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Genomic analysis of Streptococcus thermophilus revealed that
mobile genetic elements (MGEs) likely contributed to gene acqui-
sition and loss during evolutionary adaptation to milk. Clustered
regularly interspaced short palindromic repeats–CRISPR-associated
genes (CRISPR-Cas), the adaptive immune system in bacteria, limits
genetic diversity by targeting MGEs including bacteriophages,
transposons, and plasmids. CRISPR-Cas systems are widespread
in streptococci, suggesting that the interplay between CRISPR-
Cas systems and MGEs is one of the driving forces governing
genome homeostasis in this genus. To investigate the genetic out-
comes resulting from CRISPR-Cas targeting of integrated MGEs, in
silico prediction revealed four genomic islands without essential
genes in lengths from 8 to 102 kbp, totaling 7% of the genome.
In this study, the endogenous CRISPR3 type II system was pro-
grammed to target the four islands independently through plas-
mid-based expression of engineered CRISPR arrays. Targeting lacZ
within the largest 102-kbp genomic island was lethal to wild-type
cells and resulted in a reduction of up to 2.5-log in the surviving
population. Genotyping of Lac− survivors revealed variable dele-
tion events between the flanking insertion-sequence elements, all
resulting in elimination of the Lac-encoding island. Chimeric inser-
tion sequence footprints were observed at the deletion junctions
after targeting all of the four genomic islands, suggesting a com-
mon mechanism of deletion via recombination between flanking
insertion sequences. These results established that self-targeting
CRISPR-Cas systems may direct significant evolution of bacterial
genomes on a population level, influencing genome homeostasis
and remodeling.
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Mobile genetic elements (MGEs) present bacteria with
continuous challenges to genomic stability, promoting

evolution through horizontal gene transfer. The term “MGE”
encompasses plasmids, bacteriophages, transposable elements,
genomic islands, and many other specialized genetic elements
(1). MGEs encompass genes conferring high rates of dissemi-
nation, adaptive advantages to the host, and genomic stability,
leading to their nearly universal presence in bacterial genomes.
To cope with the permanent threat of predatory bacteriophages
and selfish genetic elements, bacteria have evolved both innate
and adaptive immune systems targeting exogenous genetic ele-
ments. Innate immunity includes cell-wall modification, restriction/
modification systems, and abortive phage infection (2). Clustered
regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated genes (Cas) are an adaptive immune system
targeted against invasive genetic elements in bacteria (3). CRISPR-
Cas–mediated immunity relies on distinct molecular processes,
categorized as acquisition, expression, and interference (3). Ac-
quisition occurs via molecular sampling of foreign genetic
elements, from which short sequences, termed “spacers,” are in-
tegrated in a polarized fashion into the CRISPR array (4).
Expression of CRISPR arrays is constitutive and inducible by
promoter elements within the preceding leader sequence (5, 6).
Interference results from a corresponding transcript that is
processed selectively at each repeat sequence, forming CRISPR

RNAs (crRNAs) that guide Cas proteins for sequence-specific
recognition and cleavage of target DNA complementary to the
spacer (7). CRISPR-Cas technology has applications in strain
typing and detection (8–10), exploitation of natural/engineered
immunity against mobile genetic elements (11), programmable
genome editing in diverse backgrounds (12), transcriptional con-
trol (13, 14), and manipulation of microbial populations in defined
consortia (15).
Although sequence features corresponding to CRISPR arrays

were described previously in multiple organisms (16, 17), Strep-
tococcus thermophilus was the first microbe in which the roles
of specific cas genes and CRISPR-array components were elu-
cidated (4). S. thermophilus is a nonpathogenic, thermophilic
Gram-positive bacterium used as a starter culture that catabo-
lizes lactose to lactic acid in the syntrophic production of yogurt
and various cheeses (18). S. thermophilus encodes up to four
CRISPR-Cas systems, two of which (CRISPR1 and CRISPR3)
are classified as type II-A systems that are innately active in
both acquisition and interference (4, 19). Accordingly, genomic
analysis of S. thermophilus and its bacteriophages established a
likely mechanism for phage/DNA protection in CRISPR-Cas
systems. Investigation of CRISPR-Cas systems in S. thermophilus
led to bioinformatic analysis of spacer origin (4, 20), discovery of
the proto-spacer adjacent motif (PAM) sequences (19, 21), un-
derstanding of phage–host dynamics (22, 23), demonstration
of Cas9 endonuclease activity (7, 24, 25), and, recently, deter-
mination of the transactivating crRNA tracrRNA structural
motifs governing function and orthogonality of type II systems
(26). Genomic analysis of S. thermophilus revealed evolutionary

Significance

The development of Clustered regularly interspaced short pal-
indromic repeats (CRISPR)–CRISPR-associated genes (CAS)–based
technology for targeted genome editing has revolutionized
molecular biology approaches, but significant and outstanding
gaps exist for applications in bacteria, the native hosts of these
adaptive immune systems. This study shows that CRISPR-Cas
systems can be directed to target and delete genomic islands
that are flanked by insertion-sequence elements and devoid of
essential genes. Naturally occurring minor subpopulations har-
boring deletions in genomic islands were identified and readily
isolated using CRISPR-Cas screening. Promising applications of
this approach can define minimal bacterial genomes, determine
essential genes, and characterize genetically heterogeneous
bacterial populations.

Author contributions: K.S., T.R.K., and R.B. designed research; K.S. performed research;
K.S. and T.R.K. contributed new reagents/analytic tools; K.S., T.R.K., and R.B. analyzed
data; and K.S., T.R.K., and R.B. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.
1To whom correspondence may be addressed. Email: klaenhammer@ncsu.edu or
rbarran@ncsu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1508525112/-/DCSupplemental.

8076–8081 | PNAS | June 30, 2015 | vol. 112 | no. 26 www.pnas.org/cgi/doi/10.1073/pnas.1508525112

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1508525112&domain=pdf
mailto:klaenhammer@ncsu.edu
mailto:rbarran@ncsu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1508525112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1508525112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1508525112


adaptation to milk through the loss of carbohydrate catabolism
and virulence genes found in pathogenic streptococci (18).
S. thermophilus also underwent significant acquisition of niche-
related genes, such as those encoding including cold-shock pro-
teins, copper resistance proteins, proteinases, bacteriocins, and
lactose catabolism proteins (18). Insertion sequences (ISs) are
highly prevalent in S. thermophilus genomes and contribute to
genetic heterogeneity among strains by facilitating dissemination
of islands associated with dairy adaptation genes (18). The con-
comitant presence of MGEs and functional CRISPR-Cas systems
in S. thermophilus suggests that genome homeostasis is governed
at least in part by the interplay of these dynamic forces. Thus,
S. thermophilus constitutes an ideal host for investigating the genetic
outcomes of CRISPR-Cas targeting of genomic islands.
CRISPR-Cas systems recently have been the subject of intense

research in genome editing applications (12), but the evolutionary
roles of most endogenous microbial systems remain unknown
(27). Even less is known concerning evolutionary outcomes of
housing active CRISPR-Cas systems beyond the prevention of
foreign DNA uptake (7), spacer acquisition events (4), and mu-
tation caused by chromosomal self-targeting (28–32). Thus, we
sought to determine the outcomes of targeting integrated MGEs
with endogenous type II CRISPR-Cas systems. Four islands were
identified in S. thermophilus LMD-9, with lengths ranging from
8 to 102 kbp and totaling ∼132 kbp, or 7% of the genome. To
target genomic islands, plasmid-based expressions of engineered
CRISPR arrays with self-targeting spacers were transformed into
S. thermophilus LMD-9. Collectively, our results elucidate fun-
damental genetic outcomes of self-targeting events and show that
CRISPR-Cas systems can direct genome evolution at the bacte-
rial population level.

Results
Identification of Expendable Genomic Regions. In silico prediction
of mobile and expendable loci for CRISPR-Cas targeting was
performed on the basis of (i) the location, orientation, and nu-
cleotide identity of IS elements, and (ii) the location of essential
ORFs. In Bacillus subtilis, 271 essential ORFs were identified by
determining the lethality of genome-wide gene knockouts (33).
The S. thermophilus genome was queried for homologs to each
essential gene from B. subtilis using the BLASTp search tool
under the default scoring matrix for amino acid sequences. Ho-
mologs to ∼239 essential ORFs were identified in S. thermophilus,
all of which were chromosomally encoded (Table S1). Proteins
involved in conserved cellular processes including DNA repli-
cation/homeostasis, translation machinery, and core metabolic
pathways were readily identified. No homologs corresponding to
cytochrome biosynthesis/respiration were observed, in accordance
with the metabolic profile of fermentative bacteria. Each putative
essential ORF was mapped to the reference genome using
SnapGene software, facilitating visualization of their location and
distribution in S. thermophilus LMD-9 (Fig. 1).
IS elements within the S. thermophilus genome were grouped

by aligning transposon coding sequences using Geneious soft-
ware (Fig. S1). Family designations were determined according
to BLAST analysis within the IS element database (https://www-
is.biotoul.fr//). To predict the potential for recombination-
mediated excision of chromosomal segments, the relative locations

of related IS elements were mapped to the S. thermophilus genome
(Fig. 1). The IS1193 and Sth6 families of IS elements appeared
most frequently in the genome and are commonly found in
Streptococcus pneumoniae and Streptococcus mutans (34). IS1191
elements were not frequent but exhibited nearly perfect identity
between the copies identified in the genome (Figs. S1A and
S2A). Despite the prevalence of IS1193 elements, many of these
loci were shown to be small fragments that exhibited some
polymorphism and degeneracy, but several copies with a high
level of sequence identity were present also (Figs. S1B and S2B).
The Sth6 family exhibited considerable polymorphism and high
degeneracy, with some copies harboring significant internal de-
letions (Figs. S1C and S2C). IS1167 elements were well con-
served (Figs. 1D and S2D). Based on the conservation of length
and sequence of the IS1167 and IS1191 elements of S. thermo-
philus and their relative proximity to milk adaptation genes, we
postulate that these conserved/high-fidelity transposons were
acquired in the genome recently.
By combining the location of predicted essential ORFs and

highly similar IS elements, expendable islands were identified
(Fig. 1 and Table 1). The first island contained an operon unique
to S. thermophilus LMD-9, encoding a putative ATP-dependent
oligonucleotide transport system with unknown specificity (Fig.
S3A) (35). The second harbors the cell-envelope proteinase PrtS,
which contributes to the fast-acidification phenotype of S. ther-
mophilus (Fig. S3B) (36). Notably, although prtS is not ubiqui-
tous in S. thermophilus genomes, it has been demonstrated that
the genomic island encoding prtS is transferable between strains
using natural competence (36). The third island contains a pu-
tative ATP-dependent copper efflux protein and is present in
every sequenced S. thermophilus strain (Fig. S3C). The fourth
island is the largest by far in terms of length, at 102 kbp, and gene
content, with 102 predicted ORFs including the lac operon (Fig.
S3D). This island is found in all strains of S. thermophilus, but the
specific gene content and length vary among strains. To determine
the outcome of targeting a large genomic island with both en-
dogenous type II systems, repeat-spacer arrays were generated for
the lacZ coding sequence (Fig. S3D) and were cloned into
pORI28 (Table S2). The fourth island was selected for CRISPR-
Cas targeting because of its size, ubiquity in S. thermophilus strains,
and the ability to screen for lacZ mutations on the basis of a
β-galactosidase–negative phenotype.

CRISPR-Cas Targeting of lacZ Selects for Large Deletion Events. In
type II systems, Cas9 interrogates DNA and binds reversibly to
PAM sequences with activation of Cas9 at the target occurring
via formation of the tracrRNA::crRNA duplex (37), ultimately
resulting in dsDNA cleavage (Fig. S4 A and B) (25). Trans-
formation with plasmids eliciting chromosomal self-targeting by
CRISPR-Cas systems appeared cytotoxic as measured by the
relative reduction in surviving transformants compared with
non–self-targeting plasmids (15, 29). Targeting the lacZ gene in
S. thermophilus resulted in an ∼2.5-log reduction in recovered
transformants (Fig. 2), approaching the limits of transformation
efficiency. Double-stranded DNA breaks (DSBs) constitute a
significant threat to the survival of organisms. The corresponding
repair pathways often require end resection to repair blunt-
ended DNA. Cas9-effected endonucleolysis further exacerbates

1.5 Mbp1.0 Mbp0.5 Mbp0.0 Mbp 1.8 Mbp

Fig. 1. Map of essential genes, insertion sequences, and genomic islands showing the location and distribution of putative essential ORFs (red), insertion
sequences (gray), and putative genomic islands (blue). Type II CRISPR-Cas loci in S. thermophilus LMD-9 are shown in black.
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the pressure for mutations caused by DSBs to occur, because
restoration of the target locus to the wild type does not cir-
cumvent subsequent CRISPR targeting. Identification of spacer
origins within lactic acid bacteria revealed that 22% of spacers
exhibit complementarity to self and that the corresponding ge-
nomic loci were altered, likely facilitating the survival of natu-
rally occurring self-targeting events (28).
To determine if the target locus was mutated in response to

Cas9-induced cleavage, transformants first were screened for loss
of β-galactosidase activity. Clones deficient in activity were
genotyped at the lacZ locus. No mutations caused by classical or
alternative end joining and no spontaneous SNPs were observed
in any of the clones sequenced. The absence of SNPs may be
attributed to a low transformation efficiency compounded by a
low incidence of point mutations, and the absence of Ku and
ligase IV homologs correlated with an absence of nonhomolo-
gous end joining (38). PCR screening indicated that wild-type
lacZ was not present, but the PCR amplicons did not correspond
to the native lacZ locus; rather, an IS element-flanked sequence
at another genomic locus was amplified. To investigate the ge-
notype responsible for the loss of β-galactosidase activity, single-
molecule real-time sequencing was performed on two clones,
one generated from CRISPR3 targeting the 5′ end of lacZ and
one generated from CRISPR3 targeting the sequence encoding
the ion-binding pocket necessary for β-galactosidase catalysis
(Fig. 3 A and B). This sequencing strategy was used for its long
read length to circumvent difficulty in reliably mapping reads to
the proper locus because of the high number of IS elements in
the genome (35). Reads were mapped to the reference genome
sequence using Geneious software and revealed the absence of a
large segment (∼102 kbp) encoding the lacZ ORF (Fig. 3 A and
B). Both sequenced strains confirmed the reproducibility of the
large deletion boundaries and showed that the deletion occurred
independently of the lacZ spacer sequence used for targeting.
However, the sequencing data did not reliably display the precise
junctions of the deletion.
The 102-kbp segments deleted constitute ∼5.5% of the

1.86-Mbp genome of S. thermophilus. The region contained 102
putative ORFs (STER_1278–1379), encoding ATP-binding cassette
(ABC) transporters, two-component regulatory systems, bacte-
riocin synthesis genes, phage-related genes, lactose catabolism
genes, and several cryptic genes with no annotated function (35).
The effect of the deletion on growth phenotype was assessed in
broth culture by measuring OD at 600 nm over time (Fig. 3C).
The deletion clones appeared to have a longer lag phase and
lower final OD (P < 0.01) and exhibited a significantly longer
generation time during log phase (average of 103 min compared
with 62 min for the wild type; P < 0.001). Although the deletion
derivatives have 5.5% less of the genome to replicate per gen-
eration and expend no resources in transcription or translation
of the eliminated ORFs, no apparent increase in fitness was
observed relative to the wild type. β-Galactosidase activity is a
hallmark feature for industrial applications of lactic acid bacteria

and is essential for preservation of food systems through acidi-
fication. The capacity of lacZ-deficient S. thermophilus strains to
acidify milk therefore was assessed by monitoring pH (Fig. 4D).
Predictably, the deletion strain failed to acidify milk over the
course of the experiment, in sharp contrast to the rapid acidifi-
cation phenotype observed in the wild type.

Genomic Deletions Occur Through Recombination Between Homologous
IS Elements. To investigate the mechanism of deletion, the nucle-
otide sequences flanking the segment were determined. The only
homologous sequences observed at the junctions were two trun-
cated IS1193 insertion sequences exhibiting 91% nucleotide se-
quence identity globally over 727 bp. Accordingly, a primer pair
flanking the two IS elements was designed to amplify genomic
DNA of surviving clones exhibiting the deletion. Each of the de-
letion strains exhibited a strong band of the predicted size (∼1.2 kb)
and confirmed the large genomic deletion event (Fig. 4A). In-
terestingly, a faint amplicon corresponding to the chromosomal
deletion was observed in the wild type, indicating that this region
may excise naturally from the genome at a low rate within wild-
type populations. Sequencing of the junction amplicon was per-
formed for 20 clones generated by chromosomal self-targeting by
CRISPR3. Genotyping of the locus revealed the presence of one
chimeric IS element in each clone and furthermore revealed the
transition from the upstream element to the downstream sequence
within the chimera for each clone (Fig. 4B). The size of deletions
observed ranged from 101,865 to 102,146 bp. The exact locus of
transition was variable but was nonrandom within the clones, im-
plying the potential bias of the deletion mechanism. S. thermophilus
harbors typical recombination machinery encoded as RecA

Table 1. Genomic island characteristics and CRISPR targets

GEI ORF region Length, bp IS family Target gene
CRISPR system

(PAM) Spacer PAM

1 STER_139-STER_148 8,490 IS6 Oligopeptide
transporters

3 (NGGNG) GGTGGGCTGGATGTTTTATCTCGTGTTATC TGGGG

2 STER_840-STER_848 11,932 ISSth1/ IS1167 Proteinase prtS 3 (NGGNG) GCGTGTATTCTCAGACCTCAAAGCTACAAC AGGCG

3 STER_881-STER_888 9,891 IS1191 Copper efflux 3 (NGGNG) TTAGCAGCTGAAACGATTGATTGAGCAATC GGGTG

4 STER_1277-STER_1380 102,087 IS1193 lac operon;
102 ORFs

1 (NNAGAAW) ATTAAGAGATTGTCTTAACTTCATCTCCCCT TCAGAAA

3 (NGGNG) TACAGCAAGCTGGTTGGAAGACCAAGACTTC TGGAG

3 (NGGNG) AGTATTTTGAATCTCTTGAAGAATTTTCTGA AGGGG

GEI, genomic island.

Fig. 2. Transformants recovered after electroporation of control and self-
targeting plasmids. Bars show average clones ± SD screened across inde-
pendent transformation experiments (n = 4) for each of the plasmids tested.
N-term, N-terminal.
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(STER_0077), AddAB homologs functioning as dual ATP-
dependent DNA exonucleases (STER_1681 and STER_1682),
and a helicase (STER_1742) of the RecD family. The high
nucleotide identity between the flanking IS elements and the ca-
pacity for S. thermophilus to carry out site-specific recombination
(4) confirms the potential for RecA-mediated recombination to
mediate excision of the genomic segment (Fig. 4C).
It next was hypothesized that CRISPR-Cas targeting could

facilitate isolation of deletions for each locus with the same ge-
netic architecture. Thus, three CRISPR3 repeat-spacer arrays,
one targeting the oligonucleotide transporter in the first locus,
one targeting prtS from the second locus, and one targeting the
ATPase copper efflux gene from the third locus, were generated
and cloned into pORI28 (Table S2). To screen for deletions,
primers flanking the IS elements at each locus were designed to
amplify each deletion junction (Fig. 4D). The absence of wild-
type loci also was confirmed in each case by designing internal
primers for each genomic island (Fig. 4E). After transformations
with the targeting plasmids, deletions at each locus were isolated,
and the absence of wild type was confirmed. Sequencing of the
deletion junction amplicons confirmed that a single chimeric IS
element footprint remained, indicating a common mechanism
for deletion at each locus. Interestingly, primers flanking the
IS elements also amplified from wild-type gDNA, further
suggesting that population heterogeneity that naturally oc-
curred at each locus resulted from spontaneous genomic de-
letions. These results imply that sequence-specific Cas9 cleavage
selects for the variants lacking protospacer and PAM combi-
nations necessary for targeting. Thus, spontaneous genomic
deletions can be isolated using CRISPR-Cas targeting as a
strong selection for microbial variants that already have lost
those genomic islands.

Discussion
In this study, native type IIA systems harbored in S. thermophilus
were repurposed for defining spontaneous deletions of large
genomic islands. By independently targeting four islands in
S. thermophilus, stable mutants collectively lacking a total of 7%
of the genome were generated. Characterization of the deletion
junctions suggested that an IS-dependent recombination mech-
anism contributes to population heterogeneity and revealed de-
letion events ranging from 8 to 102 kbp. Precise mapping of the
chimeric IS elements indicated that natural recombination
events are likely to be responsible for the large chromosomal
deletions in S. thermophilus and potentially could be exploited
for targeted genome editing. Recent landmark studies have
highlighted the potential for CRISPR-Cas–induced chromo-
somal deletions and rearrangements in bacteria (29, 30). Jiang
et al. (29) first reported that sequence-specific Cas9 cleavage
selects for preexisting variants lacking protospacer and PAM
combinations necessary for targeting in S. pneumoniae. Similarly,
Vercoe et al. (30) demonstrated that chromosomal targeting by a
type-IF CRISPR-Cas system caused elimination of a horizontally
acquired pathogenicity island in Pectobacterium atrosepticum
(30). The concept of sequence-based removal of specific geno-
types was developed further as a tool for manipulation of mi-
crobial consortia via CRISPR-Cas targeting, resulting in directed
genome evolution at the population level (15). In accordance
with previous work, our results demonstrate that wild-type clones
were removed from the population, but mutants without
CRISPR-Cas–targeted features survived. Thus, adaptive islands
were identified and validated, showing that precise targeting by
an endogenous Cas9 can be exploited for isolating large deletion
variants in mixed populations.
Genome evolution of bacteria occurs through horizontal gene

transfer, intrinsic mutation, and genome restructuring. Genome
sequencing and comparative analysis of S. thermophilus strains

68

0

A C

D50

0

B

Fig. 3. Genome sequencing and phenotypic analysis of Lac− clones. (A and B) Sequence data revealed an absence of the chromosomal segment encoding lacZ
in two mutants independently created by targeting the 5′ end (A) and cation-binding residue (B) coding sequences of lacZ using the CRISPR3 system. The size
of the deletions ranged from 101,865 to 102,146 bp in length, constituting ∼5.5% of the genome of S. thermophilus. (C) Growth of large-deletion strains
generated by CR3 spacer 1 (circles) and CR3 spacer 2 (diamonds) compared with wild type (squares) in semisynthetic Elliker medium represented as mean ± SD.
Shown is OD at 600 nm of three independent biological replicates. (D) Acidification capacity of wild-type S. thermophilus (squares) and large-deletion strains
(circles/diamonds) in skim milk relative to an uninoculated control (triangles).
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have revealed significant genome decay but also indicate that
adaptation to nutrient-rich food environments occurred through
niche-specific gene acquisition (18, 35). The presence of MGEs
including integrative and conjugative elements, prophages, and
IS elements in S. thermophilus genomes is indicative of rapid
evolution to a dairy environment (39, 40). Mobile genetic fea-
tures facilitate gene acquisition and, conversely, inactivation or
loss of nonessential sequences. Consequently, MGEs confer
genomic plasticity as a means of increasing fitness or changing
ecological lifestyles. Our results strongly indicate that CRISPR-
Cas targeting of these elements may influence chromosomal
rearrangements and homeostasis. This finding is in contrast to
experiments targeting essential features, which resulted in the
selection of variants with inactivated CRISPR-Cas machinery
(41). Mutation of essential ORFs is not a viable avenue for cir-
cumvention of CRISPR-Cas targeting, and thus only those clones
with inactivated CRISPR-Cas systems remain. By design, targeting
genetic elements predicted to be hypervariable and expendable
demonstrated that variants with altered loci were viable, main-
taining active CRISPR-Cas systems during self-targeting events.
Despite the nearly ubiquitous distribution of IS elements in

bacterial genomes, they remain an enigmatic genetic entity, largely
because of their diversity and plasticity in function (34). Our re-
sults suggest it is possible to predict recombination between re-
lated IS elements by analyzing their location, orientation, and
sequence conservation (Figs. S1 and S2). CRISPR-Cas targeting
then can be used to validate population heterogeneity empiri-
cally at each predicted locus and simultaneously to increase the
recovery of low-incidence mutants. The high prevalence of
MGEs in lactic acid bacteria, and especially S. thermophilus, is in
accordance with their role in speciation of these hyper-adapted
bacteria through genome evolution (39, 40). Moreover, recovery
of genomic deletion mutants using CRISPR-Cas targeting could
facilitate phenotypic characterization of genes with unknown
function. Mutants exhibiting the deletion of the 102-kb island
encoding the lac operon had significantly increased generation
times relative to the wild type and achieved a lower final OD.
With 102 predicted ORFs therein, it is likely that additional
phenotypes are affected, and many of the genes do not have an-
notated functions. CRISPR-Cas targeting allows direct assessment
of how island-encoded genes contribute to adaption to grow in
milk; this understanding is important, given the industrial rele-
vance of niche-specific genes such as prtS. Moreover, it is in the
natural genomic and ecological context of these horizontally

acquired traits, because they likely were acquired as discrete is-
lands. These results establish avenues for the application of self-
targeting CRISPR-Cas9 systems in bacteria to investigate trans-
position, DNA repair mechanisms, and genome plasticity.
CRISPR-Cas systems generally limit genetic diversity through

interference with genetic elements, but acquired MGEs also can
provide adaptive advantages to host bacteria. Thus, the benefit
of maintaining genomically integrated MGEs despite CRISPR-
Cas targeting is an important driver of genome homeostasis.
Collectively, our results establish that in silico prediction of GEIs
can be coupled with CRISPR-Cas targeting to isolate clones
exhibiting large genomic deletions. Chimeric insertion sequence
footprints at each deletion junction indicated a common mech-
anism of deletion for all four islands. The high prevalence of self-
targeting spacers exhibiting identity to genomic loci, combined
with experimental demonstrations of genomic alterations, sug-
gests that CRISPR-Cas self-targeting may contribute significantly
to genome evolution of bacteria (28, 30). Collectively, studies on
CRISPR-Cas–induced large deletions substantiate this approach
as a rapid and effective means to assess the essentiality and func-
tionality of gene clusters devoid of annotation and to define min-
imal bacterial genomes based on chromosomal deletions occurring
through transposable elements.

Materials and Methods
Bacterial Strains. All bacterial strains are listed in Table S2. Bacterial cultures
were cryopreserved in an appropriate growth medium with 25% glycerol
(vol/vol) and stored at −80 °C. S. thermophilus was propagated in Elliker
medium (Difco) supplemented with 1% beef extract (wt/vol) and 1.9%
(wt/vol) β-glycerolphosphate (Sigma) broth under static aerobic conditions at
37 °C or on solid medium with 1.5% (wt/vol) agar (Difco), incubated anaer-
obically at 37 °C for 48 h. Concentrations of 2 μg/mL of erythromycin and 5 μg/mL
of chloramphenicol (Sigma) were used for plasmid selection in S. ther-
mophilus, when appropriate. Escherichia coli EC1000 was propagated aer-
obically in Luria–Bertani (Difco) broth at 37 °C or on brain-heart infusion
solid medium (Difco) supplemented with 1.5% agar. Antibiotic selection of
E. coli was maintained with 40 μg/mL kanamycin and 150 μg/mL of erythro-
mycin for recombinant E. coli, when appropriate. Screening of S. thermophilus
derivatives for β-galactosidase activity was assessed qualitatively by supple-
menting a synthetic Elliker medium with 1% lactose, 1.5% agar, and 0.04%
bromo-cresol purple as a pH indicator.

DNA Isolation and Cloning. All kits, enzymes, and reagents were used ac-
cording to the manufacturers’ instructions. DNA purification and cloning
were performed as described previously (42). Plasmids with lacZ targeting
arrays were constructed with each consisting sequentially of the (i) native
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Fig. 4. Depiction of recombination events between
ISs. (A) Large-deletion amplicons yielded by PCR
analysis of gDNA recovered from transformants.
Lanes denoted Δ were amplified from gDNA of Lac−

clones. (B) Sequences of predicted recombination
sites were determined by mapping SNPs corre-
sponding to upstream (blue) or downstream (red) IS
elements. (C) Schematic of ISs predicted to recom-
bine during chromosomal deletion of the island
encoding lacZ. (D) Amplicons generated from pri-
mers flanking genomic islands 1, 2, and 3 to confirm
deletions. (E) Amplicons generated from internal
primers to confirm the absence of wild-type se-
quences in each CRISPR-induced deletion culture.
Lanes denoted Δ were amplified from genomic DNA of
clones recovered after CRISPR-Cas–mediated targeting.
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leader sequence specific to CRISPR1 or (ii) CRISPR3 native repeats specific
to CRISPR 1 or (iii) CRISPR 3 spacer sequence specific to the 5′ end of lacZ,
another native repeat. To engineer each plasmid, the sequence features
listed above were ordered as extended oligomers (Table S3), combined using
splicing by overlap extension PCR (42), and cloned into pORI28 (Table S3).

Selection and Design of CRISPR Spacers. Putative protospacers were con-
strained by first defining the location of all putative PAM sequences in the
sense and antisense strands of lacZ. Within the 3,081-nt gene, there were 22
CRISPR1 (AGAAW) and 39 CRISPR3 (GGNG) PAM sites that were identical to
their bioinformatically derived consensus sequences (21). After potential
spacers were identified, the complete proto-spacer, seed, and PAM sequence
were subjected to BLAST analysis against the genome of S. thermophilus
LMD-9 to prevent additional targeting of nonspecific loci. The spacers for
CRISPR1 and CRISPR3 were disparate in sequence and corresponding PAM
sites but were designed to target the 5′ end of lacZ, resulting in predicted
cleavage sites residing 6 nt apart. The leader sequences, repeats, and spacers
on each plasmid represented orthogonal features unique to CRISPR1 or
CRISPR3, respectively. To assess target locus-dependent mutations, an ad-
ditional CRISPR3 plasmid was created with a spacer to the metal cation-
binding residue essential for β-galactosidase activity. A CRISPR1 array plas-
mid containing a nonself spacer was used as a control to quantify lethality
of self-targeting.

Transformation. Plasmids were electroporated into competent S. thermo-
philus containing the temperature-sensitive helper plasmid pTRK669. An
overnight culture of S. thermophiluswas inoculated at 1% (vol/vol) into 50 mL
of Elliker medium supplemented with 1% beef extract, 1.9% β-glycerophos-
phate, and chloramphenicol selection. When the culture achieved an OD600 at
nm of 0.3, penicillin G was added to achieve a final concentration of 10 μg/mL.

Cells were harvested by centrifugation and washed three times in 10 mL cold
electroporation buffer (1 M sucrose and 3.5 mM MgCl2). The cells were con-
centrated 100-fold in electroporation buffer, and 40 μL of the suspension was
aliquoted into 0.1-mm electroporation cuvettes. Each suspension was com-
bined with 700 ng of plasmid. Electroporation conditions were set at 2,500 V,
25 μF capacitance, and 200 Ω resistance. Time constants were recorded and
ranged from 4.4 to 4.6 ms. The suspensions were combined immediately with
950 μL of recovery medium and were incubated for 8 h at 37 °C. Cell sus-
pensions were plated on selective medium, and electroporation cuvettes were
washed with medium to ensure recovery of cells.

Growth and Activity Assessment. Cultures were preconditioned for growth
assays by subculturing for 12 generations in a semisynthetic Elliker medium
with glucose as the sole carbohydrate source. Fresh medium was inoculated
with an overnight culture at 1% (vol/vol) and incubated at 37 °C statically.
OD600 was monitored hourly until the cultures achieved stationary phase.
Acidification of milk was assessed by inoculating skim milk with an overnight
culture to a level of 108 cfu/mL and incubation at 42 °C. The pH was sub-
sequently monitored using a Mettler Toledo Seven Easy pH meter and Accu-
met probe. Skim milk was acquired from the North Carolina State University
dairy plant and was pasteurized for 30 min at 80 °C.
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