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So far, studies on the bacterial immune system CRISPR-Cas and its ecological

and evolutionary effects have been largely limited to laboratory conditions.

While providing crucial information on the constituents of CRISPR-Cas,

such studies may overlook fundamental components that affect bacterial

immunity in natural habitats. Translating laboratory-derived predictions

to nature is not a trivial task, owing partly to the instability of natural commu-

nities and difficulties in repeated sampling. To this end, we review how

aquaculture, the farming of fishes and other aquatic species, may provide

suitable semi-natural laboratories for examining the role of CRISPR-Cas

in phage/bacterium coevolution. Existing data from disease surveillance

conducted in aquaculture, coupled with growing interest towards phage

therapy, may have already resulted in large collections of bacterium and

phage isolates. These data, combined with premeditated efforts, can provide

empirical evidence on phage–bacterium dynamics such as the bacteriophage

adherence to mucus hypothesis, phage life cycles and their relationship with

CRISPR-Cas and other immune defences. Typing of CRISPR spacer content

in pathogenic bacteria can also provide practical information on diversity

and origin of isolates during outbreaks. In addition to providing information

of CRISPR functionality and phage–bacterium dynamics, aquaculture sys-

tems can significantly impact perspectives on design of phage-based disease

treatment at the current era of increasing antibiotic resistance.

This article is part of a discussion meeting issue ‘The ecology and

evolution of prokaryotic CRISPR-Cas adaptive immune systems’.
1. Introduction
Bacteriophages (phages), the obligate viral parasites of bacteria, pose a constant

threat of infection on their hosts. By consequence, a wide range of prokaryotic

defence mechanisms have evolved. Phage infection and replication can be

blocked in various ways, including preventing phage entry by modifying relevant

surface receptors (surface modification, SM) or by degrading an intracellular

phage genome using restriction modification (see review [1]). These well-

known examples of innate defences, while central to prokaryotic immunity,

lack the ability to store and update immunological memories of genetic invaders.

Adaptive immunity in prokaryotes is represented by loci known as clustered reg-

ularly interspaced palindromic repeats and associated cas genes (CRISPR-Cas).

CRISPR-Cas loci can be reprogrammed by the acquisition of distinct genetic

sequences from invading nucleic acids, thereby preparing them for recognition

and termination of upcoming infections with similar sequences [2–5]. CRISPR-

Cas research is central to microbiology and biotechnology, but its ecological

and evolutionary consequences are still surprisingly poorly understood. While

several studies have addressed CRISPR-Cas and phage genomics in natural popu-

lations (see below), studies linking genetic and phenotypic data from repeatedly
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sampled isolates are largely missing [6]. We believe this is

partly owing to the generally low number of relatively stable

phage–bacterium systems in the environment, which could

be repeatedly monitored over longer timescales.

Intensive farming systems are considered as hotspots for the

evolution of pathogens, as high densities of susceptible hosts

promote pathogen transmission and virulence [7–9]. This fea-

ture of the farming environment is also likely to extend to

biological interactions between pathogenic bacteria and their

phages, owing to increased (pathogenic) bacterial population

sizes and phage–bacterium interactions. Aquaculture, the

farming of fishes and other aquatic species is one of the fastest

growing sectors in food production, providing high-quality

protein for human consumption [10]. The enrichment of

naturally occurring pathogens in aquaculture environments

opens an attractive opportunity to study phage–bacterium

coevolution and to observe the functioning of CRISPR-Cas in

semi-natural conditions.

Existing national disease surveillance projects for aquacul-

ture-related bacteria and increasing efforts to isolate phages

against these pathogens can provide essential empirical infor-

mation for understanding phage–bacterium coevolution.

To estimate whether generalizations derived from simplified

laboratory coevolution studies reflect interaction dynamics in

natural, semi-natural and clinical settings, more empirical evi-

dence on (i) phage–bacterium interactions at wider taxonomic

scale and (ii) different CRISPR-Cas systems are needed. In this

review, we discuss the general properties of aquaculture as a

domain for phage–bacterium coevolution and examine the

position of CRISPR-Cas in these settings. From a practical

point of view, it is important to understand the effects of adap-

tive bacterial immunity for applications such as phage therapy

in aquaculture.
2. CRISPR-Cas, the adaptive immune system of
prokaryotes

CRISPR-Cas operation is divided into two main stages.

During the adaptation stage, a protein-complex (comprising

of at least Cas1 and Cas2) excises a short sequence from an

invasive phage genome. This sequence, known as a spacer,

is integrated into the CRISPR array of the host’s CRISPR-

Cas locus [11]. In the interference phase of CRISPR-Cas,

an infection leads to transcription of the CRISPR array. The

transcript, called pre-crRNA (CRISPR-RNA), is processed to

smaller fragments and used to guide endonucleases, such

as Cas9, to corresponding positions in the phage genomes

(protospacers). This results in cleavage of invading genetic

material and termination of the infection. In addition to

phage genomes, CRISPR-Cas systems can target plasmids

and other mobile genetic elements (MGEs) and, as such, act

as a barrier for horizontal gene transfer [12]. Other roles for

CRISPR-Cas have also been reported, including biofilm

formation, sporulation, DNA repair and regulation of viru-

lence (see review [13]). Phages may evade CRISPR-Cas

by modifying their protospacers [14] or by producing

anti-CRISPR proteins [15].

The unique ability of CRISPR-Cas to store genetic infor-

mation from infections, often in chronological order, opens

exciting opportunities for microbial evolution research. Past

infections are revealed by the CRISPR arrays, in which the

oldest spacers may date back hundreds of thousands of years
[16], while the acquisition of novel spacers may be monitored

in almost real-time (e.g. [17]). Multiple studies have addressed

spacer dynamics in natural populations [18–20] and corre-

sponding changes in phage genomes [6,21,22]. While

showing that CRISPR-Cas is active and adaptive in nature,

these studies also demonstrate that the diversity of spacer con-

tent varies drastically between species, reflecting both the

extent of interactions with phages and the relative importance

of CRISPR-Cas amidst other defence mechanisms (see review

[23]). In addition to acquiring and losing individual spacers,

reassortment of CRISPR-Cas loci may be important in shaping

spacer profiles in nature [20]. Spacer diversity and correspond-

ing changes in phage protospacers may also be used as a metric

for the level of asymmetry in evolutionary potential between

bacteria and phages [24]. These dynamics have direct eco-

logical and evolutionary effects in hotspots of pathogen

emergence, such as aquaculture settings, but have not been

thoroughly investigated with long-term sampling.
3. Aquatic and aquaculture environments as
domains for phage – bacterium interaction

The complexities of natural habitats contrast the simplified

settings of laboratory experiments. Dynamics of bacterial

immunity observed in vitro, shielded from diverse biotic

and abiotic factors, may therefore not be directly translatable

to natural environments [24]. To clarify this separation, we

review the distinct features of aquatic environments that

may contribute to different ecological and evolutionary

outcomes in natural settings.

(a) The ecology of aquatic environments
The probability of phage–bacterium interactions is dictated not

only by the abundance, but also by the distribution of bacterial

cells and phage particles. Although the numbers of bacteria and

their phages in aquatic environments are enormous (e.g. [25]),

their distribution is asymmetric. Bacteria congregate largely in

biofilms [26,27], but the physical characteristics of water allow

transmission of microbes even for long distances. Free-floating

(planktonic) cells may drift in currents or actively move

towards attractants or from repellents [28]. Furthermore,

aquatic microbial communities are composed of several species

and the abundance of each varies between microhabitats, also

depending on biotic and abiotic factors [29,30].

Phages, on the other hand, have no capacity for active

movement, and thus are either drifting randomly by Brownian

movement in the water column or associated with organic

matter or sediments [29]. A chance encounter between a

phage and a bacterium may appear to be a rare event when

considering their small sizes and asymmetric distribution, the

large volumes of water and the near atomic distances needed

for interaction. However, as phage–host interaction is a

strong evolutionary driver, it is likely that mechanisms to

increase encounter rates have been favoured by evolution.

Firstly, and evidently, the high number of phage particles in

the environment increase likelihood of encounters with the

hosts. Second, a broader host range for the phage (polyvalency)

may increase the chance of successful infections. While most

phage isolates investigated in laboratory conditions are host-

specific, polyvalency has been suggested to be prevalent in

natural communities [31]. Third, although phage infections
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are often considered harmful for bacteria, they may also benefit

bacterial populations and promote selection for mechanisms

that favour encounters resulting in relationships with

mutualistic phages. Phages may contribute to bacterial patho-

genicity by providing virulence factors [32], by protecting the

bacterium against other phages via superinfection exclusion

mechanisms (e.g. [33]), or by restructuring communities

through ‘killing the winner’ dynamics [29].

(b) Aquatic metazoans provide territory for
phage – bacterium coevolution

In aquaculture, aquatic animals (metazoans) exist in confined,

high-density populations. Metazoans are covered in mucus,

which provides a physical and an immunological barrier

for the animal. Skin mucosal surfaces are also one of the

most nutrient-rich surfaces available for aquatic microbes.

By eliciting positive chemotaxis stimuli, they attract both ben-

eficial microbes as well as pathogens, as exemplified by

molecular data from European eels [34]. In this species,

bacteria selected by mucus were shown to have heightened

resistance against host immunity, metals, antibiotics and

amoebas. Additionally, these species were abundant in

genes related to biofilm formation, bacterial communication

and displayed evidence of horizontal gene transfer. Mucosal

surfaces may provide a natural habitat for pathogen evol-

ution and emergence, acting as an intermediate niche

between water and host that selects microbes best adapted

to survive and colonize mucus.

Metazoan mucus layers have also been found to be

enriched with phages [35]. This finding has led to the propo-

sal of the bacteriophage adherence to mucus (BAM) model,

which predicts an important yet so far overlooked symbiosis

between metazoans and phages. Phages are concentrated

by weak interactions with mucus components, creating a

ubiquitous non-host derived immunity against bacterial

invaders during the mucus colonization process [35]. In

addition, interaction with mucins leads to subdiffusive

motion patterns (in contrast to expected Brownian movement)

and promotes phage persistence inside the mucosal layer

despite continuous mucus shedding [36]. This would favour

phage–bacteria interactions since any bacterial invader, be it

pathogenic or not, would end up finding its phage when colo-

nizing the animal. On the other hand, by interacting with

mucus components, phages may solve the problem of finding

hosts in an open water system by concentrating themselves on

the substrate favoured by bacteria.

The enrichment of phages in mucus, coupled with the con-

stant influx of bacteria trying to colonize this environment,

makes metazoan mucosal surfaces a hotspot for phage–

bacterium interactions. While these interactions can take

place in the free water column or in the sediments, it has

been suggested that mucus-based encounters are favoured

by evolution [36]. The implications of phage–bacterium

interaction on metazoan mucosal surfaces may therefore be

of great importance to coevolution and to phage therapy,

and has been so far overlooked. This is especially impor-

tant for aquaculture systems, as fish skin and gills are

covered with a mucus layer and often targeted by bacterial

pathogens. The dynamics of phages and bacteria in the

mucus can even be more complex since spatial structuring of

mucus has been speculated to have a role in phage replication

strategies [37].
(c) Effects of aquatic niches on bacterial immunity
The environmental heterogeneity of aquatic settings is likely to

have consequences for bacterial immunity, as changes in phage

and nutrient abundance may select for specific defence strat-

egies. The efficiency of CRISPR-Cas has been predicted to

decrease under increasing viral diversity using both theoretical

models [38,39] and practical experiments [40]. As diversity

correlates with mutation rates and population sizes, higher

abundances of phages are predicted to result in immunity

mediated by mechanisms other than CRISPR-Cas, such as

SM [39]. Simply translating to aquatic settings, water columns

with low phage concentration can therefore be predicted to

favour CRISPR-Cas, whereas SM would be promoted by

phage-rich mucosal surfaces [35]. However, opposing selective

forces arise from the fact that SM often compromises the patho-

gens’ ability to colonize their host (see review [41]). Trade-offs

associated with SM can therefore also be expected to promote

alternative, less costly defences in niches where colonization

is prioritized. The resulting defence strategies are further com-

plicated by other abiotic and biotic factors such as migration

from the environment and the use of antibiotics (see below).

Empirical evidence of alternating defence strategies in aquacul-

ture have been found in the fish pathogen Flavobacterium
columnare. Its CRISPR-Cas loci are active in these settings [6],

but upon exposure to a high titre of phage in laboratory settings

the colony morphotype changes to a phage-resistant and

non-virulent one [42].
4. CRISPR-Cas and phage life cycles
Maybe surprisingly, the majority of lysogens (bacteria

carrying temperate phages) also carry CRISPR-Cas systems

[43]. Among aquaculture-related bacterial species, at least

Flavobacterium psychrophilum [44] and Vibrio anguillarum [45]

carry temperate phages that can be induced into the lytic

cycle. However, the interaction between CRISPR-Cas and

phage life cycles has remained poorly understood. A central

dilemma arises when spacers target an integrated phage

genome, as self-targeting is generally lethal. Some prophages

overcome this problem by coding for anti-CRISPR proteins

that suppress the immune system [15].

The phage–bacteria–metazoan mucus interactions also

play a role in lysis–lysogeny switches [37], which may have

significant implications for phage–CRISPR-Cas coevolution in

aquaculture settings. Lysogeny may be favoured in lower

mucus concentrations (outer layer) and lysis in higher concen-

trations (inner layers). This piggyback the winner (PtW)

model would allow bacteria containing the phages to enter

the mucosal layerand, when deep enough, undergo a lytic infec-

tion and release more phages [37]. Whereas the BAM model [35]

can benefit phages by favouring encounters with the hosts, the

PtW model [37] may benefit the bacterial hosts by favouring

lysogeny. The metazoan that provides the mucosal environment

benefits from both by becoming protected from invaders.

During unfavourable conditions for the host, phages can

also establish alternative lifestyles such as pseudolysogeny

[46]. Here, the phage chromosome is not integrated nor

replicated, but inherited by one of the two daughter cells.

Pseudolysogeny has been suggested to increase the effective

lifespan of phage genomes by keeping it safe from outside

host conditions [46]. The role of CRISPR-Cas in initiation and

maintenance of this life cycle is unknown. Pseudolysogeny



Table 1. CRISPR-Cas systems in aquaculture pathogens. (Dark grey cells indicate that a feature (either no CRISPR-Cas or a CRISPR-Cas subtype) is present in all
analysed strains of the given species. Light grey cells indicate presence of a feature in some of the strains. The number of strains with the specified feature is
displayed in each individual cell and the total number of analysed strains is displayed in parentheses after the species. The table was compiled using
CRISPRdisco [47]. Only complete genomes in NCBI’s database with CRISPR-Cas loci containing both cas genes and CRISPR arrays were considered. Non-
pathogenic subspecies were excluded from analysis. Putative CRISPR-Cas systems (type IV and V-U) were excluded from analysis similar to Crawley et al. [47].
For details and complete list of genomes see the electronic supplementary material, table S1.)

species none

class 1 class 2

I-C I-E I-F III-C II-A II-B II-C V-A VI-B

Aeromonas salmonicida (6)a 6

Edwardsiella ictaluri (3)a 3

Edwardsiella piscicida-like species (2)a 1 1

Edwardsiella tarda (4)a 4

Flavobacterium branchiophilum (1) 1 1 1

Flavobacterium columnare (5)a 5 5

Flavobacterium psychrophilum (8)a 5 3

Francisella noatunensis subsp. orientalis (7) 7

Lactococcus garvieae (3)a 3

Moritella viscosa (1) 1

Mycobacterium marinum (2) 2

Neorickettsia helminthoeca (1) 1

Photobacterium damselae subsp. Piscicida (1)a 1

Piscirickettsia salmonis (19) 19

Pseudomonas plecoglossicida (1)a 1

Renibacterium salmoninarum (1) 1

Streptococcus agalactiae (49)a 2 15 47 17

Tenacibaculum maritimum (1) 1

Vibrio alginolyticus (14)a 13 1

Vibrio anguillarum (13)a (see reference [45]) 13

Vibrio harveyi (4)a 3 1

Vibrio parahaemolyticus (22)a 21 1

Vibrio vulnificus (15)a 13 1 1

Yersinia ruckeri (5)a 5
aSpecies for which phages have been isolated.
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might also be a prevalent life cycle in aquaculture-related

phage–bacterium systems, as farming settings are often sub-

jected to seasonal changes that cause variability in phage life

cycles and phage–host interactions.
5. CRISPR-Cas in relevant aquaculture pathogens
Although there are many potential aquaculture-associated

phage–bacterium systems that could elaborate how CRISPR-

Cas functions in these environments, such studies are few in

numbers. To inspire further research, we compiled the most

important sequenced aquaculture pathogens and examined

their CRISPR content using publicly available complete

genome assemblies and existing publications. We determined

CRISPR-Cas types of 24 aquaculture-relevant species. Eleven

(approx. 46%) were found to carry a CRISPR-Cas locus in at

least one strain (table 1). This analysis reveals that datasets for

further CRISPR-phage coevolutionary studies already exist, as
phages have been isolated against many of these bacterial

species (electronic supplementary material, table S1). Since our

analysis was limited to complete genomes, additional CRISPR-

Cas systems are likely to arise in species that have not yet been

thoroughly sequenced. Below, we highlight two groups of

important aquatic pathogens derived from our analysis.
(a) Vibrio species
Vibrio species are abundant in aquatic environments [49,50] and

many of these species are associated with diseases of farmed

fishes and shrimp, known as vibriosis [51,52]. While most

Vibrio strains are devoid of CRISPR-Cas, individual strains car-

rying CRISPR-Cas were found in four out of five Vibrio species

(table 1). In addition, a recent study on V. anguillarum showed

that the bacterium shares evolutionary history with a H20-like

prophage, and that CRISPR spacers targeting this prophage

are widespread across many Vibrio species [45]. Another

study, using multiple strains of Vibrio parahaemolyticus, found
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positive correlation between the occurrence of virulence

factors and CRISPR-Cas elements [53]. Vibrio parahaemolyticus
and its phages are also the source of the recently discovered

anti-CRISPR protein acrF9 [54].

(b) Flavobacterium species
The genus Flavobacterium is comprised of 130 species, some of

which infect freshwater fishes and cause major economic

losses in fish farming across the globe [48]. The most impor-

tant aquaculture pathogens are F. psychrophilum, F. columnare
and Flavobacterium branchiophilum, which all carry class 2

CRISPR-Cas loci (table 1).

The F. branchiophilum genome contains three CRISPR-

Cas loci: a type V-A locus associated with the Cas12 (Cpf1)

nuclease, a type VI-B locus with the RNA-targeting ribonu-

clease Cas13b and a type II-C locus with Cas9. Interestingly,

F. columnare also carries the II-C and VI-B systems and

F. psychrophilum the II-C system. Recurrence of these class 2 sys-

tems in these species may be owing to shared evolutionary

history or recent horizontal gene transfer, which is known to

promote transmission of CRISPR loci across species [55,56].

Flavobacteria and their phages isolated from fish farms

have already contributed to our understanding of phage–

bacterium coevolution in semi-natural settings. Repeated

long-term (2007–2014) sampling of F. columnare and its

phages from an aquaculture site revealed temporal dynamics

of the CRISPR-phage coevolutionary arms race [6]. Over

time, the bacterial host incorporated novel, phage-matching

spacers in both type II-C and type VI-B CRISPR-Cas loci.

Genome sequencing of the phages revealed cases where the

presence of CRISPR spacers in the host population was fol-

lowed by changes in the corresponding phage protospacer

regions, and even subsequent loss of spacers in the host popu-

lation. However, this study also demonstrated that in addition

to CRISPR-Cas, innate resistance mechanisms are also impor-

tant drivers of genomic and phenotypic evolution in the

phage population, which may eventually lead to a broader

host range and higher infectivity of the phage.

Studies on the fish pathogen F. psychrophilum have demon-

strated variance in the number of CRISPR-Cas loci in different

strains [57]. Whereas a previous laboratory experiment

suggested that CRISPR-Cas may not be active in this species

[58], metagenomic samples showing high spacer diversity

[59] suggest that CRISPR-Cas defence may be effective under

natural conditions. Furthermore, comparison of CRISPR

spacers with phage genomes has revealed that especially

prophage 6H and its close relatives are ubiquitous companions

of F. psychrophilum, with a worldwide distribution [57].
6. Practical aspects
(a) CRISPR-Cas in strain typing
CRISPR arrays may reflect previous phage infections, the

rejection of plasmids or genetic matter of unknown origin

[60]. In some species, spacer content is highly conserved

(suggesting a lesser role for CRISPR-Cas in coevolutionary

interactions), while in others the spacer profile constitutes a

fingerprint that is often unique enough to distinguish other-

wise nearly clonal strains of the same species (see review

[23]). In fact, spacer-based typing (spoligotyping) was devel-

oped long before CRISPR’s role as an immune system was
uncovered [61] and has played an important role in typing

strains of Mycobacterium tuberculosis [62]. CRISPR-typing

has since been applied to many clinically relevant species,

often in combination with other typing-methods [63].

If phage and MGE populations in different aquacul-

ture facilities imprint unique spacer profiles on CRISPR-Cas

positive species, the resulting diversity could be used for epide-

miological and surveillance purposes. This would require

establishing databases of bacterial strains, their respective

spacer profiles and isolation sources, and could prove useful

in tracking the spread of epidemics and characterizing bacterial

diversity during outbreaks. While relevant aquaculture patho-

gens have not been studied from this point of view, correlations

between geographical location and CRISPR arrays have been

shown in other bacterial species [64–66].

(b) CRISPR-Cas and phage therapy
Phage therapy is considered to be an alternative or comp-

lement to antibiotic use, and has been used successfully in

aquaculture-relevant settings related to mollusc, fish and crus-

tacean diseases [67–69]. Understanding the role of CRISPR-

Cas in phage–bacterium interactions may be central to the suc-

cess of phage therapy aimed towards CRISPR-Cas positive

species in aquaculture (table 1). By principle, phage therapy

will significantly increase phage–bacterium interaction rates,

which will promote evolution of bacterial resistance, both via

innate mechanisms and CRISPR-Cas. This will have conse-

quences for the success of phage therapy, but also for

leakage of both the phage and the resistant bacterial strains

into the environment. Circulation of phage-targeting CRISPR

spacers in the environment has been suggested to cause corre-

sponding evolutionary change in the phage population [6].

Maintaining up-to-date CRISPR spacer profiles of bac-

terial pathogens at fish farms may support phage therapy

interventions. As phages are often strain-specific [70,71],

they must be chosen carefully to target the prevalent bacterial

community. Monitoring spacers and protospacers could also

aid in experimental selection or genetic engineering of infec-

tive phages. While bacterial resistance is less likely to arise in

cases where phage cocktails are used [72], monitoring the

emergence of novel spacers may be used in designing new

cocktail combinations.

(c) Use of antibiotics in aquaculture
Fish bacterial diseases are treated with antibiotics, which are

usually given in feed. It has been estimated that 30–80% of

antibiotics leak into the water owing to excretion and uneaten

pellets [73]. While the antibiotic load in fishes is likely to stay

at a clinical dose (thus preventing bacterial infections), minor

levels of unabsorbed antibiotics are likely to affect phage–

bacterium coevolution outside the host. The presence of anti-

biotics may increase antimicrobial resistance genes carried in

the phage genomes [74,75] and contribute to prophage induc-

tion [76,77]. Both antibiotics [78,79] and phage infections

[71,80] individually increase bacterial mutation rate and fit-

ness. Interestingly, simultaneous exposure of bacteria to

antibiotics and phages have been shown to increase resist-

ance to both [81]. However, how exposure to antibiotics

influence phage–bacterium coevolution and CRISPR-Cas

based resistance outside laboratory conditions has remained

less understood. The use of antibiotics in aquaculture and the

tendency of CRISPR-Cas to target any incoming MGEs [12]
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may have important consequences for the spread of antibiotic

resistance. Mutants with deprecated CRISPR-Cas systems (or

species with no CRISPR-Cas to begin with) may undergo posi-

tive selection during antibiotic exposure, thereby increasing the

proportion of antibiotic resistant strains with increased phage

sensitivity [82–85].
lishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:201
7. Conclusion
Aquaculture provides semi-natural and relatively stable habi-

tats for microbial communities, enabling repeated sampling

over long time periods. While most aquaculture-related patho-

gens, as bacteria in general, lack CRISPR-Cas, there are still

many tractable species that harbour this immune system

(table 1). Individual research groups and national disease sur-

veillance laboratories have undoubtedly already collected

numerous pathogenic bacteria and phage isolates from these

settings over decades. While only a fraction of the collected

phage and bacterial isolates have been sequenced and sub-

mitted to databases, it is evident that isolates already exist to

conduct studies that can reveal details of phage-CRISPR-Cas

dynamics in nature. Coupling isolate-based approaches with
metagenomics may be the most effective method for scoping

natural bacterial and phage communities, as this would

strengthen the (often weak or missing) link between genotype

and phenotype. The preferred bacterial resistance mechanisms

are likely to vary across planktonic and mucosal environments

in accordance with nutrient availability and phage pressure

[38–40]. Therefore, models such as BAM [35] and PtW [37]

need to be integrated into phage–bacterium interaction studies

with fishes, other eukaryotes and mucosal surfaces. Datasets

collected from aquaculture environments may also be useful

in studying other cellular functions of CRISPR-Cas, such as

virulence or biofilm forming capacity.

Data accessibility. This article has no additional data.

Authors’ contributions. All authors participated in planning and writing
the manuscript. V.H. compiled CRISPR-Cas data for aquaculture
pathogens. All authors gave final approval for publication.

Competing interests. We have no competing interests

Funding. This work was supported by the Finnish Centre of Excellence
Program of the Academy of Finland; the CoE in Biological Inter-
actions 2012–2017 (no. 252411), by the Academy of Finland grant
nos 266879, 304615 and 314939, by the Jane and Aatos Erkko
Foundation, and by the Kone Foundation.
 80100
References
1. Labrie SJ, Samson JE, Moineau S. 2010
Bacteriophage resistance mechanisms. Nat. Rev.
Microbiol. 8, 317 – 327. (doi:10.1038/nrmicro2315)

2. Bolotin A. 2005 Clustered regularly interspaced
short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiology 151,
2551 – 2561. (doi:10.1099/mic.0.28048-0)

3. Mojica FJM, Dı́ez-Villaseñor CS, Garcı́a-Martı́nez 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/s00239-004-0046-3)

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

5. 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)

6. Laanto E, Hoikkala V, Ravantti J, Sundberg L-R.
2017 Long-term genomic coevolution of host-
parasite interaction in the natural environment. Nat.
Commun. 8, 111. (doi:10.1038/s41467-017-00158-7)

7. Galvani AP. 2003 Epidemiology meets evolutionary
ecology. Trends Ecol. Evol. (Amst.) 18, 132 – 139.
(doi:10.1016/S0169-5347(02)00050-2)

8. Schrag SJ, Wiener P. 1995 Emerging infectious
disease: what are the relative roles of ecology and
evolution? Trends Ecol. Evol. (Amst.) 10, 319 – 324.
(doi:10.1016/S0169-5347(00)89118-1)

9. Peeler EJ, Feist SW. 2011 Human intervention in
freshwater ecosystems drives disease emergence.
Freshw. Biol. 56, 705 – 716. (doi:10.1111/j.1365-
2427.2011.02572.x)

10. FAO. 2016 The state of world fisheries and
aquaculture 2016. Contributing to food security and
nutrition for all. Rome, Italy: FAO.

11. Barrangou R, Marraffini LA. 2014 CRISPR-Cas systems:
prokaryotes upgrade to adaptive immunity. Mol. Cell
54, 234 – 244. (doi:10.1016/j.molcel.2014.03.011)

12. 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)

13. Ratner HK, Sampson TR, Weiss DS. 2015 I can see
CRISPR now, even when phage are gone. Curr. Opin.
Infect. Dis. 28, 267 – 274. (doi:10.1097/QCO.
0000000000000154)

14. Deveau H, Barrangou R, Garneau JE, Labonté 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)

15. 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)

16. Touchon M, Rocha EPC. 2010 The small, slow and
specialized CRISPR and anti-CRISPR of Escherichia
and Salmonella. PLoS ONE 5, e11126-14. (doi:10.
1371/journal.pone.0011126)

17. Hynes AP, Lemay M-L, Trudel L, Deveau H, Frenette
M, Tremblay DM, Moineau S. 2017 Detecting
natural adaptation of the Streptococcus thermophilus
CRISPR-Cas systems in research and classroom
settings. Nat. Protoc. 12, 547 – 565. (doi:10.1038/
nprot.2016.186)
18. Tyson GW, Banfield JF. 2008 Rapidly evolving
CRISPRs implicated in acquired resistance of
microorganisms to viruses. Environ. Microbiol. 10,
200 – 207. (doi:10.1111/j.1462-2920.2007.01444.x)

19. Held NL, Herrera A, Cadillo-Quiroz H, Whitaker RJ.
2010 CRISPR associated diversity within a
population of Sulfolobus islandicus. PLoS ONE 5,
e12988 – 9. (doi:10.1371/journal.pone.0012988)

20. 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)

21. Weinberger AD et al. 2012 Persisting viral sequences
shape microbial CRISPR-based immunity. PLoS
Comput. Biol. 8, e1002475-16. (doi:10.1371/journal.
pcbi.1002475)

22. 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)

23. England WE, Whitaker RJ. 2013 Evolutionary causes
and consequences of diversified CRISPR immune
profiles in natural populations. Biochem. Soc. Trans.
41, 1431 – 1436. (doi:10.1042/BST20130243)

24. Koskella B, Brockhurst MA. 2014 Bacteria-phage
coevolution as a driver of ecological and
evolutionary processes in microbial communities.
FEMS Microbiol. Rev. 38, 916 – 931. (doi:10.1111/
1574-6976.12072)

25. Suttle CA. 2005 Viruses in the sea. Nature 437,
356 – 361. (doi:10.1038/nature04160)

26. Dunne WM. 2002 Bacterial adhesion: seen any good
biofilms lately? Clin. Microbiol. Rev. 15, 155 – 166.
(doi:10.1128/CMR.15.2.155-166.2002)

27. Matz C, McDougald D, Moreno AM, Yung PY, Yildiz
FH, Kjelleberg S. 2005 Biofilm formation and

http://dx.doi.org/10.1038/nrmicro2315
http://dx.doi.org/10.1099/mic.0.28048-0
http://dx.doi.org/10.1007/s00239-004-0046-3
http://dx.doi.org/10.1099/mic.0.27437-0
http://dx.doi.org/10.1099/mic.0.27437-0
http://dx.doi.org/10.1126/science.1138140
http://dx.doi.org/10.1126/science.1138140
http://dx.doi.org/10.1038/s41467-017-00158-7
http://dx.doi.org/10.1016/S0169-5347(02)00050-2
http://dx.doi.org/10.1016/S0169-5347(00)89118-1
http://dx.doi.org/10.1111/j.1365-2427.2011.02572.x
http://dx.doi.org/10.1111/j.1365-2427.2011.02572.x
http://dx.doi.org/10.1016/j.molcel.2014.03.011
http://dx.doi.org/10.1126/science.1165771
http://dx.doi.org/10.1097/QCO.0000000000000154
http://dx.doi.org/10.1097/QCO.0000000000000154
http://dx.doi.org/10.1128/JB.01412-07
http://dx.doi.org/10.1128/JB.01412-07
http://dx.doi.org/10.1038/nature11723
http://dx.doi.org/10.1371/journal.pone.0011126
http://dx.doi.org/10.1371/journal.pone.0011126
http://dx.doi.org/10.1038/nprot.2016.186
http://dx.doi.org/10.1038/nprot.2016.186
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/10.1111/1462-2920.12146
http://dx.doi.org/10.1111/1462-2920.12146
http://dx.doi.org/10.1371/journal.pcbi.1002475
http://dx.doi.org/10.1371/journal.pcbi.1002475
http://dx.doi.org/10.1126/science.1157358
http://dx.doi.org/10.1042/BST20130243
http://dx.doi.org/10.1111/1574-6976.12072
http://dx.doi.org/10.1111/1574-6976.12072
http://dx.doi.org/10.1038/nature04160
http://dx.doi.org/10.1128/CMR.15.2.155-166.2002


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:20180100

7
phenotypic variation enhance predation-driven
persistence of Vibrio cholerae. Proc. Natl Acad. Sci.
USA 102, 16 819 – 16 824. (doi:10.1073/pnas.
0505350102)

28. Stocker R, Seymour JR. 2012 Ecology and physics of
bacterial chemotaxis in the ocean. Microbiol. Mol. Biol.
Rev. 76, 792 – 812. (doi:10.1128/MMBR.00029-12)

29. Weinbauer MG. 2004 Ecology of prokaryotic viruses.
FEMS Microbiol. Rev. 28, 127 – 181. (doi:10.1016/j.
femsre.2003.08.001)
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