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Abstract

Host-pathogen co-evolution is a significant force which shapes the ecology and evolution of all types of
organisms, and such interactions are driven by resistance and immunity mechanisms of the host. Diversity of
resistance and immunity can affect the co-evolutionary trajectory of both host and pathogen. The microbial
CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-associated) system is one
host immunity mechanism which offers a tractable model for examining the dynamics of diversity in
an immune system. In the present article, we review CRISPR variation observed in a variety of natural
populations, examine the forces which can push CRISPRs towards high or low diversity, and investigate the
consequences of various levels of diversity on microbial populations.

Background

Host—pathogen interactions are important in the ecology
and evolution of all organisms. The traits that underlie
these interactions are often under strong reciprocal selection
between host and pathogen, resulting in co-evolution. One
approach to studying host—pathogen co-evolution has been
to focus on host defence traits such as immunity and
resistance in model host systems [1-3]. Observing the
evolution of these traits as they change over time and space
can provide great insight into both past and future co-
evolutionary dynamics [4-7]. Unfortunately, in many cases,
it is difficult to measure the diversity and specificity of
host resistance and immunity to a broad range of pathogens
within natural systems without introducing experimental
and culture biases. The repeat—spacer arrays of the CRISPR
(clustered regularly interspaced short palindromic repeats)—
Cas (CRISPR-associated) immune systems of bacteria
and archaea provide a direct sequence-specific method to
investigate polymorphism in host immunity in natural
microbial populations because sequence variation in CRISPR
arrays has a direct relationship with host immune profiles
against specific pathogens [8,9]. We review differences in the
structure of diversity of the CRISPR system that have been
observed in natural populations and the evolutionary causes
and consequences of different levels of polymorphism in the
CRISPR system in natural microbial populations.
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CRISPR immune profiles in natural
microbial populations

Polymorphism and rapid evolution of spacers between direct
repeats within bacterial and archaeal genomes was observed
long before the mechanism and function of CRISPR in
adaptive immunity were recognized [10,11]. Polymorphism
was assessed by looking at deletions of spacers between repeat
sequences whose function in the cell was unknown [12]. For
example, fingerprints of these repeated regions were used for
typing of mycobacterial strains called spoligotyping (spacer
oligonucleotide typing) [13] and to infer the structure of these
pathogen populations [14]. Differences in diversity among
populations were observed; for example, some mycobacterial
outbreaks have a coexisting diverse set of strains (polyclonal)
and others have identical alleles (monoclonal) [14].

The discovery that these repeat arrays within populations
were specifically related to bacterial and archaeal immunity
[15] transformed the significance of spoligotyping by directly
relating diversity of repeat loci to variation in host immunity.
Experimental work demonstrated that specific CRISPR
spacer sequences in bacteria and archaea confer immunity
to infection by viruses when their sequences match [15-17].
Even more astounding, the addition of new spacer sequences
at the leader end is known to record a history of interactions
from the most recent at the leader end to oldest at the
trailer end of the repeat-spacer array [15,18] (Figure 1).
Viruses have been shown to evade recognition by CRISPR
immunity when they randomly acquire mutations in the
position recognized by the CRISPR machinery [protospacer
and/or PAM (protospacer-associated motif)] [19].

Using PCR to amplify, sequence and assemble CRISPR
repeat—spacer alleles from isolated individuals or directly
from environmental samples, several studies have investigated
the diversity of CRISPRs within microbial populations.
These studies have revealed a spectrum of population
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Figure 1| Schematic diagram of different populations of CRISPR alleles
CRISPR spacers are aligned relative to the leader sequences. In aligned vertical columns, different colours represent different
CRISPR spacer sequences. Matching colours within horizontal rows do not signify identical spacers. (A) A monoclonal
population where leader- and trailer-end alleles are identical. (B) A polyclonal population at the leader end with trailer-end
clonality. (€) A polyclonal population where both leader- and trailer-end alleles have unique spacer sequences.
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structures ranging from monoclonal to highly polyclonal.
Escherichia coli isolates exhibit minimal variation; no new
spacers are observed in strains which have diverged in the last
250000 years, and most observed variation appears to be the
result of spacer loss [20,21]. Similarly, Salmonella CRISPR
loci show variation primarily due to spacer deletion rather
than acquisition of new spacers and appear to be highly
monoclonal [22,23]. Increasing in diversity, nearly clonal
populations of Leptospirillum in acid mine drainage show
extensive diversity at the leader end of the CRISPR array, but
identity at the trailer end [17]. Populations of Yersinia pestis,
known for extremely low sequence diversity at other genomic
loci [24], show nearly clonal trailer-end spacers with leader-
end variation [25,26]. At the other extreme, Streptococcus
thermophilus exhibits hypervariability in its CRISPR loci;
diversity is concentrated at the leader end, but multiple trailer
types also exist [27]. Completely distinct CRISPR repeat
spacer alleles (at both the leader and the trailer end) have been
shown to coexist within a single population of the archaeon
Sulfolobus islandicus [28]. A total of 39 isolates of Sulfolobus
islandicus from a single hot spring sample collected in the
year 2000 maintain extensive leader-end diversity, but also
contain eight to ten completely different trailer-end alleles
at each of three loci at relatively even abundance [28]. A
later study involving 120 S. islandicus strains taken from the
same population 10 years later found that leader- and trailer-
end diversity persisted through time [29]. Why do some
microbial populations exhibit extensive CRISPR immune
diversity, whereas others do not? What does this difference in
diversity between populations tell us about the ongoing co-
evolutionary dynamic in these populations? What effect does
diversity in CRISPR immunity have on evolution of host and
pathogen populations?

Forces that lead to monoclonality in CRISPR
immunity

On the basis of simple Lotka-Volterra dynamics [30], co-
evolutionary models predict that at any one time and
place, a population of hosts would have a single dominant
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CRISPR allele. Ongoing arms races between viruses and
microbial hosts lead to periodic oscillations in immune host
genotypes and subsequent selection of viral evasion mutants
that can subvert the CRISPR immune surveillance [31]. The
prediction is that each oscillation is driven by a selective
sweep of an effective immune allele to fixation within a
population. If these dynamics are actively ongoing, this
model for diversity predicts that different populations of the
same archaea or bacteria would have different monoclonal
immune alleles, as they could be at different points in
their co-evolutionary trajectories. Therefore if population
structure is not well understood, this same evolutionary
dynamic could result in apparent diversity of a particular
allele when compared among populations that are in fact
isolated.

Several other evolutionary, but not co-evolutionary, forces
could result in monoclonality at the CRISPR locus. Other
defence loci such as surface resistance could dominate the
host—pathogen dynamic, resulting in clonal CRISPR alleles
as the linked resistance locus is swept to fixation within
the population. Clonality at a CRISPR locus could also
result from demographic history such as bottleneck that
would reduce diversity to a single individual allele by chance.
Since new CRISPR spacers are added to the leader end,
monoclonality at the leader end of the locus has been
suggested to result from loss of function of the acquisition
machinery in a particular system or the CRISPR system in
general within a population [20].

Forces that lead to polyclonality in CRISPR
immunity

Three basic theoretical models of host-pathogen co-
evolution predict that polymorphism can be generated and
maintained within populations [32]. In the first, explicit
trade-offs between resistance or immunity and fitness are
required for diversity to emerge [33]. In experimental
evolutionary models, such trade-offs have been observed
to promote the coexistence of multiple host or wviral
genotypes over time [33-38]. Associating a cost with CRISPR



immunity, these models predict that the maintenance of
a CRISPR system is only adaptive if viral diversity is
limited. A second model to promote diversity is negative
frequency-dependent selection, where the adaptive benefit
of a novel allele decreases as it increases in frequency
within a population [39-42]. In this model, diversity
is maintained in microbial populations through negative
frequency dependence without explicit trade-offs between
resistance alleles. Finally, spatial structure within populations
has been shown to promote diversity. Spatial models have
been applied to simulations on the basis of CRISPR
immunity to predict that they are essential to maintain
diversity [43,44].

In applying these co-evolutionary models to explain the
CRISPR diversity, it is important to consider two crucial
elements of the CRISPR system that distinguish it in
mechanism and model from previously described systems
for host—pathogen co-evolution. First, the addition of new
spacers to the CRISPR system is ‘Lamarkian’ in that new
genotypes are created upon a viral encounter and can be
passed on to the next generation [45]. Although the frequency
at which new spacers are acquired by hosts has not been well
defined, it is believed to be higher than the genome mutation
rate, leading to the potential for competing mutations to
exist within a population at one time [28]. Secondly, host
cells are not subject to a large fitness drag as a consequence
of investment in new immune phenotypes. The number of
potential immune phenotypes for a population of infected
cells is limited only by the number of protospacer sites
within each virus, and each is likely to have equal fitness
consequences to the host cell.

Integrating this mechanistic knowledge of CRISPR
immunity, several new co-evolutionary models have been
proposed (reviewed in [46]). Many of these models predict
CRISPR immune profiles where there is leader-end diversity,
but trailer-end clonality. Some models predict that, owing to
the rapid acquisition of new spacers, neutral variation persists
at the leader end until selection for a particular spacer causes
a selective sweep [47]. An additional model suggests that,
since each different spacer confers equal immunity to a given
virus, diversity is maintained within a population because
each distinct genotype has the same immune phenotype
[48]. We have demonstrated that this phenomenon emerges
within simulated populations (Figure 2) and quantified the
extent to which this mechanism promotes polymorphism
over time. As shown in Figure 2, host density peaks exhibit
both clonal and polyclonal peaks within a single simulation.
We have demonstrated that varying host and virus biological
parameters such as rates of viral mutation, the number of po-
tential protospacers in the virus genome, the number of pro-
tospacers in the host genome and the rate of acquisition of
new spacers by the host will alter the relative frequency
of these two evolutionary dynamics within a simulation. For
the parameters tested to date most often result in trailer-end
clonality even in simulations where distributed immunity
maintains leader-end diversity. Additionally, we have shown
that the impact of this type of ‘distributed immunity’
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Figure 2| Distributed immunity in a simulated microbial
population

(A) Host population dynamics over time in simulated populations as
in [48]. Each colour represents a different CRISPR genotype; colours
can repeat when not touching. The host and viral populations at
generation 3535 (x) are detailed in (B). (B) Host population (lower
panel) contains multiple unique spacers matching a large portion of
the viral population (upper panel). Each row represents a host or virus
strain; the first column indicates that strain’s proportion of the population.
Each column is a spacer or protospacer position. Coloured boxes
indicate spacer-protospacer matches; grey boxes represent spacers or
protospacers with no match. Closely related viral strains making up
the majority of the population are differentiated by polymorphism at
the non-matching protospacer position marked with an asterisk. Hosts
making up <1% and viruses making up <5% of the population are
omitted for clarity.
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results in stable and increased host populations and unstable
viral populations since each escape mutation has very little
advantage to each viral mutant (L.M. Childs, W.E. England,
M.J. Young, ].S. Weitz and R.J. Whitaker, unpublished work).
Although not explicitly investigated as the basis through
which diversity is maintained, similar dynamics have been
observed in other mathematical models [49]. Together these
models suggest that biological parameters for both the host
and virus may result in differences in population structures
between different host—pathogen pairs, where some stably
maintain a diversity over time [49].

One additional biological factor that has attracted less
attention in terms of its impact on maintaining diversity in
natural populations has been the effect of reassortment and
recombination of CRISPR loci among individuals within a
population. This effect is not dependent upon the CRISPR
mechanism of mutation and action, but has been shown to
be important for any traits that are under strong selection
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such as those involved in resistance and immunity. The
Red Queen hypothesis [50] states that antagonistically
co-evolving organisms must continually adapt simply
to survive against their ever-changing antagonists. This
hypothesis has been applied to explain the maintenance of
sexual reproduction; sexual exchange of genetic information
increases the emergence of novel genotypes and consequently
new immunity, resistance and virulence mechanisms [51-56].
In a microbial population co-evolving with lytic viruses, the
viral threat provides strong selection pressure for immunity
or resistance in the microbial host. The immunity provided
by the spacer of the CRISPR-Cas system makes it likely
that horizontal transfer of repeat—spacer arrays and cas genes
would occur in such populations.

A recent study of a single natural S. islandicus population
found evidence for rapid recombinatorial reassortment of
entire CRISPR loci among strains [29]. Out of a set of
53 natural S. islandicus isolates with CRISPR loci where
leader-end spacers were observed multiple times, leader-end
alleles were found linked to the same trailer-end alleles in
the majority of cases. By contrast, linkage among the three
CRISPR loci present in this population was found to be low,
indicating that complete repeat—spacer arrays are reassorted
throughout this population [29]. These findings are in line
with observations from other studies outside of a single
natural population. A comparison of natural E. coli isolates
found that phylogenetically close strains typically have very
similar spacers, but, in some cases, these strains harbour
completely different spacer sets; in over half of cases where the
spacers were completely different, the spacers match those of
very distant strains, implicating horizontal transfer of spacer
arrays [21]. A broad comparison of bacterial 16S rRNA, cas!
and direct repeat sequences also found evidence for transfer
of the CRISPR locus in its entirety [57]. This shuffling of
spacer arrays could benefit the host’s battle against its viral
antagonists. Reassortment of CRISPR loci can redistribute
beneficial antiviral spacers through a population and provides
another avenue for hosts to acquire different spacers rather
than relying solely on leader-end addition. In addition, the
reassortment of these loci will also prevent selective sweeps
from removing polymorphism within a population and
can promote diversity by maintaining trailer-end diversity.
Horizontal transfer of cas genes from divergent sources has
been observed frequently in microbial populations [20,29,58—
60]. This could result from a similar mechanism in which
horizontal gene flow increases the efficacy of selection on
these essential pieces of the CRISPR immunity [61,62].
This observation suggests that variation in the efficiency of
recombination and horizontal gene transfer between species
might affect the level of polyclonality observed within a
microbial population.

Concluding remarks

Diversity in the CRISPR system has major implications
for the trajectory of co-evolution between microbial hosts
and viruses. Of course, it is only one side of the co-
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evolutionary equation. Viral mechanisms of action and
biology will also greatly affect the diversity observed in
the host population, although they are less well understood
and more difficult to assess. Co-evolutionary dynamics are
affected by the mechanism of host—virus interaction and host
and viral biology, as well as by demographic and evolutionary
factors on both the host and virus. Links between mechanism,
model and observation are still not strong in the co-
evolutionary field. As biochemists and molecular biologists
work at breakneck speed to illuminate the molecular
mechanisms of the CRISPR-Cas system, these discoveries
will need to be integrated into models and predictions
about the impact on the co-evolutionary process. As
we move forward, we must understand that population
structure changes in space and time are important in order
to provide the link between molecular mechanism and
co-evolutionary model. Depending on when you look,
the structure of diversity might change; it is the way
that structure changes over time and space that is most
informative. Because of the elegant link between genotype
and immune phenotype within the CRISPR repeat-spacer
loci, these molecular markers provide a tractable model for
understanding co-evolution dynamics in natural populations.
What we learn from microbial models may more generally
apply to models of host—pathogen co-evolution in the near
future.
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