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Migration of hosts and parasites can have a profound impact on host—parasite
ecological and evolutionary interactions. Using the bacterium Pseudomonas
aeruginosa UCBPP-PA14 and its phage DMS3vir, we here show that immigra-
tion of naive hosts into coevolving populations of hosts and parasites
can influence the mechanistic basis underlying host defence evolution. Specifi-
cally, we found that at high levels of bacterial immigration, bacteria switched
from clustered regularly interspaced short palindromic repeats (CRISPR-Cas)
to surface modification-mediated defence. This effect emerges from an
increase in the force of infection, which tips the balance from CRISPR to surface
modification-based defence owing to the induced and fixed fitness costs
associated with these mechanisms, respectively.

1. Introduction

It is becoming increasingly clear that migration of hosts and parasites in spatially
structured environments has important epidemiological and coevolutionary con-
sequences [1,2], affecting, for example, host—parasite coexistence, local adaptation
and coevolutionary dynamics [3-5]. Migration may also affect the type of host
defence that is favoured by selection [6,7]. One reason for this is that host
migration may affect the temporal variation in exposure to parasites, as well as
the mean force of infection (the frequency at which infections take place), both
of which are predicted to influence the relative benefits of defences that are associ-
ated with fixed versus parasite-dependent (induced) fitness costs [8—10]. This is
because induced fitness costs increase as infection frequencies go up, while
fixed costs per definition remain the same [8-10].

In response to phage infection, the bacterium Pseudomonas aeruginosa strain
UCBPP-PA14 can evolve either surface modification (sm)- or CRISPR-Cas (clus-
tered regularly interspaced short palindromic repeats; CRISPR-associated)-
mediated defence [10]. We have previously shown that sm through the loss of
the phage receptor is associated with a fixed fitness cost [10-12], whereas
CRISPR-Cas-mediated defence is associated with an induced fitness cost
[10,13]. The induced fitness cost of P. aeruginosa CRISPR-Cas may either be
because the system is induced upon infection, as is the case in other species
[14-16], or because of phage-induced damage to the host before it is eliminated.
Regardless of the underlying mechanism, the way in which the fitness costs and
benefits are manifested has profound impact on the evolution of CRISPR-Cas
defence, as the level of phage exposure can tip the balance from CRISPR-Cas
to sm [10].

The mechanism of CRISPR-Cas has been well studied over the past decade.
CRISPR-Cas is an adaptive immune system of prokaryotes that integrates
sequences from phage and other mobile genetic elements into CRISPR loci on
the host genome ([17], reviewed in [18,19]). The P. aeruginosa UCBPP-PA14 Type
IF CRISPR-Cas system consists of a single cas operon that is flanked by two
CRISPR loci (CRISPR1 and CRISPR2), both of which rapidly acquire novel
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sequences in response to infection by its phage DMS3vir [10].
CRISPR loci are transcribed and processed into short crRNA
(CRISPR RNA) molecules, which associate with Cas proteins
to form a surveillance immune complex [20]. Upon re-infection,
crRNA guides Cas proteins to bind and cleave complemen-
tary phage DNA, resulting in phage resistance ([21], reviewed
in [22,23]).

Recently, we demonstrated that evolution of CRISPR-
Cas-mediated immunity in P. aeruginosa results in rapid
phage extinction [24]. In this study, we examine the impact of
naive host immigration to a population of P. aeruginosa that
use CRISPR-Cas to protect against phage infection. We demon-
strate that high immigration levels prevent phage extinction,
thus increasing the mean force of infection. As a consequence,
hosts switch from CRISPR-mediated defence to sm-mediated
defence at increasing immigration levels.

2. Material and methods

(a) Bacterial strains and phages

The bacterial strains used in this study are P. aeruginosa UCBPP-
PA14 (wild-type, WT), UCBPP-PA14 csy3:LacZ (CRISPR-Cas
KO) and the CRISPR-Cas KO-derived surface mutant sm1, which
have been described previously [10,25]. The CRISPR-Cas KO
strain has a non-functional CRISPR-Cas system due to disruption
of the essential csy3 gene. The sm1 strain is deficient for production
of the pilus, which is the receptor for phage DMS3vir. In addition,
BIM-4sp was used, which is a WT-derived strain that acquired four
spacers against phage DMS3vir. Phage DMS3vir is a previously
described mutant of phage DMS3 that cannot enter the lysogenic
life cycle owing to mutation of the repressor gene [10,25].

(b) Evolution experiments

Evolution experiments were performed in six replicates by inocu-
lating 6 mlI M9 growth medium (22mM Na,HPO,; 22 mM
KH,POy4 8.6 mM NaCl; 20 mM NH,Cl; 1 mM MgSOy4; 0.1 mM
CaCly) supplemented with 0.2% glucose with approximately 10°
colony forming units (cfu) of WT or CRISPR-Cas KO strains
from fresh overnight cultures and adding 10* plaque forming
units (pfu) of DMS3vir, followed by incubation at 37°C while shak-
ing at 180 r.p.m. Cultures were transferred daily 1:100 into fresh
growth medium. Migration was performed as follows: WT bac-
teria were grown in M9, as above, and transferred daily in
parallel to the phage-infected cultures. During each daily transfer
these uninfected WT bacteria were mixed with the co-evolving
bacteria-phage community by adding 10 pl uninfected WT
bacterial culture (corresponding to approx. 10° cfu) to 990 pl co-
evolving culture (1%; low immigration) or 100 wl WT bacterial
culture (corresponding to approximately 107 cfu) to 900 pl co-
evolving culture (10%; high immigration). From these mixtures,
60 pl was transferred to 6 ml fresh M9 growth medium (1:100
transfer). Bacterial immunity against the ancestral phage was
determined at the time points indicated by streaking individual
clones (typically either 16 or 24 individual clones per replicate)
through ancestral phage on Luria-Bertani (LB) agar. Resistance
was scored as the ability to grow through the phage. To confirm
CRISPR-Cas-mediated immunity, the same clones were also strea-
ked through phage carrying an anti-CRISPR gene (DMS3mvir +
acrF1 [26]; bacterial clones with CRISPR-Cas-mediated immunity
are sensitive to this phage) and to monitor acquisition of novel
spacers, PCRs were performed using primers CTAAGCCTTG
TACGAAGTCTC and CGCCGAAGGCCAGCGCGCCGGTG
(for CRISPR 1) and primers GCCGTCCAGAAGTCACCACCCG
and TCAGCAAGTTA CGAGACCTCG (for CRISPR 2). Surface
modification was confirmed based on all of the following traits:

(i) a distinct, smooth, colony morphology, (ii) broad-range immu-
nity to both DMS3vir and DMS3mvir + acrF1, and (iii) an absence
of newly acquired CRISPR spacers.

(c) Competition experiments

Competition experiments were performed in glass microcosms in a
total volume of 6 ml M9 growth medium supplemented with 0.2%
glucose. Competition experiments were initiated by inoculating
with approximately 10° cfu (i.e. 1: 100 from a 1 : 1 mixture of over-
night cultures that were spun down and resuspended in the same
volume of M9 salts) of sml1 and BIM-4sp. Phage was added at
the start of the experiment using 10* pfu. Cultures were transferred
daily into fresh M9 medium, and immigration was performed
as described above. Cells were serially diluted in M9 salts
and plated at 5 days post-infection (dpi) on LB agar supplemen-
ted with 50 pgml™* X-gal. Each competition experiment was
performed in 12 replicates.

(d) Time-shift analysis

From the coevolution experiment with 10% daily immigration,
24 individual bacterial clones were isolated from each replicate
experiment from time point 3 and 11 dpi. Phage was isolated
by chloroform extraction from 3 and 11 dpi and subjected to a
single round of amplification on the P. aeruginosa csy3:lacZ
(CRISPR-Cas KO) strain. This amplification was performed by
infecting CRISPR-KO bacteria (10° cfu) with phage (10° pfu) in
a 0.5% agar overlay in a square 14 x 14 cm polypropylene Petri
dish. This plate was incubated overnight at 37°C, and the follow-
ing day phage was harvested from these plates by washing the
plate with 10 ml M9 salt buffer and performing a chloroform
extraction. Bacterial clones were grown overnight in LB at 37°C
and streaked through lines of phage on LB agar (25 ul phage at
10® pfu ml ™! for a single streak on a square 14 x 14 cm polypropy-
lene Petri dish). Resistance was scored as the ability to grow
through the phage.

(e) Statistical analyses

In the evolution experiments, the effect of immigration treatment
and time on the angular transformed proportion of surface modi-
fication colonies was analysed as an REML mixed model, with
replicate fitted as a random effect. To examine whether host
immigration increased phage persistence, a one-tailed Fisher’s
test was performed. To examine how the various treatments
impact fitness associated with CRISPR in the competition exper-
iments, the relative frequencies of the CRISPR-resistant BIM-4sp
strain and sm1 strain were determined for the time points indi-
cated and used to calculate the relative fitness (rel. fitness =
[(fraction strain A at t = x) x (1 — (fraction strain A at t = 0))]/
[(fraction strain A at f=0) x (1 — (fraction strain A at t = x)]).
Relative fitness values were used for Student’s t-test, ANOVA if
data were normal distributed or Kruskal-Wallis test if residuals
were not normal distributed. For t-test and ANOVA, data were
transformed as appropriate to normalize residuals. All sub-
sequent statistical analyses were carried out using JMP (v. 10)
software. In the time-shift experiments, the effect of phage time
point and bacteria time point and their interaction on angular
transformed proportion of resistant colonies was analysed
using a linear mixed model, with replicate fitted as a random
effect, using JMP (v. 12) software. Effects were considered
significant at p < 0.05.

3. Results

We have previously shown that P. aeruginosa strain UCBPP-
PA14 rapidly drives phage DMS3vir extinct following the
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Figure 1. Phage persistence during long-term coevolution between phage DMS3vir and WT bacteria at low or high immigration of sensitive hosts. Phage titers over
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Figure 2. Types of evolved immunity during long-term coevolution between phage DMS3vir and WT bacteria at low or high immigration. (a) Immunity profile at
low immigration (n = 6). (b) Immunity profile at high immigration (n = 6). Error bars correspond to 95% confidence intervals (CI).

evolution of CRISPR-Cas-mediated immunity [24]. While para-
sites and hosts often go extinct locally, it is frequently observed
that they can persist in structured environments where hosts
and parasites migrate between subpopulations [3]. We, there-
fore, tested whether naive host immigration would allow for
phage persistence in this experimental system and examined
whether phage persistence would influence the type of evolved
defence and coevolutionary interaction with the virus.

To this end, we performed long-term co-culture exper-
iments between the WT strain and phage DMS3vir, with
immigration of WT bacteria from a phage-free environment
at each daily transfer. We included two migration treatments:
low immigration of bacteria from a phage-free environment
(1% migrants at each transfer), and high immigration from
a phage-free environment (10% migrants at each transfer).
In the low-migration treatment, phage persisted in two out
of six replicate experiments (figure 1a), and at high immigra-
tion (10% immigration), phage persisted in four out of
six replicates (figure 1b). In the parallel experiment that
lacked naive host immigration, phage went extinct in all
replicates [24]. Hence, high naive host immigration signifi-
cantly reduced phage extinction (one-tailed Fisher’s exact
test, p = 0.03), causing an increase in the force of infection.

Next, we examined the impact of naive host immigration
on the evolution of P. ageruginosas immune mechanisms.
Pseudomonas aeruginosa can evolve phage resistance using
two distinct immune mechanisms: CRISPR-Cas or surface

modification. At both low and high levels of immigration,
bacteria initially evolved almost exclusively CRISPR-Cas-
mediated phage resistance (figure 2). While an increase in
sm-mediated immunity was observed over time, this increase
was much more rapid under high levels of immigration
(figure 2; Fy34=129, p=0.001). Collectively, these data
show that immigration of naive hosts leads to an increase
in the evolution of sm immunity.

We envisaged two, not mutually exclusive, reasons why
immigration may cause selection against CRISPR-Cas-mediated
immunity: (i) sm-mediated phage resistance is favoured at high
immigration because of the increase in phage exposure, and
(ii) phage can evolve to overcome CRISPR-Cas-mediated resist-
ance because of the increased evolutionary potential associated
with immigration of phage-sensitive bacteria.

To test the first possibility, we performed competition exper-
iments between a CRISPR-Cas-resistant clone (BIM-4sp) and a
previously described surface modification-resistant clone
(sm1) [10]. BIM-4sp carries multiple spacers that target phage
DMS3vir and the phage can, therefore, not evolve to overcome
CRISPR immunity [24,27], hence excluding the second, co-
evolutionary explanation as a confounding factor during this
experiment. Competition was performed in the presence of
phage DMS3vir and in the presence or absence of naive host
immigration. In accordance with the experiments described
above, an increase in immigration of phage-sensitive WT bac-
teria was associated with a decrease in the fitness of BIM-4sp
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relative to sml (Fp33 =29, p < 0.0001; figure 3a). As expected,
CRISPR escape phage could not be detected, but importantly,
phage could persist during naive host immigration, which indi-
cates that escape phage is not required for phage persistence
under these conditions (figure 3b). This suggests that immigra-
tion of susceptible hosts selects against CRISPR immunity,
by allowing higher phage densities and thus increasing the
force of infection, which is in agreement with a previous study
which shows that fitness of CRISPR-resistant bacteria decreases
relative to surface mutants when the frequency of infection
increases [10].

To test the second possibility, we performed time-shift
experiments [28] to determine whether significant amounts
of coevolution occurred during our first experiment. We iso-
lated phage and individual bacterial clones from time points
3 and 11 dpi of the evolution experiment with high immigra-
tion. If phage evolved to overcome CRISPR-Cas-mediated
resistance under high immigration, bacterial clones from

3 dpi would be expected to be more resistant to phage from
3dpi compared with phage from 11 dpi. However, we
detected no difference in resistance of individual clones
from 3 dpi against the contemporary or future phage popu-
lation (figure 4a), and bacteria from 11 dpi were equally
resistant to phage from 3 and 11dpi (figure 4b) (Fy19=
0.1312, p=0.7212). The lack of detectable coevolution is
presumably because of the high level of CRISPR spacer
diversity that naturally evolves in P. aeruginosa upon infec-
tion with DMS3vir, which has previously been shown to
constrain the evolution of escape phage in the absence of
immigration [24].

4. Discussion

Bacteria have a range of immune mechanisms to protect
against their phages and other parasites [29,30], but it is unclear
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why this diversity in immune strategies evolved in the first
place [31]. One hypothesis, which is supported by theory and
data, is that different immune strategies are favoured under
different ecological conditions. For example, previous studies
have shown that spatial structure and migration can impact
the evolution of altruistic immune strategies, such as abortive
infection (Abi) in bacteria [32-34], as they are subject to kin
selection and their benefit, therefore, depends on spatial struc-
ture [35]. The evolution of Abi is, therefore, constrained by
ecological factors that impact relatedness. Other bacterial
immune systems may also be favoured under different ecologi-
cal conditions, but the way ecology drives the evolution of
distinct immune strategies is largely unknown.

In this study, we have examined how ecology can impact the
evolution of CRISPR-Cas adaptive immunity in bacteria. We
and others have previously shown that the CRISPR-Cas adap-
tive immune system of bacteria is associated with an induced
cost of resistance [10,13]. This was observed both in P. aeruginosa
strain UCBPP-PA14 and in Streptococcus thermophilus strain
DGCC7710 [10,13], although in the latter species a constitutive
cost of carrying the system was also detected [13]. The induced
cost of CRISPR may be because of toxic effects from increased
Cas protein production, including autoimmunity [36-38], or
because of phage-induced damage to the host before the
phage is destroyed, or both. Even though we did not find any
evidence for this previously [10], we also cannot exclude the
possibility that CRISPR-Cas systems can be overwhelmed at
high frequencies of infection. Understanding the mechanistic
basis underlying the observed induced cost of CRISPR-Cas-
mediated defence will require further investigation.

Regardless of the underlying mechanism, the way fitness
costs are manifested has clear implications for the conditions
under which they are favoured [8,10,39]. As the induced cost
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