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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.

10



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 � 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

16



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.

21



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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