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Abstract

The fermentation of feed and formation of methane (CH4) by ruminant animals occur in
the rumen, and both are microbial processes. There is a natural variation in CH4 emissions
among sheep, and this variation is heritable. Therefore, breeding for sheep that naturally
produce less CHg is a viable strategy to reduce anthropogenic greenhouse gas emissions.
Rumen bacteria play a major role in feed fermentation and in the formation of hydrogen
(H2) or formate, which are converted to CH4 by other rumen microbes called
methanogens. It has been shown that rumen bacterial community compositions in low
CHjy emitting sheep differ to those in high CH4 emitting sheep. This led to the hypothesis
that the metabolism of dominant rumen bacteria associated with low CHs emitting sheep
should explain the lower CH4 yield, for example by producing less Hz or formate than
bacteria associated with high CHs emitting sheep. In this project, the diversity and
physiology of members of the bacterial genera Quinella, Sharpea and Kandleria, which
are major bacterial groups associated with low-CH4 emitting sheep, were investigated. It
appeared that the genus Quinella is more diverse than previously suspected, and might
contain at least eight potential species, although to date none have been maintained in
laboratory culture. Sharpea and Kandleria contain two and one species respectively.
Experiments with Sharpea and Kandleria showed that these behave like classical lactic
acid bacteria that produce lactate as their major end product and did not change their
fermentation pattern to produce more H> or formate when grown in the presence of
methanogens. This strengthens a previous hypothesis that sought to explain low CHgs
emissions from sheep with Sharpea and Kandleria in their rumens, in which this invariant
production of lactate was a key assumption. Quinella is another bacterium found in larger
numbers in the rumen of some low CHs sheep. Virtually nothing is known about its
metabolism. FISH probes and cell concentration methods were developed which helped
in its identification and resulted in construction of four genome bins of Quinella that were
more than 90% complete with as little as 0.20% contaminated. Bioinformatic analyses of
the proteins encoded by these genomes showed that Quinella has the enzymes for lactate
formation and for the randomising pathway of propionate formation. This indicated that
lactate and propionate might be major fermentation end products of Quinella.
Additionally, the presence of an uptake hydrogenase in the Quinella genomes opens up
the new possibility that Quinella might even use free H» in the rumen. In all these possible
pathways, little or no H> would be produced, explaining why an increased abundance of
Quinella in the rumen would lead to lower CH4 emissions from those sheep with high

abundances of this bacterium.
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Chapter 1 Introduction and literature review

1.1 Introduction

The world’s ruminant population is increasing in response to an increasing global demand
for ruminant products such as milk and meat, and they also provide wool and leather.
Ruminant-derived products play a major role in the economy of many countries. In 2016
New Zealand (NZ) exported NZ$17.5 billion worth of ruminant products (dairy, meat
and wool), which represents 36.2% of the total value of NZ’s exports (Statistics, 2016
NZ). This production is based on rumen microbial fermentation, and as the total rumen
fermentation has increased, so has concern about the associated environmental load
associated with this fermentation. One major concern is the methane (CH4) gas emitted
as a result of ruminant enteric fermentation, which contributes significantly to NZ’s total
anthropogenic CH4 emissions. CH4 accounts for about 31.5% of NZ’s total greenhouse
gas (GHG) emission, almost six times the global average for CHs emissions from
ruminants (Clark, 2009). The amount of CH4 gas emitted into the atmosphere is increasing

constantly and recently reached a new high of more than 1800 ppb (Figure 1.1).

Atmospheric Methane at Baring Head

National Institute of Water and Atmospheric Research (NIWA)

Taihoro Nukurangi
Croated June 2016

:

Methane Mole Fraction (ppb)
g

g

Year
Figure 1.1 Atmospheric CH4 at Baring Head (New Zealand). Reproduced from (NIWA,

2016) with permission.



1.2 The rumen

Nearly all the anthropogenic CH4 formed in NZ’s agriculture is derived from enteric
fermentation in the rumens of farmed cattle, sheep, deer and goats. The rumen, or reticulo-
rumen, is the name commonly applied to the first three of the four stomach compartments
(Figure 1.2) (rumen, reticulum, omasum and abomasum) of ruminants (Hobson and
Stewart, 1997). It is one of the largest organs of ruminants, and occupies 80% of the space
of the abdomen. The size of the rumen varies from animal to animal even in the same
species (Goopy et al., 2014) and it is approximately 70-100 litres in cattle and 5-10 litres
in sheep. Ruminants typically eat grasses and low-growing plants, and also plant products
as prepared feeds for farmed ruminants. Ingested feed is chewed and further broken down
by rumination, a process in which the animal regurgitates the cud from the rumen to the
mouth continuously to break the partly-fermented feed down into smaller pieces. This
process accelerates the rate of fermentation as feed particles are continuously mixed with
large volumes of saliva which helps in breakdown of short chain triglycerides by salivary
lipase (Mandel, 1987). Saliva also helps to maintain the pH of the digesta in a range
optimal for digestion by microbes in the rumen (Vaughan et al., 2011). The rumen can be
considered as an environment maintained by the ruminant host that provides a habitat for
a large number of microorganisms that ferment feed ingested by the animal. The rumen-
inhabiting microorganisms breakdown the feed components and the host animal can use
these products as an energy source. Overall, the rumen works like a continuous fermenter
where ingested plant feed is used as a substrate and digested by the resident
microorganisms, although the inputs and outputs are semi-continuous (Hungate, 1966;
Hristov et al., 2003; Krause et al., 2013). The relationship of the host ruminant and the
microorganisms residing in the rumen can be seen as a symbiotic relationship in which
microorganisms get the habitat and substrate supply (ingested plant material) from the
host and in return they ferment the feed and provide energy and other important products
to the animal in the form of microbial protein and volatile fatty acids (Van Nevel and

Demeyer, 1997; Calsamiglia et al., 2007; Mitsumori and Sun, 2008).
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Figure 1.2 Four stomach compartments of a ruminant (rumen image was adapted from
one available Wikimedia Commons, originally contributed by Pearson Scott Foresman).

1.3 Microbial groups in the rumen

The rumen microbiome has been known since ancient times, although its function and
relationship with the host ruminant was unclear until the 19th century when research in
rumen microbiology started to unravel the relationships between the rumen fluid,
bacteria, and plant fibre degradation (Krause et al., 2013). The relationship between host
and bacterial groups is not always beneficial. Sometimes it causes ruminant health
problems like bloat, nitrite poisoning, and acidosis. However, most of the time rumen
microbes benefit the host by degrading plant material that is otherwise poorly usable as
an energy source by the animal. Before the development of anaerobic media in
combination with reducing agents, the microbial population in the rumen was estimated
to be around 10° cfu/mL (Johnson et al., 1944). A series of experiments followed to
determine the growth requirements and conditions for ruminal microbes (Huhtanen and
Gall, 1953a, b). A successful anaerobic technique in combination with reducing agents
was developed by Robert E. Hungate to culture cellulose-digesting bacteria from the

rumen of cattle (Hungate, 1950; Hungate et al., 1952). Since then, significant advances
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have been made in the understanding of this complex microbial system. The rumen
microbiome consists of bacteria, archaea, fungi, protozoa and phage. The rumen bacteria
are present at about 8-10x10'° cells/mL of rumen fluid, followed by archaea (107-10°
cfu/mL), protozoa (10*-10° cfu/mL), fungi (10*-10° cfu/mL) and phage (>10°
particles/mL) (Klieve and Swain, 1993; Morvan et al., 1996; Waghorn and Dewhurst,
2007; Noel, 2013). Different species have different inter-dependent roles which are
essential for sustaining the microbial community and its collective activity. Although
there is a large amount of variation and diversity in different species of ruminants feeding

on different diets, a core microbiome is found in all rumens (Henderson et al., 2015).

Bacteria are vital for ruminant digestion, and there are many different taxa present in the
rumen. The majority of the rumen bacteria are strict anaerobes and culture-based studies
showed that these anaerobes collectively out-number aerobic bacteria by a factor of 1000
to 1 (Hungate, 1975). Culture independent studies have estimated different numbers of
bacterial species in the rumen. For example, Kim et al. (2011) reported 5271 species level
OTUs (operational taxonomic units) based on 16S rRNA gene sequence catalogues from
multiple studies, whereas sequence analysis conducted by (Hess et al., 2011) found nearly
1000 bacterial species in the rumen of cattle on just one diet. Bacterial community
composition depends on several factors including diet (Pitta et al., 2009), ruminant
species (An et al., 2005) and growth stage (Welkie et al., 2010). The domain Bacteria can
further be divided into different phyla. In the rumen Firmicutes, Bacteroidetes and
Proteobacteria are the dominant phyla (Henderson et al., 2015; Mao et al., 2015).
Bacteria play a major role in the rumen fermentation, especially in fibre degradation, and
the individual species vary greatly in substrate utilisation and end products produced. This
differentiation of physiologies allows the numerous diverse species to co-exist in the
rumen, occupying different niches. Some bacteria, like Butyrivibrio fibrisolvens, can
hydrolyse a broad range of substrates, whereas others are more specialised, such as
Fibrobacter succinogenes, which prefers cellulose and its breakdown products (Hobson
and Stewart, 1997). Based on a global rumen census study (Henderson et al., 2015), seven
most abundant bacterial groups were identified: the genera Prevotella, Butyrivibrio, and
Ruminococcus, and unclassified groups in the families Lachnospiraceae and
Ruminococcaceae and in the orders Bacteroidales and Clostridiales. For most of these,

their biological significance in the rumen fermentation is to be yet unravelled.



Archaea present in the rumen are represented by strictly anaerobic methanogens
belonging to phylum Euryarchaeota. Estimates of abundance based on phylogenetic
markers, the 16S and 18S rRNA, suggest that 0.3 to 3.3% of the total microbial rRNA in
the rumen belongs to archaea (Sharp et al., 1998; Ziemer et al., 2000). Members of orders
Methanobacteriales, Methanomicrobiales, Methanosarcinales and
Methanomassiliicoccales are found commonly (Janssen and Kirs, 2008; Seedorf et al.,
2014). The most abundant hydrogenotrophic methanogens in the rumen use hydrogen
(Hz) or formate produced by microbial fermentation as their energy source. They use the
electrons released from Ha or formate to reduce CO» to CHs (Janssen, 2010). Members
of Methanosphaera (in the order Methanobacteriales) and Methanomassiliicoccales use
H> to reduce methanol and other methyl compounds to produce CH4 (Wolin, 1976; Miller
and Wolin, 1985; Poulsen et al., 2013).

Protozoa are comparatively few in number but, due to their larger size in comparison to
other microorganisms in the rumen, can account for up to 50% of the biomass in rumen
(Newbold et al., 2015). Protozoa found in the rumen are ciliates and may be associated
with other microbial members of the community, such as bacteria and methanogens.
Lately, the association of protozoa and methanogens has regained attention, resulting in
more detailed studies (Tymensen et al., 2012; Tymensen and McAllister, 2012; Ng et al.,
2016). They are involved in the breakdown of major components of feeds (Coleman,
1985), which also facilitates bacterial action in further ruminal fermentation processes
(Veira, 1986). In addition to a role in fermentation of the feed, protozoa also act as

predator of other microorganisms.

Rumen fungi constitute almost 10% of the rumen microbial biomass, and were the most
recently discovered members of the rumen microbial community (Orpin, 1975;
Yokoyama and Johnson, 1988; Krause et al., 2013). They degrade plant cell wall
carbohydrates by producing a wide range of enzymes that hydrolyse various glycosidic

bonds for growth on a number of polysaccharides (Orpin, 1975).

Viruses (bacteriophages and archacophages) are postulated to play a key role in rumen.
They control the bacterial and methanogen populations in rumen by lysing them. This
process also releases bacterial and methanogenic proteins which are used by the host

animal as a source of amino acids (Klieve and Swain, 1993).



14 Pathways of fermentation in the rumen

Ruminants themselves cannot digest a large part of the ingested plant matter as they lack
cellulose degrading enzymes in their digestive tract. The rumen microbes hydrolyse plant
constituents such as cellulose, hemicellulose, and starch, to simple sugars which are then
fermented to various end products (Figure 1.3). Proteins are also hydrolysed and the
resulting amino acids used by the rumen microbes or fermented to produce a range of
different products. Except for the produced gases (CH4, CO2), the major end products are
volatile fatty acids (mainly acetate, propionate and butyrate) that are absorbed across the
rumen wall into the animal’s bloodstream and used as an energy and carbon source by

the animal.

The end products of the rumen fermentation and their proportions depend on various
factors including type of feed, passage rate through the rumen and microbial community
composition (Hobson and Stewart, 1997). The fermentation pathways are also influenced
by the presence of other microorganisms. In the feed fermentation process, different
microorganisms cooperate in a syntrophic manner (Krause et al., 2013), where the
products of one species can be the energy source for another. This includes the
fermentation and degradation of products like succinate, lactate, butyrate, propionate,
ethanol, formate and Hz. One of the key products that defines interactions between rumen
microbes is Ha. This H is used by methanogenic archaea to form CH4. Formate produced
during fermentation can also be used by methanogens to form CH4 but H» is quantitatively
more important as a CHy4 precursor (Hungate et al., 1970). The amount of CH4 formed is
therefore highly dependent on the amount of H> produced in the fermentation process.
Furthermore, H> production is also influenced by effectiveness of H> removal. If the
produced H: is not used or removed, then re-oxidation of NADH to NAD" is restricted,
which subsequently inhibits carbohydrate degradation, ATP production, microbial
growth and VFA production (Hungate et al., 1970; Wolin, 1979; Cottle et al., 2011).
Importantly, different pathways are affected to differing degrees by H», and pathways that
produce more H> per unit of fermented substrate are more strongly inhibited by H» build-
up. That means that changes in the H> use by methanogens will influence which
fermentation pathways are favoured and so change the mix of microbial species present

(Janssen, 2010).
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Figure 1.3 Simplified scheme of pathways of fermentation of complex plant
polysaccharides, using glucose as an example of a monosaccharide released from
polysaccharide breakdown (adapted from (Van Soest, 1994)). [H] represents electrons.



1.5  Mitigation of ruminant CH4 emissions

Researchers around the globe are working on strategies to reduce ruminant CHs
emissions. Supplemental plant feeds that contain compounds such as tannins, saponins,
phenolic monomers and oils have been shown in some instances to inhibit the growth of
some rumen microorganisms and help to reduce CH4 formation in the rumen (Kamra,
2005; Patra and Yu, 2012). Furthermore, changes in diet, use of bacteriocins, defaunation
of the rumen, immunisation against methanogens, and using homoacetogens and
probiotics as feed supplements have been reported or suggested as ways to mitigate CHy
emissions (Callaway and Martin, 1997; Joblin, 1999; Moss et al., 2000; Wright et al.,
2004; Martin et al., 2010; Niderkorn et al., 2011; Kumar et al., 2014; Hristov et al., 2015).
Many other strategies (Hristov et al., 2013; Kumar et al., 2014) for CH4 mitigation are
being investigated to find effective solutions to reduce CH4 emission from ruminants.
There is also a significant amount of work going on in New Zealand to breed productive
low-CH4 ruminants, test high sugar grasses and feed brassicas for their CH4 mitigation
potential, develop an anti-methanogen vaccine, and identify and test small molecules
inhibitors of methanogens (Pinares-Patio et al., 2003; Wedlock et al., 2010; Buddle et al.,
2011; Pinares-Patifio et al., 2011a; Pinares-Patifio et al., 2011b; Pinares-Patifio et al.,

2013a; Pinares-Patifio et al., 2013b; Shi et al., 2014; Henderson et al., 2016).

1.6  Low CH4 emitting animals

There are several factors which can affect ruminant CHy yield. The most important is the
amount of feed consumed by ruminants. However, there are variations in CH4 emissions
between animals fed controlled amounts of the same feed. A study conducted by Pinares-
Patifio et al. (2011a); Pinares-Patifio et al. (2013b) showed that gross CH4 emissions
(g/day) and CHs yield (g/kg DMI) both are heritable and repeatable traits. Furthermore,
progeny from low CHg selection line sheep also have shown to produce less CH4 even
after shifting from lucerne pellets diet to grazing pasture (Jonker et al., 2017a). This
means that selective breeding of ruminants for a low CHas trait could be used as a strategy
to reduce enteric CH4 emission (Hegarty et al., 2010; Martin et al., 2010; Wall et al.,
2010; Buddle et al., 2011). There are several factors related to the animal that could
potentially explain regulation and retention of low or high CH4 emission traits. These
include the size of the rumen and volume and passage rate of feed. A smaller rumen has

low feed retention time, which is correlated with low CHs emissions (Goopy et al., 2014).



This likely a reflection, of changes in the passage kinetics leading to less H> and formate

being produced through fermentation in favour of other products (Janssen, 2010).

The amount of CH4 formed appears to be influenced by the rumen microbial community
structure (Ross et al., 2012; Kittelmann et al., 2014; Rooke et al., 2014; Wallace et al.,
2015; Kamke et al., 2016; Tapio et al., 2017). Variations in the composition of the
microbial community inside the rumen appear to affect the amount of H, formed and
hence CHy yields. Understanding this requires knowledge of the bacteria involved in Ha
production and how they are associated with low and high CHj4 yields from ruminants as

lower amounts of H> would lead to less CH4 production.

In addition to the influence that heritable anatomical characteristics of the animal have on
the rumen microbial diversity and abundance, which again are correlated with difference
in CH4 emissions, there have been numerous studies conducted to show direct control of
microbial community structure by the host (Weimer et al., 2010; King et al., 2011;
Malmuthuge et al., 2012; Roehe et al., 2016). Host immune responses against members
of the microbiome can also influence microbial diversity (Yafiez-Ruiz et al., 2015), which

could lead to similar results.

1.7 Difference in rumen microbial communities between high and low CHj4

animals

Microbial community analysis using amplicon sequencing of phylogenetic markers to
predict the relative abundance of bacteria, archaea, and eukaryotes is a commonly used
method in microbial ecology, particularly for uncultivable microorganisms. The 16S
rRNA gene is ubiquitous in prokaryotes. Its sequence varies between different species
and can be therefore used to generate a library to catalogue species present in the
microbiome. The library is prepared by amplifying the 16S rRNA gene from a mixture of
“total” DNA extracted from a sample from the microbiome of interest. The library is then
sequenced and the sequences can be clustered into similar sequence types on the basis of
sequence similarity. Long-length sequences of nearly full-length 16S rRNA genes (>1300
bp) are valuable for preparing curated taxonomic frameworks and quality databases (Cole
et al., 2003; McDonald et al., 2012; Quast et al., 2013), whereas, shorter sequences of
defined regions are used to survey communities using high-throughput next generation
sequencing approaches that allow only 200 to 400 bp of gene sequence to be easily

sequenced (libraries of amplicons). It is anticipated that, new sequencing technologies



that allow longer sequencing reads will use more commonly for phylogenetic analysis in
the future. Homology searches of the sequences against the 16S rRNA databases can then
identify the bacteria at various taxonomic levels followed by analyses of their relative
abundance in the samples. This approach allows multiple samples to be analysed in
parallel, using bar-coded primers to distinguish the samples in a sequencing run
(Caporaso et al., 2010; Smith et al., 2010). A recent study by Kittelmann et al. (2014)
reported on the association of microbial taxa with low and high CH4 sheep rumen using
high-throughput barcoded 454 Titanium amplicon sequencing of bacterial, archaeal, and
eukaryotic marker genes. In community profiling of 236 high and low CH4 emitting sheep
they did not find any eukaryotic (protozoa and fungi) associations with the CH4 emission
trait. However, two different bacterial community types (Q and S) were found to be
associated with low CHas emitting sheep. The Q-type community was characterised by
high relative abundance of Quinella ovalis while the S-type community was characterised
by Sharpea azabuensis, Fibrobacter spp., Kandleria vitulina, Olsenella spp., and
Prevotella bryantii. The species characteristics of the Q- and S-type communities were
much less abundant in the rumen of high CH4 emitting sheep. There was no obvious
archaeal community structure differences between these two low CH4 community types,
but Methanosphaera spp. were relatively more abundant in low CHs emitting sheep. A
similar study was conducted by Wallace et al. (2015) in cattle by selecting four pairs of
extreme high and extreme low CHg emitting beef cattle from a group of 72 animals. In
contrast to the study on sheep, members of the family Succinivibrionaceae were found to
be the most abundant bacterial family in all samples, but were slightly more abundant in
low CHj4 emitters, which corroborates the recent findings by Danielsson et al. (2017)
conducted on cattle. The genera Mitsuokella and Dialister were more abundant in the low
CHg4 emitting beef cattle than in the high emitters. Notably, members of the family
Veillonellaceae were reported to be relatively more abundant in low CHs emitting cattle
but their identity was not resolved to the genus level. Members of the phylum
Synergistetes and the genera Desulfovibrio, Megasphaera, Mogibacterium, and
Pyramidobacter were found to be more abundant in high CHs emitting beef cattle
(Wallace et al., 2015). Many of these important bacteria groups associated with high and
low CH4 animal have not been characterised in detail and warrant further investigation
using different approaches like metagenomic, metatranscriptomics and in vitro

fermentation studies.
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1.8 “Omics” approaches to understand community structure and physiology

Omics technologies mainly refer to detection of genes, mRNA, proteins and metabolites
in biological samples using genomics, transcriptomics, proteomics and metabolomics

datasets respectively (Horgan and Kenny, 2011).

Metagenomics refer to the direct study of genetic material extracted from environmental
samples. It is mainly use as a culture-independent approach to understand the complex
microbial communities. In contrast to amplicon sequencing of the 16S rRNA gene, this
method relies on the extraction of the DNA from microbiome samples which is sequenced
using shotgun sequencing platforms to produces millions of sequence reads including 16S
rRNA gene sequences. Generally all of the data are used to gain insight into the metabolic
potential inherent in the microbiome. Advancement in high-throughput sequencing
technologies and sequencing data analysis has given an incredible insight into the
microbial composition and to some extent the function of different environments (Di
Bella et al., 2013) including the rumen. Sequences generated using high-throughput next
generation sequencing platforms (i.e., [llumina, Roche 454, Ton Torrent and PacBio) can
be used for different purposes including taxonomic profiling or community based
analysis, and gene abundance and metabolic pathway prediction. This method provides
vital information about a microbiome containing cultured and yet to be cultured member
of a microbial population. It is used for overall prediction of microbiome function by
identifying key genes and their abundance. The number of metagenomics studies of the
rumen microbiome has been constantly increasing since a study by Brulc et al. (2009)
used comparative metagenomics to understand the metabolic potential of bovine rumen
targeting the glycoside hydrolase and cellulosome functional genes. They found that the
rumen microbiome is diet driven, as those fibre degrading microorganisms capable of
using readily available polysaccharides were the first to colonise plant particles, followed
by the cellulose- and xylan-degrading microorganisms. Similarly, Hess et al. (2011)
studied biomass-degrading genes from the cow rumen and found 27,755 putative
carbohydrate-active genes from which 57% were identified as having cellulose degrading
capacity. They also identified novel glycosyl hydrolyses with potential application in the
biofuel industry. To understand plant biomass degradation in the rumen, Svartstrom et al.
(2017) used 99 de novo-assembled genomes from the rumen microbiome of the moose.
Many of these genomes were affiliated with Bacteroidetes (68), Firmicutes (12) and

Spirochaetes (4), and included a wide range of carbohydrate-active enzymes (55800
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glycosyl transferases, 3409 polysaccharide lyases, 5320 carbohydrate esterases and 5793
carbohydrate-binding modules) such as starch-degrading enzymes,
pectin-depolymerising hydrolases, pectin- and arabinoxylan-degradation enzymes,
enzymes involve in glycan utilisation, and other polysaccharides-degrading enzymes.
Recently metagenomics approaches have been used to investigate aspect of enteric CH4
emission. Ross et al. (2013) used deep parallel sequencing to investigate the effect of two
CH4 mitigating diets on rumen microbiome community profiles. They found that
regardless of the additives used, changes in diets altered the rumen microbiome in a
similar manner and concluded that these alterations in microbiome community profile
corresponded with changes in CH4 emissions. Wallace et al. (2015) compared the gene
abundance between the rumen microbiomes of high and low CH4 emitting cattle. Eight
out of nine significantly associated genes were found to be involved in CH4 metabolism.
Genes involved in acetate formation and pyruvate metabolism were comparatively lower
in low CH4 emitters. A study conducted by (Shabat et al., 2016) suggested that genes
involved in propionate formation via the randomising pathway were much more abundant
in feed-efficient cattle. Similarly, a metagenomic study of the goat rumen showed that the
abundance of genes involved in propionate formation via the randomising pathway
increased two fold when bromochloromethane was used as an inhibiter of methanogens
(Denman et al., 2015). They hypothesised that administration of bromochloromethane
resulted in a shift in bacterial population abundance towards Prevotella and Selenomonas
sp. that promoted propionate production by utilising H, via the randomising pathway.
However, the same effect would have been seen if electrons had flowed directly to
propionate without H» acting as an intermediate (Janssen, 2010). Furthermore, the rumen
of low CH4 emitting sheep as compared to high CHs emitting sheep had relatively higher
gene abundances of genes involved in lactate, propionate and butyrate formation (Kamke
et al., 2016), which was linked to a higher relative abundance of lactate-producing
Sharpea spp., and lactate-using Megasphaera elsdenii (converting lactate to propionate
and butyrate). Overall, metagenomics has been proven as a successful tool to reveal the
rumen microbiome metabolic potential in general and helped in understanding the
fermentation pattern in high and low CH4 emitting animals. However, metagenomics only
informs about the metabolic potential of the rumen microbiome on the basis of presence

or absence of genes.
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Metatranscriptomics is a functional omics approach where extracted RNAs from a
microbiome sample are used for shotgun sequencing to generate millions of sequences
with an aim to understand gene expression. While metagenomics can answer questions
about the diversity of microorganisms in the microbiome and their metabolic potential,
metatranscriptomics reveals the functional potential of the microbiome by analysing
expressed genes. Similar to rumen metagenomics, metatranscriptomics studies using
rumen samples were also initially focused on identification of expressed glycosyl
hydrolases and lignocellulolytic genes. A study by Qi et al. (2011) identified glycosyl
hydrolases and lignocellulolytic genes in the rumen of muskoxen were expressed at nearly
nine-fold higher levels within the total carbohydrate active enzymes compared to
previous rumen metagenomes studies. As these authors used polyA enrichment in the
isolation of mRNA for sequencing, these novel expressed genes were proposed to
originate from the eukaryotic community within the muskoxen rumen. Li and Guan
(2017), conducted metatranscriptomic analysis of efficient (low residual feed intake) or
low CHs-emitting beef cattle and inefficient (high residual feed intake) or high CHa
emitting beef cattle to find the relationship between the active rumen microbiome and
feed efficiency. They found that the relative abundance of members of the families
Lachnospiraceae, Lactobacillaceae, and Veillonellaceae was two-fold higher in efficient
cattle than in inefficient cattle. Using Spearman’s rank correlation analysis, these
bacterial families were found to be significantly associated with methane metabolism,
glyoxylate and dicarboxylate metabolism, tryptophan and valine, leucine and isoleucine
degradation pathways. This finding contradicts Wallace et al. (2015) where members of
the family Veillonellaceae were relatively more abundant in low CH4 emitting cattle. It
would be interesting to resolve the members of this family down to the genus level to

identify the genera that are associated with high and low CH4 emitting animals.

A study which combined metagenomics and metatranscriptomics was conducted in New
Zealand on a cohort of sheep, aiming to understand the difference in the rumen
microbiome of low and high CH4 emitting animals (Shi et al., 2014). This demonstrated
that the differences in CH4 emission was not associated with an increase in relative
abundance of methanogens and methanogenesis pathway genes. However, the expression
of genes coding for enzymes in the methanogenesis pathway was significantly higher in
high-CHas-yielding sheep. Similarly, an extension of that study, conducted by Kamke et

al. (2016), found that the rumen microbiomes of low CH4 yield sheep contained relatively
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higher abundances of gene transcripts associated with lactate and butyrate formation.
These sheep were abundant in Sharpea (S- type community sheep) which was associated
with less methane being emitted. On the other hand Quinella, the diagnostic bacterium in
the Q- type low-CH4 community, has not been study in detailed to understand its

association with low CHjy yield sheep.

1.8.1 Use of genomics to understand rumen bacterial physiology

One approach to understand the bacterial physiology would be by using pure and mixed-
culture in vitro experiments. However, the unavailability of pure rumen isolates limit this
opportunity in many cases. Robert E. Hungate started the first successful initiative to
isolate pure bacterial cultures from the rumen (Hungate, 1947), and since then, with slight
modifications in the culture media and conditions, many different isolation experiments
have been conducted (Bladen et al., 1961; Caldwell and Bryant, 1966; Koike et al., 2010;
Kenters et al., 2011; Noel, 2013; Nyonyo et al., 2013), resulting in an increase in the
number of rumen bacteria isolated in pure culture. The Hungate1000 project has already
started a large initiative to sequence 1000 genomes from rumen microbes(Creevey et al.,
2014). Its aim is to provide a reference set of bacterial, archaeal, phage, fungal and ciliate
protozoa genomes which can be used to understand the rumen microbiome, aiding
research to improve feed degradation and lower enteric CHs4 emissions. So far, The
Hungate1000 project has successfully sequenced 417 genomes (404 bacteria, 6 archaea,
and 7 bacteriophage) (personal communication from Sinead Leahy; 15 December 2016).
Combined with other projects, the rumen bacterial and archaeal genome dataset is now
composed of 501 genomes (480 bacteria, 21 archaea). However, many important bacterial
group remains uncultured as pointed out in a recent study on rumen microbial diversity

(Henderson et al., 2015).

Use of metagenomic assemblies to construct genomes have already proven effective in
uncovering the so called microbial “dark matter”. Hug et al. (2016) constructed a genome
tree using 3,083 bacterial and archaeal genomes, and concluded that 59.7% of bacterial
phyla and 50% of archaeal phyla still have no cultivated isolates. Advancements in
metagenomic assembly and development of binning programmes like SPAdes
(Bankevich et al., 2012), Velvet (Zerbino and Birney, 2008), MEGAHIT (Li et al., 2015),
MetaBAT (Kang et al., 2015), CONCOT (Alneberg et al., 2014), GroopM (Imelfort et
al., 2014) and MyCC (Lin and Liao, 2016) have already proven to be valuable tools to
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reconstruct draft genomes from metagenomic assemblies. Such genomes can be called
metagenome-assembled genomes (MAGs). CheckM (Parks et al., 2015) enables
estimates to be made of the level of completeness, contamination and strain heterogeneity
and so act as a quality control tool. Using these programmes, large metagenomic fragment
can be binned into genomic bins on the basis of coverage, GC content and tetranucleotide
frequency. This enables computational reconstruction of the genomes of microbes that
are as-yet-uncultured. Assembled genome may help to understand the physiology of such
yet-to-be cultured bacteria. However, genomes assembled from metagenomes should
always be interpreted with caution as errors may occur in differentiating the genes
amongst closely related species or strains. The success of assembling whole genomes also
depends on several factors like the abundance of the target bacterial population in

samples, DNA extraction methods sequencing and computational techniques.

To date only three published studies have attempted to reconstruct genomes from rumen
metagenomic assemblies (Hess et al., 2011; Solden et al., 2017; Svartstrom et al., 2017).
The first successful genome assemblies from rumen metagenomic samples were
conducted by Hess et al. (2011) using samples from the rumen of cow. They reconstructed
15 bacterial genomes (2 Spirochaetales, 7 Clostridiales, 5 Bacteroidales, and 1
Myxococcales) with differing levels of completeness (60 to 93%). Solden et al. (2017)
conducted a metagenomic study on rumen samples from the Alaskan moose, to
understand members of the uncultured Bacteroidales family BS11, one of the seven
dominant rumen bacterial groups (Henderson et al., 2015). This study revealed many
potential pathways of hemicellulose sugar fermentation of Bacteroidales family BS11
using four nearly complete genome sequences. Similarly, Svartstrom et al. (2017)
constructed 99 genomes from metagenomic assemblies from the moose rumen
microbiome. This study generated 68 Bacteroidetes genomes and uncovered many new

Bacteroidetes clades with fibrolytic potential.

Genomes assembled from metagenome can also reveal why particular bacteria are not
culturable. Knowledge about genomes can guide cultivation strategies to aide in the
predictions of the physiology of particular bacteria. For example; a metagenomic study
of the candidate phylum Saccharibacteria suggested that member were host specific and
capable of fermenting sugars in anaerobic environments. Using these findings He et al.
(2015) isolated Saccharibacteria in the presence of Actinomyces in media that mimicked

oral cavity conditions with a high sucrose concentration. A similar approach was used to
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isolate a member of the Succinovibrionaceae implicated in low methane emissions from
the wallaby foregut, based on genomic insights into the physiology and nutritional

requirements of this bacterium (Pope et al., 2011).

1.9 Research aims

Most CH4 formed in the rumen is generated using Hz produced during the fermentation
of feed (Hungate et al., 1970; Henderson et al., 2015), with H being incorporated
stoichiometrically into CH4 (4 H2 + CO2 —» CHs + 2 H>0O). Rumen fermentation is
mediated by the diverse bacterial community in the rumen. A study conducted by Pinares-
Patifio et al. (2013b) showed that there is natural variation in CHs yields among sheep,
expressed as the amount of CHs4 formed per unit of feed consumed. Some sheep are
naturally high CH4 emitters while others are low CH4 emitters, and these are characterised
by different bacteria (Kittelmann et al., 2014). It can therefore be hypothesised that
bacteria associated with low CH4 emitting animals should ferment the feed in such a way

that less H» is formed, which would ultimately leads to less CH4 emission.

The overarching aim of this study was to provide insights into bacteria that were
differentially-associated with CHy yields in sheep, using culture dependent and culture
independent approaches to study their fermentation products and understand how they

contribute to differences in CHs yields. The objectives of this PhD project were to:

e Confirm the identity of bacterial taxa associated with high and low CH4 yields.

e Refine the taxonomy of key rumen bacteria that are differentially-associated
with high and low CHj4 yields.

e Understand the physiology of differentially-associated bacteria with respect
to their fermentation products and the implications for CHs formation in the

rumen.
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Chapter 2 Materials and methods

2.1 Animal use and ethics approvals

The use of fistulated cows for the collection of rumen contents for culture media
preparation was approved by the AgResearch Grasslands Animal Ethics Committee under
animal ethics approval AE13398. The collection of rumen samples from sheep for
metagenomic analyses and microscopy was approved by the AgResearch Grasslands

Animal Ethics Committee under animal ethics approval AE13282.

2.2 Rumen fluid collection for media preparation

Cows fed meadow hay were used for rumen content collections. The day before
collection, feed was withheld from 4 pm and rumen contents were collected the following
morning at 9 - 10 am. The rumen contents were filtered through a double layer of cheese
cloth with the mesh size of approximately 1 mm (Stockinette Cirtex Industries Ltd., Thames,
New Zealand). Filtered rumen fluid was centrifuged at 10,000 g for 20 min (Sorvall Evolution
RC, Thermo Fisher Scientific Inc., Waltham, MA, USA) at 4 °C to remove fine particulate

material. The supernatant (rumen fluid) was decanted and stored at —20 °C until further use.
2.3 Autoclaving

Unless noted otherwise, all autoclaving was carried out at 121 °C for 20 min at 15 psi
overpressure.

2.4 Media solutions and additives

2.4.1 Trace element solution SL.10

The following were added in the order given to one litre of distilled water: 10 ml HCI1
(25%), 1.5 g FeCl2.4H>0, 0.19 g CoCl2.6H-0, 0.1 g MnCl>.4H>0, 70 mg ZnCl,, 6 mg
H3BO3, 36 mg NaMo004.2H>0, 24 mg NiCl,.6H>0 and 2 mg CuCl>.2H>O (Widdel et al.,

1983). The solution was autoclaved in aliquots of 200 ml in glass bottles.

2.4.2 Selenite/tungstate solution

The selenite/tungstate solution was prepared by dissolving the following in one litre of
distilled water: 0.5 g NaOH, 3 mg Na;Se03.5H>0 and 4 mg NaxWO4.2H>O. The solution
was autoclaved in aliquots of 200 ml in glass bottles (Tschech and Pfennig, 1984).
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2.4.3 Vitamin 10 concentrate solution

To prepare the vitamin 10 concentrate solution, the following components were dissolved
in one litre of anaerobic distilled water: 4-aminobenzoate (0.04 g), D-(+)-biotin (0.010
g), nicotinic acid (0.1 g), hemicalcium D-(+)-pantothenate (0.05 g), pyridoxamine
hydrochloride (0.15 g), thiamine hydrochloride (0.1 g), cyanocobalamin (0.05 g), D,L-
6,8-thioctic acid (0.03 g), riboflavin (0.03 g) and folic acid (0.01 g) (Kenters et al., 2011).
The solution was then bubbled with O-free N> for 20 min. This anaerobic vitamin 10
concentrate solution was passed through a 0.2-um pore size Millex GP sterile syringe
filter (Millipore) using a sterile syringe and needle into a sterile (autoclaved) serum vial

that had been flushed with nitrogen gas and sealed with a butyl rubber stopper.

2.4.4 Clarified rumen fluid preparation

Frozen rumen fluid (section 2.2) was thawed at room temperature, then centrifuged at
20,000 g for 15 min at 4 °C. The supernatant were collected in serum bottles (120 ml;
BellCo Glass, Vineland, NJ, USA) and bubbled with O»-free N> for 15 min. The bottles
were then sealed with a butyl rubber stopper (BellCo Glass) and aluminium crimp cap
(BellCo Glass). Sealed serum bottles were then autoclaved for 15 min to inactivate
viruses. Bottles were uncapped after cooling, and 1.63 g MgCl,.6H,0 and 1.18 g
CaCl2.2H>0 were added per 100 ml of rumen fluid while stirring on a magnetic stirrer.
The heavy precipitate that formed was removed by centrifuging the solution at 30,000 g
for 60 min at 4 °C.

2.4.5 No Substrate Rumen Fluid Vitamin mix (NoSubRFYV)

NoSubRFV was prepared by dissolving 2 g of yeast extract (BD, Claix, France) in 100
ml of clarified rumen fluid. The mixture was bubbled with Oz-free N> for 20 min then
passed through a 0.2-um pore size Millex GP sterile syringe filter (Millipore) using a
sterile syringe and needle into a sterile (autoclaved) serum vial that had been flushed with
nitrogen gas and sealed with a butyl rubber stopper. Two millilitres of vitamin 10
concentrate (section 2.4.3) was added anaerobically per 100 ml of this preparation using
a sterile syringe and needle and the mix was stored at 4 °C (Kenters et al., 2011). For use,

0.5 ml of NoSubRFV was added to 9 ml of growth medium.
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2.4.6 General substrate-Rumen Fluid-Vitamin mix (2GenRFYV)

2GenRFV was prepared by dissolving the following component in clarified rumen fluid
('section 24.4) to generate a final volume of 100 ml: 0.72 g D-glucose, 0.68 g D-cellobiose,
0.60 g D-xylose, 0.60 g L-arabinose, 1.76 ml Na L-lactate syrup (50%), 4 g casamino
acids, 4 g Bacto-Peptone and 4 g yeast extract. The mixture was bubbled with O»-free N»
for 20 min then passed through a 0.2 um-pore size Millex GP sterile syringe filter
(Millipore) using a sterile syringe and needle into a sterile (autoclaved) serum vial that
had been flushed with nitrogen gas and sealed with a butyl rubber stopper. Two millilitres
of vitamin 10 concentrate (section 2.4.3) was added anaerobically per 100 ml of this
preparation using a sterile syringe and needle and the mix was stored at 4°C. For use, 0.5

ml of 2GenRFV was added to 9 ml of growth medium.

2.47 Sugar, amino acid and substrate solutions

Anaerobic sugar and amino acid solutions were prepared by dissolving the required
weight of chemical (D-glucose, D-fructose, D-galactose, D-glucuronic acid,
D-galacturonate, cellobiose, sucrose, lactose, raffinose, D-xylose, L-arabinose, L-
rhamnose, glycerol, D-mannitol, citrate, L-glutamate, L-alanine, L-aspartate, fumarate,
succinate, L-lactate) per 100 ml of distilled water to generate stock solutions of between
0.2 M and 1 M. Each solution was bubbled with O»-free N> for 20 min then passed through
a 0.2 um pore size Millex GP sterile syringe filter (Millipore) using a sterile syringe and
needle into a sterile (autoclaved) serum vial that had been flushed with nitrogen gas and
sealed with a butyl rubber stopper. These substrate solutions were used in substrate testing
experiments (chapter 4). Different amounts of substrates were added to culture media to
give the desired final concentration for determining the conditions for optimal growth of

strains of Sharpea and Kandleria.

2.4.8 Pectin (10% w/v)

Ten grams of pectin was dissolved in distilled water to a final total volume of 100 ml then
bubbled with Oz-free N> for 30 min in a serum bottle. The bottle was then sealed with a
butyl rubber stopper and aluminium crimp cap and autoclaved for 15 minutes. The pectin
solution was stored at 4 °C until use. For use, 1 ml of 10% pectin was added to 9 ml RM02

medium to achieve a final concentration of 1% (w/v).
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2.4.9 3M sodium formate and 0.5 M sodium acetate for methanogen growth

Each solutions were prepared separately. For 40 ml preparation, 5.44 g of sodium formate
and 8.16 g sodium acetate were dissolved separately in 30 ml of distilled water. Once
dissolved, the solutions were made up to the final volume of 40 ml with distilled water
and bubbled with O»-free N2> for 30 min. Solutions were then passed through 0.2 um pore
size Millex GP sterile syringe filters (Millipore) using sterile syringes and needles into a
sterile (autoclaved) serum vial that had been flushed with nitrogen gas and sealed with

butyl rubber stoppers. This solution was used in co-culture experiments (chapter 4).
2.5 Culture experiments

2.5.1 Substrate utilisation test

Substrate utilisation tests were performed using strains of Sharpea and Kandleria. The
cultures were grown in Hungate tubes. First, anaerobic substrate solutions were prepared
as described in section 2.4.6. Stock cultures (frozen at —80 °C; AgResearch Rumen
Microbiology collection; see section 4.2 for details) of four strains each of Sharpea and
Kandleria were revived in RM02 medium containing 2GenRFV followed by two rounds
of passaging every 24 hours. For the actual utilisation tests, NoSubRFV (0.5 mL) was
added to Hungate tubes containing 9 mL of RM02 medium, then single substrates were
added into those tubes to achieve the desired concentration (see Table 4.1 for details). To
inoculate these, 0.5 ml of a culture of Sharpea or Kandleria was added into tubes. Each
substrate treatment for each strain was conducted in triplicate with one blank uninoculated
control tube and triplicate cultures with NoSubRFV but no added substrate. All tubes
were incubated by shaking at 39 °C for 5 days and the optical density at 600 nm was
recorded every 24 h for 4 days by inserting the tubes directly into a Spectronic 200
spectrophotometer (Thermo-Fisher Scientific Inc.). The spectrophotometer was set to

zero absorbance using the blank uninoculated tube.

2.5.2 Co-culture experiment

A co-culture experiment was carried out by growing Methanobrevibacter olleyae (a
hydrogen- and formate-utilising methanogen) in combination with two strains each of
Sharpea or Kandleria as hydrogen and/or formate producer (see Table 4.4 for strain
details). Methanobrevibacter olleyae strain 1H5-1P (DSM 16632) was purchased from

the DSMZ, Braunschweig, Germany. This experiment used serum vials in two separate
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sub-experiments. In the first experiment, M. olleyae was added to fully-grown cultures of
Sharpea or Kandleria and in the second experiment Sharpea or Kandleria was added to
fully grown M. olleyae cultures. In the first experiment Sharpea or Kandleria strains were
grown for three days in 45 ml RM02 medium containing 10 mM fructose and 2.5 ml
NoSubRFV (section 2.4.6), then M. olleyae (2.5 ml of a grown culture) was added.
Samples for volatile fatty acid analysis were collected after Sharpea/Kandleria
inoculation and growth, then again when M. olleyae was added and after one week of M.
olleyae growth. In the second experiment, M. olleyae was grown for 4 days and then
Sharpea or Kandleria (0.5 ml of a grown culture) was added to the vials along with
fructose to a concentration of 10 mM. Samples were collected after Sharpea/Kandleria

inoculation and after 72 h of growth of Sharpea/Kandleria with M. olleyae.

For these experiments, inocula of Sharpea and Kandleria were grown in RM02 media
supplemented with NoSubRFV and 10 mM fructose. Inocula of M. olleyae were grown
on RM02 media supplemented with 60 mM sodium formate and 2 mM sodium acetate.
All incubations were at 39 °C, and the vials were shaken on an Orbitek XL orbiting

platform (Infors HT, Basel, Switzerland) at 50 rpm.

2.5.3 End product analysis using gas chromatography

Samples (2 ml) were collected from substrate utilisation and co-culture experiments for
volatile fatty acid analysis. Samples were centrifuged at 5000 g for 5 min and supernatant
fractions were collected and filtered through cellulose-free sterile syringe filters (0.22 pm
pore size; Millipore) and stored at —20 °C until used. Substrate and product concentrations
were measured using high-performance liquid chromatography (HPLC; LC10AVP,
Shimadzu Scientific Instruments, Columbia, MD, USA). The column was an Aminex
HPX-87H column (dimensions 300 x 7.8 mm; Bio-Rad, Miami, FL, USA), the
temperature of 45°C, 5 mM sulfuric acid as the mobile phase at a flow rate of 0.8 mL per
minute and coupled to quantification using a RID 10A refractive index detector
(Shimadzu Scientific Instruments). The injection volume was 50 pL. Standards
containing fructose, lactate, acetate, formate, propionate, butyrate and ethanol were
prepared over a concentration range of 2.5 mM to 20 mM, and used to prepare standard
calibrations for converting the detector outputs to concentrations. The calibrations

showed linear relationships from 0 to 20 mM.
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2.5.4. Enzymatic determination of D- and L-lactate

The D-Lactic Acid Assay Kit and L-Lactic Acid Assay Kit (Megazyme Inc., Bray,
Ireland) were used for measurements of D- and L-lactate concentrations, respectively. All
samples were diluted to yield a lactic acid concentration up to 0.30 g/L, the linear range
of the assay. The procedure was that described by the manufacturer for the microplate

assay procedure with a 224 pL reaction volume.

2.6 Growth media

Anaerobic media were prepared either in Hungate tubes or in serum bottles whereas

aerobic media were prepared in Schott bottles.

2.6.1 RMO2 growth media

RMO02 was normally used as the base medium to grow most rumen bacteria, as it partially
mimics the rumen conditions (Kenters et al., 2011). The following components were
dissolved in 950 ml of distilled water; 1.4 g KoHPOg4, 0.6 g (NH4)2SO4, 1.5 g KCI, 1 ml
selenite/tungstate solution (section 2.4.2), 1 ml trace element solution SL10 (section 2.4.1)
and 4 drops of resazurin solution (0.1% w/v in distilled water). The solution was boiled and
then cooled in an ice bath, while being bubbled with CO2 (O»-free). Once at room
temperature, 4.2 g NaHCO3 and 0.5 g of L-cysteine-HCI-H>0 was added to the medium
which was then dispensed into Hungate tubes (9 mL/tube) while being gassed with CO».
The tubes were sealed with butyl rubber stoppers and plastic screw caps, and sterilised by
autoclaving. Autoclaved medium was stored in the dark for at least 24 h before use.
Additives including substrates were added to the medium as required. The complete
medium was then incubated at 37 °C for at least 12 h. If medium was prepared in serum
bottles then 45 ml medium was dispensed while being gassed with CO; and sealed with

a butyl rubber stoppers and aluminium crimp caps.

For preparation of anaerobic agar medium, 15 g agar were added to this medium, which
was then prepared in serum bottles. Once autoclaved, these were poured into 90-mm
diameter polystyrene Petri dishes in an anaerobic chamber (Coy Laboratory Products,
Inc., Grass Lake, MI, USA), then transferred to an Oxoid Anaerobic Jar (Thermo Fisher
Scientific) for incubation at 39 °C. The gas phase in the anaerobic chamber and anaerobic

jars was 97% COz and 3% Ha (v:v).
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2.6.2 LB (lysogeny broth) liquid and solid medium

LB medium was prepared aerobically and used for cultivation of E. coli strains for DNA
cloning purposes. It was prepared by dissolving 10 g Bacto-tryptone, 5 g yeast extract
and 10 g NaCl in 900 ml of distilled water. The pH was adjusted to 7.0 (if needed) and
the solution made up to 1 litre with distilled water and, then autoclaved in Schott bottles.
To prepared LB agar, 1.5% (w/v) bacteriological agar was added before autoclaving.
After autoclaving, LB medium was cooled to 55°C in a water bath before adding any
additional ~ components  (antibiotics, = X-gal  [5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside] and IPTG [isopropyl B-D-1-thiogalactopyranoside]), then poured into

Petri dishes and allowed to set.
2.7 DNA cloning methods
2.7.1 Reagents preparation

2.7.1.1 Phosphate buffered saline (PBS)

For 1 L PBS, 8 gNaCl, 0.2 g KCI, 1.44 g Na,HPO4:2H>0, 0.24 g KH,PO4 were dissolved
individually in distilled water. Once dissolved, all solutions were added together and pH
was adjusted to 7.4 with NaOH or HCI if necessary and the solution was made up to 1

litre with distilled water, then autoclaved in Schott bottles.

2.7.1.2 50 x Tris-acetate-EDTA (TAE) buffer

50 x TAE buffer contained 2 M Tris, 1 M glacial acetic acid and 50 mM EDTA were
dissolved in distilled water, and the pH was adjusted to 8.0 with 1 M NaOH. The solution

was made up to 1 litre with distilled water, then autoclaved in Schott bottles.

2.7.2 DNA extraction from various sample types

Three different DNA extraction methods were used to extract DNA from rumen fluid,

concentrated Quinella cells and cultures.

1. This DNA extraction method was used in combination with the QIAquick PCR
purification kit (Qiagen, Venlo, The Netherlands). Thirty mg of freeze-dried
rumen fluid samples were ground to a fine powder (using a coffee grinder), then
30 mg of the powder was added to a bead beating vial (1.8 ml capacity, closed

with a screw cap), containing 0.4 g zirconium beads (0.3 g of 0.1 mm and 0.1 g
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of 0.5 mm diameter) that had been sterilised by autoclaving. 200 pl of 20% SDS
(sodium dodecyl sulfate), 282 ul of buffer A (200 mM NacCl, 200 mM Tris (pH
8.0) and 20 mM EDTA), 268 ul of PB buffer (QIAquick PCR purification kit) and
550 pL of phenol:chloroform:isoamylalcohol (25:24:1, v:v:v) were added to the
sample. Bead beating was performed in a Biospec mini bead beater (Bartlesville,
OK, USA) for 4 min at maximum speed. The mixture was then centrifuged at 13,
000 g at 4 °C. 350 pl of supernatant was carefully pipetted into a sterile 1.5 ml
plastic tube and mixed with 650 pl of PB buffer. 800 ul of the mixture was added
to a QIAquick PCR purification column and then vacuum was applied to draw the
liquid through the column. This step was repeated with the remainder of the
sample. The column containing the bound DNA was washed three times with 900
ul of PE buffer (QIAquick PCR purification kit) and then drained on a paper towel
for 10 minutes. DNA was then eluted from the column into collection tubes by
adding 80 pl of EB buffer (QIAquick PCR purification kit) while applying a
vacuum for 5-7 minutes.

. Genomic-tips (Qiagen) were also used for extraction of genomic DNA from
concentrated Quinella cells. Quinella cells, suspended in PBS (section 2.12.3),
were first pelleted by centrifugation at 5,000 g for 7 minutes then snap-freeze-
grinding of the cell pellet was done in liquid nitrogen using a mortar and pestle.
The snap-freeze grinding step was repeated for 8 rounds to ensure cell lysis and
then the final ground material was collected from the mortar using 11 ml of buffer
B1 (containing 22 pl of 1 mg/ml RNase A). Subsequent DNA extraction was done
according the manufacturer’s instructions for bacteria.

. DNA extraction from pure cultures of Sharpea and Kandleria was performed
using the InstaGene matrix extraction procedure (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). First 1.8 ml of culture was pelleted by centrifugation at
14,000 g for 1 min in a sterile 2 ml microfuge tube. 200 pul of InstaGene matrix
was added to the pellet and incubated for 30 min at 56 °C, then mixed by vortexing
at high speed for 10 s. After centrifugation at 12,000 g for 5 min to remove cell
debris, the supernatant containing DNA was collected and stored at —20 °C for

further use.

24



2.7.3 DNA quantification

DNA quantity and quality was checked using two different methods: 1) the Qubit
fluorometer (Invitrogen, Carlsbad, OR, USA) using a Quant-iT dsDNA High sensitivity
(HS) assay kit (Invitrogen), and (2) the NanoDrop ND-1000 UV-Vis Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), each following manufacturer’s

instructions.

2.7.4 Polymerase chain reaction (PCR)

A Mastercycler pro S (Eppendorf AG, Hamburg, Germany) was used for all PCR
amplifications. Oligonucleotide primers were ordered from either IDT (Custom Science,
Auckland, New Zealand) or Macrogen (Macrogen Inc. Seoul, Korea). PCR details,

reagents and primers used are described in Table 2.1.

2.7.5 Agarose gel electrophoresis

Agarose gel electrophoresis was used routinely to check PCR products. Agarose (Sigma-
Aldrich, St Louis, MO, USA) was dissolved in 1 x TAE buffer to a final concentration of
1% (w/v) by boiling. Once the mixture was slightly cooled (around 55 °C), SYBR safe
nucleic acid dye (Life Technologies, Carlsbad, OR, USA) was added as recommended by
the manufacturer to the dissolved agarose and the mixture was poured into gel tray and
left to set for 45 min. The gel was then transferred into a Wide Mini-Sub Cell GT
electrophoresis system (Bio-Rad Laboratories Inc., Miami, CA, USA) or an Owl A2
Large Gel System (Thermo Fisher Scientific) containing 1 XTAE buffer (section 2.7.1.2).
DNA samples were first mixed with Orange G loading buffer (Sigma-Aldrich) at a final
concentration of 20% (v/v) and then loaded into precast wells in the gel. Electrophoresis
was performed at 60-100 V for 45-60 min. The bands were then visualised using UV
trans-illumination and images recorded using a Gel Logic 200 imaging system (Eastman

Kodak, New York, NY, USA).

2.7.6 Clone library construction

Clone libraries were constructed to generate long-length 16S rRNA gene sequences of
Quinella, Sharpea and Kandleria. These libraries were also used to estimate the relative
abundance of Quinella in samples prepared for metagenomics experiments, and to
generate 16S rRNA gene-containing DNA fragments from samples prepared for

metagenomics experiments. DNA was extracted using one of the methods described in
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section 2.7.2. Specific regions of 16S rRNA genes were amplified using the PCR
conditions listed in Table 2.1. PCR products were checked by agarose gel electrophoresis
for quantity and specificity and then purified using the Wizard SV Gel and PCR Clean-
Up System (Promega, Madison, WI, USA) following the manufacturer’s instructions.
Purified PCR products (3-4 pl) were ligated into the pCR 2.1 TOPO cloning vector
(TOPO-TA cloning kit, Life Technologies), following the manufacturer’s instructions.
Ligated plasmids were then chemically transformed into One Shot TOP10 competent
cells (Life Technologies) following the manufacturer’s instructions. Transformed cells
were plated onto LB agar plates containing ampicillin (50 pg/ml), 40 pl of X-Gal (40
mg/ml) and 40 pl of 100 mM IPTG for blue-white colony selection. White colonies were

picked as positive and streaked on to LB agar plates containing ampicillin (50 pg/ml).

2.7.6.1 Colony PCR and sequencing

Colony PCR was performed to test whether the transformed cells contained a plasmid
with the expected insert size. For colony PCR, a streaked colony from an LB-ampicillin
plate was used as DNA template and transferred to a PCR master mix (contained all
essential PCR components except primers and DNA template) using a sterile toothpick.
GEM2987f (10 pmol/puL) and TOP168r (10 pmol/uL) primers were used to amplify the
cloned fragment (Table 2.1). PCR products were then checked by agarose gel
electrophoresis for quantity and size. Clones with the expected inserts size were grown in
LB medium containing 50 pg/ml of ampicillin. These clones were then stored at —80 °C
in LB medium supplemented with sterile glycerol at final concentration of 50% for future
use. Colony PCR products of the expected size were sequenced using the universal
bacterial primer 514r (Table 2.1). Full length sequences of cloned inserts were obtained
using region-specific universal bacterial primers (514r, 518f, 800r and 968f; see Table
2.1) targeting different locations of 16S rRNA gene. All sequencing was carried out either
at the Massey Genome Sequencing Service (Massey University, Palmerston North, New
Zealand) or at Macrogen Inc. Seoul, Republic of Korea. Sequencing samples were
prepared as mixes of purified colony PCR product:sequencing primer (50 ng:10 pmol in
20 pl reaction volumes) for the samples that were sequenced at the Massey Genome
Sequencing Service, whereas 55 pl colony PCR samples were sent by courier when
sequenced at Macrogen. Resulting sequences were then aligned using Geneious 8.1
software (Biomatters Ltd.) to assemble the full length 16S rRNA gene sequence for a

particular clone.
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2.7.6.2 Clone analysis

DNA sequences were processed by trimming vector sequences and bad quality sequences
(with ambiguous electropherogram base calls from the 5' and 3' ends). Resulting
sequences were used to query an in-house refined 16S rRNA bacterial database
(Henderson et al., 2017) using the BLAST sequence similarity algorithm in QIIME
(Caporaso et al., 2010) to find their closest relative. Sequences of interest were then
aligned to the whole database using the SINA aligner (Pruesse et al., 2007) and imported
into ARB (Ludwig et al., 2004) using the ARB parsimony (quick add mark) insertion

function for further analysis.

2.8 Pyrosequencing analysis to assess bacterial community composition

The study presented in chapter 3 used the dataset of partial bacterial 16S rRNA gene
sequences generated from 236 rumen samples using 454 Titanium pyrosequencing by
Kittelmann et al. (2014). These sequence data have been submitted to the EMBL database
under the study accession number ERP003779. QIIME (Caporaso et al., 2010) pipeline
v1.4.0 and v1.5.0 were used for pyrosequencing analysis. Pyrosequencing reads were first
checked for quality using FastaQC and assigned to their respective biological samples
using nucleotide barcodes. Only sequences >400 bp with a quality score over 27 (sliding
window 50 bases) along the whole sequence were included for analysis. The
pyrosequencing dataset was denoised using Acacia (Bragg et al., 2012). Denoised
sequences were grouped into OTUs (Operational Taxonomic Units) and from each OTU,
one representative sequence was selected and designated the repset sequence for that
OTU. These repset sequences were compared using BLAST against reference sequences
in an improved bacterial taxonomic framework (Henderson et al., 2017), which consist
of, a refined database of publicly available 16S rRNA gene sequences from rumen
bacteria. In this step, each repset sequence was assigned to its closest relative in the
taxonomy framework. In this way, the sequences in each OTU were assigned to a
bacterial taxon, with multiple OTUs with highly similar repset sequences being assigned
to the same taxon. The bacterial genus level was chosen as the taxonomic rank to
summarise the repset data. Beta-diversity matrices were calculated to compare the
communities-types based on the taxonomic and phylogenetic assignments. The

community differences among the samples were visualised using Principal Coordinate
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Analysis (PCoA) plots. For further details see 454 Overview Tutorial: de novo OTU

picking and diversity analyses using 454 data (http://giime.org/tutorials/tutorial.html).

2.9 Identification of taxa associated with samples from high and low CH4 sheep

To analyse the bacteria and bacterial communities in rumen samples from high and low
methane sheep, different approaches were used. First, Principal Coordinate Analysis
(PCoA) was performed using the y*>-distance metric to understand the sample distribution
pattern on the basis of taxonomically assigned OTUs and sample category (high and low
methane). Later, low abundance taxa were also identified and eliminated from the dataset
to concentrate on key bacterial taxa (described in section 3.2.3.1). Statistical tests were
performed to identify the taxa and OTUs that are significantly associated with high and

low methane sheep samples and bacterial community types (see chapter 3):

A. Spearman’s rank correlations were used to understand the significance of the
correlation of taxon abundance with methane yield.

B. Kruskal-Wallis tests (Kruskal and Wallis, 1952) were performed to make
significant comparisons between the different bacterial community types. A p-
value <0.05 was considered significant.

C. Sparse Partial Least Squares — Discriminant Analysis (sPLS-DA) was performed
in R (Cao et al., 2016) to identify diagnostic OTUs associated with low methane
community types. A subset of discriminating OTUs was identified by selecting
the 200 most discriminating OTUs from each of dimensions 1 and 2, using the
“Variable Importance in the Projection” (VIP) function. These were combined to
give 255 unique OTUs. Assessment of sPLS-DA via cross-validation
methodology was carried out using the “leave-one-out” accuracy method. All of
these analyses were performed using the mixomics package (Gonzalez et al.,

2012).

2.10 Phylogenetic analysis of Quinella, Sharpea and Kandleria

For phylogenetic analysis, clone libraries of full-length 16S rRNA gene sequences of
Quinella, Sharpea and Kandleria were prepared (method described in section 2.7.6) and
the sequences used in combination with pre-existing sequences from SILVA database
version 119 (Quast et al., 2013). First, high Quinella, Sharpea and Kandleria-abundant
rumen content samples were identified from the stored samples from the study of

Kittelmann et al. (2014), based on the abundances predicted from the pyrosequencing
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data. DNA was isolated from these samples and PCR amplification of bacterial 16S rRNA
gene sequences was conducted using the primers 27f and 1492r to amplify almost full
length bacterial 16S rRNA gene sequences (Table 2.1), prior to their cloning. Clones were
sequenced for identification using the 514r bacterial primer, and full-length sequences of
selected clones were generated by assembling reads that were generated using various
universal bacterial and plasmid primers (27f, 514r, 1100r, 1492r and M13r). The full-
length sequences were first checked for chimeras using Bellerophon (Huber et al., 2004)
and UCHIME (Edgar et al., 2011), and the fractional treeing method. In the fractional
treeing method, 450 bp of sequence from each end (3" and 5°) of the 16S rRNA gene was
used to generate two trees, one using sequences from the 5” end and another using 3" end
sequences. The sequences with conserved positions in both trees were taken as non-
chimeric sequences. These full-length clone library sequences together with pre-existing
nonchimeric sequences of Quinella, Sharpea and Kandleria were used for taxonomic
refinement. Sequences were first aligned to entries in the refined SILVA database
(Henderson et al., 2017) using the SINA aligner and then imported into ARB. In ARB,
different treeing algorithms were used to build a stable phylogeny for Quinella, Sharpea
and Kandleria. Additionally, a maximum likelihood phylogeny was implemented in
RAXML version § (Stamatakis, 2014) using the GTRGAMMA nucleotide substitution
model with rapid bootstrap analysis, to confirm the position of each sequences in the tree.
Trees were rooted using the 16S rRNA gene sequence of Fibrobacter succinogenes
(FibSuc43, GenBank accession CP002158). The resulting RAXML tree was imported into
ARB (Ludwig et al., 2004). Clusters of sequences that generally had bootstrap support
greater than 70% were identified and defined at species and genus levels based on average
sequence identities within each cluster (>97% for species; >93% for genera). More details
on the definition of genera and species are given in chapter 3. The final sequences used
in the tree were deposited in NCBI with GenBank accession numbers MF184869 to
MF184922.

2.11 Fluorescence in situ hybridisation (FISH)

2.11.1 Rumen samples

The sheep used were part of a long-term experiment to identify and breed low-CH4
emitting sheep (Pinares-Patifio et al., 2013b). They were fed lucerne pellets twice daily

and rumen samples were collected by stomach tubing 2 h after the morning feeding.
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2.11.2 Rumen fluid fixation and preservation for FISH

Rumen samples were kept on ice immediately after collection and transported to the
laboratory. The samples were fixed in two different ways: one in 4% paraformaldehyde
(PFA) (w/v) solution:sample (1:3), and second in absolute ethanol:sample (1:1). PFA-
fixed samples were used in FISH experiments to identify Quinella in rumen samples by
microscopy, while ethanol-fixed samples were used for FISH combined with single cell
sorting of Quinella. Post sampling processing steps for both types of fixation were the
same except that the ethanol-fixed samples were processed immediately on arrival into
the laboratory and PFA-fixed samples were kept at 4 °C for 2 h. Samples were centrifuged
for 8,000 g for 5 min. Supernatants were discarded and the pellets were washed twice in
PBS buffer by repeating the centrifugation step. Finally, pellets were diluted in 750 ul of
PBS and pure ethanol (1:1) and stored at —20 °C.

2.11.3 FISH probe design

Sequences from the SILVA database (refined by Henderson et al. (2017) in combination
with 16S rRNA clone library sequences of Quinella were used as reference sequences to
design FISH probes. Initially the ARB software Probe Design Tool was used to find
Quinella specific probes but this was unsuccessful. Then, 16S rRNA gene sequences from
Quinella were inspected manually in MEGA 7 (Kumar et al., 2016) for signature
conserved 18-20 bp length sequences. Shortlisted probe sequences were tested using the
ARB Probe Match Tool to confirm specificity. Specific probes with exact matches to
Quinella sequences were synthesised by IDT (Custom Science, Auckland, New Zealand)
with three different 5' fluorochromes (Cy3, Cy5 and Alexa488). Details are given in Table
5.1. A bacterial-specific domain-level probe EUB338 (5" GCTGCCTCCCGTAGGAGT;
target site E. coli position. 338-355), and a nonsense probe nonEUB338 (the reverse and
complement of EUB338) were used as positive and negative controls respectively. Probes
were aliquoted (2.5 pg) in 200 pl microcentrifuge tubes and stored at =20 °C. Before use,
probes were resuspended in 50 pL of sterile nuclease-free water to make a working

concentration of 50 ng/pL.

2.11.4 FISH probe testing

Newly designed probes were tested using PFA-fixed rumen fluid samples. Probe

stringencies (conditions at which probes specifically hybridised only to Quinella-like
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cells) were optimised by varying formamide concentration, NaCl concentration and
hybridisation temperature. The rest of the procedure was as described by Hugenholtz et
al. (2001) with slight modifications. Briefly, 3-5 pL (depending upon cell concentration)
samples of fixed cells were applied on 10-well FISH slides and air dried for at least 3 h
or overnight. Slides were then dehydrated using a series of ethanol washes starting at
50%, 80% and finally 100% ethanol for 3 min each and finally air dried. A hybridisation
oven was pre-warmed to the desired hybridisation temperature, e.g. 46 °C, 50 °C or 52
°C. Hybridisation buffers (8 pL; see Table 2.2) with various formamide and NaCl
concentrations were applied to different slides in duplicate. Probes (1 uL/well of 50
ng/uL) were applied either singly or in combination to different wells and mixed gently
with a micropipette tip without touching the well surface. Each slide was then transferred
carefully into a 50 mL Falcon tube containing moistened paper towels, capped firmly and
placed horizontally in the hybridisation oven for 2 h. After hybridisation, slides were well
rinsed with the same pre-warmed wash buffer (Table 2.2) to remove unhybridised probes.
Slides were then transferred into Falcon tubes containing wash buffer (Table 2.2) and
placed in a waterbath (at a temperature 2 °C higher than the hybridisation temperature)
for 15 min. Slides were then rinsed briefly with ice-cold distilled water and dried
immediately either with compressed air or in a 39 °C oven. Antifade mounting solution
(VECTASHIELD; Vector Laboratories Ltd., Burlingame, CA, USA) was applied
carefully on the slides and covered with a coverslip without trapping air bubbles in the
wells. Slides were then visualised by epifluorescence microscopy using the appropriate

filters (for each probe’s fluorochrome).

2.11.5 Clone FISH

Clone FISH (Schramm et al., 2002) was performed to test the newly-designed FISH
probes. 16S rRNA genes clones (i.e. E. coli containing pCR2.1 plasmid with a Quinella
16S rRNA gene insert) with exact sequence matches were used as positive controls
whereas cloned sequences with one or more mis-matches were used as negative controls.
These were clones generated as described in section 2.7.6. First, the inserts and vectors
were sequenced to ensure they had the correct sequence orientation (5'-3') using primer
514R that targets a region flanking the cloning site of the vector (Table 2.1), so that the
RNA generated contained the correct probe binding sites. Clones with the wrong
orientation (5'-3") were sub-cloned to get the correct orientation. Briefly, plasmids were

extracted from Quinella clones (i.e., E. coli containing pCR2.1 plasmid with Quinella
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16S rRNA gene inserts) and 16S rRNA gene sequences were amplified using 27f and
1492r primers (Table 2.1). Amplified sequences were then ligated into the plasmid
(pCR2.1) and transformed in E. coli IM109 (DE3). Clones were then screened again by
sequencing for examples with the desired orientation. Clones with the correct orientation
were then grown in LB medium containing ampicillin, until they achieved an optical
density of 0.4 (600 nm), then 100 ul of 100 mM IPTG were added to 10 ml of grown cells
and incubated at 37 °C for 1 h. 50 pul (34 mg/ml) of chloramphenicol was then added to
the cells which were further incubated for 3 h at 37 °C. This process was used to increase
the copy number of transcribed 16S rRNA to increase the FISH probe targets so as to
enhance hybridisation signal intensity (Schramm et al., 2002). Methods described in

section 2.11.4 were followed to determine conditions for probe stringency.

2.11.6 Liquid FISH

A liquid FISH method was developed using concentrated Quinella samples (section
2.12.3) and probe Quinl231. FISH probe stringency was tested using the protocol
described in section 2.11.4 with some changes. Here all steps were conducted in 1.5 mL
microfuge tubes. First, 800 puL of TE buffer (10 mM Tris and 1 mM EDTA, pH 7.5 with
HCI) was added to 200-500 pL (depending on cell density) of ethanol-fixed concentrated
Quinella cells and centrifuged at 8,000 g for 5 min at 20 °C. The supernatant was
discarded and the pellet was washed twice with 1 mL TE buffer by re-suspending it and
then centrifuging it at 8,000 g for 5 min at 20 °C and discarding the supernatant. The
pellet was then re-suspended in 1 mL of 0.22 um-filtered TE-lysozyme (1 mg/mL)
solution and incubated for 10 min at room temperature. The mixture was centrifuged at
8,000 g for 3 min at 4 °C and the supernatant was removed. The pellet was then washed
again by adding 1 mL of PBS and centrifuging at 8,000 g for 3 min at 4 °C and discarding
the supernatant. The pellet was then re-suspended in 500 pL of hybridisation buffer by
gentle mixing. 70 puL aliquots of this homogenised suspension were transferred to 1.5 mL
plastic tubes and 7 pL of the desired probe (50 ng/puL) was added into each tube.
Hybridisation was carried out at the desired temperature for 2 h. Remaining hybridisation
buffer was kept at the same temperature whereas the wash buffer at 2 °C warmer. After
hybridisation, 150 pL of the pre-warmed hybridisation buffer was added to each tube and
centrifuged at 8,000 g for 3 mins at 20 °C. The supernatant was removed and 200 pl of
the pre-warmed wash buffer was added. The pellet was re-suspended by pipetting and

then incubated at the wash buffer temperature for 20 min. Wash buffer was then removed

33



by centrifuging at 8,000 g for 3 min at 20 °C. Finally, the pellet was re-suspended in 100
pL of PBS and hybridisation with the probe was checked by epifluorescence microscopy
using various filters (appropriate for each probe’s fluorochrome). A hybridisation
temperature of 46 °C and a wash temperature of 48 °C was found to result in optimal
Quinella-specific probe hybridisation to large Quinella-like cells, without binding to

other cell types.

Table 2.2 Hybridisation and washing buffer preparation for FISH.

Formamide concentration (v/v, %)

0 20 40 60 80
Hybridisation buffer Volume (uL)
5 M NaCl 360 360 360 360 360
1 M Tris-HCI, pH 8.0 40 40 40 40 40
100% formamide 0 400 800 1200 1598
Sterile Milli-Q water 1598 1198 798 398 0
10% (w/v) SDS 2 2 2 2 2
Total volume 2000 2000 2000 2000 2000
Wash buffer Volume (puL)
5 M NacCl 9000 2150 460 40 0
1 M Tris-HCI, pH 8.0 1000 1000 1000 1000 1000
0.5 M EDTA 0 500 500 500 175
Sterile Milli-Q water 39950 46300 47990 48410 48775
10% (w/v) SDS 50 50 50 50 50
Total volume 50000 50000 50000 50000 50000
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2.12 Experiments to provide better understanding of Quinella morphology and

physiology

2.12.1 Sample collection

Three rounds of rumen fluid sampling were conducted from sheep fed on lucerne pellets.
The samples were taken by stomach tubing. Sample 1 was made by pooling rumen fluid
samples from 12 sheep with high relative abundances (as assessed by phase contrast
microscopy) of Quinella-like cells. Sample 2 was pooled rumen fluid samples (two
sampling days apart) from one sheep with a high relative abundance of Quinella-like
cells. Sample 3 was collected from a single sheep with a high relative abundance of
Quinella-like cells. All above samples were processed as described in section 2.12.3.
Sample 4 was prepared from sample 1 by sorting single cells (section 2.14) of probable
Quinella into batches of 50 cells using the fluorescence signal from probe Quin1231 after
hybridisation (section 2.11.6).

2.12.2 Isolation of Quinella-like cells from sheep rumen samples

Isolation of Quinella was attempted from rumen samples identified as having high
Quinella abundance (by examining fresh samples by phase contrast microscopy and by
FISH). Rumen fluid containing Quinella cells was directly collected into the RMO02 tubes
while being bubbled with CO> (Oz-free). Tubes were then transported to the laboratory
and kept at 39 °C until they were used within 1.5 h. Hungate tubes containing
anaerobically prepared RM02 medium containing 2GenRFV plus (final concentrations)
20 mM mannitol, 10 mM salicin and 0.08 % [w/v] pectin was used for first inoculation.
The dilution to extinction method (Kenters et al., 2011) was used to isolate Quinella from
rumen samples. Briefly, collected samples were diluted and inoculated in two sets so that
in set one each tube received an estimated 10 bacterial cells and in set two each received
an estimated 40 bacterial cells, based on estimates of 10° bacterial cells per ml of rumen

contents.

Tubes that showed any turbidity were examined microscopically and sub-cultured into
fresh media. Tubes that were identified as having large cells were used for spread plating
onto anaerobic agar media containing similar additives as before, plus 1.5 g
bacteriological agar per 100 ml of media. Agar plates were checked every 24 h for

colonies. Colonies were examined microscopically, and those with larger cells were used

35



for FISH and 16S rRNA gene sequence-based identification (sections 2.11.4 and 2.7.6)
to identify Quinella.

2.12.3 Method development for Quinella concentration from rumen fluid

All rumen fluid samples (section 2.12.1) were transported to the laboratory on ice and
squeezed through 300 um nylon mesh. The filtrate was diluted 1:1 with PBS buffer and
left at room temperature for 10 min. The diluted filtrate was then filtered through 23 um
nylon mesh into clean sterile 50 mL falcon tubes (40 mL sample/tube) and centrifuged at
100 g for 5 min at room temperature to pellet protozoa and particulate materials. The
supernatant was decanted, filtered again through 23 pm nylon mesh and centrifuged at
800 g for 5 min. The supernatant was discarded and the pellet (containing potential
Quinella cells) was washed three times by re-suspending in 40 mL PBS buffer and then
filtered through 23 pm nylon mesh and centrifuged at 800 g for 5 min. Quinella
abundance was monitored at each step by visualising samples using light microscopy
(with a 100 x oil immersion lens) for large oval Quinella-like cells. Finally, cells were

re-suspended in 1x PBS and stored at —20 °C until used.

2.13  Electron microscopy of Quinella

Sample 3 (section 2.12) was used for Quinella cell concentration by the method described
in section 2.12.1. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) analyses of these concentrated cells were carried out at the Manawatu
Microscopy and Imaging Centre (MMIC), Massey University, Palmerston North, New
Zealand.

2.13.1 Scanning electron microscopy (SEM)

The cells were fixed in modified Karnovsky’s fixative (3% [v/v] glutaraldehyde, 2% [v/V]
formaldehyde in 0.1 M sodium phosphate buffer, pH 7.2) in a 1:6 ratio (sample:fixative)
for at least 8 h at room temperature. Samples were centrifuged at 1,600 g for 4 min and a
drop of pelleted sample re-suspended in a small amount of fixative solution was
sandwiched between two membrane filters (0.4 pm, Isopore, Merck Millipore Ltd,
Billerica, MA, USA) in an aluminium clamp and washed three times in 0.1 M sodium
phosphate buffer (pH 7.2, 15 min each). The sample was then dehydrated in a series of
ethanol solutions (25%, 50%, 75%, 95%, and 100% [v/v]) in water for 15 min each, with

and a final 100% ethanol dehydration for 1 h. The samples were then dried to critical
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point using liquid CO as the critical point drying fluid and 100% ethanol as the
intermediary (Polaron E3000 series II critical point drying apparatus; Quorum
Technologies Ltd., Lewes, UK). The samples were mounted onto aluminium stubs and
sputter coated with approximately 100 nm of gold (BAL-TEC SCD 005 sputter coater;
Angstrom Engineering Inc., Kitchener, Ontario, Canada) and viewed with a FEI Quanta
200 scanning electron microscope (Philips Electron Optics, Eindhoven, The Netherlands)

at an accelerating voltage of 25 kV.

2.13.2 Transmission electron microscopy (TEM)

The Quinella cells suspended in PBS (prepared as described in section 2.12.3) were fixed
for at least 2 h in modified Karnovsky’s fixative (section 2.13.1). Bovine serum albumin
(BSA) was then added to the samples to a final concentration of 20% (w/v). Cells were
harvested by centrifugation at 1,600 g for 4 min and excess fixative was removed by
aspiration with an autopipetter. Three drops of 20% (w/v) BSA were added to the pellet
and mixed well to prevent the pellet falling apart during the many changes of fluids
through the processing. Samples were centrifuged again at 1,600 g for 4 min and the
supernatant discarded. One drop of 25% (w/v) glutaraldehyde in water (Sigma-Aldrich)
was added at the top of the pellet and left for about 5 min to coagulate the BSA. The pellet
was then removed from tube and cut off the excess BSA gel. The pellet was sliced into
thin pieces and returned to the first fixative to ensure all of the BSA was coagulated. The
pellet slices were washed by resuspending in 0.1 M sodium phosphate buffer (pH 7.2)
followed by centrifugation at 900 g for 10 min. Post fixation treatment was done in 1%
(v/v) osmium tetroxide in phosphate buffer for 30 min at room temperature. The washing
step was repeated again as above. Pellet slices were then dehydrated with a series of
acetone solutions (25%, 50%, 75%, 95% and 100% [v/v]) in water for 10-15 min each
followed by two changes of 100% acetone for one hour each. Samples were then
transferred to resin:acetone (50:50 v/v) solution and agitated overnight on a PELCO R2
rotary mixer (Ted Pella Inc., Redding, CA, USA) then the resin:acetone mix was replaced
with 100% resin for 8 h on the mixer and this step was repeated twice (overnight in 100%
resin, then another 8 h in 100% resin). Samples were embed in moulds with fresh resin
and cured in a 60 °C oven for 48 h. Light microscope sections were cut at 1 um thickness
using a glass knife on an ultramicrotome (EM UC7; Leica, Wetzlar, Germany) and heat
fixed onto glass slides. These heat-fixed sections were stained with 0.05% (w/v) toluidine

blue for approximately 12 s and viewed under a light microscope (Axioplan; Zeiss,
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GmbH, Germany). The block was then trimmed down to the selected area and cut using
a diamond knife (Diatome, Vienna, Austria) at 100 nm. These were stretched with
chloroform and mounted on a grid using a Quick Coat G pen (Saiko, Tokyo, Japan). Grids
were stained in saturated uranyl acetate in 50% (v/v) ethanol for 4 min, washed with 50%
(v/v) ethanol then with Milli-Q water and then stained in lead citrate (Venable and
Coggeshall, 1965) for a further 4 min. This was followed by a wash in Milli-Q water.
Samples were then dried and viewed with transmission electron microscope (FEI Tecnai

G2 Spirit BioTWIN; Brno-Cernovice, Czech Republic).

2.14 Sample type 4 processing for metagenome sequencing

Concentrated Quinella cells obtained from sample 1 were first ethanol fixed and then
hybridised with Quinella specific FISH probe (Quin1231) using the liquid FISH method
described in section 2.11.6. Then Quinella cells were sorted using a MoFlo XDP high
speed cell sorter (Beckman Coulter, Indianapolis, IN, USA) by selecting cell size and
fluorescence signal as control parameters. Batches of 50 cells that both bound the
Quinl231 probe and had cell sizes corresponding to the putative Quinella cells were
sorted in a 384 well LightCycler® 480 Multiwell Plate, (Roche Molecular Systems, Inc.,
Pleasanton, CA, USA) and stored at —80 °C.

2.14.1 Whole genome amplification from sorted Quinella cells

This process was performed in a biosafety cabinet using UV-sterilised filter tips,
multiwell plates, plate seals, and 1.5 mL plastic tubes, and a UV-sterilised autopipetter to

eliminate potential contamination.

2.14.2 Cell lysis

Plates containing sorted Quinella cells were taken from the —80 °C freezer and subjected
to five rounds of freeze-thaw cycles by moving plate from —80 °C for 20 min to 70 °C for
10 min. Plates were then centrifuged at 1000 g and 4 °C for 2 min to pellet the cells. 1 pl
of lysis buffer D2; 3 ul DTT, and 33 pl buffer DLB (provided in the REPLI-g® Single
Cell kit; Roche Molecular Systems, Inc.) were added to each sample before centrifugation
at 1000 g and 4 °C for 2 min and incubation at 65 °C for 10 min. 1 pl of STOP buffer
(from the REPLI-g® Single Cell kit) was added to the mixture which was then centrifuged
at 1000 g and 4°C for 2 min. The plate was then placed on ice while preparing the master

mix for the MDA (multiple displacement amplification) reaction.
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2.14.3 MDA

A 1.5ml plastic tube was used to prepare the MDA master mix by mixing 8.7 ul reaction
buffer, 0.6 ul phi-29 polymerase, 0.3 pl Styo 13 working solution, and SCG-H>O (single
cell grade- H>0) to make up total 15 pl. All these reagents were provided in the REPLi-
g single cell kit (Qiagen). The master mix was added to the lysed cells and centrifuged at
1000 g and 4 °C for 2 min. The plate was sealed with sterile plate seal and incubated at
30 °C for 16 h, then transferred to a 65 °C oven and incubated for 10 min to deactivate
the enzyme. A 1:10 dilution of MDA products was made in a sterile biosafety cabinet to
a final volume of 10 pl in 8-strip PCR tubes with SCG-H»0. Diluted MDA products were
mixed thoroughly by pipetting up and down, and stored at —80 °C until sequenced. This

material was designated sample 4.

2.14.4 Screening and taxonomic identification of MDA products.

MDA products were screened using 16S rRNA gene based PCR. The primers 27f and
1492r were used to generate PCR products for clone library preparation to determine

whether the amplified MDA products contained only Quinella DNA or not.

2.15 Estimation of Quinella cell abundance and sample preparation for

metagenome sequencing

The relative abundance of Quinella in the cell suspensions (samples 1, 2 and 3) produced
by the enrichment method described in section 2.12.3 was estimated by preparing 16S
rRNA gene clone libraries. Briefly, DNA was extracted from these samples following
methods described in section 2.7.2 (method 2 for sample 1 and method 1 for samples 2
and 3) and quantified (section 2.7.3). Sample 4 (MDA-amplified DNA from single cell
sorted Quinella cell obtained from sample 3) was processed as described in section 2.14.
These DNA were used to generate clone libraries following the method described in
section 2.5.5. Cloned products were sequenced and analysed as described in section
2.7.6.2 to estimate the Quinella abundance in each sample. After confirming the Quinella
abundance, DNA extracted from these 4 samples was used to construct bar-coded
genomic shotgun libraries and sequenced using a single lane of Illumina MiSeq 2 x 300
bp paired-end reads. The library preparation and sequencing was carried out by Eurofins

Genomics GmbH (Ebersberg, Germany).
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2.16 Metagenome sequences processing

The sequences generated by Illumina MiSeq 2 were first checked for quality using
FastQC (Smith et al., 2010). Poor quality reads were trimmed, if needed, using

Trimmomatic.
Command used:

e /trimmomatic-0.32.jar PE -threads 33 -trimlog ..R1 trimlog ...R1 001.fastq
..R2 001.fastq ...R1 001 tmm.fq ..R1 001 s tmm.fq ..R2 001 tmm.fq
..R2 001 s tmm.fq SLIDINGWINDOW:10:15 MINLEN:250 CROP:250

e For details see: http://www.usadellab.org/cms/?page=trimmomatic

The resulting sequencing reads were assembled using SPAdes Genome Assembler (Nurk

etal., 2013).
Command used:

e bin/spades.py --pel-1 ...R2 001.fastq --pel-2 ....R2_001.fastq --careful —t 40 -o
<output>
Note: different options were also tried to get better assemblies, but this was the one

finally used for the data presented here. For details see http://bioinf.spbau.ru/spades

The Quality Assessment Tool for Genome Assemblies (QUAST) was used to evaluate
the genome assemblies (% G+C content, number of contigs, contig length, N50 and N75)
(Gurevich et al., 2013).

Command used:

e python quast.py <contig file(s)> -o <output dir>

For details see: http://quast.sourceforge.net/quast

The assembled reads in contigs were binned into potential genome bins using MetaBAT,
a tool that uses integrated empirical probabilistic distances of genome abundance and
tetranucleotide frequency (Kang et al., 2015) to bin contigs. To run MetaBAT, first an

index file was generated for each assembly which was later used for contig binning.

Command used to generate the index file:

e bowtie2-build contigs.fasta contigsname
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e bowtie2 -p 10 -x contigsname -U reads R1.fastq -S contigsname output.sam >
bowtie.out
e samtools 0.1.18 view -Sb contigsname output.sam > contigsname_output.bam

Command used to run MetaBAT

e .../metabat/runMetaBat.sh <options> assembly.fasta contigsname output.bam

Note: Different options were also tried to generate better bins. For example:
--verysensitive  for greater sensitivity (combine may other options)
--minContig minimum contigs with particular size for analysis
--minClsSize minimum bin size

For details see the https://bitbucket.org/berkeleylab/metabat

2.17 Quinella genomic bins analysis

2.17.1 Phylotyping of genomic bins

To understand the initial taxonomic composition of genome bins, AMPHORA? software
(Wu and Scott, 2012), which uses a set of 31 bacterial and 104 archaeal protein coding
marker genes, was used on the web-based AmphoraNet application (Kerepesi et al.,
2014). Results generated were visualised using AmphoraVizu (Kerepesi et al., 2014) to

understand the taxonomic-level composition of genome bins.

2.17.2 Quality assessment of genomic bins

The genome bins generated were assessed for quality (completeness and contamination)
using CheckM (Parks et al., 2015). This uses a broad set of markers genes specific to the

position in the genome within a reference genome tree.
Command used:

e checkm lineage wf -t 20 -x fa <path to bin folder with .fa files>
<output_directory>
e checkm taxonomy wf family Veillonellaceae -x fa <path to bin_folder with .fa
files> <output_directory/taxonomy wf>
The taxonomic identification of each bin was confirmed by extracting 16S rRNA gene
sequences and then comparing them by BLAST as a query against a refined 16S rRNA
bacterial database (Henderson et al., 2017) using QIIME.
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Command used to extract 16S rRNA gene sequences from particular bins:

e checkm ssu_finder -x fa <path to bin_folder with .fa files> <output_directory>

For details about CheckM commands see https://github.com/Ecogenomics/CheckM/wiki

2.17.3 Amplification of near full length 16S rRNA gene sequence of Quinella

genome bins

To understand the Quinella strains captured in each genome bin using 16S rRNA gene
sequences as a marker, 16S rRNA genes were amplified from the original samples (1, 2,
and 3) targeting the 16S rRNA genes and flanking regions found in the bins. First, contigs
containing 16S rRNA gene fragments from Quinella genome bins were annotated to
identify other genes present on these fragments. Forward primers were designed to target
a CDS region of genes adjacent to the 16S rRNA gene sequences. Then these primers
were used in conjunction with a universal bacterial reverse primer (1492R) to amplify
nearly complete 16S rRNA gene regions together with flanking region sequences that
should correspond to the reference contigs. Each forward primer was designed to
produced different size products for their targeted genome bin. The length of expected
amplified products ranged from 1851 to 2390 bp (Table 2.3). Primer specificity was
checked using the Primer-BLAST tool from NCBI (Ye et al., 2012). The resulting PCR
products were cloned and the inserts were amplified by colony PCR (section 2.7.6).
Resulting product were sequenced using the 514r universal bacterial primer for initial
identification of clones then the full amplified product was sequenced using the plasmid-
targeted primers M 13f, M13r, and the 16S rRNA gene-targeted primer 1100r (Table 2.1).
These fragment reads were assembled together in Geneious 8.1. Finally, consensus
sequences were generated from each of these assemblies and aligned with the reference
contigs from the genome bins. The 16S rRNA gene regions from the resulting sequences
were also used for phylogenetic analysis (Figure 5.11) by using sequences from the
refined Quinella tree (Figure 3.11) to find the phylogenetic position of the 16S rRNA
genes corresponding to the Quinella genome bins. A maximum likelihood phylogeny was
implemented in RAXML version 7.3.2 (Stamatakis, 2014), using the GTRGAMMA
nucleotide substitution model with rapid bootstrap analysis. Bootstrap values were
calculated from 500 replicates. Selenomonas ruminantium 16S rRNA gene sequence was

used as an outgroup.
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2.18 Quinella genome bin annotation and functional analysis

Genome annotation of shortlisted Quinella genome bins was performed using the
GAMOLA?2 annotation tool (Altermann et al., 2017) in combination with the Artemis
software suite (Rutherford et al., 2000). Genes were predicted using Prodigal (Hyatt et
al., 2010). Genes that play major role in metabolism were translated and the deduced
proteins were manually checked and compared to reference proteins using different
databases (non-redundant protein database provided by the National Centre for
Biotechnology Information (NCBI) (Sayers et al., 2011), clusters of orthologous groups
(COG) database (Tatusov et al., 2001b) (Tatusov et al., 2001b) Pfam (Finn et al., 2016)
and TIGRFAM (Haft et al.,, 2003) databases and reviewed sequences from the
Uniprotkb/swiss-prot database (Boutet et al., 2016).

2.18.1 Functional genome analysis

To understand the similarity between genome bins, functional genome distribution (FGD)
analysis was conducted. This analysis does not represent the phylogenetic distance.
Instead, overall genome bin similarities were calculated using ORFeome amino-acid
sequences based on the assumption that highly similar proteins are indicative of
functional similarities. The similarities and absence of predicted proteins are combined
into a pairwise FGD dissimilarity matrix (Altermann, 2012). This was then used to
generate a tree by an unweighted pair group method with arithmetic mean (UPGMA)
method (Sneath and Sokal, 1962).

OrthoMCL analysis (Li et al., 2003) was also conducted to identify the orthologous gene

families present across all the genome bins.

2.18.2 Metabolic pathway construction

The Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2017) and
Metacyc (Caspi et al., 2014) were used as a reference databases to construct metabolic
pathways. Key genes involved in metabolic pathways were compared with their
experimentally validated homologs using the BLOSUM62 (BLOcks SUbstitution
Matrix) sequence alignment (Henikoff and Henikoff, 1992) option within Geneious
(Kearse et al., 2012). CAZyme (carbohydrate active enzymes) and transporters were
searches for in Quinella genome bins using dbCAN (Yin et al., 2012; Lombard et al.,
2014) and TransportDB 2.0 (Elbourne et al., 2017) databases for reference.
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Chapter 3 Rumen bacterial taxa associated with high and low

methane emitting sheep

3.1 Introduction

There has been an increasing effort over the last decade to develop strategies to reduce
methane (CH4) emissions from farmed ruminants (Buddle et al., 2011; Moumen et al.,
2016; de Haas et al., 2017). The possibility of breeding naturally low CHs emitting
animals is one strategy that has gained much attention, especially for sheep (Pinares-
Patifio et al., 201 1a; Pinares-Patifio et al., 2013a; Goopy et al., 2016; Jonker et al., 2017b;
Jonker et al., 2017a) . Cattle and sheep both show variations in the amount of CH4 emitted
from a specified amount of feed (Pinares-Patifio et al., 2013a; Hayes et al., 2016; Lassen
et al., 2016). Experiments conducted by Pinares-Patifio and colleagues to measure the
repeatability and heritability in methane emissions from sheep showed that low
CHgy-ranked sheep had a lower CH4 yield (g CH4 per kg dry matter intake [DMI]) on both
grass and pelleted diets (Pinares-Patifio et al., 2011a), and when a large scale experiment
was performed using 1225 sheep, it was found that the CH4 emission trait is heritable and
repeatable (Pinares-Patifio et al., 2013b). Also, recent experiments conducted by Jonker
et al. (2017a) showed that progeny of low CHj4 selection line sheep also produce less CHa
even after shifting from a pelletized lucerne diet to grazing pasture. The amounts and
types of volatile fatty acids (VFAs) formed during feed fermentation in the rumen are
some of the major factors that affect the amount of methane formed (Rooke et al., 2014),
and greater acetate:propionate ratios indicate more methane formation. Microbes present
in the rumen, especially bacteria, play a major role in feed fermentation and regulate the
amounts of the different VFAs formed in the rumen. During rumen fermentation,
formation of different VFAs leads to the formation of different amounts of hydrogen (Hz)
which is further converted to methane by methanogenic archaea (Janssen, 2010). So, it is
logical to envisage that rumen bacterial community composition influences fermentation
products and hence CH4 emissions. It is hypothesised that bacteria present in low CHg4
emitting animals ferment the feed so that less H» is formed, which in turn leads to less
CHs4 being formed than in high CH4 emitting animals (Kittelmann et al., 2014; Shi et al.,
2014; Kamke et al., 2016). It has been reported by Kittelmann et al. (2014) that there are
(at least) two different rumen bacterial community types (Q and S) associated with low
CHj4 emitting sheep, and (at least) one type (H) with high CH4 emitting sheep. The relative
abundance of Quinella ovalis was reported to be greater in the Q-community type, while
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Sharpea azabuensis together with various other taxa, such as Fibrobacter spp., Kandleria
vitulina, Olsenella spp., and Prevotella bryantii, were found to be relatively more
abundant in the S-type community. The aim of the work described in this chapter was to
perform a deeper examination of these two low CHs-associated community types, and of

their diagnostic species, Quinella ovalis and Sharpea azabuensis.

3.2 Results and Discussion

3.2.1 Rumen bacterial community structure in high and low CH4 emitting sheep

The first step was to identify bacterial taxa associated with high and low CH4 emitting
sheep rumen samples. The data used in this study were previously generated from rumen
samples collected from 118 sheep identified as high and low CH4 emitters from a total of
340 individuals (Kittelmann et al., 2014). The 340 animals were studied in four cohorts
because the CH4 measurement facility could not accommodate all the animals at once.
Methane emissions were measured and rumen samples were collected twice from each
animal, in two measuring rounds about 3 weeks apart. CH4 yields (g CH4 per kg DMI)
were calculated and 118 individuals were categorised as high or low CH4 emitters based
on the average CHj yield in the two measuring rounds (Pinares-Patifio et al., 2011a;
Kittelmann et al., 2014). These were chosen for further study, giving a total of 236 rumen
samples each with an associated CH4 yield (Kittelmann et al., 2014). Figure 3.1 shows
the CHy yields from the two measuring rounds from the 118 high and low CH4 emitting
sheep selected for rumen microbial community analysis. A “high CH4 sample” refers to a
sample collected from an individual categorised as a high CHy yield sheep and a “low
CH4 sample” refers to a sample collected from an individual categorised as a low CHy
yield sheep. Methane yields from individual sheep can be variable between measuring
rounds, with some samples from some high CH4 emitters falling among the samples from

low CH4 emitters and vice versa (Figure 3.1).

In the study presented here, the dataset of partial bacterial 16S rRNA gene sequences
generated from these 236 rumen samples using 454 Titanium pyrosequencing by
Kittelmann et al. (2014) was reanalysed using an updated 16S rRNA gene based bacterial
taxonomic framework developed by Henderson et al. (2017). This revised framework
provides deeper taxonomic assignment (down to the genus level) for many groups of

rumen bacteria previously only assigned to undefined orders or families. That refinement
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was achieved by classifying bacterial 16S rRNA gene sequences from 684 rumen samples
from a global study into known genera or newly defined provisional genus-level

groupings (Henderson et al., 2017).

25

C1a C1b C2a C2b C3a C3b Cda C4b

g CH,/kg DM

@ Readings from high CH,4 sheep
® Readings fromlow CH, sheep

Readings arranged by cohorts

Figure 3.1 Methane yields associated with each of 236 rumen samples by cohort and
measuring round (enclosed in dashed ovals). Each point represents one rumen sample
with its associated CH4 yield, and is coloured to indicate whether it came from a high
(red) or low (blue) CH4 emitting sheep. There were four cohorts of sheep (C1, C2, C3,
and C4), and each was measured for CHs yield and had a rumen sample collected in each
of the two measuring rounds (a and b).

The sequencing data consisted of 396,196 partial bacterial 16S rRNA sequence reads,

with between 201 and 4073 sequences per sample.

The QIIME (Quantitative Insights Into Microbial Ecology) software package (Caporaso
et al., 2010) was used for data analysis (for details see section 2.8). Sequencing data were
denoised using Acacia (Bragg et al., 2012), which reduced the number of reads to 353,976
(174 to 3565 reads per sample). Figure 3.2A shows a rarefaction plot of OTUs in all the
samples that contained greater than 700 reads (samples were grouped by high and low
CHs yield). It seemed that the diversity of OTUs in samples from high CHs-yield sheep
was slightly greater than for low CHgs-yield sheep. Rarefaction plots were also drawn

using the four samples with the greatest and the four samples with the smallest number of
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reads (Figure 3.2B) to see whether there are any clear difference in the number of reads
among samples. The general trend in the curves was similar regardless of the number of
samples. The rarefaction curves showed that the number of sequence reads was not
sufficient to cover all expected OTUs in the samples. However, it was expected that there
would be relatively few genus-level taxa with many sequence reads, and that a small
number of reads per sample would survey these dominant taxa. Therefore, to allow
sufficient data for meaningful analyses, but at the same time avoid greatly reducing the
number of samples, eight samples with reads less than 700 were excluded from analysis,

reducing the number of usable samples to 228.

In total, 12150 operational taxonomic unit (OTUs), grouped at 97% sequence similarity,
were found in the dataset. These were assigned to 269 bacterial taxa at the genus level, or
as close as possible, and these genera belonged to 64 orders. Of these 64 orders,
Bacteroidales and Clostridiales 1 constituted 39.7% and 32.4% of all sequences,
respectively (Figure 3.3). Another 24.0% of sequences belonged to Clostridiales 2
(11.7%), Erysipelotrichales (4.7%), Fibrobacterales (4.1%), Anaeroplasmatales (2.3%),
and Rhodospirillales (1.3%). The remaining 57 bacterial orders combined represented
only 3.9% of the observed bacterial community (Figure 3.3). Overall taxonomic
assignment at the order level was similar to that reported by Kittelmann et al. (2014). At
the genus level, the resolution appeared to be finer, with 237 bacteria taxa found in the
new analysis compared to 138 found by Kittelmann et al. (2014). However, the main
findings remain the same, with the same major bacterial taxa found in these samples.
These bacterial groups are very similar to those found in rumens from a wide range of

different ruminant species (Henderson et al., 2015; Henderson et al., 2017).
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Figure 3.2 Rarefaction plots using chaol matrix. Samples with less than 700 reads were
excluded in this plot. A) Samples grouped by high (red line) and low (blue) CH4 yield. B)
Rarefaction plots for four samples (purple, light blue, orange and yellow coloured lines)
with greatest number of reads and four samples (red, blue, black and green coloured lines)
with the smallest number of reads.
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Figure 3.3 Contribution of various bacterial orders to overall bacterial community
composition. Orders that contributed on average <1% are summarised as “Other
bacteria”.
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3.2.2 Sample distribution by CH4 and bacterial community composition

To determine if there was any association between the classification as a low or high CHa
sample and the bacterial groups present in that rumen sample, a principal coordinate
analysis (PCoA) was performed using the y>-distance metric (Figure 3.4). The 228 points
in the graph, each representing one rumen sample, formed a broad tilted V. Both arms of
the V-shape are dominated by low CHs-associated samples, whereas the majority of high
CHa4 samples lie at the junction of both arms. The two groups of samples associated with
low CHs emitting sheep are separated, suggesting that two community types were
associated with low CH4 emitting sheep. There appears to be a continuum from each of
the low CHg-associated sample groups through to the high CHs-associated samples. Some

noise occurs throughout the graph, with some samples from high CH4 sheep grouped at
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the ends of the V and some samples from low CH4 sheep grouped nearer the apex, and
this is expected from the observed variation in CH4 yields shown in Figure 3.1. However,
overall the PCoA graph suggested that there were three broadly different types of bacterial
communities: two associated with low and one associated with high CH4 emissions. This
agreed with the general pattern found by Kittelmann et al. (2014), using the same data but

with a less well defined bacterial taxonomy.

The relative abundances of the different taxa were plotted to identify bacteria associated
with the different low and high CH4 communities (Figure 3.5). The samples were ranked
by their position in the principal coordinate analysis following the direction of the arrow
in Figure 3.4. The graph shows that the bacterial communities associated with the samples
towards the extremes of the V in Figure 3.4 are different in composition to those
associated with those at the apex. Samples from one arm of the V were characterised by
a greater abundance of Quinella spp. and samples in the other arm by the presence of
more sequences from Sharpea spp. (Figure 3.5). In contrast, there were no immediately
obvious diagnostic taxa in samples that grouped near the apex of the V-shape (this is
investigated in more detail below). The samples were generally categorised (Table 3.1)
into three different bacterial community types: Q (Quinella-containing, n = 74), S
(Sharpea-containing, n = 45) and H (high CH4 mixed type, n = 109), based on the bacterial
community dominance patterns (Figure 3.5) and CH4 yield classification of the sheep
(Figure 3.1). This agrees with and uses the community type designations introduced by
Kittelmann et al. (2014). The association of samples from sheep classified as high and
low CH4 emitting with the 3 community types was not random (Table 3.1; p <0.0001; -
test).
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Figure 3.4 Principal coordinate analysis based on the y>-distance metric comparing the
relative abundances of bacterial groups in each of 228 samples. Samples are coloured by
CHys classification of the sheep: high CHy yield sheep (red), low CHy yield sheep (blue).
The arrow shows the order in which the samples are arranged in Figure 3.4. The sum of
the variation explained by the first two principal coordinates is the overall percentage
variation explained by the two-dimensional graph (Ramette, 2007).

3.2.3 Bacterial taxa associated with the different community types

While Quinella and Sharpea appeared to be associated with the two low CHs bacterial
community types (Figure 3.5), there may be other taxa that also differentiate the
community types. A more detailed analysis was performed to identify these. To do that,
a simplified dataset was generated by eliminating low-abundance taxa (section 3.2.3.1),
and then a second dataset was generated from that by limiting it to samples associated
with extremely high or low CHgs yields (section 3.2.3.2). Using these, other taxa

associated with the three different community types were identified (section 3.2.3.3).
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Table 3.1 Distribution of community types in samples from high and low CHjs sheep.

Community types

CHj classification Total
samples
Q H S

Samples from high CH4 29.7% 75.0% 31.1% 117
sheep (22)? (81) (14)

Samples from low CHy 70.3% 25.0% 68.9% 111
sheep (52) (28) 31

Total samples 74 109 45 228

aNumbers in parentheses show the number of rumen samples in each classification.

3.2.3.1 Elimination of low-abundance taxa

To simplify the dataset, low-abundance taxa were eliminated, based on the understanding
that carbon and energy flow in the rumen is the result of the major taxa present
(Henderson et al., 2015). Taxa with relative abundances of less than certain cut-off
(threshold) values were removed from the dataset. As the threshold value increased, the
number of taxa, and sequence read coverage in the resultant simplified dataset decreased
(Figure 3.6). However, by removing taxa that make very small contributions to the total,
the number of taxa decreased rapidly while the number of sequences assigned to the
remaining taxa remained large. A 1% cut-off was selected to produce a reduced dataset
because it’s application retained more than 96% of the observed bacterial community in
terms of sequence reads (Figure 3.6), but reduced the number of taxa to 88 (i.e., under
37% of the total number of taxa). Again, PCoA analysis was used to find differences in
the sample arrangement pattern when this 1% cut-off was used. By comparing this graph
(Figure 3.7B) with the original PCoA graph (Figure 3.7A, which is the same as Figure
3.4), no obvious differences were seen in the sample distribution pattern, and the amount
of variation described by the first two principal coordinates was similar (30.71% with all
269 taxa; 35.10% with the reduced dataset of 88 taxa). This indicated that the taxa
eliminated with a 1% cut-off did not strongly influence the community composition of
the low and high CH4 samples. So, for further analysis, only the 88 taxa (Appendix A3.1)
remaining after the 1% cut-off was applied were considered. This dataset is called the all

samples (reduced taxa) dataset.
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Figure 3.6 Number of taxa and sequence reads retained at different thresholds. The
threshold is the maximum percentage relative abundance of any taxon in any one sample
in the dataset. At each threshold, all taxa are discarded that are not present at threshold
abundance in at least one sample.

3.2.3.2 Generating a dataset with only extreme CHy4 yield samples

The CHa yield associated with each of the samples varied from approximately 8 g CHa
/kg DMI to 22 g CH4/kg DMI (Figure 3.8). A second dataset was generated from the all
samples (reduced taxa) dataset that included only those samples that had associated CH4
yields above 16 g CH4/kg DMI or below 14 g CH4 /kg DMI (Figure 3.8B). This second

dataset is referred to as the extreme samples dataset.
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Figure 3.7 Principal coordinate analysis based on y’-distance metric comparing the
relative abundances of bacterial groups in each of 228 samples A) including all taxa, and
B) including only the 86 taxa remaining after a 1% cut-off was applied. Symbols: samples
from high CHs yield sheep (red), samples from low CHg yield sheep (blue).
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Figure 3.8 Sample distribution by CH4 yield from sheep. A) Box plots show the variation
in CHy yield associated with samples classified into the three different community types
(Q, S and H). The horizontal lines in the boxes represent the means, and the upper and
lower limits of the boxes represent one quartile (2nd and 3rd) either side of the mean. The
tips of the vertical lines show the 1st and 4th quartiles, excluding two extreme samples
that are shown as individual points. B) Sample distribution by cohort. Each point
represents one sheep. Samples associated with CHg yields above 16 g CH4/kg DMI and
below 14 g CH4 /kg DMI were selected as extreme high and low samples, respectively,
and were used as the extreme samples dataset.
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3.2.3.3 Taxa associated with Q, H and S-type communities

The two datasets (1, all samples [reduced taxa] and 2, extreme samples) were used to
determine whether Quinella and Sharpea were significantly associated with low CHa
yields, and to identify other potential high- and low-CHs-associated taxa. The
significance of the correlation of taxon abundance with CHy yield for each taxon was
tested by Spearman’s rank correlations, once using only the samples classified as Q and
H-type, then in a second analysis using only samples classified as S and H community
types, each time using the all sample (reduced taxa) dataset and the extreme samples
dataset. The results for the 20 taxa with largest average relative abundance in each of the
three community types, giving a total of 26 unique taxa, are shown in Table 3.2. Quinella
was the most abundant taxon in the Q-type community, based on average abundances in
samples assigned to that community type, and was significantly associated with the Q-
type community in all tests (Table 3.2). In contrast, Sharpea and Fibrobacter were
abundant taxa that were significantly more abundant in the S-type community. Other taxa
were also differentially more abundant in the Q- and S-type communities and associated
with low CHjy yields, although less abundant based on 16S rRNA gene sequence reads.
The most abundant of these were Kandleria and members of the Coriobacteriaceae UCG
001. Members of Prevotella 1, Ruminococcaceae UCG 005 and Ruminococcaceae
NK4A214 group were significantly associated with the high CHs H-type community, but
except Prevotella 1overall their relative abundances were not as high as the taxa that were
associated with the two low CH4 community types. Of the 26 taxa, only Anaeroplasma
was not significantly different in abundance between community types, in any of the

analyses using either of the datasets.

In addition, the Kruskal-Wallis test was used to identify taxa that were significantly
associated with Q-, H- and S-type communities using the all samples (reduced taxa) and
the extreme samples dataset (Figure 3.9). This analysis also showed that Quinella was
significantly associated with the Q-type community, along with an uncultured genus of
Synergistaceae. Multiple genera were associated with the S-type community, and most
of these were also among the 26 most abundant taxa (Table 3.2). These included Sharpea

and Kandleria.
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3.2.4 Operational taxonomic units associated with different community types

OTU level analysis was performed to find OTUs that discriminated the two low CH4
community types from the H-community type and from each other. Samples were
normalized to a total of 780 sequence reads so that all OTU were given equal weight.
Only those OTUs with more than 10 reads in the total dataset were considered for further
analysis. Sparse Partial Least Squares — Discriminant Analysis (SPLS-DA) was used to
identify discriminating OTUs. Two OTU sets were used for this analysis. The first dataset
contained all OTUs that contained more than 10 sequencing reads and the second dataset
was a subset of the first and contained only the 200 most-discriminating OTUs identified
using VIP (Variable Importance in the Projection) function from mixOmics of R) from
each dimension. Merging these gave 255 unique OTUs in total. Analysis of both OTU
sets generated the same V-shaped pattern of separation of the samples (Figure 3.10) as
was found when the samples were plotted based on genus level-classification of the
sequence data (Figure 3.5). sPLS-DA-based cross validation of samples, categorised as
Q, H and S-community types, was also performed. In this analysis, a 19.7 % error was
found using all OTUs with >10 reads, while the error was reduced to 10.5% in the analysis
conducted used the 255 unique discriminating OTUs (Table 3. 3). To examine these 255
OTUs more clearly, the coefficient (loading) for each OTU in dimensions 1 and 2 were
plotted (Figure 3.11). Based on the assignment of the repset sequences (a representative
sequence from each OTU), the discriminating OTUs were assigned to 44 taxa. The
identities of OTUs assigned to the seven taxa (covering 76.5% of the 255 OTUs) with the
greatest number of the 255 OTUs are shown in Figure 3.11. OTUs that separated the
rumen samples in the negative direction in dimension 2 (Figure 3.10), where the samples
previously designated as Q-type samples were found (Figure 3.11B), nearly all belonged
to Quinella. In contrast, OTUs that discriminated samples in the negative direction in
dimension 1 (Figure 3.10), where the samples previously designated as S type were found
(Figure 3.11A), were classified as belonging to Sharpea (7 OTUs), Kandleria (2 OTUs),
Prevotella 1 (12 OTUs) and Rikenellaceae RC9 gut group (3 OTUs). However,
Prevotella 1 (12 OTUs) and Rikenellaceae RC9 gut group (5 OTUs) were also associated
with the positive direction in dimension 2, and so can attributed to the H-type community.
This means that potentially different species of these groups were associated with the H-
and S- type communities. OTUs associated with Christensenellaeae R7 group were

associated with the H-type community, which is associated with high CHs yields.
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Interestingly, Christensellaceae are positively associated with methanogens in the human
gut (Goodrich et al. 2014).

Based on this analysis, members of the genera Quinella and Sharpea were confirmed to
be associated with Q- and S-type low CHjy bacterial communities, respectively. Quinella
is regularly found in studies of rumen microbial communities (Deng et al., 2007;
Gruninger et al., 2014; Li et al., 2016), especially in the sheep rumens (Belenguer et al.,
2010; Kittelmann et al., 2014; Henderson et al., 2015), but its association with CH4
emissions is unexplained. Kittelmann et al. (2014) first reported an association of
Quinella with low CH4 sheep and this is confirmed here by a more detailed analysis of
the same dataset. Wallace et al. (2015) reported that the members of the family
Veillonellaceae were significantly associated with low CH4 emitting cattle, but this was
not further resolved to the genus level. Since Quinella is sometimes included in the family
Veillonellaceae (based on older taxonomic schemes), it is unclear whether Quinella is
abundant in low CHs emitting cattle. In the Global Rumen Census study (Henderson et
al., 2015), it was found that Quinella was mainly present in sheep (in 89 out of 113 sheep
rumen samples, 78.8%) and deer (in 59 out of 61 deer rumen samples, 93.7%), while it
occurs less frequently in cattle (in 170 out of 419 cattle rumen samples, 40.6%). Quinella
can be very abundant, with four sheep rumen samples in the Global Rumen Census having
relative abundances of 18.0 % to 48.7%. It was also found in high abundance in deer (19.4
% to 25.3% of all 16S rRNA genes), in one giraffe (19.7%) and in one cattle animal
(16.1%). In the samples studied here, Quinella made up 6.8 to 74.4% of the 16S rRNA
gene sequences in samples assigned to the Q-type community. However, the physiology

this bacterium, and how it contributes to low CHj yields, has not been reported.

In contrast, Sharpea has been found to be associated with low CH4 emitting cattle
(Wallace et al., 2015; Denman, 2016). However, it is seems widely distributed in
ruminants based on the Global Rumen Census study (Henderson et al., 2015) , where
Sharpea was mainly present in cattle (91 out of 419 rumen samples, 21.7%), goats (9 out
of 52 rumen samples, 17.3%), sheep (14 out of 113 rumen samples, 12.4%), and deer (6
out of 61 rumen samples, 9.8%). Similarly, Kandleria which is closely related to Sharpea
(Salvetti et al., 2011), followed a similar trend, and was found in cattle (117 out of 419
rumen samples, 27.9%), sheep (30 out of 113 rumen samples, 26.5%), bison (6 out of 14,
42.8%), and buffalo (5 out of 26, 19.2%), but less often in deer (5 out of 61 rumen
samples, 8.2%) and goats (2 out of 52 rumen samples, 3.8%).
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An extensive metagenome and metatranscriptome study was conducted by Kamke et al.
(2016) on a subset of these sheep. The low CHy yield sheep in this study were mainly
those that harboured more Sharpea. The authors inferred that the higher relative
abundance of lactate-producing Sharpea spp. was associated with greater production and
utilisation of lactate, and greater production of propionate and butyrate, as indicated by a
higher number of genes and transcripts (D-lactate dehydrogenase, acyl-CoA
dehydrogenase, propionate CoA transferase and many of the steps in the conversion of
pyruvate or acetyl-CoA to butyrate) in the low CHs yield sheep. On the basis of
community structure analysis, gene and transcript abundance, they hypothesised that the
lactate produced by Sharpea may be converted to butyrate by Megasphaera spp., and that
in this way less methane is produced in comparison to fermentation to acetate and butyrate
performed by members of Lachnospiraceae and Ruminococcaceae, which appeared to be

characteristic of the high CHs yield sheep.

Table 3.3 Assessment of sPLS-DA via cross validation, using a “leave-one-out”
validation accuracy method. Both datasets were tested independently. The table shows
the number of samples classified to each community type by applying the cross validation
methodology. The samples are listed by their original classification. The number of
correctly classified samples are shown in bold font.

Cross-validation classification

based on all OTUs with >10

Cross-validation classification

based on 255 discriminating

Original reads? OTUs reads”

sample Number of samples classified to Number of samples classified to
classification  Q-type H-type S-type Q-type H-type S-type
Q-type 60 11 3 65 8 1
samples

H-type 1 90 18 0 103 6
samples

S-type 0 12 33 0 9 36
samples

@0verall error (%) in OTUs containing > 10 reads = 19.7%
bOverall error (%) in 255 discriminating OTUs containing > 10 reads per OTUs = 10.5%
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Figure 3.10 Separation of samples assigned to Q- and S- and H-communities types based
on sPLS-DA scores. A) Analysis using the all OTUs with > 10 reads. B) Analysis using
the 255 most discriminating OTUs (subset of OTUs with > 10 reads). The plot shows the
distribution of the communities in the 228 rumen samples. The samples are marked
according to the community type (Q, H and S) they were classified into (section 3.2.2).
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3.2.5 Volatile fatty acid (VFA) profiles of Q-, S- and H-type community samples

Kamke et al. (2016) have suggested how the bacteria of the S-type community might lead
to formation of less CHs compared to the H-type community. Analysis of the VFAs in
the rumen samples (data provided by C. Pinares-Patifio and A. Jonker, AgResearch) taken
as part of the Kittelmann et al. (2014) study, classified by community type, suggested that
samples containing Q-type communities had a significantly (p-value <0.001; one-way
ANOVA) greater ratio of propionate to acetate than samples containing the other two
community types (Figure 3.12). Therefore, it seems that bacteria present in the Q-type
community may produce more propionate. Propionate formation is known to be an
electron sink, resulting in less H> formation, and increased propionate formation is often
found when CHy yields are low (Janssen, 2010). It would be interesting to investigate the
fermentation products of abundant bacteria significantly associated with the Q and S

community types. This will be the subject of later chapters in this thesis.
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Figure 3.12 Propionate to acetate ratios in rumen samples that contained Q-, S- and H-
type communities. The horizontal lines in the boxes represent the means, and the upper
and lower limits of the boxes represent one quartile (2nd and 3rd) on either side of the
mean. The tips of the vertical lines show the 1st and 4th quartiles, excluding extreme
samples that are shown as individual circles.
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Since they are abundant in the low CHy yield sheep rumens, associated with lower CH4
yields, and generally less studied, Quinella, Sharpea and Kandleria (closely related to
Sharpea) were selected for further investigation. First, a better understanding of their
phylogenetic diversity was gained (next section in this chapter), and then their end
products were studied (chapters 4 and 6) to understand their contributions to lower CH4

emission by sheep that have greater abundances of these bacteria in their rumens.

3.2.6 Taxonomic refinement of Quinella, Sharpea and Kandleria

Strains of the genus Quinella have not yet been cultured, so the taxon named Quinella
ovalis was described under rule 18a of chapter 3 of the International Code of
Nomenclature of Bacteria (Lapage et al., 1992). This rule allows the naming of a bacterial
taxon without a culture being isolated and deposited in a culture collection (Lapage et al.,
1992). Instead, a description, a preserved specimen, or an illustration can be used as the
type. The description of Quinella ovalis is based on features observed in a number of
different studies, and a partial 16S rRNA gene sequence was obtained from enriched cells
matching that description (Krumholz et al., 1993). In contrast, Sharpea and Kandleria
(previously known as Lactobacillus vitulina) have been successfully cultured (Sharpe et
al., 1973; Morita et al., 2008; Salvetti et al., 2011), but they are not well studied. Overall,
the species diversity of Quinella, Sharpea and Kandleria in the rumen is not well defined.
The first step towards better understanding these bacterial groups was to obtain an
overview of diversity and to refine their taxonomic status. For this, good quality full

length 16S rRNA gene sequence data were needed.

To obtain almost full-length good quality 16S rRNA gene sequences of Quinella, Sharpea
and Kandleria, rumen samples that were identified by the pyrosequencing analysis
described in section 3.2.2 as having high relative abundances of each genus were selected
for clone library construction. Five rumen samples from different sheep were selected for
each of these bacterial groups (Table 3.4). Samples from different cohorts were selected
to increase the likelihood of capturing a wider diversity of these bacteria. Clone libraries
were constructed following the method described in chapter 2, section 2.7.6. Of 308
cloned sequences, 26 were assigned to Quinella ovalis, 6 to Sharpea azabuensis and 3
sequences to Kandleria vitulina based on an initial BLAST analysis using a refined
database of bacterial 16S rRNA gene sequences (Henderson et al., 2017) and after

checking for possible chimeras (Huber et al., 2004). An additional 11 cloned sequences
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from the 308 were included in the analysis as potentially derived from Quinella spp., on
the basis of BLAST results which suggested that they originated from bacteria closely
related to the family Selenomonadaceae (which contains Quinella). In total, 49 potential
Quinella, 38 Sharpea and 22 Kandleria sequences were available from the new clones
and public databases for inclusion in the phylogenetic refinement. All sequences were

>1443 nt long.

Table 3.4 Samples used for clone library construction, and sequences obtained.

Genus the Relative Number of clones identified as
sample abundance (%) Total closely related to
asp Samples of target genus  number of

W p in clones . .

selected . Quinella Sharpea Kandleria

for pyrosequencing  sequenced

analysis

Quinella S9110.C2b 68.8 10 4 -2 -
S9643.C2b 74.4 10 3 - -
S154.C3b 51.7 15 5 - -
S386.C4b 27.7 16 1° - -
S964.C3b 59.4 18 6 - -

Sharpea S1253.C1b 32.0 30 0 1 -
S1494.Cla 36.5 7 0 3 -
S172.C3b 9.8 16 0 - -

S17.C4b 15.5 31 0 - -

$490.C3b° 11.5/6.1° 33 0 1 1

Kandleria S1120.Clb 13.7 33 6 - -
S1592.C1b 24.7 34 0 1 1
S350.C4b 9.8 22 1 - 1

S62.C3b 6.8 33 0 - -

2—, no clones were identified belonging to that particular taxon.
®Close relative, later assigned to new genus (see Figure 3.13).
“Sample selected for both Sharpea and Kandleria.

dAbundance of Sharpea followed by abundance of Kandleria.

Phylogenetic trees of 16S rRNA genes from members of the genera Quinella, Sharpea
and Kandleria were made using all the available long length sequences (>1300 nt) in the
SILVA SSURef database version 111 (Quast et al., 2013), in addition to the new clone
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library sequences generated (Table 3.4). The sequences assigned to Quinella displayed
more sequence variation than did those assigned to either Sharpea or Kandleria (Figure
3.13). Different authors use different sequences similarity cut-offs % to define species-
and genus-level taxa, varying from 93% to 98% (Stackebrandt and Goebel, 1994; Everett
et al., 1999; Kenters et al., 2011). Conservative sequence similarity cut-offs for species-
and genus-level taxa, respectively, of 93% and 97% were used in this study. Six of the
new cloned Quinella sequences clustered with the reference sequence of Quinella ovalis
(GenBank accession M62701), with sequence similarities > 97.3%, and a seventh with a
sequence similarity of 96.9% (Figure 3.14). Based on a criterion that sequences with
similarities of approx. 97% or more may originate from the same species, these seven
sequences could be designated as Q. ovalis. The remaining sequences likely represent
seven other candidate species if only clusters with two or more sequences are considered.
Three of the seven candidate species in the refined Quinella tree contained sequences
only from the newly-formed clone libraries from section 3.2.8, representing two
individual sheep rumen samples each. Sequences in Quinella candidate species 3 and
Quinella candidate species 5 were from one single study (Yang et al., 2010), but formed
two different species-level clusters. In addition, there were multiple sequences that did
not group with these eight clusters, and may represent other species if they are not
amplification artefacts. Overall, this analysis suggests that there are multiple species of
the genus Quinella species, and more intensive investigation and generation of high-
quality sequences would help confirm this. Additionally, one potentially new genus-level
cluster was found that was closely related (>92.4% similarity) to Quinella. There

appeared to be two species-level clusters within this potentially new genus (Figure 3.13).

All sequences affiliated with Sharpea clustered closely together as one species, S.
azabuensis (Figure 3.13), which is the only recognised species of the genus (Morita et al.,
2008). All six of the newly cloned Sharpea sequences fell into this species. This cluster
also contained sequences from eight different studies ((Ley et al., 2008; Morita et al.,
2008; Creevey et al., 2014); and five unpublished studies with data deposited in GenBank
which originated from six different sources — sheep rumen, cattle rumen, horse faeces,
Goeldi's marmoset faeces, compost, and swine intestine). This diversity of origins
suggests that Sharpea is not restricted to one environment. It was surprising that the
sequences from all these different samples were represented by just one genus-level

cluster (Figure 3.15).

71



Similarly, all Kandleria affiliated sequences clustered with only one species, Kandleria
vitulina (Figure 3.13). The three newly-cloned Kandleria sequences grouped with the pre-
existing K. vitulina cluster with >96.2% sequences similarity. This cluster contained
sequences from six different studies ((Weisburg et al., 1989; Lloyd et al., 2006; Morita et
al., 2008; Noel, 2013; Creevey et al., 2014); including one unpublished study with data
deposited in GenBank) with genetic material originating from three different animal
species (horse, cattle and sheep). This suggests that K. vitulina might not be host-species

specific but potentially found in the gastrointestinal tract of grazing animals.
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Figure 3.14 Sequence identities between sequences from Quinella and
Selenomonadaceae genus 1 in the clusters in the refined phylogenetic tree of Quinella,
Sharpea and Kandleria (Figure 3.10). The clusters are arranged in same order as they
appear in the phylogenetic tree. Blue shaded cells show sequence identities of 93.0 to
96.9% (potential genus level clusters) whereas red shaded cells represented sequence
identities of > 97.0% (potential species level cluster, bordered with black lines).
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Sharpea azabuensis

Kandleria vitulina

Sharpea azabuensis ;_

Kandleria vitulina

Figure 3.15 Sequence identities between sequences from Sharpea and Kandleria in the
clusters in the refined phylogenetic tree of Quinella, Sharpea and Kandleria (Figure
3.13). The clusters are arranged in same order as they appear in the phylogenetic tree.
Blue shaded cells show sequence identities of 93.0% to 96.9 (potential genus level
clusters) whereas red shaded cells represented sequence identities of > 97.0% (potential
species level cluster, bordered with black lines).
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3.2.7 Quinella, Sharpea and Kandleria diversity within and between sheep

The refined phylogenetic tree of Quinella, Sharpea and Kandleria (Figure 3.13) was used
as a reference to compare the distribution and abundance of the species in these genera in
the 228 sheep rumen samples analysed in section 3.2.1. This was done by mapping the
repset sequences from all sheep onto the tree using the parsimony insertion tool. Most of
the possible Quinella species (Figure 3.16) were found in the set of analysed rumen
samples, except Quinella candidate species 5 and Quinella candidate species 7. Many of
the short reads formed clusters that grouped separately from the earlier-defined species.
However, grouping these into the previously-defined species is not easily done because
of their limited lengths (approx. 400 bp). They can, however, be used to get an insight
into the diversity of Quinella species in these rumen samples. Some clusters, such as
cluster 3, Quinella candidate species 2, Quinella candidate species 6 and Quinella ovalis,
were more abundant than other Quinella clusters (Figure 3.16 and Table 3.5).
Interestingly, some singleton sequences in the refined tree (Figure 3.13) formed clusters
with the short sequences from the sheep rumens. Clusters 3, 7,10, 11 and 12, which were
each represented by just one long-length Quinella sequence in the original tree (Figure
3.13) now clustered with 8, 8, 3, 11 and 8 repset sequences which represented OTUs with
2255, 705, 697, 501 and 78 pyrosequencing reads, respectively (Figure 3.16 and Table
3.5). Six clusters (clusters 2, 6, 7, 8, and 10) in the genus Quinella, two in
Selenomonadaceae candidate genus 1 and one cluster adjacent to Selenomonadaceae
candidate genus 1 did not contain any long-length Quinella sequences but all contained
>3 repset sequences that represented OTUs with 71 to 3176 pyrosequencing reads.
Additionally, there were also some singleton repset sequences that did not group into any
cluster (Figure 3.17). These singleton sequences were from OTUs that contained up to
862 pyrosequencing reads. These findings suggest that many more potential Quinella
species may exist for which no long-length 16S rRNA gene sequences were obtained in
this study. However, this should be interpreted with caution, as errors in pyrosequencing
can lead to over estimation of diversity (Huse et al., 2010; Kunin et al., 2010) , but with
>71 reads per OTU, these singletons may represent actual organisms. The clusters with
the largest number of reads assigned to them were Quinella candidate species 6 (9756)
and Q. ovalis (6454), which also had the largest numbers of discriminating OTUs (Table
3.5).
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Sharpea was represented by only one species-level cluster in the refined tree (Figure
3.13), but after inclusion of repset sequences there was evidence for two separate clusters
(Figure 3.16). Sharpea repsetl, a newly formed cluster, consisted of only repset
sequences whereas the pre-existing Sharpea azabuensis contained both repset sequences
and sequences from the original refined tree (Figure 3.13). This separation of Sharpea
indicates that there might be second Sharpea species present in the sheep rumens that is
neither in culture nor represented by long-length 16S rRNA gene sequences from culture-
independent studies. Sharpea was also found in some samples from high CHs sheep, but
this may have been associated with their variable CH4 emissions. Temporal variability in
these rumen populations, and their relationship to variations in CH4 emissions remains to
be investigated. Temporal variations in microbial community structure could have a large
impact on CH4 emissions. Methane production is often monitored continuously, for
example in respiration chambers, but rumen microbial communities are often assed on

samples taken once a day at a defined time.

Repset sequences affiliated with Kandleria all clustered with Kandleria vitulina (the only
described Kandleria species to date) with a 100% bootstrap support, indicating that
Kandleria vitulina might be the sole species of this genus present in the rumens of the

sheep used in the present study.
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00ZZZ254 (18)

Kandleria Vitulina (22, 5, 2225)
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00777326 (25)
00Z7Z786 (20)

CP002158, Fibrobacter succinogenes

Figure 3.16 Phylogenetic distribution of low methane associated OTUs. Repset
sequences representing OTUs with >10 sequences were added to the refined tree shown
in Figure 3.13 using the ARB parsimony (Quick add mark) insertion function. Sequences
or clusters labelled in non-bold font contain only repset sequences. Numbers in
parentheses next to the cluster name show, in this order, the total number of long-length
sequences from the refined tree (Figure 3.13), the total number of repset sequences (i.e.,
OTUs), and the total number of pyrosequencing reads in those OTUs. The 16S rRNA
gene sequence of Fibrobacter succinogenes (FibSuc43, GenBank accession CP002158)

was used as out group sequence.
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3.3 Conclusions

Analysis of high-quality 16S rRNA gene sequences suggested that there are at least seven
additional species in the genus Quinella, which is currently represented by only one
named species, Q. ovalis. In contrast, the species diversity in the genera Sharpea and
Kandleria was more limited. There appears to be only one species in the genus Sharpea,

S. azabuensis and only one in the genus Kandleria, K. vitulina.

Based on short reads generated by 454 pyrosequencing, it also appears that multiple
species of the genus Quinella were present in the rumen of the sheep studied here. Some
of the potentially new Quinella species were found to be comparatively more abundant
than others in Q-type community samples. However, there were also some Quinella
species which were absent (Quinella candidate species 5 and Quinella candidate species
7) from analysed samples, suggesting that these species may be rare or have different
hosts or be favoured by different diets. Diet and host are known to shape rumen microbial
community structure (Henderson et al., 2015). Additionally, analysis of the short reads
indicated that there may be still other Quinella species currently not represented by high-
quality long-length sequences. Phylogenetic reconstruction based on short-length
sequences can be problematic (Quince et al., 2009; Rajendhran and Gunasekaran, 2011;
Poretsky et al., 2014), so caution is needed, but at least 12 new clusters were detected that
could represent additional species, based on the short reads from the 228 rumen samples

studied here.

Short-read sequences from the sheep rumen samples formed two clusters within the genus
Sharpea: S. azabuensis and a new cluster that was not represented by any long-length
sequences. This suggested that there could have been a new species of this genus in these
sheep. The short read sequences affiliated with Kandleria all grouped into the cluster
defined by the type species, K. vitulina. It was interesting to find that, even though
Sharpea was abundant in S-type community samples, it was not absent in other
community types, and its presence, at lower abundance, in H- type community samples

was clearly seen (Figure 3.17).

The association of Sharpea and Kandleria with low CHs yield sheep rumen is a recent
finding (Kittelmann et al., 2014) and has only been studied using 16S rRNA gene,
metagenomic and metatranscriptomic studies (Kamke et al., 2016). Investigations of the

physiology of these bacteria may help in gaining a better understanding of their role in
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low CH4 emissions from sheep. Because no isolates of Quinella are available, and the
physiology of members of this genus is unclear. The role of Quinella in a low-CHy-
producing rumen is unknown. To understand the physiology of Quinella, more
information is needed either using culture-dependent (isolation) or culture-independent
(metagenomic and transcriptomic) methods. VFA concentrations in the rumens of sheep
associated with the different community types suggested that there may be more
propionate formed in Quinella-rich rumens than in those containing S- or H-type
communities (Figure 3.12), which could be expected to result in less CH4 production. In
contrast, the acetate:propionate ratio of samples containing S-type communities did not
clearly indicate how this type might result in low CH4 emissions. Sheep with Sharpea-
rich rumens were studied in detail using culture independent methods by Kamke et al.
(2016). They inferred that the Sharpea present in low CHs emitting sheep produced
lactate, which was further converted to butyrate by Megasphaera spp. This hypothesis
was based on differences in gene and transcript abundances in the rumen metagenomes
of high and low CH4 emitting sheep, although Megasphaera spp. were not detected as
being significantly different in the study reported here. The study of Kamke et al. (2016)
was performed later using a subset of the same sheep, and this raises questions about the
stability or permanence of rumen communities. It did appear that the rumen microbial
communities of the sheep in the Kamke et al. (2016) study remained colonised by the
activity of Sharpea spp., after they had been identified as S-type by Kittelmann et al.
(2014). Production of lactate and butyrate in Sharpea-rich sheep rumens (S-type
community sheep) leads to less methane production in comparison to production of
acetate and butyrate formed by members of Lachnospiraceae and Ruminococcaceae
(Kamke et al., 2016). However, isolates of Sharpea and Kandleria need to be studied in
detail to understand their fermentation products in pure culture and it would also be
interesting to see whether their fermentation pattern is influenced by the presence of
methanogens. Some of these questions about the physiology of Sharpea, Kandleria, and
Quinella form the basis of the research described in the next chapters (chapters 4, 5, and
6).
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Chapter 4 Physiology of Sharpea and Kandleria

4.1 Introduction

Sharpea and Kandleria were identified as key bacteria associated with the S-type
bacterial community, one of the two low-CHs community types in sheep rumen samples
(Chapter 3). Bryant et al. (1958) isolated one strain of each genus (RL1 = Sharpea
azabuensis DSM 20406 and RL2 = Kandleria vitulina DSM 20405) from calf rumen
samples, but, on the basis of morphology, gas production, growth temperature and
carbohydrate fermentation patterns, they classified both strains as members of
Lactobacillus lactis, which is in the family Lactobacillaceae. Later, on the basis of cell
wall composition in addition to the phenotypic characteristics already known, Sharpe et
al. (1973) designated them as a new species of Lactobacillus and named them
Lactobacillus vitulinus together with two new strains (CL1 and CL2). Twenty-five years
later, Morita et al. (2008) reported four bacterial strains (ST18, DI149, HM250 and
HM?244) from horse faeces. Phylogenetic analysis using 16S rRNA gene sequences and
DNA-DNA hybridisation showed that the newly isolated strains constituted a new genus
and species, which was named Sharpea azabuensis. The 16S rRNA gene of strain RL1
(Bryant et al., 1958) has 99.7% 16S rRNA sequence similarity with the homologous gene
in ST18 (DSM 18934), which suggests that RL1 is a strain of Sharpea azabuensis, and
not a member of L. vitulinus (chapter 3). Salvetti et al. (2011) then reclassified L. vitulinus
as Kandleria vitulina on the basis of 16S rRNA gene sequence similarity. This newly
classified K. vitulina also contains the other strain (RL2) that was isolated by Bryant et
al. (1958). Both genera belong to the family Erysipelotrichaceae, and not to the family

Lactobacillaceae.

A metagenomic and metatranscriptomic study conducted by Kamke et al. (2016) found
that the relative abundance of Sharpea spp. was greater in low-CHs emitting sheep than
in high-CH4 emitting sheep. Furthermore, they observed the D-lactate dehydrogenase that
was found to be associated with low-CH4 emitting sheep was from Sharpea and
Kandleria, and postulated that these bacteria produce lactate in the rumen. They also
suggested that the lactate produced by these bacteria is further converted to butyrate by
Megasphaera spp., resulting in lower CH4 emissions from these low-CHgy yield sheep

compared to high-CH4 yield sheep.
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In the rumen, H and formate produced by bacteria are used by methanogens to make
CHas. It has been previously shown that low partial pressures of H> can stimulate
thermodynamically more favourable fermentation pathways that result in more H:
formation and vice-versa (Iannotti et al., 1973; Wolin, 1976; Rees et al., 1995; Chin and
Janssen, 2002). This is termed interspecies H» transfer. In this process, H> producers and
users together regulate the partial pressure of Hz in rumen, which consequently influences
the amount of CHy that is formed. Many studies have shown this characteristic of
microbes in defined mixed cultures and in mixed communities (Bryant et al., 1967;
Conrad et al., 1986). Interspecies formate transfer operates in a similar way, with formate
use by methanogens or other formate-using microbes postulated to favour increased
formate production by bacteria that can do so (Boone et al., 1989; Wu et al., 1996;
Mclnerney et al., 2008; Rotaru et al., 2012). The result is that, under rumen-like
conditions where the partial pressure of H> and formate are low (van Lingen et al., 2016),
production of reduced fermentation products like lactate can be decreased in favour of
acetate and H» (or formate) formation (Janssen, 2010). This possibility was tested in the
work described in this chapter, by co-culturing Sharpea or Kandleria with a H>- and
formate-using methanogen. The hypothesis was that, if the model suggested by Kamke et
al. (2016) is correct, then the production of lactate by Sharpea and Kandleria should not
be markedly affected by the presence of a methanogen using any H» or formate produced
by the bacteria. Conversely, if these bacteria stopped producing lactate and formed
products that can be used by methanogens when these products are removed by those

methanogens, then the hypothesis of Kamke et al. (2016) would not be supported.

4.2 Results and discussion

4.2.1 Substrates that support growth of Sharpea and Kandleria

Four strains each of Sharpea and Kandleria were used for initial fermentation studies.
For Sharpea, RL1 (DSM 20406) from Bryant et al. (1958), ST18 (DSM 18934) from
Morita et al. (2008), and two isolates from the Hungatel000 project (KH1P5 and
KH2P10; Creevey et al., 2014) were used. For Kandleria, RL2 (DSM 20405) from Bryant
et al. (1958), WCE2011 and MC3001 from Noel (2013), and KHCV7 from the
Hungate1000 project were used. ST18T was isolated from horse faeces; while; all other

strains were isolated from ruminants. Each of these strains was found to be pure based on
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the cell type observed by microscopy, which matched the formal descriptions of S.
azabuensis ST18" (Morita et al., 2008) and K. vitulina RL2" (Salvetti et al., 2011).
Sequencing the 16S rRNA genes of these cultures yielded the expected sequences without
contaminating peaks in the electropherograms. Substrates used for this experiment were
prepared according the method described in section 2.12.2. All eight cultures were
inoculated into growth medium supplemented with different growth substrates. Of the 21
substrates tested, only D-glucose, D-fructose, D-galactose, cellobiose, and sucrose were
used by all eight strains of Sharpea and Kandleria (Table 4.1). However, the amount of
growth by Kandleria WCE2011 was generally less than the other strains. Lactose
supported growth of seven of the strains, and raffinose of five. These findings are similar
to those of Sharpe et al. (1973) for strains RL1 and RL2, as none of the tested isolates
were able to ferment xylose, arabinose, glycogen, and glycerol. None of the strains grew

on some common organic and amino acids.
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Table 4.2 End products from fructose fermentation by Sharpea and Kandleria.

Genus Strain Fructose Products formed (mM)°

remaining®® [ actate Formate Acetate Ethanol
(mM)

Sharpea  STI8T 0.01 17.96 2.79 1.92 0.69
RL1 0.01 15.94 1.41 0.76 <0.01
KH1P5 0.01 15.05 1.32 0.68 0.12
KH2P10 0.06 15.56 1.40 1.31 0.60
Kandleria RL2T 0.05 15.44 1.57 0.78 1.03
MC3001 <0.01 14.07 1.98 1.09 0.42
WCE2011 <0.01 15.30 1.95 0.94 0.40
KHCV7 0.05 16.14 1.90 1.07 0.17

4nitial fructose concentration was 10 mM.
bAll data are means of three replicate cultures.

Table 4.3 Lactate isomers formed by Sharpea and Kandleria.

Genus Strain Lactate concentration (mM)>?
D-lactate L-lactate

Sharpea ST18" 16.84 0
RL1 18.91 0
KHI1P5 13.37 0
KH2P10 17.27 0

Kandleria RL2T 10.33 0
MC3001 11.16 0.05
WCE2011 8.64 0
KHCV7 10.89 0.79

2All data are means of three replicate cultures.
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4.2.2 End products of Sharpea and Kandleria

The end products of fermentation by Sharpea and Kandleria in pure culture were
determined by growing isolates in medium containing 10 mM D-fructose. The methods
are described in section 2.5.3. All isolates produced lactate as the major end product
(~75% of total end product; Table 4.2). Small amounts of formate, acetate and ethanol
were also produced. Lactate production was reported by Sharpe et al. (1973) and Salvetti
et al. (2011) for strains that were eventually classified as Sharpea and Kandleria, but the
other products were not previously reported. The Sharpea and Kandleria strains tested

here produced almost exclusively D-lactate (Table 4.3).

4.2.3 Is the fermentation pattern of Sharpea and Kandleria influenced by a

methanogen?

It was clear that Sharpea and Kandleria produced lactate as their major end product.
However, the presence of small amounts of acetate, formate and ethanol indicate that
while these bacteria carry out a predominately homolactate fermentation, there is a minor
role for a mixed acid fermentation in their metabolism (Figure 4.1C). It has been reported
that, in particular circumstances, homolactate fermenters (Figure 4.1A) can change their
behaviour and performed a mixed acid fermentation (Figure 4.1B) to varying extents
depending on the conditions (Thomas et al., 1979; Neves et al., 2005; Teusink et al.,
2011). Because small amounts of acetate, formate and ethanol were being produced, it
was logical to test whether the fermentation products of Sharpea and Kandleria were

influenced by the presence of a methanogen.

Methanobrevibacter olleyae was chosen for co-culture experiments with Sharpea or
Kandleria as it can use both H> and formate as electron donors (Rea et al., 2007). The
experiment was conducted as shown in Figure 4.2 (see also section 2.5.2 for details).
Basically, two separate experiments were set up. In the first experiment (“After”),
Sharpea or Kandleria were first grown with 10 mM fructose and M. olleyae was added
later, after any H» or formate had been formed. It was hypothesised that in this way there
should be no change in the general fermentation pattern of the bacteria after M. olleyae
was added compared to the products detected just before the addition of the methanogen,
because the bacteria would have used all the fructose prior to the addition of the
methanogens. In this scenario there would be no opportunity for the activity of M. olleyae

to modify the fermentation patterns of the bacteria. In the second experiment (‘Before”),
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M. olleyae was grown first to establish a dense active population, before Sharpea or
Kandleria were added together with 10 mM fructose. It was speculated that if Sharpea
and Kandleria performed a mixed acid fermentation that was influenced by end-product
use by the methanogen, then in the presence of M. olleyae the final lactate concentration
would decrease, and acetate and perhaps ethanol concentrations would increase (Figure
4.1D). However, the dominance of lactate as the major end product did not change (p
value > 0.9; ANOVA) when Sharpea and Kandleria were grown in the presence of M.
olleyae compared to when there was no methanogen present, or when the methanogen
was added after the bacteria had grown. The increased acetate concentration in the ‘After’
experiment was due to addition of 0.77 to 1.16 mM extra acetate while inoculating M.
olleyae into the grown cultures of Sharpea or Kandleria. Similarly, 0.64 to 1.07 mM
formate remained in the dense M. olleyae cultures when Sharpea and Kandleria strains
were added to the ‘Before’ experiment. This residual formate was then used by M. olleyae
together with any formate formed during fructose fermentation by the bacteria. Overall,
it appeared that even in co-culture with the methanogen, Sharpea and Kandleria
continued to carry out a predominantly homolactic acid fermentation (Table 4.4, Figure

4.1C).
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Figure 4.1 Possible fermentation schemes discussed in this chapter. A) Homolactic
fermentation. B) Mixed acid fermentation. C) Predominantly lactate formation by
Sharpea and Kandleria with a minor role for formate, acetate and ethanol formation. D)
Predicted change in end-product formation in the case of inter-species formate transfer or
change in fermentation pattern from homolactic to mixed acid fermentation in the
presence of M. olleyae. Dashed arrows indicate less active pathways. Note that the
schemes in panels C and D are not fully balanced.
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4.3 Conclusions

In vitro analysis of Sharpea and Kandleria confirmed previous findings (Sharpe et al.,
1973; Salvetti et al., 2011) that these behave like classical lactic acid bacteria that produce
lactate as their major end product. Small amounts of acetate, formate and ethanol were
produced from fructose, suggesting that they might perform a mixed acid fermentation in
certain circumstances. The production of formate also raised the possibility that, in the
presence of a H> or formate using methanogen, these bacteria might switch to producing
less lactate. However, co-culture experiments with M. olleyae (a methanogen that can use
H: as well as formate) refuted this hypothesis, as lactate remained the major end product.
The cultures were constructed to contain a dense active culture of methanogens. The small
amounts of acetate, formate and ethanol produced in both the pure and mixed cultures
may be products from a background mixed-acid fermentation that yields acetyl-CoA and

reducing potential for the cell, or for some other purpose.

The findings of this study support the proposal by Kamke et al. (2016) that, in the complex
rumen system, Sharpea and Kandleria produce mainly lactate. Because lactate formation,
with further conversion of lactate to butyrate by the action of Megasphaera spp., results
in less H» formation than the classical direct fermentation of carbohydrates to butyrate by
bacteria such as members of the family Ruminococcaceae, less CHy is formed in the

rumen of sheep with greater populations of Sharpea and Kandleria (Kamke et al., 2016).
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Chapter 5 Investigation of Quinella through genome analysis

from metagenomic DNA

5.1 Introduction

Quinella was one of the relatively abundant and significantly associated bacterial groups
in the rumen of low methane emitting sheep (Chapter 3). Cells that are now thought to be
members of the genus Quinella were first reported in 1913 by Woodcock and Lapage
(1913), who observed them during microscopy of goat rumen contents, but mistook them
for protistan parasites because of their very large cell size. Thirty years later, Quin (1943)
observed Quinella in the rumen of sheep and thought that these large cells were a
“pseudo-yeast” to which the name Schizosaccharomyces ovis was applied. Later, it was
found that Quinella was not a yeast, as it could not be grown in standard yeast media and
was motile and gram-negative (van der Westhuizen et al., 1950; Wicken and Howard,
1967a). On the basis of comparative analyses of nearly full-length 16S rRNA gene
sequences, Quinella was found to be closely related to members of the Selenomonas-
Megasphaera-Sporomusa group of bacteria (Krumholz et al., 1993), which is now
designated as the class Negativicutes (Marchandin et al., 2010). Analysis of the diversity
of 16S rRNA sequences affiliated with Quinella, performed as part of the current study,
suggested that there is more than one species present in the sheep rumen and also showed
that the relative abundance of the different candidate species varied from animal to animal
(Chapter 3). To understand the physiology of Quinella, culture dependent and culture
independent approaches could be applied (for a review of these, section 1.8). There have
been some isolation attempts by Purdom (1963) and Orpin (1972), as well in this study
(section 5.2.3), but no one has succeeded in isolating and maintaining a pure culture of
Quinella. Two fermentation studies, one in vitro (Brough et al., 1970) and the other in
vivo (Vicini et al., 1987), were conducted to understand Quinella physiology. However,
the results from these studies contradict each other. Brough et al. (1970) suggested that
the preferred substrate, glucose, is fermented mainly to lactate by enriched Quinella cells,
with traces of acetate, propionate and CO> also detected. In contrast, Vicini et al. (1987)
reported that when Quinella was present as the most abundant bacteria in sheep fed
molasses, acetate and propionate were the major end products in the rumen, with no

lactate formation.
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There has been a constant development of methods for the assembly of draft and even
complete genomes from metagenomic datasets (Wu et al., 2014; Kang et al., 2015; Parks
et al., 2015). Metagenome samples from the marine environment (Iverson et al., 2012),
human gut (Sharon et al., 2013) and mine drainage channels (Tyson et al., 2004; Hua et
al., 2015), among others, have been used to construct draft genomes representing cultured
and uncultured microbes. However, there are only a few studies that report partial genome
reconstruction from rumen metagenomic samples (Hess et al., 2011; Solden et al., 2017,
Svartstrom et al., 2017). Hess et al. (2011) reconstructed 15 genomes from metagenomes
of microbes adhering to switchgrass in the cow rumen. These genomes were 60.41% to
92.98% complete and the majority of them belonged to members of the orders
Bacteroidales, Spirochaetales and Clostridiales. Solden et al. (2017) reconstructed four
genomes of the uncultured bacterial genus BS11 from metagenomes recovered from
moose rumen fluid samples, which helped in understanding the hemicellulose
fermentation potential of this genus. A similar study conducted by Svartstrom et al. (2017)
reconstructed 99 genome from the moose rumen microbiome. Of those, 68 were
represented members of the phylum Bacteroidetes and most of them were associated with
a newly-identified clade of Bacteroidetes that may possess fibrolytic activity. To gain
insights into the physiology of Quinella, a metagenomic approach was applied to cells
that were physically enriched from sheep rumen samples that contained large populations

of members of this genus. This work is described in this chapter.

5.2 Results and Discussion

5.2.1 Fluorescence in situ hybridisation (FISH) probe design for Quinella

The association of Quinella with the Q-type community was shown in chapter 3, based
on short 16S rRNA sequencing reads generated by 454 pyrosequencing. Those findings
used total DNA extracted from sheep rumen samples. The next step was to confirm the
physical presence of Quinella in rumen samples by microscopy. Fluorescence in situ
hybridisation (FISH) was used to examine rumen samples for Quinella, and to confirm
their presence in the rumen. A Quinella-specific FISH probe has not been reported before,
based on searches in NCBI, ProbeBase (Greuter et al., 2016) and published articles. A
Quinella-specific FISH probe was designed based on long length sequences from the

newly-refined Quinella phylogenetic tree (section 3.2.9). After several rounds of design
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and testing (section 2.11 for methods of probe design and testing), five FISH probes were
selected for further study.

Table 5.1 Quinella-specific FISH probes designed for this study.

Target G+C Melting
Probe name Sequence (5' to 3") position (E. content temperature

coli)? (mol%) (°C)

Quinl231 TTCAGCCCATTGTAGTAC  1231-1248 44.4 48.8
Quinl30A  CCCGACTTTGCGGCAGAT 130-147 61.1 58.4
Quinl30B  TCCCCGTCTTTGCGGCAG 132-149 66.7 61.0
Quin130C  TCCCCGACTTCGCGGCAG 132-149 72.2 63.2
Quinl30D CCCAACTTTGCGGCAGAT 130-147 55.6 56.2

@Based on the 16S rRNA gene sequence of Escherichia coli as annotated in ARB(Ludwig et al., 2004).

Probe Quin1231 targeted the 16S rRNA of Quinella at Escherichia coli positions 1231-
1248, whereas probes Quinl30A-Quinl30D targeted approximately E. coli positions
130-139 (Table 5.1). The recommended G+C content for optimal probe function is >50%
to ensure tight binding with the target, and usually 50% to 70% is sufficient to provide
good results (Ludwig et al., 2004). The G+C content of the Quinella FISH probes varied
from 44.4% to 72.2%, but four of the five Quinella probes had >50% GC content (Table
5.1). Similarly, the melting temperatures of these probe varied from 48.8°C to 63.2°C, a
reflection of the variation in G+C content (as the higher G+C content is related to a higher
melting temperature).

The ARB probe match tool (Ludwig et al., 2004) was applied to assess the specificity of
these probes by matching them to 16S rRNA gene sequences, and all five probes were
predicted to be specific to Quinella 16S rRNAs, assuming no probe-binding mismatches.
Probe Quin1231 matched exactly to 43 of the available 44 full-length Quinella sequences,
whereas probes Quinl130A, Quin130B, Quinl130C and Quin130D matched to 10, 22, 2
and 2 of the 44 full-length Quinella sequences respectively, and 4 of the 5 sequences in
the new candidate genus closely related to Quinella (Table 5.2). This suggested that a
combination of probes Quinl30A-Quinl130D might target 36 of the 44 Quinella
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sequences. When the probe match filter was relaxed to one base pair mismatch, probe
Quin1231 could potentially bind to 16S rRNA from some members of 28 other bacterial
genera, mostly in the family Selenomonadaceae. Probe Quinl130B could theoretically
bind to 16S rRNAs from Selenomonas ruminantium and Selenomonas bovis with a one

base-pair mismatch.

5.2.2 Use of FISH probes with rumen samples

No cultures of Quinella were available to test the five new FISH probes. It appears that
Quinella cells are abundant in some low-CHas emitting sheep rumens (section 3.1), and
that Quinella cells are larger relative to most other bacteria (Woodcock and Lapage, 1913;
Quin, 1943; Wicken and Howard, 1967a; Orpin, 1972). This large cell size offered a way
of enriching Quinella cells from rumen samples for genome sequencing and for studying
them using microscopy. Therefore, the probes were applied to rumen samples to obtain
preliminary evidence that there were abundant large cells that bound the probes. Probe
Quinl1231 was used on its own, whiles the four probes Quin130A to Quin130D were used
in an equimolar mix (Quinl30Mix). Probe specificity was assessed by varying the
hybridisation temperature, and the NaCl and formamide concentrations. At 46°C and
48°C, and using 0.4 M NaCl and 40% (v/v) formamide, both Quin1231 and Quin130Mix
bound only to large oval cells, indicating that these cells might be Quinella (Figure 5.1).
Probe Quin1231 was selected for further use, as it covered all potential Quinella species
identified in chapter 3 and so might be useful for following the enrichment of putative
Quinella cells based on two criteria: size and FISH-probe binding. Probe Quin1231 bound
some of the large oval-shaped cells in rumen samples, but other large cells were not
stained (Figure 5.2). This suggests that there were other large cells in the rumen samples
that were not Quinella, or that some Quinella cells were not stained with this probe or
were not permeabilized during sample preparation. Other large cell types are known from
the rumen, such as Oscillospira and Eadie's oval (“Magnoovum eadii” (Orpin, 1972;
Clarke, 1979; Mackie et al., 2003). In these preparations, none of the smaller cells were

stained using Quin1231, although they were stained using the universal bacterial probe.
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Figure 5.1 Micrographs of rumen bacterial cells hybridised simultaneously with Cy3-
and Alexa 488-labelled Quinella-specific probes Quinl30Mix and Quinl231
respectively. A) Phase contrast image of sample of rumen bacteria. B) The same field
showing cells that hybridised with Quinella-specific probes Quin130Mix. C) The same
field showing cells that hybridised with the Quinella-specific probe Quin1231. The scale
bar indicates a distance of 2 pum.
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Figure 5.2 Micrographs of rumen bacterial cells hybridised simultaneously with Cy3-
labelled universal bacterial probe EUB338 and Alexa 488-labelled Quinella-specific
probe Quin1231. A) Phase contrast image of sample of rumen bacteria. B) The same field
showing cells that hybridised with the universal bacterial probe EUB338. C) The same
field showing cells that hybridised with the Quinella-specific probe Quin1231. The scale
bar indicates a distance of 2 pum.
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An attempt was made to use Clone-FISH to validate the Quinella-targeted probes. This
uses a vector in an Escherichia coli host that expresses target 16S rRNA in the E. coli
cells, which can then be used to test FISH probes (Schramm et al., 2002). 16S rRNA gene
sequences from Quinella were cloned and used as positive controls, and a sequence from
Selenomonas ruminantium was used as negative control. However, weak probe binding
was observed to all constructs over a wide range of hybridisation conditions. The
universal bacterial probe EUB338 functioned as expected in these trials, but of course

was able to bind to the native 16S rRNA in the E. coli cells.

Probes Quin1231 and EUB338, which binds to 16S rRNA from most bacteria (Amann et
al., 1990), were distinguished by labelling them with different fluorophores, and then used
together to label cells in rumen contents. Probe Quin1231 hybridised with large oval cells
(Figure 5.2C), whereas other bacterial cells can be clearly seen in the phase contrast image
of the same field (Figure 5.2A) and clearly hybridised with the universal bacterial probe
(Figure 5.2B). The cells that bound the Quin1231 probe were oval and about 3 to 5 um
long and 1 to 3 pm in diameter. These cells occurred singly and not in noticeable clusters,

pairs or chains.

5.2.3 Attempt to culture Quinella

Once Quinella cells were identified by FISH, attempts were made to culture Quinella
using the methods described in section 2.12.2. The same sheep that had been observed to
have large populations of Quinella in the development of the FISH methods were sampled
to provide inocula for the cultivation attempts. Unfortunately, this was unsuccessful and
the cultures of large cells that were isolated (not as large as Quinella) were identified as

Staphylococcus warneri based on their 16S rRNA gene sequences.

5.2.4 Enrichment of Quinella cell from rumen liquor samples

From the FISH experiment, it was clear that potential Quinella cells were comparatively
larger than most other rumen bacteria, and this property was used to prepare suspensions
of cells enriched with Quinella for further study. Wicken and Howard (1967a) developed
a method for Quinella enrichment, by incubating rumen liquor with glucose followed by
differential centrifugation. Here, a slightly different and quicker method was developed.
This involved a series of filtration (using a 23-um pore-size filter) and low-speed
centrifugation steps (section 2.12.3). This cell concentration method resulted in a marked

increase in the relative abundance of large oval cells postulated to be Quinella, as
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observed using phase contrast microscopy (Figure 5.3) and labelled FISH microscopy

(Figure 5.4).

Three samples were prepared for extraction of metagenomics DNA. Rumen samples were
collected from 24 sheep, and 12 of these that contained large numbers of large oval
Quinella-like cells (assessed using phase contrast microscopy) were pooled (section
2.12.1). This was designated as “sample 17, and DNA extracted from it contained a large
proportion of Quinella 16S rRNA genes based on clone library analysis (Table 5.3). Forty
seven of 96 cloned sequences were identified as originating from Quinella. Two rumen
samples from one sheep collected 2 weeks apart were pooled and processed to produce
“sample 2” that also appeared to contain a high proportion of Quinella cells under phase
contrast microscopy and by clone library analysis (Table 5.3). A single rumen sample
from one sheep was also processed in the same way to produce “sample 3”, which
contained enriched Quinella cells based on phase contrast microscopy, FISH and clone

library analysis (Table 5.3).

Table 5.3 16S rRNA gene clone libraries prepared from Quinella-enriched samples.

No. of Inferred
No. of . )
o Quinella Quinella
Sample Description clones
clones abundance
sequenced S
identified (%)
1 Pooled samples from 12 111 56 50.4
sheep
2 Pooled samples (two 95 42 44.2
samplings 2 weeks apart)
from one sheep
3 Single rumen sample from 92 57 61.9

one sheep
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Figure 5.3 Phase contrast images of enriched Quinella-like cells from sample 3. A)
Supernatant after the first filtration (23-um pore size) and centrifugation (100 x g) steps.
B) Image of preparation containing concentrated Quinella-like cells after the full protocol
was complete. The scale bar indicates a distance of 2 pm.
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Figure 5.4 Micrographs of concentrated Quinella cells from sample 3 that were
hybridised simultaneously with Cy3-labelled universal bacterial probe EUB338 and
Alexa 488-labelled Quinella-specific probe Quinl231. The preparation was enriched for
large cells using a sample from the rumen of a sheep with a large population of Quinella.
A) Phase contrast image of the enriched preparation. B) The same field showing cells that
hybridised with the universal bacterial probe. C) The same field showing cells that
hybridised with the Quinella-specific probe. The scale bar indicates a distance of 2 pum.
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5.2.5 Ultrastructure of Quinella

Phase contrast microscopy suggested that the enrichment method worked well, as the
proportion of large oval cells was increased (Figure 5.3). These samples were confirmed
to be dominated by Quinella cells based on FISH and clone library analysis. Sample 3
was used for scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) to study the cell size and structure more closely. The SEM and TEM images also
suggested that the enrichment method worked because a large part of the cells observed
were the large oval type postulated to be Quinella. These had a range of sizes and outer
cell surface textures, which may reflect cells at different stages in the growth cycles, or

perhaps different species.

SEM images revealed that the cell size was 3 to 5 um long and 1 to 2 um in diameter
(Figure 5.5). These are smaller than the cells reported by Orpin (1972), which were 5.8
to 8.0 um long and 2.5 to 6.0 um in diameter. It was interesting to find that, unlike S.
ruminantium (the genus closest to Quinella in phylogenetic analyses), Quinella in these
preparations did not have thick and complex flagella (curled-up and 20 nm in diameter),
and it is unclear if these Quinella cells possessed flagella. Of course, the flagella may
have been sheared off during the cell concentration process, which including filtering and
centrifugation steps. Quinella has previously observed to be motile but the presence of
flagella was not reported (Orpin, 1972). Some Quinella cell were fully covered with a
granular material while others were either partially covered or had a smooth cell surface
(Figure 5.5). In some instances, it appeared that this granular material was peeling off
from the cells, which might be an artefact of preparing the cells for SEM. It is unclear if
this is the outer membrane, a polysaccharide layer, or some other structure. Quinella cells
with smooth cell surfaces were similar in shape and size to the cells with granular cell
surfaces. In TEM images, two different types of cell surfaces were also observed as well.
Some Quinella cell surfaces were covered with an uneven electron-dense granular layer
(Figure 5.6 A, B), while in others this was absent (Figure 5.6 C, D). Cells of both types
had short tuft-like structures, but these were more prevalent on the cells without the
electron-dense layer. The surface features observed by SEM and TEM look like fimbrae,
but it is not possible at this stage to rule out that they are strands of a surface capsule or

similar material.

The cells had a thin cell envelope apparently composed of peptidoglycan sandwiched

between inner and outer cell membranes (a characteristic of gram negative bacteria),
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confirming that Quinella possess gram negative cell wall structure like its cultured
relatives in the family Selenomonadaceae (Figure 5.6). Quinella belongs to the phylum
Firmicutes, which contains mainly gram positive bacteria, but it is placed in the class
Negativicutes, which contains bacteria with gram-negative cell wall structures
(Marchandin et al., 2010). Unlike most other members of this class it is oval in shape
rather than being spherical (Megasphaera and Veillonella) or curved rods or crescent
shaped (Selenomonas and Sporomusa) (Marchandin et al., 2010). Notably, Quinella-like
cells showed gram positive type cell division even though they have a gram negative cell
wall structure (Figure 5.6A). Condensed material seen inside the cells in the TEM images
might be genomic DNA which seems to be dividing between future daughter cells

(Figures 5.6A and C).

5.2.6 Diversity of Quinella in the concentrated samples

On the basis of clone library analyses, Quinella 16S rRNA genes constituted up to 62%
of the total in the concentrated samples (Table 5.2). The diversity of these Quinella was
investigated by importing the 155 cloned sequences derived from the three samples into
the refined long-length Quinella phylogenetic tree, using the parsimony insertion tool
(Section 2.10). Imported cloned sequences were distributed throughout the tree (Figure
5.7), suggesting that the analysed samples contained more than one Quinella species.
These samples might therefore be suitable to gain a general insight into the metabolism
of Quinella, by reconstructing genomes from DNA extracted from these samples.
However, the diversity suggested that generation of genomes from single strains should

not be expected.

5.2.7 Single cell sorting to generate genomic DNA sequences from Quinella

In an attempt to generate genome sequences from more defined staring material and so
avoid producing chimeric genomes, single cell sorting was performed on sample 1.
Multiple subsamples each of 50 putative Quinella cells were collected, guided by the
fluorescent signal from labelling with the Quin1231 probe and by cell size (section 2.11.4
and 2.14). DNA was extracted from 10 of these subsamples, and multiple displacement
amplification (MDA) was used to amplify genomic DNA. DNA from one subsample was
successfully amplified, and this was used for DNA sequencing. This sample is referred

to as sample 4.
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Figure 5.5 Scanning electron microscopic images of putative Quinella cells and other
cells in sample 3. Features: a, granular cell type; b, smooth cell type; ¢, unidentified
material peeling off from cell surface, possibly a dehydrated glycocalyx or denatured
surface associated proteins.
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Figure 5.6 Transmission electron microscopic images of putative Quinella cells from
sample 3. The scale bars indicate different distances for each panel, as noted. Features: a,
division site resembling those found in Gram-positive bacteria (Adams and Errington,
2009); b, electron dense material on outer membrane; c, possible fimbriae or outer surface
material; d, cytoplasmic membrane; e, outer membrane.
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Figure 5.7 Phylogenetic tree of 16S rRNA gene sequences affiliated with Quinella from
concentrated samples enriched for Quinella cells. The tree is split into two parts (see an
overview of the full tree on the top left of each panel). Sequence identifiers in bold letters
represent 16S rRNA gene sequences from the different samples of concentrated Quinella
cells. Numbers inside the collapsed clusters represent the total number of sequences in a
particular cluster. The 16S rRNA gene sequence of Fibrobacter succinogenes (FibSuc43,
GenBank accession CP002158) was used as out group sequence. The scale bar represents
0.05 changes per nucleotide.
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5.2.8 Shotgun sequencing results, assembly and contigs binning

The three samples with concentrated Quinella cells (referred to as samples 1, 2, & 3,
section 5.2.4) were selected for metagenome construction. DNA was extracted from these
enriched samples and this was used as the template for metagenome sequencing using the
[llumina MiSeq sequencing platform. Genomic shotgun libraries of insert size of 550 bp
were built with the aim of assembling full or partial Quinella genomes. The DNA reads

were assembled and assigned to bins as described in sections 2.16.

Table 5.4 details the sequencing statistics and Table 5.5 lists the results from the assembly
(using SPAdes assembler) and binning (using MetaBAT binning programme) steps.
Samples 1 to 3 generated between 21 and 33 bins each. Bins with size >1 Mbp were
selected for further analysis. 16S rRNA genes amplified from the DNA extracted from
one pool of 50 cells and cloned in E. coli were identified as originating from Quinella (20
of 20 clones). This DNA (sample 4) was used to amplify more DNA for sequencing by
MDA, and the MDA products sequenced using [llumina MiSeq. However, the reads from
this sample did not assemble well, as these data appeared to be dominated by chimeric
sequences from short DNA fragments that were amplified during the MDA steps. This
was reflected in the assembly, where average contig lengths were <1.5 kb. This sample

was excluded from further downstream analysis.

Genomic phylotyping of the bins (for method see section 2.17.1) showed that reads from
members of the family Selenomonadaceae were the most abundant (on the basis of
homology to marker genes) (Figure 5.8). This indicated that the cell concentration method
was at least able to concentrate bacterial cells belonging to the family Selenomonadaceae.
Three bins (bin8 and bin19 from sample 1 and bin4 from sample 3) were not able to be
assigned to any taxonomic identity using bacterial and archaeal marker genes from
Amphora2 (Wu and Scott, 2012; Kerepesi et al., 2014). A major portion of binl1 and
binl7 of sample 2 were represented by the family Synergistaceae whereas bin9 of sample
3 was characterised by the family Prevotellaceae. Additionally, as expected, some other
common rumen bacterial families (Henderson et al., 2015) were also detected in genomic
bins, for example, Spirochaetaceae, Eubacteriaceae, Lachnospiraceae, and
Clostridiaceae. Bin28 of sample 2 was classified as a mixture of the families
Methanobacteriaceae and Thermodesulphobiaceae. Genomic phylotyping can also be

done at a genus and species level, but because this analysis is based on published
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genomes, this can lead to false identification of genomic bins. Therefore, a more robust

analysis was needed to identify the phylogenetic status of Quinella genomic bins.

Table 5.4 Read number and sequence quality from DNA sequencing data.

o Reads Quality score
Sample Description
(bp) (%Q30)*
1 Pooled from 12 sheep 6,997,737 84.2
2 Pooled from one sheep from two 5,688,064 85.0
measuring rounds

3 Single rumen sample from one sheep 4,541,407 84.1
4 MDA amplified DNA from 50 sorted 7,369,816 84.2

Quinella cells using sample 1

29%Q30, represents the percentage of bases with a quality score of at least 30 (i.e., an

inferred base call accuracy of 99.9%).

Table 5.5 Assemblies and bins generated from metagenomic DNA sequence data.

Assembly details Sample 1 Sample 2 Sample 3
Numbers of reads 6,997,737 5,688,064 4,541,407
Numbers of contigs 290,401 277,479 416,020
Numbers of contigs >1000 bp 69,711 67,624 87,783
Largest contigs (bp) 269,413 637,526 228,730
N502 1,029 1,053 904
N752 664 673 614
GC content (mol%) 47.26 44.42 4497
Number of bins generated® 31 33 21
Number of bins >1 Mbp 12 13 9

&N50 and N75 are the contig lengths (bp) such that longer or equal length contigs account for 50% or 75%

of the bases in the assembly (Gurevich et al., 2013).
bUsing MetaBAT
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5.2.9 Quinella genome bins

Table 5.6 shows steps taken to identify the bins to be used for analyses of the metabolism
of Quinella based on it genome. A total of 13 bins were identified as containing possible
genomic DNA from Quinella (five from sample 1, and four each from samples 2 and 3).
This was based on the presence of 16S rRNA gene sequences of Quinella. Following the
proposed genome quality classification scheme of Parks et al. (2015), four bins were
considered nearly (>90%) complete with medium (5% to 10%) to low (<5%)
contamination (Table 5.8). These were selected for further study: bin 5 from sample 1
(from now on this will be called bin SR1Q5), bin 7 from sample 1 (SR1Q7), bin 5 from
sample 2 (SR2Q5) and bin 1 from sample 3 (SR3Q1). Among other Quinella bins, bin 2
from sample 1, bin 18 from sample 2 and bin 5 from sample 3 were 100% complete but
at the same time they were highly contaminated (>48%). Post-binning strategies (Kang
etal., 2015) were applied to reduce contamination from these bins, but these proved to be

unsuccessful and so these bins were not used.

Quality assessment of the Quinella genome bins using CheckM (section 2.17.2) assigned
three (SR1Q5, SR1Q7 and SR2Q)5) of the final four Quinella genome bins to the phylum
Firmicutes based on 295 lineage-specific marker genes (present in >97% of particular
lineage) arranged in 158 marker sets. The fourth genome bin (SR3Q1) was only assigned
to the domain Bacteria (it contained 104 lineage-specific marker genes to separate it from
other domains). Markers genes present in more than one copy are indicative of
contamination while the absence of these genes contributes towards incompleteness
(Parks et al., 2015). Contamination in the Quinella genome bins ranged from estimates
of 0.21 to 10.3% (Table 5.7 and Table 5.8). Of 295 Firmicutes lineage-specific marker
genes, 18 and 33 were found in duplicate copies in bins SR1Q5 and SR1Q7 respectively.
Bin SR3QI contained 10 genes in duplicate, six in three and four copies each, while one
gene was present in five or more copies. As a result, this bin was estimated to be 10.25%
contaminated. Because only one duplicate marker gene was found in bin SR2Q5, this bin
was considered the least contaminated (0.21%) Quinella genome bin. Furthermore, of
295 lineage-specific marker genes, 30, 18 and 17 were absent from genome bins SR1Q5,
SR1Q7 and SR2Q5 respectively, indicative of genome incompleteness. Notably, in
genome bin SR3Q1, out of 104 bacteria domain level marker genes, six were absent,
suggesting that this bin should be treated with care when predicting the overall Quinella

physiology. The contamination level could have been further reduced by excluding
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contigs with duplicated marker genes, but it was unclear which of the duplicates
originated from Quinella, as they appear to have similar coverage, G+C contents (Figure

5.9) and gene arrangements.

The contigs with very different G+C content and coverage were investigated in more
detail, but none of these contigs appeared to have multiple copy marker genes and hence
had no role in bin contamination and completeness values. It was interesting to find no
strain heterogeneity in bin SR2Q5, suggesting that it represented a single strain. In
contrast, the other three bins (SR1Q5, SR1Q7 and SR3Q1) were highly mixed (>48.5%)

and likely contained multi-strain genomic information.

Table 5.6 Steps to generate Quinella genome bins from metagenomic DNA sequence
data. The bins generated in step 1 (Table 5.5) were retained or removed using a series of
sequential analyses.

Steps  Description/filter Total bins left Refer to section
1 Binning with MetaBAT 85 5.2.7
2 Bins with >1,000,000 bp size 34 527
3 Bins containing 16S rRNA gene sequences retained 23 5.2.7
4 Bins originating from members of the family 20 5.2.7

Selenomonadaceae retained (>70 % of the bins
residues identified as belonging to

Selenomonadaceae, using Amphora markers)

5 Bins containing Quinella 16S rRNA genes retained 13 52.8
(BLAST and phylogenetic tree construction)

6 Bin with >90% completeness and <11% 4 5.2.8

contamination retained

7 Bins with amplified full length 16S rRNA gene 4 529
sequences identified as Quinella retained (BLAST

and phylogenetic tree construction)
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The 16S rRNA gene sequences in each of these four bins were identified as Quinella
sequences by BLAST analyses against a curated database of rumen bacterial 16S rRNA
genes (Henderson et al., 2017). This database contained sequences from the improved
Quinella phylogeny (chapter 3). Genome bin size varied from 1.8 to 2.6 Mbp, suggesting
that these four genome bins might contain different Quinella species. However, the
differences in genome bins size may also reflect differences in the level of contamination.
For example, genome bin SR3Q1 (2.6 Mbp) was the largest bin, but was estimated to
contain 10.2 % contamination while bin SR2Q5 which contained almost no
contamination was the smallest (1.8 Mbp). Genome sizes of other members of the family
Selenomonadaceae (to which Quinella belongs) vary from 1.26 Mbp (Dialister
micraerophilus) to 5.28 Mbp (Pelosinus fermentans) (Yutin and Galperin, 2013).
Significant variations in genome sizes have been observed previously within a genus. For
example, in the genus Selenomonas, which is the closest genus to Quinella has 10 species
currently identified (Yarza et al., 2008) with , genome sizes varying from 2.3 Mbp
(Selenomonas sp. F0592; GenBank accession NZ_CP012071) to 3.0 Mbp (Selenomonas
ruminantium subsp. lactilytica; (Kaneko et al., 2015). The variation in the Quinella
genome bin sizes is therefore consistent with what is observed for genomes from the
genus Selenomonas. Consequently, the number of contigs also differed among the
Quinella genome bins (Table 5.8). The G+C contents of these bins were also varied. The
lowest G+C content was found in SR3Q1 (49.2 mol%) whereas the highest was observed
in SR2Q5 (56.0 mol%). Again, this pattern was similar to that found in the genus
Selenomonas, where G+C content varied from 50.7 mol% (Selenomonas ruminantium
subsp. lactilytica; (Kaneko et al., 2015) to 57.1 mol% (Selenomonas sp. F0592; GenBank
accession NZ_CP012071). Therefore, the variation in the G+C content of genomic DNA
may not be unusual. However, genome completeness, contamination and strain
heterogeneity may also play a major role in the observed G+C content. Missing regions
or contaminated regions as well as mixed genomes at strain level might also affect the
overall G+C content of genome bins.

In summary, four potential Quinella genomic bins were generated that showed different
levels of completeness, contamination, G+C content and genome bin size. This finding
suggested that these genome bins may represent different Quinella species. This is
subjected to further analysis using 16S rRNA gene sequences to understand their
phylogenetic diversity and functional genome based analysis to understand genome level

diversity.
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Table 5.8 Quinella genome bin specifications.

Quinella genome bins
SR1Q5 SR1Q7 SR2Q5 SR3Q1

Genome bin specification

Genome bin size (bp) 2,125473 2,584,672 1,821,931 2,614,227
G+C content (mol%) 49.0 52.9 56.0 49.1
Number of contigs 132 169 42 68

Length of largest contigs (bp) 62,332 68,294 179,392 219,728

Genome completeness (%) 90.9 94.2 92.6 91.4
Genome contamination (%) 5.7 8.6 0.2 10.3
Strain heterogeneity (%) 48.5 77.8 0 78.4

5.2.9 Confirmation of taxonomic identification of bins

The partial 16S rRNA sequences that were extracted from the four Quinella genome bins
(SR1Q5, SR1Q7, SR2Q5 and SR3Q1) were compared against a curated bacterial 16S
rRNA gene database (Henderson et al., 2017). All four 16S rRNA sequences showed best
matches with 16S rRNA genes from Quinella spp., with best e-values shown by SR1Q7
and SR2Q5 (0) while SR1Q5 and SR3Q1 had e-values of 6.00E-61 and 4.00E-46,

respectively.

To obtain full-length 16S rRNA gene sequences, the genome bin sequence information
was used to design primers (Figure 5.10A), which were then used to generate clone
libraries containing almost full-length16S rRNA gene sequences from the DNA extracted
from samples 1 to 3 (section 2.7.2). The DNA fragments amplified from DNA extracted
from samples 1 to 3 were of the expected sizes (1851 to 2390 bp long) (Figure 5.8B).
Two libraries were prepared from sample 1, targeting the 16S rRNA gene sequences
found in bins SR1Q5 and SR1Q7 by using two different primers sets (Figure 5.10A).
Different primer sets were used to target 16S rRNA genes in bin SR2Q5 and SR3Q1 from
samples 2 and 3, respectively (Figure 5.10A). This therefore produced one library
targeting the 16S rRNA gene and flanking regions for each of the four genome bins.

Cloned amplicons were sequenced using multiple primers (section 2.17.3).
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Figure 5.9 Comparison of Quinella genome bins (A) SR1Q5 (B) SR1Q7 (C) SR2Q5 (D)
SR3Q1. G+C content (mol%; x-axis), coverage (y-axis), and relative contig lengths (size
of the circles) are shown. The coverage is the k-mer coverage (read k-mers per contig
k-mer) for the largest k value calculated by SPAdes, which was 127 in this case.
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The best five clones from each of the four clone libraries were selected based on the
electropherogram quality, and on matches to the flanking regions and partial 16S rRNA

genes in the bin that was being targeted, and these were used for the phylogenetic analysis.

The cloned sequences amplified using the same forward primer were highly similar but
not identical over the full length of the cloned fragments (Table 5.9, upper triangle of
matrix). The greatest similarity was found in between clones targeting bin SR1Q5
(>98.9%) followed by clones of bin 2Q5 (>98.2%) and then clones from bin SR3Q1
(>98.4%) whereas the lowest level of similarity occurred for clones targeting bin SR1Q7
(>91.0%). The sequence similarities between only the 16S rRNA genes in clones
amplified using the same forward primer was >99% (Table 5.9, lower triangle of matrix).
The similarities between cloned sequences amplified using different forward primers was
lower (<82.6% over the full cloned sequences, <95.7% for the 16S rRNA gene regions of
the clones). This indicates that the 16S rRNA genes amplified using the different primers
were from potentially different Quinella species. The variations within any one clone
library could have been due to amplification of DNA from closely-related strains within

the same DNA sample.

Next, the clones were compared with the contigs in the four genome bins that contained
partial 16S rRNA genes. When the clone regions overlapping with the reference contigs
sequences from the four bins were aligned, all four clone libraries contained at least one
clone that showed >99.6% similarity over the partial 16S rRNA gene and the adjacent
gene region targeted by the primer set. These best matches were for all five clones
targeting bin SR1Q5 (100%), clone SR1Q7 49 (99.1%) targeting bin SR1Q7, clone
SR2Q5 87 (99.8%) targeting bin SR2Q5 and clone SR3Q1 120 (99.9%) targeting bin
SR3Q1. When this analysis was restricted to just the 16S rRNA regions in the 20 clones,
all clones had >99.0% similarity (SR1Q5, 100%; SR1Q7, >99.0%; SR2Q5, >99.2%; and
SR3Q1, >99.2%) and at least one clone in each library had 99.8% to 100% similarity to
the partial 16S rRNA genes in the bins that were targeted by that primer set (Table 5.9).
This suggests that some of the nearly full length 16S rRNA genes in the clone libraries
were from the same strains or very close relatives of the strains that contributed the

contigs containing the 16S rRNA genes in each of the four bins.

The analysis was repeated limiting it to only the parts of the cloned sequences that
matched the bin contig sequences outside the 16S rRNA gene. Clones assigned to bin

SR1Q5 all had 100% similarity with the references contig. In the other clones, the
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similarities were >85.2% with the respective contigs from the bins they were assigned to.
This showed that the differences between the clones and the contigs from the bins they
were targeting were mainly in these regions adjacent to the 16S rRNA genes. Translating
these regions showed that this also reflected amino acid level differences, suggesting that
the clones might represent different strains of same Quinella species. Overall, it seems
that the cloned 16S rRNA genes are representative of the bins they were assigned to. This
variations in the flanking regions of the cloned sequences showed that each of samples 1
to 3 contained different but closely-related strains that shared very similar 16S rRNA
genes. However, this doesn’t allow conclusions to be made about the sequence data in the
bins. If the starting samples contained very closely-related strains, it is likely that the bins

represent aggregates of genomes from closely related strains.

The 16S rRNA gene sequences were extracted from the 20 clones and used to construct
a phylogenetic tree. The cloned sequences representing different Quinella genome bins
grouped in different parts of the tree (Figure 5.11), as expected if the Quinella genome
bins were from separate Quinella species. All five 16S rRNA clone sequences assigned
to SR1Q5 grouped together and branched with Quinella ovalis with >97% similarity with
other sequences in that cluster (excluding sequences Unl25493; >96%). Genome bin
SR1Q5 may therefore contain genomic sequences that represent strains of the species
Quinella ovalis or a very close relative of it. Based on the placement of the other 16S
rRNA genes, it appears that the other three genomic bins represent three different species
of the genus Quinella (Figures 5.11, 5.12 and 5.13). Furthermore, the 16S rRNA gene
sequences assigned to the four genome bins fell in different part of the Quinella tree and
covered most the known diversity of Quinella, which suggested that the genomes bins

should be useful to gain an insight into the physiology of members of this genus.

Repset sequences from the 454 sequencing study (see chapter 3) representing the OTUs
that contained >100 sequencing reads were added to this tree using the ARB parsimony
(quick add mark) insertion function (Figure 5.13). This was done to see whether any of
the 16S rRNA gene sequences assigned to the four genome bins represent abundant OTUs
from the original sheep study. Some of the highly abundant OTUs clustered with the 16S
rRNA gene sequences representing genomic bins SR1Q5 and SR1Q7, whereas the 16S
rRNA gene sequences representing genome bins SR2Q5 and SR3Q1 did not cluster with

any repset sequences. This is not surprising, because these genome bins came from
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samples from a different group of sheep than the one used to generate the repset sequences

(chapter 3).

9354F

.......... —{- SR1Q7

19382F 192
CCEEEE XD SR205

111625F 1492R
— I XD { sr3a1

24448F 1492R

e Genome bins

SR1Q5 SR1Q7 SR2Q5 SR3Q1

2000 bp
1650 bp

1851bp  2194bp 2026bp 2390 bp

Expected product sizes

Figure 5.10 Primer targets and use to amplify 16S rRNA genes from DNA of Quinella-
enriched samples. A) Arrangement of contigs containing 16S rRNA genes and the
adjacent genes, showing the regions targeted by the combination of newly-designed
forward primers (yellow) and a universal bacterial primer 1492R (green). Primers 9354F
and 19382F were used to amplify products from DNA extracted from sample 1, each in
combination with the universal bacterial primer 1492R. Primers 111625F and 24448F
were used with DNA from samples 2 and 3 respectively, again each in combination with
1492R. B) Agarose gel of selected PCR amplified products showing that the products
generated using the different primers were of the sizes expected (Table 2.3). The left-
hand lane contains a DNA marker ladder.

127



8C1

0°001 66 666 €76 £76 £16 b¥6 P16 956 L'S6 956 956 956 16 TP6 016 176 €76 OCI
L'66 0001 866 €96 €16 €16 PF6 b6 956 L'S6 956 9'S6 96 176 TH6 06 106 €46 611
866 L'66 866 L'S6 9°€6 L'E6 L'E6 L'E6 676 0S6 676 676 616 v'E6 S€6 v'E6 S€6 96| 91l
866 L'66 866 L'E6 L'S6 966 8'€6 8'€6 0°S6 0'S6 676 676 06 S'€6 9€6 v'e6 9'€6 86| 111
866 $66 L'66 TH6 TP 16 €76 €76 SS6 9'S6 ¥'S6 ¥'S6 SS6 666 1'M6 6'€6 076 TH6| LOI | 1O€AS
0°001 $66 866 8L 8'LL SP6 SH6 ST6 SP6 SH6 bP6 b6 T €46 SH6| LS
9'86 766 686 108 008 L'6L L'6L 108 SP6 SH6 SH6 SB6 SH6 €46 b6 TH6 €96 SH6| 18
L'86 $66 166 06L 1'6L ¥'6L S8L 0L SP6 SH6 ST6 SP6 SH6 €46 €16 €46 vP6 ST6| bL
1°66 766 T66 6L 1'6L T6L L'8L 1'6L 9P6 96 9F6 96 96 €H6 tH6 THE €16 ST6| L9
686 b6 166 06L 1'6L 1'6L S8L 1'6L 9P6 96 9F6 L't6 96 BB6 SH6 €46 b6 96| 99 SOTAS
9'86 866 066 ObL I'bL OVL L'EL 1'bL 108 TI8 608 0'I8 0’18 I't6 €06 1'b6 TH6 ¥b6| S
6'86 866 1'66  TSL TSL I'bL 6L TSL S6L TI8 TO8 108 0708 TH6 €6 106 €96 SH6| 6
8 866 $06  09L 6'SL 8L 9SL 6'SL 6L ¥08 6L Y6L T6L I't6 €06 1't6 €6 b6 | Lb
688 €66 L'T6  19L 09L 6L 8'SL 09L T6L 808 L'6L 8'6L 9'6L 06 176 6'€6 116 €46| 9
9'86 $66 066 €SL €L THL I'SL €SL S6L 118 008 108 8'6L L'E6 916 I't6 €46 1'v6 TH6 vb6| 8¢ LOTYS
0°001 0001 0001 818 6718 178 I8 878 L8 1778 078 £78 TT8 078 118 $08 808 018 i
0°001 0001 0001 078 0778 TT8 818 178 S'I8 ¥T8 178 978 ST8 T78 TI8 908 018 T8 01
0°001 0001 0001 178 1778 €78 818 178 S'I8 ¥78 178 978 ST8 T'78 €18 L08 018 T8 6
0°001 0001 0001 078 1778 €78 818 178 ¥'I8 €78 078 ST8 +78 €78 €18 808 1’18 €18 ¥
0°001 0001 0001 618 1778 €78 L'18 078 S8 ¥T8 078 978 9T8 H'T8 I8 L08 018 T8 5 SOTUS
uoBaruas - Auo UL 7 61T OTT TIT LOT| L8 I8 ¥L L9 99 |¥S 6v Ly 9% SE |11 ol 6 v ¢ |owauo)
VNI S91  2uad YNy Surddejrono
e IPO SO YA Y PIAL 10€dS SOTIS LOTIS SOTIS su1q Awousn

(%) seouanbas pauojo usamoq Areuurg
(%) suq awoua3 ayy

Jo uorgar Surddeproao yum Apreung

"suIq Qwoudg oy} ur s3NU0d dANIAdSaI I3y} YIm soouanbas pauod oy
J0 syed oy} JO SOTILIB[IWUIS AU} QAIS JYSLI 913 UO SUWN[od a1y} oy [, “(YS1y 03 mo[ ‘ordind 03 931ym 9p0o 1n0[09) saouonbos pauo[d oy JO SuUoIgas duag
VNI SO U99M)q SIMLIB[IWIS SIALS XLIJeW 9y} JO 9[FueLn) 1omo] oy ], (YSIy 03 MO[ “pal 0} AIYM 9POJ INOJ09) saouanbas pauo[d oy} Jo syISud] [[1g
U29M)2q (SaprI0aonu [BoRUAPI Jo 33ejuddrad) Ajre[ruurs oy SAAIS xLew Ay} Jo o[3uern 1oddn oy T, *saouanbas pauo(d Jo xiew AUR[IuIS ¢°S 8L



0,

71Y%

10
100%

MF184914
MF184915

90%; SR2Q5_74

SR 2Q5_87
SR2Q5_66
100% SR2Q5_ 81
SR2Q5_67

%— MF184888
_mo_%lf‘&‘_— MF184892
MF184893

MF184915
MF184919
MF184920
DQ673489
MF184917
— SR3Q1_111
SR3Q1_116
- SR3Q1_120
SR3Q1°119
SR3Q1-107
EF436437
EF436435
EF436434
EF436436
EF436332
SR1Q7_54
94% SR1Q7_38
SR1Q7_49
SR1Q747
SR1Q7_46

100%r DQB73510
909 DQ673569
9 DQ673570

EF436320

MF1

639

Sa%l EF436424

EF436425
MF 184897

MF184898

84895

MF 184896
MF184894

AB494823
—— MF184889
SR1Q5_9
SR1Q5_4
SR1Q5°10
SR1Q5_11
SR1Q5_3
M62701
MF 184872
MF184876
MF184871
MF184873
MF184874
MF 184899
DQ673559
DQ673560
DQ673499
DQ673561
MF184882

] Quinella candidate species 2

] Quinella candidate species 4

Quinella candidate species 6

Quinella candidate species 3

Quinella candidate species 7

] Quinella candidate species 5

Quinella candidate species 1

Quinella ovalis

Selenomonadaceae candidate genus 1

Figure 5.11 Phylogenetic tree of Quinella 16S rRNA gene sequences, including those
amplified from the DNA samples used to generate the Quinella genome bins (in bold
font). The scale bar represents 0.02 changes per nucleotide. Bootstrap values of <60%

and some of those within defined clusters are not shown.
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Figure 5.13 Phylogenetic distribution of repset sequences representing abundant OTUs
of Quinella and 16S rRNA gene sequences amplified from the DNA samples used to
generate the Quinella genome bins. Both type of sequences are in bold font. Repset
sequences representing OTUs with >100 sequences were added to the tree (Figure 5.11)
using the ARB parsimony (quick add mark) insertion function. Numbers after the comma
give the total number of pyrosequencing reads in those OTUs. The candidate species are
those defined in Figure 3.13. The scale bar represents 0.02 changes per nucleotides.
Bootstrap values of <60% and some of those within defined clusters are not shown.



5.2.10 Quinella genome bin annotation

The contigs from the four Quinella bins were annotated using the methods described in
section 2.18. A summary of the genome bin annotation is shown in Table 5.10. A
summary of COG functional annotation based on orthologous protein is provided in Table
A5.1 and Figure 5.14. Of the 8761 total genes identified in Quinella genome bins, 28.2
% were predicted to be of unknown function and annotated as hypothetical. It was
interesting to find that, even though the overall genome size varied among Quinella
genome bins, they all shared similar percentages of genes for particular COG (Clusters
of Orthologous Groups) categories (Figure 5.14). Furthermore, in orthologous gene
family analysis, it was also found that out of 1058 gene families from all four Quinella
genome bins, 330 gene families were present in all four genome bins (Figure 5.15).
However, genome bins SR3Q1 and SR1Q7 were found to be different from SR1Q5 and
SR2Q5 in terms of the numbers of unique gene families. This finding was also supported
by a Functional Genome Distribution (FGD) analysis (Figure 5.16), where genome bins
SR1Q5 and SR2Q5 were more similar to each other, and SR1Q7and SR3Q1 were more
similar to each other. FGD basically calculates the similarity between pairs of genome
bins using amino-acid sequences predicted from the ORFeome (Altermann, 2012). This
is a BLAST-based ORF-position-independent approach. It is based on amino acid
sequence similarities of ORFs compared between genomes and is considered to be a
function-based analysis. The groupings in the FGD tree were slightly different from the
16S TRNA gene-based analysis, in which SR1Q7and SR3Q1 were close to each other
while SR1Q5 and SR2Q5 branched separately.
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Table 5.10 Quinella genome bin statistics.

Quinella genome bins

Attribute

SR1Q5 SR1Q7 SR2Q5 SR3Q1
Genome size (bp) 2,125,473 2,584,672 1,821,931 2,614,227
DNA coding (%) 92.8 90.2 92.8 91.7
G + C (mol%) 49.0 52.9 56.0 49.1
Number of contigs 132 169 42 68
Total number of ORFs 2,067 2,445 1728 2521
Number of rRNAs 6 6 10 6
Number of tRNAs 348 438 316 465
Genes assigned to COGs 1769 2101 1543 2152
Genes with Pfam domains 1770 2030 1520 2130
Genes with signal peptides 184 203 171 222
Genes with transmembrane helices 426 475 363 508
CAZymes 68 83 62 93
CRISPR 0 1 0 2
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bins based on the clusters of orthologous proteins (COGs) database (Tatusov et al.,
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SR1Q7 SR2Q5

Figure 5.15 Venn diagram of orthologous protein families among all four Quinella
genome bins. Unoverlapped regions represent unique gene families, with the numbers in
the parentheses representing total number of genes present in those families.
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Figure 5.16 Functional genome distribution (FGD) tree of Quinella genome bins. The
individual bins in FASTA format were concatenated using a universal spacer-stop-spacer
sequence and automatically annotated using GAMOLA2 (Altermann et al., 2017).
Predicted ORFeomes of all bins were subjected to an FGD analysis (Altermann, 2012)
and the resulting distance matrix was imported into MEGA7 (Kumar et al., 2016).The
functional distribution was visualized using the UPGMA method (Sneath and Sokal,
1962). The tree is drawn to scale, with branch lengths in the same units as those of the
functional distances used to infer the distribution tree. The scale bar is a dissimilarity
measure between genome bins based on the similarity and absence of ORFs in the genome
dataset used to generate the tree (Altermann, 2012).
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5.3 Conclusions

In agreement with the literature, FISH confirmed that Quinella cells were large and oval
shaped. Electron microscopy showed that Quinella cells in the sheep studied here were
about 3 to 5 um long and 1 to 3 um in diameter and that different cells can have different
outer cell surface textures. This might be because Quinella cells present in samples were
in different stages of growth cycles, or perhaps different species of Quinella were present.
Some differences may be preparation artefacts. Analysis of 16S rRNA gene sequences
also supported the existence of multiple candidate species of Quinella, even in a single
rumen sample (see also chapter 3). TEM image showed that Quinella possesses a Gram
negative cell wall structure even though on the basis of 16S rRNA gene sequences
similarity it is placed in the phylum Firmicutes, which contains mainly gram positive

bacteria.

After an unsuccessful attempt to isolate Quinella, its large oval cell size was used as a
guide to develop a cell concentration method which resulted in a significant increase in
the number of putative Quinella cells in processed rumen samples. DNA was extracted
from three of these samples, and the DNA sequenced to generate metagenomic sequence
data for genome analysis. Four genomic bins were assembled that contained, based on
multiple analyses, largely Quinella DNA sequences, and the genomic information in them
was estimated to be >90% complete and <11% contaminated. These Quinella genomic
bins varied in apparent genome size and G+C content, but this is not unusual as it has
been observed before in the closely related genus Selenomonas. Analysis of full length
16S rRNA gene sequences retrieved from the three samples, and attributed to the four
bins based on sequence similarity of flanking regions, suggested that these genomic bins
represented different Quinella species. All four Quinella genomic bins shared 330 protein
families, and the number of unique protein families varied from 6 to 94, further supporting

the potential diversity of Quinella genomes captured in this study.

The proteins predicted to be coded by the DNA sequences in the four genome bins were
used to deduce the physiology of ruminal Quinella spp. This work is described in the next

chapter.
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Chapter 6 Insights into the physiology of Quinella, and its

possible role in the rumen of low-methane-emitting sheep

6.1 Introduction

As discussed in previous chapters, Quinella spp. have not been studied as viable long
term cultures that can be used to understand the physiology of members of this genus.
However, two fermentation studies, one in vitro (Brough et al., 1970) and another in vivo
(Vicini et al., 1987), have been conducted to understand the physiology of Quinella. The
results from these studies appear to contradict each other. Brough et al. (1970) suggested
that the preferred substrate, glucose, is fermented mainly to lactate, with traces of acetate,
propionate and CO; also detected. In contrast, Vicini et al. (1987) suggested that, when
Quinella spp. were abundantly present in sheep fed molasses, acetate and propionate were
the major end products with no lactate formation. The latter study was based on measured
products in the sheep rumen, which can be affected by the presence of other
microorganisms. Other than these studies, very little work has been done on Quinella spp.
and there were almost no further reports until Kittelmann et al. (2014) identified the

association of rumen-dwelling Quinella spp. with low CH4 emissions in sheep.

In the previous chapter, four genome bins were generated from DNA extracted from
samples enriched for cells that match the morphology of Quinella and bound DNA probes
that targeted the 16S rRNA of Quinella spp. These genome bins contained partial 16S
rRNA genes that grouped with a radiation of bacteria identified as Quinella spp. Longer
16S rRNA gene sequences were amplified from the DNA samples that were the source
of the genome bins, and these closely matched the partial genes in the genome bins, and
grouped with 16S rRNA gene sequences designated as Quinella. Based on these findings,
and on other analyses of the sequences in the four genome bins (see Chapter 5), the
assumption was made that the genome bins contain significant parts of the genomes of
different species of Quinella. An analysis of the deduced proteins coded by these partial
genomes was undertaken to give an insight into the potential physiology of Quinella spp.

and predict the role of member of this genus in rumen fermentation.
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6.2 Results and discussion

6.2.1 Degradation of polysaccharides

Major plant polysaccharides are basically grouped into four major fractions: cellulose,
starch, hemicellulose and pectin (Chesson and Forsberg, 1997). The first step in rumen
fermentation is the hydrolysis of these polymeric components of feed to form simpler
sugars. The genes in the four Quinella genome bins genes were compared with different
databases (NCBI non-redundant protein sequences database, Pfam database, TIGRFAMs
database) using BLAST in GAMOLA?2 (Altermann et al., 2017) as the search tool to
identify their ability to attack plant polysaccharides. A separate carbohydrate-active
enzymes (CAZyme) search was conducted using the CAZyDB database (Lombard et al.,
2014), which contains a curated reference set of carbohydrate degrading enzymes. A
summary of the CAZyme analysis of the four Quinella genome bins is presented in Table
6.1 and details can be found in Appendix Table A6.1.

Enzymes in GH families 1, 3, 13, 23, 77 and 84 were present in all genome bins. Details
of these enzymes are listed in Table 6.2. Signal peptide and transmembrane topology
analysis using Phobius (Kéll et al., 2004) and SPOCTOPUS (Viklund and Elofsson,
2008) suggested that all of these enzymes were non-cytoplasmic. Among these enzymes,
B-glucosidase, a-phosphotrehalase, transglycosylase and O-GlcNAcase ((protein)-3-O-
(N-acetyl-D-glucosaminyl)-L-serine/threonine N-acetyl-glucosaminyl hydrolase)
contained potential signal peptides, which suggested they are secreted and act

extracellularly.

Glycosyl hydrolases (GH), a CAZYme class of enzymes that hydrolyse the glyosidic
bonds between carbohydrates or between carbohydrate and non-carbohydrate
components of polysaccharides, contains most of the enzymes that are involved in
cellulose and hemicellulose degradation. Of those enzymes, endo-1,4-B-D-glucan
hydrolase (EC 3.2.1.4), exo-1,4-B-D-glucan cellobiohydrolase (EC 3.2.1.91) and
B-D-glucosidase (EC 3.2.1.21) are the key enzymes needed for cellulose hydrolysis
(Forsberg et al., 1997). None of the GH enzymes found in the Quinella genome bins
appear to be endo-1,4-p-D-glucan hydrolases or exo-1,4-B-D-glucan cellobiohydrolases,
but B-glucosidase was present in all genome bins. This enzyme cannot degrade cellulose
alone, as it is involved in the third and last step of cellulose hydrolysis (conversion of

cellobiose and cellodextrins to glucose). Thus, it appears that none of the Quinella
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genomes encode the primary enzymes for cellulose-degradation. However, the
B-glucosidase may act on cellobiose and cellodextrins, released by other rumen microbes,
and may provide an advantage in the highly competitive rumen environment. Similarly,
1,4-B-D-xylan xylanohydrolase (EC 3.2.1.8) and 1,4-B-D-xylan xylohydrolase
(EC3.2.1.37) are key enzymes involved in xylan degradation (Krause et al., 2003). These
enzymes fall in GH families 10 and 11. The amino acid sequences for these enzymes were
also searched for in the four Quinella genome bins but none of these CAZyme families

were found.

Acetyl-xylan esterase (EC 3.1.1.72) and feruloyl esterases (EC 3.1.1.73), which belong
to carbohydrate esterases (CE) families 1 to 7 and hydrolyse ester-linked side groups of
xylan (Henrissat and Bairoch, 1993) and, were absent from the Quinella genome bins.
However, 8 to 19 CE enzymes were detected in Quinella genomic bins and they belonged
to CE family 10 (esterase, putative carboxylesterase and Tat pathway signal sequence)

which are not involved in primary attacks on complex plant polysaccharides.

Gene sequences coding for pectin-degrading enzymes (pectin lyase, polygalacturonase
and pectin methylesterases) which fall in CAZyme families PL8, PL16, GH28 and CE8

were also searched for in the Quinella genome bins but were not found.

Commonly found starch-degrading enzymes are o-amylase, B-amylase, dextrin
6-a-glucanohydrolase, pullulanase and iso-amylase (Cerrilla and Martinez, 2003). None
of the Quinella genome bins contained genes sequences coding for any of these starch-

degrading enzymes.

Quinella cells have been reported to contain storage polysaccharides (Brough et al.,
1970). Three of the enzymes found in all the genome bins may have a role in glycogen
metabolism  (1,4-0-glucan branching enzyme, o-phosphotrehalase and 4-a-
glucanotransferase). The predicted extracellular location of these enzymes and the
presence of a signal peptide in the a-phosphotrehalase makes the inference of their roles

in intracellular glycogen metabolism speculative.

Almost one-third of the of the glycosyl transferases (GT) found in the Quinella genome
bins were identified as poly-f-1,6 N-acetyl-D-glucosamine synthases, potentially
involved in polymerisation of UDP-N-acetylglucosamine in bacterial cell wall synthesis.
It was interesting to find lytic transglycosylase, a lysozyme type enzyme, which in some

cases is reported to contribute to pathogenesis (Cloud-Hansen et al., 2006). However, it
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is predicted that, together with transglycosylase, lytic transglycosylase may take part in
the conversion of peptidoglycan to 1,6-anhydro sugars (Scheurwater et al., 2008) and so
these may play a role in cell wall metabolism. O-GlcNAcase was found in all Quinella
genome bins but its function in bacteria is still unknown (Alonso et al., 2014). It too acts
on N-acetylglucosamine, one of the two amino sugars in peptidoglycan. The
O-GlcNAcase and transglycosylase had predicted extracellular locations (see above),

which is expected for enzymes that act on the cell wall.

Overall, these analyses suggested that Quinella does not contain genes that encode
enzymes responsible for the primary degradation of plant polysaccharides. Overall, it
seems that Quinella may rely on other microbes to hydrolyse the polysaccharide
components of feed, and it appears able to compete effectively for the breakdown
products of that primary attack for its own growth, as well as presumably using soluble
sugars in the plant material. In some of the sheep analysed in this study (section 3.2.7),
Quinella 16S rRNA gene sequences made up as much 74.4% of all bacterial 16S rRNA
gene sequences surveyed. Of course, this may be a result of some PCR bias or due to a
large number of 16S rRNA genes in each genome, but it may also suggest that Quinella
is exceptionally good at scavenging smaller carbohydrates released by the primary

polysaccharide degraders.
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Table 6.1 CAZyme counts in the Quinella genome bins (SR1Q5, SR1Q7, SR2Q5, and
SR3Q1)2 E-values < le-18 and coverage > 0.35 (Yin et al., 2012) were considered as
good matches, and genes meeting both of these criteria were considered to be potential
CAZymes.

Carbohydrate-active

Quinella genome bins

enzymes (CAZymes) Total
classes SR1Q5 SR1Q7 SR2Q5 SR3Q1 unique
CAZymes

Auxiliary activities 0 0 1 0 1
(AAs)

Carbohydrate esterases 13 (1) 8 19 (1) 16 (3)° 5
(CEs)

Glycoside hydrolases 13 15 (1) 12 (1) 18 (2) 4
(GHs)

Carbohydrate-binding 0 0 0 0 0
modules (CBMs)

Glycosyl transferases 33 (2) 58 (4) 39 (1) 53 (4) 11
(GTs)

Polysaccharide lyases 0 0 0 0 0
(PLs)

8See Appendix A6.1 for information of individual genes identified in each of the CAZymes classes.
PValues in parentheses represent unique CAZYmes present only in one bin out of four.

Table 6.2 GH enzyme family and related enzymes found in all Quinella genome bins.

Presence of

GH. Enzymes signal Possible function
family ‘1 a
peptides
GH1  B-Galactosidase No Galactose breakdown
GH3 B-Glucosidase Yes Cellobiose and cellodextrins
breakdown
GHI13 1,4-a-Glucan branching No Glycogen degradation
enzyme
a-Phosphotrehalase Yes Glycogen degradation
GH23 Lytic transglycosylase No Converts peptidoglycan to 1,6-
anhydro sugars
Transglycosylase Yes Convert peptidoglycan to 1,6-
anhydro sugars
GH77  4-a-Glucanotransferase No Glycogen degradation
GH84 O-GIcNAcase Yes Unknown

2All are predicted to be non-cytoplasmic enzymes.
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6.2.2 Degradation of sugars to pyruvate

Each of the four Quinella genome bins contained all the genes needed to code for the
enzymes for glucose fermentation to pyruvate (Figure 6.1), with the exception of pyruvate
kinase in bin SR2Q5 (Appendix Table A6.2). Transporters were searched for using
BLAST with the TransportDB 2.0 database (Elbourne et al., 2017). Phosphotransferase
systems (PTS) for glucose, sorbitol, fructose, maltose, mannose, galactitol, glucitol and
ascorbate were detected (Appendix Table A6.3). The phosphoenolpyruvate-dependent
PTS system consists of the shared enzyme 1 (phosphoenolpyruvate-protein
phosphotransferase, Pstl) and phosphocarrier protein (Hpr), and the substrate-specific
enzyme II (Tchieu et al., 2001). These enzymes were present in all Quinella genome bins.
Enzymes I and Hpr are listed in Appendix Table A6.2. The substrate-specific enzymes II,
were present either as multi subunits proteins in operons or in fused forms (Appendix
Table A6.3). By using PTS, glucose, for example, would be imported and phosphorylated,
and then converted to two pyruvate molecules via the standard glycolytic pathway,
characterised by an ATP-dependent phosphofructokinase and a fructose bisphosphate
aldolase. The gene coding for triosephosphate isomerase, a key enzyme in glycolysis, was
present as a fused gene with phosphoglycerate kinase in all four Quinella genome bins.
This type of fusion has been reported before in Thermotoga maritima (Schurig et al.,
1995). Quinella genome bin SR2Q5 lacked the gene for pyruvate kinase that catalyses
the conversion of phosphoenolpyruvate (PEP) to pyruvate (Waygood and Sanwal, 1974),
but pyruvate kinase was present in the other three Quinella genome bins (Appendix Table
A6.2). This Quinella strain may use alternative enzymes to make pyruvate. For example,
in the fermentation of glucose to two pyruvate, it could use the glucose PTS to convert
one molecule of PEP to one molecule of pyruvate and the other pyruvate may be formed
by carboxylation of PEP to oxaloacetate followed by decarboxylation of oxaloacetate to
pyruvate. However, it seems most likely that this gene was just missed from bin SR2Q5
at the assembly step. In the formation of two molecules of pyruvate from one molecule
of glucose, one molecule of ATP will be used (fructose-6-phosphate to fructose-1,6-
bisphosphate) and three ATP will be released (two at the step of 1,3-bisphospho glycerate
to 3-phosophoglycerate and one at the step of phosphoenolpyruvate to pyruvate),
resulting in the net gain of two ATP.

144



6.2.3 Other sugar fermentation pathways

The Quinella genome bins were also searched for genes that code for enzymes involved
in the pentose phosphate and Entner-Doudoroff pathways. These may act as parallel or
alternative pathways to glycolysis (Cronin et al., 1989; Chen et al., 2016). The Quinella
genome bins contained three (ribose-5-phosphate isomerase, ribulose-5-phosphate
3-epimerase, transketolase) of four genes (transaldolase is only present in SR3Q1) that
code for the enzymes in the non-oxidative phase of the pentose phosphate pathway. As
the genes for the key enzymes of the reversible oxidative phase (glucose-6-phosphate
dehydrogenase, 6-phosphogluconolactonase and 6-phosphogluconate dehydrogenase)
were missing, it doesn’t seem possible for it to result in sugar transformation to pyruvate.
However, the pathway can operate to make intermediate products required for a number
of biosynthetic pathways (D-ribose 5-phosphate, D-ribulose 5-phosphate, D-xylulose
S-phosphate and D-erythrose 4-phosphate).

Genes coding for key enzymes (6-phosphogluconate dehydratase and 2-keto-
3-deoxygluconate 6-phosphate aldolase) of the Entner-Doudoroff pathway (Murray and
Conway, 2005) were missing in all Quinella genome bins, suggesting that this pathway

was not present in Quinella.

6.2.4 End products from pyruvate

All four Quinella genome bins contained a gene coding for L-lactate dehydrogenase
(Figure 6.1) that could be involved in lactate utilisation or in lactate formation from
pyruvate. Analysis of whether Quinella is a lactate user or producer is discussed below,
in section 6.2.4.1. Additionally, KEGG analysis of the Quinella genome bins suggested
that it might produce propionate through the succinate-to-propionate conversion pathway
(Figure 6.1). Propionate formation by Quinella is discussed later in this chapter with a
deeper investigation of key enzymes involved (sections 6.2.5). The Quinella genome bins
were also analysed for the formation of other volatile fatty acids (formate, acetate and

butyrate), and other end products, specially ethanol and hydrogen.
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6.2.4.1 Lactate dehydrogenase

BLAST analysis of the Quinella genome bins suggested that all of them contained genes
that code for L-lactate dehydrogenase (L-LDH), which indicates that Quinella may either
produce lactate or use it for growth or possibly both. There appears to be no way to
differentiate between lactate producing and lactate using L-LDHs based on amino acid
sequence motifs. However, recently, a metagenomic and metatranscriptomic study
(Kamke et al., 2016) on Sharpea-enriched low-methane-yield sheep rumen microbiomes
suggested that there may be 11 distinct Idh clusters from bacteria present in the rumen.
The authors of that study predicted that the L-LDH from Sharpea spp. was associated
with lactate formation, while L-LDH from Megasphaera spp. was associated with lactate
utilisation. Furthermore, substrate utilisation experiments and measurement of
fermentation end products conducted with Sharpea and Kandleria spp. showed that these
organisms are lactate producers (see Chapter 4). Sequences of L-LDH from Megasphaera
spp. together with some other known lactate users (Propionibacterium freudenreichii,
Clostridium propionicum, Veillonella parvula and Desulfovibrio vulgaris) and those from
Sharpea and Kandleria spp. and other known lactate producers (Lactobacillus
acidophilus, Streptococcus equinus, Butyrivibrio fibrisolvens, Olsenella umbonata, and
Ruminococcus gnavus) were used for a phylogenetic analysis of L-LDH from the Quinella
genomes bins. L-LDH from Selenomonas ruminantium, which is both a producer and user
of lactate (Kanegasaki and Takahashi, 1967), was also included. All sequences were >300
amino acids long, and were considered to be nearly full length. A phylogenetic tree was
constructed using the malate dehydrogenase sequence from M. elsdenii as an out group
(Figure 6.2). The analysis showed that L-LDHs from lactate users and lactate producers
did not group separately. LDH from the lactate producers Sharpea, Kandleria and
Olsenella clustered together with 99% bootstrap support, whereas others formed separate
groups (B. fibrisolvens and R. gnavus in one, and LDH1 and LDH2 of L. acidophilus with
S. equinus in another). LDH from the lactate-using V. parvula, C. propionicum and M.
elsdenii formed one cluster with 95.8% bootstrap support, but were separated from LDH
from D. vulgaris and P. freudenreichii, which are also lactate users that formed separate
branches in the tree. All Quinella LDH sequences were >93 % similar to each other and
formed a stable group with LDH from S. ruminantium, with bootstrap support of 91.2%,
perhaps suggesting that LDH in Quinella might be involved in both lactate use and

formation. However, experimental proof will be needed to confirm this. Orpin (1972),
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observed the requirement for lactate as a sustrate while growing Quinella in mixed
suspensions, but it was not clear whether the lactate was used by Quinella or other
contaminating bacteria. Therefore, the role of lactate in the metabolism of Quinella

remains unresolved.

52 LDH1 Lactobacillus acidophiius [WP_003549000]
99 _I: LDH Streptococcus equinus [WP_039696869]
57 LDH2 Lactobacillus acidaophilus [WP_00354700]
LDH Butyrivibrio fibrisalvens [CBKT5642)
2 _QQI:LDH Ruminococcus gnavus [EDNTB024]

LDH Desulfovibrio vulgaris [(WP_010937803]

LDH Propionibacterium freudenreichii [WP_044857745]

LDH Selenomonas ruminantium lactifytica [WP_014424139]

SR1Q7_1633

8

Tio SR3Q1_1033

Bl 50| SR2Q5_1519
87| SR3Q1_2465
%L srR105_964

LDH Olseneila umbonata 1522 [SDRB8715]

LDH Kandleria vitulina DSM 20405 WP_031588455]
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108 | LOH Kandleria vitulina KH4TT [WP_074688177]

5 LDH Sharpea azabuensis DSM 18934 [ADI19790]

LOH Sharpea azabuensis DSM 20406 [WP_033162470]
1001 | DH Sharpea azabuensis KH1P5 [WP_074781577)

73| LDH Sharpea azabuensis KH2P10 [Ga0051922_102]

LDH Veiflonella parvula [WP_004695408]

59 ————————————— | DH Clostridium propionicum [WP_066046593]

86 ILDH Megasphaera elsdenii DSM 20460 [WFP_014016246]

100] | oy Megasphaera elsdenii T&1 [WP_027894688]
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Figure 6.2 Phylogenetic analysis of L-lactate dehydrogenases from the Quinella genome
bins. Malate dehydrogenase of M. elsdenii was used as the out group. The tree was
constructed using the Jukes-Cantor genetic distance model with the Neighbor-Joining
method and 500 bootstrap resamplings. LDH, lactate dehydrogenase; MDH, malate
dehydrogenase. Lactate producing species are coloured red while lactate utilising species
are coloured green. Selenomonas ruminantium, coloured blue, can both use and produce
lactate. The scale bar represents 0.2 changes per amino acid residue. The numbers at the
nodes are the percentage of trees that conserved that node in 500 bootstrap resamplings.
GenBank accession numbers are given after each sequence name.
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6.2.4.2 Acetate formation

The deduced activities of the proteins coded by genes in the genome bins suggested that
Quinella may produce propionate as a major end product. However, to produce
propionate from pyruvate requires four electrons. Two of those electrons can be gained
from the conversion of 0.5 glucose to 1.0 pyruvate but to be able to get the other two
electrons, Quinella would have to oxidize pyruvate to acetate or use external electrons,
for example, from hydrogen produced by other microbes using a hydrogenase (section
6.2.5.3). The electrons are required in the malate dehydrogenase step (in the form of
NADH) and the fumarate reductase step (in the form of reduced quinones). The
possibility that Quinella can produce acetate will be discussed here. The most common
way for anaerobes to produce acetate from pyruvate is to first convert pyruvate to acetyl-
CoA wusing pyruvate:ferredoxin (or flavodoxin) oxidoreductase (PFOR) or a

pyruvate:formate lyase.

All four Quinella genome bins contained genes that code for PFOR (Appendix Table
A6.2), that transfers electron to either ferredoxin or flavodoxin. The analysis was
conducted to first confirm the presence of PFOR in all four Quinella genome bins and
then to identify whether they are ferredoxin associated or flavodoxin associated. For the
analysis, PFOR amino acid sequences of flavodoxin-type (nif]) was represented by
Escherichia coli, Anabaena variabilis and Klebsiella pneumoniae while Desulfovibrio
africanus was used as a ferredoxin-type PFOR (Figure 6.3). Amino acid sequences of
Selenomonas ruminantium and Megasphaera elsdenii PFOR were also included in the
analysis as they were identified as closest relatives in GAMOLA?2 annotation of PFOR in
the Quinella genome bins. On the basis of sequence similarity and phylogenetic analysis
(Figures 6.3A and 6.3B), Quinella PFOR were most similar to NifJ type PFOR with
highest sequence similarity with K. pneumoniae (>60.4%), and they also had <55.5%
amino acid sequence similarity with D. africanus. Metal-binding cysteine residues
(Pieulle et al., 1995) were also found conserved in all analysed sequences suggesting that
both type of PFOR are very similar to each other. However, presence of genes for
NAD(P)H:flavin oxidoreductase (Appendix Table A6.2), which would transfer electrons
from the reduced flavodoxin to NADH, and the absence of any genes for enzymes that
can transfer electrons from ferredoxin through to quinone, in all four Quinella genomic
bins, suggests that the Quinella PFOR is a flavodoxin-linked oxidoreductase.

Nevertheless, it was surprising not to find any enzymes that transfer electrons from
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NADH to quinone or ubiquinone (Figure 6.4). Usually NADH:quinone oxidoreductase

catalyses this reaction, but genes for this were absent in all four Quinella genome bins.

A E. Coli 49 GLGDALPVSALP-——PDGTWEMGT TRWEKRNIAEEIPIWKEELCTQCNHCVARCPHSATR
A. variabilis 656 REGDELPVSALPN-——DGTYPTGTAKWEKRNIAQEI FVWDT DVCIQCGKCVMVCPHSVIR

K. pneumonias 649 QCGDQLPVSAFVG-MEDGT FPSGTARNEKRGIALEVEVWQPEGCTQCNQUCAFICPHARTR

D. africanus 649 QQGDELPVSAFE-——ADGRFPLGTSQFEERGVAINVEWVPENCIQCNQCAFVCPHSAIL

M. elsdenii 648 LEGDDLPVSAYDG-IEDGEWPIGTCAEEKRGVAMFVPSWDAEKCIGCNQCSFVCPHRAIR

5. ruminantium 648 QEGDELEVSEFNGEMVDGIFEVGGARYEKRGTAINVEVWNTDHCIGCNQCSYVCPHARIR

SR1Q5 1976 352 QEGDALFPVSKFVE-LADGIFPVGEIRYERRGIAIRVPQWIKSKCIGCNQUSFVCPHAATR

SRI1Q7 152 650 QEGDELPVSEFVG-LADGTFPVGGIAYERKRGTAIKVPAWDESKCIGCNQCSFVCPHARIR

S5R2Q5 868 650 QEGDILPVSKFVE-LADGTFFVGGIAYERRGTAIRVEANDESKCIGCHQUSFVCPHARIR

5R3Q1 2206 650 QEGDNLAVSKFVE-LADGIFFVGGTAYEFRGIATKVPANDESKECIGCNQUSFVCPHRATR

E. coli 706 BEEVVPPERMENAPASLHSLDVESRDMRGOEYVLOVAPEDCTGCNLCVEVCPAKDRONPET
A. variabilis 713 SEVYEPEQLENAPSTFESANAKDHDWHGLEFT IQVAREDCTGCGICVDVCPAFNEAQPRE
K. pneumonias 708 PALINGEEHDAAPVGLLSKPAQGRK--EYHYHLAISPLDCSGCENCVDICPA——-——-) RG
D. africanus 706 PVLAKEEELVGAPANFTALEAKGKELKGYKFRIQINT LDCMGCGNCADICPP———

M. elsdsnii 707 PFLMIPDELAKAPKGYQDEE IKVAP-—GYKYNIIVSVHMDCLGCGSCTHVCP-———-K
S. ruminantium 708 PFVLITEEELENAPAGFPSKQIKAIK--DYTFIVAVSTHMDCLGCGNCACGVCE———————-V
SRIQS5S 1976 411 PVLTTPEELKNAPEGMEATPSKISR-GAYNLT IAVSTLDCLGCGNCAQVCP-——————K
SRI1QT 152 709 PILTTADEREFNAPEGFESIPSKISR-GRYDLTIAVSTYDCLGCENCAQVCP-——-——-K
5R2Q5 868 709 FVLITNDELANAPEGFESIPSKISR-GRYNLTIAVSTYDCLGCENCAQVCP-——-——-K
S5R3Q1 2206 709 PILTINDELENAPEGMESIPSKISR-GRYNLTIAVSTMDCLGCGNCAQVCP———————-K

B SR1Q5 1976
SR3Q1 2208

SR1Q7 152

100 77

SR2Q5 868

S. ruminantium [WP_014425175)

100

M. eisdenii [CDF04360]

K. pneumoniae [P03833]

D. africanus [P49692]

E. coli [WP_000628244]

A. vanabilis [Q3M8N0]

0.10

Figure 6.3 Identification of PFOR in the Quinella genome bins. A) Amino acid alignment
of Quinella PFOR with E. coli, A. variabilis, K. pneumoniae, D. africanus, S.
ruminantium, M. elsdenii. All metal binding cysteine (C) residues were found conserved
in all analysed sequences. B) Phylogenetic analysis of PFOR from the Quinella genome
bins. The tree was constructed using the Jukes-Cantor genetic distance model with the
Neighbor-Joining method and 500 bootstrap resamplings. The scale bar represents 0.1
changes per amino acid residue. The numbers at the nodes are the percentage of trees that
conserved that node in 500 bootstrap resamplings. GenBank accession numbers are given
after each sequence name.

150



3 5
——————® Oxaloacetate —— Malate —» Fumarate — Succinate —— 1.33 Propionate
&

2 NADH ¢ 1.33 NADH J
0.66 NADH
1
Glucose

2 Pyruvate il_. LM,
0.66 NADH

Jl

0.66 Flavodoxin -

# 0.66 Acetyl-CoA —————— (.66 Acetate

Figure 6.4 Pathway showing possible electron flow from the glycolytic pathway and
conversion of pyruvate to acetyl-CoA. Numbers in the flow chart represent enzymes. (1)
enzymes involve in glycolytic pathway, (2) PFOR, (3) malate dehydrogenase, (4)
NAD(P)H:flavin oxidoreductase, (5) fumarate reductase (discussed latter in this chapter),
(6) NADH:quinone oxidoreductase. An enzyme catalysing step 6 was not found in any
of the Quinella genome bins.

From acetyl-CoA, there are four different routes for acetate formation (Figure 6.5), three
of which generate ATP (Gottschalk, 1986; Mack and Buckel, 1997; Ferry, 2015). All four
Quinella genome bins were searched for the genes involved in these pathways. None of
the genome bins contained genes that code for phosphate acetyl transferase or acetate
kinase, suggesting that the acetate-forming pathways characterised by these two enzymes
(Figure 6.5A) is not present in Quinella. Similarly, acetyl-CoA synthetase (Figure 6.5B)
was also absent in all four Quinella genome bins, which left two other options (Figure
6.5C and 6.5D) for acetate formation by Quinella. All four Quinella genome bins
contained DNA sequences that coded for putative acetyl-CoA hydrolases and
succinyl-CoA synthetases, suggesting that Quinella could use pathways C or D in Figure
6.5. The highest percentage identities of these two enzymes were with proteins coded by
the Selenomonas ruminantium NBRC 103574 genome (>78% identity), annotated as a
acetyl-CoA hydrolase and a succinyl-CoA synthetase. Acetyl-CoA hydrolase can convert
acetyl-CoA to acetate by hydrolysis without ATP formation (Figure 6.5C). Succinyl-CoA
synthetase cannot be used for acetate formation unless succinate CoA-transferase is also
present (Figure 6.5D). Further analysis of the putative acetyl-CoA hydrolase from
Quinella, using different databases used in the GAMOLA?2 annotation pipeline, suggested
that the protein annotated as an acetyl-CoA hydrolase in S. ruminantium, and by extension

the homologue in Quinella, may actually be a succinate CoA-transferase. If that is the
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case, then Quinella would code for enzymes to convert acetyl-CoA to acetate and

generate ATP through a succinate/succinyl-CoA cycle (Figure 6.5D).

To better understand this possible acetyl-CoA hydrolase/succinate CoA-transferase, the
deduced protein sequences were analysed in more detail. Mack and Buckel (1997)
conducted a study on the glutaconate CoA-transferase from Acidaminococcus
fermentans. Glutaconate CoA-transferase is another CoA-transferase that catalyses the
transfer of CoA from acetyl-CoA to glutaconate. Mack and Buckel (1997) showed that
the change of glutamate (E54) in the active site to aspartate (D54) converted the
glutaconate CoA-transferase to a glutaconate-CoA hydrolase. Additionally, this
glutamate residue in the active site is essential to transfer the CoA moiety to the acceptor
acid (Solomon and Jencks, 1969). Using this clue, putative acetyl-CoA hydrolase
sequences from the four Quinella genome bins were aligned with amino acid sequences
of glutaconate CoA-transferase of A. fermentans, the putative acetyl-CoA hydrolase of S.
ruminantium, the reviewed acetyl-CoA hydrolase of Saccharomyces cerevisiae and the
reviewed succinate CoA-transferase of Clostridium kluyveri. From the alignments it was
deduced that the Quinella genome bins contained a succinate CoA-transferase instead of
an acetyl-CoA hydrolase. This was because the diagnostic glutamate (E54 in the A.
fermentans glutaconate CoA-transferase, E432 in Quinella) was found to be conserved in
all four Quinella genome bins, as found in known CoA-transferases (Mack and Buckel,
1997) (Figure 6.6). In contrast, an aspartate (D447 in Saccharomyces cerevisiae) was
found in the homologous position in known acetyl-CoA hydrolases (Figure 6.6).
Furthermore, two conserved motifs identified by Tielens et al. (2010) in CoA-transferases
family 1 (the only family out of three that is involved in acetate formation (Heider, 2001)
was also found in all analysed CoA-transferases, suggesting that not only do all the
Quinella genome bins contain CoA-transferase, but that the putative acetyl-CoA
hydrolase of S. ruminantium may also be a succinate CoA-transferase. Tielens et al.
(2010) also divided CoA-transferases family 1 into three sub-families based on amino
acid sequence homology. The CoA-transferases in the Quinella genome bins, and of S.
ruminantium, S. cerevisiae and Clostridium kluyveri, belong to subfamily 1C on the basis
of overall sequence homology and the sequence similarity in the conserved motif

GxGGxD (Figure 6.6).

Once the likely presence of succinate CoA-transferase in the Quinella genome bins was

confirmed, it was logical to predict that Quinella may convert acetyl-CoA to acetate using
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succinate CoA-transferase to generate succinyl-CoA from succinate, then use
succinyl-CoA synthetase to regenerate succinate with the formation of ATP from ADP
(Figure 6.5D). Succinyl-CoA synthetase is composed of two subunits (o and ), and
works bidirectionally (Fraser et al., 1999). DNA sequences predicted to encode both of
these subunits were found in all four Quinella genome bins except that the  subunit was
absent from genome bin SR3Q1. In conclusion, on the basis of genes identified in the
genome bins, it appears that Quinella may catalyse a succinate-dependent conversion of
acetyl-CoA to acetate using succinate CoA-transferase and succinyl-CoA synthetase.
This pathway has not been reported in bacteria, but is present in parasitic helminths and
protists (Riviére et al., 2004; Van Grinsven et al., 2008) and in the rumen fungus
Neocallimastix sp. L2 (Marvin-Sikkema et al., 1993). Based on the analysis presented
here, it is possible that S. ruminantium may also use this pathway. However, a
biochemical study conducted on S. ruminantium to identify the key enzymes involved in
fermentation of hexoses to different end products suggested that acetyl-CoA synthetase
is involved in the conversion of acetyl-CoA to acetate (Michel and Macy, 1990). This
suggested that S. ruminantium uses, pathways A or B as illustrated in Figure 6.5. It would
be interesting to investigate whether succinate CoA-transferase and succinyl-CoA

synthetase are actually involved in acetate formation (pathway D in Figure 6.5) in

S. ruminantium.
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A Acetyl-CoA B Acetyl-CoA C Acetyl-CoA

’ l/ Pi Pi ADP H,O
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Acetate

D Acetyl-CoA Succinate
ADP
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Figure 6.5 Possible acetate formation pathways from acetyl-CoA. A) Two step
conversion of acetyl-CoA to acetate involving (1) phosphate acetyl transferase and (2)
acetate kinase. B) Acetyl-CoA conversion to acetate using (3) acetyl-CoA synthetase. C)
Acetyl-CoA hydrolysis to acetate using (4) acetyl-CoA hydrolase. D) Acetyl-CoA
conversion to acetate using (5) succinate CoA-transferase and (6) succinyl-CoA
synthetase.

Saccharomyces cerevisiae ACHIL 384
Clostridium kluyveri Catl 412
Selencmonas ruminantium 372
SR3Q1_778 373

SR2Q5 1058 373

SR1Q7_972 373

SR1Q5 482 373

FLRNAKLSIMHAPSARPTKVDPTGISTIVPMASHVDQTEHDLDI
FARNAYLTIFTTESI-—--AKKGDISSIVPMVSHVDHTEHDVMV
FARNAYLTIFYTPSI----AKGGKISAVVPMCSHIDHTEHDVDI
FARNAYLTIFYTPST-—---AKGGKISSIVPFCSHIDHTEHDVDI
FARNAYLTIFYTPST----AKGGKI SSVVPMCSHIDHTEHDVDV
FARNAYLTIFYTPST-—---AKGGKISSVVPFCSHIDHTEHDVDV
FARNAYLTIFYTPST----AKGGKISSVVPFCSHIDHTEHDVDI

Saccharomyces cerevisiae ACHIL 444 LVTD
Clostridium kluyveri Catl 468 TIVT]
Selencmonas ruminantium 428 IIT
SR3Q1_778 429 TIS)

SR2Q5 1058 429 IIS]

SR1Q7_972 429 TIS)

SR1Q5 482 429 IIS]

LADLRGLSPEERARE ITNKCAHPDYQALLTDYLDRAEHYAKKHNCLHE PHMLEN
ADLRGLSPREKAVAITENCVHPDYKDMLMEYFEEACKSSGGN-T-—--PHNLEK
IADLRGKAPRERALE IITNNCAHPDYRPILLDYFERATEATHHANT ---PHILEE
IADLRGLEPRTRALEVINKCAHPDYRPMLLDYYERALAATKKAAT -—-PHLLHE
IADLRGLEPRRRALEVINKCAHPDYRPLLLDYYERALAATKKAAT ---PHLLNE
IADLRGLEPRTRALEVINKCAHPDYRPMLLDYYERALAATKKAAT -—-PHLLHE
IADLRGLEPRTRALEVINKCAHPDYRPMLLDYYERALAATKKAAT ---PHLLHE

Figure 6.6 Identification of succinate CoA-transferase in the Quinella genome bins. Two
conserved motifs (ExG and GxGGxxD) of family 1 CoA-transferases (Tielens et al.,
2010) were also found in the likely succinate CoA-transferases of Quinella and
Selenomonas ruminantium. Mutation of glutamate (E471 in the Clostridium Kluyveri
protein) to aspartate (D447 in the Saccharomyces cerevisiae protein) results in the
conversion of CoA-transferase to CoA-hydrolase (Mack and Buckel, 1997), and this
served as an additional key feature to differentiate between these two enzymes.
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6.2.4.3 Possibility of formate, butyrate and ethanol formation by Quinella

All four Quinella genome bins were searched for genes that code for enzymes involved
in formate, butyrate and ethanol formation (Figure 6.7). Pyruvate dehydrogenase
catalyses the conversion of pyruvate and CoA to acetyl-CoA and formate, but in the
absence of oxygen this reaction is catalysed by pyruvate formate lyase (Knappe et al.,
1974; Crable et al., 2011). These enzymes were searched for in all four Quinella genome
bins, but none appeared to have either of these enzymes. A gene (SR3Q1 647) coding
for pyruvate formate lyase-activating enzyme (PFL-AE) was present in Quinella genome
bin SR3Q1, but its absence in other bins suggested that it might be a part of contaminated
sequence. Even if that is not the case, on its own it does not consitute a functional pyruvate
formate lyase system. This finding suggests that the Quinella might not be able to produce
formate. Additionally, it was interesting to find the genes for all three subunits of formate
dehydrogenase (an enzyme that catalyses the oxidation of formate to CO») in Quinella
genome bin SR3Q1. Furthermore, a gene possibly coding for a formate dehydrogenase
accessory protein that is required to assemble formate dehydrogenase was found in
genome bins SR1Q7 and SR2Q5 but none of the subunits of formate dehydrogenase were
found in these genome bins. So, the species represented by Quinella genome bin SR3Q1
might be able to produce formate in some way, or the contig containing the formate

dehydrogense and related genes was a contaminated contig in this bin.

Acetaldehyde dehydrogenase and NAD-dependent alcohol dehydrogenase are needed to
produce ethanol (Brown and Patterson, 1973). All four Quinella genome bins were
searched for these enzymes, first using the automated GAMOLA?2 search tool and then
by BLAST-based searching of the reviewed ethanol dehydrogenases amino acid sequence
of Streptococcus mutans against Quinella genome bins. Even though GAMOLA?2
assigned gene 413 of genome bin SR1Q7 as an ethanol dehydrogenase, the BLAST search
using the ethanol dehydrogenase of Streptococcus mutans suggested an absence of this
gene in all Quinella genome bins. Gene 413 from Quinella genome bin SR1Q7 was most
similar (27.8 to 37.7 % identity) to a lactaldehyde reductase from Selenomonas bovis,
based on BLAST, and not known ethanol dehydrogenases. This suggests that Quinella

may not able to produce ethanol.

A series of enzymes is needed for butyrate formation. Acetyl-CoA is first converted to
butyryl-CoA in a four-step process catalysed by acetyl-CoA acetyltransferase,
hydroxybutyryl-CoA  dehydrogenase, 3-hydroxybutyryl-CoA  dehydratase and
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butyryl-CoA dehydrogenase. Butyryl-CoA is then converted to butyryl-phosphate by
phosphotransbutyrylase and then finally to butyrate by butyrate kinase (Asanuma et al.,
2005; Paillard et al., 2007). None of these enzymes were found in any of the Quinella

genome bins, indicating that Quinella does not produce butyrate.

A Pyruvate B Pyruvate C Pyruvate
vah I’ '
Acetyl-CoA
Formate Acetyl-CoA y 6
H, 4/11 l 4 l
CO, Acetyl v
CoA Acetaldehyde '8
15
Ethanol vo
thano Butyryl-CoA
v 10
v 11
Butyrate

Figure 6.7 Enzymes involved in formate, butyrate and ethanol pathway. A) Formate
formation and metabolism: (1) formate dehydrogenase, (2) pyruvate formate lyase. B)
Ethanol formation: (3) pyruvate:ferredoxin (or pyruvate:flavodoxin) oxidoreductase, (4)
acetaldehyde dehydrogenase, (5) alcohol dehydrogenase. C) Butyrate formation: (3)
pyruvate:ferredoxin  (or pyruvate:flavodoxin) oxidoreductase, (6) acetyl-CoA
acetyltransferase, (7) hydroxybutyryl-CoA dehydrogenase, (8) 3-hydroxybutyryl-CoA
dehydrogenase, (9) butyryl-CoA dehydrogenase, (10) phosphotransbutyrylase and (11)
butyrate kinase.
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6.2.5 Detailed analysis of key enzymes involved in propionate formation

6.2.5.1 Methylmalonyl-CoA decarboxylase and oxaloacetate decarboxylase

Methylmalonyl-CoA decarboxylase (MMCD) and oxaloacetate decarboxylase (OACD)
are membrane-bound class Il decarboxylases that catalyse Na® transport from the
cytoplasm to the periplasm or cell exterior (Samols et al., 1988). The Na* gradient that is
generated can be used to form ATP (Dimroth et al., 1998). In this section, both of these
enzymes will be discussed together. MMCD is composed of four (Hilpert and Dimroth,
1983; Bott et al., 1997) or five subunits (Huder and Dimroth, 1993): alpha (o or MmdA),
beta (B or MmdB), gamma (y or MmdC), delta (6 or MmdD) and epsilon (¢ or MmdE).
In contrast, OACD only contains three subunits: alpha (o or OadA), beta (f or OadB) and
gamma (y or OadC) (Hilpert and Dimroth, 1983). Initial BLAST analysis of inferred
amino acid sequences from all four Quinella genome bins suggested that Quinella has all
the genes that code for the a, B, y and 6 subunits of MMCD but only the o subunit of
OACD. Members of the genus Veillonella have been extensively studied to characterise
MMCD and its subunits (Hilpert and Dimroth, 1983, 1991; Denger and Schink, 1992;
Huder and Dimroth, 1993; Huder and Dimroth, 1995), whereas Klebsiella pneumoniae,
Salmonella typhimurium and Vibrio cholerae have been used for OACD characterisation
(Schwarz et al., 1988; Laussermair et al., 1989; Woehlke et al., 1992; Jockel et al., 1999;
Dahinden et al., 2005; Studer et al., 2007) . Only one crystal structure of MMCD is
available. This is from Escherichia coli (Benning et al., 2000), but this reference is of
limited use for making generalisations because of the low sequence similarity with the
majority of reviewed MMCD. There is no complete crystal structure available for the
OACD complex, but an X-ray crystal structure of the carboxyltransferase domain (part
of the a subunit) from Vibrio cholerae is available and has been studied in detail (Studer
etal., 2007).

6.2.5.1.1 Detailed analysis of Quinella MMCD and OACD subunits

All four Quinella genome bins appeared to contain genes coding for MMCD of the four
subunit type rather than the five subunit type. These subunits were identified by BLAST
analysis of the Quinella genomes against several databases (nr database, pfam and
Tigerfam) using GAMOLA? as a search tool, and then confirmed by BLAST searching
of the Veillonella parvula MMCD subunits (Gronow et al., 2010) against the complete

inferred amino acid sequences of all four Quinella genome bins. When the same method
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was applied using Klebsiella pneumoniae OACD subunits sequences as references, only
a subunits of OACD were found. BLAST searches for the § subunit were unsuccessful.
The highest identity sequences found were the MMCD [ subunit genes. Similarly, no

OACD vy subunit sequences were found in any of the Quinella genome bins.

Each subunit of MMCD and OACD from the Quinella genome bins was analysed
separately to identify conserved amino acid residues and to understand key features. For
MMCD, homologues from Veillonella parvula, Propionigenium modestum, Anaerolinea
thermophila, Thermococcus gammatolerans, and Pyrococcus abyssi were used as
reference amino acid sequences. For OACD, homologues from Klebsiella pneumoniae,
Vibrio cholerae, Salmonella typhimurium, and Klebsiella variicola were used. All

subunits sequences were aligned and phylogenetic trees were constructed.

The inferred amino acid sequence lengths of the o subunit of MMCD and OACD are
different and the proteins possess different functions. MmdA sequences of Quinella were
58.2 to 79.0% similar to reference MmdA sequences and less than 11% identical to OadA
references. This strongly supports their identification as a subunits of MMCD and not of
OACD. In contrast, amino acid sequences of OadA from the Quinella genome bins were
40.2 to 42.4% identical to the reference OadA sequences and less than 12% identical to
MmdA reference sequences, again confirming their likely classification. Furthermore, in
a phylogenetic analysis, the Quinella decarboxylase a subunits (MmdA and OadA types)
sequences grouped with their respective references sequences, with greater than 99%
bootstrap support (Figure 6.8). This indicated that all four Quinella genome bins
contained genes coding for both OadA and MmdA proteins.

The a subunit comprises of three domains (Figure 6.9): a N-terminus domain of 450
amino acid residues and possessing the carboxyltransferase catalytic site, a C-terminus
domain of 70 amino acid residues which contains a conserved biotin-binding lysine (35
residues upstream of the C-terminus), and an association domain made up of a total of 40
amino acids of both the N- and C-termini and that is necessary for binding the o subunit
to the C-terminus of the y subunit (Woehlke et al., 1992; Dahinden et al., 2005; Studer et
al., 2007). It was interesting to find that OadA from the Quinella genome bins only
contained the N-terminus domain and that the biotin-binding and association domains
were missing when compared with reference sequences (Figure 6.9). So, even though
OadA was present in Quinella genomes, it may not function as a normal OadA, since it

only appeared to be able to catalyse the carboxyltransferase reaction.
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In contrast, the Quinella genomes contained genes coding for full-length (around 509
amino acid residues) sequences of the a subunit of MMCD. However, unlike normal
OACD, o subunits of MMCD are only involved in catalysing the carboxyltransferase
activity (Hoffmann et al., 1989) and do not contain association and biotin-binding
domains. In MMCD, the biotin-binding domain necessary for function is part of the vy
subunit (MmdC). Because of the unavailability of structures, it was not possible to
identify key amino acid residues of the o subunit of MMCD. Furthermore, sequence
similarity between carboxyltransferase domain of OadA and MmdA is poor (Huder and
Dimroth, 1993), which restricts using OadA as references to predict key amino acid

residues in MmdA.

The B subunits of MMCD and OACD are highly hydrophobic, integral membrane
proteins (Woehlke et al., 1992), and contain binding sites for Na* translocation across the
cell membrane (Dimroth and Thomer, 1983; Hoffmann et al., 1989). Beta subunit amino
acid sequences of MMCD and OACD are >50% similar to each other and are argued to
serve the same function (Huder and Dimroth, 1993). Genes encoding for B subunits of
membrane-bound decarboxylases were present in all four Quinella genome bins, but
Quinella bin SR1Q5 contained two copies. When the 3 subunit genes of bin SR1Q5 were
inspected in detail, it was found that each of these were present at the end of a different
contig. The overlapping regions of these sequences were 100% identical to each other, so
these genes were assembled together and the consensus sequence was used as one MmdB
sequence (SR1Q5 307/1610). When the putative B subunit amino acid sequences
(Appendix Table A6.2) from the Quinella genome bins were aligned with reference 3
subunit sequences of MMCD (MmdB) and OACD (OadB), it was found that all
sequences were >43% similar to each other. However, the Quinella f subunit amino acid
sequences were more similar to MmdB (>76% identity with V. parvula MmdB) than to
OadB (<51% similar to K. pneumonia and S. typhimurium OadB). Furthermore, a region
of approximately 57 amino acid residues is found in all OadB sequences downstream
from the N terminus (Huder and Dimroth, 1995), but this region was absent from the
Quinella B subunit amino acid sequences (Figure 6.10A). So, based on the high
percentage similarities and the absence of these extra amino acids, it was concluded that

the B subunits present in Quinella genomes are MmdB.
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SR1Q7_1912

SR2Q5_1198

SR3Q1_2305

SR3Q1_582

56 SR1Q5_441

Vibrio cholerae OadA [WP_0001898439]

100 Salmonella typhimurium OadA [WP_000150421]

Klebsielia pneumoniae OadA [WP_004222624]

8
Klebsiella variicola OadA [WP_072046041]
Pyrococcus abyssi MmdA [WP_010868010]

Thermococcus gammatolerans MmdA [WP_015858631]

Anaerolinea thermophila MmdA [WP_013559009]

Propionigenium modestum MmdA [CAADS137)

Veillonella parvuia MmdA [WP_012864602]

SR1Q7_869

SR2Q5_1055

SR3Q1_774

SR1Q5_486

Acidaminococcus fermentans GedA [WP_012939154]

0.20

Figure 6.8 Phylogenetic tree of a subunits of MMCD and OACD, based on amino acid
sequences. The Acidaminococcus fermentans glutaconyl-CoA decarboxylase o subunit
sequence (GcdA) was used as an out group. The tree was generated using the Neighbor-
joining method with the Jukes-Cantor genetic distance model. The scale bar represents
0.2 changes per amino acid residue. The numbers at the nodes are the percentage of trees
that conserved that node in 500 bootstrap resamplings. GenBank accession numbers are
given after each sequence name.

160



191

"20uanbas arI8|0Yd OLIgIA A3 Ul pasrew a1om (d1dind) anpisar sursA| urpuig-unoiq ©
Surureluod (dnjq WYSI]) UreWop SNUILLIA-) € Pue (UddI3) Urewop uonerdosse ‘(pal) Urewiop SNUIULIY)-\ SUTRWOpP UYL, "(AY) BJOJILIRA B||21Sqd| M
pue (3S) wnunwiydAy ejjauowies (9A) aelajoyd ougiA ‘(d3)) seluownaud el81Sga)y woly are saouanbas 9oua19ja1 ypeQ ay) pue (dA) einased
B||auo||19A pue ‘(wd) wmsapow wniusabiuoidoid ‘(3 1) suesjorewwreb snadodowlay] ‘(ed) 1ssAqe snad20204Ad ‘(1) eliydowaayl eauljodaeuy woiy
dJB SAJUAIAJAI YPWIA ], "sddudnbas aouaidjar yym ejjauind Jo dOVO pue AOININ Jo (VPeQ ‘Vpwy) siungns eyde jo juowugI|y 69 31n31

z8s” ThEHE

s5e2_TlRuE

TEE SHTHE

8571 _sbizus

z16T LBTHE

WPED 2y

Ba na 93 TYANHENT wp=a dy

768 VITTIII0ASAVISRAYISUAIONEN I TAILT ATITIALS TenrbeazvIn RO VI A2 1VOT 4T mmm 5 AAT KT VESH TEN ASDR Y 27472 ¥YANNENT vPEa ag

665 ¥IATT 9ANAFTYE TASY U4 Y TAIT AEAY ITITTAQD VAT AD ETAV DATTEE H bl WA1A HAIOVEE T¥0E ¥aad TIANHENE wFEa o

558 ~T4INOMAAYAD AT EYTYNTEL II T4 M- = A Ba¥S TTID S 595 _LBTHE

50 ~T41 NOMAYAD AT EYTYNTEL1 IATE 1-- ~T43 3L tavs I sgs_obug

50 ~T4I NOMAAYAD AT EYTY NTE1 IATE 1-- ~Td4 3L A3 TN YO SR YT - EE A MTRA AN TTHD) s THRNE

50 ~T4INOMIAYAD AT EYTYNTE1 II T4 41~ ~T44 3L AT TN YO AR YT T - PEa MTRA BV TS, s201 sbzuE

50 ~T41 NOMA M T NI EY TAY TER LAY H1-- B4 TLAATAIOTNTARAIVITIA - - ATOLIINYEY SSRAYIE- -5 14 MEAABIYS TONE ypu dy

2t ~T4 1 NS TN STTARI YT ATUS HE - ~ 134 TLATIATOUT BAINYIAL I S0MYTd IOAY AT TN AYOY SSHA YT T~ -1 MY TAATVE TEUE P g

zz ~T4I NOMAEE S TANTI ETTY ITEALAND A1~ ~T¢4 OLAT T IR HE T ARANYIATH - - T OEA TE N Y [T AT TN Y ¥ SSRA YIS~ ~¥ 1 MEIA O¥S T w51

FTE —mmmmmm e T4 L HOMA ¥4 T A NI TY TTERATIY M- - ~T24 OLAQ UL A UE T AR ANV IAT Hm mm o mm e A EB T T3 T LT ST IAVY0d S0RA V- ~ Y1 MRaA IOV T LT

BES —— T4 EOMANESY EAE TETT ITHY ITHE A1 ~I68 RLAQ LARD EYEYaAENTINTE——— ———— ———J TEATHCHI Y40 SHNE [T ATI N ATOT TORA T3 — TRE MEaA TOYH THUE SR —————————————— 8 TP Ay

36¥313--9NVIIAEIAAT IEHVEA FITH TTITH-— OAS, w8 TOAT BOTT BiES AT I TS H-— ~0A8 ASTHDIADEART HIDTAANRITO ISAT BEE - -~ -~ -SIATESAD -¥OY HAES RITT TABA HITH - -2 ¥ DA TONY THE TRSDS I B0 TAZEE zes TBENE

SYTIATESTITIEATIATTIIHILITE-— U7 ¥ IOAT 3T 5034 AN TIALTS T 048 ASTHDIAD WA HADTAAMAITS ISAT BEE - ———— AIATEERD -¥OTHAESRITT TA0A NI - — B ¥II T ONTIHE THEDSI BadT. 5657_TBRUE

DNYIIAEITITIBAIST HTINIIITH-—- TN, AT9AT B3I B34S INTINITI M- —TAS ASTHOIIDEART HID T, AISATBEE - AIATEERS -¥O¥ UAES RITT TAOBA HITH - -5 FIHTENETHE TREDET £ 158 SBTUE

--—-5¥8ITITHIENIIT--OUYIATEITATIEAIS I AITTILIAE-— U2 ana: ANALES I9AT BITT 5034 INT1A1II M A A4 TH DI A0 WARD I AN AR AHID VAN AITS I5AT BEE - ———— AIATEERD -¥OTHAESRITT TA0A MITH - — B YA TONTIHE THEDSI BadT. B5TT_SBZUE

SUYIIAEIAII IBOIIANTIIIIINE -~ DASA S THD JHSLART LI TN SATA REYD ¥ IANAIND 10AT BIT T 8034 AT 31T M- -8 A8 THOIAD NI LI TN A TH ANED ¥ LANKI¥E I9AT DEE - - ——— -4IATSEAD -¥O¥ HAYS RITT TABA HTTT - -3 ¥OU TS LN THE TRODST 25 ZIST LETHE

A TTTESEDT ——— A ATED TTAW BOTY ¥ —— RASY AIHD XIDWTT HYITAFI IAXWID ITANTATS IOAT 8- —— ASOV BT TANVET¥¥—— —KAd YATHOX IO W TIOVIIN VI D AWIAD TTANTAVO ISA T BEL - ———— AIATATIS —TOTUANA TAVTAITTHHVY - E SONTEETTHITHEDAAEY! wpmo_ny

ATITESEST ——— A STED TTAN ¥ TY ¥-—— RASY SIHDATSUTI SEITA¥I LA ANAD TTANTATD I0AT B AS0¥ SO TAMEE T ¥¥— - A ¥ IY DADF T IO VI ¥ I I AHID ITAN TAYS IBAT DE L ———— STATEIID-TIIUNES ITFTATTTUHYE - —E DN T SO TTHI THEDE A 56 Tpeo dg

WOTV - Re AIOHTI SEITAVI LA XEAD ITA B I0AT B-—— AIVDOTTANVETEV—— K0 OAIOWTIOVLILVL T AHIAD ITAN L ~TOIUAEE [IVIABCTHOVY - NOOHTBETT HITHES, wp=o_ag

wBIII-— RIUTADEITALI TAXEID A B IYEYOYIAMYETAL K DAADTTADEITALL ~T3IWANA T3TTATTTHITE - OB TEETANITH TP oy

00% IAESOEVMHLIL d ¥EMO EVNA TT0D & BNYI1SACHSBINYIDLT TNIV JHIH, ATINIVID WYEROE¥RATTD OYAA VBN VI IDACHODIAVIDLT INIVIHIHATRI TON - ————OA AQMACX S¥N4 NOAT [INT 008 04000 1IATA¥aTINNES T 696 _LBTHE
113 nrnmm:wmﬂﬂ‘ﬁnuﬁmmﬁﬁgsu&:uﬁmgtn ¥ ¥5 40 E¥A OTOD THAY SOHYIT SABYD S 3011 INTY SEBHATAS 38 INIVID J4LS AT DERATEBNYIIDAFES DINY.ISII INT¥HHATAI I8N ———— CATREIATHACR SEHS HOST TRNT ATEYQTINNESTIETIAIAL 385 _SUTHE
OT# IAESOAVHEIIAL-AWAAIVIAS AVATRIVOHEIISRAIBAASSTIDAA0ATHATETNI V0. d ¥ENO EVIATTOD & BNYI1SACHSBIUYIDLT INIY JHBHATAI 4 INIVAD I HVEE OE ¥ ATTD O¥AA VBN VI IDACHOOIAVIDLT INIVIHDHAIRI TON - ————OA AQMACX J¥N4E NOAT TINT 3308 4040 0N ATA¥aTIRNES TIETIAIAL 5L ThEME
0T% IAESSAYNAIIAL- AMAAIYAS AYATHAYOHAIISNAINIAD STI0 AT THATSTHA Y002 41 S ¥630 FYIATTOD TAAY SBNYIT D ABYD ST 3011 INIYSRBHATAS I8 TNIVID JULS AT AT BN Y IO AFED DAY ILT INIVHBHATAI 30T ———— CATAYLACHAGR SEHS N8I LINT IINTARAIIAMESTIETIAIOL  SS0T SUZUE
0T% TAECSOAVMELIAL- INAAIVIS AVATRIVOHEI I 29MABRISSTIDAAAAINAT A1NI VD HIJH SENO EVNI OI09 YAA SONYII 9 ACUS 0IHY IDLT INIVAIADATAR I4 TN IVOD JULI HEEE QYR IO D BVRA AN VI I9 A B0 0INV.IDLI INIV AI4BATR L IBR-———— QALY VIAQMROA SRNE NOSTTENT £30I 41300810 ATA¥ CTRMNESTIDTIAIAL wpum_dy
SO% ARVSOAVMELITI-ANAAIVISAVATINVOHEIIS9AIBIASSTIDAANATITTAINI YIDIHIIE ¥ONASEAT TI29 ¥RAD SONVIT aDIIT! ADATRA Q4 IR IVOD THLI 1960 IATD OVRABABNYI IS ACHO RANY IDLI INAE AHADATAA OBK - ————OATH 1TAQ JRNA VENA NOAR TROT 34308 INTA QI8 ITa¥HTRNNES TIE I THIAL Fpum g
ST5 TAVSDAVMHTIAI- ARENIVAY AYATANYSHHT ISUEIBAND STAS AATATIAT TN YIS 1 HASH ¥TH0 E5T OTAD ¥RE ARNYAT D ATHS NIHD DA YRAY IRAT ITLI 04 IR IVAD THAS HYTHUSED TOTA DYSA HARKYATS ATHO 0 394N YN ¥ 34T [ I T 0ANS NATHAAT IATATHATK SUNS 0044 TARTHIEH H3ST O L9 ABAd HTANNESTAEATHIAS Y 5L
ST% TAVOSAVMETIAL-AREAIVE TAMYSHEI LS £ ITASAAAAILAT ATNI VIS HATH ¥INO 50T TTAD ¥IHI ANNYAT S AIBS NTHS IDLAVNAY IAAD TILI 04 TN IVOD JHAI HVIHAEEM IO IABVIH IARN VAT ALBO NI HD DT AVNA ¥ IR D TTTI (NS NATHOAT ¥ A TAD AR VNS 004A T0AT I IH HISTMEA N ABAE ATRNNESTAETTHIAD wpum =g
LZF IAVSDEDWHLIANT-TEAIVES AYAATHVSHHI ISOHANVAD HIS 4606 1T TATNI Y04 HASH YT 4T ¥NT AT ¥ Tasiablivan 0 Aslo HTUY 90T ¥RAY ANVH AT B3 TN IVOD JHA3 HYTH OVYR IATY 0 0etnati v Ans As B0 HTHV 384T YNV ANV AZIZ 89T~ - -~ QAN IT IO WATK 43N NYaA T¥NT SA0RUNAT IR A TYAY SIERNTATAE TTHIAR wPmE Ay
EEZ TVDQALCUASVIIVETAIVHSIOEIDHINT MhmHn_Am.mmdwmbqn_ﬂ&mwmﬂq.—mnéwubnﬁum:ﬂgﬁwﬁmbr>ﬂabﬁ.n EIIZAT uwu‘-unMwnJaﬁwn&\ExyEHwﬂr Hmroan.uw&mﬁwUL..r mﬁﬁgnrgagnﬁq;ﬂvﬁn LI TREETEITE AME0 AT LI HIDE A I IV OBME. Hﬂﬂurtnxn_ﬂmmﬁ.nuwﬁmrmwﬁHﬁ.HnUﬁn_m.ﬁhmwnu‘HnN&:w - zocThieuE
EEZ TYIAATOASYITVHTAIVESIDE IDH INTIASTA TOVE THYA TOOY YA ¥ TTHE RTUT DAEH 3973 BT ¥TAA IRAN THAG BT IAATI9BAT 4934 OV TY YT ¥ ANTRHAGN TV03 THAA STSHAEYH B- A3 HAA ONER HNAD TIROSUTTHRETE LT RV T RATH IM40 303 HIDE 03 I 99MY ATV ASTHATEE TRAT SR WRHI ¥ TTE BRSaHTAT scez_tHEHs
Z8Z TYDQALGASVIIVETAIVHSIOE DU INTIASIA TOVE THUA TATY AR ¥ TTSE ROUT JACH DORE BTIH ¥T3A JRIN THAS BT IAATISDAT AW DV TY VAT ¥ AN TR HAGK TV THIA DI SR ¥EVH - A HIAN ONEA HNAS TIRDDH TIROIE 1H-THMY RO T IM40 I0TI WIDE 0 IV O8MY TV ASTHAIE Y’ X HREI¥TIE BHOOHTAL TEE _chTHE
£EZ TYDAIQASYIIVE TAIVEDIDE IDH INTIAS IO TOVE THIA TR ¥ASY TTOE ROUI JASH IOH RN THAS BT IANTD 28AT SIS SVTY TEI ¥ ATHHAGN TVOS THIA DI SH PEWHE- AL HTAA ONEA HHAD TIRDSUTTAOI 4 LT NEI T TY I¥ 4T ITTIWIDE QI IV oM TTV ADTHTTEE A WRII Y TTE SRS HTAL! 8571 _sbizus
EEZ TYDAATQASYITVHTAIVESIDE IDH INTIASTA TOVE THHA TOTY YA TTHE RTHT DAFH 3973 BT ¥T3A IHEK IHAG BT IRATISBAT S¥I4 VY YT ¥ AN THHAGN TV THAA DT SEYEYHB- A3 EAA ONEA ENAD TIROSUTTHETE LNATNY¥ T H0TY aM40 30T WIDE 03 1T D9MY ITVH ASTHATEY TREARA HRHI voTE BRsa AT IwTl, z16T LBTHE
522 I¥10490ASYIIVETTEATYRS LIVHONTHTIA0 AN IT6A TIIV Y03 I TI SERTNT RART 401 TIHE TT0T 2187 IS E1IRET I58vHED BT ML TR S TIRS ST TS TR i T S T AMS 0 32T HIDV A2 17 9980 TTEU ASAT OT8Y ¥AS THIOT HTHL ¥4 TE BRI W TAA QI IR ATR- wpTo sy
622 IY¥10ADOASYITVETTYAIVAD LIVHOHTH TIAQKHWE TIEA TII¥ THA T TISE ATHT ¥AEA A9T3 TTHI TTaTMIHT IHYE E1TRET Hamm:waxmmb:%.wmémnnﬁ:dﬂ m WIAAOTEA FHAD TINSOUTTARGTE TR YIS TH AN 0 39T IOV 3 1Y 996 TTEH ASAQOTHY TAG TRITTHTHI V2T BRVOH AN OIT ¥ ALH- wp=a dy
527 T¥IAAOQASTIITITIEATEO LITHINTHTLS k . 157 IHed E1IRET I9BVHESD AL A S TIRS OUTTHY TS TR i T S TY T4 0 32T HIDY 2 1Y 9980 TTE0 ASAT ATVY ¥ I3 THIT T HTHI ¥4 T8 BRVI W TAAOIIV L. wpTo_ag
BEZ ¥Ad % ¥ 0 15T NHAG E11ADT IS8 VHYORA: I0A4 QYA HIED TTRO DU TTRETE 1N T THTHBMAT IS T HIDE 03IV 090 IT5M AT B A TBE Y14 TRIOT HTHI ¥4 T8 BHYaWTAAQL, <! wFEa A
- YA YOO BT ST B ITEA 3 RIZEIL TIAITIDI TH T 1FEO TSN I TETES - -2o8 TIHAMAIHR: §35_LBTUE

IVdSAATIOVIID - TV ¥aBT Y2 BONT 3114 B avan - --THSa vaﬁinﬁnﬂgngrarm; T AIIHA TH I LAM0 Y THE O T 95 -~ -2o8 TIHA MAEHRTYT ¥ala I 385 cHTHE

02T IVAEAAYSSVD IBEIADEYYINGI ~ THQA ¥ IO MYSD EONI ST TS B IR - TES0AISAD1AADTDS TINIOEE] HIDY A RITAI 19 3043 HATY THE LAY TH O THTHE 508 TTHIAEHRTVI 43 ITR- soo TBENE
08T IVASAAYSDVD - THIA TSI HYSS EANI STTS B IR -~ --THSQAISASIAA DTS TINIOBE] HIDYIMAI RITE 1310 3043 ANTY THE LA THB O T Be 258 T THN CAVHATYT ¥abA V- sg0tT chzuE
08T TYAERAYSSVD IBEIADETHIN: — THQA ¥ IO IYSS BN SATS TOREIAY TE S - ALY THRIDTE - TETETEL oI Is-- ~O¥ MY TAIHTTAT A3 iy
SLT TV4ERAVIOVD: ¥EIBIANDERT EHUL. - TYIAYIBIMY2D EONT 2AAS TOAY STRT AN - DI AT TR -—— 3 AE20AREA S LANETES TONE TRD3 R KA VORI AI 19 T0ITAVTY TUE LFMDE VRS TN 12~ -99TYINTNNIS TaBI ¥- TP g
5.7 I¥AEAAYSSYDESHIVIISEAADETI LGULIITDADN-—---TEQASTEI Y0 CONTOIAL ¥O¥ITYT I3AIEDSQTTHITE T I THONVHON TAVH 35—~ DY TN W IR TANT 4T w51
5LT IVASAAVIOVD IB2AADETI LGULITTD ADY- THSNI192S1I450%S TONE RS 21VE HiAI RO TEAIES A0 TT TATY UYL TUOM QHB IV T I3 -~ SR T DA TATA TR YPuE =g

L5T TYEEAAYSOVIOTRAEISEIADEYT A INTDAYE-—mmn TEHADIBI HYSS EANTSIAS ADYTHTAT TI4- 20D Elatui T 0 TH8 SEAASTST JHEE ORD3 OEHE HARS YOI 83 19 T TT IS T L THON THOY ITHT D -~ = mmm mmm mmmmm e S¥ITTHIMATY THHA THOE I8 I¥ 32 E 1A D ERANE IR -~ FpuE 2y




The B subunit membrane topology model of K. pneumoniae predicted by Jockel et al.
(1999) was used as a reference to understand MmdB from the Quinella genomes.
Topology analysis suggested that the B subunit contained 9 transmembrane regions
(Figure 6.10B). The extended 57 amino acid residues of OadB are in the first cytoplasmic
loop and may provide stability to the enzyme complex. In the Quinella  subunits this
loop is smaller, like in other MmdB (Huder and Dimroth, 1993). Site-specific
mutagenesis studies (Di Berardino and Dimroth, 1996; Jockel et al., 1999; Jockel et al.,
2000b; Jockel et al., 2000a) on OadB of Klebsiella pneumoniae have uncovered some key
amino acid residues and predicted their roles. These residues are also found in the closely-
related MmdB (Jockel et al., 1999). Mutations in D203 (helix III) and S382 (helix VIII)
lead to complete loss in decarboxylase and Na" transport activity of OACD, supporting
their identification as Na" binding sites (Di Berardino and Dimroth, 1996; Jockel et al.,
2000b). However S382 can be replaced by T382 or D382 without affecting the
decarboxylase and Na' transport ability. Similarly, G377 (helix VIII) may be involved in
a Na" conducting channel or serve as a contact site for other helices, and so cannot be
replaced by any other residue. A change of N373 (helix VIII) to L.373 or D373 slightly
affects the decarboxylase activity. Furthermore, Y227 (helix IV) is an important residue
for high catalytic activity of enzyme complex but changes to C227 or F227 can increase
the catalytic activity. Y229 (helix IV) takes part in a proton conduction network which
leads to decarboxylation of carboxybiotin. All of these important residues (D203, S382,
G377, N373, Y227 and Y229) were found to be conserved in the putative MmdB of all

four Quinella genome bins when aligned with OadB of K. pneumoniae (Figure 6.10A).

Genes coding for y subunits of OACD were not found in any of the Quinella genome
bins. In contrast, all four Quinella bins contained genes coding for full length y subunits
(MmdC) of MMCD, which serve almost the same function as the biotin-binding C-
terminus domain of the o subunit of OACD. The y subunits also play a major role in
MMCD assembly, by binding to a and 6 subunit of MMCD (Kumar et al., 1982). These
vy subunit sequences were aligned with MmdC sequences of V. parvula and P. modestum
and OadA C-terminus sequences of K. pneumoniae and S. typhimurium. The Quinella
MmdC sequences were 54.7% to 59.7% similar to MmdC of V. parvula and 47.4% to
49.8% similar to that of P. modestum. They were only 31.7 % to 38.7 similar to the OadA
C-terminus sequences. Like other proteins containing a biotin prosthetic group, MmdC

of Quinella also contained a putative biotin-binding lysine residue (35 residues upstream
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of the C-terminus) within a highly-conserved amino acid motif, LEAMKM (Bott et al.,
1997) (Figure 6.11A). Furthermore, the alanine-proline linker (around residues 31 to 60)
was also found in the N-terminus of all of Quinella MmdC. This linker provides flexible
movement for the biotin group to move between the catalytic centres of different biotin-

containing enzymes (Huder and Dimroth, 1993).

Genes coding for the 6 subunit of MMCD were found in all four Quinella genome bins.
The & subunit of Quinella was found to be more similar to that of V. parvula (32.8% to
37.4% amino acid similarity) than to that of P. modestum (21.2% to 24.3%), but were
only 14.8 to 18.7% identical to the y subunit of OADC of K. pneumoniae and S.
typhimurium. Even though very low sequence similarity was found between the &
subunits of MMCD and the y subunits of OACD, they share similarities in their
hydrophobicity patterns and the presence of identical alanine-proline linkers (Huder and
Dimroth, 1995) (Figure 6.11B), and appear to have similar functions (Buckel, 2001).
Importantly, the N-termini of both are predicted to be anchored in the membrane,
indicating that the hydrophobic N-terminus could bind to the hydrophobic 3 subunit while
the hydrophilic C-terminus could bind to the a subunit (Buckel, 2001). MmcD sequences
lack the triple histidine that serves as a Zn" binding site at the C-terminus, suggesting that
divalent metal ions are not present in biotin-containing carboxyltransferase enzymes that
react with thioester (CoA-bound) substrates, in contrast to those that react with keto acid
substrates (Towbin et al., 1979). The Quinella MmcD sequences also lack these triple
histidine residues. In V. parvula, there was an extra subunit reported (epsilon), but in other
bacteria with MMCD, like P. modestum, this subunit is absent, as it appears to be from
all four Quinella genome bins. The function of this subunit is still unknown but its strong
sequence similarity with the C-terminus of ¢ subunit indicated that its origin may be from

a duplication of the 6 subunit (Huder and Dimroth, 1993).

In summary, all four Quinella genome bins contain genes for the essential subunits
needed to assemble Na'-translocating methylmalonyl-CoA decarboxylases (MMCD).
These have the a subunit (MmcA) containing the carboxyltransferase catalytic site, the
integral membrane [ subunit (MmcB) with important conserved amino acid residues
involved in Na* translocation, the y subunit (MmcC) containing a biotin-binding lysine
residue, and the 6 subunit (MmcD) with the alanine-proline linker. On the basis of
available literature, a probable schematic of MMCD (Figure 6.12) may be drawn, where

the hydrophobic integral membrane 3 subunit is connected to the hydrophobic N-terminus

163



0 subunit, and the highly hydrophilic C-terminus of the & subunit is connected to the y

subunit.

Quinella does not appear to have all the genes needed for oxaloacetate decarboxylase
(OADC), only containing the gene for the o (carboxyltransferase, OadA) subunit. While
it can be speculated that the OadB and OadC subunits were missed in the sequencing, this
seems unlikely as the four Quinella bins all have genes for OadA and all do not have
genes for OadB or OadC for, unless the latter two were rejected at the assembly steps. It
is also possible that OACD activity is conferred in a different way in Quinella. One
possibility is that functional OACD in Quinella uses the OACD o (carboxyltransferase)
subunit in a hybrid with other subunits from the MMCD complex: the B subunit (which
is similar to the B subunit of OACD except for 52 extra amino acid residues in a
cytoplasmic loop), the y subunit and the 6 subunit (which has a similar hydrophobicity to
that of y subunit of OACD but no sequence homology). This speculation is made
appealing by the unusual structure of the o subunit of the OACD of Quinella. In contrast
to other OadA, it lacks the biotin-containing domain. In MMCD, that function is found
in the y subunit. A normal OadA in conjunction with MmdC would contain two biotin-
binding domains, so that loss of this domain from the Quinella OadA would render the
interaction with the MMCD components possible (Figure 6.12). Here it is also speculated
that the OACD would catalyse the conversion of pyruvate to oxaloacetate (Figure 6.1)
instead of its well-known direction (oxaloacetate to pyruvate). However, even in the
absence of a functional OACD (because of the lack of OACD specific B and y subunits),
Quinella could still form oxaloacetate from phosphoenolpyruvate by using
phosphoenolpyruvate carboxykinase, and genes for this were present in all four genome
bins (Figure 6.1, Appendix Table A6.2). This was confirmed by BLAST against the
Swiss-Prot database (Boutet et al., 2016). The amino acid sequences of
phosphoenolpyruvate carboxykinases in the Quinella genome bins were >70.0% similar
to amino acid sequences of reviewed phosphoenolpyruvate carboxykinase (ATP-
forming) of Agathobacter rectalis, Eubacterium eligens, Parabacteroides distasonis and
Bacteroides fragilis. Using phosphoenolpyruvate carboxykinase to form oxaloacetate
will result in formation of one ATP molecule. In contrast, the two-step conversion process
will result in generation of one ATP molecule by pyruvate kinase during conversion of
phosphoenolpyruvate to pyruvate, followed by the generation of oxaloacetate from

pyruvate via the reversed OADC, which would be driven by one Na* from outside the
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cell to the inside. This is equivalent to using approximately 3/10 ATP to carry out the
carboxylation. Oxaloacetate decarboxylation (the reverse reaction) in K. pneumoniae
extrudes one Na" (Dimroth et al., 2001), which then can be used to generate ATP via an
ATP synthase that generates approximately 3 ATP per 10 Na“ (Meier et al., 2011). The
two-step process therefore yield approximately 7/10 ATP for the same conversion. It is

unclear which option is used by Quinella.
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6.2.5.2 Fumarate reductase

Fumarate reductase (quinol:fumarate reductase; QFR) catalyses the reduction of fumarate
to succinate coupled to the oxidation of quinol to quinone (Hégerhdll and Hederstedt,
1996). This reaction can also be reversed, coupling quinone reduction to quinol with
succinate oxidation to fumarate by succinate dehydrogenase (succinate:quinone
reductase; SQR) (Saraste, 1999). These enzymes are structurally and mechanistically
similar with very high sequence similarity and cofactor composition, and belong to the
succinate:quinone oxidoreductase (SQOR) superfamily (Iverson et al., 1999; Lancaster
et al., 1999). QFR is involved in anaerobic respiration (Kroger, 1978; Kroger et al., 1992)
whereas SQR participates in aerobic respiration (Saraste, 1999). Under certain conditions
they can functionally replace each other (Maklashina et al., 1998). The SQORs are mainly
composed of four subunits: two hydrophilic subunits, A and B, and two hydrophobic
integral membrane subunits, C and D. In some instances, instead of two, only one
comparatively large hydrophobic (Hagerhéll and Hederstedt, 1996) integral membrane
subunit is found, which is predicted to have evolved from fusion of the C and D subunits
(Hagerhéll and Hederstedt, 1996; Lancaster et al., 1999). SQORs can be classified into
five different types based on their hydrophobic domains and heme b content (Hagerhall
and Hederstedt, 1996; Lancaster et al., 1999). Type A contain two hydrophobic subunits
and two heme, type B one hydrophobic subunit and two heme, type C two hydrophobic
subunits and one heme, type D two hydrophobic subunits and no heme, while type E
contain two hydrophobic subunits which are very different from those of the other types
and no heme (Lancaster, 2003). All four Quinella genome bins appeared to have the genes
coding for three subunits of QFR (Appendix Table A6.2). These were the two hydrophilic
subunits A and B, and one hydrophobic subunit C. These subunits were identified by
BLAST analysis of the Quinella genomes against several databases (nr database, pfam
and Tigerfam) using GAMOLAZ2 as a search tool, and then confirmed by BLAST of the
sequences of the SQOR subunits from Escherichia coli and Wolinella succinogenes
against the complete inferred amino acid sequences of all four Quinella genomes. Subunit
D was not found by either of these methods, suggesting that Quinella SQORs were type
B (the only type with one hydrophobic subunit) (Lancaster, 2003).Type B contains SQR
from Bacillus subtilis and Paenibacillus macerans and QFR from Campylobacter jejuni

and Helicobacter pylori and Wolinella succinogenes.
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6.2.5.2.1 Detailed analysis of Quinella QFR

Two crystal structures of QFR are available, one from Escherichia coli (Iverson et al.,
1999) and another from Wolinella succinogenes (Lancaster et al., 1999). These QFR
amino acid sequences were used as references to understand the possible QFR from the
Quinella genomes. All subunit sequences from Quinella were aligned with the reference

amino acid sequences to identify conserved key amino acid residues.

The hydrophilic flavoprotein A subunits from all four Quinella genomes were 31.4% to
31.1% similar to the SQOR subunit of E. coli and around 27.9% to 28.5% similar to that
from W. succinogenes. Fumarate binding sites are present between the FAD-binding
domain and capping domain (among four domains) of subunit A (Lancaster, 2003). FAD-
binding residue H45 (Iverson et al., 1999; Lancaster et al., 1999) of Quinella and E. coli
and H43 of W. succinogenes were conserved in all sequences. Similarly, other important
amino acid residues with key functions were also found to be conserved in the predicted
Quinella enzymes, such as G52 (which accepts a hydrogen bond from FAD), a ‘HPT
triad’ (H233, P234 and T235), and R404 and A409 (in W. succinogenes) involved in
proton movement. Furthermore, a dicarboxylate-binding site containing two arginine
(R301 and R404) and one histidine (H369) found in W. succinogenes was also found in
the enzymes predicted from the Quinella genomes (Figure 6.13). However, it was
interesting to find that S45 was conserved in all four Quinella enzymes and apparently
homologous to S44 in Wolinella succinogenes (one of the 11 residue that bind to FAD).
This was replaced by threonine (T45 in E. coli) in most of the SQORs (Lancaster et al.,
1999). Based on these similarities, it appears that the Quinella genomes code for subunit
A of a QFR.

The second hydrophilic subunit, subunit B, consists of two domains (a N-terminal “plant
ferredoxin domain’ and a C-terminal ‘bacterial ferredoxin domain’) and three Fe-S
clusters (Iverson et al., 1999). Three of the four Quinella genome bins contained full
length amino acid sequences of subunit B. The fourth, Quinella genome bin SR1Q7,
contained a sequence coding for only the first 35 residues of subunit B but it was 100%
identical to the same region of the subunit B sequences in the other Quinella genome bins
amino acid sequences, suggested that that strain also contained a QFR subunit B. This
short fragment was at the end of a contig, and so is probably not a gene remnant. The
amino acid sequences of the Quinella subunit B were around 25% similar to the

homologous sequences from W. succinogenes and E. coli. Fumarate reductase contains
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three Fe-S clusters (2Fe-2S, 3Fe-4S and 4Fe-4S) which are coordinated with cysteine
residues (Iverson et al., 1999; Lancaster et al., 1999). The Quinella subunit B sequences
contained four conserved cysteine residues that coordinate with 2Fe-2S clusters that are
in contact with plant ferredoxin domain and subunit A (Lancaster et al., 1999). The 3Fe-
4S cluster coordinates with three cysteine residues whereas the 4Fe-4S is coordinated
with four cysteine residues (Iverson et al., 1999; Lancaster et al., 1999), and all of these
were conserved in Quinella (Figure 6.13). However, like W. succinogenes, Quinella
contains an extra cysteine residue (C158 in Quinella) which is replaced by leucine in E.
coli (Figure 6.13B). The 3Fe-4S and 4Fe-4S are bound by the bacterial ferredoxin
domain, which is in contact with the hydrophobic subunit(s) (Iverson et al., 1999;

Lancaster et al., 1999).

Genes coding for only one hydrophobic subunit of QFR were found in the Quinella
genome bins. Sequence alignment of this subunit C with the subunit C from the E. coli
SQOR (which also contains only one hydrophobic subunit) showed <15.6% identity,
suggesting that it is quite different to subunit from the one in E. coli. It was also <17.8%
similar to the subunit C from W. succinogenes. Therefore, subunit C sequences from
Bacillus subtilis, Paenibacillus macerans, Campylobacter jejuni and Helicobacter pylori,
which are B type SQOR (Hégerhill and Hederstedt, 1996; Hederstedt, 1999; Lancaster,
2003), were included in the analysis. The Quinella sequences were 33.8% to 39.3%
similar to those of B. subtilis and P. macerans and only around 15% similar to those of
C. jejuni and H. pylori (Table 6.3), suggesting that Quinella QFR does belongs to type B
and is more similar to those from other Gram positive bacteria (B. subtilis and P.
macerans) (Table 6.3). Similarly, transmembrane topology analysis using SPOCTOPUS
predicted that subunit C of Quinella is composed of five membrane spanning helices
(Figure 6.14), a characteristic feature of QFR with only one hydrophobic subunit
(Lancaster et al., 1999). In contrast, subunits C and D each contain three membrane
spanning helices (Iverson et al., 1999) in those fumarate reductases with two hydrophobic

subunits.

Histidine residues (H27, H71, H114 and H158 in Quinella) that are the axial ligands for
proximal and distal hemes (Lancaster et al., 1999) were also conserved in all four
predicted Quinella proteins (Figure 6.14), suggesting that Quinella QFR subunit C binds
two heme. This is a further indicator of a type B SQOR (Lancaster, 2003). An essential

glutamic acid residue (E66 in W. succinogenes) is involved in menaquinol oxidation
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(Lancaster and Kroger, 2000) and was also conserved in all four Quinella genomes. In
summary, all QFR subunits found in the Quinella genome bins contained conserved key
amino acid residues that match with QFR of type B SQOR (W. succinogenes), suggesting
that Quinella has a fully functional QFR. This suggests that the enzyme functions to

reduce fumarate to succinate, rather than to oxidise succinate to fumarate.

Table 6.3 Amino acid sequence similarities of fumarate reductase subunit C of Quinella

genome bins, and other fumarate reductase subunit C proteins (all B type SQOR unless
noted otherwise).

Genes in Quinella genome bins

SQOR
SR1Q5 1182 SR1Q7 2325 SR2Q5 1217 SR3Q1 1942

B. subtilis 33.82 34.8 34.8 33.8
P. macerans 38.9 37.9 36.0 393
C. jejuni 12.8 14.1 13.2 14.1
H. pylori 16.4 15.2 16.1 17.0
W. succinogenes 17.2 15.9 15.9 18.5
E. coli (type D SQOR) 14.9 14.9 14.0 14.0

2All values are represented as percentages.
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6.2.5.3 Hydrogenase (Ni-Fe)

Hydrogen plays a major role in rumen fermentation and regulates the amount of methane
that is formed (Janssen, 2010). Some microbial groups use hydrogen (like methanogens
and acetogens) as energy sources for growth, while many others produce hydrogen as a
by-product (Schwartz et al., 2013). The ability to take up or produce hydrogen is
dependent on hydrogenases, enzymes characterised by different co-factors. Initially,
hydrogenases were categorised into three major classes (NiFe, FeFe and Fe type) based
on the Ho-binding metal centres at the active site (Volbeda et al., 1995; Peters, 1998;
Shima et al., 2008). These three classes of hydrogenase have recently (Greening et al.,
2016) been further sub-divided into four groups (22 subgroups) of NiFe-type
hydrogenases and three groups (6 subgroups) of FeFe-type hydrogenases, whereas there
appears to be only one group of Fe-type hydrogenases. These groupings are based on
amino acid sequence-based phylogeny, the presence of metal-binding motifs, genetic

organisation and reported biochemical characteristics.

6.2.5.3.1 Identification and classification of hydrogenases in Quinella genomes

BLAST-based analyses of all four Quinella genome bins against different databases
(section 2.18) revealed that all of them contained complete sets of genes that code for the
large subunit, the small subunit and b-type cytochrome of hydrogenases (Appendix Table
A6.2). BLAST analyses of these Quinella hydrogenases against the hydrogenase database
of Greening et al. (2016) suggested that the hydrogenases in all four genome bins were
closely related to the hydrogenase of Selenomonas ruminantium (NCBI accession no.
WP _029541750), which was classified as a NiFe-type oxygen-tolerant membrane-bound
Hz-uptake hydrogenase (Greening et al., 2016).

The large subunits of the three major classes of hydrogenases contain different Hz-binding
metal centres: L1 and L2 motifs for [NiFe]-hydrogenases(Vignais and Billoud, 2007); P1,
P2 and P3 motifs for [FeFe]-hydrogenases (Vignais and Billoud, 2007); and Cys176 in
[Fe]-hydrogenases (Shima et al., 2008). L1 and L2 motifs (Figure 6.15) surrounding the
metal-ligating cysteine residues were found in the amino acid sequences of all four
Quinella hydrogenases, which suggested that Quinella has [NiFe]-hydrogenases.
However, the variation in consensus motifs meant that further subgrouping was not clear.
The L1 motif (xxRICGVCTxxH) was identical to that of subgroup 1d (oxygen-tolerant)
type uptake hydrogenases, but the L2 motif (SFDPCxACxxH) was identical to that of
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subgroup le (possible bidirectional hydrogenases) based on the classification of Greening
et al. (2016). A phylogenetic analysis was performed using the amino acid sequences of
the large subunit of all 1d and 1e type hydrogenase sequences in the Greening et al. (2016)
database, using five sequences each from types la, 1b, 1c, 1fand 1h/5 (to cover all NiFe-
hydrogenase type), and all four Quinella hydrogenase sequences. The Quinella
hydrogenase sequences formed a stable cluster (100% bootstrap value) within a radiation
that contained only hydrogenase sequences from group 1d, and in the same radiation as
all other group 1d sequences (Figure 6.15). Most of the sequences that clustered with
them originated from members of the class Negativicutes. Quinella is also a member of
this class. Again, the large subunit hydrogenase sequence from Selenomonas
ruminantium (Wp_029541750.1) was found to be the closest relative of the Quinella
hydrogenases. Therefore, even though the L2 motif matched with group 1e hydrogenases,
the Quinella hydrogenase sequences may still be classified as belonging to group 1d, as

a NiFe-type membrane-bound H»-uptake hydrogenase.

6.2.5.3.2 Detailed analyses of Quinella hydrogenase subunits

The initial analyses suggested that Quinella has a NiFe-type membrane-bound Hz-uptake
hydrogenase that may be further categorised as an oxygen-tolerant type based on the
classification proposed by Greening et al. (2016). However, the L2 motif was different to
that expected for an oxygen-tolerant (1d) type. Recently, Flanagan and Parkin (2016)
identified and compared the variation in amino acid sequences involved in binding the
metal-cofactors and iron-sulfur (FeS) clusters of the small and large subunits of O»-
tolerant and O»-sensitive NiFe type membrane-bound hydrogenases. They concluded that
conserved cysteine residues play an important role by participating in stabilisation of the
unusual proximal FeS cluster in O»-tolerant and Os-sensitive sensitive NiFe-type

membrane-bound hydrogenases.

Three O»-tolerant (E. coli Hyd-1, Ralstonia eutropha and Aquifex aeolicus) and three O»-
sensitive (E. coli Hyd-2, Desulfovibrio gigas and Desulfovibrio vulgaris) bacterial
hydrogenases were used as references to compare and understand the Quinella
hydrogenases. When the amino acid sequences of the Quinella hydrogenases were
aligned and compared with those of the six reference hydrogenases, it was found that
amino acid similarity varied from 36.1% to 58.3% but that the key amino acid residues

aligned and matched well (Figure 6.16 and 6.17).
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The large and small subunits of membrane-bound hydrogenases contain four co-factors:
one NiFe catalytic centre in the large subunit and three FeS clusters in the small subunit.
The large, or catalytic, subunit is responsible for H> oxidation and contains the NiFe
active site. When compared with the reference hydrogenases, four cysteine residues
(Cys62, Cys65, Cys608 and Cys610) surrounding the NiFe active site were found to be
conserved in the proposed large catalytic subunit of the Quinella hydrogenases (Figure
6.16). Furthermore, a histidine residue (His236), a metal-binding amino acid that
coordinates with the proximal 4Fe4S or 4Fe3S cluster of the small subunit (Volbeda et
al., 1995), was also found in the correct location when aligned with the amino acid
sequences from the reference hydrogenases (Figure 6.16). The large subunit sequences
from the Quinella genomes are therefore very similar to those of other O»-tolerant and
O»-sensitive NiFe type membrane-bound hydrogenases. This was expected, since the
large catalytic subunits of O>-tolerant and O»-sensitive type hydrogenases are very similar

in arrangement and this subunit does not confer the O» sensitivity (Goris et al., 2011).

The small subunit contains three FeS clusters, termed the proximal, medial and distal
clusters. The proximal FeS cluster accepts electrons from the large subunit, where the
hydrogen is oxidised at the NiFe centre, and the electrons are conducted via the medial
FeS to the distal FeS cluster (Fritsch et al., 2011). On the basis of crystallography studies
conducted by Shomura et al. (2011) and Fritsch et al. (2011), the O»-sensitive NiFe type
membrane-bound hydrogenases, termed 1d group type hydrogenases by Greening et al.
(2016), contain standard 4Fe-4S clusters. In contrast, the O»-tolerant type, termed group
le by Greening et al. (2016), has a novel proximal 4Fe3S cluster. When the amino acid
sequences of the small subunits from Quinella were aligned to reference hydrogenase
sequences (Figure 6.17A), it was found that the Quinella small subunits have four
cysteine residues (Cys62, Cys65, Cys160 and Cys194) that should bind a proximal 4Fe-
3S cluster instead of the six cysteine residues that bind the 4Fe-4S cluster found in the
Osz-tolerant type. In the O:-tolerant type, there are two extra cysteines (Cys55 and
Cysl65), and targeted mutation of these two cysteines to glycine can convert an O»-
tolerant hydrogenase to an Oz-sensitive type (Lukey et al., 2011). This analysis therefore
suggests that the small subunit of the Quinella hydrogenase is similar to those of O»-
sensitive NiFe type membrane-bound uptake hydrogenases, and therefore probably not

bidirectional.

177



Membrane-bound hydrogenases are proposed to be dimers of heterotrimers, i.e., two
copies of each of the large and small subunits and a b-type cytochrome (cytb) (Shomura
et al., 2011; Volbeda et al., 2012). The small subunits of the hydrogenases from the
Quinella genomes also contained three conserved residues (Arg238, Lys263 and Arg311;
see Figure 6.17A) that are proposed to be exposed towards the carboxylate group of the
heme of the b-type cytochrome associated with NiFe type membrane-bound
hydrogenases (Volbeda et al., 2013). All four Quinella genomes contained genes coding
for cytochrome b (cytb), the redox partner of membrane-bound hydrogenases. The amino
acid sequence of the Aquifex aeolicus protein was the most similar to the Quinella amino
acid sequences, with an average of 38% amino acid similarity. Overall, cyth amino acid
sequences of Quinella were found to be 26% identical to that of E. coli Hyd-1 and 31%
identical to that of Ralstonia eutropha. All Quinella cytb sequences were >81% similar
to each other and the S. ruminantium cytb was found to be the closest relative by BLAST
analysis against the NCBI non-redundant database. Out of 21 conserved surface amino
acid sequences from cytb that have contact with the small subunit of the hydrogenases
(Volbeda et al., 2013), 13 were found in cytb of Quinella (Figure 6.18A). Transmembrane
topology analysis using SPOCTOPUS (Viklund and Elofsson, 2008), suggested that the
all four Quinella genome bins cyth contain four transmembrane helices (Figure 6.18B),
which is reported for other cytb associated with membrane-bound NiFe-hydrogenases

(Volbeda et al., 2012).

Cytochrome b is unstable when removed from the cytoplasmic membrane (Menon et al.,
1991), and to date there is only one crystal structure of a hydrogenase (E. coli Hyd-1)
with its cytochrome b complex available (Volbeda et al., 2013). The amino acid sequence
of this enzyme, E. coli Hyd-1, plus sequences from E. coli Hyd-2, R. eutropha and A.
aeolicus (well annotated and reviewed cytb sequences) were used as references to
understand the Quinella cytb. The amino acid sequence of the cytb from the E. coli Hyd-
2 was very different to the other amino acid sequences on the basis of the alignment.
Histidine residues (His25, His67, His181 and His195), metal-binding amino acid
residues, were conserved in all sequences (Figure 6.18A) except for E. coli Hyd-2. At
least three (His25, His67, and His195) of the four conserved histidine residues served as
ligands for two heme, the carrier for electron movement from the periplasmic to the
cytoplasmic side of the membrane (Berks et al., 1995), and mutations in any of these

conserved histidines leads to total loss of cytochrome b reduction by H» (Berks et al.,
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1995; Gross et al., 1998; Meek and Arp, 2000). Furthermore, these four conserved
histidines are also conserved in quinone-interacting b-type cytochromes (Berks et al.,
1995; Gross et al., 1998) and His25, His67, and His195 are required for electron transport
from H; to fumarate and for quinone reactivity in Wolinella succinogenes (Gross et al.,
1998).

To understand the orientation of Quinella hydrogenase, membrane protein topology and
signal peptides prediction was done using web-based server of SPOCTOPUS (Viklund
and Elofsson, 2008) and Phobius (Kall et al., 2004). The large subunits from all four
Quinella genome bins were predicted to be non-cytoplasmic, suggesting they are present
outside the cell, although no leader sequences were detected. The small subunits appeared
to have one N-terminal signal peptide region and contained two transmembrane-helices
(Figure 6.17B). The position of the proximal FeS cluster of the small subunit that faces
towards the large subunit appeared to be adjacent to the signal peptide sequence and so
oriented towards the outer surface of the cell, based on the location of the residues that
coordinate it as reported by Volbeda et al. (1995). This suggests that the large subunit of
the hydrogenase is on the outside of the cell where it is connected to the small subunit,

which has three FeS clusters that transfer electrons, ultimately to the fumarate reductase.

In summary, evidence was found for the presence of hydrogenases in all four Quinella
genome bins. These can be classified as NiFe type membrane-bound H-uptake
hydrogenases. Based on the inferred presence of a proximal 4Fe3S cluster in the small
subunit, it appears that the Quinella hydrogenase is an O sensitive type, even though
other analyses (overall amino acid similarity and phylogeny) suggested that it an O»
tolerant type. Confirmation of this will require experimental evidence. Evidence was
found to suggest that the hydrogenase is associated with a b-type cytochrome that contains
ligands for two heme groups, and that the reaction with hydrogen occurs on the outer face

of the cell membrane.
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6.2.5.4 Rnf complex

The Quinella genome bins were searched for evidence of the rnf gene cluster rnfCDGEAB
that codes for the ferredoxin:NAD"-oxidoreductase complex and is composed of at least
six subunits. This enzyme complex might allow H; generation from NADH and
ferredoxin via an electron bifurcating mechanism (Buckel and Thauer, 2013). Reviewed
rmf complex amino acid sequences from the bacteria Acetobacterium woodii and
Rhodobacter capsulatus were used as queries in a BLAST search against the Quinella
genome bins. None of the subunits were found in any of the Quinella genome bins using
this approach. However, the GAMOLA?2 search tool suggested that a gene sequence
potentially coding for subunit D (SR3Q1 1981; 29% identity with NADH:ubiquinone
oxidoreductase of Anaerococcus sp. PH9) was present in Quinella genome bin SR3Q1,
and that genes for subunit E (SR1Q7 1676; 78% identity with putative sugar-specific
permease SgaT of Candidatus Arthromitus sp. SFB-3) and subunit G (SR1Q7_1737;49%
identity with FMN-binding protein Selenomonas sp. CM52) were found in bin SR1Q7.
All six subunits are required for a fully functional rf complex (Biegel et al., 2009), and
so it can be assumed that Quinella does not contain a fully functional rnf complex.
Consequently, the subunits detected may come from assembly or binning errors, or play
a different role in these bacteria. This conclusion is supported by the generally complete

nature of other multi-subunit enzyme complexes found in these four genome bins.

6.2.5.5 ATP synthase

The membrane-bound ATP synthase catalyses ATP synthesis from ADP and inorganic
phosphate driven by the translocation of Na* or/and H' ions across a biological membrane
(Skulachev, 1978; Senior, 1988). All four Quinella genome bins contained genes that
code for all eight subunits of the bacterial type ATP synthase (FiF,). The deduced amino
acids of these had the greatest similarity to ATP synthase subunits of Selenomonas spp.
The F, part of the bacterial ATP synthase is the integral membrane ion-translocating
complex containing a, 3, v, d and € subunits whereas the Fi part is a peripheral membrane
unit on the cytoplasmic face and is composed of a, b and ¢ subunits (Engelbrecht and
Junge, 1997). Griiber et al. (2014) identified conserved amino acid residues that allow
classification of ATP synthases as Na'- or H'-binding types in a wide range of bacteria
and archaea. They analysed amino acid sequences of subunit c¢ (the ion carrier) and

suggested that motif Q/E...E T/S (at positions 32, 65 and 66 in the Ilyobacter tartaricus
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protein) are conserved in Na'-binding ATP synthases, while N/I...E/D A were found
conserved in the corresponding positions in H'-binding bacterial ATP synthases. Amino
acid sequences from the ATP synthase ¢ subunits from the Quinella genome bins were
aligned with the reviewed and experimentally verified bacterial sequences (Grtiber et al.,
2014) from the Na'-binding ¢ subunits from Acetobacterium woodii, Ilyobacter
tartaricus, and Propionigenium modestum, and the H'-binding ¢ subunits from Bacillus
subtilis and Escherichia coli, to identify the positions of these diagnostic residues. The
sequences from the four Quinella bins did not contain Q/E at position 32 or T/S at position
66 as would be expected for Na*-binding ¢ subunits. Instead, at those positions the amino
acids were D at position 32 and A at position 66, indicative of a H-coupled enzyme. The
LxEALxxI motif in the sequences from the Quinella genome bins which includes
positions 65 and 66, was similar to that from Bacillus subtilis (LxEALxxI) (Figure 6.19),
which is a H'-binding ATP synthase (Santana et al., 1994). Furthermore, the overall
amino acid sequence was also most similar to that of Bacillus subtilis (42.9%) than to the
other reviewed reference sequences compared (34.1 to 38.6%). Therefore, on the basis of
sequences similarity and conserved amino acid residues, Quinella ATP synthases appear

to be H' binding enzymes.

SR1Q5_1786 1 ——-MEHATMVARRTLLGAGITMGLARTGAGVGDGLVTSKFIDGITRQPEAKNTLFTNTL
SR1Q7_8 92 1 ——-MEHATMVARRTLLGAGITMGLARTGAGVGDGLVTSKFIDGITRQPEAKNTLFTNTL
SR2Q5_118 9 1 ——-MEHATMVARRTLLGAGITMGLARTGAGVGDGLVTSKFIDGITRQPEAKNTLFTNTL
SR3Q1_1280 1 ——-MEHATMVARRTLLGAGITMGLARTGAGVGDGLVTSKFIDGITRQPEAKNTLFTNTL
Bacillus subtilis 1l ————————- MNLIAAATATGLGALGAGIGNGLIVSRTVEGIARQPEAGKELRTLME
Escherichia coli 1 ——— MENLNMDLLYMARAVMMGLARIGARIGIGILGGEFLEGARRDPDLIPLLRTQEE
Propicnigenium modestum 1 MDMVLAKTVVLAASAVGAGREM-IAGIGPGVGQGYARGKAVESVARYPEAKGDIISTMV
Ilycbacter tartaricus 1 MDMLFREKTVVLAASAVGAGTEM-IAGIGPGVGQGYALRGKAVESVARYPEAKGDIISTMV
Acetobacterium woodil 1 ———-MEGLDFIKACSAIGAGIEM-IAGVGPGIGQGFALGKGAERAVGRYPEAQSDITIRTML
SR1Q5 1786 56 ISVGLIEAMAITIATVVALIMLYANPLL--—-
SR1Q7_892 56 ISVGLIEAMAITIATVVALIMLYANPLL--—-
SR2Q5 1189 56 ISVGLIEAMAITIATVVALIMLYANPLL--—-
SR3Q1 1280 56 ISVGLIEAMAIIATVVALIMLYANPLLG-—-
Bacillus subtilis 48 MGIALVEALPIIAVVIAFLAFFG-———————
Escherichia coli 55 IVMGLVDAIFMIAVGLGLYVMFAVA----——
Propicnigenium modestum 59 LGQAIAESTGIYSLVIALILLYANPFVGLL
Ilychacter tartaricus 5% LGQAVAESTGIYSLVIALILLYANPFVGLL
Acetobacterium woodii 56 LGRAVAETTGIYGLIVALILLFANPFF--—-

Figure 6.19 Alignment of amino acid sequences from subunit ¢ of ATP synthase. The
diagnostic residue at position 32 of the Quinella sequences was not the Q/E expected for
Na'-specific ATP synthases (Griiber et al., 2014). The motif coloured red contains the
conserved amino acid residue E at position 65 found in nearly all sequences except E.
coli, and the residue at position 66 which is S/T in bacterial Na“-specific ATP synthases
and A in bacterial H -specific ATP synthases (Griiber et al., 2014). Sequence numbering
is based on the Ilyobacter tartaricus protein.
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6.2.5.6 Na*/H" antiporter

All four Quinella genome bins also contained genes that code for a Na*/H" antiporter. So
far, seven structurally different antiporter genes have been found in bacteria (Ito et al.,
1997). BLAST was used to compare the amino acid sequences from the putative Na*/H"
antiporter genes in the Quinella genome bins to reviewed sequences of all seven different
types of antiporters. This comparison, showed that the Quinella genome bins contained
sequences most similar to a putative nhaC from Selenomonas ruminantium (72% to 74%
identity). There were no matches to validated antiporters. The Na‘/H" antiporter assists in
maintaining pH homeostasis and may also help lowering cytoplasmic Na' concentration
(Tto et al., 1997). However, in Quinella, it could be speculated that the Na'/H" antiporter
plays a role in converting the Na® gradient generated by the methylmalonyl-CoA
decarboxylase (section 6.2.4.2) into a H' gradient that can be used by the H'-translocating
ATP synthase to generate ATP (section 6.2.5.5). This would be especially true if
oxaloacetate is formed from phosphoenolpyruvate by a phosphoenolpyruvate
carboxykinase rather than by a reversed oxaloacetate decarboxylase (Figure 6.1). In the
case of the former, the Na" gradient generated by the methylmalonyl-CoA decarboxylase
would not be needed to drive the synthesis of oxaloacetate, and could be converted to a

H" gradient by the antiporter.

6.2.6 Amino acid and flagella synthesis in Quinella

The annotated Quinella genome bins were further queried against the KEGG database
(Kanehisa et al., 2016) for identification of the genes that encode for the enzymes
involved in amino acid synthesis pathways. Quinella genes were plotted on the amino
acid synthesis pathways, and this analysis suggested that Quinella is able to synthesise
all 20 amino acids. In some instances, a few genes from a pathway were missing from
one genome bin but found in others. For example, 3-phosphoshikimate
I-carboxyvinyltransferase (aroA), an enzyme involved in phenylalanine, tyrosine and
tryptophan biosynthesis, was absent in genome bin 2Q5 but present in the other three
Quinella genomic bins (Appendix Figure A6.1). This finding suggesting that these
isolated gene sequences might have been missed during sequencing, in assembly or in the

binning process.

A similar trend was seen in the genes involved in the assembly of flagella. Overall

analysis suggested that Quinella may able to make flagella (Appendix Figure A6.2).
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Electron microscopy of preparations of Quinella revealed short surface structures,
although it was unclear whether these were damaged or unusual flagella, some other outer
membrane structure like fimbrae, or even preparation artifacts (Section 5.2.5). Orpin
(1972) observed motility in Quinella but the presence of flagella was not reported. Further
work is needed to determine if these genes encode for flagella proteins and synthesis, and

whether they are expressed in Quinella.

6.3 Conclusions

The analysis of the four genome bins allows a preliminary metabolic scheme for Quinella
to be constructed (Figure 6.20). CAZymes analysis of all four Quinella genome suggested
that Quinella may not degrade polysaccharides and so are dependent on other rumen
microbes to breakdown the polysaccharide components of feed, and then use the
breakdown products for its growth. However, Quinella may be able to use cellobiose and
cellodextrins released by other rumen microbes using a B-glucosidase. Genes coding for
enzymes in the phosphotransferase system (PTS) for glucose, sorbitol, fructose, maltose,
mannose, galactitol, glucitol and ascorbate transport were present in Quinella genome
bins indicating that it uses smaller carbohydrates released by the polysaccharide
degrading microbes. These carbohydrates will be converted to pyruvate by glycolysis. All
Quinella genome bins also contained a gene for L-lactate dehydrogenase, suggesting that
it can produce lactate as an end product (Figure 6.21A), use lactate as a substrate (Figure
6.21D), or even both. Previous work reported that Quinella may produce lactate (Brough
et al., 1970), and this genomic analysis supports that. The use of lactate will require

further studies, preferably with a culture of this bacterium.

All four Quinella genomic bins contained genes that code for PFOR, which converts
pyruvate to acetyl-CoA. Acetyl-CoA appears to be converted to acetate using succinate
CoA-transferase, with concurrent conversion of succinate to succinyl-CoA. Succinyl-
CoA synthetase is then postulated to generate ATP from ADP with the release of
succinate and CoA. This reaction is not reported for bacteria, but is found in helminths,
protists and fungi (Marvin-Sikkema et al., 1993; Riviére et al., 2004; Van Grinsven et al.,
2008). Interestingly, S. ruminantium, a close relative of Quinella, also may have this
succinyl-CoA cycle for making ATP based on genes found in its genome. This cycle

could be studied in S. ruminantium.
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If Quinella makes acetate then it should also make propionate to balance the electrons
released in conversion of glucose to pyruvate and pyruvate to acetyl-CoA. This balance
would result in the formation of acetate and propionate in a ratio of 1 to 2 (Figure 6.21B).
All the enzymes needed to form propionate were present in all four Quinella genome bins.
Formation of oxaloacetate is a key step in this pathway, either from phosphoenolpyruvate
via pyruvate or from directly from phosphoenolpyruvate. Both pathways seem possible
in Quinella. If there is a functional OACD in Quinella, it seems to have an unusual
structure. The OACD enzyme in Quinella may be a hybrid of o subunit of OACD, and
the B, v and o subunits of MMCD. All other key enzymes in the propionate formation
pathway for example, the Na'-translocating methylmalonyl-CoA decarboxylase and the
fumarate reductase are present. Overall, these analyses indicate that Quinella uses the
randomizing pathway of acetate and propionate formation. A study of sheep rumens
dominated by Quinella indicated that this bacterium may be able to form propionate
(Vicini et al., 1987), and this study supports that.

Formation of lactate (Figure 6.21A) or of acetate and propionate (Figure 6.21B) will not
result in production of hydrogen, one of the major precursors of CH4 formation,
explaining how Quinella might be functioning inside the low CH4 emitting sheep rumen.
Interestingly, it seems that Quinella might encodes enzymes that could allow uptake of
exogenous hydrogen using a NiFe membrane bound uptake hydrogenase, which would
transfer electrons to cytochrome b, and then further to a fumarate reductase. The presence
of this NiFe membrane bound uptake hydrogenase in all four Quinella genome bins
suggested that Quinella might even use H for its growth. This would allow the production
of more propionate at the expense of acetate (Figure 6.21C). However, the presence of an
active hydrogenase need to be checked in a pure Quinella culture, which will also confirm
the directionality of the hydrogenase (hydrogen uptake, hydrogen producing, or

bidirectional).

Overall, from pyruvate, Quinella may carry out some of three different possible pathways
of end product formation. These are fermentation to form lactate (Figure 6.21A),
fermentation to form acetate plus propionate (Figure 6.21B) or fermentation of glucose
plus hydrogen to form propionate (Figure 6.21C). The first two of these are standard and
well-known metabolic schemes, but the third, the use of hydrogen plus glucose, is not.
These different pathways of lactate, propionate and acetate formation result in the

production of different amounts of ATP. Lactate formation from glucose (Figure 6.21A)

190



yields 2 ATP while formation of propionate and acetate (Figure 6.21B), or just propionate
(Figure 6.21C) produce approximately 2.7 - 4.4 ATP (Table 6.4). If lactate is used as a
substrate then electrons from the lactate to pyruvate and pyruvate to acetyl-CoA
conversions may be used in the propionate pathway (Figure 6.21D), yielding 0.33 to 0.66
ATP (Table 6.4). Lactate could, however, theoretically be used together with hydrogen
to form only propionate (Figure 6.21E) with formation of up to 1.2 ATP (Table 6.4).
Multiple of these pathways might operate at the same time, producing a mix of products.
For example, simultaneous formation of lactate, acetate and propionate from sugars
seems feasible, as does the use of hydrogen plus sugars with variable amounts of
hydrogen to yield different ratios of acetate to propionate. It does seem, from the analyses
conducted here, that hydrogen formation is not supported, but this will require

confirmation, preferably using a culture of Quinella.

So far, attempts to isolate Quinella performed by Orpin (1972) and in this project have
been unsuccessful, but the information gathered using Quinella genome bins analysis may
play useful role in future isolation attempts. Identification of an uptake hydrogenase
suggests that including hydrogen together with sugars may lead to successful cultivation
of Quinella. By using methanogen inhibitors, the use of the hydrogen by methanogens
could be eliminated. The activity of Quinella in the rumen still needs to be confirmed by
metatranscriptomic analyses of low CHs emitting sheep containing the Q-type
community, much like Kamke et al. (2016) have analysed gene expression in sheep with
S-type communities. The genome bins generated here will help with mapping transcripts

because they provide genomic data for Quinella.
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0.66 Propionate 0.33 Acetate
E Lactate A.Glucose — 2 Lactate
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+— Z2e- D. Lactate — 0.33 Acetate + 0.66 Propionate
r
Propionate E. Lactate +H, ——» Propionate

Figure 6.21 Possible end product formation by Quinella from glucose and lactate
utilisation. There are three possible schemes for using glucose as a substrate. A) Two
lactate can be produced from one glucose. B) When glucose is fermented without
hydrogen uptake, then it will produce 0.66 acetate together with 1.33 propionate. C) If
hydrogen is used via an uptake hydrogenase together with glucose, then two propionate
can be produced. There are two pathways for using lactate as a substrate. D) Lactate can
be fermented to 0.33 acetate and 0.66 propionate without hydrogenase activity, while E)
one propionate will be produced if hydrogen is used by the uptake hydrogenase when
using lactate. e~ represents electrons transferred by NAD, ferredoxin, cytochrome b, or
other electron carriers.
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Chapter 7 Summary, conclusions and ideas for further

research

7.1 Rationale

Since 11000 to 9000 BC, when sheep were the first animals known to be domesticated
for food use (Meadows, 2014), agriculture practices have kept improving. In countries
like New Zealand, where a major part of the economy is ruled by agriculture, it is
important to continuously monitor and improve agriculture practices and strategies.
Ruminant-derived products contribute about 36% of the total value of NZ’s exports. At
the same time they also contribute towards greenhouse gas emissions, especially CHs gas,
which accounts for 31.5% of NZ’s total GHG emission, almost 6 times the global average
CH4 emissions from ruminants (Clark, 2009). In this process not only is CH4 being
released in the environment but also it is an approximately 8% loss of metabolic energy
to the ruminants (Lassey et al. 1997). Researchers around the globe have been working
on different strategies to reduce the CH4 emissions from ruminants. Breeding low CH4

ruminants has been a major part of that effort.

It has been shown that the CH4 emission trait in sheep is a heritable and reproducible
process (Pinares-Patifio et al., 2013b). Methane gas is emitted as by-product of rumen
fermentation which is driven by microbes, mainly bacteria and methanogens present in
the rumen. Rumen bacteria play a major role in feed fermentation and the formation of
hydrogen (H>2) or formate, which are converted to CH4 by the action of methanogens.
Different fermentation pathways lead to different ratios of the major volatile fatty acids
(acetate, propionate and butyrate) formed in the fermentation with different amounts of
H; or formate being formed per unit of feed fermented. This leads to the hypothesises that
the metabolism of dominant rumen bacteria associated with low CHs emitting sheep
should explain the lower CHy yield, for example, by producing less H> or formate than
bacteria associated with high CH4 emitting sheep. To understand the influence of bacterial
community on CHy4 emissions, and to see whether abundant bacterial groups present in
low CH4 emitting ruminants are involved in less H» or formate production, detailed study
of the bacterial groups was needed. Kittelmann et al. (2014) identified two bacterial
ruminotypes, Q and S, associated with low CHs emissions. Ruminotype Q showed a

higher relative abundance of Quinella spp. while ruminotype S was mainly characterised
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by Sharpea spp. None of these bacteria has been studied in detail before in context to
their fermentation pathways. This was followed up by a metagenomic and
metatranscriptomic study conducted by Kamke et al. (2016), who inferred that the rumen
microbial community of Sharpea-enriched sheep produced lactate and butyrate as major
end products which leads to lower CH4 emissions from those sheep than in high CH4
emitting sheep that have a rumen microbial community with fewer Sharpea that results
in more H» production. To date, no work has been conducted on the mechanism in the Q-

type community characterised by Quinella spp.

The aim of this thesis was to conduct a deeper examination of bacterial taxa associated
with high and low CHjy yields and provide a more accurate identification of bacterial
groups associated with low CHg emitting sheep rumens. Strains of Sharpea and its close
relative Kandleria, and concentrated Quinella samples were then used to understand how

these low-CHjy associated bacterial groups ultimately lead to lower CH4 emissions.

7.2 Summary of results

Analysis of short reads of 16S rRNA gene sequences (provided by (Kittelmann et al.,
2014) suggested that Quinella and Sharpea were associated with two low bacterial CHa
community types (Q and S). In addition, there was a high CHs-associated community,
designated H-type, which appeared to be broadly similar to the Q- and S-types, but with
Quinella or Sharpea. These data were re-examined in the work described here. First, the
data were reanalysed using a more up-to-date bacterial taxonomic scheme. The
significance of Quinella and Sharpea in the Q- and S-type communities was confirmed
using different statistical tests, and then the data were interrogated using sPLS-DA (using
representative sequences of OTUs at 97% sequence identity as input) to identify any
additional taxa that differentiated these community types from each other. In addition to
Quinella and Sharpea, seven other taxa were found to be associated with low CHs4
samples while ten taxa were found to be associated with high-CHas type samples (Table
3.3). It was notable that, in this OTU-level analysis, all 24 OTUs that separated the
samples containing a Q-type community from other samples were assigned to the genus
Quinella. In contrast, in samples containing the S-type community, of 16 discriminating
OTUs, the seven most discriminating OTUs were affiliated to Sharpea (6 OTUs) and to
the genus Kandleria (a closely related genus to Sharpea; 1 OTU).
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To understand the species level diversity of these bacterial groups in sheep, first the
phylogeny of these bacteria was analysed, using high-quality 16S rRNA gene sequences
(both pre-existing and from newly formed clone libraries). The analysis suggested that
Quinella may be represented by at least eight species level taxa (currently there is just
one recognised species; Quinella ovalis) whereas Sharpea and Kandleria were only
represented by one species each, S. azabuensis and the K. vitulina respectively. When this
taxonomy was used to assess the Quinella, Sharpea and Kandleria diversity in sheep
rumens by using 16S rRNA short reads generated by 454 pyrosequencing, Quinella was
found to be more diverse than Sharpea and Kandleria. Sequences assigned to Quinella
were grouped in 6 of the 8 species defined earlier, and 5 new clusters of short-read
sequences that might be part of these species or new species. In contrast, short read
sequences affiliated with the genus Sharpea formed an additional cluster (containing
short reads only) as well as grouping with the type species, S. azabuensis. Sequences
belonging to the genus Kandleria all grouped with the type species, K. vitulina. The
association of Sharpea with low CHs sheep was explained by Kamke et al. (2016) but the
role of Quinella in the rumen of low CH4 sheep is still not understood. However, the
volatile fatty acid profile in rumen samples of the sheep with the different community
types provide a clue. The propionate to acetate ratios in Q-type community samples were
greater than other community types, indicating that Quinella might be involved in
propionate formation which would lead to less CH4 formation. These finding are needed

to be confirm by conducting more detailed studies of Quinella.

To understand the physiology of Sharpea and Kandleria associated with low CHa4 sheep
rumen samples, four strains of each were used for analysis. In substrate utilisation tests it
was found that most of the tested strains can grow equally well with glucose, fructose,
galactose, sucrose, cellobiose and raffinose. D-Lactate was produced as the major end
product with small amounts of formate, acetate and ethanol also detected. In co-culture
experiments it was demonstrated that Sharpea and Kandleria didn’t change their
fermentation pattern when they grew with M. olleyae (a methanogen that can use both H»
and/or formate), and lactate was still produced as the major end product. It was speculated
that in co-culture, Sharpea and Kandleria might change their fermentation pattern from
homolactic to mixed acid fermentation which would resulted in a decrease in production
of lactate and an increase in production of acetate and perhaps ethanol, but this did not

happened. This was a further confirmation of the Kamke et al. (2016) hypothesis, that in
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the complex rumen environment Sharpea and Kandleria produce lactate as their major
end product. Lactate is further converted to butyrate Kamke et al. (2016), resulting in less
CHg4 production in comparison to the direct fermentation of carbohydrates to butyrate

because the net H» yield is lower in the Sharpea-Megasphaera system.

Quinella, the diagnostic bacterium associated with the Q-type community, has been
known for more than a century. However, no culture is available and its physiology is
also not very clear. Orpin (1972) tried to isolate it but was not able to maintain it as pure
culture. The first step towards understanding Quinella was to confirm its physical
presence in sheep rumen samples in the study described in this thesis, as the association
of Quinella with the Q-community type samples were based on short length 16S rRNA
gene sequences generated by using 454 pyrosequencing. Hybridisation of a Quinella-
specific FISH probe, designed in this study, suggested that Quinella cells are large and
oval, which matches previously reported observations (Quin, 1943; Wicken and Howard,
1967b; Orpin, 1972) using standard microscopy methods. This was further confirmed
using SEM and TEM. Quinella cells were 3 to 5 um long and 1 to 2 um in diameter. After
an unsuccessful attempt to isolate a culture of Quinella, a cell concentration method was
developed. Microscopy and clone library preparation of concentrated Quinella cells
confirmed the marked increase in its relative abundance in these preparations.
Metagenome sequencing was performed on DNA extracted from these concentrated
Quinella samples. Assembly and genome binning performed on metagenomic sequences
was successful, as out of 13 Quinella genomic bins, four appeared to be >90% complete
and as little as 0.20% contaminated. Phylogenetic analysis of full length 16S rRNA gene
sequences representing these genomic bins suggested that each of them may represent a
different Quinella species. This finding was also supported by difference in G+C%

content and coverage of these Quinella genomic bins.

On the basis of CAZyme analysis it appeared that none of these genome bins have genes
for polysaccharides degradation, suggesting that Quinella might be dependent on other
rumen microbes to degrade the polysaccharide components of feed. However,
B-glucosidase and a range of PTS genes were found in the Quinella genome bins, which
indicates that it uses cellobiose, cellodextrins, and other simple sugars to grow. Detailed
analysis of genes for key enzymes involved in end product formation pathways suggested
that Quinella may produce lactate perhaps use it as well. The L-lactate dehydrogenases

of all four Quinella genome bins were highly similar to their homologue of Selenomonas
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ruminantium, a close relative of Quinella that has been reported to produce and use lactate
(Wallace, 1978; Asanuma and Hino, 2005). This somewhat strengthens the prediction of

Quinella both being a lactate producer and user.

Quinella also possessed the randomizing pathway for propionate production. This finding
is consistent with the VFA profiles of rumen samples containing Q-type communities,
where greater ratios of propionate to acetate were observed than in samples containing
the other community types. However, it appeared that Quinella uses succinyl
CoA-transferase and succinyl-CoA synthetase to catalyse the succinate-dependent
conversion of acetyl-CoA to acetate, an ATP yielding process, which hasn’t been reported
in bacteria previously but is present in helminths, protists and fungi. Notably, this might
be happening in S. ruminantium as well, as the gene annotated as acetyl-CoA hydrolase
in S. ruminantium genome might actually be a succinyl CoA-transferase. This conclusion
was made on the basis of presence of a key amino acid that determines whether the
enzyme functions as a hydrolase (D447: Saccharomyces cerevisiae) or transferase (E431:
Selenomonas ruminantium; E432: Quinella). Furthermore, an unusual OACD structure
was postulated in Quinella, by creating a hybrid of it unusual OACD a subunit with 3, y
and 6 subunits of MMDC.

Unexpectedly, all four Quinella genomic bins contained genes that appeared to code for
NiFe hydrogen-uptake hydrogenases, which could feed electrons into the propionate-
forming pathway. This suggests that Quinella might be able to take up hydrogen produced
by other rumen microbes, which would result in increased propionate formation by
Quinella. These findings explain how Quinella might be involved in lower CH4 formation
in the Q- type sheep rumen community. Overall, it appeared that there are five possible
pathways for product formation, three of them using sugars as substrates while the other
two use lactate. All of these pathways not only result in no Hz production, but also the
propionate formation may function as an electron sink and take up the available H» in the
rumen when Quinella is growing with sugars and lactate. Overall, on the basis of gene
sequences present in Quinella genome bins, it appeared that Quinella may produce
lactate, acetate plus propionate, or just propionate as major end products, or some mix of
these three schemes because all pathways could operate simultaneously with

compromising electron balances.
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These analyses also provided useful information which may help in future with attempts
to isolate Quinella. The presence of a membrane bound uptake hydrogenase in all
Quinella genome bins suggested that Quinella might grow well in presence of glucose
and hydrogen. However, this could also lead to growth of some other hydrogen utilisers
like methanogens as contaminants which could be prevented by using methanogen

inhibitors.

7.3 Ideas for further research

Complete genome sequences of Sharpea and Kandleria are available through the
Hungate1000 genome project (Creevey et al.,, 2014). However, even though the
physiology of Sharpea and Kandleria has been studied in this project as well as by Kamke
etal. (2016), detailed analysis of these genomes may reveal new features of these bacteria.
Conducting CAZyme analysis may help in understanding whether they have the
polysaccharide-degrading potential or, like Quinella, they rely on simple sugars released
by other microbes for their growth. Small amounts of formate, acetate and ethanol were
detected as fermentation products of Sharpea and Kandleria, and the roles of these
products needs to be better understood. Furthermore, 16S rRNA gene based phylogenetic
analysis of Sharpea and Kandleria did not show much diversity, so it would be interesting
to conduct a comparative genomic analysis of these bacteria to find out whether there are

any unique features at the species or strain level.

Quinella were found to be diverse in the present study based on almost full-length 16S
rRNA gene sequences. Short read sequences of 16S rRNA genes indicated that there may
be even more diversity in the genus Quinella. This could be investigated by generating
more full length 16S rRNA gene clone sequences using rumen fluid samples from sheep
that show higher relative abundance of Quinella. This could be best explored by sampling
from a much wider range of ruminants on different diets, especially to understand if

different species have any host or diet preferences.

This thesis was more focused on getting a first understanding of the physiology of
Quinella. However, by using these genome bins many other analysis can be conducted to
understand different features of Quinella. It would be interesting to study how Quinella
maintains its remarkable large cell size. This might be revealed by identifying any unique

gene(s) or pathways involve in cell cycle and cell division (Marshall et al., 2012).
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Similarly, detailed analysis of Quinella genome bins may help in understanding different

cell surface types observed in SEM and TEM images of Quinella.

The succinyl CoA-transferase and succinyl-CoA synthetase cycle of acetate and ATP
formation needs further investigation, as it has not been reported in bacteria before. This
can be done by either using pure cultures of Quinella or using S. ruminantium, which
appeared to use the same cycle of acetate formation. Cloning and expression of succinyl
CoA-transferase and succinyl-CoA synthetase gene from Quinella and S. ruminantium in

E. coli may able provide answers.

Isolation attempt of Quinella could be attempted in presence of glucose and hydrogen
together with methanogen inhibitors. The chances isolating pure Quinella cells may be
increased by using rumen fluid samples from sheep with large Quinella populations. If
successful, isolated Quinella cultures may be then used to assemble complete Quinella
genomes and conduct comparative genome analyses. Quinella isolates may further be
used for in vitro fermentation experiments to confirm the finding of this study. These
include the use and production of lactate, and the uptake of hydrogen in the presence of

sugars to increase the flow to the propionate-forming pathway

This study deduced Quinella’s physiology on the basis of genes detected in genome bins.
Some of the conclusions could be tested by conducting a metatranscriptomics study of
low CHg4 emitting sheep containing the Q-type community. This can be done in a similar
way as performed by Kamke et al. (2016) who studied sheep that had S-type communities.
The gene transcripts in those rumen samples could be mapped onto the Quinella genome
bins to identify and estimate the transcript abundance. It would be interesting to determine
to degree to which the lactate dehydrogenase and the uptake hydrogenase are expressed

in these sheep.

To date, two low CHgy associated bacterial community types, or ruminotypes (Q and S)
have been identified in the rumens of sheep fed lucerne pellets. In this study, the relative
abundance of Quinella 16S rRNA genes was as high as 74.4% of the total bacterial 16S
rRNA genes detected. It would be interesting to repeat this experiment using high and
low CH4 emitting sheep fed on pasture and other diets. This will provide information
whether community association with CHg yield are consistent or not across diets. It would
also be interesting to see if the community types are stable through the lifespan of an

animal. Studies conducted by Wallace et al. (2015) and Danielsson et al. (2017) observed
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slight increases in the relative abundance of members of the family Succinivibrionaceae
in low CHg emitting cattle using eight and 21 high and low CH4 emitters respectively.
This type of study needs to be conducted on a large scale using more animals and different
ruminant species. Members of this family are also implicated in low CH4 emissions from
wallabies, producing succinate (Pope et al., 2011). Succinate is an intermediate in the
randomising pathway of propionate formation, and so mechanisms similar to that
proposed for the Q-type community may function in these animals but be carried out by
phylogenetically different bacteria. It is not known to what extent the mechanisms
proposed in this thesis for low CHs emissions in the Q and S type communities are
applicable to other low CH4 emitting animals across different diets, but hypotheses have

been generated that can be tested.
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Appendices

Table A3.1. Details of the 88 taxa with a relative abundance of >1% in any of the samples,
forming the reduced taxa dataset.

Average relative abundance (%)

Taxa In community types
Avg
Q S H

Quinella 11.00 31.90 1.30 0.58
Prevotella 1 20.79 1497 22.79 2532
Fibrobacter 4.12 2.86 3.52 7.53
Sharpea 276  0.77 1.35 9.17
Rikenellaceae RC9 gut group 7.52  5.29 8.63 8.45
Kandleria 0.64 029 0.18 2.28
Prevotellaceae UCG 001 2.15 1.52 2.82 1.58
Xylanibacter 1.76 1.21 2.20 1.62
Oscillaspira 042 046 0.41 0.40
Christensellaceae R7 group 4.51 4.38 549 243
Erysipelotrichaceae UCG 002 0.06  0.00 0.00 0.29
Anaeroplasma 2.28 2.02 222 282
Acetitomaculum 2.11 1.57 233 247
Lachnospiraceae NK3A20 group 2.31 1.80 2.63 2.39
Ruminococcaceae NK4A214 group 2.61 1.99 3.34 1.92
Bacteroidales S24 7 1.90 1.34 2.16 221
Ruminococcaceae UCG 005 1.10 0.87 1.50 0.54
Bacteroidales BS11 gut group 263 244 300 210
Prevotella 7 0.10  0.03 0.05 031

Coriobacteriaceae UCG 001 0.31 0.07  0.09 1.18
Lachnospiraceae gauvreauii group 1.07  0.82 1.02 1.60
Ruminococcus 1 2.07 1.81 2.34 1.88
candidate division SR1 034 0.19 052 0.15
Erysipelotrichaceae UCG 004 0.69  0.67 0.77 0.53
Thalassospira 1.17  0.86 1.67 0.49
Dorea 0.66 0.27 0.72 1.10
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Average relative abundance (%)

Taxa In community types
Avg
Q S H

Lachnospiraceae NK4A136 group 090  0.82 1.04  0.70
Synergistaceae UCG 001 0.12 0.34 0.02 0.01
Prevotellaceae NK3B31 group 0.60 0.44 0.69 0.64
Lachnospiraceae AC2044 group 0.91 0.77 1.21 0.44
Opitutae vadinHA64 0.04 0.02 0.06 0.00
Cyanobacteria 4C0d 2 0.67 0.58 0.87 0.36
Ruminococcaceae UCG 002 0.46 0.43 0.62 0.12
Roseburia 0.31 0.25 036 027
Saccharofermentans 086 0.77 097 0.77
Lachnospiraceae colinum group 0.33 0.27 048  0.08
Ruminococcaceae UCG 010 0.83 0.77 1.00 0.53
Bacteroidales RF16 0.50 0.39 0.61 0.40
candidate division TM7 0.25 0.24 0.29 0.18
Blautia 0.68 0.69 0.76 0.51
Eubacterium ruminantium group 0.28 0.25 0.32 0.25
Oribacterium 0.65 050 077  0.62
Ruminococcus 2 0.27 0.23 0.34 0.20
Ruminococcaceae UCG 008 0.19 0.07 0.13 0.49
Lachnospiraceae ND3007 group 0.47 0.41 0.58 0.29
Syntrophococcus 0.46 0.35 0.39 0.76
Victivallis 0.10 0.07 0.15 0.02
Rhodospirillaceae UCG 001 0.10  0.10  0.15 0.02
Porphyromonadaceae UCG 001 0.13 0.18 0.13 0.05
Ruminococcaceae UCG 001 0.11 0.09 0.15 0.06
Siracum group 0.29 0.29 0.39 0.06
Coprostanoligenes group 0.48 0.42 0.61 0.26
Succiniclasticum 0.66  0.62 0.78  0.46
Butyrivibrio 2 0.59 0.39 0.77 0.49
Clostridiales 1 Family XIII AD3011 group 0.41 0.39 0.47 0.28
Prevotellaceae UCG 003 045 035 0.56 036
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Average relative abundance (%)

Taxa In community types
Avg
Q S H

Victivallaceae UCG 001 0.19 0.16 025 0.11
Ruminococcaceae UCG 014 0.38 0.33 0.45 0.28
Prevotella 11 0.30 0.22 0.32 0.37
Clostridiales 1 UCG 001 0.34 0.34 0.41 0.21
Treponema 2 0.29 0.23 0.36 0.22
Lachnospiraceae XPB1014 group 029  0.25 0.37 0.14
Ruminococcaceae viride group 0.14 0.06 0.12 0.30
Atopobium 039 0.28 0.45 0.42
Lachnospiraceae phytofermentans group 0.12 0.09 0.17 0.06
Pseudobutyrivibrio 036 0.28 0.46 0.25
Lachnospiraceae uniforme group 0.10  0.06 0.11 0.15
Prevotellaceae UCG 004 0.28 0.26 0.30 0.25
Lachnospiraceae hallii group 0.42 0.36 0.47 0.41
Lachnospiraceae herbivorans group 0.15 0.10 0.19 0.13
Marvinbryantia 0.51 0.41 0.61 0.41
Endomicrobium 0.09 0.05 0.15 0.03
Prevotella YAB2003 group 0.07 0.03 0.05 0.20
Lachnospiraceae UCG 008 0.38 0.32 0.44 0.35
Aneraolineaceae UCG 001 0.21 022 024 0.12
Prevotella 2 0.04  0.02 0.06 0.04
Lachnospiraceae NK4B4 group 0.10  0.11 0.11 0.07
Coprococcus 1 0.17 0.16 0.17 0.16
Clostridiales 1 Family XIII nodatum group 0.14 0.12 0.15 0.15
Ruminococcaceae UCG 009 0.06 0.06 0.07 0.04
Lachnospiraceae oxidoreducens group 0.16  0.17 0.19 0.08
Lachnospiraceae UCG 011 0.14  0.10 0.15 0.15
Lachnospiraceae FCS020 group 0.16 0.13 0.19 0.15
Captivaceae 0.01 0.01 0.01 0.03
Moryella 0.21 0.18 0.26 0.18
Lachnospiraceae aminophilum group 0.19  0.15 022  0.19
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Taxa

Average relative abundance (%)

Avg

In community types

Q S H

Erysipelotrichaceae UCG 001
Parabacteroides
Coriobacteriaceae UCG 004

0.09
0.02
0.09

0.08 0.08 0.13
0.01 0.02 0.06
0.09 0.10 0.08
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Table A6.1 CAZymes found in Quinella genome bins. CAZymes with E-values < le-18
and coverage > 0.35 (Yin et al., 2012) were considered as good matches and are shown
in this table.

Quinella CAZyme  GAMOLA2 annotation match

genome bin families

genes match

SR2Q5_1268 AA4 Glycolate oxidase, subunit GlcD

SR1Q5 1058 CEI0 Carboxylesterase

SR1Q7_161 CE10 Esterase, PHB depolymerase family

SR3Q1 1207 CEI10 Esterase, PHB depolymerase family

SR1Q7_2225 CEIl0 Hypothetical protein

SR2Q5 1666 CEI10 Hypothetical protein

SR2Q5 568 CE10 Hypothetical protein

SR2Q5 577 CE10 Hypothetical protein

SR3Q1 1020 CE10 Hypothetical protein

SR3Q1_1255 CEI0 Hypothetical protein

SR3Q1_1456 CEI0 Hypothetical protein

SR3Q1_1021 CEI0 Polyketide synthase-associated domain

SR3Q1 2021 CE10 Putative carboxylesterase

SR1Q5 1059 CEI0 Tat (twin-arginine translocation) pathway signal sequence

SR1Q5 1060 CEI10 Tat (twin-arginine translocation) pathway signal sequence

SR1Q5 1061 CE10 Tat (twin-arginine translocation) pathway signal sequence

SR1Q5 1062 CEI10 Tat (twin-arginine translocation) pathway signal sequence

SR1Q5 1859 CE10 Tat (twin-arginine translocation) pathway signal sequence

SR1Q5 1860 CEI10 Tat (twin-arginine translocation) pathway signal sequence

SR1Q7 1258 CEI10 Tat (twin-arginine translocation) pathway signal sequence

SR3Q1_1018 CEI0 Tat (twin-arginine translocation) pathway signal sequence

SR3Q1 1019 CEI10 Tat (twin-arginine translocation) pathway signal sequence

SR3Q1 2386 CEI10 Tat (twin-arginine translocation) pathway signal sequence

SR1Q5 1783 CEll UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase, LpxC
SR1Q7 242 CEll UDP-3-0-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase, LpxC
SR2Q5 109 CEll UDP-3-0-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase, LpxC
SR3Q1 1227 CEll UDP-3-0-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase, LpxC
SR1Q5 1463 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR1Q5 1518 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab

SR1Q5 850 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR1Q7_1593 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab

SR1Q7 2096 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
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Quinella CAZyme  GAMOLA? annotation match

genome bin families

genes match

SR1Q7_503 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR2Q5 126 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR2Q5 1278 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR2Q5 935 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR3Q1 1283 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR3Q1 1994 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SR3Q1 943 CE4 Poly-B-1,6-N-acetyl-D-glucosamine N-deacetylase pgab, pgab
SRI1Q5 1093 CE4 Polysaccharide deacetylase family sporulation protein pdab, pdab
SR2Q5 1068 CE4 Polysaccharide deacetylase family sporulation protein pdab, pdab
SR3Q1 923 CE4 Polysaccharide deacetylase family sporulation protein pdab, pdab
SR3Q1 371 CE4 Putative urate catabolism protein

SR1Q5 2001 CE9 N-acetylglucosamine-6-phosphate deacetylase, naga

SR1Q7 202 CE9 N-acetylglucosamine-6-phosphate deacetylase, naga

SR2Q5 369 CE9 N-acetylglucosamine-6-phosphate deacetylase, naga

SR3Q1 743 CE9 N-acetylglucosamine-6-phosphate deacetylase, naga

SR1Q5 297 GH1 B-galactosidase

SR1Q7 1166 GHI1 B-galactosidase

SR1Q7_71 GH1 B-galactosidase

SR2Q5 701 GH1 B-galactosidase

SR3Q1 11 GH1 B-galactosidase

SR2Q5 1651 GHI13 1,4-a-glucan branching enzyme, glgb

SR3Q1 1695 GHI13 1,4-a-glucan branching enzyme, glgb

SR3Q1 2497 GHI13 1,4-a-glucan branching enzyme, glgb

SR3Q1 445 GH13 1,4-a-glucan branching enzyme, glgb

SRI1Q5 1565 GHI13 1,4-a-glucan branching enzyme, glgb

SR1Q7_1628 GHI13 1,4-a-glucan branching enzyme, glgb

SR1Q7_209 GHI13 1,4-a-glucan branching enzyme, glgb

SR2Q5 1470 GHI13 1,4-a-glucan branching enzyme, glgb

SR2Q5 1500 GHI13 a-phosphotrehalase, trec

SR3Q1 1971 GHI13 a-phosphotrehalase, trec

SRI1Q7 1085 GHI13 a-phosphotrehalase, trec

SR1Q5 127 GH13 a-phosphotrehalase, trec

SR2Q5_1718  GH23 Lytic murein transglycosylase B, mltb

SRI1Q5 1599 GH23 Lytic transglycosylase

SR1Q7 2199 GH23 Lytic transglycosylase
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SR2Q5 1168 GH23 Lytic transglycosylase

SR3Q1 342 GH23 Lytic transglycosylase

SR1Q5 965 GH23 Transglycosylase

SR1Q7 1734 GH23 Transglycosylase

SR2Q5 680 GH23 Transglycosylase

SR3Q1 1032 GH23 Transglycosylase

SR1Q7_77 GH23 Transglycosylase SLT domain protein
SR1Q5 1231  GH25 Hypothetical protein

SR3Q1 2221 GH25 Hypothetical protein

SR3Q1 925 GH25 Hypothetical protein

SR3Q1 1046 GH25 Phosphoglycolate phosphatase, bacterial, gph
SR1Q5_759 GH3 B-glucosidase-related glycosidases
SR1Q7_451 GH3 B -glucosidase-related glycosidases
SR2Q5 479 GH3 B -glucosidase-related glycosidases
SR3Q1 185 GH3 B -glucosidase-related glycosidases
SR1Q5 1015 GH32 Sucrose-6-phosphate hydrolase
SR1Q5 52 GH32 Sucrose-6-phosphate hydrolase
SR1Q5_723 GH32 Sucrose-6-phosphate hydrolase
SR1Q5 871 GH32 Sucrose-6-phosphate hydrolase
SR1Q7 1180 GH32 Sucrose-6-phosphate hydrolase
SR1Q7_1646 GH32 Sucrose-6-phosphate hydrolase
SR1Q7_186 GH32 Sucrose-6-phosphate hydrolase
SR1Q7_796 GH32 Sucrose-6-phosphate hydrolase
SR2Q5 1090 GH32 Sucrose-6-phosphate hydrolase
SR2Q5 590 GH32 Sucrose-6-phosphate hydrolase
SR3Q1 280 GH32 Sucrose-6-phosphate hydrolase
SR3Q1 485 GH32 Sucrose-6-phosphate hydrolase
SR3Q1 733 GH32 Sucrose-6-phosphate hydrolase
SR3Q1 1579 GH4 6-phospho-a-glucosidase

SR1Q5 1094 GH77 4-a-glucanotransferase, malq
SR1Q7 2201 GH77 4-a-glucanotransferase, malq
SR2Q5 1065 GH77 4-a-glucanotransferase, malq
SR3Q1_1217 GH77 4-a-glucanotransferase, malq
SR3Q1 2458 GH77 4-a-glucanotransferase, malq
SR1Q7_1014 GHS84 Hypothetical protein
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SR1Q5 1310 GH84 Putative O- GlcNAcase

SR2Q5_292 GHS84 Putative O-GlcNAcase

SR3Q1 2032 GH84 Putative O-GlcNAcase

SR1Q7_60 GT11 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_61 GT11 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SRIQS5 5 GT17 B-1,4-N-acetylgalactosaminyltransferase

SR1QS5 827 GT17 Hypothetical protein

SR1Q7 1137 GT17 Hypothetical protein

SR1Q7_1141 GT17 Hypothetical protein

SR1Q7 1427 GT17 Hypothetical protein

SR2Q5 1396  GT17 Hypothetical protein

SR1Q5 1742  GTI19 Lipid-A-disaccharide synthase, Ipxb

SR1Q7_692 GT19 Lipid-A-disaccharide synthase, lpxb

SR2Q5 978 GT19 Lipid-A-disaccharide synthase, Ipxb

SR3Q1 759 GT19 Lipid-A-disaccharide synthase, lpxb

SR2Q5 1672 GT2 Colanic acid biosynthesis glycosyltransferase wcaa, wcaa
SR3Q1 324 GT2 Colanic acid biosynthesis glycosyltransferase wcaa, wcaa
SR1Q7_1724 GT2 Glycosyltransferase domain

SR3Q1 291 GT2 Glycosyltransferase domain

SR1Q7_1906 GT2 Mycofactocin system glycosyltransferase, mftf

SR1Q7 2396 GT2 Mycofactocin system glycosyltransferase, mftf

SR2Q5 337 GT2 Mycofactocin system glycosyltransferase, mftf
SR2Q5 811 GT2 Mycofactocin system glycosyltransferase, mftf

SR2Q5 813 GT2 Mycofactocin system glycosyltransferase, mftf

SR3Q1 1204 GT2 Mycofactocin system glycosyltransferase, mftf
SR1Q5_1122  GT2 N-acetyl-o-D-glucosaminyl L-malate synthase bsha, bsha
SR3Q1 549 GT2 N-acetyl-o-D-glucosaminyl L-malate synthase bsha, bsha
SR1Q5 101 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SRIQ5 1101 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 1602 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 1745 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 209 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 265 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 266 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 578 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
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SR1Q5 579 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 656 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 986 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1197 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1410 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1693 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1782 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1783  GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1784 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7 1786 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1974 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7 2395 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_690 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7 819 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_820 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7 978 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 1075 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 1116  GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 1118  GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5_1120 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 222 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 418 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 645 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 646 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 809 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 812 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR2Q5 841 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1_1652 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1 1996 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1 216 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1 225 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1 755 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1_756 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1 84 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1 86 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
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SR3Q1 89 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR3Q1 917 GT2 Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q7_1785 GT2 Putative glycosyltransferase, exosortase G- associated
SR3Q1 1225 GT2 Putative glycosyltransferase, exosortase G- associated
SR3Q1 215 GT2 Putative glycosyltransferase, exosortase G- associated
SR1Q7_768 GT2 Sugar transferase, PEP-CTERM/epshl1 system associated
SR2Q5_6 GT2 Sugar transferase, PEP-CTERM/epsh1 system associated
SR2Q5 818 GT2 Transferase 2, rsam/selenodomain-associated

SR1Q5 1255 GT26 Glycosyltransferase, wecb/taga/cpsf family

SRI1Q7 1963 GT26 Glycosyltransferase, wecb/taga/cpsf family

SR2Q5 1414  GT26 Glycosyltransferase, wecb/taga/cpsf family
SR3Q1_1268 GT26 Glycosyltransferase, wecb/taga/cpsf family

SRI1Q5 1278 GT28 Murg transferase

SR1Q5 718 GT28 Murg transferase

SR1Q7 1960 GT28 Murg transferase

SR1Q7_846 GT28 Murg transferase

SR2Q5 1515 (GT28 Murg transferase

SR3Q1_1265 GT28 Murg transferase

SR1Q7 1977 GT30 Tetraacyldisaccharide 4'-kinase

SR1Q7 331 GT30 Tetraacyldisaccharide 4'-kinase

SR1Q5_69 GT30 Tetraacyldisaccharide 4'-kinase, Ipxk

SR1Q7 22 GT30 Tetraacyldisaccharide 4'-kinase, Ipxk

SR2Q5 1349  GT30 Tetraacyldisaccharide 4'-kinase, Ipxk

SR3Q1_505 GT30 Tetraacyldisaccharide 4'-kinase, Ipxk

SR3Q1 1203 GT32 Hypothetical protein

SR1Q7_210 GT35 Glycogen/starch/a-glucan phosphorylases, glgp

SR2Q5 1471  GT35 Glycogen/starch/a-glucan phosphorylases, glgp
SR3Q1_1696 GT35 Glycogen/starch/a-glucan phosphorylases, glgp

SR1Q7 1061 GT4 Accessory Sec system glycosylation protein gtfa, gtfa
SR1Q5 1054 GT4 N-acetyl-a-D-glucosaminyl L-malate synthase bsha, bsha
SRIQ5 1216 GT4 N-acetyl-a-D-glucosaminyl L-malate synthase bsha, bsha
SR1Q7 1350 GT4 N-acetyl-a-D-glucosaminyl L-malate synthase bsha, bsha
SR1Q5 68 GT4 Sugar transferase, PEP-CTERM/epshl1 system associated
SR1Q7_604 GT4 Sugar transferase, PEP-CTERM/epshl system associated
SR2Q5 820 GT4 Sugar transferase, PEP-CTERM/epshl1 system associated

252



Quinella CAZyme GAMOLA? annotation match

genome bin families

genes match

SR3Q1 1169 GT4 Sugar transferase, PEP-CTERM/epshl system associated
SR1QS5_82 GT41 Hypothetical protein

SR1Q5 84 GT41 Hypothetical protein

SR1Q7_1076 GT41 Hypothetical protein

SR1Q7_258 GT41 Hypothetical protein

SR2Q5 1369 GT4l Hypothetical protein

SR3Q1 1043 GT41 Hypothetical protein

SR3Q1 1182 GT41 Hypothetical protein

SR3Q1 1183 GT4l Hypothetical protein

SR1Q5 1234 GT41 Hypothetical protein HMPREF9166

SR1Q5 1018 GT4l Peptide S-glycosyltransferase, suns family, suns
SR1Q7_962 GT41 Peptide S-glycosyltransferase, suns family, suns

SR2Q5 907 GT41 Peptide S-glycosyltransferase, suns family, suns

SR3Q1 487 GT41 Peptide S-glycosyltransferase, suns family, suns
SR1Q7_792 GT41 Poly-B-1,6 N-acetyl-D-glucosamine export porin pgaa, pgaa
SR1Q7 2089 GT41 Putative PEP-CTERM system TPR-repeat lipoprotein, prst
SR2Q5_1003  GT41 Putative PEP-CTERM system TPR-repeat lipoprotein, prst
SR2Q5 306 GT41 Putative PEP-CTERM system TPR-repeat lipoprotein, prst
SR3Q1 1574 GT41 Surface carbohydrate biosynthesis protein

SR3Q1 1186 GT41 Type VI secretion lipoprotein, VC

SR1Q7_208 GTS5 Glycogen/starch synthase, ADP-glucose type, glga

SR2Q5 1469 GTS Glycogen/starch synthase, ADP-glucose type, glga

SR3Q1 1694 GT5 Glycogen/starch synthase, ADP-glucose type, glga
SR1Q5_1079  GT51 Penicillin-binding protein, 1A family

SR1Q5 1167 GT51 Penicillin-binding protein, 1A family

SR1Q7_1592  GT51 Penicillin-binding protein, 1A family

SR1Q7 2234 GT51 Penicillin-binding protein, 1A family

SR1Q7_890 GT51 Penicillin-binding protein, 1A family

SR2Q5 1186 GT51 Penicillin-binding protein, 1A family

SR2Q5 1279  GT5l Penicillin-binding protein, 1A family

SR3Q1 1596 GT51 Penicillin-binding protein, 1A family

SR3Q1 334 GTS1 Penicillin-binding protein, 1A family

SR3Q1 364 GT8 CXXX repeat peptide maturase

SR1Q7 213 GT8 Deoxycytidine triphosphate deaminase, dcd

SR1Q7 2218 GT8 Excinuclease ABC subunit B, uvrb
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SR1Q7 1952  GT8 Glycosyl transferase family 8

SR1Q7_2219 GT8 Glycosyl transferase family 8

SR1Q7 2220 GT8 Glycosyl transferase family 8

SR3Q1 354 GT8 Glycosyl transferase family 8

SR3Q1_357 GTS Glycosyl transferase family 8

SR3Q1 365 GT8 Glycosyl transferase family 8

SR1Q7 2216 GT8 Hypothetical protein

SR1Q7 2217 GT8 Hypothetical protein

SR2Q5 1184 GT8 Hypothetical protein

SR3Q1 353 GT8 Hypothetical protein

SR3Q1 355 GTS Hypothetical protein

SR3Q1 356 GTS Hypothetical protein

SR3Q1 87 GT8 Hypothetical protein

SR1Q5 73 GTS Poly-B-1,6 N-acetyl-D-glucosamine synthase, pgac
SR1Q5 900 GT81 Glycosyltransferase, TIGR04182 family

SR3Q1 129 GT81 Glycosyltransferase, TIGR04182 family

SR1Q7_1272 GT8&3 Dolichyl-phosphate-mannose-protein mannosyltransferase
SR2Q5 30 GT83 Glycosyl transferase

SR3Q1 2287 GT&3 Glycosyl transferase

SR3Q1_2105 GT83 Oligosaccharyl transferase, archacosortase A system- associated
SR1Q7_1268 GT9 Lipopolysaccharide heptosyltransferase I, waac

SR1Q7 1563 GT9 Lipopolysaccharide heptosyltransferase I, waac

SR2Q5 34 GT9 Lipopolysaccharide heptosyltransferase I, waac

SR3Q1 2109 GT9 Lipopolysaccharide heptosyltransferase I, waac

SR3Q1 2283 GT9 Lipopolysaccharide heptosyltransferase I, waac
SR3Q1_695 GT9 Lipopolysaccharide heptosyltransferase I, waac

SR1Q5 1659 GT9 Lipopolysaccharide heptosyltransferase I, waaf
SR1Q7_598 GT9 Lipopolysaccharide heptosyltransferase 11, waaf
SR2Q5 819 GT9 Lipopolysaccharide heptosyltransferase 11, waaf
SR3Q1_1170 GT9 Lipopolysaccharide heptosyltransferase 11, waaf
SRIQS5 181 GT9 Putative lipopolysaccharide heptosyltransferase II1, rfaq
SR1Q7 2075 GT9 Putative lipopolysaccharide heptosyltransferase III, rfaq
SR2Q5 1350 GT9 Putative lipopolysaccharide heptosyltransferase III, rfaq
SR3Q1 1870 GT9 Putative lipopolysaccharide heptosyltransferase III, rfaq
SR2Q5 321 GT92 Glycosyltransferase, TIGR04182 family
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SR1Q5 1130  GT92 Hypothetical protein
SR1Q7 2203 GT92 Hypothetical protein
SR1Q7 2204 GT92 Hypothetical protein
SR1Q7 268 GT92 Hypothetical protein
SR2Q5 1067 GT92 Hypothetical protein
SR2Q5 1467 GT92 Hypothetical protein
SR3Q1 1218 GT92 Hypothetical protein
SR3Q1 1219 GT92 Hypothetical protein
SR3Q1 1220 GT92 Hypothetical protein
SR3Q1 1768 GT92 Hypothetical protein
SR3Q1 2335 GT92 Hypothetical protein
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Table A6.3 PTS transporter found in Quinella genome bins using TransportDB 2.0

database (Elbourne et al., 2017).

Quinella

genome  bin Sub family Substrate

genes

SR1Q7 1675 EnzymellC Ascorbate
SR1Q7 1676  EnzymellC Ascorbate
SR1Q7_455 EnzymellC Ascorbate
SR2Q5 487  EnzymellC Ascorbate
SR1Q7 455 EnzymellC Ascorbate
SR1Q5 1523  EnzymellA Fructose
SR1Q7 1384 EnzymellAB Fructose
SR1Q7 1385 EnzymellABC Fructose
SR1Q7 1677 EnzymellA Fructose

SR1Q7 454  EnzymellA Fructose
SR1Q7 1754 EnzymellAB Fructose
SR1Q7 1757 EnzymellAB  Fructose
SR2Q5 1321 EnzymellABC Fructose
SR2Q5 1509 EnzymellABC Fructose
SR2Q5 1757 EnzymellABC  Fructose
SR2Q5 181 EnzymellAB  Fructose

SR2Q5 488 EnzymellA Fructose

SR3Q1 2251 EnzymellB Fructose

SR3Q1 2252  EnzymellC Fructose

SR3Q1 2253 EnzymellA Fructose

SR3Q1 783 EnzymellABC Fructose

SR3Q1 786  EnzymellAB  Fructose

SR3Q1 1576 EnzymellA Fructose

SR1Q7 456  EnzymellB Galactitol
SR2Q5 485 EnzymellB Galactitol
SR2Q5 486  EnzymellB Galactitol
SR1Q5 1287  EnzymellA Glucitol/sorbitol
SR1Q5 434  EnzymellC Glucitol/sorbitol
SR1Q5 435  EnzymellB Glucitol/sorbitol
SR1Q7 802  EnzymellA Glucitol/sorbitol
SR1Q7 432  EnzymellA Glucitol/sorbitol
SR1Q7 617  EnzymellA Glucitol/sorbitol
SR2Q5 1289  EnzymellA Glucitol/sorbitol
SR2Q5 605 EnzymellA Glucitol/sorbitol
SR3Q1 1106 EnzymellA Glucitol/sorbitol
SR3Q1 589  EnzymellA Glucitol/sorbitol
SR3Q1 341 EnzymellA Glucitol/sorbitol
SR1Q5 2046 EnzymellABC Glucose

SR1Q7 793 EnzymellABC Glucose




Quinella

genome bin Sub family Substrate

genes

SR2Q5 586  EnzymellABC Glucose

SR3Q1 1024 EnzymellABC Glucose

SR3Q1 279  EnzymellABC Glucose

SR3Q1 619 EnzymellABC Glucose

SR1Q5 550  EnzymellABC Glucose/maltose/N-acetylglucosamine
SR1Q5 873 EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR1Q5 1782  EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR1Q7_565 EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR1Q7_683 EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR1Q7 1999  EnzymellABC Glucose/maltose/N-acetylglucosamine
SR2Q5 1011  EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR2Q5 1128  EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR3Q1 143 EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR3Q1 1581 EnzymellABC Glucose/maltose/N-acetylglucosamine
SR3Q1 1499 EnzymellABC Glucose/maltose/N-acetylglucosamine
SR3Q1 942 EnzymellABC  Glucose/maltose/N-acetylglucosamine
SR1Q5 325 EnzymellABC Mannitol

SR1Q7 1379 EnzymellABC Mannitol

SR2Q5 900  EnzymellABC Mannitol

SR1Q5 508 EnzymellD Mannose/fructose

SR1Q5 509 EnzymellC Mannose/fructose

SRIQ5 510  EnzymellB Mannose/fructose

SR1QS5 511 EnzymellA Mannose/fructose

SR1Q7 1652  EnzymellA Mannose/fructose

SR1Q7 1653 EnzymellB Mannose/fructose

SR1Q7 1654 EnzymellC Mannose/fructose

SR1Q7 1655 EnzymellD Mannose/fructose

SR1Q7 1899  EnzymellA Mannose/fructose

SR1Q7 1900  EnzymellB Mannose/fructose

SR1Q7 1901  EnzymellC Mannose/fructose

SR2Q5 41 EnzymellD Mannose/fructose

SR2Q5 42 EnzymellC Mannose/fructose

SR2Q5 43 EnzymellB Mannose/fructose

SR2Q5 44 EnzymellA Mannose/fructose

262



BIOSYNTHESIS OF AMINO ACIDS |

. @ @ oo @ @ L) @ @ @ @ @

Fructoss-6F O O Histidine
@ .l 1} @rvuesy ; e
0 ‘
Erythrose.dP Seduhpluhg P
L ] Anthranilate § [ - [ ]
o > > > O Tryplophan
Glywmm-POYO I
Glyeeraldehyde-3P q«—'O—\‘
@ [ @ & @ & Prephenate
<! » » - » » 3 o—bo‘ry.mm
Shikiraste Chorismate
@
[ ] L) O—B. Phenylalanine
]
Phosphoserine
@
SSulfo-
Phosghoenclpymrvate e o
crsteine @ » SR1Q5
¢ -+ SR1Q7
20mmovikite g @ @ Y & ¥ Sene @
Valine GCTDO;—CC—DCC— T- ———®OCysteine O r SR2Q5
O heey
é l { y T ° .1 W SR3Q1
a
i. o L o P Methionine
o ‘ystethiomne Homocysteine
° ¢. .l Glysine l v
Lewire O4——8O o O-Suceinylhomoserine
2-Oumisocaproate .l
-
P L LIVl L b K L] L J
Hethgld. 2-0m- Thusonine Homoserine 6-ompumelaie
fanoate butanoate o, .
Alanine [RE— [ l
L-2-arino-
2,4 Disino- Sonpimelste g @ [
¥ @ |hsputate P [ butanoate < ) Lysine
.- S wes0.26-
o o Diamitiopimelate
l Hoficetyl-
L Iy . @
o © OO <
l Ahspungine 2.3,45-Tetrehypdrodipicolinate
Clutamine 1 Citrdine
[+) 0 o—g*°
Ccon myl-F
@ o—L»
l Glutamate @ .
2Omglutente O el )
l ® ® S.{Am{:.. . L) NAmtyI. Onn(h\lw
fatarnal
)4 o—»o—!c—po
1 L LysW-
futawmate onuthine
? ° @ o w0 ® LYk
]
l 2 Aminosdipate
2.0madipats O O Lysine
LysW- Wy lysis
{ i LysWp-lysine ]
Saccharopine
01230 715115

(c) Kuehisa Laboratoriss

Figure A6.1 Genes implicated in amino acid synthesis in Quinella. The four quadrants
indicate by colour if that gene was found in each genome bin. No colour means it was
absent. The image of amino acid biosynthesis was reproduced with permission (Kanehisa
etal., 2017).
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Figure A6.2 Genes associated with flagellar assembly in Quinella. The four quadrants
indicate by colour if that gene was found in each genome bin. No colour means it was
absent. The colours of the protein subunits are for differentiation only.
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