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ABSTRACT

The aim of this study was to characterize the adaptation of rumen microbial
populations and methane emissions to ionophores when fed to cattle over a 12 wk period.
Méthane emissions from 1‘unﬁn&u1ts contribute approximately 90% of the greenhouse gas
emissions from animal agriculture (Kebreab et al. 2006). The gram-positive specific
ionophore antibiotic, monensin, may lower methane production in the rumen, however
the effects appear to be short term (weeks) and there is a rebound effect in which
emissions return to baseline levels. W, e‘hypothesized that gram-positive bacteria, but not
methanogenic archaea, adapt to monensin and that the methane emission reBound can
largely be explained by adaptation of gram-positive hydrogen producing bacteria. Riunen
samples were taken weekly for 12 wk from cattle fed either a high grain or a high forage
diet with or without monensin (Guan et al. 2006). Methane emissions were
simultaneously measured. 4Micr0bial populations were characterized using terminal
restriction fragment length polymorphisms (TRFLP) analysis. Key microbial species
were quantified with real-time PCR (RT-PCR). TRFLP indicated that at the phylum
level community structure was relatively stable showing no statistical difference (P <
0.05) between treatment or diet as well as no difference over time. There was a
noticeable prevalence of members of the phylum Verrucomicrobia. No members of this
phylum have been cultured from the rumen but may be involved in polysaccharide
degradation or anaerobic methane oxidation. RT-PCR indicated that adaptation occurred
partly within the hydrogen producing gram-positive bacteria on tile concentrate diet and

the effects on methanogens were strongly correlated with these population shifts. In the



forage diet the adaptation to ionophores also occurred but modulation of gram-positive
bacteria appeared to be much more subtlé. The methanogenic archaea were not directly
affected by monensin, ﬂle observed abundance changes were related to the decrease in
the abundance of ciliate protozoa and the available hydrogen in the rumen. Methane
emissions returned to baseline levels two wk earlier in grain than forage diets and this ig
likely the result of higher turnover rates in grain based rations. A low correlation

: betWeen-methane levels and temperaturevsho.wed that the influence of temperature on the

data was not large but could not exclude it,
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FOREWORD

A part of this thesis has been written in manuscript format. This thesis is
organized with an abstract of the thesis, a general introduction and a literature review
before the manuscript, which is followed by a general discussiqn and conclusions. The
format used to write this thesis is that of the Canadian Journal of Animal Science, The
authors and title of the manuscript is:

Bouchard, J. J., Wittenberg, K. M., Ominski, K. H. and Krause, D. O. 2008. Rumen
microbial community analysis and methanogenesis during adaptation to monensin. (in

preparation)
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1.0 GENERAL INTRODUCTION

In aﬁimal agriculture, ruminant livestock contribute the majority of greenhouse
gas emissions with methane being the predominant pollutant (Kebreab et al. 2000).
Methane is a byproduct of rumen fermentation and is eructated as waste from the animal
into the atmosphere (Moss et al. 2000). The global pressures to reduce greenhouse gas
emissions have made the need for a long-term strategy to mitigate emissions from
ruminants even more pressing. Research focusing on methane depression in ruminants
has explored many possible sources including plant compounds such as tannins
(Woodward et al. 2001) and essential oils (Beauchemin and McGinn 2006). Vaccines
against rumen meﬂmnogens (Wrighf, et al. 2004) have been suggested but the feeding of
ionophores is very appealing because of its ease of use in feed formulation and
effectiveness in reducing enteric methane (Guan et al. 2006).

lonophores are lipophilic molecules that perineate the cell membrane of bacteria,
protozoa, fungi, and even higher organisms (Pressﬁlall 1976). They act by dissipating ion
gradients leading to an ionic overload in the cytoplasm of a cell (Russell and Strobel
1989). To combat this overload, the cell activates ion pﬁmps to drive ions out, which
leads to the depletion of adenosine triphosphate (ATP) energy. If the ion imbalance is
large, the cells exhaust all of their ATP which leads to cell death (Russell and Strobel
1989; Callaway et al. 2003). Ionophores are predominately affective against gram-
positive bacteria and this is due to the nature of their cell wall (Russell and Strobel 1989).
Gram-positive bacteria héve a single thick permeable peptidoglycan layer resting above

the phospholipid bilayer that is the cell membrane (Callaway et al. 2003). The cell wall



of gram-negative bacteria differs in that it has two thin layers of peptido glycan as weﬂ as
lipopolysacchérides. These Iipopolysaccharides make the insertion of ionophores into the
cell membrane difficult (Russell and Houlithan 2003).

Many ruminal gram-positive bacteria are also iwdrogen producers, and as
hydrogen is required for methane formation these sbecies form an important link between
mode of action of ionophores and methane generation (Russell and Rychlik 2001).
Bacteria produce hydrogen during the production of volatile fatty acids such as acetate
(Russell and Rychlik 2001), therefore if the gram-positive, hydrogen producing bacteria
are depleted there is little hydrogen available for methanogenesis. A previous study
performed at the University of Manitoba by Guan et al. (2006) demonstrated that when
monensin was supplemented to feedlot steers on either forage or grain diets methane
levels decreased significantly, however it was only short term and methane levels
returned to baseline after several weeks. This suggests possibility that the gram-positive
rumen bacteria'may adapt to monensin.

The purpose of this thesis reseérch was to evaluate the microbial adaptatiqn to
monensin in a microbial community context,. Rumen microbial populations can now be
studied without the need for cultivations, using molecular techniques such as the
polymerase chain reaction (PCR), terminal restriction fraginent length polymorphism
(TRFLP) and real tﬁne PCR (RT-PCR). Using these techniques rumen fluid from the
Guan et al. (2006) study were analyzed to determine which populations in the rumen are

the most affected by monensin, and which ones are capable of adaptation.



2.0 LITERATURE REVIEW

2.1 The Rumen
2.1.1 Rumen Microbes

The rumen is a complex ecosystem that has been extensively researched to attain
a more complete mechanistic understanding. The rumen consists of billions of microbial
species which are predominately anaerobic. These include bacteria, protozoa, fungi,
many of which are continually being identified with the use of molecular techniques
(Russell and Rychlik 2001). With more than 200 species isolated, it has been estimated
that bacterial counts in the rumen are as high as 10" cells/mL of rumen fluid or
10,000,000,000 bacteria/mL (Callaway 2005). The bacteria are the best understood
component of the ruminal ecosystem and there is much less known about the protozoa
and even less about the fungi.

The microorganisms in the rumen are extremely diverse with each serving a
unique purpose in the ecosystem. The bacteria are primarily involved with fermentation
- in the rumen as they can break down nearly all ingested feedstuffs (Callaway 2005 ). The
protozoa, which also ferment dietary components and are involved in ruminal nitrogen
cycling, are major consumers of rumen bacteria therefore acting as their regulators
(Callaway 2005). All the microbial populations in the rumen live in a symbiotic
relationship with the animal; the rumen provides a habitat and nutrition tothe
microorganisms ’While the microorganisms provide necessary nutrients to the animal such

as volatile fatty acids (VFA) for energy, microbial biomass for protein, and vitamins
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(Callaway 2005; Russell and Rychlik 2001). 'The bacteria also play a vital role in
physiological and immunological finctions (Mackie and Cann 2005).

The microorganisms digest the consumed feedstuffs and provide nutrients to the
animal through fermentation. The primary diet of ruminants is high in forages, which
possess structural carbohydrates such as cellulose and hemicellulose. Ruminants are
unable to break down these plants compounds as they cannot produce the required
digestive enzymes, cellulase and hemicellulase. Rumen bacteria, however, do produce
t11¢se enzymes, and are capable of breaking down the forages releasing glucose which
provides nutritional value to the animal (Russell and Rychlik 2001; Prescott et al. 2002).
Rumen bacteria can also ferment starches and sugars found in high energy grain diets into
VEA for energy, this is of major importance since grain diets have become much more
common for domestic ruminants to increase meat and milk production (Russell and
Rychlik 2001).

The rumen provides ideal living conditions for microorganismi Primarily, the |
rumen is anaerobic or absent of oxygen and some rumen microofganims are so sensitive
to oxygen that they cannot tolerate even the slightest exposure (Prescott et al. 2002). The
rumen pH is normally between 6.0 and 6.9 with an optimum temperature at 39 °C. The
rumen.is a very unique ecosystem, providing a continuous source of nutrients and growth
making it truly symbiotic.

2.1.2 Rumen Fermentation

Fermentation is an anaerobic process which degrades substrates into usable

products. In the rumen, mi;:roorganisﬂls utilize consumed carbohydrate feedstuffs and

ferment them through a series of oxidation/reduction reactions into volatile fatty acids



(VFA) for energy, and carbon dioxide (CO»), methane (CHy), and hydrogen (H») as by-

- products (Figure 1) (Callaway 2005; Chiba 2007; Russell and Rychlik 2001). During
fermentation, carbohydrates must first be oxidized into pyruvate through the glycolysis
pathway which utilizes the 1'ed110i11g equivalent nicotinamide adenine dinucleotide
(NAD"-oxidized or NADH-reduced forms). During glycolysis, NAD" is reduced to
NADH and in order for fermentation to continue NAD" must be regenerated, which
occurs mainly through the reduction of CO, to CHy (Prescott et al. 2002; McAllister and
Newbold 2008). Pyruvate is than converted into one of the major VFAs.

The maj or VFAs produced iﬁ the rumen are acetate, butyrate and propionate
which are the major source of carbohydrate and energy for the animal (Callaway 2005;
Cheeke 2005). Microbial cells are the main source of high quality protein for the animal
especially for the essential amino acids (Ishler et al. 1996). These amino acids are
absorbed in the small intestine and used for animal growth and meat or milk production
(Ishler et al. 1996). Many of the vitamin requirements for the ruminant are also met by
fermentation, all of the water soluble vitamins as well as vitamin K are all synthesized

| leaving only vitamins A, D and E to be supplemented (Cheeke 2005). Fermentation is
efficient as it allows ruminants to consume inexpensive low quality feed and still meet all
their nutrient requirements.

Not all products of fermentation are utilized by the animal and in some cases their
production represents a loss of feed efficiency and is detrimental to the environment.
Carbon dioxide and methane gases are by-products of fermentation, and an accumulation
of these gases causes bloaf in the rumen, therefore they need to be released by a process

called eructation or belching (Cheeke 2005). The release of these greenhouse gases
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Figure 2.1: The major biochemical pathways of carbohydrate fermentation in the rumen

Modified from Russell and Rychlik 2001



into the atmosphere is harmful to the environment and is what ruminant research is
éttempting to inhibit. Another environmental issue is the excretion of ammonia in urine
building up in soil causing nitro gen pollution. Not all ammonia produced in fermentation
is used by the animal and therefore it is classified as a waste product to the animal and is
released through urination (Callaway 2005). As well the production of carbon dioxide,
methane and ammonia represents an energy loss for the animal as they serve no nutritive
purpose, for example 1 gram of produced methane represents a feed energy loss of 55.2
kJ (Wittenberg 2003). To combat these losses in feed efficiency and harmful impacts on
tlie environment, strategies to reduce methane production have taken épriority n
ruminant research anld to date the one that has seen the most promise is the use of
ionophores such as monensin in the diet (Guan et al. 2006).
2.1.3 Hydrogen Production and Utilization

Hydrogen gas (Hy) is produced during fermentation as a byproduct en route to the
production of acetate, the primary VFA produced in the rumen (Russell and Rychlil_(
2001). Although acetate is the primary VFA, the concentration of hydrogen in the 1‘umeﬁ '
1s typically low, as it is promptly used in downstream reactions (Hungate 1966).
Hydrogen is produced by microorganisms using hydrogenase enzymes which take
electrons from reduced cofactors such as NADH that are also produced during
fermentation reactions, this reaction is very thermodynamically unfavorable and will only
chemically proceed if the product is quickly consumed in other reactions (Russell and
Rychlik 2001). Being that methanogens require hydrogen to produce methane, they
provide an outlet for hydrogen disposal (Russell and Rychlik 2001). Another sink for H

in the rumen are dicarboxylic acids such as sodium fumarate and sodium acrylate, which



are precursors in the production of propionate (McAllister and Newbold 2008; Newbold
et al. 2005). An in vitro study by Newbold et al. (2005) showed both fumarate and
acrylate are effective hydrogen sinks to remove electrons from methanogenesis.
Fumarate and acrylate captured 44% and 22% respectively of the hydrogen previously
}1sed for methane production (Newbold et al. 2005). It is important the Hy is quickly
removed from the rumen environment -_as its build up would prevent further fermentation
of feedstuffs (Weimer 1998). Since hydrogen plays such a vital role in the production of

methane this may be a good area to target for decreasing methane emissions in livestock.

, 2.2 Rumen Methanogens & Methanogenesis
2.2.1 Methanlogen Populations

Although methanogens make up only a small portion of rumen microbial
populations, contributing 0.3 — 3.0% of the 168 énd 18S rRNA (Yanagita et al. 2000),
they play a very significant roie. Methanogens are highly aﬁaerobic, fastidious
Qrganisﬁls, and are distinctive from other rumen organisms as they all produce methane
as a catabolic end product (Bergey 1994). Methanogens are members of the phylum
Euryarchaeota in the domain Archaea with 28 génera and 113 species of methanogens
classified to date (Garrity 2007). Within the rumen, only seven species in five genera are
known to reside and include Methanobacterium formicicum, M. bryantii,
Methanobrevibacter ruminantium, M. millerae, Methanomicrobium mobile, M. olleyae,
and Methanoculleus olentangyi with the majority (61.6%) found in the genus
Methanobrevibacter (Janssen and Kirs 2008). Tt has also been reported that

Methanosarcina spp. have been cultured from the rumen (Jarvis et al. 2000), however



some researchers do not believe them to be a main part of the rumen archaeal community
(Janssen and Kirs 2008). The role of the methano gens in the rumen is to keep
fennéntation cycling efficiently, to do this they consume the hydrogen that is produced
during fermentation reactions to produce methan.e, which results in a continuous
fermentation rate as well as a nutritionally more favorable sequence of VFA production
by rumen microorganisms (Kamra 2005; McAllister and Newbold 2008.).

The methanogenic species named above grow in the rumen using H, and to a
lesser extent formate as energy sources, utilizing the electrons from the hydrogen or
formate to convert carbon dioxide to methane (Janssen and Kirs 2008), this is the process
of methanogenesis. Other compounds have also been identified as substrates for
methanogenesis; Jarvis et al. (2000) isolated a strain of Methanosarcina barkeri from
grazing cattle that used CO,/H,, acetate, and/or methyl containing compounds to convert
carbon dioxide to methane. The use of substrate is based completely on whether or not
the methanogen possesses cytochromes. Methanogens that possess cytochromes, thbse of
the order Methanosarcinales, are able to use methanol, methylamines, acetate and/or
COy/H; as subsﬁ'ates for methanogenesis (011¢11e—Adjei et al. 2007; Gottschalk 1988).
While the methanogens without cytoéhromes are those that utilize only CO, and H,
and/or formate for methanogenesis, these belong to the orders Methanobacteriales,
Methanococcales, Methanomicrobiales, and Methanopyrales (Ohene-Adjei et al. 2007).

Methanogens are found in the rumen aé planktonic organisms as well as
symbionts with protozoa. They are found in different fractions of the rumen, and grow at
different rates but they all perform methanogenesis (Janssen and Kirs 2008). Those

methanogens associated with protozoa can either be attached to their surface or live



within the cells as endosymbionts (Christophersen et al. 2004); and the majority have
been identified as relatives of M. smithii and M. ruminantum species (Tokura ef al. 1999)
and to a lesser extent the genus Methanomicrobium (Janssen and Kirs 2008). In 1994,
Finlay et al. found that on the surface of rumen ciliate protozoa most commonly less than
10 and never more than 20 methanogenic organisms could exist, as well it was seen using
electron microscopy those methano gens living inside the protozoa. The symbiotic link
between methanogens and protozoa brought about another theory for decreasing methane
production in the rumen, which was to target the protozoa populations for death and in
turn affect the associated methanogens. Defaunation is the process which eliminates
protozoa from the rumen, and it has been shown to reduce methane production by 30 —
45% (Tokura et al. 1999). |

Rumen methanogens have been very difficult to quantify as they are extremely
sensitive to oxygen (Zinder 1998). Using pure culture methods the highest level of care
inust be employed to avoid any contact with oxygen because methanogen growth is
stunted when as little as 0.8 uL of oxygen is pfesent and completely inhibited when levels
reach 6 L (Hungate 1966). Culture techniques have advanced over time to study
méthanogens resulting in the introduction of anaerobic glove box cabinets. The cabinets
commonly used today are devoid of oxygen providing the ideal environment for
anaerobic study, and researcﬁers are now able to dispense media and plate out cells with
confidence (Zinder 1998). The other dependable culture method used by laboratories that
are without anaerobic cabinets includes the use of special aﬁr tight tubes which are
pressurized with H, and CO, gases as growth substrates, this method also provides

efficient growth of methanogens (Zinder 1998).
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It was not until the development of moleculeﬁ‘ methods that rumen métheino gens
could be better studied, and even still the phylogeneticity of the rumen archaea are not
completely understood. This was shown by Whitford et al. in 2001, when a phylogenetic
study was performed in an attempt to identify rumen methanogens using the archaeal 16S
rRNA gene. They found that the gene did not encompass all the phylogenetic diversity of
the archaea in the bovine rumen, and it was concluded that more specific techniques such
as quantitative PCR must be used to better determine rumen phylogeny. With the recent
molecular developments such as Terminal Restriction F ragment Length Polymorphism
(TRFLP) and quantitative PCR, phylo genists will in time understand the complete make
up of fumen methanogens which will give better insight in how modifications in methane
production can be made to ensure the best efficiency for the animal as well as the
environment.

2.2.2 The Biochemistry of Methanogenesis

Methane is produced by methanogenic archaea found in numerous eﬁvironments
such as swamps, fresh water sediments, tundra areas, rice fields and in the gastrointestinal
tracts of ruminants, and it is among the greenlbusé gaées that directly contribute to
climate change (Deppenmeier 2002; Chaban et al. 2006). Depending on the methanogen
and the environment in which it lives the pathway of methanogenesis differs. In the
rumen alone there are two commonly used biochemical pathways with two different
substrates: 1) CO, and H; or 2) acetate or methyl compounds. The more common
péthway that converts CO, and H, to methane (Figure 2) is made up of seven reactions

and employs numerous coenzymes, including methanofuran (MFR);
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tetrahydromethanopterin (HsMPT); cofactor Fyog; cofactor F a30; coenzyme (CoM); and 7-
mercaptéheptanoylthreonine (HS-HTP) (Rouviere and Wolfe 1988).

Rouviere and Wolfe (1988) describe methanogenesis as follows: firstly CO, and
MEFR are used to produce Formyl-Methanofuran (F-MFR) (reaction 1), the formyl group
is then shifted to HyMPT (reaction 2), next the for1ﬁy1 group is reduced to a methenyl
gl'oup creating methenyl-HyMPT (reaction 3), the methenyl-Hy;MPT is then reduced to
methylene-HsMPT (reaction 4) gnd further reduced to methyl-H;MPT (reaction 5)
consuming electrons from cofactor Fapg. The H4MPT group is then lost by the transfer of
the methyl group to CoM (reaction 6), and ﬁnélly methyl-CoM is reduced to methane
(reaction 7) utilizing a number of cofactors, including Fy39, adenosine triphosphate
(ATP), and flavin adenine dinucleotide (FAD) (Rouviere and Wolfe 1988). The
production of methane (reaction 7) is linked to the breakdown of CO, (reaction 1) by the
release of heterodisulfide (HTP-S-S-CoM) making the reaction somewhat cyclic. These
 interactions are not fully understood as of yet (Rouviere and Wolfe 1988). The overall

reaction can be summarized as shown below by Deppenmeier (2002);

CO, +4H, # CHs+2H;0  (AG,'=-131 kJ/mol CHy)
The use of acetate or methyl compoxmdé to produce methane is a less common
pathway however it does contribute to overall methane emissions in the rumen.
Methano gehesis using acetate as a substrate uses a shorter biochemical pathway. Acetate
is first converted into carbon monoxide (CO) and methyl-CoM, the CO is then oxidized
- to form CO,, with its elections being used to reduce the methyl-CoM to methane

(Gottschalk 1988). Deppénmeier (2002) summarizes the reaction as follows;

CH;-COO +H" > COr+CHy  (AG,=-36 kl/mol CH,)
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Using methiyl compounds for methane production is broken down into two
processes. One involves the oxidation of a quarter of the methyl compounds to CO,
which provides electrons to the other reaction which reduces the remaining methyl
compounds into CHy (Deppenmeier 2002 ; Gottschalk 1988). A summary of the reactions
is shown below;

4CH3;0H —+ 3CHy + 1CO, +2H,0  (AG,'= -106 kJ/mol CHy)

. Meﬂlanogenesis represents a loss of energy and thus decreased feed efficiency for
the animal. Ruminants obtain most of thejr energy from volatile fatty acids, and the
~ Initiative to maximize feed efficiency lies within them. The conversion of carbohydrate
to either écetate or butyrate involves the production of hydrogen and furthermore the
production of methane, which accounts for an ingested energy loss of typicaliy 6%
(Johnson and Johnson 1995). The pathway to convert carbohydrate to propionate is more
~ efficient than those for eiﬂ1er butyrate or acetate; this is because propionate has a higher
enthalpy (Richardson et al. 1976) and does not result in the production wasteful methane.
Methane production is also detrimental to the environment, as ruminant
methanogenesis is the largest contributor of greenhouse gas emissions in animal
agriculture. Statistics show that Canadian livestock are responsible for 32% of
agriculturally accountable greenhouse gas emissions, .and of this 90% is from beef and
dairy cattle (Kebraeb et al. 2006). For these reasons much effort has been put into
finding ways to decrease the methane produced from livestock, whether it be ﬂn'qugh
feed additives, such as ionophores (Odongo et al. 2007), tannins (Woodward et al. 2001),

or essential oils (Beauchemin and McGinn 20006) to alter rumen microbial populations or
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to utilize other mechanisms such as administering vaccines against rumen methanogens

(Wright et al. 2004) to direct rumen fermentation away from methane production.

2.3 Ionophores to Reduce Methane Emissions
2.3.1 Ionophores

Ionophores are lipophilic compounds that catalyze ion movements across cell
membranes. The exterior of ionophores is extremely hydrophobic, while their core is
hydrophilic therefore they tend to accumulate in the lipid bilayer that is a cell membrane
(Garrett and Grisham 1999). The normal movement of charged ions across a cell
membran¢ requires high activation energy, however ionophores are capable of
delocalizing the charge on ions and assist in their cross membrane movement (Russell
and' Strobel 1989). Thus ionophores essentially alter the movement of ions across cell
membranes.

There are many different ionophores that have been approved for use, for example
monensin, lasalocid, tetronasin, lysocellin, and valinomyecin. These ionophores are
different in their ion exchange capabilities. Some ibnophores, such as valinomycin, are
able to transfer one ion (most often potassium) into the cell with no exchange of H', these
are known as uniporters (Bergman and Bates 1984). Monensin is an example of an
antiporter. Antiporters have the ability to transport multiple ions at one time, as they
exchange monovalent cations (sodium and/or potassium) for H', and the movement of
these ions is based on their concentration gradients in and out of the cell (Russell and
Strobel 1989). Monensin catalyzés the exchange of intracellular potassium for

extracellular H', causing a decrease in the cellular pH. This acidification is combated by
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the use of an ATPase that pumps H* out of the cell along with other cellular ion pumps
activate to attempt to reestablish favorable ion gradients. The result is the depletion of
intracellular ATP reserves from the bacterial cell which eventually causes death (Figure
3) (Russell and Strobel 1989; Callaway et al. 2003).

'Ionophores are classified as antimicrobial agents as they are toxic to not only
bacteria but also fungi, and protozoa and even higher organisms (Pressman 1976). These
toxic effects influence rumen fermentation, as they alter the prokaryotic populations. It is
the gram-positive populations that are predominately affected and results in thebgran%
negative populations gaining a competitive advantage (Callaway et al. 2005).

Ionophore supplementation is known to inhibit populations that produce hydrogen in the
rumen, and this leads to a decrease in methane pro_duction because methanogens require
hydrogen to produce methane, and an increase in the propionate to acetate ratio (Russell
and Strobel 1989). Yang and Russell (1993) found that monensin is inhibitory to those
bacterial populations responsible for producing ammonia in the'rumen; which represents
a loss of dietary.nitro gen. The depression of these populations in turn incrqasés the
amount of amino nitrogen and protein available to the animal (Russell and Stobel 1989;
Bergen and Bates 1984). Ionéphores are also known to increase feed efficiency, reduce
bloat and lessen the production of lactic acid to maintain the pH balance in the rumen,’
preventing rumen acidosis (Tedeschi et al. 2003).

| The most commonly used ionophore in ruminants today is monensin. Monensin,
also known as rumensin, is produced by the fungi Streptomyces cinnamonensis, and was
.originaﬂy used as a coccidiostat in poultry, but later was also found to be beneficial in

ruminants (Cheeke 2005). It was approved for use in the 1970s by the United States
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Food and Drug Association and since then it has been widely used in livestock
production (Russell and Strobel 1989). .Monensin was initially supplemented into
ruminant diets as it improved feed efficiency by as much as 10% (Russell and Strobel
1989); this is attributed to changes in rumen fennentaﬁon resulting in a higher proportion
of propionate to other fermentation products (Cheeke 2005). Monensin has shoWn to be
affective in both forage and conc.entrate diets fed to cattle, however the ionophore

reported to hav¢ a strbnger response in a low forage diet (Rodrigues et al. 2004). These
positive effects of ionophores on rumen fermentation has made them an integral part of
~ livestock feed rations.
2.3.2 Tonophores and Methane Emissions

The pressure to reduce greenhouse gases has prompted a response from every

industry, for animal agriculture the greatest efforts are being put forth to reduce methane
emissions from 1juminant livestock. Methane is a potent greenhouse gas that is known to
be directly and indirectly detrimental to the environment resulting in climate change.
Directly it absorbs and re-emits long-wave infrared energy back to the earth’s surface and
indirectly it produces CO,, anoﬂler greenhouse gas, by atmospheric oxidation reactions
(Johnson and Johnson 1995; Kebreab et al. 2006). In 2002 the Canadian agriculture
industry represented 8% of the total national emissions, producing 59 megatonnes of CO,
equivalent. As of 2006 there has been a 25% increase in emissions from the Canédian
agriculture sector adding 12.4 megatonnes of CO, equivalent since 2002 totaling 71.4
megatonnes; this is being attributed to an increase in the beef, poultry and swine
industries as well as an increase of synthetic nitrogen fertilizer application on the Prairies

(Environment Canada 2008). The 25% increase in the agriculture sector brings its
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national total up by 0.6% to 8.6%, and until a decreasing trend is reported an even greater
need for greenhouse gas solutions is present.

Ionophores have been seen to reduce methane emissions from cattle in Canada
and around the world. An in vifro study including monensin in a submerged growing
culture showed a significant decrease of methane concentration (Galindo et al. 2003). An
in vivo study fron.1 India observed a decrease in methane emissions while feeding
iﬁonénsin. It was also observed that methane was indiréctly proportional to feed
concentrate levels and as concentrate levels went up, methane went down (Singh &
Mohini 1999). A 9% decrease in methane production was measured in NeW Zealand
when cattle were fed native pastufe composed mostly of perennial ryegras.s and given
monensin capsules (Van Vugt et al. 2005). In Egypt, Badawy et al. (1 993) showed that
feeding monensin to buffalo reduced the production of methane in the rumen. Monensin
was also seen to reduce methane prodyction by 16% in steers in the United States
‘(Thomfon and Owens 1981). In Canada, Odongo et al. (2007) observed a 9% reduction
(expressed as gramé per kilogram of body weight) in methane emissions from dairy
cattle. As well, Guan et al. (2006) reported a significant decrease in methane emissions ,
when monensin and/or lasalocid was added to either a high forage or high concentrate
diet, however this decrease was only short term.

2.3.3 Rumenl Microorganisms Affected by Ionophores

Ionophores do not affect all microorganisms in the rumen. It is generally agreed
that sensitivity to an ionophore is attributed to the cell wall sﬁ*ucture of the organism
(Russell and Strobel 1989). The outer membrane of gram-negative bacteria is composed

of lipopolysaccharides which are endotoxins and prevent the permeation of ionophores
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into the inner lipid bilayer, thus making them resistant (Russell and Houlihan 2003).
Gram-positive bacteria lack this lipopolysaccharide layer in theif cell membrane allowing
ionophores to penetrate through the porous layer of peptidoglycan and imbed into the
hydrophobic lipid biléyer leading to eventual cell death (Callaway et al. 2003). Being
that gram-positive bacteria are highly susceptible to ionophores, when they are depleted
the gram-negative bacteria gain the competitive advantage and fermentation shifts in their
favor. However it is important to note that ionophores do affect some gram-negative
bacteria, Fibrobacter succinogenes is initially moderately susceptible to 'ionophores
followed by adaptaion and 1'esista11(§_e, while Prevotella ruminocola though considered
resistant did show changes in its physiological properties in order to grow in their
presence (Newbold et al. 1993).

Studies have shown that methano geﬁic archaeal populations are not especially
susceptible to ionophores (Van Nevel and Demeyer 1977). Van Nevel and Demeyer
(1 977) showed that monensin was not directly toxic to methanogens rather to those
populations that break down formate to carbon dioxide and hydrogen. More recently
Weimer et al. (2008) reported no change in archaeal populations when subjected to
monensin feeding. or monensin withdrawal. It is hypothesized that the reduction in.
methanogenesis by the inclusion of ionophores such as monensin is due to their harmful
effect on gram—positive organisms that produce hydrogen, the required component of
methane formation in ruminal fermentation, not on the methanogens themselves.

Rumen protozoa are also susceptible to ionophores (Hino and Russell 1987).
Primarily in vitro studies showed monensin to be inhibitory to protozoal populations

(Hino 1981), further research showed this to be accurate i vivo as well. In 1986, Dennis



et al. reported a decrease in ciliate protozoa both in vitro and in vivo; on forage or grain
diets supplemented with different ionophores including monensin, however inhibition of
the populations was dose dependent. An iz vivo study by Hino and Russell (1987)
showed monensin nearly eliminated all protozoa in the rumen, and Gyulai and Baran
(1988) reported a decrease in protozoa in sheep while fed monensin with high forage and
high concentrate diets. Protozoa populations were also seen to decfease in buffalo heifers
while fed monensin (Badawy 1993). Quite recently, Martinele et al. (2008) also observed
a decrease in protozoa populations in dairy cows when feeding monensin and soybean
~oil.
2.3.4 Jonophores Effect on Rumen Fermentation
The fermentation changes cauéed by ionophore impleﬁlentation that have been
1'ep01“ced most often are fghose of volatile fatty acid production. The major VF As in the
rumen are acetaté, butyrate and propionate each having a set bioqllel1lical pathway for its
production. In rumen fermentation the bacteria that pi‘oduce H; are more apt to be those
that produce the VFAs acetate a11d butyrate, not propionate (Russell and Houlihan 2003),
and when ionophores are used in livestock diets it has been found that propionate
concentrations have incréased while acetate and butyrate have decreased (Singh and
.Mohini 1999). Callaway and Malﬁn (1996) observed this VFA exchange when
monensin was supplemented into the diet, the ratio of acetate to propionate decreﬁsed.
Similar findings were reported by Singh and Mohini in 1999, showing an increase in
propionate levels and a decrease in not only acetate butvbutyrate as well. In another study
when monensin was used to measure its effect on ciliate protozoa, protozoa numbers

were correlated with the proportion of propionate in rumen fluid and it was suggested that



the defaunation of the ciliates is related to the reduction in methane and the shift in VFAs
towards propionate (Martinele et al. 2008).

The alteration in VFA formation by monensin is the explanation for the increase
in feed efficiency for animals. Monensin shifts the production of VFAs towards
propionate and away' from acetate, which results in less energy being lost for the
production of unnecessary byproducts such as methane (Moss et al. 2000). With the state
of the world’s food supply, agriculture is under pressure to produce high levels of outputs
such as meat and milk, and using monensin in feed rations to increase efficiency has
helped to meet these demands.

2.3.5 Effects of Ionophores and pH in the Rumen

The alteration in rumen microbial populations and fermentation that occur with
ionophores may be coupled to diet and rumen pH. Rumen microorganisms have specific
parameters that allow for optimal growth, and depending on the carbohydrate (forages or
concentrate) b_eing fed, the rumen environment changes significantly (Nagaraja and
Titgemeyer 2007; Hungate et al. 1952). Diets high in concentrate carbohydrate, such as
barley provides large amounts of energy to the animal but they must be properly rationed
to avoid severe acidosis in the rumen. The results of feeding a high grain diet are a shift
in rumen microflora towards fast growing, amylotic, lactic acid producing bacteria, such
as Streptococcus bovis and Lactobacillis spp. and a depletion of cellulolytic bacteria
(Cheeke 2005) and protozoa (Nagaraja and Titgemeyer 2007). Lactic acid is
approximately 10 times more acidic than volatile fatty acid and its accumulation in the
rumen results in a decrease in pH ranging from 0.4 pH points to the suboptimal level for

rumen function of less than 5.6, and overtime to as much as 1.5 pH points below pH 5.0,
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at this 150i11t the animal suffers acute acidosis and_niay not survive (Nagaraja and
Titgenieyer 2007). It is important to note that reduction of pH by 1.0 log unit is
equivalent to a 10-fold incrgase in H” concentration in the rumen, thus what seems like a
small change is in fact very si gnificant (Nagaraja and Titgemeyer 2007).

Some organisms are able to adjust to the acidification of the rumen. Research
indicates that the acid tolerant organisms allow their intracellular pH to decrease as a
function of the extracellular pPH, S. bovis, S. 7’z¢i7zinczz'z'w71, and P. ruminicola all
dgmonstrated this phenomenon when grown in an environment with a decreasing pH
(Russell 1991). As well Lactobacillus spp. showed a decrease in intracellular pHasa
response to extracellular pH and was able to grow in acidic conditions (Nannen and
Hutkins 1990).

The more acidic rumen environment that comes as a result of concentrate feeding
independently affects rumen flora but may also contributes to the effect ionophores have
in the rumen. Chow and Russell (1990) showed that monensin and lasalocid are more
éffective when the pH is low in the rumen, because the carboxyl group on the ionophore
is near the surface and its state of ionization is dependent on pH. Ifthe pH is lower than
the pK,, of the ionophore it does not become ionized and it can dissipate ion gradients énd
penetrate the cell membrane with ease (pK, of monensin is 7.95) (Russell and Houlihan
2003).

Ionophores can help to combat the acidification of the rumen on high grain diets.
Monensin and lasalocid have been shown to reduce acidosis in the rumen as they are
effective against the two largest lactic acid producers, Lactobacillus spp. and S. bovis, but

are not effective to the lactate fermenting organisms in the rumen (Megasphaera) (Dennis



and Nagaraja 1981). Therefore ionophore supplementation can be considered a

preventative strategy in acidosis, working to maintain healthy rumen function

2.4 Tonophore Adaptation & Resisfance
2.4.1 Antibiotic Supplementation in Feeds
Antimicrobial resistance has become a major issue in human and animal health
with the development of multi-drug resistant bacteria, The use of antibiotics in animal
production at sub-therapeutic levels has been a common practice for more than 50 years;’
as it acts as a growth promotant for young animals and has prevented and/or alleviated
disease (Jukes 1972). The concern with using antibiotics in animal feeds was the
-possibility of generating resistant organisms and therefore making the treatment of
disease, for humans or animals, much more difficult (Cheeke 2005). Upon generating
resistance to an antibiotic it is quite simplistic for the resistance gene to be transferred to
other organisms, as the gene is normally found on a plasmid. A plasmid is a piece of
genetic 111at¢1_'ial ﬂlat can exist and replicate independent of a chromosome (Prescott et al.
2002) and the fear is the resistance gene will eventuaﬂy be subjected to humans through
feeding. Another concern is the possibility of antibiotics remaining in animal products
which are ingested by humans; however this concern has lessened with the
implementation of required antibiotic withdrawal times, a designe_lted period of timg: after
antibiotic administration for the animal to be sent to market. As of January 1, 2006, the
European Union has banned the supplementation of all antimicrobials, includiﬁg '

monensin, into animal feeds and restricting their use for disease treatment only, this is in



the hopes of preventing the devélopment of drug resistant bacteria and other organisms in
livestock and in humans (Europa 2005).

Ionophores are among the feed additives that have antimicrobial capabilities and
| ‘the possibility of generating resistant organisms. The best explanation for ionophore
resistance and sensitivity in bacteria is dependent on cell wall structure, as previously
explained; however some initially suscepﬁble rumen bacteria have been seen to develop
resistance or adapt to fhe ionophore treatment. Chen énd Wolin (1979) showed some
Bacteroidetes strains to be initially stunted by monensin or lasalocid treatment but
eventually became ionophore resistant. Bacterial species that are normally susceptible to
ionophores but grow very rapidly such as Sz‘repz‘oco‘ccus bovis can actually outgrow the
presence of monensin, and a higher concentration of the ionophore must be added to have
any effect on the populations (Callaway et al. 1999).

2.4.2 Mechanism of Adaptation

Studies on ionophore adaptation in the rumen have shown varied results. The
mechanism of adaptation is cmiently being heavily studied and has presented many
theories how it occurs. It is known that susceptibility to ioﬁophores is related to the
movement of io1;s; therefore a thought mode of adaptation would be an increase in ion
pump activity by the cell (Russell and Strobel 1989). Another possible route for
ionophore adaptation is the use of membrane bound translocases which acts to
completely remove ionophores from the bilayer membrane; this would certainly be a
viable mechanism to achieve resistance and would account for the initial susceptibility
followed by a'sharp increase of some rumen bacterial populations (Lewis et al. 1994;

Callaway et al. 2003); however it is yet to be verified that an ionophore translocase is
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present in ruminal bacteria. A study by Callaway etal. (1 999) showed that highly
sensitive low G + C (guaninev-i- cytosine) gram-positivé bacteria can significantly adapt to
monensin upon repeated exposures to the ionophore, these bacteria included
Streptococcus bovis, Clostridium aminophilum, and Selenomonas ruminantium.

Adaptation was also observed in an i vitro and in vivo study by Newbold et al.
(1993) showing gram-negative species being initially susceptible to monensin but quickly
developing resistance. Newbold et al. (1993) also reported the development of ionophore
cross resistance within the gram-negative bacteria, therefore when resistance was
developed to one ionophore the bacteria showed resistance to others it was subjected to.
The hypothesized mode of action for this resistance was that ¥ succinogenes as well as.

- P. ruminicola prevented ionophores from entering the cell envelope by shrinking the size
of its porins and non—selecfively eliminating the entry of large molecules (Newbold et al.
1993).  Many thoughts are present on how exactly adaptation to ionophores occurs in
the rumen, but at this time no firm conclusions can be drawn. The question is whether or
not this ionophore resistance will eventually lead to resistance to other antibiotics in
animals and/or humans.

A study was performed to measure the resistance gained by bacterial Species
subjected to monensin by determining potassium depletion in their respective cells. Lana
and Russell (1996) used potassium as a measure of sensitivity because ionophore induced
potassium depletién was concentration dependent and it was possible to explain the
relationship with saturation constants. They found that ionophores have a direct effect on
bacterial populations in vivo, but there is a very large population of bacteria that are

naturally resistant to ionophore treatment and are able to rapidly replace the ionophore



sensitive bacteria as a greater living space is created. Bacteria in animals fed ionophores
showed a greater level of resistance compéred to the control animals (which did show
some resistance), however even those bacteria that became resistant still lost intracellular
potassium when given high levels of ionophore in vitro (Lana and Russell 1996). These
ﬁnding support the theory that adaptation to ionophores in rumen bacteria is a
fundamental feature of physiolo gy and not a transferable genetic element.
2.4.3 Tonophores and Antibiotics

The concern with using ionophores in animal feeds is not only the development of
bacterial resistance but resistance to whole classes of antibiotics. These concerns are
very viable in that multi-drug resistant bacteria have developed and have made treatment -
i)l'ograms more difficult in animal and human health. But do ionophores lead to
résistance to other antibiotics? Research done by Edrington et al. (2003) showed that
they may not. In fact it was found that the number of isolates of Escherichia coli
O157:H7 resistant to streptomycin in sheep were less in those treated with bambermycin
-as;compared to control animals. The sheep fed ionophores (monensin, laidlomycin
- propionate or bambermycin) also showed no effect on pathogenic E. coli or Salmonella in
fecal sheddings or in gastrointestinal juices (Edrington et al. 2003). And it was
concluded that ionophore supplementation had no effect on the antimicrobial
susceptibility of E.coli or Salmonella enteritidis (Edrington et al. 2003). Being that
ionophores do not play an active role in adaptation of pathogenic organisms to
antibiotics, they may still be used in livestock diets asa means of increasing production

efficiency and as well be used as a strategy to reduce methane production in cattle.



2.5 Summary

The rumen is a highly complex and ever changing ecosystem, one that has
attracted much scientific interest. Cattle are known to produce methane as a byproduct of
fermentation in the rumen, and this contributes to the harmful effects of climate change.
A solution to this problem if only short term has been the implementation of ionophores
 such as monensin in to the diets of cattle. Monensin has been shown to decrease methane
emissions from cattle (Guan et al. 2006), this may greatly impact the agriculture indus’uy
as methane from livestock contributes largely to its total emissions. As well with the ever
gi'owillg human population production demands have forced the agriculture industry to
use new methods to increase the amount of food they produce. Feed efficiency does
improve when ionophbres are supplemented in the diet which not only increases
- production Eut lowers cost. Monensin has béen useful in attaining these environmental
and production goals while maintaining sfrong and healthy animals.

The use of ionophores does affect rumen microbiblogy and fermentation
pathways, by depleting certain nu'croorganisms, typically gram-positive bacteria and
protozoa, allowing others such as the gram-negative bacteria to thrive. Some organisms
have adapted to the ionophore treétment, however there does not seem to be development
of antimicrobial resistance, and therefore should not be feared for use in the livestock

industry. ‘
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3.0 HYPOTHESES AND OBJECTIVES

The objective of this study was to evaluate the microbial population adaptation in
the rumen when treated with the ionophore monensin.- Monensin is known to have
antimicrobial capabilities predominately towards gram-positive bacteria, and therefore
change the prevalence and abundance of certain microbial species in rumen, thus
modifiying rumen function. Previbus research by Guan et al. (2006) found monensin did
have an inhibitory effect on methane production from steers; however it was short terni.
Methane emissions returned to baseline levels after 4 fo 6 wks of ionophore
supplementation. The reason for this adaptation likely lies in the dynamic nature of the
rumen ecoéystem and microbial adaptations to monensin is the focus of this research.
‘Thesis objectives were:

1. To characterize the microbial adaptations in the rumen when cattle are fed
monensin,
2. To chara_cterize the structure of the rumen microbial comimmity when it adapts to

monensin.

To quantify species of microorganisms that may be key to methanogenesis and

|8

describe their shifts in relation to methane emissions during adaptation.
Thevhypotheses.tested in this research were:
1. The action of monensin is not directly on methanogens buf on hydrogen
producing species of bacteria.
2. Bécause monensin acts on gram-positive bacteria we hypothesize that it is these

bacteria that adapt to monensin.
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We further hypothesize that the adaptation will occur with the hydrogen
producing gram-positive bacteria.
We hypothesize that monensin does not act directly on methanogens, and

consequently there should be no change in the structure of this population.
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4.0 MANUSCRIPT

Rumen microbial community analysis and methanogenesis during adaptation to

monensin



4.1 ABSTRACT

The aim of this study was to characterize the adaptation of rumen microbial
populations and 1ﬁethane emissions to ionophores when fed to cattle over a 12 wk period.
Methane emissions from ruminants contribute approximately 90% of the greenhouse gas
emissiqns from animal agriculture (Kebreab et al. 2006). The gram-positive specific
iohophore antibiotic, monensin, may lower methane production in the rumen, however
the effects appear to be short term (weeks) and there is a rebound effect in which
emissions return to baseline levels, We hypothesized thétt gram-positive bacteria, but not
methanogenic archaea, adapt to monensin and that the methane emission rebounci can

largely be explained by adaptation of gram-positive hydrogen producing bacteria. Rumen
samples were taken weekly for 12 wk from cattle fed either a high grain or a high forage
diet with or without monensin (Guan et al. 2006). Methane emissions were
simultaneously measured. Microbial populations were oharacterizgd using terminal
restriction fragment length polymorphisms (TRFLP) analysis. Key microbial species
were quantified with real-time PCR (RT-PCR). TRFLP indicated that at the phylum
level community structure was relatively stable showing no statistical difference P<
0.05) between treatment or diet as well as no difference over time. There was a
noticeable prevalence of members of the phylum Verrucomicrobia. No members of this
phylum have been cultured from the rumen buf may be involved in polysaccharide
degradation.or anaerobic methane oxidation. RT-PCR indicated that adaptation occurred
partly within the hydrogen producing gram-positive bacteria on the concentrate diet and-

the effects on methanogens were strongly correlated with these population shifts. In the
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forége diet thev adaptation to ionophores also occurred but modulation of gram-positive
bacteria appeared to be much more subtle. The methanogeﬁic archaea were not directly
affected by monensin, the obsérved abundance changes were related to the decrease in
the abundance of ciliate protozoa and the available hydro gen in the rumen.  Methane
emissions returned to baseline levels two wk earlier in grain than forage diets and this is
likely the result of higher turnover ratés in grain based rations. A low correlation
between methane levels and temperature showed that the influence of temperature on the

data was not large but could not exclude it.
4.2 INTRODUCTION

Ruminants contribute épproximately 90% of the greenhouse gas emissions from
animal agriculture (Kebraeb et al. 2006). Lower rates of production are obtained in
animals fed primarily on forages as compared to those fed high grain diets. However,
animals on high forage diets take much longer to reach market weights and focus has
been placed in reducing greenhouse gas emissions in finishing cattle fed high grain diets
(Lana et al. 1997; Weimer et al. 2008); Various dietary manipulations have been
investigated including ionophores (Odongo et al. 2007), essential oils (Beauchemin and
MeGinn 2006), tannins (Woodward et al. 2001), and even vaccines (Wright et al. 2004).

One of the most promising approaches is the use of the ionophore antibiotic
monensin. Initial studies demonstrated that a substantial reduction in methane emissions
could be achieved, but these studies only measured methane for relatively short (one

month) periods (McGinn et al. 2004). However, feedlot cattle are usually fed for two to



three months so emissions over a longer period are more relevant. Guan et al. (2006)
demonstrated that ionophores initially reduced methane emissions in feedlot cattle fed
either high grain or high forage diets. This reduction was only evident for four weeks on
the concentrate dieﬁ and six weeks on the forage diet, after which the methane levels
again retumebd to baseline levels.

Clearly, the rumen microbial ecosystem adapted to the inclusion of ibnophores n
the diet. Callaway et al. (1999) reviewed the literature on monensin supplmnentaﬁon,
and conciuded thét some members of the phylum Firmicutes adapted to monensin. These
rumen bacterial species are gram-positive and it is well documented that in vitro the
mode of action of monensin is towards the gram-positive cell wall (Callaway et al. 2003).
Newbold et al. (1993) demonstrated that monesin might also cause resistance in the
rumen gram-negative bacterium Prevotella ruminicola, a member of the phylum
Bacteroidetes. The mechanism of adaptation was hypothesized to be the shrinking of
porins in the cell membrane.

This research evaluai*ed the adaptation that occurs in the rumen microbial
community to monensin over a 12 week périod. The samples collected from the study by
Guan et al.. (2006) were used and microbial community analysis was conducted using
terminal restriction fragment length polymorphisms (TRF LP). Specific microbial

populations including archaea and protozoa were evaluated using real-time PCR.



4.3 MATERIALS AND METHODS

4.3.1' Sample Collection

A previous experiment performed at the University of Manitoba divided 24
Angus steers into four dietary treatments. Treatments were high forage or higil
concentrate, with or without monensin, and methane emissions were measured using the
SFs technique (Boadi et al. 2002) over a 16 wk period (Guan et al. 2006). The time
i)oints selected for microbial analysis were chosen to reflect the time-course of methane
decline and adaption over a critical 12 wk period as observed by Guan et al. in 2006
(Fig. 4.1A & 4.1B). Frozen rumen fluid samples from three randomly selected animals
for each of the four dlets at six spec1ﬁc time periods were selected for study (Table 4. 1)
4.3.2 DNA extraction, PCR Amplification and Restl iction Digest

Frozen rumen fluid samples were thawed at 32 °C for 15 min. and were then
centrifuged at 10,000 x g for 20 min. The supernatents were discarded and the pellet was
re-suspended in 0.9% saline, and frozen at -20 °C. DNA was extracted for downstream
processing using the ZymoResearch Fecal DNA Extraction Kit (Orange, CA), followmo
the manufacturers protocol. The bacterial 16S IRNA gene was then amplified using PCR
with the specific primers 27f (5' - AGAGTTTGATCCTGGCTCAG 3") and 1100z (5' -
TTGCGCTCGTTGCGGGACT 3") (Lane 1991). The reaction mixture was made up of
16.9 uL autoclaved distilled water, 2.5 p.L 10X reaction buffer (Lucigen, Middleton, WI),
2 pL 25mM MgCls, 0.5 pL 10mM PCR nucleotide mix (Fisher Scientific, Ottawa, ON),
0.5 pL of the forward and reverse primers and 0.1 pL of Taq _DNA polymerase (Lucigen,

Middleton, WI). The PCR program consisted of a 5 minute initial denaturation step at
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Figure 4.1A. Methane emissions as a percent of gross energy intake from animals fed a high forage diet correlated with mean
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Table 4.1: Rumen fluid samples randomly chosen for study

Diet Animal Number
High Forage Control 4,9W, 40
High Forage Monensin 25, 56, 84
High Concentrate Control 16, 19, 46
High Concentrate Monensin 12,22, 55

Samples taken from Guan et al., 2006



94 °C, 36 cycles of 1 minute denaturation at 94 °C, 1 minute for primer annealing at 61
°C, and 2 minutes for extension at 72 °C, a 5 minute final extension period at 72 °C and
the final product was held at 4 °C. The archaeal 165 tRNA gene was amplified with the
specific primers 109f (5' - ACKGCTCAGTAACACGT - 3"y and 934r (5 "
GTGCTCCCCCGCCAATTCCT - 3") (Microbial Community A11a1y31s 11T 2007) usmg
the following progtam; initial denaturation at 95 °C for 5 minutes, 35 cycles of
denaturation at 94 °C for 1 minute, annealing at 51.9 °C for 30 seconds and extension at
72 °C for 2 minutes, and a final extension at 72 °C for 10 minutes; the producf was held at
4 °C. The reaction mixture for the archaeal PCR was the same for that of the bacterial
reaction. For both the bacterial and archaeal amplifications the forward primers (27f and
1091) were fluorescently labeled with a cyanide based dye (WellRED oligo, Sigma-
Aldrich, Oakville, ON) so they could be detected by capillary electrophoresis using the

Beckmann Coulter CEQ 8800 (Beckman Coulter Inc., Fullerton, CA).

The PCR products were then digested to obtain terminal restriction fragments
(TRFs). This was performed using the restriction enzymes Zhal (GCG"C) (Promega,
Madison, WI) and Msel (TATAAj (New England Bio Labs, Ipswich, MA) for the
bacterial and archaeal genes respectively. A mixture of 1 pL restriction enzyme, 0.2 pul
10 mg/mL bovine serum albumin, and 2 pl, 10x reaction buffer was made for each
sample and incubated at 37 °C overnight to maximize the reaction. The restriction
enzymes were chosen using the Enzyme Resolving Power tool in MICA III (2007), and

were those resulting in the maximum number of fragments.

The restriction products (approximately 20 uL) were then desalted using a

mixture of 0.25 pL 2 mg/mL glycogen and 2.1 uL, 3M NaOAc pH 5.2. To the mixture



57 pL of 95% v/v ethanol was added and centrifuged at 15, 000 x g for 15 min at 4 °C.
The supernatant was discarded and the pellets were then rinsed twice with 100 pL 70%
v/v ethanol, after each rinse the samples were centrifuged at 15, 000 x g for 5 min at 4 °C,
the supernatant was discarded and then left to air dry. Once dry, the samples were re-
suspended in sample loading solution (Beckmamn Coulter Inc., F ullerton, CA) for further
vdownstream analysis. |
4.3.3 Terminal Restriction Fragment Length Polymorphism (TRFLP)

A master mix of 29.25 uL sample loéding solution and 0.75 pL of 1000 basepair
(bp) DNA sizev standard (Beckman Coulter Inc., F ulleﬁon, CA) was made, 30 puL of this
master mix was pipetted into the sample tray for the CEQ 8800. To the master mix 3 pL
of the PCR product was added followed by one drop of mineral oil to prevent the samples
- from evaporating; all samples were run in triplicate. The machine required the use of a
wetting tray, filled with approximately 10 mL of double distilled Milli-Q water, a tray for
separation buffer filled for each éample and approximately 5 mL of gel for the capillaries
to perform properly. The CEQ software (Version 9.0; Beckman Coulter Inc., Fullerton,
CA) was used to analyze the data, when analyzing a minimum level of fluorescence was
defined in the machine to eliminate any meanted background noise. The background
was determined usiné anegative control PCR product. The fragment data output came in
two forms, an eleétropherogram; a $e1'ies of colored peaks representing the microbial
community, and a numerical table which includes the size (base pairs) and height of peak.
The height of each peak represents a measure of the proportion of each population in the
community relative to each other. Samples which did not run properly based on these

outputs were deleted and repeats were performed.
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4.3.4 Bioinformatic Analysis of Bacterial TRFLP Data

The CEQ software cannot provide taxonomic information to the family level that
was sought, and therefore a highly specific bioinformatic analytical pipeline utilizing
numerous intemet based tools was used as previously described by Seperhi et al. (2007)
and Bhandari et al. (2008). Firstly the Ribosomal Database Project (RDP, Cole et al.,
2008; Accessed August 2008) was employed because it is a source for thousands of
sequences known to reside in the rumen, using these sequences a highly specific bacterial
rumen database to study microbial ecology was developed (Seperhi et al. 2007). The
database was uploaded into Microbial Community Analysis I1I program (MICA III) and
cross referenced with the bacterial primers and i‘estrictipn enzyme used. The output is a
reference database specific to our primers and restriction enzyme. This reference
database and the bacterial TRF data were then uploaded in to the Phylogenetic
Assignment Tool (PAT: Kent et al. 2003) and cross referenced as described by Seperhi et
al. (2007). The output ﬂom PAT provided GenBank écéession numbers to identify
which organisms répresented each TRF. The GenBank accession numbers were input
' into the RDP hierarchy browser, which presented the phylum, class, order and family of
each match as well as their prevalence in» the rumen.
4.3.5 Primer Selection and Real Time Polymerase Chain Reaction

The primers used for Real Time Polymerase Chain Reaction (RT-PCR) are listed
in Table 4.2 (Khaﬁpom‘ et al. 2008). The primeis for the specific organisms were chosen
based on the commﬁnity profile given by the TRF data. The primer oligonucleotides
were selected from supporting literature (Khafipour et al. 2008) and were synthesized by

University Core DNA Services (University of Calgary, Calgary, AB).
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The three DNA samples extracted from rumen fluid for each diet were pooled for
each time period, giving 4 diet samples over 6 weeks and 24 total samples to run for each
primer. The concentration of the pooled samples was measured at a wavelength of 260nm
using the Beckman Coulter DU 800 spectrophotometer (Beckmann Coultgr, Fullerton, CA)_
by adding 10 pL of sample into 90 uL distilled water. The spectrophotometer was blanked
using 100 pL of distilled water. The samples were subsequéntly diluted 5 times to attain the
working concentration of aﬁproximately 5ng/uL. A standard curve was also established to
run with each primer set. DNA from one animal for each diet for every week was pooled and
the conCeﬁtfation was measured using the spectrophotometer as explained ab.ove. The
sample concentrations were measured at 37.3 ng/ pL and diluted 5 times to a concentration of
7.46 ng/ pL, than seven two-fold series dilutions were performed to a concentration of
0.0582812 ng/ pL. These samples were run with éach primer as a tool to cofnpare the

experimental samples against.

ART-PCR was performed using the AB 7300 system (Applied Biosystems, Foster City,
CA) and the sequence detection software (Version 1.3; Applied Biosystems, Foster City,
CA). Each sample Wés run in triplicate at a reaction volume of 25 uL in a 96-well optical
plate covered by an adhesive film to prevent drying (Applied Biosystems, Foster City, CA).
The reaction mixture was as follows; 5 uL Water, 12.5 ML Power SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA), 1.25 pL of the forward primer énd 1.25 pL of
the reverse primer, all multiplied by the total number of samples set to run. Master mix was
vortexed briefly and 20 pL was pipetted into each well of the 96-well plate,.'to this 5 pL of
pooled DNA sample was added and ran in the thermocycler. The program for each of the

bacterial primers were different than the methanogenic archaea and ciliate protozoa, with the
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Table 4.2. Primers used for Real Time Polymerase Chain Reaction

Target Organism Primer Set Primer Sequences (5’ — 3%) (Eél) G;;C };?;S l(lgg;l Source of Primer -
Eubacteria 341-357F CCTACGGGAGGCAGCAG 552 706 189 Muyzer et al.
518-534R ATTACCGCGGCTGCTGG 56.2  64.7 1993
Ciliate Protozoa UPorCil 1F GCTTTCGWTGGTAGTGTATT 50.2  20.0 234 Sylvester et al.
UPorCil 1R CTTGCCCTCYAATCGTWCT 504 474 2004
Methanogenic Archaea MB1174f GAGGAAGGAGTGGACGACGGTA 60.6 59.1 232 Ohene-Adjei et al.
Arch1406-1389r ACGGGCGGTGTGTGCAAG 60.0 66.7 2007
Streptococcus bovis "~ SBovislF TTCCTAGAGATAGGAAGTTICTTCGG 57.9 423 127 Steveson and
SBovislR ATGATGGCAACTAACAATAGGGGT 57.9 41.7 Weimer 2007
Lactobacillus Spp. ! Ulacl6S1F AGCAGTAGGGAATCTTCCA 51.5 474 345 Walter et al. 2001
Ulac16S1R ATTCCACCGCTACACATG 5.1 50.0 Lan et al. 2004
Ruminococcus RumFlalF : CGAACGGAGATAATTTGAGTTTACTTAGG 57.5 345 132 Denman and
favefaciens Rum FlalR CGGTCTCTGTATGTTATGAGGTATTACC 593 429 McSweeney 2006
Ruminococcus albus RumAIbl1F CCCTAAAAGCAGTCTTAGTTCG 543 455 176 Wang et al. 1997
RumAIbiR CCTCCTTGCGGTTAGAACA 53.8 526 '
Selenomonas SelRuml1F GGCGGGAAGGCAAGTCAGTC 60.4 65.0 83 Khafipoor et al.
ruminantium SelRum1R CCTCTCCTGCACTCAAGAAAGACAG 61.1 52.0 2008
Prevotella ruminocola PreRum92862F GCGAAAGTCGGATTAATGCTCTATG 58.5 585 78 Khafipoor et al.
PreRum92862R. CCCATCCTATAGCGGTAAACCTTTG 593 593 2008
Butyrivibrio fibrosolvens ButFib2F ACCGCATAAGCGCACGGA 58.8 61.1 65 Stevenson and
ButFib2R CGGGTCCATCTTGTACCGATAAAT 55.7 458 Weimer 2007

" Primer Sets were made to match 14 Lactobacillus spp. Including Lactobacillus acidophilu
Lactobacillus delbrueckii (1), Lactobacillus fer
paralimentarius (1), Lactobacillus pontis (3), L

mentum (1), Lactobacillus helveticus 2), L
actobacillus sp. (3), and 154 unclassified b

(1), Lactobacillus crispatus (1),

actobacillus nodensis (1), Lactobacillus
acteria



annealing temperature changing and adding a longer extension; for the bacterial primers the
program was an initial denaturation of 95 °C for 10 minutes, followed by 40 cycles of
denaturation at 95 °C for 15 seconds, and annealing at 60 °C for 1 minute. The methanogenic
'- archaea and the ciliate protozoa followed the same denaturation protocol but an
a1mea1i11g/ex@nsioh step of 63 °C for 30 seconds/72 °C for 30 seconds and 54°C for 30

sec/72°C for 1 minute was applied respectively.

The amplification efficiency (E) was determined using the slope of the standard curve.
The standard curve was created by plotting the threshold cycle (CT) versus logarithmic
values of different pooled DNA concentrations using the following equation (Denman and

MecSweeney, 2006):
E=1 0-1/5]0[)3

Relative quantification was done using the Relative Standard Curve Method as
documented in fhe Applied Biosystems User Bulletin #2, 1997 (Applied Biosystems
2001), by comparing the expérimental pooled samples to the standard curve.

4.3.6 Clustan Analysis

The archaeal binary TRF data was analyzed using the Clustan Graphics 7
(Edinburgh, Scotland) cluster analysis software. Clustan produces hierarchical ;:Iustel's of
the data grouping samples to gether based on similarity. The TRF data compared each
diet, pooled data from each individuél animal, against one another across each time point
using the Jaccard’s similarity coefficient clustering method, which does not consider the
absence of a charactelfistic between two samples as a similarity. Multiplying the Jaccard’s

similarity coefficient by 100 gives the percentage of similarity between the two tested
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samples. The Clustan software prbvided a quick and easy method of looking at the
relationships of the archaeal populations in the meen over diet and time.
4.3.7 Data Analysis

The Fisher Exact Test (P < 0.05) was uséd to test the significance between diet and
monensin treatment for the TRFLP prevalence data. A statistical t-test (P <0.05) was
performed on RT-PCR data (F orage period 2: n = 9; period 3: n = 6; Concentrate period 2: n
= 6; period 3: n =9) to test significance between monensin and control samples in one time

period as well as significance between time periods for each microorganism.

4.4 RESULTS

- 4.4.1 Methane Emissions and Temperature

The correlation graphs of the methane levels as a percent of gross energy intake
and mean temperature (°C) for the forage (Fig 4.1A).and concentrate (Fig 4.1B) diets
showed that temperature and methane levels did show a positive correlation. However
the correlation was low (0.19 — 0.73) and therefore it cannot be. said that temperature
alone is responsible for the effects on methane emission.
4.4.2 Terminal Restriction Fragment Lengfh Polymorphism

TRFLP analysis of rumen samples indicated that the major bacterial phyla for
both the forage and concentrate diets (Table 4.3) were the F irmiéutes (>80%),
Proteobacteria (~5%), Bacteroidetes (~0.5%), Actinobacteria(~2.5%), and

Verrucomicrobia (~3.5%). The unclassified bacteria made approximately 0.5% of the
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Table 4.3. Average prevalence of major phyla and classes on

high forage and high concentrate diets by time period

- Forage » Concentrate

Period 1 Period 2 Period 3 Period 1 Period 2 Period 3 SEM

Microbial Level + - + - + - + - + - + -
Phylum Actinobacteria ‘ 305 315 228 230 237 2.47 317 325 316 282 203 258 0.215
Class Actinobacteria 305 315 228 230 237 247 317 325 316 28 203 2.58 0215
Phylum Bacteroidetes 0.78 033 029 064 063 0.69 079 034 031 032 082 073 0.109
Class Bacteroidetes 054 0.051 021 029 029 0.38 052 0.053 0.053 0.050 049 0.42  0.097
Class Sphingobacteria 0.044  0.051 0.059 0.053 0.060 0.060 0.049  0.044 0.053 0.064 0.063 0.056  0.003
Class Flavobacteria 0.062 0.094 010 0.12 0.11 0.092 0.089  0.097 0.062 0.078 0.099 0.10  0.009
Phylum Firmicutes 87.06 87.68 87.97 8629 86.37 86.72 8729 8693 88.53 88.82 86.56 87.00 0.412
Class Bacilli 266 279 277 216 233 1.66 2.87 198 218 222 284 294 0.208
Class Erysipelotrichi 044  1.12 1.8 129 129 121 1.06 1.04 0.45 1.28 1.32 1.23  0.186
Class Clostridia 83.89 83.69 8333 8276 8268 83.77 8328 8385 8586 8526 8233 82.76  0.524
Phylum Proteobacteria 494 471 469 574 590 535 4.78 5.20 3.77  4.06 5.62 519 0.322
Class Alphaproteobacteria 031 030 044 061 064 0.65 0.40 046 048 037 050 0.44  0.059
Class Deltaproteobacte_ria 0.44 043 046 054 050 0.51 0.41 044 044 041 039 047 0.022
Class Epsilonproteobacteria 029 028 031 035 033 0.33 027 029 029 027 035 031 0.014
Class Gammaproteobacteria 187 176 133 . 202 216 1.83 1.79 1.94 1.07 1.23 1.99 1.94  0.172
Class Betaproteobacteria 202 193 212 220 227 2.02 1.90 2.05 1.50 1.78 2.23 2.01  0.106
Phylum Verrucomicrobia 352 343 375 405 393 3098 3.26 3.55 3.54 3.26 4.17 3.74  0.165
.Class Verrucomicrobiae 352 343 375 425 3.03 3.98 326 355 354 326 417 3.74  0.165
Forage: Period 1: Control (Wk1); Period 2: Low CHy (Wks 3, 4, 6); Period CH, back to baseline (Wks 10, 12); Concentrate: Period 1 Control

(Wk 1); Period 2: Low CHy4 (Wks 3,4); Period 3: C

H,y back to baseline (Wks 6,

10, 12); + diet with monensin; -

diet without monensin



ol

L
1EN

W)

LER S

£

Figure 4.2: Cluster analysis of rumen methanogenic archaea grouped by diet

(Diets - HF-C: High forage control; HF-M: High forage monensin; HC-C: High
concentrate control; HC-M: High concentrate monensin). Scale value multiplied by 100
is the percentage of similarity.
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total prevalence for both forage and concentrate diets at the phylum level. There were
no statistical differences between all dietary treatments (concentrate versus chrage or
monensin versus control). In addition, there was no statistical difference between
bacterial population prevalence over time.
4.4.3 Clustan Analysis

Multivariate analysis indicated that there were no clustering patterns that could
group methanogerns by monensin inclusion (Fig. 4.2). Methanogens appeared to be
unaffected by the inclusion of monensin, however there is some clustering
(approximately 60% similarity) occurring between diets (forage versus concentrate)
which we can expéct to see.
4.4.4 Real Time Polymerase Chain Reaction

In the forage plus monensin diet (Fig 4.3) there was a decrease in Butyrivibrio

_ ﬁbrosolven;, Lacz‘oba;z’llus spp., Ruminococcus flavefaciens, Selenomonas ruminatium,

but not R. albus when compared to the unsupplemented diet, and the decline in
Sn~ep'r0coccz.¢s bovis was not substantial. The gréun-positives B. fibrosolvens,
Lactobacillus spp., R. albus, R. flavefaciens, S. ruminantium and S, bovis décreased in
abundance in the concentrate diet when monensin was included as compared to the» ‘
unsupplemented diet (Fig 4.5). In both the forage and concentrate diets the gram-negative
Prevotella ruminicola considerably increased in abundance with monensin
supplementatidn (Figs 4.3 and 4.5).

In the forage diet-there appeared to be little adaptation to monensin by gram-
positive bacteria, with R. flavefaciens being the only species that showed adaptation as its

values in period 3 significantly increased (P <0.05) compared to period 2 (Fig4.3). But
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Figure 4.3: Relative abundance of specific
taxonomic groups on the forage diet by time
period [averaged values of allotted weeks
(period 2 - low CHy represents wks 3, 4 & 6;
period 3 — CHy back to baseline represents
wks 10 & 12)]. Abundances are log-2
transformed values expressed as copies of
specific tRNA per copy of eubacterial rRNA. -
All abundances are expressed relative to the
values in week one. Same lower case letters
denote significant similarity and different
letter denote significant difference between all
periods and treatments.
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Figure 4.4: Relative abundance of methanogenic archaea and ciliate protozoa
on the forage diet by time period [averaged values of allotted weeks (period 2 -

low CHy represents wks 3,4 & 6; period 3 — CHy back to baseline represents

wks 10 & 12)]. Abundances are log-
of specific tRNA per copy of eubact

2 transformed values expressed as copies
erial IRNA. All abundances are expressed

relative to the values in week one.

Same lower case letters denote significant

similarity and different letter denote significant difference between all periods

and treatments.
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Figure 4.5: Relative abundance of specific
taxonomic groups on the concentrate diet
by time period [averaged values of allotted
weeks (period 2 - low CHy represents wks
3 & 4; period 3 — CH, back to baseline
represents wks 6, 10 & 12)]. Abundances
are log-2 transformed values expressed as
copies of specific rRNA per copy of
eubacterial IRNA. All abundances are
expressed relative to the values in week
one. Same lower case letters denote
significant similarity and different letter
denote significant difference between all

periods and treatments.
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Figure 4.6: Relative abundance of specific taxonomic groups on the
concentrate diet by time period [averaged values of allotted weeks (period 2 -
low CHy represents wks 3 & 4; period 3 — CHy back to baseline represents wks
6, 10 & 12)]. Abundances are log-2 transformed values expressed as copies of
- specific TRNA per copy of eubacterial rRNA. All abundances are expressed
relative to the values in week one. Same lower case letters denote significant
similarity and different letter denote significant difference between all periods
and treatments. ' '




the methanogenic archaea and ciliate protozoa did increase in abundance (P < 0.05) after
an initial decrease while on forages (Fig 4.4). The concentrate diet showed B,
ﬁbrosolvens, R. albus, and R. flavefaciens adapted to the monensin treatment with their
iael‘iod 2 levels being significantly (P < 0.05) higher in period 3 versus period 2 (Fig 4.5).
The methanogenic archeaea on the concentrate diet were initially decreased but then

‘ signiﬁcanﬂy (P <0.05) increased in abundance over time, whereas the ciliate protor/l;oé

remained consistenﬂy lower than baseline levels (F 1g 4.6).
4.5 DISCUSSION

To determine any temperature effect on methane Ieveis a correlation was
measm‘ed'bet.ween the factors (methane levels for control and monensin treatments and
temperature) for both the forage (Fig 4.1A) and concentrate (Fig 4.1B) diets. The
correlations for all comparisons were relatively low suggesting the effect of temperature
on'methane emissions was not major. The interactions between methane and temperature
needed to be considered as it may be an alternative explanation for adaptation in the
rumen however from this data alone it is impossible to say whether temperature alone is
1'espoi1sible for the decrease in methane levels. -

When TRFLP analysis was conducted over a 12 wk period (Fig. 1) the most
prevalent phyl'um was the Firmicutes which accounted for over 80% of the population in
both the forage (Fig. 1A) and graiﬁ diets (Fig. 1B). The other major phyla were the |
Proteobacteria (~5%), Verrucomicrobia (~3.5%), Actinobacteria (~2.5%), and

Bacteroidetes (~0.5%). These proportions were approximately the same irrespective of



whether a forage or grain diet was consumed and demonstrate a remarkable level of
stability at the phjfhun and the class level. However the inclusion of monensin had little
influence on phylum structure of the prokarya (Table 4.3) dr archaea (Fig. 4.2).

Using the 'search term “rumen” in the RDP (Cole et al. 2008) a distribution of all
rumen sequences could be obtained. This analysis indicated that 71.2% of rumen
- sequences were from the F irmicutes, 18.1% from the Bacteroidetes, 7.1% from the
Proteobacteria, 0.43% from the Actinobacteria, and approximately 1% from the
Verrucomicrobia. We can thus conélude that the phyhun pre\/"alence we observed using
TRFLP without 16S rDNA sequencﬁg provides a representative distribution that is
tyi)ical of the rumen ecosystem. We have previously demonstrated (Sepehri et al. 2007)
that using TRFLP in conjunction with our desc1'ibed bioinformatic analytical pipeline
provides robust data to the family level;

An interesting observation from both the data presented here and the RDP search
was that the Verrucomicrobia are one of the major phyla in the rumen (Fig4.1). Inthe |
RDP there are a large number of sequences within the Verrucomicrobia that are rumen
affiliates, but none of them have been isolated. The closest affiliated isolate from the
mammalian digestive tract is Akkermansia muciniphila a mucin degrading bacterium
isolated from the human gut (Derrien et al. 2004). It is unclear what role muoin
degradation per se would have, but the rumen is a plant polysaccharde rich environment
containing structures with similarity to mucin carbohydrate moieties (Goldstein 2002; |
Flint et al. 2008). A. muciniphilia could consequently have a role in plant polysaccharide

degradation (Flint et al. 2008).
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It has been demonstrated in anaerobic sediments that the Verrucomicrobié are
involved in anaerobic methane oxidation (Dunfield et al. 2007). In this syntrophic
process oxygen or sulfate acts as the terminal electron acceptor (Raghoebarsing et al.
2006; Muyzer and Stams 2008). The rumen is an anaerobic environment and sulfate is
almost always present in the rumen (McSweeny and Denman 2007; Spears 2003). We
speculate that methane oxidation with sulfate as the terminal electron acceptor occurs in
the rumen. To our knowledge this is a virtually unexplored process in rumen
methanogenesis and future research should attempt isolation of members of the
Verrucomicrobia from the rumen.

Monensin has been suggested as a means by which methane production in the
rumen can be reduced but it is debatable whether the keffects on methane are short or long
term (Callaway et al. 2003). Poosetal. ( 1979), Perry et al. (1983), Rumpler et al. (1986),
and Lana et al (1997) demonstrated that the beneﬁcial effects of monensin were long
lasting but they did not measure methané emissions. Guan et al. (2006) observed that
methane emissions returned to baseline levels within four to six weeks depending on
carbon source. Beauchimin and McGinn (2005) fed cattle through various phases of
production typically of a feedlot operation. Animals consumed concentrate diets
supplemented with monensin and methane emissions were determined (Beauchemin and
McGihn 2005). Although they did not specifically measure adaptation to monensin one
interpretation of their data is that methane declined as animals becaﬁle older, suggesting
adaptation. In a similar study by McGinn et al. (2004) methane emissions declined when
monensin supplemented animals were compared to controls but the experimental period

was only 21 d.
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We were able to demonstrate adaptation of some rumen species to 11ionenéin
when the samples from Guan et al. (20.06) were analyzed with real-time PCR. Real-time
PCR data provided abundance data, while TRFLP provides prevalence data. Although
there were no significant differences between treatments based on prevalence measures
of prokaryotes (Table 4.3), or archaea (Fig. 4.2) there were clear differences in the
abundances of species we hypothesized to be important.

In general, the major effects of monensin were on gram-positive hydrogen

'pi'oducillg species (Ruminococcus albus R. flavefaciens, Butyrivibrio fibrisolvens,
Selenomonas .rumz'nantiwn) (Figs 4.3 and 4.5). The increase in P. ruminicola, a gram-
negative is most likely the result of decreased competition for substrate with S. bovis. On
the forage-momnensin diet all gram-positive bacteria except R. albus decreased in
abundance relative to the control. The differential response between R. albus and R,
Jlavefaciens is not clear but this result has also been reported by other investigators
(Weimer et al. 2008). It is possibly a'consequence of access of monensin to the bacteria
that cover the plant cell wall surface and we speculate that R. albus is protected in the
biofilm on the plant surface.

On the concentrate-monensin 'diet all of the gram-positive hydrogen producing
species decreased i‘n abundance compared to the control. The adaptation observed in the
gram-positive R. albus, R. flavefaciens and B. fibrosolvens and not any other spe01es may
be attributed to competitive advantage in the rumen. B, fi bl osolvens can flourish in high
glam diets as they are strongly amylolytic (Stewalt etal. 1997). Whereas R. albus and R
‘ ﬂavefaciens can associate With the highly abundant P. ruminicola on plant surfaces, as

the concentrate diet included 22. 7% alfalfa sﬂage therefore taking advantage of the

56



protection given by the biofilm community and replenishing their populations (Stevenson
aﬁd Weimer, 2007; Larue et al. 2005; Guan et al. 2006); Furthermore the rate of i‘Lllllen
turnover is faster on the high cbncentrate diet; and this may havé affected the growth of
the bacteria.

Although there was a negative effect on Streptococcus bovis it is not considered a
hydrogen producing species but an active proteolytic organism. As S, bovis declined
there was an increase in the gram-negative proteolytic species Prevotella 'rumz'nz'cola. We
can consequently conclude that the increase in P. ruminicola is because of reduced
competition for protein between S. bovis and P. rmm'm'cola. Other investigators have
discussed the role of monensin in reducing wasteful protein fermentation in the rumen
and reduced competition for protein is one of these mechanisms (Houssein et al. 1991;
Bach et al. 2005; Chen and Russell 1989).

Monensin effects are also observed in the methanogenic archaea (Figs. 4.4 and
4.6), whether this effect of monensin is direct or indirect is debatable as both have been
reported to 6ccur. Mathison et al. (1998) reported methanogens to adapt to monensin over
time, where as other studies have shown no effect of monensin on methanogenic archaea
| (Weimer et al. 2008; Van Nevel and Demeyer 1977). The interaction of rumen
methanogens with ciliate protozoa cén also be explored as-an explanation for the decrease
in archaeal abundance (Tokura et al. 1999). Methanogens are known to associate with
rumen protozoa (Finlay et al. 1994), and the decrease in monensin susceptible ciliate
protozoa can correlate with the reduction in metﬁanogens (Figs 4.4 and 4.6).

The adaptation trend seen in the methanogenic archaea on the forage and

concentrate diets can potentially be explained in relation to the protozoa. A forage diet
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has a more neutral pH Vvthh is favorable for protozoa growth, as well forage pr 0V1des
more surface area for growth in the rumen (Cheeke, 2005), thus protozoa abundance wa,
able to increase and provide growing space for the monensin resistant methanogens. The
methanogenic archaea increased in abundance on the concentrate as well however the
protozoa did not. This is because the monensin susceptible protozoa could not regain
population due to a lower pH in the rumen, it has been reported that cattle fed a high
concentrate diet and a rumen pH below 6.0 were defaunated of protozoa over time.

- (Nagaraja and Titgemeyer 2007; Franzolin and Dehority 1996). The rise in archdeal
abundance can thus be attributed to a resistance to monensin and an increase of available
hydrogen, and their initial decline in both diets is a result of the decreased protozoa.

Wé, conclude that providing én animal trial is at least six wk in length some rumen
microbial adaptation to monensin occurs (Fig. 4.7). Although it is not possible to
unquivocally concluded that the effect of monensin is on hydrogen producing gram-
positive bacteria it ié appealing given the correlation of methanogens and methane within
arelatively constrained time period. A striking feature of the adaptation is that it occurs
 more quickly with high concentrate diets than with forage diets. We attribute this to the
fact that the turnover, and consequently growth rate of bacteria, is slower in forage diets

than in concentrate diets (Sniffen et al. 1992; F 6x etal. 1992).
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5.0 GENERAL SUMMARY

Methane emissions from ruminant livestock have a domiﬁant impact on the
ag1'icultu1'e greenhouse gas inventory and in order to see some relief a mitigation strategy
must be developed. Ionophores have been shown to reduce methane emissions from
ruminants (Van Vugt et al. 2005) among many other beneficial effects such as reduced
bloat, increased’fged efficiency, and decrease lactic acid production to help prevent
rumen acidosis (Tedeschi et al. 2003), and therefore could provide an avenue for better
overall ruminant production.

lonophores, such as monensin, have antibiotic properties mainly againist gram-
positive bacteria (Callaway et al. 2005). In the rumen many gram-positive bacteria are
also hydrogen producing bacteria (Ruésell and Rychlik 2001), which connects them to
methanogenesis. Rumen-methanogenesis requires hydrogen to be produced by bacteria
during fermentation to convert carbon dioxide to methane (Gottschalk 1988). Using
monensin will cause a decrease in the populations of gram-positive bacteria and
. consequently hydrogen (Russell aﬁd Strobel 1989) and without hydrogen methanogenesis
cannot occur and methane emissions will decline. |

Previous research by Guan et al. (2006) showed monensin to successfully
decrease methane emissions from feed lot catﬂe,- however after only a few weeks
methane emissions returned to baseline levels. In this study, rumen fluid samples taken
from Guan et al. (2006) were analyzed to examine rumen microbial ecolo gy and the

possible adaptation to monensin. It was found using TRFLP that monensin did not affect

the prevalence of bacteria at the phylum level, however it did indicate what major phyla
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were at play and gave a sense of where to proceed with RT-PCR. The TRFLP prevalence
data identified the Verrucomicrobia as a major phylum (~3.5%) of the rumen, however
very little is known about them. Verrucomicrobia are known to be anaerobic methane -
oxidizers in thermophilic and aciélophilic enfziromnents, which prompted a question in
their rolé in rumen fermentation. Further research into their ecology may reveal them to
play an integral part in methane reduction from the rumen. TRFLP using primers specific
to methanogens and clustering software demonstrated the methanogens were not affected
by the monensin treatment,

The abundance data obtained from RT-PCR showed monensin caused most of the
gram-positive hydrogen pi‘oducers to decrease in both diets and adaptation was observed
in B. fibrosolvens, R. albus and R. Javefaciens on the concentrate diet and only in R.

) ﬂavefaciens on the forage diet. These adaptations may be explained by protective
microbial community interactions in the rumen as well as for the amylolytic B.
ﬁbrosolveﬁs affinity for lﬁgll grain diets. The grain-negative species, P. ruminicola
showed a considerable increase compared to baseline over time, which can be attributed
to the lack of nutrient competition in the rumen,

The methanogenic archaea and ciliate protozoa were also affected by the
monensin treatment.. The response of the archaea can be associated with the response of
the protozoa. Many methanogenic species live symbiotically with protozoa in the rumen
(Finlay et al. 1994), and the decrease of protozoa in the rumen because of monensin
would cause a decrease in methano genic populations. Therefore the effect of monensin

on archaea is indirect whereas the effect on protozoa is direct.



To consider the effects of temperature on methane levels a correlation was
measured. These correlations could not eliminate the influence of temperature however
they were low enough to conclude it is unlikely the influence is large.

A signiﬁcant difference was in the type of carbohydrate (forage versus
éoncen’crate) fed in the diet. The methane emissions for those animals on the concentrate
 diet returned to baseline levels two weeks earlier than those fed the forage diet. This is
attributed to the fact that the rate of rumen turnover is higher in concentrate diet (Sniffen
et al. 1992; Fox et al. 1992).

Results from this study are helpful in showing adaptation to monensin can oceur
in the rumen. Also the observed diet effect éorrclates the monensin adaptation to rumen
turnover. And now research efforts can focus on using monensin as a continuous tool for
methane reduction or research on other methods for long term methane suppression can

be investigated.



6.0 CONCLUSIONS

It can be concluded that:

® Adaptation of some bacteria to monensin did occur in the rumen on
both forage and concentrate diets,

® There was g carbohydrate (for age versus concéntrate) effect on rate of
adaptatlon with the concentrate diet showing adaptation two weeks
earlier than the forage diet and this cap be attributed to rumen turnover
being characteristically faster wﬁh a concentrate diet.

® | The phylum Venucoinicrbia is among the most represented in the
rumen however there is very little known about it. In other |
environments the Verrucomicrobia have been found to be methane
oxidizers, therefore further studies should be performed to investigate
its role in the rumen,

° Methanogenic populations were not directly affected by the monensin
tr eatment on the forage or concentr ate diet. Thejr abundance mmally
decreased on both diets however this is a result of a large number of
archaea known to reside On monensin susceptible protozoa.

® The ciliate protozoa populations were -affected by monensin 011.both
the forage and concentrate diet. Their abundanée did return in the
forage diet due to increased surface area and a near neutral PH, but not

in the concentrate diet where the pH was more acidic.
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Temperature had low correlation with methane levels and therefore
appears to have little influence,
Further research must be conducted to completely understand the

adaptation process.
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8.0 APPENDIX

Table 8.1: Percentage of Total Bacteria Over time With or With

out Monensin on Forage Diet

Week 1 Week 3 Week 4 Week 6 Week 10 Week 12
Microbial Level + - + - + - + - + - + -

Phylum Verrucomicrobia 352 343 457 462 323 345 346  4.67 457 360 329 436
C® Verrucomicrobiae 100 100 100 100 100 100 100 100 100 100 100 100
O°. Verrucomicrobiales 100 100 100 100 100 100 100 100 100 100 100 100

F® Verrucomicrobiaceae 100 100 100 100 100 100 100 1 00 100 100 100 100
Phylum Deinococcus Thermus 0.009 0.009 0.011 0.012 0.008 0.009 0.009 0.012 0.011 0.009 0.008 0.011
C. Deinococci 100 1000 100 100 100 100 100 100 © 160 100 100 100
O. Deinococcales 100 100 100 100 100 100 100 1000 100 100 - 100 100

E. Trueperaceae 100 100 100~ 100 100 100 100 100 100 100 100 100
Phylum Lentisphaerae 0.018 0.017 0.023 0.023 0.016 0.017 0.017 0.023 0.023 0.018 0.016° 0.022
C. Lentisphaerae 100 100 100 100 100 100 100 100 100 100 100 100
O. Victivallales 50.00  50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00

F. Victivallaceae 100 1000 100 100 100 100 100 100 100 100 100 100
uce, Lentisphaerae 50.00  50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00
Phylum Fusobacteria 0.018 0.017 0.057 0.058 0.040 0.017 0.017 0.047 0.057 0.045 0.041 0.055
C. Fusobacteria 100 100 100 100 100 100 100 100 100 100 100 100
O. Fusobacteriales 100 100 100 100 © 100 100 100 100 100 100 100 100
F. Fusobacteriaceae 50.00 50.00 80.00 80.00 80.00 50.00 50.00 100 80.00 80.00 80.00 80.00
F. Incertae sedis 11 50.00  50.00 20.00 20.00 20.00 50.00 50.00  0.00 20.00 20.00 20.00 20.00
Phylum Deferribacteres - 0.00 000 0.00 000 0.008 0.00  0.00 0.00 0.00 0.00 0.00 0.00
C. Deferribacteres 0.00  0.00 0.00 0.00 100 0.00 0.00  0.00 0.00 000 000 000
O. Deferribacterales 0.00  0.00 0.00 0.00 100 000 0.00  0.00 0.00 0.00 0.00  0.00

F. Incertae Sedis 3 0.00. 0.00 0.00 000 100 0.00 0.00 000 0.00 000 000 0.00
Phylum Bacteroidetes 078 033 044 113 079 034 034 046 045 032 080 1.06
C. Bacteroidetes 68.54 1538 13.16 6598 6531 1538 1538 1538 1538 13.89 6598 65.98
O. Bacteroidales 100 100 100 100 100 100 100 100 100 100 100 100

F. Rikenellaceae 164 16.67 0.00 1.56 156 16.67 16.67 16.67 16.67 16.67 156 1.56
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Week 1 - Week 3 Week 4 Week 6 Week 10 Week 12

Microbial Level + - + - + - + - + - + -
F. Bacteroidaceae 96.72  66.67 80.00 96.88 96.88 66.67 66.67 66.67 66.67 66.67 96.88 96.88
UC. Bacteroidales 1.64  16.67 2000 156 1.56 16.67 16.67 16.67 16.67 16.67 1.56 1.56.
C. Sphingobacteria - 5.62 1538 1579 6.19 7.14 1538 1538 1538 1538 17.14 6.19 6.19
O. Sphingobacteriales 100 100 100 100 100 100 100 100 100 100 100 100

Family Flexibacteraceac  0.00  16.67 16.67 16.67 28.57 16.67 16.67 16.67 16.67 16.67 16.67 16.67
F. Sphingobacteriaceae  60.00  50.00 50.00 50.00 42.86 50.00 50.00 50.00 50.00 50.00 50.00 50.00

F. Saprospiraceae 20.00 16.67 16.67 16.67 14.29 16.67 16.67 16.67 16.67 16.67 16.67 16.67
F. Crenotrichaceae 20.00 16.67 16.67 16.67 14.29 16.67 16.67 16.67 16.67 16.67 16.67 16.67
C. Flavobacteria - 7.87 2821 2895 1134 1122 2821 2821 2821 2821 2000 1 1.34 11.34
O. Flavobacteriales ) 100 106- 100 100 100 100 100 100 100 100 100 100
F. Flavobacteriaceae 100 100 100 100 100 100 100 100 100 100 100 100
UC. Bacteroidetes 17.98 41.03 42.11 1649 1633 41.03 41.03 41.03 41.03 45.7] 16.49 16.49
Phylum Spirochaetes 013 013 0.011 0012 013 013 0.13 0.012 0.011 0.14 0.12 0.00
C. Spirochaetes 100 100 100 100 100 100 100 100 100 100 100 .00
O. Spirochaetales - . 100 100 100 100 100 100 100 100 100 100 100 0.00
F. Leptospiraceae 1538 1538 0.00 0.00 125 1538 1538 0.00 0.00 1538 1538 0.00
F. Spirochaetaceae 86.67 86.67 100 100 875 86.67 86.67 100 100 86.67 86.67  0.00
Phylum Actinobacteria 305 315 120 200 272 317 291 173 167 333 3.07  1.60
C. Actinobacteria 100 100 100 100 100 100 100 100 100 100 100 100
SubC°®. Coriobacteridae 80.92  79.56 60.95 37.21 86.39 79.35 86.90 42.86 43.84 7865 77.87 41.10
O. Coriobacteriales 100 100 100 100 100 100 100 100 100 100 100 100
SubC. Actinobacteridae 19.08 2044 39.05 62.79 13.61 19.10 13.10 57.14 56.16 2135 22.13 58.90
O. Bifidobacteriales 54.55 4933 34.15 3430 36.96 48.68 38.64 42.86 45.12 46.84 44.58 43.02
O. Actionmycetales 4545 50.67 65.85 65.74 63.04 5132 61.36 57.14 5488 53.16 5542 56.98
Phylum Tenericutes 0.035 010 015 0.070 0.11 0.10 0.080 0.082 0.15 0.099 0.11  0.14
C. Mollicutes , 100 160 100 100 100 100 100 100 100 100 100 100
O. Anaeroplasmatales 0.00 2500 23.08 16.67 23.08 25.00 3333 42.86 23.08 9.09 23.08 23.08

- F. Anaeroplasmataceae 0.00 100 100 100 100 100 100 100 100 106 100 100
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Week 1 Week 3 Week 4 Week 6 Week 10 Week 12

Microbial Level + - + - + - + - + - + -

O. Acholeplasmatales 0.00 833 7.69 16.67 7.69 8§33 11.11 1429 7.69 9.09 7.69 7.69

. Acholeplasmataceae 0.00 100 100 100 100 100 100 100 100 100 100 100

O. Mycoplasmatales 100 66.67 6923 66.67 6923 66.67 55.56 42.86 69.23 81.82 69.23 69.23
F. Mycoplasmataceae 100 100 100 100 100 100 100 100 100 1 00 100 100
Phylum Firmicutes 87.06 . 87.68 87.78 84.75 88.01 87.34 88.13 $6.77 85.57 87.92 87.17 85.51
C. Bacilli 305 319 3779 337 322 235 243 1.81 1.97 089 340 2097
O. Bacillales 2649 2515 28.18 23.17 2330 12.61 22.67 59.70 55.78 7931 22.65 3534

F. Paenibacillaceae 250 488 488 7.02 4.88 1333 7.14 250 488 5830 4.88 4.88

F. Incertae Sedis11 10.00 975 975 14.04 9.75 26.67 1429 10.00 9.75 0.00 9.75 975

F. Bacillaceae 3500 34.15 34.15 49.12 34.15 1333 50.00 35.00 34.15 39.13 34.15 34.15

" F. Planococcaceae 8.75 854 854 1579 854 20.00 1250 875 854 - 8.70 854 8.54
F. Staphylococcaceae 43.75  42.68 42.68 14.04 42.68 26.67 16.07 43.75 42.68 46.38 42.68 42.68
O. Lactobacillales 73.51 7485 71.82 76.83 76.70 87.39 77.33- 4030 44.27 20.69 77.35 64.66
F. Leuconostocaceae 0.45 041 048 106 037 048 052 0.00 1.54  0.00 035 267

F. Aerococcaceae 1.80  1.64 191 159 148 144 157 556 6.15 16.67 143 267
F. Lactobacillaceae - 2432 2910 1722 423 3000 19.71 13.61° 42.59 5538 3333 32.14 56.67

F. Enterrococcaceae 090 328 383 106 29 385 1.05 1481 308 11.11 2.86 533
F. Streptococcaceae 70.72 63.93 75.60 89.95 63.70 73.56 82.20 35.19 30.77 3333 61.79 30.00

F. Carnobacteriaceae 180 . 1.64 096 212 148 096 1.05 1.85 3.08 556 143 267

C. Erysipelotrichi 051 128 173 1.79 3.12 129 128 141 L73 1.09 126 1.71
O. Erysipelotrichales 100 100 100 100 100 100 100 100 100 100 100 100

F. Erysipelotrichaceae 100 100 100 100 100 100 100 100 100 100 100 100

‘C. Clostridia 96.36 9545 9438 94.74 93.58 9628 9622 96.69 96.21 97.93 9526 95.23
O. Clostridiales 9844 98.76 97.68 97.80 98.57 98.45 98.50 97.97 97.97 98.47 9823 97.83

F. Incertae Sedis13 030 030 035 041 028 016 026 0.09 009 0.06 028 0.38

F. Incertae Sedis11 0.04 004 000 000 004 004 004 0.00 0.00 0.04 004 0.00

F.Peptosireptococcaceae 0.14  0.13 020  0.19 017 015 015 0.19 021 014 014 0.19
F. Incertae Sedis 15 0.06 006 0.08 0.09 007 006 006 0.00 0.10 0.05 006 0.08



Week 1 Week 3 Week 4 Week 6 Week 10. Week 12

Microbial Level + - + - + - + - + - + -

F. Peptococcaceae 0.04 004 000 000 0.03 000 000 0.00 0.00 000 005 005

F. Eubacteriaceae 003 003 004 004 0.03 003 0.03 004 004 003 003 004

F. Veillonellaceae 194  1.88 086 389 271 069 071 094 092 056 276 3.77

F. Clostridiaceae 0.04 094 214 219 091 155 094 213 213 095 091 207
F. Ruminococcaceae 3837 36.74 14.87 15.07 37.12 36.89 37.36 14.58 14.63 36.53 36.88 14.27
F. Lachnospiraceae 57.87 58.99 80.66 77.63 57.54 59.55 5932 8124 81.05 60.79 57.67 78.30

UC. Clostridiales 1.16  0.88 079 049 1.10 089 1.13 0.80 082 084 1.17 084

UC. Clostridia 156 124 232 220 143 155 1.50 203 203 153 177 216
UC. Firmicutes 0.08 0.08 0.09 0.10 0.07 0.08 0.08 0.09 0.09 008 008 0.09
Phylum Proteobacteria 494 471 . 514 668 448 498 444 556  6.87 4.04 492 665
. C. Alphaproteobacteria 624 636 11.58 9.04 629 88 10.14 14.14 11.02 11.58 1033 12.50
O. Caulobacterales 286 286 192 192 286 0.00 192 1343 1212 192 1452 11.84

F. Caulobacteraceae 100 160 100 100 100 0.00 - 100 - 1000 100 100 100 100
O. Rickettsiales 571 571 385 385 571 392 385 1343 1364 3.85 323 11.84

. F. Anaplasmataceae 100 100 100 100 100 100 - 1000 100 100 100 100 100

O. Sphingomonadales 1143 1143 769 7.69 1143 784 7.69 597 606 7.69 645 526

F. Sphingomonadaceae 100 100 1000 100 100 100 100 100 100 100 100 100

O. Rhodobacterales 571 571  7.69 7.69 571 7.84 769 597 606 7.69 645 15.79

F. Rhodobacteraceae 100 100 100 100 100 100 100 100 . 1000 100 100 100

O. Rhodospirillales 286 286 192 192 28 19 1.9 149 152 192 161 132

- F. Acetobacteraceae 100 100 100 100 100 100 100 100 100 100 100 100

0. Rhizobiales 60.00  60.00 69.23 6923 60.00 70.59 6923 5373 54.55 69.23 58.06 48.68

F. Brucellaceae 33.33 3333 19.44 1944 3333 19.44 1944 1944 1944 19.44 19.44 18.92

F. Rhizobiaceae 23.81 23.81 27.78 27.78 23.81 27.78 27.78 2778 .27.718 27.78 - 27.78 27.03

F. Bartonellaceae 19.05 19.05 11.11 11.11 19.05 11.11 11.11 .11 11,11 1111 1111 10.81

F. Bradyrhizobiaceae 000 000 0.00 000 0.00 000 0.00 0.00 000 0.00 0.00 1622

F. Hyphomicrobiaceae - 14.29 1429 833 8.33 1429 833 833 833 833 833 833 8.11

F. Phyllobacteriaceae 952 952 556 556 952 556 5.56 556 556 556 556 541
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Week 1

Week 4

Week 6

Week 3 Week 10 Week 12
Microbial Level + - + - + - + - + - + -
F. Methylobacteriaceae 0.00 0.00 11.11 11.11 0.00 .11 1111 1111 1111 1111 11.11 13.51
UC. Alphaproteobacteria 1143 1143 769 7.69 1143 784 7.69 597 6.06 7.69 968 - 5.26
C. Deltaproteobacteria 8.91 9.09 1091 887 899 865 8.55 1055 835 11.14 8.50 8.39
O. Syntrophobacterales 200 200 204 196 200 2.00 204 200 200 200 196 196
F. Syntrophaceae 100 100 100 100 100 100 100~ 100 100 100 100 100
O. Desulfobacterales 200 200 204 196 200 2.00 204 200 200 200 19 1.96
F. Desulfobaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Desulfovibrionales 94.00 94.00 93.88 94.12 94.00 94.00 93.88 94.00 94.00 94.00 94.12 94.12
F. Desulfovibrionaceae 100 100 100 100 100 100 100 100 100 100 100 100
UC. Deltaproteobacteria 200 200 204 196 200 2.00 204 200 200 200 19 1.96
C. Epsilonproteobacteria 588 600 735 574 612 571 643 696 551 735 550 543
O. Campylobacterales 100 100 100 100 100 100 100 100 100 100 100 100
F. Campylobacteraceae 4242 4242 4242 4242 41.18 4242 4242 4242 4242 4242 42.42 4242
F. Helicobacteraceae 57.58 57.58 57.58 57.58 58.82 57.58 57.58 57.58 57.58 57.58 57.58 57.58
C. Gammaproteobacteria- 37.79 37.27 20.04 36.00 36.5] 37.02 30.02 3291 36.56 31.85 36.50 35.53
O. Chromatiales 047 049 1.11 048 049 047 065 000 046 0.00 0.46 0.46
F. Chromatiaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Pasteurellales 6.60 098 1556 6.76 12.81 421  9.09 897 6.39 1.40 6.39 6.48
F. Pasteurellaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Xanthomonadales 1226 12.68 26.67 10.63 1330 12.32 390 385 1233 420 1233 1250
F. Xanthomonadaceae 100 100 100 100 1000 100 100 100 100 1 00 100 100
O. Vibrionales 047 049 1.11 048 049 047 0.65 000 046 064 046 046
F. Vibrionaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Pseudomonadales 424 585 1333 435 788 561 779 1.92 548 210 548 417
F. Moraxellaceae 100 91.67 91.67 100 93.75 91.67 91.67 66.67 91.67 66.67 91.67 100
UC. Pseudomonadales 0.00 833 833 000 625 833 8.33 3333 833 3333 833 0.00
O. Aeromonadales 1.42 1.95 556 048 246 234 065 1.28 228 070 228 231
F. Aeromonadaceae 160 75.00 60.00 0.00 60.00 60.00 0.00 0.00 60.00 0.00 60.00 60.00




Week 1 Week 3 Week 4 Week 6 Week 10 Week 12
Microbial Level + - + - + - + - + - + -

F. Succinivibrionaceae 0.00  25.00 40.00 100 40.00 40.00 100 100 40.00 100 40.00 40.00

O. Enterobacteriales 0698 69.76 18.89 69.08 54.68 66.82 66.88 83.33 65.30 90.90 65.30 66.2

F. Enterobacteriaceae 100 100 - 100~ 100 100 100 . 100 100 100 100 100 100

UC. Gammaproteobacteria ~ 7.55 7.80 17.78 7.73 7.88 7.48 10.39 0.00 731 0.00 731 7.41
C. Betaproteobacteria 40.82  40.91 49.67 40.00 41.73 3945 4347 3502 3823 37.64 38.83 37.83
O. Rhodocyclales 000 044 045 043 043 044 045 060 044 060 043 043

F. Rhodocyclaceae 0.00 100 100 100 100 100 100 100 100 100 100 100

O. Neisseriales 568 578 - 314 565 560 5.70 314 3.61 568 355 558 565
F. Neisseriaceae 100 160 100 100 100 100 100 100 100 100 100 100
O. Burkholderiales 93.89 9333 9596 93.04 93.10 93.42 9596 95.78 93.45 95.86 93.13 93.04

"~ F. Comamonadaceae 14.88 12.86 14.95 14.95 14.81 14.08 14.95 18.87 1495 1852 14.75 14.95
F. Burkholderiaceae 2.79 2.86 280 2380 278 282 280 1.89 280 185 276 280

F. Oxalobacteraceae 13.95 14.29 13.55 14.02 1343 14.08 13.55 18.24 14.02 1852 13.82 14.02

F. Alcaligenaceae 59.07 60.48 58.88 5841 58.80 59.62 5935 47.80 5841 4753 5853 58.41

F. Incertae Sedis 5 0.00 000 093 093 0.93 0.00 0.00 000 093 123 0.92 093

UC. Burkholderiales 930 952 888 888 9926 939 935 1195 8388 1235 922 3.88

UC. Betaproteobacteria 044 044 045 087 086 044 045 000 044 0.00 0.86 0.87
UC. Proteobacteria 036~ 036 045 035 036 035 039 042 033 045 0.33 033
UC. Bacteria 044 042 062 065 044 045 048 063 062 049 046  0.60

% Class; *: Order; ® Family; ¢

: Unclassified; ® Subclass
*+ : Monensin supplemented: - : Control
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Table 8.2:

Percentage of Bacteria over time with/without Monensin on Concentrate Diet
Week 1 Week 3 Week 4 Week 6 Week 10 Week 12
Microbial Level + - + - + - + - + - + -
Phylum Verrucomicrobia 326 355 "3.66 3.09 341 342 3.49
C*. Verrucomicrobiae

325 453 337 449 460
100 100 100 100 100 100 100
0°. Verrucomicrobiales 100

100 100 100 100 100
100 100 100 100 100 100 100 100 100 100 100
F®.Verrucomicrobiaceae 100 100 100 100 100 100 100 100 100
Phylum Deinococcus Thermus  0.008  0.009

100 100 100
0.009 0.008 0.009 0.009 0
C. Deinococci

0.008 0.011 0.008 0.011 0.012
100 100 100 100 100 100 100 100 100 100 100 100
O. Deinococcales - 100 100 100 100 100 100 100 100 100 100 100
F. Trueperaceae 100

100
100 100 100 100 100 100 100 100 100
0.016 0.018

100 100
0.018 0.016 0.017 0.017 0.017 0.016 0.023 0.017 0.023 0.023
100 100 100 100 100 100 100

Phylum Lentisphaerae
C. Lentisphaerae
0. Victivallales

100 100 100 100 100
50 50 50 . 50 50 50 50 50 50 50 50 50
F. Victivallaceae 100 100 100 100 100 100 100 100 100 100 100 100
UCY. Lentisphaerae 50 50 50 50 50 50 50 50 50 50 50 50
Phylum Fusobacteria 0.041 0.044 0.046 0.031 0.043  0.043 0.044 0.041 0.057 0.042 0.056 0.058
C. Fusobacteria 100 100 100 100 100 100 100 - 100. 100 100 100 100
~O. Fusobacteriales 100 100 100 100 100 1000 100 100 100 100 100 100
F. Fusobacteriaceae 80 80 80 75 80 80 80 80 80 80 80 80
F. Incertae sedis 11 20 20 20 25 20 20 20 20 20 20 20 20
Phylum Deferribacteres 0 0. 0 0 0 0 0 0 0 0 0.011 0
C. Deferribacteres 0 0 0 0 0 0 0 0 0 0 100 0
O. Deferribacterales 0 0 0 0 0 0 0 0 0 0 100 0
F. Incertae Sedis 3 0 0 0 0. 0 0 0 0 0 0 100 0
Phylum Bacteroidetes 0.79 034  0.31 030 031 034 034 079 1.06 033 1.06 1.08
C. Bacteroidetes 65.98 16 15 3 19 18 15 66 69 15 65 65
O. Bacteroidales 100 100 100 100 100 100 100 100 100 100 100 100
F. Rikenellaceae - 1.56 17 0 0 14 = 14 17 .~ 1.56  1.56 17 1.64 1.64
F. Bacteroidaceae 96.88 66 80 80 72 72 66 90.88. 96.88 66 96.72 96.72
UC. Bacteroidales 1.56 17 20 20 14 14 17 1.56 1.56 17 1.64 1.64
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-Week 1 Week 3 Week 4 Week 6 Week 10 Week 12
Microbial Level + - + - + - + - + - + -
C. Sphingobacteria 6.19  13.16 17.64 2564 .16.67 15 1538 6.19 645 1538 638 638
O. Sphingobacteriales 160 100 100 100 100 100 100 100 100 100 100 100
F. Flexibacteraceae 16.67 0 16.67 40 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67
F. Sphingobacteriaceae 50 60 50 30 50 50 50 50 50 50 50 50
F. Saprospiraceae 16.67 20 16.67 10 16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67
F. Crenotrichaceae 16.67 20 16.67 10  16.67 16.67 16.67 16.67 16.67 16.67 16.67 16.67
UC. Sphingobacteriales 0 0 0 10 0 0 0 0 0 0 0 0
C. Flavobacteria 11.34 2895 2059 20.51 1944 46.94 2821 1134 753 2821 .11.70 11.70
O. Flavobacteriales 100~ 100 100 100 100 100 100 100 100 100 100 100
F. Flavobacteriaceae 100 100 100 100 100 100 100 100 100 100 100 100
UC. Bacteroidetes 1649 42,10 47.06 41.03 4444 40 41.03 1649 1720 41.03 17.02 17.02
Phylum Spirochaetes 012 013 014 012 013 0.13 0.13 0.2 0.011 0.3 .0.011 0.012
C. Spirochaetes 160 100 100 1000 100 100 100 100 100 100 100 100
O. Spirochaetales 100 100 100 1000 100 100 100 100 100 100 100 100
F. Leptospiraceae 1333 1333 1333 125 1333 13.33 1333 1333 0 13.33 0 0
F. Spirochaetaceae 86.67 86.67 86.67 87.5 86.67 86.67 86.67 86.67 100 86.67 100 100
Phylum Actinobacteria 317325 301 244 331 3.19 392 314 1.19  3.07 168 152
C. Actinobacteria 100 100 100 100 100 100 100 100 100 100 100 100
SubC®. Coriobacteridae 74.68 79.56 87.84 86.98 75.06 78.07 7832 7545 5143 80 41.61 4621
O. Coriobacteriales 100 100 100 100 100 100 100 100 100 100 100 100
SubC. Actinobacteridae 2532 2044 12,16 13.02 24.94 21.93 21.68 24.55 4857 20 5839 53.79
O. Bifidobacteriales 37.37 4933 35 3171 3814 45.12 45 3895 3333 4932 42.53  52.11
O. Actionmycetales 62.63 5067 65 6829 61.86 54.88 55 6105 66.67 50.68 57.47 47.89
Phylum Tenericutes 0.073 0.062 0.055 0.078 0.077 0.11 0.11 011 0.14 0.08 015 0.14
C. Mollicutes 100 100 100 100 100 100 100 100 100 100 - 100 100
O. Anaeroplasmatales 33.33 42.86 0 0 0 2308 25 2308 25 3333 23.08 25
F. Anaeroplasmataceae 100 100 0 0 0 100 1060 100 100 100 100 100
O. Acholeplasmatales 11.11 0 16.67 0 11.11 769 833 769 833 11.11 7.69 833
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Week 3 Week 4 Week 6 Week 10 Week 12
Microbial Level + - + - + - + - + - + -
F. Acholeplasmataceae 100 0 100 0 100° 100 100 100 100 100 100 100
O. Entomoplasmatales 0 0 0 10 0 0 0 - 0 0 0 0 0
F. Spiroplasmataceae 0 0 0 100 0 0 0 0 0 0 0 0
O. Mycoplasmatales 53.56  57.14 8333 90 88.89 6923 06.67 69.23 66.67 55.56 6923 66.67
F. Mycoplasmataceae 100 100 100 100 100 100 100 100 1 00 100 100 100
Phylum Firmicutes 87.29 86.93 89.88 9023 87.17 8741 88.03 87.22 8629 8755 85.37 86.23
C. Bacilli 329 227 224 227 269 274 235 344 357 291 339 3.79
-O. Bacillales 23.16 1031 25 3030 29.82 29.18 2236 22.70 21.03 27.06 28.19 28.98
F Paenibacillaceae 488 870 727 5 488 488 755 476 7.02 488 476 488
F. Incertae Sedis 11 9.76. 3478 14.55 10 976 976 1509 952 14.04 976 9352 976
F. Bacillaceae 3415 870  7.27 35 3415 34.15 755 3333 4912 34.15 3333 34.15
F. Planococcaceae 8.54  13.04 9.09 7.5 854 854 943 1071 1228 8.54 10.71 8.54
F. Staphylococcaceae 42.68 3478 61.82 425 4268 42.63 60.38 41.67 17.54 4268 41.67 42.68
-O. Lactobacillales 76.84 89.69 75  69.70 70.18 70.82 77.64 7730 7897 7294 7181 7L.02
F. Leuconostocaceae (.37 0.5 0 054 1.04 0.50 0 140 140 136 047 0
F. Aerococcaceae 1.47 1.5 1.82  1.63 207 201 163 140 1.87 181 187 1.49
F. Lactobacillaceae 30.15 17 3.03  10.87 9.84 13.07 11.96 32.52 11.68 2036 19.16 15.92
F. Enterrococcaceae 2.94 3 1.21 1.09 415 402 1.09 280 374 3.62 374 398
F. Streptococcaceae 63.60 77 9333 8533 8135 7940 84.78 60.49 7944 71.95 73.83 77.61
F. Carnobacteriaceae 1.47 1 0.61 054 155 1.01 054 140 187 09 093 050
C. Erysipelotrichi 122 119 046 160 057 129 111 124 175 126 .73 1.75
O. Erysipelotrichales 100 100 100 100 100 100 100 100 100 100 100 100
F. Erysipelotrichaceae 100 100 100 1000 100 100 100 100 100 100 100 100
-~ C. Clostridia 9541 9645 9729 96.06 96.67 2590 96.46 9525 9459 9575 945 94.37
O. Clostridiales 98.51 9844 9883 9846 9845 9844 98.59 98.19 98.01 9821 97.70 97.96
F. Incertae Sedis 13 028 016 016 045 029 029 026 028 040 026 040 041
F. Incertae Sedis 11 005  0.04 004 012 004 004 0.04 0.04 0 004 0 0
. Peptostreptococacae  1.46  0.16 0.14 014 014 013 0.14 049 020 014 023 020
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. Week 1

Week 4

Week 3 Week 6 Week 10 Week 12
Microbial Level + - + - + - + - + - + -
F. Incertae Sedis 15 0.06 0.06 005 005 0.06 006 005 006 009 0.06 0.10 0.07
F. Eubacteriaceae 003 003 003 003 003 003 0.03 0.03 0.043 034 0.04 0.04
F. Veillonellaceae 276 0.61 0.68 0.68 0.75 072 0.68 277 287 073 1.00 096
F. Clostridiaceae 147  0.03 093 111 1.55 094 092 150 129 1.54 130 1.32
F. Ruminococcaceae 3588 36.46 3638 3524 37 13 3738 3727 3637 13.82 3745 14.70 14.07
F. Lachnospiraceae 56.81 61.55 60.53 61.08 58.89 5924 59.80 57.04 80.84 58.62 81.39 82.50
F. Peptococcaceae 0 0 0 0 -0 0 0 0.04 0 0 0 0
UC. Clostridiales 1.15  0.88 1.06 110 111 117 081 1.18 045 1.12 0.83 043
UC. Clostridia 1.49 1.56 1.17 1.5 155 156 141 172 199 179 230 2.04
UC. Firmicutes 0.07  0.08 0.01 0.07 008 0.08 008 007 0.09 0.08 0.09 0.09
Phylum Proteobacteria 478 520 247 325 5.07 487 417 486 6.15 494 6.53 5.76
C. Alphaproteobacteria 832 886 17.87 13.60 10.07 6.13 8.81 10.18 9.80 8.8 828 701
“O. Caulobacterales 2.04 1.92 208 0 1.67 286 238 164 189 1.92 208 286
F. Caulobacteraceae 100 100 100 0 100 100 100 100 100 100 100 100
O. Rickettsiales 4.08 385 417 1579 333 571 2143 492 3.77 385 - 417 571
F. Anaplasmataceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Sphingomonadales 816 769 833 7.02 667 1 1.43 952 656 755 769 833 11.43
F. Sphingomonadaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Rhodobacterales 816 7.69 833 7.02 20 571 476 19.67 755 769 833 5.71
F. Rhodobacteraceae 100 100 100 100 100 100 100 100 100 100 100 . 100
O. Rhodospirillales 2.04 1.92  2.08 0 1.67 2.8 238 164 189 1.9 2.08 286
F. Acetobacteraceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Rhizobiales 6735 6923 66.67 63.16 60 60 50 59.02 69.81 6923 66.67 60
F. Brucellaceae 2121 1944 21.88 19.44 19.44 133.33 33.33 1944 1892 1944 21.88 33.33
F. Rhizobiaceae 18.18 2778 18.75 27.78 2778 23.81 23.81 2778 27.03 2778 18.75 23.81
F. Bartonellaceae 1212 11.11 125 1111 1111 19.05 19.05 11.11 10.81 11.11 125 19.05
F. Bradyrhizobiaceae 18.18 16.67 18.75 16.67 16.67 0 0 16.67 1622 16.67 18.75 0
F. Hyphomicrobiaceae  9.09 833 938 833 833 1429 1429 833 8.11 833 938 1429
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Week 6

' Week 1 Week 3 Week 4 Week 10 Week 12
Microbial Level + - + -+ - + - + - + -
F. Phyllobacteriaceae 6.06 556 625 556 556 952 957 556 541 556 625 952
F.Methylobacteriaceae  15.15 11.11 12.5 11.11 - 11.11 0 0 11.11 1351 11.11 125 0
UC. Alphaproteobacteria  8.16  7.69 833 - 7.02 6.67 1143 957 6.56 755 769 833 11.43
C. Deltaproteobacteria 8.66 852 1815 11.69 839 876 1048 851 924 852 862 98
O. Syntrophobacterales 196 200 2.04. 204 200 2.00 200 196 200 200 2.00 0
F. Syntrophaceae 100 100 100 100 100 100 100 100 100 100 100 0
O. Desulfobacterales 1.96 200 204 204 200 2.00 200 196 200 200 200 204
F. Desulfobaceae 100 100 100 100~ 100 100 100 100 100 . 100 100 100
O. Desulfovibrionales 94.12 94.00 93.88 93.88 94.00 94.00 94.00 94.12 94.00 94.00 94.00 94.74
F. Desulfovibrionaceae 100 100 100 100 100 100 100 100 100 100 100 100
_UC. Deltaproteobacteria ~ 1.96 2.00 2.04 2.04 200 200 200 196 200 2.00 2.00 2.04
C. Epsilonproteobacteria 560 562 1222 788 554 5.78 692 551 610 562 58 661
O. Campylobacterales 100 . 100 100 100 100 100 100 100 100 100 100 100
F.Campylobacteraceae  42.42 42.42 42.42 4242 4242 4242 4242 4242 4247 4242 4118 42.42
F. Helicobacteraceae 57.58 5758 57.58 57.58 57.58 57.58 57.58 57.58 57.58 57.58 28.82 57.58
C. Gammaproteobacteria 3735 3731 10.74 17.90 36.58 38.35 37.32 36.56 32.16 3731 3724 38.08
O. Chromatiales 045 046 345 133 046 046 056 046 057 0.46 0.046 0
F. Chromatiaceae 100 100 100 100 100 100 100 100 100 100 100 0
O. Pasteurellales 636 639 690 3733 642 639 787 639 115 639 648 483
F. Pasteurellaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Xanthomonadales 1227 1233 1034  4.00 1239 1233 3.37 1233 1552 1233 1250 13.68
F. Xanthomonadaceae 100 100 100 100 100 100 100 100 100 100 100 160
O. Vibrionales 045 046 0 133 046 046 056 046 057 046 0.046 053
F. Vibrionaceae 100 100 0 100 100 100 100 100 100 100 100 100
O. Pseudomonadales 545 548 1724 2267 550 548 449 . 548 690 548 4.17  0.53
- F. Moraxellaceae 91.67 91.67 100 100 91.67 91.67 875 91.67 91.67 91.67 100 100
UC. Pseudomonadales 8.33 8.33 0 0 833 833 125 833 833 8.33 0 0
0. Aeromonadales 2.27 2.28 3.45 267 1.83 228 112 228 230 228 2.31 2.63
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Week 1

‘ Week 3 Week 4 Week 6 Week 10 Week 12
Microbial Level + - + - = + - + - + -
F. Aeromonadaceae 60.00 60.00 0 0 75.00 60.00 0 60.00 75.00 60.00 60.00 60.00
F. Succinivibrionaceae ~ 40.00 40.00 100 100 25.00 40.00 100 40.00 25.00 40.00 40.00 40.00
O. Enterobacteriales 65.00 6530 345 6.67 65.60 65.30 73.03 6530 63.79 6530 6620 75.26
F. Enterobacteriaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Altermonadales 0 0 0 2.67 0 0 0 0 0 0 0 0
' FPseudoaltermonadcae 0 0 0 100 0 0 0 0 0 0 0 0
UCGammaproteobacteria  7.27  7.31 55.17 21 33 734 731 899 731 920 731 7.41 0
C. Betaproteobacteria 39.73 3935 40.74 48.45 39.09 40.63 36.06 38.90 4233 3935 3966 38.08
O. Rhodocyclales 043 043 091 049 043 043 0.58 043 044 043 043 053
F. Rhodocyclaceae 100 100 100 100 100 100 100 100 100 100 100 100
O. Neisseriales 5.56  5.63 0 049 558 5.60 349 558 568 563 565 632
F. Neisseriaceae 100 100 0 100 100 100 100 100 100 1 00 100 100
- O. Burkholderiales 93.16 93.51 98.18. 98.52 93.56 93.53 9535 93.13 93.01 93.51 9348 93.16
F. Comamonadaceae - 14.68 13.89 833 15.00 14.68 14.75 19.51 1475 14.08 1481 14.88 16.95
. F. Buikholderiaceae 2.75 2.78 0 300 275 276 183 276 282 278 279  1.69
F. Oxalobacteraceae 13.76  13.89  0.93 145 1376 13.82 17.68 13.82 13.62 1343 13.95 16.95
F. Incertae Sedis 5 092  0.93 185  1.00 092 092 122 092 094 093 093 1.3
'F. Alcaligenaceae 5872 5926 7037 6.00 58.72 5853 4756 58.53° 59.62 58.80 58.60 52.54
UC. Burkholderiales 917 926 1852 105 917 922 1220 922 892 926 884 1073
UC. Betaproteobacteria 085 043 091 049 043 043 058 0.86 087 043 0.43 0
UC. Proteobacteria 034 034 037 048 034 035 042 033 037 034 0.34 040
UC. Bacteria 045 046 040 042 045 047 045 045 055 047 061 055

% Class; °: Order; * Family; ¢ Unclassified; *: Subclass
+ : Monensin supplemented; - : Control




