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Abstract
Bifidobacterium longum is one of the most important probiotics used in the food industries. These
bacteria are also applied for the treatment or prevention of gastrointestinal and gynecological diseases as
well the regulation of immune system. On the other hand, the discovery of clustered regularly interspaced
short palindromic repeats (CRISPR) systems has revolutionized gene therapy approaches and provided a
novel tool for gene editing. Several investigators are seeking for potential CRISPR sequences as well the
CRISPR-associated (Cas) proteins in various microorganism. Considering the importance of B. longum
and its safe application in food industry, the aim of the present study is to investigate the presence and
characteristics of CRISPRs in this bacterium via in silico study in 96 strains of the bacteria. According to
the results obtained in this study, nine B. longum strains demonstrated high occurrence of CRISPR arrays.
These arrays could probably form four RNA secondary structures. Since the bacterium B. longum have
been widely used as a safe microorganism in foods, the first report on the probable presence of CRISPR
sequences may provide the opportunity to introduce the bacteria as a gene editing tool.
Keywords: Bifidobacterium longum, CRISPR (clustered regularly interspaced short palindromic repeats),
Cas (CRISPR-associated) proteins, Computational biology.
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1. Introduction
Bifidobacteria is a Gram-positive bacterium from the phylum of actinobacteria. One of
the outstanding properties of these bacteria is the
presence of highly rich G+C sequences in their genome (1, 2). Bifidobacteria is one of the most important bacteria in the gastrointestinal tract (GIT).
Also, they can colonize in vagina, oral cavity, and
breast milk and they have been detected in other
mammals and some insects. The health-promoting
effects of this human GIT microbiota have been
investigated in many studies (1, 3). Functionally,
they are categorized as probiotic microorganisms
...........................................................................................................................
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affecting human health by various mechanisms
such as preventing harmful gut bacteria colonization, anti-inflammatory impacts and reducing metabolic disorders (1, 3, 4). Numerous studies have
been conducted to evaluate the effects of these
bacteria for both prevention and treatment of some
diseases such as Clostridium difficile-Associated
Diarrhea, allergic diseases, Antibiotic-Associated
Diarrhea, colorectal cancer, liver diseases, Inflammatory Bowel Disease (IBD) and Irritable Bowel
Syndrome (IBS) (1, 3). Utilizing probiotics as adjuvant therapy for Helicobacter pylori infection
have also been studied in various investigations
(1). Also, they have been applied as microbiota
modulators in colorectal cancer (1). Interestingly,
researchers have shown that Bifidobacteria might
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be used as a capable and highly sensitive biosensor vehicle (5). Specifically, Bifidobacterium longum is one of the bifidobacterial species routinely
isolated from both mucosal and fecal samples of
healthy individuals (1). The presence of B. longum
helps the reduction of Enterobacteriaceae in GIT.
Furthermore, they have a supporting role by elevating the number and effectiveness of other gut
microbiota such as Eubacterium rectale (1). Additionally, a mixture of two bacterial species with
critical probiotic characteristics, B. longum 110 in
combination with two strains of Lactobacillus, reduced IBS symptoms dramatically. There has been
a remarkable decline in poliosis symptoms in patients treated by B. longum BB536 containing yogurt by the significant regulatory role on the Th1/
Th2 expression (6). Studies have also shown that
B. infantis could modulate T cell subsets expression, which has been considered as a hallmark of
Guillain-Barre Syndrome (GBS) (7).
Recently, various gene editing platforms
have revolutionized biology and genetics as well
as gene therapy. Therefore, a new generation of
genome editing technologies has been introduced
to modify a vast majority of eukaryotic and particularly mammalian species efficiently (8). The
CRISPR loci (clustered regularly interspaced short
palindromic repeats) exist in more than a half of
bacteria and a vast majority of archaea genome
that interacts with a set of genes called Cas (CRISPR-associated), coding an endonuclease, providing an efficient anti-phage defence system (9). In
other words, a CRISPR-Cas locus is composed
of a short RNA guide and Cas protein, which can
be simply directed to any desirable genomic location by this single guide RNA (sgRNA) (10).
Briefly, the performance of CRISPR-Cas system
in defense mechanism consists of a three-stage
process including the integration of spacer which
is a short sequence of invaders gene, preparation
of pre-crRNA via transcription of CRISPR locus
and subsequent maturation of the crRNA followed
by the binding of mature crRNA to one or more
Cas proteins to form a complex with the capability
to recognize DNA or RNA of invaders in case of
reinfection (11). Cas genes could be divided into
six types in which IV-VI types have been developed in recent studies (11, 12). Among all these
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CRISPR-Cas types, type II has been studied more
than the others (6). However, the amazing one is
CRISPR – associated protein9 nuclease which has
been classified as type II. (6). Gene editing is not
the only application of these precious systems.
Considering the specific and crucial applications
of CRISPR-Cas systems for health, they have
been recognized as a useful tool in food science
as well. For instance, CRISPR-Cas systems have
demonstrated significant advantages in vaccination against phages or as an antimicrobial agent,
particularly in the fermentation industry to control
mixed cultures in phage infections (13).
Several investigations have demonstrated
that most of the bacteria of human GI such as bifidobacteria and lactic acid bacteria (LAB) contain
this adaptive immune system (6, 14). in silico investigations have revealed that lactobacilli possess
CRISPR-Cas systems (13). An investigation on
Lactobacillus plantarum ZJ316 has illustrated the
influence of CRISPR-Cas loci on the stability of
the bacteria in unstable conditions (15). Another
study demonstrated that yogurt and cheese contain
fermenting bacteria such as Streptococcus thermophilus. This is a probiotic bacterium with high
active CRISPR-Cas loci which utilizes this system
to fight against phages effectively (16). Similar
studies have been designed to find out the significant role of CRISPR-Cas systems in Bifidobacteria strains. According to these studies, scientists
have indicated that these probiotic bacteria contain
a wide range of CRISPR-Cas loci to resist against
phage attacks (17). Therefore, researchers are
seeking for different prokaryotes including bacteria to find more CRISPR-Cas systems. To achieve
these goals, bioinformatics tools are convenient as
they provide remarkable information before carrying out any expensive and time-consuming lab
experiments (18).
Due to the benefits of probiotic bacteria
such as Bifidobacterium sp., this study is focused
on the finding of propable CRISPRs in 96 strains
of Bifidobacterium longum via in silico methods.
2. Material and methods
2.1. Data collection and CRISPR identification
Genome sequence of B. longum strains
was collected as FASTA format by Nucleotide daTrends in Pharmaceutical Sciences 2021: 7(3): 169-178.
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tabase on National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.
nih.gov/nuccore) on the date 12/02/2018. FASTA
sequences were submitted in CRISPRCasFinder
web-server (https://crisprCas.i2bc.paris-saclay.fr/
CrisprCasFinder/Index) for identification of candidate CRISPRs by finding Direct Repeats (DR)
(19). Sequences with at least three precisely same
repeats were considered as “confirmed CRISPR”
and applied for subsequent investigations. Presence of Cas genes was also confirmed by CRISPRCasFinder web-server analysis.
2.2. Study of direct repeats and classification of
CRISPRs
Multiple Sequence Alignment (MSA) of
all Consensus DRs (CDRs) was done by T-coffeeWS alignment method (20) (default settings) in
the web service tab and viewed by Jalview software version 2.10.5 (21). The phylogenic tree was
constructed by the Neighbor-joining method using
DNA from T-coffeeWS alignment in Jalview.
2.3. Prediction of RNA secondary structures
The RNA secondary structure of the CDRs
was predicted by CRISPRmap v1.3.0-2013 (http://
rna.informatik.uni-freiburg.de/CRISPRmap/Input.
jsp) (22) and the superclass of the CRISPR sequence determined by identified samples in this
database. The same database was also used to predict the sequence family and minimum free energy

(MFE) of predicted RNA. The structures which
could not be predicted by this server were investigated through RNAfold web-server (http://rna.tbi.
univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi)
in order to identify their RNA secondary structure
and MFE (23).
3. Results
3.1. Investigation on CRISPR arrays of B. longum
in CRISPR database
All of the B. longum strains sequences
were entered in this study. Ninety-six strains
were found, and FASTA files of their structures
were saved. Results of CRISPRFinder webserver
showed that only nine strains may contain potential CRISPR CDRs. These nine strains contain five
specific CDRs. Name of strain, CRISPR ID, consensus repeat, repeat length, number of repeats,
Cas protein, Cas type and motif have shown in
Table 1.
3.2. Investigation of direct repeats, phylogenetic
tree depiction, and categorization of CRISPRs
MSA results of 9 CDRs have demonstrated in Figure 1. Nucleotide similarities of each sequence were analyzed and similar/identical points
were shown by colours (Figure 1).
The phylogenic tree was figured out and
similar CDRs were shown in one branch (Fig.
2). NZ_CP013673, NZ_LKSV01000026, and
NZ_PJDQ0100011 were considered precisely the

Table 1. Details of candidate CRISPR structures.
Strain

NCBI ID

Consensus Repeat

Repeat
Length

Number of
repeats

Cas
protein

Cas type

Motif

Bifidobacterium longum strain
35624, complete
genome

NZ_CP013673

ATTTCAATCCACGCACCCCAGTGGGGTGCGAC

32

162

Cas 1

I-C

AGxAG

Cas 2

I, II, III, V

GGAG/
GAGG

Cas 3

I

GGA/
GAG/
AGG

Cas 4

I, II

AGGAG

Cas 5

I-C

AGxAGG/AGGxGG

Cas 7

I-C

AGGAG

Cas 8c

I-C

GGAGG
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Continued Table 1.
Bifidobacterium longum
strain DPC6317
contig0011, whole
genome shotgun
sequence

Bifidobacterium
longum subsp.
longum strain 9
contig_4, whole

NZ_
PJDQ01000011

NZ_
LKSV01000026

ATTTCAATCCACGCACCCCAGTGGGGTGCGAC

ATTTCAATCCACGCACCCCAGTGGGGTGCGAC

32

32

30

122

genome shotgun
sequence

Bifidobacterium
longum subsp.
longum 17-1B
seq15, whole
genome shotgun
sequence

Bifidobacterium longum strain
AM11-2 AM11-2.
Scaf1, whole
genome shotgun

NZ_
JNVZ01000015

CTTGCATACGTCAAAACGTATGCACTTCATTGAGGA

36

42

Cas 1

I-C

AGxAG

Cas 2

I, II, III, V

GGAG/
GAGG

Cas 3

I

AGGA

Cas 4

I, II

AGGAG

Cas 5

I-C

AGxAGG/AGGxGG

Cas 7

I-C

AGGAG

Cas 8c

I-C

GGAGG

Cas 1

I-C

AGxAG

Cas 2

I, II, III, V

GGAG/
GAGG

Cas 3

I

AGxAG

Cas 4

I, II

AGGAG

Cas 5

I-C

AGxAGG/AGGxGG

Cas 7

I-C

AGGAG

Cas 8c

I-C

GGAGG

Csb 1

I-U

AGxAGG/AGGxGG

Csb 2

I-U

AGxAGG/AGGxGG

Cas 1

I, II, III, V

None

Cas 2

I, II, III, V

GGAG/
GAGG

NZ_
QRLW01000001

GCTGGGAATTAGCATTCACCCTTCTTGATAAGCTTG

36

34

-

-

-

Bifidobacterium
longum DNA,
complete genome,
strain: 105-A

NZ_AP014658

GCTGGGAATTAGCATTCACCCTTCTTGATAAGCTTG

36

33

Cas 1

I, II, III

AGGAG/
GGAGG

Cas 2

II

GGA/
GAG/
AGG

Bifidobacterium
longum strain BG7,
complete genome

NZ_CP010453

GCTGGGAATTAGCATTCACCCTTCTTGATAAGCTTG

36

33

-

-

-

Bifidobacterium longum strain
Su859 genome
assembly, chromosome: I

NZ_LT629712

32

9

-

-

-

sequence
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Continued Table 1.
Bifidobacterium
longum subsp.
infantis strain BT1,
complete genome

NZ_CP010411

GTCGCACCCCTCACGGGGTGCGTGGATTGAAAT

same. Also, NZ_AP014658, NZ_CP010453, and
NZ_QRLW01000001 showed the same CDRs.
NZ_CP010411 and NZ_LT629712 were almost
similar.
3.3. RNA secondary structure and MFE prediction
Three kinds of motifs and RNA secondary
structures were obtained from the CRISPRMap
database while two structures were obtained
from the RNAFold database. All of these structures were shown in Figure 3. Structures A and
B were related to NZ_CP010411/NZ_LT629712
(MFE=-14.21 kcal/mol) and NZ_CP013673/NZ_
LKSV01000026/ NZ_PJDQ0100011 (MFE=-8.89
kcal/mol), respectively. NZ_CP010411 and NZ_
LT629712 resulted in the identical structures via
CRISPRMap database. Structures C and D were associated with NZ_JNVZ01000015 (MFE=-12.90
kcal/mol) and NZ_AP014658/NZ_CP010453/
NZ_QRLW01000001 (MFE=-4.12 kcal/mol) respectively.
4. Discussion
Around 20 years ago, probiotics were
extended as a medicine or a supplement to treat
various diseases. Various effects of probiotics were
expected in the treatment of gastrointestinal, genital (especially in women) and urinary system diseases (24). Recently, these products are called as
nutribiotics or pharmabiotics which indicates their
special importance (25). B. longum, as one of the
oldest known probiotics, has been proven for the
prevention of antibiotic-associated diarrhea with
erythromycin and acute diarrhea by rotavirus. This
bacterium also shows significant effects on folic
Trends in Pharmaceutical Sciences 2021: 7(3): 169-178.
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54

Cas 1

I-C

AGGAG

Cas 2

I, II, III, V

None

Cas 3

I

GGA/
GAG/
AGG

Cas 4

I, II

AGGAG

Cas 5

I-C

AGxAGG/AGGxGG

Cas 7

I-C

AGGAG

Cas 8c

I-C

GGAGG

acid absorption (25). Some of the other benefits of
this bacteria are the enhancement of immune system, prevention of pouchitis and human inflammatory bowel disease as well as suppression of colon
tumour incidence and inhibitory effect on pathologic bacteria growth (for example Escherichia
coli) (26). Safety of B. longum has been shown in
many studies so far. Furthermore, Bifidobacteria
containing fermented foods are used over thousands of years by humans and show the considerable safety over the decades (27).
Scott clarified the importance of CRISPRCas in drug discovery in 2018 (28). Fellman et al.
resembled CRISPR-Cas-assisted drug discovery
to a pipeline. In this pipeline, CRISPR-Cas gene
editing technology helps researchers to target
identification and validation as well as the generation of safety models. Then CRISPR-Cas assumed
as a cell-based therapy tool and accelerated finding new medications. Chimeric antigen receptor
T cells for immunotherapy and C-C motif chemokine receptor 5 (CCR5)-knockout cells for HIV
treatment are examples of CRISPR-Cas applications in drug discovery (29).
In the present investigation, we are looking for finding a new approach for the prediction
of potential CRISPR-Cas sequences in bacteria.
In this regard, B. longum was selected, and subsequent analysis was accomplished. As shown
in Table 1, 9 strains from 96 studied strains contain CRISPR sequences. The sequences with
more than 3 directed repeats were considered as
CRISPR sequences. A minimum of 9 repeats for
NZ_LT629712 and maximum of 162 repeats for
NZ_CP013673 were found. Since more CRISPR
173
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Figure 1. MSA results. All of CDRs were aligned and nucleotide similarities of each sequence were shown
by colours.
that some of the B. longum sub-species contained
sequences lead to more spacers as well as more
CRISPR sequences and concluded that the presinsertion regions for foreign sequences, the presence of CRISPR-Cas systems might be strain deence of large number of the repetitive sequences in
pendent (17).
B. longum make the bacteria as a potent microorAccording to the MSA results shown in
ganism for genetic modification and gene delivery
Figure
2,
the conserved backbone of sequences in
studies. Also, there are several possible Cas genes
all of the 9 sub-spices CRISPR gene is clear. Figin some strains that help bacteria to edit foreign
ure 2 shows that all of CRISPR gene sequences
genes in different ways. On the other hand, no Cas
have an approximately equal number of nucleogene was found in NZ_QRLW01000001, NZ_
tides (32-36). Similarly, in Hidalgo-Cantabrana et
CP010453, and NZ_LT629712. Therefore, these
al. research, 32 to 36 CDR lengths for CRISPR
strains might not be able to complete gene editsequences were found. The results obtained in our
ing due to the lack of Cas protein. This could be
study is consistent with the previous investigation
concluded that these strains of B. longum acquired
conducted by Hidalgo-Cantabrana et al. (30).
CRISPR-Cas over time and it is not completed yet.
Phylogeny tree of CDRs shows propinThe presence of similar Cas protein found in difquity
of
strains. Although the strains containing
ferent strains is the result of the similarity between
similar CDRs were categorized in a unique cluster,
various strains. It is clear that all of these strains
the similarities between different clusters are also
belong to B. longum species and the remarkable
remarkable.
similarities are expected. Briner et al. showed

Figure 2. Phylogeny tree of CDRs. Similar CDRs were combined in a cluster.
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Figure 3. RNA secondary structure of CDRs was predicted and minimum free energy (MFE) of them has
been shown by colours.
Figure 3 shows the predicted RNA secondary structure of CDRs. It seems that Figure 3-C
is not stable enough to form a potential structure.
On the other hand, another CDRs including A, B
and D showed capability of forming partially stable RNA secondary structures which confirms the
CRISPR activity.
CRISPR systems are widely grown and
can be used for genome-wide screening, generating animal models, cell therapy, antimicrobial
and antiviral agents, agricultural applications, and
food and industrial biotechnology (31). This study
showed that Bifidobacteria can be used for these

purposes due to their probiotic application. For instance, it is possible to use these bacteria for gene
editing and gene delivery objectives. Therefore,
these bacteria might be considered as a candidate
for further studies in the field of CRISPR-Cas.
Funding
This research did not receive any specific
grant from funding agencies in the public, commercial, or not-for-profit sectors.
Conflict of Interest
None declared.

.................................................................................................................................
References
1.
Hidalgo-Cantabrana C, Delgado S, Ruiz
L, Ruas-Madiedo P, Sánchez B, Margolles A. Bifidobacteria and Their Health-Promoting Effects.
Microbiol Spectr. 2017 Jun;5(3). doi: 10.1128/microbiolspec.BAD-0010-2016. PMID: 28643627.
2.
Ventura M, Turroni F, Lugli GA, van Sinderen D. Bifidobacteria and humans: our special
friends, from ecological to genomics perspectives.
J Sci Food Agric. 2014 Jan 30;94(2):163-8. doi:
10.1002/jsfa.6356. Epub 2013 Sep 16. PMID:
23963950.
3.
Freitas AC, Hill JE. Bifidobacteria isolated from vaginal and gut microbiomes are indistinguishable by comparative genomics. PLoS One.
2018 Apr 23;13(4):e0196290. doi: 10.1371/jourTrends in Pharmaceutical Sciences 2021: 7(3): 169-178.

nal.pone.0196290. PMID: 29684056; PMCID:
PMC5912743.
4.
Zhu G , Ma F , Wang G , Wang Y , Zhao J
, Zhang H , Chen W . Bifidobacteria attenuate the
development of metabolic disorders, with interand intra-species differences. Food Funct. 2018
Jun 20;9(6):3509-3522. doi: 10.1039/c8fo00100f.
PMID: 29892745.
5.
Landete JM, Arqués JL. Fluorescent
Lactic Acid Bacteria and Bifidobacteria as Vehicles of DNA Microbial Biosensors. Int J Mol
Sci. 2017;18(8):1728. Published 2017 Aug 8.
doi:10.3390/ijms18081728
6.
Hidalgo-Cantabrana C, O'Flaherty S,
Barrangou R. CRISPR-based engineering of
next-generation lactic acid bacteria. Curr Opin
175

Amir Zarrinhaghighi et al.

Microbiol. 2017 Jun;37:79-87. doi: 10.1016/j.
mib.2017.05.015. Epub 2017 Jun 13. PMID:
28622636.
7.
Shi P, Qu H, Nian D, Chen Y, Liu X, Li
Q, et al. Treatment of Guillain-Barré syndrome
with Bifidobacterium infantis through regulation of T helper cells subsets. Int Immunopharmacol. 2018 Aug;61:290-296. doi: 10.1016/j.
intimp.2018.06.015. Epub 2018 Jun 14. PMID:
29908492.
8.
Hsu PD, Lander ES, Zhang F. Development and applications of CRISPR-Cas9 for genome engineering. Cell. 2014 Jun 5;157(6):12621278. doi: 10.1016/j.cell.2014.05.010. PMID:
24906146; PMCID: PMC4343198.
9.
Makarova KS, Haft DH, Barrangou R,
Brouns SJ, Charpentier E, Horvath P, et al. Evolution and classification of the CRISPR-Cas systems. Nat Rev Microbiol. 2011 Jun;9(6):467-77.
doi: 10.1038/nrmicro2577. Epub 2011 May 9.
PMID: 21552286; PMCID: PMC3380444.
10.
Cheng AW, Wang H, Yang H, Shi L, Katz
Y, Theunissen TW, et al. Multiplexed activation
of endogenous genes by CRISPR-on, an RNAguided transcriptional activator system. Cell Res.
2013;23(10):1163-71.
11.
Wright AV, Nuñez JK, Doudna JA. Biology and Applications of CRISPR Systems: Harnessing Nature's Toolbox for Genome Engineering.
Cell. 2016 Jan 14;164(1-2):29-44. doi: 10.1016/j.
cell.2015.12.035. PMID: 26771484.
12.
Makarova KS, Koonin EV. Annotation
and Classification of CRISPR-Cas Systems. Methods Mol Biol. 2015;1311:47-75. doi: 10.1007/9781-4939-2687-9_4. PMID: 25981466; PMCID:
PMC5901762.
13.
Stout E, Klaenhammer T, Barrangou
R. CRISPR-Cas Technologies and Applications
in Food Bacteria. Annu Rev Food Sci Technol.
2017 Feb 28;8:413-437. doi: 10.1146/annurevfood-072816-024723. PMID: 28245154.
14.
Abriouel H, Pérez Montoro B, Casado Muñoz MDC, Knapp CW, Gálvez A, Benomar N. In
silico genomic insights into aspects of food safety
and defense mechanisms of a potentially probiotic
Lactobacillus pentosus MP-10 isolated from brines
of naturally fermented Aloreña green table olives.
PLoS One. 2017 Jun 26;12(6):e0176801. doi:
10.1371/journal.pone.0176801. PMID: 28651019;
PMCID: PMC5484467.
176

15.
Li P, Li X, Gu Q, Lou XY, Zhang XM,
Song DF, et al. Comparative genomic analysis of
Lactobacillus plantarum ZJ316 reveals its genetic
adaptation and potential probiotic profiles. J Zhejiang Univ Sci B. 2016 Aug;17(8):569-79. doi:
10.1631/jzus.B1600176. PMID: 27487802; PMCID: PMC4980435.
16.
Selle K, Barrangou R. CRISPR-Based
Technologies and the Future of Food Science.
J Food Sci. 2015 Nov;80(11):R2367-72. doi:
10.1111/1750-3841.13094. Epub 2015 Oct 7.
PMID: 26444151.
17.
Briner AE, Lugli GA, Milani C, et al.
Occurrence and Diversity of CRISPR-Cas Systems in the Genus Bifidobacterium. PLoS One.
2015;10(7):e0133661. Published 2015 Jul 31.
doi:10.1371/journal.pone.0133661
18.
Negahdaripour M, Nezafat N, Hajighahramani N, Rahmatabadi SS, Ghasemi Y. Investigating CRISPR-Cas systems in Clostridium
botulinum via bioinformatics tools. Infect Genet Evol. 2017 Oct;54:355-373. doi: 10.1016/j.
meegid.2017.06.027. Epub 2017 Jul 4. PMID:
28684374.
19.
Couvin D, Bernheim A, Toffano-Nioche
C, Touchon M, Michalik J, Néron B, et al. CRISPRCasFinder, an update of CRISRFinder, includes a portable version, enhanced performance
and integrates search for Cas proteins. Nucleic
Acids Res. 2018 Jul 2;46(W1):W246-W251. doi:
10.1093/nar/gky425. PMID: 29790974; PMCID:
PMC6030898.
20.
Notredame C, Higgins DG, Heringa J. TCoffee: A novel method for fast and accurate multiple sequence alignment. J Mol Biol. 2000 Sep
8;302(1):205-17. doi: 10.1006/jmbi.2000.4042.
PMID: 10964570.
21.
Waterhouse AM, Procter JB, Martin DM,
Clamp M, Barton GJ. Jalview Version 2--a multiple sequence alignment editor and analysis workbench. Bioinformatics. 2009 May 1;25(9):1189-91.
doi: 10.1093/bioinformatics/btp033. Epub 2009
Jan 16. PMID: 19151095; PMCID: PMC2672624.
22.
Lange SJ, Alkhnbashi OS, Rose D, Will
S, Backofen R. CRISPRmap: an automated classification of repeat conservation in prokaryotic
adaptive immune systems. Nucleic Acids Res.
2013;41(17):8034-8044. doi:10.1093/nar/gkt606
23.
Hofacker IL. Vienna RNA secondary structure server. Nucleic Acids Res. 2003
Trends in Pharmaceutical Sciences 2021: 7(3): 169-178.

CRISPR/Cas systems in Bifidobacterium longum

Jul 1;31(13):3429-31. doi: 10.1093/nar/gkg599.
PMID: 12824340; PMCID: PMC169005.
24.
Elmer GW. Probiotics: "living drugs". Am
J Health Syst Pharm. 2001;58(12):1101-9.
25.
Lee ES, Song EJ, Nam YD, Lee SY. Probiotics in human health and disease: from nutribiotics to pharmabiotics. J Microbiol. 2018
Nov;56(11):773-782. doi: 10.1007/s12275-0188293-y. Epub 2018 Oct 24. PMID: 30353462.
26.
Picard C, Fioramonti J, Francois A, Robinson T, Neant F, Matuchansky C. Review article: bifidobacteria as probiotic agents -- physiological effects and clinical benefits. Aliment
Pharmacol Ther. 2005 Sep 15;22(6):495-512.
doi: 10.1111/j.1365-2036.2005.02615.x. PMID:
16167966.
27.
Ouwehand AC, Sherwin S, Sindelar C,
Smith AB, Stahl B. Production of Probiotic Bifido-

Trends in Pharmaceutical Sciences 2021: 7(3): 169-178.

bacteria. The Bifidobacteria and Related Organisms: Elsevier; 2018. p. 261-9.
28.
Scott A. How CRISPR is transforming drug
discovery. Nature. 2018 Mar 8;555(7695):S10S11. doi: 10.1038/d41586-018-02477-1. PMID:
29517026.
29.
Fellmann C, Gowen BG, Lin P-C, Doudna JA, Corn JE. Cornerstones of CRISPR–Cas in
drug discovery and therapy. Nat Rev Drug Discov.
2016;16:89.
30.
Hidalgo-Cantabrana C, Crawley AB,
Sanchez B, Barrangou R. Characterization and
Exploitation of CRISPR Loci in Bifidobacterium
longum. Front Microbiol. 2017;8:1851. Published
2017 Sep 26. doi:10.3389/fmicb.2017.01851
31.
Barrangou R, Doudna JA. Applications of
CRISPR technologies in research and beyond. Nat
Biotechnol. 2016;34:933.

177

Amir Zarrinhaghighi et al.

178

Trends in Pharmaceutical Sciences 2021: 7(3): 169-178.

