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Abstract

Background: Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a part of an adaptive immune system in prokaryotes

and occurring in diverse forms of bacteria.

Case Presentation: We presented the results of sequence analysis which can help in understanding the presence of CRISPR-mediated
antiphage ability in both pathogenic and non-pathogenic strains of Escherichia coli.

Conclusion: Endogenous CRISPR spacers with imperfect matches are the candidates of anti-phage function in genetically distant strains

of E. coli.
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Background

CRISPR is an acronym that stands for Clustered Regularly In-
terspaced Short Palindromic Repeats. It is an important part of an
adaptive microbial immune system that occurs in wide varieties of
bacteria [1]. CRISPR I and CRISPR II are two types of CRISPR ele-
ments that have been recognized in the Escherichia coli K-12 strain.
CRISPR 1 is followed by eight cas genes namely, cas1, cas2, cas3,
casA, casB, casC, casD and case in CRISPR element I. The last five
genes encode the proteins to form a Cascade like complexes. Two
genes cas1 and cas2 are responsible for adding exogenous spacers
in to CRISPR region which lies near the leader sequence [2]. How-
ever, CRISPR II element is not found to be surrounded by such cas
genes [3]. The procurement of new spacers provide host with an
immunological memory to distinguish an invaded DNA molecules.
The functional mechanism of CRISPR/Cas system is a hierarchical
process. The results from our previous study indicated that two
endogenous spacers; CR1-7 and CR2-6, which are relatively con-
served can hinder replication of P1 phage in E. coli K12 strain [4].
However, the comprehensive correlation between the CRISPR spac

ers of pathogenic and non-pathogenic strains of E. coli and their
phages still remains unclear.

Case Presentation

In this case study, we demonstrated the results of sequence
analysis which can help understanding the presence of CRISPR-me-
diated anti-phage ability in pathogenic and non-pathogenic strains
of E. coli. We collected E. coli spacers from CRISPRdb [5] and ap-
plied BLASTN program to compare the similarity between these
spacers with the genome sequence of several Enterobacter phag-
es, including P1, P2, T4, T5, T7, A, $X147, MS2, Qf, and M13. The
different spacers targeting the same phage were found in geneti-
cally distant strains (Supplementary File 1). Moreover, multiple
spacers against the same phage were found in many strains, which
was similar to the presence of multiple P1 specific spacers in E. coli
K12 strain (Supplementary File 2). The results indicated that the
CRISPR/Cas system in E. coli had actively acquired spacers from
the phage which infected them rather than a random event that oc-
curred when searching for base pairing between short sequences.
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Supplementary File 1:

E. Coli Strains\Phages P1 P2 Lambda T4 T7 T5 M13 Qbeta
UMNO026 3 1
42 2
P12b 3 1
ETECH10407 1 1
ED1a 3
083:H1 str. NRG 857C 1 2
LF82 1 1 1
IAI1 2 1 1
E24377A 1 1
ATCC 8739 3 2 1 1
MG1655 5 1 1 1
BW2952 5 1 1 1
DH1 5 1 1 1
UMNK88 2 1 1
026:H11 11368 1 1 1 1
0111:H-11128 1 1 2
ETEC H10407 1
BL21(DE3) 1 1
B REL606 1 1
UTI89 2 1
UM146 1 1
588 1 1
IHE3034 1 1
55989 1 1 1
APEC 01 1 1
0152:H28 SE11 1
0139:H28 E24377A 1
09 HS 1 1
w 1 1
KO11FL 1 1
SMS-3-5 1
sum= 42 21 14 9 4 3 2 2

Strain=48

Strain with CRISRP=42

Number of Spacer=688

Selected Phages: P1, P2, Lambda, T4, T7, T5, M13, Qbeta

The parameters used in BLAST are the same as a default setting, but only matches have base-pairing region spanning greater than
15 base-pairs were reported here.
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Supplementary File 2:

Phage E. coli strain CRISPR ID Spacer Protospacer
P1
UMNO026 NC_011751.6 GCTGGTGGCGCGGGCAAACGGAACAATCCCGC GCTGGTGGLGCGGECCAACGGAA-
CAATCCCGC
NC_011751_6 ACATGAATGTCGGTTCAGACCGTGTTTTTACC ACATGAATGTCGGCTGTGACCGTGT: A
TTTCACC
NC_011751_3 TCGACGGGGTGCGGTAAAACCTTTGCGAACGC AGCTCTTGGTG%&?ZﬁAAACCATTCAT- B
042 NC_017626_6 CAAAGGACACCGGGAGGCACCCGGCACCGCA TAAAGGACACCGgg?:GCACCCGGCAC_
NC_017626_6 ACATGAATGTCGGTTCAGACCGTGTTTTTACC ACATGAATGTCGGCTGTGACCGTGT: A
TTTCACC
P12b NC_017663_8 ACATGAATGTCGGTTCAGACCGTGTTTTTACC ACATGAATGF;%%%%E%TGACCGTGT_ A
NC_017663_.9 4 | TGGCTCTGCAACAGCAGCACCCATGACCACGTC CCGCTCTGCAACAAGAGCACAACGA- F
CAACCGC
NC_017663_9_1 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACAGGCTCAGGAAGCTCGT- E
CAGGCTC
ETEC H10407 NC_017633_7 AAAATTTGTTGCAAAACTCGCTGTAAAAATAG TAATTTTGTTG%??S:CTCCCTACAAT_
ED1a NC_011745_3 TGCAAACGCTACTTGCTCATTGACCACGTAAG AAATTTCACCCC(,:F‘;:(;((‘;TTATTGACCACG_
ATTCGCGGCACACAGAGACTTGCG-
NC_011745_2 GTGGCGCTAGCAATGAGATTTGCGGAAAAAAG G G
NC_011745_2 AGGAACCGCGTCAGCCCCCTGCAAAGCTCATT GAGCCGATCAATCE:,IE:]? CCTGCAAACGCT
083:H1 str. GTCGCAAGACCAGCAAGCGCGGTTAAA-

NRG 857C NC_017634_2 AGCAGCTTTCCAGCGAGCGCGGTTAACTCACT GTTGC C
LF82 NC_011993_2 AGCAGCTTTCCAGCGAGCGCGGTTAACTCACT GTCGCAAGACC/E(,}%E%GCGCGGTTAAA' C
IAI1 NC_011741_4 CCCGAAAGAGATTGCCAGCCAGCTTAATTTGC CGTCAGAAATAGTGCCATCCAGCT-

TAATTGCA
NC_011741_2 CGACGGGGTGCGGTAAAACCTTTGCGAACGC TCAGCTCTTGGTGCGGTAAAACCAT: B
TCATTAT
E24377A NC_009801_1 CGACGGGGTGCGGTAAAACCTTTGCGAACGC TCAGCTCTT(,}FGC&(}F(,:&gTAAAACCAT_ B
ATCC 8739 NC_010468_2 CACGGCTGGCCATTTGAAATACCTGTTGCTCT CCGCATCCCCC%%TC(ZAAATCCCTGTG- D
NC_010468_2 CACGGCTGGCCATTTGAAATACCTGTTGCTCT CCGCATCCCCCAG'I:(;FCGAAAATCCCTGTG- D
NC_010468_2 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACAGGCTCAGGAAGCTCGT: E
CAGGCTC
MG1655/ :
NC_000913_5 TGGCTCTGCAACAGCAGCACCCATGACCACGTC CCGCTCTGCAC‘;CAACAC%EGCACAACGA F
BW25113
NC_000913_5 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACAGGCTCAGGAAGCTCGT- E
CAGGCTC
NC_000913_4 GTAGTCCATCATTCCACCTATGTCTGAACTCC CATATCCCTCA'I';TA(E:(JC?:CCTACACTGAT—
NC_000913_4 TCAACATTATCAATTACAACCGACAGGGAGCC GCAACGTTAATGAI\E%CAACCGAGCTATT_
NC_000913_4 AAGCTGGCTGGCAATCTCTTTCGGGGTGAGTC AAGCTGGCTGG@,?JX,? CTCATCGAAA-
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BW2952 NC_012759_5 TGGCTCTGCAACAGCAGCACCCATGACCACGTC CCGCTCTGCA(:IZ%:I?:%%GCACAACGA— F
NC_012759_5 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACAGGCTCAGGAAGCTCGT- E
CAGGCTC
NC_012759_4 GTAGTCCATCATTCCACCTATGTCTGAACTCC CATATCCCTCATFZE:%?:CCTACACTGAT-
NC_012759_4 TCAACATTATCAATTACAACCGACAGGGAGCC GCAACGTTAATGA;E%CAACCGAGCTATT_
NC_012759_4 AAGCTGGCTGGCAATCTCTTTCGGGGTGAGTC AAGCTGGCTGG(?TI}JX?CTCATCGAAA_
DH1 NC_017638_5 TGGCTCTGCAACAGCAGCACCCATGACCACGTC CCGCTCTGCACAA%AC%%%GCACAACGA- F
NC_017638_5 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACAGGCTCAGGAAGCTCGT- E
CAGGCTC
NC_017638_4 GTAGTCCATCATTCCACCTATGTCTGAACTCC CATATCCCTCATI,TA%%%CCTACACTGAT-
NC_017638_4 TCAACATTATCAATTACAACCGACAGGGAGCC GCAACGTTAATGAXE?:CAACCGAGCTATT_
NC_017638_4 AAGCTGGCTGGCAATCTCTTTCGGGGTGAGTC AAGCTGGCTGG:?EX,?CTCATCGAAA-
UMNK88 NC_017641_5_4 TGGCTCTGCAACAGCAGCACCCATGACCACGTC CCGCTCTGCA(;CAACACC(};./:.:GCACAACGA- F
NC_017641.5_1 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACAGGCTCAGGAAGCTCGT- E
CAGGCTC
026:H11 CTTAACACAGGCTCAGGAAGCTCGT-

11368 NC_013361_2_2 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CAGGCTC E
0111:H-11128 | NC_013364_2_1 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACA%%%E%‘?%GAAGCTCGT- E
ETEC H10407 NC_017633_7_1 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACA%%%E%?[%GAAGCTCGT_ E

BL21(DE3) NC_012892.5_1 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACA%(;%E%}T%GAAGCTCGT_ E
B REL606 NC_012967_5_1 GACAGAACGGCCTCAGTAGTCTCGTCAGGCTCC CTTAACACA%(;%’I(‘;%}T%GAAGCTCGT_ E
P2
ATCC 8739 NC_010468_3 CATCCGGCGCTGAACATCGCCACCTGCCTAAC TGACAACGACTG@%E?;TCGCCGCCTGCG-
NC_010468_3 CGACGTTTTCTAATATCACCCAGCAATCAATT TGCCACTTTCTCAATATCACCCAG-
CGACCCGAC
NC_010468_2 TTCTTGCGGGTGTTGCAAATATTCTTCACGTA CGGCGGCGGGGGTTCCGAGATATTCT-
TCACATG
UTI89 NC_007946_3 GCGCGCAGTGCCTGATAATCAATTTTGCTCAT AGGGGACGCGCC?&?ZAATCAATTTTCT-
NC_007946_3 ATGAGCAAAATTGATTATCAGGCACTGCGCGC GGTAAGAAAATTGATTATCCGGCG-
CGTCCCCT
UMNK88 NC_017641_4 AATTGATTGCTGGGTGATATTAGAAAACGTCG GTCGGGTCGCTS,? ((“,} g g:TATTGAGAAA_
UM146 NC_017632_3 ATGAGCAAAATTGATTATCAGGCACTGCGCGC GGTAAGAAAATTGATTATCCGGCG- G
CGTCCCCT
S88 NC_011742_3 ATGAGCAAAATTGATTATCAGGCACTGCGCGC GGTAAGAAAATTGATTATCCGGCG- G
CGTCCCCT
LF82 NC_011993_3 ATGAGCAAAATTGATTATCAGGCACTGCGCGC GGTAAG TTGATTATCCGGCG- G
CGTCCCCT
NC_011993_3 GCGCACGGCGTGGCGACAGAGAGCACGCCCGC GCGGACGGCCAGTGGCGA CAGATTGT-
CACCATTG
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GGTAAGAAAATTGATTATCCGGCG-

IHE3034 NC_017628_3 ATGAGCAAAATTGATTATCAGGCACTGCGCGC CGTCCCCT G
1AI1 NC_011741_4 TTTGCCGCTGTCAGCATTGCTGGCGCGTAATA AATGCCGGTG’E(:(?(:%%A(‘:TTGAAGAAAC_
BL21(DE3) NC_012892_4 AGCTGGGCGAAATTTTGATTCATCGTGATGAC AACTGGGGAAA’I(‘}TFT(;TAGATTCCCGCTAT_ H
B REL606 NC_012967_4 AGCTGGGCGAAATTTTGATTCATCGTGATGAC AACTGGGGAAA’ETrE&GATTCCCGCTAT- H
55989 NC_011748_4 TACCGGTGTGAATTACAGCACCACCGCCACCC ATGGGATACGG’E(XEECGAGTACCACCGC-
APEC 01 NC_008563_3 ATGAGCAAAATTGATTATCAGGCACTGCGCGC GGTAAGAAAATTGATTATCCGGCG- G
CGTCCCCT
0152:H28 NC_011415_4 AATAACTCGCGTAAATGCTCTGCGGCGCTACG TCAGGAGATAGTAAATGCTCTGCTGCT-
SE11 GTAAA
P12b NC_017663_8 AGCCGGGCGAAATTTTGATTCATCGTGATGAC CAACTGGGG ;l;""ll:giGATTCCCGCTAT-
083:H1 str. TGATTCTGTACAGGAAGACGCACGT-
NRG 857C NC_017634_3 TCATTCTGTACAGAAAGATCAACCATAATATT TAGCTAT
NC_017634_3 GCGCACGGCGTGGCGACAGAGAGCACGCCCGC GCGGACGGCCAGTGGCGACAGATTGT-
CACCATTG
026:H11 NC_013361_2 TACGTGAAGAATATTTGCAACACCCGCAAGAA CATGTGAAGAATATCTCGGAACCCCLGE- H
11368 CGCCG
0111:H-11128 NC_013364_2 TACGTGAAGAATATTTGCAACACCCGCAAGAA CATGTGAAGAAT(/?S‘((:ISSGGAACCCCCGC- H
0139:H28 ATTGAGGGATTCCGCAAGACCAGTGCA-
E24377A NC_009801_3_15 TTCAGGGGAGTTCGCAAGACCAGCGGAATCGG CAGCT
lambda
UTI89 NC_007946_3_4 GCGCGCAGTGCCTGATAATCAATTTTGCTCAT TCACGCAGTGCCTGAGAGTTAAT- I
TTCGCTCAC
UM146 NC_017632_3_2 GCGCGCAGTGCCTGATAATCAATTTTGCTCAT TCACGCAGTGCCTGAGAGTTAAT: I
TTCGCTCAC
S88 NC_011742_3.5 GCGCGCAGTGCCTGATAATCAATTTTGCTCAT TCACGCAGTGCCTGAGAGTTAAT: I
TTCGCTCAC
LF82 NC_011993_3_15 GCGCGCAGTGCCTGATAATCAATTTTGCTCAT TCACGCAGTGCCTGAGAGTTAAT- I
TTCGCTCAC
IHE3034 NC_017628_3_5 GCGCGCAGTGCCTGATAATCAATTTTGCTCAT TCACGCAGTGCCTGAGAGTTAAT- I
TTCGCTCAC
APEC 01 NC_008563_3_5 GCGCGCAGTGCCTGATAATCAATTTTGCTCAT TCACGCAGTGCCTGAGAGTTAAT: I
TTCGCTCAC
026:H11 ATGCAGGGTGAAACCATTCCCGGCAT-
11368 NC_013361_2_8 CTGCCGGGTGAAACCACTCGCGGCAGATCTTG TCATCG ]
0111:H-11128 | NC_013364.2_6 CTGCCGGGTGAAACCACTCGCGGCAGATCTTG ATGCAGGGTG??Q%EQTTCCCGGCAT_ ]
NC_013364_2_3 TCCAACCTTCCATGAGATACGCGCATTAGCGG TAAAACCTTCC%E(,E;%ATACGAGGGCG—
TTCATCACTTTTAATTGATG-
09 HS NC_009800_6_17 TCAGGGATTTTTAATTGATGATATGCAGATAC TATATGCTCTCTT
CGCCGCCAGCACGTCCGCCGGA-
ETEC H10407 NC_017633_7_5 TCGCGCCAGCACGTCGTCCGGAATCATGATTC CAGGCTGCAT
MG1655 NC_000913_4_11 AGCGTGTTCGGCATCACCTTTGGCTTCGGCTG CCCATCTCTCCGSIS:{,%?CCTTTGGT i K
BW2952 NC_012759_4_11 AGCGTGTTCGGCATCACCTTTGGCTTCGGCTG CCCATCTCTCCG(C}/S’%%?CCTTTGGT i K
Biomedical Journal of
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DH1 NC_017638_4_11 AGCGTGTTCGGCATCACCTTTGGCTTCGGCTG CCCATCTCTCCGEIS'{,?SCCTTTGGT i K
T4
w NC_017635_3_13 TAAAGTAGAATAAAAATATTCGCATAACAGAC ATCTTTAGAATAAT[/:??TATTCATCAAGA_
UMNK88 NC_017641.5_7 TTTGCCACCCGAGTCCATAAATTCTTGATATGC CACTCGCGCTTC,(I%AGT(,:(??TAAATTCTTGA-
UMNO26 NC_011751_7_1 ACAAATGATGCGCCAAAACCAAGACTTTTACA ACAAATGATGngﬁ,ﬁTAATTTCAATA-
KO11FL NC_016902_3_2 GTCTGTTATGCGAATATTTTTATTCTACTTTA GATATCTTGATGA?;TA‘/}FTTTTTATTCTAAA_
E24377A NC_009801_3_7 CTCAAAAAACTTGAAATCAAAACCGGTGAAGA ATTCAAAAACTg::,? l;r CAAAACCAAT-
GTTAAAGCATTATTTTGATCTAC-
55989 NC_011748_4_10 ATTAAAGGATTATTTTGATGAGTCTGAAAAAT TATAAAAGA
MG1655 NC_000913_4_10 TCAACATTATCAATTACAACCGACAGGGAGCC ACAACATTATCA(,:I:II;I(‘:‘?I,AAAATTTAAAAT_ N
BW2952 NC_012759_4_10 TCAACATTATCAATTACAACCGACAGGGAGCC ACAACATTATCA(,:I,ZI(‘:T TTT. T N
DH1 NC_017638_4_10 TCAACATTATCAATTACAACCGACAGGGAGCC ACAACATTATCA(,:T’IA’I(;I}TAAAATTTAAAAT_ N
T5
TAAAGGAGAATAAAAATGATCCG-
w NC_017635_3_13 TAAAGTAGAATAAAAATATTCGCATAACAGAC CAACGTTTCT
KO11FL NC_016902_3_2 GTCTGTTATGCGAATATTTTTATTCTACTTTA AGAAACGTTGCGGATCATTTTTAT-
TCTCCTTTA
ATCC 8739 NC_010468_2_20 CTCGATCAGGAAAATGAATTCCTGGAAAAAAA CATTTACAGG T A,Ir,r GG : TATTCCTGACG-
T7
IAI1 NC_011741_3_8 TAAACCACCAGCCAGACCACCAATTACCACAC GAAACCAC CAGE&?SQCCCATAGAGGT- 0
MG1655 NC_000913_4_6 AAGCTGGCTGGCAATCTCTTTCGGGGTGAGTC GCGCTGGCTGGCCA::;:TCTCCGATGTTC_ 0
BW2952 NC_012759.4_6 AAGCTGGCTGGCAATCTCTTTCGGGGTGAGTC GCGCTGGCTGGC?ATXECTCCGATGTTC_ 0
DH1 NC_017638_4_6 AAGCTGGCTGGCAATCTCTTTCGGGGTGAGTC GCGCTGGCTGGC(‘;FX(':FCTCCGATGTTC-
M13
09 HS NC_009800_6_16 GAGAGACGAAGCATGAAAAAATTAATAATATC GAGATTTTCAAC?‘E?}QAAAAATTATTAT_
ATCC 8739 NC_010468_2_15 ATTACGCCGCCTCGCGTTTTTAGTCATTTCTA GCTAAAACGCCTEggiTTCTTAGAATAC-
Qbeta
SMS-3-5 NC_010498_3_13 TCATACTGCTCCCACACCGAAAGCGCGGCAGC AGGAACTGCASSESEZECTGAAAGCG_
026:H11 TAACTACCTGTCCCTGGCGGCGGCTC-
11368 NC_013361_2_5 AATCGTGTGTAAATTCGCGGCGGCTCCACTGG CAGTGG
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This idea is further supported with by the fact that E. coli 42,
UMNO26, and P12b display almost nearly ideal matched spacers
against P1 phage. We also found that several strains carried the
same anti-P1 phage spacer as that of E. coli K12. E. coli DH1 and
BW2952 strain showed the same CRISPR sequence as those of
K12 strains. A spacer found in E. coli IAl1 was similar to the sev-
enth spacer in CRISPR I locus of K12 (25/25, 100% identical), but
it can form long base-pairing region to P1 genome. Similarly, the
last spacer in CRISPR II region was widespread in 11 strains (Sup-
plementary File 2). The abundance of CRISPR spacers is shown in
Figure 1. These spacers could pair with 16 nucleotides of phage se-
quence, which is as half the size of an E. coli type spacer. The spac-
ers against P1 were the most abundant. On the contrary, only few
spacers matched the genomes of M13 and Q with a statistically
significant number of base pair. The general trend for all E. coli de-
rived-CRISPR spacers was similar to that observed in the CRISPR
region of E. coli K12 BW25113, which was used to conduct most of
the experiments in the present case.
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Figure 1: Distribution of antiphage spacers in
E.coli in CRISPR database [5].

N
Discussion

Formerly it was disclosed that the high interrelationship be-
tween multilocus sequence typing tree and spacer repertoire was
an indication that the CRISPR system in various strains of E. coli
has lost immune function [6]. However, our results not only demon-
strated that several endogenous CRISPR spacers in E. coli K12
strains still provide anti-phage function but also found the distri-
bution of potential anti-phage spacers is more diverse than the ge-
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netic distance indicated by a phylogenic tree[7]. Therefore, the lack
of significant immune effect in prior studies might be due to the
accruement of plentiful of escape mutations in bacteriophage they
studied [2,8]. Provided that phages with escape mutations might
be used for replication, the rivalry between phage and bacteria es-
tablishes a pressure of natural selection to both species, which is
an essential compelling force for phage diversification. In addition,
a CRISPR deletion E. coli protein expression strain can be used as
competent cell because the plasmids are highly stable in these mu-
tant strains due to less interference on the replication and expres-
sion of protein expression plasmids.

Conclusion

The results of this case report revealed that endogenous spacer
with flawed matches as the candidates of anti-phage function in ge-
netically distant strains of E. coli. Furthermore, endogenous spacers
with imperfect matches showing anti-phage function can be vali-
dated using spacer deletion strains.
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