
Rttmen miclobial commrurity analysis ancl lnethanogenesis during aclaptatio' to
monensln

by

Jenelle Bouchard

A Thesis s'bi'itted to the Fac'rty of Gr-aduate st'dies of
The University of Manitoba

in paitial fulfîllment to the requirements of

MASTER OF SCIENCE

Department of Animal Science
Univelsity of Manitoba

V/ilnipeg, MB
Canada

Copyright O 2008 by Jenelle Bouchar.cl



THE UNIVBRSITY OF MANITOBA

FACULTY OF GRADUATE STUDIES
JgúJJ

COPYRIGHT PERMISSION

Rumen Microbial community Analysis and Methanogenesis
During AdaPtation to Monensin

BY

Jenelle Bouchard

A ThesisÆracticum submitted to the Faculty of Graduate Studies of The University of

Manitoba in partial fulfillment of the requirement of the degree

of

Master of Science

Jenelle Bouchard O 2008

Permission has been granted to the University of Manitoba Libraries to lend a copy of this

thesis/practicum, to Library ancl Archives Canada (LAC) to lend â copy of this thesis/practicum'

and tã LAC's agent (UMl/?roQuest) to microfilm, sell copies and to publish an abstract of this
thesis/practicum.

This reproduction or copy of this thesis has been made available by authority of the copyright

owner solely for the purpose of private study and research, and may only be reproduced and copied

as permitted by copyright laws or with express written authorization from the copyright owner.



A.EST'R,{CT

The airn of this study was to chatacterize the adaptation of nunen miclobial

populations ancl methane emissions to ionophores when fed to cattle over a 12 wkperiocl.

Metlrane emissions fi'om luninants contlibute approxirnately 90o/o of thegr.eenhouse gas

emissions from a¡.imal agriculture (I(ebreab et al. 2006). The glam-positive specific

ionophore antibiotic, tttonettsitt, may lower methane production in flre ïLlmen, howevel

the effects appear to be short term (weeks) and there is a rebourcl effrct in whjch

emissions retun to baseline levels. We hypothesized that gram-positive bactelia, but not

methanogenic archaea, adapt to monensin ancl that the methane emission rebound can

targely be explained by adaptation of glatnlositive hydlogen ploducing bacteria. Rrunen

sanrples were taken weekly for t2 wlc flom cattle fed either a irigh grain ol a high forage

diet with or without tnoneirsin (Guan et al. 2006). Methane emissions were

sinrultaneously measured. Microbial populations were ehar acterized using tenninal

resti'iction fi'agment lengflr polymorphisms (TRFLP) analysis. I(ey miclobial species

were qualtifiecl with real-time PCR (RT-PCR). TRFLP indicated that at the phylum

level cotnmtuúty structue was relatively stabie showing no statistical diffelence (P <

0.05) betu,een tleatment ol diet as well as no difference over time. Thele was a

noticeable prevalence of members of the phyhun Venucomicrobia. No rnembers of this

pliyluni have been culhued. flom the rumen but may be involved in polysaccharicle

degladation or anaerobic methane oxidation. RT-PCR indicated that adaptation occuned

parlly r¡,ithin the hydrogen producing gram-positive bacteria on the concentrate diet and

the effects ou methauogetls were stlongly coneiated with these population shifts. In the



fb'age diet the adaptatio'to iouophores aiso occurrecr but mocrulation of glamlositive
bacteria appearecl to be nuch more subtle' The 

'retha'ogenic archaea were not clirectly
affected by noneusin' the obselved aburda'ce changes were related to the decrease in
the abundance of ciliate protozoa ancl the avairablehyclroge' i' the nunen. Metha'e
e'rissious rettu'ed to baseline levels hvo wk earrier i' grai' trra' forage diets and trris is
likely the result of higher tumover rates i'grai' based rations. A 

'ow 
coreration

betu¡een metha'e levels and te'rpe'ature showed trrat trre i'fluence of te'rperatLue on trre
clata was not iarge but could not exclucle it.
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FOREWTRI}

A part of this thesis has been writien in mannscript fonnat. T¡is thesis is

otganized with an abstract of the thesis, a general i¡trocruction a'cl a literatrue review

befole the rnanuscrþt, which is followecl by a general disc¡ssion and conclusiolis. The

fonuat used to write this thesis is that of the canadian Jorunal of Admal science. The

authols and title of the rnanuscript is:

Bouchard' J. J., wittenberg, K. M., ominsld, K. H. and Kr.ause, D. o. 200g. Rumen

microbial conunrurity analysis and methanogenesis cL,rring adaptatiol to rnone'si'. (in
preparation)
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f .O GE}qERAT, XNT,R.ÛÐ.LrCT,{TN

In animal agriculnu'e, ruurinant livestock contribute the rnajor.ity of gr.eenhouse

gas emissions with methane being the predominant pollutant (Kebreab et al. 2006).

Methaue is a byproduct of rtunen fennentation and is eructatecl as waste fì.om the animal

iffo tlre atmosphere (Moss et ar.2000). The global pressuïes to recluce greenhouse gas

eurissious have made the ueed- for a long-temr strategy to rnitigate e¡rissions from

rriminants evell more plessing. Research focusing on methane clepression in runinants

has exploled many possible sotuces including plant compourcls such as taruúns

(Woodward et ai. 200D and essential oils (Beauchemin ancl McGinn 2006). Vaccines

agirinst nuren methanogens (V/riglrt et al.2004) have been suggested 6gt the feeclilg of

ionophores is very appealing because of its ease of use in feecl fo',ulation and

efïectiveness in reducing enteric methane (Guan et al. 2006)

Ionophores ale lipophilic nolecules that penneate the cell meinbrane of bacteria,

lrrotozoa, frurgi, ancl even liighel organisms (Plessman 1g76). They act by dissiilatilg ion

gr:adients leacling to an ionic ovelload in the cytoplasm of a cell (Russell ald Strobel

1939)' To combat this ovelload, the cell activates ion pllmps to dr.ive io¡s out, wjrich

leads to the clepletion of aclenosine triphosphate (ATP) ener-gy. If the ion ilrbalance is

lafge, the cells exhaust all of theil ATP which leads to cell death (R*ssell and Str.o6el

1989; Callaway et al.2003). Ionophores are predominatel¡r affective against grani-

positive bacteria and this is due to the natrue of their cell wall (Russell and Str.obet 1gg9).

Glam-positive bacteria have a single tlúck penleable peptidoglycan layer restilg above

tlre plrosplrolipid bilayel tliat is the cell memblane (Callaway et al.2003). The cell wall



of glatn-uegative bacteria diffels in th¿rt it has two thin layers of pepticlogll,ca¡ as v¿ell as

lipopolysaccharicles' These lipopolysacchalides malce the ilsertiol of ionophores into the

cell membrane difficult (Russell and Houlihan 2003).

Many nulinal gram-positirre bacteria ale also hydrogen producers, ancl as

hydlogen is requiled for methane for:nation these species fo¡1 a¡ impor-tant liuk betwee'

mode of action of ionophores and methane generation (Russell and Rychlik¡}11).

BacteÏia produce þdrogen during the ploduction of volatile fafty acids such as acetate

(Russell and Rychlik 2001), therefore if the gram-positive, hydlogen prodgcing bacteria

are depleted there is little þdlogen available for methanogenesis. A previous stgcly

perfornred at the University of Manitoba by Guan et aI. (2006) de¡ronsûateclthat u,hen

monensin i,vas supplementecl to feedlot steers on eithel forage or glain diets methale

levels decreasecl significarfly, however it was only short tenn and methane ievels

retuÏed to baseiine after sevelal weeks. This suggests possibility that the granlositi'e

rtunen bactelia may aclapt to monensin.

The plu?ose of tlús thesis lesealch was to evaltiate the inicrobial adaptation to

monensin in a microbial community context. Rrulen microbial populations can now be

studied without the need fbr cultivations, using moleculal techriqries such as the

polymerase chain leaction (PCR), tenninal restriction fi'agment length polyrnorphism

(TRFLP) and leai tirne PCR (RT-PCR). Usiirg these teclniques rume11fluid fi.om the

Guan et al. (2006) study were aualyzed to determine which populations inthe ltlmen are

the most affected by monensin, and wlúch ones ate capalrle of adaptatio¡.



2.0 I,ITER,{TUR.E REVTEW

2.1 The Rume¡r

2"1.1Rumen Micl.obes

The rurnen is a complex ecosystem that has been extensively resear.checl to attain

a nlore complete mechanistic understanding. The rumen consists of billions of microbial

species which are predominately anaei'obic, These inclucle bacter.ia, protozoa, i¡¡gi,

many of which are continually being identified with the use of moleculai.tecluriques

(Russell and Rychlilc 200i). With more than 200 species isolated, it has bee' estimatecl

that bacterial counts in the rumen are as high as 1010 cellsÁnl of rtune¡ fluicl or.

10,000.000,000 bacteria/mL (Callaway 2005). The bacteria ale the best understood

coinponent of the rLulinal ecosystem ancl there is much less known abolrt the protozoa

and even less about the fturgi.

The microorganisms in the ruÍren are extremely diverse with each servilg a

rmique prullose in tire ecosystem. The bactelia arcprimarily i¡volved with fen'entation

in the rum.en as they can break clown nearly all ingested, feedstuffs (Callaway 2005). The

protozoa, which also fennent dietaly cornponents ancl are involved in r.umi¡al nitrogen

cycling, are ilajor consumers of lumen bacteria therefore acting as their r.egulators

(Callaway 2005). All tlie microbial populations in the nurell live i1a sy¡rbiotic

Ïelationship with the animal; the rumen provicles a habitat ancl nutrition to the

micloorganislns while the microorganisms provide necessaly nntr.ielts to the ani'ral such

as volatile fatty acids (VFA) for energy, microbial biomass for protein, and vitamins



(Callar'vay 2005; Russell and Rychlik 2001). The bactería also play avital r.ole in

plrysiological and i'''u'ological fi.mctions (Mackie and carur 2005).

The microorganisms cligest the constunecl feedstuff-s and pr-ovide nutrie¡ts to the

animal tllough fet'mentation' The prirnary diet of mminants is higli in for.ages, wjrich

possess structrual calboliydrates such as cellulose and hemicellulose. Ruminants are

unable to bi'eak down these plants corrpoullcls as they cannot pr.oduce the required

digestive enzynes, cellulase ancl hemicelluiase. Runen bacteria, however, clo lrroduce

these enzymes, ancl are capable of brealcing down the forages releasing glucose whicir

provides nutlitionai value to the animal (Russell and Rychlik 2001; prescott et a;.2002).

Rumen baeteria can also ferment stalches ancl sugars fourd in high energy grail cliets into

VFA fol enet'gy, this is of major importance since grain diets have become i'uch more

col1ll1lol1 for domestic nulinants to increase meat and lnilk production (Rr.rssell ancl

Ryclrlih 200l).

The rumen provides ideal living conditions for microolgarúsms. pril¡aril),, the

nunen is auaelobic o[ abseut of ox¡'geu ancl some ïulnen microorgzurirns al.e so sensitive

to oxygen that they cailrot tolerate even the slightest exposul.e (prescott et a^.2002). The

rlunen pH is nonnally between 6.0 ¿urd 6.9 with an optimtun temperattue at 39 oC. The

rumen is a very unique ecosystern, ploviding a continuous source of nutrients ancl growth

making it tluly symbiotic.

2.1,2 Ru¡nen F errne¡rtation

Fennentation is an auaerobic p1'ocess which clegrades substr.ates i¡to usatrle

proclucts' In the rulmen, microorganisms utilize consumed carbohych-ate feeclstuffs and

fennent them tlu'ough a set'ies of oxidation/r'eduction reactions ínto volatile fatty acids



(VFA) for energy, ancl calbou dioxide (COz), methale (CH+), ancl hydrogen (H2) as by-

pt'oducts (Figule 1) (Callaway 2005; Chiba 2007; Russell ancl Rychlik 2001). During

fennentation' carbohydt'ates must fit'st be oxiclizecl into pynrvate through tlie glycolysis

pathr'vay which utilizes the reducing equivalent nicotinamide adenine cli''cleoticle

Q'{AD*-oxidized, or NADH-reducecl fonns). Dming glycolysis, NAD* is r.educer1 to

NADH ancl in order for fermentation to continue NAD* must be regeneratecl, which

occul's nrainly tluough the reduction of COz to CH+ (Prescott et aI.2}1¡;McA1lister a'd

Newbold 2008). Pymvate is tiran conveftecl into one of the major vFAs.

The majoI VFAs prodr-tced in tlie rumen are acetate, butyrate zurd pi.opiolate

wlrich are the major source of carbohyclrate and energy for the alimal (Callaway 2005:

Clreeke 2005). Miclobial cells ale the main source of trigh quality protein for the alimal

especially for the essential amino acids (Isliler et al. 1996). These amino acids are

absoi'bed in the small intestine and used fbr arúmal glowth ærd lneat or.niil< ploduction

(Ishler et aL.1996)' Many of the vitallin requirements for the ruminant are also ¡ret by

feturentation, all of the watel solulrle vitamins as well as vitamin I( are all sy'thesizecl

leaving only vitamins A, D and E to be supplernentecl (Cheeke 2005). Fermentation is

effrcient as it allows Ïuninants to consume inexpensive low quality feed, a'd still 
'reet 

a1l

their nutrient requirements.

Not all ploclucts of femrentation are utilized by the anirnal ancl iir some cases their

production represents a loss of feecl eff,rciency and is cletlimental to the en'iLonment.

Carbon dioxide and methane gases are by-plodtrcts of fennentation, and an accrululation

of these gases causes bloat in the lumerl, thelefore they need to be released by a pïocess

called erltctation or belching (Clieeke 2005). The release of these gree¡house gases
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into the atmosphele is hannfirl to the envilonnent and is what nuninant researcir is

attempting to inhibit. Another environrnental issue is the excretion of arulonia in *rine

truildin-q trp in soil causiug niti'ogen pollution. Not all zulrnonia producecl in fbnnentation

is used b)'the animal and therefore it is classifiecl as a waste pr.oduct to the animal and is

released tluough urinatiou (Callaway 2005). As well the prod¡ctiol of car.bon clioxide,

methane and ammonia represents all ener€y loss for the zuúmal as they serve no lutritive

pulpose. for example i grarn of ploduced methane repl'esents a feed eneïgy loss of 55.2

kJ (Wittenberg 2003). To combat these losses in feed effiðiency ancl halmftrl impacts o'

the enviloument, stlategies to led,uce methane ploduction have talcen a priority i¡
ruminant research ancl to clate the one that has seen the most promise is the use of

ioiropiroles such as monensin in the diet (Guan et al. 2006).

2.tr.3 F{3'clrogen Froduction and UtilizaÉion

Hydrogen gas (H2) is ploduced duing fenlentation as a byploduct en route to the

production of acetate, the primary VFA produced in the ruren (Russell ancl Rychtik

2001). Although acetate is the plimary VFA, the concentlation of hydr.oge¡ i1the rllmen

is typically low, as it is promptly usecl in downstrearn reactions (H¡ngate 1966).

Hydrogen is procluced lry micloot'ganisms using hydrogenase enzymes which talce

electrons from rednced cofactors such as NADH that are also producecl cluring

f'elÏrentation leactions. this reaction is very thermodpramically mfavolable ald will o'ly

chemically proceecl if the ploduct is quickly consumed in othe¡ reactions (Russell anci

Rychlilt 2001). Being that methauogens lequire þdrogen to pr.oduce methzure. they

provicle an outlet fol hydrogen disposal (Russell anci Rychlik 2001). Another sinl< for Hz

ir the rumlen aÏe dicarboxylic acids such as sodiul ñlinalate and sodiru¡ acr¡,late, which



aÍe precursol's il1the production of propionate (McAllister ald Newbold 200g; Newboicl

et al' 2005). An ín vitt'o study by Newbolcl et al. (2005) showed both fumarate and

auylate ale effective hydrogen sinks to retrrove electlons fi.om methalogelesis.

Frunarate and acrylate captrued 44%ó and,22Yo respectirrely of the hydrogel previously

used foi'tnethane production Qrlewbold et aI. 2005). It is irnporta¡t the þ is quickly

removecl fi'om the rumen enviroilnent as its build up would prevent fuither femrentation

of feedsttlffs (V/eirner' 199S). Since hydlogen plays such a vital role in the ploductio' of

nretlrale this may be,a good arcato target fol clecreasing methane emissions in livestock.

2.2 R.umen l\{ettrranogens & Met}eanogenesis

2.2.L M:Lethano gen Fop ulations

. Althongh methanogens malce up only a small portion of rumen microbial

polrulations, contributing 0.3 -3.0% of the 165 and 18S r.RNA (yanagita et al. 2000).

tliey play a veïy signifîcant role. Methanogens are lúglrly anaei.obic, fastidious

olganisms, ancl are distinctive fi'om othel nurlen olganisms as they all pr.ociuce 
'rethane

as a catabolic end product (Belgey 1994). Methanogens ale members of the phylum

EuyaJchaeota in the domain Alchaea with 28 genel'a and 113 species of 
'retha'oge's

classified to date (Galrity 2007). Within the nunen, only seven species in five gerlera are

lanorur to reside and include X,fethan.obacteriunt..for.nt.ícicult,lví. bryta.,¡¡ii,

Metltanobrevibacter rmni¡tantiznn, M. millerae, A.[ethanonticroltitun ntoltile, M. olleyae,

and lulethctttocttllezts olerilang"-i with the majority (6L6%) fou'd fur the gen s

Methcmobt"evibactet'(Janssen and Kirs 2008). It has also been reported that

l[ethrntosarcina ,spp. ]rave been cultr.rred fi'om the rlrnen (Jar.rris et a1. 2000), however



sonle researchers do not believe them to be a main par"t of the nunen ai.chaeal comrnurity

('Ianssen and Kirs 2008). The role of the methanogens in the rlrmen is to keep

fennentation cycliug efficiently, to do this they consume the hydr.ogen that is prod¡ced

duing fenlentation reactions to produce methane, which results in a continuous

felmentation rate as well as a nutritionally mole favolable sequence of VFA procluctio¡

by rtrmen microorga'isms (Ka'' a2}a5;McAllister.and Newbold 2008).

. 

The methanogenic species named above grow in the rurlren using H2 and to ar

lesser extent foilIate as energy sources, utilizi¡rg the electrons fi.om the hyclrogel or

fonnate to convert carbou dioxide to methane (Jzutssen anrJ Kir.s 2008), this is the pr.ocess

of rnethauogenesis. Other compor-urds have also been identifiecl as su6strates for

rretlranogeuesis; Jarvis et al. (2000) isolated a strain of ÀIethano,sarcina bcu.kerifio'r

grazing cattle that usecl CO2\H2, acetate, and/or methyl containing compounds to conyert

calbon diorid"e to methane. The use of substrate is based cornpletely on whether oï not

the methanogen possesses cytochromes. Methanogens that possess cytocluomes, those of

tlre ordel Methctnosctrcinales, ale able to use methanol, rnethylarnines. acetate aird,/or.

COz/Hzas substrates for methanogenesis (Ohene-Adjei et al. 2007;Gottschaik 19gg).

V/irile the methano-qells witirout cytocluomes ale those that utilize olly CO2 a1d Hz

and,/or formate for methanogenesis, these belong to the orders A,{ethanobacteriales,

luletlzctttococcales, luleth.anotn.i.crobiales, and.Meth.anopyrciles (Ohene-Acljei et al. 2007).

Methanogens are found in the nullen as planktonic organisns as well as

symbionts with protozoa. They are forurd in difTelent fiactions of the rulnerl and glor.v at

different lates but they all pelfonl methanogenesis (.Ianssen ancl Kirs 200g). Tirose

methanogeus associated with protozoa can either be attached to tlieir sulface or ]ive



witlrin the cells as enclosyinbionts (christophersen et ar.2004);and the rnajor.ity have

been iclerfified as Ïeiatives of M. smithii ancl. M. r'tu¡tinantunz species (Tokura 
"n 

ut. tolll
¿urd to a lesser extent the geuus Metltatrcnti.Üobitnn (Janssen ancl Kirs 200g). rn 7gg4,

Finlay et al' founcl that on the surface of rumen ciliate protozoamost comlronly less tha'
10 and never more thau 20 methanogeuic organisms could exist, as well it was see' using

electron microscopy those methanogens living ilrside the protozoa. The symbiotic linlr

between tlethauogens and protozoa blor-rght about another theory fol clecreasilg metha'e

production in the rumen, which was to talget the protozoa populations for death and in

turn affèct the associated methanogens. Defauration is the process wliich elinilates

ptotozoa from the rumell' and it has been shown to reduce methane ploductio' by 30 -
45% (Toliu:m et al. t999).

' 
Rumen methanogens have been very difficult to quanti$r as they ar.e extremell,

sensitive to oxygen (Zinder 1998). Using pue cultue methocls the 6ighest level of cale

m-rst be' employecl to avoid aulr s6n1u.t with oxygen because methanogel growth is

sturted when as little as 0.8 ptl- of oxygen is plesent and completely inJri6ited when levels

reaclr 6 ¡rL (Hrurgate 1966)' Cuiture techrúques have aclva¡cecl o'er til,e to st'dy

tnethzurogelrs lesulting in the introduction of anaelobic glove box cabi'ets. Tire cabi'ets

commonly usecl today are devoid of oxygen provicling the id,eal envirorule't for

anaerobic stttdy, and lesealchels are now able to clispense lnedia zurd plate out cells with

conficlence (zinder 199s). The other depenclable culture niethocl usecl by la6oratories that

ai'e without anaet'obic cabiuets includes the use of special air tiglrt tubes which ¿ue

plessurized with Hz ancl coz gases as growth substrates, this methocl also provicies

efficient gr.owth of meth¿urogens (Zincler i99g).
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It r¡¡as not until the developmeut of moleculzu rnethods tliat ïumen methanoge's

could be bettel stucliecl, ancl even still ttre phylogeneticity of the r¡1nen alchaea are not

completely undelstoocl. Tliis w'as shown by whitfold et al. in 2001, when. a phyloge'etic

study w'as pelfor-med in an atiempt to iclentify rumen methanogens using the ar.chaeal 165

I'RNA gene' They foturd tliat the gene did not encornpass all the phyloge'etic diversity of

the alchaea in the bovine 1-Lu11el1, and it was concludecl that more specific teclmiques such

as qriautitative PCR must be used to better detemrine rurlen phylogeny. V/ith the recelt

molecular developments such as Tenninal Restriction Flagment Length polymorphis¡r

(TRFLP) and quantitative PCR. phylogenists will in time rurcler.sta¡d the co'rirlete m¿rke

up of rulen methauogens w'hich w'ill give befter insight in how irroclifications in methane

production can be made to eusure the best efficiency for.the animal as w-ell as the

envirorunent.

2.2.2 The tsiocher¡ristry of MeÉhanogenesis

Methane is procluced by methanogenic archaea founci in mulerous environ're'ts

such as swall{ls. fi'esh watel sediments, trurclra areas, rice fields alcl i1the gastr.ointesti'al

tracts of mminants, ancl it is among the greenhouse gases that directly co¡fi.ibgte to

climate clrange (Depperuneier 2002; Cliaban et al.2006). Delrencling on the methanogen

zurd the environment in which it lives the pathway of methanogenesis differs. ln the

rumell alone thele are two conmtonly used biochemical pathw-ays with twg differ.e¡t

substrates: 1) CO2 and Hz or 2) acetate or methyl compounds. The rnoïe co*lon
pathway that convefts Coz and H2 to methane (Figrue 2) is made up of severl r.eactiols

ancl empioys n.unero us co enzymes, i'cr'cling metha'ofru.a' (MFR) ;
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tetralrydromethanopterin (H+MPT); cofactor Fa26; cofactor Fa36; coenzyffre (coM); atd" 7-

mercaptoheptanoyltlu eonine (HS -HTp) (Rouviei.e and wolfe 1 9 B g).

Rouviele and Wolfe (19S8) describe methanogenesis as follows: fir.stly CO2 anci

MFR are used to produce Formyl-Methanofru'an (F-MFR) (reaction 1), the folnyl group

is tlren shifted to I{¿MPT (r'eaction 2), nextthe forrnyl gl.oup is recluced to a methenyl

gloup cleating rnethenyl-H4MPT (reaction 3), the methenyl-HaMpT is then leduced to

methylene-H4MPT (r'eaction 4) and frutliel reduced, to rnethyl-H+MpT (reaction 5)

consuming electrons fiom cofactor Fa2s. The HqMPT group is then lost by the transfer of

the methyl gl'ollp to CoM (reaction 6), ald finaily nethyl-CoM is reclucecl to methane

(reaction 7) utilizing a number of cofactors, inciucling Fa36, adenosine trþhosphate

(ATP), and flavin aclenine dinucleotide (FAD) (Rouviere arid V/olfe i988). The

production of methale (reaction 7) is lini<ed to the breakdown of COz (reactio' 1) by the

release of hetelodisulfide (HTP-S-S-CoM) making the leactiol somew-hat cyclic. These

intet'actions are not fully unclerstoocl as of yet (Rouviere ald Wolfe 19S8). The overall

reaction can be sunlnarized as shown below by Deppemneier (2002);

COz + 4H2 CHq + 2HzO (AGo': -131 kJÁnol CH4)

The use of acetate or methyl comporurds to ploduce met]rane is a 1ess connl1ol1

pathway however it does contribute to ovelall methane emissions in the nuren.

Methairogenesis ttsing acetate as a substrate uses a shorter biochernical pathway. Acetate

is first converted into carbon monoxide (CO) and methyl-CoM, the CO is then oxidized

to f-onn CO2, with its elections being used to reduce the methyl-CoM to inethane

(Gottsclralk 1988). Deppemreier (2002) sununalizes the reaction as follows;

CHg-COO-+ H+ CO2 + ç¡10 (AGo': -36 k.I/mol CHa)

T2
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using methyl compoturds for methane ploduction is brolcen down i.to two

processes' one involves the oxidation of a quarler of the methyl coilpourds to Coz

which provides electlons to the other reaction which leclnces the remaining 
'rethyl

conrpounds into cFI+ (Deppenmeier 2002; Gottschalk 19BB). A stullrary of tire r.eactions

is shown below;

4CH3OH 3CH¿ + lCOz + 2HzO (AGo': _106lrJ/mol CH4)

Methanogenesis represeuts a loss of enelgy ancl thus clecreased feed efficiency for

the animal' Ruminants obtain most of their energy from volatile fatty acids, a'd the

initiative to maxitnize feed efficiency lies rvithin them. The conversion of c¿ubohydr.ate

to either acetate or butyrate involves the production of hyclrogen and furthel'ror.e the

production of methane, which accolurts for an ingestecl enel.gy loss of typi cally 60/o

(Johlsoir and Jolr-nson 1995). The pathway to convert carbohydrate to propionate is mole

efficient thau those fol eitliel butyrate or acetate; this is because propionate has a ¡igher.

entlralpy (Richafclson et al. 1g7 6)and cloes not result in the procluctio' wasteñri methane.

Methane procluction is also detlimental to the envilonment, as rumi'ant

methanogenesis is the largest contributor of green-house gas ernissions in ani'ral

agÏicultue' Statistics show-that Canadian livestock a1e respollsible for 32o/o of

agricultwally aceountable greenhouse gas ernissions, allcl of tlús 90% isfi.o'r beef and

dairy cattle (I(ebraeb et aL.2006). For these ïeasons much effo't has been put i'to
finding w-ays to decrease the methaire produced fiom livestock, whether it be tluough

fèed additives, stlch as ionophores (oclongo et al. 2007),tamrins (woodward et al. 200r).

o¡ essential oils (Beauchemin and McGinn 20)06)to alter rumen microbial populatio's or
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to utilize other mechanistns sttch as administering vaccines against rluneil methanoge's

(Wligirt et aL.2004) to clirect rumen ferilentation aw-ay from methane prochiction.

2.3 Ionoptreores'úo R.erIuce Methane Emissions

2.3.1 Ionophores

Ionophores ale lipophilic comporurcls that catalyzeion rnovements across cell

membranes' The exterior of ionophores is extremely hydrophobic, wjrile theil core is

þdrophilic therefore they tend to accumulate in the lipid bilayer that is a cell memSrane

(Gaurett ancl Grish¿un 1ggg). The uonnal rnovement of char.ged ions across a cell

mernbrane lequires high activation enelgy, h.ou,ever ionophores ar-e capable of

delocalizing the cirarge on ions and assist in theil closs rrrenrbra¡e rnovement (R*ssell

ancl Strobel 1989). Thus ionophores essentially alter the novement of ions across cell

memblanes

There are many different ionophores that have been approved for use, for example

rnonensin, lasalocid. tett'onasiir, lysocelliir, and. valinomycin. These io¡ophor.es al.e

different in their ion exchange capabilities. Some ionophores, such as valilom5,cin, ar.e

able to ti'¿ursfer one ion (most often potassium) into the cell with no excha¡ge of H*. these

are known as uniporters (Bergman and Bates 1984). Monensin is a1 example of a¡

antipoÏter. Anti¡rortels have the ability to tlansport rnultiple iols at one ti're. as they

exchange monovalent cations (soclium and/or potassium) for H*, and the movement of

these ious is based on theil concentlation gradients in ancl orit of the cell (Russell a'd

Strobei i989). Monensin catalyzesthe exchange of intr:acellular potassirul for

extracelltúar H*, causing a declease in the cellulal pH. This acidification is comb¿rtecl by
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the use of an ATPase that ptlrtlps H* orit of the cell along with other celiular.ion irunps

activate to attempt to reestablish favolable ion gradients. The res.lt is the depletion of

intracellular ATP reserves fl'om the bacterial cell r,vhicir eventually causes cleath (Figur.e

3) (Russeli and Stlobel 1989; Callaway etal.2003).

Iouophores are classified as antimiclobial agents as they ale toxic to lot o¡ly

bactelia trut also fungi, and plotozoa ancl even higher organisms (pr.essman 1g76). These

toxic effects influence rurnen fennentation, as they alter the plokar.yotic populations. It is

the glam-positive populations that are predominately affected ancl r-esults in the grarll-

negative popr.rlaltions gaining a competitive advantage (Callaw ay et a].2005).

Ionophore supplementation is lanown to inhibit populations that prod.uce hydrogen in the

nunen, and this leacls to a decrease iu methane ploclnction because ¡retha¡oge's r.equile

hydlogen to produce ntethane, ancl an increase in the propionate to acetate ratio (Russell

and Strobel 1989). Yang and Russell (1993) fourd that monelsi¡ is inlúbitory to those

bacterial populations responsible for producing arrrrlonia in the rrunen; wlich repr.esents

a loss of clietaÏy nitrogen. The depression of these pop¡lations in ttul i¡cr.eases the

amount of amino nitrogen ancl protein available to the animal (Russell ancl Stobel 19g9;

Bet'gen and Bates l9S4). Iotiopholes ale also knowr to inclease feed efficiencv. redr-rce

bloat ancl lessen the production of lactic acicl to rnaintain the pH balance in the rutllen,

preventing ïurnen acidosis (Tedeschi et al. 2003).

The most cotnmonly usecl ionophore in nuninants today is monensin. Monensin,

also knoun as lumensin, is pr.oclucecl by the fluigi Streptoml,ces citatantorzensis,and, was

originally usecl as a coccidiostat in poultly, but later u,as also found to be be'eficial i'
lunrinants (Cheeke 2005). It was apploved fol use i1the 1970s by the United States
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Food and DÏug Association ancl since then it has been widely used in livestock

procluction (Russell aircl Strobel 1989). Monensin was initially supplementecl i'to
nurúnant diets as it improverl f-eed efficiency by ¿ts much as \}%o(Russell ancl Strobel

19s9); this is attributed to changes in rtulen fermentation resulting in a higher proporlion

of propionate to other fennentation plodncts (cheeke 2005), Monensin has showr to be

affective in both forage ancl concentlate cliets fed to caltle,however.the iolophore

repofted to have a stÏollgeï l'espollse in a low f'orage diet (Roch.igues et a:.2004). These

positive effects of ionopholes on l1unen fermentation has made them an integral part of

liïestock feed rations.

2.3.2 {onophores anctr Meflrane Emissions

The pressure to reduce gleenhouse gases has prompted a Íesponse fiom every

inclustry, fol animal agricultule the greatest efforts are being put forth to recluce methane

emissions fi'om nuninant livestock. Metliane is a potent gleerilrouse gas that is klow' to

be directly ancl inclirectly detrirnental to the envirorulent resulting in climate change.

DiÍectly it absorbs zurd re-eilits long-wave infi'ared erlergy back to the earth,s sruface a'cl

indirectly it procluces CO2, another greenhouse gas, by at¡rospireric oxiciation reactions

(Jolurson and Jolurson i995: I(ebreab et al.2006). I:t2002the cmadian agricultrue

industry representecl8% of tire total national emissions, pr.oclucing 59 megato*es of Coz

ecluivaletrt' As of 2006 there has been a 25%io inqease in einissions fi.o'r the Ca'aclian

aglictrlttu'e sector adding 12.4 negatonnes of co2 equivalent since 2002 totaling 71.4

rnegatonnes; this is being attributed to an increase in the beef poultr.y ald swi'e

indush'ies as w'ell as an increase of synthetic niti'ogen fertilizer application on the prairies

(Enrrii'oiunent czulada 200s). The 25Yo increase in the agr.icultue sector br.i¡gs its
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trational total up by 0.6% to 8.60/o, and rurtil a decleasing trencl is repor.tecl an even greatel.

neecl fòr greenhouse gas solutions is plesent.

Ionophores have beeu seeu to recluce methane emissions from cattie in Canada

atrcl arouncl the world. An in vitt'o study including rnonensin in a submerged growing

culture showed a signitìcant declease of methane concentr.ation (Galínclo et al. 2003). An

itt t'itto study fi'om lnclia obsen ed a decrease in methale emissions while feeding

monensin' It was also obseÏved that methane was inclirectly proportio¡al to f'eed

concentrate levels and as concentrate levels went up, methane went down (Singh &

Molrini 1999). A 9% declease in methane prod.uction was neasured in New Zealalcl

when cattle w'ere fecl native pashue composed mostly of pereiurial ryegrass zurcl givel

nronensir capsttles (Van Vugt et al.2005). In Egypt, Badawy et al. (1993) showed that

feeding monensin to buffalo recluced the production of methane in the rw'en. Monensin

was also seeu to rednce methane production by 16% in steers i1the United States

(Tlrornton and Owens 1981). In Canacla, odongo et al. (2007) obse6,ecl a 9% r.eduction '

(expÏessed as gxams per kilogram of body weight) in methane emissions fi'orn clair.y

cattle' As well, Grnn et al' (2006) r'eported a significant declease in methane emissions

wiren monensin and/ol lasalocicl was added to eithel a high for.age or high concentrate

cliet, however tlús decrease was only shorl term.

2.3.3 Rumen MÍeroorganisnes dffectecl by nonophones

Ionophores do not affect all microorganisms in the rulren. It is generally agreecl

that sensitivity to an iouophoÏe is attÏibutecl to the cell w-all str.ucflu-e of the olganism

(Russell and Strobel 1989). The outer membrane of gram-negative bacteria is composecl

of lipopolysaccharides which are endotoxins and prevent the penneatio' of io'olrhores

19



into the inner'lipid bilayer. thus making tliem resistalt (Russell ancl Houlih an2003).

Gram-positive bacteria laclc this lipopolysaccharide iayer in their-cell membrane allowi'g

iouophoi'es to penetrate tluor-rgh the porous layel of pepticioglycal and irnberJ into the

lrydroplrobic lipicl bilayer leading to eventual cell cteath (Callaway et al. 2003). Being

that gt'atllrositive bacteria are highly susceptible to ionophoLes, when they ar.e depletecl

the gram-negative bacteria gain the competitive advantage and fermentation shifts i' their

favot.' Howevet: it is important to note that ionophores do affect sorne gïam-¡egatirre

bactelia, Fibrobctcter s'ctccinogenes is initially modelately susceptible to ionophores

fbllowed by adaptaion and lesistance, while Prettotellct rztntinocolctthoggh consiclerecl

resistant dicL show chauges in its physiological properties in order to grow in their

presence Q..lewbold et al. 1993)

Studies have shoum that methanogenic archaeal populations are not especially

susceptible to ionophores (Van Nevel and Demey er 1977). Van Nevel and Demeyer

(1977) showed that monensin w-as not directly toxic to methalogens rather to those

populations that break dowl fomate to carbon clioxide and hydrogen. Mor.e r.ecently
'Weimer 

et al. (2008) reportecl no change in alchaeal populations when s¡bjected to

monensin feeding or monensin withdrawal. It is hypothesized that the reductiol i1

methanogenesis by the inclusion of ionopholes such as monensin is d'e to their.ha*'ful

effèct on gram-Positive organistns that ploduce hych'ogen, the lequirecl compolent of

methane fonlation in rtuninal fennentation, not on the inethalogens themselves.

Runren protozoa are also susceptible to ionophores (Hino and Russell 1gg7).

Prinralily in vitro stuclies showed rnonensin to be in-hibitory to protozoal populations

(Hino 1981), furthel reseatch shor,ved this to be acculate ittttit,oas well. In 19g6. De'nis
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et al. repofted a decrease in ciliate protozoabotlt ín t¡it¡"o ald in t it o;o1 f.orage or. glail

diets supplemented with different ionophores including monensin, however inhibition of

tlre populations was close depenclent. A-n in. ttit,o snldy by Hino and Russell (Igg7)

showed monensin nearly eliminated a1l protozoa in the rlurlen, ancl Gyulai ancl Baran

(1988) repofted a decrease in protozoa in sheep while fed monensin witli lúgh folage a'cl

high concentrate cliets. Protozoa populations were also seen to decrease in buffalo heifers

w1ri1e fèd moirensin (Badawy rgg3). Quite recently, Maltfurele et al. (200g) also obselvecl

a decrease in protozoa populations in dairy cows when feeding monensin alcl soySean

oil.

2.3.4 Xonophores Effeet on R.uruen Fermentation

The fennentation changes caused by ionophore implementation that have bee'

reporlecl most often are those of volatile fatty acid production. The major.VFAs in the

rlunen are acetate, butyrate and propionate each having a set ìriochemical pathway fcrr.its

prodr-rction. In rurnen felmeutation the bacteria that ploduce Hz are more apt to be those

tlrat ploduce the VFAs acetateand butyrate, not propionate (Russell and Hoglih att2003),

and when ionophores are used in livestock diets it has been found that pr.opionate

concentlations have increased while acetate and butyrate have decreased (Silgh ald

Molrini 1999). Callaway ancl Martin (1996) observecl ttris VFA exchange when

rnonensin was supplemented. into the diet, the ratio of acetate to propionate clecleased.

Siniilar'findings were reporled by Singh ancl Mohini in 1999, showilg an i¡crease iir

propionate levels and a clecrease ilr not only acetate but butylate as well. In another. stLrdy

when monensin was used to nteasure its etfect on ciliate protozoa, protozoa munbers

wele correlated with the pÏopot'tion of propionate in rrunen fluid and it was suggestecl that
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the defauration of the ciliates is related to the reduction in metirane zurd the shift i' vFAs

towzuds pr-opionate (Martinele et al. 2008).

The alteration in vFA t-onnation by monensin is the explanation foi.the increase

in feed efficiency for animals. Monensin shifts the prod.uction of vFAs towarcls

pt'opionate and away fi'om acetate, which results in less energy being lost fbr the

production of unnecessary byproducts such as methane (Moss et al. 2000). with the state

of the wor'ld's food supply, agÍiculture is urcler presstue to produce high levels of ontlruts

sttch as meat ancl milk, and using tnonensin in feed rations to increase efficielcy has

helped to meet these demands.

2.3.5 Effects of Ïonophores ancl pH in the R.umen

The alteratiou in Lumen miclobial populations and femrentation that occtu with

ionophores may be couplecl to diet and runen pH. Rumen microorganisms have specific

parametels that allow for optimal gt'owth, zurcl depending on the car.bohydrate (fbr.ages or.

concentrate) being fed, the l'ulnen environnerf changes significantly (Nagar.aja ancl

Titgenreyer 2007; Hrurgate et al. 1 952). Diets lúgtr in concentlate car.bohyc¡.ate, such as

balley provides lat'ge amourts of energy to the animal btrt they must be properly r.ationecl

to avoici severe acidosis in the rumen. The lesults of fèeding a irigh gr.ain diet are a shift

in rumen microflora towat'cls fast growing, amylotic, lactic acid producing bacter.ia, suclr

as streptococczts bovis ancl Lactobacillus spp. attcJ,a depletion of cell¡lolytic bacter.ia

(cheeke 2005) and protozoa (l'Iagaraja and ritgemeyer 2007). Lacticacicr is

approximately 10 times nore acidic than volatile faft¡, acid and its accumulation in the

l'llmen tesults in a decfease in pH ranging from 0.4 pH points to the suboptimal level for.

nunen f,urctiorl of less than 5.6, aud overtime to as much as 1.5 pH points below pI{ 5.0,
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at tlis point the animal suffbrs acute acidosis ancl may not survive (Nagaraja a'cl

Titgemeyer 2007). It is important to note that reduction of pH by 1.0 log u'it is
equivalent to a 10-fold inclease in H* concentlation in the ïunrell, thus what seems like a

snrall clra'ge is i'fact very significant (lr{aga'aja and, Titgem eyer 2007).

Sotle orgarris[rs are able to adjust to the aciclification of tire ïLrmen. Research

indicates that the acicl tolerant organisms allow their intracellular-pH to decrease as a

fi-nrctiolr of the extracellular pH, S. bot,is, S. runtincttÌurn, and p. rzn¡tinicolct all

demonstrated this phenomenon when growïr in an enrrironment with a clecreasing pH

(Rnssell 1991)' As well Lctctoba'cillus spp. showed. a declease in intr-acellglar.pH as er

response to extracellular pH a'd was abre to g'ow i'acidic concritions Qrra''en ancr

Hutkins lgg0),

The more aciclic rumen envirorulent that cornes as a resuit of concerfrate feedi'g

iuclependentty aflècts ïLllnen flora but may also contributes to the effèct ionophores ha'e

in tlie rumen' Chow and Russell (1990) showecl that monensin and lasalocicl ar.e rnore

effective when the pH is low in the ïLunen, because the carboxyl gr.oup on the ionoirhor.e

is neal the surface and its state of ion izatíonis depenclent on pH. If ttre pI{ is lower tha'
the pÇ of the ionophore it does not become ionizecl and it can dissipate ion g'adients ancl

penetrate the cell ntembraue wjth ease (p/(o of monensin is 7.95) (Russell and Houlihan

2003).

Ionophores can help to combat the acidification of the ruren on high grain diets.

Monensin and lasalocid have been shown to reduce acidosis in the ïLunen as they a'e

effective against the two largest lactic acid producers, Lactobacilltrs spp. and,S. bovis,,but

are not effective to the lact¿rte fènnenting organisms in the runr.en (lulegaspltaera) (De'*is



aucl Nagalaja 1981). Therefole iouophole suppleme¡tatiol ca¡ be consiclerecl a

preventative strategy in aciclosis, working to maintain healthy rurllen fi-mction

2.4 nonophore .4daptatiou & R.esistance

2.4.1 Antibiotic Supplernentation in Feeds

Antirnicrobial resistance has becoine a rnajor issue in iruman and animal health

w'ith the development of rnulti-&'ug resistalt bacteria. The use of antibiotics in animal

productiou at sub-therapeutic levels has been a corilnon practice for more than 50 years;

as it acts as a glowth promotant for young arúmals ancl has prevented andlor. alleviatecl

disease (Jukes 1972). The concern with using altibiotics in ani'ral feeds was the

possibility of generating resistant organisms and therefor.e maliilg the tr.eatment of

disease, for hrulans or animals, much more clifficult (Cheeke 2005). Upon generating

resistauce to zur antibiotic it is qtrite sirnplistic for the lesistzurce ge¡e to be tr.ansfered to

othel organislns, as the gene js nonnally found on a plasrnid. A plasmid is a piece of

genetic material that cau exist and replicate indelrendent of a cluomosome (pr.escott et al.

2002) and the fear is the resistance gene will eventually be subjectecl to hurnans througli

feeding' Alother conceïn is the possibility of antibiotics remaining in alimal prodricts

which aÍe ingested by humans; however this concern has lessened *,ith the

implementation of Ïequiled antibiotic withdrarval times, a clesignatecl periocl of ti're after.

antibiotic aclministl'ation for the animal to be serrt to market. As of January 1, 2006, the

Etuopeau Union has banned. the supplementation of all antimicrobials, incl¿ding

ntonensin, into animal feeds and restricting their use for disease treaûlent o¡ly, this is i1
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the hopes of pÏeventing the development of ch'ug resistant bacter.ia alcl other olganisms in

livestock and in hrulans (Eur.opa 2005).

Ionophores aïe among the feed additives that irave antimicr.obial capabilities a1d

the possibility of generatiirg resistant organisms. The best explaration for ionophore

resistauce and sensitivity in bacteria is dependent on cell wall structure, as previonsly

explained; however some initially susceptible rumen bacteria have been seen to develop

resistauce or adapt to the ionophore treatment. Chen and Wolin (lg7g)showecJ sorne

Bacteroidel¿s strains to be initially stunted by monensin or lasalocid treatment br.rt

eventually became ionophore resistant. Bacterial species that are nonnally susceptible to

ionoplrores but grow very rapidly such as Streptococctts bovis canactually outgrow the

presetlce of monensitt, and a higher concetrtration of the ionophole must be adclecl to h¿-Lr¡e

any effect on tlre populations (Callarvay et al. 1999)

2.4.2 Mechanísm o f ,A.ctraptation

Stuclies on ionophore adaptation in the rumen have shown vai-iecl results. The

mechauisln of adaptation is cturently being heavily stti<Jied and has pleseltecl many

theories how it occurs. It is icnown that susceptibility to ionophores is relatecl to the

ntovement of ions; theref-ore a thouglrt mode of aclaptation would be a1increase i1iol
prilxp activity by the cell (Russell and Strobel 1989). Another possible route for

ionophole adalrtation is the use of membrane bound translocases which acts to

completely relnove ionophores from the bilayer rlembrane; this woulcl certai¡ly be a

viable tllechatúsm to achieve resistauce and woulcl accornt for.the initial s'sceiltibility

followed by a sharp increase of some runen bacterial populations (Lewis et al. 1994;

Cailaway et al. 2003); howevel it is yet to be velifiecl that an ionophole tra¡slocase is
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presellt in rulinal bacteria. A stucly by callaway et al. (lggg)showed that 6ig¡ly
sensitive low G + c (guanine + cytosine) gram-positive bacteria can significa'tly aclapt to

rnonensin upoll repeated expost-ues to the ionophore, these bacterja incl*clecl

Sfi'eptococct'ts bovis, Closn'ic{itutt aminophiltmt, and Selenonrcnas rurtincmti?.ur.

Adaptation was also observecl in an in t,it¡'o ancl in vitto study by Newbold et al.

(1993) showi'g gra'r-negative species being initially susceptible to mone'si' b*t quickly

developing lesistance' Newbold et al. (1993) also repor-ted the developrnent of ionophore

cross resistance witlún the gram-negative bacteria, therefore when resistance was

developeci to oue iouophore the bactelia showed resistance to otirers it was subjected to.

Tlre lrypotliesized node of action for this resistance was that F. succinogetles aswell as

P' rttntitt'icola prevented ionophores fi'om enteling the ce]l envelope by sluinking the size

of its porins ancl non-selectively eliniinating the entry of large molecules (lrlewbolcl et al.

1993)' Many thoughts are present on how exactly aclaptation to ionophoLes occrus i'
the runten' but at this time no fi'm conclusions can be d'awr. The question is u,hether or

not this ionophore resistance will eventually lead to resistance to other antibiotics iir
animals and/or hrunans.

A study w-as peÏformed to lxeasule the resistance gained by bacterial species

subjected to monensin by detennining potassir,un depletion in their respective cells. Lana

and Russell (1996) used potassitu' as a measrue of se'sitivity because io'ophore indr-rceci

potassitul depletion was collcentration depenclent ancl it was possible to explai' the

Ielationship with satruation constauts. Tliey fourd that iolophores have a direct effect o'
bactelial population s in vivo, but there is a vely large population of bacteria that ar.e

natrually t'esistaut to ionophore treatment ancl are able to rapidly replace the io'ophor.e

26



sensitive bacteria as a greater living space is created. Bacteria in animals fed ionophores

showecl a greater level of resistance comparecl to the control animals (w6ich clid show

some resistance). however even those bacteria that became resistant still lost intr.acellular

potassiutn when given high levels of ionopho re in vün^o(Lana ancl Russel I 1996). These

fìnding suppoÏt the theory that adaptation to ionophores in rurnen bacteria is a

tunclarnerfal featuÏe of physiology ancl not a transferable genetic element.

2.4.3 lonophores and Antibiotics

The conceln with using ionophores in animal feecls is not only the development of

bacterial lesistance but resistance to whole classes of zurtibiotics. These concems are

very viable in that rnulti-drug resistant bacteria have developed a¡d have made treatnent

programs more difÍicult in anirnal and human health. But do ionopiroles lead to

resistaflce to other antibiotics? Research done by Edrington et al. (2003) showecl that

tlrey nray not. Iir fact it was f-oturd that the nunbel of isolates of Eschet ichict coli

or57:H7 resistant to streptom)'cin in sheep were less in those treated with banber.mycin

as compaled to control animals. The sheep fèd ionopholes (monensin, laidlomycin

propionate or bambeflIycin) also showed no effect on pathogenic E coli or Sctlnrcnella in

fecal sheddings or in gastrointestinal juices (Ech'ington et al. 2003). A,rd it was

concluded that ionopirore supplementation had no effect on the antimicrobial

snsceptibility of E.coli or Salmonella en.teriti.dis (Edrkryton et al. 2003). Beilg that

ionophores do not play an active role in adaptation of pathogenic organisms to

airtibiotics, they may still be used in livestock diets as a rrreans of increasing procluctiol

efficiency ancl as u'ell be usecl as a stlategy to recluce methane productio¡ i¡ cattle.
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2.5 Summaly

The rtunen is a highly cotnplex ancl evel changing ecosystem, o¡e that has

attracted much scientific interest, Cattle zue known to procluce methane as a byprocluct of

fetrnentation in the runen, and this contlibutes to the harmflll effects of climate change.

A solution to tiris ploblem if orily shorl tenn has been the implementation of ionophores

such as ntonensin in to the cliets of cattle. Monensin has been shown to decr.ease 
'rethane

enrissions from cattle (Guan et al.2006), this may greatly impact the agricultur-e ilclustiy

as methane fi'om livestock contributes largely to its total e¡rissions. As well with the ever

gÏowing human population production demands harre forced the agricultrue i'dustry to

use new methods to inclease the amorurt of food they produce. Feed efticielcy cloes

impt'ove when ionophores are supplemented in the cliet which not onJy increases

productíon trut lowers cost. Monensin has been useful in attaining these enviro¡¡rental

and ploduction goals while maintaining strong a'd healthy animals.

The use of ionophores does afTect lumen rniclobiology and fenlentation

pathways, by depleting cerlain microorganisms, typically gram-positive bacteria ancl

protozoa, allowing othels such as the grarn-negative bacteria to thive. Some olga'isms

have aclaptecl to the ionophole teattnerrt, irowever there cloes not seem to be clevelopment

of autimicrobial r'esistance, and therefole should not be fearecl for. use i' the lirrestock

industly.
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3"0 T{VPOT'HESES .4NÐ OEJECT,IVES

The objective of this study was to evalu¿rte the miclobial population adaptatio' i'
the rumen when treated. with the ionophore monensin. Monensin is knowr to have

antiuricrobial capabilities predomi'ately towards gramlrositive bacteria, ancl therefore

cliange the prevalence ancl abundance of cerlain microbial species in nu'en, thus

nrodifiying lumen' function. Previous research by Guan et aI. e006) forurd l'one'sin clid

have an inhibitory effèct on methane production from steels; however it w_as shorl tenl.

Methaue eurissions retunecl to baseline levels after 4to 6 wks of io'ophor.e

supplementation' The reason fol this adaptation likely lies in the cly'a'ric natur.e of the

l'tl]nell ecosystem ancl miclobial adaptations to monensin is the focus of this research.

Thesis objectives were:

1' To characterize the miclobial adaptations in the rlunen when cattle are fed

monensin.

2' To characterize the structrue of the rlttren rnicrobial conmurity r¡,hen it adapts to

ntonensin.

3' To quanti$r species of tnicroolganisms that may be key to rnethanogelesis a'd

describe their shifts in lelation to methane emissions dur.ing adaptatio'.

The hypotheses tested in this lesearch wele:

]' The action of monensin is not clirectly on methanogens but on hyclroge'

producing species of bacteria.

2' Because monensin acts on gram-positive bacteda we hypothesize that it is these

bactelia that adapt to monensin.
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4.

V/e furthel hypotliesize that the adaptation will occul with the hydroge'

producing gram-positive bacteria

V/e hypothesize that moneusin does not act clirectly on methanogens, a'cl

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

Rtunen micÏobial conunurity analysis zurd methanogenesis cluing aclaptatio' to

monensin
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4.X AEST'R.{CT'

The aiur of this study was to charactelize the adaptation of ru¡en mic'obial

populations and rnethane emissions to ionophores when fecl to cattle over a 12 w.kper.iocl.

Metlrane emissions fi'om nuniuants contribute apploximately 90yo of thegreenJrouse gas

emissions fi'om animal agliculture (Kebreab et al. 2006). The gram-positi'e specific

iottophole ¿Ïrtibiotic. ntonensin, may lower methane production in the r.tu¡en, howeveL

the effècts appear to be short term (r,veeks) and there is a reborurd effect in whicli

emissions Ïetun to baseline levels. we hypotliesized that grarnlositive bacteria, but not

methauogenic archaea' adapt to monensin and that the methane emission r.ebound can

laÏgely be explained by aclaptation of glam-positive hyclrogen pr.oduci'g b¿rcteria. Rruneu

sanrples w-ere taken weekly for 12 wk fiorn cattle fed either a high grain or a higli forage

diet witir ol without monensin (Grian et al.2006). Methale ernissions were

sinrultaneously measured. Microbial populations wele chaacterized usilg tel,inal

t'estdction û'agmeirt length polymorphisms (TRFLP) analysis. Key ¡ricr.oSial species

were quantifiecl with real-time PCR (RT-PCR). TRFLP inclicatecl that atthe phylu'r

level cor¡Irturity stlucttue was relatively stable showing no statistical difference (p <

0'05) between treatment ol diet as well as no difference over-time. There \,vas a

notice¿rble plevalence of members of the phylun Verrucomicrobia. No member.s of this

phylurn have been cultu[ed flom the ïullen but may be involved in polysacchar.icle

degladation or auaerobic methale oxidation. RT-PCR indicated that adaptatio' occu'ecl

partly within the hydrogen producing gïam-positive bacteria on the concentrate diet and

the eff-ects on methanogens were strongly couelated with these populatiol shifts. In the

J/



fbrage diet the adaptatiou to ionophores also occruled but modulation of granlositive

bacteria appeaÏed to be much more subtle. The methanogenic alchaea wele not clirectly

affected by monensiu, the obselvecl aburdance changes wele related to the decr.ease in

the abrmdance of ciliate protozoa and the available hydrogen in the rumen. Methane

emissions retumed to baseline levels two wk earlier in grain than forage diets a'd t6is is

likely the result of higher ttunover rates in glain based rations. A low correlatio'

between rnethane levels and temperature showed tirat the influence of temperature o1the

data was not large but could not exclude it.

4.2 TIqTR.OÐIJCTIOI\{

Ruminants contlibute approximately 90%of the greenlrouse gas eilissions fi.om

arúnral agt'icultr-u'e (I(ebraeb et aL.2006). Lowel lates of productio' a1e obtai'ed i'
animals fed primarily on folages as colnpared to those fed high grain diets. However,

animals on high foÏage cliets take much longer to reach market weights a¡d f-ocus has

been placed in leducing greenhouse gas emissions in fìnishing cattle fecl high grain diets

(Lana et aI' 1997; 'Weimel 
et al' 2008). Various dietary ¡rarúpulatio's have bee'

investigatecl including ionophores (odongo et al.2007), essefltial oils (Beauchemir and

McGinn 2006), tannins (Woodwarcl et al. 200l),ancl even vaccines (Wr.igtit et a;.2004).

One of the most pr'omising approaches is the use of the ionophore antibiotic

tnonensin' Initial studies demonstrated tliat a substzurtial leduction in methane emissions

coulcl be achieved' but these studies only measurecl methane for relatively short (one

nrontÐ periods (McGinn et aL.2004). Howevel. feedlot cattle are usually f-ed fb'two to
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tluee nonths so emissions over a longel period al'e more relevant. Guan et at. (2006)

demonstrated that ionophores initially reducecl rnethane emissions in feecllot cattle fecl

either'high grain or high folage cliets. This lecluctior was only evident for.fo.o weeks on

the concentlate diet and six weeks on the forage diet, after which the methane levels

again rettuned to baseline levels.

clearly, the runen microbial ecosystem adaptecl to the inclusion of io¡ophores in

tlre diet' callaway et ar. (1999) reviewed the literature on nonensin suppleme¡tation,

and concluded that some members of the phylum Finlicutes actapted to monensin. These

runen bacterial species are gïan-positive and it is well docunented that in. yitro the

mode of action of monensin is towarcls the glam-positive cell wall (Callaway et al. 2003).

Newbold et al' (1993) demousit'ated that monesin miglrt also canse r.esistzurce in the

runen glam-negative bacterium Prevotella rtunÌnicola. a member of the phylu'r

Bacteloidetes' The mechanism of adaptation was hypothesized to be the shrinlci'g of
porins in the cell membr-ane.

This Íese¿u'ch evaluated the aclaptation that occru.s in tlie rumen niicrobial

conllunity to monensin oveï a 12 weelc period. The samples collectecl fi.om the stucly by

Guatr et al' (2006) were used ald miclobial community analysis was concluctecl *si'g
temrinal restliction fragment length polymorphisms (TRFLp). Specific microbial

poirulations including archaea and protozoa were evaluatecl usilg real-tirne pCR.
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4.3 MATEzu.dLS AND METHOÐS

4.3.1 Sarmptre Collection

A previous experiment perfonnecl at the Ulriversity of Manitob a divid,ed,24

Algus steers into f'oru ctietary treatunents. Tleatments were high forage or 6igh

concentrate, with or withotrt ntonensin, and methane. emissions were measu.ecl usi'g the

SF6 teclirúque (Boadi et aL.2002) oveï a 16 wl< periocl (Guan et a1. 2006). The tirne

poirfs selectecl for microbial analysis were chosen to leflect the time-cour-se of methane

decline and adaption over a critical 12 wk period as obser-ved by G¡ar et al. in 2006

Fig' a' 1A &' 4' 18). Frozen lïmen fluid samples fiom tlu'ee randornly selected animals

fol each of the fotu diets at six specific time peliods weÍe selected. for str-rdy (Tabie 4.1).

4.3.2 Ð¡i.4' extraction, FCR AmpxifTcatio¡r and R.estriction Ðigest

Frozen rumell fluid samples wele thawed at 32 ocfor 15 min. and wele then

centrifuged at 10'000 x g for' 20 min. The supematents were cliscardecl and the pellet was

Ie-sttspended in 0.9% saliue, and fi'ozen at -20 "C. DNA was extractecl for. clowrstreain

processing using the ZymoResearch Fecal DNA Extraction Kit (Orange. CA), folloq,ing

the manufacturers protocol. The bactelial 16s rRNA gene was then arnplified usi¡g pCR

witlr the specifîc primers 27f (5'- AGAGTTTGATCCTGGCTCAG - 3,) a'd 1 100r (5, -

TTGCGCTCGTTGCGGGACT - 3') (Lane lggl).The reaction mixture was macle up of

16'9 ¡Lautoclaved distillecl water, 2.5 ¡tL 10X reaction buffer (Lucigel, Mictdleton, wI).

2 pf-25mMMgC12, 0.5 pL 1OmM PCR nucleotide mix (Fisher Scientif,rc, ottawa. oN),

0'5 pL of the forward aud reverse primers and 0.1 pL of Taq DNA polylrerase (Lucige',

Middleton, WI). 
,The 

PCR proglam consisted of a 5 minnte initial clenatulation step at
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Tabtre 4.1: Rrulen fluid s les landomly chosen for stud
Diet Alimal Nurnbel.
High Forage Control
High Forage Monensin
High Concentrate Contr.ol
High Concentrate Monensin
Samples taken fi.oniCuarrit al. zOOO

4,9w,40
25,56,94
16,19,46
12,22,55
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94'oC,36 cycles of 1 minute denatuatio n at 94 oC, 
1 minute for plirner. a'neali'g at 61

oC, and 2 minutes for extensi on at 72 oC, a 5 mimrte flnial extensiol period at 72 oC and

tlre final ploduct was held at 4 oc. The archaeal 16s IRNA gene was aniplified with ttre

specific primers 109f (5' - ACKGCTCAGTAACACGT - 3') a'd 934r (5, _

GTGCTCCCCCGCCAATTCCT - 3') (Microbial Commrurity Analysis III 2007)usilg

tlre following progfam; initial denaturatio n at95 oc for 5 minutes, 35 cycres of

denatulatiottatg4 oc for 1 tninute, annealing at5L.9oc for.30 seconcls a'd exte'sioir at

72 oc for' 2 minutes, and' a final extension at 72 oc for 10 minutes; the procluct was helcl at

4 oc' The reaction rnixtue for the atchaeal PCR was the same for.that of the bacter.ial

reaction' For both the bacterial and alchaeal amplifications the forwarcl priners (27f and.

109f) ra'ele flttoÏescentty labeled with a cyanide based dye (WellRED oligo. Sigrna-

AldÏich, oakvilie, oN) so they could be detected by capillary electrophoresis using the

Beclcrna* co'lter cEe gg00 (Becrcman coulter Inc., Fulrerto', cA).

The PcR products \4'eLe then digested to obtain terminal restriction fi.agme'ts

(TRFÐ' This was performecl usiirg the lestriction enzyme s Hltcil(GCG^C) (pr.ornega.

Madison, v/I) a'd A[ser (T^TAA) (1.[ew E'gland Bio Labs, Ipswich, MA) for the

bacterial ancl archaeal geues respectively. A rnixfure of 1 ¡rL lestr.iction enzlme ,0.2 ptL

10 rng/ml bovine serum albumin, and,2 ptL 10x reaction buffer was made for each

'sanrple ancl incubated at 37 oC ovemight to maxirn ize tl'rcleaction. The lestrictio'

enzylnes wele chosen using the Enzyrre Resolving Power tool in MICA III (2007), a'd

wqre those'esulti'g i' the rnaxi'rum nunber. of fi.agme'ts.

The restÏiction products (apploxirnately 20 pl)wele then desalted usi'g a

nrixture of 0.25 ¡tL2tnglnl- giycogen and2.1 ¡rL 3MNaOAc pH5.2. To themixtrue
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57 ¡tL of 95Yo v/v ethanol was added and centriñlged at 15, 000 x g for 15 min ãt4ec:.

Tlre supeflratant was cliscai'cled ancl the pellets wele then rinsecl twice with 100 1ú 70%

v/v ethalol. after each linse the samples wel'e centliftlgecl at 15,000 x g f-oi. 5 
'rin 

at 4 oc,

the supetnatant was cliscardecl ancl then left to air dry. once dry, the sanples were re-

suspencled in sample loading solution (Beckrnann coultel lnc., Fullerton, cA) for.fi-uther

clownsû'eam analysis.

4.3.3 Terminal Ttestriction Fragment n ength Foryneorphisrn (TRFLP)

A master tnix of 29'25 ¡rL sample loading solution and 0.75 ¡rL of 1000 basepair

(bp) DNA size standalcl (Beckman coulter Inc., Fullerton, CA) was made, 30 ¡-LL of this

master mix was pipetted into the sa:lple tray for the cEe 8800. To the mastel núx 3 pLL

of the PCR product was adriecl fbllowed by one drop of rnineral oil to prevent the sa'rples

from evaporating; all samples were run iri triplicate. The machine required the use of a

wetting tfay. fiilecl with approximately 10 mL of double distilled Mi[i-Q water, a t'ay for.

separation buffer filled for each sample and approximately 5 mL of gel for the capillaries

to perform properly' The cEQ software (version 9.0; Beckman coultel Inc., Fullefion.

CA) was used to analyze the clata, when analyzinga minimrul le'el of fluoresceilce was

defined in the machine to eliminate any tulwanted backgrourcl 
'oise. 

The backgroturcl

was determined using a negative contlol PCR product. The fi-agment data output came i'
two fonns' aI electrophelogram; a serjes of colorecl peaks Ïepresenting the miclobial

commrmity, and a nurnericai table which includes the size (base pairs) ald heigtit of peak.

The heiglit of each peak i'eplesents a rrreasu'e of the proportion of each pop'latio' i' the

community relative to each other. samples whicir did not run properly basecl on these

outpr-rts were deleted and repeats were pelfonned.
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4.3'4 tsioi¡lformaÉic Anarysis of,Eacterìar rRFn F Ðata

The cEQ softwale cannot provicle taxonomic inf-onnation to the family level that

w-as sought, zurd therefore a highly specific bioinfonlat ic anal¡4ica1 pipeline utilizing

lltlmel'otrs iutemet based tools was used as pleviously descr.ibed by seperhi et ar. (2007)

and Bhandari et al' (200s)' Firstly the Ribosornal Database project (RDp, cole et al.,

2008; Accessed August 200s) was employed because it is a sor-rrce for tho'sancls of
sequences known to reside in the rulrell, using these sequences a highly specific bacterial

l'Lrnell database to study microbial ecology w-as clevelopecl (seperhi et al. 2007). The

database u'as uploaded into Microbial community Alalysis III program (MICA III) ancl

ctoss lefelenced with the bacterial primers and lestliction enzyme used. The ouþ*t is a

Iefetence database specific to our piimers and restriction enzyme. This let-erence

database anci the bactelial TRF data were then uploaded in to the phyloge'etic

Assignment Tool (PAT; Kent et aI.2003) and cross referencecl as describecl by seper.6i et

al' (2007)' The output filorn PAT provided GenBanl< accession nurnber.s to ide'tify
which orga'isms represented each TRF. The GenBanI< accession numbers were i'put
into the RDP hiera[chy blowsel, which presentecl the phyltun, class, olc]er.a'd family of
each match as well as thefu.prevalence in tire rumen.

4.3.5 Frimer serection and Rear rime porynnerase chain R.eaction

The primers used for Real Time Polymerase chain Reaction (RT-pcR) are listecl

in Table 4'2 (I{rafipoul et al. 2008). The prirners for the specific or.ganisms wer.e chosen

based on the community profile given by the TRF data. The prirner oligo'ucleotides

were selected fì'om suppoi'ting literatwe (ICrafipotu et ar. 200g) a'd w-er.e sy'thesized b1,

University Core DNA Serices (University of Calgar.y, Calgary, AB).

41



The tlu'ee DNA sarnples extracted fiom rumen fluid for each diet were pooled f-or

each time period, giving 4 diet samples over 6 weeks and-24total salrples to rrur for each

pt'imer' The concentlation of the poolecl sælples was rneasuÍ ed, at awavelength of 260'm

using the Beclaman coulter DU 800 spectrophotometer (Beckmann coulter, Fullerto', cA).

by adding 10 pLL of sample into 90 ¡-LL clistillecl watei'. The spectrophotometer was blanl<ecl

using 100 ¡rL of clistilled water. The samples weïe subsequently diluted 5 ti'res to attai' the

working concentlation of apploximately 5 ng/ptL. A staldard cruve was also established to

nur with each primer set' DNA from one animal for each diet for every w-eek was pooled and

the concentration was lneastu'ed using the spectrophotometer as explai¡ed above. The

sanrple concentrations were measured at37.3 ng/ ptLand diluted 5 tilres to a co'ce'tration of
7 '46 ng/pL' than seven two-fold series dilutions were perfonned to a co¡centlation of

0'0582812 ng/ ¡tL. These samples were fl"r1 with each primer as a tool to compar.e the

experimental samples against.

RT-PCR was pelfortned using the AB 7300 system (Applied Biosysterns, Foster.City.

CA) and the sequence cletection software (version 1.3; Applied Biosystems, Foster city,

CA)' Each sample was rlul in triplicate at a reaction voltune of 25 pLiir a 96-well optical

plate covered by an adhesive film to prevent dlying (Applied Biosystems, Foster City, CA).

Tlie Ïeaction rnixttue was as follows; 5 ¡rL Water',12.5 pLL power. SYBR Green pCR Master

Mix (Applied Biosystems' Foster city, cA), 1 .25 ¡i-of the for.war.d pr.imer. anð. r.25 ¡rL of

the leveLse primer', all multiplied by the total number of sa¡rples set to ru'. Master 
'rix 

was

vottexed briefly and 20 ¡r.L was pipetted into each well of the 96-w-ell plate, to this 5 pL of

pooled DNA sænple was added and ran in the thelmocycler'. The prograln for each of the

bacterial primers were different than the methanogenic uchaeaand ciliate protozoa. u,ith the
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TatgetorganisrnPrirnerSetPrimerSequerrces(5,-.+3,)@

ä ;3; ;;á 234 srr.,JJ3i.,"rTTPnrltil 1ìl Õ'.''..t1¡¡rt¡;.r^\r ^ ^ 
T^^m¡r,^È
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*-"ffi-å:]'o,'-r, *::*::*Èffsj:f*::^"* 

Ëq ö i;; 232 on'*Iåli er ar
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Ëï"' ìíi äi 34s *ffi1"::';ïollo,IIlacl63]R 
^Tî-rìñ 

ata^^^TA ^ ^ ^ \ñ^

ä""rrooo ìi i iï:! ß2 '#å,i,x1ìi,3flaltefacient Rrrrrr Flql p î(1t1'r-î,TY\.r,ñT 
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T^.ì..m
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annealing tempet'attue chzurging and adding a longer extension; fbr.the bacter.ial pr.imers the

program was an initial denaturation of 95 oC for 10 minutes, followed by 40 cycles of
deuaturation at 95 oc for 15 seconds, and annealing at 60 oc for. i minute. The metlunoge'ic

archaea ancl the ciliate protozoa followed the same clenaturation protocol but an

annealing/extension step of 63 oc f-or' 30 second,s/72'c fbr 30 seconds a'd 54oc fo' 30

sec/72oC for 1 minute was appliecl respectively.

The amplification efficiency (E) was detenlined using the slope of the standar.d cr,,./e.

The standard cruve was created by plotting the thleshold cycle (cr) vel.s¡s logar.ith'ric

valttes of differerit poolecl DNA concentlations using the folowing equation (Deru,a' ancl

McSweeney,2006):

B:19-i/sloPe

Relative quzntitication was done using the Relative Sta'dar.d Cruve Meflrod as

docnnrentecl in the Applied Biosystems user Bulletin #2, rgg7 (Appliecl Biosystems

200l),by compafing the exlrelimental pooled samples to the standar.d curve.

,1.3.6 Clustan Analysis

The arcjraeal binary TRF data was anal5,zed using the Clustzur Graphics 7

(Edinbulgh, scotland) cluster analysis softu,are. clustan produces 1úerar.c6ical clusters of
the data grouping satnples together based on similar.ity. The TRF data compaled each

diet' pooled data from each indiviclual animal, against one another acïoss each ti're poi't
using the JaccaÏd's similality coefficient clusteling method, which does not conside' the

absence of a characteristic between fwo samples as a similarity. Multipiying the Jaccard,s

sirniluu'ity coefficient by 100 gives the percentage of sirnilarity between the two tested
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sa]xples' The Clustan softwale plovided a quick and easy method of lookilg at the

relationships of the archaeal populations in the rumen over-diet and time.

4.3"7 Ðata Analysis

The Fisher Exact Test (P < 0.05) was usecl to test the significance between diet and

monensin tleatment fbr the TRFLP plevalence clata. A statistical t-test (p < 0.05) was

perfbnnecl on RT-PCR data (Forage period 2: n:9; periocl3: n: 6; Concentrate perÌod 2: ': 6; period 3: tt = 9) to test significance between rnonensin and control sarnples in one ti¡re

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

4.4 RES{JT,TS

4.4.1 Meúhane Emissions anel Ternperature

The conelation gÏaphs of the methane levels as a percent of gross energy intake

zurd mean temperature ("c) for the folage (Fig a.1A) and concentrate (Fig 4.18) diets

shoin'ecl that temperatuÏe and methane levels did show a positive correlation. However.

tlre con'elation was low (0'19 - 0.73) and therefol'e it cainot be said that tempelatru.e

alo'e is respo'sible for trre effects on metrrane emission.

4.4.2 T erminal R.estriction F ragm ent Length Forym o rphis m

TRFLP analysis of rwlen samples indicated. tirat the major bactei-ialphyla for

both the fb'age a'd co'cent'ate diets (Tabte 4.3) were the Fi'nicutes (>g0%),

Proteobacteria (-5%), Bacteroicretes (-0.5%), Actinobacteria(^2.5%o), and

Verucotnicrobia (-3.5%). The urclassified bactelia made appr.oxirnat e¡y 0.5%of the
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Phylum Actinobacteria

T'abne 4.3. Avera

Class Actinobacteria

Microbial Level

Phylum Bacteroidetes
Class Bacteroidefes
Class Splúngobacteda
Class Flavobacteria

Phyltun Fiunicutes
Class Bacilli
Class Erysipelotrichi
Class Clostridia

Pþltun Proteobacterja
Class Alpliaproteobacter.ia
Class Deltaproteobacteria
Class Epsilonproteobacteria
Class Ganunaproteobacteria
Class Betaproteobacteria

Forage
Periodl periffi

revalence of major phyla and classes oli high for.

+-++
3.0s 3.r5 2ñ
3.05 3.1s 2.28 2.30 2.37

0.78 0.33
0.s4 0.051
0.044 0.051
0.062 0.094

87.06 87.68
2.66 2.79
0.44 t.t2
83.89 83.69

4.94 4.71
0.31 0.30
0.44 0.43
0.29 0.28
1.87 t.76
2.02 1.93

5

5

Phyltun Verrucomicrobia

0.29 0.64 0.63
0.21 0.29 0.29
0.059 0.053 0.060
0.10 0.12 0.1 I

87.97 86.29 86.37
2.77 2.16 2.33
1.8 1.29 1.29

83.33 82.76 82.68

4.69 s.74 5.90
0.44 0.61 0.64
0.46 0.s4 0.50
0.3 i 0.35 0.33
1.33 _ 2.0? 2.16
2.t2 2.20 2.27

Class Vemrcomicrobiae

äi,i:il'J;ï'"T;,;î'åîTX#lli;t"Sj*",î:X¡Jy::r 4, 6); period 3, c'+ back to 'u,"*,.fr*,(ü¡rr r); period 2: Lou, cr-r4 ffir.'':,01, p",i"¿ï, cF'i#iiJ;ÏJí;i"ö,i.i,ï'i-Ji5:åiïläiîÍy:i,1î,

2.47

2.47

ancl hi

0.69 0.79 0.34
0.38 0.52 0.053
0.060 0.a49 0.044
0.092 0.089 0.097

86.72 87.29 86.93
1.66 2.87 1.98
1.21 L06 1.04
83.77 83.28 83.85

5.35 4.78 5.20
0.65 0.40 0.46
0.51 0.41 0.44
0.33 0.27 0.29
1.83 1.79 1.94
2.02 1.90 2.0s

Period 1

concentrate diets

3,17

3.t7

3.s2
3.s2

3.25

3.25

Concentmte

3.43
3.43

Period 2

3.16

3.16

3.75
3.7s

0.31 0.32 0.82
0.0s3 0.050 0.49
0.053 0.064 0.063
4.062 0.078 0.099

88.s3 88.82 86.56
2.18 2.22 2.84
0.4s 1.28 1.32
85.86 85.26 82.33

3.77 4.06 5.62
0.48 0.37 0.50
0.44 0.41 0.39
0.29 0.27 0.35
1.07 1.23 r.g9
1.50 1.78 2.23

2.82

2.82

4.2s
4.25

Period 3

2.03

2.03

3.93 3.98
3.93 3.98

2.58 0.215
2.58 a.2r5

0.73 0.109
0.42 0.097
0.056 0.003
0.10 0.009

87.00 0.412
2.94 0.208
1.23 0.186
82.76 0.524

5.19 0.322
0.44 0.0s9
0.47 0.022
0.31 0.014
T.94 0.t72
2.01 0.106

SEM

3.26
3.26

3.55
3.55

3.54
3.s4

3.26
3.26

12); Conce¡atrate: periocl 1: Control
- diet without monensin

4.r7
4.17

3.74
3.74

0.1 65
0.1 65
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Figure 4.2: cluste'anarysis of ruren methanogenic zucrraea grouped by diet(Diets - HF-c: High fo'age control; HF-M: Higïi forage rnorlensin; HC_c: Highconcentrate control; HC-M: High concentrate monensin). scale válue -.lffiro by 100is the percentage of sirnilar-ity.
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totai pÏevalence f-oÏ both forage and concentrate diets at the phylturr level. There were

no statistical differences between all dietary tleatments (concentrate vel.sss for-age ol
mor:'ensin versus control). In addition. there was no statistical difference between

bacterial popnlation prevalence over time.

4.4.3 Clusfan Analysis

Muitivariate analysis indicated that there were no clustering pattems that could

grotlp methanogens by monensin iuclusion (Fig. a.2). Methano-eens appeared to be

unaffected by the inclusion of monensin, however there is s.ome clusteri'g

(appÏoxirnately 60Yo similarity) occttring between diets (forage verslrs colcenfl.ate)

which we can expect to see.

4.4.4 fteal Time Folyrnerase Chain Reactio¡r

In tlre forage plus rnonensin cliet (Fig a.3) there was a clecrease in Butyrivibrio

fibrosoh'ens, Lactobacillus spp', Runtinococcus flat,efaciens, Selenom.onas runt,ir.atium,

but not R' albus when compaled to tire ursupplementecl cliet, and the decli'e in

Stt"eptococczt,s botis was not substantial. The glam-positives B.-fibrosolve,s,

Lactobacillus spp., R. albus, R..flavefaciens, S, runtinantí,um and. S. bovísdecreased in

abrurdance in the concentlate diet when monensin was included as compalecl to the

ursupplemented diet (Fig 4'5). In both the forage and concentrate diets the gram-negative

PrevoteLlct t'umin'icola considerably increased in aburclance with monensi'

supplenrentation (Figs 4.3 and" 4.5).

Iir the frrrage diet tliere appeared to be little adaptation to monensin by gram-

positive bactetia, with A. .flavefaciens being the only species that showed aclaptation as its

values in period 3 significantly increased (P < 0.05) compared to periocl 2 (Fig4.3). B*t
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tlre nrethauogenic arçhaeaancl ciliate protozoaclid increase in abunclance (p < 0.05) after

an initial dec'ease while on forages (Fig a.q. The co'centr.ate diet showed B.

frbrosolt'ens, R' albus' and R' flavefacíem adaptecl to the monensin treatment with their

peÏiod 2 levels being significzurtly (P < 0.05) higher in period 3 versus per.iocl 2 (Fig 4.5).

The methanogenic archeaea on the concentrate diet were initially decr.eased, but the'

significantly (P < 0'05) increased il abwrdance oveL tirne, whereas the ciliate pïotozoa

re'rained consistently lower tha'baseli'e le'els (Fig a.6).

,{.5 DISCUSSXTTN

To deterilire any tempelatule effect on metirane levels a correlation was

measrued between the factors (methane levels fol contlol zurcl rnonensin treatme'ts and

temperatrue) for both the fora-qe (Fig a. rA) and concentrate (Fig 4.18) diets. The

ting the effect of temirer.atue

on tnethane emissiotls r'l¡as not major. The irÍeractions between ilethane and temperatule

needecl to be considerecl as it may be an altemative explanation for adaptation in the

l'tÌru'ell hou'ever fiom this clata aloue it is impossible to say whether temperatule alone is

responsibie fbr.the clecrease in methane levels.

When TRFLP analysis was conductecl over a 12 wkperiod (Fig. 1) the most

plevalent phylurn was the Firmicutes wlúch accourtecl for over- 80% of the populatio' i'
both tlie forage (Fig. 1A) and grain diets (Fig. 1B). The other rnajor phyla were the

Proteobacteúa (5%), verrucolnicrobia (-3.5%),Actfurobact eúa (-e.So/o), a'cl

Bacteroideles (-0'5Yo)' These proportions we1'e appïoximately the same ir-respective of
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whether a forage or grain cliet was consruned ¿urcl demonstrate a r.emarkable level of

stability at the phyhun and the class level. However the inclusion of monensin had iittle

inJltrence on phylurn st'uctuue of the p'olcarya (Table 4.3) or arcItaea (Fig. a.z).

Using the,search tenn "ïumen" in the RDP (Cole et al.200g) a clistribution of all

nullell sequellces could be obtained. This analysis indicated thatTL2olo of ru'en
sequellces wele fiom the Firmicutes, 18. lYo fuomthe Bacteroidetes, 7.lyo fronthe

PÍoteobacteÅa,0.43o/o fi'om the Actinobacteria, and approxirnat ely tyofi.om the

Venucomicrobia. We can thus conclude that the phyltul prevalence we observecl usi'g

TRFLP without 165 rDNA sequencing plovides a leplesentative distribution that is

typical of the rulìen ecosystem. we have previously demonstrated (sepelÏi et al. 2007)

that using TRFLP in conjrurction with ou desclibed bioinfonnatic analytical pipeli'e

provides robust data to the family level.

An interesting obsewation fi'om both the data presentecl here and the RDp search

vvas that the Ver:rucomicrobia are one of the major phyla in the flrmen (Fig a.1). Iir the

RDP thele are a iaÏge number of sequences within the Verrucomicrobia that are rlunerl

affiliates, bnt uone of them have been isolated. The closest affiliated isolate frorn the

marunralian digestive tract is Alckennansi.a mucitdphila atnucíttdegr.adi'g 6acteriru'

isolated from the hrulair gut (Derien et al. 2004). It is unciear what role mucin

degladation per se woulcl ltave, but the rulnen is a plant polysacchar.de rich enr¡iLormre't

containing strttctut'es with similality to mucin carbohydlate moieties (Golclstei n2002;

Flint et al' 2008)' A. mttciniphilia couldconsequently have a role in plant polysaccharicle

clegradation (Flint et al. 2008).
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It has beeu demonstlated in auaerobic sediments that the Ver.ruconicrobia ar.e

involved in anaet'obic methane oxidation (Dunfield et a|.2007). ln this syntrophic

plocess oxygen ot' sulfate acts as the terninal electron acceptor (Raghoebarsing et al.

2006;Muyzer ancl Stams 2008). The rumen is an anaerobic environment zurcl sulfate is

alnrost always preseff in the nunen (McSweeny and Denmzur 2007;Spears 2003). We

speculate that methane oxidation with sulfate as the tenninal electr.o* acceptor occur.s in

the Ïunen. To our knowledge this is a virtually rurexplored process in rumen

tnethanogenesis ancl future research sliould attempt isolation of members of the

Verrucomicrobia fiom the ftitnen.

Monensin has been suggested as a nreans by w1úch methane ploduction i¡ the

nullen cau be reclucecl but it is clebatable whether the effects on inethane ar.e shofi or long

tenn (Callaway et aL.2003). Poos et aI. (1979), Perry et at. (1983), Rumpler et al. (19g6),

atrd Lana et al. (1997) denolrstlated that the beneficial effects of rnonensin were long

lasting but they did not measure rnethale emissions. Guan et al. (2006) observed that

methane emissions retLuned to baseline levels within fotu to six weeks depending on

carbon source' Beauchimin and McGim (2005) fed cattle tllough various phases of

productiotl typically of a f-eedlot opet'ation. Alimals consuned concentrate diets

supplemented with monensin aucl methane emissions were determinecl (Beauchemin ancl

McGírur 2005). Although they did uot specifically measure adaptation to monensin one

interpretation of their data is that methane declined as animals becane older, suggesting

adaptation. In a similal study by McGinn et a,t. (2004) methane emissions clecli'ed when

monensin supplementecl aniilals \ ¡ere compared to controls but the experimental period

was only 21 d.
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we were able to dernoustrate adaptation of some rrunen sirecies to rnone'si'

wlren the samples fiom Guan etal. Q006) were analyzed rvith real-time pcR. Real-ti're

PCR data providecl abturdance data. wlúle TRFLP provides prevalence data. Altho'gh
there were no signif,rcant cliffelences between treatments basecl on prevalence measures

of prokalyotes (Table 4.3), or atchaea (Fig. a.Ðthele were clear differences i' the

abutdances of species we hypothesized to be impoftant.

In general, the rnajor effects of monensill were on glam-positive hyclroge'

producing species (Rtminotcocas albus R. flavefocierzs, Butyt ivibrio.fìhrisolvens,

selenom'onas ruminatttiunt) (Figs 4.3 and.4.5). The increase in p. runtitt.i'ola.a gram-

negative is most likely the result of decreased competition for snbstrate witir,S. botis. on
tlre fot'age'monensin diet all gram-positive bacter.ia except fr. albu,sdecreasecl in

aburclance relative to the control. The diffelential response between R. crbttsa'cl R.

flcnefacíetz's is not clezu but this result has also been r.epoÏted by other investigators

(weirner et al' 2008)' It is possibly a consequence of access of inonensin to the bacteria

tlrat covet'the plant cell wall srufàce ancl we specrúate that fi. cil.busis protected in the

biofrlm on the plant surface.

ou the concentrate-rnouensili diet all of the gxarn-positive hydr.ogen produci'g

species d'ecreased in abundance compaïed to the control. The aclaptation observed in the

gt'am-positive A' albtts, R'.flcntefaciens and. B.-fibrosoh,ens and,not any other species may

be aftributed to competitive advantage in the rumen. B.fibt.osolyens canflour.ish in high

gÏain rliets as they at'e sfl'ongly zunylolytic (Stew'ar.t et al. 1997). wheÏeas R. albu,sand 11.

.fløvefacietzs can associate wjth the túghly abundant p. runtinicola onpla't sr-ufaces, as

tlre concentÏate diet inclucled 22.7%alfaifh silage, therefor.e taking adva'tage of the
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protection given by the biofilni conrmunity and replenishing their populations (Stevenso'

and \Ã/eimet,2007; LaÍue et al, 2005; Guair et al.2006). Fruthennore the r.ate of runen

ttunover is faster on the high concentrate cliet, and this rnay liave affectect the gr.owth of

the bacteria

Although there was a negative effect on Stt'eptococcus bovis itis not consiclerecl a

hydlogen prodr-rcing species but an active proteolytic organism. As 
^S. 

åov¡¡ declined

tlrere was an increase in the gram-negative proteoly'tic species pt.eyotella rzuninicolct. We

can consequently conclude that the inclease it P. rutni.nicola is because of reduced

cornpetition for plotein between S. bovis ancl P. rtun.i.nicola. Other. investigators have

discussed the role of monensin in reducing wasteful protei¡ fementatio' i' the nunetl

and reducecl competition for protein is one of these mechanisms (Houssein et aL I99I;

Bach et al. 2005; Chen and Russell l9S9).

Monensin effects are also observed in the methanogeni c archaea(Figs. 4.4 and.

4.6), whethel this effect of monensin is clirect or indirect is debatable as both have been

reported to occur. Mathison et al. (1998) reported methanogens to adapt to monensin over

time. where as other stuclies have shown no effect of monensin on methanogenic ar.chaea

(Weinrer et al. 2008; Van Nevel and Derneyer 1977). The interaction of nmen

tnethauogens with ciliate plotozoa can also be exlrlored as an explanatiol for-the decrease

in archaeal abrurdance (Tokura et al. 1999). Methanogens are lç¡ow1to associate with

Tunell protozoa (Finlay et al,. 1994), zurd the decrease in monensin srisceptible ciliate

protozoa can corelate with the red.uction in methanogens (Figs 4.4 and 4.6).

Tlle adaptation trend seen in the methanogenic archaea on the forage ald

concentrate diets can potentially be explained in relation to the pr.otozoa. A fbr.age cliet
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has a moÏe neutÏal pH wtich is favorable for plotozoa gowth, as well forage provicles

nrore surface area for growth in the rumen (cheeke, 2005),thus pr-otozoa abundance was

able to iucrease zurd provide growing space for tire monensin resistant methanogens. The

methanogenic alchaea increasecl in abundance on tire concentrate as well however the

pÏotozoa did not' This is because the monensin susceptible protozoa could not r.egain

population due to a iow-er pH in the rumer¡ it has been reported that caftle fecl a high

concentrate diet and a nrnetl pH below 6.0 were defaunated of protozoa over ti're.

Qrlagaraja and TitgerneyerZ}}T;Franzolin ancl Dehority 19g6). The rise in archaeal

abrurdance can thus be attributecl to a lesistance to monensin and an i'clease of avail¿rble

hydlogen, and their initial decline in both cliets is a result of the clecr.easecl protozoa.
'we 

conclude tliat providing an aninal trial is at least síx wk in length some ïru1rer1

microbial adaptation to monensin occuïs (Fig. a.7). Although it is not possible to

rurequivocaily conclucled that the effect of rnonensin is on hydrogen procluci'g gram-

positive bacteria it is appealing given the correlation of methanogens ancl rnethane within

a relatively constlained time period. A striking featue of the adaptatiol is that it occrus

more quickly with high concentrate diets than with forage diets. v/e attribute this to the

fact that the ttuÏovel, and consequently glowth late of bacteria, is slower. in forage cliets

tlran in concentrate diets (Sniffen et al. 1992; Fox et aI. 1992)
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5.0 GEI{ERAJ, SUN4M,AR.V

Methane emissions û'om rtulinant livestock have a dominant impact on the

agrÌcultuÏe greenhouse gas inventory and in order to see some relief a mitigation strategy

mttst be developed' Ionophores have been shown to reduce methane emissions fi.om

rtuninants (Van Vugt et al. 2005) arnong mary other 6eleficial effects such as recluced

trlcrat, incleased feed effîciency, and decrease Tacticacid. production to help pr.event

nunen acidosis (Tedeschi et aL.2003), and therefore coulcl provide an avenue for bettel.

overall rulinalt production.

Ionophores' such as monensin, have antibiotic properties mainly agairìst gralr-

ptrsitive bacteria (callaway et al,2005). In tire ïuren nrany gr.am-positive bactelia ale

also hydrogert producing bacteria (Russell and Rychlik 2001), which corulects the'r to

methzurogenesis' Rulen methauogenesis requires hydrogen to be pr.oduced. by bacter-ia

duling fermentation to converl carbon dioxicle to rnethane (Gottschalk lggg). using

inoneusin will cause a decrease in the populations of gramlrositive bacter.ia and

consequently hydrogen (Russell and Strobel 1989) and without hydrogen methanogenesis

cannot occur aud methane emissions will decline.

Plevious research by Guan et aL (2006) showed monensin to slccessfully

declease methane emissions fiorn feed lot cattle, howevel after only a few weelcs

methane emissions retumed to baseline ievels. In this study, rullen fluid sa¡rples taken

fi'our Guatr et ai' (2006) were analyzed to examine l'umen microbial ecology a'd the

possible aclaptation to rnonensin. It was formcl using TRFLP that mo'e'si' clid not affect

tlre prevaleuce of bact eria atthe phylun levei, however it did inclicate what major phyla
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were at play ancl gave asense of whele to proceecl rvith RT-pCR. The TRFLp plevalence

clata identified the verrucornicrobia as a major phylurn (-3.5%) of the rumen, however

very iittle is known about them. verntcorniclobia ale known to be anaer.obic lnethane

oxiclizers in thennophilic ancl aciàophilic environlrerfs, wirich prompted a question in

their i'ole in lutnen fetÏrentation. Fulther research into their ecology may reveal thern to

play an integral part in methane recluction fi'om the nullen. TRFLP using primers speciiic

to methanogens and clustering software demonstlated the methanogells weïe 
'ot 

afîectecl

by the monensin treatment.

The abundance data obtained fi'orn RT-PCR showecl rnonensin caused most of the

glam-positive hydrogen producels to decrease in both cliets and adaptation was observecl

itt B'Jìbrosolt'ens, R. albus and- R.flat,efacÌens on the concentLate diet a¡d only in R.

'flavefaciens on the forage diet. These adaptations may be explained by pr.otecti'e

microbial contllrrurity intelactions in the nrnell as well as for.the amylol ytic B.

./ìlsïosoh'etns afflrnity fbr high glain cliets. The grarn-negative species, p. rwriricola

showed a considerable inc|ease compaled to traseline over time. which can be attributecl

to the laclc of nutrient competition in the rumen.

The methanogenic alchaea and ciiiate protozoa wer.e also affected by the

nronensin treafiIetlt. The Ïesponse of the archaeacan be associated with the response of
the protozoa' Many methanogenic slrecies live symbiotically with protozoa in the ,..urlen

(Finlay et al' i 994), and'the decrease of protozoa in the mmen because of monensin

would cause a decÏease in rnethauogenic populations. Ther.efbre the effect of mo'ensin

o' archaea is indirect whereas the effect on protozoa is clirect.
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To cotlsicler the effects of temperattu'e on methane levels a correlation was

measru'ed' These colrelations could not eiiminate the influence of te'rperatlue howe'er

they were low enough to co'clude it is urlikely the i'f1'e'ce is ]ar.ge.

A significant diffelence was in the type of carbohydrate (forage versus

concentrate) f-ed in the diet. The methane emissions fol those alúmals on the concentrate

cliet retumed to baseline levels two weeks earlier than those fed the forage diet. This is

att'ibuted to the fhct tliat the late of *unen tumoveL is higher in concentrate diet (s'iffè'
el aL t992;Fox et aI. 1992).

Restllts from this sttrdy ale helpfulin showing adaptation to monensill can occrr

in the lumen' Also the obserued diet effect correlates the monensin aclaptation to r.oren

turtover' And now research efÏorts can focus on using rnonensin as a co¡tinuous tool for

methane reduction or research on other methocls for long tenl methane suppressiorl can

be investigatecl.
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6.0 CTNCLUSTTNS

It can be concluded that:

ø Adaptation of some bacteria to'ronensi' clid occtu i' the r.ruren on
both for.age and concentrate diets.

o Thele was a carbohydrate (forage vel.srs co'centrate) effect on rate of
adaptation, witrr trre co'ce'hate diet srrowi'g acraptation two weeks
earlier tha' the forage diet and this ca' be attributecr to nurren ttunover
bei'g cha.acteristicalll, faster witli a concentrate diet.

@ The phylun Verrucomiclbia is arïor1û rhp .r^-+ -^-; among the most represented ilr the
rarmen however trrere is very littre r<nown about it. In otrrer

envi'o''re'ts trre vemucomicrobia rrave been fou'cl to be'rethane
dizers, trierefore ñutrrer studies sho'rd be perfo'ned to investigafe

its role in the nullen,

e Meirranogenic pop'lations were not directry affected by the mo'ensiir
treaû,ent on trre forage or concentrate diet. Their abu'dance initialiy
decreasecl on rroth diets rrowever trris is a res'rt of a rarge nu'rrer of
arcrraea roroq'n to reside on monensi'susceptible protozoa.

o Trre c'iate ltrotozoapopuratio's weïe affected by ihonensi'olr rrotrr
the forage and conce'trate diet. Trreir aburclance did retum i'the
forage diet crue to increasecr siuface area and a near neutl.ar 

'H, 
but'ot

in the concentrate diet where the pH was more acidic.
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o Temperature rrad low correratio'with metrrane levers ancl tirer.efble

appears to have little influence.

e Fruther'esearcrr l,ust be co'cructed to compretery u'crer.sta'cl trre

adaptation process.
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Table 8'tr: Pe[centage of Total Bacteria or¡er time with or without Monensin o' Forage Diet
Microbial Level
Phylurn Verruc

cn' venucomicrobiae 100 100 r00 r00 100 r00 100 100 100 100ob' vermcomicrobiales ioo 100 100 100 100 100 100 100 100 100F''venucomicrobiaceae 100 100 100 100 100 100 r00 100 i00 100Plrvlurn Dei'ococcus Then,us 0.009 0.009 0.011 0.012 0.00g 0.009 0.009 0.012 0.011 0.009c' Deinococci 100 100 100 100 100 r00 r00 100 100 100o' Deinococcares 100 100 i00 r00 100 100 100 100 100 r00F' Trueperaceae r00 100 100 100 100 100 r00 100 r00 100Pþlun Lentisphaerae 0.018 0.017 a.023 0.023 0.016 0.017 0.017 0.023 0.023 0.018c' Le,tisphaerae 100 100 100 100 100 100 r00 100 100 100o' victivallales 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00F' vicrivalraceae 100 100 i00 100 100 100 i00 100 i00 r00ucd' Lentisphaerae 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00PlrvlurnFusobacteria 0.018 0.017 0.057 0.05g 0.040 0.017 0.017 0.047 0.057 0.045c' Fusobacreria 100 100 100 100 100 ioo 100 100 100 i00o' Fusobacteriares 100 100 100 100 i00 i00 100 r00 100 100F' Fusobacteriaceae 50.00 50.00 80.00 g0.00 g0.00 50.00 50.00 100 80.00 g0.00F' Incertae sedis 11 50.00 50.00 20.00 20.00 20.00 50.00 50.00 0.00 20.00 20.00Phyltun Defe*ibacreres 0.00 0.00 0.00 0.00 0.008 0.00 0.00 0.00 0.00 0.00c' Defe*ibacreres 0.00 0.00 0.00 0.00 100 0.00 0.00 0.00 0.00 0.00o' Defe*ibacrerales 0.00 0.00 0.00 0.00 100 0.00 0.00 0.00 0.00 0.00F' Incerrae sedis 3 0.00 0.00 0.00 0.00 100 0.00 0.00 0.00 0.00 0.00Plrylurn Bacteroidetes 0.7g 0.33 0.44 1.13 o.7g 0.34 0.34 0.46 0.45 0.32c' Bacte'oidetes 68.54 15.38 t3.16 65.98 65.31 r s:s 15.38 i5.38 15.3g 13.89o' Bacteroidales 100 100 100 100 100 100 100 100 100 i00F' Rilienellaceae 1.64 16.67 0.00 1.56 1.56 16.67 16.67 16.67 16.67 16.67

8.0 APPÐNÐIX

\Meek i2

3.29 4.36
100 100
100 i00
100 100

0.008 0.011
100 100
100 100
100 100

0.016 0.022
100 100

50.00 s0.00
100 100

50.00 50.00
0.041 0.05s
100 100
100 100

80.00 80.00
20.00 20.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.80 1.06
65.98 6s.98
100 100
1.s6 1 .56
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Microbial Level
F. Bacteroidaceae
UC. Bacteroidales

C. Sphingobacterja
O. Sphin-qobacterial es

Farnily Flexibacteraceae
F. Sphingobacteriaceae
F. Sapr.ospiraceae
F. Crenotrichaceae

C. Flavobacteria
O. Flavobacteriales

F. Flavobactedaceae
UC. Bacteroidetes

Phylun Spirochaetes
C. Spiroehaetes

O. Spirnchaetales
F. Leptospiraceae
F. Spirochaetaceae

Phylum Actinobacteria
C. Actinobactelia

SubC'. Coriobacteridae
O. Coriobacteriaies

SubC. Actinobactericlae
O. Bificlobacteriales
O. Actionrn5'cetales

Phylurn Tenericutes
C. iVlollicutes

O. Anaeroplasmatales
F. A¿raeroplasmataceae

Week 1

96.72
1.64
56)
100

0.00
60.00
20.00
20.00
7.87
100

i00
t7.98
0.13
100

100
15.38

86.67
3.05
100

80.92
100

19.08
54.55
45.45
0.035
100
0.00
0.00

66.67
16.67
15.38
100

16.67
50.00
16.67
16.61
28.21

100

100
41.03

0.13
100

100
1s.3 8

86.67
3.15
100

79.s6
100

20.44
49.33
s0.67
0.i0
100

25.00
100

Week 3

80.00
20.00
15.79
100

16.67
50.00
16.67
16.67
28.9s
i00
i00

42.11

0.011

100
i00

0.00
100

1.20

100

60.95
100

39.0s
34.1 5

65.85
0.15
100

23.08
100

96.88
1.56

6.19
100

16.67
50.00
16.67
16.67
]'t.34
100
100

16.49
0.012
100
100

0.00
100

2.0a
100

37.21
100

62.79
34.30
6s.74
0.070
100

16.67
100

'Week 4

96.88
1.56

7.14
100

28.57
42.86
14.29
14.29
11.22
100

100
16.33
0.13
100
100

t2.5
87.s
2.72
100

86.39
100

13.61
36.96
63.04
0.11

100
23.08
100

66.67
16.67
15.38

100

t6.67
50.00
16.67
16,67
28.21

100
100

41.03

0.13

100
100

1s.38
86.67
3.t7
100

79.3s
100

19.10
48.68
51.32

0.10
100

25.00
100

Week 6

66.67
16.67
1s.38
100

16.67
s0.00
16.67
16.67
28.21

100

100
41.03
0.13
100

100
15.38
86.67
2.9t
100

86.90
100

13.10
38.64
61.36
0.080
100

JJ.JJ

100

66.67
16.67
15.3I
100

16.67
50.00
16.67
1,6.67

28.21

100

100
41.03
0.012
100

100
0.00
100

1.73

100
42.86
100

s7.14
42.86
57.14

0.082
100

42.86
100

V/eek 10

66.67
16.67
15.3 8

100

16.67
s0.00
16.67
16.67
28.21

100
100

41.03
0.011

100

100
0.00
100

1.67
100

43.84
i00

s6.1 6
45.12
54.88
0.15
100

23.08
100

66.67
16.67
17.14
100

16.67
50.00
16.67
t6.67
20.00
100

100
45.71

0.14
100

100
15.38

86.67
J.JJ

100

78.65
100

21.35
46.84
53.16
0.099
i00
9.09
100

S¿eek i2

96.88
I.s6
6.19
100

t6.67
50.00
16.67
16.67
11.34
100
100

t6.49
0.12
100
100

15.38
86.67
3.07
100

77.87
100

22.13
44.58
55.42

0.1 1

100
23.08
100

96.88
1.56
6.19
100

16.67
50.00
16.67
16.67
11.34
100

i00
t6.49
0.00
0.00
0.00
0.00
0.00
1.60

100

41.10
100

s8.90
43.02
56.98
0. t4
100

23.08
100
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Microbial Level
O. Acholeplasmatales

F. Acholeplasmataceae
O. Mycoplasmatales

F. Mycoplasrnataceae
Phylun Finnicutes

C. Bacilli
O. Bacillales

F. Paenibacillaceae
F. Incertae Sedisl l
F. Bacillaceae
F. Planococcaceae
F. Staphylococcaceae

O. Lactobacillales
F. Leuconostocaceae
F. Aerococçaceae
F. Lactobacillaceae
F. Enter.rococcaceae
F. Streptococcaceae
F. Carnobactedaceae

C. Erysipelotrichi
O. Erysipelotrichales

F. Elysipelotrichaceae
C. Clostlidia

O. Clostridiales
F. Inceúae Sedisl3
F. Incertae Sedisl l
F.Peptostreptococcaceae
F. Incertae Sedis 15

V/eek I

0.00
0.00
100

100

87.06
3.05

26.49
2.50
10.00
35.00
8.75
43.75
73.sI
0.45
1.80

24.32
0.90

70.72
1.80

0.51

100

100

96.36
98.44
0.30
0.04
0.14
0.06

o aaO.JJ

100

66.61
100

87.68
3.19

25.15
4.88
9.75

34.15
8.s4

42.68
74.85
0.4r
1.64

29.10
3.28

63,93
t.64
1.28

100
100

95.45
98.76
0.30
0.04
0.13
0.06

Week 3

7.69
100

69.23

100
87.78
3.19

28.18
4.88
9.7s

34.1s
8.s4

42.68
71.82
0.48
1.91

17.22
3.83
75.60
0.96
1.73

100

100

94.38
97.68
0.35
0.00
0.20
0.08

16.67
100

66.67
100

84.75
aa-
J.J I

23.17
7.02
14.04
49.r2
15.79
14.04
76.83
1.06

1.s9
4.23
1.06

89.95
2.12
r.79
100

100
94.74
97.80
0.41

0.00
0.19
0.09

Week 4

7.69
100

69.23

100
88.01

3.22
23.30
4.88
9.7s

34.1s
8.54

42.68
76.70
0.37
1.48

30.00
2.96
63.70
1.48

3.12
100

100
93.58
98.57
0.28
0.04
0.17
0.07

o 1ô
ò.JJ

100

66.67
100

87.34
2.3s
t2.61
1a a^
I J.JJ
26.67
I J.JJ

20.00
26.67
87.39
0.48
1.44

19.71

3.85
73.56
0.96
1.29
100

100

96.28
98.45
0.i6
0.04
0.1 5

0.06

Week 6

11.11

100

55.56
100

88.1 3

2.43
22.67
7.14
14.29
50.00
12.50
16.07
77.33
0.52
1.57

13.61
1.05

82.20
1.05

1.28
100

100
96.22
98.50
0.26
0.04
0.15
0.06

14.29
100

42.86
100

86.77
1.81

s9.70
2.50
10.00
35.00
8.75
43.7s
40.30
0.00
5.s6

42.59
14.81
35.1 9

1.85

t.4t
100

100
96.69
97.97
0.09
0.00
0.19
0.00

V/eek 10

7.69
100

69.23

100
85.57
1.97

55.78
4.88
9.75

34.1 5

8.54
42.68
44.22
1.54

6.1s
s5.38
3.08

30.77
3.08
r.73
100

100

96.2r
97.97
0.09
0.00
0.21
0.10

9.09
100

B 1.82

100

B7,92
0.89

79.31
5.80
0.00

39.13
8.70

46.38
20.69
0.00
16.67
JJ.JJ

11.11

JJ.JJ

5.56
1.09

100
100

97.93
98.47
0.06
0.04
0.14
0.05

\Veek i2

7.69 7.69
100 100

69.23 69.23
100 100

87.17 85.s1
3.40 2.97
22.6s 35.34
4.88 4.88
9.7s 9.7s
34.15 34.is
8.54 8.54

42.68 42.68
77.35 64.66
0.3s 2.67
1.43 2.67

32.t4 56.67
2.86 5.33
61.79 30.00
r.43 2.67
1.26 t.7t
100 100
100 100

9s.26 95.23
98.23 97.83
0.28 0.38
0.04 0.00
0.14 0.19
0.06 0.08

83



Microbial Level
F. Peptococcaceae
F. Eubacteliaceae
F. Veillonellaceae
F. Clostridiaceae
F. Runinococcaceae
F. Lachnospir.aceae
UC. Clostridiales

UC. Clostridia
UC. Fimricutes

Phylul Proteobacterja
C. Alphaproteobacterja

O. Caulobacterales
F. Caulobacteraceae

O. Rickettsiales
. F. A.naplasrnataceae

O. Sphingornonadaies
F. Sphingomonadaceae

O. Rliodobacterales
F. Rhodobacteraceae

O. Rhoclospirillales
F. Acetobacteraceae

O. Rhizobiales
F. Brucellaceae
F. Rlizobiaceae
F. Bartonellaceae
F. Bladyr-hizobiaceae
F. Hyphomiclobiaceae
F. Phyllobacteriaceae

Week I

0.04
0.03
r.94
0.04
38.37
s7.87
1.16
1.56

0.08
4.94
6.24
2.86
100
s.71
100

11.43
100

s.71
100

2,86
100

60.00
aa aaJJ.JJ

23.81
19.05
0.00
74.29
9.s2

0.04
0.03
1.88
0.94

36.74
58.99
0.88
t.24
0.08
4.71
6.36
2.86
100
5.71
100

11.43
100

5.71

100

2.86
100

60.00
JJ.JJ

23.81
19.05

0.00
t4.29
9.52

Week 3

0.00
0.04
0.86
2.14
t4.87
80.66
0.79
2.32
0.09
5.t4

1 1.58
1.92
100

3.8s
i00
v.69
100'
7.69
100

1.92

100

69.23
19.44
27.78
11.i1
0.00
o îa
Ò.JJ

5.56

0.00
0.04
3.89
2.19
15.07
77.63
0.49
2.20
0.i0
6.68
9.04
7.92
100

3.85
100
7.69
100

7.69
100

1.92
100

69.23
19.44
27.78
11.11

0.00
o 1aO.JJ

5.s6

Week 4

0.03
0.03
2.71
0.91

37.r2
57.54
1.10

1.43

0.07
4.48
6.29
2.86
100
5.71

100
11.43
100

s.7I
100

2.86
100

60.00
JJ.JJ

23.81
19.0s
0.00
14.29
9.s2

0.00
0.03

0.69
1.55

36.89
s9.5s
0.89
1.55

0.08
4.98
8.82
0.00
0.00
3.92
100
7.84
100

7.84
100

1.96

100

70.59
19.44
27.78
11.i1
0.00
o tô
Õ.JJ

s.56

'Week 
6

0.00
0.03
0.71
0.94

37.36
59.32
1.13

1.50

0.08
4.44
10.14
t.92
100

3.85
100
7.69
100

7.69
100

1.92

100

69.23
19.44
27.78
11.i1
0.00
o naÒ.JJ

5.56

0.00
0.04
0.94
2.13
14.58
81.24
0.80
2.03
0.09
5.s6
14.14
13.43

100
13.43
100
597
100
5.97
100

t.49
100

Ea -aJJ.IJ

19.44
27.78 .

1i.11
0.00
Õ alO.JJ

5.s6

Week 10

0.00
0.04
0.92
2.t3
14.63
81.0s
0.82
2.03
0.09
6.87
1t.02
12.12
100

13.64

100
6.06
100

6.06
100

1.52

100
54.s5
19.44
21.78
11.11

0.00
O.JJ

5.56

0.00
0.03
0.56
0.9s

36.53
60.79
0.84
1.53

0.08
4.04
11.58
1.92
100

3.85
100
7.69
100

7.69
100

r.92
100

69.23
19.44
77,78
11.11

0.00
o aõ
O.JJ

5.56

'Week 
12

0.05 0.0s
0.03 0.04
2J6 3.71
0.91 2.07
36.88 14.27
57.67 78.30
t.r7 0.84
1.77 2.16
0.08 0.09
4.92 6.6s
10.33 12.s0
14.52 11.84
100 i00
3.23 1 1.84
i00 100
6.45 5.26
100 i00
6.4s 15.79
100 100
1.61 1.32
100 100

58.06 48.68
19.44 18.92
27.78 27.03
11.i1 10.81
0.00 16.22
8.33 8.1 1

5.56 s.41
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Microbial Level
F. Methylobacteriaceae

UC. Alphaproteobacteda
C. Deltaproteobacteria

O. Syntrophobacterales
F. Synhophaceae

O. Desulfobacterales
F. Desulfobaceae

O. Desulfovibr.ionales
F. Desulfovibrionaceae

UC. Deltaproteobacteda
C. Epsilonproteobacteria

O. Campylobacterales
F. Campylobacteraceae
F. Helicobacteraceae

C. Ganunaproteobacteria
O. Cluomatiales

F. Cluomatiaceae
O. Pasteurellales

F. Pastenrellaceae
O. Xanthomonadales

F. Xanthornonaclaceae
O. Viblionales

F. Vibrionaceae
O. Pseudornonadales

F. Moraxellaceae
UC. Pseudomonadales

O. Aerornonadales
F. Aeromonadaceae

Weeli I

0.00
1r.43
8.91

2.00
100

2.00
100

94.00
100

2.00
s.88
100

42.42
57.58
37.79
0.47
100

6.60
i00

12.26
100

0.47
100

4.24
100
0.00
1.42
100

0.00
11.43

9.09
2.00
100

2.00
100

94.00
100

2.00
6.00
100

42.42
s7.58
37.27
0.49
100

0.98
100

12.68

100

0.49
100

5.8s
91.67
8.33
1.9s

75.00

'Week 
3

11.11

7.69

10.91
2.04
i00

2.04
100

93.88
100

2.04
7.3s
100

42.42
57.58
20.04
1.1 1

100

15.s6
100

26.67
100

1.11

100

I J.JJ
91.67
O.JJ

5.s6
60.00

11.11

7.69
B.87

1.96

100

1.96
100

94.12
100
r.96
5.74
100

42.42
57.s8
36.00
0.48
100

6.76
100

10.63

100

0.48
100

4.3s
100
0.00
0.48
0.00

Week 4

0.00
1 1.43

8.99
2.00
100

2.00
100

94.00
100
2.0a
6.12
100

41.18
s8.82
36.s 1

0.49
100

12.81

100
13.30
100

0.49
i00
7.88

93.7s
6.25
2.46

60.00

11.11

7.84
8.65

2.00
100

2.00
100

94.00
100

2.40
5.71

i00
42.42
57.58
37.02
0.47
100

4.21

100
t2.32
100

0.47
100

s.61

91.67
o 1a
O.JJ

2.34
60.00

Week 6

11.11

7.69
8.s5
2.04
100

2.04
i00

93.88
100

2.04
6.43
100

42.42
57.58
30.02
0.6s
100

9.09
100
3.90
100

0.65
i00
7.79

91.67
o aâÒ.JJ

0.6s
0.00

11.11
5.97
10.55

2.00
100

2,,00

100
94.00
100

2.00
6.96
100

42.42
57.s8
32.9r
0.00
100

8.97
100
3.85
100

0.00
100

1.92
66.67
a1 aaJJ.JJ

1.28
0.00

Week 10

11.11

6.06
8.35
2.00
100

2.00
100

94.00
100

2.0a
s.51
100

42.42
57.58
36.56
0.46
i00

6.39
100

t2.33
100

0.46
100

5.48
9t.67
o îaÕ.JJ

2.28
60.00

r1.11 11.i1 13.51
7.69 9.68 s.26
11.14 8.50 8.39
2.00 1.96 t.96
100 100 100
2.A0 1.96 1.96
100 100 100

94.00 94.t2 94.t2
i00 100 100
2.00 1.96 1.96
7 .35 5.50 s.43
100 100 i00

42.42 42.42 42.42
57.s8 57.58 57.58
31.85 36.50 35.53
0.00 0.46 0.46
100 100 i00
1.40 6.39 6.48
100 100 100
4.20 t2.33 12.50
100 100 100
0.64 0.46 0.46
100 100 100
2.10 s.48 4.17
66.67 91.67 100
33.33 8.33 0.00
0.70 2.28 2.31
0.00 60.00 60.00
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I\4icrobial Level
F. Succinivibrionaceae 0.00 2t00 40CI0

O. Enterobacteriales 66.9g 69.76 1g.89
F. Enterobacteriaceae 100 100 100

^ 
UC. Ganrmaproteobacteria 7.55 7.g0 17.7g

C. Betaproteobacreria 4A.gZ 40.91 49.67
O. Rhodocyclales 0.00 0.44 O.+S

_ F. Rhodocyclaceae 0.00 100 100
O. Neisseriales 5.68 5.7g 3.14

F. Neisseriaceae i00 100 i00
O. Burtholderiales 93.g9 93.33 95.96

F. Comarnonadaceae 14.gg 12.g6 14.95
F. Bru.kholcleriaceae 2.7g 2.g6 2.80
F. Oxalobacteraceae 13.95 14.29 13.55
F. Alcaligenaceae 59.07 60.4g 5g.gg
F. Incerrae Sedis 5 0.00 0.00 0.93
UC. Burkholclerjales 9.30 g.5Z g.Bg

^U9 
Betaproteobacter.ia 0.44 0.44 0.45

'Week 
1 Week 3

UC. Proteobacteria
UC. Bacterja 0.44 0.42 0.62u: 

C-lass; b: Or.der;': Family; o, Ur"lurrified; ": Subclass* : Monensin supplernentecl; _ : Conûol

eooactena 0.36 0.36 0.45

100
69.08
100

t.tJ
40.00
0.43

100
5.65
100

93.04
14.9s
2.80
t4.02
58.41
0.93

8.88
0.87
0.35
0.65

Week 4

40.00
s4.68
100

7.88
4r.73
0.43
100
s.60
100

93. 10

14.8i
2.78
t3.43
58.80
0.93
9.26
0.86
0.36
0.44

40.00
66.82
100

7.48
39.45
0.44
100
5.70
100

93.42
i4.08
1A1

14.08
59.62
0.00
9.39
0.44
0.35
0.45

Week 6

100

66.88
100

10.39
43.47
0.45
i00

3.14
i00

9s.96
t4.9s
2.80
13.55
59.35
0.00
9.35
0.45
0.39
0.48

100
c)a a aOJ.JJ

100
0.00

35.02
0.60
100
3.61

100

95.78
18.87
1.89

18.24
47.80
0.00

1 1.95

0.00
0.42
0.63

Week 10

40.00
65.30

100
7.31

38.23
0.44
100
s.6B

100
93.45
14.95
2.80
14.02
58.41
0.93

B.B8

0.41
0.33
0.62

100

90.90
100

0.00
37.64
0.60
100

3.5s
100

9s.86
18.s2
1.85

18.52
47.53
1.23

12-35
0.00
0.4s
0.49

\\¿eek 12

40.00 40.00
65.30 66.2
100 100
7.31 7.41
38.83 37.83
0.43 0.43
100 100
5.58 5.65
100 100

93.13 %.a4
14.75 14.95
2.76 2.80
13.82 14.02
58.53 58.41
0.92 0.93
9.22 8.88
0.86 0.87
0.33 0.33
0.46 0.60
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N4icrobial Level
Pþluni Verrucomicrobia

Co. Verrucomicrobiae
Ob. Verrucomicrobiales

F". Ven'ucomiclobiaceae
Phylurn Deinococcus Thermus

C. Deinococci
O. Deinococcales

F. Tmeperaceae
Phylun Lerfisphaerae

C. Lentisphaerae' O. Victivallales
F. Victivallaceae

UC'I. Lentisphaerae
Phylun Fusobacteria

C. Fusobacteria

- O. Fusobacter.iales
F. Fusobactedaceae
F. Incertae seclis 11

Pþlum Defenibacteres
C. Defenibacteres

O. Deferribacterales
F. Incertae Seclis 3

Pþlum Bacteroidetes
C. Bacteroidetes

O. Bacteroidales
F. Rikenellaceae
F. Bacteroidaceae
LiC. Bactel.oidales

Tahle 8.2: Perce

3.26
100

100

100

0.008
100
100

100

0.016
100

50
100
50

0.041
100
100

80
20
0

0

0

0

0.79
65.98
100

I.s6
96.88
1.56

3.55
100

100

100

0.009
100
100

100
0.018
100

50
100
50

0.044
100
100

80
20
0

0

0

0

0.34
T6

100

17

66
T7

3.66
100

100

100

0.009
100
100

100

0.018
100

50
100
50

0.046
i00
100
80
20
0

0

0

0
0.31

15

100
U

80
20

3.09
100

100

100
0.008
100
100

100

0.016
100

50
100
50

0.031

100

100
75
25
0

0

0

0
0.30

13

100

0

80
20

3.41

100

100

100
0.009
100
100

100

0.017
100

s0
100
s0

0.043
100
100

80
20
0

0

0

0

0.31
19

100
14

72
14

3.42
100

i00
100

0.009
100
100

100

0.017
100

50
100
50

0.043
100
100

80
20
0

0

0

0
0.34

18

100

l4
72
14

3.49
100

100

100

0

100
100

100

0.017
100

50
100
50

0.044
100
100

80
20
0

0

0

0

0.34
15

100

17

66
I7

3.25
100

100

100

0.008
100

100

100

0.016
100

50
100
50

0.041

100
100

80
20
0

0

0

0

0.79
66
i00
1.56

96.88
i.56

4.s3
100

100

100

0.011

100
100

100

0.023
100

50
100
50

0.057
100
100

80
20
0

0

0

0

1.06
69
100
1.56

96.88
i.s6

aa-
J.J I

100

100

100

0.008
100

100
100

0.017
100
50
100
50

0.042
100

100

80
20
0

0

0

0

0.33
15

100

17

66
17

V/eek 12

4.49 4.60
100 i00
100 100
100 100

0.011 0.012
100 100
100 100
100 100

0.023 0.023
100 100
50 50
100 100
s0 50

0.056 0.058
100 100
100 100
80 80
2A 20

0.011 0

100 0
100 0

100 0
1.06 1.08
65 65
100 100
r.64 1.64
96.72 96.72
1.64 1.64
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lr4icrobial Level

O. Splingobacteriales
F. Flexibacteraceae
F. Sphingobacteriaceae
F. Sapr-ospiraceae
F. Crenotr.ichaceae

UC. Sphingobacteriales
C. Flavobacteria

O. Flavobacteriales
F. Flavobacter.iaceae

UC. Bacteroidetes
Pþlun Spirochaetes

C. Spirochaetes
O. Spilochaetales

F. Leptospiraceae
F. Spirocliaetaceae

Phylum Actinobacteria
C. ,Actinobacteria

SubC'. Coriobacteridae
O. Coriobacter.iales

SubC. Actinobacteridae
O. Bilidobactedales
O. Actionmycetales

Phylurn Tenericutes
C. Mollicutes

O. Anaeroplasmatales
F. Anaeroplasmataceae

O. Acholeplasinatales

C. Sphirigobacteria

V/eelc 1

6.r9 13.16 17.64
100 i00 100
t6.67 0 16.67
s0 60 50

16.67 20 16.67
16.67 20 16.67
000

1 i.34 28.9s 20.s9
100 100 100
100 100 100

16.49 42.10 47.06
0.12 0.13 0.t4
100 100 100
100 100 100

13.33 13.33 13.33
86.67 86.67 86.67
3.17 3.2s 3.01
100 100 100

74.68 79.s6 87.84
100 100 100

25.32 20.44 12.16
37.37 49.33 35
62.63 s0.67 65
0.073 0.062 0.05_5

100 100 100
33.33 42.86 0
i00 100 0
i1.11 0 16.67

'Week 
3

2s.64
100

40
30
10

l0
10

20.51

100
100

41.03

0.12
100

100
12,5
87.s
2.44
100

86.98
100

13.02
31.71

68.29
0.078
i00
0

0

U

\\/eek 4

16.67
100

16.67
50

16.67
16.67

0

19.44
100
100

44.44
0.13
100

100
1a 

^-I J.JJ
86.67
3.31

100
75.06
100

24.94
38,14
6l.86
0.017
100
0

0

11.11

15

100

16.67
50

16.67
16.67

0
46.94
100
100
40

0.13
100

100
t3.33
86.67
3.19
100

78.07
100

21.93
45.12
54.88
0.11

i00
23.08
100
7.69

Week 6

is.38
100

16.67
50

16.67
16.67

0

28.21

100
100

41.03

0.13

100

100
11 aô
I J.JJ

86.67
3.22
100

78.32
100

21.68
45
55

0.1 1

100
25
100

o--
Ò.JJ

6.r9
100

16.67
50

16.67
t6.67

0
11.34
100
100

16.49
0.12
100

100
1a aaIJ.JJ

86.67
3.14
100

75.45
100

24.s5
38.95
61.05
0.11
i00

23.08
i00

7.69

Week 10

6.4s
100

16.67
50

16.67
16.67

0

7.s3
100
100

17.20
0.011
100

100

0

100
1.19

100
sL.43

100
48.57
aa aaJJ.JJ

66.67
0.14
100

25
100

O 1a
O.JJ

15.38 6.38
100 100

16.67 16.67
50 50

16.67 16.67
16.67 t6.67
00

28.2t .tL.70
100 100
100 100

41.03 17.02
0.13 0.011
100 100
100 100
13.33 0
86.67 100
3.07 1.68
100 100
80 41.61
100 100
20 58.39

49.32 4253
s0.68 s7.47
0.08 0.1 s
100 100

33.33 23.08
100 100

11.11 7.69

V/eek 12

6.38
100

16.67
50

t6.67
16.67

0

r1.70
100
100

17.02
0.012
100

100

0

100
1.52

100
46.21

100
s3.79
s2.11
47.89
0.14
100
25
100
8.33
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Microbial Level
F. Acholeplasmataceae

O. Entomoplasmatales
F. Spiroplasmataceae

O. Mycoplasmatales
F. Mycoplasmataceae

Phyhun Finnicutes
C. Bacilli

O. Bacillales
F .Paenibacillaceae
F. Incertae Sedis l1
F. Bacillaceae
F. Planococcaceae
F. Stapirylococcaceae

O. Lactobacillales
F. Leuconostocaceae
F. Aerococcaceae
F. Lactobacillaceae
F. Erlterrococcaceae
F. Streptococcaceae
F. Camobacteriaceae

C. Erysipetotrichi
O. Erysipelohichales

F. Erysipelotrichaceae
C. Closhidia

O. Clostr.idiales
F. lncertae Sedis 13
F. lncertae Seclis 1l
F. Peptostreptococacae

V/eek 1

100

0

0

0
0

0
57.14
100

86.93
2.27
10.31

8.70
34.78
8.70
13.04
34.78
89.69
0.5
1.5

t7
J

77
1

1.19

100
t00

96.45
98.44
0.16
0.û4
0.16

55.56
100

87.29
3.29

23.16
4.88
9.76

34.15
8.54

42.68
76.84
0.37
1.47

30.1 5

2.94
æ.6A
r.47
1.22

100
100

95.41
98.s 1

0.28
0.0s
1.46

Week 3

100

0

0
oa a-
ÖJ.JJ

100

89.88
2.24
25

7.27
14.55
7.27
9.09
61.82

75
0

1.82

3.03
t.2t

93.33
0.61

0.46
100
100

97.29
98.83
0.16
0.04
0.14

n

10

100

90
100

90.23
2.27

30.30
5

l0
35
7.s

42.5
69.70
0.54
t.63

10.87
1.09

85.33
0.54
r.60
100

100
96.06
98.46
0.4s
a.n
0.14

\\/eek 4

100

0

0

88.89
100

87.17
2.69

29.82
4.88
9.76

34.15
B.s4

42.68
70.1 8

t.04
2.A7
9.84
4.1s
I i.35
1.55

0.s7
100
100

96.67
98.45
0.29
0.04
0.14

100

0

0

69.23
100

87.41
2.74

29.18
4.88
9.76

34.15
8.s4

42.68
70.82
0.s0
2.01

t3.07
4.02
79.40
1.01

r.29
100
100

95.90
98.44
0.29
0.04
0.13

Week 6

100

0

0

66.67
100

88.03
2.35

22.36
7.55
15.09
7.55
9.43

60.38
77.64

0

1.63

t1.96
1.09

84.78
0.54
1.11

100

100
96.46
98.s9
0.26
0.04
0.14

100

0

0

69.23

100

87.22
3.44

22.70
4.76
9.52

aa aaJJ.JJ

10.71
4t.67
77.30
1.40

1.40
32.s2
2.80

60.49
1.40

1.24

100
100

95.25
98.1 9
0.28
0.04
0.49

Week l0

100

0

0

66.67
100

86.29
3.57

21.A3

7.02
14.A4
49.12
12.28
t7.54
78.97
1.40

1.87
I 1.68
3.74

79.44
1.87
1.75

100
i00

94.59
98.01

0.40
o

0.20

100

0

0
55.56
100

87.s5
2.91

27.06
4.88
9.76

34.15
8.54

42.68
72.94
1.36

1.81
20.36
3.62

71.95
0.90
1.26

100

100
95.75
98.21

0.26
0.04
0.14

\leelc 12

100 100
00
00

69.23 66.67
100 100

8s.37 86.23
3.39 3.79
28.r9 28.98
4.76 4.88
9.52 9.76
33.33 34. 1s
10.71 8.54
4t.67 42.68
71.81 71.02
0.47 0
1.87 1.49
19.16 15.92
3.74 3.98
73.83 77.61
0.93 0.s0
1.73 1.7s
100 100
100 100

94.2s 94.37
97.70 97.96
0.40 0.41
00

0.23 0.20

89



Microbial Level
F. Incertae Sedis 15
F. Eubacteriaceae
F. Veilionellaceae
F. Clostridiaceae
F. Ruminococcaceae
F. Laclrnospiraceae
F. Peptococcaceae
UC. Clostridiales

UC. Closrridia
UC. Firmicutes

Phylun Proteobacteda
C. Alphaproteobacteria

O. Caulobacterales
F. Caulobacteraceaq

O. Rickettsiales
F. Anaplasmataceae

O. Sphingomonadales
F. Spiringomonadaceae

O. Rhodobacterales
F. Rhodobactel.aceae

O. Rhodospirillales
F. Acetobacteraceae

O. Rhizobiales
F. Blucellaceae
F. Rhizobiaceae
F. Bartonellaceae
F. Bracl5a-hizobiaceae
F. Hlphorniclobiaceae

Week 1

0.06
0.03
2.76
1.47

3s.88
s6.81

0
f.i5
1.49
0.07
4.78
8.32
2.04
100

4.08
100
8.16
100

8.16
100
2.04
100

67.3s
2t.2r
18.18
12.T2
18.18
9.09

0.06
0.03
0.61

0.03
36.46
61.55

0
0.88
1.56

0.08
5.20
8.86
1.92
100
3.8s
i00

7.69
100

7.69
i00
1.92

100

69.23
19.44
27.78
11.11
16.67
o alÒ.JJ

Weelç 3

0.0s
0.03
0.68
0.93

36.38
60.s3

0

1.06

1.t7
0.01

2.47
17.87
2.08
100

4.17
100
O îaÒ,JJ

i00
8.33
100

2.08
100

66.67
21.88
18.75
12.s

18.75
9.38

0.0s
0.03
0.68
i.r 1

35.24
61.08

0

1.10

i.54
0.07
3.25
13.60

0

0
15.79
100

7.02
100

7.02
100
0

100

63.t6
19.44
27.78
11.11
16.67
8.33

Weeli 4

0.06
0.03
0.7s
1.55

37.13
s8.89

0

1.11

1.5s
0.08
s.07
10.07
1.67
100

J.JJ

100

6.67
100

20
100
1.67
100

60
19.44
27.78
11.11
16.67
o ô1
Ò.JJ

0.06
0.03
0.72
0.94

37.38
59.24

0

t.17
1.56

0.08
4.87
6.13
2.86
100
s.7t
100

11.43

100
5.71

100
2.86
100

60
JJ.JJ

23.8t
19.0s

0
14.29

V/eek 6

0.05
0.03
0.68
0.92

37.27
59.80

0

0.81

1.41

0.08
4.t7
8.81
2.38
100

21.43
100

9.52
100
4.76
100

2.38
100

50
JJ.JJ

23.81
19.05

0

14.29

0.06
0.03
2.77
1.50

36.37
57.04
0.04
i.t8
1.72

0.07
4.86
10.18
1.64
100

4.92
100

6.s6
100

19.67
100
1.64

100
59.02
19.44
27.78
11.11

16.57
o îa
ò.J-)

Week 10

0.09
0.043

2.87
t.29

13.82
80.84

0

0.4s
1.99

0.09
6.15
9.80
1.89
100
r./ /
100

7.55
100
7.5s
I00
1.89

100
69.81
18.92
27.03
10.81

L6.22
8.1 r

0.06
0.34

0.73
1.54

37.45
58.62

0
I.I2
1.79

0.08
4.94
8.86
1.92
100
3.8s
ioo
7.69
100
7.69
100
1.92

100
69.23
19.44
27.78
11.i 1

16.67
o 1a
ô.J-]

'Week 
12

0.10 a.07
0.04 0.04
1.00 0.96
1.30 1.32
t4.70 t4.07
81.39 82.s0
00

0.83 0.43
2.30 2.04
0.09 0.09
6.53 s.76
8.28 7.01
2.08 2.86
100 100
4.17 5.71
100 100
8.33 Lt.43
100 100
8.33 5.71
100 100
2.08 2.86
100 100

66.67 60
21.88 33.33
18.75 23.8 i
tz.s 19.05

i 8.75 0
9.38 I¿1.29
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À4icrobial Level
F. Pþllobacteriaceae
F.Methylobacteri aceae

UC. Alphaproteobacteria
C. Deltaproteobacteria

O. Syntrophobacterales
F. Synh.ophaceae

O. Desulfobacterales
F. Destilfobaceae

O. Desulfovibrionales
F. Desulfovibdonaceae

UC. Deltaproteobacteria
C. Epsilonproteobacteria

O. Campylobacterales
F. Carnpylobacteraceae
F. Heiicobacteraceae

C. Gammaprateobacteda
O. Chromatiales

F. Clromatiaceae
O. Pasteurellales

F. Pasteur.ellaceae
O. Xanthornonadales

F. Xanthomonadaceae
O. Vibrionales

F. Vibrionaceae
O. Pseudornonaclales

F. lVlolaxellaceae
UC. Pseudomonadales

O. Aeromonaclales

Week I

6.06
15.15
8.16
8.66
r.96
100
r.96
100

94.12
100
1.96
s.60
100

42.42
57.58
37.35
0.45
100

6.36
100

12.27
100
0.45
100

5.45
91.67
o aôO.JJ

2.27

5.56
11.11

7.69
8.52
2.00
100

2.00
100

94.00
100
2.00
5.62
100
42.42
57.58
37.31

0.46
100

6.39
100

t2.33
100

0.46
100

5.48
91.67
8.33
2.28

Week 3

6.2s
12.5
oalr),JJ

I 8.15

2.04
100
2.04
100

93.88
100
2.04
't) ))

100
42.42
57.58
10.74
3.4s

100

6.90
i00

10.34
100

0

U

17.24
100
0

3.45

5,56
11.11

7.02
11.69
2.04
100

2.04
i00

93.88
100

2.04
7.88
100
42.42
57.58
17.90
I.JJ

100

J I.JJ
100

4.00
100
1.33

100

22.67
100
0

2.67

'Week 
4

5.56
1i.11
6.67
8.39
2.00
100
2.00
100

94.00
100
2.00
5.54
100

42.42
57.s8
36.58
0.46
100

6.42
100

12.39
100

0.46
100

5.s0
9r.67
Ò.JJ

1.83

9.52
0

1,1.43

8.76
2.00
100

2.00
100

94.00
100

2.00
5.78
100
42.42
57.58
38.35
0.46
100

6.39
100

12.33
100
0.46
100
5.48

91.67
8.33
2.28

Week 6

9.52
0

9.52
10.48

2.00
100
2.00
100

94.00
100
2.00
6.92
100
42.42
57.58
37.32
0.56
100

7.87
100

J.J I

100

0.s6
100

4.49
87.s
12.5
1.12

s.56
11.11

6.s6
8.s 1

r.96
100
1.96
100

94.12
100
1.96
5.51
100
42.42
57.58
36.s6
0.46
100

6.39
100

LZ.JJ

i00
0.46
100

5.48
9r.67
8.33
2.28

'Week 
10

5.41

13.51

7.55
9.24
2.00
100
2.00
100

94.00
100

2.00
6.10
100
42.42
s7.58
32.16
0.s7
100

1.15

100
15.52

100
a.s7
100

6.90
91.67
o alÔ.JJ

2.30

5.56
11.11

7.69
8.52
2.00
100
2.00
i00

94.00
100

2.00
5.62
100
+:2.42

57.58
an a 1JI.JI
0.46
100

6.39
100

12.33

100
0.46
100
5.48
91.67
o 1aÔ.JJ

2.28

Week 12

6.25 9.s2
t2.s 0
8.33 11.43
8.62 9.82
2.00 0
100 0
2.00 2.A4
100 100

94.00 94.74
100 100
2.00 2.04
s.86 6.67
100 100
41.18 42.42
28.82 s7.sB
37.24 38.08
0.046 0
100 0
6.48 4.83
100 100

12.50 13.68
100 100

0.046 0.53
100 100
4.17 0.53
100 100
00

2.31 2.63
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Microbial Level
F. Aeromonadaceae 60J0
F. Succinivibrionaceae 40.00

O. Enterobacteriales 65.00
F. Enterobacteriaceae 100

O. Altermonaclales 0
FPseudoaltermonadcae 0 0 0

UCGairunaproteobacteria 7.27 7.3L 55.17
C. Betaproteobacteria 39.73 39.35 40.74

O. Rhoclocyclales 0.43 0.43 0.91
F. Rhodocyclaceae 100

O. Neisseriales 5.56
F. Neisseriaceae 100

O. Burkholcleriales 93.16
F. Comarnonadaceae 14.68

V/eek 1

60.00 0
40.00 i00
6s.30 3.45
i00 100
00

F. Burftholderiaceae 2.75 Z.7g 0

Week 3

F. Oxalobacteraceae 13.76
F.Incertae Sedis 5 0.gz
F. Alcaligenaceae 58.72
UC. Burldrolderiales 9.I7

UC. Betaproteobacteria 0.g5 0.43 0.91
UC. Proteobacteria 0.34 0.34 0.37

UC. Bacteria 0.45 0.46 0.40o: Class; b: 
Or.cler.; ": Family; o,Urr"lurrified: .: S'bclassf : l\4onensin supplernentecl; - : Control

0
100

6.67
100

2.67
100

21.33
48.45

0.49
100

0.49
100

98.s2
1s.00
3.00
14.5

1.00

6.00
10.5
0.49
0.48
0.42

Week 4

7s.00
2s.00
65.60
100

0

0

7.34
39.09
0.43
100

5.58
100

93.56
14.68
)75
13.76
0.92
s8.72
9.17
0.43
0.34
0.4s

100 100
5.63 0
100 0

93.s 1 98.18
13.89 8.33

60.00
40.00
65.30
100

0

0

7.31
40.63
0.43
100

5.60
100

93.53
14.75
2.76
13.82
0.92

58.53
9.22
0.43
0.35
0.47

Week 6

0

100

73.03
100

0

0

8.99
36.06
0.s8
100

3.49
100

95.35
19.51

1.83
17.68

1.22
47.s6
12.20
0.58
0.42
0.4s

13.89 0.93
0.93 1.85
59.26 70.37
9.26 18.s2

60.00
40.00
6s.30
i00

0

0

7.3r
38.90
0.43
100

5.58
100

93.13
14.75
2.76
13.82

0.92
s8.53
9.22
0.86
0.33
0.4s

'Week 
10

7s.00
25.00
63.79
100

0
0

9.20
42.33
4.44
100

5.68
100

93.01
i4.08
2.82
13.62

0.94
59.62

8.92
0.87
437
0.5s

60.00
40.00
65:30
10û

0

0
7.31

39.35
0.43
100
5.63
100

93.s 1

14.8i
2.78
13.43

0.93
58.80
9.26
0.43
0.34
0,47

Weelc 12

60.00 60.00
40.00 40.00
66.20 75.26
100 100
00
00

7.4r 0
39.66 38.08
0.43 0.53
100 100
5.6s 6.32
100 100

93.48 93.16
14.88 16.9s
2.79 1.69
13.95 16.9s
0.93 1 .13
58.60 52.s4
8.84 10.73
0.43 0
0.34 0.40
0.61 0.55
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