Korean Journal of Microbiology (2018) Vol. 54, No. 1, pp. 46-52

DOI https://doi.org/10.7845/kjm.2018.7089

pISSN 0440-2413
elSSN 2383-9902

Copyright (© 2018, The Microbiological Society of Korea

A2t CHAIS R L2 M3 S5t Movosphingobium
pentaromativorans USé6-12| dibenzofuran &£sf| 2= oA

Liskg!? - 2

o

'SP FIATAME A HYIS & AKIOST), Sy

shig Talsdgdsads

W(UST), *(F)HIA01A
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Biodegradation pathway of dibenzofuran (DBF) of Novosphingobium
pentaromativorans US6-1, a high-molecular-weight polycyclic
aromatic hydrocarbons degrading strain, was investigated via
analysis of metabolic intermediates and transcriptome. As a
result, 3(2H)-benzofuranone, a basic skeleton of the metabolic
intermediates produced by lateral dioxygenation process, was
detected as an intermediate. RNA-Seq analysis confirmed that
most of the expressed genes upon exposure to DBF were related
to the lateral degradation pathway. Based on these results, the
biodegradation pathway of DBF by N. pentaromativorans US6-1
was proposed.
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L) 332wk 315Eo|ci(Hong ef al., 2004; WHO,
2010). 71 o]Are] A4t 23H FElE o5 ds) troilx
-ate}-tho]2-Xl(polychlorinated dibenzo-p-dioxin, PCDD), T}
23} tho]ull 232 polychlorinated dibenzofuran, PCDF) T
+= g3k uto] ) (polychlorinated biphenyl, PCB)©|2}al
S Apelol] -2 2 RolE|A] ek o 7|7H et 2 Afek
(Pollitt, 1999) A|R}z2]of] Z2 &0 Ho|AEE Fdto] &
Z5]7] wiol 2+
POPs) 5 5}of] 43kt Bordajandi ef al., 2004; Fiedler et al.,
2013). thol A7 T 7 =/ 0] et &48-22,3,7,8 ]l
a7} 8-2-2,3,7,8-TCDDo|H(Van den Berg et al., 1994) UN
AVst ZA| QAT A(ARC) S} 3HE e S84 A7 A LA T
0] &A1 S 13 WIEZR Z X A5} tHJensen et al., 2003; Gai
etal.,2007). T3+ 5 23 24750 ke oA RO
S 2 HAAE=AlS Q) © 7)= E2]o]tl(Mandal, 2005; Schecter
et al., 2006).

tho] LAl @ Ao thEA QAP © = W E (1962~
19714)0] Qe ThA] mlL Hte] ZAXE Al 7))
91814 ol 4le] maelo] Gl MARTHEAE 5
Agent Orange) S A Z 3} THHay, 1979). T JA| S22

571 2 & E(persistent organic pollutants,
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Al 3 GARS R ofy 2t T Ao Al A E o] S
ajEo] @A7HA| L HhaL glck

tho] &A1 o] AEsH Aok )= vl LA A gt
Aol 288 = L v Y=o A 2h 232 9 ek
of| M A= FaFol Arh= SO = I8l &2 3ksh4 A2 9]
ShA] ok o & & vkl QltiFukuda ef al., 2001; Chang,
2008). wreba] tholLAlS ook v A= et 7
2o tfgt A7} r A= el olelshal Eel A ee ST
71t @ sl

DBF= PCDFs9] 7]+ Hso]m tho] &A1) AR At
= 93 24 SlghE 5 sk At o tti(Jin er al., 2006;
Li et al., 2009). DBF & 583} 5= 9= T0] )42 5o 2
2] & ¢l 31(Fortnagel et al., 1990; Monna et al., 1993; Wilkes ef
al., 1996; Schmid et al., 1997; Le et al., 2013) o] &2 A=
&5l DBF =35l A ThA| ol A W aF= 212 9] o = ghas %}
ofl Al Hk-g-o] A2t E=A]of whet HA =23l 7 = (angular
pathway) 9} = H35)] 7 2 (lateral pathway) 2 J-E-E Th= A}
o] gre Hck AR 2ol A 2ol Wk aLe] ) 4,4a
Ao A FZA 0] Dofuba] EQHTE Al A-tholslo| E R rto]
2cis-dihydrodiols)©] AJAJ =L o] 3f|u|obA|E(hemiacetal)
2 zpkA o 7 Halw]o] 2,2' 3-trihydroxybiphenyl-2 AJ A SF
thXu et al., 2006). Sphingomonas wittichii RW10] 7} t 3
ARl A=A AA7HA] B AE7E 2= QATH Wittich et
al., 1992; Chai et al., 2016). ¥t H o], = H3]] 4 2= Hlak=
12]9] 1-4 2] 9] ghaxdAtof| FA o] ottt 2 vzt
#l(naphthalene) o]} H}o|#d(biphenyl) S EFHAY O & ARE-
5= u|AYE-9] AL A 1} v5231 Pseudomonas putida}
Sphingomonas yanoikuyae?} t) 32 {450 |cH{(Hiraishi, 2003; Li
et al., 2009). = E3fji}A ol A= 2-0x0-4-(3'-hydroxybenzofuran-
2'-yl)-but-3-enoic acidi} 2-hydroxy-4-(3'-oxo-3'H-benzofuran-
2'-yliden)-but-2-enoic acid 2} -2 @ XA} Z7FAEZ O]
A E= E7]o] 9JthHiraishi, 2003).

B} HIgEE slskE(polycyclic aromatic hydrocarbon, PAH)
B3l u]AYE2l Nonosphingobium pentaromativorans US6-1
(Sohn et al., 2004)2] PAH E3a4AEY A= F2
plasmido]] ZAJHcHe AFo] 1 1% 9]0 LK Choi ef dl., 2015)
chol 415 o] Balo] Tl AT vk ik 2 Ao
= O g e 8 DBFE A58l & th s Al bl whE
ZAFA|(Transcriptome) 2411} 6 &0 7}A I 2ulE T8 3]/
A eFE A 7] (gas chromatography/mass spectrometry ,GC/MS)
£ ol-g3to] FATAMTES ERIR o 24 35 US6-19 DBF
2ol = el W =8 FARE skt skl

WERETE
HHX| & =3

AlSlolli=N. pentaromativorans US6-13} B 52 Sphingo-
monas wittichii RW1 (Wilkes et al., 1996)0] ARE-E| =1, o
FRWIL 23|04 A3 wob A8 H 2k, Aalo] A4
¥l W.E #55-2 Marine Broth 2216 (MB; BD Difco™) ulj 2] o]]
41130 rpm, 30°C 2 36 4|17+ ZHuloF g 5 1% vljofel-& Al MB
=] of] g Fsho] -2 271 0 2 18AIF Ft vl ste] FH]
S}tk DBF -8l o] 5 241517] 917t s A 9] 7] vij#|
Z=DBFY] =848 =9157] 93l B-HPCD (2-hydroxypropyl-
B-cyclodextrin)E 10% =2 F 7185 MM2 F-7] < 9kl 1]
£ A8 tHLyu et al., 2014). 20 ml MB v 2] of| 4] 718
ZFUS6-1-RW1 9] v oF Z+2F 1 mI-S 18 5<F17,000 x g©
2 QHREo] 22 B 1 mlo] of7} s AlFaks
IS 23] HEESERITE A& o] £ F 1 mI MM2 s x]of] &
eato] B2 Zulaklrt

SEHTAE 0|25t DBF Rilis &4
DBFS] 23 W27 WS olgste] 24elolct
(Zhang et al., 2004). &334 (Model F-20000, Hitachi)+=

Z9F400 V, EX:280 nm e} EM:630 nm 2 G A3}tk AE =%
718 1) 5 ppm 5-%.2] DBF7} 3 )7L, 2) th 272 1%
BEE 37 vefdlo] HEE AP, 3) ol 9% YU
A& HA15t7] $13) DBE glo] 5 HEE 35 A re
A= e

STUIME 2ol

DBFE 840 ppm 2] =2 Z 715 MM2 H] %] ]| 600 nm ]|
A EYE 59 SEst HE S 52 HEsto] WjoFshAl A
Zro] ket Pagre SAksick DBF 2o} 23 5 A4 Ee
FUAFR LS 2157 JhA 2o 27, 3 el 1 9l
371 2dolh Azkehe] oo | miS A BHTE. A 725
Q12,539 x g (GYROZEN 1236MG) 2.2 QA Ea]3}o] A
St 1.2 F 50| o2 obHEAKethyl acetate) O 2 3
L]

+ Jin 5(2006)°] 2313} Hle} o] GC-MS 42 3

off

oo

DBF ol & RIxie| &l 24

DBF 2% 5% 10 ppm0] = =5 319 31 745 55 Aso=3
o2 HFF A Yol SR 2l AT FUSHA
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Ykt ot 279k Aol TRl Al 242042, 202, 602
7} 120570 DBF ] Hew2 Z4sls 3tH
© 2 ufjeFe 10 mIA S 2 F5HA T A3 vl F el 2023t
2,539 x g (GYROZEN 1236MG)ol| 4 941 82] A]7] the 1 ml
RNA 377 oH(RNA stabilization reagent) (Qiagen, cat no. 76104)
& 93 o) kel g 2A0R A4Ee) A7k A
MZESHA Al A 3l  Applied Biosystemsof| 4 A5-51= TRI
Reagent® Solution Protocol ]| @} 1 ml Trizol reagent (Ambion,
cat no. 15596026) 0] AF&-oll 4 SE7F RS- 4|71 5 4°C,
17,000 % g0l 4] 1557} 14142] A 2ick. A& 2Hsto] 100
Wl BCP §942 931 4o} 3 AFolx] 387 ¥-g A7 &
4°C, 17,000 x gofl 4] 1527+ ApEelstal FY5-& Fsko
TFO FREZEE olojhold & -g(chloroform-isoamyl
alcohol)& g o= ¥ 4°C, 17,000 x gof|A] 1587 H4lw2] Al
ZATE. RNA pelletS A =2 2] 9HA| F=2J5}0] 4455 A A 5}
311 ml 70% o] EH-&(ethanol) S Y 31 17,000 x gof| A 727+
A B 2|5t T o -2 A A 8FaL 10~152 ARAZ Tk ofeke:
o] Al A =™ 30 ul RNase-free water (Qiagen, cat no. 129112)
£ Yo RNA pellet-2 0] 11 RNase-Free DNase Set (Qiagen,
cat no. 79254)E 0]-8-3}o] DNAE A A 3}5ch

ZeH) = AMEZLS FRd o] RNA 7| A] BEA|(RNA sequencing,
RNA-seq) AJH| 25 o =|ag] om 24 A= CLT upd = vt
o}4] CLRNAseq™ (ChunLab) AZE Qo] L2 13- 0] 835
o] 2§l che e Sholslal whe oA o choreHE
A 575 o} 85101 18 B8}, T3, CLRNAseq™
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Fig. 1. Comparison of dibenzofuran degradation (DBF) by Sphingomonas
wittichii RW1 and Novosphingobium pentaromativorans US6-1 measured
by fluorescence spectrophotometer at 30°C for 24h. (O, control [MM2 + 5
ppm DBF]; [], MM2 + 1% strain RW1; l, MM2 + 5 ppm DBF + 1%
strain RW1; &, MM2 + 1% strain US6-1; 4, MM2 + 5 ppm DBF + 1%
strain US6-1).

=32l A Als4d AllE

32 g2 T )| A A|-5-E] = E-4] browser = main browser 7|52 A}
£-3}0] DBF oo} el -8 902 sl o] 27140)
IFEA 7)%52] Kyoto encyclopedia of genes and genomes
(KEGG Browser)E E35}o] DBF E3|F 2& 2435}t

Zot 9 o
= US6-12| DBF Eslis L7}
thel 491 0 2 5 ppm 2] DBFE W 0]32 vl 2| of] 942 PAHs
w3llat¢1 US6-13} DD, DF o] 923l o= 22 RW1
£ AEshL FE g A o]-8-5ko] DBF &8l 52 Bl aLstal
tHFig. 1). 75 RW1-& °F 10A]7F 0] DBF & #-3lf517] A2}

S Wbl T4 US6- 12 8 24171 o] it e Halhe A}

ot

& DBF &3] & 2 Wad o] 7] of 2]8) -f-5=(induction)
S A9k o= US6-1-2 G DBF 23fjof] ¥l ol= #AdA7

GC/MS £M2 5t DBF 25l SZIHAIME &0l
pme] DBFE g0l uf o] 5

e}
ne
)
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(e
o lo
il
S
e

US6-1 (A= 52 5131 07 A7) vlek @335 4|2 DBF
Bof 2 Shelstge uf, 19417F o] o] 5] DBF7}
BRI 28 BT 5 itk AT F HeRe Mgo] 2]
QL Wb Mo) A K70l RS He 0 2 sk & B
Aalgirh(Fig.2). o]oh 22 ATk 2 o] 148} 2 2 lteral
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Fig. 2. Degradation pattern of DBF (A) and color of the culture broths (B)
during incubation of N. pentaromativorans US6-1 supplemented with
DBEF. Broths in (B) were designated as follows; (a), MM2 + DBF; (b),
MM2 + strain US6-1; (c), MM2 + DBF + strain US6-1.
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Fig. 3. GC-MS analysis of the DBF metabolites by strain US6-1. 3(2H)-benzofuranone was detected only in the 19 h culture broth.

dioxygenation pathway)of| 4] S{FHARE A 2 @ AIA M-S W=
SRRtEEol A/ ths A4t AR H(Hiraishi, 2003).

DBF 9] £-alj s & 1} A 7Fof| wh-2 vl gFel of A2k e 3H(Fig. 2)
£ 113t 105, 5A17L, 19A17A 2] A|2E A3t 57t
AR B4517] Y3 GC/MS 2412 Asfslt. 14
3}, 19A17F 5 DBF 9] ©F 98% 7} 45| 31 2.1 19 A| 71 ufj el
o A1t 3(2H)-Hl %% 2h= (3(2H)-benzofuranon) o] HZE| 31
th(Fig. 3). 0|2} 22 A= 5 o]Ak4x3} ¥-3-3 55l DBF

& E3l5}= Pseudomonas putide strain B6-20]] 2]t DBF &
o SRR E Y] 712 F 0] 32H)-HlRFeh=o & o]
SolA3LT o] Bo] FUAEE 1% H & ek A

T ATKLi et al., 2009)$} L x| Fr},

RNA-Seq A2 E5t
H [T 20l

=2 US6—12| DBF £5ff Z=e} ot

CLRNSeq™ (ChunLab) Z & 728 0] 83} RNA &7] 4]
91 4(RNA-Sequencing) 21} 418 91}, DBF 25714
9] 51574 2 (lower pathway)+= |\t E Hl(phenanthrene) £-3f|
Hg(Yun et al., 2014)7} -5 U5}7] wj o]l A 7 =(upper
pathway)of] 278-& 731 7415131tk KEGG browsero] &2}3)
= o241 3l 7 Z(dioxin degradation pathway )= ZF 31 3 &
3ff 7 2ol 35 ==t RNA-Seq &= 2915} wt5= US6-12] &
AR AT QA3 Ssket. olef w4 42 el
FAAE 27 YsiA Sk = 1 (plasmid 1) 913]5hd
A W 2] aol Besl A5 | A7k} DBF 4
7F of fof| mbE WSS S A o2 EASHITHTable 1,
Fig. 4). 72 723}, o[l 210] 12-Tjolalo] =2 Ak 2-cjofs}
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Fig. 4. The expression of genes encoded in plasmid 1 during DBF
degradation by strain US6-1 (DBF, cultivation with DBF; US6-1, cultivation
without DBF, front number [20, 60, and 120] means cultivation time
[min]).

o= 2 Z32K(1,2-dihydroxy-1,2-dihydrobenzofuran) © & %
3le)= AP of| = vy ekl o] AkA S} d A(naphthalene dioxy-
genase) & A J159 245759} J159 247557} 2-gahu 1,2
tlo|lo]| EFA]-1,2-to|slo| = 2 Hl 2 F-3H(1,2-dihydroxy-
1,2-dihydrobenzofuran)©| 2-24--4-(3'-5to| =EZA|HI 2T

Korean Journal of Microbiology, Vol. 54, No. 1



50 - Naand Kwon

Table 1. Genes in plasmid 1 involved in aromatic ring degradation which is identified by RNA-Seq analysis and its relative expression level

Expression levell

Gene name Annotation DBF DBF/ US6-1
120 min/20 min average

JI59 24555 2-hydroxychromene-2-carboxylate isomerase 1.09 1.04

JI59 24560 anthranilate 1,2-dioxygenase large subunit 1.64 1.16

JI59 24565 anthranilate 1,2-dioxygenase small subunit, 1.73 1.16
terephthalate 1,2-dioxygenase,
terminal oxygenase component subunit beta 1

JI59 24575 naphthalene 1,2-dioxygenase, 1.58 1.16
biphenyl-2,3-diol 1,2-dioxygenase

JI59 24580 benzene 1,2-dioxygenase, 1.55 1.03
anthranilate 1,2-dioxygenase large subunit

JI59 24585 benzoate 1,2-dioxygenase subunit beta, 1.10 1.12
toluate 1,2-dioxygenase subunit beta

JI59 24595 toluate 1,2-dioxygenase subunit alpha 1.82 0.98

JI59 24600 anthranilate 1,2-dioxygenase small subunit 2.03 0.99

JI59 24630 2-keto-4-pentenoate hydratase, 2.73 1.06
2-keto-4-pentenoate hydratase

JI59_24650 4-oxalocrotonate tautomerase 2.88 1.03

JI59 24665 2,3-dihydroxy-2,3-dihydrophenylpropionate dehydrogenase, 2.39 1.09
cis-1,2-dihydrobenzene-1,2-diol dehydrogenase

JI59 24685 1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate dehydrogenase, 1.85 1.21
1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate dehydrogenase

JI59 24690 trans-O-hydroxybenzylidenepyruvate hydratasealdolase 1.29 1.18

JI59 24695 2-aminobenzenesulfonate 2,3-dioxygenase subunit alpha 1.20 1.10

JI59 24700 aromatic-ring-hydroxylating dioxygenase subunit beta 2.12 1.14

JI59 24755 naphthalene 1,2-dioxygenase, 1.24 1.04
naphthalenel,2-dioxygenase subunit alpha

JI59 24760 aromatic-ring-hydroxylating dioxygenase, 1.90 1.08

3-phenylpropionate/cinnamic acid dioxygenase subunit beta

-2'-4)-H E-3-ell XK 2-0x0-4-(3'-hydroxybenzofuran-2'-yl)-
but-3-enoic acid) 1} 2-3}0| EEA]-4-(3'-2A-3 H- M 2 F-21-2'-
A& dl)-HE-2-2lAK2-hydroxy-4-(3'-0x0-3'H-benzofuran-
2'-yliden)-but-2-enoic acid) . 2 A3+ wj= vlo]=|d-2,3-t}
0] 1,2-0|Ak43} & Ax(biphenyl-2,3-diol 1,2-dioxygenase)
2 FA 5 JI59 245752} 2-3fo| EEA| A 2 Hl-2-7 2 A A
o] A3} & 4 (2-hydroxychromene-2-carboxylate isomerase)
B A 159 24555 A7) wofgt A o= Akl
(Mohammadi and Sylvestre, 2005). T2 53] ThA|of| A= AF

AlotH|slo| = B4 8 1 A(salicylaldehyde dehydrogenase)
(JI59_05885)°f &J 3} Are] A A (salicylate) O 2 3] =1
o] A= EekAn|E 1o E2A51A] gFaL HA A of) Zf sk
i}, 8kl Aba) 4L salicylate) & THA] 5 7je] 49
(subunit) &= o] o]zl Ae| 4ty 1448} & 4x(salicylate 1-
hydroxylase)of| &Jsf 7}¥l|&(catechol) = 2] =d] F-714}
JI59_24700-2 20+ T v] 1205 vl QF $of] oF 2uf} A &= - =f

o] Z7}3}31 0 v & M(basic local alignment search tool,

=32l A Als4d AllE

BLAST) Z 3}, 98F&-112]-42AkS8} o] A48} § 4~(aromatic-
ring-hydroxylating dioxygenase) 2] W} 2+ A|(beta subunit)
2 4=}l olof whet2-ofm| e Wl E A2, 3- 0| 4k S &
A &} A tH9] A (2-aminobenzenesulfonate 2,3-dioxygenase
alpha subunit) & 4 ¥ v} 2 9F] G ZHRKIIS9 24695)7} A
Azs AREAY 1A 34 dut 2che|A|(salicylate
1-hydroxylase alpha subunit) 71 0.2 Ht5}4 thFig. 4).

2 B

PAHs 9] B3l 2 & 2l Novosphingobium pentaroma-
tivorans US6-1-2- t}o |l Z-1}2}-t}o]2-Al(dibenzo-p-dioxin,
DD) ¥} choHll 2 F-gH(dibenzofuran, DBF) 2] Q-4=E.&}| 5221
Sphingomonas wittichii RW12}= 2] 275 € DBF& &3]
S TH(Fig. 1). T3 A[to] SFof whe} vy} of Mzko] &
2 1eehBlo] ] -8 0 2 W] 9= o] = DBF7} 7 o4l



N. pentaromativorans US6-10{| 2|5t DBF 235l A& - 51

JIS9_24575
JIS9_24755

1,2- 1throxy
1,2-dihydrodibenzofuran

JI59_24625 JI59_24615
OH
Cl oow
COOH - " -
COOH COI& OOH

2-Hydroxymuconate 2-Hydroxymuconic

semialdehyde
i JI59_24650

JI59_24630

I O (\’: o) HO Y\[:
COOH — CH, COOH — L
3

COOH

JIS9_24645

4-Oxalocrotonate 2-hydroxypenta-

2 4-dienoate

JIS9_24575
JIS9_24555

AT oy -

2- hydroxy -4-(3’"H-benzofuran-2’-
yliden)but-2-enoic acid(HOBB)

catechol

4-Hydroxy-2-
oxovalerate

OH
COOH
= N
o 0

2-0x0-4-(3’-hydroxybenzofuran-2’-yl)-
but-3-enoic acid ;

JIS9_05885
o e
COOH COH
licylats licylaldehyd
JIS9_24695 sa. 1Cy ate salicylaldehyde
JIS9_24700

O\
¢ — CH,
/

H
[¢]
COOH acetaldehyde

JIS9_24640
O

S —CH,
/

HO/( <o

pyruvate

Fig. 5. Suggested degradation pathway of dibenzofuran (DBF) and related genes in strain US6-1.

2ax3lo] o ol = A ol Al L ;A ST HE 0] AY
ArE]= AukE ® Q1tiFig. 2)(Hiraishi, 2003). AA| & ZH &
fj(lateral degradation) Yh-g-o] 3= uf MAE 71540 &
3(2H)-Hl Z3F-2}=(3(2H)-benzofuranone)©| Z7 Y AAME R
HEE 0 2 75 US6-12] DBF £a)|7 ZH o] ikaslo] o3
AYE 7H5A-S H s rH(Fig. 3)(Li et al., 2009). o]uj
Hojdh= G AXE-LS AAA|(Transcriptome) H4] A2 2
] t}o] ¥l 273 dibenzofuran) o] JI59 24575,J159 247552}
J159 245550]] OJ3] 2- 9 2s-4-(3-BFo] EEA Ml 2T 2k2- <)
HE.-3-q1XK2-0x0-4-(3'-hydroxybenzofuran-2'-yl)-but-3-
enoic acid)& 7] 4 2-3}0| =5 A]-4-(3'-2-4-3'H-Hl 2 F-21-2'-
A Zgl)-H E-2-ll XK 2-hydroxy-4-(3'-ox0-3'H-benzofuran-
2'-yliden)-but-2-enoic acid) 22 ZEE| JI59 058859 2|3}
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