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The genetic basis underlying nontuberculous mycobacteria (NTM) patho-
genesis remains poorly understood. This gap in knowledge has been par-
tially filled over the years through the generation of novel and efficient
genetic tools, including the recently developed CRISPR interference (CRIS-
PRi) technology. Our group recently capitalized on the well-established
mycobacteria-optimized dCas9s,;-mediated gene knockdown system to
develop a new subset of fluorescence-based CRISPRi vectors that enable
simultaneous controlled genetic repression and fluorescence imaging. In this
Research Protocol, we use Mycobacterium smegmatis (M. smeg) and Myco-
bacterium abscessus (M. abs) as NTM model species and provide simple
procedures to assess CRISPRi effectiveness. We describe how to evaluate
the efficacy of gene silencing when targeting essential genes but also genes
involved in smooth-to-rough envelope transition, a critical feature in NTM
pathogenesis. This protocol will have a broad utility for mycobacterial
functional genomics and phenotypic assays in NTM species.

Infections

caused by nontuberculous

mycobacteria abscessus (M. abs) complex [5,6]. Natural intrinsic

(NTM) constitute an emerging global health concern,
with the latest epidemiologic studies reporting an increase
in cases worldwide [1-3]. NTM species are environmental
organisms that primarily live in soil and aquatic niches
[4]. Among them, only a few subsets are successful oppor-
tunist human pathogens that are responsible for a wide
range of clinical syndromes from skin and soft-skin infec-
tions to potentially deadly pulmonary diseases [4].

NTM infections are notoriously difficult to diagnose
and subsequently treat, especially species belonging
to the Mycobacterium avium and Mycobacterium

Abbreviations

resistance of NTM towards a large number of clini-
cally available antibiotics, including antituberculous
drugs, makes their treatment very challenging [6,7].
Currently, a daily multi-drug regimen composed of
3-4 antibiotics is recommended, with treatment
duration that can be very lengthy, often lasting
6-24 months, with poor clinical outcomes [5,6]. The
rising incidence of NTM infections in addition to the
very limited number of efficient treatments available
underscores the urgent need for new therapeutic
approaches and improved public health strategies [8,9].

ATc, anhydrotetracycline; CRISPRI, CRISPR interference; GPL, glycopeptidolipids; M. abs, Mycobacterium abscessus; M. smeg,
Mycobacterium smegmatis; NTM, nontuberculous mycobacteria; ODgoonm, Optical density 600 nm; TLC, Thin Layer Chromatography.
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CRISPR interference in Mycobacteria

To tackle this challenge, basic research represents a
stepping stone by enabling a better understanding of
the molecular mechanisms involved in NTM pathogen-
esis and the identification of new therapeutic targets.
To do so, our research community has developed
innovative functional genomics approaches coupled
with sophisticated quantitative phenotypic assays.
Over the years, the improvement of such technologies,
especially the development of fast and efficient genetic
tools in NTM [10-15], has allowed to identify and sub-
sequently characterize critical genes and pathways that
are either essential for bacterial growth [16-18] or
required for complete virulence in multiple hosts [19].

Accordingly, several genetic tools have been recently
developed to selectively repress the expression of these
specific drug targets in mycobacteria [16,20-22]. Among
them, we selected rpoB that encodes the B subunit of the
RNA polymerase, as RpoB is targeted by compounds
belonging to the rifamycin family, a critical class of drugs
in the treatment of mycobacterial infections, including
tuberculosis and certain NTM infections [23-25]. We also
selected the mmpL3 gene that encodes a critical trans-
porter responsible for shuttling trehalose monomycolates
to the mycobacterial cell wall and has been recently identi-
fied as a promising drug target [26-29].

In addition to identifying and targeting essential
genes, the characterization of critical steps required
for optimal pathogenesis and virulence is important
for developing tomorrow’s alternative therapeutic
approaches. One of the hallmarks of NTM infection
resides in their ability to irreversibly change the compo-
sition of their cell wall, which during the infection pro-
cess leads to an increased virulence [30-32]. This is
particularly true for species from the Mycobacterium
avium and M. abs complex for which the transition from
smooth-to-rough morphotypes has significant implica-
tion for pathogenesis [4,32,33]. This modification, which
is primarily linked to changes in the composition of the
mycobacterial outer membrane, particularly the reduc-
tion or complete loss of glycopeptidolipids (GPL)
[33-36], triggers the formation of large extracellular ser-
pentine cords. These latter inhibit phagocytosis, prevent
some of the host’s innate immune responses, and exacer-
bate inflammation and cell death, therefore leading to
the formation of abscesses or necrotic lung lesions
[37,38]. Understanding this transition is crucial for
developing more appropriate therapies and conse-
quently improving the management of NTM infections.
Therefore, we recently generated an anhydrotetracycline
(ATc)-inducible mycobacterial hypomorph for which
we can selectively repress the expression of mmplL4b, an
essential component of the GPL translocase in NTM
[22]. Such a system enables a reversible control of the
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transition from smooth to rough, therefore constituting
an interesting tool for the scientific community.

In this research protocol, we describe some simple
methods to assess the efficiency of CRISPRi in M. smeg
and the opportunistic pathogen M. abs as model organ-
isms to study NTM physiology. We report procedures
to evaluate gene-silencing effectiveness, focusing on
both essential genes and those related to the smooth-to-
rough transition of the bacterial envelope, an important
aspect of NTM pathogenesis. By providing genetic
tools, innovative experimental strategies and frame-
works for better understanding the molecular and cellu-
lar functioning of these targets, we aim at potentially
helping in the validation of new chemical entities.

Materials

Bacterial strains, storage, and culture

Recombinant Mycobacterium smegmatis mc*155 (M. smeg)
strains harboring plasmids pJL31 (Addgene #227428), pJL32
(Addgene #227429), and its derivatives pJL35, pJL36, pJL37
targeting rpoB, mmpL3 and mmpL4b, respectively [22].
Mycobacterium abscessus subsp. abscessus CIP1045367
reference strains smooth variant (M. abs®) and rough
variant (M. abs™).

Recombinant M.abs® strains harboring plasmids pJL33
(Addgene #227430), pJL34 (Addgene #227431), its deriv-
ative pEARSS targeting rpoB, pEARA46 targeting mmpL3
and pEAR49, pEARS0 and pEARSI targeting mmpL4b
(Tables S1 and S2).

Complete Middlebrook 7H9 broth consisting of Middleb-
rook 7H9 base (BD Difco, Cat#271310) supplemented
with 0.2% glycerol (Euromedex, Souffelweyersheim,
France, Cat#EU3550) and 0.05% Tween-80 (Sigma-
Aldrich, Saint-Quentin-Fallavier, France, Cat#P1754).
BD BBL™ Middlebrook OADC Enrichment (Thermo
Fisher Scientific, Illkirch, France, Cat#11708173)
Kanamycin sulfate (Euromedex, Cat#UKO0010D) stock
solution dissolved at 50 g-L~' in distilled water.

Glass Erlenmeyer 50 mL (Grosseron, Coueron, France,
Cat#431.3332).

Conventional pre-autoclaved 1.5 mL flat cap microcentri-
fuge plastic tubes (StarLab Tube One®, Orsay, France).
Autoclaved 100% glycerol solution (Euromedex, Souffel-
weyersheim, France, Cat#EU3550).

Evaluating CRISPRI effectiveness on
mycobacterial growth by microdilution or by
serial dilution spot assays

e Recombinant M. smeg strains harboring plasmids pJL32
(Addgene #227429) and its derivatives pJL35 and pJL36
targeting rpoB and mmpL3, respectively [22].
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e Recombinant M. abs™® strains harboring plasmids pJL34

(Addgene #227431), its derivative pEARSS targeting rpoB

and pEAR46 targeting mmpL3 (Tables S1 and S2).

Complete Middlebrook 7H9 broth consisting of Middleb-

rook 7H9 base (BD Difco, Cat#271310) supplemented

with 0.2% glycerol (Euromedex, Souffelweyersheim,

France, Cat#EU3550) and 0.05% Tween-80 (Sigma-

Aldrich, Saint-Quentin Fallavier, France, Cat#P1754).

Complete Middlebrook 7H10 agar consisting of Middleb-

rook 7H10 agar base (BD Difco, Cat#262710) supple-

mented with 0.5% glycerol (Euromedex, Souffelweyersheim,

France, Cat#EU3550).

e BD BBL™ Middlebrook OADC Enrichment (Thermo-
Fisher Scientific, Illkirch, France, Cat#11708173)

e Square Petri Dishes 120 x 120 mm (Corning-Gosselin,
Borre, France, Cat#BP124-05)

e Kanamycin sulfate (Euromedex, Cat#UKO0010D) stock
solution dissolved at 50 g-L~' in distilled water.

e Hygromycin B (Toku-E, Sint-Denijs-Westrem, Belgium;

#H007) stock solution dissolved at 50 g-L~' in distilled

water.

Anhydrotetracycline (ATc) (Sigma-Aldrich, Saint-Quentin

Fallavier, France; Supelco, Cat#37919) stock dissolved

1 g¢L™! in ethanol (VWR, Rosny-sous-Bois, France,

Cat#20823.362).

Ethanol 96% (VWR, Cat#20823.362).

Glass Erlenmeyer 50 mL (Grosseron, Coueron, France,

Cat#431.3332)

50 mL sterile conical tubes in clarified polypropylene

(Corning-Falcon, Avon, France, Cat#352070).

96-well flat-bottom Nunclon Delta Surface microplates

with lid (Thermo-Fisher Scientific, Cat#167008).

Spectrophotometer (Eppendorf Biophotometer, Montes-

son, France)

Spectrophotometry cuvette ClearLine® (Dutscher, Bernol-

sheim, France, Cat#030101).

TECAN Spark 10 m Microplate reader (Tecan Group

Ltd., Ménnedorf, Switzerland).

ChemiDoc™ MP Imaging System (Bio-Rad, Marnes-la-

Coquette, France).

Image Lab software version 6.1.0 (Bio-Rad).

Monitoring CRISPRi-mediated smooth-to-rough
morphotypes by macroscopic visualization

e Recombinant M. smeg strains harboring plasmids pJL31
(Addgene #227428), pJL32 (Addgene #227429) and its
derivative pJL37 targeting mmpL4b [22].

o M. abs®® and M. abs™ CIP104536" reference strains.

 Recombinant M. abs™ strains harboring plasmids pJL33
(Addgene #227430), pJL34 (Addgene #227431) and its
derivatives pEAR49, pEARS50 and pEARSI1 targeting
mmpL4b (Tables S1 and S2).

e Complete Middlebrook 7H9 broth consisting of Middleb-
rook 7H9 base (BD Difco, Cat#271310) supplemented

CRISPR interference in Mycobacteria

with 0.2% glycerol (Euromedex, Souffelweyersheim,
France, Cat#EU3550) and 0.05% Tween-80 (Sigma-
Aldrich, Cat#P1754).

Complete Middlebrook 7H10 agar consisting of Middleb-
rook 7H10 agar base (BD Difco, Cat#262710) supple-
mented with 0.5% glycerol (Euromedex, Souffelweyersheim,
France Cat#EU3550).

Luria-Bertani Broth (BD Difco, Cat#244620) containing
Bacteriological Agar Agar (Euromedex, Cat#1330).
Round Petri Dishes 94 mm diameter (Greiner Bio-One,
Les Ulis, France, Cat#633180).

Kanamycin sulfate (Euromedex, Cat#UKO0010D) stock
solution dissolved at 50 g-L~! in distilled water.
Anhydrotetracycline (ATc) (Sigma-Aldrich; Supelco,
Cat#37919) stock dissolved 1 g-L™! in ethanol 96%
(VWR, Cat#20823.362).

50 mL Glass Erlenmeyer (Grosseron, Coueron, France,
Cat#431.3332).

50 mL sterile conical tubes in clarified polypropylene
(Corning-Falcon, Avon, France, Cat#352070).

10 pL sterile inoculation loops (Stirilab, Ruzomberok,
Slovakia, Cat#390530).

ChemiDoc™ MP Imaging System (Bio-Rad, Marnes-la-
Coquette, France).

Image Lab software version 6.1.0 (Bio-Rad).

Fu1 open-source software version 2.16.0 (https://image;j.
net/software/fiji/) [39].

Portable Digital USB 8 LED Mini-Microscope (Bysa-
meyee) & a free compatible application such as OTG
View2 Android App version 4.3.9 for BSL1 and BSL2
acquisitions.

Quantifying glycopeptidolipid (GPL) levels during
CRISPRi-mediated silencing of its translocase
mmplL4b

Bacterial culture, sample collection, lyophilization, and
normalization

Recombinant M. smeg strains harboring plasmids pJL32
(Addgene #227429) and its derivative pJL37 targeting
mmpL4b [22].

M. abs® and M. abs™ CIP104536" reference strains.
Recombinant M. abs® strains harboring plasmids pJL34
(Addgene #227431) and its derivatives pEAR49, pEARS0,
and pEARS] targeting mmpL4b (Tables S1 and S2).
Complete Middlebrook 7H9 broth consisting of Middleb-
rook 7H9 base (BD Difco, Cat#271310) supplemented
with 0.2% glycerol (Euromedex, Souffel-weyersheim,
France, Cat#EU3550) and 0.05% Tween-80 (Sigma-
Aldrich, Cat#P1754).

BD BBL™ Middlebrook OADC Enrichment (Thermo
Fisher Scientific, Illkirch, France, Cat#11708173)

50 mL Glass Erlenmeyer (Grosseron, Coueron, France,
Cat#431.3332).

250 mL Glass Erlenmeyer (Grosseron, Cat#431.3472).
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e Kanamycin sulfate (Euromedex, Cat#UKO0010D) stock
solution dissolved at 50 g-L~! in distilled water.

e Anhydrotetracycline (ATc) (Sigma-Aldrich, Supelco,
Cat#37919) stock dissolved 1 g-L™' in ethanol 96%
(VWR, Cat#20823.362).

e 50 mL sterile conical tubes in clarified polypropylene
(Corning-Falcon, Avon, France, Cat#352070).

e Phosphate buffer saline (10 mm phosphate buffer, and
3 mm KCIl, pH 7.4) (Merck-Millipore, Darmstadt, Ger-
many, Cat#524650)

e Spectrophotometer (Eppendorf Biophotometer, Montes-
son, France)

e Centrifuge 5810R (Eppendorf, Montesson, France)

e Lyophilizator Alpha 1-4 LSCbasic (Christ, Osterode am
Harz, Germany)

Lipids extraction & sample preparation

e Centrifuge 5810R (Eppendorf, Montesson, France).

e Rotary evaporator Hei-VAP Advantage (Heidolph
Instruments, Schwabach, Germany).

e Nitrogen flow with Nitrogen 4.5 (Linde, Lyon, France,
Cat#UN1066).

e CHCI; (VWR, Cat#22711.290).

e CH30H (VWR, Cat#20847.318).

e Glass Pasteur pipette 150 mm (Dutscher, Bernolsheim,
France, Cat#065421)

e 100 mL Glass bottle with ground-glass neck (Grosseron,
Coueron, France, Cat#4361402).

¢ 15 mL Glass funnel (Dutscher, Cat#068958).

e 2 mL amber glass vial (Merck, Darmstadt, Germany,
Cat#27000).

o Ashless filter paper Grade 40 (Whatman®, Cytiva, Saint-
Germain-en-Laye, France, Cat# 1440-090).

e 100 mL piriform round-bottom flask (Grosseron,
Coueron, France, Cat#9.012024).

e 50 mL sterile conical tubes in clarified polypropylene
(Corning-Falcon, Avon, France, Cat#352070).

Thin layer chromatography (TLC) running and
development

e Semi-automatic sample dispenser Linomat 5 (CAMAG®,
Cat#022.7808).

* 100 uL syringe for Linomat 5 (CAMAG®, Cat#695.0014).

e Nitrogen bottle with pressure gauge set at 4-5 bar
(Linde, Lyon, France, Cat#UN1066).

e TLC Silica gel 60 F254 100*200 mm (Merck, Darmstadt,
Germany, Cat#1.05729.0001).

 Automatic Developing Chamber 2—ADC2 (CAMAG®,
Cat#022.8380)  coupled  with  humidity  control
(CAMAG®, Cat#022.8360) using MgCl, (Sigma-Aldrich,
Cat#13152) 33% salt solution in distilled water.

o visionCATS  software basic version (CAMAG®,
Cat#028.0000).

V. Point et al.

Filter paper for chamber saturation (CAMAG®,
Cat#022.8370).

Flat-bottom chamber with glass lid for 200*200 mm
plates (CAMAG®, Cat#022.5250).

TLC plate heater III (CAMAG®, Cat#022.3306).

TLC visualizer II (CAMAG®, Cat#022.9811).

Glass reagent sprayer 100 mL (CAMAG®, Cat#022.6100).
10 pL glass capillaries (CAMAG®, Cat#022.7730).

TLC spray cabinet with fan (CAMAG®, Cat#022.6230).
Anthrone (Sigma-Aldrich, Cat#319899).

H,SO04 95% (VWR, Cat#20685.295).

CH;CH,0H 96% (VWR, Cat#20823.362).

CHCI; (VWR, Cat#22711.290).

CH;0H (VWR, Cat#20847.318).

MgCl,.6H,O (Sigma-Aldrich, Cat#13152).

100 mL Glass flask (Grosseron, Coueron, France,
Cat#4361402).

Quantitative analysis of GPL levels

e ChemiDoc™ MP Imaging System (Bio-Rad, Marnes-la-
Coquette, France).

e Image Lab software version 6.1.0 (Bio-Rad, Marnes-la-
Coquette, France).

e Fur open-source software version 2.16.0 (https://imagej.
net/software/fiji/) [39].

e Microsoft office LTSC Standard 2021 including Excel
(version 2018).

¢ R Studio software (The R Project for Statistical Comput-
ing), with the ggplot2 package (version 3.5.1).

Methods

Generation, storage, and maintenance of
mycobacterial CRISPRI strains

Note: Original vectors from the pIRL and pJL series used
to perform CRISPRi are available on Addgene (https://
www.addgene.org/). The generation of the M. smeg CRISPRi
plasmids described in this research protocol has been previ-
ously reported [22]. CRISPRi plasmids for M. abs were
generated following the well-established CRISPRi cloning
protocol reported by Wong et al. [40], and all the required
information regarding their construction is available in sup-
plemental information (Tables S1 and S2). Once generated
and sequenced, CRISPRIi vectors have been electroporated
in M. smeg or M. abs®® as previously published [41].
Recombinant clones were selected, further expanded, and
frozen glycerol stocks of each genetic background were
stored at — 80 °C and subsequently used in this study.
Note: Some of the following steps involve working with
M. abs, an opportunistic pathogen that is classified as a
BSL-2 organism. Therefore, experiments must be carried
out under a dedicated safety cabinet by following the
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recommended safety guidelines and standard operating pro-
cedures for handling BSL-2 pathogens.

Initiating mycobacterial starter cultures from frozen
stocks

1 Thaw pre-aliquoted 500 pL-1 mL glycerol stocks of
recombinant M. smeg strains harboring plasmids pJL31,
pJL32, pJL35, pJL36, or pJL37; or alternatively M.
abs® strains harboring plasmids pJL33, pJL34 and its
derivatives pEAR46, pEAR49, pEARS0, pEARSI, and
pEARSS (Tables S1 and S2) according to your experi-
mental plan.

2 Prepare 20 mL of complete Middlebrook 7H9 broth sup-
plemented with kanamycin at a final concentration of
50 mg-L~! (M. smeg) or 250 mg-L™' (M. abs) for each
bacterial background in pre-autoclaved 50 mL Erlen-
meyer flasks. For M. abs cultures, add 10% of OADC
supplement to better support growth.

3 Inoculate the entire content of each glycerol stock tubes
within the 20 mL of complete medium.

4 Incubate the cultures at 37 °C under shaking at 180 rpm
for 48-72 h.

5 After 48-72 h, collect a 1 mL aliquot of each saturated
bacterial culture.

6 Dilute 100 pL. of each bacterial culture into 1000 pL
final of complete Middlebrook 7H9 broth and transfer
this into a spectrophotometry cuvette.

7 Evaluate bacterial growth spectrophotometrically by
measuring optical density (ODgoonm) using complete
Middlebrook 7H9 broth only as blank.

Subculturing of mycobacterial cultures

8 Prepare 50 mL of complete Middlebrook 7H9 broth
supplemented with kanamycin at a final concentration
of 50 mg-L™! (M. smeg) or 250 mg-L™' (M. abs) for
each bacterial background in pre-autoclaved 250 mL
Erlenmeyer flasks. For M. abs cultures, add 10% of
OADC supplement to better support growth.

9 Subculture each strain according to the recorded
ODgoonm Of the starter cultures by diluting them to obtain
an initial ODgggny, comprised between 0.025-0.05.

10 Incubate the cultures at 37 °C under shaking at
180 rpm for 16-24 h.

11 After 16-24 h, evaluate bacterial growth spectrophoto-
metrically by measuring optical density (ODggonm) as
described above.

Note: Both M. smeg and M. abs have an approximate
doubling time close to 4-5 h in rich medium; therefore,
16-24 h of incubation is usually sufficient to obtain expo-
nentially growing cultures with an ODggg,m comprised
between 0.5 and 1.5.

Note: At that stage, exponentially growing cultures can be
used to perform a wide range of phenotypic assays, such as

CRISPR interference in Mycobacteria

evaluating CRISPRi-mediated inhibition of mycobacterial
growth by microdilution or by serial dilution spot assays, but
also performing smooth-to-rough transition assays.

Evaluating CRISPRi effectiveness on
mycobacterial growth by microdilution or by
serial dilution spot assays

Monitoring M. smegmatis essential genes targeting by
CRISPRI using microdilution assays

A. Microplate inoculation using standardized bacterial
inoculum

1 Using exponentially growing cultures as described
below, prepare bacterial inoculum for each recombinant
strain to be tested by adjusting the ODggonm to 0.005.
In this experiment, we will use pJL32, pJL35 and pJL36
M. smeg recombinant strains. Assuming that an
ODgponm Of 1 corresponds to approximately to 1 x 108
CFUmL™", an inoculum of ODgoonm 0.005 will result
in a bacterial concentration of approximately 5 x 10°
CFU-mL~! as recommended when performing standard
antimicrobial susceptibility testing.

2 Within a 96-well plate, perform twofold serial dilutions
of ATc ranging from 200 ng-mL~"' to 0.08 ngmL™" in
100 pL of media (Fig. 1A).

3 Add 100 pL of the bacterial inoculum to each well,
ensuring a final volume of 200 uL per well and final
ATc concentration ranging from 100 ngmL™' to
0.04 ng-mL~! (Fig. 1A).

4 Include all the required control conditions, such as a
positive growth control (bacterial inoculum in complete
media without ATc and/or with 0.01% ethanol as vehi-
cle only), a negative sterility control (complete Middleb-
rook 7H9 broth without inoculum) and a positive
control of bacterial growth inhibition (bacterial inocu-
lum with complete Middlebrook 7H9 broth containing
50 mg-L~! of Hygromycin B) (Fig. 1A).

5 Include a technical triplicate in the plate for each condi-
tion (Fig. 1A).

6 Measure the ODgoonm using the 96-well microplate
reader to assess the ODggonm at timepoint 0 h.

Note: At this stage the ODgggnm 1S Similar between inoc-
ulated media and sterility control condition, therefore
leading a starting ODggonm corrected value of 0.

7 Incubate the microplates at 37 °C without shaking, pref-

erably in a humidity chamber to prevent evaporation.

B. Recording of CRISPRi-mediated bacterial growth
inhibition and data analysis

8 Monitor bacterial growth by measuring the ODgoonm
every 24 h using a 96-well plate spectrophotometer.

9 Repeat this operation for 4 consecutive days to obtain
data at different timepoints corresponding to 0 h, 24 h,
48 h, 72 h, and 96 h.
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CRISPR interference in Mycobacteria

10 At each stage, ensure that all the control conditions
match the expected results.

11 Subsequently collect and organize all the data using
Microsoft Excel or any alternative software. This step

V. Point et al.

consists of preparing a matrix summarizing the data,
including all replicates, the recorded ODggonm, and the
corrected ODgoonm values obtained by subtracting
the blank.

(A) 1 2 3 4 5 6 7 8 9 10 11 12

O Sterility control
(Complete Media - No bacteria)
Inhibition control ) . .
c . ‘ . . ‘. .. .. .. (Complete Media + Bacteria + Hygromycin 50 pg.mL™")
Positi trol
0 QQ.QQ.*.*.*.*Q*. O e
E “....‘.‘.‘ OVehicIe contro! .
- * * * * * * * * * * (Complete Media + Bacteria + Ethanol 0.01%)
. . . . . ‘ . ‘ ‘*‘*. ATc gradient (Highest)
G . . . . . ' . . O (Complete Media + Bacteria + ATc)
'0'0'0'0'0'0't

O ATc gradient (Lowest)
(Complete Media + Bacteria + ATc)

ATc™
100 ng.mL"’ 0.04 ng.mL™"
®) © ATc® ATct)
pJL32 pJL35 pJL36

Py ATc 10° 107 102 10° 10 10° 10° 10" 102 10° 10* 10%
— (ng.mL")
g 35 - 0
S 55 0.04
S i 0.09
o5 0.195
2% i 0.39
= 0.78
22 1.56
81 3.125 10° 10" 102 10° 10* 10° 10° 10" 102 10° 10* 10°

. * 6.25
© < 125
S -2
= < 5
go. < 100

0.0

0 24487296 0 24487296 0 244872 96
Time (hours)
- +

(D) ATct) ATc™

10° 10" 102 10° 10* 10° 10° 10" 102 10® 10* 10°
M.abs'® pJL34 | ) o “y o

M.abs® pEAR46 [ ]

M.abs® pEAR55 [

10° 10" 102 10° 10* 10° 10° 10" 102 10° 10* 10°
M.abs® pJL34

M.abs® pEAR46

M.abs'® pEAR55
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V. Point et al. CRISPR interference in Mycobacteria

Fig. 1. Monitoring of CRISPRi effectiveness on mycobacterial growth while targeting essential genes. (A) Schematic representation of a
standard microplate used to perform a microdilution-based assessment of CRISPRi effectiveness on mycobacterial growth. This
representation is suitable for testing two strains within the same microplate. Wells shown in green represent the vehicle controls,
corresponding to the solvent (0.01% ethanol) used at the highest concentration of the ATc solution. (B) Effect of CRISPRI-mediated gene
silencing on M. smeg growth in liquid media. Growth profiles of pJL32, pJL35, and pJL36 recombinant strains were assessed by measuring
optical density at 600 nm, and performed in the absence or in the presence of increasing concentrations of ATc ranging from 0 to
100 ng-mL~". An individual color code has been used to identify each concentration. Of note, while the inhibition is almost complete, all the
conditions are displayed as superimposed on the graph. The error bars indicate standard error of the mean. (C) Effect of CRISPRI-mediated
gene silencing on M. smeg growth on agar media. Serial dilutions of M. smeg recombinant strains pJL32, pJL35, and pJL36 were spotted
onto 7H10 agar media either in the absence (left panel) or presence (right panel) of 100 ng-mL™" of ATc. Bright light (top) and their
corresponding red fluorescent profiles (bottom) are shown. (D) Effect of CRISPRI-mediated gene silencing on M. abs® growth on agar
media. Serial dilutions of M. abs'® recombinant strains pJL34, pEAR46, and pEARS5 were spotted onto 7H10 agar media supplemented
with 10% OADC either in the absence (left panel) or presence (right panel) of 1000 ng-mL™" of ATc. Bright light (top) and their

corresponding red fluorescent profiles (bottom) are shown.

12 Export the results summarized in this matrix as ‘.csv’
file and perform data analysis using R studio or any
other data visualization software that can display line
plots (Fig. 1B).

13 Display bacterial growth dynamics for each strain in
the absence or the presence of increasing concentrations
of ATc by generating the corresponding plots for each
strain. Representative results obtained with M. smeg
pJL32, pJL35, and pJL36 are displayed in Fig. 1B.

Note: This whole workflow is repeated two or three
times in order to get more biological replicates and make
sure that the observed phenotypes are reproductible over
independent experiments.

Monitoring essential genes targeting by CRISPRi using
agar spot assays

A. Preparation of agar plates.

Note: Prepare 7H10 agar media and autoclave it according
to the manufacturer instructions. We usually prepare 5 L
batches that are aliquoted in twelve independent 500 mL
glass bottles containing approximately 400 mL of media.

1 Use a conventional microwave to melt a 500 mL glass
bottle of complete 7H10 media.

2 Once the liquid is homogeneous, leave the bottle cool
down in 50-55 °C water bath for at least 20-30 min.

3 Once at the appropriate temperature, add kanamycin
stock solution to the media to a final concentration of
50 mg-L~! (M. smeg) or 250 mg-L~! (M. abs) and vig-
orously shake to homogenize. While performing experi-
ments with M. abs, add 10% of OADC supplement to
better support growth.

4 Use half of this bottle of media to dispense 50 mL of
medium into 120 x 120 mm square petri dishes. This
batch of plates will constitute the uninduced control
condition also referred to as ATc( ™.

5 Use the remaining half to add ATc at final concentra-
tion of 100 ngmL~' (M. smeg) or 1000 ng-mL~!
(M. abs)

6 Dispense 50 mL of medium into 120 x 120 mm square
petri dishes. This batch of plates will constitute the
induced condition also referred to as ATc™.

7 Leave the plates open for a few minutes under a Bunsen
burner or microbiological safety cabinet in order to let
them solidify and dry.

8 Once dry, the plates can be used directly or store at
4 °C for later use.

B. Preparation of bacterial inoculum and dropping onto
agar plates

9 Using exponentially growing cultures, prepare bacterial
inoculum for each recombinant strain by adjusting the
ODggonm to 0.1. In this experiment, we will use pJL32,
pJL35 and pJL36 M. smeg recombinant strains or
pJL34, pEAR46 and pEARS55 M. abs® recombinant
strains. Assuming that an ODggg,, of 1 corresponds to
approximately to 1 x 105 CFU-mL™!, this inoculum
will result in a bacterial concentration of approximately
1 x 107 CFU-mL™". This initial bacterial concentration
was chosen as in 6 10-fold serial dilutions, the two lat-
est spotted concentrations should enable to have
approximately between 10 and 1 CFU, respectively.

10 Using this inoculum at ODgygnm 0.1, perform 10-fold
serial dilution by collecting 20 pL of the inoculum and
mix it with 180 pL of complete Middlebrook 7H9 broth
medium. This can be done in conventional 1.5 mL ster-
ile microcentrifuge plastic tubes or in 96-well plates.

11 Repeat this operation 5 to 6 times by changing tips for
each dilution. Following this procedure, one should reach
a desired dilution ranging from 10° to 107> or 10~° corre-
sponding to a theoretical number of 1 x 10> CFU-mL™"
or1 x 10" CFU-mL"!, respectively.

12 Using a single or multi-channel pipette, collect 10 pL of
each dilution and carefully place it on a 7H10 agar
plate containing 50 mg-L™' of kanamycin in the
absence or presence of 100 ngmL ™' of ATc for
M. smeg or on a 7HIO agar plate containing
250 mg-L~" of kanamycin in the absence or presence of
1000 ng-mL~" of ATc for M. abs.
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V. Point et al. CRISPR interference in Mycobacteria

Fig. 2. Phenotypic visualization of smooth-to-rough transition using inducible CRISPRi-mediated silencing of GPL translocation in M.
smegmatis. (A) Colony morphotype analysis of mmpL4b CRISPRi-mediated silencing using the pJL32 and pJL37 vectors. Cells were grown
in 7H10 solid medium in the presence or absence of 100 ng-mL™" of ATc for 72 h before being imaged using ChemiDoc MP imaging
system. Bright light (top) and their corresponding red fluorescent profiles (bottom) are shown. Scale bar represents 3 mm. (B) Close up
analysis of smooth-like (pJL32) and rough-like (pJL37) morphotypes obtained on 7H10 solid medium in the presence 100 ng-mL~" of ATc
for 72 h with a portable digital camera. Smooth-like morphotype displays more regular and rounded edges with a shiny and glossy
appearance while rough-like morphotype is characterized by more irregular edges and drier surface. Scale bar represents 1 mm. (C) Analysis
of M. smeg pJL31 and pJL37 morphologies and fluorescence profiles when mixed on solid medium. Approximately, 1.10° CFU of M. smeg
pJL31 and 1.10° CFU of M. smeg pJL37 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 ChemiDoc MP imaging system. Bright light, green fluorescence, red fluorescence, merge,
and a colorblind friendly merge micrographs are displayed. Scale bar represents 1 cm. (D) Zoom caption of the merge channel is displayed
on the left, and selected area from (a), (b), and (c) have been further imaged using a portable digital microscope. Their corresponding

micrographs are showed at the right of the panel. Scale bars represent 1 cm and 1 mm, respectively.

13 Once the drops have been dispensed, let the plate dry kanamycin in the absence or presence of 100 ng. mL ™!
for 10-20 min. Do not move the plate as this can result of ATc as described previously.
in altered morphology and/or mixing of the drops. Subsequently, streak the drop using an inoculation loop

14 When dry, incubate the plates at 37 °C for 3—4 days. following the established quadrant technique.

15 Scanning of each plate is performed using ChemiDoc™ Incubate the plates at 37 °C for 2-4 days.
MP Imaging System coupled with the Image Lab soft- Scan each plates using ChemiDoc™ MP Imaging System
ware. Bright light acquisition is performed by using the coupled with the Image Lab software. Bright light acquisi-
‘White Epi Illumination’ setting combined with the tion is performed by using the “White Epi [llumination’
‘Standard Filter’. Since the vectors pJL32 and pJL34; setting combined with the ‘Standard Filter’. Since the vec-
and their derivatives harbor a dTomato coding tors pJL31 and pJL32, and their respective derivatives,
sequence place under the constitutive psmyc promoter, harbor a mWasabi or dTomato coding sequence place
recombinant CRISPRi hypomorphs produce a bright under the constitutive psmyc promoter, recombinant
red fluorescent signal that can be easily monitored. CRISPRi hypomorphs produce a bright green or red fluo-
Therefore, an additional red fluorescence acquisition is rescent signal that can be easily monitored. Therefore, an
performed by using the ‘Green Epi Illumination’ setting additional green fluorescence acquisition is performed by
combined with the ‘605/50 nm Filter’. using the ‘Blue Epi Illumination’ setting combined with

16 If required, individual raw images can be exported from the °530/28 nm Filter’ and red fluorescence acquisition is

Image Lab as TIFF files 600 dpi and displayed with the
open-source software Fur for further processing. Results
obtained with M. smeg pJL32, pJL35, and pJL36
strains are displayed in Fig. 1C and M. abs®® pJL34,
pEARSS, and pEAR46 strains in Fig. 1D. Both are rep-
resentative of 2 or 3 independent biological replicates.

Monitoring CRISPRi-mediated smooth-to-rough
morphotype transition in M. smegmatis by
macroscopic visualization

Note: This step describes two distinct approaches to evalu-
ate CRISPRi-mediated changes in morphotypes. Both
approaches have been previously reported here [22].

1

Using exponentially growing cultures of pJL31, pJL32,
and pJL37, prepare bacterial inoculum for each recombi-
nant strain by adjusting the ODggonm to 0.1. Assuming
that an ODggony, Of 1 corresponds to approximately to
1 x 10 CFU-mL™!, this inoculum will result in a bacte-
rial concentration of approximately 1 x 10’ CFU-mL™".
Using pJL32 and pJL37 inoculum at ODgggm 0.1, drop
10 uL on 7H10 agar media containing 50 mg-L~' of

performed by using the ‘Green Epi Illumination’ setting
combined with the ‘605/50 nm Filter’.

If required, individual raw images can be exported from
Image Lab as TIFF files 600 dpi and displayed with the
open-source software Fui for further processing. Results
are displayed in Fig. 2A.

Alternatively, plating can be performed on the same
Petri dish by mixing multiple inoculums expressing dif-
ferent fluorophores as previously described [22]. A rep-
resentation of a mixed experiment with pJL31 and
pJL37 is reported in Fig. 2B-E.

Finally, higher magnification pictures of colonies of
interest can also be visualized using a portable digital
microscope coupled with a basic smartphone. Through
transcriptional repression of the GPL translocase
mmpL4b, CRISPRi hypomorphs do not export GPL at
the bacterial cell surface, therefore resulting in a
rough-like morphotype as displayed in Fig. 2F. This
process is ATc-dependent and requires the presence of a
specific sgRNA targeting mmplL4b as exemplified with
the empty pJL31 construct which does not generate
cell-wall  alterations, with colonies that remain
smooth-like upon ATc induction.
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CRISPR interference in Mycobacteria

Fig. 3. Assessing the reversible nature of the smooth-to-rough transition using inducible CRISPRi-mediated silencing of GPL translocation.
(A) Representative scheme of the principle of the reversion assay performed in this study. (B) Analysis of M. smeg pJL31 and pJL37
morphologies and fluorescence profiles when mixed on solid medium. Approximately, 1.10° CFU of M. smeg pJL31 and 1.10° CFU of M.
smeg pJL37 collected from ATc-free liquid medium were mixed before being plated on 7H10 solid medium in the absence (top panels) or in
the presence (bottom panels) of 100 ng-mL™" of ATc. After 3-4 days at 37 °C, the plates were imaged using ChemiDoc MP imaging
system. Bright light, green fluorescence, red fluorescence, merge, and a colorblind friendly merge micrographs are displayed. Scale bar
represents 1 cm. Zoom captions of the merge channel, appear as selected areas (a) and (b) are displayed on the right. Corresponding
colonies have been further imaged using a portable digital microscope, flipped and manually cropped to match the fluorescence images.

Scale bars represent 1 cm and 2 mm respectively.

Note: At this stage, an additional reversion assay can be
performed to confirm that the observed phenotypes are all
due to the CRISPRi-mediated inducible system. Hence,
some individual pJL31 and pJL37 smooth and rough colo-
nies from Fig. 2 are randomly picked and used to inoculate
S mL of ATc-free complete 7H9 Middlebrook media con-
taining 50 mg-L™" of kanamycin. Independent cultures are
further incubated for 48-72 h, and the procedure described
below is repeated on both ATc™ and ATc™ agar plates.
Representative results obtained following this procedure
are displayed in Fig. 3. They show that plating former
rough-like clones on fresh ATc'™ medium fully restores the
phenotype back to a smooth-like morphotype, highlighting
the reversible nature of this system.

Quantifying M. smegmatis glycopeptidolipid
(GPL) levels during CRISPRi-mediated silencing
of its translocase mmpL4b

A. Subculturing of mycobacterial cultures and sample
lyophilization

1 Prepare 100 mL of complete Middlebrook 7H9 broth
supplemented with kanamycin at a final concentration
of 50 mg:-L™' in pre-autoclaved 250 mL or 500 mL
Erlenmeyer flasks. For the experiment presented in this
manuscript, 9 Erlenmeyer flasks were required.

2 Subculture pJL32 and pJL37 strains according to
recorded ODygggnm Of the starter cultures by diluting them
in order to obtain at an initial ODgygpnm of 0.025-0.05.

3 Incubate pJL32 cultures at 37 °C under shaking at
180 rpm for 48 h in the absence or in the presence of
100 ng-mL~" of ATec.

4 Incubate pJL37 cultures at 37 °C under shaking at
180 rpm for 48 h in the absence or in the presence of
increasing concentrations of ATc ranging from 0 to
100 ng~mL_1 (e.g., 0, 0.1, 1, 5, 10, 20, 50, and
100 ng-mL™").

5 After 48 h, centrifuge 100 mL of bacterial cultures at
5000 rpm for 10 min in 50 mL conical tubes.

6 Wash the pellet twice using sterile PBS buffer pH7.4.

7 Lyophilize the bacterial pellets overnight using the Lyo-
philizator Alpha 1-4 LSCbasic.

8 Collect the lyophilized samples.

9 Weigh the same amount of dry material for all samples
(between 100 and 150 mg) in 50 mL conical tube.

B. Conventional workflow for total mycobacterial lipid
extraction.

Note: The following steps involve working with volatile
organic solvents, and must therefore, be carried out in a
fume cupboard or chemical hood.

10 Add 30 mL of CHCI;/CH;0H (1:2, v/v) in each dry
pellet and incubate on a rotating mixer for 24 h at
room temperature (RT).

11 Centrifuge at 5000 rpm for 10 min at RT.

12 Transfer the organic solvent (OS;) in a glass bottle
using a glass Pasteur pipette.

13 Add 30 mL of CHCI3/CH;OH (1:1, v/v) to each resid-
ual pellet and incubate on a rotating mixer for 24 h at
room temperature (RT).

14 Centrifuge at 5000 rpm for 10 min at RT.

15 Transfer the organic solvent (OS,) and pool it with OS;
in a glass bottle.

16 Add 30 mL of CHCI;/CH;0H (2:1, v/v) to each resid-
ual pellet and incubate on a rotating mixer for 24 h at
room temperature (RT).

17 Centrifuge at 5000 rpm for 10 min at RT.

18 Transfer the final organic solvent (OS;) using a Pasteur
pipette and pool it with OS; and OS, in the glass
bottle.

19 Filter the mixed organic solvents (OS;, OS,, and OS3)
into a 100 mL round-bottom flask through ash filter
paper using a glass funnel.

20 Use a rotary evaporator to dry the mixed solvents until
complete evaporation.

21 Resuspend the total extracted lipids in a minimum of
CHCI3/CH;0H (2:1, v/v, ~500 pL) and transfer the
extract using a glass Pasteur pipette in a pre-tared
vial.

22 Rinse  twice the round-bottom  flask  with
CHCI3/CH;0H (2:1, v/v, ~500 puL) in order to make
sure to recover all the lipids.

23 Evaporate to dry the lipid extracts in a vial under nitro-
gen flow.

Note: It is recommended to weigh the dried lipids at this
stage to estimate the quantity.
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Fig. 4. Quantitative analysis of GPL levels upon CRISPRi-based repression of mmplL4b-mediated export. (A) Representative TLC of GPL
analysis of M. smeg pJL32 or pJL37 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 analyzed by TLC either by performing a manual or semi-automated loading. GPL
appear in blue upon development and TLC plates are further scanned in black and white to perform densitometric analyses. (B)
Corresponding quantitative analysis of GPL content of M. smeg pJL32 or pJL37 grown in the presence or in the absence of ATc. Each TLC
were performed in two technical replicates, shown in cyan and pink. GPL content was determined by quantifying the total area under the
curve (AUC). Values indicated in gray illustrate the % of GPL remaining in comparison to the ATc'™ condition. (C) Representative TLC and
quantitative GPL analysis of M. smeg pJL37 in the presence of increasing concentration of ATc. Cells were grown in 7H9 broth +0, 0.1, 1,
5, 10, 20, 50, or 100 ng-mL~" of ATc for 48 h. Lipid extraction from normalized dry pellets was analyzed by TLC as done in panel A and B
using the semi-automated method. TLC were performed in two technical replicates, shown in cyan and pink. GPL content was determined
by quantifying the total area under the curve (AUC). A four-parameter log-logistic regression (LL4) was applied to determine the effective
concentration 50 (ECsg) leading to 50% reduction in GPL content in between the two plateaus of the built model. The analysis was also
performed by normalizing the AUC of the no ATc condition to 1 (Bottom panel). A maximal effect was observed reaching 73% of GPL

reduction and is highlighted in orange.

24 After evaporation under nitrogen flow, resuspend the
lipids in 800 pL of CHCI;/CH;0H (2:1, v/v) and shake
vigorously for 1 min.

Note: The resuspension volume depends on the weight
of total lipids obtained. Generally, resuspend at a concen-
tration of around 25 mg-mL~".

Note: At that stage, GPL can be subsequently analyzed
by TLC using either a conventional approach with manual
loading or a dedicated CAMAG® semi-automated equip-
ment for improved sensitivity, resolution and reproducibil-
ity. Both methods are described below.

C. TLC analysis without CAMAG® equipment

25 Successively place 10 pL of samples on the TLC plate
using a glass capillary or a pipette with 10 pL tip,
ensuring to rinse the capillary thoroughly with CHCls/
CH3;O0H (2:1, v/v) or changing tip between each sample.

26 Introduce 100 mL of CHCIl;/CH3OH (9:1, v/v) elution
solvent into the Flat-Bottom Chamber.

27 Place the TLC plate in the chamber and let the eluent
migrate.

28 During the migration, prepare the anthrone solution,
weigh 0.2 g of anthrone into a 100 mL glass flask and
add 100 mL of ethanol containing 20% H,SOy.

29 Remove the TLC from the chamber when the eluent
has risen by approximately 8 cm.

30 Dry the TLC and position it in the TLC spray hood
coupled with a fan.

31 Spray the entire plate evenly with anthrone solution.

32 Heat the plate for 3-5 min at 120 °C. GPL species
should appear blue on the TLC.

33 Perform imaging of the TLC (Fig. 4A).

D. TLC analysis using semi-automated CAMAG®
equipment

34 Open the nitrogen bottle connected to the Linomat 5
sample applicator.

35 Switch on all the required equipment including the
Linomat 5, ADC2 and Visualizer 2, then open the
visionCATS software.

36 After preparing the analysis method and settings on
visionCATS, place a TLC plate on the Linomat and
launch the program.

37 Using the CAMAG® syringe, successively dispense
7 uL of sample onto the TLC plate, by ensuring to
rinse the syringe thoroughly with CHCIl;/CH;O0H (2:1,
v/v) between each sample.

Note: The visionCATS software allows adjustment of
various parameters with the Linomat 5 sample applicator
such as deposit width or spacing between deposits for
example, depending on the number of samples on the plate.

38 Prepare 60 mL CHCI;/CH3OH (9:1, v/v) as elution
solvent.

39 Place a filter paper in the ADC2 migration chamber
and wet it with the elution solvent.

40 Introduce 10 mL of elution solvent into the ‘Develop-
ment” module and 25 mL into the ‘Saturation” module.

41 Place the TLC in the ADC2 and run the program.

Note: The following settings were used to perform our
experiments with the ADC2. Front solvent: 75 mm; Activa-
tion: 20 min; Saturation: 20 min; Drying: 5 min.

42 During the migration, prepare the anthrone solution.
Weigh 0.2 g anthrone into 100 mL glass flask and add
100 mL ethanol containing 20% H>SO,.

43 At the end of migration, remove the TLC plate from
the ADC2 and position it in the TLC spray hood
coupled with a fan. Spray the entire plate evenly with
anthrone solution.

44 Heat the plate for 3-5 min at 120 °C. GPL species
should appear blue on the TLC.

45 Place the plate in the Visualizer 2 and take the respec-
tive picture under white light (Fig. 4A).

Note: GPL levels can be determined by semi-quantitative
analysis using different equipment and software. The next
section presents two methods: the first using ChemiDoc
MP imager/Image Lab software and the second using the
open-source Fur software.
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E. Quantitative analysis using the ChemiDoc MP imager
and Image Lab software

46 Switch on the ChemiDoc and open the Image Lab
software.

47 Position the White Light Conversion Screen and place
the TLC in the center.

48 Set and adjust the camera zoom.

49 Acquire the TLC image with the Colorimetric program
using the ‘Blots’ building block. Using this program,
the GPL appear in black on a white background
(Fig. 4A).

50 In the Analysis Tool Box, select the ‘Lane and Bands’
building block, and manually set the number of samples
to be quantified in ‘Lanes’. One sample corresponds to
one lane.

51 Adjust the width and position of each lane.

52 In the ‘Bands’ tab, add a band for each Lane, and
adjust the size of the band in the ‘Lane Profile’ icon so
that it includes all the detected GPL stained in blue by
the anthrone within a single band.

53 Recover the area under the curve for each band in the
‘Report’ icon and copy them into Excel or any alterna-
tive software for quantification and data visualization.

Note: Results from two independent distinct replicates
performed using the manual or semi-automated workflow
and subsequently quantified using the ChemiDoc/ImageLab
approach are displayed in Fig. 4B. If some minor changes
can be observed in terms of raw values obtained through
AUC analysis, they nevertheless demonstrate a great repro-
ducibility with pJL37-mediated GPL inhibition comprised
around 76% and 85%. Finally, a dose-response analysis of
pJL37-mediated GPL inhibition is also displayed on
Fig. 4C.

F. Quantitative imaging and alternative visualization
using the open-source software Fui

54 Open Fur and load the ‘Colorimetric Scan’ TIFF files
acquired using the ChemiDoc Imaging System
(Fig. 5A).

55 Make sure that the picture of interest is under an 8-bit
format. If not, in the ‘Image’ tab, select “Type’ and con-
vert the image of interest in 8-bit. This will scale the
image to have a range of pixel values comprised
between 0 and 255.

56 In the ‘Edit’ tab, invert pixel values using the command
‘Invert’. This allows the conversion of GPL bands as
positive pixels appearing in white on a black back-
ground as opposed to black on a white background
(Fig. 5A).

57 Duplicate this window and use the Look Up Table tab
to create a heat-map of pixel intensities that simplify
visualization with calibrated colors. In this example, we
use the Look Up Table ‘Fire’ (Fig. 5A).

V. Point et al.

58 Use the wand tracing tool to create a region of interest
that include the GPL bands of interest. In this example,
we drew a rectangle to select the area to be analyzed.

59 Use the shortcut command ‘Ctrl + t* to include this
region of interest in the ROI manager.

60 Use this rectangle and apply it to each sample lane that
needs to be analyzed. Further re-adjust the position of
region of interest if necessary.

61 Once all the regions of interest have been drawn, make
sure to save them using the ROI manager, should you
wish to repeat more analysis later on using the same
segmented areas.

62 In the ROI Manager, select all the regions of interest,
and use the tool ‘Measure’. This will enable to obtain
different type of parameters such as the area analyzed,
the min, max, mean, median pixel intensities but also
the raw integrated density (RID). To include more
parameters, click on the tab ‘Analyse’ and go to the
‘Set Measurement’ Tool.

63 A table of results will appear and can be saved in order
to be further processed for subsequent quantification in
R Studio.

64 At this stage, some additional analyses can be per-
formed. Using the ROI Manager and the regions of
interest apply the ‘MultiCrop’ function to obtain each
area analyzed as an individual picture (Fig. 5B).

65 Then, for each of them, use the ‘Freehand Line’ to
draw a line that cover the entire area to be analyzed in
length.

66 In the ‘Analyse’ Tab, select the ‘Surface plot’ visualiza-
tion tool. This will create a 2D-surface plot that maps
the intensity of each pixel along the axis that has just
been created. Save the raw data and generate the plots
in R Studio using the ggplot2 package (Fig. 5B).

67 Using these data, additional parameters such as the
AUC can be obtained using specific packages such as
pracma (Practical Numerical Math Functions) to per-
form trapezoidal numerical integration with the trapz
function [42].

68 A summary of the quantitative results obtained follow-
ing this analytic workflow is shown in Fig. 5C.

Functional validation of CRISPRi-mediated
smooth-to-rough transition in M. Abscessus by
macroscopic assays and TLC analysis

Note: This step describes two distinct approaches to evalu-
ate CRISPRi-mediated changes in morphotypes. Proce-
dures are almost identical to the ones described above for
M. smeg, with only slight modifications.

1 Using exponentially growing cultures of M. abs®,

M. abs™® or recombinant M. abs®® harboring pJL33,
pJL34, pEAR49, pEARS50, or pEARSI plasmids, pre-
pare bacterial inoculum for each recombinant strain by
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Fig. 5. Visualizing and quantifying GPL content using the open-source software Ful. (A) Representative TLC of GPL analysis of M. smeg
pJL32 or pJL37 in the presence or in the absence of ATc. Cells were grown in 7H9 broth 4100 ng-mL~" of ATc for 48 h. Lipid extraction
from normalized dry pellets was analyzed by TLC either by performing semi-automated loading or by using a dedicated CAMAG® semi-
automated equipment. GPL appear in blue upon development, and TLC plates are further scanned in black and white to perform
densitometric analyses. In Fiji, images are processed in order to invert pixel intensities which can be subsequently mapped and expressed
as color-coded look up table. Pixel intensities range from 0 to 255 units. (B) GPL content visualization and analysis using plot profiling. Pixel
intensities are monitored along the x-axis shown in white and expressed in a 0-255 scale. (C) Main features regarding the GPL content
analyzed using Fiji including min, max, mean intensities. Raw integrated density (RID) and area under the curve (AUC) are also displayed.

adjusting the ODgoonm to 0.1. Assuming that an
ODgonm Of 1 corresponds to approximately to 1 x 10°
CFU-mL!, this inoculum will result in a bacterial con-
centration of approximately 1 x 107 CFU-mL ..

2 Using M. abs® and M. abs® inoculum at ODgoonm
0.1, drop 10 pL on LB agar media devoid of antibiotics
in the absence or presence of 1000 ng. mL~! of ATc as
described previously.

3 Subsequently, streak the drop using an inoculation loop
following the established quadrant technique.

4 Repeat the same procedure using M. abs® recombinant
strains harboring pJL34, pEAR49, pEARS50, or
pEARSI plasmids by dropping 10 pl. at ODgoonm 0.1
on LB agar media containing 250 mg-L~" of kanamycin

in the absence or presence of 1000 ng. mL™" of ATc as
described previously.

Subsequently, streak the drop using an inoculation loop
following the established quadrant technique.

Incubate all the plates at 37 °C for 4 days.

High magnification pictures of colonies of interest can
also be visualized using a digital microscope under the
biosafety cabinet in BSL2. Through transcriptional
repression of the GPL translocase mmpl4b, CRISPRi
hypomorphs do not export GPL at the bacterial cell
surface, therefore resulting in a rough-like morphotype
as previously observed for M. smeg in Fig. 2F. This
process is ATc-dependent and requires the presence of a
specific sgRNA targeting mmpL4b as exemplified with
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the empty pJL34 construct which does not generate
cell-wall alterations, with colonies that remain smooth-
like upon ATc induction. Results obtained with M. abs
are displayed in Fig. 6A, where M. abs®® and M. abs®
reference strains were used as GPL™ and GPL con-
trols, respectively.

Note: The transition from smooth to rough in M. abs was
also confirmed by TLC analysis using the analytic workflow
described above with a slight modification. Briefly, bacterial
pellets were heat inactivated for 20 min at 95 °C before being
removed from the BSL2 and further processed. Then,
CRISPRi-mediated repression was assessed using the semi-
automated method and further quantified using the open-
source software FIJI. Results are displayed in Fig. 6B-D.

8 Alternatively, plating can be performed on the same
Petri dish by mixing multiple inoculums expressing dif-
ferent fluorophores as previously described before [22]
or earlier in this manuscript in Fig. 2B-E. A representa-
tion of a mixed experiment with pJL33 and pEARS0 in
the absence or presence of ATc is reported in Fig. 7.

9 Scan each plates using ChemiDoc™ MP Imaging Sys-
tem coupled with the Image Lab software. Bright light
acquisition is performed by using the “White Epi Illumi-
nation’ setting combined with the ‘Standard Filter’.
Since the vectors pJL33 and pJL34, and their respective
derivatives, harbor a mWasabi or dTomato coding
sequence place under the constitutive psmyc promoter,
where recombinant CRISPRi hypomorphs produce a
bright green or red fluorescent signal that can be easily
monitored. Therefore, an additional green fluorescence
acquisition is performed by using the ‘Blue Epi Illumi-
nation’ setting combined with the ‘530/28 nm Filter’
and red fluorescence acquisition is performed by using
the ‘Green Epi Illumination’ setting combined with the
‘605/50 nm Filter’.

10 If required, individual raw images can be exported from
Image Lab as TIFF files 600 dpi and displayed with the
open-source software Fur for further processing. Results
are displayed in Fig. 7.

11 Finally, higher magnification pictures of colonies of
interest can also be visualized using a digital microscope
under the biosafety cabinet in BSL2 as previously
described.

Tips, tricks, and troubleshooting

In this research protocol, we provide an overview of
some simple and efficient assays to evaluate CRISPRi-
mediated targeted repression of both essential and
nonessential genes in M. smeg and M. abs. If CRISPRi
has already revolutionized our way of approaching
functional genomics in M. tuberculosis [43] and other
mycobacterial model species [16,44], our community
needs now to further build on this approach to better

V. Point et al.

understand NTM physiology, pathogenesis, and drug
resistance mechanisms.

The different workflows that we report in this manu-
script, rely on fast and very affordable microbiological
and biochemical methods to analyze specific pheno-
types due to targeted genetic repression. Accordingly,
these approaches could be implemented virtually in
any research group worldwide. Moreover, by provid-
ing simple options that require a minimal set of equip-
ment, such workflows have the potential to be easily
set up in BSL2 or BSL3 environments.

Genome-wide analyses have comprehensively listed
genes with essential functions in some NTM model
species [17,18,45]. CRISPRi is among the very few
technologies that enables to validate experimentally
such findings and further dissect how the repression of
such essential gene impacts physiology or any other
process of interest. We report two minimalist tech-
niques to address whether a gene is essential or not by
monitoring mycobacterial growth using conventional
broth microdilution or agar spot assays. To do so, we
capitalized from previously developed tools that
repress the expression of rpoB and mmpL3 [22], two
genes encoding major drug targets that are required
for bacterial cell division. However, if our experimen-
tal setting is simple and enables to rapidly identify
whether a gene is required for growth or not, it does
not allow, in its current form, to discriminate whether
repression of the gene is bacteriostatic or bactericidal.
For that, some more advanced time-kill assays must
be set up, as previously reported with the M. tubercu-
losis fumarase (rv1098c) [46].

In this protocol, we also demonstrate that the
recommended and widely used concentration of
100 ng-mL~" of ATc exhibits very strong effects in our
experimental system and that reducing the ATc doses
does not always correlate with an observable decreas-
ing phenotypic response. Indeed, rpoB silencing in M.
smeg provides the best example for this as all the serial
concentrations tested from 100 to 0.04 ng-mL~', all
led to growth inhibition in broth medium. Of note,
repression of rpoB might create a positive loop that
enhances the effect of the repression by not only
blocking transcription but also depleting the pool of
RNA polymerase.

A similar pattern regarding ATc-dependent effects
was observed when repressing mmplL4b and analyzing
the remaining GPL content in M. smeg. Indeed, in this
experimental setting no major modifications were
observed when comparing GPL levels obtained from
cells treated with ATc concentrations comprised
between 100 and 1 ng-mL~'. In this frame, the low
levels of detectable GPL suggested that the repression
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Fig. 6. Visualizing smooth-to-rough transition in M. abscessus and quantifying GPL content using the open-source software Fii. (A) Colony
morphotype analysis of M. abs'®, M. abs™, and mmpL4b CRISPRi-mediated silencing using the pJL34 and pEAR-derivative vectors. Cells
were grown on LB agar containing 250 mg-L™" kanamycin and in the presence or absence of 1000 ng-mL~" of ATc for 96 h before being
imaged using a portable digital microscope. Scale bar represents 1 mm. (B) Representative TLC of GPL analysis of M. abs®, M. abs'™, and
mmpL4b CRISPRi-mediated silencing using the pJL34 and pEAR-derivative vectors in the presence or in the absence of ATc. Cells were
grown in 7H9 broth supplemented with 10% OADC 41000 ng-mL’1 of ATc for 48 h. Lipid extraction from normalized dry pellets was
analyzed by TLC either by using a dedicated CAMAG® semi-automated equipment. TLC plates were further scanned in black and white to
perform densitometric analyses and corresponding GPL are indicated on the left of the TLC. In Fiji, images are processed in order to invert
pixel intensities which can be subsequently mapped and expressed as color-coded look up table. Pixel intensities range from 0 to 255 units.
(C) GPL content visualization and analysis using plot profiling. Pixel intensities are monitored along the x-axis shown in white and expressed
in a 0-255 scale. Area under the curve (AUC) was determined as the main feature regarding the GPL content through analysis by Fiji. ATc!™
control conditions are displayed in black while ATc™ are displayed in blue.
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Fig. 7. Phenotypic visualization of smooth-to-rough transition using inducible CRISPRi-mediated silencing of GPL translocation in M.
abscessus. (A) Analysis of M. abs® mmpL4b CRISPRi-mediated silencing morphologies and fluorescence profiles when mixed on solid
medium. Approximately, 1.10° CFU of M. abs'® pJL33 and 1.10° CFU of M. abs'S' pEAR50 were mixed before being plated on LB agar
medium in the absence of 1000 ng-mL~" of ATc. After 4-5 days at 37 °C, the plates were imaged using ChemiDoc MP imaging system.
Bright light, green fluorescence, red fluorescence, merge, and a colorblind friendly merge micrographs are displayed. Scale bar represents
1 cm. (B) Zoom caption of the merge channel is displayed on the left, and selected area from (a) and (b) have been further imaged using a
portable digital microscope. Their corresponding micrographs are showed at the right of the panel. Scale bars represent 1 cm and 1 mm,
respectively. (C) Analysis of M. abs'® mmpL4b CRISPRi-mediated silencing morphologies and fluorescence profiles when mixed on solid
medium. Approximately, 1.10° CFU of M. abs® pJL33 and 1.10° CFU of M. abs® pEAR50 were mixed before being plated on LB agar
medium in the presence of 1000 ng-mL~" of ATc. After 4-5 days at 37 °C, the plates were imaged using ChemiDoc MP imaging system.
Bright light, green fluorescence, red fluorescence, merge, and a colorblind friendly merge micrographs are displayed. Scale bar represents
1 cm. (D) Zoom caption of the merge channel is displayed on the left, and selected area from (a) and (b) have been further imaged using a
portable digital microscope. Their corresponding micrographs are showed at the right of the panel. Scale bars represent 1 cm and 1 mm,

respectively.

efficacy reached its maximal effect, hence resulting in a
plateau. This observation is perfectly in line with pre-
vious reports demonstrating that the fine-tuning of
knockdown efficiency could be performed by targeting
different protospacer adjacent motifs and/or modulat-
ing the degree of complementarity between the sgRNA
and the DNA sequence that is targeted [15,43]. Then,
such a strategy could be employed to generate hypo-
morphs with expression levels ranging from an approx-
imately 200-fold range at a single inducer
concentration [15,47-49]. However, more investigations
are required in the near future to fully validate this
experimental strategy with an adequate and systematic
mapping of transcript levels. It is worth mentioning
that different ATc concentrations might be required
for optimal gene repression in distinct NTM species,
such as M. abs, for example, which requires higher
concentrations of inducer to reach functional and truly
effective knockdown.

In our proof of concept, we aimed at targeting GPL
translocation as it provides a simple and easy way to
assess CRISPRIi effectiveness through the S to R mor-
photype transitioning [30-32]. The mixing procedure
based on the use of two distinct fluorophores pre-
sented here for both M. smeg and M. abs, enables to
easily detect the CRISPRi-mediated effect on myco-
bacterial colony morphology within the same Petri
dish in the absence or presence of ATc. By doing so,
we provide evidence that this is feasible for one gene
of interest and could therefore be employed at a
greater scale to screen genome-wide CRISPRI libraries
for some cell-wall alterations and identifying new can-
didates that are required for cell-wall biosynthesis/
maintenance in NTM. Indeed, mapping the genes that
are involved in the S to R transition, constitute cell-
wall-associated antigens, virulence factors, or play a
role in cell-wall integrity is timely and needed as they

might represent a new Achilles’ heel in mycobacterial
species [9].

A known limitation for users while performing
CRISPRIi is the potential off-target effects. Several
groups have suggested to use additional computational
tools to try to predict as much as possible off-target
sites while designing PAM and sgRNA. Indeed, Rock
and colleagues have demonstrated that off-target
silencing with the mycobacterial-optimized dCas9Sthl
system is very unlikely [15], therefore performing a
thorough in silico analysis when designing PAM and
sgRNA should prevent any off-target effects. In addi-
tion, global transcriptomic or proteomic approaches
could be employed to map the biological consequences
of the targeted repression and analyze whether they
could be due to off-target effects. Overall, the more
reliable way of assessing this potential effect remains
by performing a complementation strategy where a
PAM-mutated version of the gene to be targeted is
expressed upon CRISPRI silencing of the WT copy.
By doing so, this additional copy should not be tar-
geted by the sgRNA-dCas9 complex and should there-
fore fully revert the hypomorph phenotype.

Another potential limitation while using CRISPRi,
especially when targeting essential genes, is the poten-
tial selection for escape mutants that acquire muta-
tions allowing them to evade transcriptional
repression. This is typically achieved through changes
in the target DNA sequence or the functionality of the
CRISPRi machinery. Indeed, such events often arise
from mutations in the protospacer, PAM site, or the
promoter region of the dCas9-sgRNA complex or
the function of the complex itself, which ultimately dis-
rupt binding/blocking features and thereby restore tar-
get gene expression. The frequency of selection of
escape mutants may vary according to multiple factors
including the sgRNA design or dCas9-sgRNA
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expression levels, and the selective pressure acting on
the targeted gene. Accordingly, users need to bear in
mind that such event may arise while performing
CRISPRi and therefore should monitor it to try to
prevent its effect especially on long-term experiments.

Acknowledgements

We would like to acknowledge all members of the
Lipolysis and Bacterial Pathogenicity group and
the LISM unit for continuous support and insightful
discussions. The work developed in our group is sup-
ported by the Centre National de la Recherche Scienti-
fique (CNRS) and Aix-Marseille Université (AMU).
PS received financial support from the CNRS Biologie,
the Agence Nationale de Recherches sur le Sida et les
Hépatites virales (ANRS) (project n°’ANRS0358), the
Agence Nationale de la Recherche (ANR) (ANR-24-
CE15-2633), and the French government under the
France 2030 investment plan, as part of the Initiative
d’Excellence d’Aix-Marseille Université - A*MIDEX
and is part of the Institute of Microbiology, Bioener-
gies and Biotechnology - IM2B (AMX-19-IET-006).
JL PhD fellowship was funded by the Ministére de
I’Enseignement Supérieur et de la Recherche. WA
postdoctoral fellowship was funded by the foundation
IHU Méditerranée Infection. PS has also received a
FEBS Excellence Award 2023 to support this work
and would like to personally thank the FEBS Excel-
lence Awards and Fellowships Office, FEBS Letters
and FEBS Open Bio Editorial Offices for their contin-
uous support. The funders did not play a role in the
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Conflict of interest

The authors declare no competing interests.

Data accessibility

Original plasmid vectors from the pJL series are avail-
able at (https://www.addgene.org/). Any additional
data that support the findings of this study is available
upon reasonable request from the corresponding
author at psantucci@imm.cnrs.fr.

Author contributions

PS proposed, conceived, and led the study. PS secured
funding. SC co-advised the PhD work of JL with PS.
SC and CC co-advised the postdoctoral work of WA
with PS. VP, WA, JL, ESR, MM, and PS performed

V. Point et al.

the experimental work. WA, JL, and MM generated
the strains and performed CRISPRi-mediated inhibi-
tion of essential genes. ESR and MM performed
CRISPRi-mediated smooth-to-rough transition experi-
ments. VP performed quantitative analysis of GPL
content by TLC. VP, WA, JL, ESR, MM, and PS edi-
ted figures. All authors provided intellectual input by
organizing, analyzing, and/or discussing data. PS
wrote the initial draft of the manuscript with input
from VP, JL, and WA. All authors read the manu-
script and provided critical feedback before its
submission.

References

1 Zhou Y, Mu W, Zhang J, Wen SW and Pakhale S
(2022) Global prevalence of non-tuberculous
mycobacteria in adults with non-cystic fibrosis
bronchiectasis 2006-2021: a systematic review and meta-
analysis. BMJ Open 12, ¢055672.

2 Bents SJ, Mercaldo RA, Powell C, Henkle E, Marras
TK and Prevots DR (2024) Nontuberculous
mycobacterial pulmonary disease (NTM PD) incidence
trends in the United States, 2010-2019. BMC Infect Dis
24, 1094.

3 Veziris N, Andrejak C, Bouee S, Emery C, Obradovic
M and Chiron R (2021) Non-tuberculous mycobacterial
pulmonary diseases in France: an 8 years nationwide
study. BMC Infect Dis 21, 1165.

4 Johansen MD, Herrmann JL and Kremer L (2020)
Non-tuberculous mycobacteria and the rise of
mycobacterium abscessus. Nat Rev Microbiol 18,
392-407.

5 Kumar K, Daley CL, Griffith DE and Loebinger MR
(2022) Management of Mycobacterium avium complex
and mycobacterium abscessus pulmonary disease:
therapeutic advances and emerging treatments. Eur
Respir Rev 31, 210212.

6 Daley CL, laccarino JM, Lange C, Cambau E, Wallace
RJ Jr, Andrejak C, Bottger EC, Brozek J, Griffith DE,
Guglielmetti L et al. (2020) Treatment of
nontuberculous mycobacterial pulmonary disease: an
official ATS/ERS/ESCMID/IDSA clinical practice
guideline. Eur Respir J 56, 2000535.

7 Nessar R, Cambau E, Reyrat JM, Murray A and
Gicquel B (2012) Mycobacterium abscessus: a new
antibiotic nightmare. J Antimicrob Chemother 67,
810-818.

8 Dartois V and Dick T (2024) Toward better cures for
mycobacterium abscessus lung disease. Clin Microbiol
Rev 37, e0008023.

9 Dartois V and Dick T (2024) Therapeutic developments
for tuberculosis and nontuberculous mycobacterial lung
disease. Nat Rev Drug Discov 23, 381-403.

20 FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB017 SUOWWOD SAIERID (dedl|dde au Aq peusenob aJe oL VO ‘8sN JO S9|NJ 10} ARIq1T 8UIUO A8]IAA UO (SUOTPUOD-PUE-SWR) 00" A8 1M AIq1jBUlJuO//:SANY) SUONIPUOD pue SWe 1 84} 88S *[9202/20/9T ] Uo Ariqiauliuo A8|Im ‘soueld aueiyood Aq 2210 €9¥S-TTZ2/200T OT/I0p/Wod 48| im Areid | juluo'sep)//Sdny woiy papeojumod ‘0 ‘€9rSTTZe


https://www.addgene.org/
mailto:psantucci@imm.cnrs.fr

V. Point et al.

10

Pelicic V, Reyrat JM and Gicquel B (1996) Generation
of unmarked directed mutations in mycobacteria, using
sucrose counter-selectable suicide vectors. Mo/
Microbiol 20, 919-925.

22

CRISPR interference in Mycobacteria

expression in mycobacterium abscessus during infection.
Microbiology Spectrum 11, €0283623.

Laudouze J, Point V, Achache W, Crauste C, Canaan S
and Santucci P (2025) Fluorescence-based CRISPR

11 Medjahed H and Reyrat JM (2009) Construction of interference system for controlled genetic repression and
mycobacterium abscessus defined glycopeptidolipid live single-cell imaging in mycobacteria. FEBS Lett 599,
mutants: comparison of genetic tools. Appl Environ 488-501.

Microbiol 75, 1331-1338. 23 Miller LP, Crawford JT and Shinnick TM (1994) The

12 Cortes M, Singh AK, Reyrat JM, Gaillard JL, Nassif X rpoB gene of mycobacterium tuberculosis. Antimicrob
and Herrmann JL (2011) Conditional gene expression Agents Chemother 38, 805-811.
in mycobacterium abscessus. PLoS One 6, €29306. 24 Williams DL, Spring L, Collins L, Miller LP, Heifets

13 Viljoen A, Gutierrez AV, Dupont C, Ghigo E and LB, Gangadharam PR and Gillis TP (1998)

Kremer L (2018) A simple and rapid gene disruption Contribution of rpoB mutations to development of
strategy in mycobacterium abscessus: on the design and rifamycin cross-resistance in mycobacterium
application of Glycopeptidolipid mutants. Front Cell tuberculosis. Antimicrob Agents Chemother 42, 1853—
Infect Microbiol 8, 69. 1857.

14 Richard M, Gutierrez AV, Viljoen A, Rodriguez-Rincon 25 Dartois V, Lan T, Ganapathy US, Wong CF, Sarathy
D, Roquet-Baneres F, Blaise M, Everall I, Parkhill J, JP, Jimenez DC, Alshiraihi IM, Lam H, Rodriguez S,
Floto RA and Kremer L (2019) Mutations in the Xie M et al. (2025) Next-generation rifamycins for the
MAB_2299c TetR regulator confer cross-resistance to treatment of mycobacterial infections. Proc Natl Acad
Clofazimine and Bedaquiline in mycobacterium Sci USA 122, €2423842122.
abscessus. Antimicrob Agents Chemother 63, 1128. 26 La Rosa V, Poce G, Canseco JO, Buroni S, Pasca MR,

15 Rock JM, Hopkins FF, Chavez A, Diallo M, Chase Biava M, Raju RM, Porretta GC, Alfonso S,

MR, Gerrick ER, Pritchard JR, Church GM, Rubin Battilocchio C et al. (2012) MmpL3 is the cellular

EJ, Sassetti CM et al. (2017) Programmable target of the antitubercular pyrrole derivative BM212.
transcriptional repression in mycobacteria using an Antimicrob Agents Chemother 56, 324-331.

orthogonal CRISPR interference platform. Nat 27 Tahlan K, Wilson R, Kastrinsky DB, Arora K, Nair V,
Microbiol 2, 16274. Fischer E, Barnes SW, Walker JR, Alland D, Barry CE

16 de Wet TJ, Winkler KR, Mhlanga M, Mizrahi V and 3rd et al. (2012) SQ109 targets MmpL3, a membrane
Warner DF (2020) Arrayed CRISPRi and quantitative transporter of trehalose monomycolate involved in
imaging describe the morphotypic landscape of essential mycolic acid donation to the cell wall core of
mycobacterial genes. Elife 9, ¢60083. mycobacterium tuberculosis. Antimicrob Agents

17 Rifat D, Chen L, Kreiswirth BN and Nuermberger EL Chemother 56, 1797-1809.

(2021) Genome-wide essentiality analysis of 28 Grzegorzewicz AE, Pham H, Gundi VA, Scherman MS,
mycobacterium abscessus by saturated transposon North EJ, Hess T, Jones V, Gruppo V, Born SE,
mutagenesis and deep sequencing. M Bio 12, e0104921. Kordulakova J et al. (2012) Inhibition of mycolic acid

18 Akusobi C, Benghomari BS, Zhu J, Wolf ID, Singhvi transport across the mycobacterium tuberculosis plasma
S, Dulberger CL, Ioerger TR and Rubin EJ (2022) membrane. Nat Chem Biol 8, 334-341.

Transposon mutagenesis in mycobacterium abscessus 29 Zhang B, Li J, Yang X, Wu L, Zhang J, Yang Y, Zhao
identifies an essential penicillin-binding protein involved Y, Zhang L, Yang X, Yang X et al. (2019) Crystal

in septal peptidoglycan synthesis and antibiotic structures of membrane transporter MmpL3, an anti-
sensitivity. Elife 11, €71947. TB drug target. Cell 176, 636-648.

19 Laencina L, Dubois V, Le Moigne V, Viljoen A, 30 Belisle JT and Brennan PJ (1989) Chemical basis of
Majlessi L, Pritchard J, Bernut A, Piel L, Roux AL, rough and smooth variation in mycobacteria. J
Gaillard JL et al. (2018) Identification of genes required Bacteriol 171, 3465-3470.
for mycobacterium abscessus growth in vivo with a 31 Belisle JT and Brennan PJ (1994) Molecular basis of
prominent role of the ESX-4 locus. Proc Natl Acad Sci colony morphology in Mycobacterium avium. Res
USA 115, E1002-E1011. Microbiol 145, 237-242.

20 Degiacomi G, Benjak A, Madacki J, Boldrin F, 32 Schaefer WB, Davis CL and Cohn ML (1970)

Provvedi R, Palu G, Kordulakova J, Cole ST and Pathogenicity of transparent, opaque, and rough
Manganelli R (2017) Essentiality of mmpL3 and impact variants of Mycobacterium avium in chickens and mice.
of its silencing on mycobacterium tuberculosis gene Am Rev Respir Dis 102, 499-506.

expression. Sci Rep 7, 43495. 33 Bernut A, Viljoen A, Dupont C, Sapriel G, Blaise M,

21 Boudehen YM, Tasrini Y, Aguilera-Correa JJ, Alcaraz Bouchier C, Brosch R, de Chastellier C, Herrmann JL
M and Kremer L (2023) Silencing essential gene and Kremer L (2016) Insights into the smooth-to-rough

FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 21

Federation of European Biochemical Societies.

85UB017 SUOWWOD SAIERID (dedl|dde au Aq peusenob aJe oL VO ‘8sN JO S9|NJ 10} ARIq1T 8UIUO A8]IAA UO (SUOTPUOD-PUE-SWR) 00" A8 1M AIq1jBUlJuO//:SANY) SUONIPUOD pue SWe 1 84} 88S *[9202/20/9T ] Uo Ariqiauliuo A8|Im ‘soueld aueiyood Aq 2210 €9¥S-TTZ2/200T OT/I0p/Wod 48| im Areid | juluo'sep)//Sdny woiy papeojumod ‘0 ‘€9rSTTZe



CRISPR interference in Mycobacteria

transitioning in mycobacterium bolletii unravels a
functional Tyr residue conserved in all mycobacterial
MmpL family members. Mol Microbiol 99, 866-883.

34 Ripoll F, Deshayes C, Pasek S, Laval F, Beretti JL,
Biet F, Risler JL, Daffe M, Etienne G, Gaillard JL
et al. (2007) Genomics of glycopeptidolipid biosynthesis
in mycobacterium abscessus and M. Chelonae. BMC
Genomics 8, 114.

35 Nessar R, Reyrat JM, Davidson LB and Byrd TF
(2011) Deletion of the mmpL4b gene in the
mycobacterium abscessus glycopeptidolipid biosynthetic
pathway results in loss of surface colonization
capability, but enhanced ability to replicate in human
macrophages and stimulate their innate immune
response. Microbiology (Reading) 157, 1187-1195.

36 Deshayes C, Bach H, Euphrasie D, Attarian R,
Coureuil M, Sougakoff W, Laval F, Av-Gay Y, Daffe
M, Etienne G et al. (2010) MmpS4 promotes
glycopeptidolipids biosynthesis and export
in mycobacterium smegmatis. Mol Microbiol 78,
989-1003.

37 Roux AL, Viljoen A, Bah A, Simeone R, Bernut A,
Laencina L, Deramaudt T, Rottman M, Gaillard JL,
Majlessi L et al. (2016) The distinct fate of smooth and
rough mycobacterium abscessus variants inside
macrophages. Open Biol 6, 160185.

38 Bernut A, Herrmann JL, Kissa K, Dubremetz JF,
Gaillard JL, Lutfalla G and Kremer L (2014)
Mycobacterium abscessus cording prevents
phagocytosis and promotes abscess formation. Proc
Natl Acad Sci U S A 111, E943-E952.

39 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V,
Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld
S, Schmid B er al. (2012) Fiji: an open-source platform
for biological-image analysis. Nat Methods 9, 676—682.

40 Wong Al and Rock JM (2021) CRISPR interference
(CRISPRI) for targeted gene silencing in mycobacteria.
Methods Mol Biol 2314, 343-364.

41 Goude R and Parish T (2009) Electroporation of
mycobacteria. Methods Mol Biol 465, 203-215.

42 Borchers HW and Borchers MHWIJP (2019) Package
‘pracma’. 2.

43 Bosch B, DeJesus MA, Poulton NC, Zhang W,
Engelhart CA, Zaveri A, Lavalette S, Ruecker N,

V. Point et al.

Trujillo C, Wallach JB et al. (2021) Genome-wide gene
expression tuning reveals diverse vulnerabilities of
M. tuberculosis. Cell 184, 4579-4592.

44 Boeck L, Burbaud S, Skwark M, Pearson WH, Sangen
J, Wuest AW, Marshall EKP, Weimann A, Everall I,
Bryant JM et al. (2022) Mycobacterium abscessus
pathogenesis identified by phenogenomic analyses. Nat
Microbiol 7, 1431-1441.

45 Dragset MS, loerger TR, Zhang YJ, Maerk M, Ginbot
Z, Sacchettini JC, Flo TH, Rubin EJ and Steigedal M
(2019) Genome-wide phenotypic profiling identifies and
categorizes genes required for mycobacterial low iron
fitness. Sci Rep 9, 11394.

46 Ruecker N, Jansen R, Trujillo C, Puckett S,
Jayachandran P, Piroli GG, Frizzell N, Molina H,
Rhee KY and Ehrt S (2017) Fumarase deficiency causes
protein and metabolite Succination and intoxicates
mycobacterium tuberculosis. Cell Chemical Biology 24,
306-315.

47 Bikard D, Jiang W, Samai P, Hochschild A, Zhang F
and Marraffini LA (2013) Programmable repression
and activation of bacterial gene expression using an
engineered CRISPR-Cas system. Nucleic Acids Res 41,
7429-7437.

48 Qi LS, Larson MH, Gilbert LA, Doudna JA,
Weissman JS, Arkin AP and Lim WA (2013)
Repurposing CRISPR as an RNA-guided platform for
sequence-specific control of gene expression. Cell 152,
1173-1183.

49 Mathis AD, Otto RM and Reynolds KA (2021) A
simplified strategy for titrating gene expression reveals
new relationships between genotype, environment, and
bacterial growth. Nucleic Acids Res 49, €6.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Table S1. List of the primers used in this study
to construct Mycobacterium abscessus CRISPRi
hypomorphs.

Table S2. List of the plasmids used in this study.

22 FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB017 SUOWWOD SAIERID (dedl|dde au Aq peusenob aJe oL VO ‘8sN JO S9|NJ 10} ARIq1T 8UIUO A8]IAA UO (SUOTPUOD-PUE-SWR) 00" A8 1M AIq1jBUlJuO//:SANY) SUONIPUOD pue SWe 1 84} 88S *[9202/20/9T ] Uo Ariqiauliuo A8|Im ‘soueld aueiyood Aq 2210 €9¥S-TTZ2/200T OT/I0p/Wod 48| im Areid | juluo'sep)//Sdny woiy papeojumod ‘0 ‘€9rSTTZe



	Outline placeholder
	 Materials
	 Bacterial strains, storage, and culture
	 Evaluating CRISPRi effectiveness on mycobacterial growth by microdilution or by serial dilution spot assays
	 Monitoring CRISPRi-mediated smooth-to-rough morphotypes by macroscopic visualization
	 Quantifying glycopeptidolipid (GPL) levels during CRISPRi-mediated silencing of its translocase mmpL4b
	 Bacterial culture, sample collection, lyophilization, and normalization
	 Lipids extraction & sample preparation
	 Thin layer chromatography (TLC) running and development
	 Quantitative analysis of GPL levels


	 Methods
	 Generation, storage, and maintenance of mycobacterial CRISPRi strains
	 Initiating mycobacterial starter cultures from frozen stocks
	 Subculturing of mycobacterial cultures

	 Evaluating CRISPRi effectiveness on mycobacterial growth by microdilution or by serial dilution spot assays
	 Monitoring M. smegmatis essential genes targeting by CRISPRi using microdilution assays
	 Monitoring essential genes targeting by CRISPRi using agar spot assays

	 Monitoring CRISPRi-mediated smooth-to-rough morphotype transition in M. smegmatis by macroscopic visualization
	 Quantifying M. smegmatis glycopeptidolipid (GPL) levels during CRISPRi-mediated silencing of its translocase mmpL4b
	 Functional validation of CRISPRi-mediated smooth-to-rough transition in M. Abscessus by macroscopic assays and TLC analysis

	 Tips, tricks, and troubleshooting
	 Acknowledgements
	 Conflict of interest
	 Data accessibility
	 Author contributions
	Supporting Information


