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ABSTRACT- Nucleic acid-based techniques which can be used to characterise complex microbial communities without
incubation are now being employed regularly in ruminant nutrition studies. Conventional culture-based methods for
enumerating rumen microorganisms (bacteria, archaea, protozoa, and fungi) have been superseded and are now used mainly
to obtain pure isolates of novel organisms and reference strains that are required for the devel opment and validation of the
nucleic acid approaches. These reference strains are also essential for physiological studies of the lifestyle of the organisms
aswell assources of genomic DNA and RNA that can be analysed for functional geneactivity. Thefoundation of themolecular
ecology techniquesis 16S/18S rDNA sequence analysis which has provided a phylogenetically based classification scheme for
enumeration and identification of microbial community members. The use of this marker gene in assays involving the use
of single nucleic acid probes or primer setsisrapidly evolving to high throughput approaches such as microarray analysis and
new generation sequencing technologies. While these analyses are very informative for determining the composition of the
microbial community and monitoring changes in population size, they can only infer function based on these observations.
Thefocus of nucleic acid research isnow shifting to the functional analysis of the ecosystem which involves the measurement
of functional genesand their expressioninthe predominant or specific membersof therumen microbial community. Functional
gene studies are less devel oped than 16S rDNA-based analysis of community structure. Also for gene expression studies there
areinherent problemsinvolvedin extracting high quality RNA from digesta, and priming cDNA synthesisfrom bacterial mMRNA.
This paper reviews nucleic acid based molecular methods which have recently been developed for studying the structure and
function of rumen microbial communities.
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RESUMO - Metodologiasbaseadasnaandlise de &cidos nucl éicos, que possam ser utilizadas paracaracterizar comunidades
microbianas complexas, sem a necessi dade daincubag&o de amostras, tém sido empregadas atual mente, de formarotineira, em
estudos de nutricdo de ruminantes. Os métodos convencionais, dependentes do cultivo microrganismos ruminais (bactérias,
archaea, protozoarios e fungos) para sua enumeracao foram superados e atual mente passaram a ser utilizados especial mente
para o isolamento de cepas puras de organismos ainda desconhecidos e para o cultivo de cepas de referéncia, necessarios para
odesenvolvimento eavalidagéo dasmetodol ogiasde andlise de &cidosnucléicos. Taiscepasdereferénciasiotambém essenciais
para estudos fisiol 6gicos e ainda, funcionam como fontes de DNA e RNA para avaliagdo da expressdo génica. O fundamento
das metodol ogias de ecologia molecular é a andlise de sequéncias de 16S/ 18SrDNA, que fornece um esquema de classificagdo
de base filogenética, utilizado para a enumeragao e identificagdo de membros de uma comunidade microbiana. O uso de
marcadores de genes e estudos envol vendo o uso de sondasindividuai s de &cidos nucl éi cos ou de conjuntos de primerstem evoluido
rapidamente para abordagens de alto desempenho (“ high throughput™), como por exempl o analises de microsatélites e novas
metodol ogias para sequenciamento. Entretanto, se por um lado tais métodos sdo muito Utei s paraadeterminagdo dacomposicdo
da microbiota e para 0 monitoramento de variages nos tamanhos das popul agdes componentes, por outro lado, 0s mesmos
apenas auxiliam nainferéncia das fungbes em relagdo a composigao ou ao tamanho de determinada populagdo. Portanto, o
foco de pesqui sas baseadas em metodol ogia de &cidos nucl éi cos esta mudando paraaanalise funcional de um ecossistema, o qué
envolve amensuragdo de genes funcionais e suaexpressdo nos membros predominantes ou, membros especificosdamicrobiota
ruminal. Estudos daexpressdo génicaaindasdo menos desenvolvidos do que aquel es de analise da microbiotabaseadano rDNA.
Além disso, existem problemas intrinsecos aos estudos de expresséo génica relacionados a extragdo de RNA de alta qualidade
apartir dadigesta, etambém em relagéo ao processo dainiciagéo dasintese de cDNA apartir de mMRNA bacteriano. Esteartigo
of erece umarevisdo dos métodos mol ecul ares baseados em acidos nucl éi cos que foram desenvol vidos recentemente para estudos
de estrutura e fungao da microbiota ruminal.
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Introduction

During the 20t" century, the study of rumen
microbiology was primarily based on classical culture-
based techniques, such as isolation, enumeration and
nutritional characterization, which probably only account
for 10 to 20% of the rumen microbial population. These
traditional methods are time consuming and cumbersome,
but haveidentified morethan 200 species of bacteriaand at
|east 100 speciesof protozoaandfungi inhabitingtherumen
(Orpin & Joblin 1997; Stewart et al., 1998; Williams &
Coleman 1998; Whiteet al., 1999). New nucleic acid-based
technologies can now be employed to examine microbial
community structure primarily through the use of small
subunit (SSU) rRNA gene analysis (eg 16S and 18SrRNA)
and to understand the function of complex microbial
ecosystems through the combined analysis of multiple
genomes (metagenomics) and the message from the
expressed genes (MRNA) in the rumen. Several recent
reviews and technical manuals have been written on the
subject of molecular microbial ecology of animals which
provide a broad perspective of the variety of techniques
availableandtheir potential applicationinthefield of animal
science which is beyond the scope of this paper (see
Zoetendal et al., 2003, Zoetendal et al.,2004, Zoetendal et al .,
2008; Makkar & McSweeney, 2005; McSweeney et al ., 2006;
Mackieetal.2007). Thesepublicationsprovideaperspective
on how to design animal trialsin which microbial ecology
isstudied. Oftenthe power of the new mol ecul ar techniques
isdiminished by aninappropriate designintermsof animal
number, sampling frequency, location and replication. The
classical culture-based methods for studying rumen
microbes are described since a laboratory that intends
using mol ecul ar microbial ecology techniquesfor studying
the rumen must have a capacity to grow and isolate
microorganisms under anaerobic conditions. There is
information on the basic underpinning techniques and
protocols in molecular ecology such as DNA extraction
from environmental samples, the quantitative real-time
polymerase chain reaction (QPCR), oligonucleotide probe
and primer design, and DNA fingerprinting amongst others,
aswell asthe application of these techniquesto microbial
detection and identification are discussed. Specialised
techniquessuchasdenaturing gradient gel electrophoresis
(DGGE) and 16S/18S ribosomal DNA librariesfor studying
complex communitiesthat contain unculturable organisms
are also compared. Many of these techniques are used to
identify and enumerate the popul ations of organisms that
arepresentinasample. Techniquessuch asfluorescentin-
situ hybridization (FISH) which uses 16S rRNA-targeted

oligonucleotide probescombined with epifluorescent light
microscopy or confocal laser microscopy provideknowledge
about location and spatial relati onshipsof microorganisms
in their natural environment that are often essential to
understanding thefunction of theseorganisms. Thispaper
will focus on DNA/RNA based molecular methods which
have recently been developed for studying complex
microbial communities that are important in nutritional
studies, as well as, novel methods for studying microbial
diversity and function from a genomics perspective.
M etagenomi c technol ogies, which providethepotential to
capture and study the entire microbiome (the predominant
genomes) from acomplex microbial community intherumen
are described. Also rapid high-throughput technologies
such as microarray analysis as well as next generation
sequencingtechnol ogiesdevel oped in mapping the human
genome are now being deployed to study microbial
ecosystems. An explosion of knowledge in the field of
microbial ecology istherefore predicted. However thefield
israpidly moving to afunctional analysis of the microbes
inthe ecosystem and some of the methods being employed
to measure genes expression of the entire gut microbiome
are al so described.

Recent developments in molecular methods which target
the rRNA gene operon and related transcripts

Several techniquesinvolving PCR based amplification
of regions within the rRNA gene operon have been
developed specifically for analysis of the diversity and
abundance of microorganisms in the rumen including the
protozoa, fungi, bacteriaand methanogens. These methods
havebeen recently described andtheir applicationreviewed
comprehensively (McSweeny et al. 2006, Mackie et al.,
2007).However sincethesereviewstherehavebeenfurther
developmentsin some of thetechniqueswhich enhancethe
ease of analysisand enable more samplesto beanalysedin
a cost effective manner. In addition efficient extraction
protocolsfor the recovery of RNA from gut samples have
beendeveloped. Also new primer setshave been published
for detection of a greater range of rumen microorganisms.
Thisnew informationand how it pertainsto the predominant
microbial populationsin the rumen are provided below.

rRNA recovery and analysis

Molecular methodologies relying on 16S rRNA gene
sequences are now commonly used for the identification
and classification of bacterial specieswithinmixed microbial
populations (Salzman et al., 2002; Edwards et a., 2004). In
general, DNA from rumen digestais used as template for
PCR amplification of bacterial 16S rRNA genes and
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subsequent community analysis (Larue et al., 2005; Yu &
Morrison, 2004a, Yu & Morrison, 2004 b, Yu et a., 2008).
However, microbial community structure inferred from
genomic DNA-based analysis does not take into account
the viability or metabolic state of community members
(Sessitsch et al., 2002). RNA-based community analysisis
more suitableto describe the metabolically active members
of apopulation, as the amount of rRNA produced by cells
is directly correlated with the growth activity of bacteria
(Wagner et al., 1994). Only afew papers have reported the
analysis of active gut bacteriaby using rRNA astemplate
for temperature gradient gel electrophoresis (Sokol et al.,
2006, Zoetendal et al., 1998). Most of the previous studies
on microbial diversity have used DNA based methods
because (1) RNA isproneto degradation and thusextraction
of high quality RNA from environmental samplesis more
difficultthan DNA extraction, and (2) phenolic compounds
and other inhibitorsin gut samplescan beco-extracted and
interferewith subsequent synthesisof complementary DNA
(cDNA). Various methods have been reported for the
recovery of RNA from environmental samples but in the
rumenalargeproportion of thebacteriaarestrongly attached
to particles of digesta and need to be dissociated prior to
RNA extraction. A new extraction protocol for recovering
RNA from microbial communities in the rumen has been
developed which involvesadissociation step followed by
enzymaticlysisand bead beating of cellsinthe presence of
an RNA preservative (Kang et al., 2009). When thisrRNA
based approach was used to examine microbial diversity in
the rumen it was found that about 30% of the randomly
sequenced 16S rRNA amplicons were related to the
Proteobacteriaproviding thefirst evidencethat thisgroup
may have greater importance in rumen metabolism than
previously attributed by DNA-based analysis which
typically records much lower levels of Proteobacteria.

Rumen protozoa and anaerobic fungi

Several molecular techniquesincludinggPCRand DGGE
havebeen devel opedto monitor theabundanceand diversity
of different genera and species of rumen protozoa which
have been comprehensively reviewed previously
(McSweeney et al., 2006). A rapid and specific gPCR
technique has been developed to quantify the abundance
of anaerobic rumen fungi (ARF) but recently this method
has been improved by the design of new primers which
show greater coverage of the rumen fungal population
(Denman & McSweeney, 2008; Edwards et al., 2008).
However this method does not discriminate between the
different fungal genera which is required for diversity
analysis To address thisissue of community analysis, an

automated ribosomal intergenic spacer region (ARISA)
method for the detection and monitoring of anaerobic
rumen fungi hasbeen developed (Denman & McSweeney,
2008; Edwardset al., 2008). Use of 18srRNA sequencesfor
comparing rumen fungi is of limited use due to the highly
conserved nature of 18s rRNA sequences in these
organisms (97-100% sequence identity) (Doré & Stahl
1991). As an alternative, the internal transcribed spacer
region 1 (ITS1) of the rRNA genes has been used for
studying genetic diversity. The presence of a length
polymorphic region within the ITS 1 region of gut fungi
ranging from ~220 bp for Or pinomyces sp. and up to ~290
bp forNeocal limastixspp. wasfirst exploited by Nicholson
etal. (2002). PCR amplification of thelength polymorphic
region using anaerobic fungal specific primers, followed
by separation of the PCR productson high-resolutiongels
was shown to be a useful tool for quickly identifying
fungal members from faecal samples. As members of the
same generatended to have asimilar length polymorphic
region, itwaspossibleto discriminatefungal generabased
ongel mobilitiesin high-resolution gels. Thismethod was
further developed through the labelling of the forward
primer with carboxyfluorescein (FAM) andthen separation
of the products using a genetic sequence analyzer thus
identifying gut fungi populations from cattle rumen-
samples. The ARISA technique is capable of clearly
discriminating to the genus level between pure cultures.
Using thismethod, significant changesinthecomposition
of the ARF popul ationwereobserved between animal sfed
ahighfibrediet comparedtothoseanimalsbeingfed adiet
highin grain. Thetechnique has al so been used to study
thedynamicsof initial colonization of forage by anaerobic
fungi (Edwards et al., 2008). Through the use of ARISA
monitoring, it is possible therefore to obtain a better
understanding of thetemporal interrelationships between
diets and the different members of ARF community.

Rumen bacteria

Most of the research which has employed molecular
analysis of rumen bacteria has centered on therole of the
three predominant fibre degrading bacteria Fibrobacter
succinogenes, Ruminococcus albus and Ruminococcus
flavefaciens Several studieshave published different sets
of PCR primersthat have been designed to amplify each of
thesebacterial populations. Theuseof some of these primer
setsandtherelative advantagesof each havebeen eval uated
and discussed by Mosoni et al. (2007). It appearsthat primer
design for these bacteria has been adequately developed
and can be employed with confidence in the quantitative
nature and specificity of the results.
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Primer pairs have now been published for detection of
other rumen bacteria(Anaerovibriolipolytica,Butyrivibrio
fibrisolvens, Eubacterium ruminantium, Prevotella
albensis, P. brevis, P. bryantii, P. ruminicola,
Ruminobacter amylophilus Selenomonas ruminantium
Streptococcus bovis, Succinivibrio dextrinisolvens,
Treponemabryantii, Genus Prevotella) using qPCR assays
(Stevenson & Weimer 2007; Tajimaet al., 2001; Weimer et
al., 2008). Specific primers for Megasphaer a el sdenii have
also been developed for studies on rumen acidosis
(Ouwerkerk et al., 2002).

Rumen methanogens

Themolecular methods used to measurediversity and
abundance of rumen methanogens are well advanced and
havebeen described previously (McSweeney et al ., 2006).
Sincethenanexcellentreview of theliteraturehasprovided
an overview of the structure of the archael community
structure in the rumen (Janssen & Kirs, 2008). Based on
thismeta-analysis, the majority of rumen archaea affiliate
with three genus-level groups; Methanobrevibacter,
Methanomi cr obiumand alargegroup of uncultured rumen
archaea whose nearest relatives are the thermophilic
Thermoplasma sp. These conclusions about the general
structure of the rumen archael community are also
consistent with the most recent publicationson diversity
of methanogens from domesticated ruminants in the
northern and southern hemisphere (Wright et al., 2007;
Wright et al., 2008).

Currently the most reliable method for estimating the
abundance of rumen methanogensisthe qPCR technique
that targetsthe methyl coenzyme-M reductase (mcr Agene)
which is ubiquitous to methanogens and is crucial to the
terminal step of methanogenesis (Denman et al., 2007). An
accurate qPCR technique which tagetsthe 16SrDNA gene
and is specific for the rumen methanogens is not yet
available. Analysis of rumen methanogen diversity has
previously relied mainly on 16S rRNA geneclonelibraries
but these methods are restrictive when analyzing multiple
samples in response to dietary treatments over time. A
techniquebased on PCR amplification of the 16SrRNA gene
with archael specific primers and profiling of the banding
pattern of the amplicons using DGGE has been recently
published (Yu et al., 2008).

High throughput phylogenetic analysis

Nucleic acid based microarrays have recently been
employed for the high throughput analysis of complex
microbial ecosystems. This technology is likely to be
enhanced by future developments in DNA sequencing

technol ogy and bioinformanticanalysissothat thebreadth
and depth of theanal ysis of the ecosystemwill be extended
by linkingcommunity structurewithfunction. Thetwomain
types of microarray in current use are phylogenetic
oligonucleotidemicroarrayswith short nucleicacid probes
(20-50 bases) and functional genearrayscontaining probes
targeting genesencoding specificfunctions. Inthisreview,
important methodological developments relevant to the
applicationof thedifferent typesof diagnostic microarrays
in rumen ecology will be addressed and new approaches,
needs and future directions will be identified.

Recently, Palmer et al. (2006) developed a DNA
oligonucleotide microarray composed of 10,462 small
subunit (SSU) ribosomal DNA (rDNA) probes (7167 unique
sequences) sel ected to provide quantitativeinformation on
thetaxonomic composition of diversemicrobial populations.
They were able to identify and quantitate members of the
microbial community however many of the probes were
designedfor diversetaxonomicgroupsandonly afew were
species specific. To increase efficiency of target bacterial
specificities on the microarray, we employed a new probe
designprogram, GoArray (Rimoursetal ., 2005) which could
combine excellent specificity with higher sensitivity.
Therefore, we designed a phylogenetic custom microarray
with 40 base length nucleotide probes which targeted the
hyper-variable region of 16S rDNA gene. The microarray
was composed of probes already designed in published
papers (Palmer et al., 2006; Wang et al., 2004 ) and probes
newly designed with the GoArray program.

Inarecent experimentwecomparedtotal rumenmicrobial
diversity based ongenomicand RNA based analysisof the
16 rRNA gene and transcripts to determine whether our
understanding of population structure in the rumen was
influenced by the target material chosen. Bacterial DNA
and RNA from cattle rumen was extracted and amplified
using bacterial primerswiththemodificationof aT7 promoter
sequence attached to the reverse primer (27F - 1492_T7R)
followed by cRNA synthesis and labelling with Cy5.
Microbial diversity and abundance were observed by
hybridization to a 16S rDNA based custom microarray.
Phylogenetic libraries were generated from rRNA and
compared with previously generated rDNA based
phylogenetic data. Within the rumen microbial community
the Proteobacteriagroup hasbeenreportedtobelessthan
2% of total bacterial population based on rDNA analysis.
RNA based analysis showed that Proteobacteria
represented 28% of the clones sequenced from the 16S
rDNA library. Similarly, RNA based microarray datashowed
Proteobacteria to be 8 times higher compared to DNA
sampl es. Theresultssuggest that theProteobacteriagroup
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may make agreater contribution to rumen metabolism than
previously recognized but thefunctionsof thisgroupinthe
rumen require further investigation.

Nucleic acid based analysis of rumen function

Over thelast decade, mol ecular ecology studies of the
rumen microbiota have focused almost entirely on
identifying and enumerating populations. While these
analyses are very informative for determining the
composition of the microbial community and monitoring
changes in population size, they can only infer function
based on these observations. The next major step in
understanding rumenfunctionistolink structural analysis
of themicrobial community with measurementsof functional
gene activity. This genetic activity (MRNA) is translated
into protein and metabolic functions which ultimately
characterizetheecosystemat any particular time. For example
therelative abundance and enzymatic activity of adiscrete
functional group of rumen bacteria (eg cellulolytics) will
vary dependingondiet andtimeinrelationtofeeding cycle.
Inthisregarditisoften better to focus on akey metabolic
activity withinthe ecosystem (eg methanogenesis, protein
metabolism, cellulolysis etc) and apply the required
molecular toolsto definetherelevant microbial populations
and associated enzymatic activities. The challenge is to
understand and describethebiology at amolecular level so
that feeding systemscanbetail ored for maximumefficiency
of digestion in the rumen.

Metagenomics

A DNA-based approach which has gained rapid
adoption as a way of studying community function is
metagenomic analysis. Metagenomics is defined as the
study of collected genomesfrom an ecosystem that can be
used to examine the phylogenetic, physical and functional
properties of microbial communities (Handelsman, 2004).
Theprinciplestepsinthisform of analysisisthe extraction
of DNA from the microbial community followed by cloning
of the DNA fragmentsin a suitable host (egE. coli) using
a fosmid or bacterial artificial chromosome vector which
resultsinalibrary of many thousands of clones. Theclone
library canthen bescreened using specific DNA sequences
inaPCR or hybridization based approachfor genesencoding
discrete stepsin known metabolic pathways or enzymatic
activities. Also activity-driven assays can be performed to
screen the library for novel enzymes or specific activities
and function. The advantage of this approach is that the
activity assay may identify clones with novel gene
sequences encoding for functionswhich would have been
missed by DNA screening, based on current sequence

information in the database. Clones identified in either
screening strategy are then subjected to a variety of
sequencing technol ogi esand computational analyseswhich
enablestheassembly and annotation of largeinserts (>40kb)
of genomic DNA from the clones. Ultimately metagenomic
analysiscreatesacatal ogue of genomic informationwhich
can be interrogated to gain insights into the predominant
genes, how they are regulated and their contribution to
ecosystem function. Functional gene analysis and
annotation is undertaken by using a pipeline process to
transform the DNA-sequence dataviatranslation to amino
acid sequence, similarity searches and annotation using
public databases and functional data. For example, the
DNA sequence dataof theinserts can be binned (grouped
on similarity and frequency of occurrence) and annotated
using various gene identification and database tools (eg
ContigExpress, Phylopythia, MEGAN and MG-Rast), to
classify thegeneswithinknownenzymefamiliesor clusters
of orthologous genes (COGs) and metabolic pathways. By
using this process, a catalogue of the genetic capacity of
the ecosystem can be determined as well as providing an
avenuetoidentify novel genesor genesof unknownfunction
fromtheenvironment. Thisapproach hasbeenemployedto
screen rumen-DNA metagenomic libraries for enzymes
involved in depolymerisation of lignocellulose and starch
with the discovery of arange of novel enzymesincluding
laccases(Beloqui etal ., 2006; Ferrer etal ., 2005; Ferrer etal .,
2007). A bacterial artificial chromosome library has also
been constructed fromtherumen of adairy cow andishbeing
used to screen for novel enzymeactivities(Zhuetal., 2007).

Gene expression analysis

Another way of describing the activity of functionally
discrete microbial groupsin vivoistomeasurethe expression
of genes that define the function. Currently there are few
published studies of gene expression in rumen
microorganisms under eitherin-vitro orin-vivoconditions
(Bera-Maillet et al., 2004; Krause et al., 2005; Guo et al.,
2008). Gene expression can be sensitively analyzed by
amplification of messenger RNA (mRNA) using reverse
transcription-PCR (RT-PCR) to produce cDNA astemplate
for further analysis. Gene expression studies are less
developed than DNA-based analysis of community
structureduetotheinherent problemsinvolvedinextracting
highquality RNA from digesta, and priming cDNA synthesis
from bacterial mRNA that lacks a polyadenylated tail. RT-
PCRrequirestheactivitiesof reversetranscriptase (RTase)
in makingthe cDNA from the template MRNA.

In some cases the identity of important functional
genes is already known and direct measurement of the
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expression of these genes can be used to monitor ecosystem-
function. A detail ed description of thetechniquesinvolved
in performing gene expression analysis for ruminant
applications are described by Yu & Forster (2005). These
techniques can be applied to studies of single genes or
many genes in samples from pure cultures or complex
microbial communities. Theabundanceof particular mMRNA
can be quantified by real-time RT-PCR or by using DNA
microarrays. Quantitative real-time RT-PCR for gene
expression analysisis similar in principleto real-time PCR
for enumeration of microbial populations once cDNA
templateissynthesised frommRNA transcript (Y u& Forster,
2005; Guo et al., 2008). However these quantitative
techniques for measuring expression of single genes are
limiting when the objective of the study is to use gene
expression analysis to understand the lifestyle of asingle
organism or main functions within an ecosystem. In this
case DNA-based microarrays has been used successfully
for studying the genome function of asingle organism and
these techniques have now been applied to complex
microbial ecosystems(Denniset al., 2003). Thefoundation
for devel oping an expression array for asingle organismis
thesequenceinformation generated fromthewholegenome
of the target organism which is used to design probes for
the different open reading frames (ORFs) that have been
identified. To date, only a few studies using expression
array profiling havebeenreportedfor rumenmicroorganisms
and primarily for investigating the genes involved in
polysaccharidedegradation by cellulolytic bacteria(Krause
et al., 2003; Qi et al., 2005).

Next generation sequencing technology

Until recently the limitation of many of the current
methodsin molecular microbial ecology wasthat they were
dependant upon DNA sequenceinformation fromisolated
microorganismsor from 16SrDNA clonelibrarieswhichhad
been generated by expensive and slow sequencing
technologies. New-generation DNA sequencing
technol ogies(eg pyrosequencing) arenow availablewhich
providehighthroughput capacity and continuoussequence
readsfrom 250-500bpinacost-effectivemanner (Margulies
et al., 2005). To further increase cost savings with
phylogenetic based studies, researcherscantakeadvantage
of “barcoding” individual samplesby incorporating several
unique base pair tagsinto the PCR primersfor each sample
then pooling all samples prior to sequencing. This allows
for greater stati stical power inexperimental designand data
interpretation, where previously researches have often
pooled individual samples prior to sequencing.

Next generation sequencing all owsfor themetagenomic
analysis of complex microbiomes and therefore delivers
moreinformation than just phylogenetic descriptionsof the
system. Although at thisstageduetothesmall read lengths
complex communities are difficult to assemble into large
sequence contigs and therefore assigning functional roles
of individual bacteria within a metagenome is not yet
possible (Kunin et al., 2008). However next generation
seguencing technology hasbeenrecently employedin the
metagenomic analysisof the specificglycosidehydrolases
(fibre-degrading enzymes) that are associated with the
fiber-adherent bovinerumen microbiome (Brulcet al., 2009).

Useof DNAbasedtechniquesto study community structure
and function involving alternative hydrogen sinks to
methanogenesis

Our current understanding of the microbial processes
underpinning hydrogen utilization and methaneproduction
withintherumenisincomplete and the key to manipulating
these emissions in the future will flow from fundamental
improvements in our knowledge of methanogenesis and
alternative hydrogenotrophic pathways. Reductive
acetogenesisisan alternative hydrogen-utilising pathway
to methanogenesis in the rumen and has potential as a
strategy for reducing ruminant greenhouse gas emissions.
Theobligately anaerobic bacteriaresponsiblefor reductive
acetogenesis are known as homoacetogens.
Homoacetogens use the acetyl-CoA pathway to reduce
carbon dioxide to acetate, and most are able to use this
pathway for growth onhydrogen and carbon dioxideasthe
sole energy source (Drake, 1994).

Homoacetogensare present intherumen and appear to
cover a broad taxonomic group but they are poorly
represented in culture collectionsand thusmolecular tools
are necessary to further investigate their ecology (Joblin,
1999). However itisdifficult toinfer functionto phylotypes
when the acetogenic phenotype is presents in diverse
taxanomic groups. Therefore in the current work we have
attempted to identify DNA sequences of genes present in
homoacetogens that may be suitable as targets for the
development of functional-group molecular toolsfor these
microorganisms.

Functional genes specific for hydrogenotrophic pathways

Librarieswerecreatedfor several functional genestoenable
the design of specific probes and realtime PCR primer sets
for key genesinvolvedinhydrogenotrophy. Theselibraries
were established using DNA recovered from
hydrogenotrophic batch fermentations using degenerate
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primer setsto ensure maximal coverage of target sequences.
Thegenesinvestigated werethose of threekey enzymesin
theacetyl-CoA pathway (Figurel1): formyltetrahydrofolate
synthetase (FTHFS), carbon monoxide dehydrogenase
(CODH) and acetyl-CoA synthase (ACS). Previously
validated PCR primer sets have been designed for the
amplification of the FTHFS gene (Leaphart & Lovell, 2001)
but there is little information available for the CODH and
ACS sequences that would enable the design of primers
specificforthesegenes. CODH, ACSamino acid sequences
wereretrieved from public databases (Brendaand NCBI via
BLAST analysis) and aligned. The only sequencesfrom an
authentic homoacetogen were from Moorella
thermoacetica. All other sequences were from genomes of
a variety of archaea and bacteria, none reported to be
homoacetogenic. Newly devel oped degenerate PCR primers
were designed across conserved amino acid regions for
CODH and ACS.

Hydrogenotrophic batch fermentation systems
inocul ated with rumen microbesfrom either pastureor grain
fed animals were established using3C-Sodium carbonate
as the principal carbon and energy source, and in the
presence or absence of bromoethanesulfonate (BES) to
inhibit methanogenesis. VFA and gas analyses were
performed to characterizeand monitor fermentative changes,
hydrogen and carbon balances. Metagenomic DNA was
extracted and isotoperatio mass spectrometry (IRM S) was
used to confirm the uptake of 13C into the DNA, followed
by the separation of 13C-labeled DNA viaisopycnicgradient

Methyl branch

CO>

2H
Formate dehydrogenase v
HCOOH

Formyl tetrahydrofolate 4~ ATP
synthetase HCO-THF

4H
Methyl tetrahydrofolate J—
A

TP
CHs-THF
Methyltransferase
CH s-[Co]protein

Acetyl-CoA synthase

phosphotransacetylase

ultracentrifugation. The 13C-labeled DNA was used as a
templatefor the production of 16SrDNA phylogenetic and
FTHFS, CODH and ACS clone libraries, as well as
metagenomic (fosmid) libraries and 454 short read
sequencing. Putative FTHFS, CODH and ACS sequences
were also generated from DNA of known homoacetogens:
M. ther moacetica, Clostridum aceticum Acetobacterium
woodii, Ruminococcus hydrogenotrophicus, and
Eubacterium limosum

The majority of FTHFS sequences obtained from the
batch fermentations grouped within the homoacetogenic
cluster dominated by clostridial representatives (L eaphart
et a., 2003). There was a high degree of similarity between
the pasture fed and grain fed enrichments, although the
pasturefed enrichments al so were highly represented by a
group that clustered close to Proteus vulgaris, a non-
acetogenic bacterium (Figure 2). Putative CODH and ACS
sequences were also generated from DNA obtained from
rumen enrichment cultures of homoacetogens, from the
rumen of cattle. Clustersof sequencesfor boththesegenes
aligned close toRuminococcus obeumfor both functional
genes and similar results were obtained from the 454
sequencing analysis. Theanalysisrevealed limited diversity
of these functional genes with respect to pasture or grain
based diets.

In summary, an extensive set of primers have been
devel oped fromthenumerousphylogeneticand functional
gene databases. These primers and probes are being used
to target key enzymatic steps in hydrogen sequestering
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Figure 1 - The reductive acetogenesis pathway. Adapted from Drake (1994).
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pathways for use in probing the metagenomic fosmid
librariesand monitoring populationsof hydrogen-utilising
microorganismsin the rumen.

Molecular characterization of fluoroacetate degrading
rumen bacteria

Monofluoroacetate (FA) is a highly toxic compound,
found in over 40 species of plantsaround theworld and is
responsible for poisoning thousands of livestock
(McCosker, 1989). Microbial degradationof FA isknownto
occur in numerous aerobic bacteria and is catalysed by
fluoroacetate dehal ogenase (K awasaki et al ., 1981) however
itsfatewithinanaerobicenvironmentsisstill unknown. The
use of fluoroacetate dehal ogenase gene has been applied
to the development of atransgenic rumen organism which
detoxifies fluoroacetate within the gastrointestinal tract of
livestock (Greggetal., 1994; Gregg et al ., 1998; Padmanabha
et al., 2004). Concerns over the release of this genetically

=AM 25
GRASS_12
Wecrela thermoacstca
EuDachariam imosuT
ELBATIET UM [imesum
714 GRAIN
Clogiricium drficila

B oIt S L AT Mok oL
Acelosacierum woodi

G cabrichum acelioun

Clzatridivm farmicazeticum

31 SRAIN
r

Tlostridium megnum

Thamaanasmharier ki

Rurnitpeocrys obeur

Rurimassssus productud

Divea longicatena
(ERAIN 7
Treponeria crimilia

Traponema azetanulrisim

Temponars primit 2

ST R EAS S

y2
J12oRAss

S vvala

modified organism has prompted us to search for natural
microorganisms that may be better suited to the purpose.
Despite the interest in the microbial degradation of FA,
thereareasurprisingly small number of reportswherethis
halogenated aliphatic compound is degraded under
anaerobic conditions (Kim et al., 2000).

Wewere ableto enrich and isol ate abacterium fromthe
cattle rumen which rapidly degrades FA. The 16S rRNA
gene sequence of the isolate was 95% similar to that of
Cloacimonas acidaminovorans which belongs to the
phylum Synergistes. The closest known rumen relative to
the fluoroacetate degrading isolate isSynergistes jonesii
(alsoknown asthe‘leucaenabug’) whichisableto detoxify
the plant toxin dihydroxypyridine. The FA degrading
bacterium usesamino acidsfor energy and growthwhichis
acharacteristic of all members of theSynergistesdivision.
In the presence of FA, significantly more amino acids are
utilized and growth is enhanced. Studies of the oxidation-
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Figure 2 - FTHFS sequences retrieved from enrichment cultures of rumen fluid sourced from cattle fed either grass or grain based diets.
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reduction reactions associated with the utilization of FA
indicatethat theorganismislikely toderiveenergy through
the metabolic process called halorespiration. We believe
thisisthefirst report of reductivedehal ogenationinvolving
a fluorinated compound. The genome of Cloacimonas
acidaminovor anshasbeen sequenced and annotated thus
providing a reference for the sequence analysis of
Synergistes jonesii andthedeflourinating bacteriumwhich
iscurrently underway in our laboratory. Mining the genes
of these uniquerumen bacteriashould provideinsightsinto
their nutritional and physiol ogical requirementswhich can
be exploited in management programs to optimize their
detoxifying capacity in the rumen.

Conclusions

Recent developmentsin DNA-based technol ogy which
employ high throughput approaches will enable the
(meta)genomic analysis of individual bacteria and rumen
samples from multiple animal s to be processed rapidly and
inacost effectivemanner. Thiswill ensurethat thestructure
and function of complex microbial communities as well as
detailed analysis of important sets of organisms can be
achieved. These technologies have the potential to
revolutionize the understanding of rumen fermentation.
However, a better knowledge of microbial function and
ecology will needtobeintegrated withnutritional principles
if ruminant production is to benefit.
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