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In this research letter, we report the development and validation of a new sub-
set of fluorescence-based CRISPR interference (CRISPRI) tools for our sci-
entific community. The pJL series is directly derived from the original pIRL
CRISPRI vectors and conserves all the elements to perform inducible targeted
gene repression. These vectors carry two distinct fluorescent markers under
the constitutive promoter psmyc to simplify the selection of recombinant
clones. We demonstrate the functionality of these vectors by targeting the
expression of the glycopeptidolipid translocase mmplL4b and the essential
genes rpoB and mmpL3. Finally, we describe an efficient single-step proce-
dure to co-transform mycobacterial species with this integrative genetic tool
alongside episomal vectors. Such tools and approaches should be useful to
foster discovery in mycobacterial research.

Keywords: fluorescence imaging; fluorescent reporters; glycopeptidolipids;
mycobacteriaCRISPRi; targeted repression

The recent emergence and progress of CRISPR-based
technologies has changed our way of thinking, design-
ing and performing bacterial genetics, facilitating
numerous aspects of genome editing. Among the tech-
nologies available, CRISPR-Cas-dependent genome
modification has appeared to be successful in myco-
bacteria with studies reporting the generation of
unmarked mutants in Mycobacterium smegmatis [1],
Mycobacterium marinum [2], Mycobacterium neoaurum
[3], Mycobacterium abscessus [4,5] and Mycobacterium
tuberculosis [2,0].

As an alternative to CRISPR-Cas-mediated genome
editing, the development of targeted gene silencing by

Abbreviations

CRISPR interference (CRISPRi) approaches has con-
siderably revolutionized mycobacterial genetics [7-9].
Indeed, CRISPRi has shown numerous advantages in
comparison with other genetic approaches such as its
ability to target one or multiple (essential) genes alone
or simultaneously, its inducible and therefore reversible
nature alongside the fact that repression strength is
tuneable. Altogether, this makes CRISPRi a very
attractive and laboursaving system [10]. Moreover, the
use of advanced whole-genome CRISPRi screen pio-
neered in the Rock research laboratory and further
applied in different independent groups has recently
emerged as a unique and powerful methodology to

CRISPRI, CRISPR interference; CFU, colony forming units; OD600nm, optical density 600 nm; ATc, anhydrotetracycline; GPL, glycopeptidoli-

pids; PBS, phosphate buffer saline; sgRNA, single-guide ribonucleic acid.
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perform functional genomics and further dissect myco-
bacterial physiology and pathogenesis and identify
new drug targets [9,11-13].

Another great advantage of targeted repression
through CRISPRi in comparison with conventional
two-step homologous recombineering strategies [14—16]
relies on its single transformation/selection step [9,10],
hence leading to a faster generation of recombinant
strains that can be subsequently validated before
addressing the biological question(s) of interest. Unfor-
tunately, despite this advantage, selection of recombi-
nant clones remains fastidious in mycobacteria, with
numerous species displaying very high frequency of
spontaneous mutations observed when selecting on
conventional laboratory antibiotics such as hygromy-
cin or kanamycin [4,17]. Therefore, clonal selection,
expansion and genetic validation of the newly gener-
ated recombinant strains can be time-consuming. To
overcome such limitation, additional selection markers
conferring easily detectable phenotypes such as the
beta-galactosidase lacZ or the catechol 2,3 dioxygenase
xylE have been widely used in the past [15,17]. More
recently, genes encoding fluorescent proteins such as
GFP, mWasabi or dTomato have been extensively
used [18-21], thus facilitating generation and selection
of bacterial mutant strains.

In addition to this selection step, genetically encoded
fluorescent markers can be used as proxy or read out
into a wide range of biological assays. In that context,
quantitative fluorescence imaging has emerged as one
of the most powerful technologies in biological science
with a wide range of applications in microbiology,
non-exhaustively including drug susceptibility testing,
intracellular replication or host/tissue colonization
monitoring, gene-reporter studies or the investigation
of protein subcellular localization [22-27]. Seminal
study by de Wet and colleagues, combining high-
throughput inducible CRISPRi and image-based ana-
lyses have further demonstrated how coupling such
technologies are critical to further understand myco-
bacterial physiology and potential drug mechanism of
action [28].

In this research letter, we report the development of
a new generation of four CRISPRi-based vectors that
harbour the mWasabi or dTomato-coding sequence
placed under the control of the strong constitutive
psmyc promoter. Addition of these fluorescence expres-
sion cassettes facilitates the selection of recombinant
clones and makes possible their subsequent imaging by
live single-cell fluorescence microscopy. Functional val-
idation of such constructs was performed by targeting
the expression of well-characterized essential and
non-essential mycobacterial genes.

Expanding the mycobacterial CRISPRi toolbox

The trehalose monomycolate translocase mmpL3
and the RNA polymerase subunit-f rpoB were chosen
as proof of concept for essential genes, since their suc-
cessful repression is well-defined and easily detectable
through conventional growth assays. Alternatively, the
glycopeptidolipid translocase mmpL4b was used to
demonstrate that such technology could efficiently tar-
get non-essential genes, where the repression of glyco-
peptidolipids (GPL) translocation at the cell-surface
leads to an easily detectable change in colony mor-
phology from smooth to rough-like morphotype.

Finally, we describe a simple single-step procedure
that allows co-transformation of CRISPRi-based vec-
tors with episomal vectors encoding alternative fluoro-
phores. Such methodology enables to rapidly isolate
co-transformants in both fast- and slow-growing bacte-
ria, including the non-pathogenic environmental strain
M. smegmatis and the tubercle bacilli, M. tuberculosis.
These tools and approaches aim at facilitating complex
investigations based on genetic alterations and dual
fluorescence imaging in our scientific community.

Material and methods

Mycobacterial strains and culture conditions

Mycobacterium smegmatis mc> 155 and Mycobacterium
tuberculosis ATCC 25177 H37Ra reference strains were
used in this study. All mycobacterial strains were routinely
grown in Middlebrook 7H9 broth (BD Difco, #271310)
supplemented with 0.2% glycerol (Euromedex, Souffel-
weyersheim, France; #EU3550) and 0.05% Tween 80
(Sigma-Aldrich, Saint-Quentin Fallavier, France; #P1754).
In the case of M. tuberculosis, 10% oleic acid, albumin,
dextrose and catalase (OADC enrichment; BD Difco, Le
Pont de Claix, France; #211886) were also added. All cul-
tures were maintained at 37 °C with shaking.

When required, hygromycin B (Toku-E, Sint-Denijs-
Westrem, Belgium; #HO007) and kanamycin (Euromedex;
#UKO0010D) were used as selection markers for transformants
in Middlebrook 7H10 (BD Difco; #262710) or Middlebrook
7H11 (BD Difco; #283810) solid medium or for the culture
maintenance of the fluorescent strains at a final concentration
of 50 mg-L~" for M. smegmatis and M. tuberculosis.

Cloning and generation of new fluorescent-based
plasmids

All molecular biology experiments including plasmid selec-
tion, expansion and maintenance were performed in the ref-
erence strain Escherichia coli DH10B (Invitrogen). E. coli
was grown into LB Broth (BD Difco; #244620) or in LB
solid medium containing Agar Agar Bacteriological (Euro-
medex; #1330). When required, hygromycin B (final
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concentration of 200 mg-L™") or kanamycin (final concen-
tration of 50 mg-L~") was used as a selection marker for
transformants on solid medium or for the culture mainte-
nance of the recombinant E. coli strains. All plasmids and
primers used in this study are listed in supplementary infor-
mation in Tables S1 and S2.

pJL29 (Addgene, Watertown, MA, USA #227426) and
pJL30 (Addgene #227427) are fluorescent-based vectors that
harbour the mWasabi and dTomato genes under the control
of the psmyc promoter. These vectors are derived from the
pUV15-pHGFP, pTECI5 and pTEC27 vectors [25,29].
Briefly, the mWasabi and dTomato genes were amplified by
PCR (New England Biolabs, Evry, France; #M0491L) with
the primers #P1-P2 and #P3-P4 by using the template
pTEC15 and pTEC27, respectively (Addgene plasmids
#30174 & #30182 kindly gifted by Lalita Ramakrishnan)
[25]. DNA fragments were purified and digested with Sphl
and HindIIl restriction enzymes (NEB; #R3182L and
#R3104L). Simultaneously, pUV15-pHGFP (Addgene plas-
mid #70045, kindly gifted by Sabine Ehrt) [29] was digested
by Sphl and HindlIl to remove the pH-GFP coding
sequence. Purified and digested inserts and pUV15-pHGFP
vector were then ligated using T4 DNA ligase (NEB;
#M0202S) to generate the pJL29 and pJL30 vectors.

pJL31 (Addgene #227428), pJL32 (Addgene #227429),
pJL33 (Addgene #227430) and pJL34 (Addgene #227431)
are fluorescent-based CRISPRi vectors derived from the
original pIRL117 and pIRL2 backbones, respectively [11].
Both mWasabi and dTomato genes with their psmyc pro-
moters were amplified by PCR using the primers #P5-P2
and #P5-P4 from pJL29 and pJL30 templates. DNA frag-
ments were purified and ligated into Hpal-digested pIRL117
and pIRL2 (NEB; #R0105L) to generate the pJL31/pJL32
and pJL33/pJL34 vectors, respectively. All vectors generated
were fully sequenced by whole plasmid sequencing (Eurofins
Genomics Europe, Ebersberg, Germany).

Molecular cloning of CRISPRi vectors

pIRL117 and pJL32 were used as proof of concept to per-
form CRISPRi-mediated silencing validation experiments.
Cloning of the sgRNA targeting sequences was performed
as previously described [10,11]. Briefly, oligonucleotides
were designed to target the non-template strand of the tar-
get gene ORF using the Pebble database (https://pebble.
rockefeller.edu/)  [10,11]. Both top and bottom
single-stranded DNA oligonucleotides (IDT) were pooled
and annealed before being cloned into CRISPRi plasmid
backbones. For cloning, CRISPRi plasmids were digested
with BsmBI-v2 (NEB #R0739L) and further gel purified
(Macherey-Nagel, Hoerdt, France; #740609.50). For each
individual single-guide ribonucleic acid (sgRNA) targeting
sequence, two complementary annealed oligonucleotides
with appropriate sticky end overhangs were ligated (NEB;
#MO0202M) into the desired BsmBI-v2 digested plasmid

J. Laudouze et al.

backbone. Successful cloning was confirmed by Sanger
sequencing (Eurofins Genomics) using the primer #P6. The
list of sgRNA targeting sequences #P7-P12 and generated
plasmids used for constructing individual CRISPRi strains
can be found in Tables S1 and S2.

Mycobacterial transformation and selection

Preparation of competent mycobacterial cells and their sub-
sequent electroporation was performed as previously
described [30]. Briefly, 100 mL of exponentially growing
cells at an approximate optical density 600 nm (ODgoonm)
of ~0.4-0.8 were washed 5 times either at room tempera-
ture or at 4 °C in sterile aqueous solution containing 10%
glycerol and 0.05% Tyloxapol (Sigma-Aldrich; #T8761). At
each step, the volume washing solution was decreased (e.g.
50, 40, 30, 20 and 10 mL) and the final resuspension was
performed in 1/50 to 1/100 of the original volume of cul-
ture. Then, approximately 500 ng to 1 pg of vectors of
interest were added to 100-200 pL of competent cells and
placed into an electroporation cuvette of 0.2 mm gap. Elec-
troporation settings were selected according to each refer-
ence strain [30]. For M. tuberculosis one single pulse of
2.5 kV, 25 pF, with the pulse-controller resistance set at
1000 Q resistance was performed whereas for M. smegmatis
a single-used with 2.5 kV, 10 pF and 600 Q was used.

Electroporated cells were transferred in 1-5 mL of com-
plete 7H9 broth devoid of antibiotics and further incubated
at 37 °C for 4 h for M. smegmatis and 24 h for M. tubercu-
losis before plating. Transformants were selected on com-
plete Middlebrook 7H10 agar containing the appropriate
concentration of hygromycin B and/or kanamycin. Plates
were incubated at 37 °C for 4-7 days for M. smegmatis
and 3-4 weeks for M. tuberculosis.

Detection of mWasabi or dTomato expressing
bacteria at the macro- and single-colony level
using conventional bench-top imaging system

Approximately 10° colony forming units (CFU) of expo-
nentially growing M. smegmatis were used to inoculate con-
ventional 7H10 plates. For single colonies visualization,
10° CFU were spotted and separated using the quadrant
streak plating technique. For visualization of macro-
colonies, 10° CFU were spotted as single 5-10 pL drop
and allowed to dry for few minutes. In both cases, plates
were incubated at 37 °C, and visual inspection of growth
and scanning was performed after 2-4 days. For fluores-
cence detection in 7H9 broth, approximately 1-5 x 107
CFU of recombinant bacteria harbouring the plasmids of
interest were dispensed into standard flat-bottom 96-well
plates (Thermo Fisher Scientific, Illkirch, France; #167008).

Low-resolution imaging of bacterial colonies, spots or
liquid cultures was performed using the ChemiDoc™ MP
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Imaging System and the Image Lab software version 6.1.0
(Bio-Rad, Marnes-la-Coquette, France). Bright light acqui-
sition was performed by using the ‘“White Epi Illumination’
setting combined with the ‘Standard Filter’. Green fluores-
cence acquisition was performed by using the ‘Blue Epi
Illumination’ setting combined with the ‘530/28 nm Filter’.
Finally, red fluorescence acquisition was performed by
using the ‘Green Epi Illumination’ setting combined with
the ‘605/50 nm Filter’. When required, individual raw
images were exported from Image Lab as TIFF files 600
dpi and displayed with the open-source software FIJI/IMAGE]
(https://imagej.net/software/fiji/) [31], to generate the final
micrographs, including the merge channel.

Assessment of colony morphology alterations on
solid medium

For M. smegmatis morphotype assays, experiments were per-
formed on conventional 7H10 plates containing 0.05% Tween
80 in the presence or absence of the inducer anhydrotetracy-
cline (ATc) at a final concentration of 100 ng-mL~" [10]. When
mentioned, 100 pg-mL~" of Congo-Red was added to the
media as previously described [32,33]. Low-resolution imaging
of colonies morphologies was performed described above using
the ChemiDoc™ MP Imaging System. Briefly, bright light
acquisition was performed by using the ‘White Epi Illumina-
tion” setting combined with the ‘Standard Filter’, whereas red
fluorescence acquisition was performed by using the ‘Green
Epi Illumination’ setting combined with the ‘605/50nm Filter’.
High-resolution observations of colony morphologies were per-
formed using a stereomicroscope coupled with Canon EOS
550D camera (Canon, Paris, France). Image acquisition was
performed using the manual focus, and resolution of each
image was 5184 x 3456 pixels. When required, individual raw
images were exported as TIFF files and displayed with the
open-source software FuI/IMAGES (https://imagej.net/software/
fiji/) [31].

Lipid extraction and semi-quantitative TLC
analysis

Recombinant M. smegmatis strains harbouring pIRL117,
pIRL117_mmpL4b, pJL32 and pJL32_mmpL4b were used to
inoculate 200 mL 7H9 broth at initial ODgggnm of ~ 0.025
in the presence or in the absence of 100 ng-mL~" of the ATc
inducer. Cultures were grown simultaneously at 37 °C under
shaking at approximately 180-200 rpm. After 48 h of incu-
bation, cultures were then centrifuged at 2700 g for 15 min
at 4 °C and washed twice with distilled water. Pellets were
frozen in liquid nitrogen and lyophilized overnight. Dry pel-
lets were weighed to determine the exact mass of bacteria for
normalization calculations before lipid extraction.

Total lipids were extracted as previously described [34] with
slight modifications. Briefly, lipids from dry pellet were incu-
bated for 16 h with CHCI;-CH3OH (1 : 2; v/v), at room

Expanding the mycobacterial CRISPRi toolbox

temperature under shaking. Residual pellets were re-extracted
for 16 h with the same solvents, but using alternative ratios
(1:1and?2:1 v/v). All the three organic phases were pooled
and concentrated under reduced pressure. Samples were resus-
pended in a CHCI3-CH3OH solution (3 : 1, v/v) and washed
with 0.3% (w/v) NaCl in water. Organic and aqueous phases
were separated by centrifugation 4000 rpm for 10 min, and
only the organic phases were conserved and dried over
MgSO,. Samples were finally evaporated under a nitrogen
stream, weighed and resuspended in a CHCl3-CH;OH solu-
tion (3 : 1, v/v). Equal volume of extract containing glycopep-
tidolipids (GPL) was deposited using a semi-automated
sample application system LINOMAT 5 (CAMAG) and fur-
ther separated on TLC (Silica Gel 60, Merck KGaA, Darm-
stadt, Germany) by using CHCI3-CH3OH (90 : 10, v/v) as
eluent. GPL were further visualized by vaporization of 0.2%
(v/v) anthrone in a 20% sulphuric acid—ethanol solution.
Finally, each resolved plate was heated at 120 °C for 2-3 min
using TLC Plate Heater III (CAMAG) and scanned using a
ChemiDoc™ MP Imaging System, and densitometric analyses
were performed using the built-in ImageLab™ allowing to
determine the relative content of each sample.

Validation of targeted gene repression of
essential genes using spot CFU-based assays

Assessment of genetic essentiality was performed by per-
forming serial dilutions of M. smegmatis recombinant strains
and plated them on 7H10 media in the presence or the
absence of the ATc inducer (final concentration
100 ng-mL~!). Exponentially growing bacteria were normal-
ized to an ODgponm of 0.1 corresponding to approximately
1.10” CFU per mL. 10-fold serial dilutions were performed,
and 10 pL of each dilution (10° to 10°) was plated on each
plate containing or not ATc. Plates were incubated at 37 °C,
and visual inspection of growth was performed between days
2 and 4. Scanning of the plates was performed using the
ChemiDoc™ MP Imaging System as described above.

Live single-cell imaging by fluorescence
microscopy

All fluorescence microscopy experiments were performed
with exponentially growing cells that were cultivated in
7HO broth at an ODggonm of ~0.4-0.8. Briefly, 1 mL of cells
were washed twice in sterile phosphate buffer saline (PBS)
0.05% Tween 80 buffer (pH 7.4; w/v), resuspended in
200 pL sterile PBS and further sonicated for 180 s using an
ultrasonic bath to reduce bacterial aggregation. Bacterial
suspension (5 pL) was spotted between a coverslip of
170 pm thickness and a freshly prepared 1.5% agarose-PBS
pad of approximately 1-2 cm?. Bacteria were analysed by
snapshot imaging at room temperature using a Leica SP5
laser scanning confocal microscope (Leica Biosystems, Nus-
sloch, Germany). Image acquisition was performed with an
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( A) Sth1 dCas9 Sth1 dCas9 Sth1 dCas9
orig tetR oriE / ' ‘\ teiR oriE tetR
sg cloning sg cloning sg cloning
site pIRL117 site pJL31 "S’"VC site pJL32 psmye
(M.smegmatis optimised) (M.smegmatis optimised) (M.smegmatis optimised)
8631 bp 9713 bp mWasabi 9702 bp dTomato
Addgene #163635 Addgene #227428 Addgene #227429
KkanR Bosch et al. 2021 KanR KanR
attP
Integrase L5 Integrase L5 Integrase L5
Sth1 dCas9 Sth1 dCas9 Sth1 dCas9
orig tetR oriE tetR orie tetR
sg cloning sg cloning sg cloning
site pIRL2 site pJL33 p smye site pJL34 psmyc
{{ (M.tuberculosis optimised) (M.tuberculosis optimised) (M.tuberculosis optimised)
8631 bp 9712 bp mWasabi 9686 bp dTomato
Addgene #163631 Addgene #227430 Addgene #227431

KkanR Bosch et al. 2021 KkanR kanR
attP attP
Integrase L5 Integrase L5

(B)

Integrase L5

pIRL117 pJL32 pIRL117 pJL32 pIRL117 pJL32 pJL32

Bright light

Mixed pIRL117/pJL32

Mixed pIRL117/pJL32

Bright light

Fig. 1. Generation of a new series of fluorescence-based CRISPRi vectors. (A) Schematic representation of the original pIRL2-pIRL117
CRISPRI integrative vectors and the newly generated pJL31, pJL32, pJL33 and pJL34 derivatives harbouring the mWasabi or dTomato
coding sequence under the control of the strong constitutive psmyc promoter. (B) Detection and comparative analysis of Mycobacterium
smegmatis recombinant strains harbouring the original pIRL117 construct or the pJL32 vector when plated onto 7H10 agar plates. Bright
light, red fluorescence and merge micrographs are displayed from left to right. The far-right micrograph corresponds to an additional Zoom
caption of the Merge micrographs. (C) Mixed population (50%/50%) of M. smegmatis pIRL117 and pJL32 recombinant strains were plated
onto 7H10 agar plates and separated using the quadrant streak plate technique. Bright light, red fluorescence and merge micrographs are
displayed from left to right. The far-right micrograph corresponds to an additional Zoom caption of the Merge micrographs.

492 FEBS Letters 599 (2025) 488-501 © 2024 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.

95UB017 SUOLULLOD 9AIIE.1D) 3{cedl|dde au Aq peusenob afe sapie VO ‘8sn JO Sa|n. Joj Akeid18UIJUO AS]IA UO (SUONIPUOD-PUE-SWLBIALI0D" A 1M ARe.q [BU UO//SdL) SUONIPUOD PUe SIS | 8L 89S *[6202/50/92] Uo Ariqiauljuo As|im ei|pdiuo | ap 915N Ad TL0ST 89YE-E28T/Z00T OT/I0P/W0D A8 1M AeIq1jBU1IUO'SGR//:SANY WOj pepeojumod ‘v ‘SZ0Z '89vEE.8T



J. Laudouze et al.

HC PL APO CS2 63x/1.40 oil objective. Images of
1024 x 1024 pixels were acquired with argon 488 nm and
diode-pumped solid-state 561 nm lasers. Emitted signal was
collected at Aoy, 500-550 nm and A., 585-650 nm for
mWasabi and dTomato channels, respectively. One single
Z-plane was acquired for each field, and a minimum of 5
fields per biological sample were imaged. Individual raw
fluorescence images were exported as TIFF files and dis-
played with open-source software such as FIJI/IMAGE] soft-

Expanding the mycobacterial CRISPRi toolbox

and dTomato genes in an alternative vector. Thus,
mWasabi and dTomato sequences were PCR-amplified
and further cloned at the Sphl and HindIII restriction
sites of the pUVI15-pHGFP vector (Addgene plasmid
#70045) [29] to replace the pH-GFP encoding gene
(Fig. STA). Using this strategy, two new episomal vec-
tors carrying mWasabi or dTomato genes under the
control of the strong and constitute psmyc promoter
were generated and respectively named pJL29 and

ware (https://imagej.net/software/fiji/) [31]. Visualization pJL30 (Fig. SIA).

was performed at least on two independent occasions. . . . .
p P Recombinant M. smegmatis strains harbouring pJL29

and pJL30 were generated alongside M. smegmatis
pMV306-Hyg, pTEC15 and pTEC27 control strains
(Fig. S1B,C). Fluorescence signals derived from these
strains were qualitatively assessed on both agar media
and in liquid culture (Fig. S1D,E). These new constructs
displayed strong fluorescence signals with intensities
very close to the original pTEC15 and pTEC27 vectors,
suggesting that they can be used for the subsequent
development of pIRL-derivative vectors (Fig. SID,E).

To generate the fluorescent pIRL derivatives, mWasabi
and dTomato genes were PCR-amplified with their
upstream psmyc promoter from the pJL29 and pJL30
plasmids and subsequently cloned as blunt-end fragments
in Hpal-digested pIRL2 and pIRL117 (Addgene plasmids
#163631 & #163635) [11]. Recombinant clones were
selected, and successful cloning of the fluorescent markers
was checked by whole plasmid sequencing. Hence, the
newly generated vectors derived from pIRL117 were
named as pJL31 (mWasabi) and pJL32 (dTomato) and
the ones derived from pIRL2 were named pJL33 (mWa-
sabi) and pJL34 (dTomato), respectively (Fig. 1A).

To further validate that such vectors can be used to
easily identify and select recombinant mycobacterial

Results and Discussion

Generation of a new subset of fluorescence-
based CRISPRi vectors

In order to generate new fluorescent CRISPRi
vectors derived from the original pIRL series, we
selected fluorophores that have been previously
reported for their brightness and stability in mycobac-
teria [25]. As such, we postulated that these new vec-
tors should display strong fluorescent signals upon
recombination at the mycobacteriophage L5 integra-
tion site, located at the tRNAZY gene [11,35]. We
chose the well-established and widely used mWasabi
(Aex/AEm  490/510 nm) and dTomato  (Agyx/Agm
550/580 nm) fluorophores previously described in the
Ramakrishnan group [25].

Since the sgRNA targeting sequence cloning strategy
in the pIRL series is based on the use of the BsmBlI
enzyme and its corresponding restrictions sites [10,11],
the presence of the BsmB1 restriction site within the
upstream promoter region of the genes in the pTEC15
and pTEC27 vectors led us to subclone the mWasabi

Fig. 2. Functional validation of fluorescence-based CRISPRi vectors by targeting the non-essential mycobacterial GPL translocase MmplL4.
(A) GPL analysis of Mycobacterium smegmatis pIRL117 or pIRL117_mmpL4b in the presence or in the absence of ATc. Cells were grown
in 7H9 broth +100 ng-mL~" of ATc for 48 h. Lipid extraction from normalized dry pellets was analysed by TLC. Lanes are numbered from
(1) to (4), and the corresponding loaded samples are indicated at the bottom of the TLC plate. (B) GPL analysis of M. smegmatis pJL32 or
pJL32_mmpL4b in the presence or in the absence of ATc. Cells were grown in 7H9 broth +100 ng-mL~" of ATc for 48 h. Lipid extraction
from normalized dry pellets was analysed by TLC. The loaded samples are indicated at the bottom of the TLC plate (lanes (5) to (8)). (C)
Congo-red binding evaluation of mmpL4b CRISPRI silencing using the pJL32 and pJL32_mmpl4b vectors. Cells were grown in 7H10 solid
medium containing 100 pg-mL~" of Congo-red dye £100 ng-mL~" of ATc for 48 h before being imaged using a stereomicroscope coupled
with a Canon Digital Camera. (D) Schematic representation of the mixing experiments with control pIRL117 and pJL32_mmpL4b vectors in
the presence of ATc with their respective expected phenotypes. (E) Analysis of M. smegmatis pJL32_mmpL4b/pIRL117 morphologies and
fluorescence profiles when mixed on solid medium. Approximately, 50 CFU of M. smegmatis pJL32_mmplL4b and 50 CFU of
M. smegmatis pIRL117 were mixed before being plated on 7H10 solid medium containing 100 ng-mL~" of ATc. After 3-4 days at 37 °C,
the plates were imaged using bench-top imager. Bright light, red fluorescence and merge micrographs are displayed from left to right.
Zoom caption of each channel is displayed in the middle, and selected area from (1) to (4) has been further imaged using a
stereomicroscope coupled with a Canon Digital Camera. Their corresponding micrographs are showed at the bottom of the panel. (F)
Schematic representation of the mixing experiments with control pJL32 and plRL117_mmplL4b vectors in the presence of ATc with their
respective expected phenotypes. (G) Analysis of M. smegmatis pIRL117_mmpL4b/pJL32 morphologies and fluorescence profiles when
mixed on solid medium. Experimental setting was exactly the same as indicated in (E).
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Fig. 3. Functional validation of fluorescence-based CRISPRi vectors by targeting essential mycobacterial genes. (A) Fluorescence display of
Mycobacterium smegmatis pIRL117 and pJL32 recombinant strains when cultured in 7H9 liquid broth. Strains harbouring the pIRL117 and
pJL32 empty vectors or with the rooB, mmplL3 and mmpL4b targeting sequences were imaged using the fluorescence imager. Bright light,
red fluorescence and merge micrographs are displayed from left to right. (B) Functional validation of pJL32 CRISPRi system by targeting
oB, mmplL3 and mmpL4b. Serial dilution of M. smegmatis recombinant strains was spotted onto 7H10 agar media in the absence ATc
(left panel) or in the presence ATc (right panel) of 100 ng-mL~" of anhydrotetracycline. Bright light (top) and their corresponding red

fluorescent profiles (bottom) are displayed.

clones that have integrated CRISPRi vectors at the
attB chromosomal attachment site, we generated
recombinant M. smegmatis strains harbouring the
pIRL117 or the pJL32 vectors. Detection and compar-
ison of fluorescent and non-fluorescent strains was per-
formed following inoculation and streaking on agar
plates (Fig. 1B). As proof of concept, recombinant

strains were spotted as macro-colonies (Fig. S2A) or
cultured in broth (Fig. S2B) to show that a simple
bench-top imaging system can easily detect fluorescent
recombinant clones from their non-fluorescent counter-
parts. Final validation was performed by mixing
equally pIRL117 and pJL32 recombinant strains and
further isolating them by using the quadrant streak
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plate technique (Fig. 1C). Results displayed in
Figure 1C demonstrate that integration of pJL32
enables a simple a rapid discrimination from other
kanamycin-resistant colonies, thus facilitating the
selection and expansion process after transformation.

Functional validation of fluorescent-based
CRISPRI vectors through targeted repression of
the non-essential GPL translocase mmpL4b

To validate that the newly generated vectors have fully
conserved their ability to achieve inducible targeted repres-
sion, we performed comparative analysis of pIRL117-
mediated repression with pJL32-mediated repression. To
do so, we first cloned a 21-bp sgRNA targeting sequence
that targets the non-template strand of the mmpL4b gene
in both pIRL117 and the newly generated pJL.32 as previ-
ously described [9-11] (Table S1). The mmpL4b gene is
involved in the proton-dependent translocation of glyco-
peptidolipids (GPL) from the cytosol to the cell-wall of
non-tuberculous mycobacteria [36-38]. This gene was cho-
sen because the presence of GPL in the mycobacterial
envelope can be easily evaluated by TLC analysis or
assessed through morphological analysis of the bacterial
colonies on conventional agar medium [20,37,39].

Recombinant strains harbouring pIRLI117,
pIRL117_mmpL4b, pJL32 or pJL32 mmpLl4b were
grown in 7H9 broth in the presence or in the absence of
100 ng-mL ™" of ATc for 48 h, and GPL levels were ana-
lysed by TLC analysis (Fig. 2A,B). Comparison of M.
smegmatis pIRL117 and pIRL117_mmpL4b GPL con-
tent in the absence of inducer did not show any differ-
ences, supporting the fact that no major leaky expression
of sgRNA-dCas9 occurred (Fig. 2A —lanes (1) & (2)). In
addition, GPL profiles of the M. smegmatis pIRLI117
control strain in the presence or absence of ATc were
similar, suggesting that ATc treatment does not impact
GPL production/translocation (Fig. 2A — lanes (1) &
3)). Finally, analysis of M. smegmatis
pIRLI117_mmpL4b profiles demonstrated that upon ATc
treatment GPL content from the extractible fraction was
almost null, confirming a fully functional repression sys-
tem of the mmpL4b gene (Fig. 2A —lanes (2) & (4)).

To validate our newly generated tools, the same
experiments were carried out with the pJL32 or
pJL32_mmpL4b recombinant strains. Results showed
that the exact same profiles were obtained, where
mmpL4b gene repression was ATc-dependent and only
observed in the pJL32 mmpl4b strain but not the
pJL32 control strain (Fig. 2B).

Since GPL production is associated with important
colony morphological changes, where GPL™ strains dis-
play smooth-like phenotypes (S morphotype) while

J. Laudouze et al.

GPL strain often have rough-like phenotypes (R mor-
photype) [38,40,41]. We wanted to confirm our results
obtained previously in liquid cultures and demonstrate
that our repression system allows to distinguish distinct
morphotypes on solid medium (Fig. 2C). To do so, we
plated both M. smegmatis pJL32 and pJL32_mmpL4b
on 7HI10 solid media containing the cell-wall binding
Congo-Red dye [32,33]. Morphological features of the
colony in the presence or absence of 100 ng-mL ™' ATc
were assessed after 48 h of growth using a stereomicro-
scope. Results demonstrated that M. smegmatis pJL32
colonies remained small, smooth and shiny regardless
ATc levels. On the other hand, M. smegmatis
pJL32_mmpL4b colonies displayed a bigger, drier and
less regular morphotype in the presence of ATc, while
the control experiment devoid of ATc resulted in pheno-
types similar to the empty pJL32.

Finally, we set-up another experimental setting by
performing mixing experiments of M. smegmatis
strains harbouring the empty pIRL117 and the
pJL32_mmpL4b (Fig. 2D,E) or the other way around
by mixing strains harbouring the empty pJL32 and the
pIRL117_mmpL4b (Fig. 2F,G). Following this experi-
mental scheme, plating pIRL117 and pJL32_mmpL4b
mixed populations on solid agar media containing
100 ng-mL~" of ATc should lead to the formation of a
rough-like morphotype only for the fluorescent colo-
nies (Fig. 2D). Results displayed in Figure 2E con-
firmed that only the red-fluorescent colonies were the
one displaying rough-like phenotypes, while the con-
trol non-fluorescent bacteria conserved a shiner, more
regular smooth-like phenotype as expected (Fig. 2E).
Complementary experiments with the opposite combi-
nation were also performed, where the non-fluorescent
pIRL117_mmpL4b and the pJL32, without sgRNA
targeting sequence, were used (Fig. 2F). Results pre-
sented in Figure 2G fully confirmed our findings, with
rough-like morphotypes only found this time in the
non-fluorescent M. smegmatis.

Altogether, the findings obtained from this new sub-
set of experiments confirmed the results previously
observed in broth and Congo-Red containing plates,
further demonstrating that our system is fully func-
tional in multiple experimental settings.

Functional validation of fluorescent-based
CRISPRI vectors through targeted repression of
the essential trehalose monomycolate
translocase mmpL3 and the p-subunit of the
RNA-polymerase rpoB

Since CRISPRi is now widely used to investigate the
function of essential genes, we decided to validate our
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sequences were cloned in the pIRL117 and the pJL32
vectors. Single colonies of all the generated strains

fluorescent constructs by targeting essential genes. For
that, the trehalose monomycolate translocase mmpL3
and the B-subunit of the RNA-polymerase rpoB were
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Fig. 4. Fluorescent-based CRISPRi vectors can be associated with alternative reporters through a simple one-step co-transformation/
selection procedure and imaged live at the single-cell level. (A) Fluorescence display of Mycobacterium smegmatis pJL29, pJL32 or pJL29/
32 recombinant strains when selected post-electroporation onto 7H10 agar plates. Bright light, red fluorescence, green fluorescence and
merge micrographs are displayed from left to right. (B) Fluorescence display of M. smegmatis pJL29, pJL32 or pJL29/pJL32 recombinant
strains when cultured as macro-colonies on 7H10 solid media (left) or in 7H9 liquid broth (right). Bright light, green fluorescence, red
fluorescence and merge micrographs are displayed from top to bottom. (C) Schematic representation of the single-cell fluorescence
microscopy assays that can be used when co-transforming reporters. (D) High-resolution fluorescence imaging of M. smegmatis bacterial
cells harbouring pJL29, pJL32 or both pJL29/pJL32. Cells were imaged in both green (left panel; in green and in black and white) and red
fluorescent channels (middle panel; in red and in black and white). Merged micrographs are displayed on the right. Scale bars represent

2 umin X and Y.

carrying the pIRL117 or pJL32 derivatives were used
to inoculate 7H9 broth, and fluorescence levels were
checked wusing our bench top imaging system
(Fig. 3A).

Then, serial dilution of each pJL32 recombinant
strain was spotted onto 7H10 agar plates in the pres-
ence or absence of 100 ngmL~' of ATc (Fig. 3B).
Plating on standard plates without ATc did not show
any major modifications in between the genetic back-
ground (Fig. 3B; left panel). However, serial spotting
on ATc-containing plates resulted in an approximate
4-log'® decrease in bacterial growth suggesting that
both vectors were fully functional (Fig. 3B; right
panel). No major defects were observed for the strains
carrying the empty pJL32 and the pJL32_mmpL4b,
which have no target or targets a non-essential gene,
respectively (Fig. 3B; right panel). This experiment was
then repeated with both pJL32 and non-fluorescent
pIRL117-derivatives as comparative control and simi-
lar findings were obtained (Fig. S3), further confirming
that the pJL series is perfectly suitable for performing
CRISPRi-mediated silencing.

One-step co-transformation of fluorescent-based
CRISPRi vectors with alternative fluorescence
reporters to enable genetic studies coupled with
single-cell dual imaging

Since genetic modification through targeted mutagene-
sis and the subsequent transformation of fluorescent
vectors of interest in a mutant genetic background
could be time-consuming, we thought about testing the
potential of our new constructs to be simultaneously
co-electroporated with additional vectors. Indeed,
pJL29 and pJL30 being episomal vectors and confer-
ring hygromycin resistance, they could be perfectly
compatible with the use of the pJL31, pJL32, pJL33
or pJL34 which are integrative and conferring kana-
mycin resistance. As such, a fluorescent genetic tool
and an alternative fluorescent reporter could be poten-
tially co-electroporated in mycobacteria in a single

step, therefore constituting a real advantage for subse-
quent studies.

This strategy was first tested on M. smegmatis, in
which competent cells were transformed with the
pJL29, the pJL32 or both of them simultaneously, and
the recombinant transformants selected on agar plates
containing 50 mg-L~' of kanamycin, 50 mg-L~' of
hygromycin or 50 mg-L™' of both, respectively
(Fig. 4A). Micrographs displayed in Figure 4A demon-
strate that such strategy is perfectly suitable to obtain
co-transformants in a simple one-step procedure. Fluo-
rescence profiles were also assessed on agar as micro-
colonies or in liquid media (Fig. 4B). We further
investigated whether this approach could be used for
strict pathogen such as M. tuberculosis. Similar experi-
ments were performed using the pJL29/pJL34 vectors,
and co-transformants were also obtained post-
electroporation for M. tuberculosis (Fig. S4). There-
fore, we propose that such strategy, which is extremely
easy to implement, could be complementary used
alongside previously published methodologies to facili-
tate bacterial genetics and mycobacterial research
[19,42].

Finally, we postulated that such co-transformation
strategy could be very useful to investigate gene func-
tions by targeted repression using dual single-cell
imaging (Fig. 4C). To test this, M. smegmatis transfor-
mants or co-transformants were imaged live using fluo-
rescence microscopy (Fig. 4D). Results showed that
recombinant strains harbouring the pJL29 episomal
vectors were displaying strong and easily detectable
fluorescence profiles. On the other hand, recombinant
strains carrying the pJL32 integrative vector were, as
expected, less bright but still showing a good signal-to-
noise ratio and giving the possibility to distinguish
individual bacterial cell. Co-transformants, with the
expression of the two fluorophores, could be imaged
very easily and showed signals similar to the ones
obtained from single transformants (Fig. 4D). This
new observation really opens new possibilities regard-
ing genetic modifications and live single-cell imaging.
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Indeed, one can easily imagine using the CRISPRi pJL
series to repress gene expression and rely on its derived
fluorescence as control and/or segmentation channel.
Then, an alternative fluorophore such as a biosensor
or any translational/transcriptional fusion could be
used to further investigate new  molecular
function(s)/mechanism(s) directly related to the tar-
geted candidate gene, thus enabling new cutting-edge
investigations with the ultimate goal of making
ground-breaking discoveries.

Concluding remarks

In this letter, we have reported the development and
functional validation of fluorescent-based CRISPRIi
vectors. The latter are available in two colours (-
mWasabi/green or dTomato/red) and have been devel-
oped for both fast- and slow-growing species by
modifying the two original vectors pIRL117 and
pIRL2. Therefore, these tools should simplify the
selection process of CRISPRi recombinants and facili-
tate any subsequent investigations that might require
fluorescence-based quantification. In addition, we have
reported that these tools are compatible with episomal
vectors carrying alternative fluorophores or potentially
any gene of interest and that such combination could
be easily obtained through a single round of co-
electroporation, highlighting the strong potential of
this novel approach. Overall, we believe that making
these tools fully available for our community through
non-profit depositories should help designing new
experimental approaches that have the potential to fos-
ter new discoveries in mycobacterial research.
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