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Development of a high-throughput gene targeting system consisting of CRISPR genome
editing and multiplex organelle imaging in unicellular alga Cyanidioschyzon merolae
Yamato Yoshida

Department of Biological Sciences, Graduate School of Science, The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033

The simple cellular structure of the unicellular alga Cyanidioschyzon merolae consists of one nucleus, one
mitochondrion, one chloroplast, and one peroxisome per cell and offers unique advantages to investigate
mechanisms of organellar/cell proliferation and the cell cycle. In this study, we developed an engineered clustered,
regularly interspaced, short palindromic repeats (CRISPR)-associated protein 9 (Cas9) system, CZON-cutter, for
simultaneous genome editing and organellar visualization. We engineered a C. merolae strain named YMT1
expressing a nuclear-localized Cas9-Venus nuclease which can cause a DNA double-strand break at a locus defined
by a single-guide RNA (sgRNA). By using the YMT1 strain, we then successfully edited the C. merolae genome
and visualized the mitochondrion and peroxisome in transformants by fluorescent protein reporters with different
excitation wavelengths. Fluorescent protein labeling of organelles in living transformants allows validation of
phenotypes associated with organellar proliferation and the cell cycle, even when the edited gene is essential.
Combined with the exceptional biological features of C. merolae, CZON-cutter will be instrumental for investigating
cellular and organellar division in a high-throughput manner.

Key words: CRISPR-Cas9 gene editing, multiplexed organelle imaging, rhodophyta, Cyanidioschyzon merolae,
organelle division
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(Brasier et al., 2006). ¥k Tt L 72w O 4EW 1%
INTTINTRT—FT VS TBEEEYTH 7205, B
2V EAH O JFEAEMRN T ER A WAL L 72 (Strassert
et al., 2021). EBEMHHEA L TH S IRMAO 10 fE4ED
W, HhERZ SEERMG & L 7K 7 Ml 2 B 22 10 72 Bk 7
RALN, MPeMEBLO0HENTHDL8DODA—I—
TV — T ST BHICE 5 72 (Burki ef al., 2020). 724,
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BAAEWIER A LR T O o722 D L) %
RN R BT D LN TEO)». ZOBEHDO—
DELT, I IV TRERAKL S - MBNIE
FH R WAL 722 &2 & BRI E O BH AT
51 % (Mereschkowsky, 1905; Gray, 1992). N5 ®
FWI AT IMBICE RSB R AV F -G L, B
MBS BET 2 RIET 52 L2 ReE L, Hie
B LZAINT A LB EZOND
(Lane and Martin, 2010). 7NV 7 77254757
BT 7 /8770 7 oMM X H A IEA &
W HELGREZ DO, NSO F VA AR TIIMH
D7) LDNA L BIETFHRII AT A E2MATEY, M
AN TH I e 5810 3 2 L1132 T& %\ (Gillham
et al., 1994). Z D=0 EMAY OMNERERE = MR 5
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72DIIE, TNSHDOFIVA R T OREREE HIH3 2 A I
Mz, FNF AT OFZBEHEERE, SOIXANVT AT
SRR A EMEICHREIE2 I LHELE LD
(Kuroiwa et al., 2008). L L, #@F=PHiLI9E D k4
BRETFIVEYEZHNTINSDO L ADOHEZHIE L
T TN TE 2D, REINS OG5 TFRIEO S
IS 2 Tld e,

29 L-BEBAYOMEGRZ 23+ VA1 5 ok
RS 720, HHRALRE CH D> 7271+ ¥ U HE
H&NTws (Kuroiwa, 1998; Matsuzaki et al., 2004 ).
TV, WMTCAERREREEAED L L i
FOFANFT AT THB1OOMBEKE, 120I ba sk
U7, 1DODR}K 1DOORLVFFII—A, 1O0
TR, By, &L CHEMZRIZEO/NIEK L A
BIEL TRV, E5I1257 ) AREORE, ¥ VI3
BabE&E 7217 7% L, 7/ L DNAMGE L O T v 7
TH5HI NI o> TWwb (Matsuzaki et al., 2004;
Nozaki et al., 2007). %/ 2 DNA % 20 A DYt k) 5
MR &N, £EI3165 A N TH L. 7/ nliza—
FENBIETFBIEEBAED & L TIR/AD 4775 #1in
FTOATHE. E5I24 ¥ ba v z2Egblfa e
UBETOARTHY, FHEDBETHATIA L VT
BT, L THERARZ O BMRERICE RS
NAEHEMARMEE LT, RIS 2MBEME#R21T) 2
LIS X o THTL R %2 B EEICIRFRIE S 5 2 L AN RECTH
% (Suzuki et al., 1994). ¥V U BFEOI NS DR %
HEBELLT INFETIELDI by N 7REERE
D53 M B O — U 23] S A & 7 5 T & 72 (Yoshida
et al., 2006, 2009, 2010, 2017; Yoshida & Mogi, 2019). %
7229 Ltk it e LT, BETIE YV v OHlE
WrZ 2707 F—=a@r b TBY, T0r/
ALV TOBIETHRBABENHS L RoTETNS
(Fujiwara et al., 2009, 2020). FH b7 > A7) 7 =24
T =& R EEHINC AT L 72 R, 454 IR T (ST
95%) D3FNVH AT - MRS ZINFERMICHEI L C
WBRIZENHLNRERY, ZOHITIEERAEMICA PR
FEINTVAEEAH BL#ETFIETEN TV Th
LOBIETHICIIRZHMONT VWA VT AT DG
B4 - SECOHIERERE B S3 2 R T RE TN TS
M E L, IS OBEMEETER e Liz#Ez
THEREBT DB & o TV A,

B TREEZH O 2T 57201213, #BizT5—%
TA Y TEDPBOTEERPME 2L, BIZY Y VLB
FBBIZT5 =7 T 4 v ke U QMM 2 505
VLTWBA, FEEMOREIRRH K, S5y —F
FA YT ERFIOICHELRI AT 2 b DNA ZHE
BT B0 DT HEW N VR A0 00 5 7280,

H K

gill

SN R GBI T O BUZIEHIR 258 - 72 (Ohnuma et al.,
2008; Imamura et al., 2009; Fujiwara et al., 2015, 2017).
Tz, ERARIHEETB IO o 7 0 VHRE IS
X o THHEICEIZR T 5 2 LSk D DY, ZofoF vy
A7 RBET B0, FEOHFURAEHAEIZL 5T
MBI 2T I DLERDH L. ZOD, Rk o78
fRTREBE 2 B L2 BICiE, W oF VT4 T 055
WARH DA U T\ B D EIRGRES 5 72 DI ISR ETE
FOHOGHMAO 2T ) LBV H 72, FRMICLS
HEHIEANO T A =T MR TE T, RREHOEES 1 4
T T ABEIIHETH - 7-.

Al RIFZETIE NS OEMMTIF 25 L, 2V
YR HGCTEBAEMIIBI A4 VA A T HIEEROEO
BT AN XN EHRWT 5728, CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) £ &
N Cas9 (CRISPR-associated nuclease 9) % kg & L7
NAANV=Ty VRIZT Y =7 T4 Y 7Y AT LOR%E
BRI WL L7270 ) AR - ANT AR TAA—D »
TUVATFN YAy =" WL EICE 5T,
7 Mtk & MBI O+ VT A T ity o8
7RI E D T RNVALD W BE & % o 72 (Tanaka et al.,
2021). WM E VIR & B3, RWILHE, &
SICHEBINRNA ANV =Ty MENT I ZEB L. #Hii:
WCHESE L 72 > v @ BEHE Bk Cyanidioschyzon merolae
YMTLIZMZ T, ¥V - ho ¥ —%FTT57200%
#3 A 5 27 b DNAT D % pGuide-mitoScarlet &
pCer3-PTS1 7 &b k4 eI~ G- LTH Y, B
FERRICFFEE AT 2W5EH 0N L TW 5.

-

FERTT

C. merolae YMT1 # D&Y

%R TE Venus Rl & Cas9 2 HFEMIZHIT 5 ¥V U #k
PHESRS 5 7%, EFIA 70— % —4Hl (1kb), 1o
H O#%JEBAERLS (Nuclear localization signal, NLS), & b
a ¥ il cas9, 22D NLS, ¥V v a2 vt
Venus, 25270557 23— Viigh#ET o€y
I % &t DNARSIZ Y T ¥ VERMMETH 5 >V v M4
BAEY ZF L 27 a—)v (PEG) 1 & 5 MR
RICX o THALZ, o BREREKE, v I
PRYE - 205 AT o a— VS 2 Y, HEICKE
JRTE Cas9-Venus % 5684 5 ¥ v YMT1ERAE S 17z,

sgRNA BN 7 2 — DIgEE

SSRNAB XU by FY T7THEBLR—F —%5H
95~ % — (pGuide-mitoScarlet) Z1EH 3 2% 720,
YV roU6TuE— ¥ — I E —~ KT A FRNA
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(single guide RNA, sgRNA) A F v 7+ — IV F& &
DNAESIZAK L. F/23 bay FY 7EEL R—
y—L LT, ¥YVra b ARHRKICEDbE R aEEY
YRy E TdH B mScarlet BIE 112, IMIY N 7T EF-tu
DI May NYTRITY ZFIVEEAE L7z mitoScarlet
WIETEERLZZ. CRODODNAT I 7 A MR#EA
L, pGuide-mitoScarlet X7 ¥ — %3 L 72. sgRNA ®
JEHEE & TN D Cas9 12 & o THIWF & 5 Ay 4
&, CRISPRdirect 7 = 7 ¥ 4 1+ (https://crispr.dbcls.
ip/) BIHWCTHRETAHZENTESL. MY 7H A b
IZBWWT, sgRNABLHIDRFRIEZ, NELndT—%
N — Z & L T [Red alga (Cyanidioschyzon merolae)
genome, ASM9120v1 (Nov, 2008) ] Z #IR-§ 5 = &I
Lo THEDHETH 5. FEIVECY] % & & sgRNA 2 F v
7+ — ) F%& & L, pGuide-mitoScarlet X 7 ¥ — %
DNAF > 7L—FELTHLNIPCRT ¥ 7Y ark
FTV TRy TVICE MR A7) & TEERIALY]
4 pGuide-mitoScarlet X7 ¥ — = f & L 7.

Vv a B UICRGEAL 8 Nz mCeruleand 315 T- 12
V¥ — LRATHCY PTS1 % Bl A L 72 perCerulean3
BT, SHIKEERH IO -5 —TH b ApcC 71
E—F—KF, E5IZpFa—7) V#EEF (TUBB#
f2F) ©3 UTR#IK % pUCST X 7 & — IZHL & A &,
perCerulean3d EAi5¥ 7 & v % $ 2 pCer3-PTS1 X 2
¥ — &R L7z

WEFRDTFAI FIZBWTH, PCREIES X O
DNA 7 7 7 X ~ b ®O#E4A1%, Platinum SuperFi II DNA
polymerase (Thermo Fisher Scientific) 3 & 0" NEBuilder
HiFi DNA assembly cloning kit (New England Biolabs )
w7z,

T LiRE

21 7 b2z a2l (cryptochrome) %# 3 — F$ 5 CRY
BIZFITHT 55 AMEEITO 720, CRY#IZTF D
232-254 ¥ 3 % BERY & L 72 sgRNA FE %) % 5 2 pGuide-
CRYys05-mitoScarlet # 5~ 7L — b & LT sgRNA # &
& DNABCHI Z IR L7z, 4572 PCRT 7Y I~
M, S SIS 30 32O H W FE I & iz 20 362
DYEEWFHIN 2 & & 803 & — AR 4 ) T DNA
(ssODN) #{EAL, ¥/ ¥ YMT1#R~EA L7z, pGuide-
ACTIN,39.96-mitoScarlet, pGuide-MDR155,.976-mitoScarlet,
pGuide-TUBGysgs sss-mitoScarlet # F W 728z T £ v b
Iy A VICELTY, BRSO PCRT ¥ 7
a4tz F72pCer3-PTS1% %8 & LT ACTIN #
f2¥, CRY#IZT, I ba vy ) T7HRY) vV IT#sT
(MDR1 &5 Y), FloyFa—7Y vi#fzT (TUBGE
ZF) T BEEF ALY N v o4 YEITH 201
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VBRI D PCRT v 7)) 2 ¥ &7z, HREN# R
FIZHTBEEF Y V2 v 24 VY ETIIHY,
pGuide-mitoScarlet & pCer3-PTS1 7 5 % 54172 PCR 7
YTV aAvERAEL, YV Y YMTINEALZ.

HILTEMEE

LB A AT 9 720, WERNP L X (100x, NA
1.45) #7241 73 A 1X83 B # G BAM 2 v 7.
HOCGEIZAK S > 7 () 78 U-HGLGPS) % fiiff]
L, Yt 7 1 v ¥ — & LT 490-500HQ (Venus iz
JeI%E), FF01-549/12-25 (mScarlet #5G#1%%), FFO1-
427/10-25 (mCerulean3 4t ¥6#1%%), FF01-405/10-25 (3¢
WAk SOEEIEE) 2R L. hRAFYLF AL 704 973
5 — 1% Di03-R514-t1-25 x 36 (Venus 4% & 81 22 ), Di03-
R561-t1-25% 36 (mScarlet # ;81 %%), FF458-Di02-25 x
36 (mCerulean3 HYGHEIES), T455lp (ZERRRHOGEILE)
BRH L. 367 4 V% —13 FF02-531/22-25 (Venus
H 6 B 28 ), FF02-585/29-25 (mScarlet 4% )6 1 £% ),
FF01-474/27-25 (mCerulean3 #5%#81%%), FF02-617/73-25
(FERAELBIEE) 2MH L7 B855I Zylad2
sCMOS # * 5 (Andor) 2 o THE L, MetaMorph
V7 b7 =7 (Molecular Devices) 2 & o THillfi L 7-.
FEIFE 7 VP £ XL 65.2nm X 65.2nm Th - 7-.

fio R

Cas9-Venus BV > YMTI#DHLEI ha K1
FLR—2—%E8sgRNATSXIRF>TL— D
ok

CRISPR B X N Cas9 1%, E4E, MM % #1n %
H#fie LTiEHER TS (Sander & Joung, 2014;
Jiang & Doudna, 2017; Adli, 2018). Z @ CRISPR 7/ &
MmAEH L, fLIREYE L > 2R Streptococcus pyogenes 7>
HHBESI NI cas9 BIZTICHHKT 5 Cas9 X7 LT — ¥
S, 20MHED AN =Y —WF &, 3FIEOT T AR—
I —Bidi€F — 7 (Proto-spacer Adjacent Motif, PAM)
BeFl, X 5I276 MDA F v 7 + — v FEFHID & WK
S5 sgRNA L AR E I L, 21 DNA R % YW
T5LL AL TS (Nishimasu et al., 2014).
Cas9 & — AR H A FRNAIC K » CTHI &R Sz
DNA = K §5 U] W &% 47 1, I A I K U 15 15 4% 1
(Non-homologous end joining, NHEJ) % 7z (341 [H &K
Uit i5 R (Homology-directed repair, HDR) 12X 5
TBEINSG. Zol, NHE]JIZBWERCHEEHAD
HVWRREREEFRIT D, BEHE Lo EETO
F—=T ) —=F4 T L= FHES e TE
%. %72 DNA “ARGHEIW OBRIZHKD FF— DNA % 4k
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E&EHZ LI2X 5T, HDR %4 L TIEWES) DT
ZDNABHINELET A LD WHEE o TV D,
9 L7z CRISPR 7/ A FMiAsm Wik H 2 £ 5 P
D—21%, 7/ 5 DNADYJHr & v ) HE % sgRNA B &
K Cas9 P THRAET A ENTRETDH 0, Bex ekl
FEOMPINICBWCTHHATRTH L I EVBITFONS.

INFTYY VBT LY AmBEEEL SR Tw
%o 72%%, CRISPR-Cas9 I2 & B4 /) LMt % Jaiig &
L7-EBREHET A LI12L5T, YV Y OLBET
AT SR LT HIE S Z B RN AN =T Y b -
BET Y =7 T4 v ZEOMIMLPTRTH L EE 2T
FLELIITHRLR—Y —Bz 2o VTR T4
A=V VT EMARLZEIZE ST, BT =7 T4
YUMATEES VA AT O T XA % MK HE

-
—

H oK A

ML, WRRAICEBT 2884 V7 &5 oEEE L%
BIEAICHERR TR A EBRRLETHI L A HEL L=
FHBEZER T 5720, BT Cas9 X7 L7 —¥ &5
By 5y o hotgEr R al. Cas9 BIET ICHRAE
T FVEBHMME Y SNy Venus w BL A L 72
NLS-Cas9-NLS-Venus ifx 1% 7 5 ¥ VERK (M4 #)
IEAL, 78I A47 =3 VEKICK > TRERIR
k%1572 (Fig.1A, B). A4k (10D #%) & YMT1#k (77
FYNGERME - 7 a s A7 o= a—ViiE) RHIELT

b, TR M B AR RE D (2 B L TR T e 72 S 1
<, Cas9DMEFEICHBL TV D I LI X 28I

HTWZ EEMRALTWA (Fig.1C). 29 LTHEN. L7
T Y YMTL1#k1E, )31 Cas9-Venus 12 & - THINE
R T D ENTRERMEkE 22 - 72 (Fig.1D).

A EF1A ApcC URAS.3 Bright field
promoter promoter promoter
PCR amplicon | L
¥:.. SV4ONLS CTR.:it
M4 strain ven
chromosome
Frameshift insertion
DNA integration by HR SRS
EF1A ApcC URAS5.3
promoter promoter promoter
YMT1 strain SpyCas9 Venus CAT URA5.3698A XTT)
chromosome \
SV40 NLS CTP
- Cas9-Venus 0.7
ucleus 06
Per. 9 051 -o- Wild-type
Mito. 8 044
—_— a 0 -~ YMT1
chl. 8 03
0.29
M4 cell YMT1 cell 0.14
« Uracil auxotroph « Uracil auxotroph 0.0
h 0 1 2 3 4
« Chloramphenicol
resistance Day
Fig.1. Development of the C. merolae YMT1 strain expressing Cas9-Venus. (A) Schematic diagram of insertion of the S.

pyogenes Cas9 gene fused to Venus (Cas9-Venus) and the selection marker CAT into the safe harbor site by
homologous recombination. PCR amplicon, introduced linear DNA; M4 strain chromosome, genomic structure
of the parental uracil-auxotrophic M4 strain, with the HR integration site. YMT1 strain chromosome, structure
of the inserted Cas9-Venus and CAT cassettes in C. merolae strain YMT1. The Cas9-Venus cassette includes a
1-kb fragment of the EF1A promoter and 278 bp of the UBQ3 (polyubiquitin 3) 3’ untranslated region (UTR) for
constitutive expression. Cas9-Venus was fused to two copies of a nuclear localization sequence (NLS) from the
SV40 T antigen to localize the Cas9-Venus fusion protein to the nucleus. CAT is driven by the constitutive ApcC
promoter with transcription termination by the TUBB (f-tubulin) 3’ UTR. The CAT coding sequence is
preceded by a chloroplast transit peptide (CTP). (B) Schematic illustration of the C. merolae YMT1 strain. (C)
Growth curves for the wild-type 10D and YMT1 strains. The 10D strain was cultured in 2 X Allen’s medium.
M4 and YMT1 strains were cultured in 2 X Allen’s medium supplemented with uracil. Results are mean +s.d.
(n=3 from cell culture replicates). (D) Imaging of a dividing cell (left) and a non-dividing cell (right) of C.
merolae YMT1 strain. Scale bar: 2um.
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7 MREERAT o I E IR R 2B, IR
Fay ) 7oENMBEE L T 572012, sgRNA
LIbary MY 7LR—=¥—%a— 95 DNARSI %
&t 77 A3 FDNAZ#ESE L7 (Fig.2A). sgRNAKL
F, BERE 2 %% 7 2 DNASHIICHIE 22 20 ko 2
NR—H -y &, 3D S % 5 PAM B, 7630
LA AF Y 74—V NI, X526 EREDOIRG KA
YT FOVERY & & (Fig.2B). Z @ sgRNA LA 1,
VIV AT a— FEN7 U NS T RNA o
E7aE—5 —fE (593%3E) #FA L, RNAKY
AF—FIICE->THEGESNL L) ICHIT LA $/2
IPaAYFYTLR-—F—L LTIE, Hf (Bf) 3%
X7 B L L CRBIRR & B EE 2D Btk & L C
SN D mScarlet BAETWZI by K TRBITY 7 F
V& Bl L 72 mitoScarlet {52 w7z, Thb2o
DEEF Iy VRMARAAIZT T A I FDNARY
% — T % pGuide-mitoScarlet Z/EH L 722 12X D,
AR —H—FLH] & PAM KA % & & 219 DNA BLS &8 55
BFANWRZ B2 T, YU A OB R
J LI X > TDNARCHI Z AT 5 2 25T REE
otz

A

pGuide-mitoScarlet

us”. CpeC URAS5.3
promoter promoter promoter

mScarlet
1
' MTS

> J U Z63B CRISPR Y / LRk

' YMT1 # & pGuide-mitoScarlet X7 ¥ — % Hw»
T, CRISPR-Cas9 7/ Atk % ikA7z. FHMICH 72D
VTN rubwa— K55 EHfEshb CRYEIET
T AMEONRE LTGRAZ. 2V 7 b ulid,
TavYaynNIh EORBIZBWTHEHY XA AICHES
THHOEZERE LTHET 22 LBAONTWS
(Chaves et al., 2011). T 7-@icBiFA2 20 770
AZEL TR, HOUZHERDIIEDbNL TS, Rk
DBEH ) X 2 OB ICH AR TN TS (Oztiirk
et al., 2007). T REHEH AT MR, ¥V o
CRY Bz T I RIMREW O CRY BInTH L EHTH 5
ZEWG otz VY O CRY BT AL
L7=356, WIRGRIIE 2812 X 2 il s o FFLasH
5L THEN. 22T, CRY#IZTHNOBEME
% Cas9 2 X - THIWTL, =7 —23: U< 9 v NHE]
ZFMA L7277 ADNABRII O E %A A7z KT
CRISPRdirect 7 = 74 A b (https://crispr.dbcls.jp/)
(Naito et al., 2015) % M\ T, CRYEIizT%#EHE L
72 sgRNA % 5% 4 ~ L pGuide-mitoScarlet-CRY % #f &%
L72. 2 16Mbp E W) I Y7 ADY VY FIVEIZ

Genome DNA

5'- ACTCTAGACTGTTTGTGCTTCGGGGCAATCC -3'
1 IAARRNRRN]
3'- TGAGATCTGACAAACACGAAGCCCCGTTAGG -5'
LELETEREEEEr et
5'- UCUAGACUGUUUGUGCUUCGGU— AUAAG. . .
1234567 891011121314151617181920 [J— A

‘ PCR amplification
. DNA integration by HR a N

URAS.3
promoter

Transformant Chr.

EF1A uée CpcC
promoter promoter promoter

Spacer U—2a
U—2a
A—U
sgRNA ¢ ug
G—c?
c—G

U—A
A U
mun mScarlet URAS5.3 T G a AA
1 !

SV40 NLS MTS

C

Scaffold

Target sequence v PAM

Genomic DNA  5'-..CTGGACCAGCAACTTCGCAAGCTGCACTETAGACTGTTTGIGET TCGGGGCAATCCGCTGGAGCAACTACCCGTCTTTTT. . -3"

ssODN 80 mer

5' microhomology arm

CTGGACCAGCAACTTCGCAAGCTGCACTCTIGACTGTTTGTGCTTCGCGCCAATCCGCTGGAGCAACTACCCGTCTTTTT

STOP
(R79%)

3" microhomology arm

Fig.2. Design and implementation of CRISPR-based genome editing in Cyanidioschyzon merolae. (A) Site-spe-
cific insertion of gene cassettes containing a sgRNA, a mitochondrion-targeted red fluorescent protein
(mitoScarlet) and the selection marker URA5.3. A synthetic sgRNA is combined with a linearized
plasmid to generate pGuide-mitoScarlet. A PCR amplicon from pGuide-mitoScarlet is then inserted into
the region downstream of Cas9-Venus in the YMT]1 strain by homologous recombination. MTS, mito-
chondrial targeting signal. (B) Design of the sgRNA and the target site for the CRY locus. (C) Principle
of Cas9-mediated precise genome editing of the CRY locus. The arrowhead indicates the putative Cas9
cleavage site. An 80-nt single-stranded oligodeoxynucleotide (ssODN) donor template was designed to
insert a stop codon and eliminate the PAM sequence in the CRY locus. The ssODN contains two 30-nt

homology sequences (underlined).
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X0, Cas9 EWEFTH 5 2033 + PAM BL5l % 3% A
PRI, EMETELREDYAIET A1 2L
MRV ERSL, ZOHIOAfXFAFREDET
WA ST ) AREXITILELIEIRELRE
D, A 75 =7y b (R E L Tw B EFTLA O 7
J A DNASIIZT ) ARENBRELTLE) T L) I
DWTIIIR LR 2 L. sk, Vv
@ CRISPR 7"/ L85l % T 1AW - 4518
BRI 2 M BRI, BRICEELRALE 25,
pGuide-mitoScarlet-CRY 7> & 2 % 72 DNA $H 38 % 14 i
L, PEGEH WYy yBEEREzHwTY v
YMTL AR 212 X BEAZRKAL. L2 L%
5 CRY BAZF # W L 722 212 X AEIEM L &
HESINDIZH»HDOT, FRIIKL TR T4 77
O— 22 f4b 2 PR o7 SHIMMOEET %
B e LCERLZLED, RRICHFETIEIRY 74
Toa—VEGLIENTE o7z E—, JEHIRR
KREHRSNIr— 1%, 77 & FI2HEER & 2 B AAE
TEL %W “Ro 72 sgRNARLH]” 2o 7258720 Th o
72 BBV YA A a— KE 7z DNASHICH
534 28n T2 WRE LIHE, ¥V v 7/ AIZIENHE]
WBULEENT L LTHSND Ku70 B X O Ku80 i&
BFPFAEL W el ol TS —HoMER%E
ZETAHE, VY VIZIENHE] 2o Tniwy, $5
WiE NHEJ iAKW 7260, Cas9 12 & - T DNA A$H
YIWr 234 U7-MBIEZE L T L E » TV AL #E 2
Sz, —J, By Vol giEiE LTRI SR
THH, DNAZARZEYWIEHERERE S L TRIEEL TV
CENWHLD % HDREFH L7247 7 AfREDOTTREN %
Mgl L7z, HDRZFMH L7247/ A#i4ETld, DNA AR
SH L WA AT O J L EL A & AR R dHI (v 4 2 askEn
V) #EL FF—DNAZREXELILICE S
T, FJ—DNAOEFNIZH# CBEE» Tbhs. T
T AL B EE T T —12§H - 72 NHE] Tid % < HDR
\2& % CRISPRZ / AfaEsw g ch i, [7/ 4L
@ DNA BH Z L OBHI~NE BHICHET 5] Z &
WHEIZ 2 B 728, D THMEMED E V. HDRICK %75
J L RA B 20, CRYBIEFOF—F ) —
FA YT TU=LIZA Yy ANy &5
(TAVFXF=oDa Ry THLAGANSA MYy AR YT
5 TGAIZAET) &, PAM By % 0 S & 7= 35 2L Ad7
(NGG 75 Cas9 kLY 2 DT, GGG H 5 CGC T4 H)
4 DNA%Z T4 v L. 2 OeZ DNA RS o i
i, MFE#EERE LC30EERED~Y A, 7 ukED
VM ZEE L, FF803E K ®ssODN % K ) —
DNA & L 72 (Fig.2C). pGuide-mitoScarlet-CRY % 5
PCRIAIEIC X o TR ONZsgRNAB L NI v~ R Y

H oK A

TVR=F—%&GLDNAT7I 7 A bE, it ssODN
ZEIEIZYY Y YMTLERNER L7RR, SGEERY
FAToa—vESELIEIE L. ERALLETO
RKIT4 T 70— RIZBWT, I ha Y )7 LER-
F—I 3 e ICHBEL TB Y, Ml (BEJRTE Cas9-
Venus) (ZMA T3 2> K1) 7 b mitoScarlet ¥ > /%
ZREIZE o THOLWBUL SN TV 5 Z LRSI
(Fig.3A). D EO#ERENS, ¥V v Ii2B1F %5 HDR &/
L7277 AR & 2 4 VI A T DHOGWBUL & FIREICFE
Wid B HEWMELL, MFPEE "V r - Dy —
(CZON-cutter)” &% L7z,

CRISPRY / LiREIC L > THELACRY /v 777 b
RO IRIF A S

VIV Ay =l TR OENIZCRY ) v 2Ty
MR (ery) 18BWT, BEHY X2 LM o7 IS
N oS AN B s N o O 1 I W S A 0 S
EDOHEITIE, v VVERRMTRET LI LIZLY
FERIE DS X M EIEAT I 2 RIZT L T 5 T
A3 B YMTIRTIE 2 L, eyt EFBRDOIET T v
AR TR ER 2B A (10D % Hw/z b
G R E 2 2 N ZF 1L 30PFD (Photon flux
density) Z& b, 10D KR & cry Pk% 12 W5 8] I BE o B
BERINC & 2 [RERRE 28 2 47\, MR 2L MR s 2 5 L
72, W OFEE, 10D BRCITMI SR A 53.8 % &
Tol:—hHTerykiz282% &% 0, FREIKLS LT
w7z (Fig.3B/E). ZOfERIE, CRYBIZTFHY VI
BOTHMH ) X2 %HIEL, MR OEITICED -
TWAREERIET A, 722707 70l idHHOL
R UNIETHHIEDNS, RIHBIZE HHED
I & A7z TN OB A D LA RS KB E A K
30PFD & L CHFAN E AT - 72, TOMEE, Vi
FED A TIEGE ERFES, 10D #hB L O ery oM
Fa s R MFARITZNZTN224% & 225% 128 F - 72
(Fig.3B47). RGOz CTHAGHT D 5 5461,
10D BTN > 2R 536 % & 22 0, HEEDY;
GLITIZFAUHEE L o7z (Fig.3%9). —7, crykk
T3 423% & %0, 10DARE LIRS 2 LKRE LTHE
WS DD HEIEDOADEA XD b AT ARIX
Wl ol FRHEEROATIITFEKRD coybkbIRE
B3, Mo REFEIME TSI ENTE Lo
2. IS —HOMEDP S, cry BRIZFEIEANDIGLfE
DAL KPR TVWEDTIER L, K FLZRETDH
HEEZOLNDL, YV VIZBVWTH )T N7 ANFE
AR L, BHY X2 0fBICES L Twa S
Lrpy ek, SNOBETY—rT4 7T v
77 b L7z CRY#BIZF-DANS, ¥ o7 ) BHET

-



WKLY S ZBIF BT ) AR ERVF T LY P AFNHT AT A A=V v 7O REEFEB

LMD CRY BT d H OIS E L2 BUMHY X4
DOFIFNCFG LT B EEEAVRIE S 5.

WICCRY Y% /v o277 ML &llEBs )
A LNV TOWEIREBNOEE LT 5720, crybk
DT UYAZ)T b — AfENTZAT -7z (Fig.3C). #ix
FRIHUPENM L -BETFHEGN T2, V—T1 V7
TLU—LHIZA My 7aA Ry BIHFASNTWS CRYE
REETHRDEETREAS LA L Th B 2 e 05005
72. 2 CRY BInT-O1EH B EM AELE S
Z LML, CRY &z OUESG Y& % Rl 5 Hh
PN TV BRENED D B, T728EH Y X2 0fl#ICH
WT CRY BT L HEVMICHKET 22 Lo hTn
% COP1 (CONSTITUTIVE PHOTOMORPHOGENIC 1)
BIEFORBHBMA LT, TRODRERPSYH, ¥
VI IZBWTH CRY #ZTIEMH ) X aflHioh e
BZLTWAZEAMLRIET S,

BIRENWZ LICCRY#EIrTFE2 /v 7T MLAEC L
& > THBPED L 728 ET ORI, HERESAH 2
BEFVPBLZO%DEIN TV, INHOBET
BEOHRIZIE, REPHOSNTOARVEEE ) X 2 HH oK

FAEAET B REMEAT R V7200, BUE 2 & B BB AR HE
R REDOREM 2 BEREMAT 217> TV 5% (Fig.3D).

I hy B—Il K BENT / LEEANDEETS
Ty My T4 ENIVE XY — LOENRRFEL
YV h =X BT AREB IOV RS
HOETT RO FEARN 2 RIS L722s, S HICHIE
HZEED L7720, RICENE L7277 5 DNA B~
BIETF XY M v o4 VEDMERRT. Sy 7 A
YEDHENL T L, BWEE T OME S/ 4 DNAELS
ERECYUET DL LML T2EETMERDO Y
FHRHZEATH LT REE k720, K0 EFARKIC
IEVIREE D AR T I BUREE 2 MERE L DDk~ e Milfa A
RN EFHAT 0B H L s, Hadtsy v
WIBEIZEANRVFF VY=L LVR—F—%2—FT5
BETFH Yy MEENEETHEN v 7L v FT52 L
&k oT, RVFF TV — 20T HAL & B EE T
Dy Ty N EMEESL L% HEE L7z (Fig.4).
WEFAEY N v 24 VRERT L0, Bt TS
AIFDNAZ YA 527 & LTpCer3-PTS1 ZHESE L

Autofluorescence

Cas9-Venus mitoScarlet
»
»

B a T ooy c D . MENEZENER
80 7 2.0 20 CMBO087C
- CMB087C c
s P<0.01 P<0.01 P>0.1 154 C%N{(c/)’a,ﬁ% . Hypothetical protein .g 154
© g 507 ’—| 10- o S CMBO81C 2 10~
o] [ .\ LM Hypothetical 5 54
£ © 40+ S 05+ A protein s
gD 5 Sabs g O+—T—T T T 11
5T 20 x 0.0+ Z 0 4 81216202428
o> e © 2000
i g ] S 1500-
= 01 ) 1= -1.0 omKkosoc” 2
& 407 cop1 £ 1000
ot gg -1.5 < 500_\/_/_‘\\
&5 10 1m0 |_| -2.0 | T T = CMB081C
S °white " blue and d 0 ° 10 18 20 O & 5 1216202428
= wnee “ﬁeg" e Average expression Time (hr)

=
e
w

. CRY-dependent circadian clock entrainment by blue light stimuli in Cyanidioschyzon merolae. (A) Imaging of a

non-dividing cell (left) and a dividing cell (right) in the CRY knockout (cry) strain. Scale bar: 2um. (B)
Percentage of dividing cells in synchronized cultures for wild-type (WT) and cry strains under distinct light
conditions. Total photon flux density (PFD) of blue, green, and red lights was kept at ~30xzmolm?s™ in each
light condition. Data are represented as means +s.d. (#=3 from individual experiments). P-values are from a
two-tailed unpaired Student’s #-test. (C) MA plot of the fold-change [log,(KO/WT)] versus average expression
of log,(TPM) from wild-type (WT) and c¢ry (KO) samples. (D) Light-dependent expression changes of
CMBO087C and CMBO081C. Black, WT strain; gray, CDKA (cyclin-dependent kinase A) knockdown strain; light
gray, RBR (retinoblastoma related) knockout strain. Mean expression values in each strain were extracted from
a time course (n=2) (Fujiwara et al., 2020).



72 (Fig.4A). F72CRISPR / v 7 4 ¥ FEOIE @5
& LT, ACTIN Bfa¥2@EIRL72. ZhETOMENS

YV YO ACTIN BIZFI3FBLTB 5T, A @Tm
LTwWbEEZLNTWS, EBE, Vv oflliisgiiz
77 FrTiERL, MY €7 ¥ 7 ESCRT
(Endosomal Sorting Complex Required for Transport

H

KA

complex) %MW 725 THHETITbI T A Z L AVRE
ENTW5A (Yagisawa et al., 2020). /v 7 4 VI L -
TYYV YDACTIN Bz B EZATREL, ¥V I
BIF 277 F &5 Rl 28R O 1R &2 I3
R ERMRNIE, FHEBNE2EKEWIIBIT
ESCRT % #kfig & L7z 7 — % 7 bRl 7 24 Bk o 1718 %

A Forward Reverse B
prlmer primer
- CRISPR-mediated DSB HR via microhomology arms mCerulean3-PTS1 gene
cassette knock-in
| Venus
PTS1 SgRNA
pCer3-PTS1 Cas9
§ Pcr = o = Em TR W - ﬁm— -
E@"
50 1526 52 (bp)
C Target sequencs PAM

CGGTATCCTATCGCTCAAGTACCCGATCGAGCACGGCATCGTAACGAACTGG
GCCATAGGATAGCGAGTTCATGGGCTAGCTCGTGCCGTAGCATTGCTTGACC

Left microhomology arm

D o

(bp)

eQ
\\o

&

< 2657 bp

<1131 bp

-@- Wild-type
-@- actin

o
N
N
w
~d

Cas9-Venus

TGGTACCACACTTTTTACAACGAGTTGCGCATCTCCCCCGAGGATCATCC
ACCATGGTGTGAAAAATGTTGCTCAACGCGTAGAGGGGGCTCCTAGTAGG

Right microhomology arm

mitoScarlet perCerulean3 Autofluorescence

mitoScarlet perCerulean3 Autofluorescence

Fig.4. Site-specific knock-in of a cassette encoding mCerulean3 fused to a peroxisomal targeting signal by CZON-cutter.
(A) PCR amplification of a gene cassette encoding mCerulean3 with a peroxisomal targeting signal. The double-
stranded DNA fragment containing the ApcC promoter, the mCerulean3 coding sequence with a peroxisomal
targeting signal (PTS1), and the TUBB 3' UTR and ~ 50-bp microhomology arms on either side (total length:
1626 bp) were amplified by PCR. (B) Principle behind knocking in a fluorescent reporter expression cassette at the
ACTIN locus. (C) Principle of Cas9-mediated gene cassette knock-in at the ACTIN locus. The arrowheads indicate
the putative Cas9 cleavage site. Flanking microhomology sequences of the perCerulean3 cassette are shown in
boxes. (D) Confirmation of the knock-in event at the ACTIN locus by PCR. The wild-type strain was used as a
negative control. (E) Growth curves of the wild-type strain and the ACTIN knockout (actin) strain. Data are shown
as means (n=3 from cell culture replicates). (F) Representative images of a non-dividing cell (top) and a dividing
cell (bottom) of the actin strain. (G) Representative image of a single cell from the actin strain at the cytokinetic

abscission stage. Scale bars: 2 um.
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o223 A2 kS (Fig.4B). pCer3-PTS1 1%,
HERHATOE—Y —Th b ApcC7UE—F —D Tt
2, NV F Y —ABITY T F IV TH D PTSL 2 s
L7zt 5 v 787 & mCerulean3 & 1x1- % B L 7z
perCeruleand iz Tty v 2&L. ZOTIFTAIF
DNA 7~ 7L — b %, Cas9 CTHIW3 % BLRYHALET B D
50 EOR A susEu Yy -y E&L At ) T
DNAZ 54 v —TCHWIETAZLIZEoT, /v o4V
JAD —R$ DNA Wi H %157 (Fig.4C). pCer3-PTS1 ¥
X 0¥ pGuide-mitoScarlet-ACTIN 7> & PCR #4lig L 7z —Ff
HODNAWH 22V Y YMTIHR~NEAL, RYTF 17
ra—ruEfEHZ eI L7 (Fig.4D).
#5NIZACTIN/ v 7 7 bk (actin) @ DNARKL
Wzt v =3 =4 v AP & o TR, ACTIN
BAET- IO E L 72L& 2 perCerulean3 s 171 &
FASIEREICHA SN T WD Z L 2 fER L7 10D KR
actin ROEFHREIIIA B L 2RO o, HEEsl
205 MRS EE IR S Wb -7z (Fig.4F, D).
F - HOGBAMEEC X o THIZ LR R, ks (B
Venus), I b3 ¥ KUY 7 (ffe : mitoScarlet), ZEFRIA
Ghfe s 7w 7 4 VEARHEOL) 12N Z T, perCerulean3
WCHIR T 2 H0AOEY 7P M o TRV F F VY — 4
EMMT A2 LITRIIL, FENERDOFNTETD
RGN W L 2R L 72 (Fig.4F). h
SORERNS, YT VIBWTT 7 F VIS RSB X
OHIBLE#E & L CRE TR 2w E i 72, Fkko#
mFhty M v oA g%k CRYEIZFIZOWTSH
L, RYF4770—rifgshiz. HAMERLEL
PTFNVBHABICHEIE R SN o 27, HTEN
BEETICEOTHMO TRWHETERRTHL I L%
WAL TS, LEORRPS, VY -y ¥ —d
S0EREOY A s a kTR Y —HIRENMT S L
TEEOZARF DNAWH 27/ AT AWRETH S 2
EAIREI N,

DI Hy B—ICLBUEEETFOWIEE ZDRED
Bl

WRIZ, YV - Ay y—ERFAALT, ALEICUA
LEZ LN D BIET R L7 o FHl % 544 72, #
Famai SICRENR I 72551E, MsBETcE vy
TRORI T4 T ra—rPRoin. Z8EH LB
SLUIIHET BEMETFEWRE LML I tay MY T L
A—%— (mitoScarlet) &EXNVFF TV —ALF—F—
(perCerulean3) DY 7 FIVIZEDIWTH /) A5k
E-Mla b L, MIEABEIRT 0SBl 55 2 L8
WAL, BERTFEBIE L 72BN ED L) I2HR
HEDKEBIEBEEZ S A TOLIONGNTHI LN TE

. HAHVIE, BHERMRE VY -5 =~ f 0
Y2l ==l TEIKTHZEICE-T, Ml
WTERETVWLIHZEGNTLHILDUREICRSL. 20
TAFTICHDOE, I vay VY THEDONFBEIETT
&% MDRI #n 1L, #ifEikzEKs 5 L CcHEEREZ
HrfrzdyFa—7Y % a— K35 TUBG EIET
PHEMEETE L TERZT- 7.

YTy B =3 X 5 T perCerulea3 BT &
b & ZNZN MDRI & TUBG #f{sT-HIs~F AT 5
Hilirifz 17, NEREHM T2 HMoRE21T- 2%, £
NZENOMIBEBIZEL 72, MDRI &1/ v 2777 b
ENWAE MREI P Y P THRORE RRT
LFMsh, FLTUBGHEIZTAS/, v 7T bEnhi:
BaE MaRHREFoORIMEZRT I LaFHIN.
BROKE, LHOL0OBETEENE LZED 0.1%0
TORNEEGTIEDH 205, EANFT AT LKR—F —Diik
W 7V &R AR S 17z (Fig. 5A, B).
INSOMIBBTIE, BETY—TT1 Y 7ORNTHS
MDRI &fz ¥ (Fig.5A) B X U TUBG #f% 1 (Fig.5B)
WKIGLTI MY FYTHREE, &30 52
B EDHEREIN 2 L0 S, HENIZ perCerulean3
WEF Ay PASEA SN Z L2 & o TEWEEF A
BHEINTWB EEZ 5N BERENWZ LI, Ihb
ORI TR & o 7o VT T DRI IZTTh
<, M DB RV T F VY — 2055, E5I12H
FE G HOE I EXER S N2, T oRRIE, MlaN
TOFNT AT DOFRIINEFEIE - TBY, FAVT
T DL NS ZEH I D 3 N PG AR L 72
SIEMESGFAT A L 2RT. —HMOKE,IS, ¥V
Voo Ay F—gEEANTE, BRI EET S v 2T
7 MEOHHEDO AL BT, WHEBET THo THHEET
v 7T MIE BB AT A LT RETH S
Lo T,

E A

AR D4 TR & 2 BALRMIRIT 225, > v idh
WEAER O 15-12E4EM 2RI L T 50 TR
HThHDHIENHERINTWS (Strassert et al., 2021).
DU TN MRS ) A, S OICTR BRI A
BITAZEILLBY YUy Ry BORENRELE
Vo IR — 7 R R RO YV, AlA
FORG O TREEAWFEN R IFICB W THEER
EFMEYERSTETWS., — T, kDT VI
BUAHEMBZ L BEETI—FT T4 7Tk, M
[ 2 38 % H B DNA W R o iz fHing 2 7ot
ATEHL DVFERLEL Lz, 200, BAIRESLE
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mdr1

KA

(+ perCerulean3 reporter)

[Brightifieid™ mitoScarlet

-—

e Cas9-Venus

perCerulean3

tubg
(+ perCerulean3 reporter)

Autofluorescence

mitoScarlet

perCerulean3

Autofluorescence

Fig.5. Essential genes for organellar and cellular division can be targeted by CZON-cutter. (A, B) Representative
images of a MDRI knockout (mdrI) cell and a TUBG knockout (fubg) cell. The cells were imaged 2 days
after transformation. As these are living cells, they floated in the mounting medium and shifted slightly
during imaging; the transformed cell (arrowhead) is shown in the center of the field, while non-transformed
cells are indicated with asterisks. Each gene was knocked out by inserting the perCerulean3 cassette at the

target locus. Scale bars: 2um.

WeLTRL Y IV aiiEZEO LW M Z oI
bbb, HMLBET ST T4 Y 7HFENE
BoT, YUEMHLLT ) AT FRFTEERL
TWidrolz T, YU TVEE ) AETH LD
— M 7 BT OVAEY & N B &S T B AV 7
o, AR I L7 v ars—A—2ELEV
DNAWIF Z3EAT % &, FEEOMETFIHIRE 2 &7

WMLV ENEC LRSI TE 2oz, Th

ERZHCIZED A TV W2, EVIFRICIER
WCEERRSE & B 2 L HE 2 Vs B
THEERE, S OGRS IC B W IO TEEZ
MEETH o7, L L4N, e 25HE L7z CRISPR
) ARERERETHLYV Y -y ¥ —ER, Al
VAT IMEENT Tu—FIZE T, T ALOFEIC
[l U#IIC sgRNA & LAR— 7 —@EIn T2 A L,
BET2R/ANO7 7 5 DNARGIOSRZES 5 2 & A5 fE

Lol TR HERSR S Ao F v 7 4
TR NIRRT 2 2 e TE 5720, MO

BEBHIZBE b 2 BERE & fRNT 9 2 MU DSTRIERY (21 B L7z,
SINIHE T 5 Z KL o 72, AWFZEICB W
THIELZY VY- By & — (versionl) DEXEDIET 5
Twh, BERETIT) 2 &Mk 5% ) 2 DNABLS O
UEBEDHEET /v 2T Iy o4y, S5
BHEIE~NDDNATZ S 7 AV b v 74 Vix, Shidy
TN REN 2179 L TOREY —VThHDH. Zh

SIZMAT, E5I2Y VY - Hyy—I12 N ZFHHL
T BIETHEREHI S A 7 2 DB AR AATWS, HT)E
Wiz RTINS 2 LR ¥V ORI Z TtE
N7 Ta—F A EHLEL LT, oEFNVE
WCIRFEBT 5 2 & DA FE 2 kD CTIERED D BRE N 7%
FMo T CHITRREIMI R MG, AN AT 55 - i
Wb LT OBEEZ RN 5 2 25 REE 5. BEIC
YEAE O CRISPR ¥V v # (YMT2 B X FYMT3) @
BB HEATE Y, W2 BIGL TWw5.
COLYV Y Ay S —FEHTRENERED
Wa LEFAEINTVD, BRI 528 5 S H
5 M NI THEMIZEIA T 2 R E OB W EAR
LR T RO 2 5, Fo 2 JEH ICHREGE W H R
Ho TV L BIETRRODPo>TWAD. Bl 21X 4 D572
WHE L7280 3 b o v R 7EEMKICRTES 5 Hiar
¥ X7 B MIMS &, Ml 3283 5 B, Mg %
RIS 5720127 Y7 JliREE#RIED "7 o8

ZERFON—=A N ZBIERITAFERTTHLI LS
DhoTETWSL, THIEROBIZTOEE - FliR &

W EPIC B AR BAMATH LY P TIV S
<O, REFEB SR TOARWRAIOE T3
VATFADPMELTVWDL I EERIET S, MIMS 8L D
IO LTE YT HFRN—A M ZREILTWED
B, FOGTAANZALRINT B720, Vv - Ay
¥ —& ik e R EEREY MiMS#RICEAL,



WAHIAIE S SV ICBUIT A7 ) AEL VT T LY 2 AFNHT A T4 XA —Y Vv 7 ORKFED

M 72 0AT % D T W B (Mogi et al., in preparation ).
L) BT Tu—FIE, WEkHOIT AT 7 FDNA
PERL > 547 9 MEFAEL 212 X 2 3 CRIERICE L ofE
KM 2T 5720, FHPWL 0oz 2201,
KA OB N T- A2 ST (Yabe ef al.,
in preparation). TN SIIHINEZIZRIET 52 L2 SR
BENTELTHELTWD EEZZONDH, FHETRE
EZD8 VNI EIA—BOL RS THD. FHRL2H
& v X7 8 Venus & — 5T HOGHEME I X > TIEMELS
WEEE A L, Venus ¥ ¥ /7327 & 155 T2 3 2 408
VrFVERERELLTHET L, ZhHOEEAY]
SR, MEZICBLTE» 10 =T 05T
BLUPHHELBRWZ LD T0D, T2 Vs
TE—HDBIFHID LRI Db LT, Thb0#x
TE 29T MNTHLEEIE LD LN, Mlaok
FIZRHTH BT L bbho T EHOIE KT,
FERHARE OMINAY 4 A CTHoTHHESY v\ 7 Ha¥—
BMEWZTBY, 107 28— T CHRe

5 INSOREINTZFNTT 2 2 &k, Ml 285
BT LHIEH Y AT A2 BET 5 ETIIRICERICR
b, INSOWMPES v Ea¥ =K THRIET A HA
SRBEN - ORERE 2 RNT S B 7201218, G R iR
BRE2WETLTOE— 5 —HBOLEL EEL D,
BRBBETHR AT 2MFEMEZ ETE%2L, 7
J LDNARH|Z ¥ VR v N CRETRERY SV - H
¥ =X BN HIFICRIRN 2 T L o T B, 51,
HIE TR Z 2N E TUL LSRG TN 2 BR121,
DIV -y F—OEHUENRSHIIEEL L bR,

2

Lol RBFFRIZ X o TEHNF & T &5 L0452
b2 IR TR T2 FEE LT, ¥V Uik
#{L L7z CRISPR-Cas9 ¥ AF & “V Vv - hh v s ="
B L2, VY - Ay —id, T/ AL RIS
MRk - I vay P T - BERK - RV F R I V-2 %
REDHOGERICE > THET 22 & MKE. 20
TSI LTy -y d = Hwb 2 EIZL 5T,
EVRIER RV, S 5120, AV —TF v b RiEE
FHEBEDFRITDS, H—F VTR LNV TEHT LI &
MW RE & 7% o 72 (Tanaka ef al., 2021). CRISPR 7"/ 2
Mt LTd, 7/ 2 DNARY % REmy~ &Rk
BTELRETTRL, & 7RI EET Iy b &
Vo 728 kbp O DNA W DA B WHRETH 5. #721
W58 L 72 Cas9-Venus #5633 5% ¥ V' YMT1BRIZ I3 HR
Wl B 3R s NS, $hv vy roar s v
77 L TIZCRISPR 7/ Ailc X 2475 —7 v MR

REBET 2UHEEIIMD TR, VY -y F =98
FEHT L MANE & PURMEE, BB TREREOTIC L - T
FOR D A JE B 2 B & 22§ 5 BTl R
V=Vl B7EH ).
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Single-cell genomics of uncultured protists in environments
Yuichi Hongoh
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In this study, we aimed to establish the method to obtain a high-quality genome sequence of an uncultured protist.
We chose Stephanonympha sp. (Parabasalia) as the target, which is a cellulolytic symbiotic protist in the termite
gut and multi-nucleated (>100). We prepared a single-cell DNA sample by isothermal whole genome amplification
as well as cDNA from the same cell with the SMART method. After massive efforts to eliminating contaminating
sequences derived from bacteria and also from eukaryotes, we obtained ca. 147 Mb-size draft genome sequence,
the estimated completeness of which was comparable to those of known genomes of pathogenic parabasalids. Our
genome analyses revealed an outline of the metabolic pathway of Stephanonympha, and we predicted the symbiotic

relationship with its endosymbiotic bacteria.

Key words: single-cell, gut protist, protozoa, genome, insect
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EREh OMAYREL, MAOTETIIERENED S
WL R, R S G 2 EBHONT WS,
29 LA e &3 5121, g2 SR
WREDSLEE 2 b, 1990 FEMRIS, = N—H LT T
A4 < —TPCR¥IE L 72 rRNA #fz B H DL 51
SAARMRAT &, BUE L 72 rRNA Fe5l % Feo A i 2 45
RGBT 59 nsitu N4 ) 754 ¥ -2 a v
(FISH : fluorescence in situ hybridization) #:53% & L,
8% K OREERMED RZRBEOFAEDHS L 572,
2000 FEALIRPITIE, KIEFUDNA & — 7 =% w7z
WMAEMBES RO r ) L (X575 08) OYvay v T Y
BCHEATEEDHES. L, PRI 2R e L CoMiE % @
TP R=ATFUT LI LI E o/ 72720, A
547 ) WECH AT TR 4 B Up Al oo B AE T 10 13 PR
T, 5N HRITIERAED D > 72,
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EEEgEE - Pt RE GO LERFAEMET b)),
ZI B RO LERFEMBT ),
Hifil e CRBUIERS Ay B BE) .

ZZT, MAEME LT oL T AT R
179 1Ml Y 2 I 7 A0St &EE Y, BETIX
FELPRVMEZENTVWDS (RIH—, 2017). 72
AYF)ITABNTH, BEEIEIE Y — R
WeREEE, BEAIRCY) & DM 2 & O E IR W 2 0
AP LG TS =0 7] LN 2 1M T
AT SN, REENTE S T AR O VT E %
DFEREHE AT REE 72 5T 5 (Albertsen ef al., 2013).

LLaD s, ZHLAZT /LYo 7R 1 /il r/
ITRIIERMII LAY I - 7—F7) 24
LCHSE - EHENTEZZHOTHY), HMIEEAY (5
AW BRRETHITIIE COMEEDPES. BAAIX
)R ARWIKEL, 7 AENIEH Ny — vy
DA EERIFENTHAM - TTIDBLETH D, B
DBIEIIA v barz2E&E7-0, LY IEMZEE -7
W23, HEREN R B E A O TS D K e

2O LR TITBWT, I, 255 AHhDH
AW SR BCH 2 350 9 5 1 ST Y — v O S AN
HHNTWSHY (Karin et al., 2020; Pronk and Medema,
2022), WABEIEVWEIIVWZT, Y227V To+
SIS UE L D (West et al., 2018). T 7=l FEIR
WD A 7 7 ) & - = U IO FEA R



O mo—

V—NVEMHLTHE Do) #HitiddH b0
(Delmont et al., 2022), BINMYIZHEK RS =7 v A5 —
% % AT HB Y (Tara Oceans Project), 72, 130~
Za T VTOREIG R BTN LEIZS12 L) Th 5.
£ 0 BEN R KB RFAEMFEORERHEEORA L L
TUE, 1Al RE R B W AT 238 5. 1 AT NG e 4 1Y
RGN, FISETVEBAEY % 3 SRR S H
WCERLTEY, 7)a—F L 20 ClzELHLT
ZHAOEE D HAPSWIE SN, ME RNA» S DK
Ry =7 =S4 TV Y PN T
W5 (RE#—, 2017). LA L, 29 L7y —id,
s L7CR BRI 2 27 ) ARAIIC vy B 7L
TINTT 2 2 LR E LTWb. BT ) ARSI
TR, de novo TOREREY LA FIHESEHS VA 70 KRB,
ZEAEYICHEHAL TS, BEHEORSVWHREZEHL DX
HEL W, 25 23 EHEIC, BEE OV EIEF IR
T&E BRI, BREROSRGEBAD S BB D%
BARAT DT, TREHRNLTEHRELZTNEES
v L L, BEEYEY S EICZOKRERFET S
DOIZHEETH D, RIFY 7 AR 2 BUS L RIT UL,
1EAfE 70 BEA BN & HEEE Y 70 42 PRARRE O PRAR (L3 LW,
AWFZETIE, a7 ) BNEAEDREE MR E LT
VA 7 3 7 A% ik, REGFEEELEWMED 7 ) Lk
MR L 2R AT, a7 ) IMEMOARZEE T
LRERE LTHSN DS, ZORBFERKNESHREES
DK 2 B P43 2 FUE AW RERITRF L Tw
. 1O a7 ) H A~ 10 MDA 1 0 REE o )5 A A
W22 IZ W3 RA L (Igai et al., 2022), Th 51
Parabasalia [ %> Preaxostyla FiO W3 N IZE$ 5. 2
NS FAAYROR 2R ITH L <, MRS R
1BIDA T (Odelson and Breznak, 1985a), ZO#HkdH H
L. FRRTOREERTIE, BAEAY Lo —
A% KRFE, ALK, BERICHERET A 2 EANEH S
Tw 5% (Odelson and Breznak, 1985b). = ®f#, v n
7 BN O SRR EA LY A S PCREETE NV 7 — ¥l
F2HE E 720 (Inoue et al., 2005), M PR A4
AR D X & W E W IRAT CL AR - R % (GH
glycoside hydrolase) #InTFHESIINAZD LT3
(Todaka et al., 2010). ¥ 7-#3x, Nishimura et al. (2020)
W& oT, £ 3a7 ) (Coptotermes formosanus) W
N Parabasalia )50 25 A= Wy 4 1 0> 1 4 B2 48 5 19 8 B2 0E W)
T s S, EAEYREH TO GH LS— ) — D
HEWR &R SNz Treitli ef al. (2019) &, >80 7
V) (Zootermopsis angusticollis) WP @ Preaxostyla '] Ji
AW TDH B Streblomastix strix DHMLIL A W # % &
1M 37 A LRI GEW IR 2 ER L, i
W ) L O DRATHED, EREDKL, E

HEEIEE L v,

KRBV TI, 7/ ABIPERTHL BT
) 3 Parabasalia R Ao 5 5, a2 arvn
7 1) (Neotermes koshunensis) MPIZIeE$ 2 Z MO
Stephanonympha sp. NkSt Z BEiy & LT, 1#illes /2 3
7 A & ARG YR %2 17 - TS RE 2 HE 2 L,
L N & 5 W IZENRIEEAE T 3 % Parabasalia '] 3
FEOBER 7/ AELH & PR L7z,

FKER5 %

2 O7 FRE L BREEEMMEE OB

Iy aryu7 ) ZHECHREL, MIEENTE
HEARTEEFELL. B2y FTHROIL, %R
Trager's solution U (Trager, 1934) (2 NZY) % & L 7-.
Leica AM6000 Y 4 7 X =¥ al—3a vy AT L%
il L C Stephanonympha sp. NkSt DL % HEEL, #%
WO CHEEE Lz, 1Ry I 228X
Hd ¥ 1 ik 57 W R AT 121, 0.1 % Triton X & RNase
inhibitor (% %1 5 /354 %) 1.6U/uL % Il 2 7 Rl #% 85 i
THIfE 2 B L, B o EaH (Fig. 1) 2 f7uv=¥ta
L—Ya Y A7 A TR 72 5% oM B il 451
RNAf#HTH & L 7-.

24/ LigE, 7/ LEFIIES & UEELER

PRI L 724 B W %% 5, EquiPhi29 DNA polymerase
(Thermo Fisher Scientific) % Hl\» T, 427C T 4 K[,
100uL A 7 — v TEHEEE T /) A ¥R % AT - 72
Stephanonympha sp. NkSt O 147 2 2 fHF H R
AR L, Fh ZNIZDOWw T, Nextera XT DNA
Library Prep Kit (Illumina) T5 4 75V #{ER L 7.
4 B F HE 12 Tlumina MiSeq TX7 L~ FEH (300bp
x2) ZRUE L2, &AEOBRY) (V—F) #%1T75H
AN 2. 72 1. C SPAdes v.3.15.3 (Bankevich et al., 2012)
TTRry7VL, BERENIa YT 4 7 EOBIETO
T =7 X— ZAEHI~OMIE M %, Contig Annotation Tool
(CAT) v.5.1.2 (von Meijenfeldt et al., 2019) Tkl L 7-.
FERAE kg Lizary 71 ZEBRIL, By %
gVolante v.2.0.0 (Nishimura et al., 2017) % L T#
J LSS R T o 7. OB R 5 72 1M
Mo @kl & ik U, ENLERARISERT O S - FRE0%
WZAKIE L C, Ilumina NovaSeq6000 T-X 7 T > KAELHI
(250bpx2) ZHUFL7-.

EEEYE S OMENERS
% % BRECL 7258 ) oMM E 1 51%, 4U/ul @ RNase
inhibitor % & ¥» 2uL ® RNase-free water (¥ 1 5 /51 )



BB O RBERIFEAEYIE O 1ML A FZET RO

Fig.1. A cell of Stephanonympha sp. NkSt from the gut of Neotermes koshunensis. (A) Phase contrast image.
Arrow indicates a mass of wood particles contained in the cell. (B) DAPI-stained image. Inset shows
pleiomorphic multiple nuclei and numerous endosymbiotic bacteria. Hair-like ectosymbiotic bacteria
are also seen. Bar indicates 50um (A and B) and 10um (inset).

W2\ L, SMART-Seq v4 Ultra Low Input RNA Kit for
Sequencing (Clontech) % H\»T cDNAAK B X V1
lR%Z1T7% - 72. #EY% AMpure XP(Beckman ) THi £,
Agilent 2100 /X4 F 7 F F 4 ¥ — THH & & L EE 2 i 38
L7:. SMART-Seq ¥ v b O3z TdH 5 100pg DY
% T, Nextera XT DNA Library PrepKit T 1 7'
VL7 TNhE6~8HATo/2BTIOICE LD,
U—%1) —I)NKL—F —T3~4f5Iii L7z 7
0 — 27 VESKETDNA I A 75 ) —DORHIE % i
i L, 400-550bp, 550-700bp, 700-850bp @ W K #
MinElute Gel Extraction Kit (Qiagen) %AW TZhF
NENX L7z, 2T e 9 5 550-700bp & 700-850bp D
T4 771 =22V, MiSeq TRT L~ FEK (300bp
x2) ZHAFL7-.

16S rRNAE=F7 > 7)) O

Stephanonympha sp. NkSt {1 3L 4 3 2 1B B £ A
BEWOSNICT A0, HEELZEEAYHEZ
illustra GenomiPhi V2 Kit (Cytiva) % 2T, 30CT8
K O THRA T AR L 7. 2O % 8 &
L, JERAM 16S rRNA O V3-V4 IR O 2 =N — 4
7 9 4 < — 341F (5-CCTACGGGNGGCWGCAG) &
785R (5-GACTACHVGGGTATCTAATCC) % v T
PCR % 17 » 72 (Murakami et al., 2017). Phusion High-
Fidelity DNA Polymerase (New England BioLabs) % fif
L, 98C 308 — (98C 108, 55C 308, 72T 45%)
x20 il —72C 45 D5 T17 572, Index PCR I3 8 ¥
A4 2 WAT-72. MiSeq TX7 I ¥ FAEg%l (300bpx2) %
4% L, DADAZ2 (Callahan et al., 2016) T1#izL ~)L
C amplicon sequence variant (ASV) ~o7434H & SILVA
7= N— 2 TOMBERBHEDORE LT 72, F5h7:

ASV it 5112 % 512 DECIPHER R package (Wright, 2016)
T, 99% o BE A AH [ % T % #€ L 72 operational
taxonomic unit (OTU) 253 L 7-.

77 LEREEMT

NovaSeq6000 THUS: L7247 ABECHIWE T %2, A 72
74T 4F v 7 #%ICSPAdes v3.153 TT VY T L
Taryy47&ER L7 500bp KD 3 7 1 7 &bk
2%, MetaEuk (Karin et al., 2020) Ttz (27 ¥)
ZFE L7, MetaBuk THEZAWH 20 idy A VAL
HE S, 722 NCBInr-nt/nr-aa 7°— % X — A 1 0 ELA%
AEWETNCHFEEEZ 729, 35124 v e U EEL
LVWBETENE ST 7 4 2 RARS & L TR
L7z, nrnt 7—F X—2 L OB % Tld BLASTn %
L, Bk y b 500, evalue < le-5 DZMTHIEL
7z. nr-aa 7 — ¥ X— A & O FEPEMEE Tl DIAMOND
(Buchfink et al., 2015) %f#Ji L, BLASTx-mode, Hi7/J
by 25, e-value < le-5 D THE L. £~ 1
v DA EIX, RNA-seq D) — K % HISAT2 (Kim et al.,
2019) T~ v 7L, StringTie (Pertea et al.,2015) 12X >
TV y/4 v ha sz Pl L EEFTE,
RNA-seq ® V) — K % J\» % LIAHIZ, Parabasalia P 3 fif
(Trichomonas vaginalis, Tritrichomonas foetus, Histomonas
meleagridis) DL/ L CTHE S LTV L= THLY
OIS I WTHT o 72, Trich. vaginalis & Tritric.
foetus D ) LEFH| & & V87 EiE T (CDS: coding
domain sequence) (X TrichDB release 57 (https://
trichdb.org/trichdb/app) & VW HUS L, Hi. meleagridis ®
7 NEHIIE PRINAS94289 20 & U L 72.

DEDOXHER L 7za > 74 7 Lo#inF%, KEGG
Automatic Annotation Server (KAAS) (Moriya et al.,
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2007) % v T KEGG orthology (KO) 12355 < #REF
ME L7z 25, HOENIEEY MO EZEYH
ROWRFNIOWADMER S NIz 22T, EHITCAT V.12
ZMHLTHI YT 4 7 O58HEE 217\, SPAdes 235
19" % k-mer B3 A 30 Kiii 5> CAT T Parabasalia "]
DAL EHsg s zay T4 ZIEBRA L7 512, 1,000bp
Kl > I >~ 5 4 2T Parabasalia ['] & % \» 1% Preaxostyla
MUAMHE SN2 DD WEIEICEDL S TR L2,
¥ 72 KEGG mapper 12 & 2R PN BT, Hxdk
LM BB CTd 5 Parabasalia FI2SRAT 5 L 13 % 2
HEWEIEFIZOWT, =2 7V THAED B, BRI L7,

sy s Lo RIBEREN

) LERE &SRB Y R ORI, 55 Parabasalia
MR AELEW) Tric. vaginalis, Tritric. foetus, Hi. meleagridis @
7 LEHE, 1T 2% D RNA-seq 7— % (Hi. meleagridis
DF— 7 FHETE LD o72) AWz, RNA-seq 7—
#1X, Tric. vaginalis |Z-2\»Tl& SRR2132589-SRR213291,
Tritric. foetus \Z2\» T |3 ERR4398931-ERR4398933 T
Bl FAREEDRINEROATEID LD, {21
7 V1 Parabasalia "] )5 £E 49 4 #fi ( Pseudotrichonympha
grassii, Cononympha leidyi, Holomastigotoides hartmanii,
Holomastigotoides minor) @ 7° — % (Nishimura et al.,
2020) % https://doi.org/10.5061/dryad.05qfttf04 T HL
FL7-.

LB FRAT D 728, Stephanonympha sp. NkSt & Lt ®
7 #i® Parabasalia M AE YD CDS 12D\ T, KAAS
ZHWTKO IS EBEREZ 772, 2ok, 7/
LA O HARE ALY & T T VERSB X OEEAY
ZEU 32 EIRL ¢, MAMRED7ZDD T — & X —
A& L7, %72 eggNOG-mapper v2.0.4 (Cantalapiedra
etal,2021) ZHWEBERGRED S EICL -
KEGG 2 X 241 H 7TV —DOH T, “Metabolism”,
“Genetic information and processing”, “Environmental
information processing”, “Cellular processes” |2 & ¥ 11
%250 T AL 433 (] 2 1 “Carbohydrate metabolism,
“Translation” “Signal transduction” 72 &) 2 H L, %
NZMET 5 (KO &ffsn7z) CDSEML:. &
TR S 5 CDS %%, [F 25 T Eaedo
CDS #E Tl - 7- b= % g L 7.

LRl 25 TR B OB R ILEIZB W TIE, Salmon
v.1.3.0 (Patro et al., 2017) % \WT, ZEAEAEYFED
RNA-seq V) — K% CDSIZ#5 L, 100 J5) — FH o £
fETHaE Y 1kb 24720 ) — F# (TPM : transcripts
per million) #%&H L72. RNA-seq 7— % 7" % i
HEAERRICBW T, FHMEE L.

GH #fzT-olE Tk, 9 dbCAN v.3.0.4 (Zhang et

al., 2018) % ffi il L C CAZyme (carbohydrate-active
enzyme : GH % glycosyl transferase 7 & o 2 53~ B 14
Wrrot) #MF L MBI N7z CDSHES % 7 =
) —& LT, &M GH ZZMACH & L7 BLASTp 12 & %
MEEMZEZ T > 72 (evalue<e-3). M SN7-EH] D
¢, dbCAN TOMETHGHE LTHEE N, 2D
eggNOG-mapper v2.0.4 T 52 OREREIFER D 2 S 72D
D% GH @ fm LR L. 512 BEEW T — 7 R
1+ Hi. meleagridis %W\ ~72) 7O JF AL ALY C TPM
A% H o 72 25 B O GH family D53 % ik L 7-.

fikB L OEE

70 NENTORER & $ % 2 v 7 ) BN Parabasalia [
JUEAMRE OB Y72 T, BTS2 ICHIBINICKR
F R AR, 204 ) A% A4 AR B/NS W &
EEME L7, ZOfR, avvaryua7 BN
ZRILET HLE (100 L L) oRERMTH S
Stephanonympha sp. NkSt % %R L 7= (Fig.1). [FEA
a7 VBNEEERDEOATHE IS
Cristamonadea Ml \ZJ8 L, 7/ Af#EiEA OB A -
& N @ 5 B AK Tric. vaginalis (Trichomonadea # ) *°
Tritric. foetus & Hi. meleagridis (Tritrichomonadea i )
ML NIV TRLZ LR TH S (Noda et al., 2012)
(Fig.2). Stephanonympha sp. NkSt D 1#1 g 24 72 ) &
DNA & 81335Gb b H 0% (RIS, KFEK), EMT
HbizdNTaA F4720 D57 7 534 X1 300Mb 2
BENENLT E PR FAEEY O 555 E
& KRR CTRCAIENTIC 5% DNA® (>10ug)
T B WD BN, FTRE M7 LA HEH
DG RGN A 7 A% WFEE oMt (R
DYAEIBOMEEL) 2% T LR N A 7 A S
572, ZEMERNE TIUEL Y ERERT ALY
DFREEDS R L Z 272, 7275 L, Stephanonympha sp.
NkSt % &6, FAAYISHIBN 2 KR4 Y 2%
BILELTWE 2 EHLVDT, 7/ AMEFTRHICIZZ N
SAAMEE OB L, WHRER Y KEEAMRED 7
LBCH % FIRESE L CB L BEDD 5.

Stephanonympha sp. NkSt D £ EMEFE

KRIFJE CTRERY & L 72 Stephanonympha sp. NkSt 1213,
Fig. 1BIZ/R L7z & 912, MRNAMC &% R4 Y
BHAEL TS, 7/ AT S, AR EZ
{8389 % 728 16S rRNA IR T 7 >~ 7)) 3 VN %217 -
72 (Fig.3). 1#iMe4 4 7 28R sVE 8 i 122w T,
ENENYL1TT~3Ti5F ) — FXRT7ZM@ITL, A
TLREHOMEOTUZ M L. #0095 40TU
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Macrotrichomonas sp.
Metadevescovina cuspldata

741099 £ozina nana

SO0~ cagicera versatils

56/0.88 pevescovina sp.

Stephanonympha sp. CcSt Cristamonadea

[Stephanonympha sp. NkSt |
530.73 Snyderella tabogae

97/1

54/0.99

751

Joenina pulchelia
85/1 Joenia annectens
Joenoldes intermedia
80/0.97 —— Histormonas meleagriols Tritrichomonadea
B Tritrichomonas foetus i i
100/ Monocercomonas colubrorum Spirotrichonymphea
R Spirotrichonympha lelayi I
e Holomastigotorides mirabile
Hypotrichomonas acosta .
991 Trichomitus batrachorum I Hypotrichomonadea

Trichomonadea

T Pen{‘a/r/‘cﬁomaﬂas /{0/77’/'/7/5‘
_E Trichomonas vaginans
100/1 Tetratrichomonas gallinarum
95/1 Staurgjoenina assimis
|_| 100/1 : Trichonympha sp.
1001 Trichonympha agilis
Hoplonympha sp. Trichonymphea

o1 98/1 ———— Pseudotrichonympha grassii

100/1 100/1 Euvcomonympha sp.
Teranympha mirabiis

Fig. 2. Phylogenetic tree showing the relationships of Stephanonympha sp. NkSt and other representative
parabasalids. The tree was originally published by Noda et al. (2012) and slightly modified here. A
maximume-likelihood tree was constructed based on a concatenated dataset comprising amino acid
sequences of GAPDH, actin and EF-1«, and the 18S rRNA gene sequences. Bootstrap value and
Bayesian posterior probability are shown. Classes Cristamonadea, Spirotrichonymphea, and
Trichonymphea exclusively consist of species from termite guts, whereas other classes are widely
distributed in intestinal and/or genital tracts of various animals. The draft genome sequences of
three pathogenic species, Trichomonas vaginalis, Tritrichomonas foetus and Histomonas meleagridis
have previously been reported (see Table 1).

100%
90% o Oscillospirales
(Firmicutes)
80% a Ancillula
(Actinobacteria)
8 70%
< o Treponema
T 60% (Spirochaetes)
3
8 50% o Endomicrobiurn
ﬂ>J (Elusimicrobia)
5 0% m Holosporales
oc 30% (Proteobacteria)
-l
m Bacteroidales
20% (Bacteroidetes)
10% m Nucleococcus
(Verrucomicrobia)
0%

S1 82 S3 S4 S5 S6 §7 S8
Single-cell samples

Fig. 3. Taxonomic composition of bacteria associated with single cells of Stephanonympha sp. NkSt based
on 16S rRNA gene amplicon sequences. Eight single-cell samples prepared by whole genome ampli-
fication were used. Twelve bacterial operational taxonomic units (OTU: defined with 99 % sequence
identity) from seven genera or orders were identified. Four OTUs (Endomicrobium, Treponema,
Holosporales, and Bacteroidales) were consistently detected while others were facultative.
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(Endomicrobium &, Treponemals, Bacteroidales H,
Holosporales H) X 8 Mlfa4:THh S & 7248, 8 OTU
(Endomicrobium &, Ancillula)®, Bacteroidales H,
Oscillospirales H, Treponema J& 2 FE, “Nucleococcus™ J&
2H) IZHAMEMICEG L Tz LI AT % 28,
FISH #: 12 X % J5 £ & 1 @ #& &, Treponema & &
Bacteroidales H IR R BIRITAF AL, M
“Nucleococcus™ J& 1 FEABENILEARTH > 720 % T,
Ml I S hiz, TS o7 AT ETHRT
B LD, Mo a7V NIRRT
LHEBHEIZIBWT, TNENT ) AERFEATDH Y
(Hongoh et al., 2008a; Hongoh et al., 2008b; Ohkuma et
al., 2015; Yuki et al., 2015; Strassert et al., 2016; Utami et
al., 2019) (1IPRFERK), SHETISZ22EIZLTT
J AEHIMF o= » FERBROEGE 2T 72,

Stephanonympha sp. NkSt 7/ LER5|ES & EAIER
FhiigEE & LT MiSeq TX7 T ¥ FEHI %2 BE L7z
Stephanonympha sp. NkStEH KD 4B D5 5, fii%
Y= ¥ 7 %@ BUSCO (Simao ef al.,, 2015) 12 X 24
SERRE, &I, 374 R NS0, Mgk
RNA-seq V) — FDO< v TRRETIR O BMHEOR 2 - 72
AF (ST3) ZEINL T, NovaSeq6000 12 & % K=
FIRAS %17 72, RS EBENOBRERED 7 1) 7 4

F v 7 VEERITHR - 728 330G OELH % 7 & >~ T,
=7 L7 ok BEBREWESGRIIERZ DO
MetaEuk (Karin et al., 2020) D12, EukRep (West et
al., 2018) HAL72A, WIFholad, WO »IEK
EYHkE RN LDary T4 ZFABREsTn R
Motzizw, [FEBRGE CRLZL) REMRE =
SR BN THT - 72, Tric. vaginalis 7 &5 5P R 5%
e r 7 WREikERH 5, Parabasalia 913 Bacteroidales
H % & OB A W) R O ARARIE# R T % 5% <
BAELTWDL I EIVRENTHE Y (Carlton et al., 2007),
— D DOBETF AR BB IE D B VI
EPNTEV 720 T, ZOHRZ B 5 O L.
F 72, FLBAY O NG5 0 TR B W) fRAT C U3 poly T 1 T
2% w7z poly AR ZAT ) O — #7225, FEBRIC
WFEZAEYH RO, FI2ATEEOZ Wl It E
AR HCROBHIASKEIRALTLE ) (K5, K%
£). LdoT, LVIEERE= Y71, RIFYERE
EY DA TIZHEET, By ARFINF 2L, A
v ha r 7 EOBERERA OB IEHD S HEr %X
EThH5b.

Y = ¥ 71D Stephanonympha sp. NkSt O K5 7 b7
J LHEARTEHZ Table 11R L7z, &R 147Mb
T, BUSCO \Z X B HEREEIIR 74% (2T 1 7L
3o <) 2% 52% (CDSEANICHD L) BETH-

Table 1. General features of the draft genome of Stephanonympha sp. NkSt-3 and known parabasalid species.

Features NKkSt-3 Trichomonas Tritrichomonas Histomonas
vaginalis*® foetus™* meleagridis*®
Total length (bp) 146,928,559 176,420,065 67,585,742 43,414,808
Completeness (%)™ 73.8 73.0 74.6 73.8
Completeness (%) *? 52.1 58.8 55.3 56.9
Number of contigs 12,933 64,769 3,299 187
Largest contig (bp) 325,793 584,929 406,868 3,384,422
Contig N50 (bp) 27,427 27,122 86,531 673,467
Number of CDSs 28,077 59,679 25,030 11,119
Number of introns 11,495 58 0 573
Mean intron size (bp) 325 NA 633
Exon(s) per gene 1.41 1.00 1.05
G+C content (%) 53.6 32.8 31.2 28.7

*1 Calculated using BUSCO based on contig sequences.

*2 Calculated using BUSCO based on CDSs.
*3 Carlton et al (2007).

*! Benchimol et al (2017). The latest sequence of this species has been deposited as GCA_905133005
and its total length was 147,002,103 bp, but without gene annotation.

*5 Palmieri et al (2021).
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7228, BRI A2 3> BUSCO 2 & B e 7/ L 52
LA TH L. BZ5H L, BUSCO TEIFEOHEMEL LT
W3 [BEREEYREBIZT ] ©—E 7% Parabasalia 42
WA L 2 vy, BEHIAHFEMEAMK C TR S e
DOMH LN, WIRIZLTH, Parabasalia " ®RE
T K EREORVERENIHEON TS LHfEFESh
bH. 12721, a7 4 7K N5013#£529,000bp T, Zh
1Z Oxford Nanopore ® 1 > 7" 1) — RELH & fli ] L CHzilk
A5 X N7z Hi. meleagridis ® %5 670,000bp (Palmieri et
al., 2021) LIELTHZ VK. 5% vy 7Y —F
FHlzBmLclhRwaryy 1 F&2 g cEiug,
oV 7ORED L5133 THL.

Stephanonympha sp. NkSt & 754 14 Parabasalia '] )5 4=
AL oRERMEL f v rOoBICR N
(Table 1). T 1% T Parabasalia PF1i2id 1 ~ b u v 2813
EAEHELRWE SN, BRI Tritric. foetus T34
< 4 < (Benchimol et al., 2017 ), Tric. vaginalis & Hi.
meleagridis T b VT3 - 72 (Carlton et al., 2007;
Palmieri et al., 2021). L%, Stephanonympha sp. NkSt
TRy %ol rtariiilae, £t
VEROEET AL VI EPHH L f7
GCE®RD 54% &, 30%HifED Tric. vaginalis 7 & DRE
W AWHNE D b7 ) mEroT.

Stephanonympha sp. NkSt DX % Fi8l

KEGG mapper 7% £ %2 H\WTHRW 2CH 2 2 T L
b2 A, IRNESREER, HEE - T I R - MiERA R
7 & O IACH X, Tric. vaginalis & Tritric. foetus |2
BN L CTwv7z (Fig.4). AREGFEEDOHFIAKTK
ez o a7 ) BNERAAEYE, Tric vaginalis
R Tritric. foetus ® X 9 7z, [6 U Parabasalia ['] Tix & -
THOMLNVTERLRY, PomIMr MR AL
T 2/NHORFEAREITRE R EHERELFOZ L
LHEL TV, 29 Tldhh o7z, % (Emden-
Meyerhof-Parnas #2#%) & B AR IZ58ET, 77 a2 —
7Y W T E B, Tric. vaginalis & Tritric. foetus T
LNTWB I, YV ryIdReirLTe Fayr /v —2a
THEME - MR Lk - KENEFMEL, ATP 2 A jET
% (Miiller et al., 2012). Z ®DF, Tric. vaginalis THHE
HEp g FEBRIZ IO X | acetate : succinate CoA-transferase
[EC.2.83.18] Tanze 71TV CoARIHE L LT
FEfE & 42 =)V CoA % A L, succinyl-CoA synthetase
TH 7 ¥ =)V CoA % N7 BRIZETRHIC ATP & /LS
5EE 256N Twab (Miller et al., 2012). & 2 575,
succinyl-CoA synthetase (33 % b D ®, acetate : succinate
CoA-transferase [EC.2.8.3.18] XA ET& ¥, ftb i
acetyl-CoA hydrolase [EC:3.1.2.1] B FET 5. F i,

= A Glucose
¢’ Endomicrobium “\ ATP~ Gluc-1P
/ (mutualistic) ADP)

Glycolysis <+—

|
Pyrulvate 3)43

EtOH Acetate
H, CO,
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=
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Coenzymes/ — |~ CGly ADPPEP on
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Fig. 4.
sp., a facultative endosymbiont Nucleococcus sp

Outline of predicted metabolic pathways of Stephanonympha sp. NkSt. An obligate endosymbiont Endomicrobium
. and an obligate ectosymbiont Treponema sp. were included in

the pathway. The functions of these symbionts were predicted based on genome sequences of their closely
related phylotypes obtained from other protist species (see main text).
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Tric. vaginalis ® 7 7 KNEHFIZB VT S [F UMED TR H
ENTHBY (Carlton et al., 2007), FEEHIAHFMED S 1%
acetyl-CoA hydrolase [EC:3.1.2.1] L M SN HEEH D
B & MGET 5 LERH L5505 Lk,

KFZEFEANTDWTIE, Tric. vaginalis (Carlton et al.,
2007) A a7 ) BNELEEY P grassii (Inoue et
al., 2007) LRBRIC, $ke FarF—ErBEAAEL T
Wb, 72721, Tric. vaginalis A3 5, MEICH
TELTKERILEITH L) by Shzghe Fay
+ —¥ (Smutna et al., 2022) ODHFFIZOWTIE, X5
IRV LETH 5.

ALY b= YREEEIC L > TRAK Y K
ve¥nay »Eg (PRPP) 3G RE7ZZAS, PRPP A5 %
DB de novo HRERNWTHEY, X7 LAY R
IR A BINT 2 LEND L. WiFERIED de novo K
34 T& 7%\ (Figd)., 7T yBRRKOMELITE
AERCTWDL12DIZ2-FF Y 7V 7 VR GRATET
HY, 7TIEL denovo ERIZTE R\, 12721, 7
Wy IVEBEHIUE, SNV IV, TANRTFY, VA
TAY, TI9=2VIRBERTESLL, AL =rRdbhid,
sy rEvyy, TAF=Z UL, Ta) iEE
MT&EB., AFF=>, HEBT IR ST I
B, VY VIEAERARETHS (Figd). 2F 0, £<
DREFREINT D S OBIUAKAET 2 5 HEMED 5 W idil
RSO E %, Tric. vaginalis % Tritric. foetus 7z &
ERELTE, o7 b oftiy iR A BtR %
FEORBGHE IR L 722 &% 5.

PR S &2, Stephanonympha sp. NkSt % & & %
ez va 7 ) BN E A A oML PG AR T H 5
Endomicrobium Ti&, 7 IV¥ I ¥ EREZIMBREIETL
LTwalh, 7ANRTF Y, YATFA Y, )y, Tu
VY, TI2ZVRERTELZVY, ALt=r, TILF¥
o, WHhWLEYOVET I BRIZOWTIE, A
FF = Y PAIMIERRETH S (Hongoh et al., 2008a).
F BB S  ORiIEEE S de novo B THETH 5. Al
5, a7 ) ENEEEY, REAEMICEIET 5B
THME KA Z ST X 21 2 Mg 1234k
88, FEMEEZTONL L) R(LEZEFEEZ
5N 5. F 72 Endomicrobium JEILAEMB L7 ) 294 X
AIMbREEE L, a7 ) BN E kB 0T C &
% Endomicrobium proavitum @ 1.6Mb ® 7 ) 2 (Zheng
etal.,2017) XD i LTw5D. £ ORHRVICE
Tz ko THMILAL S 28T, 15125 (HIBEAIZ L%
) BRSNS I R T Iy, Ta) yRhE
DT I WRERE AL, M R RERE R
TeHEsEINS.

E S5 M ORNT T, Tric. vaginalis & W T ¥ €
=7 - JRF% - JRMEDS Stephanonympha sp. NkSt D %2 % %
BEW T B L HEE ENTz. Pseudotrichonympha J& & A A
W oMM S EMH T % “Candidatus Azobacteroides
pseudotrichonymphae” X Eucomonympha J& J5 £ A W) @
MNP LA ME © & 5 “Candidatus Treponema intracel-
lularis” % &X 7 Y E= T L IREEZMA L TE ML ER
LG Z BT BEEND D B Z L0377 LENT D ST
E LT w72 2% (Hongoh et al., 2008b; Ohkuma et al.,
2015), TN ONE ALY OEEY 2 A L SEHAN
HTHDH I ENIERTE T

Endomicrobium O X 9 7t AHFI LA A 2FAET 5
—J)5C, Stephanonympha sp. NkSt # &84 D ar)
WEPIEAE AR, BB HATRM R R 20w U AR
MRS RPN IE L T b 2 % v (R -
RS, KIEHR). Fof5kE LT, “Nucleococcus” (Sato
etal, 2014) % Figd DRH#RICED 25, TH 51
Endomicrobium & 135730, HEME»SHER - 73/
B - HEERICmAT, YY) ku -3y YEEFERLT
W5 Z LD, “Nucleococcus” D4 ) MMENT 5 FHE N
Twd (R - FES, KR

B THEED T I - ERBEDLE

Lk o X 95 12, Stephanonympha sp. NkSt 1% Tric.
vaginalis 7% £ O %5 )5 Yk Parabasalia ' Ji 4 421 & FEeg At
HREFIALTORZD, 7 2RO BIETHED T T
V—DWEIIBWTY, HELERIRON G272
(Fig.5). Stephanonympha sp. NkSt (&, Tric. vaginalis
% EVR I IR R R EE R R TR RE T 5
bOO, EHORBELZ ST AT A, EBII»,D
LIWAINTNE L) ZETHA). —F, BHHE
YWaEOWEKTIE, BEAEWHEE CRE LMHEND - 72
(Fig.6). Stephanonympha sp. NkSt Ti&, I 7 —¥%
NILNVT— ¥R O 5 R % & “Carbohydrate
metabolism” 23FICRE LR E LD L LV T LTk,
A xu7 ) ERNEAEYATED 9 O C. leidyi & FIFE
FE72M, P grassii & Holomastigotoides J& 278 X ) 13K -
7o A& HiR U THEE I EATE 22 o 72 D 1 “Folding,
sorting, degradation” & “Transport and catabolism” C,
FIZRY) 2 ® 57 VHEEE PRI LA THY. 5 72
B, FOABLNLERIZLI LS D2 SRV, wIhiCL
Th, SMIEEEYT— 7316 L1 L >TELT,
ZET—FICRHE L. 1R TGREW RN Tl cDNA B
MRS A 7 ZA05h 0 ) 2§ <, ROV TIEH
HEAME DT, 5%, BINT—% ZHE L T L LEER
H5.
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Fig.5. Functional categories of protein-coding genes (CDSs) of Stephanonympha sp. NkSt and other parabasalids.
The functional categories were assigned based on KEGG orthology (KO). ST3: Stephanonympha sp. NkSt;
TFO: Tritrichomonas foetus, TVA: Trichomonas vaginalis; HME: Histomonas meleagridis.
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Fig.6. Relative abundance of functional categories of protein-coding gene (CDS) transcripts in Stephanonympha
sp. NkSt and other parabasalids. The abundance was calculated as transcripts per million (TPM). The
functional categories were assigned based on KEGG orthology (KO). ST3: Stephanonympha sp. NkSt;
TFO: Tritrichomonas foetus; TVA: Trichomonas vaginalis; PGR: Pseudotrichonympha grassii; CLE:
Cononympha leidyi; HHA: Holomastigotoides hartmanii; HMIL: Holomastigotoides minor. Averaged data were
presented when there were multiple transcriptome data.
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Stephanonympha sp. NkSt (3 H (2 KEOARF % HIEN
ICHZTBY (Fig. 1ADRENTR L2 AREROBH ),
FEE 2 2 THIL L T3 7205, a7 ) aKE 25
L u—ZFEEFEICY ) B THARIIELE TR
W REGREIT>TVWAEZ LIS EEbRADS,
B, endoglucanase (GH45, GH5), cellobiohydrolase
(GH7), beta-glucosidase (GH3) 7 & DIH A% <
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Fig.7. Abundance of transcripts of glycoside hydrolase (GH) genes in Stephanonympha sp. NkSt and
other parabasalids. A heatmap shows transcripts per million (TPM). See the legend to Fig.6 for

abbreviations of protist species.
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Control of microbial metabolisms using electricity: the development of electrogenetics
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Electrochemically active bacteria (EAB) have extracellular electron transport pathways that facilitate direct
exchange of electrons between intracellular metabolisms and extracellular solid conductive materials, such as
electrodes. EAB are expected to be used for a variety of bioelectrochemical technologies, such as microbial fuel
cells and microbial electrosynthesis systems. Studies have shown that EAB, such as Shewanella oneidensis MR-1,
perceive electrode potentials and regulate the expression of their catabolic genes, thereby conserving appropriate
amounts of energy depending on electromotive forces of catabolic reactions. It was considered that such an ability
of EAB would be applicable to the development of a technology, termed “electrogenetics”, which enables
electrode-controlled expression of genes for biotechnological purposes, such as electrofermentaion of value-added
chemicals. In the present work, in order to establish fundamentals of electrogenetics, we identified promoter
sequences that promote the expression of downstream genes in response to changes in electrode potentials, and
one of these promoters, P that promotes the expression of Nqrl NADH dehydrogenase under reduced
conditions, was demonstrated to be useful for expressing anaerobic fluorescent protein in strain MR-1 in the
presence of a low-potential electrode. It is suggested that electrogenetics will become a promising technology that
facilitates application of EAB to the production of value-added chemicals with the aid of electric energy supplied
from electrodes.

Key words: electrochemically active bacteria, extracellular electron transport pathway, Arc system, microbial
electrosynthesis, electrofermentation

= BT EBFERTO S,

NAF T 70T —F, - BHFEPS 7)) — VR
FCTIELBRADHBOFBEIZEMKT25D0TH Y, Hl
WET OG0 TH B, PTHRE, JGEIE
%% (Optogenetics) 2% H Z % T % (Aravanis et
al.,2007). T, HIHONGZEF ¥ AT I8
BE RIS THRRBRL LIV A LT
T, MRFFI R RECBEIETNS. RS
DAY VT F—FREFA LR A5, /—NVE
BRIZET O N T, [k, AilabkEe 2 &5 2 8
T BAMHBL, "M AT 7 u Y= REIBET

E-mail: kazuyaw@toyaku.ac.jp
EENIEE © mFE B GRS E G

AR, MIRRE & Mifas 2 BRWICO % CHIBAVE T
7% (extracellular electron transport pathway, EET #%i#%)
L, MifastoEm s MERORHSOM TET %
ROIY Leds o BT & 2 BAALFAIEEME (electro-
chemically active bacteria, EAB) 235%¢R &N, k4 2JE
TOREEILHAPMEE SN Tw b (Logan & Rabaey,
2012). —75, %O ® EABIZOWTIZEET ## % 5
ALACHIHER, D 73 AW R 25 T b I, 53 TS &
ML OOHLb. TOLIHREABORELLT v
7 45 (Shewanella) 73%F 515 (Kouzuma et al.,
2015).

4, E7WVEABE LTEZ L OBEICHV SR TW
% Shewanella oneidensis MR-1 /25 B35 9 % T O A
ZRRERL, AU X EET B O & ACHPEREOH



i3
HiziToTWwb I EMNER SNz (Hirose et al. 2018).
ZOffZETIX, EETREICE Y, Mo * / » ot
FICIREDPEMEMIISE L TELL, ¥/ Yot
JCIRE % RS % 2 U R0 & v —F ) — £ ArcS
DVARVALFa2lb—¥%—ArcA% ) Y RAL B ~
WAL BiEMEDZALT 5 2 EAUR S N7 (Figure 1).
ArcAixY YL E 5 & DNADFFERFNICHEGT 5 &
b0, #Bh L CEBEMLEDBATFHRIAIE
CHIEDWLPICHR 57, MRIEICBWTIE, &E
f7. (+0.5V vs. standard hydrogen electrode b |) T3¢
HRFESNDBETH 27418, KB (-0.1VELT)
THEINDBEFHBME T 2 A7) T b — AT
WX DB &R, Z0% 1d ArcSA IR I B IS
L7: (Hirose et al., 2018).

ZZ AL, [V 274 7% EAB ORMIIBAVE F15E
F & Arc HllHHR % A 2 AXEAEF I BCAHE M % BRI
IOHIBTE, HilzenN4F 5727 0V — "“BRELRE
VRIAETES. | LEZ7 RPKIIBI 505 T,
COWHEFFET B 720, BMBEIZRELTFROH
BFoRBEFYET LT OE—F —%HEL, ThzEH
WTIBREE 2Bl s e L E L.

BT

EA%, T7I7XIF, BEEZH

S. oneidensis MR-1 (#54:#k, WT), S. oneidensis MR-1
D arcS W EM (AarcS) (Hirose et al., 2018) Dyijk;#E
X LBR 2 W7z, BRASEEOBIE, B2 ak
ELTIVNVEF M) A%40mM E %5 X9 A
7z, BERHIEERIZIZ 10mM AL b Y 7 A F 7213 10mM
N-7EF U7V as 3y (NAG) ZME—opERE L
/R (MM) ZHwvwz, MM ¥ (pH7.4) 13,
9mM (NH,),SO,, 5.7mM K,HPO,, 3.3mM KH,PO,,
30mM HEPES-NaOH # & &, #5548 Tld 5mL O &
# % 30mL @ BB ISR L, MR-1#k % ODggo = 0.05
THIE L, YV akT&EELA 30C, 180rpm TiRE
L, EEWICAZ FTERELITo 2. HEAKETE
8ml D F;ih % 13mL D4 U ITEEE ~# I L, MR-1#k
% ODgp=001127% 2% X ICHHE L, 7FVTL LAY
Ja—Fx vy 7TEBRLL SEHES A=V % 5min {7
WV, W2 RS L2, 30C TRER R L 72,
ODgoo D illl % 1% Spectrophotometer UH5300 (HITACHI)
% 7213 mini photo518R photometer (#47v2) %W,
1h 7213 24h 12l L 72,

EEH¥EE PCR (qRT-PCR)
Total RNA ®#iiti1Z Trizol (Invitrogen) {2 & - TAT\»,

Bk

RNeasy Mini kit & RNase-free DNase Set (QIAGEN)
THB® L7 fli i L 7 RNA © i H 1E Agilent 2100
Bioanalyzer & RNA pico Chips (Agilent) #fEH L, 1}
Bo7a b aViZitos THEF L 7. qRT-PCR I
LightCycler 1.5 instrument & LightCycler SYBR Green I
(Roche) %M L TAT- 7. PCR Kt 15ng total
RNA, 1.3xL 50mM Mn(OAc),, 7.5u1 RNA Master
SYBR Green I, 0.15uM 754 v —% &L L I B L
7. nuo, ndh, nqrl, ngr2 DK@/ TH T 54 ~—EL LT,
nuo (qRT-nuoF-F, ATTTAGCAACGCTCGAGCAG;
qRT-nuoF-R, ATTTAATGGCGCTGGCAAGC),
ndh (qRT-ndh-F, TGCTTGCTTTAGGTGGTGTC;
qRT-ndh-R, AGGGCATCCAAGAGCTTTTG),
nqrl (qRT-nqrF-1-F, AGCCGCTGAGAATGACAACT;
qRT-nqrF-1-R, ACCGAGGAGTTCATGATTGG),
nqr2 (qRT-nqrF-2-F, GCGCTTACTCGATGGCTAAC;
qRT-nqrF-2-R, ACCGAATGGACCAGAAATTG) =M
Wio FEIE T OFBLE L 16S rRNA O 5 BLE TR
L7

7O — 42 —EHEIE

nuo, ndh, nqrl, nqr2 O 45851 O Lt %% PCRIC
Lo THIRL7. PCREWEZ T7OE—FY—L AT TR
3 F pMElacZ (Endoh et al., 2003) ® 71 E— ¥ —4H
Wiru—=vr Lz fFRLZTIAIFRY =7~
ZENTZATH) T L TA v — MEFIOMERE L7z S
oneidensis MRAE~ND LR —% — 75 A3 FOEAIZ
Kasai et al. (2015) D FPFTIi-72.

TaE—F% =Ko MNBEET T 7 b -V
(Kasai et al., 2015) 12X VB % o7 18mL A =M
RBEFAF) T 7 Y —TEELLZLVF - —#E2 B
L, T o 323 50012 Z buffer (60mM Na,HPO,,
40mM NaH,PO, - 2H,0, 10mM KCl, MgSO,-7H,0,
50mM 2-A VA7 hITF ) —)V) % 500ul, ZaakiL
L% 154L, 0.1% SDS % 10uLz, 15BHAELF v &
A L7z, 5minffEDHE, 200uL2-= b7 = =)V-4-7
727 b¥Z ¥ F (ONPG) Z#lnL 7z BUBHEAYE
B B L7242 AT, Stopsolution (1M Na,CO;) #
A CTRISZ41 L7z, OPNG @2 & Stop solution
WINE TORER %2 FOGKER & LCERIIL 72, £ D%
Jo T & O 3 B (12,000 g, 2min, 4C) L, L&
300uL =~ A 7ay 2 V7L — MIGELE w470
7L — b1 —%— (SH-1200, 20 F+ER) ZfHHL
420nm OWIEE (Ay) ZMELZ p-F52 b ¥ —
L O Miller unit = (1000 X A yz0) / (FUEFE [min]
X4 v 7 )V [mL] X ODgy) & LTHEHE L7z ARRER
32T 3@ LD KA v TV E v TT o 72
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LR — &2 —#RDIER

pHSG298 |12 & % Az 1 S B I T D % lac 7 1
=S —%BEL, FICnqrlDTTE—=F — (Poy)
ZHf AL CTpUPN298 Z/F B L7z, SO TFRICL A —F —
BET- & L CHt& I green fluorescent protein (anaerobic
fluorescent protein; AFP) (Kitayama et al., 2017) % i
AL, pUPN-afp ZF#L L 7-. ML L7279 A3 F% L
L7 baRl =33 YEICE > TMRIRISEA L7
H#kIZ, AFP@EIET-OH DI dgeS (Matsumoto et al.,
2021) %EAL727F A3 F (pUPN-dgeS) %HEsEL,
MR-1 FRIZEA L 72,

MEMETILED T L

qRT-PCR I B ARG B 12 1E, 18mL & = &R B
07 7 ¥ —% M- (Hirose et al., 2018). 1EHMI
75774 M7z (1.5ecmXx1.5cm; 2.25cm?), %f
BIEA4H (10cm, =5 3), BHHIX Ag/AgCl (fufl
KCl) (HX-R5, dt=}EL) #fH LA V72 % —%
VMP3 (Biologic) (Z#:#fE L, +0.5V F 7213-0.6V vs.
Ag/AgCl (+0.7V, —0.4V vs. HE#E/KFERM) OEME
W CEEZITo72. VT 27 ¥ —ICEMIEE LT 170mM
NaCl Z Mz 7= MM Z#HI L, WA% ODg=0.1& 7% %
XA EHEAFAATIOmn N7 ¥ 72475
oo THE—F —HESFEFELLE VD OIIOVWTE
ODgo=0.05 THIF L72. Th#%30CTA ¥ Fa~—}
L, Btz AR S BHMIZVMP3Tllle L, 1
MR (2.25cm?) THISH Z L TEBEEE RO

AFP OFH ORI, Kitayama et al. (2017) TH
wWHN-ZEBAESF Vv ER V. (EEBICIES
5774 F7L—MEM (50cm?), BMEIZITAg/
AgCl (HX-R5, Hokuto Denko ), RA#IZIZF 4 ¥ X v ¥ 2
(50cm*) & M w7z, BHRALF LV IZTIE MM I #)
ODg #50.03 &£ %2 % & 9 ITHHH L, B2 T VHER
G L7z 24 BERIBHE S 2 2 L CRItkZR 79 7 7 4
7L — MBS FoBRBEMEFAML, @62
T A OBl 2 E R ILEE T L — W — B
(confocal laser scanning microscopy; CLSM, FV1200
BX61WI, Olympus) Z# W T{i-72. F72, —Hifad
howkmEEZNEY 7 b HwWTERLL
(n=100).

fikB L OB

INFTOMRICBVTMRIKOEMISE b T~ A
21) 7 b= LRSI, AL (+£0.5V vs. standard
hydrogen electrode Pl 1) TIHBIATHE SN 2 #IEFH
2741, AREALL (Z0.1VELF) THESNLMIETH748

M E N Twb (Hirose et al., 2018). Z D7 ThHr
8952 L1, MR1#¥RiE 4> ? NADH dehydrogenase
BIET (nuo, ndh, ngrl, ngr2) % HbON, ZILbDHEH
FEMIEBELTEY, MRIEKLEM I U T NADH
dehydrogenase Z iV 43 CWwa 2 & THB. £ T,
COHRREMNPO D720, QRT-PCRAB L N #EE T3
BLR—F R L, BTZHERPLEMBEMIIIST
T Z 1 5 NADH dehydrogenase ® 7§ 7 0 #A7 Jis &1 %
AL 72,

F9, BFZARE L THREL I 7 VRE VT
WP % 47 o 72 B O % 385 - O M 58 B % qRT-PCR 12
LDIRAEL BEoRTIS (BHEITR) OfERL
HILEMIZH+08VTH ) BEMOBMICIEHT 5.
— 7 RIVIRDETCIUE (7 < VIERIFI) O®ALIE-0.1V
BETHY, KEMOBBICIKHT 5. ZOF&EMfTHHE
T OMMBEHREZRE L 28R % Fig. 112RT. 42
® NADH dehydrogenase #{aF D 9 5, BRHEIFW ST
BILOT7 < VEER S L b ICR D MR B E S -
72D ndh BT THoTz. TOBETOEWIR YT
% 3 7272\ NADH dehydrogenase & Jf5E S 115 %3,
COEEFED MR M7 EO EABIC BT 2 B5E1EH 1 i
MENTHELY, MRIDPGBEZOBRIZTZEAEBL T
WAEDPARHTH B, 516 OBIZT OEIEER T & & 47
W, MR1FRIZBIT 2 EEERLEE 2 L Tw & 72w,

4©® NADH dehydrogenase 1= 1D &, BRI
G T T VIR L D BHESKE P72 DI
nuo & ngr2 TH o7z, —J)i, T IVEBIPR LM TR
WSt & D BRI KED 7DD ngrl Th - 72,
ndh \IEHEBL TV 00, M TREBIINE LR
HIR SN ol TR TR D OMREY

0.02
[ oxygen

_ T - Fumarate
3
=
2 0.011
3
(4]
é |_|l
w B

0 L J

nio nah nqri nqré

Fig.1. Expression levels of genes coding for 4 NADH
dehydrogenases under oxygen-respiring and
fumarate-respiring conditions.
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I— N9 5 nuo DSEEMGEMATERBIL, ZofREE
Mgt cd Y KELR 7 b VEBIYEDSER SIS Z &
TATP G E S HMT 5 L v 5 & X A LLHT O #F 78
(Hirose et al., 2018) IZBWVWT/RENTW S, AEEIE,
COEZETFR=1IT2H0TH5S. —J, MR1KIX
BT S & 7 < VB SETF MY 2K TR
@ NADH dehydrogenase (ngrl 38 & (X nqr2 ®pEYy) %
fENGIT TV AITREME AR Sz 2 L IFBREEV, —D
OWEEMEE LTIE, Narl iZREM OB FIZEZEW Y 2
¥/ v2FML, Nar2 3EEMOEFZEDEIEF
JYERAMTAIENPEZOLONL. ZOHIZOWTI,
SRENZTNOBRFWEEZHAEL THLMIZL T
&7z,

BRGIEFERAL, STXHWRAEEICBWTIVAEES
Biichs ZozHicix, KEMTFRO@MET O
BEEFEC b A BIET 2 ) #BBFET LT uE—
¥ —DFANEZ 5N 5. ERLd 45d NADH dehydro-
genase BIET DI b, KEMOEBTZHERKTHL T~
VIR A 72RO S TR LA L 72D dngrl T
Hot:. £ TZOBEFHIMREMEMTE N THI L
AT 5h, F2DHIOWFEETRBEINIZLHICIOFRI
FHIFIILAre Y AT ADHGT B2 HAT HHIT
ngrl D 7 AT =5 —TdH b Py O TN lacZ BInT %
WAELVR—=F =TT AIFEMEL, ZhzHwT
MR MR Z Bl L7z, oz REMER (+0.7V
vs. standard hydrogen electrode, SHE) F74E T 3 & O
WAL E M (—0.4V vs. standard hydrogen electrode) ##
T, BV TERL, otz HwTL
K= =7 v&A %iio7 (Fig.2). ZOHEE, Pun

0 min 30 min

Open circuit GClosed circuit (0.4 V)

S
&

60 min

%

KB EMN CORBBEGESH L 2L, ZORHGH
BIZIF Arc Y AT AHHGT 5 2 EWHErO SN
WIS, BALY 7 MRIREBEEE DS 5 R 2 A3
5HITC, Pn ®HVWCAFPZ RS LI AT L%
RESE L7, BZAMLTWEWY S 774 7 L—k
DOAE M 102 Py T I2 AFP % 5631 5 MR-1 ¥k % € 45
B, FOBRMEMME-04Vyvs. SHEIWZ DN L 72
(Fig.3). TOMIIRT LI, AFPIZEMOENE &
BIZHBIL, HUNE 60 % % THOGIMEN LA L 7.
MBI 7 B8 B 7 V o8 2 B O FEIEE L [0 L
NWEEZ LML, 2F 0, BTN BE T HHFEE
(BREEY) B3NAFTF27 /707 —0—20& Nk &
H0IBEEZLND.

-
—

14000 -
12000 4
10000 A
8000 -
6000 4
4000 A
2000 A

i

Miller unit

0.7V 0.4V +0.7V 0.4V

AarcA

WT

Fig.2. Comparison of the P, promoter activity in the
WT and AarcA strains in the presence of
low-potential (-0.4V) or high-potential (+0.7V)
electrode.

90 min 120 min

Fig. 3. Photos taken using CLSM showing MR-1 cells expressing AFP under the control of P, in bioelectrochemical
cells. Times after the electrode potential was poised at 0.4V are shown.



WLCREMORH & MET 5 - BRMEFORL

0 V, MR-1(pUCN-dges)

+0.4 V, MR-1 (pUCN-dgcs)

0 V., MR-1(pUCN298)

Fig.4. CLSM photos showing biofilms on electrodes formed by MR-1 cells expressing dgcS under the control of P,.

The cells constitutively expressed AFP.

BEREEF 2T 720121%, MBAEBICHE L TN
AFTANEZRIELTVDE I EPEE L, HKICH
# L7722 FCIUSE Hu)s i Bl § 2 ieis 38 R O W
EFEDPRRICRZDS, 20X BV AT LBV TIEH;
TR BFEME 2R T 52 L I3HL S, KBDOF
BSEyE s BEIC b, 20X AL, BRAL
SNEVEVE 2 AR LICPRER L CAT ) BREEESEH L E
Abhb. LaL, MR1#% O EAB IZIREA B L
WCIETRRNNAF T A NVAEZTER LN EPAHNT
W% (Kitayama ef al., 2017). % ZC, KEMEM L~
DNNAF T A NVAEEERETE 22 LEEZ, MR1
FRIZBWTNS T 7 4 VAR Y v o2 & LCH
%€ Z N7z dgeS (Koga et al., 2020; Matsumoto et al., 2021 )
% P FIEKEMGFET CRESELROMIEITH
Z & E L7 dgeSiE, cyclic-di-GMP (c-di-GMP) % &
BT BT ZNEY I —ETHY, N4+ T4 VLH
THRBEALAL, COBETEWRETLENA T T 4V A
WIS K b2 EMeEN TS (Matsumoto
et al., 2021). & Z TAFP Z 2539 5 MR-1 bk
% Poy TS dgeS ZFBEE 575 A3 FOBHERIEL
REMNTONA T T 4 VAR BE L. TokE
—04V DILEM T, Py FlldgeSEHBSETH |
TRNAFT T A NVEABRIEBETCE o7 —T7,
OVIZBWTIE, dgeSFHEFBINRD K H3IEFH LT B &
DA F T4 VA mDPE LTz (Figd)., $72, 0V
EH0AVIZBWTIER EINENA T T 4V ADHE I
Bbe, OVIZBWTNA T 74 VLEDR ST

P EofERiL, EXREEFICE DAL T4 VAR
ZHIECE LN ERTIOTH L. L LEFORE
BHaiikEid, 5B LVIRNLEBEBLREREZOTFEL
ORBPLEEEZ OND. T2, WEMEETNAF

TANVAEEERL, FORERERFETAH L TKEM
B TR ITCWE A7) AF— 22t L C
W& 72w (Hirose et. al., 2019).

-3 O

RIfFE T, BEREEFOEEFMHITLIIEEZHMN
WA 21T, Py 2 EOBAMISEET O E— 5 — %[
L7z Py &V AFP 7% E D4R E{ZT % EAB O
FMTH B S. oneidensis MR-1 12 3B\ T B E N AKLEW
WCHBEEL LRI L, KEMTORILFLELE
MY 7 bSO L AR AWM R EE2IERL . 5%,
INnHoTuE—y —2RHFRBET ORI A, &
SR 2 E OB T TV E 20,

RPN T S N7WFFERCR O ey

RS

1) M 55, Eh S, gk &Y, A —, W3 B, MR
— k. EAHIH IS )T 72 Shewanella oneidensis MR-1¥k
DETZHRIOM L. HARBRZLER20214EE RS (3
H20H-23H,+ 51 )

2) WMEEWR, KL, ER % BEREEKLANITY T
BHRALFE VA O BAL IS E T & 2 DISH. HARZEL
FA20214E KRS (BH20H-23H, F v 51 V)

3) Tanaka Y, Hirose A, Kouzuma A, Watanabe K. Development
of electrogenetics for facilitating electro-fermentation.
World Microbe Forum (202146 H20H-25H, + > 54
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4) HYp 385, BOEEER, WEER, Rk EREEYOR
ST 72 BRBEMISEE 70— — O E. B¥E A
77 u Y —HR20214 R (OA1H-4H, A 54
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Archaeal poly-y-glutamate, making for eco-friendly plastics development
Makoto Ashiuchi

Faculty of Agriculture and Marine Science, Kochi University
200, Monobe, Nankoku, Kochi 783-8502

Synthetic polymers, such as nylons and acrylic materials, are derived from petrochemicals, and plastic materials
that are improperly disposed of are serious sources of environmental pollution. Our ultimate goal is hence to create
earth-friendly plastics, making for both the curb of the greenhouse effect and the development of eco-compatible
processes. On the other hand, as increasing concern for microbial infection prophylaxis, the development of high-
performance plastics possessing antiviral activity as well as biodegradability (or biocompatibility) has become a
requisite to date. Hybrid-type polymer with a nylon-like backbone and polyacrylate-like side-chain structures, i.e.,
poly-y-glutamate (PGA), was focused on, because of its reasonable biodegradability and good biocompatibility.
Here, high throughput cloning of archaeal PGA synthesis operon was carried out using the methylene blue-
staining method, and the polymer productivities of several microbes (including Escherichia coli clones) were
assayed under the liquid- and solid-culture conditions. Hygroscopic PGAs were successfully plasticized via a
simple but effective chemo-transformation, which are called PGA ion-complexes (PGAICs). PGAIC had the
potential to serve as a functional plastic showing a broad spectrum of antimicrobial activity (against food-poisoning
bacteria, a prevalent species of Candida, and filamentous fungi), indicating its versatility in hygiene technology.
PGAIC-coating agent further contributed to the inactivation of severe acute respiratory syndrome coronavirus 2.
Because PGAIC was easily transformed into a nanofiberplastic, it would serve to hygienic control in public facilities
such as schools, hospitals, hotels, and transportations, resulting in a decreased risk of airborne infection,
contagion, and lethal pneumonia. It can also aid against an unforeseen epidemic of new viral infectors. In this
study, a biodegradable plastic (aliphatic polyester-based) film was laminated with non-woven cloths from electro-
spun PGAIC (as a moisture-induced glue) and subjected to the antimicrobial assay after soaked in sea water,
implying its “switching” potential to rapidly transform into marine-degradable plastics. Such the assessments of
laminated plastics are now in progress via the ISO-recommended procedures.

Key words: archaea, poly-y-glutamate, ion-complex, infection-prophylactic plastics, marine-friendly nanofiber
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T, N—E V5% 14 KK E & (COP14:
2019.4.19-2019.5.10) 2B\ CTHEBEEY O F3E 2 # 2.
LZREHHBOBEBMAW PR SN G20H I v b
(2019.6.28-2019.6.29) TEXHENEHDOT I XA F v 7 D&
FIEBR 2 RAMICHEET 2720 0WIE [ 75 AF v 7 &
TG BRHENE |23 & N I TR SN e T 5 A F v
7 T, HWIKIRBRIL, &I - BEFEWHIK, 7Y 7 KENC



e
=

£ 2 BEFEY OB ABIEE, LI b7z 2 BEIC IR T S
72D D 4 RAGBREVE X T HE AL FE AT %2 5 F 2 720
$t [3R+Renewable (FAEMREZEHE~OMRE)] % IR
JFHIE LCTwab. EUTO [EU T T AF v Zikl&], 7
A O [/ SFET A 54> (CPG)J, [N
AF 7V 77— 7arIn] TYTHETOETT
A F v 7 OAB, ¥4 BHFTIIETI 23T,
BTHREYWOHIR LS. TI9AF v I7OFT7 7
N A= NS L TUEBREN A — S — D8
ELMBILLTCWD. N4 F 8y T (£ 5)7) OEG
R - )B4 7 vTEE - IEMETTEE S b L — o #iE T
FATAU—=N (74 TV F) OFEHHETERLR
Ny r—T 7 4V AOREE, EFOHEEDD &, R
BB OBBEEOMRINE T B[R b AT v TR M
DOBFEAMEL T 5.

BRIBREREDT B OBASSIRNG & LC, JUHM R OB
TomtitzXas [Fy 75y v R &7 - T
Mo CHBMLEEZ AT L7z TR b7y 7hA 2542
KENTWD., KA T v 7IHRISBME R A G ORI
bbb L EENS. BIHER LB LIRS B
RMAT v THRITIE S 5% 5 HMEF O4H)TE S
Twa. FNLIE, BIFE7 —F 728NN & L
THETZ [SARHIERY -7V 5 3 UV (PGA)
R MAT v TR EM ORIEITE T 55 + RIEM O
BRI E D 7.

S H, HEWAE BT RE R KR 5 F B = CO, Hi
WO AL R AEIEI 22 o TW A, PGA X HrE 0 8 22
KRBT THY h s, Afbakasns [F4 o
YERYTZI)NE] ORFOENHEEREEDET
BME—EZDNA T v FHETH B, MT A NDFERK
HTHDHI L ETRICEMABILIEAR, PGAITH T
BB A RE A ORI D S, WSO PGA
fREE (PgsBCAE) O¥ify, PGAMEMO 7 VAR F
YHEEKmoY YL GEML) 2=y [((RIBWE»S
t NFCEEMICHEAET ) FEEE - PGA MRS FE 5 B
® PgsBl, K Y EBIEBBEICHES vy I VRO
B (ME) WT [(PGAARIEBERRNLR) N-7T VT
VI VY —BICERO (BiKYE) BRE @A
PgsCl, i - BAEALBEDO R & o328 [(KEHE
Ao FETHELET D) BT v —KWFICHEHD
PgsAl, BAEHREENHT [(PGA G ERFEN %)
I FF ) H—EHEAEROBR (V) WFIHHD
PgsE] 2S#H (45 T-H 100527 5 A D) PGA % 5k
ThHLOO[I=o~vra=y M) EERTWED
(Nascimento & Nair, 2020.; Ashiuchi, 2013). PGA 4
WZBS M=y b & 227 2AR—-% ] OLHEE

2

GEBjEE) 2mz, ML=y N OREEREEDS PGA DL
LIS ES L L EZONTWDS, X T, MEHE
R, BUFE 7 — % 7 Natrialba aegyptiaca \ [ 37
RHENE PGA | % WA EET % (Ashiuchi, 2013).
K7 —=F7 077 AERICHEZE, B WU RSE) o
PGA &AM A Ru VI HE L. #loTHEZ L, T
RBLYE PGA ZE G~ & F ) — D RE D 72 7 A b2
A J = XL DFER L BRI S BT 5 W HEPEAE V.
RFETIE, 7T—F7 PGABWBIZTEHONA XV —
Ty hra—=rr, BOICFERE PGA ORI E
T2 [AKRZHEIS Y AT 5] OBAEBZ[{NT 5.
PGA O W7 75 2 F v 7 ¥EEEAL Bl & Z o R M
FIZOWTHHE LD THET 5.

FERT5

PGAEREGEFEHNNA AIN—Ty bo7O—Z2 7
BETD [AFLLTN—Xy)—=25] &

EWS AR L T2 N, aegyptiaca ’r ) 254 75
) —&EITE L. BARMIIZIE, KM DHIOB B2 1 &
LT AHMN 7 a— 50,000, mL2SkbAT4 7T
V) — PR E AR AE ] L7z, PGA OREALD 720,
XAFL T NV=4bil (AF LT IV—3K10Y,
0.25vol% ; AT ¥ 7 — ), 5vol% ; WEME, 1.5vol% ;
ZKERK, 93.5vol%) %I 7-.

BB L0 — 28T 5% U7 ot Bz Z L
VOER BEEOBWENTE T VT I U THIFEAL
BEHELZVWZ D505 (Figl). IhFTosy v
7 B R ORBRMI LT, 5 THAEIC#ENR 7 PGA
DA, BB VO — 2 ICHmEICEE TS L S hTw
5. BRICEMTHLANKF VM2 ZHAT S
PGA SHE MM FED X F L v 7 — TR ISHEAL
TEX5Ze0n, 7—FT7 PGAGBIZTHONA X
W—=Ty v ==y 7IETH [AF Ly Th—I2&
LWy b — Bk #FF L7 (Fig.2). BARMIC
&, EdoFr ) 55475 —%TV—kTIA4 kLo
Ya YHEHICHEL, 37C TMigER %, An
Ju=—zHHEL EIMEL-% 7 u— & PGA S
B GSEiHh (Fig.2) B L 72, PGAEERE%L
TINS5 7200 AS HFIH & TR ARG L /2. R
MaFERE v — 2B (L% 045um ; EE, 80mm)
THEV, MBEBCERL-ESTYWEZEE Lz
(Fig.2, step a). RGN % AR L7, R5F = DI
WEIY B 2DIZKRBE L. i TAF L v 7 —H
BRIz 1R L7z (Fig. 2, step ). Geft S N7zl B
AR TRLE L7tk PR L TOMmicfi L.
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Fig.1. Potent adhesion of poly-y-glutamate to

cellulose acetate membrane. Bovine serum
albumin and poly-y-glutamate solutions
were prepared at the concentrations of
10 and 1.0mg/mL, respectively. One mL
of the solutions was dropped on the
membrane, followed by water-soaking and
air-drying. Coomassie brilliant blue- and
methylene blue staining methods were
applied to the visualization of adhered
protein and poly-y-glutamate, respectively.

BEIO—C P RETEITIXI KRNI 2 —DFRABE Y
0 — 1t DNA i DIEEESIRE
AFVLYTN—=RA7 ) ==y 72X Ronhtks
O—YD&4A%7T ¥ ) YiRINLB & 5mL 1A,
37C T 16 MR 28, #L 0 HE TR Z IR L 7.
High Pure Plasmid Isolation Kit % Fv>, XL 72 BA A
579 X3 FHH100uL 2 15 72, &k v T BigDye®
Terminator v3.1 Cycle Sequencing Kit & PCR Thermal
Cycler # fI\wC ¥ —7% » A PCR% %Jiti L 7. Sephadex
G-50 Fine DNA Grade % TE #% f# i T I ik & & Micro
Bio-Spin Chromatography Column (2 738 L 7= it 7 5
A ERAfEE, PCR7u % 7 b %t L 4200rpm, 4C 5
SRR D 5E A EESE T T L2z, Bl DNA W 10 L
& %4 ® Hi-Di Formamide & = & L7z, &5 T %
i ABI PRISM 3100-Avant Genetic Analyzer 10G/50
IR L. 7 u— Y fL DNA B R o356 BLH % g L7z,

PGA & EBEICBA ¥ 2 EMAFHEREDETE (IBE(L)
M O— R 7 PGA AR E M (AR =, 10° Hifa
/mLEH ; B8, 30C) 2B 5 1Milekzh o
PGA A j#RE (10pg ML) % [1] LEFET LI LT,
% M%K% PGA G AW L OIS TE D X9
ol 7, AT HAEWICE > TPGAAMIC
T AR b 00, TNE TITRTH 72 KR
[7—F%7 360 M| [ KW 70— 24 KH | A7
AT BRI CTH A Z L 2D TS, KIE, 259 5H
SR O AT 107 % Tl - 72356, MER%EO PGA~
4 7 afEil 7ot 2 (Ashiuchi & Misono, 2007) % 4t

GS medium for PGA synthesis using Escherichia coli clones

2.0 vol% L-Glutamate 1.0 vol% (NH,),SO, 50 pg/mL Ampicillin
2.0 vol% Sucrose 0.5 vol% MgSO,7H,0 0.1 mM IPTG

0.5 vol% Yeast extract 0.5 vol% KH,PO, 1.5 vol% Agar

0.5 vol% NaCl 0.6 vol% K,HPO,

Methylene blue-
stained membrane

Blotted
membrane

Cellulose acetate
membrane

(a)

Fig.2. a, a cellulose acetate membrane was put on an agar plate containing GS medium, where colonies of the library clones
of E. coli developed after the cultivation at 30 C for 48h, to transfer extracellular poly-y-glutamate from E. coli cells
onto the membrane; and b, the method of methylene blue staining to visualize poly-y-glutamate on the membrane.
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ANSE-BICHIMET 5. 4B, ShmEEE LW
KGW I EsTe RAE) PGAZ AT HE D
DRT BREN SR W o Tnh.

FB PGA O%hE=EIY
FATHE S N7 R AHEN (BN S, 2020) (¥
oL THrbh.

PGAA #F > 7L w7 X (PGAIC) DxhE&LE
FATBASE S N HEar BB AT (NS, 2022) 12H#E
L THrbh.

PGAIC D HUE 4 FF 5%
TATH I S 72 ar B sl (R 5, 2019) 12
WL THrbh.

PGAICIC&L 2 FHE IO F V1 IV ARNELHARS & U
BHEAER

il aaF 7 £ )V A (Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) JPN,/TY, WK-521) Aif
1LikBEB XL e MR (VeroE6, TMPRSS2 JCRB1819)
FMERABRIE T1SO 21702 ) 12#EHLL THrbhz (BN S,
2022). 7o, ABBRTIX [77 =27 L] 2w
TIEGAl & S L 72,

PGAIC DF / 7 74 /N—1k
JEATBHSE S M7 S Fr B 8RBty (VEAY - 2, 2015)
ICHELL T bR,

" ® mpaprmpircs oo

5
RRB L OEEE

7 —%7 PGAEREETFEHONAZIN—Ty byO—
-2

Yav Mrvru—=v 7 HEBELva— AL T
HSAF VY TN—=RaOEFLEE MR DTN A
V—Tv hru—=r7r7i: (Fig.2) #H%L, hZE
TWR2HhR OB 2 a— ¥ %1% CTw b (Fig3A,
PC1&PC2). Witk o FH A (Fig. 3B, orfAB) & L
T RTF 7 H v EmREEE] (CHe kS L oEPk
WREENS [OrfB] 2R L72H, 7—F 7134
CRTF T A Y Z2ZEL V. PGAIZRTF N7
H Y DOEGREEIIAONDE [4VXRTF Fihic] TEMH
BRI NAF R —THAHIZ L EERIC, Mmikitmo
FEAPEITIE [ 7 —% 7 PGA | SIS E OB AY T —
FE3NTWD EDEERFEZIL T ROTHER
(Bacillus subtilis), W37 — %7 (N. aegyptiaca),
W O PGA A B (=11 pgsBCAE % P43 2 KIGH 2
o— (PGS), T LEFELDT —F 7 PGAZ KT
HREE 7 a—> (PCI&PC2) @ 1/IM%47- 1 o PGA
BHRE AL L2 (Fig.3C). S 512, WARIRER:
# (Liquid) & FE#ERE (Solid) @V IZ X )
PGA B REEICEDEL 2089 oW T H A L 7.
T, WE T — % 7 Tid Solid 41D & PGA # A FE L,
INFEFTOHEHREFIEL WA RIZHR - 72 Solid,
Liquid D WFN D5 TH PGALFED D SN LM
T HAEMITIE Solid D i3 1 #iled 72 H @ PGA
BB EATRENT. KRz a— Y 2wz

~(6.8kb).

©

B, subtilis

Liquid Solid Liquid Solid = Liquid
1 3.2 0 4.8 1073

E. coli clones

N. aegyptiaca - -
Solid  Liquid Solid  Liquid Solid
4x1073 0 0.36 0 0.32

Fig. 3. Identification and functional analysis of archaeal poly-y-glutamate synthesis operon. Panels A, positive
clones; B, cloned operon structures; and C, poly-y-glutamate productivities (x10pg/cell) of several

microbes under the culture conditions.
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JEIREBR DA R E HICHIREV D DIk o 72, FEE,
MW R OEEE T2 2O PGS 7 10— v TOWE,
RHEOILEICED LT PGAZHK L722S, 47—+
THROYEELETHAZRHOPC 7 o— 23 & 12 Solid
ST CORPGAZEET S L) WHE T & fkash
Tz X512, PGSZ7u— v k) 4 KEIZPGADE
WMTELIELTNo72. T TPGAWFZEICHED -
TE AR EZOIE & LT Liquid 5T b #EH 7
CPGAZEET Z2MERW R ZOWEBIED 05t LA
KT, FNUA o PGA A pEFE (Ashiuchi ef al.,
2006) TIZ—#IZ Solid FAHKAFWTH L EEZ TV D

ﬁﬁ,%m%#%ﬁ%&é%ﬁﬁ%ﬂﬁ?%%ﬁ%ﬁ
T olE & Wiz X5 720, MEH & 7 —F7 D PGA
BREEFHEZ RS T 702N, T v FERT ¥
DOVEEL & KRB 235 JE Y O S 2812 & 2 A Wil oo 4=
PERRBEILIR &\ ) B 7 e EIC D MU LA TV 5.

B PGA DMREN & FIEEICT 2 [EKZHERIS Y R
Pl NOF-YN

7T —F% 7 PGAGWBIZFREDNA AN =Ty 7
U—= 7 &) EIC ) Mt —F, KT 7 74
Y IANRMNEDRER Y VX BOBETHRY LT
WAERT TP FR) v —I12b 20 F T EAWEE
EARDLEENITEENLELE E X B, FE, KW
PGA DFSEEA IR ER D 1 B RECTHRAZMZ %
B, A5 MG PGA B RO YL R ChlitkS)
WCEBETAHABREY., —HOWMURHTHESHITHET

XDLMEHTH DL EEZNE, PGADFREEAR %
A0 THEORER (RESHRE) 250 THIEN
7 PGA D BAFEIIZIEATS 2o\ & 9 i R 13 A5 i <
v, BWHZ AU, TNy TN ) OEEEICE X
2 CAERBL OIS (FEREFSHIF I Tn5) 5
[N A R <v— (PGAS) ofkax Mt - AL
BEIEEANTIE R VwEW) T EE2EKRT S, —HTH
17O PGA IR RO K MATR I N Tz, %
By, % = VEOREHRA L ZFIITHE ) WA =D
WX, BALZKEOARHY 2T 5720 DL BTG
WO A%, TR MNEICENDLL L OREDHIRTE
FITWwiz, HNLIE, B SBOEMS (AT
WY Y= AhFFy (HDP)] & [ 7 =4 %
PGA] OB THAET 2 EREOEH (HFEN) &6
S 4FvarsFLyrzzx (IC) 1b)] ZRw7ZEg kL
12 (Ashiuchi et al., 2018), Ko FIIZ LD X fijfE -
B, ORI 7 JEEE PGA O Mt AL E: 2 SE i S
Twa (BB, 2020). oA+ Y HEEEAERIZ
[PGAA*>»a > 7Ly 2 A (PGAIC)] &IFIZhTw»
% (Fig.4A). 7=F Y PGA DS (KIZHHE-TIVa—
INZHEI AR D) HHKERY ==& LTIRS ) DI
%L, PGAIC @51 (AKRICHIFT A A D) i A8 551
%Ettf@ﬂ?%*t#f%% K - AT v a—
JEBEmMEERTIEL o T D. EEIC

PGAIC/:E57/ ViR 51F, FEE (W) % (B
(vol) % Tl Za\) HETHRAB0%IEL, BHNZ VL -

FVEEZFESIELILEHWETH L. 45l PGA -

/

(A) Hexadecyl pyridinium
coo" cation (HDP*')

H H

| cm)‘wn
N—C c c—cCo +n || =—p N—C c c—co

H

Poly-y-glutamate
(PGA)

n

Poly-y-glutamate ion-complex
(PGAIC)

Fig.4. Synthesis and properties of poly-y-glutamate ion-complex. Panel A, formation of y-glutamate ion-complex
from poly-y-glutamate and hexadecyl pyridinium cation; B, recovery of poly-y-glutamate as poly-y-glutamate
ion-complex; and C, viscous nature of poly-y-glutamate ion-complex in alcohol.
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PGAIC [T & 1 2 B 2 R 0 2 b2 FIH L
72 TR A BOR ¥ 2 7 A ] ASPGA FIEAE 7 1 & A
WCHEATEL0E) hoMET2EhRZ (Fig.dB). #
B, 5 PGA O BRI & i HiC @ PGAIC o e i
FEATREIC R 5 b 0 LR E iz (Fig.dC: A NS
2020). R A7 LA%EWHET 5 BT [HIERICHW %
T I—NVEEOEE | A EEREIC S 5 & OHEN A %
EhTwi, AMOBEICHz-TIE, OMSEEEN:
QRN DEIREE ; DFIRIK O FEFE ;@ PGAIC OHREE ;
D4 R EBETFIHE Le, BT v 3 — V&
RIAELZEZA, "y 77— [OHY @ (Bik
TG A= nEDWMEHE LT) 22wt% s @ NV F 2
W39 5 MKC & LTC) >22wt% : @~50wt%] 254f
WA LTRESNZ. T2, QLQ0HE, SR Y
5 ) — VEIRIK OB IIEZ LR B 23 R A8ih
LU MR S v, L7z PGA LR @
BT RE AR A B UGB RS 2 TR Z AR Z & Tt
PO AN G5N S, 2020) WCEFTHEFL S
ETE BEFITIC, ¥ — VoM, ol
3 >50wt% & HiRIE X TS 5705, EERICIEOIMMER
(<o) THEDMIZ, BRENODHD (74 VAR
DUHER) T I—VERE LRSI Tn 5.

PGAD A F > LT Ly U X4t & R ERBESB D FE6
MEE L TOHARRER

D AE T b R vl 78 2 B % HEE SDGs ~ O .U D5
¥ 5 Twb. PGA:PGAICIZ, [17] ot HED 9
HLTH12%H [DLK 2T - 2% BL] L oFAME
HEV. 512, BEHOALEH (HIREEILE)
WETIZ )=V S5V AT7r— A=Y a3 (GX))
MUY AL 2 ) 20 B 528, [ Wb 3K - BiAb A& I ]
DH I B3 ) PGAIC 75 AF v Z1ZIEGXE Y a ¥
%Y Z BRI AR & L C O EBEE LI IEE
PHRCTSH., RA baar#Ardi e 2z [AHH - K
2 b SDGs | OBLICIZ, X512 [2hTEHE] FTE
MTED L) REREHANEEET A0 EN
H.BHOTL Y - < v h—H—WHNIZ X 5 [2050 412
BET I AF vy 7 CTHAORERPMEBMZ 5] L L7z
IR B2 5- 2 72 (ELLEN MACARTHUR
FOUNDATION, 2016). FJEPE - #EFEEZBEAL [ 2
DIEL] ZMELETTELT T AT v 7 ORISR
W HOENS] 255932 UWFEHOHEE &)
LCTwa. —J, fEKCER % &N 2 il b 1T &
EoELL LAE3HEHOHE 2= N —HF -~V -
ANy T ICBLEIE, B TRWMER T I AF v 7
RO ONLBENIRA PInFOHETEEDLTKR
EL B EFREIND. W HRBRE D OMA W ANE

2

WS A C L 2 AT AME L Lo [Hafik] =
WO NI TONLF T I AF v 7 TIE, BEKEFEDR
EARDENBE5H, Whbwd [ Xauad | O
BV TIRER b aERICHFE LN M E L
EERNDH L. auF iy T3y s L EEEE AR
EEHE Vo Z2HIERL NV OEEICEE S A B S B
W, BW (BZEWEBIOPERR) L AR (DA WisEh
D) LS L RICHIKT % & ST EHERED I
AR T A DN 4 FHFEM [PGAIC] R
FEHLZROBEPFHE LICE T > TWwab. AFETII,
FHERRHEVERB T3 S & L C OB HE DRI H A
% &9 W R EE AT 5.

BT OMRM R BRI 8 A, BILSPIN A XY
MV EBA$ % PGAIC 2 EM & TR )Y —a—7 4
VIRl (NG, 2022) FEIaT S £ VA (SARS-
CoV=2) IZ b ANIFALRI RS HIE T E 25 &) 2 i~
75 AF v 73K (PET %) T SARS-CoV-2 i3 KH[H
W72 ) YRS 5 L ST W2Rs, KRBT
INFEFTOMRICTIE L WIEEI A SN (Fig.5A).
ZHIZH LPGAIC TI—F 14 ¥ &N PET 7 4 VA
TBE L 72854, SARS-CoV-2 13 35 Fog 4l RNifAb
ENTWBEIEDWS2II% -7 (Fig.5B : Ml i
PED AR ICHERR) . 2020 4E 10 H 29 H, [EBSH% R IPBES
170 FED Y 4 WADBKIEHTH Y, K 85 JjHlA
v MIBESEL ) B EHE L R A VA DYLEENIL
URH IR AL % A L 72) D720 D Tk o Bl fHEE |
ZBAFEL, KA bauFotafEes v 79 (K -
ZR - Wik - ) [TBWwWTIE, BN R IE R &
LCHEAZRASDEDRD L. The [HafE] (BN,
2021) LIRS ZRLLTVWHEETEY @riloor,
DAINA 75 N5 RN E T AHEREER (7
7 F V%) O LI -MEMTHETHY), [ZoX
O—7] LIEhs GHr# - Ry £ LV R1% ) Jhil

Fig.5.

Inactivation of severe acute respiratory syndrome
coronavirus 2 by poly-y-glutamate ion-complex
agent. Panels A, plaque formation of SARS-CoV-2
survived on PET films; and B, that on poly-
y-glutamate ion-complex-coated PET films.
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HMEMLZEDTE L PGAIC T I AF v 7 it o4
FEEMED, RO 7 A NV A EIHE DR AT LT
BROBERET [Hifl§5] TL2RET 2.
SHOIaFMTIE, BGIRHIEICE 3 2 B h
BRDOLNL—F, RAPaaFIcALE, X)L
B 22 PR AR S, BEEERe R ATk b BLRE L 72
F RIS BN B, BEMR T A VA DR ZTTIZ
QLA ENS. Bl2E, WEKEASTES L ek
Bop) 75 AF v 7 95PGAIC & [HFEED [P - Ly
ANARPR] LA BB (PREBRIE) A
ERLEA, AREHICXY, HEEZOH OO
NRARAN ST BN DB, FFIC, HEEMEwIK
o B BIEICBWTIE, —ICH RIS TIED
BT S NDLHE - Hir A 0V ZBLE AP R T O MEPERE D
FlE &8N HDH 5. PGAICIC [BEEEFLER | 8
SFMEE L CoBMEIHEE SN TWwb (Ashiuchi et
al., 2018). Z Z TIx PGAIC ® & 5 7 % & PkgE b & JLH
L2570, BERF 774 N—EMORBIZETF
L7z, FAMEORE, PGAIC50g »5F /7 7 4 /85—
WAy — b K, 90emx4.0m: B, 0.6g/m?: H:ht,
PET A#fAi) LTy vya—Vpd#llEci s Tl
o7z (Fig.6). PGAIC 7 7 7 A /N— &K 7278,
AKHIZE C EMEAM DA ZHET 5 2 &A% 0o
TWa., 5 [KRbEEE] 2R L, Lot
AF v 7 (BUiER) ZAFVE) LOEE7 1 VL%
B 72 (Fig.6, stepa). WWTHEE T 4 VA %EKE
JK (Fig.6, step b) & ifE/K (Fig.6, step c) D% 4 IZZE

i (~25C) T2WMREE, RO KRBAEY TR
W | (S5, 2019 ; Hakumai et al., 2016) O3
BAL7ZEZA, REET 4 VLI HENTBE D
HHND—F (stepb), WARPTIZT HRERH (FBR=E
M CROREEE) CHESEMECEIRT S (AL v F v s
BERE | RIS N T WD Z EAURENT (stepe). 514,
TR AR PR ST 3R (1SO BEHEAL © Fig. 6, stepd) & 1%
AL DS, SHNERR O IR S X 5 2 Wy
R E ST 55 R0 X ) — BB N5,

U3 O

WAMIHIRTIEN S 2D TELRWUNRFETD
57, WEEDODH LW AHEFIARL, WEOKY LD
RRHLOEFCOER MDY 2d o Tnd. HE,
BRGNS 2 WK O MBI, B OIRESE, TR
WD &9 Rl SBERIEBR, MO X9 e RS
S, BBRBRBEICHEIS LT b, HERIMVEMIREDOET IV
Kb Z2)% [(T—FT7%28&0) MRS AY]
O S (2 B B Bl & TR, R, [HESE R
Fogit] 2 [4HWREORR] 2HBFLIE$5
FMHEEANOWFIIRE . —0), WERBSERED I,
Z DRI BRGNS, W Z T84 A 25T |
ELTOIHICIEANNE & Sh, BIRREN T ZF v
IHMELTHFENG [7T—FT7PGALIZOWTHZ
DEEEZ A A0 FREICHTLMRBIIERTHL 2 L
& L oBEMKREIN TV, RFZETIE, F37—

ISO/TC61
ISO/DIS19679

Fig.6. Mass-fabrication of poly-y-glutamate ion-complex and its application to prepare absorbent non-woven cloths
made out of electro-spun. Steps a, an aliphatic polyester-based biodegradable plastic film was laminated with
poly-y-glutamate ion-complex as a hydrophilic coating agent; b, the antimicrobial activities of the laminated
film against E. coli were assayed in tap water; ¢, or in sea water; and d, the assessment of the degradability of
the laminated film in marine environment according to ISO standards is now in progress.
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¥ 7 PGAGRBIETHONA AN —Fy v ra—=v
FJWHEFL. HEELEETHOL Y ERGHTS,
7 —F 7 PGA AR E 1 [ ERRE 22 127 L 724858 BL
FEIERE SR ST A TR AVRIE S iz, DI,
MU E 7 —F 7 O PGA S BGEIZ TR IS W=7 1 X
NA Ty FrNxu rofls i & FIH L7z PGA 4
FERERE D SRR ATRKD SN D L) Ik o 7z Wik, U
YNy F M) o AEREVER LIS E & &8 Rk i
WIENA T FEY v — (PGAZ) offa x Mt - U
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Comprehensive research on microbial substances in gas phase communication
to regulate plant biomass production
Akihiro Ueda

Graduate School of Integrated Sciences for Life, Hiroshima University
1-4-4 Kagamiyama, Higashi-Hiroshima, Hiroshima, 739-8528

This research was aimed to understand indirect interactions between plants and microbes through comprehensive
identification of microbial substances in gas phase communication to regulate plant biomass production. Indirect
interactions between plants and microbes were studied by cultivating both organisms in the same petri dish
without direct contact. Bacterial species isolated from different environments showed either beneficial or
detrimental effects on Arabidopsis growth. Some of the microbial volatile organic compounds (mVOCs) emitted
from beneficial bacteria had growth promoting effects on Arabidopsis. Thirty-four differentially expressed genes
were identified in response to 2-undecanone, one of the beneficial mVOCs. 2-Undecanone treatment highly
induced expression of the OSRI gene whose product functions in enlarging organ size in Arabidopsis. These
findings implied that Arabidopsis growth promotion may be controlled by the OSR1 function through

2-undecanone mediated transcriptional activation.

Key words: Plant growth promotion, Plant-microbe interaction, 2-Undecanone, Volatile organic compounds
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SMEAERL ) 2 FHpIAHE S TE 72 (Park ef al,
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Bacterial species

Fig.1 Screening of plant growth promoting bacteria through indirect interactions between Arabidopsis and bacteria.
Eight hundreds bacterial species isolated from different natural environments were screened to test whether each
bacterium can affect Arabidopsis growth. Arabidopsis relative dry weight was evaluated by the ratio of dry weight
cultivated with bacteria to dry weight cultivated without bacteria.
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Fig.2 Arabidopsis growth without bacteria (left), with plant growth promoting bacteria (middle),
and with plant growth inhibiting bacteria.

Table 1 Plant growth promoting bacteria isolated in this study.

Acinetobacter calcoaceticus
Aeromonas veronii

Bacillus sp.

Bacillus subtilis

Bacillus muralis
Curtobacterium flaccumfaciens
Enterobacteriaceae bacterium
Erwinia persicina
Escherichia sp.

Kluyvera intermedia
Microbacterium maritypicum
Moraxella osloensis
Neobacillus drentensis sp.

Pantoea agglomerans
Pseudarthrobacter equi
Pseudomonas azotoformans
Pseudomonas veronii
Pseudomonas chlororaphis
Pseudomonas syringae
Pseudomonas sp.
Pseudomonas fragi
Rahnella aquatilis
Salinicola tamaricis
Stakelama sp.
Staphylococcus epidermidis
Stenotrophomonas maltophilia

Table 2 SPME fibers used to detect microbial substances in gas phase communication

Fiber Target substance Molecular weight
Polydimethylsiloxane Volatile compounds 60 — 600
Polyacrylate Nonpolar semivolatile compounds 80—300
Polyethylene glycol Alcohols 40— 275
Polydimethylsiloxane/Divinylbenzene Volatiles, Amines, Aromatic nitro compounds 50— 300
Carboxen / Polydimethylsiloxane Gas compounds, low molecular weight compounds 30-225
Divinylbenzene / Carboxen / Polydimethylsiloxane C3~ C20 volatiles 40— 275
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Table 3 Identified mVOCs

Substance name Molejcular Chemical Structural formula
weight formula
CHs
3-Methyl-1-buthanol 88 C4HL,0 )\/\
CHg OH
. - H3C S
Dimethyl disulfide 94 C,HgS, \S/ \CH3
O
2-Nonanone 142 CoH1s0 )l\
CH3(CH,)sCH5 CH;
0]
2-Undecanone 170 Cy1H2,0 ).k
CH3(CH»)7CH5 CHs;
0]
2-Tridecanone 198 Ci3H,60
CH3(CH3)gCH35 CHj;
2.5 Low
i VOC concentration l
]
2 M High
[] 2
]
> I [
|
T
o 15 I l
2 I
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E I
g g T } : |
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Fig.3 Arabidopsis growth with mVOCs (compounds A, B, C, D, and 2-undecanone (2-UD)).
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Fig.4 Venn diagram of differentially expressed genes in Arabidopsis
in response to 2-undecanone treatment.
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Table 4 Differentially expressed genes in Arabidopsis in response to 2-undecanone treatment

%

Gene ID Protein Name/Function Volatilized Sprayed
Log, ratio Log, ratio
At2g41230 Organ size related 1 (OSR1) 5.0 2.5
Atl1g30135 Jasmonate-zim-domain protein 8 4.2 2.0
Atlg77640 DREB transcription factor 4.2 1.8
At4g08950 Exordium 4.0 2.3
At3g10040 Hypoxia response attenuator 1 3.8 2.8
At1g75450 Cytokinin oxidase 5 3.0 14
At5g56870 Beta-galactosidase 4 2.8 2.9
Atl1g36060 DREB transcription factor 2.8 2.0
At3g16670 Pollen Ole e 1 allergen and extensin 2.7 1.0
Atl1g72060 Serine-type endopeptidase inhibitor 2.6 2.1
At5g12050 Auxin-regulated growth promotion/Rho GTPase-activating protein 24 14
At3g47340 Glutamine-dependent asparagine synthase 1 2.3 1.9
At1g05020 Anth protein 180 2.3 1.7
Atl1g11260 Sugar transporter 1 2.2 2.5
At5g18030 SAUR-like auxin-responsive protein family 2.2 1.5
At5g07000 Sulfotransferase 2B 2.0 14
At4g15233 ATP-binding cassette G42 1.9 1.3
At4g27450 Hypoxia response protein 1.9 2.4
At3g45590 Senescence associated gene 1 1.7 2.4
At4g36850 PQ-loop repeat family protein 1.6 4.1
At3g13450 Branched chain alpha-keto acid dehydrogenase E1 beta 1.5 14
At1g30820 Cytidine triphosphate synthase 14 1.5
Atbg13740 Zinc induced facilitator 1 1.3 1.2
At5g46830 NaCl-inducible gene 1 -3.6 -5.1
At5g48850 Sulphur deficienxy induced 1 -2.8 -2.6
At3g49570 Response to low sulfur 3 -24 -2.0
At3g28270 Unknown -2.4 -2.1
At4g01080 Trichome birefringence like 26 -2.3 -1.9
At5g24660 Response to low sulfur 2 -2.3 -2.3
At3g49580 Response to low sulfur 1 -2.3 -2.1
At2g15020 Unknown -2.2 -2.8
Atl1g75280 Unknown -19 -2.0
At3g22550 Unknown -1.7 -1.7
At5g26220 Gamma-glutamyl cyclotransferase 2;1 -1.6 -2.2
(B) © (D) (E)
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Fig.5 Rice growth promotion with 2-undecanone treatment (A). Accumulation of essential elements such as P (B), K (C),
Ca (D), and Mg (E) were analyzed in rice shoots.
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Breeding of citric acid hyper-producers in Aspergillus tubingensis (A. niger)
by modifying the organic acids transport systems using the genome editing system
Kohtaro Kirimura

Faculty of Science and Engineering, Waseda University
3-4-1 Ohkubo, Shinjuku-ku, Tokyo 169-8555, Japan

With the objective to generate citric acid hyper-producing strains by modifying the organic acids transport
systems, functional analyses on the genes encoding mitochondrial organic acids-transporter proteins such as cocA
and ctpA and the citrate exporter gene (cexA) were performed in Aspergillus tubingensis (A. niger) by the genome
editing system. Genome sequencing analyses and metabolites analysis using high-precision LC-MS/MS revealed
no productions of mycotoxins such as ochratoxins and fumonisins by A. tubingensis WU-2223L, a parental citric
acid-producing strain. Under the conditions of citric acid production, 7 genes encoding mitochondrial organic
acids-transporter proteins were transcribed. Thus, knock-out strains were generated by disruption of each gene
by the genome editing system. Among 7 knock-out strains, only the cocA-knockout strain showed drastic decrease
of citric acid production, indicating that COCA protein encoded by cocA must be the main transporting system
concerning citric acid hyper-production. On the other hands, the cexA-knock out strain produced no citric acid,
indicating that CEXA protein encoded by cexA is the only citrate exporter from cytosol to extracellular fraction
(culture broth). The cexA-high expression strain using tef promoter produced high amount of citric acid in
comparison to the parental strain WU-2223L. Thus, our results in this research clearly indicate that breeding of
hyper citric acid-producing strains is possible by modifying the organic acids-transport systems using the genome
editing system.

Key words: Aspergillus, citrate exporter, citric acid fermentation, genome editing system, mitochondrial organic
acids-transporter

M = 2019), 2016 4E121% 27 = ¥ oM A4E A s 2 1% 210
b VIZELTWA (Kirimura & Yoshioka 2019). &
7 IR, AR oMM, EISLILE SO OEIE, T¥ /=, FVFIVEFF)TAIZKSD

i (k) #% pH aEEH], (L2230 55 TLapre

BRSO ER 2 & & LTORL FIH SN TWwS (Kirimura
& Yoshioka 2019). 7 T Y RIZZ DT X TARIKE
Aspergillus niger (7 10 27 Y 71 ¥, BLLE O Aspergillus
Section Nigri \ZJ& 3 5 WHk) 12X 5 T3EMFEREE IS
X o THH X 1L (Bennett 2010; Kirimura & Yoshioka
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$FHHI1L, RIRE (B ¥) A niger (Aspergillus Section
Nigri) \2X b7 T VB2 IILOETLHEBEBOLEEE
Z ORI L Ciige 2 B LT &7 (Kirimura et
al. 2016, 2019; Kirimura & Yoshioka 2019; Kobayashi et
al., 2014, 2016; Yoshioka et al. 2020a). & <2, =
A O 7 = A E R IR W A tubingensis WU-2223L
(NBRC111403) 22> W Tk, 7/ A EF % JeE L
(Yoshioka, ef al. 2020b), MFEWHROBEMIZE L /27
LT AT 2B HH L T\w5b (Yoshioka and Kirimura
2021). rDNA @ D1/D2 §Eig=° ITS i, #NET =2 1)
% 32— F¥ 5884 0 DNA 45881 (Nakamura et
al. 2017; 11 2009) (Z#EHL L TR L 72 WU-2223L #&
DI 7 R % Fig. 112”3, Aspergillus Section
Nigri DT A. tubingensis \ZBEH WL ICHFH s NS (%
MTCIEEBE & FREND Z DL W) A luchuensis &
WRFIZH A (Fig.1(A). 7T VERAERERIREICOWT
X, A. niger ATCC 1015 D X 9 127/ A LB 7237 b
NizbDbdbH, 7T UBAERDIE T 2ER»S
i 5 2 L IZWEETH - 72 (Andersen et al. 2011). —
75, WEROWFGRBITIZ 7 = WA SR IR A niger &
LCEILENS Z EH% D72 (Bennett 2010; Kirimura
& Yoshioka 2019). L 2* L, AWK TH %
WU-2223L ¥k (35 & LU CTld A. niger & ix 7253 51HET b
D, 7T UVBAERERIME LTA niger 720 RAEL T
WB DI TR BV &b hb. F 72, WU-2223L1kIE A
tubingensis DFEMER MR TDH 5 CBS134.48 #k & 1T e
% i 2 B 5 (Fig.1(B)). Table 112" 3 X 9 I,
WU-2223L# D 7 7 24 4 X113 35.0Mb T, 11,493 fil
HEEEIE T (gene model) HRMENTWD. 7/ A
FCF ASBEAN D A ix DEEHE R bR & DK D Table 11RT
W%, A. luchuensis NBRC4314 (Yamada et al. 2016) < A.
tubingensis CBS134.48 L7 /7 LD K E ZIFITFE L TH 5.

e 5%, WU-2223L k2 I3 & LT, YL el
JCr VB Y 2 v BOAE IS B W CHREEE O R
PO CEELHZREHZHoTWEIE2ZW SN
(Kirimura et al. 2016, 2019). X512, I ha vy KUY 7
POYFA PO L UBROEHEOTFERE LTI b
I B T RAET O R A (COCA &%, Fig.2)
2455 L7z (Kirimura et al. 2019). Fig.2 12, WU-2223L
iZoWwWTo s = Y BAEREOMERZIRT DS, AWET
X3 bay N 7 REROGERERAB LA MY
VoA ~D 7 L RPN R (CEXA, Thza—
R4 8 ET-H3 cexA) 1IZDOWTHHIZEZE D 7-.

ARWEFETIZ, WU-2223L#kAS~ A4 2 b & ¥ ¥ IR ek
ThHhoHrILEWLMNIL, 7/ AMEV AT LAOURE
fiofz. 518, 7 VBOH%ER%Y I— N3 2#ET
BEERMNTL, 7 DEY AT A EFH L2k

BB T VB ERRB OB 2 HIE L
THEHEL7-.

FER5 %

EREM ST, KBEMOLR

7 T UEREAESRIRE & LT, Aspergillus tubingensis
WU-2223L % 2 & LT L7z, WU-2223L#RIZ, 5k
ENHARO T L Y HEEL 723 0T, YR58 C
oW THEAMIZA niger & A% ST 7z (Usami
1978). FEH LI, WP OpFBEICHERL T
WU-2223L ¥ % A. tubingensis L FFREL, 7/ LG %
e LB Sk L 72 (Yoshioka et al. 2020b) . £ 72, #EizT
M2 5 ARHICIE, WU-2223L#k0 AR L 72
T I EALIED niaD KIEME E LT LND-1 # (Kirimura
et al. 2016, 2019; Kirimura & Yoshioka 2019), JEHH R
A AHHE Z D A2 <\ kueA Bl 3Bk T H 5 DKL-2P ¥k
(Honda ef al. 2011) 7% &M L7z, HmAFEREH L
L CiZ30g/L 7V a— A% jkFER L T 5 Czapek-Dox 5%
W2 20g/LAlA R s ERZHRML CEIL S 2720 D
AL RO OOBREBILICIE, CYAR S
MEA ¥ %2 L. 25°C 7213 37 C CERE RS2 1T
72 (R112009). 7 = VRRAEFEICIE, & ICRBL &V
PEY 7 T UBEEORERNE LT2% (v/v) A5 /) —
WV din U7z SLZ b % i L 72 (Kirimura et al. 2016,
2019; Kirimura & Yoshioka 2021). SLZ %% #b o #1 % 13,
120g/L 7 v a2 — A, 3g/L (NH,),SO,, 1g/L K,HPO,,
1g/L KH,PO,, 0.5g/L MgS04 - 7H,0, 0.014g/L
MnSO,-5H,0, 0.01g/L FeCl; - 6H,0, 0.075mg/L
InCly % 4 A 2 HKRICEM L, pH 3.0 I HCI TH4&s L
72b o, BAEIZIE, 500mLEOFEME (KIT) 77 A
T1260mL SLZ 854 % 707 L, o F 2 #H%, 30T
WO ERMAERE O E L2 BENIZIZ12HE
B, 7 T VERERERR 7V a— A% HPLC 12
X vl % L 72 (Kirimura et al. 2016, 2019; Kirimura &
Yoshioka 2021). ~ A 2 b ¥ v OFEEESHNIE, B
\2H#E U C LC-MS/MS % ffi i L T4T - 7= (Nakagawa et
al. 2020).

DNA X RNA D%, 7523 ROEEXRE BETF
BRIE

DNA, RNA, cDNA OFI#RHY) vy, PCRIZ X 5
DNA o 34 i (& BE # 12 # U CTAT - 7z (Kirimura et al.
2016, 2019; Kirimura & Yoshioka 2021). %7z, #fx7#l
e 2 OfF F & L T, Eschericia coli K-12 # H 3k
IM109, DH5a % O - FE Wi #k 2 i L 72 (Kirimura et al.
2016, 2019; Kirimura & Yoshioka 2021 ).
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Fig.1. Classification of Aspergillus tubingensis WU-2223L based on gene and genome. (A) Phylogenetic tree of fungal strains
belonging to Aspergillus section Nigri, to re-identify strain WU-2223L. The tree was generated based on the sequences
of rDNA-ITS, g-tubulin and calmodulin genes using MEGA X (Kumar et al. 2018), in accordance with the reported
method (Hong ef al. 2013). The sequences of these genes excluding those of strain WU-2223L originated from the
type strains belonging to Aspergillus section Nigri (Hong et al. 2013; Varga et al. 2011) and Aspergillus oryzae (Frisvad
et al. 2019). (B) Genome comparison among typical Aspergillus section Nigri strains. The phylogenetic tree was
generated based on the similarity of conserved protein-encoding genes by Orthofinder (Emms & Kelly 2015). The
number of strain-specific genes were described as the sum of “unassigned gene” and “species-specific orthologues”,
which were annotated by Orthofinder.
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Table 1 Genome sequence of A. tubingensis WU-2223L

A. tubingensis A. tubingensis A. luchuensis

WU-2223L CBS134.48" NBRC4314?
Genome Size 35.0Mb 35.2Mb 34.7Mb
G+C content 49.3 % 49.2 % 50.4 %
Gene models 11,493 12,322 11,691
Protein length 501 475 484
Exons per gene 3.2 3.2 2.8
Exon length 465bp 495bp 660bp

1) The genome sequence analyzed by de Vries et al. (2017) was used.
2) The genome sequence and statistics were cited from Yamada et al. (2016).
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Fig.2. Metabolic pathway for production of citric acid by Aspergillus tubingensis WU-2223L.
Abbreviations: CS, citrate synthase; TP, glucose transporter.
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SRR O R finffe %> CRISPR/Cas9 system & guideRNA
(gRNA) expression cassettes # i3 % 7/ 44k,
PEHNCHE U CTHT o 72 (Kirimura et al. 2016, 2019; Yoshioka
& Kirimura, 2021).

BB E (PCRICL 2 EBEFIE—HORE

cexA DB SFENTIE, Thermal Cycler Dice® Real Time
System Lite (Takara) 3 & O° TBGreen® Premix Ex Taq™
11 (Tli RNaseH Plus) (Takara) % fii /il L 72 RT-qPCR 12
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~) & GeneAce cDNA Synthesis Kit (= v R V=) %
fEH L T3 L (Yoshioka & Kirimura, 2021), cexA ® 2
V— 513, cexABMED 720 12 3% 5T L 72 cexA_F3 B X O
cexA_R3 primers Zffiffl L T17 - 72 (RFEH).

ES LR

743 MX D UIEEEMEOME

£ 5 R IR 3R % o 45 T UL, Aspergillus Section
Nigri BT 2 WHRIEZEWNE L AL INTED,
7 AU AEMERGE (FDA) X0 &z s 2
5B %A IS K GE & L C @ GRAS (Generally
Recognized As Safe) DFEE b % FTwb. L2L, —
BOWkRD X 2 2121, 4 3 MY VAEGROBIRT
7 TAY =D T B L DIRHAH D (Frisvad et al.
2011; Susca et al. 2014, 2016), TEMEWIZOWTII%E
EWOBEPO~ A T MY VAEEERO AL T S
CENEELBPEE 2o TWD, £ T, WU-2223L #k
DA MFT VEFEMICOWTHIEE L. Aspergillus
FEARECTRESINLZIA I TV UL, 25 bR
Y, TEZVY, TI77MFXFTIUBLUONRYY U THS
72, WU2223L#kD 7 /7 A5 7 T v B A PE R IR
(Yoshioka, et al. 2020) & X33 s W % HF (Nakagawa et

ANI_1_1824134 ota5 otad ota3 ota2
Ochratoxin producer

al. 2020) DWHE 2> S Z 5 DI EEEMEE L 72, 3,
WU-2223L D7 7 A& W &~ a bF > v ks
BT 7 TAY—%RFERLE. 77T MFT ey
VT, BT AEETFPFLEL o7z, DEIL,
*r 9 ¥y 7EZY VT, Fig.33 & U Fig4
WRT L), FNENDOEEROET AEEED T 5
A5 — b AR THA kb (2 5 KB 2 RIAAFAET 5
TEERWISPICL. F, MMEI RIS 57200
TS5 4w —%EHL, PCRICK - THS N HIEEY
DOEE %72 Fig.3(B) & Fig.4 (B) 2" &L 912,
INSRT AEROMY) DRELZEZRLE. ¥,
HIEREY ORI Z PE L, 7 DI E O—FK % 1
L7z B, WU222BL#H%O T/ AEFIZ AR L,
WD RELET 2 HE (WbWAEWE) Fa—FT5 &
) BRMETFAAE L WS E bR L7, — 0, R
WORNT & LT, 7T VEAERER M TR S LR 28
5 & A LT LC-MS/MS U2 & 2 BksEE ATt L,
WIENOTA T M F T B AR (BILBRA ARG Th
5T ERMERLE () B - BB AT
BeRE, AARA e, Wl EAERFSE R & oL FERF
72 LCHEM). LLE XD, A tubingensis WU-2223L %°
~Aa bRy UIREERORER 7 T VEERAERTH
% Z & & 592 L7z (Yoshioka et al. 2022).
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Fig. 3. PCR amplification of the ochratoxin biosynthetic gene cluster. (A) Schematic image of the ochratoxin biosynthetic
gene cluster in an ochratoxin-producing strain (A. niger CBS 513.88) and nonproducing strain (A. luchuensis
NBRC 4314). PCR target described the region amplified by PCR, i.e., the primers annealing sites. (B) Agarose gel
electrophoresis of PCR products. Lane M represents the molecular weight marker (1/Styl) digest. Lanes 1 and 2
represent the PCR products amplified from the genomic DNA of strain WU-2223L and A. luchuensis NBRC 4314,
respectively. Note that the region between otal and ANI_1_1838134 was partially conserved, but its intermediate
sequences were not found in the genome sequences of strain WU-2223L or A. luchuensis.

PCR conditions are the followings:

The primer pair Prl and Pr2 was used for the amplification of the putative ochratoxin biosynthetic gene cluster in
the genome of A. tubingensis WU-2223L by KOD FX Neo (Toyobo, Osaka, Japan). The PCR amplification program
was as follows: denaturation at 94 C for 2min, followed by 35 cycles of denaturation at 98°C for 10s, annealing at

61C for 30s, and extension at 68 C for 2min.

Pr1: TRY GRK RGC RGAAGG GGRTGC KTAW
Pr2: AYT GGAAGG TMRYRA GGTMYG GCR G
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Fig.4. PCR amplification of the fumonisin biosynthetic gene cluster. (A) Schematic image of the fumonisin biosynthetic gene
cluster in an ochratoxin-producing strain (A. niger ATCC1015) and nonproducing strain (A. luchuensis NBRC 4314).
PCR target described the region amplified by PCR, i.e., the primers annealing sites. (B) Agarose gel electrophoresis
of PCR products. Lane M represents the molecular weight marker (1/Styl) digest. Lanes 1 and 2 represent the PCR
products amplified from the genomic DNA of strain WU-2223L and A. luchuensis NBRC 4314, respectively.
The primer pair Pr3 and Pr4 was used for the amplification of the putative fumonisin biosynthetic gene cluster in the
genome of A. tubingensis WU-2223L by KOD FX Neo (Toyobo, Osaka, Japan). The PCR amplification program was as
follows: denaturation at 94 °C for 2min, followed by 35 cycles of denaturation at 98 C for 105, annealing at 63C for
30s, and extension at 68 C for 3min. The genomic DNA of A. luchuensis NBRC 4314, a ochratoxin- and fumonisin-no-
producing safe strain used for brewing was also used under the same conditions as the positive control.

Pr3: ATG CGC CTT CAATTT CAT CC
Pr4: CAT AAT ACG CGC CAGTTTATC G

Table 2 Genes encoding mitochondrial organic acids transporter in the genome of strain WU-2223L

Gene Locus tag in Locus tag in
A. tubingensis A. niger Putative transport substrates

WU-2223L CBS513.88
cocA AtWU_10869 ANI 1 874084 Citrate/2-oxoglutarate
CctpA AtWU_07281 ANI_1_1474094 Citrate/malate
dicA AtWU_06197 ANI 1 234024 Dicarboxylate
dicB AtWU_06565 ANI 1 356094 2-Oxoglutarate/malate
ggcA AtWU_07325 ANI 1 1282064 2-Oxoglutarate/malate
oacA AtWU_01160 ANI 1 942124 Oxaloacetate
o0dcA AtWU_08996 ANI 1 206074 2-Oxoglutarate

I hAX R TREROEHEREREE I— KT 5585
FREDERT
WU-2223L#kD 7 7 2E#RE Y, I P FUTH5
FA PO L VROEHRIZEDLI bay R T
JRAER O A EREREAR GHAE%E 2479 LBE I 5 D
D) &a— F§5@fa T3 124452 LAV L
7o, BB, 7 T UERBEEESM T TIRE 0T 7 AR
BENTW7. Table 2@ SN HIEH L & HITKE
{57 & locus tag, cocA R ctpA D & 5 7 (EIZT D) W
T &)Y, locus tag l DWW TIX, 7 = VA RE R IR

T/ LERFIDEGFE SN TWD A. niger CBS513.88 D 3
DEMNEE LTRT. N5 DMET I locus tag DF
FROHLRREIE, FIARIZIRAI—LLTH
HETLEDITTIERL, 7725 EORFICHHLTwAEZ
ERbh L. REFFETIE, Table 2 IR T KEETI2D
WT/ v 77y MREERL, 1B L ORIZONn
TR (ERRH L CORERLHETORIR) %l
N7z, BIET cocAZ 7 T VL 2-F 3V 7V & VS
oxtif%A (COCA) %, HinFapAldr = Vgl
) v ORI (CTPA) 23— F4 25 & MES
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N, 7T UVERARELERICHEET S LBEIN. Th
LOBIET ) v 7T MELERTH D WU-2223L D
B ARIEREE Y ECOAEFRE M X 504 7K
DRI E4T 572, Fig.5(A) IRT X H 12, LR -
TIIWU-2223LkE & LB L TetpA / v 7 77 MR
(ActpA) \ZDWTITANE ALEIBE I N0 7225,
cocA /v 777 bR (AcocA) TR EDRMAEFER L7
WAICHDAEFTRILSBE SN, —F, Fig.5B) IR
T LI, SETEEIZOWTIE3HRIZOWTELIZE

WU-2223L

WU-2223L AcocA

WEINL o7z LaL, HronkTREoRELE
T-SAMEE TR T B L — B OBBRICIZTHED D Sz
ZENS, BUESHICFEMICHE L Twd (R%R).
Mo SFOBIET/ v 7 77 MEIZOWTIE, RHEMO
HEIZRD SN h o7 (KREHR).

BIaF/ v 77 MO I UBEREMN
THOEMIET v 7 77 MRIZDOWT, SLZfks;
MAEMH L7 U BERRREIT-> 7. 6T

25°C{MEA|CYA
37°C{MEA|CYA

ActpA

o SO

Fig.5. The phenotype of A. tubingensis strains, WU-2223L, cocA-knockout strain (AcocA) and ctpA-knockout strain
(ActpA). (A) The growth on agar medium. The conidia of each strain were inoculated onto MEA or CYA agar
medium and incubated at 25C or 37C . The legend of each sample is shown in white box at bottom right.
(B) The microscopic image of conidiophore in each strain. The scale bar represents 100 xm.
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2T MRIZOWTIZ Y T VBRI X 2L
FZRD SN o72D, cocA/ v 7T 7 MMEIZDOWT
7 T UBREEREDSEOR L. SEE O, e
P A= T DI AN £ B cocA BInT-HIET oy = v ERAEIE
EHAWIRT AT L EHLMILTWAA, RIfETIids
J ARREIZE DB S N —  — BB TFIRFA DO S
i#1=T (open reading frame) Z5E4IIREL72%k%
WCZOEBPHMA LIRS, T 7T VEE
)Y TEEOXNEREEITD) EENDctpA ) v 7T 7 b
BRClE 7 o VERAERICEAEDS R O N dh o7z (RF
£). Tabb, WU2223LHTIE, 7= v RERICH
B4 5k RBIET 13 ctpA TIE %L cocATHDHI L %
AT W X % h: (Kirimura et al. 2016, 2019) O
Ao TH ) AR AT AL BHEF /v 2T T b
THERLLZ EIZR 5.

T LREY AT LOWE

EFH O, BEMSPUEOEY SITENT-DNA %
gRNAJ E LCHIM$ A2 EI12HEH L, WU-2223L ¥k
FHICHE LAY ) 2fEIATLAEZERL TS
(Yoshioka & Kirimura, 2021). @&~ — 7 —& LTI,
ATP ANV 7 1) =¥ % I— FT % sCEtfn TR A=t
WFExa— N9 5% naD BInT2HHL TS, KIifsE
Tl&, #iE o gRNAKLH % 12D DNAWH & L CTHhIR
WA EAT 5 2 & C, HEOBE T ERE TR
WCEEINL 2 EL, sCB X UMM ITHEZ
3 — N§ 2% niaD #1572 BEMNICHIZT ) v 7 4 %F)
HLUCTEET /v 277 Mefro7z sCIZRLTIZEY
F7 I VI EET (ptrA) OIA, niaD 23 L Tl
TUE—F—LORFEELH1L6kbDOREE LI T/ v
74 Y FF—DNAZMEH L7, FH@EY, WU-2223L
RSk oM AL 2 SR LA R e LT, kL v
fif ik U CHEES N T2 sSCO v 7T Mk
BETZEOEGETEIC prADFASNTEY, Zhb
D 95%Lh LA niaD SFFFIC (BRL2EBYIC/ v o
L2 EoT) v T FERTW ¥z, #EHsT
ERROBIR—H— L LTHHT S sCEETICEL
TH TP 2 2 FIH L C sC E T oMl (BR)
LB —I—VAF2—DWHEL ) v 74V FF—%
PESL L 72 (Yoshioka & Kirimura, 2021). & 512, A%
TRBBROWMIEET 2 X )G BEMA, EiTEiR
WL TR E LA e~ — A — L A F 2 — %M
L7 $hbb, Lol E T L HBOBEET
BREKFTHsC/ v 777 MRIZBWTHTNMHFM
PRIZED TV ATy FTsC (A FF = Y IEERME)
kb ) v Ay N F—%MELL £/, L0k
BIET/ v 27w bEELTFRE6IIRT LIS, HE

DFIZFD v 7T T b ESROY — I —BIZFOHZE
RIS EATHRE R 7 AR Y AT A OBIFIED) L
7o CGREER). RFFRTHVALETIE, sCEIETICY
HprAZFEALIZ ) v 7 7 FREFERLTE &,
ptrA EREREIE TSR L CTr ) A2 AT sC BIET
JEND v 7 4 22X B CIE IR L E I L 72
REFHEI VI R TERADO S, v 7T, E51C
AR EIEST B3 ba vy FY 7HE R cexA D#EAET-
v 7T NB L cexA BB OIERIZ LG k%
W L 7=

AR —IVRIBRIFERFED 7 I BEEEHOER
I UBEFA D SHIRINCHEET 5 5 2oy
Hea—F9 2822l LT, 7/ A HEmise & 3%
WZHHAL L7z 2 D098 7V — 7 5 58 & 172 (Odoni
et al. 2019; Steiger et al. 2019). J§5E D Aspergillus J& 4R
WOr 7 MIEAET 2 UHEETIE, BETIE I 2 V]
PEHA (citrate exporter) 2 — F35 3Dk LT cexA
EIFHRENTwaS. L, 72 VvEEE KRICAEET S
BPET cexA DSME— D A4 b Vv S~ OHET R
BETTHENPEIDPRIAHETH - 720 — 5,
WU-2223L R TlX 7/ & B cexADS VIEAFAEL, v
VO FIIFE Loz, 2T, RUFZECTHHICHZ
L7257/ by A7 5 2 BRMEL T, WU-2223L #RHIR
D cexABIET/ v 7T MREERL, 7 VRAE
REREFEM L7, YU cexABIZT /v 7 77 METIE,
MIRDZ L5 cexA BIZT-DIRBAL W 2 & ZHfEE
L7z, E512, cexABIET/ v 27 77 MRRTRRE I~
D7 T VBOPRITED SN oTz. Thbb, cexA
DT ML oTr T VEEIEAEMAER SN/
Zk, BETHIZTA NV SHIBESAND 7 T
KR A= F T HHET DV cexA72TTHDH T ENHS
Motz —, RFETIE2% /) A5 — ViR
MEHTFTTOZ NV IT—R120g/L 1507 T VLS
WL LT b, Table 31273 & 912, WU-2223L
BRiZZ v a— 2% RFEFEL L2WEICE2% /) 25
= VEMGH T Ty BembEEd s, b, 16k
WEZDRAY )= VRIROEENAE 212 5 DDA T
B2, FEHEDIT cexADVTORERD 1D E TR
Thbh, FVa—RA%REFRE LSE I3 S
Lo TeexADFEH WIS NEZ L, 2% /v) X%
= VEIMC X o TID R I N D 2 & 2/ &
L, SOHEICOWTHIET A2 & L. ZFva—AfF
T CHETAERHTOE—Y —D 12\l tef 70 E—
¥ — H S T B (Nakari-Settidld & Pnettild 1995;
Kitamoto 1998). %% 5%, tef 70 E— % — D Tl
cexABIETA#ERELAZEBMEZT Py PEERL
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| Unique sequence for genome editing (such as drug-resistant marker)

/
.
\

| Marker gene leading to auxotrophic phenotype by its knock-out

@A)
gRNA Cas9 Marker gene
(Prototroph)
o < -

Transporter gene
(=Target gene)

Target gene
(Knock-out)

®)

Fig.6. Schematic representation of genome editing for knock-out of genes encoding mitochondrial transporters.

Table 3 Effects of methanol on citric acid production

(A) The marker gene, which leads to auxotroph by its knock-out, was disrupted by insertion of unique
gene such as drug-resistant marker in advance. In this study, sC gene encoding ATP-sulfurylase was used
as “marker gene”, and the resultant host strain exhibited sulfate-auxotrophy and pyrithiamine-resistance
due to insertion of ptrA into sC. (B) Scheme of seamless disruption to omitting total ORF region in targe
gene (mitochondrial transporter gene) by co-genome editing. The gRNA targeting both target and ptrA
genes were introduced into fungal protoplast with Cas9 nuclease and knock-in donors (vector DNA for
sC-complementation and replacement of target gene). double strand break (DSB) was induced in these gene
locus. Subsequently, the gene knock-out for complementation of marker gene and disruption of target gene
occurred by homologous recombination (HR), i.e., in this study, sC was complemented by re-introduction of
intact sC by donor DNA containing flanking region and ORF. Finally, the objective transformant was isolated
as prototrophic strain: in this study, sulfate-assimilating isolate derived from sC-complementation.

WU-2223LARICEA L2 & 25, UFHEET LY bR

Strain Citric acid (g/L)

2R3 A X 7z 2 Bk LhC-2 # HU45 L 7. Table 312
AT X IIZ, LhC2#1E, 2% (v/v) A% 7 — Vi

with methanol 67

without methanol 19

with methanol 78
without methanol 74

HTH MRS TLEW T TV BAEEZRL, Lo
2% (v/v) A 0 — VIRRINGAET O WU-2223L K & D &
Wy LU RE R L. Thbb, cexAEISBIM
PRSI EI2E 5T, A% —VEERMEETTD
7 IR ENSTRE MR, ThbH XY ) —VRIRIE
WAFED 7 = W A EERR DR B T L 72,

Under the standard conditions, 2 % (v/v) methanol was
added to the synthetic medium (SLZ medium)
containing 120g/L glucose as sole carbon source.
Cultivations were performed by shake culture in
500 mL-Sakaguchi flasks containing 60 mL medium at
30T for 12 days.

I

KWFFETl, 7/ AERICES Y4 a bR U #EER
T-HEDRAT LA EY) O FAE AT O OGRS D 5,
A. tubingensis WU-2223L 23~ 4 2 s & 3 VIRAEENLEO %
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L T UBREAEERTH LI EEHLNICL. T,
B %794~ —% MM L7z PCRIC X @ % i T
FEhEL, 7/ AERrOTFHEINEKES (721)) 12
PRFEE DN D Z E 2O L. 2o Of5HRIE,
) NIRRT O MGAE R WIS LT 5. & B,
Fig.3 (B) & Fig.4 (B) ISR & 912, FRAREMY 2 B IF e
WA E NN End, T4~ —ikil & PCR&
D TN R E SN b2 b, 7 LELH)
IS 22 E T W Aspergillus &SR IRE B LT
b, BEPCREMEZHEMINEE, F27F x> 27
DY Y DEERBIET 7 T AT — DA RE L % 2
LbNb.

AEFFETIE, I ha v FY 7 RFER O AREBRIREARIC
BT 7THOBETF /v 2777 FREEEL, cocd#E
RV OEE 2 HERT I N TEZ. BUE, &/
7Y MRICBITS (Vv 2Ty b LZEETUAO)
DA BRI R AL T OWRBIRN Z M ThH L. S
52, cocA L ctpADE ) v 7T MkEVERT S &,
WA O CREST L 2 &, 7 T UV EEINE
Kbl er/M L7 (R%EEK). T4hbb, cocA/ v
777 METIE ctpA BB T8 cocA DRI E A LT
LT L, cocAL cth)AD_FE ) v 7T METIEI b
YRUYTHHHA PYVAD T IV EOREDR O TH
B D AEBTNORELELZENSH L2 TFRLTY
L. AWE TR LA D ) v 727 Mk AE
ALT, 3 avy ) 7REMOGERBRSRACET 2
PN BRI 2 D B P ETH B.

LU BITAAY ) — VR L TIE, W
IT& Y (1942), Moyer (1953a, b) 2537 L TH#E
LCTWwab, 2% 7=V (Bi~D x5 7 — Vi)
12 & o THIFLNAMIRE 2 OZALARD 5N 5% (Usami
1978; Maddox et al. 1986), FOARZFIZHS I T
Wi o 72, ARIFZE T L 72 WU-2223L 13 2 % (v/v)
AE )= VIRIGEE T TN I — A0 6D T A
ARV (XF ) = VRIERERT) B, cexA Bk
TohAHLhC2HRIFA Y ) — VIERIGHET T 7
BRARERDTE L, A ¥ 2 — VAN R IARLEE D AR DA E
U L7z, RWFZET, # % 7 — Va7 = 2k
Ry R %2 —F95 cexADPHGTH5I L2
THOLRNII LA ERERENEEZTVS. LIS,
cexA EIEBIMROEEIZ X 5 T A ¥ 7 — VEh R IR AL
DEFEHROVER, S 5270 3 — RI12 & 2 BALIH] % i
Brl7-27 = VBAEREARIRBE OB Z RIS L7722 il
DA FERIEBEN T EREN DO W A F 1T D TR E .

cexA DB TN 225 (EREWE), CEXAx 7o b
YA OPE & oy g L s, AT U
FHEMICIEATPAIHBETH S, I+ F) 706

A RINAD 7 T BBEORED I EE T, 4
W BRSO 7 = EEOBEHASATP FAR, 374
DEIANF—HRBOERRTH S Z L1L, I
BT T VBREEOB VIR eI NTWwWE L%
BT 5. 7T UBREBEE VO RRZBESE, 7 Vg
OB LTIE, I P FYTRHHA MY,
A NN BB D 2 D DR DOTHHIC X o T
VLTWwWhEEZLND. SHOREE LT, CEXAN
DI F—ERE (HDHWIZATPEER) 25D X H 1
TONTVDLONERAT LI ENEETH L. FFEM
ZAL# A (machinery) # 32— F9 5 cexAB LV ZD
BIZTHEWTH 5 CEXADWH O HT 5 2 L1
Lo, 7T UBREHOBEALI VAR EEZD
n5.

PEXY, RFFEOREIL, 7/ 2fHEY AT L% F
JH U745 BRI I 6 R DCLZE 2 X B s o o v e
REOFMS TR EZWH SN L TV A,

U )

KWFFETIE, 7/ AREY AT A& R L -G HER
RRDOWEINZ X BERy LU BIEEAREOBEM %2 H
& L7mrgea St L7z BEaRI & L Tt Aspergillus
Section Nigri \Z)& 3 5 Aspergillus tubingensis WU-2223L
MA@ L7z Aspergillus BRIRECTREShD~ A 0
FNEI U, AT NEYVY, TEZVY, TTIMF
UYBIORYY YTHBH, T AEHE LC-MS/
MS % A U 7 ks B2 A3 7 W AT 00 W 1T 2> © D MGk %
T, WU2223LRA S C RS 4o~ A a b F 2 34
FEMTHAHILEZWSPIC L. 7T U BRERSNETT
X, I VRITRLETAL N AND s T UEEOl%
Wb DI b ar B 7R oA R A Ok i
EEATH)EHEEEINEDO) 23— N7 5#ET 1216
ORTTRPHEEENTWBE I EEZMRE LD, 7
LR AT A EFHA L CEERTFDO v 7Ty MEE
Ve, 7R v 72 77 VROBT, 2T URE
2-F XV TN VO LEEIT) LEEINE Y v
Ny % d— FY B#EETFcocA/ v 777 METr Y
WA FEDSIR L2, L72dSo T, 3 hary B 7oA
FRHEARTIZ, COCA % ¥ 87 H3 7 T U IRHERE Bk L
TWbEEz2 5N5. Aspergillus J&5XKBETIX, 7o
WA bV SHIMIHER T 55 v B2 a—F
T L MIn T cexA L EN 5D, WU-2223L kKT / A 1C
b cexADFAET D, 22T, 7 LWEVATLICE
DecexA/ v 777 MEERFERLBEEEZRE L-L S
%5, Bl~or  BOPHIERO bk roT. T4
bbb, cexAD v 7T MIXoTr I UBIEEREMN
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MERI N2 L, BETIUITHA MY SHis~
DU TV BEERET I — N5 5EET D cexATZTTH
LZENHONIR 572, DEIZ, FIVIA—AFIEFT
ERBLAS R tef 7O E— ¥ — DT cexA M5 T %
i Lz #8mTh 2y b2 EE L WU-2223L #RIZE A
L, SRR EIEEL . cexABETFP2HEA SN
7oA 2 MR LhC-2 1%, Bk WU-2223L#R & D) ®w 2o =
VERAERERER L. DRI D, Kok,
LY AT A EFIH LGRS ROBEIL L
BT B RESRIRA OB A REZR 2 & 2 6212
LTWwW5.

ARB T S N7 SRR D et

BT

1) FM B, A GRS, 7 = ERAE R IRE Aspergillus
tubingensis (A. niger) WU-2223L% 15 ¥ & L 72CRISPR/
Cas9¥ AT A X B ER A0l 2 R i, HAR
FALFE 20204 BER & (R ) , A 28 B 4 3A08a09 (2020
E3H).

2) /NH #hizse, W AW, FiE EE, A LRI ¥ oy
B — 5 X—=ZAZF L7zin silicoff T2 X 2387 2
= ML VAT —EOHFREEEOME. HARRE LS
220204 BE R & (TR ), Gl 2 5 4 3C03p02 (20204F3H).

3) BUF 2, 18 5, A &, WA SBKER. Aspergillus
niger NRRL328H13£ I #IPKS An-CryA% #JH] L 7= 3K
rF FOAK. HARLFEEBE100MEHETE S (T-3%), i
Ttk 2PC-158 (20204E3H ).

4) FH B, WG A, FE B, RO K, A OGRS,
7 T v R AR R Aspergillus tubingensis WU-2223L0 K 5
7 M AORE. HARZEALFR20214 K% (lH),
L B4 2A03-03 79 (2021483 1).

5) Kiili &z, W B, A #EL A SGREE. 77 AiE
VAT ARV T BAEERKREICBSI AN
VT IRAER 7 Y R EREIR T v 2 T 7 M RO/ER
& VEBERTAMN, H A3 b22 22021 4F BEK 4 (), il 32 i
4£ 2B02-01 123 (2021483 H).

6) R A%, A3k F#F, WA SRR HIPKSZ A L 72
methylmalonyl-CoA 7 5 O Hi#l% @ik HF AL &M o &
. HARRIEARER20214FE RS (), R E RS
2A01-01 60 (20214E3H).

7) T F, AR OLKES. 7 U EREEESR IR W Aspergillus
tubingensis (A. niger) WU-2223LOEMZ HW & L7z
CRISPR/Cas9¥ A 7 A & FIH L 7 # (5 T &Rk o Bl 5
B3 HAEY LR RE(CE T4 7)), HERE
G2H4 (20214:108) .

8) Y& B, W, B, I, Wz, A BRI 7 AB X
UMD O 5 WT D 7 T VRS A B W Aspergillus
tubingensis WU-2223LD~ 4 I ¥ ¥ ¥ I PEM: O MG,
HARBRZALFR20224EFERE (K T4 V), i B E
4B02-11 (202243 H).
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Comprehensive studies on bacterial adaptation and evolution mechanisms
and development of advanced technologies to use unexplored bacterial functions
Yuji Nagata
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The main purposes of this study were (i) to understand comprehensively the evolutionary mechanisms behind the
emergence of artificially synthesized environmental pollutants-metabolizing bacteria and (ii) to develop new
technologies to use unexplored microbial functions. We focused on y-HCH-degrading bacteria, and conducted
studies at the gene (genome), enzyme, cell, and population levels. At the gene (genome) level, it was demonstrated
that genome evolution related to y-HCH metabolic function in the soil microbial population is ongoing. In addition,
it was suggested that MV may function as a reservoir of genetic information. At the enzyme level, the high
potential of dehalogenases and their usefulness as materials for functional development were demonstrated. At the
cell level, structural information on ABC transporter essential for y-HCH utilization was obtained. In addition, the
CO2-dependent high-yield growth under oligotrophic conditions (HYGO phenotype) was found, and its mechanism
was partially revealed. At population level, it was observed that a clonal population diversified and coexisted
through experimental evolution, and the involvement of TBDR in the coexistence was demonstrated. In addition,
the importance of non-degrading bacteria in the y-HCH-degrading bacterial community was demonstrated, and
some mechanisms we found in this study are directly applicable for practical application such as bioremediation.
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SN, BAGREMELZGTISRILTWSE—HT, A%
IR DHERIEE % D iR - BALT DA DLELED
MSNTWD (Janssen et al., 2005). FNSAE,
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P R (Bl ENLRASERTIERT) .
g R (Bl AR RAEBEA A ERL
e BEAEE (Bl SRAERFPRFBEAEGRHAIZER .

BRI T CTEREE PICHA L Tnwb 2 L
S22 5 Tw5b (Tsuda et al., 1999). Z 1LiZxf
LT, AT RE3EZ & oow B\ 5 o BREETH ey LIS
DWTIL, B2 RITE OHEFEH 5 D DD (Janssen
et al., 2005; Nagata et al., 2016), TN SHMBEBED X9
WCHACHEE ) 2 15 L 720 0 3R 2 Ao,
EREHZERBUA y-~NFH 7o 7ot
(y-HCH) Z NZRIEDOH M THY, A by 7
RV AGRIT XD ERE AR 4 (Persistent
Organic Pollutants, POPs) 2 b EE SN, ZOHYIC
39 % EBRE I MLADRKD SC\wb, HCHIZIE
8 ODHMAR (FIGREAREEDL L 9D) BPHELET .
BUGLEEE T A DI p-HCHDO A TH 575, LA
DOBZ, FIZ42o0E MK a-, p-, y-, S-KHPEL,
NS SR THOBREIIERE L, HwE e LTl
MHIZ 7% > C\Wwb (Viigen et al., 2011). HCT% p-HCH X



PN EE I

BWHEHETOETHEY 7 unFHF VBROZI T M) T VD
PN B 72OIL IR DR ETDH 5.

y-HCH 53 f# &AL M % Sphingobium japonicum UT26 #k
1%, y-HCH 2% 12 4E [ #Aii & 172 H AR o iR BRI 35 2 © B
#E X 72 (Imai et al., 1989; Senoo et al., 1989). UT26
BRiE y-HCH # ME— R F W & LTAEBL, TR
ERBOL % i3 A EER, BLUOZhOEREZI—F
T 5 lin BIn TR I N7z (Fig.1).

AACHREE BT, p-HCH XS & AL & ACH
FEERIZ B B IGHOPRIHEM TH B p-7 bT V¥ U
&M s 5729, LinA (y-HCH dehydrochlori-
nase), LinB (1,4-TCDN halidohydrolase), LinC (2,5-
DDOL dehydrogenase), LinD (2,5-DCHQ reductive
dehalogenase ), LinE (CHQ 1,2-dioxygenase ), LinF (=
L A VEERE reductase) @ 6O DHIEEFEIC L - THHD
N5 p-7r b7 VK VEET TORB A p-HCH 75 (245 2
By 7 B & % 2 51 % (Nagata et al., 2007). UT26 ¥k

{

cl

OCH,CO0H
cl
24,5T

y-HCH OS2 &AW BETH 555, M chE%
dead-end F£ ¥ %= 4= U % (Fig.1). F 7z, linA, linB,
linCIIHERMIZEEH L T 5 (Nagata et al., 2007). &
512, lin BIETHIET 2 2PICHHEL, S—Yemipic
FAES % linA, linB, linCix+Xa >y zEE L Twin
(Nagata et al., 2011). linA, linC 3 X O'linRED 7 5 A
& — O FE IR AR 1S6100 HAFAE L, lin @i T-HE
DEEHALESOEERNE L >TWD. TDXHI
UT26 #k D y-HCH AR FE B X PEREE MR <, B2 L T
Wb WHRTHEZLARETHL OFEAL
Tw5 (Nagataetal., 2019).

UT26 ¥UAHZ S, p-HCH % &AL 9 2 M B Ak A3
FEMDOHRERT 0 O B ST 525, 7MRICES3
BEEEBETF 2RI S T b y-HCH % G AL 13
FIFETRAT4 Y TEF Y FHABICET S (Laletal.,
2010). X7 4 ¥ TEF v FHEH L Alphaproteobacteria
WCIET 5277 2BEET, FHEIC) KEHEZ 72912 A

Common pathway for degradation of chlorinated aromatic compounds
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Inherent function in sphingomonads
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Fig.1 Functions necessary for y-HCH utilization in sphingomonads (Nagata et al., 2019). p-Ketoadipate
pathway is common pathway for the degradation of aromatic compounds and is widely distributed among
environmental bacteria. 1,2,4-TCB and 2,5-DCP are dead-end products, and 2,5-DCP has toxic effect on
the cells. The LinKLNM-type ABC transporter, which is an inherent function in sphingomonads, is

involved in the tolerance for the toxic effect of 2,5-DCP.
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74 v ITHERE D (Kawahara et al., 1990), %%
R E DR AT AP HE S TWwb 2 &
o, BAEMICEEWERBEEZ AT LIMMLE 2
5N TWw3 (Stolz, 2009). F& 4 OWFZE 7V — 71
UT26 #£12 2 C, y-HCH 4% & ALl 14 Sphingomonas
sp. MM-1 ¥k, Sphingobium sp. MI1205 ¥, Sphingobium
sp. TKS kD &7 7 A EH % s¢ 4P L7z (Tabata et
al., 2016). 15 ORI, 16S rRNABIET-OFHTIC L D,
H\WICRMFEWICH 2 FREHEN T 528, y-HCH 47
WZB LTk, UT26 %D linA %> 6 linE & 3T [F— D
BT %#MHT 5. 2oz ki, F—Eoy-HCH 5%
ﬂ%%ﬁﬂﬁ¢kriot®fiﬁ<,@ﬁmm%%#
3E[F—o p-HCH RN B % [ R B R T ] 2 R L
y-HCH 43l i R 2SS b [ Ac iR L2 2 &
i ORRT 5. 7o, AR ER UMY, UT26
¥R y-HCH 53 i & L1213 linKLMN %3 — K5 % ABC
N UV AR=F —=PUETH S (Endo et al., 2007).
IinKLMN & €0 7%, o p-HCH 53 #M bk D & 7 &

e \

Various
sphingomonad strains
with core functions

Acquisition of & @ Specific lin genes

lin genes <«—0
O O Multiple plasmids
W 16100
‘ B\
[P Phylogenetically
dispersed y-HCH
O degraders
/
Diversification W 1S6100
Other mutations “Evolved”
y-HCH
degraders

Closely "
related election @
"Y’:g(::ders S B Evolved lin genes

Fig.2 Proposed model for the emergence and evolution
of y-HCH-degrading sphingomonad strains
(Nagata et al., 2019). Ancestral various non-
y-HCH-degrading sphingomonad strains with core
functions, e.g. LinKLMN-type ABC transporter
and p-ketoadipate pathway turned to be primitive
y-HCH degraders by the acquisition of specific
lin genes using sphingomonads-specific multiple
plasmids and IS6100. The primitive y-HCH
degraders were diversified by the involvement of
1S6100 and other mutations. The selective pressure
may produce the ‘evolved’ y-HCH degraders.

BERIH B & ORBITERRE B SE~ D IS

¥, y-HCH R Z /72 WA 7 1 Y TEF v FHRIC
%ﬁféﬂfkb AT 4 TSy FHIEREDST 78

HEE LTAHT S p-HCH B RICLE LR L EZHNT
\/\Z; (Endo et al., 2007). T7habb, #Y4EMENE R
ZROMBERSRRIEO R EFEFEE I — N9 5 lin iz
THEEMES L, UK % y-HCH 4% 50 18 Sphingobium
Japonicum UT26 P& TREHH S L7 RHHE % C y-HCH % 4
BT HEEZOND. 512, ZRMLE BINOBERE
T, EALH o y-HCH G LM B A E T 5 & i
#2EN5b (Fig.2) (Nagataetal., 2019).

L2L, TOETNVIRTELETHEL L O@IFE-> T
b, TLFL, FHREETEEINS, EOX ) ITHEE
L7720 ? BHEEAED A D Z XL EDL) BDDHD
AP AL EE MR L LD L) b Do ?
7, FEBROREEP TN S EMTHEL TS
RIIEE 28, AT & oM EAEH b B2
ThHb. Thbh, LROEKEEFHL LToMLIZE
DEIBRDDHDOH)?

U rEoBRz2EE 2, K@M TIE, y-HCH 4

AL % E et & U< EfzT (57 L) BH-
MG - EEOZ LNV BHBEET 5 [k Hiez
SNSRI 5 2 & T, MEOBRELE - FErEAE b
BEOARE 2 RIS L, 55N % ISR o
FEBECORENM, B X O 7 R BIHEAERERE R
BIIGH T 27200 BEH 75 L XHME LT,
WF7e % St L 72,

T WIRSCROBEE

1. BHREOEVWEETFOREEMENS Zh 5EEFE
BIST K48

A 2SN TAL G O 535 TR $ % 55k Tk o v i
ZTokEHE, MEZEN S BT 2T 55O
WA HKE LT, y-HCH % fif & ALl B Sphingobium
japonicum UT26 Bk TIEBREIh T 7 ) AHELICE T
5 ENT, p-HCHACHHCZ BT % 8BS % fillif: 3 % 2 ik
O~y VEEFELinAL LinB%E 23— F§ 58 ETO
FXTTFX) Y TROMERERT H LI, 20TV
PRI 7N (MV) DSEIRERY) = 3= L L TORRE
T AR OV THE L7,

22T UT26 #A HLEE S 7z 138 (Imai ef al., 1989;
Senoo et al., 1989) % y-HCH THIGHALL 2L 25, W
ENWEALL, A% 7 L@ y-HCH 43 fF B E s T o
S G A SN L 72, p-HCH 4/ i Bk 2588 L 72
LEZ oM, REHRLLED 5 p-HCH 5l
Wk HiEE L7z HEERR O R EMHRTH D TALS #R I
UT26 %k & 7 KA DERFIEIIF —TdH > 7225, lin &



& WA

RO & AR - Tz (Kato et al.,
2022) (Fig.3).

RIS, Un BETHOERLLE inBRIETOI -k
DI E W) A B VA BIZ S, y-HCH 4 f#F 6
IZB99 % UT26 fhE oW sy Iz, 22T, At
® y-HCH 7t 2 Mt L7z & & A, ARHIL UT26 #k
2T dead-end EW D EM AV 7% {, y-HCHOR
NG U ADOEED S, UT26 BRIZHERTH#ALEITH 5
WHetEAURIE X7z (Kato et al., 2022). LLE, FEBED
IR, y-HCH 5 BRI 5 2 7/ A AEL s HEAT
WTHLIEEPRLE. 2720, MBEOT ) L08R
% 1% FERMIARAT U 7245 5, 1S6100 firf 12 £ 1) [UT26
HROMEED S TAIS HROREEIZEAL L 72 7 By 7213 T4
<, [TA15 Bk DORERE A & UT26 B DRETE 2L L 72 7 7
HAFAEL, HAMIZ [UT26 #kA 5 TALS FRICER L 72
DT L, WHEIGBO LA SIRE L2 TH
bE#Ez56N5 (Katoetal, 2022).

—7Ji, RO yp-HCH /MW <1k, 5 IcB5 3%
lin BAZFREDS 7 7 A ICAE L, EHECHELET S
1S6100 4 DB CTHRIZMWICARETH 5 &\ ) RHEH

% % (Tabata et al., 2016). % Z T, UT26 kT3 7/
LHUZHAET B linA 7> 5 linF Einf% 27 5 A% —1bL
TIS6100 # ¥ 72 WHLD X 7 4  TEF v FHRIZEA
T5Z LT, NLIW7% y-HCH MW /L7 15
WL ANTHROHIZIE, S0 7% p-HCH & LREZ R L,
dead-end EEI OB BRI L VA0 H D,
Sk, RIRBRICIIGAE L 2 WRBHIHR 2 M2 885 %
& ORWIRETHRONIZAMAEICICLT, LY EREBOA
THROERPEIHFTE L. 8512, Iho ALKRZ IS
inAr linBOXx 7F %) v IHREMHEL, Zhok
A, UL TEAICLD p-HCHE LREZ MET 5 2

LR L 7.

W R T 5 & UTER L 2 R MRH R D
inA & linBO ¥ v 7F V) v 7 ¥k&, Lito AN THRH
ROF v TF v ) v IR EBMEREGAEEIRAL, M
EAE T ORA 2 R A 72205, WIFNTHN OB TR
B SN Do 7z RIFFETHELABAE/RT, 512
FEERETOLELDHL. LrL, RFERTHOAZ ) —=
Y7 OMEET, WL p-HCHELREZ RS 2 WICH
o3, pyHCHE M EThFhriane s ) 7y —r%
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Fig.3 Genome evolution related to the y-HCH metabolic function in the soil microbial population (Kato et al., 2022).
y-HCH-degrading strain, Sphingobium sp. TA15, was newly isolated from an experimental field soil from which
the archetypal y-HCH-degrading strain, S. japonicum UT26, was isolated previously. Comparison of the
complete genome sequences of these 2 strains revealed that TA15 shares the same basic genome backbone
with UT26, but also has the variable regions that are presumed to have changed either from UT26 or from a
putative common ancestor. Organization and localization of lin genes of TA15 were different from those of

UT26. It was inferred that transposition of IS6100 had
The accumulation of toxic dead-end products in TA15

played a crucial role in these genome rearrangements.
was lower than in UT26, suggesting that TA15 utilizes

y-HCH more effectively than UT26. These results suggested that genome evolution related to the y-HCH
metabolic function in the soil microbial population is ongoing.
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L CTEER T DS THBRE RN E L, A7) —
VT EMEL. DL B A RRPRT B 72012,
FuTF ) YTROUREED, 5% LPEROY
BPEEhs.

AWFFETIL, JE4E, BBipC [#BEHRO Y =3 —]
R RO R 7 —] L U THERET 5 2 EAVRIES
NTWw5b MV IZHH L7 (Toyofuku et al., 2019; Guerrero-
Mandujano et al., 2017). ¥ 9, p-HCH 43 W UT26
BRASMV 24§52 Z2W 502 L. F/2, y-HCH
EALICZHD ABC b 5 ¥ AR — % — LinKLMN #fx T
MEERR T, BWAEKRL DV Z RO MV 2 EH L. 2512,
UT26 % ® MV 21X DNase I2 & % 5 & 221512 { v
linABIETHEENL 2 %R L (Figd), MV pulfs
T = N—& UTHRET 2 TR 2 3R L7z, 514,
UT26 #7232 MV IAETE S 2 BIRTH S, FERRIC
MBI A FNTHREET 22, MG T2 LEN D 5.
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Fig.4 Membrane vesicle (MV) produced by UT26 has
potential as genetic information reservoir. Effect
of DNase treatment on abundance of /inA gene
in genomic DNA solution (a) and in membrane
vesicle fraction (b) was analyzed by qPCR.

2. WOy BEROEERE(L

Binar CEERIL, BT Y RILEY O 5RO
EHRBBHRTHY, AT T L RICEWABENG L)
HRITERED R E, FRIAEEWE I V—TD0 LD
THbIehn, IWHNRBR»SMD TEELREHET
3% (Fetzner, 1998). T 72, FiA G ATLHIZEHK I
TN T T ACEMHPFAET B D, ENHICHE
BTy 35300 ar ViR, BEREORERM
b, & -HREEAH B BIAR OWFFEIC b # L 72 WF e B T
% (Nagata et al., 2016). ABF7ETIE, Blm s R
OWREELICHET MR ERLIILEHME LT,
»-HCHACH RICH LT i 0y v BFED S 5, HH
BEPH SN TV v — 7 2 BidE b /kEEEZE LinA
(Imai et al., 1991; Nagata et al., 1993a; Nagata et al.,
2016) &, Z L OFBPFERFMONTBY, Hak-HERE
B O fFZE 238 L 72 HLD ®—H T4 5 LinB (Nagata
et al., 1993b; Nagata et al., 1997; Nagata et al., 2015;
Nagata et al., 2016) (23 2 T 2475 7.

y-HCHACHHZBIH % LinBid, MBS AL AL, Y
FEEEDSE <, IHERREDZL LTV E W) FiEH
95 HLD ®—HTH» % (Moriuchi et al., 2014) %%, BE
H@ y-HCH 43 f# W CHH & T 5 HLD 13 LinB @ A
TH b, KWL TIX, y-HCH 75 fHH UT26 £ @ linB
BiaT %Mo HLD & % \WIZ HLD AF 0 7 # s 11218
Bl 728k 28 L, LinB U4t HLD & y-HCH 32
MY L5 e EWR L. €512, HLD @ p-HCH %
WIRRE 1T T 2 EBREMR LR L (Fig.5), F¥#Ig,
error-prone PCRIZ X ) B8 %38 A 3 5 in vitro #ELIZER
RIZBWT, EBIZ, dead-end EMZERLIC WE
W) p-HCHRHIC BT 2 s L L2t Ex 615
HEALTIEER O PRI L 72,

Yk, invivo COEBERZBEL LAY —=0 7
T B RIEERAALRIE BAFICHERE L, y-HCH &AL
%45 HLD DAL B O —ii 2 BT L TE
Lt L7z, Sk, Mo bEER O X 0 S 2
Wi, LinBRIOWEHORL 57 3 7 BIRIEO kR
PR TE 5.

AVUity 7 = =1 (PCB) /biphenyl % f# #lll %
Acidovorax sp. KKS102 # (Kimbara et al., 1989) i,
Betaproteobacteria \2)& L, &7 7 LAEH| b P T
% (Ohtsubo et al., 2012). KKS102 %o 7/ 412,
N 3K ¥ il 12 Escherichia coli K12 ¥k @ tRNA adenosine
deaminase (TadA) (Wolf et al., 2002) & 4 & 7 #H 614
/83 CDA I, CR¥mlliZ HLD & MR %2 /R 3 RlG
YU HEA—-FT MR TR WL, dahX & vk
LTI 24T o 72, BARTBIEROBT 25, KEEEO
CDA #HI I, HEH OMIHICLEATII R WD, EETH
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Fig.5 Strategy for experimental evolution of haloalkane dehalogenase (HLD) and its related proteins toward y-HCH utilization.
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Fig.6 tRNA-editing activity of DahX and its derivatives. tRNA**_A,,CG was incubated with purified DahX and its
derivatives, and the change of A, to I was detected by Sanger sequencing. Note that I is sequenced as G in this
system. Concentration of proteins and ratio of the editing (%) are shown at the top of each wave form data.

5 2 EDBYSPIT o7z REEFK O HLD #I8UE, #ré
DOIEFEMNEE AT 5 HLD iEE%2 /R L7z, £7:, CDA#H
1813 tRNA-specific deaminase {i?: % 78 L, HLD & @&
352 &, BXUHLD iM% tRNA-specific deaminase
WEPEIC B2 MITLTw B LR sz (Fig.6).
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Fig.7 Multimer structure of LinN, a component of
LinKLMN ABC transporter system. Purified
His-LinN expressed in E. coli was analyzed by
TEM (A), and 3D structure model of His-LinN
was constructed by using single molecules
observed by TEM analysis (B).
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Fig.8 CO,-dependent high-yield growth under
oligotrophic conditions (HYGO) phenotype
of Sphingobium japonicum UT26 (Inaba et
al., 2020). A heterotrophic bacterium
strain UT26 can grow under oligotrophic

conditions by expression of the adhX gene
encoding alcohol dehydrogenase.
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Fig.9 Coexistence of nonfluorescent and fluorescent cells in evolving populations. (A) Five population lineages evolved
on y-HCH minimal agar plates. (B) Five population lineages evolved on glucose minimal agar plates. Up to 5%
cells in each population can be regarded as nonfluorescent cell due to the nature of data analysis.
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Fig.10 Paenibacillus sp. NKL2 promoted growth of
Sphingobium japonicum UT26. Colony formation
of monoculture of non-swarming UT26 (A) and
co-culture of UT26 and a swarming bacterium
Paenibacillus sp. NKL2 (B) on 1/3LB plate with
y-HCH. Clear zone around the large colony on
the plate with cloudy color derived from y-HCH
particles indicates area where UT26 degraded
y-HCH. Effect of co-culturing with NKL2 on
survivability of UT26 (monitored by CFU) in soil
sterilized by y-irradiation (C). Monoculture of
UT26 (cross) and co-culture of UT26 and NKL2
(circle)
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Origin of highly specific genes and the mechanism by which bacteria acquire these genes
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To gain insight into the origin of highly specific genes that are used by bacteria in the degradation of artificial
compounds and the mechanism by which bacteria acquire these genes, studies were conducted on y-HCH-
degrading Sphingobium japonicum strain UT26. When the soil from which UT26 was isolated was re-contaminated
with y-HCH, the bacterial flora changed and the proportion of y-HCH degradation-related genes in the
metagenome increased. The y-HCH-degrading bacterium strain TA15 isolated from the re-contaminated soil had
the same basic genome structure as UT26, but the organization and localization of the lin genes for the y-HCH
degradation were different. Furthermore, TA15 may be more evolved strain than UT26 in terms of the metabolic
balance of y-HCH. On the other hand, artificial y-HCH-degrading bacterial strains were constructed by
introduction of the /in gene cluster that consists of linA to linF genes, which are dispersed on the UT26 genome,
into other sphingomonad strains. Furthermore, we constructed strains for capturing of linA/linB genes, and
mixed them with various environmental samples, but did not obtain any gene-acquired strains. We demonstrated
that UT26 produces membrane vesicle (MV), and its linKLMN-deletion mutant produces larger amount of MV
than wild-type strain. The /inKLMN genes encode components of ABC transporter essential for the y-HCH
utilization. MV of UT26 contained the /inA gene tolerant toward DNase, suggesting that MV may function as a
reservoir of genetic information.

Key words: y-hexachlorocyclohexane, genome, metagenome, membrane vesicle, evolution
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{LF DT, N LA OAREEY) (xenobiotic)
AREICHE - S h, BRECH S Thoit
FWEIL, AP RRENED T2 OIERRRICERL, b
MRBERBEICHEL T A AEMICHE R E LG R, WAL
FEEZGIERILTWD. —7, ThOWEE b5
BALS e 2 FF OB AL L, BV OBRBEEIE -
AL V) BB R BLE, BX O N ORIl Z 5
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EEMFGEE kR B ORERE R A SR AR
KIFE EAN RERFERFEGRETER.
PR W52 GRIERPAMERTLR).
B M RBERP AN ERTER).

FALICFIH S % &\ ) IS S 2B O W2 S0F7EH3
HEDHHLNTWS.

HRBEZERBRA y-~"FHF s sy v
(y-HCH) I ABEBOHIHIEWETHY, A by 7
RV AGRIT XD R ARG 4B (Persistent
Organic Pollutants, POPs) 2 b e SN, ZOHYIC
x5 % EBRA 2B A DRKD TS, RYWE % 5
% & At -5 % M B Sphingobium japonicum UT26 #k 1,
y-HCH %% 12 4E B BA & 72 H AR 0 SRR 3 A © Bl &
172 (Imai et al., 1989; Senoo et al., 1989). UT26 £ ix
y-HCH Z Mg — R FEH & LTEF L, O & 14
WS % T 28R, BLXOEWOEEZI—-FT5
lin BAR TR S 7z (Fig.1).

ARACHFRIRN BT, p-HCH I3 S FH AL & WG H
BEICB T 2 LBOHHAHMEWTHL -7 T VE
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Fig.1 Degradation pathway of y-HCH in S. japonicum UT26. TCA, citrate/tricarboxylic acid cycle; GSH, glutathione
(reduced form); GS-SG, glutathione (oxidized form). Square brackets show unstable compounds that have

yet to be detected

VBERTRHEIND. £ OBRERE A E ORH
Wz AHTH720, p-7 TV VBT OB y-HCH
SRR KB E EZ S5NSE. p-HCHD -7 T
Y U ERANOERINL, LnA, linB, linC, linD, linE, linF
B TA 32— F9 % LinA (y-HCH dehydrochlorinase ),
LinB (1,4-TCDN halidohydrolase), LinC (2,5-DDOL
dehydrogenase), LinD (2,5-DCHQ reductive dehaloge-
nase), LinE (CHQ 1,2-dioxygenase), LinF (~ L 4
)V R reductase) D6 DO DB BEENLETH 5.
LinA O BB R K, e sk o Tid
y-HCH, y-PCCH, «-HCH, 6-HCH!ZxF L T A
AR S, B-HCH R MO & 723 FLEwITI

G %R & % H o 72 (Nagata et al., 1993a). % 7=,
LinA 32 1 7232 Tid e <, BUEEE O ®mE
Wi L, FFRESEWHIBOBEILKEREZEEZON
B8, SRR R BIR D O FUSHEREDSHH 5 202 7% 5 T
W % (Okai et al., 2010). LinB | a/f-hydrolase fold
family (2 & 3 % il K 5 M%TT%U(M@mdm

1993b; Nagata et al., 1997), MEIZIA L FHET B BT
VA FEar ) —¥ (HLD) ®—H TH 5 (Nagata et
al., 2015). —MMIC HLD (33 AL £, 4
AT ALE Wk 2" L, LinB b «-HCH,
B-HCH, 6-HCH 7 £ HCH MM BN b, Hix 7%

HEoar AeEwicxt Lg% /R 3 (Nagata et al.,
2015).

UT26 #1%, y-HCH O%EEG N RETH 525,
WFECTHE 7 dead-end FEWTH 5 1,24-F) s ooy

v (1,24TCB) & 25-Y7uu7x/—) (25DCP)
41U 5% (Fig.1). 72, linA, linB, LinCIIHERLHYIZ
FHLTWwb (Nagataetal,2007). X512, lin#fzT
BT APICRAEL, B FORICHEET 2 lind,
inB, linCid+~a > LT (Nagata et al.,
2011). 77 A 3 ¥ pCHQLIZHAFAET B it A ek s it
=¥ linD, linE\Z+~XaryzgkL, BEICELET S
linR 7532 — K3 % LysR ¥ 4 7O HI#IKN 12 & 0 J
BiFE %5217 %5 (Miyauchi et al., 2002). linA, linC 3
X UnRED 7 7 A ¥ — OB I3 AR 1S6100 73
FAEL, lin BIETHOBIZWARESOEER L 2>
Tw5 (Nagata et al., 2011). 2D X 912, UT26 %D
y-HCH X RS ER 1L DB BEE DMK <, B L TR 2w AR
WERTHLILERBILLZLOEHERLTVD
(Nagata et al., 2019).

UT26 %A D, p-HCH % 5 RE L3 2 Ml kA ik
REMOBELEEE, LS N TV 525, SRICEET
LFEBET DRI E T b p-HCH 5 & AL 1 13
ZIFETA7 4 v TEF Y FHIEHICET 2 (Laletal,
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2010). X7 4 ¥ TEF v FHIET L Alphaproteobacteria
BT 5277 ABHET, SHEICY REHEZ 729712 A
74 v IRHRE %=+ (Kawahara et al., 1990), Z%kk7%:
W R E O REE AT AP RSN TWE Z &
o, BEMICESEWEABEEZ AT 2MEEEZ X
5N T3 (Stolz, 2009). K4 DFFZE T IV — 7 i
UT26 #RIZ 2 T, p-HCH 53 1% & AL M i Sphingomonas
sp. MM-1 ¥, Sphingobium sp. MI1205 ¥k, Sphingobium
sp. TKS ¥k a7 7 A FiH) % s¢ 4P L7z (Tabata et
al., 2016). 5 DOFkIE, 16S rRNA LT OFFTIC X
D, HWISRHEFWICH 2 REHENL TW 575, y-HCH
SREIZBY LT, UT26 ¥R D linA 5 5 linE & 1212 —
DOBEFEAHT S, 2o ik, F—iEiHoyp-HCH
SRR R RN E 5 20T % L, BEOME
BRANZIZE — D p-HCH AUH IS 2 [HiskE(sT] %
AR L, p-HCH 73 @Ml AR A3 R A& 3T [A212 ] 3
EL7zZe 2zl mgd 5. 72, RHBEEET Y
12, UT26 #k® y-HCH 73 f# & AtIZ13 linKLMN 5% 2 —
F$¥HABCHI YV AR—=% —=HWUHTH 5 (Endo et
al., 2007). linKLMN & %Ew 7%, o> y-HCH 55 4
DA% 59, p-HCHO R Z TR WAT 4 Y TF
Ty FRIZOAFEINTBY, A 74 v TEF v FHIW
M2 7HGEE LCAH T 5 p-HCH IS LB R H T &
%2 5N Twb (Endoetal,2007). T74&bb, WMk
BEEWE R 2 FOMBRSHREO SR Z I — F 7
5 lin A= T2 A5 L, KM% p-HCH 2 % Ml &
Sphingobium japonicum UT26 ¥k THEW] & 72403 % M
Ty-HCH # 53 fR& b5 £ % 2 515 (Nagata et al.,
2019). —J5, K¥ko y-HCH 5w kiZ, UT26 ¥R
K2, (1) lin BIZTEEDSY 7 A CHAE L, BRI
TE9 53 ARCH 1S6100 DR THRIZMICALETH D,
y-HCH 73 f BALRE DS & A S e v, (i) y-HCH AR,
A B W CTdead-end EW T H 5 1,24 TCB &
25-DCP AL %, LWV BEIEDORTHE %2l RIET
LR AEA LTS, SIS y-HCH 23 B ik
DOEFRFE~NDILH R, #@faTFv 7F v ) v 7 OmEE
ELTCONHOBICRIEE 2 Y, KRB EL Y ZENOR)
YL y-HCH /&AL HE % 883 2 i 2 MR 0 F
FEEENS.

WA B O R EAS T A5 B EK T (mobile
genetic element, MGE) Z3f > THUAMERIEIET 2
CLIFRALNTWSY, Thbid, FEELEWNR
WHROBETVHEREZMR 27 FAF =L v [y
M ELTERTEF—ANITLAETHY (Tsuda et
al., 1999), y-HCH 7z o L5127/ A L
T D EETHENED X IEET L0, T2,
Z b 2 O REBRIE DD TR\ linA OFIFIZ DOV TId 4

CRBUITH D, ZDX I, ANBRBEOHRWEIZ X
B BINEN X - THIR OB BE DS EL T2 2 213 H i
RSP E VR DD, ZOEEEIZ OV TEAW % DS
V. EAE, TR, STERER T AR O
HHEA, IR T K ARIEOBEEAGD THEH S Tw»
5. BRENEYWE ORI BWTYH, MREE TSRO E
TED, DTFOMEASEHMINTY S, (1) RHMIC
LRI T8 % VIZBIZ T2 7 A7 — S B 12 5E
WL 2 S S 2Bk RS Tw 3
(Whyte et al., 2002). (i) [ UG5 % 53R C & %38
WD 53 AR T O Rt BIFR 1346 32T @ 16S rRNA 1%
FORFEEBRE —F%L T i Wvw (McGowan et al.,
1998). (iii) M REETH D VIEEETZ T A Y — L1
FHEDOT ) LD GHCERFIIW S I2EDH S (Fong et
al., 2000). (iv) {55 3R IR FAIMGE FICH#E T 5
(Top et al., 2002).

N E TICRE S N BREEG G B AR R IR T O
% IR AR S N7 RWAREIR TH 275, HIRBRES
H OB D 99% Ll I HEERE RS E E 2 ST
B9 (Amann et al., 1995), N5 QR MEMAYIH
ROBIETEFEORIEEAHOMEFEIN TS, Top 5
F24-v7unu 7/ ¥ VR (24-D) 57T 7 A3
N pJP4 @ tfdA AR F 2 RK S, U T 7 A I FRA
HRIZ & % 2,4-D 154 L5 & O tfdA BT ORI D)
LCTw5 (Topetal,1996). F7z, F41%, UT26 ko
linB Wi¥ikk % y-HCH 15 3 T3k OMIE £ R L RA L,
linB% #3575 A3 FpLBl %45 L7 (Miyazaki et
al., 2006). TN 5HOFNZ, BREEIZBEWTHEWE O
R AL 1 DKk % 7 MGEs ICH#ib TR L, #AEm o
HHE T 25 - BALICKECHEBLTWwWA 2 b
i RET 5. Tabh, #MiZ, 29 Lz e A
LCEREPOBETEREIATLI LR THL L
EZbND., D) BEETFOFY TF ) v 7IEE
2 B TRERIICAT 9 (1%, A AL o B 3 (5
FERERFET 0L, BNl ARMBOFH»E
Ins.

HEREARVEMITN & 2 S DRI B BETF 2R 5 F
L LT, EE XY APV TWS, R
FHTIE, Witkr HEEERT 2 BRI, RERR
HHVITHEERA»SEHES 2 ADNAZHIL, ¥ —
U ARATH. HCHEGHEIEICH LT 2775/ A
fENT A ST 5. Sangwan & (2012) 1%, HCH i#
J£ 5% 450,000 ppm & V29 FEEITE L NV DTG TIED X
Y5 MENTICE D, ABEBETIIHCH MR AT 5
kD W5 B D B B Pseudomonas I&, Sphingomonas J&,
Novosphingobium J&, Sphingopyxis J& 7315 W E & % 5 o
TWhZ e ZMW LA /2, HCHEIZ X % EiRE,
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BIVKBEOHRTED X 57 20h OWGEE T O
AR AR 2 J U 7oA R, iR TG 4 18 T3 lin AR
THOWRTDY linA, linB, BXWPUnCHh X Y%L HH
EN, Tl ln@ETHDCL, HERILEWAH
RA MU AME, EHE - BEICEDLE Y T B x
A—F 32 BETOFETEHENHLNITHE» - 72
(Sangwan et al., 2012). S 512, EEEHYLETIIK
HLZICHET 25T DL KCAEL, BHBBRIIBWT
BRI (genetic mobility) 25 EH L TWwW5A I &
AR I NIz, B, HCHEWGRTIEO X 5 7 ) L7 —
% 75 HCH 73 1% % {L i C @ % BIOA #k & UT26 th
Je Pk genotype D A A A SN T 5 (Sangwan et
al.,, 2014 ). HEEE S L7z 56k @ genotype D H 4 X1
BOOAKEB L OUT26 D7 ) A4 XX ) /&L,
Z O linA & linC % KFARIFIS X o THER L 72
EEzZ N/ 72720, HCHERLHEOREEN 2 2 ¥
70 AENTIIATONTE 5T, HCHIHHIZL ) Lo &
) GIRHA T — VTR Y 7 7 APE L T LD
0, TOEEMFEIIAHTH B, ZOEEMFEDOTIZ
X0, HCH5%:& HCH 5f# 2B 3 % 15T R Rk D
BIfREMHT 52, BXU, BERICEEICR70
AR D HMEE KL OV 2 AEITICE D, SROSWHRO
HCH IZK 3 % ) - LR 2R3 5 2 &R S
n5.

y-HCH 73 fRMI B 1S D ThE 4 2 gE 3T b T & 7:
B, lin BIETHPRERTTED L ) ICHERET 5001
KHHDEETHD. CNETOTREAY T ) I 7 AD
FZeIc & - C, EY© DNAZL$ L b kYl k
D7) 2E LTHAELTWS EIZRS T, Mlst ol
PHCIFHEL 720, SRR AR SIS L 72 R A
LTwaZepmbonTsY, Mgt DNA LIFIEN T
W5 (Nagler et al., 2018). T 0 X 9 Lt ILa W4
LA WA G L7z DNA IR AR S IC e B 2 L8
M X Twvw b (Levy-Booth et al., 2007). I 2 13,
DNA R L OBKL T, N4 F T A NVAR AT L
YRY NV (MV) CWET B L, WERNZEICAFIET
& % (Agnelli et al., 2007; Nielsen et al., 2007; Vorkapic
et al., 2016; Schwechheimer and Kuehn, 2015). 25
DR D, lin BAZFHES BRE P B VT S A O 5
WA LR CTHEL TV AR H 5. JFICK
WrE T, &4, BEEP T [EREHRD ) F——] R
[KPARIEDO R & —] L LTHRIET 5 2 &R
TWAMVIZEHLZ. MVOBEEIZOWTIIMA ¥
HERH DN, BB L Z20-400nm TH 5 (Toyofuku et
al., 2019; Guerrero-Mandujano et al., 2017). MV IZ/45E
FUNRTE, RVTIFTANY YN0 E, HEs 57
B, W, MRAEEE, PUE, 79 A3 FDNA, JfufkH

k@ DNA Wi}, RNA 7z Ehk 4 Zfild N 2 We LT
BY, oS EMBEANIGW, &2\ I
#% L Tw5 (Toyofuku et al., 2019; Guerrero-Mandujano
etal,2017). %72, WETHLEWORRLEEIIEH
FMFRIRBIRICL > TEILT 2. 50N E MV
X, MAEMORWMTY AT LADOEDTHDLEEZLNT
W% (Guerrero-Mandujano et al., 2017 ). HMIBLAMZ i H
SNHEEWIEIMVICHESIND 2 & THF? HIRES
N5, BIZIEDNAIEMVICHEENLS Z & TDNase 2
X259 S R#E SN S (Rumbo et al., 2011). F 7z,
MV (& AR 3 W @ i 3% DLAR I b 8 AR T 0 KR 3,
77— TV ORBRGH, MEE I 2= —3 9 v EM
WOAREIZL S BS LTWwa. MV %4 L 72K PRk,
PUEWE A VSR L DEBIEF 25877 A3 B
MV % A LU C I P B 1288 B 2 & A% Acinetobacter
baumannii R THIO TS X 7z (Rumbo et al., 2011).

FIEF— D lin BIaTFREZRFF L, EEOHLHL S
H#ELL72% 2 5N 5 p-HCH 73 IR FE AT HLE S T
BHH, TNHHKD y-HCH EALRE & G, KR
TTHhBEEN TR, T2, KIRO p-HCH 5 H
i p-HCH U ~DOBEILA T 5 TH ), BREEEHIL~
DGR, BETFXY7F¥) Y 7OEEL LTOFH
DOBICHEE 5. —J, MLk, E2hn k)
WL lin BInFRE2ER L2 MKKRE LTAHAHTSH
. EoWsalT 2, AWRTIX, SRESREL
MR MO BT X KR ER T EIROBRFH 3%
DS WAz, (1) FEEREBREET T y-HCH THHG 4L
L7882 % p-HCH 53 fRM i o =1 - B o
AT, (i) RIRFR & D LD RNZM I p-HCH 53R E AL
HE & FEHE3 2 Ml 2 bR O ERE, (i) BREEAE O 4%
HMEDE N lin 85T TH 5 linA & linB OWREE AT 5
BT EZIET A L2 BRI AEE Lz 51,
(iv) y-HCH 43 f##1 H MV O & (B D ) F— N — &
L CoOMEEIZOWT b E L7z

FERTT

EREFRIET C)p-HCHTHBBERIELA-LEBIIH TS
y-HCH 2 EEHEE D2/ - EREB DR

y-HCH % 53R &AL 9 % Ml i bk Sphingobium japonicum
UT26 #RASH Bl & 72 138 (Imai ef al., 1989; Senoo et
al., 1989) = N LRI y-HCH CH{EYALL, A&7/
LRHTIZ & 0 BEEFIZ p-HCH O FAEIC & A T b oy
AR p-HCH 530G IC B 53 2 BIn F O LB &
BigE 7= AiGRes (DU TH &/ &, 1973 457
5 2008 4E 6 A £ T 10ppm ® y-HCH % 4F 1 n| H3E 1% 5-
L7z, 34EHDBEIZE WO HEEDBIS S, 1986 4E12
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AR AR D & SEFERAE 2 158 T UT26 RO Bk Ak A3 Higl
EN7z (Imai et al., 1989; Senoo et al., 1989). F 7zI8+
B ) HCH I YR d e\ > b o — L 3% TC &
L7z, AWFZ2TI1X 2009 4F 12 AICERELL, -80C THiHG
PRAE L 726 O & WEHT, ST —MuluE L <Rl S 2 Cfilf
M U7z BREUE: 5 o> TH Tld p-HCH 32 BE A3 H T B R
WCTHY, y-HCH A MBE OBE DR Z 2 bz,
TH % y-HCH CHi{E Y3 % = & C, p-HCH %412 bk S
lin B #BZ TR OB)EE MR, 77 AROERIC
150g ® TH# # L, L3 ®y-HCH % I % 1,000 ppm
(TH-L) #F 7212 10,000ppm (TH-H) 2% % &£ 9 I
y-HCHZ®EM L7z, HCHZ FRIML &2 WTHZ 2 ~ b
°— )& L7 (TH-C). TH-L, TH-H, TH-C % W fr
25CTHAEL, WA TEL DERIL, HCH REENE
XY AT L 72, 3 (TC, TH, TH-C,
TH-LBXO'TH-H) 250 * %% 7 2 DNA OHiHIc X
DNeasy PowerSoil Kit (Qiagen #1) % 27z, 13z ¥
TILDNAODY ay N Y= ADTATF1) —
(insert size 350 ~500bp) Z{E# L, NovaSeq 6000 (A1
VIFH) Iy b T A —2ICT, F—FEI15Gb L
I+ (150bp, pair-end) %5 X HI2vy—4 v AL %
B TNDY) — FF—=F1ZDOWT, Metaxa 2 version2.2
(Bengtsson-Palme et al., 2015) % JJ\»C, small subunit
(SSU: 165/18S) rRNA A F D) — F&EFM L, Rk
VA v ERIToN F2A5 ) L) — KO y-HCH %
it B I 3 AR T linA ~ lin] B X ON¥ A RS 1S6100 D
tnp DIFAERZ T L 72, UT26 kAYE T % Bt (=T
DT I BRI E T =5 R=AIZ, A¥FT )N —F%&
7 TYIZEGE L, BT 217 - 72, AHFEEEETICIE,
BLSTX & 9 & &3 CREHT AT RE 2 DIAMOND % i f] L

7 (Buchfink ef al., 2015). DIAMOND ®7 7 # )V b ®
TS NZY — FIZxF LT, identity 98% UL E, 7
IYHINLy V%LU LEDObDELY Y —=FELT
3L, FEETICE Y PLZY —FEZTF—FRN—2
HOET IVBORSTHRL, S5612% Y 7IVHOFELE
BEKT 272012 b= L) — FETRL, Zhz%
BIE T OfFAE R (gene abundance) & U C LA L 7-.
y-HCH 43~ A 300 0 ik 0 A2 7E O T 5B A% 5 0 3l A
5, y-HCH 4G W Ak O o 2 4T - 72, 1543
DB % p-HCH & & L RERFE M HAE L TR L
au=— {8 y-HCH ok 7)) 7 —
PR L7k MR BE L 72, HBEL 2Bk 9 B, B
FREHERE SNIARIZOWT, AW K OG- T AR A0 7
fEMT 24T\, UT26 #k & R L7z, #illitkoaer 7 sk
ETIE, ANVIFHICEEYa - )= Y=L
Oxford Nanopore I2X A0 Y 7 —RK¥ =47 Y A=&b
BN AT)y KTy 7)) =R L.

yHCHKBBEREFFALII X2 —&FAL XA
HENEBEN-ELAEOSRE

y-HCH % &5 J5 & AL & W AR 12 B 1) 2 Ll o
FRRHEWCTH L -7 VTV VERIZE TERT S
## (Fig.1) 25y-HCH MR ICHRN LN EEZ bR
5728, AREHBEILLE S inA D5 linF O 6O O
FREBEFR2ENTANL lin BB 27 7 A —2FR L7z
(Fig.2).

Ko 5 AY—"TIX, y-HCH #IFE5 KIS % fill i 5 %
LinA O G EAKE RS IR 3 % LinB O & ) A3y
iwnwe, X% Ddead-end ¥ LD Z 2%
BL, linBLlinA% 27 5 A% —DEHERBRBIZZEN

pSLa2 1 linB )1 linC___ A linD Dl linE Dl linF T, §
ter
| | ] | ; ] ' ] | I
psLaz M linB N linC___ linD S| linE N linF M iinA W
Pu ter
pSL44 H linB D! linC A linD A linE | linF . T, ¢
Prpm ter
pstss M linB )1 linC____A linD gl linE Dl linF Da 3
Pu ter
pSL63 H__inc finD A inE linF YIS 3
Pu ter

Fig.2 Construction of /in gene clusters used in this study.
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ENEHE L. T, HALLY 9AY DB, N
75—t LTHWARMGE T A 3 F pBBR1 MCS-5
(Kovach et al., 1995) HEDOTOE—F =05 D%
ZHIEREEL, 7525 —HATEMBED LHIC
Tl ¥ —3IA—%—%#EAL/TF A3 FpBBR5T & 1F
72, W2, pBBRSTIZZ 5 A % — %3 A LT pSL42
YR 72 (Fig.2). & 512, pSIA2 TIX, T1 % —3 &2 —
¥ =Tl v — DNARHIZEALTBY, KAEH
ZRALT, MOHERKIEH T o€ — % — P, (Nagata
etal,1999) &, FWHEERMNFEE 70 € — 4% — Py,
(Kaczmarczyk et al., 2013) Z3EA L7277 X3 FaAE
WL, ZhZhpSl43, pSl4d L% L7z (Fig.2).
y-HCH 4335 M o 354l .2 13 M i 85 & L C ECD % 254
LicHArux 7574 — (GC) V. T/,
y-HCH &L gL, 1/10W 24535 b (Inaba ef al., 2020)
\2y-HCH % 750mg/L & % % X H WA CTIER L 72
p-HCH B AB HIZ Bk Z ARy P L, 30CTHELT
L7z (AKY v T v kA).

REABDP SO linA $ S P linBHREEH § 2 BTN
BSDOR A

UT26 BRI 7 Vva— v 7Fe Fesrr—¥xa— 735
adhX BARTF DO EFEBIIIRAE TN X JrF IR IE TN A%
AR TOEFAWEE L 72 5 (Inaba et al., 2020). A
ZEARAE BT LRI S B CHE 2 A 729, p-HCH 7 L —
FNCOEFLBEICHERE A7) —= v 73 B0k
L %D, I T, UT26 FRHIRD linA % /K5 172 YO5
¥k, linB % KJ: L7z UTDB2 %D adhX i34k % pAK405
(Kaczmarczyk et al., 2012) % H v 7-HREMIE 212X D
fE# L, ZhZNYOSDAX ¥k, UTDB2DAX ¥k & i 44
L7z, 8518, F¥7F v ) ¥ IROBEH B LS
£ 912, YOSDAX #k O linB # Az F ® F i\ dsRed2sj,
UTDB2DAX # @ JC ¥ TlinB 23 £ 78 L 72 &8 AL 12
2sGreenlsj 1 AL, Wy 87 B 2R IIC Bl
% YO5DAXR # & UTDB2DAXG #h & E# L 7-.

TR E LT, FIRIE o RERERY o IEH G T
yHCHZ®M L, 24D Rl Lo 28 (H28) &,
G (C 1) 2w, RbEEMIF7EE <l
WoOLER TOREBOMIHEZ B L L7k 4 207 E
bhTBY, MEAFEREN TS (Nishiyama ef al.,
2010; Nishiyama et al., 2012; Nagata et al., 2014; Nagayama
et al., 2015; Kato et al., 2015). YOS5DAXR k% $:4 L 72
H 13, Ch#iz ZzhZihHY, CY, UTDB2DAXG #
ARML-H I, ChErZEhFNRHU, CUL LT

yHCH R DO A 7 1) —= 7%, y-HCH FERE: #h
B R B AT L, AR ECTAFL, EICZ Y TV —
VERBRT A a0 — 2@ L7,

linA, linB% ZNENEET o Vilin B TANLY I A
¥ — P, 7HE—F — R B L2 inARKT T A3
FpSL53 &, linBRY%7 5 A3 FpSL63 #E# L 72
(Fig.2). N5 % Sphingobium chlorophenolicum 1-1 ¥k
& Sphingomonas sangiunis IAM12578 #% 12 & A L,
L-1 (pSL53) #k. L-1 (pSL63) ¥k & IAM1578 (pSL53) #%,
IAM12578 (pSL63) ¥ia fE# L7z, T SRRIC lind 563
75 A3 FpKSLADH 5 W idlimBHEH 75 A I F
pKSLBH # & A L, &z M & % p-HCH &1L#E
ZHERR L 72,

y-HCH 2 &= F MV DERER) Y —/N—& LTD
HERE

UT26 BROR R LS, 0B X O A Bl O
(10~45% DA F Y FH 7 —)b) 12X Y e MV 5%
T L 72, MV O R0 = 12 ISR — B S 1T
LMY 5 E6M6FE (FM4-64 £ 72 13 FM1-43,
Thermo Fisher Scientific 1) % 37z, & HICWHTE
FN DR TR E ORAEGAT R WET 5 L3k, Elil
BT HEMEE (TEM) TEIZ L. MV IS lin B
HETA23I—FT5DNAWH SHEN TV SRR
720\, W R L L7z linA B X UVIS6100 KR L
L7:PCRZ4T\>, EEW O YR % BAKE) THER L 7.
512, T OHEIEAY MV-associated DNA (MV 125 F
7ZIINE S NIREO DNA) Hikz o2, £hlsto
7 1) —DNAHKZ D) %E#M~7. 71 —DNAZKE
9% 72912 MV 4% DNase JILFL L, #®FE, DNase
WLEE L RO > 7V TO DNAROZEAL %, linA 4
W77 94 ~—% T qPCRTHHT L7

RikB L UEE

EBRFEBET C)HCH THEREL 21 BICH 3
y-HCH A EMAE DB/ - EWE B DREMN

y-HCH {54 i A%3 %5 TH T3 % BBialpl & L7z o
FPRAEL7- TH 132 Bl L, p-HCH R % Jll % L 72
M, R p-HCH TR LT TdH - 72, 10ppm @
y-HCH @ 4% 1 [l ¥ 5 D $AE A3 5 . 1247 b 4172 2008 45
6 A7 5 2009 4E 12 H % TIZ y-HCH 28 F55 4TI 50 X
Nize#z26N5. £/, RRA¥SMTCFUBEICX D H
AT L2E A, a0=—%2 T 2 M H R
3 BRERE 1 H H Tld 7.4 x 10°CFU/g soil, 7 H HTI% 5.25
x10"CFU/g soil TdH - 7.

y-HCH T75 Je )3 1 % 1000ppm 2 7% L 72 TH-L -
3, 10000ppm \ZF¥ L7 TH-H +3%% 0 H H, 157 H H,
230 HHIZH > 7Y v 27 L, p-HCH DR %M E L 7-.
ZORE, W40 HH ®y-HCH #2 & # Z & TH-L T
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1,313ppm, TH-H T 9,994ppm T, FITHFHMEHE D TH -
7z. TH-L ® y-HCH # 13 157 H H 2 18ppm, 230 H H
\Z3ppm F TigA L7-—7, TH-H® y-HCH % 1% 230
HH# - T 10,000ppm L NV 4R L, B3 72084
BBl shieh o7 ZOKRIE, ATEEIZ)-HCH %
SRECEDMAEMIFEL TV LDS, IR ICHEIRE CF
e L723A121%, p-HCH O 4R 33 & 5wl gtk %
RIES 5. 73, TH-C D yp-HCH B M R E LT
ThHolz.

TH 3 F OV F %G 4 bl 46 2> 5 157 H H © TH-L,
TH-H, TH-C 1355 X ¥4/ ADNAZEXL, ¥ 3 v
FH Y Y= Y AT X o T y-HCH AR #C B B 22
y-HCH 25 - + 7 V€ VBT TORIS % filt i § 2 1§
F WAL T linA~ linF K O°1S6100 D AFAE 5 % f8HT L 72,
LR Oy IV TIE, &TIEY) — UL, A
15Gb UL ko 7 — & 4% T & /2. Diamond % H \» 72
blastx T % 417 - 7245 5%, TH-C ko 2 % 477 2 DNA
513 lin AR T K OV 1S6100 13 T &3, THHED
A % % 7 5 DNA TlinA % 1read, 1S6100 % 2reads
WLz Zhex LT, p-HCH 2% L 7z 13 TH-L,
TH-HHKD 2 %% 7 A DNAH» S I1E% L Dbz
F-Dreads MM TE 72, HBELRTOT I 7 BERIEES
L OEFENY — PO L L 7B T O EA % Ik
L7z, 157 HHOTH-L & TH-HT, TH-CX YIS
A A lin A5 1 &£ 186100 D FEAEE G H e L, 72,
TH-L &}, y-HCH 25 i EE 7N & 1172 TH-H 0 J5 %
INOBET O G E -7z (Fig.3).

60

50

40

30

gene abundance
(hit-reads/total reads/length) * 10°

20

10

TC TH

TH-C

y-HCH O T3 T y-HCH 23 Ml o e b B L 72 &
RIEEND. BHERy-HCHAG MRS I N dh o /2
THHTH ChS#EETIETHLE Y HMLCTBY, 4
BRI y-HCH DRI 2T etk b E 2 b b,
F 72, TH-H Tl linA J% U°IS6100 DA AE w23 #H3E 2 L
AL Tw/ p-HCH R OIS ST TH 5
linA &, y-HCH A BIZF O KPR ZICERE 2%
ExR7TEEZ LN TS IS6100 HSHFFEITHM L T
W5 Z &iE, TH-H 18T 3 T HIZBEAE o 55l 3 ik
DI L 72D T3 7 £, y-HCHIZH L CHEENIC/EM
9 5 RIS BT OWIE & K PARIE AT p-HCH i E AR
RIS T L T D S L R RIET 5.

TR O RBAE Z RHT 2 720, & TIERE
HED R %75 ) 55 —F12k LT Metaxa2 I2 & % fi#
W& 47> 72. 9, class L NV ¢, TH-C, THI,
TH2 D2 K& #EWIZ A > 7228, TH-L & TH-H
T & Alphaproteobacteria #i <> Actinobacteria W %% <,
Acidobacteria #73/V 77> - 7z (Fig.4a).

E 512, family LX)V TliE, TH-L & TH-HIZBWT
Sphingomonadaceae ¥+ DA H G A TH-C, TH & HiK L
THF\ZEH > 72 (Fig.4b). %72, Sphingomonadaceae
Ft o genus #L)% T &, TH-C, TH T Sphingobium J& ®
HEPEFITEKN LRV TH o727, TH-LE TH-HT
1% Sphingobium J& D EEASE M- 72 (Fig.4c). TH-C T
13 TH & class B & O family L NV TldIE & A B2
mirolzZl b, 25T, BETORMOA v F2—nX
ary THIREALRKEIILILL ZnweEILNS. —T],

| /inA
linB
W /inC
linD
linE
W [inF
u /inG
B /inH
linl
u /inJ
[@156100

Fig.3 Gene abundance of /in genes and IS6100 in the y-HCH re-polluted soils, based on diamond blastx analysis

of the shotgun metagenomic sequencing data.
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B Unclassified
0,
100% m Others
a 90% Anaerolin {-}a e
B Cytophagia
80% B Spartobacteria
. — ® Chloroflexi
70% T | B OPB35 soil group
o _ m Nijtrospira
60% = Bacili
o Acidimicrobiia
50% m Clostridia
40% u Sphingobacteria
B Gemmatimonadetes
30% m Planctomycetacia
o B Themoleophilia
20% ® Deltaproteobacteria
10% Gammaproteobacteria
B Betaproteobacteria
0% B Acidobacteria
TC TH TH_C TH_L TH_H m Actinobacteria
B Alphaproteobacteria
100% m Unclassified
b o m Others
90% = Anaerolineaceae
Pseudonocardiaceae
80% mHaliangiaceae
EPolyangiaceae
70% ® Chloroflexaceae
B Gaiellaceae
60% mBurkholderiaceae
® Rhodospirilaceae
50% Nocardioidaceae
m Acidobacteriaceae
40% ®Hyphomicrobiaceae
® Nitrospiraceae
30% = _ mBradyrhizobiaceae
B Micromonosporaceae
20% - — ] - - - ® Xanthomonadaceae
—_— ] - Chitinophagaceae
10% mComamonadaceae
0% ®Planctomycetaceae
TC TH TH-C TH-L TH-H B Sphingomonadaceae
100% .
c u Unclassified
90% u Stakelama
. ® Sphingosinicella
80% m Sandarakinorhabdus
B Zymomonas
0,
70% Blastomonas
60% m Sphingopyxis
u Novosphingobium
50% u Sphingobium
40 ® Sphingomonas
o
30%
20%
10%
0%
TC TH TH-C TH-L TH-H

Fig.4 Taxonomic composition at class (a), family level (b) and genera composition within the family Sphingomonadaceae
(c) in the y-HCH re-polluted soils, based on Metaxa2 analysis of the shotgun metagenomic sequencing data.
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TH-L & TH-H TldZ 1 < HCH 4/l i 23 % o i &
LT\ % Alphaproteobacteria # Sphingomonadaceae F+ @
HEGOBMABIZE SN, FRITTHLUHE 5 T Sphingobium
BOEENEINL-Z &5, y-HCHiGHIIx LTE
\Z Sphingobium JENFILE L TW5b LR EINS.

y-HCH ¥ {5 4« fb#% 222 H H ) 1" 239 H H » TH-L,
TH-H T35 5, y-HCH £ K5z #h 12T yp-HCH 53 3 %
DIETHL 7 )T = VIR THEET 2
BHEE L7, Tho HERRo 16S rRNA @5 T O3 LA
Fik, UT26 %D b D & 99% L F o identity & 78 L 72.
S5, INLHEKRD ) boRFEE LT, TALS #O
7 LECHIPLE % P L7z (Kato et al., 2022).

TA15 ¥k & UT26 #kD %7 7 2122\ T, TA15 #kid 16S
rRNA B2 T O X FEBCH] 25 UT26 kD b @ & 100 % IF] —
T, 520NV T3 EFL Tz (Kato et al.,
2022). GenomeMatcher (Ohtsubo et al., 2008) %

THB L 72#% (Kato et al., 2022), TAIS D 5250
L7 3 d—3BICHEM - A - REDHEE S N2,
UT26 %D &5 1 e fufk, # 2 4«ffk, pCHQ1, pUTL,
pUT2 L i TR WM Z /R L7z lindtfn TR &
1S6100 1275 H L CLelg L 7= 4548, TA15 ¥Rix, UT26 #k
I1Z[ — @ p-HCH AR MR T linA 52 lin] % 4
LTw/z, LaL, UT26 % TidlinBH»1a¥—Tdh5
DR LT, TAISHKRIF2a¥E—F LT 7
UT26 ¥k Tl lin T HED T ) A EICBAELTWBED
W2 LT, TAIS ¥R T linA & linC DRLEDEL, &5
2, FRARHROBIET 2 9 A% —UinRED 575 A 3
FTid7 <, 190K 0 linA, linC 3B IS A4
LTw7z (Fig.5).
TA15 # @ y-HCH D 53 f# g 12 2w T = 19 7 3t &
1T- 72 (Kato et al., 2022). fKiE:EE (10ppm) y-HCH K5 it
2B\ T p-HCH @ 53 3 EE % Pl 32 L 7245 %, UT26 fk

e N\
1S6100
1S6100,1S6100  linKLMN |s|g1¢1)0
pCHQ1 6100
(191 kb)
linC, 1S6100 pUT1
156100 (2kb)
linRED |sa100
linGHIJ
. |ss1oo
1S6100, 1S6100, linF; linEb pUT2
Ch 2 (5 kb)
(682 kb)
linB 56100, linA, 156100
A\ J
4 N
TA15-1 pTA15-2
p @ 1S6100
pTA15-3
1S6100, linBb, 156100 186700 (5 Kkb)
linGHIJ
1S6100, 1S6100, linF; linEb
linKLMN Ch 2
(682 kb)
inRED, 1S6100, linC, 1S6100, 1S6100, 1S6100, linA, 1S6100
linBa
G J

Fig.5 Localization of lin genes and 1S6100 in genomes of UT26 and TA15 (Kato et al. 2022). Specific
lin genes (linA, linB, linC, and linRED) for the specific pathway for y-HCH degradation are
shown in bold. The distance between genes in the same replicon reflects the actual scale, but the
size between replicons does not reflects the actual scale. Plasmid types of pTA15-1, pTA15-2,
and pTA15-3 are those of pCHQ1, pUT1, and pUT2, respectively (Nagata et al. 2019).
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A5 FRBA LG 30 43 OIS 5T y-HCH % 90% DL 430 L, 60
43 Cy-HCH 2 13T 450 % L 72— T, TA15 #kiZ 30
55 TH50% D p-HCH L 22323, 5% @ y-HCH & 58
RS % DIZIEK 180 73 Lh B - 72 (Fig.6a).

bbb, TALS ¥RD y-HCH M #H#E1X UT26 ¥k &
EAoz. LAL, &g (50ppm) @ p-HCH 57 HLIZ
BWT, p-HCHRH #® A CLnAWGH 23 cHEL 3
dead-end W D 1,2,4-TCB &, LinAiiik & LinB Gt T
H U % dead-end BEW D 2,5-DCP DB 2T Lz &
2%, TAIS¥RTIZUT26 ¥k & D \»9'1 o dead-end FEY)
DOEHERR LV Hh o7z (Fig.6b).

VI, TH +3%® y-HCHIZ X A TGS X b, y-HCH
VWZRS 2 IR 3 e OF p-HCH 43 B i (= - D £ Bl
FEIST 5 LI, B4 p-HCH 4 A1 B TALS ¥k %
YT & 72, TALS MRiZ, y-HCHACHBEIZ BT 5 lin &
BT RO - AN ERBNT Y ZOBED 5,
UT26 FRIZHAT [H#LE] THLWREEIEZ HNS.
272U, WEED T ) WSR2 a5 % FERNIRAT L 724 38,
1S6100 D= X 1 [UT26 MDA S TA15 #R O
WEICEAL L7z 7] 220 TR <, [TTALS BROMEED S
UT26 BRI L7z 7 FF ) S AEFE L, WAEIZ [ UT26
7 & TAIS FRICER L72] oTid 2, WMHFIZLED
FATRIMED» SIRE LR TH D EE 2 515 (Kato et
al., 2022).

a 100+

= UT26

~ 80/ -~ TA15
e
T
% 60
>
“
2]
[ 4
g 40
=
7]
Q
© 20

04

0 30 60 9 120 150 180

Time (minutes)

y-HCHRBBRETTFALI X2 —eFfHBL XA
& EN-EEAROER

y-HCH% -7 v 7 V¥ U BBIC $ T 2 8\
Y7 linA 75 inF @ 6 D O R EIET 2 W72 N T lin
BIET 7 A7 — %2R L, EAIIBIT 5 lin genes
DFEIAS, (i) pSLA3: B\ L X)L TRl R Y L2 % B
(ii) pSL44: IR L~V THEBCIIC 8], (i) pSL42:
WOTIKL NVTHB, &2z epMfEsns 3D
7TIAI FEERL7: (Fig.2).

HERMKE LT B b TV E VEBABEE AL
1S6100 % -5 L % v 2 i O BRELM W R (Sphingobium
chlorophenolicum L-1 %, Sphingomonas sangiunis
IAM12578 #k) % # 1Y, T 5 OFRIZ pSL43, pSL44,
pSL42 Z#3E A L7z, 1/10W_y-HCH K5, MOk FH %
M Z 78 1/10W 553 T O W AR FH RO K % Fig.7a
IR L7z,

IAM12578 ¥k, RFFHOBRME lin BIZ T2 HT 5
TIAI NOEBADHMIZIh2bOTHERT L. 72721,
CNHIAMI2S7T8 A THD ) 6, HEEE7TOE— 4% —
Pu A9 575 A3 FpSL43 B A L 72D A 5 A
2 p-HCH G s 2" L7z, —F, L1#kTIid, pSL43
ZEALTARTH S A% p-HCH ERKF M EToOAFH &
y-HCH 7 IS ESBIZE T & 72, F72, pSL44%#EAL
72 LAKRT 59\ p-HCH G E A BIg S /-, kIS,
pSL43 %3 A L 72 IAM12578 ¥k & L-1 % y-HCH 531

=3

3.0+
W uT2e

[] TA15

%

2.5 [ —
2.0
1.5

1.0 *>

i IR

0.0
1,2,4-TCB 2,5-DCP
Dead-end products

Concentration (mg/L)

Fig.6 y-HCH degradation properties of UT26 and TA15 (Kato et al. 2022). (a) For estimating
the y-HCH degradation speed, resting cells of UT26 and TA15 were incubated in 1/10W
with 10ppm of y-HCH, and residual y-HCH was measured by GC(ECD). (b) To assess
the accumulation of the dead-end products clearly, resting cells of UT26 and TA15 were
incubated in 1/10W with 50 ppm of y-HCH for 6 hours. At the time point y-HCH was
completely degraded in both the strains, and concentration of 1,2,4-TCB and 2,5-DCP was
determined by GC(ECD). The means of three independent experiments and SD are
shown by the error bar. The ** denotes statistically significant differences between

groups (P<0.01).
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1/10W_y-HCH

20 days 1
incubation

10 102 103
L1

L-1(pSL42)

L-1(pSL43)

L-1(pSL44)

5 days
incubation

I1AM12578
IAM12578(pSL42)

IAM12578(pSL43) ®

IAM12578(pSL44)

L-1(pSL43)

v-HCH residue (%)

1AM12578(pSL43)
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T
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®
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: O
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E 2.0 [ 2,5-ncP
2
c
K]
® 1.5
€
@Q
o
c
8 104

0.5+ _

uT26 MM-1 MI1205 L-1 1AM12578
h (pSL43) (pSL43)
Strains

Fig.7 Properties of artificial HCH-degrading bacteria. (a) Cell suspensions of L-1- and IAM12578-derived strains,
whose ODgg was adjusted to 1.0, and their dilutions were spotted on 1/10W_y-HCH and 1/10W medium and
incubated for 20 days (L-1 derived strains) and 5 days (IAM12578 strains). (b) Degradation of y-HCH (10 ppm)
in UT26, L-1(pSIA43), and IAM12578(pSL43). (¢) Accumulation of dead-end products (1,2,4-TCB and 2,5-DCP)
in UT26, MM-1, MI1205, L-1(pSL43), and IAM 12578 (pSI43) during degradation of 50 ppm of y-HCH.

HaEGCITLDWEL, UT26 8k & bk L =45 % %
Fig.7b |2 7% L 7z. 1AM12578 (pSL43) ¥k &, K4 %
y-HCH /&2 R L, 90 531412 y-HCH % 95% LA 1-43
fit L7z, —J, L-1(pSL43) ¥k 5 ERNZIZIEF IR L,
1804 % CTHy-HCHZ o3 L 2 o 72, 7272 L,
IAM12578 (pSL43) #k & L-1 (pSL43) # @ dead-end 7 ¥
DHERRIME L7z p-HCH MM s 3k & 0 D72 o
7z (Fig.7¢c). D.EO#ER XY, KKK 0 N7z y-HCH
SRR ORESE O E BN % R 72,

REAE»SDIind 8LV linBHEEE B T 2 BIZTFD
B

UT26 BRHISE D linA B X N linB % /K2 L, 65 v 8
78 % W I FE B9 5 YOSDAXR # & UTDB2DAXG
MREERLZ otk - HCHZRML, 240 E
HE Lot (HE8) &, JEimgets (CH) 1
Befilfi L7, YOSDAXR MRz H:ffi L7- H 138, C L% 2
N ZNHY, CY. UTDB2DAXG % 3% L 72 H 133,
CtEZZNZENHU, CUE L7 HBELZBOREIK
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DREMEE CFUEIZ XL hilllsg L7z & 25, YOSDAXR #k
O VLR BE A5 2.5 X 10°CFU/mL, UTDB2DAXG ¥ @ B
WIREAT 2.6 X 10°CFU/mLT& v, +3#1213 YO5DAXR
k1 1.313 X 10" CFU/g soil, UTDB2DAXG #k i 1.369 x
10°CFU/gsoil £ 25 X HWCHM L2 L1ch b, BHL
T10 HiALS, SOBHHMEEIC X D B 2B L7228 45
O THHEORE TN S B OGRS A7z
3 sk ro7z. $4bh, #HHEL 72 YOSDAXR
# & UTDB2DAXG ¥E2S L THEIZIBR L, b
s, il LB ESMOEBRRTEF Y 7F v ) v Ik
ELTHEYE TRV EARIEENL. LArL, &EToOR
B 5 p-HCH FElAR: L ECAEF L, BEIZZ Y 7V —
YEBET a0 = EigE S, HY, HUSEH
koavu=—nz) 7V — IE p-HCH FlfAR: #1112
etk 2 M DN CBIZ T & 7225, CY, CUREHERD
Au=—07 )TV = YERIE 2EMYU Erh ot &
512, 4HE O TIRAROFEWFRIZBW TS, 20H
%, 30 H#t, 40 HEHROZRED S B FHAERIC y-HCH
REWTZ )T =V EBRT HI0 = —HBETE
2. INHRHVLOERKL, IEiTo724%, 2
NoFkIZ, (1) UT26 HIsRFETIE RV, Gi) lind H % v
(& linB % RFEL 22\, (i) B 2 p-HCH 23 6 14 3 8
BaINhw, ZEhn, ZNU ORI 2 iTbRh o7,

linA, linB % ZNENEGEE W lin B FANLI AT —
pSL53 & pSL63 (Fig.2) % Sphingobium chlorophenolicum
L-1 ¥k & Sphingomonas sangiunis IAM12578 #RIZEA L,
L-1 (pSL53) #, L-1(pSL63) #k & IAM1578 (pSL53) #k,
IAM12578 (pSL63) ¥k fE# L7z, T SRRIC linAd 563
79 XX FpKSLADH 5 W3 limB3 M 75 XA I F
pKSLBH #3 A L7z & & %, %ii{s T- MMk E p-HCH
BALfEE /R L7z, £2°C, LIBEREF Y 7Ty ) v 7
¥, (i) TH-L X O"TH-H L3 ICHAME, (i) TH-H 4R
B Ok o AR 43 &R A, (i) KEK p-HCH 45
WO UT26 #, MM-1#k, MI1205#, TKS &AL,
y-HCH BAbLRE 2 45 L - BE T2 ARk E A7) —=
v 7 L7z, TKS# & L1 (pSL53) # & iR & L 7z B,
linA BInF 2 BT L2 WO S WG O, KFRD
HRIEDRE S 7z, BRERE E OREGFERTIX, W
e 2 A RR O PSR S 2o 72,

y-HCH A #8:&15F MV DERBEHR) F—/N—& LTD
HEBE

UT26 ¥ ® y-HCH EILICUHAD ABC b T Y AR —4 —
% 32— N9 2% inKLMN #{n1 % 3% L 72 UT26DLKN
BRGNS RF ISR ), MV 254k E ) LRI
T LW RBIN TV 22T, UT26 8 &
UT26DLKN #: % &5 MV @ 45 Bt % 47 - 72. UT26 #k,

UT26DLKN #k DR 38 13 % st O o0 #E L 72BR IS L7z
NVl vy b% MVHE4& L7z (Fig.8aZefl).

COMVIliGgE LzEEBORL vy MiE, UT26 % &
UT26DLKN #k O 5 THEA T & 72. MV OHIEIZH W
725538 D ODggo D fil1Z, UT26 #k T UT26DLKN
WKHLTHISHEoETH Y, AL b RfiREE
UT26 D D% E# 2 SN DA, RKide Lk 2 O
LCTHELZEXLy b (MVE4) ORI S22
UT26DLKN %D J5 %% 70 72 (Fig.8a M), T4 b b,
UT26DLKN ¥R AERR L ) MV 2 £ K FEHT 2 L v
INFEFTOFMMMAE —BHT2HEPHEONL. &5
2, ARMV 55 % % B et O L 7285 8, UT26DLKN
FRTlZ 4N FAERTE 72 (Fig.7b). UT26 ki k
DY~ 7V TiE, UT26DLKN £ ® b3 & (2 Z AL E 117
3 %/8Y FOARMPHBLCTHERET & 7245, UT26DLKN
Pk bl, b2, bd EFEMEOES EILL 2. T2, #A
Y FEZENEFERLOBIGED 1/10 57T ORE L2~
TNEREL, UT26_All, UT26DLKN_AIl& LTUT
DOIFFTICH V72, PRE S EBICRFRICHE & T 2 40kt
FrHNT, Y FORERLZIE LHBE &2To
U TNTHOGHBIN S N, IWE = EREOFAEDHERLT
&7 Thbb, MVEIIREZEENO L5720, 155
N2 TVICMYDBFEIET 5 2 EPRIBE N
UT26DLKN ¥ Cl3 UT26 #RICHARTETHON Y FTH
WIREEZR L7z, Bl21E, UT26DLKN_AIlIZ UT26_
Al D 41 DB RZmR L7z, D EofEE, UT26DLKN
FRIZEFAERRICIERTE L O MV 23 % & L7z
X 512, UT26DLKN_AlNl & UT26_All® 2% ¥ 7L iC
DWW, WESANEZ AT o 7R, RRE =213,
UT26DLKN # T 99nm, UT26 ¥ T9%nm TdH 1,
PR T OR FRICHEHE RS TR o7 271201,
UT26DLKN #£Tid UT26 #RIZHAT, 127nmOE—2
AL, MV 5 TRk RO T OBIE AR W &
FHENSL, KT 1E, UT26DLKN #ki% UT26 #ko
6fEDMHERL, ZOfFHED S S UT26DLKN AP A:
FRE D ZLoOMV 2T 52 &2 sh7. UT26
kB X OWUT26DLKN ¥ b2, b3, All %> 7V ® TEM
WX BB AR DS, b21EY ¥ TV AT 3 T8l
BTEXLholz. WHKOD3, AlY > 7o TEM Bigg
DOFER, ZTOH Y TV TMV EFHREINLERIRD 50
FERRIZE VR O R T 258152 7z (Fig.8ed). 72,
I kT ik UT26DLKN BRI SE D ¥ > 7 v 0 )5 Hht
%<, IREZHBEOMH ERAGRE —BT LA A S
nz-.

Dk, ()R LA MVESGoRE _mpEes, (i) R
oA, (i) TEMIZ X 2 IR RH» 5, UT26 BB &
Y UT26DLKN Fk 2% #2 £8 100 ~ 200nm #2 £ O MV % i
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UT26

UT26DLKN

Fig.8 Purification of membrane vesicles (MV) from UT26 and UT26DLKN. (a) Precipitation of pellets (indicated
with arrows) after ultracentrifugation of supernatant of the culture of UT26 (left) and UT26DLKN (right).
The pellets including MV were fractionated (indicated with arrows) by density gradient centrifugation (b).
MYV fractions of UT26 (c) and UT26DLKN (d) were analyzed by TEM.

Mysliiimlsi, CNETIKATL YITEF Y Nl
WD MV EEAIZDWTIE, SRGHFHEACE W 5w
@ Novosphingobium pentaromativorans US6-1 ¥k %
Novosphingobium sp. PPIY # TH % S L Tw % (De
Lise et al., 2019; Yun et al., 2017) %%, Sphingobium & &
5L y-HCH 73 i 2 A 9 M o MV EA I, A0F
ZECHOTHR L.

UT26 #£ @ y-HCH &L ICLHDABC 7~ AR —
% —% 32— N3 5 linKLMN % /K18 & & 72 UT26DLKN
Clx, BWAKRL Y DL EmO MV %A L7, linKLMN
&, AMBLE 2 ERt L, MIIBBE O integrity (H§2E & %25
) 5352 ENRRBENTWS (Endo et al.,
2007; &3 2 M), inKLMN % 38 L 72Tk, ®WAE
Figg BIEHIC A 7 4 ¥ THENRERAMEL S © X7, i

mEPLEIZKE T S (Endo ef al, 2007; Endo et al.,
unpublished data). ARWFZETH:ONz4ERIEE, ol
EWHBMV EALTRIT 5 W) 25 < S 3 5
bDTH%. Roier blix, Haemophilus influenzae 13 £
Vibrio cholerae T, V) YIRE N T VAR =% —L L TH
£ 5 ABC bt F v A K — % — Vac]/Yrb #i {5 T % i 3
T2ZETMVBUHEA2-45RE LA T2 L 23
#HLTw5 (Roieretal, 2016). 72721, MFEf=TH
U2 X DA O integrity I3ZIL L TH ST, MV =
DOBINIIMED integrity IZHIHRT 5 b D TIX R\ & Hidh
FFTwa. F72, H influenzae ® Avac] ¥k, AyrbE ¥k
DOHED ) ¥ JREE I AR L R TH 255, MV O
) UIREREIZTFEROR 2R TH 7. TOMRENDS,
Roeir 5 1% [vac] (7212 ypE) ORI X o THHEAL
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W) YIRENER LR, SME O blebbing 253 58
ENY VBEICELCMVZERESNS] EfmLTwab.
UT26 %k D¥4r1d, linKLMN ORE THIKLIE @ integrity
PET 52 Eh0, MVEHEOBNIED integrity
DETICRELMKIFEL TR NS B, 72751,
Roier 5V IR L 72 L) B A = A LITER L TWbH ]
BEVED H Y, SR DMHALETHS.

F 72, UT26 BRIZBUT 2 AEFERE L MV 2o B%
PEIZoWT MG 2475 72, UT26 B LBE; L TD %
AEFERCTHILL 72 MV 2 Em® L7ofHER, MV=IIE;#
FEM R & LTl Uil y, Rinrodia e d
174 BER F TP L w2 L3I L7z,

UT26 kiR o MV #5372 linA % 1S6100 256 £ h
%%, PCRICEX > THM L7, ZDFEHR, inAB LD
1S6100 \ZHR % & HER & 12 B IREEW HSHERR C & 72,
L22L, ZOHEEEY A MV-associated DNA (MV (2
HEIIANUSINRED DNA) kR DD, Zhbl
D7) —DNAHKZOPRIGP SR, 2T, 7
1) — DNA % %9 5 72912, MV #i4)% DNase JLEE L,
linA ¥R 75 4 ~—% H\/zqPCR T, linA#E=T
DR ZDNase KRB OH >~ 7V LB L 72
(Fig.9).

$/, aybhu— )& LTUT26%® 4 / . DNA
(gDNA) & [AlkRIC DNase LEL L, T 21772 2D
FEHE, gDNA% DNase UL L 723564, Dt b 40H
A4 7V TR ER &3 (Fig.9a), 7Y — DNA
1A% > DNase WLBLCHIBRFLLT £ CTHETE 3
ZENbh oz, —TF, MV % [FAFIZ DNase UL
L7zBid, BIREM MR S/ (Fig.9b). RO
G LI LT CqiamL <), DNADH BFEE
TRENTZEEZ SN 55, 604 DNase JLEL L 72 B
D Cqfik 1, 2, 5, 10, 305 ML % L 2B fEA51F
R L7 5722 %5, DNase LBLIZ 50 TH 5 & H)
Wr L7z (Fig.9b). 3 7%bH, 79 —DNAH DNase I & -
TRAECHHREINLEMTH, MVEGIZIX linA % &t
DNAZSHAE LT 5 2 EAURE NIz Tz, HULHE
M @ DNase JE @ M 5 - D DNA® % 100 & § % &
DNase #4211 @ DNA @ 5% A7 & 1% 0.06-0.08 % FEE &
REDL s,

Lk, REFEICBWT, MVIZEAED LRNTER
72 MV-associated DNA |Z1& [DNase 287 7 ¥ A T& 7%
WIREED DNA | EAET B Z & #m L7z KRR,
UT26 %D MV O [#EAZTE D reservoir | & LToW
REEZ MET 4622 HMWE L THBY, DNase 27 7
+ A T & 72 \» MV-associated DNA 7* 5 linA & {57 5
IMT&7-2 i, MOTHELZMATHS. UT26 ko
MV =33 R ok & IS Lk 5 2 &2 5,

U WET I @ [DNase 257 7 L AT & Wik
RE DNA ] @+ 3 MV-associated DNA &\ 9 L TH 2.
WelF B HEMED S 5. BIERBETIE 2D X 9 7% DNA DS
MV OEHEIZWHE L TWAEOD, MVICHEEIhTW5
OPRIAHTH %25, MVHEBIZATE T %5 DNA X
DNase \C L 253 HRESND T LAMESINTE
b (Bitto et al., 2017), ARWF7E TP S 72454 DNA
D MVICHE SN TV B REED E . getafi ko
DNAZNEA T AMVIE celllysisz /it L ChHT 5
(Toyofuku et al., 2019). ¥ 72, DNAZWNE L 2\ MV i,
% { DA XM D blebbing 75 2 & THE L5 OMV T
» 5. UT26 %k MVl 55 Tlid, 2DNA®D 9 5 0.06-
0.08% 3l ORESND LHEEINTNE T L
5, Z{OMVIZDNAZHNLLTWhHWwEfELEInh,
UT26 ¥k F72 2 MV ISR 135 D blebbing 12 & %
HDOhH L. N. pentaromativorans US6-1 ¥ D MV
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Fig.9 Membrane vesicle (MV) produced by UT26 has
potential as genetic information reservoir. Effect of
DNase treatment on abundance of /inA gene in
genomic DNA solution (a) and in membrane vesicle
fraction (b) was analyzed by qPCR.
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BB ENBREFDPTEM THESINTED (Yun et
al., 2017), AL D blebbing 12 & 5 MV 2R IB X h
TWwb. $72, MV ® DNase L4 125473 %5 DNA® L,
Shewanella vesiculosa M7 ¥ T1% 85% (Pérez-Cruz et al.,
2013), Salmonella typhimurium SL1344 ¥k T3 %9 13 %,
Porphyromonas gingivalis W50 £ T1Z#15% TdH - 7=
(Bitto et al., 2017 THiiF ST\ 2 il & T ITBEE).
DNA O 5w )75 %° DNase WWELD G- 2358 7% 5 720D, H
Fi72 LET T T & 2w As, UT26 ¥ Tl DNase 7 & i
EN2%DNADEEX, ThHERRTEWE ) THS.

2

AWFZETIE, MBS A TALEW O FETHET 25
HPEO B WCEET ORI L, MESF NS 85T 2 M5
THRBOMMEHWNE LT, y-HCH /M # &AL
Sphingobium japonicum UT26 ¥k ® T 3EEEhCTcD 7 )
L tEALIC B B fENT, p-HCH fCHNC 35U 5 8 BUGS % fil
B2 2O Oy VEFE LinAL LinB%Z a2 —F
THEEBETOF Y TTF ¥ ) v 7 ROMEZENT 5 LIt
2, AT VLRI 7V (MV) DS@IEEHRY) F—/3—
ELTOBRETZWREICOVWTHRE L. 22T
UT26 PRASHLEE X 72 138 % p-HCH THHR L L 72 &
A, WENELL, 2% 4& ) Ao y-HCH 55 B
BET OGN L 72, REHYAL LA 5 gL 72
y-HCH 73 #5118 TA15 #ki%, UT26 %k & 7/ 2 o dEARE
WAZF—Tdh - 7285, lin@ETHOMK & RS
B oTniz 3512, AIEy-HCHOH N T » X
OBEA S, UT26 ¥RIZIERTHEALE TH 2 W HEME AR
Bz, —J, UT26#TId7r / A HICHUIES % linA
PO linF T %227 527 —{bL DA77 4 T
F v FRRICEAT S Z & T, ALMY% p-HCH 4l 14
EREELT. 3512, Iho NIHSR KR FIH L7
inA & inBD% v 7F v ) v F kMg L, SMREE
WELERA L7225, BETFIUSEKRIEE Sk do 7.
UT26 ¥RiZ MV % #EE L, y-HCH &1bIZ 226 ® ABC T
7 v AR —% — LinKLMN &= B3k T, TR X
DZEOMVEZEMNLZ. 512, UT26 %0 MV ICiX
DNase |2 & % 5% Z 2 WiinA BT HhEEh 5
ZlaRL, MVASBEERY F— =& LTHET S
WREME AR L7
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Functional evolution of dehalogenases
Yukari Sato, Yuji Nagata

Laboratory of Microbial Evolution and Function Research,
Graduate School of Life Sciences, Tohoku University
2-1-1 Katahira, Aoba-ku, Sendai 980,-8577

To gain insight into functional evolution of dehalogenases, we conducted researches related to two dehalogenases,
LinA and LinB, which catalyze key reactions in bacterial y-HCH-degradation. We found that a unique
dehydrochlorinase LinA has the activity to convert not only HCH-related substances but also DDT, a notorious
environmental pollutant. On the other hand, we constructed y-HCH-degrader-derived strains in which the /inB
gene was replaced with other HLDs or HLD homologues, and demonstrated that HLDs other than LinB can also
be involved in y-HCH metabolism. Furthermore, we constructed an experimental evolution system and
successfully obtained evolved enzymes with improved functions related to y-HCH metabolism. In addition, we
discovered a novel HLD that exists in fusion with an enzyme with tRNA-specific deaminase activity, which is
important for normal growth. This enzyme also has novel substrate specificity as an HLD. In conclusion, we
demonstrated the high potential of dehalogenases and their usefulness as materials for functional development.

Key words: dehalogenase, y-hexachlorocyclohexane, DDT, tRNA-specific deaminase, evolution
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Binar UEEFIL, BT Y RALE Y OS5 ROH
LRBEETHY, AN NTF Y RLEW DSBS Y)
BRTERED R E, FREAEWEINV—TD0 LD
THEHIEhn, IWHNRBIND? HHMD CEELRERT
& % (Fetzner, 1998). F 72, keAx R ALIICAEE S
THEENT T MBS H 2 0, TROITHE
VT8 v 353500 vEERIE, BEEORIERE
1, 3 -FErEAHBIBAGR OWFEIC & 3 L 7-WFJEM L T H
% (Nagata et al., 2016). P, B4 & SOOI O R %
LT VEEN SN T WS, —45 I FE % 61
GUAREZERBRA y-~"FHron s s Aty
(y-HCH) MW @ 57 ACH R 12, BisRIb K KW H
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BN BN ORALFARRY).

LinA, MAKGEEB NG 7 Y BEFETHNTT VA 2 TN
o4+ —¥ (HLD) ®»—HT» 5 LinB, F V¥ F+
AEH e e BN 1 7 VR LinD @ 3EE OB 7
VEERIIIMA T, RISoOMBETH AT VRS BRER
E%#% LinE &, REICX > TiEdina sy v 289 &x
B F LinF O 2MOEFZORi N7y HEZELMR 5 &,
FLZ S HFH O SULBERE O R D v 7 RS- L
Tw’ (Fig.1) (Nagata et al., 2007).

Z0H L, RWZETIE, FUEEEPASTVWRnT
= — 7 B PiEAL K FE %S LinA (Imai ef al., 1991; Nagata
et al., 1993a; Nagata et al., 2016) &, % { OHBEEE DS
MENTHEY, HE-TEBMABEONIZEIZ8E L 7 HLD ©
— H T & % LinB (Nagata et al., 1993b; Nagata et al.,
1997; Nagata et al., 2015; Nagata et al., 2016) \ZiEH L 7-.

y-HCH D)5 53 R SO % fil 3~ 2 B3 A L K %% LinA
X, I— FI2EETFOREIAHLZT TR, BH#E
HIKD, HUMEZEOMEHIO L WD T — 7 %
T&H % (Nagata et al., 1993a; Nagata et al., 2016). 1K
FiEET N0 0, FBHOVAEEZRED Y V7 O
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Fig.1 Degradation pathway of y-HCH and 2,6-dichlorohydroquinone (2,6-DCHQ) in S. japonicum
UT26. Compounds: 1, y-hexachlorocyclohexane (y-HCH); 2, pentachlorocyclohexene (y-PCCH);
3, 1,3,4,6-tetrachloro-1,4-cyclohexadiene (1,4-TCDN); 4, 1,2,4-trichlorobenzene (1,2,4-TCB);
5, 2,4,5-trichloro-2,5-cyclohexadiene-1-ol (2,4,5-DNOL); 6, 2,5-dichlorophenol (2,5-DCP);
7, 2,5-dichloro-2,5-cyclohexadiene-1,4-diol (2,5-DDOL); 8, 2,5-dichlorohydroquinone (2,5DCHQ);
9, chlorohydroquinone (CHQ); 10, hydroquinone (HQ); 11, acylchloride; 12, y-hydroxymuconic
semialdehyde; 13, maleylacetate (MA); 14, p-ketoadipate; 15, 2,6-dichlorohydroquinone (2,6-
DCHQ); and 16, 2-chloromaleylacetate (2-CMA). TCA, citrate/tricarboxylic acid cycle; GSH,
glutathione (reduced form); GS-SG, glutathione (oxidized form). Square brackets show unstable
compounds that have yet to be detected. Enzymes categorized as dehalogenase are bolded.

DS PIZR, B BFOBIARESE & RS & MU % BUS % fillit§ % (Nagata et al., 2015). SR
HL 7 IV BEREIRE SN TWDE Z &5, Btk bk Bt (SN2 BUE) W2k by, HE-BEFT AT VG
FEFE LinA L, BiAKBEER D SHELL 221 kA 5 S TV VAR AL, S RANEER L TERE S
N7z (Nagata et al., 2001; Trantirek et al., 2001). 512, TARIC K o TARGIHEENSE. HtoT, KBTI/
FERIGIZ b VARSI N, TARREEE TV L HEE I BRI L, KAWL T A20DC AF VY LB SR
JEASHE D IE Y MEAS T &7z (OKkai et al., 2010). LinA % catalytic triad 2SS ICHHTH 5. S 512, WL 72

OIEIFRME PN EE 2 5N TS A (Nagata et al., NarvAF X "’“%ﬂfféﬁ‘ét&b@'f\
1993a), HCH B E DA ORE L LTAFH 70 VBRI D OB ICHETH Y, Thd x5 T catalytic
BT 7URTHOESINTBEY (Heeb et al., 2019), pentad EEHIT 2L b H B, MIZ, THLAT IV
o e 7 LA LT H iR RS REM IR D 5. MR 2 AT 5 EATHLD O & w2 5. HLD I,

—7Jj, LinB &, «/p-hydrolase family (ZJ& 3 % hlizK 55 (i) ARG IR X 2 BUSEERE O FERIASH & A2 7% o TWw
fREE#%CTd % HLD (EC 3.8.1.5) »—HTH% (Nagata %, (i) # 30kD D IS FOHEARTH Y, a3~
et al., 1993b; Nagata et al., 1997; Nagata et al., 2015; Ya— & —@Na A S Th 5, (i) FE & %50
Nagata et al., 2016). HLD 1%, KZF)HL TG0 T 7IVA YEOMEENEL L, FNOOWENLRREICE
U RKEEREICERL, Tra—LEnar AbkEE te, (iv) BB RO B 7 2 OB O AR 23 BE
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PN TWE, REDMMICLY, BEOME-FEE
HBOMEICRDBELZZMEOVEDLELESsTWS
(Nagata et al., 2015). JE\WHEE 2 HOoRKEZEIL, 6
A TLEH T Twb (Nagata et al., 2015). 7,
BRI HREIE R E DR A T TV T v RBREE TG L)
BOSHIIRHRET, REEREEL AT 2 MMz
FEAL SBT3 F ) T 7 7 —HRNTIEFEHL ST
Wb, F7z, HAHWEOACEGE OB U 2 KGR E
WokER, HEHA (AT —FHR) OHHE~NDIEH
LUEETH L. 52, Brar v sick hErd
LI EEFMALT, pHA— ¥ — L KEEEZHAGDE
NOTVRWEIC L BB IEMT B 200N T2 v
-t LTORMH BRI SN TS, —F, 7IVFILk
BRE MASHCTERWERBRLHBO Y V37 B E
RG34, BRETIVY Y ROERMEEZREFEL 2 L1
LV ZFDY T BOREE ST 2 BEMTH O
STEWEY-LVE LT VLN R Y, HEidks
ThHb. TOXH)RIHEEEZTD, KEEHRO LK
MO B L O - AW S 2 IC T 52 L IdE
BWCThb. F7:, HLD KEQ ZHB4EF ) ARFIDH i
KN B R B X 0N OFRER 7 &I IR
{HALTWBZ ENRHSIZRY, TOAEMINERS
AL OBILE, D B MR- Twb (Nagata et
al., 2015). HLD \d—MIZHBEREREIL L, F£72, #
TI/BEEOENCTBFEENPRKREED D
(Moriuchi et al., 2014) Z&H»5d, %< OMEH, [
HIZD RV ABBAN L] L LTHLDAER S %
ALTWAIHEEDLEZEZ ONS.

FBRTT

HLD O EEREIERDEE & LR HLD OIS

Sphigobium japonicum UT26 ¥k K D ¥k DB F 21T,
SEAREH & L C1/3LB 54 (Inaba et al., 2020), %
WRsd e LCWHiHL (Imai et al., 1989) Z#fEHI L, &
FREL T VI —RA%0.2%, y-HCH % 750mg/L &
%5 &R, RIEWORFEIIZ LB % v,
BHPAEYRE 2R L7z BAR I3, ERE 15%
LB X DMz UT26 Hk#RI1Z30C, KIEE I
STCCTHAR L7, Wk BRI T 256121k, 15%
DZ)wa—VEFML, -80TC THRAEL72. DNA #:4E,
PCR, DNAfERIHIPE, L7 haR—L—2 3 v
ST HE ISP 5 72 (Sambrook et al., 1989).

linB 5545 R IFR D12 13 pK18mobsacB  (Schweizer
etal,1992) %, %M HLD 3 X O'HLD €41 7 i#{n T
DE A1 pAK405 (Kaczmarczyk et al., 2012) % AW,
IR MR 212 X 0 AT 5 72, p-HCH 7315 1t o ¥ AR 12 13

176mM @ y-HCH % & & W Bz 7 v v £ i & L C,
SAtiEERE LCECD 2% L7z A7 u~ b 75
74— (GC) #H\72. y-HCH%baeIZ, wWifkzEE
100, 10, Img/mL & 72 2% X H T LW %
W-y-HCH [ 55 #1112 10uL 32 AR v ML, 30CTH
HUERFLCHM L (ARY v 7 vtA).

UT26 HskkkIZ 79 A3 FCHEIETZEAT 254G
X, JEAFE 7S A2 3 K pBBRI-MCS-5 (Kovach et al.,
1995) # MW7z, @iEF~D T v ¥ LR A IE Tag
DNA K1) X 5 — ¥ % H 7z error-prone PCR TA7 W,
Mn" B (02~03%) CEFRBARZIELL. T
¥ LA R A A L7z PCREGIE Y 1%, pBBR1-MCS-5
ZICICHES L 72 pBBRSTPIZ 7 1 — >~ ¥ L, E. coli
DHb5a HRICERBIBERBIZTF T4 77 ) — &MWL L 7.
KA T5) =t L7z75 A3 Ko UT26 PRk
D linB5E4&/RIHRTH % UT26DB2ARICT L 7 b I AR—
L—Ya Y T#MAL, Sphingobium VD54 751) — &
L7z, KI94 75 —% W-p-HCH AR5 i lZ & 45 L,
30C TR, RIFICABTT 27 0—r 2ERL 7.

¥ Xy BOFEBIL, A7 7 A3 FpET22b(+)
& E. coli BL21Star™ (DE3) ¥k % fl\v:7z. HIWEEE O %
WHEL A%, HOBREI TGS A His ¥ 72 HwTT
T4 =T AR ET o7 REEERO -HCHRHICE
V7 % LinB ifitk13, L7 LinA ®34 T Ty-HCH &
R &2, fCHPEY % GC (ECD) T#NT LTI L /2.
1,3-Y 7 a7 a8 0239 5 HLD ik, 7437
VRS T KGRIb g TR (Iwasaki ef al., 1952) 12X D),
WEENT T A VIREE R S I L TR L 72,

PCB/biphenyl 2 B »H ¢ % 4 HLD

Acidovorax sp. KKS102 Hi2E#k (L, 1/3LB 55 (Inaba
et al.,2020) % M\ T30C CTH;# L 72. DNA #: 1%,
PCR, DNAMfIERSPesg, =L 27 buR—L—T 3
L H A5 72 (Sambrook et al., 1989). KIEH 0B
FIF LB A Vv, #EEAMEZRML 7. EE
iz, K% 15% & %5 L9 12A 7. KKS102
HRD dahX WEFERIL, dahX BIZFONFHDITIZTEEZE A
F <A T VT EEE T TR L 72 DNA B %2 KKS102
MRICEAL, MFEHHRZ 25558362 & THERLZ.

Z 8 DOIEHUTIL, pET22b(+) & E. coli BL21Star™
(DE3) 2 H\v, His ¥ 72 FHLTT 74 =7 1 fH#
#iTo7z 1,3-Y70E 708 ICxd % HLD ik,
FA T R TRt g (Iwasaki et al., 1952)
WX, EENT VAT VEEREET A I L THMT
L7z, HLD &M 10U 37 C CTHES lumol ®NT X v
A4 v RERET AMHR R L ER L2 27O LE I
K95 RE R oML, R H O Masaryk K
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@ Zbynek Prokop 4% & Jiri Damborsky # 3% 12 & 1),
~A 70 ERMALIENA ANV =Ty FOTFk
(Buryska et al., 2019) THfE S 7z,

tRNA-specific deaminase {if %1%, PCR IR - F# L 72
DNAZ M & LT, nvitofz 5 I THK L 72
tRNAY A,,CG % W T, KLY 03 IERLY % 4 ~
H—ETRFHT 52 & TR L 72, tRNAYE_A,,CG O
FTLAWIE, Y= vAr7ax b5 lELR
A/GTEE I (A/G peak height ratio) (2 X ) BRiE b
(Jepson & Reenan, 2007), GO AB L S N2 6
100%, ADHRBIZEINTLEE 0% L L7z,

LinA (2 & % DDT D4

Z B D%BUE, pET22b(+) & E. coli BL21Star™
(DE3) #kx H\27-. HWEEERORBFE2ME%E, HIY
BERDAHTH His ¥ 7 2 MOCT 74 =74 i B E 4772

Sphigobium japonicum UT26 ¥k HH Kk Dk DR #8121,
1/3LB ¥i i (Inaba et al., 2020) %M\, 75 A3 F
THETZEATLIHAE LEEHR 7T AIF
pBBR1-MCS-5 (Kovach et al., 1995) % H\w7z.

DDT 7Gx, 10mg/LODDT #&E7 v & A &
e AR ZRA L, HEY % GC (ECD) T#HT L CaF
fili L 7.

11 i

AKH #=
rER L EE

HLD DOEEE(ERDOIEE & (LR HLD OBYS

HLD (3 — RIS IE R AR 2SR <, BT 3 7 RFRIED
BT AS K & {ZbH % (Moriuchi et al., 2014;
Nagata et al., 2015) 225, Z < OMBE IR B ENR 5
HLD kxE 0 71d, e Ol b L7z BE Tid % <,
BREEAFIIIS UT [MHICD 2 ) 428N e bre] &
LTHWTWBIEERE 2z oMb, £z, y-HCHAR
HHREIC B VT HLD 25FIH 8 578, BEAIO y-HCH 47
fRHE CTHH SN T3 HLD iZ LinB & T3 % (Tabata
et al., 2016; Nagata et al., 2019). < 2T, AW TIZL,
(i) LinB 24+ » HLD & y-HCH U35 LG 5 o T
722, (i) LinB DAk HLD 28 p-HCH N ks -
HEALL T OB Z FZRE THEET 5 2 L SR DT
Fawd, EWIHRBLET, FNOOMEEE T 72,

UT26 ¥kD linB 51 %~— 57— L ATRERI
7-UTDB2 #k 2 E# L 7. ARHRD linB H3AFAE L 72 5BAL
\Z LinB A4+ HLD 8 X O"HLD K€ 1 7t fn % HA
L7z#kzaE# L7, HW/2HLDB X UHLD A u s
BT ORMER%E Fig.2 1R 7.

BAKRYIZIE, Sphingobium sp. MI11205 #RHi 3K @ LinByy,
(Ito et al., 2007), HR &L ¥ Bradyrhizobium japonicum

DatA HLD-II

82

Rluc

99 DmbB
884,—13,,“;\
— 92 DpcA HLD-I
DhIA
— i
DmbC
1 oron :] HLD-III

Fig.2 Phylogenetic tree of HLDs (Nagata ef al. 2015). A neighbor-joining phylogenetic tree of the conserved sites in
20 biochemically characterized HLDs and Renilla-luciferin 2-monooxygenase (Rluc) was constructed using the
program MAFFT (http://mafft.cbrc.jp/alignment/software/) and visualized by Njplot software. Haloacetate
dehalogenase (DehH1) from Moraxella sp. B was used as an out-of group sequence. Bootstrap values calculated
from 1,000 resamplings using neighbor-joining are shown at the respective nodes. The length of lines reflects
the relative evolutionary distances among the sequences. Enzymes used in this study are bolded. Phylogenetic
positions of ancestral proteins used in this study are shown by black dot.
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USDA110 #k H1 3k @ DbjA (Sato et al., 2005), <) ¥ X
%4 ) L ¥ O DmmA (Gehret et al., 2012), FEHH
Mpycobacterium M1 2% @ HLD T & % DmbA (Jesenska et
al., 2005) & LinB O T EE S DmbA_anc, 7 3
> 4 % r Renilla reniformis H & ® Renilla-luciferin
2-monooxygenase CT& % Rluc (Lorenz et al., 1991), 3
X T Rluc & LinB @ # & 56 tH # i 3 Rluc_anc
(Chaloupkova et al., 2019) & ZDEROB\BET1I T 3
J BRI DA (R7P) 734 U7z Rluc_ancM % L&
NI— K3 2@ETTH5. LinBy t&, UT26 #kHIkD
LinByr &£ 296 7 X/ BRFRFEM 77 IV BRBRIER LD
(98% identical), A-HCH 2%t L Tl LinByr & 0 B35 12
VG Z R TS, p-HCH A BV T A o g
2835 (Ito et al., 2007). DbjA L&\ IE % U A
(Sato et al., 2005), DmmA ZFE0 HLD Tl b W IEE
T %249 % (Gehret et al., 2012) Z & 75, LinB
WA AT 2R WIRE S /2. £72, DmbA_anc &

Rluc_anc i¥, ATLWIZTHA ¥ L-iEwetRlfER T
% % (Chaloupkova et al., 2019) 7%, S MYIZ LinB (2
TN A5, LinBiktkzZ AT 5 etkdswm <, ik
BREL Do 2B AETY, LinBHAOZEALH LI E
DRz EWMFENS B, Rucld, 73/ BE
H Fi% LinB & JHfE AR & v 2%, HLD Tld 7 <,
WBERNEZCTH Y, FTHEEZE Rluc_anc 1351 %
# 3 % (Chaloupkova et al., 2019). L. L., UT26 ¥
linByr A5 T O V12, linByy, dbjA, dmmA, dmbA_
anc, rluc, rluc_anc, rluc_ancM = = N ZENH T % ¥k %
UTBM1, UTBJ1, UTMM1, UTBA1, UTRL1, UTLA1,
UTLAZ2 & finda L 7z.
ERL-HRIZOWT, RYF 1 7ar =10
UT26 ¥k, +# 51 72> ba—Lo UTDB2 ¥k & 312,
y-HCH % f# i5 ¥ % GC(ECD) TH Al L 72 & & 5,
UT26S #, UTBM1 #1201 2 T, UTMM1 #, UTLA1 #%,
UTLA2 ¥£C, 2,5-DCHQ 2ttt & 172 (Fig.3A).

0.18
0.16
2 0.14
g o1 Oy-HCH
£ V-PCCH
% 008 1,2,4-TCB
= : m2,5-DCP
g o0 =2,5-DD0L
8 0.04 m2,5-DCHQ
002 |
o Le== W, J pmn B I R I o B i . I
UT26S UTDB2 uTBM1 uTBJ1 UTMM1 UTLA1 UTLA2 UTRL1 UTBAL
Strains
B mg/mL cells mg/mL cells
1 10 100 ! 1100
uT26 UTLA1
UTDB2 UTLA2
UTBM1 UTRLA1
uTBJ1 UTBA1
UTMMA1

Fig.3 Characterization of the /inB-replacement strains. (A) Metabolites of y-HCH were detected by GC(ECD). (B) y-HCH
utilization activity was estimated by spot assay. Cells were spotted on the W_y-HCH medium and incubated for 14 days.
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% 72, UTMM1 # & UTLA2 # Ti&, 2,5-DCP &
&7z (Fig.3A). y-HCH» 5 2,5-DCP, 2,5-DDOL,
2,5-DCHQ 234U %121 LinB 1§25 3¢5 ) (Fig.1),
DmmA, Rluc_anc, Rluc_ancM I LinBifittz A4 % 2
ENRHONMI R o7 EHIT, IO y-HCHEL
k% 3AEHOMNE (100, 10, 1mg i EEHA/mL) OH
W% y-HCH ZM— o FEH & L CEH b FEAE i ()-HCH
TV —1bF) BIZARYy PLTHET ST E TR LA
(Fig.3B). X:#E 14 H %, UT26, UTBMI1 # I W AR5
10, 1mg/mL T, y-HCH M OETHH 2 ) 7V —
YRR L, WO L 2. HAEE 100mg/mL
THGE L 2\ 0l3, HAREEDNE L, SiRE O dead-end
EMEER LD LN NS I LT,
UTDB2, UTBJ1, UTRL1 #kix 4T O H s E CHIg5H L
otz TNHROBAARREE 100mg/mL T, UT26,
UTBM1MRICHRTEHETOZ ) 7V — U R BES NS
DL, WRREIZRVA, p-HCH2 DM I N2 nwizd
\Z dead-end Y b FHIE T, MR AL L 729
2, LinA OFETy-HCHOBREMSKRE 572b DL % 2
bNb. F7, UTLA21E, BRI 10mg/mL CTHEl
L7, &51Z, UTMM1, UTLA1, UTBAL B KIEE
100mg/mL T, #4754 73> ba—No UTDB2 ¥k &
WARTHLPICKRERZ YT =V REERL, BhEL
72, MLk 31X, DmmA, Rluc_anc, Rluc_ancM,
DmbA_anc %%, LinByr, LinBy 2 & Tlid 2w oo,
B9V LInBlMHE AL TWE I EERLTWAD. &b,
ARy M7 v A ORFERIIMEN 2B Z R T, $nl
To 729288 C, W U@z R L7

RS linBEIRMRIZOWT, p-HCH 7 L — M %A
L, BOKL Y BRIFICEET 527 0— 2 &ERT 5 )5k

linB-replacement strain

(A y-HCH)

m (]

Integration

Mutation
(Usage of hyper-mutator strain)

AKH #=

THEALEI HLD % S35 in vivo FEBEMEALR (Fig.4 1)
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Fig.4 Strategy for experimental evolution of HLD and its related proteins toward y-HCH utilization.
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Fig.5 Characterization of enzymes obtained by the experimental evolution system. The putative evolved
enzymes were incubated with LinA and y-HCH, and metabolites of y-HCH, 2,5-DCP (A) and

2,5-DDOL (B), were detected by GC(ECD).
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PCB/biphenyl 7 #8##E HE § % ##1 HLD

A1) ALY 7 = = (PCB) /biphenyl 45 fi% il 7
Acidovorax sp. KKS102 #: (Kimbara et al., 1989) i,
Betaproteobacteria \ZJ& L, 47/ AEEHI D P ST
% (Ohtsubo et al., 2012). KKS102 kk® 7/ A BEEHIZ kT
L, LinB%# 27 1 & LTBLASTIZ X A MRV
Aotz A, T I L NILT33%D identity & 7R
TAREUZELETAey L, KBRT % dahX L %4
L7z SARfEE & AL ARRREASBER D & > /3 7 B h S
HT—=FX=Z2 2k LTDhahX # 27 =1 & LTBLAST
WL B HAMMEZEEIT o728 25, 2O HIBAE
L Cw/. NEufl (CDA#IE) & Escherichia coli
K12 ¥k @ tRNA adenosine deaminase (TadA) (Wolf et
al., 2002) k&b identity (52%) #2738 L7z, TadA
(EC 3.5.4.33) & cytidine deaminase-like superfamily |2
J&$ % deoxytidylate deaminase-like family (27 H & 5.
CAR¥sMl (HLD #H38) (&, Plesiocystis pacifica SIR-1 ¥k
3k HLD T3 % DppA & i d =\ identity (53%) %
R L7z, AGHIIE HLD-I subfamily (2J& 3 % DhIA & &
H R 7% identity (48%) /R L7z, T4 bH, DahXEN
K2 TadA & A F AR Z 7R 5 IR G L 7= 8B
HLD THh b I LHVRE I N, 2D L) Gy v
7B ARET 7, KKS102 #2383 % Comamonadaceae
RS AWML S, D7 &b SEAIEETIE
IS POEMPERSD ), RESNTEHDEEZ
b,

TadA X KGHIZCBWT, AFICLHEOKRTTHH
(Wolf et al., 2002), KKS102 HkDEFICH BHELRRKNFT
HHLURELENEZ 5N, 2T, KKS102 %D dahX
EAFA T VIR TEE LRE S S Ro/ER
ERMTE T A, BHEMRIMERTE 2720, dahX X
KKS102 #RIZB W TAFICUHDOHFTIE R W L5
LM o7z, LA L, 30C D 1/3LB RS 1T 48 ¢
ML 2 A, WA, S22 ODg, [ED
LHICENDAE U7 (Fig.6).

S 51T, ZOAEFROET X DahX &35 & O°CDA
FARHAT LTI AI FOBAICL>THELZZ L
# 5 (Fig.6), CDA#ililE, KKS102 0l o ks
WHHTIE WS OO, BERLEHEZHLTWDEER
bNb. %8B, HLD#HBOAZEA L ODEFIX
ME L o7z (Fig.6) Z &5, ARFEITET D4
BRRIIEETEIEWEEZOLNA.

DahX ® HLD iPEIC oW THRE L7z, £3, HLD ®
— BN EETHH 13-V TRETON S EFRETEL
T, DahX X OVHLD %3 HLD k2l L7z & 2 A,
S #E % o DahX [ O HLD #i%id, 1.88+0.28U/mg of
enzyme 2 0¥ 3.20 = 0.20U/mg of enzyme O JLiHEE% 7R L

AKH #=

7o, IS ofEid, fF#EM7% HLD T4 % DhlA, DhaA,
LinB & MFEE72 572, & 512, Masaryk K%:® Zbynek
Prokop #3% & Jiri Damborsky #3% 2170 % 4 C, DahX
Te O HLD #R380> 27 FiH 0 B Z 53 2 AR IR S 2 At
O HLD & X ) e 2 AW B2 ¥ A 7 2 % v TR
AL Bonfkz, 170757 oML 1
& LA U 225 % Fig. 7TA ISR

DahX & HLD #R O H RV, — O IE % v
T, FIZREEEOME %R L 7. DahX i 1-7 0 €7 % ~
R1-3—-F 75 %2FLOELTuERkRLT— N
EHTAETIT L TEWIRREEZ R L. $72, DbjA
ORI LT X R WSRO & L
THLNTWS 1,2-Y7uau 7 a2 /L CHIELM®
WIEEZE /R L7z, —#%IZ, HLD &7 2 7 BBEH) oA [H
PEIZ X D, HLD-I~II ® 35 ® subfamily {25565 5 2
EASTE (Fig.2), DahX @ HLD #Hi1%, #x d identity
D DhIA & W U HLD-TIC# s 5. Lo, Bl
HTIZHLD @7 3 /BRI & A B R R o MBI W] 5
Mo TWwipw, Z2 T, Koudelakova & 3% L T
W % SSGs (Substrate Specificity Groups) (Koudelakova
etal., 2011) 128 C, DahX L ' HLD #3250 7 ) —
FIBT B2 WOEPICT B0, AEBRTHS W2k
BRI OB IO &, PCANT 24T 5 72, Z DGR,
DahX & HLD #H3g iZ W3 D SSGIVIZ 431 X v 7=
(Fig.7B). SSG-ViZid, HH7 v b, HHka
FLEW O S RIEN S HLD 2503 S L 5 25, DahX
L OHLD #H b R oM E 2R, &, SSGI&
SSG-II % AA2-a— F7 % Vixhd 5480

1.0 1
AdahX(pDahX) T

0.8 AdahX(pCDA) 1 Adahx

0.6 WT

ODé660

0.4 1

AdahX(pHLD)

SR

0 3 6 9 12 15 18 21 24 27 30/48
time (h)

0.2 1

Fig.6 ODgg of cultures of KKS102 (WT) and its derivatives
in 1/3LB medium. WT, wild type (H, black); DdahX,
dahX disruptant (& gray); DdahX(pDahX), dahX
disruptant harboring plasmid carrying dahX (X,
gray); DdahX(pCDA), dahX disruptant harboring
plasmid carrying CDA region of dahX (<, black);
DdahX(pHLD), dahX disruptant harboring plasmid
carrying HLD region of dahX (@, gray).
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Fig.7 Substrate specificity of DahX and its HLD region. (A) Relative activities to 1-bromobutane toward
27 substrates are shown. (B) PCA analysis of substrate specificity of HLDs demonstrated that
DahX and its HLD region (Hld-dom) are categorized into SSG-IV group.

PRER TN 555, REBRTIIARLEZI T 2%
HE L TR n/zd, SSGI & SSGIl #4315 2 L 5T
Ehhol wIhicE X, DahX XA Lo
DhlA L3R 7% 5 7V — 72 Eh, By FIZiEsT
%\ DatA %° DbeA & JEE SRR OB AP L T 7z,
& 5T, DahX ® HLD IO kM55, DhlA X 9 b,
JER R A AV T wy A DatA % DbeA (23 W] BB A5 %

Zbhb. Pl DahXid HLD itk HM&E»N L =—2 T
HHIENWSEPIR T Stk WG T,
- BRI RIS D\ CREM R AT 2 17 ) DD 5.
KB @ TadA 1, tRNAM A, CG D 34D 7 7=
(A) 27 I 7L LTA /2 ¥ ¥ (1) I2Z4§ % tRNA #i
HIGTEZ AT 5 (Wolf et al., 2002). DahX ¢ CDA %5
ATadA &t FELAMEAMEZ R Z & H» 5, DahX D
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ik BEAEH

tRNA-specific deaminase {122V THGES L7z, K
TH B - W L 72 DahX % in vitro & % L 72 tRNAME_
Ay CG EIRA L, ANMNDOANTIZEMING IET L7z,
RNA OHIEE RGN IZ L ) cDNAZSGH E NS &, 1Y
by LN ERK T B0, YU A—T—F VAT
BHEZ 7= (G L LTSNS, LadF->T, A
DY =7 DmREINDECHOE—2Z L LTHIBENS.
ZOi#EF, DahX O AR MY IC tRNA i 52 06 1 A3 Fe ik
sh7: (Fig.8).

WUz, CDAFEI® D & D DahX (1-168), TadA i (2 ¥
HOT I BRFRIICE R %8 A L 72 DahX (E57A),

HLD G ICHHD 7 I VIR EICER 2B AL 2
DahX (D288A) R CHBL - AL, FAKIZRNA
WA 2 A L 2. Z o &$, DahX (1-168) &
DahX (D288A) I&, i EEARAF AL tRNA i 4 06 Pk 25
7275, DahX (E57A) T tRNA S G PE2 4 < Ml
ENihorz (Fig.8). fit-> T, CDA KX A ¥7DahX
O tRNA M 16V 2 v, HO T I/ BFkE D TadA
ERABETH DI ENWASL IR o7z &5, DahX
(1-168) & DahX (D288A) ix DahX & b ALV EMEZ R L
(Fig.8), ARIEMEIZHBIT S HLD KX A Y OFSIREN
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, KH #

7. $hbb, HLDERIG Y v X7 EE LTHET S
Z & %%, KKS102 #k D AR IZ 35 T b DahX @ tRNA
MG TR % AT L TV B A VRIB S 7z,

PLE, @% ONhEIZ Y3 5 tRNA-specific deaminase
WHE AT AR LA L CHEET 2 H# 7% HLD %%
R L7, AREDahX 13, HLD & LT #Har e 3B 4
RMEZAL, HLD @& 528, 8L OHLD iGN
tRNA-specific deaminase {712 b 8% RIZLTWw5b &
IRIEE N,

LinA (2 & % DDT O ##

1,1,1-Trichloro-2,2-bis (4-chlorophenyl) -ethane (DDT)
X, DA NARERRARBAITHY, LA F )b
Hh—=v 0 [RBROF] T, ZOHEEENLEIAMSNS

£ % 57, DDTOMAEMSRICOVTIE, BEAM
ST TORICH 2 B E RS X 5 5o N %

v (Nagata et al., 2016). %5 7% Z T Tid, PCB/
biphenyl 73 & [A Ak D I57F BEN ORI B - BB 24
FUBIZE D fREND EE 2 5N Tw% (Nagata et al.,
2016). % 7z, Glutathione S-transferase (GST) %*DDT %
1,1,1-dichloro-2,2-bis (4-chlorophenyl) -ethylene (DDE) |2

c Tn: c G c T’JA:C G c T G c G c T"‘;;C G c :’I;.C G
N
DahX(1-168) ><\/\ | \A ){\ /\/ %}C/ :‘ \Zi ><\
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Fig.8 tRNA-editing activity of DahX and its derivatives. tRNA*®_A,CG was incubated with purified DahX and its
derivatives, and the change of Az, to I was detected by Sanger sequencing. Note that I is sequenced as G in this
system. Concentration of proteins and ratio of the editing (% ) are shown at the top of each wave form data.
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RN =R =Y J 5 X d

LT B E VW) HE L H D (Nagata et al., 2016). AR
72 Clx, y-HCH dehydrochlorinase LinA 73 DDT % DDE
T BIEMEE AT AR O W TG L 72,
KWW CTHBL - F# L 72 LinA 2 DDT & Kt & &,
GC (ECD) THREE 2 M L7z, Z ks, 4 »3LLET
V24T o 72 LinA O ARG IE O 1F 2414 % FF 5 2 B sE
(Nagata et al., 2001) 12BWT, BEIZ% { @ LinAZ i
RHA R L Cn7/20, BAEMO LinAICZ T,
¥ A= 0 &[] %5 @ p-HCH dehydrochlorinase 35 4: % 47 L,
KW TL&I25BLT 5 LinA (K20M), {ftk07 3
J BEFRIEICAE R & E A L T y-HCH dehydrochlorinase iif
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W H &3 A MEEMEAE 2 515 LinA (Y50A) 1220
THIEMEZ WA L7, 0%, LinA ¥ 4 BIEE %,
LinA (K20M), LinA (Y50A) TDDT® ¥ — 27 b &
DDE O ¥ — 7 & LA BIgE S, LinA (D25N) T3 —
7 DELIIBIS SN h -7 (Fig.9).

F7%bH, LinAlZDDT % DDE (224§ 5 iG kA3
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Fig.9 DDT degradation by LinA and its mutants, LinA(K20M), LinA(D25N), and LinA(Y50A). Purified
Histagged enzymes were incubated with DDT for 1 hr and metabolites were analyzed by GC(ECD).
Dieldrin was added as internal standard for quantification of the activity.
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etk EEAEH,

Z, LinA ZHEBIWICFEBL 5 UT26 #o DDT 4 i 1%
IZoWT, RILRARCHEE SRS, M4 Rt T
L7228, Wi S o7z, BERTIE
LinA OFB A, #MHTHEZR L X)L o DDT 4Gt %
RTIEA T TH 2 UREEDE 2 bh/z720, UT26
kD linA RIH#TH % YO5 £ (Nagata et al., 1999) 12,
LinA B X2 OERMBEERFE27u—=r 7 L7
FBHH 7S A3 P28 AL, LinA D53l % SDS-PAGE
THE L7z, ZofEE, ¥4 LinA & LinA (K20M) ©
REM 79 A3 FREA LT, UT26 ¥ b B IS
% w® LinA OB R S N7 (Fig. 10A).

ZZ T, Tho#ko DDT o % GC (ECD) TH
HL7z& A, B4R LinA & LinA (K20M) OB 7
SAIFNEHEALLZKTDDTDOE — 2 DA & DDE
DY =7 O LAPBE SN (Fig.10B). PlL, LinA
RSB S5 Z L TDDT 4 imtE % A5 2 Mz
OFMIZHEII L, LinA % FIH L7z DDT O 4 5% OR
HOTRRMELIRT DI B TE .

N

AWFZETIE, Bioa s R OREILICE T 2 A
AL ERHME LT, MWD yp-HCH 5 HIC B
VB BSOS & il S 5 2 O BN T 7 U EESE LinA &
LinB ICRIT BT 24T 5 72, ZORSE, BERE LTH,
a—FF2#ETE LT == 7 RBffbkEREE T
» % LinA 2%, y-HCH #7217 T4, EELBEE
HHME Tdh 5 N LR UH DDT % DDE (22 # 9 %1%
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BORREb D 1=— 7 iy Y EEREOH 72
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FERF MDA <, IEHERES 2L LR v & v ) FE
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Fig.10 Construction of genetically engineered strains degrading DDT. (A) SDS-PAGE analysis of total proteins of
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Bacterial cellular functions related to environmental adaptation and evolution
Yukari Sato, Yuji Nagata

Laboratory of Microbial Evolution and Function Research,
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To gain insight into cellular functions related to environmental adaptation and evolution, we analyzed the ABC
transporter LinKLMN essential for the y-HCH utilization in y-HCH-degrading Sphingobium japonicum strain
UT26, and its growth phenomenon under oligotrophic conditions. The hypothesis that LinKLMN is involved in
the integrity of the cellular membrane through the transport of membrane component(s) was supported by some
results. Furthermore, LinM and LinN were suggested to form multimers and interact with each other. In
particular, TEM analysis strongly suggested that LinN has an octameric structure. On the other hand, we found
that UT26 exhibits COz-dependent high-yield growth under oligotrophic conditions (HYGO phenotype) by
expression of the adhX gene encoding alcohol dehydrogenase. Some results suggested that HYGO phenotype is a
general function in environmental bacteria. To elucidate its mechanism, we have developed a new qTn-Seq method
and conducted some other analyses. At this stage, it was suggested that the HYGO phenotype strain grows under
oligotrophic conditions by suppressing CO; release through a glyoxylate circuit and using ethanol, which is

present at low concentrations in the environment, as the main carbon source.

Key words: sphingomonads, ABC transporter, oligotroph, CO; fixation, alcohol dehydrogenase

1

ANTAHEBRL-ARERRREH y-~FHr7oa v s
O AFH v (p-HCH) 4B, ZEW o BELEIn - A
1Lt 2 R 3 2 L CENT7E 4 TH % (Nagata et
al., 2019). y-HCH 5 f# & LA S Sphingobium japonicum
UT26 Mi& x5 & L7298 T, Abko ok, o
B D B IEE - BURT, 7/ AREESH LR,
ARIRAEB p-HCH 7 B AL & L TRZ L TR D
BUWEL OBHMEALTVWAI ERW LRI o7
(Nagata et al., 2019). TDOPTEELTOVEDLE LT,
ARk p-HCH SR EACIZE, E3E OfCHBE (s T 72
FT%L, InKLMN7332— K3 5ABCH T ¥ A K —

E-mail: aynaga@ige.tohoku.ac.jp
L prgEs « | B RAE KRR b A Rk A r e R .
K 384T ORAEKREER B B =r7e L) .

% —HWETHS (Endo et al., 2007), &) HAZT
S5Nb. inKLMNKXEQ 7%, o p-HCH 2l & bk
DA 5T, »-HCH B HRE X 72 WA 7 4 Y TEF v
FRRICOBRESNTB Y, AREREIL y-HCHRH IR
e CIE R, A7 4 v TEF vy NGRS 2 75
EE LCAHT % y-HCHORICULE LR T EEZEZ 6N
(Endo et al., 2007). T bbb, @B BENERE R
OMEHDIFRIED R CEEE 2 T — N4 5 lin {5 FhE
AL, UT26 BRI E SN 5 p-HCH 45 & LAl
DHEE L2 #2515 (Nagataet al., 2019). A7 4
YIEF v FHIERCIE, p-HCH 2R3 O & 2 5§,
DB 4 7o B O W53 R E % 5303 2 Ml A 2SR
T 52 L0 5 (Stolz, 2009; Stolz, 2014), LinKLMN #
BB, AMIRREOBRELEIL - #boOVEDOTH S &
Eribhb.

UT26 ¥k linKLMN #{zF%, M Y ARV Y (Tn)
WAFERICL Y, p»-HCHZME—RFWE LTHRML
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HEBERT Hy CTHEE T & WA RKR O To 4 A SR O AT 12
XY EEEN7 (Endo et al., 2007). LinKLMN i 4>
DY UNTEICE VRSN BERTHY, £5 08
ZHEIIRD XD IR SN Twa. LinK : #HFH ¥
VX2 4% ATPase iz -ty MlZZ% > TABCH
VAR=F—0aTRERLTAZ LN L, ABCH
TUAR=Y ==K T BBy VT ETHD LTS
5. LinL:ABCFJ ¥ AR—% —® ATPase I » ;K —
AV MEMEEEZRL, RICRESNLEF—T %A
95720, ATPased v R — % v M & FHEN 5.
LinM : JRE %A P AR & L5 Mammalian Cell Entry
(MCE) K 2 A ~ (Casali and Riley, 2007) #f&f L CTw
5. KBWAAT 538 MCE % » 78278 (MlaD,
PqiB, LetB) &, N ENIRE RIS G35 LHEE
SNBHABCH I VAR—=F —ZHERT HNR) TF AL
Y URTETHY, BOKEWETH L) VIRE R EAME
RS A IRE 2 HAEO XY 75 X LK TH% T 5
BeE i) LRSS (Ekiert et al., 2017). LinN :
NEKIICY T FNT v h—=RTF RS 5, BEiERm
DOVKRY Ry HEFEEINS. LinNIEZRY) 7I X4
B2 SHEIZT > H — 87z, LinM & MM 5 iR
YyORIBETHBLETRENS., E 512, UT26 Bk
linKLMN 5815 7kk<id, UT26 XY, (i) y-HCH
ZREICHL, X D% Ddeadend EWTH B
2,5-DCP % &M ¥ %, (i) 2,5-DCP I & % A FHEE
i< B, (i) BUKEWE O ARFEN LA 25,
(iv) ARAEIVEREAMK S 2 %, (v) FMBER 55 % RS #54
2% &E%, Z& (Endo et al., 2007; Endo et al.,
unpublished data) #*%, LinKLMN (&, il s s 55 o
2 % 4 U CHIIAMIE @ integrity (RE2E & ZesE ) (2B
54 2ABCHS VAR—F =V AT LTHDEHES
n5.

ABCh 5 ¥ ZAF—% —1%, M OYMEI K R 3EH T
M, SHBERAEY O RIVE VR Y, Bix IR
ARKERBICHEES LTBY, FICKBE TIEMa s ~
Ny RE ) VIREW®EEIS L ENDHABC T v
AR=F —OWMEDPEE L RINTwD. ) YIREIEK
B 722 &0 7 5 ARV BV T EE 2 A SR g
THY, U VIRHEERED ELS Lo B LRt
WG ZRITD, 7o ABHEICE > TEERKY
Thb. LrL, VU VIREERIIOWTIE, LPSRES
VR R EMOAVEK G Ok A = X LR,
FEACLHBINTOY R, 2RIV DHhD Y AT A
M) VIREHREEEANTEL ERBINTEY, 0D
DHEEY VIRE T v AR—F — R LT HFEBMW
LTI WRE, BIENITREISHH Y IR
PEABC T v AR— % — DR R & FEPERHA % R #Ez L

AKH #=

TWb725THhs (Lundstedt et al., 2021). T bbb,
) VBRE#EABC I Y AR=F — 3K E L TED
AN ZALIAM R EH %, B DI RD T
Wb, RIFFETHRET L UT26 BT A7 4 v T
EF v FHBEBEICB VT, Sphingomonas sp. Al H° 4
FTEHLETVFEVBENS VAR—F—THHAg Y VI3
(Hisano et al., 1996) =°, Sphingomonas melonis TY 754
TAHZIAF U NG AR—F —Tdh 5 NdpT (Wang et
al,2018) %L, W{ONABChrIF Vv AR—% —D#H
HERINTWEY, REW*XABCHZ Y AK—=F—D
WS FEZ v, o X912, LinKLMN I, Fi&m
%EN L TR O & eI 535 ABC 7
YAR—=F—THDHERBRINTSY, LinKLMN O
IR R - VEHRE O X ), A7 4 v TEF Y
I T 7R 0D SIS D B BB 0D PR\ AT B & & AT &
Nb. 512, A74 yTEFy FHRERERERZ &
o7 AEMMELELD, )VRSEORDLDITA
TAIWREEXETARHRLAEREELZ LTS
(White ef al., 1996) = &5, WIS H 7 %M
RGN L PfFsh s, 22T, AT, Hil
HOFE W LInKLMN 229\ T, @z, Ab5n, B
FOREEFNT 7u—FIC L VT L, TREmLZES
ABChZ Y AKX =¥ —HEKICHT 2 H 722 MRz 1%
HTEERHAME L7

=0, WL 5T, AFRWMEIC LI R RAEREHT
TR WCRAEBRENI BRI CAATE T 5 [REREL] Th
B ERRHC THEMNZES] Tbdhb. EoT, YR
ETCORLBENIEWICE > THWOTEETH,
e AR EBREEISHEES AT L E2 65, &
NDblF, WRHICHERRR R GLEE T A0 KM I
REFSHE LA HTH D, — MBI T
AR L, HEWICHZZATYSE EEZLNT
B, Wb HERISERBEASFEICHIZES TV S
(White et al., 1996). L#AL, 7272 [z 2 5] 72213 T
WEHIEIC X A LSS 55, Fr L wtHEfE o #E 2
EOHMALLEI DELR V. o T, KERETTH
[V | Bl 219 A 720 2 <, TREMIOLC ] HEgl
T R72OOMEHEREL AT 23T THDL. FEE, KX
FEBRBECHIGE 3 A AME  (oligotroph) ASEREEHICIA L AF
ETHZEREHELALHMOENT WS (Kuznetsov et al.,
1979). F 7z, TR SKASMB AL AR R 2SR 9 5
Ao CO, BRI E /S 2VIZb bbb T, KK
FERBE T TV REME O X ) IIEA WV, CO, AR
ICHERR YT 2 B4 b A S L Tw % (Ohhata et al.,
2007). L22L, T0X9 HGEFBEOMER K
HERETORZEE V) BN ZKEED H 0, 582 HERE
RIICIEE > T v, 4 1L, y-HCH 5 & LA &
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Sphingobium japonicum UT26 ¥k D & 1 IFEHT O 8 F2
T, ARHIBWHED CO KA KRBT EIS IS % R
L, ZOHLONDOMNT & IO 2 D 7.

SEBRTT i

y-HCH &1E I 7E% ABC b 7 > XK — % — LinKLMN
DEEFH - BEFRERT

Sphigobium japonicum UT26 ¥k kK D ¥k DB #1211,
SEARE M & LT 1/3LB 54 (Inaba et al., 2020), %
Wk & U C WEL (Imai ef al., 1989) ZfiH L, =
FRELTIZ VI —ZX%02%, INTHEZ05%,
y-HCH % 750mg/L & 72 5 & 512N 2 7=, KB oxs 3
WX LB & v, SEPUAEWEEZRML 72, BARE
Mk, ERZ15%E %A L) MA7z. UT26 H%
FRIZ30C, KRIBWIEZ37C TR L2, Witkz ENIRAE
FTHEAICIE, 15%0 7Y ta—vazRMmL, -80CT
R L7-. DNA#:AE, PCR, DNAMREESIE, =L
7 baR—L—3 3 VEIFEIZHE - 72 (Sambrook et
al., 1989).

UT26 %D linKLMN R 1524 K ek (UT26DLKN
#) 1, pAK405 (Kaczmarczyk et al., 2012) % i\,
MFMHEZ LDV =D =L R E %D X ) ITERL 7.
MHHO 77 A3 FOEBIZIEEEEBY ¥ —
pKS13P (Endo et al., 2007) % i\ 7-.

M O M B W M % R B 7o oasifadk & LT,
FM-4-64 £ SYTOX Green % H] \» 72. DNA %t {1 %] @
DAPLZ Ny 7 75 v FIIMAICH W, Thus gl
WM 2 A L, SOtBEmMEE oBlgi T 72 W
RILBIZ 12 Image] % 72,

LinM o 5 3L, %8B H 7 7 2 I FpRSF-1b
(Merck), LinN ®ZH 2133838 75 X 3 F pOPTH
(Ohashi et al., 2016), ZHHDOKBHikkE L CTE. coli
BL21Star™ (DE3) ¥k % v 72, H INEEE O 53 FHE % 1
Bk, HBEPAETAHAHN Y VB X OHis 7 7% v
TT7 74 =74 KM% To. X512, Fiuvsfraxw
N7TT7 4 =KD S RARREEIIS U & 4T 5 7.

KIGH T - BB L/ HN-LinM % 7 0 0 k)L A -
AF 7 —)VTHIHL, iz o< M7 T 74—
TRERHL, Y YIREOH I TH % Dittmer-Lester &
EOHFOICROT L2 0ME Lz /2, KEBWCTHER -
Fi% L7 HN-LinM 3 X O'His-LinN# 7V 587 o<
NS T4 —=THEL, EMATAF =) 5 7R
T ORI L ) Y UCEMBIE T-BHMEE (TEM) T#
L7 (P RABIREONZEE THMi). His-LinN 8
oELNTEM WG ok T2y 27y 7L, H
PR 24T, ZRETPFILE TV ER. S5

HEALIZ RS 2 Mlfakng

NS 2 MAE DL TERICE L ZIT VIR ST T
W %572

BERERECORBREMEOMIIIBERR

Sphigobium japonicum UT26 ¥k 2K Dk DR #1213,
e e LC1/3LB M (Inaba et al., 2020), H:H
W & U CWE: L (Imai ef al, 1989), & 5 Wi
1/10W X541 (Inaba ef al., 2020) %L, HEFEEZR
M AEEICE TNV IT—2A% 02% MR 72, KEBH O
FIIT LB A Vv, EEPAEREERINL:. Be
B O BRI, ERZ 15% & 25 X H IR 7.
BB Hb D B ARRE L I3 S A O RS IE R 1.5%, H 5D
WX T YA 04% % v 7z UT26 Hsk#kiE 30T,
KIGWIE37TC TR L7, WikkZz RS 20541
i, 15%0 7 ) tu—vaximl, -80C THRAEL 7-.
DNA #/E, PCR, DNAMiJE P, =L 7 buR—
L—¥ 3 VEIZEEEICHE S 72 (Sambrook et al., 1989).
adhX AR T~ OEHALIE B L FE AT, L - F ke i
W7z (Itoetal., 2007).

EAR S ETOAFFMEARY b7 v kA4 TH -
7o, COMRAEMEZFHIT 258121, TIRAF v Iy
FHIZCOWHERITH DY —FHIKE S, B
LChEFEBEZELZ. CO,OM Y AKX, NaH"CO, &
H,S0, iR A& L T3 872 1CO, I Y A A= CTREM
L7

UT26 %D 75 AFEY ~ pTaMod-OKm (Dennis et al.,
1998) &M\ 7z Tn ZRKT 4 77 1) — OREEE &R I,
PEERIZHE > 72 (Endo et al., 2005; Endo et al., 2007 ).

UT26 tk @ % i i {5 F 5% 4 K 2K B 13, pAK405
(Kaczmarczyk et al., 2012) % v CHFEMIEZ 2L D
R=A—VLALHGbL)IMERL. adhX S5EBUH 7
523 FIXIEMESMAN 2 % — pKS13P (Endo et al.,
2007), & % \» & pBBR1I-MCS-5 (Kovach et al., 1995)
THOCTERLZ:. MoBEEFHHHO 77 23 Fid,
pKS13P % H\WCfE# L 72. Hypermutator FRid, 255!
dnaQ BE T &2 H WA EREAD (Ttakura et al.,
2008) X DERL 72

5 S EDOFBUCIE, pET22b(+) & E. coli BL21Star™
(DE3) k& HI\», His # 72 FIH L CTT 7 4 =7 4 K5
47o72. 7THa—)vFe Fus ) —¥ (ADH) G,
NAD* & JE8 % L 72 B2 @ NADH o 24 i % 435656
JEME TR T S 2 & THMI L 7-.

qTn-Seq FEZHWA Tn 1 v + % HYGO FIHAIRKIC
in vivo TR &, #11,000 7 @ — 5 7% % qTn-Seq
A TnZR B IATIT)— %R L. KIATFY—
% 1/3LB, 1/10W-Z7" )V 2 — A, 1/10W 2&K35H T 58
L7z B th OWAZ RS, DNAFIH - K- %217 7% 5
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etk EEAEH,

7. Wi DNAZT4ADNARY AT —¥ LI FVU X7 L
7 —E I T L, DNAWH O X% 5155, M-MLV
W EREFIZL D, DNAD S KM GHEIEZ[Hms %
I AN S TR G T Ty — W E AN L7z
%2, PCRTANVIFHONGSTY—7 ¥ A%479
2D E R ES Z NI L, NGSHT %247 7% > 72, 1%
bN72) — = 2 @A 7 702 & ) EEaE L L 72 1%
2, UT26 07 ) A~D~< v ¥V 7% fTo 7.

i SR 7

y»-HCH b A % ABC b 7 > XK — % — LinKLMN
DEEFH - EEFRENR

UT26 #® LinKLMN (2B 9 % DR OWF7E Tl, FH)
i PE fn - C U n T 2 B L kS W S hvTn /2
(Endo et al., 2007). L L, Rl BEaemar 2479 72

A

W_Glucose W_y-HCH

102 103 10¢
uT26

UT26 DLKN
UT26S DLKN / pKS13P

UT26S DLKN / pHS1

0.2~

Frequency

0.1~

0 i

fluor FM4-64

Fig.1 Phenotypes of linKLMN-deletion mutant (UT26DLKN) of Sphingobum japonicum UT26.

Frequency

KH

DI, YFHEBOAE Y —H — LV ATREREL 2K
FHOWAIEDPRLET L. T2, UATiCEREIRL
UnKLMN M 75 A 3 FTI&, linK OB Ko as
WKHOT /77— a VRO R LD 607 3
JWREG LB OATG THRTENTBY, linK H5e
I EIN TR WIRERH L Z LI L7 £
Z TR T, B2 linKLMN O~ — 71 — L A584s
Kk (UT26DLKN #%) &, linK OBE T K ¥ 2 %o

DL L7 inKLMN HI#iH 75 A3 FaRERL, T
ICHW7-.

UT26DLKN ¥kix, $pERkE LT, @H O RERH
(1/3LB¥5#h) BLX OV a— 2% JEE L L7 ik
H (W _GluBsHh) CTOAFIIEIHEE REVIBIZEIN
otz h, W_y-HCHR M CTIIAEFET, ansikz
BERELZWSucH b TREFIRL & o
(Fig.1A).

-

W_Succinate

102 10 104 102 103 104

0.15-

0.10-
strain

W urzss

UT26SDLKN

0.05-

0.00-

fluor SYTOX-Green

(A) Growth on W medium

with glucose, y-HCH, and succinate. pHS1 is a plasmid for complementation of linKLMN genes that was constructed
from broad-host-range vector pKS13P. (B) Staining of UT26 and UT26DLKN cells with FM4-68 and SYTOX-Green.
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%k, MR I ERRE MO RBAZR L7z
7z, UT26DLKN #IZEFAERE X 0 Mifa g @i OB Y A A
REATEA-L72 (Fig.1B). —F, KRIBW TR - B#EL
ZZLinM it EEE s o~ NS 74 —TIRIT L2 &
25, ) VIRE BRI TH % Dittmer-Lester 3T
FICHM L, REETHEIL 7 LinM I2) Y REDH
HLTWwBERmBEIN7z. £/, UT26DLKN #kiL, %
IR TL 2 O membrane vesicle (MV) %A L
72 (%iw1zM). Dk, LinKLMN &, SlRgIE R 55 o
ik % A L CRIBAMYE O integrity (ZB5-3 5 & v ) G
T HHRPHE SN,

LinKLMN O® KD 9 %, LinK & LinL i, o
ABC 7 ¥ AR —% — DMK & O IEE A HEL
<, ABCFT v AR—% — Il IEARERELH) &
ZZbNA, ZNIZH LT, LinM & LinN &, f##r o
HEATVDEY) VIRE N9 v AE— % — L DMK
{, LinKLMN B OHEZHET L2RTTHD L E X
bbb, ZZC, LinM & LinN2SE D & 9 gk &
LTHEEL T2 22T 2572012, TH0ELT
1 - M IAT 247 - 72, N RIGOBAE G Y % R
THN % 7% M5 L7z LinM, NKigD > 7 F VT v —
~RT7F FEH % BT His ¥ 7 % f145- L7z LinN & Z 1

Fig.2 Multimer structure of LinN, a component of
LinKLMN ABC transporter system. Purified
His-LinN expressed in E. coli was analyzed by
TEM (A), and 3D structure model of His-LinN
was constructed by using single molecules
observed by TEM analysis (B).

HEALIZ RS 2 Mlfakng

h, £, AUKBRMRTREISYE, 774 =74
AT 72, BHRBEOK Y VST BIZOWTTr V5B
rua< b7 974 — N EAT o 72K R, HN-LinM,
His-LinN 3% 12 £ &4k % B % L, 2 > HN-LinM &
His-LinN 2" &R 2 T A WHREME DS R S iz, &
512, Fi#f% o HN-LinM & His-LinN, 3 X O % 3t
B BRI OWT, AH T4 TRMICE D
TEM B8 %47 - 7244 %, His-LinN (22T, His-LinN
%R &R S D RAER 15nm DX — Bk T3 Bigg &
N7: (Fig.2A).

£ 5 172 TEM Wi {% % H W T HURL T IRAT 2 47 o 728
B, ZRICFHILETVER, SLIERSEHAED
FTCEZRICEHEIT R EE TV E S
(Fig.2B). RETFNMIEKHD 6 7 FHifLe A5 5 IEN
M AME & CT&H 0, AlphaFold 12 X % His-LinN #§ 7% 3l
EHAEDLERR, His-LinN O 8 & A x 61 = 48 &
RE R E N7z, HisLinNIZy 7 F V7 ¥ H —EH %
BRELTBY, MBS %A L CTHME & ik L Tz
ARPETH - L2KER P CRIA L CERET VD X ) BhF
WEEENT2OTIRrwNrEEZOND. FBE, S=k
x2=16 BRI SN LR T LBEINTBY, £
ARG IZFEERTA U2 AT TH 2 REEA RV, LA
L, LinN 23RN TH 8 mARMEZTZR L, NHOF v
VROV R S AT S 2 W REVE AR < TRIB S sz,
L1k, 7 A4 A EHET L MM 2 £l 52 FET
HHY, SHESNRERE, 4% < LS LinKLMN 7
MEFIVK (Fig.3) EFELAEW

Outer membrane m

LinN (Lipoprotein)
Periplasm )
LinM (Periprasmic protein)

Inner membrane LinK (Membrane component)

Cytoplasm LinL (ATPase component)

ATP ’ ADP

X}

Fig.3 Proposed model of LinKLMN ABC transporter system
in UT26. LinM and LinN form multimeric complexes,
and the LinKLMN system transports unknown outer
membrane component(s) (black diamonds) such as lipid
in an ATP-dependent manner.
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UT26 ¥k (& Alphaproteobacteria \2 &3 % HEIE S 24l B
THY, AFICAWRFREZLEL L, REFZTML
e IR R M TR AEF L vz, y-HCH O &E1LE
IZD2WThH p-HCH #Me— D B KR & LTl L 72 4%
W (p-HCHE:H#h) CTRMlicix . T4bb, Ak
DOTnERT A 7)) —%EHL, FVa—AZFEMN
L7 clidAEE L, MEH%ﬂTiEﬁL&
w7 a—rEBRTNE, p-HCHE LI LHE 2 85T
WZTnASFASNTZ7 10— /ﬁﬁﬁféé.ﬁiﬁém
wf,ﬂmHﬁ%%wTﬁﬁﬁ%@(mmaalm%
Nagata et al., 2007), Lo y-HCH & 1LI1Z7H 7% ABC
bﬁyxﬁ—&—ﬁm%mmumMEmOaMJmﬂ
FHEELL. 20X BRAZ)—= v T7OBEET,
p-HCHYE M TG I L, WEKI Y KERZ YT
V=V RS A su— WML 2) TV = ViE
yHCHO B EIZEVEL 720, B4, Aru— i
y-HCHACHRE SR L 72k & & 2 S 74, RFRIRIE
WO TR L7728 25, WEKIELESE

LAEVDICK LT, Aro—vidano—HuE LT
BT IS L (Fig.4), y-HCHAUHBE AR IC1X
TALD e dr o 7.

Fbb, pHCH 2 BRI E L THRMTE 572
O, HERICHHPOy-HCHZ XD E L GR L7z L%
Z b7z, ARBIG % high-yield growth under oligotrophic
conditions (HYGO) & &L, MNiZ47-7-.

Tnffi AZEKT £ 7TV —HkD HYGO #:® Tn i
AT AR RE L72E T A, HATMFEA~D Tn O A

adhX+ WT

, KH #

THotz. €T, HYGO ¥k v — > @ Tn i AEBA %
WPAERIBRICEAL, UPERTFHLZLIA, RED
HYGO EHRIZ /R L2 &0, ARBENIEET0

WX BRRTIEZ% <, Todf AFAIIEEET 5 H K
fflg7va—vyFe Fasr-—+¥ (ADH) & =R
(2R 7 s E% a— ¥ 58T (adhX &6y
%) BTalkED7aE—¥ —CTHEURIICHBIL7-2 &
MAHYGO £HAI 25 &2 Lz L S/z (Inaba et
al., 2020). FZBE, AR adhX ZRERNICTEET 5
75 A3 FEEALTHHYGO HHMAPEIZR SN/
X512, BRI 5 X1, adhX 2588 5 HIRZEA
LR MBE RS MBI, BAKE W clid
WNIET % adhX B 15 T-HE IO B IR IR BASFEERAE S
B EYS 2 DGADVEL, adhX BEeRKEL

72 UT26DAX B2 EHL L, LIBEDIEIT I W72, adhX
FAFICHETIE R L, UT26DAX FRiZ#H OB #5104
TIZER R RBIRE 2 h o7z, B, UT26DAX B

3% @ hypermutator ¥k (#18) Tix, HYGO FILH Pk
BT, RERIIITBIT 5 adhX O M CF
3% (Inaba et al., 2020). UT26DAX ¥k T adhX % 5
R0 D HYGO £BIM 2R L (Fig.4), adhX D3
BPREHAZF Z R THEOENTH S Likm L
7o, E5612, CO,WAEHITH BV — 5 AIK%E 7T
75, HYGO BRI IZRGREE L NV D CO, 73 b %
TdH Y (Fig.4), F72, HYGO &I T ol b o
B HCO, DBUANRBIEE SN2 e 5 H ARAKB
CO, AFHYTH % Liffam L7z (Inabaet al., 2020).

HYGO RBURIRIZ AR 2 T & 9 2 @ L A28

UT1130 adhX+

9900

WT UT1130
Nutrient-rich
1/3LB
Oligotrophic mn:
1/10W g@}

)
O

Without soda lime

With soda lime

Fig.4 The CO,-dependent HYGO phenotype was induced by the expression of the adhX gene in UT26 (Inaba
et al., 2020). UT26 (WT), Tn-induced HYGO mutant (UT1130), and UT26DAX (pKS13P-adhX)
(adhX+) cells were incubated on 1/3 LB (nutrition-rich) and 1/10 W (oligotrophic) medium for 3 days
at 30 C under CO, -limited (with soda lime) and non-limited (without soda lime) conditions.
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HI D BRIFEE L

AHNT, BRSO LFHERE G T LMD %
Aoz, LaLl, WEEXDINS, LhiEoEVT
HU—ART T VA LFRE LTHY T FEOB
B sns L, T2, LEEREZEILT 25418
SRR N D ARSI D WA L O R BIE b A S
WZ RS, ZouEtiduwe Bbhi. FEE
colony forming unit (cfu) ZE3 5 2 & T, WK
TH HYGO FHHAENBIZZE 7z (Fig.h).

51T, AR TR 2 1T 5 T d HYGO &3l
BIPSBIEING I s, KR T L 72 oMia
NOEREWH OG FHANCLETH AL HEsh
7> (Fig.6).

A
1010
1/10W_glucose

100
-
g 108
3 UT26, UT1130, UT26DAX, adhX*
(@]

107

108

0 10 20 3 40 5 6 70 8 90
Time (hour)
B
100
110W

100 UT1130, adhx"
—
1S
£
=]
=
S _ UT26, UT26DAX

107

100
0 10 20 30 40 50 60 70 80 90

Time (hour)

Fig.5 Growth of HYGO strains in liquid medium
(Inaba et al., 2020). UT26 (WT), UT1130,
UT26DAX and UT26DAX (pKS13P-adhX)
(adhX+) cells precultured on 1/3 LB agar plate
were incubated in 1/10 W with glucose (A) and
without the addition of any organic carbon
sources (B), and the number of colony-forming
units (c.f.u.) was counted. The means of three
independent experiments and sd are shown.

- AL B9 % e b g

Pk, HYGO ZH B TII KX D CO, DR 5%
RFERE LTH L CO AWMV E 2 5.

KIGH CTIHBL - WL 72 adhX WO AdDX (X, % %
J=VRLy )=V EDT VI —)VIZx LT ADH i
%R L7 (Inaba et al., 2020). F 72, ADHiHFMIZE
W7 IV MIRMEICAREZEAL, ADHIMEZ K- 72
AdhX (C42A) B & UFAdhX (T44A) % 3881§ % UT26DAX
BRITHYGO ZBI M 2 /R 97, 55\ ADHH M % o
AdhX (H43R) # 38319 % UT26DAX #1385\ HYGO %
BIMZ R L7 (Inaba et al., 2020). $7%bH, AdhX D
ADH {fiTE D5 & & HYGO ZBANZ MR H 1,
AdhX @ ADH {fitE A" HYGO KEANC L ETH L L E 2

1010
A 1/10W_glucose
100
1031/'/\
E
E 107 . Z v
o
10° UT26, adhX*
10
10¢
0 1 2 3 4 5 6 7 8 9
Time (day)
1010
B 1/10W adhx*
100
108
= 107
£
3 10
(@]

104

10°

Time (day)

Fig.6 Serial transfer culture of the HYGO strain in
liquid medium (Inaba et al., 2020). UT26 (WT)
and UT26DAX(pBBR_Pu_adhX) (adhX+) cells
precultured on 1/3 LB agar plate were incubated
in 1/10 W with glucose (A) and without the addi-
tion of any organic carbon sources (B), and the
number of colony-forming units (c.f.u.) was
counted. The means of three independent experi-
ments and sd are shown. One per cent (v/v) of
the culture was transferred to the same fresh
medium at the time points shown by the arrows.
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bhb.

UT26 MRIGARAT SR D CO, [ 78 Bk o S 358 5
TARERBZIIALTES T, HYGO EIHMIZBWTH
B CO, B BRI FERE L TV A TREMED Z X 5N 5.
Z 2T, HYGO HBINCH G- 3 % #{n T O Mg &
ZATo72. NGSEZH W T ThEE KIS T —HD
Tn %t v b OWFALLE 2 —55 L CFETHE 7% Tn-Seq i
WIS HWHNTWAS, L L, 7EkD Tn-Seq ik, ¥ —
FYAITAT ) —RBOBRIC PCREGIEZ 1T 9 72D12,
2ARDOE LY — F2584 2008 M DNAICH KT 5D
B, O EDOOFHRE DNAZHIERT 2 DD XBIASD 0%\,
W) ERN B REND L. F 2T, PCREIEORIIC
[ @5 & 7 % ik 3 % quantitative Tn-Seq (qTn-Seq)
BB L7z ATETE, M UBEA®RN Y 7 %100 —

AKH #=

FiZJC 4 M L DNAGFICHE T2 X TY — F7F—
YEWETH LT, XD ERNYLMGITLTETD 5.
B, AFEORMIEICH-D, DNAGTICEHFHN Y
T RN G- 5 72012, R EEE O R A ]
5512 L7z (Ohtsubo et al., 2017a; Ohtsubo et al., 2017b;
Ohtsubo et al., 2018; Ohtsubo et al., 2019). % 11,000 7
00— 7 57%2%HYGO ZBMHKO Tn LR KT 1 77
V- ERL, 1/3LB CREER ), 1/10W (IEEST )
+7NVa—A, 1/IOW TH# L, ZhEhoFMETT
a5 L 7o 4E RO T 2 v MG AT 2 NGS AT L
7o, V= FF—% ZmIlEA# 2 7k p ke S
I ANDR Y T RATo7. EORBNGE —H%
Fig.7 IR 7.

1/10W 55 38 M e B 0912 ) — FEDSRA LT 5

A
1/3LB

||.I|I|‘ | ‘.||| [ 1 ‘ ‘ .1|||| hl Ml | ..H| | LH |||‘
1/10W
~Glucose Lo UL |.‘ L] 1 ALl ‘ll ANl L]l
1/10W

lnl |||LJ’ ‘ ||||I I | .]l”ll ‘l ‘ AN IuJI .l|| PR II ||||
B v
1/3LB k

duu J 1

1/10W L
_Glucose 1 )
oW I‘Hu ] Ll

Fig.7 Examples of Tn-Seq analysis. Abundance of Tn-insertion mutants among cells cultured on 1/3LB,
1/10W_Glucose, and 1/10W were visualized and compared. Genes indicated by black (A) and
white triangles (B) are proposed genes important and harmful for HYGO phenotype, respectively.
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Table 1 Genes identified by qTn-Seq as ones involved in the HYGO phenotype

SJA_C2-04280

Locus Tag gene product
Chromosome 1
SJA_C1-17770 ppdk pyruvate, phosphate dikinase
SJA_C1-21600 aceB malate synthase G
SJA_C1-27790 gcvPB glycine dehydrogenase (aminomethyl-transferring)
SJA_C1-27800 gcvPA glycine dehydrogenase (aminomethyl-transferring)
SJA_C1-28310 aceA isocitrate lyase
SJA_C1-28320 XRE family transcriptional regulator
SJA_C1-31210 XRE family transcriptional regulator
SJA_C1-33580 ppe phosphoenolpyruvate carboxylase
SJA_C1-33720 acetyl-coenzyme A synthetase
SJA_C1-34420 TonB-dependent receptor
Chromosome 2
SJA_C2-01170 TonB-dependent receptor
SJA_C2-01390 urea carboxylase
SJA_C2-01660 pntB NAD (P) transhydrogenase subunit beta
SJA_C2-01670 pntA pyridine nucleotide transhydrogenase subunit alpha

class II aldolase

SJA_C2-05630 acs
SJA_C2-05640
SJA_C2-05740
SJA_C2-05750
SJA_C2-05790
SJA_C2-05800
SJA_C2-05820 aldH

pseudoazurin

acetyl-coenzyme A synthetase

DNA-binding response regulator

GCNB5 family N-acetyltransferase

hybrid sensor histidine kinase/response regulator
hypothetical protein

aldehyde dehydrogenase family protein

22 HYGO £BIMICH L 2 BT OBH L %5 5.
[ 5 E N7z Elidfs+ o) A b % Table 1 IR

ZDI b, aceA, aceB, ppdk A% T ¥, HYGO FHIH!
RO UELB R TR - ARk 2 ERL, ARy b T v
L A& ) HYGO BHENI BT 5 2N & fs T O WK
P % # 2 L 72 (Nonoyama et al., unpublished data).
aceA & aceB 37V F F Y OVEBRIKEREEK T AHTTH
" (Fig.8), HYGO RHEI~D 7 1) F F 2 Vg o
BG5S & 27 o 72,

7 B, aceA & aceB X, RNA-Seqf# AT 12 B W T,
1/10W 55 T o B Hl M g THEE M ICHEBL L TWw 72
(Nonoyama et al., unpublished data). ¥ 7z, ppdk & 1=
FASHYGO EHHENZLETH Y, 5D pdhAB 5T D
WA HYGO KBIBTHATH 5 (HEkOEH G2
HYGO &t FCT#ims %) Z & b qTn-Seq fi##r 5 & B
LMo TBY (Fig.7B), ¥VE VERIET £ F L
CoOATIE R, RAFT ) —VELE VEEICHNNS

ENEETH B Z L L7:. —J5, AdhX 257 )V 3 —
Ve Fard—EThHrI b, TIVIA—VHE- T
T FT VTR R - BEEREALEE & HYGO KB & o B %
HEBE L7z, 2ofR, BAKRTRELTE RS
7 —A, HYGO ZJEMO LT 2% L {REL, 7
7T FEFEEIC X D ATF L adhX BB
L7 (Fig.9).

EH1Z, O FEE% aceA, aceB, ppdk WEERE - Al
BRCTHERL-EZH, 27/ =NV HEFREE
INLHEMETERRHL2ZERERIBILE I N
(Nonoyama et al., unpublished data). Pl L ofEE % F
LB E, HYGO HRIZIEEBEE T T/ A F VR
¥ T CO, DRI A2 2 DD, BREEH IR B TIETE
THLY )=V EELREHELTHHLTWwSEERDS
Nb. CO,ZMEEATY TELTIWE, FAFT ) —NY¥E
VWEVYBAINVAFY - Ppe) BEDT F 7L 1
T4 v 7O TOREICMRZ T, EVEVRTHIVKF
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i BEALR, JkH #H

glucose
¢ Pyruvate/phosphate
dikinase ppyp
* (ppdk) + PP ATP Pyruvate

+Pi decarboxylase €O, NADH + H*  NAD*

_ (ilvB?)
CH,=C-COOH 444 CH;-CO-COOH P CH;-CHO 4—#- CH;-CH,-OH

| ADH (adh
0-POZ o, pyruvate . acetaldehyde (adhX) ethanol
NAD™ + CoA-SH
phosphoenol pyruvate (PEP) + NADH ° A’\SE ATP Id NAD* + H,0
+ + PPi : a
Malate PAAB 4N NADH + CO; + CoA-SH NADH + H*
CO2 + H20 PEP
2 2 carboxylase dehydrogenase CH3CO-S-C0A e CH3-COOH
. . g cetyl-Co
Pi (ppc) NAD acetyl-CoA synthetase (acs) acetate
CoA-SH COOH
HOOC-CH,-CO-COOH > |
2 / Citrate synthase " HOOC-CH,-C-CH,-COOH
oxaloacetate
H20 citrate

NAE)H Malate OH

+H dehydrogenase

NAD* Malate synthase

(aceB) Aconitase
HOOC- CHZ-CH COOH <= CHO-COOH
malate glyoxylate
OH CoA- SH H20

(IEOOH
HOOC-CH,-CH-CH-COOH

isocitrate  QH

Fumarase
H20

HOOC-CH=CH-COOH

fumarate ) NAD*
. Isocitrate
Isocu(:z:eAl)Yase dehydrogenase NADH
FADH» Succinate +HY
dehydrogenase . + CO2
FAD Succinyl-CoA a-Ketoglutarate
synthetase (sucCD) dehydrogenase
HOOC-CH,-CH,-COOH HOOC-CH,-CH,-C-S-CoA ‘7\_ HOOC-CH,-CH,-C-COOH
S GDP . I} + a-ketoglutarate 1l
CoA-SH o succinyl-CoA O NADH + CoA-SH (2-oxoglutarate) o
+GTP +H*
+CO2

Fig.8 Metabolic map related to the HYGO phenotype.

UT26 UT26DAX adhx*

10° 10! 102 10 10* 10° 10° 10" 10 102 10* 105 10° 10" 10 102 10 107

Ethanol 0099 I -
Acetaldehyde

Acetate ‘

Glucose C ox

Fig.9 The HYGO phenotype is related to ethanol utilization. UT26, UT26DAX, and UT26DAX (pBBR_Pu_adhX)
(adhX+) cells were incubated on 1/10 W medium with ethanol, acetaldehyde, acetate, and glucose.
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DWW S D TH DRI D 0, FEMZ B 23
S, £ OREME»E T 5 H - HIERETO
CO, B & L CHERBENERIRKEWEZT TR,
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WoKRL LN T T4 7, BHRR L, RREL ED
NBZERBECTOHEMEASBHL, MEE %57 —A0%
V. HYGO EHB o REIX, 29 LA EME oK
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Formation and evolution of bacterial populations
Hirokazu Yano, Hiromi Kato, Yuji Nagata

Laboratory of Microbial Evolution and Function Research,
Graduate School of Life Sciences, Tohoku University
2-1-1 Katahira, Aoba-ku, Sendai 980,-8577

To gain insight into principles of bacterial population formation and evolution and to obtain basic knowledge that will
contribute to practical applied technologies such as bioremediation, we investigated bacterial cell populations capable
of degrading organochlorine pesticide, y-HCH. The clonal y-HCH-degrading bacterial cell population was repeatedly
subcultured on spatially structured solid medium, and cell lines with partial chromosomal deletions spontaneously
emerged and continued to coexist with ones without such deletions. One of the mechanisms underlying the
coexistence of different cell lines was the mutation of the TBDR homologue gene, which results in increased
membrane permeability and aggregation of cells. In general, our results suggest that the coexistence of cell lines with
partial chromosomal deletions with ones without such deletions is established by the guaranteed niche partitioning
of resources or space. On the other hand, in a heterogeneous population of y-HCH-degrading bacteria, (i) the
degrading bacteria did not become the dominant genus even after repeated subculturing in liquid medium with
y-HCH as the sole carbon source, and (ii) the giant colonies showing the long-term y-HCH degradation activity were
formed only when non-degrading bacteria coexisted on solid medium with y-HCH as the sole carbon source,
indicating the importance of non-degrading bacteria in the y-HCH-degrading bacterial community. Analysis of
bacterial strains isolated from this community revealed the phenomenon of directional colony growth (DCG), in
which non-degrading bacteria prolong their colonies toward the degrading bacteria. A Cupriavidus strain exhibiting
DCG was also important for the giant colony formation. The hitchhiking phenomenon, in which non-migratory
bacteria use migratory bacteria to expand their habitat, contributed to the expansion of the habitat of y-HCH-
degrading bacteria on solid medium, and was also suggested to be involved in their survival in soil environments,
showing the potential of this phenomenon for bioremediation. Furthermore, we found that EPS produced by easily
culturable Burkholderia selectively promoted the growth of Verrucomicrobia, whose cultivation is difficult. This is a
new strategy to cultivate non-culturable bacteria by using interaction mechanisms underlying the bacterial population.

Key words: bacterial population, population genetics, bioremediation
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FIH C & % Sphingobium japonicum UT26 ¥kD 1 7 1 —
SIS A ¥ — oM EHE 2 2, [SOEBIC LD et
RO—H 2 RELIZERKEZAEATZEEZAE LT
% (Nagata et al., 2013). EBEEOH L ISEHRA LT
WAARMW AR L, BIENE M ERNICHER LS
Tk wbhTws 2E2MEED S 5 RE 2 MU,
SR C BARAERBR TR O NS L9 Mg ok
LB T B LS, 22T, A, K
Wol1ru—r2MsEne 3 5% 8ELE, HEodhsb
IL¥WE ($%bHyp-HCH) & FEMREH, 2512
TN A= AN LI M 2 T O F T, MR
HEHOZHALD 8y — BRI RO o E e
HIRFE L 72

INFE T, HEMEHED S % % HCH R E RO
BRI b DD PHE EN TS, Mohn
(2006) & DOWFFETIEZ, AL O HCHH S5
Boh v 7% HCH CHERER L 2%, »-HCH
S fRW & LT Sphingomonas I MW kRS0 S, H£5E
RAERITBWT I NS Sphingomonas J& X° Pseudomonas
&, Methylobacterium J& 735 L Tw b Z & 2 DGGE
(Denaturing Gradient Gel Electrophoresis) 12 & - THY
b2 & N7z Elcey & Kunhi (2010) 1%, HCH % %
138 A Pseudomonas J&, Burkholderia J&, Vibrio )&,
B X U Acinetobacter J& (2 )G JE S 72 9Bk & R AR
Fusarium B O 1P SR ESNL 3 I 2 =25 4 2 JUS

L., 215 10#kE 10ppm @ y-HCH O 43 iG % A L
TWwbZs, 23 2=7 4 TlE300ppm @ y-HCH % 108
KHTHTEl2t, EEWELTVL. T/
Gebreil & Abraham (2016) (%, & HH] < BREH) T8k
WO A IR E LT, p-HCH O S LI K &
N7z34 % 7 4 V&% DGGE f#T L, Sphingomonas )&,
Pseudomonas J&, B X O° Burkholderia J& 7% & OB AHS
FAELTWAIEZWLPIC L2 SROEHCHO 2 I 2
=T ANIBIT BB TR BT 2 I H 5
bOO, a3 2=F 4N EDOHE AR 7 O hi (s
FHLNVTHIEIZ G o Tnrnwr—23%<, £
TI 22714 L LTOEYFMERZKGEEL T 5058
7w, FRMIZy-HCHIZ X 2 BREH O EL~D
ISFICAE DU 2 729121, s L )V ¢ HCH 4
HAI 2T A RN THIELT, II2=2T 4128
LW L SRR ENZFNORBEEZHL 2T LT L
MRODOLN TS, Fexid, HCHGH 138 % HAmiE &
L Cy-HCH ZMe— D e R & L 7 MEARIE B b CHER RS
9L LT HCHEEZ AT AW I I =74
EB2 # i3 L7-. TN FTIZ, EB2H 5400 S 7=/
WOy ay v H Y AXAFH5 ) LENTICE - T,
lin A= T8 % H 3 % Sphingobium sp. TKS #& (Tabata
et al., 2016) NEB2OFELGMRWEEZOLNL I L,
EB2 % & Cupriavidus sp. TKC #%°> Pseudomonas sp. TKP
#& (Ohtsubo et al., 2014) 7% & HCH 7 f# i1k 2 /R & 72
WD Bt s e 2 &, PO h o7z SR
TKS ¥k % HCH ZERE L THURTR; 83 % &, 5 fHEE
DEG NS RBo I = —%BIK L7225, EB2 %5588
T2 L2 R T2 A ERORE a0 =—%2F
L7z, SO0 & FEOIESHE & DRI S
POMERIRY D D Z L 2RIETHH, LX) Rk
PEATERE S %5 I3 2 AIZIZIZRETH L. £
C CAMZETIZ, HCHZM#ME 2 3 2 =7 1 EB2127
HL, Zo8AMAEYRORMEN - BEAENZ &R,
TKS ¥k & il m bk & oM EHL 2T A2 &
T, EB2a2=7 4 OREERZWNSLNCTLEI L%
Hrye L.

TIEBREEIIME AT - AAME O BT L E oM A
AR L TV 525, NEDHIREREZR I RET) U 7l A A 1
O TR - 725 O I L2 &%y (Amann ef al.,
1995). WAMRERE DT R BRI H O 7290121E, BN
OMWE MBS TENIRELT FNV T =T 5.
MPTETERVWEROOEDE LT, MAEWHOME
PERRTHCEF I N T RWI BB ITFONE. T4
bbb, WMEYMOMEEHOREM 2RSS LT, #
L W EEREFSHH N ORI ML 2 BT A 2 L B HETH
bEeEZOLNL, A, THMREEOFERBOERICHE
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T34 DT =5 &oTHBY, ZOWT, SREEED
Burkholderia ORI\ HER 2D Verrucomicrobia H3E| £ %
B4 Z LAZTEH L7z, Verrucomicrobia |3 13853 % 13
UK, g, i, EESsBLI e MoRNRES
FIERERBICBVTHANIZHMA L TWDE—HT, 4
BERE AR L 72001380 TE M R oh o & —#
WZIRSINT W5, Verrucomicrobia %13 U %, Acidobacteria
(Kalam et al., 2020) X PVC 7" v — 7 (Planctomycete,
Verrucomicrobia, Chlamydiae) (Wagner & Horn, 2006;
Wong et al., 2020) 7 E I3 TIEMBEFZEOH TEL L TWw
LICHHLLT, HEEREEFANIZIEAE RN END,
AL D BDHER S N TV BEY, bW 5 microbial
dark matter & LTHIS T WA, 25 MR8 MM e
ZoWTiE, 257 AOWHEINHET 5 2 & ThEY
D) NRAT L AR R LD S ¢ 2 &I S
N Twv % (Handelsman, 2004) RUF%ECTld, Burkholderia
& Verrucomicrobia DRI ¥ D X 5 R AHHEAE A EAET
%O, ¥F\Z Burkholderia DHNAN < ™ 1) 7 A OREREE
FZThH LM% B (extracellular polysaccharide :
EPS) %A L72AHEAERIZ DWW TR L 72,

FKB 5

78—+ y-HCH S RMEER O EERE(L

Sphingobium japonicum U26 ¥RD linA E1n+ T Ik
st 7~ 87 H ZsGreenl % ifi A L 7z SHY12 #k % # 2
L, Shafletke Lz etafkibl (LnA $H38) %
PRA LT B R0 5 Y% % R L 72 RBEATIRAE L
7oBE, HOBBMESEBISC L), an=—HNoOX#E & LT,
ZNSOMBENEZRMBTE 5. EH L8,
1/3LB iRk, 27V o — Zf/NEs i (7 v a2 — Rk
93.8ug/mL), y-HCH i /N 85 # (p-HCH % EE : 75ug/
mL) THb. 2512, MBS 2WEH oM
DY & AT BRNED D B &) hRRBD, 7V
I — AR/ TR ED 7 a— VR A HMAR S
TR 2 I8 L TR %, R 40% 12
B EITT NI ARNERITINA S Z & TIERL 72
ANy MR L7

SRR b CHLeR & 5528 Uil 7208, MRS R AS I
KT 10° (cells/plate ) IZEET % L 9 1T FRF (F v a—
A F 7213 y-HCH) D % JRAE U 72 i /55 b o AR B
WEMH LA #Emcox, #HeHEME52oMEL,
ZNZEML LT, MR oMARELZ TR o7
Mo 4 M % Al 2 fk BRI, SPAGG b o oo =—% 2mL
DY WK (PBS) (7 —)VvL, 09 H20ul %
FLOWEHICEBL, EhE ) tu— L EeRALTY
V=¥ —=T7—hA7&LTHAHRA L7 y-HCH % i

JALFEBRTIZ1EMBEIE, ZVva— A% L%E
BRCIZ2HBXITHAMEZ L, Za 270D &L 7=

IR=—XDbODBEITIE Zeiss D IE 3 H B HE
LSMS880 # Ji\ 7>, a0 =—4fk%& @59 572012k
T2 S O (KK 543nm, #H K K -
526nm-553nm), fEfHIGE D OMBEMKINT 5720
O WL g (B84 9% &K 488nm, M ¥ & ¢ 491nm
-580nm) ZA7% o7z AN L~V THIK O 306 % R
W9 BB, P ETAF L ¢/ 20 =—% PBS
(ZIEE L, DAPILIC X 2B D et 247 o 7o 0 5 Ml fa ik
WREATA T ANEEN == FATHLL
%, Zeiss B 37 B EE LSM710 % fii I L THIIE @ DAPI
BIOROHEOBME Lz, TS > 7 LAt
LC, HOGkRZ AR & L ChizE LEERIN Ok R D
A R Tz Ml O BE B & A 2 356k, BEM
FEBIZERT 1M % DAPI & SYTOX-Orange THeth L 72.
RN OB D FERED T 8 & 4t 7 IV oz
Image] ¥ 7 @ ® NucTracer (Syvertsson et al., 2016) %
L7,

[F] U LSRRI DL 2 & 558 S 7z 2 D D (LR
ra—y (#4787 G ZsGreenl # AT H LD &
RAELZVD D) ORT AR E 7213 T g T
ErhrBA L HRERLIu—vERETRLE
1/3LB AR5 #C 2 H 5538 L 72 %% PBS Tk L, 40
WIREA R M D721 107, o7 u— Y OHFEH9:1 F
7213999:1127% 5% & 9 7 u— v 2RA LR/NEHICANR
7o, ZOthy v — & MEALIEER & AR O S TR LA
AMERTo, WOy vV EERREBlT A - b
LAaWws 0— Y OFIELRERRD 20, WMAKT 2179
B, MlRERZ PBSICAMLCTL—74 7L, 2
U= — %S, FEEREEEE A L Ciote oo
O=—DREZIT- 7.

FEEREAL O WA TR PN I L 2B 7 LoV % M
M3 5720, #ER I a—-2e sy 7254 5K8L 7 D
W EhRO) Y= vy vy TR o7 7 ADNAD
FH#12 1% Qiagen Genomic Buffer set & Qiagen Genomic
tip 100-GZ—H L TMHHL/”. NGST A 75—k
%% 12 13 Nlumina TruSeq PCR free kit, NGS 7 5 v k
7 #+ — 41213 NovaSeq 6000 % — & L T L 72. NGS
V—=FD M) I Y 7hoMERT LV Ok £ To—il
DFEZLZ BreSeq v0.32.1 (Deatherage et al., 2014) % fii
HL7.

SHY125 ¥k 234 L T \» 7z TonB-dependent receptor
(TBDR) %% /%7 '%% a— N3 %i#ExT (locus_tag:
SJA_RS16255) O #EALT 7 L v % & & 2-kb O IR & R
T4 TS RAEME O EETERINRY 5 —
pAK405 (Kaczmarczyk et al., 2012) (27 a—=> 7 L7z,
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WEL2TIAIFREILZ baRL—va Vizk D
MEHRIGEAL, 79 A3 FPg@RICHAAT NS
FA ViR E R ESOICAMLT RS T UL
S50y -kl varzERTlocus tag: SJA_
RS16255 # #EALAEI 7 L)V (D3) MLz a— %
MBS L, Fh 5% SHY170, SHY173, SHY177 & %4
L7z, WARE 1 CR 28 L 72 R o sk B X O i %
IS OFIR AR LR, S HITHELMRE ORI THIR
L7

LIk & AL #R O AR RS H o | C o5l s % CFU
(Colony forming unit) % &£ IZ L 7= 3458 I AT 12 & -
TEHMIE L7z, 52 U7 3 — A /NP H 2 S
KRB OEHA + v 7 % 7V 3 — ZAR/NEARE LS
BL2HOMERLLEG Bd-0 10 BECRDL LD
BRSO E 13D OB S S Ai L7z, SPARC:
W EOAEMBREHEE ST 5720, SHH B & IS
Z URELY L, PR Lo Mile 4 31 % PBS (2R
L CERAIMEZIED, 2z L 1/3LB Kbl A
Ay PLTEELA BE2H%ZIC1/SLBE# Fo
CFU % JCIC 7 )V — 3 — A/t B oo CFU % 2 L 7z
SRR M T ORE#EIE 96 REARRE L, 135 4 4K A » b
O CFURIE# T o7z, 2ha SHH O (A) 7))V a—
A/, (B) SHY125 ZAX > M, (C) SHY126 2
NV MEHIZOWTITY, ZRRIZD & 3OO RFER %
1T 72. R ® Grofit Package (v 1.1.1) % I\ 72 3458 gl #1
FEAT % F TR O IR B AL % SR 7.

AT OLGHBEEADERREIE CICANDER

y-HCH a2 H 3 AMEEMEB2O 2 I 2 =7 1
ELTORENZMXS7-912, EB2 % y-HCH % ME—
DRI & 2 AR HARS T 5 12 72 ) kAR 22
L, HORRERNT O W CTOMEE (BEfE), WA,
B £ U y-HCH 7 B @ 5 F O A = 2 X, EB2 D
SRR - BEREI R BN D W THIE L 72, 50ppm @
y-HCH % & € #5835 AR RS Hh 10mL (12 EB2 2 $: L T
25C CIRERE T L7z, p-HCH 2340 8 N7 i THE 3%
W 100mL % 7 L WEF 3§ 5 & & T &2 4T - 72,
52D WHIH ¥ T IO T8 F THAL 2 4T\,
y-HCH 53 it W5 )5 O B 283 A H 2 ¥ 7/ & DNA % fili i
L, 16SIRNABIZTOT7 v 7V aryy—=r v A2k 5
W RN % 4T > 72, 16S rRNA it = - 0 V3-V4 FH % %
PCR¥MREL, 4 VI F+HEMiSeq 2L B Y =7 v X %
ERL, HoN)—FOr ) T4 74N ) V7,
97% M PEIZ £ 5 OTU (Operational Taxonomical Unit )
275 A%V »7, RDP classifier (Wang et al., 2007) |2
L% 0TUDRMT 44 ~» &4To72. EB2AK#T 5
& y-HCH 7 G %2 RIMERF T 2 A O R&E &k an

=% T S &5, EB2 RFEMAR KT RIZHB W
TS 2OMEERAPGFIEST 2 L FHENG, 22 ThH
W TdHDHTRKS KR E LW TH 5 TKP# £ 72 1%
TKC P%& RPAZERRF M CIR AR L, FRBMEE T I
BuTHIu——DAEREXBIE L.

R L AR O a0 = — k% X 5 ICRET
572912, i\ swarming (EARH FCHEMTBEIT
HHR) WEMEE RTINS ORSHFEZ T 72, JiH
TIEORE 2 JER W ICHA L TR 2 L, swarming
Wtk D& %M k% 58 L7z s #Ekk & TKS ¥k &
1/3LB £ KK b ¥ 7213 y-HCH 2 %N L 72 1/3LB 22K %
W CRARZE L, TKSH® 2w = — i KHiBH % fik
WAL I L7z, ¥ 512 swarming 1M D & % Ml Bk &
DIRER AN TKS kD TIETOEERMICE 2 588 %
R L7z A MBI L 7o A 3 S B vR & TKS
PRAE R AL, WAk o4 5% Y% % CFU (Colony
Forming Unit) Tl L, #FEEREOWE L KL /2.

Burkholderia \Z\ZHIE 2 HEH  (extracellular polysac-
charide :EPS) % LT HHHPE {AEET 5. £ TB.
caribensis BersIW #k o EPS % i3 L 72 RS IR 55 b %2 1
W, BERRFEVEMIA AR O 2 AT, EPSEZSIL
7o BRI R ARRE S RO RS A A L, BRI
Bl Blshiafarrao=— 1L C, Hawo
== HEAE AR D R LT RUR 2 B AR 2 LA L 2. 16S
rRNA & {57 EH 2 ff 55 5 2 & THUBR 2 L 720k %
AT - 7. Burkholderia MWD E S 5 EPS 12
X o THER NS MR O RHFNIEEZ W S 21T
L HWT, 1S L2 MA Wit 2 EPS & M —
DRFIRE T 2 MR W CHERI L, 16SRNA T
TN AV Y= vy v IS & o TR ERAT % 17T -
7o, BEROMEEORMEZFHELIZ L > THET 2720
12, B. multivorans ATCC 17616 MR A 4§ % 5B E ©
WWEPS A LB & LCMH L7z EREERER D O RN
MWW Z PRI L T A% 7 7 ADNAZ L, 16S
RNADT 7)) a vy —74 v A2 X 5 WG O T
wiio7z.

i e 7

70—+ p-HCH H MR EE O EBRE L

et KD linA SEBIETHED LR — — & LTl ot
o BEE T2 AL 2R SHY12 & RESE L 7-.
linA#As TR L ORFFIE, BELMFICL > TR
Sphingobium japonicum ® 27 10— Y P OBEIGEEIZ, 1E,
B, FATPIE S EFRENG. inAFEE A L
TV I EICHEARAMICIEDERRS@HL LB SIS
y-HCH fie/h i b, 3 X VBB 22107 (2 LinA (=12
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AORFHI L, IE, BEHLORIRDE AL 7
VT — 2N O 2 TR O AR L 2 v, & REHLIC
DEMIN L7252y Fai#fE L, KNy FCTEFE
FMBEROMZME YR L7, —BIORZ X
T, EEIETHLTo6 RS

AWFFETIE, EREH Lo au = —NoWIESFs %,
TS H O TN S 2 & THREMPIC LA O
GRFEFFEOMRMIIRL, TOMEZHER LK OB
AEO, 2THHORAMEZHZ2FT, AEl28%
A LRAVIYDOEHO T —F =T =04 T2FRL
72, 107 4 AR A v b oML, 1AL XV
TORGHMEEBZ B 2 v, 155 NGO IC &
DiRREHELE RO 7 a0 - U N E0 2B R ER L. £
OFEE 10F% 5 o5 H 7% % (HCHB, HCHD,
Glu-A, GluB, Glu-C, Glu-D, GluE) 2B\ TIZHEHK
DI A LKA Y NTHOLE R WHIBASIEBL L Tw7z
(Fig.1).

25 Glu-E, Glu-D TiZ¥ A4 284 ¥+ T27 F TIZH
HexkFE2 e VRS ENE HIL 7. 25 Glu-A, Glu-B,
Glu-C B X 0'HCH-B Tldd#0h % & DM & 3t % #5727
WHIIEO JAEAT N T W e, o RYI T, BEMSETESE
THIEHIEF TR SB RO s 2 Lixd - 7275, B

A B

TO T3 T6 T9 T12 T15 T18 T21 T24 T27
00% - : . ; . . . ; ; ;
75% _
HCH-E 5%~
25% -
0% -
100% =
75% -
HCH-D  s0% -
25% =
0% = . . . . . . . . .
100%=
75%-
HCH-C 509
25%-
0%~
100%-
75%-
HCH-B  s0%-
25%-
0%-
e . . . . . . R . .
75%-
HCH-A  500,-
25%-
0%

%EWIIIII"IIII"IINI“I
IlIIIIIlII . e ﬂuorescence

Glu-D 5%~

Glu-C

Glu-B %% -

Glu-A 509 -

MTiFoz70—H A XA =7 =%V A 7)) —= v
T TREICHEE K- M E SN L 2 L idhh o,

A LNRA Y FT27D 10 OHEALBRER O ) Ly —
Yy v T RIToE T A, GluA, Glu-B, B L
Glu-CliZB W T UT26 %@ TBDRE: S > /87 % a2 — F
4 % 3fn T (locus_tag: SJA_RS16255) @ I — FfHEIE~
DT L —LHREEELNGS ) — P2 s/ 2
DT LS, HIHTVHEHER TIE, TBDR2HARER
DOEMELRY)RT VI AR INT. S 5ITGUA,
GluBRHDOETDT ) —F =T —=h A TD) =/~
VU T ERATo72E 25, TBDRZERIZEFIN O 2
ZRTHY, BAEEBROMYTHE L%, PREOHE
THEMPNHER Skl T b 2 &I L 72 (Fig.2).

% 72 TBDR DAL 7 LV %2 84 T 5 Bkid, #HGH
FDBEELRTL, KoB#EErmeE W) HEEE g
LTw7: (Fig.2BC).

AR R v an = —XWAE L Tn/z 620
RHN 550 L7z, #hEF 2R WEB O 7 a—
VDT MR ATl A, FRLDra— Ui,
MEMY, linA % &t 30kb % 56kb @ FHIE D K%K % 14
HLTWZZD, 77 2OMOEFICBWTIE, KL
RILIBIB SN o 72, 72, HCHB RFI 4 & 45k

TO T3 T6 T9 T12 T15 T18 T21 T24 T27

Fig.1 Coexistence of nonfluorescent and fluorescent cells in evolving populations. (A) Five population lineages
evolved on g-HCH minimal agar plates. (B) Five population lineages evolved on glucose minimal agar
plates. Up to 5 % cells in each population can be regarded as nonfluorescent cell due to the nature of

data analysis.
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A B
@ 1.00 Glu-A Mutation group
[}
= o] —— 1274134 C_to_T
i A
g 0.50 4 -4 46631 C to A
% 0.25 - - Delta /inA region
©
—{— TBDR A3
= 0.0044
o 1004 .
° Glu-B Mutation group
© 0.751 —e— 286001_C_to_G
w—
2 0.50 4 - 476662 _T to A
o
'§ 0.25- —=- Delta /inA region
T —+ TBDR A14
" 0.0044 :
0 10 20
Time (# of culture transfer)
Cc SHY12 SHY125 SHY126 SHY170 SHY173 SHY177

0.20-

0.1 * densit

> 0.15-

0.10-

0.05-
0.00-, T I‘"—f* T T T T o s e T — T T T T T T T
414 01 2 11 0 1 2 1401 2 101 2 1 01 2 1 0 1 2

log(fluor intensity)

Fig.2 Parallel evolution of TonB-dependent receptor homolog. (A) Frequency of newly emerged alleles.
Evolved DTBR allele exceed 20 % before time point T9 in both Glu-A and Glu-B. Delta /inA region
denotes the value of (1 - median of linA coverage)/ median of chromosome 1 coverage. (B) Appearance
of liquid cultures of ancestral and evolved clones. SHY12, ancestor; SHY125, evolved clone carrying
TBDR A3; SHY126, evolved clone carrying chrososomal deletion; SHY170-SHY177, SHY12 recombiants
carrying A3 allele . (C) Distribution of single-cell level fluorescence intensity. Binwidth is 0.1. Y axis of

histograms are shown as density.

SNz, HEWiREHELE 5T AL 7 0 — > D NGS
T = Z 1L linA HIB O MmO IMABE I N Z
GBSO Iz, lind FIRAVRE LIS D72
FTal, BEHLAZLDLELTWDL I ERRIET 5.
¥ 72, RN THEA L 72 linA S0 /R &% b D% RAK
B, BEOHMBATIEIRL, BAS»OEEOMEA T
T 5 HRBIROMER, Iy 1 c oot piss
R MENTTHIN DS REZ, ERIND 10% DL o4
JEICECHAEMST LD, 2O LS 5 ThH
X DT EHHB L7 TBDR & linA 5 I/,
SEHICHE L CERDSE & 728 (m TR 2 o 72,
RHFRIZBNT, do b EIMEDD 572 BRI [ linA

MR EEFEO 0 — s, EHA-HCH F/h it
WCHEIS T AEBTHIEL] 28, BXO [Hakor
Eaigekolzrsa— U MERPICHEILTY, 20
I ru—UpERNE STERw] 2ED20T
HbH. ZOX) EROBHALE, B OHERHHT
BORGEBARICE VR LTWBDEL ) H, ThE
Zy FHHTHHTE2DEA9) ). ZOEMIZEZ A
72002, FF2RMULDIAL T DT LD LI
% - 72%%) Glu-A & HCH-B LB ER A5, %
Woru—rv etk iizrvwra— oy %5
L, TNOORENHITE L 0MAEL 72, Glu-A RS
5oL 72 #4LR 2 1o — >~ SHY125 (TBDRZ# b 1))
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B X U'SHY126 (Glu-A 13k, linA SR ) =, W1
WA 2 CTRAEL, ZVa— 2R Rk L
7oL 2h, 11572 18O HIERD ) L3 XTTH
HZORGEPHBTE72 (Fig.3A: WL 1190620
B FEEROMREZ IR LT2).

W % BRSBTS B WS H/ 4R & ) Sefh CREAES
#Y b e, 12HOFEBRETIZEWT, SHY125 OHERAT
Blgg sz (Fig.3B : WA 999:1 D 6 DO D%
B g2 R L7z). SHY125 A HUAk C i k55 < 84 5l
TEXLPE) DRSS &, BT TX 5 2 &A%
AaN/: (Fig.3C). BHFHLHBLALI LA < WFaihs
H I Tid SHY125 13 SHY126 & SHAETE 558, EiFRLM
Ra A3k § % WA B H/3k & 9 4ok Tk, SHY125 %%

&, CPARE: R URIRE O W) I BC B2 B L 72 SHY 125 12
W HEROMIE, ThbLLEM= Y FORE2HD
HAFICHHTH DL I EZRET S, —75, HCH-BRYI
5 50EE L7z LRl 2 10— > SHY115 (linA %3 )
Y SHYS2 (linA SRk, rpoDZE5d ) % y-HCHE
WE TR L2 25, 12MOFEEp, 2HTOR
SHY115 & SHY82 A7 23 8 T & 72 (Fig.3D : #) 3]
1O 6 OOBEMEROKREZ/R L), SHY82 X
linA BT % b 727 wized, HCH A FCk % 19
RN, B AR T S HCH ACH W (2K AE L <3
FHT 5 A, B REPICE £ 2 Mo o e K5 % FIH
L T4 H ¥ % Oligotrophic Growth (OG) (Gray et al.,
2019), F 72 & High yield Growth under Oligotrophic

SHY126 & DBFICHT THAETE R RoTWAH I L condition (HYGO) (Inaba et al., 2020) & IFiXi % 3£
A Gluplate Rep.1 Rep.2 Rep.3 Rep.4 Rep.5 Rep.6 Panel A, B .C
1e+10- 00000000 00000000 0000000 00000000 00000%00 00000000
Cooe ) D1et08 a o [ L ; SHY125
S Ji b,
S=—="C1e+06- -®- SHY126
B Glu.liquid Rep.1 Rep.2 Rep.3 Rep.4 Rep.5 Rep.6
16410~ 90008q0 0400000 90000000 90% 0500 008,000, 9000000
S 1e+08- ? : ; : - 4
G1e+06 -4 - : r 1 k
° [ ] [ ] [ J [ ]
C Gluliquid Rep.1 Rep.2 Rep.3 Rep.4 Rep.5 Rep.6
monoculture 1eg+10 -
21e+08-
©1e+06 -
D HCH.plate Rep.1 Rep.2 Rep.3 Rep.4 Rep.5 Rep.6 Panel D, E
1e+10- [ VPPN
/2 ]gigg: :V e SHY115
== isir- , . s%e _ 2 -@: SHY82
1e+06 -®, ° 3 SUPSAR N N
000 ©0000®00 00®00 00®3 o O boo
E HCH.plate Rep.1 Rep.2 Rep.3 Rep.4 Rep.5 Rep.6
monoculture 1121(1)8: ,,o‘. oo ...‘ Po... oo, oo,
o 2 1e+08- : 3 ; o
== 5 12:87- \Ooo.‘,l.‘ o %0 o, .‘o" *vete) (Y |
0246802468024680246802468024638

Time (# of culture transfer)

Fig.3 Coculture experiments of a pair of evolved clones. (A) Coculture of SHY125 and SHY126 on glucose
minimal agar plates. (B) Coculture of SHY125 and SHY126 on glucose minimal liquid medium in the
presence of agitation. (C) Culture of SHY125 alone in glucose minimal liquid medium. (D) Coculture of
SHY115 and SHY82 on HCH minimal agar plates. (E) Culture SHY82 on HCH minimal agar plates.
Operon circles indicate that CFU was below detection limit. Batch culture transfer performed following
the protocol of experimental evolution.
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BMERBL, WT 2205500 FEEFH LT
Wb Z LI, SHYS2 % Ml < HCH “F-HCh; # TREAR
BRLI-E A, BERONTIE, BT o72MEs RS 7%
2o 1A IAS, B 5 KR COARTEFRICHIE LIZ Lo
LBGEA 6 MOFEED ) B 5 FTHE SN/ (Fig.3E).
C OBy — 13 [SHYS2 28 HYGO # BRI % AE 1)
ICHE o TV B, ZRa4eToOMBTHEEWIZHEET S
CENTETHRW] T L %/RET 5. SHYS2 SSHY115
WZHEBR SN A F T2, HYGO KRB 2 RH 35 Z &3
TENE, KREBROLWGT (EI5H : resource
partitioning) 2X ¥, Fig.3D ®/S% IV Rep3 D X 9 12
W& OIAFD KA 5 LM TE S,

2O0DHMALE 7 0 — Y M OKRGERBROA L, =V F
SEI OO A M L3 L RETH L. F2T, It
B FH A2 58 LT A SHY125 & SHY126 DX 7 i
CARAEBIAR DS B B 2y, A~y MESME (BEasi 1Oh) %%
WA 2 72510 T OBEFEIMBFNT I X > THGREL 72, Z
T, KB U— Y OBEBEDOIREEL L TEARE TO R
TS FERE O e KRR E 2 R L7z, 7 0 — 2 [Tk
MAH 28, G (FVa—2R) PMEEESATNS
RITF T, MEIZTWT S 2] ARIEC BB AF
9 % LM BN EDSEALT 2 L HIfES NG, Kt
WCHREFE LTV a— A L2HEELEWEE, ek

SHY12 (Anc), #Ab#k SHY125, SHY126 @ [ CTH K34
B\ C A BRI S e - 72 (Fig.4A).

Z V3 — M A T SHY125 AR ¥ M2 RINL 72
Fiihcid, SHY125 DR KMFHMEDL S > L bR -7z
(Fig.4B). SHY126 A x> MM ZMA 28T, 3
B TR A B R EZRO N otz §
b b, SHY126 % SHY12 (3Mthod &7 1 — > 4% & 12
LRHED LS, TBDREE A $ D SHY1251ZHH O
IV L COARBEREARERN R EZFEDOZ LA L
72, ¥ 72, SHY125 & SHY126 @ I I3RAF B4R 1E 70
SNZedrorz. SHY12513, BEHEAE L, 22N
ODHEDOBENENE ZATIE, fioro—r X )@
ErEL 22 EERo LI N S5 I,
SHY125 O H IR W 2 8 L WE IR T L RwT 7
7 = — XM\ CFU 25 S A AT A b7z,

AWFZETId, HREBRTRONS X9 MR
e % & DHEMTEOTEEADS, ALEWE oRkGn ik
WA UHETH D E VI FEZHFITVVH L, TR
D127 00— PEEEND DL TERLT 585 —
¥ R AR FIPNCAE $ B MK R A A B U s o 2
BE D) PMEET 5 2 & & HIE LB 24T - 7.
SEREG LD Ny FREFETIE, MM T OB, Mifghsze
W L OBENGITCECE S, #IED Y oA A

A (i) Glu alone B (i) Glu+ SHY125 spent C () Glu+ SHY126 spent
1e+10 - 1e+10 - 1e+10 -

E)

g 1e+07 - 1e+07 - 1e+07 - + Anc
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Fig.4 Growth pattern of ancestral and evolved clones on three types of agar plate. (A) glucose minimal agar
plate. (B) glucose minimal agar supplemented with SHY125 spent medium. (C) glucose minimal agar
supplemented with SHY126 spent medium. (i) CFU row data. Three separate lines of each color indicate
replicate experiments. (ii) Relative maximum growth rate of evolved clones to ancestor.
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EHRLT, EREMBONIOEEIEN-D, Dk
&b —IREMIZIEZ  OMINBICERZIRFES 5 2 & 25T
&5, M=y FoE BEARST) PABIEY LS
NTRREIZ R D, 200, —Ho R SN CHEM
EEELEDL L) RIREICE R DI wEEESh.
F MO BEEDZER LAY —ICh 5720, MaHE
KA D FEREAMEIL T B W B DS - 72, 2 D DF IS
DL, LS THYMKD % Lo 725 MAHB L
K7 b O RME & Rz % RIEATIAE LD D) B BIGeas
HE TV, HEDOAH = X LI1ZRYHCHB &
Glu-A TlZ ¥ 7% > Tw7z2. HCH-B Tl linA s % % -
72848 SHY82 28 & L CHCH 2 L e v
DICHYGO #IM %2 P L CHIM T 2 HL M E T
7o BRERI T, HFANITHYGO X B 0 #15 &
A BIRDORED EH HAHBITEE 72003 H 5 212
o TV, BREEMIE 2 A — 2RI C &, HiKR
B3 L=y F2 RO ML TEMLT 2 L)
B s, Pseudomonas fluorescence 1 7 1 — > & Hhid A
R % i L 72 BB R TORBSRICIE OV THIE SR
T\727%% (Rainey & Travisano, 1998), 4-il HCH-B T#i
LRINTMILOL AL & S AL L 7-fila o A7 b B 55
Hew) =y FHEO—BlL LTHRIETE 27255,

—F5T, Glu-A, Glu-B, Glu-C TEIZEZ L7 TBDRD
AL DSBS 2 SR OB L & RO LA OB %
BT 5 LI L v, X4, 5 0 REEBA
LCESRTLE, AR T oMM o)L E 2 ARTE L
7B &, LRI TBDR 7 L viC & 2 [l 5ok b i
PN S o0 PR % %1 F C SHY125 1392 B4 b w0 i i A 12
Mg Lz el S 575, TBDR7 LV E 2R
WAMER 23 CIOERTE R WETNE, RwIr 72—
AREWIETH L) TBDRZERICHME T 2 A0 Y
DR B D LTSN D, S8, Z2RINO R 7l
faE L, HEROMMNRTI A -y 2 EZE Lz Il —
a v itk b, #{LEITBDR 7 L IVERA R & AR D
KD A D Z A LDV TOEEDF UM% MGET % ¥
Vb 5.

TBDRAFEUT X, K= Y EFRERD NV IVEIE S
YRUET, 7T ABEMEOIMEICHOATN TV S
INGT OB ETH LAY, HOLMBERETIE, [FFEHTEA
N ZIWINLF T4 VA EDL B0, M 2w
D R—") vHhead-to-head ¥4 ~—F TR L THIL 1
BIEAESETWAEZ EDRWHL MR o7 (ElKhatib et
al., 2018). Z®7:%, TBDRFAET ZIZWE O Y A
AL FIHBEARDTE &) 2 FEFH O — FLEIH L 2 Vg
RRABAENIIEL TR LEZ LMD, RIIETIE, FE
Bt b o T, TBDRAET ZFEE 27 L— AWK
RKWADZ LT, MK ZOREEL I3k b TS,

AR - LAEE T AR 2 mo 5B G 2 BlgE L 7.
HEALR T LV SO EREEZ SO TWAZ L L, g
A TH GBI U2 ] &2 &AL CHhid i %
HOTWE I EIFEHZEEELTWSL EHIHZ 5.
Lenski & ® 7V — 7 & K W FE B £ (Blout et al.,
2008; Blout et al., 2012) TSNz, 7V a—AFIH
RIS 7 T CBRAIHRBEALBLIL, &R B A5
L7 —ATIE, ARG VOFEHEICLL 7 VBN
YAR=F —OBRFEBINERMOL LIS BT 2 HE R
HeRFI o T/, ARBFEICE Y, 7 u—F VRO
ZRALICIE, MEOWE O ARFED AL ATL T
HIDHEV)HANES I8 1lhkb. —F, B
DL s, HMBIMEDEAEM KD, R a—
DR E DIAFZE ) BB L T2 DRIEIAHTH 5.

AT OLHEEAOERREE CICHANDER

y-HCH S % BREL R & M9 2354, »-HCH
WX EMEEEZTY, BRI EToY I van
Z=TAV V=Y a TR E HEET 5. TR, —
Ry vrran=—tlbhsiiligdodiz »-HCH
SRR 720 T IR ASIEAE Lk 2 2 & 0%
0, MK BECHE A2 OBV L 575 —ADH 5.
Zo X ILLy-HCH 5 O3 57200 T <
B4 e S RAIN O B OB LIE LIZBIZ S A B4 T
%, pHCHAR =T I 2 =5 1 EB213, p-HCHIZ X %
R au = — iz R TR SI N 00, 4
% 40 18 Sphingobium sp. TKS ¥k LIk 2 b y-HCH 43 f# 1%
M % $§72 72\ Cupriavidus sp. TKC #£=X° Pseudomonas sp.
TKP ¥ 7% EBEH O Ik s 23 5. 22T,
EB2 % y-HCH Z M — D Rk FKF & 3 % WAk # T 5412
DR ARE L, EB2 ORREN - MWL EEIcown
THiaf L7z, EB21C & 4 50ppm @ y-HCH 43 % Rl
W'=Y YT LRR, #ATACH X 99% 0% %
DIZ3HM%E L7 (Fig.5A).

2MRHCIE, MEAMEE 1 HETI0% L LA SR,
SREED FHARD B, LIS RH £ oM R &
ZBWT, IR REWIRGTEDHERF S 7z, 16S rRNA
TryFYary—4 v A2 X ) EB2 DM RS % R
7GR, Pseudomonas 53 75% Thed % <, Cupriavidus
L Sphingobium 23 FNEN11% & 8% L fitE, TN H 3
BTII2a=T1400%% DA EDbro7
(Fig.5B). 5 2®HIY >~ 7 Tid 312 Sphingobium @
FHEVB2HHEETIC4O%IEELITEALZZDOL, 305
S5HBIZT TRA A L2 A5 AR 25% it o L
NV EHMEFEL 72, y-HCH O 53 EE2S 2R H TEA L
7205, TNRIRHE»S2RBCOME»EFENS
Sphingobium JFEOFGHIML, 2Dtk 25%With TEE
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A 1st 2nd 3rd 4th 5th
100%
5 80%
s
S
5 60%
2
2 40%
©
>
o
a 20%
o
0% *—e
0 2 4 6 8 10 12
Day
B 100% w m = = = - - —-——— - = omom o= o= = o om o= = —

75% I I I

50%

25%

0% Fig.6 Colony formation of y-HCH-degrading

B2R55 32855885523 885588855 Sphingobium sp. TKS and EB2 on a

minimum agar plate with y-HCH as a
sole carbon source. While small colonies
of TKS monoculture (white arrowhead)

replicate 1 replicate 2 replicate 3 replicate 4 replicate 5

m Pseudomonas m Sphingobium Cupriavidus mOthers

Fig.5 Functional and structural stability of y-HCH-degrading lost the degrading activity (A), EB2
EB2 community during five-times subculturing. Time occasionally forms a large colony (black
course of y-HCH degradation (A) and 16S rRNA (V3-V4) arrowhead) that maintains the activity
amplicon sequencing (B) of the subcultures of EB2 for along period (B).
community.

L7z b hBHHTE L, BREWE 212, Mk ERRD
BT SRR D E TN D Sphingobium J& 73 75 O Hph
BERICIE % 5T, B T70%RI % OEE TREMNIC
A Ukl 72,

Y U 72 4R AN TKS #Ri%, »-HCH % ME— 0 iR E R
ELZERE ETan=—ERTE %25, h&kan
——LAEEET, BELTT IR LTLESD
(Fig.6A).

SHIZH LT, 23 2=F 1 IRETy-HCH E R
CEC L, AEBMTREZIV=—2BHT LI DD
D, TOEKIO=—1, RN )-HCH 75

V% RT (Fig.6B). B LCORIIRN &5 5 7: Fig.7 Directional colony growth (DCG) of
Cupriavidus sp. TKC towards Sphingobium

O, IR &I RN & R TR G L, TR sp. TKS. Peripheral area (indicated by
ST IS B W TH I 1 = — ORI & FB L 72, arrows) of TKC colonies grew towards a
R2A 7 IR EOERE M T < IS TKS Moo =— TKS colony.

PAEFET A6, TKCHO a0 = — 3 ATKS 2 1
Z—=Zmp o THmEZ - CTAER LA (Fig.7).
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ABLGIIIET R & MR EMWIZT I 2 =5 4
EEETAHANMATy 7L LTRZONDLZ DD,
A ¥4 % directional colony growth (DCG) B4 & 4
L., MM 272, TKCHRIRILWIZH % 2 THO
sphingomonads Ml F A& (2% L T DCGEMEZ /R4 —H T,
E. coli %, Pseudomonas JF %2 Mycobacterium J& o il Wi £k
18 L CUEiEZR DCGIEMEZ R E NI &6, 5
POBFRUENGFEIET HEEZOND. —F, TKC S
DCGIZ X o TTKSHRa v = —ZHM L 721412, TKS
PROMERIN 2 HR 2 5 i b g &7z, TKSHHA
HICEEARERM TORBENBEDO LN LN L2 b,
DCG i IE BB VEICZ L\ Wi B o8 LS PH o 9K 12
bHFGTAHAEEZOND. Tz, kA 2E4 TTKC B
ETKS HhzR4E L Cyp-HCH ZERF Hc M 5 &,
TKC ¥EDS90% % #8 2 A YA 12/l TKS ko a1 = — )3
KL, p-HCH /M R#EHPH IR TE BT b h ol
(Fig.8).

Z Ok HIE, TKC #:23EB2 THI%E S 7z KI5
HEMERHTAIERI=—DERICES L T2t %
B RIRT B,

o-HCH 5l 1 © & % UT26 A< 1d, 5-HCH %
REW ETaa=—HENST, RWaEso p-HCH L
PoETE 2\ (Fig.9A).

IHIEH LT, 12 S B swarming IEE O H 5
Paenibacillus Mtk 738 L, UT26 bk& LfET 5 &,
UT26 i 7 L — b L CHERSE A I T, X DRV
FA® y-HCH % 43 f# L 72 (Fig.9B). T T T2,
REMTREED D 5 WA OMAEY % kS 5
HE, wbwbde vy FnA 7 BE0 Paenibacillus X

Fig.8 Large multi-species colony of TKC and TKS The
pie chart indicates ratio of TKC and TKS in
mixture of an inoculum.

Capnocytophaga 55 T i5% £ L T % (Finkelshtein ef
al., 2015; Shrivastava et al., 2018). F 7z, UT26 ¥k 1Z,
W TR IS HCHRE L 723 A, 7 B OEFRMEIZR W
S, Paenibacillus Pk & 33065 5 & & TP TOASE
PR IC LA L7 (FigoC). 2 o % # A
Paenibacillus kOB T & RS % 201%, £ D #0724
AT % T HUERH LY, DLy T, 2BE
DINAF L RAF 4 T—3 g Y NOIBHNOT e & HR

Cell density of UT26
(CFU/g soil)

0 7 14 21
Days

Fig.9 Paenibacillus sp. NKL2 promoted growth of
Sphingobium japonicum UT26. Colony formation
of monoculture of non-swarming UT26 (A) and
co-culture of UT26 and a swarming bacterium
Paenibacillus sp. NKL2 (B) on 1/3LB plate with
y-HCH. Clear zone around the large colony on
the plate with cloudy color derived from y-HCH
particles indicates area where UT26 degraded
y-HCH. Effect of co-culturing with NKL2 on
survivability of UT26 (monitored by CFU) in soil
sterilized by y-irradiated (C). Monoculture of
UT26 (cross) and co-culture of UT26 and NKL2
(circle)
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TLIENTET.

Fald, THMEERZEETECBHL, HEOR
RN EAL BT AMEEZERBL, HEELED
Burkholderia @ R \Z 35 42 V5 D Verrucomicrobia 255 &
ZHWR IR E R (Fig.10A).

T3 B. caribensis O EPS (XK S I 2% 52
BT EDHIEENTWA720 (Vanhaverbeke et al., 2003),
Burkholderia 73/EJE3 % EPS # i\ 5 & CHER VM
WOGHR ORI TELZOTRE RN EE X 72,
Burkholderia ® EPS % 73 L 7255 #1215 O WRE 1 % $2
FELCHIE L2 2 A, 5ia8 2-3 BRIk~ I IRD
au=—=EREh, Yryrvae=—-74VLb—T3
VEBRDIRT S T LT 0RO E IS L7z, BUSR
@ 16S rRNA # 15 T- % 0T L7458, Actinobacteria Ml
WARDS 14 ¥k, Firmicutes PTANEEA 15 ¥k, Proteobacteria
PRI Rk AY 8 ¥k, & L C Verrucomicrobia M A ik % 13
MRS U 72, B%\Z Verrucomicrobia Y1 Tl Spartobacteria
TS NBHRAE (UG S, TR HHRD 16S rRNA

A 100%

80% -

60% +

$Burkholde iaf

40% - (Proteobacteria):
:Sparfobacteria &
20% - Verriicomicrobia)

0% -
7 14 21 28 84 164 336 700

Days from inoculation

B 100%

80%

LIChitinophaga
60% (Bacteroidetes) -
= Acinetobacter

{Proteobacteria)

40%

20% IProsthecobacter;
{Verrucomicrobia)

0%

~ N [52]
E 52 2 9 2 3 ¥ @ 3 g ¢
3 QI EI QI QI QI QI gl g g8
Q < - = e - o < <
o %) N 5 5 = = =
£ 8 R 8 } 8 8 8 © © ©

- - <

Starch EPS of Burkholderia

Fig.10 Microbial community succussion in y-irradiated
soil (A) and polysaccharide-enrichment cultures
(B). Genus-level taxonomic composition was
based on 16S rRNA gene (V3-V4) amplicon
sequencing.

BETEIIGHESEHIN TS 5EHKRICEKTD
92-93% OMFEVE L 2R &5, Btk A3 o T v oo
RO L 72, Verrucomicrobia I Spartobacteria
Wx2GLLBOROBAITEII Lz, R C i
ENTVL HEMEED A5 7 LRITIC L 5 T,
Spartobacteria FIIZ TP OFJH TR OE LT S
it TH 5 DA101 clade 5EF EN TV D 2 EHHBNT
W5 (Brewer et al., 2017). 13X %7 AN 25 H
MICFERT 2 IE M) 7 7 LY A7 AOFE
AR CTHEENI % 5729, RefSoil 7 O HEME D/
AF—F R=AWETa Y =7 +s#tT LCTw5b (Choi
et al., 2017). % @ W T ) Spartobacteria #i 1% [ most
wanted OTU | & L TZ&IF & 7L T\ % microbial dark
matter DCEW 7 —#TH 5 (Choi et al., 2017). AW
72 T 5 L7z Spartobacteria W & 5p ¥R BEAIFE & 92 %
OMFEME L AR E R WD THHMEOE R TH L2 &
PHLNE R o7z 5HRINSGEERORERERD 15
bNbTHA ) HHE, TIEMEZEOEBFLHEIZTD
FIBICET AWM TE L. RIS, M E SR L
AWM %, B. multivorans ATCC 17616 ¥ @ EPS
W53 % R 3R & 9 5 SRR TR E D RE 2 L, 4
U 7=l 5 O M RE I R R AT 2 AT o 72, 720 IRE LT,
YR D LHERTH KB T > 7 v jr R e LR
LT o7z WEICLAEFWMMTIE, 7Y 7 RN
(AT, EPSH A MX TR AEFHESEND DD,
70 BER TR IS BT I T D WA E 2SO N5 T
WIZAEBL. 16SrRNA (V3-V4HHIR) 7> 7FVar—7r
YA X BHEEMATOFER (Fig. 10B), 7 ¥ 7 ViRhX
T3 Bacillus )&% ® Firmicutes '] % Flavobacterium J& %
® Bacteroidetes 1 3 X U Proteobacteria P75 5 L Tw

= — 77 C, EPS i 53#0 [X T & Acinetobacter J& 55 O
Proteobacteria " X° Prosthecobacter J&55 O Verrucomicrobia
MAME L LTz, EPSHZRINIC X o TSP E £
N5 Spartobacteria #l A KDL DT TH o725 D
@, Verrucomicrobia F1 & L CTiE50% % B2 5 HAICF
TR L, f D R L 7RISR IS K o T
HERE 48 S 72 P algae EBTLO4 # (Lee et al., 2014) &
FHWHREMEZR L. 2 F TO Verrucomicrobia Ml
WHROWMTEIC & 5T, TOHHREDT /7 2IZSHH D
MK RRER LT RSB L T D I EPMHhT
BY, BRERICBT B BIEN 2 PR RR Tl v
EFHENTWS (Martinez-Garcia ef al., 2012). 7%
RIZK o TN 7Y THHRD EPS & Verrucomicrobia ']
OBOVEEEA LS Nz ML EofSEIE, HiE oM
HAER 2 A L 7- R 22 MR N OB 2 H A O FJE & v 9
BT TES.
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AWFZETIE, WIEEROIEH & LI T 2 B % B
L, WA F VAT 4 T— 3 ¥ EOEROIEHH
WCHETDHHEMMAZNL 2012, AHRIEERB A
y-HCH 73R RE ) % 43 2 M AT SR 1 & of 5 & L 72 4F
8% M L7, 70— F V7 y-HCH 23 Al 42 F % 22
BIHETE D B 2 EAE: L TIARSR A 2 8 0 B L 7R3,
YR DI R I H FFORMAARIEL, ZORK%E
b7 R AR LT A B g s, Bk b
RO RIFOREREDO O L DL LT, TBDRAE T 7 #Efs
FAERMEZ Y, EoE B b & B2 RS
HZEWHEETHLIENWHLNIZ o7 BET, B
AR KRR Z AT AR ERA L Qe Wik EIL, &
WE IO = Y F5HIPRIEEND T & THILT
Wb ZEDIREE NIz, —T5, ~T a7 y-HCH 75l
BRI B VT, (i) p»-HCH 2 Mi— e #ER & L2k
B X AR AR DR L CH, /RIEHE il &
o nwZ &, (i) y-HCH 2 Me— o e FiIR & L 72 kR
W BT, SRR ORI & ) BFRi 2B koo
Z—%BRTHI L, b OISR O FEEAH S H
WX odz. AT I 2=7 14 X0 HEEL 72RO R I
X0, e A 2 2 0 = — T 5 direc-
tional colony growth (DCG) Bl % L3 & dkic, AKRE
WA % IR § Cupriavidus FRSER 30 = — BRI H HE
ThbrIE®WSIC L 72, BEEMEZFEL
TIHBHEME IR 2 IERT e v F NS 7 B4
A%, p-HCH 45 f #l T o [ fR 55 4 b C o BE FIsdi KIS EH
Wk 5 & A, TIERE COEBRIE~DOB S RB S,
AHPLDONA X VAT 4 = 3 Y ~OIRANDO g
ZPOR L7z, S 612, BRENED Burkholderia 753
% EPS 25X 26 M O Verrucomicrobia @ ¥a5H % 52N 12
S5 &2 R, #7- 2oLV %2 FH
L 7z R 2 OB B P2 R L 72,
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EN DR 2HREICED LHTR A~/ &7 7rf
Typhulaceae D% kit & = O BRIZHEIC HE O FHll

(B8] ZeE s = LR OB E B2 5 HARICBW
T, EHhOLFEREIAWMHIIRE 2EELBIITL
Twh, L, BiFEH 5 VI IR I #EIS L 72 R
BT AAF7E1, THEWE RS NERE T, WAy
W U OB E 2 R T RICIZIZRE S Tw b, [EN%E
WH O\ INET ZEAEMEICBT 2L ks L O
O T 2 ERIIBDO THIA I TH 5.

ARWFZETIE, ENOLE»S% - LHdH F THH

HAZRREE O, RIRBRBIHEIG L, FEWRE TR
A= 7 & % 7 #t Typhulaceae O 738f - J53 L72. & 51
Z DA A S AR BRI OB S T 7 A B T Y 4
BMOMHEZ HIg L7z, 5o N2k 5 2 M o L3Pk
BRREEINRE L LR L, Y0k ME oA - b
THIEILED, RREANOENDTREE 2o 72D
EELTC.
[FE] HFHEZ PO - kil - REFIRLC
T+ Typhulaceae DR - HEEREEZ B 0\, 1#
LN HER RO ITS % #{nF 7 — % X—A (DDBJ/
EMBL/GenBank) 2 CHIK L7z F7:, ZHEREHID
ffi & U T Typhula ishikariensis, "V H@IofE e LCT
maritima RFEE L, ZOAEEIRTOAEE R Z L 7.
[(ER - ER] HERKkL Y 7— 5 X—= A RBEROUW MK
BT 120EE. BICRBEY» S, BB
e R 7 B B D Macrotyphula J& W % 572, L L,
W< )R IRBEDOE L, BIEFERSD R L, B
i DILEICIE, L 7 DHEAR & O O AL B
L. SRHOGEHERKIZOWTIE, BEFEAROHPEZ
WEFEE AT RER R & F I 2 L7z 7 4 7 DAL OREARIC
BINTTC, BEBEEOIKE B v, S 5ICHFEE%
BI%D.

T. ishikariensis \%, ZCHRAI DR 5 3 AR ENT
WAHHETH A, SHENTRELZRRB IO ZH
T TP ER S CIRE L 22 Wikk %, TERE - A - 22
B - 51 R % 3RS S % & 3HE (T ishikariensis,
T. canadensis, T. hyperborea) \ZKHI &I, & 5|22 HifE
(var. ishikariensis, var. idahoensis) & L7-.

FENO G EERE RGN T ishikariensis B X O T,
canadensis TH Y, WFETVEDE N T hyperborea \ITEFE.
ENBdrolz, BEORETIZ, RHELHILF ¥ v h):
BICOAiT AL, il & FfpoOBEREL AT 5 R

i (5

WITHIE TR PRG0S NE 2 L, KD
TR ASDPOMIWEN I H L 2 MLz 5%
E5IHE B FETH A.

T. maritima %, BEUEA 5 LHREO A AR - F F—
A SN T WD, FH - ST TR
DA R B %o 7R, BRI O A% 53 RER
B - B X OV R O IR IS b AT & iERE L 7.

A BEAEAKIZIFEL 2 & THROELC X Y, o4
FWRLCOBWRELED S, ZOOWBICHELzE
vu— 2k (p4mm) = KFHEMORERDO—DTH
5 HE R HGER O CHUE L, £ D5E L % &
WL 7 A 1EM%R, o — 2R 8 s 5
500m R L2 L 2R L. FolIGEIZ1H
#%T3%, 1HINET06% TH -7, LD L I
Ftk, BEANOBE)ZEZET S5 EIERICEL2EZORE)
X, VAT OFEGETFB &L 7.

AHEIIHESEO A AR 2153 L 355, b=
B L OHFEHRENETE, F7Rvnaese~xf)
NIy R XD WEEREL, B2 - fn e X
DAMETH S Z L2l L, AT LMY % 15 312
TAHZEERMLA (K1), FFICHEREBERTFEM OX
T ~BOWLEE) TRELZY T IEFORMIE,
A AR I L CRAITH Y, 0T EFIERIHR
CEBZL, WRICHELDOBH 7. CNHRHEENS,
HFHRETEMOAMIZ, YuadEX2EREL, HA
WO A AT 2 16 3 & 2 /80 & 135 7% 2 A AFiRIg
AET AWMLY R L7z 5% S S ICARMEMEAEED
T 2R LT 5.

K1 fEECSCTRE L4 ZOWBEEBR T 5 A )
NTHT R A TEERWIE T Ry A
B: i it ua ey AFEEETRT.

g JUF TR T8 E-mail: thoshino@hi-tech.ac.jp
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Fungi FHUZHA % X7 F FYEALE W A G WK+ 0 AW 1 BR R

(B8] SRIRE OB A AT O B & FAH A E 2
7205, WO XD ITAMAES LN T Wb Db
V. ENOPARE AR E A LTV ROk, TR
& MRS NIZBREERM T TORE T 2 72D FIZEH L
WOROHRIIHE L. L ZATREK A 1E, HLwk
IR kAR 7 5 AL LTRIBLAERTF FHALSE
WA A T (Kex2-processed repeat proteins; KEPs) %
77 MR L, RRTANEIETRTO Fungi A B
HICEWEH S B 2 F > THEAEL (K1), AHdm
W53 g% R L 72 (Umemura, Fungal Biol.
Biotechnol., 7:11, 2020) . Z Z TAIFFETIX, RKH T
& nAiD b HEHEZ L, RNTO5RIREA
~ORG E%E, ZRARHRTF~OELOTRELEIZ DO
T, K94 -y NEHEOEN S OHE RigL 72

sordariomycetes

*reowospog

X1 Fungi #i23B1F % KEP 104554

[BE] KEP W1k, DNRAEND Y 7 FVRTF R L,
7 X BERSNICBI S Kex2 70 7 7 —ERikT A T
DEVHED R LS Z RO, ORI E, Aty —
¥ N—ZE Fk S 7z Fungl RO 427 2D 5

KEP N 7% #£% - 478 L7z, 2T, Ascomycota [k
REOREN BB LOEIIOWT, HB—a¥—F—v
7 OEMAP»SFEH LIRS -T, B L XL T
O KEP [T D545 LR AF R RN L7z, F 72, Aspergillus
Aavus, Aspergillus niduans, Neosartorya fischeri (DT,

KEP {5 B & T2 BBl 521772,

e AN T

[#R - FE] KEPH FORLICIE, T O#kY &L HAL
THBRTF FEBILT % UstYa R €0 7 #IR A0S
IR L TV 5. SRIRW Aspergillus J& - Fusarium & -
Penicillium J& - Colletotrichum J& - Trichoderma J& |2 3
T % KEP 1O R6h Losfmzir L= 25, &
LAV 1~ 2 B, B L <OV T 5 F8H o KEP
WP BRESN Tz, LALLM - L~V TORLE
PEiL, UstYa BALA T2 DOTIE, tEbawvdolllt
NTUET LT e, —HRERETIE, —HRICOE 1~ 2 FH D,
UstYa BALIR T2 LD R WKEP T LA S, 205
FILRH LR L NV EIRIFE eI LT,
Aspergillus flavus NRRL3357 lZ~\7 0 ¥ ) v 7 Wk
kT Y, 156 © KEP T % F#2. % KEP #{n T
WHROWKIERELZBIEE L7 25, 3212V THEE
AHREIFE LR T L2285 Shnidndnd A
AR DOBIE ST W\ Aspergillus oryzae ¥ CT/RIEL T
WLLDTHolz. "EFZY v 7 RfiTdhbH A nidulans
BLON. fischeri DT IERIRIED T 7 5 K 4 FRICDO W
T, T b BRI T RGN 21T o728 25, A. nidulans
2B % UstYa BRILIA %2115 12D KEP HFIZDoWw
T, FEICHEEE, BAIHED & LS & A5
HEPMHBE L Twiz, 22T, TEHBILEHETD 5 A4
RRRICBWTARKEPHF2HIE L2 25, REWN
HRTIED B, TRBCHREOH L ZBIZE L (K2).

X2 Aspergillus nidulans \= 3317 5 KEP H-1-#E05¢

DED#ERIE, WO TERRBREPAFALT 5 7 €N,
KEPHRESHNTF F&2 720 €y & LCHE %Rk
L, B L~V CHER S N7z KEP HEBRERIRAR T F FIZ &
DA VEAIESE O LENFFEIN D L v ) Fx D 08)
DL Lz, E72, KEPRFHOMAGHLEIX
MOBELE LR PHIREE L 22 ) 9 5 2 EAVREN T

g ESERARR AW e AT A 7' 1 & AWFZEERM  E-mail: umemura-m@aist.go.jp

— 140 —



IFO Res.Commun. 36
2022

HERT R E M DR e Hilg L7 BULR ik OB S

[B89] HERED 99% OMAEMHDRIZRHES 5 Z &5
KTwhnikEZONTWS, L, IS OMEREEM
Y SEEFRTREIC e UL, BERGMAEWERZFIGHT
X, BRA G - FIOBHICBOWTRERLEEEZ D25
FTIENTELEERD.

OB O—2 & LT, BEEhOMAEw KA 7
RIEOMAY & FEFEZ N L THEMERBERICH D,
HMCRERTLIEDPH LW EBBITSNL. AKif
ZECIE, B 7 BREZ P O AH HAE B4R 2 B U 72 9Bl 3t
R ATLEMEL, W REEREYOREL Big
L7z, LR, S FECleRks 2 TEPHE N T
W5, I, EREoLE, TREEZ274 V5 —ThH
VF, MELERT 2 W %2 L5284 5 kDD 5%, kR
ETORMEBETHMEEEEET 2013 L TV 2w,

RIFFECIE, BB L LR VIRED 7
Aa—AFr V<A zakh 7t (AGM) ZiEH L 7.
AGM AR ST O — 27V CHE S5 72, Kl
BRI E R vy B BT B 2 LD FETH
5. ZHEMEMELZ LRI S LA 7z AGM % 5
BTHZLICEY, HAGM BICTHEEMT 2 2 L 357
HIND. 0O AGM DR A L 78R b m o
FrBlde i omE L HeE Lz (K1),

RS i

RAREYE — ‘-' AT RLEBRDEL
\
o -®@ x I - ETERBUR
g o \00 N 2
Il S %
ol o6 4—»@ - R
. :

T EOYEER T <L
SREERIFORE

WEMHOMEE 1 /T D

HT7RIVICBICAS, P

X1 AGM % MW7z #dtis s 25 4

[F&E] TEFviERe L e FBHMEO
Phascolarctobacterium faecium JCM 30894 & Bacteroides
thetaiotaomicron JCM 5827" # W C EE %# {7 -72. P
Saecium \THNEEZCIIIEHEAG5\ DS, B. thetaiotaomicron
LIRS 5 2 & T, B. thetaiotaomicron 54T 5 3
NI ERESZITIY B RL 25 2 e RE ST
5. F9AGM IZ P faecium D& % WM L, HACTHk
B L7 RICAGM ICWH L 72 P faecium & W3 LT
W72\ B. thetaiotaomicron & FeRE3E L7z,

F72, ZHEMMEHIEL T2 a7 ) BN

EEIIE'

gl

WEAGMIZWH L, REHELITo. E5HITAGM
N CHIE ORISR I N/ZAGM 2 ~Y {7 a~v =2t
L — % — T4 I #%, Phi29 DNA polymerase % f \» T
AGM T4/ L HE L, MiSeq & Nanopore MinION
EHAEGDE, T AEN T 7.
[ER =] =57 VA% E L TP faecium & B.
thetaiotaomicron & A\ 725 Tlx, AGM ICWHLL 7= P
faecium O WK #E 2R T, B. thetaiotaomicron & @
R CIZBEMEE BIZ I BV T AGM N D P faecium O
WA RS 52 2 ENFMERINTZ. ZORENS, B
thetaiotaomicron B £ L 72 G W % AGM N @ P
faecium 3Z VT 5722 LI E DB R L o 2z L
28N, AGM P HERICHETE L 2 L 2R L.
a7 ) BPIHE 2 V2T, B R
M % & BB OMAEREE AGM N THRET 5 2 LI
YLK 2). 77 LR OKRE, Dysgonomonas &l # D
4.24Mbp OSEERET AR ZIEL, 7/ 20805
BB B CHETH B EAVRBENT. ZDAGM %
FCTT5 B H B 0 73 kRS 28 L R oMl 5 D5
G WG HRD TH M TH 5 T EHVRIREN T2,

C Dysgonomonas sp. AGM
%
D. mossii
89
D. termitidis
100
100 ~D. gadei
100 D.- hofstadii
D. massiliensis
100
-D. capnocytophagoides
100
00— D. macrotermitis
D. alginatilytica

———r -

008
Q2D /% WS L TRAETHE)

2 T LM 2 A L 722 AGM (A), AGM N CHZE L
7= Dysgonomonas J& M (B) , Dysgonomonas J& Ml 1§
D FHEBIER (C)

AWrgeix, BALSWIZERNA £ Y — AL v ¥ —
THEE NI,

g BYLSAIEGERT N A ) Y = Ay 8 —, BLT7He s )74 =7 M4/ RX—=3 3 v AHA4H E-mail: masahiro.yuki@

asahi-qi.co.jp
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— KRR MR - T s Tar < oFkE
LR DR, B X OV ER RO

(B8] 7«4 7Fut~<f B) &, I FVLAYVENET
Nbr1—7 L/ TMICETNLEEMEYO—IETH
5. 0144EF T, DM 2B REOAIEGEITNLH
BED/NSWEWEETH o 7275, BiBE DNA RN & 13 i
ORISR B VW TES  OREHEME» AR LTV S
WHEMEAVR EN T Wz, ZENSEERIAHR X v N—0
HRE, WEEY OBEOL R W () EWERR
DY LB % LY IEMEICHRES S ETEETHY), £0
PRAEDHITES Tz, RIFZETIE, Eh o RKalilifEo
SATEREOLR L RS HIgT e L b, 7147
AR OGFF T E Q8 L Cige 2 9206 L 7.

(BE] BB E T - AHBE KGR 800m - BRI &K
B 397m - FiL/ B/KEEE OFHE AR X D Kk E2NEL,
0.45um @O 7 1 V¥ — TIE# % (2B DNA ol il % 47
oz, —iOWEKIE, Hemi ¥z HWTHiZEL, b
AT TOEIL L 71 7o A EHOMEEF T\, B
BRI V2. BREEDNARH 2SR L2794
<~ =% MW T/N—a— FgH (18S rRNA & 1= T- V4 1A
Wi# 470bp) OWEE > —4r VA ERITWV, T4 TORT
HOGAERONE LM TFEOANEELHE Lz, £
72, RIS E L 72K - 8 BE - M S o Bhi/<
T A — & {5k & B DNA ST 515 & N7 TR ERE R 1
& DOICERIRNT 2477 o 72, FESL L 728538800 & 13818
B E 5T EROPEZIT, ZOHFNIY P12
DWTHGE L 7.

[(ER - £E]

AR - BRI O R E K R OB DNA & ) /N—a—
FECHI D REIE & BIEH] > — 4 > — 12 X BBV % 47
Lol AER, YUY TVHETETOENIDHLDOD, &
= FHE®D ) BRI %HT 1 7a R~ HHETH -
2. ZOZEXD, BRICHELLETIAY—ET 4T
Ok Y FHOBLE A SRR IR LBRIE T RECTH 5 2 L AT
MRS N EBICZ OISR E @25, 50K
BORE, MBS L B o, B BB
SH AN H IR A5 - AR L, FRICHIEE & B
WEOWMEIE Hi - YNEET 4 Ta A~ 2R T
DSPDH 7 L — FICE& E N5 LAk 25040 - FAEL
TWBIEEWLPICH -7 (K1), %5125 DNA
FRAT % D 7245 R, BRIIE & A O BRIESIC B %
F A4 TR EHOBEME L, £ A METEHEEL

SNV

TRESN TV AN D 5 2 & KR HWELR & D%
BEZIEATHWREDSD S LN Tz,
HH TN E DB ORI HEERE KT 22 8T,
WSEAINZ A S B W HEE AT W SRA R T v T IVER LAY IS
W 2 23MICHT 2B ESS 2 L bR JRIE
AT B RilE, L DIEVERBEICAERTETSH 5
THEMED HE SN B 7200, RIS H 2k & LTS L
RYT WM H B EEZ TS,

FERICE oM 2 BT MA L LT, B
AW DAL DSERSE DNA FRAT 20 S HERR S /=0 Bk
B 2 Bl S M7z iR O B AR 0K 2 7855
AT o 72, Z OFER, BFBMEBIEE 2 5 RO 7 1
Tut < E MRS ND AR A M L2, BUYIfF
Wi SIS RSB EI RSN L o7z 2 2Hh D,
AR IINTIIHM D T < T S IBBAITILIX )l fE 2 KT
2B HWHETE ARG SN7278, ORI S HO
IVFHELOWBAPLETHS. T2, IRETICHETL
TOWREROBEZ D 20T, 74 70 R <Mek
DILENSHEICHET2MAEZHINEL, ZhFET
Diplonema g & L TTFLOLNTWIZ A Y N=%H7212
3ODFIGFTH I LR ET 4 T u RV kO 5K
Rk TR 7.

DSPDH%Y L—FK

“RE AERT 1
PAESE WAL
< OXRBRES
BII7L—F

B Namystynia

B Eupelagonema

N Hemistasia
B Artemilida

BT MBS B X OBRITA OB & 0 M L 722 R
(OTU-#FCRY) &L T4 702 <MN
D 5316 B A

g EET e SRS M ERERBEEEM  E-mail: yabukia@jamstec.go.jp
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FURE R S 33 0F 2 20 B R O FEBRES & SRR & o BV B9 5 iF5E

(B8] BRI Trichophyton indotineae | HHED 5 K B
12T, BAEWIZ T mentagrophytes/T. interdigitale 54
HEAPSHO LB e L CRED RSN RETIE, TUIV
TIVRIEREE, FIVEF 71 ORIEZ R 3 55
RSB ENE—T, 7TV —VHI~NOBZ BT B
A, AR OISR EILIC B 3 2078 CHEE & L1
HERIZH DAL ADTIET N —T1%, AL ZAFESTHEES
W7z T. indotineae % BINEL 514 75)—LLTWAb. &
ZT, AT I)—=IE&ENS 30 ¥R L ED T indotineae %%f
U2, 2HFHOT =N, A +53F V= (LT, ITC) &R
Jary—i (LUF,VRC) (x5 2R P& A L7 5,
BEORBRZ R RSNz, RFETIE, Shookk
W2l 9 57— MR AL O S5 IR OB AL A2
[Ai=] CLSI broth microdilution method 2512 X %
ITC/VRC E&Z A THO o724 RO T V' — VK&
E#k (TIMM20116 ~20119) & 2 ¥R T7 V' — )V &S bk
(TIMM20114, 20115) ZHWTC, #EHUREKZERED
BT 24T o72 (1), AT, BEICHBRETHRE SN
72 2 DO FEFNCIEZ AL A, (1) FH O /ERIER 55
THOTIBER, 27 V—NVEMBANCHENT AT
VAR=F—OBFEH, LOMEEPS,I,IITLIER
HERL7:.

[#ER-ER] KRRORRHHY /2 DNAZHML, 7V —
NVOVEREE T35 CYP51A & CYP51B (3t lanosterol
14a-demethylase ) # I —F§ % CYP51A BLU CYP51B i#
fz 1% PCR CHIEL, Hi LB Z LI RAT L 72, Z DR H,
3OOT V= IVKEEZ R (TIMM20116, 20118, 20119)
@ CYPS1IB AR T OIA— T4V 7RI, 008D
M3 FHDOTIEE, 7V (G)HT NI IVEE (B) IERT
BEERPRODPST. 22T, BIETFRIELRTL 4F
RN T, indotineae \Z3L\ > T. mentagrophytes D7) —
VSRR EITHI T, S50 G443E TV R E Ra &
¢ CYP51B 25 Bl 3 24 RMREAE N L 72, E2ADS, 28 5ekk
DTV = IVIEZ ISR LIRS N orz RIS,
qRT-PCR #:% FI\WC, ITCR VRC DA /RIE SN 5 4
MO T = VPSS VAR - — (MDR1, 2 BXL0°3,
MFS2) O#AnTFs Bl % LA L7 52, TIMM20118
£ 20119 T MDR3 #inFO@FFHATRD LN, £ T,
INS 2 kD MDR3 A5 T L 728 R ZE L 720
OO, ANDOERGEOT ) — VKD 2B
OONLho7z. L EDOKEREDD, T indotineae \(ZB\FT57T

- H il

V— RIEZ AL D F 72 AL AL A DAL D RIB S NIz, £
T AT HEQRTPCREEX H W T CYPSIAB LU
CYP51B #{n T OB RE IEN L I2L2A, £TOT
V= URIEZ MR T CYPS 1B @ A5 T- OB\ I B A5R0 5
Nn7z. 22T, TIMM20119 %5 H L7 CYP51B #fz T
@ cDNA %7V — Vg% Mk TIMM20114 Tl fl 3§ 3 &
el h, TV —WVEEZEOR T AR SN 12, RNA
FHEMEHVC2ODOT Y — VK &= B
(TIMMZ20116, 20118) 28135 CYP51B A5 - D5 B
2PHIL 72825, TV = VIEZ YLz, DL o R
75, T indotineae \Z B\ 57V — VKK Z AL~
CYP51B =z T OMBERBOM G N PHEIN. 2T,
P oNATVTAE—arFE AT, 6 ROT ) Ao
CYP51BBIR T DA —REMFNT L1225, 2007V —
VIEZ YRR (TIMM20114, 20115) &7 — WA i& % M
B TIMM20117 Tld 1 I¥—, 203507V — K%
SRR — 0 CYP51B AT HHFETET LTS
iz, 22T, 155 FITVEA4 L DNA v —2 o A%
WT, SNS 6D EF ) LY — 0 TV ARRNT L2 A,
TIMM20114, 20115 3 X 0¥ 20117 & CYP51B 38 A% 12
313 Y — D CYPSIB#E AR T BT HDIH L,
TIMM20116 & 20119 TiZ 5 2¥—n, LT TIMM20118
TIX 7 3¥—o CYP51B #E1n 159 v 7 2 E—MEL 72 IR
REC CYPS 1B AR THAAEAE T AT EHIMILZ: (£ 1).

B AFEIWA LT indotineae DFF & R THIZ M 5 458

N ITCMICy, VRCMICy, Fold expression of CYPSIB  CYPSIB copy number
‘Species and isolate no.

(ug/m1) (ugmi) (mean & SD)" within genome
T. indotineae
TIMM20114 (IFM 67092) 0.06 0.015 1 1
TIMM20115 (IFM 67093) 0.06 0.03 11204 1
TIMM20116 (IFM 67094) 10 10 340453 5
TIMM20117 (IFM 67095) 0.5 0.5 9.6+0.7 1
TIMM20118 (IFM 67096) 05 Lo 3504121 7
TIMM20119 (IFM 67097) 1.0 1.0 68.5425.3 s

“All straius were from a previously published resistance study in India, They were then preserved in the culture collection of Teikyo
Univarsity Institute of Medical Mycology (TIMM) and Medical Mycology Rescarch Ceater, Chiba University (IFM), through the
National Bio-Resource Project, Japan (http:/iwww.nbrp,jp/).

“Results represent expression levels from three independent real-time PCR experiments. Expression levels of TinCYPSIE genes
svere indicated as relative fold changes compared to the CT mean of the data from TIMM20114,

VL L ORATRE R0, AWFFE TR SN2 T indotineae
DTV = IRIEZ AL D E4RERIE, CYP5S1B #AR T
DRLEHEIRIY, 74 LT FAIE—MELzZ RIS
XoTCYPS1B 2B EISEBIL 722 THHEHHL 2. 1L,
TIMM20117 iZ CYP51IB 81T 51 a¥—THAIZHHbH
5TV —IKIEZETHHIEHD, PIOR KL 0L
Ezoh, BRI DBREINLETATHA.

i W RKRFEERZE Y ~ % —  E-mail: tsyamada@main.teikyo-u.ac.jp
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BT T 2 N7 7)) 7T OREEAERRERTMK I L 7 ¥ a v O

(B8] WFadEs 7 282 70 7, AW BE K
RO, HEEICHZ LB THHLZMETH 5.
KEA LI RETIEHARZ GO 2 50U L7204
BAEY 7 /N7 7)) THRERA LTS, 172588
#Td - 7z Richard W. Castenholz i+ D%, KL
DOREAHE ATV DS, INHWHKRDE 1L, 77 21EH
1B 5%, 16S rRNA E{aF OHIEF S b Hi > T
v, RIFETIE, REHOWSMES T /N7 7)) T2
DV CHAFIRILECH I 2 IS L0 - B 5 &
EHI, RIS RN E L.
[B&E] 7735279 7HilaA 5 DNA % filiHi L 16S
rRNA {2 F- Wk % PCR ¥R L7z, 5§l L 72 DNA Wi v
OIFEFINEY A =L X Y PE LTz 7 LRI
1%, DNBSEQ-G400 (MGI Tech) B & O GridION (Oxford
Nanopore Technologies) % fiv:7z. ¥ 7 /X7 57U T7®
B, R - ERRBITEILICEVIT o, TRF LY
(CH,) #ICilith (=F L v AEgE) oflEicid, FID
B g5 GC (GC-2014, Shimadzu) % w7z
[#ER - ZR] MIEE & B DA ORI 255
72V IT U RFEIL T T a DR 100 BRIZOWT, 16S rRNA
AR TSR 2 AT L7z, R OMR, ok
8% 9JE (Synechococcus, Leptolyngbya, Neosynechococcus,
Halomicronema, Cymatolege, Acaryochloris, Desertifilum,
Limnothrix, Chroococcidiopsis) (23 bbb L&z b
720 HITIIBEECY] & DR FEIEAT90% LA T & AR i
bH o7z

FLIVRFALZ v a vOIBE/RO Y B, Huk
FERCALE S 2 B > 7 2 282 59 7 Synechococcus
sp. C9 (= CCMEE 5213) ¥Rl DWW T 7/ A5 % IS -
FRAT L7z, iR D UF BN, Synechococcus ¥k JA3-3AD,
JA-2-3Ba L OWLEHRIRERLICT LD,

1 Synechococcus PO HIL
Cc9 JA-3-3Ab  JA-2-3B’a

Genome size (Mbp) 2.96 3.05 2.93
GC mol% 52.9 58.5 60.2
No. of rRNAs 1 2 2
No. of tRNAs 44 47 44
nifHDK genes + + +
nifT gene - + +

+, positive; —, negative

H W fif

Z 1 5 Synechococcus ¥k D 16S rRNA iz 1~ i 3 B 41
AL 87 ~88% T&H 1), Average Nucleotide Identity
(AND 1Z65~67% Lo 72, F7- CORRIZEZMEEM
HWERT D) B uf THIZTFZRKEL T 5T R/
TRt OFGH, COBRIZBEANEAAE & 3L TBY, ¥ 7
INT T T ORBFISEWH VR TH 5 L EZ S,

WNT, R BEIIFESEA TV Do 7Rk
7 /2N 27 5 ) T Chlorogloeopsis \Z 2 \» T @M L 7-.
Chlorogloeopsis \2 2\ T 1l { H O IFEAERR O HL5 25dH
D B BICFRE SN TV kD H DA, R
HHOPARL TR BEDP) TH L, WL ODDREICD
WTIETTICHERLTLE-> TS, 22T, HAD
RSP EERE (ONB7akk) % 408k L, WAk
MR HFET 5 & & DI, BRI & o LLiieT %
fio7z (32).

#£2  Chlorogloeopsis TR D JLIK
ON57a PCC 7702 PCC 9212

Growth
at 38C + + +
at50C + + -
under far-red light - - +
on succinate - - +
C,H, reduction + - +
Motility + - +
Genome size (Mbp) 4.90 4.90 7.65
GC mol% 42.4 419 41.5
nifHDK genes + + +
vnfDG genes + - -

+, positive; —, negative

AT R B X BB R BT 5, ON57a
Y& & OB R %8 (PCC 7702 #, PCC 7518 #k) 13,
Ji AL L D HE A TV 22 Hi bR (PCC 9212 #E,
PCC 6912 k) LWAMEICIXBITE B2 LWL RITHR -
72. £72PCC 7702 ¥ & PCC 7518 ¥kiZ b, o Tld%#
B EGTES & OEEMEAHS STz, 4 oikER
TR ST, HH7212508 L7 ONS7abkiZ I b otk
BEALTW LLE2 S, ON57akid Chlorogloeopsis
TP RRBEDO IR E LTHMTH D EEZ LN,

g SRR S, K2 K A B B e R E @B i E-mail: sharuta@tmu.ac.jp

- 144 -



IFO Res.Commun. 36
2022

MR BB O BT 2 SIS IS 25 O 45 11 LA

[E89] WEME IZIF RIS X U BEEE e BBe 5 T %
HERET DHHABEYTH Y, RIERLIEE Vo 7R ik
KM% K G ENDBRBELOHHES NG, ek sy
IVBpEZ7UBET AT ETHH LIt Y — LitR
773 —OMBEICBIT M0 HO»IILTE
7o. L2 L, BEBRIICB 2 0ISEICET 2 AR
PH . Fx OF ) AMERITED PRI L 5 T,
e o —#ix, () Ffott 4 — (LOV) & DNA &
H& R XA Y HTH) @& L72LOV-HTH Y v 82 B
(K1A), G) e AF Y rFF—¥HK) & LVAKY AL
Fal—%—(RR) 2%@lA L7z LOV-HK-RR ¥ >~ 787 B
DREQUTHRETHILIVRKEIN, 7O0ET 4T T
HbH77CrEOMENERICUIALRT I/ BRERE AT
EhTwal enrs, Hobbry—L LTz ens
iR S 7. ifﬂfﬁf( X, LOVIRAEERR A % % 4
& LB T IBURITIC X - C, SBRRINGET) % F- 7B
B OFEE 20 LOV E#ZTOMEHHEZ B e L7z,
[HFiE] WEgext 4 & U 72 Gluconacetobacter liquefaciens
NBRC 12388, Komagataeibacter europaeus JCM 16935 1
’AE’J&&‘E%E’I%EEQ )W BRI
(i) I EERTPCREB LV G)g-rVvru=—+¥
T LAR— Y —FER LT MBI ELE e JRE
FIH 7T 2 3 F pCM130 12K [E Addgene & 1) HLZit 72
(R - 28] N4 Y OFEMBERAH KD K europaeus
JCM16935 #, EWNT LAl H K @ G. liquefaciens NBRC
12388 W - Wi R ICB VW THAE L, & I RT-PCRiEIC
X B BARFIEBURNT % 47 - 72458, LOV-HTH O %3
R Cd o 7245, BiH: T 2 DNABIEEE R HIn T phr
OFEBUIHF LIS L o THFICHFESI N ol Lty
5, LOV-HTH % phr DFEBUIX L CTIEIAFM§ 57 2
FNR=F—L LTHET A2 AT (K1A).
—7, LOV-HK-RR B X oA a7 /7 4 FERGETR
T OB, LM THENLTES LNV ET
DYEMHER S 7z,

WIAZ G. liquefaciens NBRC 12388 ¢ DNA 3 A & % HfE /.
L7z, RK2ori &7 bI% 4 2 ViE#ET 2 HT %
pCM130 77 X 3 F7%, BEMRWRFIC—#RWZ L 7 MR
L= 3 v BLUHAEEIC X > THERMICARRIE A
WEETHLZEHWLZ. 2 LR=—F—=TvEA
N7 57— LTpCMI30IZ KGR -7 v a =4 —+&
(GUS) % # A L7z pCM130GUS % Hi3 L 72,

-
BB o3k R
() HIBFRETIL (B) EERH
000
LOV-HTH  XE#HE R (phr) . oo
\, £ oo
#ex i S oo
AL | g o
? € o
FMN % 4 ::;
(YOETAT)
DNAfSH
Dark e 02k g O gt
promoter rpoD phr phr
(C) LOV-HTH#& 7 0 E—4 — D BT +LOV-HTH

Stop Putative Putative LOV-| HTH Start
(LOVAITH) terminator _Bindin ing regior -35 -10 CLERR)

Ain -CGGATTTTTGCCCCTGAAGTCAGGCTTTGCGTCAGGGGGCGGCAAGCTAATCTTTCGA
Gdu  [TGACGGATTTTTGCCCCTGAAGTCAGGCTTTGCGTCAGGGEGCGGCAAGCTAATCTTTCGACATG
Gdi .}GGATTTTTGCCCCTGAAGTCAGGCTTCGCGTCAGGGGGCGGCAGGCTAATATGTGGA
Kxy GGATATCTGCCCCTGAGGTCAGGCTTCGCGCGGGGAGGCTGCATGCTAGCCTTTCGA ATG|
Keu [TGATGGATATCTGCCCCTGAGGTCAGGCTTCGCGCGGGGAGGCTGCATGCTAGCCTTTCGATATE)
Gli GGTTTO-I' CTGCCCATAGAGACAGGGTCCGCTCTCGAAGACAGCAGACTAGTTTGCTGGT@
Tk ke, %, KDRRRK K RE KKk BB kR %k ek T
TTGACA -17nt- TATAAT (E. coli 07)

Gh G. liquefaciens

K1 G liquefaciens DIGFEEE TV (A), JGEFEMEIRE G
™ (B), LOV-HTH #Z#%E% (C)

pCM130GUS % T G. liquefaciens \Z BT H¥E. L
NV DIEFEG 2 N L72RER, phr 70— & —T51EIX
FickoTEALZ (K1IB). F72, 79 A3 FEA
® LOV-HTH Bz DBIEAIC L - T, ZOIREITS

W EHL, EEVHEHBLT rpoD 70 E— ¥ — O
50%FETH o7 (K1B). TDZ &1Z LOV-HTH 7% phr
THE—Y—IMNEHT AT 7 FR=F—ThHbILiER
LTWwWb. 72, AREHW-TO0E—¥F—H 70—
=V TEBICX - T, LOV-HTH # &80, phr PG 2
B2 6 B 40 25 50bp fHETH 5 2 L AR S 7z
(K1C). B RIHTIE ST 7 4+ — 20w BT CAGE
B X 27 2RO R IEI L 5T, phr BIE
THMEI Y (ATG) DATHH I EEZH LML

7 ) WHEIRNTIZ X o T, G. liguefaciens ® LOV-HTH
EEEIIE, EBIEA P L AR Y=L LTH T v Fo
HWT-ChrROKFET ZHI— FENTWEH I ESHIHL
7. OF D, 2HBONEMY AT A, (1) ok HEK
19 % LOV-HTH, (i) #EAGHIEWE (NA R &) D
WZFE > TIHAET B ERFEM % &3 % ChrR 2%
HFIET 5. MkO2WORBEMRBARAER L L TG
dulcium LMG 1728 & G. diazotrophicus NBRC 110704 |
b HENA.

AWRNTIRTE - fE 7% SIS B ERR I RE O AL REIHT
TARES 263 & LI, I o THIETFA V4
7 2o JER IR -%‘Jﬁﬂ?‘%ﬁ:@{zx%’\@mﬂﬁu
AnRAENG. BE, FEREZ KA & L7oGAER
WA R ORI FLA TV 5

FiE  HARKSFAEYWEHEEFE  E-mail: takano.hideaki@nihon-u.ac.jp
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NRE RN A A & v —DFFE 2 8 L 72 BRI ZED R bV % v 7 i &
S BEAL 228 B D RIS L2 B 9 2 B ar B 2 D Fd M

[BE89] Mo B2 = E g <l N E CIRERLK 25K
ELRLD (K1), ZOMRIREIENHROMR: & T
IO AU TH S, L L, BAETIEE X7
M CIREIESFOREEZE=F —T&F, WHFEOKN IV
2w 7 EhoTwah, FITHFERRZHWC, R
FRORBEZEAL 2 &I L CRIB L 2 5] & 23R R
Mty —Rim21 2 FE L. $72, Ok v —FF—
7 % [E L, ZOHk5 % &t C Rl Y %8k (Rim21C)
2O LCTGFPICA AT 5 2 LT, EE-HRHMI
TIRE IR Z WHALTE B8 & o3 — D ffEm
ML AT, L4 F -2 8B L
S/NIEMET S, 2. k2 BRBRETFT TN T2y =0
ZWEB L, IREIENFRICEEEE 2 SR T %
Moz Ts, ZErwHIELZ.

" EEERERH
s (BN ORE7)

s e
L 4

HiE

PR IER R D IRREZ L
sk

S

FEE RN
T oBER  ZRE

K1 Rim2112 X 2 IREIERFROEA & N4 4 & 4 —

[5i%] GFP-Rim21C % #i% & LT, Rim21C NOHET
I RN (REIFENBRORMCEDL S L FHEND)
Rt U —EF — 7 EHEORLE S N FEIIH L TR
()72 BRI A Z 4T o 72, Z D% % GFP-Rim21C & %\
ZER A8 A L 72 Rim21C % ¥ ¥ 7 2 4% L C GFP (2 gt
HL72a v AN 7 MEBIISGEAL, FEITHHR
DEALIZIE U 7228 8) % HOLBAM S CRIZE L 72,

RO EIENT T S/N 2SI B LS BN A &
YH—IZDWT, EOREE A RATESEA b LRI
L 72 B EERIB CRIZR 4 2 & T, FREIEI IR
Bab 2 BN A L AR BER L.

N E N

Rim21C Oz & VX7 HENEH L, KHIRLHS T
EOREERIFE A — =LA T oA B OIRGEEL 72
[#5 - £%] GFP-Rim21C |2 R 2 LR AHMA L
ToAER, UV —EF — 7B ORAF I AR A
A L7z Rim21C 2 B4k [Rim21C (mtA) ] B X FZh % ¥
¥ MRS L 72 Rim21C (mtA x 2) % GFP ICgh & L7z
B2, MREFENFREALICK T 2 28802t GEF IS
BCHEA L, TR U CHUBBE 2~ & i B3
%) BEVEWIYFTFANTHRIBTE 2HICR 72
(K2)., COYRMBLOHMEFHWTHL A ML A
TCRELENZE2L-LEZA, i OpH LA B
OB A ML AIZ & o TIREIENFEAZIL L T 1]
BEMEDSR &7z, AR O pH B TIE, ERICRE S T
O PIIVE [ Bl By 23] S TR IR RSl S T
WL HREINI BREWZ &I Rim21 13447
OpH LAREEA ML AT 2HEICICLETH -
2. 2FD, TNHEDA ML ANIREIESTROZLAL % @
L RS B i BEEAVR S 7z, Ml as kAol st
OWILF A P L AD D b4 L b —HIcwHT 5t
U —D&REEHS TWDDOPH MR,

Rim21C 305 IERF BRZE AL % A3 2 AL A 2 1 & 7
129 572012 Rim21C Oz & v 87 HE kgL, %
FRE & DS E WA, BEREORO) LR
BTHIEDMLDNIT R o7 NS OMBRIENREIX,
AN TIXIE & A ERNEIICHELET 5 2 & % Rim21C O
U —EF— T TRIEBM 207 I/ BFkIEASHINL
Bl OMEFICHETH LI LD, EBEOMIBATOM
HEEMZRKML TR WYL L. T4hbb,
Rim21C 3B OBEERE DR ZNHAMEY T A D
KEBMWMOMIEZE=F —F 52 LT, REIENHOIR
REMZEAIL TV LIRS 5.

GFP-Rim21C

mtA x 2

wn miA
HeR .*' -
-
»
RS SR @
TRE .
5um

B2 IREIEFRNA A & v — OB & T BB

g R KRR SFSER  E-mail: obara keisuke.r2@f.mail.nagoya-u.ac.jp

— 146 —



IFO Res.Commun. 36
2022

i VR RSB B3R B AR IR 77— V2B TE T BT B X 77— VHER RS O T

[B®] Staphylococcus aurens (F7 ¥ 7 ERE) A REE
9 % 7% (staphylococcal enterotoxin A; SEA) 1%,
FRAPHEZFISRIIZTTRL, BRPERT FE—
PR E R E 0B L OEAICHEES 35, 2O SEA#
fZFix, 7oRU—=1F 77 =V EICHFHELTVAEZ &
5, SEAITHEHE T 2 R G 5 O Bs & Bk ¢
5720121, 77— VI X B SEA WG T D15k & I
THIENEETH L. AWETIE, WEEMETH S
# 7 B 2R O SEA A5 T DI&IEHEHE O i % H 1Y
\2, SEA #ZTRIEROMEIRE L OSEA #i{n T2 25
+25 SEAJEEAM (LY ¥ ) OMERE BT L7-.
[5i%] SEA#IET 7277 —# (LYEZV L) &
L C SEA JEPEAM: 6 Witk %, SEAERT FF—fhe LT
No.29 ¥ (SEA") 7z, it 7 Ko ERE A 5 1
KRG T2 ARAALZFNL (X TV Ry 70
MVs) DI, 77 =Y EPTVWE T e, N7 T
VAT 7 — VBB ET L RN S B L ATRIZ
SNTW5. Z£Z°C, SEAJEEEMKDRE RiEZ A T
TR % A3 L7z No.29 ¥k (SEA") D} %A 5 0.2um
7 4V Y —TCHRMARE R L%, RS A (100kDa 7 v
M+ 7) BXOEELHEE (150,000xg, 3h) LT
MVs (Pbigemizy) #2872 L 72 MVs 1o SEA
YRy, SEA7 7 —VOEEB XU MVs # A4 L7:
SEA JEPEAEH (No.77 #k) ~® SEA EET- DIEI&IZO W
THGET L7z, F72, BRI %5 L7z No.29 # HalB L
72 MVs OF; 718, SIS X OHE S 87 Ho%
b2~ 7z. No77kk (LY ¥ b)) R FiFIce
FNDERFHEWE 2 KT 572912, No.29 B (SEAY)
& No.77# (SEA") % MR ¥ 72 (3@ LB a8 L 72
BRoF 2 EIEIZOWTLC/MS 217 o72. 251,
SEA #1515k % % 5 SEA JEREA RO %2 W] &
PICT A 72002, KIS — 7 v — % v T No.29 #
(SEA*, FF+—#k), No.77# (SEA, Ly ¥ ¥ MHR)
B X U No.29 ¥k Hi 3k ® SEA #5775 No.77 BRI 54 L
72 No.77-L22 ¥ (SEA") D47 ) LNt #41- 7.

[#E2R - £%] No.29 #kiik» MVs 121, SEA % ¥ /%2
BBLUOSEAT 7 —IVHFHNELENTWE TOMVs %
EDTA LI X Y #3E LT, No.77 ¥ (SEA") 1Z#M
L7z&Z A, SEABETOERBERRDLNT. F77,
AW 2 L 72 No.29 Bk Tld, MVs DR 125K % <
%0, WENTZHHT 5 agr ¥ A7 250 MALT 5 2

R

L2k, #EImFEHE (-hemolysin) ASMVs ICNE Eh
72, W % EEE L 72 No.29 ¥k H1 3k MVs A T, delta-
aminolevulinic acid dehydratase, Fe/B;, periplasmic
binding protein %5 O LG4 R # SR O HL Y A BT
2EEDY N HOBMA D S 7z No.29 #k
(SEA") & No.77#k (SEA") % Hifihh48 £ 7213847 3k
B L=l o2 LiE % LCO/MS M pTic Tl L7z & &
5, BEHoOHRE KRR LEPORIE SN E— 21288
BOONL D722 00, BELEOSHYE X 512
L CHARNFEEN 2RI 2 PETH 5.

No.77#k (LY Ex ¥ b) IZNo29 kD SEA T 7 —
PHIASND EEZ TV, Fr—tkelL ¥z |
WoEr ) AxfaLizb A, No77 kI, hibiEfz
FHBIZBEIC 7 7 =V DBFEIEL THB Y, SEABIET D
RAEDHERR S N7z No.7T7-L22 #kTlE, ;D7 7 =Y D
FHADLIELZ No.29 #D SEA 7 7 — VEFIDHEA ST
72 (M1). ZONTTHOBREST 27 7 — VI3,
enterotoxin type A/P % /A 3 % ¢BUOL & FL L 7= L%l
FHLTWEZD, BHo77—vEdRey), 4%, &
ST 2 B2 5. F72, No.29 D SEA #1151
%Y HSEAHEAER (LYEZY M) O T 7 —
Y (SEA) 0¥ A4 ¥ Y T aiioizb T hH, No.29 #as
WETZ77 =740 (¢Mu3A) LD Y 4 7T
Hole. TOZTENS, AEDT 7=V TANVERET
% WHRH T SEA BIZT2MERET 5 2 LAVRIE S L7z

LY DIEE FRATRESR NS DHER
No2o  [T29] No2o  [T29]
ot b 4
/ Integration ) / Integration ‘
+ +
1 -
L d L 4
o WAL ) (er &L
sea hib +
I (No.29g33%) I(p-hemolysin) [.

Pseudo-sea

(No.77E33E)

K1 SEAEMLETHRET 7 — Y DA

AIFEOEREB L VEGHDOE LR HW7EI12L ), SEA
BIZTEBOEREZWS2ICTHZ LT, MK OELD
AN =X LDRW B X USEA SRR 2 Ao
WWOKRN 2T - EHREORES RS NS,

i R R R 2 A 28R4 E-mail: shimamura@u-shizuoka-ken.ac.jp
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165 PRI BERI B LS 3800 2 B B A W N~k 2 B BT A O S

(B8] 2 v s~ AT PR A BHT CRE (carbap-
enem-resistant Enterobacteriaceae DW) HSHIERBIAR CLE
WEREEZDPLTVD, RrAlxIhEFToT I TiEET
5Bk S 72 CRE H3Hi 4 D H ISR AR -2 A L
ZNODORFAREFFMHE TELEL TWDH I L EZH LRI
LCE7 FEAEDCREIZANNANRAY =X EHEAT
% CPE (carbapenemase-producing Enterobacteriaceae
W) THHD, WO CREEHINNARAT—¥E T~
FI 2B ERFFL TR RVIZH 2 b 5T, AN
NALBEHEZRTSOPFIET 5. AWIZEO HWZ
B VISR 3 — X IR CRE OFHL A VxR A A
AN ZZALZWOEPICTHIETHD.

[5iE] KW DH5a & v C mutS A5 T KIE KB
BRBVELL, BRI LARETH D X TG LD
B RERICHE I S B - B O R R L 7. MR R O
AT D mutS KABKW T % FI T H VN R LRI,
LT AREBIVE I NI L EEGELL-F7 77—
X, 7T/ 3y FREREF 0 REITHT HH
MEZMET a7 7 4 VR L7z, 3RS & 56
HIN SR ORIBE O 7 7 AL, kit sy — 4
YHERHWCTAEY ) ARSI R IGE L, BT D EATIC
X BRI R U7z, SERITH PSR & S8R0 T A
B OREH A S RNA Z il L, RNA-Seq f##T 12 & 1
RNA ZBl % i L 72,

[#ER - £2] K H DHba % W T mutS W 354k % 15
WL, AR LAEHR TR L 2285, 101Uk
TA TR A [HRANFEERLIERE (MIC) 4ug/ml
k] &b, WAL L7. ZoMMHRICBIT 5 %50
B-7 7 8 LHIORNEEHRIERERZRE LA, &
7z ARBERUA IRDLERL A NNARE LRETH
B LEADSALNID, R=P ) Y RFEITHT 5 MIC
EICE IR SN o7 (K1), 73/ 7)avF
FOF vy REICHT 5 MICICE LIRS 0o
72 (1), 51T, RUIEKRIZ B W THAUHET Ok & 10
Rk D 4T ) W 21T 5728 25, 1153REDHE
Hadh B WVIIKEAR 572 RNAseq #fro728 2 5,
W - SMBEICE ST 85T (ompA, ompT, ompX) K OY
SACHNC B 55 A @fn T (hemB, marA/B/R) DIEBLH
ARICEB LA LTV 2515, TNEDON, mutS
IC& BEETAR LML TR L8 ETIE
hemB CT®»H 5 L% Z L7z, hemB® 70 E— % i (L

% W E Bk

295 T H OIFHATA 5 CITER) ICERD R S 1,
ZNDEIK T hemB 58l % A S TWDH 2 LATURIE S
N7z, hemBI\IHRIZBIT 2N VAL LTEY
ANT 40D CERBERO—mEiHoTwna., Zofio
hem AR T DRBLENT L72& 25, hemF ik 5L,
hemH T O hemX TX A L CTwiz (K1), hemA,
hemC, hemD, hemE, hemG, hemL, hemN } U hemY
ZBWTIdE,rLEZ LIRS b o0, AEEITRS
Nproiz.

mutS KIAKGRARIZ BT, JACHT & Rk 7% o 35l
P& I L 72k, MR OB IR T L7z )
DOREGREIR SN ah o7z,

hem AR T O RAEDV K OMIEI B E 525 2 LI X
D, FEEOFHEANIWMEZRTHEITV L O2HE ST
W5, 2L, p-97 7 LR THET7 2 2R NS IR
B BER A NNNE LRI U TR T S8
HMIZTFRIED 5 VITEETFERIHRE SN TR,
KUFGED & hem BARTERDVL-T 7 7 LROMEICD
WHEL 2D EIRIBENT.

#1 IR AR

/NS BRI EE (ug/ml)
HAEPT R S DH5  AmutS#ACHT  AmutS #AH%

Penicillin 32 32 32
Cefradine 16 16 128
Ceftazidime 0.25 0.25 4
Imipenem 0.5 0.5 0.5
Meropenem 0.06 0.06 4
Aztreonam 0.5 0.5 4
Amikacin 0.5 0.5 0.5
Ciprofloxacin ~ <0.063 <0.063 <0.063
16
12 m HEET
Z5 Wioftitfse
§0 s
c g
o
0 | | . I ]
hemB hemF hemH hemX

BRI S AT RIARR IS BT 2 MEACRT & O 10 FRRRAC 12
D hem BT DFBRDOZEAL

g MR 3RS K R F e R A% E-mail: ttada@juntendo.ac.jp
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F— b7 7 V=250 F V7O TR

[BW] A—F+77Y -3 ERE2»LE PETRIEFS
TR Y YR ERFANT AT OGIRB L)1 7
VEEHETH 5. KB ERA B AP L RAIZE 5T
F— b7 7 V=ANEEINL L, MBRRINIC R & I
N ahy TIROBEREEAMBIL, flEE & HISHRE
% wl A, R LA Z LIk > THEDOA —
b7y IV ENDL. GIEHE, A—bT7 7T
V=AY VY — A (BRI TIREE) CREL,
LY A F N7 W IR R E OVERIIC X 5 C
T - Bl - TR E TR S, ISR
BRI IR ENS (K1),

F—b7 7V =IBWC, WEDY 87 BT
WCHREINBEEZLNTVWS. LELEDS, FED
¥ R ISR OEBNICENSL I EIZL o T, B
PUEERE 2 FEHE L 2 ADH A IR S 513572205, £
IoaME M1 A —1+77Y—2A7r—7, LFx
A7 —=7) FZEAERIES N TV v, RIFFETI,
11t Saccharomyces cerevisiae * JH\WCTH— 7 7 T =7
LkNDL Y X HEREL, TAT—TOME%EIERE
THIEERHME L.

AEEEE  A—rD7IV—LBAE MmE o B

TATTIN e ampssnaos
ok 54 B

| e T27—752/98 K T2 —THBET |

R1 #—b+77Y—2 245 -7

(BE] 227 =77 v E2RET 5720, W
TuE—¥ —ifl{Hli T CGFPRIG Y vV e B &
2. A= 77 V=2& Y GFPRELE Y ¥ 287 EH SN
EIZND &, 7 vy I3RS HR SN B DS, GFP
ZOLDRIMERNTHORETH S0 HIITL L,
T Ay ry7uy MEfrcRIIENS (K2A). 22T,
TR A VUM L BF— b7 7 V=8IRS
Nwv, §4bE GFPHASHIE SN AR VELSE & » X
7B 2RI E L7, BIHLRXVORK S PERT
GFP HAKORR A3 R B 20 B f5, HOGBAMERE 2 H W 72
W GFP #0060 A I X 21l (M2B), &5 Wi, )
BTAE—F —~OBEHICL > CREPEZ WIS 7.

I YN:
A A—kTrT— ®)
M BEn GFP &

NEFE — + — +
GFP @&
BUINUE

BUNVE BRERE

‘e
FE% P
GFP — . T

K2 4—1r77 -0k

-

[#ER - ER] AW THN L7 GFPEG Y ¥ /37 B0
Ny = LT, OBFHY v 87 B3 GFP HARNE
B shzzenrs, =177V —=I12&k o THESE
BIGRENRT VWY VX H L ZORB L NVIZIED
MHEYHBEEZ LN, LILEDS, LA YRE
DEFHY VI ETHH-TH, F— b7 7V —DEN
X% DI WG SRS 2G5 i w
LR ESN:. OB VX HIET A S VT
0y T H HOGHMEE T b I 28 R S
WHY, =177V —OENE RS> TVLO0H KT
ol MG TOE—7 —HIET CHMRE L2
B, DRPFEREINL T —ANE N2 05, R
D, BHLXVEOHBEEH S LV FEmICE -7z
AR BT BEHTORRS, =177 TV =201
BRI E N TR ERA L. =177
TV =LA T L, TOREIPD6DOD TV —7,
(@QAtgl 7a 714 v ¥ F—EHAEMK D) Atgd /M,
(©OPBF F — ¥ #H A 1K (dAtg2-Atgl8 # & 1%,
(e) Atg8 FE & BT, (f) Atgl2 #5& SIS RIS S h
H, INHORTIE, F—=br77TV—2BEFdHLLEF
WABCRAET L2 e, =177 V=10 o> THR
ENRFTVEFMLZ FEEE (b))~ D7 V-1
BT 52HTDIRIZETORBIMER SN, (a) &
35 KT (Atgl-13-17-29-31) @ 9 b Atgl YAt 55 &
NI W &2 h o7z Atgl UAVO R IZ A %2
HE LTHs M WIS EZ SN 5205, Zh
T REAtgl IR EINLDESH ) ? Atgl 1T Atg8
WETF— 720875720, HEKRZEEETIZ7Y —
THAEL TV 5 Atgl 78 Atg8 \Hi L S TR S vzl
netk, Atgl 2 BERDP O DHEL T 5 2 &34+ —
N7 7V —DADHIEE o TV BUEEL R EDVEZ S
N, Wi bWGEEDLETH 5.

il B RFRFERE RSB A78F  E-mail: furukawa@med.niigata-u.ac.jp
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R~ AT B R I D BRRERE RE AT 12 36D < N A TR D iR ]

(B8] 2 oML, WHEROEERE THLRAE
EHCTHEIHE L -REABE T 5. XATEEEL
5o LIREMEIIBI I T L, N4 74 VAR D B
EINDRE, RABITHEOAG BRGICEETH 5.
RABRAS0EHOENEAPLHEG L TTE /S
THEKRTH D, TOKREG % D LRATHMIE,
2707 7Y 2 y55F (FC) THRKINS HEA
RESKT, BHICSMOFIDEHRE CTCTEE
(Fxv7) PEHETH. XATIZA TEO R 22/ E
HRDL, HENTERENAFICIR I 08 T Eili-
T E CHEITN, F v v TETTRABIHAENS.
LrL, Fx v 7H%mICHELZRETED X )10
#t L T FIiC # #liAtr ® %, FIiC o folding & & 1Z & D
IR DZDD, Vo ERABMEDS THRIEAR
HTHL. T/, 11KOEMAMED?HHD O A FRE
% RO NAEMME & 5 MR 2 o F X v THTY
VAPM)=IAX v TR L TEEICHET S LA
L THBH. FIT, VIVERTIRABLEMIOME %
Xt B RAT & 7 9 A BT BB % H W TR
TUNVTIHIHL, RABWHIER O 55 THE% 20 % i
W3arztrxHIEL.

[Hi&] KB BL21 (DE3) THIL L 729V E % F FliD
R - RRAL L, RS 32A 0 RAE T L 72
WIS, FiCHOFEBMZHIBMTE % L H 12 L2 RBIEMHAN
AEBT IV ER TERKRE N THWRABZFEOH K E
PEI L, BRI L O TRABZ IR S LR L 7.
CORKE 7 T A F BT CHGR LT 3 RICHHER
2, 1,772 M OR AT OGS 85A 73R D
BN %1572, FliD O kS & BRI o RBIEHRR A
EMEZSEIL, ZOBRERZHCTHVERTIRAE
Jeim il O ARSI E 7OV 2 L7z,

[#582 - =] FlD X 3MOIKIK F 2 4 >~ L M7
AN AL NVEIEET 5 2ERDONY) v 7 ALK S
T/ (B1A). FliD ¥ v v 75 Bk 3 5 g% T
&5 AR FRE 2 A L T2y, RATBLmICHA L
72¥ X v F5mEMAIE, BRI L B TR
B LTV (K1B). 2MHOERIRE A £ VIERAE
FICTEAZT L — MREEEZTER L, 2Ol T2
(¥ T X 72 FIiC 2% folding § 53T & % 2 5 5 E 40A
WS ADZEEMH o7 Fx v T5RED1IOD N A
A ETANVRIALNVERET S 2ERKON) v 7 A,

4 H B B

K1 ~<RAELMmICH A L7 FIiD O#EE 7L
(A) FliD% 7 2= v b OffiiE. (B) FliD 5 =AOHHEE.
(C) RAES IO,

RAEBERRO SN, TITRERSEERS Y, N v 7 A
DEFZEMIME T = bR LTV, Zor—
FOHFFEC LY, folding DBHTIZEE DO 5T BASB S
EERPBIWTWE EEZLND.

RABRWTEFID 7 2= v Mg, Mo
FICH 7=y MR L HITHFARICEE LTz
(K2). ZTD78, KO FHC 23 IA F 5 i G i o
— TGOS F v v TS BEMEL, 4
HoTKERBEMATE T F72, FliD & FIiC I3,
BEOAMPAIHIFITHEE LTz, ZoREICED X,
UTIRABEEEFVERBT 2 (X2). #Hirzhk
FLC 2SBRIICHLAA TN D & F v v TOBEEMENE
B3 5. BAEOBHIIZBRMOWM O FIiD %7 1.= v
I & FliC D#E ALY 5. = THOFID %72 = »
I & FlC D#EEITZAL L v, #Eo T, FlC DALAI
X HREZLIZBEWMMO FIID 7 2= MZERS
b, TOD, ¥y THEEIKHEG LT EFICE
HATHIEDNTE, BEEOEIFIC X Yl L2z FIiC
DIFADHZ B EEZOND.

K2 NATEWHEOWE A =X 4
FiD¥72=v F5ORFHCH T2 =y | & DM ESEH
MNEZZL(A). FliCH 7=y bOFAIC LY EEZETGD
FiiD¥ 72= v F25 L2355 (B). B2 BET5 (C).
FliCH72=>y FOFEARHETFID Y 72=v F1,23 &
FiCH 7 2=y F OMEAMEIZZALL 2.

HiE KBRS KB B # %8R E-mail: kimada@chem.sci.osaka-u.ac.jp
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WL & % Hetafh « B MR OB BCIE H 8 O fEAT

[B89] WM CREFRIMIC L VFEINL X7 L
F77V— BEMETHF— b T 7 V—) TRE/ME
Uy BRI AR SN D, BAMENIZH B
rDNA S & o deta fk DNA X R S kv, 30
X7 LAT7V—ICBWT, I OO & AE OB
#O(NV]) ASERRPICHRA LD AT hs Ltk
25 (K1), 2ok, SMIhsB/MEs 78
WENVIIZEF D, 2 S v rDNA L&k L Do
MRS VST E N EEL TNV X )@ Eh b, AR
FHWFZE T, NV] 25 o gefufk - /MR O NELE % ]
M3 20 1THREZHONITLZEZHBE L.

bRl
1 HUEkEO NV X 28/MED Y 5 ¥ 27

[5i%] (DNARSEESY ¥ 87 B, BAMES v %8 7 Bk
\ZHOE Y o8N E R RLE S 72 M BERERE Saccharomyces
cerevisiae T NVJ & R  KIEM nvjIA nvj2A nvi3 mdmIA,
NVICRIEST 5 % v 8 7 H#(EF REMH (mylA,
mdmIAN %), Cdcld 7 + XA 7 7 ¥ — ¥ BB cdel4-1,
MRA VAT B UEE0p2, TV T VERK
yesd-2, & A N VLT & F VAL KB 7pd3A, CLIP
RIEHE heh 1A, cohibin KRR Irs4A % T, SIS EL
BIZXWEMEKY BT VX EFL:. FRSORT
WCHLTC, Zofifis, JfE, HUkEoAGE~O L%
MM L 7.
[#ER - E=&] WRAEZIL, NVIISH L TOB/MES
237 B & rDNA O J5 itk o @B % A5 rDNA St (2
VFEvYvECANYHLEESY Y287 B Hmol 12X %)
LT LT L, rDNAOBNEEY (CLIP #4614
cohibin /"L C) #EELT LI L 2T TIZHLRNIC
LC&7 AWgEiZEn%E2), TOMREEzIT- 7.
HFRERETIE, BERBIEIINVITa sy sy L
TWa. I NV] 24 LTS S B/MEY €51
VI ERHIMT AO0EGEHT 57290, NV] 2Fi/2% 0w

i+ #eowl

nof 1A nvi2A nvj3 mdm1A ¥k (NVIA) OFAlk % 0 Fv 7z
THEY, ZORBEHETIEIZOXZ LT T 7 V=Y
KL ENMz, BWNA XY b Th S rDNA i
rDNA ER/IMES e Db TEE L. 2ol
1, rDNAEEMEIPE ) B/MEY BT v 7LV BRNA X
RIS S NV] Z A LTIRS 52 L 2R
WIZTNZZIT T, NV] RFEWS 87 B & R
R, BAMEY BT Y OENRE RS ETFHEERS
rDNA B I L E 2 N F O E 2 il miz. TR, M
HIEF NviL 22 <, Mdml #FE L7z, mdmlA i
Tl%, rDNA &tfi, ¥/MES » o378 L rDNA O NVJ 12
5@ FIEOBEAE L L. ZoHE, I70x
IVET 7 V= KBS LRI O G EDIHRI S
FLER R OALEFE LUK T L. DL EoERE2S, LKk
FEEOB/NME)EFT) I DEFIVEIRBL (X 2).

TRESFEDBEA
# TR AR
Vac8
NVJ Mdm1
Nvj1
AME
?\ Y. ?
cuP A

Cohibin

Net1 DNA

! :  Fob1

M2 HUkRONME) E7) ¥ 7G-S BT

E 518, 52 O rDNA B 12 B 7 Cdeld 7 4+ A
T7H—=EE FRA VAT =V UDPHLEEENE OB/
HRIVEF) Y ZICBETHLI LR, 6y 0B %
A L7B/IME Y YN RSB L TR L.

1B D FEIFE AL 4 OO R A BT 2 LA AL B L C
BOENTDBDOTHE. HRINTFTHL2aryTFTrorR
Cdcl4 7 + A7 7 5 —EH MW O HLEEFE LN rDNA Heffi
WHLTORETH LR, TNEMGELL. 20
R, BN BT B HLEREE L rDNA & 1 Cdeld %
VEETHY, aVFryyRBES LAV EEZH S
WL, MR ON 72 AT a2 B L7

i RSB E-mail: ushimaru.takashi@shizuoka.ac.jp
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BB EEZE= Y)Y VT TDH5T75 9 7 Ay —DPEHR

[B89] LY % 7245 R o0 2R 8 i B 28
HENLETH D, BUE, FEHEHEEO Fo7-0124
BB TORBHRE EDMTHON TN D0, BHHEHE L
NI AF =Y ¥ THET T 5 HICHERE OB T3
BHLNVOPRIZOWTIERIERHZ EAL . b Lk
Y AC AR IR DAL T DI L~V DM B85 & 5digh L
TEAAT 2D THIUE, FHTRRELEANT 2L v —
MPIAET B REME D B 5. Z 2 TARIFFETIZT 3 7 B2k
FERELTTEARNINR TS 2 A RMEZ TV &
L CHNEEEZ BT 75y 7 ALy — ST
AZEHHME L.

[AiE] 29U A BHE (Corynebacterium glutamicum )
® ATCC 13032 (WTHR) 1z T, 7 v a— At
FEAHEINS % Ak & LT H-ATPase ilfitE 2V T3 % atpG
—HEFE R (atpGP Kk %4l L7 (Sawada et al.,].
Biosci. Bioeng., 2012). %72, 7V I — AT E K
T akELT, ZVa—2OWYAKLEY Y BLICH
BBHRARNT VAT 27—y AT LDBIET (ptsG)
DRBHEMHA L7z, £k% 307C, 180rpm T 24h FiH;
B, SV I — AR H—REHE T D EEE I
ODg=05 & %25 X HITHIZ MK E, ST FEmH ] Cln B i
B, RRBHEMTHOY > 7)) 7 EAT o 7. EERTH O
HifkiZ mRNA Z i %, RT-PCR AN %47~ 72, L
AT OHRIE A & 7 — )V - ZaaFR )V AFEIE ) AH
WaEit L, #ifkr o~ b7 78R00E (LC-MS)
THACEHRE R DAY & ST L7

[(ER - ER] SHhoOBEMWAREDZ) D7V a—AH
Bk 2 S L7 R, atpGBTCRRIZ B AR X D 125%
BIML, ptsGHRIGH ALY 9% WA L2720, HIY
DOFEWNEREOEB MR L7, BHRICB VT B IBE R
OFER, HICHREE O 41 BIET0 9 b 15 8IE T 0%
BLAOVHHE B & IEOMBEZ R L, 3HEMET O
BLUANVPEOMBEZR L7z, HEoT, AR TR
AL DZACIET) L CH IR OBZTF ORI L~
WHREETHZEDPHL IR o7z ZIUTHINEAREN
B EE 2 TR A L CFDOFBLL N 2 LT B ] R
ERBEL TS, MHEEELYEHT A2 —L LT
FREWTH L WEENEYH D, F I TRICLC-MS # H
WG 2 ATV, R O R DR EE % 45
WiL7:, ZOE ZVa— AWEsEswnd s e
fi#HE 2 %2 TCA T A 7 )V O AR i BE AT AR 125 <

R B K

ol —Ji, R¥ b=2AY VEEEKE (PPP) T, 7
V3 — A EEE AN A L ACHY L OV A3 A RIS
BKFLZ 2ol s, ZFva— ANEEEEN LR
EPPP~ORH 70 —2%855F 0, BRI OV TCA Il %
~ORH 7 v —pmE HW AR S Nz —TF, i
THE A & IR R A IE DA 2 /R A & LTk
ART ) —NVELVY Vg YLVY VR [V T g
TV, anZBEOSOFEB I (K1),

Non-PTS PTS Glucose
st | s ) zwfl
! opcA devB
I Glucose-6P +— 6PGL— 6PG
: E ptsH i Pgi l gnd
gk 1! ! Fructose-6P, RuSP
| a optsl pfk rpe AX_1pi
1 Ppg i """"" Fructose-1,6-BP\_ st
E Negl2558 1 foa
"""""" DHAP . Glyceraldehyde-3P
tpi i gapA
Glycerate-1,3-BP
pgk
Glycerate-3P
pgm
Glycerate-2P
i eno

XuSP RSP
tht

GAP, 7P
tal
E4P ~ "F6P

Phosphoenolpyruvate
B IdhA
Lactate

ppc pye aceE
Acetyl-CoA
gitA

Oxaloacetate

Citrate
mdh acn

Malate 32°0,  “- ooiirate]
fumn. i icd
e a-ketoglutarate
sdhcD % J odhA
Succinyl-CoA

sucC

1 ) 4 BRI o v Je R ek i & T B8 & ) L
THIT PRS2 8) L 724G (k)

) A RIHIT T SRR BE O AR T O BB 1)
2y NI =7 BEEICEIH ST, F72, I
ERF & EEA S LC, ME RIS 5 85T 0
BBEMHT 2L ER DL, #EoT, AifFETrVva—
AWEAREOEIIE LY THILNIRENZEL L7252
OB ORI, BT & O E % L TRy
BOBETHOFEHENH LWL 7Ty 7 Ak —
HAEFET B W REVEATRIB S iz, S1RE 5 o0 &
PR O BAR TR I & B3 5 B N R & off
EEHRDBIETT T 7 Ay — Y AT A D5FB
RED BN Y # e,

HiE SRR ADR e E-mail: ytsuge@staff kanazawa-u.ac.jp
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iy 2AVEEERE Kluyveromyces marxianus O i F T ORRECHEL O FHT

[B89] BERE Kluyveromyces marxianus 1% 50 C 3T\ 7 i
THHIETRE R AMEZ 2. Lo L, 2oL ojif
BN % K marxianus |25 2 % 551 L ROV OB I3 4 <
ISP % o T, MBI WIS BHOREE T H
D, TOERDTH 5 YIFEIHT 5 AEFMEIZIS C
TS L C SN TWS. K marxianus (25T
BRSSO 73 DS B I G- L T B 0 &9 R HE S
T B B RN 2 IRE T 217> 7225, U VIRE
RGNS A BRI OB 2R B OV IS X % W2
HERDONL o7z, —HT, BiRTREL-MEET
i, U VIREERSEA L, PERECTHE MY )T
4 F (TAG) EREIHIML Tz, Z 2 TAMIETIE,
K. marxianus 757 it C TAG FHR & % BN S 8 % Btk &
ZOFEILTORIIIT T 28R % AT L 72,

[BiE] K marxianus DEEFE IR O — %4 2 B 4 T
HBHYPD AL, 247 = V7L — NI 1mL oK
AN, FRECIRE I RE L 72 kIt — o 2 v —
% F 7= MR S BURAT T, 7 9 A 3 % v T 50mL
DT 30T K 45C TH# L 72 M A 5 RNA 2 il
WL, L7, LE=% =752 FOMERD,
CRISPR-Cas9 % Hl W\ 7= AR FH3E Cl, 4% 7 DNA X
Yeti/kDNA 721379 AI FDNAZF v 7L — b &
L CPCRCH¥IEL, K marxianus ~Z 5 %ZEAL 7z
VAU RIINGY: S NMES/A DI Sal s i GV /€=
WA REEmEH 2. TAGOERTIE, —EZOM
fa% 79 A= THMTmi L, 55 N7mMmics
INLETAGOREAX T KT veA™M MY Y EITAF
(74 0vava—) ZHCTERE L. AEORG
1X600nm OWETEHG L7z, VLEAR—=F =T vt A{Dix
JERPE IR E 967 2 VT L — MZANR, TL—1
) —&—THlwE L7

[#8 - ER] K marvianus D7 ) L5 5, TAG K
BB T2 5 2T o T B EERE Saccharomyces
cerevisiae D BT L MFITED B % BI5 T 2T L 7ok
B, TAG GRBBEEETFPARESINTE Y, RBHRE
WEEARWIZFE U TH S Z EAIREINT. IThH DR
TORBDPEHRTOTAG EHEOHMIEE L Twb
PERMB 72O, WAL — 27 = 2 21T X 5 RNA AT
#4io7z. TAG KD 2 22 0#fET O ) 5 30T I
HAR45C T2 D 1 LUFIZHBUCT L 728513 SCTI
72T, ZL OBETOREBPEML Tz (K1).

E H m W

SctlDT7 A VA L&k I— 325 GPT2 DFBAN 1.7 5
RBRECHINL w22 ehn, BRTICBWTTAGA
A B 2 EER OFBSHEE L~V TN % 2 & 25H
Loz, —HT, EMLTAG 25§ 5%
32— 45 TGL3, TGL4 DIEBHIMLTH Y, Hiff
AR OTEMEAL DR R & LT TAG %M T 5D IT
Tl RWZ EAREENT:. AEREOKERTOT O
E— 5 — MY T B HEB OS] & R EEOG Y o8 7 i
Erolbfra—=ry 7 L2V R—-—F—FTFAIFEM
WTRAT T D, MR R AT & AR, S TR B A
BKTFT570E—5—34%L, VVIREPLY T VIV
7)) e u = )VIZIENiEE % 58§ 4 BEE Lrol R IR &
A2 ) B3 @ Slel, Dgal, Gpt2 O &Mz 7 a
E— 7 —EMA 40T, HDHVIZASTTHML Twi.
FEHAEIN L 72 A5 F A5 R T O TAG ERTICEIS- L
TV EI PR HLNICT 2 72DICBIETHIELIT-
72. GPT2, ALEI, DGAI1, TGL4, LROI D55 O &
BT EREE L7, SO OEE LML
TAG HEBE L IAM LB L2, ZO%, DAGL L
TGL4 O REIERE TIZ 40C TOMNL DM FE A E E#E & b
RTKRELRY, F72, Ml (BWE) U720 O TAGE
FEDIEMRICHRTKT L2, ZofErS, BT
TOTAG DEREIZ, A ML ARRIZBNT, REES
JOTANF -2 B E e LTRSS 7200
BETERwreEZL T,

ﬂﬁﬁjﬁ%% oPD1 1 K marxianus O i
|DHAP| _'I |Gr0_3_p| E'f’t%ﬂf‘%ﬁ% t _I%‘(E-ILVC 0)’3—%
IRl IEEL N e oo
[Ac-DHAP] —» [Lyso-PA 30T 12K+ 2 45C T
sLet FHEZRT. 250

[cop-oac] <2 EOu, 1 EAUT

DT, | ;Ac, 7V,
Actl, 75V ; DAG; ¥
FYNTY O —
DHAP, Ve FuF T 7
t ) U E; FFA, i
HE NG 5% ; Gro, 77 &
2—); MAG; €/ 7 ¥
VYT —) P, v
W PA, FAT7 7TV
[ ; PL, ) Y IR'E ; TAG;
M)T VT ko —v

v DGK7T lT PAH1

D

g RS KRR B #F7ERE  E-mail: hoshida@yamaguchi-u.ac.jp
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e (fad) o/ N ORI & NG O

I & D

(B8] /"~ s ¥ &> (Platorchestia joi) (X1) &,
AR O KA TH 2 IEAA RN <Y ADTE
SR NEY (EE8mm ) THAH. WiRERRO—
WHEFEY) T A WO SRR OMINE, B4 ER
B L OV R R & PR S 5 BT, HICIZBEOH7:
AR EORBICBOWTEETH 505, ZOFHMIIA
HTHD, HEHIEELMET L~ b E L VEEIRM
Mo, WEFERFET VY VB (WSS T) &
EALT B (Vibrio, Paracoccus %)@ M W 72 &) % H
HELTWA.

INHDOHEFENS, NI b
YL ORETIE, AR
HROARL ST, BNEEM
AEWEELHE L CED L 18
BOSELRRR] DHEREL T
W5 EHEREINS, RO
Higx, N~ bEa v B
B2, ZOBHEOEEF
ROFHTH 5.

[H&E]

NI PELATDGERA YT ) LN BT 7idikE
BLTWANY MEATEZREBIOWE L, BELR
WLz L7208 BF354 > 7 ) %5 DNA % il
WL, 1532 X ¥4 7 M@k (16S, ITS2, BXO*
18SICH$ % 7 7Y I U fEHT T FASMAC #1124 i)
AT, BENBED#EEZH L2 L. 722l NV
MEAYOEESEMEE, BHOAHE, SEHK (1, 2
), i (B, ), BEERE (o, p) THIFTE
BXB2LGELTHREL, ThZhoflE MoK
17 U720 B 2 B B NIAE DT S b i &9 ik
MALL FREEEEZOLODRA LT ) LR
1To7: (FEERIXA).

PUEDE ST AR R BB O JEERIX H (3 C R,
PUEWE IR, T (B#cfE, PiEWERN), B
0] (KTEE, PUAEWERM 2ERL TBIgR
CNOEBRXTHE LN NEATDOBEXY 7 A
AT (16S B L ITS2) %#1T-o7:. &k, TXTDHA
57 ) NIRRT — 13 Qiime2 (ver. 2020.2) TN L 72.
T 7, EBXIOBEHROMAED D HEEL-. 512,

K1 N~ hELAY

SRR ORI

0 NS S R 2

PUEWED N P E LY OIFMIZE R BB RS2
DI, WP E LT~ LAY EHAWERNE 2
IS CTHE L, EFRERHIL 7.

BRILIMER LI PELAUICH TS RNA-seq

BHEE I E I E L2FERX TS P EA Y ZE
L. fEfE25 RNA % Hiih L7z, RNA-seq (& FASMAC #t
WARTE L, 1557245 — % % Trinity T de novo 7+ >
7°1) L, Kallisto & TransDecoder % fi F L C#iz 5. ¥y
SEPlE oHftw & CDSEAI Dt % 17y, BLASTP Tf#
L7z, @ RNA-seq fif#ir 2 37 L C 2 Ml 9246 L 7=
[fER - EE]
N FELATVDIGE XY T 7 ARNiEB X OV EWEST A
W AR ERBEEOME LM L o THEA OBENMAE
WEIBHENL Z L2 WFELZ2S, NY MELATYOR
BENWAEDHE IEE SR TR S ITRE R
o TWiz, FMmERBEOMEDHEE DI REL R L2
Twiz, —F, INHOEBXONT M EATOEEIC
1 Paracoccus J& <2 Vibrio J& DM A S 7z, i
Vibrio J& DM FEERIX A0S GHKDTRTOY 7
VTR, 3649 7T NH 104 7V T30%L Lo
AR I A TR L7z

PUEW R AR O R, PUEWEIRIMX O e
D VIPUEE RN LR WRHIR X & WAL oS Gl
RN, PUEWERNSB X OIERMSGFoNT P E LY
AFEIITE RSB Lz, Tabh, dik
WENAD, RSEARA LTI 5 A 2R RIT 85
ENhdotz. —Ji, BERXS T MENTIE, PUED
EAIMIX O W5 NI A: Wi\ B U CEFCARAE L 72 i%
HEWE %8 L, Paracoccus J&=° Vibrio J& ORI 1T &
Nhoiz.

BRI ERTE T FELUISHTTT S RNA-seq

BT AREE T AT A Y TR &G
FoU A MNH METELVS —ErMmsh. &
W ETHINITMEAIYDLLTVF VY BOBLICED S
BEFIIBIEO L 2AME TV v, JUEWEAMNA
REBOBRLEZ D L, BESEFHOIZDITEIV
O— 2B E VS -2k, TIVF UERIZEN
MBI X 0 MBS N T b g s .

il ARSI R IR L7807 E-mail: kawais@ishikawa-pu.ac.jp
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FEHIEASHIR 12 & 2 % U Ol P Fo-m B AR oD 1 1

[(BW] RAz 2tk dso LT, LEAEWIE
CHLOEREZ ST 2. ZhETofecikeid, &
HERON AL VHEDPIRFETHE 2RI ESEL 2
LT, REHSFTH BB 2 L) Bg %
MLTEA REEBR A & % p#kasnhEn
L, EHOREREOZOICEBEOETMIIT T
TEE-S>TWD., —FT, H—odr L CHifs
5L, BREEIMELFFOERI;WMIT S LAKRE M
Lo Twd, 0k 2 R3EKiEIERRE S 0
BT CRELMETHLEHHDLIICHEZONTELDS
AR, A DOWZEIC LT, B HURPI o 3 A il B A3 38
DFFICEELRZREZ R L TWAI NN oTE.
FroE ok, WRPCHBEOBS S HESNTE .
2L, TNFETHRAEMBELE N LZRIEOMRE A=A L
BRI T h o7z, RKIFZETE, EAMBEO 7 4
fEdT, BT RBURN, 82T/ v 77 MEFIZEIE
ERE O RES B T2 EL, BIRNICBIT
FET O AR5 LRI LD THIE T 5.
[HiE] AR THLET DRI REOERE LTS
NB RV~ F ALY (Riptortus pedestris) T 5 (X1).
DA ALVIFHEIC [HE] EIFEIN 58088 %
SRS TBY, FOWETRIZ Burkholderia )&
FRHEGICHEEZSETVWES, ZoERE, BLEELIES
{720 THh B IAME % BB 1R 2 S35 2 &8
MHNT WS, BERICIIMEA 2R Gl R TR 2 5o
TR AR L CTW A 25, hicidghky) v REHET
HbHT7xz=baF+ v (MEP) #/0 T 5% mbBY,
ZD &) LR RILAME & R AN A A LT HER
ThHE, bEIAICMEPHEBIEICZ-TLE Y.
MEP 45 f# 3t 2E Ml i C & % Burkholderia sp. SFA1 ¥k %
WRIZAET ) MG EAT, W 222 MEP 2 &
MU ST v 2270 7 b — LT %247y, MEP 4
TR B & OGBSO EZTo 72, e shiz
MEP 5 #@8 5T HEIC DWW CREIE T RIBRRZER L, B

7 et EITEVTY

BT HwYANYAALTEZOIARE.

4% it & A

BBLIUON AL I NORBRGEFEFRIZL T, [HEER~D
REIPUEIR Gl 2 B ETFE2REE L, £/,
FNSRBIETEICOVWTH AL TVIAERDO PS5 U X
70T b= AN AT, KNI BIT 0T e A0
W %47 > 72, MA THEDLFESH 24TV, MEP 55 f#
FEMHED L) BRIETHR SN T2 20808 L 72,
(455 - E2] SFAL D7 254 X134 9.5Mb TH 7=
MEP 73 f# (2B 5 i fn T ERC D W T O M 12 BT
A HY, FholhHe MEP 5 8o b5 v 22
)7 b —LRNHEREBS LA DT, SFAITIE 7 o0
ZFIZ L 5T MEP 2835 R SNEL SN TWABZ LSHS
el oiz, AANVIHELZEED SFAIO T A7)
T L= LN E AT o7 T A, FIRIEW Z LI MEP 45 fi#
BREOEIFHOBEMLT (mpd) OADPFEHL TV, 2
D mpd DRIEMZEEIR L 72 2 A, MEP 70 f# g 5 X O
FARLIAOWPHEIRG-RETI 2 2K > T0 e, —,
mpd RTINS DEEIIABE L T2 enn, C
D 17 HO MR T 2SR P RGO EZFTh
BT ENAH SN, mpd (2 X B MEP O3 R EW TH 5
3 AFI-4-=ba 7= /—) (3MAN) FERIZMERHETDH
A7, HHWI &2 SM4AN E A MR LTIER IS
FWRRETEEEZ R T ZEDRHLN R o7z A RALVRN
TO3MIN OB HPLCIZXDHRAAEL &2 5,
SMAN IZIFE A LRI EN L I LR GHP P ICEE LI
HAMZHENEN B Z eSO N LR -T2 OF), BEE
U EoTHER R (MEP) 23AMEa 0 mL,
AT o THE % BRI R EEY) (SMAN) %4 F R
DHELPIBRET L), MLfFRGLED W) NS
AT BT EST, AR Z A L7z IR HLE AN A L C
WALZENHL LR S72 (K2).

BRICEOT
*SHCHERENS

== BEDE® SR AT
BEF

s RRCBIE Ao o BRICEIME

o ECHEE L e ECEE A

2 GIIgE N S 7 E & A o A LS R

REMBCLOTHREEND

ARFFE AT 2 A U 72 B EERPTE IS oW T, R
OFE T AR HLMI LRI OBETHY, E
HOMEIC BT B LEMEOEEU A TRTDDOTH 5.

TR SR ARG 7 1 2 AFZEEM E-mail: y-kikuchi@aist.go.jp
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7V T — 29 B 73 BB O S8 IS R

[B89] 5 FEM BT EICERTAHA L ATH 5.
PRI AR E 7V O — 2§ B AR A3 1 <, B Gl
ORI ZE 7V a—AIEEFE I T & 24 BRI E Tl
TS, Lo UK B (R e B oD 1/100 2 1) 77 v
T —AEG A B THML S 7-/IB1%, ZD% R FHE
W LTI EZ DO 2 EAHE STV S, HARII BT
BMEMIRBOL RV LWEBIICH SN 22320
EEZONLTD, TOXD B BIMLIS S )3 T B 70 A A7 i
ThHEHEIN L, BREA M AT 205213547
bINTWBHDOD, HIKYFEREFORGA MU ASMIZ BT
LA R BT R & SN DT ENEL, BIERZK
78 ANV AISK A M A FIRBEIC O WO M I AR
LCWh. ZZCTANFE T, IRIRE 7V a— A5 0§
AHEME BRI BT 5 R EEA R L o A BUARREE L & Bk 4
BAENPOREMNITLZ A HELT.

[(BZE]I~A 27 0FET AL AL BENTATAA—T V7
ZHEOMN L7z — MR E Ty X7 TEL I
HBHZE L2 TN 22 W EM Y4 05 7 2255, 1K
7V =AM (0.02% 27V 2 — A& 4 Edinburgh %
AREH, 30C) IS B A HEFE R EOLEAEOMEZL %
Bl L7 F72, BB B 540888 pH » 24k %
ETAH72012, pHE ¥ % —TH % pHluorin2 # 5 H 35
Schizosaccharomyces pombe FraVER L, pHlllEA A —3
TR ToT.

BRI BIE O FHI © B A VAR D uNSEEIE
BRELSLTWVWIEMONTED, fﬂ)‘ﬁ%él gL Rl s
72 NS Z B X 72 5 SRR O ML ClR B £ & E
BHLOME S HEINS. ;@ﬁﬁ@77@/@s§m@%@§ﬂ
REIA LT T AL TEREL, EDFEITHY 2 IE B i i %
ERTHZ LN Lo THINE oW B % 57l L 7-.

BEHEEREMENORE MO 77 R) V&
HEO—FiTdhsH GEM IR EAE ZAA L2 b D% 5
B Ry R AR X AN SISy BEALacy A il
VI—ABRE T TEZ Y —TAZ LIl THRAMRED
AR T &2 L7,

ERAAA A=Y U7 X BN ER OB REIE © 58 &
NMHARA=Y VT O—FETHILTIINKRAT T T4 75
MEERMERALT, Mo BEiNEfTo7. 7Y%
VARAT T 74 =3O FHEFHTEZ LI I THENS
HsR$ 26 DM A ZAL 2 E BINTRIET 53 CTH Y, i
FHZEAL DB RIS T 2 &5, SREEADBEHTH
TS ORI (= MBI E B 24 A=Y V7
WCEoTHEETES. AW TIIMIE A THLED
EFWICE DS WCEREEFIT O, IR E L
7o, AP L BEHINE R TR E R B0 ge R o
TR R Z DI DO T Tiro7z.

[fER - ER] K1IIRTEIZ, K7V aT—2(0.02%) &
ﬁiui&f%%tf”w”ﬁ%ﬂ%ﬂlﬁ’@@ﬂﬂﬂ@ﬁm DOEEI 4
HREEMFTTIF—(6.0-65 ) IETSH I L5
Motz T2, 0 pH OEIZ A 7V 3 — A Lk Sk

o & &

0.02% %713 0%
8 ﬁ)b: —RiEADYIY B Z

o

0 20 40 60 80 100 120
B (h)
R1 7V a—2 BB B0 pH D2 H)

0% 7 NVa—2) 12X >THET S pH (# 5.5) DL [T
BWL ANV TH 7.

pH DI FIZ X 2)@A5E LTHIBENC B B B ITE O 5t
EOMEBLIOENIE ) ML EOFR LA E SN S, E
B, 2l 7N a— AR X > TpH 25 5.5 FREE T T
L7z BV TIE Sup3s 7V A Y DEHHER uUNS D7 5
7 B AMEIET A R DR E SN/ Lo L, uNS
DIEFNENT OFEED S, KT VT — BT O F%72
e Tlx, 20BNV I—ADRE RSB LY
HTHoTOMIE R B ED D BFEER 725 Z 25
&7 o7z 72, GEM-T-Sapphire D&tk % E= —L

KEHEE
9 0‘.2 0;4 0:6 0:8 “I
SR IETE R )
28 (@)
ElfLEAR | 38 CEERD
48 oD
e Bk V) @
g (BleZzL) @

2 ARG AT S E

kRS, BMEAE Tl EAERES TR ShTwbsZ L
BRELT W,

—HT, ERAAA A= 27 L BHNE O YL B R
FEORRE, K7V a—2AFLBERICBW T REHEED L5
ARSI (K 2. KREF RO T IZKLUI O HE %
BEALTWALEMRIRTEL I LITIEE). BREWI &I
BB 7N 2 — ARG TR BEPETT5500,
B % R L 72 B IR 2 O TR ESIIZ 5N T WA
WHREMEDSH B (M 2). ZOZ LMD EEERIETS 2L
RS TWLDNE ) PIESEDOTIERED—DTH 5.

T2, P2 F = T 7 V=D, REIR
FLER IS BN BETH B & Bb N BIHMEDS, AWf7e THBlg X
N7ZAHBBIZED I IS TEONITONTHEL R
LI LETH 5.

g SRS R A b geRt, B R FRF B B =28 F  E-mail: nakaoka.hidenori.6n@kyoto-u.ac.jp

- 156 —



IFO Res.Commun. 36
2022

FrBLAREEYE DNA BT R 2 40 L7 BEREDEIE 2 7 7 RS MEFE B O 1 1]

(B8] 7/ 2OARREIIC L > TH E R Sh iz
Foav¥ K&, k4 ofilaRErrlgkad. V)
AV — 24 RNAEIET (rDNA) &, #HEa¥—») ¥—
be LTHEMITHEIER I BTSN TS, 1
SEWERE (Saccharomyces cerevisiae) DHFFEH 5, rDNA
DI ¥ — LA DNABBGEZ ML FET L &H%h
Mo Twb, L7zh 5T, #IE7% rDNA I ¥ —HK ok
WFIEE Ml RBICEETH L. K4, S cerevisiae
@ rRNA 5 O 5L T UAF 2%, @ 1F 7 2 ¥ —% (150
aE—) PHOIAE—FIRDZIEAL, rDNA DLENE
MRS ASIr2oHe s HlTAI LT, HIERD
Y —EB~onE 2R3z Ao »Ic L&z (K1),
ARFIETIL, SIR2 70— % —FHIBIC B b EIzT- 5
HHOMHEEZH S22 L & BT, SIR2TUE—5 —
FIH TR D% 72 DNAWTH OfRe Dl 2 Hi & L7z,

v OS2 #ER

. EET

« *  rDNA

» o

mﬂ}——gasjtlwu R—
: -Aji- E

i 796bp ¢ IINOE

specDNA BEFTR

R1 SIR2 70 E—% —I2B1F 5 EETIEBHE

[HiE] SIR2 71 € — % — I BT % #is 5B
HF D EX, S. cerevisiae D FOBI B Aix T W% b
LIWZDNAD a2 ¥ —$ S8 ERI D 150 I ¥ —75 15 2
Y —F T LRk (I ¥ —#k) 12, SIR2 71 € —
y—=lingrux Ay yBitEEEFEZES LV AR—
¥ —MEFREALBEANA ) —= v T iTo 7.
B RBRICIAR TR I E—RIEDNANS 7B~ [ ¥ v
Bz L 7% %75, SIR2 DYz G-I K T- O B R 84
BRI 7a~ A Yy BICHiH L 7 2 EZ AR L

LCHBECTE S, #HoNEREKIE, MElisv—7125
L%, Kty —2rzr%— (NGS) THHEZR
e L7z,

SIR2 7 1 & — ¥ —#lliHh 5 3B 3 5 DNA L, NGS
FRFTIC X D SSBEIRA g L, 9 VMTIC X DRERAL
72. DNA L MHELEH T 5 o8 Bid, BEERO R
EAT -5 72O B HmAHIC & D [ L7z, DNA ORhEfF

ik WOk

Mrid, BIEFHEBORREREEZIER L, B#EHBRB X
UMV F v N VIRIER Y~ 28 7 B HitQ103QP-GFP D %t
R DOBEIZ L DT 72,

[#ER - ER] SIR2 OB AR S N2 LRk % i
FEMICA 7 ) —= v 7 L7, SIR2 OSBRI A ER
SRR S DB O 7N — T B 2 Bk
ZHEELZ NGSEHOWAEKNZEZEROREIZLD
UAF U OB O BT 2L e % F b 7HEE K
PR T AT 2=y bEI-FT250THY, &E
T EALIZBE 4 5 SAGA LA KA SIR2 O 5 BTN B 5-
FTHLIEAREN, ThFTIZ, UAFERAK RS
12 SIR2 DB AR E N B Z &, SIR2 DFEHIIH]
WZIESir2 2 37 B A MICEG L Tnws 2 & Al

LTWwWh. E51Z, SAGAHSir2 L tHEAEM T 55 d
HbHZ L, UAFOFHT, Sir2 & SAGA 23 L
T SIR2 DS BLINHI 2 4T o TV B W REVEASRIE & 7z
(K1), 5%, BEWGEHLKNTTH 5 SAGAD LD X
912 SIR2 DG % Wil 3 % D& B & 5125 % DAk
HTH 5.

SIR2 71 € — % — OWfFE#AE T, NGS % H\ 72 fif#r
25, SIR2D 5 FHIE L L O T NATLIZH#T To
756 HEFE IR B ZAEE DNA 2344 fa k4t DNA & L
THRALTWAEZ L2 R L Frid, AR DNA
% specDNA (short priared extra-chromosomal DNA )
XA, MELEHT 55 v 37 B oAs & FE % ik
7z. specDNA # G L HANR A WH LMHEEN T2 5 ~
NOBORIERToI2E A, Uo7 v BbFE
GlIc7 %8 specDNA L BAERIER L TW2E Z LS L2 &
%o 7z, specDNA & SIR2 2B % i fn Tl D2 2
RE T ZORBIB 2T L7c#R, Sirzy v X7 8
R LA E A T % specDNA & 75K Je 28 4K T,
BH & 287 8 HttQ103QP-GFP Ol B St AT 1k 3
TS 2 L, SIR2ZREERMAKLFAMICEAATRE &
% SIR2 DI R KAEBART, specDNA #HIs % #EFE L C
W ZERRTIE, HttQ103QP-GFP Ml i B S 4 A
OB SN W &5, specDNA %% Sir2 O £
HE & IO L2 T, BRI OMRIC D 5 2 &A%
Morsrol (K1), 4#I1%, specDNA O F B2
SIR2 DFEBLHIH R rDNA I ¥ — B, Bw s vy
BEBERERE LD X I I > T 0h %5 M
TE2OVHRETH 5.

FrE UK E R AR RHENIIET, B BALSETSE N4 4 ) v — AWfYE+t ¥ —  E-mail: tetsushi.iida.nu@riken.jp
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77 A DNA X, MIFEHEANTIZEDE IV 22T TED):
HU % Y87 E\2 X BB 7/ &5 DNA 371 0 & A5

[B89] o4 7 2 DNA OE S, M E~EXT,
Wy 7272 F RO MRS T A2 2 &3 Lw. L
L, BRI 7272013, B IE R E RO H
ARG EL B0 Lk, EEICEMAEY T,
77 ADNAZE A b v EMHEAER LTHAMIZHY 72
72N, 5127 A LORRREHEBROENIZL > TERL
A s, 25y, 77 ADNAWKIEE (#0727
A HBHBHIEIRBEING. LarL, BEZEYE R
20, MR E EREO—ORIZIZe 2 UAFERE LR
W, Zofb Y, BEMEASY ~ 37 H (Nucleoid Associated
Protein=NAPs) & FHEN 2 7 v 28 7 HEEDEAET 5.

Ihf l
I

Fis

HEC R

H-NS

Ak ol
HU T
..... a

K1 NAPs DKW 7/ & Lo

ZNFETH, NAPsASe X b ICb Y Y 0 4
J ADNAZITY 7=72%, LRESNEITTE 7 LaL,
ZO (¥ 722301 BHSNIRoTOZRW, Kif%E
TIENAPs O i b EALZKBEHEZETVEL, &
1R BE ChIP-seq # vy, MW D7 7 ZDNA® [ D
J27-A0 | OfHE HIEL 7.

[Hi%] KW o 1% NAPs (HU, IHE Fis, HNS) #, t
AFT0E T ML TRIUT L LT ) 28 E
L7z KRGk 275 U, LB 353 Cxb Bl il ¥ ok s
L72. 4/ 2 DNA % DNasel THB2riH{t L7-#, NAPs
LDy 7 E-DNABAKRZRFHRL, ZOoBHEE?S
DNAWrF # BRI LT, R =7 v v 7 2irwv,
WELZTEENAPs O7 ) AEAHIK 2 /E# L 72 (GeF-seq
%X 1). DNasel IZX ZWiH LT, #HAEMIEDOWKRIKE
ED EUAOEEIH v & id, il @ ChIP-seq
L O CGEE L7z, WEEC, HU & IHF % [FE:CRIR
L 7=k 2 1E U (hupAhupBibfA RIBER) ZAERL L, Z 0
KU 2 T L7, ZRESIERZELZ R L0,
FOMELERZZEL, 7 Ay —47 v A2 X ) ERE
Hra e L7z,

[6582 - =] KBHICIE, HUEIHF & w9 2/

KB #

HUMI NAPsAFAET 5. — 7, Wi e & ORI,
HU 23— L A fE8 3, AFICUETH 5. HBREGE
WZ &I, KIG® o HU & THF o 2 s/ KL, R
ZMHERLI:. ZOMELERRESHL-LEZA, PR
4V RXF—FERNAKY X5 —BITERPEL TV,
ZHZriE, HUEIHF?2S, 7/ A DNAEROME S
AREEDOMEFF LB b AT L ER LTV 5.
E 512, GeF-seq 2 X V), NAPs @ 5l 72 5 A Hu B %
EL72EZ A, HUIZA / & DNAGKIZE < B — 124
ALTHBY, FisOfEa/3—rH HU & XL PTW .
ZFNENTRIBAIZ, HNSIZ7 ) 20— <AL
ESICIHF L, g OB H K& R — 2 2R L7
ZDZ kid, HNS L IHF 237/ A D5 D 5 VI EY)
FRRIICH AT AL 2R LTS, SHICHEKRENS
&2, HNS ofiadE T, HU & Fis a5 12
W\ L vb o 7z, HF OFEA TR DNA BLA % il
WL, BN ZRE LA, FIFTNTO/BEE
MIZINFTMESNTIHFO 2 & v 3 AEFH AR
SOH ), IHF OfiaiZ, HU &34 B 0 LB S 4
BGTHDHZ EDVHP L7z, BRI THF O 4 D35 H)
HITIAR > THAET A 02T L72 & 2 A, THF Off
B D 80% LL P A T- 3 — FHUSICHAFE L T e,

nnnnnnnnnnnnnnnnnnnnnn

1) HU(Fis) -DNA
complex @
|
e

1) Uern by IHF

Il) Fiber (silencing complex) §
K2 NAPs DKIH YT/ & EO5As

IS OBIEEREE L, THF %5412 X ) DNA 255§ /)
Wl 5 2 2 FE L, HF PEEHBRTE LTT
7L, BRERORE Y X2 e LCRIBE Y 2 40
izl Ehh] 2EdhrEFTNEEZ (K2).
1. HU (Fis) 254" 7 & DNAIZHK & L R i 2 1F 5.
2. IHF 2SR 2 ERALICKE & L7/ & DNA & &1 8 &
5. 3.7 50— TI, THF O#E12 X 0Bl L7-4H
WA HNS 235 & LAUE S 2 ), HU (Fis) o5& %
FHE L Cls G sIs 2 IR T 5. 4k, R
HU, IHF, Fis, H-NS % J W 72 RBAS N TERE AL 2 5 od, AR
ETFNVOEBEEBBFENTRL TV TFETH 5.

g & RS R TR A T8t E-mail: taku@pu-toyama.ac.jp
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7 LB PERIZ R WS S N7 R - Ak LB AR T & o Bk

(B8] A7z B, RFERE & F 3, MO RBEME (o —
M hO—7) BEETLIBCLERE &K, KkELE
OBICHSMAZWEH (BME#) #HwT, HAR
Mo DOWMEMDOREEZRAT VS, BRI Y TN,
HHVEFARY VEIFRE LTHUE, 20X9 %
FMCHECIILMBICHEEST 2 2 LA TE, 20X
T 2 B (R — =% ) T hu—7) &
- AT\ %, Rhodococcus erythropolis NOT-4 #RIZ I 4012
O 7 BEREEMECTH Y, CO, 2 ERT LI LD
o TS, SHICHKEVOIL, REFDOAL ST,
SHRELE T o VEBERAED L CRIFRET EZR
. KHOCO,FERIZOVWTIEZDOEHRDLTOTA
HTHLHA, 7ast—24, N5 A2Y) T b— LN
P oRFE - BERRBFORIT P HRWILIHS LY 2D
5. aldA L mnoA \IARE R ESLMTHET S8,
ROEHTHHMIZTTHY, ThENNAD KD T
Ve FiKk#EREZE (NAD-ALDH) & N, N-Y X F )b
d-=bha VT =) SRAEER Y ) — VKRR
(NDMA-MDH) #2—F3%. ZD9 baldADJid
ZORBEAMRRREEZ KD T PRAADSTH-TH
D, KRG Z D T X725, mnoA OJF IIME AR
NTwiz, KFZETIX, mnoA B L UZFDEFZ ﬁﬁ‘@
AR b B MEIET L, NIT-4 koI s e
BIER % 7.
[/5&] NDMA-MDH i3, 75 2o x5 ) — V&1t
W (AFata—7) HFHEL, 25— VELOY
RBRLEZEZONTWL R, 77 20EATFT ba—
7 T & A Mycobacterium smegmatis ® MDH |2 3 \» T
~A4 a7 727 vy (MFT) LW LEWIE T2 HA
ThhHIErRRBTLMENDH 7. METIZRTF K
ATERR D & PQQ EBL OB TEAKR SN L Z L2 5
77 AEVERICHB T 5 PQQ & [FFkD A LG ME %2 #50 b
DEFRENTVEDY, BROBTFZHENE 725 EED
AR R L 72BE e v, BRIV Z L2, N9T-4 #R5
J L EZBWT, aldAk mnoA DRI MFT E& 8RO
BAZFAETHIEL Tz (K1), 2 ORRENEET
7T A=A B 5T & sacB & F\ > 72 AH [ A i
WX D RIBEEREMER L, ZOMESKEAT % 5HM
L7z, 72, mnoAlZ2OWTIEHis ¥ 7% 2l TNIT4
PR TRBLSH, 20X Y » 37 B O 2 kT L7-.

s A

aldA NA TP D Y VEESHFRRLT

e ]

ERERM TORITEE (EREISH/ L BISi)
10

L]
ot . AmN.

K1 N9T-4 %7 7 & EC aldA-mnoA WIZAFFE S K 3E
BT 9 A& —

_mﬁfﬁﬂiﬂﬁ mf‘roB

[#ER - EE] 40, ¥ T mnuoA RIEFE (AmnoA #k)
DFAFEII L, ZORIBEOIESEAETREIE L K
FTL72Z &R, adAFRMBARNOEFTICHEE 2 EEH %
Wd eSS thorz (M2). 512, MEFT®
HiBRAR 75 N % 2 — F9 5 mftA, MFT \ZHESH 2 A0
T ORI — P9 % mftF O KIBKR IS &L
BiRZIFEA LS5, 2y MEFT O X FVLICH
542 PRENTW D mftM ORIERRIZ B & B
HEHERLT.

mnoA DEIEF Y (NDMA-MDH) DOHEREfNT %47
I, TFRBEZHWCREZ R, Ry
VNG BHEBDHIENTE R oT. ZTT, NIT4 ¥
N THB S 72 MnoA DFEZREEZME Lz L 2 5,
NDMA1Z€TEI’JL:L y ) —vaBLT 2 ENSRD LN
72hs, AZ = VI AR T & o T
mnoA KB X U" mftA RIEMRIE = % ) — )V % i FE
LT DM THEETERERLL BB T M5, MnoA
DOIEREIC MFT 2’555, 2F VBETZHEAKTH S0
BEMEAVRIE S 7z, BAE, MFT 0 N9T-4 ¥k & o B,
HHVIHBEEREZRATEY, 5% MFT P EEIC
MnoA DETZHKRE 2 b 0T A5 TFTETDH 5.

SEREFM (LBEXIEMH) ERERM (BMEXISH)

AlgD
(€327 9)

AaldA

AmnoA

AlgD
GRIER)

AmftA
AmftF

AmftM

5§ B R F RIBR O H

B2 s

Tl B RS R bR A R AP 7E 8 E-mail: yoshida.nobuyuki@shizuoka.ac.jp
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— IR0 A 2 T 72 BRI B OIS AR AN BT B WA -
R e 2 SCRCS 2 A A T = X 5 DRI

(B8] BWAHERHEICEIVERASBREO X 12,
I BRI 5 & & HICHIERNICEA L, B
BT H 2 L TRV Z A RENIEET 5. 2
D &9 RWIE FEMRBICR AT 2 BISHBUE NSRS 3
DX BRE LA IBGWEEENL, T 7275 —
EIEND 7 YR HTERTEAT B, 20k, TIF v
R EA& DM X 2 ML ZR1H O R PT Y 22 22165 &
Fl&AL L9 BRBEZRL, RAORENM T2 LS
nNTwa. IThE THlllaEkz A LR RAISOWT
FECHTFEWEN, & 5WITMEYRNT3EZ v
THRAMEEINTEY, ZLOTT 275 —LZNLD
HHEAERS BN D5 > 87 BEARESHTE 72,
RIFFETIX, BEIHRSNT I o R HI 5
WHENE LT, AN TFETH L vy MNE
% H 7o — IR E S X 2 SAMO # AT 2 BRAE L, i
BARIZTHEAT L2052 KAz HAAKICE,
Salmonella typhimurium OMRLE ARFIZFHAET 4TS
H4 (Membrane Ruffling) Z#FZexi4 & L, ME#EA
DAH AL ERELHE—HRE L, CORTHLBLET
7 F v EEO TR & 2 ML E O R R R
DO—FETH 275, Bl ZIXHE OB X R LEN ORI
WX o THESND X9 AN AMII§ 2 ZEM 2
& BRI 2 F R AR E N TV .
[HE] BEAHIEAEDS RS ST V5 S, typhimurium
SL1344 ¥ & WFZeb kL & L7z, H IV E 4 F 3l bR
(CSA1) BRI ET I v h Yy 7Y I X D EE
LAZEEL1IZ 0 OR)AFLYE=ZXEHE Ly
MCIEL, U < BIE IV NIC 5k S 1 72 SL1344 BR
—ARICHEA S5 22X WML RROMI, W
WHRET D hoREETREE L7z, BMET -k
WA S BT R P BEE) S kEE L 2 % 720,
AFFE M (1) XD EHEEZIR 72, E—X%4L
THEWHRLZZIE BELVOKEISHEL
Madin-Darby Canine Kidney (MDCK) #ifig FicBEL,
A R OBAT OO 2 Bl L7z, BEHTIE 100 %
OV ¥ XM, HEELY 7IVY 4 LB
fi 2 72 BEO WS (Bjl) WY AAT T T MK DAL
G % IS L7z,

APRH T A

<EBHE>

DFEL-E—X# L1
HEERE~DEDOBEE

\’Q#JL:E#E

D05 8% 4% ¢ % ¢ % e
MDCK#HERE

<BEHRBETEE>

@TF HF L BEHROBRA
EFITERE

L)

K1 ¥ty FEHW-ERREEITEES

[(ER - =] M1RT LI, E—-X%2A L THiR
L2ZRICK DI BHLAFRT AT LIS L W%
HHHRRETOREI»SIIZFRINL I LIIRL, £
< ORI B AR I RE L O AT S LA
Motz EO—7, —HOMEITMBENICBET S &
G L, SR ICET bR HER Lz F/z,
RERZITI D72, $IW L7-SLI3d4 koo =—
% Luria-Bertani (LB) AR #ilC X 0 5538 L 7-4%, #:55 -
BFT B BROFHFENIIEE KGO NaClLiR EEDSK & < 5EH
L7, BRI, LBE# b o NaClit £ % 5g/L
(Lennox #lJk) & L72¥& 12 100 RIZ EHITLTH S
DE)BHRERHRTERP o 2DIIK L, 15g/LI2T
5E10%05 20% FREOHEGTHILET 5 LA RET
H o 7z, B> NaClile i 1% I 45 26 i % W3 % &
T HEEOCTVELTRHREMET A 7~ F (SPI) -1 0%
WELEATHIEDPAMOLNTEY, REHTYH SPI-1S
ON & % RO HGICRE S BB L EZ O
SHRIZBFTHHEL TR O Lo (K1) 287
7 F VBT H D DPEDITO W THOGE RS X D
LI, NFEMAMENZSZ ETHEITHEL D)
FRLEEZFRTALFETH 5.
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BN E Thermus thermophilus (2B B3I T4 LA

M R B D B A DI & CoA Bk

[BF& & BH] Coenzyme A (CoA) 13D H W % W) T
BHICHWONLMEEEZETH Y, BRTHEEZOMBIA R
ALAERINA 2 & & LCHEMICH S Tn S, |
B W) R 2BV T CoAld, 78 b7 V% HiERIk
LI LEBEMOBERISICLVAEAK SRS (K1),
%@?)J SR % S 28 b VR -8 (PanK)
—UAEEICHED X, type [~ D3DODT 7 I —I(2
ﬁ‘iﬁ SN b 209 btype Il PanK &, 2005 4 (2
Helicobacter pylori & ) WL S N7z T ZEIRE D& VW 1
FTHA. Typel, HPanK2SCoAIZL BT 4 — RNy
7 EE 2, MK CoA MR o EH EMEFICHF S5
HZ EBMBND—JT, type Il PanK (& CoA 233
BREZ MR RS v, RIFGE T, TR Thermus
thermophilus 7 type Il PanK # A5 45 Z LIZHEHL, [H
W HIR O 24 CoA LB IMER TN O B2 A X — F
SIS % in vitro THESE L, Tz 72 CoA e alERIC
Y HATE T T thermophzlus B % CoA A
ORFEERHOEE, Y L3, BEABROBRET
1O NIFERTED CoA TR 3 % RS % FFM L 72
[B&E] T thermophilus 1 3 @ PanK, pantetheine-
phosphate adenylyltransferase (PPAT), dephospho-CoA
kinase (DPCK) #fn 1% KIGWMNIZEA L, 1550724
i 2 WARO B %2 70°C, 30 451 o B AL 2 fit

=]
952 & THISBMBEREN /2. #oNh23 o0 H
FL. NH,
o ) ™o e Nﬁ
CJ on 5 I
D-Pantothenate o:é_o/\(i/
[
ATP PanK c|) HO—%—OH
ADP Pantothenate kinase o
OH o o]
oH T o:P—oMN,\)kN/\/SH
[~ N & N N
HO—Iﬁ—o /7\ W CO,H OH
(]
D-4'-Phosphopantothenate Coenzyme A (CoA)
CTP + L-Cysteine CoaB nop <] r?P(r:Kc .
| Phosphopantothenate ATP ephospho Co.
CMP + PPi cysteine ligase kinase

4'-Phosphopantothenoyl-L-cysteine oPi Dephospho-CoA

ATP >§/v PPAT
Pantetheine-phosphate

adenylyltransferase

CoaC co,
Phosphopantothenoylcysteine

decarboxylase )
D-4’-Phosphopantetheine

BRIl —#ei 7% CoA HE e kR

AN DG H
KX H O F M

ZHNRIHETRAL, 20mM/SY 774 ¥, 6.0mM
ATP % & H WA C70CIC TG 8&72. HPLCIZT
RIS % 98T L, CoA DAFEZFERRL 7.
[#E55 - EZ] T thermophilus |34k, PanK % #)FE St
L7725 ATy TOWERIIGNIZE Y CoAZEFKT 5.
—J, %L OPaKZAKDOILETH BV b T VB
3, THBYAFTIVT I NMEERZNSVFTFA
R LCTHIEEZA L, PPATOIETH B R AR
T4 v eEET D, T thermophilus H3% PanK T 3 [
B RD SNz ks, RFFRTII Ny TF54
CRMBEEE L7723 AT v 7S TO CoA L% Fli L
oo ZORE 20mMASYFFA R, EMICE
47% CTCo A% MBI LN TE. T2 THaRINE)
woNehroH K E LT, PanKUAD 20D
(PPAT 8 X O°DPCK) %% CoA \ZJ& M % 7% 3 W BE k2%
ZEZONZ 00, ZOMGEICID AT ZORFE,
1.0mM CoA D FEAET T PPAT D75 CoA JEHFEAET @
20%5ICEFTHRMT A EERBLZ (K2). ko
MHEX Y, T thermophilus Ti&, PPATIZX§ 5 7 1 —
FoNy ZBHEIZL D COADESEDBHHEINT WD S
&, T4 CoAlZ X B HEZ S 2 Wit #dE PPAT
RS2 ET, L0 RIEE, BIEETO CoA LD
WHE7Z A Ay — FROBDHESE T & W HgEAVR S .

120

2 100J> % % ¢
2 80 ‘}
'-E ® PanK
s 60 o PPAT
_g 10 A DPCK
;
[¢]
S 2 -

0 1 1 1 1

0 02 04 06 08 10 1.2
CoA (mM)
2 CoA N T thermophilus H1% CoA A A HiEEE OIGTEIC

HIZT BB

g RBORSY AR LA ERSASH £ ~ # —  E-mail: honda@ich.osaka-u.ac.jp
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R S 2 WP 9 2 B R W O B BLEHAI L D FfE 37 & BRI D IS

[E89] J4E, R R S0 5 Bk L R R %
R AEY B E UTHET 2EYRENER S
TWwb, &I, MYOREY AT A2 LT 20k
Wi, WM EAMEIERT A 2 12X ) FoRmERTTE
BmOLNL D, RIAOMAEYREL LTI T
wé.L#L,@%ﬁﬁﬁﬁ%%i%%%ttﬁ%ﬁ#
%Té’ki%bw PR DLBEEHAEM DA 7 ) —
—/7$& S THB L7k % B v 72 2%
%@%@ﬁ%;&ﬁbfﬁb,y<®%ﬂk%ﬁ%§?
5. T TAMETIE, WMPOREY X7 22 HH LS
LWMEMOME LM TR EZERL Lz 3612, WL
TEEAH LT, EBICa< Y F ORI S M Ems
WaiE L.
[BE] &8 a3 o5 3 BY-21%, % 5% o9 W
Phytophthora cryptogea Mk D & ¥ 37 k1) 3 % —T
HBI)T MLV ERZET D ERBINEERTH, I
PEEE AL (ROS) O E R & & BG4 bk X I21E DA
BdHbHIEPMOENTVD., 2T, MEWZ BY-2 il
LRBENTEM S E2%, 2T ML YERIMLT
ROSAEFK Z5HMT 2 Z L2k, AW O GREE
HALREZFMTE 2DOTIHE W) BFHICES72 (K1),
b LA Ashi ez Gtk fbae 2 8 L v, maw
EHEMSETVRVWE X LIKRLT, 2T ML ViR

B (5/33BY-2)

ROSER > — I s
Wt <:> ‘— DU

wRBRs 00 TV
I 40) OO0

ROSIRH ASEXHETAE

<ROSEREZEBHELVHEN> <ROSEHZEEHDMEM>

N

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
K1 A oY eEE LR % SEI 5 2 5 LTk
ROS IZIEMMHE A KT, HOF T 7T, MEWE R
MLTHRWH TN (A) ERIERLT, L7237
(O) T, MAEWEoMEAETIZ X AP E; MR O
ROS B S E > TV 5.

[
N

chemllumlnesce nce

chemllummescence

iR R OH

D ROSEWASE L 572569 L) HBTH 5.

HARIYIZIE, BY-2 il o SR &k W & S 75,
4IERIRE ) L7z, 20k, oK F TICBY-2Mk
RIMEMNC X D AR SN EERET 5729012, i
SEHELCEEERE LA S512, BY-2 M % @K
WCHBREE 2 S MNEA v RFIL, ROSEK 1L

SEOGASE L FOLNE B TR L 72,

[#£8 - EER] ¥, AR CTHECONZa~wY I
SN OB R ATz AR Tl b IR 2
B, RAEORKEZE L THBAHZIZA 2D I2d v
HEFEE2MHIL TS, AEEECTECONza~<Y
FOWNTIIE, WWRELZIGHAL S 2 BEW DM EAD W
TWAOTERWhrEPRLA. 22C, HEARLIINE
DHRBRDOWH 2R T, AREETHETCONza~<y
FESTIVE Lz KRB YAt
9/—»’;0ﬁ%% NFB 2 FRE M HE il S 5 2

XD REROGEEERAZHE, T FrsH
%ﬁ@ﬂi%ﬂﬁf%t

SHEL 2830 a~y FINARE, ISR L
BT L. 2 ofE, £ < oML BY-2 M

WCHEZRIFE oIz LT, —HoMHEI:BY-2 M
@@7U7b74z£§ﬁ@ﬂﬁ$&%ﬁﬁ?é:t
b do7z. ROSERD I ZIRIE L 3 5 RT3 % F)
M3 2L, BAEMRYRIELHELLT 28T v v
EATAENEIDNE, bIHPBREHTHET S ENT
5.

Z O —KFFAMTRaE % R L 72l 1§ Delftia sp. BRIR-2
¥k & Arthrobacter sp. BR2S-6 ¥k % E TV TH 5 1
4 XF XSO ORIEMI /LT H, Yaf X)
A FOEBFICEE 252 TICHNAE L. S50, WEX
Bz XFAFI b~ b BEIEMEEE & W EE &
B S @/ 25, BRIR2KEE BR2S-6#kIZ B 5 B
a4 R F X FIHEE R T AP RN S5 2
ENTE vuAf XFAFIEG L7 b~ PRSI
WREOBAFTM L2 2 A, WESE TV RWREE I
L CBRIR2 % W/ SR 7341212 0.9%, BR2S-6
PRZNAESEHE121374% TR LTwiz, $742,
BRIR2 #RIZBY L TIAEIRTF LNV TOMNT D M L, %
EIGE B B i (A F (PR-1, PR5, PDF1.2)
DIBPEHFE > TVE I L ZHERTE 2. R LMW
Za<y FIChEtE A5 TE

FrE  SORCERNR =B T3 E-mail: tfuruya@rs.tus.ac.jp
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IS4 St R O UCHE P BR324 L 7

THBEE Y AT LBAT

(B8] KGE IR, 7T 2B W CTd % Brevibacillus
(ZTVENFIVAHE) &, & 2787 Bt 12
2T, WRIL 707 7 —BEEIMRN 2 & & 5 i
MEYEEE LTfFSNTws. KIBREBITR W
THEE LAV F MY v OBRETIRDLELR W
B, HHELEM L0 FoMEI 2 OB d A F
o, LaLahs, TLENF VAR ZHWZEHT
BEBFHE Y AT MIRETH D720, BEEICKER
ERL25FT XD BEWNSY VR EO4A, WA
THELNRW,

ZFZTARZETIE, TLENFIVARICH LT, ke
Wornze e L wIHRRN 2 BBFLELETH 20
BHFES AT L 0BAEHIE L. BRIZIE, v7
J N7 77 Synechocystis sp. PCC 6803 2565 5, #kfh
HeCTHAGARAE L ARG TP 3 % CeaS/CeaR — 1 451l
WY AFLDTLENF NV ARNDE A ZWE L7
(K1).

hol pcyA Rex
A OFF ON
g‘s CcaS ‘
Heme BV PCB 'Q
FEH g

% CcaR ® .
P:pcGZ ﬁ

mRNA/X_/ -_—

BmEET
O
o

X1 CcaS/CcaR %5l > 2 7 4

[BHiE] W1IR LR B Y 2 7 2 OB AT,
TLVENF VAW THEEES 2 2 & 2 BEA @ Bacillus
subtilis M2k 770 € — ¥ — Py PSR EIEE > 5 >~
NI B %A= FT 5 ccaSHIETEHERT2 32— N9
% ccaRBIZ¥, BLOHEEME 7T E— % —P5 Tl
CcaSDHRTTHH 7437 /) v (PCB) 04
AT 59 % hol AZ T & poyA BAZ T, S H I
CcaS/CcaRIC L D HIH E N D T HE—F — Py TS
GFP (ki ¥ /87 H) %3 — N9 5 gfp BlET,
EENEFNLIT— FT 527 5 —pNCMO2-PCB-GSS % ##

L ¥NF OV R B DAl
S N

HL W2k, BohixRs =2 TTLEN
FOV AW % BRI U721, P 2SHMEAL T 2 A t000
ZELHEGIRET, B XONEHALT 2R e T
D 25M2INZ, PCBEADHIBIE 7% FeCl, iR L
gtk (Fe(-)), BXUWRMLZZ%&MN (Fe(+)) T
BEAT- 7o, BRI BLHIHEIRE (X GFP Hi3k o #0O65 BE
DR EAEBEE LCFILA. SHICEALR
ccaS, ccaR, hol, pcyA I T-DEEMFH #1479 2 & T,
HIER ORE RN T- O SN % 47 - 72.

[f68 - 8] 7L ENF )V ABOEHE A HlE L7
FEF, FeClLRMNC X GFP HI3k o G50 1 o WIHE 72 B4
mAaEigsns (K27TF). Zhig, PCBOIRETH A
Heme ML 72720 CTH b EE2 52 5. —HT, K
BB ISR L - HOGMRE O 2 BB S N b o
7o, WREENT ORGSR, WIRRE D SR R T ORRE A
BN, FEMMOELERINEroT. DD
HOLTREE D AR SN WK & LTHKRIC 510t
MPTEHN TR, &5 WIEAEETF OIS L)L)
TN LHEZLNDL, INHORHRENL, TLENT
WAWIZBWT, ¥ 7 /827 51) 7 H¥ CcaS/CcaR —
WA S AT AR AV FHEBLIRETH 5 2 EATRE
Nzboo, BHEOGMIZIZES hh o7z, 5HIE
BREE R KB E T DG L NV OME 2 70 E— ¥ — DL
B &P TET ) 2 & TRICISE Lz d s - 2B
MR 42 2 LGNS,

P5 Poera Pepesz

ho1  pcyA caS ccaR I
[N TT (2, T (e
< NmF }

PNCMO2-PCB-GSS

25

BE&Y% (Fe ()

L % FREHK (Fe (-)
- ABX (Fe (+)
" == FREKE (Fe (+)
¢ BREHR

N
o

[y
w

SR /A
)

—W

0 20 40 60
[515]

R L7es8INs ¥ — (F) CRHEERL7LE
INF OV AT OEIEHRIERER R (T)

80

X 2
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R RFBe g 2 4 > 2 T JeFEREE OB B 7k O B %

(B8] £ > YV TRITEMOFERIAZ ELIFIEh HH
BraYyRAMELAZDOT, ZoREEE TP
FENTHIA VI VIEKARB DA VY TIER S
ns (M1). €512, 204 v I TRIKHTDOFTOWR
RIEREMPE T A 7 EHEROMAEMIC X 2RIk - T
KEMOT A a4 I TR, FOTREICR S, B
DIIRERIHFET LOHKTH LA VYV TERITTHM
EWFEOHEFRIC L > TEA SN TS, ZOFRBEO T
DA IAL AR DT ER A 7 BIHEET B MEWIC
Lo TEILL, ThEDENDPMAARD LETHIGE T
OWEE 2T 5. 2 TAUETIEERAL A VY
TOFRICHEZ B F T OWIM & JHAE L 72 R R ] g
e FEWE O I S5 i % WS L 7.

) YRR ME £33

Kt (Frhvy) T
DRI EDFER

o E

(B) OH

g of-cho oo 5 oldo

AVEEDL my ‘3:‘ H on
v aqaqyya
BHFI bt

Bl FEREIC X 2R 0 TRE
(A) ZENHERO T (B) HEEOhD AL > V7 2o
WHEED T A T4 ¥ 9V T~OLEHGEEL

[(BE] 1 vy TR o RN icizf vy
ARIC SN R E AW HEIER SN TnE T &
BZORMREICEETH A, AFEOHKIIA >V T
DFEFERDA >~ T TORITE MDA AR N H DA
YIITOBRICECOOREFEMHTHIETHA I LnD,
W (1-72H) BX O (39-94 H) @ HIC#E
IV BEILEINIZSWD- A7 BRI L2 %Y
(115-226 H) fEHTHICIZRITCATRZ D R T WT-2 7 €
AL BERESSLHNT, 4 ¥ FEEKLP)
Z0.1%aIN L7z FSEERET >~ 7)) v 7K pH, ORP
(BALBICEN) BIORMBL, A Y VITRITEAVE
RAE o 72, Wl R ORINT I IXFEEER 2> © DNA % WL,
16S rDNA V3-V4 4838 % PCR ¥4 1& L 72. PCR W % K
% Ilumina Miseq & 723 — 7 T ¥ Z @B 2 {70
ZORER% BLASTN IC X DI EZ B 2 o7z,

[#E8R - =] WM (1-72H) D-AZETBLUT-A 2

W A )

E (B [115-226]) FERAIXT L CLP ZE00 L 7=k5 R
OB 18-53 Ho &SR sl —T, Wil
(39-94 H) AN Oy FTi, FIM OG0B
LPiRmE a >y b — VIR TR O N 0o 72
W (1-72H) D-AZEDI Y FE— /Ny FTIE5
H B2 Bacillaceae 3 LP /Ny F L L TH % D W
FHOILEINMET LTEBY, Proteinivoraceae H3E 56 L
Tw7z. 10 H H LLR&IZ Bacillaceae 75%) 20% % /i, 58
H H 2 Alkalihalobacillus hemicellulosilyticus 3. (98.1-
99.7% AHF 1) AR A (38.1%) LB 2 Jetahs i &
niz. —7F, LP#RMAN Yy FIZBWTIE5HHIZE
Bacillaceae 75 30% Pl b % 5 25 H HICHEAE T 5
0, & D% A hemicellulosilyticu 3 & U Polygonibacillus
indicireducens . (97.9%) MW AMEL L, T O W
gl ons. UEoRENLS, LPRINE 3~ b
O — VIZKERENL SN2y FITBW T EBEY H
OpHA NS ETH o722 &h 5, LPRMICED,
HENDLTITIRIARRR) T2 ) —VEDT 74 M
IV EMKORP E OMFERRIZEY, XAV TaD
FICOBMRICHER R AEYAEIRS N2 2 LRI S h
5. LP RN /Ny FTIEAK ORP DL T IZHBT %
e 3 A HHRE % F5 - 72 Bacillaceae 78 pH11.5 2 & » THAH
MHEE NS, pHI0OHI % T ORPIR T ICHST5 2
L &R L Tz PCoARMT OFE R LP HINC & 1,
A OB I L7z, F 758825 Hifs %
TiE, A7 EHERO RS R e 2 I E A ~
TIBRTICHFG LTS —T5, 25 HURRIZ A 7 £k
DRI WIEEDA v VTR TOIANF—E o
TWALIREMEAYRIE Sz 55 H HICLPRINIC &
DR ICRER RN RS RO N2 LD, X875 AT
MWEBZI o722 LA, Phosphotransferase system
(PTS)2SLP#HIMC & ) 3 ¥ Fa— v & e~y 5458 <,
WE O ARHA ¥ I TRITEOZANF—THoHI L
R L Tz, il X ORI N v 2B W T
& P indicireducens . (97.7-98.6%) MW OLFAELL AT
LPIRM ANy FTay ba— L X ) Z0na #EmEIC
VRSN, G, M Lcaliz T
LP O R Z RS DR DLk, 4 Y T@e5
AR DA B D LP ORI S B OS2 ORP
KTEFISEIL, XD v VTR S7:
OB EHEN E RS 5 2 AW LRI o 7.

TR SR A 7 1 2 AWFZE M E-mail: i.yumoto@aist.go.jp
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IR EVERI B O R PE A2 HET L7 a5 F 74 7 ZAD 7 5 NZZF DVE B HE O ]

[BEa9] B AR O B B W CIEANT W o 3L
FAGZEETH Y, EIUTHAT 2 720 O Hkig O e
PWRBETHSH. A, FFIWEE P03 2 Fr 7z 2 g
ELC, MBHEEREERED O LD TH S Quorum
sensing (QS) BAE O EDFEHEZEDTWA. QST
EFNE, PECROPIAEWE L IZRL Y, KW - HREHT
RET, FRERT OREAD R & R HE T 2 Juim 5
HWEE L CRHIREBIEETE 5720, FAIMEREO M
BEZIZ 2 2 EPHRGTE L. k2 OREDH S H
\Z7% o 72 77 F V4 auto-inducer-3 (Al-3) O 7
WEZFEARE L TR R SN/ QseC ZHRIE, D7
L 2 MBOWEEMAIAHAETLLEENTEY,
SN FE TIZ TR QseBC & % 4 L 7= 45 Bk A3 B B
LT 2T & LT, Btk R s v <o B s
W, BERETVF, AXIFTARGEDPMNENT VS,
MIFZERICBIT 28705 L LT, RKBWOMEE - X7
¥ —REMVIZAL3 DY 7 F MEEREWEDO R 7 ) —
=V TRERELTYS (M1). RIFZETE, 0%
ZFH LT QSHEWR % A § 2 MR #RE L 7.

| A3 |
TN TN X-gal

o o
1
Panc i

P-gal
pLES-AQSA

K1 ALI3% 4L 72 QseBCRICX VS N5 ARDC &
fero7aE——=%FH LT vt 1 oKX

K

[5iE] QseBC 2 & - CTHfifi% %) % fIWDC fixT 71
=Y —OXE T pgal BIETEZB LT v A HT
7 A3 FpLES-AQSAZ A § 2 Khithe 2 7 1) —=
YIHORMRE LTHW, A7) ==y IR R b
F I W RO R 2 3G 2 WA %, Xgal® & LB &}
WML CAZ ) ==y ORIk EREL, Hhk
PEAEFHEOA M X o T QS FHED W B %2 FIkr L 7.
WA, QS B E BRI FEB I 2 R 3 A5
{, QseBCRPZDNA K+ 7 4 VABKEHET 2 L
E N5 250w & 9% w2 N B Porphyromonas gingivalis K
" Aggregatibacter actinomycetemcomitans (2 X} L, FZ Bk
EAro7z. F£72, FIRHSWREER EER T O BRI O

BoH Ik X

HWIIDOWT, i PCRIEIC X 0T L7z,

(1R - ] MRS L S OITHHBI B - FE
L7z 6492 B e L7z A2 ) —= Y 7 OFER, QS
P pEmitk e LC28 ka2 I3 2 &25T& 72, Zhbo
MRIZBIT 5, P gingivalis L. Y A. actinomycetemcomitans
314+ 7 4 VARKEEREHAELZEZ A,
No. 403 ¥k (Leuconostoc pseudomesenteroides) I O No.
372 ¥k (Enterococcus faecalis) DIGFEW FiFIZ, FThF
TRV ENRESBISE SNz B, WHEDITAEE
OB IBD LN TR, BIIEETOE A, Wikko
R EE» S OWEEWEORKEIETTE TRV, f
PR BERINC & o TR N2 IS B 2 BHER 2 1
BT IZBWTIE, No. 403 TIIAR~X% 7 — )1
W LS <, No. 372 R TIIARRAE B ICIT LIcK
WCHIEDBARETH L EFMENRTW S,

BT, MRRORIH S 2 v, N F 7 4V AT
FETISBT 5, Wk E Rk R W o 85 - BLRIIS >
WCHE L (K 2). P gingivalis T&, BEHI ORI
FoToimA BIZTIZBWTHEFE LR T A LNIZ. VimA
\& P, gingivalis DWELET B#FR T ¥ V3 ¥ OIEHEALIC
LUTE ENDLELEERRY V7T, AT O E
WS35 &35, F72, A actinomycetemcomitans
TlE, HHEI NI E%a— 35 cdtBB XV ItxA ik
EFORBDBRRLET LTV AR EHE SN Th
LOKRNS, SEEH S 2RI, FEEHTE O
HEEIEBE G252 L2, ZOHBFELELZIHT S
WHEDAFAET 5 2 L AVRIE S 7z,

(A) 4
2
£
é 1
% 0.5
2
0.25
0.125
hmuR kap fn hagA  rgpB  hagB  ragA hem vimA
(B) 2
) O mEEsERIE
! (3> FO-)
ﬁ W FEEE SRS
E 0.5
025 (mean * SE)

cat8 dspB A PGA qgseB

B2 NAF 74 VAREHERICET 2 KBIZFRBE 0%
1t. (A) P gingivalis, (B) A. actinomycetemcomitans.

PR IR RFERFBEERFZZ8F E-mail: bel@hiroshima-u.ac.jp
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W1k FLO assay 22 & L2 BEE “RACHED SO V= 27 1 v 7 BEEER
1l

[B#Y] H#5# 3 b DNA methyltransferase (DNMT)
AR EEIRERE (v b DNMTEARE) 258esEi: % g%
L, BESEE(ET FLOI # ¥ ® mRNA L X)LV 730
LTWbIEEHLNIILTWS, T2, ZoREME
IYFNTy 7 THHLDNMTHERNE LA VT &
FOLBEZ L EANZ TS E L, TV T 4 v
JHIBTICHL I EDRA L ZoOBBEEMNLE
FLOI & fZ V5B 21/, MAEMN— 20 T ¥R EH
% [FLO assay | s L7z (X1).

DNMTEE: DNMTEREH| !:zl;;}:;;ﬂf-w{t
. » )
Ve "B,
|
T = E 1
22295 22z2fm] 2222 %ﬂ/
.

GFP
promoter

7

K1 DNMTE:REE FLO assay

»

IUERFIZEIDVFRENLIZE Y 227 4 v 7
D% L&, DNA X F A bR 2 b V5, F/-Z2h
SASHIEE T 5 7 a<F o HEEICHERS5 2 5 TH
ENb. LedoT, Z¥ERFIITOE—Y 3 V1EH
HREERNLTRVPAERRET L EEZ N TS, FERE
2, HEZRAEEY DS B, BUPAMLE EHEEET
LU FETED B HALEWE I OH E BRSNS D5, Hil
Hi, BHEERCERECHMEMELZZE Y = &
T4 v 7 ERERER [FLO assay | 12X D 3ED5AMD
BESNL2U0HELLIE Y 22T 1 v 7EHOBIC
WL TWa., 20k 2EROIE, AFEREICEW
Ti&, FLO assay # Hfiiy7 kN0 57— & LC, ZEF
T v TR E OWFE % HIIZEREH O ZRAGHED 2 5
LYYV 2 AT 4 v ZVERZ R E O % il A7,
[HiE] © N DNMTEEREICIE, DNAMERE # 7 VALEES
DNMTI & 38l 2 F VAL DNMT3B BT 5%H 7 5
A X N % H3EREE Saccharomyces cerevisiae YPH250 Fk 12
AR U 72k 2 i L7z, B33 SD ¥ (I
AE:H) V30 CITTR R Lz, BEMEOMRITE
WU ORI TIT 7R o 72, FLOLI {51 OfrE L X

=
= =

X

ISR BRI 817 5 K748 % FH V> Green fluorescent
protein (GFP) @GR (Excitation, 485nm; Emission,
535nm) ZfFEEE L2 FLOIVR—%—7 v 412X
Meag L7z,

[#E 8 - £5] ARWFgETi1d, T 313 FLO assay O %4
EMGET A L EHIC, HUOHETE=ZYYBlOTY
VxR T A v ZEHICOWT PN a2 17 7% - 7-.
ZORR, B 7 E=Y YBLERNT A2 LT,
BEREEESE DS 7 £ = 2 v Bl ORI RES NS
TREME 2 RO 7z, BBAMEIBRESI N VEA 7 T b
FYUARY M)V ERERIZ, 7EZY VBLIZOW
THHEM L LTEDPAMNBE SN T 5. Pl
RETEHLH0OD, 7E=V VY BIOBEPAEICTE Y =
AT 4 v ZVERDSS-3 2 REME L, FLO assay D%
P2 R HHRRPGME LN ER .

KIZ, HRE ) H A LRFENRICEE LS E D FLO
assay DIXE%, FLOI L R—% — 7 vt A ZIEICHE
L7zE 25, BBV THSD EOKREIE SN
HUREMEZ R 72, A HIE, FLO assay O fli & % 55
DNA AN =Ty MEDIN) LIZEN L b0 LHIfFTE 5.

B O TRHED NS T Y 2 R T 1 v 2R
FTALEWE ORIEICOWTIE, TS T 5 [ HTE
WITEEGHRWE L LT, ¥ 5% FLO assay Ifiti L =
VA 74 v 7EHORA I ) =20 TR ATho7z. A
7)== 2721, FLO assay & L T/NA AWV—Tv |
PEICENR TV A FER R L FLOI TR ZREE L
72 FLO1 L R—% —ifx iz, TofE, ikl
BFHO RRHEW23H DI B, #30%D7HHFLY
VAT Ay ZEHERT IR EZ RO (K2).

HE-R IESIRTAVY
RBIEMR [E3:8 3
(23%1) (7%1)

X2 FLOassay lC& 2 A2 ) —= > 7ikg

LB, —#HoW%es 5, FLO assay [ZE 1 O . RkACH
EWMrb T T4y 7 RITAbEWE x A 2
V==V TELREND L EEZONL. 55,
ZN 5 FLO assay BiEME OV 2 274 v 7 %
WAL ZTHF AN ALFN 2D, T Ty
FELTOWRMEEZHD 72w,

g ES RS & i AR SE T A 55 E-mail: sugiyama@nihs.go.jp
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FEWEFT S TR O P A Y B H AR &2 A3 2 ERET ) o+ U ARIR
[GAR"] OVERIFRIF I3 A WF5E

(B8] =R ANOBE BT, BREABE
DOIEPILLBDOOENTBY, OB, H»He Lo
TGV [GAR] OB & AL CRER#Tu 7740
REALEEHIENYSPICENT WS, ZORE, 7
HORNLT Y ) = VOREESIIZ S, BEREE AMBEO
MIFIFEAICEWT 5. ABFZETIE, ABIGUCED 570
R Z 5 LAV THR L, FEREE T O B A
EH OB - BHRYEALIZ L HNE T 5.

(BE] BT ) & VBRI F [GAR™] O 53 F I FE R IZ B
TLTH»Y ZESL7:0, RNAseqI2LB 5 A2 Y
T b — AT R I L 72, BERE Saccharomyces cerevisiae
X2180 #k & Btk ([gar1tk) &L, [GARTZHMW L 7
FRASEIRMIZAEF T & 7 5 YPGly+GleN ER 5 -
THHEWMICaO = — %2k L7zt ([GAR'T¥K) % 1#AT
WCHW72, [gar 1B L O [GAR ] ¥ %, JE5smetk ik %
BThHibr)tu—)LxHi—RFHFE T 5 YPGly ¥ s
TR F CHEF L%, FVa—A7FusT
BBV IV ERBEE0.05%E R D X HITHIML
SIERRERE L7z, Va3 VIO S ~—
%)V RNA %l L, RNA-seq f#AT 1Mk L 72

(R - ER] [gar | B & [GAR I Moz THILT 1
77 ANERLB LR, DTo3oodnsiish
7o (D)%, BRI ZVa—2 088 L Ty va— 2R
DA o i FZIROF I E S % @ T ORI 2 il 5 %
(73— 2. RIFFE TR [gar THRIZBWT Y,
FNVIA—=ATFUZOFEMIELY), A7 0—RA%&5RT
HA YNV E—¥Suc2p, YNV —AESHETLTIL
¥ —+¥ Mal32p, =%/ —VEIZHVSNE TV —
Ve Far+F—F¥Adh2p 2 &% 32— N 5EETO
FEHL ANV F KT LA 2L, [GART#
TIE 7V a— Z2WHIES IR S Tz, TD 7
WA= 2 MBNICIY) ALAF Y —A FT vV AR—
% —®»9H %, Hxt3p R Hxtdp # I — R 5@ T1E 7V
I— AKX D RBHFEIND. [GARI#TIE, 7V
Q=27 Fu T OHRMOAIIZE LS FTWEET & I
BOWRBLNVEARL, ZVa—AFEEEbRLTn
72, (D) [gar I¥TIE, ZVva—ZxA7FaZoEinic
XY, BBEEAFLVAREDIYAY —LFal—4—T
HAHHoglp 7us 4 ¥ Fr—EDOTHBELETOREL
NP EFA L7225, [GARTTHRTIE Z O a5 BIEEE

i SV NI

PHHIE Tz, DLLEofEErS, [GARTIZX D EE
BNV A=A T FMREDORZRDEE ) T Ly
H —# A 1K Cyc8p-Tuplp A& D HEBEH KR T % W HE
PEARIE &7z, Cye8p-Tuplp &KL, 7V a—
fil% %5 Miglp R, "FV—AFFVAR—F—DF
BRI 228 7 Retlp, Hoglp T B+ DI B HI1C
595 Skolp 2 EEMAMEH L, 7 Vva— A%
FTABETHEBY 70— OVIZHIELTw5. Cyc8p B
X O Tuplpidvdnd 7+ v DB % QN-
Vo F AL VR ATHZ DS, IR EOFIZX
DINSDEEREY VST BHET ) A v BT LAR O
ERMEEEERBTL2LEV)ETVNREZ LN
(K1). Cyc8p %7213 Tuplp DHEREKIEIZL Y 7V a—
WREENDDPET L2225, [GART L DAL
Fanhiz DLEofEzE L <, BEE FLREOHFIIE
ARG 2 B AR W TR LA O BRI R 1 D 15l &
HOEPIZTHIENTER. 5%I1E, FLEER L oIt
12 X BT Cyc8p-Tuplp #HAKRDIRELLE ZD/EH
P x2S OICIRTW LD H L. Tuplp id, BEREH
bt MIEZ F TEBAEMILFINTNE Z &
5, FEB-EZAEYRMHEER B THLHREE %
BT EERN T2 Lk, R, e D
ATE TR <A 7 SRR A TN DR W A AR 0 4
TANZ AL EFIT 2720 0FEELTFHEHP I D L
WrEshs.

Cyc8p-
Tup‘I D
\ﬁ —
—mm L3R _a_'__’
=353
IINI-EE <K g
LB Iv/-EE-RK 9

INI-ZEE- N o)
TH/-nsEen OF

1 Cyc8p-Tuplp B k% 4 L7z Behk & SLEE o AH A1)
BT 5 ET IV

g RRRSF KR R seRl, B A& RGBS B Kb K20 m Bk Bt 768t E-mail: watanabe.daisuke@bs.naist.jp
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MG OBEN 7= HHIRALE WA ERRZ R LB X 5
trans- 7 A FL IR DFEEEA pE

[B#9] ol 1E B B Rhodotorula toruloides &, W15
WARE LY 70% 1 < ORI % 76 2 MPERERE &
LTHLNTEBY, N FT7T4—¥IWEE, N FTF
ATy 7R, haT ) A Fix EOHHWEOE#ERET
LLT, EFELLOMERENRESIN TS, #BInT
LB BT L 22 H 1, 2017 L 2 T H i
Papili b Ss S 7z, trans-r A JeE (tCA) FRd &
WEAZRNAFTFTAF v 7 THER)IAIFE/ =D
AR E LT, $7275K 4 FAEGRAEKAE LTIk
WICAHTH L., 22 TrVIREMILEw EERT >~
X IVICHEH L, IEEERE R, toruloides % tCA DL
FEmFEEL LTHHTAZ EITL.

77K A FeLwmICEMT 5 HHERAEY X tCA %
BT AWEL LTI 2ZVT IV T VEZT YT —
¥ (PAL) O@EAEGEZFO>Z eI NG. &
Wgeclx, WMERIEMTH D4 L > Y (Citrus sinensis)
i3k » PAL & 1% F % R. toruloides |2 EFE I Bl & ¥ T,
tCAZRAFET D & 2lAT.
[B&E] sHEOF L v Vil ok PALE 5T (CsPALL,
CsPAL3, CsPAL4), wIEME2SHE ST 2 U H
K SmEncP & {51 % R. toruloides H K &5 7' 0 € —
¥ —OTWICHER L, BRI ¥ —2MEL R
toruloides NBRCO559 #k 12 & 1L & @ PAL 315 J8Hl 7
oy MNEEAL, PALEBUPREEI AL ER L7 R
k2 YMBS TR 22 L, W ORFIIARAE L VW RIE
WARZHBEL, L-7z=VT75=" (Phe) 2&5HT5
MinRL3 ¥ CHiZE L, tCAEEZ T - 72, BB
ZRL, SBOXY ) —VERMLTRIEZ LS
7o BUSE IR E 05 BE 2 AT » T2 R 2 - g,
Wit HPLC 5347 & 17\, tCA DERZ 1T - 72,
[#E8R - 2] R. toruloides \235\»T, 1kb Pl LEO#EET
MBS ELERC, 1 2 ba Y2 & E %\ cDNA
EHWB LI EALERBEN W L0350 D o Tz,
—HT, AV IR YBREICHDLAT T T v TR
EMREICE DD LT oRR L7720, BRI 7 4
HISRACH 2 A 7255002, AERMICA ~ b a U askrE S
NEWBAEND 72 F2T, AR TIE7OE— —
A b 2 fOoEEB T OE— Y — ORI
PALERTF 2L, BRERBIELZLICL

Shble 1 1% ¥, Shble & 1% T % # & L 72 SmEncP,

ZAE -

CsPALI, CsPAL3 3 X UF CsPALA4 %1z - Wi % PCR 4
M L7z L -8R W 2 WEER Y 7 2312 XD
NBRCO0559 ¥RIZ3EA L, PAL iz ¥R IS B Bk
287 AT TIE, WS T ASIEAH R A
HIZEY, BREOR ST VY ACEASRE, E0
7o, EBETHR2EA SRk EofiEic kb,
BT RBUEENTL Z R FHEEIN-0, B a
O=—PCRICL Y, KUk 2uEA S NP R A%
SERTOHEEL, LD tCAEREEBICH V. &Y
R A YM B TR L, 1HBICHEAKRZEILL
tCAZEPER 2 A L2 (X1 4. PALBRIFEBIREEETIZ,
I ba— VT D Shble3E ARk ILlE L CTH 3 1542
EAEEIEML T 200, 040mg/LTH -7,

SOICtCAEERZ TUET 2720, WoAEF KL
L7 WKL AR % AR & LT Wz tCAERE % 3
A7z, KIEHfR L Phe Z A LUG S E7/-& 25, tCA
APERIZRIEIC L SN, PAL B FIHMIZB VT
29-34mg/mL DA pER Z IR L7z (K 145). Shble & Ak
& & PAL R TRIMROFE TORKIZBWTYH, PAL
BT HRBPRICBWT, tCALERIIZENZEN4.6-53
o EANR LN (K1), PAL &R T 3BE LRk L
Phe &4 IRE A4 9 MinRL3 £33 %2 v 5 2 & TYM &5
WoOYED80- 1725 DA ER % ERT 5 Z LA TE .
PERER: R, toruloides \Z 5408 PAL AT %2 @ FEHL S
52 LI2XY, WmK34mg/L O tCALPEZERT S
LWL ZoFiE, AREERE O tCA AR T
ELTORT VI x VEEHLTBY, S%ORER%
FHL7Z279R 74 FRRIVA I FEIX—EREDD
DHEMEL 2 5.

50

40 |

tCA (mg/L)
w
o

N
o

N
o
T

Shble  SmEncP CsPAL1 CsPAL3 CsPAL4 Shble SmEncP CsPAL1 CsPAL3 CsPAL4
YMigH MinRL3 + Phet&its

K1 PALB{EF 583k tCA L ER:

FiE B KM T4 E-mail: takao.ohashi@Iif. setsunan.ac.jp
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Nrf2/SKN-1 il % 2 1§ VE b 3 % FLEE AR 70 DS & K75 B o fift W]

(B8] BAEIZEHEKETH 2 b OOEMLICHEVE
HUAE 72 &M R B o R BB o —&zl by, &b
T AED L. FCTUMIEE T, MR &
A & A U TR s & HIH T & % 1] hE
PR B LTW5, BiFEREZIT O HE, — i<y
AR Ty beHWEbOORMOFEBENBEZZL, B
OB P ORBELELER L I2ERIEINS.

Z 2 TCTARWZE L E TV AW O — i Caenorhabditis
elegans (FH) % HWT, ARG IMEEOFHFMITRK
B L HatlEEEO —m 2 BT A2 L2 HWE
L7.

2, EOISERCHERL, FEAHICED LA

L Z B &G K T SKN-1 (W FLE T3 Nrf2 (23 i)
I H L, SKN-1 2% O IERIZE D 25 09 E M
AEZAT o 720 F 7 FLERTH O R 72 AREC S D3RR % G A
7z S IR &2 F v IR R BT 5 Nrf2 {6 %
LZMGIET 2 2 & T, HFENSHTE 2 EEEZHS
ZrklLz.
[AiE] FFARmAE G 2 ARG 5 EL455
Br & EE i, bt 2 7z, EEE L 4 BB (A~D)
FRAGL, RHICBIZE Lz AREREER 21T > Tz
H, BIZHBEBTEX 2SR Y v 7 — TRk %
DO LHIZICE E MIMHE, Cli¥y h—TRHED
DOWTHEE T Z &4 CHEH 5 VIZRHBO AT 2T
M, DB & L7omil, DLk 434 TR
gL 7z AbFEME, BRI SE VO A AT
o L xS, BREAFEISHRE ST LI FRT Vv
Fe FERE ZOBEOTY ) —NVE ARy ML
ZLTHHPIICHEREBE, FHRET VT FNET]
SN DR OEE % 5 L 7.

FLBRE BTN BT 2 R OERE T HRIH O 72012,
skn-1 % RN S 7228 2 H v, ERERBRO 4
oMb L O 2 5EE L7z, Fafilicd S35
WA O ZIE, ALERW ORRR S O 217w, #
HOFIZH 2 B2z TAEBREIChT V2
RV ERIFALTERROIER L 7 v A4 RO % &K
YA

PN &2 B 72 FLER TS B 1T A Nrf2 G e,
YA a7 7 — IR J774.1 v 72 Nrf2 il
EZF HO-1 OFEHIE 2 e L 7-.

ZNN I S

[#ER - £8=] ABWEHRMBICEZ 2L, BRoFa)
ARICER L F72min ik BB e AT #)
(K1) RALFEMRTHEZABIRLEZ. oo
VERB R O — 3 % V3 5 72012, skn-1 25 BRI dL %
T L7282 25, skn-17Z8 BRI U FLIRH 2 5
25 EFMERIHERL, (LFERRTOWUEDLRD S
Nhholz, INHDOTEND, FLUEH 2 HEL 7240
W&, skn-1 %4 L CHREMEERLFESEIT 2 #Hl5 %
ZEDTREE N,

FURRR A3 EAE S 2 BRIV S, SR IRTE1E F Ro Buie
WA EOBEMEEZH LTS, ZICTHARED?SH
IS REZ I L, VRV — 22 H v CREISR S
LR AT 2 F2 i L7z, A7 4047 3 [l o> p il 13 0.422,
0.054, 0.009 TH Y, WHRMEKEEL D b HFAEREFILM
CHWIRNZ DSOS B Tl B G-3 5 2 & 055
ZOND. Z 2 THEE DA % BRIIRRT 5
720, AMBEIC N T VAR VRIFALLT V¥ LR
AL, lEZHWELER—F—T7 v AL 2K
A, BUED & 2 A EFMTHIET 5L BROFREICIEE - T
W, SR ERKE VTR ERIT L TETH 5.

RYAR 70T 7 — IS FURIA $ 72 RS
ShER S 5 &, Nrf2 1A T HO-1 D53 LA-78
ABb SNz,

DEoZ oMW B L WAL, HEo
Nrf2 2 i5HALd 5 2 & T, BHERLPEEHICEDL S
TENEZLND.

piichid FLERE B 5
100 1 100 7 g

80 A 80 -

60 A 60

40 A 40 1

ABCDOEI4:(%)

20 A 20 1

76 s wizrie 6 8 101214 16
Age (day-old) Age (day-old)

. AESEBT 5 D Bio< I E i

I:‘ C: 2oL LHRHOI
(VAR

1 Moot ) EB)

D:AEL i i

B 2 B RE WEFEbe AR iG BR Rl 75%, Bl SRR IR 7 K% BRI A% E-mail: komuratomomi@gmail.com
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HEALIFNT 126D < WRBRAE PET MK S5-I 32 o Al

[BH] <y bR PV SICFIH SN D R =F
Ly 7L 7% L= (PED 3 AEGHES K20, B
BRICER L, AR RBOMEZTI &I L TWA.
HEEH &1, PET 5% - fCHHIR Ideonella sakaiensis &
BERL, KEPAHTHT=— 2 % PETMKS R
PETase % [ % L 7= (Yoshida et al., Science, 2016). Fll#
HI>k @ PET WK 5-#PERES (PHE) I RMMIZ3 >0 7
V=T hNAb (M1). Type lIb )% $ % PETase
1 Type I F#5E & X, BV G Tk & B R R 2R
T—HT, WEEMEL, FIANOREE L 2> Tn5.
AWFFETIE, Type IBER DL EE 1% PETase HR 7 3
JEEREBAT B LT, Wit L EmREN % ROl
FZoflMz gL 72,

Humicola Insolens

Thermomonosporal
Thermomonospora cu

Fusarium solani Tusca
7. celluosilytica

Uncultured

[ |
017 I/EERITI/B

(LiplAF5-2)

I. sakaiensis Opispiraantarctica | TYPE l12
Type lIb
Bacillus subtils

X1 PHE OiEALRiH
BRI IRER OB R T

[HiE] Type IIb g & Type IBEZEDT 54 A B X
DR DR RGO L ) B2 SR iR
BOADODOIAME T I/ WM (PETase i2BW T,
W159, S238, C203, C239) IZAH L7z, ThbH4-o07
I /R PET KRG HEEZ AT HIBME 2 F5—¥
LCC (Type 1) O FFRALNC HiAl, HEEEHEA L 724
FAKEVER L7z, $£72, LCCIZBUIIAREMDOT I
% PETase \Z b EIE A L7z, TS5 ZE %Ko PET 47
R, MRREEE T A 7OV R, A AR S
STEDGTNY ANT 4 REEAE, DTT R4/ IETF
TEFCTHMFL L, SDS-PAGE TH#ET 5 Z & TH~7-.

[#%3R - £%)] PETase l[CLCCHIRT I /A HEAL
ZRMREIH T T, PETHMEEASET L7 (K2a).
— 5T, BRI A 7 VIcxt 3 % 4Gk, C203A/

C2ALR A GUERKLZRE, WEMEFSTH -T2
(M 2b). LCCIZPETase ik 7 I /W% BEAL-ZR
ko5 B, F243SZ# Ak (L-F243S) (&, PET MK
RIS A & WX 35 4%, PET 4§95 25 4.1 fi51n) I+
L7z (KM2c). 45FETRTHEH L 72 LCCE R
(L-H164W/A207C/A244C/F243S) %, PET il /K % fi#
WEMEX 54% F TIF L7225, PET Sl 62 5 & B3
WLz, Wb bF P RIEEOK T2 5 h
72, F 7z, L-A207C/A244C % # 4k L It ~, L-H164W/
A207C/A244C/F243S ZERARTHZE 03 FINT ANV 7 4
PG OMMAHED b2 s, A207C-A244C 1
DY ANT 4 R4 I1d HI64W/F243S 228412 X 1) fitie &
Nz ohsz. ULokEs 5, PETase O{E LS
PREBICEED SN AEAEDT I 7 WDE W PET IAKS
RGPS PET JL USRI ICEHB L TWB 2 L2 & H»
Ehodz, ThEFAL, 2 Type IBEH#ICH WV PET
SR TE & PET SR REZ M5 L9 5 2 LAVRE /.

PETase LCC
(Type lIb) (Type I)
a 0.10 0.04
_:é: %0.\]3
XEDDS aFD.OZ
i
 In0e. o ol
mwew <0100 IALM
- C2

- cd
- CB
- CB

@

60

-

40

Apparent kg (sec’)

Apparent k.y (sec’!)

[

20

PET preference
PET preference

0.0001
& & 5 N S
& & F ‘\\,,'i‘?;éd{@ @éﬁ‘fy < & {\@@sz@“’ o
& @ & &8 cf"';’@‘”
& &

2 PETase, LCC, BXUEN5DERED PET ik
ORNETE & R R (@) PET K REEE (b) 285
= bta 7= (pNP)-IEIIET AT VIS 5
Ik 43-1% ¥ C2, pNP-acetate ; C4, pNP-butyrate ; C6,
pNP-caproate ; C8, pNP-caprylate (c) a & b DD It
% PET MR GMFRAESME & LTI L7z

g 2 Beum R =R i K B K Wt/ /N 4 + 9 4 =~ 2 4HIg,  E-mail: ssk-yoshida@bs.naist.jp
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FLBRWASEA T 2 WAL Z BE O B BRI YS9 59 2 R OR i 2L R O I

[Bf] Tuntts427aLid, e r2SERL 2B Sk
WCH W B RS TNLEETMAEYTHY, ElT
T30 2R aNA+ 74 7 ZADF I, &
W LA SIS L C WA HTE, BE3E- R DR WIE
HEZHEOTWE, LPALeROESN=—ZX0EENIZH
b3, INS7aNAF 514 7 ZZUEEH O 0% 5388 50
OHTF LNV TOMBITZLL, EHEISHANOWIFE R -
TWb, FLRE O WA T D WA S0 IR 52 % 1
BT AREBMOENT VLAY, ZHDED L) P Ls:
MR ANEEICHE S5 LTV ADD, FMIAMIHIE ST
Whholn BAZINTTIE, ILBEO RO ik
SIREEHET 73— 70 (GH70) 2B 3 ABEE 7 Vav v
FUAT T — VI Lo TEREINI- VT —AHDS, R
ZIREARDSRETLHREZLDRIEAL /7 uT ) VA
(IgA) OFEAFEIZES L TWAZEZRHLTWS., £+
CTARMETIZ, FNVa—ABDO LD LS ik ko 25 IgA
DOFEINHFG LTV EOPHLNNCTHZ e HE L.
[HE] EICHWZZVay v 5y 2725 —8ig,
IgAEAEF LR OBV IH RN L0 % A5 5 LIS
Leuconostoc mesenteroides NTM048 ¥EH 3% @ Gtfl & Gtf2,
L. mesenteroides 3£ & ¥k JCM6124T i 3k o LEUM1752 &
LEUM1747, L. mesenteroides NRRL B-512F Hi3k® DsrS,
L. mesenteroides NRRL B-1335 3D 7 )V ¥ F > & k¥
FASRTHAH. FZNVIAYNVINF VAT x5 —Yi#ilz
T2ABB Y/ apbru—=r 7L, KBRICX5H
FIR EFERBR MR, FMEORB LR
fTo7z. BOEN6HOMBBRENS 7V a—AMEH
L, GC-MS 5 & OV 'H-NMR 2 & 2 &0 2475 &
LI, ¥ A TOVAHIRE B & O~ AR E v
T IgA PEAEFRERE & MG L 72,
((ER - Z8] ARSI ELHEOMESHS 2R T
WL NHEHOS VIV IVENT VAT T—EDT I VB
FeF %2 F T, ARRFSRIC W 72 6 T 3% 0 AAH R T
BAFo 2. FORFE G2, LEUM1752 % L T -1,6/1,3
WGV a— A E AT 5 DsrTS O RIS B WAl
MRS I, Gtf2 B X ' LEUM1752 1% o-1,6 A1
a-1,3FEEMMEET LNV a—AWEERT L2 L
FM &7 F72Gtfl, LEUM1747 2 LT o-1,6 K& 2
U — A E AT B DsrS & OIS B A P
HERD S, Gtfl B X FLEUM1747 1%, o-1,6 %467V
I—ZWEEHT D ERTR SN
KGRI THER L - 6 OMIR A BZE, S, X
s a— ARGV a— AP EER LT, TOLHEE

AN R VN

EERMAT L7, FORE, 73V EBREY S T S
LB, Gtf2 B X UFLEUM1752 13 a-1,6 #5412 a-1,3 #5
HHBEAEET A VI —APEESKL, GHHLB L O
LEUMI1747 1 o-1,6 & 7NV 3 — A A L7 (1),

X1 BRARSHONEME AR OH G

7V 3 — A GGGk (%) **

=S AC2 =) T-Glep- (1= —3-Glep- (1=  —6-Glcp- (1= —3,6-Glep- (1 —
Gtf1 (Gtf1-S) 9 - 81 10
LEUM1747 (LEUM1747-S) 8 - 80 12
DsrS (DsrS-S) 7 3 77 13
Gtf2 (Gtf2-S) 8 43 45 4
Gtf2 (Gtf2-P) 6 44 39 11
LEUM1752 (LEUM1752-S) 13 32 49 6
LEUM1752 (LEUM1752-P) 8 51 36 5
ASR (ASR-S) 13 30 45 12

*S (ki misy) P (LM%, ** -, not present

IgA FEAEFEREDE W I E D HE ST A NTM048
FRHCR ORI 2R, BONTHREERERIZOWT,
I ANA TV B D IgA AT E e L L 7.
ZORE, 0-1,6 A a1, 3 AWM HTHT NV a—A
BT, a6 WEE a-1,3 R EDOHAH 1: 1 RSN (Gtf2-S
BIOLEUM1752-S) 2556 IgA pE/E B2 BB L 72 (K1),
01,68 a1, 3D 2R B LMEEZHTHT VY S
ASR-SIZIFHWFEIZ R ON L0722 805, o-1,6 BX
Wa-1,3 DR L 724G OBEEWEHOE N E R 57,

a (4

310 <

% 0.8 b b

2 o6 by

0 04 ab ab ab

<

D 02 a |{-‘ |*| ﬂ

0.0 T
b P a2 P P R P > &
& & & &F & &g S

&Y S &

K1 WS LRE (NTM048 Z4E) B X TSR EHED,
IgAFEEFERE DL, EAK: A FF47a» b
T—)b. LPS: URELHE (RVF 1473y ru—)).
BTV T7 7Ry MUTHESESD D (P<0.05).

LW IgAEAFEREZAH L T2 Gtf2-SI2own
T, WERICHK T 2 G s R oy, PR
[GAFEREE I L7, AR VT I v Z W<
7 AFERIEAEE TOVICTC, K L OB [gA =%
WE U7 0, PR X ORI B3R 2 i E L 7.
AR 5 AR R D B 5 BEFe ki A & L
TOMM LI, ERPETIIHRET 7 F > OWFE2 5
B 5 REHRA E L COMAPMHTE AR TH - 72

g ARSI R AW Ui L50F%E0T  E-mail: chiaki@ishikawa-pu.ac.jp
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SCABEWT & B 7 A X B B BR A o 7 1

[BE9] & A4 X BAEIE T RAE O K THE BT
DRI BIRED—DOTH L. WL E, ¥4 A0k
BEAE SN, EARGAIIEFELTHIEL, KT
EARELMTFT L. INFETOLEIARWEIHR R
RIIE R, RN ZPIBREE VIR TH L. 22
TAWZE T, BHEREOMMEINZ 5 5 4 AL
AEUNCER L, AEMEMIC X 2 54 BB 04
BRI O, B L O 4 ZFEEREZ BT 5 95 i)
RRDIRMT 24T - 7.

[Hi&]

(1) R T & A K BARNE I 1 o £ B

AG PGS H 0 T 0028 4 DM M2 845 LT
28 CHE RS T3 HIMR 2%, PDARGMCRI&E L 72
74 XBRIEHW 2 B BANcE X, 28C T 10 H
L7z BREWHOETOAZ T 5 2 & TAMIH
MIC X B PHEZ i L 7=,

(2) AN X B & A K BRI B Bl S o0 34
ABE ORI X ) BBUEHRDBBRCTE 2089
e, By NREBCHE L7z 54 ERH0T 1 HEMR%
L7 ARG R 2g % B 188 200ml & JRAI L CTiE gL
BEL, Thae/ 75 2Fy 7Ry b (250ml%) 2
T, ¥4 XSS FF Ao %3ERE L, [HkEC
FEPUM AR & HeRE L 72, FR5 IR 28°C, BEE70% T
1% o7z HHEf% 20 HEE S CORRBIE (0 @ MEFEIE,
1:ARER - HIBREROZE, 2 FMH, MBS EfoBz,
3 EMMOEF, 4 ) LIREEAZHEL, 2
X0 AR X B BRI B R R & 5 L 7.
[ER - EE]

(1) R T & A K BARNE I 1 0 5 P
BRI X 2 57 A X UG SR W PIHIR) R % it L7z
K OKBSE, BRI, 77 uns T ATIERERE
W OEF IR SN d o298, 4 Fo3EMEDT
& % Bacillus pumillus TUAT1#ET S - & b HRWAFH
ENRBOLN (K1),

RiE WBEE  7U/OR9FUYL TUAT1#
(BRBHFREOH) (E ichia coli)  ( Bradyrhizobit (A ( Bacillus pumilus )
Japonicum ) tumefaciens)

BI1 AN & 2 & A R ARG 5 TR #0120

i fif

Wz, BEEWEBR Y — N0 75 HAREHOBR
WGk E AT L, TUAT1RRIC X 5 AEF WH AR
DR BAETRW T LR 5N D H % e L2k #
HEFRESRICIIERBEES Db 0on, REEL-S
R4 TIZB W T TUATI FRIC X B A B HER EAFED 5
Nz D EofEEH» S, TUATI I ARSI THRES R
TEREHREROEEZMZ 2 2 EBHOL L Lo T,
(2) TUAT1ARIZ & % 5 A4 2 BRI B Bl 38 o 54

A2, TUATIHRIC & 0 EBEICEMEHR BT & %
PEI R, By FMRABCHE L7z, 2058, WWEE
D I DEFETIZFEIRBIEAD 75% Td - 7255, TUATI Fk
TR L7 A I TR EE AT 25% ~ 33 % (AR L 72,
C DR S TUATI RO FERRIC 7 A4 R &G 5 2 B
ERW A PRI CE 2 2 AR s N7z, WIS, AARKH
A5 HES N BRI & H v CRBRORER % 17 - 72
KEF, BARIC X o THIREE & TUATT RIS X 2 i RE g
WZERH L EPHHLZ (K2).

80

mrEosEE [l FEE TuATIREE

70

60

66
59 58
51
40 43 41
37

30
20 24
10

0

S-1# KA1-47%  S-10%k GF168#%
(EF) (&) (RE) (E8)

912 TUAT1 RRERERE 0> FE 0 40 BE 0 He i

RRE (%)

S-1#k, S-10 Bk, GF168 #&7 & TIL TUAT1#RIZ X 5
POHIRD A S, GRS R BERE S-10, L B 5
HERR GF168 ¥RIZHF L Tld, TUAT1MRDSISIHHIE D Z
ZFREAZIKT LTH Y, TUATL MO PIHIRI A58
SO LR o T, R HERR KAL-47 BR
IZDWTIZ TUATI RO A S X 0 S B L %
Motz WHRIC X o TTUATLARIC & 2 PIHIRLEE 12 8
HDFEHICOWTRE BN T 2 LEND S,
TUAT1 MR HR % & Y M T 5 & 9 Bl 2 M
WML E Z .

g HUR TRFERFERRFZER:  E-mail: sokazaki@cc.tuat.ac.jp
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Farte s b [BHERS ) © ORBRYEI X 2CHHRE] oIk

(B8] TEEEERT )~ ORI ZE T X 2403
EVIFARBYUET S N RIRBL, EFVME
WCHIET I EEAMREOHWE Lz, IRCERLET
WLEFD [B R/ Y (RQ)] 32— LRl

Rhodospirillum rubrum 7 £ I IR S N7 EPIZ D A
AT 575, TAEDOHITEIC LY rquA BT O BRFEFB
W&h, 2eF/r (UQ) "HHERTELZENHS
mEleodz, LaL, WA H7-ITRQ KR R L
BRI, HIRNTORBICRSEBIEAHTH 5.
AWFFETIE, RQ AWM G ICX DV MBNOB %
AL s, SAERALEIT RS O FER KIS O % % 88
T3, #Hircnhikmemm s aHigL: (K1),
FEIS, BT T U A S FE T & @ o itia 3
BRI A AT & 2R 2 BUEF IS AN, #ICBUB A HE
L T B A W A RN OAERD S 2 U O S RREE L 72

— R HYA ) RQ £EREEREY
(RHRRICH T DT EH) (FHRIH115 rquA RBiHE)

ue

y=y—yry BFEERTEF/VO
BILRTEL : 110 mV FLERREOET .63 mV

RQIEHR LR TTRIGICEFHE 5 A A BE
SKRMRGOFHN AEDFIRTFILGEILIRIFEND

M1 AWFFEOBEE

[F&E] RQAEEREOMFGICL 2RHBHEH L V) a vt
7 NS kR W TR RETH B D R MRGET
572D, A TIRETFVEY & W ER %2175 72.
FEBAEMETVE LTRER, EBAEMETVELTH
FERB B U REN, BEEGREREYOETVE LT
Cyanidioschyzon merolae (V' V) Wiz, a K&/ v
ERAREEERT & L CHE SNz rquA BT DT ~
L=+ E LT, R rubrum Hk3B X O Euglena gracilis
Hko 2ffix vz, Tho 2 BERAEWITEAT AR
i, BEFAEMTHMOI Ay P TR Y S vE
L, S61a FAAEHMEE % fodifk L 7y % %5
%, NLAEB L7z, #£EWICBY 5 REBEIIZLLT O
NIZ4T o7, KRIGW ClE pETXZ ¥ — (BE21 (DE3) ¥k
) B X ' pBAD24 X7 ¥ — (AmenA WRFENE) %
H T E. gracilis M3k rquA 15T (LLY Eg_rquA) %58
BEe, Zheh7oC )/ —A, IPTG THRBGFEL 7-.
M RERE TIX pYES N2 ¥ —, 53 3R§ERE Tl pREPL X

b B E

7 % —® % TR rubrum M ¥ rquA B 15T (Rr_rquA)
BIXVEg rquA # B s E72. YU TlE, oo
B GAET (ura) ISHERER R 243 5 MABRE v
ura AR T FENOMFEMIE Z (2L ) HI@EET 23/ AL
72. Rr_rquA B X " Eg rquA 2%, FEBEY O C K in
N 3xHA % Z&HmL, HEBEHTuE—5—Th5
APCC 7u & — & — il FIZELiE L 72,

MA O UQ B & IFRQ D E &1, FeCl, THALL 72
BLC/MSIZ L V7o 72, ARSI T oA
T Uz u~ N ST 74 =X)L, KA T
LR CTA A AL L 721, BRMEER b L7z,
[#68 - £Z] BRI P22 FY 7 rquA BIETF2 %8
B8Rl Zsh, oy yERRERFIEF ) VRED5%
PUF & IR L, R~ 0B o RN TH - 7-.
SHAEBRROEEDBUETHLLEEZTEH. —F, K
BEB LYY IZBWTE, RQEFUQEEZKEL
FRIZBOBBICKDI L7 (K2k). #oh/7zRQE
kDS, BERSGHETTHRT 2 ansBRE e 2
B, WAEYTI Y Fa— VRIZHERKRE S aNTBREK
AWML Tz (K24). ShoofER»2S, RQ AR
REDfFG-1%, BEAT C4: U A 43R ICT) % @ oc iy ihc
BHAGT AR Z R L, EITSSAHHETH S T
JBEEMEE S NI LKL,

= IN\JE (48 h RS
g 30 J120 | z
g £
g0 8 § 80
2 <
[l

<100 RQ8 #T 40
WI{OI 4

Control Eg_rquA Control Eg_rquA

RIRKGE RIBKRER

_ ~ aNUEE(8 h R)
8 50 2 21
% 40 15
£ 5 va'g ES)
2 < 14
& 20 {e} 2
" 10 g 05
Q10 g
Q
#* o 0 -

Control Rr_rquA Control Rr_rquA

32D KRV

K2 rquAB15F OB X % RQ G AEHES &
a7 BEREZAAL

s KRB SRR e ar BB B2 7 E-mail: mami@omu.ac.jp
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V7= Y OEEMGZRRT MAEMOREKE ) 7= 5D
R < —FRHAEREN OIS

[BEY] REWGDY 7= VIZ4EH 20045 + VB SR,
TIAF v 7 WG OAbAREER L Lo ifim g
AHLET. B, V7= rofHRE LT, bl
FHOZAKS LB E Z U X ) BT 5 5 FIRE
Y= F ) I —=05ORY ¥ —FERMLE Y OFEREA:
PR INTVET. V7= @3ANTUESTTT,
ZO#50% 13 -7 ) — VT —F )b (B-0-4) K4 CTHiss L
TWEY. pO-4MEOMAERIE, ) 7=V HRILE
W) 53 8 K @ Sphingobium sp. SYK-6 ¥k % & ¢r a-7 10 7 %
NI TF)TIZLPIEEAEBIDN R, wIhb Vs F
VSN AT7 2T —¥(GST) TF. ARWFETIZY
T U BDERY < — R ICH R R E 7
D p-O-4 FEAHARE O EZ M, p-O-4 K EHE
M DR LR 2T L7
[BF&E] pOAMERBRD AL ) —= v F D12, K
MEEOBBICX Y EEME THH4-AF NV o RY) T =
a > (4MU) & AT 5 #OLEE (GOU) A LE L7
(K1), MECBWCTEELRY 7= R AL LT
HMOENLNZ) VERE D) VAR R —RERE L TE
HYAHMEHEEL, 967 V7L —MITGOU %245
GANZ) VBEEZY) O ABTEIEL, kS L— b
‘J— F—IZk ) AMUICHR T 2802 E=4—-LF L
. BO-AFEEBBREOREIL, N VBTV
/ﬁ@faﬁbt%w@%mﬁ%%ﬁo4ﬁ DEF N
w1t & W T B % guaiacylglycerol-g-guaiacyl ether
(GGE) & 4 ¥ ax— L, RSHEWEHAEs a7 b
7774 —HPLO WXLV HHTHILTITVE L.
BHRO I 13 16S rRNA i fx T-Biy & 2612 L 72 RALHAT
I DT wE L7z B-O-ABRBRO TV E F 4+ 3R
PEL, WEERFC L) PR L i g v s 7
F VHEAET, FEHELET TGGE O CalifRit Tdh 5
MPHPV & 4 % 2X— L, MPHPV ®»%#t% HPLC
XD s5Z&ETHRE L.

HO
Ho I8 4 B-O-4 HO

ock; GOU oo 4MU
OH  (B-O-48tsElE) (L)

R1 3T GOU 0 p-0-4 BIZLU

B S

[#E8R - EE=] N ANV—T v b7 p-O-4 55 B2 H
DAZ ) ==V FlHEMEDD, p-O-4EEET 5
Eé)‘l:%’%’I@ GOUZELE LA (K1), BREGAEDS
S UVEEFEREY) VB TERTE AN T T R
9wﬁ$%t GOU ##H & L7: p-0-4 #E G PR EED A
==K pO-AREEREEE AT A EMKEY
SHEHRHLELE. INB5D9 B 10 GGE % Y
EL7HAETD B-O-4AM AR E R L E Lz, £k
BWTGGE & Ca DAL % 52 ) T MPHPV 124 1 &
N72BIZL-O-ARGEMAEZ T B EHIRBINE L
7z. 16S rRNA A= FBF O ff#r 20 & KR a-7 10 T
N7 7 V) T O Sphingobium J& & Novosphingobium )&,
B-TOFFINT 7T D Delftia BETH 5 2 LD E
ENFLZ Ihod9 b, Sphingobium sp. AzN-1 K,
Sphingobium sp. G14-4 ¥, Novosphingobium sp. G26-1 ¥£,
Delftia sp. NB132 ¥k D4 ) b ¥ — 27 T ¥ 2R 24T\,
B-O-4 5 EBZUCE D B LHEE S N B R BIZT ORAE
WERRAELF L. ZORE, Sphingobium sp. AzZN-1 ¥k,
Sphingobium sp. G14-4 ¥k, K U Novosphingobium sp. G26-1
Rl w3 b BEA @ Ca-dehydrogenase 3 X U 5-O-4 #
BB EH ) GSTE 5% ML Lo 7 3 7 BEECHIH R %
RYBIETEZRIFLTCVWELZ T2, Ihbotkix
B-O-4 455 BAZLLLRE DR 2 O IR BIZ T2 & C
PREFL TV E L7z AzN-1#RE Gl4-4 BRix, BRI 7
= ¥ HRAL AW 555 1 O Sphingobium sp. SYK-6 ¥k & 1
b L-O-4 BIBLEEICENTEB Y, o=y VR, ) v
I, p-b FuF P RAFMEOML 2 7= Y HkS;
EHALEWITINA TSYK-6 B FIHTE v )Ly a—
ATHEBETELI DS, )7 =025 0Ha1WAED
fHEE LRI NES. —h, p-7usrAnNs7) 7
0 NB13-2 ¥kl -0-4 IR FSIZBBT 7V 7 FF VB
KPR SN2 DD, RRD B-0-4 BAZREFR IZBEA
ERBRICGST THh AL Z L R SnE Lz, L
Lad 5, NBI32¥D 7 /7 2 ZIZBEM D p-O-4 #% 6 B
HGST L OMFABIEFIRBENT, Ly A7
B-O-4 45 A BZ GST OATED /RIS E L7z, Delftia
& O BT 5 f-0-4 K5 A BAZRE D FE AT AW T8 25%)
HTTHY, NBI3-2 KD -0-4 # A% GST % [l & -
RIS 52 LICk ), HARICBIT Y 7= v 53R
NOHRERD L LN TEDL SN TE T,

g BB R AW T 4% E-mail: zkami@vos.nagaokaut.ac.jp
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H—DMa 2 K555 TN e ik 2 f5 259 2 JEBL O iR ]

[B8] HHMAY DA R T A — N IEFEITHE L 7 B
& R D 2 M DO FHRL D 2 W22 T 5 2 &
BHILN TS, LaL, BUEHBRT X —/NOF e
BRIRII MR R Tl 2 6 R L FEE T, Bodeise
HROMIRITHEA TV RV, 2T, R TIIA®RT
A= NORFREML L, T O EMNN 2 IBREE -
ST 5 2 &, B AT e E
RSB D SRR O IEARFTH L H O NI T8 %
Hig& L7,

[FE] £HTHRELITTY, ¥f 7YXy MEICXD
Bl % 26, HilE% 4T - 7. 72, % J ¥ Dalhousie
KEFD Eglit K S 47T A — 7N Paulinella sp. % & 4L
iﬁ%ﬁi%i‘%ﬁtbfb‘f:ﬁb‘f: TEARE T BEMEE 2 W
TRREBIESIC LY, M LERO AT o7, F
7o, BORMESRICHEG T AMMRTERET 5720, total
RNAB X OHMIBRNA Y — 7 ¥ 2 %47~ 72, HAlH
RNAY =7 Y ZAD TP —>TH S SMART-seq2 i %
WL, ¥EL 7 cDNA % &= PCRIECTHERE L 7=.
(R - 8] RFTRICB O TH 21 4 Fho B 80k %
VA LI L7 Eglit KA. L7227 )V — FE;
FMRIZUE Paulinella sp. Db, N7 7)) T LA MT X )
NANIET AL BDONLZWERDIRIEL TWiz/29,
<A 7 a Ry MEIZX ) EEAEY DS Paulinella sp. H.
—Drua—=rbd L) ICHEEEITY, BEEKYE3 B
LT OYF1#EZMER L7z, YE-3B X ONYF-1 ¥R #5% %
FEARVE TSI L D BIg Lok, B oI
o EH O Paulinella indentata T 5 Z & 7%
Wohreos (K1), P.indentata DHEFREIIHER DK
METH Y, 20~30 MEDOHH 2 OREE I TS, B
RO IZAE T AR R E ST, BlomgeizM
ATWDLDITR L, RAMFIEERY ITWA £,
M 7 W ERG O FRENIEN S BRI Twie, B
O E T AR OMMIFE AL 2Ww—77T, il
BT OB IR REOH SR Y L <kic R - T
W5, ZOMROEBRIOFHEBETIZEo D kﬁﬁ
NTET, BFEMELNVORSEE LS. KI5
Bw, 15%%7’)‘——/§0)Zkﬁ‘7?Liﬁ?ﬁ‘ﬁ%?ﬁﬁ§%%§§1hﬁﬂjz
R#VED Paulinella chromatophora & Paulinella micropora
LB DR EMRZ ML TE 2. AREHWFEIC L -
T, WM TR, BERA VA A TS

AN E R

K1 Paulinella indentata DRk
A GBS O ICEROKE (KH) &,

Mlas (FRE) 7 5o iR T s Rl (%

¥) APl s

scale bar: 20 4m

B. EAMTE T BEMEEIR. AE ) O FEBIR 2 BUR o 8
HBIEE S N7z, scale bar: 2um

WCELHEALZHS DT D7OICEELRTR0D 21472
EE2A.

ZZT, WICYE3#HEZHWT, JLERNA Y —7 ~

(2 & BB S B AR T OB ITE T L. S
3B N BRI IR IR, MR I
ZBIENRVID, HAIBRNA Y =7 Y AL L 5H
(BT RBBTPLETH D EE R £2T, £33k
Wb T = R—A%WET 5720, total RNA % il
IMLURNA Y — 7 v AN 24T o 72, Blast REIZ XD
18S rRNA R T-HA 2 NE L, ERELHHRT A —/3D
By & & SICRIMIGNT 24T o 72k R, P. indentata H R
OERHDPBAFTETWDLZ L 2R Lz kic, Bl
RNA ¥ =7 Y A %479 B, MWHgda dOfFRT A —
N B RNAZHIET 5720, HWoMEEZ< A 7 0¥
Ay MEIC X ) FUEEEA O A o 7o MRS N Y 7 7 —
WCHBEEL, MAZEICX 8L 8T ICHdze— T
Oy 7k ZR%E 3D K L7z SR SMART-seq2
BT & Y BEIE L 72 cDNA % %€ PCR THERR L 72 L 2 5,
HEEL 72 11 3XT 2 5 RNA Ol B X U cDNA ©
WA TETWD Z LW bho72. cDNA OBEIEDHERE
TEZH YT NICDOVWT Y —F Y AR AT o 72468, 34
STNDYE2H Y TNVTHRIIZY = Y A% TH) 2 &
WT &7 Sk, MLV Paulinella & OFSBILK %
ToTWEW,

g RS AW BRI seRl, B P RFMSE  E-mail: mami_nomura_4p@sci.kj.yamagata-u.ac.jp

- 175 —



2019 4 B4 Fr e B o Wk 78 el

B - 2019 4 4 H ~ 2022 4 3 ]



IFO Res.Commun. 36
2022

SH % b 725 FIREVERRBE O MO 4 R 7 R
BAAERR O Z AT & A ¥ 7V & o B sy AT

[BEY] A 1IHE i ic BT, BE IS R oK
AR LR R S < TBE] g, FKEREIC
WIS L 7ot 38 OKF 3 3B KFTT NV — 2 2N
FTAHILIZE-oTHRITHIZFEIENS., BERITIIKE
BT TR, EEREEO ALYy N, WHE
RN TYVThEDRALNLD, KEEZEELRLT
L EPMHPTEHEINTVELEZLN TS, EEhD
BB R FHIREEENC B 2 A RITAEYFIIIEE IR
W<, T/, BHRIIEWR TR R ARE R L L FRKIC
AR B HORR A L Tw b & v ) TEOHFEIC X
D, KEHEIIEHEEDOTVD. BEF Y TVOT V7
V3 UIETIE S BB EOIFAEZ RIR L T B 2%, <
DFEKIZIFZEAEGFDP> TR, Z 2 TARIETIE,
REBEOML Helk & Rz & RWICRHT 52 &2 H
e L, FEkL R EoIVFry—aL s e
UHRA T HEEN, BICEANY TSV oRET R
FHWT, HEEEITAEME. LR E 5 TR E A L
TR L NV ORI R E T 2 FE L 7.

[FE] S (4 A ~6 A 1) I VH L (B #&%
W), Al (ogl), RlEE AR (FBRA), BXo
M (EIR) CBWTREL RS Y T uhb, U
Ny MRS W OKE B OB SR 2 T L7z
AT OB R T 55 4 )V 2 DR KIC &
DERTE Lol iz, ENNOIVF Y —aL s
T a v OKREREORFEGEZEREBEAL, HEBIZREMR
Wi & Rt L7z, B4 & 7V B RE R 5T,
B W5 =140 1 10h, St F U 35-90umol m* s
DZATHRAF S L7z DNAIY, EHER S 0 > — 7 » X,
B L O TR AR 1& Matsuzaki ef al. @ T2 & [k
FEhii sz,

[(FR - EZR] PHEOFELFENEHTHLiFEs7 00
€+ A& (Chloromonas) D¥iaEMk % HARDFEHE W » 7 v
oK 60 REEL L, ENSNDOANVF Y —aL s gy
POMALZHAR, Jok, Jbluk, X OEmE ORI
AT 10k & & DI TR Z 1T -7z, ZORR,
BOHBRAEPWHS L ol BELVLETDSR
KD AR TE 2 B S NI e SEH 2 I3 T
T2 %o 1275, Chloromonas sp. NIES R ABIFE (H ARE),
B & U Chloromonas cf. granulata CCCryo 281-06 # (B
P ) (3 SR FSM N & k2Rl o LR RE AT, 3B N4

AN w

T ORI S, ThETREBPHTHLLEZ LN
7o, 7z, KEW I vOEF ABIIB W CTERIICAHNE
A FE L CTHRET 2R S5 2 L1 C tughillensis
TLRRII LT hholeds, FEOWR &R =%
O XY, HC3SHCTHMEAEMZFEL CHEET
PR ESEDL LRI Lz ST RE LB YT
W OBET LR LR, SEkilskoRe T o1
BlX, RIRTIEL SN0 LA TH D I LAVRE S
nz:.

BT, HAZEGIPEERES -2 2 TORSE R
i h) Uy S T 72K A Chionaster nivalis
Do TN & it U 72, ARG A<, MR A
N5 3-5D%ICEL ) RBMOBRE LS (K1), Ml
PETHLZ EDLINAEROBFD L IR L &
NTELN, BRI 77 0mEiER <, BUL
O FFIIEIZFLER D S 100 EELL > TH AW 2 F
F72o572. REOGEEREIRIE L h o728, Fx U
TV —EXRy M HWTHARERST T urbARMHE
[A% T & HMlfa % 200 DL L - e L, ER o5 5l
HML7ZDNAZ w3 2T, AfnY KRV —2DNA
DR T — 7 %155 2 LRI L7z, 50T BT Of
B, AHITHTEMAET A28, BLXONTF 7L
PPICHN. L 72 %% % 7 3 Bartheletia paradoxa (73 )V 7
L7 4 7Hl) OWiRRETH L LWL N LR o7
(M1). ¥£72, GenBank IZ&$kSNTWIzEEDOT 7
VO RN — 8 2R LA R, deEsko g ot
P2 TR <, 2N FE TC nivalis DRG0 o 72 F ik
PO LARMD LD LEZ SNLEANHHB S, Ko
RIS AT T T =8 o b LR N

INSHTHE
THFOSTH
>OF055%
Chionaster nivalis
Bartheletia paradoxa ()\L5 L5 774fi)

DL 7
—— sl H £ 4> H6P9
il © ORF>/3EFY

K1 HFRMICBT S Chionaster nivalis DAL IE

EL&S\

g SRS R EREER, Bl BRI Se AT A W 2 B3I E-mail: matsuzaki.ryo@nies.go.jp
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DEHE OB 2 WTRE & 9 S TRIEAL 16S £ & 77/ L ENTEE DB JE

[B89] HER EOZMLROME I, THME#E] v HE
MR L, BB A SICE R 4
ZRAEY. SR OMIEEMRTIE, MES/ Ao 16S
rDNA P4l % PCREIR L, &KHALS —4 » 9 — (NGS)
TENTS % 16S X 5 7 DWENT 3 —HICH W ST 5.
RFEFEOMMREIRAY — F UL 100 — FREETH 5
728, BN BIBICAAAET 5 10%/g %88 2 % HH o —
WERESML, WHETPOESEMIZT + — 7 A LT
LOHZATTO—FLLTIWANABITHL. Z0
—0, AR DS AR RIAT T3
BEHE SN T 5, RIFZEIE, Wiz X 0 iE<IEMIC
BB R, MRS E RS HH16S X 5 77 A
f#HT F- 2 DRIP (Deeper Resolution using an Inhibitory
Primer) OF%ZHMNETL2LDTH 5.

[/7%] DRIP T, 3470 NGSWHN Tz X— 212,
AT I VERBERE CEERBET 7Y a v w2
LT, HAMHROT 7)) 3y OBRMBEEE LA-S¢
5. WENE TV & U T Bifidobacterium W3 & 7 5 3,
RO VIR 35 DFFAT 2 Fhts L 72,

%3, Bifidobacterium J&ME O 16S rDNA FF 5L 1Y 72 i
Wl ¥Eo, e F U fPiE Y7 4~ —% %t L7
Mock (14 WHIKGELY 2 2 DRE) B X OFLIEEH R
DNA%7 > 7L — & L TV3-V4HIZ BT 5 1st
PCR %, %4 (Control) & ARHET S A <—iRN
%fF (DRIP) THro7z. TEY YT L F VN
Bifidobacterium JE KT > 7)) 3 ¥ D I & BV 721%,
Miseq AT N—a2 = F ¥ 7F & F5 4~ =% i
2nd PCR #4175 72. Miseq platform (2% %, NGS fi##7,
QIME2 # HIWTZ 5 A% ) ¥ 7 L 3HGH, R TH
FHENT 24T 5 72,

WM BB & OF Faecalibacterium prausnitzii @ rRNA
EIETEIE, FRENZo A=Y OVEH] B B 3R R
BiH 7 5 4 < — %7z qPCRIC & D llE L7z
[#£5R - £2] Mock & MW 7= FiME Tk, BRI 5
T& % Bifidobacterium & 3 T OFAELLAWA L (19.0%
—23%), BESY =7y MERIIZT T areiE
WHETH D Z LAUREI NIz,

N ADFLREMERSY ) 222V TH AKRD T
f#MT L7 & 2 A, Bifidobacterium J{ DT 7)) 3 v —
FYANYT Y (ASV) HRIEICRA L (K1),
ZhUCHEv, AL DRIPIC X Y 6 ZLJE TN, 4

® P

R

FLIBTWHA L7z KRB THR S 100
&, DRIPTH 7ZICHB L 72D
X 78 (FpYfit) THo 7 F
JC D Bifidobacterium & L3 H3%
W (T & DRIP T o 1A% 88 m
NEL BBEITH Y, BRI p
N7z Bifidobacterium &7 ¥ 7 V)
O VAR AR ST b I %gﬂ/’:@um
EEILNL ZOLE, %g: ;l:?eﬁocatenu/afum
Control & DRIP [ ® Bray-Curtis
IEFDARELZ 0.049 LIKMETH 5
ZEns, By =7y U
DB R % P o 724G R S
NTW5E I EMMERI NIz 72, DRIPIZ X Y #Hi7zi
M ENZHHEDO O L DOTH 5 E prausnitzii % —PHIZ,
MGS % % 7 7 2T & qPCRENZNIZ L o THI S
N-EBEZLBR L. 205, PCRERE praus-
nitzii W 803, Control (NGS) L IZMHBEA L TwWidr o7z
A (r=-0.158, p=0.64), DRIP (NGS) &I IEHBE L T
W7z (r=0.987, p=1.8x10") (X 2). itk D J kT,
VWO
2w PE K v
B E-
Rz hCT&
7= %%, DRIP
EE A RV
WEETH LT
& & ORI
LTwW5.
kXD,
DRIP (& Z v F THOH SR B AR R LM 72 8 = IS HE D S
HEENTERAGVRREC T + — 5 A L7250 & J28i]
BECHDHILARENT. RTEOEELRERE (D
PERDNGS 2 5 77 2t 70— (FERMFE, B
V7 by xT) OMTERMITRETHSZ &, (2) DRIP
THONTEHRIE, RO FILEEMAGDES, ¢
bbby =7y MNERETOREHERE {2 L
THOT [EOMBH] ISESTHIE0TEL LN
2 THhAH. Stk HAMM TR S N-HE (FRRES)
DT A 2 LT, BRI ERICIRA IS I NS
CEENET .

Relative abundance (%)

DRIP

Q
-]
=
g

BT FL 3 A ok
T AT BIT
% DRIP 3 %

o=

0.000 0.001 0.002 0.003 0.004 0.028 0.029
qPCR (%)

2 F prausnitzii 7 EGHE RS R LB

g R RS KR R 2ERE  E-mail: aina.g1985@gmail.com
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BRI S 287 BT X v 7 ) — BB O T

(B8] 79 2BMWRIE, AL V) NY T ERFED0
PO EIRN Z T W E WS HE AR, I, & o8

BH50% U EEEDBEZTANY TEBIKT S, 75
LEMROIMES 7 HiE, 1FEAEETHpNLIL
Ry VT CTHh D, 5L IV OBIE R S AKE RS T
EHMEANDHLAAR (T2 T —) 2T TW5HDD,
BAM &5k TH 5. BAM EAEIE, FHEOFTHHRILE »
VBEPOBAIMLERENTH L. KR TIL,
BAM &kl $ 2 % 828 (BBE) oMEEH
Wi e LSRR ook E LT,
BAM B A RA5E#% T 2 iy o g HIg L 72,

[FiE] ©BAM B A KD T 2 L EORH 2 g5
72012, FEEMAALLZRTFFIATI5) =%
WA R EERE TR o 72, BRI, KIBH TR
LLWHMNE Y V82 THAHOmpCEEFIVIE &L
INLEITHRETOOXRTFFELTABKLE. Th
5 2 HBINZ, T4 DSBS L 72 in vitro PG SL 98GR T EMM
TrEry7T)—=TveA ] IZHRML, BAM#BEAEEKEAL
12Ty T =0 E ], EMM 717 —
7 v A1%, KBEHOEILERE S (E. coli Microsomal
Membrane: EMM) (2GS ET X L7238 5 v 28
EHREMTHIET, VA AT 7LD TR T
) —ZBITELTETH .

@ 7 FNVEBGITE T E N 2 72 OmpC % KIGWN T
BBL, 207+t 7 —% BN-PAGE T L7z, %
7o, MIWEEMA A DLV ASMTREL, /N 7Ok
M2 7
[#ER - £%=] OmpCR7F FLOEAHEICH VS
i, BRI RIS o#E S 282 B EspP &)1
W7z, EspPid, BAM &k x4 L CTOMEIC T 2 v 7)) —
INLLHCUM AR Lo TEMMK T3 5. YK
(m) OEPHLRTF FOHENFELE AFL 72, Z0
#ig, 4,10,17,18,21, 23 FHONXTF K EspP O T
T —ZMELL (K1A). 23FH MDY 7+
VWThHDBLLYTFNVEELHEETHY, Ty A DIEL
CBEAMHEZTFMTETWAS I L ZMERATE 2. HED
BERRKEDN 7218, 21 Fld, BHIAT23FH LML T
BY, FVHEEETRA NS Y FOBMAE LT
Hotr (1B, C). Thbb, FEOHE - BHDHE
BEHNTWD Z LD S I o 72, BRI S
ZD18F 21 FDONRTF FHEHBIZIZT Yy 7 ) —ICWE

oW H oW

h D 2 4 6 8 10 12 14 16 18 20 22 24

D24681012141618202224
B

18 ONBEAVAQHSEDFGLRPS
21 ATYYFNKNUSTYVDEEGEN /
23 INTDNIGALGLVESH

1 A ERTF FICL 2 BAEHEESESR. B ARIHE
R7F FoEHI L, S, C HERTF FEH
THRALT Y PO BalkEmiEeheh
[l UL % 7R

YT FIVELTHRIELTWLZ ENHLNI R 7.
WIZ, TNHDY T F VD in vivo TT Y7 —IZ
EDOXIHITEE LTI adiRs-0, KR TY 7
FNERLKERB L7, 7 FIVEBTEELRBLEE L
T, Phe280 & Tyr286 3 5. T &M, b L<IF
MHRRCT = VICER L2 2 A, ZHERKILT

7)) —EMET LA (K2A). RIZ, Y7 FN
BRARTEHDS, MRS TEEREICH 2 BB 2 N5

oo, MO G MHEHR], Nra<x (3 » (VCN)
ZRMLUCTAETZLE L. VONIZ, SFRERIKEL
ﬁﬁu%ﬁ%@ﬁféfiﬁ%miL&wﬁ AR O L
BT T2 LB TE 2. ZEERERE LM
T, VCN L:ﬂ‘f%li’?%ﬁﬁi@bﬂL“Clz\f:(IZB). e~
i, WIS, WY 7 F N oERAKDS, BAM#
ERTHEZ->TLE)IELERBLTWS. T4bb,
By 7y, ATy T —2FEBL, RED
eI e T, MWMEONY TIBICEE 2 REH %
HoTwaZEEzWHLMI LI

A
&S <
§%&@@ il

| OB [T
(kDa) u ]Dimef

230

4.0

2.0
Time (hr)

K2 A invivo COHBI 7 FNVOERMEKDOT LY T)—D
BN-PAGE TOti#k. B. ¥ 7 FIVERMAK%E VON fE1E
TCHFERLZBOEFLE. FY I3 ZEARKZRT

FiE HWIEKFE Fx )T AT A MEERE =27 b5 v 7S JSTAIZE  E-mail: takuya.shio@cc.miyazaki-u.ac.jp
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EBMAEY RO Ve 2T 4 7 ADOBYRIZ T 7>
TEVERI B BEEE O DNA A F IVAAE i 0D 4 %5 48 5t 1 IR bT

[BH9] MR N, —ASDNAY A VA, b
7 EOBEMAEY & RS, EIRNTS 2 4 DNA XL
BHIATEE L EAMONTEY, EFAICEE L%
H2H) EEZSNTWD., ZO70MAEN O LA RE
MRS L LT, 7 AR MEETRERE HDETT
Y7 AERE IS L ZOMEEEZH L NI LTV T L
WBEETHL. Lo Led s DNALFEH % Bl 5
Bz L Soolc, Y7 A0z —
WOSEER BRI O NTB Y, o K055 HiRs 2k
hE Xy, BETOMEMREOREE L L RREER
MAHFFOLE S ) JZOWTIIMEDHEA TV, K
WFETIERA &7 AENTE Y 7 ) N 2 A bE
2 TAZ TS LMENT] VIR 5 IR 2 Tk % F)
ML, REERHEAEL T 2R 25, MW
HHHED DNA LG 2 KB AT L7z (1),
BKAHBIILE—

PREYIDNAD T L= R

acBio
Y—FERALT
DNAfES 4586
EHE

FILTEYTY (=027 IE’T/.L\ﬁe’Hﬁ
:=;j;;:;}’?\/K—)} #\*\‘) ..............
L == (J(‘ ﬁ#(*

DNA{LZ{E 8 DI \
» ,\:-}wb& :

SN

1 x5 ¥r ) NEFTOME. W& LT, Togo
Picture Gallery (© 2016 DBCLS TogoTV) % Fil ]

(5] 201942 9 ., EEERITZE BH 56 A 0 1 L JuRT 72
it T2 ] 2 v CrE A BitE 50km O 5

KERKE 74 V7 =% 21TV, EE5m 2 HiRE
300m 2 5 4 BOREMZF 2 RIL 72, Z 0K %
#5012, PacBio Sequel, Nanopore GridION, Illumina
MiSeq D 3D Y — 7 v —% iz ay b TV
V= VARSI, BT -5 AL FLTEME
DNA T A T+ T 4 7 AMENT A S 233 DFEBAY O

S S

K57 877 4 (P-MAG) & 163 O 748 DNA 7 1 IV A
DFF7 M7 A (V-MAG) ZHU% L, PacBio®V) — F
ZRHLTINS T/ 4 Eo DNALEIBEH OB & 15
fi€TF—7DOFME T 72, X 51 DNALAIGHRE R
BIEFE2REL, ©F— 7 LR OMNISRE PR L7
FRICHBMES B E PSR ICOWTIE, AT#
RFEERIGH %2 AW/ BigR e, HIRERZ H
W F =T DT v A R0 s, BREEOWH %
WoE L7z,

[#ER - =] EWTr ) 2 E»5, HHOLOEESL
CELEN220 DS M BMITF — 7 2 W L7z BBREGE
WZ B, RBEMICELWTY ) A TORECE LD T
Y7 Ao HUE, RV RHENTH
JEIHEM L7 ¥ 7 ) A x Fio R, DNAALA= IS
PELMBI NG WREHZE, STSFEL1NF -8
g hsz. ORI, SEYRKREICBYTZY
’7“/ ADFFOBEDER L 5 TBY, TEF ) A EAE

LB V7 L TR e FHEEL5DTH S,

(/’t IZDNA X F WALIBHIZHEH LTI L7z & 2 5,
71276 ® DNA * 7 VALEE#E (MTase) #ZFA3FH &
N7z, Z2LTRBE % A7z in vivo DEERR, 5-HER
WL Z-BEFE R T2 dn vitro DEEBRR E S, 500
BEF— 72 MERMICERTIHELED, ft11o
MTase [ & HrBACHE L 72,

EHITHFERICIR D AT A AEM R TH 5
Alphaproteobacteria #1275 H LC X Y #:fll 72 7 A fBbT
it 25, oKk TIRENDE T TDNA X
FIULEEORBRET — 7 HELL, ZOEIIHDbE
T AEBROEMI Ny — B LTwb T L%
RiiL72. SO &Gz ¥r /s absr ) Ansdt#fbL <
EZ L ERET L, BIREVWERTHS.

AIFZEILE H £ TR L ST b o 22
Wit « A NVZEDFEO LY T 2 RBUBIZRNT L
% M7 A D DNAAL A€ T — 7 OAFAEZ W & 7212
L7z e dic, ¥7 7 AMNEMEY O LRI
R B e 52 TWAMRELEEZ R LZPORETH
b, Gtk RIBHEREY R RBREE 2 & OWRIA W EE Y
X RAIENT 2 T LA 2 R AERATW 2 E T, M
EPFEOTES ) ANOHENEE 5 2 E B SN
%. (Hiraoka et al., Nucleic Acids Research., 2022)

g ECETZE B SRR AR RE R0 E-mail: hiraokas@jamstec.go.jp
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W EPERAARIC X 218 B RO PE - LS O]

(B8] T35 5 W Fusarium oxysporum %, 100 FE DLk
OREPIHR L CTHREEEZRTOOO, WHRICE > THEE
MR D720, FRMRITE BRI IO W THEENC X
MWENL, W OhDGLEID S, FEFITHLETR VDS
WIEPE LB R Getutk ORIEEGEk) AEE s, W
G A e IS5 8 EX 6N TwD. L
MLRAS, FREER RIS 5 15 R e s 71
FrgshTwawv, RIFFE TR, a4 XF X F I35
xR TH 5 F ¥ XY EEIRE (F oxysporum f.
sp. conglutinans) Cong:1-1 D JRJE LGk, B X U1
FREBET OREE RAT.

[FiE] Cong:1-184Ekk (WT) HSEHE NN 7
u~ A > v Btk SIX4 Wik (ASIX4) 2, #isE%R
TERHERI N ) I VAR WIS 5 & & Yk 2
%, N raxA Ty BERZEREERL, RS
AR IR bR & L7z, R gt R e etk o 7/
LAY = VARV, HONZ)—=FEWTOF J A1
Ry ¥y rL, BELA ) AR RE L. REE
Yt RISk O R 2 AT 572012, Y uA X
FXF Col-0OWT B L, 777 HRAWEEAD M) 7
b7 7 ¥ HERDEARB Y % AT & %\ cyp79b2/b3
TS FARICERE U7 R IR et AR e S Rl AR S R
L7277 M DT 7 x 7 & —FhE s T OFH & T
RE B2, Y uA R F X F RGO T BRAT
BAio7z. JERL7T ) AEICERT LT 2 7 —
FEHEETORD S, ERERICEEH LEET 2, K
JEUPE Gt A2 S iR L DB LR IR E AR 3 % il A
L7-.

(8 - £R] ASIXZICR I VEWHL, N[ rua~v
13 v BESZMMRHSS 21572 HSS D&Y ) Ly —7r v
AT, B5N) —FE2WTOF ) LIy EV Y
L7282 A, W OPDF ) NEESELE L TnDE I &
ZRER L 7. HSS OFEMEA FAT 572012, Yu g x
FRAFERCTEEAB LT o 72, ZOME, HS5D ¥
O A XF ZXF IR BmEEE, BbkE L TIKT L
72 (K1a). —HT, cyp79b2/b3 —HE A% VT
R 21T 5728 25, HS5 I3 IETEZ R L7z (K 1Db).
INLDOHRNLS, HSS WK o 7247 7 A FH I 1L
CYP79B2/B3 MK AF 1Y 7 S PO W22 7 AR T AAFAE
TAHIEDWRBEINT., HSEH Ko 727 7 LS
WEMERIE TR B ET 572010, Y a A X+ X F G

fif; Il i
a Col-0WT
g 10 - SERE
@ 80 -
g o K
% 40 P
® g0 -1

0
WT ASIX4 HS5  BRHiIK

b ap79b23

S 100 S
& 0 .4
g & K
% 40 P
R 20 I

0 0

WT ASIX4 HSS WK

K1 aAXFXFIR % HSS O JEM:

DT YAZYT b= AR EAIT, HSS Ko 727/
LM ETCEBEBT 2007 2 7 ¥ —EMEET %
R L7z 2202722 % —BEHEETOIBD1D
b MR B B EL D & [l g S 7z SIXS DI E)
BIEFTholz, b —HoMfsTF iRz T (PSE]
&%) THY, Cong:l-1 D7 7 ALY F T SIXS
ONEIfE L (K2a). 22T, WiEfzd % HSS
23 A L 72 dndfe ik HS5+SIX8-PSET Z#EH L7z, 24
HIWHEEAE Y u A XF A FICEML-E 2 A, v
A RFZXFIZ LCREREZR LA (K2b). SIX8
721& PSE1 WA 0 A Tld, HS5 O L5 L
Lhotz (K2b). PEXD, FxXYEEHREOMEE
PeEIZIE, SIX8 B X UFPSE1IC & %, CYP79B2/B3 %
WL EREOWEE LT L 2 LAVRE S 7.

a SIX8 PSEI
< >
—
500 bp
b Col-owT
g 100 . SR
o 80 I
2 6 K]
% 40 .
) Ct
0 0
~ 0 ~ Pt
HS5 %4 a« ?j WK
¥ & ¥
£ g 9
5 T
g T
P
w2
o]

2 SIX8-PSEI A X % HS5 D JEMEND 28

FrlE BT B G R 28 £ ~ # —  E-mail: yu.ayukawa@riken.jp
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KW OIVEEE B 5 2Bt ¥ ~ 737 B BepA @

2 gal‘»ﬁ% *

(B8] 77 2BEPEME O IE, PUEWE R F W’
S B B iR U CHI AR AR R R
. KW O BepA i, FHEAEREAERFICBI S35 2 #E6E
o7asr7—€Thh, EFICLHEOIES v 378
LptD ® 537207 TR K AME~ND 7 & > 7)) — 12§ <.
LptD &, #MICH X 72) REPEOHMAMRIIE D 5 K
FTdH 5. BepAZIME ¥ o 7% 7 B O kA A2 BAM
AT, B#GE Lo LptD EAHEAER L, @
STY xR0 UERBEREIC X ) LptD l#L (74—
TFAYTETR T =) BRET D —HT, BELE
FCER L2 5% 7 LptD B BRI 07 - k3%
(K1), L22L7%2%%, BepA2SIEH % LptDc‘::'E‘m‘t;:
LptD O ZNnZNE2 iR L, #EH T HHHIEH S 0T
v, AT, F05 ‘%*ﬂ%ﬁ%@ﬁiﬁﬂ%ﬁﬂﬁt?é

s BAMEBE& & BRI ptD
i PRLRE
BepA
4 \\\i

LptD SR s

ﬁ%&‘sqﬂﬁ‘aﬁﬁk ./\, ,:.,:,:.,1\
RUFSZL 4
B | |
fmAE -

NAAAL FTELPD
B1 LptD it & 5% 121 < BepA 707 7 —¥

[5i&] BepAiC & % LptD ORI - RIS BIT %
FERH - BINCIE, FoTu T 7 — iR A A
BG4 5 2 EAUREBENSL. —75, BepA ki TlZ,
C OFEUTEE I T ATICECE LN TE ), £H%
T AICIEER SN LILENH . F72, LptDIX
BepA £ D) & K& B e #hii % 5 72, BepA ik
PLCHR SN BRI, omiczh e d®es [
i | #WS LM SN S, FNSEKRFIEL, BepA
DI AR, BIUGICHE 2 2 Rk &8 B %
ST T B0, in vivo SCEAEIRNT 2 O & L 72
iz & 0 ML T BepA & LptD i RIAK o #H H.1E
R ZE 7 3 WL OV O RG22 43 TR B CIRAT L 72,
[#ER - E2] HKWIZ, BepA® LptD kb o [ E %

BRI BEHE DI

OB K

AA7z. BepA D7 0T 7 — CIHEIRALLEE O 55T N ED
121%, edge-strand & IFIE N % P47 & L7z -strand FEIB
BdhbH, ZOEMIHER LEREIICLY, oM
A3 LptD D fF720F T < BB b TmE 2k H %
Ricgoeaz /ML AT, BEEHEIICLY, 2
DFIEA LptD EHEM AT A2 2R L. Th
5Dk HED 5, BepA ? edge-strand A% LptD 3R 1Z &
WRHERT RSN

¥ 72, BepA &L MHIEAEH 3 % B LptD K #AHF B A
WG IRBEZ W] & 2§ B 72012, LptD &5l w4 &
L 7R 2 GG TR IT 2 1T % o 72, 2 OFKER, LptD
D RISV R AL 2D N RKIHMFIEIC BepA OB
WEPLTWE I E, ZO—#75BepA @ edge-strand
CEBEMEERT AL E2RM L7 FE LA LptD®
BepA M HAERESA. 2, B O LptD /3 LIV
Ry TTHE, FRSIEI AL VHEEONM, SO
WZIWT W22 Eh 5, BepA EHHEAFEMHTAEICIE
ZOLI) BEKEELTER L TRV EHEN SN,

E 50T, FEH 2 ZRAG IEAT 20 ©, LptD B4 R 4 A3
BepA & HIEAEH T 5 L FIEIZ, gLV EX AL D C
KU FEIE A BAM 84k 0 JE B ZRAk I B b B R IR R F
BamA, BamD E MHEAEHTAHZ L EZRLI. ZOFEE
1%, BepA 2SBAM A K ETHNBEICHARENTW S
7% .o LptD Be b Rk L BRI 35 2 & &5 R
T2 (M2). 20X I2BepA D WMEIZHLARZ Lo
LptD W IR E AHEAER 5 2 & T, LptD 3 PARED
BRI @ L 2o IR s e b S, ZoffRe LT
BepA 1 LptD O b2 RAEL TV 205 d Litk v,
7, TORXT v 7 TBAM#EHAK IR L
LptD i3 BepAlZ X ) 53 - e a3 b LEZ 5N 5.

@ms  BAMEALE

ﬁﬁ%"intD

ShiE

RYTSZ L
Bep

..0
®9
N C
LptDAE B R4
X2 BepA & LptD i BIKO AR €7V

75 RAGu R FHA K BER 4 Seun BBt 788 E-mail: m.ryoji@bs.naist.kp
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DPANN #IZB$ A0 7 — F 7 O AR o 3 1

[BEY] 4, B2 N SRV A Y7 ) 5 DNAFKTIC X
), DPANN #: & IHEN B KD T —F 755, KEH» S
B OKRNE T, WO TS HRERETCERLT S
RS E 572, DPANN#E, #EkEo7—F7
SHRMEOR LG % HO L EWMBETH Y, AL D
WRFZFFOT7T —F T THDLIEIREENTND. K
KO, MBI 07 2HFEFITAE L, et
WD LL L OBIET 2RV ETH S (F: TCA
] / S S /RE T A 70 &) . 2 D728 DPANN 7—F 713,
AR (1 32) OACHHARAE Ly 2 M7 —
F7REEZLNTWS., F72, DPANN 7 —F 71315
FOMEE) - CHIREE 52 5 2 & TAEYHERLER Y
BHBRICD K E S HFLG T WREEARB SR TW 5. D
Loz &k, DPANNT7 —F 7 OAEMAERTHFT S 2
LS, HMERBBLCOMAEERR, Aok, B
AT I ERA L G B % BRAR S 5 B CER R TR
ThHhHIEHRLTWAS. LiL, BRI L
BTz, REEOAEMARIZIZEAERNTHS.
LB, ABCRTA2HHT7 %7 (ARM-14) %,
— DG+ (Metallosphaera sp. AS-7#k) & LIk #E$ 5
C EITHI Lz, ARBEZETIE, ARM-1 ¥k o> 3L 2R B % B
[R5 %720, RO { BIREAEE DML, AOREH
SRS, BT ML, RO AT 2 L 7.
[BiE] 463 Metallosphaera sp. AS-7 ¥k & DI TICH
'} % ARM-1 FR o B 545t (AFIRE - pH #iPH, HEIR
FURYE, ARO75EMEAR L) 2@ EPCRIEICE D IS 2
W U7z R30S 4l L 72 DNA % Illumina MiSeq
BLUPacBio RSII ¥ — 7 o H—2fftL, Y3y b#
VHE )NV Iy S E L. EIREC
7 — % % Unicycler 2 & © 7 & > 71V £, PROKKA,
DFAST, J2O'RAST % v CEIZFIH MR %5 L 7-.
LR TSI T X ARM-1 RO R3S & e L 7=,
HOGSAM SIS, E A R OGEATE T MR BT &
D, ARM-1ROMBLIEELZ O 2235 L3, HE
& O EAEHIC O W TR L 72

[#E R - E%=] ARM-1 ko EFEERIE 50-75C, &
BHpHHPHIZ 1.5-45Th o7z, ABRIGRFER L LTH
BIFZ, XSy, MYT MY, AFI M, Sva—
A, FREA 70— A% GUAER, TIXEERDO
b O IS TEHER S W BESE 2 N 2 7 AR T L B L
7z. ARM-1 ¥k G316 E Ot IC BN TR L,

(I S L

% Ot M EOWHELEIET 5 & ARM-1 B D Bi5H
fEIEL72. SOZ &L, IEFRICHH L T A EA
AARM-1 R OBGHIZEETH S Z & 2RI L TW
. MR EER L RERRICB T A1 Lo & kS
%L, EEERTIEFEMAIAOEL, RKIREED
#2501 L% o7 ARM-1 ¥k 814,439bp D7/ L%
KL, 5847 TCA Ik & F¢>— ) THHR/MERAE, B
/7 I /B/EY IV OEERICEDLLE L OEET
BRI TV, 20720 ARM-18RIZ, 215 RH
FRHEIEA LTI LTWA 2 5Nz HOBEAM
BRSO KE S, ARM-1 FRIZ 1B 0.5 m 2 i o0 R /Nl
ZFEH, B 1-2um OfE EAE & PRI X S .
B34 { O ARM-1 A8 IS ER v T
We—5T (K1), BEMICIZZ < O ARM-1ME23 s
TSR TV D2 EHh 5 ARM-1 I, 45T
FIZER D AP VTV B BRI RAER 2 ) B L, B45l
B3 MR A S EEN D AGBR 2 FO 2 LAVRIE S
7o, BTHEMEBILOMKER, ARM-1 K & 16 3 oM g i
WCHEAEIRE S SRR S e (K1), Z oREEW % FIH
L CWEDRZEITT> T A WHREAVRIE S Wz F 72,
AT VLRV 7V (MV) HROREEY RSNz
(1), HFBIFMIET —F 7 HEET 2 MVIZIES v 8
JERDNANEENTEY, EF - RFKE L5
HAIRE SN TWD, ZD720, 20O MV GG DS,
7 WE BE S2RKE KORRZFREFOMEELE %o
TWBHRMEAIRIB S Nz, AIFFEIZX ), ARM-1 8
ORI R T 2 FMBEAREECTH D 2 L,
ARM-1 ¥R IS FRAE R /B A2, ROKERE/ 7 3 /% 3
YOEEREBEICEIE L TWA 2 &, ML 2
AN TWEORZZIT> TVAT NN H B L, MV
MetlsmAsT 3 7 B, B, SR, RORZFEFEOM
FRR & 2o TV AT REMED D 5 & & AR S L7z,

ARM:1#

BI1 ARM-1HROETFHEMEEETE. A AT T 4 7 4Auik,
B: BRI MV: A V7L RS 7 VR ED.

il AR B T 24280 3L AI175 P T448  E-mail: shiroyuki@soka.ac.jp
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