Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



16S Ribosomal DNA Probes for the Detection and Enumeration of

Proteolytic Rumen Bacteria

A Thesis Presented in Partial Fulfillment

of the Requirements for the Degree of

Master of Science

in Molecular Biology

at Massey University

Kerri Reilly

1999



ABSTRACT

Bacterial degradation of protein causes inefficient nitrogen retention in New Zealand
ruminants. The 16S rRNA genes of a Butyrivibrio fibrisolvens-like strain and three
Streptococcus bovis strains, isolated from New Zealand cattle were sequenced to further
characterise these isolates. Based on 16S rDNA analysis the B. fibrisolvens-like isolate was
classified as Clostridium proteoclasticum, while the three S. bovis isolates were confirmed

as S. bovis strains.

In the absence of selective media for enumeration of these bacteria, a competitive PCR
(cPCR) approach was developed for enumeration of these bacteria from rumen samples.
PCR primers were designed to variable regions within the 16S ribosomal RNA genes of
both S. bovis and C. proteoclasticum. These primers were used in conjunction with the
universal forward primer fD1*, to allow amplification of 16S rDNA fragments from these
organisms. DNA database searches revealed that the B316 830 primer sequence was
present in four B. fibrisolvens strains. Analysis of 16S rDNA sequences indicated that
these B. fibrisolvens strains are closely related to C. proteoclasticum and that the B316
830 primer circumscribes these five strains.. The B315 454 primer sequence was found in
the 16S rDNA of 10 Streptococcus species. Primer specificity was tested in amplification
reactions with DNA extracted from 85 bacterial isolates, mainly of rumen origin. The C.
proteoclasticum primer B316 830 and fD1* produced a specific PCR product from C.
proteoclasticum DNA only, while the S. bovis primer B315 454 and fD1* gave specific
PCR product from DNA of all strains of S. bovis tested but from no other rumen bacterium.
An internal control was developed for both S. bovis and C. proteoclasticum to use in cPCR
reactions for quantitation. Standard curves were constructed relating the PCR product
intensity of target DNA extracted from a known number of cells and the intensity of
internal control DNA PCR product. The standard curves were used to quantitate
populations of S. bovis and C. proteoclasticum in rumen samples collected from eight dairy
cows fed a rotation of four diets. Populations detected ranged from 2 x 10° to 2.8 x 107 for
C. proteoclasticum and 1.7 x 10" to 1.3 x 10® for S. bovis. Diet had no significant effect on

the populations of either of these proteolytic bacteria.
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Chapter 1 - INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

Ruminants are important to New Zealand’s economy, contributing fibre, meat and dairy
products for the export market. Despite this importance, little is known about the rumen
microflora that inhabit the New Zealand ruminant. These microbes are responsible for
the conversion of pasture to products for utilization by the ruminant. Pasture consumed
by the ruminant enters the rumen, where a combination of muscular movements,
remastication and microbial digestion break the plant material down into compounds

that are beneficial for both the microbial community and the ruminant.

The rumen microbial population consists of bacteria, protozoa and fungi. These
organisms exist in a symbiotic relationship with the ruminant, where the animal
provides controlled pH, temperature, and a steady supply of fermentable substrates. In
return the microorganisms breakdown the plant material to volatile fatty acids, mainly
butyrate, propionate and acetate, which are utilized by the animal as a source of energy.
Plant protein is converted mainly to microbial protein, which provides the major
nitrogen supply for the animal, as organisms are flushed from the rumen and are
hydrolysed in the abomasum (true stomach). Bacteria provide the greatest source of
microbial protein to the animal, while protozoa are largely retained in the rumen

(Williams and Coleman, 1988).

The rumen originally evolved for the digestion of the fibrous plant material that
constituted the diet of the early ruminant. The large volume of the rumen, along with
remastication by the animal and increased retention times contributed to improved
digestion efficiency. The rumen microbial population has also evolved largely to digest
the cellulose and hemi-cellulose of the ruminant diet. However, with the domestication
of ruminants and the subsequent development of intensive pastoral practices there has
been an increasing requirement for improved efficiency of growth and production by the
animal for better economic returns. Pastures grazed by ruminants in New Zealand are
high in protein and low in soluble sugars (Johns, 1955). Plant protein in the rumen is
rapidly degraded, mainly by bacteria (Brock et al., 1982) to ammonia and the amount of

ammonia released in the rumen often exceeds the amount which the microbial



population can utilize . The excess ammonia is adsorbed across the rumen epithelium
and converted to urea in the liver and excreted from the kidneys as urine (Nolan , 1975).

This represents a net waste of nitrogen from the animal.

The problem of improving nitrogen utilization in the New Zealand ruminant is
important to the industries that rely on ruminant products, as efficient nitrogen
utilization by the animal would lead to a reduction in input costs and an increase in
profits. ~ An understanding of protein degradation in the ruminant and the
microorganisms involved is required so that strategies for improvement of nitrogen

metabolism in ruminants can be formulated.



1.2 NITROGEN METABOLISM IN THE RUMEN.

Many sources of nitrogen enter the rumen including nitrates, nitrites, nucleic acids, urea
and mucosal proteins, but the majority is in the form of feed protein. Most of this
protein is degraded in the rumen, but some passes through the rumen for digestion in the
abomasum. Degradation of feed protein in the rumen is performed by bacteria, fungi
and protozoa. Bacteria have the highest specific proteolytic activity of the rumen
microflora, and are thought to be the major digesters of protein (Brock et al., 1982).
Between 30 and 50 percent of rumen bacteria have proteolytic activity towards
extracellular protein (Fulghum and Moore, 1963; Prins et al., 1983) and members of the
genera Prevotella, Butyrivibrio, Streptococcus, Bacillus, Selenomonas, Succinivibrio,
Eubacterium, Lachnospira and Clostridium have been identified as being important in
dietary protein breakdown (Fulghum and Moore, 1963; Brock et al,, 1982; Wallace and
Brammall, 1985).

Proteins are broken down by mainly cell associated proteinases and peptidases
(Blackburm and Hobson, 1960; Kopecny and Wallace, 1982; Prins et al., 1983). The
predominant proteinase activity within ruminant fed a dried forage and concentrate diet
is a cysteine type protease (Wallace and Brammall, 1985). Recently it has been
proposed that Prevotella  ruminicola be reclassified into four new species, P.
ruminicola, P. bryantii, P. brevis and P. albensis (Avgustin et al., 1997). These
bacteria have a proteolytic activity that is most similar to that of the bacterial fraction
(Wallace and Brammall, 1985), and on dried forage and concentrate diet they are
probably the most important proteolytic organisms. Their proteolytic properties are also
most similar to that of mixed rumen contents (Wallace and Cotta, 1987), but the
contribution of each of the individual Prevotella species makes to protein degradation is
not known. Isolates of Ruminobacter amylophilus, Butyrivibrio fibrisolvens and
Fusobacterium sp. have been found to have high proteolytic activity (Wallace and
Brammall, 1985), but their activities were of the serine proteinase type, which is not the
prevalent proteolytic activity of the mixed bacterial population (Wallace and Brammall,
1985). Streptococcus bovis is another potentially important proteolytic bacterium, with
a low proteolytic activity, but very high leucine aminopeptidase activity, and probably
contributes very actively to exopeptidase activity in the rumen (Wallace and Bramwell,

1985). The products of protein breakdown in the rumen are oligopeptides, peptides and



amino acids. These are either utilized by bacteria or degraded further by deaminases to
short chain fatty acids and ammonia. Dipeptides are cleaved off oligopeptide chains by
dipeptidyl peptidases produced mainly by P. ruminicola (Wallace et al., 1990),
followed by cleavage into amino acids by dipeptidases, the predominant form of amino

peptidase in the rumen fraction.

Until recently reports had indicated that peptides were the preferred form of amino acids
for incorporation into protein by the mixed bacterial fraction protein and that this was
the most efficient method of assimilation (Wright, 1967; Wright and Hungate 1967;
Prins 1977). However, Ling and Armstead (1995) have shown that S. bovis, S.
ruminantium, F. succinogenes, and Anaerovibrio uptake free amino acids in preference
to peptides as an amino acid source, while only P. ruminicola preferred peptides.
Therefore the observation that the bacterial population has a preference for peptide
uptake was probably a reflection of the predominance of P. ruminicola in the population

(Wallace et al., 1997).

In the rumen the majority of free amino acids are not transported across the bacterial
cell wall for direct incorporation into microbial protein, but are deaminiated, mainly by
ciliate protozoa (Hino and Russell, 1985), leaving carbon skeletons for energy
production and ammonia. Therefore the majority of rumen bacteria do not utilise amino
acids as a source of energy. However inconsistencies in the amounts of ammonia
produced in the rumen and the amounts produced by common rumen bacteria led to the
discovery of the hyper-ammonia producing bacteria (Chen and Russell, 1988; Russell et
al., 1988; Chen and Russell, 1989). Three bacteria, Clostridium sticklandii, Clostridium
aminophilum and Petostreptococcus anaerobius were discovered that produce large
amounts of ammonia from the fermentation of peptides and amino acids (Chen and
Russell, 1988; Russell ef al., 1988; Chen and Russell, 1989). U.S. studies have shown
the combined activities of these bacteria may account for a significant amount of
ammonia production in the rumen (Chen and Russell, 1988; Russell et al., 1988; Chen
and Russell, 1989).

Ammonia produced from deamination in the rumen is reassimilated by rumen bacteria
to synthesize amino acids which are eventually incorporated into bacterial protein

(Hespell, 1984). Between 50 and 78% of the ammonia is taken up by the bacterial cell



is converted into amino acids (Hespell, 1984). Assimilation can occur by several
mechanisms. The glutamine-synthetase/glutamate-synthase (GS-GOGAT) couple has
the highest affinity for ammonia, where ammonia is added to glutamate to form
glutamine by glutamine synthetase. The -NHj; is then transferred to a-oxoglutarate,
forming two glutamate molecules. However, the low levels of GOGAT detected in the
rumen and the fact that it requires ATP, indicate that this system is used when ammonia
concentrations are low (Wallace and Cotta, 1987). The most likely alternative enzyme
for ammonia assimilation i1s NADH-glutamate dehydrogenase (NAD-GDH), which has
the highest activity of ammonia assimilation in rumen contents and in rumen mucosa.
Other possible enzymes include NADP-GDH, alanine dehydrogenase, asparagine
synthetase, NADP-alanine dehydrogenase and aspartate dehydrogenase (Hespell, 1984).
Once the ammonia is fixed to a primary amino acid, aminotransferases transfer the -NH;

group to other amino acids within the intracellular amino acid pool.

However the rate of amino acid assimilation by rumen microbes is far less than the rate
of ammonia production, due to the lack of synchrony in plant fibre degradation in the
rumen. The plant protein released by mastication of the feed is broken down rapidly in
the rumen, as are the soluble polysaccharides, but the more recalcitrant plant
components such as cellulose and hemicellulose are degraded at a much slower rate,
limiting the amount of energy available for ammonia assimilation. Excess ammonia
diffuses across the rumen epithelium and transported to the liver by the bloodstream,
where it is converted to urea. Some of this urea is recycled back to the ruminant
through saliva and diffusion through the rumen wall, but the majority is transported to

the kidneys for excretion (Nolan, 1975).

Most of the information available on rumen nitrogen metabolism comes from studies
done in the Northern Hemisphere on animals grazing dried forage and concentrate diets.
There is little corresponding information from animals grazing fresh forage under New
Zealand conditions. Pastures grazed by New Zealand ruminants contain high amounts
of protein and low amounts of soluble carbohydrates (Johns, 1955). Studies of the
proteolytic rumen bacteria from New Zealand cattle (Attwood and Reilly, 1995) have
shown that Streptococcus bovis is the predominant proteolytic organism, comprising
61% of the proteolytic isolates. Eubacterium sp. and Butyrivibrio sp. were also

observed. In contrast to studies on Northern Hemisphere animals, Prevotella



ruminicola isolates were not common and only one isolate was described as Prevotella
like. The specific proteolytic activities of the New Zealand isolates also differed from
the Northern hemisphere activities. = The mixed microbial population had a
predominately cysteine proteolytic activity, as did the Northern hemisphere animals
(Attwood and Reilly 1996), but the highest specific activity was a N-succinyl Ala Ala
Pro Phe p-nitroanilide (NSAAPPPNA), chymotrypsin like activity in the New Zealand
mixed microbial fraction, while in previously studied bacterial fractions benzoyl
arginine p-nitroanalide (BAPNA) was the main activity (Wallace and Bramwell, 1985).
Strain C21a, the Prevotella-like isolate, did not have a proteolytic activity that matched
the mixed microbial fraction, whereas Prevotella dominated the bacterial population in
Northern Hemisphere ruminants, and hence influenced the proteolytic activity of the
mixed fraction. Nor did other isolates tested match the mixed microbial fraction,
though S. bovis strain B315 proteinase activity was similar (Attwood and Reilly, 1996).
A novel bacterium, strain B316, produced the highest proteinase activity, and was later

described as Clostridium proteoclasticum (Attwood et al., 1996).

It is apparent that proteolytic populations of bacteria in New Zealand ruminants differ
from the previously intensely studied Northern Hemisphere proteolytic populations.
With the selection pressures of artificial culturing it is difficult to accurately enumerate
bacteria using classical techniques. Therefore the major contributors to rumen
proteolysis under New Zealand conditions need to be investigated further to positively
identify them and to determine numbers in vivo, so that the contribution of these
bacteria to rumen proteolysis under New Zealand feeding regimes can be properly

assessed.



1.3 IDENTIFICATION AND CLASSIFICATION OF BACTERIA IN THE RUMEN

The rumen contains an extremely diverse microbial ecosystem, which includes many
bacterial species performing a multitude of reactions. The identification and
classification of these bacteria is an important step in describing the biodiversity of
microorganisms in this environment. Accurate descriptions are also essential for future
reference and accurate phylogenetic inferences. In classical taxonomy descriptions of
animal and plants are based on morphological features. However the limited number of
possible bacterial morphotypes does not provide a reliable form of classification for
these organisms. In the past, classical techniques including cell staining, carbon source
utilization, antibiotic resistance and cell morphology, have been used to identify
bacterial isolates. These techniques require isolation and culture of organisms, placing
artificial pressures upon their growth and natural behavior. This is particularly relevant
to rumen microbiology as replicating anaerobic conditions that mimic the rumen
environment is extremely difficult. As a result, several species of rumen bacteria have
been misidentified and have now been assigned to new genera (Flint et al, 1990;

Mannarelli et al., 1990; Shah and Collins, 1990; Mannarelli et al., 1991).

1.3.1 Molecular methods for phylogenetic analysis.

Classifications based on bacterial phenotypes are limited by the biological and physical
tests known (Krieg, 1988). The bacterial genome on the other hand provides a source of
material for bacterial identification that is independent of phenotypic characterizations
(Krieg, 1988). DNA records the changes brought about by evolution, and the amount of
difference between DNA sequences of different bacteria allow estimations in the
divergence of those species. For example, Johnson (1973) used DNA/DNA homology
experiments to show that previously phenotypically classified sub-species of
Bacteroides fragilis were actually separate species of the Bacteroides genus, and have
since been reclassified (Cato and Johnson, 1976). Because genotypic change occurs
more rapidly than change in phenotypic characteristics, classifications based on
genotype are more comprehensive and allow a greater discrimination between closely
related organisms. Also, the recording of genotypic data is relatively simple as there are
four defined nucleotides, as opposed to the assessment of physical tests (Olsen and

Woese, 1993), which are fraught with ambiguities and open to interpretation.



Mutational changes in DNA can create and destroy restriction endonuclease sites and
alter restriction fragment sizes by insertions or deletions. Restriction fragment length
polymorphism (RFLP) is the process of analysing these differences. DNA is digested
with restriction endonuclease which, when separated by gel electrophoresis, create
patterns of different sized DNA fragments. Depending on the DNA tested and the type
and distribution of restriction sites present, the pattern of restriction fragments may be
unique for each bacterial species. Examining the patterns of restriction digests on a gel
is complex as changes in the size of fragments may be small. However, hybridizing a
nucleic acid probe to the digested, denatured DNA, creates simpler patterns for each
bacterial species, depending upon the probe used for visualization (Grimont and
Grimont, 1986). Probes to conserved regions of DNA (such as a region within the 16S
ribosomal DNA, or species specific probes for determining differences between strains
of one particular species (Flint et al., 1990)) give distinct restriction fragment length
polymorphisms. This allows differentiation of bacteria down to the strain level and can
eventually allow characterisation of bacteria within a data base (Grimont and Grimont

1991).

Randomly amplified polymorphic DNA (RAPD) analysis also detects differences in
DNA sequences (Williams et al., 1990). Short oligonucleotide primers (8-10 bases) are
used to amplify DNA, using the polymerase chain reaction, from the organism of
interest. The pattern of bands that result depends on the primers used. Some primers
produce banding patterns that are unique to a particular organism. A number of primers
may need to be assayed before one gives a pattern that is distinct for the bacterium in
question. This technique has been successfully applied for the identification of
Helicobacter pylori (Akopynaz et al., 1992), strain identification of Listeria
monocytogenes (Czajka et at., 1992), Xanthomonas campestris pv pelargonii (Manulis

et al., 1994), and in the identification of Campylobacter isolates (Mazurier et al., 1992).

An alternative application of RAPD analysis uses primers of longer length, but
decreases the specificity with which they bind to the DNA for a limited number of
cycles. The annealing stringency is then increased and this can produce unique patterns
of DNA fragments (Welsh and McClelland, 1990). This technique has been applied by
using t-RNA sequence as a basis for primer design (Welsh and McClelland, 1990). As



the t-RNA sequences are conserved, primers based on these have the potential to be
utilized in all organisms (Welsh and McClelland, 1991). Both RAPD and RFLP
techniques rely on the use of DNA extracted from organisms isolated from the
environment and cultured in vitro. They do not provide any information on the
classification of the organism, or any quantitative indication of presence of a bacterium

in an environmental sample.

Another molecular method for bacterial identification is DNA/DNA reassociation.
DNA/DNA reassociation relies on the ability of DNA from an organism to hybridize to
complementary, labeled, single stranded DNA of similar sequence. The labeling allows
quantitation of the reassociation between the DNA and hence an estimation of the
similarity between the two sequences. Reassociation of 70% or greater is indicative of
related bacterial species (Wayne et al., 1987). As the data generated from these DNA
homology experiments provides an evolutionary picture of the entire genome they can
be used as an accurate method of determining bacterial phylogenetic relationships
(Stackebrandt and Woese, 1981). The drawbacks of DNA/DNA reassociation are the
length of time involved in these experiments and its limitations in determining long

distance phylogenetic relationships (Krieg, 1988).

Using a single representative gene for phylogenetic analysis has the advantage of being
a quick and simple method for data collection and analysis. However comparisons
between most genes gives only a phylogenetic relationship for that gene, which isn’t
always representative of the phylogeny of the organism containing that gene
(Stackebrandt and Woese, 1981). The translation apparatus (the ribosome and tRNA)
are universally conserved molecules, prevalent in all organisms. These molecules are
very similar in architecture across the three kingdoms and probably arose from a
common ancestor. Phlyogenetic analysis of these molecules or parts of these molecules
should allow relationships between organisms to be traced back to the common ancestor
(Fox et al., 1980). The rRNAs are key elements of the ribosome and are essential for
protein synthesis. These are ancient molecules, extremely conserved in overall structure
and this conservation in structure extends to conservation in the nucleic acid sequence.
Some regions within the rRNA molecules do not vary between kingdoms, while other
regions vary to a greater or lesser extent. The conserved sequences allow sequences to

be aligned for phylogenetic analysis. The sequences of the rRNA molecules are long
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enough to provide significant statistical information, and the rRNA genes appear to be
free from lateral gene transfer. These features suggest that the rRNAs are very suitable

for establishing phylogenetic relationships between organisms (Pace et al., 1985).

In bacteria there are three ribosomal RNAs; the 5S, 16S and 23S subunits. All these
subunits have been examined to varying degrees for the purpose of gathering bacterial
phylogenetic information. Conservation in the structure of the 16S rRNA gene was first
noted by Woese et al (1975), and 16S rRNA sequence was used as a basis for the
structuring of the prokaryote domain into archaebacteria and eubacteria (Woese et al.,
1977). Application of the rRNA genes for environmental population analysis was first
carried out by Stahl et al (1985) where 5S rRNA fragments were used to identify
bacterial inhabitants of the Octopus thermal pool in Yellowstone National Park.
However the information available in the 5S rRNA (ca. 250 nucleotides) is not
sufficient to discriminate between closely related organisms. 16S rRNA is a larger
molecule (ca. 1500 nucleotides) and contains enough information to give meaningful
phylogenetic analysis, yet is small enough for practical handling (Pace et al., 1985; Pace
et al., 1986). The larger size of the 23S rRNAs and its greater rate of change (Olsen and
Woese, 1993) means they have not been used to the same extent as 16S rRNA for

phylogenetic analysis.

The 16S rRNA genes contain both highly conserved regions and highly variable
regions. Regions of high variability allow identification of relationships between
closely related bacteria (Stackebrandt and Woese, 1981), while conserved regions
(Woese et al., 1975), determine relationships between distantly related bacteria. The
most important feature of the 16S rRNA is that the phylogeny of rRNA genes is
apparently representative of the phylogeny of the organism (Fox et al., 1980).
However, the varying rate of change within the 16S molecule means that the regions of
rRNA being compared for estimates of homology are small, and less significant than
entire genomes (Olsen and Woese, 1993). Therefore 16S rRNA sequence analysis gives
broader outlines of the relationships between bacteria and is reliable for quick
phylogenetic identification of bacterial species. However the examination of rRNA
sequences will not replace the more sensitive DNA/DNA reassociation experiments
which give more detailed information at lower taxonomic levels (Stackebrandt and

Goebel, 1994).
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Despite its drawbacks, 16S rRNA analysis has gained widespread acceptance as a
means of phylogenetic analysis and has aided the classification of many bacterial
species (Fox et al., 1980). Initial phylogenetic relationships were determined by
RNAase T1 oligonucleotide cataloguing, where 16SrRNA was digested with T1
ribonuclease, and the resulting fragments run on a two dimensional gel and sequenced,
producing a catalogue of sequences characteristic for an organism (Fox et al., 1980), but
not a contiguous rDNA sequence. However advances in technologies have improved
the speed and accuracy of 16S rRNA sequence determination. Sequencing of entire
rRNA was performed using reverse transcriptase and oligonucleotide primers designed
to the conserved regions of the 16S gene (Lane et al., 1985). The polymerase chain
reaction (PCR) eliminated the use of reverse transcriptase for sequencing as DNA rather
than RNA can be sequenced with conserved primers applied directly to purified DNA
and the PCR product directly sequenced (Edwards, et al., 1989; Bottger, 1989;
Weisburg et al., 1990). This has led to the rapid compilement of a large data base of 16S
sequences and over 2000 16S rRNA sequences are currently deposited in the Ribosomal

Database Project (Olsen et al., 1993).

1.3.2 Phylogenetic analysis of rumen bacteria.

Recently, molecular biology techniques have been applied to the classification of rumen
organisms. RFLPs, DNA/DNA hybridisation and 16S rRNA analysis have been used as
tools for further identification and reclassification of rumen bacteria..  The
reclassification of P. ruminicola into four separate species has been proposed on the
basis of DNA/DNA hybridisation, RFLP’s, 16S rDNA sequencing, G+C content,
signature oligonucleotide amplification and total cell protein profiles (Avgustin et al.,
1994; Avgustin et al., 1997), and B. fibrisolvens strains have been shown to fall into two
distinct phylogenetic clusters by DNA/DNA hybridization (Mannarelli, 1988) and 16S
rDNA analysis (Forster et al., 1996; Willems et al., 1996) and should probably be
reclassified into several new genera and species. A high level of genetic diversity of
Fibrobacter succinogenes strains previously unobserved with biochemical tests and
phenotypic characterization was recognized through RFLP analysis (Flint ez al., 1990),
and this data was supported with DNA/DNA reassociation information. Paster et al

(1993) used 16S rRNA sequence to further characterize the hyper-ammonia producing
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bacteria as the taxonomic positions of these bacteria were unclear based on phenotypic
testing. As a result of the investigation, two of the isolates were found to be closely
related to existing species, P. anaerobius and C. sticklandii. The third bacterium was
not closely related to any bacteria on the basis of 16S rDNA sequence and was

classified as a new species, C. aminophilum.

The above examples demonstrate the utility of molecular techniques for classifying new
isolates and reclassifying existing strains into coherent groups. However these
techniques are only useful for classifying, and not enumerating bacteria.
Oligonucleotide probing has proved to be a specific and successful method for
determining bacterial populations in the rumen. Oligonucleotides are developed
specific for a region of DNA in the bacteria of interest and are tested against other
bacteria for specificity in vitro before the probes are applied to environmental samples.

Different methods have been applied for the design of the oligonucleotide probes.

In a study of the proteolytic bacterium Prevotella ruminicola subsp. brevis B4,
Attwood et al. (1988) generated a recombinant genomic library of the organism and the
resulting clones were tested for specificity against other Prevotella strains, Selenomonas
ruminantium and E. coli using dot blot analysis. One clone carried DNA that proved to
be specific for P. ruminicola subsp. brevis and this was used to follow the fate of this
organism when introduced into the rumen. However the probe could not detect the
Prevotella strain below a sensitivity limit of 2x 10’ bacteria (or 50 ng bacterial DNA).
The poor sensitivity of this technique was probably due to the low or single copy
number of the cloned gene sequence within the P. ruminicola genome (Brooker et al.,
1990). This method of bacterial detection is very labour intensive, and requires

screening of multiple clones for specificity.

The 16S rRNA gene was first used as a target for species specific probes by Stahl and
coworkers (1988). The variable regions within the 16S gene (Neefs et al., 1990) were
used to design probes specific for both a rumen and cecal strain of Fibrobacter
succinogenes individually as well as a more general F. succinogenes probe. A probe
specific for Lachnospira multiparus was also designed. These were applied to follow
bacterial populations of F. succinogenes and L. multiparus before, during and after

addition of the antibiotic monensin to the rumen. Expression of the bacterial
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populations was reported as a proportion of the total 16S like rRNA population,
determined by dot-blot analysis where universal probes were used to estimate the
amount of total rRNA, and the intensity of the dot blot of the specific type probes
compared to the total rRNA blots. However, use of rRNA as a method of quantitation is
only an approximate estimate of bacterial numbers. The amount of rRNA in the cell

changes during cell growth, making quantitation of bacterial numbers difficult to assess.

The 16S rRNA gene has been used for determining bacterial populations in the rumen
or chemostat for a variety of bacteria. Briesacher et al (1992) used the probes designed
by Stahl er al (1988) to successfully follow the population of F. succinogenes after
feeding and supplementation with protein. Populations of Synergistes joneseii
(McSweeny et al, 1993), Ruminicoccus albus, R. flavefaciens and F. succinogenes
(Odenyo et al, 1994a, 1994b) C. aminophilum, C. sticklandii and P. anaerobius (Krause

and Russell, 1996) have also been successfully followed in vitro.

The studies outlined illustrate that it is possible to identify specific populations of
bacteria in the rumen by hybridizing probes to cellular rRNA or rDNA. Enumeration of
these bacteria has previously been achieved by expressing the presence of specific
rRNA as a proportion of total rRNA. However this gives only an approximate estimate
of an individual organisms contribution to the total population as the amount of rRNA
in a cell at any given time depends on the growth stage of that cell, and these results
probably reflect the organisms contribution to metabolic activity rather than the
contribution to population density (Stahl et al, 1988). Also, it has been recently been
demonstrated that domain specific variations in dissociation temperatures occur with all
universal probes previously used for determination of microbial populations (Zheng et
al., 1996). The stability of target-probe duplexes formed between the universal probe
and target DNA varies depending on what bacterial domain the target belongs to. A
probe that binds to all domains with equal stability is desirable, but probes with a high
level of variation in stability, could lead to significant bias when determining
environmental microbial populations. F. succinogenes and L. multiparus populations
were determined from rumen samples (Stahl et al., 1988; Briesacher et al., 1992; May et
al., 1993) by normalising the population using a universal probe which has now been
shown to have a high level of variation in binding to the different bacterial domains

(Zheng et al., 1996), casting doubt on the results reported by these studies.
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Another limiting factor in the use of oligonucleotide probes is the sensitivity of
detection, which is governed mainly by the amount of rRNA present in the cell. As this
is correlated to the growth rate those cells which are growing at a faster rate and contain
more rRNA will be more easily detected. The detection limit for unique 16S rRNA
probes in the rumen is 0.005% of 16S-like rRNAs, but for rRNA isolated from rumen
contents this is higher at 0.01%, due to the plant rRNA (Stahl ez al., 1988). However
these techniques are not sensitive enough to detect small populations of bacteria. A
technique is therefore required which can determine populations of bacteria at low

concentrations and express the population in terms of real numbers.

1.3.3 Competitive PCR

The polymerase chain reaction (PCR) is a powerful tool allowing amplification of
regions of DNA using a thermostable polymerase (Mullis and Faloona, 1987; Saiki, et
at., 1988). It has had widespread application in food, medical and environmental
microbiology for detection of bacteria (Bej et al., 1991; Bej and Mahbubani, 1991), and
is sensitive enough to detect a single bacterium in the environment (van Kuppeveld et
al., 1992). However quantitation using PCR is difficult due to the exponential manner
in which the DNA amplifies, as variations between sample preparation and reaction
conditions can not be excluded, and minor differences are magnified during the
amplification process making comparison between samples less than satisfactory. The
addition of an internal standard to PCR reactions, accounts for the variation between
reactions, and allows accurate quantitation of DNA by competitive PCR (cPCR). In
cPCR target DNA and internal control DNA compete for primers, reagents and enzyme
in a competitive manner, producing products which are distinguishable from each other
in an agarose gel. Both the control DNA and the target DNA are subject to identical
reaction conditions and as the amount of amplified product is proportional to amount of
starting product, the amount of starting product can be described by the formula log
(Nai/Np2) = log Noi/Ng2) + n log (effi/eff;) (Zachar et al., 1993). Amplification
efficiencies must be equal to ensure accurate quantitation (Raemakers, 1993). Using
this equation, unknown starting amounts can be determined by co-amplification of a
known amount of internal control with the unknown DNA. The resulting log ratios of
intensities are then compared to standard curves prepared from known target DNA and

internal control.
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This technique has been used to undertake quantitation of bacteria from environmental
samples (Leser et al., 1995; Lee et al., 1996). The population of genetically engineered
Pseudomonas sp. strain B13 (FR1) was followed after introduction into a laboratory
microcosm by cPCR (Leser et al., 1995). An internal control of 512 bp which co
amplified with a fragment of 712 bp from the Pseudomonas sp. strain B13 (FR1)
genome, was constructed by deleting a fragment from the 712 bp fragment
(Leser,1995). Standard curves relating the intensity of the target PCR product to the
intensity of the internal control were prepared, and used to quantitate the population of
Pseudomonas sp. strain B13 (FR1) after introduction into the marine environment
(Leser et al., 1995). Results obtained with cPCR and colony counting did not agree
(Leser et al., 1995), possibly because of the detection of dead cells by PCR, or because
that the cells entered a starvation-survival state, thus not reviving on selective media
within the specified time frame. However, increases in population which were observed
by cPCR which were not detected by specific culturing demonstrate that cPCR is a more

sensitive method of detection than traditional culturing techniques

A more diverse use of cPCR is to enumerate bacteria which have not previously been
cultured. Shot-gun cloning of 16S rDNA sequences from environmental samples can
result in the identification of bacteria which have not previously been isolated.
However because of the inability to study these bacteria on artificial substrates,
population estimates can not be obtained. PCR primers unique to the uncultured
organism can be designed by aligning the 16S rRNA sequence with the extensive 16S
database available. This approach was used by Lee et al (1996), who shot-gunned
cloned bacteria from a soil sample. The internal control was constructed by insertion of
a 121bp fragment within the cloned 16S gene of the uncultured organism. Co-
amplification was carried out on soil samples and compared to the standard curves
previously constructed. This method gave an indication of the number of 16S rRNA
gene copies present in the soil sample. However this can not be related to the number of
bacteria present in the soil sample as the copy number of rRNA genes is unknown, but

estimates can be drawn from likely copy number.

Competitive PCR has proven to be a sensitive method for quantitation of bacteria in the

environment. Combined with the specificity of a primer designed to the 16S rRNA
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gene of the organism of interest, then PCR should prove a sensitive, specific and

quantitative assay for enumeration of bacteria in the rumen.
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14 AIMS AND OBJECTIVES

Most of the information available on rumen nitrogen metabolism comes from studies
done in the Northern Hemisphere on animals grazing dried forage and concentrate diets.
However there is little corresponding information from animals grazing fresh forage
under New Zealand conditions. The limited information obtained (Attwood and Reilly,
1995) has shown a difference in the proteolytic bacterial populations between the New
Zealand animals and their Northern hemisphere counterparts, based on culture in non-
selective media. The major contributors to rumen proteolysis identified under New
Zealand conditions need to be investigated further to positively identify them and to

determine numbers in vivo.

The identification of rumen bacteria is difficult and there are several examples of rumen
bacteria being misidentified and then being reassigned to new species or genera (Flint et
al., 1990; Mannarelli et al., 1990; Shah and Collins, 1990; Mannarelli et al., 1991).
Analysing bacterial nucleic acids provides a comprehensive and reliable method for
bacterial identification. As pointed out previously, the 16S ribosomal RNA gene
provides a compact source of genetic information, which allows rapid determination of
bacterial relationships. It also contains sites of unique sequence which can be utilised
for probe design. Moreover, 16S rRNA probes have been used to follow populations of
rumen bacteria in vitro and in vivo (Stahl et al., 1988; Briesacher et al., 1992; May et
al., 1993; McSweeney et al., 1993; Odenyo et al., 1994a; Odenyo et al., 1994b).
However this method isn’t quantitative, and small populations of bacteria may be
missed. Also, quantitation of bacteria using this method is expressed only in relative
amounts to total RNA present, and gives no direct indication of numbers of bacteria

present.

The sensitivity limitations of the 16S rRNA probes may be over come by adapting the
method for use with the polymerase chain reaction. The specificity of the 16S rRNA
probes can be retained by using these oligonucleotide sequences to prime a polymerase
chain reaction. As PCR has the potential to amplify one molecule of DNA 10® times
(Saiki et al., 1988), a large increase in probe sensitivity is possible. Furthermore, PCR
has been used to successfully follow populations of bacteria in the environment in a

quantitative manner (Bej et al., 1991; Bej and Mahbubani, 1992).
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The aim of this study is to determine the 16S rRNA sequences of prominent proteolytic
rumen bacteria from New Zealand ruminants, and to use this to classify these bacteria.
Also, the 16S rRNA sequences will be used to design specific oligonucleotides which
will be tested as primers in PCR reactions to enumerate the major proteolytic rumen

bacteria using a competitive PCR technique.
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Chapter 2 - METHODS AND MATERIALS

2.1 BACTERIAL STRAINS

The bacterial strains used during this work are listed in Table 2.1.

Table 2.1. Bacterial strains

Bacterium

Strain

Source

Butyrivibrio fibrisolvens
Butyrivibrio fibrisolvens
Butyrivibrio fibrisolvens
Butyrivibrio fibrisolvens

Butyrivibrio fibrisolvens like

Clostridium aminophilum
Clostridium clostridiforme

Clostridium proteoclasticum
Clostridium sticklandii

Enterococcus faecalis
Enterococcus faecalis

Escherichia coli

Eubacterium cellulosolvens
Eubacterium limosum
Eubacterium ruminantium
Eubacterium sp.

Fibrobacter succinogenes
Lachnospira multiparus
Megasphaera elsdenii
Peptostreptococcus anaerobius
Peptostreptococcus productus

Prevotella ruminicola
Prevotella ruminicola brevis
Prevotella ruminicola ruminicola

Ruminococcus albus
Ruminococcus flavefaciens

Selenomonas ruminantium lactilytica
Selenomonas ruminantium ruminantium

Streptococcus bovis
Streptococcus bovis
Streptococcus bovis

C130a, C211, C219
CF3, Hl7c

WVI

ORS509

Cl122a,C21b

F

ATCC 25537, ATCC
29084

ATCC 51982

SR

NCTC 775
68a

DHS5-a

5494
ATCC 8486

Cl11, C12b, C13b,

C14b#2, C118b, C119b,

C120a, C124b, C125b,
C260,

AC3

ATCC 19307
T81

C

SF-50

C2la
118b,B14
23

7,8
ATCC 19208, fD1*

GA3l
ATCC 12561, ATCC
27209

JB1

NCFB 2476

3-31, 3-36, 3-39, 5-21,
7-2,7-25,7-26.

Attwood and Reilly,1995

M. P. Bryant, University of Illinois
lab strain

R. Teather, Centre for food and
Animal Research, Agriculture and
Agri-food, Canada

Attwood and Reilly,1995

J.B. Russell, Cornell University
ATCC

Attwood and Reilly, 1995
J.B. Russell, Cornell University

lab strain
Gibco BRL

M. P. Bryant, University of Illinois

”

Attwood and Reilly, 1995

M. P. Bryant, University of Illinois

”

”

J.B. Russell, Cornell University
M. P. Bryant, University of Illinois

Attwood and Reilly,1995
M. P. Bryant, University of Illinois

”

”

”

”

”

J.B. Russell, Cornell University
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Bacterium Strain Source
Streptococcus bovis Al2, Al4, A120, A166, Attwood and Reilly,1995
Al191b, B11, B32a,
B314, B315, B327,
B337, B342, B346,
B348, B350, B360,
B372, B382, B385,
B395, B396, B398,
Cl14b#1, C17, C123b,

C271.
Streptococcus bovis RF-1, RF-2, UDY-KF lab strains
Succinomonas amylolytica ATCC 19206 M. P. Bryant, University of Illinois
Succinovibrio dextrinosolvens ATCC 27209, ATCC e

19716

2.2  CHEMICALS
Chemicals used for media preparation were reagent grade. Those used for buffers and
reagents for molecular biology were Analar grade or higher. Suppliers of special

chemicals are indicated in the appropriate section describing the use of those chemicals.

2.3 MEDIA

All media used for bacterial growth are listed in Appendix A

24 BUFFERS AND SOLUTIONS

All buffers and solutions used are listed in Appendix B

2.5  BACTERIAL GROWTH

A variation of CC Medium (Leedle and Hespell, 1980) in which glucose (10 g )
replaced all carbohydrates (CC-Glu) was used for the growth and maintenance of all
anaerobic bacterial strains. Ruminococcus albus and R. flavifaciens were grown on CC
medium in which cellobiose (10 g 1" ) was supplied as the carbohydrate source, while
Clostridium aminophilum, C. sticklandii and Peptostreptococcus anaerobius were
grown on CC medium in which no carbon source was added and tryptone (Difco,
(Detroit, USA) 1.5% wt/vol) replaced trypticase. Cultures were grown under strictly
anaerobic conditions at 39°C.

E. coli broth cultures were incubated aerobically with vigorous shaking at 38°C.
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2.6  PHENOL/CHLOROFORM/ISOAMYL ALCOHOL EXTRACTIONS

Buffer saturated phenol (pH 8.0, see Appendix B), chloroform and isoamyl alcohol
were combined in a 25:24:1 (v/v/v) ratio, and an equal volume of this mixture was
added to the solution to be extracted. The solution was mixed vigorously using a cyclo
mixer, centrifuged at 10 000 x g for 5 minutes and the aqueous phase removed to a fresh
tube. Extractions were repeated until the organic/aqueous interface was free of protein.
The aqueous phase was finally extracted with an equal volume of chloroform/isoamyl

alcohol (24:1).

7274 ETHANOL PRECIPITATIONS

DNA in solution was precipitated by adding one tenth volume of 3M sodium acetate
(pH 5.2) and 2.5 volumes of absolute ethanol and incubation at -20°C for at least 1 hr.
Precipitated DNA was recovered by centrifugation at 12 000 x g at 4°C for 20 min. The
supernatant was removed and the pellet washed with 70% ethanol.  After

recentrifugation the supernatant was removed and the pellet was air dried.

2.8 DNA EXTRACTION

Three different methods of DNA extraction were used.

2.8.1 Enzymatic Lysis (Saito and Miura, 1963)

Bacterial cultures grown overnight were collected by centrifugation at 16 500 x g, at
4°C for 10 minutes. Cuture supernatant was removed and discarded, and the bacterial
pellet was resuspended in 10 ml saline-EDTA. Lysozyme (Boehringer Mannheim,
Germany) (final concentration, 1 mg ml™"), and RNase A (20 ug ml') were added and
incubated at 37°C until lysis had occurred or 2.5 hours. SDS (1% w/v) and protease K
(0.2 mg ml™') were added mixed and incubated at 65°C for 2.5 hours. The lysate was
phenol/Chloroform/Isoamyl alcohol extracted and the DNA was precipitated with

ethanol.

2.8.2 Physical Disruption
To eliminate possible bias introduced by enzymatic cell wall lysis and to maximize
DNA extraction efficiencies, physical disruption was used to extract DNA from rumen

samples and from cells for sensitivity experiments and standard curve construction.
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Unless otherwise stated, DNA was extracted from triplicate samples. One ml of
homogenized rumen contents or 1 x 10" bacterial cells were added to 1.2 g of sterile
zirconia/silica beads (Biospec Products Ltd., OK., USA) followed by centrifugation at
12 000 g for 10 min at room temperature. The pellet and beads were rinsed twice in
saline-EDTA solution, before final resuspension in 750 pl of saline-EDTA. Physical
disruption was performed using a Mini-beadbeater (Biospec Products Ltd., OK., USA)
at maximum speed for 2 intervals of 2 min, with a 1 min. incubation on ice between
each treatment. The mixture was phenol/chloroform/isoamyl alcohol extracted to
remove proteins and the nucleic acids were precipitated with ethanol and centrifuged at
10 000 g for 20 min at 4°C. The air dried pellet was resuspended in TE buffer and
RNase A (Img ml ') added and incubated at 37°C for 60 min. RNase A was removed
by phenol:chloroform:isoamyl alcohol extraction followed by ethanol precipitation and
centrifugation. The air dried DNA pellet was resuspended in TE buffer and was stored

at -20°C, until required.

2.8.3 Chemical Extraction

DNAzol reagent (Gibco BRL, Life Technologies, Auckland, New Zealand) was used
for chemical extraction of DNA. Cells were suspended in 1ml of DNAzol reagent
before bead-beating as above. The DNA was then precipitated according to
manufacturer’s instructions, by adding 500ul of absolute ethanol, and inverting the tube
to mix contents. The resulting DNA was pelleted by centrifugation at 2000 x g for 2
minutes at 4°C. The supernatant was removed and the pellet washed twice in 1 ml of

95% ethanol. The pellet was air dried, and resuspended in TE.

29 DNA QUANTITATION
DNA concentration and purity were determined spectrophotometrically measuring
Aze0r280 USINg a Spectramax microplate spectrophotometer (Molecular Dynamics, CA.,

USA).

2.10 AGAROSE GEL ELECTROPHORESIS

Depending on the size of the DNA, samples were analyzed on 0.8, 1.2 or 2 % (w/v) MP
agarose (Boehringer Mannheim, Germany) in 1 x TAE buffer. Where DNA was to be
recovered from agarose, 1.5 or 2.5% Low melting point agarose (Sigma Chemical Co.,

Mo, USA.) was used. DNA samples were mixed with 6 x loading buffer, loaded into
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the wells and electrophoresed at 8 - 12 V cm’! for 1 - 2 hours. After electrophoresis,
gels were stained with a 5 g ml” solution of ethidium bromide for 10 minutes and
destained for 20 min in water. Agarose gels were viewed on a UV-transilluminator, and
photographed using Polaroid 667 film with a Polaroid MP-4 land camera (St. Albans,
Hertfordshire, England).

2.11 EXTRACTION OF DNA FROM AGAROSE

A modification of the freeze-squeeze technique was used. The DNA band of interest
was excised from a low melting point agarose gel and melted at 65°C. An equal volume
of buffer equilibrated phenol was added, mixed and immediately frozen at -20°C and
left overnight. The phenol/agarose mixture was centrifuged at 10 000g for 10 min at
room temperature, and the aqueous phase removed and re-extracted with
phenol/chloroform/isoamyl alcohol. The aqueous phase was then ethanol precipitated

and the resulting DNA resuspended in TE or distilled sterile water.

2.12 RESTRICTION DIGESTS

Restriction digests were carried out in 20pl reaction volumes in 1.5 ml microfuge tubes,
using buffers supplied by the manufacturer. Reactions contained 0.5-1.0 pg of DNA,
2ul of supplied 10x buffer and 5-10 units of restriction enzyme. Incubations were

carried out at the recommended temperature for at least 3 hours.

2.13 LIGATIONS

Ligations were carried out in 20 pl reaction volumes in 1.5 ml microfuge tubes using
the 5x reaction buffer supplied by the manufacturer. Reaction contained DNA at a
vector:insert ratio of approximately 1:3, 4 |1l of 5 x reaction buffer and 10 units of T4
DNA ligase (Gibco BRL, Life Technologies, Auckland, NZ) and were incubated at
23°C for 1.5 hours to facilitate the ligation of the of cohesive termini. Ligation

reactions were diluted to 100 |1l before use in transformations or PCR reactions.
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2.14 TRANSFORMATIONS

A modified protocol of Sambrook et al (1989) was used for the transformation of
plasmid DNA into E. coli DH5-o0 competent cells (Gibco BRL, Life Technologies,
Auckland, New Zealand). Approximately 10ng of transforming DNA was added to
100wl of competent DHS5-a E. coli cells. The contents of the tubes were mixed gently
and allowed to sit on ice for 30 min. Cells were heat shocked at 42°C for 45 sec, and
quickly chilled on ice for 1-2 min. Cells were diluted with 800ul of SOC medium and
incubated at 37°C with gentle shaking for 45 min, before aliquots of transformed cells
were plated onto SOB solid medium, containing, ampicillin (50 pg ml"), isopropyl-B-
D-thiogalactopyranoside (0.16 mg ml') and S-bromo-4-chloro-3-indolyl-B-D-

galactopyranoside (S0 pg ml™') Plates were incubated overnight at 38°C.

2.15 PLASMID DNA MINIPREPARATIONS

Plasmid DNA was recovered from E. coli cells using the alkaline lysis method
described by Sambrook et al., (1989). Composition of buffers used are listed in
Appendix B. Five ml of LB medium containing ampicillin (50 ug ml"') was inoculated
with a single colony and incubated overnight with vigorous shaking. 1.5 ml of culture
was transferred aseptically to a microfuge tube and was centrifuged in a bench top
centrifuge for 2 min. The supernatant was removed and the bacterial pellet was
resuspended in 100 ul TEG with vigorous vortexing. Two hundred pl of a freshly
prepared 0.2 M NaOH/1% SDS solution was added, and the tube rapidly inverted
several times before storing on ice. 150l of solution III (final concentration, 3M Na
and 5M Acetate) was added and the tube inverted again to mix contents, and stored on
ice for 3-5 min. The microfuge tube was centrifuged at 12 000 g at 4°C for 5 min and
the supernatant carefully collected, and extracted once with phenol/chloroform/isoamyl
alcohol. The aqueous phase was ethanol precipitated and rinsed in 70% ethanol and

finally resuspended in 50 pl of TE until further analysis.
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2.16 PCR PRIMERS AND AMPLIFICATION

The primers used for PCR reactions are listed in Table 2.2.

Table 2.2. PCR primers

PCR Primer Description Sequence (5°-3’)

fD1* 16S universal forward GAGTTTGATCCTGGCTCAG

rD1* 16S universal reverse = TAAGGAGGTGATCCAGCC

B315 454 S. bovis specific CTTTCCACTCTCACACACG

B316 830 C. proteoclasticum CTGAATGCCTATGGCACCCAA
specific

fD1 16S universal forward. CCGAATTCGTCGACAACAGAGTTTGA
+ linker TCCTGGCTCAG

Dl 16S universal reverse + CCCGGGATCCAAGCTTAAGGAGGTG
linker ATCCAGCC

Both the B316 830 and the B315 454 primers were screened for specificity using the
PROBE CHECK program of the Ribosomal Database Project (Olsen et al., 1992) and
NCBI BLAST search. PCR amplification of C. proteoclasticum DNA produces an 830
base pair product when amplified with fD1* and B316 830, while S. bovis DNA
produces a 473 bp product when amplified with fD1* and B315 454.

PCR reactions contained 20 mM Tris. HCI (pH 8.4), 50 mM KCl, 2.5 mM MgCl,, 0.2
mM each of dATP, dCTP, dGTP and dTTP, 1 uM of each primer and 0.5 U of Taq
DNA polymerase (Gibco BRL, Life Technologies, Auckland, New Zealand). PCR
reactions were in a final volume of 20 pl sealed in a capillary tip and thermocycling was
carried out in a Corbett FTS-1 Capillary Thermal Sequencer (Corbett Research, Sydney,
Australia). PCR amplification conditions for B316 830/fD1*and B315 454/fD1* primer
pairs were denaturation at 95°C for 3 min, followed by 6 cycles of 95°C for 30s, 62 °C
for 15s, 72°C for 30s and 25 cycles of 95°C for 15s, 62°C for 5s and 72°C for 30s and a
final cycle of 72°C for 3 min. Amplification with the universal primers, fD1*/rD1* or

fD1/rDldiffered only in annealing temperature, which was 55°C. PCR products were
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separated by electrophoresis in agarose gels, stained with ethidium bromide and

visualized by UV trans-illumination.

2.17 CLONING THE 16S rRNA GENES

The 16S rRNA genes of the proteolytic bacteria were cloned into plasmid vectors to
facilitate DNA sequencing. The genomic DNA of the organism was amplified with the
universal PCR primers fD1 and rD1 which specifically amplify the 16S rRNA gene of
most bacteria. The primers were constructed with linkers at the 5° end containing
restriction endonuclease sites. After amplification the DNA band corresponding to the
16S rRNA gene was extracted from the agarose and the DNA double digested with
EcoRI and BamHI (Boehringer Mannheim, Germany). Because of a conserved internal
EcoRl site, the 1500 bp fragment was cloned in two pieces. The DNA fragments were
ligated into pUCI19 digested either with EcoRI alone or BamHI and EcoRI (Fig. 2.1).
The ligations were transformed into E. coli DH5-a cells, and white colonies were
screened for inserts of the correct size. Plasmids were prepared for sequencing using

Qiagen plasmid purification kits.

2.18 16S rDNA SEQUENCING

Plasmid DNA was prepared for sequencing using QIAGEN (Qiagen GmbH, Germany)
plasmid kit. Reagents and buffers are listed in Appendix B. Three ml of LB broth
containing ampicillin (50 pg ml") was inoculated with plasmid containing E. coli clone,
and incubated over night at 37°C. The culture was centrifuged at 10 000 x g for 2 min
and DNA extracted from the pelleted bacteria following the manufacturer’s instructions.

Purified plasmid DNA was resuspended in water at 200ng ul”'

DNA sequencing was performed by DNA Sequencing Facility (School of Biological
Sciences, Auckland University) using dideoxychain terminator reaction on a ABI 373A
automated sequencer (Applied Biosystems, Foster City, California). Both forward and
reverse strands were sequenced. Primers were supplied at a concentration of 3.2 pmol

™', for use in dye terminator reactions and are listed in Table 2.3.
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Figure 2.1. Cloning of the 16S rRNA genes.

The 16S rRNA gene was amplified from genomic DNA with the universal primer fD1
and rD1. The PCR product was digested with EcoR1 and BamH]1 to give two fragments
of approximately 670 and 830 bp in length. The fragments were ligated into the
plasmid pUC19, previously digested with EcoR1 alone or with EcoR1 and BamH]1.
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Table 2.3. Sequencing Primers

Sequencing Primers ~ Sequence (5°-3”) Position

(5’-3’ E. coli numbering)

M13/pUC forward CCCAGTCACGACGTTGTAAAACG pUCI9
M 13/pUC reverse AGCGGATAACAATTTCACACAGG pUCI9

forRNA F1 CGTGCCAGCAGCCGCGGTAA 513-532
forRNA F3 TCCCGCAACGAGCGCAACCC 1094-1113
RevRNA R5 GCTTGTGCGGGCCCCCG 939-923
revRNA R6 GGGTTGCGCTCGTTGCGGGA 1113-1096
fD1* GAGTTTGATCCTGGCTCAG 8-28

Fl CTCCTACGGGAGGCAGCAG 339-357
F2 CAGGATTAGATACCCTGGTAG 785-805
R1 CTGCTGCCTCCCGTAA 357-342

The 16S rDNA sequences of S. bovis strain B315 and B. fibrisolvens-like strain B316
were confirmed by sequencing directly from PCR product. Genomic DNA was PCR
amplified using the universal primers fD1* and rD1* and the 16S rDNA fragment was
separated in 1.2% low melting point agarose gel. The band of correct size was excised
from the gel, diluted in 100 pl of TE, and was homogenized to a fine slurry using a
pipettor. The slurry was loaded into a Micropure™ (Amicon Inc., Ma., USA) spin
column, and centrifuged to remove the solid agarose. The liquid which passed through
the column was loaded into a Microcon®-100 (Amicon Inc., Ma., USA) sample
reservoir and was spun for 14 min at 500 x g at room temperature. 450 |1l of water was
added to the column and spun for a further at 500 x g for 14 min. The DNA was
recovered from the spin column by inverting into a fresh vial, and a further
centrifugation at 500g for 2 min. The concentration of the DNA was determined by

measurement of Assog0 and the DNA was diluted to 50 ng ul”' for sequencing directly.

2.19 SEQUENCE ANALYSIS

Sequence fragments were assembled using the McMolly DNA Handling Program for
Macintosh computers and the SeqMan program of the DNA* package. Closely related
sequences were identified using the BLAST function of the National Center for

Biological Information and the Similarity-Rank program of the Ribosomal Database
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Project (RDP). Sequences were retrieved from the Genbank and EMBL databases. The
16S rRNA sequences were aligned using Clustal X version 1.64b, and corrected
manually. The phylogenetic trees were constructed using the Maximum Likelihood

program contained in the Phylip package.

2.20 CONSTRUCTION OF THE INTERNAL CONTROLS

The 830 bp PCR product from C. proteoclasticum DNA amplified with fD1* and B316
830 contains two Alul sites. To produce an Alul deletion, the 830 bp fragment was
digested with Alul (Boehringer Mannheim, Germany) and the restriction endonuclease
was removed with phenol treatment followed by ethanol precipitation. The Alul
fragments were ligated with T4 DNA ligase (Gibco BRL, Life Technologies, Auckland,
New Zealand). Two pl of the ligation reaction was used in a PCR reaction using fD1*
and B316 830 and the products separated by agarose gel electrophoresis. One of the
PCR products was a 480 bp fragment expected from the deletion of the 350 bp internal
Alul fragment. The 480 bp fragment was purified from the gel, and used as an internal
control for cPCR reactions. The concentration of the internal control was estimated by
intensity of fluorescence of the internal control when compared to standards from
photographs of the gel at approximately 100 ng ml"'. However the DNA concentration
was too low to obtain an accurate Ajeg280 reading, so the internal control was expressed

as a dilution of the concentrated mixture.

The internal control for S. bovis was prepared in a similar manner to that of C.
proteoclasticum. Digests of the 473bp rDNA fragment from S. bovis with Alul
produced five fragments which were phenol chloroform extracted and ethanol
precipitated before religation with T4 DNA ligase. The ligation reaction was then used
in a PCR reaction and the bands separated in 2.5% low melting point agarose gel. Three
ligation products resulted from amplification, and each was extracted from the agarose
using the modified freeze squeeze technique. The 117 bp amplification product was

used as the internal control for determining S. bovis populations in the rumen.
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2.21 PREPARATION OF BACTERIAL CELLS FOR SENSITIVITY TESTING

C. proteoclasticum or S. bovis were grown overnight in 100 ml cultures and a sample
counted by phase contrast microscopy using a WSI counting chamber (Weber Scientific
International Ltd., Middlesex, England). Cells were pelleted by centrifugation and
resuspended to a final concentration of 1 x 10'° cells ml™" for DNA extractions. Ten
fold serial dilutions of this DNA were amplified to determine the detection limit of the

assay.

2.22 QUANTITATION OF PCR PRODUCTS

PCR products were quantitated by photographing agarose gels using Polaroid 665 film
(St. Albans, Hertfordshire, England) which produces a negative image of the
photograph. The negative was scanned using a GS-670 Imaging Densitometer (BioRad,
Hercules, CA. USA), and analyzed using Molecular Analyst Software version 1.4
(BioRad, Hercules, CA. USA.). To correct for differences in fluorescence of ethidium
bromide stained PCR fragments of different sizes (Piatak et al., 1993), the intensity of
the internal control was multiplied by the ratio 830/480 for C. proteoclasticum or

473/102 for S. bovis.

2.23 RUMEN SAMPLES

Eight fistulated, lactating, Fresian dairy cows were sampled at the Dairying Reasearch
Corperation in Hamilton as part of a feeding trial, in conjunction with Dr. Vicki
Carruthers. The animals were fed 4 different diets in rotation: high nitrogen; high
nitrogen with carbohydrate; low nitrogen and low nitrogen with carbohydrate. Ryegrass
pasture, containing less than 5% clover, was top dressed with 20 kg of nitrogen (as urea)
per hectare for low nitrogen diets, or 90 kg of nitrogen per hectare for high nitrogen
diets. Urea was applied 21-28 days before cutting, and nitrogen was 2.11% and 2.82%
of dry matter for low and high nitrogen diets respectively. Carbohydrate was supplied as
a 50:50 mixture of dextrose/cornflour on an energy basis, and was drenched at 9:00 am,
11:00 am, 4:00 pm and 6:00 pm supplying 10% of minimum energy intake. Cows were
fed at 9:00 am and 4:00 pm and were maintained on each diet for 12 days before

sampling. The order of feed rotation is indicated in Table 2.4.



Table 2.4. Rotation of Diet
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Cow

709
710
727
788
1758
8702
9754
9775

Treatment
Sample Date (1996)

19" September 4™ October 24™ October 9" November
High N HighN+CHO Low N +CHO Low N

High N+ CHO HighN Low N Low N + CHO
High N LowN+CHO LowN High N + CHO
Low N HighN+CHO HighN Low N + CHO
Low N Low N + CHO High N+ CHO HighN

Low N + CHO High N High N+CHO LowN

Low N + CHO Low N High N High N + CHO
High N+ CHO LowN LowN +CHO  HighN

Rumen samples of approximately 250 ml were collected prior to the last 4:00 pm feed

and were frozen immediately in liquid nitrogen and stored at -80°C until DNA

extraction. Immediately before DNA extraction samples were thawed in a 37°C water

bath and diluted with an equal weight of Mineral Salts (MS) buffer before

homogenization in a Sorvall tissue homogenizer ( Du Pont Co. DE. USA.).
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Chapter 3 - 16S rDNA DETERMINATION, ANALYSIS, PRIMER DESIGN AND

INTERNAL CONTROL CONSTRUCTION

3.1 INTRODUCTION

The 16S rRNA gene has been widely used in the identification and phylogenetic
analysis of bacteria, both for previously cultured organisms and for 16S genes cloned
directly from environmental samples (Pace et al., 1986; Amann, 1995; Lee et al., 1996).
The 16S rRNA sequence contains enough information to be representative of the entire
genome and phylogenetic inferences can be drawn from this information (Woese et al.,
1975; Fox et al., 1980; Pace et al., 1986; Olsen and Woese, 1993). The 16S rRNA gene
also provides sites for probe design at different taxonomic levels, and has been used
successfully for enumerating bacterial populations in the rumen (Stahl er al., 1988;

Briesacher, et al., 1992; May et al., 1993; Krause and Russell, 1996).

PCR is an extremely sensitive and specific method of detection. However because of
the logarithmic amplification of PCR small differences between reactions can be
amplified, making quantitation by PCR difficult. The addition of an internal control to
PCR reactions normalises for reaction to reaction variation, which makes quantitation
by PCR possible. Competitive PCR (cPCR) was first developed for the quantitation of
HIV-1 3B LTR DNA (Zachar et al., 1993), but more recently, its use has been extended
to quantitation of bacteria in the environment (Leser et al., 1995; Lee et al., 1996;

Kobayashi et al., 1998).

B. fibrisolvens-like strain B316 and S. bovis strains B315 and C14b#1 are proteolytic
rumen bacteria that have been isolated from New Zealand ruminants, and characterised
by phenotypic typing (Attwood and Reilly, 1995; Attwood and Reilly, 1996). In this
study, the 16S rRNA genes of these organisms and a S. bovis reference strain, NCFB
2476, were sequenced in order to further characterise these bacteria and to design
specific nucleic acid probes. Internal controls were also developed to use in conjunction

with the specific primers for the quantitation of these bacteria in the rumen.



34

3.2 RESULTS

3.2.1 Cloning and sequence analysis of 16S rRNA genes

The almost entire 16S rRNA genes of C. proteoclasticum strain B316" and S. bovis
strains B315, C14b#1 and NCFB 2476 were cloned and sequenced and are listed in
Appendix C. C. proteoclasticum was found to be most similar to B. fibrisolvens strain
NCDO 2345 at 99.5% similarity. Other NCDO B. fibrisolvens strains 2434, 2432, 2398
and 2222, were also very closely related (Fig. 3.1). S. bovis strains B315, C14b#1 have
almost identical 16S rRNA genes (Fig. 3.2), and these form a tight cluster with the S.
bovis type strain NCDO 597, S. equinus and S. bovis isolate NCFB 2476.

3.2.2 Primer design

Alignments of the C. proteoclasticum and S. bovis 16S rDNA sequences were made
with closely related sequences obtained from the Ribosomal Database Project (RDP)
and Genbank. Regions of unique sequence were identified for both C. proteoclasticum
and S. bovis and a primer specific for each bacterium was designed (Fig. 3.3). The
primers selected, B316 830 and B315 454, predicted PCR products of 830 bp and 454
bp for C. proteoclasticum and S. bovis respectively. Primer specificity was checked
using the Probe Check facility of the RDP, and both primers were found to be specific.
However, when the primer sequences were subjected to BLAST searches, they showed
homology with other 16S rDNA sequences. The C. proteoclasticum primer was found
within the 16S rDNA sequences of the four closely related B. fibrisolvens strains;
NCDO 2435, NCDO 2434, NCDO 2222 and NCDO 2398, while the S. bovis primer
was present in S. rattus, S. mutans, S. milleri, S. intestinalis, S. equinus, S. caprinus, S.
constellatus, S. alactolyticus and S. macedonicus as well as all published S. bovis

strains.
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Figure 3.1. Phylogenetic analysis of C. proteoclasticum

Unrooted phylogenetic tree constructed using a maximum likelihood method, showing
the position of C. proteoclasticum in relation to the closely related B. fibrisolvens strains
within cluster XIVa of the Clostridium subphylum of the Gram positive bacteria. The

bar represents a sequence divergence of 1%.
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Figure 3.2. Phylogenetic analysis of streptococcal strains.

Unrooted phylogenetic tree constructed using a maximum likelihood method, showing
the relationships of the New Zealand streptococcal strains, B315 and C14b#1 and strain
NCBF 2476 to other streptococcal species. The bar represents a sequence divergence of

1%.
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Figure 3.3. Primer design for C. proteoclasticum and S. bovis.

The 16S rRNA sequences of C. proteoclasticum and S. bovis were aligned with the 16S

rRNA sequence from closely related bacteria and the variable regions identified.

a) The B316 830 primer begins at 832 bp (E. coli numbering) and is 21 bp in length.
The primer circumscribes C. proteoclasticum and four closely related B. fibrisolvens

strains.

b) The B315 454 primer begins at 454bp (E. coli numbering) and encompasses 11

streptococcal species.
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824 862
CTAGGTG| TTG GGTGCCAT.A GGCATTCAG| TGCCGTCGCTA
CTAGGTG| TTG GGTGCCAT.A GGCATTCAG| TGCCGTCGCTA
CTAGGTG| TTG GGTGCCAT.A GGCATTCAG| TGCCGTCGCTA
CTAGGTG| TTG GGTGCCAT.A GGCATTCAG| TGCCGTCGCTA
CTAGGTG| TTG GGTGCCAT.A GGCATTCAG| TGCCGTCGCTA
CTAGGTG TTG GGAGACAT.A GTTTCTCAG TGCCGTCGCTA
CTAGGTG TTG GGAACCAC.A GGTTTTCAG TGCCGTCGCTA
CTAGGTG TTG GGAGACAT.A GTCTTTCAG TGCCGGCGCTA
CTTGGAG GTT GTGCCCTTGA GGCG.TGGC TTCCGGAGCTA
450 479
AGAA |CGTGTG TGAGAGTGGA AAG| TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG| TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG| TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA |CGTGTG TGACAGTGGA AAG|TTCACAC AGTGACGGTA
AGAA CAGTGA TGGGAGTGGA AAG TTCACAC AGTGACGGTA
AGAA CGTTAG CGGGAGTGGA AAA TTCACAC AGTGACGGTA
GGAA .GGGAG TAAAGTTAAT ACC TTTGCTC ATTGACGTTA
AGAA AG.GCT CGCAAGA.GA GA. ....... TGACGGTA
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3.2.3 Primer Specificity

The primers (B316 830 and B315 454) were used in conjunction with the universal 16S
rRNA forward primer fD1* in PCR amplification reactions, and tested for specificity
against 85 bacterial strains, mostly of rumen origin (Table 2.1). The B316 830/fD1*
primer pair amplified only C. proteoclasticum DNA producing a 830 bp PCR product
(Fig. 3.4). The B315 454/fD1* primer pair amplified DNA from all S. bovis strains
tested except lab strain RF-1 (Fig. 3.5). The designation of RF-1 as an S. bovis strain is
currently under review. Both of these primer pairs produced specific PCR products at
62°C annealing temperature, but at 60°C two unrelated DNA’s (Enterococcus faecalis
strain NCTC 775 and S. bovis strain, RF2-B) amplified with the B316 830/fD1* primer
pair. This non-specific amplification was eliminated when the temperature was raised
to 62°C. To ensure that DNA from each strain was amplifiable, a sample of DNA from
each of the rumen bacteria was amplified with the universal primer pair fD1* and rD1*
at an annealing temperature of 55°C (Fig 3.6). All strains produced a PCR fragment of
approximately 1500 bp. The amplification of P. ruminicola 118b and P. ruminicola
B4 was repeated to ensure that these bacteria amplified, as the first attempt at
amplification produced no amplification of P. ruminicola 118b and poor amplification

of P. ruminicola B4 (Fig. 3.6).

3.2.4 Internal control construction

The internal controls for both S. bovis and C. proteoclasticum were constructed by
deleting a restriction fragment from the PCR product produced with their respective
specific primers. Analysis of the sequence of the C. proteoclasticum 830 bp fragment
indicated that digestion with Alul restriction endonuclease would produce three
fragments of 390, 350 and 90 bp and this was confirmed by sizing Alul restriction
fragments in an agarose gel (Fig 3.7). PCR amplification of the religated fragments
produced a 480 bp product consistent with the removal of the 350 bp internal fragment.
The 480 bp fragment was extracted from the agarose gel and used as an internal control
in competitive PCR reactions for C. proteoclasticum quantitation. The internal control

was amplified with either fD1* or B316 830 primers alone. No amplification occurred
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Figure 3.4. B316 830 primer specificity.

DNA extracted from 85 bacteria was amplified with the B316 830 and fD1* primers
under standard reaction conditions, 62°C annealing temperature. Each amplification
reaction contained 30 ng of template DNA.

a) lane 1, 1kb molecular weight markers; 2, C. proteoclasticum; 3, -DNA; 4, E. coli; S,
C21b; 6, Cl122a; 7, C. sticklandii; 8, C. aminophilum; 9, C. clostridioforme 29084;
10, C. clostridioforme 25537; 11, P. anaerobius; 12, P. productus; 13, B. fibrisolvens
H17c; 14, B. fibrisolvens CF3; 15, B. fibrisolvens OR509; 16, B. fibrisolvens WV 1;
17, C211; 18, C130a; 19, C219; 20, S. ruminantium HD4; 21, S. ruminantium 195;
22, S. ruminantium lactilytica; 23, 10A; 24, S. amlyolytica; 25, S. dextrinosolvens
ATCC 27209; 26 S. dextrinosolvens ATCC 19716; 27 L. multiparus; 28 ,1 kb
molecular weight markers.

b) lane 1, 1 kb molecular weight markers; 2, C. proteoclasticum; 3, -DNA; 4, E. coli; S,
S. bovis JB1; 6, S. bovis NCFB 2476; 7, B315; 8, 7-2;9, 7-25; 10, 7-26; 11, 5-21; 12,
3-31; 13, 3-36; 14, 3-39; 15, A120; 16, B385; 17, B348; 18, B342; 19, B314; 20,
B382; 21, B1l; 22, B350, 23, B396; 24, C17, 25, A191b; 26, B360; 27, B395; 28,
B327; 29, B372; 30, 1 kb molecular weight markers.

c) lane 1, 1 kb molecular weight markers; 2, C. proteoclasticum; 3, -DNA; 4, E. coli; 5,
P. ruminicola 118b; 6, P. rumincola B \4; 7, P. ruminicola ruminicola 23; 8, C21a; 9,
E. cellulosolvens; 10, E. limosum; 11, E. ruminantium; 12, C120a; 13, C124b; 14,
C12b, 15, C13b, 16, C260; 17, C125b; 18, C14b#2; 19, C118b; 20, C119b; 21, Cll;
22, R. albus 7; 23, R. albus 8; 24, R, flavefaciens; 25, R. flavefaciens FDI; 26, M.
elsdenii; 27, F. succinogenes; 28, 1 kb molecular weight markers.

d) lane 1, 1 kb molecular weight markers; 2, C. proteoclasticum DNA; 3, , -DNA; 4; E.
coli; 5, B337; 6, B398; 7, Al4; 8, C123b; 9, C271; 10, A166; 11, C14b#1; 12, B346;
13, B32a; 14, A12; 15, UDY-KF; 16, RF-1; 17, RF-2; 18, E. faecalis; 19, 68a; 20, 1

kb molecular weight markers.
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Figure 3.5. B315 454 primer specificity.

DNA extracted from 85 bacteria was amplified with the B315 445 and fD1* primers
under standard conditions at 62°C annealing temperature. Each amplification reaction
contained 30 ng of template DNA.

a) lane 1, 1 kb molecular weight markers; 2, B315; 3, -DNA; 4; E. coli; 5, B337; 6,
B398; 7, Al4; 8, C123b; 9, C271; 10, A166; 11, C14b#l1; 12, B346; 13, B32a; 14,
RF-1; 15, RF-2; 16, E. faecalis; 17,;68a 18, UDY-KF; 19, 1 kb molecular weight
markers.

b) lane 1, 1 kb molecular weight markers; 2, B315; 3, -DNA; 4, E. coli; 5, S. bovis JB1;
6, S. bovis NCFB 2476; 7,7-2; 8, 7-25; 9, 7-26; 10, 5-21; 11, 3-31; 12, 3-36; 13, 3-
39; 14, A12; 15, A120; 16, B385; 17, B348; 18, B342; 19, B314; 20, B382; 21, Bll;
22, B350, 23, B396; 24, C17, 25, A191b; 26, B360; 27, B395; 28, B327; 29, B 372;
30, 1 kb molecular weight markers.

c) lane 1, 1 kb molecular weight markers; 2, B315; 3, -DNA; 4, E. coli; 5, C21b; 6,
Cl122a; 7, C. sticklandii; 8, C. aminophilum; 9, C. clostridioforme 29084; 10, C.
clostridioforme 25537; 11, P. anaerobius; 12, P. productus; 13, B. fibrisolvens H17c;
14, B. fibrisolvens CF3; 15, B. fibrisolvens ORS509; 16, B. fibrisolvens WV1; 17,
C211; 18, C130a; 19, C219; 20, S. ruminantium HD4; 21, S. ruminantium 195; 22, S.
ruminantium lactilytica; 23, 10A; 24, S. amlyolytica; 25, S. dextrinosolvens ATCC
27209; 26 S. dextrinosolvens ATCC 19716; 27 L. multiparus; 28 ,1 kb molecular
weight markers.

d) lane 1, 1 kb molecular weight markers; 2, B315; 3, -DNA; 4, E. coli; 5, P. ruminicola
118b; 6, P. rumincola B4; 7, P. ruminicola ruminicola 23; 8, C2la; 9, E.
cellulosolvens, 10, E. limosum; 11, E. ruminantium;, 12, C120a; 13, C124b; 14,
Cl12b, 15, C13b, 16, C260; 17, C125b; 18, C14b#2; 19, C118b; 20, C119b; 21, Cl1;
22, R. albus 7; 23, R. albus 8; 24, R, flavefaciens; 25, R. flavefaciens FD1; 26, M.

elsdenii; 27, F. succinogenes; 28 1 kb molecular weight markers.
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Figure 3.6. Verification of template DNA.

DNA extracted from 85 bacteria was amplified with the fD1* and rD1* primers under
standard conditions at 55°C annealing temperature. Each amplification reaction
contained 30 ng of template DNA.

a) lane 1, 1 kb molecular weight markers; 2, E. coli; 3, -DNA; 4, C. proteoclasticum; 5,
C21b; 6, Cl122a; 7, C. sticklandii; 8, C. aminophilum; 9, C. clostridioforme 29084,
10, C. clostridioforme 25537; 11, P. anaerobius; 12, P. productus; 13, B. fibrisolvens
H17c; 14, B. fibrisolvens CF3; 15, B. fibrisolvens OR509; 16, B. fibrisolvens WV 1;
17, C211; 18, C130a; 19, C219; 20, S. ruminantium HD4; 21, S. ruminantium 192;
22, S. ruminantium lactilytica; 23, 10A; 24, S. amlyolytica; 25, S. dextrinosolvens
ATCC 27209; 26 S. dextrinosolvens ATCC 19716; 27 L. multiparus; 28 , P.
ruminicola 118b; 29, P. rumincola B,4; 30, 1 kb molecular weight markers.

b) lane 1, 1 kb molecular weight markers; 2, E. coli; 3, -DNA; 4, E. coli; 5, P.
ruminicola 118b; 6, P. rumincola B4, 7, P. ruminicola ruminicola 23; 8, C21a; 9, E.
cellulosolvens; 10, E. limosum; 11, E. ruminantium;, 12, C120a; 13, C124b; 14,
C12b, 15, C13b, 16, C260; 17, C125b; 18, C14b#2; 19, C118b; 20, C119b; 21, C11;
22, R. albus 7; 23, R. albus 8; 24, R, flavefaciens; 25, R. flavefaciens FDI; 26, M.
elsdenii; 27, F. succinogenes;, 28 E. faecalis; 29, 68a; 30, 1 kb molecular weight
markers.

¢) lane 1, 1 kb molecular weight markers; 2, E. coli; 3, -DNA; 4, B315; 5, S. bovis JB1;
6, S. bovis NCFB 2476; 7,7-2; 8, 7-25; 9, 7-26; 10, 5-21; 11, 3-31; 12, 3-36; 13, 3-
39; 14, A12; 15, A120; 16, B385; 17, B348; 18, B342; 19, B314; 20, B382; 21, B11;
22, B350, 23, B396; 24, C17, 25, A191b; 26, B360; 27, B395; 28, B327; 29, B 372;
30, 1 kb molecular weight markers.

d) lane 1, 1 kb molecular weight markers; 2, E .coli; 3, -DNA; 4, B337; 5, B398; 6,
Al4; 7, C123b; 8, C271; 9, A166; 10, C14b#l1; 11, B346; 12, B32a; 13, UDY-KF;
14, RF-1; 15, RF-2; 16, 1 kb molecular weight markers.
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unless both forward and reverse primers were present, confirming that both priming

sites were present and that the fragments had ligated together correctly.

Digestion of the S. bovis 454 bp fragment with Alul resulted in five fragments of 44, 73,
86, 95 and 175 bp which were predicted from analysis of the sequence (Fig. 3.8). PCR
amplification of the ligated restriction fragments resulted in three PCR products of 203,
161 and 117 bp (Fig. 3.8). The 203 bp fragment results from the ligation of the 73 bp
fragment containing the fD1* primer binding site, the 86 bp internal fragment and the
44 bp fragment containing the B315 454 primer binding site. The 117 bp fragment is
comprised of the 44 and 73 bp fragments containing the respective primer binding sites.
The 161 bp fragment is most likely a ligation of the 73 bp fragment ligated with two 44
bp fragments each containing the B315 454 primer binding site. Upon amplification of
the 161 bp ligation product, two products could possibly result, a 117 bp product and a
161 bp product. This explains the observation that the 117 bp band is twice the
intensity of the 161 bp band as seen in the agarose gel (Fig. 3.8). As the 117 bp band is
the simplest ligation product and is sufficiently different in size to be easily
distinguished from the 454 bp fragment it was used for competitive PCR quantitation of
S. bovis. The S. bovis internal control was also amplified with either the fD1* or B315
454 primer alone, and no amplification resulted indicating the presence of both priming

sites.

3.2.5 Internal control amplification efficiency

Accurate quantitation using competitive PCR requires that the internal control DNA and
the target sequence in the genomic DNA amplify with equal efficiency. This can be
determined by plotting the log ratio (target intensity/internal control intensity) against
the log concentration of the internal control (Zachar et al,1993). Dilutions of C.
proteoclasticum internal control DNA were co-amplified with DNA from the equivalent
of 1 x 10° C. proteoclasticum cells (Fig. 3.9), and the intensities of target and internal
control used to plot their amplification efficiencies. The results show a line with a slope
of 0.94, and a regression of 0.99. This indicates that the amplification efficiencies of
the internal control DNA and the target C proteoclasticum sequence are essentially

equal.
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Figure 3.7. Construction of the C. proteoclasticum internal control.

The 830 bp PCR product was digested with Alul to give three fragments of 90, 350 and
390 bp. The three fragments were ligated and PCR amplified. The 480 bp product was

purified from agarose and used directly as the internal control in cPCR.
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Figure 3.8. Construction of the Streptococcus internal control.

The 454 bp PCR product was digested with Alul to give five fragments of 44, 73, 86,
95 and 175 bp. The five fragments were ligated and PCR amplified, producing three
amplification products, of 117, 161, and 201 bp in size. The 117 bp fragment was

isolated from the gel and used as the Streptococcus internal control (lane 4).
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Figure 3.9. C. proteoclasticum internal control amplification efficiency.

a) Dilutions of the C. proteoclasticum internal control were co-amplified with C.

proteoclasticum DNA (equivalent to 1 x 10° C. proteoclasticum cells).

b) The intensities of internal control DNA and target DNA were quantitated by
scanning densitometry of negative images of Polaroid photographs of ethidium
bromide stained gels. The ratio of the intensities of the internal control to target

DNA was plotted against the dilution of the internal control on a log scale.
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Figure 3.10. S. bovis internal control amplification efficiency.

a) Dilutions of the S. bovis internal control were co-amplified with DNA equivalent to 1

x 10 S. bovis cells.

b) The intensities of internal control DNA and target DNA were quantitated by
scanning densitometry of negative images of Polaroid photographs of ethidium
bromide stained gels. The ratio of the intensities of the internal control to target

DNA was plotted against the dilution of the internal control on a log scale.
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Similar experiments were carried out with S. bovis DNA and its internal control, and the
results show a line with a slope of 0.95, and a regression of 0.99 (Fig 3.10), again

indication equivalent amplification of target and internal control DNA.

3.3 DISCUSSION

16S rDNA analysis of B. fibrisolvens-like strain B316 led to its classification as a novel
species, Clostridium proteoclasticum (Attwood et al., 1996). Initial alignments of the
16S rRNA gene identified C. aminophilum as the most closely related bacterium with
92.2% similarity (Attwood et al, 1996). However, since this description, publication of
16S rDNA sequences of B. fibrisolvens strains NCDO 2435, 2434, 2222, 2342 and 2398
has revealed that these organisms are closely related to C. proteoclasticum (96.9 to
99.5% homology, Fig. 3.1). However, the 16S rRNA sequence of the B. fibrisolvens
type strain D1 (NCDO 22217) is only distantly related to these organisms (93.1 to
94.1%) therefore the classification of C. proteoclasticum as a separate species remains

justified.

The three S. bovis strains chosen for this investigation (local strains B315, C14b#1 and
NCEFB strain 2476) have slightly different phenotypic characteristics, and the possibility
that their 16S rRNA sequences would reflect this divergence was investigated. Based
on their 16S rDNA sequences these organisms were closely related to each other (99.7-
99.9%) and also to the S. bovis type strain NCDO 597 (99.5%) used in the phylogenetic
analysis (Fig 3.2), thus confirming these isolates as strains of S. bovis. However the
16S rDNA gene proved unsuitable for determining a meaningful relationship between
these closely related strains. A more detailed study at the molecular level such as
DNA/DNA hybridisation may be a more suitable method for determining the

phylogenetic relationships between these strains (Stackebrandt and Goebel, 1994).

The V3 hyper variable region of S. bovis and V5 hyper variable region from C.
proteoclasticum 16S TRNA genes were used to design PCR primers specific for each of
these bacteria. The specific primers were designed complimentary to the sense strand

(ie. reverse direction) of the hyper variable region within the 16S rDNA chosen for
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either C. proteoclasticum or S. bovis. The primers were designed to match as closely as
possible, the universal forward primer, fD1*, in length, % G + C, and T,. The specific
primers were used in conjunction with the universal primer fD1* which anchored the
PCR reactions at the 5° end of the gene. This approach limits the primers that can be
designed within the 16S rRNA gene, but means only one primer needs to be designed
for each target organism. Using the 16S gene as a target for primer design also enables
screening of primers against a the sequences in the ribosomal database (Olsen et al,
1993). The fDI1* and B316 830 primer pair did not amplify any DNA from any
organism tested except C. proteoclasticum. A BLAST search of the B316 830 primer
revealed that it was 100% homologous to a region in the 16S rDNA sequences of the
four closely related B. fibrisolvens strains NCDO 2435 2343 2222 and 2398. However
B316 830 does not share exactly the same sequence in the corresponding genes of B.
fibrisolvens strains Bu 43, NCDO 2432 or DIT (Fig. 3.3), and have 5, 6 and 4 base pair
differences respectively. The differences of these sites in the B. fibrisolvens type strain
(D1, NCDO 22217) and strain Bu 43 are consistent with their phylogenetic position in
relation to the rest of this B. fibrisolvens cluster (Fig. 3.2). However, the differences at
the same site in strain NCDO 2432 do not appear to be consistent with the same
analysis. In 16S rDNA analyses, the hyper-variable regions, such as the target site for
the B316 830 primer, are excluded from the comparisons as they are often too variable
to produce meaningful relationships. In this case, the variation observed at the variable
site in strain NCDO 2432 may indicate greater phylogenetic diversity than is apparent
from the analysis of the conserved 16S rDNA regions. Therefore the C.
proteoclasticum B316 830 primer seems to circunscribe a subset of the this B.

fibrisolvens cluster and will useful for determining populations of these strains.

The fD1* and B315 454 primer pair amplified DNA from all strains of S. bovis tested,
but no other bacterium. By BLAST search the S. bovis B315 454 primer had 100%
homology with S. constellatus, S. mutans, S. equinus, S. gallolyticus, S. macedonicus, S.
intestinalis, S, alactolyticus, S. rattus, S. suis and S. milleri (Fig 3.3) as well as
published S. bovis sequences. These bacteria do not form a particular cluster among the
Streptococci and appear randomly distributed in terms of evolution. However, of these
isolates only S. caprinus and S. bovis has been isolated from the rumen. Therefore the
B315 454 primer is probably a Streptococcus genus level primer for use in the rumen

ecosystem.
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Design and construction of effective internal control DNAs are central to successful
cPCR. Many difference methods have been employed for internal control construction
including the deletion or insertion of sequences between priming sites, looped oligos or
the incorporation of novel restriction enzyme sites (Leser, 1995; Lee et al, 1996;
Kobayashi et al., 1998). In this study we chose to delete internal Alul restriction
fragments from the target sequences of both C. proteoclasticum and S. bovis to generate
internal control DNAs of 480 bp and 117 bp respectively. The construction of the C.
proteoclasticum internal control was straight forward, with only two possible ligation
products that were able to amplify: the original intact fragment, or the deletion
fragment. However the four Alul restriction sites in the S. bovis PCR fragment resulted
in five restriction fragments. After religation three amplification products were
observed, of which only two were easily explainable. Having multiple amplification
fragments present after ligation also presented the possibility of contamination when
excising the internal control DNA from the agarose gel. These problems could be
overcome by excising the relevant bands after restriction digestion and ligating them
under controlled conditions so fewer ligation products are possible. Alternatively,
cloning of the intact PCR fragment prior to digestion would also aid the recombining of
fragments in a predictable manner, and would also facilitate the use of blunt ending for

incompatible restriction enzymes

In order to quantitate accurately using cPCR, it is important that the internal control
DNA amplifies with the same amplification efficiency as the target DNA. The relative
amplification efficiencies of the target DNA and the internal control determined for C.
proteoclasticum and S. bovis indicated essentially equivalent amplification. In both
cases the amplification efficiencies of the internal controls were essentially the same as
the target DNA. The internal control DNA is slightly more efficient than the target
DNA, which could be due to smaller size of the internal controls. As pointed out by
Zacher et al. (1993), the assumption that the concentration of PCR end products is
proportional to the amount of starting products is still valid if the efficiency of the
reactions are not equal, as long as effj/eff; is constant and amplification is in the

exponential phase.
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Quantitation of bacteria from rumen samples has long been fraught with difficulties.
We have developed a PCR primer that is specific for C. proteoclasticum and closely
related B. fibrisolvens strains and a PCR primer specific for streptococci in the rumen.
These PCR primers will differentiate these strains from the mixed microbial population,
and in conjunction with the internal control DNA'’s facilitate the enumeration of these

bacteria in the rumen ecosystem using a cPCR based system.
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Chapter 4 - ENUMERATION OF C. proteoclasticum AND STREPTOCOCCI

FROM RUMEN SAMPLES BY COMPETITIVE PCR

4.1 INTRODUCTION

The rumen ecosystem is a diverse environment. Quantitation of bacteria from this
microcosm using traditional culturing techniques is not reliable, and there is an inability
to culture all the micro-organisms observed under the microscope (Amann et al., 1995).
Molecular techniques avoid some of these problems by analysing nucleic acids directly
from the environment directly. Competitive PCR (cPCR) is a technique which
combines the specificity of 16S rRNA probes with the sensitivity of PCR, and has been
used to quantitate bacterial populations from environmental samples previously (Leser
et al., 1995; Lee et al., 1996; Kobayashi et al., 1998). The purpose of this study was to
use cPCR to enumerate C. proteoclasticum and Streptococci directly from rumen
samples. In order to quantitate using cPCR, standard curve construction was undertaken
to relate the ratio of target/internal control band intensity to cell numbers, the most
efficient method of DNA extraction was investigated and the detection limit of cPCR

for C. proteoclasticum and S. bovis was determined.

4.2 RESULTS

4.2.1 Co-amplification detection limit

The detection limit of the cPCR technique was examined by co-amplification of a serial
dilution of DNA extracted from a known number of cells with increasing dilutions of
the internal control. The sensitivity of detection for both S. bovis and C.
proteoclasticum was the DNA from 25 cell equivalents (Fig. 4.1) in each reaction. A 5
x 10° dilution of the internal control was required for the detection of 25 S. bovis cells,
while a 2 x 10° dilution of the internal control was required to detect C. proteoclasticum

(Fig. 4.1).
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Figure 4.1. Detection limit of cPCR.

a) DNA extracted from 1 x 10'° C. proteoclasticum cells ml"' was serially diluted and

co-amplified with 2 x 10° dilution of C. proteoclasticum internal control.

b) DNA extracted from 1 x 10'° S. bovis cells ml"' was serially diluted and co-amplified
with a 5 x 10° dilution of the Streptococcus internal control. These results are

expressed as cell equivalents based on the amount of DNA extracted per cell.
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4.2.2 DNA extraction efficiency

In order to determine the most efficient method of DNA extraction from bacterial
samples the DNA from 1 x 10" ¢ proteoclasticum cells was extracted by three
different methods as listed in section 2.8: chemical extraction with DNAzol reagent
followed by bead beating; enzymatic lysis with lysozyme and SDS, and physical
disruption by bead beating. Quantitative measurements of the extracted DNA using
absorbance readings at 260nm demonstrated that physical disruption was the most
efficient method of DNA extraction with a total of 67ug extracted from 1 x 10'° C.
proteoclasticum cells. Chemical extraction and enzymatic lysis recovered 1.0 and 43

pg of DNA respectively.

4.2.3 Standard curve construction

As cPCR is most accurate when the intensities of the internal control and the target
sequence are equal, it was necessary to determine the optimal internal control
concentration which would co-amplify with DNA extracted from rumen contents.
Dilutions of internal control were co-amplified with DNA extracted from rumen
contents, and the optimal dilution of internal control was found to be 1 x 10° for C.
proteoclasticum internal control and 1 x (105 for the majority of S. bovis samples.
However, some rumen samples (cows 727, 2a, 2b, 2c; 9754 2a, 2b, 2c; and 1758, all
samples) required a 1 x 10° dilution of the internal control for amplification. The
optimal dilutions of the internal control (1 x 10°%, for C. proteoclasticum and both 1 x
10° and 1 x 10° for S. bovis) were co amplified with serial dilutions of DNA extracted
from a known number of either C. proteoclasticum cells (Fig. 4.2) or S. bovis (Fig. 4.3
and 4.4). The results showed a linear response between the ratio of target/internal
control band intensities to DNA equivalent to 1 x 10* to 5 x 10" C. proteoclasticum
cells. This meant that the 1 x 10° dilution of C. proteoclasticum internal control could
be used for quantitation of samples in this range. The 1 x 10° and 1 x 10° dilutions of S.
bovis internal control gave a linear response between ratio of target/internal control
intensity and cell number with 2.5 x 10> =5 x *and 5 x 10' — 1 x 10* S. bovis cells

respectively.
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Figure 4.2. C. proteoclasticum standard curve construction.

a) DNA extracted from 1 x 10'© C. proteoclasticum cells ml" was serially diluted and
co-amplified with a 1x10° dilution of the internal control. The results are expressed
as C. proteoclasticum cell eguivalents based on the amount of DNA extracted per

cell.

b) The intensities of internal control DNA and target DNA were quantitated by
scanning densitometry of negative images of Polaroid photographs of ethidium
bromide stained gels. The ratio of the intensities of the internal control to target

DNA was plotted against the dilution of the internal control on a log scale.
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Figure 4.3. S. bovis standard curve construction.

a) DNA extracted from 1 x 10" S. bovis cells ml" was serially diluted and co-amplified
with a 1x10° dilution of the internal control. The results are expressed as S. bovis

cell equivalents based on the amount of DNA extracted per cell.

b) The intensities of internal control DNA and target DNA were quantitated by
scanning densitometry of negative images of Polaroid photographs of ethidium
bromide stained gels. The ratio of the intensities of the internal control to target

DNA was plotted against the dilution of the internal control on a log scale.
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Figure 4.4. Streptococcus standard curve construction.

a) In order to co-amplify Streptococcus from all rumen samples, a second standard
curve was required. DNA extracted from 1 x 10'° S. bovis cells ml" was serially
diluted and co-amplified with a 1x10° dilution of the internal control. The results are
expressed as S. bovis cell equivalents based on the amount of DNA extracted per

cell.

b) The intensities of internal control DNA and target DNA were quantitated by
scanning densitometry of negative images of Polaroid photographs of ethidium
bromide stained gels. The ratio of the intensities of the internal control to target

DNA was plotted against the dilution of the internal control on a log scale.
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4.2.4 Detection of C. proteoclasticum added to rumen fluid

To test whether C. proteoclasticum could be detected by cPCR within a background of
non-specific DNA from rumen fluid, samples of rumen contents were spiked with
known numbers of C. proteoclasticum cells. DNA extracted from these samples was co
amplified with the 1 x 10° dilution of the C. proteoclasticum internal control, and the
numbers of C. proteoclasticum were determined (Fig. 4.4). The results show a linear
response between the number of cells added and the number of cells detected. When
compared to the theoretical ideal of y = x, the assay slightly overestimated the numbers
of C. proteoclasticum present in the rumen samples, and this is more pronounced in the
rumen samples containing the higher populations of C. proteoclasticum. A background

population of 6.25 x 10° cells was detected in the unspiked samples.

4.2.5 Detection of C. proteoclasticum and S. bovis in vivo

To examine the application of cPCR to determining bacterial numbers directly from
animals and to assess the inpact of nitrogen and carbohydrate additions on the
populations of C. proteoclasticum and S. bovis in vivo, rumen samples were collected
from eight lactating Fresian dairy cows fed four different diets in rotation: high
nitrogen; high nitrogen with carbohydrate; low nitrogen and low nitrogen with
carbohydrate. DNA extracted from the rumen samples was also amplified with the
universal primers to ensure that DNA was present and that it was PCR amplifiable.
Rumen samples were spiked with the appropriate dilution of the internal control,
followed by amplification and quantitation. The populations of C. proteoclasticum
detected in animals on the different diets ranged from 2.06 x 10° to 3.12 x 107 cells per
ml (Fig. 4.5) while S. bovis ranged from 1.17 x 10" to 1.33 x 108 bacterial cells per ml
(Fig. 4.6). There was no significant difference between any of the diets for either
bacterial population.

The enumeration of C. proteoclasticum from rumen samples by cPCR has recently been

published (Reilly and Attwood, 1998). A copy of this paper is included in appendix D.
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Figure 4.5. In vivo detection of C. proteoclasticum.

Rumen samples were spiked with known numbers of C. proteoclasticum cells. DNA
was extracted from these mixtures and assayed for the presence of C. proteoclasticum.
Closed squares denote numbers of C. proteoclasticum detected in each sample. Open
circles denote y = x. The y intercept of the line denotes no C. proteoclasticum cells

added. This represents the background C. proteoclasticum population of 6.46 x10° mlI™.
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Figure 4.6. Populations of C. proteoclasticum in dairy cows under four different

feeding regimes.

Numbers 1 through 8 represent cows numbered 709, 710, 727, 788, 1758, 8702, 9754
and 9775 respectively. Results are the means of triplicate determinations and error bars
represent standard error of the mean. The diets were fed in rotation and rumen samples

were taken during each feeding regime.
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Figure 4.7. Populations of streptococci in dairy cows under four different feeding

regimes.

Numbers 1 through 8 represent cows numbered 709, 710, 727, 788, 1758, 8702, 9754
and 9775 respectively. Results are the means of triplicate determinations and error bars
represent standard error of the mean. The diets were fed in rotation and rumen samples

were taken during each feeding regime.
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4.3 DISCUSSION

In order to determine the most efficient method of DNA extraction, three protocols were
tested. Physical disruption by bead beating followed by phenol chloroform extractions
was the most efficient method of extracting DNA. This method also had the advantage
of assaying both the solid and liquid phases of rumen contents. The mechanical motion
of bead beating displaces bacteria adhered to plant material, and allows sampling of the
entire rumen ecosystem. This was important as the microbiota are more abundant in the
total digesta than the liquid phase (Hungate, 1966), and previous studies on rumen
populations have only sampled the liquid phase of rumen contents (Stahl et al, 1988;

Briesacher et al, 1992; May et al, 1993).

Standard curves were constructed to relate the log ratio of target intensity/internal
control intensity to log number of cells added. The standard curves were generated by
coamplifying a serial dilution of DNA extracted from a known number of cells with a
constant amount of internal control. The standard curves cover a wide range of cell
numbers, 10*-10* in the case of C. proteoclasticum and 2.5 x 10%- 5 x 10* for the 1 x 10°
dilution and 5 x 10' -1 x 10* for the 1 x 10° dilution of the S. bovis control. Two
standard curves were needed for S. bovis quantitation, as some rumen samples did not
amplify with the 1 x 10> dilution of the internal control. Constructing the standard
curves using a serial dilution of DNA extracted from a known number of cells accounts
for rRNA gene copy number which can range from 2 to 10 copies depending on the
bacterium (Amikam et al, 1984; Jarvis et al, 1988). Standard curves also account for
the small differences in amplification efficiencies observed between the internal control

and the target DNA.

The sensitivity of competitive PCR was also determined in the same manner as internal
control construction, where a serial dilution of DNA extracted from a known number of
cells was coamplified with decreasing amounts of internal control, until no
coamplification occured. In theory PCR is sensitive enough to detect a single copy of
the target sequence (van Kuppeveld et al, 1992). However when the internal control is
added to the PCR reaction the target DNA and internal control are competing for

reagents and enzyme, therefore a decrease in sensitivity would be expected.
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In the experiments a detection limit of DNA equivalent to 25 C. proteoclasticum cells
(or 125 fg DNA) in a reaction was achieved when coamplified with a 2 x 10° dilution of
the internal control. 25 cells was also the detection limit for S. bovis, but coamplified
with a 5 x 10° dilution of the internal control. However, DNA extracted from rumen
samples needed to be diluted 100 fold in order for reproducible amplification to occur,
and so in practice a detection limit of 2.5 x 10* cells is the greatest sensitivity achieved.
The exact nature of the inhibitory substance is unknown, but high Ajeos0 readings
indicate that it is not proteinaous in nature. It could possibly be a water soluble
polysaccharide, or polyphenolic compound similar to that observed by Leser (1995)

which interfered with PCR reactions.

The results from the testing of cPCR sensitivity compare favourably with those of
previous investigations. Leser (1995) obtained a detection limit of 40 Pseudomonas
cells using ethidium bromide stained gels visualised under UV for quantitation of cPCR
products. A 10-fold improvement of sensitivity was achieved by transferring the DNA
from the gel to membrane and hybridising with a specific probe although this increased
the detection time. Kobayashi ef al. (1998) also obtained similar results using cPCR to
quantitate F. succinogenes, E. ruminantium B. fibrisolvens and R. albus, where a
detection limit equivalent to between 100 and 1000 cells per PCR reaction was found.
Quantitative PCR using a light-cycler based PCR system, instead of a cPCR system,
also produced similar sensitivity results, with a detection system for Listeria
interrogans able to detect between 100 and 400 cell copies per PCR reaction (Woo et

al., 1997a, 1997b).

The increased sensitivity of the PCR-based tests is an important improvement on the
detection limit of conventional gene probing techniques used in rumen microbiology.
The first study to use 16S rRNA probing in the rumen targeted Fibrobacter species
(Stahl et al., 1988). Three Fibrobacter, one L. multiparus and a universal probe that
bound to all known 16S rRNA sequences were designed. These probes were used to
study the effect of monensin on these bacteria in vivo. It was found that the technique
was only sensitive enough to detect a specific organism if it comprised more than 0.01%
of the total 16S rRNA (Stahl ez al., 1988). Gene probes targeting chromosomal genes
following the fate of Prevotella ruminicola strain B4 reintroduced to the rumen were

only sensitive enough to detect a population of 2 x 10 cells ml" (Attwood et al., 1988).
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In vitro analysis of fibrolytic rumen bacteria by Odenyo et al. (1994a; 1994b)
demonstrated how 16S rRNA probing could be used to follow the populations of
bacteria in co-culture. 16S rRNA probes were developed for R. albus and R.
flavefaciens, and were used in conjunction with a F. succinogenes probe from previous
studies (Stahl et al., 1988). Co-culture experiments showed that Ruminococcus albus 8
out competed R. flavefaciens FD-1 when grown on cellobiose, while the growth of
Fibrobacter succinogenes S85 was unaffected (Odenyo et al,, 1994a). Similar results
were found when populations were grown on alkaline peroxide treated straw and
cellulose (Odenyo et al., 1994b). Krause and Russell (1996) designed 16S rRNA
probes for C. aminophilum, C. sticklandii and P. anaerobius and followed the
populations in vivo and in batch culture upon the addition of monensin. Each of these
bacteria comprised approximately 1% of the total 16S rRNA population. On the
addition of monensin the populations of P. anaerobius and C. sticklandii became
undetectable, while C. aminophilum populations were unaffected (Krause and Russell,
1996). In these experiments bacterial abundance was expressed as a percentage of the
total rRNA detected. While the method was able to follow individual bacterial species
in defined co-cultures, it may not be sensitive enough to detect single strains from the
rumen where background microbial populations are much larger. Indeed, in their study
of B. fibrisolvens strains, Forster et al. (1997) could not detect individual strains in
rumen contents using group-specific 16S rRNA probes. Of the three specific B.
fibrisolvens probes designed, only probe 156 circumscribing 15 B. fibrisolvens isolates
from White-tailed deer, hybridised to rumen contents from any of the animals tested. A
detection limit for the 156 probe was determined by adding a known number of B.
fibrisolvens cells to rumen fluid and extracting RNA. If 1000 ng of RNA was blotted
onto the membrane the detection limit was 1 x 10*cells but if 100 ng of RNA was added

the sensitivity dropped to 1 x 108 cells.

A drawback of the sensitivity of cPCR is that it can amplify the DNA from dead cells.
While nucleic acids from dead cells are turned over rapidly in the rumen (McAllan and
Smith, 1972), residual DNA from dead organisms may influence enumeration and cause
over estimation of bacterial populations. Also, by targeting rDNA the cPCR technique
determines bacterial numbers whereas probes targeting rRNA more accurately reflect

the metabolic status of a population.
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The effectiveness of competitive PCR was demonstrated by the in vitro assay of rumen
contents. The correlation between the number of C. proteoclasticum cells added and C.
proteoclasticum cells detected was good, though at higher numbers of C.
proteoclasticum cells added there was a slight overestimation of population, possibly
due to the resident C. proteoclasticum population in the rumen contents or errors in
bacterial counting. In the in vivo detection experiments rumen samples collected from
dairy cows fed diets differing in nitrogen and carbohydrate content were assayed for C.
proteoclasticum and S. bovis populations using the competitive PCR technique. The
populations of C. proteoclasticum ranged from 2.01 x 10° cells ml"' on the high nitrogen
diet to 3.12 x 10’ cells ml"' on the high nitrogen and carbohydrate supplemented diet.
The populations of C. proteoclasticum determined by cPCR are in agreement with the
original isolation of this organism from rumen contents. In this study changes in
nitrogen or carbohydrate concentration produced no significant effect on the population
of C. proteoclasticum, which is surprising, as this organism is highly proteolytic.
However, increases in nitrogen in the diet may affect the regulation of proteinase genes
within the organisms and would not necessarily be reflected in its growth. This has
been observed before in B. fibrisolvens strains where changes in the nitrogen source in
the media affected the proteolytic activity and this was not correlated to growth (Cotta
and Hespell, 1986). Growth of B. fibrisolvens 49 on media containing casamino acids
was not as high as growth on media containing casein or trypticase, but cells growing on
the media containing casamino acids had the highest proteolytic activity. The amount
of nitrogen in the media also affected proteolytic activity. Growth of B. fibrisolvens 49
on media containing 2.0% and 0.1% casamino acids was the same for the two cultures,
but the proteolytic activity of the cells grown on 2.0% casamino acids was only 5% of

the cells grown on 0.1% casamino acids.

The S. bovis population detected in vivo ranged from 1.7 x 107 to 1.3 x 108 cells ml™.
The average population determined in this study of 1.3 x 10® ml™' is in agreement with
the original isolation from a 1 x 10® dilution of rumen contents. However this is higher
than the average population of 10’ mI"' based on colony counts reported by Hungate
(1966) from cattle on a wide variety of rations. In most animals the S. bovis population
did not deviate as much as most other bacterial species. Enumerations using selective
media also give similar results (Laukova, 1994). S. bovis populations have been

observed to fluctuate daily, increasing for about 2 hours after the animal is fed and then



82

diminishing rapidly (Hungate, 1966). In this study the rumen samples used for cPCR
enumeration were taken prior to the 4:00 p.m. feed. If rumen samples were taken soon
after the 4:00 p.m. feeding the S. bovis population may have differed significantly,
especially on the high carbohydrate diet which contained cornflour which is high in
starch. However, these would likely have been only transient changes and would not

reflect the overall effects of carbohydrate addition to the diet.

The populations of C. proteoclasticum and S. bovis appear to be stable in the rumen
microbial ecosystem and do not fluctuate significantly with changes in carbohydrate or
nitrogen in the diet. The finding that the populations of these organisms do not change
significantly on a high nitrogen diet is surprising as these isolates were considered
proteolytic, particularly C. proteoclasticum. The increased nitrogen in the diet however,
could effect a response at the level of gene expression, rather than the increased growth

of the organism.
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Chapter 5 - GENERAL D1SCUSSION AND CONCLUSIONS

The Polymerase Chain Reaction (PCR) is increasingly being applied in the field of
molecular microbial ecology for the analysis of microbial populations directly from
environmental samples. The main advantages of PCR are its speed and simplicity of
analysis and its specificity and sensitivity of DNA detection. PCR has found use in the
amplification of bacterial DNAs prior to restriction enzyme analysis, improving the
sensitivity in dot-blot hybridisation (Steffan and Atlas, 1988), the cloning (Amann et
al., 1995) and sequencing (Edwards, et al., 1989; Bottger, 1989; Weisburg et al., 1990;
Amann, et al., 1995) of ribosomal RNA genes, denaturing gradient gel electrophoresis
(DGGE) and competitive PCR (Leser, 1995; Leser et al., 1995; Lee et al., 1996;
Kobayashi et al., 1998). In this study, a competitive PCR technique has been developed
for two proteolytic rumen bacteria and the usefulness of the technique for detecting

these bacterial populations directly from rumen samples has been assessed.

The cPCR technique reported here targets the 16S rDNAs of proteolytic rumen bacteria.
The first of these organisms, C. proteoclasticum, is an extremely active protein
degrading bacterium isolated from a pasture-grazed cow which shares many
characteristics with B. fibrisolvens. The major differences between the species are in
the fermentation of glycerol, glycogen and starch (Attwood and Reilly, 1995), and
proteolytic activity (Attwood and Reilly, 1996). The current species description of B.
fibrisolvens encompasses a diverse group of organisms, with wide ranging proteolytic
and cellulolytic characteristics (Bryant and Small, 1956; Cotta and Hespell, 1986,
Fulghum and Moore, 1963). B. fibrisolvens has been found to be the predominant
proteolytic organism isolated from some animals (Fulghum and Moore, 1963), and
some strains have very high proteolytic activities (Cotta and Hespell, 1986, Attwood
and Reilly, 1996). The basis for classification of strains in the genus Butyrivibriohas
been as gram negative, obligately anaerobic, curved rods, which produce butyrate as the
main product of carbohydrate fermentation, and do not produce spores (Bryant, 1986).
This broad description has meant a diverse assemblage of organisms has been described
within the genus. Recently 16S rDNA analysis and DNA/DNA homology has divided
B. fibrisolvens into at least two major groups (Mannarelli, 1988; Mannarelli et al., 1990;

Forster et al., 1996; Willems et al., 1996). C. proteoclasticum is closely related to B.
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fibrisolvens strains NCDO 2435, 2434, 2222, 2432 and 2398 and this group seems to
form a cluster with 96.9 to 99.5% similarity in their 16S rDNA sequences. However
this group is only distantly related to the B. fibrisolvens type strain, NCDO 22217, with
sequence similarities ranging from 93.1 to 94.1%. Therefore the C. proteoclasticum
group seems to constitute a cohesive assemblage of strains which probably represent a

new species.

At the beginning of this thesis, the C. proteoclasticum cPCR primer was designed by
aligning and comparing 16S sequences from closely related organisms and identifying
regions which discriminated between bacterial species. The Ribosomal RNA Database
Project (RDP), as the official repository for ribosomal RNA sequences, was used to
obtain sequence information for these comparisons. Based on these comparisons the
primer was specific for C. proteoclasticum alone and this was confirmed using the RDP
PROBE-CHECK facility (Olsen et al., 1993). However, not all rRNA sequences have
been deposited at the RDP and it was subsequently discovered that four of the closely
related B. fibrisolvens strains (NCDO strains 2435, 2432, 2222 and 2398) mentioned

above also shared the C. proteoclasticum priming site.

The three S. bovis isolates were confirmed as S. bovis strains by 16S rDNA analysis,
and the two isolated from New Zealand ruminants had virtually identical 16S rRNA
sequence (99.9%). This tight clustering of S. bovis strains was also observed by Nelms
et al. (1995). DNA/DNA homology and 16S rDNA information identified two distinct
homology groups among ruminal S. bovis strains (Nelms et al. 1995). Isolates from
within each of these groups were closely related to each other, but not closely related to
members of the other group (Nelms et al. 1995). The design of a S. bovis-specific
primer was confounded by the incompleteness of the RDP sequences such that the S.
bovis-specific cPCR primer site also appears in S. rattus, S. mutans, S. milleri, S.
intestinalis, S. equinus, S. caprinus. S. constellatus, S. alactolyticus and S. macedonicus.
Unlike the C. proteoclasticum-B. fibrisolvens strains, these Streptococcus species do not
form a phylogenetically cohesive cluster. However, in terms of the rumen microbial
environment, the primer circumscribes the ruminal Streptococcus species (ie. S. bovis

and S. caprinus) and as such is useful as a ruminal Streptococcus genus probe.
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As can be seen from the examples of C. proteoclasticum and S. bovis, targeting the 16S
rRNA gene allows the construction of probes to different taxonomic levels. This is due
to the rRNA molecule containing distinct regions of both conserved and variable
sequence that can be targeted to design probes to higher or lower taxonomic groupings
respectively. This is a powerful capability as it means that probes can be designed in a
phylogenetically “nested” fashion allowing the investigation of bacterial communities at
each taxonomic level (Amann et al., 1995). The increasing number of 16S rRNA
sequences that are being reported, and often now required, in the description of new
bacterial species also means there is also an ever increasing database from which to

design and verify probes.

The cPCR technique was originally developed as a tool for quantitation of mRNA from
the HIV-1 virus (Zachar et al., 1993) where one of its main advantages was its
sensitivity, being able to detect low levels of mRNA. Zachar et al. (1993) did not
quantitate the absolute detection limit for their cPCR system, however Piatak et al.
(1993) were able to detect as few as 100 copies of HIV-1 mRNA per reaction using a
similar competitive RT-PCR technique. The sensitivity of the cPCR assay for both C.
proteoclasticum and S. bovis detection was 25 cells per reaction. This was determined
by extracting DNA from a known number of either C. proteoclasticum or S. bovis cells
and performing cPCR assays with decreasing amounts of target and internal control
DNAs until no coamplification was detected. This is an absolute detection limit as it
does not take into account the dilution of DNA extracted from rumen samples required
to allow the coamplification to operate. This 100-fold dilution places the practical
sensitivity of the technique at 2.5 x 10* cells per reaction. cPCR appeared to be less
sensitive than PCR conducted without an internal control. Theoretically the assays
should have equivalent sensitivities but this is technically difficult to achieve. At the
theoretical point of greatest sensitivity, coamplification requires exactly one molecule
each of target and internal control DNA, which in practical terms is almost impossible
to achieve. Therefore the practical sensitivity limit is determined by the point where
both target and internal control DNAs are at a level which allow coamplification to
occur. The sensitivity of the cPCR assay compared favourably with results found by
other groups using PCR detection methods. cPCR detection limits found ranged

between 40 and 1000 cells per PCR reaction (Leser, 1995; Kobayashi et al., 1998) and
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quantitative PCR using a rapid-time PCR detection method ranged from 100-400 copies
per PCR reaction (Woo et al., 1997a; 1997b).

Competitive PCR has proven to be a rapid, reliable and accurate method for detection of
bacteria from rumen samples. The development of the internal control and construction
of standard curves are the most time-consuming phases of the process. In this study
internal control development relied on the presence of convenient restriction
endonuclease sites within the target 16S gene. Such sites may not be available in all
cases and therefore one may need to revert to other methods for generating an internal
DNA control. However, once the internal control is made enumerating rumen samples
using cPCR takes little time. Similarly, the construction of standard curves with the
appropriate dilution of internal control takes time. Indeed, it may require the use of two
sets of standard curves to cover the range of bacterial numbers encountered as was the
case with the detection of S. bovis. Therefore cPCR combines the sensitivity of the PCR
reaction with the specificity of designing probes to the variable regions of 16S rRNA
genes. This technique also overcomes the reluctance to recognise PCR as a quantitative
technique as variation between reactions is standardised by the inclusion of the internal

control.

The finding that C. proteoclasticum and closely related B fibrisolvens strains are present
in the rumen between 2.1 x 10° and 3.1 x 10’ ml" and that their population does not
differ significantly on different diets suggests that these organisms are stable residents
of the ecosystem. B. fibrisolvens can grow with intact protein as the sole nitrogen
source (Wallace and Brammall, 1985), and is probably involved in the primary
hydrolysis of feed protein and digestion of carbohydrates. C. proteoclasticum probably
fulfils a similar role in the rumen as it shares many characteristics with B. fibrisolvens
(Attwood and Reilly, 1995; Attwood and Reilly 1996; Attwood et al., 1996). C.
proteoclasticum has a very high chymotrypsin-like serine-type proteinase activity
(Attwood and Reilly, 1996). This observation is in keeping with previous findings
where strains of B. fibrisolvens as well as R. amylophilus and Fusobacterium spp. also
had high serine proteolytic activity (Wallace and Brammall, 1985). The high serine
proteinase activity of these bacteria was not reflected in the activity of mixed rumen
bacteria, which had a predominantly cysteine type proteinase. Detailed studies of B.

fibrisolvens strain H17c revealed that all nine extracellular proteinases found were
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serine proteinases (Strydom et al., 1986), which is consistent with the predominantly
serine type proteinase activity associated with B. fibrisolvens (Attwood and Reilly,
1996: Wallace and Brammall, 1985). Of the proteolytic bacteria isolated from New
Zealand cattle, C. proteoclasticum had the highest casein hydrolysing ability (Attwood
and Reilly, 1995; Attwood and Reilly, 1996), and was isolated from a 1 x 108 dilution of
rumen contents. It would be interesting to compare the proteolytic activity of the five
closely related B. fibrisolvens strains to see whether the populations measured by the

B316 830 primer reflect the high proteolytic activity possessed by C. proteoclasticum

B. fibrisolvens has been found to be one of the predominant bacteria isolated from the
rumen, consistently being cultured from 10® dilutions of rumen fluid (Bryant and Small,
1956; Fulghum and Moore, 1963; Hungate, 1950). However identification of isolates in
these enumerations were based on cell morphology and it is now accepted that the
morphology of B. fibrisolvens encompasses many species and probably at least two
genera (Mannarelli, 1988; Mannarelli et al., 1990; Forster et al., 1996; Willems et al.,
1996). Previous attempts to enumerate specific strains of B. fibrisolvens using
molecular techniques were unsuccessful due to the insensitivity of 16S rRNA probing

(Forster et al., 1997).

S. bovis is one of the most commonly isolated rumen bacteria, as it does not require a
low oxidation-reduction potential, and grows very rapidly (Perry and Briggs, 1955)
making culturing less complicated. While it does not have high proteinase activity, it
does have a very high leucine aminopeptidase activity and probably contributes very
actively to exopeptidase activity in the rumen (Wallace and Brammall, 1985). In New
Zealand cattle S. bovis isolates comprised only 32% of the total casein hydrolysing
ability, even though they comprised 61% of the 43 characterised proteolytic isolates
(Attwood and Reilly, 1995). This low proteolytic, but high leucine aminopeptidase
activity may explain the organism’s ability to take up amino acids, but not peptides
(Ling and Armstead, 1995).

The results from this study indicate that cPCR has a role in future molecular microbial
investigations in the rumen ecosystem. Its combined specificity and sensitivity are well
suited to such a complex and densely populated environment. Future work will extend
the use of the cPCR technique for analysis of other proteolytic bacteria in New Zealand

ruminants. The application cPCR may extend beyond the rumen, as any microbial
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community can be interrogated using specific primers and internal controls designed for
any desired taxonomic level. The ability to clone 16S rDNA sequences allows a
bacterium to be classified, design primers for the organism and enumerate it using cPCR
without the organism ever having been cultured. The design of truly universal PCR
primers and an internal control for the enumeration of total bacterial population would
also circumvent the need for enumeration by culturing. This approach would also allow
the expression of a bacterial population as a proportion of the total population. The
recent development of rapid-time PCR using light-cycling and fluorescent probe
technology may be the next step in the enumeration of microbial populations from the
environment. Fluorescence resonance energy transfer (FRET) probes which have been
used to detect and quantitate bacterial populations (Woo et al., 1997a; 1997b) may be
amenable to use in cPCR reactions so that internal control DNAs could be monitored at
the same time as target DNAs. Finally, the enumeration of C. proteoclasticum and S.
bovis populations in this study has found relatively stable populations despite changes
in the level of nitrogen and carbohydrate in the diet. Responses to these dietary changes
might therefore be expected at the level of proteinase expression. Future work on
bacterial proteinase genes and their expression under different nitrogen conditions will
hopefully provide a better understanding of the contribution of specific bacterial

populations to rumen proteolysis.
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APPENDIX A: MEDIA

Anaerobic media

Complete carbohydrate (Leedle and Hespel, 1980)°,

Ingredient per 100 ml
Carbohydrate® 045¢
Trypticase (Difco) 02¢g
Yeast extract 0.05¢g
Minerals I 40 ml
Minerals II° 4.0 ml
Haemin? (0.01%) 0.1 ml
Volatile fatty acid solution® 1.0 ml
Resazurin (0.1%) 0.1 ml
Rumen Fluid 16.0 ml
Na,S/L-cysteine hydrochloride solution 1.0 ml

(2.5%/2.5%),

Na,COs 04¢g

 All components of the media except NayCOs and the cysteine sulfide were dissolved
in the appropriate volume of water and the pH was adjusted to 6.5 with 1 M HCI. The
media was boiled until the resasurin changed from red to colourless. The media was
cooled under CO; gas flow before adding the Na,COj3; and dispensed into either 15ml
Hungate tubes or serum bottles flushed with CO,. The containers were then sealed and
autoclaved. Na,S/L-cysteine hydrochloride solution was added immediately before

inoculation .



g Carbohydrate: cellulose, cellobiose, glucose, maltose, pectin, soluble starch, xylan and
xylose 0.05% each, plus glycerol 0.05% (v/v)

¢ MINERALS [

K>HPO,4 0.6
MINERALS II

KH,PO, 0.6
(NH4)2SO4 0.6
NaCl 1.2
MgS0,4.7H,0 0.255
CaCl,.2H,0 0.169

4 HAEMIN SOLUTION

10mg of Haemin dissolved in 50 ml of ethanol plus 50 ml of 0.05 M NaOH

® VOLATILE FATTY ACID SOLUTION

Acetic Acid, 17 (v/v)
Propionic 6 (v/v)
Butyric 4 (vIv)
iso-butyric 1 (v/v)
n-valeric 1 (v/v)
DL-a-methylbutyric 1 (v/v)

Ingredients added and the pH adjusted to 7.5 with NaOH. The volume was adjusted to

100mls with distilled water.



91

Aerobic Media.

Luria-Bertani (LB) Broth. (Miller, 1972) per litre

NaCl, 5.0g
Bacto Tryptone (Difco) 10g
Yeast Extract (Difco) 50¢g

The pH was adjusted to 7.0 with 1 M NaOH before sterilization.

SOB Medium per litre
Bacto Tryptone (Difco), 20g
Yeast extract, 5.0g
NaCl 0.5g
250 mM KCl, 10 ml
2M MgCl, 5.0 ml

The solutes were dissolved in 950 ml water and the pH was adjusted to 7.0 with SM
NaOH. The volume was adjusted to 1 litre and sterilized. The sterile Mg,Cl, was

added just before use of the media. Solid SOB agar contained 1.5% agar.

SOC Medium is the same as SOB medium, except after autoclaving, 2 ml of sterile 1M

glucose solution is added.
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APPENDIX B: BUFFERS AND SOLUTIONS

Gel Loading Buffer per 100ml
Bromophenol Blue 0.25g
Xylene Cyanol 0.25¢g
Ficol (type 400 in H,0) 25g

Reagents are combined and can be stored at room temperature.

IPTG
lg of IPTG (Isopropylthio--D-Galactoside) (Boehringer Mannheim, Germany) was
dissolved up in 5 ml of distilled water and filter sterilized before freezing 500 pl

aliquots, which were thawed immediately before use.

Phenol

Ultra pure phenol (Gibco BRL, Life Technologies) was obtained as redistilled solid
bottled under nitrogen, which was then stored at -20°C until use. To equilibrate the
phenol, it was removed from the freezer and allowed to reach room temperature, before
melting at 65°C. An equal volume of distilled water was added to the melted phenol,
and mixed to combine the two phases. The emulsion was left overnight for the phases
to separate out before the acid phenol was aliquoted out for storage at 4°C. To raise the
pH of the phenol, the aqueous phase was removed, and an equal volume of 0.5M
Tris.HCI pH 8.0 and 0.1% (w/v) hydroxyquinoline was added and stirred overnight.
Once taken off the stirrer the phases were allowed to separate, the aqueous phase

removed and the pH of the phenol measured. This process was repeated until the pH of
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the phenol was above 7.8. Once the pH was adjusted correctly then the phenol was

covered by 0.1 M Tris. HCI pH 8.0 and stored in dark bottle at 4°C for a month.

P1 (Resuspension Buffer)

Tris.HCI (Sigma) 50mM
EDTA 10mM
RNase A 100pg ml™

The EDTA and Tris were combined and the pH adjusted to 8.0 with HCI. The solution

was autoclaved and the RNase A added, before storage at 4°C.

P2 (Lysis Buffer)
Na OH 200mM
SDS 1% (W/V)

P3 (Neutralisation Buffer)
KC,H;0, 3.0M
Th KC,;H30, was dissolved in water and the pH was adjusted to 5.5 with glacial acetic

acid, and the solution sterilised by autoclaving, and stored at 4°C.

QC (Wash Buffer)

NaCl 1.0m
MOPS 50mM
Ethanol 15% (v/v)

The NaCl and MOPS were dissolved in distilled water, and the pH adjusted to 7.0,

before autoclaving. Once the solution was cool, then the ethanol was added.
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QBT (Equilibration Buffer)

NaCl 750mM
MOPS 50mM
Ethanol 15% (v/v)
Triton X-100 0.15% (v/v)

The NaCl and MOPS were dissolved in distilled water, and the pH adjusted to 7.0 and
the solution autoclaved. The Triton X-100 and ethanol were then added once the

solution had cooled.

QF (Elution Buffer)

NaCl 1.25M
Tris 50mM
Ethanol 15% (v/v)

The NaCl and Tris base were dissolved in distilled water, and the pH adjusted to 8.5
before autoclaving. The ethanol was added once the solution had cooled, and the pH

checked for drift and readjusted.

Saline EDTA
0.15 M NadCl

0.1 M EDTA pH 8.0
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TAE

(10x working concentration) per 100ml
Tris base 4.84
Glacial acetic acid 1.12
0.5M EDTA (pH 8.0) 2.0

No adjustment of pH

TE

10 mM Tris.HCl pH 8.0

1 mM EDTA pH 8.0
TEG

50 mM Glucose

25 mM Tris.HCI (pH8.0)

10 mM EDTA (pH 8.0)

X-GAL (5-bromo,-4-chloro-3-indolyl-B-D-Galactoside) (Promega) was stored at -20°C

in formaldehyde at a concentration of 50 mg ml™'
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16S rRNA sequences of proteolytic rumen bacteria isolated from New Zealand

ruminants. Alignments of sequencing fragments are also shown.

C. proteoclasticum 16S rDNA sequence

9

59
109
159
209
259
309
359
409
459
509
559
609
659
709
759
809
859
909
959
1009
1059
1109
1159
1209
1259
1309
1359
1409
1459
1509

GAGTTTGATC
AAGTCGAACG
ATCTTAGTGG
GGGGATAACA
GCATGACTCA
ATTAGCCAGT
GACTGAGAGG
TACGGGAGGC
AGCGACGCCG
CAGGGAAGAA
CGGCTAACTA
TCCGGATTTA
GTGAAACCCC
GAGTACTGGA
ATATTAGGAG
CGTTGAGGCT
TCCACGCGGT
TGCCGTCGCT
ATGAAACTCA
GTTTAATTCG
GAATAAGTGG
CATGGTTGTC
GAGCGCAACC
AGACTGCCAG
TGCCCCTTAT
GAGCGAAGGA
ACTGTAGGCT
GATCAGCATG
TCACACCATG
AGAGAGCCGT
TAGCCGTAGG

CTGGCTCAGG
GAGATATAAC
GGGACGGGTG
GTTGGAAACG
GTGTGAAAAA
TGGCGGGGTA
TCGGACGGCC
AGCAGTGGGG
CGTGAGTGAA
AGGCTCGCAA
CGTGCCAGCA
CTGGGTGTAA
ACGGCTCAAC
GAGGTAAGCG
GAACATCGGT
CGAAGGCGTG
AAACGATGAA
AACGCAGTAA
AAGGAATTGA
AAGCAACGCG
TAATGCATTT
GTCAGCTCGT
CTTGTCCATA
GGATAACCTG
GATCTGGGCC
GCGATCCGGA
GCAACTCGCC
CTGCGGTGAA
GGAGTCGGAA
CGAAGGCAGG
AGAACCTGC

ATGAACGCTG
GCTGCAGAGA
AGTAACGCGT
GCTGTTAATA
CTCCGGTGGT
ACGGCCCACC
ACATTGGGAC
GATATTGCAC
GAAGTATTTC
GAGAGATGAC
GCCGCGGTAA
AGGGAGCGCA
CGTGGGCTTG
GAATTCCTAG
GGGGAAGGCG
GGGAGCAAAC
TACTAGGTGT
GTATTCCACC
CGGGGACCCG
AAGAACCTTA
AGTCCTTCGG
GTCGTGAGAT
GTAGCCAGCA
GAGGAAGGTG
ACACACGTGC
GCAAATCTCA
TGCACGAAGC
TACGTTCCCG
ATGCCCGAAG
TCGGATAACT

GCGGCGTGCC
CTTCGGTCAA
GGGCAACCTG
CCGCATAAGC
ATGAGATGGG
AAAGCAACGA
TGAGACGCGG
AATGGAGGAA
GGTATGTAAA
GGTACCTGAC
TACGTAGGGG
GACGGTCAAG
CTTTGGAAAC
TGTAGCGGTG
GCTTANTGGA
AGGATTAGAT
TGGGTGCCAT
TGGGGAGTAC
CACAAGCGGT
CCAGATCTTG
GACATCTGAG
GTTGGCTTAA
GTAAGATGGG
GGGATGACGT
TACAATGTCG
AAAATAACGA
TGGAATCGCT
GGTCTTGTAC
CCGGTGACTT
GGGGTGAAGT

TAACACATGC
AGCTTGTTGT
CCTCATACTG
GCACAGAGTC
CCCGCGTCAG
TCTGTAGCCG
CCCAAACTCC
ACTCTGATGC
GCTCTATCAG
TAAGAAGCCC
GCAAGCGTTA
CAAGTCTGAA
TGTTTGACTA
AAATGCGTAG
CAGCAACTGA
ACCCTGGTAG
AGGCATTCAG
GTTCGCAAGA
GGAGCATGTG
AGATCCAGAT
ACAGGTGGTG
GTCCCCCAAC
CACTCTATGG
CAAATCATCA
TAACAAAGGG
CCCAGTTCGG
AGTAATCGCA
ACACCGCCCG
AACCGTAAGG
CGTAACAAGG
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C. proteoclasticum sequence alignments

10 20 30 40 50 60

iiaslsiastasaslassaliassalasicbisasalisislasiastapiclaaseUicial

pUC19 rev (E) (1>724)

-> GTCGACAACAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAACACATGC

R1(1>776) <- AACAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAACACATGC
FD1(1>975) -> AACACATGC
GTCGACAACAGAGTTTGATCCTGGCTCAGGATGAACGCTGGCGGCGTGCCTAACACATGC

70 80 90 . 100 110 120

T T TS PR DT ATl pTT Y P YTy TN DR ey L e |

pUC19 rev (E) (1>724)
R1(1>776)
FD1(1>975)

-> AAGTCGAACGGAGATATAAC-GCTGCAGAGACTTCGGTCAAAGCTTG~-TTGTATCTTAGT

<- AAGTCGANCGGAGATATAAC-GCTGCAGAGACTTCGG TCAAAGC TIG-TTGTATCTTAGT

-> AAGTCGAACGGAGATATAAC-GCTGCAGAGACTTCGGTCAAAGCTTG-TTGTATCTTAGT

AAGTCGAACGGAGATATAAC-GCTGCAGAGACTTCGGTCAAAGCTTG-TTGTATCTTAGT
130 140 150 160 170 180

cipalaasslyasalsasnilissibles s baviaals s bibs g basaaliaailiaiil

PUC19 rev (E) (1>724)
R1(1>776)
FD1(1>975)
puCl9 fwd (E) (1>719)

-> GGCGGACGGGTGAGTAACGCGTGGGCAACCTGC-TCATACTGGGGGATAACAGTTGGARAA
<- GGCGGACGGGTGAGTAACGCGTGGGCAACCTGCCTCATNCTGGNGGATAACAGTTGGAAA
-> GGCGGACGGGTGAGTAACGCGTGGGCAACCTGC-TCATACTGGGGGATAACAGTTGGAAA

<- GGCCACCTGCTTNANACTGGGGGATAACAG TTGGAAA
GGCGGACGGGTGAGTAACGCGTGGGCAACCTGCYTWATACTGGGGGATAACAGTTGGAAR
190 200 210 220 230 240

el 1 ilaaaalasasslasiilsasslaasialasssl iigsalsisslatisleaail

pUC19 rev (E) (1>724)
R1(1>776)
FD1(1>975)
pUC19 fwd (E) (1>719)

-> CGGC'IC’I'I‘AATAC CGCATAAGCGCACAGAGTCGCATGACTCAGTGTGAAAAACTCCGGTG

<- CGGCTGTTAATACCGCATAAGCGCACAGANTCACNTGACTCAGTGTGATAAACTCCGGTG

—> CGGCTGTTAATACCGCATAAGCGCACAGAGTCGCATGACTCAGTGTGAAAAACTCCGGTG

<- CG-CTGNTAATTCCGCATAAGCGCACAGAGTCGCATGACTCAGTGTGGAAAACTCCGGTG

CGGCTGTTAATACCGCATAAGCGCACAGAGTCGCATGACTCAGTGTGAAAAACTCCGGTG
250 260 270 280 290 300

kil per bl et

gaicalvacaadaasslsaaalsasalasasslasaslaa sl ia

pUC19 rev (E) (1>724)
R1(1>776)
FD1(1>975)
puUCl19 fwd (E) (1>719)

—> GTATGAGATGGGCCCGCGTCAGATTAGCCAGTTGGCGGGGTAACGGCCCACCAAAGCAAC

<- GTATGAGATGGGCCCGCGTCAGATTAGCCAGTTGGCGGGGTAACGGCCCACCAAAGCAAC

—> GTATGAGATGGGCCCGCGTCAGATTTT INTTTTNGCGGGGTAACGGCCCACCAAAGCAAC

<- GTATGAGATGGGCCCGCGTCAGATTATCCAGTTGGCGGGGTANCGGCCCACCAAANCNAC

GTATGAGATGGGCCCGCGTCAGATTAKCCAGTTGGCGGGGTAACGGCCCACCAAAGCAAC
310 320 330 340 350 360

depaataaaaliissla tadtiaardale s aad

saalaasilaaciglssasslasaslsisls

pUC19 rev (E) (1>724)
R1(1>776)
FD1(1>975)
pucl9 fwd (E) (1>719)

-> GATCTGTAGCCGGACTGAGAGGTCGGACGGCCACATTGGGACTGAGACACGGCCCAAACT
<- GATCTGTAGCCGGACTGAGAGGTCGGACGGCCACATTGGGACTGAGACCCCACCGGGAAT
-> GATCTGTANCCGGACTGAGAGGTCGGACGGCCACATTGGGACTGANACACGGCCCANACT
<- GATCTGTAGCCGGACTGAGAGGTCGGACGGCCACATTGGGACTGAGACGCGGCCCAAACT

GATCTGTAGCCGGACTGAGAGGTCGGACGGCCACATTGGGACTGAGACVCGGCCCARACT

370 380 390 400 410 420
pasalsasalanasalassstlesaalaasalesanalasaslansalassaliciatlasiil
pUC19 rev (E) (1>724) —> CCTACGGGAGGCAGCAGTGGGGGATATTGCACAATGGAGGGAAACTCTNATGCAGCGACG

R1(1>776)
FD1 (1>975)
puC19 fwd (E) (1>719)
F1(1>1115)

<- GGN
—> CCTACGGGAGGCAGCAGTGGGGGATATTGCACAATGCANG-AAACTCTGATGCAGCGACN
<— CCTACGGGAGGCAGCAGTGGGGGATATTGCACAATGGAGG-AAACTCTGATGCAGCGACG

-> TCAAATGCAGCGACG
CCTACGGGAGGCAGCAGTGGGGGATATTGCACAATGGAGGGAAACTCTRATGCAGCGACG
430 440 450 460 470 480

pania s sa sl saasdassalas s laszatsasals adasaadiiaaa ool

pUC19 rev (E) (1>724) .

FD1(1>975)
puCl9 fwd (E)(1>719)
F1(1>1115)

-> CCGCGTGAGT-GAAGAAGTATNTUGGT —'IG—TAAAGC’ICTA’I‘CAGCAGGGAAGAAAGG T
—> CCGCGTGAGTTGAANAATTATTTCGGTATGTTAAAGCTCTATCAGCAGGGAA
<~ CCGCGTGAGT-GAAGAAGTATTTCGGTATG-TAAAGCTCTATCAGCAGGGAAGAAAGGCT
-> CCOCGTCAGT-GAAGAA-TATTTCGGTATG-TAMRGCTCTATCAGCAGGGAAGAAAGGCT
CCGCGTGAGT-GAAGAAKTATTTCGGTATG-TAAAGCTCTATCAGCAGGGAAGAAAGGCT
490 500 510 520 530 540

TR TOTES Cr oo PEPL Ty PR TN I RO, O |

FEFS [T A PSP [OPrY) B

pUC19 rev (E) (1>724)
pUC19 fwd (E) (1>719)
F1(1>1115)

—> CGCANGAGAGATGACG
<- CGCAAGAGAGATGACGGTACCTGACTAAGAAGCCCCGGCTAACTACGTGCCAGCAGCCGC
-> CGNAAGAGAGATGACGGTACCTGACTAAGAAGCCCCGGCTAACTACGTGCCAGCAGCCGC
CGCAAGAGAGATGACGGTACCTGACTAAGAAGCCCOGGCTAACTACGTGCCAGCAGCCGC
550 560 570 580 590 600

saslaassslassalannalaaaslasaslica sl e ool

alsaaalassalasas

puUCl9 fwd (E) (1>719)
F1(1>1115)

<~ GGTAATACGT-GGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGCAGACGG
-> GGTAATACGTAGGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGCAGACGG

GGTAATACGTaGGGGGCAAGCGTTATCCGGATTTACTGGGTGTAAAGGGAGCGCAGACGG




98

610 620 630 640 650 660

paastlactaasadga s ggadasas basaatlesd s Lisas baasalaaaad saaal e saal

pUC19 fwd (E) (1>719)
F1(1>1115)

<- TCAAGCAAGTCTGAAGTGAAACCCCACGGCTCAACCGTGGGCTTGCTTTGGAAACTGTTT
-> TCAANCAAGTCTGAAGTGAANCCCCACGGCTCAACCGTGGGCTTGCTTTGGAAACTGTTT

TCAAGCAAGTCTGAAGTGAAACCCCACGGCTCAACCGTGGGCTTGCTTTGGAAACTGTTT
670 680 690 700 710 720

il s laaaaddaaaalisa s Lis e Lo iis Figwsligaalasa s iaea b saal

pUC19 fwd (E) (1>719)
F1(1>1115)

revRNA R5(1>809)

pUC19 fwd (E/B) (1>721)

<- CACTAGAGTACTGGAGA
-> GACTANAGTACTGGAGAGGTAAGCGGAATTCCTAGTGTAGCGGTGAAATGCGTNTATTTT

<- GAATTCCTAGTGTAGCGGTGAAATGCGTAGATATT

-> GCGGTGAA-TGCGTAGNTATT

SACTAGAGTACTGGAGAGGTAAGCGGAATTCCTAGTGTAGCGGTGAAa TGCGTAKATWTT
730 740 750 760 770 780

s lagaataasalsasslsasrlisaal g ilasislaiaasalisaalaacatacaat

F1(1>1115)
revRNA RS (1>809)
pUCl19 fwd (E/B) (1>721)

> 'I'I‘GA’IGANCATCGG'IGGCGAAGGCGGC’I'I‘AC'ICGACAGCAAC’ICACG‘I'IGAGGC’ICGAAG

<~ AGGAGGAACATCGGTGNCGAAGGCGGCTTACTGGACAGCAACTGACGTTGAGGCTCGAAG

-> AGGAGGAACATCGGTGGGGAAGGCGGCTTANTGGACAGCAACTGACGTTGAGGCTCGAAG

WKGAKGAACATCGGTGGSGAAGGCGGCTTACTGGACAGCAACTGACGTTGAGGCTCGAAG
790 800 810 820 830 840

PEPS BT TIPS EPEAIC S ST BN PSS T AT AP AT PSS IS A rerar |

F1(1>1115)
revRNA RS (1>809)
puUC19 fwd (E/B) (1>721)

-> GCG'ICGGGAGCAAACAGGA'I'I‘ANATACCC’ICGTAC’ICCACGCGGTAAA-CGA’IGAAATAC
<- GCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCGGTAAA-CGATG-AATAC
-> GCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCGGTAAA-CGATG-AATAC

F2(1>888) -> CNTN-TCTANTTGTTNTCTCGAC-~ATTAA
GCGTGGGGAGCAAACAGGATTAGATACCCTGGTASTCCACGCGGTAAA~-CGATG-AATAC

850 860 870 880 890 900
Pl EPSRET STl EPP AT AT APUTEPArSl BT SrErIrSl EPArAr A AU SIS EPAT A EPUPEr A I ArAr Sl TS AT AT Ararare &

F1(1>1115)

revRNA RS (1>809)

puCl9 fwd (E/B) (1>721)
F2(1>888)

-> TAGG'IG'I'I‘GG—G’ICCCATANGCA’I'I‘CAN’ICCCG’ICGCTAACNCAN’I’NAGTA’INCCACC’IC
<- TAGGTGTTGG-GTGCCATAGGCATTCAGTGCCGTCGCTAACGCAGTAAGTATTCCACCTG
~> TAGGTGTTGG-GTGCCATAGGCATTCAGTGCCGTCGCTAACGCAGTAAGTATTCCACCTG
-> AAGGTGTGCCCGTGCCAAAGGCATTCNGTGCCGTCGCTAACGCAGTAAGTATTCCACCTG

TAGGTGTTGG-GTGCCATAGGCATTCAGTGCCGTCGCTAACGCAGTAAGTATTCCACCTG

910 920 930 940 950 960
saaelasaatacealansalissalasaslasseVasisliganle sl paaailiiss]

F1(1>1115)

revRNA RS (1>809)

puCl19 fwd (E/B) (1>721)
F2(1>888)

rev RNAG6 (1>884)

-> GGGAN’I'ICN’I'ICG(‘J\ANAA 'IGAAACT

<- GGGAGTACGCCCGCAAGAA-TGAAACTC

-> GGGAGTACGTTCGCAAGAA-TGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTG

-> GGGAGTACGTTCGCAAGAA-TGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTG

<- CAAGAATTGAAACTCAAAGGAATTGNCGGGGACCCGCACAAGCGGTG
GGGAGTACGTTCGCAAGAA-TGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTG

970 980 990 1000 1010 1020

aa aad s s laaa g Lesops Vg ge lgpeg s palg gaglassgs Lisup sl gt b sl

pUC19 fwd (E/B) (1>721)
F2(1>888)
rev RNAG6 (1>884)

-> GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGATCTTGAGATCCAGATG
-> GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGATCTTGAGATCCAGATG
<- GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGATCTTGAGATCCAGATG

GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGATCTTGAGATCCAGATG

1030 1040 1050 1060 1070 1080
TR TR PETTE DT BT Preer ey Perepl DEreers e i Vs grgge]

pUC19 fwd (E/B) (1>721)
F2(1>888)

rev RNAG6(1>884)

pPUC19 rev (E/B) (1>726)

-> AN'I‘AAG’ICGTAA’I‘GCA'I'I'I‘AG‘ICC'I'ICGGGACA‘IC’IGAGACAGG’ICG'ICCA’IGG’I'I‘GTCG
-> AATAAGTGGTAATGCATTTAGTCCTICGGGACATCTGAGACAGGTGGTGCATGGTIGTCT
<- AATAAGTGGTAATGCATTTAGTCCTTCGGGACATCTGAGACAGGTGGTGCATGGTTGTCG

<- ATTTAGTCCNTCGGGACATCTGAGACAGNTGGTGCATGGTTTTCG
AATAAGTGGTAATGCATTTAGTCCTTCGGGACATCTGAGACAGGTGG IGCATGGTTGTCG
1090 1100 1110 1120 1130 1140

adaadaaaalaaaa oo laa s lasaal, il dlaia il saliaaiaiaal sl

puCl9 fwd (E/B) (1>721)
F2(1>888)
rev RNAG6(1>884)

pUC19 rev (E/B) (1>726) <-

-> TCAGC- ’ICGTNTCGTGANA‘XGPIGGCTTAAGTCCCNCAACGAGCGCAACCCPIC’ICCATN
-> TNTTTNTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCATA
<- NCNGC-TCGTGTCGTGAGAT )
TCANC-TCGTGTCGTGAGATGTTGG-TTAAGTCCCCCAACGAGCCCAACCTTTGTCCATA
TCWKC-TCGTGTCGTGAGATGTTGGSTTAAGTCCCSCAACGAGCSCAACCYTTGTCCATA
1150 1160 1170 1180 1190 1200

aaaalagasalisasladaslois sl onasaliasabasails o bonnnadaoiiladaad

puCl9 fwd (E/B) (1>721)
F2(1>888)
pUC19 rev (E/B) (1>726)

~-> GT-AGCCAGCAGTAAGATGGGCACTCTA
-> GT-AGCCAGCAGTAAGATGGGCACTCTATGGAGACTGCCAGGGATAACCTGGAGGAAGGT
<~ GTAAGCCAGCAGTAAGAT-GGCACTCTATGGAGACTGCCAGGGATAACCTGGAGGAAGGT

GTaAGCCAGCAGTAAGATYGGCACTCTATGGAGACTGCCAGGGATAACCTGGAGGAAGGT




1150 1160 1170 1180 1190 1200
sasalssaalisnaleasalassalassilsssslasastlasialssasslagsslacasl
forRNA F3(1>1008) -> ATAACCTGGAGGAAGGT
GTaAGCCAGCAGTAAGATgGGCACTCTATGGAGACTGCCAGGGATAACCTGGAGGAAGGT

1210 1220 1230 1240 1250 1260
sasadiassTssaslassslaseslzpas s tasaaliiialassslsasleiis)

F2(1>888)
pUC19 rev (E/B) (1>726)
forRNA F3(1>1008)

-> GGGGATGACNTCNAATCATCATGCCCCTTATGATCTGGGCCACACACGTGCTACAATGTC
<- GGGGATGACGTCAAATCATCATGCCCCTTATGATCTGGGCCACACACGTGCTACAATGTC
-> GGGGATGACGTCAAATCATCATGCCCCTTATGATCTGGGCCACACACGTGCTACAATGTC

GGGGATGACGTCAAATCATCATGCCCCTTATGATCTGGGCCACACACGTGCTACAATGTC
1270 1280 1290 1300 1310 1320

swasadaagdl dgaslasasalaciabisaalaaislasiclasis Liias Ligasl ]

F2(1>888)
pUC19 rev (E/B) (1>726)
forRNA F3(1>1008)

-> ~“TNNCNAAGGGAA-CGAAGGAGCGATCCGGAACAAATCTCNAAAATAACNACCCNNTTCC
<- GTAACAAAGGGGAGCGAAGGAGCGATCCGGAGCAAATCTCAAAAATAACGACCCAGTTC-
—-> GTANCAAAGGGAAGCGAAGGAGCGATCCGGANCAAATCTCAAAAATAACGACCCAGTTC -

gTAXCAAAGGGRAgGCGAAGGAGCGATCCGGARCAAATCTCAAAAATAACGACCCAGTTCC
1330 1340 1350 1360 1370 1380
pil i P |

idlasis lasaatiiaalaaaa i

daaadaaaalsaaaless s lis s il

F2(1>888)
pUC19 rev (E/B) (1>726)
forRNA F3(1>1008)

~> GGACTGTTGGCTNC
<= GGACTGTAGGCTGCAACTCGCCTGCACGAAGCTGGAATCGCTAGTAATCGCAGATCAGCA
-> GGACTGTAGGCTGCNACNCGCCTGCACGAAGCTGGAATCGCTAGTAATCGCAGATCAGCA

GGACTGTWGGCTGCAACTCGCCTGCACGAAGCTGGAATCGCTAGTAATCGCAGATCAGCA
1390 1400 1410 1420 1430 1440

adasaa bl laganabigaad il

aaaad s s alasaalasaalssaalsaalaay

pUC19 rev (E/B) (1>726)
forRNA F3 (1>1008)

< - TGCTGCGGTGAATACGTTCCCGGGTCTITGTACACACCGCCCGTCACACCATGGGAGTCGG
-> TGCTGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGGAGTCGG

TGCTGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGGAGTCGG
1450 1460 1470 1480 1490 1500

waaaansalaasal sl alegsalans i beawalaioanoaat o tlaauial,

puUC19 rev (E/B) (1>726)
forRNA F3(1>1008)

<- AAATGCCCGAAGCCGGTGACTTAACCGTAAGGAGAGAGCCGTCGAAGGCAGGTCGGATAA
-> AAATGCCCGAAGCCGGTGACTTAACCGTAAGGAGAGAGCCGTCGAAGGCAGGTCGGATAA

AAATGCCCGAAGCCGGTGACTTAACCGTAAGGAGAGAGCCGTCGAAGGCAGGTCGGATAA
1510 1520 1530 1540 1550

sckaadagaadasaalasdaalassslassatlisis basaabiaalaainl

pUC19 rev (E/B) (1>726)
forRNA F3(1>1008)

<- CTGGGGTGAAGTCGTAACAAGGTAGCCGT-AGGAGAACCTGCGGCTGGATC
-> CTGGGGTGAANTCGTAACAAGGTAGCCGTAAGGAGAACCTGCGGCTGGATCACCT

CTGGGGTGAAGTCGTAACAAGGTAGCCGTaAGGAGAACCTGCGGCTGGATCACCT
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S. bovis NCBF 2476, 16S rRNA

9

59
109
159
209
259
309
359
409
459
509
559
609
659
709
759
809
859
909
959
1009
1059
1109
1159
1209
1259
1309
1359
1409
1499
1509

GAGTTTGATC
AAGTAGAACG
GGGTGAGTAA
AAACGATAGC
AAAGGAGCAA
TGGTGAGGTA
GTGATCGGCC
AGCAGTAGGG
CGTGAGTGAA
CGTGTGTGAC
GACGGCTAAC
TGTCCGGATT
AAGTTAAAGG
TGAGTGCAGA
GATATATGGA
ACGCTGAGGC
GTCCACGCCG
AGTGCCGCAG
GGTTGAAACT
TGGTTTAATT
ATGCTATTCC
TGCATGGTTG
ACGAGCGCAA
CGAGACTGCC
CATGCCCCTT
GAGTCGCGAG
CGGATTGTAG
GCGGATCAGC
CCGTCACACC
TGGAGCCAGC
GGTAGCCGTA

CTGGCTCAGG
CTGAAGACTT
CGCGTAGGTA
TAATACCGCA
TTGCTTCACT
ACGGCTCACC
ACACTGGGAC
AATCTTCGGC
GAAGGTTTTC
AGTGGAAAGT
TACGTGCCAG
TATTGGGCGT
CAGTGGCTTA
AGGGGAGAGT
GGAACACCGG
TCGAAAGCGT
TAAACGATGA
CTAACGCATT
CAAAGGAATT
CGAAGCAACG
TAGAGATAGG
TCGTCAGCTC
CCCCTATTGT
GGTAATAAAC
ATGACCTGGG
TCGGTGACGG
GCTTCAACTC
ACGCCGCGGT
ACGAGAGTTT
CGCCTAAGGT
TCGGAAGGTG

ACGAACGCTG
TAGCTTGCTA
ACCTGCCTAC
TAACAGCATT
AGTAGATGGA
AAGGCGACGA
TGAGACACGG
AATGGGGGCA
GGATCGTAAA
TCACACAGTG
CAGCCGCGGT
AAAGCGAGCG
ACCATTGTTC
GGAATTCCAT
TGGCGAAAGC
GGGGAGCAAA
GTGCTAGGTG
AAGCACTCCG
GACGGGGGCC
CGAAGAACCT
AAGTTTCTTC
GTGTCGTGAG
TAGTTGCCAT
CGGAGGAAGG
CTACACACGT
CAAGCAAATC
GCCTACATGA
GAATACGTTC
GTAACACCCG
GGGATAGATG
CGGCTGGATC

GCGGCGTGCC
AAGTTGGAAG
TAGCGGGGGA
TAACACATGT
CCTGCGTTGT
TACATAGCCG
CCCAGACTCC
ACCCTGACCG
GCTCTGTTGT
ACGGTAACTT
AATACGTAGG
CAGGCGGTTT
GCTTTGGAAA
GTGTAGCGGT
GGCTCTCTGG
CAGGATTAGA
TTAGGCCCTT
CCTGGGGAGT
CGCACAAGCG
TACCAGGTCT
GGAACATCGG
ATGTTGGGTT
CATTAAGTTG
TGGGGATGAC
GCTACAATGG
TCTTAAAGCC
AGTCGGAATC
CCGGGCCTTG
AAGTCGGTGA
ATTGGGTGAA
ACCTCCTT

TAATACATGC
AGTTGCGAAC
TAACTATTGG
TAGATGCTTG
ATTAGCTAGT
ACCTGAGAGG
TACGGGAGGC
AGCAACGCCG
AAGAGAAGAA
ACCAGAAAGG
TCCCGAGCGT
AATAAGTCTG
CTGTTAGACT
GAAATGCGTA
TCTGTAACTG
TACCCTGGTA
TCCGGGGCTT
ACGACCGCAA
GTGGAGCATG
TGACATCCCG
TGACAGGTGG
AAGTCCCGCA
GGCACTCTAG
GTCAAATCAT
TTGGTACAAC
AATCTCAGTT
GCTAGTAATC
TACACACCGC
GGTAACCTTT
GTCGTAACAA
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102

S. bovis NCFB 2476 sequence alignments

10 20 30 40 50 60
FOrUrol [VSTITET] U

cialasaslisaslassalssasliiaaligasaVaisailaawa lagasl

R1(1>724)
pucl9 fwd (E) (1>673)
Sbovis seq(1>1539)

<- AGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAANACATGCAAGTAGAAC
—-> AGAGTTNGATCCTGGGTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTAGAAC
-> GAGTTTGATCCTGGCTCAGGACGAACGCTGGCGACGTGCCTAATACATGCAAGTAGAAC

AGAGTTTGATCCTGGSTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGTAGAAC
70 80 90 100 110 120

RETTArY P EEr TR WS TN s adaaaal s,

aad oo lsgaalsaasl

R1 (1>724)
puUC19 fwd (E) (1>673)
Sbovis seq(1>1539)

GC'IGAAGACI‘I'PAGC’I'IGCTAAAGTICGAAGAGI'IGCGAACG@;T -GAGTAA-CGCGTAG
-> GCTGAAGACTTTAGCTIGCTAAAGTTGGAAGAGTTGCGAACGGGT-GAGTAA-CGCGTAG
—> GCTGAAGACTTTAGCTTGC TAAAGTTGGAAGAGTTGCGAACGGGT-GAGTAA-CGCGTAG

GCTGAAGACTTTAGCTIGCTAAAGTTGGAAGAGTTGCGAACGGGT-GAGTAA-CGCGTAG

130 140 150 160 170 180

saaals alasaaliassta P PP P IS SR e

PP I e |

R1(1>724)
pucl9 fwd (E) (1>673)
Sbovis seq(1>1539)

<- GT-AA- CC‘I’G CCTAC'I‘AGCGGGOG A-T-AAC-TATTGGA-AACGATAGCTAATNCC-G

-> GT-AA-CCTG-CCTACTAGCGGGGG-A-T-AAC-TATTGGA-AACGATAGCTAATACC-G

-> GT-AA-CCTG-CCTACTAGCGGGGG-A-T-AAC-TATTGGA-AACGATAGCTAATACC-G

GT-AA-CCTG-CCTACTAGCGGGGG-A-T-AAC-TATTGGA-AACGATAGCTAATACC-G
190 200 210 220 230 240

peacdncxes dan s a b o a o a b o s ol a1,

saliaacilias ol acaadcaaamoid.ced

R1(1>724)
pucl9 fwd (E) (1>673)
Sbovis seqg(1>1539)

<- CATAACAGCA— TTTAACACATGTTAGATGCTTGAAAGGAGCAATTGC-TTC-ACTAGTAG

-> CATAACAGCA-TTTAACACATGTTAGATGCTTGAAAGGAGCAATTGC-'I'TC-ACTAGT2AG

-> CATAACAGCA-TTTAACACATGTTAGATGCTTGAAAGGAGCAATTGC - TTC-ACTAGTAG

CATAACAGCA-TTTAACACATGTTAGATGCTTGAAAGGAGCAATTGC-TTC-ACTAGTAG
250 260 270 280 290 300

sxaalasao oo b aaaal, analagaalasaadoaaaadeidad

st s anadadag by

R1(1>724)
puCl9 fwd (E) (1>673)
Sbovis seqg(1>1539)

pUC19 rev (E) (1>677)

<- ATGGACC-TGCGTT-GTATTAGCTA-GTTGGTGAGGTAACGGCTCACCAAGGCG-ACGAT
-> ATGGACC-TGCGTT-GTATTAGCTA-GTTGGTGAGGTAACGGCTCACCAAGGCG-ACGAT
-> ATGGACC-TGCGTT-GTATTAGCTA-GTTGGTGAGGTAACGGCTCACCAAGGCG-ACGAT

<- TNANNGNNTCACCAAGGCGNACGAT
ATGGACC-TGCGTT-GTATTAGCTA-GTITGGTGAGGTAACGGCTCACCAAGGCG-ACGAT
310 320 330 340 350 360

PO S O ey |

baadlaiaibiaaabaai g lasaslag s lsasslasaal saaslsa

R1(1>724)

puCl9 fwd (E) (1>673)
Sbovis seq(1>1539)
pUC19 rev (E) (1>677)

<~ ACATAGCCGACCTGAGAGGGTG-ATCCCCCACACTGGGNCT-AACCANCACCCCAAANT -

-> ACATAGCCGACCTGAGAGGGTG-ATCGGCCACACTGGGACTGAGACA-CGGCCCAGACTC

-> ACATAGCCGACCTGAGAGGGTG-ATCGGCCACACTGGGACTGAGACA-CGGCCCAGACTC

<- ACATANCCGACCTGAGAGG-TGGATCGNCCACANTGGGACTGAGACN-CGGTCCAGACTC

ACATAGCCGACCTGAGAGGGTG-ATCOGSCCACACTGGGACTGAGACA-CGGCCCAGACTC
370 380 390 400 410 420

aalaasadasastlaasstagsalsasadiaaaloaadl]

TIPSl IS P e e

R1(1>724)

puCl9 fwd (E) (1>673)
Sbovis seq(1>1539)
pUC19 rev (E) (1>677)

pucl9 fwd (E) (1>673)
Sbovis seq(1>1539)
pUC19 rev (E) (1>677)

<— NNACNNNNAT

—> CTAC-GGGAGGCAGCAGTAGGGAATTI TOXLLANTGGITAGC AACCCTGACCGAGCAACGC
—> CTAC-GGGAGGCAGCAGTAGGGAATCTTUGGCAATGGGGGCAACCCTGACTGAGCAACGC
<- CTAC-GGGAGGCAGCAGTAGGGAATCTTCGGCAATGGGGGCAACCCTGACCGAGCNACNC

CTAC-GGGAGGCAGCAGTAGGGAATCTTCGGCAATGGGGGCAACCCTGACCGAGCAACGC

430 440 450 460 470 480
adaadaasalanasdasaalaaaslaaaalasaalasaadonaadaaaaliassleasal
-> CGCNTGAGTGAAGAAGGTTTTCGNNATCGTAANGCTCTGTTGTNAGAGANGANCGTNTNT
-> CGCGTGAGTGAAGAAGGTTTTCG-GATCGTAAAGCTCTGTTGTAAGAGAAGAACGTGTGT
<- CGCGTGAGTGAAGAAGGTTTICG-GATCGTAAAGCTC TGTTGTAAGAGAAGAACGTGTGT
CGCGTGAGTGAAGAAGGTTTTCGXGATCGTAAAGCTCTGTTGTAAGAGAAGAACGTGTGT

490 500 ) 510 520 530 540

B8 aaal s sl asaalasaal ool

ilasaalssaslasaslasaatasaiala

puCl9 fwd (E) (1>673)
Sbovis seq(1>1539)
pUC19 rev (E) (1>677)

-> GANAG’IGGAN G’I'ICACACAGI‘NI‘IAQ?GCNAC’I‘I‘ACCAGAA
-> GACAGTGGAAAGTTCACACAGTG-ACGGTAACTTACCAGAAA -GGGACGGCTAACTAC-G
<- GAGAGTGGAAAGTTCACACAGTG-NOGGTAACTTACCAGAAA-GGGACGGCTAACTAC-G
GASAGTGGAAAGTTCACACAGTGXACGGYAACTTACCAGAAA-GGGACGGCTAACTAC-G
550 560 570 580 590 600

FIPETErS AN R | | I

MPEPEE P B asasalasaaslasaslasssslsaaal

Sbovis seq(1>1539)
pUC19 rev (E) (1>677)
forRNA F1(1>678)

~> TGCCA-GCAGCC-GCGGTAATACGTAGG-TCCCGAGCGTTGTCCGGATTTATTGGGCGTA
<~ TGCCA-GCAGCC-GCGGTAATACGTAGG-TCCCGAGCGTTGTCCGGATTTATTGGGCGTA
-> TACGTAGGGN-CCGAGCGTTGTCCGGATTTATTGGGCGTA

TGCCA-GCAGCC-GCGGTAATACGTAGGETcCCGAGCGTTGTCCGGATTTATTGGGCGTA
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610 620 630 640 650 660

pralbvsgalarsslsiisstaiis Lisevi briial e aabogambisnilbaasalasaa

Sbovis seq(1>1539)
pUC19 rev (E) (1>677)
forRNA F1(1>678)

~> AAGCGAGCGCAGGCGGTTTAAT-AAGTCTGAAGTTAAAGGCAGTGGCTTAACCATTGTTC

<- AAGCGAGCGCAGGCGGTTTAAT-AAGTCTGAAGTTAAAGGCAGTGGCTTAACCATTGTTC

-> AAGCGAGCGCAGGCGGTTTAAT-AAGTCTGAAGTTAAAGGCAGTGGCTTAACCATTGTTC

AAGCGAGCGCAGGCGGTTTAAT-AAGTCTGAAGTTAAAGGCAGTGGCTTAACCATTIGTIC
670 680 690 700 710 720

FTITETS PTPRT TS AT SIS AT IT A T ST AT PEr U AT SrArS IPIErArE I AT EArarE IPArArere ITUrArar A

Sbovis seq(1>1539)
pUC19 rev (E) (1>677)
forRNA F1(1>678)

-> GCTTTGGAAACTGTTAGACTTGAGTGCAGAAGGGGAGAGTGGAATTCCATGTGTAGCGGT
<- GCTTTGGAAACTGTTAGACTTGAGTGCAGAAGGGGAGAGTGGAATTC
—> GCTTNGGAAACTGTTAGACTTGAGTGCAGAAGGGGAGAGTGGAATTC

GCTTIGGAAACTGTTAGACTTGAGTGCAGAAGGGGAGAGTGGAATTCCATGTGTAGCGGT
730 740 750 760 770 780

PIPIPE WIS NS A A I ISl AT S NI S AT AP SrArar S S e |

Sbovis seq(1>1539)
pucl9 fwd (E/B) (1>653)

-> GAAATGCGTAGATATATGGAG-GAACACCGGTGGC --GARAGC--GGC-T-CTC-TGGTC
->  AATGCGTAGGTATATGGAG-GAACACCGGTGGC--GAAAGC--GGC-T-CTC-TGGTC

GAAATGCGTAGRTATATGGAG~GAACACCGGTGGC~-GAAAGC--GGC-T-CTC-TGGTC
790 800 810 820 830 840

PEFITES IPEAT IS NI A IS NI A AP AP S I AP AT AT AT o

Sbovis seq(1>1539)
pucl9 fwd (E/B) (1>653)

-> TGTAACTG-ACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATT--AGATACCCTGGT
-> TGTAACTG-ACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATT--AGATACCCTGGT
TGTAACTG-ACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATT--AGATACCCTGGT

850 860 870 880 890 900
walaieslsspalisielaaisleieslagrceloisiboses Linaala s aligasl

Sbovis seq(1>1539)
puCcl9 fwd (E/B) (1>553)

-> AGTCCACGCCGTAAACGA’ICAG’I‘GCTAGGTG'I'I‘AGGCCC’I'I‘ICCGGGGC’I'I‘AGTGCCGCA
-> AGTCCACGCCGTAAACGATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGCA

AGTCCACGCCGTAAACGATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGCA
910 920 930 940 950 960

PUCTTINTE SPUTAT NS AT VAT ATSTETATS (AT ITE AT ST NI U IS P Sr U AT AT AU SR ST i

Sbovis seq(1>1539)
puCl9 fwd (E/B) (1>653)

~> GCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTCAAACTCAAAGGAAT
-> GCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAAT
GCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAAT

970 980 990 1000 1010 1020
iligaslessalassalicaelogenlssaelosvalapaclacual s als ol

Sbovis seq(1>1539)
puCcl9 fwd (E/B) (1>653)
pUC19 rev E/B) (1>682)

-> 'I‘GACGGGGGCCCGCACAAGCGG'IGGAGCA’ICTGG’I'I‘TAA’I'ICGAAGCAACGCGAAGAACC
-> TGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTITAATTCGAAGCAACGCGAAGAACC

<- GTGTGGGTTAAATACGNAANCNNNCGNGAAGTANCT

TGACGGGGGCCCGCACAAGCGGTGGWGYRKGTKRWWTAMKTMRAMGCAMSGSRARKAACY
1030 1040 1050 1060 1070 1080

sacialaasadaagastassalagicligsas Vadaabiaa i lassr s daadaaabidad.l

Sbovis seq(1>1539)
puCcl9 fwd (E/B) (1>653)
pUC19 rev E/B) (1>682)

-> TTA-CCAGG-TCTTGAC-AT-CCCGAT-GCTATTCCT-AGAGATA-GGAA-GT' IT-CT-T

-> TTA-CCAGG-TCTTGAC-AT-CCCGAT-GCTATTCCT-AGAGATA-GGAA-GTTT-CT-T

<- TTANCCAGGTTNTTGACGATCCCCGATNCCAAATNCTAAGAGATAGGGAANTT'TICCTNN

TTAXCCAGGt TCTTGACgATcCCCGATXSCWAWTCCTaAGAGATAGGGAAXKT TTcCTXT
1090 1100 1110 1120 1130 1140

aaaal s aalaasslasaalesas e s sl sl aadssaadssastasaalassal

Sbovis seq(1>1539)
puCcl9 fwd (E/B) (1>653)
pUC19 rev E/B) (1>682)

-> CGGAAC-ATCGGTGACAGGTGGTGCATGGTTGTCGTCAGC-TCG-TGTCGTGAGA-TGTIT
-> CGGAAC-ATCGGTGACAGGTGGTGCATGG TTGTCGTCAGC-TCG-TGTCGTGAGA-TGTIT
<- GGGAACAATCGGTGANAGGTGGTTCATGTTTTACGTAAGCNTCGTTNTCGTGAGATTGTT

SGGAACaATCGGTGACAGGTGGTKCATGKTTKWCGTMAGCXTCGtTGTCGTGAGALTGTT
1150 1160 1170 1180 1190 1200

daaatisiatas salisaaslaiasla il P 2.l.x s i aiasbasdad,

Sbovis seq(1>1539)
pucl9 fwd (E/B) (1>653)
pUC19 rev E/B) (1>682)
forRNA F3(1>765)

-> -GGGTTAAGTCCC- GCAACGAGCGC—AACCCCTA'I‘IG'I'I‘AG‘I'ICCCA’I‘CA’I'I‘AAG‘I'IGGG
-> ~GGGTTAAGTCCC-GCAACGAGCGC-AACCCCTATTGTTAGTTGCCATCATTAAGTTGGG
- GGGGTTAAGTCCCCGCAGCGAGCNCAAACCCCTNTTGTTAGTTGCCATCANTAAGTTGGG

-> TTGNNNGTT-CNATTAAAAAGTTGGG
gGGGTTAAGTCCCcGCARCGAGCGCaAACCCCTATTGTTAGTTGCCATCAWTAAGTTGGG
1210 1220 1230 1240 1250 1260

adaalas s lansalasaelassslossalissslaisaticanalannanlaralaosad

Sbovis seq(1>1539)
pucl9 fwd (E/B) (1>653)
pUC19 rev E/B) (1>682)
forRNA F3(1>765)

—-> CACTCTAGCG-AGACTGCCGGTAATAAACCGGAGGAAGGTGGGGATGA-CGTCAAATCAT
—-> CACTCTAGCGGANACTGGCGGTAATAAACC-CAGGAAGGTGGGTTTGACCGTCAAATCAT
<- CACTCTAGCG-AGNCTTCCGGTAATAAACCGGAGGAAGGTGGGGATGACN-TCAAATCAT
-> CANGGTNGCG-AGACTGCCGGTAATAAACCGGAGGAAGGTGGGGATGA-CGTCAAATCAT

CACTCTAGCG-AGACTGCCGGTAATAAACCGGAGGAAGGTGGGGATGACCGTCAAATCAT
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1270 1280 1290 1300 1310 1320
ial

PUTUTETT RUVT RS AP Sr TSl AP S AT PSTATE S SPRTICIR O ST S AP APATET S SPAT AP AT (U AT AU A

Sbovis seq(1>1539)
puC19 fwd (E/B) (1>653)
pUCl9 rev E/B) (1>682)
forRNA F3 (1>765)

—-> CAT-GCCCCTTATGACCT-GGGCTACACACG-TGCTACAA-TGGTT-GGTACAAC-GAGT

-> CATNCCCCCTTATGACCTNGGGCTACAAACGTTGCTNCAANTGGTTGGGTACAACNGAGT

<- CAT-NCCCCTTATGACCT-GGGCTACANACG-TGCTACAA-TGGTT-GGTACAAC-GAGT

~> CAT-GCCCCTTATGACCT-GGGATACACACG-TGCTACAA-TGGTT-GGTACAAC-GAGT

CAT-SCCCCTTATGACCT-GGGCTACAMACG-TGCTACAA-TGGTT-GGTACAAC-GAGT
1330 1340 1350 1360 1370 1380

pasadassalasailsasialsgaaliasslaissslisaalasaslossslasiatyiisl

Sbovis seq(1>1539)
puUCl19 fwd (E/B) (1>653)
pUC19 rev E/B) (1>682)
forRNA F3(1>765)

-> CGCGAGTCGG-TGACGGCAAGCAAATCTCTTAAAGCCAATCTCA-GTTCGGATTGTAGGC

-> CGCGAATCGGNTGANGGGAANCAAATCTCTTAAAGNCAATCTCANNTCCGGGTTGGNGGC

<- CGCGAGTCGG-TGACGGCAANCAAATCTCTTAAAGCCAATCTCA-GTTCGGATTGTAGGC

-> CGCGAGTCGG-TGACGGCAAGCAAATCTCTTAAAGCCAATCTCA-GTTCGGATTGTAGGC

CGCGAGTCGG-TGACGGCAAGCAAATCTCTTAAAGCCAATCTCA-GTTCGGATTGTAGGC
1390 1400 1410 1420 1430 1440

civelaiagiaslsasalisasblagaaslaanaledsslaiasaslasasbliganlesaa il

Sbovis seq(1>1539)
puCl1l9 fwd (E/B) (1>653)
pUC19 rev E/B) (1>682)
forRNA F3(1>765)

—> TGCAACTCGCCTACATGAAGTCGGAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTGA
->T-C

<- TNCAACTCGCCTACATGAAGTCGGAATCGCTAGTAATCGCGGATCAGCACNCCGCGGTGA
—> TGCAACTCGCCTACATGAAGTCGGAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTGA

TGCAACTCGCCTACATGAAGTCGGAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTGA
1450 1460 1470 1480 1490 1500

aaidadasiilasa el el g islaaga bisai Lvisa s aa Lecaa Ll

Sbovis seq(1>1539)
pUC19 rev E/B) (1>682)
forRNA F3(1>765)

—> ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAA

<- ANACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAA

-> ATACGT-CCCGGGNCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAA

ATACGTtCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAA
1510 1520 1530 1540 1550 1560

aciddilaia s s s s lagantasanlisaslissslsasi biagal s saligaalaaael

Sbovis seq(1>1539)
pUC19 rev E/B) (1>682)
forRNA F3 (1>765)

-> GTCGGTGAGGTAACCTTTTGGAGCCAGCCGCCTAAGGTGGGATAGATGATTGGGGTGAAG
<- GTCGGTGAGGTAACCTTTTGGAGCCAGCCGCCTAAGGTGGGATAGATGATTGGGGTGAAG
—> GTCGGTGAGGTAACCTTTIGGAGCCAGCCGCCTAAGGTGGGATAGATGATTGGGGTGAAG

GTCGGTGAGGTAACCTTTTGGAGCCAGCCGCCTAAGGTGGGATAGATGATTGGGGTGAAG

1570 1580 1590 1600

aneslasislansalsasslassaleasnelaosgaltssss]atsalsy

Sbovis seq(1>1539)
pUC19 rev E/B) (1>682)
forRNA F3(1>765)

~> TCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCCTT
<- TCGTAACAAGGTAACCGTATCGGAAGGTGCGGCTGGATCACCTCCTTA
—> TCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGNTCACCTCCNTA

TCGTAACAAGGTARCCGTATCGGAAGGTGCGGCTGGATCACCTCCTTA
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S. bovis, B315, 16S rRNA

9

59
109
159
209
259
309
359
409
459
509
559
609
659
709
759
809
859
909
959
1009
1059
1109
1159
1209
1259
1309
1359
1409
1459
1509

GAGTTTGATC
AAGTAGAACG
GGGTGAGTAA
AACGATAGCT
AAGGAGCAAT
GGTGAGGTAG
TGATCGGCCA
GCAGTAGGGA
GAGTGAAGAA
GTGTGAGAGT
GGCTAACTAC
CCGGATTTAT
TTAAAGGCAG
GTGCAGAAGG
ATATGGAGGA
CTGAGGCTCG
CACGCCGTAA
GCCGCAGCTA
TGAAACTCAA
TTTAATTCGA
CTATTCCTAG
ATGGTTGTCG
AGCGCAACCC
GACTGCCGGT
GCCCCTTATG
TCGCGAGTGG
TTGTAGGCTG
ATCAGCACGC
CACACCACGA
GCCAGCCGCC
AGCCGTATCG

CTGGCTCAGG
CTGAAGACTT
CGCGTAGGTA
AATACCGCAT
TGCTTCACTA
CGGCTCACCA
CACTGGGACT
ATCTTCGGCA
GGTTTTCGGA
GGAAAGTTCA
GTGCCAGCAG
TGGGCGTAAA
TGGCTTAACC
GGAGAGTGGA
ACACCGGTGG
AAAGCGTGGG
ACGATGAGTG
ACGCATTAAG
AGGAATTGAC
AGCAACGCGA
AGATAGGAAG
TCAGCTCGTG
CTATTGTTAG
AATAAACCGG
ACCTGGGCTA
TGACGGCAAG
CAACTCGCCT
CGCGGTGAAT
GAGTTTGTAA
TAAGGTGGGA
GAAGGTGCGG

ACGAACGCTG
TAGCTTGCTA
ACCTGCCTCT
AACAGCATTT
GTAGATGGAC
AGGCGACGAT
GAGACACGGC
ATGGGGGCAA
TCGTAAAGCT
CACAGTGACG
CCGCGGTAAT
GCGAGCGCAG
ATTGTTCGCT
ATTCCATGTG
CGAAAGCGGC
GAGCAAACAG
CTAGGTGTTA
CACTCCGCCT
GGGGGCCCGC
AGAACCTTAC
TTTCTTCGGA
TCGTGAGATG
TTGCCATCAT
AGGAAGGTGG
CACACGTGCT
CAAATCTCTT
ACATGAAGTC
ACGTTCCCGG
CACCCGAAGT
TAGATGATTG
CTGGATCACC

GCGGCGTGCC
AAGTTGGAAG
AGCGGGGGAT
AACACATGTT
CTGCGTTGTA
ACATAGCCGA
CCAGACTCCT
CCCTGACCGA
CTGTTGTAAG
GTAACTTACC
ACGTAGGTCC
GCGGTTTAAT
TTGGAAACTG
TAGCGGTGAA
TCTCTGGTCT
GATTAGATAC
GGCCCTTTCC
GGGGAGTACG
ACAAGCGGTG
CAGGTCTTGA
ACATCGGTGA
TTGGGTTAAG
TAAGTTGGGC
GGATGACGTC
ACAATGGTTG
AAAGCCAATC
GGAATCGCTA
GCCTTGTACA
CGGTGAGGTA
GGGTGAAGTC
TCCTTAAG

TAATACATGC
AGTTGCGAAC
AACTATTGGA
AGATGCTTGA
TTAGCTAGTT
CCTGAGAGGG
ACGGGAGGCA
GCAACGCCGT
AGAAGAACGT
AGAAAGGGAC
CGAGCGTTGT
AAGTCTGAAG
TTAGACTTGA
ATGCGTAGAT
GTAACTGACG
CCTGGTAGTC
GGGGCTTAGT
ACCGCAAGGT
GAGCATGTGG
CATCCCGATG
CAGGTGGTGC
TCCCGCAACG
ACTCTAGCGA
AAATCATCAT
GTACAACGAG
TCAGTTCGGA
GTAATCGCGG
CACCGCCCGT
ACCTTTTGGA
GTAACAAGGT

106
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S. bovis B315 sequence alignments

10 20 30 40 50 60
cidstaasilassalaigalssastlasgslsissilassalsaaslesasaliasslianiil
pUC19 rev (E) (1>721) —-> CAACAGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAA-TACATGCAAGT
FD1(1>1041) == AGT
CAACAGAGTTTGATCCTGGCTCAGGACGAACG TGGCGGCGTGCCTAA - TACATGCAAGT
70 80 90 100 110 120
sivaiibis i laga s basv il il aiaviiivavselasiibasasbais sl sgs Liigil

pUC19 rev (E) (1>721)
FD1 (1>1041)

-> AGAACGCTG-AAGACTTTAGCTTGCTAAAGTTGGAAGAGTTGCGAACGGGTGAGTAACGC
-> AGAACGCTGAAAGACTTTAGCTTGCNAAAGTTGGAAGAGTTGCGAACGGGTGANTAACGC

AGAACGCTGaAAGACTTTAGCTTGCTAAAGTIGGAAGAGTTGCGAACGGGTGAGTAACGC
130 140 150 160 170 180

nidad ik liisi s NPEErS IErErE PP |

S PP PR EE FEETE PR ST e |

pUC19 rev (E) (1>721)
FD1 (1>1041)
puCcl9 fwd (E) (1>721)

-> GTAGGTAACCTGCCTACTAGCGGGGGATAACTATTGGAAACGATAGCTAATACCG-CATA
-> GTAGGTAACCTGCCTACTANCGGGGGATAACTATTGGAAACGATAGCTAATACCG-CNTA

<~ GCTAATNCCCNCATA
GTAGGTAACCTGCCTACTAGCGGGGGATAACTATTGGAAACGATAGCTAATACCSXCATA
190 200 210 220 230 240

PP FIE P T PRI PETTE PR PETTTE DTl s PN PR §

pUC19 rev (E) (1>721)
FD1(1>1041)
puCl9 fwd (E) (1>721)

—>ACAGCASTT%ACACATGTT?KHVR}?PP?AAAGGAGCAAITGCTTCACTAGTAGATGGACC
—> ACAGCATTTAACACATGTTAGATGCITIGAAAGGAGCAATTGCTNCACTAGTAGATGGACC
<- ACAGCANTTAACACATGT-AGATGCTIGANAGGACCANTN-CNTCACTAGTAGATGGANC
ACAGCATTTAACACATGTtAGATGCTTIGAAAGGASCAATTgCTICACTAGTAGATGGACC
250 260 270 280 290 300

agaaataacia daaaaligeadlisialai va e lia el sa b liauma il

pUC19 rev (E) (1>721)
FD1(1>1041)
pucl9 fwd (E) (1>721)

-> TGCGTTGTATTAGCTAGTTGGTGAGGTAA-CGGCTCACCAAGGCGACGATA-CAT-AGCC
-> TGCGTTGTATTAGCTANTTGGTGATNTTTTIGT-TCNCCAAGGCGACGATA-CAT-AGCC
<~ TGCGTTGTATTANCAAGI'TGNTGAGGTN-GCGGCTCGCCAAGGCGNCGATAACATAAGCC

TGCGTTGTATTAGCWAGTTGGTGAKGTWwk YGKCTCRCCAAGGCGACGATAACATAAGCC

310 320 330 340 350 360
sagelesaslsvayVaaaalaedis salosasia

i liagaalisaaalassads il

pUC19 rev (E) (1>721)
FD1(1>1041)
puUC19 fwd (E) (1>721)

—>GACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGG
~> GACCNGAGAGGGTGATCGGCCACACTGGGACTGAGACNCGGCCCANACNCCTACGGGAGG
<- GACCTGAGAGGGTGATCGNCCACACTGGGTCTGAGACACGGCCCAGACTCCTNCGGGAGT
GACCTGAGAGGGTGATCGGCCACACTGGGWCTGAGACACGGCCCAGACTCCTACGGGAGK
370 380 390 400 410 420

S DT T S R PR DI, e

PUT B W NP O BT O |

pUC19 rev (E) (1>721)
FD1(1>1041)
puCcl9 fwd (E) (1>721)
F1(1>1264)

pUC19 rev (E) (1>721)
FD1(1>1041)
puUC19 fwd (E) (1>721)
Fl1(1>1264)

-> NAGCAGTAGGGAATCTTCGNCAATGGEGGGAACCCTGACCGAGCAAC-CCGOGTGAGTGA
-> CAGCNNTAGGGAA TCTCCGGCAANGG=GGCANCCCTGACCGNNCANCNCCOGCNTGAGTIGA
<- CANCAGTAGGGAATCTTCGGCAATGGGGGCAACCCTGACCGAGCAACNCCGCGTGAGTGA
-> NCCTNCANCTAATGGATTGAAGTCCCACACNTCGAGNAACGCCGGGGCCCTGN
CAGCAGTAGGGAATCTTCGKCAATGGGGGBRAMCCCTGACCGAGCAACXCCGCGTGAGTGA
430 440 450 460 470 480
-L.-l-.J-.-‘---L--L.-l-.J-..l..1.J-.-‘-.-I...I..1.-I-.J-.-L.-L.l.4l-.-L.A_AJ_I_A_LAJ.J_I—I-I-LL-I—I-.I.-l.-l---I.--l.--I...'...I...l...l...L.-l-].-&-‘.-.\.-.'.-‘.-.l.-.h-&-l;
-> A-GAAGGTTTT
~> A-CNTGGTTCCCGGATCGTNNNACCCCTGTTGTTACAAAANAACCC -TGTGT---TCNAA
<- A-GAAGGTTTTCGGATCGTAA-AGCTCTGTTGTAAGAGAAGAACGTGTGTGAGAGTGGAA
-> CCGAAAGTTNACGGATTTTATN-GCTCTGTTGTAAGAGAAGAACGTGTGTGAGACTGGAA
A-GAAGGTTYHCGGATYKTAWXaSCYCTGTTGTWASARAAGAACSYgTGTGWgasTSGAA

490 500 510 520 530 540
RO PO |

PP T LSO PR (0 O [ i arl o] L e o et [ T O] i

FD1(1>1041)
pUC19 fwd (E) (1>721)
F1(1>1264)

-> AATTCGGANANC
<- AGTTCACACAGTGNCGGTAACTTACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGC
-> AGTNCACACAGTGACGGTAACTTACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGC
ARTTCRSACAGYGACGGTAACTTACCAGAAAGGGACGGCTAACTACGTGCCAGCAGCCGC
550 560 570 580 590 600

e o [ e SR ey 2 i e SO s it el e v

Pl EPEPETEPE e

pUC19 fwd (E) (1>721)
F1(1>1264)

<- GGTAATACGTAGGTCCCGAGCGTTGICCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGG
-> GGTAATACGTAGGTCCCGAGCGTTGTCCGGATTTATTGGGCGTAAANCGAGCGCAGGCGG

GGTAATACGTAGGTCCCGAGCGTTGTCCGGATTTATTGGGOGTAAAGCGAGCGCAGGCGG
610 620 630 640" 650 660

angaleaidaaas Pagaala s To s alas o s T W |

P TS e

puUC19 fwd (E) (1>721)
F1(1>1264)

<- TTTAATAAGTCTGAAGNTAAAGNCAGTGGCTTAACCATTGTTCGCTTTGGAAACTGTTNC
-> TNTAATAAGTCTGAAGTTAAAGGCAGTGGCTTAACCATTGTTCGCTTIGGAAACNGTTAN

TTTAATAAGTCTGAAGTTAAAGGCAGTGGCTTAACCAT TG T ICC I T TGGAAACTGTTAC
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670 680 690 700 710 720

NS FEE T PUTEY PEres BT I IS PPN PRI IPI AP PP IPIPErr |

pucl9 fwd (E) (1>721)
F1l(1>1264)

pucl9 fwd (E/B) (1>719)
revRNA R6 (1>942)

<- ACTTGAGTGCAGAA
-> ACTTGAGTGCAGAAGGGGATANTGGANTCCCACGTG-TAGCGGTGNTITITYITTINTITI

= CTTTCNTTCCATGGGGTTGCGGTGAA-TGCGTAGN-TAT

<- GGTGAAATGCGTAGA-TAT

ACTTGAGTGCAGAAGGGGATACTKKMX TYCCAYGKGITWGCGGTGAWWTKYKTWKWXTWT
730 740 750 760 770 780

pliguisiviboaaadacsasnlisesls s dxbaagil s pan o salinaaa b is aia b i il

F1(1>1264)
pucl9 fwd (E/B) (1>719)
revRNA R6 (1>942)

-> NTGGACGANCACCGGTGGCGAAAGCGGCTCTCTGGTCTGTCACTGAC-CTNANGCTCCAN
-> ATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCTCGA-
<- ATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCTCGA-

ATGGASGAACACCGGTGGCGAAAGCGGCTCTCTGGTCTGTMACTGACgCTGAGGCTCSAX
790 800 810 820 830 840

vl saaalagislaisasl eiss basss Legaa s v lagaelasss tisagalscaxl

F1(1>1264)
puCcl9 fwd (E/B) (1>719)
revRNA R6 (1>942)

-> AAGCCTGGGGACCANANNGGATCANAT-CCNTGGTANTCCACGCCGTNNNCNATGACTNC
-> AAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGC
<~ AAGCGTGGGGANCAAACAGGATTAGATACCCTGGTAGTCCACCCCGTAAACGATGAGTGC

F2(1>872) -> CT-CNTTAA-TGC
AAGCSTGGGGASCAAACAGGATYAGATaCCCTGGTAGTCCACSCCGTMWACGATGASTGC
850 860 870 880 890 900
paggalasaalisgsalascal issalasavlaaaalsiaaleiaelsigtaailaa vl
F1(1>1264) => TNNGTGTTAN-GCCCTTTCCGGGGCTTNCCG

puCl9 fwd (E/B) (1>719)
revRNA R6(1>942)
F2(1>872)

-> TAGGTGTTAG-GCCCTTTCCGGGGCTTAGTGCCGCAGCTAACGCATTAAGCACTCCGCCT
<- TAGGTGTTAG-ACCCTTNCCGGGGCTTAGTGCCGCAGCTAACGCATTAAGCACTCCGCCT
—> GACNTGTGCCCGCCCTAACCGGGGCTTAGTGCCGCAGCTAACGCATTAANCACTCCGCCT

TASGTGTTAS -GCCCTTWCCGGGGCTTAGTGCCGCAGCTAACGCATTAAGCACTCCGCCT

910 920 930 940 950 960
ilssasleeaelavwals paelisesTaoppaTaseiseveloneilessaclsnail

puCl19 fwd (E/B)(1>719)
revRNA R6 (1>942)
FR (1>872)

-> GGGGAGTACGACCGCAAGG’I'IGAAAC’ICAAAGGAATIGACGGGGGCCCGCACAAGCGGTG
— GGGGAGTACGACCNCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAANCGGTG
—> GGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG
GGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG

970 980 990 1000 1010 1020
alasastosesTanislisasloreslasailsesalussslanaeloceilocasd

puCl9 fwd (E/B) (1>719)
revRNA R6 (1>942)
F2(1>872)

-> GAGCA’IG'ICG'I'I'I‘AA'I‘ICGAAGCAACGCGAAGAACCI'PACCAGG’IC’I'IGACATCCCGA’IG
<- GAGCATGTGGTTTAATTCGAAGCAACNCGAAGAACCTTACCAGGTCTTGACATCCCGATG
-> GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCCGATG

GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTIGACATCCCGATG

1030 1040 1050 1060 1070 1080
Pl P P DT T PTTS B P PRl e i e

puCl9 fwd (E/B) (1>719)
revRNA R6(1>942)
F2(1>872)

pUC19 rev (E/B) (1>700)

- CTA'I"I‘CCTAGAGATAGGAAG’I'I'IC‘I'ICGGAACA'I‘CGG’I‘GACAGG’IGG’ICCATGG’I‘IGTCG
<- CTATTCCTAGAGATAGGAAGTTTCTTCGGAACATCGGTGACAGGTGGTGCATG-TTGTCG
-> CTATTCCTAGAGATAGGAAGTTTCTTCGGAACATCGGTGACAGGTGGTGONTGNITITTI

<= GGAACATCGTT-ACAGGTGTTNCATGNTT-TCN
CTATTCCTAGAGATAGGAAGTTTCTTCGGAACATCGGTGACAGGTGGTGCATGXTTKTCK
1090 1100 1110 1120 1130 1140

e lazanlisails wliasislaassbaaaatlinsalissaliaaala o R |

pucl9 fwd (E/B) (1>719)
revRNA R6(1>942)
F2(1>872)

pUC19 rev (E/B) (1>700)

-> 'ICAGC'ICG‘IG'ICG’IGAGA’IG’I'I‘GGA’I'I‘AAG’I‘CCCGCAACGA—GCGCAA CCCI‘A'I'IC'I'I‘A
<- TCAGCTCGTGTCGTGAGATGCCCNGTTAGAANTCGGANGAATGGGNANGGGGGGN
-> TNNTCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGA-GCGCAACCCCTATTGTTA
<- TCAG-TCCTGTCGTGAGATGT-GGGTTAANTCCCNCAACGA-G-GCAACCCCTATTGTTA
TCAGCTCGTGTCGTGAGATGTYGGGTTAARTCCCGCAACGA-GSGCAASCCCTATTGTTA
1150 1160 1170 1180 1190 1200

dagaadsssslsaaalasaalisaslasaalsaasstlaaaalaiaatissilaiiailaiand

puUC19 fwd (E/B) (1>719)
F2(1>872)

pUC19 rev (E/B) (1>700)
forRNA F3(1>996)

->GTTG- CCATCATTAAAGI'IGGGCACICTAGCGAGAATNCCGGTAATAAACCGGAGGAAGG
-> GTTG-CCATCATTAAGTTG-GGCACTCTANCGAGACTGCCGGTAATAAACCGGAAGAAGG
<- GTT-NCCATCATTAAGTTG-GGCACTCTAGCGAGACTGCCGGTAATAAACCGGAGGAAGG
-> ) AAACTGCCGGTAATAAACCGGAGGAAGG

GTTgxCCATCATTAARKTKgGGCACTCTAGCGAGACTGCCGGTAATAAACCGGAGGAAGG
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1210 1220 1230 1240 1250 1260

palaaaalics sl ssalisa sl saaslas s baaaadsadalsaaalsssa Ll

pUC19 fwd (E/B) (1>719)
F2(1>872)

pUC19 rev (E/B) (1>700)
forRNA F3(1>996)

=> 'I(;GGGA’IGACG'IC AATCATCATGCCCCTTATGACCTGGGCTACA-ACGTGCTACAATGG
-> TGGGGATGACCTNNAATCNTCNTGCCCCTTATGACCTGGGCTACCCAC
<~ TGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGG
-> TGGGGATGACCTCNAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGG
TGGGGATGACSTCXAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGG
1270 1280 1290 1300 1310 1320

ioiskbanaalsasalsaga lasasdasaalsaaalassalsasslissalsasadiiaal

puUC19 fwd (E/B) (1>719)
pUC19 rev (E/B) (1>700)
forRNA F3(1>996)

-> TNGGTACAACGAGTCGCGAATCGGNTGACGGNAA-CAN-TCTCTTAAAGCCAATC

<- TTGGTACAACGAGTCGCGAGTCGG-TGACGNCAAGCAAATCTCTTAAAGCCAATCTCAGT

—> TTGGTACAACGAGTCGCGAGTCGG-TGACGGCAACCAAATCTCTTAAANCCAATCTCANT
TTGGTACAACGAGTCGCGARTCGGXTGACGGCAASCAAATCTCTTAAAGCCAATCTCAGT

1330 1340 1350 1360 1370 1380
saaa Ve e sl oaa oo Voo laey oy oo leasalonaalasssealaasalasaal

puUC19 rev (E/B) (1>700) <-

forRNA F3(1>996)

TCGGATTGTAGGCTGCAACTCGCCTA-CATGAAGTCGG-AATCGCTAGTAATCGCGGATC
-> TCGGATTGTAGGCTGCNACTCNCCTA~CATGAAGTCGG-AATCNCTAGTAATCGCGGATC

TCGGATTGTAGGCTGCAACTCGCCTA-CATGAAGTCGG-AATCGCTAGTAATCGCGGATC
1390 1400 1410 1420 1430 1440

avidadagaslaasaslaasalsesalasaa bigis beaa s Ui sadiaiisidagisLaaast

pUC19 rev (E/B) (1>700)
forRNA F3(1>996)

<- AGCACGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAG

-> NNCNCGCCGCGNTIYTIITIYITICCOGGGCCTTGTNCACCCCNCCCGNCANACCACGANAG

AGCACGCCGCGGTKWWIWYKTTCCCGGGCCTTGTACACMCCGCCCGTCACACCACGAGAG
1450 1460 1470 1480 1490 1500

aaviallaapliaaadasga e dsiliass s baaa s b ies bt lanaibiaas ol

puCl9 rev (E/B) (1>700) <-

forRNA F3(1>996)

TTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCAGCCGCCTAAGGTGGGATAG

—-> TCNGTANCACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCCNCCGCCTNAGGTAGGATAC

TYTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCMGCCGCCTAAGGTGGGATAS
1510 1520 1530 1540 1550 1560

aexaaclovagalicaalassalacsalasaslainelasinlss g laseadainuYivaadd

pUC19 rev (E/B) (1>700)
forRNA F3 (1>996)

<- ATGATTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGTGCGGCTGGATCACCTCC
—> ATGANNGGGGTNAANTUNTNCCAACGTATCCGTATCNGACGGTGCCGCTGGANCCCCCCC

ATGATTGGGGTGAAGTCGTAMCAASGTAKCCGTATCGGAMGGTGCSGCTGGATCMCCYCC

1570
alasaals

puUC19 rev (E/B) (1>700)
forRNA F3(1>996)

<- TTAAGCT
-> TNAA-CTGGAT
TTAAgGCTGGAT
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59
109
159
209
259
309
359
409
459
509
559
609
659
709
759
809
859
909
959
1009
1059
1109
1159
1209
1259
1309
1359
1409
1459
1509

GAGTTTGATC
AAGTAGAACG
GGGTGAGTAA
AAACGATAGC
AAAGGAGCAA
TGGTGAGGTA
GTGATCGGCC
AGCAGTAGGG
CGTGAGTGAA
CGTGTGTGAG
GACGGCTAAC
TGTCCGGATT
AAGTTAAAGG
TGAGTGCAGA
GATATATGGA
ACGCTGAGGC
GTCCACGCCG
AGTGCCGCAG
GGTTGAAACT
TGGTTTAATT
ATGCTATTCC
TGCATGGTTG
ACGAGCGCAA
CGAGACTGCC
ATGCCCCTTA
AGTCGCGAGT
GGATTGTAGG
CGGATCAGCA
CGTCACACCA
GGAGCCAGCC
GGTAGCCGTA

CTGGCTCAGG
CTGAAGACTT
CGCGTAGGTA
TAATACCGCA
TTGCTTCACT
ACGGCTCACC
ACACTGGGAC
AATCTTCGGC
GAAGGTTTTC
AGTGGAAAGT
TACGTGCCAG
TATTGGGCGT
CAGTGGCTTA
AGGGGAGAGT
GGAACACCGG
TCGAAAGCGT
TAAACGATGA
CTAACGCATT
CAAAGGAATT
CGAAGCAACG
TAGAGATAGG
TCGTCAGCTC
CCCCTATTGT
GTAATAAACC
TGACCTGGCC
CGGTGACGGC
CTGCAACTCG
CGCCGCGGTG
CGAGAGTTTG
GCCTAAGGTG
TCGGAAGGTG

ACGAACGCTG
TAGCTTGCTA
ACCTGCCTAC
TAACAGCATT
AGTAGATGGA
AAGGCGACGA
TGAGACACGG
AATGGGGGCA
GGATCGTAAA
TCACACAGTG
CAGCCGCGGT
AAAGCGAGCG
ACCATTGTTC
GGAATTCCAT
TGGCGAAAGC
GGGGAGCAAA
GTGCTAGGTG
AAGCACTCCG
GACGGGGGCC
CGAAGAACCT
AAGTTTCTTC
GTGTCGTGAG
TAGTTGCCAT
GGAGGAAGGT
TACACACGTG
AAGCAAATCT
CCTACATGAA
AATACGTTCC
TAACACCCGA
GGATAGATGA
CGGCTGGATC

GCGGCGTGCC
AAGTTGGAAG
TAGCGGGGGA
TAACACATGT
CCTGCGTTGT
TACATAGCCG
CCCAGACTCC
ACCCTGACCG
GCTCTGTTGT
ACGGTAACTT
AATACGTAGG
CAGGCGGTTT
GCTTTGGAAA
GTGTAGCGGT
GGCTCTCTGG
CAGGATTAGA
TTAGGCCCTT
CCTGGGGAGT
CGCACAAGCG
TACCAGGTCT
GGAACATCGG
ATGTTGGGTT
CATTAAGTTG
GGGGATGACG
CTACAATGGT
CTTAAAGCCA
GTCGGAATCG
CGGGCCTTGT
AGTCGGTGAG
TTGGGGTGAA
ACCTCCTT

TAATACATGC
AGTTGCGAAC
TAACTATTGG
TAGATGCTTG
ATTAGCTAGT
ACCTGAGAGG
TACGGGAGGC
AGCAACGCCG
AAGAGAAGAA
ACCAGAAAGG
TCCCGAGCGT
AATAAGTCTG
CTGTTAGACT
GAAATGCGTA
TCTGTAACTG
TACCCTGGTA
TCCGGGGCTT
ACGACCGCAA
GTGGAGCATG
TGACATCCCG
TGACAGGTGG
AAGTCCCGCA
GGCACTCTAG
TCAAATCATC
TGGTACAACG
ATCTCAGTTC
CTAGTAATCG
ACACACCGCC
GTAACCTTTT
GTCGTAACAA

111
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S. bovis C14b#1 sequence alignments

10 20 30 40 50 60
T BT EE T DY rT PRI e N T T A P T T |
pPUC19 rev (E) (1>659) -> ACAACAGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGNGTGCCTAATACATGCAAGT
Cl4b#l seqg(1>1539) -> GAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCGTGCCTAATACATGCAAGT
puCcl9 for (E)(1>647) <- GGCTTGCCTAA-ACATCCA-G-
ACAACAGAGTTTGATCCTGGCTCAGGACGAACGCTGGCGGCKTGCCTAALACATSCAAGE.

70 80 90 100 110 120

saivubea il easalasacleese lasas bivgse biganlas s ol soa sl aanala vl

pUC19 rev (E) (1>659)
Cl4b#1 seq(1>1539)
puUCl19 for (E) (1>647)

—> AGAACGCTGAAGACTTTAGCTTGCTAAAGTTGGAAGAGTTGCGAACGGGT-GAGTAACGC
-> AGAACGCTGAAGACTTTAGCTTGCTAAAGTTGGAAGAGTTGCGAACGGG -TGAGTAACGC
<- AGAACNCTGAAGACTTTAGCTTGCTAAAGTTGGAAGAGTTGCGAANGGGTTGAGTAACGC

AGAACGCTGAAGACTTTAGCTTGCTAAAGTTGGAAGAGTTGCGAACGGGE tGAGTAACGC

130 140 150 160 170 180
illiasalaepalas il

saaala, saliasslasantassntiaasloasalaagal

pUC19 rev (E) (1>659)
Cl4b#1l seg(1>1539)
pUCl9 for (E) (1>647)

-> GTAGGTAA~CCTGCC-TACTAG-CGGGGGATAACTATTGGAAACGATAGCTAATACCGCA

—> GTAGGTAA-CCTGCC-TACTAG-CGGGGGATAACTATTGGAAACGATAGCTAATACCGCA

<~ GTAG-TAAACCTGCCCTACTAGNCGGGGGATAACTATTGGANACG-TAGCTAATACCGCA

GTAGgTAAaCCTGCCcTACTAGXCGGGGGATAACTATIGGAAACGATAGCTAATACCGCA
190 200 210 220 230 240

isaadagsasbasaatasaalicaitlissaslisanlasaslisastliaas i baasaal

pUC19 rev (E) (1>659)
Cl4b#1 seq(1>1539)
puUCl9 for (E) (1>647)

-> TAACAGCATITAACACATC‘TTAGATCC’I'IGAAAGGAGCAA’PICCTICACTAGTAGA’IGGA
—> TAACAGCATTTAACACATGTTAGATGCTIGAAAGGAGCAATTGCTICACTAGTAGATGGA
<- TAACAGCATTTAACACATGTTAGATGCTTGAAAGGAGCAATTGCTTCACTAGTAGATGGA

TAACAGCATTTAACACATGTTAGATGCTTGAAAGGAGCAATTGCTTCACTAGTAGATGGA

250 260 270 280 290 300
saslessalanwalovyils e |

FEFIP PP P RIS IS I AP

pUC19 rev (E) (1>659)
Cl4b#1 seqg(1>1539)
puUCl19 for (E) (1>647)

-> CC'ICCG’I'IG’IN'ITAGCTAG‘I‘XGGIGAGGTAACGGCICACCAAGGCAACGATACATAGCCG
~> CCTGCGTTGTATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGACGATACATAGCCG
<- CCTGCGTTGTATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATACATAGCCG

CCTGCGTTGTATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCRACGATAC ATAGCCG

310 320 330 340 350 3€0
dgagtasaglagaielaagalsssaltesailasaslassalsaisbaasalaaaadtaaiil

pUC19 rev (E) (1>659)
Cl4b#1 seq(1>1539)
pucl9 for (E) (1>647)

-> ACCTGAGAGGGTNGATCGGCCACACTGGCNCTGAGACACGGCCCAGACTCCTACUGGNAGG
-> ACCTGAGAGGGT~GATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACTGGAGG
<- ACCTGAGAGGGT-GATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGH

ACCTGAGAGGGTXGATCGGCCACACTGGSACTGAGACACGGCCCAGACTCCTACGGGAGG

370 380 390 400 410 420
aaxadlasaaaliaaasl sasalasaadlissslaasalisialaisadtosaalasiandiiadid

pUC19 rev (E) (1>659)
Cl4b#l1 seq(1>1539)
puUC19 for (E) (1>647)

-> CAGCAGTAGGGAA'IC’I'I‘CGGCAATG@GGCAACCC’IGACCGANCAACGCCCGCGI‘NAN'IC
-> CAGCAGTAGGGAATCTTCGGCAATGGGGGCAACCCTGACCGAGCAACGCC-GCGTGAGTG
<- CAGCAGTAGGGAATCTTCGGCAATGGGGGCAACCCTGACCGANCAACGCC-GCGTGAGTG

CAGCAGTAGGGAATCTTCGGCAATGGGGGCAACCCTGACCGAXCAACGCCcGCGTGAGTG

430 440 450 460 470 480
aalas PR AT BIE T P R Rl U e e S a SN U |

pUC19 rev (E) (1>659)
Cl4b#l seq(1>1539)
puCl9 for (E) (1>647)

-> AAGAAAGTTI'I'ICNNCTCGCCAAGCTCTTITIGXWAGAGAAAGAALNINUMNAMN
-> AAGAAGGTTTT-CGGATCGTAAAGCTCTGTT-GTA-AGAGAA-GAACGTGTGTGAGAGT-
<~ AAGAAGGTTTT-CGGATCGTAAAGCTCTGTT-GTA-AGAGAA-GAACGTGTGTGAGAGT-

AAGAARGTTTTt CGGMTCGYMAAGCTCTKTTt GTAXAGAGAAAGAACGTGTKTSAGAGTX
490 500 510 520 530 540

dpiaglaiaaaladbaalsaaalaiaaslessialsiastl ssaalisailinvaaadaaas st

pUC19 rev (E) (1>659)
Cl4b#l seq(1>1539)
pUC19 for (E) (1>647)

-> GGAANGTTCCACACAGNGTACGGTAACTTNNCAGAANGGG
-> GGAAAGTTC-ACACAGTG-ACGGTAACTTACCAGAAAGGGACGGCTAACTACGTGCCAGC
<- GGAAAGTTC-ACACAGTG-ACGGTAACTTACCAGAAAGGGACGGCTAACTACGTGCCAGC
GGAAAGTTCcACACAGTGtACGGTAACTTACCAGAAAGGGACGGCTAACTACGTGCCAGC
550 560 570 580 590 600

acacnaidoaa s laaadadaassdassataagalsasclanialasantosanclasdalaamal

Cl4b#l seq(1>1539)
pUCl19 for (E) (1>647)
forRNA F1(1>701)

-> AGCCGCGGTAATACGTAGGTCCCGAGCG’I'ICICCGGA‘I'I’I‘A’I‘IGGGCG’I‘AAAGCGAGCGC
<- AGCCGCGGTAATACGTAGGTCCCGAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGC
-> GGTGGGTGTAACGCGAGTGC

AGCCGCGGTAATACGTAGGTCCCGAGCGTTGTCCGGATTTRKTGGGYGTAAMGCGAGYGC
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610 620 630 640 650 660
BRI ENE - IR [y (e ([P (B i g e, g NIy W |
Cl4b#1 seq(1>1539) -> AGGCGGTTTAATAAGTCTGAAGTTAAAGGCAGTGGCTTAACCATTGTT-CGCTTTGGAAA
puUCl1l9 for (E)(1>647) <~ AGGCGGTTTAATAAGTCTGAAGTTAAAGNCAGTGGCTTAACCATTGTTNCGCTTTGGAAA
forRNA F1(1>701) -> AGGCGGTTTATTAAGTCTGAAGTTAAAGGCAGTGGNTTAACCATTGTT-CGCTTNGGAAA
AGGCGGTTTAWTAAGTCTGAAGTTAAAGGCAGTGGCTTAACCATTGTTXCGCTTTGGAAA
670 680 690 700 710 720
sackaldassgslavistlssssmlaigils apibissslaisslizgiliiis Licia s e a il
Cl4b#1 seq(1>1539) -> CTGTTAGACTTGAGTGCAGAAGGGGAGAGTGGAATTCCATGTGTAGCGGTGAAATGCGTA
puCl9 for (E)(1>647) <- CTGTTACACTTGAGTGCAGAA
forRNA F1(1>701) -> CTGTTAGACTTGAGTGCAGAAGGGGAGAGTGGAATT
revRNA RS (1>723) <- GTGTAGCGGTGAAATGCGTA
pucl9 fwd (E/B) (1>667) -> GGTG-AATGCGTA
CTGTTASACTTGAGTGCAGAAGGGGAGAGTGGAATTCCATGTGTAGCGGTGaAATGCGTA
730 740 750 760 770 780
fatnadadsackaasslaiaiat i sstisig s isbis g Lis s b sa Vaaga bag gl
Cl4b#1 seq(1>1539) -> GATATATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCT-GTA--ACTGACGCTGA
revRNA R5(1>723) <- GATATATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCT-GTA--ACTGACGCTGA

puUC19 fwd (E/B) (1>667) -> GGTATATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCT-GTA--ACTGACGCTGA
GRTATATGGAGGAACACCGGTGGCGAAAGCGGCTCTCTGGTCT-GTA--ACTGACGCTGA

790 800 810 820 830 840
ancslassslassalassialassalisastsanialsisalaasslissiastasialoiaal
C14b#1 seq(1>1539) -> GGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATA ~CCCTGGTAGTCCACGCCGTAAACG
revRNA R5 (1>723) <- GGCTCGAAAGCGTGGGGAGCANACAGGATTAGATA-CCCTGGTAGNCCACNCCGTAAACG

puUC19 fwd (E/B) (1>667) -> GGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATA-CCCTGGTAGTCCACGCCGTAAACG
GGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATA-CCCTGGTAGTCCACGCCGTAAACG

850 860 870 880 890 900
vigaliasas laaasalaggselasdaalessibysastaasaalaswilasaxliiislcsael
Cl4b#1 seq(1>1539) -> ATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGCAGCTAACGCATTAAGCAC
revRNA R5(1>723) <- ATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGCAGCTAACGCATTAAGCAC

puCl19 fwd (E/B) (1>667) -> ATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGCAGCTAACGCATTAAGCAC
ATGAGTGCTAGGTGTTAGGCCCTTTCCGGGGCTTAGTGCCGCAGCTAACGCATTAAGCAC

910 920 930 940 950 960
; caaalasaslaasalaiaalasaaliasilaasalasaslicansliiiatissalssasl]
Cl4b#1 seq(1>1539) -> TCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAA-TT-GACGGGGGCCCGCA
revRNA RS (1>723) <- TCCGCCTGGGGAGC-CGACCGCAAGGT-GNNACACAAAGAAAATTNGAN

puCl9 fwd (E/B) (1>667) -> TCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAA-TT-GACGGGGGCCCGCA
TCCGCCTGGGGAGYaCGACCGCAAGGTtGAAACWCAAAGRAAATTXGACGGGGGCCCGCA

970 980 990 1000 1010 1020
sadalaasslasaalassalassalaissalassalasaslssnalag il iuiaal
Cl4b#1 seq(1>1539) -> CAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGAC

puCl9 fwd (E/B) (1>667) -> CAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGAC
CAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGAC
1030 1040 1050 1060 1070 1080

iadaaaaadaaastlasasalssasslicastaaaalssasalsasal saaslasas sl

Cl4b#1 seq(1>1539) -> ATCCCGATGCTATTCCTAGAGATAGGAAGTTTCTTCGGAACATCGGTGACAGGTGGTGCA
pUC19 fwd (E/B) (1>667) -> ATCCCGATGCTATTCCTAGAGATAGGAAGTTTCTTCGGAACATCGGTGACAGGTGGTGCA

ATCCCGATGCTATTCCTAGAGATAGGAAGTTTCTTCGGAACATCGGTGACAGGTGGTGCA

1090 1100 1110 1120 1130 1140
T PP TN TR T T pe e T DTUTE PO T e e ey |
Cl4b#1 seq(1>1539) "~ -> TGGTTGTCGTCAGCTCGTGTCGTG-AGA -TGTTGGG-TTAAGT-CCCG-C-AACGAGCGC
puCl9 fwd (E/B) (1>667) —-> TGGTTGTCGTCAGCTCGTGTCGTG-AGA-TGTTGGG-TTAAGT-CCCG-C-AACGAGCGC
pUC19 rev(E/B) (1>709) <- GTGAAGATTGTTGGGATAAAGTNCCCGCCAAACGANCGC
forRNA F3(1>663) -> NN
TGGTTGTCGTCAGCTCGTGTCGTGaAGAL TGTTGGGAaTWAAGTXCCCGcCaAACGAGCGC

1150 1160 1170 1180 1190 1200
gaaatascilsaailaaiel s leser Lissil deertlas s Teem oy a8 T gy 1)
Cl4b#1 seq(1>1539) -> AACCCCTATTGTTAGTTGCCAT-CATT-AAGTTGGGC-ACTCTAG-CGAGACTG-CCGGT

pUC19 fwd (E/B) (1>667) ->AACCCCTATTGTTAGTTGCCAT-CATT-AAGTTGGGC-ACTCTAG-CGAGACTG-C
pUC19 rev(E/B) (1>709) <- NACCCCTATTGTNAGTTNCCATNCATTAAAGNTGGCCAANTCTAGCCGAGACTGTCCGGN
forRNA F3(1>663) -> NCCTTCTATTGTGGGNTGNCAT-CATT-AAGTTGGGC -ACTCTAG-CGAGA-TG-CCGGT

AACCCCTATTGTKAGTTGCCAT-CATT-AAGTTGGGC-ACTCTAG-CGAGACTG-CCGGT
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1250 1260
totedasnl] weralo M PPN PR |

1230 1240

slisaaalsaaals

1210

i lox

1220

FErEl I AT aaalass

Cl4b#l seq(1>1539)
pUC19 rev(E/B) (1>709)
forRNA F3(1>663)

-> AATAA—ACCGGA—GGAA—GG'ICGGGA’IGACGTCAAATCA’ICA’IGCCCC’ITA’IGACC'IGGG
<- AATAANCCCGGAGGGAAGGGTGGGGATGACGTCAAATCATCATNCCCCTTATGACCTGGN
-> AATAA-ACCGGA-GGAA-GGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGG

AATAAXMCCGGAgGGAAgGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGG
1270 1280 1290 1300 1310 1320

wulegaadas glanugidaseadas saaligiiloaaca saliiic gl ioasl

Cl4b#1 seq(1>1539)
pUC19 rev (E/B) (1>709)
forRNA F3(1>663)

—> CTACACACGTGCT-ACAATGGTTGGTACAACGAGTCGCGAGTCGGTACGGCAAGCAAATC

<- CTACANACGTGCTAACTATGGTTGGTACAACGAGTCGCGAGTCGGTACGGCAAGCAAATC

-> CTACACACGTGCT-ACAATGGTTGGTACAACGAGTCGCGAGTCGGTACGGCAAGCANATC

CTACACACGTGCTaACWATGGTTGGTACAACGAGTCGCGAGTCGGTACGGCAAGCAAATC
1330 1340 1350 1360 1370 1380

g ligaslassailagaalasaalsssalossslaisaalssaaslasaslsis s Visaal

Cl4b#1l seq(1>1539)
pUC19 rev(E/B) (1>709)
forRNA F3(1>663)

—> TCTTAAAGCCAATCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGTCGGAATC

— TCTTAAANCCAATCTCAGTTCGGATTGTAGNCTGCAACTCGCCTACATGAAGTCGGAATC

-> TCTTAAAGCCAATCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGTCGGAATC

TCTTAAAGCCAATCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGTCGGAATC
1390 1400 1410 1420 1430 1440

aaaaleaaslasaslaseatasaalissalassalasaalssnslicaalaisanlaisal

Cl4b#l seq(1>1539)
pUC19 rev(E/B) (1>709)
forRNA F3(1>663)

-> GCTAGTAATCGCGGATCAGCACGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGC
<- GCTAGTAATCGCGGATCAGCACCCCGCGGTGAANACGTTCCCGGGCCTTGTACACACCGC
-> GCTAGTAATCGCGGATCAGCACGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGC

GCTAGTAATCGCGGATCAGCACSCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGC
1450 1460 1470 1480 1490 1500

s aaaa i ssalasaalasaalisaal ssaalaaaalsa il igasilaacs ol

Cl4b#1 seqg(1>1539)
pUC19 rev(E/B) (1>709)
forRNA F3(1>663)

-> CCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTIGGAGCCAGC

<~ CCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCANC

—> CCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTIGGAGCCAGC

CCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGGTGAGGTAACCTTTTGGAGCCAGC
1510 1520 1530 1540 1550 1560

aasaccbagas e sanlasaslasssleasasliasilsaas s LivasiLiaceadaiaail

Cl4b#l seq(1>1539)
pUC19 rev(E/B) (1>709)
forRNA F3(1>663)

-> CGCCTAAGG‘IGGGATAGA’IGA'I'ICGGG’IGAAGTCGTAACAAGGTAGCCGTA’ICGGAAGG’I
<- CNCCTAAGGTGGGATAGATGATTGGGGTGAAGTCGTAACAAGGTANCCGTATCGGAAGGT
-> CGCCTAAGGTGGGATAGATGATTGGGGTGAAGTCGTAACAAGGTAGCCGNATCGGAAGGT

CGCCTAAGGTGGGATAGATGATTGGGGTGAAGTCGTAACAAGGTAGCCGTATCGGAAGGT
1570 1580 '

i loaassblaasalssasdassoleas

Cl4b#l1 seq(1>1539)
pUC19 rev(E/B) (1>709)
forRNA F3(1>663)

-> GCGGC’IGGA’ICACCTCCTT
<- GCGGCTGGATCACCTCCTTAAG
—> GCGGCTGGATCACCTCCTTAAGCTTGGC

GCGGCTGGATCACCTCCTTAAGCTTGGC
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A competitive PCR technique was used to enumerate the proteolytic bacterium Clostridium proteoclasticum
from the rumen. A PCR primer, which circumscribes this organism and several closely related strains, was
designed for a variable region within their 16S rRNA genes and was used in conjunction with a universal
forward primer. This primer pair was tested for specificity against 85 ruminal bacterial strains. An internal
control DNA was constructed for use in competitive PCRs and was shown to amplity under the same reaction
conditions and with the same amplification efficiency as the target DNA. DNA from a known number of C. pro-
teoclasticum cells was coamplified with the internal control to construct a standard curve. Rumen samples were
collected from eight dairy cows fed four diets in rotation: high nitrogen, high nitrogen supplemented with
carbohydrate, low nitrogen, and low nitrogen supplemented with carbohydrate. DNA extracted from these and
spiked with internal control DNA was amplified with the C. proteoclasticum primer pair. The relative intensities
of the PCR products were used to quantitate the numbers of C. proteoclasticum cell equivalents from the rumen
samples. The numbers ranged from 2.01 x 10° ml~"' to 3.12 x 10" ml~". There was no significant effect on the
numbers of C. proteoclasticum detected in rumen samples among cows fed the four diets. The utility of the
competitive PCR approach for quantifying ruminal bacterial populations in vivo and the occurrence of C. proteo-

Vol. 64, No. 3

clasticum in forage-fed dairy cows are discussed.

New Zealand ruminants graze a fresh forage diet which is
high in protein and low in soluble carbohydrates (10). Up to
50% of the protein available from this dict can be lost due to
the rapid microbial breakdown of plant protein (16). Bacteria
are thought to be responsible for the majority of this protein
degradation in the rumen (8). The proteolytic bacteria in for-
age-fed New Zealand cattle are dominated by species of the
genera Streptococcus. Eubacterium. and Butvrivibrio (2), while a
novel, highly proteolytic strain, Clostridium proteoclasticim,
has also been isolated. To determine the significance of these
particular proteolytic bacteria within the New Zcaland rumi-
nant, we have set out to develop a sensitive and specific
method of quantitation of microbial populations directly from
rumen Samples.

rRNA probes have been successfully used for the detection
and ecnumeration of bacteria within the rumen (7. 11, 17-20,
27). This technique expresses the abundance of a particular
rRNA sequence in relation to total RNA extracted from a
sample. However, it is relatively insensitive, only detecting
down to 10° bacteria per ml of rumen fluid (27). PCR has been
used to detect bacteria in many environments (5, 6), and its
sensitivity has allowed the detection of a single bacterium (28).
Conventional PCR amplifies target DNA exponentially, mak-
ing it difticult to uSe the technique in a quantitative manner.
Competitive PCR (cPCR), however, has been used to deter-
minc bacterial numbers in a range of environments (12, 14, 15).
The addition of an internal DNA standard controls for the
variation among rcactions, allowing reliable PCR quantitation.
The internal DNA standard contains the same primer binding
sites as the target, and the two DNAs compete for reaction
reagents to produce PCR products of different sizes, which can
be scparated in an agarose gel. The log ratio of intensitics of

* Corresponding author. Mailing address: AgRescarch, Ruminant
Digestion and Metabolism, Grasslands Research Centre, Tennent
Drive, Private Bag 11008, Palmerston North, New Zealand. Phone: 64
6 356 8019. Fax: 64 6 351 8003. E-mail: attwoodg@agresearch.cri.nz.
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amplified target DNA to internal control DNA is determined
by the equation log (N,,/N,,») = log (Ny,,/N,>) + n log (efty/
cff5) (29). If the efficiencies of amplification (cff; and eff,) are
cqual, the ratio of amplified products (N,,,/N,,-) is dependent
on the log ratio of starting products (N,,,/N,,,) (29). Even if the
cfficiencies of the two reactions are not equal, the values still
hold assuming that cff /eft, is constant and amplification is in
the exponential phase. With this technique. amounts of target
DNA can be determined by amplification with known amounts
of internal control DNA. The resulting log ratio of intensities
of PCR products is compared to standard curves derived from
serial dilutions of known target DNA amplificd with known
amounts of internal control DNA.

C. proteoclasticum is a gram-positive, straight to slightly
curved rod which was first isolated from a pasture-grazed cow
in New Zealand (4). Its most distinguishing feature is its ex-
tremely high proteinase activity, and because of this feature we
were interested in quantifying this organism to estimate its
contribution to rumen proteolysis. Since its description as a
new specices, it has become apparent that the 16S rRNA gene
(rDNA) sequence of C. proteoclasticim is very similar to those
of Butvrivibrio fibrisolvens NCDO 2435, 2434, 2222, and 2398.
However, the description of C. proteoclasticum as a new spccies
is justified since C. proteoclasticum and these Butyrivibrio fibrisol-
vens strains arc phylogenctically closely related to cach another
(96.9 10 99.5% 16S rRNA scquence similarity) but arc distantly
related to the Butyrivibrio fibrisolvens type strain NCDO 22217
(93.1 to 94.1% similarity). We have developed a ¢cPCR tech-
nique which detects C. proteoclasticum and these closely re-
lated B. fibrisolvens strains directly from rumen samples. PCR
primers were designed against a common region of the C. pro-
teoclasticum and B. fibrisolvens 16S TRNA genes. These prim-
ers have been tested for specificity against DNA from 85 ru-
men bacterial strains, and the sensitivity of detection in a
mixed rumen bacterial background has been investigated. We
have used this cPCR approach to cnumerate C. proteoclasti-
cum cell equivalents in rumen samples from dairy cows fed
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TABLE 1. Bacterial strains used in this study

Reaction with:

Species Strain Source or reference Universal  Specific
primers®  primers®
Butyrivibrio fibrisolvens C130a, C211, C219 2 + =
Butyrivibrio fibrisolvens CF3, H17c M. P. Bryant, University of Illinois + =
Butyrivibrio fibrisolvens WVI Laboratory strain + —
Butyrivibrio fibrisolvens ORS09 R. Teather, Centre for Food and Animal Re- + =
search, Agriculture and Agri-food, Canada
Butyrivibrio fibrisolvens like C122a, C21b 2 + =
Clostridium aminophilum F J. B. Russell, Cornell University + =
Clostridium clostridio fonne ATCC 25537, ATCC 29084 ATCC + -
Clostridium proteoclasticum ATCC 51982 2 + #
Clostridium sticklandii SR J. B. Russell, Cornell University + -
Enterococcus faecalis NCTC 775 S. Flint, New Zealand Dairy Research Institute + -
Enterococcus faecalis 68a Laboratory strain + =
Eubacterium cellulosolvens 5494 M. P. Bryant = —
Eubacterium limosum ATCC 8486 M. P. Bryant + =
Eubacterium noninantivm M. P. Bryant + =
Eubacterium sp. CI1, C12b, C13b, C14b#2, C118b, C119b, 2 + =
C120a, C124b, C125b, C260
Fibrobacter succinogenes AC3 M. P. Bryant + =
Lachnospira multipanus ATCC 19307 M. P. Bryant + —
Megasphaera elsdenii T81 M. P. Bryant + =
Peptostreptococcus anaerobius  C J. B. Russell + =
Peptostreptococcus productus SF-50 M. P. Bryant + -
Prevotella ruminicola C2la 2 + =
Prevotella numinicola subsp. 118b, B,4 M. P. Bryant + =
brevis
Prevotella numinicola subsp. 23 M. P. Bryant + =
ruminicola
Ruminococcus albus 7,8 M. P. Bryant + =
Ruminococcus flavefaciens ATCC 19208, FDI M. P. Bryant + =
Selenomonas ruminantium GA3l M. P. Bryant + =
subsp. lactilytica
Selenomonas ruminantium ATCC 12561, ATCC 27209 M. P. Bryant + i
subsp. ruminantium
Streptococcus bovis JBI M. P. Bryant g -
Streptococcus bovis NCFB 2476 A. G. Williams, Hannah Research Institute + =
Streptococcus bovis 3-31. 3-36, 3-39, 5-21, 7-2, 7-25, 7-26 J. B. Russell + -
Streptococcus bovis Al2, Al4, A120, A166, A191b, Bll, B32a, 2 + -
B314, B315, B327, B337, B342, B346, B348,
B350, B360, B372, B382, B385. B395, B396,
B398, Cl4b#1, C17, C123b, C271
Streptococcus bovis RF-1, RF-2, UDY-KF Laboratory strains + —
Succinomonas amylolytica ATCC 19206 M. P. Bryant + =
Succinovibrio dextrinosolvens ATCC 27209 M. P. Bryant + m

¢ PCR amplification with universal forward and universal reverse primers.

” PCR amplification with universal forward primer and S-S-Cprot-0832-a-A-21.

< ATCC, American Type Culture Collection, Rockville, Md.

four different diets: high nitrogen, high nitrogen supplemented
with carbohydrate, low nitrogen, and low nitrogen supple-

mented with carbohydrate.

MATERIALS AND METHODS

Bacterial strains and growth. The bacterial strains used are listed in Table 1.

Bacteria were grown on CC medium (13), except that the rumen fluid was not
preincubated to remove soluble carbohydrates and carbon sources were replaced
by either L0% (wt/vol) glucose or cellobiose. Clostriditun aminophilum, C. stick-

landii, and Peprostreptococcus anaerobius were grown in CC medium in which no
carbon source was added and tryptone (1.5% [wt/vol]: Difco, Detroit, Mich.)
replaced trypticase.

Rumen samples. Eight fistulated, lactating, Friesian dairy cows were fed four
different diets in rotation: high nitrogen, high nitrogen with carbohydrate, low
nitrogen, and low nitrogen with carbohydrate. Ryegrass pasture, containing less
than 5% clover, was top dressed with 20 kg of nitrogen (as urca) per ha for
low-nitrogen diets and 90 kg of nitrogen per ha for high-nitrogen diets. Urea was
applied 21 to 28 days before cutting, and the nitrogen was 2.11 and 2.82% of dry
matter for the low- and high-nitrogen diets, respectively. Carbohydrate was
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supplied as a 50:50 mixture of dextrose and corn flour on an energy basis and was
drenched at 9:00 a.m., 11:00 a.m., 4:00 p.m., and 6:00 p.m., supplying 10% ot the
minimum cnergy intake. The cows were fed at 9:00 a.m. and 4:00 p.m. and were
maintained on each dict for 12 days betore the samples were taken. Whole
rumen samples of approximately 250 ml were collected before the last 4:00 p.m.
feed, frozen immediately in liquid nitrogen, and stored at —80°C until DNA
extraction. Immediately before DNA extraction, the samples werce thawed in a
37°C water bath and diluted with an cqual weight of mineral salts (MS) bufter (3)
betore homogenization in a Sorvall tissue homogenizer (Du Pont Co., Wilming-
ton. Del.).

DNA extraction. General technigues of DNA precipitation and phenol-chlo-
roform extractions were performed as described by Sambrook et al. (26). For
determination of primer specificity, bacterial cultures were grown overnight and
DNA was extracted by the enzymatic lysis procedure described by Saito and
Miura (25). To climinate possible bias introduced by enzymatic cell wall lysis and
to maximize DNA extraction cfticiencies. physical disruption was used to extract
DNA trom rumen samples and from C. proteoclasticum for sensitivity experi-
ments and standard curve construction. Unless otherwise stated. DNA was ex-
tracted trom triplicate samples. A 1-ml volume of homogenized rumen contents
or 10" C. proteoclasticum cells was added to 1.2 g of sterile zirconia-silica beads
(Biospee Products) followed by centrifugation at 12.000 X ¢ for 10 min at room
temperature. The pellet and beads were rinsed twice in saline-EDTA solution
(0.15 M NaCl, 0.1 M EDTA) before final resuspension in 750 pl of saline-EDTA.
Physical disruption was then performed with a Mini-beadbeater (Biospee Prod-
ucts) at maximum speed for two intervals of 2 min each. with a 1-min incubation
on icebetween cach treatment. Phenol-chlorotorm-isoamyl alcohol (25:24:1) was
added and mixed. and the mixture was centrifuged at 12000 X ¢ tor S min at
room temperature. The aqueous phase was removed. and the interface was re-
extracted with TE bufter (10 mM Tris-HCL 1 mM EDTA [pH 8.0}). The com-
bined aqueous phases were repeatedly extracted with the phenol-chloroform-
isoamyl alcohol until no protein remained at the intertace. A final chloroform-
isoamyl alcohol extraction was performed before the nucleic acids were
precipitated with cthanol and centrifuged at 10.000 X ¢ tor 20 min at 4°C. The
air-dried pellet was resuspended ink TE buffer. RNase A (1 mg ml ! [final
concentration}) was added. and the mixture was incubated at 37°C for 60 min.
RNase A was removed by phenol-chloroform-isoamyl alcohol extraction fol-
lowed by cthanol precipitation and centritugation. The air-dricd DNA pellet was
resuspended in TE buffer and was stored at =20°C. until required. DNAzol
reagent (Gibco BRL. Life Technologies. Auckland. New Zcaland) was used for
chemical extraction of DNA. Cells were suspended in 1 ml of DNAzol reagent
betore being subjected to bead beater treatment as described above. The DNA
was then precipitated as specified by the manufacturer. The concentration and
purity of the DNA were determined spectrophotometrically by measuring the
absorbances at 200 and 280 nm (A5, 250) With @ Spectramax microplate spec-
trophotometer (Molecular Dynamics).

To cheek that there was no amplification of plant material with the primer
pair. DNA was extracted from 20 g of pasture plant tissuc. This plant tissue was
diluted with 4 volumes of MS bulter to ensure complete homogenization. The
DNA was extracted by the mechanical disruption method described above

PCR primers and amplification. The primers used for the amplification of the
16S rRNA genes were as follows: universal forward primer (S-*-Univ-0008-a-S-
19: § GAG TTT GAT CCT GGC TCA G 3'). universal reverse primer (S-*-
Univ-1528-a-A-17: 5" AAG GAG GTG ATC CAG CC 3'). and the C. proteo-
clasticum primer (S-S-Cprot-0832-a-A-21: 3 CTG AAT GCC TAT GGC ACC
CAA 37). The $-S-Cprot-0832-a-A-21 primer was screened for specificity with
the PROBE CHECK program of the Ribosomal Database Project (21) and the
BLAST (Basic Local Alignment Scarch Tool) facility at the National Center for
Biotechnology. PCR amplification of C. proteoclasticun DNA produces an
830-bp product when amplified with the universal torward primer and S-S-Cprot-
0832-a-A-21. Because the S$-8-Cprot-0832-a-A-21 primer also detects some
closely related B. fibrisolvens strains in rumen samples, in these instances cell
numbers are expressed as C. proteoclasticum ccell equivalents.

The PCR mixtures contained 20 mM Tris-HC (pH 8.4). S0 mM KCL. 2.5 mM
MgCl,, 0.2 mM cach JATP.dCTP. dGTP and dTTP, I wM cach primer. and 0.5
U of Tag DNA polymerase (Gibco BRL). The PCRs were performed in a final
volume of 20 plscaled in a capillary tip. and thermocycling was carried out in a
model FTS-1 capillary thermal sequencer (Corbett Research, Sydney, Australia).
The PCR amplification conditions tor $-§-Cprot-0832-a-A-21 and the universal
forward primers werce as follows: denaturation at 95°C tor 3 min followed by 6
cycles of 95°C for 30 s, 62°C for 15 s, and 72°C for 30 s and 25 cycles of 95°C for
15 5, 62°C for S s, and 72°C for 30 s, with a final cycle of 72°C for 3 min.
Amplification with the universal forward and reverse primers differed only in the
annealing temperature, which was 55°C. PCR products were separated by elec-
trophoresis in agarose gels, stained with ethidium bromide, and visualized by UV
transillumination.

Construction of the internal control. The 830-bp PCR product from C. pro-
teoclasticum DNA amplitied with the universal forward and S-S-Cprot-0832-a-
A-21 primers contains two Alul sites (Fig. 1). To produce an Alul delction, the
830-bp fragment was digested with A/l as specificd by the manufacturer (Bochr-
inger, Mannhcim, Germany) and the restriction endonuclease was removed with
phenol treatment followed by ethanol precipitation. The Aful fragments were
ligated with T4 DNA ligase (Gibco BRL), 2 ul of the ligation reaction was used
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FIG. 1 Construction of the internal control. The 830-bp PCR product was
digested with Alud to give three fragments of 90. 350, and 390 bp. The tragments
were ligated and PCR amplified. The 480-bp product was purified and used as
the internal control.

in a4 PCR with the universal forward and §-S-Cprot-0832-a-A-21 primers. and the
products were separated by agarose gel clectrophoresis. One of the PCR prod-
ucts was a t80-bp fragment expected from the deletion of the 350-bp internal
Alul fragment. The 480-bp fragment was purified trom the gel and used as an
internal control for the cPCRs. The concentration of the internal control was
estimated from photographs of the gel to be approximately 100 ng ml . How-
ever, the DNA concentration was too low to obtain an accurate A, sy reading.
and so the internal control was expressed as a dilution of the concentrated
mixture.

Preparation of C. proteoclasticum cells for sensitivity testing. C. proteoclasti-
cum was grown in 100-ml overnight cultures. and a sampie was counted by
phasc-contrast microscopy with a WSI counting chamber (Weber Scientific In-
ternational Ltd.. Middlesex. England). The cells were pelleted by centritugation
and resuspended to a final concentration of 10" cells ml . DNA extractions
were performed on 10" cells: 10-fold serial dilutions of this DNA were ampliticd
to determine the detection limit.

Quantitation of PCR products. PCR products were quantitated by photo-
graphing agarose gels with Polaroid 665 film (Polaroid. St. Albans. England).
which produces a negative image of the photograph. The negative was scanned
with a GS$-670 imaging densitometer (Bio-Rad. Hercules. Calif)) and analyzed
with Molecular Analyst software version 1.4 (Bio-Rad). To correct tor differ-
ences in the fluorescence of cthidium bromide-stained PCR fragments of ditfer-
ent sizes (23). the intensity of the internal control was multiplied by the ratio
830/480.

RESULTS

Primer specificity and sensitivity. Alignment of the C. pro-
teoclasticum 16S rDNA scquence with other sequences from
the Ribosomal Database Project and closely related B. fibrisol-
vens sequences rctrieved from BLAST searches identificd a
region at bp 832 to 851 (£. coli numbering) that was common
to C. proteoclasticum and B. fibrisolvens NCDO 2435, 2222,
2398, and 2434. A primer. S-S-Cprot-0832-a-A-21, comple-
mentary to the sense strand of this region facing the 5' end of
the 16S rRNA gene was designed. This enabled it to be used
with the universal forward primer in PCRs to generatc an
830-bp product. The primer pair was tested for specificity
against DNA from 85 bacterial strains, mostly of rumen origin
(Table 1). Only C. proteoclasticum genomic DNA amplified
with these two primers at an annealing temperature of 62°C
(Table 1); closely related strains (B. fibrisolvens-like C21b and
C122b) failed to amplify under these conditions. At an anneal-
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C. proteoclasticum cell equivalents

M. W. Marker

5.0x10° ]
1.0x 10'
25x10'
5.0x 10'
1.0x 10°
2.5x 10
5.0x10
1.0x 10’
2.5x10"

1018bp -830bp product
51Tbp -480bp product

FIG. 2 Detection limit of cPCR. DNA extracted from 10" C. proteoclasti-
cum cells ml~" was serially diluted and coamplified with a 2 x 10° dilution of the
internal control to determine the detection limit of the cPCR assay. The resuits
are expressed as C. proteoclasticum cell equivalents based on the amount of DNA
extracted per cell.

ing temperature of 60°C, some amplification occurred from
unrelated Enterococcus faecalis NCTC 775 and Streptococcus
bovis RF-2. This nonspecific amplification was eliminated once
the annealing temperature was raised to 62°C. The DNA from
each of the rumen strains was also tested with the universal
forward and reverse primers at an annealing temperature of
55°C. All the strains produced a PCR fragment of approxi-
mately 1,500 bp, corresponding to the approximate size of the
16S rRNA gene, demonstrating that the DNA from each strain
was amplifiable.

The sensitivity of the S-S-Cprot-0832-a-A-21 primer in
PCRs was investigated by amplification of a serial dilution of
DNA from known numbers of C. proteoclasticum cells. The
results show that 50 fg of DNA (the equivalent of DNA from
25 C. proteoclasticum cells) was the lower limit of detection
when coamplified with a 2 X 10°® dilution of the internal con-
trol DNA (Fig. 2).

DNA extraction. To determine the most efficient method of
recovering DNA from bacterial samples, 10'° C. proteoclasti-
cum cells were subjected to three methods of DNA extraction:
enzymatic cell lysis, chemical extraction, and physical disrup-
tion. .4,¢0250 readings demonstrated that physical disruption

08 +

y=-0.94x - 5.50 04 +
R*=0.999

02+

o
P

-7 -6.5 4.5 -#

-0.2 +

Log 830/480 fragments

Log dilution internat control

FIG. 3. Internal-control amplification efficiency. Dilutions of the internal
control were coamplified with DNA from 103 C. proteoclasticum cells, and the
ratio of the intensities of internal control to the target DNA was plotted against
the dilution of the internal control on a log scale.
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FIG. 4. Standard curve construction. (a) DNA extracted from 10" C. pro-
teoclasticum cells ml~! was serially diluted and coamplified with a 10° dilution of
the internal control. The results are¢ expressed as C. proteoclasticum cell equiv-
alents based on the amount of DNA extracted per cell. (b) Ratios of the inten-
sities of internal control to target DNA were quantitated by scanning densitom-
etry of negative images of Polaroid photographs of ethidium bromide-stained
gels.

was the most efficient method of extraction, recovering 67 p.g
of DNA from 10'° cells. Enzymatic lysis and chemical extrac-
tion recovered 43 and 1.01 pg of DNA per 10'° cells, respec-
tively.

Internal-control amplification efficiency. The relative ampli-
fication cfficiencies of target and internal-control DNAs can be
determined from a plot of the ratio of log target intensity to
internal control intensity against the log concentration of in-
ternal control DNA. Coamplification of DNA from 10* C. pro-
teoclasticum cells with dilutions of the internal control (Fig. 3)
results in a line with a slopc 0f 0.94 and a regression of 0.999.
This indicates equivalent amplification efficiencies of the target
and control DNAs. The line intersects the x axis at —5.9,
indicating that the optimal dilution of internal control for de-
tection of 10* C. proteoclasticum cells is 1.26 x 10°.

Standard curve. Since ¢cPCR is most accurate when the
target and internal control are coamplified in equimolar pro-
portions, it was necessary to determine the optimal internal-
control concentrations to use with DNA extracted from rumen
samples. Dilutions of internal control were coamplified with
DNA from selected samples, and the optimal dilution of the
internal control was found to be 10 °. This concentration of
internal control was used to construct a standard curve by
coamplification with C. proteoclasticum DNA extracted from a
known number of cells (Fig. 4). The results show that DNA
from1 X 10*to 5 X 10" cells gave a linear response and could
be used for quantitation of samples within this range.

Detection of C. proteoclasticum added to rumen fluid. To test
whether C. proteoclasticum could be detected by cPCR within
a background of nonspecific DNA from rumen fluid, samples
of rumen contents were spiked with known numbers of C. pro-
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FIG. 5. In vivo detection of C. proteoclasticum. Rumen samples were spiked
with known numbers of C. proteoclasticum cells. DNA was extracted from these
mixtures and assayed for the presence of C. proteoclasticum. Solid squares denote
numbers of C. proteoclasticum cell equivalents detected in cach sample. Open
circles denote v = x. The v intercept of the line denotes no C. proteoclasticum
cells added. This represents a background population of C. proteoclasticum and
closcly related B. fibrisolvens strains of 6.46 X 10° mi !

teoclasticum cells. DNA from cach of the samples was coam-
plified under optimal cPCR conditions, and the results show a
linear relationship between the number of cells added and the
number of cells detected. The assay slightly overestimated the
number of C. proteoclasticum cells added compared to the
ideal (v = x). and this was particularly evident at the higher
concentrations of cells (Fig. 5). A population of 6.25 x 10°
C. proteoclasticum ccll equivalents ml~' was dctected in the
unspiked rumen samples.

Detection of C. proteoclasticum and closely related strains in
vivo. To examine the application of the cPCR approach to
determining bacterial numbers directly from animals. rumen
samples were collected from cight lactating dairy cows fed four
different diets in rotation. The number of C. proteoclasticum
cell cquivalents detected ranged from 2.01 X 10°to 3.12 x 107
ml~' of rumen contents (Fig. 6). Within individual animals
there werc significant responses to dict, but overall there was
no significant difference between the diets.

DISCUSSION

C. proteoclasticum is a proteolytic bacterium that was iso-
lated from the rumen contents of a forage-fed cow (2). It has
a predominately serine-type proteinase activity (3) but also
some cysteine- and metallo-type proteinase activity. It seems
most likely to be involved with primary hydrolysis of feed
protein, but the significance of C. proteoclasticum to rumen
microbial ecology has not yet been determined. Since no suit-
able selective media are available for enumeration of C. pro-
teoclasticum, we set out to develop a method to quantify this
organism directly from rumen samples.

PCR is an extremely sensitive and specific method for the
amplification of DNA, and when it is used in conjunction with
an internal DNA control, the products of the amplification
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reactions can be quantified. This technique, cPCR, was origi-
nally developed for quantitation of human immunodeficiency
virus type 1 3B long terminal repeat DNA (29). Its use has
since been extended to bacterial quantitation in the environ-
ment (12, 14, 15). In the present study, a cPCR method was
developed to quantify C. proteoclasticum and closely related
strains from rumen samples. PCR primers, based on both con-
served and hypervariable regions of the 16S rRNA gene, were
used to amplify DNA in the presence of an internal control
which allowed quantitation of the PCR products. The primer
pair used circumscribes C. proteoclasticum and four closely
related B. fibrisolvens strains and did not amplify DNA from
any other bacterium tested. The spccificity of the assay stems
from the selection of 16S rDNA as the target for amplification
and the primer design. The semiconserved nature of rRNA
genes allows the use of regions of hypervariable sequencc as
targets for group-, genus-, species-, and strain-specific ampli-
fication (22). The primer was designed to match, as closely as
possible, the length, G+C content, and 7,, of the universal
forward primer so that the forward primer “anchored” the
PCR at the 5" end of the 16S rRNA gene. This approach limits
the range of suitable specific primers which can be designed
within a particular region but avoids the nced to design two
specific primers for a given organism. Using the 16S rRNA gene
as the amplification target also allows primers to be checked
against the existing entries in DNA scquence databases,
thercby reducing the effort necded to test primer specificity.

A critical factor in ensuring the accuracy of cPCR is to
demonstrate that coamplifications of the target and intcrnal
control arc cquivalent (24). This can be done by plotting the
log ratio of target to internal-control DNA intensities against
the log dilution of internal-control DNA. Coamplification of
C. proteoclasticcun DNA with dilutions of internal control gave
a straight linc with a slopc of —0.94, indicating that the am-
plification efficicncies of the two DNAs are cssentially equal.
The small deviation from cquivalence may be duc to a slightly
morc efficient amplification of the smaller internal control (480
bp) than of the target (830 bp). This cffcct was taken into
account by using standard curves to rclate the log ratio of
target to internal control to the log of cell numbers. Thesc
standard curves also account for the rRNA genc copy number,
which can vary anywhere from 2 to 10 copies per genome (1, 9).
Each standard curve, generated by coamplification of a single
dilution of internal control with DNA from different numbers
of C. proteoclasticum cells, gives a substantial working range of
ccll numbers of approximately 10*- to 10*-fold. Indeed. in the
application of the assay to rumen samples, only a single stan-
dard curve was required to encompass the cntire range of
C. proteoclasticum numbers encountcred in differently fed
dairy cows.

In a similar manner, dilutions of internal control can be used
to determine the absolute sensitivity of the assay. Theoreti-
cally, the detection of one copy of the target sequence is pos-
sible (28). However, in cPCR, the target and internal control
compete for amplification reagents, reducing the sensitivity of
detection. In our assay, DNA from the equivalent of 25 C. pro-
teoclasticum cells could be detected when coamplified with a
2 X 10° dilution of the internal control. However, it was found
that a 100-fold dilution was necessary to overcome an inhibi-
tory effect in DNA extracted from rumen samples. Thus, in
practice, the sensitivity of the assay is limited to 2.5 X 10? cells.
The exact nature of the inhibitory factor is not known, but high
Aseos0 readings from these DNA samples indicate that it is
not proteinaceous and that it may be a water-soluble polysac-

- charide or polyphenolic compound similar in nature to the

humic acids described by Leser (14) as interfering with the
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FIG. 6. Populations of C. proteoclasticum and closcly related B. fibrisolvens strains in dairy cows under four different feeding regimens. Numbers | through 8
represent cows numbered 709, 710, 727, 788, 1758, 8702, 9754, and 9775, respectively. The results are the means of triplicate determinations and error bars represent
standard crror of the mean. The diets were fed in rotation. and rumen samples were taken during each feeding regime. CHO, carbohydrate.

PCRs. The level of detection compares favorably with that in
similar studies of bacterial populations from other environ-
ments. Leser (14) detected DNA from 40 Pseudomonas cells in
cPCR assays of samples from a marine environment. Radiola-
belled oligonucleotides used to probe rRNA from rumen bac-
teria (7, 11, 17-20, 27) are less sensitive, being able to detect
0.01% of the total rumen population, or approximately 10°
cells mI~! (27). It should be noted that the cPCR technique
does not discriminate between living and dead cells and there-
fore is likely to overestimate viable populations. This is in
contrast with oligonucleotide probing, where microbial abun-
dance is expressed in terms of a proportion of total rRNA.
Since the rRNA content in cells changes according to the
growth phase, this technique provides an approximation of
relative cell numbers (20), which reflects their contribution to
total metabolic activity (27). However, the estimation of total
rRNA abundance depends on universal probes, and recent
evidence suggests that domain-specific variations in dissocia-
tion temperatures of universal probes could lead to significant
biases in quantifying microbial populations from environmen-
tal samples (30). Estimates of both absolute cell numbers and
the percent contribution to total rRNA may be the best ap-
proach to gain an accurate assessment of the importance of
microbial populations in environmental samples.

After the development of the cPCR assay in vitro, it was
necessary to test its ability to detect C. proteoclasticum cells in
the complex mixture of plant and microbial DNA present in
rumen fluid. Mechanical disruption was chosen for DNA ex-

traction from rumen contents since the efficiency of extraction
was greatest with bead beating followed by phenol-chloroform
extractions. Also, this method allowed entire rumen contents
to be sampled, thereby enabling the quantitation of popula-
tions adherent to plant tissue. Previous methods have sampled
only filtered rumen contents (7, 17, 27). The addition of C. pro-
teoclasticum cells to rumen fluid followed by cPCR quantita-
tion demonstrated the usefulness of the technique in vivo.
There was good correlation between the number of cells added
and those detected by the assay. A slight overestimation of
absolute numbers of cells compared to the ideal (y = x) is
probably due to the resident population of C. proteoclasticum
and closely related B. fibrisolvens strains in the rumen fluid
used.

When the assay was applied to rumen samples collected
from animals fed diets differing in nitrogen and carbohydrate
content, the C. proteoclasticum cell equivalents detected ranged
from 2.01 X 10° cells per ml in the carbohydrate-supple-
mented, high-nitrogen diet to 3.12 X 107 cells per ml in the
high-nitrogen diet. These numbers represent the population of
C. proteoclasticum and closely related B. fibrisolvens strains
present in the samples and are consistent with the original
isolation of C. proteoclasticum from a 10" dilution of rumen
contents (4). These results indicate that this group of organ-
isms is common among forage-fed ruminants in New Zealand.
Within individual animals, the diet had some effects on C. pro-
teoclasticum cell equivalents, but overall, between the animals
there were no significant differences (Fig. 6). The relatively
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small range of cell numbers detected indicates that the popu-
lation is stable and unresponsive to changes in dietary content.
This is a little surprising since one might expect the proteolytic
population of C. proteoclasticum to be influenced by nitrogen
supply. However, the population density of C. proteoclasticum
docs not necessarily reflect its overall contribution to protco-
lytic activity, which may well vary significantly under the con-
ditions tested. Previously, it was shown that C. proteoclasticum
has a high chymotrypsin-like proteinase activity (3), and, based
on its specific activity for the artificial chymotrypsin substratc
N-succinyl alanine-alanine-proline-phenylalanine-p-nitroani-
lide and the populations detected in this study, it may be
responsible for up to 20% of this type of activity in forage-fed
dairy cows. More dctailed investigations of specitic C. proteo-
clasticum proteinasc activitics are required before the contri-
bution of this organism to ruminal protein brecakdown can be
cstimated more precisely.

We have found cPCR to be an casy, accurate, and reliable
method of bacterial quantitation. Collection of rumen samples,
DNA extraction, preliminary PCR amplification with internal
control dilutions, and cPCR followed by scanning densitometry
can be accomplished within 10 h. Testing primers for specificity
and constructing internal DNA controls arc the most time-
consuming steps in developing the method, but once these
have been carried out, they necd not be repecated. The preci-
sion of the technique is good. with the cocflicient of variation
between replicate PCRs of the same sample averaging 2.5%
and that between samples from the same animal averaging
7.5%. The technique combines the specificity of 16S rDNA-
targeted oligonucleotides with the sensitivity of PCR in a for-
mat which allows quantitation of bacterial populations from a
complex microbial ecosystem. The technique is currently being
extended to other protein-degrading genera and will eventually
allow us to examince how protcolytic bacterial populations arc
influcnced by changes in the rumen ccosystem.
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