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Natural transformation, or the uptake of naked DNA from the external milieu 
by bacteria, holds a unique place in the history of biology. This is both the 
beginning of the realization of the correct chemical nature of genes and the 
first technical step to the molecular biology revolution that sees us today able to 
modify genomes almost at will. Yet the mechanistic understanding of bacterial 
transformation still presents many blind spots and many bacterial systems lag 
behind power horse model systems like Escherichia coli in terms of ease of 
genetic modification. Using Neisseria gonorrhoeae as a model system and 
using transformation with multiple DNA molecules, we tackle in this paper both 
some aspects of the mechanistic nature of bacterial transformation and the 
presentation of new molecular biology techniques for this organism. We show 
that similarly to what has been demonstrated in other naturally competent 
bacteria, Neisseria gonorrhoeae can incorporate, at the same time, different 
DNA molecules modifying DNA at different loci within its genome. In particular, 
co-transformation of a DNA molecule bearing an antibiotic selection cassette 
and another non-selected DNA piece can lead to the integration of both 
molecules in the genome while selecting only through the selective cassette 
at percentages above 70%. We also show that successive selections with two 
selection markers at the same genetic locus can drastically reduce the number 
of genetic markers needed to do multisite genetic modifications in Neisseria 
gonorrhoeae. Despite public health interest heightened with the recent rise in 
antibiotic resistance, the causative agent of gonorrhea still does not possess 
a plethora of molecular techniques. This paper will extend the techniques 
available to the Neisseria community while providing some insights into the 
mechanisms behind bacterial transformation in Neisseria gonorrhoeae. We are 
providing a suite of new techniques to quickly obtain modifications of genes 
and genomes in the Neisserial naturally competent bacteria.
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1. Introduction

Neisseria gonorrhoeae (Ng) is the causative agent of gonorrhea, the 
second most common human sexually transmitted disease, with 
worldwide yearly new cases of around 100 million (Kirkcaldy et al., 
2019). As such, it has garnered intense scientific attention for decades. 
Yet the stakes have never been as high as now when a growing number 
of clinical isolates are resistant to antibiotics (Unemo and Shafer, 2014; 
Centers for Disease Control and Prevention (U.S.), 2019). The specter 
of a world with untreatable gonorrhea looms large (Ohnishi et al., 
2011; Blomquist et al., 2014). Thus, the pace of study of Neisseria 
gonorrhoeae needs to speed up. One way to help is by providing 
quicker and more versatile molecular biology techniques for this 
genetically tractable organism. We will present here new means of 
performing genetic modifications in this important human pathogen 
that should be easily applicable to naturally competent members of the 
Neisseria genus.

Many bacteria like Haemophilus influenzae, Vibrio cholerae or 
Streptococcus pneumoniae, are naturally competent (Mell and 
Redfield, 2014). Yet the exact molecular mechanisms behind their 
ability to take up naked DNA from their environment are still 
murky despite close to a century of scientific inquiry. Frederick 
Griffith’s seminal work on transformation of Streptococcus 
pneumoniae was published in 1928 (Griffith, 1928). It wasn’t until 
2014 that the bacterial machinery responsible for transformation 
was identified. This turned out to be  a Type IV pilus (Tfp) 
(Laurenceau et al., 2013). Type IV pili are extremely dynamical 
polymers that can extend for micrometers away from the bacterial 
envelope (Berry and Pelicic, 2015; Craig et al., 2019). Tfp undergo 
cycles of extensions and retractions. Binding of a DNA molecule to 
the pilus and its subsequent retraction is supposed to be the first 
step of a series of coordinated molecular events culminating in the 
DNA molecule getting within the bacterial cytoplasm and ultimately 
integrated into the genome if enough homology exists (Hamilton 
and Dillard, 2006; Mell and Redfield, 2014; Piepenbrink, 2019). The 
terminology often distinguishes between pili and pseudopili mainly 
based on the extent of the extension of the appendage outside of the 
bacterial cell (Chen and Dubnau, 2004). Yet all these structures have 
a very close evolutionary relationship [now generally under the 
umbrella term type IV filaments (Berry and Pelicic, 2015; 
Piepenbrink, 2019)] and are a common feature of 
natural transformation.

Neisseria gonorrhoeae has emerged as a great model system for the 
study of Tfp. In Neisseria gonorrhoeae, Tfp are expressed throughout 
their life cycles and can represent as much as 100 micrometers of pili 
per cell (Biais et al., 2008). In Neisseria gonorrhoeae, Tfp are critical for 
many functions, beyond transformation: adhesion, motility and 
pathogenesis (Howie et al., 2005; Higashi et al., 2007; Taktikos et al., 
2015; Hockenberry et  al., 2016). Similarly to other naturally 
transformable bacteria, Tfp are paramount for Neisseria gonorrhoeae 
transformation. While for many bacteria, DNA will be transformed 
irrespective of its sequence, Neisseria species have short sequences 
referred to as DNA Uptake Sequences (Goodman and Scocca, 1988; 
Elkins et al., 1991) that can enhance uptake and are found in high 
abundance in their genomes (Treangen et al., 2008; Frye et al., 2013; 
Mora et  al., 2021). The use of these sequences can enhance the 
transformation of desired DNA in the context of genetic engineering 
(Dillard, 2011; Duffin and Seifert, 2010). The exact nature of the 

interaction between the DNA molecule and the Tfp machinery is still 
the subject of active debate. The fact that a very small number of Tfp 
seems to maximize competence (Long et al., 1998) or the fact that 
pilins not assembled into polymers can still mediate transformation 
(Obergfell and Seifert, 2016) have, similarly to the case of pseudopilus, 
put into question the necessity for direct interaction between the DNA 
and the pilus. Whether direct or through the interaction of the minor 
pilin ComP (Berry and Cehovin, 2013; Cehovin et al., 2013; Berry 
et  al., 2016), the specific interaction between DNA and Tfp is 
established (Hughes-Games et al., 2022). The study of the dynamics 
of intake of DNA molecules still argues for Tfp not being the sole 
structure to mediate DNA uptake in the periplasm (Hepp and Maier, 
2016). Any new knowledge on the molecular mechanisms behind 
bacterial transformation will help optimize the transformation 
protocols and thus the efficiency of genetic manipulations in 
Neisseria gonorrhoeae.

One of the poorly characterized features of natural transformation 
is the amount of DNA that can be transferred within bacteria at the 
same time. Quantitation of fluorescently labeled DNA in Neisseria 
gonorrhoeae showed that one cell can harbor up to 40 kbp of DNA in 
its periplasm at once (Gangel et al., 2014). But the number of DNA 
molecules that can enter a given cell over the course of a transformation 
protocol is unknown. Can a cell acquire a second piece of DNA after 
acquiring a first one? With the prospect of easing genetic manipulation 
of both the Vibrio and Streptococcus genus, multiplex transformations 
have been performed with DNA molecules with homology with 
different loci across the genome (Dalia et al., 2014, 2017; Dalia, 2018). 
In the same spirit, we  have decided to look at multi-molecule 
transformation in Neisseria gonorrhoeae.

In this article, we have first established different transformation 
protocols aimed at controlling the condition of contact between 
bacteria and the DNA molecules. In particular, we have designed a 
hybrid protocol stemming from existing techniques (Dillard, 2011) 
with attention to the concentration of DNA used and the conditions 
(liquid or agar plate) of the transformation. We have then quantified 
the co-transformation between DNA in two different genetic loci 
and show that co-transformation can occur at rates above 70%. 
We go on to present the logic behind an interchangeable cassette 
system where only two antibiotic selection markers are sufficient to 
make any number of successive genetic integrations throughout the 
Neisseria gonorrhoeae genome. We conclude by showing examples 
of the use of these techniques to obtain different mutants in 
Neisseria gonorrhoeae. This is our hope that these techniques will 
help speed up the much-needed unraveling of Neisseria gonorrhoeae 
general physiology in order to curb the prevalence of this important 
sexually transmitted disease while also presenting a framework for 
genetic manipulation in the Neisseria genus as a whole.

2. Materials and methods

2.1. Strains and growth conditions

2.1.1. Growth conditions
The strains used in this study are all derivative of Neisseria 

gonorrhoeae strain MS11 (a gift from Magdalene So). All strains were 
grown on GCB agar plates supplemented with Supplements I and II at 
37°C and 5% CO2. Nalidixic acid (3 μg/mL), kanamycin (80 μg/mL) 
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or erythromycin (10 μg/mL) were supplemented to GCB agar plates 
when needed for selection.

2.1.2. Construction of GyrB1 MS11 mutant strain
The strain carrying the gyrB1 mutation D429N (Duffin and 

Seifert, 2010) was obtained by PCR amplifying the MS11 gyrB1 
gene with the primers gyrB1_ampli_F et gyrB1_ampli_R 
(Supplementary Table S1) and cloned into a II-TOPO vector 
(Invitrogen). Site-directed mutagenesis (Quikchange, Stratagene) 
was performed on the plasmid to obtain the point mutation G to A 
leading to the D429N mutation with the primers gyrB1_MS11_F 
and gyrB1_MS11_R (Supplementary Table S1). This plasmid was 
transformed into the MS11 strain and selected to lead to the GyrB1 
MS11 mutant strain (MS11GyrB1).

2.1.3. Construction of MS1 AR::Kan
The strain carrying the kanamycin resistance cassette was 

obtained by PCR amplifying a plasmid obtained from the Gene 
Synthesis services from Genscript Inc. found in Supplementary Table S2 
with primers ResistanceF and ResistanceR (Supplementary Table S1). 
Roughly 400 bps on either side of the AR (Antibiotic Resistance) 
insertion point were PCR amplified with primer pairs UpGCF and 
UpGCR_resistance on one hand and DownGCF_resistance and 
DownGCR on the other hand. Fragments were joined by using Gibson 
Assembly Mix (New England Biolabs). The assembled product was 
further amplified by the external primers, transformed into MS11 and 
selected to obtain the AR::Kan MS11 strain (MS11AR::Kan).

2.1.4. Construction of MS1 AR::Erm
To obtain MS11AR::Erm strain, Erythromycin cassette consists of 

Erythromycin resistance gene was amplified from MS11 Strain 306 
(Trieu-Cuot et al., 1990) using AR_Erm_F and AR_Erm_R. Flanking 
regions around the AR insertion region was amplified as follows: the 
upstream region was amplified with UpGCF and UpGCR, the 
downstream region was amplified with DownGCF and 
DownGCR. These amplified fragments were then assembled using 
Gibson Assembly Mix (New England Biolabs). The assembled product 
was amplified through PCR using primers UpGCF and Down 
GCR. The product of this PCR was then transformed into MS11 and 
selected with erythromycin to yield the MS11AR::Erm strain.

2.2. Transformation assays

2.2.1. Liquid transformation
Overnight cultures of Neisseria gonorrhoeae were obtained from 

streaking on GCB agar plates incubated at 37°C and 5% CO2. These 
cultures were resuspended in Transformation Medium (GCB + 5 mM 
MgSO4, Refer to Supplementary material for details). The cell 
suspension was used directly or diluted to 5 × 108 CFU/mL. In this 
paper, extracellular DNA added for transformation will be  called 
transformation DNA (tDNA). DUS tDNA was added to 200 μL of 
Transformation Medium in a separate tube and kept at 37°C. A 
volume of 30 μL of the cell suspension was then added to the DUS 
tDNA mixture. The combined product was incubated at 37°C for 
15 min, in a 5% CO2 incubator. After incubation, the mixture was 
pipetted into a 60 mm × 15 mm petri dish containing 1 mL of 
pre-warmed GCB+ liquid medium (see Supplementary material for 

details). The Petri dishes were incubated at 37°C for 3 h, in a 5% CO2 
incubator. After incubation, cells were scraped from the petri dish and 
resuspended in 1 mL of GCB liquid. The mixture was disrupted and 
prepared into serial dilutions. 5 μL spots of different dilutions were left 
to air dry on GCB and selection plates (refer to Supplementary material 
for details). The plates were then incubated at 37°C for 16–20 h, in a 
5% CO2 incubator. Colonies were counted to measure 
transformation efficiency.

2.2.2. Spot transformation
A known amount of DNA was prepared in a total volume of 10 μL 

and let to air dry on a GCB agar plate. A Neisseria gonorrhoeae colony 
was selected from an overnight culture and picked up with a swab. The 
swab was used to lawn bacteria uniformly across the marked spot 
where the DUS tDNA was air dried. The transformation plate was 
incubated at 37°C for 16–20 h, in a 5% CO2 incubator. All growth from 
the spot previously with dried DUS tDNA was swabbed and 
resuspended in 1 mL of GCB medium. The mixture was disrupted and 
prepared into serial dilutions. Dilutions were then spotted on GCB+ 
agar and selection plates and left to air dry. The plate was then 
incubated at 37°C overnight, in a 5% CO2 incubator. Colonies were 
counted to measure transformation efficiency.

2.2.3. New spot transformation
An overnight culture of Neisseria gonorrhoeae on an agar plate was 

resuspended in GCB liquid medium adjusted to cell density with 
optical density at 600 nm wavelength (OD600) = 0.7 (approximately 
5 × 108 cells/ml). 10 μL of the culture was mixed with DUS tDNA. The 
mixture was then spotted on a GCB+ agar plate and left to air dry. 
Once the spot was air-dried, the agar plate was incubated at 37°C for 
16 h, in a 5% CO2 incubator. After incubation, all growth from the spot 
was swabbed and resuspended in 1 mL of GCB medium. The mixture 
was disrupted and prepared into serial dilutions. Dilutions were then 
spotted on GCB and selection plates and left to air dry. The plate was 
then incubated at 37°C overnight, in a 5% CO2 incubator. Colonies 
were counted to measure transformation efficiency.

2.3. Optimizing OD600 for transformation

Neisseria gonorrhoeae bacteria grown overnight on GCB agar plate 
were swabbed and resuspended in 1 mL of GCB medium and 
disrupted to a single cell suspension using a disruptor for 2 min (Genie 
Cell Disruptor). A cell suspension with an OD600 of 0.7 was prepared 
from the stock. 10-fold serial dilutions were prepared from 
OD600 = 0.7 cell stock. 10 μL of each dilution was mixed with 500 ng 
of gyrB mutant DUS tDNA and transformed following the Spot and 
Dry transformation as illustrated in “New Spot Transformation.”

2.4. Co-transformation

This experiment used two types of tDNA: mutant gyrB1 (gyrB1-
2kbp, gyrB1-4kbp, and gyrB1-6kbp tDNA) and a Kanamycin-resistant 
cassette (AR::Kan tDNA). Mutant gyrB DNA were amplified from a 
Nalidixic acid resistance strain containing a point mutation within the 
gyrB gene (The details of the mutation will be illustrated in the Results 
section) (Duffin and Seifert, 2010), the MS11GyrB1 strain. Different sizes 
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of gyrB1 mutant tDNA were amplified to be 2kbp, 4kbp, and 6kbp 
using primers in Supplementary Table S1. The Kanamycin-resistant 
cassette was amplified from the strain MS11AR::Kan with primers 
Insert1kbGCF and Insert1kbGCR (Supplementary Table S1).

To compensate for the DNA copy number due to different 
molecule sizes, different amounts of tDNA were added depending on 
their sizes. In this set of experiments, all conditions used 0.1 ng of 
Kanamycin -resistant cassette. The amount of mutant gyrB tDNA used 
based on different sizes were listed in Supplementary Table S3.

2.5. Interchangeable cassette system

A specific region in the Neisseria gonorrhoeae genome has been 
selected for gene insertion based on previous studies (Dillard, 2011), 
between the lactate permease (lctP) gene and the aspartate 
aminotransferase (aspC) gene. This region was historically used as a 
complementation site and referred to later as the neisseria intergenic 
complementation site (nics) (Mehr and Seifert, 1998; Tobiason and 
Seifert, 2010). This region will be called the AR insertion region in this 
paper. Gene insertion in this region has shown no phenotypic changes 
in the bacteria (Ramsey et al., 2012). Cassettes containing selection 
markers are designed to have similar sized flanking regions on both 
sides of the AR insertion region. For transformation, the AR insertion 
region was amplified to ensure cassettes containing different selection 
markers have the same homologous recombination region. The 
cassettes (AR:: Kan or AR::Erm tDNA) used for study were amplified 
from strains containing respective selection markers 
(Supplementary Table S2) (either strain MS11AR::Kan or MS11AR::Erm) 
using primers listed in Supplementary Table S1. The transformation 
procedure used was the new spot transformation presented earlier.

2.6. Proof of concept for cloning using 
co-transformation

For examples intended to show deletion, we chose the cidA and 
cidB genes. We amplified the upstream DNA sequence around 3.2kbp 
and the downstream DNA sequence around 2kbp of cidA/lrgA and 
lrgB genes using the primers stated in Supplementary Table S1 
(CidAB--153-F and CidAB-p73-R). After checking the PCR reaction 
on gel electrophoresis and clean-up, we stitched the two fragments 
together using Gibson Assembly mix. The assembled product was 
used as the template for PCR to get enough copies of the big fragments. 
The final PCR product was used directly with 1 ng of kanamycin AR 
cassette for co-transformation in the MS11 strain.

Next, to introduce a point mutation in the pilD gene, we did two 
sets of tests. For the first set, we amplified an upstream fragment and 
downstream fragment of the intended mutation (from 
CCTGCTGTCCCAAATGCCGTGTGCCG to CCTGCTGTCCC 
AAAAGCCGTGTGCCG representing a non-synonymous mutation 
pilDC72S), using primers stated in Supplementary Table S1. The 
fragments were then assembled using NEB HiFi DNA Assembly 
Master Mix. The assembled product was amplified again through PCR 
and the product was checked through gel electrophoresis. For the 
second set, we  amplified a DNA fragment from mutant MS11 
pilDC72S genomic DNA, which already carries the intended 
mutation, using Q5 High-Fidelity 2x Master Mix and primers stated 

in Supplementary Table S1. After ensuring good PCR results on gel 
electrophoresis, we co-transformed the fragment from both sets with 
1 ng of erythromycin AR cassette into the MS11ΔcidAΔcidB AR::kan strain.

Following that, we  intended to obtain a N-terminally tagged 
YFP-ComM protein. Similar to what we did for the point mutation, 
we introduced two sets of tests. The first set consisted of assembled 
DNA fragments, while the second set consisted of DNA fragments 
amplified directly from an existing mutant. For the first set, we located 
the comM gene in the MS11 strain. We amplified the YFP gene [gift 
from Lucy Shapiro (Viollier et al., 2004)] with the FluoComM-fluo-F 
and YFPComM-yfp-R including a linker. Two DNA fragment 
including the Upstream region of comM gene and the comM gene and 
part of its Downstream region were amplified, respectively, with the 
primer pairs ComM-Up-F and ComM-Up-R and ComM-Down-F 
and ComM-Down-R. The three fragments were assembled using NEB 
Hi-Fi DNA Assembly Kit. The product was further amplified by the 
primers ComM-Up-F and ComM-Down-R. PCR was performed 
using Q5 High-Fidelity 2x Master Mix with primers stated in 
Supplementary Table S1. For the second set, DNA fragments were 
amplified from MS11yfp-ComM AR::Erm. After checking for good amplified 
PCR product by gel electrophoresis, fragments from both sets were 
mixed with 1 ng of AR::Kan cassette and co-transformed into 
MS11ΔcidAcidB pilDC72S AR::Erm using conventional spot transformation. The 
transformed cells were lawned on an erythromycin selection agar 
plate. Colonies were selected the day after, resuspended in water, and 
used as the template for PCR using DreamTaq and colony PCR 
primers, ComM--525-F and ComM-787-R (refer to 
Supplementary Table S1). The PCR product result was loaded onto 1% 
agarose gel to check for colonies with successful insertion.

2.7. Statistical analysis and software used

In-silico work for genetic engineering was performed using 
software Geneious (Dotmatics) and VectorNTI 10 (Life Technologies). 
All visualization and statistical analysis were performed on Prism 
(Graphpad).

3. Results and discussion

3.1. Comparing different transformation 
assays

Being naturally competent, Neisseria gonorrhoeae bacterial cells 
do not need to be treated either chemically or physically to undergo 
transformation. The simple fact of putting into contact DNA 
molecules bearing homology with the genomes of Neisseria 
gonorrhoeae with Neisseria gonorrhoeae cells can allow the obtention 
of genetically modified bacteria. Yet, many factors can drastically 
affect the yield: the degree of homology, the specific strain used, the 
presence or absence of DNA Uptake sequences, the presence or 
absence of magnesium, the quantity of DNA and the concentration of 
cells used, to name a few parameters. But the exact methodology used 
to put into contact the DNA molecules and the bacterial cells also have 
an impact on the success of the transformation.

Historically, there have been two commonly used lab techniques 
for transformation in Neisseria gonorrhoeae: Spot Transformation and 

https://doi.org/10.3389/fmicb.2023.1178128
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Seow et al. 10.3389/fmicb.2023.1178128

Frontiers in Microbiology 05 frontiersin.org

Liquid Transformation (Dillard, 2011). Both methods are illustrated 
in Figure 1. In the Spot transformation, a known quantity of the DNA 
to be  transformed (tDNA) is dried on an agar plate. Bacteria are 
overlaid on top of the dried tDNA spot using a swab. While this 
technique is versatile and requires minimal intervention from the 
experimenter, it has shortcomings when it comes to quantification of 
transformation efficiency. Indeed, it is difficult to ensure that all the 
bacteria that will be tested for transformation have been in contact 
with the same amount of DNA or even in contact at all with DNA. In 

the liquid transformation technique, a known quantity of tDNA is 
added to bacteria in liquid supplemented with magnesium. After a 
brief incubation, the DNA bacteria suspension is added to another 
volume of liquid and left in the incubator for a few hours. This 
technique ensures a uniform access between DNA and bacteria cells, 
but it requires many steps not easily scalable when many samples need 
to be handled at the same time. We have decided to combine these two 
techniques to allow an easy and accurate quantification of 
transformation. In a nutshell, we add tDNA to a suspension of bacteria 
cells of known density that is dried on an agar plate. In this case, all 
bacteria are thus put into contact with the tDNA. After some 
incubation time, the entirety of the DNA-bacteria spot is resuspended 
and transformation efficiency is assessed. This new methodology will 
be referred to as the new spot transformation.

In order to directly compare these different techniques, we have 
chosen one type of tDNA. The tDNA is a DNA carrying a point 
mutation in the Ng gyrB gene (gyrase B) known to confer resistance 
to the fluoroquinolone Nalidixic Acid (DUS tDNA). Throughout this 
series of experiments, 500 ng of mutant gyraseB (gyrB) DNA was 
used as transfer DNA (DUS tDNA). Since it is observed that more 
tDNA amount led to higher transformation, we standardized the 
amount due to its good yield, practicality of experiments and easy 
comparison across experiments. We  can see in Figure  2 that the 
liquid transformation and the new technique can both achieve high 
transformation yield. The main advantage of the spot transformation 
technique is its technical ease, the limited steps involved and the 
possibility to process many samples in parallel. We see here that it 
does present a lower transformation yield. Thus, our new techniques 
represent a good middle ground between the two previously 
described techniques that maximizes the efficiency of transformation, 
minimizes the efforts of the experimenters and allows accurate 
quantification of transformation.

There are several factors that can affect transformation 
efficiency in Neisseria gonorrhoeae. Their sheer number makes it 

FIGURE 1

Different protocols for transformation: (A) liquid transformation, (B) spot transformation, and (C) dry with spot transformation.

FIGURE 2

Comparison between three transformation protocols: Figure shows 
the transformation efficiency of three transformation protocol. 
Efficiency was calculated as (transformed bacteria number/total 
bacteria number)*100%. All experiments were performed in a 
minimum of three biological replicates with technical triplicates for 
each. The detection level of the transformation assays is below 
5.10−5%. DNA free controls were below the detection limit.
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difficult to tackle all of them at the same time. This includes the 
presence of competence pili, tDNA sizes, amount of DNA, and 
incubation time (Biswas et al., 1977). Some of these factors are also 
affecting transformation in much more heavily studied model 
systems like E. coli or Bacillus subtilis. Following the development 
of the new spot transformation aiming at quantification, we applied 
this newly established methodology to study the optimal cell 
number input for natural transformation fixing a few of those 
parameters. We have maintained the amount of tDNA (500 ng). 
The result shows that transformation using an input suspension of 
cells with an Optical Density of 0.0007 at 600 nm, together with 
500 ng of tDNA yields a higher transformation efficiency as 
demonstrated in Figure 3. This suggests that there is an optimal cell 
to tDNA ratio in each transformation condition. In subsequent 
experiments in the present manuscript, this optimal input cell 
density is used.

3.2. Co-transformation

Compared to other genetically tractable bacterial organisms like 
E. coli, Bacillus subtilis or Pseudomonas aeruginosa, Neisseria 
gonorrhoeae, can be seen as possessing a limited array of genetic 
tools. While the natural competency status of Neisseria gonorrhoeae 
might have thwarted the efforts from the community to further 
optimize genetic modification techniques, this dearth of techniques 
might also be  linked to mechanistic specificities of Neisseria 
gonorrhoeae. For instance, Neisseria gonorrhoeae does not have the 

plethora of cloning vectors designed and engineered for E. coli. To 
date, Neisseria gonorrhoeae can harbor three categories of plasmids, 
conjugative plasmids, β-lactamase plasmids and cryptic plasmids 
(Roberts, 1989; Cehovin et  al., 2020). These plasmids are mainly 
known for their role in spreading antibiotic resistance among 
gonococci (Cehovin et al., 2020). In a laboratory setting, however, 
available vectors used for cloning in Neisseria gonorrhoeae research 
are largely limited to shuttle vectors for replication in E. coli (Ramsey 
et al., 2012). These vectors will eventually be cleaved upon uptake and 
reintegrated into its genome. They will have limited stability within 
Ng cells. Some of the early genetic manipulation of Neisseria 
gonorrhoeae rely largely on transforming the bacteria with genomic 
DNA, for example, acquiring streptomycin resistance after 
transforming with genomic DNA isolated from resistant strains 
(Sparling, 1966). As knowledge on DNA repair and recombination 
expands and with it an ever easier ability to create synthetic DNA 
molecules, studies moved toward transforming Neisseria gonorrhoeae 
with synthesized double-stranded DNA molecules containing the 
genomic manipulation of interest (insertion, deletion or point 
mutation), usually together with a selection marker with sometimes 
another step to remove it (Jones et al., 2022; Nyongesa et al., 2022). 
Yet, the selection schemes and the necessity for multiple antibiotic 
markers in the case of their use or the many steps when performing 
markerless modifications still impose many technical constraints on 
the genomic modification of Neisseria gonorrhoeae cells. We have 
decided to see if some of these constraints could be relaxed.

We have explored the possibility of multiplex genome editing in 
Neisseria, building on existing genetic manipulation protocols in other 
naturally competent organisms. Researchers succeeded in performing 
multiple-site genome editing at once in Vibrio cholerae, V. natriegens 
(Dalia et al., 2014, 2017). In a nutshell, multiple DNA molecules with 
homology with different parts of the genome of the targeted organisms 
are transformed simultaneously. Only one of the pieces will bear an 
antibiotic marker that will be selected for. Yet multiple mutations can 
be seen in the selected clones. V. cholerae and N. gonorrhoeae both 
perform natural transformation via type IV pili. We thus surmised 
that a similar experimental design will also work with Neisseria 
gonorrhoeae and has the potential to ease the design and execution of 
genomic modifications in this organism.

In order to test our hypothesis, we have chosen a site historically 
used to insert antibiotic markers in Neisseria gonorrhoeae, the 
region between the lctP and aspC genes (Ramsey et  al., 2012), 
hereafter dubbed the AR (antibiotic resistance) region. We have 
paired this site with the gyrB point mutation presented in the 
previous section. We will combine these two types of tDNA in these 
co-transformation experiments mixing them together to perform a 
new spot transformation with optimized concentration of Neisseria 
gonorrhoeae cells. On the one hand, DNA molecules with various 
degrees of homology with the lctP-aspC gene region will allow the 
insertion of an antibiotic selection marker, the intended selection 
during co-transformation (AR::Kan tDNA). On the other hand, 
DNA molecules of various lengths carrying the point mutation 
conferring resistance to nalidixic acid (gyrB1-2kbp, gyrB1-4kbp, 
and gyrB1-6kbp) will allow us to measure how many cells selected 
with the AR gene also incorporated the gyrB point mutation. In this 
study, we  used selection cassettes which include an antibiotic 
resistance (AR) gene, flanked with around 1,000 bp homologous 
regions on each side of the insertion site. Therefore, during 

FIGURE 3

Transformation with different amounts of inoculant. Figure shows 
the fold change of transformation efficiencies of 10× dilutions of 
OD600 0.7 against OD600 0.7. Efficiency was calculated as 
(transformed bacteria number/total bacteria number)*100%. All 
experiments were performed in a minimum of three biological 
replicates with technical triplicates for each. The detection level of 
the transformation assays is below 5.10−5%. DNA free controls were 
below the detection limit.
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successful insertion, the two homologous flanking regions will 
recombine with the genomic DNA and insert the antibiotic 
resistance gene at the desired location while conferring resistance 
to the chosen antibiotics, here kanamycin (Figure 4A). Selection of 
co-transformed colonies on kanamycin plates enables to measure 
the numbers of successful AR incorporation. Similarly, successful 
insertion at the gyrB region is measured by CFU on nalidixic acid 
selection plates and successful double mutants are measured by 
CFU on selection plates containing both the AR antibiotics (here 
kanamycin) and nalidixic acid. The ratio between these two 
different types of tDNA will be  the main parameter in these 
experiments. The transformation efficiency of mutant gyrB tDNA 
increases as molecular size, and thus the degree of homology, 

increases (see Figure 5B). This observation is similar to what is 
reported in V. natriegens (Dalia et al., 2017). The increased pattern 
of transformation efficiency is most likely due to longer flanking 
regions available for recombination. It could also further enhance 
by a specificity of the Neisseria genus, the existence of DNA Uptake 
Sequences already mentioned. These 10–12 base pair sequences 
facilitate uptake and transformation of DNA molecules in the 
Neisseria genus (Goodman and Scocca, 1988; Elkins et al., 1991). 
DUS sequences occur on average every thousand base pairs in 
Neisseria gonorrhoeae and the number of their occurrences in a 
given tDNA molecule might also contribute to the increased 
transformation rate (Duffin and Seifert, 2010; Frye et al., 2013). 
With an experimental mindset, what is worth noting is the 

FIGURE 4

Depiction of the procedure of co-transformation (A) The procedure of co-transformation described in the “co-transformation” section. A tDNA with 
the Kan cassette:gyrB1 tDNA ratio of 1:1,000 was used to assess the effect of gyrB1 tDNA flanking region length in co-transformation. (B) The 
procedure of co-transformation when applied to cloning strategies. The image illustrated the application of Erm cassette:modification (labeled as X) 
with the ratio 1:1,000 into bacteria that has been co-transformed successfully prior. These two images depict a summary of co-transformation 
procedure and the possibility of subsequent co-transformation with a different selection cassette.
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proportion of double mutants among the kanamycin resistant 
population. Even though we have only selected for kanamycin, as 
high as 60–70% of the cells are also resistant to nalidixic acid (see 
Figure 5C). Thus, if we were to perform co-transformation with an 
AR tDNA and another tDNA bearing a desired genomic 
modification that is not selectable, we  can still obtain the 
incorporation of that not selectable genomic mutation by solely 
selecting with the AR antibiotic. This scheme opens up fully the 
design of genetic modifications, as we will see later, while providing 
a method requiring only one transformation step.

This observation is of extreme practical use since it provides an 
opportunity for new flexibility when manipulating the Neisseria 
gonorrhoeae genome. During random bacterial genetic manipulation, 
it is quite rare that the genetic change thought after will lead to any 
selectable or recognizable phenotype. The goal is more often to remove 
a gene and look for the potential phenotype associated with the 
removal in order to ascribe a function to the gene. Thanks to the high 
rate of co-transformation seen above, we  see that it is technically 
possible to always use the same genetic locus to receive a selectable 
marker and get a high rate of modification in a totally independent 
locus on the genus that you are not selecting for. This opens the door 
for a quick and easy methodology for obtaining genome-wide 
modifications in Neisseria gonorrhoeae.

3.3. Interchangeable cassette system

Following the results on co-transformation from the previous 
section, the possibility of performing multiplex genome editing opens 
up. One of the advantages stemming from a co-transformation 
technique is the use of only one selection marker to obtain multiple-site 
manipulation. Given the limited number of selection markers that are 
available in Neisseria, we  wondered whether we  could use 
co-transformation to limit the number of selection markers used 
without limiting the number of mutations we  could obtain. One 
appealing method would be to keep using the same historical locus to 
sequentially integrate different selection markers. We thus investigated 
the versatility of the AR region by switching in cassettes with different 
selection markers. We  compared the transformation of kanamycin 
selection cassette (AR::Kan tDNA) into wild type (MS11) and a strain 
that possessed an erythromycin resistance cassette at the AR locus 
(MS11AR::Erm). Our results showed that the transformation efficiency 
between the two are similar (Figure 6). This result shows that an AR 
region inserted with a selection cassette is equally likely to recombine 
with a new selection cassette when given the opportunity. This finding 
implies the possibility to indeed apply co-transformation for multiple 
sequential genetic manipulations. Besides, it is possible to perform 
limitless sequential co-transformations with as little as two types of 
selection cassettes by using them alternately. For instance, we can limit 
ourselves to just the kanamycin cassette and erythromycin cassettes 
presented here and use the one not present at the AR locus to select for 
the next co-transformation, leading to the desired genetic 
modification(s) at any other site in the genome. Furthermore, we have 
verified that the insertion of the different cassettes in the AR region 
happens with the same frequency (see Figure 6). We hope that the use 
of this Interchangeable Cassette System (ICS) will prove useful in the 
Neisseria gonorrhoeae research arena as a means to reduce the use of 
antibiotic resistance makers and provide an efficient technique to obtain 
multisite modifications with limited steps and maximized efficiency.

FIGURE 5

Transformation efficiencies using co-transformation (A) CFU/ml of 
cells transformed with tDNA of 2 kbp, 4 kbp, and 6 kbp length on 
different agar plate: GCB+ (Total), Kanamycin (Kan+), Nalidixic acid 
(N+) and Kanamycin and Nalidixic acid (Kan + N+) (B) Transformation 
efficiencies of nalidixic acid resistant cells over the total amount of 
cells for different tDNA length. Efficiency was calculated as (Nalidixic 
acid resistant cells/total bacteria number)*100%. (C) Percentage of 
Kanamycin and nalidixic acid resistant cells over Kanamycin resistant 
population in each co-transformation condition. Percentage was 
calculated as (Nalidixic acid resistant cells/Kanamycin resistant 
cells)*100%. All experiments were performed in a minimum of three 
biological replicates with technical triplicates for each. The detection 
level of the transformation assays is below 5.10−5%. DNA free 
controls were below the detection limit.

FIGURE 6

Consistency of AR region recombination Figure shows the 
transformation efficiency of transforming MS11 and MS11AR::Erm with 
1 ng of AR cassette containing Kanamycin selection. Transformation 
efficiency was calculated as (Kanamycin resistant cells/total bacteria 
number)*100%.
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3.4. Proofs of concept and rules of thumb: 
use of co-transformation for genetic 
manipulations

In order to show the versatility of these techniques, we  will 
illustrate it in common experimental situations. Here, we present three 
common types of genetic editing: (1) deletion, (2) point mutation, and 
(3) insertion. Besides the type of modifications, the examples are also 
coupled with tDNA prepared from different sources, namely amplified 
DNA fragments from DNA assembly or genomic DNA to further 
exemplify the flexibility of the methods to respond to the reality of a 
wide range of molecular biology applications. On top of that, this 
proof of concept illustrated the versatility of this gene modification 
workflow by performing all three types of gene editing consecutively 
through co-transformation. For the first example, we demonstrated 
gene deletion by co-transformation. We amplified two PCR fragments, 
one 3.2kbp upstream of the cidA gene and another 2 kbp downstream 
of the cidB gene, which were fused and amplified. We obtained a PCR 
product with the desired deletion of both cidA and cidB. After 
co-transformation with AR::Kan cassette into MS11 strain, 16 colonies 
were selected for colony PCR and checking. The amplified region 
spans across 153 bp upstream of the start codon of the cidA gene and 
73 bp downstream of the stop codon of the cidB gene. Therefore, the 
expected band will be  1,263 bp (smaller band near the bottom) 
without the deletion and 226 bp when the deletion occurs. The 
deletion was further confirmed by sequencing. We observed 3 out of 
16 colonies selected through the co-transformed selection 
(kanamycin) also carry the deletion of cidA and cidB (Figure 7A). By 
doing this first genomic manipulation, we obtained MS11ΔcidAcidB AR::Kan. 
We followed up the procedure by introducing a point mutation in a 
gene named pilD. The mutation intended was from 
CCTGCTGTCCCAAATGCCGTGTGCCG to CCTGCTGTCCCA 
AAAGCCGTGTGCCG leading to the non-synonymous pilDC72S 
mutation. We  tested two forms of co-transformation: amplified 
products from DNA assembly and genomic DNA carrying the 
mutation. These arrangements will reflect well the two most common 
sources of implementing genetic modifications: introducing mutations 
by assembling DNA fragments or amplifying DNA fragments from 
another strain that already carry the intended mutation. After 
obtaining the intended tDNA with the point mutation of T- > A, 
we  co-transformed these fragments with AR::Erm cassette into 
MS11ΔcidAcidB AR::Kan. Due to the nature of point mutations, successful 
mutations could not be  differentiated by colony PCR and gel 
electrophoresis alone. To check the success rate of co-transformation, 
the amplified products of colony PCR were cleaned up and sent for 
sequencing. The success rate for the assembled DNA set was 1 out of 
16 (Figure 7B), and 3 out of 16 for the direct amplification set. From 
this experiment, we obtained MS11ΔcidAcidB pilDC72S AR::Erm. At the same 
time, we also proved the possibility of switching the selection cassette, 
a great application of the rationale in designing the Interchangeable 
Cassette System (ICS). As an example of the last common genomic 
modification, we completed this section with a gene insertion. In this 
example, we also tested two forms of co-transformation as previously. 
We prepared tDNA amplified either from assembled DNA or genomic 
DNA carrying the intended modification. From that, the PCR product 
was co-transformed with AR::Kan cassette into MS11ΔcidAcidB pilDC72S 

AR::Erm. After selecting 16 colonies from each set, the success rate of 
co-transformation was checked through gel electrophoresis. The 

expected band for unsuccessful insertion and successful insertion are 
1,312 bp and 2032 bp, respectively. We obtained 1 successful mutant 
out of 16 colonies for those from assembled product (Figure 7D) and 
6 successful mutants out of 16 colonies for those from direct 
amplification (Figure 7E). Therefore, the successful mutants are now 
MS11ΔcidAcidB pilDC72S yfp-ComM AR::Kan.

Through these few examples, we  showed the flexibility of 
co-transformation using DNA molecules from different sources, 
different homology lengths, for different purposes. While the success 
rate varies greatly with the specifics of the genetic manipulation at 
hand, the success rate is compatible with a rapid obtention of the 
desired mutation. A more systematic study of co-transformation, 
beyond the scope of the present work, might help to further unravel 
the reasons for these discrepancies. It could be that the recombination 
rates across the genome are not uniform, the stability of the DNA 
molecules getting inside the cell might depend on their sequence, the 
uptake of all the DNA molecules might not be equal to their relative 
concentration outside the cell, as a few possible contributors to the 
differences. But a few key guiding principles have ensured successful 
co-transformation: maximize the ratio of the non-selected tDNA to 
the selected one, have more homology in the non-selected piece than 
the selected one and minimize the amount of selected tDNA aiming 
for a few hundred selected clones per co-transformation. Moreover, 
the utilization of ICS in this proof of concept also proves the 
possibility of performing consecutive genetic modification with as 
little as two types of selection cassette. Plus, this system is compatible 
with co-transformation throughout three different genetic 
modifications. With these rules of thumb in mind, co-transformation 
is a highly flexible and rapid tool for genetic engineering in Neisseria 
gonorrhoeae, minimizing the design and steps required by 
other techniques.

4. Conclusion

There is a renewed interest in the study of Neisseria gonorrhoeae 
due to its rising antibiotic resistance. It is thus important to have 
efficient and rapid molecular biology tools in order to push forward 
the study of this important human pathogen. Comparatively to other 
bacterial model systems, Neisseriaceae lag behind in terms of 
diversity of genetic manipulation tools available. The rekindled 
interests both in terms of human pathogens or as emerging models 
for bacterial physiology have pushed for an expansion of the 
repertoire of genetic tools in Neisseria species. Animated by the same 
goal and inspired by the work of co-transformation of multiple DNA 
molecules in Vibrio species, we have decided to contribute to the 
further widening of genetic manipulation methodologies of 
Neisseria gonorrhoeae.

In the present study, we  presented a modified transformation 
protocol aimed at maximizing transformation efficiency with minimal 
experimental steps involved while maintaining the freedom to 
perform any scar-free genetic modifications in Neisseria gonorrhoeae. 
We  used this protocol to test the possibility to obtain multisite 
transformations when using multiple DNA molecules simultaneously. 
And indeed, Neisseria gonorrhoeae cells were able to integrate DNA 
from different molecules leading to a robust, rapid and flexible 
methodology to modify the Neisseria gonorrhoeae genome (see 
Figure 4A). Co-transformation with a set of only two interchangeable 
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FIGURE 7

Application of co-transformation in creating mutants by different means (A) Deletion. The genes cidA and cidB were selected to be deleted. Transform DNA 
flanking upstream of cidA and downstream of cidB was assembled and transformed into MS11 strain. Agarose gel shows the product of colony PCR. 
Successful mutants could be observed with smaller molecular size. The DNA marker used in this image is the Quick-Load Purple 1 kb DNA Ladder (New 
England Biolabs). (B) Point mutation: co-transformation of amplified assembled DNA fragments. The figure shows the sequencing results compared to the 
original PilD sequence. A successful mutation was marked by the change from AAATGCCGTG to AAAAGCCGTG. (C) Point mutation: co-transformation of 
direct amplification product from genomic DNA. The figure shows the sequencing results compared to the original PilD sequence. A successful mutation 
was marked by the change from AAATGCCGTG to AAAAGCCGTG. (D) Insertion: co-transformation of amplified assembled DNA fragments. Each lane 
shows colony PCR of one single colony of transformants. A successful insertion was marked by the bigger DNA size on agarose gel. (E) Insertion: co-
transformation of direct amplification product from genomic DNA. Each lane shows colony PCR of one single colony of transformants. A successful 
insertion was marked by the bigger DNA size on agarose gel. The DNA marker used in (D,E) is the GeneRuler 1 kb DNA Ladder (ThermoScientific).
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antibiotic cassettes provides a new means to engineer Neisseria 
gonorrhoeae species endlessly genetically (see Figure  4B). As the 
methodology is mostly dependent on the ability of Neisseria 
gonorrhoeae to be naturally competent, we have no doubt that this 
methodology will readily apply to other competent Neisseriaceae 
while contributing to the need for more genetic tools in 
Neisseria gonorrhoeae.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

Author contributions

VS and NB designed and planned the research and wrote the 
manuscript. VS, NB, and OT performed and analyzed experiments. 
All authors contributed to the article and approved the 
submitted version.

Funding

NB acknowledges funding from NIH grant AI116566 alongside a 
grant from the I-Bio Initiative at Sorbonne Université.

Acknowledgments

The authors would like to acknowledge Grégory Boël, John 
Eugenis, Kelly Eckenrode, and Jingbo Kan for their technical 
assistance and fruitful discussions.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1178128/
full#supplementary-material

References
Berry, J.-L., Cehovin, A., McDowell, M. A., Lea, S. M., and Pelicic, V. (2013). 

Functional analysis of the interdependence between DNA uptake sequence and its 
cognate ComP receptor during natural transformation in Neisseria species. PLoS Genet. 
9:e1004014. doi: 10.1371/journal.pgen.1004014

Berry, J. L., and Pelicic, V. (2015). Exceptionally widespread Nanomachines composed 
of type IV pilins: the prokaryotic Swiss Army knives. FEMS Microbiol. Rev. 39, 134–154. 
doi: 10.1093/femsre/fuu001

Berry, J.-L., Yingqi, X., Ward, P. N., Lea, S. M., Matthews, S. J., and Pelicic, V. (2016). 
A comparative structure/function analysis of two type IV pilin DNA receptors defines 
a novel mode of DNA binding. Structure 24, 926–934. doi: 10.1016/j.str.2016.04.001

Biais, N., Ladoux, B., Higashi, D., So, M., and Sheetz, M. (2008). Cooperative 
retraction of bundled type IV pili enables Nanonewton force generation. PLoS Biol. 6:7. 
doi: 10.1371/journal.pbio.0060087

Biswas, G. D., Sox, T., Blackman, E., and Sparling, P. F. (1977). Factors affecting genetic 
transformation of Neisseria Gonorrhoeae. J. Bacteriol. 129, 983–992. doi: 10.1128/
jb.129.2.983-992.1977

Blomquist, P. B., Miari, V. F., Biddulph, J. P., and Charalambous, B. M. (2014). Is 
gonorrhea becoming untreatable? Future Microbiol. 9, 189–201. doi: 10.2217/fmb.13.155

Cehovin, A., Jolley, K. A., Maiden, M. C. J., Harrison, O. B., and Tang, C. M. (2020). 
Association of Neisseria Gonorrhoeae plasmids with distinct lineages and the economic 
status of their country of origin. J. Infect. Dis. 222, 1826–1836. doi: 10.1093/infdis/jiaa003

Cehovin, A. P. J. S., Simpson, P. J., McDowell, M. A., Brown, D. R., Noschese, R., 
Pallett, M., et al. (2013). Specific DNA recognition mediated by a type IV pilin. PNAS 
Nexus 110, 3065–3070. doi: 10.1073/pnas.1218832110

Centers for Disease Control and Prevention (U.S.) (2019). Antibiotic resistance threats 
in the United  States, 2019. Centers for Disease Control and Prevention (U.S.). doi: 
10.15620/cdc:82532

Chen, I., and Dubnau, D. (2004). DNA uptake during bacterial transformation. Nat. 
Rev. Microbiol. 2, 241–249. doi: 10.1038/nrmicro844

Craig, L., Forest, K. T., and Maier, B. (2019). Type IV pili: dynamics, biophysics and 
functional consequences. Nat. Rev. Microbiol. 17, 429–440. doi: 10.1038/
s41579-019-0195-4

Dalia, A. B. (2018). Natural Cotransformation and multiplex genome editing by 
natural transformation (MuGENT) of Vibrio Cholerae. Methods Mol. Biol. (Clifton, N.J.) 
1839, 53–64. doi: 10.1007/978-1-4939-8685-9_6

Dalia, T. N., Hayes, C. A., Stolyar, S., Marx, C. J., McKinlay, J. B., and Dalia, A. B. 
(2017). Multiplex genome editing by natural transformation (MuGENT) for synthetic 
biology in Vibrio Natriegens. ACS Synth. Biol. 6, 1650–1655. doi: 10.1021/
acssynbio.7b00116

Dalia, A. B., McDonough, E. K., and Camilli, A. (2014). Multiplex genome editing by 
natural transformation. Proc. Natl. Acad. Sci. 111, 8937–8942. doi: 10.1073/
pnas.1406478111

Dillard, J. P. (2011). Genetic manipulation of Neisseria Gonorrhoeae. Curr. Protoc. 
Microbiol. 23. doi: 10.1002/9780471729259.mc04a02s23

Duffin, P. M., and Seifert, H. S. (2010). DNA uptake sequence-mediated enhancement 
of transformation in Neisseria Gonorrhoeae is strain dependent. J. Bacteriol. 192, 
4436–4444. doi: 10.1128/JB.00442-10

Elkins, C., Thomas, C. E., Seifert, H. S., and Sparling, P. F. (1991). Species-specific 
uptake of DNA by gonococci is mediated by a 10-base-pair sequence. J. Bacteriol. 173, 
3911–3913. doi: 10.1128/jb.173.12.3911-3913.1991

Frye, S. A., Nilsen, M., Tønjum, T., and Ambur, O. H. (2013). Dialects of the DNA 
uptake sequence in Neisseriaceae. PLoS Genet. 9:e1003458. doi: 10.1371/journal.
pgen.1003458

Gangel, H., Hepp, C., Müller, S., Oldewurtel, E. R., Aas, F. E., Koomey, M., et al. (2014). 
Concerted Spatio-Tempor al dynamics of imported DNA and ComE DNA uptake 
protein during gonococcal transformation. PLoS Pathog. 10:e1004043. doi: 10.1371/
journal.ppat.1004043

Goodman, S. D., and Scocca, J. J. (1988). Identification and arrangement of the DNA 
sequence recognized in specific transformation of Neisseria Gonorrhoeae. Proc. Natl. 
Acad. Sci. U. S. A. 85, 6982–6986.

Griffith, F. (1928). The significance of pneumococcal types. J. Hyg. 27, 113–159. doi: 
10.1017/S0022172400031879

Hamilton, H. L., and Dillard, J. P. (2006). Natural transformation of Neisseria 
Gonorrhoeae: from DNA donation to homologous recombination: natural 

https://doi.org/10.3389/fmicb.2023.1178128
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1178128/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1178128/full#supplementary-material
https://doi.org/10.1371/journal.pgen.1004014
https://doi.org/10.1093/femsre/fuu001
https://doi.org/10.1016/j.str.2016.04.001
https://doi.org/10.1371/journal.pbio.0060087
https://doi.org/10.1128/jb.129.2.983-992.1977
https://doi.org/10.1128/jb.129.2.983-992.1977
https://doi.org/10.2217/fmb.13.155
https://doi.org/10.1093/infdis/jiaa003
https://doi.org/10.1073/pnas.1218832110
https://doi.org/10.15620/cdc:82532
https://doi.org/10.1038/nrmicro844
https://doi.org/10.1038/s41579-019-0195-4
https://doi.org/10.1038/s41579-019-0195-4
https://doi.org/10.1007/978-1-4939-8685-9_6
https://doi.org/10.1021/acssynbio.7b00116
https://doi.org/10.1021/acssynbio.7b00116
https://doi.org/10.1073/pnas.1406478111
https://doi.org/10.1073/pnas.1406478111
https://doi.org/10.1002/9780471729259.mc04a02s23
https://doi.org/10.1128/JB.00442-10
https://doi.org/10.1128/jb.173.12.3911-3913.1991
https://doi.org/10.1371/journal.pgen.1003458
https://doi.org/10.1371/journal.pgen.1003458
https://doi.org/10.1371/journal.ppat.1004043
https://doi.org/10.1371/journal.ppat.1004043
https://doi.org/10.1017/S0022172400031879


Seow et al. 10.3389/fmicb.2023.1178128

Frontiers in Microbiology 12 frontiersin.org

transformation of Neisseria Gonorrhoeae. Mol. Microbiol. 59, 376–385. doi: 
10.1111/j.1365-2958.2005.04964.x

Hepp, C., and Maier, B. (2016). Kinetics of DNA uptake during transformation 
provide evidence for a translocation ratchet mechanism. Proc. Natl. Acad. Sci. 113, 
12467–12472. doi: 10.1073/pnas.1608110113

Higashi, D. L., Lee, S. W., Snyder, A., Weyand, N. J., Bakke, A., and So, M. (2007). 
Dynamics of Neisseria Gonorrhoeae attachment: microcolony development, cortical 
plaque formation, and Cytoprotection. Infect. Immun. 75, 4743–4753. doi: 10.1128/
IAI.00687-07

Hockenberry, A. M., Hutchens, D. M., Agellon, A., and So, M. (2016). Attenuation of 
the type IV pilus retraction motor influences Neisseria Gonorrhoeae social and infection 
behavior. MBio 7, e01994–e01916. doi: 10.1128/mBio.01994-16

Howie, H. L., Glogauer, M., and So, M. (2005). The N. gonorrhoeae type IV pilus 
stimulates mechanosensitive pathways and Cytoprotection through a PilT-dependent 
mechanism. PLoS Biol. 3:e100. doi: 10.1371/journal.pbio.0030100

Hughes-Games, A., Davis, S. A., and Hill, D. J. (2022). Direct visualization of 
sequence-specific DNA binding by gonococcal type IV pili. Microbiology 168. doi: 
10.1099/mic.0.001224

Jones, R. A., Yee, W. X., Mader, K., Tang, C. M., and Cehovin, A. (2022). 
Markerless gene editing in Neisseria Gonorrhoeae. Microbiology 168:001201. doi: 
10.1099/mic.0.001201

Kirkcaldy, R. D., Weston, E., Segurado, A. C., and Hughes, G. (2019). Epidemiology 
of Gonorrhoea: a global perspective. Sex. Health 16, 401–411. doi: 10.1071/SH19061

Laurenceau, R., Péhau-Arnaudet, G., Baconnais, S., Gault, J., Malosse, C., 
Dujeancourt, A., et al. (2013). A type IV pilus mediates DNA binding during natural 
transformation in Streptococcus Pneumoniae. PLoS Pathog. 9:e1003473. doi: 10.1371/
journal.ppat.1003473

Long, C. D., Madraswala, R. N., and Seifert, H. S. (1998). Comparisons between 
Colony phase variation of Neisseria Gonorrhoeae FA1090 and pilus, pilin, and S-pilin 
expression. Infect. Immun. 66, 1918–1927. doi: 10.1128/IAI.66.5.1918-1927.1998

Mehr, I. J., and Seifert, H. S. (1998). Differential roles of homologous 
recombination pathways in Neisseria Gonorrhoeae pilin antigenic variation, DNA 
transformation and DNA repair. Mol. Microbiol. 30, 697–710. doi: 
10.1046/j.1365-2958.1998.01089.x

Mell, J. C., and Redfield, R. J. (2014). Natural competence and the evolution of DNA 
uptake specificity. J. Bacteriol. 196, 1471–1483. doi: 10.1128/JB.01293-13

Mora, M., Mell, J. C., Ehrlich, G. D., Ehrlich, R. L., and Redfield, R. J. (2021). Genome-
wide analysis of DNA uptake across the outer membrane of naturally competent 
Haemophilus Influenzae. IScience 24:102007. doi: 10.1016/j.isci.2020.102007

Nyongesa, S., Chenal, M., Bernet, È., Coudray, F., and Veyrier, F. J. (2022). Sequential 
Markerless genetic manipulations of species from the Neisseria genus. Can. J. Microbiol. 
68, 551–560. doi: 10.1139/cjm-2022-0024

Obergfell, K. P., and Seifert, H. S. (2016). The pilin n-terminal domain maintains 
neisseria gonorrhoeae transformation competence during pilus phase variation. PLOS 
Genet. 12:e1006069. doi: 10.1371/journal.pgen.1006069

Ohnishi, M., Golparian, D., Shimuta, K., Saika, T., Hoshina, S., Iwasaku, K., et al. 
(2011). Is Neisseria Gonorrhoeae initiating a future era of untreatable gonorrhea?: 
detailed characterization of the first strain with high-level resistance to ceftriaxone. 
Antimicrob. Agents Chemother. 55, 3538–3545. doi: 10.1128/AAC.00325-11

Piepenbrink, K. H. (2019). DNA uptake by type IV filaments. Front. Mol. Biosci. 6:1. 
doi: 10.3389/fmolb.2019.00001

Ramsey, M. E., Hackett, K. T., Kotha, C., and Dillard, J. P. (2012). New 
complementation constructs for inducible and constitutive gene expression in Neisseria 
gonorrhoeae and Neisseria Meningitidis. Appl. Environ. Microbiol., 3068–3078. doi: 
10.1128/AEM.07871-11

Roberts, M. C. (1989). Plasmids of Neisseria gonorrhoeae and other Neisseria species. 
Clin. Microbiol. Rev. 2:2. doi: 10.1128/CMR.2.Suppl.S18

Sparling, P. F. (1966). Genetic transformation of Neisseria Gonorrhoeae to streptomycin 
resistance. J. Bacteriol. 92, 1364–1371. doi: 10.1128/jb.92.5.1364-1371.1966

Taktikos, J., Lin, Y. T., Stark, H., Biais, N., and Zaburdaev, V. (2015). Pili-induced 
clustering of N. gonorrhoeae Bacteria. PLoS One 10, 1–16. doi: 10.1371/journal.
pone.0137661

Tobiason, D. M., and Seifert, H. S. (2010). Genomic content of Neisseria species. J. 
Bacteriol. 192, 2160–2168. doi: 10.1128/JB.01593-09

Treangen, T. J., Ambur, O., Tonjum, T., and Rocha, E. P. C. (2008). The impact of the 
Neisserial DNA uptake sequences on genome evolution and stability. Genome Biol. 
9:R60. doi: 10.1186/gb-2008-9-3-r60

Trieu-Cuot, P., Poyart-Salmeron, C., Carlier, C., and Courvalin, P. (1990). Nucleotide 
sequence of the erythromycin resistance gene of the conjugative transposon Tn1545. 
Nucleic Acids Res. 18:3660. doi: 10.1093/nar/18.12.3660

Unemo, M., and Shafer, W. M. (2014). Antimicrobial resistance in Neisseria 
Gonorrhoeae in the 21st century: past, evolution, and future. Clin. Microbiol. Rev. 27, 
587–613. doi: 10.1128/CMR.00010-14

Viollier, P. H., Thanbichler, M., McGrath, P. T., West, L., Meewan, M., McAdams, H. H., 
et al. (2004). Rapid and sequential movement of individual chromosomal loci to specific 
subcellular locations during bacterial DNA replication. Cell Biol. 101, 9257–9262. doi: 
10.1073/pnas.0402606101

https://doi.org/10.3389/fmicb.2023.1178128
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1365-2958.2005.04964.x
https://doi.org/10.1073/pnas.1608110113
https://doi.org/10.1128/IAI.00687-07
https://doi.org/10.1128/IAI.00687-07
https://doi.org/10.1128/mBio.01994-16
https://doi.org/10.1371/journal.pbio.0030100
https://doi.org/10.1099/mic.0.001224
https://doi.org/10.1099/mic.0.001201
https://doi.org/10.1071/SH19061
https://doi.org/10.1371/journal.ppat.1003473
https://doi.org/10.1371/journal.ppat.1003473
https://doi.org/10.1128/IAI.66.5.1918-1927.1998
https://doi.org/10.1046/j.1365-2958.1998.01089.x
https://doi.org/10.1128/JB.01293-13
https://doi.org/10.1016/j.isci.2020.102007
https://doi.org/10.1139/cjm-2022-0024
https://doi.org/10.1371/journal.pgen.1006069
https://doi.org/10.1128/AAC.00325-11
https://doi.org/10.3389/fmolb.2019.00001
https://doi.org/10.1128/AEM.07871-11
https://doi.org/10.1128/CMR.2.Suppl.S18
https://doi.org/10.1128/jb.92.5.1364-1371.1966
https://doi.org/10.1371/journal.pone.0137661
https://doi.org/10.1371/journal.pone.0137661
https://doi.org/10.1128/JB.01593-09
https://doi.org/10.1186/gb-2008-9-3-r60
https://doi.org/10.1093/nar/18.12.3660
https://doi.org/10.1128/CMR.00010-14
https://doi.org/10.1073/pnas.0402606101

	Multisite transformation in Neisseria gonorrhoeae : insights on transformations mechanisms and new genetic modification protocols
	1. Introduction
	2. Materials and methods
	2.1. Strains and growth conditions
	2.1.1. Growth conditions
	2.1.2. Construction of GyrB1 MS11 mutant strain
	2.1.3. Construction of MS1 AR::Kan 
	2.1.4. Construction of MS1 AR::Erm 
	2.2. Transformation assays
	2.2.1. Liquid transformation
	2.2.2. Spot transformation
	2.2.3. New spot transformation
	2.3. Optimizing OD600 for transformation
	2.4. Co-transformation
	2.5. Interchangeable cassette system
	2.6. Proof of concept for cloning using co-transformation
	2.7. Statistical analysis and software used

	3. Results and discussion
	3.1. Comparing different transformation assays
	3.2. Co-transformation
	3.3. Interchangeable cassette system
	3.4. Proofs of concept and rules of thumb: use of co-transformation for genetic manipulations

	4. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

