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Summary

Interactions between the members of a microbial community can be a means of
adaptation in the environment. Among the many interactions that take place in an
ecosystem and have been seen to play a major role on microbial diversity and
population dynamics is that of prokaryotic viruses and their hosts. Viruses can also
mediate the transfer of genetic material between prokaryotes (transduction), which
could be a mechanism for rapid adaptation. In order to determine the potential impact
of viruses and transduction, we need a better understanding of the dynamics of
interactions between viruses and their hosts in the environment. Data on
environmental viruses are scarce, and methods for tracking their interactions with
prokaryotes are needed. Clustered regularly interspaced short palindromic repeats
(CRISPRs), which contain viral sequences in bacterial genomes, might help document
the history of virus-host interactions in the environment. Thus, this thesis aimed to

explore virus-host interactions in a given environment through CRISPRs.

Viruses in the cryosphere have been seen to be abundant, highly active and with broad
host ranges. These characteristics could make viral transduction a key driver of
adaptation in these environments. Public metagenomes created from environments
over a range of temperatures were examined through sequence and CRISPR analysis.
In this fashion, certain virus-host interaction dynamics were found to have a
correlation with temperature. A workflow was then developed to create a network
linking viruses and their hosts using CRISPR sequences obtained from metagenomic
data from Arctic glacial ice and soil. The creation of CRISPR-based infection networks
provided a new perspective on virus-host interactions in glacial ice. Moreover, we
searched for transduction events in metagenomic data by looking for viral sequences
containing microbial DNA. Further analysis of the viral sequences in the CRISPRs

indicated that Ralstonia phages might be agents of transduction in Arctic glacial ice.
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1. Introduction

1.1 Viruses in Microbial Ecology

1.1.1 The Discovery of Prokaryotic Viruses

Prokaryotic viruses were first described in 1915 by William Twort (Twort, 1915),
although they were not identified as such until 1917 when Felix d’Herelle introduced
the term bacteriophage (d’Herelle, 1917). Fleming would not discover antibiotics until
1928 (Fleming, 1929) and thus, in a pre-antibiotics era, d’Herelle saw the potential of
bacteriophages in the treatment of human bacterial diseases (d’Herelle, 1929).
However, members of the scientific community at the time were not convinced by
d’Herelle’s affirmations about the existence of bacterial viruses and rather thought
that his observations were due to bacterial lysozymes (Ninetieth Annual Meeting of
the British Medical Association, 1922). This scientific dispute lead to the in-depth study
of the nature of bacteriophages (d’Hérelle and Smith, 1926) and was only ended with

the direct visualization of phages by electron microscopy (Figure 1) (Ruska, 1940; Luria

and Anderson, 1942).

Figure 1. One of the first electron microscopy images of bacteriophages. E. coli cells in a
suspension of “bacteriophage anti-coli PC”. In Luria and Anderson, 1942.



In the 1970’s, several bacteriophages were reported for microbial species that would
later be classified as Archaea (Torsvik and Dundas, 1974; Wais et al., 1975). Eventually,
archaeal viruses were shown to have exceptional morphologies, few of which are
shared with bacteriophages (Prangishvili, 2013). Many of their genomes are also
unrelated to bacterial viruses, suggesting different evolutionary origins (Prangishvili,

Forterre, et al., 2006; Prangishvili, Garrett, et al., 2006).

The term bacteriophage relates only to bacterial viruses, phage being an accepted
synonym. In the case of Archaea, the term virus is used rather than phage. Phage
derives from the greek phagein “to devour” while virus derives from the latin virus
“toxin” or “venom”. There seems to be a lack of consensus as to the use of phage or
virus (Abedon and Murray, 2013). Thus in the writing of this thesis, the terms phage
and virus are used as synonyms, always referring to archaeal and bacterial viruses in

general.

1.1.2 Viral Abundance and Diversity

Since their discovery, prokaryotic viruses have been shown to outnumber prokaryotes
and are the most abundant biological entities in a range of ecosystems (Fuhrman,
1999; Williamson et al., 2013) and possibly in the entire biosphere. The total number
of viral particles on Earth has been estimated to be in the order of 10, one order of
magnitude higher than that of bacteria (1030) (Whitman et al., 1998; Suttle, 2005;
Wommack et al., 2015). They are not only incredibly abundant but also extremely
diverse. Their genomes can be linear or circular, they can be made out of double
stranded DNA (with or without an RNA stage), single stranded DNA, positive single
stranded RNA (with or without a DNA intermediate), negative single stranded RNA and
double stranded RNA. Their structure is also diverse, with very different morphologies
and capsid structures with or without an envelope and with contractile or non-
contractile tails of different sizes. These features are used to classify them into the

different viral taxons (Lopez-Garcia and Moreira, 2012).

Accordingly, up to a million different viral genotypes were found in 1kg of sediment
(Breitbart et al., 2004) and the first viral metagenomic studies found an immense viral

diversity hardly represented in the databases (Edwards and Rohwer, 2005). If the local
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diversity is so high, it follows that the global diversity would also be large and richness
estimates are in the order of hundreds of thousands of species for the marine
environment alone (Angly et al., 2006). However, marine data supports the idea of a
high local diversity sustained by a global pool of restricted diversity in what has been
named a seed-bank viral community structure (Breitbart and Rohwer, 2005; Brum,
Ignacio-Espinoza, et al., 2015). In this case, viruses might actually be able to change
niches and even biomes (Sano et al., 2004). The pattern of distribution of viruses in the
environment is still a subject of study with every new study describing previously
unknown viral genomes, groups and even genera (Holmfeldt et al., 2013; Labonté and

Suttle, 2013; Mizuno et al., 2013; Bellas et al., 2015; Roux et al., 2015).

1.1.3 Viral Regulation of Microbial Populations and Diversity

In every environment where microorganisms dwell, viruses are bound to exist because
their life cycle keeps them tightly linked to their hosts. Lytic viruses replicate their DNA
within the bacterial cell and after assembly, they lyse and exit the cell (Clokie et al.,
2011). Alternatively, lysogenic viruses integrate their genome within the bacterial
genome or stay as a plasmid and thus become a prophage. Prophages will be
replicated and passed to next generations until the phage enters the lytic cycle
(Weinbauer, 2004). Phages capable of leading lysogenic and lytic cycles are known as
temperate viruses. One other life cycle is chronic infection, where viruses are slowly
synthesized and shed by the cell without obvious cell death (Russel, 1995; Ackermann

and Prangishvili, 2012).

These various life cycles can shape their hosts and the microbial communities in
different ways. Cells with prophages can eventually undergo phenotypic changes due
to lysogenic conversion, a well-known example is the bacterial expression of cholera
toxins encoded by a phage (Waldor and Mekalanos, 1996; Bondy-Denomy and
Davidson, 2014). While viruses in the lytic cycle can regulate population dynamics,
microblooms of a single bacterial species will lead to an increase in the production of
phages specific for this host, which in turn will reduce the number of cells in a process
named “kill the winner” (Thingstad and Lignell, 1997, Wommack et al., 1999). This

process not only limits microbial numbers, but can also help maintain microbial



diversity by killing cell blooms of ecologically fitter individuals, thereby protecting
bacteria with less ecological success (Rodriguez-Valera et al., 2009, 2014). A collateral
effect of this microbial diversity maintenance is the regulation of resource exploitation.
The “kill the winner” process suppresses the growth of single bacterial species feeding
on one resource and instead preserves a diverse community of species feeding on
different resources (Rodriguez-Valera et al., 2009). Thus, prokaryotic phages do not
only impact the microbial community, but the whole ecosystem. Moreover, the lysis
of microbial cells might even have an impact on carbon cycling and hence on global

biogeochemical processes (Suttle, 2005, 2007).

1.1.4 Viral Role on Microbial Evolution

Prokaryotic viruses play yet another role in microbial ecology as drivers of evolution.
The “Red Queen Hypothesis” states that to keep the same status quo you need to
continually evolve (Van Valen, 1974). The name of the hypothesis is based on a quote
from the book “Through the Looking-Glass” (Caroll, 1871), where the Queen says to
Alice: "Now here, you see, it takes all the running you can do, to keep in the same
place". Under these terms, bacteria develop new mechanisms to prevent viral
infection and viruses develop new strategies in an endless co-evolution (Stern and
Sorek, 2011). This co-evolution can shape the microbial community by changing their
reservoir of genetic diversity, their phenotype and their interactions with other
community members (Buckling and Rainey, 2002; Giovannoni et al., 2013; Zhao et al.,

2013; Koskella and Brockhurst, 2014).

The effect of phages on microbial evolution does not only rely on the development of
mechanisms to escape infection, a much more direct path of microbial genetic
alteration exists and is called transduction. Transduction along with transformation
and conjugation are the three best known mechanisms of horizontal gene transfer
(HGT) (Figure 2). Transformation is the integration of exogenous DNA in the genome,
however cells must have the ability to be transformed, and so far, only 82 species have
been shown to be transformable, mostly in laboratory settings (Johnston et al., 2014).
The direct transfer of DNA from one bacteria to another is known as conjugation. This

mechanism also requires the donor cells to have conjugative plasmids or



chromosomally integrated conjugative elements (ICEs) (Llosa et al., 2002; Frost et al.,
2005). Transduction involves the packaging of microbial genetic material into the viral
capsid during the lytic cycle and its transfer into another host (Canchaya et al., 2003).
There are two types of transduction, specialized and generalized transduction (Figure
2). Generalized transduction is when a virus, generally a lytic one, encapsizes random
pieces of microbial DNA instead of its own genome. On the other hand, when a
lysogenic virus integrates into the host’s genome and takes an adjacent piece of
microbial DNA along with its viral genome, it is called specialized transduction
(Weinbauer, 2004). Other mechanisms of HGT exist, such as gene transfer agents
(GTA) and nanotubes (Popa and Dagan, 2011). GTAs are phage-like particles which
carry DNA from the producing cell and are not able to replicate (Lang et al., 2012). As
for nanotubes, DNA can be interchanged through these structures that can link

neighbouring cells (Dubey and Ben-Yehuda, 2011).

The different mechanisms of gene transfer lead to different kinds of exchanges. For
example, conjugation enables the transfer of bigger DNA sequences between cells
(several hundred kb) (Norman et al., 2009) compared to transformation (~10kb) and
transduction (~100kb) (Majewski, 2001). Advantages of transformation and
transduction are that no direct contact between cells is needed (Barkay and Smets,
2005; Frost et al., 2005). While transduction is believed to be the least inhibited by

physical distance, this process is limited by the virus host range (Majewski, 2001).
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Figure 2. Schematic summary of the three major horizontal transfer mechanisms.

Even though transduction has been found to take place in a series of environments
(Jiang and Paul, 1998; Del Casale et al., 2011; Solheim et al., 2013), we do not know its
real implications in bacterial adaptation and evolution. Examples of specific viral
transduction events with potential profit for the bacteria host have been reported. For
example, marine viruses can carry a range of carbon metabolism genes (Lindell et al.,
2004, 2005; Hurwitz et al., 2013). Taking into account that the rate of gene transfer by
transduction in oceans has been calculated to be as high as 10%* genes per year (Jiang
and Paul, 1998; Rohwer and Thurber, 2009), this process could be shaping microbial
metabolism in the oceans. However, there are some factors that could limit the
relevance of transduction as a mechanism for bacterial adaptation. One of these
factors is host survival after viral infection. Available data shows that up to 20% of cells
having acquired genes through transduction are able to survive the infection of the
transduction agent (Kenzaka et al., 2010). Another limitation of genetic exchange

through transduction is related to viral host ranges. Traditionally, phages were
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believed to be highly host specific, which would limit gene exchange to closely related
cells. However, with the increase in environmental virus studies, it has become
apparent that phage specificity in natural environments is largely unknown (Koskella
and Meaden, 2013). Several studies have identified environmental viruses with broad
host ranges, capable of infecting bacteria from different groups or even different
genera (Sullivan et al., 2003; Filée et al., 2005; Kawasaki et al., 2009; Matilla and

Salmond, 2014). However, these could be exceptions rather than the general rule.

Consequently, transduction rates and their impact on microbial adaptation in a given
ecosystem will be determined by the nature of virus-host interactions: which viruses
infect which bacteria, if there are more lytic or lysogenic phages, viral host ranges,
what proportion of viruses can act as transduction agents, etc. Due to the lack of
knowledge on environmental viruses and their interactions with their hosts, assessing
the impact of transduction on microbial evolution and adaptation is, as of today,
unfeasible. The development of new techniques and approaches to try and elucidate

the different variables involved in virus-hosts interactions are required.

1.2 CRISPRs as a tool

1.2.1 What are Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs)?

Given their nature as libraries of invading DNA sequences, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPRs), could be used as tools to recover
information on virus-host interactions in natural environments and in this fashion, help
us assess the impact of transduction on microbial adaptation and evolution. CRISPRs
are heritable and widespread systems (Fineran and Charpentier, 2012), nearly all
Archaea and about half of Bacteria have been found to have them (Jansen et al., 2002;
Terns and Terns, 2011). CRISPRs are made of a series of direct repeats (DR) of
microbial origin interspaced by short sequences called spacers of viral origin (among
others) (Figure 3) (Mojica et al., 2005). The analysis of these sequences could be used
to link viruses with their hosts (Anderson et al., 2011; Garcia-Heredia et al., 2012; Stern

et al., 2012).

11



CRISPR arrays have associated genes named cas and are known as CRISPR/Cas
systems. Both the length of these systems and the quantity contained within a single
genome are highly variable, one prokaryote appears to host up to 18 CRISPR arrays
(Bult et al., 1996). Within the same CRISPR array, direct repeats (DRs) are highly
conserved and they are similar or identical among close species (Jansen et al., 2002).
Size range of DRs is usually between 20-50 bp (Sorek et al., 2013). They also seem to
share a conserved motif at the 3' end which could act as a binding site for Cas proteins
(Godde and Bickerton, 2006; Kunin et al., 2007). Some DRs have palindromic
sequences that could form functional RNA secondary structures (Kunin et al., 2007). As
for spacers, they specifically match viral, plasmidic and other extrachromosomal
sequences (Bolotin et al., 2005; Mojica et al., 2005; Barrangou et al., 2007). Although,
in certain cases, spacers have been reported to match sequences from the host
genomes (Stern et al., 2010). In addition, proto-spacer adjacent motifs (PAM), which
are short sequences in phage genomes, are involved in recognition and spacer uptake
(Deveau et al., 2008). An AT rich leader sequence usually flanks the CRISPR (Jansen et
al., 2002) and it is at this side of the loci where new spacers are inserted (Pourcel et al.,
2005). The cas genes are generally adjacent to the CRISPR array. Up to 45 different cas
genes have been described to date (Haft et al., 2005) yet the function of many of these
proteins is still unknown (Haft et al., 2005; Makarova et al., 2015). Both DRs and cas
genes have been used to create a classification of the different CRISPR/Cas systems

discovered to date (Kunin et al., 2007; Makarova et al., 2012, 2015).

The CRISPR defense mechanism is divided into three stages: CRISPR adaptation, crRNA
biogenesis and crRNA-guided interference (Sorek et al., 2013; van der Oost et al.,
2014) (1, 2 and 3 in Figure 3). The first stage, CRISPR adaptation, is the uptake of a new
spacer sequence. After a viral infection (or entrance into the cell of extrachromosomal
DNA), short sequences from the invading DNA (proto-spacers) are inserted into the
CRISPR, adjacent to the leader sequence (Erdmann and Garrett, 2012). Information on
the Cas machinery involved or other details of the adaptation stage are still mostly
unknown. These short specific sequences (spacers) are used by the host to recognize
the virus (or other) and protect itself against future infections (Barrangou et al., 2007;

Mojica et al., 2009). In order to achieve this, the next stage must take place: crRNA
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biogenesis. During this stage, a transcript of the CRISPR array is synthesized, this
transcript is then matured into crRNA species (Brouns et al., 2008). These crRNA will
form complexes with Cas proteins (crRNA-guided surveillance complexes) (Jackson et
al., 2014). The different CRISPR/Cas types have different assembly mechanisms with
different Cas proteins. The crRNA-guided interference stage is the last stage, it involves
the recognition and silencing of the foreign DNA by the crRNA-guided surveillance

complexes (Garneau et al., 2010).
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Figure 3. Schematic diagram of the CRISPR/Cas mechanism. The numbers in black indicate the
different stages of the CRISPR defense pathway: 1 CRISPR adaptation, 2 crRNA biogenesis and
3 crRNA-guided interference.

Recently, phages have been seen to host CRISPR/Cas systems (Garcia-Heredia et al.,
2012; Seed et al., 2013; Bellas et al., 2015). In one case, the CRISPR was used by the
phage to successfully infect a bacterial host by counteracting a phage inhibitory
chromosomal island (Seed et al., 2013). In another case, a lysogenic phage was found
to have a CRISPR/Cas system with spacers against other phages, it was thus suggested
that the lysogenic phage might provide immunity against other viruses to its host
(Bellas et al., 2015). These are good examples of the Red Queen hypothesis and the

constant co-evolution of prokaryotes and their viruses.

13



1.2.2 The Discovery of CRISPRs

The first description of a CRISPR sequence was published in 1987 when several
interspaced repeat sequences were found in the genome of E. coli (Ishino et al., 1987).
Similar sequences were found in the genomes of other prokaryotes in the following
years (Hermans et al., 1991; Mojica et al., 1995; Bult et al., 1996). In 2000, they were
seen to be present in a large group of prokaryotes through computational analysis,
were deemed to play an essential role and were given the name of Short Regularly
Spaced Repeats (SRSRs) (Mojica et al., 2000). In 2002 Mojica et al. and Jansen et al.
named these sequences Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs) (Jansen et al., 2002). In this same publication, cas genes were described and
often found to be adjacent to the CRISPR array. But the role of CRISPR/Cas systems
was not discovered until the finding of spacer sequences matching phage and plasmid
DNA by three different research groups in the same year, it was then proposed that
they could mediate against extrachromosomal DNA invasions (Bolotin et al., 2005;
Mojica et al., 2005; Pourcel et al., 2005). Scientific evidence of their role was provided
by a study showing that spacers acquired after a phage infection conferred immunity

to the bacteria against that phage (Barrangou et al., 2007).

1.2.3 CRISPR/Cas9 Genome-Editing

The very recent discoveries and applications surrounding Cas9 proteins are worth
mentioning. CRISPR/Cas9 genome-editing enables targeted and efficient gene
restoration strategies (Dow et al., 2015) as well as elucidation of gene function at a
genome-wide scale (Shalem et al., 2014). It is a promising technology that will likely

lead to many interesting discoveries and hopefully to effective genetic therapy.

Type Il bacterial CRISPR/Cas systems rely on the Cas9 protein for all three stages;
adaptation, biogenesis and interference (Charpentier et al., 2015). In the adaptation
stage, the protein selects the spacers by recognizing the PAM sequence (Heler et al.,
2015). Cas9 is involved in the biogenesis by stabilizing the crRNA-tracrRNA complex
during the maturation process (Deltcheva et al., 2011). tracrRNA or trans-activating
crRNA is only present in type Il CRISPR/Cas systemes, it is complementary to the crRNA

and it is involved in its maturation (Chylinski et al., 2013). The crRNA-tracrRNA complex
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is also called the RNA duplex and forms a complex with the Cas9 protein. This complex
will recognize and introduce double-stranded breaks in the target DNA (Jinek et al.,

2012).

The CRISPR/Cas9 genome-editing tools that are being developed rely on the Cas9
endonuclease activity which produces breaks in targeted DNA and triggers the
subsequent cellular repair process (Zhang et al., 2014). The cellular repair process
might be either non-homologous end joining (NHEJ), which is prone to error, but quick,
or the homologous recombination (HR), which is error-free (Ma et al., 2014). NHEJ will
introduce small deletions or insertions at known sites, these can inactivate a targeted
gene. The use of CRISPR/Cas9 followed by NHEJ mechanism has been deployed for
gene editing with apparent success (Wang et al., 2013; Qusterout et al., 2015). In the
presence of a homologous template DNA, the HR repair process takes place. Although
the requirement of donor DNA makes the process more complicated from the
genome-editing point of view, it allows for precise modifications (Ma et al., 2014).
Nevertheless, promising studies have managed to integrate foreign DNA in targeted
sites through CRISPR/Cas9 followed by homologous recombination repair processes

(Mali et al., 2013).

So far, the CRISPR/Cas 9 tools have been used to disrupt the latently integrated
provirus genome of HIV in infected human in vitro cells, blocking its expression (Ebina
et al., 2013). It could even provide a defense strategy against new viral infections of
HIV or other viruses (Liao et al.,, 2015). A recent publication claimed to be able to
correct dystrophin mutations that cause Duchenne muscular dystrophy in vitro
through this technique with promising results in mice (Ousterout et al., 2015). Another
set of studies use the system to induce and model the emergence of human
carcinogenic tumors (Torres et al., 2014; Matano et al., 2015; Zuckermann et al., 2015).
All of these studies, and many others not mentioned here, highlight the relevance of
CRISPR/Cas9 tools and the possible impact they could have in prevention and

treatment of human diseases.
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1.2.4 Use of CRISPRs in Linking Viruses with their Hosts

Given that they stock sequences from past infections (spacers), CRISPRs have been
suggested as a potential tool to identify virus-hosts interactions in complex
environmental communities (Anderson et al.,, 2011; Stern et al., 2012). The use of
CRISPRs has proved to be useful in the recovery of information on viral populations
and dynamics (Snyder et al., 2010; Brodt et al., 2011). In addition, the spacers have
been proposed to insert in the leader end of the CRISPR could also allow for
chronological inferences of the infections (Terns and Terns, 2011). CRISPR could
therefore become a tool for the exploration of microbial communities in natural
environments. They provide a new way of outsourcing information from sequencing

data other than by sequence similarity.

Several software programs have been developed to browse for CRISPRs in genomic
and metagenomic data (Bland et al., 2007; Edgar, 2007; Grissa et al., 2007a; Rho et al.,
2012; Skennerton et al.,, 2013). This software helped recover CRISPRs from high
throughput sequencing data from environmental samples. Direct repeats within
CRISPRs are specific for taxonomic groups, often at the strain or species level (Mojica
et al., 1995; Jansen et al., 2002; Kunin et al., 2007). Thus, we suggest that they could
help identify which bacteria have which CRISPRs. At the same time, the spacers could
identify the viruses that have infected the cell using sequence comparison programs.
This kind of analysis could lead to the construction of infection networks (Weitz et al.,
2013). CRISPR-based infection networks could provide information on host ranges in a
given environment by identifying which virus infects which bacteria and also. Even if
we cannot determine which viral species has which spacer or which bacteria has which
DR, they could still provide an ecological picture of the microbial community and their
related phages without being limited by the depth of databases. This would be done by
exploring how many different viral derived spacers are linked to a specific DR via
CRISPRs. Determining whether the number of spacers is highly variable or conserved,
or comparing CRISPR-based infection networks from different environments might

provide further information on the nature of viral-microbial communities.

In order to test the feasibility of creating infection networks with CRISPRs, we needed
to choose a model ecosystem. Given that the interest behind the creation of this
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network was to gather data on viral-host interactions to help assess the role of
transduction in microbial adaptation, we decided to search for an environment where

transduction could have an important role.
1.3 Microbial Communities in Cold Environments

1.3.1 The Relevance of Cold Environments in Viral Studies

Cold environments have been described as possible hot spots for microbial evolution
driven by viruses (Anesio and Bellas, 2011) and could provide good model ecosystems
for our study. Reasons behind this proposition include abundant concentrations of
viruses in several polar ecosystems as measured through epifluorescence microscopy
(Figure 4) (Sawstrom, Anesio, et al.,, 2007; Foreman et al., 2011, 2013; Bellas et al.,
2013), although viral concentrations are highly variable and seem to be niche-
dependent. The highest concentrations reported are in cryoconite sediments from
arctic glaciers (Bellas et al., 2013), reaching values in the order of 10° viruses per gram,
which are comparable to viral abundances found in temperate soils (Srinivasiah et al.,
2008). Cryoconite holes, antarctic lakes and sea-ice have also been found to host high
viral diversity (Lopez-Bueno et al., 2009; Bellas and Anesio, 2013; Sencilo et al., 2014),
with similar numbers of viral groups or viral capsid genes as those measured in marine
systems. The lowest abundances observed to date in cold environments are from a
supraglacial stream in Cotton Glacier, Antarctica (Foreman et al., 2013), with values in
the order of 10 viruses per ml, which is two orders of magnitude less than average
marine systems, but comparable to values from hot springs (Srinivasiah et al., 2008).
Maybe the most notable inference from these datasets is that cold environments are
comparable to other earth ecosystems with niches that can be as prolific and diverse

as the most fertile natural environments.
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Figure 4. Cell abundances and viral abundances in polar environments (maximum and
minimum values). Values are in cells/ml or virus like particles/ml for water systems and cells/g
or virus like particles/g in sediments. Numbers indicate location: (1) is for arctic studies and (2)
for antarctic studies. (Maranger et al., 1994; Gowing et al., 2004; Sawstrom, Granéli, et al.,
2007; Foreman et al., 2011, 2013; Paterson and Laybourn-Parry, 2012; Bellas et al., 2013).

Another very relevant variable to take into account is host range. Studies on cryoconite
holes and sea-ice have reported viruses with broad host ranges (Anesio et al., 2007;
Colangelo-Lillis and Deming, 2013) that would enable them to infect different bacterial
species within the same environment and possibly bacteria from different
environments (Sano et al.,, 2004; Anesio et al., 2007; Bellas and Anesio, 2013).
However, as discussed above, viral specificity in natural environments is as yet
undetermined and extrapolation of specific studies to all ecosystems could be
misleading. High infectivity is yet another argument for cold environments as hot spots
of viral activity. Frequency of visibly infected cells were reported to be high in arctic
cryoconite holes, antarctic lakes and sea-ice (Sdwstréom, Granéli, et al., 2007; Paterson
and Laybourn-Parry, 2012; Bellas et al., 2013), although with small burst sizes (i.e. low
numbers of released viruses). Several of these values suggest that half of the bacterial
population is visibly infected by viruses at any given moment. High infection rates and
low numbers of released viruses could be a psychrophilic life style of viruses, although
data is lacking to conclude on the nature of cold-active viruses (Wells, 2008).
Nevertheless, infection rates could be especially relevant when assessing the effect of

viruses in microbial adaptation in cold environments. This increased infection rate
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could be explained by higher contact rates between viruses and bacteria in icy
ecosystems. In this kind of environment, as water freezes channels or veins of liquid
water are created, particles are excluded into these veins which can be niches for
microorganisms (Price, 2000). Models of particle exclusion in glacial ice veins predict
that the concentration of cells could be a thousand times higher in the veins than in
the bulk melt water (Mader et al.,, 2006). With cells and viruses concentrated into
smaller niches, contact rates between them might be higher than those estimated for
bulk ice (Wells and Deming, 2006). Concentrations of extracellular DNA and viruses

were calculated to be high in sea-ice brines (Collins and Deming, 2011).

The relevance of microbial processes in cold environments is emphasized by the extent
of the Earth they cover. The term cryosphere, first introduced by Dobrowolski in 1923
(Barry et al., 2011), is derived from the greek cryos, which means "cold" or "ice" and
refers to areas where water is in a frozen state (Miteva, 2008). Snow, glacial ice and
sea ice, main components of the cryosphere, cover up to 1.06 x 108 km? of the Earth’s
surface. Snow can cover up to 12% of the Earth’s surface in the winter, which is about
61 million km? (Marshall, 2011). Approximately 10% of the planet’s land, about 15
million km?, is covered by glacial ice in the form of ice caps, ice sheets or glaciers,
storing 75% of the world’s fresh water (GLIMS, and National Snow and Ice Data Center,
2012). Given their massive coverage at a global scale, ecosystems within the
cryosphere could have a major and underestimated role in global biogeochemical

cycling.

Overall, it seems that niches within cold environments host abundant and diverse viral
populations that could have important roles in the development, management and
evolution of the microbial communities. These kinds of environments could provide
useful model systems for our study since transduction might have an important impact

on the microbial communities inhabiting them with implications at a global scale.

1.3.2 Habitats within Glacial Ice

Interactions between members of a community are not only driven by its members but
also by the structure of the ecosystem and its physico-chemical parameters.

Understanding the ecology of glacial ice habitats before trying to establish infection
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networks is therefore important. Low temperature, high UV light, low microbial
productivity and other variables have been correlated to the increase of lysogenic
versus lytic viruses (Payet and Suttle, 2013; Mojica and Brussaard, 2014). This is a good
example of how physico-chemical parameters can shape virus-host interactions. This
section will provide an overview of the physico chemical characteristics that define

niches in glaciers.

Ice is found in the coldest places on the planet and falls within group E of the Képpen
climate classification or in polar and alpine climates, which are characterized by
monthly mean temperatures below 10°C (Peel et al.,, 2007). Mean temperatures
observed in glacial ice environments can be highly variable at different depths, sites or
seasons. They can reach values as low as — 30°C in the Arctic (Laybourn-Parry et al.,
2012) and -50°C in the Antarctic (Price et al., 2002) and can be as warm as 0°C during
the melt period in summer. Low temperatures can be deleterious for cells due to
increases in membrane rigidity that will limit substrate exchange, reduce enzyme
activity and damage cells with cytoplasmic water crystal formation. Even though in
laboratory experiments with permafrost the coldest temperature where bacterial
growth has been observed is -20°C (Tuorto et al.,, 2014) and activity was detected at
temperatures as low as -40°C (Panikov et al., 2006), cell growth could be slow or even
arrested in glacial ice (Price and Sowers, 2004). This would imply that adaptation in
glacial ice needs to rely on mechanisms not involving DNA replication such as HGT,
which could therefore play a major role in these ecosystems as a mechanism of
evolution (Jain et al., 2003). Thermal budgets in glaciers originate from air temperature
and solar radiation (Hodson et al., 2008) and can vary between different glaciers. The
thermal structure of a glacier regulates the availability and distribution of liquid water,
defining the different habitats that can be found in the glacier. Since viruses do not
have the capability of moving and can only diffuse, the content of water and its
movement within a glacier can play an essential role in virus contact rates and in virus-

host interactions.

Glaciers can sustain different ecological systems on their surface (supraglacial), within
the ice (englacial) and underneath it (subglacial). All of the niches within these systems

are exposed to different stresses that can shape the microbial communities that

20



inhabit them and their interactions. Supraglacial lakes, ponds and streams are created
by the melting of snow and ice on the surface of glaciers. They tend to be ephemeral
systems due to vertical draining through crevasses, moulins and other channels which
deliver the water to englacial and basal areas of the glacier (McMillan et al., 2007; Chu,
2013; Leeson et al., 2015; Smith et al., 2015). The most studied supraglacial systems
are probably cryoconite holes (Figure 6). From the greek kruos (ice) and konis (dust),
cryoconites are small aggregate granules of mineral particles, organic matter and
microorganisms (MacDonell and Fitzsimons, 2008). These granules decrease the
glacier’s surface albedo leading to the melting of snow and ice and the creation of
cryoconite holes which are filled with liquid water and a bottom layer of sediment.
These holes serve as nutrient-enriched areas providing semistagnant aquatic habitats
in glaciers which have been considered to be eutrophic (Takeuchi, 2001; Margesin et
al., 2002). As has been mentioned before, diversity and abundance of viruses in these
systems is high and their role in bacterial adaptation might be specially relevant and
even unusual (Bellas et al., 2013, 2015). Bare ice can also provide a niche for some
organisms as ice-mats can develop on surface of glaciers and its intense pigmentation

gives the ice a red or brown colour (Vincent et al., 2004; Hodson et al., 2008).

Glacial ice is formed by layers of snow that accumulate over winter with each snowfall.
As snow is transformed and frozen into ice crystals, impurities are excluded from the
ice creating hyper-saline and hyper-acidic vein networks (Figure 6) (Barletta et al.,
2012; Dani et al., 2012). High salinity could induce slower adsorption of the phages to
the host and lower decay rates of the viral particles (Mojica and Brussaard, 2014), thus
influencing viral-host relationships in these systems. Concentrations of nitrate and
sulfate in ice veins from Greenland and Antarctica were 10° to 10> times more
concentrated than in bulk ice (Barletta et al., 2012). These levels of nutrients are
similar to what can be found in rich growth media (Mader et al., 2006) and are likely
sufficient to support microbial activity in deep glacial ice (Price, 2000; Rohde and Price,
2007). Microorganisms within glacial veins are confronted with desiccation and
relatively high osmotic pressure that could result in cytoplasmic water loss and
intracellular ionic imbalance. Potential microbial adaptation to low water availability

has also been detected. For example, genes encoding the synthesis of some
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osmoprotectants, such as glycine, betaine, choline, sarcosine, and glutamate, have
been detected in alpine glacier ice core metagenomes (Simon et al., 2009). Using
selective hyperosmotic (sugar or salt) media, up to 9.10° CFU of xerophilic fungi
identified as black yeast, yeast or a large variety of Penicillium were isolated from an

Arctic glacial ice core (Gunde-Cimerman et al., 2003).

Within glacial ice, ice veins might not be the only habitat able to support microbial life.
Microbes might be also present on the surface of trapped minerals (Figure 6) (Price,
2007). Laboratory ice formation simulations suggested that while larger particles (5um
and 10 um) get trapped in the bulk ice, microbial cells and smaller particles are
excluded from the ice and into the veins (Mader et al.,, 2006). However, Rohde and
Price proposed that microorganisms could also survive trapped directly in ice crystals
by a coat (1 nm) of water that would be sufficient for nutrient exchange (Rohde and
Price, 2007). Microorganisms may extract energy from redox reactions with putative

methane production based on observations from ice cores (Tung et al., 2005).

An intrinsic property of glaciers is movement due to the pressure of their weight. The
thickness of the ice, the pressure issued by it, the friction created by the movement of
the ice mass and geothermal heat can melt the ice creating a layer of liquid water
between the ice and the bedrock (Dowdeswell and Siegert, 2003; Llubes et al., 2006;
Kyrke-Smith et al., 2014). Additionally, in some glaciers, superficial water can be
delivered through crevasses and moulins to the bed of the glacier (Pimentel and
Flowers, 2011; Willis et al., 2015). Along with water, organic carbon and minerals
sustain the development of subglacial microbial communities in what seems a largely
anoxic environment (Skidmore et al., 2005; Stibal et al., 2012; Boyd et al., 2014). The
melted water under glaciers can also flow and accumulate at topographic depressions
of the basin giving rise to subglacial lakes (Siegert, 2005). Up to 379 subglacial lakes
have been identified in Antarctica (Wright and Siegert, 2012) and, to a lesser extent,
some subglacial lakes have also been identified in the Arctic (Palmer et al., 2013;
Mansutti et al., 2015). These lakes have two types of ice forming their cover, the top
layer is glacial ice originated through the deposition of snow whilst the lower layer is
accretion ice (refrozen lake water) (Souchez et al., 2000). In Lake Vostok, both types of

ice have been seen to contain microorganisms (Christner et al., 2006). Non-subglacial
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lakes can also develop ice covers that are seasonal or perennial depending on the
climate, lake morphology and elevation (Williams et al., 2004). These ice covers can

also harbor microorganisms (Mosier et al., 2007; Bramucci et al., 2013).
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Figure 6. A glacial ecosystem (A) with some of its niches (B). Niche 1 represents a particle
immured in glacial ice, 2 an ice vein and 3 a cryoconte hole. (PAR: Photosynthetically active
radiation).

All of these different niches within a glacier have different physico-chemical
characteristics as can be seen in Figure 6 and could possibly host different microbial
populations and virus-host interactions. They are all subject to low temperatures
(albeit with some differences), while some of them have particular stresses, such as
high salinity in ice veins or exposition to solar radiation in supraglacial habitats.
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Another stress that might be present in these ecosystems and to which microbial cells
would have to adapt is deposition of pollutants from the atmosphere. Snow efficiently
scavenges organic contaminants from the atmosphere, depositing them on the surface
of glaciers (Wania, 1997). The conversion of snow into ice could further transport
these contaminants to englacial niches. An example of one of these contaminants is
mercury, which has been measured in the arctic snowpack (Dommergue et al., 2010)
and was seen to influence the snow microbial community structure (Larose, Prestat, et
al., 2013). In accordance, some studies have reported possible microbial adaptation to
these environmental stresses through HGT, such as mercury resistance plasmids in
arctic snow (Mgller et al., 2014) and plasmids encoding ultraviolet radiation tolerance
genes in antarctic glacier ice (Dziewit et al., 2013). In addition, seasonal changes could
also induce changes in virus-host interactions. Indeed, temperate viruses have been
shown to be more abundant in polar environments compared to other regions,
carrying lytic cycles in summer and lysogenic cycles in spring (Brum, Hurwitz, et al.,

2015).

If seasonal variations impose changes in virus-host interactions in polar environments,
we could imagine that climate change would lead to an alteration of this seasonal
variation in viral cycles. Furthermore, niches within the glacier might suffer
transformations such as ice melt which could impact microbial communities (Vincent,
2010), (i.e. higher water content in glacial ecosystems could impact microbial
interactions with viruses). Glaciers grow or shrink depending on the climate, and
glacier retreat has been an issue of concern for decades now. However, the different
measures delivered by different techniques have created controversy on what to
expect for the future (Kerr, 2013). Only 120 glaciers and ice caps have had their annual
mass balance directly measured, i.e. 0.075% of the world’s total, and only 37 of these
have been monitored for more than 30 years (Bamber, 2012). Recent analysis of the
data produced by GRACE (Gravity Recovery and Climate Experiment) satellites since
2002 and its comparison to previous measurements, point to a slow mass loss in
Antarctica and a moderate loss in Greenland (Jacob et al., 2012; Hanna et al., 2013).
Further research on GRACE’s data is underway and might provide a more complete

picture of the effects of climate change on ice masses.
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1.3.3 Microbial Diversity and Abundances in Glacial Ice

The composition of microbial communities within glacial ice, their diversity and
abundance of cells are essential factors to take into account when determining the
nature of interactions with viruses. Over the past twenty years, microorganisms
inhabiting the cryosphere have been increasingly studied for the potential discovery of
enzymes with biotechnological interest and for fundamental research on the ecology
of “extreme” environments (Miteva, 2008; Deming, 2009; Margesin and Miteva, 2011;
Larose, Dommergue, et al., 2013; Arrigo, 2014). Among these cold environments,
glacial systems have been seen to host unexpectedly high microbial abundances and
diversity. The ecosystems within glacial ice with the greatest abundance of microbial
cells registered are cryoconite hole sediments (10° cells/g (Bellas et al., 2013)) and
debris-rich glacier ice (10 cells per ml of melted bulk ice (Miteva et al., 2004, 2009; Ball
et al., 2014)) (Figure 7). These cell concentrations are equivalent to those of marine
sediments or different soils (Whitman et al., 1998). Again, while microbial abundance
is expressed by total volume of melted samples and averaged over the sample size,
cells are probably concentrated into the liquid phase of the ice (Mader et al., 2006).
Additionally, due to the potential small cell sizes of cryosphere microorganisms,
studies have suggested that the microbial abundance of frozen water ecosystems like
snow and ice might be underestimated, given that the methods used for cell count
measurements generally involve filtration and the entire community may not be
retained by the filters (Karl et al., 1999; Miteva and Brenchley, 2005). Altogether, this
would mean that contact rates between viruses and host in ice systems might be even

higher than previously estimated (Wells and Deming, 2006).
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Figure 7. Cell abundances in glacial environments (maximum and minimum values). Values are
in cells/ml water systems and cells/g in sediments. Numbers indicate location: (0) is for alpine
studies, (1) is for arctic studies and (2) for antarctic studies. (Karl et al., 1999; Miteva et al.,,
2004, 2014; Mader et al., 2006; Sawstrom, Granéli, et al., 2007; Zhang et al., 2008; Bellas et al.,
2013; Doyle et al., 2013; Foreman et al., 2013; Ball et al., 2014; Cappa et al., 2014).

Bacteria seem to be ubiquitous in ice, as they have been observed systematically in all
ice environments studied to date. The bacteria identified through sequencing or
culturing in these studies belong to numerous taxa, although mostly from
Proteobacteria (Alpha-, Beta- and Gamma-), the Cytophaga-Flexibacter-Bacteriodes
group, Actinobacteria, and Firmicutes (Miteva et al., 2004, 2009, 2014; Zhang et al.,
2008; Simon et al., 2009; Doyle et al., 2013; Edwards et al., 2013; Foreman et al., 2013;
Y.-X. Zeng et al., 2013; Ball et al., 2014). Unlike Bacteria, Archaea are only rarely
observed. Sequences associated with the Archaeal domain were detected with a
relative abundance below 1% in cryoconite sediments and arctic and alpine glacial ice
(Miteva et al., 2009; Simon et al., 2009; Edwards et al., 2013). Ice also provides
habitats for a range of eukaryotic microorganisms such as fungi, microalgae or
heterotrophic protists (Ma et al.,, 2000; Jungblut et al., 2012). Algae can be found
within cryoconite holes or on the surface of glaciers (Uetake et al., 2010), creating

what has been named “grey ice” (Lutz et al., 2014).

Interactions, not only with viruses, but among prokaryotes can shape and partly define
an ecosystem (Konopka, 2009). In the cryosphere, these relationships could be an

important asset in the colonization of the different habitats. For instance, production
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and excretion of certain proteins by bacteria can help in the development of microbial
communities. An example of this phenomenon in ice is the production of extracellular
polymeric substances (EPS) or ice binding proteins (Raymond et al., 2008; Varin et al.,
2012; Singh et al., 2013). In glacier and lake ice, the production of ice binding proteins
by bacteria can modify ice vein structure by inhibiting recrystallization, which seems to
reduce diffusion in veins (Achberger et al., 2011; Brown et al., 2014), which could in
turn decrease viral movement and thus infection rates. Cryoconite aggregates on the
surface of glaciers, which can eventually lead to the formation of cryoconite holes, are
an example of algal interactions with other organisms in the cryosphere (Edwards et
al., 2013). Filamentous cyanobacteria along with algal and bacterial EPS production
determine the size and stability of these aggregates (Langford et al., 2014). Mineral
particles trapped inside as well as photosynthetic primary production are used as
nutrient sources to sustain heterotrophic bacteria (Takeuchi, 2001) along with fungi

and archaea (Edwards et al., 2013; Zarsky et al., 2013).

A large diversity of non-microbial organisms has also been observed in ice. Meiofauna
identified in cryoconite holes includes nematodes, rotifers and tardigrades among
others (De Smet and Van Rompu, 1994; Zawierucha et al.,, 2014). Even macrofauna,
such as species of the genus Mesenchytraeus, a genus of annelids (ice worms) has
recurrently been found inhabiting glacial ice and actually live their entire lifespans in
this system (Hartzell et al., 2005). A recent study noted that ice worms from the
species Mesenchytraeus solifugus have bacteria associated with their gut walls in what
seems to be a symbiotic relationship (Murakami et al., 2015). Thus, the macrofauna
provide yet another niche for microorganisms in ice. Additionally, these annelids could
graze on microbial algae (Goodman, 1971) and maybe also bacteria, and thus, control

their populations.

Moreover, the possibility that this icy microbial life style could have a remote or
ancient origin cannot be discarded. Although the origin of life and the emergence of
microorganisms on Earth remain unknown, some proposals for a cold origin of life
have been made (Price, 2007, 2009). This hypothesis is supported by various studies
including assays on prebiotics polymerisation in icy matrix (Miyakawa et al., 2002;

Trinks et al., 2005; Menor-Salvan and Marin-Yaseli, 2012; Lehman, 2013) and bacterial
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phylogeny (Galtier et al., 1999). This adds significance to the quest of understanding
the adaptation and evolution mechanisms of microbial communities in cold

environments.

Superficial arctic glacial ice, an environment with high viral abundance and diversity
concentrated into the veins of liquid water, was selected as the model ecosystem for
this study based on the evidence provided above. In this niche, viruses could be a
major motor of microbial adaptation and their interactions with their hosts could
potentially be traced through CRISPRs. It is an environment which covers a significant
portion of the Earth’s surface and is subject to changes imposed by climate change,
and yet its microbial communities are fairly unknown. The application of a CRISPR-
based analysis to this system would serve as a “proof of concept”. It might help us
understand general traits of virus-host interactions and transduction and could also

address more specific questions on the nature of viruses in cold environments.
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2. Objectives

Viruses might be drivers of microbial adaptation to environmental conditions by
enabling the acquisition of whole segments of genomic information that can
recombine or integrate into the host genome. Based on current literature, this role
could be especially prominent in cold environments. Thus, the first objective of this
thesis was to analyze whether there was any evidence suggesting that environments
with different temperatures hosted different types of viral communities. In addition,
we aimed to reconstruct virus-host interactions in a model environment. By
constructing infection networks through the use of CRISPRs, we gathered information
on host ranges and community ecology. This knowledge might help us understand the
potential relevance of transduction mechanisms in glacial ice. In addition, we aimed to
identify transduction agents in the model ecosystem and the genes they were

potentially transferring among organisms.
Hence this thesis had the following specific objectives:

1) Analyze viral diversity and CRISPR composition in environments over a wide
range of temperatures.

2) Use CRISPRs as a tool to create infection networks and learn about specific
virus-host interactions in the selected model environment.

3) Find evidence of the presence of transduction agents in the model ecosystem

and their possible role in microbial adaptation.
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3. Material and Methods

3.1 Model Ecosystem (Kongsvegen Glacier) and Sampling

We chose glacial ice as our model ecosystem for this study based on the literature
discussed in the introduction. Kongsvegen glacier (79N, 13E) is located on the
Spitsbergen Island in the Svalbard archipelago (Figure 5). Its mass balance has been
recorded since 1987 (Hagen, 1988) and has been extensively studied, both from the
geological and biological perspective (Obleitner and Lehning, 2004; Amato et al., 2007;

Dommergue et al., 2010; Jacques et al., 2015).

Kongsvegen glacier is 27 km long and 189 km?, and has periods of rapid movement and
long periods of inactivity in what is known as a surge-type glacier (Woodward et al.,
2002). It is a polythermal glacier, which means that it has both temperate and cold ice
all year round. Temperate ice is at the pressure melting point (temperature at which
the ice melts at a given pressure) and has coexisting ice and liquid water while cold ice
is below the pressure melting point and has very little liquid water content (Irvine-Fynn
et al., 2011). In Kongsvegen, the cold ice is at the ablation zone while the temperate
ice is in the accumulation and basal area (Figure 5) (Bjornsson et al.). Samples used in
this study were taken from the accumulation area where the content of water in the

ice was higher.

Ice samples were recovered from Kongsvegen glacier in Svalbard (N78°45'19.8",
E13°20'11"), Norway, in the spring of 2007. A 15 meter ice core was extracted from the
accumulation area of the glacier, at an altitude of 670m over sea level, using a manual
drill (PICO corer) without any drilling fluids. The ice was stored in clean, sterile bags
and frozen (-202C) until further use. The core was composed of ice and firn layers, only
ice layers were used in this study. On the other hand, soil was collected at the outskirts
of Ny-Alesund (N78°45'20.16", E13°20'11.4") and was also stored frozen (-202C). The
soil was covered by snow and had a lichen crust over it. Samples were recovered from

the first 5-10cm and were found to be very rich in clay and organic matter.
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Figure 5. Location of the Kongsvegen glacier and a diagram of its thermal budget. a. A map of
the Svalbard archipelago. The black arrow points at the location of the Kongsvegen glacier. b. A
diagram of the thermal budget of the Kongsvegen glacier, showing the different ice types and
their locations within the glacier.

3.2 DNA Extractions

Nine liters of ice were melted at room temperature and filtered simultaneously
through 10um 47mm (Millipore) filters and through 0.2um 47mm (Millipore) to
recover the bacterial fraction. Filtrate was then filtered through 0.02um 25mm
(Anodisc, Anopore Inorganic Membranes, Whatman) to recover viral fraction. The
0.02um filters were left overnight in PBS (without Ca or Mg, autoclaved and filtered
through 0.02um) then put in the shaker for 2 hours before discarding the filter and
proceeding with the extraction protocol. To assess the presence of viral particles
and/or microbial cells, aliquots of the samples were filtered through 0.02um filters,
stained with SYBR Gold (Life Technologies) and examined through epifluorescence

microscopy as described by Thurber et al., 2009.

Nine hundred grams of soil were used for DNA extraction, following a modified

protocol from Thurber et al., 2009. Briefly, 20 ml of PBS (without Ca or Mg in order to
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decrease the adherence of cells to soil particles, autoclaved and filtered through
0.02um filters) were added to every 50g of soil and then blended with a Waring
blender. The mixture was then centrifuged for 10 minutes at 2500g and the
supernatant was retrieved with sterile syringes. The supernatant was filtered through
0.45um 47mm filters (Millipore) and then through 0.2um 47mm filters. Examination of
the viral concentrate through epifluorescence microscopy was done as described
above. Microbial DNA was recovered from the filters while viral DNA was recovered

from the filtrate.

Microbial extraction of soil was done along with microbial extraction of ice as
described by Larose et al., 2010. The extraction yielded 28 ng/ul of soil microbial DNA
and in the order of 2ng/ul for ice microbial DNA, samples were stored at -202C until

further use.

Viral DNA was extracted following the protocol from Thurber et al., 2009, yielding
0.502ng/ul of DNA from ice and 3.83ng/ul of DNA from soil, based on Qubit DNA HS
fluorometric quantitation (Life Technologies). Multiple displacement amplification was
performed for viral and microbial DNA (illustra GenomiPhi HY DNA Amplification Kit,
GE Healthcare Life Sciences, NJ, USA) following manufacturer instructions in order to
have enough DNA for sequencing. DNA was then cleaned with GeneClean Turbo Kit

(MP Biomedicals, France).

3.3 Sequencing

DNA from viral and microbial extractions from ice and soil was sent for metagenomic
sequencing using GS FLX System (Roche-454 Life Science, Beckman Coulter Inc., MA,
USA).

16S rRNA gene sequencing from ice and soil microbial DNA extracts was done through
454 Pyrotag sequencing for regions V4 to V6. Barcoded amplicons were prepared using
MID-primers, each 50ul PCR reaction contained: 37ul water, 5ul Titanium Tag PCR
Buffer, 1ul of each MID-primer pair, 1ul of dNTP Mix, 1ul Titanium Tag DNA
Polymerase (Clontech) and 4ul (10ng) of template DNA. The PCR cycling conditions

were:1 min at 952C for denaturation followed by 30 cycles of 30 seconds denaturation
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at 952C, 3 min annealing and elongation at 682C and one cycle of 3 min at 682C. The
amplified DNA was size selected by excising the appropriate gel bands and purified
using lllustra GFX PCR DNA and gel band purification kit. The DNA was quantified using
Qubit DNA HS assay (Life Technologies). Amplicons were pooled in equimolar
concentrations. The amplicon libraries were sequenced by Beckman Coulter Inc. (MA,

USA) using 454 platforms.

3.4 Bioinformatics

3.4.1 Recovery of Public Metagenomic Data

In order to test a relationship between viral diversity, host range and temperature 30
metagenomes were downloaded from different web based archives as presented in

Table 1.

Table 1. Metagenomes downloaded from public archives with their identification numbers.
Archives used: MG-RAST (http://metagenomics.anl.gov/), European Bioinformatics Institute
(EBI) (https://www.ebi.ac.uk/metagenomics) and National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/).

Metagenome Download Archive Archive ID
Albufera 1 MG-RAST 4516288.3
Albufera 2 MG-RAST 4516289.3
Albufera 3 MG-RAST 4516290.3

Amazonian Soil 57 MG-RAST 4477757.3
Amazonian Soil 90 MG-RAST 4477790.3
Amazonian Soil 94 MG-RAST 4478294.3
Antarctica 104 EBI SRS010104
Antarctica 106 EBI SRS010106
Antarctica 115 EBI SRS010115

Arctic Soil 125 MG-RAST 4450125.3

Arctic Soil 126 MG-RAST 4450126.3

Arctic Soil 127 MG-RAST 4450127.3
Baltic Sea 1 EBI ERS240712
Baltic Sea 2 EBI ERS240713
Baltic Sea 3 EBI ERS240714
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Coral Reef California MG-RAST 4447483.3

Coral Reef PAB MG-RAST 4447551.3
Coral Reef Timbebas MG-RAST 4447862.3
Glacierl NCBI SRR002326
Glacier2 NCBI SRR002327
Glacier3 NCBI SRR002328
Human Gut 31 MG-RAST 4478631.3
Human Gut 32 MG-RAST 4478632.3
Human Gut 86 MG-RAST 4473686.3
Polar Mats McMurdo MG-RAST 4445845.3
Polar Mats MIS MG-RAST 4445126.3
Polar Mats WHI MG-RAST 4445129.3
Puget Sound P1 MG-RAST 4460178.3
Puget Sound P28 MG-RAST 4460180.3
Puget Sound P5 MG-RAST 4460188.3

3.4.2 CRISPR Recovery from Metagenomic Data

Several software programs have been developed in order to search for CRISPR
sequences in metagenomic data, using different algorithms. In this thesis, three
different software were used: metaCRT, Crass and Piler-CR. All programs were installed

and run on a Unix system.

MetaCRT is a tool for de novo identification of CRISPR sequences, designed to be used
with assembled metagenomic data. It can be used with unassembled reads but works
best with long sequences. It was developed by Rho et al., 2012 based on the software
CRT (Bland et al., 2007), to take into account incomplete repeats that could appear in
metagenomics contigs. MetaCRT looks for short repeated kmer’s which are spaced by
a similar distance, then it elongates them to the actual length of the direct repeat.
Once the direct repeats are found the algorithm checks if the spacers are non-

repeated and similarly sized. The flanks of the candidate CRISPRs are then checked for
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similar repeats in order to see if the CRISPR sequence can be elongated taking into

account that repeats might not be identical.

Crass (Skennerton et al., 2013) identifies and reconstructs CRISPRs from unassembled
metagenomic data. Crass carries out a different approach depending on the length of
the read, thus it first separates long reads (2177bp) from short reads. For short reads,
the algorithm searches two direct repeats in the same read (default length 23bp),
spaced by 26bps and then tries to elongate the CRISPR. For long reads, the algorithm
searches for two identical short repeated kmer’s (8bp) spaced by a known interval. It
then uses the structure as a seed to find the same structure at the same interval across
the read at least three times. Once candidate CRISPR sequences are found, they are
filtered to discard sequences where DR or spacers have internal repeats motifs and
with lengths that do not fall within default ranges. CRISPRs where spacers share
homology with each other or where the DR’s share homology with the spacers are also
discarded. Crass then clusters the DR’s found and creates a set of DR’s types, it then
searches for reads that might have only one copy of one of the DR types. Crass defines
the correct DR sequences through alignment of the DR clustered into one type, this

allows Crass to reconstruct CRISPR sequences from different reads.

Piler-CR (Edgar, 2007) was developed to be used with genomic data but can also be
used for metagenomic data. Piler-CR uses local alignments to find hits of the genomic
data to itself. It then searches for alighnments of two regions that are close to each
other. The algorithm calculates the coverage of the repeat in the sequencing data,
identical repeats are connected together. The order of the repeats of a connected
component is determined and the candidate CRISPRs are built. Adjacent CRISPR

sequences are merged and consensus DR sequences are computed.

3.4.3 Alpha Diversity Indexes

Viral alpha diversity indexes were computed by the construction of OTU tables through
BlastX (Altschul et al., 1990) alignments and using the Shannon diversity method. In
order to do so, a protein database for prokaryotic viruses was downloaded from the
Phantome, PHage ANnotation TOols and MEthods (http://www.phantome.org/), web

page. The database had 116,112 protein sequences and had been updated in April
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2015. A BlastX alignment was done using DIAMOND (Buchfink et al., 2015) with the
different metagenomes against the viral proteins database. Best hits with a maximum
e-value of 10™ and an alignment length of at least 60% were used to create OTU
tables. The Shannon Index was calculated from the OTU tables using the R package (R
Core Team, 2014) Vegan 2.3-0 (Oksanen et al., 2015).

Bacterial diversity indexes were computed by the construction of OTU tables through
Blast alignments and using the Shannon diversity method. The Blast alignment of the
metagenomes was done against a 16S rRNA gene database of unaligned sequences
from the Ribosomal Datatabase Project (Cole et al., 2014) from October 2011. Best hits
with at least 97% identity were used to create the OTU tables. The Shannon Index was

calculated as described above.

3.4.4 Sequence Clustering

Spacer sequences were subjected to clustering. The spacers issued from the CRISPRs
found by the three CRISPR finding software and from the three metagenomes from
each environment were pooled together and then clustered at 95% identity with the

use of UCLUST (Edgar, 2010).

3.4.5 MG-RAST

Metagenomes from arctic glacial ice and soil were uploaded to the MG-RAST analysis
web server (http://metagenomics.anl.gov/)(Meyer et al., 2008) in order to obtain a
global picture of the viral and microbial communities inhabiting these environments.
Raw metagenomic sequences in standard flowgram format (sff) format were uploaded
to the server in March 2013 along with the metadata files. The files were converted to

fastq in the MG-RAST server.

Detailed description of the MG-RAST pipeline can be found in their manual (Wilke et
al., 2013). Briefly, after sequences are uploaded they are preprocessed to trim low-
quality regions, the yielded sequences are then dereplicated. The next step screens for
reads that are near exact matches to a set of defined organisms (mouse, human, cow,
etc.) and removes them from the pool. The remaining reads go through the gene

calling process to profile coding sequences. After clustering and through sequence
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similarity of the longest sequence from each cluster, the species composition of the
samples is reconstructed. A protein database (M5NR) (Wilke et al., 2012) is used to
annotate the reads through sequence similarity searches to create functional profiles
of the samples. In parallel, rRNA sequences are identified through sequence similarity
searches, yielded reads are then clustered. Similarity searches of representatives from
each cluster against the M5rna database are performed. Data completes the

taxonomic annotation of the samples.

3.4.6 Metagenomic Assembly

Viral and microbial 454 reads were assembled into contigs using the software provided
by Roche Diagnostics Corporation, GS De Novo Assembler. Sequence redundancy had
been previously reduced using CD-HIT-454 (Fu et al., 2012). Assembly of the viral
sequences from the ice yielded 689 contigs, with a mean length of 1423bp. In the case
of viral soil sequences, assembly yielded 2076 contigs with a mean length of 711bp.
The assembly of the microbial reads from the ice yielded 380 contigs with a mean
length of 954bp. As for the microbial reads from the soil, the assembly yielded 19
contigs with a mean length of 333bp. Assembly was also carried out for the reads from

the soil DNA subjected to MDA, it yielded 76 contigs with a mean length of 820bp.

3.4.7 Metavir

Unassembled and assembled viral metagenomes were uploaded to the Metavir
analysis web server (http://metavir-meb.univ-bpclermont.fr/) (Roux et al., 2011, 2014)
to gather a general picture of the viral community in arctic ice and soil. Metagenomes
were uploaded in April 2013. Data was uploaded in fasta format following the servers’

instructions.

Metavir computes taxonomical assignments through sequence similarity using
complete viral genomes proteins from the RefSeq database from NCBI (Tatusova et al.,
2014). In the case of assembled reads, open reading frames (ORFs) are first predicted
and are then used in the sequence similarity search against the database. While other

threshold options are available, best hits with threshold 50 on the bit score were
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selected for the analyses carried out in this study given that it is a normalized value

which is comparable among different searches (Fassler and Cooper, 2011).

3.4.8 16S rRNA Gene Taxa Assignment

454 Pyrotag sequencing for regions V4 to V6 data was analyzed following QIIME
pipeline (Caporaso et al., 2011) for de novo OTU picking and diversity analysis using
454 data. This pipeline involves a first step of demultiplexing the reads using mapping
files defined by the user. The renamed reads from the demultiplexing are clustered
into OTUs based on sequence similarity (97%). A representative sequence from each
cluster is selected for downstream analysis. QIIME uses the UCLUST consensus
taxonomy classifier to assign taxonomy to each of the selected representative

sequences.

3.4.9 CRISPR Network Workflow

CRISPRs were searched for in the ice and soil metagenomes using metaCRT (Rho et al.,
2012). The different CRISPRs found in the three metagenomes (ice, soil and soil
subjected to MDA techniques) were represented in a set of infection networks (see
Results and Discussion section) that were built using the software Cytoscape (Saito et

al., 2012).

In order to try and identify the bacteria and viruses present in the infection networks,
a workflow was constructed. The workflow followed is summarized in Figure 8. CRISPR
sequences outsourced from metagenomes using metaCRT were decomposed into a DR
file and a spacer file. DRs were blasted against an archaeal and bacterial genome
database. The database used was a GenBank database (5193 full genomes),
downloaded from their ftp site in May 2014. The organisms retrieved through the blast
of the DRs against the database were considered candidate sources of the CRISPRs
(default stringency parameters: maximum e-value 10). We then checked to see if these
prokaryotic genomes were represented in our 16S rRNA gene libraries by doing a blast
of the 16S rRNA gene sequences against the prokaryotic genomes we had left at this
point as putative originators of the metagenomics CRISPRs (maximum e-value 9x10™%9).

The result of this blast gave us a list of prokaryotes with hits to the DRs and which
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were represented in our 16S rRNA database. Spacers outsourced from the CRISPRs

from the ice were blasted against a prokaryotic viruses GenBank database sourced

from NCBI in May 2014 (12.954 nucleotide sequences). The viruses recovered (default

stringency parameters: maximum e-value 10) were considered to be putative sources

of the spacers. In a similar way as for the DR, we checked if these viruses were

represented in our metagenomes. Since there is no analogous sequence to the 16S

rRNA gene for viruses, we decided to do a blast of the viral metagenomes against the

putative sources (maximum e-value 9x10™° to account for the small size of the

database). A set of infection networks were constructed using the results outsourced

from the application of this workflow (see Results and Discussion section) through the

use of the software Cytoscape.
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Figure 8. Workflow constructed to identify viruses and their hosts through CRISPRs.
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To further curate the results obtained from the above mentioned workflow, a few
steps were added and a new workflow was constructed as shown in Figure 9. The
identification procedure of the viruses from which the spacer came (right part of the
workflow Figures 8 and 9) was kept unchanged. However, the identification of the
bacteria the DR came from was curated adding two more steps. First, we decided to
check if the bacteria selected as candidate sources of the CRISPRs actually had CRISPR
arrays in their genomes. In order to do so, the set of bacterial genomes selected
through the initial blast of the DRs against the archaeal and bacterial genome database
were analyzed with metaCRT. The next added step was to compare the two sets of DRs
against each other. Thus, we blasted the DR issued from the ice and soil metagenomic
CRISPRs against the database of DRs found in the candidate bacterial sources of the
CRISPRs (default stringency parameters: maximum e-value 10). This left us with a list of
bacterial genomes with CRISPRs whose DRs were similar to the DR we had outsourced
from our metagenomic data. We then checked to see if these bacterial genomes were
represented in our 16S rRNA gene libraries, as in the precedent workflow, by doing a
blast of the 16S rRNA gene sequences against the prokaryotic genomes we had left at
this point as putative originators of the metagenomics CRISPRs (97% identity over a
minimum of 200bp). Finally a new set of infection networks were constructed through

the use of the software Cytoscape (see Results and Discussion section).
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Figure 9. Curated workflow with added steps to identify viruses and their hosts through
CRISPRs at a higher stringency level.

3.4.10 Analysis of Viral Sequences for Transduction

GenBank protein sequences for mercury resistance, cold shock and efflux pump genes
were downloaded from NCBI in May 2014. Each of these set of sequences were
blasted against the ice and the soil viral reads and contigs. Reads or contigs with hits to
the protein sequences (maximum blast e-value 9x 10°) were taken as sequences with
microbial DNA within them. In order to test if these sequences also had viral DNA
within them, we blasted them against the prokaryotic virus database. The sequences
with hits to the prokaryotic virus database (maximum blast e-value 9x 10™"°) were
taken as possible tracers of transduction since they shared both microbial and viral
information. The viral part of the sequence helped us to identify possible transduction

agents.
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3.4.11 Analysis of Ralstonia Phage Presence in Microbial Ice Sequences

Ralstonia phage was identified as a potential transduction agent for all three genes
tested (mercury resistance, cold shock and efflux pumps genes). It was, therefore,
decided to search for Ralstonia phage proteins in the assembled metagenomic
microbial sequences of the ice. Ralstonia phage protein sequences were downloaded
from the NCBI protein database in July 2014. A blast database was created with the
bacterial contigs from the ice and the Ralstonia phage proteins were blasted against it.
Results were filter by e-value taking only hits with an e-value of 9x10™° or less. In order
to assign the contigs of interest to a bacterial species, they were blasted against the
GenBank database of full prokaryotic genomes. Results were again filtered by e-value

(min 9x107) and then by best hit.
3.5 Statistics

3.5.1 Correlations

Most of the data analyzed for correlations in this work did not have a normal
distribution. Therefore, the non-parametric Spearman’s rank correlation coefficient
was used to test correlations. The coefficient was calculated using Minitab 17

Statistical Software (State College, PA, USA).

3.5.2 Principal Component Analysis

Principal component analyses (PCAs) were carried out with the use of MG-RAST to
explore the variation among samples. This is a non-parametric test and therefore does
not require a normal distribution of the data. PCA is a multivariate analysis that
transforms the data on a coordinate system where the greatest variance is present in
the first axis (fisrt principal component) and the second greatest in the second axis

(second principal component) and so on.

3.5.3 Rarefaction Curves

Rarefaction curves were generated through the use of the R package Vegan (Oksanen

et al.,, 2015).
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4. Results & Discussion

The results discussed in this section follow the three objectives of this thesis. As
described before, our first aim was to assess if there is evidence supporting the
hypothesis that cold environments have viral communities with characteristics
favoring microbial adaptation through viruses. Some of the analyses carried out were
done through CRISPR sequences, based on the idea that CRISPRs can provide feedback
about how viruses drive adaptation and evolution. Results yielded from these analyses
helped us choose a model ecosystem for our second objective: to reconstruct virus-
host interactions in a model environment by constructing infection networks through
the use of CRISPRs. Lastly, transduction events and their causing agents were searched

for in this model environment.

4.1 Distribution of CRISPRs in natural environments

As discussed in the introduction, cold environments have been suggested to support a
diverse viral community which could have broad host ranges (Anesio et al., 2007;
Lépez-Bueno et al., 2009; Colangelo-Lillis and Deming, 2013). Under these conditions
viruses in cold environments could have an increased relevance for microbial
communities. Not only from the point of view of microbial population control, but also
from an adaptive one. In terms of transduction, higher viral diversity could mean a
wider number and variety of transduction agents, and broad host ranges suggest an
efficient exchange of the transducing material. It was therefore decided to carry out a
preliminary analysis with publically available data. The objective was to see if the
analysis of this data offered evidence consistent with the idea of environmental

temperature and viral dynamics being related.

A set of 30 publicly available metagenomes were selected for these analyzes. These
metagenomes belonged to 10 different environments with different temperatures.
Details for each of the metagenomes used, such as number of sequences, mean
sequence length and temperature of sample can be found in Table 2 along with the
references of each study that produced the metagenomes. The metagenomes came
from the human gut, amazonian agricultural soil, coral reef, freshwater lake in Spain,

Puget Sound water, arctic soil, Baltic Sea water, polar microbial mats, antarctic lake
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water and glacial ice. Although there were no true replicates sequenced, all of these
environments had at least three metagenomes of close-by samples sequenced at the
same time and with 454 technology. The number of reads of all the metagenomes was
in the order of 10° reads with the exception of one of the metagenomes from the polar
microbial mats that had 83,271 reads. As for the mean read length, the longest was
534bp for one of the metagenomes from Baltic Sea water, while the shortest was
183bp for one of the metagenomes from polar microbial mats. The metadata for some
of the metagenomes had precise temperature data for the samples, but for others, a
mean temperature of the environment was provided. Only the glacial ice
metagenomes had no specified temperature for the samples or the environment. In
this case, an estimation for alpine superficial ice temperature was made based on
glacial thermal regime studies (Hodson et al., 2008; Irvine-Fynn et al., 2011).
Altogether, samples from which the metagenomes were issued ranged from 372C to -

19C approximately.

An advantage of sequencing technologies is the possibility of sharing and exploiting
metagenomic data among scientists all around the world. However, since publicly
available metagenomes are created by a variety of people using different techniques
and different samples, these analyzes are always confronted by the same sort of
challenges: scarce metadata, different sequencing technologies and different data-set
sizes among others. Thus, when searching for public metagenomes to assess the
differences among viral populations from a range of temperatures, we decided to use
metagenomes which shared a set of parameters. We decided only to select
metagenomes that had been sequenced with 454-technology, given that late 454-
technology offered relatively long reads of about 300-600 bp, which are an asset when
looking for CRISPRs through bioinformatics, since algorithms in general look for the
presence of repeats interspaced by a short sequence. The longer the read the more
repeats and spacers it would be able to host, and the CRISPRs sourced would be more
reliable (Skennerton et al., 2013). It also means you can have more complete CRISPRs
with a higher number of spacers and thus more information. Read length would not
represent an obstacle if we could assemble the reads and then look for CRISPRs in the

contigs, in this case other sequencing technologies such as Illumina would maybe be a
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better choice since this technology is less error prone. However, several tests were
done searching for CRISPRs with the available software in assembled metagenomes
and up to a 90% -100% of the CRISPRs found in the reads would disappear in the
assembled data. Assembly mechanisms seemed to filter out reads with CRISPRs,
probably because of the repeats within them. It was thus decided to carry out our

analysis with raw 454-sequenced reads.

Because of the evolution of 454-technology, metagenomes sequenced with it could
have very different attributes. It was therefore decided to only take metagenomes
with a number of reads in the 10° order, and with mean read lengths between 300-600
bp. However, finding studies that had created at least three metagenomes from similar
samples simultaneously, with 454-technology and that satisfied the conditions
mentioned above, was a difficult task. It was notably so with metagenomes from the
cryosphere, which usually had shorter reads and in lower numbers. Because the
interest that drove this analysis was to test if cold environments had a particular viral
community, leaving these metagenomes out defeated the purpose of the study. We
thus decided to carry on with the analyses even though, as can be seen in Table 2,
metagenomes from polar microbial mats and glacier ice have mean sequence lengths
below 300bp and one of the metagenomes from polar microbial mats has a total

number of reads in the order of 10°.
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Table 2. Summary table of the metagenomes used for this analysis, the environment they
came from, the number of reads and their mean sequence length. Temperature values were
recovered from the publications when available. (* temperature not specified in the
publication, approximate value).

Number of Mean read

Environment Metagenome T° References
reads length
Human Gut 86 37 672251 449 .
(Wylie et al.,
Human Gut Human Gut 31 37 620142 402 2012)
Human Gut 32 37 644686 432
Amazcs";'a =4l 28 144908 520
. .. Amazonia Soil (Mendes et
Amazonian Soil 90 28 144587 522 al., 2014)
Amazonia Soil
28 138556 525
94
Timbebas 24 149734 393 (8  al
Coral Reef Pab 24 126741 425 r‘;‘el;) Sl
California 24 167513 447
Freshwater lake Albuferal 19.5 253260 347 (Ghai et al
Albufera2 195 262320 377 =l e Elly
(Albufera) 2012)
Albufera3 19.5 166180 375
Puget Sound P1 11.5 198750 352
Puget Sound (Port et al.,
Puget Sound P23 11.5 173539 354 2012)
Puget Sound P5 11.5 433841 356
Arctic Soil 125 6 103366 405 (Tveit et al
Arctic Soil  Arctic Soil 126 4 101781 407 V;'Ol‘;)a v
Arctic Soil 127 2 136679 411
Balctic Sea 1 4.1 185809 504 (Th b
Baltic Sea Water  Balctic Sea 2 4.7 354912 515 ureborn
) et al.,, 2013)
Balctic Sea 3 5.7 434236 534
Polar Microbial McMurdo 7.4 83271 371 (Varin et al
olar Microbia arin et al.
WHI 0.9 335705 183 !
Mats 2010)
MIS 1.8 256849 207
Antarctica 104 2.71 543641 376
. . (Lauro et al.,
Antarctica Lake Antarctica 106 0.42 593365 394 2011)
Antarctica 115 1.2 608567 409
Glacierl -1* 538886 257 (si ¢ al
Glacial Ice Glacier2 L1 255505 256 'mzc;)%;) el
Glacier3 -1%* 282148 256
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4.1.1 Viral Diversity

In order to test if there was any apparent relationship between viral diversity and
environmental temperature diversity estimates for the different metagenomes were
calculated. These were done both through common diversity index calculation and
CRISPR sequence analysis. The estimates were then compared among each other and

related to temperature to detect possible relationships between these variables.

Viral assignments were carried out for the different metagenomes through Blast
against a viral database and viral alpha diversity indexes were calculated (please refer
to material and methods for details). The percentage of reads per metagenome that
were assigned to viruses can be seen in Appendix1 (Table 9). A scatterplot showing
the distribution of viral diversity values and temperatures is shown in Figure 10.
Spearman’s rank correlation coefficient (p) between viral diversity and temperature
was -0.382 with a P-Value of 0.037. For a significance level a=0.05, an association
between the two variables can be inferred. This data supports the idea of a higher viral

diversity in environments with lower temperatures.
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* Puget Sound
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Arctic Soil
Baltic Sea Water

4 Polar Microbial Mats
Antarctic Lake

3,5 - Glacial Ice
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Temperature

Figure 10. Shannon indexes for viral diversity of each of the ten environments plotted against
samples temperature.

Given that in this work, we propose CRISPRs as a tool to learn more about viral
dynamics in natural environments, we decided to see if an analysis of the
environmental CRISPRs would be in accordance with the previous results on viral

diversity and temperature. If a higher viral diversity in cold environments is assumed
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we could also expect to see the diversity of CRISPR spacers increase with lower
temperatures. Therefore, CRISPR sequences were searched for in the metagenomes
using three different software: metaCRT, Crass and Piler-CR. For further information on
the different algorithms used by these three software, please refer to the Material and
Methods section. Each software issued a different number of CRISPRs per environment
(Figure 11), with metaCRT always yielding the highest number of CRISPR sequences as

compared to the other two programs.
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Figure 11. Weighted average percentage of the numbers of CRISPRs found in each set of
metagenomes. Each value is an average of the number of CRISPRs found in the three
metagenomes from each environment. Weighted average percentages were calculated to take
into account the different metagenome sizes.

Spacers were outsourced from the CRISPRs found by the different software. All spacers
from a given environment (3 metagenomes per environment) found by any of the 3
programs were pooled together. They were then clustered at 95% identity with the
use of UCLUST (Edgar, 2010). The number of clusters per environment was plotted
against temperature (the scatterplot is shown in Figure 12). The results yielded by the
cluster analysis of the CRISPR spacers are in agreement with the results of the viral
diversity. Environments subjected to lower temperatures present a higher number of

clusters than warmer environments.
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Figure 12. Scatterplot with the number of spacer clusters (at 95 % identity) per environment,
plotted against mean temperature of the samples.

Estimates of bacterial diversity were also calculated for all the studied metagenomes
as described in the Material and Methods section. These indexes of bacterial diversity
did not have a significant correlation with temperature (p 0.041, P-value 0.829), unlike
viral diversity. More surprisingly, viral diversity and bacterial diversity also seemed to
be uncoupled based on the results yielded in this study (p 0.123, P-value 0.516). No
significant correlation was found between viral or bacterial diversity and CRISPR
proportions. Correlation coefficients for temperature, viral and bacterial diversity and
proportion of CRISPRs can be found in Table 3. An exhaustive table with all the data
used for these correlations, such as proportion of CRISPRs and diversity indexes per
metagenome, can be found in Appendix 1. Additionally, rarefaction curves for all the
viral and microbial metagenomes studied throughout this work can be found in

Appendix 2.
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Table 3. Spearman’s rank correlation coefficient (left columns) and their relative P-Values
(right columns) for the different variables studied. Viral and bacterial diversity were estimated
through Shannon index computation. CRISPR correlations were done using proportion of
CRISPRs found in the different metagenomes by the different software. Cells in green are those
were correlations were found to be significant.

T° Viral Bacterial CRISPRs CRISPRs CRISPRs

Diversity Diversity (Crass) (metaCRT) (Piler-CR)

T 1| * [-0.382| 0.037 | 0.113 | 0.553 {-0.437 | 0.016 | -0.409 | 0.025 | -0.271 | 0.148
Viral

. . 1 * 0.123 | 0.516 |1 0.201 | 0.286 | 0.248 | 0.187 | 0.173 | 0.361
Diversity

B?cter.lal 1 * -0.257| 0.171 | -0.321 | 0.084 | -0.107 | 0.575
Diversity

CRISPRs 1 * | 0485 |0.007|0712| 0
(Crass)
CRISPRs

1 * Nl 404

(metaCRT) 0.158 10.40

CRISPRs 1 *
(Piler-CR)

Overall, the results obtained from the analysis of public metagenomes and their
CRISPRs suggest that there might be a relation between viral diversity and
temperature. However, the reason why this might be so is not evident. Lower
microbial abundances or sparse distribution of cells in cold environments might lead to
a higher diversity of viruses. In what might be an evolutionary effort to subsist, the
viral community might have evolved to have an increased richness in order to have
higher probabilities of infecting cells. For this hypothesis to be valid, contact rates
between viral particles and cells in ice should be lower than in other environments.
Nevertheless, as was commented in the introduction, modeled contact rates in arctic
sea-ice were expected to be higher in sea-ice brine channels than in underlying
seawater (Wells and Deming, 2006). In addition, frequencies of infected cells in Arctic
and Antarctic freshwater suggest high infection rates (Sadwstrom, Granéli, et al., 2007).
Although, glacial ice differs from sea-ice and from freshwater in structure and
composition (Barletta et al., 2012), these results do not seem to point to low
probabilities of cell encounter by viruses in ice or cold ecosystems. Whatever the
reason might be, studies of viruses in polar environments support the idea of a high
viral diversity (Lopez-Bueno et al., 2009; Bellas and Anesio, 2013) and the analysis of

the CRISPR spacers carried out in this section supported these findings.
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4.1.2 Viral Host Range

Lastly, we tested the presence of broad host ranges in cold environments. Spacers are
not arbitrary pieces of DNA from the infecting phage. A short sequence known as PAM
(Protospacer Adjacent Motif) is required for the spacer uptake (Deveau et al., 2008).
Even though there might be several PAM sequences within a viral genome, spacers
from the same virus could be conserved throughout different CRISPRs from different
bacteria (Paez-Espino et al., 2013). This being the case, we could assume that a
repeated spacer through different CRISPRs could point to the same virus infecting
several bacteria. In addition, the same mechanisms that limit the growth of CRISPRs
(spacer deletions and recombination) could help reduce the appearance of spacer
duplicates within the same CRISPR (Anderson et al., 2011). Thus, spacers from the
same environment were pooled together and the numbers of duplicate sequences

were plotted against temperature to see if there was a trend (Figure 13).

In all three cases, glacial ice and human gut metagenomes had higher numbers of
duplicated spacers. In the case of the CRISPRs found with metaCRT Antarctic lake
metagenomes had the highest number. These environments could have viruses with
broad host ranges based on the principles explained above. Glacial environments have
previously been suggested to have viruses with broad host ranges (Anesio et al., 2007).
The analysis of the CRISPR spacers carried out in this section was in accordance with

this idea.

The abundance of CRISPRs in natural environments could be an indicator for viral
dynamics. Higher viral diversity, higher infection rates and broad host ranges in an
environment could lead to an increase in the microbial mechanisms against viral
infection, such as CRISPRs. The number of CRISPRs found with each of the three
programs was plotted against temperature as shown in Figure 14. Spearman’s rank
correlation coefficient between the number of CRISPRs found with metaCRT and
temperature was -0.409 with a P-Value of 0.025. As for the correlation between the
number of CRISPRs found with Crass and temperature the Spearman’s rank correlation
coefficient was -0,437 with a P-Value of 0.016. Lastly, the Spearman’s rank correlation
coefficient between the number of CRISPRs found with Piler-CR and temperature was -
0,271 with a P-Value of 0.148. The correlation results for the number of CRISPRs found
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with metaCRT and Crass were in agreement with the idea that there are higher

numbers of CRISPRs in cold environments. However, the correlation between the

number of CRISPRs found with Piler-CR and temperature was not significant.
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Figure 13. The number of duplicate spacers in an environment plotted against temperature for

each of the different CRISPR searching softwares.
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Figure 14. Scatterplots for the three different software used. The proportion of CRISPRs per
number of reads of the metagenome was plotted against sample temperature.

On the whole, the work carried out with CRISPR sequences from publicly available
metagenomes upholds cold environments, and particularly glaciers, as ecosystems
with viral dynamics that could enhance the adaptive potential of microorganisms
through interactions with viruses. In order to further explore the nature of these

interactions, we focused on CRISPRs in glacial ice and soil samples from Svalbard.
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4.2 Linking viruses and their hosts through CRISPRs

Samples from arctic glacial ice and soil were recovered and sequenced as described in
the Material and Methods section. A first exploration of the created metagenomes
was done through web based tools to have a better picture of the communities
inhabiting these environments. Subsequently, CRISPR arrays were search for in the

metagenomic datasets and a workflow was designed to link viruses with their hosts.

4.2.1 Overall Description of Arctic Ice and Soil Metagenomic Data

With the aim of having a global picture of the viral and microbial communities
inhabiting ice and soil, metagenomic data was explored through different web based
tools. Metagenomes were created from both bacterial and viral DNA from arctic ice
and soil. The experimental procedures carried out to create these metagenomes are
described in the Material and Methods section. Due to the low amount of extracted
DNA, Multiple Displacement Amplification (MDA) techniques were used in order to
have enough DNA for sequencing. Only the microbial fraction from arctic soil yielded
enough DNA to enable sequencing without amplification. However, it was decided to
also sequence the DNA from the same sample subjected to MDA so that the bias
induced by this technique could be partially evaluated. Thus, a total of five
metagenomes were created, and are presented in Table 4 with the number of reads

and mean read length.

Table 4. Metagenomes created for this study with details of their contents.

Environment Sequence Type MDA N2 Reads Mean Read Length
Arctic Ice Microbial Yes 47,626 374
Arctic Ice Viral Yes 65,599 486
Arctic Soil Microbial No 42,078 341
Arctic Soil Microbial Yes 33,241 393
Arctic Soil Viral Yes 211,571 495

Metagenomes were uploaded to the MG-RAST metagenomics analysis server. The MG-
RAST pipeline annotated over 36% of the microbial sequences from the soil

metagenomes to known proteins and 20% of the microbial sequences from the ice as
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shown in Figure 15. For all three microbial metagenomes, around 40% of the
sequences were classified as unknown proteins and approximately 20% did not pass
the quality filters. The two viral metagenomes had only 6% of their sequences that did
not pass the quality filters, yet 90% of the sequences were classified as unknown.
Hence, the MG-RAST analysis of the viral metagenomes should be considered with
caution given the scant information the system has used to yield its results. Viral
metagenomes were uploaded to another analysis server specialized in viruses, as will

be discussed below, in order to address this issue.

Microbial reads Microbial reads Microbial reads
from ice from soil from soil (MDA)
Failed QC V;ral re:ads Vfiral reac'ils
Unknown rom ice rom soi
Unknown Protein AT

Annotated Protein
Ribosomal RNA

89.8%

Figure 15. Classification of metagenomic reads by the MG-RAST pipeline.

The annotated sequences of the microbial metagenomes were predominantly assigned
to the bacterial domain. Nonetheless, the microbial metagenome from the ice had
22.3% of the annotated sequences assigned to the domain Eukarya. Twenty-four

percent of the eukaryotic sequences (5% of the total) were assigned to the Chordata
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phylum while 23% were assigned to the phylum Nematoda. The relative abundances of
the different phyla within the domain Bacteria are represented in Figure 16. The
relative bacterial abundances of the soil metagenomes with and without MDA are
quite similar with a slight decrease in representatives from the Proteobacteria phylum
in the soil subjected to MDA. Regarding diversity, the rarefaction curves showed a
higher diversity of the soil microbial metagenomes as compared to the ice microbial
metagenome. Bacterial diversity estimates (Shannon index), computed as described in
the Material and Methods section, were in agreement with these results. The Shannon
index for ice was of 6.58 and for soil of 8.6 and 8.3 (with and without MDA,

respectively).

16S rRNA gene sequencing from the ice and soil microbial fractions were also carried
out as described in the Material and Methods section. The main purpose of this
sequencing was related to the CRISPR-based infection network development and will
be discussed in the following section. However, 16S rRNA gene assignments were done
through the QIIME pipeline in order to compare the assignments with those yielded by
the MG-RAST pipeline. It was noted that the general traits of bacterial relative
abundances were highly similar between pipelines. Rarefaction curves for the

microbial and viral metagenomes can be found in Appendix 2.
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Figure 16. MG-RAST best hit taxonomical classification for the bacterial domain. Data
represented as relatives abundances.

The principal component analyzes (PCAs) done by MG-RAST (using normalized values
and Bray-Curtis distance) based on organism abundance (best hit classification) and
based on functional abundance (hierarchical classification) are shown in Figures 17 and

18 respectively. The results of the taxonomic PCA indicate that 62% of the variance is
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explained by the first component which groups the samples per environment (i.e. ice
or soil). While an additional 20% of the variance is explained by the second component
which groups the samples per DNA origin (i.e. microbial or viral). As for the functional
PCA, the first component explains 57% of the variance and it groups the sample per
DNA origin (i.e microbial or viral). However, this analysis does not group together the
samples based on their environment. Therefore, it seems that although there is a
taxonomic difference between the communities from the ice and from the soil, they
are not functionally distinct. On the other hand, there are both taxonomic and

functional differences among the microbial and viral fractions of the samples.
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Figure 17. Principal Component Analysis from MG-RAST based on organism abundance on a
best hit classification basis.
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Figure 18. Principal Component Analysis from MG-RAST based on functional abundance.

Given the poor annotation of the viral metagenomes by the MG-RAST pipeline, they
were also submitted to the Metavir web server for analysis. Viral sequences were
assembled into contigs as described in the Material and Methods section and were
also submitted to the Metavir server to see how their assignment compared to the raw
reads assignment. One circular contig (429bp) was detected in the ice viral
metagenome although it was mapped entirely to hypothetical proteins. The taxonomic
annotations of the viral metagenome sequences, both reads and contigs, are
presented as a heatmap in Table 5. The ratio of affiliated sequences was 8.88 for raw
reads from the ice and 9.33 for soil and 26.39 for contigs from the ice and 22.21 from
the soil. There is a higher abundance of single stranded DNA viruses in the ice relative
to the soil, especially in the case of Inoviridae viruses. Rarefaction curves showed a
higher diversity in the soil viral community as compared to the ice viral community.
Thus, based on MG-RAST results, both viral and bacterial diversity would be lower in
ice than in soil. This was in accordance with the viral diversity calculations that were
discussed in the previous section. The Shannon index for ice was 3.36 and 5.88 for soil.
Translated into effective number of species, this represents 28.79 viral species in the
ice versus 357.8 viral species in the soil. It should be noted that the viral diversity index
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for ice is much lower than any of the viral diversity indexes calculated in section 4.1.1.

Therefore, arctic glacial ice might have a much lower viral diversity than alpine glaciers

or nearby soils.

Table 5. Assignment of the viral reads (a) and viral contigs (b) computed by the server Metavir.
Raw reads hits ratios and contigs best hit ratios. Threshold: 50 on Score.

b) Ice | Soil
dsDNA viruses, no RNA
stage 76.42 | 68.09
Ascoviridae 0.81 0
Bicaudaviridae 0.81 0
Caudovirales 54.47|47.23
Iridoviridae 2.44| 043
Mimiviridae 1.63| 2.98
Phycodnaviridae 8.94110.21
unclassified phages | 1.63| 2.98
unclassified viruses | 5.69| 4.26
ssDNA viruses 20.33|28.94
Circoviridae 0| 4.26
Geminiviridae 0 213
Inoviridae 18.7 | 0.43
Microviridae 0 6.81
Nanoviridae 0.81| 0.85
unclassified viruses | 0.81|14.47
ssRNA viruses 0.81| 0.43
unassigned viruses 0 2.13
unclassified phages 2.44 | 0.43

a)
Ice | Soil
Retro-transcribing viruses 0.23 0
Satellites 0| 0.26
dsDNA viruses, no RNA
stage 49.13 85
Adenoviridae 0| 0.02
Ascoviridae 0.19| 0.06
Asfarviridae 0| 0.08
Baculoviridae 0.1| 0.14
Bicaudaviridae 0.08 | 0.02
Caudovirales 28.21|61.39
Herpesvirales 0.21| 0.43
Iridoviridae 0.53| 0.58
Lipothrixviridae 0| 0.04
Mimiviridae 3.18| 5.18
Nimaviridae 0.02| 0.01
Phycodnaviridae 8.98| 7.03
Plasmaviridae 0| 0.03
Polydnaviridae 0.04| 0.04
Polyomaviridae 0.4 0
Poxviridae 0.1 0.6
Rudiviridae 0| 0.01
Tectiviridae 0.02 | 0.05
unclassified phages | 2.48| 2.84
unclassified viruses | 4.61| 6.48
ssDNA viruses 49.61|11.91
Circoviridae 0.02| 1.57
Geminiviridae 0 0.6
Inoviridae 39.19| 0.06
Microviridae 0 5.72
Nanoviridae 0.21| 0.32
unclassified viruses |13.19| 3.65
ssRNA viruses 0.06| 0.11
unassigned viruses 0| 0.01
unclassified archaeal viruses 0| 0.03
unclassified phages 0.97| 2.67
unclassified virophages 0| 0.02




This metagenomic exploration through web based servers permitted a general view of
the data before undertaking more specific tasks and analyzes. The eukaryotic
representation in the ice microbial metagenome suggests that glacial ice harbors a
complex community with several trophic levels similar to what has been observed in
other studies mentioned in section 1.3.4. Nematodes were previously described in
several glacier related environments (Vincent et al., 2004; Somerfield et al., 2006;
Zawierucha et al.,, 2014). The sequences assigned to the Chordata phyla belonged
mainly to the Mammalia class (order Rodentia). Although the Svalbard archipielago is
thought not to host any small rodents, voles do inhabit it. These rodents are thought
to have been accidentally introduced in Svalbard by supply ships from Russia in the
first half of the 20th century (Fredga et al., 1990). There are also some differences
between the ice and soil ecosystems regarding the bacterial communities in terms of
relative abundance. There is a higher abundance of Actinobacteria and Bacteriodetes
in the ice bacterial community similarly as what was seen in alpine glacial ice (Simon et
al., 2009), and higher abundance of Chloroflexi and Gemmatimonadetes in the soil.
Gemmatimonadetes is a bacterial phylum that is often present in soils, making up an
average of 2% of the soil bacterial community (Janssen, 2006). It has also been
suggested that they are best adapted to low moisture soils (DeBruyn et al., 2011).
Given that the arctic soils in Ny-Alesund are frozen for most part of the year (Roth and
Boike, 2001), the water content can be low (Kastovska et al., 2005) making them a
suitable habitat for organisms within this phylum. Indeed Gemmatimonadetes made
up between 4% and 6% of the arctic soil community, well over the average 2%. These
taxonomical differences between the ice and soil microbial communities group the
environments apart in the PCA analysis. Yet, concerning function, communities seem

to be making use of similar strategies in both environments.

Annotation of viral sequences remains a challenge given the limited size of viral
databases. MG-RAST annotation results for the viral metagenomes is a good example
of this bottleneck. It points to the need for enlarging the viral databases, but also to
the need for alternative methods that would enable us to gather information on the
ecology of prokaryotic viruses. The Metavir web server offers us some information on

our viral metagenomes, even though it does not solve the problem of the database
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size and thus its inferences are based on a scant number of sequences. Viral
community distributions from ice and soil based on Metavir classifications seem to be
similar with respect to double stranded DNA viruses. There is, however, a higher
abundance of single stranded DNA viruses (especially from the Inoviridae family) in ice
than in soil. This could be a bias due to MDA techniques which have been shown to
preferentially amplify single stranded DNA viruses over double stranded DNA viruses
(Kim and Bae, 2011), as will be discussed below. Nevertheless, the role of some viruses
from this family could be of special relevance, a recent study suggests that they could
help the host survive in its environment (sea-ice) (Yu et al.,, 2014). Web-based
independent analyses were also carried out to estimate the viral diversity of the
metagenomes. Contrary to what was seen in the analysis of publically available

metagenomes, viral diversity was higher in soil than in ice.

A common problem when working with samples from extreme environments and
viruses is low DNA yields. MDA techniques provide the means to overcome this
problem and enable downstream applications such as sequencing. However,
preferential amplification is a limitation of this technique which can induce biases in
the results, making quantitative inferences unreliable (Yilmaz et al.,, 2010). The
metagenomic exploration through MG-RAST (best hit classification) facilitated the
examination of the possible biases induced by MDA techniques. Soil microbial DNA
subject to MDA showed a higher percentage of sequences assigned to viruses than the
soil microbial DNA not subjected to MDA, 0.33% and 0.03% respectively. MDA could
selectively enhance the amplification of certain viral sequences, increasing their
relative abundance in the pool of DNA. Indeed, as mentioned above, MDA techniques
have previously been reported to have a preference in the amplification of single
stranded DNA viruses versus double stranded DNA viruses (Kim and Bae, 2011). It thus
might also be the case that they have a preference of viruses over bacterial sequences.
However, no sequences from the ice microbial metagenome were assigned to viruses
even though this metagenome was also subjected to MDA. The use of other DNA
amplification techniques such as Linker Amplification (LA) (Duhaime et al., 2012), could
help us create a more accurate picture of the viral community. The fact that there are

more sequences assigned to viruses in the soil than in the ice might also be due to an
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increase adherence of the viral particles to soil. Viruses in the ice might have passed
through the microbial filter (pore size 0.2um) with more ease while a portion of the
viruses in soil might have been attached to the soil and thus trapped in the microbial
filter. All of these open questions remain very relevant to the work carried out in this

thesis and should be taken into account throughout.

4.2.2 Creating the Network

The impact of prokaryotic viruses on the ecology and evolution of microbial
communities is tightly linked to their infectivity potential and their host range
(Weinbauer and Rassoulzadegan, 2003; Koskella and Meaden, 2013). In order to
address their impact, we need to link viruses to their microbial host(s) in the
environment. Data on environmental viruses is scarce and high throughput methods
for tracking their interactions with prokaryotes are in demand. Clustered regularly
interspaced short palindromic repeats (CRISPRs), which contain viral sequences in
bacterial genomes, could be used as a tool to link viruses with their hosts. We
therefore designed CRISPR-based identification workflows (explained in detail in the
material and methods section) which were used to identify the possible bacterial and

viral origin of direct repeats (DRs) and spacers, respectively.

CRISPRs were extracted from the ice and soil metagenomes using the metaCRT
software. The CRISPR arrays yielded can be found in Appendix 3. The CRISPRs from the
ice (blue arrows) and soil (brown arrows) microbial metagenomes were used to define
possible bacterial hosts (rectangles representing the DRs from the bacteria) and the
infecting viruses (triangles) (Figure 19). While this figure depicts the interactions that
could be taking place in the environment, this network is a simplified diagram of arctic
viral-host interactions, as each DR could be common to several bacteria and every
spacer could be common to different viruses. So while the network provides the
possible connection between DRs and spacers from ice and soil, the number of

putative bacteria and viruses involved is unknown.
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Figure 19. Virus-host networks inferred from CRISPRs recovered from ice (blue arrows) and soil
(brown arrows). Triangles represent the viruses (spacers) and rectangles the microbial host
(DRs). Networks in the lower right corner were inferred from CRISPRs recovered from arctic
soil subjected to MDA.

Since CRISPRs contain sequences derived from bacteria and archaea (in the direct
repeats) (Jansen et al., 2002) and spacers from viruses, we constructed the networks
between DRs and spacers based on the CRISPRs from the different metagenome
datasets that we sequenced from arctic glacial ice and soil (Figure 19). With similar
quantity of metagenomic sequences from ice and soil (42078 reads for soil and 47626
reads for ice), we found more CRISPRs in ice than in soil and all CRISPR sequences
found were unique. To take into account the possible influence of MDA (Multiple
Displacement Amplification) on the number of CRISPRs found, a control (soil DNA
subject to MDA) was evaluated along with the other samples. Two CRISPRs were found

in the MDA control compared to the one CRISPR found in the soil (not subjected to
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MDA), so the MDA did not seem to make a significant impact in the number of CRISPRs
detected. As was discussed in the 4.1 section CRISPRs abundances can give us
information on viral dynamics and host ranges in an environment. We hypothesize that
a higher number of unique CRISPR sequences in a metagenome might represent higher
viral diversity and interactions with their hosts through the infection of different
microorganisms. Thus, the relatively more abundant unique CRISPRs in ice might be an
indication of the high viral diversity, infectivity rates and broad host ranges as
suggested in the literature (Anesio et al., 2007; Sawstrom, Granéli, et al., 2007; Lopez-
Bueno et al., 2009). However, this would be in disagreement with the viral diversity
indexes calculates in section 4.2.1, where viral diversity was higher in soil than in ice.
The low number of CRISPRs found in soil might also be due to a limited depth of
coverage in the more diverse soil metagenome dataset. Due to the use of MDA
techniques to create the metagenomes, these viral diversity indexes might not be
accurate. CRISPRs from glacial ice had a range of 2 to 6 spacers with a mean of 3
spacers, but ascribing an ecological significance to the number of spacers in each
CRISPR could be unreliable because the main driver behind the number of CRISPRs
would probably be read length. CRISPRs from the soil metagenomes did not have any
duplicate spacers while CRISPRs from the ice metagenome had one duplicate spacer.
However, this duplicate spacer belonged to the same CRISPR, therefore no conclusions
on host ranges can be drawn from this result. In any case, ice appears to be a good

model ecosystem for this initial CRISPR application study.

One of the objectives of the thesis was to demonstrate the potential for using CRISPRs
as a tool to link viruses with their hosts in environmental samples. Given that this
demonstration is a proof of concept, we were quite stringent in the workflows that we
designed to accomplish this goal. In both workflows (Figures 8 and 9 in section 3.4.9)
we restrained the possible bacterial and archaeal hosts to those that had their
genomes fully sequenced and reported in the NCBI database and to the viruses
represented in the NCBI viral sequences. These prokaryotic genomes were used to
identify potential originators of the direct repeats (DRs) from the CRISPRs found in the

ice and soil metagenomes, but only if similar 16S rRNA genes were also identified in
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the pyrotag libraries obtained for each environmental sample, which was another

stringency parameter in both of our workflows.

The viral identification procedure was the same for both workflows. Its first step (a
blast of the spacers against a viral database) resulted in a selection of 406 and 283 viral
sequences as putative sources of the ice and soil spacers, respectively, out of the
12.954 nucleotide sequences that the database contained. Finally, the blast of the viral
metagenomes against the putative sources of the spacers left us with 13 different
phages identified as sources of the ice spacers and 84 different phages identified as
sources of the soil spacers. On the other hand, the number of bacterial genomes
identified as sources of the CRISPRs by the first workflow was 615 for the ice data and
449 for the soil data out of the 5193 full genomes in the database. As for the second
and further curated workflow, the initial blast step issued 638 bacterial genomes as
putative sources of the ice CRISPRs and 469 bacterial genomes as putative sources of
the soil CRISPRs. None of the putative soil bacteria matched the 16S rRNA sequences in
our pyrotag data from the arctic soil, while 47 genomes had hits to the 16S rRNA genes

from the ice.

The second workflow was designed to further curate the results obtained by the first
workflow, thus another stringency parameter was added as an intermediate step.
Bacterial genomes, identified as potential sources of CRISPRs from ice and soil, were
analyzed to see if they had CRISPRs. Respectively, 75% and 64% of these genomes
were found to host CRISPRs within them. However, only 19% and 10% of the remaining
genomes were kept as putative sources of the CRISPRs after blasting the DRs issued of
the arctic ice and soil metagenomes against the DRs found in the candidate bacterial
genomes. This added requirement in the second workflow significantly reduced the
number of putative bacterial genomes identified as sources of the CRISPRs. This could
mean that the DRs in the initial blast against the prokaryotic genomes database might
not be matching DR sequences only but also other areas and repeated regions of the
genomes. Nevertheless, it could also be due to the metaCRT software not finding all
the CRISPRs present in the bacterial genomes database. In the first scenario, the first
blast would introduce noise into the search. In the second scenario, we would be

losing information by requiring that metaCRT finds the CRISPRs in the genomes of the
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database. Both scenarios are probable and might actually be taking place at the same
time in our search, there will be hits against other areas of the genomes which are not
DRs and metaCRT will fail to identify some of the CRISPRs present in the genomes.
However, deleting the first step of the workflows would entail the use of a DRs
database instead and would therefore limit the identification to organisms with
already described CRISPRs. The CRISPRdb (Grissa et al., 2007b) contains 1302 strains
(779 species) having “convincing CRISPR structures” in August 2015. The database is
continually being updated and its size has increased since the beginning of this thesis,
however it still remains quite limited. Blasting against the prokaryotic genomes
database might introduce false results, as was pointed out before, but by searching the
selected genomes for CRISPRs with a software like metaCRT and re-blasting the arctic
DRs against the DRs found in the CRISPRs of the prokaryotic genomes we curated the
results in addition to identifying the source of the DRs even if their CRISPRs haven’t

been described before.

MDA soil

Figure 20. Virus-host networks inferred from CRISPRs recovered from ice (blue arrows) and soil
(brown arrows). Triangles represent the viruses (spacers) and rectangles the microbial host
(DRs). Networks in the lower right corner were inferred from CRISPRs recovered from arctic
soil subjected to MDA. Shapes were shaded red when both workflows yielded putative
identities, green when only workflow one did and grey when only workflow two did.
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For those networks where the first workflow (figure 8) yielded a potential identity for
the DR and at least one of the spacers, the nodes were shaded in blue in Figure 20. If
the identities were yielded by the second curated workflow (figure 9) the nodes were
shaded in green. If identities were proposed both by the first and second workflow the
nodes were shaded red. For further analysis, these sub-sets of networks were
recreated with their possible bacterial and viral identities. Figure 21 shows the sub-set
of networks where identities were yielded through the use of the first workflow, while
Figure 22 shows the sub-set of networks where identities were yielded by the curated
workflow. In both of them, circles represent the microbial host, while hexagons are the
microbial viruses. In Figure 22 the roman numerals within the circles relate to the
legends above the network, where the putative bacteria identified with the DRs are
listed. The lower case letters within the hexagons relate to the legends below the
network, where the putative viruses identified with the spacers are listed. For Figure
21 the putative bacteria identified with the DRs and the putative viruses identified with
the spacers are listed in Table 6. The first and second workflow shared the same
process for the viral identification of the spacers. Yet the results were transferred to
the networks only when the workflow offered identities for the DRs and at least one of
the spacers of a same CRISPR. Only DR 2 and DR 6 were identified by both workflows
as can be seen in Figure 20, and thus only their spacers share the same identifications.
The stringency parameters implanted in the workflows reduced the number of CRISPR
networks from ten CRISPRs from the ice and one or two from the soil (Figure 19) to

four CRISPRs in ice and none to two in soil Figure 21 and Figure 22.
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Figure 21. Networks with both the origin of the DR and at least one related spacer were
putatively identified by the first workflow. Networks with blue arrows were issued from the
analysis of the ice metagenome while networks with brown arrows were issued from the

analysis of the soil metagenome. The identified prokaryotes (roman numerals) and the
identified viruses (letters) are shown in Table 6.

Table 6. The identified prokaryotes (roman numerals) and the identified viruses (letters) from
Figure 21.

Genera Phylum Virus
| Bacteroides Cytophaga-Flavobacteria- | a | Environmental Halophage
Riemerella Bacteroides (CFB)
Ornithobacterium
Parabacteroides
Mannheimia
I Bacteroides Cytophaga-Flavobacteria- | b Synechococcus phage
Ornithobacterium Bacteroides (CFB)
Riemerella c Synechococcus phage
Mannheimia Cyanophage
1l Halothermothrix Firmicutes d Cellulophaga phage
Thermoanaerobacter Pseudomonas phage
Persephonella e Mycobacterium phage
Xylella
v Cytophaga Cytophaga-Flavobacteria- | f Pseudomonas phage
Bacteroides (CFB)
Kosmotoga
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Genera

Virus

Agrobacterium

Modestobacter

Alkalilimnicola

Mycobacterium

Amycolatopsis

Polymorphum

Edwardsiella phage

Bradyrhizobium Pseudomonas Enterobacteria phage
Burkholderia Pseudoxanthomonas
Catenulispora Pyrobaculum Escherichia phage
Caulobacter Ralstonia
Cupriavidus Rhodanobacter Salmonella phage
Desulfobacca Rhodopseudomonas
Desulfovibrio Rhodothermus
Enterococcus Saccharopolyspora Brevibacillus phage
Frankia Solibacter
Geobacter Sphingobium
Gluconobacter Starkeya
Herminiimonas Streptomyces
Hyphomicrobium Streptosporangium
Kineococcus Synechococcus Burkholderia cepacia
Kribbella Thiobacillus phage
Mesorhizobium Thioflavicoccus
Methylocystis Tistrella Brucella phage
Micromonospora Vibrio
VI Bacillus Helicobacter Mycobacterium phage
Colwellia Hydrogenobacter Caulobacter phage
Cyanothece Mycoplasma
Enterococcus Nostoc Prochlorococcus phage
Fervidobacterium Staphylococcus
Vil Acinetobacter

Salmonella phage

Agrobacterium

Enterobacteria phage

Candidatus
Korarchaeum

Alteromonas phage

Chloroflexus

Ralstonia phage RSK1 DNA

Helicobacter

Pseudomonas phage
Rhodothermus Escherichia phage
Serratia Mycobacterium phage
Shewanella

Escherichia phage

Syntrophobotulus

Salmonella phage
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Cyanophage e | Mycobacteriumphage

Figure 22. Networks with both the origin of the DR and at least one related spacer were
putatively identified by the second workflow. All networks were issued from the analysis of the
ice metagenome. Above and below each network, legends show the identified prokaryotes
(roman numerals) and the identified viruses (letters).

Because of the less stringent procedure, the first workflow yielded between five to two
possible bacterial genera as sources for each of the ice DRs, while for the soil, it yielded
up to 42 different genera as possible sources of the DRs. The increased number of
proposed genera for the soil DRs might be a consequence of the databases that have
more representatives from this ecosystem as opposed to ice. Because of the long list
of possible identities for the soil microbial hosts (V, VI and VI in Figure 21), they will not
be commented here. As for the microbial identities proposed for the DRs from the ice
CRISPRs, it is worth noting that several of the genera belong to the phylum Cytophaga-
Flavobacteria-Bacteroides (CFB) and to the Firmicutes phylum, which are commonly
found in glacial ice and snow samples (Table 6) (Miteva and Brenchley, 2005; Amato et
al., 2007; Bidle et al., 2007; Zhang et al., 2008; Y. X. Zeng et al., 2013). However, the
identified genera from the Firmicutes phylum (microbial hosts for I1ll) were
Halothermothrix and Thermoanaerobacter whose members have usually been
described as thermophiles, although Thermoanaerobacter has been detected before in
psychrophilic environments (Gaidos et al., 2009). The genus Mannheimia, possible
microbial host for | and Il, is found in animal hosts, some of which inhabit arctic regions
such as polar bears and reindeers (Fisk et al., 2005; Josefsen et al., 2007). Other
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identified genera have rarely been detected in polar environments, for example
Persephonella and Xylella, which were identified as possible microbial hosts for Ill.
Xylella is a phytopathogen mostly described in temperate environments (Simpson et
al., 2000), while Persephonella members are deep-sea dwellers (Gotz et al., 2002). The
Kosmotoga genera, possible identity for the microbial host IV, has been seen to
tolerate a broad range of temperatures, but these are in the thermophilic and
mesophilic spectra at the moment (DiPippo et al., 2009; Nesbg et al., 2010). However,
the small size of viral nucleotide databases limit identification to a few, better studied
viruses. At the same time, the less stringent process used to identify the microbial

hosts might also be yielding inaccurate results.

The higher stringency level applied to the second workflow resulted in a more
restricted list of identities for the microbial hosts with one or two bacterial genera per
DR. The genus Verminephrobacter was identified as a possible microbial host in | and I
(Figure 22). In the case of Il, the microbial host could also be Bordetella. However,
viruses infecting | and Il were identified to be Cyanobacterial phages. While three
Bordetella phage genomes were present in the prokaryotic viruses’ database, there
were no known Verminephrobacter phages. Thus, viruses a, b and c might be
Verminephrobacter phages, although their closest match in the viral database are
Cyanobacteria phages. Microbial host Il was identified as a member of either
Staphylococcus or Mpycobacterium. Microbial host IV was also identified as a
Mycobacterium and viruses e and f were identified as Mycobacterium phages. Phage d
was assigned to either Cellulophaga phage or Pseudomonas phage. Further
interrogation of the ice metagenomes through MG-RAST (Meyer et al., 2008)
confirmed the assignment of reads to all identified hosts. Likewise, viruses identified
from the spacers were represented in the viral ice metagenomes based on Metavir’s
(Roux et al., 2011) contig and/or read assignments, supporting data output from the

CRISPR network system.

The analysis of ice CRISPRs shed some light on the communities inhabiting this
environment and their possible viral relationships. Verminephrobacter (possible host |
and Il in Figure 22) and Bordetella (possible host Il in Figure 22), have been described

as a nephridia symbionts (Davidson et al., 2013), suggesting the presence of annelids in
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the ice. No functional data for annelids was present in our metagenome dataset based
on analysis with MG-RAST. However, given that samples were pre-filtered to remove
debris, it is possible that we lost these in the process. Presence of ice worms has been
confirmed in a range of glaciers (Hartzell et al., 2005) as was discussed in the
introduction and representatives of Verminephrobacter were also found in Lake Vostoc
ice (Shtarkman et al., 2013). Recently, a study described the presence of bacterial
microbiota in ice worms (Murakami et al., 2015). Bordetella (possible host Il) was also
found to be present in ice cores from Pony Lake, Antarctica (Foreman et al., 2011).
Although Staphylococcus and Mycobacterium (possible host 11l and possible host Il and
IV, respectively) are genera often associated with humans, they are ubiquitous and
have been found inhabiting a wide range of environments (Kloos, 1980; Falkinham,
2002), including glacial ice (Christner et al., 2000; Miteva et al., 2004; Xiang et al.,
2005). When looking at the taxonomic assignment of the 16S rRNA gene sequences,
only Mycobacterium was present at the genus level (0.14% of assigned reads). No
other bacteria identified through our network were represented in the taxonomic
classification of the 16S rRNA gene sequences, which could point to a low abundance
of these bacteria in their environment. It could also mean that these bacteria are the
closest members present in the database, but that the bacteria actually inhabiting the
ice do not have representatives in the 16S rRNA gene database, thus limiting the
taxonomic assignment. With respect to the viruses identified in our network, all of
them, with the exception of the Cellulophaga phage, were described by Cottrell and
Kirchman, 2012 in their analysis of viral genes present in arctic bacteria.This data
supports the assumption that these viruses are infecting arctic bacteria as indicated by
our results. In addition, Cellulophaga phages seem to be ubiquitous in aquatic

environments based on the study by Holmfeldt et al., 2013.

Both workflows proposed identifications for DRs 2 and 6 (Figure 20), this offers an
opportunity to see how both methods compare. At the genera level these
identifications do not share common points. However, at the phylum level, both
workflows suggested Proteobacteria as a possible identity for DR 2 and both suggested
Firmicutes as a possible identity for DR 6. Identities for the spacers related to these

DRs are identical given that the viral identification process for both networks was the
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same. The results of the second workflow, as compared to those of the first workflow,
not only seem more congruent at the level of viral-host paring, but they are also
consistent with the different analysis of the metagenomic datasets and existing
literature. Results of the first workflow are only similar at the phylum level for the
microbial identities. Therefore, the added requirement in the second workflow that
makes sure that the DRs were not matching other areas of the genomes seems to have
strengthened the accuracy of the microbial identifications. Further stringency would
probably increase the robustness of the analysis; however it would also result in the
loss of information, as was mentioned above. The stringency parameters applied in the
data interpretation have already eliminated possible bacterial/viral interactions when
both the bacteria and the virus were unknown or the bacterial presence was not
confirmed by 16S rRNA sequencing. The implementation of higher stringency
parameters would therefore lead to more data loss. A good example is the use of DR
databases as was discussed before. The blast of the arctic ice and soil DRs from the 13
different CRISPRs against the CRISPRdb (Grissa et al., 2007a) only yielded two hits,
both from the same CRISPR, (maximum e-value 10, lower values yielded no hits) to the
same organism Taylorella equigenitalis, a horse pathogen. The alignment was very
poor and the identification would have probably not succeeded to pass the
subsequent steps of the workflow. However, as part of the method validation, the
CRISPRdb was blasted against the prokaryotic genomes database. For an e-value of 10°
> or lower the correct identity would be among the hits. The limited size of the DR
database and the underrepresentation of environmental sequences make it unsuitable
at the moment for the identification of DRs sourced from environmental CRISPRs,
especially when working with data from understudied extreme environments. A
compromise between stringency and data loss was therefore made in the

development of the workflows.

CRISPR related databases and viral databases among many others will undoubtedly
become larger in the following years with the increase of high throughput sequencing
of environmental samples. However, DRs from soil CRISPRs proved to be more difficult
to identify than the DRs from ice CRISPRs. A possible explanation is that databases

have more representatives from soil ecosystems and the identification becomes
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harder. In this case bigger databases might require the implementation of higher
stringency steps into the workflow in order to identify viruses and hosts through
CRISPRs. CRISPRs are also quite abundant in Archaea, but the number of fully
sequenced archaeal genomes is considerably smaller than for bacteria. In a similar
way, deeper microbial sequencing could also increase the number of CRISPR
sequences found in metagenomes and make the identification of the microbial
originator of the CRISPR a more likely occurrence in environments with high microbial
diversity. On the other hand, our CRISPR-based network discovered viral/microbial
interactions among unknown viruses and Bacteria/Archaea. The further identification
of these microorganisms would help clarify the extent of these interactions. Despite
working with small-sized databases and a relatively unexplored ecosystem whose
inhabitants may not be well represented by the fully sequenced genomes in the
database, we were able to describe several viral-host interactions taking place in the

arctic glacial ice through the analysis of CRISPRs obtained from metagenomic data.

4.3 Transduction Events

If icy environments have communities of diverse viruses, with possible broad host
ranges and even high infectivity, transduction could be a major driver of adaptation in
these environments. However, not only the rates of transduction are relevant for
bacterial adaptation through this mechanism, but also the content of the transducing
material. In order to learn about the DNA that could be being transduced in the ice and

its adaptive significance for the recipient cell a series of analysis were carried out.

In specialized transduction, the virus encapsidizes its own genome with part of the
host microbial genome (Morse et al., 1956; Frost et al., 2005). If these events had
taken place in the microbial communities we sampled in the Arctic, we would expect
to find viral genomes with fragments of microbial DNA. In order to look for traces of
specialized transduction events in our viral metagenomes, we selected a set of genes
that we thought could be of adaptive interest to the Arctic microbial community. As
the arctic ice and soil are subjected to low temperatures and mercury from the
snowpack (Larose, Prestat, et al.,, 2013), we selected cold shock genes and mercury

resistance genes as traits that might be an asset for microorganisms living in the Arctic.

75



Additionally, we selected a set of genes, such as efflux pumps genes, that might
provide an adaptive advantage regardless of the ecosystem. We browsed our
unassembled and assembled viral metagenomes for hybrid reads or contigs and
subsequently identified the transduction agent through the viral part of the sequence.
The viruses that could be potential transducing agents for the three selected genes
based on the analysis of the viral reads are presented in Table 7 a, b and c. The viruses
that could be potential transducing agents for the three selected genes based on the
analysis of the viral contigs are presented in Tables 8 a, b and c.

Tables 7. Reads from the ice and soil metagenomes with both microbial and viral sequences. a.
Reads with cold shock protein sequences and their viral assignment. b. Reads with mer genes’

protein sequences and their viral assignment. c. Reads with efflux pumps’ protein sequences
and their viral assignment.* (viral accession numbers identified as transduction agents).

a. COLD SHOCK PROTEINS in ice COLD SHOCK PROTEINS in soil
GenBa.nk Definition GenBa.nk Definition
accession accession

GU396103.1| Aeromonas phage )
. KF296717.1 Bacillus phage
DQ115859.1 | Cyanobacteria phage

b. mer GENE PROTEINS in ice mer GENE PROTEINS in soil
GenBa.nk Definition GenBa.nk Definition
accession accession

KF887906.1 Ralstonia phage AY349011.3* | Burkholderia cepacia phage
AB434711.1 Ralstonia phage JX163858.1* Caulobacter phage
AB259123.2 Ralstonia phage J1X100814.1 Caulobacter phage
JX100813.1* Caulobacter phage
) JX100812.1* Caulobacter phage
DQ115859.1 | Cyanobacteria phage
JX100811.1* Caulobacter phage
JX100809.1* Caulobacter phage

EFFLUX PUMPS PROTEINS in ice EFFLUX PUMPS PROTEINS in soil

c.
GenBa.nk Definition GenBa.nk Definition
accession accession
AB828698.1 Ralstonia phage
KF887906.1 Ralstonia phage
. HQ633071.1 Synechococcus phage
AB434711.1 Ralstonia phage
AB259123.2 Ralstonia phage
GU911303.1| Burkholderia phage
J01735.1 | Enterobacteria phage
AF234172.1 | Enterobacteria phage | KF296717.1 Bacillus phage
AF234173.1 | Enterobacteria phage
DQ115859.1 | Cyanobacteria phage
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Tables 8. Contigs from the ice and soil metagenomes with both microbial and viral sequences.
a. Contigs with cold shock protein sequences and their viral assignment. b. Contigs with mer
genes’ protein sequences and their viral assignment. c. Contigs with efflux pumps’ protein
sequences and their viral assignment.

a. COLD SHOCK PROTEINS
Contig GenBank accession Definition
contig00022 AB259123.2 Ralstonia phage
contig00022 KF887906.1 Ralstonia phage
contig00022 AB434711.1 Ralstonia phage
contig00006 AB276040.1 Ralstonia phage
contig00500 GU396103.1 Aeromonas phage
contig00157 GU396103.1 Aeromonas phage
mer GENE PROTEINS
Contig GenBank accession Definition
contig00022 AB259123.2 Ralstonia phage
contig00022 KF887906.1 Ralstonia phage
contig00022 AB434711.1 Ralstonia phage
EFFLUX PUMPS PROTEINS
Contig GenBank accession Definition
contig00006 AB276040.1 Ralstonia phage
contig00007 JN662425.1 Burkholderia phage
contig00007 FJ937737.2 Burkholderia phage
contig00007 JX104231.1 Burkholderia phage
contig00022 AB259123.2 Ralstonia phage
contig00022 KF887906.1 Ralstonia phage
contig00022 AB434711.1 Ralstonia phage
contig00035 AB828698.1 Ralstonia phage
contig00035 GU911303.1 Burkholderia phage
contig00035 J01735.1 Bacteriophage lambda
contig00035 AF234172.1 Enterobacteria phage
contig00035 AF234173.1 Enterobacteria phage
contig00157 GU396103.1 Aeromonas phage
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The potential transduction agents in the ice identified through the analysis of the reads
were highly similar to those identified through the analysis of the contigs. A total of
five phages had putative viral and microbial markers matching those in the microbial
and the viral databases. Cyanobacteria phage, which was identified through the read
analysis as a transduction agent for all three genes was however missing in the contigs
analysis. All other four phages, Aeromonas phage, Ralstonia phage, Burkholderia phage
and Enterobacteria phage were present in both analysis and more or less for the same
set of genes. Ralstonia phage was identified by the contigs analysis as a transducing
agent for all three microbial proteins studied here. The reads analysis identified it as a
potential transduction agent of mercury resistance genes and efflux pumps genes. No
soil contigs contained both a viral and a microbial marker based on our stringency
parameters (see section 3.4.10). However, this was not the case for the soil reads were
four phages were identified as putative transduction agents. Several of these phages
were present in the CRISPR networks presented above. Red stars in Table 7 b mark the
viral accession numbers which had been identified in this study as sources of the
CRISPRs and as transduction agents. We were therefore able to map the transduction
results onto our infection network (Figure 23). This means that the Burkholderia (i in
Figure 23) and Caulobacter phages (j in Figure 23) could be acting as transduction
agents in soil, potentially exchanging mercury resistance genes among the different
bacteria identified in the CRISPR network (V and VI in Table 6). Although hybrid reads
were detected, no hybrid contig was found in the soil virome while 6 hybrid contigs
were found in the ice virome. Given that the overall number of viral ice contigs was
roughly a third of the contigs from the soil, transduction in ice might be more
predominant than in the soil, where other mechanisms of gene transfer might

compete with transduction.

Figure 23. Networks extracted from Figure 21, shapes shaded yellow stand for the potential
transduction agents and their hosts.
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Our interest in linking phages and their host in the environment originated from the
hypothesis that transduction has a significant role in microbial adaptation. We
therefore tried to identify molecular tracers of transduction in our viral metagenomes.
We found hybrid reads and contigs in our virome that had both viral and microbial
sequences in the same sequence. Based on this result, up to five different phages in
arctic glacial ice appear to be carrying pieces of various microbial genes that could be
(or have been) transferred to their host(s). Ralstonia phages were frequent candidates
in our ice viromes. Individual Ralstonia phages appear to be capable of infecting
several different strains of Ralstonia solanacearum (Kawasaki et al., 2009) and possibly
spreading important environmental genes throughout the population. Moreover,
Cupriavidus metallidurans, formerly Ralstonia metallidurans (Vandamme and Coenye,
2004), is a bacteria known to resist a range of different metals including mercury by
carrying the genes responsible for this resistance in a mer operon (von Rozycki and
Nies, 2009). Given that we could find Cupriavidus metallidurans in our MG-RAST
functional assignment data (Meyer et al., 2008), Ralstonia phages found in this study
as transduction agents of mercury resistance genes might have Cupriavidus

metallidurans as a host.

The potential impact of Ralstonia phages in glacial ice was further evaluated by
blasting a set of proteins from the phage against the assembled microbial
metagenome from ice. Proteins from the Ralstonia phage matched 13 different contigs
(maximum e-value 9x10'1°). Based on these results, 3.4% of the assembled bacterial
sequences from ice carry coding DNA from Ralstonia phages. However, all the
Ralstonia phages identified as transduction agents belong to the Inoviridae family (ss
DNA viruses), with the exception of AB276040.1 which belongs to the Myoviridae
family (ds DNA viruses). As was seen in the 4.2.1 section MDA preferentially amplifies
single stranded DNA viruses over double stranded DNA viruses. Therefore the
repeated appearance of this phage in our analysis might be due to an over
representation of its sequences in the metagenomic pool. The 13 contigs were then
blasted against the prokaryote genomes database in order to identify them. Only
contigs 6 and 7 had hits against the prokaryotes genomes database with e-values less

than 9x10°. With 96% identity over 86 base pairs (e-value 1x10%°), contig 6 was
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assigned to Brachybacterium faecium. Brachybacterium faecium has been previously
described in arctic sea-ice from Spitzbergen (Groudieva et al., 2004) and in Vostok
accretion ice (Christner et al., 2005). Contig 7 was assigned to Kocuria rhizophila with
84% identity over 243 base pairs (e-value 9x10%%). Members of the Kocuria genus have
been detected in ice cores from glaciers and ice sheets all around the world (Miteva et
al., 2004; Xiang et al., 2005; Zhang et al., 2008, 2010). Moreover, Kocuria rhizophila

was detected in the sediments of a subglacial lake in Antarctica (Pearce et al., 2013).

These analyses enabled us to detect transduction candidates which could be playing an
important role in their environment. This analysis could be carried out prior to the
design of laboratory experiments to test for transduction in the environment.
Moreover, the results yielded in this section can be combined with the infection
network created through CRISPR sequences. In this fashion, not only do we gain
information on phages that could be exchanging bacterial genes in the ice, but also
which bacteria could be the receptors of these genes. Mapping the identification of
transduction agents with infection networks could help us understand the magnitude

of this phenomenon and its role on bacterial adaptation.

Overall, the results point to the presence of transduction events in glacial ice and
maybe also in arctic soil. More interestingly, these transduction events would be
promoting the exchange of genes of potential interest to the microbial community.
Ralstonia phages seem to be transducing agents for the three genes we selected, and
thus could be shaping microbial adaptation to toxic solutes in veins and cold
temperatures. However, Ralstonia might have been detected in this study because of
an over representation of its reads in the viral metagenome. Other phages could be
leading similar processes and have not been detected because of a lower

metagenomic representation or because they are transducing other sets of genes.
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5. General Discussion

The main hypothesis on which this thesis is based is that viruses can drive microbial
adaptation and evolution in the environment. The work done to test this hypothesis in
our model environment, glacial ice, indicated viral diversity to be low and no
conclusions could be drawn on host ranges. However, the number of CRISPRs in the ice
metagenome was high compared to nearby soil, which points to increased microbial
defenses against phage infection. The reason for this higher CRISPR abundance in ice
could be higher infection rates, as have been described in the literature for other cold
environments (Sawstrom, Granéli, et al., 2007). The CRISPR-based infection networks
from the ice metagenome pointed to a complex environment where different niches
were exploited by the microbial and viral community, such as annelids’ nephridia.
Phages infecting microbial symbionts in animals are believed to control the microbial
population providing innate immunity to the animal (Carda-Dieguez et al., 2015) and in
thus, a perdurable niche for the microbial community. Moreover, transduction agents
seem to be present in glacial ice, providing exchange of genetic material among cells.
The nature of this genetic material supports the idea of these events favoring microbial
adaptation through viruses. Therefore, the results yielded by this thesis are consistent

with viruses being drivers of microbial adaptation, especially in cold environments.

Hereafter, the different aspects and bottlenecks encountered during the work of this

thesis will be discussed, as well as the main conclusions drawn.

5.1 Viral Populations in Environments with a Range of Temperatures

The first objective of this thesis was to analyze if there was any evidence suggesting
that environments with different temperatures hosted different sorts of viral
communities. We thus analyzed 30 publicly available metagenomes from 10 different
environments subjected to various temperatures and calculated Shannon indexes to
compare viral diversity among them. The results pointed to a correlation between
temperature and viral diversity, with cold environments having higher diversity than
temperate environments. We must take into account that the number of
metagenomes analyzed might not be big enough for the results to be reliable, for

example, we are missing data from the hyperthermophilic spectra which could change
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the conclusions drawn from the results. It could be that a higher viral diversity is a
hallmark of extreme environments (Rice et al., 2001; Rachel et al., 2002), rather than
just of cold ecosystems. However, what we can see is that glacial ice has similar
Shannon indexes for viral diversity to those of freshwater lakes (Albufera), or marine
systems (Puget Sound or Baltic sea), in accordance with what has been seen so far in
the literature (Lopez-Bueno et al., 2009; Bellas and Anesio, 2013; Sencilo et al., 2014).
These results suggest that cold environments can be as rich as environments which
have traditionally been considered highly diverse from the viral perspective (Suttle,

2005; Angly et al., 2006; Breitbart, 2012).

We also analyzed the CRISPRs found in these 30 metagenomes to see if the results we
obtained matched those derived from traditional sequence analysis. CRISPRs could be
a tool to approach ecological questions such a viral diversity, host ranges or viral
infectivity. Spacers, as markers of past infections could be a reflection of the viral
population in a given environment (He and Deem, 2010). Assessing the number of
different spacers present in a metagenome might be a measure of the different active
viruses. It should be noted that several different spacers could actually match one sole
phage (Paez-Espino et al., 2013) and this could make viral diversity inferences through
spacers unreliable. Nevertheless, Baltic sea water, Antarctic lake water and glacial ice
were (in decreasing order) the environments with higher numbers of spacer clusters in
accordance with the previous results for viral diversity. Baltic sea ice and glacial ice
showed high viral diversities based on the Shannon index comparisons and one of the
three metagenomes from Antarctic lake water also yielded a very high Shannon index.
The number of different spacer sequences found in a metagenome could therefore be
an indicator for viral diversity. Moreover, to be represented among the spacers, the
viruses must have infected a microbial cell hosting a CRISPR system. Hence,
conclusions drawn from spacer analysis could be a measure of the diversity of active
viruses rather than the diversity of the total viral population. One study proposed that
spacer diversity could be correlated to CRISPR activity, i.e. the ability to integrate new
spacers in response to exposure to foreign DNA (Horvath et al., 2008). From our point

of view, the rate of exposure to foreign DNA is partly determined by the rate of
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infection by different viruses for which a new spacer is needed. Hence, the higher the

diversity of infective viruses, the more active the CRISPR systems need to be.

If spacers represent the portion of the viral population which is infectively active, they
could also help us address viral specificity ranges. If a given spacer is shared by several
different cells it could point to the presence of a virus with broad host ranges. On the
other hand, several studies have noted a “trailer-end conservation” among the spacers
across entire populations (i.e. spacers farthest from the leader sequence were shared
population-wide) (Diez-Villasefior et al., 2010; He and Deem, 2010; Weinberger et al.,
2012). It was modeled that these “old” spacers would actually confer immunity against
dormant or lysogenic phages which bloomed or reemerged every certain time
(Weinberger et al.,, 2012). Thus, duplicated spacers could belong to this group of
trailer-end spacers. However, in order for these spacers to be shared across entire
populations, either the dormant phages have broad host ranges or the primitive
CRISPRs were laterally transferred across the population. In the first scenario,
duplicate spacers would still point to broad host ranges. In the second case, they
would be markers of environments with a higher rate of dormant or lysogenic viruses.
Duplicity of spacers has already been used to assess viral specificity in the past (Brodt
et al., 2011). The results of duplicate spacers per ecosystem varied depending on the
software used for the recovery of CRISPRs. However, what was common for all three
programs was that human gut and glacial ice had relatively high values of duplicated
spacers. Some previous studies have pointed to the possible presence of phages with
broad host ranges in the human gut (Modi et al., 2013; Waller et al., 2014) and glacial
systems (Anesio et al., 2007), although phage specificity data of the healthy human gut
and glacial ice is largely missing. Other reasons could also explain these results, for
example if there was a high abundance of one specific bacterial species in the
community with one associated phage a high proportion of cells would be infected by
the same phage and we would therefore see high duplicate spacer numbers. This
might be the case for the human gut where viral diversity has been described as low
(Reyes et al., 2012), yet glacial ice had high viral diversity in our sequence analysis.
Spacer duplicates as an approach to measuring viral specificity is difficult to evaluate

given the lack of information about viral host ranges in general.
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Abundance of CRISPR sequences could also have ecological implications related to viral
dynamics and their interaction with the microbial community. Viruses with high
infection rates or diverse viral communities could lead to increased CRISPR sequences
in an environment as was discussed in the 4.1.2 section. However, this is contrary to
the hypothesis put forward by Breitbart, 2012, where they suggest that CRISPRs are
highly specific defense mechanisms and their presence would increase in
environments with high viral density yet low viral diversity. In these environments
there would be high contact rates, but from a limited set of phages. In their analysis,
they saw that freshwater and hypersaline samples had the highest numbers of
CRISPRs. Yet these environments have been described as hosting high viral diversities
(L6épez-Bueno et al., 2009; Santos et al., 2010; Emerson et al., 2012; Roux et al., 2012;
Ventosa et al., 2015). In our analysis, glacial ice had the highest proportion of CRISPR
sequences with two out of the three softwares used to search for CRISPRs. Based on
the Breitbart, hypothesis this would point to high contact rates and low viral diversity,

although alpine glacial ice had relatively high Shannon indexes in our results (4.8-5).

Overall, the results yielded in the analysis of the metagenomes from different
environments with varying temperatures support the hypothesis that cold
environments host a distinct viral community. The diversity of this community in cold
environments could be as rich as other water systems considered to have high
diversities. The analysis of the CRISPRs found within these metagenomes pointed to
what could be broad host ranges and high infection rates. The results issued from this
preliminary analysis encouraged us to use glacial ice as a model ecosystem to search

for virus-host interactions.

5.2 CRISPR-based Infection Networks

The preliminary exploration of viral and microbial metagenomes from arctic ice and
soil enabled us to draw some conclusions on the general ecological traits of these
environments and their communities. Nevertheless, sequence similarity analyses are
highly dependent on the content of the databases. Very little is known about microbial
communities within ice, their diversity, composition or function and this lack of

knowledge is reflected in the databases. Accordingly, in the MG-RAST pipeline, only
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20% of the ice microbial reads were annotated to known proteins, while for soil, this
value ranged from 36% to 39% of the microbial reads. Moreover, in this thesis we
worked with viruses from arctic ice and soil. Environmental viruses are also
underrepresented in databases, this was reflected in the high percentage of viral reads
classified as unknown in the MG-RAST pipeline (ca. 90%). Even in the more virus-
specific server Metavir, the ratios of affiliated sequences were low with glacial ice
having less than 9% of the reads assigned. It thus follows that environmental viruses

from glacial ice cores are largely unknown.

An unexpected result was the low viral diversity encountered in arctic glacial ice as
opposed to what had been seen in the analysis of public metagenomes. The Shannon
index computed for arctic glacial ice was lower than any of the Shannon indexes
computed for the publicly available metagenomes, suggesting that arctic glacial ice
does not host a highly diverse community of viruses. The size of the viral metagenome
from ice was also one order of magnitude smaller than that of soil and the public
metagenomes analyzed, which could explain this difference in viral diversity.
Nevertheless, there was a higher proportion of CRISPRs in ice than in soil, therefore
the model hypothesized by Breitbart, 2012 where a high proportion of CRISPRs stand
as an indicator for low viral diversity and high viral density might hold for glacial ice.
Extracted DNA quantities are consistent with this idea. Viral DNA from soil represented
12% of the total extracted DNA while viral DNA from the ice represented 20% of the
total extracted DNA. This high viral density would be congruent with previous works
that suggested high contact rates in ice channels (Wells and Deming, 2006) and could
lead to high infection rates. The high number of CRISPRs found also suggests that

glacial ice was a good model ecosystem for this study.

Inferences from the CRISPR-based infection network drawn for glacial ice pointed to
the presence of nephridia symbionts as bacteria present in the ice and being infected
by viruses. Although members of Verminephrobacter and Bordetella have so far only
been described in the nephridia of earthworms, little investigation has been
undertaken to describe symbionts in the nephridia of other annelids (Davidson et al.,
2013). Moreover, little is known about the physiology of ice worms, yet members of

the Mesenchytraeus genus have been described to have four pairs of nephridia (Chen
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and Xie, 2015). Likewise, no phages have been described that infect nephridia
symbionts, although the CRISPR finder database also hosts three CRISPRs from
Verminephrobacter and several questionable structures for Bordetella. Given that
there are no phages of nephridia symbionts in the database, the phages proposed by
the network (Cyanophage and Synechococcus phage) must have been the closest
match. Two CRIPSRs from the ice were assigned to nephridia symbionts. Thus, CRISPR-
based infection networks are able to link phages to their hosts even when the phages
have never been described and their existence is unknown. Phages that regulate the
populations of bacterial hosts in the nephridia of annelids could be essential to their
health and ecology (Lund et al., 2010). This is a good example of how this approach

offers a new perspective of the microbial community’s ecology.

One of the main objectives in this thesis was to construct infection networks based on
the information that can be retrieved through CRISPRs outsourced from metagenomic
data. In this thesis a CRISPR-based workflow to link viruses with their host(s) in the
environment was developed. This approach also allowed us to gain information on the
microbial community of glacial ice, an understudied habitat which, as we have seen, is
difficult to explore through traditional approaches such as sequence similarity. CRISPR-
based infection networks facilitated the gathering of information on virus-host
relationships in glacial ice. This new perspective could help us further understand and
compare viral ecology in different ecosystems, giving us a more complete view of viral-
microbial communities, their interactions, and consequently, their influence on global

processes.

5.3 Transduction in Glacial Ice

Testing the hypothesis that prokaryotic viruses could drive microbial adaptation to
environmental conditions through the transfer of genetic information was one of the
major objectives of this thesis. Glacial ice was selected as a model environment
because there was evidence in the literature and in the analyses carried out in this
thesis that it is an environment with high infection rates and broad host ranges. These
parameters could have an important impact on the rate of transduction and its

relevance in microbial adaptation.
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Although identification of transduction agents in arctic soil enabled their mapping onto
the infection network, this was not achieved for glacial ice. However, it serves as a
proof of concept. If we can identify phages that act as transduction agents and map
them onto our CRISPR-based infection network, we can see which bacteria receive the
microbial DNA they are carrying. In this study we identified several phage genomes,
belonging to the Caulobacter phages and Burkholderia phages, as agents of transfer of
mercury resistance genes in arctic soil. Unfortunately, the bacteria that these phages
infected was not clear, given the difficulty in identifying DRs in soil. Transducing phages
for Caulobacter and Burkholderia have been previously described (Ely and Johnson,
1977; Nzula et al., 2000; Ely et al., 2015). The application of this approach to different
environments could eventually help assess the impact of transduction in microbial

communities.

An important conclusion drawn from our analysis of transduction events in glacial ice
was the identification of Ralstonia phages as transduction agents for all the microbial
genes tested. Ralstonia phages could have an increased relevance in transduction, and
thus in microbial adaptation in glacial ice. It is important to note that our approach to
search for transduction agents was based on the analysis of reads from the viral
metagenome which shared microbial and viral DNA. Microbial contamination of the
viral fraction from which the viral metagenomes were derived cannot be ruled out.
Therefore, it could be that the reads sharing microbial and viral DNA belonged to a
microbial cell rather than to a viral particle indicating the presence of a prophage
rather than a transduction hallmark. If this is the case, then integration sites of the
prophage could probably be identified in the contig. It could also be that Ralstonia
phages are the closest match in the database to the phage (or phages) that are actually
present in the ice. However, we did find Ralstonia phage genes within the microbial
fraction, pointing to presence of Ralstonia prophages which have indeed been
previously described in the literature (Askora et al., 2009). This calls for further
investigation in order to determine the role of these phages in glacial ice and their

possible transducing nature.

Microbial contamination is a generalized problem when working with viral sequences

and assessing transduction events. One study tested the publicly available viral
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metagenomes for microbial contamination and concluded that many of the datasets
were most probably contaminated (Roux et al., 2013). PCR amplification of 16S rRNA
genes in the viral enriched fraction has been used to test for contamination prior to
sequencing (Thurber et al., 2009). Yet, the 16S rRNA PCR is carried out once the viral
DNA has been extracted. Given that generalized transduction could by chance pack a
16S rRNA gene within a phage, it is possible that an uncontaminated metagenome
would seem contaminated by this test. A slightly different approach would be to do
the PCR before the desencapsidation of the phages. Some groups have used this
technique before to test for contamination of the viral sample before determining

transduction events (Martinez-Castillo et al., 2013; Colomer-Lluch et al., 2014).
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6. Conclusions

The main conclusions derived from this thesis are:

e Cold environments have higher viral diversities and higher abundance of CRISPRs

than temperate environments.

® CRISPRs can be used as a tool to explore the nature of viral communities of
environmental samples and link viruses to their hosts uncovering un-described

relationships.

e Arctic glacial ice has low viral diversity (as opposed to alpine glacier ice), yet seems

to have high density of viruses and possibly high infection rates.

e CRISPR-based infection networks could help elucidate the relevance of transduction

in natural environments.

e Transduction could be taking place in glacial ice and Ralstonia phages could have an

important role in this gene exchange.
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7. Perspectives

The work carried out in this thesis has mainly dealt with the analysis and interpretation
of data through bioinformatics. It has been based on CRISPR-based approaches to
undertake ecological exploration from a new perspective and thus has identified
relationships which had never been described. Yet, its reliability needs to be further
tested and ascertained through further sequence analysis and empirical

experimentation.

CRISPR-based infection networks could serve as an ecosystem modeling tool. It can
probe the environment to find possible virus-host interactions which can be later
further investigated through other means such as viral tagging (Deng et al., 2012). This
method can be applied to environmental samples (Deng et al., 2014), it involves the
fluorescent labeling of DNA from environmental viruses which are then combined with
a pre-selected host labeled with isotopically heavy DNA. Infected cells are recovered
through flow cytometry and viral DNA is parted from the host DNA with the help of a
density gradient. Viral DNA can then be amplified and sequenced. In this fashion, you
can test which viruses are actually capable of infecting a given organism. Moreover,
this kind of evidence could ratify the hypothesis drawn with CRISPR-based infection

networks.

Our analysis on transduction was done based on the presence of bacterial and viral
DNA within a contig. This kind of analysis runs the risk of mistaking a transduction
hallmark with a chimeric contig or microbial contamination. These possibilities lower
the reliability of our analysis since we cannot be sure that the whole contig actually
belonged to a virus. New sequencing technologies provide the opportunity of
sequencing long fragments of DNA vyielding very long reads. Nanopore technology, for
example, could generate reads of up to 50.000bp (Branton et al., 2008). Thus, one read
could actually comprise the whole genome of a phage (Schneider and Dekker, 2012).
Having the whole genome within one read would not only omit biases due to read
assembly, but also provide data which can be analyzed for transduction without
microbial contamination. Implementation and affordability of these sequencing
technologies will most probably lead to more reliable measures of the impact of

transduction in natural environments. Moreover, the improvement in sequencing
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technologies that require less DNA and the development of new methodologies, such
as single genome sequencing or alternative DNA amplification methods, might also
help avoid biases induced by MDA and create a more accurate picture of viral

communities.

After their discovery in the first half of the 20" century and a short period of intense
attention, prokaryotic viruses were mostly overlooked until the beginning of the 21
century, when their incredible abundance in the environment brought them back into
the scientific scope. Since then, the in depth study of prokaryotic viruses, their
physiology, their ecology and their impact on microbial populations and on global
processes has become a leading subject in environmental, medical and engineering
sciences. Among these, virus-host interactions in the environment are now a quickly
evolving domain in science. Single cell genomics, bioinformatics tools, proteomics and
other techniques are being exploited to learn about virus-host interactions (Navratil et
al., 2009; Mendez-Rios and Uetz, 2010; Calderone et al., 2015; Labonté et al., 2015;
Roux et al., 2015). The search of systems and mechanisms triggered by these
interactions will probably produce new discoveries in the very near future. Already, a
phage defense mechanism named BREX (Bacteriophage Exclusion) has been uncovered
in the genomes of prokaryotes (Goldfarb et al., 2015). Other related topics such as
communication among cells or population structure and their role in determining the
phage defense mechanism deployed are being surveyed (Iranzo et al., 2015; Tan et al.,
2015). Understanding how phages shape and regulate microbial communities is key,
not only from an ecological perspective but also from an engineering and medical
interest. The use of phages in medicine is prone to become a leading subject in medical
sciences, especially since we approach an antibiotics crisis (Matsuzaki et al., 2014).
Hence, it is expected that the investigation of the many unknowns surrounding
prokaryotic viruses will urge the development of new methods and technologies, will
lead to the discovery of mechanisms and systems with medical and commercial
interest, and will help us further understand environmental and evolutionary

microbiology.
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9. Appendix

9.1 Appendix 1: Diversity and CRISPR Abundance in Public

Metagenomes

30 publically available metagenomes were analyzed in the section 4.1 to assess the
distribution of CRISPRs in natural environments. Data issued from this analysis is
presented in Table 9.
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Table 9. The 30 metagenomes used in the analyses in section 4.1 with the environment they came from, the temperature of the samples, the proportion of
CRISPRs with each of the different software used and their weighted average percentage, the viral and bacterial diversity estimates (Shannon Indexes) and

the study they were derived from.

Environment

Human Gut

Amazonian
Soil

Coral Reef

Albufera

Puget Sound

Arctic Soil

Baltic sea
water

Metagenome

Human Gut 86
Human Gut 31
Human Gut 32
Amazonia Soil 57
Amazonia Soil 90
Amazonia Soil 94
Timbebas
Pab
California
Albuferal
Albufera2
Albufera3
Puget Sound P1
Puget Sound P28
Puget Sound P5
Arctic Soil 125
Arctic Soil 126
Arctic Soil 127
Balctic Sea 1
Balctic Sea 2
Balctic Sea 3

To

37
37
37
28
28
28
24
24
24
19.5
19.5
19.5
11.5
11.5
11.5

4.1
4.7
5.7

Proportion of CRISPRs

Weighted average percentage

Diversity (Shannon

Index)

CRASS metaCRT PILER CRASS metaCRT PILER | Viral Div. Bath:’"a'
3.42134E-05 0.00018148 8.92524E-05 4.096375 | 10.137360
8.06267E-06 | 9.19144E-05 | 2.25755E-05 | 0.002477958 | 0.012441413 | 0.005420533 [{4.763205 | 9.876925
3.10229E-05 | 9.61708E-05 | 4.80854E-05 4.54525 | 10.305888
2.07028E-05 | 0.000103514 | 2.76037E-05 4.304865 | 9.152988
2.7665E-05 5.533E-05 1.38325E-05 0.00233617 | 0.013783404 | 0.004205106 |4.122091 | 9.137084
2.16519E-05 | 0.000259823 | 8.66076E-05 4.084359 | 9.075249

0 4.00711E-05 0 4.118599 | 9.561749
2.36703E-05 | 0.000418176 | 2.36703E-05 | 0.001126157 | 0.036712704 | 0.001126157 |3.865421 | 9.354171
1.19394E-05 | 0.000620847 | 1.19394E-05 4.067922 | 6.835692
2.36911E-05 | 0.000280344 | 3.15881E-05 5.013849 | 10.049506
1.52486E-05 | 0.000167734 2.6685E-05 0.002200188 | 0.022001877 | 0.003813659 | 4.978668 | 10.304998
3.00879E-05 | 0.000210615 | 6.61933E-05 4.742663 | 9.973289
1.00629E-05 0.00027673 0 4.810329 | 10.059123
5.76239E-06 | 0.000230496 0 0.000868346 | 0.022204855 | 0.000496198 | 4.805967 | 10.007949
9.21997E-06 | 0.000193619 | 9.21997E-06 4.796785 | 10.635706
9.67436E-06 | 8.70692E-05 1.93487E-05 4,187622 | 9.827383

1.965E-05 9.82502E-05 1.965E-05 0.002047826 | 0.009946581 | 0.003218012 |4.112746 | 9.817104
2.92657E-05 | 0.000109746 | 5.12149E-05 4.103029 | 10.069858
5.38187E-05 | 0.001420814 | 1.61456E-05 4.39557 | 5.069984
6.48048E-05 0.00071567 3.94464E-05 | 0.004615588 | 0.063387411 | 0.003795039 |4.836351 | 4.611013
2.76347E-05 0.00023029 4.60579E-05 4.871031 | 5.504196
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Reads
assigned
to
viruses
(%)
0.39
0.33
0.35
0.20
0.19
0.18
0.88
1.16
1.04
2.04
1.03
0.71
0.71
0.27
1.74
0.19
0.24
0.22
0.23
0.33
0.22

References

(Wylie et
al., 2012)

(Mendes et
al., 2014)

(Bruce et
al., 2012)

(Ghai et al.,
2012)

(Port et al.,
2012)

(Tveit et
al., 2013)

(Thureborn
etal.,
2013)




Polar
Microbial
Mats

Antarctica
Lake

Glacial ice

McMurdo
WHI
MIS
Antarctica 104
Antarctica 106
Antarctica 115
Glacierl
Glacier2
Glacier3

1.2009E-05
2.38304E-05
7.78668E-05
2.39128E-05

1.6853E-05
3.77937E-05
6.68045E-05
5.87073E-05

8.8606E-05

7.20539E-05
0.000247241
0.000295894
0.000314546
0.000187069
0.000479816
0.000289486
0.00026614
0.000311893

3.60269E-05
0.000116173
0.00014016
2.39128E-05
5.05591E-06
1.6432E-05
0.000181857
0.000144811
0.0001843

0.004291052

0.002635238

0.007059661

0.024414604

0.032883185

0.028981765

0.011541449

0.001489482

0.017370481

4.130426
4.640296
4.562522
5.679599
4.543684
4.691972
5.027731
4.945844
4.859832

9.586140
10.643713
10.538262
10.782557
10.044361

9.989399

8.202311

7.351873

7.601995

0.31
0.36
0.26
0.69
4.62
4.38
0.35
0.37
0.34

(Varin et
al., 2010)

(Lauro et
al., 2011)

(Simon et
al., 2009)
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9.2 Appendix 2: Rarefaction Curves

Rarefaction curves for all the microbial and viral metagenomes studied in this study
were generated in order to assess the different degree of OTU sampling among
metagenomes.
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Figure 24. Rarefaction curves for all the microbial metagenomes used in this study. These plots
depict the number of species (OTUs) as a function of the number of samples.
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Figure 25. Rarefaction curves for the arctic ice and soil microbial metagenomes generated in
this study. These plots depict the number of species (OTUs) as a function of the number of
samples.
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Figure 26. Rarefaction curves for all the viral metagenomes used in this study. These plots
depict the number of species (OTUs) as a function of the number of samples.
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Figure 27. Rarefaction curves for the arctic ice and soil viral metagenomes generated in this
study. These plots depict the number of species (OTUs) as a function of the number of
samples.
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9.3 Appendix 3: CRISPR Sequences in Arctic Ice and Soil Metagenomes

CRISPR sequences from arctic glacial ice and soil metagenomes were extracted using
the software metaCRT. These CRISPRs were used to construct the CRISPR-based
infection networks in section 4.2.2. The CRISPR sequences yielded by the software
metaCRT are shown in Tables 10 (a, b and c).
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Table 10. CRISPR sequences found by metaCRT in a. the glacial ice metagenome, b. the arctic soil metagenome, c. the arctic soil metagenome subjected to
MDA. The sub-tables within a, b and ¢, show the name of the read the CRISPR was found in, the length of the CRISPR, how many CRISPRs within the read it
has found, the position within the read of the CRISPR, the CRISPR sequence separated into the DRs and the spacers, the number of DRs and their consensus
sequence and the average length of the DRs and the spacers. At the end of each table, the size of the metagenome, the total number of CRISPRs found and
the time the software took to execute the search are shown.

Table 10.a CRISPRs found by metaCRT in the microbial metagenome from arctic glacial ice

SEQ: IECDFUC02H5308 length=221 xy=3232_ 3930 region=2 run=R_2013 08 13 14 34 32
Bases: 221
Total CRISPR: 1

CRISPR 1 Range: 40

-216
POSITION REPEAT SPACER
40 AAACACACACACACAAACACGCACA CATACATACATACATACACACATACGCAC
94 ACACACACACATACACACACGCACA CACGCGCACACGCTCATGC
138 AAACACACTCATACACACACATACA CACACATACACACACATATACATACATAA
192 ACACATACACATACACACACACATA
Repeat-con AAACACACACATACACACACACACA
Repeats: 4 Average Length: 25 Average Length: 25
SEQ: IECDFUCO02INGQ5 length=425 xy=3430_ 2559 region=2 run=R_2013 08 13 14 34 32
Bases: 425

Total CRISPR: 1

124




CRISPR1 Range: 8 -

407
POSITION REPEAT SPACER
TTACTCTTACACATGTAAACACATATGCAAACCCCCACACACATACATCCACACAC
8 ACACACACACACGCACACAC AAACGCACACACAA
98 ATACATAAACACACACAGAC AAAACTGGCACACACACACACATATACACACACACATACACACACAAAAC
168 ACACACACACACACACAAAC GTAAATAAACACACACATACACACACAAACATGCATGCACAT
230 TTACACACACACACACACAC ATAAGAGTAAACACACATACTCTCACACACTC
282 ATACACACACAGACATACTC TCACACACTCACACTCATACATATACATACAAAAACACACAGAAGT
348 AAACACACACATACACACAC ACATTCACACACTCATACAC
388 AAACACACACANACACACAA
Repeat-con ATACACACACACACACACAC
Repeats: 7 Average Length: 20 Average Length: 43
SEQ: IECDFUC02H40UI length=208 xy=3216_3128 region=2 run=R_2013_08 13 14 34 32 _
Bases: 208

Total CRISPR: 1

CRISPR 1 Range: 11
- 185
POSITION REPEAT SPACER
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CAGACAACAGACAGACAGACAGACATAC

ATACAGACACTTTACAACAACAGA

63 CAGACAACAGACAGACAGACAGACAGAC AGACATAGTAACAGACAGT
110 CAGACAACAGACAGACAGACAGACAGAC AGACAGACAGACAGACAGAC
158 AGACAGACAGACAGACAGACAGACAGAC
Repeat-con CAGACAACAGACAGACAGACAGACAGAC
Repeats: 4 Average Length: 28 Average Length: 21
SEQ: IECDFUC02GCOUE length=185 xy=2491_2292 region=2 run=R_2013_08_13 14 34 32_
Bases: 185

Total CRISPR: 1

CRISPR 1 Range: 56

-188
POSITION REPEAT SPACER
56 CACACACACACATACACACA CATACACACGCAAACACAAATACACAAATGCGTAAAAACACT

118 CACACACACACACACACACT CTCCTCCCCCANACCTCCCCANAAATAAATA

169 CACACACACACACACGT---
Repeat-con CACACACACACACACACACA
Repeats: 3 Average Length: 20 Average Length: 36

SEQ: IECDFUC02H26A6 length=491 xy=3199 2080 region=2 run=R_2013_08 13 14 34 32_

Bases: 491
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Total CRISPR: 1

CRISPR1 Range: 243 - 403

POSITION REPEAT SPACER
243 ACGCCCACAACTCAGACACCGCC ATCGGATAATACTGCGCCCTATAGT
291 ACCCCATCAACTCAGACACCACC ATCGGATAATACTGCGCCCTATAGT
339 ACGCCATCCACTCAGACACCACC GAGCGATTATACGCCAACA

381 ACGCCCTCAACTCAGACACCACC

Repeat-con ACGCCATCAACTCAGACACCACC
Repeats: 4 Average Length: 23 Average Length: 23

SEQ: IECDFUC02HUHAY length=335 xy=3100_ 3008 region=2 run=R_2013 08 13 14 34 32_
Bases: 335
Total CRISPR: 1

CRISPR1 Range: 74

-314
POSITION REPEAT SPACER
74 TGTCTATCTGTATGTCTGTAT GTCTGTTTGTATGTCTGTA
114 TGCATGTCTGTATGTCTGTAT GTCTATTTGTATGTCTGTATGCATGTC
162 TGTATGTCTGTATGTCTGTCT CTCTGTCTGTCTCTCCGACAGTATGTCTACC
214 TGTATGTCTGTATGTCTGTAT GTTTGTATGTCTGAATGTC
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254 TGAATGTCTGTATGTCTGTAT GTCTGTATGTATGTCTGTC
294 TGTCTGTCTGTCTGTCTGTCT

Repeat-con TGTATGTCTGTATGTCTGTAT
Repeats: 6 Average Length: 21 Average Length: 23

SEQ: IECDFUC02HZ7MQ length=490 xy=3165_3088 region=2 run=R_2013 08 13 14 34 32_
Bases: 490
Total CRISPR: 1

CRISPR1 Range:317-476
POSITION REPEAT SPACER

GGGAGTCCGCCGCGTCCACCGGGGAGTCCG

317 CCGCGTCC CCAACGCCCACGTCTCCACCG
GGGAGTCCGCCGCGTCCGCCAGGGAGTCCG
376 CCGCGTCC GCCAGGGAGTCCGCCGCGTCCGCCA

GGGCGTCCGCCGCGTCCGCCGGGAAGTCCG
439 CCGCGTCC

GGGAGTCCGCCGCGTCCGCCGGGGAGTCCG
Repeat-con CCGCGTCC
Repeats: 3 Average Length: 38 Average Length: 23

SEQ: IECDFUC02G8CQO length=442 xy=2848_1774 region=2 run=R_2013_08_13_14 34 32_
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Bases: 442
Total CRISPR: 1

CRISPR 1 Range: 137 -329

POSITION REPEAT SPACER
137 CAAATGAACGCAATACGTCG GATTGAAATCAGGGTCGAAC
177 CGATGCAAGGCAATACGTCG ACGATGATGAACGGAAAGTGCAACCGAAA
226 CGATGCAAGGCAATACGTCG GTTGAACGATGAGATCCGAC
266 GATTGCAAGGCAATACGTCG AACAGAAGAGACGGAGGGTCGAAA

310 CGATGCAAGGCAATACGTCG

Repeat-con CGATGCAAGGCAATACGTCG
Repeats: 5 Average Length: 20 Average Length: 23

SEQ: IECDFUCO02F1U6C length=480 xy=2364 1922 region=2 run=R_2013 08 13 14 34 32
Bases: 480
Total CRISPR: 1

CRISPR1 Range: 194 - 380

POSITION REPEAT SPACER
194 TGTCTTTTTGTCTGTCTGTCTGTCTGT CTGCCTGTTTGTTTGTCTGGCTCTGTCTA
250 TCTGTTTGTCTGGCTCTGTCTGTCTGC CTGCCTGTTTGTCTGTCTGTCTGCCTCTCTG
308 TTTGTTTGTCTGGCTCTTTCTGTCTGT CTGTCTATCTGTTTGTTTG
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354 TCTGTCTGTCTGGCTCTGTCGGTGTAT

Repeat-con TCTGTTTGTCTGGCTCTGTCTGTCTGT
Repeats: 4 Average Length: 27 Average Length: 26

SEQ: IECDFUC02FMX82 length=501 xy=2194 2388 region=2 run=R_2013 08 13 14 34 32
Bases: 501

Total CRISPR: 1

CRISPR 1 Range: 390-510
POSITION REPEAT

390 CATCTTGATCAAACCTGCCT
440 CATCTTGATCAAACCTGCCT
491 CATCTTGATCC---------

CATCTTGATCAAACCTGCCT
Average Length: 20

Repeat-con
Repeats: 3

SPACER

CGATCGTAGCCCGCGTAGGCACTACAACCC
CAAATACATGAGGCCTACCGGCCCGAAGGAT

Average Length: 30

Total sequences checked: 47626

Total bases checked: 17811035

Total sequences with predicted CRISPR: 10
Time used: 4199 ms
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Table 10.b

CRISPR found by metaCRT in the microbial metagenome from arctic soil

Bases: 397
Total CRISPR: 1

CRISPR1 Range:40-361
POSITION

40

111

182

254

326
Repeat-con
Repeats: 5

SEQ: IECDFUC02GPUED length=397 xy=2637_2451 region=2 run=R_2013_08_13_14_34_32_

REPEAT

GCTTCAATGTGGCCGCGGCTGATCAGCCGCGGAAGG
GCTTCAATGTGGCCGCGGCTGATCAGCCGCGGAAGG
GCTTCAATGTGGCCGCGGCTGATCAGCCGCGGAAGG
GCTTCAATGTGGCCGCGGCTGATCAGCCGCGGAAGG
GCTTCAATGTGGCCGCGGCTGATCAGCCGCGGAAGG

GCTTCAATGTGGCCGCGGCTGATCAGCCGCGGAAGG
Average Length: 36

SPACER

CGAAGCGCCGTAAAAACTCGCACGCCAAGCATGTT
GCACGGTGACGGCGAGGGGCTCGCTATTGTTCGAA
GTCAAGCGTAGACGTAAAAGGGCTAAGTAGTACAAT
ATGAAGCGGGATGTCGAAGACATAAAGGACCGCGTT

Average Length: 35

Total sequences checked: 42078

Total bases checked: 14352412
Total sequences with predicted
Time used: 3229 ms

CRISPR: 1
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Table 10.c CRISPR found by metaCRT in the microbial metagenome from arctic soil subjected to MDA

SEQ: IECDFUCO02JCCYE length=255 xy=3714_0772 region=2 run=R_2013 08 13 14 34 32 _
Bases: 255
Total CRISPR: 1

CRISPR1 Range:-11-89

POSITION REPEAT SPACER
S B R CAAGAACA CGAACGTACTAATAACCTTAAT
31 CAACAAAAGCAACAAGAACA CCAACAAGTACTACGGCAT

70 CAACAAAAACAACAAGAACA

Repeat-con CAACAAAAACAACAAGAACA
Repeats: 3 Average Length: 20 Average Length: 20

SEQ: IECDFUC02JOURA length=520 xy=3856_2084 region=2 run=R_2013_08_13 14 34 32_
Bases: 520
Total CRISPR: 1

CRISPR1 Range: 94 - 252

POSITION REPEAT SPACER
94 GAGGTTAAGCGTGGTCAAATTCGTCAG ACCAATCAGAACGGAGAAGTCTTTCAGACGATTCTCCCC
160 GAGGTTAAGCGTGGTCAGATTTGTCAG GCCCGCCGGCAAGGAGAAGTCGGTCAGTCCATTGCGGTC
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226 GAGGATAAGCGTGGTCAGATTCGTCAG

Repeat-con GAGGTTAAGCGTGGTCAGATTCGTCAG
Repeats: 3 Average Length: 27 Average Length: 39

Total sequences checked: 33241

Total bases checked: 13078370

Total sequences with predicted CRISPR: 2
Time used: 2994 ms
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RESEARCH ARTICLE
Linking environmental prokaryotic viruses and their

host through CRISPRs

Laura Sanguino, Laure Franqueville, Timothy M. Vogel
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One sentence summary: We developed a method to recover data on virus-host interactions from environmental samples using CRISPR sequences. We
applied this workflow to Arctic ice and soil metagenomes.

Editor: Julie Olson

ABSTRACT

The ecological pressure that viruses place on microbial communities is not only based on predation, but also on gene
transfer. In order to determine the potential impact of viruses and transduction, we need a better understanding of the
dynamics of interactions between viruses and their hosts in the environment. Data on environmental viruses are scarce,
and methods for tracking their interactions with prokaryotes are needed. Clustered regularly interspaced short palindromic
repeats (CRISPRs), which contain viral sequences in bacterial genomes, might help document the history of virus-host
interactions in the environment. In this study, a bioinformatics network linking viruses and their hosts using CRISPR
sequences obtained from metagenomic data was developed and applied to metagenomes from Arctic glacial ice and soil.
The application of our network approach showed that putative interactions were more commonly detected in the ice
samples than the soil which would be consistent with the ice viral-bacterial interactions being more dynamic than those in
soil. Further analysis of the viral sequences in the CRISPRs indicated that Ralstonia phages might be agents of transduction
in the Arctic glacial ice.

Keywords: virus-host interactions; CRISPRs; transduction; glacial ice

INTRODUCTION the lytic cycle and transferring it to another host (Canchaya
et al. 2003). The rate of gene transfer by transduction in oceans
has been calculated to be 10%* genes per year (Jiang and Paul
1998; Rohwer and Thurber 2009), which was concluded to be
an important mechanism for microbial adaptation. Examples of
specific viral transduction events have also been reported: ma-
rine viruses carry a range of carbon metabolism genes (Lindell
et al. 2005; Hurwitz, Hallam and Sullivan 2013); transduction of
toxin genes has been seen to transform bacteria into pathogens,
thus extending the niches of their hosts (Waldor and Mekalanos
1996). Viruses might be drivers of microbial adaptation to

Viruses outnumber prokaryotes and are the most abundant
biological entities in a range of ecosystems (Fuhrman 1999;
Williamson et al. 2013) and possibly in the entire biosphere.
Through infection and microbial lysis, they can regulate mi-
crobial populations as well as generate and maintain microbial
diversity (Thingstad 2000; Rodriguez-Valera et al. 2009), which
in turn has an impact on food webs and biogeochemical cy-
cles (Weinbauer 2004; Suttle 2007). Furthermore, viruses can
be agents of horizontal gene transfer through transduction by
packaging microbial genetic material into their capsid during
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environmental conditions by enabling the acquisition of whole
segments of genomic information that can recombine or inte-
grate into the host genome.

In order to evaluate the impact of viruses on microbial
adaptation and possibly evolution, we need further informa-
tion about environmental virus-host interactions. However, at
least 50% of the sequences retrieved from publically available
viral metagenomes have no similarities with specific viral se-
quences in databases (Rosario and Breitbart 2011; Ray et al.
2012), rendering the study of environmental viruses through
high-throughput methods challenging. Moreover, relative host-
species specificities in uncultured bacteria and viruses remain
unknown. Clustered regularly interspaced short palindromic re-
peats (CRISPRs), which play a role in the defense of prokaryotes
against viruses, have been suggested as a potential tool to iden-
tify virus-host interactions in complex environmental commu-
nities (Anderson, Brazelton and Baross 2011). The system is heri-
table and widespread (Fineran and Charpentier 2012) and nearly
all archaea and about half of the bacteria have been found to
have CRISPR-Cas systems (Jansen et al. 2002; Terns and Terns
2011). CRISPRs are made of a series of direct repeats (DRs) of
microbial origin interspaced by short sequences called spacers
of viral origin (among others) (Mojica et al. 2005). After an in-
fection, short sequences from the virus (proto-spacers) are in-
serted into the CRISPR. These short specific sequences enable
the host to recognize the virus and protect itself against future
infections (Barrangou et al. 2007) by silencing the foreign DNA
through the Cas enzymatic machinery (Terns and Terns 2011).
In order to test whether we could link viruses and their hosts
through CRISPRs, we used Arctic glacier ice and soil as model
ecosystems. Studies about viruses in polar environments sup-
port the idea of high viral diversity (Lopez-Bueno et al. 2009),
high infection rates (Sawstrom et al. 2007; Bellas et al. 2013) and
broad host ranges (Anesio et al. 2007; Colangelo-Lillis and Dem-
ing 2013) that would enable them to infect different bacteria
within the same environment and possibly bacteria from dif-
ferent environments (Sano et al. 2004; Anesio et al. 2007; Bellas
and Anesio 2013). These characteristics become especially rel-
evant when studying viral transduction and explain why this
environment is an interesting model ecosystem for this study.
Furthermore, we hypothesize that an environment with a high
diversity of viruses with broad host ranges would harbor a
higher number of unique CRISPR sequences. This hypothesis is
based on the idea that to protect itself from a viral infection, a
microorganism has to have a spacer for each different virus that
could (or did) infect it (Barrangou et al. 2007). If the diversity of
viruses is high and they can infect several different microbes,
the number of spacer combinations in CRISPR arrays would also
be high, giving place to an increase in the number of different
CRISPRs. Therefore, we hypothesize that the relative number of
unique CRISPRs found in a metagenome could be an indicator
for viral diversity and for the dynamism of the interactions with
their hosts.

We developed a method to construct infection networks us-
ing spacers and DRs outsourced from CRISPR sequences from
two different microbial and viral metagenomes. We applied
this workflow to Arctic ice and soil metagenomes. This work-
flow identified putative virus-host interactions and provided
the basis for comparing soil and ice bacterial/viral interac-
tion dynamics. Gene transfer events were also evaluated in
an effort to further define the nature of these interactions in
Arctic ice.

MATERIAL AND METHODS
Study site

Ice samples were recovered from Kongsvegen glacier in Svalbard
(N78°45'19.8", E13°20'11"), Norway, in the spring of 2007. A 15 m
ice core was extracted from the accumulation area of the glacier,
at an altitude of 670 m over sea level, using a manual drill (PICO
corer) without any drilling fluids. The ice was stored in clean,
sterile bags and frozen (—20°C) until further use. The core was
composed of ice and firn layers; only ice layers were used in
this study. On the other hand, soil was collected at the outskirts
of Ny-Alesund (N78°45'20.16", E13°20'11.4") and was also stored
frozen (—20°C). The soil was covered by snow and had a lichen
crust over it. Samples were recovered from the first 5-10 cm and
were found to be very rich in clay and organic matter.

Filtration, DNA extraction and sequencing

Microbial and viral DNA from ice

A total of 91 of ice was melted at room temperature and fil-
trated simultaneously through 10 pm 47 mm (Millipore) filters
and through 0.2 ym 47 mm (Millipore) to recover the bacterial
fraction. Filtrate was then filtered through 0.02 ym 25 mm (An-
odisc, Anopore Inorganic Membranes, Whatman) to recover vi-
ral fraction. The 0.02 um filters were left overnight in PBS (with-
out Ca or Mg, autoclaved and filtered through 0.02 m) and then
put in the shaker for 2 h before discarding the filter and pro-
ceeding with the extraction protocol. To assess the presence of
viral particles and/or microbial cells, aliquots of the samples
were filtered through 0.02 xm filters, stained with SYBER Gold
(Life Technologies) and examined through epifluorescence mi-
croscopy as described by Thurber et al. (2009).

Viral DNA was extracted following the protocol from Thurber
etal. (2009), yielding 0.502 ng u1-! of DNA based on Qubit DNA HS
fluorometric quantitation (Life Technologies). Multiple displace-
ment amplification (MDA) was performed for viral DNA (illustra
GenomiPhi HY DNA Amplification Kit, GE Healthcare Life Sci-
ences, NJ, USA) following manufacturer instructions in order to
have enough DNA for sequencing. DNA was then cleaned with
GeneClean Turbo Kit (MP Biomedicals, France). Microbial DNA
was extracted from two 10 pm and two 0.2 um filters as de-
scribed by (Larose et al. (2010)), DNA concentrations were of the
order of 2 ng 17! and samples were stored at —20°C until fur-
ther use. DNA from viral and microbial extractions was sent for
sequencing using GS FLX System (Roche-454 Life Science, Beck-
man Coulter Inc., MA, USA).

Microbial and viral DNA from soil

A total of 900 g of soil was used for DNA extraction, following a
modified protocol from Thurber et al. (2009). Briefly, 20 ml of PBS
(without Ca or Mg in order to decrease the adherence of cells
to soil particles, autoclaved and filtered through 0.02 um filters)
was added to every 50 g of soil and then blended with a Waring
blender. The mixture was then centrifuged for 10 min at 2500 g
and the supernatant was retrieved with sterile syringes. The su-
pernatant was filtered through 0.45 um 47 mm filters (Millipore)
and then through 0.2 pm 47 mm filters. Microbial DNA was re-
covered from the filters while viral DNA was recovered from the
filtrate. Microbial extraction of soil was done along with micro-
bial extraction of ice as described by Larose et al. (2010). The ex-
traction yielded 28 ng x1-* of microbial DNA. Examination of the
viral concentrate through epifluorescence microscopy was done
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Figure 1. Diagram explaining the workflow used to identify the putative origin of the DRs (left) and the putative origin of spacers (right). This information was used to

produce the networks linking phages to their hosts (Fig. 2). DB stands for database.

as described above. Viral DNA was extracted following the pro-
tocol from Thurber et al. (2009), DNA concentrations were 3.83
ng ul-!, and the samples were stored at —20°C until further use.

16S rRNA sequencing from ice and soil

The 454 Pyrotag sequencing was done for regions V4 to V6 from
the 16S rRNA genes from soil and ice microbial DNA extracts.
Barcoded amplicons were prepared using MID-primers; each 50
1l PCR reaction contained 37 pl water, 5 pl Titanium Taq PCR
Buffer, 1 ul of each MID-primer pair, 1 ul of ANTP Mix, 1 pl Tita-
nium Taq DNA Polymerase (Clontech) and 4 1 (10 ng) of template
DNA. The PCR cycling conditions were: 1 min at 95°C for denat-
uration followed by 30 cycles of 30 s denaturation at 95°C, 3 min
annealing and elongation at 68°C and one cycle of 3 min at 68°C.
The amplified DNA was size selected by excising the appropri-
ate gel bands and purified using Illustra GFX PCR DNA and gel
band purification kit. The DNA was quantified using Qubit DNA
HS assay (Life Technologies). Amplicons were pooled in equimo-
lar concentrations. The amplicon libraries were sequenced by
Beckman Coulter Inc. (MA, USA) using 454 platforms. Sequenc-
ing data were analyzed following QIIME pipeline (Caporaso et al.
2011) for de novo OTU picking and diversity analysis using 454
data. Briefly, OTUs were picked based on sequence similarity
and taxonomy was assigned through uclust consensus taxon-
omy classifier.

CRISPR infection network development

CRISPRs were browsed in the ice and soil metagenomes using
metaCRT (Rho et al. 2012). It was seen that the assembly of the

metagenomes into contigs significantly reduced the number of
CRISPRs found; thus, only the individual reads were used for this
purpose. The resulting CRISPR arrays were decomposed into a
DR file and a spacer file. The workflow followed is summarized in
Fig. 1. Ten CRISPRs were found in the ice metagenome while one
CRISPR was found in the soil metagenome (Fig. 2). There were no
repeated CRISPR sequences.

DRs have been seen to be conserved among taxa (Mojica, Fer-
rer and Juez 1995; Kunin, Sorek and Hugenholtz 2007), so they
could serve to identify the organisms to whom the different
CRISPR arrays belonged to by blasting the DR against an archaeal
and bacterial genome database. However, there is also the possi-
bility that a DR is shared among different bacteria. The database
we used was a GenBank database (5193 full genomes), down-
loaded from their site in May 2014. The organisms retrieved
through the blast of the DRs against the database were consid-
ered candidate sources of the CRISPRs (default stringency pa-
rameters: maximum e-value 10). We then verified if these can-
didate bacteria had CRISPR arrays in their genomes and made
a database of the DR found in these CRISPRs. The DRs we had
retrieved from our metagenomic CRISPRs were blasted against
this database (default stringency parameters: maximum e-value
10). This left us with a list of prokaryotic genomes with CRISPRs
whose DRs were similar to the DR we had outsourced from our
metagenomic CRISPRs. We then checked to see if these prokary-
otic genomes were represented in our 16S rRNA gene libraries
by doing a blast of the 16S rRNA gene sequences against the
prokaryotic genomes we had left at this point as putative orig-
inators of the metagenomics CRISPRs (97% identity over a min-
imum of 200 bp). While we had no hits for the soil, there were
47 genomes represented in our 165 rRNA gene library that had
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Figure 2. Set of networks representing the CRISPRs found in ice (blue arrows) and soil (brown arrows). Rectangles represent the DRs and triangles represent the spacers.
Where identification of the microbial originator of the DR and the viral originator of the spacer was possible, nodes are shaded in red.

CRISPRs with DR similar to the DR of five different CRISPRs from
the ice metagenomes. These 47 genomes belonged to 11 differ-
ent prokaryotic species spread through six genera.

The spacers are sequences that can belong to viruses, and