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ABSTRACT

Rapid dietary transition is a common practice ire thutritional
management of feedlot cattle, which may lead toimamacidosis in some
animals. Ruminal acidosis is a prevenient digediigerder in livestock industry
which significantly impacts animal health and prcidon. To date, the
understanding of the changes in the ruminal mie@lobommunity during diet
transition or acidosis is very limited. In thisidy, we have investigated: 1) the
epithelial tissue associated bacterial diversitgnges in the rumen of beef cattle
during dietary transition to high grain diets; a@y variation of digesta and
epithelium attached bacterial communities in thmen of steers differing in
susceptibility to subacute ruminal acidosis usinguce-independent molecular
based methods. PCR- denaturing gradient gel efgatresis and quantitative real
time PCR analysis of 24 beef heifers adapted fraffiecontaining 97% hay to
the diet containing 8% hay over 29 days revealed the epimural bacterial
diversity from rapid grain adaptation heifers cheshgn response to the dietary
transition. Similar analysis of bacterial profileErumen samples from acidosis-
resistant and acidosis-susceptible steers shovedita diversity and density of
digesta and epithelial attached bacterial commesiitire different between AS

and AR animals.



ACKNOWLEDGMENTS

I would like to thank all the people whom | wasKydo work with and the
guidance received during my program.

Firstly, I would like to express my sincere gratiéufor my supervisor Dr.
Leluo Guan for her excellent assistance and engeuamant that she provided
during my program. Her knowledge, enthusiasm, aatiepce have really
inspired me all along the time of my study. Shepdied many opportunities for
me to exercise creative thinking and learn howdlaborate in the group, and
how to challenge myself. These really helped mertioance my scientific skills,
team-work abilities and communication skills in@estific environment, which
are fundamental for my future career.

I would also like to thank Dr. Masahito Oba for lails valuable insights and
guidance. His helpful comments on improving myistat skills are very much
appreciated and | am truly grateful for his willmegs and enthusiasm to help and
provide supports when needed.

| owe great thanks to Drs. Greg Penner and MeijdioLitheir readiness,
contributions and feedbacks throughout this project

Words cannot explain the appreciation that | hawe rfhany of my
University of Alberta friends and colleagues, fdr their friendship and their
assistance with animal handing and sample collestidhe members in Dr.
Guan’s lab: G. Vavak, C. Penner, E. HernandeZyiadlmuthuge, C. Klinger, K.
Pon, E. Hernandez, M. Zhou, J. Romao and W. Jeaptambers in Dr. Oba’s lab:

L. E. McKeown, A. Ruiz-Sanchez, Y. Sun, B. TchindaS. Melnyk. Further, I'd



like to thank the staff of the Metabolic Unit aslines C. Lysgaard, B. Dyck, B.
Wiese, and F. Bruijnen for all their help with weimal work.

In addition, | would like to acknowledge Albertavestock Industry
Development Fund and Natural Sciences and Engimg&esearch Council for
financial support for this project.

Lastly, | would like to deeply thank my parentssters and brother for all

their support, guidance and humour.



TABLE OF CONTENTS

EXAMINING COMMITTEE ......cciiiii e L...
ABSTRACT ettt et et e e e e e e e e e e e Il
ACKNOWLEDGMENTS ....oiiiiiiiiiiiiiiiiie ettt 1.1
TABLE OF CONTENTS ....ciiiiiii ittt cmeer et Y,
LIST OF TABLES ...ttt ettt e VI
LIST OF FIGURES ...ttt IX
LIST OF ABBREVIATIONS .......ouiiiiiiiiieiiiisimmmie et e e e XI.
Chapter 1. Literatureé REVIEW ..........coeviiiiiiiiiiiiiiiie e eeeeee e 1
1.0 INTrOAUCTION ....eviiieee ettt e e s e e e e e e 2
1.1 Rumen fermentation and rumen mMiCrobes ... 2
1.1.0 RUMINAl DACLEIA. .. ... iiiiiiiieieeiieeeee e e 4
1.1.1.1 Ruminal bacteria inhabiting the rumen diges....................... 4
1.1.1.2 Functions of rumen digesta associated Bacte...................... 5
1.1.1.3 Factors that impact on the ecology of tmean digesta
aSSOCiated DACIENIA .......cceeiiiiiiiie e Q..
1.1.2.1 The bacteria attached to the ruminal elpiime(epimural
oF= Tt (= 4 = ) I 12
1.1.2.2 The predicted function of epimural bacteria....................... 14
1.2 Rumen Subacute aCidOSIS .........coiiiiieeeeeee et 14
1.2.1 The identification Of ACIAOSIS .........ummweeeeeeeeriiniiiiiieeee e 14
1.2.2 SARA QNA VFAS ..ottt e e e 7.1
1.2.3 Effects of SARA on microbial profiles ... 18
1.2.4 SARA and animal health ..............o e, 20
1.2.5 SARA Prevention Strate€gies ........ouucccceeeeeiei e 21
1.3 Rumen bacterial identification using molectéhniques ...........ccccccevveeeeeee. 23
1.3.1 PCR-Denaturing gradient gel electrophord3GGE) ...................... 23
1.3.2 Sequencing analysis of 16S rRNA gene libsarie.............ccccceeee... 25
1.3.3 Quantitative real-time PCR (QRT-PCR).ceeevevveiriiiiiiiiiiiiinnnnnn. 26
1.3.4 MetagenOMICS. ....cceeeieeeeeeeee e 28



1.4 SUMIMETY ..ottt ettt e e et e e et e e e e e e eeeeenmnssnna e as 29
S (] = (O (SR o1 (=Y [ OPTPT 31

Chapter II.. The Epithelial Tissue Associated Bacterial Diveryy Changes in

the Rumen of Beef Cattle during Dietary Transitionto High Grain Diets'...50

2.0 INEFOAUCTION ...ttt e e e smnnne e e e e e 50
2.1 Materials and Methods ...........cooiiiiirieeee e 51
2.1.1 Animals and Sampling ........ccccooviiimmcc e 51
2.1.2 Rumen pH MEaSUrEMENTS ........uuuuieeeeeeeee e 53
2.1.3 DNA EXIrACHON ...eeviiiieeiiiiiiiiitiie e e e ettt e e e st e e e e e e aaee 54
2.1.4 Design of a reference marker for PCR-DGGHya®..................... 55
2.1.5 PCR-DGGE @NAIYSIS ....uvvviriiriirisnsmmmmmmn s sssssssassssssnsssssssasassaasansens 56
2.1.6 Estimation of total epimural bacteria popolausing gRT-PCR...... 58
2.1.7 Statistical analySis .........ooooiiiiiiiiie e 59
2.2 RESUILS ...ttt 60
2.2.1 Rumen fermentation parameters........cccoeceeeeeiiiiieeeeeee e, 60
2.2.2 PCR-DGGE profiling of ruminal epimural bacer......................... 61
2.2.3 Assessment of PCR-DGGE bands.........cccceemveeeieieeiiiiiiiiiiiieeeen. 62
2.2.4 Comparison of the total population of rumpmeiral bacteria......... 63
2.2.5 Correlations among total population of rurepimural bacteria,
rumen pH and VFA profiles ... 64
2.2.6 Correlations among epimural bacterial PCR-EG®files, ruminal
pH and molar proportion of VFA ... 64
2.3 DISCUSSION ...ttt e e et e e e e e e e smnnne e e e e e e ann 65
2.4 REIEIEINCES ....uuiiiiiieei ettt ettt et e e e e e smnnne e e e e e 89

Chapter III. Variation of Digesta and Epithelial Attached Bacerial

Community and Expression of TLRs in the Rumen of Sters Differing in
Susceptibility to Subacute Ruminal ACIOSIS.......ccoovvviiiiiiiiiiiieeeeeeeeeeeee 97

IO I 101 (o 18 Te3 10 NPT 97

\



3.1 Materials and MEthOAS ........ov i 99

3.1.1 Animal and sampling........cooooiiiiiiiiiieeiiiieieeeeee e 9.9
3.1.2 DNA extraction and PCR-denaturing gradieheggctrophoresis
(DGGE) ..ottt e e e e e e e e e e e 100
3.1.3 DGGE profiles analysis ..., 101
3.1.4 Quantitative real time PCR analysis..........ccccccvvvvieiiiiiiiiiiiinenene, 102
3.1.5 RNA extraction and gene eXpreSSIiON ..ccecaueeeeveeveereeeeremenemenennnnnes 102
3.1.6 Statistical analySis ..........ooooiiiiiiiii e 103
.2 RESUIS .ottt aaaana 104
3.2.1 PCR-DGGE analysis of bacteria associated awesta and epithelial
tissue in the rumen of AR and AS animals. ..............oveviiiiiiiiinnnns 104
3.2.2 Analysis of the density of bacteria in themam of AR and AS
SIS .. ettt 105
3.2.3 Expression of TLR2 and TLRA. ......ovvieiiieeeeiiiiie 105
3.2.4 Correlation between bacterial density, fertaigon variables and TLR
L2301 (=17S] o] o TR PP 106
3.3 DISCUSSION ...ttt e e ettt e e e e e e e e e e e e ns 106
3.4 REIEIENCES ...ttt e et 119
Chapter IV. General DISCUSSION..........cccoiiiiiiiiiiiiiiei e 126
4.1 REFEIEINCES ... euiiiiiiiiiiiiiiiiiitettt ceeeeeeeeeeseeaesaeeaaesseeeesbseesbsebesbbssbemnmneeeeeeeeas 135

Vi



LIST OF TABLES

Table 1.1 Characteristics of predominant ruminatéxda @dapted from Ressulll,

Table 2.3 Analysis of ruminal fermentation paraenetnd total epimural
bacterial population in the inter- and intra-tre@m..............cccccccvvvnnnnn. 77

Table 2.4 Identification of PCR-DGGE bands and eissions with different
FUMEN PAFAMETEIS ...oeviiiciiiii e e e erees 78

Table 2.5 Correlation among total epimural bactpdpulation, rumen pH and
VEAS ProdUCTION ...t 82

Table 3.1 Ingredient composition and nutrient cosjan of diet fed to AR and

AS STEBIS . 111
Table 3.2 The primers used for detection of rumeetdyia in this study.......... 112
Table 3.3 ANOSIM of bacteria profiles between ARI &S steers.................. 113
Table 3.4 The diversity and density of bacterithmrumen............c.cccceeeee. 114

Table 3.5 Correlation between density of bactesimmunity and fermentation

(V214 T= 1 o] [T 115

Vil



LIST OF FIGURES

Figure 1.1 Different fermenting bacteria involvedstarch fermentation to lactic

acid and VFA in the rumen of grain-fed catthdpted from Nagaraja

and TitgemEYEr 2007) .....uuuuunnnrinninniini s 8
Figure 2.1 Mean rumen pH measured from each of G& Reef heifers under
97%-, 25%- and 8%-hay diet, respectively.......ccccoooiiiiiiii. 83

Figure 2.2 The cluster of the PCR-DGGE profilesepimural bacterial profiles
from (A) control cattle fed 97% hay diet (B) the R&A cattle fed three
diets: 97% hay (P1), 25% hay (P2), 8% hay (P3)aesly................. 84
Figure 2.3 Analysis of epimural bacterial profilesng PCR-DGGE analysis. (A)
The epimural bacterial profile detected from theR@A cattle fed three
diets: 97% hay (P1), 25% hay (P2), 8% hay (P3)aesgely. The cluster
of the PCR-DGGE profiles was generated with thenBioerics software
package using UPGMA method as described in the @gtimization of
0.8% and the tolerance position of 0.88% were appio comparison of
DGGE profiles among the gels. (B). MDS plot of POBGE profiles
shown in (A). Different groups were indicated witifferent color: Dark
blue (n=20): 97%-hay fed cattle (14), 8%-hay fettleq5) and 25%-hay
fed cattle (1); Light green (n=17): 25%-hay fedtlea(11) plus 8%-hay
fed cattle (6); Purple (n=8): 25%-hay fed catlls 07%-hay fed cattle (3)
and 8%-hay fed cattle (1); Yellow (n=4): 8%-hay feattle (3) plus 97%-
hay fed cattle (1); Red (n=3): 8%-hay fed cattlg (3Light blue (n=2):
8%-hay fed Cattle (2)..........uueuuiiiiiiiiceeeeeieiieiieiie e 85
Figure 2.4 Comparison of distribution of epimurakteria at phylum level from
18 RGA heifers fewer than 97%-, 25%- and 8%-hayt, diespectively
based on the sequence information from the refererarker. ............... 86
Figure 2.5 Changes of estimated total populatioemimural bacteria measured
by total copy numbers of 16S rRNA genes from eaudividual of 18
RGA heifers in response to 97%-, 25%- and 8%-hat; déspectively. . 87
Figure 2.6 Variation of the distribution changesepimural bacteria at phylum
level of heifer 170, 172 and 360 in response to 92%%band 8% hay diet,

IX



respectively based on the sequence information themeference marker.

Figure 3.1 The cluster of the PCR-DGGE profilebatterial profiles of AR and
AS steers from (A) rumen tissue samples (B) rumegestia samples
collected at the four different time point afteedeng. ............ooovveeeeee. 116

Figure 3.2 MDS analysis’ plots of bacteria PCR-DGf&files generated from
(A) rumen content samples (B) rumen epitheliumugssamples. Different
groups were indicated with different shapes: Kak12): acidosis-
resistant steers; cube (n=12): acidosis-susceibbss. ...................... 117

Figure 3.3 TLR2 and TLR4 expression in the rumeithepum between AS and
AR steers at each time point after feedin@.T: the relative amplification
of the targeted genes to the house keeping gereeloWer value oACT
indicates the earlier amplification and higher lesfegene expression. 118

Figure 4.1 Variation of the distribution changesepimural bacteria at phylum
level of the other 15 heifers in response to 97%%and 8% hay diet,

respectively based on the sequence information themeference marker.



LIST OF ABBREVIATIONS

AR Acidosis resistant

AS Acidosis susceptible

ANOSIM Analysis of similarity

CP Crude protein

DGGE Denaturing gradient gel electrophoresis
DMI Dry matter intake

GC Gas chromatography

MDS Multi-dimensional scaling

NDF Neutral detergent fiber

OM Organic matter

PBS Phosphate-buffered saline

PCA Principle components analysis

PCR Polymerase chain reaction

gRT-PCR Quantitative real time polymerase chaictrea
SARA Sub-acute ruminal acidosis

SCFA Short-chain fatty acids, refers to both thessdciate and

undissociated states

VFA Volatile fatty acids

Xl



Chapter 1. Literature Review

1.0 Introduction
In Canada, there are about 13 million cows of whicl3%dis beef cattle,

10.8% is dairy cattle and 54.9% is calves (Staisfanada 2010; Canada’s Beef
Industry Fast Facts, 2010), all of which signifitgncontributes to Canada’s
economy. For example, beef production contribut@® ®illion to Canada’s
economy in 2009 (Canfax, Statistics Canada, 2009)past decades, the
population of both dairy cows and beef cattle himeeeased by 0.6% year-over-
year due to the consistent increase in demand aft @ed milk products. To
improve the meat and milk production of cattle, tiéritional density of diets has
been increased by feeding more concentrates asdolegye (Plaizier et al., 2007).
However, feeding highly concentrate diet can sigaiitly affect rumen microbial
ecosystem and ruminal fermentation, leading to geduumen buffer and higher
concentration of fermented acids (Kleen et al.,32®&lone, 2004; Rustomo et al.,
20064, b, c). This then leads tlee depression of rumen pH and an increased
occurrence of subacute ruminal acidosis (SARA) (@swvet al., 1998; Nagaraja
and Titgemeyer, 2007). If the rumen pH continueddorease, SARA may lead to
acute acidosis which may, in the worst case, ctheseattle death (Britton et al.,
1986; Goad et al., 1998). During acidosis, cows egerience diarrhea, weight
loss, reduced milk production, and increased sudkly to other metabolic
disorders (Vasconcelos and Galyean, 2008).

It is known that rumen microbial symbiosis is vifak the uptake of

nutrients by the cow. The microbes ferment plantemi@s to carbohydrates,



ammonia, and microbial proteins that are used byhtyst for energy metabolism
(Annison and Bryden, 1998). In the meantime, th&t Bapplies a niche for these
microbes to colonize and grow. Therefore, the chang rumen environment due
to the feeding of high concentrate diet can aler diversity and density of the
microbes in the rumen, which may subsequently ohamg rumen functions. This
chapter aims to summarize the current understarafingmen microbial ecology
in cattle and their relationship with SARA. Amongmen microorganisms,
bacteria are the most investigated population ane Isignificant effects on the
animal’s performance. Therefore, special emphasid@ given to the ecology of
rumen bacterial communities and their adaptatiatfferent diets as well as their
association with SARA. In addition, the knowledgkoat ruminal epimural
bacteria and recent applications of molecular basedniques to identify rumen

microbes will also be summarized in this chapter.

1.1 Rumen fermentation and rumen microbes

Ruminants have four stomach compartments: rumeicuhem, omasum
and abomasum. The rumen is the first and largespadament and it holds the
feed which it is being digested by the symbioticmobes. The feed is softened
further in the reticulum and transformed into smedids of ingesta. Compared to
the rumen, the reticulum has a more selective foncits role is to move the
ingesta to the omasum or have it regurgitated. el compartment, the
omasum, serves as a 'filter' and it filters thgdapieces of digesta back into the

reticulum. The cud is then pressed and broken dawther in the real stomach or



abomasum, where the protein is digested. The adlishe abomasum wall

produce enzymes and hydrochloric acid which hyd®Iproteins in the feed.

Hydrolysis breaks proteins into smaller sub-unitshsas dipeptides, having them
ready for further digestion and absorption in theak intestine.

The rumen is the major fermentation vat when coexgbavith the other
three compartments. Besides being an anaerobicoanvent, the rumen also has
to maintain an optimal temperature, a desirable gotdl, an environment rich in
sodium and with the adequate moisture level, aidedater and saliva (Caldwell
and Hudson, 1974) because all of these are criacédrs that impact the growth
of rumen microbes and their activities. It is knowrat the rumen microbial
community is comprised of bacteria, fungi, protozval archea. Among them,
bacteria have the largest population, up td*1bcells/g of rumen content
(Russell, 2002; Li eal., 2009), and preferentially digest structurabohydrates,
non-structural carbohydrates, and protein. Prota@eapresent in more than®10
cells/ml of rumen fluid (Sato et al., 2010), andide their nutrients through
phagocytosis of other microbes; they degrade awmg@stlifeed carbohydrates,
especially starch, sugars, and proteins (RusséD2R2 Ruminal fungi counts
reach only 1.8x15-10° zoospores/ml of rumen fluid (Khejornsart and Waxtap
2010); nevertheless they occupy an important niohéhe rumen because they
hydrolyse the ester linkages between lignin anditelinlose or cellulose, and
help break down the digesta particles (Lowe etl887; Srinivasan et al., 2001).

Rumen archaea, present in approximately 1.8x1@ cells/ml of rumen fluid



(Khejornsart and Wanapat, 2010), are mostly aypbico methanogens and
produce methane through anaerobic respiration @&bet al., 2006).

Due to the fact that the bacteria population isl#éngest, and also because
of their role in the production of volatile fattgids (VFA), the following sections

will mainly focus on rumen bacteria.

1.1.0 Ruminal bacteria

Based on their localization in the rumen, the h@teommunity can be
classified into three groups (Sadet et al., 20@abiting in the rumen fluid;
adhering to the feed particles; and attached tauheen epithelium wall (defined

as epimural bacteria) (Cheng et al., 1979; ChendgGosterton, 1986).

1.1.1.1 Ruminal bacteria inhabiting the rumen diges

To date, most of the researches have focused dvattteria associated with
rumen digesta, including those inhabiting in theen fluid and adhering to the
feed particles. Early studies using culture basetlraicroscopy methods showed
that these bacteria were rods, cocci, or ovalseutite light microscopy (Bryant,
1959) with most of them being Gram positive and reraegative bacteria
(Stewart and Bryant, 1988). Using the amount oft & in double-stranded
chromosomal DNA as a criterion for differentiatibgcteria, the G + C content of
ruminal bacteria only ranges from 30 to 54% (Hobsk#65). This was reported
to be caused by the narrow temperature range ofuimen. Using the direct
counting method, Krause and Russell (1996) estindiat the density of ruminal

bacteria can reach up to'f@ells per gram of ruminal content. In recent years,



ruminal bacteria have been re-evaluated with neweore objective, and
genetically valid methods of classification, likeltare-independent molecular
identification methods. Using a culture-independéased 16S rDNA clone
library analysis, the major bacteria in the rumemtent is low G+C Gram-
positive bacteria that were over 50% of the totahber following by the orders
of Cytophaga-Flexibacter-Bacteroides, Proteobacterand Spirochaetes,
respectively (Tajima et al., 1999; Edward et ab04£). Recent study using small
subunit (SSU) rRNA sequence analysis further rexk#hat there are up to 722
phylotypes in the bovine rumen (Brulc et al., 2008)addition, the rumen digesta
associated bacteria have been also grouped bagédiofermentation pathways.
For example, based on their fermentation substriitesumen bacteria have been
categorized into different groups, such as amyiglyimaltose-fermenting,

glucose-fermenting, and lactic acid-fermenting baat

1.1.1.2 Functions of rumen digesta associated bacgse

The digestion of the cellulose or fibre by rumerctbeaa was not well
understood until 1940s. Elsden (1945) performedfifst study that identified
that rumen bacteria digested the plant fibre ant/eded it to VFAS, including
acetate, propionate and butyrate, the essentilolbgdrates for host nutrition
uptake. A following study by Gray et al. (1951) ealed that more VFAs such as
valerate, isobutyrate and isovalerate were alsegptein the rumen. The VFAs
are produced by the relevant bacteria (Table 1.1a wWydrolysing

monosaccharides or disaccharides in the feed coemponThese products then



undergo glycolysis or other biochemical pathwais lipid metabolism, to yield
energy for their own growth. In addition, rumen teai@ have been reported to be
able to digest not only cellulose but also otherbchydrates and nitrogen-
containing compounds. For example, Hobson et 88X} identified and isolated
Streptococcus bovis, Lactobacillus sp, and Selenomonas rumitanium, those are
involved in starch digestion, and utilize amylasecarry out degradation; their
end of product is lactate (Figure 1.1). When laciatproduced, it can serve as
substrate for lactate utilizing bacteria such Asaerovibrio lipolytica,
Fusobacterium necrophorum, Megasphaera elsdenii, Peptostreptococcus
asaccharolyticus, S. ruminantium ssp.lactilytica, Propionibacterium acnes, and

Velillonella parvula who also grow in the rumen.



Table 1.1 Characteristics of predominant ruminal ba&teria (adapted from

Ressull, 2002)

Species Products Primary Niches
Fibrobacter

succinogenes S, kA CU
Ruminococcus albus A F E CuU
Rummog:occus S, F A Cu

flavefaciens

Butyrivibro fibrisolvens B, F, L, A CU, HCU, ST, PC, SU
Rumlnob_acter S.F. A ST

amylophilus

Selenomonas L, A P, B, H SU, ST, L
ruminantium

Prevotella sp. S,F,AP ST, HCU, PG-GL, PT
Succmor_nonas S, A P ST

amylolytica

Succinivibrio

dextrinosolvens S AL MD
Streptococcus bovis L,F, A E ST, SU
Eubacterium L F A B MD, SU
ruminantium

Megasphaera el sdenii P, B, A, Br L, MD, AA
Lachnospira multiparus L, F, A PC, SU
Anaerovibrio lipolytica S, P, A GY, L
Peptoste_reptococcus Br, A PEP. AA
anaerobius

Clqstrldl_um A B AA. PEP
aminophilum

Clostridium sticklandii A, B, P, Br PEP, AA
Wolinella succinogenes S MAL, FUM

A, acetate; B, butyrate; P, propionate; F, fdemalL, lactate; E, ethanol; S,
succinate; Br, branched chain VFA; CU, cellulo$¢CU, hemicelluloses; ST,
starch; SU, sugars; MD, maltodextrins; AA, amacids; GY, glycerol; PT,
protein; PEP, peptides; PC, pectin; MAL, malatElUM, fumarate; pB-GL, B-

glucans



Butyrivibrio Butyrivibrio
Lactobacillus Lactobacillus
Megasphaera Starch Prevotella
Mitsuokella Ruminobacter
Prevotella Streptococcus
Ruminobacter Amylodextrins Succinimonas
Selenomonas Succinivibrio
Streptococcus

Succinimonas Maltose

Succinivibrio Bifidobacterium

Heterofermentative Glucose

Lactobacilli

Acetate

Ethanol or
Acetate

D(-) Lw—bL(ﬂ Lactate

M. elsdenii
Selenomonas ruminantium ssp.
lactilytica

Lactate

Streptococcus bovis
Homofermentative
Lactobacilli
Selenomonas
ruminantinm ssp.
ruminantium

Anaerobibrio lipolytica
Fusobacterium
necrophorum
Megasphaera elsdenii
Propionibacterium acnes
S. ruminantium ssp.
lactilytica

Veillonella parvula

Figure 1.1 Different fermenting bacteria involved in starchnfientation to lactic
acid and VFA in the rumen of grain-fed cat(dapted from Nagaraja and

Titgemeyer 2007)



Amino acids can also serve as substrates for ATRdbon and bacterial
growth in the rumen. Only certain rumen bacterig.(d’revotella species) can
ferment amino acids, but the ATP yield is low (Riyklet al., 2002; Walker et al.,
2005). They need to ferment more than 20 amincsacidyain enough energy to
polymerize a single amino acid into protein (Russ&002). During microbial
protein production, vitamin B acts as a coenzynte 3pecialized bacteria in the
rumen synthesize all eight vitamin B compoundswali as vitamin K, inside
their cells (Strobel, 1992; Nagaraja et al., 19%@8veral studies have confirmed
that vitamin Bzis an important growth factor for some ruminal rommganisms
(Tanner and Wolfe, 1988; Strobel, 1992). Other ouoganisms can synthesize it
in pathways that produce propionate (Chen and Wa®81), finally supplying
these vitamins to the protozoa when the rumen bacere passed to the

abomasum.

1.1.1.3 Factors that impact on the ecology of theumen digesta associated
bacteria

Many factors have been reported to have an effe¢th® rumen microbial
community, among which are: changes in diet (Tajehal., 2001), age of the
animal, antibiotic usage (Kleen et al., 2003), tieaf the host animal (Kleen et
al., 2003; Rustomo et al., 2006a), geographicaltlon and season (Bryant, 1959;
Hungate, 1966) and feeding regimen (Rustomo et28l06¢). Amongst these
factors, the effects of diet on the changes of rummécrobial community have

been the most studied.



Commonly, the diets used to feed beef cattle conthe following
components: hay/forage (grass or legume) and ¢caim, barley, wheat, oats and
sorghum). To achieve a high level of productivipe strategy is to feed animals
with highly fermentable (high grain) diets, to iease VFAs production in the
rumen (Penner et al., 2010), thereby increasingdta¢ metabolizable energy for
the animal. When the diet is switched from the baged diet to the grain based
diet, the quantity of the fibrolytic bacteriurA, succinogenes falls 20-fold on the
third day and 57-fold on day 28 after the switchffigjima et al., 2001). Once the
number of this bacterium is low, large amountsilofef or cellulose accumulate in
the rumen resulting in reduced rate of utilizatodthe pentoses (Strobel, 1993).

Rumen pH is another factor that can also impactheterial growth
(Russell and Dombrowski, 1980; Hoover, 1986; Gerd Mertens, 1992; Allen
et al., 2006), especially for the ruminal cellukdybacteria which are known to
cease growth when pH value drops below 6.0 (Russell Dombrowski, 1980;
Shi and Weimer, 1992; Weimer, 1993). When bactar@ exposed to a low
rumen pH, their ability to bind cellulose, or cathbm of hydrolytic products, is
reduced or inhibited, and they are unable to setvithis could in turn lead to
changes in the population of sugar and cellodexétimenting bacteria that could
utilize products of enzymatic hydrolysis of fib&tggaraja and Titgemeyer, 2007).
Supporting this statement, Brown et al. (2006) reguzbthat, when the ruminal pH
dropped to 5.8, the population I&f flavefaciens (cellulolytic) andB. fibrosolvens
declined rapidly, while the population & bovis increased 100-fold within the

first 24 h. Based on above results, they suggaktgdvhen the pH is reduced, the
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populations of bacteria rather than the bacteiiardity are changed. A recent
study showed that bacterial diversity remains gsiitble at different ruminal pH
(Palmonari et al., 2010).

There are limited studies that investigate theot$fef geographical location,
and season on rumen microbial community. No diffeeawas detected on counts
of bacteria from rumen contents of deer feedintheir natural habitat that could
be related to location, sex, or age of the anirflégrson, 1969). In contrast to the
previous finding, the enhanced digestibility of pgoality feeds, reduced rate of
feed passage within the digestive tract, and is&@arecycling of nitrogen
observed in North American buffalo when comparedAtian water buffalo,
suggested that geographic location might have gadtnon the rumen microbiota
(McAllister, 2009). Research by Orpin et al. (198%)icated that rumen bacterial
concentrations in the rumen of Svalbard reindeeafdcbe affected by the change
of season. During the summer months, the estimaigien bacterial
concentration was 2.1xi%y, while in the winter season it decreased by more
than 20% (Orpin et al., 1985).

In conclusion, many evidences have shown that warfactors, including
those discussed above, can alter or disrupt thenadobacterial diversity and
density in the rumen. Therefore, to improve animadduction by altering the
rumen function, it is essential to first understavitht species there are, what they

are doing, and how they can respond to variousifact
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1.1.2.1 The bacteria attached to the ruminal epitHeim (epimural bacteria)

The internal surface of the rumen is covered wittals flattened nipple or
fingerlike projections-papillae of the ruminal émtium surface. The important
function of this extended surface area is to fe# the absorption of
fermentation products, especially VFAs. An earlydstusing microscopy showed
the bacterial population attached to this surf&eefg et al., 1979). However, the
understanding of the ecology and the function chguopulation is very limited.

The existence of the bacteria associated withuheen epithelial surface of
sheep was demonstrated by Bauchop et al. (197%)g ustanning electron
microscopy. They found that most of the bacteriaewsn the dorsal, caudal, and
lateral surfaces of the rumen wall, and that thesdst populations were on the
top of the dorsal rumen and on the bottom of thelodorsal blind sac. Mueller et
al. (1984) identified the diversity of the epimuca@mmunity succession in young
lambs and the speciesactobacilluis ruminus, Clostridiurm ramosurm,
Butyrivibrio fibrisolvens, Ruminococcus albus, Streptococcus sp.,Bacteroides sp.,
Succinivibrio dextrinosolvens, Acidaminococcus sp., Streptococcus bovis, and
Ruminococcus flavefaciens were present at different ages. The first study on
bovine epithelial wall associated bacteria wasiedrout by Tamate et al. in 1971,
and it revealed similar colonization patterns ie tlumen of cattle to those of
sheep. Following these studies and still usingucett based methods and
microscopy, McCowan et al. (1978) and Cheng e{1&879 and 1980) provided
further knowledge when they found that the bactattached to the rumen wall of

cattle were taxonomically distinct from those ire ttumen fluid and/or rumen
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solid particles. They reported that the bactetiachied to the rumen wall of cattle
included Micrococcus, Staphylococcus, Streptocgccu3orynebacterium,
Lactobacillus, Fusobacterium, Propionibacterium atieér unidentified anaerobic
species.

Recently developed molecular based techniquesh sisc PCR-DGGE
(Sadet et al., 2007; 2010) and 16S rRNA sequene&/sis (Mitsumori et al.,
2002; Choet al., 2006; Peet al., 2010) (See the following section for defail
have been applied to identify the microbial divigrsassociated with rumen
epithelial tissue. These studies have confirmed ttie profiles of the microbes
attached to the ruminal tissue are different froose found in the ruminal digesta.

Although many factors have been found to affectitheterial diversity and
bacterial population associated with digesta, it is known with respect to
the factors that can affect the bacteria attacbetd epithelial tissue wall. Recent
research on ovine epimural bacterial diversity urttiéerent diets, by Sadet et al.
(2007 and 2010), indicated that bacterial diverdigynded to be different between
high concentrate and high forage diet; while sangpsiite did not appear to have
an effect. Up to date, it is not known whether dies an impact on epimural
bacteria of the bovine rumen.

Although bacterial diversity and density under eliént diets have been
compared, the population of bovine epimural baathés not yet been accurately
defined. Early study showed that the counts of epainbacteria in hay-fed sheep
range from 4.4 x 10to 2.2 x 18 per g of wet tissue weight (Wallace et al. 1979).

However the count was 1.4 ~1.8 x’ XOFU/cnf of tissue surface of the epimural
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community on rumen epithelial tissue in young laniidlsieller et al., 1984). In
cattle, it is estimated that approximately 1 to @Pthe total bacterial population
is in the rumen (Russell et al., 2002), while tleagity of such bacteria has not

been reported.

1.1.2.2 The predicted function of epimural bacteria

It is believed that the epimural bacteria are imedlin oxygen scavenging
(Cheng et al., 1979), hydrolysis of urea enterimgrumen across the wall (Fay et
al., 1979; Wallace et al., 1979), and tissue récgc(McCowan et al., 1978).
Moreover, Mitsumori et al. (2002) detected Nitrosmas from the rumen
epithelium and suggested the possibility that thetdrium oxidizes ammonia and
methane on the rumen surface. These functions iatemad from those of the
bacteria in the rumen content, suggesting thatefhimural bacteria may play a
different role during rumen fermentation. Due he tntimate contact between
animal tissue and epimural bacteria, they also playe role in host-microbial
interactions since they also have barrier functiswech as biofilm formation

(Macfarlane and Dillon, 2007).

1.2 Rumen subacute acidosis
1.2.1 The identification of acidosis

Following the medical definition of acidosis by &Gtean (1982): acidosis is
a decrease in the alkali (base excess) in bodg<fltelative to the acid (hydrogen

ion) content. The biological definition is “biocheal and physiological stresses
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caused by rapid production and absorption of rumioganic acids and
endotoxins” (Britton and Stock, 1986). Ruminaldadis is a common “digestive
disorder” in dairy cows and beef cattle. Two typéscidosis have been defined
and are widely accepted by researchers and indestoge and subacute acidosis.
Rumen epithelium damage and barrier function failare the phenomena
observed when the acidosis occurs (Nagaraja agemgyer, 2007; Khafipour et
al., 2009a; Penner et al., 2010). Acute acido®findd as a rumen pH between
4.0 and 5.0 with lactic acid accumulation, is lesenmon but more severe.
Subacute ruminal acidosis (SARA) is more commofeadlot cattle (Huntington,
1988; Cooper and Klopfenstein, 1996; Owens et1£98). SARA can cause
epithelial parakeratosis (Kleen et al., 2003), roit® (Enemark, 2008) and
greater histamine absorption from the rumen, duehigh rumen histamine
concentrations and increased permeability of théheljml membrane. The
consequent increase in plasma histamine concemigsatan lead to bronchial
constriction and cardiovascular disorders (Plaieteal., 2008).

The engorgement of large amounts of starch or otheidly fermented
carbohydrates has been considered to be the chas&losis (Britton and Stock,
1987; Owens et al. 1998). High concentrate diefl & al., 2000), excess feed
intake or starch-rich supplement (Owens et al.,819%n cause an overload of
starch or carbohydrate in ruminants. These substraan all influence the
salivary secretion, limiting the rumen bufferingilép, which can imbalance the
pH when the animals consume high grain diets. iRgeligh grain diet is a

common practice in the dairy and beef industri@scesit can increase VFAs
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production which supplies higher energy for milkneeat production compared to
those fed high forage diet. However, feeding higfdymentable diets may
increase the severity of acidosis in dairy catied et al., 2010). When cattle are
fed a high concentrate diet or are rapidly switcteedrain diet, the incidence of
acidosis increases compared to hay based dietk €Gdl., 2000). To prevent
ruminal acidosis during the production period, Renat al. (2007 and 2010)
recommended that when high fermentability diets goeng to be used, the
transition must be gradual, going first from low rteoderate and then to high
grain.

A pH decrease has been commonly used as an indfoatmminal acidosis
and pH of 5.8 is widely accepted as the threshéldubacute ruminal acidosis
(Beauchemin et al., 2001; Ghorbani et al., 2002erKg et al., 2002). When
rumen pH is lower than 6.0, the cellulolytic runiifzacteria cannot survive
(Russell and Wilson, 1996), causing a decreaseibire fdigestion and feed
efficiency. Since values of pH change constantcent studies have applied
parameters such as duration (h/d) and area (pHn¥ lmelow the pH threshold of
5.8, to define acidosis or SARA (Oba and Allen, @0R003) together with the
pH value. Some researchers have used other thdestw define SARA. For
example, Khafipour et al. (2009b) used durationuofien pH below 5.6 for above
180 min/d as the threshold for SARA. The pH belb® horm (<5.6) already has
significant impact not only on microbial activitgut also on rumen function and

animal productivity and health (Nagaraja and Titgger, 2007).
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1.2.2 SARA and VFAs

Lactate accumulation has been observed during acidesis (Krause and
Oetzel, 2006; Stone, 2004), while during SARA tlegrssion in ruminal pH is
largely caused by the increase of SCFA concentratithout a concomitant
increase in lactate concentration (Oetzel et 809). Normally, lactate is present
in the digestive tract at low concentrations, butan accumulate when the
carbohydrate supply is increased abruptly (i.dlpfong grain engorgement or
during adaptation to high-concentrate diets) (Owetnal., 1998). This was first
described by Mackie et al. (1984) in amvivo study. In their study, the ruminal
metabolism of lactic acid was investigated undemra feeding conditions in
four sheep each adapted to one of the followingsdidigh-concentrate,
intermediate, high-roughage containing 65, 43 & IBaize meal and molasses
respectively, or Lucerne hay. The turnover of rumhitactate was found to
increase 10- to 40-fold immediately after feedifidhey also indicated that
approximately 8, 6.5, 5 and 2.5% of the total VFérevformed through lactate on
the high-concentrate, intermediate, high-roughagel ducerne hay diets,
respectively. They suggested that diet can not bale an impact on lactic acid
concentration, but also on the concentration @fl t6EA.

Comparing acidity in the rumen, lactic acid is abbditimes stronger than
VFAs (pKa 3.9 vs. 4.9) (Nagaraja and Titgemeyef7)0meaning that the higher
the accumulation of lactic acid in the rumen, tharenthe enrichment of protons
which increase the probability of acidosis. Thirg lactate and VFA utilization

and absorption are critical to prevent their accianen in the rumen, leading to a
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reduced probability of acidosis. Recently, sheéh & greater capacity for apical
uptake of SCFA were found, and they were less gtitte to SARA (Penner et
al., 2009b), thus suggesting that the enhancegddpgelial transport of SCFAs
may balance the rumen pH. The advantage of ragdrpbon may be associated
with a shift in microbial populations towards lacticid production, which will

further reduce ruminal pH.

1.2.3 Effects of SARA on microbial profiles

Bacterial changes associated with SARA primarilglude shifts in the
populations of starch- and soluble sugar-fermeniacteria (amylolytic, maltose-,
and glucose-fermenting bacteria), and lactic aocmtlpcing bacteria (Owens et al.,
1998). A significant increase in the population roiminal lactobacilli is a
common feature of both acute and subacute acig8biter, 1976; Nagaraja and
Miller, 1989; Goad et al., 1998). Since Lactobac#n grow under low pH, they
are considered to have an important role on thel@ttease (Owens et al., 1998;
Asanuma and Hino, 2002; Nagaraja and Titgemeyed,/P®ecause of their
capacity to be acid-tolerant and extrude & acidic pH (Booth, 1985)n vitro
studies showed that only these bacteria surviveshwhe pH dropped to near 5.0
or below for a sustained period while most othecrobes (methanogenic,
cellulolytic bacteria, protozoa then lactic acidisgers) were not able to survive
under such conditions (Slyter, 1976; Nagaraja arilleiy 1989; Goad et al.,

1998). In addition, Lactobacilli can change thedrnfientation pathways from
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fermenting glucose to lactate or biosynthesis oA(ARsanuma and Hino, 1997;
Russell and Hino, 1985).

Besides the Lactobacilli, some other bacterial iggetiave also been
reported to be associated with SARASreptococcus bovis, found by
Wojcicchowicz and Ziolccki (1984), can also produaetic acid and grow very
fast. When conditions are favourable, populatiohghis species can double
comparing to those dt.coli in vivo (Russell and Robinson, 1984). In addition,
the quorum sensing signal system of this speci@s noanitor its population
density when pH decreases. Asanuma et al. (2004dpnistrated that this species
has theluxS gene that encodes for an autoinducer-2, an intelespejuorum
sensing system. Although its transcription wasdictly related to cell density
in pure culture, it is believed that the autoindeZectivity may act as a signal for
adjusting cell physiology and metabolism in resgomie ruminal conditions
(Asanuma et al., 2004). In additios, bovis is considered to be the major
etiologic agent of acute acidosis. The interventstrategies for prevention of
SARA or acidosis, such as antibiotics and vaccire® often targeted at
controlling the growth of this species in the run{®lagaraja and Miller, 1989;
Gill et al., 2000).

In addition, rumen bacteridAnaerovibrio lipolytica, Fusobacterium
necrophorum, Megasphaera elsdenii, Peptostreptococcus asaccharolyticus,
Selenomonas ruminantium ssp. lactilytica, Propionibacterium acnes, and
Veillonella parvula are lactic acid utilizing bacteria (Nagaraja anth@meyer,

2007). Not all of them are found to have incregsepulation in SARA exceptl.
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elsdenii and S. ruminantium ssp. lactilytica (Goad et al., 1998)Selenomonas
ruminantiumis is less active thaMl. elsdenii as lactate utilizerdecause the lactic
acid dehydrogenase is suppressed by glucose iominantium (Asanuma and
Hino, 2005), but not inVl. elsdenii (Hino and Kuroda, 1993)Fusobacterium
necrophorum has garnered considerable attention because iofiprtance as the
primary cause of liver abscesses in cattle (Nagasgd Chengappa, 1998).
Although ruminal acidity may killFusobacterium in ruminal contents, some
ruminal wall associateBusobacterium can survive under acidity (Narayanan et
al., 1997) and can be translocated to the liveraigse liver problems (Tadepallia
et al., 2009) when acidosis occurs.

In summary, during SARA, the diversity and densifyrumen microbes
can be changed. To date, there are more than giifies of rumen microbes
demonstrated. The interactions among differentiggcof bacteria and how these
change in response to highly fermentable dietsyelsas their associations with

SARA are not cleatr.

1.2.4 SARA and animal health

During acidosis, bacteria are reported to prodogas including ethanol,
methanol, histamine, tyramine, and endotoxins widah result in host tissue
damage or disease (Irwin et al., 1979; Aschenbadi.,e1998; Bruewer et al.,
2003). For example, histamine producedAblysonella histaminiformans (Garner
et al., 2002) has long been suspected to be reiatibe onset of laminitis (Nocek,

1997). Biological amines are reported to attribute théiation of the immune
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response and disruption of barrier function (Nagaed al., 2005; Plaizier et al.,
2008). Ruminal lipopolysaccharide (LPS), the endotoxin dowed by gram
negative bacteria (Andersen et al., 1994; Gozla. e2005) can cause a systemic
immune or inflammatory response (Nagaraja and mgeer, 2007; Khafipour et
al., 2009a) during their translocation into thetpbblood stream. However, a
recent study by Khafipour et al. (2009a) showed LS can cause inflammation
depending on diets. In this study, no inflammat@yponse was observed under
both grain- and alfalfa pellet-induced SARA,; onmtygrain-fed animals

Incidence of SARA can also have other detrimentallth effects. Rapid
adaptation to a high concentrate diet, which desg®auminal pH, can cause
rumen thiamanase, which breaks down thiamin to Idevewvhere
polioencaphalomalacia, a disorder of the forebraam, occur (Brent, 1976). Also,
SARA may affect gelatinoproteinases, causing amggton of collagen fibre,
ultimately making the third phalanx in the hoof manobile (Cook et al., 2004).

This makes cows more susceptible to claw horn mhssémd laminitis.

1.2.5 SARA Prevention strategies

Management and feed additives are the major SARRetion strategies.
Management strategies include variation in feedkiat dietary roughage amount
and source, dietary grain amount and processind) step-up regimen (Allen et
al., 2006; Nagaraja and Titgemeyer, 20®hafipour et al., 2009b). Some
management has already been established and applieel present dairy farms.

Gradual transition from diets with low to moder&ementability to those with
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high fermentability has been proposed as one ofitfy@oved management
approaches to minimize the risk for digestive disos, especially ruminal
acidosis (Bevans et al., 2005; Penner et al., 28@ele et al., 2009a). Feed
intake patterns of cattle managed in a feedloingetieed further study, as this
would provide a baseline for understanding the almlity in intake that can
trigger acidosis (Galyean and Eng, 1998; Schwapizldenswein et al., 2003).
Buffers (bicarbonate and sesquicarbonate), ionagsh@nd antibiotics are
three common feed additives that have been apfiguevent acidosis. Feeding
ionophores can reduce lactate productiorvitro andin vivo (Newbold and
Wallace, 1988; Bauer et al., 1992; Syntex, 199#hee through inhibition of
lactate-producing bacteria or reduction of the ns&z. The antibiotic tetronasin
has been reported to control tBebovis population, which may prevent acidosis,
(Owens et al., 1998). Although antibiotics can rtaimthe productivity and feed
efficiency, the use of chemicals and antibioticsnadern livestock agriculture is
strictly limited by the concern of developing amific resistant bacterial strains
from livestock species. Therefore the probioticrapgh, the use of live microbes
as inocula, may have potential to manipulate theeru ecosystem. One
successful instance of the microbial inocula procednvolved usingynergistes
jonesii to protect cattle feeding oheucaena leucocephala from mimosine
poisoning (Klieve et al., 2002), and demonstratest it may be a practical

solution in the future.
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1.3 Rumen bacterial identification using moleculatechniques

Earlier knowledge of rumen microbial diversity aacblogy was largely
based on classical anaerobic culture techniquegplagotypic characterization of
cultural isolates, as well as light and electroeroscopic examination. However,
only 10-15% of rumen microbes have been reportdaetoulturable (Kobayashi
et al., 2000). Recently developed molecular basethoas, predominantly based
on the analysis of 16S rRNA genes, have allowedddetification of the unkown
and unculturable bacterial species in the rumerhSapproaches can help to
describe the bacterial composition independentsofating, maintaining, and
propagating bacteria under laboratory conditiorgesE techniques include in situ
hybridisation (Stahl et al., 1988; Lin et al., 19%#rster et al., 1997), restriction
fragment length polymorphism (RFLP) analysis (Webdhl., 1998), competitive
polymerase chain reaction (CPCR) (Reilly and Attd,ob998; Kobayashi et al.,
2000; Koike and Kobayashi, 2001), denaturing gmadigel electrophoresis
(DGGE) (Kocherginskaya et al., 2001; Guan et &Q3 2008; Li et al., 2009),
analysis of 16S rRNA libraries generated by PCR Idizggtion (Whitford et al.,
1998; Edward et al., 2004; Tajima et al., 1999; ®02001a; b), and recently

developed next generation sequencing technologyuéer, 2008).

1.3.1 PCR-Denaturing gradient gel electrophoresif GGE)
PCR-DGGE is a molecular fingerprinting method tbeparates the same
length of polymerase chain reaction (PCR)-generdd®A fragments with

different sequences on a polyacrylamide gel withatigring gradients. Differing
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sequences of DNA will migrate at different locasaon the gel with a single band
representing a different bacterial population ie tommunity (Muyzer et al.,
1993). The similarity of generated profiles can assessed to investigate
microbial structural differences (Muyzer et al. 989 Edward et al., 2005). This
method has been used widely to analyze the rurbaakrial structure changes in
digesta or fluid associated population. LarueletZ®05) compared the bacterial
PCR-DGGE profiles in the rumen content of sheepeurtdvo different diets
(orchard grass hay diet and hay mixed with corm),dénd revealed that dietary
factors influence bacterial community structureatidition, they indicated PCR-
DGGE was useful for detection of gross differen@esbacterial diversity
attributable to exogenous (dietary) and endoger{ibost derived) parameters,
which were supported by Karnati et al. (2007) byedi#ng altered protozoan
PCR-DGGE profiles under different diets. Furtherepdri et al. (2009) presented
the effect of location and time of sample collestan the assessment of bacterial
diversity in the rumen using PCR-DGGE analysis iustdiccessfully showed that
the distribution of detectable bacteria in the romeas relatively stable among
different locations within the rumen over time, ahdt the microbial taxonomy
varied by host animals to a greater extent thasampling location or sampling
time. In addition, a recent study by Hernandez-8aaeet al. (2010) revealed the
potentials to link the PCR-DGGE patterns to hoserutypes. Therefore, the
PCR-DGGE banding patterns can be considered toepeesentative of the

dominant bacterial groups and applied to screemgdsmof dominant species in
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the microflora of rumen and to link them to phematycharacteristics of the host,
specifically to feed efficiency.
To date, not many studies have been performed enlitfersity changes

of bacteria attached to the rumen epithelial whdattle.

1.3.2 Sequencing analysis of 16S rRNA gene librasie

Although PCR-DGGE can directly compare the predaminmicrobial
profiles from a population of animals, the bandscht be cloned and sequenced
for taxonomic identification. Therefore, the diresstquencing analysis of 16S
rRNA gene clone libraries provides direct taxonaantification. Many studies
have applied this method to study rumen microb@hmmunity at taxonomic
levels (Whitford et al., 1998; Tajima et al., 19%ward et al., 2004). For
example, up to 20 novel Gram-positive bacteria asid previously
uncharacterized groups of Gram-negative bacterie wdentified in the rumen
fluid from mature Holstein dairy cows (Whitford &, 1998). A high degree of
genetic diversity was detected between bacteripujadions attached to the plant
particles and rumen fluid in the rumen of matureadstéin dairy cows (Tajima et
al. 1999). In the library from the rumen fluid, teequences were indentified as:
low G+C Gram-positive bacteria (52.4%), Cytophatmxibacter-Bacteroides
(CFB) (38.1%), Proteobacteria (4.7%), Spirochaée¥%) and unknown species
(2.4%), while the vast majority of sequences fromm tumen solids were found to
be related to low G+C Gram-positive bacteria (71.480d the remaining

sequences were placed within the CFB (26.2%) amb@aetes (2.4%) phyla.
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This method was also used to investigate phylogenbanges of ruminal
bacteria in the rumen content under different dieted all these studies
demonstrated that dietary factors influence baateommunity structure (Tajima
et al., 2000; 2001a; Sadet et al., 2010). Moreawes, method was also used to
investigateother microbial communitiegn the rumen. Tajima et al. (2001b)
investigated the sequences from archaealrB®8A libraries from the rumen and
suggested the existence of a novel group of archégeh were associated with
known methanogens. A recent study by Sadet eR@lLQ) has characterized the
epimural bacterial community using this method &mahd thatthe sequences
from a concentrate-rich diet were different frorngh obtained from a forage diet.
This suggests the composition of the bacterial apaincommunity may be

affected by diets.

1.3.3 Quantitative real-time PCR (qRT-PCR)

gRT-PCR is a method that can measure the copy nmsnabedNA in real
time. Compared to direct cell counts and culturgedameasurement, the culture-
independent gRT-PCR analysis allows the direct oreasent of the copy
number of a targeted microbial gene, including ¢hdsom unculturable or
unidentified species. It can also be applied tedet group-specific or species
specific rumen bacteria by measuring the abundaheach targeted taxon using
taxon-specific and eubacterial domain specific prsn

A recent study by Li et al. (2009) showed thatycopmbers of the 16S

rRNA gene of total bacteria in the rumen contentdafry cows are around
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5.2~9.5x16 copy number/g rumen digestsing a universal bacteria primer. This
study also used group-specific primers to estimth&e copy number of eight
species includindribrobacter succinogenes, Ruminococcus albus, Ruminococcus
flavefaciens, Butyrivibrio fibrisolvens, Eubacterium ruminantium, Prevotella
bryantii, Selenomonas ruminantium and Streptococcus bovis in the same rumen
content samples, indicating that this method iswgsful tool to quantify ruminal
bacteria. QRT-PCR can be more sensitive when ftilegec species of low
abundance compared to other molecular based tedwmidstevenson and co-
worker (2007) quantified threlerevotella species and ten ndPrevotella species
in the bovine rumen and found thatevetella is the predominant genus in the
rumen digestaTheir data suggest that the aggregate abundandbeomost
intensively studied ruminal bacterial species latreely low and a large fraction
of the uncultured population represents a singtedol genus.

Despite its advantages, qRT-PCR, like all molectg#ahniques, is subject
to certain artifacts. To date, the gRT-PCR analgdidbacterial populations is
based on targeting the 16S rRNA gene, and the fi@gbepulation obtained from
measurement of the copy numbers of the 16S rRNA gegly be overestimated.
The 16S rRNA gene has been reported to have nmailtipterogeneous copies
within a genome (Case et al., 2007; Crosby andd@&jd2003; Dahlltfet al.,
2000). Case et al. (2007) have shown that 460 sapiel6S rRNA gene were
recovered from 111 bacterial genomes, giving anramee of 4.2 copies per
genome. The recent studies showed that other keegimg genes such agpB

can be used to replace 16S rRNA gene (Case 204l7; Kupfer et al., 2006;
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Santos and Ochmar2004; Weimeret al., 2010). Future studies seeking other
target genes are necessary to improve the preai$idns method for measuring

the bacterial population in the rumen.

1.3.4 Metagenomics

Recently developed next generation sequencing tday has led to high
resolution when generating sequences of the migro@mmunity from an
environment, and can be used to predict the ecaogyfunction of the microbial
community. Metagenomics has applied this technolimggtudy the total DNA
information of a microbiome. To date, this methaas tbeen widely applied to
study human gut microbiomes and their associatidh wuman health related
problems such as obesity (Turnbaugh et al., 20@®92 metabolic disease
(Manichanh et al., 2006; Zhang et al., 2009), anbetes (Larsen et al., 2010).

Metagenomics has just started to be applied toysttet rumen
microbiome. A recent study by Brulc et al. (2008)npared 3,617 sequences of
16S rRNA genes from rumen fluid and solid assodia@mples from three 5-yr
old Angus Simmental Cross steers, and revealedetreat though three animals
were fed the same diet, the community structuredipted phylotype, and
metabolic potentials in the rumen were markedlfed#nt with respect to nutrient
utilization. Hess et al. (2011) generated 268 gigal of metagenomic DNA from
microbes attached to plant fiber in cow rumen, idfgng 27,755 putative
carbohydrate-active genes and 54 candidate proteinsenzymatic activity
against cellulosic substrates. These data setsderev substantially expanded

catalogue of genes participating in the deconstmodf cellulosic biomass. In
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addition, Khafipour and co-worker (2009) have applied pyrosswing to
compare the phylogenetic changes of the rumen bimme during
experimentally induced SARA andound a decline in gram-negative
Bacteroidetes in cattle. However, the proportiorBatteroidetes was greater in
alfalfa pellet-induced SARA than that in mild orveee grain-induced SARA
(35.4% versus 26.0% and 16.6%, respectivelfr.eptococcus bovis and
Escherichia coli were dominant in severe grain-induced SARA catttbereas
Megasphaera elsdenii and Prevotella albensis were dominant in mild grain-
induced SARA and alfalfa pellet-induced SARA cattlespectively.Future
studies to apply this technique to study rumen ahiome changes under various
factors such as diet, antibiotic use and stress lewy to better management of

cows and cattle production by improving their runfigmctions.

1.4 Summary
Although many studies have been performed to studhen microbes, the

diversity of rumen bacteria has not been well idieat due to the existence of
uncultivated and/or unknown species. These speu@g play very important

roles in rumen functions. Many factors can imp&et ¢cology of rumen bacteria
associated with the digesta (rumen fluid and sodidicles). However, how these
factors impact the epimural bacteria is unknowneréhis currently a paucity of
knowledge on the ecology of rumen epimural bactand how this community

responds to changes in diet and feeding management.
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SARA is a common health related problem for rumisamhen they are
fed with high concentrate diets. Although specigshsasLactobacillus sp. and
Streptococcus bovis have been found to be associated with pH decrdahse,
bacterial diversity and density of rumen microlmammunities, including digesta
associated and epithelial attached populationsng BARA has not been well
studied.

Our hypothesis is that the diversity and densitgmmmural bacteria in the
rumen of beef cattle can be impacted by diet ttenmspr subacute acidosis. The
objectives of further studies are: 1) to evalu&ie diversity and density of the
epimural bacteria during dietary transition fromafge based diet to high grain
based diet; 2) evaluate the diversity and densitii@epimural bacteria as well as
rumen digesta associated bacteria in the rumeridbsis resistant and acidosis
susceptible steers; 3) investigate the potentiatiomships between the ecology
of bacteria and fermentative characteristics duridget transition and

experimental induced SARA.
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Chapter II.. The Epithelial Tissue Associated Bacterial Diverty
Changes in the Rumen of Beef Cattle during Dietaryransition to
High Grain Diets®

2.0 Introduction

The ruminal bacteria digest complex and simple @aydrates in the
rumen and produce nutrients such as volatile tigls (VFA), microbial protein,
and vitamins for the host. The rumen bacteria Hasen classified into three
groups based upon their location of colonizatiorthimi the rumen: those
associated with liquid, attached to solid particlesd attached to the ruminal
epithelium (defined as epimural bacteria) (Cheng @osterton, 1986). To date,
most studies have focused on the bacteria attathedolid particles and
associated with liquid (Hungate, 1966; Stewartlet1®97; Sadet et al., 2007; Li
et al., 2009). These studies have revealed thabdbterial diversity in ruminal
contents is highly responsive to the changes it) dige, and antibiotic use with
the health status of the host, geographical locatiand season further
contributing to variation in diversity (Stewartadt, 1997).

While only accounting for approximately 1 to 2% tbke total bacterial
population in the rumen (Russell et al., 2002hai$ been suggested that epimural
bacteria carry-out essential roles in oxygen scgiven(Cheng et al., 1979a),

urea hydrolysis (Fay et al., 1979; Wallace et 8879), and tissue recycling

! This version has been published. Chen, Y., PefeB,, Li, M., Oba, M. and Guan, L. L. 2011.
Changes in bacterial diversity associated withhefiél tissue in the beef cow rumen during the
transition to a high-grain diet. Appl. Environ. Mibiol. 77:5770-5781.
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(McCowan et al., 1978). As epimural bacteria areedly attached to the

epithelial lining, they may also be involved in hasicrobial interactions and

they may have a role in barrier function for runtesue which is exposed to
various fermented products. The epimural bacteriarewreported to be

taxonomically distinct from those in the rumen duor attached to the solid
bacteria in dairy cattle (Cho et al.,, 2006; McCowetnal., 1978) and sheep
(Cheng et al., 1979b) using culture based techsiqu&ecent studies using
culture-independent techniques have also confirthatl the epimural bacterial

community is distinctly different from the liquichd particle associated materials
(Mitsumori et al., 2002; Cho et al., 2006; Sadedlet2007; 2010). However, the
ecology of the epimural bacteria and whether ditgcts the diversity of this

population in the rumen of beef cattle has not stedied.

Rapid dietary transition from a high-forage dietaohigh-grain diet is
common practice in the nutritional management etiket cattle. It is known that
changing the proportion of forage and concentratediets affects ruminal
fermentation characteristics such as volatile faityd (VFA) and ruminal pH
(Schwartzkopf-Genswein et al., 2003) and the knaffects of changes in
ruminal pH and VFA concentrations on microbial @tyi have been documented
(Nagaraja and Titgemeyer, 2007; Russell, 2002)r example, low pH (< 6.0)
has negative effects on fibrolytic bacteria in tiienen and the population of
amylolytic bacteria decreases as pH continues ttinge (Martin et al., 2002;
Nagaraja and Titgemeyer, 2007). In the currentystug hypothesized that diet

affects the diversity and population of the rumieplmural bacteria. Therefore
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we evaluated the diversity and density of rumemepal bacteria from beef
heifers (n = 18) while transitioned from a high&ge to a high-grain diet in
comparison to heifers (n = 6) fed the high-forags throughout the study. The
diversity and density of rumen epimural bacteriaev@vestigated using PCR-
denaturing gradient gel electrophoresis (PCR-DG&tf) quantitative real time
PCR (gRT-PCR) analysis. In addition, correlatiomalgsis was used to evaluate
the association between the diets and/or fermentatiaracteristics including the
molar proportion of VFA and ruminal pH and the epral bacteria diversity and

population.

2.1 Materials and methods

2.1.1 Animals and sampling.Twenty-four ruminally cannulated beef heifers
(about eight months old, weighing 244 kg to 369 \kg)e cared for in the Laired
McElroy environmental and metabolic centre at thaiversity of Alberta.
Animal care and use were followed the guidelinegshef Canadian Council on
Animal Care (2009). The animal experiment protosaks pre-approved by the
University of Alberta Animal Care and Use Commitfee Livestock (Protocol
number OBAQ77).

Heifers were randomly assigned to either the corf€®N; n = 6) or a
rapid grain transition treatment (RGA; n = 18) thgh a 29-day experiment
period. Heifers in the RGA group were initiallydfa diet containing 97% hay (d
1 to 4), and transitioned to a final diet contagni®% hay using the following
intermediate diets; 60%-hay (d 5 to 8), 40%-ha9 (d 12), 25%-hay (d 13 to 16),

15%-hay (d 17 to 20), and 8%-hay (d 21 to 29). féieiassigned to the CON
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group were fed the 97%-hay diet throughout the ewmnt. Detailed
descriptions of the dietary ingredients, chemiaahposition, and rapid transition
protocol are presented in Table 2.1.

Ruminal papillae were biopsied when heifers wetk9é%-hay at 14:00
pm on the d 3 (8 d of a 4-d feeding period), 25%-hay on d 15 (Bof a 4-d
feeding period), and 8%-hay diets on d 28' @ of a 9-d feeding period),
respectively. The excised ruminal papillae (apprately 500 mg) were washed
with sterile 0.01 M phosphate-buffered saline (PB&fer (pH 6.8) immediately.
The papillae were scraped to remove attached faditles and rinsed three times
to remove the non-adherent bacterf@leaned tissues were then transferred into
RNA-later solution (Invitrogen, Carlsbad, CA, USAhd stored at -20°C until
further molecular analysis.

Rumen digesta were collected at 8:00 am, 10:00 10 noon and
14:00 pm respectively on d 2"¢a of a 4-d 97%-hay feeding period), d 14°@
of 4-d 25%-hay feeding period), and d 28' @& of 9-d 8%-hay feeding period).
Fifty ml of digesta sample were directly collectesing a 50 ml sterile Falcon
tube and were immediately placed on dry ice aftdlection and then stored at -
80°C until further molecular analysis. The digesanples (approximately 200 ml)
were immediately strained through a perforatedest(@etex, pore size = 355 um;
Sefar Canada Inc., Scarborough, Ontario, Canad&h EO ml of strained rumen
fluid was acidified with 2 ml of metaphosphoric &d@nd stored at -20°C until
analysis for VFA including acetate, propionatebistyrate, butyrate, isovalerate,

valerate, and total VFAconcentration measurement. To determine VFA
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concentrations, acidified fluid samples were cé&nged at 13,000 g for 20 min,

and supernatant was transferred into a gas chrgnagioy (GC, model 3400,
Varian) analysis using 170°C auto sampler (mod@08%/arian, Walnut Creek,
CA) into a Stabilwax®- DA column (30 m, 0.53 mm.j.d.5 pm DF) and
measured by 190°C detector. Peak integration wakrpeed using galaxie

software (Varian) (Li et al., 2009).

2.1.2 Rumen pH measurements. The ruminal pH measurement system
(DASCOR, Inc, Escondido, CA) was used in this sttadgneasure ruminal pH for
the whole testing period according to the methodcdleed by Penner et al.
(2006). The pH meter was inserted into the rumeoutyh cannula on d 1 and was
removed every 4 days for standardization and tontload the data for each diet
treatment period. This process was repeated diritd. Ruminal pH (minimum,
mean, and maximum pH) was obtained by average khdgta for each minute
and ruminal pH characteristics under pH threshél8.® including duration (total
time when pH lower than threshold per day, h/d) areh (pH value multiple the
time when pH lower than threshold per day, pH x/d)ivalues were calculated
for each heifer per day. Since the absolute pHegbkthange consistently in the
rumen, the duration (h/d) and area (pH x min/dygalhave been widely used as
indicators of ruminal acidosis (Ghorbani et al.02D In this study, they were
used to study the relationship between bacteriatrdity and density changes

with pH related features during the diet transitibhe pH 5.5 threshold was used
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because it is a typical threshold for beef catbiethey are fed more fermentable

diets.

2.1.3 DNA extraction. Rumen tissue samples were thawed and washed using
fresh sterile 0.01 M PBS buffer (pH 6.8) three sne ensure the removal of non-
adherent bacteria and the residual of RNA latentgwi. In brief, the tissue was
transferred onto a sterile plastic patri dish (9% X 15 mm) containing ~20 ml
PBS buffer and was incubated for 3 min at room tenapire with light shaking
on the bench every 1 min. The buffer was then resd@and the same amount of
buffer was added to repeat the wash step for thirees. Total DNA was
extracted using a bead-beating method (Walter.e2@D1). Briefly, the tissue
sample (100 to 250 mg) was transferred to a 2-mtrovcentrifuge tube
containing Zirconium beads (0.3 g, diameter 0.1 namj washed with 1 ml of
TN150 buffer (10 mM Tris-HCI [pH 8.0], 150 mM NaCivice by vortex and
centrifugation at 14,600 g for 5 min at 4°C. Then the pellet was resuspended
1 ml of TN150 followed by a physical disruption i Mini Bead-Beatét’'-8
(BioSpec Product, Bartlesville, OK, USA) at 4,8@0nr for 3 min. The tube was
immediately placed on ice and incubated for a cougfl minutes. The beat-
beating process was then repeated to ensure thinoraxrecovery of bacterial
DNA. Phenol and chloroform-isoamyl alcohol (24:xre used to remove
protein and DNA was precipitated with 70% cold ettiaand dissolved in 30 of

nuclease-free water. The amount and quality of DM&e measured based on
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absorbance at 260 and 280 nm using a ND-1000 spéctiometer (NanoDrop

Technologies, Wilmington, USA).

2.1.4 Design of a reference marker for PCR-DGGE amysis. In this study, an
internal reference lane containing 47 ampliconanfrd6S rRNA full length
sequences with known taxonomy identity was usedloPCR-DGGE analysis.
According to the principals of PCR-DGGE, the DNAdments consisting of the
same sequences migrate to the same location ®@E@E gel, indicating that if
the bands migrate to the same location of the eafsr sequences, they are likely
to have high identify with the reference sequeincthé different species at genus
level based on 93- 96% of similarity (Ben-Dov et &006). Based on many
studies using the reference system using the kremuesce and the confirmed
identity for the DGGE bands (Guan et al., 2003; ikbnet al., 2009; Zhou et al.,
2010), we decided to use a reference system camgathe distinct taxonomy
identification at V2-V3 region for DGGE analysis poedict the taxonomy of
DGGE bands at genus level. To generate this referiame, 1026 full-length 16S
rDNA sequences were selected from a previous stmdgequencing analysis of
epimural bacterial community (Li et al., unpublidhélata; NCBI accession
numbers GU303006- GU304593). Sequences were dlifyjom position 300 to
600 bases of V2-V3 region 16S rRNA gene using @lXstprogram

(http://www.molecularevolution.orgrhompson et al., 1997). Forty-seven unique

sequences were determined based on the alignmeme ssnd taxonomy

identification (Table 2.2). The plasmid DNA extragtfrom colonies containing
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each of these 47 full length 16S rDNA sequences wgesl as a template to
amplify the DNA fragment (~200 bp) using HDA1-GCdaHDAZ2 primers and

outlined program (Walter et al., 2000). Then therfie-seven amplicons were
mixed to be reference marker and loaded in one tdNBGGE gel, while the

individual amplicon was loaded in the separate dané the same gel with
reference marker in order to determine the mignagiosition of each band in the
reference marker. The DGGE (30 to 55% gradienth wi6% acrylamide) was
run at 130 V, 60 °C for 4 h using Bio-Rad Dcode wénsal Mutation Detection
System (Hercules, CA, USA). After electrophoregils were stained with 0.1%
ethidium bromide for 20 min and detained with n@lkvater for 30 min. The gels
were then photographed with FluorChem SP imagirgjesy (Alpha Innotech,

San Leandro, CA, USA). These 47 sequences weraricaa to have distinct
migration location on the gel under above DGGE dwrdand were the mixture

of them were used as a reference maker for thdystu

2.1.5 PCR-DGGE analysis.Total DNA (10 ngil) extracted from individual
ruminal tissue was used as a template to gendratarhplicon for PCR-DGGE
analysis using nested PCR. The nested PCR wagmpeddy amplifying the 1.5
kb product targeting the full length 16S rRNA gemih a universal bacterial
primer pair 27F (5-AGAGTTTGATCMTGGCTCAG-3) and 92ZR (5-

TACGGYTACCTTGTTACGACTT,; Lane, 1991). The nested PEBnditions

were: an initial denaturation for 5 min at 94°C; 8&les of 94°C for 30 s, 58°C

for 45 s, and 72°C for 90 s; and a final elongafimn7 min at 72°C. This PCR
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product was then diluted 10 times as a templatanplify a ~200 bp DNA
fragment using HDA1-GC and HDA-2 primers (Walteratt 2000). The PCR
and DGGE analysis was performed using the samatammidescribed above for
the reference marker.

The obtained PCR-DGGE profiles were analyzed usiegBioNumerics
software package (version 6.0; Applied Maths, AystiX). To be able to predict
the identity of the PCR-DGGE bands using the refeeemaker and to compare
the PCR-DGGE profiles among different gels, itigical to define the optimal
parameters such as optimization and toleranceifaitasity coefficient settings
for all given fingerprint types obtained within axperiment. In this study,
optimization of 0.8% and the tolerance positiord&8% were obtained based on
the calculation function for these parameters fadhgels and all lanes from the
software and were applied for comparison of all D@GE profiles for this
particular experiment. Similarity matrices were g@eted using the Dice
similarity coefficient (QJ) and the dendrogram was obtained using the
unweighted pairwise grouping method with mathenahtmverages (UPGMA)
clustering algorithm (Fromin et al., 2002; Nicoladt, 2003). Similarity between
bacterial PCR-DGGE profiles was obtained in pemagat Multi-dimensional
scaling (MDS) and principal components analysis AP@ere also performed
using MDS and PCA analysis modules supplied with BioNumerics software
package.

To identify which PCR-DGGE bands were affected gy tiet, a best-fit

Gaussian curve for each band from all DGGE patteras calculated. All the
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assigned bands were then exported with the norethfizlative position. After the
band matching procedure, a binary matrix wheréhallbands were allocated into
the define numbers of categories was created ®r2th heifers. Three dietary
conditions: 97% hay, 25% hay and 8% hay were usatkfine the presence or
absence of particular bands on each variable ubanROC CATMOD model as
developed in house (Hernandez-Sanabria et al.,)201€his model, the effect of
all variables on the prevalence of each band wasrmeed based on the
transformation of the cell probabilities (respohsection). Afterwards, the FREQ
Procedure of SAS (version 9.2; SAS Institute, CBI§) was used to estimate the

frequency of the bands in all animals and resuésevplotted.

2.1.6 Estimation of total epimural bacteria populaton using gRT-PCR. The
gRT-PCR analysis was performed to estimate thé totaen epimural bacterial
population by measuring the copy numbers of 16SARjEne using the primer
pair: U2 (Forward: 5-ACTCCTACGGGAGGCA G-3; Revers 5'-
GACTACCAGGGTATCTAATCC-3") (Stevenson and Weimer, (0 with
StepOnePIUs' Real-Time PCR System (Applied Biosystems, Fosigy, CA,
USA) using the SYBR green chemistry. The total wwduof each reaction
solution contained 10p| Fast SYBRGreen Master Mix (Applied Biosystems),
0.5 pl of each primer (20 pmolf)| 8 pl of nuclease-free water and 1 pl of DNA
template (10 ng [f). The standard curve was constructed using plasié
containing insert of 16S rRNA gene Biityrivibrio hungatei (ATCC BAA456)

with the serial dilution of the initial concentrati of 9.1x16°molecule pf. The
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range of the copy numbers in the standard curve frems 9.1x16 to 9.1x16
molecule pf. Each standard dilution and sample was assayedlipiicates.
Amplification was carried out using the followingogram: 95°C for 10 min for
initial denaturation and then 40 cycles of 95°C @0 s followed by
annealing/extension for 1 min at 62°C.

Standard curves were plotted in StepOnePlus sadtwarsion 2.0. The
copy numbers of total 16S rRNA gene in the sampke® determined by relating
the G values to standard curves. The calculation ofcthgy number for the 16S
rRNA gene in 0.5g of tissue was performed usingftisula from the study of
Li et al. (2009). The corresponding RT-PCR efficiency rahgetween 86 and

100% in this study.

2.1.7 Statistical analysis This experiment was analyzed as a randomized
complete block design. The PROC MIXED procedur&AS (version 9.2; SAS
Institute, Cary, NC) was used to analyze the VFAcemtration and total rumen
epimural bacterial population. In the statistiaabdel, period (diet), and
treatment were analyzed as fixed effects with heiferandom effect and with all
potential 2- and 3-way interactions. Interactioasihg P > 0.05 were removed
from the model and the data were reanalyzed usidgced models. Least squares
means were compared using the Bonferroni mean aparmethod, and
significance was declaredRt= 0.05.

Principal component analysis (PCA) was performedgithe composite

data set of the normalized location and intenditgach DGGE band, ruminal pH
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variables (mean, minimum, and maximum pH or theatiom or area below a
threshold) and the molar proportion of VFA. All seedata were also used to
evaluate the relationships and to investigate tmribution of these variables to
the variation of the data using PRINCOMP procedar&AS. For each dietary
treatment (period), the mean value of each measwadr proportion VFA or

total VFA concentration from four time points wased for analysis. The rumen
variables included all the ruminal pH characterstimean, minimum, and
maximum pH or the duration or area below a threhh@nd VFA molar

proportions (acetate, propionate, isobutyrate, faty isovalerate, valerate, and
total VFA) as PCA ordinations. This procedure stadizes the variables to a
mean of zero and a standard deviation of one. dhelation matrix was used to
generate principal component eigenvalues and agsdcithe loadings (SAS
Institute. 1998). Correlation among total epimupatterial population, ruminal

pH and the molar proportion of VFA were analyzethgshe PROC CORR and

REG procedures of SAS.

2.2 Results

2.2.1 Rumen fermentation parameters.Interactions between period and
treatment were significant for all data excepttfee area under the pH threshold
5.5 (pH x min/d), molar proportion of isobutyratad the concentration of total
VFA. There were no differences for any measurethbées including ruminal pH,

and the concentration of total and individual VF@epthe 3 periods for CON

group and for RGA group when fed the 97%-hay dietipd 1, P1; Table 2.3).
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When RGA heifers were fed the 25%-hay diet, meanimal pH decreased from
6.75to 6.12R = 0.001), the duration below pH 5.5 increased ftbta 356 min/d,
and the area (pH x min/d) increased from 0 to Ebftive to 97% hay fed heifers.
For VFA profiles, the molar proportions of propit@abutyrate, valerate, and
isovalerate increased, while no differences werdéeaied for total VFA
concentration for heifers fed the 25%-hay diet carad to those fed the 97%-hay
diet (Table 2.3). When heifers were fed the 8%-thay, ruminal pH and the VFA
profile did not differ except for the molar progort of valerate R = 0.03)
compared with those fed the 25%-hay diet. Howewdren RGA heifers were
fed the 8% hay diet they had lower mean ruminalgsid molar proportion of
acetate but higher molar proportions of propiondiatyrate, valerate, and
isovalerate compared with those fed the 97%-hay (li@able 2.3). Among
individual heifers, mean ruminal pH change wasrsjhp dependant on the host.
Our data showed that the mean ruminal pH chang&8 &GA cattle were found
to follow three patterns: the mean ruminal pH cwnily decreased as the
proportion of hay decreased (6 heifers), ruminalda@dreased only when the diet
was transitioned from the 97% hay to 25% hay, dmh tincreased during the
transition to the diet containing 8% hay, (7 hefjeand, ruminal pH decreased
when the diet transitioned from 97% hay to 25% hth little change in ruminal

pH (5 heifers) (Figure 2.1).

2.2.2 PCR-DGGE profiling of ruminal epimural bacteria. The PCR-DGGE

profiles of epimural bacteria from 24 heifers und#éferent diets were generated
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and compared (Figure. 2.2). The PCR-DGGE profifeth® 6 heifers in the CON
group did not change among three peridds=(0.58) when the similarity was
compared using & For heifers on the RGA treatment, the bacté@aR-DGGE
profiles were clustered by diet (period; Figure;2223A). Similarity analysis
showed that the bacterial profiles were more simifverage Q.= 81.22%)
within the same diet than among different dietsgrageDs. = 69.32%).

To further verify the bacterial PCR-DDGE profilelsanges in response to
diet, MDS and PCA, two alternative grouping methods, wesed to produce two
or three-dimensional plots for relatedness of thetdrial diversity among all
animals. The MDS analysis showed that there werg@rsiups from all the PCR-
DGGE profiles under three diets in total. The PCB&E profiles from heifers
fed 97% hay (symbols with green color), 25% hayr(sgls with dark blue) diets
were grouped closely based on the diet (FigureB)2.@hile the PCR-DGGE
profiles from heifer fed 8% hay diet were scatteir@d several groups (symbols
with purple, red and yellow colar) and mixed witte toutliners from other two
diets. Principal component analysis (PCA) of PCR&E>profiles across diets
also revealed the trend that the PCR-DGGE profilese grouped by diets (data

not shown).

2.2.3 Assessment of PCR-DGGE banddn total, 88 bands were detected from
all PCR-DGGE profiles. When the PCR-DGGE bands wsubjected to
multivariate statistical analysis, the frequencypoésence for most of the PCR-

DGGE bands changed in response to diet (Table Edh).instance, with the
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concentration of hay decreasing, the frequencyedgnce of bands 23, 39, 53, 42
44,51 52, 57, 59, 60, 64, 78 and 84 reduced, whiledtdased for bands 4, 9, 15,
20, 30, 48, 72, 82 and 83. Comparing the bactenaimunity profiles for the
high-forage diet (97% hay) to the high-grain dié%o(hay), bands 79, 85, 86, 87
and 88 were only detected in samples under the ®&¥diet, whereas bands 2,
14, 25 and 81 were only present under the 8% hety When the PCR-DGGE
bands were compared under three diet conditiomg$2, 14, 25, 79 and 85 were
also detected when RGA heifers were fed the 25%dietywhile band 81 was
only detected in RGA heifers when fed the 8% hay.ddmong all detected PCR-
DGGE bands, 44 of them migrated with the exact tlonaof those in the
reference marker lane. Based on the phylotypes heket 44 bands, the
predominant bacterial taxa belonged to the phylani€utes, Proteobacteria,
Bacteroidetes as well as unknown bacteria weretifteehfor both CON and the
RGA samples (Figure 2.4). The phyla of Spirochgetd®nericutes,

Actinobacteria and Lentisphaerae were also foursbime heifers.

2.2.4 Comparison of the total population of rumen gimural bacteria. The
total epimural bacterial population was estimatsih@ the total copy number of
bacterial 16S rRNA genes. It did not change oveetP = 0.78) for CON heifers,
but was different between CON and RGA catBe=(0.05) (Table 2.3). For RGA
heifers, the total epimural bacterial numbers dtarally increased when the
heifers were fed the 25% hay diet compared to tfiedehe 97% hay dieP(=

0.01) and significantly decreased when the diebay content decreased from 25
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to 8% P < 0.01). When comparing 97% hay diet (Period 1J 886 hay diet
(Period 3), the total epimural bacteria populatwas not different = 0.36).
When each individual heifer in RGA group was coneplarthe changes of total
epimural bacterial population under three dietsraitifollow a consistent pattern

(Figure 2.5).

2.2.5 Correlations among total population of rumenepimural bacteria,
rumen pH and VFA profiles. To identify whether epimural bacteria are
associated with rumen fermentation parametersteiationships among the total
epimural bacteria population, ruminal pH and praiparof individual VFA were
evaluated. Significant positive correlatiofs< 0.05) were detected only between
total population of epimural bacteria and durat{arnin/d) that ruminal pH was
below 5.5 (Table 2.5). There was no correlatiotwben the total epimural

bacterial population and the molar proportion ofAVF

2.2.6 Correlations among epimural bacterial PCR-DG& profiles, ruminal
pH and molar proportion of VFA. To identify the correlations between rumen
epimural bacterial diversity (PCR-DGGE bands) agwinentation characteristics
(pH and VFA), the association among all variableseninvestigated using PCA
analysis. Three significant principal componentgsenextracted, describing 60%
of the total variance. Two significant principal ngponents were extracted
describing 39.1% (PC1) and 16.9% (PC2) of the tianaln the first principal

component (PC1), isovalerate, isobutyrate, acetate,bands 1, 13T{eponema
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sp), 19, 21 (Proteobacteria), 27, 28, 34 (Rumen pactg, 38 (Uncultured
rumen bacterium), and 40 had the highest contobstand they were orthogonal
to VFAs trait. Rumen pH, minimum of pH, bands 3@ulturedMycoplasma
sp.), 10 (Clostridiales), 22, 24, 28, 35, 37 (Rumeacterium) and 61
(Desulfobulbus sp.) which were described in the second princiahmonent

(PC2).

2.3 Discussion
Diet is one of the major factors influencing theusture and function of

microbial community in the rumen contents (Tajintale, 2000; Kocherginskaya
et al.,, 2001; Zhou et al., 2010). The nature ofdfewaterials, and the
physicochemical changes induced by their fermenmtaéire known to favor the
development of certain microbial ecotypes in thainal solid and liquid phases
(Martin et al., 2002). Meanwhile, the diversitytbe ruminal epimural microflora
has been reported to be stable relative to thosenmnal contents through 8 wk
(Sadet et al., 2007) and under different dietagymens (Sadet et al., 2007; 2010).
In this study, we hypothesized that dietary traosifrom a high forage diet to a
high grain diet, can affect the diversity of epimubacteria in beef cattle. The
PCR-DGGE profiles and total bacterial populationG#dN animals throughout
this study indicates that the epimural bacteriamaosition was not altered by time
at both the structural and density levels whichficonthe findings of a previous
study with a static diet (Li et al., 2009). The eh®d changes in the PCR-DGGE

profiles and total epimural bacterial populatioonfr rumen of RGA animals in
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response to the decreased forage proportion okt that dietary changes can
induce marked changes in the diversity and deositiye epimural bacteria.

On the phylum level of bacteria detected in thiglgt phyla Firmicutes,
Proteobacteria, Bacteroidetes and unknown bacteee predominant in the
epimural bacterial community (Fig. 2). This findimgnfirmed that the gram-
positive bacteria (Firmicutes) are relatively conmmon tissue adherent
populations from previous studies (Cheng et al7989 Mitsumori et al., 2002;
Tajima et al., 1999). When our study was compaoed $tudy of sheep by Sadet
et al. (2010), phyla Firmicutes, Bacteroidetes,tébacteria, Spirochaetes have
been detected from both sheep and heifers suggestay are the predominant
bacteria in epimural bacterial community in rumitsa.ower proportion of Phyla
Firmicutes and Bacteroidetes (55% in heifer vs 8Bftsheep) and higher
proportion of unknown bacteria in our study can the results of the low
resolution of the PCR-DGGE analysis and the idedtifnumbers of bands.
Further study is necessary to sequence and idealtiifCR-DGGE bands may
improve the taxonomy identification of the bovir@raural bacterial community.
Despite above limitation, the proportion of bacdselonged to phyla Firmicutes,
Bacteroidetes and Proteobacteria significantly gednunder three diet$ (=
0.006 for 97% hayR = 0.02 for 25% hay, and = 0.005 for 8% hay, respectively,
Figure 2.4), revealing the evidence that diet imficing on the ecology of the
epimural bacterial community.

Contrary to previous findings (Sadet et al., 208710), we observed that

dietary transition to the high grain diets affectbeé diversity of the epimural
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bacterial community. The discrepancy between esults and past studies may
due to several reasons. Firstly, in the currendystwe evaluated changes in the
bacterial diversity as individual heifers were s#@ioned from a high-forage diet
to a high-grain diet. With this design we wereeaty utilize individual RGA
heifers as their own control, after demonstratimgf there was no time effect for
the CON group. This differs from previous studigkCowan et al., 1980; Sadet
et al.,, 2007; 2010) where dietary effects were cameg using two groups of
animals. The use of two groups of animals doesanobunt for variation in the
epimural bacterial composition and density withptdper controls and thus, the
diet effect can be partially masked by host effect.

Secondly, different components of diets betweenipus studies and this
study may have altered the epimural bacterial nespoWheat was used as the
concentrated diet for the sheep study (Sadet ,e2@0.7; 2010) while barley was
the grain component in our study. These cereahgrdiffer in the rate of ruminal
degradation. Meanwhile, the forage component wes different. The previous
studies used 20% alfalfa hay (Sadet et al., 200d)38% alfalfa hay (Sadet et al.,
2010) in the diets, while the forage component um study was 25% and 8%
alfalfa or grass hay. This suggests that the varniain type of wheat and
proportion of forage in the diet may also contrétd the difference of detected
ruminal epimural bacterial changes.

Thirdly may be the most importantly, there may losthgenetic effect
between beef heifers and lambs when comparingesullts to those of Sadet et al.

(2007). Because the epimural bacteria inhabit th& tissues, we can speculate
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that host may have a role in regulating microbi@etsity and density, and its
response to the rumen environmental changes asuli o consuming different
dietary components. The host genetics have playedlea in gut microbial
community adaptation and evolution (Ley et al., &00However, the
understanding of the variation of rumen bacterigeiity and density among
different ruminant species is very limited. VaratdaDehority reported population
difference of ruminal cellulolytic bacteria and fwpoa from bison, cattle-bison
hybrids and cattle (Varel et al., 1989). A recantlg by Fuentest al. compared
population of ciliated protozoa in the rumen offeliént domestic ruminant
species including cattle, sheep, goats and reingsag a culture based method,
showing the divergence of the diversity and popaatamong these species
(Fuente et al., 2006). Our study showed that tital tbacterial population of
epimural bacteria was ranged from 7.3 X &02.0 x 16° per g of wet tissue for
hay-fed heifers, which were higher than that of-fexd/sheep ranging from 4.4 x
10" to 2.2 x 18 per g of wet tissue weight as reported by Walletcal. (1979).
All these suggest that we cannot ignore the hdstceivhen we compare the
studies on epimural bacterial community. Futurelistsl to investigate how the
host genetics can control ruminal epimural bactehanges are warranted to
better explain the different findings between shaeg cattle studies.

This is the first study to report the density oinegral bacteria can be
impacted by diet using culture-independent methbowan et al. (1978, 1980)
used classic microscopy techniqgues to enumerate gpienural bacterial

population in the rumen of Hereford bulls, showabigh density of the bacteria
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attached to the ruminal wall. The previous stufliesh young lambs (Rieu et al.,
1990) showed that the epimural bacterial populatias up to 1810° cells cn?

in the rumen of 2-day old lamb, and this value éased very rapidly with age. It
reached 1910° cells cn¥ at day 21 after birth. DNA-based qRT-PCR analysis
from our study further confirmed that such popuwlatcan be as high as 7.3 X’10
to 2.0 x 18° cells per g of wet tissueCulture-independent techniques are more
sensitive to detect the species with low abundarasesvell as unculturable
bacteria. However, it is important to be awarehef limitations for estimating the
total bacterial population based on the copy nusbérthe 16S rRNA gene. It
has been known that microbial genomes can displad{ipte numbers of operons
of this gene with bacterial genome having up taférons (Acinas et al., 2004).
Acinaset al. suggested a correction factor ~2.5 for single @péor estimation of
the population of bacteria and archaea (Acinasl.e2@04). A recent study is
Case et al. (2007) evaluated the copy number ofléfe rRNA gene in 111
bacterial genomes, and 460 copies of this gene meovered (giving an average
of 4.2 copies per genome)n addition, other studies (Klappenbach et al.,7300
have shown the copy numbers of 16R rRNA gene vapedding on the growth
of the bacteria: fast colony formers (~5.5 copies genome) and slow colony
former (~1.4 copies per genome). Therefore, theated population based on
16S rRNA gene copy numbers may be overestimated tduthe multiple
heterogeneous copies within a genome (Crosby aidtl€r 2003; Case et al.,
2007; Dahllof et al., 2000). To date, there isdata to show the average copy

number of this gene per genome in rumén. address this limitation, recent
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studies have been conducted indicating that otbesdkeeping genes such as
ropB or gyrB and/or some functional genes can be used insied®6S rRNA
gene (Santos and Ochman, 2004; Kupfer et al.,;200ell et al., 2006; Case et
al., 2007; Weimer et al., 2010). However, ourratieto estimate the bacterial
population by measuring copy numbers of tbpB gene showed that this gene
was not suitable for rumen bacteria since the titiegopulation were 1000 fold
lower than the known population (data not shownixttker studies are needed to
identify more suitable genes to replace 16S rRNAeg® detect the total bacteria
in the rumen.

Multivariate statistical analysis of individual PABRGGE band further
confirmed that diet can impact on the presence @n@dbsence of particular
bacterial phylotypes. For example, bands 2, 14,Zm@uminobacter sp.) were
only present in the ruminal epithelial sampleseaxikd from heifers fed the 25%
and 8% hay diets, suggesting that this genus attache epithelial tissue and
their detectable population can be impacted bydtee Another example is band
79 (Rumen bacterium YS2-like). It was not deteeteder 8% hay diet and it was
associated with total bacterial population undeéx%vay diet, suggesting that the
diet not only can change the presence or absenpart€ular species, but also
may impact on the their interactions with the comityu Bands 29 and 78, the
phylotypes with the identify with uncultured rumdsacterium clones, were
associated with molar proportion of acetate, bugythand 29), valerate (25% hay,
band 29 and band 78), isobutyrate (97% hay, bahd@®en pH (8% hay, Band

19) and duration (min, pH < 5.5) (8% hay, band &Biggesting that diet may
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impact the association between particular bactespacies including unknown
bacteria with rumen fermentation parameters.

Through the data analysis of the whole study, waeation among
individuals in all measured parameters was notieedbor example, bacterial
phylotypes belonged to Tenericutes and Lentispleaeexe only detected in 4 of
18 heifers. These suggest that ruminal epimuratebat diversity and its
response to diets can vary depending on host amirfiaking heifers 170, 172
and 360 as examples (Figure 2.6), the percentabaatérial phylotype belonged
to Firmicutes was highest in heifers 170 and 12wéh the 97% hay , while it
was highest under 25% hay fed condition for he¥#&0. Moreover, heifer 360
had a significant pH increase from period 2 (25% tli@t) to period 3 (8% hay
diet), such pH change may directly associated teledifference of bacterial
diversity at phylum level comparing to other anismaRlthough there was a
significant increase of the estimated total epirhbexcterial population detected
in the rumen of most animals when fed with the 2% diet, the patterns of the
bacterial population changes in each animal wefferdnt (Figure 2.5) These
differences can be also associated with variationpH response among
individuals. For example, cattle 178 and 360 haghé&st numbers of the total
bacterial population while they had lowest mean yidler 25% hay diet. The
observation of different pH change pattern in resgoto the high grain diet from
each animal suggests that the variation of theviddal bacterial diversity may

have a role in different ways of responses at ipni level to diet or pH. This
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strongly suggests that the individual variationdse® be taken into account when
studying the association between ruminal microthiaérsity and host phenotypes.
In conclusion, this study showed that the diet diéan from forage to
high grain based diet significantly altered theedsity of epimural bacteria in the
rumen of beef heifer. These changes may be expldgeheir association with
the concentration of VFA and ruminal pH charactessin the rumen. In addition,
the ruminal epimural bacterial diversity and itspense to diets can be variety
depending on host animals. Furthermore, the differcorrelation between
particular species of epimural bacteria and ferat@m characteristics might
indicate a variety of different types of relationsh with the host. Deeply, it

supplies some preliminary knowledge of the poténdies of epimural bacteria.
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Table 2.1 Ingredient and nutrient composition in eah diet during 29 d

adaptation period

Forage-to-concentrate ratio
97:3 60:40 40:60 25:75 15:85 8:92

Baseline d 5to d9 todl3 tcdl6 to d21 to
Days fed dlito4 8 12 16 20 29

Ingredient composition,
dry matter basis

Grass hay 97.0 60.0 40.0 25.0 15.0 8.0
Barley grain 0 370 57.0 720 82.0 89.0
Vitamin and mineral

supplement 2.5 2.5 2.5 2.5 2.5 2.5
Limestone 0.5 0.5 0.5 0.5 0.5 0.5

Chemical composition
Dry matter 923 922 922 922 92.1 92.1
Organic matter, %DM 925 94.1 948 954 95.8 96.1

Crude protein , %DM 13.7 135 134 134 13.3 13.3
Neutral detergent 573
fibre, %DM ' 435 36.6 314 28.0 25.6

Starch, %DM 3.1 207 296 36.2 40.6 43.7

Depicts the feeding days for heifers on the ramldpsation protocol. Control
heifers received the 97% forage diet throughousthbdy.

*Each kg of supplement contained 14% Ca, 7% P, 3/t%611% Na, 0.5% S, 30
mg Se, 50 mg Co, 2000 mg Cu, 100 mg I, 4000 mg &800 mg Zn, 500 KIU

vitamin A, 50 KIU vitamin D, and 2000 |U vitamin E.
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Table 2.2 Identification of reference marker usedn the all bacterial profiles

No. Clone ID Taxonomy identification Access No.

1 éO162RT6' UnculturedMycoplasma sp. (90%) AB089057.1

2 213%67RT1- Treponema refringens (92%) AF426101.1

3 20FT™ Prevotella (100%) AB239482.1

4 i%gRTZ' Clostridiales (97%) DQ394637.1

5 ‘é‘iGZRTg" Treponema bryantii (96%) M57737.1

6 é%‘;RTl' Treponema bryantii (98%) M57737.1

7 é%GlRTl' Succinivibrionaceae (95%) AB185751.1

8 4[1)%61RT5- Comamonadaceae bacterium MPsc (93%) AY651926.1

9 IﬁggRTZ' Clostridiales (97%) EU381508.1

10 i%gRTl_ Proteobacteria (82%) EU835464.1
206RT1- Ruminobacter amylophilus strain H18

11 CO6 (97%) NR_026450.1
206RT2- Uncultured rumen bacterium clon

12 B09 TWBRB53 (98%) %J799156'1

13 i%%RTl' Incertae Sedis XV (98%) EU381431.1
206RT5- Ruminococcus flavefaciens strain AR72

14 G02 (90%) AF104841.1

15 éggRTl’ Ruminococcaceae (100%) EU381687.1

16 i%%RT?" Rumen bacterium (95%) AB239489.1

17 |2:(ifiRT2- Rumen bacterium R-9 gene (93%) AB239482.1
206RT3- Uncultured rumen bacterium clon

18 o6 PS5, GO3 (96%) Fu381963.1

19 l‘i‘igRTg" Desulfobulbus sp. (94%) AY005036.1
406RT1- Uncultured rumen bacterium clon

20 coz T33H60FA43 (88%) AB270115.1
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

406RT4-
CO06
206RT1-
B02
206RT1-
D02
206RT2-
A08
206RT4-
G01
406RT4-
D04
406RT2-
CO03
406RT3-
AO4
206RT6-
A08
206RT1-
EO7
206RT1-
A02
206RT1-
D04
206RT1-
FO8
406RT4-
BO5
406RT3-
FO8
406RT3-
AO1
406RT2-
HO2
206RT6-
GO05
406RT4-
A10
406RT1-
A02
406RT2-
D09
406RT1-
Co1
406RT1-
All

Anaerovibrio lipolytica (98%) AB034191.1
Butyrivibrio (94%) EU381489.1
Mitsuokella jalaludinii strain M9 (94%) NR_028840.1

Eggerthella sinensis strain HKU14 (93%) AY321958.1

Clostridiales (98%) AB185741.1
Lachnospiraceae bacterium DJF_VP52 EUT728778.1
(90%)

Campylobacter fetus strain 03-427 (96%)  AY621303.1
Alpha-proteobacteria (97%) AY297796.1
Desulfonosporus sp. AANO4 gene (96%) AB436739.1

Desulfobulbus sp. oral clone CHO31 (94%) AY005036.1

Deferribacteres sp. oral clone JV001

(98%) AY349370.1
Bacteroidales (100%) EF436307.1
Unidentified rumen bacterium JW16,

(95%) AF018445.1
Succiniclasticum ruminis strain DSM 9236 NR 026205.1
(93%) —
Desaulfitobacterium  hafniense DCB-2

(96%) CP001336.1

Desulfobulbus sp. oral clone CHO31 (94%) AY005036.1

Clostridiales (100%) AB185814.1
Eubacterium sp. C2 (90%) AF044945.1
Neisseriaceae (100%) AY551997.1
Mogibacterium (96%) AB034014.1
Victivallis (99%) FJ028789.1
Rumen bacterium YS2 (91%) AF544207.1
Uncultured bacterium clone

CHIMP1_aaj40e05 (94%) EU462343.1
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44

45

46

a7

406RT3-
FO9
406RT4-
Co04
406RT3-
Ell
206RT5-
A07

Porphyromonadaceae (94%)

EF686526.1

Uncultured rumen bacterium clone YRC6Bu259436 1

(93%)
Atopobium parvulum DSM (93%)

Rumen bacterium YS2 (92%)

CP001721.1

AF544207.1
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Table 2.3 Analysis of ruminal fermentation paramegrs and total epimural bacterial population in theinter- and intra-treatment

CON(N=6) RGA(N=18)
P1 P2 P3 P1 P2 P3 T P TP
(97%HAY)  (97%HAY)  (97%HAY) (97%HAY)  (25%HAY)  (8%HAY)
Rumen pH
Mean 6.73+0.08 6.73+0.04 6.74+0.08 6.75+0.02 6.12+0.08 6.12+0.07 <0.001 <0.001 <0.001
Minimum 6.48+0.07  6.46+0.068  6.44+0.09 6.49+0.084 5.42+0.08 5.55+0.08 <0.001 <0.001 <0.001
Maximum 6.96+0.04  6.98+0.03  7.01+0.04 6.99+0.02  6.76+0.08  6.71+0.08 0.002  0.141 0.022
Rumen pH under 5.5
Duration, min/d  Q° ° o° o 357+71.6 346+47.8 <0.001 0.007 0.007
grii?dex 0 0 0 0 1574529  97.1¢16.7 0011 0147 0.147
VFAs
Acetate, % 70.1+0.92 69.840.86 69.6+0.76 69.6+0.76 57.7+1.80 54.6+1.44 <0.001 <0.001 <0.001
Propionate, %  17.3%0.58 18.1+0.22  17.7+0.18 17.3+0.24 22.4+1.48 24.0+2.38 0.034 0.170  0.013
Isobutyrate, %  0.95+0.06 0.74+0.04  0.93+0.13 0.91+0.03  1.00+0.10L.12+0.10 0.130 0.358  0.376
Butyrate, % 9.11+0.44  9.3520.686 8.93+0.5% 9.61+0.78 15.2+1.4%8 14.8+1.13 <0.001 0.097  <0.001
Isovalerate, %  1.07+0.07 0.74+0.07  0.95+0.% 1.07+0.08 1.93+0.29 1.71+0.2% 0.004 0.538  0.007
Valerate, % 1.11+0.09 1.04+0.07  1.19+0.07 1.22+0.1% 1.49+0.18 3.19+0.46 0.002 0.005  0.013
Total VFAs,
mM 84.3+9.05 81.245.12 90.4+7.09 82.0+4.61  95.645.67  89.8+7.09 0.544 0591  0.056
Total epimural
bacterial (1.54+0.55) (1.6320.55) (1.09:0.29) (1.0620.13) (2.0020.38) (0.7320.19)
E):Opplﬂatlon x10L0 b %100 x10L0 ab %1010 %1002 %1000 0.599 0.042 0.045
number/qg)

T: treatment (CON and RGA); P: periods (P1, P2 BB} T*P: interaction between treatment and periddalysis within

treatment:

a, b Within a column, means with déferletters are significantly different. For comttieatment, within each

period, there is no significant difference. Thedslowas used in this analysis: Y= T + P + T*P Hbe unit of total bacteria

population is copy number per gram of tissue.
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Table 2.4 Identification of PCR-DGGE bands and assmations with different rumen

parameters
. Presence (+) or absence (-) in the
DGG Tpaffgrlgr?]d Predicted rumen
E i dentificatior):of Taxonomy Probable associations with
band Genus level identification of different parameters
(similarity) Phylum level  (97%hay (25%hay (8%hay fe
y fed diet) fed diet) diet)

1 ub ]p) - + -

-- + +
Acetate,
Total

2 UD uD VFAs,
isovalera
te,
isobutyra
te,

Uncultured +H IJ\r/Iinimu *
3 Mycoplasma sp. Tenericutes[81%] P
(90%) m,
butyrate
4 Treponema  sp. Spirochaetes[100 + + +
(92%) %]
. + + +
7 Prevotella Bacteroidetes[100 Propiona
(100%) %] o P
+ + +
Valerate pH, mirf,
Clostridiales - . max’,

10 (97%) Firmicutes[98%] propionat
€,
butyrate

Treponema  sp. Spirochaetes[100 : * i
11 e'j - 0 : Total Propiona
(96%) A) VFAs te
Treponema  sp. Spirochaetes[100 * * *
13 (98%) %] Eroplonat TEBF
-- + +

14 UD uD pH, min,
time’,
ared

15 Succinivibrionac  Proteobacteria[10+ + +
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20

21

25

29

30

32

33

34

37

38

39

41

42

43

eae (95%)
Clostridiales
(97%)

Proteobacteria
(82%)

Ruminobacter sp.
(97%)

Uncultured
rumen bacterium
clone TWBRB53
(98%)

Incertae Sedis XV
(98%)

Ruminococcus
sp. (90%)

Ruminococcacea
e (100%)

Rumen bacterium
(95%)

Rumen bacterium
R-9 gene (93%)

Uncultured
rumen bacterium
clone P5 GO03
(96%)
Desulfobulbus
sp. (94%)
Uncultured
rumen bacterium
clone
T33H60F43
(88%)

Anaerovibrio sp.
(98%)

Butyrivibrio

0%]
Firmicutes[99%]
+
Proteobacteria[82
%]
Proteobacteria[10
0%]
+
Firmicutes[100%]
Firmicutes[99%]
+
Isobutyra
Firmicutes[100%)] te,
Isovalera
te

Firmicutes[100%]

Firmicutes[100%]

+
Isovalera
te

+
Bacteroidetes[100

%]

Bacteroidetes[100
%]

Proteobacteria[10 +
0%]
+

Firmicutes[98%]

Firmicutes[100%]

Firmicutes[100%] +

Total
VFAS,
isobutyra
te

+
Butyrate,
valerate
+
Acetate,
butyrate,
valerate
+

+
Butyrate

+
+

+
Valerate

+
Propiona
te

+

+

+

Total
VFAs,
isobutyra
te

+

Time

pH, min,
time,
max

+
Min
+

Valerate
+

Total
VFAs

+
Propiona
te,
butyrate

+
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44

45

46

48

50

51

52

53

54

56

58

59

60

61
62

(94%)

Mitsuokella
(94%)

Eggerthella
(93%)

Clostridiales

(98%)

sp.

sp.

Lachnospiraceae

sp. (90%)

Campylobacter

sp. (96%)

Alphaproteobacte Proteobacteria[97 propionat

ria (97%)

Desulfonosporus

sp. (96%)

Desulfobulbus

sp. (94%)

Deferribacteres

sp. (98%)

Bacteroidales

(100%0)

Unidentified
rumen bacterium
JW16 (95%)

Succiniclasticum

sp. (93%)

Desulfitobacteriu

msp. (96%)

Desulfobulbus

sp. (94%)

Clostridiales

Firmicutes[100%]

Actinobacteria[10
0%

Firmicutes[99%]

Firmicutes[100%]

Proteobacteria[10
0%

%]

Firmicutes[99%]

Proteobacteria[10
0%)]

Firmicutes[98%]

+
Isovalera
te,

+

+
+

+
Min,

e

+
Isovalera
te

+
Isovalera
te

Bacteroidetes[100 +

%]

TEBP

Bacteroidetes[97 *

%]

Firmicutes[100%]

Firmicutes[100%]

Proteobacteria[10
0%]

+

TEBP,
isobutyra
te

+

+

Firmicutes[100%]+

Min

+

+

TEBP,
min,
area,
total
VFAS

+
Propiona
te

+

TEBP,
isobytyra
te

+

+

+
+

+

Acetate
+

pH, Max
+

TEBP,
propionat
e, total
VFAS,
butyrate
+

+

Area
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(100%) Isovalera

te,
isobutyra
te,
Eubacterium sp. . . o F + +
65 C2 (90%) Firmicutes[100%]
Mogibacterium . o F + +
69 (96%) Firmicutes[100%]
. + + +
70 Victivallis (99%) Ic_)gz/atlsphaerae[lo Butyrate Isobutyra
te
+ + +
79 Rumen bacterium Proteobacteria[68 TEBP,
YS2 (91%) %] Isovalera
te,
Uncultured + + +
bacterium clone _. . o1 TEBP,
74 CHIMP1 aajage TMMICUtes[S8%]
05 (94%) VFAs
75 Porphyromonada Bacteroidetes[100 + + +
ceae (94%) %]
Uncultured + + +
78 rumen bacterium Bacteroidetes[100 Isobutyra Valerate Time
clone YRC60 %] te
(93%)
79 Rumen bacterium Proteobacteria[52 + + --
YS2 (92%) %] TEBP
80 ub uD + - +
-- -- +
81 ub ub Valerate
+ + --
85 ub ub Butyrate
+ - -
86 ub ub Propionat
e
87 ub ub + -- -
88 uUbD uD + -- -

+ Presence of the bacterium Absence of the bacterium

'UD, undefined identity’min: of mean rumen pHMax: Maximum of mean rumen
pH; “TEBP: Total epimural bacteria population

>The min/d that ruminal pH was < 5.5.

®The area (pH x min/d) that ruminal pH was < 5.5.

81



Table 2.5 Correlation among total epimural bacteriapopulation, rumen pH

and VFAs production

TEBP

R-value P-value
Mean -0.20 0.09
Minimum -0.15 0.10
Maximum -0.25 0.05
Duratiorf 0.35 0.02
Ared 0.43 0.001
Acetate 0.05 0.73
Propionate -0.07 0.63
Isobutyrate -0.05 0.71
Butyrate -0.007 0.96
Isovalerate 0.25 0.07
Valerate -0.12 0.40
Total VFAs 0.08 0.56

Total epimural bacterial population.
*The min/d that ruminal pH was < 5.5.

*The area (pH x min/d) that ruminal pH was < 5.5.
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Figure 2.1 Mean rumen pH measured from each of 18 RGA beef

heifers under 97%-, 25%- and 8%-hay diet, respelstiv
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profiles from (A) the 18 RGA cattle fed three di€d3% hay (P1), 25%

hay (P2), 8% hay (P3) respectively and (B) contattle fed 97% hay diet.
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Figure 2.3 Analysis of epimural bacterial profiles using PCIEGE analysis. (A)
The epimural bacterial profile detected from theRKBA cattle fed three diets: 97%
hay (P1), 25% hay (P2), 8% hay (P3) respectivetye dluster of the PCR-DGGE
profiles was generated with the Bionumerics sofenaackage using UPGMA
method as described in the text. Optimization 8%®and the tolerance position
of 0.88% were applied to comparison of DGGE preféenong the gels. (B).
MDS plot of PCR-DGGE profiles shown in (A). Diffamt groups were indicated
with different color: Dark blue (n=20): 97%-haydfeattle (14), 8%-hay fed
cattle (5) and 25%-hay fed cattle (1); Light gréenl7): 25%-hay fed cattle (11)
plus 8%-hay fed cattle (6); Purple (n=8): 25%-Feay cattle (4), 97%-hay fed
cattle (3) and 8%-hay fed cattle (1); Yellow (n=8%-hay fed cattle (3) plus
97%-hay fed cattle (1); Red (n=3): 8%-hay fed eat®)); Light blue (n=2): 8%-

hay fed cattle (2).
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Figure 2.4Comparison of distribution of epimural bacterigphylum level from
18 RGA heifers fewer than 97%-, 25%- and 8%-hay, despectively based on

the sequence information from the reference marker.
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Figure 2.6 Variation of the distribution changes of epimuratteria at phylum
level of heifer 170, 172 and 360 in response to 928%0and 8% hay diet,

respectively based on the sequence information themeference marker.
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Chapter Il . Variation of Digesta and Epithelial Attached
Bacterial Community and Expression of TLRs in the Rimen of
Steers Differing in Susceptibility to Subacute Rurmal Acidosis

3.0 Introduction

Subacute ruminal acidosis (SARA) is considered ae of the most
common digestive disorders in the ruminant indystng it can lead to significant
reductions in animal performance (Britton and Stat®87; Stock and Britton,
1993). The majority of previous research examinunginal acidosis has focused
on dietary factors, including ration particle sdistribution (Kononoff et al., 2003;
Kononoff and Heinrichs, 2003a; b) and diet fermbitity (Krause et al., 2002;
Krause and Combs, 2003). A variation on susceftilaf individual ruminants to
SARA has been discussed, but few studies have tigag=d the relationship
between ruminal bacteria and such variation. Régeahie ruminal microbial and
fermentative changes have been proposed to beiassbon experimentally-
induced SARA (Goad et al., 1998), and the microblanges associated with
ruminal acidosis have been observed from experafigiinduced acidosis in
cattle and sheep (Dunlop, 1972; Huber, 1976; Ng@ataal., 1985; Goad et al.,
1998). Because ruminal acidosis represents vargiegyees of acidity in the
rumen, differences in ruminal pH dynamics couldrélated to different ruminal
bacterial communities (Khafipour et al., 2009a; nRatari et al., 2010). In
addition, previous studies have revealed that cfmnip some bacteria in
population or diversity were associated with rurharute acidosis (Dunlop, 1972;

Slyter, 1976; Nagaraja and Titgemeyer, 2007).
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To date, most studies on microbial changes assaciaith acute acidosis
and SARA have been focused only on those bactanabiting the rumen digesta.
Recent work from our group (Chen et al, 2011) ate@ that bacterial
communities attached to rumen epithelia (epimuiatdéria) can be impacted
during diet transition, and that their populatioassassociated with severity of
SARA characterized by the area (pH value undemiu8iplied by the duration
that pH is lower than 5.8, pH x min/d). We hypothed that the diversity and
density of epimural bacteria are different betweeidosis susceptible (AS) and
acidosis resistant (AR) animals, similar to theegig associated bacteria. Recent
studies using culture-independent techniques haveated that the epimural
bacterial community is distinctly different fromake associated with rumen
digesta at taxonomic level in dairy and beef cdfilao et al., 2006; Sadet et al.,
2010; Li et al., 2011), and sheep (Cheng et alr9h9 Sadet et al., 2007; 2010).
As epimural bacteria are directly attached to tpéhelial lining, their end
products indirectly influence rumen tissue barfierction (Wallace et al., 1979;
Penner et al., 2010; 2011) and they may be invoivedteration of volatile fatty
acid absorption or expression of host genes.

Toll like receptors (TLRs) are essential for inndatemune response
induction, and among the 10 bovine TLRs, TLR4 redogs ligands secreted by
gram-negative bacteria (Takeuchi et al.,, 1999) evhilLR2 recognizes the
molecular patterns from gram-positive bacteria (Wowra et al., 1999).
However, the changes in epimural bacterial communiiring SARA and

weather these changes are associated with expressfothese TLR have not
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been studied. Therefore, the objectives of thiglystwere to investigate the
diversity and density of ruminal digesta and epimhbacterial communities in the

rumen of AR and AS steers and host TLR 2 and TLi#essions.

3.1 Materials and methods

3.1.1 Animal and sampling Seventeen, ruminally cannulated steers (~ 1 gielar
with an average body weight of 413+45 kg) were @arethe Laired McElroy
environmental and metabolic centre at the Universit Alberta. The animal
study was approved by Animal Care and Use Commitieéversity of Alberta
(Guan 019). The diet used in this experiment wasgh grain based diet (85%
grain in total) containing 56.7% dry-rolled barlgyain, 28.3% dry-rolled oats
grain, 10.0% sun-cured alfalfa pellet and 5.0% mahgitamin mixture (feedlot
32, Nutrend", Camrose, AB, Canada) with monensin (440mg/kg).nAtrient
components of the diet are presented in Table Allsteers were fed this diet
more than 58 days.

Among these, six steers were selected based oans&ithdex, which was
calculated by dividing the area that ruminal pHokel5.8 by DMI and an
indicator of the severity of ruminal acidosis noled for DMI (Schlau et al.,
2011). The three steers having the highest acidodex value were categorized
as acidosis-susceptible animals (AS) group and atimer three with lowest
acidosis index value were categorized as acidesistant (AR) animals. Before
ruminal tissue and content were sampled, six steene force-fed 60% of
expected daily DMI within 30 min in order to induaesubacute acidosis. Rumen

pH data and ruminal papilla samples were colle@rdlyzed as described by
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Schlau et al. (2011). Briefly, rumen pH was meaducentinuously by an
indwelling system as described previously (Penrteale 2006) over the 6-h
postprandial sampling period. At 0, 2, 4, and &tkraeeding, ruminal papillae
were biopsied, approximately 500 mg from the ma@mtral sac of the rumen.
The samples were washed with 0.01 M phosphate+aaffsaline (PBS) buffer
(pH 6.8) immediately after collection. The samptésclean tissue were then
transferred to the RNA-later solution (Invitrog€arisbad, CA, USA) and stored
at -20°C until analysis. At the same time, rumegedta samples were collected
from areas adjacent to the location of the biopsidse digesta samples were
collected in 50 ml sterile falcon tubes and storedlry ice immediately. After

collection, the samples were transferred and kief@02C until further analysis.

3.1.2 DNA extraction and PCR-denaturing gradient gk electrophoresis
(DGGE): Total DNA from digesta and papillae samples wetsaeted following
the bead-beating method protocol reported prewousported by our group
(Guan et al., 2008; Li et al., 2009) with physidaruptions performed twice for
rumen epithelium samples using a Mini Bead-Beate8 NBioSpec Product,
Bartlesville, OK, USA). After extraction, total DNAvas diluted to10 ngl and
then 1ul of diluted DNA was used as a template to gendtsteamplicon using
nested PCR. The nested PCR was performed by amglify ~1.5 kb product
targeting the full length 16S rRNA gene with a wrsal bacterial primer pair 27F
-1492R (Table 3.2). The nested PCR was performiedy tise following program:

an initial denaturation for 5 min at 94°C; 30 cyctef 94°C for 30 s, 58°C for 45 s,
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and 72°C for 90 s; and a final elongation for 7 ratn72°C. This PCR product
was then diluted 10 times as a template to amlify200 bp DNA fragment
using HDA1-GC and HDA-2 primers (Table 3.2) followjithe program outlined
by Walter et al. (2000).

The amplicons (~200 bp) were then subjected to D@Gd&tysis using a 30
to 55% gradient with a 6% acrylamide gel. In thisdy, two internal reference
lanes containing the known sequences were usall f8CR-DGGE analysis. The
DGGE run conditions were 130 V, 60 °C for 4 h usBig-Rad Dcode Universal
Mutation Detection System (Hercules, CA, USA). Afiectrophoresis, gels
were stained with 0.1% ethidium bromide for 20 ramd detained with milliQ
water for 30 min. The gels were then photographigld FluorChem SP imaging

system (Alpha Innotech, San Leandro, CA, USA).

3.1.3 DGGE profiles analysis PCR-DGGE profiles were analyzed using the
BioNumerics software package version 6.0 (Appliedtihd, Austin, TX). In this
study, optimization of 0.5 and the tolerance positof 1% were applied for
comparison of all the DGGE profiles. These two paeters were calculated by
the software and were used to optimise similantgfficient settings for all given
profiles among different gels. In addition, the RDBGE profiles were analyzed
using multi-dimensional scaling (MDS) procedure digul with the BioNumerics
6.0 software package. In MDS plots, points sepdriteer represent samples that
are more different in bacterial species composiiiGtarke and Gorley, 2001;

Clarke and Warwick, 2001). Analysis of similarithNOSIM) was performed
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using global R statistics. The overall significarievel of the samples statistic

was set at P < 0.05.

3.1.4 Quantitative real time PCR analysisThe copy numbers of 16S rRNA
gene was measured to estimate the total bactesallg@tion using qRT-PCR
analysis outlined by Li et al. (2009) using thenpeis shown in Table 3.2. The
plasmid DNAs containing the 16S rRNA geneBotyrivibrio hungatei were used
to generate standard curves for each species.t&hdasd curve was constructed
using with the initial concentration of 8.5Xf@nolecular/ul for total bacteria.
Each standard dilution and sample was assayedpiicdétes. The corresponding
RT-PCR efficiency ranged between 86 and 100% is $iudy. The final copy
numbers of total bacteria or each species per guamen samples were calculated
by the function that total DNA amount divided 50 (gmplate used for real-time
PCR ), the folds obtained were multiplied quantitgan exported from RT-PCR

and subsequently divided weigh of samples used\A Bxtraction.

3.1.5 RNA extraction and gene expressionrotal RNA was extracted from
around 0.1 g of rumen biopsy samples. Rumen papillgere homogenized with
beads (CK 14 Precellys® lysine) and TRIzol Readgbmitrogen, CA, USA) by
Precellys® 24 homogenizer (Bertin technologies, t¥my, France) with two
cycles of 30s at 5500rpm with 10s stop between egcle. Extracted total RNA
was first reverse transcript to synthesize firsared and then second strand

cDNAs, following cDNA purification and subsequentiy vitro transcript to
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synthesize aRNA using Ambion Amino Ally Message Af@aRNA kit (#1753)

(Life Technologies™/Applied Biosystems™, Austin, JIXAfter aRNA
purification, the amount and quality of aRNA wereeasured based on
absorbance at 260 nm using a ND-1000 spectrophtéom@NanoDrop
Technologies, Wilmington, USA).

The expression of TLR2 and TLR4 in the rumentepitim was evaluated
using qRT-PCR analysis using the primer pair asvshim Table 3.2. The gRT-
PCR was performed with StepOnePlisReal-Time PCR System (Applied
Biosystems, Foster City, CA, USA) using the SYBRayr chemistry. Beta-actin
gene was used as a reference gene. The reactiorcamasd out using the
following program: 95°C for 5s for initial denattiean and then 40 cycles of 95°C
for 10s followed by annealing/extension for 306@tCwith a final melting curve
stage (from 95°C 15 s - 60°C 1 min - 95°C 15 shvil@orescence collection at
0.1°C intervals). The data fokCT and AACT values was calculated by the

changes between AS and AR group was obtained @sig'.

3.1.6 Statistical analysisData were analyzed using the Proc Mixed procedtire
SAS (version 9.2; SAS Institute, Cary, NC). In thatistical model (repeated
measured model), group (AS and AR) and hour (tielative to feeding) were
analyzed as fixed effects with steers as randomcefind with an interaction
between group and hour. The element of designtateievas subject (steer) and

the unstructured type of variance and co-variartcectsire was used in the
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procedure by generalized least square approacfer&iices between groups were
considered significant when P <0.05. When the E-teas significant, the
Bonferroni mean separation test was used to datermhether means differed.
Correlation among total bacterial population detdcfrom the rumen
digesta and tissue samples, ruminal pH and VFAabées including the molar
proportion of acetate, propionate, isobutyrateytaie, isovalerate, valerate, and
concentration of total VFA were analyzed using BROC CORR procedures of

SAS.

3.2 Results

3.2.1 PCR-DGGE analysis of bacteria associated wittigesta and epithelial
tissue in the rumen of AR and AS animals.When bacterial PCR-DGGE
profiles were compared between AS and AR grouptebiat profiles of rumen
digesta samples from AR group was 69.8+1.54% sinmlahose from AS group
while the epimural bacterial profiles from AR growas 73.9+0.91% similar to
those from AS group (Figure 3.1). MSD analysis GRPDGGE profiles revealed
a clear separation of PCR-DGGE profiles betweenaA& AR groups from both
digesta and epithelial tissue samples (Figure J.@)further confirm the above
observation of differences in bacterial communitgfiles between AR and AS
group, pairwise comparison were performed by ANOSIUging Global R
statistics. No differences in bacterial profilesrev@bserved at each time point
after feeding (P > 0.05). While the bacterial comityuin rumen digesta (P
=0.001) and attached to the epithelial tissue (@32). were significant different

between AR and AS animals (Table 3.3).
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3.2.2 Analysis of the density of bacteria in the nmen of AR and AS steers.

The time point after feeding (hour) and interactimiween group and hour had
no effect (P>0.05) on total copy number of 16S rRines of both bacterial
communities (Table 3.4). The total copy number&® YRNA genes in the rumen
digesta of AS steers was 10-fold higher than tlig&R steers, while it was not

different between AR and AS epimural communities.

3.2.3 Expression of TLR2 and TLR4.The expressions of TLRs were evaluated
based onACT, the relative amplification of the targeted gerie the house
keeping gene. Therefore, the lower value ACT indicates the earlier
amplification and higher level of gene expressibme value ofACT of TLR4 in
the rumen epithelium of AR group was ranged fro@~2.7 while it was from
11.4~12.4 in the AS group, which they were sigaific different (P <0.001)
(Figure 3.3). The fold change of TLR4 expressionA® group was 741.7+62.0
higher than that of AS group. In addition, the @abf ACT of TLR2 in the rumen
epithelium of AR group (8.6~9.0) was significantbwer than (12.4~13.5) that
for AS group (P<0.01), the expression of TLR for ARup was 22.4+2.1folds
higher than that of AS group. Moreover, TLR4 expres in the rumen
epithelium significantly changed at 0, 2, 4, and &fter feed, within each group
(P=0.02) while TLR2 expression didn’'t change cormgarfour different time

point (P=0.59).
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3.2.4 Correlation between bacterial density, fermegation variables and TLR
expression.The copy number of total 16S rRNA genes of epimbazteria was
positively correlated with ruminal pH (r = 0.59, # 0.04) and negatively
correlated with total VFA concentration (r = -0.%9= 0.05) for AR steers, but no
such relationship was found for AS animals (TahE).3Furthermore, the copy
number of total 16S rRNA genes of content bactere positively correlated
with molar proportion of butyrate (r=0.74, P=0.008)d negatively correlated
with molar valerate (r = -0.5& =0.04) for AR animals, while it was negatively
correlated with molar butyrate (r=-0.7870.007) and positively correlated with
molar valerate (r = 0.53 =0.05) for AS animals. Overall the expression data
compared between two groups, the expression of TR significantly
positively related (P<0.01, Table 3.5) to the comymber of total 16S rRNA
genes of epimural bacteria in AR group. Howevegreéhwas no association found
between the expression of TLR2 and density of epimbacteria community

between two groups.

3.3 Discussion

Rumen acidosis is a common health related probfenaminant livestock
industry. Recent studies have revealed that treetoof ruminal acidosis can
induce changes in the microbial population inclgdiiecreases in the number of
gram negative bacteria and increases in the numbe@ram positive bacteria
(Nagaraja and Titgemeyer, 2007). The detectedrdifige of rumen digesta PCR-
DGGE profiles between AS and AR group is in agragméth previous data that

reported a bacterial composition of diversity chaohgn different severity of
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SARA (Khafipour et al., 2009b), supporting that thacterial diversity in the
rumen digesta may have a role in SARA developm@at. observed significant
higher total VFA concentrations in the rumen of ABimals at 2, 4 and 6h
compared to that of AR steers (Schlau et al., ulighdd data) suggest that AS
animals may have higher microbial fermentation kvder absorption activities
than AR steers when they were fed with the same dlese activities may be
due to the variation of bacterial density. Highepyg numbers of total 16S rRNA
gene in the digesta for AS group suggest that as@e@ microbial fermentation in
rumen of these animals may be related to decreas®&n pH during high
concentrated diet induced acidosis. This confirtiesl finding by Goal et al.
(1998) that induction of ruminal acidosis resulted increased total viable
anaerobic bacteria. The rumen pH of AS steers aasrlthan that of AR group
which indicated the excessive VFA production exsetbe ability of the ruminal
papillae absorption leading the accumulation otgme in the rumen. Significant
relationships between density of total bacterithearumen digesta and VFA such
as the positive correlation with butyrate in the A&ggested that population and
activities of butyrate producers are higher in raméAR steers. Future study to
investigate this population and its functions iohg butyrate kinase and butyryl-
CoAl/acetate CoA transferase will provide better arathndings of the roles of
butyrate producers (Macfarlane and Gibson, 1997jeMiand Wolin, 1979;
Duncan et al., 2002) in acidosis resistance. Theemwied higher expression of
sodium hydrogen exchanger, isoform 3, which impdi#s to the epithelial cell

and exports Hto the rumen (Schlau et al., unpublished datappstiing the
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speculation that higher rumen pH for AR steers inighattributed to faster rate
of VFA absorption.

Besides the changes of bacteria diversity andigeinsthe rumen digesta,
this study is the first to report the diversity adensity difference of epimural
bacteria community between AR and AS steers. Alghotihe function of these
epimural bacteria is not well known, the fact tbatteria intimately associated
with the host’s epithelial tissues is more likebyimdicate epimural bacteria could
have an influence on the surface protection oasstance in absorption (Freter,
1969; 1970). No significant difference in densitlyepimural bacteria between
AR and AS steers suggests that the diversity diffee rather than density
changes are associated with different suscepyilafisteers to SARA. Our recent
study revealed that the epimural bacterial diveraihs changed during the high
grain diet adaptation and the diversity variaticasvassociated with difference in
pH changes for host animal (Chen et al., 2011).s&hturther pinpoint the
importance of the epimural bacteria in SARA devaiept.

The observed difference in TLR expression has éurthupported the
importance of the epimural bacteria. TLRs may hasteaally function in the
gut epithelium (Medzhitov et al., 2009) and themstiation of TLR expressions
by commensal intestinal flora is critical for protieg against intestinal epithelial
injury (Rakoff-Nahoum et al., 2004). The identifieijher expression of TLRs 2
& 4 in the rumen papillae of AR steers than thasA$ steers indicating that host
immune responses may be higher in the rumen of #®RBrs to protect rumen

epithelium from damage and reducing the barriection of the rumen by SARA.
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Moreover, TLR4 has been identified as a major douator to autoimmune
functions which may replace or impair the epithelibarrier failure (Testro and
Visvanathan, 2009). Therefore, higher VFA absorptiould occur in the rumen
epithelium in AR steers, and better host mainteeafunctions due to the
epimural bacteria community which may prevent tHeAVaccumulation which
leads to the resistance to SARA, comparing to A&erst In addition, the
relationship between the copy number of total 1BBIA genes of epimural
bacteria with ruminal pH and total VFA concentratipositively correlated with
ruminal pH and negatively correlated with total VFéoncentration) and
expression of TLR4, which is the first time to lbwestigated, suggests that the
epimural bacterial population may be related tomaan the higher pH and lower
acidity on the rumen surface of AR animals and state appropriate activation
of the immune system (Sartor, 2000; Farrell and @aty12002) which is thought
to be prevent to damage to the epithelial tissbetire study to investigate rumen
epithelial functions (e.g. VFA absorption or traogp and response (e.g.
inflammation) associated with epimural bacterial wilovide clues on the
mechanisms on how host function can be impactethbge bacteria and their
roles in acidosis tolerance.

In conclusion, this study showed the differencebafterial diversity and
density in the rumen between AR steers and AS st@dre different bacterial
diversity in both rumen digesta and epimural comityuin AS animals suggest
that particular structure of the ruminal microl@almmunity may be related to the

higher density of the bacteria when the high cotreén diet was fed. This is the
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first attempt to compare the epimural bacteria ity and density and their
association with host TLRs 2 and 4 expressions émtwAR and AS steers.
Higher expression of host innate immunity in ARraals indicates that host gene
expressions were altered by changes in epimurdetalcdiversity and density
which mitigate the severity of acidosis in AR anisad his warrants future study
of host genetic markers which regulate the miciefest interaction with respect

to tolerance to SARA.
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Table 3.1 Ingredient composition and nutrient compsition of diet fed to AR
and AS steers

Ingredient composition,% DM

Dry-rolled barley grain 56.7
Dry-rolled oats grain 28.3
Alfalfa pellet 10.0
Premix of mineral , vitamin and5.0
monensin

Nutrient composition, % DM

DM 92.2
OM 93.5
Starch 38.6
NDF 28.7
CP 17.6

'Contained 1.60% Na, 0.49% P, 6.00% K, 6.0% Ca,%.3) 0.65%
Mg, 1220mg/kg Zn, 242 mg/kg Cu, 11mg/kg Mn, 242nggiko,
13mg/kg 1, 220mg/kg Fe, 90000 IU/Kg Vitamin A, 133U/Kg

Vitamin D, and 400.0 IU/kg Vitamin E.
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Table 3.2 The primers used for detection of rumenduwteria in this study

Annea Prod

1b'arget_ Primers (5— 3)) ling U.Ct Reference
acterium temp size
(© (bp)
27F- F: AGAGTTTGATCMTGGCTCAG
1492R R: Yang et al.,
58 1465
TACGGYTACCTTGTTACGACTT 2010
HDA F:ACTCCTACGGGAGGCAGCAG
T
Walter et
R:GTATTACCGCGGCTGCTGGC 54 200
al., 2000
AC
u2 F: ACTCCTACGGGAGGCAG Stevenson
R: and
62 468 )
GACTACCAGGGTATCTAATCC Weimer,
2007
TLR2 F: CTGTGTGCGTCTTCCTCAGA
R:
60 228 This study
TCAGGGAGCAGAGTAACCAGA
TLR4 F: GGTTTCCACAAAAGCCGTAA

R: 60 137 This study
AGGACGATGAAGATGATGCC
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Table 3.3 ANOSIM of bacteria profiles between AR ad AS steers

Bacterial profiles of The epimural bacterial
rumen digesta profiles
The time P. P.
point after R statistic R statistic
. value value

feeding

Oh 0.370 0.191 -0.037 0.496
AR vs 2h 0.259 0.285 0.111 0.189
AS 4h -0.074 0.798 0.519 0.202

6h 0.185 0.295 0.333 0.301
Overall: AR vs AS 0.367 0.001 0.412 0.002
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Table 3.4 The diversity and density of bacteria ithe rumen

AR AS P-value
OH 2H 4H 6H OH 2H 4H 6H G H i

Similarity (%, . . . . . . . .
contentvs  655.42.2 61.442.0 71.4+1.3 69.4+2.4 67.6 +1.6 67.9+0.867.3+1.169.3+1.5 0.36 0.020.02
tissue)
Total
baCtel”f." . (246 (350 (392  (2.04 (510 (3.00 (271 (3.09
ph°p“a'°” N4198) 1258) 2235 11.14) +1.22) +0.92) 20.78) 0.94)  <0.0010.380.31
the rumen ;1 p x10° x10° x10° x10' x10' x10°  x109
content (copy
number /g)
Total
Egge“rggl' (219 (824  (1.00 (167 (155 (219 (337 (2.69

e +0.29) +4.36) +0.53) +0.69) +0.74) +1.17) £1.47) =1.70) 0.170.89 0.52
popufation 4o x10° x10" x10" x10" x10% x10°  x10°
(copy number
/9)

G: Group (AR and AS); H: the time point durithe ¢-h postprandial sampling pericAt 0, 2, 4, and 6 h after feedj). ®° Within

a column, means with different letters are sigaifity different.
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Table 3.5 Correlation between density of bacteria community ad

fermentation variables

Total bacterial population

Content Tissue Content Tissue
AS AR AS
acetate -0.48* 019 0.35 0.16 0.19 0.43
propionate 0.69* -0.05 -0.59* 0.02 -0.05 -0.26
isobutyrate (.22 0.45 -0.003 0.61* 0.45 -0.25
butyrate -0.82* -0.33 0.74** -0.73*  -0.33 -0.41
isovalerate -0.20 0.14 0.49 0.45 0.14 -0.31
valerate 0.51* 0.47  -0.58* 0.53* 0.47 -0.15
Total VFAs (.23 -0.59* 0.15 -0.37 -0.59* 0.45
pH -0.23 0.59« -0.40 0.30 0.59* -0.26
ACT of TLR4 0.32 -0.71**  0.32
ACT of TLR2 0.33 -0.26 0.07
*  P<0.05 ** P<0.01
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Figure 3.1 The cluster of the PCR-DGGE profiles of bactepialfiles of

AR and AS steers from (A) rumen tissue samplegBjen digesta

samples collected at the four different time paift¢r feeding
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Figure 3.2MDS analysis’ plots of bacterPCRDGGE profiles generated fro
(A) rumen content samples (B) rumen epitheliumuessamples. Different grou
were indicated with different shapes: ball (h=Iidosi-resistant steers; cul

(n=12): acidosisusceptible stee
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Figure 3.3TLR4 expression (A) and TLR2 expression (B) in iineen
epithelium between AS and AR steers at each tinmg péter feedingACT: the
relative amplification of the targeted genes tolthase keeping gene. The lower
value of ACT indicates the earlier amplification and higherdl of gene

expression.
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Chapter IV. General Discussion

Subacute ruminal acidosis (SARA) is a common digeddisorder in beef
and dairy cattle, which happens during a sudden wansition or with an
overload of starch fermentation in the rumen. WB&RA occurs, the ruminal
pH significantly decreases due to the accumulatibfermented acids, such as
lactic acid or VFAs, which are produced by rumercnoibes and supply the
energy resources for the host development. It leas bbeported that the bacteria
associated with rumen digesta is altered durintadidgransition and experimental
SARA induced (Goad et al., 1998; Nagaraja and Tigger, 2007). However,
there is very limited understanding on the divgrand density of ruminal
epithelial wall attached bacteria and their chandasng diet transition and
experimentally induced SARA, in the rumen of beaftle. Two studies were
performed in this project, in which, the effectdiet on the diversity and density
of epimural bacteria, and in rumen bacterial vatet including digesta and
ruminal epimural bacterial communities, between 3ARsistant (AR) and
susceptible (AS) animals were observed.

Our study 1 was the first to monitor the epimuratterial diversity changes
from the same host animal through a dietary tremmsifrom a 97% forage based
diet to an 8% forage based diet including a ttaorsiperiod with a 25% forage
based diet. This study was the first to report that can change the diversity of
epimural bacterial community, similar as the digesissociated community.
Although feeding the high concentrate diet (85%mreeduced rumen pH, not all

animals developed SARA. In Study 2, we identifiedcterial diversity and
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density differences in the rumen between AR andaAifals using a trial that fed
beef steer with high concentrate diet. It has beported, that rumen microbial
diversity and population change during experiméntalduced SARA (Goad et
al., 1998; Khafipour et al., 2009). However, thecrmobial profiles between AR
and AS animals had not been compared and therenwadata on epimural
bacterial community. Our study showed that the @ive of rumen digesta and
epimural communities were different between AR &®&lanimals, and that the
total copy number of bacteria in rumen digesta mash higher in the rumen of
AS steers compared to that of AR steers. Thesdtsesuggest that the diversity
of bacterial community in the rumen may be assediatith the host response to
SARA, and that this could be achieved by regulatiegsity of total bacteria.
Interestingly, in study 2, the copy number of tat&lS rRNA genes of digesta
associated bacteria was positively correlated thighmolar proportion of butyrate
in AR animals, while it was negatively correlatedAS animals. Higher butyrate
proportions were identified in the rumen of the AjRoup (Schlau et al.,
unpublished data). During ruminal acidosis, the eomepithelium can be
damaged due to the long duration of low rumen pHatwmajorly leads to
epithelial barrier function failure in the rumere(ier et al., 2010). We proposed
that higher butyrate and a positive relationshithwumen bacteria in AR steers
could activate certain growth factors, such as IG&d EGF (Galfi et al., 1981,
1993; Neogrady et al., 1989a, b; Baldwin, 1999%he rumen epithelial tissue.
These growth factors may impair the damage of ruegthelium preventing

inhibition of VFAs absorption. As butyrate indudbe release of hormones and
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growth factors, these factors bind to respectivBulee membrane receptors
(Baldwin, 1999) leading to the induction of cellufasponses in the rumen of AR
steers. Future studies that further investigatsetti@ctors will supply fundamental
understanding and explanations for the observeterdiices on the above
relationships.

To date, many studies have pointed out the inflaesfcthe host on rumen
microbial diversity (Guan et al., 2008; Li et &009). In our case, a significant
individual variation was also observed on rumindl ghanges (Chapter 2, Figure
2.5), bacterial profiles changes (Chapter 2, Fig@eand Figure4.1), and total
bacterial population changes among the 18 steatsruhe three diets (Study 1)
(Chapter 2, Figure2.3). These results strongly ssiggl that the individual
variation needs to be taken into account when stgdghe association between
ruminal microbial diversity and SARA. In additioa the differences among the
animals with regard to their susceptibility to SARfkere were significant
differences in bacterial diversity detected betwééhand AS steers. However,
within each group, individual variation of divesséind density was also observed.
For example, steer 485 seems to be an outlier &3gl) from the AS group, and
is more similar to the AR group at diversity lev€he observation of individual
variation suggests, again, that the host has attedih ruminal bacterial ecology
in rumen. So it has been considered that therahmee factors, host genetics,
environment (including diet) and microbial intefaos that can impact on

microbial diversity. Future researches on undediten the roles of rumen
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microbial community in SARA susceptibility and r&since need to include all
these factors.

The linkage of the diversity and density of micelommunities in rumen,
including contents and epimural bacteria to hostcfion has not been well
studied. Host immune response was considered tmrge of the linkages
investigated in this project. We speculated epihalurface structure including
receptors and cell proliferation may determine dineersity and density of the
epimual bacteria. In the study, we only investigaggpression of 2 TLRs. The
expression of TLR2 and TLR4 were 22 and 742 foidkdr in AR animals than
in AS animals, suggesting that the host immuneresibonses were more highly
activated by TLRs in AR steers. However, there @s study to date on the
regulatory mechanisms of the expression of theseegjeAre the detected
expression differences between AR and AS anima¢stdugenetic variation of
these genes? Or, are they due to some other posctiptional and translational
regulation? In the bovine genome, there are 10 TkRsch can recognize the
molecular patterns from microbes. Future studiegvestigate the expression of
other TLRs in AS and AR animals may elucidate waetthe by-products of
ruminal epimural or digesta associated bacteriacham impact on rumen
epithelial immune functions. Also, future studidsatt investigate cytokines,
chemokines and other immune related functionsaidla better understanding of
the host function in AR and AS animals. In addifibased on the variation in
susceptibility we observed on the steers of thigl\stgenotyping would seem to

be a good way to determine gene variation amongwbegroups. For example,
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single nucleotide polymorphisms (SNPs) genotypiogld be performed, and
then designate them as genetic markers to invéstigécrobe-host interaction
with respect to tolerance to SARA.

In this thesis, there were some intrinsic limitagcthat this research was
faced with. First, the low resolution of PCR-DGG4 Ito the identification of
bands only at phylum or genus level, 59% of theds are still not identified,
and only 88 PCR-DDGE bands were identified whilenea can contain up to
about 400 species (Brulc et al., 2009). Future istudising next generation
sequencing technology will supply better identifica of the ruminal epimural
bacterial communities and their alteration undéfiecént diets at species or strain
level. Second, the functions of the identified lael community were not
directly measured. Currently our research growwasking on the application of
metagenomics to these samples, and it is expduadhis will help to understand
whether and how the functions of epimural bactereange during dietary
transition. This understanding could lead to imgwmanagement practices of
dairy and beef cattle in order to improve their emmfunctions. A microbial
model that could be used to investigate changesunmen Gram-negative and
Gram-positive bacteria populations and such refatip to host gene expression
during SARA is currently lacking. Approaches cuthgrbeing attempted by our
group to identify Gram-negative and Gram-positiygmairal bacteria and their
by-products which stimulated the host gene expoessi the rumen of AR and
AS animals, may supply potential model to invegggaeir roles in SARA. Third

and last, we only collected rumen tissue from awoation of the rumen. In future
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studies it would be desirable to utilize samplirgni multiple locations within the
rumen; this would provide direct evidence of thikéige between rumen epimural
bacteria and host function changes during dietarysitions and SARA.
Therefore, our overall contribution to the undangiag of the ecology of
epimural bacteria under different conditions cdogs importantly fundamental
information, which can be applied to diet managemnasrd future regulation of

rumen acidosis disease in the livestock industry.
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