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2–CM  2–Chloro–cis,cis–muconate 

2,4–D  2,4–Dichlorophenoxyacetate 

3–CB  3–Chlorobenzoate 

AAHS  Aromatic acid:H+ symporter 

ABC  ATP–binding cassette 

ACS  Anion/cation symporter 

ANI  Average nucleotide identity 

BA  Benzoate 

BSM  Basal salts medium 

CA  Citric acid 

CCM  cis,cis–Muconate 

CDSs  Coding sequences 

COG  Clusters of orthologous groups 

DDH  DNA–DNA hybridization 

DEGs  Differentially expressed genes 

FDR  False discovery rate 

GO  Gene ontology 

HBA  Hydroxybenzoate 

HPLC  High performance liquid chromatography 

Inc  Incompatibility 

IS  Insertion sequence 

KEGG  Kyoto encyclopedia of genes and genomes 

LogFC  Log fold-change 



LTTR  LysR–type transcriptional regulator 

MCP  Methyl–accepting chemotaxis protein 

MDS  Multi–dimensional scaling 

MFS  Major facilitator superfamily 

MHS  Metabolite:H+ symporter 

MiGAP  Microbial genome annotation pipeline 

MLSA  Multilocus sequence analysis 

PAGE  Parametric analysis of gene set enrichment 

PCBs  Polychlorinated biphenyls 

PCR  Polymerase chain reaction 

PGAAP  Prokaryotic genome automatic annotation pipeline 

PHB  Polyhydroxybutyrate 

POCP  Percentage of conserved proteins 

ROS  Reactive oxygene speceis 

SOO  Superoxide oxidase 

TNA  Tetra–nucleotide analysis 

TPM  Transcript per million 
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1

25%  (Gibson and Harwood, 2002)

PCBs  (Rieger et al., 2002)

PCBs

 ( , 2005) 2,4–dichlorophenoxyacetate 2,4–D

1940

 ( , 2016)

PCBs 2,4-D

 (McLeod and Eltis, 2008; , 2016; , 2005)  

 (Kitazawa et al., 2006; Ohura, 2007)

chlorinated organic compound

 (Fetzner and Lingens, 1994)

U. S. EPA Table 1–1

  



 

  

Table 1-1

1 34 2,4-
2 35 2,6-
3 36 1,2-
4 37
5 38
6 39 4-
7 40 4-
8 1,2,4- 41 (2- )
9 42
10 1,2- 43
11 1,1,1- 44
12 45
13 1,1- 46
14 1,1,2- 47
15 1,1,2,2- 48
16 49
17 ( ) 50
18 2- 51
19 2- 52
20 2,4,6- 53
21 p - -m- 54 2-
22 55 4-
23 2- 56 2,4-
24 1,2- 57 4,6- -o -
25 1,3- 58 N-
26 1,4- 59 N-
27 3,3- 60 N- -n-
28 1,1- 61
29 1,2- 62
30 2,4- 63 (2- )
31 1,2- 64
32 1,3- 65
33 2,4-



 

 

 

Cupriavidus 

pinatubonensis JMP134  (Don and Pemberton, 1981) Paraburkholderia multivorans LB400  (Bopp, 

1986) Rhodococcus jostii RHA1  (Seto et al., 1995) Table 1–2

JMP134 2,4–D LB400 RHA1

PCBs PCBs

PCBs

Fig. 1–1 (Furukawa, 2000) LB400 RHA1

 (Chain et al., 2006; McLeod et al., 2006)  (Denef et al., 2004; 

Gonçalves et al., 2006)  (Denef et al., 2005; Patrauchan et al., 2005)

PCBs

PCBs

 (Aukema et al., 2017; Gürtler et al., 2004)

 (Rodrigues et al., 2006; Watahiki et al., 2019)  

PCBs 2,4–D

PCBs

 (Bott and Kaplan, 2002)

 (Gibson and Harwood, 2002)

Bph PCBs  
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Fig. 1–1  (Furukawa, 

2000; Saavedra et al., 2010)

 (Martínez et al., 2007) PCBs

 

 

Cupriavidus  

Cupriavidus β– Burkholderiaceae

 (Poehlein et al., 2011)  (Ray et al., 2015)  (Shafie et 

al., 2017)  (Amadou et al., 2008)

 (Monsieurs et al., 2013)  (Monsieurs et al., 2014)

List of 

Prokaryotic names with Standing in Nomenclature 21

http://www.bacterio.net/cupriavidus.html 2021 1 Cupriavidus

1. 2. 3. polyhydroxybutyrate PHB 4. CO2

4

 (Saavedra et al., 2010; Zúñiga et al., 2018)  

Cupriavidus Table 1–2 Table 

1–2 Fig. 1–2

 (Suenaga et al., 2015; 

Watanabe et al., 2015) 1

C. pinatubonensis JMP134

2,4–D Fig. 1–3  



  



  



(Perez-Pantoja et al., 2008) 2,4–D tfd pJP4

tfdT JMP134 3–

3–CB tfd Fig. 1–3  

(Perez-Pantoja et al., 2008) 3–CB TfdT BenP

 (Ledger et al., 2009) JMP134 60

PHB Cupriavidus

 (Lykidis et al., 2010) JMP134 PCBs

PCBs  (Saavedra et al., 2010)

–3–  (Zúñiga et al., 

2018) JMP134

JMP134 2,4–D Cupriavidus

 

(Fang et al., 2019; Xiang et al., 2020)  

PHB 3–

PHB

phaC1AB1 Cupriavidus

 (Kutralam-Muniasamy and Peréz-Guevara, 2018) Cupriavidus necator H16

PHB  

(Kutralam-Muniasamy and Peréz-Guevara, 2018; Peoples and Sinskey, 1989)  

 

Cupriavidus Ralstonia  

Cupriavidus Ralstonia

1987 University Park Cupriavidus necator N–1T

Cupriavidus necator  (Makkar and Casida, 1987)



Makkar and Casida N–1T GC

Alcaligenes

16S rRNA

1995 A. eutophus Burkholderia pickettii

Burkholderia solanacearum 3 Ralstonia  (Yabuuchi et al., 1995)

16S rDNA rRNA–DNA

A. eutrophus 

Ralstonia eutropha 2001 De Baere Ralstonia

2  (De Baere et al., 2001) 2004 Vaneechotte

16S rRNA DNA–DNA

Ralstonia Wautersia Ralstonia R. eutropha Wautersia eutropha

 (Vaneechoutte et al., 2004) N-1T Wautersia 16S 

rRNA DNA–DNA

GC N–1T W. eutropha

the International Code of Nomenclature of Bacteria

Rule 15 17 23a 37a Wautersia Cupriavidus

W. eutropha Cupriavidus necator

 (Vandamme and Coenye, 2004) Fig. 1–4

Cupriavidus Ralstonia

 

 

 



  



3–CB Cupriavidus necator NH9  

3–CB

3–CB Cupriavidus necator Alcaligenes eutrophus Ralstonia 

eutropha NH9  (Ogawa and Miyashita, 1995) 2

pENH91 1,2,4– tcb  

(van der Meer et al., 1991) 95% identity 2,4–D tfd

52%  identity cbn  (Ogawa and 

Miyashita, 1999) cbn 3–CB 3–

– Fig. 1–3 cbn CbnR

cis,cis– CCM 3–

– 2– cis,cis– 2–CM

Fig. 1–5 (Ogawa et al., 1999) CbnR  (Muraoka et al., 2003)

CbnR DNA  (Koentjoro et al., 2018) CbnR

CbnR DNA

 (Moriuchi et al., 2017)

cbnA  (Shimizu et al., 2002)  (Ohmiya et al., 2009) 3–

CbnA TcbC

 (Liu et al., 2005)

NH9 3–

 

NH9 Alcaligenes eutrophus  (Ogawa and Miyashita, 1995)

Ralstonia eutropha Cupriavidus necator

  



  



 

3–CB C. necator NH9 3–

NH9

NH9 3–CB

NH9 3–CB

RNA–seq

3–CB

NH9 3–CB  

  



 

Cupriavidus necator NH9  

 

 

2–1  

C.necator NH9 3–CB NH9 3–CB

3– pENH91

 (Ogawa and 

Miyashita, 1995; 1999)

NH9 3–CB BA  (Ogawa et al., 1999)

3–CB

NH9

NH9 3–

CB  

 

2–2  

2–2–1  

Table 2–1  

 

2–2–2  

Table 2–2 CI–

610

1.5% w/v 15%  



  

Table 2-2
Basal salts medium ( )
per liter :
(NH4)2SO4 1.1 g
K2HPO4 2.29 g
KH2PO4 0.9 g
MgSO4 7H2O 0.1 g
MnSO4 4~6H2O 0.025 g
FeSO4 7H2O 0.005 g
L-ascorbic acid 0.005 g

Table 2-1
Strain Relevant characteristics Reference

Cupriavidus necator NH9 pENH91, pENH92, 3-CB+ Ogawa and Miyashita, 1995



–80°C  

 

2–2–3 DNA  

DNA DNeasy Blood & Tissue Kits QIAGEN

 

 

 5 mM 3–CB Wako BSM NH9

30°C 2  

 5 mM 3–CB 100 ml BSM

30°C 120 rpm  

 24 30 1 ml 1.5 ml

7,500 rpm 10 DNA –80°C

 

 180 μl Buffer ATL vortex  

 20 μl Proteinase K vortex 55°C 2 15

1 vortex  

 4 μl RNase A 100 mg/ml vortex 2  

 10 vortex 15,000 rpm 5  

 180 μl Buffer AL vortex  

 200 μl 100% vortex  

 DNeasy Mini Spin Column

 

 10,000 rpm 2  



 500 μl Buffer AW1 10,000 rpm 2

 

  

 500 μl Buffer AW2 15,000 rpm 2

 

  

 15,000 rpm 2  

 1.5 ml 50 μl Buffer AE

2  

 15,000 rpm 2 50 μl Buffer AE  

 15,000 rpm 2 DNA  

 

2–2–4 DNA  

 

 

 100 μl DNA 1.5 ml 10 μl 3 M

 

 100% 250 μl  

 10  

 15,000 rpm 40  

  

 70% 100 μl  

 15,000 rpm 5  

 2  



 25 μl 10 mM Tris–HCl  

 

2–2–5 DNA  

Infinite N200 TECAN A260/A280 A260/A230

Qubit dsDNA HS Thermo Fisher Scientific

 

 

2–2–6 DNA  

DNA Tris–Acetate–EDTA buffer 0.7% Agarose

100 V  

 

2–2–7 MiSeq  

DNA MiSeq DNA KAPA 

HyperPlus Kit

DNA DNA 1 ng–1 μg A260/A280 1.8

500 ng DNA

5  

 

2–2–8  

2100 Bioanalyzer Agilent

LightCycler 480 Roche qPCR

Bioanalyzer Agilent DNA7500 High Sensitivity DNA

KAPA Library Quantification Kits

 



 

2–2–9 MiSeq DNA  

MiSeq DNA MiSeq Reagent 

Kit v3 600 cycles paired–end  

 

2–2–10  

MiSeq NH9

Trimmomatic version 0.36  (Bolger et al., 2014)

301 quality score < 15 150 bp

high quality reads SPAdes version 

3.6.2  (Bankevich et al., 2012) high quality reads

”– –careful” “– –cov–cutoff auto” ”– –only–assembler” contig

500 bp Coding Sequence CDSs

5,513 bp contig PhiX DNA

contig NH9 Bandage  (Wick 

et al., 2015)  

 

2–2–11 PacBio DNA  

DNA PacBio RSII

DNA DNA 8 μg DNA 50 

ng/μl A260/A280 1.8 A260/A230 1.8

NH9 DNA 1

DNA



DNA

 

 

2–2–12  

PacBio NH9

SMRT Analysis Software version 

2.3.0  (Chin et al., 2013) RS HGAP Assembly.3 PreAssembler Filter v1

Minimum Polymerase Read Quality cut–off = 0.75 Minimum Subread Length = 7.5 Kbp

high quality subreads HGAP.3 (Chin et al., 

2013) Minimum Seed Read Length = 15 Kbp

contig AssemblyPolishing v1 Quiver RS HGAP Assembly.3 Protocol Arrow

https://github.com/PacificBiosciences/GenomicConsensus polish

Circlator version 1.1.1  (Hunt et al., 2015) Polished contig

contig MiSeq

BWA–MEM (Li, 2013) contig MiSeq

high quality reads Integrative Genomics Viewer (Thorvaldsdottir et al., 

2013) in silico

PCR

NH9 DNA

 

 

2–2–13 Polymerase chain reaction PCR  

PCR PrimeSTAR Max DNA Polymerase TaKaRa

 



 

2–2–14 DNA PCR 

 

 DNA

Table 2–3  

 Table 2–4 Table 2–5 PCR

Template NH9 DNA  

 PCR DNA  

 Qubit DNA DNA

 

 DNA  

 

2–2–15 DNA  

Agarose gel DNA NucleoSpin Gel and PCR Clean–up TaKaRa

 

 

2–2–16 DNA  

DNA

Chromas ver. 2.6

Technelysium  

 

2–2–17  

NCBI Prokaryotic Genome Automatic Annotation Pipeline PGAAP, https://www.ncbi.nlm.nih.gov/ 

  



  

Table 2-4 PCR
H2O 18 μl
Primer F (5 μM) 2.5 μl
Primer R (5 μM) 2.5 μl
Template (50 pg/μl) 2 μl
PrimeSTAR Max DNA Polymerase Premix (TaKaRa) 25 μl

50 μl

Table 2-3 PCR
Primer Sequence (5'  3') Length (mer)

1885000F TACCGCGGCTTCCTGTTCGG 20
1885800R CTCGTCGGCACCTTCGATCC 20
3709000F CGGACCGGGCGATCCTATAAGG 22
3710100R GTACGGCTCGAGTGACCGCTTC 22

Table 2-5 PCR
94 °C 1 min

98 °C 10 sec
x °C 5 sec 30 cycles
72 °C 5 sec

72 °C 1 min
188~ 65

37~ 58



genome/annotation_prok/  (Tatusova et al. 2016) Microbial Genome Annotation 

Pipeline MiGAP, http://www.migap.org Prokka version 

1.11  (Seemann, 2014) PGAAP

MiGAP Prokka missing gene

GenomeMatcher (Ohtsubo et al., 2008)

 

LS–BSR (Sahl et al., 2014) NH9 Cupriavidus

Ralstonia NH9

BLASTP E–value < 1e–6 InterProScan (Jones et al., 2014)

 

 

2–2–18  

DnaA DnaA box [TT(A/T)TNCACA] (Schaper and 

Messer, 1995) Rep iteron DNA [CGC(A/T)GA(A/T)(A/T)(C/T)(A/C/G) 

GGT(A/T)CG(C/G)] (Janssen et al., 2010) TrfA iteron DNA

[(A/C/G)(A/C/T)GCCCC(C/T)CA(A/T)GTGTCA] (Norberg et al., 2014)

 

 

2–2–19  

NH9 Clusters of Orthologus Groups COGs

RPS–BLAST (Altschul et al., 1997)



P–value  

Kyoto Encyclopedia of Genes and Genomes KEGG BlastKOALA (Kanehisa et al., 2016)

NH9  

 

2–2–20  

5 mM 3–CB BA 2– 3– 4– HBA

Wako BSM NH9 30 °C 3

CA Wako 5 mM BSM

BSM  

 

2–2–21  

3–CB BA 3–HBA CA NH9 6

t Paired t-test

 

 

 5 mM 3–CB BA 3–HBA CA BSM NH9

30°C 2  

 5 mM 3–CB BA 3–HBA CA 20 ml BSM

30°C 120 rpm  

 24 OD600 = 0.1  

 5 mM 3–CB BA 3–HBA CA 90 ml BSM

10 ml OD600 = 0.01 100 ml  



 30°C 120 rpm OD600

Ultrospec 3000 Pharmacia 3  

 

2–2–22 HPLC  

HPLC NH9 3–CB BA 3–HBA 6

t Paired t-test

 

 

 300 μl Wako, HPLC grade 100 μl

vortex  

 10,000 rpm 3 4°C 0.2 μm PTFE

Merck Millipore 1.5 ml  

 HPLC –20°C  

 HPLC SCL–10A VP system SPD–10AVi

YMC–Triart C18 150 mm × 4.6 mm, 5 μm, YMC

37°C

1 ml/min  

3–CB  

  = 45 50 5 v/v  

Injection 20 μl 

 200 nm 

BA  

  = 75 20 5 v/v  

Injection 30 μl 



 254 nm 

3–HBA  

  = 90 5 5 v/v  

Injection 20 μl 

 285 nm 

 

–  

 

 10 ml 3–CB BA 3–HBA 1 2 3 4

5 mM BSM  

 600 μl 200 μl Vortex  

 10,000 rpm 3 4°C 0.2 μm PTFE

1.5 ml  

 HPLC –20°C  

 HPLC Smart Chrom

3

 

  



2–3  

2–3–1 DNA  

DNA Table 2–6 Fig. 2–1

10 Kbp

DNA

 

 

2–3–2  

DNA Fig. 2–2

150–4,103 bp 921 bp 1,278 bp

qPCR 7.0 nM MiSeq

 

MiSeq high quality reads

Table 2–7 De novo assembly  

High quality reads Table 2–8 Bandage

Fig. 2–3 NH9 GC

contig 177

illumina DNA

contig Fig. 2–3A 3

contig 1 DNA Fig. 2–3B

pENH91 contig

contig NODE_129 2  



  

Ta
bl

e 
2-

6
D

N
A

Sa
m

pl
e 

na
m

e
O

. D
. 2

60
/2

30
O

. D
. 2

60
/2

30
C

on
ce

nt
ra

tio
n

m
ea

su
re

d 
by

 In
fin

ite
 M

20
0

(n
g/

μl
)

C
on

ce
nt

ra
tio

n
m

ea
su

re
d 

by
 Q

ub
it

(n
g/

μl
)

C
on

ce
nt

ra
tio

n 
ra

tio
(Q

ub
it/

In
fin

ite
 M

20
0)

V
ol

um
e

(μ
l

To
ta

l q
ua

nt
ity

(μ
g)

N
H

9 
gD

N
A

2.
0

1.
8

68
.0

61
.8

0.
90

9
20

4
12

.6



  



  



  

Ta
bl

e 
2-

7
M

iS
eq To

ta
l n

um
be

rs
To

ta
l b

as
es

 (b
p)

M
ax

 le
ng

th
 (b

p)
A

ve
ra

ge
 le

ng
th

 (b
p)

M
in

 le
ng

th
 (b

p)
C

ov
er

ag
e

R
aw

 re
ad

s
6,

87
3,

91
0

1,
97

7,
43

2,
35

3
30

1
28

8
35

24
0

H
ig

h 
qu

al
ity

 re
ad

s
4,

61
0,

26
2

1,
13

3,
62

9,
39

7
30

0
24

6
15

0
13

7

Ta
bl

e 
2-

8
N

H
9

R
es

ul
t

N
um

be
r o

f c
on

tig
s

17
7

N
50

 le
ng

th
 (b

p)
11

2,
11

1
G

C
 c

on
te

nt
 (%

)
65

.6
To

ta
l s

eq
ue

nc
e 

le
ng

th
 (b

p)
8,

08
5,

83
8

M
ax

 s
eq

ue
nc

e 
le

ng
th

 (b
p)

65
1,

96
1

M
in

 s
eq

ue
nc

e 
le

ng
th

 (b
p)

44
9

A
ve

ra
ge

 s
eq

ue
nc

e 
le

ng
th

 (b
p)

45
,6

83
M

ed
ia

n 
se

qu
en

ce
 le

ng
th

 (b
p)

18
,8

66



  



127 bp pENH91 DNA

 

 

2–3–3  

DNA

PacBio high quality 

subreads Table 2–9 De novo assembly

 

NH9 Table 2–10 Circular map Fig. 2–4

NH9 2 2 4

GC 65–66% GC 61–65%

NH9 68 tRNA 1 2

pENH92 2 tRNA rRNA 5S

16S 23S 1 3 2 2 1 1

tmRNA 3 ncRNA  

 

2–3–4  

DnaA RepA TrfA Fig. 2–5 1

DnaA 2 DnaA RepA

iteron 20 parAB

pENH91 TrfA TrfA iteron

pENH92 repB parAB iteron
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2–3–5 COG  

COG Fig. 2–6 Table 2–11 1 protein processing class 

O translational machinery class J DNA replication and repair class L amino acid metabolism

class E nucleotide metabolism class F 2

2 cell motility class N transcription class K energy metabolism

classes C, I, and Q 1 adaptation

survival 2

partitioning class D class L unknown function class –

pENH91 intracellular trafficking and 

secretion class U pENH92

class C E F G H I  

 

2–3–6  

KEGG pathway NH9 3–CB BA 2– 3– 4–HBA 2,3–

2,5– 3,4–

Fig. 2–7

epoxybenzoyl–CoA  (Ismail and Gescher, 2012) Fig. 2–8 Cupriavidus

 

3–CB BA 3–HBA 4–HBA Fig. 2–9

Table 2–12 ben Fig. 2–9A catB Fig. 2–9B 3–

Fig. 2–9C 3–HBA Fig. 2–9G 4–HBA pca

Fig. 2–9H LysR LTTR  
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Fig. 2–9F 3–HBA Fig. 2–9G 4–HBA Fig. 2–

9H Fig. 2–9I and J  

3–CB BA HBA CA NH9

Fig. 2–10 NH9

5

 

 

2–3–7  

3–CB BA 3–HBA CA Fig. 2–11A CA

12 3–CB BA 18 3–HBA 24

6 3–CB 3–HBA BA CA p < 

0.01  

 

2–3–8 HPLC  

3–CB BA 3–HBA Fig. 2–11B 3–CB BA 18

3–HBA 18 24

6 3–CB 3–

HBA BA p < 0.05  



  



  



2–4  

NH9 2

Fig. 2–4 2 RepA iteron

parAB Fig. 2–5 2

 (Janssen 

et al., 2010; Pohlmann et al., 2006; Wang et al., 2015b) COG

Cupriavidus  (Janssen et al., 2010; Wang et al., 2015b)

NH9 Cupriavidus MUMmer 

3 (Kurtz et al., 2004) NH9 1

similarity 2 similarity

Fig. 2–12 NH9 C. necator N–1T

Mauve (Darling et al., 2004) 1

2 Fig. 2–13

Cupriavidus 1 2

 

pENH91 TrfA Inc Incompatibility P–1β pA81

Achromobacter xylosoxidans A8  (Jencova et al., 2008) TrfA 100%

identity Inc

 (Shintani et al., 2015) pENH91

IncP1  (Ogawa and Miyashita, 1995)

pENH91 77,172 bp pA81 98,192 bp 74,985 bp

97.2% 100% Fig. 2–14 pENH91 IncP–1β

  



  



  



  



pENH92 RepB ParAB Cupriavidus

Burkholderia Paraburkholderia RepB ParAB

Fig. 2–15 pENH92 integrase transposases

Fig. 2–5

Cupriavidus Inc

 

HPLC NH9 3–CB BA 3–HBA

Fig. 2–11B 2,5–dihydroxybenzoate 3–HBA

Fig. 2–7 3–CB 3–

benABCD  (Ogawa et al., 2003)

1 3– cbn

pENH91  (Ogawa and Miyashita, 1995, 1999) Insertion sequences

IS Fig. 2–16 3– cbn

cbn

1 2 2 Table 2–

12 NH9 3–CB pENH91

 

CbnA BLASTP

50 CbnA β γ–Proteobacteria

Fig. 2–17 CbnA Fig. 2–18

Fig. 2–19 cbn

Pseudomonas sp. P51 tcb Pseudomonas chlororaphis RW71 tet

Delftia acidovorans P4a tfd  



 

  



  



  



  



  



D. acidovorans P4a tfd

IS  (Hoffmann et al., 2003)

Proteobacteria

 (Ogawa et al., 2003) cbn tcb tet tfd

cbn

cbn  

LTTR  (Maddocks 

and Oyston, 2008) ben catB 3– 3–HBA 4–

HBA pca LTTR

Fig. 2–9

Table 3–15

3–HBA 4–HBA

Fig. 2–9

 

3–HBA mhb  (Lin et al., 2010) nag  (Jeon et al., 2006)

NH9 mhb Fig. 2–

20 NH9 mhb

andAcAdAbAa 1 2 1 1 and

and1 andAc1Ad1Ab1Aa1 And  (Chang et 

al., 2003) 43.9%–73.3% identity

AraC/XylS family NH9 and1

2 and and2 andAc2Ad2Ab2Aa2  



  



and1 identity < 45% MarR family

Fig. 2–21 and2

 

NH9 2– 4–HBA

Fig. 2–10 KEGG

NH9 Fig. 2–7 KEGG

NH9 2– 4–HBA

 

NH9 3–CB BA 3–HBA CA

Fig. 2–11 PHB NH9

H16 PHB phaC1AB1 93% identity

Table 3–18 PHB

–CoA (Chen, 2009)

–CoA

 (Puglisi et al., 2010; Wang et al., 

2011b) NH9 PHB

 

NH9 BSM

 (Inaba et al., 2020; Yoshida et al., 2007) CO2

C. necator H16 C. necator N–1 CO2 cbb

 (Poehlein et al., 2011; Pohlmann et al., 2006) NH9

cbb identity H16 N–1

Cbb 90% Fig. 2–22  



  



  



 

  



 

3–  

 

 

3–1  

NH9

DNA RNA–seq Table 3–1

Cupriavidus

NH9 Cupriavidus nantongensis X1  (Fang et al., 2019) Cupriavidus oxalaticus X32  

(Xiang et al., 2020) C. pinatubonensis JMP134  (Pérez-Pantoja et al., 2015) 4

JMP134 Table 3–1  

NH9 3–CB

CA

BA NH9 3–CB
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3–2  

3–2–1  

 

 

3–2–2 Total RNA  

RNAprotect Bacteria Reagent QIAGEN  

 

 CA BA 3–CB 3–HBA 30°C 120 rpm NH9  

 OD600 = 0.2 – 0.5 15 ml 50 ml

10,000 × g 5 4°C  

 1 ml MilliQ 2 RNAprotect Bacteria 

Reagent vortex 5  

 5 8,000 × g 10  

 

 

 –80°C 4  

 

3–2–3 Total RNA  

Total RNA RNeasy Mini Kit QIAGEN NucleoSpin RNA Plus TaKaRa

 

RNeasy Mini Kit  



 15 mg/ml TE buffer 30 mM Tris–HCl, 1 mM EDTA;pH 8.0 100 μl

15 μl QIAGEN Proteinase K 115 μl

 

 Vortex 10 37°C 10 2

10 vortex  

 1.5 ml 350 μl Buffer RLT β–

vortex 1  

 2 1.5 ml  

 250 μl 100%  

 700 μl 2 ml RNeasy

 

 8,000 × g 15  

 700 μl Buffer RW1 RNeasy Mini

8,000 × g 15  

 

 

 500 μl Buffer RPE  

 8,000 × g 15  

 500 μl Buffer RPE 8,000 × g 15

 

 8,000 × g 2  

 

 

 1.5 ml 2  



 1.5 ml 25 μl RNase–free

 

 1 8,000 ×g 1  

 1 50 μl Total RNA

 

 

NucleoSpin RNA Plus  

 15 mg/ml TE buffer 30 mM Tris–HCl, 1 mM EDTA;pH 8.0 100 μl

 

 Vortex 10 37°C 10 2

10 vortex  

 350 μl Buffer LBP 10 vortex  

 2 1.5 ml  

 2 ml NucleoSpin gDNA Removal Column  

 11,000 × g 30  

 130 μl Binding Solution BS

 

 NucleoSpin RNA Plus 450 μl 11,000 × g 15

 

 200 μl Buffer WB1 11,000 × g 15  

 2 ml

 

 600 μl Buffer WB2 11,000 × g 15  



 250 μl Buffer WB2 11,000 × g 15  

 11,000 × g 2 1.5 ml  

 30 μl 1 11,000 × g 1  

 1 60 μl DNA

Total RNA  

 

3–2–4 Total RNA DNA  

RNeasy Mini Kit Total RNA TURBO DNA–free Kit Thermo Fisher Scientific

DNA  

 

 Total RNA 10 μg/50 μl =200 ng/μl  

 0.1 10 × TURBO DNase Buffer 0.5 μl TURBO DNase

 

 37°C 30 0.5 μl TURBO DNase 30

 

 0.1 2 μl DNase Inactivation Reagent

 

 5 30 1

 

 10,000 × g 90 1.5 ml

 

 



3–2–5 Total RNA  

TURBO DNA–free Kit DNA Total RNA RNeasy 

Mini Kit

 

 

 100 μl DNase Total RNA 350 μl Buffer RLT  

 250 μl 100%  

 700 μl RNeasy Mini 8,000 × 

g 15  

 

 

 3–2–3 Total RNA –  

 

3–2–6 Total RNA  

N200 Varioskan LUX Thermo Fisher 

Scientific A260/A280 A260/A230 Qubit RNA 

HS Thermo Fisher Scientific

 

 

3–2–7 Total RNA  

Total RNA 1 5×RNA loading 

bufer 4 RNA 3–5 65°C

100 V 10×FA



gel buffer 1×FA gel running buffer 5×RNA loading 

buffer Table 3–2 3–3 3–4 3–5  

 

3–2–8 Total RNA  

2100 Bioanalyzer Total RNA

Agilent RNA6000  

 

3–2–9 Total RNA rRNA  

Ribo–Zero rRNA Removal Kit Gram–Negative Bacteria Illumina Total RNA

rRNA RNeasy MinElute Cleanup Kit QIAGEN Ribo–

Zero rRNA Removal Kit 5 μg Total RNA

 

 

3–2–10 MiSeq  

MiSeq mRNA KAPA Stranded mRNA–Seq Library Preparation 

Kit 50 ng rRNA RNA

94°C 6 Index 500 nM PCR 11

mRNA mRNA capture 

protocol  

 

3–2–11  

Bioanalyzer Agilent DNA1000

 

  



  

Table 3-3
Agarose 1.2 g
10×FA gel buffer 10 ml
RNase-free water 90 ml
37% Formaldehyde 1.8 ml

Table 3-2 10×FA gel buffer
MOPS 200 mM
Sodium acetate 50 mM
EDTA 10 mM
pH to 7.0 with NaOH.



 

 

 

  

Table 3-5 5×RNA loading buffer
Saturated aqueous bromophenol blue solution 16 μl
500 mM EDTA (pH 8.0) 8 μl
37% Formaldehyde 72 μl
100% Glycerol 200 μl
Formamide 304 μl
10×FA gel buffer 400 μl

Table 3-4 1×FA gel running buffer
10×FA gel buffer 35 ml
37% Formaldehyde 7 ml
RNase-free water 308 ml



3–2–12 MiSeq RNA  

MiSeq MiSeq Reagent Kit v3 150 

cycles paired–end  

 

3–2–13  

Trimmomatic version 0.36

76 quality score < 15 50 bp

high quality reads HISAT2 version 2.1.0  (Kim et al., 2015)

NH9 CP017757–CP017760 high quality reads

”– –dta” ”– –rna–strandness RF” StringTie version 1.3.5  

(Pertea et al., 2015) TPM transcripts per 

million  “– –rf” prepDE.py

http://ccb.jhu.edu/software/stringtie/dl/prepDE.py

– edgeR version 3.24.3  (Robinson 

et al., 2010) log fold-cahnge logFC  > 2 < –2 false discovery rate FDR  

< 0.05 DEGs: differentially expressed genes  

 

3–2–14 PCR 

PrimeScript RT–PCR Kit TaKaRa PCR cDNA

Total RNA 1 μg 30°C 10 42°C 30 95°C 5

cDNA Qubit dsDNA HS

cDNA PCR Table 3–6 Table 3–7 cDNA 10 ng

 



 

 

 

  

Table 3-7 PCR
94 °C 1 min

94 °C 30 sec
60 °C 30 sec 40 cycles
72 °C 30 sec

72 °C 10 min

Table 3-6 PCR
10×PCR Buffer II 2.5 μl
dNTP Mixture (10 mM each) 1 μl
Primer F (10 μM) 1 μl
Primer R (10 μM) 1 μl
Ex Taq HS (5 U/μl) 0.25 μl
cDNA template x μl
H2O y μl

25 μl
x + y = 19.25 μl



3–2–15 RT–PCR 

RT–PCR LightCycler 480 Roche PowerUp SYBR Green 

Master Mix Thermo Fisher Scientific RT–PCR

Table 3–8 Table 3–9

Table 3–10 gyrB

PCR 3  

 

3–2–16 Gene ontology GO  

hmmscan http://hmmer.org/ Pfam release 32.0  (Mitchell et al., 

2015) NH9 Pfam ID GO term 

(Ashburner et al., 2000) pfam2go http://current.geneontology.org/ 

ontology/external2go/pfam2go Parametric analysis of 

genes set enrichment PAGE  (Kim and Volsky, 2005) FDR < 0.05 GO

GO  

 

3–2–17  

NH9

(Yamamoto-Tamura et al., 2015)  

 

 5 mM CA NH9 OD600 ~0.8  

 100 ml 1,600 × g 5 4°C  

 4°C BSM 25 ml 2  

 0.2% BSM 25 ml  



  

Table 3-8 RT-PCR
Primer F (2 μM) 2 μl
Primer R (2 μM) 2 μl
PowerUp SYBR Green Master Mix (2×) 5 μl
cDNA template (1 ng/μl) 1 μl

10 μl

Table 3-9 RT-PCR
UDG activation 50 °C 2 min

Dual-Lock DNA polymerase 95 °C 2 min

Denature 95 °C 15 sec
Anneal/extend 60 °C 1 min

95 °C 15 sec
60 °C 1 min
95 °C Continuous

Cooling 40 °C 30 sec

Melting curve

40 cycles



  

Table 3-10 RT-PCR
Primer Sequence (5'  3') Length (mer) Product size (bp)

NH9_gyrB_F GCTGTCACGTGTTGTGGATA 20
NH9_gyrB_R ATCATTAACAGCCGCCCCAA 20
NH9_mhbM_F AGCAAGACCCAAAACGCGAC 20
NH9_mhbM_R CACGATCACCTGTGTGTCGA 20
NH9_mhbD_F CGGCCTATTACGAACAGATC 20
NH9_mhbD_R CAGATGGCAGGAACGATCTG 20
NH9_mhbH_F TACGTCTTTACGCCCCCAGC 20
NH9_mhbH_R TAGTGGTAGTTCTGCGTCTG 20
NH9_mhbI_F AGAAGGACGCGTGGTATCGC 20
NH9_mhbI_R CCAAAGCACCACTTGCCATG 20

239

94

160

270

106



 5 ml 60 mm Thermo Fisher Scientific

 

 8 mm ADVANTEC 20 μl 3–CB

BA 3–HBA 500 mM

5%

BSM  

 25°C

 

 3   



3–3  

3–3–1 Total RNA  

Total RNA Table 3–11 Fig. 3–1

Fig. 3–2

2 DNA

Total RNA

 

 

3–3–2 RNA  

cDNA Fig. 3–3

359 bp qPCR 19.7 nM MiSeq

 

RNA high quality reads Table 3–12

400 high quality reads

rRNA 5%

 

 

3–3–3  

3

Multi–dimensional scaling MDS 3

Fig. 3–4 3

 

  



  

Table 3-11 Total RNA
Lane

Number
Sample name O.D.260/230 O.D.260/280 Concentrationa

(ng/μl)
Volume

(μl)
Total quantity

(ng)
1 CA1 2.5 1.9 660 33 21,780
2 CA2 1.8 2.0 330 33 10,890
3 CA3 2.2 2.0 540 33 17,820
4 BA1 2.3 2.0 560 33 18,480
5 BA2 2.4 2.0 436 33 14,388
6 BA3 1.1 2.0 495 33 16,335
7 3-CB1 1.9 2.0 479 33 15,807
8 3-CB2 1.2 2.0 364 33 12,012
9 3-CB3 1.4 2.0 214 33 7,062

aMeasured by Qubit.



  



  



  



  

Ta
bl

e 
3-

12
R

N
A

Su
bs

tra
te

R
ep

lic
at

e
To

ta
l n

um
be

rs
 o

f
ra

w
 re

ad
sa

To
ta

l n
um

be
rs

 o
f

fil
te

re
d 

re
ad

sa

To
ta

l b
as

es
 o

f
fil

te
re

d 
re

ad
sa  (b

p)
A

ve
ra

ge
 re

ad
co

ve
ra

ge
b

To
ta

l n
um

be
rs

 o
f

m
ap

pe
d 

re
ad

sa

To
ta

l n
um

be
rs

 o
f

rR
N

A
 re

ad
sa

A
cc

es
sio

n
nu

m
be

r
1

4,
27

8,
19

8
4,

21
5,

38
0

31
5,

42
2,

81
8

38
.2

4,
17

9,
85

9 
(9

9.
2%

)
10

3,
43

3 
(2

.5
%

)
D

R
R

23
23

77
2

4,
46

9,
22

6
4,

39
3,

45
6

32
8,

72
3,

31
3

39
.9

4,
34

1,
53

0 
(9

8.
8%

)
15

7,
47

8 
(3

.6
%

)
D

R
R

23
23

78
3

4,
24

0,
25

0
4,

17
2,

85
4

31
2,

30
6,

76
0

37
.9

4,
14

1,
09

4 
(9

9.
2%

)
68

,8
60

 (1
.7

%
)

D
R

R
23

23
79

1
4,

72
6,

91
0

4,
65

7,
48

6
34

8,
45

3,
63

2
42

.3
4,

62
2,

27
8 

(9
9.

2%
)

18
1,

54
9 

(3
.9

%
)

D
R

R
23

23
80

2
4,

49
4,

10
0

4,
43

5,
92

8
33

2,
01

0,
15

2
40

.3
4,

40
7,

45
5 

(9
9.

4%
)

65
,9

71
 (1

.5
%

)
D

R
R

23
23

81
3

4,
53

3,
62

6
4,

45
0,

79
8

33
3,

09
9,

56
8

40
.4

4,
41

2,
17

3 
(9

9.
1%

)
97

,9
39

 (2
.2

%
)

D
R

R
23

23
82

1
4,

47
0,

11
2

4,
39

6,
12

2
32

8,
96

1,
68

7
39

.9
4,

36
6,

44
6 

(9
9.

3%
)

19
6,

33
9 

(4
.5

%
)

D
R

R
23

23
74

2
4,

47
7,

26
6

4,
40

9,
33

2
32

9,
95

3,
80

0
40

.0
4,

38
1,

29
9 

(9
9.

4%
)

16
1,

45
2 

(3
.7

%
)

D
R

R
23

23
75

3
4,

58
7,

98
6

4,
51

9,
53

0
33

8,
28

4,
46

4
41

.0
4,

48
3,

67
3 

(9
9.

2%
)

10
9,

32
6 

(2
.4

%
)

D
R

R
23

23
76

a Pa
ire

d-
en

d 
re

ad
s.

b C
al

cu
la

te
d 

fr
om

 to
ta

l b
as

es
 o

f f
ilt

er
ed

 re
ad

s 
(b

p)
 / 

ge
no

m
e 

siz
e 

of
 s

tra
in

 N
H

9 
(8

,2
46

,9
35

 b
p)

.

C
A

B
A

3-
C

B



  



3–CB vs. CA 591

374 3–CB 217

DEGs BA vs. CA 281 228

BA 53 3–CB vs. BA

137 3–CB 126  

 

3–3–4  

3–CB BA logFC Table 3–13 Fig. 3–5 benABCD

3–CB BA logFC 8.0–8.5 BenABCD 3–

CB BA  (Ogawa et al., 2003) 3–

cbnABCD 3–CB logFC 9.4–9.9 BA

logFC 1.3–1.5 3–CB 3–

catA catB catDC pcaIJF 3–CB BA

epoxybenzoyl–CoA BA boxABCD BA

 

HBA logFC Table 3–13 Fig. 3–6

2– 4–HBA 3–CB BA pobA

BA 3–HBA

and1 and2 3–CB  

NH9 3-HBA mhb RT–PCR Fig. 3–

7 mhb CA 3-HBA

 

  



  
Ta

bl
e 

3-
13

Lo
gF

C
b

FD
R

Lo
gF

C
c

FD
R

Lo
gF

C
d

FD
R

B
JN

34
_0

85
60

be
nA

K
05

54
9

B
en

zo
at

e 
1,

2-
di

ox
yg

en
as

e 
al

ph
a 

su
bu

ni
t

8.
1

5.
6E

-7
9

8.
2

1.
2E

-8
0

0.
09

2
9.

0E
-0

1
B

JN
34

_0
85

65
be

nB
K

05
55

0
B

en
zo

at
e 

1,
2-

di
ox

yg
en

as
e 

be
ta

 s
ub

un
it

8.
0

5.
1E

-8
8

8.
2

1.
2E

-9
1

0.
20

7.
2E

-0
1

B
JN

34
_0

85
70

be
nC

K
05

78
4

B
en

zo
at

e 
1,

2-
di

ox
yg

en
as

e 
re

du
ct

as
e 

co
m

po
ne

nt
8.

3
4.

9E
-1

35
8.

5
6.

1E
-1

40
0.

19
6.

7E
-0

1
B

JN
34

_0
85

75
be

nD
K

05
78

3
1,

6-
D

ih
yd

ro
xy

cy
cl

oh
ex

a-
2,

4-
di

en
e-

1-
ca

rb
ox

yl
at

e 
de

hy
dr

og
en

as
e

8.
4

4.
4E

-1
18

8.
4

1.
7E

-1
17

-0
.0

48
9.

4E
-0

1
B

JN
34

_0
71

80
bo

xA
K

15
51

1
B

en
zo

yl
-C

oA
 2

,3
-e

po
xi

da
se

 s
ub

un
it 

A
3.

5
1.

1E
-2

5
1.

3
2.

8E
-0

4
-2

.2
2.

9E
-1

2
B

JN
34

_0
71

85
bo

xB
K

15
51

2
B

en
zo

yl
-C

oA
 2

,3
-e

po
xi

da
se

 s
ub

un
it 

B
4.

0
1.

9E
-2

3
1.

1
9.

9E
-0

3
-2

.9
2.

9E
-1

4
B

JN
34

_0
71

90
bo

xC
K

15
51

3
B

en
zo

yl
-C

oA
-d

ih
yd

ro
di

ol
 ly

as
e

2.
4

2.
5E

-0
5

0.
00

52
9.

9E
-0

1
-2

.4
2.

3E
-0

5
B

JN
34

_0
72

00
bc

lA
K

04
11

0
B

en
zo

at
e-

C
oA

 li
ga

se
1.

8
5.

2E
-0

2
0.

67
4.

8E
-0

1
-1

.2
2.

8E
-0

1
B

JN
34

_3
20

90
bo

xA
K

15
51

1
B

en
zo

yl
-C

oA
 2

,3
-e

po
xi

da
se

 s
ub

un
it 

A
4.

0
4.

2E
-2

3
0.

56
3.

3E
-0

1
-3

.5
1.

1E
-1

9
B

JN
34

_3
20

95
bo

xB
K

15
51

2
B

en
zo

yl
-C

oA
 2

,3
-e

po
xi

da
se

 s
ub

un
it 

B
4.

4
5.

2E
-2

4
0.

51
3.

5E
-0

1
-3

.8
1.

8E
-2

0
B

JN
34

_3
21

00
bo

xC
K

15
51

3
B

en
zo

yl
-C

oA
-d

ih
yd

ro
di

ol
 ly

as
e

3.
8

3.
2E

-1
3

0.
49

4.
5E

-0
1

-3
.3

6.
5E

-1
1

B
JN

34
_3

21
15

bo
xD

K
15

51
4

3,
4-

D
eh

yd
ro

ad
ip

yl
-C

oA
 s

em
ia

ld
eh

yd
e 

de
hy

dr
og

en
as

e
4.

9
6.

9E
-1

6
0.

20
8.

3E
-0

1
-4

.7
2.

0E
-1

5
B

JN
34

_3
73

80
cb

nA
K

15
25

3
C

hl
or

oc
at

ec
ho

l 1
,2

-d
io

xy
ge

na
se

1.
3

2.
5E

-0
5

9.
9

7.
5E

-1
51

8.
6

2.
5E

-1
26

B
JN

34
_3

73
85

cb
nB

K
01

86
0

C
hl

or
om

uc
on

at
e 

cy
cl

oi
so

m
er

as
e

1.
5

3.
4E

-0
4

9.
8

2.
2E

-9
0

8.
3

2.
0E

-7
3

B
JN

34
_3

73
95

cb
nC

K
01

06
1

D
ie

ne
la

ct
on

e 
hy

dr
ol

as
e

1.
4

3.
1E

-0
5

9.
5

7.
4E

-1
48

8.
2

2.
2E

-1
23

B
JN

34
_3

74
00

cb
nD

K
00

21
7

M
al

ey
la

ce
ta

te
 re

du
ct

as
e

1.
5

2.
9E

-0
5

9.
4

1.
7E

-1
22

7.
9

8.
9E

-1
00

C
hr

.1
B

JN
34

_0
85

55
ca

tA
K

03
38

1
C

at
ec

ho
l 1

,2
-d

io
xy

ge
na

se
6.

2
9.

8E
-8

0
6.

0
5.

8E
-7

7
-0

.1
8

7.
3E

-0
1

B
JN

34
_2

43
40

ca
tB

K
01

85
6

M
uc

on
at

e 
cy

cl
oi

so
m

er
as

e
6.

7
1.

1E
-1

9
5.

6
2.

9E
-1

5
-1

.2
1.

7E
-0

1
B

JN
34

_2
97

40
ca

tD
K

01
05

5
3-

O
xo

ad
ip

at
e 

en
ol

-la
ct

on
as

e
6.

0
8.

8E
-6

8
6.

0
1.

7E
-6

7
-0

.0
44

9.
5E

-0
1

B
JN

34
_2

97
45

ca
tC

K
03

46
4

M
uc

on
ol

ac
to

ne
 is

om
er

as
e

6.
0

1.
7E

-5
4

5.
9

7.
7E

-5
4

-0
.0

77
9.

1E
-0

1
B

JN
34

_2
10

15
pc

aI
K

01
03

1
3-

O
xo

ad
ip

at
e 

C
oA

-tr
an

sf
er

as
e 

al
ph

a 
su

bu
ni

t
4.

7
3.

8E
-2

4
4.

5
2.

9E
-2

3
-0

.1
4

8.
6E

-0
1

B
JN

34
_2

10
20

pc
aJ

K
01

03
2

3-
O

xo
ad

ip
at

e 
C

oA
-tr

an
sf

er
as

e 
be

ta
 s

ub
un

it
5.

3
2.

7E
-2

6
5.

5
1.

9E
-2

8
0.

24
7.

6E
-0

1
B

JN
34

_2
10

25
pc

aF
K

00
63

2
3-

O
xo

ad
ip

yl
-C

oA
 th

io
la

se
5.

4
3.

3E
-3

6
5.

9
1.

8E
-4

1
0.

48
4.

1E
-0

1
2-

H
yd

ro
xy

be
nz

oa
te

C
hr

.2
B

JN
34

_2
49

50
na

hG
K

00
48

0
Sa

lic
yl

at
e 

hy
dr

ox
yl

as
e

0.
42

6.
0E

-0
1

1.
1

3.
3E

-0
2

0.
67

3.
3E

-0
1

B
JN

34
_3

08
95

m
hb

M
e

K
22

27
0

3-
H

yd
ro

xy
be

nz
oa

te
 6

-m
on

oo
xy

ge
na

se
2.

1
6.

1E
-0

3
5.

3
3.

5E
-1

4
3.

2
1.

1E
-0

6

B
JN

34
_3

09
00

a
m

hb
Ie

K
01

80
1

M
al

ey
lp

yr
uv

at
e 

iso
m

er
as

e
1.

2
8.

2E
-0

3
4.

2
9.

9E
-3

9
3.

1
8.

9E
-2

6
B

JN
34

_3
09

05
m

hb
H

e
K

16
16

5
Fu

m
ar

yl
py

ru
va

te
 h

yd
ro

la
se

1.
3

1.
8E

-0
3

4.
1

1.
5E

-3
4

2.
8

3.
2E

-2
0

B
JN

34
_3

09
10

m
hb

D
e

K
00

45
0

G
en

tis
at

e 
1,

2-
di

ox
yg

en
as

e
0.

70
3.

2E
-0

1
2.

8
1.

8E
-0

8
2.

1
4.

9E
-0

5
B

JN
34

_3
38

35
po

bA
K

00
48

1
4-

H
yd

ro
xy

be
nz

oa
te

 3
-m

on
oo

xy
ge

na
se

3.
6

5.
2E

-1
2

0.
75

2.
1E

-0
1

-2
.9

2.
0E

-0
8

B
JN

34
_3

38
45

pc
aC

e
K

01
60

7e
4-

C
ar

bo
xy

m
uc

on
ol

ac
to

ne
 d

ec
ar

bo
xy

la
se

0.
34

4.
9E

-0
1

0.
99

1.
5E

-0
3

0.
65

8.
6E

-0
2

B
JN

34
_3

38
50

pc
aB

K
01

85
7

3-
C

ar
bo

xy
-c

is
,c

is
-m

uc
on

at
e 

cy
cl

oi
so

m
er

as
e

0.
08

9
9.

0E
-0

1
0.

24
5.

9E
-0

1
0.

15
8.

2E
-0

1
B

JN
34

_3
38

55
pc

aG
K

00
44

8
Pr

ot
oc

at
ec

hu
at

e 
3,

4-
di

ox
yg

en
as

e 
al

ph
a 

su
bu

ni
t

-0
.5

1
5.

1E
-0

1
-0

.0
60

9.
3E

-0
1

0.
45

5.
7E

-0
1

B
JN

34
_3

38
60

pc
aH

K
00

44
9

Pr
ot

oc
at

ec
hu

at
e 

3,
4-

di
ox

yg
en

as
e 

be
ta

 s
ub

un
it

-0
.6

2
2.

8E
-0

1
-0

.0
43

9.
4E

-0
1

0.
58

3.
3E

-0
1

B
JN

34
_1

81
60

an
dA

a1
K

00
52

9
A

nt
hr

an
ila

te
 1

,2
-d

io
xy

ge
na

se
 fe

rr
ed

ox
in

 re
du

ct
as

e 
co

m
po

ne
nt

-0
.4

4
5.

7E
-0

1
3.

7
3.

5E
-2

6
4.

1
8.

4E
-3

2
B

JN
34

_1
81

65
an

dA
b1

K
18

24
8

A
nt

hr
an

ila
te

 1
,2

-d
io

xy
ge

na
se

 fe
rr

ed
ox

in
 c

om
po

ne
nt

-1
.6

1.
6E

-0
1

3.
9

1.
2E

-1
0

5.
4

4.
4E

-1
6

B
JN

34
_1

81
70

an
dA

d1
K

16
32

0
A

nt
hr

an
ila

te
 1

,2
-d

io
xy

ge
na

se
 s

m
al

l s
ub

un
it

-0
.2

3
8.

8E
-0

1
4.

1
6.

5E
-1

0
4.

3
9.

0E
-1

1
B

JN
34

_1
81

75
an

dA
c1

K
16

31
9

A
nt

hr
an

ila
te

 1
,2

-d
io

xy
ge

na
se

 la
rg

e 
su

bu
ni

t
-0

.3
2

8.
1E

-0
1

4.
3

5.
1E

-1
0

4.
6

5.
0E

-1
1

B
JN

34
_2

94
70

an
dA

b2
K

05
71

0
 3

-P
he

ny
lp

ro
pi

on
at

e/
tra

ns
-c

in
na

m
at

e 
di

ox
yg

en
as

e 
fe

rr
ed

ox
in

 c
om

po
ne

nt
a

8.
0

2.
0E

-2
0

1.
4

2.
2E

-0
1

6.
5

1.
5E

-1
6

B
JN

34
_2

94
75

an
dA

a2
K

00
52

9
 3

-P
he

ny
lp

ro
pi

on
at

e/
tra

ns
-c

in
na

m
at

e 
di

ox
yg

en
as

e 
fe

rr
ed

ox
in

 re
du

ct
as

e 
co

m
po

ne
nt

a
8.

9
6.

4E
-4

4
2.

2
3.

9E
-0

3
6.

7
2.

5E
-3

3
B

JN
34

_2
94

80
an

dA
c2

K
16

31
9

A
nt

hr
an

ila
te

 1
,2

-d
io

xy
ge

na
se

 la
rg

e 
su

bu
ni

ta
8.

3
2.

0E
-8

1
1.

5
9.

9E
-0

4
6.

8
4.

3E
-6

5
B

JN
34

_2
94

85
an

dA
d2

K
16

32
0

A
nt

hr
an

ila
te

 1
,2

-d
io

xy
ge

na
se

 s
m

al
l s

ub
un

ita
7.

9
8.

8E
-4

7
0.

96
1.

7E
-0

1
6.

9
1.

6E
-4

0
a G

en
e 

de
sig

na
tio

n 
an

d 
de

fin
iti

on
 fr

om
 K

EG
G

 a
nn

ot
at

io
n 

w
er

e 
m

an
ua

lly
 m

od
ifi

ed
.

b Lo
g 

fo
ld

 c
ha

ng
e 

va
lu

es
 c

al
cu

la
te

d 
fr

om
 B

A
/C

A
.

c Lo
g 

fo
ld

 c
ha

ng
e 

va
lu

es
 c

al
cu

la
te

d 
fr

om
 3

-C
B

/C
A

.
d Lo

g 
fo

ld
 c

ha
ng

e 
va

lu
es

 c
al

cu
la

te
d 

fr
om

 3
-C

B
/B

A
.

B
en

zo
at

e

C
hr

.1

C
hr

.2

C
om

po
un

d
R

ep
lic

on
B

A
 v

s 
C

A
3-

C
B

 v
s 

C
A

3-
C

B
 v

s 
B

A

3-
C

hl
or

ob
en

zo
at

e
B

en
zo

at
e

C
hr

.1

Lo
cu

s
G

en
ea

K
nu

m
be

r
D

ef
in

iti
on

a

3-
C

hl
or

oc
at

ec
ho

l
pE

N
H

91

C
at

ec
ho

l
C

hr
.2

3-
O

xo
ad

ip
at

e
C

hr
.2

3-
H

yd
ro

xy
be

nz
oa

te
C

hr
.2

4-
H

yd
ro

xy
be

nz
oa

te
C

hr
.2

C
hr

.1

A
nt

hr
an

ila
te

C
hr

. 2



  



  



  



3–3–5  

NH9 KEGG BRITE 348

“Transporters”, ko02000 3–CB BA

logFC ≥ 2 FDR < 0.05 8 major 

facilitator superfamily MFS 12 ATP–binding cassette ABC

– – Table 3–14  

MFS BJN34_12320 BJN34_18155 BJN34_30890 BA 3–

CB BJN34_32125 4 logFC BA 

vs. CA 3–CB vs. CA

Table 3–15

BLASTP BJN34_18155 BJN34_32125 BenP 3–CB

 (Ledger et al., 2009) 70% identity BJN34_30890 BJN34_33870

MhbT 3–HBA  (Xu et al., 2012a) PcaK 3–HBA

 (Harwood et al., 1994; Nichols and Harwood, 1997) 50% identity

MFS Fig. 3–8

BJN34_18155 BJN34_32125 BenP BJN34_30890

BJN34_33870 MhbT PcaK 4

aromatic acid:H+ symporter (AAHS) family 3

BJN34_11715 BJN34_12320 BJN34_26825 Anion/cation symporter ACS family

BJN34_20520 Metabolite:H+ symporter MHS family

BJN34_32125 BJN34_30890 BJN34_33870 BJN34_18155 BA 3–HBA 4–HBA

Fig. 2–9 MFS

 



  
Table 3-14 BA 3-CB MFS ABC

LogFCb FDR LogFCc FDR LogFCd FDR
Major facilitator superfamily (MFS)

Aromatic acid:H+ symporter (AAHS) family
Chr.1 BJN34_18155 - K05548 BenP AAZ63295.1 70.4 0.12 8.9E-01 3.1 3.4E-20 2.9 4.9E-20

BJN34_30890 - K08195 MhbT AAW63412.1 52.1 0.019 9.9E-01 4.2 1.3E-20 4.1 2.6E-21
BJN34_32125 - K05548 BenP AAZ63295.1 77.2 4.5 4.4E-24 0.14 8.6E-01 -4.3 3.8E-24
BJN34_33870 - K08195 PcaK AAA85137.1 55.1 1.3 2.0E-02 2.9 8.7E-09 1.5 6.5E-03

Drug:H+ antiporter-2 (14 spanner) (DHA2) family
BJN34_11715 - K03446 PcaK CAG68551.1 25.8 1.8 1.5E-05 2.0 2.2E-07 0.24 7.2E-01
BJN34_12320 - K19577 MhpT APC50650.1 29.3 -0.064 9.3E-01 2.1 6.4E-11 2.1 1.3E-11

Metabolite:H+ symporter (MHS) family
Chr.2 BJN34_20520 - K03761 MopB AAB41509.1 31.5 2.1 1.7E-06 2.7 2.5E-10 0.57 3.4E-01
Cyanate porter (CP) family

Chr.2 BJN34_26825 - K03449 HpaX ADT77978.1 26.8 3.2 1.6E-07 2.9 1.4E-06 -0.36 7.2E-01

ATP-binding cassette (ABC)

Branched-chain amino acid transporter
BJN34_01710 NBD K01995 HmgG AAY18213.1 40.0 2.1 5.0E-06 2.8 1.2E-11 0.74 1.2E-01
BJN34_01715 TMD K01997 HmgE AAY18215.1 28.3 2.2 1.2E-02 2.7 5.5E-04 0.46 6.9E-01
BJN34_01720 TMD K01998 HmgF AAY18214.1 31.4 1.5 4.3E-03 1.9 2.9E-05 0.40 5.2E-01
BJN34_01725 SBP K01999 - - - 1.4 1.5E-04 1.9 9.6E-09 0.53 2.3E-01
BJN34_01730 NBD K01996 HmgH AAY18212.1 44.3 1.6 1.8E-02 2.1 3.0E-04 0.49 5.6E-01
BJN34_07675 SBP K01999 - - - 2.0 3.9E-06 1.8 1.2E-05 -0.17 8.3E-01
BJN34_07680 TMD K01997 HmgE AAY18215.1 24.6 1.3 1.1E-02 0.51 3.2E-01 -0.75 1.9E-01
BJN34_07685 TMD K01998 PcaV CAC49878.1 24.9 1.4 3.9E-03 0.91 4.9E-02 -0.48 4.6E-01
BJN34_07690 NBD K01995 PcaW CAC49877.1 34.3 3.6 1.4E-03 0.062 9.7E-01 -3.5 2.0E-03
BJN34_07695 NBD K01996 HmgH AAY18212.1 40.7 0.98 5.9E-02 1.0 2.4E-02 0.030 9.8E-01
BJN34_11495 TMD K01998 PcaV CAC49878.1 30.6 2.1 7.3E-08 2.7 4.2E-13 0.63 2.0E-01
BJN34_11500 TMD K01997 HmgE AAY18215.1 29.5 2.3 7.7E-09 3.0 9.7E-15 0.72 1.6E-01
BJN34_11505 NBD K01996 HmgH AAY18212.1 37.4 2.4 2.4E-11 3.0 2.9E-18 0.66 1.3E-01
BJN34_11510 NBD K01995 PcaW CAC49877.1 40.2 0.39 7.6E-01 0.72 3.6E-01 0.34 7.7E-01
BJN34_11515 SBP K01999 PcaM CAC49880.1 23.5 2.3 1.5E-09 3.2 1.7E-17 0.90 5.0E-02
BJN34_29445 SBP K01999 PcaM CAC49880.1 27.7 1.5 3.8E-02 9.4 1.0E-89 7.9 6.9E-80
BJN34_29450 NBD K01995 PcaW CAC49877.1 35.8 3.8 1.4E-05 11.0 2.3E-85 7.3 1.8E-67
BJN34_29455 NBD K01996 PcaX CAC49876.1 40.3 0.91 3.8E-01 8.9 5.3E-91 8.0 4.4E-88
BJN34_29460 TMD K01997 PcaN CAC49879.1 33.3 1.5 5.6E-01 8.1 3.8E-05 6.6 1.1E-03
BJN34_29465 TMD K01998 PcaV CAC49878.1 32.4 0.47 7.3E-01 7.7 2.5E-27 7.2 8.9E-26
BJN34_32550 TMD K01997 HmgE AAY18215.1 38.5 0.55 3.4E-01 0.56 2.3E-01 0.0051 1.0E+00
BJN34_32555 TMD K01998 HmgF AAY18214.1 27.3 2.2 2.7E-04 2.5 5.4E-06 0.30 7.0E-01
BJN34_32560 NBD K01995 HmgG AAY18213.1 41.9 1.5 4.6E-03 1.3 1.4E-02 -0.27 7.2E-01
BJN34_32565 NBD K01996 HmgH AAY18212.1 45.5 2.2 2.2E-03 2.5 1.0E-04 0.29 7.4E-01
BJN34_32570 SBP K01999 HmgD AAY18216.1 28.4 1.0 7.0E-03 1.6 1.1E-06 0.57 1.8E-01

NitT/TauT family transporter
BJN34_09335 SBP K02051 - - - 0.40 7.0E-01 1.3 2.9E-02 0.89 2.3E-01
BJN34_09340 NBD K02049 PatA ABG99217.1 41.4 0.82 3.4E-01 2.3 5.1E-06 1.5 3.1E-03
BJN34_09345 TMD K02050 PatC ABG99215.1 27.0 1.2 2.0E-01 2.2 8.8E-04 1.0 1.9E-01
BJN34_36080 SBP K02051 - - - -1.2 3.9E-01 1.2 1.9E-01 2.4 2.5E-02
BJN34_36095 TMD K02050 PatB ABG99216.1 26.9 -0.018 9.9E-01 2.5 4.6E-04 2.5 7.9E-04
BJN34_36100 NBD K02049 PatA ABG99217.1 44.1 1.8 1.2E-01 2.9 3.5E-04 1.2 1.8E-01

Glycerol transporter
BJN34_13400 SBP K17321 - - - 1.4 2.3E-03 2.3 4.3E-09 0.97 4.3E-02
BJN34_13410 TMD K17323 - - - 1.6 2.2E-03 2.0 2.3E-05 0.35 5.8E-01
BJN34_13415 TMD K17322 - - - 1.6 3.3E-03 1.6 1.5E-03 -0.0088 9.9E-01
BJN34_13420 NBD K17325 OphH BAG45601.1 34.9 1.4 1.9E-01 2.2 1.3E-02 0.74 5.7E-01
BJN34_13425 NBD K17324 PatA ABG99217.1 30.3 1.1 6.2E-03 1.2 7.3E-04 0.11 8.6E-01

Putative polar amino acid transporter
BJN34_14830 TMD K02029 - - - -0.40 7.2E-01 2.7 4.9E-07 3.1 1.5E-08
BJN34_14835 TMD K02029 - - - 1.2 3.1E-01 3.7 1.1E-05 2.5 5.4E-03
BJN34_14840 NBD K02028 OphH BAG45601.1 35.3 1.1 5.6E-02 2.7 1.6E-10 1.7 1.1E-04
BJN34_14845 SBP K02030 - - - 0.70 2.2E-01 2.0 9.1E-07 1.3 3.7E-03

ABC-2 type transporter
BJN34_25255 NBD K01990 OphH BAG45601.1 31.9 2.3 2.5E-01 3.5 1.7E-02 1.1 4.9E-01
BJN34_25270 TMD K01992 - - - 4.7 3.5E-02 4.8 1.2E-02 0.14 9.5E-01

Ribose transporter
BJN34_29355 NBD K10441 HmgG AAY18213.1 28.3 2.0 6.6E-07 2.6 1.3E-11 0.61 2.4E-01
BJN34_29360 TMD K10440 HmgE AAY18215.1 26.0 2.4 5.0E-07 2.6 2.6E-08 0.17 8.4E-01
BJN34_29365 SBP K10439 - - - 2.6 3.0E-10 2.5 6.2E-10 -0.077 9.2E-01

Other ABC transporters
Chr.1 BJN34_11055 NBD, TMD K02471 HmgG AAY18213.1 38.0 1.6 2.0E-01 2.4 1.1E-02 0.85 5.2E-01

aNBD, nucleotide binding domain; SBP, substrate binding protein; TMD, transmembrane domain.
bLog fold change values calculated from BA/CA.
cLog fold change values calculated from 3-CB/CA.
dLog fold change values calculated from 3-CB/BA.

Protein

Chr.2

Replicon Locus Componenta
K

number
Accession

number
% Amino acid

identity
BA vs CA 3-CB vs CA 3-CB vs BA

Chr.1

Chr.2

Chr.2

Chr.1

Chr.1

Chr.2

Chr.1

pENH92

Chr.1
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3–CB BA ABC Table 

3–14 ABC logFC BA vs. CA 3–CB vs. CA

BJN34_29445–BJN34_29465

3–CB logFC 7.7–11.0 NH9 3–CB

3,4–

Pca (MacLean et al., 2011) 27.7–40.3% identity  

BLSATP family Table 3–

16 BJN34_08680 BJN34_26835 3–CB BA

 

 

3–3–6  

3–CB BA Table 3–17

4 dnaK BJN34_09490 groEL BJN34_09495 groES

BJN34_09500 clpB BJN34_11475 3–CB BA 2 hslV

BJN34_00915 hslU BJN34_00920 grpE BJN34_06000 dnaK BJN34_16500 BA

45 mM BA Pseudomonas putida 

KT2440 DNA

 (Reva et al., 2006) NH9

KEGG Table 3–17 Benzoate stress response genes

PstBACS BJN34_13095–BJN34_13110 superoxide oxidase SOO BJN34_16665

3–CB BA  
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3–3–7 PHB  

PHB phaC1AB1 TPM Table 3–18 pha

TPM TPM

 

 

3–3–8 GO  

GO 3–CB vs. CA

BA vs. CA 3–CB vs. BA 22 22 15 GO

FDR < 0.05 Fig. 3–9 “ferric iron binding” GO:0008199 “metal ion binding”

GO:0046872 “2 iron, 2 sulfur cluster binding” GO:0051537 3–CB

“nucleotide binding” GO:0000166 “peptidyl-prolyl cis-trans isomerase activity” GO:0003755

3–CB “peptide transport” GO:0015833 “bacterial-type flagellum-

dependent cell motility” GO:0071973 BA “GTPase activity”

GO:0003924 “porin activity” GO:0015288 “oxidoreductase activity, acting on the CH-OH group 

of donors, NAD or NADP as acceptor” GO:0016616 BA

“chemotaxis” GO:0006935 “signal transduction” GO:0007165 “bacterial-type flagellum-

dependent cell motility” GO:0071973 BA 3–CB NH9

3–CB BA GO

3–CB vs. CA BA vs. CA  

“signal transduction” “chemotaxis” “bacterial-type flagellum-dependent cell motility”

Table 3–19 “signal 

transduction” 72

methyl-accepting chemotaxis protein: 

MCP  (Bi and Sourjik, 2018; Parales et al., 2015)  
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12 12 8 3–CB vs. BA

DEG 3–CB 8 3 BJN34_09575

BJN34_21800 BJN34_32190 BA CA 2 FDR < 0.05

BA

1 MCP BJN34_24350 3–CB BA 16

3–CB BA “chemotaxis”

“signal transduction” 16 7 3–CB 

vs. BA DEG 6 CA BA 2 FDR < 0.05

6 CheABDVW 1 MCP

“bacterial-type flagellum-dependent cell motility” 14 11

CA BA 2 FDR < 0.05

hook hook-filament junction distal rod proximal rod L P C

MCP Che

BA 3–CB

3–CB BA

 

 

3–3–9  

Fig. 3–10

NH9

BA 3–HBA 3 6 6

Fig. 3–10A B C 3–CB

14 Fig. 3–10D BSM

Fig. 3–10E  



 



NH9 BA 3–HBA 3–CB

 

  



3–4  

RNA–seq 3–CB BA 3–

cbnABCD 3–CB BA 3–CB

Fig. 3–5 Table 3–13 β–

β– Pseudomonas putida PRS4020

BA 3–CB cbnA

 (Ogawa et al., 1999) β– in vitro

RNA–seq in vivo

RNA–seq pENH91 cbnABCD

CbnR 2–CM CCM 3–

 (Ogawa et al., 1999) NH9 BA

Acinetobacter baylyi 

ADP1 BA BenM CatM CCM BA

 (Ezezika et al., 2006) BA BenABCD

BA ben catA CatA

CCM benABCD catA CbnR

CCM cbnABCD 3–CB BenABCD

3–CB 3– CbnA 2–

CM CbnR cbnABCD catB catDC

BA 3–CB benABCD catA

catDC

 

BA boxABCD CA BA Fig. 3–

5 Table 3–13 ben cat



NH9 bclA boxABCD ben cat

BA

bclA boxABCD ben

cat  (Denef et al., 2004, 2006)  

3–HBA mhbDHIMT MhbR

3–HBA  (Lin et al., 2010) NH9 3–

HBA Fig. 2–11 RT–PCR 3–HBA

Fig. 3–7 NH9 mhbDHIMT

3–HBA RNA–seq NH9

mhbDHIMT 3–CB NH9 MhbR

3–CB mhb

MhbR 3–CB

3–HBA 3–CB

3–CB and1 and2

Fig. 3–6 Table 3–13 3–CB

 

KEGG BRITE BLSATP 3–CB BA

MFS BJN34_18155

BJN34_32125 BenP Fig. 3–8 3–CB

BJN34_18155 BJN34_30890 BJN34_32125 BJN34_33870

3–HBA BA 4–HBA Fig. 2–9

ABC BJN34_29445–

BJN34_29465 3–CB Table 3–14



3–CB ABC

3–CB 3–

CB and2 Fig. 2–9J

MFS

ABC

family  (Chae and Zylstra, 2006; Hosaka et al., 

2013; Olivera et al., 1998; Reverón et al., 2017) NH9 3–CB BA

MFS ABC

14C

 

3–CB BA DnaK GrpE GroESL ClpB

HslVU Table 3–17

 (Gaucher et al., 2019) NH9 3–CB BA

PstBACS

SOO 3–CB BA

pH

 (Reva et al., 2006) SOO DNA

 (Lundgren et al., 2018)

ROS  (Flood and Copley, 2018; Tamburro et al. 

2004) ROS  (Chávez et al., 2004; Denef et 



al., 2006; Puglisi et al., 2010; Wang et al., 2011b) 3–CB BA

pH ROS P. putida 

KT2440 P. xenovorans LB400 3–

CB BA BA PCB

 (Denef et al., 2006; Parnell et al., 2006; Reva et al., 2006; Wang et al., 2011b)

pH

KT2440

BA BJN34_02220 BJN34_03315 BJN34_03320

BJN34_15890 BJN34_16755 BJN34_23155 BJN34_25760 3–CB BA

Table 3–17 5 BJN34_02220 BJN34_03315

BJN34_03320 BJN34_15890 BJN34_16755 TPM CA 3–CB BA

TPM Table 3–18 5

3–CB BA CA

CA

 

3–CB BA PHB TPM

Table 3–18 PHB

PHB

Fig. 2–11

 

GO “cellular aromatic compound metabolic process” “iron ion 

binding” “2 iron, 2 sulfur cluster binding” “ferric ion binding” 4 GO BA

3–CB Fig. 3–9 3–CB

Rieske [2Fe–2S] mononuclear iron-



containing catalytic 2

 (Mason and Cammack, 1992)

NH9

 

NH9 3–CB BA Fig. 3–10

3–CB BA NH9 BA

Fig. 3–11 MCP

 (Parales et al., 2015) NH9 MCP 12

BJN34_09575 K05874 BJN34_21800 K05874 BJN34_24350 K05874

BJN34_32190 K03406 4 BA

MCPs CheA BJN34_21875

CheY BJN34_21830 BJN34_21900  (Bi and 

Sourjik, 2018) CheY FliM

BJN34_24450  (Welch et al., 1993) FliN BJN34_24445  (Sarkar et al., 2010) FliG

BJN34_34155  (Nishikino et al., 2018) BA

BA  

  



 



 

Cupriavidus Ralstonia  

 

4–1  

3

Lactobacillus gasseri

75 average nucleotide identity ANI  (Goris et al., 2007)

ANI 94% 2  (Tada et al., 2017)

 

(Tanizawa et al., 2018)

Burkholderia cepacia complex B. cepacia B. multivorans 20

255 36

14  (Jin et al., 2020)

 

Cupriavidus Ralstonia

NH9

NH9

Cupriavidus Ralstonia

 



BA 4–HBA BA 1,2–dioxygenase BenA 4–hydroxybenzoate 3–

monooxygenase PobA KEGG pathway

 

 

4–2  

4–2–1  

Table 4–1 4–2 KEGG

Cupriavidus Ralstonia

assembly summary report

ftp://ftp.ncbi.nlm.nih.gov/genomes/ASSEMBLY_REPORTS/assembly_summary_refseq.txt

Cupriavidus Ralstonia R. pickettii DTP0602

R. solanacearum BBAC–C1

 

 

4–2–2  

Table 4–1 4–2 Cupriavidus 44 Ralstonia 108

GenBank protein coding RNA NCBI FTP 

site ftp://ftp.ncbi.nlm.nih.gov/genomes/all/ 2018 5  

 

4–2–3  

MEGA version 7.0 (Kumar et al., 2016)  
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Table 4-2
Genus Species Strain

Phylotype
Sequevar

# assembly_accession
ANI

cluster
TNA

cluster
Cupriavidus alkaliphilus ASC-732a - GCF_900094595.1 3 B

basilensis 4G11 - GCF_000832305.1 7 E
KF708 - GCF_000876015.1 9 C
OR16 - GCF_000243095.1 7 E

gilardii CR3 - GCF_001281465.1 10 I
JZ4 - GCF_001658125.1 10 I

metallidurans CH34a - GCF_000196015.1 16 L
Ni-2 - GCF_002944765.1 16 L
H1130 - GCF_000496715.1 16 L
NA1 - GCF_000709025.1 16 L
NA4 - GCF_000709045.1 16 L
NBRC 101272 - GCF_001598775.1 16 L
NDB3NO24 - GCF_001543455.1 16 L
NE12 - GCF_000709065.1 16 L

nantongensis X1a - GCF_001598055.1 3 B
necator H16 - GCF_000009285.1 1 D

N-1a - GCF_000219215.1 1 D
NH9 - GCF_002011925.2 1 D
A5-1 - GCF_000744095.1 2 G
NBRC 102504 - GCF_001598755.1 1 D
PHE3-6 - GCF_001853325.1 1 D

oxalaticus NBRC 13593 - GCF_001592245.1 4c Bc

pauculus KF709 - GCF_000974605.1 15c Kc

UM1 - GCF_002858765.1 14 J
pinatubonensis JMP134 - GCF_000203875.1 6c Kc

taiwanensis LMG19424a - GCF_000069785.1 3 B
STM 6018 - GCF_000472465.1 3 B
STM6070 - GCF_000372525.1 3 B

sp. USMAA1020 - GCF_001854325.1 11 A
USMAA2-4 - GCF_001854305.1 11 A
USMAHM13 - GCF_001854285.1 11 A
amp6 - GCF_000426345.1 4 G
BIS7 - GCF_000292345.1 17c Kc

D384 - GCF_001652915.1 14 J
GA3-3 - GCF_000389805.1 1 D
HMR-1 - GCF_000319775.1 16 L
HPC(L) - GCF_000307735.3 10 I
IDO - GCF_000812465.1 5 G
OV038 - GCF_900112215.1 12 H
OV096 - GCF_900115455.1 12 H
SHE - GCF_000812445.1 16 L
SK-3 - GCF_000611145.1 8 F
SK-4 - GCF_000611125.1 1 D
UYPR2.512 - GCF_000379565.1 1 D
WS - GCF_000395345.1 9 C
YR651 - GCF_900101625.1 13c Kc



  
Table 4-2

Genus Species Strain
Phylotype
Sequevar

# assembly_accession
ANI

cluster
TNA

cluster
Ralstonia insidiosa ATCC 49129 - GCF_001663855.1 20 N

FC1138 - GCF_001653935.1 20 N
WCHRI065162 - GCF_002939165.1 20 N
WCHRI065437 - GCF_002939035.1 20 N

mannitolilytica SN82F48 - GCF_000954135.1 19 O
SN83A39 - GCF_001628775.1 19 O
GML-Rals1-TR - GCF_002863525.1 19 O
MRY14-0246 - GCF_000953875.1 19 O
WCHRM065694 - GCF_002939115.1 19 O
WCHRM065837 - GCF_002939145.1 19 O

pickettii 12D - GCF_000023425.1 18 M
12J - GCF_000020205.1 18 M
DTP0602 - GCF_000471925.1 2 G
FDAARGOS_410 - GCF_002393485.1 19 O
52 - GCF_002849525.1 18 M
5_7_47FAA - GCF_000165085.1 18 M
ATCC 27511a - GCF_000743455.1 18 M
CW2 - GCF_000607185.1 18 M
H2Cu2 - GCF_001699795.1 18 M
H2Cu5 - GCF_001699815.1 18 M
ICMP-8657 - GCF_002516395.1 18 M
NBRC 102503 - GCF_001544155.1 18 M
OR214 - GCF_000372665.1 18 M
SSH4 - GCF_000607165.1 18 M

solanacearum GMI1000 I-18 GCF_000009125.1 23 P
CQPS-1 I GCF_002220465.1 23 P
EP1 I GCF_001891105.1 23 P
FJAT-91 I GCF_002155245.1 23 P
FJAT-1458 I GCF_001887535.1 23 P
FQY_4 I GCF_000348545.1 23 P
Rs-09-161 I GCF_000671335.1 23 P
Rs-10-244 I GCF_000671315.1 23 P
P781 I-14 GCF_001644865.1 23 P
UW757 I-14 GCF_001645725.1 23 P
CaRs-Mep I GCF_001855495.1 23 P
SD54 I GCF_000430925.2 23 P
Y45 I GCF_000223115.1 23 P
UW25a IIA-7 GCF_002251695.1 25 P
Grenada 9-1 IIA-6 GCF_000825845.1 25 P
B50 IIA-24 GCF_000825785.1 25 P
IBSBF1900 IIA-24 GCF_001373275.1 25 P
CIP120 IIA-38 GCF_001644795.1 25 P
P597 IIA-38 GCF_001644805.1 25 P
UW551 IIB-1 GCF_002251655.1 25 P
UY031 IIB-1 GCF_001299555.1 25 P
IBSBF1503 IIB-4 GCF_001587155.1 25 P
Po82 IIB-4 GCF_000215325.1 25 P
UW163 IIB-4 GCF_001587135.1 25 P
CFBP3858 IIB-1 GCF_001373335.1 25 P
IPO1609 IIB-1 GCF_001050995.1 25 P
NCPPB 909 IIB-1 GCF_000710695.1 25 P
POPS2 IIB-1 GCF_000750585.1 25 P
RS2 IIB-1 GCF_001373295.1 25 P
UW365 IIB-1 GCF_001696865.1 25 P
UW491 IIB-1 GCF_001696845.1 25 P
NCPPB 282 IIB-2 GCF_000750575.1 25 P
CFBP1416 IIB-3 GCF_000825925.1 25 P
CIP417 IIB-3 GCF_000825825.1 25 P
MolK2 IIB-3 GCF_000212635.3 25 P
CFBP6783 IIB-4 GCF_001644815.1 25 P
P673 IIB-4 GCF_000525615.1 25 P
UW179 IIB-4 GCF_000825805.1 25 P
23-10BR IIB-27 GCF_000749995.1 25 P
CFBP7014 IIB-59 GCF_001373255.1 25 P
CFIA906 IIB GCF_000710135.2 25 P



  

Table 4-2
Genus Species Strain

Phylotype
Sequevar

# assembly_accession
ANI

cluster
TNA

cluster
Ralstonia solanacearum CMR15 III GCF_000427195.1 23 P

CFBP3059 III-48 GCF_001644855.1 23 P
PSI07a IV GCF_000283475.1 24 P
KACC10709 NAb GCF_001708525.1 23 P
KACC 10722 NAb GCF_001586135.1 24 P
OE1-1 NAb GCF_001879565.1 23 P
RS 488 NAb GCF_002501565.1 25 P
RS 489 NAb GCF_002549815.1 25 P
RSCM NAb GCF_002894285.1 23 P
SEPPX05 NAb GCF_002162015.1 23 P
YC40-M NAb GCF_001663415.1 23 P
58_RSOL NAb GCF_001065525.1 20 N
GEO_6 NAb GCF_002894765.1 25 P
GEO_55 NAb GCF_002894845.1 25 P
GEO_57 NAb GCF_002029885.1 25 P
GEO_81 NAb GCF_002894785.1 25 P
GEO_96 NAb GCF_002029895.1 25 P
GEO_99 NAb GCF_002029865.1 25 P
GEO_230 NAb GCF_002894795.1 25 P
GEO_304 NAb GCF_002894775.1 25 P
PSS4 NAb GCF_001876985.1 23 P
PSS190 NAb GCF_001870825.1 23 P
PSS216 NAb GCF_001876975.1 23 P
PSS1308 NAb GCF_001870805.1 23 P
RD15 NAb GCF_001854265.1 23 P
Rs-T02 NAb GCF_001484095.1 23 P
UTT-25 NAb GCF_002930085.1 23 P
UW24 NAb GCF_001696855.1 25 P
UW181 NAb GCF_001373315.1 25 P

sp. 25mfcol4.1 - GCF_900104095.1 14 J
5_2_56FAA - GCF_000227255.2 18 M
A12 - GCF_000801955.1 22 N
AU12-08 - GCF_000442475.1 20 N
MD27 - GCF_001078575.1 21 N
NFACC01 - GCF_900115545.1 18 M
NT80 - GCF_001485395.1 20 N
PBA - GCF_000272025.1 NAb,c Kc

UNC404CL21Col - GCF_000620465.1 18 M
UNCCL144 - GCF_900099845.1 18 M

aType strains that are proposed in List of prokaryotic names with standing in nomenclature (http://www.bacterio.net/index.html).
bNot assigned.
cContradictory clusterings between ANI analysis and TNA.



4–2–4 BenA PobA  

BenA PobA Cupriavidus Ralstonia

Klebsiella pneumoniae 32192 P. xenovoans LB400 P. putida KT2440

BenA PobA ClustalW LG + G

maximum likelihood

1,000  

 

4–2–5  

3–CB BA 2– 3– 4–HBA 2,3–

KEGG

BLASTP KEGG

R version 3.4.4 https://www.r–

project.org/  

 

4–2–6 16S rRNA  

Table 4–2 type strain C. basilensis C. gilardii C. oxalaticus C. 

pauculus C. pinatubonensis R. insidiosa R. mannitolilytica 16S rRNA NCBI

Table 4–3 ClustalW

GTR + G maximum likelihood

16S rRNA C. metallidurans 

NE12 C. oxalaticus NBRC 13593 C. taiwanensis STM 6018 C. taiwanensis STM 6070

Cupriavidus sp. amp6 Cupriavidus sp. GA3–3 Cupriavidus sp. IDO  
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Cupriavidus sp. UYPR2.512 R. solanacearum P673 R. solanacearum Y45 R. solanacearum 

Rs–10–244

gap 1,386 bp P. 

xenovorans LB400 16S rRNA outgroup

1,000  

 

4–2–7 Multilocus Sequence Analysis MLSA  

MLSA Cupriavidus Ralstonia

single–copy housekeeping Cupriavidus sp. SK–3

atpD ATP F0F1 β– leuS –tRNA

rplB 50S L2 gyrB DNA

β MLSA leuS rplB gyrB R. 

solanacearum MLSA  (Zhang and Qiu, 2016)

Table 4–3 ClustalW gap

atpD–lueS–rplB–gyrB

atpD 1,278 bp leuS 2,571 bp rplB 822 bp gyrB 1,662 bp

6,333 bp 4–2–6  

 

4–2–8 ANI  

ANI ANI Fig. 4–1

ANI enveomics collection ani.rb  (Rodriguez and Konstantinidis, 2016)

2 ANI

Unweighted pair group method using arithmetic averages UPGMA

1–ANI R  



  



4–2–9 Tetra–nucleotide analysis TNA  

4 EMBOSS compseq

http://emboss.sourceforge.net/apps/cvs/emboss/apps/compseq.html

Fig. 4–2 256 4 R

rgl 3  

 

4–2–10 Percentage of conserved proteins POCP  

Harris  (Harris et al., 2017) POCP  (Qin et al., 2014)

POCP E–value < 1e–5 sequence identity ≥ 40%

 ≥ 50%

Cupriavidus POCP Ralstonia POCP

 

 

 

  



 

  



4–3  

4–3–1 BenA PobA  

BenA PobA Fig. 4–3 4–4

2 BenA

Cupriavidus Ralstonia Klebsiella

Pseudomonas Paraburkholderia Cupriavidus Ralstonia

NH9 C. necator H16 N–1

 

 

4–3–2  

Cupriavidus Ralstonia

Fig. 4–5 2

 

 

4–3–3 16S rRNA  

16S rRNA Fig. 4–6 Cupriavidus Ralstonia

2 Ralstonia sp. PBA

Fig. 4–6A Cupriavidus 2 Ralstonia

Fig. 4–6B R. pickettii DTP0602 C. necator type strain C. necator N–1T

Ralstonia sp. 25mfcol4.1 Cupriavidus sp.

C. pinatubonensis JMP134 C. pinatubonensis 1245T 99.6% 16S rRNA similarity

 (Sato 

et al., 2006) C. oxalaticus C. taiwanensis C. nantongensis C. alkaliphilus 4 1

16S rRNA similarity > 97.2% C.  



  



  



  



  



taiwanensis LMG19424T C. nantongensis X1T C. alkaliphilus ASC–732T

 (Sun et al., 2016) > 99.1% similarity NH9 C. necator N–1T 16S 

rRNA 99.2% similarity C. necator  

Ralstonia R. pickettii type strain R. pickettii ATCC 27511T R. mannitolilytica

R. insidiosa R. solanacearum type strain R. solanacearum UW25T 2

R. solanacearum

phylotype III CMR15 CFBP3059

R. insidiosa R. solanacearum  

 

4–3–4 MLSA  

16S rRNA

99% MLSA

MLSA Fig. 4–7 16S 

rRNA Ralstonia sp. PBA

Cupriavidus  (Kim 

and Gan, 2017) Fig. 4–7A Cupriavidus sp. BIS7 Cupriavidus sp. YR651 Ralstonia sp. 

A12 R. insidiosa 16S rRNA

Fig. 4–7B C R. solanacearum  (Zhang 

and Qiu, 2016) MLSA 16S rRNA

 

 

4–3–5 ANI  

ANI Fig. 4–8 4–9 Table 4–2 ANI

MLSA 95–96%  (Ciufo et 



  



  



  



al., 2018; Kim et al., 2014; Richter and Rossello-Mora, 2009) DNA–DNA

DDH 70%  (Goris et al., 2007) 95–96%

2 Ralstonia

Cupriavidus R. pickettii 90%

NH9 C. necator N–1T 91.16% ANI1 2 ANI Fig. 4–

10 C. necator TNA

NH9 C. necator R. pickettii

Cupriavidus R. pickettii 90%

 

ANI Cupriavidus Ralstonia 2

Ralstonia sp. PBA Table 4–2 Cupriavidus 17

Ralstonia 8 Cupriavidus

3 3 C. alkaliphilus C. 

nantongensis C. taiwanensis ANI  > 92% ANI

MLSA

C. necator A5–1 R. pickettii DTP0602 2 C. necator 1

9 C. basilensis KF708 Cupriavidus sp. 

WS 9 C. basilensis 7 MLSA

C. metallidurans Cupriavidus sp. BIS7 7 R. 

insidiosa Ralstonia sp. MD27 21 R. pickettii

Ralstonia sp. A12 22

Ralstonia sp. A12 R. pickettii 18 R. insidiosa 20

similarity R. solanacearum 95% ANI phylotype I III

23 phylotype IV 24 phylotype II 25 3  



  



R. solanacearum R. pseudosolanacearum phylotype I III R. 

solanacearum phylotype II R. syzygii phylotype IV 3

 (Safni et al., 2014)  

(Prior et al., 2016; Zhang and Qiu, 2016) ANI

 

 

4–3–6 TNA  

4

1 ANI TNA

Fig. 4–11 Tale 4–2 Cupriavidus 12 A–L Ralstonia

4 M–P Cupriavidus

NH9 C. necator D ANI

C. necator A5–1 R. pickettii DTP0602

G Cupriavidus sp. amp6 Cupriavidus sp. IDO G

Cupriavidus sp. amp6 > 90% ANI C. oxalaticus NBRC 13593

G C. taiwanensis C. nantongensis C. alkaliphilus

B K C. pauculus KF709 C. pinatubonensis JMP134

Cupriavidus sp. BIS7 Cupriavidus sp. YR651 Ralstonia sp. PBA

R. pickettii DTP0602 Ralstonia sp. 25fmcol4.1 Cupriavidus

Ralstonia sp. A12 R. insidiosa N

MLSA ANI

R. solanacearum P ANI 3

1 Cupriavidus Ralstonia

ANI  



  



4–3–7 POCP  

POCP Fig. 4–12 POCP

50%  (Qin et al., 2014) 2

Cupriavidus Ralstonia 60%

Cupriavidus Ralstonia

Ralstonia sp. 25fmcol4.1 R. pickettii DTP0602 Cupriavidus

Ralstonia sp. PBA Cupriavidus 51.4% Ralstonia

52.6% POCP  

 

4–3–8 Cupriavidus Ralstonia  

16S rRNA MLSA ANI TNA POCP

Cupriavidus Ralstonia Table 4–4 NH9

C. necator 150 41

 

R. pickettii DTP0602 Ralstonia sp. 25mfcol4.1 Cupriavidus

DTP0602 Cupriavidus

 (Zhang and Qiu, 2016)

25mfcol4.1 C. basilensis KF708 C. necator 

A5-1 DTP0602 ANI TNA

ANI TNA

3 Cupriavidus sp. Ralstonia sp. A12 MD27 ANI

ANI TNA

16S rRNA R.  



  



  

Table 4-4 Cupriavidus Ralstonia

Current Proposed 16S MLSA ANI TNA POCP
KF708 C . basilensis Cupriavidus  sp. C . basilensis C . basilensis + + Cupriavidus
A5-1 C . necator Cupriavidus  sp. C . necator C . necator + + Cupriavidus
NH9 C . necator C . necator + + + + Cupriavidus
UM1 C . pauculus Cupriavidus  sp. + + + + Cupriavidus
GA3-3 Cupriavidus  sp. C . necator N. T. + + + Cupriavidus
HMR-1 Cupriavidus  sp. C . metallidurans + + + + Cupriavidus
HPC(L) Cupriavidus  sp. C . gilardii + + + + Cupriavidus
SHE Cupriavidus  sp. C . metallidurans + + + + Cupriavidus
SK-4 Cupriavidus  sp. C . necator + + + + Cupriavidus
UYPR2.512 Cupriavidus  sp. C . necator N. T. + + + Cupriavidus
DTP0602 R . pickettii Cupriavidus  sp. C . necator C . necator + + Cupriavidus
FDAARGOS_410 R . pickettii R . mannitolilytica + + + + Ralstonia
CQPS-1 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
EP1 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
P781 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
UW757 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
CaRs-Mep R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
CFBP3059 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
KACC10709 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
KACC 10722 R . solanacearum R . syzygii + + + R . solanacearum Ralstonia
OE1-1 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
RSCM R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
SEPPX05 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
YC40-M R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
58_RSOL R . solanacearum R . insidiosa + + + + Ralstonia
PSS4 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
PSS190 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
PSS216 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
PSS1308 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
RD15 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
Rs-T02 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
UTT-25 R . solanacearum R . pseudosolanacearum + + + R . solanacearum Ralstonia
25mfcol4.1 Ralstonia  sp. Cupriavidus  sp. + + + + Cupriavidus
5_2_56FAA Ralstonia  sp. R . pickettii + + + + Ralstonia
A12 Ralstonia  sp. R . insidiosa + R . pickettii Ralstonia  sp. + Ralstonia
AU12-08 Ralstonia  sp. R . insidiosa + + + + Ralstonia
MD27 Ralstonia  sp. R . insidiosa + + Ralstonia  sp. + Ralstonia
NFACC01 Ralstonia  sp. R . pickettii + + + + Ralstonia
NT80 Ralstonia  sp. R . insidiosa + + + + Ralstonia
UNC404CL21Col Ralstonia  sp. R . pickettii + + + + Ralstonia
UNCCL144 Ralstonia  sp. R . pickettii + + + + Ralstonia
PBA Ralstonia  sp. Other + Cupriavidus  sp. + Cupriavidus  sp. +

Classification Phylogenetic analyses Whole-genome sequence analysesGenBank
strain name



insidiosa Ralstonia sp. PBA 16S rRNA TNA

Cupriavidus POCP Cupriavidus

Ralstonia  

  



4–4  

 (Harwood and 

Parales, 1996; Perez-Pantoja et al., 2012) Cupriavidus Ralstonia BenA

PobA

2

Fig. 4–

3 4–4 benA pobA

Cupriavidus Ralstonia

 

ANI 95–96% 90% Richter Rossello–Mora

90% ANI 90% ANI

 (Richter and Rossello-Mora, 2009) 95–96%

 (Ciufo et al., 2018; Kim et al., 2014)

Cupriavidus R. pickettii  

(Ryan et al., 2007) ANI

TNA

Cupriavidus R. pickettii ANI 90%

ANI

1 2 ANI ANI

ANI  



ANI TNA C. oxalaticus 

NBRC 13593 C. pauculus KF709 C. pinatubonensis JMP134 Cupriavidus sp. BIS7 Cupriavidus sp. 

YR651 Ralstonia sp. PBA Table 4–2 Richter

Rossello–Mora i

ii ANI 2

 (Richter and Rossello-Mora, 2009) ANI

ANI

TNA TNA ANI

 

C. basilensis KF708 C. necator A5–1

R. pickettii DTP0602

ANI

MLSA

TNA

 

C. alkaliphilus C. nantongensis C. taiwanensis 3

similarity ANI ANI 92% 3

DDH

 (Sun et al., 2016) ANI 1



 

DDH H16 JMP134 R. eutropha C. necator C. 

pinatubonensis type-strain similarity  (Sato et al., 2006; Vandamme 

and Coenye, 2004) R. eutropha H16 C. necator 

JMP134 H16

C. necator

C. pinatubonensis Table 4–2 H16 JMP134

 

Gan Ralstonia sp. PBA

PBA 428 Burkholderiaceae single copy

PBA

Burkholderiaceae sp. PBA  (Gan, 2019) PBA

 

  



 

 

C. necator NH9 3–CB

NH9 3–CB

 

NH9

HPLC

NH9 3–CB BA 3–HBA 2– 4–HBA

 

3–CB BA

RNA–seq 3–CB BA

3–CB BA

GO 3–CB BA

NH9 BA 3–CB

 

NH9 Cupriavidus

Ralstonia

16S rRNA

NH9 C. necator

150 41  



NH9 3–CB 3–CB

i ii

iii

3  

i 3–

 (Reineke, 1998) NH9 3– cbn

pENH91 3–CB cbn

IS pENH91

NH9 pENH91 cbn

cbn pENH91 3–

cbn pENH91

pA81

NH9 pENH91 cbn  

ii

benK BA (Collier et al., 1997) mhbT 3–HBA (Xu et al., 2012a) pcaK 4–HBA (Harwood 

et al., 1994; Nichols and Harwood, 1997) tfdK 2,4–D (Leveau et al., 1998)

 (Reams and Neidle, 2004)

C. pinatubonensis JMP134 2,4–D

3–CB 3–CB benP 3–CB

 (Ledger et al., 2009) Pseudomonas putida B13

ICEclc ICEclc 3–CB



ICEclc orf2848 PcaK

 (Miyazaki et al., 

2018) RNA–seq 3–CB

3–HBA

3–CB 3–CB benzoate 1,2–

dioxygenase cis–diol dehydrogenase chlorocatechol ortho–cleavage pathway

3–CB

3–CB

benzoate 1,2–dioxygenase BA

3–CB 3–CB BA

3–CB

MFS 1

Table 3–15

NH9 3–CB

 

iii

MCP

che  (Parales et al., 2015)

MCP

 (Harwood et al., 1990; Lacal et al., 2011; Liu and Parales, 2009)

 (Vangnai et al., 2013; Wu et al., 2000) MCP



NH9 3–CB BA 3–HBA

RNA–seq 3–CB 12

mcp 1 che NH9

MCP 3–CB 1 mcp

BA 3–CB

 

NH9 3–CB

NH9 i

ii iii

mcp  (Harwood, 1989; 

Harwood et al., 1990)  

NH9 BA 3–HBA 3–CB

 (Bi et al., 2018; 

Pham and Parkinson, 2011) MCP

 (Roggo et al., 2018) NH9

3–CB

 

  



 

 

 

 

 

CbnR
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