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Abstract

The potential impact of aridity on host-associated microbiomes has been little investigated previ-
ously. This study describes the results of bioinformatic and culturing based analysis of a number
of faecal samples from two arid-adapted rodent species, Acomys cahirinus and Acomys russa-
tus; from individuals living sympatrically in the Judean Desert, Israel. 81 faecal samples were
collected from two sampling points in June and November of 2016, some animals providing a
sample on each occasion. These were sequenced and subjected to bioinformatic analysis to de-
termine the taxonomic composition of the faecal microbiota. Metagenomic bins were generated
from the reads obtained from the faecal samples and these were used with the faecal reads to
determine if there were statistically significant differences between each host species microbiome
and within each species between the two sampling months. These bins were also taxonomically
identified and functionally annotated to assist with the development of genomic databases by
addition of material from a novel host environment. Guided by bioinformatic analysis, targeted
isolation of lactic acid bacteria from the Acomys faecal samples was carried out using selective
media. From this, 28 distinct lactic acid bacteria isolates were obtained, sequenced and as-
sembled. Putative taxonomic identities for these isolates were obtained, suggesting some are
novel species of lactic acid bacteria. 8 of the isolates were also used for halotolerance testing
to assess whether an observed host phenotype might also be detected in members of the mi-
crobiota. Growth of some isolates on media with 3.5% salinity (comparable to sea water) was
observed. Statistically significant differences between the two host species were observed, with
limited differences within hosts at each time point. Potentially beneficial functions for the hosts
were identified in the faecal microbiome and detected in isolates cultured from faecal samples.
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Aims and objectives of the project

The aim of this research project is to determine whether and how the faecal microbiome differs
between two arid adapted rodent species, and whether and how it differs between two points
within the rodent species. Ultimately it aims to assess if there are any links between the faecal
microbiome and survival in arid conditions of two rodent species, Acomys cahirinus and Acomys
russatus living sympatrically in the Judean Desert in Israel.

Research objectives

The research objectives are as follows:

1. To assess the ability of existing metagenomic tools and databases to analyse faecal micro-
biome data from both Acomys species.

2. To establish the taxonomic composition of the faecal microbiome of both Acomys species.

3. To functionally characterise the faecal microbiome of both Acomys species.

4. To investigate whether bacteria isolated from Acomys faecal samples have phenotypic traits
which might be associated with observed phenotypic traits of their host.

Research questions
The study proposes the following research questions:

1. What tools are frequently used to analyse metagenomic data?

2. How effective are these tools when used with samples likely to contain novel diversity?

3. What taxa make up the faecal microbiome of A. cahirinus and A. russatus?

4. Are there links between the host species and/or the time of sampling and the faecal micro-
biome of Acomys species?

5. Can bacterial isolates from Acomys be obtained using selective media designed for use
with Apodemus mice?

6. Are bacteria isolated from Acomys faecal samples capable of growing in hypersaline con-
ditions?
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Hypotheses

The following hypotheses are proposed:

1. The faecal microbiota differs significantly between two differen-
tially arid-adapted Acomys species.

2. The faecal microbiota differs significantly within two differen-
tially arid-adapted Acomys species depending on the season,
Summer or Winter, sampled.

3. The faecal microbiota of two differentially arid-adapted Acomys
species provide functional traits assisting in the aridity tolerance
of the host rodent.
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Description of chapters

Chapter 1 - Introduction

Chapter 1. gives a general introduction to the study of the microbiota, the different approaches
often employed in investigations of the microbiota and defines some key terms. It also highlights
the strengths and weaknesses of different bioinformatic approaches to microbiota investigations,
recounts some examples of notable findings from different approaches and examines existing
findings concerning arid associated microbial communities.

Chapter 2 - Methods

Chapter 2. describes the different methods used in this project. They include sampling informa-
tion, bioinformatics tools used along with their parameters and the experimental setup of isolation
of bacteria from Acomys faecal samples. It concludes with a list of all software used and their
version.

Chapter 3 - Results

Chapter 3. presents the results of the different analyses conducted in this project, presenting in
turn the findings of the different methodologies used.

Chapter 4 - Discussion

Chapter 4. expands on the results and provides some more context for them, relationships to
other studies are discussed and the results are interpreted in light of the initial hypotheses.

Chapter 5 - Conclusions

Chapter 5. discusses the inherent limitations of the project, the profound impact of the global
COVID-19 pandemic on the project and what further investigation was planned and could be
conducted in the future.
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Chapter 1

Introduction

• The concept of the Microbiota and its study is outlined in broad terms.

• The use of computational tools to study the Microbiota is discussed.

• The use of culturing and traditional microbiological approaches in combina-
tion with bioinformatics to study the Microbiota is discussed.

• Broad patterns and major findings from investigation of environmental Mi-
crobiota are discussed.

• Broad patterns and major findings from investigation of host-associated Mi-
crobiota are discussed.

• The relationship between the Microbiota and host tolerance of environmen-
tal stresses is discussed, with a focus on aridity tolerance and the rela-
tive lack of published research examining the Microbiota of arid-adapted
species.
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1.1 A general outline

The existence of microorganisms in the wider environment was not a recent discovery, they had
been known of, to some degree, for centuries [1] and studied in depth for decades [2, 3, 4, 5]. With
the discovery of the structure of the Deoxyribonucleic Acid (DNA) molecule [6] and subsequent
advances in accessing [7, 8, 9], sequencing [10, 11, 12, 13] and analysing genomic information
[14, 15] it became clear that there were communities of microorganisms almost everywhere on
earth [16, 17, 18]. With time and study the concept of the ’Microbiota’ began to develop, defined
as ’The assemblage of microorganisms present in a defined environment’ [19]. Researchers dis-
covered that the Microbiota can provide a wide range of functions for organisms which host them,
ranging from access to recalcitrant energy sources [20], protection from pathogens [21], ensuring
normal development [22] and tolerance of environmental stresses [23]. The microbiota became
a target of investigation in particular for medical research due to the potential it appeared to have
for addressing illnesses [24] and promoting or maintaining good health [25]. The possibility that
the microbiota might also play a key role in the ability of host organisms to remain healthy or
even survive in their standard conditions led to investigation from a conservation perspective [26,
27]. The compounds produced by the microorganisms of microbiota from different environments
are of themselves a source of interest, in particular as novel components for medicinal [28] or in-
dustrial processes [29]. Investigation of the Microbiota can be carried out through computational
analysis of sequenced reads, traditional microbiological methods or both in combination.

1.1.1 A note on terminology

There are two other terms commonly used in discussion related to this field, the ’Microbiome’ and
the ’Metagenome’. The Microbiome is defined as ’The entire habitat, including the microorgan-
isms (bacteria, archaea, lower and higher eurkaryotes, and viruses), their genomes (i.e., genes),
and the surrounding environmental conditions’ [19]. The Metagenome is defined as ’The col-
lection of genomes and genes from the members of a microbiota’ [19]. In this study the term
’Microbiota’ is used most frequently as the project focuses on the taxonomy of the microbial
communities being studied along with their relationship to the host organisms. When quoting or
referring to the work of others one of the other two terms may instead be used when following the
use of the cited authors.
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1.2 Bioinformatic investigation of the Microbiota

The two principal means of bioinformatic investigation of microbial communities from DNA se-
quencing of the environment they reside in are targetted sequencing of particular genes, typically
the 16S rRNA gene when dealing with Bacteria, and untargetted sequencing of any genetic ma-
terial that can be obtained from the environment; this latter approach is typically referred to as
’Shotgun sequencing’.

1.2.1 16S and other marker gene based approaches

16S rRNA sequencing (Referring to the 16S rRNA gene (16S)) takes advantage of the ubiquity
of the gene and the very high level of conservation it retains across time [30]. Since the devel-
opment of the approach [31] it has become an extremely common and widely used approach
for study of microbial communities, especially as the cost of sequencing in general decreased
[32, 33] along with the rapid increase in affordable computation. The conserved regions of the
gene can be targetted with specific primers and PCR employed to greatly increase the amount
of material available for analysis from a sample, which can make the approach quite useful in
situations with a limited sample supply. The variable regions allow for computational analysis
to identify [34] and delineate taxa [35, 36] on the basis of their similarity to each other in these
gene regions. The use of 16S sequencing for these purposes has been a mainstay of research
for decades and there has been much published on the advantages [37] and limitations [38, 39,
40, 41, 42] of the approach. Clarridge [43] provides a good outline of the actual mechanics of
generating 16S sequencing data for analysis.

The use of the 16S rRNA gene for establishing phylogenetic relationships between different
microbes, or equivalent marker genes in Fungi, has been a major part of metagenomics for years.
It has been presumed that differences in the sequence of the gene were due to speciation and
reflected real phylogenetic differences between the genomes the genes originated in. However in
recent years there has been evidence emerging that the gene is subject to the same processes
of horizontal transfer [44, 45] as other genes. Hassler et. al. [46] conducted an investigation
into the degree of similarity between phylogenies produced using the 16S rRNA gene and those
obtained using concatenated core genes; they found the 16S rRNA gene to be a poor tool for
phylogenetics due to poor species and strain delineation.

16S sequencing has some direct, practical advantages over Whole Genome Shotgun Se-
quencing (Whole Genome Shotgun Sequencing (WGS)). It is usually cheaper to conduct the
extraction, amplification and sequencing of a specific region of DNA as opposed to attempting to
capture as much of the sum total of genetic material present in a sample. A number of primers
exist which allow for targetting of specific bacterial taxa of relevance to investigators [47, 48] and
if the identity of a microorganism needs to be established with a high degree of confidence rel-
atively rapidly - such as for diagnostic [49, 50, 51] or medical research purposes [52] - then it is
likely the superior method of the two discussed here. The relationship between different primers
and certain domains has been reviewed multiple times, including by Baker et. al. [53]. The 16S
gene was used in a number of different investigative approaches, as discussed by Zoetendal
et. al. [54] but over time the most commonly employed method was, and remains so at the
time of writing, 16S rRNA gene sequencing. The development of Next Generation Sequencing
(Next Generation Sequencing (NGS)) and Long Read Sequencing have made 16S sequencing-
based investigations faster [55], larger in scope [56] and with a greater degree of resolving power
- through sequencing of the entire 16S gene [57] - while simultaneously introducing questions
about the underlying principles of the approach [58]. These being the inability to provide a spe-
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cific taxonomic identification at a level below the genus, the total absence of directly observable
functional information and reliance on inferred function along with the errors created when ampli-
fying the reads using PCR (Polymerase Chain Reaction (PCR)). Steps were, and still are, taken
to try and improve the approach through creation of new methods [59] and the refinement of
existing ones [60].

16S sequencing has been used in countless investigations into the Microbiota of different en-
vironments, including host-associated ones. Ley et. al. [61] employed it in their investigation into
the intestinal microbiota its relationship to obesity, detecting phylum level differences associated
with obesity. Dupont et. al. [62] used the approach to study the microbiota of a carnivorous
sponge (Asbestopluma hypogea (Cladorhizidae)) from the deep ocean. Panke-Buisse et. al. [63]
used 16S sequencing to link differences in soil microbiota to the flowering times of Arabidopsis
thaliana. Marteinsson et. al. [64] utilised 16S sequencing alongside other approaches when
studying the microbial community found in the water beneath an Icelandic ice cap which helped
them conclude there may be a connection between two subglacial lakes. Newton et. al. [65]
uncovered faecal pollution of lake waters from a nearby urban area in Michigan through the use
of 16S sequencing. More recently, Mohd-Yusof et. al. [66] used 16S sequencing when they in-
vestigated the bacterial pathogens which could be found in the microbiota of a fruit eating bats on
two Malaysian islands. Leclerc et. al. [67] used 16S rRNA gene sequencing to study the diver-
sity of archaea from a range of anaerobic digesters treating a range of material while Pereira da
Fonseca et. al. [68] used 16S rRNA gene sequencing to assess the bacterial community found
on Brazilian bank notes.

The utility of 16S sequencing for examining Archaea in addition to Bacteria can also be seen
in the many studies which have employed it to investigate the proportion of different microbial
communities made up of Archaea. Cunha et. al. [69] used the approach to assess both the bac-
terial and archaeal component of the rumen microbiota of Brazilian goats (Capra hircus). Probst
et. al. [70] used 16S sequencing to inspect the archaeal component of the human skin microbiota
and reported that up to 4.2% was composed of Archaea; though more recent work by Umbach
et. al. [71] also using 16S sequencing proposes a value between 1 and 2% instead.

Fungal Internal Transcribed Spacer (Referring to the fungal Internal Transcribed Spacer re-
gion of nuclear DNA (ITS)) regions have been employed in the same manner as the 16S rRNA
gene for investigation of the fungal component of various microbial communities; as the approach
shares many of the underlying rationale concerning species specific regions, measureable evo-
lutionary rates and relative ease of sequencing [72]. In their study of the microbiota in crystalline
rock 2 kilometers below the surface Miettinen et. al. [73] used both 16S sequencing to assess
the bacterial and archaeal members of the community but also employed ITS region sequencing
to analyse the fungi which were present. ITS sequencing let Abdelfattah et. al. examine the fun-
gal members of the microbiota of the Olive (Olea europaea), identifying 195 different Operational
Taxonomic Units. Suhr et. al. [74] used ITS sequencing in their study of the fungal members
of the human gut microbiota, detecting both longer term resident fungi and transient members.
Rittenour et. al. [75] employed ITS sequencing to investigate the fungal community inside the
homes of asthmatic children. More broadly, the potential to use marker based approaches for
the investigation of microbial eukaryotes within a microbiota has great potential - especially in
light of the relatively greater size of eukaryotic genomes as compared to prokaryotic ones; the
development of tools like taxaTarget by Commichaux et. al. [76] demonstrate the desire in the
microbial ecology community to develop and implement such approaches.
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16S sequencing computational tools and approaches

The 16S region sequence reads can be analysed using a variety of tools but with two broad,
overarching approaches. These are whether the researcher is interested in the taxonomy of
the microbiota as determined by Operational Taxonomic Unit (OTU)s or by Phylotype (similarity
to a reference sequence). These can be interpreted respectively as whether the researcher is
interested in the diversity of taxa within a sample irrespective of any external references, or the
composition of the community in terms of previously identified taxa. In some circumstances, med-
ical diganostics most obviously, the phylotyping approach is the most useful as the clinician or
investigator is primarily concerned with the presence or absence of some particular taxa which
have already been identified and are present in an external reference database [77, 78]. The
OTU based approach may be of more use for researchers who are investigating a microbiota
which has been little studied previously and where they might be comparing taxonomic diversity
to some other variable within their study; for instance the work of Siddiqui et. al. [79] looking at
the diversity of the female urine microbiota. In recent years there has been a move from OTUs
to Amplicon Sequence Variant (Amplicon Sequence Variant (ASV)) due to the increasingly clear
strain-level specificity of some genes and the restricted size of the core genome within an OTU,
as discussed by Fernádez et. al. [80].

Multiple pipelines exist for the processing of 16S sequencing data, both at the OTU and ASV
level for researchers taking that approach. QIIME [81] (Quantitative Insights Into Microbial Ecol-
ogy) and QIIME2 [82] are quite commonly used, with many studies having used QIIME to produce
high impact publications. MOTHUR [83] is another frequently used pipeline in 16S sequencing
studies, such as Desai et. al.’s [84] study into the relationship between dietary fibre, the gut micro-
biota and pathogen susceptibility. DADA2 [85] is an ASV level pipeline which is both standalone
and has been included within QIIME2. USEARCH [86] as a tool includes the pipelines UPARSE
[87] and UNOISE3 [88]. Prodan et. al. [89] provide a review of these pipelines which concludes
that the best balance between resolution and specificity was offered by USEARCH-UNOISE3.
Typical measures reported in 16S sequencing studies are the alpha and beta diversities, usu-
ally presenting multiple metrics for each including - but not limited to - species richness, Chao1,
Shannon index, Bray-Curtis and Jaccard distance. Dedicated R packages exist for 16S analysis
after the initial data generation and processing of the sequencing output including Vegan [90] and
Phyloseq [91]. As 16S sequencing does not capture genetic content outside the amplified region
tools have been developed to infer function from the taxonomic identities provided by the 16S
analysis, these include PICRUSt [92], PICRUSt2 [93], Tax4Fun [94] and Piphillin [95].

The choice of reference database used in a 16S sequencing based investigation can have a
major influence on detected taxa and abundances as measured by the different tools which can
be utilised. The most frequently employed databases include Silva [96, 97], RDP [98] (Ribosomal
Database Project) and Greengenes [99], some researchers may use multiple simultaneously and
take a consensus result from two or more of these databases - though this can lead to difficulties
due to the reported errors when providing the same data for comparison to the different databases
[100]. More tailored databases have also been created which focus on microorganisms associ-
ated with particular environments of interest to many investigators, such as CORE [101] for the
oral microbiota, DAIRYdb [102] for milk and related dairy product microbiota and MiDAS [103] for
the microbiota of wastewater. Researchers looking to create a custom 16S reference database
for their own project can avail themselves of published guides and methods on how to achieve
this, such as the work of Dueholm et. al. [104] with synthetic long read sequencing.

Refinements of 16S sequencing such as the development of ASV approaches with their asso-
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ciated benefits [105] or sequencing the 16S-23SrRNA encoding region rather than the 16S alone
[106] have gone some way to addressing the limitations [107, 108, 109, 110] of the approach but
it remains the case that outside of descriptive studies or use as a rapid diagnostic the approach
cannot provide as much insight into the actual genomes - and thus total genetic content - of the
microbes of assessed microbiota.

1.2.2 Shotgun sequencing

Shotgun sequencing was the approach used in this project and has been used in a wide vari-
ety of studies investigating different microbial communities, becoming increasingly common as
the cost of sequencing and - crucially - the cost of computation decreased. In contrast to 16S
or other marker gene based approaches, shotgun sequencing of the genetic material from an
environment can allow the direct detection of particular genes. Functions can therefore be ob-
served rather than inferred based on taxonomic similarity, through capturing entire genes [111] or
allowing the assembly of entire genomes [112]. It can allow for analysis and interpretation of se-
quencing data of a microbial community even if there is nothing known about the taxa it contains.
Shotgun sequencing of a microbiota can allow for strain level differentiation [113], which might
provide essential context for understanding the community. Assembly of microbial genomes from
sequencing reads requires the entirety of the genome to be sequenced, even if in fragments,
so assemblies cannot be produced using 16S sequencing [114]. Kashaf et. al. [115] provide
a protocol for obtaining prokaryotic genomes from short-read shotgun sequencing of microbiota
samples.

That said, shotgun sequencing can often detect significantly fewer taxa than 16S sequencing,
as found by Tessler et. al. [116] in their investigation of water samples. It can also lead to false
diversity, species counts and diversity metrics being artificially inflated by misaligned reads - a
problem which can become more acute with increased sequencing depth [117]. Taxonomic clas-
sification from shotgun sequencing also relies on comparison to reference databases, this might
be using marker sequences [118] or short nucleotide sections called ‘kmers’ [119]. As with 16S
sequencing, shotgun sequencing can be of limited utility if there is a large proportion of unknown
or unclassified taxa in the samples being investigated. A common solution, creating tailored
databases containing the taxa likely to be detected in the samples [120], may not be practical
with some samples at this stage due to the limited knowledge of what might be considered typ-
ical composition for them. Studies which employ shotgun sequencing are unlikely to capture an
entire microbial genome from stochastic environmental sampling. Even with the decreasing cost
of sequencing, a much greater depth of coverage is required to exhaustively sequence all organ-
isms in the samples and obtain genomes of comparable quality to isolation and cultivation. This
is especially true for less abundant members of the microbiota or when trying to ensure coverage
of the functional potential [121] of a microbial community as opposed to sequencing purely for
taxonomic quantification. The growing number of Metagenome Assembled Genomes which have
been published [122, 123, 124] demonstrate though the utility of shotgun sequencing and that it
is not an absolute requirement to have cultured microbes in order to carry out in-depth research
[125, 126]. Cost of sequencing has decreased with time [32, 33] but there is still a notable and
sometimes prohibitive difference in price between carrying out shogtun sequencing of a microbita
sample versus targeted sequencing of specific regions of DNA such as 16S or ITS regions. The
use of long read technology for shotgun sequencing may provide a great deal of information as
compared to short read shotgun sequencing [127] alone. Combining long and short read data
can be especially informative [128].

There are difficulties which can be encountered when employing different types of taxonomic
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classification software on microbiota samples. In order to identify the members of a microbial
community from genetic sequence data it is necessary to carry out computational analysis of the
sequences. Taxonomic identification might be performed through different approaches. The first
focuses on matching a part of the sequence data to a specific reference marker/markers (e.g.
Metaphlan versions). Another approach relies on databases of predefined kmers (relatively short
sections of bases) with the sample reads being compared to the databases for matches; then
using statistics to identify the most likely taxon to contain them (e.g. Kraken versions). The other
approach involves translation of the genetic sequence data into amino acid sequence and com-
parison to a protein database (e.g. Kaiju versions [129]). There are inherent limitations with each
of these methods, including database incompleteness for marker and kmer based approaches.
Marker based tools such as Metaphlan inherently correlate the likelihood of detection to the pres-
ence of the specific marker(s) in the sequenced reads [130] leading low abundance taxa to be
missed at lower sequencing depths. Kmer-based methods suffer from being more computation-
ally demanding -especially for RAM- even after multiple versions which improve their efficiency
[131]. More directly related to the biology being investigated, kmer-based approaches can pro-
vide a number of false positive detections [132], caused by highly conserved regions shared
across taxa combined with shorter kmers. This is especially relevant for low abundance taxa in
which the conserved regions may be the only sequenced data. Many of the discussed methods
depend on reference databases, as a consequence of the tendency towards sampling a limited
number of host organisms and environments; these reference databases can cause issues when
trying to analyse samples from previously unexplored sources. A good outline for the design of
a shotgun-sequencing based investigation of microbial communities is provided by Quince et. al.
[133].

The marker-based approach to taxnomic classification, when using shotgun sequencing rather
than 16S/ITS, depends in a large part on the set of markers used. For Metaphlan, one of the most
commonly used marker-based taxonomic classifier with shotgun sequencing data, the authors of
the original paper [134] highlight that by using clade-specific marker genes they can conclude that
a clade is present in a sample. The advantages of this approach is that it is computationally effi-
cient, since mapping of sample reads is to this smaller subset of all collected genetic information;
4% at the time of the original paper. It also allows for easier storage through use of this smaller
reference database. The same basic principle is in effect with the updated versions of Metaphlan,
including Metaphlan 4 [135], with the number of marker genes being expanded and being looked
at in the context of identifying ’species-level genome bins’ rather than just traditional clades.
Metaphlan 3 [136] can provide strain level resolution through the use of strain-level specific mark-
ers. By restricting itself to the clade or ’species-level genome bin’ level the Metaphlan markers
negate concerns around the impact of horizontal gene transfer and gene duplication which might
arise through other approaches. The authors of mOTUs [137] initially used 40 universal single
copy marker genes, these markers had been used prior to this for delineating prokaryotic species
[138]. The authors then reduced this down to the 10 most suitable genes. The updated mO-
TUs, mOTUs2 [139], includes an expanded set of marker genes after taking advantage of the
increased number of metagenomic studies undertaken to boost the number of mOTUs to grow
the database. The older tool, MetaPhyler [140], employed 31 phylogenetic marker genes and
the authors highlighted the importance they placed on using the length of the gene fragment for
tuning the taxonomic classification. A major philosophical distinction, which has become less
prevalent over time and with the iterating and development of the tools, is whether marker genes
should only be sought in entire genomes. That is to say whether a marker should only be con-
sidered as a reliable and true marker for the presence of the organism if the genome of said
organism has been fully sequenced and published. This restriction inherently limits the diversity
and applicability of the tool associated with it but eliminates totally any possibility that detection of
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a marker might instead be associated with the presence of some other organism in the database.
It does not, however, eliminate the possiblity that what was previously considered a exclusive
marker might be shared with novel taxa in a sample which have not been previously sequenced.
There is also always the potential for contamination, though processing of data with tools such
as Decontam [141] can alleivate this risk the use of marker-based approaches is as vulnerable to
false positives from contamination as any other approach. Though the authors were interested in
refining 16S sequencing analysis, the tool MATAM [142] which assembles full (or as close to it as
possible) length marker genes from short read shotgun sequencing data after identifying reads
originating from that marker, suggests a possible refinement of marker-based approaches without
increasing storage and computational demands excessively; something the authors themselves
suggest in their discussion.

Assembling shotgun sequencing reads into assemblies, bins and even draft genomes can
enable the use of alignment based approaches for phylogenetic analysis. It can also allow phy-
logenetics to be carried out through methods relying on the concatenation of multiple core or
univeral genes, as performed by Fitzpatrick et. al. [143] with a number of fungal genomes. Tools
like PhyloPhlAn 3.0 [144] which rely on the use of multiple genes are dependent therefore on
the sequencing of entire genomes or shotgun sequencing rather than sequencing restricted to a
single gene in order to work. Alignment free based tools for phylogenetics have also been de-
veloped which use assemblies or genomes. An example of this is the tool JolyTree [145], which
has been used in a number of publications [146, 147, 148, 149] across a wide variety of microbi-
ological investigations to produce phylogenetic trees from large sequence files without the need
for computationally demanding alignments or reliance on marker genes. There continue to be
further advances in alignment-free methods [150] for phylogenetics using assemblies, bins and
genomes. If entire genome alignment is desired then aligners like Mugsy [151] and Mauve [152]
have been used in the investigation of microbial phylogenetics [153, 154] and can be applied to
metagenomics investigations limited only by the availability of computational resources and time.
These can be used either to produce a tree directly or to give areas or blocks of alignment which
can be used for phylogenetic analysis [155]. Shotgun sequencing can also allow the sequenc-
ing of alternative marker genes, such as rpoB [156], for phylogenetic analysis; though amplicon
sequencing targeted at the marker gene of interest may be more practical.

Shotgun sequencing tools, pipelines and annotation

A considerable number of bioinformatic tools have been developed for processing and analysing
sequencing data from shotgun sequencing of microbial communities, including those mentioned
previously for taxonomic classification of microbes within the samples. These include more the-
oretical developments such as the unified probalistic framework developed by Xia et. al. [157]
which is called GRAMMy and was designed for use with many read assignment tools or the ma-
chine learning method proposed by Bai et. al. [158]. MetaFast [159] is a graph-based tool for
reference-free comparison of shotgun sequencing data from microbiota samples, developed by
Ulyantsev et. al.. The entire workflow from the initial read processing to the production of metage-
nomic bins can be carried out by the MetaWRAP [160] pipeline, developed by Uritskiy, DiRuggiero
and Taylor. HOME-BIO [161] is a recently published and thorough pipeline for the processing and
analysis of shotgun sequencing data from microbiota samples, published by Ferravante et. al..
Processed shotgun reads can be assembled into contigs using tools developed for this purpose
like MEGAHIT [162] or adaptations of existing assembly software such as metaSPAdes [163].
Binning of assembled contigs from shotgun sequencing reads of microbiota samples can be con-
ducted using a number of tools, including MyCC [164], CONCOCT [165], GraphBin [166] and
Canopy [167]. In the same manner that ITS sequencing is a maker based approach to access
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the fungal community within a microbiota, Donovan et. al. [168] developed FindFungi which is
a pipeline for the detection of fungi within shotgun sequencing data. FunOMIC [169] is another
fungal identification pipeline which was developed by Xie and Manichanh. HumanMycobiomeS-
can [170] is a similar tool for detection of fungi in shotgun sequencing samples developed by
Soverini et. al. and uses a fungal genome reference database - which has been presented as
leading to inherently unreliable results which the tool was assessed with databases containing
other domains of life [171]. Strain level analysis of microbial communities can be accomplished
using shotgun sequencing data using tools like PStrain [172], PanPhlAn [113], mixtureS [173]
and Strain Finder [174].

For the assignation of functions to either reads or MAGs there have been a variety of com-
putational tools devised. These include SmashCommunity by Arumugam et. al. [175], SUPER-
FOCUS by Gueiros Z. Silva et. al. [176], the MOCAT2 [177] pipeline from Kultima et. al. includes
annotation of the sequencing reads and builds on a more limited annotation of the produced
assemblies in the initial MOCAT [178] pipeline. Randle-Boggis et. al. [179] evaluated different
annotation tools which were then available in 2016. The progress in shotgun sequencing based
investigations of microbial communities has been rapid and new approaches to processing and
analysing the data are published frequently, reviews of the different bioinformatic tools available
[180, 181, 182, 183, 184, 185] provide insight into both the state of the field at the time they
were written as well as demonstrating the longevity of some tools and the fleeting relevance of
others. Viral sequences can be obtained, either intentionally or as a byproduct, during shotgun
sequencing and these can be used for analysis of the viral component of the microbiota being
sampled [186].
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1.3 Traditional microbiological investigation of the Microbiota

The culturing of microorganisms has played a crucial role in the investigation and understand-
ing of the microscopic world for over a century [187]. For much of the history of microbiology,
culturing was one of two primary means of microbial investigation alongside visual examination
[188]. A number of important discoveries have been made from the culturing of microorgan-
isms including the accidental discovery of Penicillin by Fleming [189], the unintended isolation of
Helicobacter pylori by B. Marshall [190] and the original work by Koch [191]. Moreover, clinical
diagnosis can sometimes depend on culturing of pathogens isolated from the patient [192, 193]
typically when trying to diagnose sepsis [194] or determine the best course of treatment for an
identified pathogen [195]. Culturing though should not be thought of as exclusive to biomedical
research. Prior to the advent of sequencing of environmental DNA, it was the principal way of in-
vestigating the microbial community which may be present in an environment. Cuadros-Orellana
et. al. [196] isolated halophilic archaea which could grow in aromatic compounds from a num-
ber of hypersaline sites with Ozcan et. al. [197] carrying out similar work to obtain extremely
halophilic archaea from different saline environments around Turkey. Duck et. al. [198] isolated
flagellated bacteria from mice serving as models of colitis and Gatson et. al. [199] isolated a
Bacillus species from a millenia old Mexican tomb. Vicente et. al. [200] isolated a black yeast
like fungus from the tissue of infected patients and D’Elia et. al. [201] isolated fungi from the sub-
glacial Lake Vostok in Antarctica. These examples demonstrate the wide range of uses culturing
had to determine both if there were microorganisms present in an environment and something
of the nature of any microbes found. Scientific advances have seen a new era in the application
of culturing technology. ‘Culturomics’ as a term describes high throughput culturing of microor-
ganisms [202] ; the approach combines automation, targeted media design and careful control
of selection [203]. The limitations of environmental sequencing in isolation such as database de-
pendency, read depth biases and potential inability to distinguish between strains [204] all helped
contribute to the resurgence of culturing which culturomics represents. Pfleiderer et. al. [205]
used culturomics to identify 11 new species from 12,700 colonies isolated from a single human
faecal sample. Diop et. al. [206] identified a new species during their culturomics investigation of
the microbiota of a commercial table salt and Angelakis et. al. [207] isolated 2,500 colonies from
air samples collected in Saudi Arabia. There have also been other advances in media-based
microbial investigation, such as ‘reverse genomics’ [208], the use of microcapsules [209] and de-
velopment of microfluidics approaches [210]. Lewis et. al. [211] offer a thorough review of recent
developments in culturing focussed on culturing previously uncultured microorganisms.

Initially it was thought that if a taxon was detected by sequencing but was not readily cul-
turable then it was ‘uncultivable’. An increasing number of studies combine metagenomics with
culturing approaches to capture microbes which might otherwise be missed. To assist with this
they might involve using metatranscriptomics to identify the necessary substrates to provide in
media to cultivate specific microorganisms, as seen with work by Bomar et. al. [212] to obtain a
Rikenella-like bacterium resident in the gut of the medicinal leech. They may also involve cultur-
ing approaches meant to isolate specific types of microorganisms whose presence is suggested
by metagenomic investigation, such as the isolation of a nitrogen fixing and acidophilic bacterium
by Tyson et. al. [213] ; which was directed by their analysis of assembled nucleotide fragments
obtained from environment sequencing.
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1.4 Host-associated microbiota

The advent of sequencing of environmental samples, whehther through 16S or shotgun-based
approaches, alongside the decreasing cost of computational resources and the renaissance in
culture-based methods have granted researchers access to the microbial communities which can
be found living on and in macroscopic organisms. These include both plants and animals, with
much research focussed on the microbiota of different human body sites; the intestinal tract in
particular being much studied [214, 215]. Other regions of the human body have been somewhat
less studied with regards to their microbiota; though the skin [216], vaginal [217] and - in more
recent years - lung microbiota [218] have all been investigated. Links between health conditions
such as obesity [219], cancer [220], HIV [221] and diabetes [222] with the microbiota are of great
interest to clinicians and researchers alike.

Outside the animal kingdom, plant associated microbiota have also been studied [223, 224,
225], especially in relation to pathogen or pest resistance [226, 227]. Selim et. al. [228] uncov-
ered an Archaeal strain which reduced the uptake of cobalt and so reduced its toxicity in Maize
(Zea maize) plants when pre-inoculated into the soil. Johnston-Monje, Gutiĕrrez and Lopez-
Lavalle [229] investigated the microbiota of juvenile plants of a variety of species and found the
majority of the microbial communities present had been vertically transmitted via the seeds. The
different fungal components of the soil microbiota associted with Oil palm (Elaeis members) were
investigated by Kirkman et. al. [230] who found consierable variation across the different plan-
tations studied and in the different compartments within the soil examined. Xu et. al. provide
a good overview of the major findings in the study of plant-associated microbial communities in
their recent review [231]. Busby et. al. [232] review studies into different plant microbiota from
the viewpoint of enhancing reforestation efforts.

1.4.1 Animals

Much of the work conducted on animal microbiota has focused on animals of scientific, economic
or cultural importance. Dirksen et. al. [233] released a comprehensive and manipulable core
microbiome of C. elegans built on a previous meta-analysis of earlier microbiota investigations
[234]. Horses (Equus ferus caballus) are of considerable economic and cultural importance and
have had their associated microbiota investigated numerous times. O’Donnell et.al. [235] re-
ported the presence of 35 species in a core microbiome from 6 thoroughbred racehorses, a more
recent work by Gilroy et.al. [236] used shotgun sequencing along with assembly and binning
to produce 55 high quality MAGs from young thoroughbred horses. Different microbiota studies
have been carried out on dogs (Canis lupus familiaris) over the years, McDonald et. al. [237]
in 2016 found the canine oral microbiome contained mostly Proteobacteria and Bacteroidetes
members. More recently Craddock et. al. [238] used metagenomics to suggest potential links
between certain phenotypic traits of interest; such as increased abundance of Faecalibacterium
prausnitzii being negatively associated with motivation in working dogs. Li et. al. [239] reported
the various factors influencing the composition of the faecal microbiome of Asian elephants (Ele-
phas maximus), Mittal et. al. [240] examined the gut microbiome of three big cat species and
Michel et. al. [241] found that three genetically differentiated populations of Grauer’s gorillas
(Gorilla beringei graueri) had a shared core gut microbiota with some variation between the pop-
ulations. Links have even been found between the gut microbiota and the circadian rhythm of
host animals, reported by Leone et. al. [242] in mice (Mus musculus).

The microbiota of an endangered bird, the Crested Ibis (Nipponia nippon) was investigated by
Ran, Wan and Fang [243] who found that there was an association between the gut microbiota
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and reproductive capacity; something of considerable interest to conservationists. The influence
of environmental factors on the potential composition of animal-associated microbial communities
was explored by Berg et. al. [244] in their work using C. elegans and different soil environments.
Transmission of the gut microbiota from mother to chick along with the different impacts of the
environment and host genetics for establishing the community were investigated by Ding et. al.
[245] in Chickens (Gallus gallus domesticus). The role of the diet in shaping the taxonomic
makeup of the caecal microbiota in goats provided with different diets was examined by Jin et.
al. [246]. Delgado et. al. in their somewhat related examination of the rumen microbiota and
feed efficiency in Holstein Cattle (Bos taurus) found the most efficient cattle had a greater relative
abundance of Bacteroidetes and Prevotella in their microbiota. The potential for study of animal-
associated microbiota to assist in aquaculture was shown by the work of Zheng et. al. [247]
which used 16S sequencing to examine the impact of feed supplementation in farmed Tilapia
Oreochromis niloticus. The stability of the core faecal microbiota of Merino sheep (Ovis aries)
was reported by Mamun et. al. [248], one of a number of studies which have examined different
animal-associated microbial communities over time to assess whether their consistency.

Rodents

Rodents have had their associated microbial communities studied for some years, the role of
both rats and mice as very commonly used experimental animals meaning they were some of the
first and still amongst the most frequently investigated species. Work by Campbell et. al. [249]
uncovered some of the factors which can impact the composition of the mouse gut microbiota.
Maurice et. al. [250] found that there was a strong seasonal shift, which they believed was due to
dietary changes, in the wild wood mouse (Apodemus sylvaticus) gut microbiota. A review of the
published literature around microbiota focussed investigations of rats has been written by C̆oklo,
Res̆etar and Kraljević Pavelić [251].

In addition to the above described bioinformatic investigations there have been a variety of
investigations of the microbiota of different rodents using culturing-based approaches. Many of
these previous studies have focussed on either laboratory mice or have applied a range of ex-
perimental conditions. Killer et. al. [252] isolated three strains of gram positive bacteria from
wild mice (Mus musculus) which were identified at the time as novel species within the -as it was
configured then- Lactobacillus genus. Rats (Rattus species) and mice (Mus musculus) living in
and around pig farms in north-east Spain were found to harbour Clostridium difficile in their gut
microbiota by Andrés-Lasheras et. al. [253] ; which they may play a role in spreading. Hilton
et. al. [254] isolated Salmonella enterica from faecal samples obtained in the West Midlands of
the UK from wild, urban dwelling Rattus norvegicus. An example of a laboratory mouse derived
isolate from animals not being subjected to any experimental treatment was the Faecalibaculum
rodentium isolated from mouse faeces by Chang et. al. [255]. Rodents of unidentified species
in Singapore provided droppings found near food waste disposal areas, these were found by
Ong et. al. [256] to contain antimicrobial resistant E. coli through isolation and culturing. The
Himalayan Marmot (Marmota himalayana) has provided a number of novel species through cul-
tivation of different samples, including from work by Hu et. al. [257], Niu et. al. [258, 259, 260]
- including isolates obtained from respiratory tract samples - and Meng et. al. [261]. Soh et.
al. [262] isolated a novel species from a lab mouse strain while studying the utilisation of differ-
ent carbon sources by members of the mouse microbiota. Twenty different bacterial and seven
fungal species were isolated from the faeces of Balkan Snow Voles (Dinaromys bogdanovi) in
captivity by Lukac et. al. [263] in the first microbiological investigation of that species. Ben-Tzvi
[264] isolated E. coli from faecal samples obtained in the Negev Desert from multiple species of
Gerbillinae as part of an investigation into colicin production. Neumann et. al. [265] isolated a
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distinct lineage of Fibrobacter from Capybara (Hydrochoerus hydrochaeris) faeces using selec-
tive media.

A variety of studies have looked at links between the microbiota of rodents and their health,
typically through the prism of using them as models for human medical research. This is not
without some risk of misinterpretation when linking changes or trends in the microbiota in the
rodents back to humans, as discussed by Walter et. al. [266], or from insufficiently accurate
and thorough reporting of experimental variables [267]. Hu et. al. [268] found adolescent rats
when exposed to a range of environmental chemicals saw changes in the composition of their
gut microbiome and an associated decrease in bodyweight. The ability to exercise freely was
linked in rats to increased relative abundance of taxa including Lactobacillus and Eubacterium
rectale in the gut microbiota [269], demonstrating a relationship between the microbial commu-
nity and exercise. A number of rodent studies have linked depressive disorders to the intestinal
microbiota [270], including the inducing of behvaioural and physiological changes associated
with depression through faecal transplant of samples from depressed human patients into rats
[271]. Rajpal et. al. [272] observed that improvements in metabolic markers in obese mice
were associated with a change in the proportion of Firmicutes in the gut microbiota following ad-
ministration of the antibiotic Ceftazidime; continuing research finding links between the intestinal
microbiota and metabolic disorders [273, 274, 275]. Increased inflammation both within the GIT
[276] and systemically [277] has been linked to changes in the intestinal microbiota in obese ro-
dents, demonstrating the importance of the microbiota for avoiding longer term systemic issues
for the host [278, 279]. Potential links between the gut microbiota, endocrine system and bone
metabolism are reviewed by Tu et. al. [280] - highlighting the variety of health-crucial systems
which are influenced by the microbiota. Xu et. al. [281] found that chronic stress in adolescent
rats led to a temporary change in the taxonomic composition of the gut microbiota but lasting
metabolic profile changes and Jameson et. al. [282] found that two wild rodent species had
changes in their behaviour following the administration of antibiotics which altered the composi-
tion of their intestinal microbiota. The latter study is interesting as there has been a very limited
amount of research into the relationships between the microbiota, health and behaviour in wild
animals. The long-lived Blind mole-rat (Spalax leucodon) was investigated by Sibai et. al. [283]
who found that the most commonly detected family of bacteria in faecal samples from the animals
was Muribaculaceae; which they speculate may contribute to the longevity of the host.

Different rodent species have had microbial communities associated with them examined.
Linnenbink et. al. [284] examined wild Mus musculus domesticus across an area spanning sec-
tions of France and Germany, collecting samples from 121 mice to conduct 16S analysis on the
caecal mucosa-associated microbiota. They found a significant difference in the abundance of
Helicobacter in the mucosa as compared to the caecum contents, along with a significant differ-
ence for Mucispirillum and Oscillibacter. Their major finding was that geography, the location the
mouse was sampled from, was the most significant factor impacting the microbial diversity be-
tween the sampled mice; as opposed to the genetic distance between the mice. This suggested
that the various factors which are ultimately subject to the environment, such as diet, had the
larger influence over the microbiota as compared to the individual host genetics. Weldon et. al.
[285] found supporting results, the greater influence of sampling site over genetic differences in
their investigation of wild Mus musculus domesticus. Weldon et. al. also found the most common
bacterial families in their samples to be Lachnospiraceae and Ruminococcaceae, at 47% and
15% each. Rodents in different environments having different microbiota compositions can also
be found in the results from Williams et. al ’s [286] investigation of Mus musculus in New York
residential buildings. Though they also report differences based on geographic location more in-
terestingly was the relatively high proportion of antibiotic resistance genes they uncovered, which
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they speculate has a direct link to human use of antibiotics - though also pointing out that an-
tibiotic resistance has been found in the microbiota of wild and presumably unexposed rodents
previously [287]. A trend which has been reported in a number of rodent species is that location
within the intestinal tract can have a sizeable impact on the microbiota composition, observed
in both wild Mus musculus [288] and Woodrats (Neotoma) [289]. Kreisinger et. al. [290] are
amongst those who have reported significant differences in rodents between the intestinal mi-
crobiota of laboratory and wild animals of the same species, though their levels of alpha and
beta diversity were the same the actual taxa varied considerably. An experiment by Leung et.
al. [291] in which laboratory mice (Mus musculus) were released into a close-to-wild environ-
ment as part of an experiment investigating gut nematode susceptibility found that the microbiota
changed rapidly away from the lab composition. Rosshart et. al. [292] used wild and laboratory
Mus musculus domesticus in their research and found both that the two had significantly different
microbiota compositions and that the wild microbiota was more beneficial for the host in terms
of promoting fitness and reducing inflammation than the laboratory microbiota. They believe that
in the wild the microbiota needs to confer these advantages to the host to provide baseline pro-
tection for it against infectious disease and ’naturally occurring mutagens’, which would go some
way to explaining similar results found by Hild et. al. [293].

Afrizal et. al. [294] published an expanded mouse intestinal bacteria collection (miBC) which
contains 212 publicly available and taxonomically classified bacterial strains; resources of this
kind are possible due to the considerable work which has been carried out exploring and de-
scribing the microbiota of mice. Other rodent species or animals in general subject to the same
level of investigation would likely yield sufficient data to construct similar collections and tailored
databases.
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1.5 Environmental tolerance and the Microbiota

Despite the increasing number of metagenomic studies published, as sequencing gets cheaper
and more accurate alongside decreasing computational costs, an area which has seen less focus
is the potential of the microbiota to allow animals to tolerate harsh conditions [295]. Coryell et. al.
[296] observed that arsenic toxicity was modulated by the presence of a stable and healthy gut
microbiota in mice - in the process linking protection against arsenic poisoning to the microbiome
in humans as well. Schmidt et. al. [297] assessed the changes in microbiota composition in
a euryhaline fish as salinity of the surrounding water was altered - they reported that the wider
water microbiota remained distinct from that of the fish at all salinities and the fish-associated
microbiota changed significantly with salinity. Cheaib et. al. [298] found that the toxic metal
Cadmium led to decreased colonisation resistance in Yellow Perch (Perca flavescens), with the
metal having different impacts on the microbiota of different body sites. An uncommon but no less
severe environmental stress shown to have an impact on the microbiota of animals is radioactive
contamination. Lavrinienko et. al. [299] found that the gut microbiota of bank voles (Myodes
glareolus) was influenced by soil radioactivity, though the skin microbiota was not. UV irradia-
tion from prolonged periods soaring in the high atmosphere was shown by Graves et. al. [300]
to influence the microbiota of vulture feathers - favouring microbes capable of resisting multiple
stresses. Barelli et. al. [301] showed that human disruption of the natural habitat of two primate
species led to alterations in the bacterial composition of their gut microbiota.

Arango et. al. [302] reported a connection between an environmental stressor and the mi-
crobiota of an animal. Their investigation of the Eastern subterranean termite (Reticulitermes
flavipes) found that elevated temperatures lead to a decrease in the richness and diversity of the
gut microbiota along with increased mortality and susceptibility to subsequent low temperatures.
Chevalier et. al. [303] identified that colder temperatures resulted in both changes to the com-
position of the gut microbiota of their treated mice (Mus musculus) and to the insulin sensitivity
of individuals into which cold exposed mice-derived microorganisms were introduced. This ob-
servation established a potential link between the microbiota and host tolerance of the thermal
stress. Chi et. al. [304] built on prior research to investigate the functional impact on the micro-
biota in mice exposed to arsenic - finding that genes associated with pyruvate metabolism were
reduced. Along with this they recorded altered alpha diversity and demonstrated the challenges
for the host due to microbiota alterations; in addition to the impact of the stress directly on the
host. Wang et. al. [305] also investigated the microbiota and arsenic stress, the authors demon-
strated the potential of the microbiota to confer a survival advantage for the host when exposed
to arsenic through increased excretion of the poison in stool. Outside of the mammals, Jaramillo
and Castañeda [306] found that a transient heat stress altered the gut microbiota composition of
Drosophila subobscura and that the gut microbiota itself conferred increased temperature toler-
ance (below 35°C) as compared to axenic individuals in their study. Sepulveda and Moeller [307]
highlight a number of examples of environmental temperatures influencing animal gut microbiota
in their review. Casero et. al. [308] demonstrated that a stress somewhat unlikely to ever be en-
countered in nature can still alter the gut microbiota composition with their experiments with low
levels of linear energy transfer radiation. The authors identified a difference between lower and
higher levels of radiation exposure potentially linked to the manner and type of response by the
microorganisms. The potential influence on the gut microbiota of radiation had been investigated
previously by Kim et. al. [309] amongst others and is a stressor which can, depending on the
type of radiation, act directly on internal microbial communities within an animal host.

A comparatively more likely environmental stress an animal may encounter is heavy metal
toxicity. Breton et. al. [310] used lead and cadmium to observe the impacts on the murine gut
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microbiota of non-absorbed pollutants. The authors reported changes in composition at lower
taxonomic levels (family and genus). Šrut et. al. [311] in a more recent investigation, looking
specifically at cadmium in soil and the earthworm gut microbiota, found a similar result along with
an increase in alpha diversity. Salinity as an environmental stress can be encountered in a range
of environments and by numerous animals [312, 313], as such it is also encountered by microbial
communities associated with these animals. Dulski et. al. [314] examined the impact of salinity
on the gut microbiota of pike (Esox lucius) fry, in the context of potentially using sodium chloride
in aquaculture, and found no statistically significant differences between their control groups and
those reared at 3 and 7% salinity. By contrast, Castillo et.al. [315] found that salinity significantly
impacted the β diversity of the microbiota from the water strider Telmatometra withei. These dif-
ferent results highlight how the impact of a stress on a microbiota can be dependent on the body
site and selection pressure on community stability. It is perhaps not unexpected that a stress
acting on a host organism will also impact the microbiota of the animal, especially in cases of
external body site communities directly exposed to the stressor [316], with investigations sug-
gesting different mechanisms for the host-environment and microbiota-host interactions to play
out. Fontaine et. al. [317] found that the microbiota of tadpoles (Lithobates clamitans) conferred
some protection against both elevated and decreased temperatures at the acute scale and to
longer term exposure to heat stress - showing that an animal’s microbiota may not have a sim-
ple unidirectional response to an environmental stressor. Kokou et. al. [318] observed that the
host, while undergoing selection due to an environmental stressor (in their case thermal stress)
appeared to be influencing the microbial community and its tolerance of the same stress through
selection as well. Zhang et. al. [319] found that increasing temperatures led to a breakdown
in the symbiont provided detoxification of an insecticide in the brown planthopper (Nilaparvata
lugens). This highlights the potential for an environmental stress to impact the tolerance of a dif-
ferent stressor conferred by the microorganisms resident inside a host animal. Wang et. al. [320]
observed a similar trend with zebrafish (Danio rerio) though with different temperature regimes
altering the beta diversity of the microbiota, which then led to differing degrees of susceptibility
to subsequent radiation exposure. The potential for the microbiota of an animal to impact its tol-
erance of multiple environmental threats simultaneously requires further investigation, looking at
animals from an environment where a combination of stressors are in play.

A great proportion of the land surface area of the Earth can be classified as arid, more than
46 million square kilometres is covered by deserts and along with drylands the arid areas of the
planet are home to almost 2.1 billion people. Quite apart from the great human diversity, arid
areas are home to an array of plant and animal species; some found nowhere else. Arid areas
are defined by their low annual precipitation, receiving between < 10 − 500 mm annually [321].
Given the absolute requirement all known forms of life have for water [322] these environments
are challenging to survive in. Nonetheless, micro- to macroscopic life can be found in arid envi-
ronments around the globe. Yu and Steinberger [323] demonstrate the presence of bacteria and
fungi in the exposed soil of the Negev Desert, Polar Bears (Ursus maritimus) and Arctic Foxes
(Vulpes lagopus) are just some of the most well known animals [324] found in the arid north and
Cacti [325] can be found growing in some of the driest places on Earth. Macroscopic life has been
shown to have adapted to the need to source and retain water, including in arid environments;
both plants [326] and in animals [327]. Microbial communities in arid environments have been
less studied until recent developments in technology allowed for higher throughput sequencing
and culture independent approaches. This is despite a number of researchers investigating the
microbial communities of a range of extreme environments. Rincón-Molina et. al. [328] found
bacteria thriving in the hot and acidic crater-lake of an active volcano, Liu et. al. [329] uncovered
a microbial population rich in hydrocarbon-degrading bacteria near the deepest point in the ocean
and Bowers et. al. [330] demonstrated the presence of bacterial (and fungal) life 3,204 metres
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above sea level. The demonstrated presence of microbial life in naturally extreme environments
has also been matched with the discovery of microorganisms living in environments made harsh
through the actions of man.

Baron et. al. [331] observed the continued presence of a bacterial community in the monochlo-
ramine treated hot-water system of a hospital, Fomina et. al. [332] saw significant changes in -
but the continued presence of - a fungal community in soil contaminated by depleted uranium and
Almatroudi et. al. [333] observed the survival (after prolonged culture) of S. aureus in dry biofilms
following autoclaving at 121°C for 30 minutes. There is a limited amount of published work which
assesses the microbiota as a means of tolerating environmental stresses more broadly, rather
than focusing on a specific stress. The microbiota of animals adapted to harsh conditions, partic-
ularly those facing multiple stressors simultaneously, has not been the subject of many dedicated
investigations. It is difficult therefore to definitively state that the microbiota is contributing to any
extent in an organism’s ability to live in harsh conditions when there is more than one environmen-
tal stress acting on the organism. Arid environments present multiple challenges for the animals
which live in them, cover approximately 30% of the Earth’s land surface area [334] and have
already been demonstrated as leading to adaptive behavioural traits in resident animals [327].

Arid-adapted animals can be found across both hot and cold deserts, providing an exam-
ple of how life can adapt to harsh conditions which present a common challenge despite being
geographically and meteorologically distinct. The typically remote nature of arid environments
combined with the difficulties of carrying out work in the field, especially with animals, has led to
a focus on animals which are of commercial or social interest [335, 336]. Some examples of these
studies are work by Couch et. al. [337] with Bighorn sheep in the Mojave desert, Gharaechahi
et. al. [338] with Dromedaries, Bird et. al. [339] with Muskoxen (Ovibos moschatus) and He
et. al. [340] with Bactrian camels. In their examination of the Bighorn Sheep (Ovis canaden-
sis) Couch and collaborators found proximity based correlations in the microbiota. Though this
is not exclusive to arid-adapted animals [341] it is the case that in environments with few water
sources and specialised flora, such as arid environments, the microbiota of animals is going to
be influenced by the limited number of environmental sources. Given the restricted nutritional
supplies to be found within arid environments it is essential for arid-adapted animals to be able
to extract the maximum amount of resources from their diets. He et. al. in their study of Bac-
trian camel (Camelus bactrianus) microbiota along the digestive system found a major fraction
was composed of unknown Ruminococcaceae. They suggest that this might assist the camels
in their consumption of the salty and hard to digest plants found in their arid habitat. Gharechahi
et. al. [342] found that the Dromedary Camel (Camelus dromedarius) had a rumen microbiota
which was functionally distinct from those of many other ruminants, sharing some traits with the
Moose (Alces alces). Table 1.1 summarises some of the details of the limited number of studies
undertaken into the microbiota of arid adapted animals.

There have been some individual investigations into other species, like that of the Mongolian
gerbil (Meriones unguiculatus) by Nouri et. al. [343]. Animals which can inhabit arid and non-arid
environments have been studied in comparative terms, between populations living in the two or
more environments, with some of these studies either focusing on or including microbiota inves-
tigation [344, 345]. Eisenhofer et. al. [346] in their comparison of the intestinal microbiota of
captive and wild southern hairy-nosed wombats (Lasiorhinus latifrons) found that the semi-arid
conditions in which the wild individuals lived contributed to a gut microbiota with greater poten-
tial to access and use recalcitrant plant energy sources as compared to the captive populations.
This suggested that an arid (or semi-arid in this instance) adapted microbiota might allow ac-
cess to a wider range of otherwise unusable energy sources. Graves et. al. [300] looked at the
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plumage of New World vultures (Cathartiformes) which spend considerable time exposed to UV
and ionising radiation as well as in an extremely dry environment while soaring and found that
extremophiles were well represented in their feather samples; demonstrating the diversity and
severity of stresses which any external microbiota would need to tolerate. Ribeiro et. al. [347]
examined the faecal microbiota of the Karoo scrub-robin (Cercotrichas coryphaeus) as part of
a wider investigation of the impact of aridity on physiology. The authors detected enrichment of
bacteria from Sphingomonas and Leucobacter amongst other genera in birds from more arid,
inland locations. There have been metagenomic investigations of sympatric animals, including
those which are relatively closely related. Li et. al. [348] used 16S sequencing with two bird
species overwintering and found that sympatric individuals within each species had distinct fae-
cal microbiota communities associated with dietary differences; they also identified a host effect
on microbiota composition. Perofsky et. al. [349] examined six sympatric mammal species in
Madagascar, three lemurs and three non-primates, within an area of 1 square kilometre finding
that microbiome taxonomic composition was largely influenced by diet, evolutionary relationships
and shared terrestriality. Shanmuganandam et. al. [350] compared the faecal microbiota of sym-
patric European brown hares (Lepus europaeus) and European rabbits (Oryctolagus cuniculus)
in Australia. The authors found similarity between the two species at the higher taxonomic levels
but differences in the most abundant bacterial genera between them. Menke et. al. [351] looked
at more distantly related African animals living sympatrically in Namibia, cheetahs (Acinonyx ju-
batus) and black-backed jackals (Canis mesomelas). The authors found similar results, in terms
of patterns and trends, as Shanmuganandam et. al. ; similar taxa at higher levels like phyla but
increasing diversity with lower taxonomic levels.
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Sequencing
method

No. hosts
sampled

Host
organism

Prokaryotic taxa of
interest

Suggested prokaryotic
role

Publication

16S rRNA 3 Dromedary
Camel

Prevotella ruminicola,
Ruminococcus flavefaciens,
Fibrobacter succinogenes

Produce glycoside hydrolase
enzymes,
Synergise with fibrolytic bacte-
ria
to improve fibre digestion,
High efficiency
in degrading crystalline
and amorphous cellulose,
Prolific cellulose degrader

Gharechahi J. et. al. 2015

16S rRNA 18 Bactrian
Camel

Blautia species,
Christensenellaceae members

May provide anti-
inflammatory effects in
young camels,
May help regulate
intestinal environment,
Linked to immunomod-
ulation and healthy
homeostasis

He J. et. al. 2019

16S rRNA 11 Bactrian
Camel

Unclassified Ruminococ-
caceae,
Unclassified Clostridiales,
Akkermansia species

Feed fermentation to cope
with low quality forage,
Help prevent diabetes even
with high blood gluco-
se levels,
Help prevent hypertension
even with high salt
diet

He J. et. al. 2018

WGS 3 Dromedary
Camel

Fibrobacter succinogenes,
Ruminococcus species,
Fibrobacteres members,
Spirochaetes members,
Bacteroidetes members

Potential lignocelluose de-
grader,
Degrading crystalline cellulose,
Help with lignocellulose rich
diet,
Use PUL enzymes to
assimilate complex carbohy-
drates

Gharaechahi J. et. al. 2018
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WGS 6 Dromedary
camel

Bacteroides thetaiotaomicron
Production of starch
-degrading enzymes

Bhatt V.D. et. al. 2013

16S rRNA 3 Muskox Ruminococcaceae members
Help digest highly lignified
winter forage diet

Salgado-Flores A. et. al. 2016

Table 1.1: Table summarising the details and key findings of a number of microbiome studies
into arid-adapted animals. Modified from Osborne et. al. [295]
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Those studies which have been conducted into the microbiota of arid-adapted animals have
produced some exciting results, including for selection against motility proteins by microorgan-
isms in arid environments [352] and selection for increased pigmentation by exposed microorgan-
isms in extremely dry sites [353] along with those described above. As discussed earlier, prior
research into the microbiota of arid-adapted animals has been largely conducted on ungulates.
It would be beneficial for researchers to consider examining the microbiota of different clades of
arid-adapted animals. A number of arid-adapted rodent species exist [354], some extremely well
adapted to arid environments [355] and some which can be found in both arid and non-arid envi-
ronments [356]. Rodents adapted to life in arid conditions have been the subject of considerable
scientific investigation around behavioural [357], metabolic [358] and renal adaptations [359] to
their environments. The potential of the rodent microbiota in assisting life in arid conditions has
not yet been investigated.
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Chapter 2

Methods

• The underlying experimental setup is described

• The sources of external data used in the project are provided

• Information on the experimental animals used is provided

• The different bioinformatic and microbiological methods are provided

• The versions of bioinformatic tools used are provided
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2.1 Sample and data collection

2.1.1 Ethics

In the course of this project no animals were sacrificed nor reared in laboratory conditions. The
animals used in this experiment were wild and aside from the trapping, marking with ear punches
and collection of faecal samples were not subject to any other procedure or interacted with.
All experiments were carried out in accordance with the Israeli Ministry of Health guide for the
care and use of laboratory animals and all experimental protocols were approved by the Tel-
Aviv University Institutional Animal Care and Use Committee (IACUC protocol approval number
04-18-056, 04-19-031; permit number L15055). Faecal samples shipped to the UK were not
subject to the Nagoya Protocol as Israel is not a signatory. The Animals (Scientific Procedures)
Act 1986 (ASPA) was not applicable to this project as no animals were sacrificed or reared in
laboratory conditions; nor did any of the Acomys undergo any procedure which caused pain,
suffering, distress or lasting harm. Samples were collected as part of a broader project being
undertaken by collaborators. Samples were imported under a licence to import animal/poultry
products under the provisions of the Importation of Animal Products and Poultry Products Order
1980 (as amended), permit authorisation number: ITIMP21.0586.

2.1.2 Acomys cahirinus and Acomys russatus, experimental organisms
and background

Acomys cahirinus (‘Cairo Spiny Mouse’) and Acomys russatus (‘Golden Spiny Mouse’) are two
rodent species from the Acomys genus. They are both adapted to aridity albeit to different ex-
tents, with A. russatus being able to tolerate harsher conditions than A. cahirinus. Both can be
found living sympatrically where their ranges overlap, including around the site of the enclosure
in which the individuals used in this study lived. The enclosure was property of the University of
Tel Aviv, Israel, and was located near the Ein Gedi Reserve in the Judean Desert; approximate
coordinates were within 5km of 31°28'00.0"N, 35°23'00.0"E. A photograph of an example
Acomys cahirinus individual can be seen in 2.1A and an example Acomys russatus individual in
2.1B - note images are not to scale; A. russatus individuals can achieve greater mass than A.
cahirinus though both have similar mass and size ranges.

A. russatus has a habitat range covering the arid regions of the Middle East, including Egypt,
Israel, Jordan, Saudi Arabia and Yemen [360]. It inhabits rocky areas on slopes and dried river
beds where it can use boulders for cover. Shkolnik and Borut [361] found that the A. russatus
basal metabolic rate is 34.5% lower than predicted for their body weight, they could survive am-
bient temperatures up to 42.5°C, could concentrate the urea in their urine up to 4700 - 4800 mM

and could drink sea water. In Egypt and Israel it is not recorded as reproducing during winter,
gestation in A. russatus is 40 days and litters typically contain 1 to 4 young depending on the age
of the mother [362]. They are born well developed with open eyes and a fur coat, maturing fully
within 3 months [363]. A. russatus are omnivorous and obtain the water they require to survive
from their diet; plants, invertebrates and with a particular preference for snails [364]. Shafrir and
Adler [365] fed A. russatus sucrose and fat diets, observing that the experimental animals gained
weight rapidly and significantly on both the regular and fat-rich seed diet, they also had increased
fat deposition from the fat-rich diet. By preference A. russatus is nocturnal, and is so wherever in
its range it is not sympatric with A. cahirinus, exposure to A. cahirinus causes a shift in circadian
rhythms in A. russatus to a diurnal lifestyle [366]. It is listed as Least Concern by the IUCN Red
List [367].
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The other Acomys species used in this work is A. cahirinus. This species has a much wider
habitat range, from Ethiopia north through the Eastern Mediterranean, Middle East and into Iran,
the Arabian Peninsula and with populations across Mauritania and Mali [360]. It inhabits rocky
areas across its range, typically canyons or cliffs; it has been observed amongst smaller rocks
than those preferred by A. russatus [368]. A. cahirinus are observed to spend less time in deeper
crevices and boulder cover than A. russatus [369]. A. cahirinus has a similar diet to A. russa-
tus, being omnivorous and consuming seeds, green plant matter, arthropods and snails (when
available) [370]. Testing by Shkolnik and Borut found that A. cahirinus could not survive ambi-
ent temperatures of 40°C, that the mean minimal metabolism of A. cahirinus was 13.5% lower
than predicted by body weight and it could concentrate chloride in its urine to around 700-800
mM. Scantlebury et. al. [371] found that A. cahirinus individuals from a xeric (arid) environment
assimilated energy more efficiently than those from a nearby but mesic (non-arid) environment.
A. cahirinus produces 2-3 precocial young in a litter [372], after a gestation of 39 days and the
species was found to undergo menstruation [373]. They are social animals and are found in
groups in the wild in which the strength of social relationships is determined by familiarity [374]
and recognition of siblings [375] or offspring [376]. A. cahirinus is exclusively nocturnal across its
entire range, when sympatric with A. russatus the latter switches to a diurnal lifestyle. This switch
is not caused by aggressive behaviour on the part of A. cahirinus [377]. Baudoin et. al. [378]
demonstrated that A. cahirinus urine could induce reduced foraging behaviour in A. russatus. A.
cahirinus is listed as Least Concern by the IUCN Red List [379].

Where the two species are sympatric A. russatus adopts a diurnal cycle from its usual noc-
turnal cycle when not sympatric, A. cahirinus remains nocturnal. Diets between the two species
overlap more in winter as they switch to primarily consuming plants. In summer the arthropods
they predate have their own temporal patterns leading to different availability to the two Acomys
species [370].

These two species were used here as they provided a existing and natural setup whereby two
closely related and wild species could be investigated for possible links between aridity and the
intestinal microbiota. They are both arid-adapted though to differing degrees, they are closely
related and can be found in sympatry in some areas - including the experimental location. Their
diets are largely similar - to the extent that they have developed mechanisms to avoid competition
through A. russatus switching to a diurnal lifestyle as described above. That they are wild animals
is also important for the purposes of advancing metagenomics, it is necessary to expand existing
collections of reference material to include an increasing diversity of wild animals [380] as well as
to gain greater understanding of how different they may be from more commonly sequenced lab-
oratory, captive or domesticated animals. Their use in this project furthers the growing research
focus on wild animals as subjects of metagenomic investigation [381, 382, 383, 384].

Halotolerance

As part of an investigation into thermogenesis in Acomys cahirinus, Scantlebury et. al. [385]
provided water with salinity up to 2.5%, which the experimental subjects could tolerate. Wube
et. al. [386] investigated the impact of dietary salinity on both reproductive status and energy
intake of both A. russatus and A. cahirinus; a salinity of 3.5% was used for A. cahirinus and 5%
for A. russatus with both able to survive the treatment. Shanas et. al. [387] also used a salinity
of up to 3.5% for their work studying the impact of dietary salt and season on the daily rhythm
of body temperature. Shanas and Haim [388] also investigated the impact of dietary salinity and
vasopressin on reproduction in A. russatus and also used salinity up to 5% in the course of their
work. Ron and Haim [389] found A. russatus responded to increasing salinity (ranging from 1 to
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(a) Acomys cahirinus. Credit Vera Kuttel-
vaserova (213793495), reproduced under Ex-
tended Adobe Stock License.

(b) Acomys russatus. Credit Eric Isse-
lee (213793495), reproduced under Extended
Adobe Stock License.

Figure 2.1: Photographs of individuals of both Acomys species used in this project.

7%) by decreasing their urine volume and increasing the osmolarity of urine. Shkolnik and Borut
[361] carried out some of the earliest work with A. russatus and A. cahirinus and identified both
the greater salt tolerance of A. russatus compared to its congener and the ability of A. russatus
to drink sea water. Harriman [390] identified that A. cahirinus did not prefer saline solutions
when fresh water was available, highlighting that though both Acomys species can tolerate saline
conditions they do not have a preference for them. Seawater has an average salinity of 3.5%,
slightly saline water a salinity of 0.05 to 0.15% and highly saline water a salinity of 0.7 to 1.5%
[391]. Drinking water typically has a salinity below 0.05%.

2.1.3 Acomys sample collection and experimental setup

A pictorial representation of the sample collection and experimental setup can be seen in Fig-
ure 2.2. As part of an ongoing project an enclosure was erected in the Judean Desert at Ein
Gedi (approximate coordinates 31°28′N, 35°23′E). The enclosure contained wild animals includ-
ing both species of Acomys; these individuals being already present in the location living wild
and were not experimental or lab-reared or bred animals. The enclosure prevented the Acomys
from leaving the site but in no other way impacted on their health or behaviour, the enclosure was
exposed to the air and no other interventions were made.

In June of 2016 baited traps were set in the enclosure and a number of Acomys individuals
of each species caught; they had their ears marked with punched tags as the considerable re-
generative abilities of the two species, discussed in Subsection 2.1.2, meant this did not cause
any harm or ill effect for the animals. The animals were released after tagging, if in the course
of the trapping the animals defecated then the faecal pellets were collected. These were stored
in test tubes without any protective media or compound - the sample collection was a supple-
mental component of a larger and ongoing project and so the samples were not being explicitly
collected with the intetion of metagenomic analysis. As a consequence of this the species of the
animal was recorded but not the age or sex, though there is no established method for deter-
mining the age of wild Acomys cahirinus or Acomys russatus. The tubes containing the samples
were labelled with the tag details of the animal they originated from. After fieldwork had been
completed the stored faecal samples were transported to the University of Tel Aviv where they
were stored at -20°C, this was the coldest freezer available for storage of faecal samples in the
facility. In November of 2016 the same trapping and collection procedure was carried out, as the
traps were set in the enclosure containing wild animals only some of the animals caught in June
were recaptured in November. Once again if the animal yielded a faecal sample then the pellets
were collected, stored at ambient temperature in test tubes and then transported at the end of
field work to the University of Tel Aviv where they were then stored at -20°C. All fieldwork took
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place over a single day on each occasion with samples collected by the same individual, Ella
Pasternak, pellets were not handled by the collector prior to being placed in the test tube. All
samples were then shipped by air to the UK in November 2016, transported frozen at -80°C.

As the animals were wild and were being collected from traps as part of a larger ongoing re-
search project being conducted by collaborators there was no sample size set initially, as it would
be conditional on animals being caught in the traps anyway. The author had planned to con-
duct further sampling in which case it would have been beneficial to determine what a desired
minimum sample size would have been, however this was prevented by the global COVID-19
pandemic. This was also why there was no variation in the time of day in which faecal samples
were collected, traps were examined and any captured animals handled as and when by the
individual in the field conducting the larger investigation of collaborators. Had further sampling
been possible it would have been potentially interesting to try and collect samples at different
times of day, though as these are wild animals living in an enclosure there would be no guarantee
that samples could be obtained at varying times - especially given the different activity patterns
followed by the two Acomys species when sympatric. An approach such as that outlined by Fer-
dous et. al. [392] would be useful in calculating the ideal sample size to try and obtain if further
sampling was possible.

Acomys. in 
enclosure

June 2016 November 2016

● Animals trapped
● Faecal sample 

collected
● Ear punched
● Animals released

● Animals trapped
● Identified with 

ear punches
● Faecal sample 

collected
● Animals released

● 12 samples
○ Three individuals each species, 2 time points

● Illumina MiSeq
● December 2016 sequencing

● 69 samples
○ All remaining samples, mix of paired 

and unpaired
○ 58 paired samples, 30 A. cahirinus and 

28 A. russatus samples
● Illumina NovaSeq

● January 2020 sequencing

Figure 2.2: Figure outlining the experimental setup for the collection of Acomys faecal samples.
Created with BioRender
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2.1.4 Extraction and sequencing

There were two different times when extraction and sequencing from the samples was under-
taken. Initially in December of 2016 12 samples were selected to use as a ’pilot’ project to
determine the feasibility of investigating the faecal microbiota of Acomys DNA was extracted by
Iliana Serghiou using a MP Biomedicals FastDNA™ SPIN Kit for Soil (MP Biomedicals) following
the standard protocol with libraries being prepared at the Sanger Centre. These samples were
sequenced for 150bp PE on an Illumina MiSeq. As shown in Figure 2.2 these samples were
a June and November sample from the same individual, for three individuals of each of the two
species for a total of 12 samples undergoing extraction and sequencing.

The second extraction and sequencing occured in January 2020, this was also carried out
by Iliana Serghiou. Extraction was carried out using a MP Biomedicals FastDNA™ SPIN Kit for
Soil (MP Biomedicals). The protocol differed slightly from the standard version. Firstly 980 µL
of Sodium Phosphate Buffer was used in the sample preparation step instead of 978 µL, also
during this stage 120 µL of MT Buffer was used instead of 122 µL. During the following ho-
mogenisation step the FastPrep instrument was used for 180 seconds instead of 40 seconds;
centrifugation was carried out after this for 15 minutes instead of 5-10 minutes. In the bind-
ing step, 700 µL of the mixture of the supernatant and resuspended binding matrix was filtered
and centrifuged instead of a maximum of 600 µL. During the drying stage, the dry spin on the
centrifuge was carried out for 1 minute instead of 2 minutes. Following this the SPIN filter was
air dried at room temperature for 10 minutes and then for 5 minutes at 37°C instead of just air
dried at room temperature for 5 minutes. In the elution step, 65 µL of DES was added to the
Binding Matrix instead of a range from 50-100 µL. The protocol otherwise does not differ from
that available at: https://www.mpbio.com/media/document/file/manual/dest/f/a/s/t/d/
FastDNA_SPIN_Kit_for_Soil_UM_2021_WEB.pdf with the DNA obtained being stored at -20°C
prior to being shipped frozen on dry ice to Novogene (Beijing, China) for sequencing. Shotgun
DNA libraries were prepared using a NEB kit and then were sequenced on the NovaSeq 6000
platform (Illumina) for paired end sequenced reads of 150bp.

Shotgun sequencing was chosen as the approach for this project to enable as great a capture
as possible of the entire genetic material associated with the Acomys microbiota - as discussed
previously the advantages of 16S sequencing would not be applicable to this project due to a
considerable lack of similar prior studies and so shotgun sequencing was chosen as the most
appropriate approach. It also enabled the assembly and binning of the reads, which would not
be possible with 16S sequencing and the direct annotation of the metagenomic bins so predicted
functions came from the output of the annotation tool rather than being inferred from an amplicon-
based taxonomy.

2.1.5 Statistics

The various statistical tests employed are described in the relevant methods section where they
are used. All statistical analysis was carried out using R [393] (versions listed in context) through
RStudio [394] (v. 2022.12.0+353) unless otherwise stated.

2.1.6 External data for tools testing

The sequencing reads generated from a mock human microbial community were kindly provided
by Dr. Richard Leggett (Earlham Institute, UK); specifically HM277-D (BEI Resources, Man-
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assas, VA, USA) and used in the tools testing stage as one of a number of baseline metage-
nomic communities aside from those obtained during the project from the Acomys faecal sam-
ples. Two sets of shotgun read files were downloaded from the ENA for study PRJEB32890 [395]
at https://www.ebi.ac.uk/ena/browser/view/PRJEB32890, specifically the read files were
for sequencing of biosamples SAMEA5690310 and SAMEA5690311, both wild mice (Mus mus-
culus) examined during the study. Two sets of shotgun read files were also downloaded from the
ENA for study PRJEB7759 [396] at https://www.ebi.ac.uk/ena/browser/view/PRJEB7759,
specifically the read files for sequencing of biosamples SAMEA3134373 and SAMEA3134374,
both lab mice (Mus musculus) examined in the course of the study.

These data sources were used in the tools testing phase of the project as the author believed
they would provide a more reliable measure of the precision and accuracy of the taxonomic clas-
sification tools. This was as they were from species which had been subject to considerable
metagenomic investigation previously and all the tested tools had been used in published liter-
ature on metagenomic samples from these host species. This was in contrast to both Acomys
species which had never been subject to metagenomic investigation prior to this project. A mix
of wild and laboratory mouse samples was chosen to provide a combination of both well charac-
terised microbial communities (lab mouse samples) and ones relatively more similar in origin to
the Acomys species (wild mouse samples).

The human mock community contained 20 different bacterial species from 17 genera. There
are two species from the Staphylococcus, Staphylococcus aureus and Staphylococcus epider-
mis. There are three species from the Streptococcus, Streptococcus agalactiae, Streptococ-
cus mutans and Streptococcus pneumoniae. Some names differ from those in the reference
databases used by the different taxonomic classification tools, the community was chosen at the
time as it contained multiple species associated with animal-associated bacteria (albeit human)
and by including species from within the same genera could potentially be used to test species
level resolution of the different taxonomic classifiers. Mock metagenomic datasets have been
used to assess and validate a variety of bioinformatic tools [397], techniques [398, 399] and ap-
proaches [400, 401, 402] before and the author believed the approach had merit here, given the
inclusion of some rodent data from real microbiota samples, as it removes any vagaries around
unknown or unclassifiable material. As it was the result of real sequencing of reads from the
defined, mock community, rather than a purely simulated sample it also served as a test for the
tools ability to function with a sample which could contain the same biases and errors as a real
sample.

2.1.7 Bacterial reference genomes and assemblies for phylogenetic com-
parisons

In addition to the external data described in subsection 2.1.6 use was made in this project of addi-
tional sources of external data. These included a number of bacterial genomes and Metagenome
assembled genomes (In context, Metagenome Assembled Genomes (MAGs)). These external
sources of data were used when creating phylogenetic trees for both binned read files discussed
in subsection 2.4.2 and for bacterial isolate genome assemblies as discussed in sub-subsection
2.7.2. These external data sources in broad terms included the following:

• 25 high quality MAGs chosen at random from those created by the Integrated Mouse Gut
Metagenome Catalogue (Integrated Mouse Gut Metagenome Catalogue (iMGMC))
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• 9 Lactic Acid Bacteria (LAB) genomes from the National Center for Biotechnology Informa-
tion (NCBI) RefSeq database chosen at random, this type of bacteria was chosen based
on the results from three of the taxonomic classification tools on the sequencing reads from
the Acomys faecal samples

• 14 LAB genomes from the NCBI RefSeq database. LABs chosen based on the results of
the taxonomic classification of metagenomic bins produced during this project

• 80 bacterial genomes or assemblies from NCBI databases chosen specifically based on
the results of one of the taxonomic classification tools run on the sequencing reads from
the Acomys faecal samples

• 45 bacterial genomes or assemblies from NCBI databases chosen specifically based on the
results obtained in a publication which investigated five desert rodent species’ gut microbial
ecology [403]

The three classification tools which informed the selection of 9 random LAB genomes were
Kraken 2, Kaiju and Metaphlan 3 and the methods employed with them and their relevant citations
are given in their sub-subsections within section 2.3. The single classification tool which informed
the 80 specific genomes or assemblies downloaded was mOTUs, the methods employed with it
and the relevant citation are given in the appropriate sub-subsection within 2.3. The 14 LABs
were chosen based on the results from GTDB-Tk analysis of the metagenomic bins produced
during this project, the methods employed with it and the relevant citation are given in the ap-
propriate sub-subsection within subsection 2.4.2. The names of all the downloaded genomes,
assemblies and MAGs can be found in Table 5.2 in the Supplemental Material along with the
rationale for their use. Genomes and assemblies from the NCBI were downloaded from the
relevant directory under https://ftp.ncbi.nlm.nih.gov/genomes/all, iMGMC MAGs were
extracted from the large file downloaded from https://zenodo.org/record/3631711/files/
iMGMC-hqMAGs-dereplicated_genomes.tar.gz.
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2.2 Processing read files

2.2.1 Quality control and removal of host or human contamination

All metagenomic read files were processed using the same procedure to remove any reads which
were of low quality, resulted from human contamination or were from the original host organism.
FastP [404] (v. 0.19.7) was used with default settings to trim adaptors and for general quality
control of the read files. Reads which passed In context, quality control (QC) were then subject
to BBDuk [405] (v. 38.06) analysis to remove any reads which were from the host organism or
human contamination. For the two Acomys species reference genomes which had been gener-
ated by Dr Shane McCarthy, Dr David Thybert and Dr Kerstin Howe at the Wellcome Sanger
Institute (available on request) were used. For the Mus musculus reference genome, the ref-
erence from NCBI found at https://ftp.ncbi.nlm.nih.gov/genomes/refseq/vertebrate_
mammalian/Mus_musculus/reference/GCF_000001635.27_GRCm39/GCF_000001635.27_GRCm39_
genomic.fna.gz and downloaded on 2022-02-07 was used. For the human reference genome
the Homo sapiens reference genome file found at https://ftp.ncbi.nlm.nih.gov/refseq/H_
sapiens/annotation/GRCh38_latest/refseq_identifiers/GRCh38_latest_genomic.fna.gz
and downloaded on 2021-12-31 from NCBI was used. Default settings were used with BBDuk.

2.2.2 Processing for tool testing

Reads originating from the human mock microbial community which passed the FastP QC step
did not undergo any further processing prior to use. The 12 Acomys sample read files and the
4 downloaded Mus read files were subsampled to a uniform depth using Seqtk (v. 1.0-r77-dirty)
[406]. A depth of 4,450,000 reads was chosen as the smallest read count after QC from all
rodent files was 4,464,759 from an Acomys sample. Reads were subsampled to a uniform depth
in order to allow for comparisons across the three rodent species. The same randomly generated
seed was used with Seqtk for all samples when subsampling.

2.2.3 Processing for analysis

All Acomys read files were processed following the same method as the 12 used for the tools
testing stage. Quality control was carried out with FastP with default parameters, contaminant
removal was carried out using BBDuk with the two Acomys reference genomes and the same
human reference genome listed in the prior subsection. Subsampling was also carried out using
Seqtk however in this instance two uniform depths were chosen as there was a large difference
between the sequencing depths of the reads obtained on the two occasions. The read files from
those 12 samples which were sequenced in 2016 were subsampled to a depth of 4,460,000
reads. The read files from those 69 samples sequenced in 2020 were subsampled to a depth of
7,600,000 reads. Two different uniform depths were chosen as there was a minimum 3 million
read difference between the smallest post-processing read file from the 2020 sequencing and the
largest post-processing read file from the 2016 sequencing. The particular details for read count
changes in each processing step can be found in Table 5.1 in the Supplemental Material.
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2.3 Taxonomic classification of metagenomic reads

Four different taxonomic classification tools were employed. These were Metaphlan 2 [136] (v.
3.0.10), Kraken 2 [407] (v. 2.0.8), Kaiju [129] (v. 1.7.3) and MOTUs [139, 408] (v. 3.0.3.1). In
brief, Metaphlan and mOTUs rely on alignment of the reads to databases of marker genes, with
the number of marker genes and the specifics of the matching described in the respective pub-
lications. Kraken 2 matches the reads against a reference database by searching for and then
extending matching sections of nucleotides called ’kmers’, the specific details are described in
the publication. Kaiju translates the read files into amino acid sequences and compares these
against a protein reference database; the specifics are described in the publication.

These four tools were chosen as they are all intended for use analysing shotgun sequencing
reads, which was the form of sequencing used in the project and to provide a range of clas-
sification methodologies. The author believed that using multiple tools, and using tools which
employed different underlying methods, would be important as otherwise it would be difficult to
know whether the results reflected the real state of the Acomys microbiota or a failing of a single
tool. This is especially important when dealing with samples from a species which has never un-
dergone metagenomic investigation and from a subset of animals, arid-adapted rodents, which
have undergone extremely limited metagenomic investigation. All of the tools have been used
in metagenomic investigations previously, have been used with rodent microbiota studies specif-
ically [409, 410, 411, 412] and most have been included in publications which compared the
performance - both in terms of computational resources and accuracy - of different taxonomic
classification tools such as that by Breitwieser et. al. [132].

Alpha and Beta diversity metrics were not used in this project as the large proportion of reads
could not be classified by three of the four classifiers (discussed in Chapter 3), meaning that any
taxonomic classification based diversity metrics would only be applicable to a small fraction of the
entire data set. While this may have had some merit, being functionally equivalent to analysis of
shallow shotgun sequencing like that discussed by Hillmann et. al. [37], the author believed that
it would be more useful to discuss the small proportion of the reads which could be classified in
terms of relative abundance and composition instead. In addition the mapping based approach
covered a greater proportion of the reads and did not require diversity-metric based approaches.

2.3.1 Taxonomic classification for tool testing

For each of the 4 taxonomic classification tools used in the tools testing stage of the project the
following methods were employed with each tool.

Metaphlan 3

Metaphlan 3 was run using the reference database version mpa_v30_CHOCOPhlAn_201901 which
was downloaded on February 01, 2022 from https://drive.google.com/drive/folders/1_
HaY16mT7mZ_Z8JtesH8zCfG9ikWcLXG. Default commands were used with Metaphlan 3 with the
exception of using the t rel_ab_w_read_stats flag to obtain both the relative abundance and
the estimated read counts for each clade. Metaphlan was run on the processed read files gen-
erated from the 12 Acomys samples sequenced in 2016 along with the 4 downloaded and pro-
cessed Mus read files and the processed sequence reads obtained from sequencing of the hu-
man mock community.
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Kraken 2

Kraken 2 was run using the reference database version k2_pluspf_20210517 which was down-
loaded on February 01, 2022 from https://genome-idx.s3.amazonaws.com/kraken/k2_pluspf_
20210517.tar.gz. When running Kraken 2 default flags were used save for changing the min-
imum confidence score required using the confidence flag. As part of the testing process this
was varied from the values of 0.1, 0.25, 0.5, 0.66, 0.75 and 0.95. Kraken 2 was run on the
processed read files generated from the 12 Acomys samples sequenced in 2016 along with the
4 downloaded and processed Mus read files and the processed sequence reads obtained from
sequencing of the human mock community.

Kaiju

Kaiju was run using the reference database version kaiju_db_nr_euk_20210224 which was
downloaded on February 01, 2022 from https://kaiju.binf.ku.dk/database/kaiju_db_nr_
euk_2021-02-24.tgz. When running Kaiju default flags were used save for changing the number
of errors allowed using the e flag. As part of the testing process this was varied from 0, 1, 2, 3, 4,
5, 10 and 20. Kaiju was run on the processed read files generated from the 12 Acomys samples
sequenced in 2016 along with the 4 downloaded and processed Mus read files and the processed
sequence reads obtained from sequencing of the human mock community.

mOTUs

mOTUs was run using the reference database version db_mOTU_v3.0.1 which was downloaded
on March 19, 2023 from https://zenodo.org/record/5140350/files/db_mOTU_v3.0.1.tar.
gz?download=1. When running mOTUs default flags were used save for running the program
twice on each file, once without the addition of any flags and once including the flags -u -p -q
which respectively instructed the tool to print the full name of any detected species, print the
NCBI identifiers for any detections and print the full rank taxonomy for any detections. mOTUs
was run on the processed read files generated from the 12 Acomys samples sequenced in 2016
along with the 4 downloaded and processed Mus read files and the processed sequence reads
obtained from sequencing of the human mock community.

2.3.2 Taxonomic classification for analysis

For each of the 4 taxonomic classification tools used in the main sample analysis stage of the
project the following methods were employed with each tool.

Metaphlan 3

Metaphlan 3 was run with default settings save for the use of the t rel_ab_w_read_stats flag
to obtain both the relative abundance and the estimated read counts for each clade. The same
reference database was used as described in the previous subsection. Metaphlan 3 was run on
all 81 Acomys processed read files from both rounds of sequencing.

Kraken 2

Informed by the results of the tools testing stage, Kraken 2 was run using default settings save for
setting the confidence flag to 0.5 to require a 50% minimum confidence score for classifications.
The same reference database was used as described in the previous subsection. Kraken 2 was
run on all 81 Acomys processed read files from both rounds of sequencing.
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Kaiju

Informed by the results of the tools testing stage, Kaiju was run using default settings save for
setting the e flag to 0 to require no errors in the classification. The same reference database was
used as described in the previous subsection. Kaiju was run on all 81 Acomys processed read
files from both rounds of sequencing.

mOTUs

mOTUs was run using the default settings and run twice on each file as described in the pre-
vious subsection to produce two output files providing different levels of information. The same
reference database was used as described in the previous subsection. mOTUs was run on all
81 Acomys processed read files from both rounds of sequencing, in light of the results from the
testing stage concerning the influence of pre-processing, mOTUs was run on input read files
which had been subject to quality control and host/contaminant removal but had not been sub-
sampled to a uniform depth. The percentages of classified reads from this stage is reported as a
percentage of the total number of reads classified in each file processed up to but not including
the subsampling to a uniform depth stage.
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2.4 Assembly and binning of metagenomic reads

The assembly and binning of reads was carried out by Dr Sebastien Raguideau and Profes-
sor Chris Quince using their Metahood [413] pipeline. To briefly summarise the approach, all
reads were processed with FastQC [414] and TrimGalore [415]. Processed reads were then
co-assembled with Megahit [162]; default parameters were used with these tools. The contigs
generated were then binned with Concoct [165] and Metabat2 [416], both run with the default
settings and contigs were assigned into bins based on consensus of their placement by both
tools. Bins which met a minimum completeness score of 70% from CheckM [417] analysis were
considered ‘quality’ bins. CheckM calculated completeness by making a taxonomic classification
of the query to identify genes which would be expected to be present based on the phylogeny, it
then searched the query for these and measured completeness as the fraction of expected genes
which were detected.

2.4.1 Processing of bin files

The bins generated by the Metahood pipeline from the 81 Acomys samples which met or ex-
ceeded the 70% quality threshold were processed using the following methods. CheckM (v.
1.1.2) was run again on these bin files, the checkm lineage_wf command was run first and then
the generated lineage file was used with the checkm qa command while using the -o 2 flag to
generate an extended summary file of the measured statistics. New cutoff values for complete-
ness and contamination of ≥ 80% and ≤ 5% respectively were used to filter the bin files for
further analysis. The bins which passed the filtering step were then analysed with FastANI [418]
(v. 1.3) to detect any bins which might be identical to each other generated during the Metahood
analysis. Any bins with a 99.9% or greater ANI similarity score to each other were considered
to be potentially identical and one was randomly selected to use for further analysis, bins which
did not meet this threshold were also retained for further analysis. dRep [419] (v. 2.5.0) was
used in addition to determine if any bins were extremely similar to each other and pick a best
representative of any determined to be very similar. Default settings were used save for the flag
-pa being used with a value of 0.95.

2.4.2 Identities and phylogeny of metagenomic bins

Taxonomic classification of filtered bins was conducted using GTDB-Tk [420] (v. 1.7.0) using
the database release R202. The classify workflow was run first using the command gtdbtk
classify_wf with the flags –min_perc_aa 10 and –min_af 0.65. The de novo workflow was
then run using the –min_perc_aa 10 flag and setting the outgroup taxon as the Proteobacteria
phylum using the flag –outgroup_taxon p__Proteobacteria and using the –bacteria flag to
indicate the bins files should be treated as if they were bacterial genome files. Proteobacteria
was chosen as the outgroup based on the results of the taxonomic classification of the reads from
which the bins were produced. The –min_perc_aa 10 flag instructed the tool to exclude bins
which did not have at least 10% of amino acids in the multiple sequence alignment conducted by
GTDB-Tk. The –min_af 0.65 flag required a bin to have a minimum alignment fraction of 0.65
to a species cluster to be assigned to it by the tool.

Barrnap [421] (v. 0.9) was used to identify any Ribosomal RNA genes in the processed and fil-
tered bins. Barrnap was run with the flags –kingdom bac to use the included Bacterial database
and –reject 0.1 to reject any detections of ribosomal genes which had a length of less than
10% of the expected length.
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2.4.3 Annotation of metagenomic bins

Annotation of metagenomic bin files was conducted using Prokka [422] (v. 1.14.6) using default
settings save for setting the flag –kingdom Bacteria to indicate that the bin files should be
treated as if they were bacterial genomes.
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2.5 Mapping of sample reads to metagenomic bins

2.5.1 Mapping

Prior to mapping the read files from the 81 Acomys samples all masked bin files were converted
into single contig versions and then concatenated together into a single file using the command
line. The subsampled read files were then mapped to this single bin reference file using Min-
imap2 [423] (v. 2.24r1122) with the flags -ax sr to produce output in a SAM file format and to
indicate that the preset for genomic short read mapping should be used. After mapping files were
generated Samtools [424] (v. 1.10) to produce BAM files for further analysis. Samtools was then
used to filter the BAM to remove reads which either did not map themselves or had their mate
fail to map; using the flag -F 12 with the samtools view command. The BAM files were then
sorted using the command samtools sort and indexed using the command samtools index.

2.5.2 Processing mapping data

Salmon [425] (v. 0.13.1) was used to generate values for ’reads per million’ (In context, Reads
per-Million (RPM)) for the mapping of the processed read files to the concatenated bins ref-
erence file. The bin file was indexed using Salmon and then Salmon was run with the fol-
lowing command: salmon quant -t index file -l A -a bam file –threads 2 –seqBias
–gcBias –writeUnmappedNames –numBootstraps 100 –no-version-check -o output file.
This command instructed Salmon to run and correct for hexamer bias, correct for GC bias, com-
pute estimates of abundances using 100 bootstraps, infer the library type for the BAM file auto-
matically and use two threads while running. The output .sf files contain the RPM value though
labelled as TPM in the file.

Bin RPMs were evaluated to determine if any were differentially abundant between the two
Acomys species, between the two sampling times or between the two sampling times within each
host species. Only the RPMs from samples sequenced in 2020 and subsampled to a depth of
7,600,000 reads were used for this step to remove the potential confounding factor of different
extraction and sequencing methods and dates. The geometric mean RPM for each bin was cal-
culated for each of the host species, sampling month and both combined factors. For difference
between the sampling times within each host species a paired Wilcoxon signed rank test [426]
was used, the obtained P-values being corrected with the Benjamini-Hochberg method [427] for
multiple testing. The log2()+1 values were calculated for each RPM and used when considering
the magnitude of any differences between the sampling times within each species.

For difference between each host species a Kruskal Wallis test [428] was carried out on
the geometric mean RPM values for each bin comparing the results for Acomys cahirinus and
Acomys russatus. The obtained P-values were corrected with the Benjamini-Hochberg method
for multiple testing. The log2()+1 values were calculated for each RPM and used when consid-
ering the magnitude of any differences between the host species.

For difference between each of the two sampling points a Kruskal Wallis test was carried
out on the geometric mean RPM values for each bin comparing the results for all June and all
November samples. The obtained P-values were corrected with the Benjamini-Hochberg method
for multiple testing. The log2()+1 values were calculated for each RPM and used when consid-
ering the magnitude of any differences between the sampling times.

Bins which showed a statistically significant (Q value ≤ 0.05) and substantial (log2()+1 fold
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change +/- 1 or greater) difference for one or more of the factors being examined (host species,
sampling month and both combined) were categorised as either ’Host significant’, ’Season sig-
nificant’ or ’Host within significant’. These categories were then subcategorised by which of the
2 host species, 2 sampling months or 4 combinations of the two factors the bin(s) showed a
significant difference by. The Prokka annotations of these bins were then examined, looking at
the count of predicted products and conducting a hypergeometric test to determine if any had a
statistically significant difference (Q value ≤ 0.05) in their counts within these bins versus all bins.

All statistical analysis was carried out using R [393] (v. 4.2.0).
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2.6 Lactic acid bacteria isolation from faecal samples

2.6.1 Isolation of lactic acid bacteria

Selective isolation of Lactic Acid Bacteria Lactic Acid Bacteria (LAB) was carried out on those
faecal samples which had material remaining after DNA extraction. The selection for LAB was
informed by the results of the different taxonomic classification tools on the read files obtained
from the samples, relative ease of isolation and cultivation and the well reported presence and
numerous proposed roles for such microorganisms in the intestinal microbiota of multiple animals;
all discussed in the Introduction. Isolation and culturing of LABs from the faecal samples was
conducted by Nancy Teng of the Quadram Institute using the following protocol:

1. De Man Rogosa and Sharpe media supplemented with Cysteine (0.5 mg µL−1) was pre-
pared as the selective media to isolate LAB from the Acomys faecal samples. Both broth
and agar were produced. For 500 mL of MRS agar, 27.5 mg of MRS dry powder was
weighed out and dissolved in 500 mL of deionised water along with 8 g of agar.

2. The media was autoclaved and left to temper at 50°C for 40 minutes before 0.001% (v/v) of
Cysteine (0.5 mg µL−1) was added.

3. Once well mixed, plates were poured in a MSC II safety cabinet and left to dry for at least
30 minutes before storage at 4°C.

4. Production of broth followed the same process but without the addition of agar.

5. 100 mg of each faecal sample was aliquoted and homogenised in 1 mL of reduced sterile
PBS (Sigma-Aldrich, UK). A dilution series down to 10-5 was prepared.

6. 200 µg L−1 of the faecal slurry dilution 10-4 was spread onto an MRS agar plate using a
disposable hockey stick spreader. The same was repeated for dilution 10-5.

7. The plates were left to dry in a safety cabinet for 15 minutes before being moved to the
anaerobic cabinet to incubate anaerobically for 48 hours.

8. After 48 hours, non-confluent and morphologically distinct colonies were picked using a
5 µm sterile loop, from both dilution series, to a total of up to five colonies per sample. Each
colony was quadrant streaked onto its own agar plate to purify the isolate.

9. The plate was left to incubate anaerobically for a further 48 hours.

10. After this incubation a single colony off each plate was selected and quadrant streaked onto
a fresh plate. If a new colony appeared this was selected as well and streaked onto a new
plate.

11. This process was continued at least twice more, bringing the total number of purification
streakings to three.

12. Once the isolates were deemed to look pure, a colony was picked off and used to inoculate
10 mL of MRS+Cys broth.

13. The inoculated broth was incubated for 48 hours anaerobically.

14. After 48 hours, the inoculated broth was spun down at 2,600 rpm for 15 minutes to obtain
a bacterial pellet. The supernatant was poured off, being careful not to disturb the pellet.
With the remaining supernatant the pellet was resuspended.
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15. 200 µL of the mixture was set aside for DNA extraction (described in Subsection 2.6.2).

16. The remaining mixture was resuspended with 1 mL of MRS with 20% glycerol and stored
at -80°C.

The non-Acomys samples used were originally sequenced as part of an investigation into Bi-
fidobacterium [429] and the read files obtained from this were provided by Magdalena Kujawska
of the Quadram Institute. Isolation was carried out according to the method described in the cited
publication.

2.6.2 Extraction of DNA from isolated lactic acid bacteria

The isolates obtained from the Acomys faecal samples were sequenced by Dave Baker at the
Quadram Institute (Norwich, UK). DNA from the selected isolates was extracted from 200 µL of
the mixture obtained after resuspension of the bacterial pellet. This was aliquoted into the lysing
matrix tube E from the MP Biomedicals FastDNA SPIN Kit for Soil (California, USA). DNA was
quantified using Qubit dsDNA BR assay kit (Invitrogen) with the adjustment for using 5 µL per
tube as opposed to 10 µL per tube. After this, samples were diluted to 5 ng µL−1 and sent for
sequencing to 60X depth using the Illumina MiSeq platform; a negative control was sequenced
simultaneously to this.

The DNA extraction and sequencing of the Apodemus samples was as described in the cited
publication.

2.6.3 Assembly, classification and annotation of bacterial assemblies

All sequenced reads were assembled the same way, both those from the Acomys faecal samples
and those obtained from the Apodemus samples.

Assembly

All read files were analysed with FastP (v. 0.23.1) to remove low quality reads, trim adaptors
and carry out quality control; default settings were used. Paired end read files containing reads
which passed quality control (QC) were assembled using SPADES [430] (v. 3.13.1) using default
settings save for the use of the flag –careful.

All assemblies were processed with Reformat from BBTools (part of the BBMap suite, v.
38.06) to remove contigs which were less than 500 base pairs in length. Default settings were
used save for setting the minlength= flag to a value of 500.

CheckM (v. 1.2.0) was used to assess the completeness and contamination percentages of
the assemblies. Cutoff values for completeness and contamination of ≥ 80% and ≤ 5% respec-
tively were used to filter the assembly files for further analysis.

The assemblies were analysed with FastANI (v. 1.3) to detect any assemblies which might be
identical to each other generated during the Metahood analysis. Any assemblies with a 99.9%
or greater ANI similarity score to each other were considered to be potentially identical and one
was randomly selected to use for further analysis, assemblies which did not meet this threshold
were also retained for further analysis. dRep (v. 2.5.0) was used in addition to determine if any
bins were extremely similar to each other and pick a best representative of any determined to be
very similar. Default settings were used save for the flag -pa being used with a value of 0.999.
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Any isolates which did meet or exceed the ANI threshold had their CheckM results compared
to determine if either had higher completeness or lower contamination values, if so then that
assembly was retained for further analysis. In the event that both values were identical for each
assembly one was chosen at random to retain for further analysis.

Taxonomic classification of assemblies

GTDB-Tk (v. 1.7.0) was used to identify the assemblies taxonomically, using the command
gtdbtk classify_wf to run the classification workflow. The flag –min_perc_aa was set to 10,
filtering out genomes with less than 10% amino acid similarity to the generated alignments. The
min_af flag was set to 0.65 to give a minimum threshold for alignment to a species cluster.

Detection of ribosomal genes in assemblies

Barrnap (v. 0.9) was used to identify any Ribosomal RNA genes in the assemblies. Barrnap
was run with the flags –kingdom bac to use the included Bacterial database and –reject 0.1
to reject any detections of ribosomal genes which had a length of less than 10% of the expected
length.

Annotation of assemblies

Prokka (v. 1.14.6) was used to annotate the isolate assemblies. Default settings were used with
the exception of setting the –kingdom flag to Bacteria
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2.7 Phylogenies

2.7.1 Phylogeny of bins and assemblies

Marker-based phylogenetic trees could not be produced using ribosomal genes as there were
no complete or partial ribosomal genes present in all bins, an alignment based tree was created
instead. To begin all processed bin and assembly files were softmasked using BBMask, a tool
from the BBMap [405] (v. 38.79) suite. Default parameters were used with the following excep-
tions: changing the kmer size range to sweep for exact repeats to 5-15 with the flags minkr=5 and
maxkr=15, changing the entropy value used for low complexity masking from 0.7 to 0.85 using the
flag entropy=0.85 and changing the minimum length of the repeat area to mask from 40 to 30
with the flag minlen=30. Following this a guide tree was created using JolyTree [431] which was
used solely and only as a guide tree for the Cactus aligner [432] and had to have any numbers
removed from the tree to be compatible with Cactus. Cactus aligns entire nucleotide sequenc-
ing files against each other in a multiple genome alignment. Cactus was run with the command
cactus –binariesMode local –cleanWorkDir never –noLinkImports –noMoveExports
–maxCores 64 –defaultMemory 2G –maxMemory 1024G –defaultDisk 64G –maxDisk 512G.
Cactus was run on a directory containing the processed bin fasta files and processed isolate as-
sembly files to produce a tree of the bins and assemblies. Cactus in this instance did not provide
estimated branch lengths for the phylogenetic tree.

2.7.2 Phylogeny of assemblies

An alignment based phylogenetic tree was created to examine the relationships between the as-
semblies exclusively. The hardmasked files produced using BBMask were used for this process.
Each assembly had all contigs concatenated into a single contig for each file and then these were
all combined into a single multifasta file. This was used as the input for SibeliaZ [433] (v. 1.0.0),
which was run with the following command: sibeliaz -k 15 -b 200 -m 50 -a 1800 -t 1 -f
256. Following this the MAF file produced was converted into a fasta file with a single line of data
for each of the assemblies in the annotation using the Galaxy tool ’MAF to FASTA’, which can be
accessed at https://usegalaxy.org/?tool_id=MAF_To_Fasta1&version=1.0.1. The output
options for this were set to the ’One Sequence per Species’. After this FastTree [434] (v. 2.1.11)
was used to produce a phylogentic tree in the Newick format from the fasta file, the command run
was: FastTree -gtr -nt input_fasta_file.fa > output_newick_file.nwk. This newick
file was uploaded to ITOL [435] which was used to produce the visualisations of the phylogenetic
tree of the assessed files.

2.7.3 Combined phylogeny with external references

A broader phylogenetic tree was created including the isolate assemblies, the previously gener-
ated metagenomic bin and 173 reference genomes or high quality MAGs from the iMGMC. The
external data used in the latter tree is detailed in subsection 2.1.7. In this instance the tree was
generated using Cactus in the way as that described in Subsection 2.7.1. As with the earlier
tree generated by Cactus the tool does not incorporate branch length information in the tree. The
tree produced was uploaded to ITOL to produce a visualisation.
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2.8 Mapping of isolate assemblies to metagenomic reads

Isolate assemblies were mapped to the single concatenated reference file made of all processed
Acomys reads described in Subsection 2.5.1 using Minimap2 (v. 0.13.1) in the same manner as
described in that subsection. Processing of the mapped read files was carried out in the same
way, using Salmon (v. 0.13.1) and calculating differentially abundant isolates by host species,
sampling point and the two factors combined, as described in subsection 2.5.2. As with the
mapping to the metagenomic bin files, the analysis of the mapping to the isolate assemblies
focused on those samples which had been subsampled to a greater read depth and for which
there were paired June and November samples.
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2.9 Halotolerance assessment through culturing

All culturing work described in this section was carried out by Antia Acuna-Gonzalez of the
Quadram Institute, Norwich. In order to test the hypothesis that a demonstrable host phenotypic
trait might also be observed in the microbiota a number of isolates obtained from the faecal sam-
ples were subjected to halotolerance culturing. As a positive control Pediococcus pentosaceus F
166 was obtained from the National Collection of Type Cultures (UKHSA, Salisbury, UK), NCTC
number: 8066. This was shipped to the Earlham Institute in a freeze-dried form in August 2022
and stored refrigerated at 4°C until September 2022 when it was brought to the Quadram Insti-
tute for use in the culturing experiment. The control was resuspended by putting it into 4 ml of
the modified MRS-CYS media, pouring 2 ml of this into 10 ml of broth modified MRS-CYS media
and culturing it for 48 hours anaerobically. The media was then centrifuged for 10 minutes at
4,000 rpm and resuspended in 2 ml of MRS with 20% Glycerol. This species was chosen as the
positive control as it had been previously reported growing in conditions of elevated salinity [436]
(6%).

10 isolates were assessed, 2 from the Apodemus and 8 from the Acomys. One of the two
Apodemus isolates came from each of the two sampling locations described in that publication.
Of the eight Acomys isolates, 3 were from samples obtained from Acomys cahirinus and 5 from
samples obtained from Acomys russatus. The same media was employed as that used for the
earlier described selection and isolation of LABs, save that sodium chloride was added to achieve
a set range of salinities. The salinity percentages used were: 0, 1, 1.75, 2.5, 3.5, 5, 7.5 and 10%.
The following protocol was used for the halotolerance testing:

1. Cultures obtained during the LAB isolation were grown anaerobically for 48 hours on the
selective media described in 2.6.1.

2. Single colonies were chosen from the media and then inoculated in 5 mL of MRS+Cys
broth.

3. These were incubated for a further 48 hours growth under anaerobic conditions.

4. The broth was then homogenised by manual pipetting and 5 µL of this mixture was inocu-
lated in the wells of a 96 well plate with different salinities using a multichannel pipette. For
the blank, negative control, 5 µL of 0% salinity media was inoculated in the blank wells.

5. The plate was placed into a Tecan F50 plate reader to allow for shaking of the media during
growth; plates were placed without lids and with a gas permeable membrane.

6. Growth was measured over 48 hours in the plate reader.

7. Shaking occured every 15 minutes and lasted for 30 seconds.

8. The plate reader measured absorbance, as determined by optical density (OD600), mea-
suring every 15 minutes.

9. This protocol was repeated 3 times for a total of 3 replicates.

The salinity ranges chosen were picked based on information regarding the halotolerance of
LABs [437], the Acomys capacity to drink seawater [386] or reported halotolerances for labora-
tory mice (Mus strains) [438].
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To prepare the media salt was added to the modified MRS-CYS broth to reach a total volume
of 250 mL at the required salinity. Media was prepared in each bottle to the appropriate salinity
and volume, on the day of the experiment it was stirred over 1 minute while pipetting the other
salinities for homogenisation. It was then pipetted with a multichannel pipette into the wells.

2.9.1 Halotolerance informed analysis

Assemblies were categorised as either ’Not halotolerant’, ’Slightly’ or ’Halotolerant’. Assemblies
which did not show any growth in any replicates in media with ≤ 2.5% were those categorised
as ’Not halotolerant’. Assemblies which showed growth in at least one replicate in 2.5% salinity
media were categorised as ’Slightly halotolerant’ and assemblies which showed growth in media
with ≤ 3.5% in at least one replicate were classified as ’Halotolerant’. The Prokka annotations of
the assemblies were then examined, looking at the count of predicted products and conducting a
hypergeometric test to determine if any had a statistically significant difference (Q value ≤ 0.05)
in their counts in assemblies within one of the categories versus all assemblies.

Assemblies were also categorised by the host Acomys species the faecal sample had orig-
inated from and a hypergeometric test was conducted to determine if there was a statistically
significant difference (Q value ≤ 0.05) in the counts of predicted products in assemblies from
each species versus the other.

All statistical analysis was carried out using R (v. 4.2.0).
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2.10 List of all bioinformatic software used by author and ver-
sion

Where multiple versions of a software tool were used the second appearance in the following list
is distinguished with bold text.

• FastP v. 0.19.7

• BBDuk v. 38.06

• Seqtk v. 1.0-r77-dirty (SIC)

• MetaPhlAn2 v. 3.0.10

• mOTUs2 v. 3.0.3.1

• Kaiju v. 1.7.3

• Kraken2 v. 2.0.8

• CheckM v. 1.1.2

• FastANI v. 1.3

• dRep v. 2.5.0

• GTDB-Tk v. 1.7.0

• Barrnap v. 0.9

• BBMask v. 38.79

• SibeliaZ v. 1.0.0

• MAF to FASTA (via Galaxy online tool) v. 1.0.1

• FastTree v. 2.1.11

• Prokka v. 1.14.6

• Minimap2 v. 2.24r1122

• Cactus 2.2.0

• Samtools v. 1.10

• Salmon v. 0.13.1

• SPADES v. 3.13.1

• FastP v. 0.23.1

• BBTools v. 38.06

• Minimap2 v. 0.13.1
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Chapter 3

Results

• The results of testing of a number of taxonomic classification tools are pre-
sented

• The taxonomic composition of the microbiota of Acomys is presented

• The particulars of metagenomic bins produced from the Acomys microbiota
are presented

• The particulars of lactic acid bacteria isolated from Acomys faecal samples
are presented

• The results of halotolerance asessment of a number of lactic acid bacterial
isolates from Acomys faecal samples are presented
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3.1 Processing of read files

3.1.1 Processing for tool testing

Processing of the human mock microbial community saw a 18% reduction in the read count in
the read files due to the removed reads either failing the FastP QC check or by matching to the
human reference genome used with BBDuk. For the three rodent species with read files used
in the testing phase the large difference in read depth between the M. musculus files and those
from the Acomys samples led to a stark difference in the percentage reduction. The Acomys
cahirinus read files saw a reduction of 21.3% (mean) or 20.5% (median) in the total read count
from the raw files after the processing. The Acomys russatus read files saw a reduction of 19%
(mean) or 21.2% (median) in the total read count from the raw files after the processing. The M.
musculus read files saw a reduction of 84.2% (mean) or 85.7% (median) after processing.

3.1.2 Processing for analysis

Processing of the sequencing read files saw a reduction in the total read count in the read files
due to the removed reads either failing the FastP QC check or by matching to the reference
genomes for each Acomys species used with BBDuk. A mean of 95% of reads in the raw files
were retained in the processed read files used for all subsequent analysis. By host species,
the mean percentage of reads retained in the processed Acomys cahirinus files was 96.1%, the
median was 97.3%, the maximum was 98.8% and the minimum was 78.2%. For Acomys russatus
the mean percentage of reads retained was 95.7%, the median was 97.4%, the maximum was
98.7% and the minimum was 80.5%.
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3.2 Taxonomic classification of read files

3.2.1 Classification for tool testing

Four different taxonomic classification tools were used in this stage of the project, which broadly
correspond to three different approaches to classifying sequencing reads for microbiota samples.
All four tools were able to classify at least some of the reads in each of the samples though with
different degrees of success. To establish whether the processing steps the read files had un-
dergone impacted the ability of the tools to classify the reads the tools were run on the raw files
and then the processed files. For the processed files the most permissive settings were used for
Kaiju and Kraken 2, being an error allowance of 20 and a minimum required confidence score of
10% respectively.

Figure 3.1 shows the results of this comparison stage for the rodent files. There were no
significant differences between the percentage of reads classified in the raw and the processed
files for any of the three rodent species using Metaphlan or Kraken 2. Using Kaiju and mOTUs
there was a statistically significant difference between the raw and processed files for the Acomys
russatus files. The mean percentage of reads classified by Kaiju in the raw Acomys russatus files
was 74.6% compared to 76.2% in the processed files. For mOTUs the percentage of reads clas-
sified in the raw Acomys russatus files was 0.0055% and in the processed files it was 0.0056%,
though this is not abnormal for the standard operation of the tool which uses a small subset of
reads from each sample.

The different tools were run on the human mock community which had a known composition.
Table 3.1 shows whether or not each of the 20 species was detected by the classification software
in the procesed read file, including for Kaiju and Kraken the parameter altered in the run. All
four tools did well at detecting the presence of the twenty species however the very different
percentage of reads classified, discussed below, indicate that the ability to detect a known true
positive may not be a useful indicator of the suitability of the tool for the full set of Acomys data.
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Figure 3.1: 3.1A shows the range of percent of reads classified for each of the files analysed by Metaphlan for the three rodent species with data
used in the tools testing, distinguishing from the raw read files and those which had been processed. 3.1B shows the Log10 values for the range
of percent reads classified by mOTUs. 3.1C shows the range of percent of reads classified by Kraken 2 with a minimum required confidence score
of 10%. 3.1D shows the range of percent of reads classified by Kaiju with an error allowance of 20.
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Metaphlan 3

The results for Metaphlan 3 can be seen on a per sample basis in Figure 3.2A. The two different
sets of M. musculus samples analysed had a considerably larger share of their reads classified by
Metaphlan than either of the two Acomys species’ samples. Within the two Acomys species sam-
ples there appeared to be two outliers, which had a greater percentage of their reads classified
than the others of their species; both were November samples. Except for those two samples,
Metaphlan could not classify more than 8% of the Acomys sample reads; the median percentage
of reads classified by Metaphlan was 3.52%. In the Mus samples, the minimum percentage of
reads in a sample Metaphlan could classify was 29.6%, with the maximum being 44.3%.

Metaphlan classified 115.98% of the reads in the human mock microbial community file.
Metaphlan does not directly count the number of reads assigned to each of the taxa it detects
and so it cannot be assessed in the same way as the other tools. Looking into the results more
closely for the human mock microbial community, it estimates 15,720,250 reads as being within
the clade ‘Bacteria’ - which is greater than the 13,553,639 reads in the actual sample fastq file
after pre-processing. Notably however, it also estimates 11,387,028 reads as being ‘UNKNOWN’
- which is 84.01% of the reads in the submitted file.

mOTUs

Across all processed rodent read files analysed mOTUs assigned at least 1 read to 553 ref-
mOTUs, varying from a minimum of 28 in sample AC16N to a maximum of 134 in sample
ERR675516 (a Mus sample). Across all processed rodent read files mOTUs detected at least
one read from a mean of 99.8 ref-mOTUs and a median of 83.5. On a host species by host
species basis, the processed Acomys cahirinus files had a mean of 70.83 ref-mOTUs with a
non-zero relative abundance, the Acomys russatus files had a mean of 79.83 ref-mOTUs with a
non-zero relative abundance and the Mus files had a mean of 141.3 ref-mOTUs with a non-zero
relative abundance. The processed Acomys cahirinus files had a median of 76.5 ref-mOTUs with
a non-zero relative abundance, the Acomys russatus a median of 80 ref-mOTUs with a non-zero
relative abundance and the Mus a median of 138.5 ref-mOTUs with a non-zero relative abun-
dance.

The most (relatively) abundant reference mOTU (ref-mOTU(s)) detected in the Acomys cahir-
inus files was the same in each, ref_mOTU_v3_01032. The two other rodent species did not
have the same most abundant ref-mOTU in each of their samples. ref_mOTU_v3_01032 was
the most abundant ref-mOTU detected in 4 of the Acomys russatus samples however, being the
most abundant in samples AR27, AR27N, AR34J and AR34N. The two other Acomys russatus
samples did not have the same most relatively abundant ref-mOTU detected in each other. 7
different ref-mOTUs were the most relatively abundant across the 16 samples with the Mus and
the two Acomys russatus samples each having a unique most abundant ref-mOTU compared to
all other samples. The least abundant ref-mOTU which had a non-zero relative abundance was
more diverse, with only two of the files having the same least abundant ref-mOTU. The single
shared ref-mOTU was ref_mOTU_v3_01039, which was the least common in files AC16J and
AR34N.

The percentage of reads which were classified by mOTUs can be seen in Figure 3.2B. The
authors of the tool believe that their use of a small proportion of reads for analysis and reporting
of relative abundances is sufficient to provide accurate classification.
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Figure 3.2: A. shows estimated percentage of reads classified by Metaphlan in each processed
sample read file. B. shows the percentage of reads classified by mOTUs in each processed
sample read file.

Looking at the phylum level results for relative abundance for the rodent pilot samples, the
phyla which had summed relative abundances (from all samples) of at least 0.1 were Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria, Verrucomicrobia and Deferribacteres (also called
Deferribacterota). The summed relative abundances above were calculated by summing the rel-
ative abundances for all reference mOTUs within that phylum and then summing these values. In
all individual samples both pre- and post-processing the phylum with the highest relative abun-
dance was Firmicutes, ranging from a relative abundance of 0.96 in AC16N after processing
to 0.20 in the Mus sample ERR3357615 prior to processing. The summed phylum level relative
abundances from mOTUs analysis of the different files used for tool testing can be seen in Figure
3.3.
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Figure 3.3: Summed relative abundances (multiplied by 100) at the phylum level for mOTUs,
showing the 7 phyla which had the greatest combined relative abundance across all samples.
Plots are facetted by host species and coloured by phylum. A. Processed files. B. Raw files.

For the human mock microbial community, mOTUs assigned relative abundance to 27 gen-
era, more than the 17 actually in the community. False positive detections included Enterobacter,
Moraxella, Promicromonospora, Sanguibacter and Xylanimonas. Of the 17 actually present gen-
era, mOTUs assigned relative abundance values to all of them though it failed to detect two of the
species in the community. The greatest relative abundance was assigned to the genera Strep-
tococcus (0.36), Staphylococcus (0.24), Rhodobacter (0.22) and Enterobacter (0.08). mOTUs
found relative abundance for the true positive genera in accordance with the ratios of their known
operon counts.
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Kraken 2

At the most permissive setting, requiring only a minimum confidence score of 10%, Kraken 2
failed to reach 10% median percentage of reads classified (from all samples) in either of the two
Acomys species. The laboratory and wild M. musculus samples had a median percentage of
reads classified above 20% when using the same minimum confidence score; and the human
mock community sample had 99.96% of its reads classified by Kraken 2 at 10% minimum con-
fidence. As the required minimum confidence score for a classification increased, the median
percentage of reads classified dropped for all host species - though to a greater extent for the two
Acomys species. Kraken 2 never failed to classify at least 1% of the reads in the M. musculus
samples at any minimum confidence level, but for some Acomys samples it failed to classify even
1% of the reads at the minimum confidence scores. For example, with a minimum confidence
score of 50%, Kraken 2 identified only 0.51% of reads in sample AR29J and 0.59% in the AR29N
sample. Given that these are from the same individual it might not be surprising that Kraken 2
had similarly low levels of success. When the minimum confidence score was increased to 75%,
7 of the 12 Acomys samples failed to reach a minimum of 1% reads classified. The M. musculus
samples’ median percentages of reads classified were below the human mock community level
at any given minimum confidence score. At the strictest level, a minimum confidence score of
95%, Kraken 2 only detects a very narrow range of taxa in the pilot samples, irrespective of both
host species and month of sampling. Within the M. musculus samples there was a difference
between the mean percent of reads classified at any given minimum confidence score for the
wild samples and the laboratory reared animals. At the 95% minimum confidence score, the
mean percentage classification of reads for wild M. musculus was 4.82% while for the lab mice
samples it was 7.93%. As the strictness of the minimum confidence score decreased both types
of samples saw an increasing mean percentage of the reads being classified, until reaching the
minimum confidence score of 25% when the two sample types flipped in their relationship. At
both 25% minimum confidence score and 10%, the wild mice had a greater mean percentage
of reads classified than the lab mice. Figure 3.4A provides the median percentage of reads
classified by Kraken 2 for each of the three rodent species and highlights the considerable differ-
ences between the M. musculus samples along with the major impact of changing the minimum
required confidence score.

In the human mock community, Kraken 2 classified over 90% of reads at 10, 25 and 50%
minimum confidence scores, though it did drop slightly each time. At a 66% minimum confidence
score it managed to classify 87.83% of the reads, 74.98% of the reads with minimum confidence
score of 75% and then dropped precipitously to only 14.23% of reads being classified when the
minimum confidence score was set to 95%. This, though, was more than any of the M. musculus
samples and considerably more than any Acomys sample at this, most stringent level. Kraken 2
always found more NCBI taxIDs in the sample than were in the original community. As can be
seen in Figure 3.5A the number of false positives decreased with increasingly strict requirements
for the minimum confidence level, as there was a drop in the number of unique taxIDs detected.
The fact that the number of taxIDs with more than 100 reads remained largely consistent is a
sign either that the bulk of the reads which Kraken 2 classified were being assigned to a limited
number of taxIDs - rather than it detecting a large number of IDs each of which have a small num-
ber of assigned reads - or that it classified the majority of reads into increasingly large taxonomic
levels with increasing minimum confidence score.

Even at the most permissive minimum confidence score, 10%, Kraken 2 did not detect all 20
strains in the sample files. However, it did detect all of the overall species, as can be seen in
Table 3.1. Of the 7 strain IDs not detected by Kraken 2 with a 10% minimum confidence score,

53



1 was amongst the most abundant in the mock community (Escherichia coli str. K-12 substr.
MG1655), 1 was amongst the next highest level of abundance (Pseudomonas aeruginosa PAO1)
and 1 was the next highest level of abundance (Helicobacter pylori 26695). The remaining 4
strains not detected had the lowest level of abundance in the initial community. There were mul-
tiple representatives of each species in the database though whether or not the particular strains
were present cannot be determined from the database itself.

As the minimum required confidence score increased, becoming stricter, the number of exact
strain taxIDs detected dropped, until it plateaued at 5 taxIDs with a minimum confidence score
of 75% and 95%. Though the number of detections of the overall species also dropped with
the increasing minimum confidence score it did not decrease to the same extent. Even at a
minimum confidence score of 95% Kraken 2 detected 18 of the 20 overall species taxIDs for
the specific strains in the community. At any minimum confidence score above 10% Kraken 2
detected more false positives from genera not belonging to one of the 20 known member strains
than within them. The number of false positive genus read classifications rose with increasing
minimum confidence score until reaching 75% where the number of reads classified as such
started to decrease. At all minimum confidence levels, Kraken 2 classified many more reads
with the exact NCBI taxID of the species of one of the 20 known strains than it did the taxID of
the strain itself. By the strictest minimum confidence score, 95%, Kraken 2 detected more taxID
not belonging to anything in the genera of the 20 known strain members than it did to either the
exact species taxID or to any within-genus false positive taxIDs. This suggests that increasing
stringency to this level did not necessarily lead to an equivalent reduction in false positives. It
is worth noting though that the number of classified reads assigned to taxa outside the genus
of one of the 20 known member strains increased with the minimum required confidence score
until it exceeded the number of reads classified with the ‘exact species’ taxID between 66-75%
minimum confidence score.
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Figure 3.4: 3.4A shows the median percentage of reads classified by Kraken 2 at the indicated minimum required confidence score for processed
read files from each of the three rodent species. 3.4B shows the median percentage of reads classified by Kaiju at the indicated error allowance
for processed read files from each of the three rodent species.
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Kaiju

Kaiju was the most successful classifier by number of reads classified, as shown in Figure 3.1
it always classified at least 50% of the reads in the three rodent species samples even at the
strictest allowed error number (0). It had median values for percentage reads classified over
60% in all rodent samples at all error allowances. There was greater variance within the median
percentage of reads classified by Kaiju in the A. cahirinus samples than within either the A. rus-
satus or Mus samples. Similarly to Kraken 2, Kaiju saw a greater percentage of reads in Mus
samples classified at all error allowances. Unlike Kraken 2 the strictest setting tested saw no-
table differences between the two Acomys species sample median percentage reads classified
as compared to the Mus samples.

In all rodent samples at any of the tested error allowances, Kaiju achieved a mean percentage
of reads classified of at least 62%. The lowest percentage of reads classified in any rodent sam-
ple by Kaiju was 61.53%, in sample AR29J, with an error allowance of 0. In the rodent samples,
Kaiju had the greatest percentage of classified reads in each of the three species when using an
error allowance of 20, as can be seen in Figure 3.4B. The mean percentage of reads classified
in the Mus samples never fell below 70%, even with the 0 error allowance - though the median
percentage of reads classified in Mus samples did not meaningfully increase with the doubling of
permitted errors from 10 to 20. A similar trend can be seen across all the rodent species, in which
the doubling of permitted errors from 5 to 10 led to a larger increase in the median percentage of
reads classified than the doubling from 10 to 20. Kaiju did not have any appreciable difference in
the mean percentage of reads classified at each error allowance tested between the wild and lab
reared Mus samples; at its greatest this difference was 2.27% with an error allowance of 1.

With the human mock microbial community, Kaiju classified almost all reads, never falling
below 99% reads classified in the processed file. As with the rodent samples the doubling of
allowed errors from 10 to 20 did not have as significant an effect on the number of reads classi-
fied by Kaiju in the human mock community as the doubling from 5 to 10 allowed errors. Given,
though, that Kaiju classified almost all the reads in the mock community the change with the
doubling is extremely small in both cases. Figure 3.5B shows the results for Kaiju analysis of
the human mock microbial community in terms of the number of NCBI taxonomic IDs detected
and the number of detected taxIDs assigned at least 100 reads by Kaiju. Kaiju at its strictest
error allowance identified over 6,000 unique taxIDs; the sample had a known composition of 20
strains and thus should only show 20 taxIDs at most. The number of unique tax IDs detected and
the number of tax IDs with more than 100 reads assigned to them were identical at each error
allowance. This indicates that whenever Kaiju, with an increasingly permissive error allowance,
detected a new taxID it readily assigned at least 100 reads to it. The number of unique taxIDs
detected was never less than 300 times greater than the known number of taxa in the sample,
even at the strictest error allowance of 0. With the most generous error allowance Kaiju detected
13,099 unique taxonomic IDs.

Unlike Kraken 2, Kaiju did not fail to detect any of the species taxonomic IDs at any error
allowance, as can be seen in Table 3.1. While Kaiju failed to detect all of the 20 strain spe-
cific taxIDs (only ever managing to detect 19) it maintained the same detection of strains at all
error allowances; the number of the 20 strain taxIDs detected remained the same at both the
strictest and most permissive error allowances. Kaiju detected an increasing number of non-
same genus taxIDs with an increasingly permissive error allowance, though even at the strictest
error allowance it detected 1,122 non-same genus taxIDs. At an error allowance of 10 or 20, Kaiju
detected more taxIDs from outside the genus of any of the known 20 member strains than either
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within the genus but not one of the right species, or of the right species but the wrong strain.

Figure 3.5: A shows in black the number of NCBI taxonomic IDs detected and in blue the number
of taxIDs assigned at least 100 reads by Kraken 2 in the processed human mock microbiota
reads file with changing minimum required confidence score. B shows in black the number of
NCBI taxonomic IDs detected and in blue the number of taxIDs assigned at least 100 reads by
Kaiju in the processed human mock microbiota reads file with changing error allowance.
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Species NCBI
TaxID

Metaphlan mOTUs Kaiju 0
errors

Kaiju 1
errors

Kaiju 2
errors

Kaiju 3
errors

Kaiju 4
errors

Kaiju 5
errors

Kaiju 10
errors

Kaiju 20
errors

Kraken 95%
conf. score

Kraken 75%
conf. score

Kraken 66%
conf. score

Kraken 50%
conf. score

Kraken 25%
conf. score

Kraken 10%
conf. score

Acinetobacter
baumannii

470 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Schaalia
odontolytica 1660 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Bacillus
cereus

1396 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Phocaeicola
vulgatus 821 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Clostridium
beijerinckii 1520 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Deinococcus
radiodurans

1299 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Enterococcus
faecalis

1351 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Escherichia
coli

562 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Helicobacter
pylori 210 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Lactobacillus
gasseri 1596 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Listeria
monocytogenes 1639 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Neisseria
meningitidis 487 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cutibacterium
acnes

1747 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Pseudomonas
aeruginosa 287 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cereibacter
sphaeroides 1063 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Staphylococcus
aureus

1280 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1

Staphylococcus
epidermidis 1282 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Streptococcus
agalactiae 1311 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1

Streptococcus
mutans

1309 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Streptococcus
pneumoniae 1313 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table 3.1: Lists the 20 species in the human mock community sequenced and used with the different
classificationt tools, the NCBI taxonomy ID for the species and then whether the species was detected (1)
or not (0) by the indicated tool and parameter variation (where relevant). Failed detections are highlighted
in bold.
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3.2.2 Classification for analysis

In this stage of the project Kraken 2 and Kaiju were run with multiple parameters, as in the testing
stage, however results will only be discussed for a 50% minimum confidence score with Kraken
2 and for 0 errors allowed with Kaiju. The percentage of reads classified by each tool are shown
in Figure 3.6. As in the tool testing results it is worth noting that by design mOTUs uses a small
subset of the reads in the sample files which may make the percentage of reads classified appear
distored.

Figure 3.6: A. Box and violin plot of the estimated percentage of reads in all processed input files
which could be classified by Metaphlan 3 by mapping to one of the marker sequences. B. Box
and violin plots of the percentage of reads in all processed input files which could be classified
by Kraken 2 at the indicated minimum confidence score required. C. Box and violin plots of the
percentage of reads in all processed input files which could be classified by Kaiju at the indicated
error allowance. D. Box and violin plot of the percentage of reads in all partially processed (see
Sub-subsection 2.3.2) input files which could be classified by mOTUs.

The potential impact of the processing the files underwent on the ability of Metaphlan 3,
Kraken 2 and Kaiju to classify them were tested by comparing the results for the raw and pro-
cessed files, which are shown in Supplemental Figure 5.2. Processing did not have a significant
impact on the ability of Metaphlan 3 or Kraken 2 to classify reads in any of the samples, it did
however lead to a significant increase in the reads classified by Kaiju in both Acomys species; an
increase in the percent of reads classified after processing in both.

mOTUs

Figure 3.6D. shows the percentage of reads classified by mOTUs, with the caveat that it is de-
signed to use only a small proportion of reads in a sample. mOTUs assigned at least one read
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to 144 different taxa across all samples. Across all samples mOTUs detected non-zero rela-
tive abundance in at least one sample for 550 unique reference mOTUs. By host species the
sample which had the most unique reference mOTUs detected which had a non-zero relative
abundance were AC4N for A. cahirinus with 177 unique reference mOTUs and for A. russatus it
was AR42J with 158 unique reference mOTUs. The median number of unique reference mOTUs
with a non-zero relative abundances for each host species was 118 for A. cahirinus and 116 for
A. russatus. The reference mOTU which had the highest assigned relative abundance from any
sample was ref_mOTU_v3_01032 in sample AC16N with a relative abundance of 0.78%. This
reference mOTU also had the greatest summed relative abundance in both host species, 12.2%
from all A. cahirinus samples and 4.9% from all A. russatus samples. The reference mOTU cor-
responds to the species Lactobacillus kefiranofaciens. Summing all the relative abundances from
each sample for the two host species there were three reference mOTUs which had a minimum of
1% summed relative abundance for the A. cahirinus samples and 7 for the A. russatus samples.
The distribution of summed relative abundances for the 550 reference mOTUs by host species
can be seen in Supplemental Figure 5.1 and the particulars of those reference mOTUs which
had summed relative abundances of at least 1% in one of the two host species can be found in
Supplemental Table 5.3.

Looking at the relative abundances reported by mOTUs at the phylum level, summing the
relative abundances across all samples there were 5 phyla which had a summed relative abun-
dance of at least 1. These were Firmicutes, Bacteroidetes, Verrucomicrobia, Proteobacteria and
Actinobacteria. In all but five samples the phylum with the greatest relative abundance was Fir-
micutes, the outlying samples were all A. russatus samples and all but one of them were June
samplings. The range of relative abundances for Firmicutes ranges from 0.96 to 0.26, for Bac-
teroidetes it ranges from 0.3 to 0 - the lowest non-zero relative abundance for Bacteroidetes was
0.004. Firmicutes was also the only phylum of the five which had assigned relative abundance
in all samples. The relative abundances for these 5 phyla can be seen for all samples in Figure
3.7. The median relative abundance for Bacteroidetes in A. cahirinus samples was 0.079, in A.
russatus samples it was 0.13. For Verrucomicrobia the median relative abundance was 0.001 for
A. cahirinus and 0.003 for A. russatus. For Proteobacteria the median relative abundance was
0.009 for A. cahirinus and 0.011 for A. russatus. For Actinobacteria the median relative abun-
dance was 0.0013 for A. cahirinus and 0.0013 for A. russatus. For Firmicutes the median relative
abundance was 0.74 for A. cahirinus and 0.66 for A. russatus. Of the 134 phyla in the mOTUs
database used to analyse these samples, 9 (6.7%) had a summed relative abundance across all
samples of greater than 0. 5 of the 134 phyla, 3.7%, had summed relative abundances of 0.1 or
greater.

On the genus level the ten genera with the greatest summed relative abundance across all
samples were Lactobacillus, Lachnospira, Oscillibacter, Prevotella, Clostridium, Akkermansia,
Alistipes, Bacteroides, Bifidobacterium and Ruminococcus. Lactobacillus accounted for at least
0.5 relative abundance in 16 samples (19.8% of all samples), the genus being the only one which
had a recored relative abundance of 0.5 or greater in any sample. The median relative abun-
dance for Lactobacillus for A. cahirinus samples was 0.3 while for A. russatus samples it was
0.22. The median relative abundance for Lachnospira was 0.14 in A. cahirinus and 0.038 for
A. russatus, for Oscillibacter it was 0.04 for A. cahirinus and 0.05 for A. russatus. Of the 2,194
genera in the mOTUs reference database used for analysis, 71 (3.2%) had a summed relative
abundance across all samples of greater than 0. 23 (1.04%) of the genera had summed relative
abundances from across all samples of at least 0.1. The relative abundances for the 10 genera
can be seen in Figure 3.8. The relative abundances of the 10 genera with the greatest summed
relative abundance across all samples split by host species and sampling month can be seen in
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Figure 3.9.

For these ten genera there were 2 which showed a statistically significant difference in mean
relative abundance between the two sampling months within a species. These were Bifidobac-
terium, which had a statistically significant difference (Kruskal-Wallis test p-value 0.003307) within
A. russatus, and Lachnospira; which had statistically significant differences (A. cahirinus p-value
0.02627, A. russatus p-value 0.0313) between sampling months in both host species. Looking
just at the across host species level, 6 of the 10 genera have a statistically significantly different
mean relative abundance in one of the host species. Those which have a significantly greater
relative abundance in A. cahirinus were Clostridium, Lachnospira and Lactobacillus. Those with
a significantly greater relative abundance in A. russatus were Bacteroides, Oscillibacter and Pre-
votella.
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Figure 3.7: Stacked bar charts showing the relative abundances for the 5 phyla which had the greatest summed relative abundance across all
samples. Plot is facetted by host species and month and coloured by phylum.
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Figure 3.8: Stacked bar charts showing the relative abundances for the 10 genera which had the greatest summed relative abundance across all
samples. Plot is facetted by host species and month and coloured by genus.
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Figure 3.9: Boxplots showing the relative abundances for indicated genera, coloured by host species and sampling month.

64



Metaphlan 3

Metaphlan left the majority of reads unclassified, it never managed to classify more than 20% of
the reads from each sample. The results from Metaphlan are just estimates due to the nature
of how Metaphlan works (discussed below) but it still shows a limited ability to classify the reads
from the sample. Also supporting this finding is the fact that processing the read files did not
make a statistically significant difference in the estimated percentage of reads Metaphlan could
classify. The geometric mean for the estimated percent of reads mapped to a known clade by
Metaphlan was 2.53%, the median was 2.51% and the range was 0.11% to 19.94%.

Across all subsampled files, Metaphlan assigned reads to a total of 158 unique clades, rang-
ing from the kingdom ‘Bacteria’ down taxonomic levels to individual species. From all subsam-
pled read files Metaphlan detected 8 unique phyla, 14 classes, 18 orders, 29 families, 32 genera
and 55 species. Importantly, it also detected some reads outside Bacteria which it assigned within
Eukaryota (a fungus specifically). The phyla did not evenly account for the estimated abundance
provided by Metaphlan. The majority of reads in almost all A. cahirinus samples -which could
be assigned by Metaphlan at all - were assigned within the Firmicutes phylum. In the samples
from A. russatus there was a much greater range of relative abundances for the phylum, with the
A. russatus samples having more reads classified by Metaphlan within the Actinobacteria, Bac-
teroidetes, Proteobacteria and Verrucomicrobia than the samples from A. cahirinus. The single
non-bacterial phylum detected was detected in a sample from an A. russatus individual collected
in June. The difference between the two Acomys species seen at the phylum level can also be
observed in part at the genus level. Of the 32 genera detected, the vast majority of reads from
A. cahirinus samples were assigned within the Lactobacillus, a large contingent of A. russatus
samples have the majority of their relative abundance assigned within this genus as can be seen
in Figure 3.10. A total of 6 A. russatus samples have at least 25% of their relative abundance
assigned to Akkermansia, 9 to Bacteroides and 7 Bifidobacterium. It is also clear from looking
at the genus level that a considerable proportion of the diversity at the genus level is from a very
small number, or individual, samples of A. russatus. There were 12 genera amongst the 32 de-
tected in which the only assigned reads by Metaphlan were found within a single sample from
A. russatus; there were a further 3 genera which were found only within a single sample of A.
cahirinus. The limited number of species detected by Metaphlan across all samples is likely a
direct consequence of the low number of reads it was able to classify. For this reason and in
light of the findings discussed in the previous chapter the author will not report any more results
for Metaphlan analysis of our samples, the author will also not report the results for Metaphlan
separated by sequencing technology, date and read depth.
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Figure 3.10: Stacked bar charts of the estimated relative abundances of genera detected by
Metaphlan 3 from all processed read files faceted by host species and month of collection.

Kraken 2

The results for Kraken 2 were influenced in a large part by the differences in the percentage of
reads classified by the different minimum confidence scores required, as seen in Figure 3.6. It
must be noted however that the overwhelming majority (ranging from 89.9 to 99.5%) of reads
in all samples were unclassified by Kraken 2 at a 50% minimum required confidence score; it
detected greater diversity than Metaphlan but assigned only a small fraction of the reads to each
taxonomic ID it detected. Kraken 2 detected 1,756 taxonomic IDs whereas with the reduced min-
imum required confidence score of 10% it classified reads to 7,198 taxonomic IDs.
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Figure 3.11: Box and violin plots showing the percentage of reads classified by Kraken 2 to each
of the taxa which had at least 2.5% of reads classified to it in at least one sample for those read
files subsampled to a read depth of 7,600,000. Faceted by host species and month of collection.

Across all taxonomic levels, there were only 10 taxa identified (aside from ‘Root’ and ‘Un-
classified’) by Kraken 2 which had a geometric mean percentage of reads classified above 0 for
all host species and sampling month combinations, when using a minimum required confidence
score of 50%. Similar to the Metaphlan results - a single A. russatus sample contained diversity
not seen in any other samples. This can be seen in Figure 3.11 with the multiple taxa with a
single value measured. Many of the taxa detected by Kraken 2 were from the same lineage, i.e.
the species Lactobacillus kefiranofaciens and the higher level taxa it is found within. Also appar-
ent in the results was a much lower level of diversity in the pilot sample reads, though a limited
number of the detected taxa covered the majority of classified reads; similar to the more deeply
sequenced samples.
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Figure 3.12: Stacked bar charts showing the percentage of reads classified in each sample
for phyla detected by Kraken 2. Only those phyla which had a summed percentage of reads
classified across all files of ≥ 0.01% are shown.

The low level of reads classified held across both species and across both sampling months
when looking only at those samples sequenced more recently and to a greater depth. Kraken
2 found a large percentage of classified reads within the Bacilli, which were distributed across
different taxonomic levels. 22 phyla and 345 different genera were detected by Kraken across
all processed read files. Only six phyla had a summed percentage of reads classified - summed
values for all processed files - of greater than or equal to 0.01%, the percentages for these phyla
can be seen in Figure 3.12. There were 41 genera which had a summed percentage of reads
classified of greater than or equal to 0.01%, the percentages of the ten most abundant of these
genera can be seen in Figure 3.13. Lactobacillus, Ligilactobacillus, Bacteroides, Akkermansia
and ParaBacteroides were overall the most abundant genera detected by Kraken 2 across all
samples. The range of different values for the percentage of reads classified by Kraken 2 into the
20 most abundant - as measured by summed percentage of reads classified from all samples -
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genera by host species and collection month can be seen in Supplemental Figure 5.3.

Figure 3.13: Stacked bar charts showing the relative abundance in each sample for genera
detected by Kraken 2. Only the ten most abundant (by summed percentage reads classified) of
those genera which had a summed percentage of reads classified across all files of ≥ 0.01% are
shown.

For A. cahirinus samples there was an increase in the geometric mean of taxa classified into
the Clostridia (Clostridia itself, the order Eubacteriales and the genus Lachnospiraceae) from
June to November. There was a drop in value for reads classified within the Firmicutes, with the
notable exception of an increase in reads classified as Lactobacillus kefiranofaciens. In the A.
russatus samples there was an increase in the geometric mean percentage of reads classified
within the Clostridia (Clostridia itself and Eubacteriales) with the change from June to November,
while there was a decrease in the values for Firmicutes and Bacteroidia. The changes from June
to November within each host species in those taxa which Kraken 2 assigned the majority of
reads it detected to can be seen in Figure 3.14.
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Figure 3.14: Bar charts of log2()+1 change in geometric mean percentage reads assigned to
taxa with non-zero geometric mean values, from June to November. Showing only samples
sequenced to a read depth of 7,600,000, coloured by sampling month. A. Acomys cahirinus
samples, A. Acomys russatus samples.

Kaiju

The results discussed here are those obtained when running Kaiju with a maximum error al-
lowance of 0. Relative to both Metaphlan and Kraken 2, Kaiju classified a significantly larger
share of the reads in the subsampled files, as shown in Figure 3.6C. There were a large number
of phyla detected but only 23 phyla had a summed - across all files - percentage reads classified
to them of ≥ 1%, these 23 had the vast majority of the reads assigned to them. Bacteroidetes,
Firmicutes and Proteobacteria were the most commonly classified phyla across both host species
and sampling month combinations.
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Figure 3.15: Stacked bar charts showing the percent of reads assigned by Kaju with an error
allowance of 0 to the 10 most abudant phyla which had a summed percentage of reads classified
to them of ≥ 1% across all files, faceted by host species and sampling month.

Firmicutes was assigned the most of all classified reads of the three followed by Bacteroidetes
and then Proteobacteria. These three phyla had geometric mean percentages of reads classi-
fied >1% across all host species and sample month combinations. The next most commonly
classified phyla account for a smaller percentage of reads across the samples and may be false
positives generated by Kaiju; especially those phyla detected in a small number of samples. Fig-
ure 3.15 shows the percentage of reads classified to the ten most overall abundant - by summed
percentage reads classified - phyla from all processed files.

As Kaiju had much greater success in classifying reads at all, as compared to Metaphlan
and Kraken 2, it was possible to investigate the samples to a lower taxonomic level even at the
strictest error allowance setting. There was a drop off in the percentage of reads classified with
increasing detailed taxonomy, e.g. from phylum to class or family to genus. Kaiju identified a total
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of 209 phyla assigned at least one read from across all files analysed. At the genus level, Kaiju
identified 4,569 genera with at least one read classified within it across all subsampled read files.
Of these 4,569 genera detected, 2,165 had a geometric mean percentage of reads classified
above 0 for all four host species and sampling month combinations. Despite the large number of
genera detected with a non-zero geometric mean percentage of reads assigned to them by Kaiju,
the percentages of reads which were classified into any given genus was typically very low - less
than 1% for almost all genera; a pattern which held true across both host species and sampling
months. Only 154 genera had at least 1% of the reads from a sample classified to them. The
most commonly classified genus detected by Kaiju was Lactobacillus, made clear in Figure 3.16
which shows the percentage of reads classified to the ten most overall abundant - by summed
percentage reads classified - genera from all processed files. The range of percentage of reads
classified to these twenty most abundant genera can be seen in Supplemental Figure 5.4.

Figure 3.16: Stacked bar charts showing the percent of reads assigned by Kaju with an error al-
lowance of 0 to the 10 most abudant genera which had a summed percentage of reads classified
to them of ≥ 1% across all files, faceted by host species and sampling month.

There were some genera which exhibited a change in the geometric mean values within each
host species with the change in sampling month of note, which can be seen in Figure 3.17. A
number of genera exhibited a similar change in geometric mean percentage reads classified from
June to November across both host species; including Helicobacter, Akkermansia and Thiopseu-
domonas.
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Figure 3.17: Bar charts of log2+1 fold change of geometric mean percentage reads classified for
those genera which had a geometric mean percentage read classified above 0 in all host species
and sampling month combinations. Showing taxa where the change was larger than +/-0.75. A.
A. cahirinus read files. B. A. russatus read files.
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3.3 Production of metagenomic bins

Due to the low level of classification of results by Metaphlan and Kraken 2, along with the pre-
viously observed high rate of false positives from Kaiju, the author elected to produce binned
metagenomes from the read files and map our subsampled reads to them directly. These bins
were produced by Professor Chris Quince and Dr. Sebastien Raguideau using the method
described earlier in Section 2.4.

3.3.1 Bin file processing

In order to determine if the any bin files were identical or extremely similar to each other they
were analysed with FastANI to obtain ANI similarity scores. FastANI comparison of all bins to
each other did not yield any bins with an ANI similarity score of >84.8% for any comparison,
below the 99% threshold suggesting two identical bins had been produced; therefore no bins
were removed for being identical. There were 369 ANI estimates which were above 70% but
below 84.8%, noting that some bins had multiple hits and some bins did not have any. Looking
only at bins which had any ANI estimate hits above 70%, 165 of the 348 bins had at least one
ANI estimate above 70% when compared with all other bins. dRep was also run to accomplish
the same task, determine if any bins were very similar to each other (95% in this case) and in the
event that any it would to pick a best representative of the groups of highly similar bins identified.
It did not find any bins matching the threshold of similarity to each other and therefore did not pick
any best representatives; as there were no groups identified.

Quality control

In order to determine whether each bin should be used in the mapping, the author carried out
some quality checks of the bins. Quality control was a step in the pipeline used to produce the
bins however the author used a stricter minimum required completeness of 80% and allowed a
maximum contamination of 5%, both measured by CheckM. 348 bins met these criteria and were
included for use in later analysis and in the mapping of subsampled reads. Figure 3.18 shows
the distribution of completeness and contamination values for all bins from CheckM analysis.
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Figure 3.18: Plot showing the values for Completeness (%) and Contamination (%) for all
metagenomic bin fasta files from CheckM analysis. The orange line shows the threshold cut-
off value for contamination and the blue line the threshold cutoff value for completeness. Point
colour indicates those bins which fail or pass either of the cutoff values.

rRNA detection with Barrnap

Barrnap was run to detect any ribosomal RNA genes in the 348 bins which passed the quality
control step. 12 bins had an entire 16S rRNA gene detected, 124 bins had an entire 5S rRNA
gene detected and 2 bins had an entire 23S rRNA gene detected; note that bins could have
multiple rRNA genes detected within them. 90 bins had a partial 16S rRNA gene detected, 42
had a partial 5S rRNA gene detected and 82 had a partial 23S rRNA gene detected; note that
some bins had detections of both the partial and complete versions of the same rRNA genes. 31
bins did not yield any Barrnap output and 87 bins which did provide Barrnap output did not have
any detections of rRNA genes whether complete or partial. This lack of complete 16S rRNA gene
sequences in particular and the lack of any complete or eveb partial rRNA genes which could be
found in all bins prevented the use of rRNA seqeuence alignment for phylogenetic analysis [439]
of the bins.
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3.4 Taxonomic identification of metagenomic bins

It was necessary to attempt to understand the relationships of the bins to each other and gain an
idea of what their taxonomic identity might be in order to understand the results of the mapping
of the reads to the bins. GTDB-Tk was run on the bin fasta files to attempt to identify potential
taxonomic IDs for each bin. The results varied, with some bins having a likely identity down to the
genus level. Table 3.2 shows the number of bins assigned to each phylum detected by GTDB-Tk
after analysis of the 348 bins.

Phylum Number of bins classified
Actinobacteria 9
Bacteroidota 103
Campylobacterota 3
Cyanobacteria 1
Desulfobacterota 12
Elusimicrobiota 1
Firmicutes 19
Firmicutes_A 193
Proteobacteria 6
Spirochaetota 1

Table 3.2: Number of bins classified into each of the listed phyla by GTDB-Tk after analysis of the
348 bins meeting the minimum completeness and maximum contamination thresholds. Phylum
name is taken directly from GTDB-Tk output.

At the family level, GTDB-Tk identified 38 different families when attempting to classify the
348 bins. Five of these families accounted for 71% of all bins, in descending order of bins classi-
fied these were Lachnospiraceae, Muribaculaceae, Ruminococcaceae, Acutalibacteraceae and
Desulfovibrionaceae. Lachnospiraceae and Muribaculaceae each had 104 and 80 bins classified
within them respectively thus suggesting that just over 50% of all the bins may be representative
of members of these families. All bins had an identified family but this was the lowest taxonomic
level GTDB-Tk was able to assign to all bins, with 41 bins lacking an identified genus and 335
lacking an identified species. Of the 307 bins with an identified genus, Figure 3.19 shows the 7
most commonly classified genera and the number of bins classified within them by GTDB-Tk; the
overwhelming majority of bins are not classified into one of these seven genera.
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Figure 3.19: Barplot showing the number of bins classified into each of the indicated genera
by GTDB-Tk after analysis of the 348 bins, bars coloured by genus. Shown are the 7 most
commonly classified genera with remaining genera combined into ’Other’. Genus name is taken
directly from GTDB-Tk output.

77



3.5 Phylogeny of metagenomic bins

As discussed in the methods the phylogenetic tree of the bins was created including the assem-
blies obtained from the LAB isolates from the Acomys and Apodemus. Also as discussed Cactus
did not provide branch lengths for the tree, though SibeliaZ which was used for creating the tree
of the isolate assemblies only does provide branch lengths it would take multiple months to pro-
duce a tree of either the bins alone or one including both the bins and the assemblies using the
tool. The tree can be seen in Figure 3.20.

The tree clearly shows that the greatest degree of separation was between the bins and as-
semblies overall. Looking at the bins by host enrichment status there is no clear partioning across
the tree between those enriched in either host species, nor do those not enriched in either clus-
ter together away from the enriched. Broadly the assemblies form a subtree on their own with
only two of the assemblies, 18A_S9 and 39B_S15 not included in it. There are a handful of bins
within the assemblies subtree, 6 to be exact. 4 of these are enriched in Acomys cahirinus and
2 are not enriched in either host species. The remaining bins fall into two very large and quite
wide subtrees, the first occupying the tree from around 11 o’clock (imaging the circular tree as a
clock face) at Bin_c801 through to Bin_c82 at around 3 - 4 o’clock. The other subtree is wider
and covers the remainder of the tree from Bin_c1492 through to Bin_c513. The single biggest
cluster of bins of a similar enrichment status is one of bins not enriched in either host species
found at around 12 o’clock on the tree running from Bin_c712 to Bin_m334 - with very closely
related branches of non-enriched bins continuing further without interruption until Bin_c354. With
few exceptions bins enriched in one host are not found within clusters of bins enriched in the other.

The same tree but this time with the five most commonly classified families for the bins can
be seen in Figure 3.21. In this instance there is very clear clustering and partioning of the tree
by taxonomic family. The Lachnospiraceae and Desulfovibrionaceae are entirely constrained to
two subtrees - the Lachnospiraceae being the larger as it was the classification assigned to many
more bins. The Ruminococcaceae mostly group together into a subtree with two outliers found
instead with the Acutalibacteraceae. The latter is split three ways though all three clusters are
found on the same larger subtree branching off from the Lachnospiraceae and along with the
Ruminococcaceae. The gap between the two Muribaculaceae subtrees is sizeable though again
both are found on the same originating branch from the root and away from the other most abun-
dant families.
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Figure 3.20: Phylogenetic tree of the 348 metagenomic bins and the LAB isolates from the Acomys and Apodemus, aligned using Cactus and
resulting tree visualised using ITOL. Purple tips are assemblies from Apodemus, blue assemblies from Acomys cahirinus, orange from Acomys
russatus, grey are bins not enriched in either species, light blue are bins enriched in Acomys cahirinus and pink are bins enriched in Acomys
russatus
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Figure 3.21: Phylogenetic tree of the 348 metagenomic bins and the LAB isolates from the Acomys and Apodemus, aligned using Cactus and
resulting tree visualised using ITOL. Coloured clades are the 5 most common bin GTDB-Tk family level classifications. Blue is Lachnospiraceae,
orange is Muribaculaceae, purple is Ruminococcaceae, yellow is Acutalibacteraceae and green is Desulfovibrionaceae. LAB assemblies have
been greyed out
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3.6 Mapping of Acomys faecal sample shotgun reads to metage-
nomic bins

3.6.1 Mapping of subsampled reads to bins

The mapping of the subsampled reads to a single reference fasta file made by concatenating all
the 348 ‘strict’ bin fasta files (after turning these into single, large contig files) produced a range
of mapping percentages. The lowest level of mapping was 10.33% from the pilot sample AC16N,
the highest was 36.13% for the NovaSeq sequenced sample AR42N. The median percentage
of mapped reads for the pilot samples was 22.28%, for NovaSeq sequenced samples it was
24.63%. The range in the pilot study sequenced samples was 10.33% to 29.41% and for the No-
vaSeq sequenced samples it was 11.70% to 36.13%. The arithmetic mean mapping percentage
for the pilot samples was 21.95% and for Novaseq sequenced samples it was 24.76%.

A two sample t-test was carried out to check if the subsampled read depth of the files mapped
to the bins reference influenced the percentage of reads mapped. Comparing the arithmetic
mean percentage of reads mapped across each of the sequencing runs gave a t test statistic
of 1.9136 and a p-value of 0.07495. This is not significant so the subsampled read depth does
not cause the difference in the percentage reads mapped. Supplemental Figure 5.5 shows the
range of mapping percentages for all processed sample read files, split by the sequencing run in
facets. However, due to concerns that the pilot samples may be influencing the understanding of
the results the author elected to set aside those results from further analysis. In order to more
thoroughly investigate a potential host or seasonal impact the author restricted all further analysis
to those samples which were sequenced on using Novaseq platform and so were subsampled
to a greater uniform depth and for which there had been paired monthly samples collected. This
dataset consists of 58 samples, made of 15 June and November samples for A. cahirinus and 14
June and November samples for A. russatus.
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Figure 3.22: PCA plots of reads-per-million (RPMs) from mapping of reads to bins concatenated reference file. Colours distinguish host species
and shape distinguishes sampling month. A. PCs 1 & 2, B. PCs 1 & 3, C. PCs 2 & 3.
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After this subsetting of the mapping results a Principal Component Analysis (PCA) was carried
out using the ‘prcomp’ command in R to visualise any potential clustering in the results from the
host species, sampling month or both. PCs 1 through 5 contributed over 5% to the explanation
of variance. Plots of PC1 vs PC2, PC1 vs PC3 and PC2 vs PC3 as seen in Figure 3.22 show a
degree of clustering by host species.

3.6.2 Enriched bins within and across host species

Enriched bins within host species

The PCA analysis of the subset of samples indicated that there is a host effect. To analyse this
changes in the geometric means within the host species from June to November were compared.
Looking at the samples from A. cahirinus there were 9 bins which were significantly different (BH
corrected P-value ≤ 0.05) and had an absolute log2 fold change greater than +/-1 between the
two sampling months. Figure 3.23 shows these results. One bin, Bin_m334 (Helicobacter_D
according to GTDB-Tk), had a geometric mean RPM value above zero for June samples only in
A. cahirinus. Of the nine bins, 2 were more abundant in the June samples than they were in the
November samples - Bin_m1135 (Helicobacter_D) and Bin_c1111 (CAG-632). There were no
bins which were only present in the November sample; of the 7 bins which were enriched in the
November samples 1 was classified as Muribaculum, 2 as CAG-873, 1 as Eubacterium_R, 1 as
Prevotellamassilia, 1 as Muribaculacea and 1 as Rikenella.

Figure 3.23: Volcano plot of RPMs from mapping of reads from Acomys cahirinus samples to
bins reference. Solid red lines show p-value <0.05 and log2()+1 fold change of larger than +/-1.
Dotted red lines show log2()+1 fold change of greater than +/-0.5. Point colour determined by
RPM meeting thresholds for Q-value and fold change.

When looking at within A. russatus change from June to November, there was a much smaller
number of bins which were differentially represented. The three detected to be differentially repre-
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sented between June and November in A. russatus were Bin_m137 (Cellulosilyticum), Bin_c796
(CAG-590) and Bin_c1435 (CAG-552), as shown in Figure 3.24. They met the threshold for sig-
nificance and magnitude of the fold change (using the same thresholds as with AC). Bin_m137
(Cellulosilyticum) was more abundant in the June samples, Bin_c796 (CAG-590) and Bin_c1435
(CAG-552) were more abundant in the November samples. There was also one bin which had
a geometric mean RPM value of 0 in the November samples for A. russatus, Bin_m1135 (Heli-
cobacter_D). Three bins had a geometric mean RPM of 0 in the June samples from A. russatus,
these are Bin_c217 (Borkfalkiaceae), Bin_m1093 (Helicobacter_C) and Bin_c568 (Treponemat-
aceae).

Figure 3.24: Volcano plot of RPMs from mapping of reads from Acomys russatus samples to
bins reference. Solid red lines show p-value <0.05 and log2()+1 fold change of larger than +/-1.
Dotted red lines show log2()+1 fold change of greater than +/-0.5. Point colour determined by
RPM meeting thresholds for Q-value and fold change.

Enriched bins across host species and sampling months

The analyses were extended to investigate the entire dataset to compare composition variation
between host species and sample months. A number of bins were identified which showed
a significant host effect, 172 in total (excluding 4 with infinite fold change values), which can
be seen in Figure 3.25A. No significant season effect was detected which can be observed in
Figure 3.25B. A total of 66 bins were found to be significantly enriched in A. russatus samples
(Q-value of at most 0.05 and log2+1 fold change of at least 1). A total of 106 bins were found to
be enriched in the A. cahirinus samples (Q-value of at most 0.05 and log2+1 fold change of -1
or less). One bin had a zero value for the geometric mean RPM from all A. cahirinus samples
for both months, Bin_m334 (Helicobacter_D). Four bins had a zero value for the geometric mean
RPM from all A. russatus samples for both months, these are Bin_c217 (Borkfalkiaceae), Bin_-
c568 (Treponemataceae), Bin_1093 (Helicobacter_C) and Bin_m1135 (Helicobacter_D).
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Figure 3.25: Volcano plots showing -log10 Q-values (BH corrected P-values) and log2()+1 fold change for geometric mean RPMs. Solid red lines
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coloured if passing thresholds. A. Host species effect results. B. Sampling month effect results.
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The bins which were enriched in the A. russatus samples and met the significance threshold
were classified into 19 families by GTDB-Tk. For the bins enriched in the A. cahirinus samples
which met the significance threshold, GTDB-Tk classified them into 17 families - with 17 bins
found within these families. A total of 8 of the families assigned to bins enriched in the A. rus-
satus samples were not amongst those assigned to bins enriched in the A. cahirinus samples;
6 families were only assigned to bins enriched in the A. cahirinus samples and not the bins en-
riched in the A. russatus samples - with 10 bins found within these families (Figure 3.26). There
were only 6 families which had bins which were statistically significantly different between the
two host species but did not meet or exceed the magnitude threshold for the fold change (either
positive or negative).

The range of RPMs for the ten most differentially abundant bins in each host species can be
seen in Supplemental Figure 5.6 for A. cahirinus and Supplemental Figure 5.7 for A. russatus.
Some bins had generally high RPMs in the samples from one host species and low values in the
other, other bins had a range of RPM values for both host species but still clustered toward the
higher or lower end of the scale .

86



Figure 3.26: Point plots of log2()+1 fold change in geometric mean RPM. Showing bins with a Q-value of ≤ 0.05, grey points had change of lower
than +/-1, black had change larger than +/-1. Faceted by taxonomic family assigned to the Bin by GTDB-Tk. Orange coloured field represents
geometric mean RPMs enriched in Acomys russatus samples, blue field geometric mean RPMs enriched in A. cahirinus samples.
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3.7 Annotation of metagenomic bins

Prokka annotation of the metagenomic bins led to the detection of 1,993 unique Clusters of
Orthologous Genes (COGs) and 12,048 unique genes from all 348 bin files analysed.

3.7.1 COG annotations

The 10 COGs with the highest summed detection counts across all files can be seen in Table
3.3 along with the summed detection counts across all bins, the bin which had the highest count
for detections of the COG across all 348 bin files and a description of the COG from the NCBI
Database of COGs.

COG Count Bin Description

COG0745 3327 Bin_c1326
DNA-binding response regulator,OmpR family, con-
tains REC and winged-helix (wHTH) domain

COG1132 2081 Bin_C918
ABC-type multidrug transport system, ATPase and
permease component

COG1136 1845 Bin_c771
ABC-type lipoprotein export system, ATPase com-
ponent

COG1595 1721 Bin_c908
DNA-directed RNA polymerase specialized sigma
subunit, sigma24 family

COG0534 1381 Bin_m1179
Na+-driven multidrug efflux pump,
DinF/NorM/MATE family

COG0395 1212 Bin_c211
ABC-type glycerol-3-phosphate transport system,
permease component

COG1131 1177 Bin_c1431
ABC-type multidrug transport system, ATPase
component

COG0488 984 Bin_c1325
ATPase components of ABC transporters with du-
plicated ATPase domains

COG3279 937 Bin_c771 DNA-binding response regulator, LytR/AlgR family

COG0621 927 Bin_c354 tRNA A37 methylthiotransferase MiaB

Table 3.3: Table giving the 10 most commonly detected COGs across all 348 bin files, showing
the summed detection counts across all bins, the bin which had the highest count for detections
of the COG from all bin files and a description of the COG from the NCBI Database of COGs.

Looking at the range of detections for all COGs across the bins there were 466 COGs (23.4%
of all detected) which had a summed total detection count of 10 or less, 736 (36.9%) with a
summed detection count between 11 and 100, 784 (39.3%) with a summed detection count of
101 to 1,000 and 7 (0.35%) with a summed detection count of 1,001 or more. The seven COGs
can be seen in more detail in Table 3.3. Looking at the range of median detection counts for all
COGs, there were 1,525 which had a median detection count of 0, 439 with a median detection
count of 1, 13 with a detection count of 2 and 9 with a median detction count of 3 or greater. 302
of the 348 bins were the bin which had the highest detection count of at least one COG from all
files analysed, though the number of COGs which any bin had the greatest detection count for
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varied quite notably; as can be seen in Figure 3.27.

Figure 3.27: Density and frequency plot showing the distribution of the number of bins which had
the greatest detection count for a COG across all bins, some bins having the greatest detection
counts for multiple COGs

Assessing the distribution of COG detections counts in the context of bin enrichment across or
within host species, there were no COGs which had a significant Q-value (≤ 0.05) for distribution
in bins which were not differentially abundant, were differentially abundant in A. cahirinus against
A. russatus, were differentially abundant within A. cahirinus from June to November or were
differentially abundant within A. russatus from June to November. There were however a number
of COGs which had a statistically significant distribution in those bins which were differentially
abundant in A. russatus when compared as a whole to A. cahirinus; as can be seen in Figure
3.28. That is to say that for those bins when the month of sampling was ignored showed a species
effect on their relative abundance (as measured by RPMs).
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Figure 3.28: Jitter plot showing the Q-values obtained from hypergeometric tests for the distri-
bution of COG detections by Prokka for all 348 bins, distinguishing between bins which showed
some manner of differential abundance and those which did not (’Noise’ bins). Colours differenti-
ate the various differential abundance statuses of the bins. The dotted line represents a Q-value
of 0.05.

The 7 COGs which had a significant Q-value for distribution in bins which were differentially
abundant in A. russatus when compared to A. cahirinus were COG0001, COG0777, COG2176,
COG0027, COG0801, COG0853 and COG2317. The Q-values and a description of these COGs
is shown in Table 3.4.

COG Q-value Description

COG0001 0.00003635595 Glutamate-1-semialdehyde aminotransferase

COG0777 0.0008510107 Acetyl-CoA carboxylase beta subunit

COG2176 0.02809097
DNA polymerase III, alpha subunit (gram-positive
type)

COG0027 0.02809097
Formate-dependent phosphoribosylglycinamide
formyltransferase (GAR transformylase)

COG0801 0.02809097
7,8-dihydro-6-hydroxymethylpterin pyrophosphoki-
nase (folate biosynthesis)

COG0853 0.02809097 Aspartate 1-decarboxylase

COG2317 0.04353106 Zn-dependent carboxypeptidase, M32 family
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Table 3.4: Table giving the 7 COGs which had a significant Q-value for distribution in bins which
were differentially abundant in A. russatus when compared to A. cahirinus, showing the Q-values
obtained and a description of the COG from the NCBI Database of COGs.

3.7.2 Gene annotations

The 10 genes with the highest summed counts can be seen in Table 3.5 along with the summed
detection counts across all bins, the bin which had the highest count for detections of the gene
across all 348 bin files and a description of the gene from the NCBI Database of genes.

Gene Count Bin Description

nusB 336 Bin_c1000 transcription antitermination protein NusB

pth 334 Bin_c1000 peptidyl-tRNA hydrolase

rplD 334 Bin_c1000 50S ribosomal subunit protein L4

rplO 334 Bin_c1005 50S ribosomal subunit protein L15

rplB 332 Bin_c1000 50S ribosomal subunit protein L2

truB 332 Bin_c1000 tRNA pseudouridine(55) synthase

rplW 331 Bin_c1000 50S ribosomal subunit protein L23

sasA_1 331 Bin_c1000 two component system sensor histidine kinase
SasA

sasA_2 331 Bin_c1000 two component system sensor histidine kinase
SasA

hisS 330 Bin_c1000 histidine–tRNA ligase

Table 3.5: Table giving the 10 most commonly detected genes across all 348 bin files, showing
the summed detection counts across all bins, the bin which had the highest count for detections
of the gene from all bin files and a description of the gene from the NCBI Database of genes.

Looking at the range of detections for all genes across the bins there were 2,827 genes
(23.5% of total detected) which had a summed detection count from all bins of 1, 4,855 genes
(40.2%) had a summed detection count of 2 to 10, 3,351 genes (27.8%) had a summed detection
count of 10 to 100 and 1,015 genes (8.4%) had a summed detection count of 101 to 1,000. There
were no genes detected in every bin. Looking at the range of median detection counts there were
11,523 genes which had a median detection count of 0, 7 genes with a median detection count
of 0.5 and 518 genes had a median detection count of 1. 339 of the 348 bins were the bin which
had the highest detection count of at least one gene from all files analysed, Bin_c1000 being the
bin with the greatest number of genes with the highest detection count in a bin; it was the bin
with the highest detection count for 900 genes. Figure 3.29 shows the density and distribution
of genes for which a bin had the highest detection count; the majority having only the greatest
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detection count for 10 or fewer genes.

No genes had a statistically significant Q-value for differential distribution in the bins by en-
richment status, with correction of P-values obtained from a hypergeometric test leading to none
of ≤ 0.05.

Figure 3.29: Density and frequency plot showing the distribution of the number of bins which had
the greatest detection count for a gene across all bins, some bins having the greatest detection
counts for multiple genes
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3.8 LAB isolation and culturing from Acomys faecal samples

3.8.1 Colonies obtained

From the faecal samples a total of 29 isolates were obtained. The three A. russatus faecal sam-
ples yielded 13 distinct colonies, the A. cahirinus samples provided 16 distinct colonies. 5 of the
A. russatus colonies came from samples from individual AR39, 5 from AR13 and 3 from AR41.
For the A. cahirinus samples, 11 colonies in total came from the two pellets from individual AC16
- 6 from pellet AC16a and 5 from pellet AC16b. 5 more colonies came from AC18. The isolate
IDs and the source Acomys organism are shown in Table 3.6.

Acomys cahirinus Acomys russatus

AC 16 Pellet A - 16aA_S24 AR 13 - 13A_S1
AC 16 Pellet A - 16aB_S25 AR 13 - 13A_S2
AC 16 Pellet A - 16aC_S26 AR 13 - 13A_S3
AC 16 Pellet A - 16aD_S27 AR 13 - 13A_S4
AC 16 Pellet A - 16aE_S28 AR 13 - 13A_S5
AC 16 Pellet A - 16aF_S24 AR 39 - 39A_S14
AC 16 Pellet B - 16bA_S19 AR 39 - 39B_S15
AC 16 Pellet B - 16bB_S20 AR 39 - 39C_S16
AC 16 Pellet B - 16bC_S21 AR 39 - 39D_S17
AC 16 Pellet B - 16bD_S22 AR 39 - 39E_S18
AC 16 Pellet B - 16bD_S23 AR 41 - 41A_S6
AC 18 - 18A_S9 AR 41 - 41B_S7
AC 18 - 18B_S10 AR 41 - 41C_S8
AC 18 - 18C_S11
AC 18 - 18D_S12
AC 18 - 18E_S13

Table 3.6: IDs for isolates obtained from culturing of faecal samples from Acomys individuals
along with the host organism the faecal sample originated from. Sample ID is show first then
isolate ID

3.8.2 Processing of reads from isolated LAB

During sequencing the negative control yielded sequenced reads, 48 in total. The reads obtained
from the negative control were also submitted to the NCBI [440] blastn online tool, no hits were
found with either megablast or blastn.
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3.9 Assembly of LAB reads

Assemblies were produced from the sequenced reads from the colony isolates following the de-
scribed methods. After processing to remove any errant contigs which were less than 500 bp in
length the resulting assemblies were examined. The Acomysisolate assemblies had a size range
from 1.7 - 2.5 Mbp, with a median assembly size of 2.2 Mbp and a mean assembly size of 2.2
Mbp. The Apodemusisolate assemblies had a size range of 1.9 - 2.7 Mbp, a median size of 2.2
Mbp and a mean size of 2.2 Mbp.

Looking at all the Acomys isolate derived assemblies together, irrespective of host species,
the number of contigs per assembly ranged from 18 - 146, the median number of contigs per
assembly was 60 (73 for A. cahirinus and 59 for A. russatus). The Apodemusisolate assemblies
had a much greater range of contigs per assembly, from 36 - 909 with a median of 51. The val-
ues for the Apodemus isolate assemblies were distorted by the assembly produced from isolate
S125, which contained 909 contigs. The variation in the number of contigs for each assembly is
shown in Supplemental Figure 5.8 by faecal sample origin species.

3.9.1 CheckM analysis of isolate assemblies

CheckM provided a value for the completeness and contamination of analysed assemblies. Fig-
ure 3.30 shows the variability of completeness and contamination measurements obtained along
with the thresholds used to determine whether the assemblies should be retained for subsequent
analysis. One assemblies was discounted for falling outside the thresholds, Apodemus isolate
S125 which was 17.57% contaminated, as measured by CheckM. All completeness values were
>98%, higher than the threshold of 80% the author used, and aside from S125 all assemblies
had a contamination value <5%. All assemblies aside from S125 were retained for the next stage
of analysis.
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Figure 3.30: Plot showing the range of values measured by CheckM for isolate assemblies
contamination and completeness. Coloured, dotted lines show the threshold values used to
determine whether assembly should be retained for further analysis. For completeness this was
80%, for contamination this was 5%

3.9.2 ANI analysis of isolate assemblies

To ensure that no analyses of multiple isolates of the same strain was conducted, FastANI was
used to compare the ANI similarity between all isolate assemblies. Initial results identified two
pairs of assemblies which had an ANI similarity of ≥ 99.9% to each other. These were 13E_S5
to 16aC_S26 and 18E_S13 to 18B_S10. Within the pairs each assembly had the same com-
pleteness and contamination values so 13E_S5 and 18B_S10 were randomly selected for further
bioinformatics analysis. Isolate 16aC_26 was used in the later halotolerance culturing experi-
mentation and was annotated during that process but was otherwise not used in the subsequent
bioinformatic analysis. Masked versions of the assemblies were created using BBMask and then
analysed with FastANI again to confirm that the detected high levels of similarity were not the
result of highly repetitive regions within the assemblies. Three assemblies did not generate any
output with FastANI, nor did they appear in the output from any other assemblies. These were
from isolates 16aF_S29, 41A_S6 and 41C_S8; this indicates they did not have an ANI similarity
scores of ’close to 80% or higher’ [418] to any of the other assemblies. The Apodemus isolates
when compared to each other all had ANI similarity scores of at least ≊ 80%. None had values of
≥ 99.9% to each other. Comparing the assemblies to each other from all host species, Acomys
russatus isolate assembly 41B_S7 also appeared in the results for all Apodemus assemblies,
indicating a degree of similarity.
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3.9.3 rRNA detection in isolate assemblies

Barrnap as a tool searches for ribosomal RNA genes in files submitted to it. Looking at the
Apodemus assemblies, of the 7 all had a complete 16S rRNA detection by Barrnap - indicating
the presence of complete 16S rRNA genes. 12 of the 16 assemblies from Acomys cahirinus
faecal samples had a complete 16S rRNA detection, as did 10 of the 13 Acomys russatus isolate
assemblies. One A. cahirinus assembly did not have any complete 16S rRNA gene detections,
16aA_S24, as did one A. russatus assembly, 13E_S5. Two A. cahirinus assemblies had incom-
plete 16S rRNA gene detections along with complete ones, 18A_S9 and 16aD_S7. Looking at
the A. russatus isolate assemblies, two isolates had no complete 16S rRNA gene detections -
41B_S7 and 13E_S5 - and one assembly had both a complete and an incomplete 16S rRNA
gene detection, 41A_S6. Though they did not have any complete detections, there were large
proportions of entire 16S rRNA genes detected in isolate assemblies 13E_S5, 16aA_S24 and
41B_S7.

Barrnap does not only detect 16S rRNA genes. 17 assemblies had a detection of complete
23S rRNA genes, 3 from Apodemus, 8 Acomys cahirinus and 6 Acomys russatus. 37 assemblies
had a detection of complete 5S rRNA genes, all 7 from Apodemus isolates, 13 from A. cahirinus
and 11 from A. russatus.
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3.10 Taxonomic identification of LAB assemblies

The isolates which were found to not be identical to each other either before or after masking and
which had not been removed for failing the CheckM thresholds were analysed with GTDB-Tk.
The unmasked versions of the assemblies were used to generate a taxonomic identity for the
assemblies. All but two isolates were classified into the Lactobacillaceae family, the exceptions
being 18A_S9 and 39B_S15 which were classified into the Bifidobacteriaceae. The two out-
liers were not assigned a species by GTDB-Tk but were placed into the genus Bifidobacterium.
7 isolates could be classified to the species level, five were isolates obtained from Apodemus
samples while the two from Acomys samples were 41C_S8 and 41B_S7. 41C_S8 was classi-
fied as Pediococcus pentosaceus and 41B_S7 was classified as Ligilactobacillus murinus. The
five Apodemus assemblies classified to the species level were also classified as Ligilactobacillus
murinus. All isolates could be assigned to the genus level, Figure 3.31 shows the number of
assemblies classified to each detected genus.

Figure 3.31: Bar plot showing number of assemblies classified to each of the genera detected
by GTDB-Tk.

Of the 33 isolates, 14 were classified as Limosilactobacillus, 8 as Ligilactobacillus, 7 as Lacto-
bacillus, 2 as Bifidobacterium and 1 each as Paralactobacillus and Pediococcus. Table 3.7 gives
the lowest level of GTDB-Tk classification for all assemblies.
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Isolate assembly Classification

13A_S1 Lactobacillus
13B_S2 Limosilactobacillus
13D_S4 Limosilactobacillus
13E_S5 Limosilactobacillus
16aA_S24 Limosilactobacillus
16aB_S25 Lactobacillus
16aC_S26 Limosilactobacillus
16aD_S27 Limosilactobacillus
16aE_S28 Limosilactobacillus
16aF_S29 Limosilactobacillus
16bA_S19 Lactobacillus
16bB_S20 Lactobacillus
16bC_S21 Limosilactobacillus
16bD_S22 Limosilactobacillus
16bE_S23 Limosilactobacillus
18A_S9 Bifidobacterium
18B_S10 Limosilactobacillus
18D_S12 Lactobacillus
18E_S13 Limosilactobacillus
39A_S14 Limosilactobacillus
39B_S15 Bifidobacterium
39C_S16 Lactobacillus
39D_S17 Lactobacillus
39E_S18 Limosilactobacillus
41A_S6 Paralactobacillus
41B_S7 Ligilactobacillus murinus
41C_S8 Pediococcus pentosaceus
S121 Ligilactobacillus murinus
S122 Ligilactobacillus murinus
S123 Ligilactobacillus murinus
S124 Ligilactobacillus
S125 Ligilactobacillus
S126 Ligilactobacillus murinus
S127 Ligilactobacillus murinus
S128 Ligilactobacillus

Table 3.7: Table giving the lowest GTDB-Tk classification for all assemblies including ones which
failed QC or were discarded due to ANI similarity to another assembly.
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3.11 Phylogeny of LAB assemblies

3.11.1 Relationships between isolates

The phylogenetic tree produced from the alignments of the isolate assemblies can be seen in
Figure 3.32. Clear from the tree is the clustering of the assemblies from the Apodemus faecal
samples which can be seen in the bottom of the figure, along with two assemblies originating from
Acomys russatus faecal samples. The tree shows no clustering of assemblies from A. cahirinus
with those from Apodemus.

Three subtrees of varying levels of cohesion and isolation from each other can be seen in the
figure. The clearest is the subtree containing the aforementioned Apodemus isolate assemblies
and the two A. russatus assemblies (41B_S7 and 41A_S6) along with another A. russatus as-
sembly, 41C_S8 which marks one extent of the substree and is the most distant from all other
members of the subtree. The next most easily distinguished subtree is that which covers the as-
semblies from 16bA_S19 through 13A_S1. Though this subtree contains both A. cahirinus and
A. russatus assemblies the A. russatus assemblies are more closely related to each other than
to the A. cahirinus assemblies within the subtree. The final subtree is that which contains the as-
semblies from 16bD_S22 through 13B_S2, it is the least coherent and most difficult to distinguish
as a specific subtree from the overal phylogenetic tree. This subtree contains three assemblies
from A. russatus samples and six from A. russatus samples.
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Figure 3.32: Shows a phylogenetic tree of all assemblies which passed quality control met-
rics. The tree was constructed using FastTree and the alignment was generated using SibeliaZ.
Colours are used to distinguish the rodent species or genus the isolate the assembly was derived
from, blue for Acomys cahirinus, orange for Acomys russatus and purple for Apodemus

3.11.2 Relationships between isolates, metagenomic bins and reference
genomes

The metagenomic bins produced in the project and discussed earlier were analysed alongside
the assemblies generated from the isolates to asess the phylogenetic relationships between the
assemblies and the bins. This was carried out both through the use of FastANI to compare ANI
similarity in an all against all comparison and through the production of a phylogenetic tree which
included both the bins and the assemblies.

Isolate assemblies and metagenomic bins ANI similarities

Of the 348 metagenomic bin files there was one, Bin_c770 (classified by GTDB-Tk as a member
of the Lactobacillaceae) which had an ANI similarity score above 90% for all but two of the
Apodemus isolates; for those other two it still had scores above 80%. This bin also had an ANI
similarity score of 91% to Acomys isolate 41B_S7, which itself had very high ANI similarity scores
to the same Apodemus isolates as the bin. For the Acomys isolate assemblies, aside from the
previously mentioned 41B_S7, there were three bins which had reported (meaning a minimum
80% ANI similarity) matches to some of the isolates. Bin_c1617 (classified as Lactobacillaceae)
had ANI similarities scores of between 78 to 80% to isolate assemblies 13A_S1, 16aB_S25,
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16aB_S19, 16bB_S20, 18D_S12, 39C_S16 and 39D_S17 - 3 assemblies from A. russatus and
4 from A. cahirinus. It had marginally higher similarity scores, 80% rather than 78 or 79%, for
the assemblies from A. russatus samples. Bin_m1569 (classified as Lactobacillaceae) had an
ANI similarity score of 99.0% to isolate assembly 18A_S9 and 98.8% to isolate assembly 39B_-
S15. These assemblies were classified as a Bifidobacterium species. Bin_m1485 (classified
as Lactobacillaceae) had an ANI similarity score of 78-79% to the Acomys isolate assemblies
13A_S1, 16aB_S25, 16bA_S19, 16bB_S20, 18D_S12, 39C_S16 and 39D_S17. These isolate
assemblies were classified themselves as Lactobacillus members.

Phylogenetic tree of assemblies, bins and reference genomes

Phylogenetic trees of the assemblies and the metagenomic bins can be seen in Section 3.5
where they are discussed. Here a larger bin was created which included the 348 processed
bin files, the processed assembly files and the external bacterial reference genomes described
in Subsection 2.1.7. Figure 3.33 shows the phylogenetic tree produced from alignment of all
these files with Cactus and visualised with iTOL.

The most immediate observation is the small number of bins which are located near on the
same large subtree as the majority of the external reference genomes, 22 of 348. 11 of these
bins were classified as Desulfovibrionaceae by GTDB-Tk, which accounted for all but one of the
bins classified into the family. In terms of the bins by family classification and relationship to
reference genomes, there are only five reference genomes placed in the large subtree which
contains all bins classified as Muribaculaceae - two of the external genomes are in fact iMGMC
MAGs. Notably none of the assemblies from either the two Acomys species or the Apodemus
are placed outside the large substree containing the majority of the external reference genomes.
Looking at assemblies which have an external reference as their nearest neighbour at the end of
branch, 39B_S15 has the genome GCF 002289215 (a Bifidobacterium pseudolongum genome)
as the nearest neighbour. Assembly 16aF_S29 has as its nearest neighbour the genome GCF
009428965 (a Limosilactobacillus pontis genome). Assembly 16bA_S19 has as its nearest neigh-
bour the genome GCF 009734005, an Enterococcus faecium genome. The tree also shows
some bins still being placed far away from others with the same family classification - Bin_c890
was classified as Lachnospiraceae and placed in the large subtree which contains no other bins
classified in the family. Three bins classified as Acutalibacteraceae, Bin_m595, Bin_c420 and
Bin_c1226 are placed away from all other bins classified within the family. The one Desulfovibri-
onaceae bin not found with the others was placed at almost the furthest extreme away from them
in the tree on a branch which is very close to root.

Looking in more detail at the placement of the reference genomes and distinguishing be-
tween those which were iMGMC MAGs, only one of the iMGMC MAGs was placed in the large
subtree which contained the majority of external reference genomes and all of the assemblies
- running from NZ CP042413 (a Leuconostoc citreum genome) through to Bin_m1549. The re-
maining MAGs were placed across the tree, two in the subtree which contained all of the bins
classified as Muribaculaceae. There is a greater proportion of AC-enriched bins (16) in the large
subtree containing the majority of the external references and all assemblies than bins enriched
in Acomys russatus or bins not enriched in either species.
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Figure 3.33: Phylogenetic tree of metagenomic bins, Acomys isolate assemblies, Apodemus isolate assemblies, iMGMC MAGs and downloaded
reference genomes. Metagenomic bins are not coloured at the nodes but by external strips where relevant. iMGMC MAGs and downloaded
external reference genomes are coloured pink at the nodes, Acomys russatus derived isolate assemblies in brown, Acomys cahirinus derived
isolate assemblies in light blue and Apodemus derived isolate assemblies in dark blue. The legends in the figure show the colours used to classify
bins by enrichment status on the inner strips and GTDB-Tk family classification for the five most abundant families on the outer strip.
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3.12 Mapping of Acomys faecal sample shotgun reads to LAB
assemblies

Mapping of reads from Acomys faecal samples to a concatenated reference fasta file made from
the individual assemblies was carried out to establish the likely abundance of the microorganisms
which the assemblies originate from within the Acomys microbiota. To ensure that the subsam-
pling of the read files did not lead to a major change in the mapping of the reads to the assemblies
reference file, the mapping was carried out on the raw read files and the subsampled read files.
The results of this can be seen in Supplemental Figure 5.9. There were marginal differences in
the mapping percentage between the read files when they were subsampled or not. The largest
difference was a decrease in mapping percentage of 0.02% after subsampling, seen with reads
from sample AC37J. All other sample read files mapped either the same amount whether sub-
sampled or not or had a difference of +/- 0.01% after subsampling. Note that these read files did
not include those from the samples which were used to culture the isolates for the assemblies as
they had come from samples sequenced on a different date and to a different (lower) initial depth.

The range of mapping to Acomys isolate assemblies for reads from Acomys cahirinus (from
both June and November samplings) was 91.1 to 359,245.89 RPM, the median RPM was 14,246
and the arithmetic mean was 40,000. For reads from A. russatus the range of RPM values was
130.2 to 657,155, the median RPM was 7,742 and the arithmetic mean was 40,000. Figure 3.34
show the different RPM values for all reads to the different isolate assemblies.

Figure 3.34: Violin plots of reads per-million (RPM) for all subsampled, paired sampling reads
from both Acomys species to assemblies of isolates from faecal samples from Acomys cahirinus
A and Acomys russatus B

Figure 3.35 visualises the results of Principal Component Analysis using the RPM data for the
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Acomys reads to the assemblies. Supplemental Figure 5.10 gives the PCA plots for mapping
of the reads to the assemblies by the origin species of the faecal sample the assemblies were
produced from. This latter step was carried out using the results for the mapping of all reads to
the entire combined assemblies reference, not by remapping based on read and assembly host
species.

Figure 3.35: Principal Component Analysis of reads per-million (RPM) for all subsampled, paired
sampling reads from both Acomys species to assemblies of isolates from faecal samples from
Acomys cahirinus and Acomys russatus

Looking specifically at the mapping of the reads to the assemblies by the origin species of the
faeces they were isolated from, the range of RPMs for A. cahirinus reads to A. cahirinus derived
assemblies was 945.3 to 359,245.9, the arithmetic mean RPM was 52,476.3 and the median
RPM was 19,139.4. For reads from A. russatus mapping to assemblies derived from A. russatus,
the range of RPMs was 1,303 to 657,155.5, the arithmetic mean RPM was 60,196.63 and the
median RPM was 7,785. Looking at the mapping of reads to the assemblies derived from faecal
samples from the other Acomys, the range of RPMs for Acomys cahirinus reads to assemblies
derived from Acomys russatus faecal samples was 91.1 to 309,244.6, the median RPM was
9,574.6 and the arithmetic mean was 26,484. The range of RPMs for mapping of Acomys russa-
tus reads to assemblies derived from Acomys cahirinus faecal samples was 136.4 to 282,356.1,
the arithmetic mean RPM was 21,357 and the median RPM was 7,700.5. Kruskal-Wallis tests
were conducted to see if there was a statistically significant difference between the geometric
mean RPM values to each of the isolates for the reads by the host species and sampling month
for the faecal sample reads. After correction all assemblies had a statistically significant Q-value
(less than 0.05) for a host species difference for mapping by the reads. Only two assemblies
had statistically significant Q-values for a sampling month effect, 13A_S1 from A. russatus and
16bA_S19 from A. cahirinus.
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3.13 Annotation of LAB assemblies

Prokka was run on all assemblies, including those excluded from some analysis steps on the
basis of ANI similarity ≥ 99.9% another assembly; with the exception of Apodemusassembly
S125 which had a CheckM contamination score above the threshold of 5%.

3.13.1 COG annotations

A total of 1,143 unique COGs were detected from all assemblies. 695 COGs were detected at
least once in assemblies from Apodemussamples, 1,036 in assemblies from A. cahirinus assem-
blies and 1,090 in assemblies from A. russatus samples. Looking at all COGs within all assem-
blies for each host species, the mean count of detections by Prokka for Apodemusassemblies
was 0.737, for A. cahirinus assemblies it was 0.674 and for A. russatus assemblies it was 0.678.
The greatest number of COG detections for an Apodemus assembly was 9, for an A. cahrinus
assembly it was 14 and for an A. russatus assembly it was 13. The median COG detection count
from all assemblies for each host species was 1 for each. The 10 COGs with the highest summed
detection count across all assemblies are detailed in Table 3.8.

The most commonly detected COG across all assemblies was COG0531 (Serine transporter
YbeC, amino acid:H+ symporter family), this was also the most commonly detected COG in as-
semblies from both Acomys species. The most commonly detected COG from the Apodemus
assemblies was COG2188 (DNA-binding transcriptional regulator, GntR family). The next four
most commonly detected COGs from all assemblies were COG1609 (DNA-binding transcrip-
tional regulator, LacI/PurR family), COG1132 (ABC-type multidrug transport system, ATPase and
permease component), COG0745 (DNA-binding response regulator, OmpR family, contains REC
and winged-helix (wHTH) domain) and COG0438 (Glycosyltransferase involved in cell wall bisyn-
thesis). Figure 3.36A shows the results of conducting a hypergeometric distribution test in R to
assess whether the distribution of each of the 1,143 COGs in assemblies originating from each
host species indicated a host effect.

COG Assembly with most Summed count Description

COG0531 16aA_S24 342
Serine transporter YbeC, amino
acid:H+ symporter family

COG1609 18A_S9 288
DNA-binding transcriptional regu-
lator, LacI/PurR family

COG1132 13A_S1 184
ABC-type multidrug transport sys-
tem, ATPase and permease com-
ponent

COG0745 13A_S1 183
DNA-binding response regulator,
OmpR family, contains REC and
winged-helix (wHTH) domain

COG0438 16aD_S27 178
Glycosyltransferase involved in
cell wall bisynthesis

COG0561 16aB_S25 175
Hydroxymethylpyrimidine py-
rophosphatase and other HAD
family phosphatases
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COG2188 S122 148
DNA-binding transcriptional regu-
lator, GntR family

COG0656 16aF_S29 147
Aldo/keto reductase, related to
diketogulonate reductase

COG4690 16aF_S29 146 Dipeptidase

COG1940 16aB_S25 134
Sugar kinase of the NBD/HSP70
family, may contain an N-terminal
HTH domain

Table 3.8: Table giving the 10 most commonly detected COGs across all analysed assembly
files, showing the summed detection counts across all bins, the assembly which had the highest
count for detections of the COG from all assembly files and a description of the COG from the
NCBI Database of COGs.

54 unique COGs had a species effect, a Q value of ≤ 0.05, though 13 of the COGs have
a significant effect in more than one host species. Supplemental Table. 5.4 lists the detected
COGS which had a Q value of ≤ 0.05, showing each result including both host effects for COGs
with a significant result in isolates from more than one species.

Figure 3.36: Plot showing -log(10) Q values for COGs detected by Prokka from processed as-
sembly files. In both figures dotted line shows 0.05 significance threshold. COGs are not filtered
to be unique across all groups. A. Results for all assemblies processed, labelled points are those
with a Q value ≤ 0.0001. B. Results for assemblies from isolates assessed for halotolerance,
labelled points are those with a Q value of ≤ 0.05. HT : Halotolerant, SHT : Slightly halotolerant,
NHT : Not halotolerant.

Figure 3.36B shows the results for a hypergeometric distribution test by halotolerance of the
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assemblies, this being discussed in more detail in Section 3.14. Here there were no COGs which
had a statistically significant Q-value for any halotolerance when including the origin species as a
factor, nor in all the Non-Halotolerant (NHT) isolates. There were two COGs in the Slightly Halo-
tolerant (SHT) isolates which had a significant Q-value, being COG0448 and COG1174. These
have the descriptions of ’Glucose-1-phosphate adenylyltransferase (ADP-glucose pyrophospho-
rylase)’ and ’ABC-type proline/glycine betaine transport system, permease component’ respec-
tively. There was one COG which had a significant Q-value for the Halotolerant (HT) isolates,
this being COG1131 which has a description of ’ABC-type multidrug transport system, ATPase
component’.

3.13.2 Gene annotations

A total of 3,303 different genes were detected by Prokka from all assemblies. 2,620 were de-
tected at least once in assemblies from A. cahirinus isolates, 2,844 from A. russatus and 1,491
from Apodemus assemblies. Table 3.9 shows the 10 genes with the greatest summed detection
counts across all assemblies along with the assembly which had the greatest detection count for
the gene and a description of the gene from the NCBI Database of genes. Looking at all genes
within all assemblies for each host species, the mean count of detections by Prokka for Apode-
musassemblies was 0.35, for A. cahirinus assemblies it was 0.32 and for A. russatus assemblies
it was 0.32. The median gene detection count from all assemblies for each host species was 0
for each. A single gene was detected more than once in an individual assembly, this being the
gene ssrA which was detected twice in the A. cahirinus assembly 16aF_S29.

Gene Count Assembly Description

ssrA 35 16aF_S29 ncRNA

acpS 34 13A_S1 holo-[acyl-carrier-protein] synthase

adk 34 13A_S1 adenylate kinase

alaS 34 13A_S1
alanine–tRNA ligase/DNA-binding transcriptional
repressor

alr 34 13A_S1 alanine racemase 1

apt 34 13A_S1 adenine phosphoribosyltransferase

argS 34 13A_S1 arginine–tRNA ligase

artQ 34 13A_S1 arginine ABC transporter permease ArtQ

aspS 34 13A_S1 aspartate–tRNA ligase

atpA 34 13A_S1 ATP synthase F1 complex subunit alpha

Table 3.9: Table giving the 10 most commonly detected genes across all 35 assemblies, showing
the summed detection counts across all assemblies, the assembly which had the highest count
for detections of the gene from all assembly files and a description of the gene from the NCBI
Database of genes.
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No genes detected by Prokka had a statistically significant distribution according to the host
species the isolate originated from, nor a statistically significant distribution according to the halo-
tolerance of the isolate. This indicates there was no statistically significant enrichment of any
detected genes by either sample origin host species or halotolerance of the isolate.
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3.14 Halotolerance of select LAB isolates

The growth curves obtained for the assessed isolates can be seen in Figure 3.37, showing the
results for the 3 replicates of the experiment. The results are broadly consistent and the lack
of growth of the negative control indicates that external contamination is not a concern when
interpreting these results. The variability of the positive control growth rates along with the failure
of the positive control to grow at salinities it was expected to suggest that the media may have
inhibited its growth aside from the salinity factor. Growth at 3.5% salinity in at least one of the
replicates was considered an indicator that a strain was Halotolerant (HT) with growth at that
salinity in two or more replicates being definitive. Growth at 2.5% salinity in at least one of the
replicates was considered an indicator that a strain was slightly halotolerant (SHT) with growth at
that salinity in two or more replicates being definitive. Isolates which did not show growth at 2.5%
salinity were considered Not Halotolerant (NHT).

The results for replicate one, Figure 3.37A show a range of halotolerances across the differ-
ent isolates. Immediately noticeable was the failure of 18D to grow on any salinity percentage
media, this is in stark contrast to 41C which grew - even if it then showed a sharp decrease -
in 5% salinity media. Interestingly the two Apodemus isolates, S122 and S128, show growth
at a few salinities up to 2.5%, though the growth rates and stability of the population is not the
same at this salinity level between the two isolates. 5 isolates show definite growth at the 3.5%
salinity level, 13D, 13E, 16aC, 16bD and 41A; indicating they are capable of growth in media with
the same salinity as seawater. 41B appears to have a lower halotolerance than the other isolates
which managed to grow at 1% salinity; as the maximum salinity it managed to grow at was 1.75%.
13D, 13E, 16aC and 16bD are from different Acomys species, A. russatus for the first two and A.
russatus for the last two, have broadly similar growth curves at the different salinities up to 3.5%.
All of the Acomys isolates tested with the exception of 41B managed to grow at salinities up to
2.5%.

The results for replicate two, Figure 3.37B show some similar results to the first replicate. The
positive control appears to show some growth at 0% salinity but this may be a false reading based
on the results from the other two replicates. 18D also has a growth curve for the 0% salinity, but
again this is an outlier for this isolate compared to the other two replicates; though the very slight
and very late uptick at the 1% salinity might indicate that more time would have shown some
growth at this or 0% salinity. The two Apodemus isolates in this replicate show definite growth up
to and including 2.5% salinity though at different rates and with different stable population levels.
Both also seem to show growth at 3.5% salinity as well, though to a significantly reduced degree
compared to their results for 2.5%. The 41A results are similar to those from the first replicate,
with wildly fluctuating readings but seeming to suggest there was some growth, though whether
this led to a stable population or not is unclear, at 5% salinity. 41B shows some growth at the
slightly higher salinity of 2.5% in this replicate though it takes longer to be established and to
start reaching similar levels to that obtained at 1.75% salinity. 13D, 13E, 16aC and 16bD have
quite similar results to those from the first replicate, again all managing to grow in the 3.5% salin-
ity media though in the case of 13D this appears to have ended and seen a rapid decrease in
the population after initial rapid growth. The three others show rapid growth at 2.5% salinities
and the two A. russatus isolates maintain a stable population at 2.5% while the two A. cahirinus
isolates show rapid growth in the population at this salinity followed by a steady decrease. 41C
shows similar results to the first replicate, with those salinities it managed to grow at showing
rapid growth followed by equally rapid decreases in the OD.

The results for replicate three, Figure 3.37C are broadly similar to the other two replicates.
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13D in this replicate differs in that it takes much longer to achieve any growth at 3.5% salinity than
in either of the two other replicates and at the end of the experiment was showing a much lower
growth rate. The positive control does show some slow and late growth at 0% in this replicate,
thoguh at a later stage than the result in the second replicate. The Apodemus results in this
replicate are very similar to those from replicate 2 and quite similar to those from replicate 1, the
results for the A. russatus isolate 41B are also more similar in this replicate to those from the
second replicate than those from the first.
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Figure 3.37: Line plot showing change in corrected OD600 reading over 48 hours per strain during growth in MRS+Cys media with variable levels
of salinity. Isolate IDs are shown in boxes above each individual plot, NC: negative control, PC: positive control. A. Results for replicate 1. B.
Results for replicate 2. C. Results for replicate 3.
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Chapter 4

Discussion

• The results of taxonomic classification of the Acomys microbiota are dis-
cussed

• The taxonomic composition of the microbiota is discussed in the context of
host species and sampling month variations

• The identities and nature of metagenomic bins produced from the Acomys
microbiota are discussed

• Potential links between the microbiota and host tolerance of aridity are sug-
gested from the results of bioinformatic analyses

• The isolation and culturing of Lactic Acid Bacteria from Acomys faecal sam-
ples is discussed

• The halotolerance of a number of these lactic acid bacteria in the context of
host aridity tolerance is highlighted
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4.1 Taxonomic classification of read files

4.1.1 Taxonomic classification for tool testing

The results of analysing the raw and processed read files using the four classifiers suggest that
there may have been an impact in the ability of Kaiju and mOTUs to classify the reads from the
files after processing, though this did not appear to be an issue faced by Metaphlan 3 or Kraken
2. This could indicate that there are concerns in the use of data from Kaiju and mOTUs if the
workflow used to prepare the files prior to analysis impacted the capacity of the tools to fulfill their
function. Given, though, that the difference in the case of Kaiju was an increase in the percentage
of reads classified, this was not believed by the author to be an issue which would preclude its
use. Their respective interactions with the project data, discussed later in this chapter, already
led to the decision to not use them for meaningful analysis.

The results from the Metaphlan analysis of the human mock microbial community, classify-
ing more reads than are present in the sample indicate some of the additional difficulties when
trying to employ bioinformatics tools generally. The authors of Metaphlan make clear that by the
nature of its method it cannot give a precise number of reads assigned to each taxa it detects.
The ‘UNKNOWN’ classification or grouping is ‘...fraction represents the proportion of unclassified
reads that I cannot assign to any microbial organisms present in the Metaphlan database, so
any other DNA present in your sample, e.g. unknown microbial species, host DNA, food-related
DNA, etc. . . will be included within that fraction’ [441]. It is unclear why Metaphlan appeared
to categorise taxa and their estimated number of reads multiple times, leading to the estimated
number of Bacterial reads exceeding the actual number of reads in the sample while still also
appearing to classify 84% of the reads as ‘UNKNOWN’. It may potentially be related to Metaphlan’s
mechanism in using the average genome size of each clade for calculating abundance. Possibly,
having a small number of strains - 20 - in the mock microbial community with a limited number
of initial abundances issues arose when estimating read counts for the clades. The nature of
Metaphlan and the database it employs make it well suited for taxonomic analysis of samples
from well-studied, especially human, microbiota. This is evident in the stark difference between
the results for the Acomys species samples and the Mus samples. The need for the markers
to be unique results in a more limited database for Metaphlan, which allows the tool to be very
precise when working with samples containing well characterised microorganisms. Metaphlan
versions have been used in a large number of human studies [442, 443, 444] as they can take
advantage of the relatively large amount of human-associated microbial community data already
collected; though the tool is not restricted to human-centric investigations [445].

Prior to carrying out the analysis, the author expected Metaphlan 3 to perform similarly with
the Mus samples as with the human mock, though the results for the human mock community
are unreliable due to the assessment metric used it was a surprise that the Mus samples had a
range of 29-44% of reads classified. However, this result is considerably better than the Acomys
samples, where it is quite low. Mice (Mus species specifically) are one of the most well-studied or-
ganisms in metagenomics experiments and the inclusion of lab mice samples in the investigation
was intended to provide a non-human reference point for a high level of classification. The sam-
ples themselves came from projects which had been specifically chosen as using mouse faecal
samples for metagenomics investigations and therefore were not likely to contain a large quantity
of previously uncharacterised microorganisms. Independent of the results for the Mus and hu-
man mock microbial community the poor level of classification of the Acomys samples highlights
the risks of using a marker-based method of identification with samples from less-studied envi-
ronments. This risk should reduce with time as databases expand and more microorganisms are
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identified, sequenced and isolated. At present a marker based classifier would be a poor fit for
an investigation in which it was anticipated that samples would contain a plurality if not significant
majority of taxa which are outside the marker databases. This project did not investigate the abil-
ity of Metaphlan 3 to distinguish between strains in the human mock community, or the number
of false positives it generated as the concerns around the ‘UNKNOWN’ reads led doubt about the
reliability of the results. Nor would Metaphlan 3 be used on the Acomys reads in later stages of
the project in light of the low classification of reads from those samples so no further testing of
Metaphlan 3 took place.

The results for mOTUs are unsurprising in light of the results from Metaphlan 3, as mOTUs
operates on a similar principle using matching to particular marker sequences and comparison
to a reference database. Looking at the human mock community mOTUs did assign non-zero
relative abundance to (i.e. detected members of) all of the 17 genera in the sample, however it
also detected an additional 10 genera not in the known mock community and failed to detect two
of the species known to be in the mock. It did assign relative abundances to the 17 genera in
general accord with the different ratios of the species present in the mock community, indicating
a degree of ability to resolve different actual abundance levels in a sample. Looking at the rodent
pilot samples it is clear at the phylum level that mOTUs detects a considerable difference between
the Acomys and Mus samples, none of the Acomys samples have anything other than Firmicutes
as the most abundant phylum whereas in the Mus there are two samples with Bacteroidetes as
the most abundant phylum. mOTUs has been used successfully by researchers [446, 412, 447]
working with a number of sample types but was decided to be inappropriate for the Acomys sam-
ples in this project.

Kraken 2 had limited success in classifying reads from all rodent samples, both Mus and the
two species of Acomys. Even when using the most permissive minimum confidence score set-
ting, 10%, in the majority of Acomys samples Kraken 2 classified less than 10% of the reads.
A low level of classification with the Acomys samples at higher minimum confidence scores, i.e.
50% and above was not unexpected as Kraken 2 is still dependent on a database of genetic
information which suffers from the biases described earlier towards human-associated and envi-
ronmental samples. The database is unlikely to contain taxa associated with Acomys specifically
or arid-adapted rodents more generally. The fact that the percentage of reads classified in the
Acomys samples decreased with the increasing minimum confidence score is therefore not un-
expected, however the very low classification level in almost all samples at even 10% minimum
required confidence was surprising. It might have been expected that Kraken 2 would struggle
to place reads into lower taxonomic levels at any minimum confidence score, even the most per-
missive level of 10%, but completely failing to classify more than 90% of reads at this level in
most samples is was not. Kraken 2 being unable to place the majority of reads in the Acomys
samples into a phylum suggests that the intestinal microbiota of the Acomys is very different from
well-known and characterised microbiomes; which comprise the bulk of material in the database
it employs.

The observation of low level results for the Mus samples was unexpected. As with Metaphlan,
the author expected that while Kraken 2 would not be able to classify as many reads in these
samples compared to the human mock microbial community it would still achieve relatively high
classification percentages. A range of 50-90% of reads being classified to at least the phylum
level was anticipated. For the human mock community, the largest difference between the per-
centage of reads classified between the raw and processed file was with Metaphlan. Given the
previously discussed issues with the estimated percentage classification from Metaphlan this re-
sult cannot be relied upon. For Kaiju the difference in the percentage of reads classified in the
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human mock from raw to processing was 0.055% and for Kraken 2 it was 0.64%. The author
does not believe that the processing had a measurable impact on the percentage of reads clas-
sified by the classifiers at the most permissive settings. Interestingly, the results of the Wilcoxon
tests carried out on the rodent samples indicate a difference between the average percentage of
reads Kaiju classified in the A. russatus samples with a p-value of 0.0087, with the processed
files having slightly more reads classified as a percentage on average. This might be a sign that
processing of the read files did lead to the alteration of how many reads could be classified as a
proportion of the whole, though the author expects this to be a result of the subsampling rather
than the quality control and contaminant removal. This also may not be the case for the stricter
settings used on the processed files, during the testing process.

The comparatively similar results between the laboratory and wild Mus samples may also sug-
gest the same trend as the low level of classification for the Acomys results within the database
Kraken 2 uses for its kmer-matching classifications; that it lacks wild rodent derived samples. It
would be interesting to determine the overlap between the taxa classified in the Acomys and Mus
samples to see whether these were shared with the typical (i.e. most often studied) human and
environmental microbiota. This may explain their being detected by Kraken 2 - especially if these
taxa were detected at all confidence levels including the strictest. That the Acomys samples
for each of the two species which had the highest percentage of reads classified by Metaphlan,
AC16N and AR27N, were also those with the greatest percentage of reads classified by Kraken
2 at all minimum confidence scores does somewhat support this. It indicates a component of the
microbiota in these individuals was a greater proportion of previously detected and characterised
microorganisms. Kraken 2 has been employed in a number of studies looking at a variety of
metagenomic samples from animal, human and environmental sources [448, 449, 450] - often
it is used alongside other classifiers; potentially including Metaphlan, Kaiju or both. Investiga-
tors can make use of custom databases for Kraken 2 (and for many other taxonomic classifiers)
which may yield a greater proportion of reads classified. The author did not choose to employ
this strategy here, both as it was intended as a benchmarking exercise to establish some thresh-
olds for poor, moderate and good classification of reads from samples and as the author was
uncertain what would warrant inclusion in a custom database for the Acomys samples due to a
lack of prior arid-adapted rodent microbiota studies. Potentially a rodent-centric database could
be created by combing the literature for genomes or assemblies isolated from different rodent
samples and processing them to produce a unified database of taxa known to be found in other
rodents. Alternatively the reads could have been mapped to reference genomes for taxa known
to be members of the gut microbiota of other rodents. Whether these approaches would lead
to a greater proportion of reads in the Acomys samples being classified is debatable, though it
could well lead to more reads in the Mus samples being successfully classified at all minimum
confidence levels. This though does create a concern that the results could be skewed towards
whatever fraction of the Acomys microbiota was most similar to that of previously studied rodent
species.

The human mock microbial community results were much closer to those expected when us-
ing Kraken 2. More than 90% of reads classified at minimum confidence scores of 50% and below
and even 89% of reads classified at 66% minimum confidence score. The most interesting finding
was the large drop in percentage of reads classified from 76% at a minimum confidence score
of 75% down to 14% of reads classified with a 95% minimum confidence score. This demon-
strates the unsuitability of using this high threshold with the standard database and samples from
less-studied environments. The human mock microbial community contained only 20 strains and
was based on taxa known to be associated with the human microbiota. Less than a fifth of reads
could be classified from what amounts to an almost ideal sample at 95% minimum required con-
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fidence. This is an indicator that the low levels of classification of reads in the rodent samples at
95% confidence score may not be due to their composition being primarily novel taxa but instead
the result of Kraken 2 behaving conservatively, in accordance with the required confidence level.
This is supported by the drop in both the known strains detected and the reads classified with the
taxIDs of the overall species themselves with the increasing minimum confidence score required.
When considering the investigation, The author determined that both the NCBI taxonomic IDs
of the 20 strains and those of the species to which they belong would be considered accurate.
This is in the context of the overall project in which the author believed it unlikely there would
be species level data for many Acomys microbiota members let alone strain level discriminatory
data. As such Kraken 2 never detecting all 20 strains is not necessarily a sign of it being unable
to classify reads accurately in the human mock community, as it detects the 19 different species
at the, more permissive, two lower minimum confidence scores. It is instead an indicator of a
lack of precision. Given the kmer-matching and LCA based mechanics of Kraken 2 this is an in-
evitable feature. If one were to remove the species taxonomic IDs from the database and re-run
the analysis it is likely that more of the strains would be detected and there would be significantly
more reads assigned to the strains. As this step of the project was in part meant to determine
parameters to use with tools in latter stages the author chose a range of minimum confidence
scores to assess. The author took advantage of the mock community to compare accuracy and
precision of different parameters. A minimum required confidence score of 25% saw Kraken 2
detect all the species type taxonomic IDs of the 20 known strains, a sharp drop in the number of
taxIDs detected at all (almost entirely false positives though some true strain level IDs are lost),
a drop in the number of incorrect strain IDs detected and only a marginal increase in the num-
ber of reads classified outside one of the correct genera or left unclassified. Though this setting
could be considered inappropriate for a well-characterised sample, like the human microbiota, it
appears a reasonable compromise to use with samples in which there is an expectation of poorly
characterised microbial taxa.

Kaiju appeared initially to be a much more capable classifier than either Kraken 2 or Metaphlan,
classifying the majority of reads in all samples analysed. This was in line with the author’s original
expectations as to the ease of classifying reads in the human and Mus samples but was quite
surprising for the Acomys samples. Though a minimum classification of 70% of the Mus reads
was lower than might have been expected for samples from frequently studied environments it
was still closer to the values anticipated. Given the small size (in terms of taxa) of the human
mock community the author was not surprised that Kaiju could classify over 99% of reads at all
error allowances. However, the results from the human mock microbial community when consid-
ering the number of false positives go some way to explaining the high level of classification in
the Acomys samples. Even at the strictest error allowance setting Kaiju detected thousands of
taxonomic IDs in the mock community, far in excess of the 20 strains, with the number of taxa
detected increasing rapidly with an increasing number of permitted errors. The authors did not
have a controlled community to compare the results of the Acomys classification to, in order to
determine exactly what amongst the taxa Kaiju detected in them are likely to be false positives.
It appears reasonable that the apparent high number of false positives may be part of the reason
it had such seeming success classifying the taxa in the samples. Kaiju is a taxonomic classifier
which has been used in studies investigating a wide range of metagenomic sample types [451,
452, 453], it was included in this stage as it offered a different system for classification than the
marker or kmer based methods employed by Metaphlan. mOTUs and Kraken 2. As the author
used the raw output files rather than any of the reports or summary files for Kaiju and Kraken
2 to measure the classification of reads and the assigned taxIDs the author bypassed methods
the tools have for filtering output when generating report or summary files. Kaiju for instance can
exclude taxa which do not meet a particular threshold for number of reads from reports. This is a
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sensible step to take when working with samples in which the composition can be predicted to an
extent. It would be a reasonable filtering step if you had prior expectations that a metagenomic
sample contained a small number of taxa in high abundance and few with low abundance; the
latter being difficult to distinguish from noise. As the aim of this stage was to compare results
using different classifiers with default settings on samples about which there was no prior knowl-
edge of likely composition, it was felt important to use the raw output.

From the Kaiju output, in spite of the large number of false positives it is possible to discern
some interesting findings. The percentage of reads classified increases most significantly in
the rodent samples from an error allowance of 0 to 1, with diminishing returns from 1 allowed
error onwards. This is especially noticeable when looking at the doublings of allowed errors, 1
to 2, 2 to 4, 5 to 10 and 10 to 20. In the Acomys samples there is only minor change in the
percentage of reads classified in the latter doublings - with this being most apparent in the 10 to
20 doublings. The same holds true in the Mus samples where doubling the allowed errors from 10
to 20 does not meaningfully change the median percentage of reads classified in each sample; in
the human mock community this is the case as well. This suggests that even with Kaiju finding a
huge number of false positives there are a number of reads which cannot be classified, potentially
they are different enough from anything in its database or were degraded by the collection and
storage steps such that Kaiju cannot classify them even when a relatively large number of errors
in the match are permitted. As the author does not have the ability with the Acomys and Mus
samples to distinguish between false positives and true but rare taxa the human mock community
was used to try and determine what would be an appropriate error allowance to classify present
taxa whilst minimising the number of false positives. Kaiju detected all of the species of the 20
known member strains at all error allowances, and all but one of the exact strain taxIDs with all
error allowances - a superior result as compared to Kraken 2 which at its most permissive failed
to identify 6 of the known member strains. That the number of unique taxIDs detected is the same
as the number of taxIDs with more than 100 assigned reads is both an indicator that the author
might have chosen too small a threshold to use and that Kaiju assigned at least 100 reads to all
false positive taxa. Looking at the number of reads assigned it is clear that with the exception of
the strictest setting, 0 allowed errors, Kaiju did not see major differences in the number of reads
assigned to taxIDs aside from the exact strain or species. Halving the number of allowed errors
from 20 to 10 did not lead to a halving in the number of reads assigned to taxIDs outside any of
the correct genera. Nor did halving it again from 10 to 5. This suggests that Kaiju readily assigns
reads to false positive taxa as if it had made an incorrect choice between a false positive taxID
and a true positive one then one would have expected that halving the number of allowed errors
would lead to an increase in the number of reads assigned to a true positive taxID; of a noticeable
amount. Kaiju did not only assign the majority of reads to false positives it also detected far more
unique false positive taxIDs as compared to Kraken 2, which indicates that even the strictest error
allowance would make it impossible to distinguish between true signal and noise.

4.1.2 Taxonomic classification for analysis

It is apparent from the results of the attempted taxonomic classification of the read files from
the two Acomys species that they contain microbial diversity not contained within the reference
databases employed by the tools which do not employ translation and protein databases. This is
not unexpected as this project is, to the author’s knowledge, the first investigation of any kind of
the intestinal microbiota of the genus Acomys. The limitations of the four classification tools em-
ployed here have been discussed in greater depth in the preceding subsection. The results from
a greater number of Acomys samples than the number used for the tools testing stage yielded
extremely similar results. Neither the initial sequencing depth, nor the processing of the read
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files caused the low percentage of reads classified - though it did seemingly increase the ability
of Kaiju to classify the reads. Given the results from the prior chapter with Kaiju and a commu-
nity with known membership, the author does not believe any of the four taxonomic classification
tools used with the faecal samples from either Acomys species provided more than a general
overview of composition, with Kaiju making false positive classifications and the other three tools
both producing false positives and classifying either a limited number of the reads or quite limited
diversity of taxa.

The low level of classification by Metaphlan is likely a consequence of both taxa present in
the sample for which it has no marker sequences in the reference database and the inevitable im-
pact of various extraction, sequencing or contamination events on the sequencing of the specific
markers. For mOTUs it is difficult to determine whether the percentage of reads classified or not
is a sign that the data was well suited for it or not. The tool itself uses only a small subset of reads
to determine the relative abundance of taxa it detects, however in the absence of prior Acomys
microbiome studies the author cannot use this metric to assess how suitable mOTUs would have
been in this instance. This is unfortunate as one of the primary steps of any investigation into
a microbiota is determining what microbial taxa are present in the environment. Indeed, the ba-
sic composition may sometimes be the only information reported depending on the nature and
available resources of the researchers. At the genus level Kraken 2 and Metaphlan have largely
similar detections. Of the 17 genera detected by Metaphlan which it finds in more than one
sample, Kraken 2 also detects 13 of the same genera. The similar, high, proportions of reads
unclassified between Kraken 2 and Metaphlan is despite the Kraken 2 database taxonomic IDs
ranging from the phylum level down to individual species. In theory this taxonomic depth should
provide a great range of potential matches for the tool, in combination with its scoring mechanism,
to classify reads to. When looking at the taxa assigned at least 2.5% of reads in one sample by
Kraken 2, they occupy a large proportion of the reads classified by Kraken 2 despite their low per-
centage values due to the extremely low percentage of all reads which Kraken 2 could classify in
each sample. Though Kraken 2 achieved a very low level of classification, based on the findings
from the tools testing stage discussed in the previous subsection the author is satisfied that it
does allow the reliable detection in the sample of the taxa it detects barring any biological con-
traindication. The fact that some reads were only classified to the level of ‘cellular.organisms’
does highlight the limits of trying to use the results to conduct anything more than surface level
analysis of the very small percentage of reads that Kraken 2 could classify. That said, it allows
for an overview of what taxa are changing within the hosts overall, with the caveat that this is only
for those taxa it could detect.

Before speaking about the results from the three classifiers which classified at least 1% of the
reads from the samples on average it would be useful to discuss the results from mOTUs. As
stated on multiple occasions previously, the tool uses a subset of reads in the sample rather than
attempting to process all reads in a sample. Just from the individual reference mOTUs, as can
be seen in Supplemental Table 5.3 the individual species or genera associated with the refer-
ence mOTUs which had a summed relative abundance of at least 1% in a minimum of 1 sample
in either host species align with the detections from Metaphlan, Kraken 2 and Kaiju. That Lac-
tobacillus kefiranofaciens had the greatest summed relative abundance from all samples within
each species mirrors the results from the other three classifiers for this bacterial species, as do
the comparatively high summed relative abundances for the Muribaculaceae and Akkermansia
muciniphila. Looking at the relative abundance results which are provided by mOTUs, the phy-
lum level results are broadly similar across all samples and consistent with the results from the
pilot study, Firmicutes being the phylum with the greatest relative abundance in all samples. The
mOTUs results also indicate that the non-Firmicutes and non-Bacteroidetes component of the
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Acomys microbiome is of restricted diversity, at the phylum level at least, with only Verrucomi-
crobia and Proteobacteria being detected in more than one sample with a relative abundance of
0.1 or greater. These findings are also similar to previously reported findings for different rodent
species gut microbiome phyla compositions [454, 455]. The genus level results are in keeping
with those from the three other clasiffication tools, with Lactobacillus being the genus most likely
to command a plurality, if not majority, of the mOTUs assessed relative abundance in a sam-
ple. The genus level results do not show the same pattern of within-host species differences in
relative abundance as seen with the equivalent measures from the other classifiers, as mOTUs
only finds two genera with statistically significant abundances between sampling months within
either host species. Bifidobacterium was found to have a sampling month difference which was
statistically significant in A. cahirinus by Kaiju but this difference is instead found within A. rus-
satus by mOTUs. Lachnospira was found to have a within host species difference in the relative
abundance by mOTUs for both host species but this was not detected by either Kraken or Kaiju;
though Kraken did find a within A. cahirinus difference for Lachnospiraceae.

The data provided by the three classifiers which managed to classify at least 1% of reads on
average do allow some higher level conclusions to be drawn, notwithstanding the inherent limita-
tions of each tool. All three show that there are taxa present in the samples which have previously
been reported in the intestinal microbiota of both other mammalian species and from rodents in
particular. Of the two tools with limited classification ability, many of the reads they can classify
are assigned to taxa corresponding to Lactic Acid Bacteria. It is important to note that the Lac-
tobacillus genus has been reorganised since the database used in the Metaphlan execution was
produced and some species may no longer be members. The large proportion of reads which
could be classified being assigned to Lactobacillaceae informed the decision regarding subse-
quent isolation and culturing work. Kaiju also assigns a number of reads to different LAB taxa,
though distributes them out over many more genera and species. Some of the classifications
hint at potential functional roles, i.e. Lactobacillus members are detected by all three tools and
likely point to the presence of fermentative bacteria in the Acomys GIT - and that of the fraction of
the microbiota which the tools can classify it is not too dissimilar to other known rodent intestinal
microbiota proportions of LAB [456]. These results also could provide some idea of what poten-
tial taxonomic diversity is lacking from the reference databases used by Metaphlan and Kraken
2 and therefore represent novel microbial diversity from what has previously been identified and
contributes towards the databases. Those reads which could not be classified by Metaphlan and
Kraken 2 are the majority for each sample, whereas those which could not be classified by Kaiju
are a much smaller fraction - though some reads may only be classified at the phylum or even
kingdom level and so not particularly informative - and dedicated work purely with these reads
could produce MAGs of novel taxa. In spite of the limitations in the three classification tools, the
results produced mean it is possible to look at changes within the two host species in the detec-
tion of certain taxa.

The results for Kraken 2 here may be more accurate compared to Kaiju, though they repre-
sent a much smaller proportion of all the reads in the sample files these tend to be the same
taxa detected. As such any changes observed are more likely to be a reflection of actual bi-
ological reality, i.e. the change in geometric mean percentage reads classified for Firmicutes
by Kraken 2 is less likely to be due to changes in false positive classifications into the phylum
than with Kaiju. Looking within the A. cahirinus samples and at Kraken 2 results, when requiring
a minimum confidence score of 50% it is apparent that there is an increase in the presence of
members of Clostridia from the June to November samplings; both due to the change fold change
in the geometric mean percentages classified for Clostridia itself and from the change in both Eu-
bacteriales and Lachnospiraceae which are lower level taxa within Clostridia. The increase in

119



the geometric mean percentage of reads classified to Lactobacillus kefiranofaciens from June to
November is at odds with the decrease in the same measure seen for the genus Lactobacillus
itself, along with the higher level taxa Lactobacillaceae and Lactobacillales which suggests that
either a species closely related enough to L. kefiranofaciens survives the change while relatives
don’t or that it is an artifact. The author believes the latter is more likely, that there is a gen-
eral decrease in the abundance of members of the Lactobacillaceae in A. cahirinus from June to
November. It is unlikely that a single species within the Lactobacillaceae is sufficiently different
from its close relatives to survive a change the others do not. Whether this is a general trend in
LAB or purely within this family is impossible to determine from the Kraken 2 results due to the
low level of classification of the sample reads overall. Within the samples from A. russatus there
is a similar pattern of decrease seen in members of the Lactobacillales from June to November,
though without an outlying species level result suggesting the opposite. The A. russatus samples
also suggest an increase in the abundance of members of the Clostridia from June to November,
though lacking a family level classification like Lachnospiraceae to buttress this point.

Due to the large number of false positive results obtained when running Kaiju on an artificial
sample with known composition described in the previous chapter, only those results from Kaiju
analysis with an error allowance of 0 were reported in detail. It is possible that a translation-
based method may be better suited to samples such as the ones used in this investigation, from
animals which have not previously been the subject of a metagenomic or microbiological inves-
tigation and so are poorly represented in taxonomic databases. It is notable that the level of
classification drops with Kaiju when looking at lower taxonomic levels, such as genera; which
may support the results being true rather than false positives with the majority of reads classi-
fied at higher taxonomic levels rather than more informative lower ones. Looking at the genus
level results for Kaiju when allowing 0 errors in the match one can observe some possible trends
within each of the host species for change over time. In A. cahirinus there were a greater number
of genera enriched in November as opposed to June, this also being the case in A. russatus
albeit with fewer genera overall having a statistically significant difference and meeting the mag-
nitude threshold. Helicobacter and Akkermansia were enriched in the June samples in both host
species, as was Thiopseudomonas. Both host species saw an enrichment of Bifidobacterium
from June to November, along with Ileibacterium - both genera having been isolated from gut
microbiota sampling previously [457, 458]. Due to the low level of total classification obtained
by Metaphlan and Kraken 2, along with the previously discussed high error rate of Kaiju and its
limited classification levels at lower taxonomic levels, one can only draw higher level conclusions
from the data.

It appears likely that there is considerable novel microbial diversity within the faecal micro-
biota of both Acomys species. Whether this is at the family or lower levels, or at higher taxonomic
levels like phyla and classes cannot be determined from these results - Metaphlan and Kraken 2
suggest the latter while Kaiju suggests the former. Within the confines of the ability to study the
intestinal microbiota using taxonomic classifiers it seems that there is some change within each
host species from June to November. This may be related to potential dietary changes, host
physiological changes or purely an artifact of the data - a larger sample size would have provided
more data which could support or disprove the temporal changes. It is also important to note that
there are only two time points, that any changes in the classification of taxa by any of the tools
which suggest differences between the two sampling points can be dramatically influenced by
variation on the shorter term. It is possible that the individuals were sampled when their intestinal
microbiota was in a different state than typical, from illness, dietary composition or other external
factor. This then would create a false impression of the typical microbial community composi-
tion for that month in the host species. The author believes that the use of the geometric mean
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percentages of reads classified helped address this problem, but it is still quite possible that a
sample from a given individual is not a true reflection of the normal state of its gut microbiota for
that month. It is also possible that the different number of samples within each host species for
the two months impacts the general trends discussed above. Due to the limitations of the taxo-
nomic classifiers the author elected not to subset the data to only those sequenced with Novaseq
platform (and so with a greater read depth even after subsampling) and for which there were
paired June and November samplings; as opposed to the mapping based approach discussed
later. It is possible that restricting the analysis to this subset of the data would have eliminated
any of the June and November differences discussed earlier even if they are true reflections of
biological changes and not consequences of the flaws in the classifiers.

Prior work by Maurice et. al. [250] has shown a seasonal change in the mouse Apodemus
sylvaticus with a change in diet from mostly insects to predominantly seeds. Although the en-
vironment in which it lives is quite different from the Acomys populations in this study, it is a
rodent which has a change over time in the gut microbiota. In Maurice et. al.’s case they can
directly associate the change with a known and observed change in diet which correlates with
the seasonal change; the classification results cannot directly confirm a similar change with the
Acomys species. The authors also note the large proportion of the Apodemus sylvaticus gut
microbiota made up of Lactobacillus members; detected by all four classifiers in the Acomys
samples. The authors report a decrease in the relative abundance of Lactobacillus from spring
and early summer to late summer and autumn; the results from Kraken 2 suggest a potential
similar result in the Acomys species. Later work on the same species, Apodemus sylvaticus by
Marsh et. al. [459] found similar higher level taxa within their samples as both the earlier work on
Apodemus sylvaticus and those detected in our Acomys species by all four classifiers; namely
Lactobacillales, Bacteroidales and Clostridiales. The authors also found a temporal effect on
the microbiota, seeing the relative abundance of Ruminococcaceae increase in September to
November versus other time points in the year, Muribaculaceae decreased over the same time
and Lactobacillaceae fluctuated in variable patterns. The authors also suggest a likely dietary
cause associated with the change in season for the microbiota composition altering and note that
it was consistent over multiple years of study. The authors note that the families which changed
between measurements as the year progressed differed between their two wild populations being
studied and propose that this is a sign of functional redundancy in the intestinal microbiota; with
the same stimulus triggering responses in different taxa. This may potentially explain the differ-
ences seen in the genus level Kaiju results for the two Acomys species, for genera with changes
in their geometric mean percentage classified from June to November.
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4.2 Metagenomic bin identities and phylogeny

4.2.1 Taxonomic identification of metagenomic bins

A total of 348 bins passed the quality threshold of ≤ 5% contamination and ≥ 80% complete-
ness, as measured by CheckM. The author selected these thresholds after review of the literature
revealed a range of values often employed with no uniform standards. The 348 bins provide an
interesting contrast in their taxonomic classification when compared to the read results from all 4
classifiers. Only 6 bins were classified by GTDB-Tk in the Lactobacillaceae, seemingly at odds
with the results from the classification of the reads. This however may be a good indicator that the
very low level of classification by Metaphlan and Kraken 2 leads to a focus on the small fraction
of taxa they can detect, especially in the case of Metaphlan. It is also worth noting that the simple
count of the number of bins assigned to a given genus or family is not a direct measure of how
abundant they are in the samples, it is quite possible that there is a family or genus which had only
a single bin assigned to it by GTDB-Tk but which is extremely abundant in the microbiome. The
phyla detected and the number of bins assigned to them is not unusual, especially the relatively
high numbers of bins assigned to Firmicutes (and Firmicutes_A) and Bacteroidota (otherwise re-
ferred to as Bacteroidetes) which together contain 90.5% of all the strict bins. These phyla are
well known members of the intestinal microbiota of rodents and a wide range of mammals [460],
and typically make up the majority of members of the intestinal microbiota in these animals under
normal circumstances [461].

The family level GTDB-Tk classifications are informative as they may provide a greater in-
sight into the taxa present in the Acomys species. The reads were co-assembled, so some
bins may not be a direct equivalent of a genome present in the samples even when discount-
ing mis-assembly or incorrect binning, though the mapping results discussed later will enable
better insight into this. At the family level the majority of the bins are classified into a small
number of families, Lachnospiraceae, Muribaculaceae, Ruminococcaceae, Acutalibacteraceae
and Desulfovibrionaceae. As might be expected given the large number of bins found in phyla
commonly associated with other mammalian intestinal microbiomes, most of these families are
likewise known to be members of intestinal microbiota from different mammalian species [462,
463, 464]. Both Lachnospiraceae and Ruminococcaceae have been established to contain Short
Chain Fatty Acid producers, which have been linked to positive health benefits for the host organ-
ism [465] and point towards a place for fermentative bacteria in the Acomys intestinal microbiota.
Some have been associated with disease and ill health across different studies and host species,
including ironically some members of Lachnospiraceae [466]. Lachnospiraceae and Ruminococ-
caceae have also been found to see increased abundance and diversity in a wild rodent intestinal
microbiota, so their larger abundance in the wild rodent samples examined in this project is not
out of keeping with previous results [467]. Indeed they were the most commonly detected families
in an investigation of wild Mus discussed in the introduction [285].

The very low number of bins which could be assigned a species (12, or 3.4%), along with the
fact that for some bins the lowest available taxon from the GTDB-Tk classification was at the ‘fam-
ily’ level may hint that the bins are lacking in some of the more distinguishing features needed.
Though all met the 80% completeness threshold from CheckM analysis this may have been too
low to allow for better resolution of the taxonomies - especially in enabling better partitioning into
families. Apart from two bins (Bin_c732 / genus RC9 and Bin_c1055 / Lachnospiraceae) the
bins which had a species level classification had completeness scores from CheckM over >90%
- though some bins which could only be classified to the family level also exceeded 90% com-
pleteness.

122



In case there were a significant difference between the bins which met the quality control
thresholds used and those which were rejected for not meeting them, to reiterate these were a
maximum contamination of 5% and a minimum completeness of 80% as measured by CheckM,
the rejected bins were analysed with GTDB-Tk. They were not processed in any other way as
they would not be included in the main analysis in any manner. There were 156 bins which were
rejected for failing the QC checks, from these there were 31 families and 71 genera detected by
GTDB-Tk. 90 of the bins (57%) were classified into four families, Lachnospiraceae, Sacchari-
monadaceae, Muribaculaceae and CAG-508. There were no families detected in from the failed
bins which were not detected amongst those which passed QC. At the genus level there were
no genera detected from the failed bins which were not also detected in those which passed QC.
None of the genera were assigned to more than 10 of the bins which failed QC, though as with
those which did pass QC not all of those which failed could be assigned a genus level classifica-
tion. It does not appear that those bins which failed the QC represented novel taxonomic content
as compared to those which passed. Figure 4.1 shows the number of bins classified by GTDB-
Tk Core at either the family or genus level which either passed or failed the QC checks; showing
only those taxa where there was a bin classified amongst those which failed the QC checks.

mOTUs does seem to capture a slightly larger proportion of the taxonomic diversity repre-
sented by the bins than the three other classifiers, as it assigns a comparatively high relative
abundance to the genus Lachnospira - in more than half of samples it is the genus which has
the second greatest relative abundance. These might well correspond to the bins classified by
GTDB-Tk into the Lachnospiraceae. The tool does though overwhelmingly give the greatest
relative abundance to the genus Lactobacillus, which indicates that it still is not accessing the
taxonomic diversity represented by the bins; given that only 6 bins were classified into the Lacto-
bacillaceae.
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Figure 4.1: Point plots showing the number of bins which either passed of failed QC checks at
the A. Family and B. Genus level from GTDB-Tk classification.

4.2.2 Phylogeny of metagenomic bins

Looking at the first phylogenetic tree it is clear that the bins and the assemblies are very distinct
from each other, with only a handful of the bins found amongst the assemblies subtree. It is dif-
ficult to know from this tree whether this is a consequence of a fundamental difference between
the bins and the assemblies associated with the different means of obtaining them - reads from
pure cultures versus reads from a mixture of sources - or is due to real phylogenetic differences
between the two data sets. As discussed earlier there are very few bins which were classified
as LABs so assemblies produced from LAB sourced from specifically selective media might be
phylogenetically distinct from each other in reality. Of the six bins within the assemblies subtree,
four enriched in A. cahirinus and 2 not enriched in either, all were classified by GTDB-Tk within
the Lactobacillaceae. The two assemblies which are apart from the rest were both classified as
Bifidobacterium, the single bin which is mostly closely placed to them was classified as a member
of Bifidobacteriaceae. The expanded tree, including the bins, assemblies and external data may
help assess the likelihood of the placement of the assemblies apart from the bins being phyloge-
netically valid.

That the bins do not mostly cluster by enrichment status is in keeping with bins with en-
richment in either host species and those not enriched in either being placed within the same
families by GTDB-Tk. Though there are some small groupings of enriched bins within the same
host species these are predominantly those enriched in A. cahirinus and may reflect more the
larger number of bins enriched in the species. There are though only a few instances where a
bin enriched in one host has a bin enriched in the other host species as their nearest neighbour.
As an example, Bin_m1549 and Bin_c793 are enriched in different host species, are the closest
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neighbours to each other being terminal nodes on the same branch and are both classified as
Desulfovibrionaceae. Within the bins classified as Muribaculaceae there were two pairs of bins
which were enriched in the opposite host species and were the end nodes of the same branch.

The split of the Acutalibacteraceae in the tree into three distinct sections, one quite distant to
the other two, is interesting. Especially given that the Ruminococcaceae splits the two sections
from the third. This suggests one of two possibilities, either that the classifications of at least
some of the bins are incorrect or that there is some overlap between the two families which would
be beyond the scope of this project to investigate. Lin et. al. [468] found some of their MAGs
produced from dariy cow inestinal samples were classified as Acutalibacteraceae by GTDB-Tk
so there is precedent for constructed sequence files from intestinal microbiota samples being as-
signed to the family. The tree might indicate functional overlap for the two families, as both have
been shown to interact with host mucosal biofilms [469, 470].

Figure 3.21 also shows a split in the Muribaculaceae in the tree. The two trees are due to the
greater number of bins assigned into the family and the split itself is larger, containing multiple
subtrees and with bins assigned to at least four different families within the split. Given that the
split contains multiple different taxonomic families the author is inclined to believe that the bins
of the smaller Muribaculaceae may in fact be a distinct family - especially as they are a distinct
and cohesive seperate tree. The closest reference to this potential novel family in the GTDB-Tk
database is presumably Muribaculaceae hence the classification. Alternatively this may reflect
the previously reported high level of functional diversity within the family [471, 472].
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4.3 Mapping of Acomys faecal sample shotgun reads to metage-
nomic bins

The level of mapping of the samples to the concatenated single bins reference was lower than
the author had expected, especially as it was the approach decided upon given the difficulties
accessing much of the sample content during classification the different tools; which the author
consider to be the most reliable of the classifiers used. The arithmetic mean mapping percent for
non-pilot samples was higher than the equivalent value for percent reads classified by Kraken 2
at a minimum confidence score of 50% so the author considers it a moderately superior method
of analysis. Using Salmon and working with reads per million should help make the most of the
results even with the relatively low level of mapping, as does the subsetting of the data. For the
mapping based analysis, the author ceased using the entire set of sample reads and instead re-
stricted analysis to only those samples which were sequenced with the NovaSeq platform and for
which there were paired June and November samples - so within each host species the compar-
isons would be between the same individuals in June and November. This means the mapping
depth of the read files was uniform after subsampling at a single value which should help make
the comparisons more reliable by removing one potential factor varying between each sample -
especially as removing the pilot samples allowed for a higher uniform read depth to be subsam-
pled to.

The geometric mean was used to cope with the relatively large differences within the results
for host species and sampling month for the bin RPMs calculated by Salmon. For example, the
range of RPMs for Bin_m994 (genus UMGS268) just within the A. cahirinus June samples was
218 to 16,935. Using the geometric mean as the base point for comparison to look for statis-
tically significant differences hopefully should reduce the influence of outlier samples within the
groups being compared. The geometric RPM for Bin_m994 in the A. cahirinus June samples was
469.12. The initial step was looking for within host species differences, bins which had statisti-
cally different geometric mean RPMs from June to November and then looking for those where
the fold change (log2()+1 change specifically) was greater than a given threshold; whether pos-
itive or negative. This was to try and identify a potential temporal change within each species
individual before comparing the two host species as a group, and before comparing the two sam-
pling months across the species. Coincidentally, there were no bins in either Acomys species,
when doing the within-host comparisons, which met the Q-value for significance (≤ 0.05) but
didn’t meet the fold change threshold. Within the A. russatus samples there was a decrease in
the geometric mean RPM from June to November of Bin_m137 (genus Cellulosilyticum), a genus
within the Lachnospiraceae known to be able to degrade lignocellulose [473]. As discussed ear-
lier when looking at the taxonomic classifiers run on the reads for potential seasonal differences,
there were some differences observed between the June and November samples within each of
the two Acomys species. It was also touched on then that prior research with wild rodents had
reported seasonal differences in wild rodent microbiota and so the author considered it possible
that this might be observed in the Acomys Without a reason to believe the seasonal change in
diet, slight though it may be compared to some other studied rodents [474], would not have a
similar impact on the Acomys intestinal microbiota the author believed it warranted considera-
tion. The already discussed differences found with the Kaiju, and less reliably Kraken 2, results
combined with the mapping based results indicate there was some seeming seasonality to the
microbiota; taxonomically at least.

Two bins saw an increase in their geometric mean RPMs from June to November, these were
Bin_c796 (genus CAG-590) and Bin_c1435 (family CAG-552). CAG-590 is also a member of the
Lachnospiraceae, the family CAG-552 is within the Clostridia as well though in a different order.
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The low number of bins which were significantly different and exceed the magnitude threshold
for change might be a consequence of the low level of mapping for the strict bins to the reads;
though the mapping percentage was greater for A. russatus on average than for A. cahirinus
which saw more bins being above the thresholds for internal comparisons. It may instead be a
sign of a very consistent intestinal microbiota in the A. russatus. Given that they follow a diur-
nal activity pattern when sympatric with A. cahirinus (as in the sampling site used) it is possible
that their dietary patterns are less subject to change and therefore the principal driver of intesti-
nal microbiota composition remains more consistent throughout the year. Potentially A. russatus
from locations where they are not sympatric with A. cahirinus would exhibit a more diverse in-
testinal microbiome. Following their preferred nocturnal lifestyle might lead to a more varied diet.
Metaproteomic analysis would give a good insight into whether the community within A. russatus
provides a consistent suite of functional services and thus consistency in taxonomic composition
could be explained that way. The limited number of samples may also limit the detection of sea-
sonal effects in month-differential bins.

Within the A. cahirinus samples there were more bins which saw a statistically significant
change from June to November which exceeded the magnitude threshold of greater than 1 (pos-
itive or negative), 9 in total. Two bins saw a reduction in their geometric mean RPM, Bin_m1135
(genus Helicobacter_D) and Bin_c1111 (genus CAG-632) while 7 others saw their abundance
increase. These bins were Bin_m621 and Bin_c1167 (both genus CAG-873), Bin_c375 (genus
Muribaculum), Bin_c380 (genus Eubacterium_R), Bin_c1070 (genus Prevotellamassilia), Bin_-
m293 (family Muribaculaceae) and Bin_m1474 (genus Rikenella). Though all but one of the bins
which increased in abundance from June to November were members of the Bacteroidetes, this
is not likely to be reflective of a seasonal change. Instead the author believes it is a combination of
the low mapping percentages and the large proportion of the intestinal microbiota which is likely
to be made up of Bacteroidetes. Neither of the two bins with a decrease in RPM from June to
November are members of the Firmicutes or Bacteroidetes, which does put them outside the two
most common phyla encountered in previously studied rodent intestinal microbiota. Both Acomys
species do have relatively large ranges for their RPMs, though the maximum value for both in the
June samplings exceeds the maximum in the November samples by large amount; suggest-
ing that it is not due to a handful of outlier samples not accounted for by using the geometric
mean creating a false positive. Helicobacter species can be pathogens but are also commonly
reported members of the intestinal microbiota of a range of mammals [475] ; their abundance
has been linked in the past in Capuchins to rainfall seasonality [476] though in A. cahirinus this
is not likely to be the cause. Both Acomys species will consume arthropods and these vary in
number and accessibility both on a daily cycle (impacting each host differently depending on if
they are nocturnal or diurnal) and seasonally [370]. It is possible that there is a greater diversity
of food sources available in November than in June, with a decreasing availability of arthropods
necessitating greater consumption of seeds and available plant matter; leading to a change in the
gut microbiota to bacteria better able to access plant-based energy sources. As neither Acomys
species stores food it may be the case that in times of reduced food availability their microbiota
are selected for those which are associated with obesity - to provide increased energy harvest
from their more restricted diet. This is difficult to assess due to the low number samples used in
this study, the relatively low mapping percentage of the reads to the strict bins and wide variety in
published studies as to what taxa (at all levels from species to phyla) are associated with obesity
and increased energy yield from the diet [477].

When comparing all the subset samples from June against all the subset samples from
November, grouping them together by month even when the host species differs, reveals no bins
which have a statistically significant difference in their geometric mean RPM and a fold change
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greater than 1 (positive or negative). There are two bins which have a geometric mean RPM for
November of 0, Bin_m1135 (genus Helicobacter_D, one of the bins significant in the within - A.
cahirinus comparison) and Bin_m334 (genus Helicobacter_D). Neither of these bins have a sta-
tistically significant corrected P-value for the June to November fold change, which is a negative
infinite value in any event. Three bins have a geometric mean RPM from all June samples of 0,
Bin_c217 (family Borkfalkiaceae), Bin_c568 (family Treponemataceae) and Bin_m1093 (genus
Helicobacter_C). They all also have a geometric mean RPM of 0 from all A. russatus samples,
each being absent from at least one A. russatus sample. There are 8 bins which meet the Q-value
threshold when looking at the June against November changes, though two only just and none
manage to exceed a log2()+1 fold change of even 0.5 (positive or negative). The closest bins to
meeting the fold change magnitude threshold which do manage to meet the Q-value threshold
are Bin_m89 (genus TF01-11) with a June to November log2()+1 fold change in the geometric
mean RPM of -0.46 and Bin_c1158 (genus Acetatifactor ) with a change of 0.34. Of the three
bins which meet the Q-value threshold but not the fold change threshold and have a positive fold
change, two are members of the Lachnospiraceae family (including Bin_c1158) and the other is
within the family CAG-272. Of the five bins which meet the Q-value threshold but not the fold
change threshold and have a negative fold change, three are in the Lachnospiraceae (including
Bin_m89) and the other two are in the Ruminococcaceae and the Muribaculaceae. Though the
changes for the bins within the Lachnospiraceae do not meet the fold change threshold of greater
than 1 (positive or negative) or even the lower threshold of 0.5, the observation of bins within the
family seeing both positive and negative changes in abundance over time suggests that the family
as a whole may be a core member of the microbiota. Different members may provide different
functions and so change in abundance as the diet changes with the season. Lachnospiraceae
have been observed to be core members of the gut microbiome of Forest Musk Deer (Moschus
berezovskii) as they remain key members over the year even with dietary changes [478], though
they were observed to increase with the increasing availability of fruit in Western Lowland Gorillas
(Gorilla gorilla gorilla) over the year [479]. The failure of any Bins to meet both the Q-value and
fold change thresholds when comparing all June against all November samples may be due to
the limited number of samples within the subset being examined (and in the total dataset) but it
may be a reflection of a relatively stable microbiome within each species. Though testing within
each species individually from June to November did identify bins meeting both significance and
magnitude thresholds, a relatively small number were found in each species. These were not
amongst those which met the Q-value threshold when comparing both species against each
other. These two results suggest that there is a relatively stable intestinal microbiota within each
host species which sees some changes seasonally as the composition of the diet changes, with
most of these changes being in the relative abundance of members of Lachnospiraceae. Had
the mapping of the reads to the bins been more successful it is possible more data would be
available to help determine if this latter conjecture is more accurate than simply insufficient data
to detect seasonal changes.

Compared to the both species June versus November analysis, the combined A. cahirinus
results versus the combined A. russatus results yielded a large number of bins which met the
Q-value and fold change thresholds. 50.5% of all bins (176) met the thresholds and so can be
said to be statistically significantly different between the two host species with a fold change of
greater than 1 (positive or negative). 109 of these bins were enriched in the A. cahirinus samples
while 67 were enriched in the A. russatus samples. There was one bin, Bin_m334 (genus Heli-
cobacter_D) which had a geometric mean RPM for the A. cahirinus samples of 0, three bins had
a geometric mean RPM of zero for the A. russatus samples. These bins were Bin_c217 (fam-
ily Borkfalkiaceae), Bin_c568 (family Treponemataceae) and Bin_1093 (genus Helicobacter_C).
The bins with 0 geometric mean RPMs for either of the two host species thus had an infinite
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(or negative infinite) fold change in the RPM geometric mean. At the family level the 109 bins
enriched in the A. cahirinus samples were distributed amongst 19 families whilst the 67 bins en-
riched in A. russatus were spread over 20 families. There were 12 families shared between the
two species in their respective enriched bins set: Acutalibacteraceae, Anaerovoracaceae, Bork-
falkiaceae, Desulfovibrionaceae, Eggerthellaceae, Helicobacteraceae, Lachnospiraceae, Murib-
aculaceae, Oscillospiraceae, Rikenellaceae, Ruminococcaceae and UBA644. The seven families
enriched in A. cahirinus samples only were Anaeroplasmataceae, Anaerotignaceae, CAG-274,
CAG-552, Lactobacillaceae, Marinifilaceae and Treponemataceae. The eight families enriched in
A. russatus only were Bacteroidaceae, CAG-272, Elusimicrobiaceae, Erysipelotrichaceae, Turi-
cibacteraceae, UBA1381, UBA3663 and UBA660. Interestingly, 51 of the bins enriched in A.
cahirinus were from the Lachnospiraceae while only 2 of the bins enriched in A. russatus were;
this despite the Lachnospiraceae being the most common classification of a bin by GTDB-Tk at
the family level. The Muribaculaceae were the next most common family classification amongst
the differential bins, with 14 enriched in A. cahirinus and 24 enriched in A. russatus. 7 bins were
members of the Ruminococcaceae and were enriched in A. cahirinus while 8 were enriched in
A. russatus. The very stark difference in the number of enriched bins between the two species
for the Lachnospiraceae is quite interesting, especially as in the Muribaculaceaee and the Ru-
minococcaceae the numbers of bins enriched in each species is a lot more balanced.

The number of bins assigned to families by GTDB-Tk may be somewhat responsible for the
apparent partitioning of enriched bins into the two host species. Looking at those bins which
did not have a Q-value meeting the threshold for significantly different geometric RPMs between
the two host species, 20 are members of the Lachnospiraceae, 8 are classified within the Ru-
minococcaceae and 10 within the Muribaculaceae. In the case of the Lachnospiraceae this does
in fact support the idea that the Lachnospiraceae are enriched in A. cahirinus as there were more
bins in the family not significantly different between the two species than there were enriched in
A. russatus; with 51 bins from the family enriched in A. cahirinus as discussed earlier. Though
the family was the most commonly classified, the fact that there were more bins which did not
significantly differ between the two then were enriched in A. russatus does suggest that there is
greater abundance of Lachnospiraceae members in A. cahirinus then A. russatus. Of the 104
bins assigned to the Lachnospiraceae, 51 of them were enriched in A. cahirinus, 41 were not
significantly different and 2 were enriched in A. russatus. 8 had a statistically significant en-
richment in A. cahirinus but below the threshold of +1 used and 2 had a statistically significant
enrichment in A. russatus but above the threshold of -1. Muribaculaceaee was the next most
commonly classified bin family, with 80 bins assigned. Fewer than half of those bins met both the
Q-value and log fold change threshold, 24 were enriched in A. russatus and 14 in A. cahirinus;
a much smaller difference than the Lachnospiraceae. 30 were not significantly different between
the two host species, taken together this would suggest that the Muribaculaecae are common to
both Acomys species and allow the breakdown of complex carbohydrates [480]. Given their very
similar diets and the mix of arthropods, seeds, vegetation and snails which can make them up,
it is reasonable to infer a benefit for the Acomys in harbouring members of the Muribaculaceae.
Looking within the family, in both Acomys species the genus within Muribaculaceae with the most
bins enriched was CAG-485, 5 in A. cahirinus and 13 in A. russatus.

The vast majority of the bins which were enriched in each of the host species were from fami-
lies which had enriched bins in both species, the number of enriched bins from families with bins
only enriched in one of the two Acomys species is very small. In the A. cahirinus samples there
were 7 families with bins enriched only in that host, but they only accounted for 12 of the 109
enriched bins in A. cahirinus. In A. russatus, the 8 families with enriched bins exclusive to the
host only covered 17 of the 67 enriched bins in the species. This supports the suggestion that
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there is, at the family level at least, a relatively consistent ‘core’ microbiota within both Acomys
species examined and which remains reasonably constant over the year. The bins which were
not statistically significantly different were found within common gut-associated families, 41 in
the Lachnospiraceae, 30 in the Muribaculaceae and 16 in the Ruminococcaceae for instance.
In their work examining the impact of diet, captivity and reintroduction into the wild of the white-
footed mouse (Peromyscus leucopus) van Leeuwen et. al. [481] found that the bulk of diversity
in their study between treatment groups was within the Lachnospiraceae and Muribaculaceaea;
with genera within the families changing in abundance. It is possible that the families with a large
number of bins in each species, enriched and not, may vary at the lower taxonomic levels as
a consequence of social interaction within each species. Shargal et. al. [482] established that
both Acomys species will aggregate and nest together with conspecifics (not interspecifically) in
their captive colony and links between social interaction and microbiota composition have been
established in a number of species; including in mice by Raulo et. al. [483]. Similar diets may set
broad constraints on microbiota composition, i.e. at the family and higher levels, but interaction
between individuals within the same species may influence lower level membership - especially
given the often reported transmission of microorganisms from mothers to offspring [484].

As there were a number of bins which GTDB-Tk could not classify to the genus level the pre-
sentation of the results and subsequent discussion have focussed on the family level results both
within each host species and when doing cross species and cross sample month comparisons.
As mentioned previously, there is considerable variation within the families Lachnospiraceae,
Muribaculaceae and Ruminococcaceae. At the genus level A. cahirinus had a greater number of
genera classifications with more than one bin enriched, 25 out of 46 genus level classifications,
than A. russatus. 11 genera had more than one bin enriched in A. russatus, and 13 of the 67
bins enriched in A. russatus were classified into the genus CAG-485 - a common member of the
Mouse gut microbiota [485] and placed within the Muribaculaceaee. Amongst the bins enriched
in A. cahirinus, 5 were in the genera TF01-11, CAG-485 and Acetatifactor ; CAG-485 is in the
Muribaculaceaee while TF01-11 and Acetatifactor are in the Lachnospiraceae. Shared genera
enriched in both Acomys species were: Acutalibacter, Alistipes, CAG-115, CAG-485, CAG-873,
Desulfovibrio, Duncaniella, Eubacterium_F, Eubacterium_R, Paramuribaculum, Ruminiclostrid-
ium_E, UBA11940, UBA7173 and ZJ304; CAG-485 was the most common classification of an
enriched bin - 5 in A. cahirinus and 13 in A. russatus.

Genera enriched in A. cahirinus and not in A. russatus were: Acetatifactor, Anaerotrun-
cus, ASF356, Bilophila, BX12, CAG-510, CAG-590, CAG-632, CAG-95, D16-63, Eubacterium_-
J, JAAYNV01, Kineothrix, Lachnospira, Lactobacillus, Limosilactobacillus, MD308, Odoribacter,
Rikenella, RUG115, Ruminococcus_C, TF01-11, UBA3263, UBA3282, UBA7109, UBA7182,
UBA9502, UMGS1004, UMGS1872, UMGS268, 1XD42-69 and 14-2.

Genera enriched in A. russatus and not A. cahirinus were: Allobaculum, CAG-353, CAG-
41, CAG-460, CAG-582, CAG-710, Emergencia, Eubacterium_G, Muribaculum, Paraprevotella,
RUG14121, Ruminococcus, Ruminococcus_E, Turicibacter, UBA1436, UBA1777, UBA3855, UBA5578,
UBA6857, UBA7057, UMGS1312 and UMGS1815.
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4.4 Annotation of metagenomic bins

Bioinformatic annotation of the metagenomic bins provided some degree of insight into the func-
tional potential of the bins, though naturally and unavoidably inferior to dedicated transcriptomic
or metabolomic work; these later were not carried out due to a combination of lack of experience
on the part of the author and limited access to laboratory facilities caused by the global pandemic.

The COG results were useful as they contained COGs which showed differential distributions
in bins which were themselves differentially abundant when comparing the two host Acomys
species. Broadly the most commonly detected COGs by Prokka are commonly found in bacte-
ria, so while in combination with the CheckM results do help support the idea that the bins are
close to the original microbial species in the Acomys gut microbiota they do not necessarily pro-
vide a great deal of insight into the functional potential of the bins. Of the 10 most commonly
detected COGs from all bins there are those which are associated with essential functions in
bacteria, such as COG0745 and COG1595. COG0395 was amongst the 10 most commonly
detected COGs in the 348 bins and has been found in the genomes of Haloarchaea [486]. More
generally the presence in the 10 most commonly detected COGs of multiple COGs associatged
with ABC-type transporters may be an indicator that the microorganisms are better capable of
responding to changing environmental, in this instance the intestines of the Acomys, conditions
as the transporters are known to have an array of regulatory functions [487]. They have also
been observed to play an important role in osmoadaptation through the movement into the cells
of compatible solutes to handle osmotic stress [488, 489]. COG0534, associated with sodium
driven efflux pumps, being amongst the 10 most commonly detected COGs could also link to the
proposed halotolerance of members of the Acomys gut microbiota [490]; or that there is compe-
tition amongst the microorganisms which could make it beneficial to have the ability to survive
attack by antimicrobial compounds. It is reassuring to see that the distribution of bins which had
the greatest single detection count for each COG indicating that the COGs were not most abun-
dant in a single or small handful of bins; had they been this could be a sign that those bins had
been misassembled and were not true reflections of a single type of microorganism.

Those COGs which have a statistically significant distribution in those bins which are en-
riched in A. russatus include those which likely have no particular biological meaning, such as
COG2176, but also those which may be biologically relevant such as COG0777. The latter is
associated with the Acetyl-CoA carboxylase beta subunit which is involved in the production of
fatty acids [491]. Short Chain Fatty Acid (SCFAs) production by members of the microbiota have
been associated with host health previously [492] and potentially the bins enriched in the A. rus-
satus are providing the host with this service. As the results of the differential bin detection and
the bin taxonomic classification indicated that there was considerable overlap at the family level
between both Acomys species’ microbiota it is possible that the COGs found in the A. russatus
enriched bins are simply more abundant in the microorganism which happened to provide the
sequences assembled into those bins rather than being a reflection of a true difference between
the two Acomys species.

The most commonly detected genes are not surprising and are overwhelmingly associated
with essential functions, therefore the author does not believe the ten most commonly detected
genes reflect anything biologically relevant. sasA_1 and sasA_2 are genes associated with histi-
dine kinase which have been linked previously to salinity tolerance, albeit in Rice (Oryza sativa)
[493]. Potentially this might be linked to an increased salt tolerance required in the microbiota
of both Acomys species due to the previously discussed high salinity of their diets. Otherwise
the results for the gene annotations are not particularly informative, this is probably due to the
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seeming large shared functional potential of the microbiota of both Acomys species, the relatively
low percentage of reads which were incorporated into the bins, the bins being produced through
co-assembly of all sequencing reads and the limited number of bins which were 100% complete
according to CheckM.
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4.5 LAB isolation and culturing from Acomys faecal samples

It was uncertain whether it would be possbile to obtain live cultures from the Acomys faecal
pellets; they had been stored frozen at -80°C for multiple years without being frozen in glyc-
erol or any other protective medium. Overall the results are evidence for the general potential
viability of bacterial members of a gut microbiota which may survive prolonged periods of cold
storage. Given that prior investigations have indicated there is a connection between the storage
method of faecal samples and the results of any subsequent metagenomic investigation of these
samples [494, 495] it might also be the case that Lactic Acid Bacteria may be more resilient to
frozen storage conditions. A way of testing this, and of accessing the much larger proportion
of the Acomys gut microbiota which the results of the prior chapter suggest are not lactic acid
bacteria, would be to attempt to isolate different types of bacteria from Acomys faecal samples.
The comparatively greater proportion of the Acomys gut microbiota which the metagenomic bins
analysis indicates may be made up of members of the family Lachnospiraceae might be isolated
and then sequenced to obtain entire genomes. The works of Hedberg et. al. [496] and Sorbara
et. al. [497] suggest that blood agar would be a good media to use for untargeted isolation of
Lachnospiraceae in particular or other bacteria in the Acomys gut microbiota. Given that all of
the Acomys faecal samples examined bioinformatically contained an overwhelming majority of
unclassifiable reads, the application of culturomics or high throughput single-cell sequencing to
the investigation of these samples would likely yield novel microbial diversity.

The early results of the taxonomic classification, that all three tools which yielded an above
zero average percentage of reads classified included LABs in their detections and placed it as
anywhere from 1 - 30% of the reads classified along with the fact that collaborators had developed
media explicitly intended to isolate LAB led to the decision to attempt culturing from the stored
faecal samples. This decision was reached prior to the outbreak of the global pandemic which
prevented the collection of more samples, any (for a prolonged period of time) access to labo-
ratory facilities for non-COVID related research and the delay in resumption of normal research
laboratory work thus meant that only those faecal pellets left after extraction and sequencing
were available to be used. That they had been stored for years without any protective media
and still provided cultures on the selective media confirms that the Acomys microbiota harbours
LABs, validating their detection by the classification tools if not the different relative abundances
they provided. LABs have been detected in multiple rodent [498, 499, 500] and other species
[501, 502, 503] and the author elected to investigate this component of the Acomys microbiota
through bioinformatics-guided culturing. It would have been preferable to take a less restricted
approach to the culturomics, to have used non-selective media, to have used different forms of
selective media, to have used multiple growth conditions with the various media, to have col-
lected more samples to isolate from and even to have tried different methods to access different
culturable sections of the microbiota - these were all discussed and would have been attempted
were it not for the restrictions of the global pandemic and associated policies. The results from
the taxonomic classification tools may not have suggested any other particular groupings of mi-
croorganisms to investigate but the results from the taxonomic classification of the metagenomic
bins do suggest some which might be of interest to future investigators.
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4.6 Assembly of LAB reads

The genome sizes of the assemblies as provided by CheckM are similar to those provided by
Makarova et. al. [504] for lactic acid bacteria, as are the predicted number of genes; with a mean
of 2,113 (st. dev. 133) predicted genes for A. cahirinus isolate assemblies and 2,070 (st. dev.
218) predicted genes for A. russatus isolate assemblies. The number of contigs in the assem-
blies is low, further work would be required to fully refine them into circularised genomes but the
assemblies appear to be of good quality based on the size and contig number results. One of
the Apodemus isolate assemblies, S125, has a much higher contig count than the other Apode-
mus isolates and the Acomys isolates - the 17.5% contamination indicated by CheckM explains
this extremely high contig count. All Acomys isolate assemblies have low levels of contamina-
tion and high levels of completeness and so were kept for the subsequent stages of the analysis
and highlighting the utility of isolation and then sequencing to investigate bacterial genomes - es-
pecially when compared to the metagenomic bins generated in the project. Though the bins are
of high quality as well they are not as uniformly high quality as the individually sequenced isolates.

As the isolates were initially picked based on visual inspection to determine whether isolates
were likely to be the same or not, it is of credit to Nancy Teng, who carried out the isolation cultur-
ing, that only two sets of isolates had an ANI similarity score of greater than 99.9% to each other.
One pair of isolates which had a greater than 99.9% ANI similarity score were from within the
same host species, and from the same faecal sample which was not surprising. More interesting
are the two assemblies which have a 99.98% ANI similarity score to each other from different host
species, 13E_S5 from an A. russatus sample and 16aC_S26 from an A. cahirinus sample. Given
the prior chapter indicating that both Acomys species contained a relatively low abundance of
Lactobacillus (the old version of the genus in the reference databases used) species it might be
reasonable that in trying to isolate out lactic acid bacteria the same strain from both host species
was obtained. Possible future work could include investigating whether the two strains grow in the
same manner in media and whether they produce the same metabolites; this would help assess
if the two isolates truly are identical. In deciding which member of the two sets of isolates to use
in the rest of the analysis, the completeness and contamination values for each of the four did not
provide any direction as they were identical within each pair; hence randomly deciding which to
proceed with. The value of 99.9% was chosen in accordance with Kujawska et. al. [429], which
was informed by Olm et. al. [505]. Masking the remaining assemblies did not lead to any further
detection of ANI similarity scores of 99.9% or greater and so suggests that though they may be
closely related, none of the assemblies are from the same strains.

Though there were only these four isolates which were deemed to be too similar to all be
included, the same ANI results are also of interest in suggesting which assemblies are closely
related species, especially as they can be compared to the subsequent results from the phyloge-
netic tree creation. The ANI similarity scores, or lack thereof between the Acomys and Apodemus
isolates indicates that identical isolates have not been picked from samples from each of the two
genera. The lack of ANI similarity scores of around 80%, so meeting the threshold to be reported,
between all but one of the Acomys assemblies and those from the Apodemus is a point worth not-
ing. However, it cannot alone say anything about differences in microbiota composition between
the two genera, the number of samples from both host genera being so low it is likely the project
has not exhausted the lactic acid bacteria components of either the Apodemus or Acomys micro-
biota. The single Acomys isolate assembly which had an ANI similarity score reported for any of
the Apodemus isolate assemblies was 41B_S7 (an Acomys russatus assembly), which had ANI
similarity scores ranging from 81.4% for isolate S124 and 96.7% for isolate S121. These results
matched with those from GTDB-Tk, which classified 41B_S7 as Ligilactobacillus murinus and
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classify all the Apodemus isolates in the genus Ligilactobacillus; the Apodemus isolates closest
to the Acomys isolate were able to be classified to the species level as Ligilactobacillus murinus.
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4.7 Taxonomic identification of LAB assemblies

The results from GTDB-Tk classification of assembly taxonomies were not surprising, given that
the assemblies were obtained from isolates cultured on selective media for Lactic Acid Bacte-
ria. An interesting point which links back to some of the issues around identifying the members
of microbial communities from less-studied environments is that GTDB-Tk had greater success
classifying the assemblies from the Apodemus. Given that these were unintentional byproducts
originally from a study investigating Bifidobacteria it highlights that more studies are needed to
populate databases so investigators are better able to explore microbiota. The faecal microbiota
of Acomys has already provided a number of novel taxa which can contribute to diversifying
databases, a more thorough investigation would likely yield even more. Five of the seven Apode-
mus isolates passing QC could be classified to the species level by GTDB-Tk and all could be
classified to the genus level. That all the species identified in the Apodemus assemblies are the
same, and that the genus identified for them is the same might suggest that members of the
Ligilactobacillus are prominent members of the gut mirobiota in that genus of rodent. Alterna-
tively they may simply be those which were better able to grow on the selective media intended
to select for Bifidobacteria.

The project demonstrated the utility of obtaining entire genomes for assembly from culturing
and subsequent sequencing of pure isolates in the difference between the level of classification
obtainable by GTDB-Tk for the bins and the assemblies from the Acomys isolates. All Acomys
isolates could be classified to the genus level, a much better level of success than that for the
metagenomic bins obtained from the Acomys faecal samples. That all the isolates were assigned
as members of the family Lactobacillaceae is also unsurprising, the media was selective for lactic
acid bacteria. The limited diversity in the family is more notable. Limosilactobacillus being the
most common Acomys cahirinus assembly classification may link to their reported antagonism
towards other microorganisms, through the production (by some strains) of antimicrobial Polyke-
tides as found by Özçam et. al. [506]. Diez-Echave et. al. [507] have also shown the potential
role of another Limosilactobacillus species as a probiotic, which might be true of the species cul-
tured from the Acomys faecal samples; and would indicate positive selection for them within the
microbiota. The classification of two assemblies as Bifidobacterium species, one from each of the
two Acomys host species may owe much to the selective media having originally been created
for isolation of that genus in particular, but might also be a fair reflection of the proportion of the
microbiota in each Acomys species composed of members of the Bifidobacterium. They have
been suggested as probiotics and may be considered as indicators of a healthy gut microbiota in
both mice (Mus) and rats (Rattus) meant to be used for research purposes [508].

Assemblies being classified as Lactobacillus species may be represented by the reads from
the Acomys samples classified in the genus by Kraken 2 and Metaphlan. That only seven iso-
lates in total were placed within this genus strengthens the relatively low proportion of the reads
classified this way by the read classifiers; though it might also be the case that this particular
genus is in low abundance in the individuals which provided the samples used for culturing. The
classification of one of the isolates, 41A_S6 from an Acomys russatus individual (as Paralac-
tobacillus), is a result of the database used by GTDB-Tk including the genus and so being in
accordance with Zheng et. al. [509]. The single paper on the type species [510] for the genus
does not provide any indication of possible connections between the Malaysian food ingredient
where it was isolated and the intestines of the Acomys russatus so the assembly is likely that of
a related but distinct lactic acid bacterium. The author initially thought the classification of one of
the Acomys assemblies as Pediococcus pentosaceus was a result of undetected contamination.
This was as it was only assigned to a single assembly in contrast to all other classifications which
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had at least two isolates assigned to them. However the author now believes it is a real result
and reflects the reported presence of the species in the intestinal microbiota of foals [511] and
their beneficial effects in mice [512, 513]. Its detection is likely not a false positive and it may be
playing a beneficial role in the Acomys intestine.

More culturing, both in terms of picked isolates from the faecal samples used here and a
greater number of samples used for culturing may have increased the diversity of detected lactic
acid bacteria. However, as mentioned above and in the prior chapter, the low level of detection
of the Lactobacillus species by the classifiers from the reads and the proportionally low number
of metagenomic bins assigned to the Lactobacillaceae by GTDB-Tk may mean that the lactic
acid bacteria diversity in the Acomys is low. Interestingly, the high number of bins classified
within the Lachnospiraceae might be tied to the low number of both bins and limited diversity
within the Lactobacillaceae in the Acomys; Brownlie et. al. [514] report homofermentative Lacto-
bacillaceae inhibiting the growth of Lachnospiraceae. It is possible then to infer that the balance
between the two families, as reflected in the number of bins, is between the Lachnospiraceae and
heterofermentative Lactobacillaceae. Whether the assemblies obtained from the isolates are of
heterofermentative species remains to be seen. The greater diversity of genera from the Acomys
russatus samples (n=6), as compared to the 3 from the Acomys cahirinus samples might be a
reflection of greater diversity in the Lactobacillaceae component of the A. russatus intestinal mi-
crobiome but this project did have enough samples to state this definitively.

The existence of different environmental niches within the intestinal tract of animals which can
be colonised by specific communities has been reported across a range of animals. Duncan et.
al. [515] found a particular community of bacteria living in a biofilm-like state within the mucus
layer of the mouse gut lumen. An earlier study by Li et. al. [516] recorded bacterial species
living in the mucus layer of mouse gut showed distinct resource use and proliferation as com-
pared to the same species residing in the lumen. The ability of a particular bacterial species to
live in different niches through different expression patterns and resource use has been reported
by Jenior et. al. [517] in Clostridium difficile. That faecal samples have been found [518] to be
unrepresentative of these mucus-associated communities highlights the degree of differentiation
according to niche found in microbial communities. Niche exclusion, the driving out of a com-
petitor using a niche by a different competitor through either elimination or adaptation, has been
previously reported in microbial communities associated with different environments. The detec-
tion of niche exclusion in a microbial community can be accomplished through network analysis
[519], as was carried out by Roggenbuck et. al. [520] in two New World vulture species; the Black
Vulture (Coragyps atratus) and the Turkey Vulture (Cathartes aura). They found that Clostridia
and Fusobacteria outcompeted other bacterial groups in the Vultures’ anaerobic hindgut, specu-
lating that their role in the breakdown of carrion was of sufficient benefit for the host to outweigh
the production of toxins by these bacteria. Jenior et. al. [521] in a more recent investigation
using C. difficile found that during infection the species ’manipulated the niche landscape of the
intestinal tract’, in particular it appeared to exclude the rarer members of the caecal microbiota by
outcompeting them and driving down their abundance within the different niches C. difficile can
inhabit. Looking at the same bacterial species, C. difficile, H.Foley et. al. [522] observed that the
toxins produced by the species caused inflammation as a response by the host immune system
led to bacteria from the Bacteroides - which compete with C. difficile for the same resources ob-
tained from degradation of host collagen - decreasing in abundance. Niche modification, in which
new niches were created courtesy of the actions of microbes in a different niche, linked with an
animal-associated microbiota was reported by Shaani et. al. [523] in Cattle. The microbiota can
also be modified through direct antagonism between microorganisms through the production of
harmful compounds such as Bacteriocins [524, 525, 526], many of which are specific to particu-
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lar groups of targetted bacteria [527]; typically close relatives of the producing strain. It is quite
possible that the Acomys microbiota does experience some niche-based competition and exclu-
sion between the different taxa present and it would be an interesting piece of future research to
conduct network analysis with a larger sample set to look for any antagonistic relationships.
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4.8 Phylogeny of LAB assemblies

4.8.1 Relationships between isolates

The tree confirms the results from the ANI analysis and GTDB-Tk, that the Apodemus isolates
are all closely related to each other and likely are within the same genus and some might be even
more closely related than that. The placement of the two isolates 41B_S7 and 41A_S6 with these
Apodemus assemblies and with 41C_S8 on the closest branch outside the subtree demonstrates
that there is quite likely to be some shared functional overlap between the two host genera for
their microbiota. Whether this is due to the Acomys isolates being common to rodents and capa-
ble of surviving on the Acomys diet or the Apodemus isolates reflecting a plasticity in their host’s
microbiota, such as that discussed by Koziol et. al. [528], cannot be determined without further
sampling of both hosts.

That the assemblies from isolates from either host species do not form distinct subtrees from
each other might be more a reflection of the limited number of isolates and the limited number of
hosts. In this case any particular mutations in the individual isolates might be sufficient to over-
come a pattern which might be observed with more samples. As it is the tree shows a greater
diversity for the isolates originating from A. russatus than for A. cahirinus though not to any sig-
nificant extent. This is also likely influenced by the limited detected taxonomic diversity from
GTDB-Tk, with all the assemblies from 16bD_S22 to 39E_S18 being classified as Limosilacto-
bacillus and the tree suggesting there are likely two if not three species within this genus present
across those assemblies. The two assemblies identified as Bifidobacterium are also located on
their own small branch within a larger subtree, 18A_S9 and 39B_S15, with an extremely short
distance between the two; despite them originating from different host species. It may be the
case that as with Moraitou et. al. [529] the host diet, which in this case is very similar between
the two, contributes more to microbiota similarities than the host phylogeny.

The restriction to LABs from the bioinformatically-guided culturing will have limited the po-
tential diversity available and so the tree would be constrained no matter how many samples
had been collected and no matter how many host individuals had been sampled as the selec-
tive culturing would set boundaries on genetic dissimilarity. Incorporating isolates from putative
non-selective culturing would help resolve the relationships between the LABs within the Acomys
microbiota.

4.8.2 Relationships between isolates, metagenomic bins and reference
genomes

Isolate assemblies and metagenomic bins ANI similarities

The low number of assemblies which had ANI similarity scores reported to any of the 348 metage-
nomic bins is another indicator that the proportion of the Acomys microbiota made up of Lactic
Acid Bacteria is likely low. For the Apodemus assemblies their close relationships are supported
by them all having reported ANI similarities to Bin_c770, given that the ANI similarities are mostly
above 90% this would indicate the bin itself is likely within the Ligilactobacillus genus like all
the Apodemus assemblies and the A. russatus assembly 41B_S7 which was also classified as
Ligilactobacillus. The three bins which had reported ANI similarity scores to Acomys isolates,
meaning they had at least approximately 80% ANI similarity, were Bin_c1617, Bin_m1569 and
Bin_m1485. All three bins were classified by GTDB-Tk as members of the Lactobacillaceae,
which is likely why they have some degree of relationship to the assemblies. Bin_c1617 had ANI
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similarity scores of 78-80% to assemblies from both Acomys species, 13A_S1, 39C_S16 and
39D_S17 from A. russatus and 16aB_S25, 16aB_S19, 16bB_S20 and 18D_S12 from A. cahiri-
nus. All of these assemblies were classified as Lactobacillus which strongly suggests that the bin
is also likely a member of the genus; or a closely related one. Bin_m1569 has an ANI similarity
score of above 98% to the assemblies 18A_S9 (from A. cahirinus) and 39B_S15 (from A. russa-
tus); both of the assemblies were classified as Bifidobacterium by GTDB-Tk. As there are only
two Bifidobacterium isolate assemblies the author would not say there is enough backing from
the ANI similarity scores to suggest the bin could be a Bifidobacterium species. Bin_m1485 has
a 78-79% ANI similarity score to a number of the assemblies, 13A_S1, 39C_S16 and 39D_S17
from A. russatus along with 16aB_S25, 16bA_S19, 16bB_S20 and 18D_S12 from A. cahirinus.
These assemblies were all classified as Lactobacillus, and are the same assemblies which had
a similar ANI similarity score to the Bin_c1617 - so one could be reasonably confident that Bin_-
m1485 is either a Lactobacillus species or from a closely related genus. These results again
support the results from the taxonomic classification of the shotgun reads that the lactic acid bac-
teria are a proportionally small component of the Acomys microbiota. Future investigation would
look to try and isolate colonies from those families which the taxonomic classification of the bins
indicated were more abundant in the Acomys microbiota.

Phylogenetic tree of isolate assemblies, metagenomic bins and reference genomes

The expanded tree shows the addition of MAGs, in this case high quality iMGMC ones from a
published reference collection associated with mice, did not particularly alter the split between
the assemblies from both Acomys species and the Apodemus with the metagenomic bins pro-
duced from the Acomys faecal samples. This, in combination with the majority of the iMGMC
MAGs being placed away from the assemblies suggests that there is something fundamental to a
genome or bin assembled from sequencing reads originating from disparate sources which dis-
tinguishes them from genomes produced from sequencing of pure cultures. The bins used in the
project were those which met stricter quality thresholds (min. 80% completeness, max 5% con-
tamination) than are sometimes employed so the author does not believe this is a consequence
of contamination in the bins, nor would this explain why the iMGMC MAGs place with the bin files.
Using entire sequence alignment with Cactus to produce the trees avoids issues with missing and
incomplete marker genes from the bins and is more accurate than kmer-based methods, but it is
possible that the maximum 20% which can be missing from the bins causes the split [530]. That
the iMGMC MAGs did not cluster away from the bins validates the approach for investigating the
Acomys microbiota, as they are both ultimately constructs made from shotgun sequencing reads
from rodent samples and that they are mixed throughout the tree indicates that the bins are not
technically different from the iMGMC MAGs and the different placements within the tree reflect
phylogenetic differences. That the assemblies place amongst the reference genomes but, with 3
exceptions, do not have any of the reference genomes as their nearest neighbours supports the
conclusion that they represent novel species or potentially higher level taxa though with relatives
within other rodent microbiota.

The Apodemus isolate assemblies continue to be placed apart from the majority of the Acomys
isolate assemblies, though the addition of the external reference genomes offers some clarifica-
tion of the relationships between the seven Apodemus asseblies and the four Acomys isolate
assemblies placed near them. 41C_S8 is surrounded by a Pediococcus pentosaceus genome
and then between it and the Apodemus assemblies by a Priestia filamentosa genome. A Ligi-
lactobacillus murinus genome sets the limit of the five Apodemus assemblies S122 - S126. A
different Ligilactobacillus murinus genome is placed then next to the assembly 41B_S7 and then
the next most closely placed genome is another Ligilactobacillus murinus genome, this supports
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the GTDB-Tk classifications of the assemblies which were all classified within the Ligilactobacil-
lus genus or specifically to Ligilactobacillus murinus; with the exception of 41C_S8 which was
classified as the same as it’s nearest neighbour Pediococcus pentosaceus. Assembly 41A_S6
was classified as Paralactobacillus and has as its closest neighbour a branch which includes
the reference genomes NZ CP014924 and NZ CP012275, genomes for strains of Lactobacillus
paracollinoides and Pediococcus damnosus respectively. The placement of a Bifidobacterium
pseudo- longum as the nearest neighbour to an isolate genome from A. russatus which was
classified as a member of the Bifidobacterium is reassuring for the accuracy of the GTDB-Tk
classifications for the assemblies, relatively close to these within the same smaller subtree but
on a different branch can be found both the A. cahirinus assembly 18A_S9 and the reference
genome GCF 001281425; the latter is a genome of Bifidobacterium breve and the former was
classified into the Bifidobacterium

Reference genome GCA 001689405 is placed in amongst the bins classifed as belong-
ing to the Muribaculaceae and is itself a metagenome assembled genome called ’Candidatus
Homeothermus arabinoxylanisolvens’ which was sourced from a Mus musculus faecal sample
[471], supporting the validity of the bins. Interestingly this large subtree also contains the refer-
ence genome GCF 000762845, which is a genome for Helicobacter japonicus. This is a member
of the Helicobacteraceae rather than the Muribaculaceae - though it is away from any of the
bins actually classified into the Muribaculaceae and was itself originally found in mice sourced
from three Japanese institutes [531]. The other reference genome found in close relationship to
bins classified within the Muribaculaceae is GCF 001688845, which is a genome of Muribaculum
intestinale - a species originally identified in mice [532]. That a member of a different family is
found using the reference genomes amongst the bins classified into one family mirrors the results
from the tree with the bins and assemblies alone, in which bins from different families could be
found mixed together. The author believes this is likely due to great functional overlap between
the genomes of the taxa represented by the bins, or in the case of the reference genomes the
actual source microorganism, which overcomes the taxonomic differences when considering the
phylogenetics.

The tree also offers some possibility to understand the splitting of bins classified into the same
families. The clearest example would be the three bins classified as Acutalibacteraceae which
instead are located within subtrees apart from any other bins classified this way. Two of the bins
however, Bin_m595 and Bin_c420 cannot be considered in this way as the subtrees containing
them contain no reference genomes, but instead iMGMC MAGs. Bin_c1180 however is within a
subtree containing a reference genome in addition to the many bins classified as members of the
Lachnospiraceae. The reference genome is for a strain of Ruminococcus gauvreauii, which is a
member of neither the Acutalibacteraceae nor Lachnospiraceae but instead the Oscillospiraceae.
It was originally isolated from a faecal sample [533], albeit a human one, but has also been ob-
tained from bile samples [534]. Interestingly, the species has been linked to coronary artery
disease through a possible link to diabetes [535] - in captivity both Acomys species have been
known to become diabetic when fed on the typical laboratory chow. It would be interesting to
conduct an examination using Acomys in captivity being fed the standard chow and looking for
any changes in the abundance (measured by mapping of shotgun reads from faecal samples) of
the bins found on this subtree.

That the Acomys microbiota is distinct from the five desert rodents sampled by Kohl et. al.
in their study is suggested by the large number of bins found away from the reference genomes
- which include the 45 choosen based on their results. However, given the disparity already ob-
served in this project between the results of the taxonomic classifiers and the taxonomic identities
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of the bins the author instead believes that this reflects the different sections of the microbiota
reached by the different approaches. It is quite possible that a tree made through a combination
of broad culturomics and long read single cell approaches might yield a combination of assem-
blies, bins and MAGs which would produce a tree with more mixing if the same set of reference
genomes was used. The tree is also somewhat skewed by the use of mOTUs results to pick 80
references, given that this is likely impacted by the necessity to be similar to sufficient reference-
mOTUs to be classified. Going by the results of both mOTUs and the other classifiers, this is a
very different fraction of the reads from those which were assembled and binned together based
on the GTDB-Tk classifications of the bins. It might have been more informative to use the results
of a different taxonomic classifier however the published benefits of mOTUs with the use of mul-
tiple markers provides great certainty that detections were not false positives; hence the author
opting to use the results from it to pick a subset of the external references used.
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4.9 Mapping of Acomys faecal sample shotgun reads to LAB
assemblies

The initial result, that mapping with the read files before or after subsampling made only a
marginal difference, is not necessarily surprising. Given the low proportion of the Acomys mi-
crobiota which appears to be made up of Lactobacillaceae members, the likelihood of the sub-
sampling causing a noticeable drop in the mapping percentage is not high. If proportionally few
of the reads were from the isolate family then a random reduction in the read number would not
be expected to cause a significant change in the number of reads mapping to the assemblies.
Using Salmon, in the atypical use presented here, helps interpret the results as it allows the use
of a reads-per-million value (RPM) to account for differently sized assembly contigs. This is also
why the author combined all the contigs within each assembly into a single one and then con-
catenated these together into the single mapping reference; it was important to ensure the reads
were provided with the entire range of assembly content at the same time for accurate mapping.

Figure 4.2: Histogram and heatmap. A. Histogram of the number of mappings which had the
indicated RPM value for mapping of reads to isolate assembly reference, bins have width of
10,000 and dotted orange line shows mean RPM value. B. Heatmap showing the RPM values
for each of the isolate assemblies by the host species and samping month of the faecal sample
the reads originated from.

Figure 4.2A shows the range of RPM values obtained from the mapping. The bulk of RPMs
were on the high end, only 77 RPMs were between 100 and 1,000 in contrast to 575 RPMs
between 1,000 and 10,000 and 618 RPMs between 10,000 and 100,000. There is a drop in
the number of RPMs above this, 179 RPMs were between 100,000 and 1,000,000.The lowest
RPM was 91.12 for mapping of subsampled reads from the A. cahirinus sample AC32J to the A.
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russatus derived assembly 39B_S15; this is a standout as the only RPM which was below 100.
The highest RPM: 657,155, was for mapping of reads from the A. russatus sample AR45N to
the A. russatus derived assembly 39C_S16. This might be a reflection of the limited number of
assemblies that reads could map to, or that the assemblies do actually provide good coverage
of the Lactobacillaceae component of the Acomys microbiome and the reads mapping are those
from these species within the faecal samples. The difference in the RPMs overall between the
two Acomys species, such as the median RPM to all assemblies for A. cahirinus reads being
14,246 while for A. russatus reads it was 7,742 might be simply due to chance - potentially the
A. cahirinus isolates were more common within the Acomys intestine than the ones obtained
from the A. russatus faeces. A larger sampling set might have reduced these differences, both
in terms of the number of isolates obtained and the number of sequenced faecal samples to
map. Figure 4.2B shows the RPM values to the different isolate assemblies by the host species
and sampling month of the faecal sample the reads came from. The trend for slightly greater
mapping of Acomys cahirinus reads to the majority of assemblies is visible. It is interesting when
examining the mapping by the Acomys species which the reads and the assemblies came from
to note the difference between the two. Unsurprisingly, the reads from each of the two Acomys
species map to a greater level to those assemblies which originate from the same species, the
arithmetic mean RPMs for same species read to assembly mapping are 52,476 for A. cahirinus
and 60,196 for A. russatus. These contrast to the mean RPMs for mapping to assemblies from
the other Acomys species, being 26,484 for A. cahirinus reads to A. russatus assemblies and
21,357 for A. russatus reads to A. cahirinus assemblies. That the mean RPMs for the cross-
species mapping are not extremely low (i.e. below 1,000) suggests either that the assemblies
represent a shared component of the microbiota across both Acomys species or that some of
the assemblies are actually less common members of the microbiota of their own species. The
author suspects the latter is a bit more likely due to the limited number of faecal samples used
to obtain the assemblies rather than having obtained isolates which were from taxa found across
both Acomys species. It is noticeable that the sampling month does not appear to have an impact
on the RPMs when compared to the species; in general the mapping level seems to be similar
between the two sampling months for either of the host species to any given assembly.

There are some interesting results shown the PCA biplots made from the RPMs. When
looking at the mapping to all assemblies there is clear partitioning between the two Acomys
species - though this is mostly from tighter clustering of the A. cahirinus results. The results
show that when restricting the analysis to the RPM results for mapping to the assemblies derived
from A. cahirinus isolates there is still partitioning into the two host species though to a lesser
extent. Looking at the PCA plot for mapping to assemblies for the A. russatus assemblies there
is extreme partitioning caused by the very tight clustering of the A. cahirinus read RPMs. Taken
together these suggest that there is greater difference in the mapping of A. russatus reads to
the assemblies derived from either host species from faecal samples within the species than is
seen with the A. cahirinus faecal samples. This project had too few samples to accurately assess
whether this is because the A. russatus assemblies represent members of the microbiota of quite
different abundances compared to more uniform abundances in the microbiota for the A. cahirinus
assemblies or because the low number of samples used for the mapping contain very different
abundances for the assemblies compared to the majority of members of the species. Based on
the above points it is not surprising that there were only two assemblies which had a statistically
significant effect (after correction) for sampling month, one from each of the Acomys species. Nor
is it surprising that all of the assemblies had a statistically significant effect for the host species,
though how strong the effect was varied between the assemblies. It is important to bear in mind
that the Lactobacillaceae likely make up a small proportion of the Acomys intestinal microbiota so
these host effects might be significant statistically without necessarily being particularly relevant
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biologically. Ideally one would not only have many more samples both for obtaining isolates
but also for mapping. The investigation would benefit from experiments involving the addition of
isolates from one host species into the other to observe if there were any detectable changes in
the recipient.
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4.10 Annotation of LAB assemblies

The range in the number of COGs detected in the assemblies varies significantly between the
Apodemus assemblies and the two Acomys assemblies; this may be a consequence of the re-
duced number of isolates sourced from Apodemus but it might also reflect the limited taxonomic
diversity found in the GTDB-Tk classification of the assemblies. It is quite possible that the COGs
identified from the Apodemus assemblies provide a good level of coverage for the COGs which
can be found in the Ligilactobacillus murinus strains which are in the Apodemus microbiota. The
ten most commonly detected COGs from all assemblies are associated with essential functions
and so do not necessarily indicate any biological significance. As discussed in relation to the an-
notations of the metagenomic bin files, the number of COGs associated with transporters in the
ten most commonly detected may be a sign that the isolates are from microbial organisms which
can tolerate changeable environmental conditions. They might also be associated with a required
baseline level of halotolerance for members of the Acomys microbiota, something supported by
the statistically significant distribution of two COGs associated with transporters in those assem-
blies which are either slightly halotolerant or halotolerant.

54 COGs having a statistically significant host species effect might be a result of the limited
number of isolates used, especially as what may be minor differences at the population level are
exacerbated by only having isolates obtained from two A. cahirinus and three A. russatus individ-
uals. It would be useful to see if these COGs were still host differentiated if more isolates could
have been obtained and from a wider diversity of individuals of each species. The COGs which
were host differentiated had associations with a number of functions, amongst them were trans-
porters, transcriptional regulators and proteins which play a role in carbohydrate metabolism. It
would be useful to combine the bioinformatic results obtained here with potential future investi-
gation in the laboratory of the actual functional potential of the assemblies through NMR [536] or
high throughput metabolomic profiling [537], an approach outlined by Wang et. al. [538]. Having
live cells from culturing would be useful for these investigations. Future bioinformatic work could
take advantage of the existing COG annotations and follow a similar process to that of Satti et.
al. [539] and look for COGs associated with probiotic functions and compare their abundances
from assemblies originating from the two Acomys species. It would also be interesting to as-
sess whether the proteins produced by the isolates had more acidic residues and lower isoelectic
points as was found by Mongodin et. al. [540] in halophilic bacteria and archaea.

It is perhaps unsurprising that there were no genes which had a statistically significant distri-
bution by degree of halotolerance in those isolates tested for it. The limited number of isolates
assessed and the fact that multiple of the isolates were chosen based on their sequence similar-
ity to either each other in general or one other in particular will also have impacted the detection
of any differentially abundant genes associated with halotolerance. Less expectedly was that the
host species did not have any impact on the distribution of the detected genes; especially given
that there were isolates from an entirely different genus host. It may be the case that the use of
selective media to isolate out LABs has constrained the range of genetic diversity which might
be found, the limited genetic diversity recorded in a number of LAB species and strains [541]
suggests that this may be compounding the effect of using a limited number of isolates from an
even more limited number of hosts. The gene adk which was amongst the 10 most commonly
detected genes was also found to be induced in Lactobacillus plantarum when cells of the LAB
passed through the mouse GIT by Bron et. al. [542]. The absence of environmental sampling to
obtain isolates means that a similar investigation, of differences in expression and abundance of
genes in the wider environment and after transit through the host could not be carried out in this
investigation.
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There were 355 genes which were not detected in any Acomys russatus or Apodemus as-
semblies but were found in at least 1 Acomys cahirinus assembly; though none were found in all.
There were 355 genes which were not detected in any Acomys cahirinus or Apodemus assem-
blies but were found in at least 1 Acomys russatus assembly, though again none were found in
all assemblies from isolates originating from the species. There were 122 genes found only in
Apodemus derived assemblies, including 7 found in each assembly. That there were no genes
present in all assemblies from an Acomys species which were not present in assemblies from
the two other rodent species meant that it was not possible to conduct an analysis like that by
O’Sullivan et. al. [543] to detect niche specific genes; potentially a greater number of isolates
from a wider number of hosts might have revealed some host-specific genes. There may be a link
between the gene NoxE which was found in all Apodemus assemblies and none of the Acomys
assemblies and the diet of the Apodemus given the reported [544] role of the gene in decreasing
redox potentials through removing oxygen; though the species was not the subject of this project
and in any event information on the diets of sampled indivdiuals would be required.

A potential probiotic role for the strains within the Acomys microbiota can be suggested
through the detection within the assemblies of genes with known probiotic functions. The gene
luxS has been shown [545] to have probiotic effects through its role in the production of AI-2 and
indirect role in the production of AI-3-like agonist molecules; it is found in 22 of the Acomys iso-
late assemblies - and in all the Apodemus isolate assemblies. 24 of the Acomys, and again all of
the Apodemus, isolate assemblies contained the gene dltD which has been shown [546] to have
immunomodulatory effects through d-Alanylation of LTA. Probiotics intended for human use are
valued for a lack of antibiotic resistance genes, which will not directly equivalent in the Acomys is
still a beneficial trait for a probiotic in the wild as it would not be possible for a resistance gene to
spread to a pathogen from the microorganism. Bryan et. al. [547] investigated tetracycline resis-
tance in E. coli strains isolated from a number of animal and human sources looking at multiple
tetracycline resistance genes. Of 14 tetracycline genes they tested, only three were found in iso-
lates from Acomys in this study; tetA in 16, tetM in 12 and tetO in 11. Riboflavin production is also
a trait associated with probiotic bacteria [548] and the gene ribZ which is involved in this process
was found in 18 of the Acomys isolate assemblies and none of the Apodemus isolate assemblies.

Production of EPS for adhesion to the intestinal mucosa by forming biofilms is a common trait
in probiotic bacteria [549, 550] - as well as some halotolerant ones [551] - and 6 eps genes were
detected from the isolate assemblies. These were epsD found in 2 Acomys. isolate assemblies,
epsE found in 1, epsF found in 12, epsH found in 6, epsJ found in 7 and epsL which was found
in 14. Another set of genes associated with increased survival in the host and so believed to
be useful for a possibly probiotic microorganism are the dlt genes [552]. Of the Acomys iso-
late assemblies, 25 contained the gene dltA, 25 the gene dltC and 24 the gene dltD. The gene
dgkA has been linked previously to immunomodulation [553, 554], a useful trait for a probiotic,
and was detected in 18 of the Acomys isolate assemblies. 10 of the Acomys isolate assemblies
had the gene pfkA detected, which both suggests they are homofermentative LABs [555] and
was one of the two genes associated by Brownlie et. al. with inhibition of growth of commensal
Lachnospiraceae and Muribaculaceae [514]. That there were isolates extracted lacking the gene
associated with inhibition of the growth of these families and given the low number of bins clas-
sified as members of the Lactobacillaceae suggests that the Lachnospiraceae may outcompete
these homofermentative LABs under normal conditions in the Acomys
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4.11 Halotolerance of select LAB isolates

The halotolerance of the selected isolates was tested on the basis of the well-reported halotol-
erance of both Acomys host species, discussed in more detail in Sub-subsection 2.1.2. There
have also been multiple investigations into the halotolerance of different LABs [556, 557, 558,
559, 560] so the potential of finding halotolerant bacteria within the microbiota of halotolerant
hosts warranted the focus on salinity stress. The regenerative properties of both Acomys species,
in particular A. russatus, have been discussed earlier and are the subject of much ongoing work,
however the author did not perceive a way of testing any potential links between this interesting
host phenotype and the microbiota without requiring animal experimentation which was beyond
the scope of this project though may be of interest to other researchers in the future. Other inves-
tigations in the future might consider related stresses to halotolerance such as cryotolerance or
even try replicating a wider range of conditions to assess the growth of these isolates under dif-
ferent stress conditions in addition to salt stress. The growth conditions used here were intended
to be representative of the Acomys intestines, so anaerobic conditions were used. A positive
control was included, a bacterial strain reported to be capable of growth in saline conditions and
two Apodemus faecal sample isolates as representatives of lactic acid bacteria from rodents not
adapted to arid conditions. To the best of the author’s knowledge this represents the first at-
tempt to test the growth of Acomys derived microorganisms under any challenge conditions in
the laboratory, and potentially the first halotolerance assessment of any bacteria isolated from
arid-adapted rodents.

The results of the three replicates of the halotolerance testing are broadly similar, in most of
the isolates there is only slight variation in growth across the three replicates. The first notable
result was the failure of 18D to grow at any salinities including the 0% and 10% salinity in two of
the three replicates; managing to grow at 0% salinity in replicate 2. The failure to grow at 0% is
interesting as this was simply the media initially used for the isolation of all the isolates; it is also
not the case that it is an obligate halophile as it fails to grow in any salinity. The isolates were
all stored in the same manner after the initial isolation through culturing so it is possible that the
18D stock was damaged or otherwise severely degraded during storage, 18D might also be a
strain typically found elsewhere in the Acomys GIT which survived until reaching the faecal pellet
from which it was isolated. In that case the growth conditions in terms of oxygen level, acidity or
otherwise might have been quite different from its typical growth conditions; explaining the lack
of growth. The positive control was chosen as published literature indicated the species was
capable of growth at most of the salinities used in the experiment, it is possible that the osmopro-
tectants it typically employs in its normal habitat were absent from the modified MRS media [561].

The two Apodemus isolates grew under a wider range of salinities than the author had anit-
cipiated, given that they are intestinal microbiota LABs from a temperate-adapted rodent species
which does not have a published history of halotolerance like the Acomys have. Though they
did not grow at 3.5% salinity (approximately same as sea water) in all replicates each of the two
isolates did show some growth at this level in at least one of the three replicates. In all three repli-
cates S122 managed to grow and achieve a stable population in the 2.5% salinity media which
led the author to categorise it as ’Slightly Halotolerant’; though it appears to show some growth
in 3.5% salinity media this is to a low enough level that it cannot be reliably distinguished. The
growth of S128 across and within the replicates shows an interesting trend, for those salinities
where it managed to grow it rapidly peaked and then steadily declined before plateauing at a
small but stable population in media with 2.5% salinity; in 3.5% media it seemed to experience
rapid growth but then death of the population rather than maintaining a stable population. This
suggests that S128 is not halotolerant but is capable of surviving in saline conditions for a short
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period of time, or potentially that it is halotolerant but only marginally and after the initial popu-
lation growth from the provision of nutrients in the media the salinity stress becomes too great
for it to maintain a relatively large population. Without more knowledge of the salinity of the di-
ets which Apodemus consume along with the availability of water it is hard to say whether this
is a meaningful result or not, the isolates are from a single sampling of two individuals and so
considerable further sampling in combination with dietary analysis (similar to that by Sato et. al.
[562]) would be necessary to provide firmer conclusions. It is also quite possible that the diverse
and varied intestinal microbiota of the Apodemus [528] contained some LABs which were slightly
or mildly halotolerant through adaptation to some other factor and conditions of elevated salinity
were simply not encountered routinely by the microorganisms.

The considerable differences between the three isolates from A. russatus 41 demonstrate that
there can be considerable phenotypic variation within closely related microorganisms. Looking
at the phylogenetic tree of the isolate assemblies, Figure 3.32, shows that the three assemblies
are placed close together either in the same subtree as the Apodemus isolate assemblies or on a
very close branch. All three have different genera both from each other and from the Apodemus
assemblies in the GTDB-Tk results but still are amongst the most closely related phylogenetically.
41A and 41B both show great fluctuation in the readings across all replicates which suggests it is
not a technical issue but still makes it hard to determine anything aside from the general trends
which is that both show growth at salinities up to and including 3.5% though do best at either 0%
or 1% salinities. 41C on the other hand shows growth at 5% salinity in all three replicates, giving it
the greatest salinity any of the isolates managed to grow at, albeit this is rapid and the population
is fleeting. It is interesting that it shows a similar pattern though with a lower population achieved
and a slower growth rate in the 3.5% salinity media. The lack of any growth at either 7.5% or 10%
show that it is not an obligate halotroph which had not yet been provided media with enough salt
so the dichotomy between the growth at 3.5% and 5% is unusual. The results for 41C are closer
to what the author had anticipated for the positive control given that 41C was classified as the
same species as the positive control by GTDB-Tk.

The three replicates all had similar results for isolates 13E, 16aC and 16bD. 13E and 16aC
had a greater than 99.9% ANI similarity and so 16aC was not used for mapping, annotation or
phylogeny - hence it being absent from the phylogenetic trees and not discussed in those sec-
tions and subsections. It was included in the halotolerance testing to assess if the difference in
ANI similarity might be reflected in different halotolerances. Both isolates show growth at salin-
ities up to 3.5% in all three replicates, though they have different patterns at this salinity in the
replicates. In replicates 1 and 3, 16aC showed a sharp increase in cell count after the halfway
point through each replicate but started declining after this initial rapid growth. In replicate 2, with
a longer run time it is apparent that this decrease was not returning the population to zero but
instead to a plateau which it started to maintain at a stable level. 13E shows a very similar growth
pattern at 3.5% in replicates 1 and 3 but in replicate 2 it undergoes a more significant drop in
cell population after the initial rapid growth. The similarity in the response to the salt stress, in
addition to the ANI similarity and shared GTDB-Tk classification, suggests that the two isolates
may indeed be the same strains isolated from the two different Acomys host species. 13D shows
different results for each of the replicates at 3.5% but similar results for lower salinities across all
three replicates. 16bD is interesting in that while it grows at 3.5% salinity it does so quite a while
after the time point when it started growing at lower salinities. It is possible that this indicates a
halotolerance strategy in which the bacteria need to produce sufficient solutes [563] to survive
and begin replicating; or that the salinity of the media impacts the uptake of nutrients from the
media [564] which slows growth and reproduction.
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Chapter 5

Conclusion

• The main findings of the study are reiterated

• The limitations of the study are discussed

• The future work that could be done to build on the study is presented
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5.1 Major findings

5.1.1 Issues arising from limited reference databases

The taxonomic classification results highlight how important it is for metagenomic investigation to
have diverse reference databases. The low proportion of reads which were classified by these
tools using their marker-based approaches demonstrate the necessity to expand the relevant
databases, clearly in the case of Metaphlan and with the caveat that mOTUs in its operation
only classifies a small subset of sample reads. Metaphlan did not do as well as the author had
anticipated when classifying the mouse (Mus) samples meant to provide a well-studied rodent
benchmark. This could be as a result of chance, the samples used may happen to contain a
greater proportion of microbial taxa which had not been included in the reference databases.
Of the four classification tools used, each broadly representing a different approach to classifi-
cation, Metaphlan is in theory the most dependent on reference databases; as it uses unique
single copy marker genes. If the entire genome of a microorganism has been sequenced, save
for the specific marker it looks for, Metaphlan will not be able to classify that microbe to the
particular level indicated by the marker. It may be able to classify to a higher, less precise phy-
logenetic level; though this to is dependent on the presence and detection of the necessary
marker sequences. The low level of classification for the Acomys samples by Metaphlan shows
that reliance on markers can cause significant classification failures when taxa present may have
never been sequenced previously. In the absence of a reliable method employing a non-marker
based approach it is not possible to tell whether mOTUs avoided this issue through the choice of
markers for its database, though the intent of the project was not to determine which approach
is superior in any event. Increasing the read depth did not noticeably increase the percentage of
reads classified by Metaphlan nor change the phyla level relative abundance results significantly
for mOTUs. Combined these factors highlight that while marker-based approaches can be useful
in specific cases, the data in this project was not one of them.

The kmer-based approach of Kraken 2 did not encounter much more success than the marker-
based approaches. The ability to modify the required minimum confidence score does give the
tool, and approach, greater versatility when working with well researched sample types. In this
project it was clear that the alteration of the minimum required confidence score significantly
impacted Kraken 2’s ability to classify the reads; visible with the Acomys and Mus samples in
particular. When initially planning the work the author had looked for guidance on the suggested
minimum required confidence score and found there was no definitive value. 10% was com-
monly suggested so the author chose it as the most permissive setting and then used a range
of values up to 95%. The median percentage of reads classified by Kraken 2 show that the
Acomys samples are difficult to classify using a kmer-based approach, though the Mus samples
also appear difficult to classify using Kraken 2. Given that Kraken 2 could classify the reads
at any level from kingdom to subspecies it is clear that the kmer reference database used (the
most recent at time of conducting the work) does not contain much of the diversity found in the
Acomys faecal microbiota, or in the particular Mus samples used. The >90% classification of
reads in the human mock community using Kraken with minimum confidence scores of 10-50%
confirms that there is not a functional issue with the tool or the database itself. If working with
samples from a less studied environment and using Kraken 2 it would be prudent to experiment
to determine what minimum confidence threshold provides the highest level of classification while
minimising the risk of false positives. Notably, Kraken 2 analysis of the read files prior to subsam-
pling did not increase the percentage of reads classified using a 10% minimum confidence score.
This strongly suggests that the bulk of the Acomys faecal microbiota is absent from the Kraken
2 database to the extent that even with the most permissive setting they cannot be classified
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to at any level up to and including ‘Bacteria’, rather than a large classifiable component being
removed by the subsampling. Kmer-based methods theoretically provide greater classification
potential for microbiome sequencing data though with some risk of false positive classifications.
The most permissive minimum confidence score used with Kraken 2, 10%, did generate a large
number of false taxonomic IDs from the human mock community. The strictest setting, 95%, still
produced false positives - however this is using a very conservative definition of a false positive
result. It seems likely that unless the microbiota being investigated has been studied previously,
kmer-based classification of microbiota sample reads will have limited success as the majority
of the community will be unclassified and without some biological interpretation false positives
cannot be distinguished. Kaiju 3 offered a third approach, using translation of the genomic reads
into amino acids and then searching a protein database for matches. It appears to be much more
successful at classifying the Acomys reads, managing to reach a minimum of 50% reads classi-
fied in all Acomys samples. However the large number of false positive results from the human
mock microbiome suggest that this could also be the case with the Acomys samples, but with no
easy way of discerning them from any true positives provided by the tool. If working with a more
studied microbiome there may be prior studies that provide a guide for distinguishing likely false
positives from true positives; which would provide a better use case for Kaiju.

5.1.2 The Acomys faecal microbiota

This work was the first investigation of the microbiota of any Acomys rodent, and the first of an
arid-adapted rodent to the author’s knowledge. Through the use of taxonomic classification soft-
ware along with mapping of metagenomic bins a number of taxa were identified with members
likely to be found in the Acomys faecal microbiota. The results of the taxonomic classifiers indi-
cate there is a proportion of the Acomys microbiota made up of LAB, specifically members of the
Lactobacillaceae. These are present in both Acomys species and in both June and November,
suggesting that whatever their actual abundance as a percentage of the entire microbiota they are
consistent (if not core) members. That they are classifiable at all also indicates some similarity
between the lactic acid bacteria found in the Acomys and those of other rodents, leading to their
presence in reference databases and allowing for classification. The taxonomic classifiers indi-
cated that the A. cahirinus and A. russatus microbiota in November contained fewer Helicobacter
and Akkermansia species than they did in June. Both Acomys species also showed increases
from June to November in the percent of reads classified within the Clostridia, according to the
Kraken 2 results. As mentioned in the discussion there have been prior reported examples of
wild rodent microbiomes changing between seasons [250], though the authors linked this to ob-
served dietary changes. The Acomys diet can change between June and November though not
as significantly as the Apodemus in the aforementioned study.

The LAB detected by the classifiers might simply be the only proportion of the microbiota
which could be classified, this is buttressed by all four classifiers detecting these kinds of bacteria
though varying in relative abundance and specific taxonomic ID assigned. Within the Acomys it
is possible that the LABs serve a similar probiotic role as they do in human and Mus intestinal
systems [252, 251], suggesting that there may be a rodent-wide (or even broader) conservation
of Lactobacillaceae which provide benefits for host animals. The creation of metagenomic read
bins from Acomys faecal samples revealed some other constituents of the Acomys faecal miro-
biota. It is interesting to note that there was almost no overlap between the taxa detected by
the classifiers and the taxonomic assignments to the bins; only 6 of the 348 bins were classified
within the Lactobacillaceae. This alone highlights the importance of applying multiple methods
to microbiota investigations; especially when dealing with less-studied sample types. This does
support the idea that the taxonomic classifiers worked as intended in this case, but that they
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were not necessarily appropriate for it. The 6 bins of 348 are around 2% of the total, the LAB
classifications from the tools might be detections of these combined with a normal level of false
positive classification and inflation of diversity. That many of the bins were classified into the
Lachnospiraceae, Muribaculaceae and Ruminococcaceae is not surprising; these families have
all been previously identified in mammal microbiome samples. Species which produce Short-
Chain Fatty Acids (SCFAs) are found in the Lachnospiraceae and Ruminococcaceae, these have
been demonstrated to have beneficial effects for the host organism [492]; within the Acomys they
may play the same role and thus be selected for. Interestingly, Lachnospiraceae have also been
linked to disease states in humans [565] and stress in mice [566] alongside their beneficial traits.
The phylogenetic trees produced from analysis of the bins suggests that the major families iden-
tified cover a number of genera and species within the Acomys microbiome; though given the low
mapping of the reads to the bins it is likely that a large proportion of the microbiota is not covered
by the trees. The inability to classify all but 12 of the 348 bins to the species level again indicates
that the taxonomic classifiers did not fail in their analysis, instead the Acomys microbiota contain
a large amount of novel diversity.

Mapping of the faecal sample reads to the bins shows some differentiation between the two
host species; more so than is seen with the results from the taxonomic classifiers. It was sur-
prising that the level of mapping was comparatively low, between 10-35% depending on the read
depth of the file and the host species and collection month of the sample. This is a higher level
than the percent of reads classified by some of the classifiers, though it does suggest the bins
might still be only a proportion (albeit a larger one) of the Acomys faecal microbiota. That the bins
were produced from all sample reads co-assembled together prior to binning may explain this,
it is possible that the assemblies produced are chimeric and constitute closely related genomes
assembled together incorrectly. It is also possible that the majority of the reads obtained from
the sequencing of the Acomys faecal samples were from rarer taxa which were not abundant
enough to be assembled; lacking the requisite coverage of the genome. Perhaps more plausibly
the Acomys microbiota contains a great deal of taxonomic diversity with some taxa present in
greater abundances - those represented by the bins - and the majority being in low abundance
in each individual; thus not producing any bins. If considering a similar investigation in the future
the author would repeat the process used here but also carry out individual assemblies from the
reads; along with aiming for greater sequencing depth to ensure as much of the bacterial diversity
present was captured in the assemblies. The actual mapping results themselves point to some
host and some slight seasonal differences in the relative abundance of certain bins.

A. russatus had a more consistent microbiota compared to A. cahirinus in terms of seasonal
change, but both Acomys species saw comparatively little change from June to November from
the mapping results. This demonstrates the utility of this manner of investigation as one does
not need to rely on comparing percentages or abundances of specific taxonomic classifications
to look for seasonal differences. It is possible that there are seasonal differences within the two
Acomys species which could not be detected due to the taxa involved not being represented by
any of the bins. Comparing the mapping results across all samples from each of the two species
indicates there are a large number of bins which are significantly different between them, 50.5%
of the 348 bins. Twelve bacterial families have bins enriched in both Acomys species, indicating
that there may be diversity at the lower taxonomic level, i.e. genus and species, between the
two hosts which is not visible at higher levels. This is bolstered by those families including the
ones most commonly assigned to the bins and which have been previously reported in the gut
microbiota of mammalian species. There are some differences hidden amongst the larger overall
similarities between the two species. Despite the fact that the Lachnospiraceae is the most com-
mon classification of a bin by GTDB-Tk at the family level, 51 of the bins enriched in A. cahirinus
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are from the Lachnospiraceae while only 2 of the bins enriched in A. russatus are. A largely
shared microbiota, at the family level, between the two species is supported by the finding that
there are only a comparatively small number of bins assigned to families which are exclusively
enriched in one host. Though there are 109 bins enriched in A. cahirinus, only 12 of them are
assigned to families enriched exclusively in A. cahirinus. In A. russatus it is 17 bins of the 67
enriched which are assigned to families exclusively enriched in A. russatus. It is possible that the
reported predisposition to obesity and diabetes in captivity in Acomys cahirinus might be linked
to the Lachnospiraceae in their microbiome and links between the bacterial family and diabetes
in mice [567].

Taxa which are known to be beneficial to the host organism, as well as known to provide
fermentative or digestive functions, are found in the Acomys microbiota. It is possible that these
taxa are providing the same or similar functions in the arid-adapted rodents, especially in light
of their difficult to digest diets. Binning and then mapping allowed the examination of a larger
proportion of the microbiota than would otherwise have been possible using the taxonomic clas-
sifiers alone and goes some way to showing an approach which can be taken to less-studied
microbiota samples. The annotations of both the assemblies and the bins was limited due to the
lack of any direct traits to relate detected genes to in the case of the bins and the restriction of
only assessing halotolerance in the assemblies.

5.1.3 The utility of culturing microbes

The isolation of 25 lactic acid bacteria from the Acomys faecal samples was an interesting and
highly complementary aspect of the work. The mouse (Mus sp.) gut microbiota has been stud-
ied for many years and still routinely has new cultured bacteria added to the reference collection
[294] ; demonstrating the importance of culturing microorganisms. The benefit of culturing for
exploration of microbial communities even when also employing bioinformatic approaches has
been highlighted by Browne et. al. [568] for the exploration of complex communities; such as
those of the Acomys. At the time of planning the isolation the only results available were from
the different taxonomic classifiers, with the associated issues discussed above. As the classifiers
only really indicated the presence of LABs, especially from Lactobacillus itself, it seemed likely
that it would be possible to isolate at least one or two strains from the samples. It is notable that
despite no particular precautions around storage being taken the faecal samples still provided
more than 25 viable colonies; including multiple copies of the same isolate in some cases. This
suggests that if working with faecal samples from Acomys, provided they were frozen within at
least 24 hours of collection, they can still be sources of live microorganisms after 5 years frozen
at -80°C without being kept in protective media. That live LABs were isolated from the faecal
samples also confirmed that there are LABs present in the Acomys faecal microbiota, supporting
the results from both the taxonomic classifiers and the classification of the metagenomic bins.
Without using multiple different media types, including non-specific media, the author cannot say
how much of the viable microbiome these LAB isolates represent. It is impossible to say from the
results here whether the 25 unique isolates cover a large proportion of the LABs in the Acomys
faecal microbiota, further sampling and isolation would be needed to determine this. The iso-
lates are, naturally, all LAB; being successfully selected by the media. In light of the results from
the GTDB-Tk analysis of the metagenomic bins it would have been interesting to try cultivating
bacteria from the faecal samples on a wider range of media. It is possible that one might have
been able to isolate out and sequence bacteria which one could match to the bins; confirming
for certain both the validity of the bins and their presence in the Acomys microbiota. The LAB
isolated from the Acomys samples were, with a couple of notable exceptions, phylogenetically
distinct from those obtained from Apodemus mice. As can be seen using the phylogenetic trees,

154



they cluster separately. This matches and supports the different GTDB-Tk genus classifications
obtained for them. The classification of a couple of the Acomys isolates as the same species as
the classification assigned to all of the Apodemus isolates suggests that there is at least one Lig-
ilactobacillus member spread across quite different rodent species. The Acomys and Apodemus
samples come from sites separated by thousands of miles and of distinctly different types. It is
likely then that the two species are not identical but represent different, but closely related species
which fulfil some shared function; potentially relating to some dietary similarities regarding chitin
or lignocellulose degradation.

The isolation of Bifidobacterium species from the faecal samples is interesting, they are also
lactic acid bacteria and the intended targets the media was originally developed for, given that
they were not suggested by the bioinformatics analysis to be particularly abundant. It is useful
to be able to classify the isolates down to the genus level, especially as the bins could only be
identified in most cases to the family level and that so few of the bins were classified within the
Lactobacillaceae. Culturing in this instance allowed the comparison of different bacteria of the
same type, representing the only easily identified section of the microbiota from bioinformatic
analysis. It highlighted the diversity which could be found within a small proportion of the se-
quenced reads independent of any issues with binning or trying to capture enough information
for database dependent classifiers. It was beneficial to have the assemblies produced from the
isolates when mapping the metagenomic reads to them. The presence of the isolates in the fae-
cal microbiota of at least one individual from either Acomys species is confirmed, self-evidently,
by isolation from the faecal samples. In contrast to the bins, it is possible to say for certain that
any mapping to an isolate assembly is indicative of the presence of either the isolate itself or
something very closely related. Looking at the Reads per-million (RPM) for the mapping of the
shotgun sequencing reads to the assemblies by the original species the isolates were sourced
from was interesting. There were some isolates where the reads from the same Acomys species
had higher RPMs than reads from the other host, most of those sourced from A. cahirinus fell
into this category. There were some isolates sourced from A. russatus which had similar RPMs
across both host species; more so than isolates sourced from A. cahirinus. This supported the
results suggesting greater Lactobacillaceae content within the A. cahirinus faecal microbiota.
Though mapping to most isolates was low from all shotgun reads there were more isolates which
had appreciable mapping levels at all for the A. cahirinus samples. There were some isolates
which appeared to show seasonal differences in RPMs across both Acomys species, 18A_S9
and 39B_S15 had higher RPMs for reads from November in either species than the reads from
June. The mapping results suggested only a minor seasonal effect and not from any of the 6
bins, out of 348 total, classified within the Lactobacillaceae. This highlights a side benefit from
the culturing of bacterial isolates to obtain assemblies; a potential seasonal difference is detected
which was not found using either of the bioinformatics approaches. Though not conclusive, it is
useful to have ANI comparison scores for the bins to the isolate assemblies to provide some
support for the validity of the binning. That bins classified as Lactobacillaceae had ANI similarity
scores of 78-80% to a number of isolate assemblies is reassuring, it supports both the GTDB-Tk
classifications and the content of the bins being accurate.

It would also have been impossible to conclusively test the hypothesis concerning halotoler-
ance in the Acomys microbiota without isolates. In retrospect it would have been more useful
to lower the upper threshold salinity values used to 5% as there were no isolates which grew at
10% salinity. Even the second highest salinity tested, 7.5% might have been too high to provide
any useful datapoints. The comparison between the Apodemus and Acomys assemblies gave
some suggestion that the halotolerance of the Acomys might be mirrored in the microbiota; or at
least that a non-halotolerant host did not provide halotolerant isolates. Multiple Acomys isolates
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did grow at 3.5% salinity, approximately the same value as sea water. This shows those strains
possess a degree of halotolerance, capable of growing at a salinity level equivalent to sea water.
Conducting the halotolerance experiment with isolates allowed the observation of variability in
halotolerance within closely related taxa, with the isolates 41A and 41B having different growth
rates at different salinities. In order to assess the halotolerance of other microorganisms found in
the Acomys faecal microbiota it would be necessary to carry out a similar halotolerance culturing
experiment with isolates obtained using other types of media. It is quite possible that the iso-
lates are unusually halotolerant for rodent-associated LAB. Dong et. al. [569] found that high salt
(1 mL of 10% NaCl solution three times a week) treatment in Wistar rats led to reduced preva-
lence in Lactobacillus in the faecal samples of their treated animals. The isolates obtained from
both Acomys and Apodemus used in the halotolerance culturing might be more halotolerant than
other rodent-associated LABs, testing of more isolates would be necessary in order to establish
this. It is conceivable that the relatively high salt diets of both Acomys species, from salty plant
matter, leads to a limited range of LABs being able to survive in the Acomys microbiota. This
would explain the extremely low number of bins classified within Lactobacillaceae. At the same
time this small proportion of the microbiota appears to be the most amenable to detection by
the taxonomic classifiers; likely due to reference databases lacking any near relatives of the bulk
of Acomys microbiota species. Miranda et. al. [570] found increased salinity led to decreased
abundance of Lactobacillus species in specific pathogen-free C57BL/6 mice; they also noted de-
creased production of SCFAS. The isolates obtained using the LAB selective media might be the
only ones present in the Acomys microbiota as a result of the highly saline diet - though the level
of in situ salinity in either Acomys species intestinal tract has not been measured to the author’s
knowledge - and thus capable of growing at salinities up to 3.5%. This might then mean that
the Lachnospiraceae, Muribaculaeceae and Ruminococcaceae detected amongst the bins play
a greater role in SCFA production (and other benefits to the host) than in other rodent species.
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5.2 Challenges and limitations

The parasitome and viriome were not considered in this project, though this was a combination
of both the pandmic and the original plan for the work. The author would have been quite inter-
ested in examining the viriome, as it has been shown to have a potentially major impact on the
microbial communities associated with animal hosts [571, 572, 573, 574, 575]. Research into
the viriomes of different wild animals [576, 577] has uncovered both novel viruses [578] and -
concerningly in light of the events of recent years - pathogens which pose a threat to humans
[579]. The viriome of rodent species have been previously investigated, including wild and do-
mesticated animals [580, 581, 582]. Raghwani et. al. [583] recently published the results of their
investigation into the viriome of three wild rodent species. They found an interesting transience
in a large proportion of the viriome by season and that most of the viruses infected vertebrate
or bacteria; in addition though there was some shared viral content between the three species
(especially the two more closely related) the majority were host specific at the inferred species
level. They also note that these results are not unique to their study [584] and that most of the
vertebrate-associated viral genera they detect have been previously reported in other wild ro-
dents from geographically distant samplings [585]. A number of tools have been developed for
the study of the viriome, amongst them are VirSorter [586], VirFinder [587] and DeepVirFinder
[588]. It is also possible to try and extract viral content from shotgun sequencing of a sample
using an approach like that used by Xiong et. al. [589] and sequencing approaches meant to
increase the sensitity of viral detection have been developed [590] which might be useful for pos-
sible investigation of the Acomys intestinal viriome. The author did not have prior experience in
dealing with viral data and the time constraints of the project meant that it was not possible to
investigate the viriome of the Acomys samples.

The eukaryotic component of the microbiota was not ignored by the author, however none of
the bins produced from the shotgun reads were classified as anything other than bacterial taxa.
Both Kaiju and Kraken 2 included eukaryotic taxa in their reference databases and no steps were
taken to remove this apart from the use of the host and human genomes for contaminant removal.
Despite this, Kraken 2 only detected any eukaryotic reads at all (at the 50% minimum confidence
score the author determined to be the most reliable) and this was 0.01% of classified reads in a
single sample, AR42N; an Acomys russatus sample from November. The sole fungal taxa it clas-
sified was Candida glabrata. Kaiju when run with an error allowance of 0, the strictest setting and
the one the author considered the most reliable, detected fungal taxa in all samples but always
assigned < 0.1% reads to them; typically it was < 0.05%. In light of the previously discussed re-
sults from the tool testing with Kaiju detecting multiple false positives the author does not believe
these results reflect a reliable true positive. In light of this the author believes that either there
is no meaningful fungal (or eukaryotic more generally) component of the Acomys microbiota, or
more likely and in accordance with other studied rodent microbiota, eukaryotic taxa are present
but within the majority of reads which could be neither classified nor assembled.

5.2.1 Inherent limitations of the project

The project had some inherent limitations courtesy of the experimental setup as it was originally
conceived. As the samples were collected as a side effort of a larger project being conducted
by collaborators much of the metadata typically expected in metagenomic studies was not col-
lected; in addition to the lack of an established method for determining the age of wild Acomys
individuals. This meant it was not possible to assess the potential impact of host sex on the
faecal microbiota. An impact of host animal sex on the faecal microbiota has been observed in
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a number of species [591, 592], though also has been found absent, playing only a minor role or
only present at certain life stages in other studies [593, 594] but could not be measured in this
project. Age also has been seen in a number of species to have an influence on the microbiota
of different body sites [595, 596, 597, 598] but could not, in wild Acomys in the enclosure, be
investigated in this experiment as it would be impossible to do anything more than measure age
of caught individuals as juveniles or not juveniles; even then this would be a subjective judge-
ment on the part of the individual collecting the data. Though, as with an impact of sex, there
have been publications finding more complex interactions between age and the microbiota; some
finding it be only a minor influence [599] or instead of clear age-associated communities there is
a personalising [600] impact of age on the microbiota composition.

The project as originally designed only made use of short read sequencing for the shotgun
metagenomics. In an ideal situation, all samples would have been sequenced using long read
sequencing and the author would have limited the use of the short read data to assist with as-
sembly. Long read sequencing allows for much greater accuracy when assigning identities to po-
tential taxa in a metagenomic sample and would ensure the assemblies and bins produced from
the reads were of a higher quality [601, 602, 603] than those produced using solely short reads.
Long read sequencing would necessitate the use of dedicated taxonomic classification software
designed for long read files such as MetaMaps [604] or BugSeq [605]. Whether these tools would
have produced similar results to mOTUs, Metaphlan 3 and Kraken 2 from the Acomys samples
would have been interesting to discover, possibly though the long-read sequencing would have
captured a greater proportion of the indiviual genomes present so the taxonomic classification
would have been easier for the software.

The planned use of only metagenomic analysis also limited the study. A more detailed inves-
tigation of the microbial communities of Acomys cahirinus and Acomys russatus should also em-
ploy metatranscriptomics [606, 607], metaproteomics [608] and metabolomics [609]. This would
especially be the case when trying to assess whether the microbiota is providing particular useful
functions for the host to allow it to survive in an arid environment. The lack of transcriptomic and
proteomic data inherently limits the ability to link any metagenomic findings to adaptation to arid
life; the presence and content of microbes can be reported but this projet cannot say definitively
what genes they are expressing and what proteins are produced. Some of the major interactions
between the two host species and the microbiota can only be inferred without direct metabolomic
data to confirm the presence of relevant metabolites.

Samples were not frozen immediately upon collection or until the conclusion of fieldwork; and
were stored at -20°C prior to being shipped to the UK. In the case of the June samples this meant
being stored at this temperature for a number of months until the November sample collection.
The methods and conditions of storage of faecal samples can have an impact on the measured
composition of the microbiota, as reported by Franzosa et. al. [610], though the nature and extent
of these differences has been observed to be smaller than interindividual differences [611] and
given the sampling was carried out as a side component of work by collaborators not focusing
on metagenomics it was not possible to use the ’gold standard’ approach. Aside from the 12
samples sequenced as a ’pilot project’ all samples irrespective of collection date were stored at
-80°C for the same length of time, which was a number of years. Ideally the samples would have
been stored securely and safely at the moment of collection and sequenced as soon as possible
following collection; had more sampling been carried out this would have been possible.
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5.2.2 Consequences of the COVID-19 pandemic

Some other limitiations of the project had been planned to be addressed but this intended field-
work, sampling, sequencing, culturing and collaboration was prevented by the COVID-19 pan-
demic and the associated legally imposed restrictions on travel, number of individuals in close
proximity and home working both in the UK and in Israel. In addition to these legal obligations,
resources and personnel which the author had planned to employ were instead - and entirely
correctly - repurposed to work in COVID-19 testing. The author will describe below some steps
which were being planned to be carried out during the project to address some of the previously
mentioned limitations along with others yet to be discussed.

Restriction to two rodent species

The author and collaborators had discussed the potential of including a third and more distantly
related rodent species in the project, the Fat Sand Rat (Psammomys obesus). These were also
being used in their research by collaborators in Israel and would have been extremely useful for
determining whether given taxa were aridity-associated or instead linked to the Acomys genus
specificaly. This work would have involved taking faecal samples from indivdiuals in a colony
maintained by collaborators and sequencing them using either the same methods as the already
collected Acomys samples or those discussed below. It was prevented from progressing into
detailed planning and execution by the pandemic.

Restriction to a single sampling site

The author and collaborators had plans to sample Acomys cahirinus along its range within Israel
across an aridity gradient, moving from the south where it is sympatric with Acomys russatus
to the north where there is considerably greater water availability. This would have been a very
useful component of the project as it would have directly assessed the impact of aridity on host
diet and microbiota within the single species; it would have been possible to link directly the
presence or absence of any taxa to the changing aridity levels of the hosts’ environment. This
work was prevented from progressing into detailed planning and execution by the pandemic.

Restriction to a single sequencing approach

The author had been planning to use cell sorting and single cell techniques in addition to the
shotgun sequencing already employed in the project - this not being a novel concept as the
approach was demonstrated by Woyke et. al. [612] in 2009. It was the author’s hope to bypass
issues around the assembly and binning of reads, even any potentially sequenced with long read
technologies, by using the ability to sort and then individually sequence cells obtained from the
faecal samples. This may have been in an approach such as that proposed by Arikawa et. al.
[613] in which a single cell method is combined with assembly and binning to produce superior
draft genomes or like from Yang et. al. [614] in which cell sorting is used to produce distinct
communities comprised of the rarer taxa in a sample for metagenomic sequencing; though these
could also be sequenced at the single cell level instead or in addition. The restriction of access to
laboratory facilities and the redirection of personnel and resources to the COVID-19 testing effort
prevented this from being pursued.

Restriction to a pair of sequencing dates

The author and collaborators had been planning another round of sample collection from the
Acomys enclosure to provide more data for the project and reduce the impact which might be
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caused by one of the samples being, on the day of collection, not representative of the typical
Acomys microbiota. This would have involved collection of samples on one day through the
same method as described in Section 2.1 and then collection of more samples after a month
had passed. This work was prevented from progressing to execution by the pandemic travel
restrictions for international travel and within Israel.
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5.3 Future work

More studies into arid-adapted animal microbiota will over time lead to more taxa from them be-
ing added to the databases but this is a somewhat random process. It would be beneficial to
have samples from the environment in which the Acomys species lived as would allow for the
addition to existing databases of genomes from the environment being sampled through the pos-
sible use of long read sequencing, culturomics and single cell sequencing. This would both be
of benefit through the expansion of knowledge of arid environmental microbiota more generally
and to compare the faecal microbiota of the Acomys themselves to the environmental microbiota
of their habitats. There have been large scale projects undertaken previously to investigate the
microbiota of particular environments or host organisms, such a project for arid environmental
microbiota in general or for arid-adapted animals more specifically might be an effective way of
rapidly increasing knowledge of associated microbial communities. On a smaller scale it would
be a clear next step to collect more faecal samples from Acomys of both studied species and
collect more thorough metadata at the same time so as to allow the a more granular exploration
of the microbiota and potential links to aridity.

Another potential avenue of investigation would be to create more MAGs from more Acomys
samples. That a very limited number of samples provided 28 distinct lactic acid bacterial isolates
while the binning pipeline produced far fewer suggests that there is a great amount of unobserved
taxonomic diversity in the microbiota. Further sampling would provide more genetic material for
assembly and binning which could help capture low abundance taxa which likely were missed
with the relatively low sample size of this study. MAGs or bins thus generated could be used for
read mapping to assess the relative abundance and diversity in the two species as well as be
annotated to see if there might be predicted proteins which could tie back to tolerance of the arid
conditions the host lives in.

That the Acomys isolates did not display any uniform halotolerance highlights that sometimes
there may be no links between an observed host and the microbiota. The isolates might provide
other benefits for the host which could be assessed through culturing in different media, degrada-
tion of tough cellulose found in the diet, production of immunomodulatory compounds or pathogen
resistance through secretion of antimicrobials. It is also possible that there may be halotolerant
microorganisms within the Acomys microbiota which are not members of the Lactobacillaceae.
A repeat of the halotolerance experiment with isolates obtained from non- or differently-selective
media could be carried out to investigate this possibility.

This study only uses the faecal samples from two species of Acomys, from a limited number
of individuals in one location and collected at only two time points. The considerable taxonomic
diversity uncovered highlights how much remains to be discovered, classified and characterised.
There are many rodent species which have not been subject to investigation of their microbiota to
any extent, even if just a single 16S based study with a handful of samples. A future investigation
might look at additional members of the Acomys genus to see whether there are any phylogenetic
influences on the composition of the microbiota, in which case using non-arid adapted members
of the genus would be very informative. Other rodents from outside the genus could also be
investigated, both arid-adapted and non-arid adapted, to see if there are any general trends in
the microbiota of arid-adapted rodents. Both the discussed in Sub-subsection 5.2.2 Fat Sand
Rat and the Karoo Bush Rat (Myotomys unisulcatus), which uses more behavioural adaptations
to aridity over physiological ones, are good potential options for expanding investigation of arid-
adapted rodent microbiota. Cold desert rodents such as the Gobi Jerboa (Allactaga bullata) or
those which can be found in places such as the Atacama Desert like Darwin’s leaf-eared mouse
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(Phyllotis darwini) would also be very useful for truly establishing connections between a lack
of water in an environment and the resulting impacts on rodent intestinal microbiota. A smaller
scale study could restrict itself to samples from Acomys cahirinus but taken along an aridity gra-
dient in a region where the species lives along this gradient. This would reduce the complexity of
comparing two different species and allow for a more in depth examination of the impact of aridity
on the microbiota of a single species. The results of such a study might then be compared to
those from any other species, rodent or not, which live along an aridity gradient and have been
the subject of a microbiota investigation.

A clear next step would be to investigate the relationship between the Acomys intestinal micro-
biota and increased energy harvest from their difficult to digest diet. This could be accomplished
through the well-established technique of faecal microbiota transplant [615]. Faecal samples from
either species of Acomys could be transplanted into laboratory mice or other rodents and then
different metabolic markers, along with bodyweight, tracked to observe whether the recipient an-
imals gave signs of increased energy obtained from their standard diet. Alternatively those taxa
which were detected in this project and are culturable could be provided to laboratory animals
as either probiotics or following a course of antibiotics to avoid FMT while still assessing energy
harvest. The inverse might also be accomplished using Acomys cahirinus, individuals from less
arid environments could be captured and maintained on a limited diet more similar to that of their
counterparts to the south. Then they might undergo FMT using faecal samples from individuals
of the same species but from more arid environments, again, monitoring of different metabolic
and physical markers would be used to assess whether the recipient animals were able to obtain
more energy from their diet.
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Sample ID Host Raw file read counts QCed file read counts Cleansed and QCed file read counts
AC4J AC 11,727,416 11,671,551 11,290,129
AC4N AC 15,717,505 15,659,694 15,258,604
AC5J AC 11,409,425 11,375,317 11,031,536
AC5N AC 10,223,406 10,191,262 9,943,029
AC6J AC 9,880,005 9,827,392 9,606,631
AC6N AC 16,343,544 16,296,504 15,963,038
AC7N AC 11,164,541 11,120,692 10,969,173
AC8J AC 12,254,093 12,223,691 11,869,263
AC11J AC 10,573,595 10,546,614 10,350,651
AC11N AC 10,063,240 10,013,082 9,691,932
AC12J AC 11,803,371 11,720,325 9,912,282
AC14J AC 12,144,468 12,064,665 9,495,789
AC14N AC 10,919,104 10,887,042 10,702,299
AC15J AC 10,436,818 10,403,146 10,191,353
AC15N AC 15,174,088 15,121,169 14,761,196
AC16J AC 5,796,897 5,609,613 5,520,203
AC16N AC 5,405,200 5,250,073 5,212,835
AC18J AC 5,363,433 5,187,738 5,044,745
AC18N AC 5,863,150 5,686,142 5,537,977
AC19J AC 5,212,061 5,021,304 4,902,726
AC19N AC 6,441,741 6,266,826 5,967,871
AC22J AC 10,863,612 10,833,072 10,719,067
AC23J AC 10,214,591 10,179,793 9,994,986
AC23N AC 13,493,468 13,432,276 13,266,966
AC25J AC 10,276,657 10,242,923 10,120,754
AC25N AC 7,853,266 7,816,193 7,619,692
AC28J AC 11,480,072 11,448,187 11,254,677
AC28N AC 12,184,202 12,124,524 11,920,243
AC32J AC 11,541,134 11,510,891 11,377,431
AC32N AC 10,844,110 10,782,676 10,521,197
AC33J AC 11,215,196 11,181,231 10,965,491
AC33N AC 11,357,703 11,316,412 10,948,568
AC35J AC 12,279,890 12,235,895 11,969,907
AC36J AC 12,684,697 12,624,428 12,159,375
AC36N AC 12,261,837 12,223,467 12,100,748
AC37J AC 10,231,030 10,195,546 9,225,152
AC37N AC 12,749,776 12,699,931 12,307,329
AC40J AC 10,268,035 10,236,710 10,069,261
AC40N AC 11,137,489 11,094,649 11,005,453
AC44J AC 10,550,305 10,515,003 10,371,678
AC44N AC 13,181,319 13,140,756 12,999,506
AR1J AR 12,264,722 12,193,535 11,574,544
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AR1N AR 13,364,387 13,291,733 12,953,372
AR2J AR 11,053,365 10,975,110 9,699,929
AR2N AR 9,922,328 9,895,653 9,763,831
AR3N AR 14,341,441 14,290,978 14,155,217
AR9J AR 11,830,642 11,786,161 11,607,001
AR9N AR 10,001,408 9,975,501 9,860,074
AR10J AR 11,008,145 10,939,596 9,425,939
AR10N AR 12,276,995 12,240,845 11,784,266
AR13J AR 11,567,591 11,513,561 11,075,258
AR20J AR 12,079,940 12,045,102 11,849,293
AR20N AR 10,520,845 10,481,947 10,297,523
AR21J AR 10,290,580 10,259,151 10,085,079
AR21N AR 12,112,516 12,068,484 11,904,111
AR24J AR 11,359,830 11,333,829 11,184,808
AR26J AR 9,983,104 9,959,589 9,808,533
AR26N AR 12,873,047 12,822,233 12,696,889
AR27J AR 5,527,574 5,333,921 5,240,857
AR27N AR 5,767,979 5,562,624 5,384,643
AR29J AR 5,325,115 5,140,792 5,046,617
AR29N AR 5,812,516 5,624,582 5,564,290
AR30J AR 12,097,770 12,061,048 11,925,088
AR30N AR 12,930,571 12,880,249 12,648,152
AR31J AR 10,698,989 10,643,023 8,618,768
AR34J AR 4,830,100 4,667,227 4,464,759
AR34N AR 5,826,643 5,646,727 5,445,810
AR38J AR 16,911,155 16,834,912 16,437,044
AR41N AR 13,139,684 13,091,220 12,833,489
AR42J AR 13,060,085 13,012,309 12,323,643
AR42N AR 13,539,806 13,490,361 13,241,744
AR43J AR 9,931,372 9,904,226 9,621,839
AR43N AR 11,721,155 11,668,609 11,465,039
AR45J AR 13,377,506 13,322,930 11,668,536
AR45N AR 11,540,914 11,466,531 10,754,657
AR46J AR 12,022,981 11,984,661 11,682,493
AR46N AR 13,190,360 13,132,985 12,913,459
AR47J AR 11,233,487 11,196,712 11,009,219
AR47N AR 14,409,732 14,346,323 13,814,780
AR48J AR 12,130,662 12,095,429 11,923,422
AR48N AR 12,992,043 12,953,161 12,808,291

Table 5.1: Information about Acomys faecal samples, shows Sample ID, host species (AC -
Acomys cahirinus, AR - Acomys russatus), count of reads in raw file, count of reads in read files
after QC and count of reads in read file after QC and contaminant filtering.
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Name Determinant
Aneurinibacillus aneurinilyticus Kohl et. al. [403] publication results
Arthrobacter koreensis Kohl et. al. publication results
Bacillus amyloliquefaciens Kohl et. al. publication results
Bacillus badius Kohl et. al. publication results
Bacillus cereus Kohl et. al. publication results
Bacillus gaemokensis Kohl et. al. publication results
Bacillus haynesii Kohl et. al. publication results
Bacillus inaquosorum Kohl et. al. publication results
Bacillus licheniformis Kohl et. al. publication results
Bacillus nakamurai Kohl et. al. publication results
Bacillus paramycoides Kohl et. al. publication results
Bacillus proteolyticus Kohl et. al. publication results
Bacillus safensis Kohl et. al. publication results
Bacillus subtilis Kohl et. al. publication results
Bacillus tequilensis Kohl et. al. publication results
Bacillus tropicus Kohl et. al. publication results
Bacillus velezensis Kohl et. al. publication results
Bacillus wiedmannii Kohl et. al. publication results
Bacillus zanthoxyli Kohl et. al. publication results
Bacillus zhangzhouensis Kohl et. al. publication results
Cronobacter turicensis Kohl et. al. publication results
Enterobacter hormaechei Kohl et. al. publication results
Enterobacter kobei Kohl et. al. publication results
Enterococcus mundtii Kohl et. al. publication results
Escherichia coli Kohl et. al. publication results
Escherichia fergusonii Kohl et. al. publication results
Klebsiella pneumoniae Kohl et. al. publication results
Klebsiella quasipneumoniae Kohl et. al. publication results
Lysinibacillus boronitolerans Kohl et. al. publication results
Mammaliicoccus sciuri Kohl et. al. publication results
Paenibacillus amylolyticus Kohl et. al. publication results
Peribacillus simplex Kohl et. al. publication results
Priestia aryabhattai Kohl et. al. publication results
Priestia filamentosa Kohl et. al. publication results
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Priestia flexa Kohl et. al. publication results
Priestia megaterium Kohl et. al. publication results
Rossellomorea marisflavi Kohl et. al. publication results
Rothia nasimurium Kohl et. al. publication results
Rummeliibacillus stabekisii Kohl et. al. publication results
Staphylococcus capitis Kohl et. al. publication results
Staphylococcus gallinarum Kohl et. al. publication results
Staphylococcus hominis Kohl et. al. publication results
Staphylococcus saprophyticus Kohl et. al. publication results
Staphylococcus ureilyticus Kohl et. al. publication results
Brevibacterium frigoritolerans Kohl et. al. publication results
Acinetobacter baumannii mOTUs results from Acomys reads
Actinomyces oris mOTUs results from Acomys reads
Adlercreutzia equolifaciens mOTUs results from Acomys reads
Akkermansia muciniphila mOTUs results from Acomys reads
Alistipes finegoldii mOTUs results from Acomys reads
Alistipes finegoldii/onderdonkii mOTUs results from Acomys reads
Alistipes indistinctus mOTUs results from Acomys reads
Alistipes obesi mOTUs results from Acomys reads
Alistipes putredinis mOTUs results from Acomys reads
Alistipes senegalensis mOTUs results from Acomys reads
Alistipes shahii mOTUs results from Acomys reads
Alistipes timonensis mOTUs results from Acomys reads
Bacteroidales bacterium mOTUs results from Acomys reads
Bacteroides acidifaciens mOTUs results from Acomys reads
Bacteroides bouchesdurhonensis/faecichinchillae mOTUs results from Acomys reads
Bacteroides caecimuris mOTUs results from Acomys reads
Bacteroides congonensis mOTUs results from Acomys reads
Bacteroides dorei/vulgatus mOTUs results from Acomys reads
Bacteroides intestinalis mOTUs results from Acomys reads
Bacteroides oleiciplenus/stercorirosoris mOTUs results from Acomys reads
Bacteroides sartorii mOTUs results from Acomys reads
Bacteroides uniformis mOTUs results from Acomys reads
Bifidobacterium breve mOTUs results from Acomys reads
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Bifidobacterium pseudolongum mOTUs results from Acomys reads
Blautia schinkii mOTUs results from Acomys reads
Candidatus Gastranaerophilus mOTUs results from Acomys reads
Candidatus Homeothermus mOTUs results from Acomys reads
Citrobacter rodentium mOTUs results from Acomys reads
Citrobacter sedlakii mOTUs results from Acomys reads
Clostridium botulinum/paraputrificum mOTUs results from Acomys reads
Clostridium perfringens mOTUs results from Acomys reads
Clostridium phoceensis mOTUs results from Acomys reads
Comamonas testosteroni mOTUs results from Acomys reads
Enterococcus faecalis mOTUs results from Acomys reads
Enterococcus faecium mOTUs results from Acomys reads
Faecalibacterium prausnitzii mOTUs results from Acomys reads
Flavonifractor plautii mOTUs results from Acomys reads
Helicobacter japonicus mOTUs results from Acomys reads
Hungateiclostridiaceae bacterium mOTUs results from Acomys reads
Ileibacterium valens mOTUs results from Acomys reads
Intestinimonas massiliensis mOTUs results from Acomys reads
Kocuria polaris mOTUs results from Acomys reads
Lactobacillus acidophilus mOTUs results from Acomys reads
Lactobacillus amylovorus/kitasatonis mOTUs results from Acomys reads
Lactobacillus gallinarum mOTUs results from Acomys reads
Lactobacillus gasseri mOTUs results from Acomys reads
Lactobacillus intestinalis mOTUs results from Acomys reads
Lactobacillus johnsonii mOTUs results from Acomys reads
Lactobacillus kalixensis mOTUs results from Acomys reads
Lactobacillus pontis mOTUs results from Acomys reads
Lactobacillus taiwanensis mOTUs results from Acomys reads
Lactobacillus ultunensis mOTUs results from Acomys reads
Lactobacillus vaginalis mOTUs results from Acomys reads
Methanobrevibacter smithii mOTUs results from Acomys reads
Mobilicoccus massiliensis mOTUs results from Acomys reads
Muribaculum intestinale mOTUs results from Acomys reads
Paeniclostridium sordellii mOTUs results from Acomys reads
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Pantoea latae/septica mOTUs results from Acomys reads
Parabacteroides distasonis mOTUs results from Acomys reads
Parabacteroides goldsteinii mOTUs results from Acomys reads
Parabacteroides johnsonii mOTUs results from Acomys reads
Parabacteroides merdae mOTUs results from Acomys reads
Pseudoflavonifractor capillosus mOTUs results from Acomys reads
Pseudomonas xanthomarina/stutzeri mOTUs results from Acomys reads
Romboutsia timonensis mOTUs results from Acomys reads
Ruminococcaceae bacterium mOTUs results from Acomys reads
Ruminococcus gauvreauii mOTUs results from Acomys reads
Sanguibacter keddieii mOTUs results from Acomys reads
Sanguibacter marinus mOTUs results from Acomys reads
Sphingobium yanoikuyae mOTUs results from Acomys reads
Staphylococcus aureus mOTUs results from Acomys reads
Staphylococcus microti mOTUs results from Acomys reads
Stenotrophomonas maltophilia mOTUs results from Acomys reads
Streptococcus acidominimus mOTUs results from Acomys reads
Streptococcus cuniculi mOTUs results from Acomys reads
Turicibacter sanguinis mOTUs results from Acomys reads
uncultured Flavonifractor mOTUs results from Acomys reads
Streptococcus acidominimus mOTUs results from Acomys reads
Streptococcus cuniculi mOTUs results from Acomys reads
Turicibacter sanguinis mOTUs results from Acomys reads
iMGMC_64 iMGMC high quality MAG
iMGMC_66 iMGMC high quality MAG
iMGMC_87 iMGMC high quality MAG
iMGMC_177 iMGMC high quality MAG
iMGMC_193 iMGMC high quality MAG
iMGMC_232 iMGMC high quality MAG
iMGMC_262 iMGMC high quality MAG
iMGMC_297 iMGMC high quality MAG
iMGMC_386 iMGMC high quality MAG
iMGMC_413 iMGMC high quality MAG
iMGMC_435 iMGMC high quality MAG
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iMGMC_444 iMGMC high quality MAG
iMGMC_505 iMGMC high quality MAG
iMGMC_520 iMGMC high quality MAG
iMGMC_554 iMGMC high quality MAG
iMGMC_580 iMGMC high quality MAG
iMGMC_609 iMGMC high quality MAG
iMGMC_613 iMGMC high quality MAG
iMGMC_694 iMGMC high quality MAG
iMGMC_715 iMGMC high quality MAG
iMGMC_732 iMGMC high quality MAG
iMGMC_804 iMGMC high quality MAG
iMGMC_912 iMGMC high quality MAG
iMGMC_1015 iMGMC high quality MAG
iMGMC_1047 iMGMC high quality MAG
Lactobacillus kefiri strain DH5 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus kefiranciens subsp. kefiranciens strain LKK75 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus kefiranciens strain 1207 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus helveticus strain LZ-R-5 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus helveticus strain TK-J7A chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus helveticus strain D75 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus reuteri complete genome strain ATCC 53608 GTDB-Tk classifications of Acomys bins
Limosilactobacillus reuteri strain ATG-F4 chromosome complete genome GTDB-Tk classifications of Acomys bins
Limosilactobacillus reuteri strain LL7 chromosome complete genome GTDB-Tk classifications of Acomys bins
Ligilactobacillus murinus strain CR147 chromosome complete genome GTDB-Tk classifications of Acomys bins
Ligilactobacillus murinus strain CR1 GTDB-Tk classifications of Acomys bins
Ligilactobacillus murinus strain V10 chromosome complete genome GTDB-Tk classifications of Acomys bins
Ligilactobacillus animalis strain L GTDB-Tk classifications of Acomys bins
Ligilactobacillus animalis strain P38 chromosome complete genome GTDB-Tk classifications of Acomys bins
Pediococcus pentosaceus strain FDAARGOS 1009 chromosome complete genome GTDB-Tk classifications of Acomys bins
Limosilactobacillus reuteri strain IRT chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus rhamnosus strain JCM1553 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus zymae strain ACA-DC 34 GTDB-Tk classifications of Acomys bins
Lactobacillus paracasei subsp. tolerans strain MGB0747 chromosome complete genome GTDB-Tk classifications of Acomys bins
Pediococcus damnosus strain TMW 2.1533 chromosome complete genome GTDB-Tk classifications of Acomys bins
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Leuconostoc citreum strain CBA3624 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lacticaseibacillus paracasei strain EG9 chromosome complete genome GTDB-Tk classifications of Acomys bins
Lactobacillus paracollinoides strain TMW 1.1995 chromosome complete genome GTDB-Tk classifications of Acomys bins

Table 5.2: List of the identities of downloaded genomes, assemblies or MAGs used in the creation
of phylogenetic trees during the project. Determinant refers to the rationale for including the file
as outlined in subsection 2.1.7.

170



Reference mOTU
A. cahirinus summed
relative abundance (%)

A. russatus summed
relative abundance (%)

Identity

ref_mOTU_v3_01032 12.1 4.90 Lactobacillus
kefiranofaciens

ref_mOTU_v3_03349 0.93 2.42 Lactobacillus
helveticus

ref_mOTU_v3_03348 0.22 1.59
Lactobacillus
gallinarum

ext_mOTU_v3_15367 0.12 1.38
Erysipelotrichaceae
species
incertae sedis

ext_mOTU_v3_17736 0.61 1.16
Muribaculaceae
species
incertae sedis

ext_mOTU_v3_18740 0.63 1.16 Prevotella species
incertae sedis

ref_mOTU_v3_03591 0.53 1.06
Akkermansia
muciniphila

ref_mOTU_v3_04416 1.26 0.82
Lactobacillus
vaginalis

Table 5.3: Table giving the reference mOTUs which had a summed relative abundance of at least
1% in at least one of the two host species, the summed totals themselves and the taxonomic
identity the reference corresponds to.
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Figure 5.1: Box and violin plots of summed relative abundances for all detected reference mO-
TUs from cleaned read files from samples from A. Acomys cahirinus and B. Acomys russatus.
Labelled points are those where the summed relative abundance for the host species was at least
1%
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Figure 5.2: Boxplots showing the percentage of reads classified by A. Metaphlan 3, B. Kraken 2
and C. Kaiju for the raw and processed read files. Also shown are results of Wilcoxon signed-rank
test for difference as a result of processing with significance marked by asterisks. *** = p < 0.001,
** = p < 0.01, * = p < 0.05.
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Figure 5.3: Violin plots showing the range of percentages of reads classified by Kraken 2 at
a minimum confidence score of 50% for the 20 genera with the highest summed percentage of
reads classified across all samples, coloured by host species and month of collection and faceted
by genus.
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Figure 5.4: Violin plots showing the range of percentages of reads classified by Kaiju with an
error allowance of 0 for the 20 genera with the highest summed percentage of reads classified
across all samples, coloured by host species and month of collection and faceted by genus.
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Figure 5.5: Box and violin plots showing the range of percentage of reads mapping from Acomys
faecal sample sequencing to reference file of 348 concatenated metagenomic bins, coloured by
host species and sampling month and faceted by read depth.
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Figure 5.6: Box and violin plots showing the range of RPMs for the 10 most enriched bins in Acomys cahirinus on a log10 scale
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Figure 5.7: Box and violin plots showing the range of RPMs for the 10 most enriched bins in Acomys russatus on a log10 scale
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Figure 5.8: Box and violin plot of the number of contigs per assembly separated by facet and fill
colour into host species (for Acomys species) or genus (for Apodemus).
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Figure 5.9: Box and jitter plots of the percent of reads mapping with Minimap2 to a combined ref-
erence file made from masked assembly files. A. The percentages for read files not subsampled
to a uniform depth. B. Percentages for read files subsampled to a uniform depth of 7,600,000
reads per file.

COG ID Species with host effect Q value

COG3477 AC 0.00000
COG1250 AC 0.00053
COG2153 AC 0.00236
COG2096 AC 0.00330
COG2326 AC 0.02955
COG0108 AC 0.03669
COG3760 AC 0.00253
COG2211 AC 0.00585
COG0395 AC 0.00000
COG0246 AC 0.00337
COG0596 AC 0.00192
COG2814 AC 0.02817
COG2390 AC 0.01083
COG2723 AC 0.00000
COG1455 AC 0.00000
COG2826 AC 0.00969
COG1316 AC 0.00369
COG2071 AC 0.03325
COG1263 AC 0.00000
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COG0735 AC 0.00323
COG1117 AC 0.01761
COG0366 AC 0.00854
COG1959 AC 0.01562
COG1674 AC 0.02451
COG2217 AC 0.04999
COG0577 AC 0.00646
COG0235 AC 0.04739
COG1131 AC 0.00007
COG3760 AR 0.00004
COG3385 AR 0.00014
COG2211 AR 0.00017
COG3839 AR 0.00044
COG0395 AR 0.00052
COG0246 AR 0.02232
COG0095 AR 0.01118
COG2337 AR 0.03005
COG2814 AR 0.03252
COG2723 AR 0.00076
COG2148 AR 0.00856
COG1455 AR 0.04063
COG1737 AR 0.00170
COG0764 AR 0.00260
COG2071 AR 0.02251
COG4166 AR 0.00000
COG0601 AR 0.00024
COG1263 AR 0.00008
COG0735 AR 0.00655
COG1959 AR 0.04634
COG0789 AR 0.00006
COG0577 AR 0.02981
COG1680 AP 0.00259
COG3579 AP 0.00499
COG2271 AP 0.01416
COG1120 AP 0.02088
COG0095 AP 0.02529
COG0782 AP 0.04095
COG4690 AP 0.04104

Table 5.4: Table of COGs which had a statistically significant, ≤ 0.05 Q value for a host effect
on distribution in assemblies by the origin species of the faecal sample the isolate was obtained
from. Shows the COGs, species of origin and Q-value.
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Figure 5.10: Principal Component Analysis of reads per-million (RPM) for all subsampled, paired
sampling reads from both Acomys species to assemblies of isolates from faecal samples from A.
Acomys cahirinus only and B. Acomys russatus only.
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Glossary of Terms

16S Sequencing Sequencing of the 16S rRNA gene for the purposes of taxonomic classification

AC enriched vs In context, bins which were enriched in Acomys cahirinus versus Acomys russatus

AC within In context, bins which were enriched within Acomys cahirinus in either June or November
versus the other month

Acomys Genus of rodents

Acomys cahirinus A rodent species in the genus Acomys

Acomys russatus A rodent species in the genus Acomys

Apodemus Genus of rodents

Apodemus agrarius A rodent species in the genus Apodemus

Apodemus flavicollis A rodent species in the genus Apodemus

Apodemus sylvaticus A rodent species in the genus Apodemus

AR enriched vs In context, bins which were enriched in Acomys russatus versus Acomys cahirinus

AR within In context, bins which were enriched within Acomys russatus in either June or November
versus the other month

Assembly Collected sequence reads arranged into a longer, contiguous piece of sequence composed of
contigs or scaffolds

Amplicon Sequence Variant Sequence variants which are the product of denoising such that amplifica-
tion and sequencing errors should be removed

Barrnap Software tool for detection of ribosomal RNA genes in sequence read files

BBDuk Software for removal of host or human contamination from nucleotide sequencing files

CheckM Software for assessing quality of genomic assemblies

Cleansed See either ’Host cleansed’ or ’Contaminant cleansed’

Contaminant cleansed Author’s term for nucleotide sequencing files which have been subjected to some
method for removing foreign reads

Ein Gedi Location in the Judean Desert, Israel, nearest notable location to the Acomys. enclosure

FastANI Software for measuring ANI similarity between nucleotide sequence files

FastP Software for quality control of nucleotide sequencing files
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Genomics Study of all the genes of an organism

Genus false positive Author’s term for NCBI taxonomic IDs assigned by a classifier to a read from a
mock microbial community. The taxonomic ID is from the genus of a known member species in the
mock community but is not any of the subspecies/strain taxonomic IDs or the higher level taxonomic
ID for the type species itself

Halophilic Organisms which require conditions of elevated salinity to grow

Halotolerant Organisms capable of growth in conditions of elevated salinity

Host cleansed Author’s term for nucleotide sequencing files which have been subjected to some proce-
dure meant to remove host organism reads

Hydric Environment with very high levels of moisture

Illumina MiSeq A DNA sequencing technology offered by Illumina, Inc.

JolyTree Reference-free software for creating phylogenetic trees

Kaiju Taxonomic classification software

Kmer In context, a section of nucleotides of variable length

Kraken 2 Taxonomic classification software

Mesic Environment with a balance supply of moisture

Metabolomics Study of small molecules within an environment from a single cell to entire organism

Metagenome The collection of genomes and genes from the members of a microbiota. [19]

Metaphlan 2 Taxonomic classification software

Microbiome the entire habitat, including the microorganisms (bacteria, archaea, lower and higher eu-
rkaryotes, and viruses), their genomes (i.e., genes), and the surrounding environmental conditions.
[19]

Microbiota The assemblage of microorganisms present in a defined environment

Minimap2 Nucleotide sequence alignment software

mOTUs Taxonomic classification software

Novogene In context, the remaining Acomys samples sequenced to a higher depth by Novogene Co.
using Illumina NovaSeq technology in 2020 or pertaining to the results of analysis of these samples

Operational Taxonomic Unit A group of sequences which are considered to be closely related based on
some mathematical threshold and are typically considered to be funtionally similar

Phylotype In context, a DNA sequence or group of sequences which are sufficiently similar in the com-
position of marker sequence that they are grouped together

Pilot In context, 12 Acomys samples sequenced to a lower depth using Illumina MiSeq technology in
2017 or pertaining to the results of analysis of these samples

Precocial Young of a precocial species are very developed at birth

Proteomics Study of all proteins produced by an organism
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Salmon In context, software for quantifying expression of transcripts using RNA sequencing data. Used
in this project with DNA sequencing data to measure reads per-million

Samtools Set of software for interacting with and manipulating sequence read files

Seqtk Software for the the manipulation of nucleotide sequencing files

Shotgun sequencing In context, sequencing of DNA by splitting it randomly into fragments and sequenc-
ing these separately

TaxID Taxonomic identity number for a taxon from the NCBI taxonomy database

Transcriptomics Study of all the RNA transcripts produced by an organism

Xeric Arid environment with low annual rainfall and little moisture

185



Bibliography

[1] H. Gest. “The Discovery of Microorganisms by Robert Hooke and Antoni van Leeuwen-
hoek, Fellows of The Royal Society”. In: Notes and Records of the Royal Society of
London 58.2 (May 22, 2004), pp. 187–201. DOI: 10 . 1098 / rsnr . 2004 . 0055. URL:
https://royalsocietypublishing.org/doi/10.1098/rsnr.2004.0055 (visited
on 11/20/2022).

[2] E. Klein. “Pathogenic Microbes in Milk”. In: Epidemiology & Infection 1.1 (Jan. 1901),
pp. 78–95. ISSN: 0022-1724. DOI: 10.1017/S0022172400000061. URL: https://www.
cambridge.org/core/journals/epidemiology-and-infection/article/pathogenic-
microbes-in-milk/BA9F830763161E3289F783B232666F30 (visited on 11/20/2022).

[3] Paul H. De Kruif. “Dissociation of Microbic Species. III. Differentiation of Microbes D and
G by Acid Agglutination”. In: Proceedings of the Society for Experimental Biology and
Medicine 19.1 (Oct. 1, 1921), pp. 37–38. ISSN: 0037-9727. DOI: 10.3181/00379727-
19-18. URL: https://journals.sagepub.com/doi/abs/10.3181/00379727-19-18
(visited on 11/20/2022).

[4] Paula Watnick and Roberto Kolter. “Biofilm, City of Microbes”. In: Journal of Bacteriology
182.10 (May 15, 2000), pp. 2675–2679. DOI: 10.1128/JB.182.10.2675-2679.2000.
URL: https://journals.asm.org/doi/10.1128/JB.182.10.2675-2679.2000 (visited
on 11/20/2022).

[5] Natalia Garcia-Gonzalez et al. “Health-Promoting Role of Lactiplantibacillus Plantarum
Isolated from Fermented Foods”. In: Microorganisms 9.2 (2 Feb. 2021), p. 349. ISSN:
2076-2607. DOI: 10.3390/microorganisms9020349. URL: https://www.mdpi.com/
2076-2607/9/2/349 (visited on 11/20/2022).

[6] J. D. Watson and F. H. C. Crick. “Molecular Structure of Nucleic Acids: A Structure for
Deoxyribose Nucleic Acid”. In: Nature 171.4356 (4356 Apr. 1953), pp. 737–738. ISSN:
1476-4687. DOI: 10.1038/171737a0. URL: https://www.nature.com/articles/
171737a0 (visited on 11/20/2022).

[7] C Picard et al. “Detection and Enumeration of Bacteria in Soil by Direct DNA Extraction
and Polymerase Chain Reaction”. In: Applied and Environmental Microbiology 58.9 (Sept.
1992), pp. 2717–2722. DOI: 10.1128/aem.58.9.2717- 2722.1992. URL: https://
journals.asm.org/doi/10.1128/aem.58.9.2717-2722.1992 (visited on 11/20/2022).

[8] Y. K Lee et al. “A Simple Method for DNA Extraction from Marine Bacteria That Pro-
duce Extracellular Materials”. In: Journal of Microbiological Methods 52.2 (Feb. 1, 2003),
pp. 245–250. ISSN: 0167-7012. DOI: 10.1016/S0167-7012(02)00180-X. URL: https:
//www.sciencedirect.com/science/article/pii/S016770120200180X (visited on
11/20/2022).

[9] Hai-Rong Cheng and Ning Jiang. “Extremely Rapid Extraction of DNA from Bacteria and
Yeasts”. In: Biotechnology Letters 28.1 (Jan. 1, 2006), pp. 55–59. ISSN: 1573-6776. DOI:
10.1007/s10529-005-4688-z. URL: https://doi.org/10.1007/s10529-005-4688-z
(visited on 11/20/2022).

186

https://doi.org/10.1098/rsnr.2004.0055
https://royalsocietypublishing.org/doi/10.1098/rsnr.2004.0055
https://doi.org/10.1017/S0022172400000061
https://www.cambridge.org/core/journals/epidemiology-and-infection/article/pathogenic-microbes-in-milk/BA9F830763161E3289F783B232666F30
https://www.cambridge.org/core/journals/epidemiology-and-infection/article/pathogenic-microbes-in-milk/BA9F830763161E3289F783B232666F30
https://www.cambridge.org/core/journals/epidemiology-and-infection/article/pathogenic-microbes-in-milk/BA9F830763161E3289F783B232666F30
https://doi.org/10.3181/00379727-19-18
https://doi.org/10.3181/00379727-19-18
https://journals.sagepub.com/doi/abs/10.3181/00379727-19-18
https://doi.org/10.1128/JB.182.10.2675-2679.2000
https://journals.asm.org/doi/10.1128/JB.182.10.2675-2679.2000
https://doi.org/10.3390/microorganisms9020349
https://www.mdpi.com/2076-2607/9/2/349
https://www.mdpi.com/2076-2607/9/2/349
https://doi.org/10.1038/171737a0
https://www.nature.com/articles/171737a0
https://www.nature.com/articles/171737a0
https://doi.org/10.1128/aem.58.9.2717-2722.1992
https://journals.asm.org/doi/10.1128/aem.58.9.2717-2722.1992
https://journals.asm.org/doi/10.1128/aem.58.9.2717-2722.1992
https://doi.org/10.1016/S0167-7012(02)00180-X
https://www.sciencedirect.com/science/article/pii/S016770120200180X
https://www.sciencedirect.com/science/article/pii/S016770120200180X
https://doi.org/10.1007/s10529-005-4688-z
https://doi.org/10.1007/s10529-005-4688-z


[10] A M Maxam and W Gilbert. “A New Method for Sequencing DNA.” In: Proceedings of the
National Academy of Sciences 74.2 (Feb. 1977), pp. 560–564. DOI: 10.1073/pnas.74.
2.560. URL: https://www.pnas.org/doi/abs/10.1073/pnas.74.2.560 (visited on
11/20/2022).

[11] F. Sanger, S. Nicklen, and A. R. Coulson. “DNA Sequencing with Chain-Terminating
Inhibitors”. In: Proceedings of the National Academy of Sciences 74.12 (Dec. 1977),
pp. 5463–5467. DOI: 10.1073/pnas.74.12.5463. URL: https://www.pnas.org/
doi/abs/10.1073/pnas.74.12.5463 (visited on 11/20/2022).

[12] Lloyd M. Smith et al. “Fluorescence Detection in Automated DNA Sequence Analysis”.
In: Nature 321.6071 (6071 June 1986), pp. 674–679. ISSN: 1476-4687. DOI: 10.1038/
321674a0. URL: https://www.nature.com/articles/321674a0 (visited on 11/20/2022).

[13] Andrew H. Laszlo et al. “Decoding Long Nanopore Sequencing Reads of Natural DNA”.
In: Nature Biotechnology 32.8 (8 Aug. 2014), pp. 829–833. ISSN: 1546-1696. DOI: 10.
1038/nbt.2950. URL: https://www.nature.com/articles/nbt.2950 (visited on
11/20/2022).

[14] Frederick R. Blattner et al. “The Complete Genome Sequence of Escherichia Coli K-12”.
In: Science 277.5331 (Sept. 5, 1997), pp. 1453–1462. DOI: 10.1126/science.277.5331.
1453. URL: https://www.science.org/doi/full/10.1126/science.277.5331.1453
(visited on 11/20/2022).

[15] J. Craig Venter et al. “The Sequence of the Human Genome”. In: Science 291.5507
(Feb. 16, 2001), pp. 1304–1351. DOI: 10.1126/science.1058040. URL: https://www.
science.org/doi/full/10.1126/science.1058040 (visited on 11/20/2022).

[16] Peter J. Turnbaugh and Jeffrey I. Gordon. “The Core Gut Microbiome, Energy Balance
and Obesity”. In: The Journal of Physiology 587.17 (2009), pp. 4153–4158. ISSN: 1469-
7793. DOI: 10.1113/jphysiol.2009.174136. URL: https://onlinelibrary.wiley.
com/doi/abs/10.1113/jphysiol.2009.174136 (visited on 11/20/2022).

[17] Dana Willner, Rebecca Vega Thurber, and Forest Rohwer. “Metagenomic Signatures
of 86 Microbial and Viral Metagenomes”. In: Environmental Microbiology 11.7 (2009),
pp. 1752–1766. ISSN: 1462-2920. DOI: 10.1111/j.1462-2920.2009.01901.x. URL:
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1462-2920.2009.01901.x
(visited on 11/20/2022).

[18] Lucas W. Mendes et al. “Soil-Borne Microbiome: Linking Diversity to Function”. In: Micro-
bial Ecology 70.1 (July 1, 2015), pp. 255–265. ISSN: 1432-184X. DOI: 10.1007/s00248-
014- 0559- 2. URL: https://doi.org/10.1007/s00248- 014- 0559- 2 (visited on
11/20/2022).

[19] Julian R. Marchesi and Jacques Ravel. “The vocabulary of microbiome research: a pro-
posal”. In: Microbiome 3.1 (2015), p. 31. DOI: 10.1186/s40168-015-0094-5.

[20] Garret Suen et al. “An Insect Herbivore Microbiome with High Plant Biomass-Degrading
Capacity”. In: PLOS Genetics 6.9 (Sept. 23, 2010), e1001129. ISSN: 1553-7404. DOI:
10.1371/journal.pgen.1001129. URL: https://journals.plos.org/plosgenetics/
article?id=10.1371/journal.pgen.1001129 (visited on 11/20/2022).

[21] Charlie G. Buffie and Eric G. Pamer. “Microbiota-Mediated Colonization Resistance against
Intestinal Pathogens”. In: Nature Reviews Immunology 13.11 (11 Nov. 2013), pp. 790–
801. ISSN: 1474-1741. DOI: 10 . 1038 / nri3535. URL: https : / / www . nature . com /
articles/nri3535 (visited on 11/20/2022).

187

https://doi.org/10.1073/pnas.74.2.560
https://doi.org/10.1073/pnas.74.2.560
https://www.pnas.org/doi/abs/10.1073/pnas.74.2.560
https://doi.org/10.1073/pnas.74.12.5463
https://www.pnas.org/doi/abs/10.1073/pnas.74.12.5463
https://www.pnas.org/doi/abs/10.1073/pnas.74.12.5463
https://doi.org/10.1038/321674a0
https://doi.org/10.1038/321674a0
https://www.nature.com/articles/321674a0
https://doi.org/10.1038/nbt.2950
https://doi.org/10.1038/nbt.2950
https://www.nature.com/articles/nbt.2950
https://doi.org/10.1126/science.277.5331.1453
https://doi.org/10.1126/science.277.5331.1453
https://www.science.org/doi/full/10.1126/science.277.5331.1453
https://doi.org/10.1126/science.1058040
https://www.science.org/doi/full/10.1126/science.1058040
https://www.science.org/doi/full/10.1126/science.1058040
https://doi.org/10.1113/jphysiol.2009.174136
https://onlinelibrary.wiley.com/doi/abs/10.1113/jphysiol.2009.174136
https://onlinelibrary.wiley.com/doi/abs/10.1113/jphysiol.2009.174136
https://doi.org/10.1111/j.1462-2920.2009.01901.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1462-2920.2009.01901.x
https://doi.org/10.1007/s00248-014-0559-2
https://doi.org/10.1007/s00248-014-0559-2
https://doi.org/10.1007/s00248-014-0559-2
https://doi.org/10.1186/s40168-015-0094-5
https://doi.org/10.1371/journal.pgen.1001129
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1001129
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1001129
https://doi.org/10.1038/nri3535
https://www.nature.com/articles/nri3535
https://www.nature.com/articles/nri3535


[22] Seth Rakoff-Nahoum et al. “Recognition of Commensal Microflora by Toll-Like Recep-
tors Is Required for Intestinal Homeostasis”. In: Cell 118.2 (July 23, 2004), pp. 229–241.
ISSN: 0092-8674, 1097-4172. DOI: 10.1016/j.cell.2004.07.002. pmid: 15260992.
URL: https://www.cell.com/cell/abstract/S0092-8674(04)00661-0 (visited on
11/20/2022).

[23] Sajad Ali et al. “Harnessing Plant Microbiome for Mitigating Arsenic Toxicity in Sustainable
Agriculture”. In: Environmental Pollution 300 (May 1, 2022), p. 118940. ISSN: 0269-7491.
DOI: 10.1016/j.envpol.2022.118940. URL: https://www.sciencedirect.com/
science/article/pii/S0269749122001543 (visited on 11/21/2022).

[24] Marina Lleal et al. “A Single Faecal Microbiota Transplantation Modulates the Microbiome
and Improves Clinical Manifestations in a Rat Model of Colitis”. In: EBioMedicine 48
(Oct. 1, 2019), pp. 630–641. ISSN: 2352-3964. DOI: 10.1016/j.ebiom.2019.10.002.
URL: https://www.sciencedirect.com/science/article/pii/S2352396419306668
(visited on 11/21/2022).

[25] Fanli Kong et al. “Identification of Gut Microbiome Signatures Associated with Longevity
Provides a Promising Modulation Target for Healthy Aging”. In: Gut Microbes 10.2 (Mar. 4,
2019), pp. 210–215. ISSN: 1949-0976. DOI: 10.1080/19490976.2018.1494102. pmid:
30142010. URL: https://doi.org/10.1080/19490976.2018.1494102 (visited on
11/21/2022).

[26] Yuanyuan Cheng et al. “The Tasmanian Devil Microbiome—Implications for Conservation
and Management”. In: Microbiome 3.1 (Dec. 21, 2015), p. 76. ISSN: 2049-2618. DOI:
10.1186/s40168-015-0143-0. URL: https://doi.org/10.1186/s40168-015-0143-0
(visited on 11/21/2022).

[27] Syed Mohsin Bukhari et al. “Metagenomics analysis of the fecal microbiota in Ring-necked
pheasants (Phasianus colchicus) and Green pheasants (Phasianus versicolor) using next
generation sequencing”. In: Saudi Journal of Biological Sciences 29.3 (2022), pp. 1781–
1788.

[28] Luke Stevenson. “Discovery and Biosynthesis of Natural Products from New Zealand Soil
Metagenome Libraries”. Victoria University of Wellington, 2020. URL: http://researcharchive.
vuw.ac.nz/handle/10063/9004 (visited on 06/01/2021).

[29] Luen-Luen Li et al. “Bioprospecting Metagenomes: Glycosyl Hydrolases for Converting
Biomass”. In: Biotechnology for Biofuels 2.1 (May 18, 2009), p. 10. ISSN: 1754-6834. DOI:
10.1186/1754-6834-2-10. URL: https://doi.org/10.1186/1754-6834-2-10 (visited
on 11/21/2022).

[30] David Dubnau et al. “Gene conservation in Bacillus species. I. Conserved genetic and
nucleic acid base sequence homologies.” In: Proceedings of the National Academy of
Sciences 54.2 (1965), pp. 491–498.

[31] C. R. Woese. “BACTERIAL EVOLUTION”. In: Microbiological Reviews 51.2 (1987), pp. 221–
271. ISSN: 0146-0749.

[32] Thomas P. Niedringhaus et al. “Landscape of Next-Generation Sequencing Technolo-
gies”. In: Analytical Chemistry 83.12 (June 15, 2011), pp. 4327–4341. ISSN: 0003-2700.
DOI: 10.1021/ac2010857. URL: https://doi.org/10.1021/ac2010857 (visited on
04/12/2022).

188

https://doi.org/10.1016/j.cell.2004.07.002
15260992
https://www.cell.com/cell/abstract/S0092-8674(04)00661-0
https://doi.org/10.1016/j.envpol.2022.118940
https://www.sciencedirect.com/science/article/pii/S0269749122001543
https://www.sciencedirect.com/science/article/pii/S0269749122001543
https://doi.org/10.1016/j.ebiom.2019.10.002
https://www.sciencedirect.com/science/article/pii/S2352396419306668
https://doi.org/10.1080/19490976.2018.1494102
30142010
https://doi.org/10.1080/19490976.2018.1494102
https://doi.org/10.1186/s40168-015-0143-0
https://doi.org/10.1186/s40168-015-0143-0
http://researcharchive.vuw.ac.nz/handle/10063/9004
http://researcharchive.vuw.ac.nz/handle/10063/9004
https://doi.org/10.1186/1754-6834-2-10
https://doi.org/10.1186/1754-6834-2-10
https://doi.org/10.1021/ac2010857
https://doi.org/10.1021/ac2010857


[33] Sang Tae Park and Jayoung Kim. “Trends in Next-Generation Sequencing and a New
Era for Whole Genome Sequencing”. In: International Neurourology Journal 20 (Suppl 2
Nov. 22, 2016), S76–83. ISSN: 2093-4777, 2093-6931. DOI: 10.5213/inj.1632742.371.
URL: http://www.einj.org/journal/view.php?doi=10.5213/inj.1632742.371
(visited on 04/12/2022).

[34] J B Patel. “16S rRNA gene sequencing for bacterial pathogen identification in the clinical
laboratory.” eng. In: Mol Diagn 6.4 (2001), pp. 313–321. DOI: 10.1054/modi.2001.29158.

[35] L Barth Reller, Melvin P Weinstein, and Cathy A Petti. “Detection and identification of
microorganisms by gene amplification and sequencing”. In: Clinical infectious diseases
44.8 (2007), pp. 1108–1114.

[36] Motoo Kimura. “A simple method for estimating evolutionary rates of base substitutions
through comparative studies of nucleotide sequences”. In: Journal of molecular evolution
16 (1980), pp. 111–120.

[37] Benjamin Hillmann et al. “Evaluating the information content of shallow shotgun metage-
nomics”. In: Msystems 3.6 (2018), e00069–18.

[38] Nurnabila Syafiqah Muhamad Rizal et al. “Advantages and limitations of 16S rRNA next-
generation sequencing for pathogen identification in the diagnostic microbiology labora-
tory: perspectives from a middle-income country”. In: Diagnostics 10.10 (2020), p. 816.

[39] Telleasha L Greay et al. “Evaluation of 16S next-generation sequencing of hypervariable
region 4 in wastewater samples: An unsuitable approach for bacterial enteric pathogen
identification”. In: Science of the total environment 670 (2019), pp. 1111–1124.

[40] Jean Pierre Rutanga et al. “16S metagenomics for diagnosis of bloodstream infections:
opportunities and pitfalls”. In: Expert review of molecular diagnostics 18.8 (2018), pp. 749–
759.

[41] Lauren V Alteio et al. “A critical perspective on interpreting amplicon sequencing data in
soil ecological research”. In: Soil Biology and Biochemistry 160 (2021), p. 108357.

[42] Rachel Poretsky et al. “Strengths and limitations of 16S rRNA gene amplicon sequencing
in revealing temporal microbial community dynamics”. In: PloS one 9.4 (2014), e93827.

[43] Jill E Clarridge III. “Impact of 16S rRNA gene sequence analysis for identification of bac-
teria on clinical microbiology and infectious diseases”. In: Clinical microbiology reviews
17.4 (2004), pp. 840–862.

[44] Ren-Mao Tian et al. “Rare events of intragenus and intraspecies horizontal transfer of the
16S rRNA gene”. In: Genome biology and Evolution 7.8 (2015), pp. 2310–2320.

[45] Silvia G Acinas et al. “Divergence and redundancy of 16S rRNA sequences in genomes
with multiple rrn operons”. In: Journal of bacteriology 186.9 (2004), pp. 2629–2635.

[46] Hayley B Hassler et al. “Phylogenies of the 16S rRNA gene and its hypervariable regions
lack concordance with core genome phylogenies”. In: Microbiome 10.1 (2022), p. 104.

[47] Susan M Huse et al. “Exploring microbial diversity and taxonomy using SSU rRNA hyper-
variable tag sequencing”. In: PLoS genetics 4.11 (2008), e1000255.

[48] Yong Wang and Pei-Yuan Qian. “Conservative fragments in bacterial 16S rRNA genes
and primer design for 16S ribosomal DNA amplicons in metagenomic studies”. In: PloS
one 4.10 (2009), e7401.

[49] M Guembe et al. “Use of universal 16S rRNA gene PCR as a diagnostic tool for venous ac-
cess port-related bloodstream infections”. In: Journal of clinical microbiology 51.3 (2013),
pp. 799–804.

189

https://doi.org/10.5213/inj.1632742.371
http://www.einj.org/journal/view.php?doi=10.5213/inj.1632742.371
https://doi.org/10.1054/modi.2001.29158


[50] Ramya Srinivasan et al. “Use of 16S rRNA gene for identification of a broad range of
clinically relevant bacterial pathogens”. In: PloS one 10.2 (2015).

[51] CA Petti, CR Polage, and P Schreckenberger. “The role of 16S rRNA gene sequencing
in identification of microorganisms misidentified by conventional methods”. In: Journal of
clinical microbiology 43.12 (2005), pp. 6123–6125.

[52] JL Flanagan et al. “Loss of bacterial diversity during antibiotic treatment of intubated pa-
tients colonized with Pseudomonas aeruginosa”. In: Journal of clinical microbiology 45.6
(2007), pp. 1954–1962.

[53] GC Baker, Jacques J Smith, and Donald A Cowan. “Review and re-analysis of domain-
specific 16S primers”. In: Journal of microbiological methods 55.3 (2003), pp. 541–555.

[54] Erwin G Zoetendal, Elaine E Vaughan, and Willem M De Vos. “A microbial world within
us”. In: Molecular microbiology 59.6 (2006), pp. 1639–1650.

[55] Shinichi Kai et al. “Rapid bacterial identification by direct PCR amplification of 16S rRNA
genes using the MinION™ nanopore sequencer”. In: FEBS open bio 9.3 (2019), pp. 548–
557.

[56] Anne K Dunn and Eric V Stabb. “Culture-independent characterization of the microbiota
of the ant lion Myrmeleon mobilis (Neuroptera: Myrmeleontidae)”. In: Applied and Envi-
ronmental Microbiology 71.12 (2005), pp. 8784–8794.

[57] Fabrice Armougom and Didier Raoult. “Exploring microbial diversity using 16S rRNA high-
throughput methods”. In: J Comput Sci Syst Biol 2.1 (2009), pp. 74–92.

[58] Jethro S. Johnson et al. “Evaluation of 16S rRNA Gene Sequencing for Species and
Strain-Level Microbiome Analysis”. In: Nature Communications 10.1 (2019), pp. 1–11.
ISSN: 2041-1723. DOI: 10.1038/s41467-019-13036-1. URL: https://www.nature.
com/articles/s41467-019-13036-1 (visited on 12/04/2019).

[59] Raf Winand et al. “Targeting the 16s rRNA gene for bacterial identification in complex
mixed samples: Comparative evaluation of second (illumina) and third (oxford nanopore
technologies) generation sequencing technologies”. In: International journal of molecular
sciences 21.1 (2019), p. 298.

[60] Patrick D Schloss and Sarah L Westcott. “Assessing and improving methods used in
operational taxonomic unit-based approaches for 16S rRNA gene sequence analysis”. In:
Applied and environmental microbiology 77.10 (2011), pp. 3219–3226.

[61] Ruth E Ley et al. “Obesity alters gut microbial ecology”. In: Proceedings of the national
academy of sciences 102.31 (2005).

[62] Samuel Dupont et al. “First insights into the microbiome of a carnivorous sponge”. In:
FEMS Microbiology Ecology 86.3 (2013), pp. 520–531.

[63] Kevin Panke-Buisse et al. “Selection on soil microbiomes reveals reproducible impacts on
plant function”. In: The ISME journal 9.4 (2015), pp. 980–989.

[64] Viggó Thór Marteinsson et al. “Microbial communities in the subglacial waters of the Vat-
najökull ice cap, Iceland”. In: The ISME journal 7.2 (2013), pp. 427–437.

[65] Ryan J Newton et al. “A microbial signature approach to identify fecal pollution in the wa-
ters off an urbanized coast of Lake Michigan”. In: Microbial ecology 65 (2013), pp. 1011–
1023.

[66] Nur Syafika Mohd-Yusof et al. “First report on metagenomic analysis of gut microbiome in
Island Flying Fox (Pteropus hypomelanus) revealing latitudinal correlation as opposed to
host phylogeny in island populations of Malaysia”. In: Authorea Preprints (2020).

190

https://doi.org/10.1038/s41467-019-13036-1
https://www.nature.com/articles/s41467-019-13036-1
https://www.nature.com/articles/s41467-019-13036-1


[67] Marion Leclerc, Jean-Philippe Delgènes, and Jean-Jacques Godon. “Diversity of the Ar-
chaeal Community in 44 Anaerobic Digesters as Determined by Single Strand Conforma-
tion Polymorphism Analysis and 16S rDNA Sequencing”. In: Environmental Microbiology
6.8 (2004), pp. 809–819. ISSN: 1462-2920. DOI: 10.1111/j.1462-2920.2004.00616.x.
URL: https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1462-2920.2004.
00616.x (visited on 11/25/2022).

[68] Tairacan Augusto Pereira da Fonseca, Rodrigo Pessôa, and Sabri Saeed Sanabani. “Molec-
ular Analysis of Bacterial Microbiota on Brazilian Currency Note Surfaces”. In: Inter-
national Journal of Environmental Research and Public Health 12.10 (10 Oct. 2015),
pp. 13276–13288. ISSN: 1660-4601. DOI: 10 . 3390 / ijerph121013276. URL: https :
//www.mdpi.com/1660-4601/12/10/13276 (visited on 11/25/2022).

[69] Isabel S Cunha et al. “Bacteria and Archaea community structure in the rumen micro-
biome of goats (Capra hircus) from the semiarid region of Brazil”. In: Anaerobe 17.3
(2011), pp. 118–124.

[70] Alexander J Probst, Anna K Auerbach, and Christine Moissl-Eichinger. “Archaea on hu-
man skin”. In: PloS one 8.6 (2013), e65388.

[71] Alexander K Umbach, Ashley A Stegelmeier, and Josh D Neufeld. “Archaea are rare
and uncommon members of the mammalian skin microbiome”. In: Msystems 6.4 (2021),
e00642–21.

[72] Rolf Henrik Nilsson et al. “The ITS region as a target for characterization of fungal com-
munities using emerging sequencing technologies”. In: FEMS Microbiology Letters 296.1
(2009), pp. 97–101.

[73] Hanna Miettinen et al. “Microbiome composition and geochemical characteristics of deep
subsurface high-pressure environment, Pyhäsalmi mine Finland”. In: Frontiers in Microbi-
ology 6 (2015), p. 1203.

[74] Mallory J Suhr, Nabaraj Banjara, and Heather E Hallen-Adams. “Sequence-based meth-
ods for detecting and evaluating the human gut mycobiome”. In: Letters in applied micro-
biology 62.3 (2016), pp. 209–215.

[75] William R. Rittenour et al. “Internal Transcribed Spacer rRNA Gene Sequencing Analy-
sis of Fungal Diversity in Kansas City Indoor Environments”. In: Environmental Science:
Processes & Impacts 16.1 (Dec. 19, 2013), pp. 33–43. ISSN: 2050-7895. DOI: 10.1039/
C3EM00441D. URL: https://pubs.rsc.org/en/content/articlelanding/2014/em/
c3em00441d (visited on 11/25/2022).

[76] Seth Commichaux et al. “taxaTarget: Fast, sensitive, and precise classification of mi-
croeukaryotes in metagenomic data”. In: Research Square (2022).

[77] Joann L Cloud et al. “Evaluation of partial 16S ribosomal DNA sequencing for identification
of Nocardia species by using the MicroSeq 500 system with an expanded database”. In:
Journal of Clinical Microbiology 42.2 (2004), pp. 578–584.

[78] CA Petti et al. “Interpretive criteria for identification of bacteria and fungi by DNA target
sequencing; approved guideline”. In: Clinical and Laboratory Standards Institute (CLSI)
Documents 28 (2008), pp. 19087–1898.

[79] Huma Siddiqui et al. “Assessing diversity of the female urine microbiota by high throughput
sequencing of 16S rDNA amplicons”. In: BMC microbiology 11 (2011), pp. 1–12.
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