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Background: Bacterial cells often harbor multiple plasmids, but the interaction between these plasmids is
poorly understood. Pseudomonas putida ND6, one of the typical naphthalene-degrading bacteria, contains
two annotated plasmids, pND6-1 and pND6-2. The conjugative plasmid pND6-2 can be used as a helper
to mobilize the naphthalene-degrading plasmid pND6-1. The role of pND6-1 in functions other than
naphthalene degradation has never been explored. Therefore, it is of great significance to study the pos-
sible effect of pND6-1 on the transfer rate or maintenance of pND6-2.
Results: To investigate the interaction between pND6-1 and pND6-2, we successfully cured plasmid
pND6-1 using the incompatibility method, generated the pND6-1-null strain ND6dp1, and first classified
it into the IncP-7 group by curing experimental evidence. Subsequently, the pND6-1-cured mutant
showed an insignificant increase in cell growth compared with the wild ND6, indicating that a lower cost
was imposed on the host by pND6-1. The influences of pND6-1 on the stability and conjugation of plas-
mid pND6-2 were subsequently explored. The results showed that the presence of pND6-1 enhanced the
stability of pND6-2 in natural host ND6 and heterologous host P. putida KT2440. In addition, the presence
of pND6-1 in wild-type hosts promoted intra-specific and inter-specific conjugative transfer efficiency of
pND6-2 by 3.9–6.3-fold with P. putida, P. resinovans, and P. fluorescens as the recipients, respectively.
Conclusions: Collectively, these results suggest that the plasmid pND6-1 improves the pND6-2 plasmid’s
stability and transfer rate in the ND6 strain with the selected recipient strains.
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1. Introduction

Plasmids provide their hosts with extra accessory genes that
promote bacterial populations for bacterial adaptation and evolu-
tion in novel environments [1]. Many bacteria simultaneously har-
bor multiple plasmids. The maintenance of plasmids and their
accessory genes in bacterial populations can be explained by coad-
aptation [2,3]. Most megaplasmids could be capable of horizontal
transfer by conjugation, which may result in the dispersion of
many beneficial genes. This should increase the relative frequency
of the plasmid genes in the population, including antibiotic genes
and xenobiotic degrading genes [4,5]. However, the plasmid conju-
gation process involving type IV secretion system is energetically
costly, and sufficient metabolic activity is required [6]. The meta-
bolic burden (fitness cost) can also be produced by the plasmid
when they arrive at a new host. This cost is responsible for one
of the main limits to plasmid spreading in bacterial populations
[7].

Much effort has been devoted to elucidating the influence of
multiple plasmids on microbial population dynamics. Bacillus
anthracis contains multiple plasmids that are all required for exert-
ing maximum virulence in its hosts, which suggests the presence of
increasing fitness of the multiple plasmids on B. anthracis [8]. A
similar phenomenon is also observed in Rhizobium leguminosarum
strains, which contain four plasmids [9]. However, despite the
research findings in bacterial populations, studies that focus on
the interactions of co-resident plasmids are limited [10,11]. It is
commonly accepted that the coexistence between plasmids
belonging to the same incompatibility group is unstable because
they compete for the common replication and partitioning systems
[12]. In this case, interactions between co-occurring plasmids
impair plasmid stability. Nevertheless, the interactions between
compatible plasmids can enhance plasmid stability by either
increasing the benefits from plasmids or by reducing their costs.
Recently, a study on chromosomal mutations and conjugative plas-
mids carrying resistance genes demonstrated that positive interac-
tions could improve bacterial fitness [13,14]. San Millan et al. [13]
reported that positive epistasis decreases the cost of multiple plas-
mids in short term and enhances the stability of the small plasmid
in the long term. The complex interactions of multiple plasmids on
the influence of plasmid profiles still need further research.

Plasmid pND6-2 is a self-transmissible megaplasmid harbored
by the naphthalene degrading bacterium Pseudomonas putida
ND6. This plasmid is responsible for the mobilization of another
endogenous plasmid, pND6-1, a plasmid that encodes for naph-
thalene degradation [5,15,16]. In our previous report [5], the trans-
fer of pND6-1 promoted the dissemination of degradative genes on
the mobilizable plasmid and accelerated the elimination of naph-
thalene in culture. Plasmid-mediated gene bioaugmentation
endows environmental indigenous microorganisms with pollutant
degradation genes, effectively improving the degradation ability of
indigenous microorganisms and thereby improving the in-situ
remediation efficiency of polluted sites. Therefore, studying the
characteristics of degradation plasmids such as pND6-1 can
achieve more effective treatment of naphthalene pollution. Our
previous research indicated that the two transmissible plasmids
pND6-1 and pND6-2 could be transferred from the ND6 strain
through the single transfer system encoded by pND6-2 in a partic-
ular order; that is, self-transmission of pND6-2 may occur first, and
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pND6-1 is subsequently mobilized through the channels encoded
by pND6-2 [5]. Thus, additional studies are needed to further
investigate the role of plasmid pND6-1 on the effect of pND6-2
plasmid stability and conjugative transfer ability, which are the
most concerning aspects.

Various techniques have been applied previously for plasmid
curing in microorganisms. Heat-shock treatment is an efficient
method that is usually combined with other chemical reagents,
such as sodium dodecyl sulfate (SDS), acridine orange, ethidium
bromide, and N-methyl-N’-nitro-N-nitrosoguanidine [17]. Unde-
sirably, most traditional curing agents could potentially bring
unknown mutations in the chromosome with high frequency
[18]. In contrast, curing the plasmid based on the strategy of
incompatibility is an efficient method that may cause little damage
to the DNA sequences [19,20]. In this study, we employed the
incompatibility method to eliminate the endogenous megaplasmid
pND6-1 in the ND6 strain and first classified it into the IncP-7
group by curing experimental evidence. Furthermore, through
the characterization of the pND6-1-null derivative and comparing
it to the wild ND6 strain, we investigated the influence of pND6-1
on the plasmid stability and transfer efficiency of pND6-2.
2. Materials and methods

2.1. Strains, plasmid, and culture conditions

The bacterial strains and plasmids used in this study are listed
in Table 1. All the bacterial strains were cultivated in Luria-
Bertani (LB) liquid medium or LB agar. The P. putida ND6 and its
derivatives were grown in mineral salt medium (MSM) containing
2 g/L naphthalene as a sole source of carbon and energy at 30�C
with shaking at 150 rpm [5]. Escherichia coli DH5a was the host
for the plasmid pUCARori004DparA and was cultivated at 37�C
with shaking at 150 rpm. When needed, ampicillin (Ap), kanamy-
cin (Km), gentamycin (Gm), and tetracycline (Tc) were added at
final concentrations of 30, 50, 25, and 50 lg/mL, respectively.
2.2. DNA manipulation

The PCR assay was performed with Takara HS PrimeSTAR Poly-
merase (Takara Bio, Japan) at a final volume of 50 lL containing
10 lL 5 � PrimeSTAR buffer, 4 lL dNTP mixture (2.5 mmol each),
1.5 lL of each primer (10 lM), 1 lL of the template (<200 ng),
0.5 lL PrimeSTAR HS DNA Polymerase (2.5 U/lL), and 32.5 lL dou-
ble distilled water. The PCR protocol was used in the assay with the
following thermal cycling parameters: pre-denaturation at 98�C
for 5 min, followed by 30 cycles of 98�C for 10 s, 55�C for 30 s,
72�C for 1 kb/min, and final elongation at 72�C for 5 min.
2.3. Curing plasmid pND6-1 by plasmid incompatibility

2.3.1. Preparation of competent ND6 cells for electroporation
The P. putida ND6 strains were cultivated in 5 mL LB medium at

30�C for 12 h. Then, 1.0 mL culture was transferred into a 1.5 mL EP
tube and incubated on ice for 10 min. After centrifugation at 8000 g
for 1 min, the cell pellets were washed with 1.0 mL electroporation
buffer (1.03 g/L sucrose and 0.0068 g/L monobasic potassium phos-
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Table 1
Strains and plasmids used in this study.

Strains and plasmid Feature Source

Strains
P. putida
ND6 Wild-type strain; Nah+; Apr [15]
GKND6 ND6 derivative harboring pND6-1::Gm and pND6-2::Km; Nah+; Apr, Gmr, Kmr [5]
ND6dp1 Elimination of pND6-1 in ND6 by plasmid incompatibility method This work
KND6dp1 ND6dp1 (pND6-2::Km) This work
KT2440 Wild-type strain; pCA+ [21]
KT2440GK KT2440 derivative harboring pND6-1::Gm and pND6-2::Km; pCA+; Gmr, Kmr [5]
KT2440K KT2440 derivative harboring pND6-2::Km; pCA+; Kmr [5]

P. fluorescens Pf0-1L Pf0-1 with lacIq; Tcr The University of Tokyo
P. resinovans CA10L CA10dm4 with lacIq; Tcr [22]
E. coli DH5a F�, u80lacZDM1, D(lacZYA-argF)U169, deoR, recA1, endA1,

hsdR17(rk–, mk
+), phoA, supE44, k�thi–1, gyrA96, relA1

Takara Bio, Japan

Plasmids
pND6-1 Endogenous plasmid of ND6; Nah+; IncP-7 [23]
pND6-2 Endogenous plasmid of ND6; [16]
pEX-ABC pEX-18Tc with kan gene; Tcr; Kmr [5]
pUCARori004DparA pUC19 containing 7-kb NheI-HindIII fragment of pCAR1 with mutated parA gene; Kmr The University of Tokyo

*Nah+: the ability to degrade naphthalene; pCA+: the ability to degrade p-coumaric acid; Apr: resistance to ampicillin; Kmr: resistance to kanamycin; Gmr: resistance to
gentamicin; Tcr: resistance to tetracycline.
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phate) three times. Finally, the pellets were re-suspended in equal
volumes of electroporation buffer.

2.3.2. Introduction of the incompatible plasmid into ND6 by
electroporation

The incompatible plasmid pUCARori004DparA (2.0 lg) was
mixed with competent ND6 cells and incubated on ice for
20 min. The mixture was then transferred into a 1-mm electropo-
ration cuvette, and electroporation was performed at a voltage of
1.50 kV for 3.0 ms using a MicroPulser system (Bio-Rad, USA). After
pulsing, the cells were transferred into a 1.0 mL LB medium and
cultured at 30�C (150 rpm) for 3 h. Then, the culture was plated
onto the Km-selective agar plates and incubated at 30�C for 24 h.

Subsequently, the single clones were randomly selected, and
the genotypes of the clones were confirmed by PCR amplification
with primers repA-F: TTGGGATTTACGGGACTGCT/repA-R:
TCGGATGCCTATCAACGATT to verify the elimination of pND6-1.
The verified derivative ND6dp1(pUCARori004DparA) was subcul-
tured in LB liquid medium for 20 generations to cure the pUCARor-
i004DparA plasmid. The final obtained mutant without pND6-1
nor pUCARori004DparA was named ND6dp1.

2.4. Assessment of growth and plasmid stability

Growth curves were determined using LB medium. The spore
suspension was inoculated into fresh LB medium and incubated
overnight in a rotary shaker at 150 rpm and 30�C. Then, 0.5 mL
of seed culture was transferred into another 250 mL flask contain-
ing 50 mL of LB medium and cultivated at 30�C with shaking at
150 rpm. One milliliter of the culture was taken from three repli-
cates every 1 h up to 12 h for the cell growth analysis, which
was monitored by measuring optical density at 595 nm using a
Model 680 Microplate Reader (BioRad, USA).

Plasmid stability experiments were performed as described pre-
viously [24]. Briefly, different strains carrying plasmid pND6-2
were subcultured in LB liquid medium without antibiotic pressure
six times, respectively. Subsequently, the culture was collected and
spread on an LB agar plate in the presence or absence of Km to
count the number of cells that host the plasmid pND6-2. The sta-
bility assays were performed in triplicate. The plasmid retention
rate was calculated by Equation (1):

Rn ¼ Nn

N
� 100% ð1Þ
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where Rn is retention rate; N is the total number of host strains (P.
putida ND6, ND6dp1, KT2440GK, or KT2440K) (CFU/mL); n repre-
sents pND6-2; and Nn is the number of related strains containing
pND6-2 (CFU/mL).

2.5. Filter mating assay

To add a selective label, the kan gene was tagged into pND6-2 in
ND6dp1 using homologous recombination with the recombinant
plasmid pEX-ABC containing the resistance gene flanked by homol-
ogy arms as described previously [5].

The donor and recipient strains were cultivated separately in LB
liquid medium at 30�C overnight. After harvesting and washing,
the donor and recipient strains (108 CFU/mL) were mixed in
10 lM MgSO4 solution (total volume of 200 lL) and spotted on a
0.22 lmmembrane filter that was placed on an LB agar plate with-
out antibiotics. All mating systems were evaluated in triplicate.
After incubating at 30�C for 24 h, cells on the filter were serially
suspended in sterile water, and appropriate dilutions of each sam-
ple were spread onto transconjugant selection plates containing
ampicillin and kanamycin. Intraspecific transfer frequency was
determined by calculating the ratio of transconjugants to recipient
cells (T/R, transconjugant/recipient).

2.6. Analysis of gene transcription by real time quantitative PCR (RT-
qPCR)

Total RNA was extracted using Total RNA Kit (TIANGEN, China)
according to the manufacturer’s instructions. The quality of the
obtained RNA samples was assessed via electrophoresis, after
which the samples were reverse-transcribed using the FastKing
RT Kit (TIANGEN, China). RT-qPCR was conducted in triplicate in
a LightCycler� 96 Instrument (Roche, Germany) using the Super-
Real preMix Plus kit (SYBR Green) (TIANGEN, China). The transcrip-
tion of target genes was internally normalized to the 16S rRNA
gene and quantified using the 2�DDCT method [25]. All primer pairs
involved in this study were summarized in Table 2.

2.7. Statistical analysis

The data analysis was performed with SPSS 21 (IBM, USA). The
Shapiro–Wilk test was used to assess data normality. Where
appropriate, significance differences were conservatively evaluated
using Student t-test or Kruskal–Wallis test between the means of



Table 2
Primers used in RT-qPCR.

Primers DNA sequences (50-30) Genes

Q16S-1 CGGGAATCTGACACAGGTGCT 16S rRNA
Q16S-2 GATCCGGACTACGATCGTTTTGT
QparA_P2-F ATCGGCCTGTGGATCGTTGT parA(pND6-2)
QparA_P2-R CATTCCCTCGGCCTATCACAC
QrepB_P2-F CCTGTTCGCGACCTTATGGA repB
QrepB_P2-R TGATCGAGGCGCTGGCAA
QDnaA_ND6-F GATCCGTCCGCTACAGGTCGA dnaA
QDnaA_ND6-R CCGCTACCGTTCTCACCCAA
QparA_ND6-F GGGCAGTCGATGAGGATGTA parA(chromosome)
QparA_ND6-R CAGGCTATGCACTACTCCGA
QpilQ_P2-F CCAAGCCGGTCGGTCTGAT pilQ
QpilQ_P2-R ATGCCGTGTCTTGTCGATGGT
QdotG-F GCCTTGATCGCCTCGTCATTA dotG
QdotG-R CCGAACTGGCGTAACCGAGA
QdotB-F AGTGAAGGTCAACCGCGAGAA dotB
QdotB-R CAGAGATCCGCGTGGTACTCC
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two groups. A two-sided value of P < 0.05 was considered signifi-
cant. Standard deviation was determined and presented as error
bars. The bars represent the mean and standard deviation values
obtained from at least three biological replicates.

3. Results and discussion

It is very common for multiple plasmids to be harbored in the
same host [26,27,28]. The diverse functional genes in co-
occurring plasmids endow diverse beneficial phenotypes and help
the host survive in multiple environmental niches. Many reports
have revealed the additive costs of plasmids to their hosts, and
elimination of the plasmid induces a faster growth of the host
[29,30]. However, there is limited research that has focused on
the interactions of co-resident plasmids. In this study, the pND6-
1 plasmid was eliminated using the incompatibility-based plasmid
curing method and its influence on the stability and conjugative
transfer of the other co-occurring plasmid pND6-2 was studied.

Among the various methods for plasmid curing, plasmid incom-
patibility is widely used for its high efficiency and reduced risk of
chromosomal mutations [30]. Although no experimental results
confirm the incompatible group, some studies have reported that
plasmid pND6-1 may belong to the IncP-7 group due to the high
homology of its repA and putative oriV regions with those of pCAR1
[31,32].

In this study, the pCAR1 derivative plasmid pUCARori004DparA
was used as a minireplicon of the IncP-7 plasmid. After introducing
pUCARori004DparA into the ND6 strain, a mutant harboring
pUCARori004DparA but without pND6-1 was obtained, which
was named ND6dp1 (pUCARori004DparA). Due to the mutated
parA gene, the introduced heterogeneous plasmid pUCARori004D-
parA was not stable in ND6dp1 (pUCARori004DparA). After subcul-
turing several times without kanamycin, the ND6 derivative with
neither pND6-1 nor pUCARori004DparA was obtained, designated
as ND6dp1. The obtained transformant ND6dp1 did not grow on
MSM with naphthalene, indicating that the naphthalene-
degrading plasmid pND6-1 was lost (Fig. 1). To further corroborate
the trait of ND6dp1, PCR analysis was performed targeting the repA
gene of the plasmid (Fig. 1). The positive results were detected in
the wild-type ND6 and ND6 (pUCARori004DparA) strains with
either pND6-1 or pUCARori004DparA plasmid. This indicates that
pND6-1 belongs to the IncP-7 group of plasmids. To the best of
our knowledge, it is the first report confirming the Inc. group of
pND6-1 as IncP-7 by experimental results. Nevertheless, our previ-
ous research found that plasmid pND6-1 could transfer from P.
putida ND6 to KT2440 in both membrane and liquid matrices with
a lower transfer efficiency (3.12 � 10�9�10�10), though rare genes
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involved in the conjugation system have been detected in plasmid
pND6-1. One of the reasonable interpretations is that the two
transmissible plasmids in the ND6 strain share the single transfer
system, and pND6-1 could transfer through the channels encoded
by pND6-2 [5]. Therefore, it is necessary to investigate the influ-
ence on the stability and conjugative transfer of pND6-2 after cur-
ing the plasmid pND6-1.

3.1. Curing plasmid pND6-1 increased cellular growth

The growth curves of ND6 and the cured pND6-1 derivative
ND6dp1 were determined in LB medium (Fig. 2). After subculturing
for 2 h, the OD595 of ND6 began to increase and reached 1.19 at
around 12 h, while the OD595 of ND6dp1 reached 1.25 at the same
time. Furthermore, pND6-1-eliminated strain ND6dp1 exhibited a
slightly higher growth rate (around 0.113 a.u./h) than the wild-
type ND6 strain (around 0.107 a.u./h) after 2 h. The result showed
that ND6dp1 grew slightly faster than the wild ND6, but it is not
obvious which implies that the presence of plasmid pND6-1 in
the host ND6 imposes merely low fitness costs. Normally, there
is a fitness disadvantage for megaplasmid derivatives [13,33,34].
Here, the compensatory adaptation of pND6-1 in ND6 may be pro-
duced through compensatory mutations in the plasmid or the
chromosome over time [2,35,36].

In addition to the potential survival benefits endowed by plas-
mids, they also produce a burden (fitness cost) from multiple ori-
gins to the host, such as competing the replication and
expression system with chromosomes, resulting in a decreased
growth efficiency and reduced stability of plasmid-harboring
strains under the conditions without selective pressure [7,37].
Therefore, curing endogenous megaplasmids may help reduce the
burden of redundant metabolic networks and provide a more effi-
cient system than plasmid-bearing strains. Feng et al. cured the
endogenous plasmid pMC1 by incompatibility in a c-PGA-
producing strain Bacillus amyloliquefaciens LL3. By comparing the
cell growth and c-PGA production of pMC1-cured strain with
wild-type LL3 strain, the growth rate and c-PGA production of
plasmid-cured strain were increased [30]. Furthermore, plasmids
can also produce a fitness cost when they transfer to a new host
[38]. Dourado-Morales et al. found that plasmid pUR2940 imposed
a strong fitness cost on both its natural host Staphylococcus aureus
ST398 and new host S. aureus MW2 PFt0 [34]. Ma et al. evaluated
the fitness cost of the plasmid p3R-IncX3 in different Enterobacte-
riaceae strains by growth kinetics assays of the strains with and
without plasmid p3R-IncX3. After harboring plasmid p3R-IncX3,
75.9% of the transformants did not show any fitness cost, while
6.9% of strains showed improved growth compared with their cor-
responding wild strains, which is in contrast to traditional plasmid
burden [39]. Similar results have also been obtained in Clostridium
saccharoperbutylacetonicum N1-4 strain. With the elimination of
the endogenous megaplasmid from the natural host N1-4, the
obtained transformant N1-4-C exhibited a lower growth rate than
the wild strain under the same culture conditions [10,11,13,14,24].
One of the reasonable interpretations is that the elimination of
megaplasmids may have disturbed the original metabolic balance
in host strains, resulting in delayed or reduced cell growth. The
various effects of the same plasmid on the growth of different
strains indicated that the associations between plasmid and its
host strain are complex, which need further study.

3.2. Curing plasmid pND6-1 decreased the stability of pND6-2

To evaluate the possible relationship between pND6-1 and the
stability of pND6-2 in the host, the wild-type ND6 strain and
pND6-1 elimination derivative were subcultured without antibi-
otics six times. Then, the plate counting method was employed



Fig. 1. Curing plasmid pND6-1 from Pseudomonas putida ND6 by incompatibility. (a) The elimination of the endogenous pND6-1 plasmid from P. putida ND6 using IncP-7
plasmid pUCARori004DparA. oriV: the origin of replication; repA: initiation protein-coding gene; parWBC: partition protein-coding genes; kan: kanamycin resistant marker.
(b) Confirmation of the pND6-1 plasmid elimination by PCR of partial repA gene in pND6-1. M, DNA Marker; the PCR results of partial repA gene in pND6-1 with templates of
ddH2O (1), plasmid pUCARori004DparA (2), wild ND6 strain (3–4), ND6(pUCARori004DparA) (5–6), ND6dp1 (7–8). (c) The growth of ND6 (1), ND6(pUCARori004DparA) (2)
and ND6dp1 (3) on naphthalene.

Fig. 2. The growth curves of wild-type ND6 strain and pND6-1 elimination
derivative ND6dp1 in Luria-Bertani medium. Error bars represent the standard
deviation of triplicate trials. P-value = 0.826.

Fig. 3. Evaluation of the plasmid pND6-2 stability in ND6, KT2440GK, and their
pND6-1 curing derivative ND6dp1 and KT2440K. The cultivation of KT2440GK in
Luria-Bertani medium was conducted without any selection stress at 30�C with
shaking at 150 rpm. Error bars represent the standard deviation of triplicate trials.
Statistical significance is indicated as follows: ****P-value < 0.0001; ns, not
significant.
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to count the number of cells that host the plasmid pND6-2 (Fig. 3).
Though there was no antibiotic pressure in culture, more than 98%
of ND6 still carried plasmid pND6-2, indicating that pND6-2 was
stable in its native host ND6. However, the retention rate of
pND6-2 in ND6dp1 decreased, which suggested that the curing
plasmid pND6-1 decreased the stability of pND6-2. We inferred
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that plasmid pND6-1 may contribute to the stability of the co-
occurring plasmid pND6-2. To test this hypothesis, we further
detected the stability of pND6-2 in another host, P. putida
KT2440, in the presence or absence of pND6-1 (Fig. 3). As expected,
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plasmid pND6-2 was much more stable in KT2440GK, which also
harbored the pND6-1 plasmid, than in KT2440K, where pND6-1
is not present. After six subcultures, the retention rate of pND6-2
in KT2440GK with the co-occurrence of pND6-2 was around 96%,
which was slightly lower than that in its native host ND6. Strik-
ingly, only 17% of KT2440K still harbored plasmid pND6-2 in the
absence of pND6-1, indicating that the stability of pND6-2 was
lower without the co-occurrence of pND6-1.

Furthermore, we detected the expression level of genes for repli-
cation and partition of plasmid pND6-2 and the chromosome in
wild-type ND6 strain and pND6-1 elimination derivative (Fig. 4).
These results supported the hypothesis that the presence of pND6-
1 helps increase the stability of plasmid pND6-2. Plasmid pND6-2
contained one putative replicase-encoding gene repB. According to
the report [40], the RepB (iteron-type) replication system has unique
features among plasmid-encoded proteins involved in rolling-circle
replication or conjugative mobilization. After curing the pND6-1
plasmid, the mRNA level of repB gene decreased by 33% in ND6dp1
compared with that in wild ND6, although the transcription level
of parA remained basically unchanged. The decreased expression
level of key genes in replication and partition systems may con-
tribute to the decreased stability of plasmid pND6-2 in ND6dp1.
These results emphasized our inference that the two co-resident
plasmids pND6-1 and pND6-2 interact to influence the stability of
plasmid pND6-2. Currently, research on the interactions of co-
resident plasmids is still limited [26]. Agrobacterium tumefaciens har-
bors two distinct megaplasmids, which confer virulence and compet-
itiveness in the rhizosphere. The measured costs of two plasmids in
the same host were not equal to the sum of single plasmid costs,
which were significantly lower than expected. This phenomenon
suggested that the complex epistatic interactions between two natu-
rally co-existing megaplasmids could significantly influence the fit-
ness of different plasmids. Furthermore, the presence of a potential
synergistic relationship between co-occurring plasmids leads to
improve plasmid stability. However, considering the observed influ-
ence of environmental factors on the plasmid’s costs and benefits to
the hosts, this synergistic relationship between co-resident plasmids
may not be stable [41].

3.3. Curing plasmid pND6-1 diminished conjugative transfer of pND6-2

As per our previous report, both the co-resident plasmids
pND6-1 and pND6-2 in ND6 strain could transfer to the recipient
KT2440 through the single conjugative system encoded by
Fig. 4. The transcription level of genes for replication and partition systems of chromoso
for each gene are internally normalized to the 16S rRNA gene of each strain. Each
* P-value < 0.05.
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pND6-2, though the transfer efficiency of pND6-1 plasmid was
much lower than that of pND6-2 in both filter and liquid mating
tests [5]. Gama et al. studied the interaction between two plasmids
co-resident in the same host. One plasmid usually has a negative
impact on the other co-existing plasmid, including reducing the
conjugative efficiency of each plasmid, which may be due to the
higher fitness cost imposed on host cells [11]. However, the related
experiments were carried out to explore the influence of pND6-1
on a transfer profile of pND6-2. Here, we compared the transfer
efficiency of plasmid pND6-2 in ND6 and ND6dp1 with different
recipients (Fig. 5). The transfer efficiencies of pND6-2 in wild
ND6 strain with the co-resident of pND6-1 were significantly
higher than those in ND6dp1 in the absence of pND6-1 in all three
recipients. Especially with P. putida KT2440 and P. fluorescens Pf0-
1L as the recipient, the conjugative frequency of pND6-2 in ND6
was 6.3- and 3.9-fold that in ND6dp1, respectively. These results
indicated that the elimination of pND6-1 markedly decreased the
plasmid transfer efficiency of pND6-2 under the experimental con-
ditions of the conjugation of the selected recipients. The consistent
results were also observed from the transcript level analyses of
three core coding genes (dotG, dotB, and pilQ) of conjugation sys-
tem of pND6-2 (Fig. 6). As expected, the mRNA levels of all three
conjugative genes in wild ND6 strain were higher than those in
ND6dp1 by 24–70.4-fold.

Contrary to our results, it has been reported that the presence of
the megaplasmid Csp_135p in N1-4 (HMT) impaired the plasmid
transfer efficiency of pMTL82151, pMTL83151, pMTL85151,
pMTL82151-Hox, pMTL82151-GLE, and pMTL82151-icmAB [24].
Thus, they proposed that the elimination of the endogenous
megaplasmid may be an efficient strategy to promote plasmid
transfer. However, in our study, both the analysis of conjugation
efficiency and the transcription levels of conjugative genes indi-
cated that the presence of pND6-1 improved the conjugative
behaviors of plasmid pND6-2. One of the potential explanations
for this phenomenon is that the potential regulators encoded in
plasmid pND6-1 could increase the expression of conjugative sys-
tem of pND6-2. The transcription and translation factors in both
co-resident plasmids could influence the expression of genes on
the other plasmid. Similar research has been reported on the inter-
action between At and Ti plasmids in Agrobacterium tumefaciens.
Lang et al. illustrated that an opine-dependent transcriptional
repressor encoded in the Ti plasmid could affect the conjugation
profile of the co-occurring At plasmid [42]. Another obvious piece
of evidence revealing the interaction regulation between At and Ti
me and plasmid pND6-2 in ND6 (1) and ND6dp1 (2). The relative amounts of mRNA
value represents three replicates. Statistical significance is indicated as follows:



Fig. 6. The transcription level of key conjugation genes dotG, dotB and pilQ in ND6 (1) and ND6dp1 (2). The relative amounts of mRNA for each gene are internally normalized
to the 16S rRNA gene of each strain. Each value represents three replicates. Statistical significance is indicated as follows: ****P-value < 0.0001; * P-value < 0.05.

Fig. 5. The conjugative frequency of plasmid pND6-2 with different recipients. Plasmid-harboring strains of ND6 (1) or ND6dp1 (2) were used as donors. Pseudomonas putida
KT2440, P. fluorescens Pf0-1L and P. resinovorans CA10L was used as the recipient strain. Cell mixtures were incubated for mating on a solid-agar LB plate surface for 24 h at
30�C. Error bars represent the standard deviation of triplicate trials. Statistical significance is indicated as follows: * P-value < 0.05; ns, not significant.
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plasmids is that the presence of plasmid At has decreased the
expression of vir genes on Ti plasmid, leading to decreased costs
for hosts harboring both plasmids in the presence of selective pres-
sure [26]. Therefore, co-evolution of co-occurring plasmids could
generate complex interactions between plasmids, resulting in the
influence of one plasmid on the other.

It is noteworthy that the transfer efficiencies of pND6-2 from P.
putida ND6 to P. putida KT2440 and P. fluorescens Pf0-1L were much
higher than that to P. resinovorans CA10L by 9.7- and 9.5-fold,
respectively (Fig. 5). Furthermore, a similar tendency was observed
with ND6dp1 as the donor. These results suggested that plasmid
pND6-2 could be transferred from P. putida ND6 to different Pseu-
domonas spp. with different frequencies. Sakuda et al. revealed the
conjugative selectivity of plasmids R388 (IncW), pB10 (IncP-1b),
pCAR1 (IncP-7), and NAH7 (IncP-9) with P. putida KT2440 and P.
resinovorans CA10dm4 as the recipients [43]. This may be attribu-
ted to the interactions between the plasmid and the recipient chro-
mosome during transcriptional regulation of transfer genes
[44,45]. The plasmid stability and genotype might be affected by
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chromosome modification system of the host, such as methylation,
restriction endonuclease system, and clustered regularly inter-
spaced short palindromic repeat (CRISPR)-Cas system. The
CRISPR-Cas system provides prokaryotic organisms with an effi-
cient defense mechanism to degrade heterogeneous DNA [46,47].
Richter et al. proposed that increasing a new spacer in the type I-
F CRISPR-Cas system would lead to the elimination of the plasmid
and that increasing the number of spacers would diminish the con-
jugative transfer efficiency [48]. Furthermore, CA10L is a derivative
of P. resinovorans CA10 that eliminates the IncP-7 plasmid pCAR1.
CA10L, as a natural host of IncP-7 pCAR1 plasmid, may have better
compatibility with IncP-7 plasmid than pND6-2, which does not
belong to IncP-7 group. This could result in the degradation of
pND6-2 in CA10L and diminish the conjugative efficiency.

In this study, the pND6-1 plasmid was successfully eliminated
from P. putida ND6 by an incompatible method, the result of which
confirmed for the first time that pND6-1 belonged to IncP-7 plas-
mid. Furthermore, the results demonstrated that the elimination
of plasmid pND6-1 slightly enhanced the cell growth rate in
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wild-type host but decreased the plasmid stability in both the host
strains ND6 and KT2440. In addition, the transfer efficiency of plas-
mid in different recipients decreased in different extents. The
results showed a clear demonstration of intricate interactions
between two naturally co-resident megaplasmids, pND6-1 and
pND6-2, that significantly affect plasmid behaviors, including plas-
mid stability and conjugation. By exploring the conjugation and
stability of plasmid pND6-1 to pND6-2, the study on the relation-
ship between the two endogenous plasmids in ND6 was promoted.
In addition, it also indicates the importance of interactions
between co-occurring plasmids, although genomics and transcrip-
tomics should be complemented with metabolomic and proteomic
analyses to reveal the potential interaction mechanisms.
Author contributions

-Study conception and design: S Li; W Yan.
-Data collection: S Wang.
-Analysis and interpretation of results: S Wang; M Liu.
-Draft manuscript preparation: S Wang; D Wang.
-Revision of the results and approved the final version of the

manuscript: S Wang; S Li.
Financial support

This work was supported by the National Natural Science Foun-
dation of China (Grant NO. 31670512), Natural Science Basic
Research Plan in Shaanxi Province of China (Program No.
2018JM3039).
Conflict of interest

None.

Acknowledgments

We thank Prof. Hideaki Nojiri and Chiho Suzuki-Minakuchi for
providing plasmid pUCARori004DparA, P. fluorescens Pf0-1L, P.
resinovans CA10L strain and their guidance in curing plasmid
pND6-1.

References

[1] Shen Z, Tang CM, Liu GY. Towards a better understanding of antimicrobial
resistance dissemination: What can be learnt from studying model conjugative
plasmids? Mil Med Res 2022;9(1):3. https://doi.org/10.1186/s40779-021-
00362-z. PMid: 35012680.

[2] Harrison E, Brockhurst MA. Plasmid-mediated horizontal gene transfer is a
coevolutionary process. Trends Microbiol 2012;20(6):262–7. https://doi.org/
10.1016/j.tim.2012.04.003. PMid: 22564249.

[3] Svara F, Rankin DJ. The evolution of plasmid-carried antibiotic resistance. BMC
Evol Biol 2011;11:130. https://doi.org/10.1186/1471-2148-11-130. PMid:
21595903.

[4] Ilangovan A, Connery S, Waksman G. Structural biology of the Gram-negative
bacterial conjugation systems. Trends Microbiol 2015;23(5):301–10. https://
doi.org/10.1016/j.tim.2015.02.012. PMid: 25825348.

[5] Wang S, Li S, Du D, et al. Conjugative transfer of megaplasmids pND6-1 and
pND6-2 enhancing naphthalene degradation in aqueous environment:
Characterization and bioaugmentation prospects. Appl Microbiol Biotechnol
2020;104(2):861–71. https://doi.org/10.1007/s00253-019-10273-8. PMid:
31822981.

[6] Low HH, Gubellini F, Rivera-Calzada A, et al. Structure of a type IV secretion
system. Nature 2014;508:550–3. https://doi.org/10.1038/nature13081. PMid:
24670658.

[7] Vogwill T, MacLean RC. The genetic basis of the fitness costs of antimicrobial
resistance: A meta-analysis approach. Evol Appl 2015;8(3):284–95. https://
doi.org/10.1111/eva.12202. PMid: 25861386.

[8] Ramisse V, Patra G, Garrigue H, et al. Identification and characterization of
Bacillus anthracis by multiplex PCR analysis of sequences on plasmids pXO1
and pXO2 and chromosomal DNA. FEMS Microbiol Lett 1996;145(1):9–16.
https://doi.org/10.1016/0378-1097(96)00358-8.
81
[9] Moënne-Loccoz Y, Weaver RW. Plasmids and saprophytic growth of Rhizobium
leguminosarum bv. Trifolii W14–2 in soil. FEMS Microbiol Ecol 1995;18
(2):139–44. https://doi.org/10.1016/0168-6496(95)00050-k.

[10] Gama JA, Zilhão R, Dionisio F. Multiple plasmid interference-Pledging
allegiance to my enemy’s enemy. Plasmid 2017;93:17–23. https://doi.org/
10.1016/j.plasmid.2017.08.002. PMid: 28842133.

[11] Gama JA, Zilhão R, Dionisio F. Conjugation efficiency depends on intra and
intercellular interactions between distinct plasmids: Plasmids promote the
immigration of other plasmids but repress co-colonizing plasmids. Plasmid
2017;93:6–16. https://doi.org/10.1016/j.plasmid.2017.08.003. PMid:
28842132.

[12] Foley SL, Kaldhone PR, Ricke SC, et al. Incompatibility group I1 (IncI1)
plasmids: Their genetics, biology, and public health relevance. Microbiol Mol
Bio Rev 2021;85(2):e00031–e120. https://doi.org/10.1128/MMBR.00031-20.
PMid: 33910982.

[13] San Millan A, Heilbron K, MacLean RC. Positive epistasis between co-infecting
plasmids promotes plasmid survival in bacterial populations. ISME J 2014;8
(3):601–12. https://doi.org/10.1038/ismej.2013.182. PMid: 24152711.

[14] Silva RF, Mendonça SCM, Carvalho LM, et al. Pervasive sign epistasis between
conjugative plasmids and drug-resistance chromosomal mutations. PLoS
Genet 2011;7(7):e1002181. https://doi.org/10.1371/journal.pgen.1002181.
PMid: 21829372.

[15] Li S, Zhao H, Li Y, et al. Complete genome sequence of the naphthalene-
degrading Pseudomonas putida strain ND6. J Bacteriol 2012;194(18):5154–5.
https://doi.org/10.1128/JB.01190-12. PMid: 22933774.

[16] Li S, Zhao H, Li Y, et al. Complete nucleotide sequence of plasmid pND6-2 from
Pseudomonas putida ND6 and characterization of conjugative genes. Gene
2013;512(1):148–56. https://doi.org/10.1016/j.gene.2012.09.065. PMid:
23046581.

[17] Vengadesh L, Chan KG, Lee LH. An insight of traditional plasmid curing in
Vibrio species. Front Microbiol 2015;6:735. https://doi.org/10.3389/
fmicb.2015.00735.

[18] Lu C, Wu H, Su X, et al. Elimination of indigenous linear plasmids in
Streptomyces hygroscopicus var. Jinggangensis and Streptomyces sp. FR008 to
increase validamycin A and candicidin productivities. Appl Microbiol
Biotechnol 2017;101(10):4247–57. https://doi.org/10.1007/s00253-017-
8165-0. PMid: 28238083.

[19] Tian H, Liu B, Yang J, et al. Genetic transformation system for Bacillus
velezensis NSZ-YBGJ001 and curing of the endogenous plasmid pBV01.
Biotechnol Lett 2021;43(8):1595–605. https://doi.org/10.1007/s10529-021-
03127-9. PMid: 34003400.

[20] Zuo FL, Chen LL, Zeng Z, et al. The native plasmid pML21 plays a role in stress
tolerance in Enterococcus faecalis ML21, as analyzed by plasmid curing using
plasmid incompatibility. Appl Biochem Biotechnol 2016;178(3):451–61.
https://doi.org/10.1007/s12010-015-1886-6. PMid: 26519343.

[21] Nelson KE, Weinel C, Paulsen IT, et al. Complete genome sequence and
comparative analysis of the metabolically versatile Pseudomonas putida
KT2440. Environ Microbiol 2002;4(12):799–808. https://doi.org/10.1046/
j.1462-2920.2002.00366.x. PMid: 12534463.

[22] Shintani M, Yamane H, Nojiri H. Behavior of various hosts of the IncP-7
carbazole-degradative plasmid pCAR1 in artificial microcosms. Biosci
Biotechnol Biochem 2010;74(2):343–9. https://doi.org/10.1271/bbb.90675.
PMid: 20139612.

[23] Li W, Shi J, Wang X, et al. Complete nucleotide sequence and organization of
the naphthalene catabolic plasmid pND6-1 from Pseudomonas sp. strain ND6.
Gene 2004;336(2):231–40. https://doi.org/10.1016/j.gene.2004.03.027. PMid:
15246534.

[24] Gu YY, Feng J, Zhang ZT, et al. Curing the endogenous megaplasmid in
Clostridium saccharoperbutylacetonicum N1–4 (HMT) using CRISPR-Cas9 and
preliminary investigation of the role of the plasmid for the strain metabolism.
Fuel 2019;236:1559–66. https://doi.org/10.1016/j.fuel.2018.09.030.

[25] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-DDC

T method. Methods 2001;25(4):402–8.
https://doi.org/10.1006/meth.2001.1262. PMid: 11846609.

[26] Morton ER, Platt TG, Fuqua C, et al. Non-additive costs and interactions alter
the competitive dynamics of co-occurring ecologically distinct plasmids. Proc
Biol Sci 2014;281(1779):20132173. https://doi.org/10.1098/rspb.2013.2173.
PMid: 24500159.

[27] Pena-Gonzalez A, Rodriguez RL, Marston CK, et al. Genomic characterization
and copy number variation of Bacillus anthracis plasmids pXO1 and pXO2 in a
historical collection of 412 strains. mSystems 2018;3(4):e00065–e118.
https://doi.org/10.1128/mSystems.00065-18. PMid: 30116789.

[28] Gama JA, Zilhao R, Dionisio F. Co-resident plasmids travel together. Plasmid
2017;93:24–9. https://doi.org/10.1016/j.plasmid.2017.08.004. PMid:
28842131.

[29] Jang YJ, Kim SA, Seo SO, et al. Plasmid curing resulted in improved
heterologous gene expression in Leuconostoc citreum EFEL2700. Lett Appl
Microbiol 2019;68(5):430–6. https://doi.org/10.1111/lam.13118. PMid:
30663071.

[30] Feng J, Gu YY, Wang JQ, et al. Curing the plasmid pMC1 from the poly (c-
glutamic Acid) producing Bacillus amyloliquefaciens LL3 strain using plasmid
incompatibility. Appl Biochem Biotech 2013;171(2):532–42. https://doi.org/
10.1007/s12010-013-0382-0. PMid: 23873640.

[31] Shintani M, Yano H, Habe H, et al. Characterization of the replication,
maintenance, and transfer features of the IncP-7 plasmid pCAR1, which
carries genes involved in carbazole and dioxin degradation. Appl Environ

https://doi.org/10.1186/s40779-021-00362-z
https://doi.org/10.1186/s40779-021-00362-z
https://doi.org/10.1016/j.tim.2012.04.003
https://doi.org/10.1016/j.tim.2012.04.003
https://doi.org/10.1186/1471-2148-11-130
https://doi.org/10.1016/j.tim.2015.02.012
https://doi.org/10.1016/j.tim.2015.02.012
https://doi.org/10.1007/s00253-019-10273-8
https://doi.org/10.1038/nature13081
https://doi.org/10.1111/eva.12202
https://doi.org/10.1111/eva.12202
https://doi.org/10.1016/0378-1097(96)00358-8
https://doi.org/10.1016/0168-6496(95)00050-k
https://doi.org/10.1016/j.plasmid.2017.08.002
https://doi.org/10.1016/j.plasmid.2017.08.002
https://doi.org/10.1016/j.plasmid.2017.08.003
https://doi.org/10.1128/MMBR.00031-20
https://doi.org/10.1038/ismej.2013.182
https://doi.org/10.1371/journal.pgen.1002181
https://doi.org/10.1128/JB.01190-12
https://doi.org/10.1016/j.gene.2012.09.065
https://doi.org/10.3389/fmicb.2015.00735
https://doi.org/10.3389/fmicb.2015.00735
https://doi.org/10.1007/s00253-017-8165-0
https://doi.org/10.1007/s00253-017-8165-0
https://doi.org/10.1007/s10529-021-03127-9
https://doi.org/10.1007/s10529-021-03127-9
https://doi.org/10.1007/s12010-015-1886-6
https://doi.org/10.1046/j.1462-2920.2002.00366.x
https://doi.org/10.1046/j.1462-2920.2002.00366.x
https://doi.org/10.1271/bbb.90675
https://doi.org/10.1016/j.gene.2004.03.027
https://doi.org/10.1016/j.fuel.2018.09.030
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1098/rspb.2013.2173
https://doi.org/10.1128/mSystems.00065-18
https://doi.org/10.1016/j.plasmid.2017.08.004
https://doi.org/10.1111/lam.13118
https://doi.org/10.1007/s12010-013-0382-0
https://doi.org/10.1007/s12010-013-0382-0


S. Wang, M. Liu, D. Wang et al. Electronic Journal of Biotechnology 59 (2022) 74–82
Microbiol 2006;72(5):3206–16. https://doi.org/10.1128/AEM.72.5.3206-
3216.2006. PMid: 16672459.

[32] Shintani M, Takahashi Y, Yamane H, et al. The behavior and significance of
degradative plasmids belonging to Inc groups in Pseudomonas within natural
environments and microcosms. Microbes Environ 2010;25(4):253–65. https://
doi.org/10.1264/jsme2.me10155. PMid: 21576880.

[33] San Millan A, Maclean RC. Fitness costs of plasmids: A limit to plasmid
transmission. Microbiol Spectr 2017;5(5). https://doi.org/10.1128/
microbiolspec.MTBP-0016-2017. PMid: 28944751.

[34] Dorado-Morales P, Garcillán-Barcia MP, Lasa I, et al. Fitness cost evolution of
natural plasmids of Staphylococcus aureus. mBio 2021;12(1):e03094–120.
https://doi.org/10.1128/mBio.03094-20.

[35] San Millan A, Toll-Riera M, Qi Q, et al. Interactions between horizontally
acquired genes create a fitness cost in Pseudomonas aeruginosa. Nat Commun
2015;6:6845. https://doi.org/10.1038/ncomms7845. PMid: 25897488.

[36] Bottery MJ, Wood AJ, Brockhurst MA. Adaptive modulation of antibiotic
resistance through intragenomic coevolution. Nat Ecol Evol 2017;1(9):1364–9.
https://doi.org/10.1038/s41559-017-0242-3. PMid: 28890939.

[37] Baltrus DA. Exploring the costs of horizontal gene transfer. Trends Ecol Evol
2013;28(8):489–95. https://doi.org/10.1016/j.tree.2013.04.002. PMid:
23706556.

[38] DelaFuente J, Rodriguez-Beltran J, San MA. Methods to study fitness and
compensatory adaptation in plasmid-carrying bacteria. Methods Mol Biol
2020;2075:371–82. https://doi.org/10.1007/978-1-4939-9877-7_26. PMid:
31584176.

[39] Ma T, Fu J, Xie N, et al. Fitness cost of blaNDM-5-carrying p3R-IncX3 plasmids
in wild-type NDM-free Enterobacteriaceae. Microorganisms 2020;8(3):377.
https://doi.org/10.3390/microorganisms8030377. PMid: 32156014.

[40] Ruiz-Masó J, Lurz R, Espinosa M, et al. Interactions between the RepB initiator
protein of plasmid pMV158 and two distant DNA regions within the origin of
82
replication. Nucleic Acids Res 2007;35(4):1230–44. https://doi.org/
10.1093/nar/gkl1099. PMid: 17267412.

[41] De Visser J, Cooper T, Elena S. The causes of epistasis. Proc Roy Soc B: Biol Sci
2011;278(1725):3617–24. https://doi.org/10.1098/rspb.2011.1537. PMid:
21976687.

[42] Lang J, Planamente S, Mondy S, et al. Concerted transfer of the virulence Ti
plasmid and companion at plasmid in the Agrobacterium tumefaciens-
induced plant tumour. Mol Microbiol 2013;90(6):1178–89. https://doi.org/
10.1111/mmi.12423. https://doi.org/10.1111/mmi.12423. PMid: 24118167.

[43] Sakuda A, Suzuki-Minakuchi C, Okada K, et al. Conjugative selectivity of
plasmids is affected by coexisting recipient candidates. mSphere 2018;3(6):
e00490–e518. https://doi.org/10.1128/mSphere.00490-18.

[44] Li YG, Christie PJ. The Trak accessory factor activates substrate transfer
through the pKM101 type IV secretion system independently of its role in
relaxosome assembly. Mol Microbiol 2020;114(2):214–29. https://doi.org/
10.1111/mmi.14507. PMid: 32239779.

[45] Rehman S, Li YG, Schmitt A, et al. Enterococcal PcfF is a Ribbon-Helix-Helix
protein that recruits the relaxase PcfG through binding and bending of the oriT
sequence. Front Microbiol 2019;10:958. https://doi.org/10.3389/
fmicb.2019.00958. PMid: 31134011.

[46] Seronick E, Son J, Michael C, et al. CRISPR/Cas9 genome editing system
confirms centriolin’s role in cytokinesis. BMC Res Notes 2022;15(1):8. https://
doi.org/10.1186/s13104-021-05898-w. PMid: 35012607.

[47] Chavez-Granados PA, Manisekaran R, Acosta-Torres LS, et al. CRISPR/Cas9
gene-editing technology and its advances in dentistry. Biochimie
2021;194:96–107. https://doi.org/10.1016/j.biochi.2021.12.012. PMid:
34974144.

[48] Richter C, Dy RL, McKenzie RE, et al. Priming in the Type I-F CRISPR-Cas system
triggers strand-independent spacer acquisition, bi-directionally from the
primed protospacer. Nucleic Acids Res 2014;42(13):8516–26. https://doi.org/
10.1093/nar/gku527. PMid: 24990370.

https://doi.org/10.1128/AEM.72.5.3206-3216.2006
https://doi.org/10.1128/AEM.72.5.3206-3216.2006
https://doi.org/10.1264/jsme2.me10155
https://doi.org/10.1264/jsme2.me10155
https://doi.org/10.1128/microbiolspec.MTBP-0016-2017
https://doi.org/10.1128/microbiolspec.MTBP-0016-2017
https://doi.org/10.1128/mBio.03094-20
https://doi.org/10.1038/ncomms7845
https://doi.org/10.1038/s41559-017-0242-3
https://doi.org/10.1016/j.tree.2013.04.002
https://doi.org/10.1007/978-1-4939-9877-7_26
https://doi.org/10.3390/microorganisms8030377
https://doi.org/10.1093/nar/gkl1099
https://doi.org/10.1093/nar/gkl1099
https://doi.org/10.1098/rspb.2011.1537
https://doi.org/10.1111/mmi.12423.https://doi.org/10.1111/mmi.12423
https://doi.org/10.1111/mmi.12423.https://doi.org/10.1111/mmi.12423
https://doi.org/10.1128/mSphere.00490-18
https://doi.org/10.1111/mmi.14507
https://doi.org/10.1111/mmi.14507
https://doi.org/10.3389/fmicb.2019.00958
https://doi.org/10.3389/fmicb.2019.00958
https://doi.org/10.1186/s13104-021-05898-w
https://doi.org/10.1186/s13104-021-05898-w
https://doi.org/10.1016/j.biochi.2021.12.012
https://doi.org/10.1093/nar/gku527
https://doi.org/10.1093/nar/gku527

	Plasmid pND6-1 enhances the stability and conjugative transfer �of co-resident companion plasmid pND6-2 in the �naphthalene-degradative Pseudomonas putida strain ND6
	1 Introduction
	2 Materials and methods
	2.1 Strains, plasmid, and culture conditions
	2.2 DNA manipulation
	2.3 Curing plasmid pND6-1 by plasmid incompatibility
	2.3.1 Preparation of competent ND6 cells for electroporation
	2.3.2 Introduction of the incompatible plasmid into ND6 by electroporation

	2.4 Assessment of growth and plasmid stability
	2.5 Filter mating assay
	2.6 Analysis of gene transcription by real&#x02011;time quantitative PCR (RT-qPCR)
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Curing plasmid pND6-1 increased cellular growth
	3.2 Curing plasmid pND6-1 decreased the stability of pND6-2
	3.3 Curing plasmid pND6-1 diminished conjugative transfer of pND6-2

	Author contributions
	Financial support
	Conflict of interest
	Acknowledgments
	References


