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Abstract

The microbial diversity present in the gut microbiome of ruminant animals is of great
interest due to its effect on the New Zealand economy. The rumen, a forestomach of
ruminants, is a large fermentation chamber. The microbiome within the rumen influences
production of milk and meat, and additionally impacts on climate change through the
emission of enteric methane. Although, the core microbiome has been studied intensely,
the rare biosphere, which is comprised of the rare microorganisms present in less than
0.1% of the abundance, is still largely unknown. Recent developments in methods for
subtraction, or normalisation, of the dominant microorganisms from analysis of complex
microbiomes, including treatment with duplex-specific nuclease (DSN), have enabled the
increase of the number of sequences from low abundance microorganisms. Decreasing
presence of dominant species and simultaneously increasing low abundant allows the
exploration of the rare biosphere and discovery of taxa which otherwise would not have
been identified. By applying DSN-based normalisation to a metagenomic DNA isolated
from the rumen microbiome, we have demonstrated that the low abundance
microorganisms, can be amplified to a detectable level while decreasing the abundance
of sequences from dominant species. The outcome of DNA normalisation, primarily
taxonomic assignment and phylogeny was assessed by using the gene encoding the f
subunit of bacterial RNA polymerase, rpoB, as well as the “gold standard” 16S rRNA as
phylogenetic markers. We have demonstrated that rpoB could be effectively used for
determining the rumen microbial community profile and could become by broader
adoption from researchers, a valuable resource for microbial ecology studies. We suggest
that DSN-based normalisation could be utilised for in-depth exploration of the rare
biosphere as a whole, resulting in the discovery of new species, new genes and increasing
understanding of the role that these rare microorganisms play in the rumen microbiome.
The inclusion of rpoB, alone or in combination with 16S rRNA marker, in microbial

ecology studies could lead to more accurate classification of the taxa.
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1. Introduction

Ruminants acquire their nutrients from the fermentation of plant-based feeds.
Fermentation occurs in a specialized chamber in their forestomach, called the rumen,.
New Zealand’s agricultural sector is heavily reliant on ruminants, including cattle, sheep
and deer, and the rumen has been described as the engine of the New Zealand economy
(Ciric, 2014, Clark et al., 2007). As of June 2019, there were 10.3 million cattle (6.4
million dairy and 3.9 million beef), 26.7 million sheep and 800 thousand deer in New
Zealand, contributing to a total agricultural export value of $31 billion (Statistics New
Zealand, 2019, Beef and Lamb, 2019).

The ruminant gastrointestinal tract (GIT) is made of a series of large chambers (Figure
1). Vegetation is swallowed, passing through the oesophagus to the first chamber, the
rumen. Muscular contractions mix the ingested plant material with saliva and the rumen
microbes. Once the plant matter has been partially broken down by microbial digestion
and this churning, it moves to the reticulum where it remains until it is regurgitated as
cud, re-masticated, and swallowed again. Once the digesta has been broken down to a
liquid, it flows out of the rumen into the omasum, (Griinberg and Constable, 2009). The
rumen microbes hydrolyse cellusloses, hemicelluloses, pectins, frucrutosans and other
polysaccharides into simple sugars where they are fermented forming the final products
of acids, which are absorbed through the rumen epithluem, and the waste products
methane and carbon dioxide (CO2) (Stewart and Hobson, 1997). Lastly, digesta passes
from the omasum to the abomasum, also referred to as the “true stomach”: where the
digesta is further broken down by digestive enzymes, and nutrients are absorbed. Lipids
in the feeds are hydrolysed into long chain fatty acids which pass on to be absorbed in the

small intestine.



Figure 1. The ruminant gastrointestinal tract.

The feed is swallowed and moves down the oesophagus (A). Digesta enters the rumen
(B), then moves to reticulum (C). Once broken to a liquid, digesta moves into the omasum
(D) and finally passes through to the abomasum (E). (Adopted from BioRender.com).

In New Zealand, ruminants are predominantly fed on perennial pastures, characterised by
a combination of grasses and legumes (Rattray et al., 2007). These pastures are rich in
fibre and therefore difficult to digest, and must be broken down by a combination of
mastication and microbial digestion (Stafford, 2017). An intrinsic part of the breakdown
of fibre is the digestion of cellulose and lignocellulose in the cell walls and structural cells
of these plants. As vertebrates lack cellulases, the enzymes required to digest cellulose,
are provided by the rumen microbial community (Moon et al., 2014). The digestibility of
the lignocellulose component of fibre is a key limiting factor for increasing milk and meat
production from ruminants (Ciric, 2014, Azizi-Shotorkhoft et al., 2016). The rumen
microbiota (the collection of all microorganisms in the rumen), is therefore of great

importance for the wellbeing, and productivity of an animal.



1.2 Rumen Microbiota

Within the rumen microbiota, bacteria are the dominant microorganisms with 10'® - 101
viable cells per gram of rumen contents (Alzahal et al., 2017). Other microorganisms
include methanogenic archaea (about 10'° cells/g), bacteriophages (107 - 10° phage/g),
ciliate protozoa (10* - 10° cells/g), and anaerobic fungi (102 - 10* cells/g) (Mackie et al.,
2013, Seedorf et al., 2015). Similarly to other GIT microbiota, the dominant taxa of the
rumen bacteria differs depending on animal breed, geographical location, diet, and
between individuals (Zhemakova et al., 2016). However, a core microbiota is recognised
within all GITs and includes the bacterial phyla Bacteroidetes, Firmicutes, Proteobacteria
and Actinobacteria (Jewell et al., 2015, Xue et al., 2018, Mizrahi, 2013). The dominant
genera within these phyla are often Fibrobacter, Prevotella, Ruminococcus,
Coprococcus, Butyrivibrio, genera from unclassified Clostridiales class, and unclassified

Lachnospiraceae family (Henderson et al., 2015a, Xue et al., 2018, Jewell et al., 2015).

Different microbial profiles in the rumen microbiota can influence the fermentation
process. For instance, in cattle, the microbial profile differs significantly between
individuals with a high-efficiency digestion profile compared to individuals with a less
efficient one (Guan et al., 2008). The dominance of some phyla has also been linked to
the efficiency and quality of the animal products being produced. Jami et al. (2014)
demonstrated a strong correlation between the ratio of Firmicutes to Bacteroidetes and
milk fat yield in cattle. Individual cattle which had a decreased ratio of Bacteroidetes to

Firmucutes present in their rumen microbiome produced a higher milk fat yeild.

The wide variety of different species in the microbiota also indicates different
microorganisms may be involved in the fermentation and digestion of feed. Dominant
species such as Ruminococcus albus, Ruminococcus flavefaciens, and Fibrobacter

b

succinogenes are known as “primary colonisers;” species involved in the initial digestion
of the highly insoluble forms of cellulose in the plant cell walls (Mizrahi, 2013). Apart
from these dominant and abundant species, other metabolically significant species in the
rumen microbiota may be present in low abundance. For example, Cellulosilyticum
ruminicola, which is rarely identified in phylogenetic studies, has also been shown to be
a potent lignocellulose digestor in yaks (Cai et al., 2010, Guder and Krishna, 2019, Cai

and Dong, 2010, Palevich, 2011).



1.2.1 The rumen microbial metabolism and end-products

The digestion of plant materials by microbial metabolism is an essential process in the
rumen. Plant celluloses, hemicelluloses, pectins, fructans, starches and other
polysachharides are hydrolysed into monomeric or dimeric sugars. These sugars and
simple vegetation sugars and then fermented into acetic, propionic and butyric acids,
methane and CO.. Proteins on the otherhand are hydrolysed into amino acids and peptides
which are then further broken down into ammonia and Volatile Fatty Acids (VFAS)
(Stewart and Hobson, 1997, Gharechahi and Salekdeh, 2018). VFAs are a significant
source of energy for the animal and contribute significantly to milk and meat production
and therefore, the productivity of the animal (Henderson et al., 2015b, Jami et al., 2014).
Hydrogen (H:) is also producted as endproduct of fermentation, it can be further
metabolised by three different pathways after its production during fermentation. Firstly,
sulphate-reducing bacteria use H: to reduce sulphate (SO4*) to hydrogen sulphide (H-S).
Secondly, hydrogenotrophic methane-producing bacteria and methanogenic archaea use
H: to reduce CO: to methane (CH4). And finally, reductive acetogenenic bacteria use H
to reduce COs: to acetic acid (CHsCOOH) (Verstraete, 1996). The bacteria within the
rumen microbiome compete with each other, and one of these three pathways generally

becomes dominant.

Due to the production of methane from methanogens, the rumen microbiota has a role in
greenhouse gas emission. The agricultural sector accounted for 48% of the gross
greenhouse gas emission of New Zealand in 2018, with 74% of agricultural emissions
from enteric fermentation. (Environment, 2020). A recent study of dairy cattle has found
that methane emission from individual cows has a genetic and microbial component,
which are primarily independent of each other, and contribute to 21% and 13% of
methane production respectively (Difford et al., 2018). Microbiota in sheep, which have
low acetate to propionate ratio or contains lactate- and succinate-producing species, have
been recorded to have significantly lower methane emissions (Kittelmann et al., 2014,
Shi et al., 2014). Ruminants that produce methane as an end-product of fermentation, not
only contribute to global greenhouse emissions but also lose 5-19% of the energy content
from their feed (Johnson and Ward, 1996).



With the current global warming crisis and the contribution to it from enteric
fermentation, understanding the rumen microbiota is of utmost importance. However, the
complex interactions and energy flow between all the different microorganisms within
the rumen microbiota is not yet fully understood (Mizrahi, 2013). In addition, there is a
part of the rumen microbiota, termed the “rare biosphere”, that is mainly undiscovered.
While the more dominant taxa within the rumen microbiome have known effects on
productivity and metabolic pathways, increasing the knowledge of the rare biosphere may

be critical in understanding this complex microbiome.

1.3 The Rare Biosphere

The rare biosphere is defined as the collective of the rare microbial taxa, which are found
in a given sample at a specific time point (Lynch and Neufeld, 2015). The threshold at
which the rare biosphere begins is subject to debate but is generally accepted to be below
0.1-1% of total community relative abundance (Lynch and Neufeld, 2015, Pedrés-Alid,
2012, Ann Reid, 2011). Early evidence of the rare biosphere was found in rank abundance
curves of complex microbial communities, where rare taxa are represented by the long
tail of the curve (Epstein, 2009, Sogin et al., 2006).

When all of the species of the rare biosphere are combined, they often make up a large
proportion of the diversity of taxa present, accounting for the high level of o diversity
found in microbial communities (Lynch and Neufeld, 2015). This indicates that there may
be large ecological potential in these less abundant taxa. This ecological potential can be
seen in the disproportional effects which particular species within the rare biosphere, have
on their communities, i.e. the keystone species (Power et al., 1996). These keystone
species are often found at very low abundance in microbial communities. For example;
Desulfosporosinus species represents only 0.006% of the total microbial community in
peat soil but play a considerable part in reducing sulphate to CO: instead of methane
(Pester et al., 2010). Communities with a higher number of rare species were shown to
have higher active richness as measured by respiration rates (Dimitriu et al., 2010). Rare
species also occupy a key niche and slow down the establishment of new species. This
has been shown by experiments where the removal of rare species has resulted in an

increased number of new species becoming established (van Elsas et al., 2012, Vivant et



al., 2013). Therefore, it appears the more diverse a community is, even if most of the
diversity is not present in high numbers, the more stable it is (McCann, 2000, Shade,
2018).

By its large diversity and abundance, the rare biosphere can be considered as a microbial
seed bank which could ensure plasticity of a given microbial community under
environmental change. The microbial seed bank represents a vast functional gene pool
for the community to access (Jousset et al., 2017). If the selection pressures within an
environment change, the less abundant species that are more suited to the new
environmental pressure may become dominant or share their advantageous genes via
horizontal gene transfer. This concept corresponds with the notion that “everything is
everywhere, but the environment selects” which is one of the main principles in the field
of microbial ecology (Becking, 1934, De Wit and Bouvier, 2006). However, not all
species in the rare biosphere are able to be selected for, as there are some species which
remain persistently rare. Some of these taxa are assumed to be dormant or in starvation
conditions. Taxa within this part of the rare biosphere could also be occupying a small
ecological niche, which only provides enough nutrients for a small number of individuals.
Although dominant species in microbiomes appear to have the best position in the
community due to their ability to grow to high numbers, being rare in a large community
also has advantages associated with it. The majority of predation in microbial
communities is due to unicellular eukaryotes and viruses. Since viruses, find their prey
using encounter probability (Pedrés-Alid, 2007), the probability that a low abundance
taxa will be found and predated on is extremely low. This advantage means that life in
the rare biosphere gives protection against predation which could otherwise decimate a

species if it grew up to higher abundance.

The rare biosphere is an important phenomenon to study due to its roles in the
environment, and the health and productivity of its host, including cattle and humans. It
represents an enormous pool of unexplored genetic and physiological diversity, which
could contribute to advances in biotechnology (e.g.biofuels) and pharmaceuticals. It may
also serve an essential role in biological interactions and the succession of different taxa
in microbial communities. Study of the rare biosphere in different microbiotas may
inform other areas of science and give a pool of genetic variability and novel genes to
study. The rare biosphere can be studied by culture-independent techniques, but the focus

on this area of research has only increased in recent years due to improvements in high
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throughput sequences (HTS) technologies (Shade et al., 2012, Sogin et al., 2006).
Currently, culture-independent methods are, the leading way for studying the rare

biosphere.

1.3.1 Experimental approaches for studying the rare biosphere

The study of the rare biosphere using culture-independent methods began after small
subunit ribosomal RNA was established as a phylogenetic gene marker for the study of
microbial communities diversity (Woese and Fox, 1977, Ward et al., 1990). This
technique has taken off since the late nineties due to the advances in high-throughput
sequencing (HTS) technologies and after the initial discovery of vast sequence diversity
at a low relative abundance in marine water and sediment samples (Sogin et al., 2006).
Before this work, there was an absence of suitable methods for sampling high diversity
microbial habitats, and studies relied mostly on culturing and molecular methods. Gel
fingerprinting and clone libraries can give some insight into the rare biosphere, but
metagenomics gives a more in-depth look into taxa with a lower relative abundance
(Lynch and Neufeld, 2015). Due to the nature of HTS, some of the diversity in early
studies was created by PCR errors and artefacts (Kunin et al., 2010). These problems
resulted in the creation of aggressive filtering and the development of a dependable
computational protocol to minimise the bias towards higher species diversity than is
actually present (Goodrich et al., 2014). Clustering sequence reads into meaningful
Operational Taxonomic Units (OTUS) is a critical step in this type of analysis (binning).
By clustering reads that differ by less than 3% into an OTU, reads that differ by one or
two bases due to sequencing error will be clustered into their correct OTU, thus alleviating
the problem of sequencing errors overestimating the species diversity (Ann Reid, 2011).
This solution has been shown to reduce the OTU richness by as much as 30-60% but does
not reduce the amount of OTUs in the long-tailed rank abundance curves that define the
rare biosphere (Huse et al., 2010).

Although sequencing technology has enabled us to get more of an insight into the species
within the rare biosphere, the estimates of the amount of diversity on earth show that there
is still a large proportion of species which has not been identified yet. Subtractive nucleic

acid technologies, which reduce the abundance of dominant sequences and amplify less



abundant sequences may be the solution into increasing the ability to sequence deeper
into the rare biosphere and identify more unknown species representatives.

1.4 Subtractive Nucleic Acid Technologies

Subtractive nucleic acid methods are commonly applied to cDNA samples before
sequencing to facilitate the detection of rare transcripts (Chung et al., 2015).
Traditionally, the removal of the dsDNA was achieved by hydroxyapatite (HAP)
chromatography, and it is based on DNA renaturation Kinetics. Here, the dsDNA and
ssDNA molecules are physically separated from each other by the differential charge
interaction between the Ca?* ions on the surface of HAP and the negatively charged

phosphorus backbone of the nucleic acids (Bernardi, 1965).

More recently, the use of a thermostable duplex-specific nuclease (DSN) isolated from
the hepatopancreas of the Kamchatka crab has been shown to be a more efficient method
of achieving DNA normalisation (Bogdanova et al., 2008). This method initially involves
ligation of specific oligonucleotides, lone linkers (Ko et al., 1990), to the ends of the DNA
fragments, amplifying with PCR, and then during the PCR hybridisation step, the more
common DNA sequences hybridise, and the double-stranded DNA (dsDNA) is removed,
leaving the single-stranded DNA (ssDNA) (Figure 2). This method is still based on DNA
renaturation kinetics but differs as dsDNA and ssDNA are separated by enzymatic

digestion instead of physical separation.
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Figure 2. Schematic overview of the DNA normalisation process.

The process starts with a fractionated DNA sample. Lone linkers (black) are ligated to
abundant (blue) and rare (red) sequences. The DNA is PCR amplified using primers
which bind to the lone linker sequences, the amplicons denatured and then allowed to
hybridise under controlled conditions, which allows the most abundant transcripts to
form duplexes. The dsDNAs are removed, and the sSDNAs are amplified via the linkers.
The process repeats for several more rounds to enrich for the rare sequences and yield a
normalized sample. Figure obtained with permission from Gagic et al. (2015).



1.4.1. DSN-based Normalization

Duplex-specific nuclease is an enzyme which has been purified from the hepatopancreas
of the Kamchatka crab (Paralithodes camtschaticus) (Shagin et al., 2002). It is
thermostable, shows a strong preference for the digestion of dSDNA and DNA in DNA-
RNA duplexes while being inactive against ssDNA and dsRNA (Bogdanova et al., 2008).
The enzyme also has the ability to discriminate between perfectly and imperfectly
matched DNA duplexes (Shagin et al., 2002). Due to the ability of this enzyme to differ
between nucleotides with one nucleotide variation, initially, it was used to create an assay
for single nucleotide polymorphism (SNP) typing, which resulted in a more efficient
method for the ability to use SNP in diagnostics (Shagin et al., 2002, Shagina et al., 2011).
From this, the use of DSN expanded further into genomic studies. DSN has been
discovered as a more effective method to normalise cDNA libraries than the previously
used HAP chromatography (Bogdanova et al., 2008, Zhulidov et al., 2004, Shagina et al.,
2010). The use of this enzyme has been shown to be very effective at reducing the amount
of evolutionarily young repetitive sequences with high sequence identity in a range of
organisms, such as humans (Shagina et al., 2010). It has also had great success
differentiating between closely related pine species and their hybrids, leading to a range
of applications in forest seed stock identification which are more cost-efficient than
previous methodologies (Cullingham et al., 2013). DSN-based normalisation has also
been used successfully to remove repetitive sequences from genomic DNA to facilitate

genome sequencing (Yuan et al., 2003).

Recently, DSN was compared against HAP chromatography for its ability to normalise a
“mock” metagenome (Gagic et al., 2015). Five different species were distributed at
1000:100:10:10:1 ratio to represent the distribution of taxa in a metagenomic sample.
This study showed that HAP was not as efficient as DSN in DNA normalisation as the
number of reads from most abundant (1000 and 100 molar ratio) and low abundant
genomes had not reached equimolar ratio as expected. Using the HAP method, the
proportion of reads for each genome did not significantly differ when compared to the
sample before normalisation nor among all five cycles of normalisation. In contrast, DSN
normalisation made a marked shift in the representation of the genomes after each round

of normalisation.
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DSN treatment increased the number of low abundance genomes and decreased the
number of high diversity organisms. After five rounds of DSN normalisation, the rare
members of the mock metagenome which could not be detected using HAP at the same
depth of sequencing were significantly enriched. The rarest member, Lactococcus lactis
IL1403, increased in abundance of reads from 0.07% to 1.48% after a single round of
normalisation. After five rounds this had increased to 18.32% of the mapped sequence
reads. The most abundant strain, Escherichia coli 0127:H6 E2348/69, decreased from
90.05% to 21.76%.

DSN-based normalisation was also more effective in increasing the genome coverage of
the microbes used after normalisation. Before normalisation representation of the rare
genomes was unable to be reassembled. After 5 rounds of DSN-based normalisation,
genes were able to be recovered, increasing to 7.6% for Pretovella ruminocola 23 and
13.55% for L. lactis 1L1403.

The study of this synthetic metagenome has highlighted how much more effective DSN
normalisation is in increasing the abundance of reads and enrichment of rare individuals
in microbial communities. The significant increase in the abundance of reads and ability
to reconstruct the genome of L. lactis indicates that the use of DSN for normalisation in
future metagenomics studies may be able to reveal sequences of microbial taxa that have
not been previously detected, and therefore the use of this method on a natural
microbiome may be able to give insight into the rare biosphere of that community.

1.5 Role of HTS sequencing in deciphering “rare biosphere.”

HTS technologies are an important part of microbial ecology studies and have enabled
the exploration of microbial communities at an unprecedented scale (Logares et al., 2014).
There are three major sequencing approaches that are used in microbial community
structure determination. Amplicon sequencing or meta-barcoding, where a
phylogenetically informative gene or gene fragment is amplified, their sequence
determined and is commonly used to determine the diversity and relative abundance of
microorganisms in the sample. Metagenomic sequencing (WGS) reveals the sequences
of all genomes present in a sample and can be used for determining the diversity and

overall metabolic potential of the microbial community. Finally, metatranscriptome
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sequencing (RNA-Seq), where the RNA in a sample is sequenced to determine the

expression profile of the microbial community under certain conditions.

Meta-barcoding sequencing at higher sequencing depth (reads per run) is used to
determine rare taxa and detect subtle differences in their abundance between different
environments or treatments. Each HTS sequencing method has its advantages and
disadvantages for use in meta-barcoding sequencing. Until recently Roche 454
pyrosequencing and lllumina were the two main HTS methods for microbiome profiling.
Roche 454 pyrosequencing provided a long read length (700 bp) and about 700 000 reads
per amplicon run, while Illumina sequencing has a shorter read length (up to 2x300 bp)
but a higher number of reads per run (Logares et al., 2014, Margulies et al., 2005, Bennett,
2004). Roche 454 had a higher error rate in regions where one nucleotide is repeated
many times because of the way it detects the incorporation of nucleotides (Margulies et
al., 2005). In comparison, Illumina sequencing is more accurate but has a smaller read
length and a relatively long run time (Luo et al., 2012). As well as suitable HTS
sequencing method, amplicon sequencing also requires an appropriate genetic marker to

be amplified.

1.6 Genetic Markers

Marker genes which are used in phylogenetic metagenomic studies need to have specific
characteristics. The gene used must be ubiquitous, highly conserved, hold enough
information for useful analysis, and not be strongly affected by horizontal gene transfer.
16S ribosomal RNA (rRNA) is one of the most commonly used genetic markers as it is
conserved across all prokaryotic species (Boughner and Singh, 2016). 16S rRNA is a
component of the 30S small subunit of a prokaryotic ribosome that binds to the Shine-
Dalgarno sequence found in messenger RNA. It is the gold standard for studies in
microbial ecology and has become of significant use in determining phylogenetic
relationships, assessing environmental diversity, and for the detection and quantification
of communities (Case et al., 2007). However, it does not give an accurate representation

of microbial communities due to several limitations.
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1.6.1 Limitations of 16S rRNA as a phylogenetic marker

The accuracy of studies using 16S rRNA as a genetic marker is limited by several factors.
The most important of these are intragenomic heterogeneity and not having high enough
resolution to differentiate between organisms at the species level or lower.

Intragenomic heterogeneity is when a single genome has multiple copies of the 16S rRNA
gene, which differ in sequence. The amount of copies of 16S rRNA in a genome has been
recorded to vary from a single copy to 15 or more copies, and not all of these copies were
identical to each other (Acinas et al., 2004). The study by Case et al. (2007) showed that
of 111 genomes, 62% had more than one copy of 16S rRNA with some degree of
heterogeneity. For example, Aeromonas veronii has up to six copies of the 16S rRNA
gene that can differ by 1.5% of all nucleotides among themselves (Janda and Abbott,
2007). Intragenomic heterogeneity becomes a significant factor when the taxonomy
levels of family, genus, and species are unable to be determined (Vétrovsky and Baldrian,
2013). Multiple and variable 16S rRNA copies affect the ability to study the relative
abundance by skewing the abundance estimates of individual taxa (Vétrovsky and
Baldrian, 2013). At 97% similarity level, which is the default clustering cut-off to group
reads into OTUs (Operation Taxonomic Units), Vétrovsky and Baldrian (2013) found
21.3% of their OTUs contained sequences of multiple species and 9.3% contained
sequences of multiple genera.

The 16S rRNA provides reliable taxonomic classification at higher taxonomic levels, but
it has a low resolution at a species level and weak discriminatory power for some genera
(Janda and Abbott, 2007). For example, Fox et al. (1992) found two strains of Bacillus,
B. globisporus and B. phychrophillus share 99.5% similarity between their 16S rRNA
genes but only show 23-50% affiliation when compared with DNA hybridization. Janda
and Abbott (2007) found that three Edwardsiella species exhibit 99% similarity between
16S rRNA genes; however, they can be distinguished biochemically and by DNA
homology (28-50% relatedness). The genera Escherichia and Shigella have also been
shown to be unable to be differentiated from each other using partial regions of the 16S
rRNA gene (Case et al., 2007).

Currently, intragenomic heterogeneity of 16S rRNA as a phylogenetic marker makes it a

challenge to define species as a taxonomic level. However, due to the vast number of
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partial and full-length 16S rRNA sequences in well-curated 16S rRNA databases, this
limitation of 16S rRNA as a phylogenetic marker becomes less pronounced. (Fox et al.,
1992, Quast et al., 2013, McDonald et al., 2012b). There are a number of large databases
for 16S rRNA including Greengenes, RDP and SILVA as well as resources for specific
environments, such as Hungate1000, a collection of rumen genomes (Seshadri et al.,
2018, Yilmaz et al., 2014, McDonald et al., 2012b).

1.6.2 RpoB

One way to overcome the limitation of using 16S rRNA in microbial community profiling
(1.6.1), is to use other housekeeping genes as alternatives or for use alongside 16S rRNA.
One of the most successfully used of these is the rpoB gene, which encodes for the -
subunit of DNA dependent RNA polymerase (Mollet et al., 1997, Ogier et al., 2019). It
is a required enzyme in the transcription process and the final target for regulatory
pathways in controlling gene expression in all living organisms (Borukhov and Nudler,
2003). Like 16S rRNA is it ubiquitous, highly conserved, and large enough to hold
enough information to be useful in analysis. It is a monocopy gene, except for in
Norcardia farcinia, so intragenomic heterogeneity is not of concern (Adékambi et al.,
2009, Ishikawa et al., 2004). Phylogenetic trees created from the same populations with
16S rRNA and rpoB are consistently in close agreement (Holmes et al., 2004, Case et al.,
2007, La Scola et al., 2006, Adékambi and Drancourt, 2004). The rpoB gene-sequence
similarity between bacterial species also correlates significantly with their DNA-DNA
hybridization value, a gold standard method for species determination, indicating that
rpoB might be a better genetic marker than 16S rRNA gene for defining species
(Adékambi et al., 2009).

Protein-encoding genes, such as rpoB, have a high genetic resolution. The meta-
barcoding analyses using rpoB as a phylogenetic marker has shown that microbial
relationships from a domain level down to molecular variation at the population level can
be determined (Adékambi et al., 2009, Case et al., 2007). When compared with the
resolution which can be obtained using 16S rRNA, rpoB reveals more species (Vos et al.,
2012, Dahllof et al., 2000, Ogier et al., 2019). For example, as a result of the higher
resolution of rpoB, species E. coli and E. fergusonii have been differentiated which was
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not the case when the 16S rRNA gene of these two species was used (Adékambi et al.,
2009). However, this high genetic resolution also means it cannot be used as a universal
marker and can only be used to target a subset of microbial communities (Vos et al.,
2012). The marker rpoB performs better than 16S rRNA because protein alignments
allow for the identification of relationships at the higher taxonomic levels, while
nucleotide-level alignments allow for fine-scale identifications at the species level or
lower (Case et al., 2007, Adékambi et al., 2009).

There are a few disadvantages with using protein-encoding genes, such as rpoB,
compared with 16S rRNA. Protein-encoding genes have the saturation of all third codon
positions over a long evolutionary time scale, which makes it more difficult to design
primers, but primers have been designed and used successfully (Case et al., 2007, VVos et
al., 2012, Ogier et al., 2019). The marker rpoB, unlike 16S rRNA, does not have a large
designated database to obtain sequences from. However, since the completion of the
experimental work of this study, a reference database of 45,000 sequences has been
constructed (Ogier et al., 2019). For this work sequences had to be obtained from
GenBank (www.ncbi.nlm.gov/), the Cluster of Orthologous Groups (COG) database
EggNOG (evolutionary genealogy of genes: Non-supervised orthologous groups) or from
a genome reference set such as the Hungate collection (Huerta-Cepas et al., 2016,
Seshadri et al., 2018).

The use of rpoB in combination with 16S rRNA will, therefore, give a more of a complete
picture of microbial communities, reducing the number of errors caused by intragenomic
heterogeneity and being able to determine the identity of the community down to a species
and subspecies level reliably. The use of a protein encoded gene, such as rpoB, alongside
16S rRNA will result in a better understanding of microbial diversity and community

composition in a range of environmental habitats.
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1.7 Hypothesis and Aims

The rumen microbiome is of key interest due to its importance in the agricultural industry
and impact on greenhouse gas emissions. The dominant taxa of the rumen microbiome
have been studied in detail, but the rare biosphere remains understudied. The recent use
of the DSN enzyme to normalise a synthetic metagenome has shown that this method
may be the next step for mining the rumen rare biosphere. With the use of DSN-mediated
DNA normalisation in combination with meta-barcoding sequence analysis of a
traditional genetic marker, 16S rRNA, and the protein-encoding gene, rpoB, this study

aims to explore the rare biosphere of the rumen microbiome.

We hypothesise that by using DSN normalisation to increase the proportion of low
abundance reads in the metagenome before sequencing, that we will be able to explore a
higher proportion of the rare biosphere. By utilising the sequencing and analysis of the
two phylogenetic markers, rpoB and 16S rRNA, the rare biosphere of the rumen

microbiome will be able to be identified to a greater level of detail.
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2. Materials and Methods

2.1. Materials

2.1.1 Oligonucleotides

The oligonucleotides used in this thesis for PCR and sequencing are listed in Table 1.All

were synthesized by Integrated DNA Technologies (lowa, USA).

Table 1: Oligonucleotides used in this study.

Name Sequences Notes Reference
LL-RIA 5’- Lone (Koetal.,
pGAGATATTAGAATTCTACTC- Linker A 1990)
3>
LL-RIB S’TATAATCTTAAGATGAGp-3"  Lone (Koetal.,
Linker B, 1990)
16F 5’-GAGTTTGATCMTGGCTCAG- Forward This
(Ba9F) 3’ primer for Study
the 16S
rRNA
marker
16R 5’- Reverse This
CTATGCGCCTTGCCAGCCCGC  primer for Study
TCAGCCGCGGCKGCTGGCAC-  the 16S
3’ rRNA
marker,
rpoB1698f 5°5’- AACATCGGTTTGATCAAC Forward (Dahllof
-3’ primer for etal.,
rpoB 2000)
rpoB2041r 5’- Reserve (Dahllof
CGTTGCATGTTGGTACCCAT -  primer for etal.,
3’ rpoB 2000)
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2.1.2. Solutions and Buffers

Laboratory solutions and common buffers were prepared as described in Sambrook and
Russell (2001) and sterilized by autoclaving at 121°C for 20 minutes. Solutions and
buffers were stored at room temperature (RT) unless otherwise stated.

2.1.3 Chemicals, reagents and enzymes

Common chemicals were purchased from Sigma-Aldrich (Missouri, USA), Merck Ltd
(New Jersey, USA), and BDH (Pennsylvania, USA). Restriction endonucleases were
obtained from Roche Applied Sciences (Basel, Switzerland) and New England Biolabs
Inc. (Massachusetts, USA). DNA polymerases were purchased from Invitrogen
(California, USA). The DNA Purification Kits were purchased from Roche Applied
Sciences and Qiagen (Hilden, Germany). The DSN enzyme was sourced from Evrogen

(Moscow, Russia).

2.1.4 Bioinformatics resources and software

The bioinformatics resources and software used in this thesis are listed below in Table 2.
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Table 2: Bioinformatics resources and software.

Resource

Application

Source

Reference

Vector NTI® Advance 11.5.3

DNA sequence display and analysis

Life Technologies, USA

(Lu and Moriyama,
2004)

Geneious

DNA sequence display and demultiplexing

Geneious Biologics

(www.geneious.com)

QIIMEZ2 2019.1

Denoising, taxonomic classification and diversity

analysis of sequencing data

QIIME 2 Development Team
(giime2.0rg)

(Bolyen et al., 2018)

Basic Local Alignment Search Tool
(BLAST)

Finding Regions of local similarity between

sequences

http://blast.ncbi.nlm.nig.gov/B
LAST.cgi

(Altschul et al., 1990)

Double Index Alignment of Next-

Aligning sequences against a translated protein

https://github.com/bbuchfink/d

(Buchfink et al., 2015)

Generation  Sequencing  Data database iamond
(DIAMOND)
EMBOSS: The European Insilco digestion of rumen microbiome genomes http://emboss.sourceforge.net/  (Rice et al., 2000)

Molecular Biology Open Software
Suite

to determine which restriction enzymes to use

Evolutionary genealogy of genes:
Non-supervised
Groups (EggNOG) 4.5.1

Orthologous

Database of orthologous groups and functional

annotations used for rpoB  taxonomic

classification

http://eggnogdb.embl.de

(Huerta-Cepas et al.,
2016)
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EggNOG-mapper 4.5.1

Functional annotations of sequences

http://eggnogdb.embl.de

(Huerta-Cepas et al.,
2016)

Calculation of Diversity Indices

R Core Team
http://CRAN.R-project.org

(R Core Team, 2019)

R package Vegan

Calculation of Diversity Indices

https://CRAN.R-

project.org/package=vegan

(Oksanen et al., 2019)

SILVA 132

Database of 16S rRNA sequences for all three
domains of life. Used for 16S rRNA taxonomic

classification

https://www.arb-silva.de/

(Yilmaz et al., 2014,
Quast et al., 2013)

Greengenes 13 _8

Database of 16S rRNA sequences. Used for 16S
rRNA taxonomic classification

http://greengenes.secondgenom

e.com

(DeSantis et al., 2006,
McDonald et al,
2012b)

Hungate1000

A reference set of rumen microbial genomic

sequences

Joint Genome Institute/ IMG
portal: https://genome.jgi.d
oe.gov/portal/pages/dynami
cOrganismDownload.jsf?or
ganism=HungateCollection.

(Seshadri et al., 2018)

Perl 5.26.1

Used for running scripts

https://www.perl.org/
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2.2 Methods

2.2.1 General molecular biology techniques

General molecular biology techniques were implemented as instructed by Sambrook
and Russell (2001). The general overview of the methodology of this study can be
viewed in Figure 3. Gel electrophoresis was run on 1.1% weight/volume (w/v)
agarose gels in 1x TAE buffer, with a 1kb ladder (Axygen, New York, USA) and
about 200 ng of each sample, at 70 V for 1 hour (h). DNA was stained with ethidium
bromide (1pg/mL) for 20 minutes (min) and visualized using a Gel Doc UV
illuminator (Bio-Rad, California, USA).
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Figure 3: Schematic diagram of the normalisation procedure and NGS
sequencing of the rumen microbial metagenome.
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2.2.2 Sample Collection

Samples of the whole rumen contents (digesta) from pasture-fed fistulated dairy cows
were collected at a DairyNZ research farm (Lye Farm, Waikato, New Zealand) under
Animal Ethics permission number AE 11483 granted by the Ruakura Animal Ethics
Committee, in May 2009. The rumen plant-adherent microbial fraction and
corresponding microbial metagenomic DNA of Animal C (Ciric, 2014) were isolated
as previously described (Ciric et al., 2014). The collected digesta was sequezed
through a double layer cheesecloth, Plant debris were removed via low speed
centrifugation. Plant adherent fraction was obtained by chemically detaching the
microbes from the digesta by incubation in a dissociation buffer and centrifugation to

remove small plant debris and collect the microbial pellet (Ciric, 2014).

2.2.3 Sample Preparation

2.2.3.1 Digestion of metagenomic DNA and Lone Linker Ligation.

Approximately 60 pug of metagenomic DNA was cleaved with either Psil or Pvull
restriction endonucleases (NEB) overnight at 37°C in a total volume of 50 pL.
Digested DNA was purified using a High Pure DNA Purification Kit (Roche). The
“lone linker” (LL-RIA, B (Table 1) (Ko et al., 1990b)) was ligated to digested DNA
(40 ug), in excess of a 100:1 molar ratio using the Rapid DNA Dephosphorylation and
Ligation kit (Roche). The lone linker was generated by annealing LL-RIA (Table 1),
and LL-RIB (Table 1) oligonucleotides with the 40 pL digested DNA overnight at
RT. Excess linker was removed by washing with 10 volumes of sterile water twice in
a microconcentrater (Vivaspin 100, GE Healthcare Biosciences, Sweden), and DNA

was resuspended in a final volume of 80 ul of sterile nuclease-free water.

2.2.3.2 Lone Linker Amplification

Using the LL-RIA, as a primer (Table 1), the metagenomic DNA was amplified using

Polymerase Chain Reaction (PCR). The thermocycling protocol started with an initial
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denaturation step for 2 min at 94°C, followed by 25 cycles of a denaturation step at
94°C for 30 seconds (sec), an annealing step at 54°C for 30 sec and an extension step
at 68°C for 4 min. A final extension step of 7 min ensured all products were fully
amplified. PCR fragments were purified by phenol-chloroform-isoamyl alcohol
(25:24:1) method (Sambrook and Russell, 2001), precipitated with 3M NaOAc (pH
5.2) and ice-cold ethanol, and the resulting pellet resuspended in 500 pl 1x TE buffer
(20 mM Tris-HCI, 1 mM EDTA, pH 8.0).

2.2.4. 16S rRNA and rpoB phylogenetic markers amplification

Two phylogenetic markers, 16S rDNA and rpoB (Woese and Fox, 1977, Mollet et al.,
1997) were chosen to evaluate DSN normalisation of the rumen microbial
metagenomic DNA. 16S rDNA amplicons are generated using 16S F and 16S R
(Table 1) primers and DNA polymerase (5% HOT FIREPol Blend Master Mix (Solis
BioDye, Tartu, Estonia)). Thermocycling conditions used were 35 cycles of a
denaturation step at 95°C for 30 sec, an annealing step at 53°C for 30 sec and an
extension step at 72°C for 1 min. The final extension step was extended to 5 min to

ensure a complete synthesis of all the products.

The rpoB PCR amplicons were generated as previously described: Sequences from
rpoB from four bacteria where compared and two regions which were conserved were
used to construct primers, of those primers the ones that gave PCR products for the 10

type strains where constructed as used for all bacteria (Dahll6f et al., 2000).

For rpoB locus amplification oligonucleotides rpoB1698f, rpoB2041r (Table 1) and
High-Fidelity Platinum Taqg polymerase (Invitrogen) were used. Thermocycling
conditions used were: 9 cycles of a denaturation at 94°C for 30 sec, an annealing step
at 40°C for 30 sec and an extension step at 68°C for 90 sec followed by 19 cycles with
denaturation at 94°C for 30 sec, an annealing step at 50°C for 90 sec and an extension
step at 68°C for 90 sec.
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2.2.5 DSN based normalisation

2.5 ug of Psil digested, and lone linker amplified DNA was normalised using modified
DSN normalisation method (Gagic et al., 2015). The same procedure and amounts of
DNA were used for the Pvull digested, and lone linker amplified DNA. Briefly, DNA
was first denatured at 98°C for 3 min, followed by hybridisation at 68°C for 5 (h).
DSN normalisation was performed in triplicate for each sample. Prewarmed (68°C)
DSN Master buffer and 0.125 Units (U) of DSN (Evrogen) was added to the hybridised
DNA and incubated 20 min at 65°C. The reaction was stopped by the addition of
EDTA (pH 8.0) to a final concentration of 2.25 mM. Samples were incubated for 10
min and subsequently normalised DNA (5 pl) was used for PCR amplification with
LL-RIA primer and Platinum PCR Supermix HiFidelity (Invitrogen). Thermocycling
conditions used were 25 cycles of a denaturation step at 94°C for 30 sec, annealing
step at 55°C for 30 sec and an extension step at 68°C for 4 min. In total 16 PCR
reactions per sample (50 pl) were generated, pooled and amplicon DNA was purified
by phenol-chloroform and subsequently precipitated with 3M NaOAc (pH 5.2) and
2.5 volumes (vol) of ice-cold 100% ethanol. The resulting pellet was then resuspended
in 100 pl 1x TE Buffer. Before amplification DNA was used as a starting material for
the next round of DNA normalisation, PCR product fragment distribution was
visualised by agarose gel electrophoresis. In total, five rounds of DSN-based DNA

normalisation were performed.

2.2.6 Metagenome Sequencing

The original uncut metagenomic DNA (uncut metDNA), the lone-linker amplified Psil
and Pvull metagenomic DNA samples (RO) and the PCR amplicons created over 5
rounds of DSN normalisation (R1-R5) were barcoded using a Nextera XT DNA
sample preparation kit (Illumina Inc., San Diego, USA). Barcoded sequences were
sequenced using Titanium Chemistry on a 454 GS FLX instrument (Roche Applied
Science, Germany). Sequencing was carried out by Macrogen Inc. sequencing facility
(Seoul, Korea).
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2.2.7 Bioinformatics Methods

The raw 454 sequence reads were demultiplexed using Geneious R.8.9.1 and denoised
using QIIME2-2019.1 (Quantitative Insights Into Molecular Ecology) (Bolyen et al.,
2018) with DADAZ2 package (Callahan et al., 2016). OTUs were clustered by
VSEARCH open reference clustering (Rideout et al., 2014) and chimaeras filtered by
VSEARCH UCHIME DENOVO (Rognes et al., 2016).

Amplicon Sequence Variants (ASVs) were aligned with mafft (Katoh et al., 2002) and
used to construct a phylogeny with mafft fasttree (via q2 phylogeny).

2.2.7.1 Taxonomic Classification using 16S rRNA region

Taxonomy was assigned to the Amplicon Sequence Variants (ASVs) using the g2-
feature-classifier (Bokulich et al., 2018). Classification against the SILVA-132 90%,
94% and 99% OTU reference sequences (Quast et al., 2013, Yilmaz et al., 2014) used
classify consensus-blast (Camacho et al.,, 2009) and classification against the
Greengenes 13 8 99% OTUs used classify-sklearn naive Bayes taxonomy classifier
(McDonald et al., 2012a).

NCBI classification of the 16S rRNA region was achieved by using the comparing the
Amplicon  Sequence variance against the 16S  Microbial Database
(https://ftp.ncbi.nlm.nih.gov/blast/db/). The was done using the BLAST+® Command
Line application using the function blastn, with the max_target_seqs set to 1. Matches

with an Evalue of less than E™'° were removed.

2.2.7.2 Taxonomic Classification of rpoB sequences

The rpoB ASVs and Biom table were exported from QIIME2. The sequences were
compared against the EggNOG 4.5.1 database (Huerta-Cepas et al., 2016) by using
the EggNOG-mapper (Huerta-Cepas et al., 2017). The mapping mode was set to
DIAMOND, the taxonomic scope set to adjust automatically and to search through all
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orthologs using non-electronic gene ontology evidence terms to prioritize coverage.
The corresponding matches to the sequences were filtered by removing matches which

matched to proteins other than rpoB and had an E-value of more than E™'°.

The rpoB sequences were also taxonomically classified against Hungate1000
(Seshadri et al., 2018), which is a reference set of 410 rumen microbial genome
sequences. Using DIAMOND (Buchfink et al., 2015) the database of the amino acids
sequences of the Hungatel000 database was created, and the sequences were
compared to the database using the blastx function. The alignment was set to sensitive,
maximum target sequences set to 2 and an output format of BLAST tabular format
was used. The corresponding matches were filtered by matching the ASV ID to the
taxonomic output with the highest Evalue and removing all matches with an Evalue
higher than E-'°. This same process was also used for taxonomic classification against
the NCBI nr database.

2.2.8. Statistical Analysis

Alpha diversity metrics: observed OTUs and Faith’s Phylogenetic Diversity (Faith,
1992), beta diversity metrics, weighted uniFrac (Lozupone et al., 2007), unweighted
uniFrac (Lozupone and Knight, 2005), Jaccard distance, and Bray Curtis dissimilarity,
and Principal Coordinate Analysis (PCoA) were estimated using g2-diversity, after
samples were rarefied to 19685 sequences (16S rRNA) and 60000 (rpoB) sequences
per sample using QIIME2. Shannon’s Diversity Index for each round of normalisation
was calculated in R 3.5.3 using the vegan package (Oksanen et al., 2019). The
difference between the proportion of reads between rounds was tested using a Z 2-
proportion test at 95% significance. The difference between taxa identified in rpoB

was tested using a dependant sample t test.
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3. Results

3.1DSN-based normalisation of the rumen microbial metagenomic DNA

For normalisation, in particular for restriction digestion step or fragmentation, the
DNA needs to be of high quality and high molecular weight (HMW). The HMW DNA
(Figure 4, Lane 1) from the rumen microbiome was isolated from the pasture-fed
cattle in, the Rumen Microbiology laboratory, AgResearch (NZ) in 2015. (Ciric,
2014). It was recognised in a previous study (Gagic et al. 2015) that the restriction
digestion by a single enzyme affects both the downstream functional bioactivity
screening (since numerous genes will be cleaved) and limits any metagenome
sequencing assembly as the restricted fragments do not overlap. Therefore, in this
study, one of the aims was to compare the performance of two different restriction
enzymes (RE) in microbial community profiling after the normalisation of
metagenomic DNA. Both RE enzymes which were used give blunt-end fragments of
an average size of 4 kb (Figure 4, Lanes 2 and 3). The RE enzymes were chosen based
on in silico digestion profiles of the most dominant taxa in the Hungate 1000 rumen
microbiome collection using the restriction function in EMBOSS suite version 6.6.0.0
(Rice et al., 2000) (R. flavefaciens, B. proteoclasticus, Prevotella ruminocula 23; data
not shown). This analysis showed that Psil and Pvull do not cut through 16S rRNA
and rpoB genes in the analysed genomes and gave the highest proportion of fragments
in the size range 1-5kb.

To permit the amplification of all the digested DNA fragments lone linkers (Ko et al.,
1990) were ligated to the DNA ends. The digested sample was amplified using a single
lone linker (LL-RIA) to obtain the necessary amount of starting sample for

normalisation procedure (Round 0).
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Figure 4: Preparation of the metagenomic DNA for normalisation.

L1: 1 kbp ladder; A) The rumen microbial HMW DNA (1); B) HMW metagenomic
DNA with digested with Pvull (2) and Psil (3)

The DNA from Round 0 samples was purified, suspended in hybridization buffer and
then denatured in a boiling water bath. The DNA was stringently hybridised by
incubation at 68°C (Short and Mathur, 1999). At this point, the dsDNA in the sample
had been eliminated by DSN digestion. The resulting ssSDNA were amplified by PCR
via the linker sequence. This process was repeated for five cycles (Figure 2) removing
a sample after each round, to obtain templates for 16S rRNA and rpoB amplification.
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4 kbp

Figure 5: Normalised metagenomic DNA after 5 rounds of normalisation.

L: 1 Kb ladder. 1: Psil digested, lone linker amplified DNA after 5 rounds of
normalisation. 2: Pvull-digested DNA, lone linker amplified after 5 rounds of

normalisation.

The oligonucleotides specific for 16S rRNA V1-V3 region and rpoB genes (Table 1)
were used for amplification of phylogenetic markers after each round of normalisation
(Figure 6; AR1-5). Round 0 samples (Figure 6 rpoB L7, 16S L7) and undigested
metagenomic DNA (Figure 6; rpoB L1, 16S L1) have fragments lengths of ~ 550 bp
and ~380 bp for 16S rRNA V1-V3 region and rpoB, respectively as expected. These

were generated using barcoded primers, purified, pooled and sent for pyrosequencing.
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Figure 6: 16S rRNA and rpoB amplicons generated from non-normalised and

normalised DNA.

Expected sizes of fragments are shown by arrows. The rpoB and 16S rRNA labels
represented by the 13 samples each denote amplicons generated with specific primers
for those phylogenetic markers: L1, uncut metagenomic DNA; L2, Psil-digested non-
normalised (ARO); L3-L7, Psil-digested DNA normalised from round 1 (AR1, L3) to
round 5 (AR5, L7); L8, Pvull-digested DNA non-normalised (ARO); Pvull-digested
DNA normalised from round 1 (AR1, L9) to round 5 (AR5, L13).
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3.2Sequencing results and initial analysis

Sequencing generated a total of 1,227,690 16S rRNA and 1,547,923 rpoB sequence
reads. After demultiplexing, 73,310 sequences were removed from the 16S rRNA
reads, and 44,820 were removed from the rpoB reads as unable to be mapped to
barcoding regions. The number of sequences after demultiplexing for each sample is
presented in Table 3. After de-noising and chimera removal there were 564,032
sequences made up of 4,071 OTUs for 16S rRNA and 1,278,845 sequences made up
of 3,125 OTUs for rpoB.

Table 3: Number of sequences after demultiplexing

Sample name 16S rRNA rpoB
Uncut metagenomic DNA | 98881 111889
Psil ARO! 106011 111481
Psil AR1? 97048 93066
Psil AR2 66586 153751
Psil AR3 100455 143041
Psil AR4 108081 131304
Psil AR5 95566 79034
Pvull ARO 96455 74806
Pvull AR1 98961 139730
Pvull AR2 111274 127937
Pvull AR3 60740 119734
Pvull AR4 73094 105158
Pvull AR5 41228 112172

1 ARO, represents the sample which has not been subjected to normalisation; 2 AR(numeral),
represents round of normalisation with DSN.

3.2.1 The rumen “rare biosphere” based on DSN normalisation 16S

rRNA amplicons

The denoised 16S rRNA sequences were compared against the SILVA (Yilmaz et al.,

2014) and Greengenes (McDonald et al., 2012b) databases. Greengenes taxonomic
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classification identified 2,104 OTUs, all belonging to the Kingdom Bacteria, the rest
were discarded as only bacterial databases were used in this study. It identified 20
different phyla, 34 classes, 46 orders, 72 families, 103 genera, and 45 species in these
2,104 OTUs. SILVA taxonomic classification at 94% identified 4,009 OTUs as
Bacteria. In these 4,009 OTUs 19 phyla, 30 classes, 50 orders, 75 families, 118 genera,
and 4 species were identified. When compared against the NCBI 16S rRNA database,
1932 OTUs were classified. These OTUs consisted of 275 different genera, 129
families, 69 orders, 41 classes, and 19 phyla. All taxonomic classifications belonged

to the Kingdom Bacteria.

The taxonomic profile created with Greengenes taxonomic classification shows the
effect DSN normalisation has on the proportion of genera (Figure 7). The taxonomic
profile created by SILVA classification can be seen in Appendix 1. As shown in
Figure 7, Ruminococcus, Pseudobutyrivibrio and Succiniclastium are the dominant
genera in uncut metagenomic DNA. This remains similar in ARO for Psil and Pvull
with Rumminococcus remaining the dominant genera. However, in Psil digested
samples, Anaerolinaceae SHD-231 was enriched, and in Pvull digested samples
Shuttleworthia and Butyrivibrio were enriched. After AR1, the dominance of the taxa
is beginning to change (as seen in Figure 7, darker coloured bands start to be seen in
a tightly packed band at the base of the graph). By AR5, Tissierellaceae WAL 1855D
is dominant in both Psil and Pvull, and there is a large proportion of the taxa that were

not seen in ARO.
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Figure 7: Taxonomic profile of the distribution of 16S rRNA taxonomy at genus level.
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3.2.2 The rumen “rare biosphere” based on DSN-normalisation of rpoB

amplicons

Denoised rpoB sequences were compared against the EggNOG database (Huerta-Cepas et al.,
2016) and Hungate1000 collection (Seshadri et al., 2018). 2979 OTUs were classified against
the EggNOG database. These OTUs were classified as belonging to 131 different taxa, made
up of 110 species, 71 genera, and 49 different families. Two were unable to be classified at the
family level, unclassified Clostridiales and unclassified Rhodospirillales. The Hungate
collection classified the sequences into 2,993 OTUs. These were identified as belonging to 136
different taxa, made up of 75 different species and 51 different genera. Six were unable to be
classified at a genus level, unclassified Bacteroidales, unclassified Clostridiales, unclassified
Erysipelotrichaceae, unclassified Lachnospiraceae, unclassified Porphyromonadacea and
unclassified Ruminococcaceae. When compared against the NCBI nr database, 2,980 OTUs
were able to be classified as belonging to 102 Genera, 42 families, 19 orders, 11 classes and 6

phyla. All classifications belonged to the Kingdom Bacteria.

The EggNOG database taxonomic profiling (Figure 8; see Appendix 1 for the Hungate
taxonomic profile) showed the dominant genera in uncut metagenomic DNA were Clostridium,
Pseudoflavonifractor and Coprococcus. The dominant genera change slightly for ARO; with
the Psil-digested sample selecting for Lachnoclostrium, Blatuia and Anaerobutryicum, while
the Pvull-digested sample is selecting for Blatuia, Marvinbryantia and Butyrivibrio. After
AR1, the dominance of Clostridium and Pseudoflavonifractor, decreases and less dominant
genera such as unclassified Ruminococcaeae, Haemphillis and Granulicatella are beginning to
increase. After AR5, some of the dominant genera such as Lachnoclostridium, Roseburia and
Coprococcus are still very dominant, but there is an increase of the genera that were not seen

in uncut metagenomic DNA or in ARO.
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Figure 8: Taxonomic profile of the distribution of rpoB taxonomy at genus level.
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3.3 Analysis of DSN-based Normalisation

The similarity of the samples for each round of normalisation was compared using a Principal
Coordinate Analysis (PCoA) for both rpoB, and 16S rRNA reads (Figure 9). As expected, the
uncut metagenomic DNA and ARO for both restriction enzymes are clustered together, near
After AR1, the data points move further apart from the uncut and unnormalized samples. For
16S rRNA ARL1 reads were not clustered with any of the other data points, lying halfway
between the cluster of points before normalisation (ARO) and after (AR2-5). In rpoB, the AR1
points can be seen at the top of the clusters on the far side. AR2, AR3, AR4 and AR5 all cluster
together. For 16S rRNA, the Psil cluster at the top of the graph near Axis 2 and Pvull cluster
at the top of the graph on the opposite side away from Axis 2. The rpoB Psil normalised points
cluster at the bottom of the graph close to Axis 1, while the Pvull points cluster in the middle
of the graph, dropping slightly for the final two rounds of normalisation. 16S rRNA and rpoB
normalisation both show uncut and ARO DNA clustering together and AR1-AR5 clustering
together.
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Figure 9: Bray Curtis dissimilarity index PCoA

Principal Coordinate Analysis (PCoA) of the similarities between rounds of normalisation for 16S rRNA (A) and
rpoB (B). The similarity between each round of normalisation (AR0-ARb), as seen by shade of colour (light to
dark with increasing rounds) and the restriction enzymes Psil, (Red) and Pvull (Blue) and uncut metagenomic
DNA (Green) by different colours.




3.4 Normalisation effect on taxa distribution

The diversity of the metagenome for each round of normalisation and the genetic markers were
tested using Shannon’s Diversity Index, and the results are illustrated in Table 4. There is an
insignificant drop in diversity for both 16S rRNA and rpoB between uncut metagenomic DNA
and DNA, which has only been digested by a restriction enzyme (ARO0). Normalisation does
not decrease the amount of diversity in the metagenome as the Shannon’s Index for each round
of normalisation remains around 2 for all rounds of normalisation except for in 16S rRNA
Pvull AR1 and AR2 and rpoB Psil AR2, AR3 and ARA4.

Table 4: Shannon's Diversity Index for each round of normalisation

16S rRNA rpoB

Uncut metagenomic DNA 2.415959 2.37221

Psil ARO 2.109723 2.063445
Psil AR1 2.260834 1.909902
Psil AR2 2.357199 1.542141
Psil AR3 2.595157 1.503027
Psil AR4 2.728173 1.434688
Psil AR5 2.845236 1.942998
Pvull ARO 2.368749 2.133203
Pvull AR1 1.116522 1.712001
Pvull AR2 1.670931 1.764996
Pvull AR3 2.220588 1.891345
Pvull AR4 2.742622 2.04511

Pvull AR5 2.300844 1.993508

DSN-based normalisation decreased the abundance of the dominant taxa and increased the
abundance of rarer taxa (Table 5). Genera, which are represented with less than 0.001% of the
identified reads, were unable to be detected. The genera Butyrivibrio and Clostridium
decreased in the proportion of reads consistently across both of the restriction enzymes and
genetic markers used. The genera Granulicatella, Streptococcus, Leuconostoc, and Veillonella
all consistently increased in the proportion of reads detected after AR5. The other genera
(Table 5) had a different response to normalisation depending on the marker or restriction
enzyme used. Pretovella, Shuttleworthia, Succinclastiucum, Anaerolinaceae SDH-231,
Tissierellaceae WAL _1855D, and Peptoniphulis were not detected in reads where rpoB was
used as a genetic marker. Blautia, Marvinbryantia, Holdmanella and Hungateiclostridium
were only detected in reads using 16S rRNA as a genetic marker. The response to normalisation
also differed depending on the restriction enzyme used to cut the metagenomic DNA before
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sequencing. Ruminococcus, Succinoclasticum increased the proportion of reads when digested

with Psil but decreased when digested with Pvull.
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Table 5: Dominant and emerging genera before and after five rounds of normalisation.

Psil Pvull
Genus 16S rRNA rpoB 16S rRNA rooB
ARO AR5 ARO | AR5 ARO AR5 ARO | AR5
Butyrivibrio 26% 0.1% 3.0% 1.7% 13.2% 3.2% 2.9% 0.4%
Ruminococcus 16% 20% 0.2% 0.09% 1.2% 0.2% 52% <0.001%
Prevotella 6.8% 6.8% <0.001%  <0.001% 1.6% 1.9% <0.001%  <0.001%
Shuttleworthia 26% 0.09% <0.001%  <0.001% 4.8% <0.001%  <0.001%  <0.001%
Succinclasticum 4.7% 19% <0.001%  <0.001% 8.2% 0.08% <0.001%  <0.001%
Blautia <0.001%  <0.001% 11% 1.3% <0.001%  <0.001% 13% 1.3%
Marvinbryantia <0.001%  <0.001% 7.5% 0.8% <0.001%  <0.001% 19% 1.2%
Coprococcus 2.9% <0.001% 10% 11% <0.001% <0.001% 4.6% 12%
Clostridium 0.05% <0.001% 4.8% 3.1% 0.05% <0.001% 13% 3.1%
Haemophillus <0.001%  <0.001% 1.6% 7.7% <0.001% 0.1% 0.03% 8.8%
Granulicatella <0.001% 0.4% 0.9% 5.1% <0.001% 5.8% <0.001% 1.2%
Streptococcus <0.001% 1.3% 0.6% 4.4% 0.01% 5.6% <0.001% 3.1%
Leuconostoc <0.001% 0.3% <0.001% 0.004% <0.001% 0.04% <0.001% 0.3%
Veillonella <0.001% 0.14% 0.01% 0.06% <0.001% 1.4% <0.001% 0.05%
Holdmanella <0.001%  <0.001% 0.09% 1.1% <0.001%  <0.001% 0.06% 6.2%
Hungateiclostridium | <0.001% <0.001% 0.06% 0.04% <0.001% <0.001% 0.01% 0.06%
Anaerolinaceae 0.5% 0.7%  <0.001%  <0.001%  9.5% 20% <0.001%  <0.001%
SHD-231
Tv'j:el_ﬂ?;:ge 0.1% 15% <0.001%  <0.001%  <0.001% 19% <0.001%  <0.001%
Peptoniphulis <0.001% 5.2% <0.001%  <0.001%  <0.001% 5.1% <0.001%  <0.001%
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3.5 Change in the dominant species

To compare the taxonomic composition, at the genus level, between OTUs identified from 16S
rRNA and rpoB genera, they were both searched against the NCBI nr and 16S rRNA microbial
databases. The top ten dominant genera in 16S rRNA ARO mostly decreased in their abundance
after normalisation (Figure 10). There is a statistically significant difference between the
proportion of total reads in ARO and after AR5 for all the top ten dominant species (P-value
<0.05, Z 2 proportion test). There is also a statistically significant between ARO and AR3 for
all genera apart from Ruminococcus. The top seven most dominant genera (with the highest
proportion of total reads) in ARO all decreased in dominance after normalisation.
Butyricicoccus decreased in its proportion after AR3 from 2.6% to 1.9%, but after AR5, it
increased to a higher proportion than in ARO of 4.1%. Pseudobutyrivibrio increased in the
proportion of reads between ARO and AR3 by 0.4% but then decreased in the proportion of
reads between AR3 and AR5 by 0.7%. Prevotella increased in proportion between AR1 and
AR3 from 2.5% to 3.5% then decreased after AR5 to 3%.

The top ten genera based on rpoB taxonomy had shown more variation during normalisation
than for 16S rRNA based taxonomy (Figure 10). There was a significant difference in the
proportion of reads between ARO and AR3 and between ARO and AR5 for all ten taxa (Z 2
proportion test P<0.05). The proportion of total reads for unclassified Firmicutes, unclassified
Lachnospiraceae, Pseudobutryivibrio, Eubacterium, Butyrivibrio and Roseburia all decreased
in the proportion of reads after normalisation. Clostridium and unclassified Clostridiales
increased in the proportion of total reads between AR1 and AR3, from 7.6% to 15% and from
1.8% to 20% respectively. Merdimonas decreased in the proportion of totals reads after AR3
and AR4 down to 1.4% but increased after AR5 to 9%. The proportion change in the ten most
dominant genera shows normalisation appears to continue to either increase or decrease for the
first four rounds of normalisation and then after AR5 the trend varies depending on the genus.
This trend can be seen in all of these genera except for Clostridium, which continues to increase
in the proportion of total reads throughout all rounds of normalisation. The AR5 was an
arbitrary stop of the normalisation process and it could be expected that after at least four
rounds of PCR, the amplification errors would start to contribute to a number of false-positive

OTUs and therefore microbial diversity.
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The ten most dominant genera before normalisation (Blue) compared with their proportion after three (purple), four (pink) and five (red) rounds

of normalisation when mapped against the NCBI 16S rRNA microbial database.
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Figure 11: The proportion change of the top ten most dominant genera for rpoB.

The ten most dominant genera before normalisation (blue) compared with their proportion after three (purple), four (pink), and five (red) rounds
of normalisation for rpoB reads when mapped against the NCBI nr database.
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3.6 Increase in Rare Taxa

DSN normalisation increases the number of rare species. This can be seen as the general
increase in the number of taxa which are unable to be classified down to the genus level, except
for unclassified Lachnospiraceae and unknown Ruminococcaceae (Appendix 2, Figure S1),
and the number of taxa which were unable to be detected in the sequencing reads before
normalisation but were detectable after normalisation. The OTUs from the rpoB sequences
were compared against the Hungate1000 database to determine the taxonomy of these rare taxa
for both Pvull, and Psil digested DNA.

3.6.1 Rare taxa in Pvull digested DNA

There were 26 different species that were only detected after normalisation in Pvull digested
DNA (Figure 12). From these 26 species, 10 were detected after AR1, five after AR2, seven
after AR3, 11 after AR4 and 13 after AR5. 14 of these species are detected in more than one
round of normalisation. Enterobacter sp. KPR-6 was the only one of these species detected in
all rounds of normalisation, the rest of the species were detected in three or fewer rounds of
normalisation. 16 of the 26 of the detected species were seen in the first three rounds of

normalisation.
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Figure 12: Rare taxa identified in Pvull digested normalised DNA

The proportion of the rumen community of taxa that were only present after normalisation for Pvull digested DNA, mapped against the
Hungate1000 database. Different colours represent increasing rounds of normalisation. (AR1: green, AR2: yellow, AR3: grey, AR4: red, AR5:
blue).
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3.6.2 Psil digested DNA

There were 25 different taxa which were not seen before normalisation but were detectable
after at least one round of normalisation in Psil digested DNA (Figure 13). Of these species,
10 were detected after AR1, seven after AR2, eight after AR3, three after AR4 and nine after
ARS5. Eight species were detected in multiple rounds of normalisation. Lachnospiraceae
bacterium AD3010 is the only species which was detected after all five rounds of
normalisation. 19 of these rare species were detected in the first three rounds of normalisation.
Eleven of these were only able to be detected after normalisation when DNA is digested with
Psil and Pvull.
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Figure 13: Rare taxa identified in Psil digested normalised DNA.
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The proportion of the rumen community of taxa that were only present after normalisation for Psil digested DNA, mapped against the Hungate1000 database.
Different colours represent increasing rounds of normalisation. (1: green, 2: yellow, 3: grey, 4: red, 5: blue)
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3.7 Comparison of 16S rRNA and rpoB genetic markers

16S rRNA and rpoB genetic markers gave similar taxonomic compositions of the rumen
microbiome after normalisation. Using either of these makers showed there was an increase in
the number of rare species and a decrease in the number of dominant species after normalisation
(Figure 7, Figure 8). When the OTUs from these two genetic markers were compared against
the same database (NCBI), this pattern remains. When looking at one dominant species
individually, for example, Eubacterium (Figure 14), there is no significant difference between
the proportion of reads for 16S rRNA and rpoB across the five rounds of normalisation
(P=0.3550, dependent sample t-test). There is an apparent difference between the two genetic
markers before normalisation. However, after AR1 both markers show an increase in
proportion between AR1 and AR2, and then a decrease after AR3. The proportion of total reads

remains about the same for AR4 and ARS5.
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Figure 14: Decrease in the dominance of Eubacterium
The change in the dominance of the genus Eubacterium through 5 rounds of normalisation for Psil digested DNA when OTUs were mapped against the NCBI

databases for 16S rRNA (blue) and rpoB (red). The difference between 16S rRNA and rpoB is not large enough to be considered significantly different (P=
0.3550, dependent sample t-test).
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4. Discussion

The rumen microbiome has been of great interest due to its crucial role in the New Zealand
economy and the current global warming crisis (Clark et al., 2007). The dominant species of
this microbiome have been characterised and studied in detail, but little is known about the rare
biosphere. The recently discovered duplex-specific nuclease (DSN), the enzyme isolated from
the Kamchatka crab which preferentially cleaves double-stranded DNA and leaves rarer
ssDNA untouched, proved to be a promising new method for DNA normalisation (Bogdanova
et al., 2008, Shagin et al., 2002).

A previous study (Gagic et al. 2015) used a “mock” or synthetic metagenome to establish the
methodology for the subtraction of dominant and increase of rare DNA sequences. In this
study, the aim was to determine whether DSN-based DNA normalisation can be used to
identify the rare biosphere of the natural microbiome, specifically the rumen bacterial
microbiome. The ability of the genetic marker rpoB to be used in microbial ecology studies of
the rumen microbiome was also investigated to determine if it can be used alongside the gold
standard marker, 16S rRNA, for taxonomic classification as it has for other microbial
communities (Adékambi et al., 2009).

4.1 DNA Normalisation of the Rumen Metagenome

DSN-based DNA normalisation allows us to increase the number of sequences from low
abundance microorganisms, including those that are part of the rare biosphere. By applying
DSN normalisation to the rumen metagenomic DNA, low abundance microorganisms,
including those that are part of the rare biosphere (<0.1%), can be amplified to a detectable
level while decreasing the abundance of reads from dominant species. Figure 7, Table 5). This
effect can be seen after the first round of normalisation, in which the number of low abundance
OTUs increases and, the number of reads from highly abundant OTUs decreased (Figure 14).
This effect, however, did not affect all taxa. For example, the proportion of reads in Psil cut
DNA belonging to Prevotella remained at 6.8% before and after DSN normalisation (Table 5).
In most cases, the enrichment of rare reads appeared to be complete after 4 rounds of

normalisation and is most prominent after three rounds of normalisation. These results concur
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with the previous report on DSN normalisation of a synthetic metagenome (Gagic et al., 2016).
Although the synthetic metagenome consisted of five different species pooled together in the
ratio that should occur in a natural microbiome, a marked change in the proportion of species
only after one round of normalisation was observed. The DSN method resulted in all genomes
reaching near equimolar abundance and the representation of the rarest member was increased
by approximately 450-fold. Together, these findings suggest that DNA normalisation using
DSN is an effective method to increase the number of sequences from low abundance species
while simultaneously decreasing the abundance of reads from dominant species in the rumen

microbiome.

4.1.1 Dominant Genera ldentified in the Rumen Microbiome

The dominant genera identified in this study were consistent with the dominant genera
commonly found in other studies of the rumen microbiome. The genera Prevotella,
Ruminococcus, Coprococcus, Butyrivibro, and genera from Unclassified Clostridales and
Unclassified Lachnospiracae are dominant and identified previously in the core rumen
microbiome (Henderson et al., 2015b, Xue et al., 2018, Jewell et al., 2015). However,
Fibrobacter, a commonly found genus in the rumen microbiome was not present at the start of
the normalisation (uncut metagenomic DNA, Figure 7). DNA preparation methods have been
indicated to effect the DNA vyield, and therefore the ability to identify members of the
microbiome (Vaidya et al., 2018). But, as Fibrobacter was identified in a metasecretome
library created using the same DNA preparation method (Ciric, 2014) this unlikely to be the
reason for Fibrobacter not being present. As the rumen microbiome composition varies with
diet, geography and between individual animals (Henderson et al., 2015b, Zhemakova et al.,
2016), it is not unexpected that Fibrobacter was not detected in this particular sample.
Although species of Fibrobacter are important members of the fibrolytic consortia in

ruminants, functional redundancy is a common trait of complex rumen microbiota.

Notwithstanding in this study, the rumen metagenome of one animal was analysed, the majority
of the commonly identified dominant taxa was detected. Having a “typical” microbial
community structure at the start of DNA normalisation allowed us to explore the effectiveness

of DSN-based subtraction of dominant taxa throughout normalisation rounds. In contrast, the
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lack of a commonly found dominant genus, Fibrobacter, in our rumen metagenome, indicates

that for identification of the rare biosphere in totality more animals need to be sampled.

4.1.2 The Rare Biosphere

Normalising the metagenomic DNA extracted from the rumen digesta revealed a number of
taxa which were present in less than 0.1% of the total sequencing reads or undetectable before
normalisation (Lynch and Neufeld, 2015). Several taxa that were amplified from a low level
(<0.001%) to a detectable level (>0.01%) have already been identified in ruminants.
Streptococcus, for example, is commonly found in the rumen. However, it was found to be part
of the rare biosphere in the microbiome of the sample animal in this study (Bryant, 1959,
Krause and Russell, 1996). Comparably to the absence of Fibrobacter, an explanation could
lie in the redundancy of the rumen microbiome; thus, this particular animal could have a
naturally low abundance of Streptococcus species. Another explanation could be that
Streptococcus is a transient taxon; it can be part of the rare biosphere but is periodically
recruited and grow up to higher abundance when the conditions are favourable. Studies on
Streptococcus bovis showed that it is present only when large amounts of starch or sugars
(usually grain-fed) are fed and pH is low. Under those conditions, it will grow explosively
(Chen et al., 2016). As our sample animal was pasture-fed, it is not unexpected that the
abundance of Streptococcus species is low. Other genera found in the rare biosphere of our
sample were Granulicatella, Veillonella, Hungateiclostridium and genera from family
Tissierellaceae. These genera have been previously detected in the rumen in low abundance
(Rey et al., 2014, Henderson et al., 2015b, Comtet-Marre et al., 2018, Hungate, 1975).

Phylotypes with taxonomic identification after DSN-based normalisation that have not been
previously reported or have been reported only when animals were fed special diets and
therefore not members of pasture or grain-fed rumen microbiome include: Haemophilus, which
is abundant in the rumen ureolytic community when animals feed was supplemented with urea
(Jin et al., 2016); Holdemanella and Peptoniphilis which have been isolated from the human
microbiome of gastrointestinal and urogenital tract (Bianchi, 2019, Brown et al., 2014); and
Leuconostoc, commonly found in plants and foods (Liu, 2016) and therefore could be a

transient inhabitant of the rumen microbiome.
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The success of normalisation, measured by equimolarity of the number of reads per OTU, could
also be followed by tracking unclassified OTUs through increasing rounds of DSN-based
normalisation. In general, the number of reads from unclassified OTUs increased with the
continuing rounds of normalisation (Appendix 2 Figure S1). The decrease in the number of
unknown OTUs at a lower taxonomic level for the families Lachnospiraceae and
Ruminococcaceae is likely because these two families are represented by numerous dominant
species in the rumen microbiome (Mackie et al., 2013). Although we could not classify them
to a genus level, the taxa which constitute these OTUs are likely part of a dominant genus

which was reduced during DSN normalisation.

The unclassified OTUs, not detected in metagenomic DNA before normalisation or detected
with a low number of reads, that increased after normalisation rounds (e.g. Granulicatella,
Haemophillis, Leuconstoc, Table 5) suggest that this method could be successfully utilised to
identify previously undetected species. The identification of potentially new species in our
sample is consistent with current opinions that the rare biosphere contains a microbial seed
bank, a source of ecological potential under challenging conditions (Jousset et al., 2017).
Except in the rumen as an example of the complex ecosystem, this method can be further used
to mine for metabolically compelling species including lignin, hemicellulose and cellulose
degraders; which are of paramount importance for animal productivity and have an effect on
methane production by methanogens (Ciric, 2014).

4.2 The use of different restriction enzymes in fragmentation of metagenomic
DNA

The metagenomic DNA in this study was digested by two different restrictions enzymes, after
in silico digestion using these enzymes showed that Pvull and Psil do not cleave through both
phylogenetic markers genes in assessed dominant rumen genomes (Figure 4). The main aim
of using two different restriction enzymes was to compare microbial taxonomic profiles and
abundances obtained after their use. In general, microbial community structure was different
depending on which enzyme was used. This funding supports the previous hypothesis (Gagic
et al. 2015) that more taxa could be found if two or possibly more restriction enzymes are used
for initial digestions of metagenomic DNA. As seen in results depicted in Figure 7 the

dominant genus Ruminococcus in the rumen metagenome was almost eliminated after only one
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round of normalisation in Pvull-digested DNA, however in Psil digested DNA, it remained
dominant. The number of genera identified when the metagenomic DNA was digested with
Pvull is much higher than when it was cleaved with Psil, and some taxa were only detected
when one restriction endonuclease was used (Appendix 1: Figure S1, Figure S2). Therefore,
cutting the DNA with different restriction endonucleases is essential to get a more accurate
representation of the taxa in the microbial community. This difference between the taxa
identified by the two different restriction enzymes can be attributed to different patterns of
digestion. If the restriction enzyme cuts the DNA in the gene marker which is amplified, it will
either not be amplified, or only a small piece of the marker will be amplified, which would
result in removal from the sequencing reads during the denoising process. By removing that
fragment, the taxa it represents is also removed from the sequencing results. The different
patterns of digestion also resulted in a range of different sized fragments. It is acknowledged
that amplification results in the enrichment of smaller (less than 4 Kb) fragments, and Psil
digestion of a synthetic metagenome results in fragments which were larger than 3 kb (Gagic
et al., 2015). Psil digestion resulted in much larger sized fragments compared to that of than
Pwvull (Figure 4); after five rounds of normalisation DNA fragments for both were between
500 - 3000 bp (Figure 5). Amplification of the rumen metagenome, therefore, will also select
for smaller fragments (less than 4 Kb) and the greater number of taxa identified from Pvull
digestion after normalisation, compared with Psil digestion, is likely due to smaller fragments
generated by Pvull. The difference in the size fragments and the different number of taxa that
these two different restriction endonucleases have shown after normalisation highlights the

importance of using more than one restriction enzyme to digest the samples.

Both restriction endonucleases used in this study generated large DNA fragments (>5 kb). As
a result, some of the diversity of the rare biosphere may have been lost by poor amplification
of large DNA fragments which were not amplified well. As shown by the Shannon’s Diversity
Index of each round of normalisation (Table 4), the decrease in diversity between uncut
metagenomic DNA and ARO is minor but, is higher in Psil than Pvull digested DNA.

4.3 How do 16S rRNA and rpoB compare as genetic markers?

As well as a difference in microbial community composition identified by using different

restriction enzymes, this study also showed that two phylogenetic markers, 16S rRNA and
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rpoB, differ in assessment of microbial diversity. A similar pattern was obtained when 16S
rRNA and rpoB were used to assess the taxonomy of a mock microbial community (Ogier et
al., 2019). Despite having less OTUs after denoising and filtering than 16S rRNA-based
clustering, taxonomy assignments based on rpoB generated more OTUs than 16S rRNA, except
for SILVA classification at 94% similarity. Therefore we have shown that rpoB can be used
successfully as a genetic marker for microbial diversity analysis for the rumen microbiome, as
it has been successfully used in analysis of other microbial communities (Vos et al., 2012,
Adékambi et al., 2009, Case et al., 2007, Ogier et al., 2019). Although clustering based on rpoB
aligned a larger number of OTUs taxonomically, the level to which these could be identified
down to (genera) was not as high as it was for 16S rRNA. Limitations at lower taxonomic
assignments using rpoB were expected as designated rpoB database had not existed by the time
these analyses were conducted; therefore, sequences were obtained from GenBank
(www.ncbi.nlm.gov/), or another non-specific database (EgQgNOG, Hungate1000 genome
collection). The lack of a designated database for rpoB is due to relatively recent utilisation of
it in phylogenetic studies in comparison to 16S rRNA (Vos et al., 2012). The amount of 16S
rRNA sequences recorded increased dramatically after its recognition as a “gold standard”
genetic marker for use in ecology and phylogeny studies, as there was a considerable influx of
studies using it (Janda and Abbott, 2007, Wilson et al., 1990). In contrast, the use of rpoB as a
phylogenetic marker was only considered in 1997 (Mollet et al., 1997). The number of
sequences for rpoB is not as numerous, with only 586,000 entries in the protein database for
rpoB compared to the 37 million nucleotide entries of 16S rRNA. Even when comparing the
databases used, Hungate1000 and EggNOG only have 410 reference genomes and 190, 000
orthologous groups compared to the six million and 400,000 aligned sequences of the SILVA
and Greengenes databases respectively (Huerta-Cepas et al., 2016, Seshadri et al., 2018, Quast
et al., 2013, McDonald et al., 2012b). This massive difference between the number of
sequences in the databases of the two different markers may have contributed to the inferior

taxonomic classification of OTUs based on rpoB.

Although rpoB has been used to determine the classification of taxa down to a subspecies level
(Adékambi et al., 2009), we classified OTUs down to a genus level (apart from when the
Hungate1000 database was used) to avoid false positives due to the pyrosequencing error rate.
As a result of this, we chose only to use the protein alignment of rpoB to determine taxonomy,
rather than to include the fine filtering to a subspecies level that can be determined by using

nucleotide level alignments (Case et al., 2007). Taxonomic classification of OTUs obtained

56



from both markers at a genus level, allowed the comparison of the changes in the taxonomic
distribution due to DSN normalisation for both markers. This showed that normalisation occurs
with either marker, but some genera are more likely to be seen when using one marker than
another (Table 5). Future studies could use nucleotide level alignments to mine for taxa which
are part of the rumen rare biosphere at the lower taxonomic levels, and therefore, potentially
start to uncover the vast ecology potential which is in the rare biosphere of the rumen

microbiome and other microbial communities.

The use of rpoB as a genetic marker has provided a higher resolution of diversity of the rumen
microbiome than we would have seen by only using 16S rRNA. However, the use of this
marker still has a few limitations, and therefore, currently, it is advisable to use rpoB alongside
16S rRNA in microbial diversity studies.

4.4 Use of Hungatel1000 Database

The Hungate1000 database was established with the aim to produce a complete set of rumen
microbial gene sequence currently has > 500 reference genomes which are estimated to be
around 75% of the total number of species present in the rumen microbiome (Seshadri et al.,
2018). This database is considered a valuable resource for the known rumen gene sequences,
so it was assumed that it would be able to identify many of the taxa in our sequencing results,
particularly from dominant species. Using Hungate1000, we classified 51 genera (compared to
>100 genera which were classified with 16S rRNA databases (SILVA, Greengenes)). There
are currently only 82 genera in the database; hence the number of genera that could be classified
with this database was limited, as it contains fungal and viral genomes in addition to bacteria
(Seshadri et al., 2018). The Hungate1000 is far from complete in terms of including taxa which
make up the rare biosphere. The broader biological database EQgNOG (Huerta-Cepas et al.,
2017) gave a better classification of our OTUs. The Hungate1000 database was an appropriate
choice of database to assess the decrease in dominant genera and would require, based on our
study, more sequenced genomes to complete a vast diversity of species in the rumen
microbiome. It is a much more valuable resource for searching for genes encoding
metabolically relevant proteins than trying to mine for the rumen rare biosphere, which we
have shown contains genera which have not been previously associated with the rumen
microbiome. The increase in identified genera with the EQgNOG database also corroborates

with the result that we have found taxa which have not previously been associated with the
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rumen microbiome. Future work should consider analysis against a database of rumen
metagenome genomes as it may also give a better classification than the Hungate 1000 genome

collection of the genera within the rumen microbiome.

4.5 Higher error rate due to methodology could have overestimated effects of
DSN-based normalisation

The methodology which was used in this thesis may have introduced a high number of errors
in the sequence reads obtained. Errors would have been added to the reads because we used
Roche 454 pyrosequencing, which has a known higher error rate than Illumina sequencing
technology, and also because PCR amplification followed in each of the rounds of
normalisation (Margulies et al., 2005, Logares et al., 2014, Bennett, 2004). Roche 454
sequencing has long been recognised as having a high error rate due to its nucleotide
incorporation method, and therefore, it is likely that we have a higher number of errors in our
sequences than if we had used another sequencing method (Margulies et al., 2005). For
example, lllumina has a lower error rate, its read length is increasing, and it is becoming less
expensive (Luo et al., 2012). Future use of DSN normalisation should consider the use of
Illumina rather than Roche 454 pyrosequencing to improve the accuracy of the results obtained.
The PCR step to amplify the fractionated DNA at the start of the DSN normalisation steps
could also have increased the number of errors, due to the nature of PCR. The DNA polymerase
which was used has a reasonably low error rate of 2.5 x 10~° per nucleotide per sample
(Invitrogen, USA); but it does not have a proofreading function, which would have decreased
the number of errors. The more rounds of normalisation, the more PCR was performed, and
the more errors which would have been introduced into the sequencing reads. Grouping
sequences into OTUs and denoising using DADA2 would have removed many of these
sequences (Ann Reid, 2011). But, as DADAZ2 is designed to be used on Illumina sequences, it
is possible that it did not remove all of the sequences (Callahan et al., 2016). The few sequences
which were not removed by DADA2 may have increased the number of OTUs, which could
have led to an overestimation of the actual number of OTUs and therefore the taxa which were
increased by normalisation. However, as seen when binning was introduced to microbial
ecology studies, the tail of taxa which represent the rare biosphere did not change (Epstein,
2009) thus, the increased amount of errors in our sequencing results may not have had a

significant effect on the rumen microbiome composition (Huse et al., 2010). The potentially
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high amount of errors from the methodology could explain why some species were only
suddenly seen a reasonably high proportion only after 5 rounds of normalisation such as
Lactobacillus mucosae AGR63, Clostridiales bacterium R-7 and Fusobacterium necrophorum
HUNO48 (Figure 12 and 13). It is unlikely that species that were not seen in the other rounds
of normalisation were able to be amplified from <0.001% to >0.1% of the total number of reads
in one round (Table 5). It is more likely that the classification of these species is due to a
carried-on PCR or sequencing error which wasn’t removed from the sequences by our
denoising and filtering errors. To combat the high level of error, future studies using DSN for
normalisation to explore the rare biosphere of communities should considering only three or
four rounds of normalisation, to reduce the number of accumulated PCR errors; the use a
polymerase with a high accuracy rate and proofreading function and the use of the more

accurate Illumina sequencing.

4.6 Limitations

Several limitations could be observed in this study. The rumen microbiome sample used in this
study was obtained from a single animal at a single time point. As the microbiome of ruminants
differs between individuals, as well as diet and geography, this study has likely not been able
to identify all bacteria which make up the rare biosphere that can be found within the rumen
microbiome. As we only used a sample from one animal, this study cannot determine the

composition of the rare biosphere in other ruminants.

Furthermore, this study only focused on the amplification of bacterial genomes from the rumen
microbiome. Although bacteria are the dominant Kingdom of the rumen microbiome, there are
also archaea, fungi, bacteriophages and protozoa present (Mackie et al., 2013, Seedorf et al.,
2015, Alzahal et al., 2017). We have demonstrated that DSN could be an effective method for
normalisation of bacterial DNA reads but have not investigated whether this method could be

implemented on other microorganisms e.g. archaea.
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5. Conclusions

The rumen metagenomic DNA normalisation using DSN has proven that identification of the
rare biosphere can be achieved. We demonstrated that using DSN after renaturation of
metagenomic DNA could results in an increase of the reads from low abundance
microorganisms, while simultaneously decreasing the dominance of high abundance reads. In
this first attempt to normalise a complex metagenome, numerous genera that have previously
been reported in low abundance, or novel genera including Haemophilus, Holdmanella,
Peptoniphillus and Leuconostoc, have been discovered. Further investigation of these genera
could lead to insight into microorganisms which may have potentially important functions in
the rumen microbiome, either functionally as keystone species or in terms of a pool of genetic

diversity.

The use of the genetic maker rpoB alongside 16S rRNA has revealed a number of
microorganisms in the rumen microbiome that would have been left undiscovered with the use
of only 16S rRNA. Without the use of rpoB, four of the emerging and dominant genera in this
study would not have been identified. This markers is limited by the lack of designated
databases and therefore, taxonomic classification required to assign at a protein level. Despite
this limitation, rpoB, as a phylogenetic marker would be of value in the future as an increasing
number of studies, are using it for phylogenetic studies and currently it could be used alongside
16S rRNA for a better understanding of the microbial diversity and community composition

such as the rumen microbiome.

This study has been limited in several ways; thus, further optimisation by investigating the use
of a broader range of restriction endonucleases and a more accurate sequencing method is
required. The method could also be used for identification of the rare biosphere of other
microbial communities. These improvements could result in the ability to explore and
potentially access the vast amount of ecological potential in the rare biosphere as well as

unveiling keystone species in the rumen and other microbiomes.
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6. Future Directions

We have shown that using DSN-based DNA normalisation the rare biosphere of the rumen
microbiome could be identified. However, this study was limited to identify at the species level
and therefore explore the metabolic potential of phylotypes within the rare biosphere of the

rumen microbial community. Future studies could improve upon this work in several ways.

6.1 The whole rumen microbiome

The rumen microbiome is a complex system, which contains fungi, viruses, archaea and
prokaryotes as well as bacteria. Future studies of this microbial community using DSN-based
normalisation should take this into consideration. It has not been investigated whether
normalisation method would work on other prokaryotic metagenomic DNA (archaeal DNA).
Phylogenetic markers, including archaea-specific 16S RNA, could be used for assessment of
DSN-based normalisation. Only double-stranded DNA viruses could be subjected to DSN-
based normalisation as others (ssSDNA and RNA viruses) do not follow the same DNA
rehybridization kinetics. In summary, future studies that aim to explore the rare biosphere of
the rumen microbiome should include markers for other microorganisms as well as bacteria
and also recognise that DSN normalisation will not be able to explore the diversity of viruses

or eukaryotes (due to the presence of introns)

6.2 Use of Other Ruminants

Ruminant animals are a much broader group of animals than just cattle. It includes a large
variety of animals from all over the world, including sheep, deer, goats and bison. To truly
explore the rare biosphere of the rumen microbiome, this study could be repeated with a range
of samples of a number of different ruminants. As our study only used one sample, future work
also needs to include multiple samples from individuals within each different species of
ruminant animals. It is acknowledged that the composition of the rumen microbiome varies
between individuals, diets, and geography as well as species, thus, to truly explore the rare

biosphere of this microbiome these variables need to be taken into consideration in future work.
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6.3: Investigation of ecological potential in new species

It is assumed that the rare biosphere is a repository of genes that enables ecological plasticity
of the given microbiome. This ecological potential could be provided by keystone species,
which have a disproportionate effect on their community compared with their distribution, and
by the microbial seed bank, which contains a vast functional gene pool. Future studies of the
rare biosphere could explore the taxa which have been identified in the rare biosphere for their
ecological potential which could identify species or genes of interest in terms of increasing
productivity in ruminant animals or effect on methanogenic archaea and subsequently reducing
the amount of methane methanogens produce and their impact on the current climate change

crisis.

6.4 Improve Sequencing Technology

Roche 454 pyrosequencing technology has been superseded by Illumina sequencing in recent
years. lllumina is more accurate, consistently increasing the read length and decreasing the cost
and therefore it the more useful sequencing platform for studies which use HTS. This study has
been limited by the number of errors which is suspected to be in our sequencing reads.
Therefore future studies using DNA normalisation to explore the rare biosphere of microbial
communities should consider using Illumina sequencing technology and third-generation
sequencing platforms such as PacBio and Nanopore (Rhoads and Au, 2015, Schneider and
Dekker, 2012). By reducing the number of errors in the sequencing and obtaining longer reads
(e.g. full-length 16S rRNA), this will allow for exploration of the rare biosphere at a lower

taxonomic level than genus level, which will improve the ability to explore the rare biosphere.

6.4 Restriction Enzymes

As the output fragment size using two restriction endonucleases was different, smaller

fragments were amplified more efficiently than longer fragments. Future studies using DSN-
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based normalisation should consider the use of a wider range of restriction enzymes to try to

alleviate the bias against some species due to fragmentation.
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Appendix 1: Taxonomic Distribution Profiles
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Figure S1: Taxonomic profile for the distribution of 16S rRNA taxanomy at the genus level.

Samples of the sum of all the matches against the SILVA database at 94% similarity, at the genus level. Panel A: uncut metagenomic DNA and
Psil digested DNA after normalisation (AR0-5). Panel B: Pvull-digested DNA ARO0-5. The proportion of the genus is each sample is shown by

the size of the coloured band in each bar. Colours represent different genera as indicated in the key above.
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Figure S2: Taxonomic Distribution of rpoB taxanomy at the genus level.
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Sample of the sum of the all the matches of rpoB OTUs when compared to the Hungate1000 database, grouped at the genus level. Panel A: uncut

metagenomic DNA and Psil digested DNA before and after each round of normalisation (AR). Panel B: Pvull-digested DNA ARO0-5. The

proportion of the genera in each sample is shown by the size of the section in the bar. The colours represent the different genera as indicated in the

key above.



Appendix 2: Changes in Taxa Classified at higher taxonomic levels
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Figure S1: Change in the proportion of unclassified OTUs at the genus level before and after normalisation.

The change in the proportion of taxa which cannot be identified at the genus level for 16S rRNA, before normalisation (blue) and after three
(purple) four (pink) and five (red) rounds of normalisation. Taxa are classified to the highest taxonomic level, against the SILVA database at 94%.

Taxa that were unclassified are labelled as Unknown Unassigned.
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