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Efficient genome editing in pathogenic mycobacteria using
Streptococcus thermophilus CRISPR1-Cas9

Abstract

The ability to genetically engineer pathogenic mycobacteria has increased significantly over

the last decades due to the generation of new molecular tools. Recently, the application

of the Streptococcus pyogenes and the Streptococcus thermophilus CRISPR-Cas9 systems in
mycobacteria has enabled gene editing and efficient CRISPR interference-mediated transcriptional
regulation. Here, we converted CRISPR interference into an efficient genome editing tool for
mycobacteria. We demonstrate that the Streptococcus thermophilus CRISPR1-Cas9 (Sth1Cas9) is
functional in Mycobacterium marinum and Mycobacterium tuberculosis, enabling highly efficient
and precise DNA breaks and indel formation, without any off-target effects. In addition, with

dual sgRNAs this system can be used to generate two indels simultaneously or to create specific
deletions. The ability to use the power of the CRISPR-Cas9-mediated gene editing toolbox in M.
tuberculosis with a single step will accelerate research into this deadly pathogen.
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Introduction

Mycobacterium tuberculosis remains the world’s leading infectious agent, killing 1.5
million people annually [1]. In order to increase our understanding of the pathogenesis of
tuberculosis and to identify and optimize treatment and prevention methods, efficient genetic
tools to manipulate the mycobacterial genome are highly desired.

The clustered regular interspaced short palindromic repeat (CRISPR)-technology has
revolutionized the ability to edit genomes. Since the discovery of the class Il CRISPR
systems, the number of species that have been genetically modified by this technique
continues to expand. The CRISPR-associated protein 9 (Cas9), containing two endonuclease
domains, forms a complex with a single guide RNA (sgRNA) designed to recognize a target
sequence of interest, located next to a protospacer adjacent motif (PAM) sequence. Upon
recognition, a precise double-stranded DNA break is induced [2], which is detrimental for
survival if not repaired. Distinct DNA repair mechanisms of the host cell, including non-
homologous end joining (NHEJ) or homologous recombination (HR) repair mechanisms,
will result in repair of the cleaved DNA strands. The NHEJ repair mechanism is error-
prone and is likely to result in random insertions and deletions (indels) and subsequent
frameshift mutations [3, 4]. Most bacteria lack a NHEJ repair system and therefore

cannot efficiently repair double-stranded DNA breaks resulting in bacterial cell death when
the CRISPR-Cas9 system is applied. However, mycobacteria do contain such a DNA

repair system [5-7], which was previously used to produce indel mutations and gene
deletions in Escherichia coli by heterologous expression of the mycobacterial NHEJ repair
proteins Ku and Ligase D (LigD) [8]. Thus far, CRISPR-assisted mycobacterial genome
editing was achieved in Mycobacterium smegmatis utilizing a codon-optimized Cfpl from
Corynebacterium glutamicum [9]. Additionally, CRISPR-Cas-assisted NHEJ gene editing
was recently accomplished in M. smegmatis, M. marinum and M. tuberculosis by inhibition
of RecA-dependent HR-mediated repair in addition to overexpression of mycobacterial
NHEJ proteins [10].

Besides gene editing, the CRISPR-Cas9 system has been adapted to several other
approaches, including CRISPR interference (CRISPRI) to inhibit gene expression, by the
creation of a catalytically defective version of the Cas9 protein (dCas9), sometimes fused

to a transcriptional inhibitor [11, 12]. CRISPRi technology has been successfully applied to
many organisms, including mycobacterial species [13, 14]. Although CRISPRI is a powerful
tool, especially for essential genes, it requires optimization and validation for every targeted
gene and has strong polar effects on genes in the same operon. Moreover, repression of
protein production is not always suitable, since a small fraction of remaining protein can be
sufficient for its full biological function [13]. In this work, we expanded the genetic toolbox
for mycobacteria by restoring the enzymatic activity of catalytically inactive Streptococcus
thermophilus CRISPR1-Cas9 (Sth1dCas9) that is widely used for CRISPRi. We demonstrate
that, by using a single plasmid containing active Sth1Cas9, precise and efficient gene editing
can be achieved in mycobacterial species without the need to introduce NHEJ proteins or to
inhibit RecA-dependent HR-mediated repair. The power of this one-step gene-editing tool in
mycobacteria will accelerate research into this important group of pathogens.
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2 Materials and reagents

2.1 Strains, media and cell growth conditions

All strains used in this study were derived from the wild-type strains Mycobacterium
marinum M [15] or E11 [16] and Mycobacterium tuberculosis strains CDC1551 [17],
H37Rv [18] and mc26020 (ALysA ApanCD)[19, 20]. All strains were routinely cultured
on Middlebrook 7H10 plates supplemented with OADC (Difco) or in Middlebrook 7H9
medium (Difco) containing ADC (Difco) and 0.05% Tween-80 (Sigma). For the culture
of M. tuberculosis mc 26020 (ALysA ApanCD), 100 ng/ml L-lysine (Sigma) and 25
ng/ml D-panthotenic acid (Sigma) were supplemented. When required, the appropriate
antibiotic was added (50 ug/ml kanamycin (Sigma), 50 pg/ml hygromycin (Roche) or 30
pg/ml streptomycin (Sigma). M. marinum and M. tuberculosis cultures and plates were
incubated at 30°C and 37°C, respectively. £. co/i TOP10F' and DH5a. were used for cloning
experiments to generate the plasmids pCRISPRx-Sth1Cas9-L5 and pTdTomato-L5, and
were grown at 37°C on LB agar plates and in LB medium. When necessary, antibiotics
were added to the cultures or plates at similar concentrations as for M. marinum cultures.
Competent mycobacteria were made as follows: M. marinum and M. tuberculosis were
grown in 7H9 medium supplemented with ADC and 0.05% Tween-80. At OD600 0.8-1.5,
1.5% glycine was added to the culture and incubated for 16 hours. Cells were harvested
and washed three times with (cold) 10% glycerol prior to resuspending the bacteria at a
concentration of 50 OD/ml in 10% glycerol.

2.2 Target site prediction

The genomes of M. marinum (ASM1834v1) and M. tuberculosis (ASM19595v2) were
converted to GFF3 and added to the CHOPCHOP web interface. Targets were predicted
using CHOPCHOP [21]. The custom PAM sequences ‘NNAGAA’, ‘NNGGAA’ and
‘NNAGCAT’ were used to identify target sites. When the 5’ of the target site was not
equal to guanine, the target site was extended to the first guanine present in the genome.
Potential SgRNAS containing protospacers with less than 4 mismatches at other loci in the
genome were labeled as potential off-targets and excluded.

2.3 Plasmids

PLJR962 [13] was used as a template to perform extension PCR to reintroduce the catalytic
residues in Sth1Cas9 (see primer table for sequences). The PCR product was cloned into
pJetl.2 (ThermoFisher) and sequence verified by Sanger sequencing (Macrogen). Sth1Cas9
was cut from pJET1.2 and cloned into PLJR962, both digested with restriction enzymes
Sbfl-Clal, generating pCRISPRx-Sth1Cas9-L5 (Addgene 140993).

All oligo’s encoding sgRNAs used in this study are listed in Supplementary Table 1. Oligo’s
contained BsmBI overhangs as described in [13]. Annealed oligos were ligated into the
pCRISPRx-Sth1Cas9-L5 plasmid at BsmBI restriction sites, as described previously [13].

For the incorporation of sgRNA-crtb-1 and sgRNA-crtb-2 in the same plasmid, pCRISPRx-
Sth1Cas9-L5 plasmid was digested with Ndel and BamHI. Restriction overhangs were
blunted by Klenow fragment (ThermoFisher) prior to ligation to create an intermediary
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plasmid. sgRNA-crtb-2 was incorporated into the intermediate plasmid through BsmBlI
restriction sites, amplified by PCR and ligated into pCRISPRx-Sth1Cas9-L5 containing
sgRNA-crtb-1 through BspQI restriction and insertion cloning.

For the generation of pTdTomato-L5, the gene encoding TdTomato was amplified using
PCR from pML2424 [22] utilizing the primers described in Supplementary Table 2.

The PCR product was cloned using In-Fusion Cloning (Takara, 639650) into pMV361-
eccB5-mycP5-HA (strepR) [23] digested with EcoRI and Hindlll, generating the plasmid
pTdTomato-L5 (Addgene 140994).

2.4 Generation and identification of mutants

One hundred microliter of electrocompetent bacteria were electroporated with 1 ug of
pCRISPRx-Sth1Cas9-L5 plasmid containing the appropriate single or double sgRNA(S)
with a single pulse of 2.5 kV, 25 pF, 720 Q. Subsequently, bacteria were either plated on
7H10 plates containing kanamycin, with or without 100 ng/ml ATc (IBA Lifesciences),

or bacteria were shortly induced with 100 ng/ml ATc for 1h after 5h recovery in 7H9
medium and plated on 7H10 plates without ATc. Following incubation for 7-10 days at
30°C, separate colonies were picked for PCR amplification using Phusion High Fidelity
DNA polymerase (ThermoFisher) and sequencing analysis (Macrogen). Primers used in this
study are listed in Supplementary Table 2. The Synthego ICE analysis tool was utilized

to identify the presence of indels in mixed sequencing samples. pCRISPRx-Sth1Cas9-L5
plasmids containing sgRNA targeting PE_PGRS35 (Rv1983, MT2036) or PE_PGRS16
(Rv0977, MT1004) were electroporated into M. tuberculosis H37Rv and CDC1551

strains. pCRISPRx-Sth1Cas9-L5 plasmid containing sgRNA targeting katG (Rv1908c) was
electroporated into M. tuberculosis H37Rv mc26020 strain, with a single pulse of 2.5 kV, 25
uF, 1000 Q. Following overnight recovery in fresh medium, bacteria were plated on 7H10
plates containing OADC and 50 pg/ml kanamycin and incubated at 37°C for three weeks.
Subsequently, bacteria were picked and grown on fresh 7H10 plates containing 100 ng/ml
ATc. Following incubation of three weeks, separate colonies were picked and DNA was
isolated for PCR and sequencing analysis.

2.5 Replacement of CRISPR-Cas9 machinery

pTdTomato-L5 was electroporated into a ¢rfB mutant strain obtained with sgRNA-crtb-1
and a c¢rtB gene deletion mutant acquired using pCRISPRx-Sth1Cas9-L5 containing sgRNA-
crtb-1 and sgRNA-crtb-2 and grown for 7-10 days at 30°C on 7H10 plates containing

30 pg/ml streptomycin. Separate colonies were diluted in 100 pl phosphate-buffered

saline (PBS). Subsequently, 10 pl was spotted on plates containing either streptomycin or
kanamycin.

2.6 Assessment of INH resistance

M. tuberculosis H37Rv mc26020 strains carrying the pCRISPRx-Sth1Cas9-L5 plasmid with
SgRNA targeting katG were diluted in PBS and 10 pl was spotted on 7H10 plates containing
isoniazid (INH; Sigma) in a concentration of 0 pg/ml, 0.019 pg/ml, 0.056 ug/ml and 0.19
pg/ml and incubated at 37°C for 3 weeks. Colony density was measured using ImageJ dot
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plot analysis. For each strain, the integrated density of different INH concentrations was
normalized to the 0 ug/ml INH control.

2.7 Whole-genome sequencing

DNA was isolated from M. marinum M WT (parent strain) and ¢r¢8 mutants, obtained
using sgRNA-crtb-1 following short (1h) and long ATc treatment (10 days). Bacteria

were harvested from 7H10 plates and disrupted in a 1:1 mixture of TE buffer and
phenol/chloroform/iso-amylalcohol (50:49:1) using 0.1 mm Zirconia silicon beads (Biospec
Products) in a bead beater for 1 min. Following centrifugation, the aqueous phase

was incubated with isopropanol and 300 mM sodium acetate for 15 minutes at room
temperature. After centrifugation, the pellet was washed with 70% ethanol and dried prior
to reconstitution in TE buffer and RNAse A (ThermoFisher) treatment. DNA was further
isolated using the High pure PCR preparation kit (Roche). Whole-genome sequencing and
further preparation was performed by Novogene (United Kingdom). Briefly, DNA was
sheared into fragments of 350 bp, and library was constructed utilizing the NEBNExt DNA
Library Prep Kit. Concentration and insert size were determined by Qubit 2.0 fluorometer
and Agilent 2100 bioanalyzer prior to lllumina high-throughput sequencing. Coverage and
indel analysis were performed utilizing QIAGEN CLC Genomics Workbench. Indels were
considered true when the number of reads was more than 10.

2.8 Calculations

Percent survival was calculated as the number of colonies on plates transformed with
pCRISPRx-Sth1Cas9-L5 plasmids containing a targeting syRNA compared to the number of
colonies containing a non-targeting sgRNA. Percentages of phenotypic ¢rfB mutants were
calculated as the percentage of white colonies compared to the total number of colonies.
Gene editing efficiency is defined as the percentage of mutated colonies compared to the
total number of colonies successfully sequenced. Frameshift editing efficiency is defined as
the percentage of colonies containing a frameshift mutation compared to the total number
of colonies successfully sequenced. Percentages are first calculated on a per gene basis,
followed by calculating the average of these percentages when multiple genes are involved.
Only sequence-verified samples are included. Colonies for which no Sanger sequence could
be obtained are excluded.

3 Results

3.1 CRISPR-Cas9-assisted gene editing in M. marinum

In order to achieve gene editing in mycobacteria, we reverted the previously described
catalytically inactive Sth1dCas9 used in CRISPRI [13] into a functional endonuclease.
Sth1dCas9 was modified using site-directed mutagenesis by mutating alanine 9 into aspartic
acid (A9D) and alanine 599 into a histidine (A599H) on the L5-integrative plasmid PLJR962
to create a functional Sth1Cas9, expressed under the control of an anhydrotetracycline
(ATc)-inducible promoter. We designated this plasmid pCRISPRx-Sth1Cas9-L5. Restoring
the endonuclease function of Sth1Cas9 enables the generation of double-stranded breaks in
the bacterial chromosome in the presence of specific SgRNA (Figure 1A).
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To explore the gene-editing capacity of this CRISPR-Cas9-mediated system in M. marinum,
sgRNASs were designed to target the non-essential ¢rfB gene. CrtB is required for the
production of a yellow carotenoid pigment in the presence of light. Therefore, non-
functional crtB mutants are easily distinguished as white colonies in contrast to the

yellow wild-type (WT) M. marinum colonies [24]. The pCRISPRx-Sth1Cas9-L5 plasmid
containing a sSgRNA that targets crtB (SgRNA-crtb-1) was transformed into WT M. marinum
M and E11 strains. As expected, we obtained a reduced number of transformants (23%)
with our targeting construct in comparison to transformants carrying the control vector
containing a non-targeting sgRNA (Figure 1B; Supplementary Table 3). This difference is
likely due to bacterial cell death after induction of double-stranded DNA breaks. Moreover,
the number of transformants carrying a functional CRISPR-Cas9 system decreased to 4%
following induction of the CRISPR-Cas9 system, either when the inducing agent ATc

was added to the growth medium of a plate (for 10 days) or when it was only briefly

added (for 1h) during recovery in liquid medium following electroporation. Next, we
investigated whether genome editing occurred in the transformants carrying the functional
CRISPR-Cas9 system. Following electroporation of the pCRISPRx-Sth1Cas9-L5 harboring
sgRNA-crtb-1, 12% and 42% of the colonies showed the phenotype of ¢rtB mutants in

M. marinum E11 and M strains, respectively (Figure 1C, D, Supplementary Table 3). This
demonstrates that CRISPR-Cas9-assisted gene editing was already successful in the absence
of ATc induction, probably due to leaky expression of the CRISPR-Cas9 system. Upon ATc
induction, the levels of non-functional crtB mutants were significantly increased to 66-90%
(Figure 1C, D, Supplementary Figure 1A). This effect was observed both following ATc
treatment for 1h during electroporation recovery in liquid medium or for 10 days on plates.
These experiments indicate that ATc-induced CRISPR-Cas9-mediated gene editing is highly
efficient.

Previous work identified that, next to the consensus PAM sequence NNAGAAW for
Sth1Cas9 [25, 26], some divergence of this PAM sequence is tolerated depending on
Sth1Cas9 concentration [27]. Since mycobacterial DNA is GC-rich, the number of
consensus PAM options in the genome are limited. Therefore, we examined whether
NNGGAA could also be used as a PAM sequence to direct gene editing. Again, we
targeted the crtB gene as a marker gene for inactivation using sgRNA-crtb-2. Transformants
carrying the pCRISPRx-Sth1Cas9-L5 plasmid containing sgRNA-crtb-2 in the absence of
ATc induction did not yield any non-functional crtB mutants (Figure 1E), indicating that
gene editing using sgRNA-crtb-2 might require induction of the CRISPR-Cas9 system.
Indeed, upon treatment with ATc, either for 1h or 10 days, 35% and 55% of the colonies
showed the crtB mutant phenotype in M. marinum M, respectively. This demonstrates
that a suboptimal PAM site is suitable for creating mutants, although with a lower
efficiency as compared to targeting the optimal PAM sequence. Gene editing with the
sgRNA-crtb-2 might not be feasible for the M. marinum E11 strain, as it harbors 3
mismatches within the 20 bp sgRNA target site. We investigated whether this mismatch
would abolish the generation of non-functional ¢rfB mutants. Indeed, no white colonies
were detected in M. marinum E11 strain following ATc induction, demonstrating that

the editing system does not tolerate these 3 mismatches (data not shown). Thus far,

we used visual selection to identify mutants. To establish what type of mutations were
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generated in these non-functional ¢crfB mutants, we also performed PCR amplification
combined with Sanger sequencing. Analysis of the amplified genomic target regions
revealed that small random insertions and deletions (indels), both in-frame (27%) and
out-of-frame (73%), occurred at the location of the sgRNA target site. Apparently, in-

frame mutation events in the targeted regions also result in loss of function for CrtB.

Since disruption of the c¢rtB gene works very efficiently, we also used our procedure

to disrupt other genes in M. marinum. \We targeted genes coding for ESAT-6 secretion
system-1 (ESX-1)-specific proteins EspB (MMAR_5457), EspD (MMAR _4168), Espl
(MMAR_5451), EspK (MMAR_5455), a possible TetR family transcriptional regulator
(MMAR_2984), Lon protease (MMAR_2751), and (putative) aspartic proteases PecA
(MMAR_2933, MMARE11_28540; [28]) PE_PGRS16 (MMAR_2272, MMARE11_21940)
and PE26 (MMAR_1538, MMARE11_14510; Figure 1F, G). In addition, we targeted genes
located on the large natural plasmid pRAW [29] in M. marinum E11 (Figure 1F). In total,

27 different genes were targeted using CRISPR-Cas9 technology, often combined with

ATc induction. We examined a small number of colonies for all targets by amplifying the
region of interest followed by Sanger sequencing. Thus far, using this procedure, CRISPR-
Cas9-induced indel events were identified for 25 out of 27 genes targeted (Supplementary
Table 4), with a gene editing efficiency of 63.6%. Frameshift indels, which are desired

for loss of function, were observed in 23 out of 27 genes with an average frameshift

editing efficiency of 55%. In-frame mutations accounted for 10% of the mutant colonies
tested. Most CRISPR-Cas9-induced mutations observed were 1 bp insertions, followed

by (small) deletions up to 100 bp. Moreover, occasionally large deletions of >100 bp or
insertions =2 bp were detected. (Figure 1H). The majority of the mutants were generated
using the consensus PAM sequence NNAGAAW. Furthermore, frameshift mutants were
identified following targeting with PAM sequences NNGGAA as well as NNAGCAT, further
highlighting that divergence from the consensus Sth1Cas9 PAM sequence is possible for
CRISPR-Cas9-mediated gene editing in M. marinum (Supplementary Table 4). This analysis
shows that the production of indels in M. marinum with Sth1Cas9 system is efficient.

3.2 Gene editing using the CRISPR-Cas9 system does not induce off-target mutations

The fragment encoding the CRISPR-Cas9 machinery utilized in our procedure is integrated
into the a#tB site on the mycobacterial genome. Although the Sth1Cas9 endonuclease

is under control of an ATc-inducible promoter, we observed that mutants were already
generated without ATc induction. Therefore, the continuous, low-level expression of
Sth1Cas9 could theoretically induce additional DNA mutations after prolonged culturing. To
overcome this potential problem, another L5-integrative plasmid was constructed to replace
the plasmid carrying the CRISPR-Cas9 system. This integrative pMV361-based construct,
encoding a streptomycin resistance gene and the fluorescent protein tdTomato under the
constitutive promoter hsp60 (pTdTomato-L5), was electroporated into ¢rfB mutants. All
colonies tested were tdTomato-positive and streptomycin-resistant. None of these colonies
retained kanamycin resistance, indicating that the CRISPR-Cas9 cassette was efficiently
replaced (Supplementary Figure 1B).

Although replacing the CRISPR-Cas9 system with another integrative vector reduces the
chance of off-target effects, some off-target mutations could already have been induced.
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To test this, we performed whole-genome sequencing on two c¢sf8 mutants obtained using
sgRNA-crtb-1 following either 1h or 10 day ATc treatment and their parent strain. Average
read depths of 224x, 302x and 283x were obtained for the WT parent strain, 1h and 10 day
ATc conditions, respectively. We analyzed the prevalence of additional indels in the genomes
of the ¢rtB mutants in comparison with the parental strain. We found that, apart from the
deletions at the crtB target site, not a single additional indel was introduced in the presence
of the CRISPR-Cas9 system, which shows that, with this knockout construct, even following
prolonged induction (10 days), additional genomic mutations are not common.

3.3 CRISPR-Cas9-assisted gene editing in M. tuberculosis

Since CRISPR-Cas9-mediated gene editing is highly efficient in M. marinum, we
investigated whether the same system could be employed in M. tuberculosis. The
pCRISPRx-Sth1Cas9-L5 plasmids containing sgRNA targeting the genes coding for aspartic
proteases PecA, also known as PE_PGRS35 (Rv1983, MT2036)[28], PE_PGRS16 (Rv0977,
MT1004) and PE26 (Rv2519, MT2595) were transformed into M. tuberculosis strains
H37Rv and CDC1551. Following ATc induction on plates, gene fragments from separate
colonies were amplified by PCR. Sequencing analysis revealed the identification of
frameshift mutants for all 7 genes targeted, with a gene editing efficiency of 71% and a
frameshift editing efficiency of 52% (Figure 2A-B; Supplementary Table 4). Additionally,
23.5% of the mutant colonies tested showed an in-frame mutation event. In M. tuberculosis,
predominantly small deletion events up to 12 bp occurred at the cleavage site, in addition

to 1 bp insertions (Figure 2C). Moreover, consistent with gene editing in M. marinum,
mutation events in M. tuberculosis were also achieved using the less efficient PAM
sequences NNGGAA and NNAGCAT, which indicates the flexibility of possible target sites
in the genome of M. tuberculosis (Supplementary Table 4).

To assess the functionality of CRISPR-Cas9-generated frameshift mutants in M.
tuberculosis, we targeted the gene coding for KatG, the catalase-peroxidase enzyme that

is responsible for activating the prodrug isoniazid (INH) in M. tuberculosis [30]. Following
induction of the CRISPR-Cas9 machinery, two katG frameshift mutants were identified

by target amplification and Sanger sequencing. Since the prodrug is not activated in

the absence of KatG, we analyzed whether our frameshift mutants gained resistance to
INH. Therefore, WT and katG frameshift mutants were incubated on plates containing
different concentrations of INH. Whereas bacterial growth was severely inhibited for the
WT strains, colony densities of the katG frameshift mutants were not affected (Figure 2D;
Supplementary Figure 1C). These results demonstrate that CRISPR-Cas9-induced frameshift
mutations abolish protein function of the target gene.

3.4 CRISPR-Cas9-mediated gene deletions in M. marinum

In our assays, the CRISPR-Cas9-mediated system enabled the efficient generation of
frameshift mutants in M. marinum and M. tuberculosis. Next, we sought to explore whether
specific deletions could be achieved by the simultaneous introduction of two sgRNAS
targeting the same gene and precisely deleting the DNA fragment between them (Figure
3A). Therefore, the pCRISPRx-Sth1Cas9-L5 plasmid containing both sgRNA-crtb-1 and
SgRNA-crtb-2 was introduced into M. marinum M. The target DNA positions of these dual
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sgRNAs were separated by 379 bp within the crtB gene. In line with our previous results
using sgRNA-crtb-1, following the introduction of the dual sgRNA pCRISPRx-Sth1Cas9-L5
plasmid, 41% of the transformants already appeared non-functional ¢r¢8 mutants without
the addition of ATc (Figure 3B; Supplementary Table 3). The amount of phenotypic crtB
mutants was further enhanced to 76% and 72% following 1h or 10 day ATc treatment,
respectively. Next, white colonies were analyzed for the presence and prevalence of gene
fragment deletions. In the absence of ATc, the CRISPR-Cas9 system mainly yielded single
indels, where mutations were positioned at either one of the sgRNA target sites (67%).
Moreover, cases of double indels, with mutations at both sgRNA target sites (11%) or
gene fragment deletions were observed, removing the gene fragment between the two
SgRNA sites (22%) (Figure 3C; Supplementary Table 5). In all cases, these gene fragment
deletions were accompanied by indels at the predicted cleavage sites. DNA deletions that
were located between the 20 bp sgRNA target sites were considered as accurate deletions,
while the deletions extending beyond the 20 bp sgRNA sites were regarded as inaccurate
deletions. Without ATc induction, we observed that 11% of the colonies contained accurate
deletions, and 11% harbored inaccurate deletions. Upon induction of the CRISPR-Cas9
machinery for 1h or 10 days, a decrease in the prevalence of single indels was observed
(31% and 0%). Interestingly, although double indels were not detected following short
ATc induction, they were observed in 15% of the colonies tested following ATc induction
on plates. More importantly, gene fragment deletions were also increased to 69% and

85% following short and prolonged ATc treatment, respectively. Accurate deletions were
detected for 44% of the phenotypic ¢rtB mutants obtained with 1h ATc induction and 31%
of the mutants obtained with 10 day ATc induction on plates (Figure 3C). However, an
increased amount of inaccurate deletions were observed for 25% and 54% after brief and
long ATc treatment, respectively. These experiments indicate that specific deletions can be
efficiently generated within a gene or a particular region of the mycobacterial genome by
simultaneously expressing two sgRNAs. However, these deletions are not always accurate
and can sometimes extend beyond the target sites.

4 Discussion

In this study, we provide a novel, fast and efficient single plasmid system to facilitate
CRISPR-Cas9-induced mutations in M. marinumand M. tuberculosis. Using our method,
we rapidly generated frameshift mutants and precise gene deletions. Previously, the
generation of targeted mutants in M. marinum and M. tuberculosis with mycobacterial
phages was laborious and time consuming [31]. The recently described oligonucleotide-
mediated recombineering followed by Bxb1 integrase targeting (ORBIT) tool enabled
efficient genome engineering in mycobacterial species [32]. However, both methods require
the insertion of an antibiotic resistance cassette including promoter at the target site which
can give rise to polar effects. Removal of these cassettes is time-consuming and leaves
scars, which may hinder the generation of additional mutants. Genomic engineering using
CRISPR-Cas9 technology circumvents polar effects through the targeted generation of
indels resulting in frameshift mutants. Since the discovery of the CRISPR technology,

the efficient genome editing tool has been extensively and widely used in many different
organisms, including vertebrates, invertebrates, plants and bacteria [33-39]. Recently,
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CRISPR-mediated gene editing has been established in mycobacteria, where mutants were
generated following the introduction of additional NHEJ proteins and inhibition of RecA-
dependent repair [10]. On the other hand, our methodology has consistently and rapidly
produced frameshift mutations in 86% (25/29) and 100% (7/7) of the genes targeted in M.
marinumand M. tuberculosis, respectively (Supplementary Table 4), without overexpression
of the NHEJ machinery. We expect that frameshift mutations can be acquired for all genes
targeted through the examination of more transformants since only a limited number of
transformants was tested. Nevertheless, this demonstrates that the endogenously expressed
NHEJ repair mechanism is sufficient to repair CRISPR-Cas9-induced double-stranded DNA
breaks in these mycobacteria. DNA repair pathways are highly necessary for bacterial
survival as mycobacteria can be exposed to various DNA damaging environments, such

as UV radiation, desiccation, antibiotic treatment and host-induced immune responses
during infection as reviewed by Gorna et al. [40]. The mycobacterial NHEJ repair system
is specifically required in the stationary growth phase [4, 41] to repair double-stranded
DNA breaks in the absence of a homologous DNA template, resulting in non-templated
addition or deletion of nucleotides [3], and allows gene editing using our single plasmid
system. As expected, upon the introduction of a CRISPR-Cas9 plasmid containing the
Sth1Cas9 endonuclease and specific SgRNA, a decrease in the number of transformants
was detected in comparison to a non-targeting SgRNA in M. marinum, indicating a reduced
survival upon induction of double-stranded DNA breaks. Previously, Sun et al. observed
that the constitutive expression of several Cas9 proteins resulted in a very low number of
transformants in M. smegmatis [9]. Moreover, Yan et al. described that leaky expression of
Sth1Cas9 under the control of an ATc-inducible promoter in combination with a targeting
SgRNA appeared toxic without overexpression of the NHEJ machinery in M. tuberculosis
[10]. CRISPR-Casl2a-mediated genome editing, an alternative to CRISPR-Cas9, has also
been successfully applied in M. smegmatis, and in combination with assistance of the
NHEJ machinery also in M. marinum [9, 10]. However, CRISPR-Cas12a mediated genome
editing in M. marinum was challenging due to the low number of transformants in the
presence of a targeting SgRNA, while in M. tuberculosis Cas12a appears almost inactive
[10]. Our pCRISPRx-Sth1Cas9-L5 plasmid contains a stronger promoter in front of the Tet
Repressor gene than the one used by Yan et al., probably leading to less leaky expression
of the CRISPR-Cas9 system, negating the requirement for the expression of the NHEJ
machinery. Furthermore, Yan et al. mostly used multicopy plasmids, while we use an
integrating plasmid, further reducing the amount of Sth1Cas9 present in the cell. Our results
indicate that reduced Sth1Cas9 copy numbers and Sth1Cas9 expression under the control
of a strongly repressed anhydrotetracycline (ATc)-inducible promoter yields a sufficient
amount of transformants to rapidly induce mutations by the endogenously expressed NHEJ
DNA repair proteins in both M. marinumand M. tuberculosis.

In this study, an overall frameshift editing efficiency of 55% and 52% was accomplished
in M. marinum and M. tuberculosis, respectively. We speculate that this efficiency is an
underestimation as the identification of mutants in our method largely depended on the
amplification of the genomic target region and sequencing. Therefore, particularly large
deletion events could have been overlooked. We argue, however, that those mutants are
undesired as upstream or downstream genes could be affected.
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In addition, we observed that for CrtB, both in-frame and out-of-frame deletions abolished
protein function. However, frameshift mutations are preferred to ensure disruption of gene
function since in-frame mutations will not always result in loss of function.

Using our method, frameshift mutants and gene deletions were successfully achieved
following both short and long induction of the CRISPR-Cas9 machinery. Following short
induction, however, a higher percentage of accurate deletions was observed, whereas an
increased percentage of extended deletions was detected following prolonged ATc induction.
In addition, following the extended duration of ATc treatment, an increasing number of PCR
products could not be generated for phenotypic ¢rfB mutants acquired with dual sgRNASs
(Supplementary Table 5), indicating the possible occurrence of even larger deletions. Our
dual sgRNA targeting system also yielded two separate indels simultaneously at distinct
target sites within the crtB gene. Consequently, this finding suggests that the presence of
dual sgRNAs offers an interesting possibility to simultaneously target at least two distinct
genes and thus produce a double mutant in one single step, thereby greatly accelerating
mutant production in these slow-growing bacteria. Depending on the experimental aim, the
most suitable induction method could be applied to efficiently generate the desired gene
deletions or multiple frameshift mutants.

Furthermore, we demonstrated that a gene of interest can be edited distal to the consensus
PAM site NNAGAAW, as well as the non-consensus PAM sites NNGGAA and NNAGCAT,
thereby greatly expanding the total number of potential target sites in mycobacterial
genomes. Sth1Cas9 recognizes an extended PAM sequence in comparison to Streptococcus
pyogenes Cas9 (SpCas9), which was suggested to result in a lower number of off-target
effects [42]. In agreement with this suggestion, not a single undesired off-target indel was
observed in the two M. marinum mutants following short and long exposure to Sth1Cas9
and sgRNA, as was demonstrated by whole genome sequencing. In agreement with our
observation, Yan et al detected no (or at most one) off-target mutations when utilizing
Sth1Cas9 in M. tuberculosis [10].

Finally, we have shown that the chromosomally integrated CRISPR-Cas9 plasmid can be
replaced in a second transformation step with another integrative plasmid to remove the
CRISPR-Cas9 machinery. Alternatively, although not explored in this study, replacement of
one CRISPR-Cas9 plasmid with a second integrative plasmid containing a CRISPR-Cas9
system targeting another gene could allow for repeated rounds of sequential editing.

Taken together, the adaptation of the previously described CRISPRI technology allowed the
efficient production of mutants and targeted genomic deletions in pathogenic mycobacteria.
This method enables the possibility to rapidly genetically modify mycobacterial species in
one step, which will accelerate research on bacterial pathogenesis and novel strategies to
prevent and treat M. tuberculosis infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gene editing using CRISPR-Cas9 in M. marinum.
(A) Schematic overview of CRISPR-Cas9-mediated gene editing. Following induction with

ATc, Sth1Cas9 and the designed sgRNA are expressed and form a complex. Following the
recognition of the target site next to the PAM, the endonuclease domains of Sth1Cas9 will
induce a double-stranded DNA break which can result in bacterial killing if not repaired.
NHEJ results in error-prone DNA repair, which can lead to frameshift mutations and
subsequent knockout of the target gene. (B) Survival of M. marinum E11 transformants
carrying pCRISPRx-Sth1Cas9-L5 containing sgRNA-crtb-1. Survival was calculated as the
percentage of the total number of colonies compared to the number of colonies carrying

the control plasmid. Bars represent the mean values and standard deviations from two
experiments. (C-E) Percentages of phenotypically white colonies using sgRNA-crtb-1 in M.
marinum E11 (C) and M (D) strains, and sgRNA-crtb-2 in M. marinum M (E). Percentages
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of phenotypically white colonies were calculated as the percentage of white colonies in
proportion to the total number of colonies. Mean and standard deviation are shown from two
replicate experiments and three replicate experiments for sgRNA-crtb-1 in M. marinum M.
(F) Frequency of indel mutants for several genes in M. marinum E11. Separate colonies with
or without ATc treatment were screened for indels using target amplification and sequencing
analysis. The number of colonies harboring indels at the target site are shown in white,

and WT colonies are shown in gray. (G) Number of colonies containing CRISPR-Sth1Cas9-
induced mutations for several genes tested in M. marinum M as identified by sequencing.
Separate colonies were subjected to genome target amplification and sequencing analysis.
WT colonies are shown in gray, and mutant colonies are shown in white. (H) Frequency

of mutation events observed for all mutated colonies in M. marinum E11 and M strains as
determined by PCR and subsequent sequencing analysis for the indicated genes.
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Figure 2. CRISPR-Cas9 mediated gene editing in M. tuberculosis.
(A) The number of colonies harboring indel mutations in M. tuberculosis CDC1551.

Transformants carrying the pCRISPRx-Sth1Cas9-L5 containing sgRNA targeting either

PE _PGRS16 (MT1004), pecA (MTZ2036) or PE26 (MT2595)were induced on 7H10 plates
containing ATc for 3 weeks. Separate colonies were tested for mutations at the sgRNA target
sites using PCR and sequencing. WT colonies are shown in gray, and mutant colonies are
shown in white. (B) The number of colonies containing indel mutations in M. tuberculosis
H37Rv. The pCRISPRx-Sth1Cas9-L5 containing sgRNA targeting either katG (Rv1908c),
PE _PGRS16 (Rv0977), pecA (Rv1983) or PE26 (Rv2519) were electroporated in M.
tuberculosis H37Rv. Genome editing was induced for 3 weeks on 7H10 plates supplemented
with ATc. Mutants were identified using target amplification and sequencing. Colonies
identified as WT are shown in gray, and mutant colonies are shown in white. (C) Frequency
and type of indels observed at SgRNA target sites among the mutants detected. (D) Isoniazid
(INH)-resistance of katG frameshift mutants. Two WT and katG frameshift mutant strains
were spotted on 7H10 plates containing different concentrations of INH. Colony density
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was measured using ImageJ analysis. Data for each strain was normalized to the untreated
condition.
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Figure 3. CRISPR-Cas9-mediated gene deletions using dual sgRNAsin M. marinum.
(A) Schematic overview of CRISPR-Cas9-induced gene deletions using dual sgRNAsS.

Mycobacteria carrying the pCRISPRx-Sth1Cas9-L5 plasmid encoding two sgRNAs will
express Sth1Cas9 and dual sgRNASs upon treatment with ATc. The sgRNAs will direct the
Sth1Cas9 enzymes towards the designed genomic target regions. Target recognition will
lead to the induction of double-stranded DNA breaks which can result in the generation
of single indels, double indels, or accurate deletion events upon distinct repair events.
Extended deletions beyond the 20 bp sgRNA target site give rise to inaccurate deletions.
(B) Percentage of phenotypic crfB mutants identified as white colonies of untreated or
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ATc-induced M. marinum M using sgRNA-crtb-1 and sgRNA-crtb-2 simultaneously. The
percentage phenotypic crtB mutants was calculated as the percentage of white colonies

in proportion to the total number of colonies. The mean and standard deviation is shown
from two replicate experiments. (C) Percentage of indel and deletion events using dual
sgRNAs. White colonies obtained with or without ATc treatment were subjected to PCR
and sequencing analysis. Percentages were calculated from the total sequenced colonies per
condition (untreated n=19, 1h ATc n=16, 10 days ATc n=13).
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