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Creation of Terrestrial Life Having Minimal Genome
Mitsuhiro ITAYA

Mitsubishi Kasei Institute of Life Sciences,
11-Minamiooya, Machida-shi, Tokyo 194, Japan

{(Received/Accepted May 26, 1995)

Abstract

Minimum genome size required for terrestrial life was estimated
to be 562 kb. This figure was derived from the observation that only
six out of 79 Bacillus subtilis chromosomal loci were indispensable
for growth, whose normal genome size is 4188 kb. The hypothetical
minimum genome size lies in the range of those currently determined
smallest genomes for bacteria, but above those of other replicons
such as viruses, mitochondria, or chloroplast. Possibilities to
create bacteria with given sets of genes and to convert bacteria
into viruses or vice versa are presented. Applications of
hypothetical minimal genome life to basic biological research as
well as to human activities are argued.

Keywords: Bacillus subtilis, minimal genome, indispensable genes,
colony formation, growth conditions, artificial life,
genome evolution, virus genome.
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1. #E

BAE, WMIKE CERENETo TV AEWIE3000FEEBIZLSONTVS, F15
W BREE. R, £ARRE, REE~0ERSE, N - ardREnLid
b3, DNAZFERIEEL T2HBEOHREEYICHET ST LH, HEODTFHEMEHN
EIZL o TRBESR TS, BIREEYOREREMIIMIETH B, REETI [HEHFEI
BEOHMIBLZ YV ODNARE] 24/ ADNA (F/4) &%, 77 AILRIFEEE
TEH, T/ ADNAOKES (HEREES) @3NV~ avdHa (Table 1) o
INZFUT, WEEOBMBIENOY ) A9 A Zid+E M (Mb = megabase pairs, 10°
) 2RIV, SMBEESETRY . A4 X12100 M LD AKX, ERoME
BN, BESOWKRIE-TH /ADNARKE o TW EANS S .

HIRBIAEY A EIE LT ADOILELR/NEODNAOY A Lig KORBEL DI
BAMe TOMWVIZITT HEIZLRLED2DDOT U —FTHLALESH, —DIT,
HBARDPORNT /A b 0&EYeBRLETIE, b —2id®/NF/  LATETTELE
Y (ML) ZEIVHT I ETHBE, BT 5 LT, BAY S/ AEWITETEREICERIC
BETLEBEDLNADTEEILETH S,

EEIITEMEOKESE (Bacillus subtilis) 2HWT, BEFERLHERICARE
BIICEATHMAEEE CNEFTEFITEA, BEMICOI2MEORTB L LTHEROE
BiiRnBETOEESrHEE L, #RBEYWOEFILLELRNT/ ADNAER,
562 kb (kb = kilobase pairs, 10°HE##) TH 5 L) BED #RLAEY , KT
BAEEHZ BV EREEYEAL, BBRBEYOEFIZE o THLERBKEDORTIESR
BT AEERIZ, FIPLHRETHIEY  EAGFEBICOVTEEZD CHETHRTIZV,
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Table 1. Estimated Genome size in Mb. (REY ORI A4 ZIZFEIC L -
— TI000 ELL EDEAEHY, £/2FL
w4377 A~ 0.58 ~1.2 BChy ) ABIREHT L, hid
AR s 1.65 ~10 AL DA P U RAEE R
FHH 7.9-14.6 ADFIEDBEROPT, HIZFEIRE
ol 22 DAL L VW EBMBHIED AR S
E§UUJ 165 . /4 (DNA) BEOBHEK
I FLE 3000 EWVIAFERE LA, L) EENE
ety >100 HEEBOTCELBRTHLLHEES
NTnb)
2-1. HEH

ﬂﬁﬁ?ﬁ%%%%&@%ﬁk%w\Lﬁﬁkﬁﬁ&EEM@&mms& EX%D
NASTFEERE TR FEIREOCRBLEY . #he8ic LT, ik (B
E. HEE) SPOBHMYE L UCAROY, ADNASEREFGRES YHEOBEL T2
FIAT7OV s PAEEEA, BAEETLTWS, EEIME-> TV AMEFEIIRASF LA
BICAESNBRITFENE Y S AR LEMETh Y. TEREEZET 5, BRACE
BhLAOMTRECARShIMER L, HEHOERETHEY ,

EREO Y/ 544 X3 4188 kb CEBAEROHTIIPEN AR S THS (Table
1) o BREWIZY/  AODNAE (=47 4%4X) 7213 T%<{, DNAOHEIZH /M)
I—YaviikEv, Thbb, ¥ LFRE L) . FTv+Y b vEaEY . D
NAY E— +EF' Y &g R o N, S SEMEYOSRE EFEEIT G L T
Wh, EFEEOSHEIE S T TRRE SR -7 — FO—2Th Y, BT/ A
EMRHARTARICEBO TERICR2S (Bh) . &8, 77—V, YA VAIZECHEE
KIEE (ROUIEESBED—I) 2 ERT 52 L2 LA TR AW ICIIMA 2
Vi, BTHNLY, BERESNTUIRADYTAVAY ) AF 4 X14350 kb THB'"

HEE I RERTIES T2 2ETHL, ¥/ A LOBEFIERYES CEATE
BT, HASEDREFFETICNETHLPE ) P 2L BHOFRICITEL TV
L3 AT ARETEROEEL LTH., EARGRETF O —b—%F /AL

Dy —Fy NEEFORMICEAT S EETREER] K& <TH5'Y , HEEY
JAENTOLF, 0% D EEFIRABELAE) 1oL woT, RETFERL ST
BRSO — 2R T AL, FORETRIHEFEOETICHAETIREZY, BRTE
BT WIELETH D EHETE B,

2-2. WHEREFEOEEE (ERNT SO —F)
RIZTFHEERY EEVHRD 79 BOKERE Y/ AHERODNAMA I LTEAL
R, 2ONBELEREELELD Y
ﬂoi79ﬂ¢\6¢%ﬁ?%%%ﬁ(wi%@1“”%¢37C@:D—~%&L
VATH-77 , Db m 6 +FFOBRGEFHRERII IO - 2EELEH o7, 79 @
DDNAWHEOF ) 5 LORBIX Fig.l WRTIHWF/ALIZTVFLAIEBLTY
BLEZLNANDT, BRDEMICEZDLLEEEY A LD 6/79 ZLETHD, THED
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WMBAAT v VA THHE LI-HKEMLEEEIC L > T, 4188 kb DIFEE S/ A 13.4
%IZAL TS, 562 kb A% (L BigEH 37 C OB TI0Z—2FHT57:01013) 48
Thb] LOERER, LWED 6 BAD3%H 3 ML, dnad, dnaB, rpoD HIEFTH
y. Mo IFOBEFIIBALEREZE Fig.l OHEBEXSRE) .

D) —DODEELHEFEIE, EFICHLBETEVENM (73=79 v14F 2 6 ) OERIF
BHAEGDOETOVWTAL LTEBIWEATEWC EThol, BETHWEIOS b
B 33 rRRETASTERSEAIE EXEEIFEREONS Fig. 2) o ¥/ ALIIBE
33 EDOEREFERFICLOMEFIIEEOMABNFE AR, BEFELinfEHTD
THMOBTHALH (GE2) o

Fig. 1 Seventy nine loci
of the B. subtilis
chromosome examined for
mutagenesis.

The NotI-Sfil
physical map was re-drawn
with minor
modifications®. Loci
subjected for mutagenesis
analysis are indicated by
small circles. Six closed
circles indicate
indispensable loci, three
of which were assigned as
genes for dnad, dnaB, and
:pclf{

IRODEREHAT B0, EHEIRO 2 00EHRERBLEY
{I] The number of genetic loci to support bacterial colony formation on
nutritionally rich media is strikingly small.

[II] Bacterial chromosome could be reduced in size to a minimum under defined
growth conditions.

[1} & (HE) BoEFICIZY/ ALORETFILTLITRTLETREEZL, Lb
WIE BIETFREN S LVE VIR TH D, CORFEOREIE, LB e ) BEX
BOEHTHERIEETTHDI0E. 79 @A) 4B L0EHLTH 6 Aok bw
PEEBREBEETHE, CTTEELRTRIEL S 20O NEREFORITET &G ICER
THIELTHE, BIAITEROMER 33 ELEMKITSHED (EE) v, BRE2X. &
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R, ST —ATHRIND) P IEET L2, BEIE 33 EOTROFIZT 3
JEBRERD 3METATVELLTHY 2P | D LEFEEFL LTAREHRER
Wb EUEREFOBIIEM, YRENSHEDNAY A XDHEMTS G 3) o L7
Do T, BINT ) AR BHETHREEETLEORBRFFLEETH ), EFOEREX
OffEIE 79 BOEEFRIEERFETR—OEG TN EIA LB D, FHOFIC
B LR, A—0RBEL2EVI L L NVTEITEY GE 4) .

(1I] HNEBRGEFOEESFEEIAIVEVIERE, ZELRE (RERS 33)
HETTELZEVIEHENSEINEHTHS (Fig. 2) o Do dBFELEEVAET
if 4188 kb OB EEMEEOEFTILAELD NAFRICERLBML TWITITRABH
7 LB B TAET TS S A0 X 562 kb HMOHERE S TELILEERLTY
B, LALERIIFSIBEHTHLEWES ), TORICOVWTIRERT 5,

lday 2days 3days ©5 days
wild type —-o
10-fold —m

24-fold —»

33-fold  —p B

Fig. 2. B. subtilis mutants carrying multiple mutations.
CU741, and its derivatives tolerating multiple mutations BEST4041 (10-fold
mutant), BEST4087 (24-fold mutant) and BEST4133 (33-fold mutant). Cells were
grown on LB-medium kept at 30 C for indicated time.

2-3. LMD S ) LA XL DER

MEEIETEE, BAESDT ) 24 XFEREDLHVWETRELL2oTWS
DELS (EDLHVNS LT ) LADERFECEDELID)  RIEDERTELHMET
d. BT AFAXDRZFYTIE 1.6 M DAY VEEEHEETHS Y . RTH
BEATRAE (7T ARVEEME) OL74M' ™" 'Y BIAtEn, Ihs EDAsng )
AR Y OEWIFEWNIF)TICEoTLE), w4375 X< (585 - 980 kb) %Y
roFx (#1000 kb) LOZEMNS FUTIIBEEBEEL TCEEFTTE LW, ik
RERTEBTTARIRVEBENRTVAEOT, ThbLRRANT/ L% OMBRIALEH L A
BLTh LV, HHEEI T W LY, AE8nF I sk b oD 2 7Y TS
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HERERNY S b ORIEL

BIRIBREDN S RSN TV D Z EIZEREV, BIBTA L5110, BALEEHICEFTTHH
£, BBEERNMIHCTEL L) RREFRLRBABATVWIDT, ¥/ A% 4 X1l
RyBI &b, LL, BREBEITABBRELOTREOBELZ XL DLEN %L,
FITRIPHEL TEREIARLELRETFELHIAIRATB(LENpnEEZLRE,
%E%ny;?7wé FIE (MIEM) X, BRIGEVWE AREBIFEA L AH
PoTnd o
BEEIECCTHRBESNATHAETHS D . WEHTH2 L S KASEE LB
B#Ttoo——%ElRT 501013, B 562 kb 2SWETH A L ERERMSER L
Tz ZOEN, 42T 5 AT|NY LD 585 kb IS ITEV, S HITEE A8ELE
DEBHS LA, BINKBCHEBTE ARG () L LT, 22 Ed
500 kb BEDSY ) A A AHRDBELRILEFRLTVS EEEIELE L 2w, FETH, 500
kb (=0.5 Mb) I3EEEFIEREEL LTI 70 v E—F 1 A7 14 (1.3 Mb =
mega bite) I HBETH D, A AEOMBBL ) RS/ AEEEH 3000 b &
HB LT 1000 ELL LR EHH 5,
BEBEYAMBAPNIEE S/ ACIA CTHIBP/ASRE I oy K 747 ARERES
JANFET D, BRI P2V FUTOF ) A4 A4 ZIZHILETLE kb 2R, M3 b
T2 K7 200 kb BAE® | BB A1k 140 ~ 200 kb DREETHEY,
NS DMBERASREIR., EPDELO L POBBTIHFRE N7 F ) T7HE0IET VE (¥
FI/NRFNT) PIETMEEEL, BEOBEDEETFORY LD AR TDNAKES
PRMBEOBEERE RS L) Ko 20T, BN THIICET LAWY | g
BRI RITOF A, BYBERE LTORMNY ) 64X 562 kb LT TH
h, BICBFTEE2ZT PO ETTELEL, ¥/ 404 1@@'@%4’5{#65&1 LCHfF
TELRZWVEI LR 2 TVBEDOTIEZVES A &y, ‘

2-4. TANAEWMEYDOIIEET

BEBRESRTWARTRAYANAL ) AdH 350 kb TH 5V, 4HFI A%
FIEAGAZXDIANADHREEDH A0S LMLV, TOERBINICIECERNTES
ERL LTIEBELRY ) AFAX (562 kb) 1ZEL TRV, REH T ANV ADHEVNA
BERE L TRETERTET, VANALMERLOEREY /) A4 AOERTHBETE
BEEDLND, THLRDE) RIRFIXERYLDOEDLIHN?

(1] YANVAY ) AWDNARESG L CHMCTEEETRELMEY (WN277U7) 2
B,

[11) BEREMEELEEY (N2 57V 7) PDNARZEBEEIERTYANVAY I ALC
b,

DNAMBB L HEELIH LWHENS BV A VAORIBEDHBEO—2IT 52 L
Wiewv, BECIOLI LI EFRETWAERDL, FNE2THT L L) 2HELEER
Moz, [TANARY ) A] BF% (I hav FVT7H L] B0 [Eigksy ./
L]l EBEBRZTH IV, FREIERETOMRET -~V IZ2b L BFLT D,

2-5. P PIHRET P ?

—101—
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HEREAE S o B R0 THEREEITY., AVF -2 B L., BOERZIT
3] ZETHAD, TDHICE (1) ERDTHESER Macromolecular Synthesis
System) (2) T LF—{LBR (Energy Metabolism System) (3) #5R& DFRRER
(Closed System) DSRIERLETH 5, o CINIHHET 2 RETFHIILEALEDA
2, AMHEBFOERTELNVWEAREFDN IS 3 BIIDNA, RNADOGFHESE
LB EEFTH A (Fig. 1 OHBEHE)

N T TISERE (pH, BE, EH. BEEE. S ot Ao
L Bl TEERER, HBESRLTENTADICEVDDT 20 4, BVboOTid2
FALDPDP B, OF DEBFEESE AT, BRI ANT -2 FbE VL IAHER
PIM L. BEAE(LT SN, BENEIE RS Y o WM LRI & T L
EECLEECES LI CHSEHS PR3 A LT, BENLEGE IREILHE
LS EREERERTALICHRIIH L CBEPITEI ETH S, MIBIEE & MR
VAR BEEOBEFELP D 22w/ Aid, BEETOERSH L7259
2?7 BELOME - BEOERE L TOBRKISELORENTH H BB FiICHEER
eI T, BN AEYE, 52 ONRABREDACRESFERZITA 2V
BB, o TELIPHTET, YA NVAANOELIPERIRTVWEWV? B2 2B
BIELTWL 20 2 REF (B) FERSh, o TH /a4 ADBALYE
WA Y, COEH (LIEREIEFEDLDOTHE WA LT, BEOMERICRES E
TORANT ) AEMRRIRTEL LI D, FLT—20REY LHORE~DOBITI
ELICIATET, B2 LTEIGT 00K, Hticfdmnshs<&y/4DN
ADELBEOMBIIBTTERDLELD, JIDEETE) & EXIRN/ 2EWER
WL FILENL T 7O —F TERMICRIECE2WREEEZRETVWD, BAEPIIR
S OZLIC ISR ORI TRIET 4 A b BRI L LCinERTH Y Y | By
DRIEFRIFEE P BT A2RMMN L 7T 70— F 25 Th <, SHREBNT/ LAPOHEE
57 AR ERECHE L TITIMERBICEEZHL I LEFHA ),

3-1. BT/ AEHORIHE

ANTEGDTAFTEEF LV O TIEEV)  MBEOALER. <& RRICHEET
AL ALHEESRT A LE, EGFOXULERAT L OOERHIRTEFR?
BT hbib b, B, B, X OEBRSBCEEVEASERETESY,

LA L, FRRBEBWEROZETHAID, SRR LERPOTATTE LA
LIV ULEBTHREOHVEBRREZERX LI LNTES, £NL, DNAESE(LE
L —ESODNABERE (CLELBRESE S5 H CHETER R EGEEAINT L) %
HEARTHD, FITHDNADKREBDIFBHIVLETH B, DNADEICE L TITHER
O3HIZDNAYA XL 500 kb BELBATWAILIRERLTWALTLER), £
338 ¢ R VIESRICILES R, 5 WIidEEWEN S DN ASROMEICREN 2 EF5H
NIEEOREOVY A AODNARESIEONELE), DNAOHOMEEI2EAEZ
A REFIEHET, BNEREFHAVELEDNAEEOH F o/ I v, &
el b QAR ) MERESIOH YO FIE, 7 AEREFIRESIV 27 FOBRE
ELTEI L BVRIEL NS EPFL TR Y,
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HEREIRE N/ bR

FLETRTRZVEE (EHDED) 3, BHEOREY Y/ APLAELZDNA%RJE
RERESHETITE, BECEFTLRETENT/ 22 BET7T 7U0—F I EI #2558
D RO EE RS (11) Bacterial chromosome could be reduced in size
to a minimum under defined growth conditions T A izt b v, TO7F
TO—FEBEATEAMERIHERIIES 2V, BRATREERR S A2EdbH
RICIBETE B2 7Y 7 TH NS 10038 o ) ADNAD—EKE L -
BROLEBICRONATWAR I 2D (Fig. 3 ) HEEISEETH 5,

WERIZLThmAT / AEWIE (1) &PEENMELERALZLY B0,

(2) BEHE. BBfoOfM, £2W0ERT IV 25%, (3) HOWEEEDDLLD, T
it TR b rnid

BIETFILEIDERE LTRB, N FI) TR TODEBEOEEN S0 L) 1 R{EF
PV D AFITBELTWANIIOWTIE, 7/ MM OERS L RAENT DA
Vo TNOLDOFEEFEFOLTHLTLIBILLETH L2, BEOELIHBLTREET A
BEF @) SHEsATe2> 'Y BEOEMICHIE L AHE 0L SR )RR, Th
EBFOLEHOEEFREOHEASHEIILZDEL I W, THEFHEHLPH O L WE
FHELDDB, FHTHE, FIHI TR LDV ELICR B BT AEYIZS
AL EEREOKIZITAIRT AT EHNTEEEZLONLHS, FROIEEH L WSS
WTITIT 2 ERE I Ve TDE IR / aEHE, BEOENRICTE{RLA2EH
~OBITHFAUEE, 2F VERELRAT AHIERTELI L 2ERT S, BIELICEE
W LML - LTORE L/ TELILD LRV,

BT ) DECHR L ME L EE S AISEESZL LN, BEOREFHABREE
HEORIBE B2 TR AEPITHL LEHEANL Tw <, BT ILENLRESL
EERMIELIRATHETELINI LAY, DEADENIANT Y2 ) OEERD
BRLRVORREVBEDTHY Y | OETRAT AEBILRMAAO AR & HET
BEAERORERELR LD LAV,

Fig. 3 Regions of the B, subtilis
genome that can be deleted. Numbers
on the circular genome are DNA sizes
in kb. oriC or terC represent the
site DNA replication initizte or
terminate.
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3-2. NECEHEZEY

SEALB RN ETRFOMMFTE TH AR EAR TR EILEH [ERaEED] 0F
TROLIIHRTWD, [EGEIRNO BHEBEEREROANEOZ 5T LM L VAEE
DB Thb, 5 THNIBREOHEBELLCALMEE2 0 ALBERLVDTH S,
Fo LB L DT, AEICES ., £XWELwb0E2L50THs] °¥,

EABIBIIMEE TREEATTREIC R Y 00oHh b LEEE - T aEH, BT THHISR
LTWaDPESBRELIL RV, BTl LI, wEL ) ALEGOZREEHREHA
ALy, BEMEROY ) AUEPE L THREYOBTERELITH) AVBHKNTH D),
BRICEFTO 9N A ERMTLIERTOEETHHEELDY,

) AMIITEEIERE LTS [MEEY ) AT Obie TR ED
o BEMUIIICER (31) 2@ Ta, RERBEEOY ) LAICREMEY T/ b2ETBA
LTERAF5 )5, HAWREFA 27 ) A2ETHREERERLEI VBT L THE, B
DY ) ADRET A LD REERRIZENFROY ) AT E HAETHRE (B,
pH, HiRE, BEOCFES) OBEFELESELOTII 2V EDOREIIEITNTEY, &
NG A AEEREOENRVO LGB LT, FERXEShMEREFAL T,
Bigial, BIZFIEE - WHEE - SREES B T - & E1r8is 2@LVIeEN
DEIFEHANBETHAD L, FRLLOBESLET 2 HERRENE. 32 viiEgE~o
LB L FORBRRIIERTEZEELTHE Y

AL, KEEPHEREO 077D 4000 AREOERETFICOVWTD T2&ITMS %
Wi, MEMRERIELTOERRICERT AHMEND 90 % I  (EEBRE THREED
WEETH D . Tl OMEWEBIZE BT o230 B2 Y, BN 2l
REZDHIE, FRIMEYOEREOELT(EETH Y, AEB L TERRDOMBIRE
AR BT AT, BEOEYENMOREIZOBLIBHOHLETF - RbHT
LREoTREL VY,

EE2
B/NF ) ADA R =) —Z2oWTHB L TWiwielghiE, BhER, JHhExs:
MOETEELDFLAICERBL T T,

(38 1) ¥/ AOWEES, EEDIFAN L CEREE ORH2) %, FEREWII—K
IR (BASRW) Thd, BECOBRAICHTIIT SR WHRIRS / ABEL ELEK
EYFBEshTnY _

(3£ 2) 33 BELRKRHEEO—ERKTIEH 24, 0= —BE, RFUK. FEE
Fik, BOER, PEERBTAOEZRRLEE L, BE LT A0 TEFIXI Ok
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HIERRUREAN Y 2 DAt B

THEERRRBRETFATVEN, NFLVABICSRN BRI TwaA, L 33
EERK 2RI RMEER N HERESETAZLIILAWSES S,

(Bt 3) AEMOBETFITRTERICER L CAEBRAHBRECHES L TWwasD TR S
Eit, BEOBEREFEND DI L RE(POERIATBIHLVI L Tidhw!
Y KBECHEREOBRENRTIER 22 7 7 TE L OWERET
(indispensable gene) ASHEENRTWE, LI L. FHHEOBEEEPEELEDREVWE
PETRTHELTLOILEREGEF LBV LIV, EESASEREADOD & CRLEED
ZREZ 79 HOREFIIHE LW, BELLEZORAFENTH25 Y, 2ok
Fid, HERBBOE I REE0 182 H0 ORF 03 b, EEFHIEERICL > TT T 3
EEFIREBTICUETHEL LVEELS b —RILTE22TH2'V e, ba—<v
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ABSTRACT

A significance of multi-cellularization during the evolution was discussed.  As a result,
the followings were deduced to be probable:  (DThe multi-cellularization has a homeostatic
advantage for the natural selection. (i) It must be easier to complete morphological
adaptations to the environments.  (iii) It must be easier to complete mass adaptation of a
metabolism for which many cells can participate. This may call functional adaptation.

1. Origin and evolution of the prokaryotic celt**'?

Current astronomy has been clearly determining that the chemical evolution advances
on an universal scale and the products are drifting in the interstellar space and the planetary
atmosphere at present. Experiments simulated the chemical evolution processes have
indicated that amino acids, bases, sugars and even their polymers are possible to be synthesized
without the life power.  Analyses of the carbonaceous meteorites also have supported these
facts. It has been widely accepted that origin of the first life, i. e, proto- cell, was approximately
four billion years ago in the primitive soup. According to current microbiology, the extant
Mycoplasmas have primitive organization lower than the eubacteria, of which cells are
constructed by plasma membrane, ribosomes, and electron-microscopically amorphous cytosole.
Molecular phylogeny also has demonstrated a phylogenetical order of the Mycoplasma, the
gram-positive eubacteria and the gram-negative eubacteria, However, cellular evolution
generated the various organelles with complication of  metabolisms.  Especially,
photosynthetic prokaryotes can form various types of membrane organelles as referred to as
chlorovesicle for family Chlorobiacea, chromatophore for family Rhodospirillacea, and
thylakoid for class Cyanophycea (cyanobacterium). In these prokaryotic world, some groups
can form fibrous cell-assembrage but do not make muiti-cellular. The prokaryotic world was
fundamentally uni-cellular for 2.5 billion years and the cells could not aggregate to raise the life
efficiency. This problem will take up again.

Current paleontology has shown that cell size of the microfossil found became
significantly large since 1.4 billion vears ago and have given an interpretation for it: the
eukaryotic cell(s) have been generated about 1.5 billion years ago.  Although such explanation
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comes from only a transition of the cell size and intracellular differentiation can observe nothing
in the fossil, it is apparent that the extant eukaryotic cell is ten times on the average size as large
as the prokaryotic cells. In fact, DNA content of the cell increases gradually along evolution
and it is continuous from the prokaryotic to the eukaryotic worlds although increased rapidly in
the higher organisms. This shows that the increased genetic information determines more
kinds syntheses of the molecules including enzymes. In other words, a single cell of the
eukaryota contains more life machineries and differentiates more functionally than those of the
prokaryota®®, The most excellent species in the intraceltular differentiation are those
belonging to_Class Phytoflagellata of Phylum Protozoa. For example, a single cell of species
Paramecium contains various kinds of organelles, such as mouth, cytopharynx, food vacuole,
contractile vacuole, micronucleus, mitochondrion, Golgi-apparatus, cillium, muscle, and nerve
fiber, although the latter two are very primitive. However, this makes a dead end of the
cellular evolution, we can think. Therefore, it can say conclusively that therc are two
directions in the cell differentiation, namely for maintenance of single cell like Phytoflagellata
and for multi-cellularization to the higher organisms,

A group of the eukaryotic, unicellular organisms, which is referred to as Protista, is able
to say to be in a way of the dead end of the evolution. In other words, they seem to have lost
their way for the multicellularization even in the futare. ~ Wittacker (1969) ' has proposed
that the Protista succeeded to generate three breakthroughs.  All of them were evolutional
routes to the multi-cellnlarization: Plantae, Animalia and Fungi worlds. Further, he has
emphasized that the extant biological world can divide phylogenetically into five groups:
Monera as prokaryota, Protista as uni-cellular cukaryota, Plantae as multi-cellular,
photosynthetic eukaryota, Fungi as multicellular, non-photosynthetic cukaryota, which is
nutritionally dependent upon absorption through parasitism and saprophagy, and Animalia as
multi-cellufar, non- photosynthetic eukaryota, which searches and injests the foods through
behavior.

2. -~ What-happened in the course of multi-cellutarization ?5'"

As pointed out above, the multi-cellularization could occur in bacterial genus
Streptococcus® and filamentous - cyancbacteria, e. g, genera Anabaena and Oscillatoria.
However, their multi-cellularization is only a filamentous form, series of the cells, in a principle.
We can not find prokaryota evolved over them.  Therefore, it is apparent that the real multi-
cellularization occurred in the evolutional process from the Protista to the Plantae, Animalia,
and Fungi worlds. We can find some examples which seem to be in a way of the process.
One of them is genera Volvox and others belonging to Volvocales, an Order of Chlorophyceae,
and others are genera Sycon and Grantessa of Class Calcispongiae.

A taxonomical Class Chlorophyceae, green algae, have the simplest organization in the
Plantae world.  The interesting point is that this group contains from uni-cellular to muiti-
cellular species.  Although the uni-cellular bodies serve both as vegetative and reproductive
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cells, the multicellular bodies differentiate clearly vegetative and reproductive tissues. The
uni-cellular group includes flagellate and non-flagetlate species and motile and non-motile
species.  The multi-cellular group is very complex and ranges structurally from flamentous
(Ulothrix) to plane (Ulvg) and three-dimensional (Valomia) genera. In this class
Chlorophyceae, there is a very meaningful group, Order Valvocales, which includes genera
Parindorina, Endorina and Volvox. The first genus makes morphologically sphere and
consists of 8 to 18 flagellated cells, the second genus does of 32 flageltated cells, and the third
genus does of fifty thousands of cells. However, these assemblages of the cells are not defined
as multi-cellular organisms but as colonies, which mean that they have no relationship in
nutrient, information, and adhesion among the cells gathered. Therefore, when the colonies
were mechanically disrupted, the dispersed cells can live and reproduce themselves.  Further,
they can gather again and make assemblage as the colony, if the condition became snitable and,
especially, in the Folvox colony, having long passed, so-called reproductive cells differentiate
from the vegetative cells. In some species, the adhesive cells make cytoplasmic connection
passed through both the cell walls and the plasma membranes,

Similar phenomenon can cbserve in the Porifera, Calcispongiae. The Calcispongiae
have been considered to be the phylogenetically lowest multi-cellular organisms in the Animalia
world, but some investigators have argued that they are colonial, rather than multi-cellular.
The reasonisas  follows.

(1) The organism has no muscle, nerve, and sensory tissues which are specific for the
Eumetazoa.

(2) The organism has no differentiated tissues derived from ectoderm, exoderm and endoderm
which are specialized during development of the Eumetazoa,

(3) When the sponge body was ground and filtered through a fine mesh, and the resulting cell
suspension was incubated, they ocour assemblage and make an adult body of the similar form
with the original,

However, the sponge body can reproduce asexnally and sexually.  That is, the asexual
reproduction is due to the budding and the sexual reproduction is due to the differentiation of
egg and sperm in the parts of body. The fertilization proceeds to develop blastula and then the
adult individual, as typically seen in species Sycon raphanus.

3. Cellcell adhesion "

Adhesion of cell-cell is mediated by specialized components and structures.  First of all,
physical interaction between cells are generated by various physicochemical forces including
electrostatic attraction, hydrophobic interaction, hydrogen-bonding and van del-Waal’s forces
between both the surfaces, like colloidal particles. However, in biological systems, the
interaction occurs under effects of more factors.

A number of cell-cell adhesion molecules are now known and usually may use more than
one such molecule.  Various types of embryonic tissues can dissociate into and reassociate from
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single cells more easily than adult tissues. Mixture of dissociated cells forms aggregate
preferentially with cells of a similar organ, rather than those of a different organ, even across
species boundaries.  For instance, mouse-liver cells adhere tightly to chick-liver cells but not so
to mouse-kidney celis.

It is now apparent that cell-cell adhesion molecules in the higher animals comprise two
classes of molecules: those that require Ca* for adhesion, cadherins, and those that do not it.
Many cells use both types of molecules. The cadherin, E. P, or N type, is a membrane-
integrated glycoprotein of 720-750 amino acids. On average, 50-60% of the sequence is
identical between the different cadherins, but each has a characteristic distribution among
tissues. During differentiation, nature and amount of the cell-surface cadherins change and
affect many aspects of cell-cell adhesion.

4, Multi-cellularization in the lower plants >

Evolution of the cellular organization in the eukaryotic algae seems to have produced with
five steps: (a) single cells, (b) colonialization of cells, (c) filamentous multi~cellularization, (d)
two-dimensional multi<cellularization, () three-dimensional multi-cellularization.
(4) Single cell age Single cell age is the Protista world and the multi-cellular body does
not occur through the cell cycle, However, we can see three directions of the evolution,  First
group includes those called Myxomycota (slime molds) and the cells have no wall and can
conduct the amoeboid movement.  Second group is flagellate photosynthetic Protista which
gave both taxonomic positions of Plantae and Animalia formerly, ~Third groups enveloped
with a hard wall, like Chlorella, and has an evolutional direction to Plantae.
(B) Colonial age This is more evolved step than the single cell, as mentioned above and
the most important step to be determined which direction to select for the multi-cellularization:
World Plantae, Animalia or Fungi.
(C) Multi-cellular age Plantae world, unlike Animalia one, possess a lower linkage of the
cells. That is, Rhodophyta, Chromophyta and Chlorophyta have both of uni-cellular phase and
multi-cellular phase in their life cycle. In fact, these algae take very complicated reproductive
processes that seem to show evolutional bridges from Protista to multi-cellular Plantae.  Fujita
and Oshiro (1989)® have classified the Plantae world into 19 groups. Among them, 12
groups are living in an exclusively uni-cellular state through their life cycles. However, higher
land plants, Bryophyta, Plerophyta and Spermatophyta, and a subdivision of higher hydrophytes,
Charaphyceae, have no unicellular phase in their life cycles. Each cell of the plants is
seemingly separated by wall but holed between the septates.  Therefore, there occur actively
exchanges of nutrients, water and hormones among the cells. In progression of the multi-
cellularization, the transport system, especially between the inner and outer tissues of the body is
of very importance for the organization as individual. Particularly, the Plantae world
differentiates special lengthwise tissues for the transportation, called vascular bundle.
(i) Filamentous growth This style is the most primitive muiti-cellularization and is seen
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even in the prokaryotic world. ' The simplests in Chlorophyta make series of three or four cells,
but very evolved ones can make filaments which are composed of one hundred and more cells.
Further, some filaments fuse each other and branch, as observed in cyano- bacterial growth,
(i) Thallophytic growth It has been suggested that the filamentous algae evolved
morphelogically thallophytic, namely two-dimentional form, like sea lettuce, Ulva, and sea
tangle, Lamingria. Such organization resuited from repeated fusing the filaments. The
thallophytic bodies must be convenient for hydrophytes from a view that all of the somatic cells
positioned in any part can directly absorb nutrients from and excrete metabolic products to the
environmental medivm. It means that the algae do not need the transportation system for
water, nuirients and products. In fact, the algae's tissues are very primitive and do not
differentiate particular system for the transportation seen in the land plants, like the vascular
bundle. Therefore, each of the algal cells is able to reproduce independently when isolated.
Further, the reproductive tissues for production of the egg and sperm also are very primitive
because the spread and fertilization of the reproductive cells are possible to depend on water as
the fluid medium. However, the algal body possesses an part to adhere with the bottom rock,
namely roots in appearance because of fixing the position not to flow.
(iii) Three-dimensional growth It must be natural that the two-dimensional plants evolved
the three-dimensional bodies. In fact, even the thallophytic algae differentiate and develop the
three~-dimensional tissues partially in roots of Laminaria and completely in Chara.  Particularly,
the organization of Chara is of an evolutional importance in that the Charaphyta is in an special
bridge position to the Iand plant Bryophyta,

Incidentally, Coelenterata which has been taxonomically positioned in the most primitive
Eumetazoans, includes only completely three-dimensional multicellular organisms except for
reproductive cells.

5. What is the multi-cellularization?

There are two types of processes for the multi-cellularization: (i) the developmental
process which starts from a fertilized egg in the sexual reproduction or 2 mother cell in the
parthenogenesis, (ii) the evolutional process building cell-blocks which occurred in the late
Precambrian Age (about one billion years ago). In accordance with Haeckel's idea (1966), the
former can refer to as individual multi-cellularization and the latter to as phylogenetic multi-
cellularization. Needless to say, the present paper deals with the latter, but the former also is
referred for the discussion.  The uni-cellular age including prokaryotic and eukaryotic worlds
has continued for three billion years before the phylogenetic multi-cellularization occcurred. In
other words, this fact means that the multi-cellularization needed so long term of cellular
evolution because the colonialization itself of cells had to occur in the prokaryotic age.  For
multi—cellularization, development of cellcell mechanisms for adhesion and exchanges of
nutrients and informations were required, as stated above. On the other hand, high level of
multi~cellularization would require further orderly and large systems for the mechanisms.
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Next important factor for multi-cellularization is formation of body-supportive system. The
extant Animalia world developed exoskeleton in the invertebrates and endoskeleton in the
vertebrates, On the other hand, hydrophytes of the Plantae world have nothing of such
supportive system because they can stand up by aid of the watery buoyancy. However, land
plants have a special supportive mechanism that the cell walls are filled up by cement and
. harden substances, but not endoskeleton.  Further, trunk and vein of the land plants contain
vascular bundle which consists of vessels and sieve tubes for the nutritional transportation.
The multi-cellularization must be accompanied by such accomplishments of various tissues and
organs. However, lower animals and plants do not evolve such body-supportive system and
Eukaryomycota also do not so although they are multi-celtular.

6. Significance of the multi-cellularization in the biological evolution

Since the multi~cellularization occurred in the late Precambrian Age, the biological
morphology was explosively diversified, and this has been said to the largest "adapﬁve
radiation”,

A) Homeostasis The organism has a homeostatic mechanism whether the organization is
uni- or multi-cellular. Purpose of the mechanism is to defend the life system of oneself against
marked changes of the environmental conditions. The homeostasis of multi-cellular organisms
seems to have various selective advantages as compared to uni-cellular organisms, The most
important one of them is to be able to construct the defensive mechanisms by use of many cells.
Therefore, the homeostatic morphologies of multi-cellular organisms become quite diversed.
Further, the multi-cellular body can easily replace old cells with new ones without loss of the life,
because the cells can be adaptively reproduced.

B} Morphological adaptation The multi-ceflular organism has respectively characteristic
shape of the body as standard. However, it is basically true that the organism can change his
body shape to adapt the environmental condition, physiologically or genetically. ~Especially,
Plantae are possible easily to transform the external morphology according to the environmental
or even the artificial condition. In other words, the morphological adaptation is a problem of
building style of the cell-blocks. Loomis (1988) ® has suggested that number of the
morphological genes is not so many as compared to the functional genes.

C) Functional adaption'™® Functional adaptation includes two types of modifications:
morphological, namely cell-constructive and metabolic ones.  Surely, morphological
adaptation also is accompanied by functional advantages for the life system. However, the
present discussion will be focused on the metabolic modification for the adaptation.

The metabolism is dynamically adaptive to the environmental conditions. ~ Synthesis of
mRNA, namely transcription, is exceedingly sensitive to the environmental change and to cell
division as compared to syntheses of protein and DNA.  For example, the mRNA synthesis
reacts soon to nutritional shift of UP or DOWN. As a result, the cell makes a new
equilibrium of the metabolic balance under the conditions.  There is a flexibility with wide
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range in  metabolic balance. However, if it was beyond the boundary of flexibility, then the
organisms must die or a highly adaptive mutant must predominate over the original population
after Jag of long term.  The biological evolution is repetitions throngh geological time.

It is an important fact that DNA of the extant organism contains almost all of genetic
informations which have acquired and accumulated during evolution. Therefore, the cells can
express the most useful information dependently on conditional changes of the environment.
For example, an evolved photosynthetic bacterium Rhodospirilium rubrum, a kind of species of
purple non-sulfur bacteria, is endowed with fermentation, (anaerobic) photosynthesis, and
(oxidative) respiration which have historically experienced during the earth evelution.
Therefore, the species can grow by selecting the most optimal mode under at least three
conditions: anaerobic and dark, anaerobic and light, and oxidative and dark ones.

Multi-cellular organism differentiates functionally various tissues and organs, although all
the cells contain at least a complete genome.  Therefore, a single organism can simultaneously
resist to various conditions of the environment, and thus must have higher selective advantage
than the uni-cellular organism.

Metabolic adaptation is a result of regulative expression of gene(s) involved. However, if

the regulatory gene(s) lost ability of regulation, then the resulting metabolism becomes
constitutive, always expressive, as well studied on the lac operon of Escherichia coli.
Metabolism working under extreme circumstance is genetically determined to work but not
regulatively. It should be pointed out here that word "physiological change" which has been
widely used by physiologists, means a phenomenon that is expressed on the genetical
background. This should be discriminated from "flexibility of the genetic expression”, which
is possible within a ¢eriain range.
D) Adaptive radiation after the multi-cellularization What is a reason that the adaptive
radiation occurred just after the multi-cellularization in the late Precambrian Age 7 We could
find the reasonable reason from mass extinction repeated in the life history (Figure 1).  That
is, the adaptive radiation have been palaeontologically demonstrated to occur just after the
mass extinction. Therefore, it is suggested that radial phylogeny could occur after "similar"
phyletic line was extinct and, in other words, after a vacant seat was produced in the phylogeny
by unsuitable action of inner and  outer factors of the population. This may be similar to the
mammalian radiation which occurred after the mass extinction of dinosaurs and others in the
end of Cretaceous Period about 65 million vears ago.

7. Conclusion

It will be reasonable to consider at present day that the biological evolution could go back
to 4 billion years ago. The (unicellular) proto-organism was prokaryotic and an evolution
occurred in the cell morphology from prokaryota to cukaryota before 1.5 billion years.
However, the uniceliular age of eukaryota had continued until the multi-cellularization which
occurred one billion years ago.  Therefore, in the result, 3 billion years were unicellular age
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Figure .  Phylogenesis of ammonites (proposed by Kennedy, 1977). Before the ammonites
were completely extinguished in the end of Creceous Period of Mesozoic Era, they had repeated
radiations and extinctions through Paleozoic and Mesozoic Eras,
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through prokaryota to eukaryota, suggesting that the mechanism for the multi-cellularization
would be very difficult to form.

Hydrophytes of Rhodophyta, Chromophyta and Chlorophyta have both uni-cellular and
multi-cellular phases in their life cycles whereas other hydrophytes are exclusively uni-cellular,
On the other hand, in Animalia, even the lowest Eumetazoa, Coelenterata, has no uni-cellular
phase except reproductive cells.  Evolution from uni-cellular to multi-cellular eukaryotes had a
step of colonialization, in which the unicells gathered and made an assemblage but did not
tightly adhere. In the present-day biological world, Porifera in Animaria and Volvocales in
Plantae are examples.

The multi-cellularization seems to have various important significances for the
organizational plan as follows.
(1) Homeostasis The homeostasis of multi-cellular organisms has selective advantages in
that they are able to construct the defensive mechanisms by use of many c¢lls and in that an old
or injured multi-ceflular tissues can be easily repaired without loss of the life.
{2} Morphological adaptation The organism can change or modify the shape of body by
cell-reconstruction to adapt the environment.
(3) Functional adaptation Mass adaptation of metabolism is possible by participation of
many cells.  Vascular bundle in the terrestrial plant stem is an example,

Adaptive radiation in the biclogical evolution had occurred after the multi-cellularization
began from the late Precambrian Age. It can be suggested that radial phylogeny occurred after
“similar" phyletic line was extincted and thus a vant seat was produced in the phylogeny.
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Abstract

The idea of an endosymbiont origin of organelles, e.g. mitochondria and chloroplasts, has been
widely accepted. Nevertheless, this does not clearly explain how and why the symbiotic bacteria of
organelles ancestors horizontally transferred their almost all genes into the host nuclear genome.
We propose here a novel "endosymbiotic conjugation hypothesis” that clearly explains the pressure
and mechanism of vectorial gene transfer into nucleus during organelles evolution. The hypothesis
has emerged by reexamining the evolutionary role of bacterial sex, particularly promiscuous

conjugation including trans-kingdom conjugation.

Key words: ATPase subunit compartmentation, bacterial sex, conjugation, endosymbiotic

conjugation hypothesis, organelle origin, retro-conjugation, sexduction, vectorial gene transfer,

Introduction
Since mitochondria and chloroplasts have their own DNA and bacteria-like structure, they are
considered to be independent organelles, and, in some aspects, they have a closer kinship with
free-living bacteria than other eukaryotic organelles. These characteristics have been recognized
since the 1840s, and endosymbiont origin has been the major hypothesis for the origin of the

eukaryotic organelles, e.g.. mitochondrion and chloroplast (see Gray, 1992; Margulis, 1993;

‘A preliminary note appearedin Yoshida et al. (1993) and Yoshida(1995) .
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Fig. 1. Trans-kingdom conjugation in a universal phylogenetic tree.

Trans-kingdom conjugation of E. coli - yeasts and Agrobacterium - yeast is shown in a universal
phylogenetic tree which is constructed on the basis upon comparison of small subunit ribosomal
RNAs. The phylogenetic tree is based on the modified tree of Sogin (1992} which originally came
from that of De Soete (1983). The dashed lines with an arrow indicate plasmid transfer by
trans-kingdom conjugation. ? indicates trans-kingdom-like transfer of T-DNA by Ti plasmid in
Agrobacterium. Note that the mitochondrion and chloroplast come from Eubacteria.
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Margulis & Sagan, 1986; Sato, 1988; Shinozaki & Sugiura, 1986; Yoshinaga, 1992). The
hypothesis postulates that both aerobic bacterium and cyanobacterium invaded an ancestral
eukaryotic cell and the endosymbiosis was subsequently established to generate mitochondrion and
chloroplast, respectively. This is strongly supported by the transplantable characteristics of isolated
mitochondria (Gunge & Sakuguchi, 1979; Yoshida, 1979, Yoshida & Takeuchi, 1980), the usage
of mitochondrial codon (see Osawa et al, 1992) and the molecular phylogenetic data based on
ribosomal small subunit RNA (see Fig. 1). However, the genome sizes of present mitochondria and
chloroplasts are as much as 2 to 10 percent of typical bacterial genomes. This indicates that the
prokaryotic bacterial symbiont transferred their almost all genes into the host nuclear genome in a
unidirectional fashion during the evolution of organelles in the eukaryotic cell. Unfortunately, there
is no explicit explanation of the one way (vectorial) transfer mechanism.

In this paper, we describe a novel "endosymbiotic conjugation hypothesis" which explains
how and why prokaryotic symbionts transferred their almost all genes into the host nuclear genome

during the evolutionary process.

Hypothesis and Discussion
The sex of prokaryotic bacteria, particularly conjugation, has been believed to be evolved more
than 3 billion years ago (see Halvorson & Monroy, 1985; Margulis & Sagan, 1986; King &
Stansfield, 1990). However, the conjugation has never been seriously considered with respect to
the origin and evolution of organelles or eukaryotic cells (see Dyer & Obar, 1994; Gray, 1992;
Halvorson & Monroy, 1985; Margulis & Sagan, 1986; Michod & Levin, 1988; Yoshida et al.,
1993). Like sex in higher organisms, the bactertal conjugation is believed to be confined within a
single species. Recently, there have been several reports on promiscuous conjugation via wide
host range plasmids beyond the species barrier in bacteria (see Hirsh, 1990). More recently,
trans-kingdom conjugation between bacterivm Escherichia coli and eukaryotic yeast
Saccharomyces cerevisiae has been reported (Heineman & Sprague,1989; Nishikawa et al., 1990).
Also, Agrohacterium-mediated conjugation-like transfer of plasmid DNA to plants has been known
to occur in nature (see Zambryski et al.,, 1989). These findings encouraged us to formulate a new
"endosymbiotic conjugation hypothesis for the origin of organelles " which is primarily based on the
phenomena of bacterial conjugation and trans-kingdom conjugation. Before introducing the
hypothesis, salient features of bacterial and trans-kingdom conjugation are quickly reviewed and

summarized to aid in understanding the hypothesis,
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Fig. 2. Plausible molecular events of trans-kingdom conjugation.

The top figure indicates a general scheme for E. coli - yeast trans-kingdom conjugation. The
dotted lines indicate the genes' action. The typical results by ARS-less pAY201 and ARS-plus
pAY205 of Table 1 are schematically shown in A 1o E. A, abortive micro-colony formation by
transient expression of the gene on transferred plasmid; B, uncurable stable colony formation by
plasmid DNA integration; C, uncurable stable colony formation by muitimeric plasmid DNA
integration; D, curable colony formation by transferred plasmid, E, uncurable colony formation

by plasmid DNA integration.(After Nishikawa et al. 1992).
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Bacterial Conjugation

Conventional bacterial sex is generally determined by sexual or conjugative plasmids. Usually,
oriT (origin of conjugal transfer), mob (mobilization) and #ra (transfer) genes on the plasmid are
indispensable for conjugation. The most extensively studied conjugative plasmid is the F
plasmid, which is endowed with the typical conjugative genes of oriT, mobd and tra (see Willets
& Skurray, 1987, Frost et al, 1994). The latter two genes are trans-acting genes, so that those
genes can also be functional even when they are on a separate helper plasmid. The bacterial cell
which harbors the F plasmid becomes a male bacterial cell while the cell lacking the F plasmid
is designated a female. The mixture of male and female bacterial cells causes the conjugation;
male cells fix female cells by sexual pili coded by fra genes and subsequentlx the conjugation
tube between male and female cells is formed by the action of #ra genes. The specific
nuclease coded by the mob gene nicks one strand of the F plasmids at the ori7T site. From this
site, the transfer of single stranded plasmid DNA into the recipient occurs in the 5' to 3' direction.
The synthesis of complementary DNA of the transferred strand and the retained strand DNA
starts simultaneously. Finally, the complete plasmid is formed both in male and female cells. Thus,
the transconjugant becomes a male if it receives a full copy of the F plasmid. In E. coli Hf
strain in which chromosome F is reversibly integrated and excised via insertion sequences, the
integrated F can mobilize the whole bacterial chromosome although the mobilization is easily
interrupted by sharing force (see Willetts & Skurray, 1987 for details). As the result of inaccurate
excision, i. e. illegitimate recombination, Hit sometimes yields F' which carries an additional small
amount of chromosomal DNA. F' can transfer the DNA to another female E. coli at a very high
frequency. This is called sexduction.

Trans-kingdom Conjugation

Agrobacterium-induced tumorgenesis has been weil known in the field of plant pathology since the
1950s. Agrobacterium can transfer T-DNA flanked with right (RB) and left border sequence (LB)
on Ti plasmid to dicots plants. Fir (virulence) genes on Ti plasmid have a role corresponding to
mob and fra. After the transmission, the onco-genes of T-DNA are integrated into plant genomes
and subsequently induce a plant tumor. This conjugation-like process has been established as one
of the gene introduction techniques in plants. Recently, the promiscuous conjugation between
prokaryote and eukaryote, which is called trans-kingdom conjugation, has been reported in E. coli
and yeasts including S. cerevisiae (Heineman & Sprague 1989; Nishikawa et al., 1990, 1992,
1993; Nishikawa & Yoshida, 1995), S. Kuyveri (Nishikawa et al., 1993; Inomata et al, 1994),
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Fig. 3. Trans-kingdom conjugative plasmids between bacteria and yeasts.
OriV. oriT, mob and tra indicate bacterial replication origin, transfer origin, mobilization and

transfer gene, respectively. Ap, Km and Tc indicate ampicillin, kanamycin and tetracycline
resistant bacterial gene, respectively. ARS, LEU, IRP, URA4, GAL and CEN indicates
Sacccharomyces  cerevisiae's autonomous replication  sequence, leucine-,  trypiopan-,
uracil-requiring and galactose-utilizing and centromere gene, respectively. LB and RB indicate

left and right border sequence of Ti plasmid, respectively.
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Table 1. Trans-kingdom conjugation between bacteria and yeasts.'

No. Crosses Selection Transconjugant numbers

Donor x Helper x Recipient Curable Uncurable Abortive

Eschorichia coli  x  Sscchromyoes cerevisiae yeast

1 HB101{pAY201) x HB101{pRK2013) x YNN28I Ura ND 0. 7x107 1910
2 HB101(pAY201) % YNNZ8I Ura D HD ND
3 HB101(pAY205) x HB101(pRK2013) x YNN28! Ura 20100 NG ND
4 HB101 (pAY205) x YNN281 Ura ND ND ND
5 HB101( ) % HB10 (pRK2013) x YNN28I Ura D HD ND
6 HBTO1(YRe7 ) x HBI01(pRK2013} x YNN28I Ura ND ND ND
7 HB101{pAY101, pAY215, pRH220}  x YNNZ81 Trp 0.0 K ND
Lou 0.9x10% NG ND
Trp Leu 0.2<107 ¥ ND
8 YNN281 Ura ND ND HD

Lsoherschia coli %  Ssccheromves kiwwver/ yeast

9 HB101 (pAY201) x HB101(pRK2013) x D1-15 Ura 1.0x107 D ND
10 HBIO1(pAY205) x HB101(pRK2013) x D1-15 Ura 0.8x10%  ND ND
1t HB101(pAY201) x D1-15 Ura ND NB ND
12 HB101(pAY205) x D1-15 Ura ND ND ND

Agrobacterium tumsfacions ¥ Saccharomees cerevisiae yeast

13 LBAT055(pAYSe—4)xHBT0T (pRK2013) xYNN281 Trp 2.310°% D ND
14 LBAT0S5(pAYSp-4)xHBI101 ( IxYNNZ8B1 Trp ND ND ND
15 LBAT0SS( JxHB101 (pRK2013) xYNNZ81 Trp ND ND ND

Lscherrohia coli x  ELscherichis col/ (Bacterial conjugation, Controi)
16 LE392(pAY101) x HBICT(pRH210) Ap Km 0.9 NG ND

"Data from Inomata et al.(1994), Nishikawa et al.(1990, 1992, 1993} and Sawazaki et al.
(1995). Transconjugant numbers are expressed by transconjugants/recipient. The inside of
parentheses indicates the harboring plasmid. (—) indicates the haboring no plasmid.
Selection indicates the first selection for transconjugants. Trp, Ura, Leu, Ap and Km indicate
tryptophane, uracil and leucine requirement, and ampicillin and kanamycin resistant. ND
indicates not detect less than 10°. NC indicates not count.
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Kluyveromyces lactis, Pichia angusta, Pachysolen tannophilus (Hayman & Bolen, 1993) and
Schizosaccharomyces pombe (Sikorski et al., 1990) and in Agrobacterium tumefaciens and S.
cerevisiae (Sawazaki et al., 1995). Fig. 1 illustrates the relationship to a universal phylogeny based
upon comparisons of ribosomal small subunit RNAs with the direction of trans-kingdom
conjugation (see the dashed arrows). The conjugation mechanism is believed to be essentially the
same as in bacterial conjugation, as-shown in Fig. 2. The trans-kingdom conjugative plasmids
require at least oriT, mob and fra genes as bacterial conjugative plasmids. Since mob and tra
are trans-acting genes, these two genes can be harbored by a separate helper plasmid as in
bacterial conjugation. Fig. 3 shows our trans-kingdom conjugative plasmids. These conjugative
plasmids have oriT, oriV (origin of vegetative replication), mob, ARS (autonomous replication
sequence of S. cerevisiae) and marker genes of antibiotic resistance or nutrient requirement. The
conjugative results by these plasmids upon their transfer are summarized in Table 1. This clearly
indicates that no transconjugant appeared without conjugative plasmids and/or helper plasmids
(Crbss No. 2. 4, 5, 11, 12, 14, 15). The transmitted plasmids are usuaily present as an
independent plasmid in a transconjugant since the transconjugant's plasmids are easily curable
under the non-selective conditions (Cross No. 3, 7, 9, 10, 13). However, at a rare rate of about 107,
the plasmids are sometimes integrated into the host chromosomes (Cross No. 1). ARS-less
plasmid, which is incapable of replicating in S. cerevisiae yeast, is transiently expressed and forms
an abortive micro-colony of transconjugant (Nishikawa et al., 1992). This reflects that the
transmission does not always depend on the plasmid's replicability in transconjugants. In other
words, oriT. mob and tra system mobilizes any DNA following to oriT sequence. These conjugal
events have been distinctly verified by Southern hybridization and back-transformation (Nishikawa
et al,, 1990; Nishikawa et al., 1992; Nishikawa et al., 1993). The conjugation events between k.
coli and §. cerevisiae in Table 1 (Cross No. 1-6) are schematically summarized in Fig. 2A-E ( see
Nishikawa et al., 1992). pAY201 and pAY205 originally constructed for S. cerevisiae were
successfully transferred into different species of yeast §. kluyveri by trans-kindom conjugation and
quite functional in it (Cross No.9-10). Cross 13 shows a successful conjugation between
Agrobacterium tumefaciens and S. cerevisiae. An experimental design that been shown in Fig. 4 to
get further insight whether conjugative plasmid can move back from yeast to bacteria in the reverse
direction during trans-kingdom conjugation. This possibility was also investigated as Table 2 that
shows the experimental result of trans-kingdom retro-conjugation between k. coli and S. cerevisiae.

If tetracycline and kanamycin-resistant E. coli appears in cross no. 3, then pAY205 plasmid of yeast
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Trans-Kingdom Retro-Conjugation

E.coll S.cerevisjae

Bacterium Yeast

Fig. 4. Experimental design to detect trans-kingdom retro-conjugation between E. coli

bacterium and S. cerevisiae yeast.
? indicates the direction of plasmid transfer by retro-conjugation. Km and Tc indicates kanamycin

and tetracycline resistant markers on each plasmid.

Table 2. Trans-kingdom retro-conjugation between E. coli and S. cerevisiae yeast.

No. Crosses Selection Transconjugant numbers

Lschorichia coli %  Secclaromees corevisias

1 HB1OT(pAY-C22r, pRH220) x YNN28T(—-) Trp 1. 4x10°

2 HBI101 (pAY-C22r, ) x YNNZBI (—) Tre ND

3 HBT01(pAY-C22r, pRH220) x YNN281(pAYZ05) Cyh Km Te ND

Transconjugant numbers are expressed by transconjugants/recipient, Cyh and Tc indicate
cycloheximide and tetracycline resistant, respectively. Others are same as in Table 1.
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Fig. 5. Endosymbiotic conjugation mechanism for organelles origin.

A, the establishment of endosymbiosis among eukaryote ancestor and organelle ancestral
bacteria; B, vectorial gene transmission by endosymbiotic conjugation or sexduction between
symbiotic organelle ancestors and mucleus; C, gene integration into nuclear genome and
disintegration by recombination; D, stabilization by selection and environment stress. Ct, cf', mi,
mt’, nu, nu', ch, ch' and T indicate chloroplast, chloroplast ancestor, mitachondrion,
mitochondrion ancestor, nucleus, nucleus ancestor, chromosome, chromosome amcesior and
transfer region, respectively.
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cell is expected to be transferred into £ cofi during trans-kingdom conjugation. However, the
above results clearly indicate that during trans-kingdom conjugation the transfer is unidirectional,
that is to say, the conjugative plasmid is transferred only from E. coli or A. fumefaciens to yeast
cells but never in the reverse direction.
Endosymbiotic Conjugation as Gene Transfer Mechanism
Our endosymbiotic conjugation hypothesis is based on the following assumptions; 1) the
prokaryotic conjugation system was evolved well before the appearance of the eukaryotic cell; 2)
the endosymbiotic conjugation or sexduction may occur inside a host cell. The former
assumption has been generally accepted (see Halvorson & Monroy, 1985; Margulis & Sagan, 1986,
King & Stansfield, 1990), while the latter assumption is introduced as a new hypothesis in this
paper. However, circumstantial data described above support its possibility. Our hypothesis is
schematically shown in Fig. 5. The bacterial candidates (ancestors) for organelles enter into a
host eukaryotic cell candidate (ancestor) and the endosymbiosis is subsequently established. The
symbiotic male bacterium recognizes the host cell's nucleus as " female bacterium" so that the
conjugative gene transmission or sexduction occurs from the symbionts to the host nucleus. The
transmission is only unidirectional because of its conjugative characteristics. If the nucleus itself had
evolved from another symbiatic bacterium, this would be more easy to explain. Finally, the extra
DNA copy is removed by self-recombination in the symbiotic bacteria asshown in Fig. 5. As
the result of horizontal gene transfer, the symbionts
finally evolve into organelles. This hypothesis explains
why and how the organelles ancestors transferred their
major genes into the host nuclear genome. Further, it
also explains why the vectorial transfer of genes goes
from organelles to nucleus and never in the reverse
direction as shown in Fig. 6 (Lewin, 1984). The figure
also indicates that the new symbiont of chloroplast
ancestor could transfer the genes to mitochondrion as
well as nucleus. This fact is a favorable evidence to

our hypothesis.

Fig. 6. Transfer of DNA segments among organelles.
chloroplast mitochondrial  The arrows indicate documented transfer. (After Lewin
DNA DNA 1984).
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nucleus

\Nh_ mt (ct’) mt (ct)

Evoluving Cel!

Fig. 7. Pressure of gene transfer during organelles' evolution.

A, conjugative transfer of organelle ancestral DNA into nuclear chromosomes on which mutation
causes T to be t or t"; B, competition among T, t and t'; C, survival of t gene and loss of T gene.
mt'(ct) and mi(ct) indicate mitochondrial(chloroplast) ancestor and mitochondrion (chloroplas),
respectively. TP, {P and t'P indicate the gene product of gene T, { and 1, respectively. Dotted
chromosomes indicate duplicative ones.
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The another important question is what merit causes organelles to transfer their genes to
nucleus. We speculate that by gene transfer, organelles have a better chance to select the best out
of two or three gene products and evolve more quickly without ¢ausing mutation on their haploid
DNAs themseives as illustrated in Fig. 7. This mechanism by gene transfer and competitive
mutational selection is very favorable especially for the evolution of functionally important proteins
bacause organclles are believed to lost DNA repair system during evolution. The present
compartmentation of ATPase’s subunits in organelles may also reflect this as shown in Fig. 8. For
this merit, organelles may still retain the pressure of horizontal gene transfer even after their loss of
conjugative characteristiccs and emergence of eukaryotic sex,

At present, there is no direct evidence for endosymbiotic conjugation. However, this new
hypothesis encourages and directs our efforts in finding such phenomena. Experiments along this

line are now in progress in our laboratory. It may be, however, that cells as they exist today have

Cytosol

() synthasized in cytosol

Organel le

& synthesized in organelle

N. crassa
mitochondrion

S. cerevisige
mitochondrion

Plant
_chioroplast -

Fig. 8. Comparimentation of ATPase subunits in organelles.

1-4,7, a and @& - & indicates subunits of F1 ATPase, respectively. 6, 8-9 and [-IIl indicates

subunits of Fo membrane factor of ATPase. IM, IMS and OM indicate inner membrane,

intermembrane space and outer membrane, respectively. The orignal figure of Lewin (1994) was
modified.

-—-135—



K. Yoshida et al.

evolved to acquire animmune-like protection system against foreign DNA during evolution.,
Therefore, we cannot completely exclude the possibility of the involvement of endosymbiotic
conjugation or sexduction in the origin of organelles even though we cannot detect symbiotic
conjugation in the cells that have evolved to the present. Another approach to consolidate the
hypothesis is to detect DNA sequence fossils, for example, oriT, mob and {ra remaining in
mitochondria and chloroplast DNAs by Southern and computer analysis. Along this line, we have
recently determined the first complete DNA sequence of yeast mitochondrion (Sekito et al., 1994,
1995). As a result, this mitochondrion of Hansenula wingei yeast has 7 genes for subunits of
NADH dehydrogenase which were previously believed to be completely lacking in mitochondrial
DNAs of yeasts including S. cerevisiae and S. pombe (Okamoto et al., 1994). This offers one of
the best experimental survey systems to investigate how and why genes of organelles were
horizontally transferred into nuclear genomes. Recently, the similar loss of NADH dehydrogenase
genes has been reported in the chloroplast of a black pine Pinus hunbergii (Wakasugi et al,
1994).
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