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CRISPR-Cas is a form of adaptive sequence-specific immunity in microbes.
This system offers unique opportunities for the study of coevolution between
bacteria and their viral pathogens, bacteriophages. A full understanding
of the coevolutionary dynamics of CRISPR-Cas requires knowing the
magnitude of the cost of resisting infection. Here, using the gram-positive
bacterium Streptococcus thermophilus and its associated virulent phage 2972,
a well-established model system harbouring at least two type II functional
CRISPR-Cas systems, we obtained different fitness measures based on
growth assays in isolation or in pairwise competition. We measured the fitness
cost associated with different components of this adaptive immune system: the
cost of Cas protein expression, the constitutive cost of increasing immune
memory through additional spacers, and the conditional costs of immunity
during phage exposure. We found that Cas protein expression is particularly
costly, as Cas-deficient mutants achieved higher competitive abilities than
the wild-type strain with functional Cas proteins. Increasing immune
memory by acquiring up to four phage-derived spacers was not associated
with fitness costs. In addition, the activation of the CRISPR-Cas system
during phage exposure induces significant but small fitness costs. Together
these results suggest that the costs of the CRISPR-Cas system arise mainly
due to the maintenance of the defence system. We discuss the implications
of these results for the evolution of CRISPR-Cas-mediated immunity.

1. Introduction
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Parasites and pathogens are ubiquitous in nature and impose strong selection on
their hosts [1]. Hosts persist amid this threat with the aid of several resistance
mechanisms that have evolved to target invading pathogens [1–3]. Given the fitness benefit to the host of resisting infection, the observation of variable levels of
resistance in host populations may appear paradoxical [4,5]. One common explanation for this apparent contradiction is that the fitness advantage conferred by
high resistance is often counter-balanced by reductions in other traits important
for fitness. In other words, resistance is costly, and these costs are strong determinants of the evolution of both host and parasite life-history traits [6–9].
Understanding the extent and magnitude of resistance costs is therefore central
to our overall understanding of host–parasite coevolutionary outcomes [10,11].
While many studies of costs of resistance have focused on eukaryotic
hosts, costly resistance in prokaryotic hosts has also been documented
[12,13]. However, it is important to note that previous studies often focused
on a narrow sense definition of ‘resistance’ involving the ability to limit pathogen entry. Prokaryotes have evolved a diverse arsenal of defence strategies that
may act at very different steps of the infection, including blocking pathogen
adsorption and entry, or using mechanisms such as restriction –modification
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2. Material and methods
(a) Bacterial strains and plasmids
The wild-type (WT) Streptococcus thermophilus DGCC7710 (STWT)
is used as starter culture in the industrial production of yogurt
[43,44]. We used 11 derivatives of STWT that differ in the number
of spacers in the CRISPR1 locus (electronic supplementary
material, table S1). We also used two strains that had disrupted
cas9 or csn2 genes, STDcas9 and STDcsn2, obtained previously [17]
by the integration of a pORI vector construct via homologous
recombination of the internal fragment of the respective cas
genes (electronic supplementary material, table S1).
Plasmids pBV-YFP and pBV-CFP are derived from pBV5030::
P32-ster1357 [45] in which the ster1357 gene was replaced by the
yfp and cfp genes, respectively. In both replicative plasmids,
the yfp and cfp genes are under the control of P32 constitutive
promoter. The construction of the plasmids is detailed in the
electronic supplementary material.

(b) Measurement of growth parameters in isolation
We assayed bacterial growth kinetics in 96-well microtitre plates.
Prior to measuring growth kinetics, all S. thermophilus strains
were taken from 2808C freezer stocks and grown statically overnight at 378C in 10 ml LM17 medium. Twenty microlitres of each
overnight culture was added to wells containing 180 ml of LM17
(which led to an initial concentration of around 107 cfu ml21) in
flat-bottom microtitre plates and covered with adhesive film to
avoid evaporation, and incubated at 428C. Optical density (OD)
was followed at a wavelength of 630 nm every 15 min (unless
otherwise stated) for at least 12 h using a TECAN microplate
reader. Plates were shaken linearly for 5 s (amplitude 3.5 mm)
before every measurement to homogenize the cultures. Growth
assays were split among at least three experimental blocks
unless otherwise stated. For each block, we used the same
preculture for each strain split between three different replicate
wells on the same 96-well microtitre plate.
The OD growth curves obtained from the TECAN microplate reader were analysed using an algorithm developed in
MATHEMATICA (electronic supplementary material). Briefly, we used
the MATHEMATICA function (BSplineFunction) to smooth the
dynamics of each OD growth curve. We retrieved three different
parameters from each function (electronic supplementary material,
figure S1). First, we obtained the yield, Yi, the maximal OD level
reached by each strain i. Second, we maximized the log of the OD
growth curve to identify the point where the maximal value, ri,
of the growth rate of each strain i. In addition, we retrieved
the time at which this maximal growth rate was reached.
This value is a measure of the time lag, Li, taken by each strain i to
reach its maximal growth rate.
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[38]. In addition to the signature proteins Cas1 and Cas2,
type II-A systems have two additional Cas proteins: Csn2
has been shown to be involved in the integration of novel
spacers following phage exposure [17], while protein Cas9
is necessary during spacer mediated cleavage of homologous
foreign DNA [22], as well as spacer acquisition [39,40]. Cas9
is at the centre of recent developments in CRISPR-mediated
targeted genome editing [41,42]. We developed different
measures of bacterial fitness (in isolation or in competition)
and compared different strains of S. thermophilus to estimate
the cost of several components of the CRISPR-Cas machinery:
the cost of Cas protein expression, the cost of increasing
immune memory by incorporating either single or multiple
spacers, and finally, how these costs are expressed during
phage infection.
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(R-M) or CRISPR-Cas to cut pathogen-derived nucleic acids
[14,15]. The fitness costs associated with these resistance systems have not been studied extensively. In R-M systems,
some studies report the existence of fitness costs associated
with the production of enzymes involved in the restriction
of foreign DNA [16].
CRISPR-Cas is a recently described microbial defence
system [17–20]. All functional CRISPR-Cas systems have two
main components: a CRISPR array of short palindromic
repeats interspaced by variable, unique spacer sequences of
mainly viral and plasmid origin, and CRISPR-associated
(Cas) proteins. These systems also have a diverse architecture
of cas genes and unique spacer content that are species- and
strain-dependent, respectively [20]. Cas proteins interact with
invading viral or plasmid genetic material, leading to the
addition of a new repeat-spacer unit into the CRISPR array,
usually at the 50 -end of the array [17,21]. These spacers are
then transcribed, matured and, when associated with Cas proteins, serve as an interference system by recognizing and
cleaving the invading dsDNA with identical sequences
[22–24]. CRISPR-Cas systems therefore not only confer
microbial hosts with acquired and specific immunity against
infection by viruses and plasmids, but the spacers present in
the host genome confer immune memory and detail the temporally ordered history of genetic encounters experienced by
a given bacterial lineage (reviewed in [20]).
These features offer many exciting possibilities to study
coevolution between microbial hosts and viral pathogens [25].
Work focusing on the evolutionary dynamics of CRISPR-Cas
systems has mostly relied on environmental metagenomic
samples and sequenced microbial genomes, revealing high
levels of CRISPR diversity as well as patterns of local adaptation
consistent with coevolutionary dynamics between hosts and
viruses [26–29]. Theoretical evolutionary models have made
predictions about the conditions for the maintenance and diversity of CRISPR-Cas systems in microbial populations [30–33].
As with most models of resistance evolution, these predictions
depend heavily on assumptions regarding the magnitude
of the costs associated with CRISPR-Cas defence [10,11]. However, the fitness costs associated with CRISPR-Cas systems have
received little attention, although we might expect such costs
to be common [34]. One exception was a recent study of the
gram-negative Pseudomonas aeruginosa and a pilus-dependent
transducing phage that explored the roles of constitutive receptor-based resistance and inducible type I-F CRISPR-mediated
immunity [35]. While inducible CRISPR defence was favoured
under low risk of infection, when the infection risk was high,
there was stronger selection for receptor-mediated defence.
Notably, this advantage was not due to a greater efficacy of
this type of resistance relative to CRISPR-Cas, but instead
because the inducible nature of CRISPR resistance made the
mechanism too costly when infection risk was high [35].
Here we used the gram-positive Streptococcus thermophilus
and its highly virulent phage 2972 [36], a well-established
microbial laboratory system harbouring functional CRISPRCas systems [17,21,24,37], to study the costs of maintaining
and deploying a CRISPR-mediated anti-phage defence. Cas
protein expression is essential for antiviral defence, with
pivotal roles in the acquisition of foreign DNA spacers into
the CRISPR array and the targeting of homologous invading
DNA. CRISPR 1 (CR1), the most active CRISPR-Cas system in
strain S. thermophilus DGCC7710 [23], is classified as a type IIA CRISPR-Cas system due to its (four) Cas proteins content
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~ i ¼ Xi  Xo :
X

ð2:1Þ

~ i , ~ri and
This normalization yielded three parameter values (Y
~
Li ), allowing us to remove some of the variation due to experimental blocks. This normalization provides a more biologically
relevant measure of each strain as it is a measure relative STWT.
Note, however, that each of these three measures has its own
~ i is in log[OD], ~ri is in log[OD]/h and L
~i is in h).
units (Y

Each well received 10 ml of the appropriate phage lysate dilution.
For each strain (STWT, STþ2, STþ4), we measured the growth
rates of three replicate bacterial cultures for each of four phage
titres (0, 103, 105, 107 plaque forming units (pfu)/ml), which
allowed us to vary the multiplicity of infection (MOI) between 0
and 1. Growth rate parameters were extracted and analysed as
described in §2c. In addition, we performed competition experiments between STþ2 and STþ4 carrying pBV-YFP or pBV-CFP
under increasing phage titres as detailed above. The competitive
ability of STþ4 against STþ2 was monitored by flow cytometry as
explained in §2d.

(c) Measurement of competitive ability
We measured the competitive ability of each strain i in competition with the same reference strain STWT carrying the plasmid
pBV-YFP. All the strains were grown overnight in 10 ml liquid
cultures of LM17 medium at 378C. The overnight cultures were
used to mix each strain with the reference strain (500 ml of
strain i and 500 ml of the reference strain) in 9 ml of LM17
medium (10% dilution after the overnight growth). These mixed
cultures were allowed to grow for 3 h at 378C with shaking.
One millilitre of each culture was sampled at time t ¼ 0 h (the
start of the competition) and t ¼ 3 h (the end of the competition).
These samples were centrifuged (10 min, 5000 r.p.m.), and the
supernatant was removed and replaced by 0.05 M phosphate-buffered saline ( pH 7.4) and left at þ48C to improve the maturation
of the fluorescent proteins. Because S. thermophilus forms chains
when it replicates, which can alter our ability to use flow cytometry, the cells from each sample were detached using a
homogenizer T10 basic ULTRA-TURRAX at intermediate speed
(25 000 r.p.m.) for 1 min prior to flow cytometry. CFP was
detected at 405 nm excitation and 510/50BP emission, and YFP
was detected at 488 nm excitation and 530/30BP emission on a
BD FacsCanto II flow cytometer. We measured 50 000 cells
in each sample and we used BD FACSDiva software to apply
automatic compensation and gating.
Flow cytometry allowed us to obtain the frequency of strain i
before and after 3 h of competition with the reference strain: p0
and p3, respectively. Assuming that the competition between
the two strains occurs during the exponential phase of the
growth we can infer the selection coefficient of strain i relative
to the tester strain using

We analysed how fitness costs varied among strains by fitting a
linear model to each variable ( pairwise competitive ability ~si ;
~i ) with strain as a fixed effect, and expergrowth rate ~ri ; lag L
imental block as a random effect. This analysis therefore
calculates the variance in each parameter attributable to differences between strains, while accounting for the variance that
arises from the different experimental blocks [46]. Variance components were estimated using restricted maximum likelihood
(REML) method. Where appropriate, pairwise comparisons
were carried out using two-sample t-tests. We also calculated
the Pearson correlation coefficient between pairwise competitive
ability ~si and traits measured during bacterial growth in
isolation for each strain. All analyses were carried out using
JMP v. 11 (SAS) and R (CRAN).

3. Results
(a) The correlation between measures of fitness
in isolation and in competition

As for measurement of the growth parameters in isolation
(see equation (2.1)), we normalized this quantity relative to the
selection coefficient of STWT that does not carry pBV-YFP and
obtained a normalized measure of competitive fitness ~si , which
has units of h21.
In the above procedure, we always used the STWT strain
carrying pBV-YFP as the tester strain. In addition to this experimental procedure, we also measured the competition between
strains where the tester strain was not the STWT strain, but also
when both competing strains (STþ2 and STþ4) carried a pBV plasmid expressing a different fluorescent protein (YFP or CFP).
In these experiments, we distinguished between the effects of
the strains and the effects of the plasmids carrying different
fluorescent markers (see §3d).

The different parameters used to describe growth in isola~ i and growth rate ~ri :
tion correlated well (between yield Y
2
0.90 with R ¼ 0.81; between growth rate ~ri and lag-time
~i and yield
~i : 0:6 with R 2 ¼ 0.73; between lag-time L
L
2
~
Yi : 0:77 with R ¼ 0.59). Fitness measured as pairwise
competitive ability reflects the combined effect of many individual life-history traits. Our experiments allowed us to
compare these different experimental measures of host fitness, and we observed that measures of fitness in isolation
~ i and
and in competition correlated well (between yield Y
2
pairwise competitive ability ~si : 0:70 with R ¼ 0.49; between
growth rate ~ri and pairwise competitive ability ~si : 0:87 with
~i and pairwise competitive abilR 2 ¼ 0.75; between lag-time L
2
ity ~si :  0:91 with R ¼ 0.83). This confirms that growth rate
parameters and competition assays yield complementary
and consistent measures of fitness with the strains used in
this study. In the remainder of the study, we have focused
on the measures of fitness in competition (~si ) and on two
~i ) as measures of
measures of growth in isolation (~ri and L
the fitness of S. thermophilus during the early stage of the
competition (figure 1). Note that we focus on the opposite
~i , to work with a measure that increases
of the lag, L
with fitness (a shorter lag-time results in faster increase in
population density).

(d) Phage lysates and exposure

(b) Costs of Cas protein expression

si ¼

logð p3 ð1  p0 Þ= p0 ð1  p3 ÞÞ
:
3

ð2:2Þ

For experiments including phage infection, overnight bacterial
cultures and the preparation of the microtitre plates were identical to those described above (§2c), but LM17 medium was
supplemented with 10 mM CaCl2 to facilitate phage amplification.

We studied the costs associated with Cas protein expression
using mutant stains of S. thermophilus where cas9 or csn2 had
been disrupted in the CR1-Cas system (called STDcas9 or
STDcsn2, respectively; see the electronic supplementary
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(e) Statistical analysis

3
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To estimate fitness costs, we calculated how each parameter
(Xi ¼ Yi, ri or Li) of the growth kinetics varied among strains,
after being normalized to the mean parameter value of STWT
(Xo ) in each experimental block:
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Figure 1. Relationship between different measures of fitness for 15 strains of S. thermophilus (see the electronic supplementary material, table S1 for strain description). In (a), we plot competitive fitness ~si against the maximal growth rate ~r i : In (b), we plot competitive fitness ~si against the lag in growth rate ~Li (i.e. the
shorter the lag, the faster the strain starts to grow). Note that the WT S. thermophilus (STWT) strain is always at the origin (filled circle) because all measures of
fitness are normalized to its fitness (see explanations in the main text).
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Figure 2. Different fitness measures of different S. thermophilus strains with disrupted cas9 and csn2 genes. In (a), we plot competitive fitness ~si (mean + s.e.);
in (b), we plot the negative of the lag in growth rate ~Li (mean + s.e.); and in (c), we plot maximal growth rates ~ri (mean + s.e.).
material, table S1 for details). The cas9 gene in particular is
actively involved in both spacer acquisition and cleavage of
invading nucleic acids [22,40], and has been shown to be constitutively expressed in S. thermophilus DGCC7710 [47]. In
competition, both STDcas9 and STDcsn2 strains outcompeted
STWT (overall ‘strain’ effect: F2,13 ¼ 15.29, p ¼ 0.0004; mean +
s.e.: ~sDCas9 ¼ 0:11 + 0:03; pairwise comparison with STWT:
t ¼ 24.60, d.f. ¼ 13, p ¼ 0.0005; ~sDcsn2 ¼ 0:12 + 0:03; pairwise
comparison with STWT: t ¼ 24.96, d.f. ¼ 13, p ¼ 0.0003;
figure 2a). Growth in isolation partially confirmed this result
since both strains appeared to have a shorter lag phase
than the STWT (see the electronic supplementary material,
figure S2 for individual growth curves; overall ‘strain’ effect:
~DCas9 ¼ 0:93 + 0:49; pairwise
F2,30 ¼ 16.12, p , 0.0001; L
WT
comparison with ST : t ¼ 23.31, d.f. ¼ 30, p ¼ 0.0024;
~Dcsn2 ¼ 1:6 + 0:49; pairwise comparison with STWT: t ¼
L
5.65, d.f. ¼ 30, p , 0.0001; figure 2b). However, we did not
detect significant differences in maximal growth rates between strains (overall ‘strain’ effect: F2,30 ¼ 0.10, p ¼ 0.903;
~rDCas9 ¼ 0:05 + 0:60; ~rDcsn2 ¼ 0:19 + 0:60; figure 2c).

(c) Is increasing CRISPR-Cas immune memory costly?
A unique aspect of the CRISPR-Cas system results from the
accumulation of new spacers. With the increasing number
of spacers into the CRISPR array, hosts are also left with a
memory of past encounters. When older spacers are

expressed along with new ones [21], this results in acquired,
sequence-specific immune memory. However, it is unknown
whether this increasing immune repertoire is costly in
S. thermophilus. Costs of increasing CRISPR arrays may arise
because as hosts incorporate more spacers that need to be
replicated and, perhaps more importantly, expressed as
many crRNA molecules [21].

(i) Single spacer
We tested the costs of increasing the CRISPR array. First, we
inquired about the fitness on host cells of acquiring a single
extra virus-derived spacer (see electronic supplementary
material, table S1 for strain details). Comparing our different fitness measures for each of these phage-resistant strains (~si , ~ri
~i ) allowed estimating the fitness effects that arise due
and L
the acquisition of a single phage-derived spacer. Figure 3
shows that, regardless of the method used to estimate fitness,
adding a single spacer does not induce a systematic fitness
cost. In fact, while we detected a significant strain effect overall
(F11,52 ¼ 6.01, p , 0.0001), the average fitness effect of adding
a single spacer is not significantly different from the fitness
STWT when measured in competition (~si , F1,54 ¼ 1.56, p ¼
0.282); nor do they differ from STWT in the maximal growth
~i ,
rate achieved (~ri , F1,54 ¼ 0.71, p ¼ 0.491) or in lag time (L
F1,54 ¼ 1.21, p ¼ 0.298).
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Figure 3. Different fitness measures of 12 phage-resistant S. thermophilus strains. In (a), we plot competitive fitness ~si (mean + s.e.); in (b), we plot the opposite
of the lag in growth rate ~Li (mean + s.e.); and in (c), we plot maximal growth rates ~ri (mean + s.e.). The WT S. thermophilus DGCC7710 is indicated in red,
single spacer strains are indicated in blue, and multiple spacers strains are indicated in orange (þ2) and light blue (þ4).

(ii) Multiple spacers
We also measured the fitness of strains acquiring a higher
number of additional spacers (þ2 and þ4 spacers; see the
electronic supplementary material, table S1). In contrast to
single spacers, we found that acquiring two or four spacers
seemed to result in a small but positive selective advantage
in competition (F1,12 ¼ 8.55, p ¼ 0.026; figure 3a). This difference in competitive ability did not appear to be due to the
maximal growth rate, which did not differ between the multiple spacer-resistant strains and the WT strain (F1,33 ¼ 1.30,
p ¼ 0.287). The difference in competitive ability is more
likely to be due to differences in lag time, which was shorter
in the strains carrying two or four spacers relative to the WT
strain (F1,33 ¼ 5.718, p ¼ 0.0081; figure 3).

(d) Are costs contingent on the presence of phage?
We also inquired whether fitness costs could be revealed
under the stressful conditions of surviving a phage infection.
While harbouring and expressing additional phage-derived
spacers in the genome might not be very costly (as suggested
by our results in §3c), additional costs may occur when challenged with virulent phages. A recent study reported that in
P. aeruginosa, type I-F CRISPR-Cas system was particularly
costly under high phage exposure [35]. Specifically, if the
acquisition of additional spacers is costly under phage
exposure, we hypothesized that such inducible costs of
immune deployment should be higher for strains carrying a
higher number of spacers. To test this hypothesis, we used
two types of comparisons.
First, we measured the potential reduction in fitness
measured among hosts that were not exposed to phage
2972, and with hosts that were exposed but survived due to
successful defence. To test this, we used our measures of

fitness when phage-resistant strains (i.e. STþ4 containing
four spacers derived from phage 2972 and STþ2 containing
þ2 spacers derived from phage 2972) were grown in isolation
(ri and 2Li) and challenged with a range of phage titres. As
expected, phage titres had a dramatic impact on the growth
rate of the STWT strain that is sensitive to the highly virulent
phage 2972, while both resistant STþ4 and STþ2 reached high
density, confirming that these strains are phage-resistant
(figure 4a). To test whether phage titres affected the cost of
resistance, we calculated normalized quantities for growth
~ i for STþ4 and STþ2 relative
~i and yield Y
rate ~ri , lag time L
to the WT strain in the absence of phage exposure. Regardless
of phage titre, the maximal growth rate of strain STþ2 was
always higher than the growth rate of strain STþ4
(tRatio ¼ 24.91, d.f. ¼ 54, p  0.0001). This analysis showed
that the growth rate of both strains decreased with increasing
phage titre (‘titre effect’; F1.54 ¼ 24.02, p ¼ 0.0001), but overall
this reduction was roughly equivalent for both strains
(strain  titre interaction, F1,54 ¼ 0.09, p ¼ 0.763). Neither the
lag time (F1,54 ¼ 0.04, p ¼ 0.846) nor the yield (F1,54 ¼ 3.48,
p ¼ 0.559) were affected in either strain when infected with
increasing phage concentrations.
As a second approach, we measured the competition
between STþ4 and STþ2 phage-resistant strains challenged
with a range of phage titres. Pairwise competition assays
were made possible by adding fluorescent pBV-YFP (or pBVCFP) plasmids in each of the two strains (see §2d), and
monitoring their frequency when challenged with variable
amounts of phages using flow cytometry. The inversion of
the fluorescent markers in independent experiments also
allowed us to distinguish the effect of the marker from the
effect of carrying different numbers of spacers. In spite of a
large effect of the marker (carrying pBV-CFP is more costly
than carrying pBV-YFP: s ¼ 20.32 + 0.08), our analysis
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Figure 4. Different fitness measures of the WT S. thermophilus and multiple spacer strains in the presence of phages. In (a), we plot the maximal growth rates of
the WT S. thermophilus (STWT) (black line), a two spacer-resistant strain (dotted line) and a four spacer-resistant strain (grey line) after being exposed to various
titres of phage. In (b), we plot the competitive fitness of strain STþ4 (þ4 additional spacers derived from phage 2972) versus strain STþ2 (þ2 additional spacers
derived from phage 2972) after being exposed to various titres of phage.
showed that strain STþ4, carrying the highest number of
spacers, was a poorer competitor relative to STþ2 (competitive
fitness of STþ4 is s ¼ 20.26 + 0.02; one-sample t-test, t ¼ 15.09,
d.f. ¼ 23, p ¼ 0.0001; figure 4b), confirming the results obtained
for individual growth rate under phage challenge (figure 4a).
We did not find a significant effect of phage titre on the competition between the two strains (F1,21 ¼ 0.77, p ¼ 0.39). Because
of the deleterious effect of carrying pBV-CFP we repeated
this experiment where we used only the pBV-YFP plasmid in
one of the competing strains. We detected a weaker plasmid
effect (s ¼ 20.08 + 0.003) and obtained very similar results
regarding the strain effect (STþ4 has a lower fitness than STþ2).
Again, we did not detect an effect of phage exposure on the
competition between STþ2 and STþ4 (F1,21 ¼ 2.08, p ¼ 0.16).

4. Discussion
One of the fascinating features of CRISPR-Cas-mediated
phage resistance is its similarity to the immune system of
metazoans. The development of such homologous functions
probably resulted from convergent evolution: the immune
system is an adaptation to the temporally variable selection
imposed by a diverse community of pathogens. Immunity
may take different forms among species, but it rarely comes
for free. Ecological immunology explores the fitness tradeoffs between investment into immune function and other
costly life-history traits [48]. Costs may result from pleiotropy
with other key host life-history traits [49,50], or reflect a loss
in performance that derives from the energetic requirements
of immune deployment or from their immunopathological
effects [51,52]. Evidence for costs of resistance is common
for both invertebrate [52–54] and vertebrate hosts [8,55,56],
although they are not necessarily ubiquitous [7]. Some
work has also measured the relative costs of constitutive
and inducible forms of defence in microbes. For example, in
P. aeruginosa, while inducible type I-F CRISPR-Cas immunity
is useful under low infection risk, it is simply too costly when
virus numbers are high, where constitutive receptor-based
defence is more effective [35]. Westra et al.’s study [35] suggests

a cost for CRISPR, but it is unclear from where these costs arise.
In the current work, we explored these different costs
of CRISPR-Cas-mediated phage resistance in S. thermophilus,
a classical model microbe for the study of CRISPR-Cas,
particularly type II-A.

(a) Measuring fitness in Streptococcus thermophilus
We developed two different approaches to evaluate potential
fitness costs associated with CRISPR-Cas. The growth assay
is relatively easy to carry out because it does not require marking individual strains. By contrast, the use of a competitive
growth assay was only feasible after developing a specific
experimental procedure involving the use of fluorescence markers. The use of fluorescent markers in gram-positive bacteria
can be challenging [57] and our study yields a new biological
molecular tool that can be used in S. thermophilus and other
gram-positive bacteria. These competitive assays allow fitness
estimates when strains are competing for a common resource.
Alternatively, measures on isolated strains may be more convenient if the aim is an absolute measure of the performance
of a specific strain [58]. The measures of fitness based on the
maximal growth rate are only expected to be equal in isolation
and in competition during the early stages of the growth assay
when density- and frequency-dependent selection are negligible [59]. Hence, in our opinion, the best option is to adopt
and compare the results obtained from both approaches.
Here we found a positive correlation between these different measures of fitness (figure 1). We retained three different
parameters to characterize the growth trajectories of our bacterial strains (yield, maximum growth rate and lag time).
Interestingly, the correlation between selection coefficients
(in competition) and growth parameters (in isolation) was
lowest for the yield and higher for the other two parameters.
A similar result has been observed in yeast [60]. This is likely
to be due to the fact that both maximal growth rate and lag
time (when measured in the context of a growth assay) are
closer to the selection coefficient measured during the
exponential phase of the competition assay. Taken together
these data suggest that one may use measures of population
growth in isolation to infer selection coefficients [61].
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The evolutionary dynamics of host resistance depend crucially
on the fitness costs associated with host defence systems
[10,11,30,31,33]. Recent work has been particularly fruitful in
elucidating the potential causes and consequences of host–
pathogen coevolution at both phenotypic and molecular
levels. Westra et al. [35] found that knocking out a single cas
gene (csy3) in P. aeruginosa had no appreciable effect on the bacteria’s competitive ability against an WT strain, while knocking
out the entire type I-F CRISPR-Cas system (six cas genes and
two CRISPR arrays) resulted in a fitness cost. This would
imply not only that CRISPR is not costly, but that it may in
fact have an additional beneficial functional in the absence
of phage exposure [35]. This contrasts with our findings in
S. thermophiles and its type II-A CRISPR1-Cas system (four
cas genes and one CRISPR array), as we found evidence of a
sizable fitness cost of expressing either cas9 or csn2. Of note,
both genes are not found in the CRISPR-Cas system found in
P. aeruginosa type I-F system. The endonuclease Cas9 has
been found to be constitutively expressed following phage
infection [47]. Given the fast time scales within which viral
infection occurs, particularly in S. thermophilus, constitutive
expression of immunity is more likely to guarantee a quick
response to invading viral pathogens, but these results show
that there may also be substantial fitness costs associated
with Cas protein expression. Another potential source of constitutive cost may involve the regulation of the host
genome by CRISPR-Cas systems [64] or arise due to the acquisition of self-targeting spacers (spacers targeting the bacterial
genome), which may impose a fitness load on CRISPR-Cas
systems [40,65].
We did not find any evidence for the existence of fitness
costs associated with the acquisition of up to four new
phage-targeting spacers (from 32 spacers in the CRISPR1 of
the WT strain to 36 spacers in the phage-resistant strain
STþ4) in the absence of phage infection. In fact, we found
that the two strains carrying more spacers had an even
higher fitness than the WT. One explanation for this effect
may be that the experimental accumulation of multiple
spacers, as discussed above, introduced beneficial mutations
elsewhere in the genome of the bacteria. Information on the
genetic background of these phage-resistant strains is
required to evaluate the potential contributions of these
additional mutations to their fitness [66].
We also measured the fitness costs of these additional
spacers in the presence of increasing amounts of phage, to
explore the potential effect of launching the immune system.

5. Conclusion
In summary, our study demonstrates that costs of CRISPR
defence arise mainly due to the maintenance of the defence
system, while increasing immune memory to a level of very
high protection (up to four new spacers) does not entail a
considerable fitness cost. In addition, we did not find evidence for the existence of large fitness costs associated with
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(b) Fitness costs and their implications for the evolution
of CRISPR-Cas

We detected a significant effect of phage exposure on the bacterial growth rate, especially at the higher dose of phage
(figure 4a). The fact that the fitness of both the STþ2 and STþ4
strains is equally reduced when challenged with 107 pfu
phage compared with lower phage titres suggests an inducible
cost (albeit small) of immune deployment. As this inducible
cost is similar for both strains, this also suggests that recognition of different phage genomic sites does not trigger a
more costly immune response. Although the inducible cost
we detect is relatively weak, our results are in line with work
in P. aeruginosa, where costs of CRISPR were mostly apparent
in the presence of high phage titres. It is possible that we
could not detect a stronger cost in the presence of phage
because we used lower MOIs in our experiment in order to
avoid the potentially confounding toxic effects of phagederived endolysin found in phage preparations. Note that the
inducible cost of CRISPR immunity measured in P. aeruginosa
is relative to other constitutive forms of host defence,
such as receptor-mediated resistance (loss of pili). It would
be particularly interesting to compete the S. thermophilus
mutants we used in this study with other S. thermophilus resistance mutants based on cell-surface receptors. Tracking the
change between CRISPR and cell-surface mutants would
thus provide relevant measures of fitness of these alternative
resistance mechanisms, and constitutes an exciting avenue
for future work.
Our results have important implications for the evolution
of CRISPR-Cas immunity, and why the occurrence of functional CRISPR-Cas systems varies widely among archaea and
bacteria [67]. Some bacterial species also appear to lose this
system relatively easily [27,34]. Losing a CRISPR-Cas system
may be beneficial when it allows the acquisition of new adaptations by foreign genetic elements [32]. But it may also be
beneficial if it allows elimination of the constitutive cost associated with this immunity in situations where the risk of phage
infection has been reduced. This may be the explanation for
the rapid loss of CRISPR observed in Mycoplasma gallisepticum
after a recent host shift from chicken to house finch [29]. The
release from its ancestral phage community and the existence
of constitutive costs of immunity could lead to selection against
CRISPR-Cas immunity [29,32].
There are also more practical implications of our results.
Streptococcus thermophilus is a commercially important bacterial species, heavily used to produce fermented dairy
products, and the efficiency of this process is at risk by
phage contamination. One of the current industrial practices
to prevent phage-induced fermentation failures in the dairy
industry consists in using several defined starter cultures
[68]. An attractive solution would be to select S. thermophilus
strains with strong CRISPR-mediated defences, but this strategy is likely to fail if CRISPR is too costly. Our study indicates
that in the absence of phage, strains with additional spacers
may not be easily outcompeted by susceptible strains.

rspb.royalsocietypublishing.org

As in all classical fluctuating assays [62], we obtained our
strains with additional spacers after exposing the WT
S. thermophilus strain to a new environment (exposure to
virulent/lytic phages here). In principle, this yields mutants
with the same genetic background, but this procedure may
result in additional mutations elsewhere in the genome [63].
In addition, for the strains used in the current study involving
the inactivation of specific Cas genes (Dcas9 and Dcsn2), this
issue may have been even more acute because it involved
the addition of an antibiotic resistance gene in the focal
gene. Therefore, the potential presence of additional
mutations must be kept in mind for the interpretation of
our results below.
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the deployment of immunity when resistant bacteria are
exposed to phages. Further experimental work is required
to evaluate the magnitude of these different types of cost in
other prokaryotes.
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Lévesque C, Duplessis M, Labonté J, Labrie S,
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