirmed the importance of theATPase to the functional pH toleranceSfbovis
using mutant strains with altered transporter funcfMiwva et al., 200 Although differences
in acidtolerance have been studied in several-de#icribed rumen species, there remains many
other species within the rumen that their g@oilérance have not been researched. Furthermore,
the abundance and regulation of ATPase in the cell membrane may seme=ag for specie
acid-sensitivity.

While many studies indicate fibrolytic species decrease with greater energy, this has
often been observed in contrasting diets. The trends noted in divergent dietary comparisons may

not hold true within a more namorange of dietary parameters. Therefore, it is important to



keep in mind the dietary context of a given situation. While energy level and rumen pH are
believed to be significant factors in determining the ruminal microbiome composition, a variety
of other factors remain, including: prior exposure to high energy diets, rate of diet acclimation,
diet composition, absorptive capability of rumen epithelium, and feed intake pattern. This
variety of factors is important to consider the expected effects onithebiome when adding
starch to the diet as many are related to aspects of beef or dairy cattle production systems.

Within a beef cattle context, populationsSifeptococcus bovi®revotella bryantij
Selenomonas ruminantiyrandMegasphaera elsdenicreased during the adaptation to a high
concentrate digfFernando et al., 20).05. bovishas been well describéa vitro as an
amylolytic, facultative anaerobe known to increase with the addition of starch to the diet or when
ruminal pH decreasdSlyter, 1976 Owens et al., 1998 AlthoughS. boviancreased
significantly at the beginning of diet adaptation, populations decreased with subsequept step
diets suggesting an effective transition to a tighcentrate digfFernando et al., 2010M.
elsdeniiutilizes lactic acid released in the rumen contributing to stabilization of rumen pH and
prevention of acidosi€Counotte et al., 198 Russell et al., 1981 As expectedButyrivibrio
fibrisolvensandFibrobacter succinogengmpulations decreasedth addition of concentrate to
the diet. Although both have fibrolytic capabiliti€s,succinogenedecreased more rapidly
during adaptation compared wigh fibrisolvens B. fibrisolvenscan also utilize maltose and
sucrosgRussell and Baldwin, 197&nd significant decreases were not evident until the final
stepup diet(Fernando et al., 20).0

In dairy production, the time of the greatest addition of starch to the diet occurs during
the transition period as energgquirements dramatically increase with demands of early

lactation. Although several studies have evaluated the effects of the transition period on the



microbiome, the changes are affected by dietary components which vary widely between studies.
Regardles, understanding the adjustment of the ruminal microbiome may play a role in
preventing the various metabolic maladies that may occur during the transition \Waad. et

al. (2013 evaluated thirteen ruminal bacteria in seven cows at seven time point2fram+21

d relative to parturition. The postyium diet increased the ndiber carbohydrates (NFC) from

28 to 40% of the diet and net energy of lactation from 1.36 to 1.60 MCal/kg. After parturition,
relative abundance &irevotella brevisPrevotella ruminicolaRuminobacter amylophilus
Anaerovilsio lipolytica, Streptococcus bovigandLactobacillusspp. increased as expected

(Wang et al., 2012 However Fibrobacter succinogenemdButyrivibrio fibrisolvensactually
increased at d 1 and 7 postpartum wMiegasphaera elsderdiecreased slightly. Overall,

results suggest greater concentrate in the diet weet ttoe expense of fibrolytic bacteria

potentially due welbalanced rations that may have mitigated a significant decrease in rumen

pH. Others have not observed a change in the overall ruminal microbiome during the transition
period using community firgyprinting technique@Mohammed et al., 20)2 Though, it must be

noted that the dietary changes were not as drastic with an increase from 39.6 to 43.5% NFC from
aprepartum to the lactation diet at most. A recent study implemented 16S sequencing to
evaluate the ruminal microbiome during the transition pgiftuitia et al., 2014 One sampling

time prepartum was compared to 3 time points during the first 8 wks of lactation. Postpartum the
increase in Bacteroidetes was due to a greater relative abundd&resatellawhile a decrease

of Clostridia, Coriobacteriales andSucciniclasticuncontributed to a reduction of Firmicutes

(Pitta et al., 201¢ Interestingly, there were significanffdrences observed between

primiparous and multiparous cows at the phylum level suggesting that transition period effected

are impacted by parity and should be accounted for in future research.



Corn coproduct effects

Increased ethanol productionthe United States has resulted in greater utilization in
beef cattle rations of the subsequenpooduct, distillers grains. Distillers grains are the
unfermented grain residue that contains more protein and NDF compared with the unprocessed
grain. Callaway et al. (200)0evaluated bacterial diversity in the rumen of cows consuming
increasing levelsfalried distillers grains@DG) at 0, 25, and 50% replacing a commercial
concentrate feed. Pooled samples from two steers on each diet were pyrosequenced to describe
the ruminal bacteria populations. Analysis of samples collected prior to the expenidiestied
the presence of 74 genera with Prevotella as the most abundant. Averages across three high
concentrate diets resulted in detection of more than 400 species. For diets containing 50% DDG,
PrevotellaandBacteroidesncreased 152 and 276% in igla abundance whil8uccinivibrio
populations decreased 406% compared with the 0% DDG diet. Moreover, a trend indicated a
decrease of Firmicutes:Bacteroidetes with increasing DDG inclusion due to greater Prevotella
andBacteroides The proteolytic abity of PrevotellaandBacteroidesas been previously
reportedAttwood and Reilly, 1995Reilly et al., 2002, and the response to DDG may be
explained by the increase in dietary CP with DDG addition. Reported changes in the rumen
microbiome of steers consuming 50% DDG coincided with a decrease in ruminal pH. However,
pH values (6.58 7.18) were atypical forigh-concentrate diets and the unknown composition of
the commercial feed prevents accurate diet comparisons.

Corn gluten feed@GF), a ceproduct of the corn milling, is produced after the germ,
starch and gluten have been removed from the corn kernglaSio DDG, CGF is higher in
protein and fiber than corn. Using a replicated 4 x 4 Latin square, the effect of increasing wet

CGF (0, 11, 23, and 34%) was evaluated in lactating dairy cows in diets with equivalent NDF



and CP(Mullins et al., 2013 After 25 d of diet adaptation, ruminal samples were collected 8
times over 3 d and pooled by cow and period. Increasing CGF elicited a change in ruminal
fermenation including a linear increase in propionate and valerate in addition to a decrease in
acetate, isovalerate, and gMullins et al., 201D Quantitatve PCR was used to determine the
response of welknown taxa, but no linear or quadratic effects were observed for the 9 taxon of
interest. The sum of the species only represented froh®®% of the total bacteria in the rumen
determined using a univetisprimer. Interanimal variation accounted for 1®5% of the
random variance, thus, unexplained variance and the between animal variation were both
important contributors to the overall variar(®éullins et al., 2013 Although relative
abundance of the evaluated species was stable, changes in bacterial function and many
unobserved populations could be related to the documented shifts in fermentation.
Microbiome systems biology

The recent technical advances in the field of rumen microbiology make implementing
systems biology approaches possible. Although these approaches have not been applied to the
ruminal microbiome, here we provide several exampldé®w this type of research can be
conducted and propose that it would be valuable to apply these techniques to ruminant research.
Systems biology concepts can be applied to thermasbbe relationship in several different
ways to gain a greater undensding of how the ruminant system is functioning. One way these
concepts can be applied is to evaluate the microbiome as its own system. Many studies recently
have solely focused on determining the composition in the ruminal microbiome using 16S rRNA
segquencing(Pitta et al., 201QJami and Mizrahi, 203 Xittelmann et al., 2093 These
approaches can be expanded with additional-thghughput methods by evaluating the

metabolic potential (metagenome) and currently expressed genes (metatranscriptome) to model

10



how the microbiome functions. One of the fsstcessful efforts in this aré@reenblum et al.,
2012 used shotgun sequencing metagenomic reads in a systems approach to address the relation
of the fecal microbiome to ohgsand inflammatory bowel diseas®D) in human. They
created simple connectivigentered networks computationally built from homolbgged,
largescale metabolomics databases. While the networks simplify the underlying pathways,
topologybased anabis of these networks is very useful for evaluating systems with limited
data. Their systems analysis indicated that enzymes located near the periphery of the network
were most associated with host states of obesity and IBD and identified potentiakieiemar
(Greenblum et al., 20)2

Beyond modeling the microbiome itself, other research groups are working on models to
describe the interaction between the host and its mamah While it is an ambitious goal,
progress is being made and it provides another potential avenue for investigating the ruminant
system. Recently, these systems techniques were successfully implemented to describe the
relationship between the host (us&) and a single bacteriuBacteriodes thetaiotamicron
(Heinken et al., 2013 They created metabolic reconstructions of the host and the microbe of
interest using existing genome assemblies and publically available data. Then metabolite and
other highthroughput data were incorporated into the model as well as additionabowisstio
make it more physiologically accurate. The model between the mouse dait and
thetaiotamicronwas able to accurately depict the growth dependencies observed in live animal
trials with a variety of dietary conditions. Furthermore, the modetifteahthe microbial origin
of metabolites observed in the blogdeinken et al 2013. Although current computational
tools are not capable of creating a similar model with many additional microbes, it certainly

represents a path forward and an area of opportunity in the future. Greater discussion of the
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current status of thiseld can be found in recent reviews Byeenblum et al. (20)&ndThiele
et al. (2013

In microbial ecology, one of the greatest challenges is determining the causative
mechanisms leading to observed differences in community composition and function. Overall,
our understanding of how microbial communitiesdtimn collectively is very limited in many
instances. By modeling the microbiome as well as its interaction with the host, we will be able
to identify essential microbes actuating the observed changes, predict alterations in microbiome
functions based osubstrates changes, and model effects ofdb$snction or lossof-
microorganisms within a microbiome.
Hostmicrobiome interface and interaction

Rumen epithelial tissue lies at the crux of the relationship between the host and ruminal
microbiome. It las several primary functions including nutrient absorption, metabolism, pH
regulation, motility, as well as barrier and immune functions. Unique to other absorptive
structures in the gastrointestinal tract, rumen epithelial tissue is comprised oestisajiiamous
epithelial cell¥Dobson et al., 1996 There are four cell layers with coordinated roles. The
most apical layer, stratum corneum, is the primary barrier with flat, dead keratin{@ya=m
and Simmons, 2005 The stratum granulosum liesneath the stratum corneum and has
granular cells with tight junction®enner et al., 20)1 Basolateral of the stratum granulosum,
the stratum spinosum is more metabolically active with higher expressiori/6f'Nsl Pase
(Graham and Simmons, 2005The stratum basale is the most basolateral layer with the greatest
ketogenic activity and transport function with the bl¢@daham and Simmons, 2005Volatile

fatty acids yielded from microbial fermentation decrease ruminal pH and must be transported to

12



the blood or metabolized by the epithelium. Relative to other tissues, our undegstaindi
epithelial metabolism is limited beyond ketogenesis and transport functions.

Scanning electron microscopy first revealed populations of ruminal bacteria physically
attached to the epithelial surfa@auchop et al., 1975 These attached bacteria have been
referred to as the epimural communitjead and Jones, 1981More recent works have
observed an epimural community composition distinct from the microbiome associated with
rumen content@Cho et al., 2006Li et al., 2012. Although their function is not wetlescribed,
it seems likely that these bacteria may be key intermediaries in thmloosbe relationship.
Epimuralbacteria are not as strongly influenced by changes in théSdidet et al., 20Q7but
others have observed a diet eff@hen et al., 201, Petriet al., 2013Liu et al., 201%.

Additionally, epimural bacterial may be host specific and has been related to acidosis
susceptibility(Chen et al., 20)2as well as ammonia absorptifin et al., 2012. Understanding

the function of the epimural community could be a key piece to reveal ongoing communication
between the host and the microbiome.

Considering the hosnicrobe relationship, substrate provision and maaneg of the
environment itself is the responsibility of the host. The manner the host maintains the
environment affects the microbiome by the mixing of the rumen, pattern of intake, and
preferential selection of feedstuffs. This concept was classidaliyrated in an experiment by
Weimer et al. (2010 Although two cows were eating the same diet, they initially had divergent
rumen fermentation proék and pH. They switched nearly the entire rumen contents of each
cow and monitored the microbiome composition over time. Almost immediately after switching,
the bacterial community began to change back to the original composition. Although they were

not able to pinpoint host control points of microbiome composition, it is well established that diet
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composition is a key determinant of ruminal microbiome compogfliajima et al., 2000
Fernando et al., 201@itta et al., 2010 Therefore, the host effect may likely be realized
t hrough an iimaka patierd asavell@spridr @eddions affecting the absorptive
capacity of rumen epithelium. Observations from the transition period of dairy cows further
support this claim; the significant shift in microbiome composifidang et al., 201, Pitta et
al., 2014 is directly related to different events occurring during this time such as changes in
intake, dietcomposition, and energy demar{@sackley, 1999
Rumen epithelium functions

As previously mentioned, ruminal fermentation yields multiple end products critical to
meeting the nutrient demands of the host. Specifically, absorption of VFA and ammonia are the
principal end products rumen epitheliumasked with absorbing. Two primary methods of
absorption include diffusion and protemediated method@\schenbach et al., 2011
Absorption by diffusion is controlled by the lipid solubility of specific VFA with butyrate being
the most soluble, followed by propionate and acetate. Additionally, lipoplifilusion favors
the undissociated acid form of VFA at lower pH levels. Overall, it has been observed that rate of
absorption are similar between the three main {B#kstra et al., 1998 Proteinmediated
transport methods include HG@xchange proteins, N&COs co-transporter 1, NaH*
exchange proteins, N& ™ ATPase, and monocarbogye transporters 1 andAschenbach et
al., 201). Collectively, the transporters are responsible for regulating pH in the rumen and
epithelial tissue to ensure both are able to function properly. While evaluation of dietary effects
on transporter expression is limited, increased barley in the dieebasbserved to increase
expression of monocarboxylate transporter 1lin rumen epithéMetelerZebeli et al., 2013

Epithelium Ketogenesis

14



Butyrate, a major VFA endroduct of ruminal fermentation, is utilized almost entirely by
rumen epithelium i n ke thypebugrate. dn the ted statehremerf o r ma
epithelium is the greatest maker of ketone bo(Resinington, 1952 While it is believed to
primarily occur in the basolaterial strgi2enner et al., 20} 1the rate limiting enzymes of
ketogenesis are acet@loA acetyl transfiase (ACAT) and dwydroxy, 3methylglutaryl CoA
synthase (HMGCSLane et al., 2002 Specifically, the HMGCS2 isoform located in the
mitochondria is key to ketone body formation and isvkméo be regulated by PPAR
(Meertens et al., 1998ane et al., 2002 Nutrient control of regulating transcription factors
such as PPARs may exert control of ketogenesis in rumpitdelium(Penner et al., 20)1 A
28 d adaptatioto high and low concentrate ration did not affect ketogenic gene expression
despi te gr-aydroxgbutyraie andsbutyaate@bsorpt{@enner et al., 2009
However, a grain challenge did downregula@AT and HMGCSZexpression in rumen
epithelium whi ch par a-ydrexybetdrate€Steelecctiall,2G)9 These i n p |
findings bolster prior supposition that shtetm adaptations are accounted for at the cellular
level while longterm adaptations occtirough increases in surface a(Eésschmann et al.,

2009.
Barrier Function

Barrier functionis a criticalrel of r umi nal epithelium tissue
from the inside. A breach of the epithelial barrier in the rumen can facilitate translocation of
endotoxins or bacteria which may cause systemic inflammg#orho et al., 2007 liver
abscesse@\agaraja and Chengappa, 19E8&en et al., 20083 or septic embol{Krause and
Oetzel, 200B The tight junctions of the stratum granulosum, various proteins that link the

granular cells together, serve to maintain the barndraae found in various epitheliegll types.
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The major tight junction proteins observed in rumen epithelium were claudin 1 and zona
occludens 1 (Z€1) which were localized to the stratum granulog@raham and Simmons,
2005. Desmosomes are another structural component of the tight junction that add mechanical
strength by linking intermediate filaments to intracellular adhesion(§iteen and Simpson,
2007). Although the regulatin of these proteins is not well understood especially in the
ruminant context, recent efforts have worked to link barrier function with different feeding
approaches. In response to high concentrate feeding of sheep for 7 weeks, protein and gene
expressia of claudin 1 was upregulated while claudin 4, occludin andLZe&re down
regulated in rumen epithelium compared to sheep on a hajLiedt al., 2013 A breach of
barrier function was supported by upregulation of inflammatory cytokines, parakeratosis, and
disruption of tight junction proteins lo¢aéd on the cells membran€hanging cattle from high
forage to a high grain diet for 3 weeks also decreased expression of desm{8terielet al.,
201]). Despite some research on physiological response of epitisiad to acidotic
conditions, much remains unknown about the progression of the loss of barrier function and how
the process is mediated.
Fetal Programming of Skeletal Muscle in Ruminants
Introduction

Fetal programmings centered on the idea thadn-genotypicfactors can alter fetal
developmenand postnatgbhysiology(Barker, 200}. While currently studied in many species,
fetal programmingvas first described in human epidemiology data after a severe famine in the
Netherlands from 19441945(Ravelli et al., 1998 Most progress in the fundamental
understanding of fetal programming mecharsshaseenmade in rodents and sheep, the

samestrategiesnay be capable of improving megiality orthe efficiency ofcattleproduction.
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However, a multitude of associated factors can influence fetal programming in ruminants such as
the genetic diersity within a population, environmental stress, maternal diet, and production
system. These factors and the regional specificibatifeproduction challenge research
findings intheir application to ther production schemef£ompared withmonogasti livestock
species, ruminants are often raised in extensive systems such that the implemergation of
targeted nutritional treatments may not be feasible. While progress has been observed from a
managenent and nutrition perspectiyeunston and Summers, 2Q18ere remains a dearth of
information as to thetysiological and molecular mechanisms that cause the phenotypic
outcomesf fetal programming.
Mid-gestation effects on myogenesis

In terms of fetal development, mgestation represents the peak of secondary
myogenesis, the formation of secondmuscle fibers, in ruminan{Bonnet et al., 201M®u et
al., 2010 which develop primarily into fagtvitch mu<le fibers(Robelin et al., 19983
Therefore, miegestation is a critical time fatevelopment of skeletal mus¢l@éreenwood et al.,
200Q Du et al., 201 Muscle fibers are formed from the fusion of myogenic cells such that a
greater abundance of myogenic cells will result in more muscle fiber iomduring the fetal
stage(Zhu et al., 2004 However, the proliferation of myogenic cells is highly influenced by
nutrients and endocrine signaling such that maternal condition has the opportunity to affect
proliferation and subsegnt muscle fiber formatiofZhu et al., 2004Tong et al., 2009Yan et
al., 2010. Reduced myadber formation during the fetal stage due to nutrient availability limits
the ability of postnatal compensatory growfiskeletal muscléWu et al., 200 These effects
are classically illustrated by the permanently reduced muscle mast iglets(Powell and

Aberle, 1980QHandel and Stickland, 1987Considering that muscle fibaumbers believed to
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be set at birtliRehfeldt et al., 2004 postnataimuscle developmemelies on an increase in cell
size, hypertrophy, via recruitment of satellite cdegenblatt 2004 The pool of satellite cells
represerga source of replicating cells aadditionalDNA to support new protein synthesis.

For maternal nutrition todve an effect on skeletal muscle and muscle fiber numbers, the
maternal dietary intervention must coincide with key developmental windéakegy et al.
(2005H was able to determine the major fiber formation occurred at d 85 of gestation in sheep
and was supported by pealRNA expression of IGE, myogenin, and histochemical analysis
This would mathematicallgorrespond to d 160 in cattle. A subsequent study evaluated the
effect of reducing ewe intake to 50% of requirements for 40 d either before @3B0uring (d
55-95), or after (d 85 115) the peak in fiber formatiofrahey et al., 200%a Muscle samples
from d 14 postnatally indicated that maternal nutrition only had an effect prior to the peak of
fiber formation (d 3@ 70) by reducing secondary:primary fiber ratio and myosin heaaych
fast fibers. This timing would correspond to d 57 to 132 in cattle. A similarly design study
observed maternal nutrient restriction (d-Z&8 of gestation) reduced the number of secondary
myofibers as wells as phosphorylated mTOR infées at d 8 of gestatior{Zhu et al., 200%
A subsequent study observed that when sheep grew to typical slaughter weights (17 wks of age)
that differences in muscle fiber type and number were not affegtethternal nutrition with
exception of increased fast fibers in thegissimus musclef lambs out of nutrieatestricted
dams(Daniel et al., 2007 In contrast, others have observed decreased myofibers, greater
myosinheavy chain B (fast), and reduced carnitine palmitoyltransferhsetivity in skeletal
muscle of lambs out of nutrient tasted dams at 8 mo of agéhu et al., 2006 An additional
proteomic component identified differentially expressed proteins related to mitochondrial

function and glucose metabolism being denggulatedm nutrient restricted lamiZhu et al.,
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2006. While nutrient restriction during early to raggestatiorcan altermyosn heavy chain
composition irskeletal muscle, the effects are not consistent in taedetge at birth, and
during the growing stadater in life.

Fewer fetal programming studies have been conducted in beef cattle relative to sheep,
and thus there are more inconsistencies from a design standpoint in the literature. Moreover, the
majority of studies in cattle have focused on modifying tiatriduring the last trimester
(Martin et al., 2007Larson et al., 20QRoberts et al., 200%unston et al., 201Rolfe et al.,

2011). Beef cows were nutrient restricted to 70% of requirements from d 45 to d 185 of
gestation and although it did not affect birth weight, yield grade and semitendinosus weight were
reduced intlie progeny after finishinf.ong et al., 2012 Adipocyte diameter was also

increased in subcutaneous datwell as fatty acid transportemlnutrient restricted offspring.

The authors suggested that effects in fat may have been caused by reduketetahrauscle
developmenfLong et al., 2012 Another study investigated the effect of high or low levels of
protein (240% and 70% of requinents, respectively) in a factorial arrangement withihitial

two trimestergMicke et al., 201 Regardless of first trimester protein intatecreased

maternal protein intake during the second trimester resulted in calves with greater rib eye area.
They also observedeater plasma IGIFpostnally from d 29379 in male calves out of dams

with low protein in the first trimester followed by highogein in the second trimest@licke et

al., 201). Recent work evaluated the effect of a positive or negative energy balance during mid
gestationn beef cows and observedlves out of negative energy status dams tended to have a
lower USDA vyield grade and a more desirable backfat to marbling(Mtbrhauser et al.,

2015h. No treatment differences in WarrBratzler shear force, L**aor b* were observedi

81 cattle between the 2 treatments. A subsample group of steers were evaluated for gene
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expression in thengissimus andemitendinosusnusclegMohrhauser et al., 201haWhile no
effect of midgestation energy balance was observed in the slaughter time point on gene
expression in thengissimuamuscle the gene for the myosin heavy chain 2a was upregulated in
steers from dams with a negativeeggy balance in theemitendinosusnuscle. Considering the
limited effects observed in many evaluated variables, surprisingly the humoral antibody response
to a novel antigen was dampened in for progeny born to dams in a negative energy balance
during midgestationTaylor et al., 201% Significant \ariation in production systemattle
genetics, forage quality, supplementation gaatperimental desigmnd postnatal nutrition all
represent contributing factors to major differences in these studies.
Epigenetic rachanisms

At the onset of fetal programming research little was known on how the changes were
mediated. Most fetal programming effects have now been linked to a relatively new scientific
field called epigeneticsEpigenetics is commonly defined as hadvie changes in gene
expressiomwithout any underlying changes in genetic informatidarker et al., 2002
Literally, epigenetieneandiabove the genondandoriginatedfrom the description of
methylated DNAas methyl groups are attached above the cytosine resichesprimary
epigenetic mechanisms include DNA me#tidn, histone modifications, and noncoding RNAs.
While many othephysiological processes regulate gene expression, these epigenetic
mechanisms are heritaldftem cell to cellandtherefore can be transferred through cell lineage
or even transgeneratidhato grandoffspring (Youngson and Whitelaw, 20R8Although some
epigenetic regulatory features may be developmentally malleable, most epigemdttion is

highly conserved across mammalian and even vertebrate species being critical to normal
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development. Therefore, while the majority of fetal programming effects are believe to be
epigenetically regulated, most epigenetic regulations canrfetddy programmed.
DNA Methylation

Within a DNA sequence, methyl groups are bound to the c&blpmsition of cytosines
in cytosinephosphategguanosine@pG) dinucleotides converting them tendethyl cytosines
(Cooper and Krawczak, 1989Approximately 7680% of the CpG dinucleotides are thought to
be methylatedBird, 2009. However, dense regions of CpG dinucleotides, referred to as CpG
islands, are ofteanmethylated and observed in the promoter region of genes where they cause
stable, heritable, transcriptional silenciii@paton et al., 2091 The presence of methyl groups
can prevent binding of key regulatory elements such as transcription factors torgjetisita,
thereby suppressing gene expresgdames, 1999 DNA methylation is primarily a relatively
stable repressive marker bubre recent evidence suggests reigulated more dynamically than
first believed(Barrés et al., 2092

Mammalian genomes contain four DNA methyltransferases (DNMT1, DNMT?2,
DNMT3A, and DNMT3B) which possess various functiamsnethylatig DNA. While
DNMT1 is responsible for maintaining the methylation pattern through cell divisions, DNMT3A
and 3B are involved with de novo methylation alednethylatiorduring developmeniCedar
and Bergman, 2009 However, recent findings suggest DNMT3A and DNMT3B may also have
a role in methylation during replication by correcting errors left by DNNJGhes ad Liang,
2009. DNMT2mRNA is expressed in many bovine tissues and is the most abundant
methyltransferase in adult testis and ov@wplding and Westhusin, 2003ut it does not appear
to posgss any observable methylating ability despite containinggbessary catalytic domains

(Okano ¢al., 1998.
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As only two DNMTOs are responsible for all
they would be a control point as their regulation should be highly conserved to ensure normal
function and development. However, there are severaifispeamples in livestock research
indicating DNMT3B may be connected to nutritionally fetal programming evean et al.

(2013 evaluated the effect of three nutritionally divergent diets with varying levels ofrprote
methionine, and choline fed to ewes from d 67 to 130 of gestation. The dietdngent based

on distillers grains had the greatest amount of rumen undegradable intake protein and
corresponded to a fouand ninefold upregulation oDNMT3b in longissimus muscle of fetal
tissue compared with dams fed corn and haylage based diets, respectively. Interestingly, an
imprinted gene noted for its role in degrading IG5 2R, was affected also upregulated in the
higher protein diets compared with the chased treatmerftan et al., 2018 This

corresponded to greater methylation of intron B3R2R over multipleCpG islands likely being
due to greater availability of dietary methyl groups from amino acids. The data suggests
intragenic DNA methylation level was positively correlated ®F2R expression which would

be the opposite of conventional wisdom regrading greater methylation with lower expression.
Some research suggests greater methylation outside of the promoter regian pads of the
gene body may increase expression when arsanse noicoding RNA gene may be present
within the active genéSuzuki and Bird, 2008.angevin and Kelsey, 20).3

Few research efforts in livestock species have studied DNA methylation, but recently the
met hyl ati on pattern of the entire genome, r1ef
fetal and adult bovine tissu@duang et al., 2014a Subsequent work out of the same group
showed greater methylation in a differentially methylated region of the last exon oflisailin

growth facte 2 (IGF2) in six adult bovine tissues and which corresponded to lower mRNA
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expression ofGF2 compared with fetal bovine tissu@duang et al., 2014bA well-described
imprinted gene, IGF2 is integral to muscle development, myoblast proliferation and
differentiation(Stewart and Rotwein, 19960ther research has suggested DNA methylation
may be involved in the differentiation of mesenchymal cells within skeletal mustigofolasts
and adipocytesAfter separating the longissimus sale and intramuscular fatF ), mMRNA
expression of adipose associated ggreeexisome proliferateactivated receptor gamma
isoform 1 PPARG) and fatty acid binding protein #ABP4 weremuchgreater in IMHBaik
et al., 2014Hong et al., 201¢ Interestingly, they also observed less methylation in the
promoter region CpG islands fBPARG1andFABP4in adipog IMF compared with skeletal
muscle suggesting that methylation may be involved in controlling lipogenic gene expression in
Korean cattle. One of the major limitations of studying DNA methylation is the vast assortment
of methodologies available. As ttechnology continues to become more accessible to animal
scientist, our understanding of DNA methylation to produeteavant traits will increase as
well as our understanding of how diet and environmental factors can shape methylation patterns.
Histore modifications

Eukaryotic DNA is organized in chromatamd incorporated into many chromosomes.
The chromatin configuration involves a basic nucleosome core units which consists of an
octamer of four histones (H2A, H2B, H3, and H4) that among the enosiitionary conserved
proteins(Van Holde, 1988 The nucleosome design is intended to facilitate transcription,
replication and repair of DNA while dtitompactly folding the genome to fit into the nucleus.
The Nterminal tail of histones can be pasinslationally modified by various functional groups
including methylation, acetylation, and phosphorylafidake et al., 2004Canani et al., 20)1

The addition or removal of these functional groups change the physical conformation of the
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chromatin such that is relaxed and more accessible for transcription (euchromatin) or more
compacted and repressive of gene expression (heterochro(atm)al and Moazed, 20P3

Acetylation of histoes at lysine residues is associated with upregulation of gene
transcription while deacetylation of histones involves decreasing gene expression and is
conducted by histone acetyltransferas¢&™s) and deacetylaseBIDACS), respectivelyHake
et al., 2004 Acetylated histones typically correspond to transcriptionally competenhsegio
compared with transcriptionally inaeé regions with hypoacetylated histones. The effect of
methylation on gene transcription is dependent on the position of lysine residues. Methylation of
lysine 4 on histone 3 (H3K4Me) will increase gene expression and is typically observed in
promoter rgions. Alternatively, trimethylation on lysines 9 and 27 of historld3XK0Me2/3
and H3K27Me3) is associated with silenced expression and is widely observed in
heterochromatic regions including centromeres and telonlemebner and Jenuwein, 2002
Maison et al., 2002 In skeletal muscle HDAC1 interacts with myogenic activator, MyoD, to
repress gene expregsiin undifferentiated myoblasBuri et al., 200l Additional HDAC4
and 5 repress MEF2 activity necessary for myoblast differentidtioet al., 200D A histone
methyltransferase is essential for the enforcement of satellite cell commitmeast basit
recruits the complex to regulatdyf5 transcriptionallyMcKinnell et al., 2008 While little is
known about the importance of histone modifications relative to skeletal muscle in cattle, their
conserved rd in regulating gene expression across many tissues is already establish.
Non-coding RNAs

Only about 1.5% of the human genome actually codes for prdiduesENCODE
ProjectConsortium, 2012 Whilei ni t i al | y t houg h(Loomisand @ilpiri, r r el ev

1985), the discovery of neroding RNAs over the last 15 years has changed that perspective.
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The most welknown classes of necoding RNAs include microRNAST(iRNA) and long non
coding RNAs IncRNA) which have both been studied in the context of sketetakcle.

MiRNAs are short RNAs about 22 nucleotides long that are capable of regulating gene
expression podtanscriptionally as part of the RNikduced silencing compleddmbros, 2001
Bartel, 2009. SpecificallymiRNAs can inhibit translation initiation, translation elongation, as
well as cetranslational degradation and premature termination of transl&tiomntzinger and
lzaurralde, 2011l Biogenesis of miRNA involves two key enzymes Drosha and Dicer, and
begins as primary miRNA, followed by precursor miRNA, and then mature, active miR&lA

and Kim 2014. The importance of miRNA in muscle development is wielcumented by early
research that indicated a conditional knockout of Dicer greatly reduced skeletal muscle mass and
myofiber formation(Bernstein et al., 2003 There are 793 mature miRNA identified in cattle in
miRBase21 (Kozomara and Griffithgones, 201} but little experimental validation beyond
high-throughputsequencing has been conducted. Three miRNAs-ImiRiR-133, and miR

206) are specific to muscle and are regulated by myogenic regulator factors such as MyoD,
myogenin, MEF2, SRF, Y¥, andTwist (Braun and Gautel, 201LLuo et al., 2018

Furthermore, the effect of miR and miR206 wasevidenced by a single mutationthe

myostatin gene of Texel sheep which allowed +hiBnd miR206 to dowraregulate myostatin

and increase muscular hypertrophy in the b{€dp et al., 2006 Recent sequencindferts
identified almost 350 miRNAs ilongissimusnuscle of beef cattléSun et al., 2014suggesting

less than half of all known miRNAs in cattle are expressed in muscle. Results in model species
and cattle reveal inconsistent miRNA expression within fat and muscle tissue between specific

depots and musdéMuroya et al., 201,3Vieale et al., 2014
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While miRNA directly regulates gene expressmsttranscriponally, they are engaged
in epigenetic mechanisms in 2 waysirst, miRNA can target and down regulate enzymes
involved in epigenetic regulation such as DNMT, HAT, and HDAC. Greater2@tRwill
induce global hypomethylation by decreasing expressi@NdT1, DNMT3A, and DNMT3B
which can specifically reactivate tumor suppressing géaaszon et al., 20QNestal de Moraes
et al., 2015Robaina et al., 20)5 Alternatively, epigenetic controls are intertwined with
regulating miRNA expression as well. Methylation of CpG dinucleotides in tmeqgter region
of miRNA typically coincides to decreased transcription and subsequent induction of miRNA
target genegSwierczynski et al., 2015 u et al., 201p Moisa et al. (201)6observed miR34a
expression in muscle of the progeny was effected by prior maternal nutrition and may be
connected to adipogenesis. Recently, a database of epigenetic modifications and miRNA
interactions has been built, EpimiR, from a compilation of experimentally validated réd3alts
etal., 2014

Long norrcoding RNA are an assorted collection of somaling RNA transcripts greater
than 200 nucleotides with many nevdppreciated functions in physiological procegS&sce
and Ponting, 2004 While they share common biogenesis pathways with othecoding
RNAs, IncRNAs are largest portion of the mammalian-ooding transcriptoméMercer et al.,
2009. Over 100,000 IncRA have been annotated in the human gen@rofders et al., 2014
but only a few thousand are identified in livestock species in skin, muscle, and mammary gland
tissue(lbeaghaAwemu and Zhao, 20)5 Understanding of specific bovine INcCRNA is limited,
but in humans INcRNA have been linked to multiple disease conditions and immune system
development.One of the first INcCRNA effects observed in muscle was theNiBd regulation

of transcription factorsnastermineike protein 1 (MAML1) and MEF2QFatica and Bozzoni,
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2014. This IncRNA competitively binds to 2 miRNA to temporally regulate muscle
differentiation(Cesana et al., 2011 Research on IncRNA is truly in its infancy and many
guestions remain on their specific function, localization, and conservation of the varied sizes of
IncRNA.
Conclusion

Nutrition remains a key research area in animal science based on associated cost to
production and ever expanding feedstuff choices. siGtent improvements in nutrient
utilization depend on accurately defining nutrient requirements of individual animals and
improving the efficiency of converting nutritional inputs into edible outputs. Compared to other
major livestock species in the Usit States, beef cattle have the greatest obstacles in research
implementation with less vertical integration and extreme variety in production environments
and genetics. Future efforts to define key physical associative effects related to nutritional
effects on skeletal muscle function, rumen microbiota, and epithelium, will be key to enhance

nutrient utilization and industry sustainability.
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CHAPTER 2

INCREASING CORN DISTILLERS SOLUBLES ALTERS THE LIQUID FRA CTION

OF THE RUMINAL MICROBIOME

Abstract

Five ruminallyfistulated steers were used in a 5 x 5 Latin square design to determine the
effects of increasing dietary fahd sulfurfrom corn distillers solubleGDS) on the runmal
microbiome. Treatments ihded a corrbased controlGON) and4 levels of CDS (0, 10, 19,
and 27%) in a coprodudtased (corn gluten feed and soybean hulls) diet. Fat concentrations
were 1.79, 4.43, 6.80, and 8.91%, respectively, for diets contdni(@ 19, and 27% CDS.
Steess were fedor ad libitum intake once daily. After 18 d of adaptation to the diet, ruminal
samples were colited 3 h posteeding Samples werseparated into solid and liquid fractions.
Microbial DNA was extractetbr bacterial analysis using pairetidsequencingf the V4
region of thel6S rRNA gene on the MiSeq lllumina platform and quantitative R{EFFCR) of
selected specie®rthogonal contrasts were usedlgiermine linear anguadraticeffects of
CDS inclusion.Increasing CDS inclusion decreagédear; P < 0.05) alphadiversity and
species richness in the liquid fraction. Analysis of BCaytis similarity indicated a treatment
effect @ = 0.01) in the liquid fraction. At the phyla level, relative abundance of Bacteroidetes
decreased in steefed increasing dietary inclusion of CDS as Firmicutes increased to 82% of
sequences for the 27% CDS treatmdramily Ruminococcaceae increased (lin€ax; 0.01) 2
fold in the liquid fractionwhen feeding CDS increased fréhto 27% CDS, yet genera

Rumnococcudended P = 0.09)to decrease steers fedjreater CDS.The most abundant
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family of sulfatereducing bacteria, Desulfovibrionaceae, increaBed@.03) in the solid and
liquid fraction in steers fed additional dietary CDS and sulfur. Relabwadance of family
Veillonellaceae an@elenomonas ruminantiuwas increased (linealPO 0. 02) in t he
fraction as steers were fed increasing CDS. There were no eRee3.10) of feeding
increasing dietary fat from CDS on fibroylytic gerftibrobacterin either fraction.Results
demonstrate increasing fat and sulfur from CDS in a coprdzhs®d diet markedly altetise
liquid fractionruminal microbiome but does not elicit negative effects on relative abundance of
identified fiberfermentingbacteria.
Keywords:distillers solublesrumen microbiome, bacteria
Introduction

Dietary fatis a concentrateenergysource and may be fed goowingor lactating cattle
Recent studies suggest feedings copretased diets to cattle during the @img phase results
in similar marbling scores compared with those $éalchbased dietéRetallick et al., 2010
Meteer et al., 201 1Segers et al., 20)2Data suggeshcreased fatoncentrationsnay be
responsible for maintaining intramuscular fat deposition when cattle acepedductssuch as
distillers grains with solubled.ipids canaffect ruminal fermentation by decreasing the
acetate:propionate ratio and methédkalupa et al., 198480ggs et al., 1997but are also
capable of reducing VFA production and ruadi digestion of structural carbohydrates
(Ikwuegbuand Sutton, 1982lenkins and Palmquist, 1984Significant variation exists in the
fatty acid profile of various feedstuffs and corresponds to known toxic effects of particular
unsaturated fatty acsn specific rumen bacter(daczulak et al., 1981 Thus, the source of

the dietary fat can grdg affect the aforementioned effects on ruminal digestion.
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Condensed distillers solubleSDS) is themostcommonnonfat liquidfeed used to
provide supplemeatfat in feedlot cattle diet€Samuelson et al., 201,6ndCDS typically
ranges from %0 25% faton a DM basigLardy, 2009. Including CDS up to 30% of the diet,
without other coproducts improved performabcg¢data indicatedess CDS should be used in
coproductbased finiking diets(Pesta et al., 2015 High inclusion ratesf distillers coproducts
and specifically CDS may result in suitable growth performance, but the understanding of the
effect of CDS on ruminal fermentation and the corresponding microbiome composition is
limited. Given the relevance of CDS in the beef indpas an individual feedstuff and
component of distillers grains with solubl#se objective was to determine changes in the
ruminal microbiome associat&dth increasing inclusion of CDi coproductbased diets.
Materials and Methods
Experiment Design

The experimental protocol was approved by the Institutional Animal Care and Use
Committee at the University of Illinois at Urbana Champaign. Five rumifialiylatedAngus
Simmental steers (BW = 33556 kg were used in a 5 x 5 Latin square design terdahe
effects of increasing dietary CDS on digestion and ruminal fermen{&egers et al20195.
Dietary treatments included a cedpased control (CON) anticoproduct diets (corgluten and
soy hulls) with increasing Wels of CDS (0, 10, 19, and %&j. Fat concentrationwere 1.79,
4.43, 6.80, and 8.91% for diets containihdLO, 19, and 27% CDS, respectiveAnimals were
fed once dailyor ad libitum intakesndallowedad libitum access to water. The 5 experimental
periods consisted of 21 d WwifL8 d for adaption. Ruminal samples were collected 3 h post
feeding on d 19 via ruminal cannula from 3 locations in the rumen and separated into the liquid

and solid fragbns. Samples were immediately put on ice and kej20&tC prior to extraction.
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Feed samples were composited across period and 50 mg of each dried feedstuff (20 mg for CDS)
was analyzed for fatty acid composition (TaBl&) as previouslylescribedMasood et al.,

2005. C17:0 triacylglycerol was added as an internal standard at the extraction step and later
used to quantify peak areas.

Bacterial DNA Extractiorand qPCR Analysis

The solid fraction sample2% g)were used for DNA extraction by first homogenizing
the digesta followed by phenol/chloroform extraction as describ&ldwenson and Weimer
(2007). Liquid fraction samplessQ mL) were extracted using the ZF Fecal DNA Kit
(ZYMO Research, Il rvine, CA). Extracted DNA w
guantitative PCRind 20 ngté Lfor 16S rRNA sequencindextracted DNA was storeat-80° C
for later use.

Bacterial quantitative PCR (qPCR) primers utilizedlested in Table 2 and were
validated using gel el ectrophoresis and Sange
el sample DNA, 5 gL 11 n@&aBBRiendas Gaithersiairgt MD),BOX ( Q
eL each of 10 €M forward and reverse primers,
MicroAmp™ Optical 384Well Reaction Plate (Applied Biosystems, Foster City, CA). All
reactions were performed using an ABI Prise®@G HT (Applied Biosystems, Foster City, CA)
with the following conditions: 5 min at 95° C, 40 cycles of 1 s at 95° C and 30 sec at 60° C. The
presence of a single PCR product was verified with an additional dissociation stage. All
reactions were run imiplicate. Relative abundance of bacterial species was calculated using the
geometrical mean & universal primers with the efficienay o r r e¢" methd(Ramirez
Farias et al., 2009 Theportion of the 163RNA gene corresponding to the target of the

eubacterial primeB8 (Muyzer et al., 1998was commercially synthesized (IDTaralville, IA).
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A standard curve from 9.5 x 1fb 3.0 x18 molecules per puL was used to obtain the 16S copy
number from each sample. Sampleseverdi | ut ed to 1 ng/ elL ©o6for sui't
eubacterial primer.3
Library Construction and 16S rRNA Sequencing

Amplification of the V4 region of the 16S rRNA gene used modified F515/R806 primers
as described bgaporaso et al. (2012 The reverse PCR primer was indexed witkhaRe
Golay barcodes to facilitate multiplexing sdmples. The PCR and sequencing protocol has
been previously described in detd@lerakhshani et al., 201.6The 150 pairegnd sequencing
reaction was performed on a MiSeq platform (lllumina, ©O8A) at the Gut Microbiome and
Large Animal Biosecurity Laboratories, Departmenfafmal Science, University of Manitoba,
Canada.
16S rRNA Read Analysis

The PANDAseq assembleras implemented to mergeverlapping pairegend lllumina
fastq files(Masella et al., 2002 All the sequences with low quality base calling scares
uncalled bases (N) in the overlapping region were discafdedsubsequent fastq fikeas
processed using the QIIME pipeline vi@aporaso et al., 201DbAssembled reads were
demultiplexed and quality filteredeadsweretruncated after 3 consecutive bases &itjuality
score below 16 and discarded if shorter thd@d bases. Chimeric reads were filtered using
UCHIME (Edgar et al., 20)1and reads were clustered into OTU (Operational Taxonomic
Units) based on 97% similarity with UCLUSEdgar, 201D Representative sequences from
each OTU were aggned a taxonomy using RDP Classifidfang et al., 2007and aligned to
the Greengenelk3_5 reference databa@édcDonald et al., 200)2using PyNAST(Caporaso et

al., 20103
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After sample size standardization to the smabastpleibrary size 23,000 sequencgs
OTU richness, andlpha and betadiversity metrics werestimated. Alpha rarefaction curves
were generated using the ChaolnodChao, 1981 Between sample comparisons of diversity
(betadiversity) were calculated using the Br@wurtis metric(Beals, 1984 Bray-Curtis distance
matrices were utilized in principal coordinate analysis (PCoA) to generatéinvamsional plots
in PRIMER v6 softwaréClarke and Gorley, 2006 Permutational multivariate analysis of
varian@ (PERMANOVA) was implemented to test differencebetadiversity among
treatments.
Statistical Analysis

Relative abundance of bacteria present @t1% atthe phyla and family and genus level
were evaluatedral logit transformedZ = log[p/(1-p)]) if necessary to ensure normal distribution
of the residuals, where p represents the relative abundance of a bacteriBlactesial relative
abundancevas analyzed using the MIXED procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC).
Terms in the model oluded treatmerdndperiodas fixed effectsand steer as a random effect.
Treatment means were calculated using the LSMEANS optiorear and quadratic contrasts
evaluated level of CDS inclusiorThe IML procedurevas used to determine the coeffidegefor
the nonlineainclusion of CDS in the dietsSignificancewas declared & O0.05while
tendencies are discussed at0.05@ 0. 10 .
Results

A total of 1,617,146 qualitfiltered reads were generated with an average of about
33,000 reads per satep Sequencing depth ranged from 23,22928894. An average of
1,483 OTUs based on 97% similarity were obtained for each sample. Within the Greengenes

databaseg9.9 and 53.5%f sequences were identified at the family and genera taxonomic level,
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regectively. At the community level, the largest effects were observed in the liquid fraction.
The Chaol index indicated a linear decre&se (.01) in species richness when cattle were fed
increasing concentrations of CDS in the diet (Table 2.3). Simiklphadiversity decreased
(linea;PO 0. 02) with increased CDS inclusion as
indices. Species richness and alpheersity fa CONwas the lowest of treatments in the liquid
fraction and most similar to 27% CD$ the solid fraction, no effect of CDS inclusion was
observed on species richness. Analysis of-ietersity, a comparativeneasure of diversity
between samples the liquid fraction revealed a separation by treatment primarily by the
second principlecoordinate Figure2.1; P = 0.01). The first two principal coordinates
collectively accounted for 64% of the observed variation between samples. A Spearman
correlation greater than 0.8 indicatecevotellawas associated with the separation of 0% CDS
samples (data not shown). However, there was no treatment &fed.p; data not shown)
using the BrayCurtis similarity of betadiversity observed in the solid fraction by
PERMANOVA analysis.
Liquid Fraction Microbiome Effects

Firmicutes was thenost abundant phylum in the liquid fraction representing more than
70% of all sequencdg3able2.4). A linear increaseéP(< 0.01) in relative abundance of
Firmicutes was observed steers fedncreasingconcentrations o£EDS. This increase in
Firmicutescorresponded with a decrease (linéa€0.01) in Bacteroidete€yanobacterizand
Spirochaetes. Within the phylum Firmicutes, the linear incre@sengreater CDS wafed, was
primarily driven by family Ruminococcaceae as its increlisedr; P < 001; Table2.5)
represented 75% of the increaseelative abundancat the phylum level. Phyla level effects of

Bacteroidetes, Cyanobacteria, and Spirochaetes were observed at the famiR@ved(. 0 1) i
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Paraprevotellaceae, order Bacteroidales, Spaetaceae, and order YS2, respectivelgylum
Fibrobacteres was not affectdel£ 0.41) by dietary treatment fed to cattle or to a linear increase
in CDS @ = 0.81) despite a weak tenden&=0.07) for a quadratic respons&.quadratic

increase (P =.03) in relative abundance of Desulfovibrionaceae was observed with the greatest
abundanceletectedat 19% CDS. At the genus level (TaBlé), Prevotellawas most abundant

and tendedlinear; P = 0.08) to decrease with greater CDS. Relative abundance of
RuminococcuandOscillospiratended (linearP = 0.09) to decrease with increasing CDS which
was the opposite response observed for all reads assigned to the family Ruminococcaceae.
Although the majority (~87%) of reads assigned to Ruminococcaceaemassigned at the

genus taxonomic level, the percentage of reads that did as&gmioococcusanged from

36% for 0% CDS, to 4% for 27% CDSifidobacteriaandTreponemalso decreased (lined?;

O 0.02) with greater CDSP=008)inGoprocoatuselatvd quadr a

abundance was observed and peaked at 19% CDS.
Solid Fraction Microbiome Effects

In the solid fraction, Firmicutes and Bacteroidetes comprised 82 to 90% fpefceads
in a treatment (Table 2.7). Overall, few dietary effects were observed at the phyla level.
Cyanobacteria was affected by dietary treatment 0.02) with the lowest relative abundance
observed for 27% CDS. The relative abundance of FirnsdetededR = 0.10) to increase with
greater CDS inclusion. At the family level (Table 2.8), Veillonellaceae and Ruminococcaceae,
members of the Firmicutes phyla, increased line®i@( 0. 04) wi th greater
Veillonellaceae linear effects were primarily driven by the g&uciniclasticun{Table 2.9)
where more than 75% of the Veillonellaceae sequences classified at the genus level. Within

Bacteroidetes, family Parapraetiaceae and unidentified sequences in order Bacteroidales
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decreased (lineaBPO 0. 01) with additi on afoldiGcR&seinph@att | e

Fibrobacteres, but no overall effeBt£ 0.11) of dietary treatment or increasing CDS in the diet
was detectedq> 0.58). Desulfovibrionaceae was affected by treatntent@.01) with the
lowest relative abundance observed for CON and the greatest for 19% CDS. A quadratic
responseRO 0. 0 1) wa $Morgeliasviehithe leviest felative abundees observed for
10 and 19% CDS, whilBlitsuokellaandCoprococcusncreased with greater CDS (line&Q
0.04). A main effect of treatmer® € 0.03) was observed f@orynbacteriunwith the greatest
relative abundance observed for 19% CDS which widd2greater than any other treatment.

The relative abundance of bacterial species measured using gPCR in the solid fraction
revealed a linear increade £ 0.02) ofSelenomonas ruminantiuwith increasing CDS inclusion
(Table 2.10). In contrast, a dease (linearP = 0.01) in relative abundance $freptococcus
bovisoccurred with greater CDS primarily driven by thé# higher values observed for 0%
CDS. Moreovers. bovigpopulations in the CON diet were nearly-@&d greater than the 0%
CDS. Alhough no effect of CDS inclusion was observedMegasphaera elsdenthere was a
tendency P = 0.09) for a 45old reduction for cattle fed CON compared with those fed any of
the coproducbased diets. Variation observed in relative abundandeatiovibrio lipolytica
led to no differenced(> 0.11) despite a nearlyfdld increase for 0% CDS. A trerf = 0.06)
for an increase i6S log copy number was observed with increasing CDS.
Discussion

Many studies have evaluated the effects of supefgal fat on ruminal fermentation and
biohydrogenatiorfSackmann et al., 2008tkinson et al., 2006Hess et al., 2008 However,
the variation in basal diet composition, saturation of the supplemented fatty acids, and the

amount of additional fat provided all contribute to differences observed for fetroardaad
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bacterial effects. The fatty acid content of the CDS used in this experiment was similar to a
previous report byasikalaAppukuttan et al. (2008 The data fronsasikalaAppukuttan et al.

(2008 revealed that the addition of CDS from 10 to 20% of the diet increased ruminal ammonia
and the molar proportion of butyrate, but propionate and acetate concentrations were not
affected. Similarly, the geesponding ruminal fermentation results for the present study reported
by Segers et al. (20)%ndicated neither acetate, propionate, and ruminal pH nor total tract NDF
digestion were affected by dietary treatment. However, greater NDF digestion has been
obsered when cattle fed diets containing wet distillers grains with solubles were compared with
cattle fed a corn bran and gluten meal diet with corn oil at similar levels of ether éxaader

Pol et &, 2009. Although dietary fatty acid composition was not reported, the fatty acid profile
of corn oil(Gillis et al., 2004 is similar to CDS with C18:2 representing more than 50% of fatty
acids. Cattle fed the diet containing wet distillers grains with solubles had a greater proportion
of unsaturated fatty acids (18:1 trans, 18:1, 18:2, and 18:3) flowing to the duodenumetbmpa
with cattle fed the corn oil diet suggesting differential levels of biohydrogen@tearder Pol et

al., 2009. Variation in biohydrogenation of feedstuffs with similar fatty acid content is
supported by the difference in biohydrogenation observed between corn and ¢Bunckiétt et

al., 2003. Collectively, the data suggest reduced biohydrogenation and increased lipid
digestibility likely contribute to positive animal responses to wet distillers grains with solubles
compared with corn o{Klopfenstein et al., 2008 Considering the varied effects of different fat
sources with a similar fatty acid profile, the effect of CDS on the ruminal microbiome is an
important piece to understd the effects of high levels of coproduct inclusion in beef cattle

diets.
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Thefirst evaluation of CDS effects on rumen bacteria in vivo revealed a tendency to
increase counts of total culturable, amyloly#iod lactilytic bacteridFron et al., 1996 Despite
the increased inclusion of CDS in ruminant diets with greater ethanol production, this is the first
study sincd~ron et al. (199p6to evaluate the effect of CDS on ruminal bacteria. Our 16S rRNA
logio copy number results support their findings suggesting an increase in bacteria in the liquid
fraction with greater CDS. Compared with other fatrses, the sulfur and phosphorus
concentrations and low pH of CDS make it a unique supplemental fat source among those fed to
ruminants. While most of the lipids in CDS are incorporated into triacylglycerol, it does contain
much greater concentrationsfoée fatty acids compared with corn (Moreau et al., 2071

The effect of CDS inclusion was greater in the liquid fraction due to observed changes in
community level measures of alpteversity, species richness, and béizersity. While
unsaturated fatty acids have lorgeb known to inhibit fibr-degrading bacterigHenderson,
1973, recent studies havédserved no effect on community alpti@ersity with additional
dietary lipids in rumen fluidZened et al., 2033Huws et al., 2016 HoweverHuws et al.
(2010 observed decreasednaturng gradient gel electrophore$i3GGE)band numbers in
liquid-associated bacteribut not solidassociated bacteriswvhen cows fe@ red clovesilage
dietwere supplemented with fish oiSupplemental fish oil also reducB&GEband number in
the liquidfractionwhen cattle were fed a grass silage,det alphadiversity was not affected
(Kim et al., 2008.

Within the liquid fraction, greater CDS inclusion increased relative abundance of
Firmicutes and decreased Bacteroidetes primarily driven by correggarithnges in
Ruminococcaceae amtevotellg respectively. Adding sunflower oil to a silalgased dieted

to cattlecaused similar numerical effects as relative abundance of Firmicutes increased whil
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Bacteroidetes decreasgtened et al., 20)3howeve, authors suggestddrge variation within
thesdow starch diets prevented detection of statistical differendesomparison of the data
suggests more than 12 d mayseded for some animals to fudgapt to dietary changes as our
samples were colléad on d 19 of each periodturthermoredespite the fact #ithediets had
similar NDFconcentrationssources of NDF varied significantly from silage and alfalfa hay in
diet of Zened et al. (200)3ompared witta mixture of silage, soy lig, and corn gluten feed in
this experiment.Our results agree with previous findings féreponemaas it was decreased by
the addition of fat as sunflower ¢Zened et al., 20)3&nd CDS in our experiment. Although
cultured strains are not celluldily, Treponema bryantincreased fiber degradation in-calture
with Fibrobacter succinogendStanton and Canalearola, 198))

At the family taxonomic level, Ruminococcaceae increased with CDS inclusion, but the
opposite tendency occurred within the geRusninocacusas it decreased with greater CDS.
Ruminococcus assigned reads likely correspond to a greater proportion of cultured Ruminococci
with cellulolytic capabilities and known sensitivities to unsaturéaégt acids(Maczulak et al.,

1981 Maia et al., 200y The fact that d&arge proportion of Ruminococcaceae eadidentified
at the genus level kabeen commuoly observed in 18 rRNA sequencing studi€¢Bened et al.,
2013 McCann et al., 20D4ndicatesmany Ruminococaceae members remain uncultured.

The phylum Cyanobacteria increased significantly in the 0% CDS diet with nearly all
reads assigned to the order YS2. Although prior work on the ruminal microbiome has identified
16S rRNA reads as Cyanobactdiiéao et al., 2013Zhao et al., 2025 typically the reported
relative abundances are under 1% compared with the 7% we ethsemhe liquidof fraction
ruminal fluid from cattle fedhe 0% CDS diet. Classically considered to be photosynthetic

organisms, a new lineage within Cyanobacteria, Melainabacteria, has recently been observed in
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humanfecalsamples and isonphotosynthigc (Di Rienzi et al., 2013So0 et al., 2014
Previous studies have been able to assemble draft genmmesiétagenomic DNA extracted
from koala feces with a high prevalerafeMelainabacterigSoo et al., 2014 FeFe
hydrogenases observed in the gut associated genomes suggest Melainabacteria may produce
hydrogen and interact with hydrogenotrophic nagtogens or acetoge(idi Rienzi et al., 2018
In addition theMelainabacteria genomes encoded for the complete biosynthesis pathwdy/s of
vitamins and may indicaterautualisticrelationship withthe hos{Di Rienzi et al., 2013

Overall effects of CDS inclusion in the solid fraction were more modsatite change
was obsergd in communitylevel measures of diversity and phyldevel relative abundance.
Similar to the liquid fraction, Ruminococcacem® Veillonellaceae increased slightly in the
solid fraction with greater CDS. Corresponding increas&iatiniclasticunand Mitsuokella
with increasingCDSfed in the diet agreeith the description of cultured species in vitut of
22 rumen bacteria culturdglitsuokella multiacidusvas able to form oleic acid from linoleic
acid and ranked second in terms of membrari®lisyain presence of linoleic aci(Maia et al.,
2007. Another Veillonellaceae family memb&elenomonas ruminantiwvas detected using
gPCR and also increased linearly with CDS inclusion in the diet. While unaffected by
polyunsatuated fatty acids in vitr@aia et al., 200) the addition of oleic acid increases
growth of S. ruminantiunmin vitro (Maczulak et al., 1991

Within the solid fractionthere washo effect of additional CDS on relative abundance of
Fibrobacter succinogeneas indicated by gPCa&nhd supported by 16S rRNg#equencing results
at thephyla level. WhileHuws et al. (2010observed no effect df. succinogenem the rumen
by the addition of fish oil to the diet, genubiebacter decreased cattle fed a diet

supplemented with flax o(Huws et al., 2016 In vitro, F. succinogeness very sensitive to
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unsaturated fatty acids as C18:2 slowed growth and CaBii3ited growth completel{fMaia et

al., 2007. Despite the increase in C18:2 and C18:3 with greater CDS inclusion in the diet, no
effect of diet on Fibrobacter was observethi& present studylin a 60% brome habpased diet,
total Fibrobacteres increasedcattle fedgreatedietarydistillers grains with solubles, but a
specific OTU classified as. succinogenesemained unaffected by digtastilloLopez et al.,
2014. Overall, these findings suggest Fibrobacteres may occupy a niclie twéhrumen that
offers some protection from unsaturated fatty amidSDS

The most welknown rumen bacteria with lipolytic capabilitiesAsaerovibrio
lipolytica. Interestingly,A. lipolyticaincreased sharply on the 0% CDS diet which contained t
least amount of fat. Early researchAurlipolytica indicated sensitivity to low plbr growth
and lipase activityHobson, 1965Henderson, 197Jand is supported by recent warkduat
flow fermentergFuentes et al., 2009 While Segers et al. (20)%eported no dietary effect on
ruminal pH, results from 0% CDS revealed that it was the most stable throughout the day in
addition to being the only digtithout a distillers coproduct.

As the inclusion of CDS increased, dietary S increaseltherelative abundance of
sulfate-reducing family Desulfovibrionaceagcreasedn boththe solid and liquid fractian
Recommendations for minimum S for growingel cattle are 0.15% to meet the requirements of
cellulolytic bacteriawhile 0.3% has been suggested as a maximum to avoidmgadberisk of
limiting DMI and occurrence of-$iduced polioencephalomalaciaP&EM). Loerch et al. (2012
observed 15 d adaptation period for ruminai$ito ncrease aftestarting lambs on a diet with
added sodium sulfate, thus suggesting our samplirtyk®hwas sufficient time for
Desulfovibrionaceae to respondlthough high dietary S has been shown to limit intg&arturi

et al., 2013which could affect the ruminal microbiome, a reduction in DMI was not observed
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(Segers et al., 20 %vithin the experimental period of 21 @verall, our data support
preliminaly results described Hyrewnoski et al. (2004hat Desulfovibrionaceae is the most
abundant sulfateeducing bacterial familin the rumen and it responds to greatetaty S by
increasing in relative abundance.
Implications

Addition of CDS to a coprodudiased diet up to 27% caused the greatest change within
the liquid fraction of the ruminal microbiome. Specifically, greater CDS inclusion reduced
species richnesslphadiversity, and relative abundance of Bacteroidetes while increasing
RuminococcaceaeOverall alterations in the solid fraction microbiome were modest, but notable
increases irBucciniclasticumMitsuokellg andS. ruminantiunwere observed with gresatCDS.
Desulfovibrionaceae increased with greater dietary S from CDS in both fractions with greatest
relative abundance observed at 19% CDS. An unusually large proportion of Cyanobacteria were
observed on the 0% CDS diet and suggestplwiosynthetic €anobacteria may have a niche
in the rumen. Overall, resulitsdicateimportant alterations to the liquid fractiomminal
microbiomewhen increasing dietary inclusions of CDS areifed coproduct based dieithout

significant alteations tofiber-fermening bacteria
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Table and Figures

TabdleDi et dryy afcatd composi ti (
CD$ncllus CD5
| t em CONO%10¢19¢27¢ 100
Ether ext 5.%81. °4.:6.(8.¢ 27.
Fatty l1laldg dosf, tg/t al
C16:0 15.73 21.7€16.4815.2914.70 1 3.
C18:0 235 4.47 271 235 213 1. ¢
C18:1 n9 24.59 20.6723.4824.2624.58 2 5.
C18:2 n6 48.46 44.1352.1454.125499 5 7 .
C18:3 n3 1.78 549 284 222 194 1. ]
C20:0 0.42 0.69 0.46 0.40 0.38 0. ¢
C20:1 n9 0.62 0.57 0.39 0.35 0.33 0.
C22:0 0.40 0.71 040 0.32 0.29 0.

1CDS= condensed distillers solubles.
“Dietary fatty acid composition of the ingredient.
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Table 2.2.Primers utilized for quantitative PCR of ruminal bacteria.

Bacteria species Primers (5- 3")

Source

Anaerovibrio lipolytica F GAAATGGATTCTAGTGGCAAACG
R ACATCGGTCATGCGACCAA
Butyrivibrio proteoclasticus F GGGCTTGCTTTGGAAACTGTT
R CCCACCGATGTTCCTCCTAA
Eubacterium ruminantum F CTCCCGAGACTGAGGAAGCTTG
R GTCCATCTCACACCACCGGA
Fibrobacter succinogenes F GCGGGTAGCAAACAGGATTAGA
R CCCCCGGACACCCAGTAT

Megasheara elsdenii F AGATGGGGACAACAGCTGGA
R CGAAAGCTCCGAAGAGCCT
Prevotella bryantii F AGCGCAGGCCGTTTGG

R GCTTCCTGTGCACTCAAGTCTGAC

Selenomonas ruminantium F CAATAAGCATTCCGCCTGGG
R TTCACTCAATGTCAAGCCCTGG

(Minuti et al., 201%
(Minuti et al., 201%
(Stevenson and Weimer, 2007
(Stevenson and Weimer, 2007
(Stevenson and Weimer, 2007
(Steveason and Weimer, 2097

(Stevenson and Weimer, 2007

(Fliegerova et al., 2034

(Maeda et al., 2003

Streptococcus bovis F TTCCTAGAGATAGGAAGTTTCTTCGG (Stevenson and Weimer, 2007
R ATGATGGCAACTAACAATAGGGGT

Eubacterial primef F GGATTAGATACCCTGGTAGT
R CACGACACGAGCTGACG

Eubacterial primep F GTGSTGCAYGGYTGTCGTCA
R ACGTCRTCCMCACCTTCCTC

Eubacterial prime8 F CCTACGGGAGGCAGCAG

R ATTACCGCGGCTGCTGG

(Muyzer et al., 1998
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Table 2.3. Effect of increasing corn distillers solubles (CDS) on alpha divers
the liquid and solid fraction of the ruminal microbiome

CDS Inclusion P-valueg
ltem® CON 0% 10% 19% 27% Trt L Q
Liquid fraction
Chaol 1407 2188 2013 1729 1463 0.03 0.01 0.67
Shannon 519 6.58 590 557 526 <0.01<0.01 0.47

Si mpson¢ 0880 0950 0898 0907 0893 0.04 0.02 0.18
Solid fraction

Chaol 2428 2476 2692 2454 2494 0.89 0.86 0.63

Shannon 724 719 746 729 7.48 0.64 0.37 0.79

Si mpson¢ 098 096 097 097 098 0.37 0.07 0.80
INumber of observations: CON (n = 5), 0% (n = 4), 10% (n = 5), 19% (n = 5), 27% (n = 5).
2Trt = main effect of dietary treatmertt;= linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.
Chaol index describes species richness in a community.
describe alpha diversity of a community that represent a combination of species riclthess a
species evenness.
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Table 2.4. Effect of increasing corn distillers solubles (CDS) on relative
abundance of bacterial phyla in tiepuid fraction using 16 3RNA
sequenciny

CDS Inclusion P-valueg
Iltem CON 0% 10% 19% 27% Trt L Q
Firmicutes 784 538 73.6 784 824 <0.01<0.01 0.09

Bacteroidetes 126 253 136 83 9.2 0.08 0.01 0.22
Actinobacteria 241 3.27 541 516 4.11 0.17 0.56 0.11
™7 192 181 162 1.70 1.02 0.66 0.31 0.60
Cyanobacteria 0.61 7.17 1.26 0.42 0.53 <0.01<0.01 0.04
Proteobacteria 131 1.39 132 1.0 0.79 0.53 0.14 0.68
Spirochaete’s 0.17 1.23 0.37 0.09 0.24 0.01<0.01 0.03

Fibrobacteres 0.04 0.04 0.02 0.02 0.04 041 0.81 0.07

Phyla listed were detected at greater than 0.1% relative abundance averagedlbinoid
fraction samples.

2Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.

3Datawere logittransformed to ensure normality of residuals




Table 2.5. Effect of increasing corn sfillers solubles (CDS) on relative
abundance of bacterial families in tirepuid fraction using 16 3RNA
sequenciny

CDS Inclusion P-valuée
Item CON 0% 10% 19% 27%  Trt L Q
Firmicutes
Ruminococcaceae 44.5 16.3 325 31.6 37.8 <0.01<0.01 0.20
Mogibacteriaceae 1.35 0.79 1.04 1.03 151 0.35 0.09 0.63
Erysipelotrichaceae 0.60 0.99 0.70 0.51 0.37 0.50 0.09 0.97
Clostridiaceag 0.27 051 031 0.26 0.25 0.34 0.06 0.39
Bacteroidetes
Prevotellaceae 9.82 1591 9.44 6.96 8.14 0.37 0.08 0.28
Bacteroidales® 1.14 459 161 040 0.39 <0.01<0.01 0.34
Paraprevotellacede 0.66 1.42 0.82 0.15 0.38 0.01<0.01 0.13
Proteobacteria
Succinovibrionacee 0.91 0.27 0.23 0.32 0.14 <0.01 0.57 0.53
RF-32%4 0.10 0.16 0.11 0.05 0.04 0.11 0.01 0.91
Desulfovibrionacea 0.014 0.000: 0.063 0.077 0.034 0.12 0.21 0.03
Other
YS234 0.53 7.19 1.24 040 051 <0.01 0.01 0.04
Bifidobacteriaceae 0.08 198 1.71 0.83 050 0.04 0.02 0.80
Spirochaetaeae 0.22 193 0.42 0.11 040 <0.01<0.01 0.01
Corynebacteriacear 0.11 0.18 0.12 0.26 0.32 0.09 0.07 0.25

Fibrobacteriacede 0.039 0.048 0.020 0.018 0.045 0.41 0.28 0.07
IFamilies listed were detected at greater than 0.1% relative abundanceed\azaggs all liquid
fraction samples and were affected by dietary treatnieqt(.1).
2Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.

SData were logit transformed to ensure normadityesiduals.
“Unidentifed sequences listed at the lowest level of taxonomic assignment (order).
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Table 2.6. Effect of increasing corn distillers solubles (CDS) on relative
abundance of bacterial genera inlilgaid fraction using 16 3RNA
sequenciny

CDS Inclusion P-value
Iltem CON 0% 10% 19% 27% Trt L Q
Prevotell& 982 159 944 696 8.14 0.37 0.08 0.28

Ruminococcus 8.23 597 3.82 1.79 155 0.09 0.09 0.69
Bifidobacterium 0.08 194 167 082 050 0.04 0.02 0.81

Treponema 017 127 036 0.09 0.24 0.01<0.01 0.02
CF232 0.23 0.94 047 0.04 0.22 0.03 0.02 0.12
Oscillospira 0.17 0.60 0.33 0.26 0.10 0.45 0.09 0.80
RFN-20 0.09 0.88 0.14 0.06 0.02 0.01<0.01 0.62

Coprococcud 0.10 0.16 0.26 0.44 0.10 0.07 0.73 0.03
Corynebacterium 0.11 0.18 0.12 0.26 0.32 0.09 0.07 0.25
Clostridium 0.03 0.36 0.11 0.08 0.08 0.03 0.02 0.21

Shuttleworthid 0.18 0.04 0.05 0.27 0.03 0.03 0.62 0.05

!Genera listed were detected at greater than 0.1% relative abundance averaged across all
liquid fraction samples and were affected by dietary treatnfert@.1).

2Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.

SDatawere logittransformed to ensure normality of residuals




Table 2.7. Effect of increasingorn distillers solubles (CDS) on relative
abundance of bacterial phyla in the solid fractising 16SRNA
sequenciny

CDS Inclusion P-value
Iltem CON 0% 10% 19% 27% Trt L Q
Firmicutes 526 55.0 65.1 67.2 69.2 0.18 0.10 052

Bacteroidetes 37.7 324 16.7 17.0 205 0.28 0.35 0.24
Actinobacteria 529 555 6.72 6.69 496 0.86 0.84 0.36
T™M73 048 1.32 058 0.75 0.41 0.42 0.12 0.81
Cyanobacteria 0.08 0.11 0.07 0.11 0.02 0.02 0.01 0.09
Proteobacterfa 0.24 0.25 0.21 058 0.20 0.25 0.81 0.33
Spirochaete’s 0.10 0.19 0.06 0.08 0.04 0.36 0.10 0.57
Fibrobacteres 0.23 0.04 0.06 0.04 0.04 0.11 0.97 0.58

IPhyla listed were detected at greater than 0.1% relative abundance averaged across all solid
fraction samples.

2Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.

3Datawere logittransformed to ensure normality of residuals



Table 2.8. Effect of increasing corn distillers solubles (CDS) on relative

abundance of bacterial families in thelid fraction using 163RNA sequenciny
CDS Inclusion P-value?

Item CON 0% 10% 19% 27% Trt L Q

Firmicutes

Veillonellaceae 105 7.0 104 114 149 0.10 0.01 0.88

Ruminococcaceae 11.3 8.1 9.8 11.8 123 0.27 0.04 0.79

Bacteroidetes

Paraprevotellaceae 1.69 290 0.71 094 0.39 0.05 0.01 0.17

Bacteroidales 0.96 230 0.40 1.10 0.47 0.01 <0.01 0.05
S247° 0.89 0.21 056 0.48 057 0.09 0.07 0.24
Other

Corynebacteaceae 0.07 0.14 0.14 0.32 0.06 0.03 0.93 0.05
Succinivibrionaceae 0.08 0.02 0.03 0.07 0.02 0.08 0.89 0.11
Desulfovibrionaceae 0.008 0.013 0.052 0.214 0.093 0.01 0.01 0.09
IFamilies listed were detected at greater than 0.1% relative abundanage across all solid
fraction samples and were affected by dietary treatnfentQ.1).
2Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.
SDatawere logittransformed to ensure nortitg of residuals
4Unidentifed sequences listed at the lowest level of taxonomic assignment (order).
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Table 2.9. Effect of increasing corn distillers solubles (CDS) on relative
abundance of bacterial genera in siodéid fraction using 163RNA sequenciny

CDS Inclusion P-value
ltem CON 0% 10% 19% 27% Trt L Q
Succiniclasticum 94 52 84 93 115 0.16 0.02 0.86
Moryella 1.7 19 09 09 15 0.03 0.18<0.01
Coprococcud 0.23 0.40 0.71 0.97 0.81 <0.01 0.04 0.16
Shuttleworthid 1.01 032 0.26 0.77 0.48 0.09 0.20 0.89
Mitsuokella 0.4 0.06 0.72 0.47 0.98 0.02 0.01 0.72

Corynebacterium 0.0/ 0.14 0.214 03 0.0 0.03 0.93 0.05
1Genera listed were detected at greater than 0.1% relative abundance averaged across all solid
fraction samples andere significantly affected by dietary treatmeAt{0.1).

2Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic
contrast of CDS inclusion.

SDatawere logittransformed to ensure normality of residuals
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Table 2.10 Effect of increasing corn distillers solubles (CDS) on relative abundance of be

genera in the solid fraction using gPCR.

CDS Inclusion P-values?

Item CON 0% 10% 19% 27% Trt L Q

A. lipolytica® 0.0001 0.0044 0.0002 0.0002 0.0005 0.27 021 0.11
B. proteoclasticus  0.0158 0.0747 0.0381 0.0226 0.0537 0.36 0.54 0.23
E. ruminantium 0.2871 0.2089 0.2322 0.2455 0.1814 0.96 0.90 0.69
F. succinogenés 0.0065 0.0058 0.0079 0.0026 0.0027 0.47 0.21 0.70
M. elsdenit 2.8x10° 1.7 x 10° 1.3x 10° 3.7x 10° 1.3x10° 0.09 0.96 0.79
P. bryanti? 23x10° 25x10° 5.2x10° 1.1 x10° 2.4 x10° 0.69 0.64 0.95
S. ruminantium 0.54 0.83 1.56 1.20 2.18 0.02 0.02 0.69
S. bovié 0.0907 0.0035 0.0006 0.0008 0.0005 <0.01 0.01 0.12
16S rRNA copy nd. 7.41 7.30 7.35 7.36 7.40 0.21 0.06 0.94

INo period effects were observeel € 0.05).

2Trt = main effect of dietary treatment; L = linear contrast of CDS inclusion; Q = quadratic contrast of CDS

inclusion.
SDatawerelogit transfomed to ensure normality of residuals.
416S rRNAlogio copy number/ng DNA.

83



Figure 2.1. Principal coordinate analysis (PCoA) of bdtaersity in the liquid fraction using

Bray-Curtis similarity. Analysis by PERMANOVA revealed a treatment efféct 0.01).

PCO2- 30.2% of total variation
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CHAPTER 3

INDUCTION OF SUBACUTE RUMINAL ACIDOSIS AFFECTS THE RUMINAL

MICROBIOME AND EPITHELIUM

Abstract

Subacute ruminal acidosis (SARA) negatively impacts the dairy industry by decreasing
dry matter intake, milk production, profitabilitgnd increasing culling rate and death loss. Six
ruminally-cannulated, lactating Holstein cows were used in a replicated incomplete Latin square
design to determine the effects of SARA induction on the ruminal microbiome and epithelium.
Experimental perids were 10 d with d 43 for ad libitum intake of control diet, followed by
50% feed restriction on d 4, and ad libitaktess on d 5 to the basal diet or the basal diet with
an additional 10% of a 50:50 wheat/barley pel@hsed on subsequent ruminél,ows were
grouped (SARA grouping; SG) as N@ARA or SARA based on time < 5.6 pH (0 and 3.4 h,
respectively).Ruminal samples were collected on d 1 and 6 of each period prior to feeding and
separated into liquid and solid fractions. Microbial DNA wesaeted for bacterial analysis
using 16S rRNA gene pairezhd sequencing on the MiSeq Illlumina platform and quantitative
PCR (gPCR). Ruminal epithelium biopsies were taken on d 1 and 6 before feeding. Quantitative
RT-PCR was used to determine gene esgian in rumen epitheliumBray-Curtis similarity
indicated samples within the liquid fraction separated by day and coincided with an increased
relative abundance of gend?eevotella RuminococcusStreptococcusandLactobacilluson d 6
(P < 0.06). Although Firmicutes was the predominant phyla in the solid fraction, a SG x day

interaction P < 0.01) indicated a decrease on d 6 for SARA colgontrast, phylum
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Bacteroidetes increased on d?6<0.01) for SARA cows driven by greater genBravotella
and YRC22 P < 0.01). Streptococcus bovendSuccinivibrio dextrinosolvernsopulations
tended to increase on d 6 but were not affected byl&@iminal epitheliumCLDN1and
CLDN4expression increased on diB< 0.03) 24 h after SARA induction andemtlency for a
SG x day interactiorA(< 0.10) was observed f@LDN4. Overall, results indicate more rapid
adaptation to an induced bout of SARA in the solid fraction ruminal microbiome compared with
ruminal epithelium.
Keywords:subacute ruminal acidss rumen, microbiome, ruminal epithelium, bacteria
Introduction

The nutrient density of dairy cattle diets has increased to maintain consistent
improvements in milk yieldPlaizier et al., 2008 These dietary shifts, primarily achieved via
greater conentrate inclusion relative to forage, can lead to an accumulation of volatile fatty
acids in the rumen and reduced buffering capdgityen et al., 2003Stone, 200% An overall
reduction in ruminal pH such thatrgmains < 5.6 fomore than 3 hours péay has been
defined as subacute ruminal acidoS&RA) (Gozho et al., 2005 Compared with acute
ruminal acidosis, SARA is not associated with accumulation of lactic acid in the (GQretzel
et al.,, 1999 The effects of SARA extend beyond rumingll @nd include rumen epithelial
damaggSteele et al., 20)1llaminitis(Cook et al., 200¢ inflammation(Khafipour et al.,
20090, decreased dry matter intaf&tock and Smith, 200&leen et al., 20083 lower milk
yield (Stone, 1999 reduced in situ fibr degradatioPlaizier et al., 2001 and liver abscesses
(Dirksen et al., 1985 Prevalence of SARA has been documented from2B8%6 in early to
mid-lactation cowgGarrett et al., 1990etzel et al., 199%nd thus represents a significant

concern or the dairy industry.
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Changes in ruminal fermentation and function are the source of thefaneted and
unfavorable consequences of SARA. Although typically described by ruminal pH, multiple
reports indicate SARA effects are caused by a combinaficuiminal pH and diet typéMould
and @rskov, 198Russell, 1998Calsamiglia et al., 200&hafipour et al., 2009a Altering the
timing and availability of dietary substrate composition may modify the bacterial community
function and composition with the rumen. Understanding the shifts in the ruminal microbiome
related to the observed changes in ruminal pH may uncover bacteria critical to the onset of
SARA. Furthermore, effects on the microbiome may provide a more suitable definition of
SARA. Advancements in higthroughput sequencing have facilitated description of bacterial
communities at unprecedented detail.

Rumen epithelial tissue has many functions including nutrient absorption, metabolism,
pH regulation, as well as immune and barriecfions. Impairment of barrier function has been
classically linked to a decreased pH associated with periods of rapid ferme(itinn et al.,

1987 Aschenbach et al., 2011 The primary proteins identified in rumen epithelial tissue
associated withdrrier function include claudift and zona occludifh both of which are

localized in the stratum granulosy@raham and Simmons, 2005The molecular changes in
rumen epithelium after a mild SARA bout are not well defined. Therefore, the objectives of th
experiment were to determine the effect of SARA induction on the rumen microbiome
composition and predicted function in the solid and liquid fraction, describe this effect on gene
expression in rumen epithelial tissue, and to link these effects wilieteeity of an acidotic

bout.

Materials and Methods

Experiment Design
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The experimental protocol was approved by the Institutional Animal Care and Use
Committee at the University of Illinois at Urbana Champaign. Six rumhtalhynulated
Holstein cowswvere used in a replicated incomplete Latin square design. Three experimental
periods consisted of 10 d with all animals receiving the same basal diet (TapleAd libitum
intake was maintained for the initial 3 d of each period. On d 4, intakeedrased to 50%
based on average intake from the previous 3 days. Subsequently, on d 5 all animals were given
ad libitum access to the basal diet or the basal diet topdressed with a wheat/barley pellet at 10%
of prior dry matter intake. Ruminal pH measuents were taken hourly frof to 22 h relative
to SARAInduction. Using the pH response data on d 5, cows were grouped (SARA grouping;
SG) as NoRSARA (n = 7) or SARA (n =5) if ruminal pH was < 5.6 for more than three hours
(Table A2) regardless of plet inclusion on d 5. Data for ruminal pH, feed intake, urine pH
fecal pH, milk production have been reported previo(islian et al., 2016 In this article, we
reinterpreted the pH data in the context of effects on the ruminal microbiome and @pitheli
Rumen Sampling and Nucleic Acid Extraction

Prior to morning feeding on d 1 and 6, ruminal contents were sampled via the ruminal
cannula from the ventral sac of the rumen after mixing of the contents. Ruminal contents were
squeezed through tredayers of cheesecloth to separate into liquid and solid fractions. Samples
were immediately put on ice and stored28t° C prior to extraction.

DNA from the solid fraction (25 g) was extracted by homogenization followed by
phenol/chloroform protocas described b$tevenson and Weimer (2007DNA from the
liquid fraction (50 mL) was extracted using the-8R Fecal DNA Kit (ZYMO Research, Irvine,

CA), which included a beableating step for mechanical lysis of bacterial cell walls. Extracted
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DNAfromt he sol i d fraction was standardized to 8

ng/ elL for 1Tl lumina sequen-80° @GfgrlateiEuset r act ed DNA
Rumen epithelium biopsies were taken on d 1 and 6 of the study prior to morning

feeding. Riminal contents were evacuated from the ventral sac allowing retraction of the

epithelium approximately-6 inches below the ruminal canngleelly et al., 199%. Papillae

biopsies were excised, washed with PBS, immediately frozen in liquid nitrogestoaed at

20° C until extraction. Rumen epithelium tissue samples were weighed andl® g were

subjected to RNA extraction using iceld QIAzol Lysis Reagent and the miRNeasy Mini Kit

(Qi agen, Valencia, CA) f ol |.&Wamppswere teateda nuf act

with DNasel (Qiagen, Valencia, CA) to remove genomic DNA and quantification was

determined using a Nanodrop NIDOO (Nanodrop Technologies, Rockland, DE). The quality

of extracted RNA was evaluated using the Agilent 2100 Bigaaa(Agilent Technologies,

Santa Clara, CA) with an average RNA integrity number = 8.3 (minimum RIN = 7.4).

Complementary DNA was synthesized using 100ngRNAgL d T18 , leL 10 mmol
mi x (Ilnvitrogen Corp., Carlsbad, CA), 1 L ra
and 10 eL DNase/ RNase free water. The mixture

ice for 3 min. A todmpgossdd 60feL5.05 eamnasi> rRamE ot i
(50 U) of RevertAi dTM Reverse Transcriptase (
RNase Inhibitor (10 U, Promega, Fitchburg, WI) was added. The reaction was performed in an
Eppendorf Mastercycler® Gdeent using the following temperature program: 25 °C for 5 min,

42 °C for 120 min and 70 °C for 15 min.

Bacterial Quantitative PCR
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Primers utilized for bacterial gPCR are listed in Tablé #&nd were validated using gel
electrophoresis and Sanger sequencg . Each 10 €L reaction consi
eL 11 SYBR Green with ROX (Quanta BioSciences
forward and reverse primers, and ©OO@ficac L DNase
384Well Reaction PlatéApplied Biosystems, Foster City, CA). All reactions were performed
using an ABI Prism 7900 HT (Applied Biosystems, Foster City, CA) using the following
conditions: 5 min at 95° C, 40 cycles of 1 s at 95° C and 30 sec at 60° C except an annealing
temperatee of 56° C used for eubacterial primer 3. The presence of a single PCR product was
verified with an additional dissociation stage. All reactions were run in triplicate. Relative
abundance of bacterial species was calculated using the geometric mgamiviersal primers
(Maeda et al., 200Fliegerova et al., 20)4vith the efficiencyc o r r e ¢ methdbd(Rpmirez
Farias et al., 2009 A portion of the 16S gene corresponding to the target of the eubacterial
primer 3(Muyzer et al., 1998was commetally synthesized (IDT, Calville, IA). A standard
curve from 9.5 x 10to 3.0 x1@ molecules per puL was used to obtain the 16S copy number from
each sampl e. Samples were diluted to 1 ng/elL
Library Construction and 16 RNA Gene Sequencing

Amplification of the V4 region of the 16S rRNA gene used modified F515/R806 primers
as described bgaporaso et al. (2012 The reverse PCR primer was indexed witkbhage
Golay barcodes to facilitate multiplexing of samples. The B@dRsequencing protocol has
been previously described in detd@lerakhshani et al., 201.6 The 150 bp pairednd
sequencing reaction was performed on a MiSeq platform (lllumina, CA, USA) at the Gut
Microbiome and Large Animal Biosecurity Laboratoriegp@rtment of Animal Science,

University of Manitoba, Canada. The sequencing data were deposited into the Sequence Read
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Archive (SRA) of NCBI (http://www.ncbi.nlm.nih.gov/sra) and can be accessed via accession
number SRR3271885.
16S rRNA Read Analysis

Ovelapping paireeend lllumina fastq files were merged using the PANDAseq assembler
(Masella et al., 2002 All the sequences with low quality base calling scores as well as those
containing uncalled bases (N) in the overlapping region were discardecduldgexjuent fastq
file was processed using the QIIME pipeline v{IC&poraso et al., 201pbAssembled reads
were demultiplexed according to the barcode sequences, chimeric reads were filtered using
UCHIME (Edgar et al., 20)1and reads were clusteredar®TU (Operational Taxonomic
Units) de novo based on 97% similarity with UCLU@Idgar, 2010 Representative sequences
from each OTU were assigned a taxonomy using RDP ClagMemg et al., 2007and aligned
to the Greengenes reference datalflsd®onald et al., 201Pusing PyNAST(Caporaso et al.,
20103.

After sample size standardization to the smallest library size (23,000 sequences/sample),
OTU richness, andlpha and betadiversity metrics were estimated. Alpha rarefaction curves
were generad with ten sampling iterations using the Chaol in@hao, 1981 Between
sample comparisons of diversity (beli@ersity) were calculated using the Br@yrtis metric
(Beals, 1983 Bray-Curtis distance matrices were utilized in principal coordinastyars
(PCoA) to generate twdimensional plots in PRIMER v6 softwai@larke and Gorley, 2006
Permutational multivariate analysis of variance (PERMANOVA) was implemented to test
differences in betdiversity among SG and time.

Functional metagemoic predictions were made using the bioinformatics tool PICRUSt

(Langille et al., 2018 Quality-filtered, pairedend reads were used for closederence OTU
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picking in QIIME. The resulting OTU table was used in PICRUSt version 1.0.0 and functional
predctions were made to the KEGG Ontology Pathw@anehisa and Goto, 20p0Within
PICRUSt, the 16S copy number was normalized, molecular functions were predicted, and all
results were summarized into KEGG pathways.
Rumen Epithelium Quantitative ReveisanscriptiorPCR

Primers utilized for rumen epithelium quantitative reverse transcriptioR (QRFPCR)
are listed in Table 4. The primer fotGFBP5was designed using Primegf3ntergasser et al.,
2012 and verified using gel electrophoresis and seging. The reaction components, +iale
machine, and conditions were the same as described for bacterial gJPCR. The presence of a
single PCR product was verified with an additional dissociation stage. All reactions were run in
triplicate. A six pointrelative standard curve was used to determine gene expression. Relative
guantities were normalized using the geometric mean of gav@s6 MRPL39 andERC1
(Naeem et al., 201 Minuti et al., 201%
Statistical Analysis

Partial least square disminant analysis (PL®A) was performed on genus level
assignments to identify the effect of SG and day using SIMCA P+ 13.0 (Umetrics, Umea,
Sweden). In the analysis, the X variables were bacterial genera, Y variables were either SG or
day comparisongnd the data were scaled using Unit Variance. Permutation was conducted to
validate the models and genera with variable influence projection values below 0.5 were
removed from the final modéLi et al., 2012. The R and @ estimates were used to evdkia
goodness of fit and the predictive value of the model, respectively. The PLS regression
coefficients were used to identify genera significantly correlated with Y variables and used to

label loading scatter plots.
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Relative abundance of bacteria pressrnt 0.1% at the phyla, family, and genus
taxonomic level were evaluated and logit transfornzed|¢g[p/(1-p)]) if necessary to ensure
normal distribution of the residuals, whgreepresents the relative abundance of a bacterial taxa.
Bacterial relatre abundance and normalized epithelial gene expression data were analyzed using
the MIXED procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). Terms in the model included SG,
day, SG x day, and period with cow nested within square as a random effect. SARKMgr
means were calculated using the LSMEANS option. Additionally, bacterial relative abundance
change from d 6 to d 1 was correlated with measures of pH previously repottedrogt al.
(2016 using Pearson correlations within the CORR procedure & &#d visualized in custom
heat maps. Time < 5.8 was used for correlation analysis as pH data < 5.6 SAR&ncows
was zeranflated. Significancevas declared & < 0.05 while tendencies are discusseH &t
0.10.

All predicted KEGG pathways by PICGRSt wer e subj e-tedtiae 8STAMR a We
2.1.3(Parks et al., 20)4ising a Storey false discovery rate (FDR) correctitorey and
Tibshirani, 2003. After correcting for multiple tests, 63 pathways were differért 0.05)
between NofSARA andSARA cows on d 6. These pathways were then analyzed in SAS 9.4
using the MIXED procedure with the aforementioned model. All pathways with a SG % day
interaction P < 0.05) are shown in the results and supplement.
Results

A total of 1,677,722 reads weegenerated after quality control and chimera removal
resulting in an average of about 35,000 reads per sample. Sequencing depth was notRaffected (
> 0.1) by any main effect and ranged from 23,621 to 110,941. After clustering reads at 97%

similarity, anaverage of 2,094 OTUs were obtained for each sample. At the family and genus
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taxonomic levels, 81.1% and 54.9% of reads were identified within the Greengenes database,
respectively.Within the liquid fraction, a SG x day interactidd£ 0.03) was obseed for the
Chaol index as community richness was higher for SARA cows on d 1 and decreased to similar
levels to NOoRSARA cowsond 6 (Table1.1f he Shannon and Si mpsonds I
that overall alphaliversity decreased®®© 0. 07) on d 6 in the |iquid
level, effects of SARA induction on the microbiome were not as strongly evidenced in the solid
fraction with no change in richness (R$haol) a
0.06) wasobserved for the Shannon index as alghersity decreased on d 6 for N&GARA
cows but increased for SAR#Zows.
Betadiversity, measured by Bragurtis similarity, was visualized in principal

coordinates and separated liquid fraction samples byctiolteday (Figure 3.1AP = 0.003).
Spearman correlations greater than 0.85 indicated unclassified sequences within Clostridiales
andPrevotellawere associated with the separation between d 1 and 6, respectively (data not
shown). Liquid fraction sampleBd not cluster by SGA(= 0.60) and solid fraction samples did
not cluster by SG or day using Be@urtis similarity PO 0. 19; Fi gure 3. 1B).
Solid Fraction gPCR

The relative abundance of targeted bacteria species is presented in Table 3.2. A SG x day
interaction P < 0.04) was observed fémaerovibrio lipolytica Prevotella bryantij and
Succinimonas amylolyticaThese bacteria increased on d 6 in SARA cows while no change or a
decrease was observed on d 6 in M$#RA cows regardless of day. The iease in relative
abundance fo. amylolyticaandP. bryantiiwas more than-Gand 4fold, respectively. A SG
effect P = 0.01) was observed f@ubacterium ruminantiuras it was greater in SARA cows.

Streptococcus boviandSuccinivibrio dextrinosolvestended to be greateP € 0.10) on d 6.
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The greatest value for each of these bacteria was observed on SARA d 6, but no SG effect or
interaction P > 0.16) was detected f&. bovisandS. dextrinosolvensWhile there was no
effect of SARA induction omelative abundance dflegasphaera elsderaindSelenomonas
ruminantium Fibrobacter succinogendsnded to be greateP € 0.08) on d 1.
Solid Fraction Microbiome Effects

Firmicutes was the most abundant phyla in the solid fraction representing &Wl% of
sequences while Bacteroidetes relative abundance averaged 10% (Table 3.3). Both phyla had a
SG x day interactior(< 0.01) as Firmicutes on d 6 decreased for SARA and Bacteroidetes
increased to 23%. The effects observed within the phylum Bactersidete driven by the
genusPrevotellawhich averaged 77% of the sequences in the phylum. Within Firmicutes, no
effects were observed for the predominant families Lachnospiraceae, Ruminococcaceae, and
order Clostridiales sequences not identified at thelydevel (Table 3.4). Lactobacillaceae
increased on NGBARA d 6 resulting in a SG x day interactiédh< 0.06). Genera
StreptococcuandSucciniclasticunincreased on d @°(= 0.03) but were not affected by SG
(Table 3.6). A SG x day interactioR (©00.03) with a slight decrease on NSARA d 6 and a
larger increase in relative abundance on SARA d 6 was observétbstridium YRC22,
PsuedobutyrivibripAnaerostipesandShuttleworthia

The association heat map (Figure 3.2A) supports the 16Ssrasdlalso indicates the
change in bacterial relative abundance from d 1 to d 6 was proportional to the severity of the
acidotic bout on d 5. The strongest observed relationships are positive correlations among
bacteria that increased on d 6 and greats ander the curve (AUC) below a 5.8 pH. Of the
measured pH parameters, AUC < 5.8 may be the most sui indicator of SARA effects on the

microbiome within our experimental pH range.
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Liquid Fraction Microbiome Effects

At the phyla level (Table 3.3), Bagbidetes, representing more than 60% of the
sequences, tended to increase in relative abundance dh=d@®d6). Within Bacteroidetes,
generaPrevotella(Table 3.7) and YCR22, and family SZ4Table 3.5) increase® & 0.04) on
d 6, but unidentifiedequences from order Bacteroidales decreased o& ®.01). While a
SG x day interactiorA(= 0.11) was not observed for Firmicutes, numerical trends indicated a
slight decrease on d 6 for N@ARA cows while SARA increased on d 6. This effect was
realzed at the family level in Lachnospirace&s=0.01) and at the genus leveButyrivibrio
(P <0.01). As expected, the relative abundancetfptococcuandLactobacillusincreased on
d 6 (P <0.06). Collectively, in the liquid fraction many dayezts P < 0.05) were observed for
bacterial families suggesting the impact of feed restriction and subsequent refeeding had a
greater effect on microbiome composition than an acidotic bout. Correlations between the
change in liquid fraction taxa and d B parameters are shown in Figure 3.2B. Relative to the
solid fraction, fewer bacteria had strong correlations in the liquid fraction. Bacteria with greater
correlations were also identified in the mixed model analysis with SG x day effects.
Multivariate Analysis

A patrtial least squarediscriminant analysis (PL-:BA) was used to identify bacteria
related to day and SG. Liquid fraction samples separated based on sampling day in the score plot
as a three component model explained 97.19¢YRnd predited 66.2% (®Y) of the data
(Figure 3.3A). A loading score scatter plot was used to visualize specific groups of bacteria with
significant coefficients in the model (Figure 3.3B). Eight bacteria had coefficients significantly
different from zero that werresponsible for day differences in the model; geBali@ida,

BF311, p75-a5, and order Bacteroidales were enriched on d 1 Wihilstridium Lactobacillus
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Pediococcusand order Lactobacillales were increased on d 6. No model could be validated for
an effect of SG within the liquid fraction.

Within the solid fraction, a three component model separated the samples based on
SARA SG (Figure 3.4A). The model explained 93.9%Y(Rand predicted 62% @) of the
data. The loading score scatter plots réackéive bacteria with significant coefficients related to
SARA includingPrevotellg p-75-a5,Lachnospira family S247, and phylum SR1 (Figure
3.4B). Three taxa were associated with NEARA including genug&\naerovoraxfamily BS11,
and unidentified segences from the order Clostridiales.
Predicted Metagenome

The functional capability of the ruminal microbiome was predicted using PICRUSt to
connect community composition changes in the functional profile. In the solid fraction, there
were43 affected level 3 KEGG pathways with a SG x day interacBon@.05). The relative
abundance of genes associated with the energy metabolism, oxidative phosphorylation, starch
and sucrose metabolism, and sphingolipid metabolism KEGG pathways incveasédor
SARA compared to NoBSARA (Figure 3.5A). Pathways for bacterial invasion of epithelial
cells, lipopolysaccharide (LPS) biosynthesis and proteins were also increased in SARA on d6
(Figure 3.5B). Conversely, bacterial pathways for glycolysisfyheogenesis, pyruvate
metabolism, propanoate metabolism, and fatty acid biosynthesis were enriched on d 6 for Non
SARA cows compared to SARA. Additional significant affected pathways are listed in the
supplemental materials (Figure S1). Analysis dfitigfraction samples did not elucidate any
differences with the predicted metagenome with no difference between SG on either day (data
not shown).

Ruminal Epithelium Gene Expression
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Expression of genes related to barrier function in ruminal epitheliasnaffected by
SARA induction. Claudin 4GLDN4) expression was upregulatéei£ 0.01) ond 6 and a
tendency for a SG x day interactidn< 0.08) was observed with a greater increase for SARA
cows on d 6 (Figure 3.6). Claudin@LDN1) was also upredated @ = 0.03) on d 6 but the SG
x day interaction® = 0.10) indicated only SARA cows had greater expressionond 6. A
tendency for a SG x day interactidn< 0.10) was observed for Tight junction proteinT1R1)
as no change in expression was dedédbr SARA cows while it was dowregulated in Non
SARA cows on d 6. Relative expression of Jlidé receptor 2TLR2 decreased on d @ E
0.05; Figure 3.7), but no day effect was detected kdr4(P = 0.18). A day effectR = 0.02)
for DSG1lindicated a decrease in expression on d 6 which was due the marked decrease for Non
SARA cows. Although there was a tendency for Coxsackie virus and adenovirus receptor
(CXADR expression to be increased on d6-(0.10), no main effects or interactions were
observed fodJAM2, OCLN, TLR4 IGFBP3 andIGFBP5 The change in rumen epithelium gene
expression from d 1 to d 6 was correlated with pH response parameters (Figure 3.8). A strong
association (R> 0.5) was revealed between expressio8ldDN1andDSG1to the pH nadir,
AUC < 5.8 and time < 5.8. An increased expressid@lddN1andDSG1lon d 6 (relative to d
1) positively corresponded to a proportional increase in AUC < 5.8 and time < 5.8 as well as a
negative correlation to the pH nadir.
Discussion

While current best management practices strive to minimize SARA occurrence, the
continued relevance of SARA in the dairy industry is reflected in ongoing academic research.
Because of the debate over the definition of SARRizier et al., 2008 the understading of its

etiology needs to be strengthened. Our objective was to elucidate effects of SARA induction
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using a feed restriction model on the solid and liquid fractions of the ruminal microbiome in
addition to the ruminal epithelium. We defined SARAhatpH threshold of 5.@50zho et al.,

2005 understanding that pH is an important but not the only factor driving the onset of SARA
(Calsamiglia et al., 2008 Using a poshoc grouping, we were able to ensure SARA and-Non
SARA cows were on the same blagiat with a goal of understanding key mediators in the

ruminal microbiome and epithelium 24 h after a single bout of SARA. Although there was slight
dietary variation based on the provision of a wheat/barley pellet to some cows on d 5, the
inclusion ofthe pellet was ineffective at inducing SARA for some cows. While dietary
composition and intake are primary causative agents of SARA, this study set out to understand
the role of observed effects on the ruminal microbiome and epithelium during the fonset o
SARA.

We observed a reduction in richness for SARA cows on d 6 in the liquid fraction and a
tendency for a decrease in algtfigersity on d 6 overall. These findings correspond well with
decreases in richness and diveraggociated with SARA inducin (Mao et al., 201Bas well as
with grain feeding in gener@Fernando et al., 20)0OMoreover, the slight increase in richness
on d 6 for NORSARA cows suggests greater resilience in the community may be important to
prevent the onset of SARANile our results in the solid fraction were surprising as alpha
diversity increased on d 6 for SARA cows, additional evidence of greater richness post SARA
induction has been observed using DGGE banding of whole rumen content Sheibéest al.,
2012. Betadiversity results suggest there wasere variation among liquid samples compared
with the solid fraction. Whereas day had a major effect characterizing the differences within the
liquid fraction, more of the variation observed in the solid fraction wesumted for by the SG

x day interaction. Others have reported greater variation in liquid samples when evaluating
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SARA microbiome changes using DG@Huo et al., 201¥as well as other diet typéslcCann
et al., 2014

As noted by the increase in Bantidetes on d 6, the taxonomic evaluation of changes in
the microbiome suggested the greatest effects of SARA were induced in the solid fraction.
Relative abundance of Bacteroidetes was even greater on d 1 and then was only accentuated on d
6 after SARAInduction. This may indicate greater levels of Bacteroidet&sewotellamay
predispose the rumen to the onset of SARA. Golder et al. observed cows consuming higher
levels of crushed wheat and ryegrass silage with greater SARA eigenvalues had greater
Prevotellaceae in a predominantly liquid sam{@®lder et al., 2014 In contrast, a longgerm
induction model over 21 d with greater dietary differences resulted in rggotellain whole
rumen contents of cows with SARMao et al., 2018 Evaluaing the severity of acidosis
during the transition period revealed a relationship betweewotellain the liquid fraction and
severity of acidosiédMohammed et al., 20)2and agrees with our findings in the liquid fraction.
Variation with the genuBrevotellahas also been observed in response to SARA induction
(Khafipour et al., 2009c Understanding the undescribed diversity inRhevotellagenus
(Bekele et al., 20)Gand the limitations of taxonomic identifications with current 16S rRNA
sequencingechnology underscore the challenge comparing across studies given the vast
differences in diet, experimental design, sampling, and methodology.

Based on pH response (Table2A the level of SARA experienced by cows in our study
most closely matches tmeild graininduced SARA described hafipour et al. (2009¢
Despite not having a group similar to our NBARA cows, the collection time at h 0 and control
vs induction period coincide well with d 1 and d 6 in our study. Similarly to these findings,

Anaerovibriolipolytica andPrevotella bryantiincreased on d 6 relative to d 1 whildarobacter
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succinogenekevels were not affected. The greater abundané€e sxiccinogenesbserved for
SARA cows was surprising given its pH sensitive metabo{Sho~ and Russell, 1992nd
lower abundance and activity of the cell membraft\RPase transportéMiwa et al., 199Y.
However, a similar trend for greater abundance of Fibrobacteraceae was observed in cows with
greater SARA eigenvalué&older et al., 204). Relative abundance 8treptococcus bovis
well-described lactate producer, increased on d 6 but no effect of SG was detected despite
numerical trends for a greater increase for SARA cows. Similarly, only day effects were
observed at the genus Iéwe the liquid and solid fraction. Overall increasesSirbovisvere not
related with the severity of acidotic bout within this experimental pH range which is consistent
with descriptions of SARA being unassociated with lactic acid accumul@egaraa and
Titgemeyer, 200)( The 2.7 fold increase . bovidor SARA cows on d 6 coincided with a 2.3
fold increase irM. elsdeniisupporting a level of synchrony between lactate producers and
utilizers that may have prevented a more severe bout of SAFRAdeveloping after an abrupt
feed restrictior{Oetzel, 2008

The functional capability of the rumen is more static than community composition due to
functional redundancy across many community mem@&emer, 201% In ruminants,
metagenomic predictis using 16S rRNA data are comparable with shotgun sequencing data
(Lopes et al., 2005 Despite a similar basal diet, energy metabolism and starch and sucrose
metabolism pathways were enriched under SARA conditions which is consistent with greater
glucoe levels observed on higher concentrate diets with a lower rumin@mpkitaj et al.,
2010. Significant increases in sphingolipid metabolism on d 6 in SARA cows are linked to
greater relative abundanceRfevotella While many grammegative bacteria gsess

lipopolysaccharide on their cell membrane, a limited number of bacteria and fungi contain
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sphingolipids in their cell membrane includiBgcteroidesandPrevotella(Kato et al., 1995
Recent research has indicated bacterial sphingolipids areldoticarvival during stressful
oxidative conditions irBacteroides fragiliAn et al., 201} Although not tested under pH
related stress, this mechanism may be key to the incre&seaftellaobserved after the SARA
bout. Increased LPS biosynthearsl proteins for SARA cows on d 6 corresponded well with
greater levels of LPS observed w8ARA induction and higher grain feedifighafipour et al.,
2009h Saleem et al., 201Rao0 et al., 201pand is due to the increase of graegative phyla
(primarily Bacteroidetes). Release of LPS from the outer membrane ofrgggative bacteria
occurs during growth and stationary phases as well as during ce(Myslis and Russell,
1996. Pathways related to bacterial invasadrepithelial cells further suggt an increased
presence of bacteria poised to take advantage of compromised barrier function in rumen
epithelium. Enriched pathways related to cyanoamino acid metabolism were observed in SARA
cows on d 6. This pathway is linked to batanine metabadim via aspartate which connects to
pantothenate and CoA biosynthesis. The coordinated enrichment of these pathways in SARA
cows is supported by previous work reporting increased aspartate aradam@te in the rumen
fluid with increased grain feedin@aleem et al., 20t1Mao et al., 201p

While longterm feeding of high grain diets is known to disrupt barrier function proteins
(Liu et al., 2013, a single mild SARA induction did not affect epithelial barrier function
determined in Ussing chambemsviitro (Penner et al., 20}0 Claudins are tight junction
proteins primarily located in the membrane of stratum granulosum(Gelieam and Simmons,
2005. Increased expression GEDN1andCLDN4most closely coincided with a lower pH
observed during SRA induction. Acidotic conditions increased expression of multiple claudins

in the duodenum of rodent€haroenphandhu et al., 2Q07Although claudins can be

102



downregulated by the transcription factor SN@&nouchi et al., 2003 a mechanistic link wit
a low pH has not been elucidated. Desmosomes are aproikin complex responsible for
intercellular adhesio(Holthofer et al., 200 DesmogleinSGJ), a component of
desmosomes, is highly upregulated during the recovery from an acidoti(Stale et al.,
201]). Similarly, we observed the greatest expression levél$salon d 1 which may
represent a carrgver effect from the prior period. Tdlke receptors initiate the inflammatory
response by binding to pathogassociated moleculé¢akira and Takeda, 2004 While
increased expression 8L R2andTLR4has been associated with resistance to aci¢Ghisn et
al., 2012, this response observed in a subsequent acidosis induction following feeding a high
concentrate diet for 58 d. Our resullid not suggest that these adaptations occur within 24 h of
a single bout of SARA. Feeding high grain diets at SARA levels over multiple weeks has been
shown to increase epithelial proliferation by KkRia upregulation ofGFBP5and
downregulation of GFBP3(Steele et al., 201 5teele et al., 2032 The fact no effect on
IGFBP5andIGFBP3was observed suggests factors unrelated to a&rortSARA induction
are responsible for their regulation.

In conclwsion, these data indicate that feed restriction and subsequent SARA induction
cause alterations in the ruminal microbiome and epithelium not observed i{8ARA cows.
More specifically, SARA cows had increased relative abundaneeswbtellaandEubacteium
ruminantiumin the solid fraction. Ruminal microbiome betaversity results suggest the effect
of feed restriction was greater than pH differences in the liquid fraction. Predicted functional
profile of the ruminal microbiome corresponded to knametabolites impacted by high
concentrate feeding. Ruminal epithelium made minor adaptations 24 h after SARA including

upregulation of£LDN1andCLDN4. Overall, these results extend our understanding of the
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rumen microbi omeo6s dycondimnsandmeysfgriltatestaggettdo aci do't

mediation of these events to prevent SARA.
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Tables and Figures

Table 3.1.Effect of SARA induction on alphdiversity in the liquid and solid
fraction of the ruminammicrobiome?

Non-SARA SARA P-value

dli d6 dl1 d6 SEM SG Day SGxDay

Liquid fraction

Chao?f 4030 4499 5788 5019 461 0.10 0.56 0.03

Shannoh 956 947 965 939 0.16 0.96 0.07 0.36

Si mp ¢ o 0.996 0.995 0.996 0.995 0.0006 0.82 0.03 0.78
Solid fraction

Chaol 2777 2555 3080 3375 359 0.29 0.86 0.24

Shannon 835 791 843 9.20 044 0.27 0.59 0.06

Si mps o 0.979 0.969 0.983 0.998 0.014 0.38 0.76 0.21
INon-SARA = cows (n = 7) in which ruminal pH was not < 5.6 for 3h on d 5.
SARA = cows (n =5) in which ruminal pH was < 5.6 for 3h on d 5.
2SG = SARA grouping of cows based ominal pH as NorSARA or SARA.
3An alphadiversity index that estimates the number of undiscovered species
within a sample as a measure of richness.
“Alpha-diversity measures that take into account richness and evenness of the
community within a sample.
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Table 3.2.Effect of SARA induction on relative abundances of bacterial genera in the soli
fraction using gPCR.

Non-SARA SARA P-value?

dl d6 dil d6 SG Day SG x Day
A. lipolytica 0.0024 0.0023 0.0008 0.0053 0.76 0.02 0.02
B. proteoclasticus 0.29 0.19 0.47 0.63 0.07 0.70 0.13
E. ruminantium  0.07 0.03 0.16 0.23 0.01 0.53 0.06
F. succinogends 0.0053 0.0010 0.0087 0.0076 0.20 0.08 0.13
M. elsdenii 8.1x10* 7.2x10* 43x10* 1.0x 10° 0.94 041 0.27
P. bryanti? 3.1x10" 21x10* 7.6x10* 3.4x10° 0.09 0.22 0.04
S. ruminantium  0.08 0.05 0.04 0.05 0.59 047 0.14
S. amylolyticd  6.5x10* 28x10* 3.6x10" 3.9x10® 024 0.09 <0.01
S. bovié 1.6 x 100 2.3x 10" 45x10° 1.2 x 10 0.17 0.10 0.41
S. dextrinoslvens 3.3 x10° 4.8x10° 95x10° 2.8x10* 0.18 0.10 0.42
16S rRNA 46x10 49x16 42x16 4.6x16 0.75 0.39 0.97
copy numbet

INon-SARA = cows (n = 7) in which ruminal pH was not < 5.6 for 3h on d 5. SARA = cows (n
= 5) inwhich ruminal pH was < 5.6 for3hon d 5.

2SG = SARA grouping of cows based on ruminal pH as-SARA or SARA.

3Data were logit transformed to ensure normality of residuals.

416S copy number/ng DNA
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Table 3.3.Effect of SARA induction on relative abuaces of bacterial phyla i
the solid fraction using 16S rRNA sequencing.

Non-SARA SARA P-value?

dl d6 dl d6 SG Day SG x Day

Liquid fraction
Firmicutes 314 281 27.7 299 0.84 0.73 0.11
Bacteroidetes 59.2 64.8 635 644 0.67 0.06 0.16
Cyanobacteria 1.35 055 0.65 0.25 0.31 0.02 0.43
T™M-7 1.01 046 051 042 0.32 0.02 0.10
Actinobacteria 052 0.39 0.32 0.34 0.43 0.34 0.15
Proteobacterfa  0.18 0.10 0.12 0.13 0.95 0.22 0.16
SR1 0.015 0.013 0.007 0.032 0.59 0.4 0.02
Solid fraction
Firmicute$ 855 879 799 69.0 <0.01 0.01 <0.01
Bacteroidetes 4.8 3.1 99 230 <0.01 <0.01 <0.01
Actinobacteria 6.6 6.1 7.4 6.4 0.76 0.48 0.79
T™M-7 2.0 15 2.0 0.9 0.73 0.05 0.49
SR1 0.05 0.03 0.03 0.20 0.09 <0.01 <0.01
Proteobacterfa  0.02 0.01 0.05 0.04 0.18 0.64 0.95
Cyanobacterta  0.05 0.03 0.02 0.01 0.23 0..14 0.93
INon-SARA = cows (n = 7) in which ruminal pH was not < 5.6 for 3h on d 5.
SARA = cows (n =5) in which ruminal pH was < 5.6 8h on d 5.
2SG = SARA grouping of cows based on ruminal pH as-SARA or SARA.
3Data were logit transformed to ensure normality of residuals.
“4Period effecP < 0.05.
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Table 3.4.Effect of SARA induction on relative abundances of bacterial famiidisa
solid fraction using 16S rRNA sequencihg).

Non-SARA SARA P-value’

dl d6 d1 d6 SG Day SG x Day

Bacteroidetes

Prevotellaceae 3.29 242 8.13 18.32 <0.01 <0.01 <0.01

S247 0.63 0.33 1.12 2.01 <0.01 0.14 <0.01

Paraprevotéhceaé 0.18 0.06 0.32 2.35 0.02 0.34 <0.01

Bacteroidaled 0.39 0.22 0.37 0.73 0.45 0.44 0.03
Firmicutes

Lactobacillacede 0.29 291 0.61 0.38 0.67 0.19 0.06

Streptococcaceae 0.38 1.19 0.71 0.98 0.91 0.04 0.27

Leuconostocaceée 0.2 0.38 0.01 0.02 0.26 0.07 0.11
Other

F-16 1.99 145 199 0.90 0.72 0.05 0.49

Families listed were affected by SARA inductidh<{ 0.10). Additional families
unaffected by SARA induction are listed in Tabl&A

2Non-SARA = cows (n = 7) invhich ruminal pH was not < 5.6 for 3h on d 5. SARA =
cows (n = 5) in which ruminal pH was < 5.6 for 3h on d 5.

3SG = SARA grouping of cows based on ruminal pH as-SARA or SARA.

4Data were logit transformed to ensure normality of residuals.

*Unidentfed sequences listed at the lowest level of taxonomic assignment (order).
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Table 3.5.Effect of SARA induction on relative abundances of bacterial families ir
liquid fraction using 16S rRNA sequencihg.

Non-SARA SARA P-valuée’

dl do6 dl do6 SG Day SG x Day
Bacteroidetes
Prevotellaceae 40.1 49.0 435 46.6 0.93 0.01 0.17
S247 057 094 0.72 2.26 0.18 <0.01 0.04
Bacteroidale3 11.5 8.7 114 7.7 0.74 <0.01 0.56
Firmicutes
Lachnospiracede = 8.86 6.64 8.15 10.23 049 0.73 <0.01
Clostridiales 5,62 427 475 3.09 0.33 <0.01 0.72

Christensenellacea 1.31 0.69 0.59 0.12 0.16 <0.01 0.66
Erysipelotrichaceae 0.63 0.34 057 0.37 0.88 <0.01 0.20
Lactobacillale3 0.06 0.82 0.05 0.14 0.47 0.09 0.17
Streptooccaceat  0.011 0.031 0.011 0.023 0.89 0.02 0.62
Lactobacillacede 0.008 0.075 0.018 0.026 0.94 0.09 0.20
Other
Coriobacteriaceae 0.47 0.33 0.30 0.27 0.35 0.06 0.23
F-16 1.01 046 051 042 0.31 0.02 0.10
Families listed were affeetl by SARA inductionR < 0.10). Additional families
unaffected by SARA induction are listed in Tabl&A
2Non-SARA = cows (n = 7) in which ruminal pH was not < 5.6 for 3hond5. SARA =
cows (n = 5) in which ruminal pH was < 5.6 for 3h on d 5.
3SG =SARA grouping of cows based on ruminal pH as M#RA or SARA.
4Data were logit transformed to ensure normality of residuals.
*Unidentifed sequences listed at the lowest level of taxonomic assignment (order).
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Table 3.6.Effect of SARA induction on relate abundances of bacterial genera in 1

solid fraction using 16S rRNA sequencihg).

Non-SARA SARA P-value’
dl d6 dl d6 SG Day SG x Day
Bacteroidetes
Prevotella 3.29 242 813 18.32 <0.01 <0.01 <0.01
YRC22 0.15 0.04 030 24 0.02 0.39 <0.01
Firmicutes
Butyrivibrio 16.66 12.14 12.45 12.01 0.52 0.16 0.24
Ruminococcus 492 7.37 7.27 8.09 054 0.11 0.41
Lactobacillug 0.23 155 0.58 0.38 0.87 0.28 0.10
Streptococcus 0.30 1.15 0.73 1.00 0.80 0.03 0.23
Coprococcus 0.62 0.72 0.33 1.26 0.69 <0.01 0.01
Moryella 1.08 088 126 094 0.76 0.07 0.68
Clostridium 048 0.35 0.31 0.68 0.71 0.20 0.02
Blautia 0.30 0.20 0.21 0.14 0.27 0.02 0.64
Pseudobutyrivibri6  0.07 0.02 0.07 0.42 0.18 0.57 0.01
Anaerostipes 0.27 0.17 0.10 0.27 0.74 0.55 0.03
Shuttleworthia 0.22 0.19 0.07 0.33 0.94 0..04 0.01
Other
Succiniclasticurh 0.70 0.92 0.27 1.24 0.66 0.03 0.11

!Genera listed were observed at greater than 0.1% of all solid samples.
2Non-SARA = cows (n = 7) in which ruminal pH was not < 5.6 for 3h ond 5. SARA

= cows (n = 5) in which ruminal pH was < 5.6 for 3 h on d 5.
3SG = SARA grouping of cows based on ruminal pH as-SARA or SARA.
“Data were logit transformed to ensure normadityesiduals.
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Table 3.7.Effect of SARA induction on relative abundances of bacterial genera

the liquid fraction using 16S rRNA sequencig.

Non-SARA SARA P-value’

dl d6 dl d6 SG Day SG x Day
Bacteroidetes
Prevotella 40.13 4894 43.51 46.56 0.93 0.01 0.17
YRC22 145 160 190 2.72 0.24 0.04 0.13
Firmicutes
Butyrivibrio® 6.27 423 499 6.62 0.71 0.58 <0.01
Ruminococcus 561 7.31 6.56 9.12 0.48 0.04 0.66
Coprococcus 0.11 0.20 0.16 0.23 0.40 0.01 0.49
Streptococcus 0.011 0.017 0.014 0.025 0.66 0.06 0.55
Lactobacillus 0.005 0.070 0.013 0.021 0.89 0.03 0.11
Moryella 0.008 0.008 0.014 0.009 0.65 0.56 0.61
Anaerostipes 0.048 0.029 0.065 0.107 0.24 0.50 0.09
Clostridium 0.090 0.096 0.089 0.170 0.54 0.13 0.21
Blautia® 0.049 0.037 0.047 0.044 0.88 0.29 0.46
Pseudobutyrivibrio 0.004 0.006 0.002 0.011 0.79 0.05 0.27
Shuttleworthia 0.007 0.008 0.035 0.012 0.16 0.08 0.04
Other
Succiniclasticum  0.143 0.189 0.222 0.342 040 0.09 0.69

!Genera listed were observed at greater than 0.1% of all liquid samples.

2Non-SARA = cows (n = 7) in which ruminal pH was not < 5.6 for 3h ond 5. SARA
= cows (n = 5) in which ruminal pH was < 5.6 for 3 h on d 5.

3SG = SARA grouping of cosvbased on ruminal pH as NGARA or SARA.

“Period effecP < 0.05.

Data were logit transformed to ensure normality of residuals.
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Figure 3.1. Principal coordinate analysis (PCoA) of betediversity in the liquid (A) and

solid fraction (B) using Bray-Curtis similarity. Analysis by PERMANOVA revealed a day

effect P = 0.003), but no effect of S& & 0.60) and SG x day(= 0.18) in the liquid fraction.

In the solid fraction, PERMANOVA analysis indicated no effect of day 0.19), SGP =

0.83), or SGx day @ = 0.43).
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Figure 3.2. Association heat map between the change in bacterial relative abundance over
time (d 6-d 1) and ruminal pH response on d 5 in the solid (A) and liquid (B) fractions

using Pearson correlations.
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Figure 3.2 (cont.).All correlation coefficients greater than 0.5 or less #tah are listed. The
scale bar colors denote the correlation coefficients with 1 indicating a perfect positive correlation
(orange) andl indicating a perfect negative correlation. Letter prd@rotes the lowest level

of taxonomic identification [genus (g); family (f); and order (0)].
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Figure 3.3.Partial least squares discriminant analysis (PLSA) model of the liquid

fraction bacterial communities with 3 components.
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Figure 3.3. (cont.) (A) PLS DA score scatter plot discriminating between d 1 and d 6 in the

liquid fraction (goodnessf-fit parameter (R (Y) = 0.97; predictive ability parameter{Q

(cum) = 0.66) with each point representing a single san{BlePLS-DA loading scatteplot of
bacteria classified to the lowest taxonomic level. Taxa with significant coefficient values
(relationship between X and Y variables) are labeled. The size of each point corresponds to the
average relative abundance of the taxa. Letter prefintde the lowest level of taxonomic

identification [genus (g) and order (0)].
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Figure 3.4. Partial least squares discriminant analysis (PL®A) model of the solid fraction

bacterial communities with 3 components.
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Figure 3.4. (cont.). (A)PLS DA scorescatter plot discriminating between NSARA and

SARA cows in the solid fraction (goodneskfit parameter (R (Y) = 0.94; predictive ability
parameter (€) (cum) = 0.62) with each point representing a single sarf®J€LS-DA loading

scatter plot of beteria classified to the lowest taxonomic level. Taxa with significant coefficient
values (relationship between X and Y variables) are labeled. The size of each point corresponds
to the average relative abundance of the taxa. Letter prefix denotes/ést level of

taxonomic identification [genus (g); family (f); order (0); and phylum (p)].
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Figure 3.5. Effect of SARA induction on the predicted metagenome pathways related to

energy metabolism (A) and epithelial barrier function (B) in the solid fra¢ion. Values

represent the percentage change in expression of a given pathway from d 1 to d 6. Positive
values indicate an increased representation on d 6 compared with d 1 of a given pathway in the
predicted metagenome, while negative values descpleecant decrease on d 6 of a predicted

pathway.
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