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Complete genomic, comparative genomic and post-genomic analysis of lactic acid bacteria
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Abstract. We attempted to determine the complete genome sequences of Lactobacillus reuteri JCM1112
(type strain) and Lactobacillus fermentum IFO3956. Production of antibacterial substances and adhesion
factors for attachment to human intestinal cells largely influences contributed to the probiotic effects of lactic
acid bacteria on the physiology. L. reuteri is known to produce a non-peptidic antibacterial substance, reuterin.
Different from unlike bacteriocins, reuterin shows has an the antimicrobial activity against not only Gram-
positive bacteria but also Gram-negative bacteria, yeasts, fungi and protozoans. An operon in L. reuteri
JCM1112 was found to encode the reuterin production system, whereas no orthologous counterpart was found
in L. fermentum 1IFO3956. We analyzed a group set of genes involved in the reuterin synthesis in L. reuteri
JCM1112, and found that the pdu cluster contained a class of genes responsible for polyhedral organelle
formation, which were not present in the dha regulon, but lacked structural genes with the domain structure
common to the NADH: flavin oxidoreductase/NADH oxidase family. In other bacteria that possess the dha
regulon, the expressions of glycerol dehydratase and 1,3-propanediol dehydrogenase are subjected to
synchronous transcriptional regulation to prevent the excessive production of cytotoxic reuterin. L. reuteri was
shown to have a different regulatory system. Glycerol dehydrogenase conserved in L. reuteri might contribute
to the maintenance of the intracellular oxidation-reduction balance when 1,3-propanediol dehydrogenase is
being expressed. The pdu cluster of L. reuteri contained the structural genes homologous to propanol
dehydrogenase (pduQ), propionaldehyde dehydrogenase (pduP) and propionate kinase (PduW) of S.
typhimurium. This indicates that L. reuteri possesses an oxidation pathway to produce 3-hydroxypropionic acid
from glycerol as well as a reduction pathway from glycerol to 1,3-propanediol via reuterin.
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A group of structural genes highly homologous to the genes involved in the biosynthesis of
adenosylcobalamin (AdoCbl), a coenzyme of dehydratase was found in the downstream of the pdu cluster of L.
reuteri. This is the first discovery for of the genes for the presence of AdoCbl biosynthesis in lactic acid
bacteria. The hemABCL, cobACD and cysG genes were all found within the cob/chi cluster in L. reuteri, while
they are distantly located at different genomic loci in other bacterial species. The G+C content of the cob/cbi
cluster, as well as the pdu cluster, was markedly lower than that of the other regions, which suggests that the
gene cluster might have been acquired from other organisms through horizontal transmission. Thus, L. reuteri
is able to transcribe almost all enzymes essential for the biosynthesis of AdoCbl from L-glutamate by a single
transcription unit, indicating suggesting that L. reuteri could may produce AdoCbl more efficiently than any
other bacteria. Our results also suggest that AdoCbl produced by L. reuteri might act may serve as a source of
vitamin By, in the intestine of humans incapable of synthesizing the substance. These genetic characteristics
are specific only to L. reuteri in Lactobacillus, and are the causes for the production of reuterin in large
quantities. In addition, it is considered that the efficient energy-production system and the inhibitory activity on
the growth of other bacteria are importantly required for the contribution of probiotic lactic acid bacteria should
contribute to the survivability in mammalian intestines, which is an important requirement for probiotic lactic
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acid bacteria.
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AP A G R E S 1.9Mb TIRITEMKTH - 72
7Y, WEKOT /) L ORIREEFEMKAIIE 2 ) R
%o TWwiz, ORFOFIZZNZH 1,700 CHWT,
ik, TALVF-FHICOESNLEEZEFDVETDH
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BIETEZHFEL TV AN, B4 7Y VIFEVH
WARY MVERTZE0L, BAMEED T~
A ERHERGGESEIZBWTL. reuteriOva A 7
Y UEAREEICEELHEEEER LN TS, T
A 71 ~iZ, glycerol dehydratase & 1,3-propanediol
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L. reuterit%, glycerol dehydratase (GD; EC 4.2.1.30)
WKEoTrZ ) ku—Nhsuaf7) rEEELTW
o #1DEBY, ICMIN1I2THLSH5LGD 22— N
L72pduCDE T /7 —3 a ¥ EN7=30, KBET
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(F— 5 A0E) ., KWK 7Y u— R, 7Y
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Table 1
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propanediol dehydrogenase (EC 1.1.1.202) 2L > T
1L3-7aNy I = VI LT ABELRIGARE, 7
1) £ 1 — )L % glycerol dehydrogenase (EC 1.1.1.6) 2
XoTVe Fuody 74 b VIZEBRT 5 BILUC R
D2ODBALBETLICRTRHE ENTVWAE EEZ S
No, 7 ta—WAHICE 5§ % 81578 dha
(dihydroxyacetone) regulon & FFEN % L ¥ v %
T 5 ZERHEINTWEA, L reuteri Tit
dha regulon TIE 7 < 1,2- 7030 T F — VA EHZ B
53 % pdu cluster DA X RFFL T 7z, HEE, L.
reuterild GDIZ L o TV —hbaf 5 »
FEELTVAERESINTELN, 7/ LEBHO
WP S, GD Tid7 < diol dehydratase (DD; EC

Amino acid homologies of pdu operon and dha regulon between L. reuteri and several bacteria

Gene name L. collinoides® S typhimuriums)

C. freundii®

Cl. perfriﬂgem‘7J

of L. reuteri*'

Gene name*! Tdentity””  Gene name*' Identity"?

Gene name*' Identity™

" Putative function
Gene name*' Identity">

pduF(235) — — pduF(264) 31 %

pocR(359) pocR(317) 32 % pocR(303) 13 % -
pdud(93) pdud(97) 17 % pdud(94) 65 %

pduB(238) pduB(274) 64 % pduB(233) 56 % —
pduC(558)  pduC(558) 73 % pduC(554) 64 % dhaB(555)
pduD(236)  pduD(230) 66 % pduD(224) 58 % dhaC(194)
pduE(172) pduE(173) 67 % pduE(173) 45 % dhaE(142)
pduG(616)  pduG(610) 80 % pduG(610) 65 % dhaF(603)
pduH(119)  pduH(116) 52 % pduH(123) 34 % dhaG(117)
pduK(189)  pduK(231) 38 % pduK(160) 32 % —
pduJ(96) pduJ(94) 78 % pduJ91) 74 % —
pdul(214) pdul(215) 57 %  pdul(210) 50% —
pduM(167) pduM(167) 41 %  pduM(163) 15% —
pdu0(202) pduO(192)  65% pduO(337) 21 % orfW(176)
pduO4yis(157)  pduO4i(164) 68 % pduO(337) 17 % orfY(142)
pduP(477) pduP(481) 69 %  pduP(477) 44 % —
pdu@(379) pduQ(373) 61 %  pduQ(370) 40 % dhaT(387)
pduW(395) pduW(395) 60 % pduW(399) 44 % —
pdulU(115) pdulU(114) 86 %  pduU(116) 57 % —
pduV(142) — — pduV(150) 39 % —

— glpF(234)  44% Glycerol uptake facilitator
and related permeases
— — — T ranscriptional regulator
Po Iyhedral organelles
— — — Po lyhedral organelles
62 %  dhaB1(554) 63 % AdoCbl-dependent dehydratase
large subunit
50%  dhaB2(190) 56 % AdoCbl-dependent dehydratase
medium subunit
40 % dhaB3(141) 51 % AdoCbl-dependent dehydratase
small subunit
59 % orfZ(616) 63 % Dehydratase reactivation factor
large subunit
23 % orfX(116) 42 % Dehydratase reactivation factor
small subunit
— — — Po lyhedral organelles
— — — Po lyhedral organelles
- — nknown fuction
— — — nknown fuction
38 % orfW(170) 42 % Adenosyltransferase
28 % orfY(142) 31 % Adenosyltransferase
— — — Propionaldehyde dehydrogenase
31 % dhaT(385) 31 % Propanol dehydrogenase
- — — Prop ionate kinase
— — — Po lyhedral organelles
- — — U nknown function

*! The figures in (

) show the lengths of amino acid sequence of the domains.

*? [dentity shows amino acid homologies of each domain against those of L. reuteri.
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4.2.1.28) [CEWVEREFHERTHLLE XD pdu
cluster ® dha regulon & F 7z % B THEE L OFFE &
LT, polyhedral organelles JEBLIZBI5- L T\ 5 Hisk
BIZFEIFPFERELTVLEIENETFLN S,
polyhedral organelles &, 1,2-propandiol {Ug D BRIZAE
La7V7e PEHZBEET A2 L&D, TVTE
FEOA S 5 MIEEE R L T2 L
WEND, ZDEETHEL dehydratase BIaT % H
9 A D lactobacilli (L. collinoides, L. hilgardii, L.
diolivorans, L. brevis) 1[ZBWTHIEHBIZA L NIz,
BWTEHBWZ -0, L
collinoides & L. brevis TIZRAF TN Tv>5 NADH:
flavin oxidoreductase / NADH oxidase family @ F X A
VHEEER T ABERETOIREBLTVWLIATH -
7zo F2, UAT) VEAREZ L L TERLEIKE
¥ T& % glycerol dehydrogenase & 1,3-propanediol

BRI, L. reuteri il

dehydrogenase (X, L. reuteri Tl pdu cluster & 1358 7%
277 LA EDBNTAEICHFEL TV dha
regulon * B A MMOME TIE, MlaHMte5iET %
OA 7Y YHBESEICEAS N W) I glycerol
dehydratase & 1,3-propanediol dehydrogenase D Z& A
FRMZESHE T Wb eEZLNL, LD
L, L. reuteri Tl 1,3-propanediol dehydrogenase %*
dehydratase & (3527 % 7/ L FOBEN LB ITHFTE
T5IEehb, 4 OHBRIC L) WEETOES

DhaD

BRI TwREHEBMENLE, 251,
dehydratase & (I F DHIEHRIC L - THRBI ST 5
1,3-propanediol dehydrogenase 7%, BRBZZEM % AL
EEPIH S, EORER, L reuteri \ZBWTHA
TV UDPEEIEESNLIDEEZ LND,

Y NVEATHD
propanol dehydrogenase (PduQ),

L. reuteri D pdu cluster W IZ
propionaldehyde
dehydroge- nase (PduP) 3 X U propionate kinase
(PduW) (ZHIFEMEZ R TBERE R L Tz,
DT EMD, L reuteri \ZIZ 7)) vtu— b uoAf
FUYUERBETI3-TaNYy I F— ViR EATHET
FIGRZFTRL, Z)tua—L2b3-k Fuo¥xd
TuYt VA EAET HBALUCRPEFEAEL T b
CHEBREIND, TD L) BELTHI L. reuteri ¢
045 YELELFEERC3 - FRX Y ToE s VR
EEELTVLLOWEL ~HTLHILDTH L,
BI1IRL7zEBh, Z7)ku—hbaf T
VHHEAEENLERIZ, AdoCOIBLETH L, KIT
GD D#EETH L7 7/ VI35 3~ (AdoCbl)
HABRICOVTRERIT 272, £OFR, oMM
W CHERR & LTV % AdoCbl A BB 5§ % BIn T
HLmHEMEEZ R BERETHEZ L reuteri D
pdu cluster THL TR L, cob/chi cluster & 7/ 7 —
3 ¥ L7, L reuteri CRL1098 ¥ Tl AdoCbl O pE
AR SR THEY 7, JICMITI2TARIZB T b [k

<IN

Glycerol

Dihydroxyacetone

NADH

PduCD]N > '
T Reuterin 1,3-Propandiol

Adenosylcobalamin

F 1 pocR A

M
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=) PduCDE : glycerol dehydratase
DhaT : 1,3-propanediol dehydrogenase

sy DhaD:

glycerol dehydrogenase

Fig. 1 Glycerol metabolism and its related gene cluster of Lactobacillus reuteri 11127,
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{2 AdoCbl IZ A S T Wiz, L. reuteri L RIFRIZ )
U VEBTSERELTAAT 2 LG ST
W5 L brevis b liE, BEBFEDTFT— ¥ XR—Z LT
I$ AdoCbl EAICB G- 2 BIAFHEMLT L2 &
B TELholz, Thbb, L oreuteri DAV OILEEE
T AdoCbl EFHUIFERR STV ARnZ Eh b, flio
lactobacilli Ti, MIADINT I VHFEELTW
LGEDHGD WHKEEET B DX L, L. reuteri 1340
FAAHZ AN S I VP L WA TS, AdoChbl %
AL, UAT ) VEENTRETHLEEZ LR
%o L. reuteri D GD I, M lactobacilli THERL X 1L
TW5GD &) b AdoCbl X9 2 BAIEAT B Z &
PEBHICHZEZSINLTVLY, TOoWEDL, L
reuteri 7° AdoCbl E R H T4 Z L IZRET LD
DEEZOND, UAT ) VEERDTFENBEN
THEHEY D ETHAIZE < L reuteri Tl&, AdoCbl (2
FTHBAENEL b L) RERPGDICEREL
TolEEREINDG, LLL, 3RR_TE7L reuteri D pdu
cluster D BT 1%, dehydratase DFHB L O
AdoCbl =G HRDAFALNS, L reuteri DH T A 7 1)
YOS BEIIEASNDIERTH D LB L -, ABF
FElE L. reuteri DIRTE T UNA F 5 4 7 AHED
ST BT AL TEELRMRTH S,
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L. reuteri \, glycerol dehydratase (GD; EC 4.2.1.30)
WKEkoTrZtu—vrpoud 7Y y2EELTH
5o ARHRD ) L — VRHHE, ) tka—L%
GDIZXoTuA 71 XiZ&H L, 1,3-propanediol
dehydrogenase (EC 1.1.1.202) 2L > T1,3-7H/8>
VA= IICETT ARG/ E, 7)o —)L%x
glycerol dehydrogenase (EC 1.1.1.6) 2L o TY b F
0¥ 78 b ICERT 2BILUERD 2 DOt
BILKIDARTHEREINTWE EEZ 55, L3k,
L. reuterilIGDIZ X o TVt — 604 5
CEBEELTWS ERESNTED, 7/ LHT
DFERD S, GD Tid7 < diol dehydratase (DD; EC
42.1.28) [CIEVEBIZTHERTHL LS5, ZO&
L1 #iE 1t dehydratase B F 2 AT 210
lactobacilli IZBWTH HMICA SNz, #FiZ, L
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reuteri \Z B\ TR 72 - 72D IX, L. collinoides & L.
brevis T 1& & ff & L T \» 5 NADH: flavin
oxidoreductase / NADH oxidase family @ F X 4 &
AR AHEEETHARBLTVWSLHTHo 72, F
7z, BATY VEATEZL LTEELRBEETTH
% glycerol dehydrogenase & 1,3-propanediol
dehydrogenase (X, L. reuteri Tl pdu cluster & 327
57 A EDERIMBEIHFIEL TV, DD,
dehydratase & I DOHIRIC I > THRE STV 5B
1,3-propanediol dehydrogenase 7%, BRIEZEN % M L
HESHHI SN, ZTORER, L reuterilZBVTH A
TVYDVEEIEESNLIbDEEZ LN,

L. reuteri D pdu cluster FHLTT 7/ 20 a/NF 3
> (AdoCbl) AAHHGREMI L7z L brevis b1,
AdoCbl GBI G- 3 5 BIEFREEZ RS 5 2 L
TELholz, Thbb, L reuteri DO FLELE T
AdoCbl EABIFHR SN TV EWI &2 s, f1d
lactobacilli T, MMM DO I/NT I VHF/EL T
LI5E DI GD DHERET 5 DK L, L. reuteri \3H
BISMZ T I U HFE L 2 WHBETD, AdoCbl %
EEHRL, A7) VEANTRETHLILEEZLNR
5o

Lk, L. reuteri ® pdu cluster O & 15 ¥ 1 &,
dehydratase DR 3B & UF AdoCbl A& BB DFLEDT,
L. reuteriDHTIA T ) UL EICEESINSEKN
THY, L reuteri D7 RTEHWTANAL T F 14 7 A%
ROGFHEBELHRBETLETEELRMATH 5,
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