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Mycoplasmas are successful pathogens that cause debilitating diseases in 
humans and various animal hosts. Despite the exceptionally streamlined 
genomes, mycoplasmas have evolved specific mechanisms to access essential 
nutrients from host cells. The paucity of genetic tools to manipulate mycoplasma 
genomes has impeded studies of the virulence factors of pathogenic species 
and mechanisms to access nutrients. This review summarizes several strategies 
for editing of mycoplasma genomes, including homologous recombination, 
transposons, clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas system, and synthetic biology. In addition, the mechanisms and features 
of different tools are discussed to provide references and future directions for 
efficient manipulation of mycoplasma genomes.
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1. Introduction

Mollicutes (“mycoplasmas”) are host-restricted prokaryotes and the simplest self-replicating 
organisms evolved from Gram-positive ancestors, which are characterized by a low GC content, 
small genomes (0.6–1.35 Mb), no cell wall, reduced coding capacity, and limited metabolic 
capacities (Sirand-Pugnet et al., 2007). Despite undergoing reductive evolution, mycoplasmas 
primarily colonize the mucosa of the respiratory and urogenital tracts, as well as the joints of 
vertebrate hosts, including multiple livestock, wild animal species, and humans. Some 
mycoplasmas are successful pathogens capable of establishing infection, which can result in 
significant socioeconomic consequences (Razin et al., 1998; Rosengarten et al., 2001; Citti and 
Blanchard, 2013; Arfi et  al., 2021). Intrinsic antibiotic resistance, rapid tolerance to 
chemotherapeutic agents, and co-infection with other pathogenic species are causing growing 
concerns of mycoplasmas in both the medical and veterinary fields (Gautier-Bouchardon, 2018; 
Chen et al., 2023).

The growing body of sequence data has improved understanding of the structure and 
dynamics of mycoplasmas. However, genomic studies have revealed that mycoplasmas lack the 
classical repertoire of virulence genes common to pathogenic species. The molecular 
mechanisms underlying the pathogenesis of mycoplasmas in host calls include adhesion to the 
host respiratory epithelium, cell damage caused by cytotoxic metabolic compounds and the 
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releasome, and modulation of the host microbicidal response. 
Experimentally confirmed virulence factors of mycoplasmas include 
the community-acquired respiratory distress syndrome toxin, 
hydrogen peroxide, and hydrogen sulfide (Burki et al., 2015; Benedetti 
et al., 2020; Leal Zimmer et al., 2020; Gaurivaud and Tardy, 2022). 
Limited information about the classical repertoire of virulence genes 
has impeded identification of the virulence genes and elucidation of 
the pathogenesis of mycoplasmas. In addition, the lack of appropriate 
genetic tools for genome manipulation has limited research on the 
virulence factors of mycoplasmas. Transposon-based vectors have 
been successfully applied for random insertion and inactivation of 
target genes of the mycoplasma genome (Dybvig et al., 2000; Kenri 
et al., 2004; Baranowski et al., 2010; Rideau et al., 2019). Over the past 
decade, synthetic biology has been successfully applied to several 
phylogenetically related species, but yet limited with other species 
(Gibson et al., 2008a; Schieck et al., 2016). Recently, the clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) system has been successfully applied to 
silence target genes in the mycoplasma genome (Mariscal et al., 2018; 
Evsyutina et al., 2022). However, a more accurate, stable, and efficient 
genetic editing tool is urgently needed.

Natural plasmids of mycoplasmas are transmitted between species 
sharing a common host (Breton et al., 2012). OriC plasmids were 
developed to examine gene function in mycoplasmas, mesoplasmas, 
and spiroplasmas (Halbedel and Stulke, 2007; Maglennon et al., 2013; 
Renaudin et  al., 2015; Matteau et  al., 2017). In addition to these 
plasmids, this review summarizes current genetic tools to manipulate 
the mycoplasma genome. Current applications are classified as 
homologous recombination (HR), transposons, CRISPR/Cas systems, 
and synthetic biology. In addition, the development and optimization 
of CRISPR/Cas systems as novel genome editing tools for 
mycoplasmas are discussed.

2. HR

HR is essential to access redundant genetic information encoded 
by sister chromatids or homologous chromosomes when both strands 
of the DNA double helix are compromised to support DNA replication 
and repair double-strand breaks (DSBs) (Wright et al., 2018). The 
mechanism of HR to repair DSBs has been widely applied for editing 
of bacterial genomes, but relatively few studies have investigated HR 
in mycoplasmas. Nonetheless, HR has been successfully used to edit 
the genomes of various Mycoplasma species, including M. gallisepticum 
(Cao et al., 1994; Lee et al., 2008), M. genitalium (Dhandayuthapani 
et al., 1999, 2001), M. capricolum subsp. capricolum (M. capricolum) 
(Janis et al., 2005), M. pneumoniae (Krishnakumar et al., 2010), and 
M. hyopneumoniae (Clampitt et  al., 2021). HR was also used to 
integrate homologous DNA through a plasmid into the mycoplasma 
genome. However, success of this process was very low because of the 
lack of an efficient recombinase and transformation procedures. 
Therefore, an exogenous recombinase was applied to edit the genome 
of Mycoplasma gallisepticum to overcome the low efficiency of HR. The 
recE and recT genes of Bacillus subtilis were cloned into transposon-
based vectors and integrated into the genome after transformation. 
The recombination templates in oriC plasmids were transformed into 
M. gallisepticum strains expressing RecE and RecT to generate a 
RecET-like system for precise recombination events leading to short 

deletions, the addition of resistance genes, and replacement of short 
genome regions (Ipoutcha et  al., 2022). An oligonucleotide 
“recombineering” method for M. pneumoniae was also developed with 
the GP35 recombinase of B. subtilis to generate point mutations or 
deletion of larger fragments. Then, the CRISPR/Cas9 system was used 
to counter-select non-edited cells (Pinero-Lambea et al., 2020). In 
addition, the recombinase RecA of Escherichia coli was shown to 
enhance targeted HR in Mycoplasma mycoides subsp. capri and 
M. hyorhinis (Allam et al., 2010; Ishag et al., 2017).

3. Transposons

Transposons are mobile genetic elements that evolved to execute 
highly efficient integration of genes into the host genome. As the most 
prominent mechanism, a transposase mediates excision of an element 
from the donor location and facilitates integration into a different 
locus of the genome (Sandoval-Villegas et al., 2021). Transposons are 
also widely used to integrate genes into the host genome. The 
transposons Tn916 and Tn4001, in addition to related derivatives, 
have been successfully used in Mollicutes (Halbedel and Stulke, 2007). 
Transposon Tn916, which was originally isolated from Enterococcus 
faecalis, is a conjugative 18-kb transposable element containing the 
xis-Tn/int-Tn genes for excision/integration, the tetM tetracycline 
resistance genes, a set of genes for intercellular transfer, and two 
imperfect inverted repeat sequence (20–60 bp) at both ends (Franke 
and Clewell, 1981; Clewell et al., 1988, 1995). Transposon Tn4001, 
originally isolated from Staphylococcus aureus, is a 4.5-kb composite 
containing an IS256 sequence at both ends of the aac-aphD gene, 
which confers resistance to gentamicin, kanamycin, and tobramycin 
(Lyon et al., 1984).

Integration of a transposon into the mycoplasma and 
acholeplasma genomes was first reported in Mycoplasma pulmonis and 
Acholeplasma laidlawii, respectively (Dybvig and Cassell, 1987). 
However, integration of Tn916 occurs at preferred hot spots and, thus, 
is less suitable for saturating transposon mutagenesis (Nelson et al., 
1997). In 1989, Tn4001 was first integrated into the M. pulmonis 
genome, although the transposase was deleted to prevent reintegration 
and loss of the transposon by re-excision. The derivative Tn4001 is 
also called mini-Tn4001 (Zimmerman and Herrmann, 2005). To date, 
transposons have been widely used to construct mutant libraries of 
several mycoplasmas. For instance, Tn4001 and mini-Tn4001 were 
used to construct mutant libraries of M. pneumoniae to screen for 
essential genes and those associated with gliding motility (Hasselbring 
et al., 2006; Lluch-Senar et al., 2015). Tn916 and Tn4001 were also 
used to construct two mutant libraries of M. gallisepticum to screen 
for genes that regulate biofilm formation (Whetzel et al., 2003; Wang 
et  al., 2017). In addition, mini-Tn4001 was applied to construct 
mutant libraries of M. agalactiae and M. bovis to identify genes that 
regulate nutrient acquisition from cells, genes that affect colonization 
and diffusion in the host cell, as well as other essential genes, such as 
those that code for adhesin proteins (Baranowski et al., 2010, 2014; 
Hegde et al., 2016; Josi et al., 2019; Zhu et al., 2020). Furthermore, 
mini-Tn4001, Tn4001, and Tn916 were successfully used to construct 
mutant libraries to identify the essential genes of various species of 
mycoplasmas, including M. genitalium, M. bovis, M. pulmonis, 
M. hyopneumoniae, M. mycoides, M. hominis, and M. hyorhinis, in 
addition to Ureaplasma parvum (Hutchison et al., 1999; Glass et al., 
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2006; French et al., 2008; Maglennon et al., 2013; Aboklaish et al., 
2014; Sharma et al., 2014; Hutchison et al., 2016; Rideau et al., 2019; 
Trueeb et al., 2019). Also, mini-Tn4001 was used to express mCherry, 
Mko2, and mNeonGreen in M. bovis and M. mycoides subsp. mycoides 
to investigate host-pathogen interactions (Bonnefois et  al., 2016). 
Tn4001 was also applied to examine the localization of green 
fluorescent protein (GFP)-tagged proteins of M. pneumoniae in 
mycoplasma cells (Kenri et al., 2004).

The transformation efficiency of Tn4001 is reported to significantly 
vary among different species, resulting in differences in transposition 
efficiency. The EF-Tu regulatory region of mycoplasma species was 
cloned into a transposon-based vector to regulate transposase 
expression and the antibiotic resistance marker to overcome this 
disadvantage. This derivative transposon, named SynMyco, was 
shown to increase transformation efficiency in M. gallisepticum, 
M. feriruminatoris, and M. agalactiae, but not M. pneumoniae 
(Montero-Blay et  al., 2019). Recently, a LoxTnSeq system was 
developed to delete a large random genome fragment. Sequences of 
loxP were inserted into the genome of M. pneumoniae combined with 
expression of the exogenous recombinase Cre, while the large DNA 
fragment with a loxP sequence at both ends was deleted (Shaw et al., 
2020). In addition, Tn5 was applied to generate mutant libraries of 
M. mycoides, Spiroplasma citri, and Mesoplasma florum (Mutaqin 
et al., 2011; Hutchison et al., 2016; Baby et al., 2018).

4. CRISPR/Cas system

CRISPR-based genetic tools have revolutionized the field of 
genome engineering in eukaryotes and prokaryotes since first 
introduced in 2012. The classical CRISPR/Cas9 system uses a single-
guide RNA (sgRNA) to target Cas9 nuclease to the desired DNA locus 
and create a site-specific DSB to the DNA. Genome editing is 
dependent on the repair machinery of the cell, including 
non-homologous end joining and homology-directed repair of DSBs 
(Jinek et al., 2012). Both endogenous and exogenous CRISPR/Cas 
systems have been applied to edit mycoplasma genomes (Table 1). In 
addition, the exogenous CRISPR/Cas system has been used to kill 
mycoplasma. Due to the lack of efficient non-homologous end joining 
and homology-directed repair pathways to repair DSBs, the CRISPR/
Cas9 system was applied to break the genome of M. pneumoniae and 
limit growth (Broto et al., 2022). This system was also used to counter-
select non-edited mycoplasma cells and to recover edited mycoplasma 
clones with limited screening of surviving cells (Pinero-Lambea et al., 
2020). Moreover, an endogenous CRISPR/Cas system was used to edit 
the ksgA and munA genes of M. gallisepticum. The endogenous Cas 
protein of M. gallisepticum, which is reported to cut DNA, shares 26% 
amino acid sequence similarity with the type II-A Cas9 of S. aureus 
(Mahdizadeh et al., 2020; Klose et al., 2022). Bioinformatics revealed 
that the genome carried a gene with significant homology with the Ku 
and LigD genes of B. subtilis, which are the key elements of the 
non-homologous end joining repair system. These findings 
demonstrate that DNA repair systems differ among mycoplasma 
species. Further studies of DNA repair systems will contribute to 
further applications of the CRISPR/Cas system for genome editing 
of mycoplasmas.

Considering the low efficiency of repairing DSBs, endonuclease-
deficient Cas9 (dCas9)-based gene editing tools, including CRISPR 

interference (CRISPRi), DNA base editing, and inducible CRISPRi, 
were applied to edit the genomes of mycoplasmas. Cas9 base-editing 
systems have been constructed to multiply the genome without 
inducing DSBs. DNA base editing systems combine a catalytically 
inactive form of Cas9 fused with a cytosine deaminase (CBE). This 
Cas9/CBE fusion protein is guided to specific loci by sgRNAs, where 
CBE catalyzes deamination of cytosine into uracil, which is recognized 
as thymine after replication. The C:G to A:T transition allows for 
insertion of a stop codon into the genome of M. bovis, M. mycoides 
subsp. mycoides, and M. gallisepticum. In addition, whole-genome 
sequencing revealed that this genome editing system is efficient with 
limited induction of off-target mutations (Lpoutcha et al., 2022). For 
the CRISPRi system, the dCas9 is guided to the loci by sgRNA and 
inhibits expression of the target gene by interfering with transcriptional 
elongation by binding of RNA polymerase or associated transcription 
factors (Qi et al., 2013). A single-plasmid transposon-based CRISPRi 
system was applied for genome editing of M. gallisepticum and 
M. hominis (Evsyutina et al., 2022). In this paper, the inactive Cas9 of 
Streptococcus pyogenes was cloned into the transposon-based vector 
pRLM5L2 and expressed in mycoplasma cells. However, expression of 
dCas9 had no significant effect on the growth rate of mycoplasma cells 
(Evsyutina et al., 2022). Moreover, an inducible CRISPRi system was 
also developed for M. pneumoniae and M. mycoides. With this system, 
the tetracycline operator regulates expression of the exogenous 
inactive form of Cas9, whereas tetracycline is used to induce 
expression of dCas9 and inhibit expression of the target gene (Mariscal 
et al., 2018). However, the effect of exogenous Cas9/dCas9 on the 
growth of mycoplasma when used to edit the genome remains unclear.

5. Synthetic biology strategies

Synthetic biology strategies, which use yeast cells to engineer and 
transfer a bacterial genome into a recipient cell, have been applied to 
edit the genomes of M. genitalium, M. mycoides subsp. capri, and 
M. mycoides (Table 2), although gene editing is dependent on genome 
synthesis (Gibson et al., 2008a,b; Lartigue et al., 2009; Gibson et al., 
2010). As compared to a synthetic genome, the genomes of 
M. genitalium, M. pneumoniae, M. mycoides subsp. capri, M. hominis, 
Mesoplasma florum, and A. laidlawii were cloned into yeast cells as 
circular centromeric plasmids (Karas et al., 2012; Rideau et al., 2017; 
Baby et al., 2018). Then, the restriction endonuclease AscI was used to 
create DSBs in the circular plasmids and a DNA fragment was inserted 
using HR in yeast cells. The mycoplasma genome appeared stable in 
yeast cells and provided a platform to engineer the mycoplasma 
genome in vivo (Benders et  al., 2010). Besides cloning of the 
mycoplasma genome in yeast cells, the whole genome integrated with 
a yeast vector was transformed (Lartigue et al., 2009). Based on this 
platform, TREC (tandem repeat coupled with endonuclease cleavage), 
RMCE (Cre/loxP-based recombinase-mediated cassette exchange), 
TREC-IN (TREC-assisted gene knock-in), CreasPy-Cloning, Marker-
less/driven, and meiotic recombination methods were developed to 
edit the genome of mycoplasmas in yeast cells. The TREC method uses 
a DNA cassette containing a knock-out CORE consisting of an 18-bp 
I-SceI recognition site, the SCEI gene under the control of the GAL1 
promoter, and the URA3 marker. A DNA fragment homologous to the 
sequence upstream of the target site was used to insert into the genome 
of M. genitalium by HR in yeast cells, which generated tandem repeat 
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sequences flanking the knock-out CORE. The inducible expression of 
I-SceI generated DSBs and promoted intra-molecular HR between the 
repeat sequences for excision of the CORE (Noskov et al., 2010; Schieck 
et al., 2016). The RMCE method uses a DNA cassette containing the 
cre gene under the control of the GAL1 promoter and URA3 marker 
flanked by the loxP sequence, where inducible expression of the Cre 
recombinase was used to insert DNA fragments into the mycoplasma 
genome (Noskov et  al., 2010, 2015). The TREC-IN method was 
developed based on the TREC method and used to insert the target 
gene into the mycoplasma genome, where the gene was located at the 
3′ end of the knock-out CORE and remained in the genome after 
excision of the CORE (Chandran et al., 2014; Lartigue et al., 2019). The 
CreasPy-Cloning method is a recently developed approach for 
simultaneous cloning and engineering of mycoplasma genomes in 
yeast cells. This method combines the abilities of Cas9 to cleave DNA 
at a specific locus and the efficient HR of yeast cells to edit the 
mycoplasma genome, which was transformed into yeast cells in whole 
(Kannan et al., 2016; Tsarmpopoulos et al., 2016; Rideau et al., 2017; 
Ruiz et al., 2019; Talenton et al., 2022). The Marker-less/driven method 
with EZ-Tn5™ transposase was used to successfully insert DNA 
fragments into the genome of M. mycoides in vitro and then the edited 
genome was transformed into the mycoplasma (Karas et al., 2014). The 
meiotic recombination method replaces the individual gene with the 
GFP marker in the mycoplasma genome by HR in yeast cells. Then, the 
yeast cells with GFP markers at different loci are mixed and the 
progressively clustering genomic segments are deleted by meiotic 
recombination between the mycoplasma genomes harbored in yeast 
cells (Sugiyama et al., 2005; Suzuki et al., 2011, 2015).

Each of the above methods requires transfer of the edited genome 
into the recipient cell to generate mutants. Such transfer is possible for 

several species related to the M. mycoides cluster, but not members of 
other phylogenetic groups. The recombinase-assisted genomic 
engineering (RAGE) method was developed to overcome this 
disadvantage with genome editing of M. pneumoniae. This method 
uses the transformation-associated recombination mechanism, where 
a DNA fragment of the mycoplasma genome, the cre gene, the 
selection marker aac-aph, and a linearized bacterial artificial 
chromosome-yeast artificial chromosome shuttle vector are assembled 
in a recombinant plasmid in yeast cells. Then, the plasmid is extracted 
and transformed into E. coli cells for amplification. Thereafter, 
M. pneumoniae cells are transformed with numerous plasmids and the 
genome is edited by RMCE. Based on this new strategy, the TREC, 
Cre/loxP, TREC-IN, and CreasPy-Cloning methods could be used to 
edit fragments of mycoplasma genomes in yeast cells (Garcia-Morales 
et al., 2020).

Lastly, the “targeting-induced local lesions in genomes” method 
is a reverse-genetic method to edit the M. hominis genome, which 
combines point mutations (C-G to T-A) induced by ethyl methane 
sulfonate with a DNA screening technique to generate a library of 
M. hominis mutants (Pereyre et al., 2018).

6. Current thoughts of improvement 
of existing tools

Due to the lack of efficient genetic tools, it is challenging to 
elucidate the functional genomics of mycoplasmas. Although several 
methods have been developed to knock-out or knock-down target 
genes in the genome (Figure 1; Table 3), stable, efficient, and universal 
genetic tools have not yet been established for mycoplasmas.

TABLE 1 Applications of CRISPR/Cas system in mycoplasma.

Name Cas9 Source Cas9 Activity Mechanism Application Species (reference)

CRISPR/Cas9 Exogenous Active DSB toxicity Counter select M. pneumoniae (Pinero-

Lambea et al., 2020; Broto 

et al., 2022)

CRISPR/Cas9 Endogenous Active NHEJ (putative) Knock-out M. gallisepticum 

(Mahdizadeh et al., 2020; 

Klose et al., 2022)

Cas9-Base Editor Exogenous Inactive Base edit Knock-out Mmma (Lpoutcha et al., 

2022)

M. bovis (Lpoutcha et al., 

2022)

M. gallisepticum (Lpoutcha 

et al., 2022)

CRISPRi Exogenous Inactive Interfere Knock-down M. hominis (Evsyutina et al., 

2022)

M. gallisepticum (Evsyutina 

et al., 2022)

Inducible CRISPRi Exogenous Inactive Interfere Knock-down M. pneumoniae (Mariscal 

et al., 2018)

M. mycoides (Mariscal et al., 

2018)

aM. mycoides subsp. mycoides.
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6.1. Development of efficient genetic tools 
for knock-out of target genes in 
mycoplasmas

Transposons are widely used to generate mutant libraries of 
mycoplasmas and combined with high-throughput sequencing to 
identify the inserted loci. However, transposon mutagenesis is inefficient 
for some mycoplasma species due to integration site preferences, effects 
on the expression of neighboring genes through homology-based 
silencing or read-through activity of regulatory elements, and truncation 

of the target gene (Rebollo et al., 2012). In addition, the resistance marker 
of the transposon, the restriction-modification system of the 
mycoplasma, and the expression of transposase and resistance marker 
could influence the success of transposon mutagenesis (Dybvig et al., 
2000; Calcutt and Foecking, 2015; Montero-Blay et al., 2019; Rideau 
et  al., 2019). Therefore, sensitive antibiotic markers and suitable 
promoters should be selected to induce expression of the transposon and 
antibiotic marker, and methylate the transposon-based vectors by 
methyltransferase when transposons are used to generate a mutant 
library of a new mycoplasma species (Figure 2).

A synthetic biology strategy was developed for site-directed 
mutagenesis in mycoplasmas. This method allows efficient editing of 
the mycoplasma genome in yeast cells. Several studies revealed that 
deletion of the glycerol uptake facilitator protein gene (glpF) and direct 
cell-to-cell transfer of the mycoplasma genome to a yeast cell could 
promote the genome transfer process (Karas et  al., 2014, 2019). 
However, genome transplantation limits the popularization and 
application of this method, which has only been successful with 
M. capricolum subsp. capricolum as the recipient cell (Labroussaa et al., 
2016). Transfer of the M. florum genome indicates that this method has 
potential for other organisms besides mycoplasma species related to 
the M. mycoides cluster. Nonetheless, some strategies have been 
developed to increase the efficiency of genome transfer, which include 
genome methylation, deletion of restriction systems, and using 
mycoplasma as donor for transformation (Karas et al., 2013, 2014, 
2019). Therefore, the RAGE method uses M. pneumoniae as recipient 
cells (Garcia-Morales et al., 2020).

Besides the synthetic biology strategy, the CRISPR/Cas system was 
developed to induce site-directed mutagenesis and was recently applied 
in various mollicutes, including the main pathogens of humans, 
ruminants, and plants (Ipoutcha et  al., 2019). However, successful 
editing of the mycoplasma genome was limited to the endogenous 
CRISPR/Cas system of M. gallisepticum (Klose et al., 2022). Notably, 
the unclear characterization of the endogenous CRISPR/Cas9 systems 
and the requirement of a protospacer adjacent motif resulted in 
unpredictable results and impeded further modification of the system. 
Several studies have reported that the exogenous Cas9 of S. pyogenes 
was able to generate DSBs in the mycoplasma genome. Due to the lack 
of an efficient system to repair DSBs, the exogenous CRISPR/Cas9 
system was used to inhibit mycoplasma growth or counter-select 
non-edited mycoplasmas to recover edited mycoplasma clones with 
limited screening of surviving cells.

Bioinformatics revealed that some mycoplasma genomes carry 
homologs of genes responsible for DNA repair in other bacteria, 
including those for the SOS stress response, recombinational repair, 
base excision repair, and nucleotide excision repair. However, there is 
limited experimental evidence of these DNA repair-associated genes 
in mycoplasmas (Carvalho et al., 2005; Burgos et al., 2012). As the 
exogenous recE/recT recombinase and GP35 recombinase of B. subtilis 
were found to function in mycoplasmas, future studies are warranted 
to investigate the combination of the exogenous CRISPR/Cas system 
and an exogenous recombinase to edit genes of mycoplasmas. The 
efficient dCas9-Base editor system was recently applied to induce 
mutations without generating DSBs. Although the exogenous CRISPR/
Cas9 system can knock-out genes, various factors should be considered, 
including (i) the effect of exogenous Cas9/dCas9 proteotoxicity on 
mycoplasma growth; (ii) regulation of gene expression by exogenous 
Cas9/dCas9; (iii) identification of a suitable inducible promoter for 
Cas9/dCas9; and (iv) the development of a marker-less genetic editing 

TABLE 2 Application of synthetic biology in mycoplasma.

Name Strategy and type 
of modifications

Species 
(reference)

Synthetic approach Synthetic genome, deletion 

and insertion

M. genitalium (Gibson 

et al., 2008a,b)

Mmca (Gibson et al., 

2010)

AscI HDR repairs the DSB 

created by restriction 

endonuclease AscI, insertion

M. genitalium (Rideau 

et al., 2017)

Mmca (Rideau et al., 

2017)

M. pneumoniae (Rideau 

et al., 2017)

TREC HDR repairs the DSB 

created by I-SceI, deletion

M. genitalium (Benders 

et al., 2010)

Mmca (Schieck et al., 

2016)

RMCE Cre recombinase insert 

DNA fragment into the 

genome, insertion

M. genitalium (Benders 

et al., 2010)

M. mycoides (Noskov 

et al., 2010)

TREC-IN HDR repair the DSB created 

by I-SceI, insertion

Mmca (Chandran et al., 

2014; Noskov et al., 

2015)

CreasPy-Cloning HDR repair the DSB created 

by Cas9, deletion

M. hominis (Baby et al., 

2018)

M. pneumoniae 

(Lartigue et al., 2019)

M. feriruminatoris (Ruiz 

et al., 2019)

Mmca (Talenton et al., 

2022)

M. mycoides 

(Tsarmpopoulos et al., 

2016)

Marker-less/driven Tn5 transposase edit gene in 

vitro, deletion

M. mycoides (Kannan 

et al., 2016)

Meiotic 

recombination

Delete genomic segments by 

using meiotic 

recombination, deletion

M. mycoides (Suzuki 

et al., 2011; Karas et al., 

2014; Suzuki et al., 

2015)

RAGE Cre recombinase insert 

DNA fragment into the 

genome, insertion

M. pneumoniae 

(Sugiyama et al., 2005)

aM. mycoides subsp. capri.
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system (Figure  2). Five inducible systems have been successfully 
applied in mycoplasmas, which include the riboswitch, the TetR 
transcription regulator of B. subtilis, the lac operon of E. coli, the CI 
protein of bacteriophage lambda, and the AraR transcription regulator 
of B. subtilis (Mariscal et al., 2018; Broto et al., 2022).

6.2. Development of efficient genetic tools 
for knock-down of target genes in 
mycoplasmas

The evolution of mycoplasmas involved a degenerative process 
where the genomes have high proportions of nonredundant genes 
essential for cell growth and proliferation. About 81, 64, and 52% of 
the genes of M. genitalium, M. pneumoniae, and M. mycoides, 
respectively, are considered essential (Glass et  al., 2006, 2017), as 
compared to only 7% of the genes of E. coli, as determined in a 
targeted knock-out study (Baba et al., 2006). These data demonstrate 
that a large number of genes are not suitable for knock-out. The 
CRISPRi and inducible CRISPRi systems were recently developed for 
knock-down of target genes. Due to the complicated transcriptome of 
mycoplasmas (e.g., 40.7% of operons are polycistronic) (Guell et al., 
2009), the major disadvantage of the CRISPRi system is the polar 
effects on genes upstream and downstream from the target in an 
operon (Peters et al., 2016). The diverse orthologues of Cas9 exhibit 
different knock-down efficiencies and proteotoxicities in mycobacteria 
(Rock et al., 2017). Atypical CRISPR RNA (crRNA) are more efficient 

than typical crRNA (Petassi et al., 2020) and continuous expression of 
Cas9 by integration into the genome increased the knock-down 
efficiency (Peters et al., 2019). In consideration of the effect of these 
factors on the efficiency of the CRISPRi system in other organisms, an 
efficient CRISPRi system for mycoplasma could be  achieved by 
selecting highly efficient Cas9 with low proteotoxicity and a suitable 
inducible promoter, while optimizing the structure of the crRNA, as 
well as the induction conditions, and construction of a stable plasmid 
carrying Cas9 or integrating Cas9 into the genome (Figure 2).

7. Conclusion

Transposons are conventionally used to generate mutant libraries, 
which can be  combined with smart screening systems to identify 
genes that regulate nutrient acquisition from host cells, affect 
colonization and diffusion in the host cell, as well as other essential 
genes, such as those that code for adhesin proteins. However, the lack 
of genetic tools for site-directed mutagenesis in many mycoplasma 
species has impeded further clarification of the interactions between 
mycoplasmas and host cells. The CRISPR/Cas system and synthetic 
biology were recently applied to knock-out target genes. These studies 
provide new insights into the genetic manipulation of mycoplasmas. 
Notably, the CRISPRi system is more appropriate than knock-down/
out methods to analyze the functions of essential genes. In addition, 
gene function can be confirmed by trans-complementation of mutants 
based on oriC plasmids. This review summarizes the results of recent 

FIGURE 1

Schematics of the genetic tools based on HR, transposons, the CRISPR/Cas9 system, and synthetic biology. HR: the heterologous recombinase 
(HeRec) and homologous recombinase (HoRec) were applied to edit the mycoplasma genome. Transposon: Tn4001, mini-Tn4001, Tn5, and Tn916 
were used to insert transposons into the genome for gene knock-out. CRISPR/Cas9: the endogenous CRISPR/Cas system of M. gallisepticum and 
exogenous CRISPR/Cas9 system were used to edit the mycoplasma genome. The exogenous CRISPR/Cas9 system includes: (i) inactivated Cas9 fused 
with a CBE to induce C:G to T:A for insertion of a stop codon into the target gene; (ii) inactivated Cas9 for interfering with expression of the target 
gene; and (iii) activated Cas9 for knock-out of the target gene. Synthetic biology: the genome was edited by the TREC, CreasPy-Cloning, and RMEC 
methods in yeast cells and then transferred into recipient mycoplasma cells; the genome fragments of M. pneumoniae were edited by RAGE in E. coli 
cells and then transferred into M. pneumoniae recipient cells.
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TABLE 3 The list of validated method for genetic editing in mycoplasma.

Species Methods

Homologous 
recombination

Transposon CRISPR/Cas Synthetic biology

M. pneumoniae

HR (Krishnakumar et al., 2010), GP35 

(Pinero-Lambea et al., 2020), Cre 

(Sugiyama et al., 2005)

Tn4001 (Hasselbring et al., 

2006), mini-Tn4001 (Lluch-

Senar et al., 2015)

CRISPR/Cas9 (Pinero-

Lambea et al., 2020; Broto 

et al., 2022), Inducible 

CRISPRi (Mariscal et al., 

2018)

AscI (Rideau et al., 2017), 

CreasPy-Cloning (Lartigue 

et al., 2019), RAGE 

(Sugiyama et al., 2005)

M. hominis
mini-Tn4001 (Rideau et al., 

2019)

CRISPRi (Evsyutina et al., 

2022)

CreasPy-Cloning (Baby et al., 

2018)

M. genitalium
HR (Dhandayuthapani et al., 1999, 

2001)
Tn4001 (Hutchison et al., 1999)

Synthetic approach (Gibson 

et al., 2008a,b), AscI (Rideau 

et al., 2017), TREC (Benders 

et al., 2010), RMCE (Benders 

et al., 2010)

Ureaplasma parvum
mini-Tn4001 (Aboklaish et al., 

2014)

Mmma
Cas9-Base Editor (Lpoutcha 

et al., 2022)

Mmcb RecA (Allam et al., 2010)

Synthetic approach (Gibson 

et al., 2010), AscI (Rideau 

et al., 2017), TREC (Schieck 

et al., 2016), TREC-IN 

(Chandran et al., 2014; 

Noskov et al., 2015)

M. capricolum subsp. 

capricolum
HR (Janis et al., 2005)

M. bovis

mini-Tn4001 (Josi et al., 2019; 

Zhu et al., 2020)

Tn4001 (Sharma et al., 2014)

Cas9-Base Editor (Lpoutcha 

et al., 2022)

M. agalactiae

mini-Tn4001 (Baranowski et al., 

2010, 2014; Hegde et al., 2016), 

SynMyco transposon (Montero-

Blay et al., 2019)

M. mycoidesc

Tn4001 (Hutchison et al., 2016), 

Tn5 (Hutchison et al., 2016; 

Kannan et al., 2016)

Inducible CRISPRi 

(Mariscal et al., 2018)

RMCE (Noskov et al., 2010), 

Marker-less/driven (Kannan 

et al., 2016), Meiotic 

recombination (Suzuki et al., 

2011; Karas et al., 2014; 

Suzuki et al., 2015), CReasPy-

cloning (Talenton et al., 2022)

M. feriruminatoris
SynMyco transposon (Montero-

Blay et al., 2019)

CReasPy-cloning (Ruiz et al., 

2019)

M. gallisepticum

HR (Cao et al., 1994; Lee et al., 2008), 

RecET-like system (Ipoutcha et al., 

2022)

Tn916 (Whetzel et al., 2003), 

mini-Tn4001 (Wang et al., 2017), 

SynMyco transposon (Montero-

Blay et al., 2019)

CRISPR-Cas9 (Mahdizadeh 

et al., 2020; Klose et al., 

2022), Cas9-Base Editor 

(Lpoutcha et al., 2022), 

CRISPRi (Evsyutina et al., 

2022)

M. hyorhinis RecA (Ishag et al., 2017)
mini-Tn4001 (Trueeb et al., 

2019)

M. hyopneumoniae HR (Clampitt et al., 2021)
mini-Tn4001 (Maglennon et al., 

2013; Trueeb et al., 2019)

(Continued)
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FIGURE 2

The ideas on improving the efficient of existing tools for editing of mycoplasma genomes. RM, restriction-modification; crRNA, CRISPR RNA.

Species Methods

Homologous 
recombination

Transposon CRISPR/Cas Synthetic biology

M. pulmonis Tn916 (Dybvig and Cassell, 

1987), Tn4001 (French et al., 

2008)

Acholeplasma laidlawii Tn916 (Dybvig and Cassell, 

1987)

Mesoplasma florum Tn5 (Mutaqin et al., 2011)

S. citri EZ-Tn5™ (Baby et al., 2018)

aM. mycoides subsp. mycoides. bM. mycoides subsp. capri. cM. mycoides is an artificial mycoplasma based on M. mycoides subsp. capri. HR, Homologous recombination; TREC, Tandem repeat 
coupled with endonuclease cleavage; TREC-IN, TREC-assisted gene knock-in; RMCE, Cre/loxP-based Recombinase-Mediated Cassette Exchange; RAGE, Recombinase-assisted genomic 
engineering; EZ-Tn5™, Transposon tools based on a hyperactive Tn5 transposition system.

TABLE 3 (Continued)
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studies and discusses strategies for the development of accurate and 
efficient tools for editing of mycoplasma genomes.

Author contributions

GZ and DL write original manuscript. ML and YW designed and 
revised the article. All authors contributed to the article and approved 
the submitted version.

Funding

This work was supported by the Youth Program of National 
Natural Science Foundation of China (#32102672), National Natural 
Science Foundation of China Joint Fund Project (U22A20505).

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.

References
Aboklaish, A. F., Dordet-Frisoni, E., Citti, C., Toleman, M. A., Glass, J. I., and 

Spiller, O. B. (2014). Random insertion and gene disruption via transposon mutagenesis 
of Ureaplasma parvum using a mini-transposon plasmid. Int. J. Med. Microbiol. 304, 
1218–1225. doi: 10.1016/j.ijmm.2014.09.003

Allam, A. B., Reyes, L., Assad-Garcia, N., Glass, J. I., and Brown, M. B. (2010). 
Enhancement of targeted homologous recombination in Mycoplasma mycoides subsp. 
capri by inclusion of heterologous recA. Appl. Environ. Microbiol. 76, 6951–6954. doi: 
10.1128/AEM.00056-10

Arfi, Y., Lartigue, C., Sirand-Pugnet, P., and Blanchard, A. (2021). Beware of 
Mycoplasma anti-immunoglobulin strategies. MBio 12:e0197421. doi: 10.1128/
mBio.01974-21

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., et al. (2006). 
Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio 
collection. Mol. Syst. Biol. 2:2006.0008. doi: 10.1038/msb4100050

Baby, V., Labroussaa, F., Brodeur, J., Matteau, D., Gourgues, G., Lartigue, C., et al. 
(2018). Cloning and transplantation of the Mesoplasma florum genome. ACS Synth. Biol. 
7, 209–217. doi: 10.1021/acssynbio.7b00279

Baby, V., Lachance, J. C., Gagnon, J., Lucier, J. F., Matteau, D., Knight, T., et al. (2018). 
Inferring the minimal genome of Mesoplasma florum by comparative genomics and 
transposon mutagenesis. mSystems 3:e00198-17. doi: 10.1128/mSystems.00198-17

Baranowski, E., Bergonier, D., Sagné, E., Hygonenq, M. C., Ronsin, P., Berthelot, X., 
et al. (2014). Experimental infections with Mycoplasma agalactiae identify key factors 
involved in host-colonization. PLoS One 9:e93970. doi: 10.1371/journal.pone.0093970

Baranowski, E., Guiral, S., Sagné, E., Skapski, A., and Citti, C. (2010). Critical role of 
dispensable genes in Mycoplasma agalactiae interaction with mammalian cells. Infect. 
Immun. 78, 1542–1551. doi: 10.1128/iai.01195-09

Benders, G. A., Noskov, V. N., Denisova, E. A., Lartigue, C., Gibson, D. G., 
Assad-Garcia, N., et al. (2010). Cloning whole bacterial genomes in yeast. Nucleic Acids 
Res. 38, 2558–2569. doi: 10.1093/nar/gkq119

Benedetti, F., Curreli, S., and Zella, D. (2020). Mycoplasmas-host interaction: 
mechanisms of inflammation and association with cellular transformation. 
Microorganisms 8:1351. doi: 10.3390/microorganisms8091351

Bonnefois, T., Vernerey, M. S., Rodrigues, V., Totté, P., Puech, C., Ripoll, C., et al. 
(2016). Development of fluorescence expression tools to study host-mycoplasma 
interactions and validation in two distant mycoplasma clades. J. Biotechnol. 236, 35–44. 
doi: 10.1016/j.jbiotec.2016.08.006

Breton, M., Tardy, F., Dordet-Frisoni, E., Sagne, E., Mick, V., Renaudin, J., et al. (2012). 
Distribution and diversity of mycoplasma plasmids: lessons from cryptic genetic 
elements. BMC Microbiol. 12:257. doi: 10.1186/1471-2180-12-257

Broto, A., Gaspari, E., Miravet-Verde, S., Dos Santos, V., and Isalan, M. (2022). A 
genetic toolkit and gene switches to limit Mycoplasma growth for biosafety applications. 
Nat. Commun. 13:1910. doi: 10.1038/s41467-022-29574-0

Burgos, R., Wood, G. E., Young, L., Glass, J. I., and Totten, P. A. (2012). RecA mediates 
MgpB and MgpC phase and antigenic variation in Mycoplasma genitalium, but plays a minor 
role in DNA repair. Mol. Microbiol. 85, 669–683. doi: 10.1111/j.1365-2958.2012.08130.x

Burki, S., Frey, J., and Pilo, P. (2015). Virulence, persistence and dissemination of 
Mycoplasma bovis. Vet. Microbiol. 179, 15–22. doi: 10.1016/j.vetmic.2015.02.024

Calcutt, M. J., and Foecking, M. F. (2015). An excision-competent and exogenous 
mosaic transposon harbors the tetM gene in multiple Mycoplasma hominis lineages. 
Antimicrob. Agents Chemother. 59, 6665–6666. doi: 10.1128/aac.01382-15

Cao, J., Kapke, P. A., and Minion, F. C. (1994). Transformation of Mycoplasma 
gallisepticum with Tn916, Tn 4001, and integrative plasmid vectors. J. Bacteriol. 176, 
4459–4462. doi: 10.1128/jb.176.14.4459-4462.1994

Carvalho, F. M., Fonseca, M. M., Batistuzzo De Medeiros, S., Scortecci, K. C., 
Blaha, C. A., and Agnez-Lima, L. F. (2005). DNA repair in reduced genome: the 
Mycoplasma model. Gene 360, 111–119. doi: 10.1016/j.gene.2005.06.012

Chandran, S., Noskov, V. N., Segall-Shapiro, T. H., Ma, L., Whiteis, C., Lartigue, C., 
et al. (2014). TREC-IN: gene knock-in genetic tool for genomes cloned in yeast. BMC 
Genomics 15:1180. doi: 10.1186/1471-2164-15-1180

Chen, Y., Li, L., Wang, C., Zhang, Y., and Zhou, Y. (2023). Necrotizing pneumonia in 
children: early recognition and management. J. Clin. Med. 12:2256. doi: 10.3390/
jcm12062256

Citti, C., and Blanchard, A. (2013). Mycoplasmas and their host: emerging and re-
emerging minimal pathogens. Trends Microbiol. 21, 196–203. doi: 10.1016/j.
tim.2013.01.003

Clampitt, J. M., Madsen, M. L., and Minion, F. C. (2021). Construction of Mycoplasma 
hyopneumoniae P97 null mutants. Front. Microbiol. 12:518791. doi: 10.3389/
fmicb.2021.518791

Clewell, D. B., Flannagan, S. E., Ike, Y., Jones, J. M., and Gawron-Burke, C. (1988). 
Sequence analysis of termini of conjugative transposon Tn916. J. Bacteriol. 170, 
3046–3052. doi: 10.1128/jb.170.7.3046-3052.1988

Clewell, D. B., Flannagan, S. E., and Jaworski, D. D. (1995). Unconstrained bacterial 
promiscuity: the Tn916-Tn1545 family of conjugative transposons. Trends Microbiol. 3, 
229–236. doi: 10.1016/s0966-842x(00)88930-1

Dhandayuthapani, S., Blaylock, M. W., Bebear, C. M., Rasmussen, W. G., and 
Baseman, J. B. (2001). Peptide methionine sulfoxide reductase (MsrA) is a virulence 
determinant in Mycoplasma genitalium. J. Bacteriol. 183, 5645–5650. doi: 10.1128/
jb.183.19.5645-5650.2001

Dhandayuthapani, S., Rasmussen, W. G., and Baseman, J. B. (1999). Disruption of 
gene mg218 of Mycoplasma genitalium through homologous recombination leads to an 
adherence-deficient phenotype. Proc. Natl. Acad. Sci. U. S. A. 96, 5227–5232. doi: 
10.1073/pnas.96.9.5227

Dybvig, K., and Cassell, G. H. (1987). Transposition of gram-positive transposon 
Tn916 in Acholeplasma laidlawii and Mycoplasma pulmonis. Science 235, 1392–1394. 
doi: 10.1126/science.3029869

Dybvig, K., French, C. T., and Voelker, L. L. (2000). Construction and use of derivatives 
of transposon Tn4001 that function in Mycoplasma pulmonis and Mycoplasma arthritidis. 
J. Bacteriol. 182, 4343–4347. doi: 10.1128/jb.182.15.4343-4347.2000

Evsyutina, D. V., Fisunov, G. Y., Pobeguts, O. V., Kovalchuk, S. I., and Govorun, V. M. 
(2022). Gene silencing through CRISPR interference in mycoplasmas. Microorganisms 
10:1159. doi: 10.3390/microorganisms10061159

Franke, A. E., and Clewell, D. B. (1981). Evidence for a chromosome-borne resistance 
transposon (Tn916) in Streptococcus faecalis that is capable of "conjugal" transfer in the 
absence of a conjugative plasmid. J. Bacteriol. 145, 494–502. doi: 10.1128/
jb.145.1.494-502.1981

French, C. T., Lao, P., Loraine, A. E., Matthews, B. T., Yu, H., and Dybvig, K. (2008). 
Large-scale transposon mutagenesis of Mycoplasma pulmonis. Mol. Microbiol. 69, 67–76. 
doi: 10.1111/j.1365-2958.2008.06262.x

Garcia-Morales, L., Ruiz, E., Gourgues, G., Rideau, F., Pinero-Lambea, C., 
Lluch-Senar, M., et al. (2020). A RAGE based strategy for the genome engineering of the 

https://doi.org/10.3389/fmicb.2023.1191812
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ijmm.2014.09.003
https://doi.org/10.1128/AEM.00056-10
https://doi.org/10.1128/mBio.01974-21
https://doi.org/10.1128/mBio.01974-21
https://doi.org/10.1038/msb4100050
https://doi.org/10.1021/acssynbio.7b00279
https://doi.org/10.1128/mSystems.00198-17
https://doi.org/10.1371/journal.pone.0093970
https://doi.org/10.1128/iai.01195-09
https://doi.org/10.1093/nar/gkq119
https://doi.org/10.3390/microorganisms8091351
https://doi.org/10.1016/j.jbiotec.2016.08.006
https://doi.org/10.1186/1471-2180-12-257
https://doi.org/10.1038/s41467-022-29574-0
https://doi.org/10.1111/j.1365-2958.2012.08130.x
https://doi.org/10.1016/j.vetmic.2015.02.024
https://doi.org/10.1128/aac.01382-15
https://doi.org/10.1128/jb.176.14.4459-4462.1994
https://doi.org/10.1016/j.gene.2005.06.012
https://doi.org/10.1186/1471-2164-15-1180
https://doi.org/10.3390/jcm12062256
https://doi.org/10.3390/jcm12062256
https://doi.org/10.1016/j.tim.2013.01.003
https://doi.org/10.1016/j.tim.2013.01.003
https://doi.org/10.3389/fmicb.2021.518791
https://doi.org/10.3389/fmicb.2021.518791
https://doi.org/10.1128/jb.170.7.3046-3052.1988
https://doi.org/10.1016/s0966-842x(00)88930-1
https://doi.org/10.1128/jb.183.19.5645-5650.2001
https://doi.org/10.1128/jb.183.19.5645-5650.2001
https://doi.org/10.1073/pnas.96.9.5227
https://doi.org/10.1126/science.3029869
https://doi.org/10.1128/jb.182.15.4343-4347.2000
https://doi.org/10.3390/microorganisms10061159
https://doi.org/10.1128/jb.145.1.494-502.1981
https://doi.org/10.1128/jb.145.1.494-502.1981
https://doi.org/10.1111/j.1365-2958.2008.06262.x


Zhao et al. 10.3389/fmicb.2023.1191812

Frontiers in Microbiology 10 frontiersin.org

human respiratory pathogen Mycoplasma pneumoniae. ACS Synth. Biol. 9, 2737–2748. 
doi: 10.1021/acssynbio.0c00263

Gaurivaud, P., and Tardy, F. (2022). The Mycoplasma spp. releasome: A new concept 
for a long-known phenomenon. Front. Microbiol. 13:853440. doi: 10.3389/
fmicb.2022.853440

Gautier-Bouchardon, A. V. (2018). Antimicrobial Resistance in Mycoplasma spp. 
Microbiol Spectr 6:6. doi: 10.1128/microbiolspec.ARBA-0030-2018

Gibson, D. G., Benders, G. A., Andrews-Pfannkoch, C., Denisova, E. A., 
Baden-Tillson, H., Zaveri, J., et al. (2008b). Complete chemical synthesis, assembly, and 
cloning of a Mycoplasma genitalium genome. Science 319, 1215–1220. doi: 10.1126/
science.1151721

Gibson, D. G., Benders, G. A., Axelrod, K. C., Zaveri, J., Algire, M. A., Moodie, M., 
et al. (2008a). One-step assembly in yeast of 25 overlapping DNA fragments to form a 
complete synthetic Mycoplasma genitalium genome. Proc. Natl. Acad. Sci. U. S. A. 105, 
20404–20409. doi: 10.1073/pnas.0811011106

Gibson, D. G., Glass, J. I., Lartigue, C., Noskov, V. N., Chuang, R. Y., Algire, M. A., 
et al. (2010). Creation of a bacterial cell controlled by a chemically synthesized genome. 
Science 329, 52–56. doi: 10.1126/science.1190719

Glass, J. I., Assad-Garcia, N., Alperovich, N., Yooseph, S., Lewis, M. R., Maruf, M., 
et al. (2006). Essential genes of a minimal bacterium. Proc. Natl. Acad. Sci. U. S. A. 103, 
425–430. doi: 10.1073/pnas.0510013103

Glass, J. I., Merryman, C., Wise, K. S., Hutchison, C. A. 3rd, and Smith, H. O. (2017). 
Minimal cells-real and imagined. Cold Spring Harb. Perspect. Biol. 9:a023861. doi: 
10.1101/cshperspect.a023861

Guell, M., van Noort, V., Yus, E., Chen, W. H., Leigh-Bell, J., Michalodimitrakis, K., 
et al. (2009). Transcriptome complexity in a genome-reduced bacterium. Science 326, 
1268–1271. doi: 10.1126/science.1176951

Halbedel, S., and Stulke, J. (2007). Tools for the genetic analysis of Mycoplasma. Int. 
J. Med. Microbiol. 297, 37–44. doi: 10.1016/j.ijmm.2006.11.001

Hasselbring, B. M., Page, C. A., Sheppard, E. S., and Krause, D. C. (2006). Transposon 
mutagenesis identifies genes associated with Mycoplasma pneumoniae gliding motility. 
J. Bacteriol. 188, 6335–6345. doi: 10.1128/jb.00698-06

Hegde, S., Zimmermann, M., Flöck, M., Brunthaler, R., Spergser, J., Rosengarten, R., 
et al. (2016). Genetic loci of Mycoplasma agalactiae involved in systemic spreading 
during experimental intramammary infection of sheep. Vet. Res. 47:106. doi: 10.1186/
s13567-016-0387-0

Hutchison, C. A. 3rd, Chuang, R. Y., Noskov, V. N., Assad-Garcia, N., Deerinck, T. J., 
Ellisman, M. H., et al. (2016). Design and synthesis of a minimal bacterial genome. 
Science 351:aad6253. doi: 10.1126/science.aad6253

Hutchison, C. A., Peterson, S. N., Gill, S. R., Cline, R. T., White, O., Fraser, C. M., et al. 
(1999). Global transposon mutagenesis and a minimal Mycoplasma genome. Science 
286, 2165–2169. doi: 10.1126/science.286.5447.2165

Ipoutcha, T., Gourgues, G., Lartigue, C., Blanchard, A., and Sirand-Pugnet, P. (2022). 
Genome engineering in Mycoplasma gallisepticum using exogenous recombination 
systems. ACS Synth. Biol. 11, 1060–1067. doi: 10.1021/acssynbio.1c00541

Ipoutcha, T., Tsarmpopoulos, I., Talenton, V., Gaspin, C., Moisan, A., Walker, C. A., 
et al. (2019). Multiple origins and specific evolution of CRISPR/Cas9 Systems in 
Minimal Bacteria (Mollicutes). Fron Microbiol 10:2701. doi: 10.3389/fmicb.2019.02701

Ishag, H. Z. A., Xiong, Q., Liu, M., Feng, Z., and Shao, G. E. (2017). Coli recA gene 
improves gene targeted homologous recombination in Mycoplasma hyorhinis. J. 
Microbiol. Methods 136, 49–56. doi: 10.1016/j.mimet.2017.03.004

Janis, C., Lartigue, C., Frey, J., Wróblewski, H., Thiaucourt, F., Blanchard, A., et al. 
(2005). Versatile use of oriC plasmids for functional genomics of Mycoplasma capricolum 
subsp. capricolum. Appl. Environ. Microbiol. 71, 2888–2893. doi: 10.1128/
aem.71.6.2888-2893.2005

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E. 
(2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial 
immunity. Science 337, 816–821. doi: 10.1126/science.1225829

Josi, C., Bürki, S., Vidal, S., Dordet-Frisoni, E., Citti, C., Falquet, L., et al. (2019). 
Large-scale analysis of the Mycoplasma bovis genome identified non-essential, Adhesion-
and Virulence-Related Genes. Front. Microbiol. 10:2085. doi: 10.3389/fmicb.2019.02085

Kannan, K., Tsvetanova, B., Chuang, R. Y., Noskov, V. N., Assad-Garcia, N., Ma, L., 
et al. (2016). One step engineering of the small-subunit ribosomal RNA using CRISPR/
Cas9. Sci. Rep. 6:30714. doi: 10.1038/srep30714

Karas, B. J., Jablanovic, J., Irvine, E., Sun, L., Ma, L., Weyman, P. D., et al. (2014). 
Transferring whole genomes from bacteria to yeast spheroplasts using entire bacterial 
cells to reduce DNA shearing. Nat. Protoc. 9, 743–750. doi: 10.1038/nprot.2014.045

Karas, B. J., Jablanovic, J., Sun, L., Ma, L., Goldgof, G. M., Stam, J., et al. (2013). Direct 
transfer of whole genomes from bacteria to yeast. Nat. Methods 10, 410–412. doi: 
10.1038/nmeth.2433

Karas, B. J., Moreau, N. G., Deerinck, T. J., Gibson, D. G., Venter, J. C., Smith, H. O., 
et al. (2019). Direct transfer of a Mycoplasma mycoides genome to yeast is enhanced by 
removal of the Mycoides glycerol uptake factor gene glpF. ACS Synth. Biol. 8, 239–244. 
doi: 10.1021/acssynbio.8b00449

Karas, B. J., Tagwerker, C., Yonemoto, I. T., Hutchison, C. A. 3rd, and Smith, H. O. 
(2012). Cloning the Acholeplasma laidlawii PG-8A genome in Saccharomyces cerevisiae 
as a yeast centromeric plasmid. ACS Synth. Biol. 1, 22–28. doi: 10.1021/sb200013j

Karas, B. J., Wise, K. S., Sun, L., Venter, J. C., Glass, J. I., Hutchison, C. A., et al. (2014). 
Rescue of mutant fitness defects using in vitro reconstituted designer transposons in 
Mycoplasma mycoides. Front. Microbiol. 5:369. doi: 10.3389/fmicb.2014.00369

Kenri, T., Seto, S., Horino, A., Sasaki, Y., Sasaki, T., and Miyata, M. (2004). Use of 
fluorescent-protein tagging to determine the subcellular localization of Mycoplasma 
pneumoniae proteins encoded by the cytadherence regulatory locus. J. Bacteriol. 186, 
6944–6955. doi: 10.1128/JB.186.20.6944-6955.2004

Klose, S. M., Wawegama, N., Sansom, F. M., Marenda, M. S., and Browning, G. F. 
(2022). Efficient disruption of the function of the mnuA nuclease gene using the 
endogenous CRISPR/Cas system in Mycoplasma gallisepticum. Vet. Microbiol. 
269:109436. doi: 10.1016/j.vetmic.2022.109436

Krishnakumar, R., Assad-Garcia, N., Benders, G. A., Phan, Q., Montague, M. G., and 
Glass, J. I. (2010). Targeted chromosomal knockouts in Mycoplasma pneumoniae. Appl. 
Environ. Microbiol. 76, 5297–5299. doi: 10.1128/aem.00024-10

Labroussaa, F., Lebaudy, A., Baby, V., Gourgues, G., Matteau, D., Vashee, S., et al. 
(2016). Impact of donor-recipient phylogenetic distance on bacterial genome 
transplantation. Nucleic Acids Res. 44, 8501–8511. doi: 10.1093/nar/gkw688

Lartigue, C., Valverde Timana, Y., Labroussaa, F., Schieck, E., Liljander, A., Sacchini, F., 
et al. (2019). Attenuation of a pathogenic Mycoplasma strain by modification of the obg 
gene by using synthetic biology approaches. mSphere 4, e00030–e00019. doi: 10.1128/
mSphere.00030-19

Lartigue, C., Vashee, S., Algire, M. A., Chuang, R. Y., Benders, G. A., Ma, L., et al. 
(2009). Creating bacterial strains from genomes that have been cloned and engineered 
in yeast. Science 325, 1693–1696. doi: 10.1126/science.1173759

Leal Zimmer, F. M. A., Paes, J. A., Zaha, A., and Ferreira, H. B. (2020). Pathogenicity 
& virulence of Mycoplasma hyopneumoniae. Virulence 11, 1600–1622. doi: 
10.1080/21505594.2020.1842659

Lee, S. W., Browning, G. F., and Markham, P. F. (2008). Development of a replicable 
oriC plasmid for Mycoplasma gallisepticum and Mycoplasma imitans, and gene 
disruption through homologous recombination in M. gallisepticum. Microbiology 
(Reading) 154, 2571–2580. doi: 10.1099/mic.0.2008/019208-0

Lluch-Senar, M., Delgado, J., Chen, W. H., Lloréns-Rico, V., O'Reilly, F. J., Wodke, J. A., 
et al. (2015). Defining a minimal cell: essentiality of small ORFs and ncRNAs in a 
genome-reduced bacterium. Mol. Syst. Biol. 11:780. doi: 10.15252/msb.20145558

Lpoutcha, T., Ribien, F., Gourgues, G., Arfi, Y., Lartigue, C., Blanchard, A., et al. 
(2022). Genome editing of veterinary relevant mycoplasmas using a CRISPR-Cas Base 
editor system. Appl. Environ. Microbiol. 88:e0099622. doi: 10.1128/aem.00996-22

Lyon, B. R., May, J. W., and Skurray, R. A. (1984). Tn4001: a gentamicin and kanamycin 
resistance transposon in Staphylococcus aureus. Mol. Gen. Genet. 193, 554–556. doi: 
10.1007/bf00382099

Maglennon, G. A., Cook, B. S., Deeney, A. S., Bossé, J. T., Peters, S. E., Langford, P. R., 
et al. (2013). Transposon mutagenesis in Mycoplasma hyopneumoniae using a novel 
mariner-based system for generating random mutations. Vet. Res. 44:124. doi: 
10.1186/1297-9716-44-124

Maglennon, G. A., Cook, B. S., Matthews, D., Deeney, A. S., Bossé, J. T., Langford, P. R., 
et al. (2013). Development of a self-replicating plasmid system for Mycoplasma 
hyopneumoniae. Vet. Res. 44:63. doi: 10.1186/1297-9716-44-63

Mahdizadeh, S., Sansom, F. M., Lee, S. W., Browning, G. F., and Marenda, M. S. (2020). 
Targeted mutagenesis of Mycoplasma gallisepticum using its endogenous CRISPR/Cas 
system. Vet. Microbiol. 250:108868. doi: 10.1016/j.vetmic.2020.108868

Mariscal, A. M., Kakizawa, S., Hsu, J. Y., Tanaka, K., Gonzalez-Gonzalez, L., Broto, A., 
et al. (2018). Tuning gene activity by inducible and targeted regulation of gene expression 
in minimal bacterial cells. ACS Synth. Biol. 7, 1538–1552. doi: 10.1021/acssynbio.8b00028

Matteau, D., Pepin, M. E., Baby, V., Gauthier, S., Arango Giraldo, M., Knight, T. F., 
et al. (2017). Development of oriC-based plasmids for Mesoplasma florum. Appl. 
Environ. Microbiol. 83, e03374–e03316. doi: 10.1128/AEM.03374-16

Montero-Blay, A., Miravet-Verde, S., Lluch-Senar, M., Piñero-Lambea, C., and 
Serrano, L. (2019). SynMyco transposon: engineering transposon vectors for efficient 
transformation of minimal genomes. DNA Res. 26, 327–339. doi: 10.1093/dnares/
dsz012

Mutaqin, K., Comer, J. L., Wayadande, A. C., Melcher, U., and Fletcher, J. (2011). 
Selection and characterization of Spiroplasma citri mutants by random transposome 
mutagenesis. Can. J. Microbiol. 57, 525–532. doi: 10.1139/w11-026

Nelson, K. E., Richardson, D. L., and Dougherty, B. A. (1997). Tn916 transposition in 
Haemophilus influenzae Rd: preferential insertion into noncoding DNA. Microb. Comp. 
Genomics 2, 313–321. doi: 10.1089/omi.1.1997.2.313

Noskov, V. N., Ma, L., Chen, S., and Chuang, R. Y. (2015). Recombinase-mediated 
cassette exchange (RMCE) system for functional genomics studies in Mycoplasma 
mycoides. Biol Proced Online 17:6. doi: 10.1186/s12575-015-0016-8

Noskov, V. N., Segall-Shapiro, T. H., and Chuang, R. Y. (2010). Tandem repeat coupled 
with endonuclease cleavage (TREC): a seamless modification tool for genome 
engineering in yeast. Nucleic Acids Res. 38, 2570–2576. doi: 10.1093/nar/gkq099

https://doi.org/10.3389/fmicb.2023.1191812
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1021/acssynbio.0c00263
https://doi.org/10.3389/fmicb.2022.853440
https://doi.org/10.3389/fmicb.2022.853440
https://doi.org/10.1128/microbiolspec.ARBA-0030-2018
https://doi.org/10.1126/science.1151721
https://doi.org/10.1126/science.1151721
https://doi.org/10.1073/pnas.0811011106
https://doi.org/10.1126/science.1190719
https://doi.org/10.1073/pnas.0510013103
https://doi.org/10.1101/cshperspect.a023861
https://doi.org/10.1126/science.1176951
https://doi.org/10.1016/j.ijmm.2006.11.001
https://doi.org/10.1128/jb.00698-06
https://doi.org/10.1186/s13567-016-0387-0
https://doi.org/10.1186/s13567-016-0387-0
https://doi.org/10.1126/science.aad6253
https://doi.org/10.1126/science.286.5447.2165
https://doi.org/10.1021/acssynbio.1c00541
https://doi.org/10.3389/fmicb.2019.02701
https://doi.org/10.1016/j.mimet.2017.03.004
https://doi.org/10.1128/aem.71.6.2888-2893.2005
https://doi.org/10.1128/aem.71.6.2888-2893.2005
https://doi.org/10.1126/science.1225829
https://doi.org/10.3389/fmicb.2019.02085
https://doi.org/10.1038/srep30714
https://doi.org/10.1038/nprot.2014.045
https://doi.org/10.1038/nmeth.2433
https://doi.org/10.1021/acssynbio.8b00449
https://doi.org/10.1021/sb200013j
https://doi.org/10.3389/fmicb.2014.00369
https://doi.org/10.1128/JB.186.20.6944-6955.2004
https://doi.org/10.1016/j.vetmic.2022.109436
https://doi.org/10.1128/aem.00024-10
https://doi.org/10.1093/nar/gkw688
https://doi.org/10.1128/mSphere.00030-19
https://doi.org/10.1128/mSphere.00030-19
https://doi.org/10.1126/science.1173759
https://doi.org/10.1080/21505594.2020.1842659
https://doi.org/10.1099/mic.0.2008/019208-0
https://doi.org/10.15252/msb.20145558
https://doi.org/10.1128/aem.00996-22
https://doi.org/10.1007/bf00382099
https://doi.org/10.1186/1297-9716-44-124
https://doi.org/10.1186/1297-9716-44-63
https://doi.org/10.1016/j.vetmic.2020.108868
https://doi.org/10.1021/acssynbio.8b00028
https://doi.org/10.1128/AEM.03374-16
https://doi.org/10.1093/dnares/dsz012
https://doi.org/10.1093/dnares/dsz012
https://doi.org/10.1139/w11-026
https://doi.org/10.1089/omi.1.1997.2.313
https://doi.org/10.1186/s12575-015-0016-8
https://doi.org/10.1093/nar/gkq099


Zhao et al. 10.3389/fmicb.2023.1191812

Frontiers in Microbiology 11 frontiersin.org

Pereyre, S., Bénard, C., Brès, C., Le Roy, C., Mauxion, J. P., Rideau, F., et al. (2018). 
Generation of Mycoplasma hominis gene-targeted mutants by targeting-induced local 
lesions in genomes (TILLING). BMC Genomics 19:525. doi: 10.1186/s12864-018-4917-1

Petassi, M. T., Hsieh, S. C., and Peters, J. E. (2020). Guide RNA categorization enables 
target site choice in Tn7-CRISPR-Cas transposons. Cells 183, 1757–1771.e18. doi: 
10.1016/j.cell.2020.11.005

Peters, J. M., Colavin, A., Shi, H., Czarny, T. L., Larson, M. H., Wong, S., et al. (2016). 
A comprehensive, CRISPR-based functional analysis of essential genes in Bacteria. Cells 
165, 1493–1506. doi: 10.1016/j.cell.2016.05.003

Peters, J. M., Koo, B. M., Patino, R., Heussler, G. E., Hearne, C. C., Qu, J., et al. (2019). 
Enabling genetic analysis of diverse bacteria with Mobile-CRISPRi. Nat. Microbiol. 4, 
244–250. doi: 10.1038/s41564-018-0327-z

Pinero-Lambea, C., Garcia-Ramallo, E., Martinez, S., Delgado, J., Serrano, L., and 
Lluch-Senar, M. (2020). Mycoplasma pneumoniae genome editing based on oligo 
Recombineering and Cas9-mediated Counterselection. ACS Synth. Biol. 9, 1693–1704. 
doi: 10.1021/acssynbio.0c00022

Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., Arkin, A. P., et al. 
(2013). Repurposing CRISPR as an RNA-guided platform for sequence-specific control 
of gene expression. Cells 152, 1173–1183. doi: 10.1016/j.cell.2013.02.022

Razin, S., Yogev, D., and Naot, Y. (1998). Molecular biology and pathogenicity of 
mycoplasmas. Microbiol. Mol. Biol. Rev. 62, 1094–1156. doi: 10.1128/
mmbr.62.4.1094-1156.1998

Rebollo, R., Romanish, M. T., and Mager, D. L. (2012). Transposable elements: an 
abundant and natural source of regulatory sequences for host genes. Annu. Rev. Genet. 
46, 21–42. doi: 10.1146/annurev-genet-110711-155621

Renaudin, J., Béven, L., Batailler, B., Duret, S., Desqué, D., Arricau-Bouvery, N., et al. 
(2015). Heterologous expression and processing of the flavescence dorée phytoplasma 
variable membrane protein Vmp A in Spiroplasma citri. BMC Microbiol. 15:82. doi: 
10.1186/s12866-015-0417-5

Rideau, F., Le Roy, C., Descamps, E. C. T., Renaudin, H., Lartigue, C., and Bébéar, C. 
(2017). Cloning stability, and modification of Mycoplasma hominis genome in yeast. ACS 
Synth. Biol. 6, 891–901. doi: 10.1021/acssynbio.6b00379

Rideau, F., Le Roy, C., Sagné, E., Renaudin, H., Pereyre, S., Henrich, B., et al. (2019). 
Random transposon insertion in the Mycoplasma hominis minimal genome. Sci. Rep. 
9:13554. doi: 10.1038/s41598-019-49919-y

Rock, J. M., Hopkins, F. F., Chavez, A., Diallo, M., Chase, M. R., Gerrick, E. R., et al. 
(2017). Programmable transcriptional repression in mycobacteria using an orthogonal 
CRISPR interference platform. Nat. Microbiol. 2:16274. doi: 10.1038/nmicrobiol.2016.274

Rosengarten, R., Citti, C., Much, P., Spergser, J., Droesse, M., and 
Hewicker-Trautwein, M. (2001). The changing image of mycoplasmas: from innocent 
bystanders to emerging and reemerging pathogens in human and animal diseases. 
Contrib. Microbiol. 8, 166–185. doi: 10.1159/000060409

Ruiz, E., Talenton, V., Dubrana, M.-P., Guesdon, G., Lluch-Senar, M., Salin, F., et al. 
(2019). CReasPy-cloning: A method for simultaneous cloning and engineering of 
Megabase-sized genomes in yeast using the CRISPR-Cas9 system. ACS Synth. Biol. 8, 
2547–2557. doi: 10.1021/acssynbio.9b00224

Sandoval-Villegas, N., Nurieva, W., Amberger, M., and Ivics, Z. (2021). Contemporary 
transposon tools: A review and guide through mechanisms and applications of sleeping 
beauty, piggyBac and Tol2 for genome engineering. Int. J. Mol. Sci. 22:5084. doi: 10.3390/
ijms22105084

Schieck, E., Lartigue, C., Frey, J., Vozza, N., Hegermann, J., Miller, R. A., et al. (2016). 
Galactofuranose in Mycoplasma mycoides is important for membrane integrity and 
conceals adhesins but does not contribute to serum resistance. Mol. Microbiol. 99, 55–70. 
doi: 10.1111/mmi.13213

Sharma, S., Markham, P. F., and Browning, G. F. (2014). Genes found essential in other 
mycoplasmas are dispensable in Mycoplasma bovis. PLoS One 9:e97100. doi: 10.1371/
journal.pone.0097100

Shaw, D., Miravet-Verde, S., Piñero-Lambea, C., Serrano, L., and Lluch-Senar, M. 
(2020). LoxTnSeq: random transposon insertions combined with cre/lox recombination 
and counterselection to generate large random genome reductions. Microb. Biotechnol. 
14, 2403–2419. doi: 10.1111/1751-7915.13714

Sirand-Pugnet, P., Citti, C., Barre, A., and Blanchard, A. (2007). Evolution of 
mollicutes: down a bumpy road with twists and turns. Res. Microbiol. 158, 754–766. doi: 
10.1016/j.resmic.2007.09.007

Sugiyama, M., Ikushima, S., Nakazawa, T., Kaneko, Y., and Harashima, S. (2005). PCR-
mediated repeated chromosome splitting in Saccharomyces cerevisiae. BioTechniques 38, 
909–914. doi: 10.2144/05386rr01

Suzuki, Y., Assad-Garcia, N., Kostylev, M., Noskov, V. N., Wise, K. S., Karas, B. J., et al. 
(2015). Bacterial genome reduction using the progressive clustering of deletions via yeast 
sexual cycling. Genome Res. 25, 435–444. doi: 10.1101/gr.182477.114

Suzuki, Y., St Onge, R. P., Mani, R., King, O. D., Heilbut, A., Labunskyy, V. M., et al. 
(2011). Knocking out multigene redundancies via cycles of sexual assortment and 
fluorescence selection. Nat. Methods 8, 159–164. doi: 10.1038/nmeth.1550

Talenton, V., Baby, V., Gourgues, G., Mouden, C., Claverol, S., Vashee, S., et al. (2022). 
Genome engineering of the fast-growing Mycoplasma feriruminatoris toward a live 
vaccine chassis. ACS Synth. Biol. 11, 1919–1930. doi: 10.1021/acssynbio.2c00062

Trueeb, B. S., Gerber, S., Maes, D., Gharib, W. H., and Kuhnert, P. (2019). Tn-
sequencing of Mycoplasma hyopneumoniae and Mycoplasma hyorhinis mutant libraries 
reveals non-essential genes of porcine mycoplasmas differing in pathogenicity. Vet. Res. 
50:55. doi: 10.1186/s13567-019-0674-7

Tsarmpopoulos, I., Gourgues, G., Blanchard, A., Vashee, S., Jores, J., Lartigue, C., et al. 
(2016). In-yeast engineering of a bacterial genome using CRISPR/Cas9. ACS Synth. Biol. 
5, 104–109. doi: 10.1021/acssynbio.5b00196

Wang, Y., Yi, L., Zhang, F., Qiu, X., Tan, L., Yu, S., et al. (2017). Identification of genes 
involved in Mycoplasma gallisepticum biofilm formation using mini-Tn4001-SGM 
transposon mutagenesis. Vet. Microbiol. 198, 17–22. doi: 10.1016/j.vetmic.2016.11.021

Whetzel, P. L., Hnatow, L. L., Keeler, C. L. Jr., and Dohms, J. E. (2003). Transposon 
mutagenesis of Mycoplasma gallisepticum. Plasmid 49, 34–43. doi: 10.1016/
s0147-619x(02)00114-2

Wright, W. D., Shah, S. S., and Heyer, W. D. (2018). Homologous recombination and 
the repair of DNA double-strand breaks. J. Biol. Chem. 293, 10524–10535. doi: 10.1074/
jbc.TM118.000372

Zhu, X., Baranowski, E., Dong, Y., Li, X., Hao, Z., Zhao, G., et al. (2020). An emerging 
role for cyclic dinucleotide phosphodiesterase and nanoRNase activities in Mycoplasma 
bovis: securing survival in cell culture. PLoS Pathog. 16:e1008661. doi: 10.1371/journal.
ppat.1008661

Zimmerman, C. U., and Herrmann, R. (2005). Synthesis of a small, cysteine-rich, 29 
amino acids long peptide in Mycoplasma pneumoniae. FEMS Microbiol. Lett. 253, 
315–321. doi: 10.1016/j.femsle.2005.09.054

https://doi.org/10.3389/fmicb.2023.1191812
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/s12864-018-4917-1
https://doi.org/10.1016/j.cell.2020.11.005
https://doi.org/10.1016/j.cell.2016.05.003
https://doi.org/10.1038/s41564-018-0327-z
https://doi.org/10.1021/acssynbio.0c00022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1128/mmbr.62.4.1094-1156.1998
https://doi.org/10.1128/mmbr.62.4.1094-1156.1998
https://doi.org/10.1146/annurev-genet-110711-155621
https://doi.org/10.1186/s12866-015-0417-5
https://doi.org/10.1021/acssynbio.6b00379
https://doi.org/10.1038/s41598-019-49919-y
https://doi.org/10.1038/nmicrobiol.2016.274
https://doi.org/10.1159/000060409
https://doi.org/10.1021/acssynbio.9b00224
https://doi.org/10.3390/ijms22105084
https://doi.org/10.3390/ijms22105084
https://doi.org/10.1111/mmi.13213
https://doi.org/10.1371/journal.pone.0097100
https://doi.org/10.1371/journal.pone.0097100
https://doi.org/10.1111/1751-7915.13714
https://doi.org/10.1016/j.resmic.2007.09.007
https://doi.org/10.2144/05386rr01
https://doi.org/10.1101/gr.182477.114
https://doi.org/10.1038/nmeth.1550
https://doi.org/10.1021/acssynbio.2c00062
https://doi.org/10.1186/s13567-019-0674-7
https://doi.org/10.1021/acssynbio.5b00196
https://doi.org/10.1016/j.vetmic.2016.11.021
https://doi.org/10.1016/s0147-619x(02)00114-2
https://doi.org/10.1016/s0147-619x(02)00114-2
https://doi.org/10.1074/jbc.TM118.000372
https://doi.org/10.1074/jbc.TM118.000372
https://doi.org/10.1371/journal.ppat.1008661
https://doi.org/10.1371/journal.ppat.1008661
https://doi.org/10.1016/j.femsle.2005.09.054

	Gene editing tools for mycoplasmas: references and future directions for efficient genome manipulation
	1. Introduction
	2. HR
	3. Transposons
	4. CRISPR/Cas system
	5. Synthetic biology strategies
	6. Current thoughts of improvement of existing tools
	6.1. Development of efficient genetic tools for knock-out of target genes in mycoplasmas
	6.2. Development of efficient genetic tools for knock-down of target genes in mycoplasmas

	7. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

