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1. Introduction

Over the past decade, the field of CRISPR-Cas research has received a lot of
attention from the scientific community. While initially, this mostly concerned
microbiologists who were fascinated by the discovery that some bacteria encode
RNA-guided adaptive immune systems, this rapidly spread to other scientific
disciplines following the development of groundbreaking molecular biology
tools [1] and, more recently, to the public domain where the societal and ethical
implications and legislation surrounding CRISPR applications are being
debated. Some of the potential CRISPR applications that are currently being
explored in the laboratory would involve the release of CRISPR genes into con-
fined or open environments—for example, when CRISPR would be used to
protect focal bacterial species against phage infections, when it is applied to
suppress the spread of antimicrobial resistance or to control vectors of disease
[2—4]. One component of the debate surrounding the societal impacts of these
applications entails an assessment of the potential risks associated with these
strategies (e.g. [5-7]), which requires an understanding of how CRISPR-Cas
behaves in an ecological context. In this special issue, we explore this question
by examining the evolutionary history of CRISPR-Cas immune systems, where
they occur naturally, when they evolve and how this impacts the spread and
evolution of other DNA elements. Finally, we return to the question how
CRISPR-Cas may be exploited in an ecological context for the benefit of
human health, and the ethical challenges that are associated with this.

(a) CRISPR-Cas adaptive immune systems: a brief overview

CRISPR-Cas adaptive immune systems were discovered around 15 years ago
[8-11] and are estimated to exist in approximately 50% of all bacterial genomes
and roughly 90% of all archaeal genomes [12]. A CRISPR immunity phenotype
is genetically encoded by a so-called CRISPR locus (clustered regularly
interspaced short palindromic repeats)—an array of repetitive and unique
sequences (repeats and spacers, respectively), both of which are typically
around 30 nt in length. Spacers are derived from (foreign) genetic elements,
such as plasmids and viruses, and provide immunity to re-infection based on
recognition of the cognate sequence (known as ‘protospacer’) [13—15]. Bacteria
or archaea may carry a single linked array of spacers interspersed with repeats
(one CRISPR locus) or multiple loci. CRISPR loci can evolve very rapidly owing
to insertion of new spacers and the occasional loss of spacers or deletion of the
CRISPR locus itself, which can cause very closely related strains to carry unique
combinations of spacer sequences, known as a CRISPR allele. The overall length
of CRISPR loci will increase and decrease with the acquisition and loss of
spacers, and can vary from as little as a single spacer flanked by two repeats
to hundreds of spacers and repeats [16]. As new spacers are added at the so-
called leader-end of the locus, which is the sequence that contains the
CRISPR promoter, CRISPR loci form an inverse chronological record of pre-
vious infections from the leader to the trailer end of the locus [17]. The extent
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to which different strains share the same spacer sequences in
the same order (usually at the trailer end of the CRISPR
locus) is commonly used to define related allele groups as a
measure of their evolutionary relatedness.

Apart from the genetic CRISPR memory, a functional
CRISPR-Cas immune system also requires a set of CRISPR-
associated genes (cas genes), which encode the protein
machinery required for carrying out the immune response
[18]. Cas operons vary in their cas gene composition and
gene synteny, resulting in a classification of CRISPR-Cas
systems into two classes, six types and 33 subtypes [19-22].
These diverse CRISPR-Cas variants differ in many of their
mechanistic details, which have been discussed elsewhere
[23,24], yet also have commonalities in the basic steps of
the immune pathway. For example, two Cas proteins—Casl
and Cas2—are almost invariably part of CRISPR-Cas
immune systems and are responsible for inserting new
spacer sequences into CRISPR arrays, sometimes assisted
by other Cas proteins (reviewed in [15,25]). CRISPR
transcripts are processed by either Cas proteins or house-
keeping RNases [26], and the resulting processed CRISPR
RNAs (crRNAs) are bound by Cas proteins to form a ribo-
nucleoprotein complex that serves to detect and cleave
complementary nucleic acid sequences [23].

(b) Ecology and diversity of CRISPR-Cas immunity
CRISPR-Cas immune systems are unevenly distributed across
taxa and environments. For example, only less than half of
mesophilic bacteria encode CRISPR-Cas immune systems,
compared to over 90% of bacterial thermophiles and archaea
(both mesophilic and thermophilic) [11,16,27—-29]. Moreover,
some uncultured bacterial lineages are virtually devoid of
CRISPR-Cas immune systems [30]. A recent computer learn-
ing approach suggested that abiotic factors such as oxygen
levels and temperature are important predictors of whether
microorganisms encode CRISPR-Cas immune systems [31].
However, the ecological drivers of CRISPR distribution
remain unclear. In this context, the key question is when
CRISPR-Cas is favoured over alternative defence strategies
[32]. Experimental, theoretical and correlational studies
have suggested a role for viral abundance and diversity
[27,28,33,34], direct and indirect fitness costs of CRISPR-Cas
immune systems (e.g. autoimmunity, reduced horizontal
gene transfer, induced fitness costs, see §lc below) [35-38]
and epistasis with other host genes [39,40].

In natural environments, whether that be the human lung,
a hot spring or a fermenter, the ecological and evolutionary
impact of CRISPR depends on the population-level diversity
of immune alleles. The diversity of alleles in the real world
may reflect the previous history of interactions and can be
used to predict whether infection epidemics will occur in
the future. For example, the spread of a virulent virus can
eliminate immune diversity from a population by eliminating
all susceptible (non-immune) cells, resulting in a selective
sweep of an individual strain with a matching CRISPR
allele. In the future, this immunodominance across the
CRISPR allele might make a population susceptible to the
subsequent epidemic spread of a new virus or other mobile
element in the population. Starting with a single strain of
host or virus, diversity has been shown to evolve in exper-
imental studies [33,41] and to protect bacteria from virus
invasion [42]. Data suggest that immune diversity shapes

the evolution of viral pathogens by selecting for recombinant n

genotypes that are more likely to escape immunity [43], and
recombinant microbial CRISPR alleles that are more likely to
increase immune profiles of a single strain [44,45].

Interestingly, studies of CRISPR diversity have observed
differences across microbial species in different environ-
ments. Leptospirillum species from acid mine drainage
biofilms [43], Sulfolobus islandicus strains from a single hot
spring [46], Halophilic archaea from a saline pond [47],
Helicobacter cinaedi [48] and Pseudomonas aeruginosa from a
single hospital [49] show that a diversity of CRISPR spacers
can coexist. By contrast, P. aeruginosa within a human lung,
or Prevotella strains in a single gut sample, are clonal with
complete immunodominance at one time and place [49,50].
These differences in diversity among CRISPR populations
may result from difference in CRISPR dynamics or demo-
graphics (e.g. colonization bottle-necks [51]) and biological
constraints (e.g. an inactive spacer acquisition machinery
[52]). As CRISPR studies have mainly focused on mechanistic
details, our understanding of microbial population dynamics
in real populations is surprisingly limited. Additional studies
from a diverse range of CRISPR-containing organisms and
their viruses, across a range of environments, are needed to
identify the basis for the differences in the genetic structure
of CRISPR and predict how they impact epidemics and
evolutionary dynamics in local populations.

(c) Coevolution between CRISPR hosts and viruses
Given the detailed molecular understanding of how CRISPR-
Cas systems work, one can often predict resistance
phenotypes of an individual on the basis of its genotype
and that of its phage (or other foreign DNA element). Specifi-
cally, while bacteria gain resistance through the acquisition of
spacers, phages and other mobile genetic elements can over-
come immunity through the acquisition of ‘escape mutations’
in (or sometimes near) the protospacer (e.g. [53,54]). The fas-
cinating details of the biology of CRISPR immunity and
phage evasion challenge the classical theoretical framework
used to understand host—parasite interactions. In particular,
the Lamarckian ability of CRISPR to acquire new spacers
allows the bacteria to accumulate a diverse range of resistance
alleles against a focal phage [28,55,56]. This multiplicity of
resistance within individual bacteria and/or within bacterial
populations can overwhelm the evolutionary potential of the
phage and drive it to extinction [42,56—58]. Alternative mech-
anisms of escape are also possible and, recently, a number of
different anti-CRISPR (Acr) systems have been described in
different phages [59]. These Acr proteins have the ability to
downregulate the immunity of CRISPR-Cas systems and
allow the phage to exploit CRISPR-resistant bacteria. Interest-
ingly, this immunosuppression has been shown to require the
cooperation between multiple phages, where the first phages
reduce the efficacy of CRISPR-Cas and allow subsequent
infections to exploit the host [60,61].

However, even if phage lack acr genes, CRISPR immunity
is far from being the silver bullet against phages because it
carries several different fitness costs. Some fitness costs are
likely to result from the production of an effective interfer-
ence against invading pathogens and mobile genetic
elements [33,62]. Some other costs are associated with
self-targeting and auto-immunity [35,36]. Also, when
CRISPR targets mobile genetic elements or prophages that
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carry some adaptive mutation for the bacteria, CRISPR
immunity may also be viewed as a form of self-targeting,
because immunity directly harms the bacterial host. For
instance, when CRISPR targets beneficial plasmids carrying
antibiotic resistance, this immunity can be counter-selected
and lead to the loss of CRISPR loci [37,63-65], potentially
explaining why many bacteria lack CRISPR-Cas immune sys-
tems. Note, however, that apart from a few studies [66], the
experimental study of the coevolution between CRISPR
immunity and phage evasion is often limited to a few
generations. The monitoring of longer coevolution exper-
iments in the laboratory or in natural environments in very
welcome to better understand the coevolutionary dynamics
driven by CRISPR immunity.

(d) Application of CRISPR in an ecological context
While CRISPR-mediated targeting of antibiotics resistance
plasmids may be maladaptive for individual bacteria (see
above), it was soon realized that this feature of CRISPR sys-
tems may be exploited to limit the spread of antibiotics
resistance [67-69], and more generally to engineer microbial
communities. As the majority of bacteria do not encode end-
joining mechanisms to repair double-strand DNA breaks,
CRISPR-based technologies are particularly useful for either
sequence-specific killing of pathogenic bacteria or removal
of accessory genes (e.g. antimicrobial resistance, virulence,
etc.). Synthetic CRISPR systems can be delivered to a target
bacterium using so-called phagemids, which are replication-
deficient bacteriophage particles [67,69], or through conjuga-
tive delivery of CRISPR systems [67,70], but research is still in
its infancy and considerable challenges are associated with
these approaches [3].

CRISPR-mediated ecological engineering has also been
explored in higher organisms, where it has raised major inter-
est, given its potential use in pest and invasive species control
and reducing vector-borne diseases. Ecological engineering
can be achieved by CRISPR-based genome engineering of
wild animals followed by introducing these engineered ani-
mals into a local wild population. However, this method is
likely to be effective only if the target population is relatively
small (see [71]). A more powerful, but also riskier approach is
to apply synthetic CRISPR-based gene drives [4,72,73]. These
elements spread with super-Mendelian inheritance through a
population and can disrupt genetic loci or facilitate the
spread of genetically linked genes. CRISPR-based gene
drives have been successfully used in confined laboratory set-
tings in a range of organisms, including yeast, fruit flies,
mosquitoes and, very recently, mice [74-77], and some first
insights into the evolutionary dynamics of these drives,
including evolution of resistance, are emerging [78-81].

For all these ecological engineering approaches, there is a
clear need to better understand the potential risks of these
gene drives and whether there is any appetite in society for
these types of interventions. For example, what is the dura-
bility of these interventions, what are their long-term
ecological consequences for (microbial) communities and
what countermeasures can be taken to limit or reverse gene
drive spread? Being able to predict risks and benefits will
be one important factor to get support from local commu-
nities, and for ethical and legislative approval. Recognizing
the urgent need for new guidelines, scientists from a range
of disciplines, including ethicists, social scientists and

biologists, are working together to develop improved safety [ 3 |

recommendations for CRISPR-based ecological engineering
technologies [6,82,83], and ethical guidelines and the involve-
ment of the public at an early stage in the development of
these applications [82,84,85].

2. Aims of the theme issue

This theme issue aims to examine when and where CRISPR-
Cas immune systems are important, how this impacts the
coexistence and coevolution between bacteria and phages
and how this ties in with more practical and ethical consider-
concerning the application of CRISPR-based
technologies in an ecological context. The studies presented
in this issue use a wide range of different approaches, from
bioinformatics and metagenomics correlational studies to
experimental and theoretical analyses, to answer an equally
wide range of questions all somehow linked to CRISPR ecol-
ogy and evolution: from understanding the basic principles
of CRISPR evolution in bacteria to community engagement
studies to examine if CRISPR-based applications can be
applied in the real world to limit the spread of Lyme disease.
The theme issue highlights the need to not only understand
how CRISPR works in an ecological context, but also to
engage with important practical issues when translating
this knowledge to real-world applications to improve
human health.

ations

3. Overview of the papers

This theme issue is broadly divided into four areas that deal,
respectively, with (i) the evolutionary history and relative
importance of CRISPR-Cas immune systems, (ii) the role of
CRISPR-Cas immune systems during bacteria—phage or
archaea—virus coevolution in real environments, (iii) under-
standing the drivers and consequences of coevolution in
controlled laboratory environments, and (iv) the way
CRISPR may be harnessed to remove infectious diseases
from real environments, and the associated considerations
that need to be taken into account.

(a) Evolutionary history and relative importance of

CRISPR-Cas immune systems
One of the key questions in the field of CRISPR-Cas is how
these sophisticated immune systems evolved in the first
place, and how the enormous diversity of CRISPR classes,
types and subtypes emerged in this process. Koonin &
Makarova [86] apply bioinformatics approaches to bring the
evolutionary history of this system in focus. They suggest a
key role for a Casl-related transposase in the early evolution
of the “Adaptation’ module of the system, followed by evol-
ution of increased complexity through a series of gene
duplication and displacement events, recruitment of genes
with nuclease activities and in some cases signal transduction
genes to form the ‘Interference’ module of the system. While
a cloud of uncertainty inevitably surrounds such analyses,
their work provides a plausible explanation for the way in
which a highly complex adaptive immune system may
have evolved. A next obvious question is then, why do not
all bacteria and archaea carry this adaptive immune
system? This is a recurrent question, and one factor that
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clearly matters is how well CRISPR-Cas immune systems
perform (in terms of the benefits they provide) relative to
alternative immune strategies. For example, many bacteria
and archaea encode restriction-modification systems or they
can mutate receptors that phages use to attach to the cell sur-
face. So why put up with CRISPR immunity is the question
that is raised by Levin and co-workers [87]. Using mathemat-
ical modelling, they demonstrate that in theory, the
conditions where CRISPR is favoured over these alternative
defences are restricted. In other words, microbes have many
options available to defend themselves against phages, and
CRISPR may simply not always be the best one. However,
the benefits of CRISPR are not only determined by the pres-
ence or absence of phage, but also by the genetic context of
these immune systems, as Bernheim et al. [88] show using
bioinformatics approaches, and as Chevallereau et al.
show using experimental manipulations [89]. Specifically,
Bernheim et al. find evidence for both positive and negative
epistatic interactions between CRISPR-Cas subtypes and
double-stranded DNA repair pathways in bacteria. This
therefore suggests that the distribution of CRISPR-Cas sub-
types across bacterial species is shaped by the genetic
context, but the underlying mechanism for this association
is unclear. Earlier work from the same team demonstrated
that one cas gene can inhibit the NHE] pathway, which can
be maladaptive, explaining why these systems hardly ever
co-occur in the same genome [39]. Chevallereau et al. exper-
imentally examined the impact of mutS, which is part of
the DNA mismatch repair system, on the evolution of
CRISPR resistance by Pseudomonas aeruginosa against its
phage DMS3vir. They found that owing to the resulting
increase in mutation supply, bacteria that carried mutations
in mutS were much more likely to evolve resistance through
mutation of the phage receptor, suggesting no selective
benefit of carrying CRISPR-Cas immune systems in this
host genetic background. Together, these studies show how
CRISPR-Cas immune systems may have evolved in the first
place, and how natural selection for these systems not only
depends on the presence or absence of phage, but also on
the presence of alternative defence mechanisms as well as
the genetic context of the CRISPR-Cas system.

(b) Patterns of spacer acquisition in an ecological

context
One of the key questions in the field of CRISPR ecology and
evolution is what drives the generation and maintenance of
CRISPR diversity. Using mathematical modelling, Bradde
et al. [90] show that spacer acquisition rates can be con-
strained by a cost of autoimmunity. Their model assumes
that higher spacer acquisition rates not only increase the
benefits of phage resistance, but also the costs of autoimmu-
nity owing to spacer sampling from the bacterial genome.
This results in selection for an optimum spacer acquisition
rate that maximizes bacterial survival (a balance of phage
resistance and autoimmunity), which in turn depends on fac-
tors that influence the infection risk, such as bacterial and
phage population sizes. In addition to this theoretical
approach, several papers in this issue apply comparative
population studies to describe spacer diversity in natural
environments, and to identify the factors that drive this diver-
sity. Lopatina et al. [91] examine the CRISPR loci of
populations of the bacterium Thermus in different

geographical locations in Chile, Italy and Russia. They
demonstrate that within a single population of the bacterium
Thermus, more spacers are shared among strains than among
distant populations. The authors infer from the pattern that
local dynamics between hosts and viruses define the local
diversity, although the shared spacers among populations
indicate some evidence for gene flow. Similarly, Pauly et al.
[92] show patterns of persistent local diversity within a single
hot spring of Sulfolobus islandicus. Pauly also shows that
these patterns vary for different viruses, indicating that
virus lifestyle impacts immune diversity, and explore differ-
ent mechanisms of CRISPR escape from different viruses
through mutation or virus genome replacement. Finally,
Hoikkala et al. [93] review the importance of CRISPR-Cas
immune systems in aquaculture, and the observed dynamics
of coevolution of a bacterial fish pathogen and its phage.
They discuss how CRISPR diversity of bacterial strains in
these environments can be exploited for tracking the epide-
miology of bacterial pathogens, and for phage therapy
interventions. Their review highlights how a better under-
standing of CRISPR diversity may be used to stabilize and
shape healthy microbial populations and prevent invasions
of bacterial pathogens into aquaculture environments. Collec-
tively, these studies provide novel insights into the
generation, maintenance and potential application of spacer
diversity in natural environments.

() Coevolution between CRISPR-Cas immune systems
and phages in the laboratory

Experiments carried out in controlled environments in the
laboratory allow us to explore the details of the coevolution-
ary processes between CRISPR systems and phages.
Common et al. [94] carried out a coevolution experiment
between Streptococcus thermophilus and a lytic phage over
30 days. The monitoring of phenotypic and genotypic
changes in both the bacteria and the phage across time con-
firmed the emergence of an antagonist arms race that often
results in the extinction of the phage populations. These
extinctions suggest that this coevolution is asymmetric
because the phage cannot cope with the accumulation of
escape mutations. The existence of a fitness cost associated
with most escape mutations was confirmed by a separate
study by Chabas et al. [95] on the same biological model. In
addition, Chabas et al. found a dramatic variation in the
speed at which the phage can escape different CRISPR-
mediated resistance alleles. The resistance induced by some
spacers can be easily bypassed by the rapid emergence of
escape mutations, while the resistance induced by other
spacers is much more durable. The measurement of the
phage mutation rate using Luria—Delbruck fluctuation tests
allowed Chabas et al. to suggest that this variation in resist-
ance durability is likely to be driven by heterogeneity in the
mutation rate across different protospacers. The evolution
of escape mutations was also studied by Watson et al. [96]
in two lytic phages infecting CRISPR-resistant Pectobacterium
atrosepticum. This study contrasted the evolution of the phage
against single or multiple spacers. When the resistance was
mediated by a single spacer, most escape mutations were
owing to a single point mutation in the protospacer adjacent
motif (PAM) or the seed sequence. When the resistance is
owing to multiple spacers, most phages escaped with del-
etions in genes encoding structural proteins. These
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mutations were viable but affect the morphology and the fit-
ness of the virus, which further support the existence of a cost
of escape and an asymmetry in the coevolutionary arms
race. The details of phage adaptation were also studied by
McKitterick et al. [97] in a fascinating system where the
phage ICP1 uses a fully functional CRISPR-Cas system to
downregulate bacterial immunity of Vibrio cholerae mediated
by a phage-inducible chromosomal island-like element (PLE).
High-throughput sequencing allowed the authors to monitor
the acquisition of new spacers against PLE in the CRISPR of
ICP1, which provide quantitative resistance against PLE that
depends on the number and sequence of spacers. Further-
more, even spacers not targeting the PLE but instead
targeting the small chromosome of the bacterium could still
reduce bacterial immunity if the chromosomal targeting
occurred close to the PLE integration site. Collectively,
these different experiments in the laboratory shed a new
light on the interference mediated by CRISPR and by the
costs associated with different mutations allowing phages
to escape bacterial immunity.

(d) Implications of CRISPR-Cas for human health and
wellbeing

Natural CRISPR-Cas systems can have an important impact
on human health by, for example, altering the spread of anti-
microbial resistance and virulence genes [98]. However, even
though experimental studies show that CRISPR-Cas forms an
important barrier for horizontal gene transfer, correlational
studies have shown mixed results [63,99]. Here, Shehreen
et al. [100] examine if the presence of anti-CRISPR genes
may impact the correlation between CRISPR-Cas immune
systems and antibiotic resistance genes (ARGs). They find a
very high degree of variation between bacterial species in
the abundance of CRISPR-Cas systems and no correlation
with ARG for most species. However, for P. aeruginosa, they
found a positive correlation between anti-CRISPR and ARG
genes, indicating that anti-CRISPRs may facilitate the
spread of clinically relevant genes such as those encoding
antibiotic resistance or virulence factors in the face of
CRISPR-Cas immune systems. These genes may be removed
using CRISPR-based ecological engineering technologies.
Although this is still a very young field, the developments
have moved fast and scientists now have a variety of
CRISPR-based tools at hand to alter microbiome composition
and function, and use them as next-generation antimicrobials.
Ramachandran & Bikard [101] provide a thorough overview
of these various CRISPR-based applications to alter the
microbiome, including its application in editing bacteria
and phage genomes, controlling their gene expression
using CRISPR, killing pathogenic bacteria using CRISPR-
based antimicrobials and removing ARGs or other virulence
determinants.

While these CRISPR-based ecological engineering
approaches have great potential to solve ecological problems,
there are many technological, regulatory, societal and ethical
challenges. In this issue, de Graeff et al. [102] provide a
thorough overview of the arguments reported in the scientific
literature for and against genome editing in animals, includ-
ing gene drives, which relate to human health, efficiency,
risks and uncertainty, animal welfare, animal dignity,
environment and public acceptability. The authors also
point out that the ethical debate on genome editing in

animals is predominantly shaped by biomedical and veterin-
ary scientists, and less so by ethicists and social scientists.
They argue that involvement of ethicists and social scientists
from the very early research stages of technology develop-
ment may help facilitate responsible governance of animal
genome editing applications [103]. Furthermore, there is a
need for engagement with the public to address, among
others, concerns around equity of access (who will benefit
from the new technology?) and the commercialization of
the technology (will businesses prioritize profit-making
over providing a safe public good?). Buchthal et al. [71] pro-
vide an excellent example of involving the public in
decision-making on CRISPR-based ecological engineering.
‘Mice against Ticks’ is an exciting new community-guided
ecological engineering project aimed at reducing the inci-
dence of tick-borne diseases vectored by mice on the
islands of Nantucket and Martha’s Vineyard off the US east
coast. Their idea is to introduce CRISPR-edited mice that
are heritably resistant to ticks and/or tick-borne disease in
the islands’ local mouse population, which is hypothesized
to disrupt the disease transmission cycle. From the stages of
conception of the project, the local communities of both
islands have been actively involved in all decision-making.
Although at a relatively early stage still, successes and chal-
lenges from this exciting pilot project will provide future
ecological engineering projects with highly valuable insights
on how to set up community-driven projects.

4., Conclusion and outlook

While our mechanistic understanding of CRISPR-Cas
immune systems has raced ahead, our understanding of the
evolutionary ecology of these fascinating immune systems
is still relatively limited. As outlined above, this issue fills
some important gaps in our knowledge of the distribution
and impact of CRISPR immune systems, but there are also
many outstanding questions that need to be answered. For
example, why are there so many different CRISPR-Cas var-
iants, what are their costs and benefits, and how does this
depend on the environment? Why do so many bacteria not
encode CRISPR-Cas immune systems, and what drives their
loss? Why is it that in the laboratory bacteria that encode
CRISPR-Cas systems often evolve receptor-based resistance
against their phages? Is this because of a lack of ecological
realism, widespread anti-CRISPR strategies of phages, or
are as yet unknown phage life-history traits important for
the evolution of CRISPR resistance? As argued in this intro-
duction, a better understanding of the principles that
govern evolution of CRISPR-Cas immune systems and their
coevolution with mobile genetic elements can help to
inform applications of CRISPR-based technologies in real
environments. Apart from this quest for a better understand-
ing of CRISPR ecology and evolution, contributions in this
issue also highlight the need for community engagement by
CRISPR biologists and participation in debates surrounding
the ethics and legislative aspects of these technologies, and
provide some excellent examples of how this can be done.

Data accessibility. This article has no additional data.
Competing interests. We declare we have no competing interests.

Funding. E.R.W. is supported by an NERC Independent Research Fellow-
ship (NE/M018350/1) and received funding in the area of CRISPR
ecology and evolution from the ERC (ERC-STG-2016-714478—

LOLO6LOT :FLE § 20S “Y "supif “iyd  qisi/jeusnol/ba0°buiysiigndAianosiefo



EVOIMMECH, and EPICUT), BBSRC (BB/N017412/1) and NERC
(NE/S001921/1). S.v.H. is supported by a BBSRC Future Leader Fellow-
ship (BB/R010781/1). R.W. is supported for this work by the Cystic
Fibrosis Foundation WHITAK16PO, NSF Dimensions of Biodiversity

no. 1342876 and an Allen Distinguished Investigator Award.

Adli M. 2018 The CRISPR tool kit for genome
editing and beyond. Nat. Commun. 9, 1911. (doi:10.
1038/541467-018-04252-2)

Selle K, Barrangou R. 2015 CRISPR-based
technologies and the future of food science. J. Food
Sci. 80, R2367—R2372. (doi:10.1111/1750-3841.
13094).

Pursey E, Sunderhauf D, Gaze WH, Westra ER, van
Houte S. 2018 CRISPR-Cas antimicrobials: challenges
and future prospects. PLoS Pathog. 14, e1006990.
(doi:10.1371/journal.ppat.1006990).

Noble C, Adlam B, Church GM, Esvelt KM,

Nowak MA. 2018 Current CRISPR gene drive
systems are likely to be highly invasive in wild
populations. Elife 7, e33423. (doi:10.7554/eLife.
33423)

Webber BL, Raghu S, Edwards OR. 2015 Opinion: Is
CRISPR-based gene drive a biocontrol silver bullet
or global conservation threat? Proc. Natl Acad. Sd.
USA 112, 10 565—10 567. (doi:10.1073/pnas.
1514258112)

Akbari S et al. 2015 BIOSAFETY. Safeguarding gene
drive experiments in the laboratory. Science 349,
927-929. (doi:10.1126/science.aac7932)

Brokowski C, Adli M. 2019 CRISPR ethics: moral
considerations for applications of a powerful tool.
J. Mol. Biol. 431, 88—101. (doi:10.1016/j.jmb.2018.
05.044)

Mojica FJ, Diez-Villasenor C, Garcia-Martinez J, Soria
E. 2005 Intervening sequences of regularly spaced
prokaryotic repeats derive from foreign genetic
elements. J. Mol. Evol. 60, 174—182. (doi:10.1007/
500239-004-0046-3)

Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. 2005
Clustered regularly interspaced short palindrome
repeats (CRISPRs) have spacers of extrachromosomal
origin. Microbiology 151, 2551—2561. (doi:10.1099/
mic.0.28048-0)

Pourcel C, Salvignol G, Vergnaud G. 2005 CRISPR
elements in Yersinia pestis acquire new repeats hy
preferential uptake of bacteriophage DNA, and
provide additional tools for evolutionary studies.
Microbiology 151, 653—663. (doi:10.1099/mic.0.
27437-0)

Makarova KS, Grishin NV, Shabalina SA, Wolf YI,
Koonin EV. 2006 A putative RNA-interference-based
immune system in prokaryotes: computational
analysis of the predicted enzymatic machinery,
functional analogies with eukaryotic RNAi, and
hypothetical mechanisms of action. Biol. Direct 1, 7.
(doi:10.1186/1745-6150-1-7)

Grissa |, Vergnaud G, Pourcel C. 2007 The CRISPRdb
database and tools to display CRISPRs and to
generate dictionaries of spacers and repeats.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

BMC Bioinf. 8, 172. (doi:10.1186/1471-2105-
8-172)

Barrangou R, Fremaux C, Deveau H, Richards M,
Boyaval P, Moineau S, Romero DA, Horvath P. 2007
CRISPR provides acquired resistance against viruses
in prokaryotes. Science 315, 1709-1712. (doi:10.
1126/science.1138140)

Marraffini LA, Sontheimer EJ. 2008 CRISPR
interference limits horizontal gene transfer in
staphylococci by targeting DNA. Science 322,

1843 —1845. (doi:10.1126/science.1165771)

Amitai G, Sorek R. 2016 CRISPR—Cas adaptation:
insights into the mechanism of action. Nat. Rev.
Microbiol. 14, 67—76. (doi:10.1038/nrmicr0.2015.14)
Westra ER, Dowling AJ, Broniewski JM, van Houte S.
2016 Evolution and ecology of CRISPR. Annu. Rev.
Ecol. Evol. Syst. 47, 307-331. (doi:10.1146/
annurev-ecolsys-121415-032428)

Vale PF, Little TJ. 2010 CRISPR-mediated phage
resistance and the ghost of coevolution past.

Proc. R. Soc. B 277, 2097 —2103. (doi:10.1098/rspb.
2010.0055)

Jansen R, Embden JD, Gaastra W, Schouls LM. 2002
Identification of genes that are associated with DNA
repeats in prokaryotes. Mol. Microbiol. 43,
1565—1575. (doi:10.1046/j.1365-2958.2002.02839.x)
Shmakov SA, Makarova KS, Wolf YI, Severinov KV,
Koonin EV. 2018 Systematic prediction of genes
functionally linked to CRISPR-Cas systems by gene
neighborhood analysis. Proc. Nat! Acad. Sci. USA
115, E5307-E5316. (doi:10.1073/pnas.
1803440115)

Shmakov S et al. 2017 Diversity and evolution

of class 2 CRISPR—Cas systems. Nat. Rev.
Microbiol. 15, 169—182. (doi:10.1038/nrmicro.2016.
184)

Koonin EV, Makarova KS, Zhang F. 2017 Diversity,
dlassification and evolution of CRISPR-Cas systems.
Curr. Opin. Microbiol. 37, 67—78. (doi:10.1016/j.
mib.2017.05.008)

Makarova KS et al. 2015 An updated evolutionary
dlassification of CRISPR—Cas systems. Nat. Rev.
Microbiol. 13, 722—736. (doi:10.1038/nrmicro3569)
van der Oost J, Westra ER, Jackson RN, Wiedenheft
B. 2014 Unravelling the structural and mechanistic
basis of (RISPR—Cas systems. Nat. Rev. Microbiol.
12, 479-492. (doi:10.1038/nrmicro3279)
Marraffini LA. 2015 CRISPR—Cas immunity in
prokaryotes. Nature 526, 55—61. (doi:10.1038/
nature15386)

Jackson SA, McKenzie RE, Fagerlund RD, Kieper SN,
Fineran PC, Brouns SJ. 2017 CRISPR-Cas: adapting to
change. Science 356, aa15056. (doi:10.1126/science.
aal5056)

26.

2].

28.

29.

30.

3N

32.

33.

34.

35.

36.

37.

The authors thank the Royal Society and all partici-
pants of the Hooke meeting on CRISPR ecology and evolution in
London, February 2019, and all contributors to the special issue on
CRISPR ecology and evolution.

Charpentier E, Richter H, van der Qost J, White MF.
2015 Biogenesis pathways of RNA guides in
archaeal and bacterial CRISPR—Cas adaptive
immunity. FEMS Microbiol. Rev. 39, 428—441.
(doi:10.1093/femsre/fuv023)

Weinberger AD, Wolf YI, Lobkovsky AE, Gilmore MS,
Koonin EV. 2012 Viral diversity threshold for
adaptive immunity in prokaryotes. MBio 3, e00456-
12. (doi:10.1128/mBi0.00456-12)

Iranzo J, Lobkovsky AE, Wolf YI, Koonin EV. 2013
Evolutionary dynamics of the prokaryotic adaptive
immunity system CRISPR-Cas in an explicit
ecological context. J. Bacteriol. 195, 3834—3844.
(doi:10.1128/JB.00412-13)

Anderson RE, Brazelton WJ, Baross JA. 2011 Using
CRISPRs as a metagenomic tool to identify microbial
hosts of a diffuse flow hydrothermal vent viral
assemblage. FEMS Microbiol. Ecol. 77, 120-133.
(doi:10.1111/j.1574-6941.2011.01090.x)

Burstein D, Sun CL, Brown (T, Sharon |,
Anantharaman K, Probst AJ, Thomas BC, Banfield JF.
2016 Major bacterial lineages are essentially devoid
of CRISPR - Cas viral defence systems. Nat. Commun.
7, 10613. (doi:10.1038/ncomms10613)

Weissman J, Laljani R, Fagan W, Johnson P. 2018
Ecology shapes microbial immune strategy:
temperature and oxygen as determinants of the
incidence of CRISPR adaptive immunity. biorxiv.
(doi:10.1101/326330)

van Houte S, Buckling A, Westra ER. 2016
Evolutionary ecology of prokaryotic immune
mechanisms. Microbiol. Mol. Biol. Rev. 80,
745-763. (doi:10.1128/MMBR.00011-16)

Westra ER et al. 2015 Parasite exposure drives
selective evolution of constitutive versus inducible
defense. Curr. Biol. 25, 1043 —1049. (doi:10.1016/j.
cub.2015.01.065)

Chabas H, van Houte S, Hoyland-Kroghsbo NM,
Buckling A, Westra ER. 2016 Immigration of
susceptible hosts triggers the evolution of
alternative parasite defence strategies. Proc. R. Soc.
B 283, 20160721. (doi:10.1098/rspb.2016.0721)
Vercoe RB et al. 2013 Cytotoxic chromosomal
targeting by CRISPR/Cas systems can reshape
bacterial genomes and expel or remodel
pathogenicity islands. PLoS Genet. 9, e1003454.
(doi:10.1371/journal.pgen.1003454)

Stern A, Keren L, Wurtzel 0, Amitai G, Sorek R.
2010 Self-targeting by CRISPR: gene regulation or
autoimmunity? Trends Genet. 26, 335-340. (doi:10.
1016/j.tig.2010.05.008)

Bikard D, Hatoum-Aslan A, Mucida D, Marraffini LA.
2012 CRISPR interference can prevent natural
transformation and virulence acquisition during in


http://dx.doi.org/10.1038/s41467-018-04252-2
http://dx.doi.org/10.1038/s41467-018-04252-2
http://dx.doi.org/10.1111/1750-3841.13094
http://dx.doi.org/10.1111/1750-3841.13094
http://dx.doi.org/10.1371/journal.ppat.1006990
http://dx.doi.org/10.7554/eLife.33423
http://dx.doi.org/10.7554/eLife.33423
http://dx.doi.org/10.1073/pnas.1514258112
http://dx.doi.org/10.1073/pnas.1514258112
http://dx.doi.org/10.1126/science.aac7932
http://dx.doi.org/10.1016/j.jmb.2018.05.044
http://dx.doi.org/10.1016/j.jmb.2018.05.044
http://dx.doi.org/10.1007/s00239-004-0046-3
http://dx.doi.org/10.1007/s00239-004-0046-3
http://dx.doi.org/10.1099/mic.0.28048-0
http://dx.doi.org/10.1099/mic.0.28048-0
http://dx.doi.org/10.1099/mic.0.27437-0
http://dx.doi.org/10.1099/mic.0.27437-0
http://dx.doi.org/10.1186/1745-6150-1-7
http://dx.doi.org/10.1186/1471-2105-8-172
http://dx.doi.org/10.1186/1471-2105-8-172
http://dx.doi.org/10.1126/science.1138140
http://dx.doi.org/10.1126/science.1138140
http://dx.doi.org/10.1126/science.1165771
http://dx.doi.org/10.1038/nrmicro.2015.14
http://dx.doi.org/10.1146/annurev-ecolsys-121415-032428
http://dx.doi.org/10.1146/annurev-ecolsys-121415-032428
http://dx.doi.org/10.1098/rspb.2010.0055
http://dx.doi.org/10.1098/rspb.2010.0055
http://dx.doi.org/10.1046/j.1365-2958.2002.02839.x
http://dx.doi.org/10.1073/pnas.1803440115
http://dx.doi.org/10.1073/pnas.1803440115
http://dx.doi.org/10.1038/nrmicro.2016.184
http://dx.doi.org/10.1038/nrmicro.2016.184
http://dx.doi.org/10.1016/j.mib.2017.05.008
http://dx.doi.org/10.1016/j.mib.2017.05.008
http://dx.doi.org/10.1038/nrmicro3569
http://dx.doi.org/10.1038/nrmicro3279
http://dx.doi.org/10.1038/nature15386
http://dx.doi.org/10.1038/nature15386
http://dx.doi.org/10.1126/science.aal5056
http://dx.doi.org/10.1126/science.aal5056
http://dx.doi.org/10.1093/femsre/fuv023
http://dx.doi.org/10.1128/mBio.00456-12
http://dx.doi.org/10.1128/JB.00412-13
http://dx.doi.org/10.1111/j.1574-6941.2011.01090.x
http://dx.doi.org/10.1038/ncomms10613
http://dx.doi.org/10.1101/326330
http://dx.doi.org/10.1128/MMBR.00011-16
http://dx.doi.org/10.1016/j.cub.2015.01.065
http://dx.doi.org/10.1016/j.cub.2015.01.065
http://dx.doi.org/10.1098/rspb.2016.0721
http://dx.doi.org/10.1371/journal.pgen.1003454
http://dx.doi.org/10.1016/j.tig.2010.05.008
http://dx.doi.org/10.1016/j.tig.2010.05.008

38.

39.

40.

4.

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

vivo bacterial infection. Cell Host Microbe 12,
177-186. (doi:10.1016/j.chom.2012.06.003)

van Sluijs L, van Houte S, van der Oost J, Brouns SJ,
Buckling A, Westra ER. In press. Addiction systems
antagonize bacterial adaptive immunity. FEMS
Microbiol. Lett.

Bernheim A, Calvo-Villamanan A, Basier C, Cui L,
Rocha E.PC, Touchon M, Bikard D. 2017 Inhibition of
NHEJ repair by type II-A CRISPR—Cas systems in
bacteria. Nat. Commun. 8, 2094. (doi:10.1038/
s41467-017-02350-1)

Levy A, Goren MG, Yosef I, Auster 0, Manor M,
Amitai G, Edgar R, Qimron U, Sorek R. 2015 CRISPR
adaptation biases explain preference for acquisition
of foreign DNA. Nature 520, 505—510. (doi:10.
1038/nature14302)

Paez-Espino D, Sharon I, Morovic W, Stahl B,
Thomas BC, Barrangou R, Banfield JF. 2015 CRISPR
immunity drives rapid phage genome evolution in
Streptococcus thermophilus. MBio 6, €00262-15.
(doi:10.1128/mBi0.00262-15)

van Houte S et al. 2016 The diversity-generating
benefits of a prokaryotic adaptive immune system.
Nature 532, 385-388. (doi:10.1038/nature17436)
Andersson AF, Banfield JF. 2008 Virus population
dynamics and acquired virus resistance in natural
microbial communities. Science 320, 1047 -1050.
(doi:10.1126/science.1157358)

Held NL, Herrera A, Whitaker RJ. 2013 Reassortment
of CRISPR repeat-spacer loci in Sulfolobus islandicus.
Environ. Microbiol. 15, 3065-3076. (doi:10.1111/
1462-2920.12146)

Tyson GW, Banfield JF. 2008 Rapidly evolving
CRISPRs implicated in acquired resistance of
microorganisms to viruses. Environ. Microbiol. 10,
200-207. (doi:10.1111/.1462-2920.2007.01444.x)
Held NL, Herrera A, Cadillo-Quiroz H, Whitaker RJ.
2010 CRISPR associated diversity within a
population of Sulfolobus islandicus. PLoS ONE 5,
€0012988. (doi:10.1371/journal.pone.0012988)
Emerson JB, Andrade K, Thomas BC, Norman A,
Allen EE, Heidelberg KB, Banfield JF. 2013 Virus-
host and CRISPR dynamics in Archaea-dominated
hypersaline Lake Tyrrell, Victoria, Australia. Archaea
2013, 370871. (doi:10.1155/2013/370871)

Tomida J, Morita Y, Shibayama K, Kikuchi K, Sawa T,
Akaike T, Kawamura Y. 2017 Diversity and
microevolution of CRISPR loci in Helicobacter cinaedi.
PLoS ONE 12, e0186241. (doi:10.1371/journal.pone.
0186241)

England WE, Kim T, Whitaker RJ. 2018
Metapopulation structure of CRISPR-Cas immunity
in Pseudomonas aeruginosa and its viruses.
mSystems 3, e00075-18. (doi:10.1128/mSystems.
00075-18)

Devoto AE et al. In press. Megaphages infect
Prevotella and variants are widespread in gut
microbiomes. Nat. Microbiol. (doi:10.1038/541564-
018-0338-9)

Common J, Westra ER. 2019 CRISPR evolution and
bacteriophage persistence in the context of
population bottlenecks. RNA Biol. 5, 1-7. (doi:10.
1080/15476286.2019.1578608)

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Touchon M, Rocha EP. 2010 The small, slow and
specialized CRISPR and anti-CRISPR of Escherichia
and Salmonella. PLoS ONE 5, €11126. (doi:10.1371/
journal.pone.0011126)

Semenova E, Jore MM, Datsenko KA, Semenova A,
Westra ER, Wanner B, van der Oost J, Brouns SJ,
Severinov K. 2011 Interference by clustered
regularly interspaced short palindromic repeat
(CRISPR) RNA is governed by a seed sequence. Proc.
Nat! Acad. Sci. USA 108, 10 09810 103. (doi:10.
1073/pnas.1104144108)

Deveau H, Barrangou R, Garneau JE, Labonte J,
Fremaux C, Boyaval P, Romero DA, Horvath P,
Moineau S. 2008 Phage response to CRISPR-
encoded resistance in Streptococcus thermophilus.
J. Bacteriol. 190, 1390—1400. (doi:10.1128/JB.
01412-07)

Levin BR, Moineau S, Bushman M, Barrangou R.
2013 The population and evolutionary dynamics of
phage and bacteria with CRISPR-mediated
immunity. PLoS Genet. 9, €1003312. (doi:10.1371/
journal.pgen.1003312)

Childs LM, England WE, Young MJ, Weitz JS,
Whitaker RJ. 2014 CRISPR-induced distributed
immunity in microbial populations. PLoS ONE 9,
€101710. (doi:10.1371/journal.pone.0101710)
Chabas H, Lion S, Nicot A, Meaden S, van Houte
S, Moineau S, Wahl LM, Westra ER, Gandon S.
2018 Evolutionary emergence of infectious
diseases in heterogeneous host populations. PLoS
Biol. 16, €2006738. (doi:10.1371/journal.pbio.
2006738)

Westra ER, Sunderhauf D, Landsberger M, Buckling
A. 2017 Mechanisms and consequences of diversity-
generating immune strategies. Nat. Rev. Immunol.
17, 719-728. (doi:10.1038/nri.2017.78)
Bondy-Denomy J, Pawluk A, Maxwell KL, Davidson
AR. 2013 Bacteriophage genes that inactivate the
CRISPR/Cas bacterial immune system. Nature 493,
429-432. (doi:10.1038/nature11723)

Borges AL, Zhang JY, Rollins MF, Osuna BA,
Wiedenheft B, Bondy-Denomy J. 2018
Bacteriophage cooperation suppresses CRISPR-Cas3
and Cas9 immunity. Cell 174, 917-925. (doi:10.
1016/j.cell.2018.06.013)

Landsherger M, Gandon S, Meaden S, Rollie C,
Chevallereau A, Chabas H, Buckling A, Westra ER,
van Houte S. 2018 Anti-CRISPR phages cooperate to
overcome CRISPR-Cas immunity. Cell 174,
908-916. (doi:10.1016/j.cell.2018.05.058)

Vale PF, Lafforgue G, Gatchitch F, Gardan R,
Moineau S, Gandon S. 2015 Costs of CRISPR-Cas-
mediated resistance in Streptococcus thermaphilus.
Proc. R. Soc. B 282, 20151270. (doi:10.1098/rspb.
2015.1270)

Palmer KL, Gilmore MS. 2010 Multidrug-resistant
enterococci lack CRISPR-cas. MBio 1, e00227-10.
(doi:10.1128/mBi0.00227-10)

Jiang W, Maniv |, Arain F, Wang Y, Levin BR,
Marraffini LA. 2013 Dealing with the evolutionary
downside of CRISPR immunity: bacteria and
beneficial plasmids. PLoS Genet. 9, €1003844.
(doi:10.1371/journal.pgen.1003844)

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

71.

78.

Gandon S, Vale PF. 2014 The evolution of resistance
against good and bad infections. J. Evol. Biol. 27,
303-312. (doi:10.1111/jeb.122971)

Paez-Espino D, Morovic W, Sun CL, Thomas BC,
Ueda K, Stahl B, Barrangou R, Banfield JF. 2013
Strong bias in the bacterial CRISPR elements that
confer immunity to phage. Nat. Commun. 4, 1430.
(doi:10.1038/ncomms2440)

Citorik RJ, Mimee M, Lu TK. 2014 Sequence-specific
antimicrobials using efficiently delivered RNA-
guided nucleases. Nat. Biotechnol. 32, 1141-1145.
(doi:10.1038/nbt.3011)

Gomaa AA, Klumpe HE, Luo ML, Selle K, Barrangou
R, Beisel CL. 2013 Programmable removal of
bacterial strains by use of genome-targeting
CRISPR-Cas systems. MBio 5, €00928—-13.
(doi:10.1128/mBi0.00928-13)

Bikard D, Euler CW, Jiang W, Nussenzweig PM,
Goldberg GW, Duportet X, Fischetti VA, Marraffini
LA. 2014 Exploiting CRISPR-Cas nucleases to
produce sequence-specific antimicrobials. Nat.
Biotechnol. 32, 1146—1150. (doi:10.1038/
nbt.3043)

Dong H, Xiang H, Mu D, Wang D, Wang T. 2019
Exploiting a conjugative CRISPR/Cas9 system to
eliminate plasmid harbouring the mcr-7 gene from
Escherichia coli. Int. J. Antimicrob. Agents 53, 1-38.
(doi:10.1016/j.ijantimicag.2018.09.017)

Buchthal J, Evans SW, Lunshof J, Telford Il SR,
Esvelt KM. 2019 Mice Against Ticks: an experimental
community-guided effort to prevent tick-borne
disease by altering the shared environment. Phil.
Trans. R. Soc. B 374, 20180105. (doi:10.1098/rstb.
2018.0105)

Esvelt KM, Smidler AL, Catteruccia F, Church GM.
2014 Concerning RNA-guided gene drives for the
alteration of wild populations. Elife 3, e03401.
(doi:10.7554/eLife.03401)

Godfray H.CJ, North A, Burt A. 2017 How driving
endonuclease genes can be used to combat pests
and disease vectors. BMC Biol. 15, 81. (doi:10.1186/
$12915-017-0420-4)

DiCarlo JE, Chavez A, Dietz SL, Esvelt KM, Church
GM. 2015 Safeguarding CRISPR—Cas9 gene drives
in yeast. Nat. Biotechnol. 33, 1250—1255. (doi:10.
1038/nbt.3412)

Gantz VM, Jasinskiene N, Tatarenkova O, Fazekas A,
Macias VM, Bier E, James AA. 2015 Highly efficient
(as9-mediated gene drive for population
modification of the malaria vector mosquito
Anapheles stephensi. Proc. Natl Acad. Sci. USA 112,
£E6736—E6743. (doi:10.1073/pnas.1521077112)
Gantz VM, Bier E. 2015 Genome editing. The
mutagenic chain reaction: a method for converting
heterozygous to homozygous mutations. Science
348, 442444, (doi:10.1126/science.aaa5945)
Grunwald HA, Gantz VM, Poplawski G, Xu XS, Bier E,
Cooper KL. 2019 Super-Mendelian inheritance
mediated by CRISPR—Cas9 in the female mouse
germline. Nature 566, 105—109. (doi:10.1038/
541586-019-0875-2)

Champer J, Liu J, Oh SY, Reeves R, Luthra A, Oakes N,
(lark AG, Messer PW. 2018 Reducing resistance allele


http://dx.doi.org/10.1016/j.chom.2012.06.003
http://dx.doi.org/10.1038/s41467-017-02350-1
http://dx.doi.org/10.1038/s41467-017-02350-1
http://dx.doi.org/10.1038/nature14302
http://dx.doi.org/10.1038/nature14302
http://dx.doi.org/10.1128/mBio.00262-15
http://dx.doi.org/10.1038/nature17436
http://dx.doi.org/10.1126/science.1157358
http://dx.doi.org/10.1111/1462-2920.12146
http://dx.doi.org/10.1111/1462-2920.12146
http://dx.doi.org/10.1111/j.1462-2920.2007.01444.x
http://dx.doi.org/10.1371/journal.pone.0012988
http://dx.doi.org/10.1155/2013/370871
http://dx.doi.org/10.1371/journal.pone.0186241
http://dx.doi.org/10.1371/journal.pone.0186241
http://dx.doi.org/10.1128/mSystems.00075-18
http://dx.doi.org/10.1128/mSystems.00075-18
http://dx.doi.org/10.1038/s41564-018-0338-9
http://dx.doi.org/10.1038/s41564-018-0338-9
http://dx.doi.org/10.1080/15476286.2019.1578608
http://dx.doi.org/10.1080/15476286.2019.1578608
http://dx.doi.org/10.1371/journal.pone.0011126
http://dx.doi.org/10.1371/journal.pone.0011126
http://dx.doi.org/10.1073/pnas.1104144108
http://dx.doi.org/10.1073/pnas.1104144108
http://dx.doi.org/10.1128/JB.01412-07
http://dx.doi.org/10.1128/JB.01412-07
http://dx.doi.org/10.1371/journal.pgen.1003312
http://dx.doi.org/10.1371/journal.pgen.1003312
http://dx.doi.org/10.1371/journal.pone.0101710
http://dx.doi.org/10.1371/journal.pbio.2006738
http://dx.doi.org/10.1371/journal.pbio.2006738
http://dx.doi.org/10.1038/nri.2017.78
http://dx.doi.org/10.1038/nature11723
http://dx.doi.org/10.1016/j.cell.2018.06.013
http://dx.doi.org/10.1016/j.cell.2018.06.013
http://dx.doi.org/10.1016/j.cell.2018.05.058
http://dx.doi.org/10.1098/rspb.2015.1270
http://dx.doi.org/10.1098/rspb.2015.1270
http://dx.doi.org/10.1128/mBio.00227-10
http://dx.doi.org/10.1371/journal.pgen.1003844
http://dx.doi.org/10.1111/jeb.12291
http://dx.doi.org/10.1038/ncomms2440
http://dx.doi.org/10.1038/nbt.3011
http://dx.doi.org/10.1128/mBio.00928-13
http://dx.doi.org/10.1038/nbt.3043
http://dx.doi.org/10.1038/nbt.3043
http://dx.doi.org/10.1016/j.ijantimicag.2018.09.017
http://dx.doi.org/10.1098/rstb.2018.0105
http://dx.doi.org/10.1098/rstb.2018.0105
http://dx.doi.org/10.7554/eLife.03401
http://dx.doi.org/10.1186/s12915-017-0420-4
http://dx.doi.org/10.1186/s12915-017-0420-4
http://dx.doi.org/10.1038/nbt.3412
http://dx.doi.org/10.1038/nbt.3412
http://dx.doi.org/10.1073/pnas.1521077112
http://dx.doi.org/10.1126/science.aaa5945
http://dx.doi.org/10.1038/s41586-019-0875-2
http://dx.doi.org/10.1038/s41586-019-0875-2

79.

80.

81.

82.

83.

84.

85.

86.

87.

formation in CRISPR gene drive. Proc. Nat! Acad. Sdi.
USA 115, 5522—5527. (doi:10.1073/pnas.1720354115)
Unckless RL, Clark AG, Messer PW. 2017 Evolution
of resistance against CRISPR/Cas9 gene drive.
Genetics 205, 827—841. (doi:10.1534/genetics.116.
197285)

Noble C, Olejarz J, Esvelt K, Church G, Nowak M.
2017 Evolutionary dynamics of CRISPR gene drives.
Sd. Adv. 3, e1601964. (doi:10.1126/sciadv.1601964)
Kyrou K, Hammond AM, Galizi R, Kranjc N, Burt A,
Beaghton AK, Nolan T, Crisanti A. 2018 A CRISPR—
(as9 gene drive targeting doublesex causes
complete population suppression in caged
Anopheles gambiae mosquitoes. Nat. Biotechnol. 36,
1062—1066. (doi:10.1038/nbt.4245)

James S et al. 2018 Pathway to deployment of gene
drive mosquitoes as a potential biocontrol tool for
elimination of malaria in sub-Saharan Africa:
recommendations of a Scientific Working Group.
Am. J. Trop. Med. Hyg. 98(Suppl. 6), 1—49. (doi:10.
4269/ajtmh.18-0083)

Min J, Smidler AL, Najjar D, Esvelt KM. 2018
Hamessing gene drive. J. Responsible Innov.
5(Suppl. 1), S40—S65. (doi:10.1080/23299460.
2017.1415586)

National Academies of Sciences Engineering and
Medicine. 2016 Gene drives on the horizon:
advancing science, navigating uncertainty, and
aligning research with public values. Washington,
DC: The National Academies Press.

Benedict M et al. 2014 Guidance framework for
testing of genetically modified mosquitoes. FNIH,
WHO, TDR. See https:/manualzz.com/doc/
18478798/guidance-framework-for-testing-of-
genetically-modified-mosquitoes.

Koonin EV, Makarova KS. 2019 Origins and evolution
of CRISPR-Cas systems. Phil. Trans. R. Soc. B 374,
20180087. (doi:10.1098/rsth.2018.0087)

Gurney J, Pleska M, Levin BR. 2019 Why put up
with immunity when there is resistance: an
excursion into the population and evolutionary
dynamics of restriction—modification and CRISPR-

88.

89.

90.

9.

92.

93.

9%.

95.

Cas. Phil. Trans. R. Soc. B 374, 20180096. (doi:10.
1098/rsth.2018.0096)

Bernheim A, Bikard D, Touchon M, Rocha EPC. 2019
A matter of background: DNA repair pathways

as a possible cause for the sparse distribution

of CRISPR-Cas systems in bacteria. Phil.

Trans. R. Soc. B 374, 20180088. (doi:10.1098/
rsth.2018.0088)

Chevallereau A, Meaden S, van Houte S, Westra ER,
Rollie C. 2019 The effect of bacterial mutation rate
on the evolution of CRISPR-Cas adaptive immunity.
Phil. Trans. R. Soc. B 374, 20180094. (doi:10.1098/
rsth.2018.0094)

Bradde S, Mora T, Walczak AM. 2019 Cost and
benefits of clustered regularly interspaced short
palindromic repeats spacer acquisition. Phil.

Trans. R. Soc. B 374, 20180095. (doi:10.1098/rsth.
2018.0095)

Lopatina A, Medvedeva S, Artamonova D, Kolesnik
M, Sitnik V, Ispolatov Y, Severinov K. 2019 Natural
diversity of CRISPR spacers of Thermus: evidence of
local spacer acquisition and global spacer exchange.
Phil. Trans. R. Soc. B 374, 20180092. (doi:10.1098/
rsth.2018.0092)

Pauly MD, Bautista MA, Black JA, Whitaker RJ.
2019 Diversified local CRISPR-Cas immunity

to viruses of Sulfolobus islandicus. Phil.

Trans. R. Soc. B 374, 20180093. (doi:10.1098/rstb.
2018.0093)

Hoikkala V, Almeida GMF, Laanto E, Sundberg L-R.
2019 Aquaculture as a source of empirical evidence
for coevolution between CRISPR-Cas and phage.
Phil. Trans. R. Soc. B 374, 20180100. (doi:10.1098/
rsth.2018.0100)

Common J, Morley D, Westra ER, van Houte S. 2019
CRISPR-Cas immunity leads to a coevolutionary
arms race between Streptococcus thermophilus and
lytic phage. Phil. Trans. R. Soc. B 374, 20180098.
(doi:10.1098/rsth.2018.0098)

(Chabas H, Nicot A, Meaden S, Westra ER, Tremblay
DM, Pradier L, Lion S, Moineau S, Gandon S. 2019
Variability in the durability of CRISPR-Cas immunity.

9.

97.

9.

9.

100.

101.

102.

103.

Phil. Trans. R. Soc. B 374, 20180097. (doi:10.1098/ n

rsth.2018.0097)

Watson BNJ, Easingwood RA, Tong B, Wolf M,
Salmond GPC, Staals RHJ, Bostina M, Fineran PC.
2019 Different genetic and morphological outcomes
for phages targeted by single or multiple CRISPR-
(as spacers. Phil. Trans. R. Soc. B 374, 20180090.
(doi:10.1098/rsth.2018.0090)

McKitterick AC, LeGault KN, Angermeyer A, Alam M,
Seed KD. 2019 Competition between mobile genetic
elements drives optimization of a phage-encoded
CRISPR-Cas system: insights from a natural arms
race. Phil. Trans. R. Soc. B 374, 20180089. (doi:10.
1098/rsth.2018.0089)

Hatoum-Aslan A, Marraffini LA. 2014 Impact of
CRISPR immunity on the emergence and virulence
of bacterial pathogens. Curr. Opin. Microbiol. 17C,
82-90. (doi:10.1016/j.mib.2013.12.001)

Gophna U, Kristensen DM, Wolf Y1, Popa O, Drevet
C, Koonin EV. 2015 No evidence of inhibition of
horizontal gene transfer by CRISPR—Cas on
evolutionary timescales. ISME J. 9, 2021-2027.
(doi:10.1038/ismej.2015.20)

Shehreen S, Chyou T-y, Fineran PC, Brown (M. 2019
Genome-wide correlation analysis suggests different
roles of CRISPR-Cas systems in the acquisition of
antibiotic resistance genes in diverse species. Phil.
Trans. R. Soc. B 374, 20180384. (doi:10.1098/rsth.
2018.0384)

Ramachandran G, Bikard D. 2019 Editing the
microbiome the CRISPR way. Phil. Trans. R. Soc. B
374, 20180103. (doi:10.1098/rsth.2018.0103)

de Graeff N, Jongsma KR, Johnston J, Hartley S,
Bredenoord AL. 2019 The ethics of genome editing
in non-human animals: a systematic review of
reasons reported in the academic literature. Phil.
Trans. R. Soc. B 374, 20180106. (doi:10.1098/rsth.
2018.0106)

Hartley S, Gillund F, van Hove L, Wickson F. 2016
Essential features of responsible governance of
agricultural biotechnology. PLoS Biol. 14, e1002453.
(doi:10.1371/journal.pbio.1002453)


http://dx.doi.org/10.1073/pnas.1720354115
http://dx.doi.org/10.1534/genetics.116.197285
http://dx.doi.org/10.1534/genetics.116.197285
http://dx.doi.org/10.1126/sciadv.1601964
http://dx.doi.org/10.1038/nbt.4245
http://dx.doi.org/10.4269/ajtmh.18-0083
http://dx.doi.org/10.4269/ajtmh.18-0083
http://dx.doi.org/10.1080/23299460.2017.1415586
http://dx.doi.org/10.1080/23299460.2017.1415586
https://manualzz.com/doc/18478798/guidance-framework-for-testing-of-genetically-modified-mosquitoes
https://manualzz.com/doc/18478798/guidance-framework-for-testing-of-genetically-modified-mosquitoes
https://manualzz.com/doc/18478798/guidance-framework-for-testing-of-genetically-modified-mosquitoes
https://manualzz.com/doc/18478798/guidance-framework-for-testing-of-genetically-modified-mosquitoes
http://dx.doi.org/10.1098/rstb.2018.0087
http://dx.doi.org/10.1098/rstb.2018.0096
http://dx.doi.org/10.1098/rstb.2018.0096
http://dx.doi.org/10.1098/rstb.2018.0088
http://dx.doi.org/10.1098/rstb.2018.0088
http://dx.doi.org/10.1098/rstb.2018.0094
http://dx.doi.org/10.1098/rstb.2018.0094
http://dx.doi.org/10.1098/rstb.2018.0095
http://dx.doi.org/10.1098/rstb.2018.0095
http://dx.doi.org/10.1098/rstb.2018.0092
http://dx.doi.org/10.1098/rstb.2018.0092
http://dx.doi.org/10.1098/rstb.2018.0093
http://dx.doi.org/10.1098/rstb.2018.0093
http://dx.doi.org/10.1098/rstb.2018.0100
http://dx.doi.org/10.1098/rstb.2018.0100
http://dx.doi.org/10.1098/rstb.2018.0098
http://dx.doi.org/10.1098/rstb.2018.0097
http://dx.doi.org/10.1098/rstb.2018.0097
http://dx.doi.org/10.1098/rstb.2018.0090
http://dx.doi.org/10.1098/rstb.2018.0089
http://dx.doi.org/10.1098/rstb.2018.0089
http://dx.doi.org/10.1016/j.mib.2013.12.001
http://dx.doi.org/10.1038/ismej.2015.20
http://dx.doi.org/10.1098/rstb.2018.0384
http://dx.doi.org/10.1098/rstb.2018.0384
http://dx.doi.org/10.1098/rstb.2018.0103
http://dx.doi.org/10.1098/rstb.2018.0106
http://dx.doi.org/10.1098/rstb.2018.0106
http://dx.doi.org/10.1371/journal.pbio.1002453

	The ecology and evolution of microbial CRISPR-Cas adaptive immune systems
	Introduction
	CRISPR-Cas adaptive immune systems: a brief overview
	Ecology and diversity of CRISPR-Cas immunity
	Coevolution between CRISPR hosts and viruses
	Application of CRISPR in an ecological context

	Aims of the theme issue
	Overview of the papers
	Evolutionary history and relative importance of CRISPR-Cas immune systems
	Patterns of spacer acquisition in an ecological context
	Coevolution between CRISPR-Cas immune systems and phages in the laboratory
	Implications of CRISPR-Cas for human health and wellbeing

	Conclusion and outlook
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


