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1

(Incompatibility; Inc) 

pCAR1 (IncP-7) NAH7 (IncP-9)

pB10 (IncP-1) R388 (IncW) 4 pCAR1

Pseudomonas resinovorans CA10 pCAR1

(CA10dm4 ) Pseudomonas putida KT2440

[1] 

“ ” 



2

1 1 (1:1 )

1 2 (1:2 )

4

P. putida P. 

putida P. resinovorans 1:1

1:2

[ (CFU/mL)

(CFU/mL)] 1:1

P. putida

1:2

P. putida

pCAR1 P. resinovorans

3 P. putida NAH7 1:2

P. resinovorans ( 1) P. resinovorans

1:2

[2]

P. putida 1:2 NAH7 P. resinovorans

3 4

3

P. putida

(1:2 P. putida ) P. putida

( 6.0 Mb) 100 150 kb bacterial artificial chromosome (BAC) 

P. resinovorans

300 1:2 NAH7 16

10 P. putida ( )

(

complex) 5

1. 4 1:1 ( ) 1:2 ( )
(transfer frequency: TF)



P. putida outer membrane protein H1 (OprH) pCAR1

OprH OprH

oprH 1:2 oprH

1:1 1:2

OprH

OprH NAH7

MpfD P. putida P. resinovorans OprH

GST MpfD

His OprH MpfD P. putida

OprH P. resinovorans OprH

OprH

MpfD

P. putida

MpfD SDS-PAGE

4

2 4 NAH7

NAH7

(Tn) 

260 1:2 P. putida P. resinovorans 8

Tn 6

Tn4655 Tn4655

NAH7 1:2

Tn4655

NAH7 pWW0 (IncP-9) 

P. putida 1:1 NAH7 P. putida

NAH7 pWW0 1:2

1:1 2

NAH7 pWW0



5
pCAR1

(Ca2+ Mg2+)

5 Pseudomonas

IncP-7

oprH
pCAR1 P. fluorescens

oprH P. putida

OprH
( 2) OprH

[3]

6
2

OprH MpfD
OprH

(conjugative host range)
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Ap ampicillin

APS ammonium persulfate

bp base pairs

BSA bovine serum albumin 

CF carbon free

CFU colony forming unit

CMC critical micelle concentration

CTAB hexadecyltrimethyl ammonium bromide

DIG digoxigenin

DHPC 1,2-dihexanoyl-sn-glycero-3-phosphocholine

EDTA ethylendiamine tetraacetic acid

Gm gentamicin

GST glutathione S-transferase

Inc incompatibility

IPTG isopropyl β-D-thiogalactopyranoside

ITC isothermal titration calorimetry

kb kilo bases

Km kanamycin

OD optical density

ORF open reading frame

PAGE polyacrylamide gel electrophoresis

PCR polymerase chain reaction

Rif rifampicin

rpm round per minute

RT room temperature

SDS sodium dodecylsulfate

TAE tris-acetate-EDTA

Tc tetracycline

Tris tris (hydroxymethyl) aminomethane
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1-1. 
(horizontal gene transfer; HGT)

88 98%

[Treangen and Rocha, 2011]

(transformation)  (conjugation)

(transduction) (Fig. 1-1) [Frost et al., 2005]

 (mobile genetic elements; MGEs)

gene transfer agents (GTAs) 

 [Solioz et al., 1975; Lang et al., 2012] cell fusion

membrane vesicles (MV)  [Kolling and Matthews, 1999,

Domingues amd Nielsen, 2017] nanotubes [Dubey and Ben-Yehuda, 2011] 

 [Amabile-Cuevas and 

Chicurel, 1992; Halary et al., 2010]

 [Lacroix and Citovsky, 2016]

 [Norman et al., 2009]

[Springael and 

Top, 2004; Tsuda et al., 2014]

1



Fig. 1-1. [Frost et al., 2005 Fig. 1 ]
(transduction);

( ) (generalized
transduction) DNA ( ) (specialized transduction)

(conjugation); (pili)
DNA ( ) DNA

( ) DNA
( )

(transformation); DNA ( )
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1-2. 

 [ , 1976; Thomas, 2000]

Escherichia coli

DNA

DNA (ssDNA) DNA  (mobilization; MOB)

ssDNA  (mating-

pair formation; MPF) [Smillie et al., 2010] MOB

oriT relaxase coupling protein MPF DNA

coupling protein MPF relaxase-ssDNA

T4SS DNA (Fig. 1-2) [Williams and Hergenrother, 2008; 

Grohman et al., 2018]

. Relaxase DNA oriT

. Relaxase DNA nic site (nick) DNA

Nick DNA 5’ relaxase N tyrosine

relaxase-ssDNA [Gonzalez-Perez et al., 2007]

. Nick DNA rolling-circle DNA

. Relaxase tyrosine DNA nick relaxase-ssDNA

. Relaxase-ssDNA coupling protein MPF T4SS

ssDNA relaxase

. ssDNA DNA

[Draper et al., 2005; Garcillán-Barcia et al., 2009]

MPF (type IV secretion system; T4SS) T4SS

P-type F-type I-type (Fig. 1-3) [Christie, 2016; Chandran 

Darbari and Waksman, 2015] P-type T4SS Agrobacterium 

tumefaciens Ti [Christie, 2004] R388 (Incompatibility group (Inc)

W; 1-4. ) [Datta and Hedges, 1972; Fernández-López 

et al., 2012; Low et al., 2014] F-type F (IncF) 

[Lawley et al., 2003] I-type R64 (IncI1) [Komano et al., 2000]

Legionella pneumophila Dot/Icm [Segal et al., 2005] 
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Fig. 1-2. [Williams and Hergenrother, 2008 Fig. 3
]

R388
Relaxase relaxase ( ) helicase ( )
Relaxase DNA (T-strand)

(oriT) Relaxase nic site (nick) DNA
Nick DNA 5’ relaxase N 18

tyrosine ( ) relaxase-ssDNA Nick
DNA rolling-circle 26

tyrosine ( ) nick T-strand ( )
Relaxase-ssDNA

DNA
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Fig. 1-3. T4SS [Christie, 2016 Fig. 1 ]
T4SS P F I (P-type) A. tumefaciens VirB/VirD4

IMC inner membrane complex OMC
outer membrane complex PG Hydrolase peptidoglycan hydrolase T4CP type IV coupling
protein (F-type) virB/virD4

F-pili /
surface exclusion

tra trb (I-type) virB/virD4
I-type inner membrane

T4CP
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P-type T4SS Ti VirB/VirD4

R388 T4SS

(Fig. 1-4) VirB/VirD4 VirB1 VirB2 VirB3

VirB4 VirB5 VirB6 VirB7 VirB8 VirB9 VirB10 VirB11 VirD4 12

VirB/VirD4 (pilus) outer membrane complex 

(OMC) inner membrane complex (IMC) coupling protein ATPase

VirB2 VirB5

[Yeo et al., 2003] transglycosylase VirB1

T4SS OMC VirB7

VirB9 VirB10 IMC VirB8 VirB6

VirB3 VirB8 VirB6

MPF

relaxase-ssDNA coupling protein VirD4 relaxase

VirB10 [Cascales et al., 2005] ATPase

VirD4 VirB11 VirB4 DNA

(Fig. 1-5) [Cabezón et al., 2015]

6



Fig. 1-4. IV (T4SS) [Christie, 2016 Fig. 2 ]
P-type T4SS
A. tumefaciens VirB/VirD4 (A) VirB/VirD4
(pilus) outer membrane complex (OMC) inner membrane complex (IMC) coupling protein
ATPase
VirB2 VirB5 VirB1

OMC VirB7 VirB9 VirB10
IMC VirB5 VirB8 VirB6 VirB3 VirB4 (B)

R388 VirB3 VirB10
IM inner membrane P periplasm OM outer membrane

T-DNA

A B
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Fig. 1-5. DNA [Waksman, 2019 Fig. 5B ]
DNA T4SS VirB11 VirB4

VirB2 VirB4
DNA VirD4 6 relaxase-ssDNA (relaxosome)

VirB4 outer membrane complex
VirB4/VirD4 relaxosome
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1-3. 
A. tumefaciens

T-DNA

A. tumefaciens A. tumefaciens

A. tumefaciens ChvA ChvB PscA Att

Ti

VirA-VirG T4SS vir

vir

2-hydroxy-4,7-dimethoxybenzoxazin-3-one 

(MDIBOA)  [Zhang et al., 2000; Yuan et al., 2007]

vitronection rhicadhesin

 [Wagner and Matthysse, 1992; Swart et al., 1994; Tzfira 

and Citovsky, 2002]

(LPS) outer-membrane protein A (OmpA) F

IncI  ( T4SS

- complex) [Manoil and Rosenbusch, 

1982] LPS IncF IncI

LPS

 [Anthony et al., 1999; Ishiwa and Komano, 2004]

Pseudomonas aeruginosa LPS ICE PAPI-1

PAPI-1 PilV2

PAPI-1 LPS

PAPI-1  [Hong et al., 2017]

pKM101 (IncN) 

Pep

[González-Rivera et al., 2019] Pep

- DNA
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1-4. 
(self-

transmissible) 

(mobilizable) [Smillie et al., 2010]

(replication host range) 

 (broad-host range) 

(narrow-host range) 

 [del Solar et al., 1998; Jain and Srivastava, 2013]

[Pinto et al., 2012]

(incompatibility)  (incompatibility group; Inc)

26 (IncA~IncZ) 

Pseudomonas 14 (IncP-1~IncP-14) 

 [ , 2013]

18 [Taylor et al., 2004]

2010 Smillie

MOB MPF

MOB family relaxase MOBF MOBH

MOBQ MOBC MOBP MOBV [Garcillán-Barcia and de la Cruz, 2009; Smillie

et al., 2010] MPF family T4SS VirB4 MPFI MPFG

MPFT MPFF [Smillie et al., 2010; Guglielmini et al., 2014] 

(Table 1-1) [Yano et al., 2019]

Inc rigid pili

(IncM IncN IncP IncW) thick flexible pili (IncC IncD IncF IncH

IncJ IncT IncV IncX) thin flexible pili (IncI IncB IncK)

 [Bradley, 1980]
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Table 1-1. [Yano et al., 2019 Table 1 ]

a Several Inc. groups are identical; e.g. IncG= IncU.
b Representative plasmids are listed based on Lawley et al., 2004.
c Accession numbers in National Center for Biotechnology Information (NCBI) GenBank and RefSeq (https://www.ncbi.nlm.nih.gov/Sequin/acc.html)
and Wellcome Sanger Institute (prefix “NCTC” https://www.sanger.ac.uk/resources/downloads/plasmids).
d Names of replication initiation protein (RIP). “NA” indicates that the nucleotide sequences of the plasmid are not available.
e Classification of MOB classes and MPF types is based on Smillie et al., 2010 and Guglielmini et al., 2014. “-” indicates that the genes involved in
conjugation have not been detected, whereas “NA” indicates that the nucleotide sequences of the plasmid are not available.
f Plasmid host range determined based on genome sequencing projects (hosts in which a plasmid has been found) and/or filter mating assays.
g Original hosts are unknown because exogenous plasmid capturing was used.
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1-5. 

(1) (2) (3) 

(1)

F

 (Fig. 1-6) tra

PY ArcA

TraJ traJ PJ

cyclic AMP receptor protein (Crp) leucine-responsive regulatory protein (Lrp) 

H-NS

 [Wong et al., 2012]

DNA

 (restriction endonuclease) DNA

 (methyltransferase) 

[Vasu and 

Nagaraja, 2013; Roberts et al., 2015] clustered 

regularly interspaced short palindromic repeat (CRISPR) CRISPR-associated

 (cas) CRISPR/Cas F

type-I CRISPR/Cas [Westra 

et al., 2013; Richter et al., 2014] ssDNA SOS

[Petrova et al., 2009; Baharoglu et al., 2010]

Pseudomonas putida (PTSNtr) 

ptsO NAH7 [Dunn and Gunsalus, 1973; Sota et al.,

2006] E. coli  [Inoue et al.,

2013] Enterococcus faecalis

pCF10

[Mori et al., 1988; Dunny, 2007; Bhatty et al., 2015]

IncW

IncF

[Pérez-Mendoza and de la Cruz, 2009]
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Fig. 1-6. F [Wong et al., 2012 Fig. 1A ]
tra

tra PY
ArcA TraJ traJ PJ

cyclic AMP receptor protein (Crp) leucine-responsive regulatory protein (Lrp)
RNA

FinO traJ mRNA anti-sense RNA FinP traJ
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(2) 

F

RP4 (IncP)

KorA KorB KorC TrbA [Frost and 

Koraimann, 2010] R388

(Fig. 1-7)

[Fernández-López and de la Cruz, 2014]

F

entry/surface exclusion

fertility inhibition (Fig. 1-8)

[Frost and Koraimann, 2010; Wong et al., 2012]

 (toxin-antitoxin: TA)

TA

 (post-segregational killing: PSK)

TA

(Fig. 1-9) [Van Melderen 

and Saavedra De Bast, 2009]

(3)  ( ) 

 (

) pilus blockers

chlorpromazine [Mándi and Molnár, 1981] Zn2+ [Ou, 1973] 

[Lin et al., 2011]

conjugation inhibitors (COINs) COINs

COINs 2-hexadecynoic acid

IncF IncW IncH

[Getino et al., 2015, 2016]

14



Fig. 1-7. IncW IncP [Fernandez-Lopez and de la Cruz,
2014 Fig. 1 ]
IncW IncP

IncW oriV stb stbABC stability
operon mob tra IncP
oriV kla/kle ccr kil-kor tra trb

15



Fig. 1-8. fertility inhibition [Getino et al., 2018 Fig. 3 ]

fertility inhibition
fertility

inhibition
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Fig. 1-9. TA post-segregational killing (PSK) [Van Melderen and
Saavedra De Bast, 2009 Fig. 1 ]
(A)
antitoxin toxin toxin

(post-segregational killing)
(B)

TA PSK
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1-6. 

1-5

pH

[Verma et al., 2002; Beuls et al., 2012, Viljanen and Boratynski, 

1991; van Elsas et al., 2000; Aminov, 2011]

 [Yanagida et al., 2016; 1] 

P. putida SM1443  [Chistensen et al., 1998] 

P. putida KT2440  [Nelson et al., 2002]

Pseudomonas resinovorans CA10dm4 [Shintani et al., 2006]

pCAR1 (IncP-7) [Ouchiyama et al., 1993; Nojiri et al., 2001; Maeda et al.,

2003] NAH7 pCAR1

NAH7

P. resinovorans P. putida

 (Fig. 1-10) [ , 2012]

pCAR1

 ( )

Cl SO42 Ca2+ Mg2+ Fe2+

18
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10-3

10-5

10-7

10-1

10-2

10-4

10-6

10-3

10-5

10-7

P. putida P. resinovorans

NAH7 → P. putida and P. resinovorans

pCAR1 → P. putida and P. resinovorans

Fig. 1-10. [ , 2012 Fig. 1
]

P. putida SM1443 P. putida KT2440 P. resinovorans
CA10dm4 pCAR1 NAH7
1/2LB 3 5 *

(P<0.05)

P. putida P. resinovorans
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Ca2+ Mg2+

pCAR1

[Shintani et al., 2008a] 

2

pCAR1 NAH7 pB10 (IncP-1 ) 

[Schlüter et al., 2003] R388  (P. putida P. resinovorans) 

(1:1 ) (1:2 ) 

2

NAH7 P. putida 1:2 P. resinovorans

3

BAC

outer membrane protein H1 (OprH) 

4

(Tn5)

NAH7 IncP-9 pWW0

5

pCAR1

20



2

2-1. 

Inc 4 pCAR1 (IncP-7) NAH7 (IncP-9 )

pB10 (IncP-1 ) R388 (IncW) P. putida KT2440

P. resinovorans CA10dm4

[Ehlers and Bouwer, 1999; Yanagida et al.,

2016] 4

IV  [Reniero et 

al., 1992; La Rosa et al., 2016]

1:2

[Mori 

et al., 1988; Clewell, 2007; Dunny 2007] P. putida

P. resinovorans   

21



2-2. 

2-2-1. 
Table 2-1

PCR

Table 2-2

2-2-2. 
LB  [Sambrook and Russell, 2001] CF buffer [Shintani et al.,

2005a] Table 2-3 Table 2-4 Table 

2-5  ( )  (

) 1.6% (w/v) LB

LB + ( ) 

37°C 30°C 300

stroke/min 120 rpm

2-2-3. 
3 S3-9. 

P. putida SM1443(pCAR1::rfp) P. putida

KT2440RGdr P. resinovorans CA10dm4RGgfp 1:2 GFP

2

GFP

P. putida P. resinovorans pCAR1 DIG

P. putida parI P. resinovorans PCA10_13490 pCAR1

repA Table 2-2

DNA TA pT7blue-T-vector

DNA

DIG

2-2-4.  ( ) 
3 S3-10.  ( )

lacIq P. putida SM1443 P. 

resinovorans CA10L P. putida KT2440RGdr P. 

resinovorans CA10dm4RGgfp Km

22
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Primer name Sequence Source or reference

pCAR1 ; repA

probe08-F TTGGGATTTACGGGACTGCT Shintani et al., 2008a

probe08-R TCGGATGCCTATCAACGATT Shintani et al., 2008a

NAH7 ; rep
NAH7rep-F AAGAGCTGGTCACGAAGCAT Takahashi et al., 2015

NAH7rep-R ATCGACACCATCCAACGATT Takahashi et al., 2015

pB10 ; trfA
trfA(pBP136)-F CGGTACTTCTCCCACACGAA , 2015

trfA(pBP136)-R CGAGTTCAACGAGCACGAAT , 2015

R388 ; repA

repA(R388)-F GCTGGCTTAGTCGGCTACAT , 2015

repA(R388)-R GCCTCGGGATAGACAATCAA , 2015

P. putida ; parI

PP3700-FNdeI CATATGTCCCCATTAGCCGCTGC Miyakoshi et al., 2007

PP3700-RXbaI TCTAGACTATAGACGCAGATCAAC Miyakoshi et al., 2007

P. resinovorans ; PCA10_13490

PCA10_13490-F GCCTACAAGTTCACCGACCA This study, Sakuda et al., 2018b

PCA10_13490-R GTCCTTGTACTTGCGGTCCA This study, Sakuda et al., 2018b

Table 2-2.  
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Table 2-3. LB  

LB medium

Bacto tryptone 10 g

Yeast extract 5 g

NaCl 10 g

per liter

Table 2-4. CF buffer  

Table 2-5.  

CF buffer

Na2HPO4 2.2 g

KH2PO4 0.8 g

NH4NO3 3.0 g

per liter

Ampicillin Ap 100 g/mL 100 mg/mL H2O 

Gentamicin Gm 30 g/mL 30 mg/mL H2O 

Kanamycin Km 50 g/mL 50 mg/mL H2O 

Rifampicin Rif 25 g/mL 25 mg/mL MeOH

Tetracycline Tc 12.5 g/mL 25 mg/mL 50% EtOH
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pCAR1::rfp NAH7K2 pB10::rfp R388::rfp 4

4 Table 2-6 1:1

1:2 Fig. 2-1

OD600 = 0.2 OD600 = 2.0

200 L 30°C 3 h 100~106

10 L 100 L

LB + (Km) LB + (Gm Rif) 

LB + (Km Gm Rif)

colony forming unit (CFU) /mL

kin index 

(KI) 

KI = r1:2/r1:1, 

r1:2 = “1:2 /1:2 ” 

r1:1 = “1:1 /1:1 ” 

KI KI = 1

1:2 KI > 1

KI < 1

2-2-5. P. resinovorans CA10L(NAH7K2) P. resinovorans CA10L(pB10::rfp) P. 
resinovorans CA10L(R388::rfp)

P. resinovorans P. resinovorans CA10L(NAH7K2)

P. resinovorans CA10L(pB10::rfp) P. resinovorans CA10L(R388::rfp)

Km P. putida SM1443(NAH7K2) P. putida

SM1443(pB10::rfp) P. putida SM1443(R388::rfp) Rif Gm

P. resinovorans CA10dm4RG 3 h

Km Gm Rif

P. resinovorans CA10dm4RG(NAH7K2) P. resinovorans

CA10dm4RG(pB10::rfp) P. resinovorans CA10dm4RG(R388::rfp)

Tc lacIq P. resinovorans CA10L 3 h

Km P. resinovorans CA10L

Tc Km Tc

P. resinovorans CA10L(NAH7K2) P. resinovorans CA10L(pB10::rfp) P. resinovorans

CA10L(R388::rfp)
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LB + (Km)

10³ 10⁴ 10⁵

Kmr

gfp

Donor (Kmr) Recipient (Gmr,Rifr) 

30 C, 3 h

LB + (Gm, Rif)

104 105 106

LB + (Km, Gm, Rif)

with 
GFP

without 
GFP

Donor Recipient Transconjugant

OD600=0.2 OD600=2.0

P. putida
KT2440RGdr

P.resinovorans
CA10dm4RGgfp

or

Fig. 2-1. 1:2

2
GFP
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2-2-6.  ( ) 
3 S3-11.  ( )

2-2-4.  ( )

400 L

Glass Microanalysis Filter Holders (Millipore) Filtering Flasks (Millipore) 

IsoporeTM Membrane Filters (0.2 m GTBP Millipore) LB

30°C 3 h 400 L CF buffer

2-2-7. 
4’,6’-diamidino-2-phenylindole (DAPI) (50 g/mL) RT 30 min

5 L  (LSM 

700 with Airyscan, ZEISS) DAPI GFP

DAPI GFP 405 nm 5 mW 555 

nm 10 mW SP 555 LP 560

3 ZEN (ZEISS Efficient Navigation, ZEISS)

P. putida 4

h P. putida KT2440RGdr

2-2-8. 
Fig. 2-2 P. putida SM1443(NAH7K2) P. resinovorans

CA10dm4RGgfp 2-2-4.  ( )

13,000 rpm RT 1 min P. 

resinovorans CA10dm4RGgfp P. putida KT2440RGdr P. putida

SM1443(NAH7K2) P. putida KT2440RGdr 3 h 3

400 L 0.22 m

30°C 3 h

CFU/mL  { (CFU/mL) /

(CFU/mL)} 

30



30 C, 3 h

P. resinovorans
supernatant

P. putida
supernatant

Supernatant of 
mating mixture

P. putida 
SM1443(NAH7K2)                   

P. resinovorans
CA10dm4RGgfp

Fig. 2-2.
P. putida SM1443(NAH7K2) P. resinovorans CA10dm4RGgfp

0.22 m 30 C 3 h
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2-3.  [ ]

2-3-1. 1:2
1:1 1:2

GFP 2 (Fig. 2-1)

GFP 2

pCAR1 pCAR1::rfp P. 

putida SM1443 P. putida KT2440RGdr P. resinovorans CA10dm4RGgfp

1:2 GFP

P. putida P. resinovorans

pCAR1

pCAR1 Fig. 2-3 pCAR1

GFP P. putida GFP

P. putida GFP P. resinovorans

GFP P. resinovorans

1:2 GFP

2

2-3-2. P. putida
P. putida Fig. 2-4 pCAR1 1:1

P. putida 1.8 × 10-2 P. resinovorans 2.8 × 10-3 1:2

P. putida 1.1 × 10-3 P. resinovorans 5.5 × 10-4

pCAR1 P. putida P. resinovorans

NAH7 1:1 P. putida 3.8 × 10-3 P. resinovorans 2.7 × 10-

4 P. putida

1:2 P. putida 8.2 × 10-4 P. resinovorans

4.4 × 10-8 1:1 P. 

resinovorans P. putida

P. resinovorans

P. putida P. resinovorans 2

pB10 1:1 P. putida 8.4 × 10-3 P. resinovorans

6.7 × 10-3 1:2 P. putida 2.9 × 10-3 P. resinovorans

32



A B C D

Fig. 2-3. 1:2 [Sakuda et al., 2018b, Fig. S2]
P. putida SM1443(pCAR1::rfp) P. putida KT2440RGdr P.

resinovorans CA10dm4RGgfp 1:2
GFP DR46B Transilluminator (Clare Chemical Research)

(A) pCAR1 (B)
P. putida (C) P. resinovorans (D)

pCAR1 repA P. putida parI P. resinovorans
PCA10_13490 PCR DIG DNA

GFP
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TF
 in

 1
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at
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g

TF
 in

1:
1 

m
at

in
g

100

10-2

10-4

10-6

100

10-2

10-4

10-6

*
* *

* *

*

pCAR1 NAH7 pB10 R388

KI

a

c

b b

10-3

10-2

10-1

100

101

Fig. 2-4. P. putida [Sakuda et al., 2018b, Fig. 1A]
P. putida SM1443 P. putida

KT2440RGdr P. resinovorans CA10dm4RGgfp 1:1 ( )
1:2 ( ) (transfer

frequency; TF) 30 C 3 h
3

P. putida
P. resinovorans 2

* (P < 0.05) (n = 3) TF kin index (KI)
a b c

(Kruskal-Wallis test, P < 0.05;
Conover-Iman test P < 0.05, n = 3)
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3.5 × 10-4 R388 1:1 P. putida 8.2 × 10-

3 P. resinovorans 2.1 × 10-3 1:2 P. putida 1.0 × 10-

3 P. resinovorans 4.1 × 10-5

4 1:2

KI pCAR1 NAH7 pB10

R388 3.4 × 10-0 1.7 × 10-3 1.6 × 10-1 1.6 × 10-1

KI pCAR1

3 P. putida P. 

resinovorans

NAH7

2-3-3. P. resinovorans
2-3-2 P. putida P. putida

P. resinovorans

P. putida

P. resinovorans 2-3-2

P. putida KT2440RGdr P. resinovorans CA10dm4RGgfp 1:1

1:2 KI 4

Fig. 2-5 pCAR1 P. resinovorans 1:1

1:2

NAH7 1:1 P. putida 3.4 × 10-4 P. resinovorans 3.4 × 10-3

1:2 P. putida 3.7 × 10-6 P. resinovorans 1.9 × 10-4

1:1 1:2 P. resinovorans

KI = 1.6 × 10-1

pB10 1:1

P. putida 5.7 × 10-3 P. resinovorans 1.5 × 10-2 1:2 P. 

putida 5.9 × 10-4 P. resinovorans 7.2 × 10-3

P. resinovorans KI = 2.3 × 10-1

R388 P. putida 6.9 × 10-4 P. resinovorans 1.5 × 10-2

1:2 P. putida 4.1 × 10-5 P. resinovoran 1.7 × 10-3

P. resinovorans NAH7 pB10
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TF
 in

1:
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m
at

in
g

TF
 in

1:
1 

m
at

in
g

100

10-2

10-4

10-6

100

10-2

10-4

10-6

* * *

*

*

pCAR1 NAH7 pB10 R388

KI

10-3

10-2

10-1

100

101

Fig. 2-5. P. resinovorans [Sakuda et al., 2018b, Fig. 1B]
P. resinovorans CA10L P. putida

KT2440RGdr P. resinovorans CA10dm4RGgfp 1:1 ( )
1:2 ( ) (transfer frequency; TF)

30 C 3 h
3

P. putida P. resinovorans
2 * (P <

0.05) (n = 3) TF kin index (KI)
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KI = 1.3 × 10-0 NAH pB10

P. resinovorans 1:1

1:2 P. resinovorans 3

2-3-2 P. putida

1:1 1:2

P. resinovorans

P. putida

2-3-4. 1:2
2-3-2 2-3-3 2

3 h

1 h 16 h 1 h

3 1

3 3 Fig. 2-

7

1 h 3 h

1 h 3 h

16 h 3 h 2

16 h

1 h 1

3 h 1:2

2-3-5. P. putida
 [Ehlers and

Bouwer, 1999]

 [van Elsas and

Bailey, 2002]

 [Stalder and Top, 2016] 2-3-2 2-3-3
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100
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100
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10-6

100

10-2

10-4

10-6

100

10-2

10-4

10-6

1 h 3 h 16 h
pCAR1 NAH7 pB10 R388A

B

1 h 3 h 16 h 1 h 3 h 16 h 1 h 3 h 16 h

TF
 in
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g

TF
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 1
:2
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g

TF
 in
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in
g

TF
 in

 1
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< 
3.

1
10

-8

< 
6.

6
10

-8

< 
5.

0
10

-8

< 
6.

6
10

-8

1 h 3 h 16 h
pCAR1 NAH7 pB10 R388

1 h 3 h 16 h 1 h 3 h 16 h 1 h 3 h 16 h

Fig. 2-6. [Sakuda et al., 2018b, Fig. S1]
P. putida SM1443 (A) P. resinovorans CA10L

(B) P. putida KT2440RGdr P. resinovorans
CA10dm4RGgfp 1:1 ( ) 1:2 ( )

(transfer frequency; TF) 30 C 1 h 3 h
16 h

3
P. putida P. resinovorans
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P. putida

Fig. 2-7

1:1

1:2 P. putida

pCAR1 1:1 P. putida 9.2 × 10-3 P. resinovorans 2.7 × 10-4

1:2 P. putida 4.0 × 10-3 P. resinovorans 4.0 × 10-5

P. putida P. resinovorans

NAH7 pB10 R388

NAH7 1:1 P. putida 3.3 ×

10-2 P. resinovorans 1.6 × 10-2 1:2 P. putida 3.2

× 10-3 P. resinovorans 1.1 × 10-4 KI = 7.9 × 10-2 pB10

1:1 P. putida 7.4 × 10-2 P. resinovorans 3.1 × 10-2 1:2

P. putida 7.9 × 10-2 P. resinovorans 2.1 × 10-4 KI

= 5.5 × 10-3

R388 1:1 P. putida 3.7 × 10-2 P. resinovorans 1.7 × 10-2

1:2 P. putida 8.0 × 10-5

P. resinovorans

2-3-2 P. putida P. putida

R388 pB10

NAH7 pCAR1

2-3-6. P. resinovorans
P. resinovorans

Fig. 2-8 P. resinovorans  (Fig. 

2-5) NAH7 1:1

P. resinovorans

pCAR1

1:1 P. putida 8.0 × 10-3 P. resinovorans 4.6 

× 10-2 1:2 P. putida 6.6 × 10-4 P. resinovorans 7.6 × 10-3

NAH7 1:1 P. putida 7.7 × 10-1 P. resinovorans 3.5 × 10-1

1:2 P. putida 3.4 × 10-3 P. resinovorans 1.7 × 10-1

KI = 8.4 × 10-3

R388
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pCAR1 NAH7 pB10 R388

TF
 in

1:
1 

m
at

in
g

TF
 in

 1
:2

m
at

in
g

*

*

*

*

< 
1.

1
10

-8

c

< 
3.
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b
a

Fig. 2-7. P. putida [Sakuda et al., 2018b, Fig. 2A]
P. putida SM1443 P. putida

KT2440RGdr P. resinovorans CA10dm4RGgfp 1:1 ( )
1:2 ( ) (transfer

frequency; TF) 30 C 3 h
3

P. putida P. resinovorans
2 *

(P < 0.05) (n = 3) TF kin index (KI) a b
c

(Kruskal-Wallis test, P < 0.05; Conover-Iman test P < 0.05, n = 3)
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pCAR1 NAH7 pB10 R388

100

10-2

10-4

10-6

100

10-2

10-4

10-6

TF
 in

1:
1 

m
at

in
g

TF
 in

1:
2 

m
at

in
g

* * **

*
* *

KI

b
b

a

10-3

10-2

10-1

100

101

a

Fig. 2-8. P. resinovorans [Sakuda et al., 2018b, Fig. 2B]
P. resinovorans CA10L P. putida

KT2440RGdr P. resinovorans CA10dm4RGgfp 1:1 ( )
1:2 ( ) (transfer frequency; TF)

30 C 3 h
3

P. putida P. resinovorans 2
* (P < 0.05) (n = 3) TF

kin index (KI) a b
(Kruskal-Wallis test, P < 0.05;

Conover-Iman test P < 0.05, n = 3)
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P. putida 2.8 × 10-1 P. resinovorans 9.4 × 10-1 1:2 P. 

putida 2.4 × 10-3 P. resinovorans 8.3 × 10-2 KI = 9.7 × 10-2

pB10 1:1 P. putida 3.5 × 10-1 P. resinovorans 9.0 × 10-1

1:2 P. putida 6.2 × 10-2 P. resinovorans 3.3 × 10-1

KI = 4.7 × 10-1

P. resinovorans

NAH7 R388 pB10 pCAR1

2-3-7. 
NAH7

R388 P. putida

pili

[Reniero et al., 1992; La Rosa et al., 2016]

P. putida

KT2440RGdr P. resinovorans CA10dm4RGgfp

P. putida KT2440RGdr P. resinovorans CA10dm4RGgfp

P. resinovorans CA10dm4RGgfp P. resinovorans

CA10dm4RGgfp GFP DAPI

GFP DAPI

DAPI DAPI DAPI

GFP 1:2 Fig. 2-9

4 h P. putida 

KT2440RGdr P. putida P. resinovorans

1:2
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pCAR1 NAH7 pB10 R388

Do
no

r: 
P.

pu
tid

a
Do

no
r:

P.
re

sin
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an

s
Ag

gr
eg

at
ed

 
co

nt
ro

l

20 m

20 m 20 m 20 m 20 m

20 m 20 m 20 m 20 m

Fig. 2-9. 1:2 [Sakuda et al., 2018b, Fig. 3]
P. putida SM1443 P. resinovorans CA10L

P. putida KT2440RGdr P. resinovorans
CA10dm4RGgfp 1:2 2 L (BX53; Olympus)

4’,6’-diamidino-2-phenylindole (DAPI)
DP2-BSW software (Olympus) GFP

DAPI
(Aggregated control) 30 C 4 h
P. putida KT2440RGdr (Scale bar: 20 m)
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2-3-8. 
[Mori et al., 1988; 

Clewell, 2007; Dunny 2007] 2-hexadecynoic acid

[Getino et al., 2015, 2016] 

pCF10

 [Dunny, 2007] NAH7 P. putida 1:2 P. 

resinovorans (Fig. 2-4) P. putida P. 

resinovorans

P. putida NAH7 P. putida

1:1 P. resinovorans

P. putida - P. putida P. resinovorans

3 h

P. putida SM1443(NAH7K2) P. resinovorans CA10dm4RGgfp 1:1

Fig. 2-10

P. putida P. resinovorans

P. putida P. putida 3

h P. resinovorans

P. resinovorans

NAH7 P. putida P. resinovorans
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TF

10-2

10-4

10-6

10⁰

Fig. 2-10. 1:2 [Sakuda et al., 2018, Fig. 4]
P. resinovorans SM1443(NAH7K2) P.

resinovorans CA10dm4RGgfp
(transfer frequency; TF) 30 C 3 h

TF 3
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2-4.  [ ]

2-4-1. 1:2

GFP 2
1 h 3 h 16 h

16 h
1 h

3 h 1
3

3 h 1:2

2-4-2. 
4 Inc

1:1 1:2

P. putida

NAH7 (Fig. 2-4) R388 (Fig. 2-7)

1:1

P. putida mt-2 pWW0 (IncP-9 )

1

P. putida P. putida 10-1

P. putida Pseudomonas acidovorans Pseudomonas solanacearum 10-8

 [Ramos-Gonzalez et al., 1991]  - 

TA

DNA

 [Anthony et al., 1999; Ishiwa and Komano, 2003; Van Melderen and Saavedra De Bast, 2009]

1:1 1:2

LPS

IncF IncI

 [Anthony et al., 1999]

adhesin LPS
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 [Anthony et al., 1999; Ishiwa and Komano, 2003]

LPS

1:2

(“major”-aggregation) 

2, 3  (“minor”-aggregation) 

2-4-3. 
RP4 (IncP-1 ) 

 [Ehlers and Bouwer, 1999] pWW0 (IncP-9 )

18  [Bradley and Williams, 1982]

MPF IncP-9

pCg1 10 - 100

[Park et al., 2003]

P. putida P. resinovorans

P. resinovorans (Fig. 2-5

Fig. 2-8)

2-4-4. 
relaxase

MOB NAH7 R388 MOBF pB10 MOBP pCAR1

MOBH (Table 2-6) Relaxase  (oriT) 

nick DNA
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nick DNA 5' relaxase N relaxase-

ssDNA (relaxosome) ssDNA

relaxase relaxase DNA

DNA (Fig. 1-2) 

[Garcillán-Barcia et al., 2009] NAH7 R388 MOBF C helicase

N relaxase 2 “3H motif” 

pB10 MOBP 1 MOBF

 “3H motif” MOBF

pCAR1 MOBH MOBF “3H alternative motif”

 “HD hydrolase motif” MOB

 [Francia et al., 2004; Garcillán-Barcia and de la Cruz,

2009; de la Cruz et al., 2010] pCAR1 3

MOB 1:2

MPF

rigid pili (IncM IncN IncP IncW) thick flexible 

pili (IncC IncD IncF IncH IncJ IncT IncV IncX) thin flexible pili

(IncI IncB IncK) [Bradley et al., 1980] MPFT NAH7

pB10 R388 MPFF pCAR1

(Table 2-6) 1:2 

Agrobacterium tumefaciens Ti acyl homoserine lactones (AHL) 

[González and Keshavan, 2006; Zhang et al., 1993]

autoinducer 2 (AI-2) ompA F

[DeLisa et al., 2001] NAH7

R388 2

P. putida NAH7 P. resinovorans

P. putida

P. putida

NAH7 (Fig. 2-10) NAH7
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NAH7 P. putida KT2440 E.coli E.coli P. putida KT2440

NAH7 traDEF E.coli P. putida KT2440

[Miyazaki et al., 2008]

2-4-5. 

2 P. 

resinovorans P. putida

P. putida pCAR1

[Takahashi et al., 2015] P. resinovorans

P. resinovorans

 [ ]

P. resinovorans

P. putida

2-4-6.  (original host)
pCAR1 P. resinovorans 10-6

(Fig. 2-5) pCAR1

P. resinovorans pCAR1 ORF 92%

Pseudomonas 90%

[Shintani et al., 2011]

pCAR1 P. resinovorans CA10 P. resinovorans CA10dm4

pCAR1 (original host) 

[Takahashi et al., 2015] P. resinovorans

pCAR1 P. resinovorans

P. putida mt-2
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pWW0 original host

 [Ramos-Gonzalez et al., 1991] Original host

Sakuda A, Suzuki-Minakuchi C, Okada K, Nojiri H. (2018) Conjugative selectivity of plasmids is 

affected by coexisting recipient candidates. mSphere 3: e00490- 18 
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第 3 章 

受容菌選択に寄与する宿主由来の因子の探索と機能解析

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。 

なお、本章の内容は 5 年以内に出版予定である。



第 4 章 

受容菌選択に寄与するプラスミド由来の因子の探索 

 
 

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。 

なお、本章の内容は 5 年以内に出版予定である。 
 



5

5-1. 
pCAR1

pCAR1 Ca2+ Mg2+

[Shintani et al., 2008b]

5 Pseudomonas
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5-2. 

5-2-1. 
Table 5-1

2

5-2-2. 
3 S3-10.  ( )

CF buffer OD600 = 0.2

OD600 = 2.0 Ca2+

CaCl2 Mg2+ MgSO4 200 L

(0.4 4 40 400 M) 

30°C 24 h CFU/mL

5-2-3. 
4’,6’-diamidino-2-phenylindole (DAPI) (50 g/mL) RT 30 min

5 L

(LSM 700 with Airyscan, ZEISS) DAPI

DAPI 405 nm 5 mW SP 555

3 ZEN (ZEISS 

Efficient Navigation, ZEISS) 

P. putida

4 h P. putida KT2440RG

5-2-4. 
P. fluorescens Pf0-1L(pCAR1::rfp) P. 

putida KT2440RG P. putida KT2440RG(pCAR1::rfp) CF buffer

Ca2+ Mg2+ 400 M 30°C 24 h

100~106 10 L

CFU/mL

P. fluorescens Pf0-1L(pCAR1::rfp) P.

putida KT2440RG(pCAR1::rfp) CF buffer Ca2+ Mg2+ 400 M

30°C 24 h
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5-2-5.  [
] 

P. fluorescens Pf0-1L(pCAR1::rfp) - P. putida KT2440RG

+ 3

(400 mM) 30°C 24

RNA

Takahashi  [Takahashi et al., 2015] RNA

Nucleospin RNA II (Macherey-Nagel) RQ1 RNase-free DNase (Promega) 

DNaseI Nucleospin RNA binding column (Macherey-Nagel) 

RNA cDNA

DNA P. fluorescens Pf0-1 P. putida KT2440

pCAR1

ORF ORF

64

[Miyakoshi et al., 2009; Shintani et al., 2010; Takahashi et al., 2015]

64 64 2

4 4 2

Table 5-2 Table 5-3

No. cation
I. PF - CM(cation minus)
II. PF + CP (cation plus)
III. KT - CM 
IV. KT + CP
V. + PF + KT - CM
VI. + PF + KT + CP

DNA
I vs II pCAR1

V vs VI pCAR1
I vs II P. fluorescens Pf0-1

V vs VI P. fluorescens Pf0-1
III vs IV P. putida KT2440 
V vs VI P. putida KT2440

Table 5-2.  

Table 5-3.  
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5-2-6. P. fluorescens Pf0-1L(pCAR1pmrHis::Gmr)
P. putida KT2440(pCAR1pmrHis::Gmr) [Gmr] P. fluorescens Pf0-1L [Tcr]

P. fluorescens Pf0-1L(pCAR1pmrHis::Gmr) [Gmr Tcr]

5-2-7. P. putida oprH(pBBRoprH)
P. putida KT2440 oprH pBBRoprH
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5-3. 

5-3-1. 
4

R388

(Fig. 5-1D 3

(Fig. 5-1A-C)

pCAR1 3.8 × 10-5

8.4 × 10-4  (Fig. 5-1A)

pCAR1 IncP-7 pDK1

pDK1 P. putida [Yano et al., 2010] P. fluoresence

pDK1K 6.8 × 10-8

6.1 × 10-6

 (Fig. 5-1E)

IncP-7

pCAR1

5-3-2. -  [
] 

Pseudomonas

pCAR1 4

(P. putida SM1443 P. resinovorans CA10L P. fluorescens Pf0-1L P. chlororaphis subsp. 

chlororaphis JCM 2778L) 5  (P. putida KT2440RG P. resinovorans

CA10dm4RG P. fluorescens Pf0-1RG P. putida JCM 13063RG P. chlororaphis subsp. 

chlororaphis JCM 2778RG)

- pCAR1

0.4 M 4 M 40 M 400 M

Fig. 5-2 P. putdia SM1443 P. putida KT2440RG

P. resinovorans CA10dm4RG P. fluorescens Pf0-1RG

 (Fig. 5-2A-C) P. putida JCM 13063RG P.

chlororaphis subsp. chlororaphis JCM 2778RG

 (Fig. 5-2D, E)

P. resinovorans CA10L P. putida KT2440RG P. resinovorans CA10dm4RG P. 

fluorescens Pf0-1RG P. fluorescens Pf0-1L P. putida KT2440RG P. resinovorans

CA10dm4RG  (Fig. 5-3A-C, F, G)
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(A) SM1443(pCAR1::rfp)
→KT2440RG

C
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(p
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(B) SM1443(pCAR1::rfp)
→CA10dm4RG

(C) SM1443(pCAR1::rfp)
→Pf0-1RG

(D) SM1443(pCAR1::rfp)
→JCM 13063RG

(E) SM1443(pCAR1::rfp)
→JCM 2778RG

1 2 3 4 5 6 7 8 9 10 11 12 13
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10-3

1 2 3 4 5 6 7 8 9 10 11 12 13

10-4
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10-5

10-7

10-3

1 2 3 4 5 6 7 8 9 10 11 12 13

10-4

10-6
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10-3

1 2 3 4 5 6 7 8 9 10 11 12 13

10-4

10-6

10-8

10-1

10-2

10-5

10-7

10-3

1 2 3 4 5 6 7 8 9 10 11 12 13

10-4

10-6

10-8

10-1

10-2

10-5

10-7

10-3

Ca2+ Mg2+ Ca2++Mg2+(-) Ca2+ Mg2+ Ca2++Mg2+(-)

Ca2+ Mg2+ Ca2++Mg2+(-) Ca2+ Mg2+ Ca2++Mg2+(-) Ca2+ Mg2+ Ca2++Mg2+(-)

Fig. 5-2. pCAR1::rfp [Sakuda et al., 2018a, Fig. 2, modified]
P. putida SM1443(pCAR1::rfp) P. putida KT2440RG (A), P.

resinovorans CA10dm4RG (B), P. fluorescens Pf0-1RG (C), P. putida JCM 13063RG (D), P. chlororaphis
subsp. chlororaphis JCM 2778RG (E) Ca2+ (#2-5) Mg2+

(#6-9) Ca2+ Mg2+ (#10-13) 0 M (#1) 0.4 M (#2, 6, 10) 4 M (#3, 7, 11) 40 M
(#4, 8, 12) 400 M (#5, 9, 13) (transconjugant/donor)
3
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(A) CA10L(pCAR1::rfp)
→KT2440RG
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(B) CA10L(pCAR1::rfp)
→CA10dm4RG

(C) CA10L(pCAR1::rfp)
→Pf0-1RG

(D) CA10L(pCAR1::rfp)
→JCM 13063RG

(E) CA10L(pCAR1::rfp)
→JCM 2778RG
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Ca2+ Mg2+ Ca2++Mg2+(-) Ca2+ Mg2+ Ca2++Mg2+(-)

Ca2+ Mg2+ Ca2++Mg2+(-) Ca2+ Mg2+ Ca2++Mg2+(-) Ca2+ Mg2+ Ca2++Mg2+(-)

Fig. 5-3. pCAR1::rfp [Sakuda et al., 2018a, Fig. S1, modified]
P. resinovorans CA10L(pCAR1::rfp) (A-E), P. fluorescens Pf0-1L(pCAR1::rfp) (F-J), P.

chlororaphis subsp. chlororaphis JCM 2778L(pCAR1::rfp) (K-O) P. putida
KT2440RG (A, F, K), P. resinovorans CA10dm4RG (B, G, L), P. fluorescens Pf0-1RG (C, H, M), P. putida
JCM 13063RG (D, I, N), P. chlororaphis subsp. chlororaphis JCM 2778RG (E, J, O)

Ca2+ (#2-5) Mg2+ (#6-9) Ca2+ Mg2+ (#10-13) 0 M
(#1) 0.4 M (#2, 6, 10) 4 M (#3, 7, 11) 40 M (#4, 8, 12) 400 M (#5, 9, 13)

(transconjugant/donor) 3

(F) Pf0-1L(pCAR1::rfp)
→KT2440RG
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(G) Pf0-1L(pCAR1::rfp)
→CA10dm4RG

(H) Pf0-1L(pCAR1::rfp)
→Pf0-1RG

(I) Pf0-1L(pCAR1::rfp)
→JCM 13063RG

(J) Pf0-1L(pCAR1::rfp)
→JCM 2778RG
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Fig. 5-3 pCAR1::rfp [Sakuda et al., 2018a, Fig. S1,
modified]

P. resinovorans CA10L(pCAR1::rfp) (A-E), P. fluorescens Pf0-1L(pCAR1::rfp) (F-J), P.
chlororaphis subsp. chlororaphis JCM 2778L(pCAR1::rfp) (K-O) P. putida
KT2440RG (A, F, K), P. resinovorans CA10dm4RG (B, G, L), P. fluorescens Pf0-1RG (C, H, M), P.
putida JCM 13063RG (D, I, N), P. chlororaphis subsp. chlororaphis JCM 2778RG (E, J, O)

Ca2+ (#2-5) Mg2+ (#6-9) Ca2+ Mg2+ (#10-13)
0 M (#1) 0.4 M (#2, 6, 10) 4 M (#3, 7, 11) 40 M (#4, 8, 12) 400 M (#5, 9, 13)

(transconjugant/donor) 3

117



-  (Fig. 5-3D, E, H, J)

P. chlororaphis subsp. chlororaphis JCM 2778L

 (Fig. 5-3K-O)

-

P. resinovorans CA10L P. fluorescens Pf0-

1L P. putida KT2440RG P. resinovorans CA10dm4RG

 (Fig. 5-3A, B, F, G)

5-3-3. 

[Dunne, 2002; Kerchove and Elimelech, 2008; Dass et al,. 2009; dasT et al., 2014]

5-3-2. P. fluorescens Pf0-

1L(pCAR1::rfp) - P. putida KT2440RG

DAPI

Ca2+ Mg2+ 400 M

Fig. 5-4

4 h P. putida KT2440RG

5-3-4. 

P. fluorescens Pf0-1L(pCAR1::rfp) - P. putida KT2440RG

 (400 M Ca2+; 400

M Mg2+) 

(Fig. 5-5A)

P. fluorescens Pf0-1L(pCAR1::rfp) P. putida 

KT2440RG(pCAR1::rfp)
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Aggregated control:
P. putida KT2440RG

10 μm 10 μm 10 μm

Donor: 
P. fluorescens
Pf0-1L(pCAR1::rfp)

10 μm
10 μm10 μm 10 μm 10 μm 10 μm

Recipient: 
P. putida KT2440RG

10 μm 10 μm10 μm 10 μm 10 μm 10 μm

Mixture:
Pf0-1L(pCAR1::rfp)
+

KT2440RG
10 μm 10 μm10 μm 10 μm 10 μm 10 μm

Cation (+) Cation (-)

Fig. 5-4. [Sakuda et al., 2018a, Fig. S2]
P. fluorescens Pf0-1L(pCAR1::rfp) P. putida

KT2440RG
30 C 24 h (Ca2+, Mg2+)

400 M 2 mL (BX53; Olympus)
4’,6’-diamidino-2-phenylindole (DAPI)

DP2-BSW software (Olympus) GFP DAPI
(Aggregated control)

30 C 4 h P. putida KT2440RG
(Scale bar: 10 m)
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Fig. 5-5. [Sakuda et al., 2018a, Fig. S3,
modified]

P. fluorescens Pf0-1L(pCAR1::rfp) P. putida KT2440RG
(A) (B)

3
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24 h

100%

 (Fig. 5-5B) 

5-3-5.  [
] 

pCAR1

11  ( 5

6 ) 7  ( )

(Fig. 5-6A)

123  ( 31

92 ) 126  ( 2

124 ) (Fig. 5-6B)

31 2

National Center for Biotechnology Information (NCBI) 

(GEO; http://www.ncbi. nlm.nih.gov/geo/) accession no. GSE97565

P. fluorescens P. putida

5-3-2.

P. putida P. fluorescens

(Fig. 5-2C)

P. fluorescens P. putida

P. putida KT2440 OprH

PP_1185

(TableS2-3, S2-4) P. fluorescens Pf0-1 Pfl01_4241

(TableS2-2)

oprH

OprH
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(A) Pf0-1L(pCAR1::rfp) chromosome

PF_CM vs PF_CP
Effects of cations 

on the donor
11 (up 5, down 6)

PF+KT_CM vs PF+KT_CP
Effects of cations

on the mixture
7 (up 0, down 7)

7011

(B) KT2440RG chromosome

KT_CM vs KT_CP
Effects of cations 
on the recipient

123 (up 31, down 92)

PF+KT_CM vs PF+KT_CP
Effects of cations
on the mixture

126 (up 2, down 124)

3192 95

Fig. 5-6. [Sakuda et al., 2018a, Fig. 3,
modified]

P. fluorescens Pf0-1L(pCAR1::rfp) (a) P.
putida KT2440RG (b) (Ca2+, Mg2+, 400 M)

‘CP’ (cation
plus) ‘CM’ (cation minus)
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5-3-6. OprH
pCAR1 OprH

P. fluorescens Pf0-1L(pCAR1pmrHis::Gmr) [Tcr, Gmr] P. putida

KT2440KR [Kmr, Rifr] P. putida KT2440 oprH [Kmr] (oprH )

Fig 5-6 P. putida KT2440KR

3.4 × 10-7 3.8 × 10-4

P. putida KT2440 oprH

 (5.4 × 10-7) (8.3 × 10-7)

pBBRoprH

P. putida KT2440 oprH OprH P. putida KT2440 oprH(pBBRoprH)

3.8

× 10-7 4.6 × 10-6
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b

c c c c

Fig. 5-7. OprH [Sakuda et al., 2018a, Fig. 4]
P. fluorescens Pf0-1L(pCAR1pmrHis::Gm) P. putida

KT2440KR 30 C 24 h
(Ca2+, Mg2+) 400 M 6

a b c
(Kruskal-Wallis test, P <

0.05; Steel-Dwass test p < 0.05, n = 6)
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5-4. 考察

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。本項の内容は

5 年以内に出版予定である。

なお、本章の内容については以下の原著論文で発表した。

Sakuda, A., Suzuki-Minakuchi, C., Matsui, K., Takahashi, Y., Okada, K., Yamane, H., Shintani, M., 

Nojiri, H. (2018) Divalent cations increase the conjugation efficiency of the incompatibility P-7 group 

plasmid pCAR1 among different Pseudomonas hosts. Microbiology 164: 20-27 



第 6 章 

総括と展望 

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。 

なお、本章の内容は 5 年以内に出版予定である。
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S1-1. 
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S1-2. 

S1-2-1. 
Table S1-1

2

S1-2-2. P. putida SM1443(R388::rfp) P. putida SM1443(NAH7K2)  [
] 

Shintani [Shintani et al., 2008a] PA1/04/03::rfp

pSM1833 [Haagensen et al., 2002] E. coli S17-1 pir E.coli HB101(R388)

R388::rfp P. resinovorans CA10dm4RG P.

resinovorans CA10dm4RG(R388::rfp) P. putida

SM1443 P. putida SM1443(R388::rfp)

rfp-R (5’-CAGCCAATCCCTGGGTGAGTTTCACCAGTT-3’) 

R388 [DDBJ/EMBL/GenBank Accession No. 

BR000038] 19,965 (ORF23 (hypothetical protein) ORF24 (hypothetical protein)

) P. putida SM1443(NAH7K2) E.coli

MVK2 [Miyazaki et al., 2008] P. putida SM1443

S1-2-3. 
3 S3-10.  ( ) S3-10.  (

) OD600 = 2 × 101 - 2

× 10-4 OD600 =2 × 100 - 2 × 10-3

 = 1:10 200 L

30°C 1.5 h 3 h  ( )  (

) 100~106 10 L

 [ = ]

( D )  [ =

 ( * )] ( DR ) 
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S1-3. 

S1-3-1. D  [
] 

pCAR1 pB10 R388 NAH7 4

D Fig. S1-1 pCAR1 pB10 #2; 

OD600 = 2 × 100 D  (#1; 

OD600 = 2 × 101) D (Fig. S1-1A)

(#4; OD600 = 2 × 10-2 #5; OD600 = 2 × 10-3) R388 #5

NAH7 #4 #5 D

 (Fig. S1-1A)

pB10 R388 NAH7 3 10-1

D (Fig. 

S1-1B) pCAR1 D 100

(Fig. S1-1B)

D

pB10 R388 NAH7 3 (#4 #5) 

D pCAR1 (#4 #5) 

D  (Fig. S1-1AB, #4-5)

pCAR1 MPFF family

3 MPFT family

MPF family pCAR1 MPFF family

pDK1 F

pCAR1 (Fig. S1-2) pDK1

(Fig. S1-2A) F

D  (Fig. 

S1-2B)

S1-3-2. D

D

D

pCAR1 pB10

3 h 1.5 h

1.5 h 1
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Fig. S1-2. D [Yanagida et al., 2016, Fig. S1 , modified]
P. fluorescens Pf-5S(DK1K) P. fluorescens Pf-5G

E. coli BM21(F’tet) E. coli QC774
(A) (B) D

LB OD600 [ ] = [2 100: 2 101] (1), [2 10-

1: 2 100] (2), [2 10-2: 2 10-1] (3), [2 10-3: 2 10-2] (4), [2 10-4: 2 10-3] (5)
30 C 3 h (pDK1K) 37 C 1 h (F’tet)

D 3
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Fig. S1-3. D
P. putida SM1443(pCAR1::rfp) (A) P. putida SM1443(pB10::rfp) (B)
P. putida KT2440RG (A) (B)

D D
transconjugants/donor OD600 [ ] = [2 100: 2 101] (1),
[2 10-1: 2 100] (2), [2 10-2: 2 10-1] (3), [2 10-3: 2 10-2] (4), [2 10-4: 2 10-3]
(5) 30 C 1.5 h 3 h
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Fig. S1-3 pCAR1 (Fig. S1-3A) pB10 (Fig. S1-3B) 

1.5 h 3 h D

S1-3-1

S1-3-3. DR

1:10

D  [ ]

S1-3-1 D

Król

DR  [  ( * )] 

[Król et al., 2003]

10-6 100 D

DR 10-18 10-3

DR  (Fig. S1-4AB)

DR S1-3-1 S1-

3-2 D

D
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Fig. S1-4. DR
P. putida SM1443(pCAR1::rfp) (A) P. putida SM1443(pB10::rfp) (B)
P. putida KT2440RG (A) (B)

DR DR
transconjugants/[donor*recipient] OD600 [ ] = [2 100:
2 101] (1), [2 10-1: 2 100] (2), [2 10-2: 2 10-1] (3), [2 10-3: 2 10-2] (4), [2 10-

4: 2 10-3] (5) 30 C 1.5 h 3 h
DR
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S1-4. 

S1-4-1. D

(

) D

pCAR1 D

R388 NAH7 D

pB10

(Fig. S1-1)

MPF family pCAR1 MPFF

family pDK1 F pCAR1

(Fig. S1-2)

[Bradley et al., 1980]

S1-4-2. D

D

1.5 h 3 h D D

 (Fig. S1-3)

D

R1-16 3 min
 [Gruber et al., 2016]

 (
) 
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S1-4-3. 

RD

D

RD

1:10  (
) 

RD

Yanagida, K., Sakuda, A., Suzuki-Minakuchi, C., Shintani, M., Matsui, K., Okada, K., Nojiri, H. 

(2016) Comparisons of the transferability of plasmids pCAR1, pB10, R388, and NAH7 among 

Pseudomonas putida at different cell densities. Bioscience, Biotechnology, and Biochemistry 80: 
1020-1023. 
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2 

Table S2-1.

Table S2-2. 

Table S2-3.

Table S2-4.
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補章 3 

詳細な実験操作 

 
 

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。 

なお、本章の内容は 5 年以内に出版予定である。 
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