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Abstract

Electroporation is the most widely used and efficient method to transform mycobacteria.
Through this technique, fast- and slow-growing mycobacteria with smooth and rough morphotypes
have been successfully transformed. However, transformation efficiencies differ widely between
species and strains. In this study, the smooth and rough morphotypes of Mycobacteroides
abscessus and Mpycolicibacterium brumae were used to improve current electroporation
procedures for fast-growing rough mycobacteria. The focus was on minimizing three well-known
and challenging limitations: the mycobacterial restriction-modification systems, which degrade
foreign DNA; clump formation of electrocompetent cells before electroporation; and electrical
discharges during pulse delivery, which were reduced by using salt-free DNA solution. Herein,
different strategies are presented that successfully address these three limitations and clearly
improve the electroporation efficiencies over the current procedures. The results demonstrated that
combining the developed strategies during electroporation is highly recommended for the

transformation of fast-growing rough mycobacteria.

Keywords: mycobacteria; clump; desalted DNA; electroporation; Mycolicibacterium brumae;

Mycobacteroides abscessus

Abbreviations: S, smooth mycobacterial colony morphotype; R, rough mycobacterial colony
morphotype; OD, optical density; CFU, colony forming unit; GFP, green fluorescent protein;

RT, room temperature; OADC, oleic acid-albumin-dextrose-catalase enrichment.

Introduction

Genetic transformation of mycobacteria is a difficult challenge. Electroporation provides
the highest transformation efficiencies and is therefore the most widely used technique for this
purpose [1]. Through this method, different types of fast- and slow-growing mycobacteria,
including both smooth and rough morphotypes, have been successfully transformed. However, the
transformation efficiency is extremely low compared to that of other bacteria, with major
differences among mycobacterial species and even among different strains of the same species [2].
Specifically, in the case of the mycobacterial species, these difficulties have led to the use of
specifically easily transformed strains such as Mycolicibacterium smegmatis mc* 155 for the
majority of molecular biology experiments. There is an ongoing effort to improve DNA
transformation efficiency rates using different strategies, such as the use of mycobacteriophages,

genetic conjugation or oxyhydrogen detonation-driven shock [3,4].
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The complexity of incorporating genetic material into mycobacteria is due to different
reasons. One of the main factors limiting successful transformation is the peculiarity and
complexity of the mycobacterial cell wall [5]. The large number and variety of structural cell wall
components together with their thickness provide a difficult barrier for DNA penetration. The
profile of the cell wall components has been shown to be critical for electroporation efficiency.
For instance, in the case of M. smegmatis, mc* 155 has a cell wall profile different from that of
other strains of the same species [6]. Similarly, the lipid richness of the cell wall converts
mycobacteria into extremely hydrophobic organisms with a tendency to form aggregates (clumps)
when growing in liquid culture media [7]. This phenomenon represents another limitation for
transformation since it seriously compromises bacterial accessibility to DNA.

In addition to the characteristics of mycobacterial cells, other technical difficulties need to
be considered and addressed. The high values of electrical resistance, as well as the voltage
necessary to maximize the efficiency of transformation in mycobacteria, considerably increase the
chances of suffering an electrical discharge (arcing) during the electrical pulse [8]. The appearance
of arcing events involves the dispersion of the bacterial cells within the electroporation cuvette,
producing aerosols that can become a serious biohazard when working with pathogenic
mycobacteria, as well as causing the failure of the transformation process. Therefore, it is essential
to minimize the concentration of salts in both the electrocompetent cell suspension and in the DNA
solution to be used, in addition to avoiding the formation of bubbles in the mixture inside the
electroporation cuvette.

Although precise electroporation protocols for the usual surrogate mycobacterial hosts
already exist [9,10], further improvements can be implemented to minimize the limitations. Here,
two fast and straightforward mechanical methods to break down mycobacterial clumps are
proposed that are applied to electrocompetent cells just before delivering an electric pulse and
significantly enhance the electroporation efficiency. Furthermore, including in the protocol an easy
and rapid procedure for removing salts and contaminants from DNA reduces the arcing problems

while also considerably improving the electroporation efficiency.

Materials and methods
Mycobacteria and culture conditions

The Mycobacteroides abscessus (ATCC 19977%) and Mycolicibacterium vaccae (ATCC
15483T) (originally showing smooth (S) colony morphotypes) and their respective rough (R)
colony morphotypes obtained in our laboratory [7,11], Mycolicibacterium fortuitum (ATCC
68417), Mycolicibacterium peregrinum (ATCC 14467"), and Mycolicibacterium phlei (ATCC
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11758") were grown on tryptic soy agar (TSA) (Sharlau, Barcelona, Spain). Mycolicibacterium
alvei (ATCC 51304%) and Mycolicibacterium brumae (ATCC 51384T) were grown on
Middlebrook 7H10 medium (Difco Laboratories, Detroit, USA) supplemented with 10% oleic
acid-albumin-dextrose-catalase (OADC) enrichment. Plates were grown for one week at 37°C. A
loopful of isolated colonies was taken and placed in a sterile 10 ml glass test tube (SciLabware,
Stoke-on-Trent, UK) with 0.5 mm diameter glass beads (dDBiolab, Barcelona, Spain) for
disaggregation by vortexing for 30-60 s. Three ml of tryptic soy broth (TSB) (Sharlau, Barcelona,
Spain) for M. abscessus, M. fortuitum, M. peregrinum, M. phlei and M. vaccae cells or
Middlebrook 7H9 medium (Difco Laboratories, Detroit, USA) supplemented with 10% albumin-
dextrose-catalase (ADC) for M. alvei and M. brumae cells were then added to the tube and
vortexed for an additional 30-60 s. During vortexing, mycobacterial aerosols are generated
implying a relevant biological risk when using opportunistic pathogenic organisms such as M.
abscessus. Therefore, all processes were carried out in a level 2 biological safety cabinet to contain
aerosols, and mycobacteria were constantly kept inside the tubes, tightly ensuring the screw
closure. The suspension was left for 20 min to allow large clumps to settle and the gravitational
deposition of the aerosols generated during the vortex steps. One ml of the supernatant was
subsequently inoculated in a 250 ml Erlenmeyer flask, prefilled with 50 ml of TSB for M.
abscessus, M. fortuitum, M. peregrinum, M. phlei and M. vaccae and 7TH9 plus 10% ADC
enrichment for M. alvei and M. brumae, both containing 0.05% Tween 80 (Panreac Quimica SLU,
Barcelona, Spain), to reduce cell aggregation. Mycobacterial cultures were incubated at 37°C and

200 rpm for 72 h when they reached their maximum density.

Plasmid DNA preparation and desalting

To test different electroporation conditions, plasmid pFPV27 was used as a DNA template,
a broadly used vector in mycobacterial molecular biology [12,13]. This vector contains a
kanamycin resistance gene as a selection marker and the gene for expression of green fluorescent
protein (GFP), thus allowing the confirmation of positive transformants while distinguishing them
from possible spontaneous resistant mutants. The pFPV27 plasmid was isolated from Escherichia
coli DH5a using the GeneJET Plasmid Midiprep Kit (Fisher Scientific, Hampton, USA) following
the manufacturer’s instructions for high-speed centrifugation. Using this method, volumes of 250
ul were obtained at a DNA vector concentration of >200 ng/ul. The DNA was subsequently
concentrated using a DNA concentrator 5301 (Eppendorf, Hamburg, Germany) at 42°C for 30

min, doubling the DNA concentration in approximately half of the original volume. Note that in
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this step, salts are also concentrated, and desalting the DNA is crucial to increase the
electroporation efficiency.

To desalt the plasmid DNA, a modified homemade desalting column was prepared as
previously described [14]. This is a cheap and straightforward method, although other DNA
desalting and purification methods, such as commercial columns or membrane filters for dialysis,
can be used [15]. For preparation of the columns, 10 mg/ml melted UltraPure agarose (Panreac
Quimica SLU, Barcelona, Spain) in Milli-Q water was mixed with 18 mg/ml glucose (Acros
Organics, Geel, Belgium). The mixture was added into 1.5 ml Eppendorf tubes, and a micropipette
tip was placed inside to generate a well that could contain approximately 100 pl of volume once
the agarose was solidified. For desalting, all DNA volumes obtained after the concentration was
added into the column and kept on ice for 1 h (Figure 1A). To measure the column desalting
efficiency, the plasmid conductivity suspension was measured before and after the column
treatment using a conductivity-meter (EC-Meter Basic 30+, Crison Instruments, S.A, Barcelona,
Spain). Milli-Q water was used as control. The DNA volume was subsequently recovered and
quantified in a NanoDrop 2000 (NanoDrop Technologies, Inc., Wilmington, USA). In this process,
between 20% and 30% of DNA was lost, but the resulting DNA was pure and free of salts, which

reduces further arcing problems in the electroporation procedure.

Obtaining electrocompetent cells

Mycobacterial cultures were divided into two 50 ml Falcon tubes (Deltalab, Barcelona,
Spain) adding 25 ml in each tube, one of which remained at 37°C, while the other was placed at
42°C for 2 h (Figure 1B). The bacterial culture was incubated at 42°C to inhibit exogenous DNA
restriction-modification systems that could interfere in the transformation procedure, as previously
described in other bacterial electroporation protocols [16]. Thereafter, all tubes were placed on ice
for an additional 1 h. Higher transformation efficiencies in fast-growing mycobacteria [17] have
been described previously for electrocompetent cells prepared on ice. In some experiments, before
harvesting the cells to obtain the electrocompetent cells, 1.5 % of glycine (Calbiochem, Darmstadt,
Germany) was added to the cultures for 4 h as previously described [18].

After cooling, the cultures were centrifuged at 3000 xg for 10 min at 4°C, and culture media
supernatants were discarded. Pelleted cells were resuspended in 20 ml of cold 10% glycerol (v/v
in Milli-Q water) (Thermo Fisher Scientific, Waltham, USA) to disaggregate mycobacterial
clumps as far as possible by repeated pipetting. This, as with vortexing, is another procedure in

which aerosols can be generated and therefore was always done in a biosafety cabinet. This
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washing step was repeated three times, reducing the volume of 10% glycerol to half each time (20

ml, 10 ml, 5 ml). Tubes were kept on ice throughout the process (Figure 1B).

Clump disaggregation

Having washed the electrocompetent cells, three different mechanical methods were used
to disperse the mycobacterial clumps before electroporation. In the first process, glass beads were
used. A 10 ml glass test tube with pelleted cells together with 4 0.5 mm diameter glass beads was
vortexed for 30-60 s. Subsequently, 1 ml of 10% glycerol was added and mixed by vortexing to
homogenize the cell suspension. The second method involved the use of a syringe/needle to
disaggregate the clumps. In an 1.5 ml Eppendorf tube, one ml of 10% glycerol was added to the
pellet and resuspended with a tip; subsequently, 15-20 passages through a 26-gauge (G) needle
(Terumo, Tokyo, Japan) in a 1 ml syringe (B. Braun-Injekt, Barcelona, Spain) were performed
until the suspension was homogeneous. Finally, for comparison purposes, the third method was
homogenization by applying simple up and down pipetting since this practice is the most
commonly used method in the literature. The electrocompetent cell suspensions obtained were

kept cold until use.

Electroporation procedure

For preparation of the electroporation mixture, 150 pl of each electrocompetent cell
suspension was mixed with 5 ul of salt-free pFPV27 plasmid DNA (between 1-1.5 pg) in a 0.2
mm electroporation cuvette (Bio-Rad Laboratories, Hercules, USA) and placed on ice until the
electrical pulse was provided. Electroporation was performed in a Gene Pulser Xcell
Electroporation System (Bio-Rad Laboratories, Hercules, USA) previously set at the following
conditions: 2.500 V, 25 pF and 1000 Q. Immediately after the electrical pulse was applied, 850 pl
of TSB plus 0.05% Tween 80 (for M. abscessus, M. fortuitum, M. peregrinum, M. phlei and M.
vaccae strains) or 7TH9 ADC enrichment plus 0.05% Tween 80 (for M. alvei and M. brumae)
tempered at 37°C was added, obtaining a final volume of 1 ml. The electroporation product was
transferred to 1.5 ml Eppendorf tubes and placed overnight in an Eppendorf Thermomixer R Mixer

(Eppendorf, Hamburg, Germany) at 300 rpm and 37 °C.

Culture and count of transformant cells

The electroporation product was appropriately diluted and plated onto TSA for M.
abscessus, M. peregrinum, M. phlei and M. vaccae and 7TH10 for M. alvei and M. brumae
supplemented with 5 pg/ml kanamycin as a selection marker while TSA with 20 pg/ml of the
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antibiotic was used for M. fortuitum, being intrinsically resistant to low concentrations of
kanamycin [19]. It is essential to adjust the antibiotic concentration to the minimum required for
positive selection. In this case, all mycobacteria except M. fortuitum were critically sensitive to
low concentrations of kanamycin, and excess antibiotics could inhibit bacterial growth even when
the mycobacteria had incorporated the plasmid [19]. Plates were incubated for 7 d at 37°C when
the transformed cell colonies were subsequently counted. In each experiment, GFP expression in
all grown colonies was verified by observing the plates under a Gel Doc XR+ Gel Documentation
System (Bio-Rad Laboratories, Hercules, USA) coupled with an XcitaBlue conversion screen.
Using this method, the absence of any spontaneous mutants’ growth (data not shown) was
identified and confirmed. The transformation efficiencies were calculated by dividing the colony

forming unit (CFU) counts obtained by the total pg of DNA used.

Live-dead and clump area analysis

Suspensions of M. abscessus R and S morphotypes and M. brumae subjected to the three
mechanical disaggregation methods, glass beads (1), passages through a 26G needle (2) and up
and down pipetting (3), were adjusted to an optical density (OD) Asoonm 0of 0.5 in phosphate
buffered saline (pH 7.4). The cells were stained with the LIVE/DEAD BacLight Bacterial Viability
Kit for microscopy and quantitative assays (Thermo Fisher Scientific, Waltham, USA).

Briefly, 0.5 pl of SYTO 9 and 0.5 pl of propidium iodide dyes were added to 330 pl of
mycobacterial suspension in a 1.5 ml Eppendorf tube and placed on ice for 20 min protected from
light. Five pl of solution were then visualized in a Nikon inverted fluorescence microscope
ECLIPSE Ti-S/L100 (Nikon, Tokyo, Japan) coupled with a DS-Qi2 Nikon camera (Nikon, Tokyo,
Japan). Thirty images of the respective mycobacterial suspensions were taken for each condition.
The areas of the mycobacterial clumps and the percentage viability were calculated by quantifying
the areas in green (live) and red (dead) within the total area of the mycobacterial clump using the
advanced research of the Nis-Elements software (Nikon, Tokyo, Japan) as previously described

[20].
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Results and discussion

One of the main drawbacks to genetically modifying mycobacteria is the existing
limitations for transforming DNA in the bacteria. The transformation capacity varies greatly
between mycobacterial species. Thus, some show high transformation efficiencies, as is the case
for M. smegmatis mc> 155, Mycobacterium bovis BCG or Mycobacterium tuberculosis, with
reported efficiencies of 103-10° CFU/ug DNA [21-23], whereas others, such as Mycolicibacterium
aurum, Mycobacterium marinum or Mycobacterium parafortuitum, show low transformation
efficiencies of 0-300 CFU/pg DNA [24-26]. In the current described protocols, specific
difficulties are found in rough morphotypes, which show almost no transformation activity
compared with their smooth counterparts [6]. This issue makes molecular analysis and genetic
studies in such strains difficult. Here, different strategies to obtain electrocompetent cells have
been developed, which have improved the electroporation efficiency for mycobacteria.

Following the current standard procedure for mycobacterial electroporation to transform
the plasmid pFPV27 into M. brumae [2,9], an efficiency rate of 10> CFU/ug DNA was obtained.
This value is 100 times lower than the electroporation efficiency of other well-known
mycobacteria (M. abscessus R and S in Figure 2A). Furthermore, the plasmid selection marker
also affected the transformation efficiency. Here the kanamycin resistance encoded in the pFPV27
plasmid was used. Kanamycin has been reported to promote the highest electroporation
efficiencies [2]. Most fast-growing mycobacteria are sensitive to low concentrations of this
antibiotic [19], which reduces the risk of obtaining spontaneous mutants. Kanamycin binds to the
30S subunit of the bacterial ribosome, interfering with the protein synthesis. Spontaneous
kanamycin resistance can often be a problem with slow-growing mycobacteria, owing to mutations
in the rrn operon (encoding ribosomal RNAs) of which slow-growing species possess only one
copy, whereas most fast-growing mycobacteria contain two rrn operons, reducing substantially
the possibility of spontaneous resistant mutants [2], and overall demonstrating the appropriateness
of kanamycin as a selection marker in fast-growing mycobacteria. This result clearly indicates that
the standard procedure used for electroporation is not the same for all mycobacteria and needs to
be optimized when used for species different from the current surrogate hosts, such as M. brumae.

The first level of optimization was performed directly on the mycobacterial cell suspension
before starting the electroporation procedure in order to inhibit the bacterial restriction-
modification systems that provide a defense against foreign DNA. It has been shown in other
genera of the phylum Actinobacteria, such as Corynebacterium or Streptomyces, that the use of
high temperatures on the cells correlates with higher electroporation efficiencies [27,28].

Therefore, grown mycobacterial cultures were placed at 42°C before starting the procedure and
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the use of this temperature was correlated with increasing electroporation efficiencies compared
with those of cultures placed at 37°C (Figure 2B, D). While in M. abscessus S, significant
differences directly related with temperature were only found in beads and desalted DNA
conditions (Figure 2D), for the rough M. abscessus and M. brumae, significantly higher
transformation efficiencies were obtained when the cultures were incubated at 42°C compared to
those at 37°C. In particular, in the experiments with M. brumae, the transformation efficiency
doubled simply by modifying the temperature of incubation, using desalted DNA and disrupting
the clumps with glass beads (Figure 2B).

The relevance of the temperature during the process of obtaining electrocompetent cells
has been previously described, showing that fast-growing mycobacteria should be kept cold at
4°C, whereas room temperature (RT) is better for slow-growing mycobacteria [2,17]. In the
present case, although all three mycobacteria (M. brumae and M. abscessus R and S) are fast-
growing strains, no study has previously examined the influence of this parameter in these species;
thus, the aim was to corroborate whether temperature influences electroporation efficiency.
Experiments were performed at both 4°C and RT with all the strains studied and lower
electroporation efficiencies observed at RT (data not shown). Thus, as the literature recommends
for other fast-growing mycobacterial species, the entire process was performed at 4°C.

The second step for improving electroporation efficiencies was carried out after the
washing steps with 10% glycerol (Figure 1B). Obtaining a cell suspension as homogeneous as
possible is essential for mycobacterial transformation and increases their electroporation
efficiency. This procedure is especially difficult in mycobacteria that form aggregates [29].
Therefore, the outcome of three different techniques of mechanical clump disaggregation were
evaluated: 1) vortexing with glass beads, 2) passaging through a 26G needle, as previously
described for M. abscessus R [30], and 3) pipetting up and down (Figure 1B), which is the
commonest method for homogenization described in the literature. As shown in Figure 3A, none
of these three methods led to a suspension of free bacilli for rough mycobacteria (M. brumae and
M. abscessus R) in contrast to the homogenous suspension obtained for the smooth morphotypes
of M. abscessus (S), which is optimal for electroporation. Nonetheless, the mycobacterial clump
areas obtained using each of the methods showed evident differences, demonstrating that the glass
bead method provided the lowest average clump area, ten times smaller in size than those obtained
using a syringe/needle (Figure 3B). Areas of aggregates using direct pipetting up and down were
higher than those of the other conditions (Figure 3B). Smaller aggregates and a higher number of
free bacilli in the medium increase the chance of interaction between cells and DNA during

electroporation, increasing the transformation efficiency. Also, avoiding large clumps in the

10
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suspension inside the cuvette reduces the probability of arcing during the pulse delivery [2].
Moreover, the glass bead method did not compromise mycobacterial viability, which was higher
than that obtained by passaging through the syringe (Figure 3C) and similar to that obtained by
pipetting. As expected, the use of different disaggregation strategies had a direct impact on the
electroporation efficiency in rough mycobacteria. Either by performing syringe passaging or using
glass beads, we obtained higher efficiencies than by use of the standard method of pipetting. Of
these two techniques and excluding some exceptions, the use of glass beads provided the best
transformation results in both M. brumae and M. abscessus R (Figure 2), identifying the best
strategy for clump disaggregation. In the case of M. abscessus S, these methods are not relevant
since this smooth morphotype does not form aggregates, as shown in Figure 3A.

The third optimization step was performed to improve the state, concentration and purity
of the DNA. As previously described, excess salts in the DNA can cause arcing in the
electroporation process [31]. To confirm this, different procedures were carried out using desalted
or nondesalted DNA. The conditions necessary to obtain the best electroporation efficiencies in
mycobacteria used very high voltage and resistance values (2.500 V and 1.000 Q) compared to
other protocols for another bacterial genus. These factors, by themselves, may trigger electrical
arcing during pulse delivery. With a single desalination column based on a mixture of agarose and
glucose (Figure 1A), between 20% and 30% of the plasmid DNA concentration was lost; however,
the resulting DNA contained a lower concentration of salts and other contaminants, such as
proteins, RNA or phenolic compounds, significantly minimizing the appearance of arcing events
and considerably increasing electroporation efficiency. Column effectiveness was evaluated by
measuring DNA conductivity before and after column treatment. While the conductivity of Milli-
Q water, in which the plasmid was eluted, was 2 uS/cm, the measurement of the plasmid solution
before and after the column treatment gave values of 670 pS/cm and 330 puS/cm, respectively, i.e.
a >50% reduction in conductivity that indicated a notable decrease in salt concentration and,
subsequently, improved electroporation efficiency.

In some cases, the values for electroporation efficiency using desalted DNA were twice
those of nondesalted DNA, and the risk of arcing was eliminated (Figure 2). Other critical factors,
such as chilling the cuvette on ice, avoiding formation of bubbles before electroporation, and
minimizing the formation of cell aggregates also reduced the risk of electrical discharge. All these
relevant factors that favor electroporation efficiency are summarized in Figure 4A. [32]. In
contrast, when nondesalted DNA and mycobacterial clumps are present, cuvette arcing was more

frequent, forcing repeated electroporation, which requires more cuvettes, electrocompetent cells,

11
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plasmid DNA and other consumables. Under these conditions, most of the procedures resulted in
failure, and no electroporated cells were obtained (Figure 4B).

The cross-employment of all the previously optimized methods listed allowed an
evaluation of the combinations which improve electroporation efficiencies. First, the results
demonstrated that when rough mycobacteria such as M. brumae and M. abscessus R are used,
employing any of the optimized methods reported here clearly provides higher efficiencies than
that of the reference method [2] described in the literature (see Figure 2). In the case of M.
abscessus S, the transformation efficiencies were similar among the different procedures used,
although significant improvement was detected using 42°C and desalted DNA (Figure 2D). The
results showed that the most efficient condition for all cases is to start from cells incubated at 42°C,
disrupting mycobacterial clumps using glass beads and electroporating with desalted DNA (Figure
2).

Once these optimal conditions were determined, the aim was to verify whether pre-
treatment with glycine in fast-growing mycobacterial cultures would provide higher
transformation efficiency rates. The results indicated that it did not improve efficiency rates over
those obtained without glycine addition (Figure 2B-C), especially in the case of M. brumae, for
which no transformed colonies were obtained. Glycine treatment is widely used to improve
electroporation efficiency in slow-growing mycobacteria such as M. tuberculosis, M. avium or M.
bovis [10,33,34]. In contrast, its use in fast-growing mycobacteria is uncommon, and addition of
glycine has been described to improve the transformation efficiency rates only in M. aurum [18].
In the present experiments some observations were made that advise against its generalized use in
fast-growing mycobacteria. Foremost, a significant decrease in viability of the cultures after
glycine treatment was observed: 22% reduction in M. brumae, 12% in M. abscessus S, and 20%
in M. abscessus R. Glycine treatments inhibit peptidoglycan synthesis, thus altering the
mycobacterial cell wall and affecting viability [35]. This could explain the absence of transformed
colonies in species such as M. brumae which are particularly difficult to electroporate. Moreover,
it was detected that the addition of glycine induced morphotype changes in M. abscessus, as the S
colonies obtained after electroporation were mostly rough instead of smooth; with an average of
85.7% having rough morphotype, and only 14.3% smooth after the experiment. Glycine treatment,
together with lysozyme, has been widely used to generate spheroplasts in mycobacteria [35-38].
Recovery of the original morphology when glycine-treated mycobacteria are cultured in solid
media requires time. It has been found that colonies of glycine-treated M. smegmatis appeared
initially smooth and mucoid, and slowly developed the irregular rough growth characteristics of

typical M. smegmatis colonies, reaching the complete rough phenotype after 12 days culture [37].

12
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These changes in colony morphology can affect the study of different events for smooth and rough
morphotypes and undesirable for studying species such as M. abscessus in which colony
morphotypes differ in virulence [7].

In the case of M. brumae and M. abscessus R using the optimized conditions, the efficiency
rates were 20 times higher than those of the usual transformation protocol (Figure 2). In contrast,
a doubling was observed for M. abscessus S cells. Furthermore, and with few exceptions, using
each of these conditions separately provided higher transformation rates than those of the
respective alternative procedures in all mycobacteria and conditions tested (42°C versus 37°C,
glass beads versus syringe, and desalted versus nondesalted DNA).

To further corroborate if the results obtained in M. abscessus and M. brumae applied to
other fast-growing rough mycobacteria, the most favorable electroporation conditions were
evaluated in M. alvei, M. fortuitum, M. peregrinum, M. phlei, and M. vaccae (R and S
morphotypes). As shown in Figure 5, all mycobacteria tested were successfully electroporated
using 42°C and desalted DNA as optimal constant conditions. Differences in electroporation rates
between species are substantial (orders of magnitude), indicating that the species characters always
represent the highest limitation on efficiency rates regardless of the procedure used. Moreover,
statistically significant differences were detected between the different disaggregation strategies,
glass beads beating being the method that showed the highest efficiency rates for all rough
mycobacteria species studied. In the smooth morphotype of M. vaccae (not forming aggregates),
no significant differences were detected between the different disaggregation methods used
(Figure 5F), similar to the results obtained for the smooth morphotype of M. abscessus. These
results demonstrate that the improvements in the procedure for optimizing electrocompetent cell
preparation and electroporation in M. abscessus and M. brumae are equally useful in other fast-

growing rough mycobacterial species.

Conclusions

It is demonstrated that the transformation of rough, fast-growing mycobacteria could be
improved by modifying the currently used procedures. Addition of an incubation step at 42°C for
the initial culture mycobacterial cells prior to preparing the electrocompetent cells, cell suspension
homogenization by using glass beads and the use of desalted DNA are the conditions that provided
the best results and are therefore ideal methods for introducing exogenous DNA into this type of

mycobacteria through electroporation.
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Figure Legends

Figure 1: Optimized procedure diagrams. A) Illustration of the plasmid extraction, concentration
and desalting by a purification column. B) Scheme of the procedure used to prepare the
electrocompetent cells. The new optimized steps elucidated in this study are highlighted in blue.

Created with BioRender.com.

Figure 2: A) Representation of the electroporation efficiencies obtained in four electroporations
for each mycobacterium using the traditional current method for fast-growing mycobacteria;
washes at 4°C, homogenization by pipetting before pulse delivery and nondesalted DNA. B) C)
D) Average electroporation efficiencies of mycobacteria using the proposed optimization methods;
culture at a specific temperature before washing steps (42°C/37°C), glass beads or syringe clump
disaggregation methods (B/S), desalted or nondesalted DNA (D/ND) and glycine pre-treatment
(Gly). Error bars correspond to standard deviation (SD) of 4 replica experiments. Mann-Whitney
test for significant differences, *p < 0.05, **p < 0.01, ***p <0.001.

Figure 3: A) Representative images of fluorescence microscopy showing the distribution and
organization of the mycobacteria after using each disaggregation method: glass bead beating (glass
beads), passing through a 26G-needle syringe (syringe), and pipetting up and down (pipetting).
Scale bars correspond to 20 um. B) Area representation of randomly selected aggregates of M.
brumae and M. abscessus R present in the suspensions after disaggregation (n=30 for each
condition). ****p < (0.0001 (Mann-Whitney test). C) Quantification of the percentage of live and
dead bacteria in the aggregates by estimating the areas in green (live) and red (dead) using the

images previously taken.

Figure 4: Illustration of mycobacterial suspensions in the electroporation cuvette during the
electrical pulse. A) Using the optimized methods: 42°C, disaggregation by glass beads, and
desalted DNA. These conditions report the highest electroporation efficiencies since the electrical
pulse can cross the mycobacteria, generating pores in the cell wall due to electrical charge
differences that allow plasmid entry. Desalted plasmid suspension and free mycobacteria bacilli
reduce the risk of arcing. B) Using routine methods: 37°C, pipetting disaggregation, and non-
desalted DNA. These conditions make electroporation extremely difficult; the electric pulse cannot
cross mycobacterial clumps preventing plasmid entry. Furthermore, clumps, bubbles, and salts

suspension significantly increase the risk of suffering arcing events. Created with BioRender.com.
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Figure 5: Electroporation efficiencies of different fast-growing mycobacteria. A) M. alvei, B) M.
fortuitum, C) M. peregrinum, D) M. phlei, E) M. vaccae R, F) M. vaccae S. For these assays,
optimization methods; culture exposure to 42°C before obtaining electrocompetent cells and use
of desalted plasmid DNA remain unchanged. Differences between disaggregation strategies: glass
beads beating, passages through a 26G-needle syringe, and pipetting up and down are shown. Data
are presented as electroporation efficiencies mean values + SD of 4 replica experiments. *p < 0.05

significant difference (Mann-Whitney test).
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