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Abstract

Butyrivibrio proteoclasticus B316" is the most recently described species of the
Butyrivibrio / Pseudobutyrivibrio assemblage and now the first to have its genome
sequenced. The genome of this organism was found to be spread across four
replicons: a 3.5 Mb major chromosome and three additional large replicons: 186, 302
and 361 Kb in size. This thesis describes the sequencing, analysis, annotation and
initial characterisation of all three B. proteoclasticus auxiliary replicons. Most
significantly, these analyses revealed that the 302-Kb replicon is a second
chromosome. This small chromosome, named BPc2, encodes essential systems for the
uptake and/or biosynthesis of biotin and nicotinamide adenine mononucleotide, as
well as the enzymes required for utilisation of fumarate as the terminal electron
acceptor during anaerobic respiration, none of which are found on the main
chromosome. In addition, BPc2 contains two complete rRNA operons, a large number
of enzymes involved in the metabolism of carbohydrates, nitrogen and fatty acids. In
contrast to BPc2, both megaplasmids appear largely cryptic, collectively encoding
421 genes not previously described in public databases. Nevertheless, only the 186-
Kb, but not 361-Kb megaplasmid, could be cured from Butyrivibrio proteoclasticus
B316". The largest megaplasmid has a copy number of 5, while all other replicons are
present at a copy number of 1. %GC content and codon usage analyses strongly
suggests that all three auxiliary replicons have co-resided with the major chromosome
for a significant evolutionary period. Moreover, the replication machineries of these
three replicons are conserved. Interestingly, a survey of a number of Butyrivibrio /
Pseudobutyrivibrio species revealed that the megaplasmids are widespread in this
assemblage, however these other large plasmids do not show concordance with their
165 rRNA phylogeny and appear distinct to those of B. proteoclasticus B316".

A microarray analysis of gene expression in a co-culture experiment between B.
proteoclasticus and the important ruminal methanogen, Methanobrevibacter
ruminantium M1, revealed a potentially mutualistic interspecies interaction. In this
relationship M. ruminantium appears to provide B. proteoclasticus with glutamate,
essential to the final step of NAD" biosynthesis, while B. proteoclasticus appears to
provide M. ruminantium with formate, hydrogen and carbon dioxide, each important

substrate for methanogenesis.

XVvi



Acknowledgements

It is a privilege and an honour to acknowledge the many great people who have guided me
throughout this project in one way or another. But more importantly have helped to shape me

into the person that [ am today.

To my supervisors Dr Graeme Attwood, Dr William (Bill) Kelly, and Dr Jasna Rakonjac, it is
impossible to put into words the sincere gratitude I have for you all. I certainly wouldn’t have

lasted long without your influence and direction.

To the great people of AgResearch for the practical and financial support, without either this

project would not have been possible.

To the kind people of Meat and Wool New Zealand, in particular Alan Frazer, who have
funded, essentially, my life throughout not only this Ph.D. but the preceding MSc work.

To the Tertiary Education Commission for their financial support with this Ph.D.

To Dr Keith Joblin, I am eternally greatful to you and Robert Skipp who collectively played a
role in bringing me into the AgResearch family and in doing so keeping me in the field of

science.

To the Rumen microbiology laboratory, particularly, Dr Sinead Leahy for your help with the
assembly, Dr Eric Altermann for your help with all things computational, Zhan-hou Kong
and Sam Taylor for your help with the microarrays, Dong Lee for being my go to guy, Diana
Pacheco for being my go to gal, Dr Adrian Cookson, Dr Ron Ronimus, Dr Peter Janssen,
Graham Naylor, Dr Christina Moon, Carrie Sang, Rechelle Perry, Gemma Henderson,
Catherine Tootill, and the ex-pats Dr Lucy Skillman, Dr Nicola Walker, Dr Mathew
Nicholson, Dr Karen Olsen, Dr Hassan Husein, Paul Evans, Sam Noel and Nikki Kenters for

your friendship.
To my parents Trish and Jim Yeoman thanks for all your support and encouragement.
To my beautiful wife Casey Norris-Yeoman thanks for sticking by me and supporting me

while I pursue my dreams it has been a long and tough road but hopefully will be worth it in

the long run. Love always!

Xvii



Dedication

This thesis is dedicated to the most beautiful girls in the world my daughters

Summer Ashlee Pamela Yeoman and Sienna Caitlyn Estelle Yeoman.

Whatever you need, whenever you need it, I’ll always be there for you both!!

Xviii



AWGS
BAC
BER
BSA
bp
CDS
Contigs
DR

dso

FDR

GH
HMM
IR
IVR
Kb

Mb

nt

OD
ORF
PARP
PCB

PCR

Abbreviations

Alan Wilson Centre Genome Sequencing

Bacterial Artificial chromosome
BLAST-extend-repraze
Bovine Serum Albumin

Base pair

Coding sequence

Contiguous sequences

Direct repeat
Double-stranded origin

False discovery rate

Gravity

Glycosyl hydrolase

Hidden Markov-model
Inverted repeat

Inverse repeat

Kilobase pair

Megabase pair

Mating pair formation complex
Nucleotide(s)

Optical Density

Open reading frame
Poly(ADP-ribose) polymerase
Polychlorinated biphenyl

Polymerase chain reaction

X1X



PFGE

pollll
RC
RE
rRNA
SSO
TA
tRNA

qPCR

Pulsed-field gel-electrophoresis
Isoelectric point

DNA polymerase III

Rolling circle

Restriction endonuclease
Ribosomal ribonucleic acid
Single-stranded origin
Toxin-Antitoxin

Transfer ribonucleic acid

Quantitative real-time PCR

XX



1 Literature review

1.1 Ruminant animals

Ruminant animals comprise 184 species from 74 genera within 6 families of the
kingdom Animalia. Sheep, cattle, deer and goats are the most important to New
Zealand's economy (Wensvoort, 2002). In a calendar year New Zealand
commercially raises approximately 84 million ruminant animals spread across 45,729
farms (Pink, 2005, Bascand, 2007). In 2007 products derived from ruminant animals
(meat, dairy and wool) were responsible for $16.15 billion of New Zealands exports.
This accounts for more than 48% of New Zealand"s export market and approximately

17% of the country®s gross domestic product (Gudgeon, 2007).

Aside from two exceptions in the-family Tragulidae (Chevrotains and Mouse Deer,
which both have a three-chambered stomach) all ruminants have a four-chambered
stomach (Clarke, 1968) consisting of (in order of passage) the reticulum, rumen,
omasum, and the abomasum (Hungate, 1988). Ruminant animals obtain their food
purely from herbaceous sources. This however is potentially problematic as the
celluloses, hemicelluloses and lignins, which are major components of the primary
and secondary plant cell walls, are indigestible by higher eukaryotes including

ruminant animals (Chesson ef al., 1986, Hungate, 1988).

1.2 Cellulose, Hemicellulose and Lignin
Cellulose and lignin are the two most abundant organic polymers on earth. Cellulose

comprises a linear polymer of D-glucose units connected by P(1—4)-glycosidic
bonds. It forms the major component of both the primary and secondary cell walls of
all plants (Klemm ef al., 2005). Lignin is a large hydrophobic polyphenolic,
macromolecule derived from the dehydrogenative polymerisation of one or more of
three phytochemicals: p-coumaryl alcohol, coniferyl alcohol, and/or sinapyl alcohol
(Suhas et al., 2007). Hemicellulose, a xylan-based plant polymer comprising 37-48%
of a plants primary cell wall, is thought to form bridges between cellulose and lignin

via ester linkages (Chesson et al., 1986).
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Cellulose, hemicellulose, and the non-digestible polyphenolic polymer lignin have,
through necessity, been evolutionarily selected as components of plant structural cell
walls due to their degradation-resistant structures (Hungate, 1988). Their structural
strength ensures plant leaves and stems are supported in the air (or water), preventing
collapse of water-conducting cells and ensuring access of chlorophyll cells to sunlight
(Hungate, 1988). Ruminant animals, like all higher eukaryotes, lack the necessary
enzymes to breakdown these structural carbohydrates and instead rely on a vast array
of enzymes produced by a variety of rumen-inhabiting micro-organisms (Hungate,
1988). Therefore a mutualistic relationship has evolved between ruminants and rumen
micro-organisms, in which the animal provides a eutrophic environment in the form
of the reticulo-rumen, and the microbes provide most of the nutrients required by the
animal through products of fermentation (Barcroft et al., 1944, Elsden, 1946).
However, the ruminant's microbiome typically degrades just 20-70% of plant
structural carbohydrates (Varga & Kolver, 1997). This inefficiency of fibre
degradation is believed to limit the potential productivity of ruminant animals (Brink
& Fairbrother, 1994). Current estimates suggest that every percent increase in
ruminant productivity would be worth approximately $160 million to the New
Zealand economy (Frazer, 2005, Gudgeon, 2007). Consequently, the microbial
breakdown of cellulose and hemicellulose has received a great deal of research

attention (Krause ef al., 2003).

1.3 The reticulo-rumen

The rumen and reticulum act as a microbial fermentative chamber occurring prior to
the acid stomach (pre-peptic). The reticulo-rumen (henceforth referred to as the
rumen) is inhabited by bacteria, archaea, fungi, phage and protozoa (Bryant & Small,
1956, Chagan et al., 1999, Trinci et al., 1988, Naylor, 1998, Ambrozic et al., 2001).
The typical size of the rumen ranges from 2.4 to 12 litres for sheep and 90 to 120
litres for cattle (Habel, 1975).

The rumen is anoxic, and thus is largely inhabited by anaerobes and facultative
anaerobes. Any O, introduced with forage is quickly metabolised by the facultative
anaerobes and reduced by fermentation by-products such as sulphide (Hungate, 1988).
The conditions within the rumen have evolved to maximise the growth of suitable

anaerobic microbes. This is because unlike aerobic micro-organisms which break



down carbohydrates to mostly CO, and H,O (products of little nutritional value),
many anaerobic micro-organisms ferment carbohydrates to give volatile fatty acid
(VFA) products which are used by the ruminant host (Hungate, 1988). These VFA
products include acetic acid, propionic acid and butyric acid that are produced in a

molar ratio of 63:21:16 respectively, although this can vary with diet (Hungate, 1966).

These and other acid products of fermentation, which in other situations would reach
levels inhibitory to microbial growth, are neutralised by constant secretion of sodium
bicarbonate-concentrated saliva from the animal“s submaxillary and sublingual
glands. This allows the pH of the rumen to be maintained at 5.7 - 7.3 (Wolin, 1981).
The temperature is maintained around 39 °C although this may rise slightly following
feeding, when fermentation is maximal (Dale ef al., 1954). Muscles in the walls of the
rumen constantly undergo a series of coordinated contractions which serve to mix the
rumen contents (Hungate, 1988). The combination of the aforementioned factors
allows the rumen to achieve microbial concentrations far in excess of those commonly
attainable by in-vitro batch culture techniques. These high microbial densities are
necessary to provide the enzymatic activities required to break down the indigestible

portions of forage at a rate useful to the ruminant (Hungate, 1988).

The VFAs produced during microbial fermentation are subsequently absorbed
through the rumen wall. Large papillae lining the rumen wall greatly increase its
surface area, enhancing VFA absorption. The VFA butyric acid is specifically
important for the development of these papillaec as well as the musculature of the
rumen wall (Hungate, 1988). There are a number of bacterial species known to be
capable of producing butyric acid through fermentation, such as Butyrivibrio
fibrisolvens, Clostridium kluyveri, or Eubacterium limosum (Barker et al., 1945,
Muller et al., 1981, Miller & Jenesel, 1979). The major bacterial genus responsible for
butyric acid production in the rumen is Butyrivibrio (Miller & Jenesel, 1979).



1.4 Butyrivibrio
The bacterial genus Butyrivibrio was first described by Bryant and Small (1956) as

anaerobic, butyric acid-producing, curved rods. These organisms are small, typically
04 — 0.6 um by 2 — 5 um and motile via a single, usually polar or sub-polar,
monotrichous flagellum. They are commonly found singly or in short chains but it is
not unusual for them to form long chains. Despite historical descriptions as Gram-
negative (Bryant & Small, 1956), their cell walls contain derivatives of teichoic acid
(Cheng & Costerton, 1977) and electron microscopy indicates that bacteria of this
genus have a Gram-positive cell wall type (Beveridge, 1990, Cheng & Costerton,
1977). Their Gram-negative appearance by Gram staining is thought to be due to
thinning of their cell walls (to 12 to 18 nm) as they reach stationary phase (Beveridge,
1990).

Butyrivibrio species are common in the rumen of cows, deer and sheep under a
variety of diets (Bryant & Small, 1956), where they are involved in a number of
ruminal functions of agricultural importance in addition to butyrate production (Miller
& Jenesel, 1979). These include fibre degradation, protein breakdown,
biohydrogenation of unsaturated fatty acids, and the production of microbial
inhibitors (Hunter et al., 1976, Blackburn & Hobson, 1962, Kalmokoff & Teather,
1997, Kepler et al., 1966, Dehority & Scott, 1967, Polan et al., 1964). Of particular
importance to ruminant digestion, and therefore productivity, is their role in the
breakdown of hemicellulose-lignin complexes (Morris & Van Gylswyk, 1980,
Dehority & Scott, 1967).

Butyrivibrio species are metabolically versatile and are able to ferment a wide range
of sugars (Stewart et al., 1997) and cellodextrins (Russell, 1985). Some strains are
able to break down cellulose (Shane ef al., 1969) although this ability is often lost
during in-vitro culturing. Most isolates are amylolytic (Cotta, 1988) and are able to
degrade xylan by producing xylanase (Hespell ef al., 1987, Sewell et al., 1988) and
acetyl xylan esterase enzymes (Hespell & O'Bryan-Shah, 1988, Lin & Thomson,
1991).



A number of genes encoding glycoside hydrolases (GH) have been identified in
Butyrivibrio species including: Endocellulase (GH-family 5 and 9); B-Glucosidase
(GH-family 3); Endoxylanase (GH-family 10 and 11); B-xylosidase (GH-family 43);
and o-amylase (GH-family 13) enzymes. Several carbohydrate binding modules
(CBM) have also been identified that are predicted to bind glycogen (CBM-family
48); xylan or chitin (CBM-family 2); and starch (CBM-family 26; Krause et al., 2003,
Cantarel et al., 2008).

The Butyrivibrio genus encompasses over 60 strains that were originally confined to
the species Butyrivibrio fibrisolvens based on their phenotypic and metabolic
characteristics. However, phylogenetic analyses based on 16S ribosomal RNA
(rRNA) gene sequences has divided the genus Butyrivibrio into six species (Fig. 1.1,
(Kopecny et al., 2003). These species include the rumen isolates Butyrivibrio
fibrisolvens, B. hungatei, B. proteoclasticus, Pseudobutyrivibrio xylanivorans, P.
ruminis and the human isolate B. crossotus. The families B. fibrisolvens, B. crossotus,
B. hungatei as well as B. proteoclasticus all belong to the Clostridium sub-cluster

XIVa (Fig. 1.1; Willems et al., 1996).

1.6 Butyrivibrio proteoclasticus B316"

Butyrivibrio proteoclasticus B316" was first isolated and described by Attwood e al.
(1996). It was originally assigned to the genus Clostridium based on its similarity to
Clostridium aminophilum, a member of the Clostridium sub-cluster XIVa. Further
analysis has shown that it is more appropriately placed within the genus Butyrivibrio
and consequently the organism was recently reclassified as Butyrivibrio
proteoclasticus B316" (Moon et al., 2008). Within this genus its 16S rDNA sequence

is most similar to, but distinct from, B. hungatei (Fig. 1.1).
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Figure 1.1 Phylogenetic placement of species within the Butyrivibrio / Pseudobutyrivibrio
assemblage according to alignment of 16S rRNA gene sequences.

165 rRNA gene phylogeny using near full length sequences from clostridial cluster I and
subcluster XIVa strains, with Bacillus subtilis subsp. subtilis as an outgroup. The phylogeny
was inferred by Neighbor-Joining with distances calculated using the Kimura 2-parameter
method, implemented in MEGA4 (Tamura et al., 2007). There were a total of 1525 positions
in the final dataset and all positions containing alignment gaps and missing data were
eliminated only in pairwise sequence comparisons. The rate variation among sites was
modeled with a y distribution (shape parameter = 1). The optimal tree with the sum of branch
lengths = 0.95873951 is shown. Percentage bootstrap values were calculated from 10000
replicates, and are shown at nodes if greater than 50%. GenBank accession numbers are
shown in brackets. The bar represents 0.02 nucleotide substitutions per site. Taken with
permission from (Moon et al., 2008).



B. proteoclasticus is present in the rumen at significant concentrations, which have
been shown to range from 2.01 x 10%ml to 3.12 x 10"/ml as estimated by competitive
PCR (Reilly and Attwood 1998) or 2.2% to 9.4% of the total bacterial DNA within
the rumen, as estimated by real time PCR (Paillard et al., 2007). B. proteoclasticus
cells are anaerobic, slightly curved rods, commonly found singly or in short chains,
but it is not unusual for them to form long chains. They possess a single sub-terminal
flagellum, but unlike other Butyrivibrio species they are not motile. They are
ultrastructurally Gram-positive, although as with all Butyrivibrio species, they stain

Gram-negative (Attwood et al., 1996).

B. proteoclasticus does not produce indole, ammonia, catalase, lipase, or lecithinase,
or reduce nitrate, however it is highly proteolytic and xylanolytic. Recently, B.
proteoclasticus has been shown to have a role in biohydrogenation, converting
linoleic acid to steric acid (Wallace et al., 2006). The %G+C content of
B. proteoclasticus was originally reported at 28%, however reanalysis of its %G+C
content and analysis of its genomic DNA sequence has shown that it is 40.02%

(Attwood et al., 1996, Moon et al., 2008).

1.7 Genome sequencing

The first complete sequence of a genome was that of bacteriophage ®X174
completed and published in 1977 (Sanger et al., 1977a). Eighteen years later the first
bacterial genome sequence was published; that of Haemophilus influenzae, an
opportunistic pathogen implicated in a number of human diseases (Fleischmann et al.,

1995).

To date, most genomes have been sequenced using the Chain-termination (or Sanger)
method (Sanger & Coulson, 1975, Sanger et al., 1977b) in combination with a
,shotgun® cloning approach (Anderson, 1981). Collectively, these processes are
referred to as shotgun sequencing. However during the course of this thesis a novel
method of DNA sequencing, array-based pyrosequencing, has been developed.
Pyrosequencing is faster and less expensive than the Chain-termination method and
also forgoes the need for cloning (Margulies et al., 2005). Pyrosequencing was first

described in 1996 (Ronaghi et al., 1996), and the development of the array-based



method has led to its emergence as a rapid platform for genome-scale DNA
sequencing projects (Margulies et al., 2005). This technology is becoming the
predominant choice of genome (and metagenome) sequencing efforts. Array based
pyrosequencing is currently limited by small sequence reads (200-400 bp) that may

cause downstream problems in the assembly of highly repetitive genomes.

In 1998 Brent Ewing, Phil Green and colleagues described Phred, a base calling
program capable of determining the reliability of each base-call by analysis of the
corresponding trace file (Ewing & Green, 1998, Ewing ef al., 1998). It has since been
the corner stone of evaluating sequence integrity. Ewing and colleagues identified
four parameters of trace files that best indicated an incorrect base call: 1) inconsistent
peak spacing 2+3) a high ratio of the largest uncalled peak to the largest called peak
using both a window of 7 and a window of 3 surrounding peaks, and 4) the peak
resolution (the number of bases between the scrutinised base and the nearest
unresolved base) (Ewing & Green, 1998). The resulting analysis of these factors is fed
into a complicated algorithm that assigns a quality score to each base. This quality

score (q) relates to the error probability (p) by the following equation:

q=-10 x log;o(p)

Where for example a Phred quality score of 40 indicates a base has a 1 in 10,000
possibility of being incorrectly called (Ewing & Green, 1998).

Modern genome sequencing consists of two distinct phases the first being shotgun
sequencing and assembly. This results in a collection of contiguous sequence reads
(contigs), each being separated by a sequencing or physical gap. A sequencing gap
refers to a gap that is captured but not sequenced. This results from the cloning of
large fragments of DNA that exceed the maximal length of quality sequence
obtainable through the sequencing of each of the clone™s ends. Physical gaps exist

where a stretch of DNA has not been cloned.

The second phase of modern genome sequencing is known as finishing, this is the
process where the aforementioned gaps are closed and any low quality, typically less

than Phred 40, portions of the sequence are enhanced.



The sequencing of bacterial genomes and subsequent analysis provides a wealth of
information about an organism, such as its evolutionary origins (Martinez-Vaz et al.,
2005), lifestyle strategies (Backhed et al., 2005) and metabolic capabilities (Arp et al.,
2007). It allows potential drug targets, if required, to be identified (Dutta et al., 2006).
Additionally whole genome comparisons can reveal information on microbial
diversity (Venter et al., 2004), the origins and limits of life on earth (Koonin, 2003) or

the potential for life in other planetary systems (Cavicchioli, 2002).

This information generated may benefit, amongst others, biotechnology companies
(Podar & Reysenbach, 2006), biomedical (Brudno et al., 2007), agricultural (Yu et
al., 2005), and pharmaceutical researchers (Roses et al., 2007) and provide novel
drugs (Duenas-Gonzalez et al., 2008), energy generating-, system enhancing- and

bioremediation- technologies (Durre, 2007, Butler et al., 2007) .

At the time of writing this literature review around 700 whole genomes have been
sequenced, while another approximately 1,800 genomes are in progress worldwide
(genomes online database, GOLD website). The majority (1574 as of May 2007) of
genome sequencing projects are of bacteria. Most of these (49%) are of biomedical
interest, with just 6% of bacterial genome projects of agricultural interest funded

worldwide (Kyrpides, 1999, Bernal et al., 2001, Liolios et al., 2006).

Bacterial genomes sequenced to date range in size from the 160 kb genome of the
psyllid endosymbiont Carsonella ruddii (Nakabachi et al., 2006), to the 13 Mb
genome of the myxobacterium Sorangium cellulosum (Schneiker et al., 2007).
Bacterial genomes may be entirely contained within a single chromosome (Schneiker
et al., 2007) or spread across multiple chromosomes (Chain et al., 2006) and/or

plasmids (Brom et al., 2000, Casjens et al., 2000).



1.8 Gene prediction, annotation and analysis

The purpose of genome sequencing is to identify genes and functional ribonucleic
acids (RNAs) and predict their function through annotation. In its most basic sense, a
gene or an open reading frame (ORF) constitutes a length of DNA commencing with
a start codon (typically ATG although occasionally this can be substituted for TTG or
GTG; Clark & Marcker, 1966) followed by a variable number of nucleotide triplets
(known as codons) each encoding a single amino acid, finishing with a stop codon
(TAA, TAG or TGA; Kohli & Grosjean, 1981). Prokaryotic genomes are far less
complex than those of eukaryotes and therefore gene identification and annotation is
comparatively easier. Intergenic regions account for very little of the total genome
(typically 10 - 20%; Salzberger et al. 1998). Prokaryotic open reading frames (ORFs)
are intronless and short, typically averaging around 1 Kb (Ochman & Davalos, 2006).
This reduced complexity gives some predictability allowing bioinformatics tools to

identify key features of the genome (such as ORFs) with more reliable accuracy.

However not every stretch of DNA preceded by a start codon and finishing with a
stop codon is actually transcribed. Therefore an ORF without any evidence of
transcription, function or significant similarity to any gene previously sequenced is
described as encoding a hypothetical protein. The proportion of hypothetical proteins
varies considerably between bacterial genomes ranging from 0.2% (Shigenobu ef al.,
2000) to 53.4% (Casjens et al., 2000; average 15.3%; Fukuchi & Nishikawa, 2004).
Organisms with the fewest hypothetical proteins tend to be those with reduced
genomes such as endosymbionts or the parasitic Mycoplasma genitalium. While the
number of hypothetical proteins tends to increase with the phylogenetic distance
between the sequenced organism and its closest sequenced relative (Fukuchi &

Nishikawa, 2004).

Currently the best known and most commonly used software packages for predicting
ORFs are GeneMark (Borodovsky & Mclninch, 1993, Besemer & Borodovsky, 2005)
and GLIMMER (Gene locator and interpolated Markov modeller; Delcher et al.,
1999). These programs detect more than 91% and 97% of ORFs from prokaryotic
genomes, respectively, without manual curation (Salzberg et al., 1998). GeneMark
and GLIMMER first identify all potential ORFs larger in size than a specified
threshold, typically set at 150 bp. ORFs smaller than this have a higher probability of
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occurring by chance (Kellis ef al., 2003). This probability increases with %G+C
content (Skovgaard et al., 2001). These programs then determine the probability that
each nucleotide of an ORF, and collectively the entire ORF, is in a coding (or non-
coding) region using Markov models built by a training set of known genes from the
organism (Salzberg et al., 1998). This ability to differentiate coding from non-coding
regions is based on the finding that genomes contain genome-specific signatures
(Karlin ef al., 1997). These signatures vary between coding and non-coding regions
(Sandberg et al., 2003). Such signatures include di-nucleotide, tri-nucleotide and
tetra-nucleotide frequencies (Karlin et al., 1997), %G+C content (Chargaff, 1951),
codon usage (Grantham ef al., 1980a, Grantham ef al., 1980b) and amino acid usage
bias (Sueoka, 1961). GLIMMER and GeneMark differ in the length of the Markov-
chains. GLIMMER does not have a fixed length (Delcher et al., 1999), whereas
GeneMark uses a 5™ order model (Borodovsky & Mclninch, 1993). GeneMark
additionally refines a retained ORF’s start codon by searching for ribosome-binding

sequences upstream of potential start codons (Lukashin & Borodovsky, 1998).

Ribosome binding sequences (RBS) are typically centered approximately 8 - 13
nucleotides upstream of a true start codon (Shine & Dalgarno, 1975). However, in
some genes, typically those transcribed from alternative start codons (GTG or TTG),
there appears to be a larger gap between the RBS and the start codon (Kozak, 1983).
Ribosome binding sites typically have a sequence such as AGGA or GAGG, and is
complimentary to the 3' end of the 165 rRNA chain (Shine & Dalgarno, 1975).

Several comparative analyses of genome sequences to date have identified a
theoretical minimal set of between 169 and 206 genes essential for cellular life (Gil et
al., 2004, Koonin, 2000). While over-annotation, particularly of small ORFs, makes it
difficult to accurately determine an average gene size (Skovgaard et al., 2001,
Fukuchi & Nishikawa, 2004, Huynen & Snel, 2000) it is generally considered to be
approximately 1 Kb (Ochman & Davalos, 2006). However, a single gene can exceed
20 Kb (Reva & Tummler, 2008). The largest prokaryotic genes described to date were
found in Chlorobium chlorochromatii CaD3 and encode proteins of 36, 806 and 20,
647 amino acids (Reva & Tummler, 2008).
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Genome analysis has shown the presence of a number of inactivated genes also,
known as pseudogenes (Jacq et al., 1977, Vanin, 1985). Pseudogenes arise through
the accumulation of mutations that disrupt and ultimately degrade their functional
predecessors. These are commonly described in genome analyses. It is believed that
all traces of pseudogenes are likely to completely erode over time. This erosion is due
to prokaryotes having a mutational bias favouring deletions over insertions (Ochman

& Davalos, 2006).

Following the identification and refinement of ORFs, they can be analysed and
ascribed a putative function. A number of bioinformatics tools exist to facilitate this
analysis. The most popular include Basic Local Alignment Search Tool (BLAST;
Altschul et al., 1997), Clusters of Orthologous Groups (COG; Tatusov et al., 1997),
SignalP (Bendtsen ef al., 2004), LipoP (Juncker et al., 2003), Transmembrane HMM
(TmHMM; Krogh et al., 2001) and Interpro (Apweiler et al, 2001). BLAST
compares the similarity of a nucleotide or amino acid sequence to a sequence database
(typically GenBank; Benson et al. 2008) using a heuristic alignment approach
(Altschul et al., 1997). Targeting of the encoded proteins to secretory systems can be
predicted by SignalP and LipoP. SignalP uses neural network and hidden Markov
model (HMM) algorithms to predict the classical signal peptidase I cleavage sites, and
LipoP uses HMMs to predict signal peptidase II cleavage sites, characteristic of
lipoproteins. The transmembrane topology can also be predicted by HMM, using
TmHMM (Krogh et al., 2001). Specific targeting signatures, such as carboxy-terminal
cell wall anchoring in Gram-positive bacteria, via LPXTG-like motifs (Navarre &
Schneewind, 1994), recognised by the protein Sortase (Ton-That ef al., 1999), can be
predicted by specific HMMs available through PFam or TIGRFam libraries
(Boekhorst et al., 2005). Interpro integrates the major hidden Markov model searches:
PFam (Sonnhammer et al., 1997) and TIGRFam (Haft ef al., 2001). It also includes
other protein signature databases, including Uniprot (Apweiler et al., 2004), Prosite
(Bairoch, 1991), ProDom (Corpet et al., 1998), Smart (Schultz et al., 2000, Ponting et
al., 1999, Schultz et al., 1998), Panther (Thomas et al., 2003), PIRSF (Wu et al.,
2004), Superfamily (Gough et al., 2001), SCOP (Murzin ef al., 1995), CATH (Pearl et
al., 2003), Swiss Model, MOD Base (Peitsch, 1996), MSD (Golovin et al., 2004),

Gene 3D and Sprint. Collectively Interpro allows the identification of structural and
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functional domains using primary, secondary and tertiary structural prediction and

HMM analyses.

Following such analysis each ORF is ascribed a putative function. This should be
descriptive but conservative and, where possible, consistent with the type species (this
being Bacillus subtilis for Gram-positive organisms). Several publications have
pointed out the confusion that is often caused by inconsistencies in the assignment of
gene names (Wang et al., 2005, Wyman et al., 2004, Mitchell et al., 2003). Konforti
(2007) recently suggested that a gene name often reflects the laboratory where the
genome was annotated rather than its function or even the organism it is derived from.
Various methods have arisen to attempt to circumvent such inconsistencies, such as
gene ontologies (Smith et al., 2005). Gene Ontologies are a finite list of descriptors
that define a gene by its molecular function(s), the biological process(es) where these
functions take place and what cellular componentry it resides in, or belongs to.
Collectively all above bioinformatics analyses can be managed on a genomic scale
using an interface such as MANATEE (TIGR, 2001) or GAMOLA (Altermann &
Klaenhammer, 2003).

1.9 Plasmids

Plasmids are classically defined as covalently-closed, circular, double stranded DNA
molecules. However, more recently plasmids have been described existing as linear
entities (Hirochika et al., 1984). Plasmids exist, and are replicated, independently of
the bacterial chromosome. All plasmids contain a replication origin (oriR) allowing
them to be replicated (reviewed in Section 5.3). Many also contain genes that are
beneficial to their host by conferring drug resistance (R plasmids) (Allignet et al.,
1998), bacteriocin production (Gamon et al., 1999), enhanced virulence (Crespi et al.,
1992), enhanced symbiotic- (Innes et al., 1988) or metabolic capabilities (Igloi &
Brandsch, 2003).

Like other accessory genetic elements of bacterial genomes (e.g. phage, transposons
or genomic islands) plasmids are capable of being transmitted, not only vertically
during bacterial cell division but also horizontally by conjugation (reviewed in
Section 1.13), transformation, or transduction (Garzon et al., 1995, Andrup, 1998,

Hanahan et al., 1991). Various mobilisation methods, including transposition, can
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move specific genes between the host chromosome and plasmids, as well as transfer
groups of previously non-contiguous genes from different replication units into a
single replicon (Amabile-Cuevas & Chicurel, 1992, Cohen, 1976). During this
process additional genes may be co-transferred in a phenomenon known as “DNA
hitchhiking”. Therefore plasmids are typically thought to provide a mobile pool of

genetic information.

Several plasmids, all with no apparent function (cryptic plasmids), have previously
been described from Butyrivibrio species. These include pRIJfl and pRIJf2 from B.
fibrisolvens OB157 (now designated Pseudobutyrivibrio ruminis OB157), pBF1 from
B. fibrisolvens AR10 (now designated B. hungatei AR10) and pOMI1 from B.
fibrisolvens Bu49 (now designated P. xylanivorans Bu49) (Hefford et al., 1997,
Kobayashi et al., 1995, Ware et al., 1992, Hefford et al., 1993).

Plasmids come in a variety of sizes. Those described to date range in size from 846 bp
(Nesbo et al., 2006) to over 2 Mb (Salanoubat et al., 2002). Plasmids greater than 100

Kb in size are termed “megaplasmids” (Bartosik et al., 2002).

1.10 Megaplasmids

The first megaplasmid was described in Agrobacterium tumefaciens by Van Larebeke
et al. in 1974. The term megaplasmid was not, however, coined until 1981 when
Rosenberg et al (Rosenberg et al., 1981) described pSYMA in Rhizobium meliloti
(now known as Sinorhizobium meliloti). Although the prefix ,mega“ was likely
intended to illustrate the fact that pPSYMA exceeded 1 Mb pair in size, the term was
adopted by many describing large plasmids (Amils ef al., 1998, Niazi et al., 2001). It
was eventually defined as a term to describe a plasmid greater than 100 Kb in size

(Bartosik et al., 2002).

The identification and characterisation of megaplasmids has previously been limited
by technical challenges associated with working with large plasmids. Megaplasmids
do not separate readily from chromosomal DNA in procedures designed to purify
smaller plasmids (Grindley et al., 1973, Currier & Nester, 1976, Sobral et al., 1991).
They are too large to resolve by conventional agarose gel-electrophoresis (Schwartz

& Cantor, 1984, Mathew et al., 1988), and are easily damaged by standard DNA
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extraction procedures. However, techniques such as the preparation of DNA in
agarose plugs to protect it from mechanical shear (Goering & Winters, 1992) and
pulsed-field gel-electrophoresis (PFGE), which allows the resolution of large DNA
fragments (Schwartz & Cantor, 1984), have emerged. These have led to optimised
methods for detecting and sizing large plasmids (Barton et al., 1995). Currently 209
megaplasmids have been identified and sequenced, as listed by GenBank in more than
30 genera of bacteria (NCBI, 2008, Woodsmall & Benson, 1993). These include an
unculturable mycoplasma-like organism (Neimark & Kirkpatrick, 1993), several
halophilic archaea (Ng et al., 1998, Anton et al., 1995, Ferrer et al., 1996), and a

radiation-resistant bacterium (White et al., 1999).

There does not appear to be any phylogenetic correlation associated with
megaplasmid distribution, nor does there appear to be any correlation with the total
genome size of the host organism (Egan et al., 2005). The majority of megaplasmids
identified and sequenced to date derive from y- and a-Proteobacterial classes (29%
and 32% respectively) but this is likely to be biased by the disproportionately large
number of Proteobacterial genomes (52% of all bacterial genomes) that have been
sequenced to date (Liolios ef al., 2006). The vast majority of megaplasmids identified
thus far appear to be hosted by bacterial species that interact with a host (Egan ef al.,
2005).

Most bacterial megaplasmids have been found in Gram-negative organisms. At the
commencement of this project, only ten (of 49 total) sequenced megaplasmids were
hosted by Gram-positive organisms. These organisms included Bacillus sphaericus
(Liu & Fan, 1991), Rhodococcus erythropolis (Stecker et al., 2003), Nocardia opaca
(Kalkus et al., 1990), Bacillus anthracis (Okinaka et al., 1999), Streptomyces rochei
(Mochizuki et al., 2003), Streptomyces coelicolor (Bentley et al., 2004) Gordonia
westfalica (Broker et al., 2004), Pediococcus acidilactici (Halami et al., 2000),
Deinococcus radiodurans (White et al., 1999) and Clostridium acetobutylicum
(Nolling et al., 2001). The sequences of a further 24 megaplasmids from Gram-
positive bacteria were deposited in during the tenure of this thesis, mostly from the
family Actinobacteria. This included pRHLI1, from Rhiodococcus sp. RHA1, which
had been described previously (Shimizu et al, 2001) and is currently the largest
Gram-positive megaplasmid described at 1.1 Mb.
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Overall the megaplasmids identified to date range in size from a little over 100 kb to
2.1 Mb (Salanoubat et al., 2002, NCBI, 2008, Woodsmall & Benson, 1993). Many
provide their host organism with distinctive and significant bacterial traits, such as
root nodulation (Rosenberg et al., 1981), heavy metal resistance (Taghavi et al., 1997,
Ng et al., 1998), rubber degradation (Broker et al., 2004), sugar utilisation (Halami et
al., 2000), bacteriocin production (Halami et al., 2000), and chemolithoautotrophic
utilization of gases, for example utilisation of CO (carboxidotrophy), H,

(hydrogenotrophy) and CO, under aerobic conditions (Fuhrmann ef al., 2003).

Gloria del Solar and Montero de-Espinosa (2000) proposed that plasmids are likely to
confer a slight metabolic burden to the host. Shuvaev and Brilkov (Shuvaev &
Brilkov, 2007) have further proposed that the acquisition of a plasmid would slow the
cell cycle duration, due to the increased competition for nascent dna4 mRNAs at the
ribosome. As the amount of DnaA protein per chromosomal origin (oriC), known as
the initiating mass, is a major factor in determining cell cycle duration (Donachie,
1968, Boye & Nordstrom, 2003), and the amount of DnaA protein present is
dependent on the completion of dnad mRNA translation at the ribosome, Del Solar
and Espinosa (2000) propose that the time taken to reach this initiation mass
correlates with the time taken for dnad to be translated to DnaA at the ribosome.
Considering the inevitable competition between dna4 mRNAs and other mRNAs at
the ribosome, plasmid-encoded mRNAs would further dilute dna4 mRNA and
consequently increase the time taken to reach the initiating mass. Further, this effect
would increase proportionally with the plasmid size and copy number due to the net
increase of transcribed mRNAs. Investigations of the growth rates of E. coli
containing various R plasmids (Zund & Lebek, 1980) found that in most cases E. coli
strains possessing more than one plasmid, a plasmid greater than 80 Kb, or a plasmid
with a copy number >20 resulted in a 15 to 50% increase in generation time, although
the increase in generation time was not proportional to the plasmid size. Several
studies have since shown that, if a plasmid is maintained by a host for sufficient
evolutionary time, both the plasmid and the host organism will evolve to minimise or
eliminate this cost (Heuer et al., 2007, Dahlberg & Chao, 2003). This reduction in
cost appears to be accelerated if the replicon is conjugatively transferable (Heuer et

al., 2007). Southamer and Kooijman (1993) used mathematical modelling to propose
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that there is a benefit to an organism in spreading its DNA over several independently
replicating units. They suggest that by doing so, a high surface to volume ratio may be
maintained, positively influencing the population growth rate. The uptake of nutrients
is proportional to the surface area of the cell, while maintenance costs are proportional
to the volume, and growth of the individual cell continues until DNA replication of
the genome is completed. Therefore, cells with a single large chromosome should be
bigger at the moment of cell division resulting in a less favourable surface to volume
ratio, negatively influencing the population growth rate. This would further help to
explain why in many bacterial species disused genes are easily lost. However, large
plasmids provide a means to retain these less used genes, which are beneficial only
under certain circumstances, by allowing their storage in low-copy extra-
chromosomal replicons. In support of this hypothesis is the common finding that
megaplasmids, much like conventional plasmids, encode genes which are required
occasionally, rather than consistently (Moreno, 1998) and the selective pressures for
retaining these genes appear to be much more relaxed (Dryselius et al., 2007).
Megaplasmids may also allow an organism to differentially regulate large sets of
genes to fit the requirements of a specific environment by means such as variable

copy number (Dryselius ef al., 2007).

Megaplasmids are all thought to exist at a low copy number due the steric limitations
of the cell. Claesson et al. have shown using fluorescent real time PCR that pMP118
of Lactobacillus salivarius exists at a copy number of 4.7 +/- 0.6 per chromosome
(Claesson et al., 2006). Further, Titok et al. (Titok et al., 2003) have shown that the
use of a replication origin from a large (~90 kb) plasmid of Bacillus subtilis in a
vector gives the resulting vector a copy number of approximately 6 units per
chromosome. Megaplasmids have been reported in a supercoiled circular
(Lopezgarcia et al., 1994) or linear form (Saeki et al., 1999, Kalkus et al., 1990,
Krum & Ensign, 2001). Most descriptions of linear megaplasmids are based on their
ability to run into a pulsed-field gel (which without enzymatic linearization precludes
the entry of relaxed circular DNA). Megaplasmids, like smaller plasmids, are
generally referred to as accessory elements implying that an organism may exist in
their absence. Yet, a number of “incurable” megaplasmids exist (Ng et al., 1998,
Bartosik ef al., 2002) raising the question “when is a megaplasmid a miniature, minor

or secondary chromosome?”.
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1.11 Miniature, Minor or Secondary Chromosomes

There is some debate in the literature as to what can be defined as a chromosome.
Schwartz and Friedrich (2001) used the size of the plasmid as the sole determinant to
differentiate between a plasmid and a secondary-chromosome, while Bartosik et al.
(2002) have proposed that a megaplasmid becomes a secondary-chromosome when it
contains genes essential for growth in minimal media. However, to designate a gene
as ‘essential’ is not always straightforward (Egan et al., 2005). Ng et al (1998)
similarly have proposed that a secondary-chromosome contains essential genes, so
that the host can not be cured of it. Jumas-Bilak et al. (1998) argued that regardless of
dispensability, a chromosome must possess characteristic chromosomal markers such
as ribosomal RNA genes (rrn) or heat shock proteins (4sp). However, Krawiec and
Riley (1990) have further argued that rrn or hsp genes are often (if not always) not
unique to the megaplasmid possessing them, and duplicate copies are found on the
chromosome. While the number of 7rn operons, as a general rule, may appear to have
an inverse correlation with generation time (Cole & Saint Girons, 1994), it appears
possible that duplicates may be lost. This is supported by analysis of organisms that
now possess only a single rrn operon, for example Bradyrhizobium japonicum
(Kundig et al., 1995). Therefore, until it can be shown that the »rn or Asp genes of a
megaplasmid are essential for the normal growth of the organism, defining a
megaplasmid as a secondary-chromosome may be incorrect. More recently Ochman
provided a bioinformatically measurable definition of a chromosome, proposing that a
chromosome should possess a unique copy of one of the genes described in the
bacterial minimal gene set (Koonin, 2000). This is based on the premise that a
chromosome represents “the ancestral genetic material” (Ochman, 2002). To
summarise, it seems a plasmid (megaplasmid or otherwise) should be defined as
consisting of a particular sample of the bacterial genome that is required occasionally,
rather than continually. A chromosome should, however, possess unique genes
required for housekeeping and are therefore indispensable. This definition would
apply irrespective of the replicon size, thus uncritical acceptance that even a smaller

auxiliary replicon is a plasmid may be incorrect (Kolsto, 1997, Egan ef al., 2005).

At present, 30 bacterial species have been described as possessing two (or three)

chromosomes, based on one or more of the aforementioned definitions. These are
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largely of the B-Proteobacterial class (56%) particularly of the genus Burkholderia
(33%). Aside from Deinococcus radiodurans R1, all bacterial species currently

described as possessing multiple chromosomes are Gram-negative.

Secondary chromosomes that have been described range in size from 300 Kb (Bulach
et al., 2006) to 3.6 Mb (Copeland et al., 2007), but are always smaller than the main
chromosome (Ochman, 2002). All currently described secondary chromosomes have
a very similar %G+C to that of the main chromosome, implying a long evolutionary
co-existence within the same host (Egan et al., 2005). The majority of genes deemed
‘essential’ are typically found on the main or major chromosome. In contrast, a larger
proportion of genes with unknown function are found on the secondary chromosome
(Egan et al., 2005). Dryselius et al. have hypothesized that the major chromosme over
time has become evolutionarily self-stabilising and the relative inflexibility of this
replicon is the reason why most essential genes are retained there and not translocated

to a secondary chromosome.

1.12 Plasmid Replication
Plasmids must replicate to allow their vertical transmission; failing this they would

simply be lost from the host during cell replication and division. Therefore all
plasmids contain a distinct locus (typically 500 bp-3 kb), known as the origin of
replication (oriR) at which plasmid replication is initiated. The oriR not only allows
initiation of plasmid replication but it also regulates the rate of initiation, allowing the
plasmid to be maintained at a defined copy number per cell (Abeles et al., 1995).
Plasmid copy numbers range from one to over a thousand per cell (Schroeter ef al.,
1988). In all plasmids studied to date the copy number is controlled by either an
antisense RNA transcript (Osborn et al., 2000) or by the binding of replication (Rep)

proteins to regulatory sequences near the initiation sites (iterons; Abeles et al., 1995).

In the RNA-binding mechanism, an anti-sense RNA targets an overlapping and
complementary (sense) RNA, transcribed from the opposite strand. This target RNA
would otherwise be used as a primer for DNA replication, or as a messenger for a Rep
protein (De Wilde et al., 1978, Muesing et al., 1981). The base pairing is formed

between complementary unpaired loops which are formed in both RNAs by
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secondary folding (Brady et al., 1983). This type of regulation, known as an
“inhibitor-target mechanism”(Novick, 1987), is employed by many smaller plasmids
which use basic replicons as well as several large conjugative plasmids of the

incompatibility group F (IncF).

In the iteron-binding mechanism a trans-acting replication initiation/control protein
(Rep) binds to a series of typically 18-22 bp direct repeats (iterons) situated near the
oriR (Hitoshi et al., 1999). Rep proteins use ATP to separate the double stranded
DNA, then use their DNA helicase domains (or a host encoded DNA helicase during
rolling circle replication; considered below) to partially unwind the plasmid
(Kornberg et al., 1978, Arai et al., 1981). The partially unwound (relaxed) state of the
double helix at the plasmid oriR allows the replication machinery to assemble and
commence transcription. However, when Rep is in excess, it forms dimers. These
dimers bind to inverse repeats in the rep gene promoter sequence preventing its own

transcription (Diaz-Lopez et al., 2003).

The trans-acting feedback regulation of the oriR by either the inhibitor-target or
iteron-binding mechanism means that two plasmids sharing common elements
involved in their control and partitioning cannot coexist and be propagated stably in
the same host. This feature has lead to the grouping of plasmids based upon their
incompatibility (Scaife & Gross, 1962). Yet, there are exceptions to this rule; the
plasmids may contain multiple replication origins. This feature is common to the IncF
group of large plasmids (Bergquist ef al., 1986). Plasmids regulated by the inhibitor-
target mechanism may also become compatible by nucleotide changes in the

overlapping transcript.

Following the initiation of replication, plasmids are replicated by either a Rolling-
Circle (RC), a Strand Displacement or a Theta (0) mechanism. RC replication was
first seen in the 4 Kb plasmid pT181 from Staphylococcus aureus (Koepsel et al.,
1985). Despite being most prevalent in Gram-positive bacteria, and used by the
Butyrivibrio plasmid pOM1 (Hefford et al., 1997), the mechanism appears to be
limited to small, high copy number plasmids and is yet to be observed in a plasmid
greater than 10 Kb. This mechanism is, therefore, unlikely to be used by

megaplasmids or secondary chromosomes. RC replication is a unidirectional,
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asymmetric process (del Solar et al., 1998) and is initiated by the incorporation of a
nick in a site known as the double-stranded origin (dso) by a plasmid-encoded Rep
protein (Marsin et al., 2000). The dso is found exclusively in the plus, or Crick, strand
of the plasmid (del Solar et al., 1998). The resulting free 3’-OH end is used as a
primer for leading strand synthesis (Lechner & Richardson, 1983). This process is
thought to involve chromosome-encoded replication machinery such as DNA
polymerase III and a single-strand binding protein (Mclnerney & O'Donnell, 2004).
Along with the plasmid-encoded Rep protein, this is known as the replisome. As
replication proceeds, the Crick strand is displaced. Replication continues until the
replisome reaches the dso (Khan ef al., 1988). Finally the Rep protein catalyzes a
DNA strand transfer reaction (Lechner et al., 1983). This process releases both a
double-stranded DNA molecule, consisting of the parental minus, or Watson, strand
and the newly synthesized positive strand, and a single stranded DNA molecule
consisting of the parental Crick strand (Khan er al., 1988). The single-stranded
molecule serves as a template for minus (Watson) strand synthesis. This process
commences from the single-stranded origin (sso), distinct from the dso, but typically

in the vicinity of the dso (Birch & Khan, 1992).

The Strand displacement mechanism, seen in some incompatibility group Q plasmids
(del Solar et al., 1998), requires two symmetrical and adjacent single strand origins
(sso) present on opposite strands (Honda et al., 1992). A rep protein binds to iterons
in an adjacent AT-rich region and unwinds the duplex exposing the two sso as single-
stranded entities. A plasmid-encoded primase primes the sso and replication proceeds
continuously displacing the complimentary strand (Honda et al., 1992). This results in

two dsDNA molecules, each possessing a parental strand.

Theta (0) replication can be either uni- or bi-directional (Frere et al., 1993, Bruand et
al., 1993), involving a leading and a lagging strand. The leading strand is synthesized
continuously, while the lagging strand is synthesized in discontinuous (Okazaki)
fragments, which are later joined by DNA ligase (Inselburg & Oka, 1975). Theta
replication can begin from a single or multiple oriRs. Theta oriRs commonly contain a
number of general features aside from the Rep protein, including an adjacent AT-rich
region containing direct, inverse and/or inverted repeats and one or more dnaA boxes.

The dnaA boxes facilitate the binding of a host encoded DnaA, a chromosomal
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replication initiator protein (Park & Chattoraj, 2001). Theta replication is seen in the

Butyrivibrio plasmids pRJf1 and pRIJf2 (Hefford et al., 1997).

Analysis of the replication origins of all megaplasmids sequenced at the time of
writing this literature review shows that most (>95%) contain genes encoding Rep
proteins of the RepA or RepB-family (70%) and/or Partitioning (Par) proteins, such as
ParA or ParB (82%) typically in close proximity to one another and, where defined,
the replication origin. Rep proteins are thought to be exclusively encoded by
plasmids, but are common to secondary chromosomes (NCBI). This may suggest that
most secondary chromosomes have evolved from large or megaplasmids (Heidelberg
et al., 2000). Conversely genes encoding Par proteins are common to both plasmids
and the major chromosome (Gerdes et al., 2000). A comparison of Par proteins
encoded by various plasmids to those encoded by major chromosomes shows that
their phylogeny is distinct. Par proteins encoded by secondary chromosomes tend to
show a phylogeny similar to that observed for plasmids (Gerdes et al., 2000). Despite
these apparent differences in replication machinery the replication of major and
secondary chromosomes has been shown, at least in the case of Vibrio cholerae, to be
co-ordinated (Egan et al., 2004). Further, Egan et al. (2004) also found the initiation
of the main and secondary chromosomes replication occurs simultaneously.
Conversely, megaplasmids, like regular plasmids, are thought to autonomously
regulate their initiation of replication as their copy number decreases (del Solar et al.,

1998) such as following cell division.

The best characterised Butyrivibrio oriRs are those of the small cryptic plasmids
pRIf1, pRJf2 and pOMI. Each of these plasmids has two ORFs, both of which are
required for their self replication and maintenance. These ORFs encode similar
proteins in all three plasmids, potentially indicating a conserved requirement at the
oriR. The first of these ORFs encodes an acidic plasmid recombinase (Pre) protein.
The second encodes a Rep protein. This oriR composition is also seen in other rumen
microbial plasmids such as pRRI2 of Prevotella ruminicola (Mercer et al., 2001,

Hefford et al., 1997, Kobayashi et al., 1995, Hefford et al., 1993).
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1.13 Plasmid conjugative transfer
The ability of plasmids to be transferred between species is a common feature, and

has been reported in several plasmids obtained from rumen bacteria including
Enterococcus faecium, Prevotella ruminicola, and Ruminobacter amylophilus (Ogata
et al., 1999, Shoemaker et al., 1992, Laukova et al., 1990) as well as plasmid pOM1
from Butyrivibrio fibrisolvens Bu49 (Francia et al., 2004, Hefford et al., 1997).
Transmissible plasmids may be separated into two groups based upon their transfer
capacity: 1) Conjugative plasmids, which encode all the apparatus necessary for both
conjugation and transfer; ii) mobilisable plasmids, which encode the minimal transfer
origin (ori7T) and the mobilisation (mob) genes, but require a conjugative plasmid for
co-mobilisation (Francia et al., 2004). Conjugative transfer requires the intimate
contact between the cell surfaces of a donor and a recipient cell. In Gram-negative
bacteria this is established by specific sex pili. However, the mechanism of achieving
cell-cell contact in Gram-positive bacteria has yet to be completely elucidated.
Intraspecies transfer in Enterococcus is known to involve heat stable, protease-
sensitive sex pheromones, and in Bacillus thuringiens protease-sensitive donor-

recipient coaggregates are formed (Andrup et al., 1993).

The transfer of DNA is thought to be mediated by two protein complexes, the
relaxosome and the mating pair formation (mpf) complex, which are connected by a
TraG-like coupling protein (Gilmour ef al., 2003). The relaxosome is a multiprotein
complex which assembles at the ori7T (Pansegrau et al., 1990). It is composed of both
plasmid and chromosome-encoded proteins (Furste et al., 1989, Lanka & Wilkins,
1995). The relaxase (commonly a TraA, Mob or Pre protein) catalyses the cleavage of
a phosphodiester bond at a specific site within the ori7, known as nic (Grohmann et
al., 2003). Inverted repeats are found adjacent to nic sites (Pansegrau et al., 1988). It
is thought that a stem-loop (hairpin) secondary structure allows the relaxase to
recognise the nic site and catalyse the cleavage of a specific di-nucleotide pair within
the unpaired region of the loop (Grohmann et al., 2003). Following cleavage, the
relaxosome becomes covalently linked by a tyrosyl residue to the 5' terminus of the
cleaved strand. Cleaved DNA can then be unwound for transfer by a plasmid-encoded
helicase (Lanka & Wilkins, 1995). Single-strand transfer is thought to occur by a

replicative RC-type mechanism, until termination of a round of transfer is achieved by
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the cleaving-joining activity of the relaxase linked to the 5' end of the transferring

strand (Lanka & Wilkins, 1995).

The plasmid-encoded mpf complex facilitates the transfer of the DNA from donor to a
competent recipient (Lessl et al., 1993). In Gram-negative bacteria, conjugal mpf
complexes are a subset of type-IV secretion systems (Salmond, 1994). Type IV
secretion systems have the capacity to transfer protein or DNA-protein complexes
intercellularly (Christie, 2001). In Gram-positive bacteria the complex is known to
include an ATPase, mating channel proteins and a coupling protein (usually TraG,
TrwB or TraD) (Grohmann et al., 2003, Francia et al., 2004). Conjugative transfer
machinery has been used in the development of plasmid vectors (Lyras & Rood,

1998, Nallapareddy et al., 2006), providing an alternative transformation procedure.

1.14 Plasmid vectors
Cloning vectors allow researchers to transfer and/or manipulate DNA within a

compatible host organism. Researchers have previously used these techniques to
express a fungal xylanase in Butyrivibrio fibrisolvens strains OB156 and Hl17c
(Krause et al., 2001, Xue et al., 1997). While virus and transposon vectors exist, the
most widely used vectors are plasmids (Zacher et al., 1980, Sargent et al., 2004).
Genetic manipulation of rumen bacteria has been limited in comparison to those from
other environments, despite a commonly held belief that genetic manipulation could
provide a key opportunity to enhance animal productivity (Krause et al., 2003). The
limitation is due to the restricted availability of useful vectors and effective transfer
and selection systems (Hefford et al., 1997). Today several vectors have been
developed for use in Butyrivibrio species (for example pBHerm, pSMerm1 or pYK4;
Beard et al., 1995; Hefford et al., 1997; Kobayashi et al., 1998), which can be used to
transform the bacterium by either electroporation or conjugation (Clark et al., 1994,
Kobayashi et al., 1998). However, due, at least in-part, to the phylogenetically diverse
nature of the Butyrivibrio / Pseudobutyrivibrio assemblage their host range tends to be
limited to only a subset of all Butyrivibrio species. The most common choice of
selectable marker in Butyrivibrio species is the erythromycin resistance gene, which
has been shown to be effective (Kobayashi et al., 1995), while several others, such as

ampicillin or clindamycin have not (Ware et al., 1992). However, the choice of an
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antibiotic resistance marker depends on the target organism‘s innate ability to
metabolise the corresponding antibiotic. B. proteoclasticus has been shown to be
susceptible to the antibiotics ampicillin (10 pg/ml), tetracycline (10 pg/ml),
chloramphenicol (10 pg/ml), gentamicin (10 pg/ml), and monensin (2.5 pg/ml) and
resistant to streptomycin (Attwood et al., 1996).

1.15 Shuttle Vectors

Vectors can be constructed which replicate in more than one species. These are
known as shuttle vectors. Shuttle vectors allow a gene (or multiple genes) of interest
to be shuttled between, and manipulated within, multiple hosts. This commonly
includes E. coli, a host that is well characterised and has a short generation time,
allowing easy manipulation and characterisation of the recombinant constructs. The
same construct can then be introduced and replicated in the native system which is
typically less well characterised and has a longer generation time. Shuttle vectors
typically contain multiple origins of replication, each functional in the particular host
where the propagation of the recombinant construct is planned. Alternatively, broad
host range plasmids (promiscuous plasmids) enable the development of shuttle
vectors functioning from a single oriR (Schofield et al., 2003) in multiple host
organisms. The B. fibrisolvens plasmids, pRJfl, and pOMI1, have both been used
successfully to develop Butyrivibrio / E.coli shuttle vectors (Beard et al., 1995,
Hefford et al., 1997), using an erythromycin selectable marker from the Enterococcus
faecalis plasmid pAMB1, However, previous attempts to introduce these shuttle

vectors into B. proteoclasticus have been unsuccessful.
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2. Materials and Methods

2.1 Materials

2.1.1 Agarose

Four different grades of agarose were used including Low melt agarose (Progen,

Heidelberg, Germany). Pulsed-field certified low melt agarose (Bio-Rad, Hercules,
CA, USA), UltraPure™ agarose (Invitrogen, Carlsbad, CA, USA) and Pulsed-field

certified agarose (Bio-Rad).

2.1.2 Antibiotics

The antibiotics ampicillin, chloramphenicol, tetracycline and novobiocin were

supplied by Sigma-Aldrich (St. Louis, MO, USA).

2.1.3 Bacterial Strains

Bacterial strains used in this work and their source are listed in Table 2.1

Table 2.1 Bacterial strains used
Genus Species Strain Source
Butyrivibrio crossotus DSM 2876 Rod Mackie, UTUC’
fibrisolvens DI" Rod Mackie, UTUC?
WVl1 AgResearch’
C211 AgResearch’
hungatei JK615 Jan Kopecny, IAPG*
DSM 10295 DSMZ°
A38 Rod Mackie, UTUC’
AR10 Ron Teather, LRC’
C130a AgResearch'
C219 AgResearch'
proteoclasticus B316" AgResearch'
ucC142 Jan Kopecny, IAPG*
unspeciated JK619 Jan Kopecny, IAPG*
Escherichia coli DH5a Paul Rainey, UA®
S17-1 An Paul Rainey, UA®
Methanobrevibacter ruminantium M1 (DSM DSMZ¢
1093)
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Pseudobutyivibrio ruminis DSM9787 DSMZ°

CF3 Burk Dehority, OARDC’

CFlb Burk Dehority, OARDC’
xylanivorans DSM 10317 DSMZ°

Mz5" Jan Kopecny, IAPG*

Ce52 AgResearch'

'AgResearch Ltd, Grasslands Research Centre, Palmerston North, New Zealand.

2AgResearch Ltd, Wallaceville Research Centre, Upper Hutt, New Zealand

3University of Illinois at Urbana-Champaign, IL, USA.

“Institute of Animal Physiology and Genetics, Prague, Czech Republic.

*Ohio Agricultural Research and Development Center, Ohio State University, Wooster, OH, USA.

®Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (German Collection of Microorganisms and Cell Cultures),
Germany

"Lethbridge Research Centre, Lethbridge, Canada

S8University of Auckland, School of Biological Sciences, Auckland, New Zealand

2.14 Buffers and solutions

2.14.1 Acridine Orange Curing Solution

110 uM resazurin (L. Light and Co. Ltd., Coinbrook, England) was added to distilled
water (dH,0) and boiled for 5 min to facilitate the removal of dissolved oxygen (O,).
It was then allowed to cool to room temperature while gassing with 100% CO,.
Gassing continued until the resaurin turned colourless, indicating the solution was
anoxic. 1.9 mM acridine orange (MERCK., Darmstadt, Germany) was added and the
solution was then capped and transferred to an anaerobic chamber. Inside the chamber

the solution filter sterilised using a 0.22 um filter (Millipore, Cork, Ireland).

2.1.4.2 Acriflavine Curing Solution
Solution was prepared as described above (2.1.4.1) using 2 mM acriflavine (Sigma-

Aldrich) in place of acridine orange.

2.14.3 Alkaline Lysis Solutions I, IT and III
Alkaline lysis solutions I, II and III were prepared as previously described (Sambrook
& Russell, 2001). Components of each solution (listed Table 2.2) were dissolved

separately in dH,O. The solution was autoclaved at 15 psi for 20 min.
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Table 2.2 Components for alkaline lysis solutions

Chemical Concentration

Solution I

Ethylenediaminetetraacetic acid (EDTA) 10 mM

Glucose 50 mM
Tris—Hydrochloride (Tris-HCI) 25 mM

Solution IT

Sodium dodecyl sulfate (SDS) 35 mM

Sodium hydroxide (NaOH) 02M

Solution III

Glacial acetic acid 1.92M

Potassium acetate 3M

2.14.4 Ammonium Acetate Solution (5M stock)

5 mM ammonium acetate (VWR International Ltd.) was dissolved in dH,O and the

resulting solution was filter sterilised.

2.14.5 CE Buffer

CE buffer was made as described by Martin and Dean (1989). 50 mM sodium
carbonate and 25 mM EDTA (both supplied by VWR International Ltd.) were
combined in dH,0, adjusted to pH 10.0 using 6 N NaOH and then autoclaved.

2.14.6 Chloroform
Chloroform was supplied in analytical grade by VWR International Ltd.

2.1.4.7 Colony Hybridisation Lysis Solution

250 mM sucrose (VWR International Ltd.) and 10 mM tris-HCL (Invitrogen) were
dissolved in dH,0, adjusted to pH 7.5 and then autoclaved.
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2.14.8 Conjugation Buffer

0.01 % Bacto-peptone (Becton, Dickinson and Co., Sparks, MD, USA), 145 mM
Sodium chloride (NaCl; VWR International Ltd.) and 9 mM sodium thioglycollate
(Sigma-Aldrich) were dissolved in dH,0 and autoclaved.

2.14.9 Denaturation Solution

1.5 M NaCl and 0.5 M NaOH were dissolved in dH,O and autoclaved.

2.14.10 Diethylpyrocarbonate (DEPC)
DEPC was supplied by Sigma-Aldrich.

2.14.11 Depurination Solution
250 mM HCI was added to sterile dH,O.

2.1.4.12 Deoxynucleoside Triphosphates (ANTP) Solution

dNTPs (dATP; dCTP; dGTP; and dTTP), were each supplied at a concentration of
100 mM by Invitrogen and were mixed together in equimolar concentrations and
diluted 5 fold in milliQ water to give 5 mM stock solutions. Stock solutions were

stored at -20 °C until required.

2.1.4.13 EC Buffer
100 mM EDTA, 1 M NaCl, 35 mM N-lauryl-sarcosine (Sigma-Aldrich) and 6 mM
trizma base (Invitrogen) were dissolved in dH,0, adjusted to pH 7.6 with NaOH and

autoclaved.

2.14.14 EDTA-Sarkosyl Solution
0.5 M EDTA and 35 mM N-lauryl sarcosine were dissolved in dH,O, adjusted to pH
8.0 with NaOH, then autoclaved.

2.1.4.15 EDTA Solutions

The appropriate concentration of EDTA (0.5 M or 0.125 M) was dissolved in dH,O
and adjusted to pH 8.0, then autoclaved.
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2.1.4.16 Electroporation Buffer

Electroporation buffer was prepared as previously described (Beard et al., 1995). 110
uM resazurin (L. Light and Co. Ltd., Coinbrook, England) was boiled in dH,O and
then cooled under O,-free CO, until anaerobic. 300 mM sorbitol and 1 mM
dithioerythritol (DTT; both supplied by Sigma-Aldrich) were added and gassing
continued for 30 min. The solution was transferred into an anaerobic chamber and

filter sterilised.

2.1.4.17 Ethanol
Ethanol was supplied in analytical grade by VWR International Ltd. as either 95%
(v/v) or absolute (minimum 99.7% v/v). The ethanol was used at either 70% (diluted

from the 95% stock) or at absolute concentration.

2.1.4.18 Ethidium Bromide
Ethidium bromide was supplied as a 10 mg/ml stock solution, diluted in water, by

Invitrogen.

2.1.4.19 Ethidium Bromide Curing Solution
Solution was prepared as described above (2.1.4.1) using 1.27 mM ethidium bromide

in place of acridine orange.

2.1.4.20 Glycerol Solutions (10% and 60%)

1.1 M (for 10 % solution) or 6.6 M (for 60% solution) of Glycerol (VWR
International Ltd.) was mixed with dH,O and boiled for 5 min. The solution was
cooled to room temperature under O,-free CO, and then autoclaved. It was then left to

equilibrate for >72 h in an anaerobic chamber.

2.1.4.21 Hybridisation Solution (Southern)
Hybridisation solution was supplied by GE Healthcare (Uppsala, Sweden) as part of
the AlkPhos Direct Labelling and Detection system. The composition is unknown as

it is proprietary knowledge of the company.
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2.1.4.22 IPTG Stock Solution
0.8 M isopropyl-B-D-thiogalactopyranoside (IPTG; Sigma-Aldrich) was dissolved in
dH,0 and filter sterilised then stored in 1 ml aliquots at -20 °C.

2.1.4.23 Isopropanol
Isopropanol (Propan-2-ol) was supplied in analytical grade by VWR International
Ltd.

2.1.4.24 Liquid Nitrogen
Liquid nitrogen was supplied by BOC (Palmerston North, NZ.).

2.1.4.25 Microarray Pre-hybridisation Buffer

38 mM bovine serum albumin (BSA; Sigma-Aldrich), 3.5 mM sodium dodecyl
sulphate (SDS; VWR International Ltd.) and 5 x saline sodium citrate (SSC; Ambion.,
Austin, TX, USA) were dissolved in sterile milliQ water, in the order listed, then filter

sterilised.
2.1.4.26 Microarray Wash Solutions
The components of each Wash solution (listed in Table 2.3) were dissolved in sterile

milliQ water then filter sterilised.

Table 2.3 Microarray wash solution compositions

Chemical Concentration

Wash solution 1

SDS 10%
SSC 2 X
Wash solution 2

SSC 1%
Wash solution 3

SSC 0.1Xx
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2.1.4.27 Mineral Solution

45 mM ammonium sulphate ((NH4);SO4), 10 mM calcium chloride dihydrate
(CaCl,.2H,0), 10 mM magnesium sulphate 7-hydrate (MgS0O,.7H,0), 200 mM NaCl
and 45 mM potassium dihydrogen orthophosphate (KH,POj; all supplied by VWR

International Ltd.) were dissolved in dH,O and autoclaved.

2.1.4.28 NaCl Solution
5 M NaCl was dissolved in dH,O and autoclaved.

2.1.4.29 Neutralisation Solution
1.5 M NaCl and 0.5 M trizma base were dissolved in dH,O and autoclaved.

2.1.4.30 Novobiocin Curing Solution
Solution was prepared as described above (2.1.4.1) with 820 uM novobiocin (Sigma-

Aldrich) in place of acridine orange.

2.1.4.31 Pfennigs Heavy Metal Solution

84 uM cobalt chloride 6-hydrate (CoCl,.6H,0O), 14 uM copper chloride (CuCl), 1.3
mM EDTA, 1 mM manganese chloride tetrahydrate (MnCl,.4H,O) 8 uM nickel (II)
chloride 6-hydrate (NiCl,.6H,0), 0.5 mM orthoboric acid (B(OH)3), 12 uM sodium
molybdenum oxide dihydrate (NaMoO4.2H,0), 35 puM zinc sulphate 7-hydrate
(ZnS0O4.7H,0; all supplied by VWR International Ltd.) and 0.72 mM iron (II)
sulphate 7-hydrate (FeSO4.7H,0; MERCK) were dissolved in dH,O and stored at

room temperature.

2.1.4.32 Phenol

UltraPure buffer-saturated phenol was supplied by Invitrogen.

2.1.4.33 Phenol:Chloroform Solution

Phenol and chloroform were combined in a 1:1 ratio (v/v).
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2.1.4.34 Phenol :Chloroform:Isoamyl Alcohol Solution
Phenol, chloroform and isoamyl alcohol (Invitrogen) were combined in a ratio of

25:24:1 (vIvIv).

2.14.35 PMSF Stock Solution

100 mM phenylmethylsulfonyl fluoride (PMSF; Kneisel, 1968) was dissolved in
isopropanol by shaking. The dissolved solution was filter sterilised and stored at -20
°C. A working solution was made by diluting the PMSF stock solution 100:1 in TE
(10:1) buffer.

2.1.4.36 Potassium Acetate Solution (1M)
1 M potassium acetate (VWR International Ltd.) was dissolved in dH,O and adjusted
to pH 7.5 with 2 M acetic acid. The solution was filter sterilised and stored at -20 °C

in 1 ml aliquots.

2.1.4.37 R1 Salts Solution

R1 salts solution was made as described by Schaefer et al. (1980). 190 mM
CaCl,.2H,0, 27 mM EDTA, 0.62 M MgCl,.4H,O (all supplied by VWR International
Ltd.) and 18 mM FeSO4.7H,O were combined in 1 part pfennig™s heavy metal
solution (2.1.4.31) and 5 parts dH,O and stored at room temperature

2.1.4.38 Reducing Agent

70 mM L-cysteine-HCL (VWR International Ltd.) was dissolved in % of the final
volume of dH,O and adjusted to pH 10.0 with NaOH. Na,S.9H,0 was added rapidly
along with the remaining dH,O. The solution was boiled under O,-free N, and
subsequently aliquoted into 50 ml serum bottles flushed with O,-free N,. The solution

was then autoclaved.

2.1.4.39 Rumen Fluid
Rumen fluid was collected from 14-18 h fasted rumen-canulated cattle. The liquid
was centrifuged twice at 20,000 x gravity (g), with the pelleted material being

discarded each time. The resulting liquid was stored at -20 °C until required.
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2.1.4.40 Saline-EDTA Solution
10 mM EDTA and 150 mM NaCl were dissolved in dH,O and adjusted to pH 8.0 then

autoclaved.

2.1.4.41 SDS Solution (20% w/v)
0.7 M SDS was dissolved in dH,0 and adjusted to pH 7.2 then filter sterilised.

2.1.4.42 SDS Curing Solution
Solution was prepared as described above (2.1.4.1) with 350 mM SDS in place of

acridine orange.

2.1.4.43 Saline Sodium Citrate (20 X)
Saline sodium citrate (SSC) for work pertaining to the microarray analysis was

supplied by Ambion. All other SSC was prepared as described below:

0.75 M NaCl and 75 mM sodium citrate (L. Light and Co. Ltd.) were dissolved in
dH,O and adjusted to pH 7.0 with 1 M HCI. The solution was then autoclaved.

2.1.4.44 Sodium Acetate Solution (3M)
Sodium acetate (3 M final concentration, VWR International Ltd) was dissolved in
DEPC-treated milliQ water and adjusted to pH 5.2 using glacial acetic acid (VWR

International Ltd.), then autoclaved.

2.1.4.45 SSPE Solution
1 mM EDTA, 180 mM NaCl and 10 mM NaH,PO,; were combined in dH,O and
adjusted to pH 7.7 then autoclaved.

2.1.4.46 STE Buffer

1 mM EDTA, 100 mM NaCl and 10 mM Trizma base were dissolved in dH,O and
adjusted to pH 8.0 before autoclaving. The buffer was stored at 4 °C.
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2.1.4.47 TAE Buffer (50x Stock Solution)

950 mM acetic acid, 50 mM EDTA and 2 M trizma base were dissolved in dH,O and
adjusted to pH 8.0 before autoclaving. A working solution (1X) was made by diluting
the stock solution 50:1 in dH,O.

2.1.4.48 TBE Buffer (5% Stock Solution)
445 mM B(OH)3;, 10 mM EDTA and 445 mM trizma base were dissolved in dH,O
and autoclaved. A working solution (0.5 X) was made by diluting the stock solution

10:1 in dH,O.
2.1.4.49 TE Buffers
Components of each TE buffer (listed table 2.4) were dissolved in dH,O and adjusted

to pH 8.0 before autoclaving.

Table 2.4 TE buffer components

Chemical Concentration
TE 10/0.1
EDTA 0.1 mM
Trizma base 10 mM
TE 10/1
EDTA 1 mM
Trizma base 10 mM
TE 10/100
EDTA 100 mM
Trizma base 10 mM
2.1.4.50 TES Buffer

1 mM EDTA, 250 mM sucrose and 10 mM trizma base were dissolved in dH,O, and
adjusted to pH 7.5 before autoclaving.

2.1.4.51 Trace Element Solution
Nitrilotriacetic acid was dissolved in dH,O and adjusted to pH 6.5 using 1 M KOH.
The remaining components (listed Table 2.5) were added and the solution was stored

at 4 °C.
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Table 2.5 Trace element solution components

Chemical Concentration
Aluminum potassium sulfate dodecahydrate (KAI(SO4),.12H,0; VWR International Ltd.) 42 uM
B(OH); 162 uM
CaCl,.2H,0 680 pM
Cobalt sulphate 7-hydrate (CoSO,4.7H,0; VWR International Ltd.) 640 uM
Copper (II) sulphate pentahydrate (CuSO,4.5H,0; Ajax Chemical International Pty Ltd 40 uM
Sydney, Australia)
FeS0O,.7H,0O 360 uM
Manganese sulphate dehydrate (MnSO4.2H,0; VWR International Ltd.) 2.24 mM
MgS0,.7H,0 12 mM
NaCl 17 mM
NiCl, 6H,0O 100 uM
Sodium molybdate dihydrate (Na,M004.2H,0; VWR International Ltd.) 40 uM
1 uM
Sodium selenite pentahydrate (Na,SeO5.5H,0; Hopkin and Williams Ltd. (Essex, England))
ZnS0,.7TH,0 625 uM
2.1.4.52 TRIzol

TRIzol (a guanidine-isothiocyante reagent used to stabilise RNA) was supplied by

Invitrogen.

2.1.4.53 Vitamin Solution

Distilled water was boiled then allowed to cool to room temperature under O,-free

CO,. All components (listed Table 2.6) were added and O,-free CO, was allowed to

bubble through the solution for a further 20 min before the solution was filter

sterilised into Hungate tubes in 10 ml aliquots. Reducing agent (0.1 ml) was added to

each Hungate tube and the resulting solution was stored at -20 °C.
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Table 2.6 Vitamin solution components

Chemical Concentration
Biotin 8 uM
D-Ca-pantothenate 23 uM

Folic acid 4.5 uM

Lipoic acid 24 uM

Nicotinic acid 40 uM
p-Aminobenzoic acid 36 uM
Pyridoxine-HC1 50 uM

Reducing Agent 1%

Riboflavin 13 uM
Thiamine-HCI dihydrate 15 uM

Vitamin B, 75 nM

2.1.4.54 Volatile Fatty Acid (VFA) Solution

114 mM butyric acid, 28 mM iso-butyric acid, 24 mM n-valeric acid, 24 mM iso-
valeric acid (all supplied by Sigma-Aldrich), 24 mM DL-2-methyl butyric acid, 202
mM propionic acid (both supplied by MERCK) and 710 mM acetic acid were
combined in dH,O and adjusted to pH 7.5 with 1 M NaOH then stored at -20 °C.

2.1.4.55 Wash Solution For Pulsed-Field Gel-Electrophoresis
2 M NaCl and 20 mM trizma base were dissolved in dH,O and adjusted to pH 7.6
with 6 M HCI then autoclaved.

2.1.4.56 X-Gal
50 mM 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal; Sigma-Aldrich) was
dissolved in dimethylformamide (DMF) and stored in an aluminium foil-covered 15

ml falcon tube at -20 °C.
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2.1.4.57 Xylan Solution
5 % Oat spelts xylan was dissolved in BY+ medium (2.1.9.1) and the solution was
autoclaved. 1% reducing agent was added and the solution was stored at room

temperature until use (within 1 week).

2.1.5 Enzymes

2.1.5.1 Calf Intestinal Alkaline Phosphatase

Calf intestinal alkaline phosphatase (CIP; Morton, 1950) was supplied at a
concentration of 10,000 units/ml by Biolab Ltd (Auckland, New Zealand) and
originally sourced from New England Biolabs (Beverley, MA, USA).

2.1.5.2 Lysozyme

Lysozyme (Flemming, 1922), was supplied by Boehringer Mannheim GmbH
(Mannheim, Germany). Lysozyme was used from a 25 mg/ml stock solution made as
follows; 125 mg of lysozyme was dissolved in 5 ml TE (10/1) buffer and filter
sterilised then stored at -20 °C.

2.1.5.3 Proteinase K

Proteinase K (Roelcke & Uhlenbruck, 1969) was supplied by Roche Diagnostics
(Basel, Switzerland) and was used from a 10 mg/ml stock solution made as follows;
50 mg of proteinase K was dissolved in 5 ml TE (10/1) buffer and filter sterilised then
stored at -20 °C

2.1.54 Restriction Endonucleases
All Restriction endonucleases (REs), their reaction buffers and bovine serum albumin

(BSA) were supplied by New England Biolabs.

2.1.5.5 Ribonuclease A (RNaseA)

RNaseA was supplied by Sigma-Aldrich and used from a 10 mg/ml stock solution
made as described below: 50 mg of RNase A was combined with 5 ml 10mM Tris-
HCI buffer. The solution was boiled for 15 min to degrade any contaminating DNase,

and then allowed to cool to room temperature. The solution was filter sterilised and

stored at -20 °C.
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2.1.5.6 T4 DNA ligase
T4 DNA ligase was supplied as Ready-To-Go'™ ampules of lysophilized T4 DNA
ligase, buffer and ATP (sufficient for a 20 pl reaction) by GE Healthcare (Uppsala,

Sweden).
2.1.5.7 T4 DNA polymerase

T4 DNA polymerase was supplied by New England Biolabs at a concentration of
3,000 units/ml.

2.1.6 Gel migration size standards

All Gel migration standards are listed in Table 2.7

Table 2.7 Gel migration standards

*

Standard Range Use Supplier
1Kb+ ladder 100 bp — 12 Kb GE Invitrogen
Lambda (1) ladder 48.5 Kb —727.5 Kb PFGE New England Biolabs
Mid range marker | 15 Kb —242.5 Kb PFGE New England Biolabs
Low range marker 2.03Kb — 194Kb PFGE New England Biolabs

" GE: indicates use in conventional Gel Electrophoresis, PFGE: indicates use in Pulsed-field gel-

electrophoresis only.

2.1.7 Glassware

Beakers and Conical Flasks were supplied in a range of sizes by Biolab Limited
(Auckland, New Zealand) and Kimble Chase Life Science and Research Products
LLC (Vineland, NJ, USA) respectively. Hungate Tubes (10 ml and 15 ml sizes) were
supplied by Kimble Chase Life Science and Research Products LLC. Schott Bottles
were supplied in a range of sizes by Biolab Ltd (Auckland, New Zealand) and
originally sourced from Schott Duran® (Mainz, Germany). Serum bottles were
supplied in both 50 ml and 125 ml sizes by Wheaton Science Products (Millville, NJ,
USA).

40



2.1.8

Laboratory equipment

The autoclave used for steriliation of media and equipment was a high pressure steam

sterilizer model ES-315 supplied by TOMY (Hempstead, NY, USA). Nucleic acids

were measured, by spectrophotometry, using an Agilent model 2100 Bioanalyzer

(Agilent Technologies, Santa Clara, CA, USA) or a NanoDrop® model ND-1000,

(NanoDrop Technologies, Inc. Wilmington, DE, USA). Five types of centrifuge were

used in the work described; they are listed below (Table 2.8). Centrifuge tubes were

supplied in a variety of different capacities as listed below (Table 2.9).

Table 2.8 Centrifuge specifications
Max
Temp
Brand Vessels spun RCF Supplier
Control
(X9)
MiniSpin+ personal 0.6ml and 1.5ml Eppendorf 14100 No Eppendorf
microcentrifuge tubes ’ (Hamburg, Germany)
' Heraeus
Biofuge Fresco 1.5ml Eppendorf tubes 16,000  Yes (Hanau, Germany)
. MSE
Minor Hungate tubes 3,000 No (London, UK)
15 ml and 50 ml Falcon Thermo Fisher Scientific,
IEC Centra tubes 3,500 Yes Inc. (Waltham, MA, USA)
Sorvall® Evolution 50 ml Oakridge tubes and 48000  Yes Thermo Fisher Scientific,

RC

"250 ml centrifuge tubes

Inc.

The rotor housing the 250 ml centrifuge tubes could only be centrifuged at a maximum of

27,500X g
Table 2.9 Centrifuge tubes and suppliers
Brand Capacity Supplier
0.6 ml
Eppendorf tubes Eppendorf
1.5 ml
15 ml ki
Falcon tubes Becton, Dickinson and Co. (Sparks, MD, USA)
50 ml
Oakridge tubes 50 ml Thermo Fisher Scientific, Inc.
Wide mouth
250 ml Nalgene (Rochester, NY, USA)

centrifuge bottles
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The electrophoresis unit used for Pulsed-Field Gel-Electrophoresis was a CHEF-DR®
IIT system powered by a Powerpac Basic (Bio-Rad). Electroporation was carried out
using a Gene pulser "™ system supplied by Bio-Rad. Gas chromatography (GC) was
carried out using an Aerograph 660 supplied by Wilkens Instruments and Research,
Inc. (Walnut Creek, CA, USA). Gels (both conventional and pulsed-field) were
digitally photographed and documented using a Gel Logic 200 Imaging System
supplied by Eastman Kodak Company (Rochester, NY, USA). The gel tanks used for
conventional agarose gel-electrophoresis were a wide Mini-sub® cell GT and for
Pulsed-Field Gel-Electrophoresis, a CHEF electrophoresis cell was used (both
supplied by Bio-Rad). The scanner used for microarrays was a GenePix" Professional
4200 Scanner supplied by MDS Analytical Technologies (Sunnyvale, CA, USA). An
Olympus Vanox AHBT3 microscope was used for microscopy (Olympus America
Inc., Center Valley, PA, USA). The shakers, incubators and waterbaths used are listed
below (Table 2.10).

Table 2.10  Shakers, incubators and water baths

Brand Shaker Max Temp  Supplier
Orbitec XL Ves wa Infqrs-HT (Bottmingen,
Switzerland).

Thermotec 2000 No 300 °C Contherm (Wellington, NZ)
Precision Incubator No 100 °C Contherm
Hybridisation oven Yes 100 °C GE Healthcare

. o o Labortechnik GMBH
Julabo F10 upright waterbath No 0°C-105°C (Seelbach, Germany)

Room Temp —  Grant Instruments Ltd.

Grant Y28 waterbath No 100 °C (Cambridge, UK)

A warm room, which housed the orbital shakers, was set at 39 °C and heat was
dispersed throughout the room with a fan. Conventional Polymerase Chain Reactions
(PCRs) were carried out in a Px2 Thermal Cycler (ThermoHybaid, Sedanstr,
Germany), while Real time PCR reactions used a Lightcycler Series II (Roche
Diagnostics, Basel, Switzerland). The pH meter used to measure and adjust the pH of
media and solutions was a PHM62 pH Meter (Radiometer, Copenhagen, Denmark).
Test tube heating was carried out in a Test Tube Heater SHTD (Stuart Scientific,
Stone, Staffordshire, UK).
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N, and CO, gases were supplied at food grade while H, was supplied either as a pure
gas or as an 80:20 (v/v) mixture with CO, (BOC, Auckland, NZ.). All gases were
scrubbed to remove traces of O, by passing the gas over heated (400 °C) copper
filings in an inline furnace. The copper filings were routinely re-reduced by flushing

with H, for several minutes.

The Anaerobic glove box is manufactured by Coy laboratory products INC. (Grass
Lake, MI, USA) and maintains a 95% CO,: 5% H, environment but would likely

conatin trace amounts of N, which is used to flush incoming materials of O,.

Parafilm M was supplied by American National Can (Chicago, IL, USA). Pipettors
used during experimental work were Finnpipette Digital Variable Range pipettors
supplied by Thermo Fisher Scientific (Waltham, MA, USA). Pipette tips were
supplied in 10 pl, 200 pl, 1 ml, 5 ml and 10 ml sizes by Quality Scientific Plastics
(Petaluma, CA, USA). Certified RNase/DNase-free pipette tips were supplied in 10
pl, 200 pl and 1 ml sizes by Sorenson Bioscience, Inc. (Salt Lake City, UT, USA).
Microscope slides and coverslips were manufactured by Esco and supplied by Biolab
Limited (Auckland, New Zealand). The counting chamber used for cell enumeration
was a Thoma Slide etched with a 2.5 pm® grid that was 20 um deep (Webber
Scientific International, Ltd., Teddington, England).

2.1.9 Media
All broth media were prepared as described below unless otherwise specified. Where
solidified media were used, 1.5% Bacteriological Agar was added to the described

media.

2.1.9.1 BY+ medium

All components listed below (Table 2.11), except L-Cysteine-HCL and Vitamin
solution, were dissolved in 1L of dH,O. The solution was boiled until Resazurin
turned from red to colourless, indicating the medium was anaerobic. The medium was
allowed to cool on ice under O;-free CO; to room temperature. L-Cysteine-HCL was

then added and 96 ml aliquots of the medium were distributed into 125ml serum
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bottles under O,-free CO, and autoclaved. The Vitamin solution was added to each

bottle just prior to use

Table 2.11 BY+ medium

Chemical Volume
(NH4),SO,4 250 mg
Bacto-Yeast extract (Fort Richard Laboratories Ltd., Auckland, NZ) 2g
CaClL.2H,0 130 mg
Dipotassium phosphate (K,HPO,) lg
KH,PO, 05¢g
L-Cysteine-HCL 05¢g
MgS0,.7H,0 200 mg
NaCl lg
Resazurin lg
Rumen fluid 300 ml
Sodium bicarbonate (NaHCO;, VWR International Ltd.) Sg
Trace Element solution 10 ml

Vitamin solution

1%

2.1.9.2 DM Arabinose medium

All ingredients listed below (Table 2.12), except Trace element solution, Vitamin

solution, L-arabinose and Reducing agent, were dissolved in 1L of dH,O. The

solution was boiled until anaerobic, then cooled on ice to room temperature under O,-

free CO,. L-arabinose and Trace element solution were then added. The medium was

adjusted to pH 6.8 with 1 M KOH and distributed in 9 ml aliquots, into 15 ml, O,-free

CO,-flushed Hungate tubes and autoclaved. Reducing agent and Vitamin solution

were subsequently added to the cooled media, via a sterile CO,-flushed 1 ml syringe.
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Table 2.12 DMA medium

Chemical Volume

Bacto-casamino acids (Becton, Dickinson and Co., Sparks, MD, USA) Sg

Hemin 1 ml
K,HPO, 240 mg
L-arabinose 2g
MgS0,.7H,0 250 mg
Mineral solution 40 ml
Na,CO; 4¢g

R1 Salts 1 ml
Reducing agent 1%
Resazurin 1 mg
Trace element solution 10 ml
VFA solution 10 ml
Vitamin solution 1%
2.1.9.3 GYT medium

GYT media was prepared as described by Tung and Chow (1995). 0.5 g Bacto-
tryptone, 0.25 g Bacto-yeast extract and 20 ml Glycerol were dissolved in 180 ml of

dH,0 the medium was autoclaved.

2.1.94 Luria-Bertani (LB) medium
10 g Bacto-tryptone, 5 g Bacto-yeast extract and 10 g NaCl were dissolved in 1 L of
dH,O0, the medium was adjusted to pH 7.0 and then autoclaved.

2.1.9.5 M704 medium

M704 media was prepared as described by the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ; DSMZ, 1993) All ingredients listed
below (Table 2.13), except sodium carbonate, L-cysteine-HCL, and sodium sulphide,
were dissolved in 1L dH,0O. The medium was boiled until anaerobic then cooled on
ice under O;-free CO; to room temperature. Sodium carbonate, sodium sulphide and
L-cysteine-HCL were then added, the media was adjusted to pH 6.7 — 6.8 and 9 ml
aliquots of the medium distributed, under O,-free CO, into Hungate tubes and

autoclaved.
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Table 2.13 M704 medium

Chemical Volume
Bacto-peptone (BBL) 2g
Bacto-yeast extract 2g
Cellobiose 05¢g
Glucose 0.5 ml
Glycerol 05¢g
Hemin 1 mg
K,HPO, 03g
L-Cysteine-HCl 250 mg
Maltose 05¢g
Mineral solution 75 ml
Na,CO; 4g
Na,S.9H,0 250 mg
Resazurin 1 mg
Rumen fluid 150 ml
Starch, soluble 05¢g
VFA solution 3.1ml
2.1.9.6 RGM medium

All ingredients listed below (Table 2.14), except Reducing agent, were dissolved in
500 ml dH,O and boiled until anaerobic. The medium was allowed to cool on ice to
room temperature under O,-free CO, and adjusted to pH 6.8. The medium was
distributed, under O,-free CO; in 9 ml aliquots, into Hungate Tubes and autoclaved.

Reducing Agent was added following autoclaving.

46



Table 2.14 RGM medium

Chemical Volume
Bacto-tryptone 15¢g
Bacto-yeast extract lg
Glucose 2 ml
Hemin 0.5 ml
K,HPO, 150 mg
Mineral solution 25 ml
Na,Cos 08¢g
R1 salt solution 0.5 ml
Reducing agent 1%
Resazurin 0.5 mg
VFA solution 5ml
2.1.9.7 SOC medium

4 g Bacto-tryptone, 1 g Bacto-yeast extract, 720 ul Glucose, 0.5 g MgS04.7H,0, 100
mg NaCl and 37 mg Potassium chloride (KCl; VWR International Ltd.) were
dissolved in 200 ml of dH,O then autoclaved.

2.1.10 Microarrays

Oligonucleotide probes (70mers) were designed against the draft B. proteoclasticus
B316" and Methanobrevibacter ruminantium genomes sequences using ROSO
software (Reymond et al., 2004). Oligonucleotides were synthesized and supplied at
100 uM concentration by Illumina (San Diego, CA, USA). Microarrays were printed
onto epoxy-coated slides (Corning, Lowell, MA, USA) at the Invermay campus of
AgResearch in Dunedin, using an ESI robot (Engineer Service Inc., Toronto, Ontario,
Canada). Each probe was printed in spots 100 pum in diameter, containing
approximately 0.26 uM of probe. Each spot probe was replicated within each slide
between 3 and 7 times and spots were positioned randomly. Control spots included
321 blank spots, eight oligonucleotide probes designed to Arabidopsis thaliana ORFs
(listed Table 2.15) and ten probes of random oligonucleotide sequence. Hybridisation-

ready microarrays were stored desiccated at room temperature.
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Table 2.15  Arabidopsis control probes

NCBI reference Gene name Protein encoded
1 U39449 Actl Actin gene
2 X14312 Cral 12s seed storage protein
3 AB008103 AtERF-1 Ethylene responsive element
4 X13611 Ats1A Ribulose 1,5-bisphosphate
5 AF042196 Arf8 Auxin responsive factor 8
6 X53435 Aux2-11 Auxin inducible gene
7 M84701 Tub3 B-3-tubulin
8 X64460 Lhb1B2 Photosystem II chlorophyll a/b binding-protein
2.1.11 Software

All software used is listed below (Table 2.17)

2.1.12 Vectors
All vectors used are listed below (Table 2.16)

Table 2.16  Vectors

Vector Host Size Supplier
Department of Microbiology,
Enterococcus o
pJIR1456 6857 bp Monash University,
faecalis
Victoria, Australia
Topo-TA E. coli 3931 bp Invitrogen
pCCIBAC E. coli 8128 bp Epicentre (Madison, WI, USA)
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Table 2.17

Software details

Software
Artemis (v7.0)
Bioconductor (v 2.1)

Basic local alignment
search tool (BLAST)

Cath
Chromas (v 1.45)
Clustal X (v 2)

Cluster of orthologous
genes (COG)

Dialign

Einverted (EMBOSS)

GAMMOLA

Gene 3D

GLIMMER
Interpro
LipoP

MANATEE

Application
Genome sequence viewing and analysis
Microarray analysis

Heuristic alignment of query sequence to
sequence database

Identification of sequence and structure
based motifs and folds
Viewing sequence chromatograms

Global sequence alignment

Functional classification based on
orthollogous relationships

Pair-wise sequence alignment

Identification of DNA secondary
structures

Automated genome sequence annotation

Identify structural relationships of query
amino acid sequence to CATH database

Gene prediction
Amino acid sequence analysis
Identifies signal peptidase 11

Genome sequence viewing and analysis

Source
http://www.sanger.ac.uk/Software/Artemis/
http://bioconductor.org/biocLite.R biocLite()

AgResearch bioinformatics

Incorporated in the interpro search engine
http://www.technelysium.com.au/chromas14x.html
ftp://ftp.ebi.ac.uk/pub/software/clustalw2.

Incorporated in GAMMOLA and interpro search
engines

http://www.gsf.de/biodv/dialign.html

http://www.interactive-
biosoftware.com/embosswin/embosswin.html.

Supplied by the programmer Eric Altermann.

Incorporated in the interpro search engine

Supplied as part of the GAMMOLA package
AgResearch bioinformatics
Incorporated in the MANATEE, GAMMOLA and

interpro search engines

http://manatee.sourceforge.net/downloads.shtml.

Reference(s)
(Rutherford et al., 2000)
(Gentleman et al., 2005)

(Altschul et al., 1997)

(Pearl et al., 2003)
(McCarthy, 2003)
(Thompson et al., 1997)

(Tatusov et al., 2000, Tatusov et
al., 1997)

(Morgenstern, 2004)

(Olson, 2002)

(Altermann & Klaenhammer,
2003)

(Buchan et al., 2003, Yeats et al.,
2006)

(Salzberg et al., 1998)
(Apweiler et al., 2001)
(Juncker et al., 2003)

(TIGR, 2001)
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Software

Molecular biological (MB)
DNA analysis

MOD Base

Macromolecular structure
database (MSD)

Panther
Prints-S

Protein information resource
superfamily (PIRSF)

Protein families (Pfam)

Protein domains (ProDom)

Prosite

R (v2.6.2)

rJava (v 0.5-1)

RNAfold

Structural classification of
proteins (Scop)

Sequin

SignalP (v 3.0)

Application

DNA analysis

Comparative protein modelling

Comparative protein modelling

Protein functional domain serching
Searches sets of protein motifs

Compares 1° protein sequence to
protein superfamily database

Searches for motifs in 1° protein
sequence

Protein domain identification

Identifies protein domains, families
and functional sites

Statistical programming environment

Interface between java and R

Prediction of DNA and RNA 2°
structures

Classifies proteins based on
structural modelling

Submission of sequences to Genbank

Predicts signal peptidase I cleavage
sites

Source

http://www.molbiosoft.de/html/downloads.htm

Incorporated in the interpro search engine

Incorporated in the interpro search engine

Incorporated in the interpro search engine
Incorporated in the interpro search engine

Incorporated in the interpro search engine

Incorporated in the MANATEE, GAMMOLA and
interpro search engines

Incorporated in the interpro search engine

Incorporated in the interpro search engine

http://cran.stat.auckland.ac.nz/

http://cran.r-
project.org/web/packages/rJava/index.html

http://www.tbi.univie.ac.at/~ivo/RNA/index.html

Incorporated in the interpro search engine

http://www.ncbi.nlm.nih.gov/Sequin/download/seq
win_download.html

Incorporated in the MANATEE, GAMMOLA and
interpro search engines

Reference(s)

(Simakov, 2006)

(Pieper et al., 2006)

(Golovin et al., 2004)

(Thomas et al., 2003)
(Attwood et al., 2000)

(Wu et al., 2004)

(Sonnhammer et al., 1997)

(Corpet et al., 1998)

(Bairoch, 1991)

(Ihaka & Gentleman, 1996)

(Urbanek, 2007)

(Hofacker et al., 1994)

(Murzin et al., 1995)

(Benson et al., 2008)

(Bendtsen et al., 2004)

50



Software

Simple modular
architecture research tool
(Smart)

Splitstree (v 4)

Staden (v 1.6.0)

Superfamily

Swiss Model

The institute of genomic
research protein families
(TIGRfam)

Tinn-R (v 1.17.2.4)

TmHMM

tRNA scan-SE

Universal protein resource
(Uniprot)

Vector NTI (v 9)

Application

Identifies protein domains in 1° protein
sequence

Phylogenetic tree analysis

DNA sequence assembly

Compares HMM s to database of proteins
with known structure

Compares proteins based on structure
modelling

Searches for HMM'S in 1° protein
sequence

Programming editor for R

Predicts transmembrane spanning regions
in 1° protein sequence

Search DNA sequence data for tRNAs

Protein sequence analysis

DNA sequence display and analysis

Source

Incorporated in the interpro search engine

http://www.splitstree.org/

http://sourceforge.net/project/showfiles.php?group
_id=100316andpackage id=107815andrelease id
=361767

Incorporated in the interpro search engine

Incorporated in the interpro search engine

Incorporated in the MANATEE, GAMMOLA and
interpro search engines

http://www.sciviews.org/Tinn-R/.

Incorporated in the MANATEE, GAMMOLA and
interpro search engines

http://lowelab.ucsc.edu/tRNAscan-SE/

Incorporated in the interpro search engine

http://informaxinc.com/site/us/en/home/Products-
and-Services/Applications/Cloning/Vector-
Design-Software.html (Dynamic license purchased
by AgReseach)

Reference(s)

(Ponting et al., 1999)

(Huson, 1998)

(Staden, 1996, Staden et al., 2000)

(Gough et al., 2001)

(Peitsch, 1996)

(Haft et al., 2001)

(Faria & Grosjean, 2005)

(Krogh et al., 2001)

(Lowe & Eddy, 1997)

(Apweiler et al., 2004)

(InforMax, 2001)
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2.2 Methods

2.2.1 Growth Conditions

All Butyrivibrio and Pseudobutyrivibrio species, including B. proteoclasticus, were
cultured anaerobically in 15 ml Hungate Tubes containing 10 ml of Medium 704
(Butyrivibrio spp. Medium, (DSMZ, 1993) at 39 °C unless otherwise specified. Where
possible, cultures were continued for short periods before fresh cultures were revived
from frozen stocks to avoid in-vitro culture-biased evolution (Papadopoulos et al.,
1999). Methanobrevibacter ruminantium cultures were grown anaerobically in BY+
media as described below (2.2.11.1). Escherichia coli cells were grown on LB plates

(Bertani, 1951, Bertani, 2004) at 37°C, unless otherwise stated.

2.2.2 Culture purity
Culture purity was verified by wet mounts and Gram-stains. Methanobrevibacter
ruminantium wet mounts were additionally analysed by fluorescence microscopy.

(Typical results are shown Appendix L, Fig. Al and Fig. 6.3).

2.2.2.1 Wet mounts

Wet mounts were made using a modification of the method described by Pfennig and
Wagener (1986). Slides were coated 2ml of prewashed sterile 2% (w/v) agarose. A
drop (~25 pl) of the culture was extracted using a sterile 1 ml syringe and needle, and
dispersed upon the surface of the slide. A coverslip was laid firmly across the culture

and the resulting slide was subsequently examined under a microscope.

2.2.2.2 Gram stain

Gram stains were performed as originally described by Gram (1884). A small volume
(~100 pl) of the culture was extracted using a sterile 1 ml syringe and needle, spread
on the surface of a glass slide and allowed to dry next to an ignited Bunsen burner.
Once dry, the slide was passed through the flame of the Bunsen burner several times
to heat-fix the cells. The slide was stained sequentially with Crystal violet solution
(10% (w/v) in ethanol) for 1 min, lodine solution (0.3% (w/v) iodine and 0.7% (w/v)
potassium iodine in water) for 1 min, acetone until the slide was decolourised and

finally with Safranine solution (2.5% (w/v) in ethanol). Each treatment step was
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followed by rinsing with water. The slide was blotted dry with tissue paper and

viewed using a microscope.

223 Growth curves

Triplicate 500 pl samples of fresh overnight culture were used to inoculate Hungate
Tubes containing 9.5 ml of fresh, pre-warmed, sterile M704 medium (5% inoculum).
The initial optical density (OD) was taken using an Ultrospec 1100 Pro
spectrophotometer (GE Healthcare, City State Country) at a wave length of 600 nm as
previously described (Lambrecht, 1966, Beard et al., 1995). Cells were incubated at
their optimal temperatures (unless otherwise specified), which for Butyrivibrio and
Pseudobutyrivibrio species is approximately 39 °C, consistent with the temperature of
the rumen environment (Dale et al., 1954). ODgo was measured at regular intervals
until stationary phase was reached. For B. proteoclasticus B3 16" and M. ruminantium,

total cell numbers were also determined by Thoma slide counts.

2.2.3.1 Thoma slide counts

The edges of a coverslip were moistened with sterile dH,O and pressed firmly onto a
Thoma slide covering the counting chamber. Cultures were briefly mixed using an
L46 vortex (Labinco Breda, Netherlands). A small volume was removed using a
sterile 1 ml syringe and introduced to the edge of the coverslip and allowed to diffuse
beneath it until the counting chamber was saturated. Cells were then viewed and
enumerated using a Reichert Diavar microscope. Cells were counted from a minimum
of 15 secondary squares, 5 each from, at least, 3 primary squares of the Thoma slide

or until more than 200 cells had been counted.
The total cell number was estimated using the following equation:

Cell density (cells/ml) =  Number of cells counted _

Volume of Grid analysed (ml)
Each secondary square upon the grid was 2.5 X 10~ mm? and 0.02 mm deep giving it

a total volume of 5 X 10 mm’. As 1 ml is equivalent to 1 cm® = 1000 mm?, therefore

the volume of each secondary square analysed was 5 X 10™ ml.
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2.24 Pulsed-field gel-electrophoresis (PFGE)

2.24.1 DNA extraction for PFGE

DNA was extracted using a modification of a procedure described by Thomas
Eckhardt (1978). Most modifications of the procedure were introduced to circumvent
an apparent non-specific endonuclease activity associated with several Butyrivibrio
species. Cultures were grown to approximately mid-exponential phase (AODggo—~ 0.4)
and cultures were heated to 70 °C for 10 mins to destroy heat-sensitive nucleases.
Cells were transferred to 1.5 ml Eppendorf tubes and harvested by centrifugation at
5,000 X g for 5 min using a MiniSpin Plus Personal microcentrifuge. The supernatant
was discarded and the harvested cells were subsequently resuspended in 1 ml CE
buffer (Martin & Dean, 1989) and harvested again by centrifugation at 5,000 X g for
5 min. This CE buffer wash was repeated and the cells were washed once in Wash
solution before being resuspended in 150 pl of Wash solution. The cell suspension
was mixed 1:1 with molten 2% pulsed-field certified low melt agarose (Bio-Rad) in
0.125 M EDTA that had been equilibrated to 50°C. The resulting cell solution was
dispensed into 10-well reusable plug moulds (Bio-Rad) and allowed to solidify at
room temperature. Once solidified, plugs were transferred to universal bottles (up to 4
per universal) containing 4 ml of EC buffer containing 1 mg/ml Lysozyme. Plugs
were left on an Orbitech XL flask shaker for 18 to 24 h at 37 °C to allow cell lysis to
occur. The EC buffer-lysozyme solution was replaced with 4 ml of 0.5 M EDTA-
Sarkosyl solution containing 0.5 mg/ml of Proteinase K. Plugs were incubated on the
flask shaker for 16 to 24 h at 37 °C. Fresh EDTA-Sarkosyl/Proteinase K solution was
added and the plugs were again incubated on the flask shaker for 16 to 24hr at 37 °C.
The EDTA-Sarkosyl/Proteinase K solution was replaced with TE buffer (10/1)
containing 1 mM PMSF to eliminate residual Proteinase K activity. Plugs were
incubated in this solution on the flask shaker for 2 h at 37 °C. Plugs were then washed

once in TE buffer (10/100) and stored at 4 °C in the same solution.

2.24.2 Restriction Endonuclease digestion of pulsed-field gel plugs

The appropriate Pulsed-Field plugs were cut to ~2.5 mm using a sterile scalpel and
carefully transferred to a sterile Eppendorf tube containing 1 ml of TE buffer (10/0.1)
and allowed to equilibriate for 1 h. The TE buffer (10/0.1) was removed using a 1 ml

pipetter and sterile 1 ml pipette tip. The plug was immersed in an excess of the

54



appropriate RE buffer and, where necessary, BSA and allowed to equilibriate for 1 h.
The RE buffer was removed and a fresh 100 pul of the same solution was added along
with 0.2 pl of the appropriate RE. The plug was incubated in this solution at the RE"S
optimal temperature for 16 to 24 h. The RE buffer was again removed and 500 pl of
TE buffer (10/100) was added and kept at 4 °C until analysis by Pulsed-Field Gel-

Electrophoresis.

2.24.3 Pulsed-field gel-electrophoresis

Pulsed-Field Certified agarose (Bio-Rad) was mixed with 0.5 X TBE buffer to give a
final concentration of 1%. The solution was boiled to dissolve the agarose and then
allowed to cool to 50 °C in a Grant Y28 waterbath (Grant Cambridge, England). Gels
were cast in either a 14 X 13 cm casting stand (Bio-Rad) with a 1.5 mm thick 10-well
comb (Bio-Rad), or a 20.25 x 14 cm casting stand (Bio-Rad) with a 1.5 mm thick 15-
well comb (Bio-Rad). Occasionally the 20.25 X 14 cm casting stand was cast in the
opposite orientation using the 1.5 mm thick 10-well comb (Bio-Rad). The gel was
allowed to cool to room temperature and solidify. Agarose-plugs were cut to ~2.5 mm
using a sterile scalpel and carefully transferred to the wells of the solidified gel along
with an appropriate DNA size ladder. The plugs were embedded in the gel with
molten 1% Pulsed-Field Certified agarose in 0.5X TBE buffer. The gel was
transferred to a CHEF Electrophoresis cell (Bio-Rad) containing 2 L of 0.5% TBE
buffer. The TBE buffer within the Chef Electrophoresis cell was maintained at 14 °C
by circulation through a Model 1000 Mini Chiller (Bio-Rad) using a variable speed
pump (Bio-Rad) set at 95%. The DNA fragments were separated using a Chef-
DRIII® system applying 5.5 volts/cm at 120° angles. Pulse switch times and
electrophoretic duration were dependent upon the expected size range of the DNA

fragments.
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2.2.5 Genome sequencing and gap closure

The genome of B. proteoclasticus B316" was sequenced to a theoretical genome
coverage of 9 fold, as part of a genome sequencing project undertaken by the Rumen
Microbial Genomics team at AgResearch. DNA libraries were constructed using a
random shotgun cloning approach as previously described (Fleischmann et al., 1995).
Genomic DNA was randomly disrupted and separated by agarose gel-electrophoresis.
DNA fragments in the 2 to 4 Kb range were isolated and used to generate a small
insert plasmid library, while fragments of ~40 Kb were isolated and used to produce a
fosmid library (Kim et al., 1992). Clones resulting from both small and large insert
libraries were recovered and sequenced using high throughput Sanger sequencing in
capillary DNA sequencing machines (Agencourt Biosciences Corporation, MA,
USA). DNA sequences were aligned to find overlaps and assembled into 313
contiguous sequences (contigs) using the STADEN software package (Staden, 1996).
Physical and sequencing gaps were closed as described in chapter 3 using various

protocols decribed below.

2.2.5.1 DNA extraction

B. proteoclasticus genomic DNA was extracted using the method described by Saito
and Miura (1963). Cultures (10 ml) were harvested at mid-exponential phase (ODggo=
~0.4) by centrifugation at 5,000 X g for 5 min. The cell pellet was resuspended in 500
ul Saline-EDTA solution and harvested by centrifugation as above. The cell pellet
was resuspended in 500 pl of Saline-EDTA solution containing 1 mg/ml Lysozyme
and 20 pg/ml RNaseA. This solution was incubated for >1 h at 37 °C to allow the
Lysozyme to facilitate cell lysis, and the RNaseA to subsequently degrade RNA. SDS
solution (27 pul) was added along with 11 pl of Proteinase K solution to give a final
concentrations of 1% (w/v) and 200 pg/ml, respectively. The solution was incubated
for 1.5 h at 60 °C to allow the Proteinase K to degrade cellular protein and inactivate
nucleases. TE buffer (10/1) (200 ul) was added and the organic lysate was removed

by Phenol:Chloroform extraction.
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2.2.5.2 Phenol:Chloroform extraction

One volume of room temperature buffer-satrated phenol was added to the solution
containing the nucleic acid to be purified. The solution was mixed by inversion of the
tube before precipitated protein and other organic material was pelleted by
centrifugation at 13,000 X g for 5 min. The supernatant containing the nucleic acids
was transferred to a fresh Eppendorf tube and mixed with an equal volume of
Phenol:Chloform:Isoamyl Alcohol mixture and centrifuged at 13,000 X g for 5 min.
The supernatant was transferred to a fresh Eppendorf tube and mixed with an equal
volume of chloroform to remove residual phenol. After centrifugation at 13,000 X g
for 5 min, the supernatant was transferred to a fresh Eppendorf tube and concentrated

by ethanol precipitation, as described below (2.2.5.4).

2.2.5.3 Nucleic acid quantification

Nucleic acids concentration and purity was determined by spectrophotometrically
using the NanoDrop ® ND-1000. Absorbances were determined at A=230, 260 and
280 and nucleic acid concentration was determined using the Beer-Lambert equation
modified to use an extinction coefficient of 50 ng-cm/ml for DNA and 40 ng-cm/ml
for RNA. The purity of the nucleic acid samples were determined by analysis of the
Areo/Arso and Ajeo/Ajzg ratios, where an Ajeo/Ajgo ratio of ~1.8 for DNA or ~2.0 for
RNA indicates a pure sample, where a higher ratio indicate protein or Phenol
contamination and where a lower ratio indicates copurified contaminants such as

polysaccharides.

2254 DNA concentration

Nucleic acids to be concentrated were mixed with 0.1 volumes 5 M Ammonium
Acetate and 3 volumes of absolute Ethanol. The mixture was left for 16 to 24 h at -20
°C and then centrifuged at 16,000 X g for 30 min at 4 °C. The supernatant was
carefully removed using a pipette to avoid disturbing the pellet. The pellet was
washed in 200 pl of 70% Ethanol and centrifuged again at 16,000 X g for 15 min at 4
°C. The supernatant was again carefully removed using a pipette and the Eppendorf
tube was inverted and allowed to dry at 37 °C for 30 min. The pellet was then
dissolved in an appropriate volume of either sterile dH,O, TE buffer (10/1) or 10 mM
Tris-HCI, depending on the subsequent application.
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2.2.5.5 Primer design
Primers were designed using Vector NTI (InforMax, 2001) at least 75 bp from the end
of a contiguous sequence in high quality regions (> Phred 40). Where possible

primer-design was constrained to fulfil the following criteria:

. 50°C <Tp<65°C

. Primer length 18 — 24 bp

. 40 < GC % <60

. No more than 2 nucleotide repeats

o No secondary structures Particularly in the 3 region
. No palindromes of each primer

. No sequence identity between primer pairs

. <5% difference in %GC between primer pairs

. <5% difference in Ty, between primer pairs

The primers designed were compared to the most recent version of the B.
proteoclasticus genome using BLASTN to ensure specificity and synthesized at 50
nM scale by Invitrogen. Primers were supplied as desalted and lysophilized pellets.
Primers were redissolved at a concentration of 100 pM in either sterile MilliQ water
for quantitative real time PCR (qPCR) primers or in TE buffer (10/1) for all other

applications. Redissolved primers were stored at -20 °C.

2.2.5.6 Polymerase chain reactions

Polymerase chain reactions (PCRs) were performed in 50 pl reaction volumes using a
Touchdown PCR protocol, to limit the need for reaction optimisation. Constituents of
the reactions (listed Table 2.18) were added to dH,O in a 0.2ml thin wall PCR tube
(Quality Scientific Plastics), in the order listed, on ice. The solution was mixed using

a micropipetter and subsequently transferred to a PX2 Thermal Cycler.
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The reaction was then cycled through a 3 min denaturation at 95 °C, followed by 10

cycles of:
. 94 °C for 45s
. 65 — 55 °C for 45s (temperature decreasing by 1 °C per cycle)
. 72° for 2 min

The reaction was then cycled through 20 further cycles of:

) 94 °C for 45s
) 55 °C for 35s
° 72 °C for 2 min

The reaction then underwent a 5 min elongation step at 72 °C and was subsequently
cooled to 4 °C until examined by agarose gel-electrophoresis, as described below

(2.2.5.12).

Table 2.18 PCR master mix

Chemical Concentration
10X PCR buffer 1 X

DNA 1 nug

dNTPs 0.2 mM

MgCl, 2.5 mM
Platinum® Taq 1.25 units
Each primer 5uM

2.2.5.7 Multiplex PCR

Multiplex PCR Primers were designed as described above (2.2.5.5) and labeled using
the notation shown below (Fig 2.1):

B) — (B) —
Contig Contig Contig Contig
Start End Start End

«— (A) «— (A)

Figure 2.1 Multiplex PCR notation.
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The primers for one contig end (e.g. p300c107a) were combined with an equimolar
amount of each opposing primer (e.g. p300c108b, p300c109b, p300c110+b and
p300c112b) and run through 30 cycles of touchdown PCR, as described above
(2.2.5.6). This process was repeated for both ends of each contig.

2.2.5.8 Inverse PCR

Inverse PCR (iPCR) was completed using a protocol adapted from Ochman et al.
(1988). RE recognition sites located within the terminal 3 Kb of each contig (or super
contig) end were determined using Vector NTI software. Several REs, most with low
%G + C, heximeric recognition sites were chosen so that resulting fragments were
likely to be less than the amplification limits of conventional PCR. Primers were then
designed, divergently, to both the terminal end of the contig (or supercontig) and as
close as possible to the RE recognition site. Both primers were also designed to
ensure they were not within 75bp of the contig end or the RE recognition site to
ensure that sequence generated from the priming site to the contig terminus or the RE
site could be recognised and trimmed. Inverse PCR primers that faced towards the
contig end were labeled using the same notation as described above (2.2.5.7) and in
many cases were the same primers designed for multiplex PCR. Primers that faced

towards the known restriction site were labeled as shown below (Fig 2.2):

«— (D)
Contig Contig
Start End

€

Figure 2.2 iPCR notation.

Genomic DNA (20 pg) was digested with the appropriate RE as described below
(2.2.5.9) to produce each iPCR library. The solution was then concentrated to a total
volume of 20 pl by ethanol precipitation. The resulting digested DNA was then re-
circularized by DNA ligation as described below (2.2.5.10). The resulting re-
circularized DNAs carrying the fragments of interest were subsequently amplified by

PCR as described above (2.2.5.6). The resulting products were analysed by agarose
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gel-electrophoresis as described in Section 2.2.5.12. Where possible, the resulting
amplicons for each contig end were purified, (Section 2.2.5.13 or 2.2.5.14), and

sequenced (Section 2.2.5.15).

2.2.5.9 Restriction Endonuclease digestion of DNA

Reaction constituents (listed Table 2.19) were combined, in the order listed, in sterile
dH,O to give a total volume of 50 pl. The reaction was mixed and incubated at the
RE‘s optimal temperature (See suppliers instructions; New England Biolabs) for 12 to
16 h. The reaction was then heated to 65 °C for 20 min to denature the RE and halt the

reaction.

Table 2.19 RE reaction constituents

Chemical Concentration
10X RE buffer 1 X

DNA "X ug

BSA 1 X (as required)

Restriction enzyme 10 units

" The amount of DNA used in each digestion was typically 1 to 20 pg

2.2.5.10 DNA ligation

DNA ligation reactions were performed using Ready-To-Go™ T4 DNA Ligase (GE
Healthcare). The DNA to be ligated (20ul), was suspended in either dH,O or TE
buffer (10/1), was added to a tube of Ready-To-Go'™ T4 DNA Ligase (GE
Healthcare). Each tube contains 6 Weiss units of T4 DNA ligase, 1 X T4 DNA Ligase
buffer and 0.1 mM ATP. The reaction was incubated at 16 °C for 12 to 16 h and
subsequently heated to 70 °C for 10 min to inactivate the T4 DNA Ligase.

2.2.5.11 Long range PCR

Longrange PCR was undertaken using the Eppendorf TripleMaster system. The
reaction was prepared as described in Section 2.2.5.6 using constituents described
below (Table 2.20). The reaction was then cycled through a 3 min denaturation at 93
°C, followed by 10 cycles of:
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o 93°Cfor 15 s
. 65 to 55 °C for 30 s (temperature decreasing by 1 °C per cycle)
. 68 °C for 21 min

The reaction was then cycled through a further 25 cycles of:

. 93°Cfor15s
. 55°Cfor30s
. 72 °C for 21 to 29 min (time increasing by 20 s per cycle)

The reaction was subsequently cooled to 4 °C until examined by agarose gel-

electrophoresis.

Table 2.20  Long range PCR reaction constituents

Chemical Concentration
10X Tuning buffer 1 X

DNA 2 pg

dNTPs 0.5 mM

Triple master enzyme mix 2 units

Each primer 10 uM

2.2.5.12 Agarose gel-electrophoresis

Agarose (Invitrogen, Carlsbad, CA, USA) or Low Melt Agarose (Progen, Heidelburg,
Germany) was mixed with 1X TAE buffer to give a final concentration of 1.5% or
1% (w/v) respectively. The solution was boiled to dissolve the agarose and allowed to
cool to 50 °C in a Grant Y28 waterbath (Grant, Cambridge, England). Gels were cast
in a 15 x 10 cm casting stand (Bio-Rad) with either a 1.5 mm thick 15-well comb
(Bio-Rad), or a 1.5 mm thick 20-well comb (Bio-Rad). Gels were allowed to cool to
room temperature and solidify, after which the gel tray was transferred to a wide
Mini-sub® Cell GT (Bio-Rad) and immersed in 1X TAE buffer. Unless otherwise
stated, 9 pl of each PCR-amplified product was placed on to a small square of
Parafilm M and combined with 1 pl of 10X BlueJuice™ (Invitrogen, Carlsbad, CA,
USA) and carefully transferred to a separate well of the solidified gel. Additionally, 8
ul of 1Kb+ ladder (Invitrogen, Carlsbad, CA, USA) was added to unused wells of the
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gel, typically bordering the sample wells. The DNA fragments were separated using a
Powerpac Basic (Bio-Rad) applying 80 volts (5 '/3 volts/cm) for 60 min. The gel was
removed from the gel apparatus and stained with Ethidium bromide solution for 40
min. The gel was washed in water for 10 min and analysed by ultraviolet light

transillumination at A=590nm and photographed using a Gel Logic 200 system.

2.2.5.13 Agarose gel elution

The DNA sample to be recovered was subjected to agarose gel-electrophoresis, as
described in Section 2.2.5.12 using 1% low melt agarose. The DNA fragment of the
correct size was cut from the gel using a sterile scalpel and transferred to a pre-tared
Eppendorf tube and weighed (Explorer Scales, Ohaus Corporation, Pinebrook, NJ,
USA). One pl of GELase buffer™ (50X stock; Epicentre, Madison, WI, USA) was
added for every 50 mg weight of the gel slice. The gel slice was melted by incubation
at 70 °C in a SHTD Test Tube Heater (Stuart Scientific) for 3 min for every 200 mg
weight of the gel slice. The molten agarose was then transferred to a second test tube
heater and equilibrated to 45 °C for at least 2 min per 200 mg of the gel slice. Half a
unit of GELase ™ enzyme (Epicentre) were added per 200 mg of the gel slice and the
solution was incubated for 2-3 h. The DNA within the solution was extracted and
concentrated, as described in Section 2.2.5.4 except 1 volume and 4 volumes of room
temperature Ammonium acetate and Ethanol, respectively, were used and incubation
and centrifugation were completed at room temperature to avoid the co-precipitation

of oligosaccharides derived from digestion of the agarose gel.

2.2.5.14 PCR clean up

DNA fragments resulting from PCR reactions were purified using a QIAquick® PCR
purification kit (QIAGEN, Hilden, Germany). PB buffer (5 volumes) was mixed with
the product of each PCR reaction using a 1 ml micropipetter and sterile pipette tip.
The solution was applied to a QIAquick spin column and centrifuged for 60 s at
13,000 X g. During this process, DNA of 0.1 to 10 Kb should bind to the column,
while other constituents of the reaction should flow through. The flow—through liquid
was discarded and 750 pul of PE buffer was applied to the column and centrifuged for
60 s at 13,000 X g. This washing step was repeated, discarding the flow—through
liquid each time. The column was again subjected to centrifugation for an additional 1

min at 13,000 X g to remove any residual PE buffer. Sterile dH,O (30 pl) was added
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to the centre of the QIAquick column and this was incubated at room temperature for
5 min to enhance the elution of the purified DNA. The eluate was transferred to a

fresh sterile Eppendorf tube by centrifugation at 13,000 X g for 60 s.

2.2.5.15 DNA sequencing

All DNA sequencing reactions, other than those described above for genome
sequencing, were conducted by the Allan Wilson Centre Genome sequencing service.
This service included fluorescent labeling of products using the BigDye ™ Terminator
Version 3.1, a Ready Reaction Cycle Sequencing kit cycle by sequencing PCR,
subsequent removal of unincorporated fluorescent dideoxy NTPs (ddNTPs) by
cleanup and precipitation of products and capillary separation on an ABI3730 Genetic
Analyzer, (Applied Biosystems Inc., City State, USA). Results were returned as ABI

tracefiles which were analysed using Chromas software.

2.2.6 Gene finding and annotation

ORFs were identified by GLIMMER 2.0 (TIGR, 1999, Salzberg et al., 1998, Delcher
et al., 1999) using a 90 bp minimum ORF size threshold. Ribosome binding
sequences were predicted by RBS Finder (Suzek ef al., 2001) and refined by manual
inspection. Start codons were predicted (Suzek et al., 2001) and refined by analysis of
their proximity to ribosome binding sequences as previously described (Shine &
Dalgarno, 1975) and by compatibility with BLAST alignment data that minimized or
eliminated overhanging query sequence. Assigned ORFs were analysed using
BLASTP (Altschul et al., 1997), PFam (Sonnhammer ef al., 1997), TIGRFam (Haft et
al.,2001), COG (Tatusov et al., 2000, Tatusov et al., 1997), SignalP (Bendtsen et al.,
2004), LipoP (Juncker et al., 2003) and TmHMM (Krogh et al., 2001) searches using
the MANATEE (TIGR, 2001) and/or GAMOLA (Altermann & Klaenhammer, 2003)
interfaces. Other Hidden Markov Models including Uniprot (Apweiler et al., 2004),
Prosite (Bairoch, 1991), ProDom (Corpet et al., 1998), Smart (Schultz et al., 2000,
Ponting et al., 1999, Schultz et al., 1998), Panther (Thomas et al., 2003), PIRSF (Wu
et al., 2004), Superfamily (Gough et al., 2001), SCOP (Murzin et al., 1995), CATH
(Pearl et al., 2003), Swiss Model, MOD Base (Peitsch, 1996), MSD (Golovin et al.,
2004), Gene 3D and Sprint were detected by manual analysis of each ORF using
Interpro (Apweiler et al., 2001). The following criteria were used to exclude ORFs

from further analysis: ORFs smaller than 50 amino acids without significant match to
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any previously described gene, no trusted hits to known HMMs, large deviation of the
ORFs DNA sequence from the replicon®s overall average G + C content, overlap of
the ORF with a larger ORF. Putative functions were assigned to ORFs based upon the
results of the bioinformatic analyses. In general, assigned functions were cautiously
descriptive, and where possible the functions were identified by the appropriate Gene
Ontologies and/or Enzyme Commission (EC) number(s). The designation “putative”
was used to precede the description of ORFs that did not show significant similarity to
a functionally characterised homolog. Significant similarity was deemed to be a
BLASTP alignment with at least 30% sequence identity and 50% sequence similarity
across at least 70% of both protein sequences. Where alignments of larger ORFs
(>500 amino acids) were over full length, or near full length, the constraints of 30%
sequence ID and 50% sequence similarity were relaxed marginally, although no less
than 25% and 40% for sequence identity and sequence similarity, respectively. ORFs
displaying no significant sequence similarity to any previously described gene were
described as “hypothetical” proteins while those displaying significant sequence
similarity to a gene of unknown function were described as “conserved hypothetical”
proteins. Additional evidence for an ORF function were incorporated into the
annotations during the course of this thesis. For example, where proteomic evidence
demonstrated expression of a hypothetical protein, its annotation was upgraded to
“uncharacterised” protein. The presence of a Signal Peptidase I cleavage site, as
predicted by SignalP, resulted in the descriptor “secreted”, while a Signal Peptidase 11
cleavage site, predicted by LipoP, in the absence of other evidence, resulted in the
descriptor “lipoprotein”. The prediction of two or more transmembrane helices
resulted in the descriptor “transmembrane”, while the prediction of an LPXTG motif
resulted in the descriptor “membrane-bound”. ORFs were numbered clockwise from
the ORF encoding the replication initiation protein RepB and nucleotides were

numbered from the ribosome binding site of the RepB protein.

2.2.7 DNA sequence analysis

DNA secondary structures, including inverse-, inverted- and direct-repeats, were
detected using Einverted (Olson, 2002, Rice et al., 2000) and through alignment of
each replicons sequence against itself using an in-house standalone BLASTN
program (Altschul et al., 1997). The G + C content, and Codon Usage were
determined using Artemis (Mural, 2000).
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2.2.8 Amino acid sequence analysis
Protein isoelectric points were determined using MANATEE (TIGR, 2001) or a stand
alone version of MB DNA analysis (Simakov, 2006).

2.29 Plasmid curing

Attempts to cure B. proteoclasticus of its co-resident replicons were based on
previously described techniques successfully used in the curing of megaplasmids
(Morrison et al., 1983, Kojic et al., 2005, Sadowsky & Bohlool, 1983). These
included growth in M704 media at higher than optimal temperatures (Morrison et al.,
1983) or addition of Novobiocin (Kojic et al., 2005), SDS (El-Mansi et al., 2000),
Acriflavine (Mesas et al., 2004), Ethidium Bromide (Mattarelli et al., 1994) or
Acridine Orange (Sadowsky & Bohlool, 1983). Fresh B. proteoclasticus cultures were
grown, in triplicate, in increasing concentrations of each curing agent (or increased
temperature) to identify the point at which the organism could no longer grow. With
the exception of SDS, which failed to inhibit growth up to 5% (w/v), maximal
sublethal concentrations were determined for each agent (or temperature). As each
condition had a different affect on the B. proteoclasticus growth rate, generation time
was determined for the maximal sublethal concentration of each condition. B.
proteoclasticus cultures were grown for approximately 20 generations at the
respective maximal sublethal concentration or temperature. Cultures were diluted 107
to 10 to give single colonies and 100 pl aliquots of cells were plated onto M704
Medium plates in an anaerobic chamber and grown for 24 to 36 h at 37 °C. Colonies
were replica plated and checked for the presence of each of the 4 replicons by colony
hybridisation as described below (Section 2.2.9.1). Colonies which appeared to lack
one or more of the replicons were subsequently verified by pulsed-field gel-

electrophoresis, as described above in Section 2.2.4.

2.29.1 Colony hybridisation

Colony hybridisations were performed using a modified method of that described by
Cocconcelli et al. (1991). Amersham Hybond-N+ nylon membranes (GE Healthcare,
Uppsala, Sweden) were cut into circles to fit inside a 90 x 15 mm Petri dish (Biolab,
Auckland, NZ). The dry membranes were gently placed onto the agar surface,

containing the colonies of interest, and pressed lightly but evenly with a sterile L-
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shaped plastic rod (Biolab, Auckland, NZ). After 1 min the membrane was removed
with sterile forceps, and placed colony side down onto a fresh M704 plate and again
pressed lightly but evenly with a sterile L-shaped plastic rod to give a replica plate.
After a further minute the membrane was removed with sterile forceps, and placed
colony side up onto Grade 1 filter paper (Whatman, Kent, UK) saturated with Colony
Hybridisation lysis solution supplemented with 5 mg/ml lysozyme. The colonies were
incubated for 5 to 10 min at room temperature and transferred to a series of separate
blotting papers saturated with, (in order), 0.5% SDS solution for 3 min, Denaturation
solution for 5 min, and two lots of Neutralisation solution for 5 min each. The
membrane was then floated in 2 X SSPE buffer for 5 min prior to being immersed in
the same solution by gentle agitation. The released DNA was then dried and fixed to

the membrane by baking for 2 h at 80 °C in an oven.

2.2.9.2 Southern hybridisation

Amersham Hybond-N+ nylon membranes containing the DNA(s) of interest were
probed for sequence similarity using the AlkPhos Direct labelling and detection
system (GE Healthcare, Uppsala, Sweden). Probes were derived from PCR reactions,
as described above (Section 2.2.5.6), using primers designed, as described above
(Section 2.2.5.5), to target genes or loci of interest. PCR products were purified, as
described in Section 2.2.5.14 and diluted to 20 ng/ul. Ten pul of the diluted PCR
product was denatured by boiling for 5 min and rapidly cooling on ice for 5 min. The
denatured DNA solution was labeled with alkaline phosphatase by incubation at 37 °C
with 10 pl of the reaction buffer, 2 ul of the labelling reagent and 10 ul of the Cross
linker solution for 30 min. The membrane containing the DNA(s) of interest were pre-
hybridised inside a hybridisation bottle (GE Healthcare, Uppsala, Sweden) at 62.5 °C
within a hybridisation Oven set at 60 rotations per min in 0.15 ml/cm? of pre-warmed
hybridisation buffer containing 0.5 M NaCl and 4% (w/v) Blocking Reagent (GE
Healthcare, Uppsala, Sweden) for 30 min. Following pre-hybridisation, 10 ng/ml of
labeled probe was added and hybridisation was allowed to continue for 16 to 20 h at
62.5 °C in a hybridisation Oven set at 30 rotations per min. The membrane was
removed and washed with an excess volume of primary wash buffer pre-warmed to
62.5 °C in a Shaking oven set to 30 strokes/min for 10 min. The membrane was then
washed, as described, again in a fresh volume of primary wash buffer. The membrane

was subsequently transferred to a fresh container and washed twice at room
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temperature in secondary wash buffer on a shaker set to 30 strokes/min for 5 min. The
membrane was covered in 30 to 40 pl/cm® of CDP-star Detection Reagent (Tropix
Inc, Bedford, MA, USA) and incubated at room temperature for 5 min. The
membrane was drained of excess Detection Reagent, wrapped in cling film and inside
a darkroom was placed DNA side up in a film cassette with 20.3 x 25.4 cm BioMax
XAR autoradiography film (Eastman Kodak Company, Rochester, NY, USA). The
film was exposed, typically for 2 h, before being removed and developed by
immersion in a tray of KODAK GBX developer and replenisher solution for 5 min.
The film was then transferred to a tray of water and rinsed for 30 s with moderate
agitation and transferred to a third tray filled with KODAK GBX fixer and replenisher
solution and moderately agitated for 5 min. The film was finally returned to the tray
of water and rinsed for 2 min with moderate agitation before being allowed to air dry.
All development steps were performed at room temperature. Following satisfactory
detection the membranes were stripped of probe by incubation in 0.5% (w/v) SDS
solution at 60 °C for 60 minutes. The membranes were then rinsed in 100 mM Tris

pH 8.0 for 5 minutes at room temperature, wrapped in cling film, and stored in at 4°C.

2.2.9.3 Culture storage
B. proteoclasticus strains devoid of pCY186 were stored in 10ml Hungate tubes

containing 5 ml M704 media supplemented with 20% (v/v) glycerol at -85 °C.

E. coli strains carrying shuttle vector constructs were stored using cryopreservation

beads (Technical Service Consultants Ltd, Heywood, Lancashire, England) at -85 °C.

2.2.10 Determining plasmid copy number

Using a method previously described by Lee et al. (2006), the copy number of each
B. proteoclasticus auxiliary replicon was determined by absolute quantitative realtime
PCR (gqPCR). PCR primers were designed as described in Section 2.2.5.5 except they
were designed to amplify a DNA region of no more than 1 Kb, as specified (Roche,
2003), for enumeration accuracy. qPCR primers were designed to amplify intergenic
regions specific to each of the four replicons (BP_probe 1fp/BP_probelrp, for the
major chromosome; p360 probel.bwp / p360 probel.gwp for pCY360;
p300 probe2.bwp / p300 probe2.gwp for BPc2; and pl90 probel.bwp /
pl90 probel.gwp for pCY186; for primer details see Appendix II). Specificity of
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each of the selected primer sets was tested by conventional PCR, as described in
Section 2.2.5.6, and the resulting amplicons were screened by agarose gel-
electrophoresis, as described in Section 2.2.5.12). The resulting amplicons were
purified, as described in Section 2.2.5.14 and cloned into Topo-TA vectors and
transformed into E. coli as described in Section 2.2.10.2. Single white colonies were
picked and subjected to plasmid purification, as described in Section 2.2.10.3. The
resulting plasmids (named Topo-BP pl, Topo-pCY360 pl, Topo-BPc2 p2 and
Topo-pCY 186 pl respectively) were screened for authenticity by PCR, using primers
specific for their respective inserts and the PCR products were analysed by agarose
gel-electrophoresis. The DNA concentration of each plasmid midi-prep was
quantified (in triplicate) as described in Section 2.2.5.3. Using this information, the
copy number of each TOPO-vector containing the respective sequence of interest was

determined using the following equation (Whelan ef al., 2003):

= 6.02 X 1023(copies/mole) X DNA amount (grams)

Total Vector length (bp) X 660 (grams/mole/bp)

Each Topo-derived plasmid was subsequently diluted to give a stock solution
containing 1 X 10° copies/ul. For each plasmid, a 10-fold dilution series ranging from
1 X 10° copies/ul to 1 X 10° copies/ul was made and used as a reference for
Realtime qPCR. The PCR conditions for each primer set were optimised for

temperature and MgCl concentration.

Quantitative PCR was performed on each Topo-derived plasmid, in triplicate, as
described in Section 2.2.10.4, using its respective primers. The threshold cycle (Cr)
was determined for each plasmid dilution and the Ct values plotted against the Log)o
of the initial template copy number. The slope of the line fitted to these points, as
determined by linear regression, was used to derive the qPCR amplification efficiency

(E) from the following equation:

E=10"5°c_ (Rasmussen, 2001)

Each Real-time qPCR was performed using a LightCycler (Roche Diagnostics,

Bassel, Switzerland) and subsequent analysis was performed with LightCycler
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software (Version 3.5; Roche Diagnostics, Bassel, Switzerland). The Cr was
determined using the ,Fit points“ method, as described in the original protocol (Lee et
al., 2006), with the ,arithmetic™ baseline adjustment, due to the background variation
between the purified standard curves and the unknowns. The specificity of the gPCR
reactions was determined by melting curve analysis that was performed from 65 — 95
°C with a transition rate of 0.10 °C / second and continuous fluorescence data
acquisition using the LightCycler software (Version 3.5; Roche). To ensure the
correct product was amplified, resulting qPCR reactions were analysed by Agarose

gel-electrophoresis, as described (2.2.5.12).

2.2.10.1 Preparing electrocompetent cells

Electrocompetent E. coli cells were prepared as previously described (Sambrook &
Russell, 2001). An overnight E. coli culture was streaked onto LB medium, to give
discreet colonies, and incubated overnight at 37° C. A single E. coli colony was taken
from the plate using a sterile loop and used to inoculate 50 ml of fresh sterile LB
broth in a 250 ml conical flask. The culture was grown overnight at 37 °C on an
Orbitech XL flask shaker set to 250 rpm. Following incubation the culture was
divided in half and used to inoculate two 500 ml aliquots of pre-warmed (37° C) LB
broth, each in 2 L conical flasks. Both flasks were incubated at 37 °C on an Orbitech
XL flask shaker set to 250 rpm. OD was measured using an Ultrospec 1100 Pro
spectrophotometer (GE Healthcare) at a wavelength of 600 nm initially and
subsequently every 20 to 30 min until a AODgo of 0.4 was reached. The flasks were
transferred to a waterbath containing an ice/water slurry and incubated, with
occasional swirling, for 30 min. The cultures were transferred to pre-chilled (-20°C)
sterile 250 ml centrifuge tubes and cells were pelleted by centrifugation at 1000 X g
for 15 min at 4° C. The supernatant was discarded and cells were washed in 250 ml of
pre-chilled (4°C) sterile MilliQ water. The cells were again harvested by
centrifugation, as described above for 20 min. The supernatant was discarded and
cells were washed in 250 ml of pre-chilled (4° C) 10% Glycerol solution, as described
above. The harvested cells were then resuspended in 10 ml of the 10% Glycerol
solution and transferred and pooled in two pre-chilled (4° C) sterile Oakridge tubes.
The cells were pelleted as described above and supernatant was carefully removed
using a P200 micropipetter and sterile pipette tip. The pelleted cells were resuspended

in 1 ml of ice-cold GYT Medium. A sample of the cells was diluted 1:100 and its OD
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measured using the Nanodrop at A=600nm. If the ODg¢yo was significantly above 1.2
(optimal reading ODggo 0.8 — 1.2, equivalent to approximately 2.5 X 10'° /. 0.5 X
10" cells/ml) the suspended cells were diluted accordingly with GYT Medium. Cells
were stored in 0.6 ml Eppendorf tubes in 40 pl aliquots at -85° C.

Electrocompetent B. proteoclasticus cells were prepared as previously described
(Beard et al., 1995). B. proteoclasticus was inoculated into 40 ml M704 Medium in a
50 ml serum bottle and cultured for 12 to 16 h at 37° C. The culture was transferred to
a waterbath containing an ice/water slurry and incubated, with occasional swirling, for
30 min. The cells were transferred to Oakridge tubes and pelleted by centrifugation at
5,000 X g for 5 min at 4° C. The supernatant was discarded and cells were
resuspended in 40 ml of Electroporation buffer. The cells were again pelleted and then
resuspended in 80 pl of Electroporation buffer. Aliquots (40 pul) were transferred to
sterile 0.6 ml Eppendorf tubes and stored at -85° C. All steps, except centrifugations,

were performed in an anaerobic chamber.

2.2.10.2 TOPO cloning

Purified DNA was combined with 1 pl of salt solution in 3 pl of sterile water in a 0.6
ml Eppendorf tube. The tube was briefly vortexed and then centrifuged. One pl of the
Topo vector was added directly to the mixture and the ligation reaction was incubated
at room temperature for 5 min. The reaction was placed on ice and 20 pl of OneShot®
TOP10 chemically competent E. coli cells (Invitrogen) were added. The cell/Topo-
vector mixture was incubated on ice for 20 min and heat-shocked at 42 °C in a test
tube heater for 30 seconds. SOC medium (250 pl at room temperature) was
immediately added to the cells and transferred to a sterile 15 ml Falcon tube and
incubated for 1 h on a flask shaker set to 250 rpm at 37°C. Aliquots (100 ul) of the
cultures were plated on LB medium containing 50 pg/ml ampicillin and 40 mg/ml X-
Gal. Plates were incubated over night at 37 °C and resulting white colonies were

selected.

2.2.10.3 Plasmid mini preparations

Plasmid mini preparations were carried out as previously described (Sambrook &
Russell, 2001). Two ml of the appropriate medium (LB for E. coli, M704 for B.
proteoclasticus) containing 10 pg/ml of chloramphenicol in a 15 ml Falcon tube was

inoculated with the transformed bacteria. The culture was incubated at 37 °C
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overnight on a flask shaker set to 200 rpm and 1.5ml of the culture was transferred to
a sterile Eppendorf tube and cells pelleted by centrifugation at 13,000 X g for 1 min
at 4° C. The supernatant was removed using a P200 micropipetter and sterile pipette
tip. The cell pellet was washed in 375 pl of pre-chilled (4 °C) STE buffer and mixed
with 100 pl of pre-chilled Alkaline lysis solution I using a vortex mixer set to
maximum. The mixture was combined with 200 ul of room temperature Alkaline
Lysis solution II and mixed by several rapid inversions of the Eppendorf tube. Pre-
chilled (4° C) Alkaline lysis solution III (150 pl) was added and mixed by several
rapid inversions. The tube was incubated on ice for 4 min and the precipitated organic
matter was pelleted by centrifugation at 13,000 X g for 5 min at 4° C. The supernatant
was transferred to a fresh Eppendorf tube containing 500 pl of phenol and subjected
to phenol:chloroform extraction and the plasmid DNA subsequently concentrated as

described in Section 2.2.5.4.

2.2.104 Realtime qPCR

Realtime qPCR reactions were performed in 20 pl volumes using the Roche
Diagnostics (Basel, Switzerland) Fast Start Kit. Constituents of the reaction were
added in the order listed (Table 2.21) to sterile MilliQ water in a sterile 0.6 ml
Eppendorf tube on ice. The solution was mixed using a microopipettor and a sterile
pipette tip and subsequently transferred to a Lightcycler® capillary. The capillaries
were centrifuged at 700 X g for 15 s and transferred to a Lightcycler II Realtime PCR
Cycler (Roche Diagnostics, Basel, Switzerland). The reaction was cycled through a 10
min denaturation at 95° C, followed by 40 cycles of:

. 95°C for 15 s
. 60 °C for 15 s
. 72 °C for 35 s
. Fluorescence measurement

The reaction was cooled to 65 °C and progressively heated to 95 °C with fluorescence
measurements being taken every 0.1 °C increase for melting curve analysis. The
reactions were cooled to 4 °C until examination by agarose gel-electrophoresis, as
described in Section 2.2.5.12. Data acquired from the fluorescence measurements

were analysed using the LightCycler software (Version 3.5) (Roche Diagnostics,
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Basel, Switzerland) and exported to a Microsoft Excel Spreadsheet to determine copy

numbers.

Table 2.21  Realtime qPCR reaction constituents

Chemical Concentration

FastStart DNA Master SYBR Green mix 2 pl

dNTPs 0.2 mM
MgCl, "x mM
DNA T2l
Each primer 5uM

"An optimised concentration of MgCl, was used.

ok . .
Concentration varied, however a volume of 2 ul of each standard and unknown was used

2.2.11 Co-culture vs Mono-culture microarray analysis

2.2.11.1 Growth conditions

M. ruminantium cultures were grown anaerobically at 39 °C on an orbital shaker set to
100 strokes/min in BY+ medium (Section 2.1.9.1). Cultures were pumped to 25 psi
with 80% H,:20% CO, gas initially and again when H, was utilized, as determined by
pressure testing with a 5 ml syringe and headspace analysis by gas chromatography.
The growth curves of M. ruminantium and B. proteoclasticus cultures were
determined by Thoma slide enumeration, as described above (2.2.3). Cultures were
grown to mid-exponential phase and then total RNA was extracted as described below
(2.2.11.4). This phase of growth was deemed to be the most appropriate as not only is
this point where RNA is thought to be most abundant, but due to the dynamic nature
of the rumen environment, stationary phase is unlikely to occur, at least for any
significant length of time. For the microarray experiment, 18 M. ruminantium
cultures were divided evenly into six lots each comprising three 100 ml cultures. Two
days following the second pumping of cultures with the hydrogen:carbon dioxide gas,
estimated to be approximately mid-growth phase, all M. ruminantium cultures were
flushed with O,-free CO, gas until hydrogen was not detectible by gas
chromatography (Appendix III, Fig. A3) and then supplemented with 4 ml of 5%
Xylan solution to give a final concentration of 0.2%. Half of the cultures were then
inoculated with 0.5 ml of a late exponential phase B. proteoclasticus culture and half

were pumped to 25 psi with 80% H,:20% CO; gas. A further three 100 ml volumes of
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pre-warmed (39°C) BY+ medium supplemented with 0.2% Xylan solution were also
inoculated with 0.5 ml of the late exponential phase B. proteoclasticus culture. The
inoculations and processing of each replicate set (1 set = 3x 100 ml M. ruminantium
mono-cultures, 1x 100 ml B. proteoclasticus mono-culture and 3x 100 ml M.
ruminantium inoculated with B. proteoclasticus co-cultures) were staggered by two
hours so RNA was extracted at approximately the same phase of growth. Mid-
exponential phase was estimated by the growth curve (Appendix III, Fig. A3) to occur
after approximately 510 min (8% h). To ensure growth was within the expected
parameters, Thoma slide counts were taken after 5, 7 and 8 h, as well as immediately

prior to extraction.

2.2.11.2 Microarray analysis

All materials used in the extraction and subsequent processing of RNA were treated to
eliminate RNases, as described in Section 2.2.11.3. The RNA was purified using an
RNeasy midi kit (Qiagen, Hilden, Germany), as described in Section 2.2.11.5, to
remove DNA, xylan and any other contaminants. The RNA quality was assessed
using the Bioanalyzer RNA 6000 nano assay, as descibed in Section 2.2.11.6. The
RNA was transcribed using the SuperScript'™ Indirect cDNA Labeling system
(Invitrogen, Carlsbad, CA, USA) following the manufacturers instructions (see
Section 2.2.11.8). The resulting cDNA was purified (Section 2.2.11.9). The relative
quantities of RNA contributed by each organism to the co-culture samples were then
determined by gqPCR (as described in Section 2.2.11.10). qPCR primers were
designed, using methods described in Section 2.2.10, against the B. proteoclasticus
butyryl-CoA dehydrogenase (bcd) gene (using primers bedqfp and bedqrp), and the
M. ruminantium gene encoding N’ ,Nlo-methenyl-H4MPT cyclohydrolase (mch) (using
primers mchqfp and mchqrp). Homologues of both genes have previously been shown
to be constitutively expressed in closely related species (Reeve et al., 1997, Asanuma
et al., 2005). The mono-culture RNAs were then combined appropriately using the
schedule shown in Appendix III (Table A3). The cDNAs were concentrated as
described in Section 2.2.11.9 and labeled as described in Section 2.2.11.11. The
labeled cDNAs were appropriately combined (the co-culture sample was labeled with
Cy3 and combined with non-co-culture sample labeled with Cy5, and vice-versa for

each of the three biological replicates) and hybridised to the microarrays.
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2.22.11.3 Avoiding RNase contamination

To prevent RNase contamination during RNA extraction and subsequent processing,
the following precautions were taken. MilliQ water was treated with 0.1% (v/v)
diethylpyrocarbonate (DEPC) (Sigma-Aldrich, St. Louis, MO, USA). A portion of the
MilliQ water containing DEPC was used to soak Eppendorf tubes. DEPC-treated
water or tubes were allowed to incubate at room temperature overnight before being
autoclaved to inactivate traces of DEPC; Metal spatulas and mortar and pestles were
baked in an oven at 210 °C for 20 h. Centrifuge tubes and Agilent 2100 Bioanalyzer
electrodes were cleaned thoroughly with RNaseZap (Ambion, Austin, TX, USA), then
rinsed with DEPC-treated water. Centrifuge tubes were subsequently autoclaved.

Only certified RNase-free pipette tips were used.

2.22.114 RNA extraction

Cultures were pooled into pre-chilled (-20° C) 250 ml centrifuge tubes and pelleted at
10,000 X g for 5 min at 4° C. The supernatant was discarded and the resulting cell
pellet was resuspended in 10 ml of BY+ medium (+ 0.2% Xylan) and 20 ml of
RNAprotect reagent (Qiagen). The culture was transferred to a 50 ml Oakridge tube
and incubated for 5 min at room temperature. The cells were again pelleted by
centrifugation for 10 min at 5,000 X g. The pellet was dried and frozen using liquid
nitrogen. The frozen pellet was ground with a sterile pre-chilled (-20° C) mortar and
pestle under liquid nitrogen. The ground sample was then resuspended in an excess of
TRIzol reagent and subsequently transferred in 1 ml aliquots to Eppendorf tubes and
incubated at 20 °C in a waterbath for 5 min to permit complete dissociation of
nucleoprotein complexes. Chloroform (200 ul) was added to each tube and mixed
vigorously and incubated at 20 °C in a waterbath for 3 min. The sample was
centrifuged at 12,000 X g for 15 min at 4 °C to separate the TRIzol-Chloroform and
protein phases from the aqueous phase containing the RNA. The aqueous phase was
transferred to a sterile Oakridge tube and mixed with 0.5 volumes isopropanol. This
mixture was incubated at 20 °C in a waterbath for 10 min to precipitate the RNA,
which was subsequently pelleted by centrifugation at 12,000 X g for 10 min at 4° C.
The supernatant was removed and discarded using a P200 micropipetter and sterile
pipette tip The RNA pellet was washed in 5 ml of 75% ethanol before being pelleted
by centrifugation at 12,000 X g for 10 min at 4° C. The ethanol was removed and
discarded using a P1000 micropipetter and sterile pipette tip and allowed to air dry on
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ice for 5 min. Each RNA pellet was resuspended in 1000 ul of DEPC-treated milliQ

water and the RNA concentration was quantified by spectrophotometry.

2.2.11.5 RNA purification

The extracted RNA was purified using an RNeasy Midi kit (Qiagen, Hilden,
Germany). All the centrifugation steps were carried out at 4° C. buffer RLT (4 ml)
containing 1% (v/v) B-mercaptoethanol, was added, along with 2.8 ml of absolute
ethanol. The sample was transferred to an RNeasy Midi column (Qiagen), placed in a
15 ml centrifuge tube, and centrifuged at 5,000 X g for 5 min. The flow-through
volume was discarded and 4 ml of RW1 buffer was added to the column. The column
and centrifuge tube were centrifuged at 5,000 X g for 5 min. The flow-through
volume was discarded and the column was washed twice by the addition of RPE
buffer and subsequent centrifugation at 5,000 X g for 2 min for the first wash and 5
min for the subsequent wash. The column was transferred to a fresh 15 ml centrifuge
tube and 250 ul of DEPC-treated water was added to elute the RNA. The column was
incubated at room temperature for 5 min and centrifuged at 5,000 X g for 3 min. The
elution process was repeated to ensure all purified RNA was extracted from the
column. The resulting 500 pl of suspended RNA was transferred to an Eppendorf tube
and the RNA concentration was quantified by spectrophotometry (Appendix IV,
Table A3).

2.2.11.6 RNA quality analysis

Each RNA sample was diluted to 100 ng/ul with DEPC-treated water and analysed by
RNA 6000 Nano assay (Agilent Technologies, Santa Clara, CA, USA). RNA 6000
Nano gel matrix (550 pl) was filtered by centrifugation through a spin filter at 1,500
X g for 10 min. Aliquots (65 pl) of the filtered gel were placed into 0.5 ml Eppendorf
tubes, and excess aliquots were stored at 4 °C for no longer than 4 weeks. Dye
concentrate (1 pl) was thoroughly mixed with a 65 pl filtered gel matrix aliquot using
a Labinco L46 Vortex and then centrifuged at 13,000 X g for 10 min at room
temperature. An RNA 6000 Nano LabChip® (Agilent Technologies, Santa Clara, CA,
USA) was placed on the Chip Priming Station, and 9 pl of the gel-dye mixture was
loaded into each of the three wells marked with a G, beginning with the well marked
in bold. RNA 6000 Nano marker (5 pl, Agilent Technologies, Santa Clara, CA, USA)
was added to the ladder well and all 12 sample wells. The RNA 6000 ladder and each
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RNA sample were denatured at 70 °C for 2 min, cooled on ice for 1 min, then added
in 1 pl volumes to the appropriate wells. The RNA Chip was vortexed at 2,400
strokes/min for 1 min, using an IKA vortex and subsequently loaded and run in an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The
resulting data were acquired as both an electropherogram and electrophoretic gel-

image translation.

2.2.11.7 Concentrating RNA or cDNA samples

The RNA was gently mixed with 0.1 volumes of 3M sodium acetate, 5 pg glycogen
and 3 volumes of ice-cold absolute ethanol. The mixture was incubated at -85 °C for
30 min, and centrifuged at 16,000 X g for 30 min at 4 °C. The supernatant was
discarded and the remaining RNA pellet was washed twice with 500 ul of ice-cold
70% ethanol. The supernatant was carefully discarded and the RNA pellet was
allowed to air dry on ice for 5 min. The RNA pellet was redissolved in an appropriate

volume of DEPC-treated TE buffer (10:1).

2.2.11.8 First strand cDNA synthesis

The total RNA samples (suspended in 17 pl of DEPC-treated TE buffer (10:1)) were
mixed with the random hexamers in a 1.5 ml Eppendorf tube and incubated at 70 °C
for 5 min to denature the RNA. The mixture was rapidly cooled on ice for 2 min and
the remaining constituents (Table 2.22) were subsequently added. The reaction was
incubated at 46 °C for 3 h. I M NaOH solution (15 pl) was added to the reaction and
RNA was hydrolysed by incubation at 70 °C for 10 min. 1 M HC1 (5 pl) was added to
neutralise the pH and finally 20 pl of 3 M sodium acetate was added.

Table 2.22  First strand cDNA synthesis reaction constituents

Chemical Concentration
Total RNA ~10 pg

Random hexamers 0.5 ng
First-strand buffer 6 ul

0.1 M Dithiothreitol (DTT) 1.5 ul

dNTP 1.5 pl
RNaseOUT 40 units
SuperScript'™ III RT 800 units
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2.2.11.9 c¢DNA purification

Each ¢cDNA sample was mixed with 500 ul of Loading buffer using a 1 ml
micropipetter and sterile pipette tip. The sample was transferred to a SN.A.P.™
column (Invitrogen, Carlsbad, CA, USA) placed in a 2 ml collection tube and
centrifuged at 13,000 X g for 1 min. The column was washed twice with 700 ul of
Wash buffer by addition and subsequent centrifugation at 13,000 X g for 1 min. A
further centrifugation was performed at 13,000 X g for 1 min to eliminate any
remaining traces of the Wash buffer, which contains ethanol. The column was then
transferred to a fresh 2 ml centrifuge tube and 50 ul of DEPC-treated water was added
to elute the RNA. The column was incubated at room temperature for 5 min and then
centrifuged at 13,000 X g for 1 min. The elution process was repeated to ensure all
purified cDNA was extracted from the column. All centrifugation steps during the
first strand ¢cDNA purification were carried out at room temperature. The column,
collection tube and all buffers were supplied as part of the cDNA Ilabelling
purification kit (Invitrogen, Carlsbad, CA, USA).

2.2.11.10 Enumeration of organisms in co-culture

B. proteoclasticus™ and M. ruminantium®s relative mRNA contribution to the co-
culture was enumerated by qPCR analysis of the copy numbers of bcd (B.
proteoclasticus) and mch (M. ruminantium). 100ng of each cDNA sample (B.
proteoclasticus in Mono-culture, M. ruminantium in Mono-culture, and B.
proteoclasticus and M. ruminantium in coculutre) was serial 10 fold diluted in MilliQ
water to 10, The undiluted sample and each of the 10 fold dilutions were analysed by
real time qPCR, as described in Section 2.2.10.4, using 2.5 mM MgCl, and the
appropriate primer combination (bcd primer pair for B. proteoclasticus and mcd
primer pair for M. ruminantium). Each qPCR run consisted of the Mono-culture
dilutions (primed with the bed primer pair, B. proteoclasticus; or the mch primer pair,
M .ruminantium) and replicates of the co-culture dilutions (one replicate primed with
the bed primer pair the other replicate primed with the mch primer pair). Additionally
a blank reaction, containing no cDNA, and three negative reactions, containing each
purified mRNA sample, was included. The results were analysed and organism ratios
in the co-culture samples determined using the mono-cultures as a reference (Table

4.4).
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2.2.11.11 cDNA labelling

Dimethyl sulphoxide (DMSO, 45 ul) was mixed with both Cy3 and Cy5 dye vials
(GE Healthcare, Uppsala, Sweden) using a Labinco L46 vortex. Each cDNA sample
was divided into equal volumes and 5 pl of the appropriate Dye-DMSO solution was
added to each cDNA sample (one volume with Cy3, one volume with Cy5) and
incubated in the dark for 2 h, after which the labeled cDNA was purified as described
in Section 2.2.11.9. The labeled cDNA was concentrated, (2.2.11.7) and resuspended
in 10 pl of DEPC-treated MilliQ water.

2.2.11.12 Microarray hybridisation

Microarray slides were transferred to pre-warmed (50° C) microarray prehybridisation
buffer and incubated at 50 °C for 30 min. The microarray slide was rinsed by dipping
the slide several times into two 50 ml volumes of 0.22 pum (Millipore) filter-sterilised
MilliQ water in 50 ml Falcon tubes. The slide was subsequently dipped into 50 ml of
isopropanol in another 50 ml falcon tube and air dried. Once dry, the slides were
transferred into hybridisation chambers (Corning, Lowell, MA, USA) and lifter cover
slips (Erie Scientific, Portsmouth, NH, USA) were carefully laid over the probe areas.
Samples to be compared (e.g. Cy3 Co-culture versus combined Cy5 individual mono-
cultures) were combined in 0.2 ml PCR tubes. The combined sample was denatured
by incubation at 95 °C for 10 min and mixed with 60 pul of pre-warmed (68° C) Slide
Hyb buffer #1 (Ambion, Austin, TX, USA) using a P200 micropipetter and sterile
RNase/DNase-free pipette tip. The mixture was loaded onto the pre-hybridised slide
at the edge of the cover slip and allowed to diffuse beneath it. Sterile MilliQ water (30
ul) was added to the wells at each end of the hybridisation chambers to ensure the
chambers did not dry out during hybridisation. The hybridisation chambers were then
sealed and incubated in a water bath at 50 °C for 24 h. Following hybridisation, the
cover slip was carefully removed and microarray slides were transferred sequentially
to each of the microarray Wash solutions (1 to 3) pre-warmed (50° C) in aluminium
foil-covered Falcon tubes. The microarray slides were incubated for 7 min in each
Wash solution with extremely vigorous shaking by hand. Following the third wash the
slide was transferred to a fresh 50 ml Falcon tube containing a small amount of lint-
free paper towel at the bottom and centrifuged for 4 min at 1,500 X g at 20° C. The

slide was transferred to a fresh 50 ml Falcon tube and dried by incubation in a 37 °C
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vacuum oven (Contherm) with the lid removed for 20 min and stored in the dark until

microarray scanning.

2.2.11.13 Data acquisition

Microarray slides were scanned using a GenePix" Professional 4200 scanner and
GenePix Pro 6.0 software (Molecular Devices, Sunnyvale, CA, USA). The excitation
wavelengths and emission filters were selected for optimal analysis of Cy3 and Cy5
dyes (excitation at 532 and 635 nm and emission detection between 655 to 695 nm
and 550 to 600 nm, respectively). An image of the entire microarray slide was
acquired using a low-resolution (40 pm/pixel) preview scan. The arrayed DNA
portion of the slide was identified and an area encompassing these features was
selected for scanning at high resolution (5 pum/pixel). The Photo Multiplier Tube
(PMT) gains of each channel were adjusted between test scans, to balance the Cy5
and Cy3 signals, until a red to green ratio of 0.95 to 1.05 was achieved to ensure
sufficient signal was obtained from each fluorophore. The software was set to scan
each line twice, extracting the average value to maximise the signal to noise ratio
(Axon Instruments, 2004). Each slide was scanned at a high, medium and low PMT
gain settings (PMT gain levels and red to green ratios are shown Appendix III, Table
AS; Microarray scan images are shown Appendix III, Fig. A4). Three PMT level
scans were performed to ensure expression profiles of genes above the saturation level
(65,000) or below the noise level (10,000) were included. The gene names associated
with each spot on the microarray were uploaded and traced via a grid with parameters
set to overlay the features of the scanned microarray (grid settings Appendix III,
Table A6). Features were aligned to the grid automatically using the automatic
GenePix Pro 6.0 software function and then refined manually. Some features on the
array were not uniformly printed, therefore the ,.find irregular features™ option was
selected. Each feature was checked and any poor regions were flagged for exclusion
before signal data were extracted using the option ,,analyse® resulting in a GenePix

results (GPR) file.
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2.2.11.14 Quality control and normalisation

To ensure the integrity of the acquired data and to determine the appropriate method
of normalisation, the data were analysed using the limma package in Bioconductor
(Smyth, 2005). Bioconductor was operated through the R platform, using the R editor
Tinn-R (R code used for this analysis is shown Appendix IV, P1). To determine the
scan level (high, medium or low) with the greatest proportion of features within the
useable range (1,000 — 65,000) and thereby provide the base for subsequent analysis,
box plots of the log, intensities of each feature were produced for each scan level
(Fig. 4.15). The signal to noise ratio was analysed by comparing the foreground and
background intensities by calculating the intensity of each feature and that of the
region around that feature (outside of a 2 pixel circular exclusion zone). To determine
if there was any hybridisation spatial bias, the foreground and background densities
were plotted individually for each of the 16 slide scans to get an overall impression of
the data (Figure 4.16). To ensure there was no bias to either fluorophore®s detection
through the increasing signal intensities an MA plot was produced (Fig. 4.17). An MA
plot is a scatterplot of the log ratio of Cy5 to Cy3 (loga(Cy5) - logz(Cy3); M) versus
the average intensity for each feature ('/2(log,Cy5+Cy3; A).

Density plots were produced to show the proportion of features at each intensity and
the signal distribution across a microarray slide (Figure 4.18). Boxplots were
produced to give an overview of the range of values observed for each of the spot
types (B. proteoclasticus, M. ruminantium, controls (Arabidopsis and random
oligomers), the constitutively expressed genes dnaK and friB and blanks; data shown

Fig 4.20).

The blank spots and those flagged as being of poor quality were removed from
subsequent analysis. Normalisation was performed within each microarray using the
,»pint-tip loess™ method to remove any spatial trends within the slide. This method fits
a loess smoother to each of the 32 print-tip blocks on each slide and was selected to
remove the bias introduced from the different pins of the spotting robot. As some
spatial variation is seen in the backgrounds which is not reflected in the foregrounds it
was determined that background subtraction would unfairly bias the results therefore
this was not performed. To determine the efficacy of normalisation, density plots were

repeated following normalisation and compared to the raw data (Fig. 4.19) and
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boxplots were produced of the intensity distribution of each feature by category

(4.20).

2.2.11.15 Statistical analysis

Statistical data analyses were carried out using the limma package of the
Bioconductor software. Data were logo transformed prior to analysis and the mean
difference was calculated using this scale, resulting in a log ratio for each feature. The
log ratios for each probes replicates (biological and technical) were averaged prior to
further analysis. Each feature was then adjusted for the technical slide replication by
determining the average correlation between technical replicates using the
,duplicateCorrelation™ function, and accounting for this when fitting the linear model.
Empirical Bayes moderated t-statistics (Robbins, 1956, Smyth, 2004) were then
calculated for each gene. The moderated t-statistics were adjusted to give an FDR
(False Discovery Rate; (Benjamini & Yekutieli, 2005) value. Genes with an up- or
down-regulation of 2 fold or greater and an FDR value < 0.05 were deemed to be

statistically significant.
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3 Sequencing of B. proteoclasticus B316" auxiliary
replicons

3.1 Introduction

The genome of B. proteoclasticus B316" was sequenced to a theoretical genome
coverage of 9 fold, as part of a genome sequencing project undertaken by the Rumen
Microbiology Genomics team at AgResearch. DNA libraries were constructed using a
random shotgun cloning approach as previously described (Fleischmann et al., 1995).
Genomic DNA was randomly disrupted and separated by gel-electrophoresis. DNA
fragments in the 2 to 4 Kb range were isolated and used to generate a small insert
plasmid library in E. coli, while fragments of ~40 Kb were isolated and used to
produce a fosmid library (Kim et al., 1992). Clones resulting from both libraries were
recovered and sequenced using a high throughput sequencing technology. Sequencing
was completed by Agencourt Biosciences Corporation (Beverly, MA, USA), who also
aligned the resulting sequences to find overlaps and assembled them into contiguous
sequences (contigs). Prior to the commencement of this project the assembled genome
was subjected to a single round of primer walking. Collectively these efforts resulted
in 313 contigs and 3,939,787 bp of non-redundant sequence. This DNA sequence
information is henceforth referred to as the Phase I genome sequence data. Pulsed-
feild gel-electrophoresis of uncut whole-genomic DNA revealed the genome to be
spread across 4 independent replicons including the major chromosome and three
auxiliary replicons predicted from their mobilities within the gels to be of sizes 360,

300 and 190 Kb.

This chapter describes the identification of contigs pertaining to each of B.
proteoclasticus’ auxiliary replicons, their finishing, and confirming the integrity of

each sequence.

3.2 Identifying episomal contigs within the Phase I genome sequence

To identify contigs containing DNA sequence of the auxiliary replicons, all generated
contigs were searched for the presence of genes related to plasmid replication
(reviewed in Section 1.12). This was achieved using an automated annotation of
GLIMMER-identified ORFs present in all of the B. proteoclasticus contigs of the
Phase I sequence, and an in-house BLASTP script that utilised the Phase I contigs as

83



its search database. This approach allowed ORFs to be traced back to their parent
contigs. Five ORF*s encoding replication initiation (Rep) proteins (MANATEE ORFs
403, 1831, 1851, 2233 and 3092) and 7 ORFs encoding plasmid partitioning (Par)
proteins (MANATEE ORFs 401, 1397, 1398, 3093, 3138, 3769 and 3772) were found
spread across 5 contigs (Contigs 3, 67, 68, 112 and 240) (Table 3.1). To exclude
chromosomally-encoded Par proteins, the phylogeny of all Par proteins identified was
analysed. The amino acid sequence of each of the B. proteoclasticus™ Par proteins,
along with two chromosomal based ParA homologues (chromosome partitioning
protein ParA [AAO34754] (Clostridium tetani E88) and Sporulation initiation
inhibitor protein Sol [P37522] (Bacillus subtilis)), two chromosomally located ParB
homologues (chromosome partitioning protein ParB [AAO34755] (Clostridium tetani
E88) and the Stage 0 sporulation protein J SpoOJ [P26497] (Bacillus subtilis)), two
plasmid based ParA homologues (chromosome partitioning related protein
[YP_209675] (pBCNF5603 of C. perfringens) and ATPase, ParA-family
[AAM26200] (pX0O2-39 of B. anthracis)) and two plasmid based ParB homologues
(ParB protein [BAD90620] (pBCNF5603 of C. perfringens) and ParB-like nuclease
domain protein [AAS44682] (pBc10987 of B. cereus ATCC10987)) were aligned
using ClustalX (Thompson et al., 1994). The alignment was then used to construct a
tree using Splitstree (Huson, 1998). Analysis of this tree revealed the primary
sequence of two B. proteoclasticus Par proteins (MANATEE ORFs 1397 and 1398)
clustered with their chromosomal counterparts (ParB and ParA respectively) and were
therefore most likely be of chromosomal origin (Figure 3.1). Both Par proteins were
encoded upon contig 68 and subsequently this contig was eliminated as belonging to

one of the three auxiliary replicons.

Self-alignment of Contig 67, (360,097 bp), showed it had a 326 bp overlap at its ends
(Figure 3.2) and therefore assembled as a circular molecule of 359,574 bp, consistent

with the estimated size of the largest auxiliary replicon, now designated pCY360.

A second contig (Contig 112, 141,980 bp) containing repB and parA related genes
was known, from end sequencing of the longer fosmid clones, to join together five
other contigs (Contigs 107, 108, 109, 110 and 111). Collectively these contigs
represented 280,809 bp of non-redundant sequence (Table 3.2). They were assigned to

the 300 Kb replicon, which is now designated BPc2. This assignment was based on
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them not belonging to pCY360 and their collective size already exceeding that of the

186 Kb replicon.

Two further contigs (Contigs 3 and 240) were found to contain repB genes. Contig

240 additionally contained genes encoding both ParA and ParB plasmid partitioning

proteins. Both of these contigs along with Contigs 4 and 5 were known from end

sequencing of the fosmid clones to be linked and collectively represent 100,907 bp of

non-redundant sequence. They were assigned to the 186 Kb replicon, now designated

pCY186 (Table 3.2).

Table 3.1. Identification of contigs encoding plasmid replication-related proteins

MANATEE

ORF number

Automated annotation

Replication Initiation (Rep) proteins

ORF00403
ORFO01831
ORFO01851
ORF02233
ORF03092

Initiator RepB protein
Initiator RepB protein
Initiator RepB protein
Initiator RepB protein
Initiator RepB protein

Plasmid partitioning (Par) proteins

ORF00401
ORF01397
ORF01398
ORF03093
ORF03138
ORF03769
ORF03772

ATPase, ParA-family
ParB-family

ATPase, ParA-family
ATPase, ParA-family
ATPase, ParA-family
ATPase, ParA-family
ParB-family

Contig

number

c67
c3
c3
c240
cll2

c67
c68
c68
cl12
cll2
c240
c240

Position on contig

(start..end)

22626..21449
30231..29131
51758..50970
1637..396

87177..88321

24815..24051
32581..33480
31768..32529
83705..82881
27618..28373
4905..4114

3639..2650
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C. tetani ParB
ORF 1397

B. subtilis SpoOJ

» B. subtilis So)
. ORF 1398

« C. tetani ParA

pBCNF5603 ParB .

ORF3772 .
- + pBCNF5603 ParA
pBC10987 ParB .

+ pX02-39 ParA
ORF 3138

ORF 401

ORF 3093 ORF 3769

Figure 3.1. Phylogenetic placement of Par proteins. Phylogenetic tree of partitioning (Par)
proteins identified in the Phase I genome sequence of B. proteoclasticus and known
chromosomal (B. subtilis and C. tetani) and plasmid (pBCNF5603, pBc10987 and pX02-39)
ParA (Soj and ParA) and ParB (SpoJ and ParB) homologs. ORF 1398 clusters with
chromosomal ParA-family proteins and ORF1397 clusters with chromosomal ParB-family
proteins. Alignments were made using ClustalX and the tree was constructed with Splitstree.
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1)}, Expect = e-171

(100%)
Query: 23 ctgccatgaaggotataagacaaaaagaactgototgocgtgctatatggycctatatga 82
Sbjct: 359640 ctgccatgaaggctataagacaaaaagaactgctcoctgococgtgeoctatatgggeoctatatga 359699
Query: 83 gaagtatagaggaactagcogattatactggogatgaatgocaatgeccatttcagagtcaa 142
Sbjct: 353700 gaagtatagaggaactagccgattatactggogatgaatgocaatgoccatttocagagtcaa 359759
Query: 143 aggaactattaaagctcacagatgcggaaatcgoctgaaatcaataaatatggaaatgact 202

Ebjet: 359760 aggaactattaaagctcacagatgoggaaatogotgaaatcaataaatatggaaatgact 359819

Query: 203 tagggcttagttttcatggoaagocctgtaatctgtaatttataaggagaatttatggtaa 262
Sbjet: 359820 tagggcttagttttcatggeoaagoctgtaatetgtaatttataaggagaattratggtaa 359879
Query: 263 aagactgggttgtaactttittaaacgaagatactaataaagtgggatgogatgtattca 322
S5bjoct: 359880 aagactgggttgtaacttttttaaacgaagatactaataaagtgggatgogatgtatcca 359939
Query: 323 gocga 326

S5bjct: 359940 gcga 359943

Figure 3.2. Self-alignment of Contig 67 reveals overlapping ends. Alignment of Contig 67
with itself by BLASTN shows that the ends overlap by 326 bp, suggesting it is complete and
forms a circular structure.

3.3. Gap closure of episomal DNAs

Unlike pCY360, the two smaller replicons did not assemble into single contigs in the
Phase I data. The sequence at the ends of these contigs contained an over-
representation of transposase genes, with 3 of the 5 transposase-genes initially
identified in BPc2 and pCY 186 contigs being found at contig ends. A gene encoding a
16S ribosomal RNA was located at one end of Contig 107 and a 235 ribosomal RNA-
encoding gene was found at one end of Contig 108, both contigs belonging to BPc2.

A genome closing strategy using inverse PCR closed the gap between Contig 110 and
Contig 111 prior to the commencement of this Ph.D, resulting in the Supercontig
110+. To close the remaining sequence and physical gaps, various methods including

multiplex, inverse, and long range PCRs, and the screening of BAC libraries
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generated to aid genomic assembly, were used. The results are described below and

summarised in Table 3.3.

3.3.1 Multiplex PCR

PCR primers were designed to amplify DNA from each of the remaining 5 contig
ends (Contigs 110/111 forming the single Supercontig 110+) of BPc2 and the 4 contig
ends of pCY186. As contig ends typically have poor sequence quality (Blakesley et
al., 2004), the Phred scores of the assigned bases at each end were analysed (Figure
3.3). Primers were then designed within regions with a Phred score greater than 40.
Using these primers multiplex PCR was performed (Section 2.2.5.7), whereby each
forward primer was combined with a pooled equimolar concentration of each reverse
primer, and vice-versa. All 10 BPc2 reactions and 8 pCY 186 reactions were subjected
to 30 rounds of touchdown PCR and the resulting product(s) were screened by
agarose gel-electrophoresis. The resulting product sizes estimated from DNA mobility
within the gel allowed several of the BPc2 contigs to be tentatively ordered and gap
sizes to be estimated. Contig 109 was estimated to be 3.5 Kb from Supercontig 110+,
which was in turn estimated to be less than 100 bp from Contig 112, and Contig 112
was estimated to be 1.5 Kb from Contig 107. No amplification product was identified
by amplification from either end of Contig 108. However, given the contig ordering
determined by the multiplex PCR, and the likely presence of an rRNA operon
between Contig 107 and Contig 108, it was believed Contig 108 was flanked by
Contigs 107 and 109. Further, given the size estimated for BPc2 was 300 Kb, it was
predicted that ~14 Kb of unknown sequence was distributed in the two sequencing

gaps between Contigs 107, 108 and 109.
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Table 3.2 Contigs assigned to each replicon.

Contig Size (bp)
pCY360
67 359,574
BPc2
107 8,534
108 29,356
109 79,029
110+ 21,827
112 141, 979
pCY186
3 94,386
4 27,404
5 11,877
240 6,521

Despite several multiplex PCR attempts using two different sets of designed primers,
no products were amplified from any of the pCY186 contig ends or Contig 108 of
BPc2. The gaps that were successfully amplified were sequenced, using the primer
combinations identified through multiplex PCR to have complementarity (e.g.
BPc2 112b — BPc2 107a). It is possible to isolate and purify the appropriate bands
from the multiplex agarose gel, however, due to the nature of multiplex PCR, the
reaction would have potentially been unbalanced and this has previously been shown

to decrease PCR fidelity (Pierce et al., 2005, Thein & Wallace, 1993).
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Contig 4
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Fig. 3.3 Phred quality scores of contig ends. The Phred quality scores of each base pair for

contigs associated with auxiliary replicons are shown. For larger contigs, only 5000 bp at each

of the contig ends are shown.
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3.3.2 BAC clone screening

The second approach to close the gaps remaining in the DNA sequences of the BPc2
and pCY 186 replicons was the screening of the BAC clone library. Initial efforts to
construct BAC clones with insert sizes ~250 Kb and later ~150 Kb had resulted in
unstable clones that failed to provide useful sequencing data. Therefore the BAC
library was constructed with no selection for insert size, resulting in an average insert
size of approximately 30 Kb. Analysis of the BAC clone end-sequencing data
revealed 2 useful BAC clones. The first clone extended from Contig 240 to Contig
105, a contig not previously associated with pCY 186. The second BAC clone spanned
from Contig 4 across Contig 105 and into novel sequence. Collectively the 1289 bp of
new sequence derived from these BAC end-sequences connected Contig 240 with

Contig 4 via Contig 105.

3.33 Conventional and long-range PCR

The primer pairs that were found to complement each other in the multiplex PCR
analysis, and those corresponding to contigs (such as Contig 108) whose order
relative to other contigs could be deduced, were tested by conventional PCR. The
gaps that could not be amplified using conventional PCR (e.g. between Contig 107
and Contig 108) were subjected to long-range PCR using the Eppendorf TripleMaster
system (Hamburg, Germany). Long-range PCR allowed primers to be nested more
medial within a contig, allowing PCR primers to be better optimised for the
conditions described in Section 2.2.5.5. In addition the sequencing and physical gaps
of pCY186, where contig order was uncertain, were tested in all potential
combinations. The resulting PCR products were detected and their size determined by
gel electrophoresis and subsequently purified and sequenced. The resulting sequence
trace files were manually analysed for quality and assembled. Where sequencing
results only partially spanned the PCR product, new primers were designed upstream
from either extremity of the newly derived sequence and a further round of
sequencing was performed using the PCR product derived from the initial reaction.
This process, known as primer walking, was repeated until the gap was closed with
sequence of satisfactory quality. Conventional PCR contributed to the closure of the
gaps between the BPc2 Contigs 109 and 110+, 110+ and 112, and 112 and 107. Long-
range PCR successfully contributed to the closure of the gaps between contigs 107

and 108, 108 and 109, and 109 and 110+ of BPc2 and contigs 4 and 5 of pCY 186.
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3.34 Inverse PCR (iPCR)

A partial gap of BPc2 and two of the four pCY 186 gaps were not able to be closed by
the methods described above. To capture the remaining regions iPCR was used.
Restriction endonuclease (RE) recognition sites occurring near the ends of each
remaining contig (or supercontig) were identified using Vector NTI (Fig. 3.4). The
REs EcoRl1, Hindlll, Clal, BspHI, Ndel and Pstl were selected for use (all but Pstl,
which has a high %G+C recognition sequence, satisfying the criteria described in
Section 2.2.5.8). The resulting products were analysed by gel electrophoresis and,
where successful, purified and sequenced. iPCR contributed to the closure of the gaps

between Contigs 109 and 110+ of BPc2, and Contigs 3 and 240 of pCY'186.

3.3.5 454 sequencing

Following the sequencing efforts described above, a single physical gap (Contig 5 to
Contig 3) from the pCY 186 replicon remained unclosed. Closing this physical gap,
along with a number of physical gaps from the chromosome, could not be achieved. A
new approach, array-based pyrosequencing of whole genomic DNA, was used to
provide further sequence information to help in the closure of these gaps and
consequently the genome. The array-based pyrosequencing was completed by 454
Life Sciences (Branford, CT, USA) and resulted in approximately 14-fold genome
coverage. A quality score of Q40 (equivalent to Phred 40) or greater was assigned to
98.98% of all nucleotides produced. This sequence coverage was sufficient to close

the remaining gap in the pCY 186 replicon.

3.3.6 Reassembly

Following the closure of the entire genome, all DNA sequences were realigned to
identify sequence overlaps and reassembled using the STADEN package (Staden,
1996). The pCY 360 replicon was found to contain an extra 1823 bp missed during the
original assembly, giving it a total size of 361,397 bp. This was largely due to two
near-identical ORFs encoding transposases that resided adjacent to one another which
were assembled in the original assembly as a single ORF (ORFs 90 and 91). BPc2
was found to be 302,357 bp in the final assembly, approximately 2 Kb (0.7%) larger
than originally estimated. pCY 186 was found to be 186,326 bp, approximately 3.5 Kb

(2%) smaller than initially estimated.
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Figure 3.4 Restriction enzymes and PCR primer locations in contig ends as used for iPCR. The positions of RE
recognition sites identified near contig ends are shown. Those REs selected for iPCR library construction are shown in red.
The approximate locations of primers used for sequencing of iPCR products are shown as red arrows. Figures were
constructed using Vector NTI.
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Table 3.3. Sequence and physical gaps within replicon DNAs and their

methods of closure.

PCR BAC clone
Contig Gap Size (bp)
Conventional  Long-range Inverse  screening

BPc2

107 108 3,855 - + n/a -

108 109 4,284 - + n/a -
109 110+ 2,998 + + + n/a
110+ 112 51 + n/a n/a n/a
112 107 1,081 + n/a n/a n/a

pCY186

3 240 1,148 - - + -

240 4 1,289 - n/a n/a +

4 5 4,671 - + n/a -

5 3 39,053

All gaps initially present in the sequences of BPc2 and pCY186, their size and techniques
used in their closure are shown. Techniques that contributed to the closure of a gap are
indicated by a +, while those that were attempted but did not contribute to the closure of a gap
are indicated by a -. Techniques not attempted are indicated as n/a.
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The pCY360 replicon was found to be over-represented in the sequencing data
derived from the small plasmid and larger fosmid sequencing libraries, accounting for
20% of all sequenced clones. Both BPc2 and pCY 186 were under-represented in these
libraries, accounting for 7.9% and 6.8% of all sequenced clones, respectively. The
final sequence coverage of each replicon was 16.7, 6.7 and 5.7 fold for pCY360,
BPc2 and pCY 186, respectively. The distribution of this coverage was not uniform
(Fig. 3.5) with certain regions of the BPc2 and pCY 186 replicons being significantly

under represented.

34 Confirmation of two ribosomal RNA operons

Preliminary annotation of the BPc2 replicon sequence data suggested a ribosomal
RNA (rRNA) operon was likely encoded between Contig 107 and Contig 108. The
BPc2 complete sequence revealed two rRNA operons, separated by a small (~4 Kb)
region. To verify the integrity of the dual rRNA operons, whole genomic DNA was
digested with I-Ceul, a restriction endonuclease specific for the 235 rRNA gene, 77/,
and separated by PFGE (Fig. 3.6a). A band of approximately 9 Kb, consistent with the
distance expected between the rr/ genes of the two rRNA operons was detected. To
confirm this product was derived from BPc2, the digested bands were transferred to a
nitrocellulose membrane and Southern hybridised with a labeled probe derived from
the 4 Kb of intervening sequence. The resulting blot (Fig. 3.6b) confirmed that the
digested product was derived from BPc2.
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pCY186

Fig. 3.5. Final sequence coverage of each replicon. All sequencing reactions are shown, as
they were assembled upon each auxiliary replicon. Sequencing reactions are shown as either
pink lines (sequence derived from both forward and reverse reactions of each clone or
amplicon) or blue lines (sequence derived from either forward or reverse reactions of clone or
amplicon). Figure was produced using Staden following sequence assembly.
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Fig. 3.6. Confirmation of two rRNA operons in BPc2. A) Pulsed-field gel electrophoresis
of whole genomic DNA digested with I-Ceul (site present in TRNA operon; lane 4) or
undigested (lane 3) alongside the A (lanes 1 and 7), A low range ladder (lanes 2 and 6) and 1
Kb+ (lane 5) ladder. Estimated band sizes for lanes 3 and 4 are (top to bottom left to right
excluding lanes and the irresolvable raction immediately beneath the well) 360 Kb, 300 Kb
and 190 Kb (lane 3) and 300 Kb, 200 Kb, 100 Kb and 9 Kb (lane 4). B) Southern blot of the
above gel using as a probe a labeled PCR product corresponding to the 4 Kb sequence
predicted to separate the two rRNA operons of BPc2. Red arrow indicates the 9 Kb band
corresponding to the inter-RNA spacer. Hybridisation is also seen to both the major
chromosome and BPc2 in lane 3.
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3.5 Confirmation of assembly

To ensure the assemblies of each of the auxiliary replicons were correct, the
recognition sites of several REs were detected within each sequence using Vector NTI
(InforMax, 2001). Only REs that were present 3 or fewer times were selected, to
enable the resulting DNA bands to be discernable via PFGE (Fig. 3.7a). The
restriction enzymes Notl, Sfil and Pmel were used for pCY360, I-Ceul and Sfil for
BPc2 and A4scl and Sfil for pCY 186. Xbal was also used as it was predicted not to cut
the pCY360 or pCY 186 replicons, but cuts the remainder of the genome at a high

frequency.

Whole genomic DNA extracts of B. proteoclasticus B316" were digested with each of
these REs in single and double digests. The resulting digested genomic DNAs were
separated by PFGE using reduced pulse durations to ensure that the smallest
fragments would not migrate beyond the length of the gel. The resulting gel was
transferred to a nitrocellulose membrane and probed with labeled amplicons of
regions within fragments produced by cleavage with each selected RE. Analyses of
the resulting Southern blots (Fig. 3.7b) were consistent with the in-silico restriction

maps produced for each replicon, supporting the sequence assembly in each case.
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Fig. 3.7. Restriction mapping of replicons. A) The RE recognition sites were mapped in-
silico for each auxiliary replicon using Vector NTI. The bolded sites were selected to
experimentally test the final sequence assembly of each replicon. B) PFGE of RE digests of
whole genomic DNAs. Expected DNA band sizes are indicated by arrows and are as follows
(rounded to nearest Kb; top to bottom left to right): 361, 361, 361, 306, 55, 309, 52, 275, 52,
34 and 361 Kb; 302, 293, 9, 302, 227, 66 and 9 Kb; 186, 136, 50, 186, 90, 50 and 46 Kb C)
Southern blot analysis of RE digests. Membranes were probed with products derived from
regions within each expected restriction fragment of each replicon. Left panel pCY360;
middle panel BPc2; right panel pCY186. Each lane is labeled with the corresponding RE

used. The unlabeled first lane corresponds to the A ladder - where each band indicates an
approximately 50 Kb size increase.
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3.6 Quality control of replicon DNA sequences

Analysis of the pCY360 assembly found just 17 base pairs below the Phred 40
confidence value, all within a single region of ~2.5 Kb. This region was PCR
amplified, column purified and sequenced using three internal primers. The quality of
BPc2 and pCY186 sequences were assessed following array-based pyrosequencing.
As pyrosequencing does not result in trace files they could not be assessed by Phred

analysis.

Through annotation of the pCY360 sequence (described in Chapter 4) two regions,
were identified to contain potential sequence errors. ORF 188 contained a potential
frameshift, identified when a BLAST Extend Repraze (BER) alignment (TIGR, 2001)
with a resolvase gene from the Enterococcus faecium transposase Tn1546 revealed a
sudden loss of sequence similarity at amino acid 192, but regained similarity in the -2
frame at the theoretical amino acid 274.7 (Figure 3.8). ORF 336 contained a potential
indel that resulted in a premature stop codon. This was identified when a BER
alignment with a hypothetical protein, CF23, from Clostridium acetobutylicum
revealed significant sequence similarity extending beyond ORF 336 and into ORF
337. Similarly, a BER alignment of ORF 336 with the same hypothetical protein
revealed significant sequence similarity extending upstream into ORF 335 (Figure
3.9). Primers were designed surrounding each region of interest (the DNA sequence
corresponding to amino acids 192 to 275 of ORF 188 and the carboxyl terminus of
ORF 336 through the intergenic region and across the amino terminus of ORF 337),
and their sequence integrity was analysed by sequencing of the resulting purified,
PCR amplified product. In both cases re-sequencing of these regions confirmed the

initial sequence as being correct.
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Figure 3.8. Re-sequencing of potential frame shift in ORF 187. A) Alignment of ORF 188
(formerly numbered ORF 171 in a previous draft sequence version) with a resolvase from the
Enterococcus faecium transposase Tnl1546. The alignment reveals a loss of sequence
similarity at amino acid 192, however the similarity continues in the -2 frame at the
theoretical amino acid 274.7. Primers were designed surrounding this region to determine the
integrity of this frame shift. B) An alignment of re-sequencing data with the original
sequence. The region pertaining to the potential frame shift (as indicated) was shown to be
correct.
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confirms the stop codon as being correct.
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3.7 Discussion

The means of extracting contigs pertaining to certain extrachromosomal elements,
such as megaplasmids, from a whole genome sequence has not previously been
described in the literature. Methods for ,,binning™ species-specific contigs derived
from metagenomic sequencing efforts exist, but these are based on the identification
of genomic signatures such as di-, tri-, tetra-, and/or penta-nucleotide frequencies and
a knowledge of that organism®s genome composition (Chan et al., 2008). At the outset
of this project, nothing was known about the auxiliary replicons of B. proteoclasticus.
Based on the size of the auxiliary replicons it was assumed they were likely
megaplasmids. Using the fundamental differences in replicative apparatus between
plasmids and chromosomes, a method was derived that allowed the separation of most
contigs associated with these auxiliary elements from those of the major chromosome.
Genes encoding plasmid replication initiation (Rep) proteins, found in 70% of all
megaplasmids currently sequenced, and Partitioning (Par) proteins, found in 82% of
all megaplasmids currently sequenced (and present in approximately 25% of
megaplasmids not found to encode a Rep protein; reviewed in Section 1.12) were
identified. Unlike rep genes, par genes are found on the major chromosomes of many
bacterial species. However, the amino-acid sequence of Par proteins from major
chromosomes possess a distinct phylogeny from those derived from plasmids or
secondary chromosomes (Gerdes ef al., 2000). The presence of a gene encoding either
a Rep protein, or a Par protein that did not conform to major-chromosome type Par
phylogeny, provided a useful indicator of a contig derived from one of the auxiliary
replicons. Using this technique, four contigs were identified as likely being derived
from the auxiliary replicons of B. proteoclasticus. A further 7 contigs were found to
be associated with the four Rep- or Par- encoding contigs, as determined by the

analysis of fosmid clone terminal sequences.

The largest auxiliary replicon, pCY360, was found to be represented as a single
circular contig in the Phase I sequence data. The reason for this is likely to be related
to its over-representation in the clone library, where it accounted for 20% of all the
clones sequenced. This sequence bias toward pCY360 resulted in an under-
representation of the other replicons in the clone library. This in-turn likely

exacerbated the sequencing difficulties and complicated the closure of the physical
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gaps of BPc2 and pCY186. The non-uniform coverage of these replicons by cloned
sequences (Fig. 3.5), which was particularly evident in pCY 186 but was also seen in
BPc2, suggests the bias to pCY360 alone does not explain the inability to derive their
entire sequences in the Phase I data. It has been observed that regions of some
microbial genomes (particularly Gram-positive organisms) are not well represented in
random DNA libraries (Fraser et al., 2002). This can be attributed to regions being
difficult to clone, difficult to sequence or difficult to assemble. Cloning bias is a well
recognised but poorly understood phenomenon (Carraro et al., 2004, Goldberg et al.,
2006, Forns et al., 1997). It can be caused by extracting DNA in the exponential
phase, where regions surrounding the origin of replication can be significantly over-
represented (Frangeul ef al., 1999). This problem can be exacerbated by large, low
copy number plasmids, whose replication may be asynchronous from that of the
chromosome. It is also believed AT-rich (%G+C poor) regions may be less amenable
to the cloning process (Frangeul et al., 1999). Sequencing difficulties are often related
to the presence of secondary structures, %G+C rich regions, large fluctuations in
%G+C content or stretches of alternating purine and pyrimidine residues. All of these
features have been reported to cause DNA polymerases to stall and arrest (Ishikawa et
al., 2003, Sun et al., 2006b, Sherman & Gefter, 1976, Weaver & DePamphilis, 1984).
Transposase-encoding genes are known to be surrounded by complex secondary
structures (Kleckner, 1981) and their over-representation at contig ends suggests they
contribute to the curtailing of sequencing reactions. Genome assembly difficulties are
typically related to repetitive elements (Touchman et al., 2007, Gioia et al., 2006, Sun
et al., 2006b). Ribosomal RNA operons are largely invariant within a genome
(Coenye & Vandamme, 2003) and therefore commonly cause difficulties in the
assembly process (Carraro et al., 2004).  They also form significant secondary
structures and can therefore be potentially difficult to sequence. In this regard, the
presence of two rRNA operons in the BPc2 sequence is likely to have caused the gap

found between Contig 107 and Contig 108.

The process of gap closure was made easier for BPc2 by the ability to order contigs
and estimate gap sizes by multiplex PCR. The closure of gaps was achieved by
conventional, long range and iPCR methods, although no method alone was sufficient
to close all gaps. In all cases, primers were designed in regions of high quality

sequence (Phred scores > 40) and no closer than 75 bp to contig ends. The latter
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parameter was set to address the need to discard the 5 and 3’ portions of a sequencing
reaction due to their poor quality. This is a well described imperfection resulting from
Sanger sequencing, gel-electrophoresis and trace file processing (Ewing et al., 1998).
The problem occurs at the 5 extremity where the migration of very short fragments is
influenced more by the specific nucleotide sequence and the attached dye than the
fragments size. This, along with unreacted dye-primer and dye-terminator molecules,
typically results in peaks which have a high “noise” background, are unevenly spaced
and are often overlapping. Toward the 3’ end a similar effect is seen although this is
attributable to less accurate trace processing as the relative mass differences between
successive fragments decreases. The trace file also becomes less distinguishable from
the background as the number of labeled fragments of that size decrease (Ewing et al.,

1998).

Long-range PCR was attempted for gaps that could not be captured, or closed, by
conventional PCR. This approach allowed the capture of gaps that exceeded the
upper-limits of conventional PCR extension. Due to the addition of a more processive
DNA polymerase, it is also able to enhance amplification over difficult stretches of
DNA, such as those described above (McDowell et al., 1998). The Eppendorf
TripleMaster system uses Taqg DNA Polymerase mixed with an undisclosed, highly
processive, thermostable polymerase that has 3 to 5 proofreading (exonuclease)
activity, along with an unspecified polymerase-enhancing factor that is claimed to
provide an extremely high extension rate and high proofreading-assisted fidelity.
Additionally, the buffer is claimed to reduce template and amplicon degradation,
caused by depurination, due to its unique ability to maintain pH at high temperatures
(Eppendorf, 2000). Long range PCR led, or contributed to the capture of 4 gaps, 3 of
which neared the theoretical upper-limits of conventional PCR. Inverse PCR, a useful
technique that requires no knowledge about the down-stream DNA sequence (Benkel
& Fong, 1996), contributed to the closure of 2 gaps. However, it was best used as a
final resort due to the laborious and potentially repetitive nature of the protocol

(Benkel & Fong, 1996).

Unlike BPc2, the contig order of pCY186 was not discernible via the multiplex
approach. It therefore presented a much greater technical challenge that ultimately

required the use of array-based pyrosequencing to solve. The decision to utilise array-
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based pyrosequenceing in the closure of the B. proteoclasticus genome was based on
the speed and cost-effectiveness of this technology compared to continued PCR-based
gap closure techniques, which in many cases, including the pCY186 gap between
Contigs 3 and 5, were consistently resulting in failure. The combined capacity of the
Sanger and pyrosequencing methods to close genome sequences has previously been
demonstrated (Goldberg et al., 2006). Array-based pyrosequencing provides a method
of obtaining high coverage of short sequence reads without the need for cloning
(Edwards et al., 2006, Turnbaugh et al., 2006). It thereby eliminates cloning bias and,
through the short sequence reads, helps to mitigate the negative effects of complex
secondary structures on the sequencing reaction (McMurray et al., 1998). This
technique resulted in the completion of the final gap of the pCY186 replicon. All
sequences were finished to a Phred 40 (pCY360) or Q40 (BPc2 and pCY186)
standard, both equivalent to a maximum of 1 potential error per 10,000 sequenced
bases. The RE mapping and Southern blot analysis of each replicon provided strong
evidence that the three bands observed in pulsed-field gels of intact whole-genomic
DNA corresponded with the DNA sequences derived from the sequencing process. It
also corroborated the final assembly of each replicon being correct. To further
validate the derived sequences, anomalies identified during annotation were re-
sequenced. In both cases of identified sequence anomaly, the initial sequence was
found to be correct. The presence of two rRNA operons was verified by digestion
with the RE I-Ceul followed by Southern blot analysis. I-Ceul, derived from a mobile
intron in the chloroplast 23S ribosomal RNA (rr/) gene of Chlamydomonas
eugametos, recognises and cuts at a 26-bp site in the 77/ gene of many bacteria (Liu et
al., 1993). It is commonly used in conjunction with PFGE to map rRNA operons.
Collectively the RE mapping and Southern blotting data show that the sequencing

data is robust.
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3.8 Summary

The B. proteoclasticus genome is spread across four independent replicons that
include the 3.5 Mb major chromosome and three auxiliary replicons ranging in size
from 186 to 361 Kb. Using the fundamental differences between the replicative
apparatus of plasmids and major chromosomes, the sequence contigs of the auxiliary
replicons were extracted from the Phase I genome sequence. In some cases, multiplex
PCR enabled the ordering of contigs and the estimation of the corresponding gap
sizes. The combination of conventional, long range and inverse PCR techniques,
along with the screening of sequences derived from a BAC library, was sufficient to
close most of these gaps. However, one large gap remained after these methods and
was eventually closed by array-based pyrosequencing. RE mapping, along with
Southern blotting, confirmed the sequences as belonging to the auxiliary replicons
observed in the pulsed-field electrophoresis gels and provided strong support for the
final assembly of each replicon™s sequence. Sequence anomalies identified through
annotation, such as potential indels, frame shifts or the presence of two rRNA operons
upon BPc2, were re-evaluated and found to be consistent with the original sequence

data, further supporting the sequence of each replicon as being robust.
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4 pCY360

4.1 Introduction

The B. proteoclasticus genome is spread across 4 independent replicons, a
chromosome and 3 large auxiliary replicons ranging in size from 186 kb to 361 kb.
The largest of these auxiliary replicons, designated pCY360, accounts for almost 10%
of the entire B. proteoclasticus genome and is the fourth largest megaplasmid
currently reported in a Gram-positive bacterium. Many characterised megaplasmids
have been found to confer significant traits to the host organism. In Gram-positive
hosts, megaplasmids have been found to confer traits such as the ability to degrade
polychlorinated biphenyl (PCB) compounds (Shimizu et al., 2001) or atrizine
(Mongodin et al., 2006). Large extra-chromosomal DNAs of approximately 250 x 10°
daltons have previously been observed in a number of B. fibrisolvens strains (Teather,
1982), however, their large size precluded detailed analysis of their structures or
functions at that time. Thus the complete sequencing of the B. proteoclasticus
pCY360 megaplasmid is the first detailed analysis of these large extrachromosomal
DNAs from Butyrivibrio or Pseudobutyrivibrio species.

This chapter describes the detailed analysis of the pCY360 megaplasmid, and the

attempted elucidation of its function and origin.

4.2 Sequence analysis of pCY360

The complete sequence of the pCY360 megaplasmid is 361,397 bp in length,
which is consistent to within 0.04% of the size estimated from PFGE. The
pCY360 megaplasmid has a %G+C content of 38.95% (39.55% in coding regions,
36.03% in non-coding regions), which is similar to that of the major chromosome
(overall %G+C is 40.2%). GLIMMER analysis (Salzberg et al., 1998) identified
390 potential ORFs, however 20 ORFs were eliminated because they encoded
proteins smaller than 50 amino acids, lacked a significant match to any previously
described gene, gave no hits to any Hidden Markov model (HMM), lacked a
discernable ribosome binding sequence, and one or both of the following: a greater
than 10% deviation from the overall average %G+C content of the replicon, or
overlap with a larger ORF. Additionally, 19 ORFs were identified manually that
appeared to have been missed by the GLIMMER analysis. This gives a total of
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389 ORFs likely to be genuine protein coding regions in pCY360 (listed Appendix
V). The predicted ORFs have an average size of 743 bp, although the majority of
ORFs are much smaller (median size 515bp; Fig. 4.1). This gives pCY360 a gene
density of 1.26 genes / kb and gene coverage of 80% of the megaplasmid. The
average ORF size appears to be greater between ORFs 205 and 318 (Fig. 4.1), this
corresponds to the second third of the megaplasmid. Almost all (89%) of the
pCY360 ORFs are located on the Watson strand of the DNA molecule and analysis
of third-position GC skew shows the replicon has no discernable GC skew (Fig.
4.2).The distribution of predicted start codons is typical, with 97% ATG, 2% GTG
and 1% TTG. The proteins encoded by pCY360 ORFs have an average isoelectric
point (pI) of 6.06 (median 5.02; Fig. 4.1). The majority of these predicted proteins
(296, 76%) have no significant sequence similarity to any previously described
genes, while a further 26 (6.7%) match proteins of unknown function and are
described as conserved hypothetical proteins. pCY360 encodes 31 (8%) proteins
predicted by trans-membrane Hidden Markov Models (TmHMMs) to span the
membrane more than once and a further 35 (9%) contain signal peptide sequences.
During the course of this thesis, 13 of the predicted pCY360 proteins were
identified by tandem mass spectroscopy analysis of liquid chromatography
fractions from I1-dimensional protein gels (Dunne, in preparation). These
identifications resulted in 4 hypothetical proteins being reclassified as
uncharacterised proteins and three conserved hypothetical proteins being

reclassified as uncharacterised conserved proteins.

4.3 pCY360 origin of replication

A site spanning nucleotides 352,152 to 2,253 was identified as likely possessing
the origin of replication (oriR) (Fig. 4.2). The region encodes a putative replication
initiation protein, repB (ORF1) and a plasmid partitioning protein, parA (ORF388)
separated by a hypothetical protein (ORF389). Two large inverted repeats (IRs) of
89 bp (IR1) and 24 bp (IR2) were found within this region. The divergent nature of
the ORFs surrounding IR1 suggests that this region is likely to contain the oriR.
Within this region an 18 bp imperfect direct-repeat (DR1) and 7 potential dnaA
boxes were also identified. Moreover, a 366 bp A+T rich (13.6% G+C) region
spanning both IR1, DR1 and two of the potential dna4 boxes, was identified that
bears 48% nucleotide identity to the putative oriR of B. fibrisolvens plasmid,
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pRJF1 (Hefford et al., 1993). Lying outside of this central region are three ORFs.
ORF5 is a XerC-family integrase/recombinase and ORFs14 and 15, represent a
putative Pin domain toxin-antitoxin (TA) operon which, along with repB and parA,
are implicated in plasmid retention. Collectively these genes appear to constitute

the pCY360 plasmid ,,backbone.

4.4 Conjugative transfer-related proteins

Several ORFs related to conjugative transfer and Type IV pili formation are
encoded by pCY360. Most of these ORFs are clustered in a 35 Kb region spanning
nucleotides 201,461- 236,288 (Fig. 4.2). The ORFs identified include members of
both the mating pair formation (mpf) complex (ORF238, TraE; ORF249, Type IV
pilus subunit; ORF264, ATPase involved in pili biogenesis), and the relaxosome
(ORF172, putative MobA and ORF292 putative recD/TraA helicase), as well as
the coupling protein TraG (ORF242). Two lipoproteins (ORFs 253 and 257), 4
novel proteins containing signal peptides (ORFs 245, 246, 247 and 252) and 6
novel proteins predicted by a TmHMM (Krogh et al., 2001) to have two or more
trans-membrane spanning domains (ORFs 239, 240, 241, 244, 248 and 259) are
also found in the central 35 Kb region. One of the signal peptide-containing
proteins (ORF247) matches over a short region to a structural lytic
transglycosylase from Enterobacter phage P1 (29% ID over 90 aa). Two signal
peptidases (fraF, ORF232 and sipB, ORF279) also reside either side of the putative
conjugative transfer region. Both the mobA and recD/traA helicase ORFs (ORFS
172 and 292) potentially encode relaxase proteins. To distinguish which ORF more
likely fulfilled this function, or to determine if this function may have been
redundant, both ORFs were searched for motifs conserved in relaxases from other
Gram-positive bacteria (Grohmann et al., 2003). An alignment of the aa sequence
encoded by ORFs 172 and 292 was made with those of pMRCO1 (Lactococcus
lactis), pRE25 (Enterococcus faecalis) and pSK41 (Staphylococcus aureus; Fig.
4.3). This revealed that Motif I, (characterised by a conserved tyrosine residue),
was present in the recD/TraA helicase but not in MobA. Motif III, (characterised
by two conserved histidine residues) was absent from both potential relaxases. A
number of transfer origin (oriT) candidates were identified by searching the
pCY360 sequence for the Gram positive core oriT consensus sequence (Grohmann

et al.,2003; Fig 4.4).
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for each quartile of the data. The histograms show the distribution of features from ORF 1 — 389. Figures generated in
MS office Excel.
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Figure 4.2. Map of pCY360 predicted ORF function. The circles from outside to inside
indicate: genes transcribed from the Crick strand; genes transcribed from Watson strand; the
deviation of %G+C from the mean; and GC skew. Individual genes are colour-coded
according to their predicted COG functional role category. In cases where a gene falls into
more than one role category the most descriptive role category is assigned. The putative oriR-
containing loci (top) and central conjugative transfer loci (bottom) are enlarged. DnaA boxes,
the direct repeat (DR1) and inverted repeats (IR1, IR2, IR10 and IR11) are shown as well as
the region aligning to the putative origin of the B. fibrisolvens plasmid pRJF1. The positions
of the potential relaxase encoding genes are indicated with arrows. Figures were generated
using Vector NTL
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Figure 4.3. Conserved sequence motifs in Gram-positive relaxases. Alignment of potential relaxases
proteins (MobA and RecD/TraA) from pCY360 with relaxases from other Gram-positive bacterial
plasmids (pMRCO1, pSK41 and pRE25). Conservation of Motif I in the putative RecD/TraA helicase
protein from pCY360 is shown highlighted in yellow but is not present in the putative MobA. Neither
RecD/TraA nor MobA showed conservation of Motif III (highlighted in green).
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Figure 4.4. The oriT candidate sequences. All pCY360 sequences conforming to the
conserved nucleotides of the core consensus oriT sequence determined by Grohmann et al
(2003) are shown. Absolutely conserved nucleotides are highlighted in green, strongly
conserved nucleotides are highlighted in yellow. The position of each sequence is shown
relative to the central 35 Kb transfer region and their % identity to the consensus sequence is
shown in brackets. Their position relative to inverted repeats is also indicated where relevant.
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Five of these candidate sequences, each containing all of the absolutely conserved
nucleotides used to derive this core consensus sequence, are present in the central
35 Kb conjugative transfer region. An oriT candidate was also found upstream of
each of the potential relaxases mobA (ORF 172) and recD/TraA (ORF292)
(labeled Candidates 12 and 19, respectively). As all previously identified oriT™‘s are
found adjacent to inverted repeats, the proximity of each oriT candidate to such
secondary structures was evaluated. Two of the candidates, one within the central
transfer region (Candidate 13) and one approximately 50 Kb upstream of this
region (Candidate 14) were found to be within inverted repeats (IR10 and IR7
respectively). A further two candidates (Candidates 1 and 2) were found to be in
close proximity to IR3 and IR6.

4.5 The predicted impact pCY360 on the membrane and
extracellular environment of B. proteoclasticus
In addition to the 31 proteins predicted to span the membrane two or more times,
pCY360 additionally encodes 53 proteins predicted to span the membrane once
and several proteins that are likely to influence the topology of the cell membrane.
ORF 18 is predicted to encode an ATP-dependent zinc metalloproteinase, FtsH,
ORF 311 encodes a putative membrane bound di-guanylate cyclase and ORFs 335
and 339 both encode putative sortase B proteins. In addition to the 35 proteins
predicted to be secreted by either a signal peptidase I (32) or signal peptidase II (3)
cleavage sites, pCY360 also encodes two signal peptidase I proteins (ORFs 232
and 279). Collectively 119 (31%) of the pCY360 replicon may contribute to

sensing and responding to the extracellular environment.

4.6 pCY360 contains genes described in the Minimal Gene Set

Of the 67 plasmid ORFs which are able to be assigned a putative function, 8 genes
(12%) are found in the Bacterial Minimal Gene Set (Koonin, 2000; listed Table
4.1). However, none of these ORFs are unique within the B. proteoclasticus
genome, each having at least one paralogue encoded on the B. proteoclasticus
B316" 3.5 Mb major chromosome. Several of these ORFs (ORFs 383, nrdGA;
385, nrdDA; and 384, ssbA), all have functions predicted to be involved in DNA
metabolism and are found clustered near the predicted oriR of pCY360 (Fig. 4.2).
In addition, a truncated thymidylate synthase pseudogene (ORF 382) with strong
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similarity to the N-terminal ~60 amino acids of characterised thymidylate
synthases from E. coli (40% aa identity; Belfort ef al., 1983) and Bacillus subtilis
(43% aa identity; Tim and Borriss, 1995), is also found within this cluster.

4.7 Predicted contributions to enzymatic pathways

The pCY360 replicon encodes 13 ORFs that can be ascribed to enzymes defined by
Enzyme Commission (EC) numbers (Table 4.2). ORF 211, a putative poly(ADP-
ribose) polymerase (PARP) and ORF 254, a thermonuclease, are uniquely encoded
within the genome by pCY360. PARP, an enzyme typically encoded exclusively by
eukaryotic organisms, shows a weak (28% identity, 43% similarity) but full length
alignment to the PARP of Microscilla marina ATCC 23134 along with a weak hit to
the PFam describing the poly(ADP-ribose) polymerase, catalytic domain (PF00644).

4.8 Transposases

A total of 11 transposase genes were identified within the pCY360 sequence. Each
can be assigned to one of three transposase families; IS4 (ORFs 90, 91 288 and 327),
IS200 (ORF362) and IS605 (ORFs 95, 136, 151, 331, 343 and 361). Five of the
pCY360 transposases share 22-34% amino acid identity to transposases found on the
major chromosome (ORFs 136, 151, 331, 343 and 361). Three of these transposases
also share 30-34% amino acid identity to transposases found on BPc2 (ORFs 331,
343 and 361).
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Table 4.1. pCY360 genes belonging to the Bacterial Minimal Gene Set.

Size
. GenBank
ORF (aa) Putative function Best Blast match E-value % ID
Accession
18 972  ATP-dependent Zinc metalloproteinase, FtsH Symbiobacterium thermophilum 2 e-85 39% YP 077024
235 215  DNA polymerase III o subunit Microbulbifer degradans 2e-97 30% ZP_00314789

258 408 Uracil DNA glycosylase, udgA Fusobacterium nucleatum 2e-59 51% ZP_00143950

338 210  Putative trigger factor protein Nocardia farcinica 1e-8 24% YP 117541

346 608 Guanylate kinase, gmkA Clostridium acetobutylicum 6.4¢-21 39% AAK78279

Anaerobic ribonucleoside triphosphate

383 751 Chromobacterium violaceum 1 e-105 34% AAQ60084
reductase activating protein, nrdG

384 147  Single-strand binding protein, ssb Clostridium thermocellum 1e-27 46% ZP_00504272

Anaerobic ribonucleoside triphosphate

385 176 Fusobacterium nucleatum 1 e-40 46% AAL94518
reductase, nrdD

382 61 Thymidylate synthase, thyA (Pseudogene) Streptococcus pneumoniae 1e-10 64% ZP_00404657

" The ORF number, size, proposed function, species for which the best BLASTP match was obtained, the corresponding E-value,
the percent amino acid identity and accession numbers are shown for each ORF of the Bacterial Minimal Gene Set.
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http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=51894333

4.9 Phylogenetic relationship of repB genes

Previously plasmids have been grouped based on their ability to co-exist in the
same cell, in what are known as incompatibility classes (Novick & Hoppensteadt,
1978). Replication initiator proteins, such as RepB, are integral to the initiation of
plasmid replication and regulation of its copy number (del Solar ef al., 1998). Their
regulation of the plasmid copy number is fundamental to determining plasmid
incompatibility groups. To obtain an insight into the evolutionary history and
replicative mechanisms of B. proteoclasticus®s replicons a phylogenetic tree was
constructed. Rep proteins from pCY360, BPc2 and pCY 186 were aligned with
closely related Rep proteins (as determined by heuristic alignments using
BLASTP; pMBO-1 Moraxella bovis; pagb, L. lactis; pmvscsl, Mannheimia
varigena; pjr2, Pasteurella multocida; pyc, Yersinia pestis; phs129, Haemophilus
somnus; pPBM19, Bacillus methanolicus; pmd136, Pediococcus pentosaceus; and
pheml, Salmonella enterica), Rep proteins from plasmids hosted by
phylogenetically related- (pRJF1, pRJIF2 and pOM1, B. fibrisolvens; pSOL1, pCLI,
pmcfl, Clostridia), or rumen-inhabiting-bacteria (pPRAM4, pONE429, pONE430),
other megaplasmids (Ti, pSOL1, pMOL30, phcml and pSYMA), characterised
rolling circle- (pOMI1, pTA1060, pC194) and theta- (pLS32, pWV02 and
pAMbetal) replicating plasmids and plasmids that utilise iteron- (pLS32 and
pAMbetal) or RNA-binding mechanisms (ColIB-P9 and R1) (Fig 4.5). The amino
acid sequence of a MobA protein from Clostridium butyricum was used as an
outgroup. Mob proteins, like Rep proteins, encode a site-specific topoisomerase-
like activity and have been shown to be distantly related (Ilyina & Koonin, 1992).
Sequences were aligned using DIALIGN2, which was selected for the alignment,
due to the number of insertions and deletions identified between RepB sequences,
which makes them less suited to programs like CLUSTAL that utilise a global
alignment method. DIALIGN searches for all ungapped pair-wise aligned regions
and identifies the set of non-overlapping conserved blocks which have the highest
similarity score. The alignment was then filtered to remove regions with little or no
conservation. A tree was constructed using Split Decomposition, a program
designed in 1992 by Bandelt and Dress (Bandelt & Dress, 1992) to identify if
groups are related, without assuming the data is bifurcating and forms a tree. The
Rep protein from pCY360, along with those from the co-residing BPc2 and
pCY 186 replicons formed a clade, distinct from other plasmid Rep proteins (Fig.
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4.5a). The Rep proteins from the auxiliary replicons of B. proteoclasticus appeared
closer to plasmids that utilise an iteron-binding mechanism than an RNA-binding
mechanism. The most closely related Rep proteins were found in the
phylogenetically-related theta-replicating plasmids from B. fibrisolvens (pRJF1
and pRJF2) and the Salmonella enterica megaplasmid phcml.

4.10 Codon usage

The codon usage preferences of each of B. proteoclasticus* auxiliary replicons
were compared to that of the 3.5 Mb major chromosome (Fig 4.6a) to look for
possible translational amelioration. The analysis revealed only minor differences
in codon usage frequencies between each auxiliary replicon and the major
chromosome. A further comparison between each replicon, B. fibrisolvens (the
most closely related species for which sufficient sequence is available for
analysis), and the B. proteoclasticus major chromosome shows that pCY360
(average deviation from chromosome 0.18%), BPc2 (average deviation 0.09%) and
pCY 186 (average deviation 0.17%) were more similar in their codon usage pattern
to the B. proteoclasticus major chromosome than any of the B. proteoclasticus
replicons were to the most closely related species for which sufficient sequence
was available for such analysis, B. fibrisolvens (average deviation 0.35%; Fig

4.6b).
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Table 4.2

pCY360 ORFs that encode enzymes assigned an EC number

ORF

42

150
162

211

232

235

236

254

265

279

346

383
385

*

Putative function

Ribonuclease H

NAD-dependent DNA ligase

Serine / Threonine protein phosphatase

Putative poly(ADP-ribose) polymerase

Signal peptidase I
DNA polymerase III, a-subunit

Putative DNA pol IlI-associated

phosphoesterase

Thermonuclease”

Serine / Threonine protein phosphatase
Signal peptidase I

gmkA

nrdGA
nrdDA

Best Blast match

Clostridium tetani

Thermoanaerobacter tengcongensis

Mycobacterium flavescens

Drosophilla melanogaster

Clostridium perfringens
Pseudomonas aeruginosa

Synechocystis sp.

Staphylococcus epidermidis
Clostridium acetobutylicum
Oceanobacillus iheyensis

Clostridium acetobutylicum

Fusobacterium nucleatum

Chromobacteria violaceum

4e-21

3 e-89

9e-23

2e-23

8 e-19

5e-14

6e-21

4 e-39
1 e-105

E.C

number

3.1.26.4

6.5.1.2
3.1.3.16

2.4.2.30

3.4.21.89

2.7.7.7

3.1.3.15

3.1.31.1

3.1.3.16

3.4.21.89

2.74.8

1.97.1.4
1.17.4.2

"The ORF number, proposed function and EC number are shown. ORFs present only on pCY360, are indicated with an asterisk.
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pRJF1
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Fig. 4.5 Phylogenetic tree of RepB proteins. RepB amino acid sequences were aligned using Dialign (Morgenstern, 2004). The tree was constructed
from this alignment using Splitstree4 (Huson, 1998). RepB amino acid sequences for comparison were from the most closely related RepB sequences as
determined by BLASTP scores, megaplasmid sequences, plasmids hosted by phylogenetically- and environmentally-related bacteria, rolling circle- and
theta- replicating plasmids and plasmids that utilise iteron- or RNA- binding mechanisms The complete unrooted tree is shown (B) along with an
amplified view of the Rep-proteins that cluster closest to those of B. proteoclasticus (A). Scale bar shows 1 substitution per 100 bases (A) or per 1Kb (B).
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Figure 4.6. Codon usage comparison. (A) Codon usage of pCY360 (pink), BPc2 (red) and
pCY186 (light blue) is compared to the 3.5 Mb major chromosome (dark blue) of B.
proteoclasticus B316". (B) The deviation in codon usage of pCY360, BPc2, pCY186 and B.
fibrisolvens (green) to that of the B. proteoclasticus 3.5 Mb major chromosome (baseline) is
shown.
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4.11 Attempts to ‘cure’ B. proteoclasticus of pCY360

Attempts were made to ,,cure™ B. proteoclasticus B316" of the pCY360 replicon
using growth at the maximum sub-lethal temperature or growth in media
supplemented with maximal sub-lethal levels of novobiocin, acriflavine, ethidium

bromide or acridine orange.

4.11.1 Determining maximal sub-lethal levels

Sub-lethal levels of each of the curing agents were determined by growth, in
triplicate, in increasing concentrations of each curing agent or increased
temperature (Table 4.3). SDS was also initially selected as a curing agent,
however, the anionic surfactant failed to inhibit growth up to a final concentration
of 5% (w/v), and so was excluded from further analysis. Maximum sub-lethal
limits were determined as being growth at 45 °C or growth in media supplemented
with: 5 pg/ml novobiocin; 1 pg/ml acriflavine; 500 ng/ml ethidium bromide; or 10

pg/ml acridine orange.

4.11.2 Determining generation time under curing conditions

Generation times were determined for B. proteoclasticus under each curing
condition (Fig. 4.7), as described in Section 2.2.11. Generation times were
determined to be: 38 min for growth at 45° C; 625 min, novobiocin; 475 min,
acriflavine; 305 min, ethidium bromide; and 300 min, acridine orange. The
maximum cell density was equivalent to the wild type strain when grown in
ethidium bromide (AODgyy ~1.3), slightly reduced when grown in novobiocin or
acriflavine (AODgg ~0.8 - 0.9, respectively) and significantly reduced when grown

at 45 °C or in acridine orange (AODgp0=0.35 and 0.075 respectively).

4.11.3 Evaluation of megaplasmid loss

Following growth for 20 generations under each condition, 5,688 colonies (1,107
treated with novobiocin; 1,016 with acriflavine, 1,198 with ethidium bromide;
1,156 with acridine orange; 1,211 grown at 45° C) were screened by colony
hybridisation using the pCY360 specific probe pCY360 probel, designed to target
a 743bp, largely intergenic, region of the megaplasmid. All colonies examined
were detected by the Southern probe, suggesting no B. proteoclasticus cells

screened were cured of the pCY360 megaplasmid.
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Table 4.3. Maximum sub-lethal limits of plasmid-curing agents

* The table shows growth (+) or absence of growth (-) at increasing concentrations of curing agent or growth
temperature. Cultures were grown in triplicate and growth was determined by a change in absorbance at 600 nm and
subsequently verified by microscopy.
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Figure 4.7. Growth curves of B. proteoclasticus exposed to maximal sub-lethal
limits of curing agents or temperature. Cells were grown as described (Section
2.2.11) and growth was measured by change in optical density at 600 nm.
Experiments were carried out in triplicate and Y-error bars indicate margin of error
for 99% confidence.
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4.12 Copy number of pCY360
The copy number of pCY360 was determined using a quantitative real time PCR

(qPCR) method described by Lee et al. (2006) as described in Section 2.2.12.

4.12.1 qPCR optimisation

As the amount of error in the final quantification is inversely proportional to the
amplification efficiency of the PCR reaction (Tichopad et al., 2002), it was important
to first optimise each reaction. The LightCycler machine is not capable of performing
temperature gradient PCR, therefore the T,, of each primer set was optimised by
conventional PCR using a PX2 Thermal Cycler with an annealing temperature
gradient ranging from 55 °C — 65 °C. The run conditions and reaction components
were set to replicate a qPCR reaction in the LightCycler, as described in Section
2.2.12.4. Following the PCR reactions, the products were analysed by agarose gel
electrophoresis. The resulting gel was pictured and product intensity was determined
using the KODAK 1D Image analysis software (Pizzonia, 2001). From this analysis
the optimal temperature for both specificity and optimal amplification efficiency was

determined as being 60 °C (Fig. 4.8a).

The reactions were then optimised for MgCl, concentration. Replicate reactions were
set up as above with between 1 to 6 mM MgCl, The PCR run conditions and reaction
components were again set to replicate a qPCR reaction in the LightCycler, described
in Section 2.2.12.4 with a single annealing temperature of 60 °C. Following the PCR
reactions, the products were analysed by gel electrophoresis. The resulting gel was
pictured and product intensity was determined as described above. From this analysis
the optimal MgCl, concentration using an annealing temperature of 60 °C, ensuring
both specificity and optimal amplification efficiency, was determined for both

reactions as being 3 mM (Fig. 4.8b).

4.12.2 Ensuring reaction integrity

To ensure the specificity of the reactions following completion of the qPCR cycle,
melting curve analysis and agarose gel electrophoresis of the PCR products were
performed. Melting curve analysis revealed a single peak for both the BP_probel and
pCY360 probel reactions occurring at 85.08 °C and 84.82 °C respectively (Fig

4.10a). Subsequent analysis by gel electrophoresis revealed it to be consistent with
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the expected size of the BP probel (703bp) and pCY360 probel (743bp) products
(Figure 4.10b). Standard curves (Fig 4.9a) of the threshold cycles vs. the log; of the
replicon copy numbers for each standard were determined as being -3.420 and -3.362
for Topo-BPpl and Topo-pCY360pl standards respectively. This equates to
amplification efficiencies for the reactions of 0.96 and 0.98 respectively. The standard
curves were both linear in the range tested (1 x 10° — 1 x10° copies / pl; R? >0.99).
Standard curves of the threshold cycles vs. the log; of the fold dilution for each target
(Fig. 4.9b) were also determined to ensure they were approximately equal. Slopes
were determined to be 3.383 and 3.432 for Topo-BPpl and Topo-pCY360pl
standards respectively. This equates to an amplification efficiency of 0.98 and 0.96
respectively. The standard curves were both linear in the range tested (1 x 107 — 1 x

10° DNA extract / reaction; R*>0.99).

4.12.3 Absolute copy numbers

Analysis revealed the replicon to be present in 5.23 £0.982 x 10'° copies in the tested
sample (99% confidence) per 1.3 + 0.175 x 10' copies of the chromosome (99%
confidence). This equates to a copy number of 4.02 + 0.93 copies of pCY360 per
chromosome (99% confidence). This is consistent with the cloning bias toward

pCY360 observed during sequencing (Fig. 3.6).
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Figure 4.8. Optimisation of qPCR reactions. qPCR reactions were optimised for
temperature (A) and MgCl, concentration (B) for both BP-probel (blue) and
pCY360-probel (pink). Optimal conditions were determined as those producing the
greatest amount of the desired qPCR product. This was determined by measuring the
sum of the pixel intensity from the region of interest (ROI) using KODAK 1D Image
analysis software.
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Figure 4.9. Standard curves for qPCR reactions. The slope of each threshold cycle
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dilution (B) is shown. BP_p1 is shown in blue and pCY360 pl is shown in pink. The
slope, efficiency (E), and correlation coefficient (R?) are shown.
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Figure 4.10. Confirmation of qPCR amplification specificities of the chromosome
primer set (A) and pCY360 primer set (B). Melting peaks were examined for each set of
primers using both the B. proteoclasticus total DNA preparation (broken line) and the
quantified Topo-standards (solid line). Inset: Gel-electrophoresis of the gPCR products was
performed. Lanes: L, the 1Kb+ ladder, lane 2-5 PCR-products (703 bp, Chromosome probel
and 743 bp pCY360 probel) obtained using as templates either quantified Topo-recombinant
plasmids carrying the target sequence (Chromosome probe 1, lane 2 and pCY360 probe 1,
lane 4) or the total DNA preparation (lanes 3 and 5).
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4.13 Microarray analysis of pCY360 gene expression in co-culture
with the rumen methanogen, Methanobrevibacter ruminantium.

As pCY360 encodes a significant number of proteins predicted to span the membrane
or that are secreted (35, 9%), along with a number of proteins which potentially affect
the organism‘s membrane topology, it was reasoned that the replicon may enhance the
ability of B. proteoclasticus to interact with its environment. Due to the
microbiologically-rich nature of the rumen it is likely B. proteoclasticus interacts with
a diverse range of microorganisms. Therefore B. proteoclasticus was grown in co-
culture with the rumen methanogen, Methanobrevibacter ruminantium strain M1
(DSM 1093). B. proteoclasticus was grown on xylan as a sole carbon source while
M. ruminantium relied on H, produced as an end product of B. proteoclasticus
growth. As early as 120 min after co-inoculation, microscopic examination of the co-
culture showed co-aggregation of B. proteoclasticus and M. ruminantium cells (Fig.
4.11). This interaction does not appear to influence the growth rate of B.
proteoclasticus, as its generation time within the co-culture was not significantly
different to when it was grown in mono-culture. To examine the contribution of B.
proteoclasticus to this interspecies interaction, total RNA was extracted at late
exponential phase from B. proteoclasticus and M. ruminantium each grown in mono-
culture, and from a co-culture of the two organisms, (described in Section 2.2.13). A
large, dense, white pellet formed in each extract, which was attributed to co-
purification of polysaccharide, (most likely xylan) from the growth medium.
Contaminating polysaccharide was removed using an RNeasy Midi kit (Qiagen,
Hilden, Germany; described in Section 2.2.13.4). Spectrophotometric analysis

revealed the resulting RNA to be pure (Appendix III, Table A3).

To analyse the integrity of the extracted RNA, a Bioanalyzer RNA 6000 nano-assay
was conducted (Agilent Technologies, Santa Clara, CA, USA). Aliquots of each
sample were combined and the quality of each total RNA sample was analysed using
an RNA 6000 Nano LabChip® kit with an Agilent 2100 Bioanalyzer. The resulting
data is displayed as both an electropherogram and an electrophoretic gel-image

translation of that information (Fig. 4.12).
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Figure 4.11. Observation of interspecies interactions between B. proteoclasticus and
Methanobrevibacter ruminantium. Microscope images taken at 2, 8 and 12 h post-
inoculation of B. proteoclasticus (lighter rod-shaped organism) into BY+ (+ 0.2% xylan)
media containing a mid-exponential M. ruminantium culture (darker, short ovoid rod-shaped
organism). Growth, as determined by Thoma slide enumeration, is shown along with
sampling time.
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The electrophoretic gel-image translations show ribosomal RNA (rRNA) bands
including the 16S (~1500 nt) and 23S rRNAs (~2600 nt for B. proteoclasticus and
~3000nt for M. ruminantium) present in all total RNA samples. Analysis of the
electropherograms reveals the 23S and 165 rRNAs to be present in both mono-culture
samples at ratio of 1 or greater indicating little or no RNA degradation has occurred
(Ambion TechNotes 11(2) 2004). A 235/16S ratio could not be determined for the co-
culture RNA extracts due to the similar mobility of the 16S of each organism.
Analysis of the electropherograms shows the baseline between 16S and 23S rRNA
peaks, as well as immediately below the 165 rRNA peak to be relatively flat in all
samples consistent with little or no degradation of the 235 rRNA (Ambion TechNotes
11(2) 2004).

4.13.1 Microarray hybridisation and scanning

RNA was reverse-transcribed using Superscript'™ III Reverse Transcriptase and
purified (described in Section 2.2.11.7 and 2.2.11.8 respectively). The proportion of
cDNA derived from B. proteoclasticus and M. ruminantium in the co-culture was
estimated by qPCR, (described in Section 2.2.13.10) using primers specific for the
gene encoding butyryl-CoA dehydrogenase (bcd; primers bedqfp and bedqrp) from B.
proteoclasticus and the gene encoding N°,N'°-methenyl-H;MPT cyclohydrolase,
(mch; primers mchqfp and mchqrp) from M. ruminantium. Homologues of both genes
have previously been shown to be constitutively expressed in closely related species
(Reeve et al., 1997, Asanuma et al., 2005). Both qPCR reactions gave strong
amplification efficiencies (0.97 and 0.98 respectively) and melting curve and gel-
electrophoretic analysis revealed the reactions to specifically produce a PCR product

of the expected size (266 bp for bcd and 419 bp for mch, Fig. 4.13).
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Figure 4.12. Electropherograms and electrophoretic gel-translation of total RNA
extracts from B. proteoclasticus, M. ruminantium and the co-culture of both organisms.
The integrity of RNA extracts were examined by a Bioanalyzer RNA 6000 nano-assay and
the resulting images are shown as electropherograms (b) and the translated gel image (a). The
two dominant peaks occurring at ~42.5 and 47.5 s correspond to the 16S and 23S rRNAs
respectively.
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No amplification was detected from the blank or the RNA controls. qPCR analysis
indicated that cDNA derived from B. proteoclasticus comprised approximately 45%
of the total RNA extracted from each co-culture (Table 4.4). Mono-cultures were
combined at the qPCR-determined ratio and each cDNA sample was labeled, as
described (2.2.13.10), with both Cy3 and Cy5 dyes. The purpose of labelling divided
cDNA samples with different dyes was to enable dye swaps to be performed, thereby

eliminating dye bias.

Labeled cDNAs were hybridised, (described in Section 2.2.13.12) to a specially
constructed microarray containing oligonucleotide probes against the almost complete
genomes of both B. proteoclasticus and M. ruminantium. Each microarray was
scanned at a high, medium and low PMT gain value, (described in Section 2.2.13.13),
with two exceptions; replicates 2a and 3b were not scanned at a low level due to
excessive photo-bleaching of the Cy5 fluorophore prior to the successful completion
of this scan. PMT gain values and red to green ratios are shown with microarray scan

images in Appendix III (Table. A4 and Fig. A4).
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Figure 4.13 RT-qPCR amplification efficiencies (A) and specificities (B). (A) The slope
of each threshold cycle vs. log;, of the cDNA concentration of the monocultures (solid line)
of B. proteoclasticus (green) and M. ruminantium (red). The slope, efficiency (E), and
correlation coefficient (R*) are shown. (B) Melting peaks were examined for each PCR
product using both monocultures (solid line) and co-cultures (broken line). Inset: Gel-
electrophoresis of the RT-qPCR products obtained using primer sets bcd to enumerate the B.
proteoclasticus cDNA contribution (lane 2), and mch to enumerate M. ruminantium cDNA
contribution (lane 3). Band sizes (266 bp, bcd and 412 bp mch) were determined using the
1Kb+ ladder (L)
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Table 4.4. Percentage contribution of cDNAs from either B. proteoclasticus or

M. ruminantium to co-culture RNA extracts.

Co-culture % cDNA contribution”

sample B. proteoclasticus M. ruminantium
Replicate 1 45.50 */.3.22% 55.48 7/.3.04%
Replicate 2 44.837/.4.15% 54.77 7/. 6.40%
Replicate 3 47.497/.4.11% 51.67 /. 8.02%

"Average percentage of the five 10-fold dilutions +/- 99 percentile confidence interval.
Results derived from reverse transcription qPCR analysis of cDNA contribution from each
organism to each co-culture extract.

4.13.2 Microarray analysis

The microarray data were subsequently analysed to test its integrity and determine
what normalisation procedures were required, (described in Section 2.2.13.14). Visual
inspection of the scanned slide image identified two small regions (Fig. 4.14) where
the background had clearly corrupted several oligonucleotide spots. These spots were
»bad-flagged™ and removed from further analysis. Box plots of the log, intensity
distribution for each scan (Fig. 4.15) show the background intensity to be
approximately 1 fold lower than the foreground for the red scan in all but the low
scans of la, 1b and 2b. The background intensities for all green scans were

consistently 1-3 fold lower than the foreground.

The high scan level was selected to provide the base for subsequent analysis as few
features fell outside the useable range (described in Section 2.2.13.14) for analysis
compared to the other scan levels. The average intensity span was 600 — Saturation
(65535). Plots of the foreground and background signal intensities (Fig. 4.16) show
little or no spatial bias in either the Cy5 (red) or Cy3 (green) foreground. However,
greater spatial bias was evident in the background of both Cy5 and Cy3 plots. As this
spatial variation did not correspond to that observed with the foreground, it was
decided that background normalisation would unfairly bias the results and so was not
performed. Four small regions that lacked any signal were observed in the foreground

plots of all slides from both Cy5 and Cy3 scans. These blank regions are most likely
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attributable to improper slide printing and were removed from further analysis. MA
plots (described in Section 2.2.13.14; Fig. 4.17) suggested that in all slide scans, there
was no bias to detection of either fluorophore through the increasing signal intensities.
The ,,print-tip loess™ method was selected for within-slide normalisation. This method
removes any spatial trends within the slide by fitting a loess smoother to each of the
32 print-tip blocks on each slide and was selected to remove the bias introduced from
the different pins of the spotting robot. To determine the efficacy of normalisation,
density plots were produced for the data prior to and following normalisation. Density
plots show a bias toward the Cy5 dye in the raw data (Fig. 4.18) which is largely
mitigated following normalisation (Fig. 4.19). Box plots of the intensity distribution
of each feature by category (Fig. 4.20) show blanks to have a very narrow range of
intensities and in most instances show little bias to either dye, particularly for the high
intensity scans. Negative controls tended to have a wider range of intensities
particularly in the dye-swap scans of replicates 2 (2b) and 3 (3b). Constitutively
expressed genes friB and dnaK show little bias to either fluorophore suggesting the
proportion of cDNA from each organism is approximately equivalent in the co-culture
and mono-culture conditions. Conversely the intensity distribution of B.
proteoclasticus and M. ruminantium transcripts has a greater span suggesting genes

are differentially regulated between the two conditions.

Figure 4.14. Low quality regions of microarray slides ‘bad-flagged’ prior to analysis.
Two regions identified by visual inspection were flagged, using Gene-Pix 6.0 software, as
being of poor quality and were excluded from further analysis.
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Figure 4.15. Distribution of background and foreground intensities for each feature. Box plots show the
distribution of signal intensities detected in the foreground and background of each feature on each slide scan. High
intensity scans are shown in dark blue, medium intensity scans are shown in turquoise and low intensity scans are in
light blue. This figure was created in Bioconductor, using Limma and generated using the graphics module of R.
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Figure 4.16. Spatial distribution plots of background and foreground intensities. Plots
of the signal intensity distribution observed in the foreground (A and C) and background (B
and D) of both the Cy5 (A and B) and Cy3 (C and D) scans. Slides are, in order left to right,
top to bottom, la Hi, Lo, Med, 2a Hi, Lo, 3a_Hi, Lo, Med, 1b_Hi, Lo, Med, 2b Hi, Lo,
Med, 3b_Hi, Lo. The identified printing errors are indicated in the first scan of the Cy5
foreground by four arrows, and can be observed in each foreground plot. The figures were
created in Bioconductor, using Limma and generated using the graphics module of R.
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Figure 4.17. MA plots for all analysed features. M (log2(Cy5) - log2(Cy3)) vs. A
(1/2(1og2Cy5+Cy3)) plots are shown. Plots maintain symmetry along the A axis, indicating
no bias toward either fluorophore throughout the signal intensities measured. The figures
were created in Bioconductor, using Limma and generated using the graphics module of R.
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Figure 4.18. Density plots (raw data). The proportion of spots at each intensity, before normalisation is shown for
each of the three scan levels (high, medium and low). All appear to show a bias to the Cy5 (red) fluorophore at higher
intensity and the Cy3 (green) fluorophore at lower intensities.

150



Figure 4.19. Density plots by slide (normalised data). The proportion of spots at each intensity, following within-slide normalisation. The Cy5 (red)
and Cy3 (green) curves are nearly identical in all slide scans indicating little or no bias to either fluorophore following normalisation.
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Figure 4.20. Distribution of feature intensities by category (normalised data). Bprot

proteoclasticus ORFs, Mbrevi

M. ruminantium ORFs, Controls = Negative controls, Bprot

Unrecognised = spots which have not been assigned to a category. This figure was created in

F420 reducing hydrogenase of B. proteoclasticus and M. ruminantium respectively,
Bioconductor, using Limma and generated using the graphics module of R.

dnaK and Mbrevi frhB = constitutively expressed genes Heat shock protein 70 and coenzyme
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Analysis of the mRNA transcript levels of the co-culture versus the pooled mono-
cultures revealed several processes to be up-regulated in each of the organisms (Table
4.5). Increased expression was seen in many B. proteoclasticus ORFs whose products
are predicted to have roles in exopolysaccharide biosynthesis and export, flagellar
formation, the phosphoenolpyruvate sugar import system (PTS), particularly as it
related to fructose, glycogen biosynthesis and storage, RNA catabolism and the
conversion of glutamate to NAD". Decreased expression was seen in many of B.
proteoclasticus” ORFs whose products are predicted to be glycoside hydrolases,
except those predicted to be involved in the degradation of xylan; non-PTS sugar
transporters; and fatty acid biosynthesis, except those predicted to have a role in
butyrate production. Increased expression was seen in many of M. ruminantium ORFs
whose products are predicted to have roles in adherence, glutamate production and
methanogenesis. 364 (94%) of the 389 putative pCY360 ORFs were detected at a
significant pixel intensity (9,000 > 65,000). Of these, 12 ORFs (4.5%) were found to
be up-regulated in the co-culture condition greater than 2-fold with a false discovery
rate (FDR) less than 0.05, while 3 (1%) were found to be down-regulated greater than
2-fold (FDR <0.05; Table 4.6). Those genes that were significantly up-regulated are
mostly predicted to encode hypothetical proteins (8; ORFs 41, 44, 142, 204, 363, 365,
370 and 378). Four ORFs were assigned more informative annotations, these include:
ORF 23, a putative lipoprotein, ORF 42, a ribonuclease H protein; ORF 151, a
putative IS605-family transposase; and ORF 208, a putative DNA-binding protein.
Those genes significantly down-regulated include: ORF 13, a PilT N-terminus
domain protein; ORF 20, a hypothetical protein; and ORF 347, a hypothetical
transmembrane protein. Analysis of the distribution of differential regulation around
the megaplasmid reveals two operonic structures each encompassing 5 ORFs (Fig.
4.21). The first operon (ORFs 39 to 43), are up-regulated by an average of 2.37 fold
*/.0.69 (99% confidence) and encode 4 hypothetical proteins and a ribonuclease H
protein. The ORFs of the second operon (ORFs 363 to 367), are collectively up-
regulated by an average of 2.26 /. 0.43 (99% confidence), and encode 5 hypothetical
proteins that all show ~30% amino acid identity to ORF8 of the bacteriophage {237
isolated from Vibrio parahaemolyticus. Adjacent to this potential operon is the most
significantly up-regulated gene, ORF370 which is up-regulated 4.56 fold. The
constitutively expressed genes butyryl-CoA dehydrogenase (bcd; B. proteoclasticus),
and the gene encoding M. ruminantium®s N°, N10-methenyl-HsMPT cyclohydrolase
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(mch; M. ruminantium) were found to have biological fold changes of 1.07 (FDR =
0.01) and 1.12 (FDR = 0.047), respectively. Blank controls had a biological fold
change of 1.27 (FDR = 0.15), and the eight Arabidopsis controls all had a low
biological fold change (1.00 — 1.08) and high FDR (0.67 — 0.98).

Table 4.5. Observed transcriptional differences in co-culture in comparison to

monoculture
B. proteoclasticus
Number Encoded function”
Cellular Aggregation

Regulation

5 Diguanylate cyclase (GGDEF-domain) protein

1 Sensory box / GGDEF / EAL domain fusion protein
Exopolysaccharide production

3 Polysaccharide biosynthesis protein

5 Glycosyltransferase

1 Polysaccharide export protein
Flagella formation

2 Flagellar motor apparatus (components A & B)

2 Flagellar motor switch protein

1 Flagellar basal-body rod protein

8 Flagellar biosynthesis proteins

1 Flagellin

1 Flagellar assembly protein

1 Flagellar associated GTP binding protein

1 Flagellum-specific ATP synthase

Carbohydrate metabolism

Regulation
1 Sugar fermentation stimulation protein, sf54

1 PTS-associated DeoR-family transcriptional regulator

1 Carbon storage regulator

Glycosyl hydrolase
Endo-1,4-beta-glucanase, cel5C
Alpha-D-glucuronidase, agu67A4
Alpha-L-rhamnosidase, ram78A4
Feruloyl esterase, est/A
Pectate lyase, pellA
Alpha-L-fucosidase, fuc294

Beta-glucosidase, bgl3D
Transport

6 Sugar ABC transport components

1 Sugar (glycoside-pentoside-hexuronide) transport protein

— e —

Fold change*

23-33x

2.6x

2.1-2.8x
2.1-3.8

2.2x

2.8 -5.4x

2.6x
2.0x

2.1-5.1x

3.8x
2.2x
2.6x
2.2x

6.5x
6.0x
2.2x

6.2x
4.9x
2.8x
2.4x
2.4x
2.2x
2.2x

2.3-8.3x

2.0

FDR

0.5-7x10°
2x10°

1-10x 107
0.07-2x 107
2x 107

0.02-4x 107
3x 107
3x 107

0.07-4x 107
3x107
1x 107
4x 103
7x107

2x 10
5x10*
3x 107

6x10*
3x 10"
6x 107
2x 107
1x10°
4x10°
1x 107
155
0.02-3x 107

2x 107



-~

Feruloyl esterase, est/A4 24 2x107
Pectate lyase, pellA I 24 1x10°
Alpha-L-fucosidase, fuc294 I 22 4x10°
Beta-glucosidase, bg/3D I 22 1x10°
Transport
6 Sugar ABC transport components 1 23-83x 0.02-3x 107
1 Sugar (glycoside-pentoside-hexuronide) transport protein T 20 2x 107
2 PTS system (fructose components) T 3.8—-44x 2-3x107°
1 Fructuronic acid transporter, gntP 1 4.2 4x10°
Fructose metabolism
1 Fructose-1,6-bisphosphatase T 21 4x107
1 1-phosphofructokinase T42 3x 107
1 6-phosphofructokinase T 45 4x10*
1 Transketolase 1 2.0 7x 107
1 Transaldolase 1 26 4x10°
Glycogen synthesis
3 Glucose-1-phosphate adenylyltransferase (glgC & glgD) 1T 20-33x 04-2x102
Nitrogen metabolism
Protease
1 Serine protease T 36 1x 107
Transport
1 Amino acid ABC transport system 1T 2.1-29x 1-2x107
Aspartate metabolism
1 Aspartate-semialdehyde dehydrogenase T 3.3x 8x 107
1 Asparagine synthase (glutamine hydrolysing) l 2.0x 1x 102
RNA catabolism
2 RNA-binding protein T 2.0-2.7x 09-2x10
1 Ribonuclease H 1 3.0x 5x 10
2 hicA/B proteins 1 23-3.2x 05-1x10°
1 Uracil permease T 2.6x 3x 10"
Fatty acid synthesis
2 3-oxoacyl- synthase (I & 1I) ] 22-23 3x 107
1 3-oxoacyl-(acyl-carrier-protein) reductase l 2.1x 4x 107
1 Enoyl-(acyl-carrier-protein) reductase 11 l 2.1x 4x10?
2 Acyl carrier protein | 22-3.1x 3-4x10°
1 Acyl carrier protein phosphodiesterase 1 2.2x 8x 107
1 Phosphate butyryltransferase T 2.3x 8x 10
1 Butyrate kinase T 22X 1x 107
NAD" synthesis
1 NHj3-dependent NAD+ synthase T 28 1x 107
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M. ruminantium

Number Encoded function” Fold change FDR
Cellular Aggregation
5 Adhesin protein T 20-41x  05-1x10°
Nitrogen metabolism
1 hydroxylamine reductase, hep T 59 2x 10"
2
1 Glu/Leu/Phe/Val dehydrogenase T 2.0x 1x10
Methanogenesis
2 Formate dehydrogenase subunits, (FdhA, FdhB) T 23-35x  08-3x107
1 Tungsten formylmethanofuran dehydrogenase subunit A T 2.1x 2x 107
FwdA
4 Methyl-coenzyme M reductase subunits (McrB, McrC,McrD, 1 2.3-3.4x  0.01 —2x 107
McrG
1 Methyl viologen-reducing hydrogenase gamma subunit T 22 4x107°
MvhG
4 Tetrahydromethanopterin S-methyltransferase subunits T 21-32x 0.5-1x107

(MtrA, MtrB, MtrC, MtrH)

"Results derived from microarray analysis of mRNA transcript levels of B. proteoclasticus
and M. ruminantium grown as a co-culture compared to mono-cultures. The results show the
annotated function, number of genes with that annotation affected, biological fold change and
false discovery rate (FDR) value. Arrows indicate if ORFs were up or down regulated in co-
culture.
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Table 4.6 pCY360 ORFs up-regulated in co-culture of B. proteoclasticus and

M. ruminantium.

UP-REGULATED IN CO-CULTURE

370
208
42
44
363
365
23
378
41
204
142
151

Putative function

Hypothetical protein
Putative DNA-binding protein, HU
RibonucleaseH, RnaHA
Hypothetical protein
Hypothetical protein
Hypothetical protein
Putative lipoprotein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Putative IS605-family transposase, TnpBC

DOWN-REGULATED IN CO-CULTURE

ORF

347
20
13

Putative function

Hypothetical transmembrane protein
Hypothetical protein

PilT N-terminus domain protein, PinA

Fold
change
4.56
3.73
3.01
3.00
2.71
2.56
2.44
24
2.22
2.22
2.12
2.12

Fold
change
2.79
2.16
2.06

1.7x107
8.1 x10™
52x10*
1.9 x107
1.8 x107
5.8x107
1.2x107
8.6x107
3.2x107
3.3x107
3.5x107
1.2x10°

FDR

1x1072
3x107
2x10?
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Differential regulation of pCY360 ORFs in coculture vs monoculture
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Figure 4.21. Differential regulation of all 389 predicted ORFs of pCY360. The differential regulation of gene transcripts, are arranged
in numerical order, for all 389 predicted ORFs of pCY360 as determined by microarray analysis. Red bars show the point of significance (a
2-fold regulatory difference). Two predicted operonic structures with similar levels of up-regulation are evident (ORFs 39 to 43 and ORFs
363 to 367).
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4.14 The distribution of large replicons in other Butyrivibrio /
Pseudobutyrivibrio species
The occurrence of auxiliary replicons in bacteria closely related to B.
proteoclasticus B316" was investigated using PFGE (Fig. 4.22). Large extra-
chromosomal DNA bands were observed in a number of Butyrivibrio and
Pseudobutyrivibrio species, including a 145 Kb band in the P. ruminis strain
DSM9787, 160 and 240 Kb bands in B. fibrisolvens strain D1 and a 360 Kb band
in B. fibrisolvens C211, 100, 360 and 500 Kb bands in B. hungatei strains JK615,
C219a and A38 respectively a 145Kb band in P. xylanivorans strain Ce52 and
340Kb bands in both Butyrivibrio sp. JK619 and B. proteoclasticus UC142. Of all
strains tested B. proteoclasticus B316" is the only organism possessing three
auxiliary replicons. There was no phylogenetic correlation with episomal DNA
content with different strains of B. fibrisolvens and B. hungatei possessing
auxiliary replicons of different sizes, while P. ruminis DSM9787 is the only one of

the three P. ruminis strains tested to contain an auxiliary replicon.

4.14.1 Relatedness of pCY360 to auxiliary replicons from other
Butyrivibrio species
The relationship of the auxiliary replicons detected in other Butyrivibrio and
Pseudobutyrivibrio strains to pCY360 was examined using Southern blots probed
with pCY360-derived repB amplicons (Fig. 4.22b). The pCY360 repB probe
detected the pCY360 band as expected, and weakly to the co-resident replicons.
The repB probe also hybridised strongly with the 145 Kb DNA band in P. ruminis
but not to any other episomal band. The probes hybridised with DNAs retained in
the wells and the irresolvable fraction (containing linear chromosomal as well as
open-circular DNAs of each replicon) from all Butyrivibrio and Pseudobutyrivibrio

strains except B. fibrisolvens strain C211.
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Fig. 4.22 Distribution and relatedness of large extra-chromosomal replicons in Butyrivibrio /
Pseudobutyrivibrio spp. (A) Collated PFGE images of uncut whole genomic DNA extracts from
strains representing species of the Butyrivibrio / Pseudobutyrivibrio assemblage. These include, from
left to right, B. proteoclasticus strains B316" (red asterisk) and UC142, B. fibrisolvens strains D1 and
C211, B. hungatei strains JK615, A38 and C219, B. crossotus DSM2876, P. ruminis strains DSM9787,
CF3 and CF1b, P. xylanivorans strains Mz5" and Ce52 and Butyrivibrio sp. JK619 (B) Southern blots
of the above gels using as a probe an amplicon derived from pCY360s repB gene.
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4.15 Discussion

4.15.1 Replication of pCY360

The site identified as likely containing the pCY360 origin of replication includes
OREFs that align to RepB and ParA proteins. This site also contains two large inverted
repeats (IR1 and IR2), an 18bp direct repeat (DR1) and 8 potential dnaAd boxes. The
divergent nature of the ORFs surrounding IR1, along with iterons in the form of DR1
and several dna4 box candidates suggests that this region is likely to contain the oriR.
The structure of this region is consistent with that found in plasmids that replicate via
the theta mode of replication (del Solar et al., 1998). Several additional findings
support this: 1) a 366 bp region aligns strongly with the putative oriR of the theta-
replicating plasmid pRJF1, 2) The RepB protein aligns best with replication proteins
of theta-replicating plasmids and more distantly to those that replicate via strand
displacement or rolling-circle, 3) rolling-circle replication has not previously been
seen in autonomously replicating DNAs the size of pCY360. However, third-position
GC skew analysis suggests a unidirectional mode of replication. Additionally, unlike
previously described large extra-chromosomal replicons, or other theta-replicating
episomes, most ORFs (89%) are located on one strand, also supporting a
unidirectional mode of replication. Several examples exist of unidirectional theta
replicating plasmids (Bruand et al., 1991, Le Chatelier et al., 1993, Sun et al., 2006a)
and this is proposed to be the most likely style of replication employed by pCY360.
Along with RepB and ParA, several other gene products are likely involved in the
replication and  maintenance of pCY360 including a  XerC-family
integrase/recombinase and a putative PIN domain toxin-antitoxin (TA) operon. RepB
and ParA are thought to enhance plasmid retention through conferring autonomous
replication (Moscoso et al., 1995, Moscoso et al., 1997) and equi-partitioning of the
replicon during cell division (Meacock & Cohen, 1980), respectively. The XerC-
family integrase/recombinase is thought to enhance plasmid stability through the
resolution of plasmid multimers (Cornet et al., 1994) and the PIN domain toxin-
antitoxin (TA) operon is thought to be involved in post-segregational killing (Arcus et

al., 2005).

4.15.2 Minimal Gene Set ORFs
The presence of the anaerobic ribonucleotide reductase genes nrdD and nrdG in the

pCY360 sequence is unusual for an extra-chromosomal element. the only previous
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example being on the conjugative 450Kb megaplasmid pHG1 from Alcaligenes
eutrophus (Siedow et al., 1999). NrdD and NrdG collectively comprise a class III
ribonucleotide reductase system that catalyzes the anaerobic reduction of
ribonucleotide  triphosphates to  their  corresponding  deoxyribonucleotide
triphosphates, a process essential for DNA synthesis and repair. In 4. eutrophus they
are essential for anaerobic respiration when the organism uses nitrate as the terminal
electron acceptor. This is also the first report of fisHA, gmkA and udgA genes being
encoded on a megaplasmid. In E. coli, the fisH gene is chromosomally located and
encodes an essential ATP-dependant metalloprotease that is anchored in the
cytoplasmic membrane. It is implicated in the degradation of misassembled
membrane proteins (Kihara et al., 1995, Kihara et al., 1998, Akiyama et al., 1996) as
well as certain cytoplasmic regulatory proteins such as 632 and ACII. FtsH has also
been shown in E. coli to control the cellular level of UDP-3-O-(R-3-
hydroxymyristoyl)-N-acetylglucosamine deacetylase (LpxC) (Tomoyasu ef al., 1995,
Shotland et al., 1997, Ogura et al., 1999). This post-translational control of LpxC,
which catalyses the first committed step in lipopolysaccharide biosynthesis, ensures
balanced formation of the inner and outer membranes (Ogura et al., 1999). In ftsH
mutants lipopolysaccharide accumulates, altering membrane composition and
interfering with plasmid partitioning (Inagawa et al., 2001). The gmkA gene encodes
guanylate kinase, an enzyme that catalyzes the ATP-dependent phosphorylation of
guanosine monophosphate (GMP), or deoxy-GMP (dGMP), to guanosine diphosphate
(GDP) or dGDP respectively (Oeschger & Bessman, 1966). This function is essential
for recycling (d)GMP, and is critical to the biosynthesis of the RNA and DNA purine
nucleotides guanosine 5'-triphosphate (GTP) and dGTP respectively. Consequently it
is also indirectly involved in the recycling of the bacterial secondary messenger cyclic
di-GMP (Hall & Kuhn, 1986, Jenal, 2004), which has been implicated in the
regulation of cellular differentiation (Jenal, 2004), cellulose synthesis (Amikam &
Benziman, 1989, Ross et al., 1990), and cell surface adhesiveness (Kim & McCarter,
2007, Gjermansen et al., 2006, Simm et al., 2007). The udgA gene encodes uracil-
DNA glycosylase, a DNA repair enzyme that excises uracil residues from DNA by
cleaving the N-glycosidic bond (Duncan ef al., 1978). Uracil in DNA arises through
the deamination of cytosine (Lindahl & Nyberg, 1974) or as a result of the
misincorporation of dUTP in place of dTTP, a consequence of the formation of large

amounts of dUTP as an intermediate in the biosynthesis of thymidylate (O'Donovan
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& Neuhard, 1970). The removal of uracil under these circumstances is required for
maintenance of DNA integrity. Interestingly, three of these genes (nrdGA, nrdDA and
ssbA) are found clustered near the predicted oriR of pCY360 (Fig. 2). In addition, a
thymidylate synthase pseudogene is found within this cluster. The thymidylate
synthase pseudogene appears to be truncated, matching reasonably well to the N-
terminal ~ 60 amino acids of characterised thymidylate synthases from E. coli
(Belfort et al., 1983) and Bacillus subtilis (Tam & Borriss, 1995). The presence of
several genes from the Bacterial Minimal Gene Set (Koonin, 2000) in the pCY360
sequence is unusual. Each appears to supply a redundant copy of a gene encoded on
the B. proteoclasticus B316" genome. Several of these proteins have roles in DNA
metabolism, particularly nucleotide metabolism, and may collectively act to enhance
pCY360 retention by reducing the metabolic burden imposed through the titration of
such proteins, or their products, away from the chromosome. The FtsH orthologue
may act to ensure effective partitioning of pCY360, as well as regulating the large

assortment of membrane proteins encoded by this replicon.

4.15.3 Unique enzymatic contributions

The pCY360 replicon appears to encode the only copies of the B. proteoclasticus
enzymes poly(ADP-ribose) polymerase (PARP; putative) and thermonuclease. PARP,
a protein typically encoded by eukaryotic organisms, comprises a regulatory enzyme
induced by DNA damage (Oliver ef al., 1999). It catalyses the covalent attachment of
ADP-ribose units from NAD" to itself and a limited number of other DNA binding
proteins, decreasing their affinity for DNA. The presence of PARP on pCY360 is
curious given the typical eukaryotic lineage of the enzyme. Thermonuclease, a
remarkably heat-stable endonuclease (Chen et al., 2000, Chesbro & Auborn, 1967), is
implicated in the non-specific degradation of DNA and RNA oligomers. Rumen fluid
has previously been shown to possess nuclease activity (Ruiz et al., 2000), and non-
specific nucleases have been shown to be produced by a number of rumen bacteria,
including species of the genra Bacteroidetes, Prevotella, and Fibrobacter (Accetto &
Avgustin, 2001, MacLellan & Forsberg, 2001, Flint & Thomson, 1990). The
nucleotides that would ultimately result from this degradation are known to be
scavenged by rumen bacteria and recycled as various cell precursors or, in some
cases, as an alternative energy source (Cotta, 1990). The requirement of B.

proteoclasticus for a heat stable nuclease cannot be explained but may be shared by
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several other Butyrivibrio strains as discussed (4.15.10).

4.154 oriT and Mob proteins

The current understanding of bacterial conjugative transfer is based on the system
found in Gram-negative organisms. This process is mediated by two multi-protein
complexes, the relaxosome and the mating pair formation (mpf) complex, which are
coupled via a coupling protein such as TraG. While much of the process appears to
be the same in Gram-positive organisms, differences lie in the mpf mechanism used
to establish donor:recipient contact, the details of which remain to be fully elucidated.
The relaxosome is a multi-protein complex commonly composed of both plasmid-
and chromosomally-encoded proteins. The relaxosome complex associates with
plasmid DNA at its origin of transfer (ori7). In Gram-negative bacteria the mpf
complex is a subset of type IV secretion systems, composed of several proteins that
establish intimate contact between the donor and recipient, as well as mediating the
transfer of the DNA. The pCY360 replicon possesses several ORFs related to
components of this mpf complex, the relaxosome, as well as an ORF that aligns
strongly to a TraG coupling protein. Both ORF172 (a putative MobA) and ORF292 (a
putative RecD/TraA helicase) are potential relaxases, which forms the central
component of the relaxosome (Grohmann et al., 2003). Relaxases of Gram-positive
bacteria have previously been reported to contain two of three conserved motifs
(Motifs I and III), characterised by a conserved tyrosine residue and two histidine
residues, respectively (Grohmann et al., 2003). Alignment of the pCY360 MobA and
RecD/TraA proteins with relaxases from the Gram-positive bacterial plasmids
pMRCO1, pSK41 and pRE25, (Dougherty et al., 1998, Firth et al., 1993, Kurenbach
et al., 2003) shows conservation of Motif I in the putative RecD/TraA helicase
protein but not in the putative MobA. However, neither proteins show conservation of

Motif 11T (Fig. 4.3).

After forming at the oriT, the DNA relaxase acts to cleave a single strand at a specific
di-nucleotide site, known as nic. Analysis of Gram-positive bacterial plasmid transfer
has identified a core oriT consensus sequence that contains this nic site (Grohmann et
al.,2003) A total of 21 sequences, all containing absolutely conserved nucleotides of
the nic site consensus sequence, are present on pCY360. Five of these sequences are

present in the putative transfer locus of pCY360 (bp 238026 — 238044) including one
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(Candidate 14) that sits within the loop structure of the 19 bp inverted repeat, IR10.
Sixteen further sites occur outside the transfer region including two candidates that
reside upstream of each of the relaxase candidates (MobA and RecD/TraA;
Candidates 12 and 19) and one that also resides within the loop structure of an
inverted repeat (IR7; Candidate 13). It is not clear which of these oriT candidates

might be utilised if pCY360 were conjugatively active.

Type IV secretion systems can transport DNA-protein complexes between cells.
These multi-protein systems arrange themselves to form a translocation channel
through surface associated structures. This translocation channel mediates the transfer
of DNA-protein substrates from cell to cell (Christie et al., 2005). There are
numerous protein components of this system including structural pilus proteins,
muramidases for facilitating access across cell walls, membrane-located proteins that
presumably help translocate material across the membrane and lipoproteins which
appear to help stabilise other components of the system. Two lipoproteins are found
in close association to the oriT of pCY360 consistent with VirB7-like Type IV pilus
components (Christie et al., 2005). The region also contains six novel proteins
predicted to have two or more transmembrane spanning regions, consistent with the
several membrane-located components involved in a typical Type IV system. Four
novel proteins also carry signal peptidase I signal sites (Bendtsen ef al., 2004). One of
these signal peptide-containing proteins matches over a short region to a lytic
transglycosylase from the Enterobacter phage, P1. Proteins showing weak matches to
lytic transglycosylases have previously been found in conjugative transfer systems of
other Gram-positive bacteria (Grohmann et al., 2003). It has been postulated that lytic
transglycosylases may allow DNA and/or proteins to cross the cell envelope by
opening local regions of the peptidoglycan (Grohmann et al., 2003, Abajy et al.,
2007). Type IV secretion systems are also implicated in protein secretion (Lu et al.,
1997). The pCY360 replicon contains 2 signal peptidases (TraF, ORF232 and SipB,
ORF279) that reside either side of the 35 Kb region containing the majority of
conjugative transfer-related proteins. This locus may either enable conjugative
transfer of the pCY360 replicon, utilising a novel relaxase, or it may mediate Type IV
protein secretion. Additionally this site may lead to the formation of a Type IV pilus
involved in bacterial adhesion as previously seen in Gram-positive rumen bacteria

(Rakotoarivonina et al., 2002).
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4.15.5 pCY360 can potentially influence the cell envelope composition of
B. proteoclasticus
The pCY360 replicon encodes 31 proteins that are predicted to span the membrane
two or more times, most of which encode novel (or hypothetical) transmembrane
proteins. Several other pCY360-encoded proteins have the potential to influence cell
membrane topology, including an ATP-dependent zinc metalloproteinase, FtsH, and
two signal peptidase I proteins (both described above); a putative membrane-bound
GGDEF protein; and two putative class B sortase proteins (Dramsi et al., 2005).
GGDEF, a regulatory protein that catalyses cyclic di-GMP synthesis (Simm et al.,
2004), acts as a secondary messenger regulating cell surface adhesiveness (D'Argenio
& Miller, 2004). As discussed above, pCY360 also encodes gmkA which may act
indirectly in the recycling of cyclic di-GMP (Hall & Kuhn, 1986, Jenal, 2004).
Recent work suggests that GGDEF can also modulate this process independently of
cyclic di-GMP (Holland et al., 2008). Sortase B proteins are transamidases that
covalently link proteins that possess a C-terminal NXZTN or NPKTG motif (Maresso
et al., 2006) to the peptidoglycan of Gram-positive bacteria (Bierne et al., 2004).
Collectively these pCY360-encoded proteins have the potential to significantly

impact the composition and functions of the B. proteoclasticus cell envelope.

4.15.6 Transposases

The presence of transposase genes within the pCY360 sequence with sequence
similarity to transposases found on both the chromosome and BPc2, suggests that
transposon-mediated gene shuttling between pCY360 and other B. proteoclasticus
replicons may have occurred in the past. However, given the low sequence similarity
between each it is unlikely that such gene shuttling still occurs. Broker and colleagues
(2004), in their analysis of the 101-kilobase-pair megaplasmid pKB1, isolated from
Gordonia westfalica Kbl found evidence to suggest that transposons may flank
mobile “metabolic regions”. Analysis of pCY360 found only one similar region of 10
Kb flanked by IS605-family transposases. However, the 14 genes within this region
encoded a conserved hypothetical protein, a DNA ligase, a protein resembling an
archaeal histone-like protein, and 11 hypothetical proteins. Therefore no obvious

metabolic function was discernable within this region.
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4.15.7 RepB phylogeny and codon usage

Phylogenetic analysis of the pCY360 replicon, shows it forms a distinct branch from
other plasmids suggesting this replicon diverged from its closest related plasmid,
currently described, some time ago. Following its acquisition several mechanisms
appear to have been available or were subsequently acquired enhancing this replicons
retention. These include autonomous replication, plasmid partitioning, multimer
resolution, post-segregational killing (all described above), and possibly restriction
modification (ORF106, a modification methylase and possibly ORF143, which shows
weak similarity to an N6 adenine-specific DNA methyltransferase). Three pieces of
evidence suggest pCY360 has co-evolved with the major chromosome for a long
evolutionary time:

1) The %G + C content, which is known to be relatively constant within a species but
vary between species (Forsdyke & Mortimer, 2000), is similar between the two
replicons.

2) The replicons not only utilise the same major codons, but have near identical
codon usage frequencies. It is known that in most organisms selection acts to bias
codon usage frequencies towards a subset of all potential codons. The codons used
typically reflect the abundance of the corresponding tRNAs available within the
organism (Kanaya et al., 1999). Consequently, genes which use the preferred codons
are thought to maximize their speed of elongation, to minimize the costs of their
proofreading, and maximize the accuracy of their translation (Stoletzki & Eyre-
Walker, 2007). It has been shown in several organisms that translationally optimized
genes have higher expression levels (Gouy & Gautier, 1982, Gupta & Ghosh, 2001).
3) Phylogenetic analysis of the pCY360 RepB protein shows it to be significantly
diverged from other plasmid replication initiation proteins. However, this apparent
divergence could be confounded by the limited amount of sequence information
derived from plasmids or species within the rumen environment and available in

public databases.

4.15.8 Is pCY360 an essential part of the B. proteoclasticus genome?

The inability to cure B. proteoclasticus of the pCY360 replicon suggests it may be
required for the survival of B. proteoclasticus. If this is true it is not clear which
component(s) of pCY360 constitute the essential element(s). The genes described in

the Bacterial Minimal Gene Set are likely to be important, however, they are not
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unique to the genome and therefore it is more likely they alleviate the metabolic cost
of the megaplasmid and potentially its co-residing auxiliary replicons. The two
unique enzymes contributed to the genome (PARP and thermonuclease) are unlikely
to be essential to B. proteoclasticus. One possibility is post-segregational killing via
the PIN-domain protein, which putatively acts as the toxin in a toxin-antitoxin (TA)
operon. However, the retention of pCY360 over the time it appears to have resided
within the genome of B. proteoclasticus, as indicated by GC content and codon usage,
is unlikely to be purely attributable to this TA operon. This is because the only
portion of the plasmid protected from mutation over time by the TA operon would be
the antitoxin component. Therefore an inactivating mutation within the toxin
component or deleterious mutation to the remainder of pCY360 could freely occur,

provided the replicon encoded nothing to enhance the fitness of B. proteoclasticus.

4.15.9 Microarray analysis

The presence of a large number of extracellular and membrane proteins encoded by
pCY360, as well as the presence of proteins involved in the regulation of membrane
topology led to the hypothesis that pCY360 may contribute to interspecies
interactions through signalling and/or cell to cell adhesion. Previous studies have
shown that many interspecies interactions occur within the rumen environment. For
example, the transfer of succinate for conversion to propionate (Scheifinger & Wolin,
1973), the transfer of hydrogen for conversion to methane (Ushida et al., 1997,
Wolin, 1976) and during the degradation of plant biomass with respect to cellulose
(Fondevila & Dehority, 1996), hemicellulose (Miron ef al., 1994) and plant cell wall
protein (Debroas & Blanchart, 1993) hydrolysis. M. ruminantium was selected to
investigate the potential contribution of the megaplasmid to intraspecies interactions
because it is known to interact with hydrogen-producing bacterial species from the
rumen (Vogels & Stumm, 1980, Ushida et al.,, 1997) and is therefore likely to
participate in interspecies hydrogen transfer with Butyrivibrio, and an almost
complete genome microarray was available to analyse changes in genome-wide gene
expression. This analysis was unique in respect of the fact that preceding studies had
focused on this interaction using only cellulytic bacteria as the hydrogen-donor.
Microscopic examination of B. proteoclasticus in co-culture with M. ruminantium
demonstrated the formation of cell to cell aggregates within 120 min of B.

proteoclasticus inoculation. Both organisms appeared to up-regulate genes whose
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products are predicted to be involved in co-aggregation. B. proteoclasticus appears to
mediate aggregation through EPS and flagellar biosynthesis, while M. ruminantium
expresses genes encoding large adhesin proteins. EPS production is a typical bacterial
tool to mediate biofilm formation (Crawford et al., 2008, Danese et al., 2000).
Although tempting to speculate that B. proteoclasticus® EPS proteins may be
allosterically-regulated through the secondary messenger cyclic di-GMP, stimulated
by the five di-guanylate cyclase-encoding genes and the GGDEF/EAL-dual domain
protein found to be up-regulated in co-culture, as previously demonstrated (D'Argenio
& Miller, 2004); cyclic di-GMP has additionally been implicated in the regulation of
several other physiological responses (Amikam & Benziman, 1989, Amikam et al.,
1995). Flagella production is typically inversely correlated with cyclic di-GMP levels
and EPS production, likely due to its opposing role in motility, however, the ability to
form a flagellum has been shown to be essential to biofilm formation in several
organisms (Gavin et al., 2002, O'Toole & Kolter, 1998). The up-regulation of 17
genes related to flagellar biosynthesis in B. proteoclasticus suggests co-aggregate
formation in this organism is also likely to involve its flagellum. Further, flagellar
biosynthesis does not appear to be negatively regulated by di-guanylate cyclases in B.
proteoclasticus. B. proteoclasticus up-regulates genes whose products are thought to
be involved in PTS transport of sugars. The expression of genes related to EPS
biosynthesis has recently been found to be co-regulated with components of the PTS
system in Vibrio cholera (Houot & Watnick, 2008). B. proteoclasticus also appears to
up-regulate genes that interact in the conversion of fructose to glycogen as well as its
subsequent storage within the cell. Collectively this suggests B. proteoclasticus in co-
culture attempts to scavenge PTS sugars, in-particular fructose, for conversion to
glycogen as an energy storage mechanism. This may be a general biofilm response,
where in-vivo the organism would engage in a biofilm involving a consortia of
bacteria, including cellulolytic bacteria that would supply sugars compatible with the
B. proteoclasticus™ PTS transport system. It is likely that a catabolite repression
response invoked by the PTS system is responsible for the down-regulation of most
genes involved in polysaccharide degradation as well as non-PTS sugar uptake
systems. Yet, this response does not appear to extend to those involved in xylan-
degradation. Analysis of the B. proteoclasticus genome suggests it lacks two enzymes
critical to de-novo biosynthesis of NAD", and instead relies on scavenging exogenous

nicotinamide riboside using enzymes encoded by BPc2 (discussed later). The final
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step in this altered biosynthetic pathway is the transfer of an ammonium ion from
glutamate to deamino-NAD" forming NAD". This step is catalysed by the glutamate-
dependent NAD-synthase, NadE. M. ruminantium appears to up-regulate genes
involved in the production of glutamate, while B. proteoclasticus up-regulates nadE
along with the ATPase and substrate-binding protein cognate to an amino acid ABC-
transporter present on BPc2. The upregulated ABC-transporter has strong sequence
identity (~70% aa identity) to a glutamine-specific ABC-transporter from Bacillus
sterothermophilus (Wu & Welker, 1991). Collectively this suggests cooperative
production of this essential cofactor. M. ruminantium up-regulates many critical
components of the methanogenesis pathway suggesting it can utilise H, and formate
more efficiently when supplied by B. proteoclasticus. B. proteoclasticus is known to
produce formate as an end product of fermentation (Attwood et al., 1996)._ With the
exception of two genes involved in butyrate synthesis, many genes involved in fatty
acid metabolism are down-regulated. Previous studies have found that some fatty
acids inhibit biofilm formation (Inoue et al., 2008). Consequently, fatty acids have

been proposed to have a regulatory function.

The vast majority of ORFs (364 ORFs, 94%) assigned to the pCY360 replicon after
manual annotation were detected by the microarray at intensities significantly greater
than the background, suggesting they were transcribed and consequently supporting
their status as coding sequences. Of these ORFs, 15 were found to be differentially
regulated between the mono- and co-culture conditions. Twelve ORFs were up-
regulated, including genes predicted to encode a lipoprotein, a putative DNA-binding
protein, a ribonuclease H protein, a putative IS605-family transposase and two
hypothetical proteins that show approximately 30% identity to ORF 8 of the
bacteriophage 237. Ribonuclease H is a non-specific endonuclease that catalyzes the
hydrolysis of the 3'-O-P-bond of RNA in DNA/RNA duplexes. Ribonuclease H has a
role in DNA replication, where it is responsible for removing the RNA primer to
allow completion of the newly synthesized DNA. However, it is unlikely that the rate
of B. proteoclasticus DNA replication was enhanced by the interaction in co-culture
as no other gene directly related to DNA replication was found to be significantly up-
regulated and the growth rate of B. proteoclasticus was not significantly different
between the two conditions. Ribonuclease H is also important in retrovirus and

retrotransposon replication, where it performs three related functions. It mediates the
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degradation of the original RNA template following reverse transcription, it generates
a polypurine tract (the primer for plus-strand DNA synthesis), and it also carries out
the final removal of RNA primers from newly synthesized double stranded DNA.
While it is tempting to speculate the up-regulated ORFs that bear sequence similarity
to the bacteriophage 237, may encode a retrovirus that has been activated during co-
culture, there is no reverse transcriptase gene encoded nearby, or at all, on the
pCY360 replicon. A reverse transcriptase is encoded by the B. proteoclasticus main
chromosome, but it was not found to be differentially regulated in this experiment.
Therefore the significance of ribonuclease H up-regulation in the co-culture condition

remains unclear at this stage.

Contrary to the experimental hypothesis, only one of the proteins predicted to be
extracellular or associated with the cell membrane, (a putative lipoprotein), was found
to be significantly up-regulated. Lipoproteins are implicated in transportation and
adhesion, both of which would be potentially valuable to the interspecies interaction.
The up-regulated putative DNA-binding protein may act as a novel transcriptional
regulator. Two potential operonic structures were identified in pCY360, each
consisting of five genes. The first encodes four hypothetical proteins and the
ribonuclease H, while the second encodes the five hypothetical proteins that resemble
ORF 8 of bacteriophage f237. The significance of ribonuclease H up-regulation has
been discussed above and the co-regulated hypothetical proteins within this operon
provide no further evidence of a potential function. However, recent microarray
analysis has shown this operon is also up-regulated when B. proteoclasticus is grown
in xylose as opposed to xylan (Kong, 2007), the significance of this is unclear. ORF §
of bacteriophage f237 encodes a protein of unknown function. Its presence has
previously been found to correlate with virulence of the phage (Nasu et al., 2000).
ORF 8 is unique to the bacteriophage of V. parahaemolyticus strain O3:K6, a highly
infectious strain (Nasu et al., 2000). Its presence upon pCY360 and within the B.
proteoclasticus genome, and its potential role in interspecies interactions with M.

ruminantium are unclear.

Three ORFs were found to be significantly down-regulated, these include ORFs
predicted to encode a protein with a PilT N-terminal domain (PIN domain) and a

hypothetical transmembrane protein. The PIN domain containing protein, as
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previously mentioned, potentially encodes the toxic component of a toxin-antitoxin
operon (Arcus et al., 2005). The ORF predicted to encode the antitoxin component
(ORF 12) was found to be down-regulated to a similar extent (1.79 fold; FDR =
0.002) consistent with the hypothesis that these proteins are polycistronic. While the
down-regulation of the PIN-domain protein is on the border of significance and falls
below this threshold when collectively analysed alongside its antitoxin component, it
is conceivable that the toxic component could, in co-culture, affect M. ruminantium.

Therefore its down-regulation could be to safeguard the methanogenic symbiont.

4.15.10 Distribution and relatedness of auxiliary replicons in other
Butyrivibrio /Pseudobutyrivibrio spp

The genomic architecture of 14 species representing all genera of the Butyrivibrio
— Pseudobutyrivibrio assemblage was investigated. Several further strains were not
able to be examined due to a non-specific nuclease activity that was unable to be
neutralised by heating or treatment with an alkaline buffer. Large molecular weight
DNAs, consistent with megaplasmid-like elements, were found to be common to
this assemblage of bacteria, with 10 of the 14 strains tested possessing at least 1
megaplasmid-like element. No phylogenetic correlation was observed with regard
to their size or distribution within the assemblage. Phylogenetic discordance was
also observed in other bacterial assemblages investigated for megaplasmid
distribution (Rosenberg et al., 1981, Li et al., 2007). Southern blot analysis using
the repB gene from pCY360 further showed a lack of phylogenetic relationship
with only a 145 Kb band from P. ruminis DSM9787 hybridising to the probe. 16S
rRNA gene phylogeny (Fig. 1.1; Moon ef al. 2008) shows P. ruminis to be one of

the most distantly related species to B. proteoclasticus of the entire assemblage.
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4.16 Summary

The pCY360 megaplasmid accounts for nearly 10% of the entire B. proteoclasticus
B316" genome and constitutes the fourth largest extra-chromosomal replicon
described to date in a Gram-positive bacterium. Despite contributing a significant part
of the genome, there is no clear function attributable to pCY360. The majority of
ORFs have no significant hits to any previously described genes, nor matches to genes
of unknown function. The metabolic cost on the organism of retaining such a large
replicon at approximately four copies per chromosome is likely to be large. Despite
this, pCY360 was not able to be cured from B. proteoclasticus by any of the methods
tested. The megaplasmid contains many genes that are predicted to encode proteins
capable of affecting the topology of the B. proteoclasticus membrane, yet these genes
show no up-regulation in co-culture with the rumen methanogenic archacon M.
ruminantium. Several genes are differentially-regulated during this interaction, and
although their functions are not yet clear, their identification provides a direction for
future analysis. Similar large DNAs are observed in other species of the Butyrivibrio /
Pseudobutyrivibrio assemblage, however their distribution and size shows no
phylogenetic correlation. Furthermore all except a megaplasmid-like replicon in a
comparatively distantly-related Pseudobutyrivibrio ruminis species appear to utilise

distinct replication machinery.
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5 The secondary chromosome of B. proteoclasticus

5.1 Introduction

Bacterial genomes are classically described as being composed of a single circular
chromosome. This paradigm was initially supported by analysis of genomic
architectures of the archetypical Gram-negative and Gram-positive bacteria
Escherichia coli and Bacillus subtilis, respectively. It was later discovered that
bacterial genomes could additionally possess one or more plasmids of various sizes.
However, the autonomous replication and dispensability of plasmids under certain
conditions suggested they were transient or parasitic entities. Over time it has become
apparent that many bacterial genomes are not confined to a simple single chromosome
structure and approximately 30 species have been described as possessing more than
one chromosome. These bacterial species are almost exclusively of the o, f and y
classes of the Proteobacterial phylum. To date the only described Gram-positive
organism possessing two chromosomes is Deinococcus radiodurans R1. In D.
radiodurans the replicon is designated as a secondary chromosome, based on the
presence of a tRNA, and proteins involved in amino acid utilisation and cell envelope

formation (White ef al., 1999).

This chapter reports the detailed analysis of the third largest B. proteoclasticus
replicon, BPc2, which satisfies all current definitions of a secondary chromosome.
BPc2 was completely sequenced and finished to a Q40 (equivalent to Phred 40)
quality standard. It also examines the distribution of rRNA operons among other large

replicons of the Butyrivibrio / Pseudobutyrivibrio assemblage.
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5.2 Sequence analysis of BPc2

The complete sequence of the BPc2 replicon is 302,355 bp in length. The replicon
has a %G + C content of 40.04% (40.67% in coding regions, 36.80% in non-
coding regions), which is nearly identical to that of the major chromosome
(40.2%). GLIMMER (Salzberg et al., 1998) analysis identified 260 potential
ORFs, however 19 were eliminated for reasons described previously (see Section
4.2). Additionally, 14 ORFs were identified manually that appeared to have been
missed by GLIMMER analysis, giving BPc2 a total of 255 ORFs likely to be
protein coding regions. BPc2 encodes two complete ribosomal RNA operons (165,
58, 235 rRNAs) and two tRNAs (aspartic acid and threonine). The predicted BPc2
ORFs have an average size of 1,020 bp, this is biased by a small number of much
larger ORFs as the median ORF size is 873 bp (Fig. 5.1). BPc2 has a gene density
of 0.84 genes / kb and gene coverage of 86%. Unlike pCY360, BPc2 ORFs are
evenly spread between the Watson (41%) and Crick (59%) strands and analysis
shows the replicon to have a classical symmetric third-position GC skew (Fig. 5.2).
The distribution of start codons was found to be 85% ATG, 8% GTG and 7% TTG.
Proteins encoded by BPc2 ORFs have an average isoelectric point of 6.23 (median
5.18; Fig. 5.1) and unlike pCY360, the majority of these predicted proteins can be
ascribed a putative function (167, 65%) or described as conserved hypothetical
proteins (36; 14.12%). BPc2 ORFs encode 50 (20%) proteins predicted to span the
membrane more than once and a further 44 ORFs (18%) predicted to be secreted
proteins. Some (21) of the predicted proteins have during the tenure of this thesis
been identified by tandem mass spectrophotometry analysis of proteins separated
on l-dimensional gels (Dunne, in preparation). These protein identifications
resulted in two hypothetical proteins being reclassified as an uncharacterised
protein, and an uncharacterised secreted protein and one conserved hypothetical
trans-membrane protein being reclassified as an uncharacterised conserved trans-
membrane protein. The ORFs that are able to be assigned functions appear to form
several clusters (Fig. 5.2). These clusters appear to be largely dedicated to
replication, cofactor uptake and metabolism, chemotaxis, energy metabolism and
detoxification. The energy metabolism cluster of ORFs is the largest, forming two

distinct groups, one which is interrupted by the detoxification cluster.
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53 The BPc2 origin of replication

A single site spanning nucleotides (298075 - 1164) was identified as likely
possessing the origin of replication (oriR) (Fig. 5.2). The region encodes a putative
replication initiation protein, RepB (ORF1) and a plasmid partitioning protein,
ParA (ORF255). These proteins show 53% and 23% amino acid identity to RepB
and ParA encoded by pCY360. These ORFs are divergently transcribed and
separated by a large (3,457 bp) intergenic region. The divergent nature and size of
this intergenic region, suggested that it may contain the BPc2 oriR. Analysis of the
intergenic region identified 21 direct repeats, three inverted repeats and a 33 bp
inverse repeat (IV1). Aside from the inverse repeat, all repeats fell into four
families: a 16 bp inverted repeat, IR1; a 17 bp direct repeat DR1 (two copies); and
a direct repeat DR2 that has ten copies that share significant nucleotide identity but
vary in length from 12 to 30 bp. IR1 appeared three times therefore can
additionally form a series of three direct repeats on each strand. Eleven potential
dnaA boxes were identified as well as a 366 bp AT rich (17% GC) region that
shows 47% nucleotide identity to the putative oriR of B. fibrisolvens plasmid,
pRIJF1 and 53% identity to the predicted oriR of pCY360 (Fig. 5.2). This region
spans two dnaA box candidates and a copy of DR1 and DR2.
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Fig.5.1. Predicted ORFs and encoded protein composition of BPc2 . Box plots show size, %G + C and isometric point
distribution for each quartile of the data. Column charts show the distribution of each ORF from 1 — 255.

178



AAA+ ATPase

tw t hvbrid arA repB
o component hybri p p hypA

-

-

Replication

Energy metabolism El

Cofactor metabolism Fl

E2 Energy metabolism

D1
E3

tRNA oo tRNA [

‘168 5 ‘233 ‘168 58 ~233
- D ) >

ABC-transporter ATP-binding protein

chew
putative permease cpea

- >

extracellular solute-binding protein

methyl-accepting chemotaxis protein
putative glutaredoxin

'corAA 1pnuCA ~nadR
F1 o i ——— > =

putative GNAT-family acetyltransferase

putative GNAT-family acetyltransferase  putativ e penicillin-binding protein

putative ABC-transporter efflux permease marR

putative ABC-transporter efflux permeas radical SAM-family

radical SAM-family marR

D1

179



glucosamine-6-phosphate isomerase / 6-phosphogluconolactonase

unsaturated glucuronyl hydrolase

putative ROK family glucokinase
PHP C-terminal domain protein

oppFA

oppDA

oppCA
oppBA

putative phosphate butyryltransferase

phosphate acetyltransferase

fuc29A man38A OppAA

El

putative ABC-transporter solute binding

putative ABC-transporter permease

putative ABC-transporter permease
putative sugar-binding protein

ansA
pel9A gh3ic napAA

-

sugar ABC-transporter permease _ -~
sugar ABC-transporter perrn’easef T
ABC-transporter sugar-bindjne-pfotein
ABC-transporter aa-binding protein -7

sugar ABC-transporter ATP-binding
ABC-transporter sugar-binding protein

ABC-transporter sugar-binding protein
manAA

rpiBA putative clostripain endopeptidase
conserved NUD|X.fam||y protein pUtatiVe ABC-tranSporter ATP'blndlng protein
putative iron-containing dehydrogenase

ram78A

thioesterase-family protein

E3

pul13A

B o metabolism [ chemotaxis

O Transcrigtion 1 transiation [ cotacter uptake f metabolism _ _ _
M el division & chromosome parttioning I Cellular detoxification I Membrane-associsted hypathetical proteins
|:| Energy metabalism . Bacteriocin [ taxin . Caonzerved hypothetical protein

[ Pratein modification, degradstion & repair LJ Transposon / phage /inteorase-relsted [Z] Hypothetical protein / unknovn function
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5.4 Energy and Nitrogen metabolism

BPc2 encodes a large number of proteins that are predicted to contribute directly,
or indirectly, to energy or nitrogen metabolism. This includes proteins involved in
the uptake or breakdown of peptides, amino acids, simple sugars and an assortment
of complex polysaccharides. It also includes proteins involved in the breakdown
of nucleotides, and the reduction of fumarate and aldehydes (listed in Table 5.1 and
many shown in Fig. 5.2). Eight of the proteins involved in energy metabolism are
uniquely encoded within the B. proteoclasticus genome by BPc2. This includes: a
phosphate acetyltransferase (ORF 11); a putative a-L-fucosidase, Fuc29A (ORF
15); a putative o-mannosidase, Man38A (ORF 17); a rhomboid-family serine
peptidase (ORF 57); a fumarate reductase, FccA (ORF 64); an L-asparaginase,
AnsA (ORF190); and a putative P-mannosidase, Man2A (ORF 237). These
enzymes catalyse crucial steps in several different biological pathways including
pyruvate and propionate metabolism (phosphate acetyltransferase); the entire (N-)
glycan degradation pathway (Fuc29A, Man38A and Man2A, Fig. 5.3); anaerobic
respiration (FccA); and nitrogen and aspartate metabolism (AnsA). BPc2 also
encodes four ATP-binding cassette (ABC) uptake systems. One of these (ORFs
201-203) is unable to be assigned a specific substrate but is found in a cluster of
genes dedicated to polysaccharide degradation. The other uptake systems are
dedicated to the ATP-dependent transport of oligopeptides (ORFs 23-27), amino
acids (ORFs 224-226) and sugars (ORFs 240-244 and 248). Each ABC-transport
system varies in structure, but typically contains 1 or 2 permease components, 1 or
2 ATP-binding components and a substrate binding protein. The exceptions are the
ABC transport system of unknown specificity that appears to lack an ATP-binding
component, and the sugar ABC transport system that has three substrate-binding
proteins. Additionally, several transcriptional regulators are found adjacent to these
ABC-transport systems suggesting they contribute to the control of energy
metabolism. A GntR-family transcriptional regulator (ORF 228) and a LytR-family
two component system (ORF 220, sensor kinase and ORF 221, response regulator)
are found just upstream and downstream, respectively, of the amino acid ABC-
transport system. An AraC-family, two component system (ORFs 245, a sensor
kinase and ORF 246, a response regulator) is found between two of the sugar-

substrate binding proteins of the sugar ABC-transport system. Another AraC-
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family, two component system (ORFs 204, a response regulator and ORF 205, a
sensor kinase) also occurs just upstream of the ABC-transport system of unknown

substrate-specificity (Fig. 5.2 E2, E2 and E1, respectively).

Table 5.1 BPc2-encoded proteins involved in energy and nitrogen metabolism

ORF Function EC number

Nitrogen metabolism

23 ABC-transporter oligopeptide-binding protein, OppAA

24 Oligopeptide ABC transporter permease protein, OppBA

25 Oligopeptide ABC transporter permease protein, OppCA

26 Oligopeptide ABC transporter ATP-binding protein, OppDA

27 Oligopeptide ABC transporter ATP-binding protein, OppFA

55 Putative 5“-nucleotidase 3.1.35
57 Rhomboid-family serine peptidase 3.4.21.105
71 Putative amino acid permease protein

75 Putative amino acid permease protein

91 Hypothetical NUDIX-family protein

101 Putative ATP-dependent metalloprotease

145 Conserved NUDIX-family protein

148 Putative clostripain endopeptidase 34228
190 L-asparaginase, AnsA” 3.5.1.1
224 Amino acid ABC-transporter ATP-binding protein

225 Amino acid ABC-transporter permease protein

226 ABC-transporter amino acid binding protein

Carbohydrate metabolism

10 Phosphate butyryltransferase 2.3.1.19
11 Phosphate acetyltransferase 23.1.8
15 Putative a-L-fucosidase, Fuc29A 3.2.1.51
17 Putative a-mannosidase, Man38A 32.1.24
20 Unsaturated glucuronyl hydrolase, Ugl88A 3.2.1.88
21 Putative ROK-family glucokinase 2.7.1.2
28 glucosamine-6-phosphate isomerase 3.5.99.6
61 Oligosaccharide-specific B-xylosidase, Xyl39A 3.2.1.37
66 a-galactosidase, Aga36A 3.2.1.22
92 Putative sugar-phosphate isomerase 5.3.1.-
95 Putative endo-1,4-B-galactanase, Bgn53A 3.2.1.89
146 Ribose-5-phosphate isomerise, RpiB 53.1.6
153 Putative cellobiose phosphorylase, Cbp94A 2.4.1.20
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159 Putative a-L-rhamnosidase, Ram78A 3.2.1.40

162 Pullulanase, Pul13A 3.2.141

166 Phosphoglycerate / bisphosphoglycerate mutase 54.2.-

191 Pectate lyase, Pel9A 4222

200 Glycoside hydrolase-family 31 protein, Gh31C 3.2.1.-

209 Putative B-hexosaminidase, Bhx3B 3.2.1.52

210 B-galactosidase, LacZA 3.2.1.23

213 Putative sugar-binding protein

219 B-glucosidase, Bgl3B 3.2.1.21

237 Putative 3-mannosidase, man2A 3.2.1.25

240 ABC-transporter sugar-binding protein

241 Sugar ABC-transporter permease protein

242 Sugar ABC-transporter permease protein

243 Sugar ABC-transporter ATP-binding protein

244 ABC-transporter sugar-binding protein

248 ABC-transporter sugar-binding protein

250 Mannose-6-phosphate isomerise, ManA 53.1.8
Other

64 Fumarate reductase, FccA 1.3.99.1

144 Thioesterase-family protein

157 Iron-containing alcohol dehydrogenase 1.1.1.1

201 ABC transporter permease protein

202 ABC transporter permease protein

203 Solute-binding protein

*Proteins uniquely encoded by BPc2 are shown in red.
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5.5 Putative detoxification functions encoded by BPc2

BPc2 encodes nine proteins that are annotated as being involved in the efflux or
degradation of an assortment of toxic compounds, including the terpenoid camphor,
B-lactam antibiotics and heavy metals (Table 5.2). Two ABC-type efflux permeases
and three multidrug and toxin extrusion proteins (MatEA, MatEB and MatEC) are
also encoded. Two of the MatE proteins are found either side of, and close to, the
replication origin while many of the remaining detoxification proteins reside in a 28
Kb locus (Fig. 5.2 DI). This locus also encodes two putative GNAT-family
acetyltransferases, one of which (ORF 168) is very similar to a phosphinothricin N-
acetyltransferase from Bacillus halodurans (50% amino acid identity, E= 2¢”°). The
locus also contains three multiple-antibiotic resistance (MarR)-family transcriptional
regulators, one of which is found directly upstream of the ORFs encoding the putative

phosphinothricin N-acetyltransferase and MatEB.
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Table 5.2 BPc2-encoded proteins involved in detoxification

ORF Function ke
number
9 Multidrug and toxin extrusion protein, MatEA
29 Putative B-lactamase 3.5.2.6
53 Heavy metal translocating P-type ATPase
138 CrcB protein*
160 ABC-transporter efflux permease
161 ABC-transporter efflux permease
167 Multidrug and toxin extrusion protein, MatEB
168 Putative GNAT-family acetyltransferase 2.3.1.-
181 Putative penicillin-binding protein
251 Multidrug and toxin extrusion protein, MatEC

*Proteins uniquely encoded by BPc2 are shown in red.

5.6 Chemotaxis and flagellar formation

Despite being non-motile, B. proteoclasticus has a complete set of flagellar and
chemotaxis-related genes. BPc2 has five proteins implicated in flagellar formation
and chemotaxis including a putative flagellar protein, the chemotaxis proteins CheA,
CheW and CheY, and the methyl-accepting chemotaxis protein, McpD (Table 5.3).
Most of the chemotaxis-related genes are found in a small cluster spanning less than 5
Kb (Fig. 5.2 C1), while cheY falls outside this region. cheY is found immediately
upstream of the sugar ABC-transport system (described above; seen in Fig. 5.2 E2). A
putative permease and an extracellular solute-binding protein, both of unknown
specificity, are located adjacent to the 5 Kb chemotaxis cluster. BPc2 also encodes a
single protein (ORF 60) putatively involved in flagellar formation situated directly
downstream of the second rRNA operon. No chemotaxis or flagellar formation

proteins appear to be uniquely encoded by BPc2.
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Table 5.3 BPc2-encoded proteins involved in chemotaxis

ORF Function
47 Chemotaxis protein, CheA
48 Chemotaxis protein, CheW
51 Methyl-accepting chemotaxis protein, McpD
60 Putative flagellar protein
239 Chemotaxis protein, CheY
5.7 Cofactor and vitamin uptake and metabolism

BPc2 encodes nine proteins implicated in the uptake or metabolism of several
important cofactors, including magnesium, cobalt, F e%, nicotinamide adenine di-
nucleotide (NAD), coenzyme A, and a glutaredoxin, along with the vitamins biotin
(Vitamin H or B5) and pantothenate (Vitamin Bs) (Table 5.4). BPc2 also contains a
6,7-dimethyl-8-ribityllumazine synthase pseudogene. This truncated gene (51
amino acids) shows significant sequence identity (63%) to the C-terminus of a
characterised 6,7-dimethyl-8-ribityllumazine synthase from Bacillus subtilis
(Fischer et al., 2003). Six of the proteins implicated in the uptake or metabolism of
these cofactors appear to be uniquely encoded within the B. proteoclasticus
genome by the BPc2 replicon, including a putative glutaredoxin, a putative
magnesium and cobalt transport protein (CorAA), a nicotinamide riboside
transporter (PnuC), a nicotinamide riboside kinase, an adenylyltransferase (NadR),
an acyl-carrier protein phosphodiesterase and a biotin biosynthesis protein (BioY).
While B. proteoclasticus encodes alternate systems for the acquisition of cobalt
and magnesium, the biosynthesis of both NAD and biotin appears to be dependent
on the BPc2-encoded proteins PnuC, NadR and BioY. Analysis of the B.
proteoclasticus genome reveals it lacks homologues to the essential NAD-
biosynthetic enzymes quinolinate synthase (NadA), nicotinate-nucleotide
pyrophosphorylase (NadC) and the nicotinamidase, PncA, along with the biotin
biosynthetic enzymes 8-amino-7-oxopelargonate synthase (BioF), 7,8-
diaminopelargonic acid aminotransferase (BioA), dethiobiotin synthetase (BioD)

and biotin synthase (BioB).
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Table 5.4 BPc2-encoded proteins involved in cofactor and vitamin metabolism

EC
ORF Function
number

34 Putative glutaredoxin"
35 Putative magnesium and cobalt transport protein, CorA
36 Nicotinamide mononucleotide transporter, PnuC
37 Nicotinamide-nucleotide adenylyltransferase, NadR 2.7.7.1
54 Acyl-carrier protein phosphodiesterase 1.7.-.-
69 6, 7-dimethyl-8-ribityllumazine synthase pseudogene
130 Putative flavodoxin
198 Ferrous iron transport protein, FeoB
199 Putative ferrous iron transport protein, FeoA
222 Biotin transport protein, BioY
223 Biotin acetyl-CoA-carboxylase-ligase, BirA 6.3.4.15

*Proteins uniquely encoded by BPc2 are shown in red.

5.8 Ribosomal RNAs and Transfer RNAs

BPc2 encodes two complete ribosomal RNA (rRNA) operons giving
B. proteoclasticus a total of six rRNA operons (Fig. 5.2 T1). All six rRNA operons
are identical in structure (165 — 55 — 23S) and share greater than 99% nucleotide
sequence identity. BPc2 also encodes an aspartic acid (Asp-GTC) and a threonine
(Thr-TGT) tRNA. An orthologue of each of these tRNAs is found on the major

chromosome.
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5.9 BPc2 contains genes described in the minimal gene set

BPc2 has 13 genes described in the Bacterial Minimal Gene Set (Koonin, 2000)
listed in Table 5.5. Two of these genes, a putative acyl-carrier protein
phosphodiesterase and a peptide methionine sulfoxide reductase, are not found
elsewhere in the B. proteoclasticus genome. Aside from the unique enzymes
described above, BPc2 also encodes a unique copy of the RNA 2
phosphotransferase enzyme, KptA.

5.10 Transposases

Four transposase genes were identified within the BPc2 sequence, and each can be
assigned to one of three transposase families; IS200 (ORF 89), IS605 (ORF 80 and
ORF 127) and IS110 (ORF 94). The IS605-family transposases show 94% amino
acid identity to each other, and 29 to 32% identity to transposases found in
pCY360 (Section 4.8). The IS110 and IS200-family transposases show 100%
identity at both the amino acid and nucleotide level to four IS110 and two IS200
transposases, respectively, upon the major chromosome. The IS110-family
transposase also shows 100% identity to a transposase found on pCY186. Several
genes indicative of a retro-transposon were identified within a 5.3 Kb locus. These
include an RNA-dependent DNA polymerase (ORF 114), a putative integrase
(ORF 116) and an IstB-family ATP-binding protein (ORF118). The intervening
ORFs (ORFs 115 and 117) are hypothetical proteins.
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Table 5.5. Genes of the Bacterial Minimal Gene Set found on BPc2.

ORF

24

25

26

27

31

32

33

49

54
131
163

166

196

Size
(aa)

344

372

363

333

238

434

318

61

154
237
216

260

212

Putative function

Oligopeptide ABC-transporter, permease

Oligopeptide ABC-transporter, permease

Oligopeptide ABC-transporter, ATP-

binding protein

Oligopeptide ABC-transporter, ATP-
binding protein

Anaerobic ribonucleotide triphosphate
reductase activating protein, NrdGB

Putative anaerobic ribonucleotide
triphosphate reductase, NrdDB

Anaerobic ribonucleotide triphosphate
reductase, NrdDC

Peptide methionine sulfoxide reductase,

MsrAA
Acyl carrier protein phosphodiesterase

HAD-superfamily hydrolase

Exodeoxyribonuclease I11

Phosphoglycerate / bisphosphoglycerate
mutase
Putative S-adenosylmethionine-dependent

methyltransferase

Source of Best Blast
match
Paenibacillus sp.

Paenibacillus sp.

Paenibacillus sp.

Thermotoga maritima

Ruminococcus gnavus

Clostridium bolteae

Clostridium scindens

Clostridium thermocellum

Clostridium acetobutylicum
Dorea formicigenerans

Streptococcus sanguinis

Clostridium phytofermentans

Dorea formicigenerans

E-value

-72
ge”’

le

le

le

-111

-112

-100

-69

% ID

43%
56%

59%

55%

54%

73%

68%

47%

38%
58%
71%

38%

60%

GenBank
Accession
ZP 02849269
ZP 02849268

ZP 02849267

NP_227873

ZP 02041952

ZP 02089280

ZP 02431419

YP 001039379

NP 350011
ZP 02234927
YP_ 001035639

YP 001560430

ZP 02234927

*QGenes of the Bacterial Minimal Gene Set unique to BPc2 are shown in red.
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5.11 Maintenance of BPc2 under curing conditions

As previously described (Section 4.11), B. proteoclasticus was grown at 45 °C or
treated with sub-lethal levels of novobiocin, acriflavine, ethidium bromide, or
acridine orange and a total of 5,688 colonies were transferred to nylon membranes
to screen for the loss of BPc2 by colony hybridisation. The probe used was a 762
bp, largely intergenic, region of BPc2 amplified by PCR using the p300 probe2
primer set. All colonies examined were detected by the probe, indicating that none

of the B. proteoclasticus colonies screened were cured of the BPc2 replicon.

5.12 Copy number of BPc2

The copy number of BPc2 was derived by comparison of its absolute copy number to
that of the major chromosome (as described in Section 4.12), using qPCR. The Ty, of
the BPc2 primer set, (p300 probe2) was optimised by conventional PCR (as
described in Section 4.12.1). The amount of detected product was nearly identical
between the annealing temperatures of 59 to 65 °C (Fig. 5.4a). An annealing
temperature of 60 °C was selected as this matched the annealing temperature used for
qPCR of the major chromosome. The optimum MgCl, concentration, (Section
4.12.1) at an annealing Tm of 60 °C, was determined to be 3 mM (Fig. 5.4b). The
specificity of the qPCR reaction was determined by melting curve analysis and gel-
electrophoresis. Melting curve analysis revealed a single peak for the p300 probe2
reaction occurring at 85.55 °C. Subsequent gel-electrophoresis showed a band of the
expected size (762 bp, Fig 5.5). The standard curve of the Threshold Cycle (Cr) vs.
the log;o of the replicon copy numbers for the Topo-recombinant plasmid carrying the
p300_probe2 sequence (Fig 5.6a) had a slope of -3.357. This equates to amplification
efficiency for the reaction of 0.99. The standard curve was linear in the range tested (1
x 10° — 1 x 10° copies / pl; R*>0.99). A standard curve of the Cr vs. the log;o of the
fold dilution for the target (Fig. 5.6b) was also determined to ensure they were
approximately equal. The slope was 3.409 for the p300p2 target, which equates to an
amplification efficiency of 0.96 for the reaction. The standard curve was linear in the
range tested (1 X 10" — 1 x 10° DNA extract / reaction; R >0.99). Quantitative
analysis of BPc2 DNA revealed the replicon to be present in 1.24 x 10" +4.24 x 10’
copies in the tested sample (99% confidence) per 1.3 x 10'® + 1.75 x 10° copies of the
chromosome (99% confidence). This is equivalent to a BPc2 copy number of 0.95 +

0.37 copies per chromosome (99% confidence).
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Figure 5.4. Optimisation of qPCR reactions. Quantitative PCR reactions were optimised
for temperature (A) and MgCl, concentration (B). Optimal conditions were determined as
those producing the greatest amount of the desired qPCR product which was determined by
measuring the sum of the pixel density from the region of interest (ROI) using KODAK 1D
Image analysis software.
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Figure 5.5. Confirmation of qPCR amplification specificities of BPc2 primer set. Melting
peaks were examined for each set using as a template either the B. proteoclasticus total DNA
preparation (broken line) or the quantified Topo-recombinant plasmids carrying the target
sequence (solid line). Inset: Agarose gel-electrophoresis of the qPCR products. Lanes: L, the
1Kb+ ladder, lanes 2 and 3, 762 bp PCR-products obtained using as templates either (2)
quantified Topo-recombinant plasmids carrying the target sequence or (3) the total DNA
preparation.
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logy, plot of the copy number in each standard (A) or Threshold Cycle vs. Log;, fold dilution
(B) is shown. The slope, efficiency (E), and correlation (R?) are indicated next to their
respective slopes.
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5.13 Microarray analysis of BPc2 gene expression in mono-culture
versus in co-culture with M. ruminantium

BPc2 encodes a significant number of proteins annotated as having functions that
would affect the cell membrane or extracellular environment and consequently BPc2
may have a role in interspecies interactions. BPc2 encodes 50 membrane-spanning
proteins, 44 secreted proteins, four di-guanylate cyclase proteins (ORFs 7, 8, 65 and
249), an EAL-domain protein (207), a putative sortase B protein (ORF 247), a
putative band 7 protein (ORF 14) and a conserved hypothetical protein that contains a
cupin domain (ORF 178). BPc2 also possesses four two-component sensor kinase /
response regulator systems (ORFs 204 and 205, 220 and 221, 245 and 246, and 253).
All of these two-component systems have a predicted membrane spanning module in
the ORF encoding the histidine kinase component. Analysis of the microarray data
from the B. proteoclasticus mono-culture versus the B. proteoclasticus-M.
ruminantium co-culture, (Section 4.13), revealed 95% (224 of the 235 putative BPc2
ORFs, identified upon the BPc2 replicon at the time the microarray slides were
printed,18 ORFs were not included in the microarray analysis), were detected at a
significant pixel intensity (9,000 > 65,000). Of the genes analysed 26 ORFs (10%)
were found to be up-regulated greater than 2-fold with a false discovery rate (FDR)
less than 0.05 in the co-culture condition, while a further 12 (5%) were down-
regulated greater than 2-fold (FDR <0.05) (Table 5.6). Several genes, whose encoded
proteins could potentially influence the membrane or extracellular environment, were
found to be significantly up-regulated including six membrane-spanning proteins
(ORFs 44, 46, 59, 60, 76 and 234), four secreted proteins (ORFs 154, 156, 217 and
226), two di-guanylate cyclases (ORFs 7 and 8), and the band 7 protein (ORF 14).
The putative flagellar protein (ORF 60) is up-regulated during co-culture, as are many
of the flagellar proteins located on the main chromosome, as discussed previously.
The most significantly up-regulated gene are a putative ABC-transporter permease
protein (ORF 46, 11.5 fold) and it"s associated ATP-binding protein (ORF 45, 7.5
fold). A hypothetical membrane spanning-protein, contiguous with these genes (ORF
44), is also significantly up-regulated (3.5 fold). A putative extracellular solute-
binding protein found downstream of these ORFs was not found to be differentially
regulated (ORF 50; 1.01 fold). The substrate specificity of this up-regulated ABC-
transport system is not clear. Another ABC-transport system, with amino acid-

specificity, is also up-regulated. The extracellular amino acid-specific binding protein
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encoded by ORF 226 is up-regulated 2.88 fold, while its ATP-binding protein
component (ORF 224) falls narrowly below the significance threshold with 1.97 fold
up-regulation. Many of the genes that were down-regulated are involved in
carbohydrate metabolism, including an ABC-type sugar transport system (ORFs 240,
241, 242 and 244), Fuc29A (ORF 15), Ram78A (ORF 159) and Pel9A (ORF 191).
Analysis of the distribution of differential gene regulation around the replicon reveals
four clusters of genes that appear to be co-regulated (Fig. 5.7). The ABC-type
transport systems with sugar (down-regulated) or unknown (up-regulated) specificity
described above, are seen, along with a cluster of ORFs consisting of a hypothetical
protein upstream of two GNAT-family acetyltransferases (ORFs 123 to 124, down-
regulated), and another cluster consisting of a hypothetical protein that resides
between two hypothetical secreted protein (ORFs 154 to 156, up-regulated). The
extent of up- or down- regulation of ORFs within each cluster appears to differ

markedly suggesting they are not likely to be polycistronic.
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Table 5.6. Differential regulation of BPc2 ORFs during co-culture

ORF

46
45
156
14
234
32
155
44

136
40

226
59
154
217
60
33
29
252
135
38
76

Putative function

Up-regulated in co-culture

Putative ABC-transporter permease protein
ABC-transporter ATP-binding protein

Hypothetical secreted protein

Putative band-7 protein

Hypothetical membrane protein

Putative anaerobic ribonucleotide-triphosphate reductase
Hypothetical protein

Conserved transmembrane protein

Di-guanylate cyclase, GGDEF protein

HicB protein

Hypothetical protein containing UBA/TS-N domain
Di-guanylate cyclase, GGDEF protein
ABC-transporter amino acid binding protein
Conserved transmembrane protein

Hypothetical secreted protein

Hypothetical secreted protein

Putative flagellar protein

Anaerobic ribonucleotide-triphosphate reductase, NrdDC
Putative -lactamase

DNA-binding protein, HU

HicA protein

Hypothetical protein

Hypothetical transmembrane protein

Putative AAA+ ATPase

Conserved hypothetical protein

Fold

change

11.48
7.51
6.80
6.09
5.09
4.53
3.73
3.48
3.26
3.25
2.93
2.88
2.88
2.84
2.58
2.47
242
2.41
231
2.28
2.26
2.12
2.07
2.07
2.03

FDR

3.2x10*
1.2x107
5.2x10™
1.8 x107
3.5x10
1.7x107
1.9x107
1.9x107
43x107°
5.2x10™
2 x107

1.3x107
3.0x107
3.1x107
2.4x107
8.6x10™
1.1x107
1.5x107
7.6 x10™
6.3x107
1.9x107
3.0x107
4.4x107°
1.4x107
2.2x107
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240
241
122
244
242
159
124
52
89
191
54
15

Down-regulated in co-culture

ABC-transporter sugar-binding protein
Sugar ABC-transporter permease protein
Hypothetical protein

ABC-transporter sugar-binding protein
Sugar ABC-transporter permease protein
Putative a-L-rhamnosidase, Ram78A
Putative GNAT-family acetyltransferase
Conserved hypothetical protein
IS200-family transposase, TnpCB
Pectate lyase, Pel9A

Acyl-carrier protein phosphodiesterase

o-L-fucosidase, Fuc29A

8.28
4.95
3.75
3.32
2.83
2.78
2.74
2.63
2.54
2.38
2.25
2.21

6.3 x10™
3.2x10*
3.1x107
1.4 x10°
4.0x107
7.0x107
6.4 x10™
1.7 x107
9.7 x107
1.4x10™*
8.5x107
4.4x107°
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Figure 5.7. Differential regulation of BPc2-located genes during co-culture of B.. proteoclasticus with M. ruminantium. The
differential regulation of gene transcripts, for ORFs of BPc2 as determined by microarray analysis. Red bars show the significance
threshold (a 2-fold expression difference).
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5.14 Distribution of rRNA operons in the Butyrivibrio assemblage

The 10 strains from the Butyrivibrio / Pseudobutyrivibrio assemblage that were
found to have multi-replicon genomes were analysed by Southern blot analysis
using a 209 bp amplicon corresponding to nucleotides 510 — 719 of the 165 rRNA
gene from B. proteoclasticus. The resulting image revealed no hybridisation to any

of the megaplasmid-like replicons other than BPc2 (Fig. 5.8).
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Fig. 5.8. Distribution of rRNA operons among megaplasmid-like replicons in
Butyrivibrio / Pseudobutyrivibrio spp. (a) PFGE images of uncut whole genomic DNA
extracts from strains of the Butyrivibrio / Pseudobutyrivibrio assemblage found to possess
megaplasmid-like replicons. These include from left to right B. proteoclasticus strains B316"
and UC142, B. fibrisolvens strains D1 and C211, B. hungatei strains JK615, A38 and C219,
P. ruminis strain DSM9787, P. xylanivorans strain Ce52 and Butyrivibrio sp. JK619 (B)

Southern blots of the above gel was probed using an amplicon derived from the BPc2 16S
rRNA gene.
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5.15 Discussion

5.15.1 BPc2 replication

The locus identified as most likely to contain the BPc2 oriR encompasses ORFs
encoding the RepB and ParA proteins. Unlike pCY 360, where the oriR is predicted to
reside upstream of both repB and parA, the BPc2 oriR is predicted to reside in a large
intergenic region between these two divergently transcribed ORFs. This intergenic
region contains a large number of elements, including direct (DR1 and DR?2), inverted
(IR1) and inverse (IVR1) repeats, that are capable of forming various secondary
structures along with eleven potential dna4 boxes. The large size of this intergenic
region, coupled with the divergent nature of the ORFs surrounding it initially
suggested it likely contained the BPc2 oriR. The secondary structures, dnad box
candidates and the AT-rich nature of the region further support this assertion. The
region contains a 366 bp sequence that exhibits significant nucleotide identity to the
putative oriR of both B. fibrisolvens plasmid, pRJF1 and the co-resident pCY360.
This, along with the significant amino acid identity between the BPc2 and pCY360
RepB protein, suggests BPc2 also replicates via a theta mode (del Solar et al., 1998).
However, third-position GC skew analysis, and the even distribution of ORFs on both

DNA strands suggests, that BPc2 utilises a bidirectional replication mode.

5.15.2 BPc2 is a secondary chromosome

Several features of the BPc2 replicon distinguish it from the two megaplasmids,
pCY360 and pCY186 (described in Chapters 4 and 6 respectively). Firstly, BPc2
encodes two complete ribosomal RNA operons and two transfer RNAs. Excluding the
major chromosomes of bacteria, relatively few replicons have been described as
possessing non-coding translational machinery. A number of examples are found in
Gram-negative bacteria, almost exclusively from the o, 3 and y classes of the
Proteobacterial phyla (Chain et al., 2006; Pohlmann et al., 2006; Suwanto and
Kaplan, 1989). The only other Gram-positive example is D. radiodurans, which
encodes a secondary chromosome that lacks an rRNA operon but possesses a single
methionine tRNA (White ef al., 1999). In most instances, replicons possessing rRNA

operons are designated as secondary chromosomes, although these replicons often
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possess chromosomal characteristics other than the translational machinery (see

Choudhary et al., 1997 and Komatsu ef al., 2003 for examples).

Secondly, the vast majority of the ORFs assigned to BPc2 show sufficient amino acid
sequence similarity to proteins of known or predicted function, enabling a putative
function to be assigned. The proportion of ORFs unable to be assigned a function is

almost identical to that seen on major chromosome.

Thirdly, BPc2 exists as a single copy per chromosome. This is consistent with the
observations of Egan et al. (2004) who found the replication of the Vibrio cholerae
secondary chromosome was co-ordinated with that of the major chromosome, and
consequently to the cell-cycle. Thus secondary chromosome replication appears
distinct from the replication of megaplasmids which are believed to replicate

autonomously and independent from the chromosome (del Solar et al., 1998).

Fourthly, unlike pCY186, BPc2 is unable to be cured from B. proteoclasticus,
suggesting a function or functions encoded by BPc2 are indispensible. Also unlike

pCY360, no TA operon is evident in BPc2.

Several BPc2 genes may be essential for B. proteoclasticus viability including two
genes described in the Bacterial Minimal Gene Set (acpD and the peptide methionine
sulfoxide reductase genes), genes essential for the uptake and biosynthesis of NAD
(pnuC and nadR), or biotin (bioY), the only copy of fumarate reductase and a raft of
enzymes that enhance the metabolic capabilities of B. proteoclasticus. Collectively
these observations satisfy all current definitions of a secondary chromosome
(Bartosik et al., 2002, Ng et al., 1998, Jumas-Bilak et al., 1998, Ochman, 2002) with
the exception of size (Schwartz & Friedrich, 2001). No other auxiliary replicon of the
Butyrivibrio assemblage was found to possess a 165 rRNA suggesting that this

feature is unique to B. proteoclasticus B316".

5.15.3 The role of BPc2 in energy metabolism
Six clusters of BPc2 ORFs are dedicated to energy metabolism, chemotaxis, cellular
detoxification and cofactor uptake and metabolism. Energy metabolism appears to be

the predominant role of BPc2, with 21% of its ORFs having roles in the reduction,
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oxidation, uptake or breakdown of either peptides, amino acids, complex
polysaccharides, simple sugars, nucleotides, fumarate or aldehydes. These ORFs form
three distinct clusters, although each cluster does not conform to a single type of
energy metabolism. Other megaplasmid-sized replicons of Gram-positive bacteria
have previously been described as having significant roles in energy metabolism
including pREL1 and pREC1 of Rhodococcus erythropolis PR4 (alcohol and fatty

acid metabolism, respectively; Sekine et al., 2006).

The breakdown of glycosidic bonds within polysaccharides is mediated by enzymes
known as glycoside hydrolases (GHs). There are numerous types of GHs, necessitated
by the extensive variety in stereochemistry of carbohydrates (Geremia et al., 1996,
Henrissat, 1991, Henrissat & Bairoch, 1993). They are grouped into approximately
100 families based on amino acid sequence identity (CAZY website, www.cazy.org).
BPc2 encodes 13 GH enzymes each from a different GH-family. Three of these GH
activities, Fuc29A, Man38A, and Man2A, are not encoded elsewhere in the B.
proteoclasticus genome. Fuc29A, a GH29-family enzyme, is found in plants,
vertebrates and bacteria, and particularly bacteria that colonise a mammalian host. It
is an exoglycosidase capable of cleaving o-linked L-fucose residues from glycol-
conjugates, in which the most common linkages are to galactose or N-
acetylglucosamine residues. Man38A, a GH38-family enzyme, hydrolyses terminal,
non-reducing o-D-mannose residues in o-D-mannosides. Man2A, is a GH2-family
enzyme, which hydrolyses [-mannose-1-4-N-acetylglucosamine linkages releasing
mannose-oligosaccharides and chitobiose. All of these enzymes, along with LacZA
and Bhx3B (homologues of which are also encoded on the major chromosome) are
required for the catabolism of N-glycans released during the degradation of
glycoproteins. In organisms that inhabit the mammalian intestinal tract it is speculated
that the presence of an N-glycan-degrading pathway may allow the bacterium to
degrade glycosylated proteins secreted from the epithelium (Zwierz et al., 1981,
Ruas-Madiedo et al., 2008, Argueso & Gipson, 2006). While B. proteoclasticus may
be capable of performing a similar role in the gastrointestinal tract of the ruminant
host, the rumen itself is a non-secreting organ. Therefore it is more likely, in this
environment, that these enzymes are involved in the degradation of plant

polysaccharides where mannose and fucose are abundant (de La Torre ef al., 2002). B.
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proteoclasticus also possesses fucose and mannose up-take systems and it is believed
the organism may import and utilise these sugars in exopolysaccharide production, as
previously observed in other bacterial species (Sutherland & Wilkinson, 1968,
Bramhachari et al., 2007, Kosenko & Mal'tseva, 1984). Therefore Fuc29A, Man38A

and Man2A may be involved in providing and recycling exopolysaccharide material.

Aside from Pul13A and Bgl3B, all BPc2-encoded GH enzymes lack secretory signals
or transmembrane helices, suggesting they act within the cell. B. proteoclasticus
encodes more than 20 ABC-transport systems identified as being involved in the
uptake of sugars or polysaccharides. ABC-transport systems couple ATP-hydrolysis
to the importation (or export) of a specific substrate. Substrates are recognised by the
substrate binding-protein, which acts on the outside of the cell to capture the substrate
with high affinity and deliver it to the cognate transport system. BPc2 encodes a
single sugar ABC-transporter system, but encompasses three substrate-binding
proteins which is unusual and may indicate the system is capable of transporting
multiple sugars. Once simple six-carbon sugars are transported into the cell, they are
phosphorylated to prevent their escape, by hexokinase-like enzymes. BPc2 encodes a
ROK-family glucokinase, which catalyses the phosphorylation of glucose to give
glucose-6-phosphate. Glucose-6-phosphate can be further metabolised by the pentose-
phosphate or glycolytic pathways. The pentose-phosphate pathway provides reducing
power in the form of reduced nicotinamide adenine di-nucleotide phosphate
(NADPH) and ribose-5-phosphate, an intermediate for the formation of amino acids,
vitamins, nucleotides, and cell wall constituents (Sprenger, 1995). BPc2 participates
in the pentose-phosphate pathway by contributing one of three RpiB proteins encoded
by B. proteoclasticus. RpiB reversibly catalyses the conversion of ribose-5-phosphate
to ribulose-5-phosphate, an essential reaction in the oxidative phase of the pentose-
phosphate pathway. The forward reaction of RpiB additionally provides intermediates
for glycolysis. The reverse reaction provides the final step in the transformation of
glucose 6-phosphate to ribose 5-phosphate, which is essential to the synthesis of

nucleotides and several cofactors (Zhang et al., 2003).

Glucose-6-phosphate molecules can alternatively be catabolised, via glycolysis, to
pyruvate, producing ATP either directly or through anaerobic respiration (Stryer,
1995; Unden and Bongaerts, 1997). BPc2 contributes directly to glycolysis by

205



encoding one of eight phosphoglycerate mutase enzymes produced by B.
proteoclasticus. This enzyme catalyses step eight of the glycolytic pathway
converting 3-phosphoglycerate to 2-phosphoglycerate. The enzymes ManA and
glucosamine-6-phosphate  isomerase, encoded by BPc2, enable carbon-6-
phosphorylated intermediates of mannose and glucosamine monosaccharides,
respectively, to enter the glycolytic pathway. ManA and the glucosamine-6-phosphate
isomerase convert mannose-6-phosphate or glucosamine-6-phosphate, respectively, to
fructose-6-phosphate, the second intermediate in the glycolysis pathway. A third
sugar-phosphate isomerase is encoded by BPc2, however, its sugar-specificity is
unclear. Another BPc2-encoded enzyme, Cbp94A, degrades cellobiose to a-D-
glucose-1-phosphate and D-glucose, both of which can readily be metabolised to
glucose-6-phosphate (Alexander, 1968).

Following glycolysis, the uniquely, BPc2-encoded phosphate acetyltransferase,
catalyses the transfer of the acetyl-group from acetyl-CoA to a phosphate molecule
forming acetyl-phosphate and CoA. This enzyme plays an important role in the
catabolism of pyruvate through to acetate (Fedorov et al., 2006, Bock & Schonheit,
1995). Acetyl-phosphate is subsequently converted, by an acylphosphatase, to acetate
in the final ATP-yielding step. Phosphate acetyltransferase also plays a role in the
catabolism of propionate, where it is thought to convert propionyl-CoA to propionyl-
phosphate (Palacios et al., 2003). Therefore, the activity of this enzyme may influence
the ratio of volatile fatty acids (VFA) produced in B. proteoclasticus. This is
consistent with VFA products released by B. proteoclasticus in Complete
Carbohydrate medium which were 1.4 mM acetate : 1.2 mM propionate (Attwood et
al., 1996).

5.154 The contribution of BPc2 to nitrogen metabolism

The greatest source of nitrogen available to rumen bacteria is in the form of plant
protein. The metabolism of protein nitrogen initially involves the degradation of
polypeptides, typically by membrane-bound proteases (Brock et al., 1982) releasing
shorter oligopeptides and amino acids. BPc2 uniquely encodes a Rhomboid-family
protein that forms a membrane-located serine protease. Rhomboid-family proteases

cleave peptide bonds through nucleophilic attack of a serine hydroxyl group on the
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scissile carbonyl bond, releasing peptides and amino acids. These peptides and amino
acids can then be transported into the cell by specific transporters and BPc2 encodes
two complete ABC-transporter systems involved in this process. One of these ABC-
transporters is dedicated to the uptake of oligopeptides, while the other is involved in
the importation of amino acids. BPc2 also encodes two proteins that resemble ABC-
type permease components involved in amino acid uptake. However, this system
lacks an identifiable substrate-binding component and these ORFs reside more than
10 Kb from the nearest potentially cognate ATP-binding component. Once inside the
cell peptides may be further degraded to amino acids by various peptidases; numerous
examples exist upon the major chromosome. Amino acids can then be incorporated
into freshly synthesised protein or further degraded to volatile fatty acids, CO,, and
ammonia (Bach et al., 2005). BPc2 encodes enzymes involved in both the catabolic
degradation of oligopeptides (a putative clostripain endopeptidase), and the hydrolysis
of amino acids (AnsA). AnsA is present only on BPc2, and catalyses the hydrolysis of
L-asparagine to L-aspartate with the release of ammonia. B. proteoclasticus encodes
the enzymatic systems that are able to metabolise L-aspartate to form L-lysine or L-
methionine, or the organic compounds oxaloacetate or fumarate, which are important

to the processes of gluconeogenesis and anaerobic respiration respectively.

Nucleotides can also provide an alternate source of nitrogen for bacteria (Thwaites et
al., 1979, Wang & Lampen, 1952, Campbell, 1957). BPc2 encodes a putative 5
nucleotidase, and two NUDIX-family proteins, that potentially contribute to nitrogen
metabolism through the degradation of nucleic acids. 5'-nucleotidases are membrane-
bound enzymes that catalyze the extracellular hydrolysis of the phosphate esterified at
carbon 5' of the ribose and deoxyribose portions of nucleotide molecules producing
their nucleoside derivatives (Zimmermann, 1992). The resulting nucleosides are able
to be transported into the cell where they can be further degraded, firstly by
nucleoside phosphorylases, releasing their nitrogenous bases, then by nucleobase
deaminases, releasing ammonia. Several nucleoside phosphorylases and nucleobase
deaminases are encoded upon the B. proteoclasticus major chromosome along with an
uptake system for uracil and xanthine. The function of the NUDIX- (nucleoside
diphosphate linked to another moiety, X)-family proteins is unclear. These proteins
include a diverse range of enzymes that are grouped by their ability to hydrolyse

nucleoside diphosphate derivatives, including deoxynucleoside di- or tri- phosphates
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(Buchko et al., 2008), nucleotide sugars, and dinucleoside polyphosphates (Bessman
et al., 1996). At this time, no evidence exists to demonstrate the ability of B.
proteoclasticus to catabolise nucleic acids for the production of nitrogen, however the
systems appear to be present and nucleic acids are known to be abundant within the
rumen (Arambel ef al., 1982). These enzymes may also have an anabolic role in the

scavenging and / or recycling of nucleic acids.

5.15.5 BPc2 encoded genes involved in other forms of energy metabolism

BPc2 encodes an iron-containing alcohol dehydrogenase and fumarate reductase,
FccA, both of which have potential roles in energy metabolism. The iron-containing
alcohol dehydrogenase is one of three alcohol-dehydrogenases encoded by B.
proteoclasticus. Despite the name, these enzymes appear to preferentially catalyse the
reverse reaction in bacteria, reducing aldehydes to alcohols and thereby recycling
NAD" (Mackenzie et al., 1989, Ying et al., 2007, Ma & Adams, 1999, Chen, 1995).
The production of primary and/or secondary alcohols as a by-product of fermentation
by B. proteoclasticus has not been tested but the production of small amounts of
ethanol have been observed in other Butyrivibrio species under carbohydrate-limiting
conditions (Strobel, 1994). FccA, catalyses the reduction of fumarate to succinate
(Maier et al., 2003). The enzyme is occasionally found to also catalyse the reverse
reaction and in such cases is thought to play a role in the degradation of benzoate
(Ampe et al., 1997). Fumarate reductase is essential to anaerobic respiration when
utilising fumarate as the terminal electron acceptor (Iverson et al., 1999). Butyrivibrio
species are known to obtain ATP via electron-transport-mediated processes (Dawson
et al., 1979) and all essential components appear to be accounted for within the B.
proteoclasticus genome (Dawson et al, 1979). However, fumarate respiration
probably plays a limited role as fumarate has the lowest electrochemical potential of
all possible terminal electron acceptors, and is therefore typically only utilised when
other potential anoxic terminal electron acceptors, (e.g. nitrate, sulphate, dimethyl
sulphoxide), are in limited supply (Unden & Bongaerts, 1997). Also, electron-
transport-mediated ATP-generation is believed to account for less than half of all
ATP generation in Butyrivibrio species (Dawson et al., 1979).  Nevertheless,
numerous rumen bacteria, including Fibrobacter succinogenes, Selenomonas
ruminantium, Veillonella parvula, Ruminococcus albus, Prevotella ruminicola, and

Anaerovibrio lipolytica have previously been shown to utilise fumarate (Asanuma &
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Hino, 2000). This process in some, but not all, rumen-bacteria is coupled to the
oxidation of Hj, suggesting its use as the terminal electron acceptor. The oxidation of
H, during fumarate respiration has been proposed to be important in reducing H,
partial pressures, which can be inhibitory to anaerobic fibre-degradation by rumen

bacteria (Russell, 1987, Chung, 1976).

5.15.6 The role of BPc2 in cellular homeostasis

BPc2 appears to have a significant role in cellular homeostasis, encoding nine
proteins that potentially extrude or degrade a wide assortment of potentially toxic
compounds (Table 5.2). BPc2 encodes two ABC-type efflux permeases of
unknown specificity, and three multidrug and toxin extrusion-family proteins
(MatEA, MatEB and MatEC). ABC-efflux permeases are typically involved in the
removal of specific toxic compounds from the cell (Schluter et al., 2007; Schouten
et al., 2008). MatE proteins are membrane-bound transporters that utilise either
sodium (Long et al., 2008) or proton (He ef al., 2004) gradients to extrude a broad
range of antimicrobial substrates (He et al., 2004, Morita et al., 1998) including
intercalating agents such as ethidium bromide, antiseptics such as acriflavin,;
antibiotics such as novobiocin, doxorubicin and a number of aminoglycosides,
monovalent and divalent biocides, fluoroquinolones, the isoquinoline berberine;
and lipophilic quaternary compounds such as tetraphenylphosphonium (Kaatz et
al., 2005, Long et al., 2008, Begum et al., 2005, He et al., 2004). Two of the MatE
proteins are found close to the replication origin, suggesting their functions are of
significant importance to B. proteoclasticus (Mira & Ochman, 2002, Horimoto et
al., 2001, Liu & Sanderson, 1996). The CrcB protein is implicated along with
CrcA and a cold shock protein homologue, in resistance to the chromosome-
decondensation effects elicited by the terpene, camphor (Hu et al., 1996). While
cold shock protein-homologues are present on all replicons except BPc2, no CrcA
homologues are evident within the genome, therefore the role of CrcB is uncertain
and its placement within the detoxification category is tentative. Likewise, the
penicillin-binding protein and the -lactamase encoded by BPc2 may have roles in
the breakdown of B-lactam antibiotics. Homologues of each of these proteins are
known to contribute to the biosynthesis and recycling of the peptidoglycan
component of bacterial cell walls (Goffin & Ghuysen, 1998, Park & Uehara,
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2008), although peptidoglycan recycling is currently thought to only occur in
Gram-negative species (Park, 1995). Many of the detoxification genes reside in a
28 Kb locus that also encodes three multiple-antibiotic resistance (MarR)-family
transcriptional regulators and two putative GNAT-family acetyltransferases (Fig.
5.2 D1). MarR-family transcriptional regulators are typically ligand-sensing
transcriptional repressors, which, in the absence of ligand, bind to the -35, -10
and/or ribosome binding sites of regulated genes. The marR gene is typically
located within the cluster of genes it regulates and is predominantly autoregulatory.
MarR regulators are not confined to the regulation of genes involved in
antimicrobial resistance and have been implicated in the control of virulence factor
production, response to oxidative stresses and the catabolism of aromatic
compounds. One of the MarR-family transcriptional regulators is found just
upstream of matEB and the putative GNAT-family acetyltransferase. A MarR
homologue has previously been shown to regulate matE in Staphylococcus aureus
(Kaatz et al., 2005), while various other homologues are known to regulate multi-
substrate efflux systems implicated in multiple antimicrobial resistances in a wide
assortment of bacteria (Poole et al., 1996, Srikumar et al., 2000, Lomovskaya et
al., 1995, Lee et al., 2003). GNAT- (Gen5-related N)-family acetyltransferases are
a large and diverse-family that catalyse the transfer of an acetyl group from acetyl-
coA to different substrates (Vetting et al., 2005). One of the GNAT-family
acetyltransferase proteins encoded within the central detoxification locus, and
mentioned above, shows significant sequence identity to a phosphinothricin N-
acetyltransferase from Bacillus halodurans which is implicated in the inactivation
of the glutamine-synthase inhibitor, phosphinothricin. Phosphinothricin is derived
from the degradation of phosphinothricyl-alanyl-alanine, a tripeptide produced by
aerobic soil-colonizing bacteria of the genus Streptomyces (Bayer et al., 1972, Seto
et al., 1982) and is used as the active component in several broad-spectrum
herbicides. Collectively these genes are likely to enhance the tolerance of B.

proteoclasticus toward a broad range of antimicrobial molecules.
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5.15.7 Chemotaxis and flagella-related proteins

B. proteoclasticus possesses a single sub-terminal flagellum, yet it is non-motile in
broth cultures (Attwood et al., 1996). The reason for this apparent anomaly is
believed to be due the presence of a feruloyl esterase gene that disrupts the flagellar
biosynthetic gene cluster resulting in a non-functional flagellum. B. proteoclasticus
also encodes a large number of proteins involved in chemotaxis. While most of the
proteins dedicated to flagellar biosynthesis and chemotactic motility are encoded by
the major chromosome, BPc2 encodes a putative flagellar protein and the chemotaxis
proteins CheA, CheW, CheY and McpD, all of which have homologues on the major
chromosome. CheA, CheY and CheW act as a signal transduction system analogous
to the two component regulatory systems common to bacteria. CheA, the sensor-
histidine kinase, associates with CheW and trans-membrane-located chemoreceptors,
such as McpD. In the presence of chemoreceptor-specific substrate, CheA
autophosphorylates then transfers its phosphate to the response regulator CheY
(Stewart, 1997, Kentner & Sourjik, 2006, Lux et al., 1995). Phosphorylated CheY
then diffuses to the flagellar motor where it acts as an allosteric regulator to promote
rotation (Sourjik & Berg, 2002, Alon et al, 1998). This process requires the
hydrolysis of ATP and is therefore an energy-consuming process, which is apparently
futile if it does not result in cell motility. It therefore seems likely that the loss of
motility in B. proteoclasticus is a recent event. If this is correct, BPc2 may have
contributed to cell chemotaxis in the past and may still play a minor role in flagellar

biosynthesis.
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5.15.8 Vitamin and cofactor uptake and metabolism

BPc2 encodes ten proteins annotated to be associated with the uptake and biosynthesis
of various cofactors, including CorAA, PnuC, NadR BioY, an acyl-carrier protein
phosphodiesterase and a putative glutaredoxin. While other systems can substitute for
CorAA in the acquisition of cobalt and magnesium, the ability to scavenge exogenous
biotin or nicotinamide riboside, (an essential precursor for NAD), appear to be
conferred only by BPc2. PnuC acts as an uptake permease specific for nicotinamide
riboside (Grose et al., 2005, Sauer et al., 2004), while nadR encodes a nicotinamide
riboside kinase and adenylyltransferase, which converts imported nicotinamide
riboside to nicotinamide mononucleotide, thereby preventing its escape from the cell.
NadR can convert nicotinamide mononucleotide to NAD, although this is also
performed by NadD and NadE (Kurnasov et al., 2002, Singh et al., 2002, Grose et al.,
2005), two enzymes encoded by the major chromosome. The cofactor NAD" and it‘s
reduced- (NADH) and phosphorylated- (NADP and NADPH) derivatives are essential
electron carriers implicated in numerous catabolic and biosynthetic redox reactions
(Magalhaes et al., 2008; Joyner and Baldwin, 1966). Collectively, PnuC and NadR
are essential for the biosynthesis of NAD via the pyridine recycling pathway
(Kurnasov et al., 2002). The B. proteoclasticus genome lacks homologues of nadA,
nadC and pncA. NadA and NadC are each critical to the de-novo biosynthesis of
NAD, while PncA is critical to another known, but poorly elucidated, scavenging and
recycling pathway (Foster et al., 1979, Grose et al., 2005). The NadR-PnuC pathway
appears to be one of only two pathways available to B. proteoclasticus for NAD

biosynthesis, the other involving the conversion of glutamate.

B. proteoclasticus appears to be dependent upon the BPc2-encoded BioY for the
provision of biotin. BioY appears to encode a high capacity biotin importer (Hebbeln
et al., 2007) and can presumably satisfy the biotin requirements of B. proteoclasticus
through the uptake of exogenous biotin. Analysis of the B. proteoclasticus genome
sequence reveals an absence of bioA, bioB and bioD homologues and shows the
presence of an o/ hydrolase with only weak similarity to bioF. All four enzymes
(BioA, B, D, and F) are required for the de-novo biosynthesis of biotin (Krell &
Eisenberg, 1970, Ploux & Marquet, 1992, Eisenberg & Krell, 1969, Ohsawa et al.,

1989). The requirement of exogenous biotin has been reported previously for a
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Butyrivibrio species (Wachenheim & Patterson, 1992). A gene that encodes the
bifunctional protein, biotin-acetyl-CoA-carboxylase ligase / biotin operon regulator,
birAA, resides directly upstream of bioY. In characterised systems, BirA-homologues
negatively regulate the biotin biosynthesis operon and are responsible for the
biotinylation of various biotin-dependent carboxylase enzymes including acetyl-CoA-
carboxylase and pyruvate carboxylase, both of which are present on the B.
proteoclasticus major chromosome (Bower et al., 1995, Campbell et al., 1980).
These carboxylase enzymes utilize biotin as a cofactor in a number of important
biological processes including gluconeogenesis, the metabolism of fatty acids, amino-
acids and carbon dioxide fixation (Gavin & Umbreit, 1965, Hartman, 1970, Renner &
Bernlohr, 1972). Another BPc2-encoded enzyme potentially implicated in fatty acid
metabolism is the putative acyl carrier protein phosphodiesterase. Acyl carrier protein
phosphodiesterases catalyze the hydrolytic cleavage of the 4'-phosphopantetheine
residue from the prosthetic group of an acyl carrier protein, a cofactor in fatty acid
biosynthesis. The gene encoding the acyl carrier protein phosphodiesterase is listed in
the Bacterial Minimal Gene Set. Glutaredoxin is a small redox enzyme, best
characterised as a hydrogen donor to aerobic ribonucleotide reductases (Holmgren,
1976). The entire glutaredoxin system, which additionally consists of glutathione and
glutathione reductase, is not common to Gram positive organisms and is less common
in obligate anaerobes (Fahey et al., 1978). In these organisms the function of the
glutaredoxin system is able to be replaced by the thioredoxin system (Rocha et al.,
2007). Analysis shows the B. proteoclasticus genome to be auxotrophic for
glutathione reductase, yet encode all required components of a thioredoxin system.
Therefore the presence of a glutaredoxin-like gene upon BPc2 is unusual and its
encoded protein is unlikely to fulfil the archetypical glutaredoxin role. BPc2 also
encodes a 6,7-dimethyl-8-ribityllumazine synthase pseudogene. In its native form 6,7-
dimethyl-8-ribityllumazine synthase condenses 5-amino-6-ribitylamino-2,4(1H,3H)-
pyrimidinedione with 3,4-dihydroxy-2-butanone 4-phosphate to give 6,7-dimethyl-8-

ribityllumazine, a precursor in the biosynthesis of riboflavin (vitamin By).
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5.15.9 Other genes unique to BPc2

BPc2 also encodes a peptide methionine sulfoxide reductase, MsrA and an RNA 2
phosphotransferase, KptA. MsrA is described in the bacterial minimal gene set and
catalyses the reduction of free or protein-bound methionine sulfoxides, which occur
due to exposure to reactive oxygen or nitrogen species during aerobic metabolism.
The MsrA enzyme is highly conserved among obligate anaerobes and in
endosymbiotic bacteria, and in these systems it may reduce exogenous methionine
that has been oxidized by host-released reactive oxygen species (Brot et al., 1981,
Ezraty et al., 2005, St John et al., 2001, Alamuri & Maier, 2004). MsrA also has
activity against several other sulphoxide compounds and msrd expression in
Ochrobactrum anthropi is up-regulated during growth in the presence of phenolic
compounds (Tamburro et al., 2001) indicating it may have an additional role in

cellular detoxification.

KptA is homologous to Tptl of Saccharomyces cerevisiae (Spinelli et al., 1998)
which transfers the 2“-phosphate from tRNA to NAD in the final step of tRNA
splicing (Culver et al., 1997). However, as tRNA splicing is not known to occur in
bacteria, the function of this enzyme in B. proteoclasticus is unclear. Phylogenetic
analysis of the enzyme shows no evidence of a lateral acquisition event by bacteria,
suggesting the enzyme has an analogous role in bacteria (Spinelli et al., 1998).
Mutational inactivation of kptA4 in E. coli is not lethal, unlike in yeast, therefore the
importance of this process is uncertain (Spinelli et al., 1998, Culver et al., 1997).
KptA may interact with the pCY360-encoded APPR-1-P processing enzyme (ORF
22) which catalyzes the conversion of ADP-ribose-1““monophosphate, a hydrolysed
derivative of ADP-ribose-1°-2"““cyclic phosphate which is produced in the final step
of tRNA splicing, to ADP-ribose (Kumaran et al., 2005).

214



5.15.10 Microarray analysis of BPc2 gene expression during co-culture of
B. proteoclasticus with a rumen methanogen
B. proteoclasticus was grown as a mono-culture or in co-culture with the
methanogenic archaeon M. ruminantium and changes in gene transcript levels
between the two conditions were analysed by microarrays. The microarray data
supported the transcription of 224 (95%) of the BPc2 ORFs present on the array. Of
these, 38 were found to be regulated significantly differently between the two
conditions. Most of the up-regulated ORFs were unable to be ascribed a function,
suggesting that one or more biological processes occurring during this interaction are
either poorly described or undertaken by unique enzymes acting in known pathways
in B. proteoclasticus. The majority of the up-regulated hypothetical or conserved
hypothetical proteins are predicted to span the membrane or to be secreted from the
cell, suggesting they may interact directly with M. ruminantium. Three further
significantly up-regulated ORFs encode proteins that are likely to have a significant
impact on the B. proteoclasticus membrane, including a band-7 protein homologue
and two di-guanylate cyclase (GGDEF) proteins. The band-7 protein is homologous
to an integral membrane protein, common within eukaryotes, that is thought to
regulate cation conductance (Lande et al., 1982), while a homologue in Bacillus
halodurans was up-regulated under alkaline conditions (Zhang et al., 2005). Di-
guanylate cyclise enzymes synthesise the secondary messenger, 3“-5“-cyclic di-
guanylate monophosphate (di-GMP). Di-GMP acts antagonistically with
phosphodiesterase A, (a member of the EAL-domain-family), to regulate intracellular
di-GMP levels (Simm et al., 2004). Increased intracellular levels of di-GMP has been
implicated in the allosteric activation of enzymes involved in exopolysaccharide
biosynthesis leading to increased biofilm formation (D'Argenio & Miller, 2004,
Gjermansen et al., 2006, Kim & McCarter, 2007). Consistent with this finding,
exopolysaccharide biosynthesis genes appear to be up-regulated by B. proteoclasticus
during co-culture. Genes implicated in flagellar formation are also up-regulated
during co-culture, including the putative flagellar protein-encoding ORF of BPc2.
Flagellar are known to play a significant, and occasionally essential, role in biofilm
formation (Pratt & Kolter, 1998, Gavin et al., 2002, O'Toole & Kolter, 1998).
Together with exopolysaccharides, flagellar are likely to contribute to the formation
of the B. proteoclasticus — M. ruminantium co-aggregates observed during co-culture

(Fig. 4.11). Three genes, hicA, hicB and the gene encoding the DNA-binding protein,

215



HU were found to be up-regulated on BPc2. HicA has a double-stranded RNA-
binding domain and HicB possesses a partial RNase H fold (Makarova et al., 2006)
which suggests they may have roles in RNA metabolism. The DNA-binding protein
HU, is a histone-like non-specific DNA-binding protein that affects nucleoid
condensation (Endo et al., 2002) and consequently transcriptional capacity. An
increase in the amount of HU would theoretically result in a more condensed, and
consequently less transcriptionally active, DNA molecule. HU orthologues are also
present upon the major chromosome and pCY 186, however, neither were identified
by GLIMMER analysis of the draft genome sequence and therefore probes to these
genes were not included on the microarray slides. Most of the BPc2-encoded ORFs
found to be significantly down-regulated have roles in carbohydrate metabolism. This
includes ORFs encoding the enzymes Ram78A, Pel9A and Fuc29A along with most
components of the sugar-specific ABC-transport system. This is consistent with the
overall B. proteoclasticus transcriptome profile that shows transcriptional repression
of genes encoding polysaccharide-degrading enzymes and sugar-specific ABC-
transport systems (Section 4.13.2). Their repression may be mediated by catabolite
repression invoked by the wup-regulation of several components of the
phosphoenolpyruvate-phosphotransferase (PTS) system, encoded by the major
chromosome. The PTS system is a multi-component transport system, specific for
simple sugars, that is implicated in various regulatory roles, including catabolite
repression. The carbon substrate supplied to B. proteoclasticus in both mono- and co-
cultures was xylan, which is degraded mainly to the monosaccharides, xylose and
arabinose, neither of which are typical PTS substrates. However, genes encoding PTS
system components have previously been shown to be co-regulated with genes
involved in exopolysaccharide biosynthesis and mutagenic disruption of several PTS
genes has been shown to inhibit biofilm formation (Houot & Watnick, 2008, Moorthy
& Watnick, 2005, Knobloch et al., 2003). Furthermore, the induction of the PTS
system and concomitant down-regulation of sugar-importation and polysaccharide-
degrading systems may be a general biofilm response. In the rumen, B.
proteoclasticus is likely to exist in a biofilm, associated with other rumen
microorganisms. Under these circumstances one would expect a variety of sugars,
principally, glucose, xylose and arabinose would be released through the hydrolysis
of plant celluloses and hemicelluloses (Matulova et al., 2008, Thurston et al., 1993).

Therefore, it would be an advantage, energetically, to use an available substrate such
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as glucose first rather than synthesize a range of polysaccharide-degrading enzymes
to release fermentable sugars from plant material. The down-regulated genes that
encode Ram78A, Pel9A and Fuc29A enzymes, are all involved in the degradation of
common constituents of bacterial biofilms (Ratto et al., 2005). This may be to prevent
the futile-degradation of exopolysaccharides produced by B. proteoclasticus in the

co-culture, which appear to function to enhance interspecies aggregation.

The BPc2 gene encoding the acyl-carrier protein phosphodiesterase is down-regulated
in the co-culture, as are the chromosomally-encoded acyl carrier protein and many of
the enzymes involved in fatty acid synthesis. The transcriptional repression of genes,
or their encoded enzymes, involved in fatty acid synthesis has been observed
previously and is thought to result in an altered membrane composition and
consequential reduction in hydrophobicity. It has also been shown that biofilm-
associated cells tend to be more hydrophilic than their planktonic equivalents (Allison
et al., 1990). Previous studies have found cells can detach from a biofilm surface
through the increase in hydrophobicity (Nikolaev ITu et al., 2001). The attenuation of
cell surface hydrophobicity is believed to contribute to the adhesion process (Gianotti

et al., 2008).
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5.16 Summary

Analysis of the BPc2 sequence reveals it is likely to contribute significantly to a
variety of important biological processes in B. proteoclasticus. BPc2 encodes
enzymes that appear essential to the uptake of biotin, important to the uptake and
biosynthesis of nicotinamide adenine mononucleotide and the ability to utilise
fumarate as the terminal electron acceptor during anaerobic respiration. The replicon
also makes extensive contributions to carbohydrate and nitrogen metabolism as well
as cellular detoxification. These features, along with the presence of two ribosomal
RNA operons, two transfer RNAs and two uniquely-encoded enzymes described in
the Bacterial Minimal Gene Set, suggest BPc2 is a secondary chromosome. It appears
to make significant contributions to the interspecies interaction with M. ruminantium
contributing to cellular aggregation and central metabolism in B. proteoclasticus.
Many of these processes require enzymes encoded by both the major chromosome
and BPc2, suggesting that dynamic regulatory processes must operate in order to
coordinate expression from the different replicons of B. proteoclasticus. The presence
of a secondary chromosome appears to be unique within the Butyrivibrio species

assemblage to B. proteoclasticus B316".
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6 pCY186

6.1 Introduction

The presence of multiple megaplasmid-sized replicons has previously been observed
in a number of bacteria, particularly among Gram-negative bacteria. However
examples of megaplasmids in Gram-positive bacteria also exist including
Arthrobacter aurescens TCI1, Arthrobacter sp. FB24, D. radiodurans RI1,
Mycobacterium sp. KMS, Rhodococcus erythropolis PR4 and Rhodococcus sp.
RHA1. Of these organisms, only Rhodococcus sp. RHA1 and D. radiodurans R1
possess more than two megaplasmid-sized replicons, each, having three. In all
described Gram-positive examples the co-resident replicons largely encode unique
functions (Mongodin et al., 2006, White et al., 1999, Sekine et al., 2006) despite
occasional locus duplication being observed between the co-residing megaplasmids
(McLeod et al., 2006) or between the megaplasmid and the hosting major
chromosome (Mongodin et al., 2006). Nevertheless, examples do exist where co-
residing replicons appear to cooperatively contribute to pathways, such as the
mineralisation of alkanes (Sekine ef al., 2006), resistance to heavy metals (Mongodin
et al., 2006), DNA-damage repair (White et al., 1999) or plasmid partitioning
(McLeod et al., 2006, Jerke et al., 2008).

Analysis of the largest two auxiliary replicons from B. proteoclasticus revealed them
to be significantly different with regard to their gene complements. The pCY 186
replicon proved technically difficult to sequence completely with high throughput
techniques resulting in a significant under-representation in particular regions of the
replicon. However, following array-based pyrosequencing, the sequence was able to

be finished to a Q40 quality standard.
This chapter describes the detailed analysis of the pCY186 replicon, the attempted

elucidation of its function(s), origin and contribution to the biology of B.

proteoclasticus.
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6.2 Sequence analysis of pCY186

The complete sequence of the pCY 186 replicon was found to be 186,328 bp in
length, consistent to within 2% of the size estimated from pulsed-field gel analysis.
The replicon has the lowest overall %G + C content of all the B. proteoclasticus
replicons at 38.10%, and is lower in both coding (38.93%) and non-coding
(34.46%) regions than the major chromosome. A total of 205 potential ORFs were
identified by GLIMMER (Salzberg et al., 1998) analysis. Seven of these were
eliminated for reasons described in Section 4.2, giving pCY186 a total of 198
ORFs considered to be genuine protein coding regions. Additionally, pCY186
encodes a single alanine tRNA. The predicted ORFs have an average size of 807
bp, and this again appears to be exaggerated by a small portion of much larger
ORFs, the median size being just 602 bp (Fig. 6.1). This gives pCY186 a gene
density of 1.06 genes per kb and gene coverage of 81%. The ORFs are evenly
spread between the Watson (38%) and Crick (62%) strands and analysis shows the
replicon to have a classical third-position GC skew, similar to the two B.
proteoclasticus chromosomes (Fig. 6.2). Start codon distribution is typical, with
95% ATG, 3.5% GTG and 1.5% TTG. The proteins encoded by pCY186 ORFs
have an average isoelectric point (pl) of 6.45 (median 5.72; Fig. 6.1). As with the
larger megaplasmid, pCY360, the majority of the predicted pCY 186 proteins are
unable to be ascribed a putative function (63% hypothetical proteins, 13%
conserved hypothetical proteins). pCY 186 encodes 28 (14%) proteins predicted to
span the membrane more than once and a further 19 (10%) proteins predicted to be
secreted. Five of the predicted proteins have been identified by tandem mass
spectrophotometry analysis of 1-dimensional protein gels (Dunne, in preparation).
These identifications resulted in two hypothetical proteins being reclassified as

uncharacterised proteins (ORFs 151 and 177, respectively).
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Fig. 6.1. ORFs of pCY186 and encoded protein composition . Box plots show size, %G + C and isometric point
distribution for each quartile of the data. Column charts show the distribution of each feature from ORF 1 — 198.
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6.3 The replication origin of pCY186

The pCY186 replicon encodes three RepB-family replication initiation proteins,
two of which flank a locus that encodes proteins resembling chromosomal-type
replication machinery. The proteins encoded by this locus show significant amino
acid sequence identity to the chromosomal replication initiation protein DnaA, the
replicative DNA-helicase, DnaB, a complete DNA polymerase III (Pollll), PolCA,
along with two additional proteins encoding Pollll a-subunits and a protein
encoding the Pollll y and t subunits. Despite this wealth of replicative machinery a
second locus was favoured as possessing the replicative origin of pCY186. As with
pCY360 and BPc2, this locus, (nt 183123 - 1309), encodes a putative replication
initiation protein, RepB (ORF1) and a plasmid partitioning protein, ParA
(ORF196). However unlike the other two replicons this locus also encodes the
partitioning protein, ParB (ORF198). The 1359 bp intergenic region found
upstream of par4 was found to contain a 439 bp A+T rich (18% GC) region with
significant nucleotide identity (53%) to the putative oriRs of B. fibrisolvens
plasmid, pRJF1 pCY360 (61%) and BPc2 (55%). Analysis of the pCY186
intergenic region identified two direct repeat families (DR1, 21 bp and DR2, 23
bp), one-family of inverted repeats (IR1, 28 bp), two inverse repeats (IV1, 14 bp
and IV2 13 bp) and ten dnaA box candidates. The IR1 occurs nine times, therefore
they can additionally form a series direct repeats on each strand. DR1 is repeated
four times, DR2 twice, while IV1 and IV2 both occur once. Four dnad box
candidates, one copy of DR2, three copies of DRI and both IR1 and IV2 are
encompassed by the sequence that aligns to the putative oriRs of pRJF1, pCY360
and BPc2. This locus is also supported as containing the true oriR by the third-
position GC skew (Fig. 6.2) which suggests replication initiates, or terminates

within this intergenic region.
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6.4 DNA metabolism

In addition to the proteins encoded by pCY186 that resemble chromosomal
replicative machinery, the replicon encodes three proteins with potential roles in
DNA metabolism. This includes a putative UmuC-like DNA repair protein (ORF
157), and two hypothetical proteins that show weak similarity to yolD (ORF 158)
and DNA primase (ORF 182).

6.5 Restriction modification

A cluster of genes residing between nt 88130 - 97336 have functions dedicated to
restriction modification. This includes four components of a Type I Restriction
Modification system (ORFs 98, hsdM; 99, hsdSA; 100, hsdSB; and 102 hsdR) and two
Type II Restriction Endonucleases (ORFs 97 and 101).

6.6 pCY186 contains genes described in the Bacterial Minimal Gene
Set

As with pCY360 and BPc2, pCY186 encodes ORFs described in the Bacterial
Minimal Gene Set (Koonin, 2000). These include a DNA replication-initiation
protein (DnaA), a replicative DNA helicase (DnaB), two DNA polymerase III a-
subunits, a single stranded DNA-binding protein, an AAA+ ATPase and a zinc
metalloprotease, FtsH (Table 6.2). DNA primase is also described in the Bacterial
Minimal Gene Set, consequently ORF 182 may also belong in this group. Most of
these ORFs have functions related to DNA metabolism, however, as with pCY360,

none of these proteins are unique to the B. proteoclasticus genome.

6.7 Transposases

Two transposase-encoding ORFs were identified within the pCY 186 sequence. This
includes an IS110-family transposase (ORF10) and an IS1182-family transposase
(ORF195). The IS110-family transposase shows 100% identity at both the amino acid
and nucleotide level to four transposases on the major chromosome and one found on
BPc2, (previously discussed in Section 5.10). The IS1182-family transposase shows
strong identity (98 - 100%) to the carboxyl-termini of two transposases found on the

major chromosome.
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Fig. 6.2. Compositional map of pCY186. The main feature shows, from outside to inside,
gene clusters with an identifiable function, the deviation from the average %G + C, and the
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Table 6.2 pCY186 ORFs described in the bacterial minimal gene set

ORF

47

80

121

126

127

128

129

Size

(aa)

139

260

449

281

332

458

480

Putative function

Single stranded DNA-binding protein

AAA+ ATPase

Replicative DNA helicase, DnaB

Chromosomal replication initiation protein,

DnaA

DNA polymerase III a-subunit

ATP-dependent zinc metalloprotease,

FtsHB

DNA polymerase I1I a-subunit

Organism with best

BLAST match

Anaerostipes caccae

Paenibacillus larvae

Ruminococcus obeum

Thermotoga petrophila

Moorella thermoacetica

Faecalibacterium prausnitzii

Clostridium scindens

E-value

142
le

28
9¢

.16
2e

50
2e-

5 @.uo

% ID

49%

30%

57%

42%

38%

33%

34%

GenBank

Accession

ZP_ 02419566

ZP 02327396

ZP 01963276

YP_ 001243606

YP 429902

ZP 02091431

ZP 02432860
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6.8 Attempts to cure B. proteoclasticus of pCY186

Attempts were made to create strains devoid of the pCY 186 replicon (as described
in Section 4.11). A total of 5,688 colonies (1,107 from treatment with novobiocin;
1,016 from acriflavine treatment, 1,198 from ethidium bromide treatment; 1,156
from acridine orange treatment; 1,211 from growth at 45 °C) were screened by
colony hybridisation using the pCY 186 specific probe (p190 probe2), designed to
target a 745 bp, region of the megaplasmid spanning part of two hypothetical
proteins (ORFs 4 and 5) unique within the B. proteoclasticus genome. A total of
142 colonies 48 (4.3%) from the novobiocin treatment, 33 (3.2%) from the
acriflavine treatment, 19 (1.6%) from the ethidium bromide treatment, 22 (1.9%)
from the acridine orange treatment, and 20 (1.7%) from growth at 45 °C were not
detected by the Southern probe, suggesting these B. proteoclasticus cells lacked the
pCY 186 megaplasmid. Analysis of the positive control (B. proteoclasticus grown
in M704 at 39 °C under non-stressful conditions), revealed the pCY186
megaplasmid to be absent in 2 of the 148 colonies examined. Twenty seven of the
potentially cured strains (5 from each condition and the 2 cured positive controls)
were examined by pulsed-field gel-electrophoresis and all were found to lack the

186 Kb band associated with the pCY 186 megaplasmid (Fig 6.3a).

6.8.1 Morphological differences

The morphology of B. proteoclasticus devoid of the pCY186 megaplasmid
(ApCY186) was examined. Microscopic analysis revealed cells occurring in long
chains with a significantly greater frequency to the wild type B. proteoclasticus
(Fig. 6.3a). This feature was evident throughout the complete growth cycle of the
organism. The ApCY 186 cultures grown on solid media were found to form white
colonies, quite distinct from the grey colony typically observed in the wild type.
However, the white colony phenotype was occasionally observed in wild type

cultures.
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6.8.2 Growth rate

The growth rate of ApCY 186 was compared to the wild type to determine if the
presence of pCY 186 had a positive or negative impact on the generation time of B.
proteoclasticus. Growth rate was determined by spectrophotometry (described in
Section 2.2.3). The generation time of ApCY186, (105.4 + 14.1 mins; 99%
confidence), was not significantly different from the wild type (99 + 13.7 mins;
99% confidence) (Fig. 6.3b).

6.9 Copy number of pCY186

The copy number of pCY 186 was determined as previously described (Section 4.12).
The Tp, of the pCY 186 primer set, p190 probe2, was optimised by conventional PCR
as described (Section 4.12.1). The optimal annealing temperature for the pCY 186
primer set was determined to be 60 °C (Fig. 6.4a). The reaction was then optimised
for MgCl, concentration, as described (Section 4.12.1). From this analysis the optimal
MgCl, concentration using an annealing Tm of 60°C, ensuring both specificity and
optimal amplification efficiency, was determined to be 3 mM (Fig. 6.4b). The
specificity of the qPCR reaction was determined by melting curve analysis and gel-
electrophoresis. Melting curve analysis revealed a single peak for the p190 probe2
reaction occurring at 85.34 °C and subsequent gel-electrophoresis revealed it to be
consistent with the expected 745 bp size of the p190 probe2 product (Fig 6.5). The
standard curve of the threshold cycles vs. the log;o of the replicon copy numbers for
the Topo-recombinant plasmid carrying the p190 probe2 sequence (Fig 6.6a) had a
slope of -3.448. This equates to amplification efficiency for the reaction of 0.95. The
standard curve was linear in the range tested (1 x 10° — 1 x 10 copies / pl; R*>0.99).
A standard curve of the threshold cycles vs. the log; of the fold dilution for the target
(Fig. 6.6b) was also determined to ensure they were approximately equal. The slope
was determined to be 3.413 for the pl190 probel target. This equates to an
amplification efficiency of 0.96 for the reaction. The standard curve was linear in the
range tested (1 x 10" — 1 x 10” DNA extract / reaction; R* >0.99). Analysis revealed
the replicon to be present at 1.14 x 10" £1.03 x 10° copies in the tested sample (99%
confidence) per 1.3 x 10" + 1.75 x 10’ copies of the chromosome (99% confidence).
This equates to a copy number of 0.88 */. 0.16 copies per chromosome (99%

confidence).
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Fig. 6.3. Analysis of ApCY186. (A) Comparison of the auxiliary replicon composition by
PFGE (left panels) and cell morphology by phase contrast microscopy using a 100x oil
immersion objective (right panels) of the wild-type (top) and pCY186-cured (ApCY186;
bottom) B. proteoclasticus. (B) The effect of the absence of pCY186 on culture growth as
measured by optical density increase at 600 nm.
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Fig. 6.4 Optimisation of qPCR reactions. The qPCR reactions were optimised for
temperature (A) and MgCl, concentration (B) for amplification of p190 probe2. Optimal
conditions were determined as those producing the greatest amount of the desired qPCR
product determined by measuring the sum of the pixel density from the region of interest
(ROJ) using KODAK 1D Image analysis software.
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Fig. 6.5. Confirmation of qPCR amplification specificity. Melting peaks were examined
for each qPCR product from both the B. proteoclasticus total DNA preparation (broken line)
and the quantified Topo-recombinant plasmids carrying the target sequence (solid line). Inset:
Lanes: L, the 1Kb+ ladder, lanes 2 and 3, 745 bp PCR-products obtained using as templates
either (2) quantified Topo-recombinant plasmids carrying the target sequence or (3) the total
DNA preparation.
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6.10 Microarray analysis of pCY186 gene expression in mono-
culture versus co-culture with M. ruminantium

Analysis of the microarray data of the mono-culture versus the co-culture, (described
previously in Section 4.13), revealed 127 (85%) of the 149 putative pCY 186 ORFs
(identified at the time of microarray slide printing), were detected at a significant
pixel intensity (9,000 > 65,000). As the microarrays were printed prior to complete
closure of this replicon 49 ORFs were not included in the microarray analysis. Of the
genes analysed, 12 ORFs (6%) were found to be up-regulated greater than 2-fold
with a false discovery rate (FDR) less than 0.05 in the co-culture condition, while
only a single hypothetical protein (ORF152) was found to be down-regulated greater
than 2-fold (FDR <0.05; Table 6.2). Almost all of the ORFs found to be up-regulated
in the co-culture were of unknown function (9 hypothetical proteins and 2 conserved
hypothetical proteins). The only ORF that was able to be ascribed a function was ORF
15, a putative glycosyl transferase of the GT28-family.

Analysis of the distribution of differentially regulated genes around the pCY186
replicon revealed four clusters of genes that appear to be co-regulated (Fig. 6.7). The
first is a cluster of seven ORFs encompassing ORFs 15 to 22 (ORF 19 being absent
from the array). All seven ORFs are up-regulated above, or just below, the threshold
for significance. This cluster consists of six hypothetical proteins, two that are
predicted to span the membrane, and the putative GT28-family glycosyl transferase.
The second cluster, encompassing ORFs 90 to 93, similarly encodes four hypothetical
proteins, one of which is predicted to span the membrane. A third cluster exists that
includes ORFs 187 and 190 (both hypothetical proteins), both of which show strong
up-regulation in the co-culture (10.7 and 7.98 fold respectively). Unfortunately ORFs
188 and 189, two hypothetical proteins, were not identified at the time the microarray
was printed and were unable to be analysed. An operon-like structure is also seen
encompassing two hypothetical proteins (ORFs 168 and 169), both being up-regulated
by 3 fold in the co-culture.
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Table 6.2 pCY186 ORFs significantly up-regulated in co-culture

Fold
ORF Putative function FDR
change
UP-REGULATED IN CO-CULTURE
187 Hypothetical protein 10.70 8.8 x 107
92 Hypothetical protein 8.56 2.8 x10™
190 Hypothetical protein 7.97 33x10*
82 Hypothetical protein 5.7 25%x10*
18 Hypothetical transmembrane protein 4.61 1.1x10°
15 Putative glycosyl transferase GT28-family protein 3.76 2.1x107
90 Hypothetical protein 3.46 1.3 %107
16 Conserved hypothetical protein 3.36 25x107°
169 Conserved hypothetical protein 3.07 2.6 x 107
22 Hypothetical protein 3.02 12 %107
91 Hypothetical protein 2.73 6.3 x10*
93 Hypothetical protein 2.35 3.6 x 107
DOWN-REGULATED IN CO-CULTURE
152 Hypothetical protein 3.85 2.5%107
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Fig. 6.7. Differential pCY186 gene regulation during co-culture with M. ruminantium. The histogram shows the differential
regulation of gene transcripts, in order, for all 198 predicted ORFs of pCY 186 as determined by microarray analysis. Red bars show the
point of significance (2-fold regulatory difference). Four potential operon-like structures are evident (ORFs 15 to 22, ORFs 90 to 93, ORFs

234



6.11 Discussion

6.11.1 Replication of pCY186

Initially two loci were identified as potentially possessing the pCY 186 oriR. The first
locus encoded several proteins with significant similarity to chromosomal-type
replication machinery. These included the chromosomal replication initiation protein,
DnaA, the replicative DNA-helicase, DnaB, a complete DNA polymerase III (PolIIl),
PolCA, along with two additional proteins encoding Pollll a-subunits and a protein
encoding the Pollll y and t subunits. Despite the presence of various chromosomal
replication components being reported from large plasmids, to date, no plasmid or
secondary chromosome has been shown to replicate via chromosomal-type
replication machinery (Ng et al., 1998). Flanking this locus are two rep genes. A
third rep gene is located in a second locus that has a similar arrangement to the
described replication loci of pCY360 and BPc2. In addition to repB (ORF1), this
locus encodes par4 (ORF196), along with parB (ORF198). While both loci contained
sufficient replicative machinery to facilitate the replication of pCY 186, the latter was
favoured based on several findings. Firstly, as with pCY360 and BPc2, an A+T rich
tract was identified within the intergenic region upstream of pard that showed
substantial sequence identity to the oriRs of pRJF1, pCY360 and BPc2. Secondly,
pCY186 had a near perfect third position GC skew that suggested replication was
initiated or terminated within this AT-rich region. Analysis of this intergenic region
encompassing the pCY186 putative oriR identified a large number of potential
secondary structure-forming DNA sequences including inverted, inverse and direct
repeats along with ten dnad box candidates. Copies of both direct repeat families
were found within the putative oriR and provide potential iterons. Based on the
phylogeny of its Rep protein, GC skew and the even spread of genes on both DNA
strands, pCY 186, as with BPc2, is predicted to replicate using a bi-directional theta

mechanism.

235



6.12.2 DNA metabolism

Of those genes encoded by pCY 186 that are able to be assigned a function, several are
found to have functions in DNA metabolism, particularly in the process of DNA
replication. This includes the cluster of genes described above that encode
chromosomal-type replication apparatus, DnaA, DnaB, PolCA and the polymerase III
a, v and T subunits. In addition, a hypothetical protein that shows weak similarity to a
DNA primase was observed. Evidence, discussed above, suggests replication is
initiated at a locus distinct to that encoding these chromosomal-type replication
proteins. It also suggests the initiation of replication is mediated by a RepB protein, as
is common for plasmids. However, theta-replicating plasmids, including those of B.
proteoclasticus, also commonly encode binding sites for DnaA, suggesting a role for
the chromosomal initiator in plasmid replication (Singh & Banerjee, 2007, Krasowiak
et al., 2006). Following RepB-mediated plasmid replication initiation, chromosomal-
type replicative apparatus, like those found on pCY 186, have been shown to assemble
and contribute to replication (Krasowiak et al., 2006, Titok et al., 2006, Park et al.,
1998, MacAllister et al., 1991). The presence of these replication proteins encoded by
pCY 186 may alleviate the metabolic cost caused through the titration of paralogous
proteins away from the major chromosome. The pCY186 replicon also uniquely
encodes a putative UmuC-like DNA repair protein. UmuC, is the catalytic subunit of
DNA polymerase V (Reuven et al., 1999). It is implicated in the replication of
damaged DNA and thereby prevents the lethal effects of stalled replication. In a
native setting it would be induced by the DNA recombination protein, RecA, as part
of the ,,SOS" response. A RecA protein is encoded by the B. proteoclasticus major
chromosome. While UmuC alone has been shown to have a limited DNA synthesis
capability on undamaged DNA, its ability to complete synthesis across damaged
DNA, also requires the second DNA polymerase V component, UmuD (Reuven ef al.,
1999). An adjacent ORF shows weak similarity to YolD, an uncharacterised protein-
family that is believed to be functionally equivalent to UmuD (Permina et al., 2002).
Although the componentry for the type V DNA polymerase appear to be uniquely
encoded by pCY 186 within the B. proteoclasticus genome, a second SOS response
system, DNA polymerase IV (DinB) is also encoded by the major chromosome

(Napolitano et al., 2000).
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6.12.3 Restriction modification

A second group of genes appear to have roles in restriction modification. Restriction
modification (RM) systems have previously been observed in several Butyrivibrio
species (Mrazek et al., 2005). The majority of the RM genes found on pCY186,
including hsdMA, hsdSA, hsdSB, and hsdRA and two Type II restriction
endonucleases are located within a distinct cluster. Two additional genes, encoding an
McrB-like restriction enzyme and a McrC-like restriction enzyme modulator protein,
also have roles in RM and are found outside of this cluster. RM systems are
widespread throughout prokaryotic species and recognise and prevent invasion of
foreign DNA. The genes hsdMA, hsdSA, hsdSB, and hsdRA encode all the
components of a Type I RM system, functioning in cognate DNA modification,
foreign sequence recognition (x2) and restriction endonucleolytic digestion,
respectively (reviewed Murray, 2000). The Type II restriction endonucleases appear
to lack the corresponding methylation systems. While the target sequence specificity
of both Type II restriction endonucleases is unclear, the potential lethality of DNA
breakage makes it likely that this sequence is not, or is no longer, found within B.
proteoclasticus DNA. Two further proteins resemble the methyl-cytosine restriction
(Mcr) system that was first observed in E. coli. The Mcr system degrades all DNAs
possessing S-methyl-cytosine (Raleigh & Wilson, 1986). The RM complement of
pCY 186 accounts for the vast majority of the identifiable restriction systems in B.
proteoclasticus. This RM system is therefore likely to fulfil an important role in-vivo
in preventing the invasion of foreign DNA, such as from phage, which are known to

be abundant in the rumen (Klieve & Swain, 1993).

6.11.4 OREFs from the Bacterial Minimal Gene Set

As with pCY360 and BPc2, pCY186 encodes ORFs described within the Bacterial
Minimal Gene Set (Koonin, 2000). These include several genes of the chromosomal-
type replication apparatus described above (dnaAd, dnaB, and two DNA pollll o)
along with a single-stranded DNA-binding protein, ssb, an AAA+ ATPase and a zinc
metalloprotease, ftsH (Table 6.2). It also includes a DNA primase which shows only
weak similarity to known DNA primases. Genes encoding Ssb and FtsH are also
located on pCY360. AAA+ ATPases are a large, functionally diverse protein-family

that exerts their activity through the energy-dependent unfolding of macromolecules.

237



As with pCY360, none of the encoded proteins of pCY186 genes described in the

Bacterial Minimal Gene Set are unique to the B. proteoclasticus genome.

6.11.5 Transposases

The strong sequence identity observed between the transposase genes of pCY 186 and
those found upon other B. proteoclasticus replicons suggests they may still be active.
While low sequence similarity indicates that genes have not moved recently, or are no
longer being transferred to pCY360 by transposon-mediated gene shuttling, the strong
sequence identities seen between transposases located upon pCY186 and the two
chromosomes suggests that such transposon-mediated gene shuttling may still occur

in these replicons (Amabile-Cuevas & Chicurel, 1992).

6.11.6 Dispensability

The finding that pCY 186 was easily lost in-vitro, even in the absence of a curing
agent suggests it was either transiently present in B. proteoclasticus at the time of
its isolation or it provides a function or functions required in-vivo that arent
required in-vitro. The preceding hypothesis is unlikely given the significant
identity of its replicative machinery to BPc2 and pCY360, along with its %G+C
and codon usage which match the major chromosome almost perfectly.
Collectively these findings suggest pCY 186 has resided with B. proteoclasticus for
a significant period of time. The pCY186-endoded RM systems may provide
protection of genomic DNA from invasion by foreign nucleic acid in the rumen,
but absent in-vitro. Morphological observations of B. proteoclasticus ApCY 186
show it almost exclusively forms long chains. The loss of pCY 186 suggests that,
in-vitro, the replicon is a burden to B. proteoclasticus. However, no statistically
significant difference in the growth rate of B. proteoclasticus was observed in the

presence or absence of pCY186.

238



6.11.7 Microarray analysis

Due to the sequencing difficulties that resulted in the under-representation of various
regions of pCY 186, only 75% (149) of the 198 ORFs ultimately assigned to pCY 186
were utilised in the construction of the microarray. Of these, 85% (127) were detected
at intensities significantly greater than the background suggesting they were being
transcribed and consequently supporting their status as genuine coding sequences. Of
these, 13 were found to be differentially regulated between the mono-and co-culture
conditions. The twelve ORFs found to be up-regulated were, with the exception of a
gene encoding a-family 28 glycosyl transferase, all of unknown function. This
included two conserved hypothetical proteins (ORFs 16 and 169) that have been
identified in several other species of the phylum Firmicutes, mostly of the orders
Bacillales and Clostridiales. Glycosyl Transferase-family 28 (GT28) proteins
catalyse various  di-, oligo-, or poly-saccharide biosynthetic reactions, and
characterised GT28 proteins include a 1,2-diacylglycerol 3-B-galactosyltransferase,
1,2-diacylglycerol 3-B-glucosyltransferase and [-N-acetylglucosamine transferase.
Likewise, the only down-regulated ORF has an unknown function. Four clusters of
co-regulated ORFs were evident, the first encompassing seven ORFs including the
GT28 protein and six hypothetical proteins, two that are predicted to span the
membrane. The co-regulation of these ORFs with the GT28-family protein may
suggest a role in exopolysaccharide production and transport across the membrane.

The other three gene clusters all encompass genes of unknown function.
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6.12 Summary

The pCY 186 replicon is one of two, largely cryptic, megaplasmids found in B.
proteoclasticus. pCY186 is the only replicon of the four found in B.
proteoclasticus that can be displaced in-vitro without the loss of cell viability.
Several pieces of evidence suggest this replicon is not transient but rather has co-
resided with the host chromosome for a significant period of time. This would
imply its function is specific to, and important within its natural environment. One
potential explanation for this is its possession of RM systems that may be

important to B. proteoclasticus in the defence against invasion by ruminal phage.
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7 General discussion, conclusions and future directions

7.1 Introduction

The term ,,megaplasmid® was first coined in 1981 by Rosenburg et al. to describe
autonomously replicating plasmid molecules greater than 100 Kb in size. Since
then more than 200 megaplasmids have been described in over 30 genera of mostly
Gram-negative bacteria. In some cases the term megaplasmid has been replaced
with miniature, secondary, or alternate-chromosome due to the presence of
indispensable or distinctly chromosomal elements within these replicons (Bartosik
et al., 2002, Ng et al., 1998, Suwanto & Kaplan, 1989). The genome of the Gram-
positive, rumen-inhabiting bacterium B. proteoclasticus B316" consists of 4
replicons that were found to consist of a 3.5 Mb major chromosome, a secondary
chromosome of 302 Kb and two megaplasmids of 186 Kb and 361 Kb. The
presence of large auxiliary replicons had previously been observed in a number of
Butyrivibrio strains (Teather, 1982), however, at the time, their large sizes
precluded detailed analysis of their structures or functions. The sequencing of the
B. proteoclasticus genome provided an ideal platform to investigate the respective
gene complements, replication mechanisms, copy numbers and dispensability of
three examples of these large Butyrivibrio plasmids. Through various
characterisation techniques this work has attempted to determine the contribution
of each replicon to the biological capacity of B. proteoclasticus. This work was
able to build on the first observation of these large replicons, providing a more
comprehensive investigation into the distribution of large auxiliary replicons in
Butyrivibrio and Pseudobutyrivibrio species. Further, by probing PFGE gels for
the pCY360 replication initiation protein or ribosomal RNA operons we were able
to determine the relationship of the B. proteoclasticus replicons to auxiliary

replicons from other Butyrivibrio species.
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7.2 Comparing replication machinery

The three auxiliary replicons of B. proteoclasticus were found to encode similar
replication machinery, regardless of their status as a megaplasmid or secondary
chromosome. Comparison of the composition of their replicative machineries
identified four elements that appear to be cognate to the replicative apparatus of B.
proteoclasticus replicons (Figure 7.1). This included the oriR (physical origin of
replication), ORFs encoding replication and plasmid partitioning proteins RepB and
ParA, respectively and a hypothetical protein conserved in all three auxiliary
replicons. In pCY186 this protein contained a predicted AT hook-like motif, in
pCY360 this motif was found to be below the trusted threshold and it was absent from
the BPc2 homologue. Nevertheless, this hypothetical protein showed 22 and 32%
amino acid sequence identity to those found associated with pCY360 and pCY 186
respectively. AT hook motifs are thought to promote binding to DNA, preferentially
at AT-rich regions, such as those found within the oriR (Aravind & Landsman, 1998).
The deduced amino acid sequence of the RepB protein was well conserved (36 to
54% aa identity; Table 7.1), as were the oriRs, which shared 55 to 61% nucleotide
identity (Table 7.1). The ParA sequences were less conserved (26 to 38% amino acid
identity; Table 7.1). The oriR and the adjacent ORFs showed partial synteny. The
gene encoding the hypothetical protein was always found directly downstream of
parA, while the oriR was always located directly upstream of parA. The ORFs
surrounding the oriRs of pCY360 and BPc2 were found to be divergently transcribed,
while those of pCY 186 were not. In all cases the intergenic region encompassing the
oriR contained dnaA box candidates and sequences capable of forming secondary
structures. However, their number, type and location relevant to the oriR and repB
varied. Additionally the nucleotide sequences of repeat units were not conserved
between replicons. These differences were expected given that plasmid
incompatibility precludes two replicons with near-identical replicative machinery
from co-existing in the same cell, particularly with low copy number replicons

(reviewed in Section 1.12).
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Previous studies have found that the cognate Rep protein cleaves a distinct TA di-
nucleotide pair within the oriR. Secondary structure analysis of the region
surrounding this di-nucleotide suggests it occurs within an unpaired region of a
terminal, or internal loop of a DNA hairpin stem-loop structure (Koepsel et al., 1985,
Thomas et al., 1990, Grohmann et al., 1998, Noirot-Gros et al., 1994, Puyet et al.,
1988). The oriRs of the three auxiliary replicons from B. proteoclasticus along with
other theta replicating Butyrivibrio plasmids, pRJF1 and pRIJF2, were aligned using
Dialign to identify potential nic sites. Two potential nic sites, each encoding a TA di-
nucleotide pair, were found to be conserved throughout all plasmids tested (pCY360
nt 98 — 99 and nt 326 - 327; BPc2 nt 111 — 112 and nt 352 - 353; pCY186 nt 143 —
144 and nt 383 - 384; pRJIF1 nt 44 — 45 and nt 284 -285; pRJF2 nt 43 — 44 and nt 286
- 287; Figure 7.2). Secondary structure predictions of all oriRs found both potential
nic sites to occur in unpaired loop regions of each plasmid except pCY360. However
structural analysis of each replicon suggests two alternate nic sites for pCY360
occurring within similarly-located unpaired stem-loop regions (Figure 7.2). These
differences in the pCY360 oriR coincide with differences observed or predicted in its
replication mechanism. The pCY360 replicon is predicted to replicate in a
unidirectional theta mechanism and it was determined to exist at a copy number of
approximately 5 per chromosome. On the other hand, BPc2 and pCY 186 are both
predicted to replicate in a bi-directional theta mechanism, and both are present at

approximately 1 copy per chromosome.

Given the low copy number of each B. proteoclasticus replicon, an effective
partitioning system would be essential for equal segregation of replicons to
daughter cells. Aside from the major chromosome, pCY 186 is the only replicon to
encode the ParB component of the partitioning complex. Similar observations have
been made in other genomes containing multiple replicons (McLeod et al., 2006,
Jerke et al., 2008). The mechanism through which ParA and ParB confer equal
partitioning to mother and daughter cells is not fully elucidated. ParA is an ATPase
that has been shown to regulate expression of the par operon in characterised
systems (Bouet and Funnell, 1999). ParA interacts with the other components of
the partition complex, where it is thought the protein acts to move plasmid copies
from the centre of the cell, where the division septum forms, toward the termini

through an oscillating motion between mid-cell and quarter-cell positions (Bouet
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and Funnell, 1999; Davis et al., 1996; Li et al., 2004; Youngren and Austin, 1997).
ParB is known to bind to DNA at a centromere-like region known as parS (Austin
& Abeles, 1983, Funnell & Gagnier, 1993). Both partitioning components have
been found to be essential to the partitioning process in bacterial systems that have
been tested (Friedman & Austin, 1988, Ogura & Hiraga, 1983). If ParB is essential
to the equal partitioning of B. proteoclasticus replicons, deficient replicons may be
complemented in trans by the pCY186-encoded ParB, as has been previously
proposed in other genomes containing multiple replicons (Jerke er al., 2008,
McLeod et al., 2006). The capacity of B. proteoclasticus to replicate pCY360 and
BPc2 following curing of the pCY 186 replicon may be due to a compensatory
effect elicited by the chromosomally-encoded ParB. The chromosomally-encoded
ParB may be sufficient to allow effective partitioning of two of the three auxiliary
replicons, while a third replicon may require a second parB homologue.
Alternatively the predominantly filamentous growth phenotype observed in strains
cured of pCY 186 may be due to an impaired segregational ability of the organism
caused by the absence of the pCY186-encoded ParB. Filamentous grown has
previously been observed in Caulobacter crescentus following the depletion of

ParB (Mohl et al., 2001).
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Figure 7.1. Comparison of the replication loci of the B. proteoclasticus auxiliary
replicons. The replication loci of each of the B. proteoclasticus™ auxiliary replicons are
shown with their cognate oriRs in the centre (highlighted yellow). ORFs located within 7 Kb
up- or down- stream of the oriR are colour coded by function and shown along with dna4
boxes (blue), direct repeats (green), inverse repeats (purple) and inverted repeats (pink). Maps
were generated with Vector NTI (InforMax, 2001)

Table 7.1 Sequence identity of replicative machinery.
Orthologue in:
pCY360 BPc2 pCY186
RepB 54%" 36%
ParA 26% 38%
Hypothetical protein 22% 29%
oriR 56% 61%
RepB 43%
ParA 28%
Hypothetical protein 32%
oriR 55%

"Sequence identity is based on amino acid identity (except the oriR which is nucleotide
identity) as determined by Clustal alignments.
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Figure 7.2. Comparison of replication origins. The oriR of pCY360, BPc2, pCY 186, pRJF1
and pRJF2 were aligned using ClustalX (A). Nucleotides were colour-coded as follows:
absolutely conserved (green); strongly conserved (yellow); conserved in all B. proteoclasticus
replicons but not pRJF1 or pRJF2 (red). Secondary structures of the oriRs of each replicon
were predicted using RNAfold (pRJF2 was near identical to pRJF1 and is not shown; B).
Paired-nucleotides are colour coded according to the legend by the probability that the
nucleotides pair as predicted. Potential nic sites are indicated by a dark blue or light blue
arrow in both A and B. Structurally predicted nic sites for pCY360 are shown as a red or
green arrow.
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7.3 Evolutionary aspects

There are four conceivable pathways leading to the formation or acquisition of an
auxiliary replicon the size of those observed in B. proteoclasticus B316": i) The
replicon could have been acquired horizontally in its current form; ii) through the
concatenation of several smaller plasmids; iii) derived from a smaller plasmid that
grew through the acquisition of genes from the host chromosome, or from the
extracellular environment; or iv) split from a larger ancestral chromosome following
the acquisition of apparatus allowing autonomous replication. There is evidence in
support of several of these mechanisms seen in the composition of each of the three

auxiliary replicons.

The potential conjugative ability of pCY360 suggests it may have been acquired as a
megaplasmid. The rumen is known to be a favourable environment for conjugative
transfer of plasmids (Mizan ef al., 2002). Conjugative elements, including plasmids,
larger than pCY360 have been shown to be transferable (Hogrefe et al., 1984,
Schwartz et al., 2003, Sullivan et al., 2002). In pCY 186 the three ORFs that best
resemble plasmid replication initiation proteins may be remnants of the replicative
apparatus of several concatenated plasmids. Other evidence points to the B.
proteoclasticus replicons originating as smaller entities. The predicted secondary
structure of the pCY360 oriR markedly resembles the oriRs of the smaller
Butyrivibrio plasmids pRJF1 and pRJF2. Further, the nucleotide sequence of the oriRs
of each of the B. proteoclasticus auxiliary replicons, along with their cognate Rep
proteins, show a strong to moderate degree of nucleotide or amino acid sequence
identity respectively, arguing in favour of a similar evolutionary origin. As previously
discussed transposon transposition is a common method for gene shuttling within or
between replicons (Amabile-Cuevas & Chicurel, 1992). The potential for acquisition
of genetic material from the chromosome is found in the presence of IS110-family
and IS1182-family transposases that have identical or near identical sequences on the
major and secondary chromosome as well as on pCY186. IS4-family, IS200-family
and IS605-family transposases with low sequence identity are also found distributed
among the major and secondary chromosomes and pCY360 suggesting gene shuttling
may have also occurred between these replicons in the past. DNA may also have been
acquired directly from the external environment via natural transformation. The high

bacterial population density in the rumen and the tendency for rumen bacteria to
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congregate on surfaces creates conditions favourable for gene transfer events. The
presence of a chromosomal-type replication apparatus upon pCY 186, rRNA operons
and other chromosomal-features of BPc2 and members of the Bacterial Minimal Gene
Set upon all replicons could be rationalised either by the splitting of a larger ancestral
chromosome to form these replicons, or by gene shuttling from the chromosome. In
one of the Southern blot experiments (Figure 4.22) the repB probe was seen to
hybridise to the chromosomal component of most species within the Butyrivibrio-
Pseudobutyrivibrio assemblage. This suggests a gene encoding a RepB protein is
found upon many Butyrivibrio and Pseudobutyrivibrio chromosomes and provides a
potential mechanism for autonomous replication of DNA split from the major
chromosome. Collectively, there is insufficient evidence to propose a single

mechanism for the formation of these auxiliary replicons.

Regardless of the mechanism leading to their formation the B. proteoclasticus
replicons appear to have diverged from one another some time ago as evidenced by
the small number of significant similarities seen between the gene complements of
each replicon. Further, those genes that do show any level of similarity (with
exception to the proposed replicative machinery surrounding the oriR) do not appear

contiguous within the replicons (Figure 7.3).

7.4 Contributions to the biology of B. proteoclasticus

Bioinformatic analysis of the BPc2 DNA sequence show that this replicon has
evolved chromosomal qualities including rRNA operons, unique copies of a
number of enzymes involved in the metabolism of carbohydrate, nitrogen, fatty
acids and various co-factors. This includes two enzymes encoded by genes of the
Bacterial Minimal Gene Set. Essential metabolic functions provided by BPc2 are
the uptake of biotin, the uptake and biosynthesis of nicotinamide adenine
mononucleotide and the potential to utilise fumarate as the terminal electron
acceptor during anaerobic respiration. Additionally, BPc2 appears to encode
significant detoxification functions. These significant contributions made by BPc2
would account for the inability to derive B. proteoclasticus mutants devoid of this

replicon.
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The two other auxiliary replicons, pCY360 and pCY 186 have both evolved as
megaplasmids. The larger pCY360 could not be cured from B. proteoclasticus,
suggesting that it contributes an essential function to the organism. However, this
function could not be associated with any of the ORFs identified by bioinformatic
analysis of this plasmid, particularly because no chromosomal-like features were
observed. In contrast to pCY360, the smaller megaplasmid pCY 186 was easily
cured. Its presence in rumen isolates of B. proteoclasticus B316" and apparent long
association with B. proteoclasticus (as suggested by codon usage analysis) suggest
pCY 186 provides a function advantageous in the rumen environment. This could
include protection against invading nucleic acid but also effective partitioning of
the nucleoid. Both pCY360 and pCY 186 are largely cryptic, with 76% and 63%,
respectively, of their gene complements (a total of 421 genes) appearing novel
within the sequence databases. These results are consistent with the findings from
other characterised plasmids derived from Butyrivibrio species, which are cryptic
with regard to function (Hefford et al., 1997, Hefford et al., 1993, Kobayashi et al.,
1995). The compositional differences between the megaplasmids and
chromosomes of B. proteoclasticus become apparent when comparing COG-
defined functional distributions (Figure 7.4). An attempt was made to infer the
function of the hypothetical proteins identified in this work. A hypothesis was
formed that the proteins encoded by the auxiliary replicons of B. proteoclasticus
contributed to interspecies interactions. This hypothesis was based on the large
number of ORFs encoding proteins predicted to impact the bacterial membrane,
being membrane-associated or secreted into the extracellular environment of B.
proteoclasticus. This hypothesis led to the investigation of interspecies interactions
between B. proteoclasticus and the methanogen M. ruminantium using microarray
analysis. The analysis of microarray data for the B. proteoclasticus genes located
on auxiliary replicons identified 30 up-regulated genes encoding proteins of
unknown function during co-culture with M. ruminantium (25 hypothetical
proteins, 5 conserved hypothetical proteins). The broad functional categories to
which the up-regulated genes belong indicate that the encoded proteins may have
roles in the following processes: 1) formation of cell co-aggregates (through
exopolysaccharide production or flagellar formation); ii) the uptake of glutamate or
its subsequent conversion to NAD; iii) the uptake of PTS-sugars or their

conversion to, or storage as, glycogen; iv) RNA catabolism. Some of the up-
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regulated genes may also have roles in poorly defined or novel processes, such as
the interspecies transfer of hydrogen, formate or CO,. Five genes from the
auxiliary replicons encoding proteins of unknown function (4 hypothetical proteins
and 1 conserved hypothetical protein) were found to be down-regulated. These
similarly may have roles in polysaccharide degradation, sugar uptake or fatty acid

metabolism, consistent with down-regulated genes that have an annotated function.

7.5 Distribution of auxiliary replicons among species within the
Butyrivibrio/ Pseudobutyrivibrio assemblage
Using PFGE, the genomic architecture of 14 strains representing each species of
the Butyrivibrio — Pseudobutyrivibrio assemblage was evaluated. Large
extrachromosomal elements were found to be common among this group of
bacteria, with representatives observed in each genus. However there appears to be
no phylogenetic correlation with regard to their size or the extent of their
distribution. Teather (1982) concluded, through the analysis of restriction enzyme
digests of the large replicons in B. fibrisolvens strains ATCC 19171, OR383,
OR391 and OR399, that they were likely to be of similar, though not identical
composition. In contrast, the work presented in this thesis demonstrated that the
three auxiliary replicons of B. proteoclasticus show very distinct gene
complements. Further, the replication initiation protein used by the auxiliary
replicons of B. proteoclasticus appear to be distinct from those utilised by 9 of the
10 large replicons identified in other species of the Butyrivibrio /
Pseudobutyrivibrio assemblage, despite the co-resident auxiliary replicons of B.
proteoclasticus sharing reasonable sequence identity. A 145 Kb DNA band from P.
ruminis DSM9787 was the only large replicon that shares sufficient identity to the
pCY360 repB gene, as determined by Southern blot analysis. Therefore it seems
likely the three auxiliary replicons of B. proteoclasticus and the 145 Kb replicon
from P. ruminis comprise a single related group of Butyrivibrio plasmids distinct

from the others observed.
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pCY360

BPc2

pCY186

pCY360

Figure 7.3. ACT comparison of gene synteny of B. proteoclasticus’ auxiliary replicons. Lines show the
position of matches in each replicon. Matches are colour coded to indicate the strength of match: red = strong
same orientation, blue = strong reverse orientation. The intensity of the colours ranges from white (bordered by
black lines; very weak match) to red or blue (strong match). Comparisons were made using the software
compACTor and displayed using ACT. Note the pCY 186 replicon is not orientated in this analysis and the rep
gene is located in the centre of the replicon.
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p CY360 Clusters of Orthologous Groups

INFORMATION STORAGE AND PROCESSING
mm Translation, ribosomal structure and biogenesis
mm Transcription
mm Replication, recombination and repair
CELLULAR PROCESSES AND SIGNALING
mm Cell cycle control, cell division, chromosome partitioning
Defence mechanisms
Signal transduction mechanisms

BPc2

Chromosome

a3

Cell wall/membrane/envelope biogenesis

Cell motility

1o nli

Intracellular trafficking, secretion, and vesicular transport

Posttranslational modification, protein turnover, chaperones

METABOLISM

mm Energy production and conversion

Carbohydrate transport and metabolism

Amino acid transport and metabolism

Nucleotide transport and metabolism
p CY 18 6 Coenzyme transport and metabolism

Lipid transport and metabolism

Inorganic ion transport and metabolism

[ IR B

— Secondary metabolites biosynthesis, transport and catabolism
POORLY CHARACTERIZED

== General function prediction only

—= Function unknown

mm NoCOG database Hit

Figure 7.4. COG category distribution. The gene content of each replicon was assigned to
COG functional categories. The proportion of COG matches in each functional category is
presented as the pie-charts.
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7.6 Looking Forward

The logical extension of the work reported in this thesis is the development of an
effective genetic system for gene transfer into, and mutagenesis of, B. proteoclasticus.
Attempts to develop systems for the genetic manipulation of ruminal bacteria have
been ongoing for a little over two decades following the recognised potential for
improvement of rumen and consequently animal performance through manipulation
of rumen microbes (Mackie & White, 1990). The pCY 186 replicon appears to be the
best candidate on which to base the construction of a suitable shuttle vector for two
reasons: 1) it can be eliminated from the cell in-vitro without a reduction in fitness; ii)
it possesses the majority of the RM systems encoded by B. proteoclasticus therefore
its absence would remove a significant transformation barrier. A brief attempt to
construct such a vector was unsuccessful. This is consistent with other attempts to
introduce described Butyrivibrio- (Beard et al., 1995, Hefford et al., 1997) or
Clostridium- (Lyras & Rood, 1998) shuttle vectors into B. proteoclasticus which have
been unsuccessful. Difficulties have also been reported in the transformation of other
Butyrivibrio species with Butyrivibrio-E. coli shuttle vectors (Mann et al., 1986).
Collectively this suggests significant barriers are present that prevent the
establishment of foreign DNA in Butyrivibrio species. RM systems are typically
regarded as the primary defence against invading or introduced DNAs. Aside from
RM systems, non-specific nucleases are also likely to be involved. Non-specific
nucleases have previously been reported to inhibit transformation in Vibrio cholerae
(Focareta & Manning, 1991). The B. proteoclasticus genome has more than 20
potential endo- and exo- nucleases, including the thermostable nuclease encoded by
pCY360, which are predicted to operate both intra- and extra-cellularly. Recently the
use of in-vitro methylation of vectors prior to their transformation has been shown to
successfully overcome these barriers (Nierop Groot et al., 2008, Chen et al., 2008,
Accetto et al., 2005). Future efforts may look to use an alternative second host such as
Clostridium perfringens which is more closely related than E. coli and capable of
anaerobic growth. A future vector may also require the incorporation of genetic
elements other than repB and the oriR to successfully replicate and be retained by B.
proteoclasticus, such as the parA-parB machinery to overcome potential partitioning
problems associated with the vectors low copy number. Future efforts to develop a

genetic transformation system for B. proteoclasticus would be of significant value and
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would allow a much wider range of functional genomic analyses to be carried out

using the completed genome sequence.

A number of interesting observations were made during the course of this thesis that

warrant further attention.

Analysis of the enzymatic pathways of B. proteoclasticus suggests the organism is
incapable of de-novo biosynthesis of biotin and NAD and instead relies on the BPc2-
encoded systems to import exogenous biotin and nicotinamide riboside along with the
systems to metabolise the latter through to the essential cofactor NAD. Establishing
these requirements would be useful to eliminate the dependence on products of poorly
defined composition (such as rumen fluid or yeast extract) from media for future

experimentation where a defined media is required.

BPc2 may also allow B. proteoclasticus to utilise fumarate as the terminal electron
acceptor for anaerobic respiration when more electronegative terminal electron

acceptors, such as nitrate, sulphate or dimethyl sulphoxide, are in limited supply.

During attempts to cure B. proteoclasticus of each of the auxiliary replicons it was
observed that the organism was capable of growth in media containing 5% (w/v) SDS.
Recently the ability to resist high concentrations of biocides, including SDS, was
observed in a number bacteria isolated from a dental unit water line (Liaqat & Sabri,
2008). Their resistance mechanism appeared to be related to an increase in
diaminopimelic acid in the cell wall. It would be interesting to determine if a similar
resistance mechanism operates in B. proteoclasticus, and the functional relevance of

this type of resistance to life in the rumen

Following curing of the pCY186 megaplasmid, morphological analysis of B.
proteoclasticus (ApCY186) has shown that it occurs almost exclusively in long
chains. This is indicative of problems with cell division or cell separation. Possible
reasons include a defective nucleoid partitioning system. The investigation of the
exact effects of the loss of pCY186 is warranted as this may determine the role of
some (or all) of the genes with unknown function and help identify the overall

contribution of this replicon to the biology of B. proteoclasticus.
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Finally, bacterial genome sequencing is unveiling a large number of genes that appear
unique or are of unknown function. The sequencing and analysis of the auxiliary
replicons of B. proteoclasticus has resulted in a further 503 novel genes along with 83
previously observed genes of unknown function. Transcriptional and occasionally
proteomic evidence suggests most of these genes are expressed. One challenge that
has yet to be overcome in this, and other bacterial genome sequencing projects, is
ascribing function to such genes. A complete understanding of B. proteoclasticus
physiology and metabolic capability depends on unravelling the functions encoded by
its functionally unknown gene complement. Several bioinformatic methods, such as
predicting protein function from high-resolution structural analysis (Hermann et al.,
2007), are being developed to help address this problem, while gene knockouts can be

used in organisms with developed genetic systems to look for phenotypic differences.

However, like all information derived from the B. proteoclasticus genome sequence,
it needs to be linked to proteomic data and put into an environmental context.
Microarray investigation into the effects on genetic pathways during the interspecies
interaction between B. proteoclasticus and M. ruminantium revealed a potentially
symbiotic interaction between the two species. It also revealed significant changes in
B. proteoclasticus metabolism, through the down-regulation of many GH-family
enzymes and sugar uptake systems and up-regulation of PTS transport systems. This
suggests that the manner in which B. proteoclasticus acts in a pure culture is different
to how it acts in its natural setting, where it is likely to interact with a large consortia
of other bacteria, archaea, fungi, phage and protozoa. Similarly, other studies of
interspecies interactions illustrate differences in in-vifro experimentation using
isolated cultures compared to what is occurring in vivo (Johnson et al., 2000).
Therefore the challenge for the future is to link the B. proteoclasticus genome
sequence to functional data derived from in-vivo experiments or experiments that

mimic conditions that are relevant to the rumen.
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Appendix I Gram stain

Figure Al Typical Gram-staining of wild-type B. proteoclasticus grown in M704
broth media.
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Appendix 1T Primers
Table Al Primer details
Primer Primer
Sequence Sequence
Name Name
pCY360
p360_196fp gatatctgecttetggtacgcet p360_SsbFp aggaagttcctcatcgat
p360_196rp gcatatataagggtatcgtcggat p360_SsbRp cttatgggacgtctcact
p360 341fp cttctgtacaaagcatctgccatat p360_ Thyfp atatagacacaagttacgcag
p360 343rp tcattgccggaactatacaaa p360_ Thyrp ttgagcaaaagacattcc
p360_398fp tcatacaaataaaaatagcgccage p360_UNPPFp ggcattaaaactccggttat
p360 398rp aaaaccaacgaccttgcaca p360 UNPPRp gcataaagagcacatgcg
p360_ChypOrifp tttcttaaaactccgggceat p360_ Morifp tgtccttetttettetgtea
p360 ChypOriRp  tgcggagcattaacgatt p360_Morirp tettccaggatgagctca
p360 _IG3Probe ttaatagaaaaaggactaaaaata p3600riT_P1 fp aatcatcaagtgcaagtatg
p360_Int/RecFp tggctcccgaaagattaat p3600riT Pl rp gcagaccatatcatgcta
p360_Int/RecRp gtcaatttacggaggagc p3600riT P2 fp gtttcaatgggcttataatc
p360_IR10Probe ggtteecttttttaccacctataa p3600riT_P2 rp cttttgtctttgcatgatag

p360_IR11Probe
p360 IR2rp

p360 NrdDfp
p360 NrdDrp
p360 NrdGfp
p360_NrdGrp
p360_OriRaFp
p360_OriRaRp
p360_ParAFp
p360 ParARp
p360_RepBFp
p360_RepBRp

c48probefp
c48proberp
c49a'
c49a6
c49b6
p2 l.pplca

tttttatattataataaagtagttcgctaaa

aggatgaacaagaagctg
tcgactataagaactttacgtggg
tggcacagaagttgagtt
ctaagcgttetctgtggt
ataaagtccccaattaat
aattgttcgtcatctactgtcac
gagtgatacatcatacttgagaagt
tacaatctcaacgattaacc
cctccaacttttctacca
aaagtagtgaactttcactaataa

tttcaagaagctcgaaat

aaccaaaacagttgaggatag
atactcgctaccaattactcc
ccaggtttcaactataccatt
ttcaagtaagccctacgaaa
caatctgacgggatttaagt
gtgagcectcttctgtactcgt

p3600riT_P3 fp
p3600riT_P3 rp
p3600riT P4 fp
p3600riT P4 rp
p3600riT PS5 fp
p3600riT_P5 rp
p3600riT_P6 fp
p3600riT_P6 rp
p3600riT P7 fp
p3600riT_P7 rp
p3600riT PS8 fp
p3600riT _rp

BPc2

p300c49a
p300c49b
p300probel fp
p300probelrp
p300probe2fp
p300probe2rp

ctatcatgcaaagacaaaagc
agaaaaagggctttaagg
ttettctggaactetetg
cagagcattgatacttct
cagcaaaagaagtatcaatgc
cgaatcatttggagcata
ttacgctcatatgtcctce
aatttttggaagtcgage
gacttccaaaaattctgcacag
aagcaggtaaatggcgac
tactgttcgataagagacatga
ttgtttcttccatgaaaa

taaactttcacaggccctce
atagcggaaacgcagaaataga
tcaacagccttattacctgtaaag
ttatgccctggaacaagaaa
caggtaaaagagcgtgataact
ctactgttccaagagtcgga
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p2 l.plcb

p2 l.qlca
p300_parAfp
p300_parArp
p300_repB2fp
p300_REPb2rp
p300_repBrp
p300108B2
p300109A2
p300c107a
p300c107a4
p300c107b
p300c107b
p300c107b’
p300c107b
p300c107b4
p300c107b4contp
p300c107b4conrp
p300c107b5
p300c107b6
p300c107d
p300c108a’
p300c108a
p300c108a4
p300c108a4confp
p300c108a4conrp
p300c108a5
p300c108a6
p300c108b
p300c108b’
p300c108b
p300c108b4
p300c108b6
p300c108c
p300c108d
p300c109a’
p300c109a
p300c109a3
p300c109a4
p300c109a6

aagtggctctecgtataatge
ctgaccaacacgttatcatc
cacttatcctcctctaagaa
tacaatagcatttagcaacc
gtgggggacttatgccagat
tagcctgcagcettcagcaat
tatctactgtaatatgctge
gaggaacggtatcattgattca
actacagccgccatgataact
cacaaactactttatcaact
aagcatatgcgtctcgattg
tttagatgatgcatataagaaat
cacaatgctcacacatcattc
geecattgecgeagetecaa
tttagatgatgcatataagaaat
ctcagecgtgggcttgcttt
tgacggtacctgactaagaa
atctaatcctgtttgctcce
gagactgccagggataacct
accttaccagatcttgagatcc
cacaatgctcacacatcattc
attagggcttgcgcetcactg
tcgataaattcaaggaaaca
cgcgggtacagceatctcact
geggagtegetgttgggata
cgtecgatgtgaactcttggg
cttcggtgtegtgtttcage
tactcattccggcattctet
tagagctttatgccaaggatce
gtctggagcetgtatagtgaa
tagagctttatgccaaggatcc
gtataagtacggcaatagacat
gcagaagtatgcccagatca
attagggcttgcgeteactg
gtctggagetgtatagtgaa
gagtgccttaacatgctectt
cctttatcgtcttcectgtetttat
actacaggcgcttctgtact

tttcatcaccactggatt

gtgagttgccaatctgacgg

p300repB2fp
p300repB2rp
perl16.bwp
perll6.gwp
perll7.bwp
perl17.bwpl0
perl17.bwp5
perl17.bwp7
perl17.bwp8

perll7.gwp
perl17.gwp3
perl17.gwp3
perl17.gwp3
perll7.gwp4
perll7.gwp5s
perl17.gwpb6
perll7.gwp7
perll7.gwp8
perl17.gwp9
perl18.bwp
perl18.gwp
RNA3a.1
RNA3a.10
RNA3a.11
RNA3a.12
RNA3a.13
RNA3a.14
RNA3a.15
RNA3a.16
RNA3a.2
RNA3a.3
RNA3a.4
RNA3a.5
RNA3a.6
RNA3a.7
RNA3a.8
RNA3a.9
RNA3afp
RNA3arp
RNA3b.1

gtgggggacttatgccagat
tagcctgecagettcageaat
tgaggatgataagcaggttg
ttctggttctcctggatatg
tctgtggtagtggagtitgag
tgagtgtagcggtaatgetc
ctctggagctgacatagacatag
cgcacttacaggtacaagtc
ggttacaaggtctgacatge
tgaagatcctgtggcagatg
cttgaaattgatagtgataacag
tectecatectgaattattg
cttgaaattgatagtgataacag
tectecatectgaattattg
cctgaagtctcttgacgaag
ccggattatcagagcttcac
aggcaggtcagttagttgtg
aagtgcatccttatcctcac
gctgagcagattagtgaage
gtattcagcagctctatgacac
ctacatgatcttcggaccag
tgtttcactatcggtcacca
tcgaattaaaccacatgctc
tcgggtctatgtgaagtgac
taacaaggtagccgtaggag
ttctatacactcegetgete
cgcagtaagtattccacctg
tectacggetaccttgttac
tggagcatgtcgtttaattc
acgtgttaaccgtcgtgttc
tggattattgtggcatagaag
cgacacagaacctttgacaa
ttgtcaaggttctgtgtcg
tggattattgtggcatagaag
ctacagatcgttgctttggte
ccacattgggactgagacac
ctagtgtagcggtgaaatge
atccaatgctgttaatctagg
ggacttatacttggagctatcg
ttacctagagcgatgagce

259



p300c109a7
p300c109b'
p300c109b
p300c109B2
p300c109c¢
p300c109d
p300c110/111a
p300c110/111A2
p300c110/111b
p300c110/111B2
p300c110a’
p300c110a4
p300c110a5
p300c110c
p300cl12a
p300cl12A2
p300c112b
p300c112b4
p300c145+a
p300c145+a2
p300c145+b'
p300c145+c
p300c145+d
p300c145A
p300c145B
p300c145b4

p190 parAfp
p190 parArp
p190 _repBfp
p190_repBrp
p190 5a5
p190_cl05acomp
p190_c105a5
pl90 c210a5
p190_c210b5
pl90 c211a5
p190_c240A
pl190 c240a’
p190 c240B

gaaacaaaagagttctcegt
ctttcaggatgagaatggega
caaatccggcaaacacactt
gagcgtaactccctcatctget
gagtgccttaacatgctectt
ctttcaggatgagaatggcga
atgacagcatctggtggage
getttggtggaacactcatt
accctaaggtttgtgaatcttg
atgtcgagatattcccgeca
accatagtctattcatatttcc
taaaaggttacaggcagttg
tgccaaggaatactacatg
accatagtctattcatatttcc
gecegtatgettgatgtcaat
atgcatctgacgcaaatggg
ttacttattgactaggcatatat
actgctctcctcaagctcaa
cattcaggagaccaaacttc
gaacctgtctgcttaatctg
atccggegetgagcagatta
cattcaggagaccaaacttc
atccggegcetgageagatta
gectettectgtttggeatt
acatgctggattcaggtgct
acctgcatttggtgtatata

cttctgacaatttcatcaac
taacaatagcaatggcaaac
taataatatcttttccagctctac
gaaaaaagatgaatcttatgat
cggaaaacaggttgttcatg
ggcaacatccgataagaata

gaaccttcatctgaataaatcc

gcggataatagatcagattagcaa

tctccgaaactectatatcaca
gccatccttaacaagtttett
caattacgacaccaagacatca
catctgctctctgttcatact

tgggtaaatatcaaagaatgacaa

RNA3b.10
RNA3b.11
RNA3b.12
RNA3b.13
RNA3b.2
RNA3b.3
RNA3b.4
RNA3b.5
RNA3b.6
RNA3b.7
RNA3b.8
RNA3b.9
RNA3bfp
RNA3brp

pCY190

p190 parA2fp
p190 parA2rp
p190 parB2fp
p190_parB2rp
p190 probelfp
p190 probelrp
p190 probe2fp
p190 probe2rp
p190_repB2fp
p190_repB2rp
p3.bwp
p3.bwpl
p3.bwp2

gatgtgaactcttgggagte
acttagtgatccggtggtatg
ctaggatgttccctcagaag
gtaaccagcatcttcactgg
ggtcgctaataacgtatg
tggtgaccgatagtgaaac
gataggcacaaggtgtaage
gaaggcatctaagcgtgaag
atacgttattagcgacccgaag
acttcacatagacccgaaac
gattatcaaactccgaatge
tcggctagtgagctattacg
tggagttcectgtgcataate
ttgttggcgcagatgtattatc

ctgacaatttcatcaacaatacgtc
gcaacaatacttacaaagctaggta
cttttttctagtttctcaageg
cttttttccatgaggagcegt
ggtttaggttgagatactatcattg
tcaaaccaagtgcaaattga
ttcactttggtgaagacgaa
ctgtagggagtaaggcataca
taataatatgttttccagctctag
gaaaaaagatgaatcttatgat
tatgcggattgctaagatg
atgaagaactcgctgctate

gcgatattcatcttcattgg
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p190 c240b'
p190 c240b5
p190 _c240c
p190 c240d
pl90 _c3A
pl190 c3a'
p190 c3B

pl90 c3b'
pl90 c3b5
pl90 c3c
p190 c3d
p190 c49c
p190 c4A
pl190 c4a'

pl90 cd4a cfm
pl190 _c4B

pl90 c4b'
p190 c4b*
p190 c4b5
p190 c4c
pl190 cSA

p190 _cSa’

pl190 _c5as
pl90 _c5B

pl90 _c5b'
p190 c5c
p190 c5d

p190 OriAfp
p190 OriArp
p190 OriBfp
p190 OriBrp
p190_OriCbrp
p190 OriDrp
p190 OriErp
p190 oriGfp
p190 oriGrp
p190 oriHfp
p190 oriHrp
p190 orilfp
p190 orilrp

ctgctttacatattctcttaac
aatcggtgcattgttgectt
catctgctctctgttcatact
ctgctttacatattctcttaac
attcttctgctccaccaacc
gacgattgtaaccggctcgta
tagttaatgatctccaaataattat
tgcaacaggetgcttgaact
tgcgactaaacaaaatcttacaagg
gacgattgtaaccggctcgta
tgcaacaggetgcttgaact
ccaggtttcaactataccatt
atttcgcatcaacaaatact
agagcacagcagcaaaggcatc
catagaaaggacgacagttt
tgggaataagaagcaactatggga
tatcaacgaaacggattacc
tatcaacgaaacggattacc
gaaaggggaattcaatatgce
agagcacagcagcaaaggcatc
taagtggatagcgcatgegt
getggecttetgtgatgtge
cggaaaacaggttgttcatg
gatgccttctaactgcatcaat
ccattcatatacgcagttatg
getggecttctgtgatgtge
ccattcatatacgcagttatg
ggatcegtgtggtggaattc
atcatctagagcgacagcce
ccgcttattttagcacaatattgac
aatagcaatggcaaaccaaa

gacaatgctccagcaagaaa

gagcatgaagaaaagcaagaagtaa

ccatattcttctcttcgeca
ttaagataaggcactgatcattctg
gttggtaaaacaacctcaactatag
cgtaaaaaaaggagaggtaac
gagcagattatcaacggaaa
acttcttaaatcatgctccaaatgc

ccagcaagaaatattcctctaaaca

p3.gwp
p3.gwpl
p3.gwp2
p3 l.plca
p3 l.qlca
CS5probefp
CS5proberp
perl19.bwp
perl19.bwpce

perl19.gwp

perl19.gwpe
pcrl120.bwp

pcr120.bwp3
pcr120.bwps
pcrl120.bwp6
pcrl120.bwp7
pcrl120.bwp9

per120.gwp
per120.gwp3
per120.gwps
pcr120.gwp6
per120.gwp8
pcr204.bwp
pcr204.gwp
pcr204.gwpa
pcr204.gwpb
pcr204.gwpce
CpP190f
CpP190r
13666.bwp1
13666.gwpl
3026.bwpl
3026.bwp2
3026.gwp
3026.gwp2

tgttcattactatatgccatge
atccgctacattectgatag
gcatttatctcagtctcage
ttcacgtatccaacgtctaac
catggagtggaagagaagag
ccgtgacaacaacctatgtaca
acgctgcteccaccaactaaa
ggtcgaagtagttgagaagaag
gacgtaggcaattacgacac
tacatcttcaacaaggctctc
cacatctgttgttccaccac
tgtggttacagacaatggaac
acatcttctccaagcatcac
gacttcaaccgcttctgtag
gettggaacaaaccatacag
ttcaagtaccactctaagagc
aagagcagtcagtcaagg
gaagtcagggatgtaatcagg
tetgtacgtggagtcttatgg
cctaaagtagcggatgaagtc
acacgctaaagttgccatatce
tccaggatgtactgatctce
ggagtaatctgegtcatage
tcactccatgaatcagtacg
agcctgcettgattattcttg
tggattacactaccagcattg
gacggctatctcgtaagaag
tggaagacaaagcactagetggga
cgcettegtgtegtccagaaa
tgacaattatacagtcctgcag
ttatctgcatcttagcaatcc
cgattgtaaccggctcgtat
taagccaagtggacagattg
tatacgagccggttagaatc
ttatggtcaggttgcattag

261



BPpl.fp
BPpl.rp

Chromosome

caccttcaacgaactccatc

ccctaattcacagetaatee

bedgfp
bedrfp

mchqfp
mchqrp

Other

tgagaagggaacacctggat
ttgctcttccgaactgett
gtattgcctggtgaagatgt
gtcgatttggtagaagtca
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Appendix III Supporting microarray data
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Figure A3 GC analysis of H, and CH, in co-culture. GC analysis of gas composition
in co-culture before, up to, and after the point of extraction (510 minutes). Peaks run right to
left and correspond to, in order, H, CH, and CO, as indicated. Cultures were flushed with
CO, immediately prior to the addition of B. proteoclasticus (T=0).
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Table A2 Spectrophotometric analysis of total RNA samples to determine
purity and concentration.

Replicate Sample Ase0/Azso Aseo/Aszp ng/ul Total RNA (ng)

Blank -0.32 -0.08 -0.004 n/a

B. proteoclasticus 2.00 2.35 108.83 6.53

1 M. ruminantium 2.10 2.42 121.09 7.27
Co-culture 2.11 2.38 177.83 10.67

B. proteoclasticus 1.97 2.31 102.17 6.13

2 M. ruminantium 2.09 2.36 107.84 6.47
Co-culture 2.09 2.41 193.01 11.58

B. proteoclasticus 2.08 2.40 85.17 5.11

3 M. ruminantium 2.04 2.41 83.83 5.03
Co-culture 2.08 2.32 172.39 10.34

"Each total RNA sample was analysed by spectrophotometry. Absorbance readings were
taken at wavelengths (A) 230 nm, 260 nm, and 280 nm. The absorbance ratio between A = 260
nm (Ayp) and A= 280 nm (Ay) as well as the Ay / Ay ratio are shown. RNA
concentrations were determined by the Nanodrop software using an adaptation of Beers law
(Concentration = (Absorbance x Extinction coefficient) / path length of the transmitted light)
where the extinction coefficient for RNA is 40 ng-cm / ml. Total RNA is the total mass of
RNA in the remaining 60 pl sample.

Table A3 Mixing schedule for mono-cultures

B. proteoclasticus ~ Concentration M. ruminantium  Concentration

Sample
Vol (ul) (Total RNA (%)) Vol (nl) (Total RNA (%))
1 68.9 4.5 ng (45%) 75.7 5.5 ug (55%)
2 73.4 4.5 pg (45%) 85 5.5 pug (55%)
3 97.8 5 pg (50%) 99.5 Sug (50%)
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Table A4 Microarray scan levels

Sample

1A
1A
1A
1B
1B
1B
2A
2A
2B
2B
2B
3A
3A
3A
3B
3B

Scan
level
High
Med
Low
High
Med
Low
High
Med
High
Med
Low
High
Med
Low
High
Med

PMT Gain
A=532nm (Cy3) A=0635nm(Cy5)
537 580
445 490
362 400
550 565
485 500
385 400
580 510
525 460
489 580
425 520
395 486
540 580
444 500
380 478
425 540
310 385

Ratio

0.97
1.00
1.02
1.03
0.99
1.01
1.00
0.99
0.96
1.04
1.03
0.99
0.95
0.99
1.01
1.00
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Table A5

Microarray grid settings

Print
Slides
Slide rows
Slide columns
Blocks
rows

columns
Block spacing

384 well plates
# spots
#rows X

#columns'Y
spacing row
spacing column

Spot diameter

121 CPR/MR combined
50 epoxy
5
10
32
8
4
Column 4550
Row 4499.5
17 x 3 repeats + 1 extra =52
19968
26
24
170
170
100
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Table A6 Feature weightings

Slides -100 ﬂag* - 50 flag | No flag
1A — High 0 1564 18404
1A —Med 0 1558 18410
1A — Low 0 1532 18436
1B — High 0 1774 18194
1B — Med 0 1909 18059
1B — Low 0 2479 17489
2A —High 0 0 19968
2A —Med 126 1191 18651
2B — High 1 2874 17093
2B — Med 1 3240 16727
2B — Low 2 4191 15775
3A — High 0 0 19968
3A —Med 0 1751 15235
3A —Low 0 4733 18217
3B — High 2 4118 15848
3B - Med 2 3269 16697

"Shows weightings applied to features of each slide. The weighting of features flagged as bad
by visual inspection were given a weighting of -100 essentially removing them from further
analysis, features bad flagged by Gene pix (typically low intensity or very irregular outlines)
were given a weighting of -50 and features accepted by both Gene pix and visual inspection
were not flagged.
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Appendix IV R programming code

# Set up Bioconductor.
# REMEMBER: need to run this setup code at the beginning of all
sessions!!!

Sys.setenv ("http proxy"="http://webgate.agresearch.co.nz:8080")
install.packages(c("limma","iplots"), dependencies = TRUE)

# Note that after the first line of code comes up, you’ll need to
enter your log-in details (as R is going outside of AgR to get the
files).

# To log-in you need to type:

# Username: Agresearch\your AgR username, Password:

your AgR password.

# You’ll then be asked to choose a mirror - use NZ. After doing
this, the packages should then be loaded into R.

library (limma)

memory.limit (size=4000) # Changes memory to
4000 Mb
memory.limit (size=NA) # Tells you how

much the current memory capacity is

workingDir <- "M:/Coculture microarray" # Change the file
pathways to what you want
setwd (workingDir) # Sets the working

directory to workingDir
dataDir <- "M:/PhD/microarray/Results"

# - #
# Create a 'target' file
# - #

# Obtaining all .gpr filenames
write.table(dir (dataDir,pattern=".gpr"), "6 microarrays of B316 and
MBB in Coculture versus not", quote = FALSE)

# Read in the files defined in the FileName column of the Target
file.

R e e L e EE R L #
targets <- readTargets ("Coculture array list.txt") # Reads in
the targets file

targets # Prints out what is contained in

targets so you can doublecheck that it is correct

wt.flags <- function(x) { # Function which gives spots with
flag values > = 0 a weighting of 1 and 0 otherwise.

as.numeric (x$Flags >= 0) # A weight of 0 means that the BAD
spot is multiplied by 0 and so 'disappears'.
} # A weight of 1 = a GOOD spot.
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x <= list() # Checking that the weight function
is working (1 = good spots, 0 = bad spots)

x$Flags <- c¢(100, 0, -50, -100)

wt.flags (x) # Should give 1 1 0 0

RG <- read.maimages (targets$FileName, source="genepix.median",
path=dataDir,

wt.fun=wt.flags, other.columns="Flags") #

Reads in the files in dataDir using the median pixel values

# and
weighting the data as defined in the weight function
# Help documentation
limmaUsersGuide ()
# ——— e #
# Saving your data in R
# - #
save.image ("M:/Coculture microarray/Coculture analysis.RData")
# _________________________________________________________
# To Reload
load("M:/Coculture microarray/Coculture analysis.RData")
# - #
# Quality control: types of spots on the chip...
# - #
# ___________________________________

# Create a list which shows how many copies there are of each gene on
the chip...

# Spots with "NA" gene IDs as Limma can not deal with these
sum (is.na (RGSgenesS$SID))

# note: there are 0 genes!!

# Creating the list...

copies <- stack(table (RGSgenesS$SID))

o <- order (copiesS$values, decreasing = T)
coplies.ordered <- copies|o,]
copies.ordered[1:10, ]

# Writing a dataset of gene IDs and copy numbers to Excel for easy
viewing...

getwd ()
write.table (copies.ordered, file = "Copy numbers of genes,
ordered.x1ls", sep = "\t")

# Summary of how many genes there are with each count...
c(table (copies.orderedS$values), "total genes" = length(RG$Sgenes$ID) )

# Plot the expression values for each gene type...
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# Create a variable identifying the gene types...

RGSgenesS$Scontrol.IDs <- RGS$genes$SID #
Create a copy of the gene Name
RGS$Sgenes$control.IDs <- "Unrecognised" #

Then rename the gene IDs to be one of the 6 classes of spot found on
the chip

RG$SgenesS$Scontrol.IDs [grep ("CPROT70",RGSgenes$ID) ] <- "Bprot"
RG$SgenesS$Scontrol.IDs [grep ("MRUM70",RGSgenes$ID) ] <- "Mbrevi"
RGSgenes$Scontrol.IDs[grep ("CPROT50 rand",RGS$Sgenes$ID)] <- "Controls"
RGSgenes$control.IDs[grep ("CPROT50 arabid",RG$genes$ID) ] <-
"Controls"

RGSgenesS$Scontrol.IDs [grep ("CPROT50 dnaK",RGSgenes$ID) ] <- "Bprot
dnak"

RGSgenes$Scontrol.IDs[grep ("CPROT50 frhB",RGSgenes$ID)] <- "Mbrevi
frhB"

RGS$SgenesS$Scontrol.IDs[grep ("blank",RGS$SgenesS$ID) ] <- "Blank"

# Plot the RAW values for each gene type...
slideNames <- rownames (RG$targets)
targets
oldpar <- par()
par (mfrow=c(4,4) ,mar=c(7,4,4,2)+0.1,mgp=c (3,1,0))
for( i in c(1:16)) {
plot (as.data.frame (RGSgenesS$Scontrol.IDs),
log2 (RGSR[,1]1/RGSG[,1]),
main=slideNames[i],cex.main=1.1, ylab = "log2 ratio for the raw

data", las = 2, cex = 0.8,
ylim=c(-4.5,4.5))

abline (h=0)

}

par (oldpar)

# ——— #
# Quality control: summary statistics...

# - #

# Summary of Red and Green foreground and background intensities:
# Tables of summary statistics

RGSR)
RGSRD)
RGSG)
RGS$GD)

summary
summary
summary
summary

—~ e~~~

# Boxplots

targets #
Check slide order

oldpar <- par()
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par (mfrow=c(1l,1) ,mar=c(10,4,4,2)+0.1) # Set
margins so that the x-axis labels can be entirely seen.

colors ()

colour <- rep(c("blue","skyblue2", "light blue"),4)

colour <- ("blue","skyblue2","light blue","blue","light
blue", "blue", "skyblue2","1light blue", "blue", "skyblue2","light

blue", "blue", "skyblue2","light blue", "blue","light blue")
# Set boxplot colours

boxplot (data.frame (log(RGSR)), las = 2, main = "Red foreground", ylab
= "log intensity", col = colour) # Plots images in order given in
targets

# Plotting slides in the order high, medium, low

par (mfrow=c(2,2)) # Plot
2x2 graphs per page

boxplot (data.frame (log (RGSR[,c(1,3,2,4,6,5,7,9,8,10,12,11)1)), las =
2, main = "Red foreground", ylab = "log intensity", col = colour)
boxplot (data.frame (log (RG$SRb([,c(1,3,2,4,6,5,7,9,8,10,12,11)1)), las =
2, main = "Red background", ylab = "log intensity", col = colour)
boxplot (data.frame (log (RG$G[,c(1,3,2,4,6,5,7,9,8,10,12,11)1)), las =
2, main = "Green foreground", ylab = "log intensity", col = colour)
boxplot (data.frame (log (RG$Gb[,c(1,3,2,4,6,5,7,9,8,10,12,11)1)), las =
2, main = "Green background", ylab = "log intensity", col = colour)

# Plotting slides in the order high, medium, low and with the same y-
axis range for all plots.

boxplot (data.frame (log (RG$R[,c(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16
)1)), las = 2, main = "Red foreground", ylab = "log intensity", col =
colour, ylim = c(3,11))

boxplot (data.frame (log (RGSRb[,c(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,1
6)1)), las = 2, main = "Red background", ylab = "log intensity", col

= colour, ylim = c(3,11))

boxplot (data.frame (log (RG$G[,c(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16
)1)), las = 2, main = "Green foreground", ylab = "log intensity", col
= colour, ylim = c(3,11))

boxplot (data.frame (log (RG$Gb([,c(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,1

6)1)), las = 2, main = "Green background", ylab = "log intensity",
col = colour, ylim = c(3,11))

par (oldpar)

tf - #
# Quality control: slide images...

$f - #

par (mfrow=c(4,4))

for( i in c(1:16) ) {
imageplot (rank (RGSR[,1]), layout=RGS$printer, low="white", high="red",
main=paste(slideNames[i], ": FG"), cex.main=1.1)

}

for( i in 1:16 ) {
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imageplot (rank (RGSRb[,i]), layout=RGSprinter, low="white",
high="red",
main=paste(slideNames[i], ": BG"), cex.main=1.1)

}

for( i in 1:16 ) {

imageplot (rank (RGSG[,1i]), layout=RGSprinter, low="white",
high="green",

main=paste(slideNames[i], ": FG"), cex.main=1.1)

}

for( i in 1:16 ) {
imageplot (rank (RGSGb[,1]), layout=RGS$printer, low="white",
high="green",

main=paste(slideNames([i], ": BG"), cex.main=1.1)

}

$f - #
# Quality control: flag diagnostics...

o - #
# __________________________________________

# Plotting the scans done at different intensities versus each
other...

# Splitting up the slides into high, medium and low scan types

targets
# Check slide order

high.slides <- (grep("Hi",targets$FileName, ignore.case = TRUE))
medium.slides <- (grep("Med",targets$FileName, ignore.case = TRUE))
low.slides <- (grep("Lo",targets$FileName, ignore.case = TRUE))

high.slides
medium.slides
low.slides

# High scans vs low scans...

dye <- RGSR # Change to RGSR or RGSG as you wish
dyecolour <- "Red" # "Red" or "Green" to match the RG
variable above.

par (oldpar)
# Colouring the plots by their flag status...

Flag.colour <- (-1*RGSother$Flags[,high.slides[slide]])+1

# Can use the high.slides, medium.slides or low.slides flags to
colour the plots (change to what you want)

unique (Flag.colour)

iset.col (Flag.colour)

# May take a few seconds for the points to appear!

iset.col(c(0,0))
# Sets the colour back to all black

# Identifying selected points...

iset.selected()
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print (cbind (RG$Sgenes[iset.selected(),1:4], Flag.high =
RGSother$Flags[iset.selected(),high.slides[slide]], Flag.medium =
RGSotherS$SFlags[iset.selected(),medium.slides[slide]],

Flag.low = RGSother$Flags|[iset.selected(),low.slides([slide]]), quote
= F)

# Setting the weights for any extra bad-flagged spots to 0. Wise to
make a copy of the original values first!

RGS$Sold.weights <- RGSweights
RGSother$old.flags <- RGSotherS$SFlags

spot.l <- iset.selected()
spot.2 <- iset.selected()
# Create as many 'spot' variables as are needed

RGSweights[c(spot.l, spot.2),high.slides[slide]] <- 0
# Change the scanning level to that on which the spot is bad.
RGSother$Flags[c(spot.l, spot.2),high.slides[slide]] <- 0

# Create a table showing the numbers of each type of Flag

Flags.stacked <- c(RG$other$Flags)

Slides.stacked <-

rep (colnames (RGSother$Flags) ,each=length (RGSotherS$Flags([,1]))
Flag.matrix <- as.matrix(table(Slides.stacked,Flags.stacked))

Flag.matrix

# - #
# NORMALIZATION

# - #
# _______________________________________________

# Removing the control spots. 1i.e. setting the blank, random,

arabidopsis and spike in control values to O...
RGSold.weightsl <- RG$Sweights
RGS$weights[RG$genesScontrol.IDs=="CPROT50 rand"] <- 0
RGSweights[RG$SgenesScontrol.IDs=="CPROT50 arabid"] <- 0
RGSweights [RGSgenesScontrol.IDs=="CPROT50 ackscat"] <- 0
RGSweights [RGSgenesScontrol.IDs=="CPROT50 ackbhet"] <- 0

RGS$weights[RGSgenes$SID=="blank"] <- 0

# Within slide normalization...

#?backgroundCorrect -for help file
#?normalizeWithinArrays -for help file

MA <- normalizeWithinArrays (RG, method="printtiploess",
bc.method="none")

# MA plots
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# Spots with zero weight NOT shown...

par (mfrow=c(4,4))
for(i in 1:16) {
plotMA (MA, array=i, main=slideNames[i], cex.main=1.1, ylim=c (-
3,3))
abline (h=0)
}

# Show spots with zero weight (note: y-axis range now set to (-4,4)
so that all of the bad spots can be seen)

par (mfrow=c(4,4))
for(i in 1:16) {

plotMA (MA, array=i, main=slideNames[i], cex.main=1.1,
zero.weights = TRUE, status = RGSweights[,i], xlim = c(7,16),
ylim=c (-4,4))
abline (h=0)
}

# Show control and quality assurance spots

par (mfrow=c(4,4))
for(i in 1:16) {

plotMA (MA, array=i, main=slideNames[i], cex.main=1.1,
zero.weights = TRUE, status = RGS$SgenesS$Scontrol.IDs, xlim = c(7,16),
ylim=c (-4,4))

abline (h=0)

}

# - #
# Boxplots of the normalized data by different spot type

# - #

oldpar <- par()

par (mfrow=c(4,4) ,mar=c(7,4,4,2)+0.1,mgp=c(3,1,0))

for( i in c(1:16)) {

plot (as.data.frame (RG$genes$control.IDs), MASM[,i],
main=slideNames[i],cex.main=1.1, ylab = "log2 ratio for the
normalized data", las = 2, cex = 0.8, ylim=c(-4.5,4.5))
abline (h=0)
}
par (oldpar)
# - #
# Density plots
$f - #

# Comparing results when background corrected vs not
par (mfrow=c(2,1))

plotDensities (backgroundCorrect (RG, method="none"))
plotDensities (backgroundCorrect (RG, method="subtract"))
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# Comparing results for high, medium and low scans (Raw data)

par (mfrow=c(3,1))

plotDensities (backgroundCorrect (RG[,high.slides], method="none"))
plotDensities (backgroundCorrect (RG[,medium.slides], method="none"))
plotDensities (backgroundCorrect (RG[, low.slides], method="none"))

# Comparing results for high, medium and low scans (Normalized data)

par (mfrow=c(3,1))

plotDensities (MA[,high.slides])
plotDensities (MA[,medium.slides])
plotDensities (MA[,low.slides])

F i
# STEP 13 - t-tests...
o #

# Divide the normalized data and targets file into subsets of high,
medium and low scan data:

MA high <- MA[,high.slides]

MA medium <- MA[,medium.slides]

MA low <- MA[,low.slides]

targets high <- targets[high.slides,]

targets medium <- targets[medium.slides, ]
targets low <- targets[low.slides,]

# Creating the design matrix... (Note can't remove a dye effect as
the Ref mRNA is always on Green)

design.l <- cbind("CoculturevsMBB B316" = c¢(1,1,1,0,0,0),
"MBB B3l6vsCoculture" = ¢(0,0,0,1,1,1))

# Creating the contrast...

cont.matrix.l <- makeContrasts ("CoculturevsMBB B316" =
CoculturevsMBB B316 - MBB B3l6vsCoculture, levels = design.l)
cont.matrix.l

# Medium scan analysis

# Fitting the linear model to the design matrix, and then to the
contrast [Coculture - Monoculture]:

fit medium.l <- ImFit (MA medium, design.l)
fit medium.l <- contrasts.fit (fit medium.l, cont.matrix.l)

names (fit medium.1)
dim(fit medium.lScoefficients) # 44290 * 1

# Calculating simple t-statistics (NOT recommended!)
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simple.t.pvals.l <= (2 * pt (-

abs (fit medium.1lS$coefficients[,1]/fit medium.l$stdev.unscaled[,1]/fit
~medium.1Ssigma), df = fit medium.l$df.residual))

# Calculating empirical Bayes moderated t-statistics:

fit medium.l <- eBayes(fit medium.1l)

# Calculating FDR's:

FDR.1 <- p.adjust(as.matrix(fit medium.l$p.value)[,1], method="BH")

# Low scan analysis - FDR's not calculated here as will be later
using resultsOut

fit low.l <- ImFit (MA low, design.l)
fit low.l <- contrasts.fit(fit low.l, cont.matrix.l)
fit low.l <- eBayes(fit low.1)

# High scan analysis
fit high.1l <- ImFit (MA high, design.1l)

fit high.1l <- contrasts.fit(fit high.1l, cont.matrix.1l)
fit high.1l <- eBayes(fit _high.1)

e #
# STEP 14 - VOLCANO PLOTS...
B o #

par (mfrow=c(1l,1))

volcanoplot (fit medium.1l, coef=1,

highlight=sum(fit medium.l$p.value<0.0005, na.rm=T),

names=fit medium.l$genes$ID) # Plots log odds versus log ratio

# Can easily modify the code to plot the log(mod p) versus log ratio
instead, or change the plotting colour or plotting symbol etc...

volcanoplot
# This should output the following code in the R console...

function (fit, coef = 1, highlight = 0, names = fit$genes$ID,
.)

if (!is(fit, "MArrayLM"))
stop("fit must be an MArrayLM")
if (is.null (fit$lods))
stop ("No B-statistics found, perhaps eBayes () not yet run")
X <- as.matrix (fitScoef) [, coef]
y <- as.matrix(fit$lods) [, coef]
plot(x, y, xlab = "Log Fold Change", ylab = "Log 0Odds", pch = 16,
cex = 0.2, ...)
if (highlight > 0) {
if (is.null (names))
names <- l:length (x)
names <- as.character (names)
o <- order(y, decreasing = TRUE)
i <= o[l:highlight]
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text (x[1], yI[i], labels = substring(names[i], 1, 8),
cex = 0.8, col = "blue")

}

invisible ()
}
# - #
# SAVING THE RESULTS FROM THE T-TESTS...
$f - #
getwd ()
# Option 1:

resultsOut (Fit.detail = fit medium.l, Fit.rank = list(low=fit low.1,
high=fit high.1),

coef = 1, cDNA = TRUE,

write.file = TRUE, filename = "Coculture vs monoculture, using method
1.txt",

Raw.data = RG, High.Slides = high.slides, test.gene=2012)

resultsOut (Fit.detail = fit medium.l, Fit.rank = NULL,

coef = 1, cDNA = TRUE,

write.file = TRUE, filename = "Probiotic wvs Control, using method 1,
TEST.txt",

Raw.data = RG, High.Slides = high.slides, test.gene=2012)

getwd ()
# Option 2:

resultsOut (Fit.detail = fit medium.2, Fit.rank = list(low=fit low.2,
high=fit high.2), coef = 2, cDNA = TRUE,

write.file = TRUE, filename = "Coculture, using method 2.txt",
Raw.data = RG, High.Slides = high.slides, test.gene=1l)
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Appendix V Gene list
Table A7 Gene list
Gene Protein EC GO’
Symbol Name number | Function | Process | Component
pCY360

1 repB Replication initiation protein 0003917 0006270
2 Hypothetical protein 0005554 0000004
3 Hypothetical protein 0005554 0000004
4 Hypothetical protein 0005554 0000004
5 xerCA Putative integrase/recombinase 0009009 0006310
6 Hypothetical protein 0005554 0000004
7 Hypothetical protein 0005554 0000004
8 Hypothetical protein 0005554 0000004
9 II){r}(f}:;)itrllletical transmembrane intracellular 0005554 0000004 0016020
10 Membrane protein 0005554 0000004 0016020
11 Hypothetical protein 0005554 0000004
12 Uncharacterised protein 0005554 0000004
13 pind PilT N-terminus domain protein 0015070

/006276
14 Hypothetical protein 0005554 0000004
15 Hypothetical protein 0005554 0000004
16 PilZ domain protein 0005554 0000004
17 Hypothetical protein 0005554 0000004
18 fisHA ATP-dependent Zinc metalloproteinase 3.4.24.- ?88;;? 0016020
19 Hypolthetical transmembrane intracellular 0005554 0000004 0016020

protein

20 Hypothetical protein 0005554 0000004
21 Hypothetical protein 0005554 0000004
22 Putative Appr-1-p processing protein 0004721
23 Putative lipoprotein 0005554 0000004 0016020
24 ;ﬁ;ﬁleﬁcal transmembrane intracellular 0005554 0000004 0016020
25 Hypothetical protein 0005554 0000004
26 Hypothetical protein 0005554 0000004
27 Hypothetical protein 0005554 0000004
28 Hypothetical protein 0005554 0000004
29 Hypothetical protein 0005554 0000004
30 Hypothetical protein 0005554 0000004
31 Hypothetical protein 0005554 0000004
32 Hypothetical protein 0005554 0000004
33 Hypothetical protein 0005554 0000004
34 Hypothetical protein 0005554 0000004
35 Hypothetical protein 0005554 0000004
36 Hypothetical protein 0005554 0000004
37 Hypothetical protein 0005554 0000004
38 Conserved hypothetical protein DUF1016 0005554 0000004
39 Hypothetical protein 0005554 0000004
40 Hypothetical protein 0005554 0000004
41 Hypothetical protein 0005554 0000004
42 rnaHA Ribonuclease H 3.1.264 0004523 0006401
43 Hypothetical protein 0005554 0000004
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44 Hypothetical protein 0005554 0000004
45 Hypothetical protein 0005554 0000004
46 Hypothetical protein 0005554 0000004
47 Putative helicase 0004386 0000004
48 Hypothetical protein 0005554 0000004
49 Hypothetical protein 0005554 0000004
50 Hypothetical protein 0005554 0000004
51 Hypothetical protein 0005554 0000004
52 Hypothetical protein 0005554 0000004
53 Hypothetical protein 0005554 0000004
54 Hypothetical protein 0005554 0000004
55 Hypothetical transmembrane protein 0005554 0000004 0016020
56 Hypothetical protein 0005554 0000004
57 Hypothetical protein 0005554 0000004
58 Hypothetical protein 0005554 0000004
59 Hypothetical protein 0005554 0000004
60 Hypothetical protein 0005554 0000004
61 Hypothetical protein 0005554 0000004
62 Hypothetical protein 0005554 0000004
63 Uncharacterised protein 0005554 0000004
64 Hypothetical protein 0005554 0000004
65 Hypothetical protein 0005554 0000004
66 Hypothetical protein 0005554 0000004
67 Hypothetical protein 0005554 0000004
68 Hypothetical protein 0005554 0000004
69 Hypothetical transmembrane protein 0005554 0000004 0016020
70 Hypothetical transmembrane protein 0005554 0000004 0016020
71 Hypothetical protein 0005554 0000004
72 Hypothetical protein 0005554 0000004
73 Hypothetical protein 0005554 0000004
74 Hypothetical protein 0005554 0000004
75 Hypothetical protein 0005554 0000004
76 Hypothetical protein 0005554 0000004
77 Hypothetical protein 0005554 0000004
78 Hypothetical protein 0005554 0000004
79 Conserved hypothetical protein 0005554 0000004
30 Site-speciﬁc r.ecombin.ase/Phage 0009009 0006310
integrase-family protein
81 Uncharacterised conserved protein 0005554 0000004
82 Hypothetical transmembrane protein 0005554 0000004 0016020
83 Conserved hypothetical protein 0005554 0000004
84 Hypothetical protein 0005554 0000004
85 Hypothetical protein 0005554 0000004
86 Hypothetical protein 0005554 0000004
87 Hypothetical protein 0005554 0000004
88 Hypothetical protein 0005554 0000004
89 Hypothetical protein 0005554 0000004
90 tnpAA Putative IS4-family transposase 0004803 0006313
91 tnpAB Putative IS4-family transposase 0004803 0006313
92 Hypothetical protein 0005554 0000004
93 Conserved hypothetical protein 0005554 0000004
94 Hypothetical protein 0005554 0000004
95 tnpBA IS605-family transposase 0004803 0006313
96 Hypothetical protein 0005554 0000004
97 Hypothetical protein 0005554 0000004
98 Hypothetical protein 0005554 0000004
99 Hypothetical protein 0005554 0000004
100 Hypothetical protein 0005554 0000004
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101 Hypothetical protein 0005554 0000004
102 Hypothetical protein 0005554 0000004
103 Hypothetical protein 0005554 0000004
104 Hypothetical protein 0005554 0000004
105 Hypothetical protein 0005554 0000004
106 DNA modification methylase 0009008 0006306
107 Putative DNA-binding protein 0003677 0000004
108 Hypothetical protein 0005554 0000004
109 Hypothetical protein 0005554 0000004
110 Hypothetical protein 0005554 0000004
111 Hypothetical protein 0005554 0000004
112 Hypothetical protein 0005554 0000004
113 Hypothetical protein 0005554 0000004
114 Hypothetical protein 0005554 0000004
115 Uncharacterised protein 0005554 0000004
116 Hypothetical protein 0005554 0000004
117 Conserved hypothetical protein 0005554 0000004
118 Conserved hypothetical protein 0005554 0000004
119 Hypothetical protein 0005554 0000004
120 Hypothetical protein 0005554 0000004
121 Hypothetical protein 0005554 0000004
122 Hypothetical protein 0005554 0000004
123 Hypothetical protein 0005554 0000004
124 Hypothetical protein 0005554 0000004
125 Hypothetical protein 0005554 0000004
126 Hypothetical protein 0005554 0000004
127 Hypothetical protein 0005554 0000004
128 Hypothetical protein 0005554 0000004
129 Hypothetical protein 0005554 0000004
130 Hypothetical protein 0005554 0000004
131 Hypothetical protein 0005554 0000004
132 Hypothetical protein 0005554 0000004
133 Hypothetical protein 0005554 0000004
134 Hypothetical protein 0005554 0000004
135 Hypothetical protein 0005554 0000004
136 tnpBB IS605-family transposase, 0004803 0006313
137 Hypothetical protein 0005554 0000004
138 Hypothetical protein 0005554 0000004
139 Hypothetical protein 0005554 0000004
140 Hypothetical protein 0005554 0000004
141 Archaeal histone-like protein 0005554 0000004
142 Hypothetical protein 0005554 0000004
143 Hypothetical protein 0005554 0000004
144 Hypothetical protein 0005554 0000004
145 Hypothetical protein 0005554 0000004
146 Hypothetical protein 0005554 0000004
147 Hypothetical protein 0005554 0000004
148 Hypothetical protein 0005554 0000004
149 Conserved hypothetical protein 0005554 0000004
0006260
150 ligA NAD-dependent DNA ligase 6.5.1.2 0003911 /006281
/006310
151 tnpBC IS605-family transposase 0004803 0006313
152 Hypothetical protein 0005554 0000004
153 Conserved hypothetical protein 0005554 0000004
154 Hypothetical exported protein 0005554 0000004 0005576
155 Hypothetical protein 0005554 0000004
156 Hypothetical transmembrane protein 0005554 0000004 0016020
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157 Hypothetical protein 0005554 0000004
158 Hypothetical transmembrane protein 0005554 0000004 0016020
159 Conserved hypothetical protein 0005554 0000004
160 Hypothetical protein 0005554 0000004
161 Hypothetical protein 0005554 0000004
162 Serine/Threonine protein phosphatase 3.1.3.16 0004722 0006470
163 Hypothetical protein 0005554 0000004
164 Hypothetical protein 0005554 0000004
165 Hypothetical protein 0005554 0000004
166 Hypothetical protein 0005554 0000004
167 Hypothetical protein 0005554 0000004
168 Hypothetical protein 0005554 0000004
169 Hypothetical protein 0005554 0000004
170 Hypothetical protein 0005554 0000004
171 Hypothetical protein 0005554 0000004
172 mobA Putative mobilisation protein 0003916

173 Hypothetical membrane protein 0005554 0000004 0016020
174 Hypothetical secreted protein 0005554 0000004
175 Uncharacterised conserved protein 0005554 0000004
176 Conserved hypothetical protein 0005554 0000004
177 Conserved hypothetical protein 0005554 0000004
178 Conserved hypothetical protein 0005554 0000004
179 Conserved hypothetical protein 0005554 0000004
180 Hypothetical protein 0005554 0000004
181 Hypothetical protein 0005554 0000004
182 Hypothetical protein 0005554 0000004
183 Hypothetical protein 0005554 0000004
184 resA Putative DNA recombinase/resolvase 0000150

185 resB DNA recombinase/resolvase 0000150

186 Hypothetical protein 0005554 0000004
187 Hypothetical protein 0005554 0000004
188 resC Site-specific recombinase/resolvase 0009009 0006310
189 Hypothetical protein 0005554 0000004
190 Hypothetical protein 0005554 0000004
191 Hypothetical protein 0005554 0000004
192 Hypothetical protein 0005554 0000004
193 Hypothetical protein 0005554 0000004
194 Hypothetical protein 0005554 0000004
195 Hypothetical protein 0005554 0000004
196 Hypothetical protein 0005554 0000004
197 Hypothetical protein 0005554 0000004
198 Hypothetical protein 0005554 0000004
199 Conserved hypothetical protein 0005554 0000004
200 Hypothetical protein 0005554 0000004
201 Hypothetical protein 0005554 0000004
202 Hypothetical protein 0005554 0000004
203 Hypothetical protein 0005554 0000004
204 Hypothetical protein 0005554 0000004
205 Hypothetical protein 0005554 0000004
206 Uncharacterised protein 0005554 0000004
207 Hypothetical protein 0005554 0000004
208 hupA Putative DNA-binding protein HU 0006310

209 Hypothetical protein 0005554 0000004
210 uvrD ATP-dependent DNA helicase 3.6.1.- 0004003

211 parpA Putative poly(ADP-ribose) polymerase 2.4.2.30 0006974
212 Hypothetical protein 0005554 0000004
213 Conserved hypothetical protein 0005554 0000004
214 Hypothetical secreted protein 0005554 0000004 0005576
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215 Hypothetical secreted protein 0005554 0000004 0005576
216 Hypothetical secreted protein 0005554 0000004 0005576
217 Hypothetical secreted protein 0005554 0000004 0005576
218 Hypothetical transmembrane protein 0005554 0000004 0016020
219 Hypothetical protein 0005554 0000004
220 HD domain protein 0016818 0000004
221 Hypothetical protein 0005554 0000004
222 Hypothetical secreted protein 0005554 0000004 0005576
223 Hypothetical protein 0005554 0000004
224 Hypothetical protein 0005554 0000004
225 Hypothetical protein 0005554 0000004
226 Putative DNA pollll € subunit 0006260 0009360
227 Hypothetical protein 0005554 0000004
228 Hypothetical protein 0005554 0000004
229 Hypothetical protein 0005554 0000004
230 Hypothetical protein 0005554 0000004
231 Hypothetical protein 0005554 0000004
232 traF’ Signal peptidase I 3.4.21.89 0009004 0009306
233 Hypothetical protein 0005554 0000004
234 Hypothetical protein 0005554 0000004
235 dnaEA DNA polymerase III, a subunit 2.7.7.7 0003887 0006260 0009360
236 Phosphoesterase, putatively DNA PolIIL | 5 | 5 ;5 0008081 | 0006260 0009360
associated
237 Hypothetical protein 0005554 0000004
. . 0030255
238 trak Putative TraE protein /009291
239 Hypothetical transmembrane protein 0005554 0000004 0016020
240 Hypothetical membrane protein 0005554 0000004 0016020
241 Hypothetical transmembrane protein 0005554 0000004 0016020
. . 0030255
242 traG TraG-family protein /009291 0016020
. 0003677
243 espD Cold-shock protein-1 /003723 0009409
244 Hypothetical transmembrane protein 0005554 0000004 0016020
245 Hypothetical secreted protein 0005554 0000004 0005576
246 Hypothetical secreted protein 0005554 0000004 0005576
247 Hypothetical secreted protein 0005554 0000004 0005576
248 Hypothetical membrane protein 0005554 0000004 0016020
. . . 0030255
249 Putative type IV pilus subunit 0016887 /009291
250 Hypothetical protein 0005554 0000004
251 Hypothetical protein 0005554 0000004
252 Conserved hypothetical secreted protein 0005554 0000004 0005576
253 nlpA NLP/P60-family lipoprotein 0005554 0000004 0016020
254 nuA Thermonuclease 3.1.31.1 0004518
255 Hypothetical protein 0005554 0000004
256 Hypothetical protein 0005554 0000004
257 Putative Lipoprotein 0005554 0000004 0016020
258 udgA Uracil-DNA glycosylase 3.2.2.- 0004844 0006281
259 Hypothetical transmembrane protein 0005554 0000004 0016020
260 Conserved hypothetical protein 0005554 0000004
261 Hypothetical protein 0005554 0000004
262 Hypothetical protein 0005554 0000004
263 Hypothetical protein 0005554 0000004
Putative ATPase involved in pili 0030255
264 | ubB biogenesis 0016887 | /5009291
. . . 0043085
265 pphA Serine/Threonine protein phosphatase 3.1.3.16 0004722 /043086
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266 Hypothetical secreted protein 0005554 0000004 0005576
267 Hypothetical secreted protein 0005554 0000004 0005576
268 Hypothetical protein 0005554 0000004

269 topBA DNA topoisomerase 111 0003917 0006265

270 Hypothetical protein 0005554 0000004

271 Hypothetical transmembrane protein 0005554 0000004 0016020
272 Hypothetical protein 0005554 0000004

273 Hypothetical protein 0005554 0000004

274 Hypothetical protein 0005554 0000004

275 recJA Putative single-stranded-DNA-specific 0008297 0006310

exonuclease

276 Hypothetical protein 0005554 0000004

277 Hypothetical protein 0005554 0000004

278 Hypothetical protein 0005554 0000004

279 sipB Signal peptidase I 3.4.21.89 0009004 0009306

280 Hypothetical protein 0005554 0000004

281 Hypothetical secreted protein 0005554 0000004 0005576
282 recG ATP-dependent DNA helicase 3.6.1.- 0004003

283 Hypothetical protein 0005554 0000004

284 Hypothetical transmembrane protein 0005554 0000004 0016020
285 Hypothetical protein 0005554 0000004

286 Hypothetical transmembrane protein 0005554 0000004 0016020
287 Hypothetical protein 0005554 0000004

288 tnpAB [S4-family transposase 0004803 0006313

39 Cell sprface CnaB-domain containing 0005554 0000004 0016020

protein

290 | rpoD gﬁgd“e“ed RNA polymerase sigma70 0016986 | 0006350 0005665
291 Hypothetical protein 0005554 0000004

292 Putative RecD/TraA-family helicase 0004386

293 Hypothetical protein 0005554 0000004

294 Hypothetical protein 0005554 0000004

295 Hypothetical transmembrane protein 0005554 0000004 0016020
296 Hypothetical protein 0005554 0000004

297 Hypothetical transmembrane protein 0005554 0000004 0016020
298 Hypothetical secreted protein 0005554 0000004 0005576
299 Conserved hypothetical protein 0005554 0000004

300 Hypothetical protein 0005554 0000004

301 Hypothetical protein 0005554 0000004

302 Hypothetical secreted protein 0005554 0000004 0005576
303 Hypothetical protein 0005554 0000004

304 Hypothetical secreted protein 0005554 0000004 0005576
305 Hypothetical secreted protein 0005554 0000004 0005576
306 Hypothetical protein 0005554 0000004

307 Hypothetical transmembrane protein 0005554 0000004 0016020
308 Hypothetical secreted protein 0005554 0000004 0005576
309 Hypothetical protein 0005554 0000004

310 Hypothetical protein 0005554 0000004

311 f;lj‘;‘sf membrane-bound di-guanylate 0043789 | 0019934 0016020
312 Hypothetical protein 0005554 0000004

313 Hypothetical protein 0005554 0000004

314 pcrd ATP-dependent DNA helicase 3.6.1.- 0004003

315 Hypothetical protein 0005554 0000004

316 Hypothetical protein 0005554 0000004

317 Hypothetical protein 0005554 0000004

318 Conserved hypothetical protein DUF600 0005554 0000004

319 Hypothetical protein 0005554 0000004
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320 Hypothetical protein 0005554 0000004
321 Hypothetical protein 0005554 0000004
322 Hypothetical protein 0005554 0000004
323 Hypothetical protein 0005554 0000004
324 Hypothetical protein 0005554 0000004
325 Hypothetical protein 0005554 0000004
326 Hypothetical protein 0005554 0000004
327 tnpAC IS4-family transposase, 0004803 0006313
328 Hypothetical protein 0005554 0000004
329 Hypothetical protein 0005554 0000004
330 Putative SCP-like extracellular protein 0005554 0000004 0005576
331 tnpBD Putative IS605-family transposase 0004803 0006313
332 Hypothetical protein 0005554 0000004
333 Hypothetical protein 0005554 0000004
334 Hypothetical protein 0005554 0000004
335 srtBA Putative Sortase B-family protein 0016044
336 Hypothetical protein 0005554 0000004
337 Hypothetical protein 0005554 0000004
338 Putative Trigger factor protein, 0003754
339 srtBB Putative Sortase B-family protein 0016044
340 Cell sprface CnaB-domain containing 0005554 0000004 0016020
protein
341 Hypothetical protein 0005554 0000004
342 Putative SCP-like extracellular protein 0005554 0000004 0005576
343 tnpBE Putative IS605-family transposase 0004803 0006313
344 Hypothetical protein 0005554 0000004
345 Hypothetical protein 0005554 0000004
346 gmkAA Guanylate kinase 2.7.4.8 0004385
347 Hypothetical transmembrane protein 0005554 0000004 0016020
348 Conserved hypothetical protein 0005554 0000004
Uncharacterised conserved protein
349 DUF1064 0005554 0000004
350 Hypothetical secreted protein 0005554 0000004 0005576
351 Hypothetical protein 0005554 0000004
352 Hypothetical protein 0005554 0000004
353 Hypothetical protein 0005554 0000004
354 Hypothetical secreted protein 0005554 0000004 0005576
355 Hypothetical protein 0005554 0000004
356 Hypothetical protein 0005554 0000004
357 Hypothetical protein 0005554 0000004
358 Hypothetical protein 0005554 0000004
359 Putative superfamily II helicase 0004386
360 Hypo’thetical protein, similar to phage 0005554 0000004
proteins
361 tnpBF Putative IS605-family transposase 0004803 0006313
362 tnpCA 1S200-family transposase, 0004803 0006313
Hypothetical protein, similar to
363 bacteriophage f237 ORFS8 0005554 0000004
364 Hypo’thetical protein, similar to phage 0005554 0000004
proteins
Hypothetical protein, similar to
36 bacteriophage 237 ORFS§ 0005554 0000004
Hypothetical protein, similar to
366 bacteriophage 237 ORFS§ 0005554 0000004
367 Hypolthetical protein, similar to phage 0005554 0000004
proteins
368 Conserved hypothetical protein 0005554 0000004
369 Conserved hypothetical protein 0005554 0000004
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370 Hypothetical protein 0005554 0000004
371 Hypothetical protein 0005554 0000004
372 Hypothetical protein 0005554 0000004
373 Hypothetical protein 0005554 0000004
374 Hypothetical protein 0005554 0000004
375 Hypothetical transmembrane protein 0005554 0000004 0016020
376 Putgtive CAAX amino terminal protease- 0008487 0016020
family protein
377 Hypothetical protein 0005554 0000004
378 Hypothetical protein 0005554 0000004
379 Hypothetical protein 0005554 0000004
380 Hypothetical protein 0005554 0000004
381 Hypothetical transmembrane protein 0005554 0000004 0016020
380 Hypothetical protein (putative truncated 0005554 0000004
ThyA)
383 nrdGA Anaerobic ribonqcleoside.triphosphate 1.97.1.4 0009391
reductase activating protein
0006260
384 ssbA Single stranded DNA binding protein 0003697 /006281
/006310
385 wrdDA Anaerobic ribonucleoside triphosphate 11742 0016961
reductase
386 Conserved hypothetical protein 0005554 0000004
387 Hypothetical protein with 0005554 | 0000004
lipase/acylhydrolase domain
388 pardA ParA-family protein 0016887 0030542
389 Hypothetical protein 0005554 0000004
BPc2
1 repB Replication initiation protein 0003917 0006270
2 Putative AAA+ ATPase 0016887 0000004
3 Hypothetical protein 0005554 0000004
Putative hydrogenase
4 hypd expression}; forr%lation protein 0016151
5 Conserved hypothetical protein DUF111 0005554 0000004
Hydrogenase expression/formation
6 hypB prf) o nypB p 0016151
7 Di-guanylate cyclase 0043789 0019934
8 Di-guanylate cyclase 0043789 0019934
9 matEA Multi antimicrobial extrusion protein 0015297 0006855 0016020
10 Phosphate butyryltransferase 2.3.1.19 0019605
11 Phosphate acetyltransferase 23.1.8 0008959
12 Conserved hypothetical protein 0005554 0000004
13 Conserved hypothetical protein 0005554 0000004
14 Band 7 protein (Flotillin) 0005554 0000004 0005576
15 Jfuc294 a-L-Fucosidase 3.2.1.51 0004560 0005975
16 Hypothetical protein 0005554 0000004
17 man384 Putative o -mannosidase 3.2.1.24 0004559 0005975
18 Putative PHP-family phosphoesterase 0005554 0000004
Putative AraC-family transcriptional 0003700
19 regulator /0003677 0006355
20 Unsaturated glucuronyl hydrolase 3.2.1.- 0016798
21 Putative ROK-family glucokinase 0004340
22 Conserved hypothetical protein 0005554 0000004
Oligopeptide ABC transporter 0005215
23| oppdd oliggo;)eriide—binding oratein / 0015198 | 0006857 0005576
24 oppBA I())rlcl)%eoiyr)leptlde ABC transporter, permease 5)0000'512511598 0006857 0016020
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/ 0015406

/ 0015637
0005215
Oligopeptide ABC transporter, permease / 015198
25 oppCA protein 10015406 0006857 0016020
/0015637
. . 0005215
26 | oppD4 &Eﬁ?ﬁepﬁ:’;m transporter, ATP- /015198 | 0006857
P / 0042626
. . 0005215
27 | oppFA &Eﬁ?ﬁepﬁzi‘;m transporter, ATP- /015198 | 0006857
Ep / 0042626
2 phosphogluconanctonsse bifunctional | 339087 [ 0004342 | g0
phosphogluconotactonase briunctio 3.1.1.31 /0017057
protein
29 Putative -lactamase 0008800
30 Hypothetical protein 0005554 0000004
31 wrdGB Pl.ltatlve anaerobic rlbonugleoFlde- . 1.97.1.4 0009391
triphosphate reductase activating protein
3 wrdDB Pl.ltatlve anaerobic ribonucleoside- 11742 0016961
triphosphate reductase
33 wrdDC Anaerobic ribonucleotide-triphosphate 11742 0016961
reductase
34 Putative glutaredoxin 0009487
Putative magnesium and cobalt 0015095 0015693
33 cordd transporter /0015087 | / 006824 0016020
36 pnuC Nicotinamide mononucleotide transporter 0015663 0015890 0016020
37 | nadR Nicotinamide-nucleotide 2771 0015663 | 0009435
adenylyltransferase
38 Hypothetical protein 0005554 0000004
39 Hypothetical protein 0005554 0000004
40 Hypothqtlcal protein containing UBA/TS- 0005554 0000004
N domain
41 MoxR-like AAA+ ATPase 0016887 0000004
42 Conserved hypothetical protein, DUF58 0005554 0000004
43 Putative protease 0008233 0016020
44 Conserved transmembrane protein 0005554 0000004 0016020
o . 0043190
45 ABC transporter ATP binding protein /0005524
46 Putative permease 0015646 0016020
. . 0006935
47 cheA Chemotaxis protein CheA / 007165
48 cheW Chemotaxis protein CheW 0006935
49 msrAA Peptide methionine sulfoxide reductase 1.8.4.11 0016491 0030091
50 Putat%ve extracellular solute-binding 0005215 0000004 0005576
protein
. . . 0006935
51 mcpD Methyl-accepting chemotaxis protein / 007165 0016020
52 Conserved hypothtical protein DUF156 0005554 0000004
Heavy metal (copper) translocating P-type 0015076
>3 ATPase /0015076 0016020
. . . 0000036
54 acpD Acyl carrier protein phosphodiesterase 3.1.4.14 /0008081
rrs 16S rRNA
rrf 58 rRNA
rrl 23S rRNA
55 Putative 5*“nucleotidase 0008252 0016020
56 C gcaxxg C C-family protein 0005554 0000004
57 Rhomboid-family protein 0008236 0016020
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58 Hypothetical protein 0005554 0000004
59 Conserved transmembrane protein 0005554 0000004 0016020
s 165 rRNA
rrf 5S rRNA
rrl 23S rRNA
60 Putative flagellar protein 0009296 0016020
61 xyl394 Oligosaccharide-specific B-xylosidase, 3.2.1.37 0009044 0005976
o . 0043190
62 ABC-transporter ATP-binding protein /0005524
ATP-dependent DNA helicase,
63 UvrD/Rep-family 3.6.1.- 0004003 0006268
0009061
64 feed Fumarate reductase 1.3.99.1 0009055 / 019645 0016020
65 Di-guanylate cyclase 0043789 0019934 0016020
66 aga3ba o -Galactosidase 3.2.1.22 0004557
67 Conserved hypothetical protein DUF81 0005554 0000004
68 Conserved membrane protein 0005554 0000004 0016020
69 6,7-dimethyl-8-ribityllumazine synthase 633.- 0009231
pseudogene
70 Hypothetical protein 0005554 0000004
71 Putative amino acid permease 0015359 0006865 0016020
72 Hypothetical secreted protein 0005554 0000004 0005576
73 Hypothetical protein 0005554 0000004
75 Putative amino acid permease 0015359 0006865 0016020
76 Hypothetical transmembrane protein 0005554 0000004 0016020
77 Hypothetical protein 0005554 0000004
78 Hypothetical protein 0005554 0000004
79 Hypothetical protein 0005554 0000004
80 tnpBG Putative IS605-family transposase 0004803 0006313
81 Membrane protein 0005554 0000004 0016020
82 Hypothetical protein 0005554 0000004
83 Hypothetical protein 0005554 0000004
Conserved membrane spanning protein
84 with CAAX amino terminal protease- 0005554 0000004 0016020
family domain
85 Putative o/B-family hydrolase 0016787 0000004
86 Conserved hypothetical protein 0005554 0000004
87 Hypothetical protein 0005554 0000004
88 Conserved hypothetical protein 0005554 0000004
89 tnpCB 1S200-family transposase 0004803 0006313
Conserved membrane spanning protein
90 with CAAX amino terminal protease- 0005554 0000004 0016020
family domain
91 Putative NUDIX-family protein, 0016787 0009132
92 Putative sugar-phosphate isomerase 5.3.1.6 0016853 0007487
93 o/B-family hydrolase, 0016787 0000004 0005576
94 tnpDA Putative IS110-family transposase 0004803 0006313
95 bgn534 Putative endo-1,4-B-galactanase 3.2.1.89 0004553 0005975
96 Hypothetical secreted protein 0005554 0000004 0005576
97 Phage integrase-family domain protein 0005554 0000004
98 Hypothetical protein 0005554 0000004
99 Conserved hypothetical protein 0005554 0000004
100 RNA-metabolising metallo-B-lactamase 0005554 0016070
. 0008237
101 Putative ATP-dependent metalloprotease /0004176 0030163
102 Hypothetical protein 0005554 0000004
103 Conserved hypothetical protein 0005554 0000004
104 Hypothetical protein 0005554 0000004
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105 Hypothetical protein 0005554 0000004
106 Hypothetical protein 0005554 0000004
107 AAA+ ATPase 0016887 0000004
108 Hypothetical protein 0005554 0000004
109 Hypothetical protein 0005554 0000004
110 Hypothetical protein 0005554 0000004
111 DnaC-like DNA helicase 0004003 0006260
112 Two-component response regulator 0000156 0000004
113 HNH endonuclease domain protein 0004519 0000004 0005576
114 RNA-directed DNA-polymerase 0003964 0006410
115 Hypothetical protein 0005554 0000004
116 Putative integrase 0008907 0015074
117 Hypothetical protein 0005554 0000004
118 istB 1S21-like ATP-binding protein 0005524 0000004
119 Hypothetical protein 0005554 0000004
120 Putative transcriptional regulator 0003700 0006355
/0003677
Conserved hypothetical protein
121 (UPF0027) 0005554 0000004
122 Hypothetical protein 0005554 0000004
123 Putative GNAT-family acetyltransferase 0016407 0000004
124 Putative GNAT-family acetyltransferase 0016407 0000004
125 Conserved hypothetical protein 0005554 0000004
126 Hypothetical protein 0005554 0000004
127 tnpBH Putative IS605-family transposase 0004803 0006313
128 Hypothetical protein 0005554 0000004
129 kptA RNA 2'-phosphotransferase 2.7.-.- 0008665 0009451
130 Putative flavodoxin 0009457 0006118
131 Il{;)\D-superfamily hydrolase (subfamily 0016787 0000004
132 Pu}ative NAD-dependent 0009225
epimerase/dehydratase
133 Conserved transmembrane protein 0005554 0000004 0016020
134 Conserved hypothetical protein 0005554 0000004
135 HicA protein 0005554 0000004
136 HicB protein 0005554 0000004
137 Putative GNAT-family acetyltransferase 0016407 0000004
138 creB CrcB protein 0005554 0000004 0016020
139 Major facilitator superfamily transporter 0015646 0005215 0016020
Putative TetR-family transcriptional 0003700
140 regulator /0003677 0006355
141 Radical SAM-family protein 0005554 0000004
142 Sensory box protein 0005057 0007165
143 Site—speciﬁc rf:combinase, phage 0009009 0006310
integrase-family
144 Thioesterase-family protein 0016788 0000004
145 Conserved NUDIX-family protein 0016787 0009132
146 rpiB Ribose 5-phosphate isomerase 5.3.1.6 0004751 0005975
147 Putative bacteriocin 0015470 0000004
148 Putative clostripain endopeptidase 3.422.8 0004197 0005576
149 Conserved membrane protein 0005554 0000004 0016020
150 Conserved membrane protein 0005554 0000004 0016020
o . 0043190
151 ABC transporter, ATP-binding protein /0042626
. _ 0003700
152 TetR-family transcription regulator 10003677 0006355
153 cbp944 Putative cellobiose phosphorylase 2.4.1.20 0004645 0000271
154 Hypothetical secreted protein 0005554 0000004 0005576
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155 Hypothetical protein 0005554 0000004
156 Hypothetical secreted protein 0005554 0000004 0005576
157 Iron-containing alcohol dehydrogenase 1.1.1.1 0004025 0006066 0005576
158 Conserved secreted protein 0005554 0000004 0005576
159 ram784 Putative a -L-rhamnosidase 3.2.1.40 0004553 0005976
0015435
160 ABC transporter efflux permease /0005524 0000004 0016020
0015435
161 ABC transporter efflux permease /0005524 0000004 0016020
162 pull34 Pullulanase 3.2.141 0004553 0005976 0016020
163 Exodeoxyribonuclease 111 3.1.11.2 0008853 0006284
164 Conserved hypothetical protein 0005554 0000004
165 Uncharacterised secreted protein 0005554 0000004 0005576
166 Phosphoglycerate / bisphosphoglycerate 549 0016868 0006110
mutase
167 mateB Multi antimicrobial extrusion protein 0015297 0006855 0016020
168 Putative GNAT-family acetyltransferase 0016407 0000004
. o 0003700
169 MarR-family transcriptional regulator 10003677 0006355
170 Hypothetical transmembrane protein 0005554 0000004 0016020
171 Hypothetical protein 0005554 0000004
172 Conserved hypothetical protein 0005554 0000004
173 Conserved hypothetical protein 0005554 0000004
. - 0003700
174 AraC-family trancriptional regulator 10003677 0006355
175 Radical SAM domain protein 0005554 0000004
176 Radical SAM domain protein 0005554 0000004
. o 0003700
177 MarR-family transcriptional regulator 10003677 0006355
178 Consc?rved hypothetical (cupin domain) 0005554 0000004
protein
179 Hypothetical protein 0005554 0000004
180 Putative transcriptional regulator 0003700 0006355
/0003677
181 Putative penicillin-binding protein 0008658 0000004
182 Putative GNAT-family acetyltransferase 0016407 0000004
183 Hypothetical secreted protein 0005554 0000004 0005576
. - 0003700
184 MarR-family transcriptional regulator /0003677 0006355
185 Conserved hypothetical protein DUF1801 0005554 0000004
186 Conserved hypothetical protein COG4898 0005554 0000004
187 Hypothetical protein 0005554 0000004
188 Hypothetical secreted protein 0005554 0000004 0005576
189 Hypothetical protein 0005554 0000004
190 ansA L-Asparaginase 3.5.1.1 0004067 0006530
191 pell94 Pectate lyase 4222 0030570 0000272 0005576
192 Hypothetical protein 0005554 0000004
193 Conserved hypothetical protein 0005554 0000004
194 Hypothetical protein 0005554 0000004
195 Hypothetical protein 0005554 0000004
196 Putative S-adenosylmethionine-dependent 0008757 0000004
methyltransferase
197 Hypothetical protein 0005554 0000004
198 feoB Ferrous iron transport protein B 0015639 0015684
199 feoA Putative ferrous iron transport protein A 0005554 0015684
200 gh3iC Glycoside hydrolase-family 31 3.2.1.- 0004553 0005976
201 ABC transporter permease protein 0015406 0006810 0016020
202 ABC transporter permease protein 0015406 0006810 0016020
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203 ABC transporter, solute-binding protein 0005215 0006810 0005576
204 AraC-family two component response 0000156 0000160
regulator
205 Putative sensory histidine kinase 0000155 0000160 0016020
206 Uncharacterised conserved protein 0005554 0000004
207 EAL domain protein 0019934
208 Putative. XerD—family site-specific 0008907 0015074
recombinase/ phage integrase,
209 cht3B Putative B-hexosaminidase 3.2.1.52 0004563 0006032 0005576
210 lacZA B-Galactosidase 3.2.1.- 0004565 0005975
211 Hypothetical protein 0005554 0000004
212 Di-guanylate cyclase 0043789 0019934
213 Putative sugar-binding protein, 0005529 0005975
214 Hypothetical protein 0005554 0000004
215 ParA ParA-family protein 0016887 0030542
216 | napdd Zﬂfrrt:r’;c}langer family protein 0015385 5)00006?81184 0016020
217 Hypothetical secreted protein 0005554 0000004 0005576
218 Hypothetical transmembrane protein 0005554 0000004 0016020
219 bgl3B B-Glucosidase, 3.2.1.21 0008422 0005975 0016020
220 Sensor kinase 0000155 0000160
. 0003700
221 LytR-family response regulator 10003677 0006355
222 bioY BioY-family protein 0005554 0019351
. . . . . 0016564
223 bird BirA bifunctional protein 6.3.4.15 /0004077 0006768
Amino acid ABC transporter, ATP- 0015171
224 binding protein (putative glutamine 0006865
. /0042626
specific)
Amino acid ABC transporter permease 0015171
225 protein 10015359 0006865 0016020
Amino acid ABC transporter amino acid- 0015171
226 binding protein / 0015597 0006865 0005576
227 Hypothetical protein 0005554 0000004
228 GntR-family transcriptional regulator 0003700 0006355
/0003677
229 Putative Lipoprotein, 0005554 0000004
230 Radical SAM superfamily protein 0005554 0000004
231 Conserved membrane protein DUF1113 0005554 0000004 0016020
232 Conserved secreted protein 0005554 0000004 0005576
233 Putative Lipoprotein 0005554 0000004 0016020
234 Hypothetical membrane protein 0005554 0000004 0016020
235 pyrE Putative orotate phosphoribosyltransferase | 2.4.2.10 0004588 0006221
236 Hypothetical protein 0005554 0000004
237 man24 Putative B-mannosidase 3.2.1.25 0004567 0005975
Conserved hypothetical protein with HTH 0005554
238 domain /0003677 0000004
. . 0040012
239 cheY Chemotaxis protein /0000156 0006935
240 Sugar ABC transporter, sugar-binding ? ggﬁﬁs 0015749 0005576
protein /0005529
0005215
241 Sugar ABC transporter, permease protein /0015145 | 0015749 0016020
/0015406
0005215
242 Sugar ABC transporter, permease protein /0015145 | 0015749 0016020
/0015406
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Sugar ABC transporter, ATP binding

0005215

243 . /0015145 | 0015749
protein / 0042626
244 Sugar ABC transporter, sugar-binding ? 88%4515 0015749 0005576
protein /0005529
245 Sensor histidine kinase 0000155 0000160 0016020
. 0003700
246 AraC-family response regulator /0003677 0006355
247 Putative sortase B protein 0005554 0000004 0016020
o 0005215
248 sugar ABC transporter Sugar-binding /0015145 | 0015749 | 0005576
P /0005529
249 Conserved di-guanylate cyclase protein 0043789 0019934
250 manA Mannose-6-phosphate isomerase 5.3.1.8 0004476 0005975
251 matEC Multi antimicrobial extrusion protein 0015297 0006855 0016020
252 | hbsB DNA binding protein HU oo | 0030261
2-component system sensor 0000155
253 kinase/response regulator hybrid protein /0000156 0000160 0016020
254 Uncharacterised protein 0005554 0000004
255 parA ParA-family ATPase 0016887 0030542
pCY186
1 repBA RepB-family replication initiation protein 0003917 0006270
2 Hypothetical protein 0005554 0000004
3 Hypothetical protein 0005554 0000004
4 Hypothetical transmembrane protein 0005554 0000004 | 0016020
5 Hypothetical transmembrane protein 0005554 0000004 | 0016020
6 Hypothetical transmembrane protein 0005554 0000004 | 0016020
7 Hypothetical secreted protein 0005554 0000004 | 0005576
8 Hypothetical transmembrane protein 0005554 0000004 | 0016020
9 Hypothetical protein 0005554 0000004
10 tnpDB IS110-family transposase 0004803 0006313
11 Hypothetical protein 0005554 0000004
12 Hypothetical protein 0005554 0000004
13 Hypothetical secreted protein 0005554 0000004 | 0005576
. 0030255
14 traG TraG protein /009291 0016020
15 GT28-family glycosyl transferase 24.1.- 0005554 0005976
16 Conserved hypothetical protein 0005554 0000004
17 Hypothetical protein 0005554 0000004
18 Hypothetical transmembrane protein 0005554 0000004 | 0016020
19 Hypothetical protein 0005554 0000004
20 Hypothetical protein 0005554 0000004
21 Hypothetical transmembrane protein 0005554 0000004 | 0016020
22 Hypothetical protein 0005554 0000004
23 Hypothetical transmembrane protein 0005554 0000004 | 0016020
24 Hypothetical protein 0005554 0000004
25 Hypothetical protein 0005554 0000004
26 Hypothetical protein 0005554 0000004
27 Hypothetical secreted protein 0005554 0000004 | 0005576
28 Hypothetical secreted protein 0005554 0000004 | 0005576
29 Hypothetical protein 0005554 0000004
30 RNA-binding protein 0019843 0000004
31 Hypothetical secreted protein 0005554 0000004 | 0005576
32 Hypothetical protein 0005554 0000004
33 Hypothetical protein 0005554 0000004
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34 Hypothetical secreted protein 0005554 0000004 | 0005576
35 Hypothetical transmembrane protein 0005554 0000004 | 0016020
36 Hypothetical protein 0005554 0000004
37 Hypothetical protein 0005554 0000004
38 Hypothetical secreted protein 0005554 0000004 | 0005576
39 Hypothetical secreted protein 0005554 0000004 | 0005576
40 Hypothetical transmembrane protein 0005554 0000004 | 0016020
41 Hypothetical secreted protein 0005554 0000004 | 0005576
42 Hypothetical secreted protein 0005554 0000004 | 0005576
43 Hypothetical secreted protein 0005554 0000004 | 0005576
44 Hypothetical protein 0005554 0000004
45 Hypothetical protein 0005554 0000004
46 Hypothetical transmembrane protein 0005554 0000004 | 0016020
0006260
47 Single stranded DNA-binding protein 0003697 /006281
/006310
48 Hypothetical protein 0005554 0000004
49 Hypothetical transmembrane protein 0005554 0000004 | 0016020
50 Hypothetical protein 0005554 0000004
51 Hypothetical protein 0005554 0000004
52 Hypothetical protein 0005554 0000004
53 Hypothetical transmembrane protein 0005554 0000004 | 0016020
54 Hypothetical protein 0005554 0000004
55 Hypothetical protein 0005554 0000004
56 Hypothetical protein 0005554 0000004
57 Hypothetical protein 0005554 0000004
58 Hypothetical protein 0005554 0000004
59 Hypothetical protein 0005554 0000004
60 Hypothetical protein 0005554 0000004
61 Hypothetical secreted protein 0005554 0000004 | 0005576
62 Helicase domain-containing protein 0005554 0000004
- 0016298
63 GDSL-family lipase/acylhydrolase /0004064 0000004
64 Hypothetical protein 0005554 0000004
65 Hypothetical transmembrane protein 0005554 0000004 | 0016020
66 Hypothetical protein 0005554 0000004
67 Hypothetical protein 0005554 0000004
o . 0006275
68 hupB DNA-binding protein 0003677 / 006355
69 Hypothetical protein 0005554 0000004
70 Hypothetical protein 0005554 0000004
71 Hypothetical transmembrane protein 0005554 0000004 | 0016020
72 Hypothetical secreted protein 0005554 0000004 | 0005576
73 Hypothetical protein 0005554 0000004
74 Hypothetical protein 0005554 0000004
75 Hypothetical transmembrane protein 0005554 0000004 | 0016020
76 Hypothetical transmembrane protein 0005554 0000004 | 0016020
77 Hypothetical secreted protein 0005554 0000004 | 0005576
78 Hypothetical protein 0005554 0000004
79 Hypothetical secreted protein 0005554 0000004 | 0005576
80 AAA+ ATPase 0016887 0000004
81 Hypothetical protein 0005554 0000004
82 Hypothetical transmembrane protein 0005554 0000004 | 0016020
83 Hypothetical protein 0005554 0000004
84 Hypothetical protein 0005554 0000004
85 Hypothetical protein 0005554 0000004
86 Hypothetical protein 0005554 0000004
87 Hypothetical transmembrane protein 0005554 0000004 | 0016020
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88 Hypothetical transmembrane protein 0005554 0000004 | 0016020
89 Hypothetical protein 0005554 0000004
90 Hypothetical protein 0005554 0000004
91 Hypothetical protein 0005554 0000004
92 Hypothetical protein 0005554 0000004
93 Hypothetical transmembrane protein 0005554 0000004 | 0016020
94 Hypothetical protein 0005554 0000004
95 Hypothetical protein 0005554 0000004
96 Hypothetical transmembrane protein 0005554 0000004 | 0016020
97 Type I restriction endonuclease 0004519 0009307
08 hsdM Type I restriction modification system M 21.1.72 0009008 0006306

subunit
99 hsdSA Type I restriction modification system S 0009307 0006304

subunit
100 hsdSB Type I restriction modification system S 0009307 0006304

subunit
101 Type II restriction endonuclease 0004519 0009307
102 hsdR Type I restriction modification system R 0009307 0015666

subunit
103 Lipoprotein 0005554 0000004
104 PASTA domain-containing protein 0005554 0000004
105 Hypothetical protein 0005554 0000004
106 Site-specific recombinase/resolvase 0009009 0006310
107 Hypothetical protein 0005554 0000004
108 Hypothetical protein 0005554 0000004
109 Peptidase c14 0004201 0000004
110 Hypothetical protein 0005554 0000004
111 Hypothetical protein 0005554 0000004

. 0003677
112 cspB Cold shock protein /003723 0009409
113 Hypothetical protein 0005554 0000004
114 Hypothetical protein 0005554 0000004
115 Hypothetical secreted protein 0005554 0000004 | 0005576
116 Protein kinase 0004672 0000004
117 Hypothetical protein 0005554 0000004
118 Hypothetical protein 0005554 0000004
119 repBB RepB-family replication initiation protein 0003917 0006270
120 Hypothetical protein 0005554 0000004
121 dnaB Replicative DNA helicase 0004003 0006260
122 Hypothetical protein 0005554 0000004
123 polCA DNA polymerase 111 2.7.7.7 0003887 0006260 | 0009360
124 Hypothetical protein 0005554 0000004
- 0016298

125 GDSL-family lipase/acylhydrolase /0004064 0000004
126 dnaA Chromosomal replication initiator protein 0003688 0006270
127 DNA polymerase III, a-subunit 2.1.7.7 0003887 0006260 | 0009360
128 ftsHB ATP-dependent Zinc Metalloprotease 0004176 0008237
129 DNA polymerase III, a-subunit 2.1.7.7 0003887 0006260 | 0009360
130 dnaX DNA polymerase III y and T subunits 0006461 0006260 | 0009360
131 Hypothetical protein 0005554 0000004
132 Hypothetical protein 0005554 0000004
133 Metallo-B-lactamase-family protein 0016787 0000004
134 Hypothetical protein 0005554 0000004
135 Hypothetical protein 0005554 0000004
136 Hypothetical protein 0005554 0000004
137 Hypothetical protein 0005554 0000004
138 Hypothetical protein 0005554 0000004
139 repBC RepB-family replication initiation protein 0003917 0006270
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140 Hypothetical protein 0005554 0000004
141 Hypothetical protein 0005554 0000004
142 Hypothetical protein 0005554 0000004
143 Hypothetical protein 0005554 0000004
144 Hypothetical protein 0005554 0000004
145 Mer(?-like restriction enzyme modulator 3101 0032072
protein
146 McrB-like restriction enzyme 0009307
147 Hypothetical transmembrane protein 0005554 0000004
148 KAP-family NTPase 0017111 0000004
149 Hypothetical protein 0005554 0000004
150 Hypothetical secreted protein 0005554 0000004 | 0005576
151 Uncharacterised secreted protein 0005554 0000004 | 0005576
152 Hypothetical protein 0005554 0000004
153 Hypothetical protein 0005554 0000004
154 Hypothetical protein 0005554 0000004
155 Hypothetical protein 0005554 0000004
156 Hypothetical protein 0005554 0000004
157 UmuC-like DNA repair protein 0003685 0006281
158 Hypothetical protein 0005554 0000004
159 Hypothetical protein 0005554 0000004
160 Hypothetical protein 0005554 0000004
161 Hypothetical protein 0005554 0000004
162 Hypothetical protein 0005554 0000004
163 Hypothetical protein 0005554 0000004
164 Hypothetical protein 0005554 0000004
165 Hypothetical protein 0005554 0000004
166 Hypothetical protein 0005554 0000004
167 Hypothetical protein 0005554 0000004
168 Hypothetical protein 0005554 0000004
169 Conserved hypothetical protein 0005554 0000004
170 Hypothetical protein 0005554 0000004
171 Hypothetical protein 0005554 0000004
172 Hypothetical protein 0005554 0000004
173 Hypothetical transmembrane protein 0005554 0000004 | 0016020
174 Hypothetical protein 0005554 0000004
175 Hypothetical protein 0005554 0000004
176 Hypothetical protein 0005554 0000004
177 Uncharacterised protein 0005554 0000004
178 Hypothetical transmembrane protein 0005554 0000004 | 0016020
179 Hypothetical protein 0005554 0000004
180 Metallophosphoesterase 0008081 0000004
181 Hypothetical protein 0005554 0000004
182 Hypothetical protein 0005554 0000004
183 Hypothetical protein 0005554 0000004
184 Hypothetical protein 0005554 0000004
185 Hypothetical transmembrane protein 0005554 0000004 | 0016020
186 Hypothetical protein 0005554 0000004
187 Hypothetical protein 0004386 0000004
188 Hypothetical protein 0005554 0000004
189 Hypothetical protein 0005554 0000004
190 Hypothetical protein 0005554 0000004
191 Signal peptidase I 3.4.21.89 0009004 0009306
192 Hypothetical protein 0005554 0000004
193 Hypothetical protein 0005554 0000004
194 Hypothetical protein 0005554 0000004
195 Transposase IS1182-family 0004803 0006313
196 parA4 ParA-family partitioning protein 0016887 0030542
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197

Hypothetical protein

0005554

0000004

198

parB

ParB-family partitioning protein

0003677

0030542

"All proteins were additionally described with the gene ontology (GO): 0003694
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