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Molecular Characterization of the Structural Elements of Chlorella Chromosomes:
Modeling of Plant Artificial Chromosomes —Monograph—

'TAkASHI YAMADA (Department of Fermentation Technology, Faculty of Engineering, Hiroshima University, 1-
4-1 Kagamiyama, Higashi-Hiroshima 739-8527) Seibutsu-kogaku 76: 205-216, 1998.

The future growth of plant biotechnology will be built upon a better understanding of complex,
multigene traits, including the pathways of natural-product biosynthesis and the mechanisms of
resistance against environmental stresses, along with a better integration of biochemistry, physiology,
genetics, and developmental and cellular biology. Development of new tools and methods for
the transfer of multiple genes (sometimes in the order of a hundred) to plants will be required for
various purposes. The plant artificial chromosome (PAC) promises to be a powerful candidate as a
next-generation vector in plant transformation. Learning from the success of YACs (yeast artificial
chromosomes) in the cloning of huge human DNAs, it is clear that a minimum of three types of
chromosome elements are needed to construct a linear, mitotically stable artificial chromosome:
a centromere, telomeres, and origins of replication. The natures of the corresponding elements
in plant chromosomes are, however, less well understood. To obtain an experimental model for
molecular and structural analyses, we screened a variety of organisms by pulsed-field gel elec-
trophoresis for the smallest plant-type chromosome. Species of the unicellular green alga Chlorella
were found to contain very small genomes of approximately 39 Mbp, almost a quarter the size of the
Arabidopsis genome. In the case of Chlorella vulgaris C-169, 16 chromosomes ranging from 980 Kbp
to 4.0 Mbp in size could be resolved by CHEF gel electrophoresis under ordinary conditions. The
smallest chromosome of this strain (chromosome I, 980 Kbp) would serve as an excellent experi-
mental subject for structural analysis because it can be routinely isolated easily and in quantity.
With this chromosomal DNA, a set of overlapping cosmid clones (a contig) has been established.
Telomeres obtained from this chromosome consist of 5~TTTAGGG repeats running from the
centromere toward the termini, a sequence identical to that reported for higher plants. Putative
replication origins and centromeric components isolated as curved DNA from C-169 chromosome I
were characterized by sequencing and localizing on the chromosome. By combining the Chlorella
chromosomal structural elements thus obtained, various forms of artificial chromosomes can be now
designed to be introduced and stably maintained in plants.

[Key words: Chlorella, molecular karyotype, telomere, centromere, replication origin, bent
DNA, artificial chromosome]
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NHDOFERIBEARER I bicv. Toks
i, BEEEo s e -k, 514759 -1k, HEER
BOAT o, 7T TOFRBESEBMCKE N2 5 =20
Blich. BRATIHREEA (YAC) 2 EADY /) A7 R
U/ VCERNERE L LT, BPHCEWTHAT
L AR I NS, ERBOCST L E0FA
Mz 3E v b 0N B 5. Y ATHES (Plant
artificial chromosome: PAC) % £ 7 L {L T 2% #M & LT
i, EREOEEINOREGELEE= =, F TR
Lick/hy 7 2 BB THS. —BRIEXTEEEY
FEAIYENEE BTRNCEECH Y, HTFEER
WoREGE LTRMR . £ THEx O BRGFERTC
EBL, BREBLRFREEDOAL Y —=v 7 LBERIT YT
st DFelxs ks, Zr v RVWEIRiR
N B, SEECIER LI REGEREE =
FEBELTEDY, EMELTOLEBEEHRTS.

1. tEHERBNYG /L

MWYOBY 7 2DKEXL, BRLoTAKEL By
T3, BFEYTE, RIDOFEEINB YA 25
R F (Arabidopsis thaliana) D -~ 7 = A F% 145 Mbp 7° H &
KERIRINT % =) BHEY D 15,800 Mbp ¥ T100
BUEDENRRLNS. D TXTOEHC I\ TEED
TAABGTFECKER L, 207/ 2BOEIEE
LRI FRRORBEESIDECERT S LE L DA
Twb. IhHOREEFNE, ~T » 7 v<F VHER,
Y bR AT, TrATiLEOBERBHETMCEET
HEHEL, REAGOBERE BRE #itihic
HERREXE> T3 EBbh 5.2 0L EECR
BR 3 5 @B IO E O OB, £ A0
ATEEME L BAGRONR S, WY A DERBE I BIC
KE L BRDBFFICNS.

1.1 WL X7 4—) FERUXENEC & 2 BRBIT
%2l (karyotype) &1, fifaDBKHFHOREL O
BIUOEREBEOHEMIEHEEA T 442752 TRLE
bOTHD, EYEcEE CEFOBEYRET LD LE
2 bh T3, £EYHBONMEE EOEFEBRPE L
57 2sDBEBYBELNCTEDOHRTIRL, BIEFT
BWTEBREFOBEEYREFHIEOTHZ L E, &
REQBEOBRBOEBELY S 5 2 TIEEEELIFE
Lis->T&k. BEHHEDTR\TiL, {FESLEIE
FEINTEY, BEHEEECE S CHMLT — 2235
BEhTw%. Load, BOEDHFEWENECNE
ETBEFAERI—BICY 7 ADVNEL, £ DBE

REAEOBEMEHE,E L. HFROBEBTICINL T
FricwBS Licon, HEHAEO DNA 5T HELN
KOBETED VAT 4 — 4 FEKBKENEX AV, W
b L ESKERE (O FRE) BEThHD.9 2
DHEYHCT, BFER (n=16), S HER n=3), 2
YUAE (n=8), T VA E (n=7)RFDMEE, B
LB EOBRBBREI R TS, Fxi3, Yy (&
BXEREY) Bok/hy /7 o LN EgY RO TR
2 DEWENRICANVAT 4 — N FEKKEBENT 21T -
fo. TOFER, BMRFES = v 7 OB EBE OKE
GHTEHCOBTELREREYETHIZ LRV
L.

1.2 70l 70BRUABNZE  2BOREHES
BY (Chromosome length polymorphism; CLP) £
Fig. 1127 » v 5 4 &5t 7 kD 4fa{5 DNA % CHEF &
KKEECTHBE L% — vaRT.D 22T, BR
kB Se& LLECH)/ N X\ DNA S T S 83 5 e tb e 3
TFBLTHA (A ABMTI.5%, BIF 3.3 Viem, bkEjks
fi172h,13°C). —RL T, 2O %52 — v OFE
TR DK . & 2 X Chlorella ellipsoidea C-87, Chiorella vul-
garis C-135, C-150, 211-11b Bk T3, Jf{fA DNA T KX
BECHBECTET, v I EECEETS. —F,
C. vulgaris C-169, Chlorella saccharophila C-211, Chlorella sp.
NC64A ¥ETiX, 1 Mbp-$ Mbp DfEKTH A XD R
LREHASVERSESBEL, B0y FORKEELE
BARBETHB. ZDX 5, A7 = v J kI,

(Kb)

{2200

- 1640

- 1125
- 1020
- 980
- 945

Fig. 1. Separation of chromosomal DNAs of Chlorella strains
by CHEF gel electrophoresis. CHEF gel electrophoresis
was carried out with a switching interval of 7.5 min at
3.3V/cm for 72h. Lanes: 1, C. ellipsoidea C-87; 2, C.
vulgaris C-135; 3, C. vulgaris C-150; 4, C. vulgaris C-169;
5, C. saccharophila C-211; 6, Chlorella sp. NC64A; 7, C.
vulgaris 211-11b; 8, S. cerevisiae (size markers).
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Fig. 2. Electrophoretic karyotypes of C. wvulgaris C-169 (A)
and C. ellipsoidea C-87 (B).® The chromosomal DNA
molecules of strain C-169 (A) were separated by CHEF
gel electrophoresis under three different conditions: a
combination of a 5 min switching interval at 3.3 V/cm
for 24 h, a 7 min interval at 3 V/cm for 24 h, and a 8 min
interval at 2.6 V/cm for 24 h (lane 1); a 12 min switching
interval at 2 V/cm for 4d (lane 2); a switching interval
of 25min at 1.6 V/cm for 3d and then with a 20 min
interval at 2V/cm for 2d (lane 3). The C-87 chro-
mosomal DNAs (B) were separated similarly with a
swiching interval of 60 min at 2 V/cm for 4d and suc-
cessively with a 90 min interval at 1.3 V/cm for 4d
(lane 2) or a 90 min interval at 1.3 V/cm for 14d (lane
3). Dots indicate individual chromosomal DNA bands.
Corresponding DNA bands at the higher size range in
different lanes are connected by lines. Arrowheads indi-
cate the positions of size markers of S. cerevisiae chromo-
somes (A) and S. pombe chromosomes (B).

() KRB EARETPFE L i) IR EARLTIFD 2 5
1 7BRRbht. £54 FORFEKRE LTHED C-87
BE, (i) BUoD C-169 Bk X HIcEE L < BRET L. Fig. 2(A)
IZ C-169 kD Yt th % Ric 5 =50 CHEF ¥k Eh&4 T
DEELICAE -V ERLTHD. ThERDEHET, &
Bk A ERDBRIL - TR D, V—v 1 DEHET
(X 2Mbp UFDRBEELIELHBE L TV54, Thll
ERECHREFIERCE LT LESTWAE., ZDE
O, SEEFEEAYKES Ly — v 2 048 THEET
&, SORBRARBHEITT TV — v 3D 2.5Mbp L E
BT ORUTELCHEN TEL. CORE, KoK
AV FORIEAIDIRT IS, C1698D 7 7 Az g
I6EDREL AV VELTHEEI N, HFE~—H—¢&
DHED LB EMEOY A X EHF (HFEED) 1T
TE. ZZi, EREMEO A XOKFIL 38.8 Mbp
Litote. —F, ILIRKELHBEY 1 X4EH D CHEF
EROKE) &M T C-87 BkO R L BITT 5 &, Fig. 2(B)
CRTISCH IR DTS . HDREBER Schizosac-
charomyces pombe 0 3 A D Je €& 1K (3.5 MBp, 4.6 Mbp, 5.7
Mbp) & DBBIEDHE» L, Thb DA i 2.5,

2.9, 3.0, 4.0, 47 (24K), 5.2 (24&), 6.5Mbp &7c

D, AT 38.7Mbp & C-169 BkDBE L 13— L
7o ORI, A Vv = VML RZFED Meints D 7L — 7 A8
Chlorella sp. NlaBk (NC64A B LR — L EHI TV 5)
DOFREE L FFCHEN Lic. TOBR, okt
11275 6.5 Mbp DFEBRICISA DR EENHBETE, ¥
J A DEFNL 39-45Mbp Lish, L2 EBIE—FK
LIcDZ Dy 7 a4 X2, BREOHSIKZETHH,
VRARFAFDAGZD L, A FDIUIHD 1 CHEYTS.
LLAHAEYE Y ) ATRENOTIECAS. L2 AT,
BB B v RETHIEELIEEORTTHEN, 7
rUSRBLTIIIRK, 138, 16K LKLY - THEH
BRI D. 9(C-87#) L16(C-169#) DERXBET
g, ZO2BRETHIR—D ‘B BT B LixE
ZIE . 78 LI OB OWTITE L ORIER S b,
BIROAEZ LD, O 5 F VL DIFRLHE L B ISR,
COBRDOBABEYRBNLLINDTHSS.

1.3 C. vulgaris C-169 kDR BT v EZ S 2
B U S IITEREER2 L, S 0RREEKEIBELR
TWABR bbb, TORGEEFTNTE LI -1,
4[], CHEF BRIKENEIC X - T 7 a5kl
BEMICOBET D ENTEL END, ERBEE~
BxDREFEMESTLZE (v, ¥V ) pETREE
e »fc.F7cd>b, 7 7y bk (Southern blot) & AT,
7m—=v S INOBRIEFOMBERERRESED BT,
BRI REEEEHRERG T~ BETEL L5
7o. TDF% Fig. 3IT/RLTHS. ZZ T, ribulose-
1,5-bisphosphate carboxylase/oxygenase />4 7" = = o, b
(r6eS), ALZFERIL 7 v m 7 4 MEES & v % 7 ' (cabll),
=t gy 2R VAIE (hpl0), a-F 2 — 7 ) V (tubd),
IR VEET e ¥ ey S — ¥ (gdh), V AV — A RNA
(rrm) D& BETF % C-169 BRERILEE LB ST
HbH. THLREREEOHMI W HIRERYEBLN & &
BT, bo bFELWAESTOREETH 5. FEMIT,
Tr—F L LTHATELREFTHNIIDTRILE
BTE~N= ¥V I TEL IR, LI AT, B
THRNIfcz7r v 0 2@OREBHARSEE (CLP) B#RD
BEREGFRLOFICTBREFHRO L1 ED X 5 1B
BTEBEDTHA 50?7 C-169%DE ] BREML (K
IRk KRN 3EODNA Y e - 7R AWT,
C-87 kDR E — v T VBRRITS &,
ThEhD 7 e —T3BEIQPEMELE A4 TV FL XL
fo. fed X, whd BEFIERPESCLESTS
hic. T X5, REERMOMIGIEEYS1 7RTHS.
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CLPHE%4 UAERDOFEH I, FREAOFMIER
FHR & N % LERE LT TREEE 72 A 5

2. 70U 8 I BREEDOSTHEERN

Fig. 3I/R L2 X 52, C. vulgaris C-169 kD ¥ / &
38.8 Mbp IXET 16K DR BEN L - T 5. FHfAK
TN TN HBOBEY RO E LI, £F—+ ., b &
LTEPEIIc L, BrbFriEbbhidinbiw. £
DHERF & FIEIC A E e EANEE - BEEER I L ORE
T H BT AT THS. REbELREE==, %
DFvSATREAT B DI, RNRER, Thbb
C-169 BR T2 B IF Y B4k (980 Kbp) R & T 5D Y
> EABHATHH. FIELEMIL, —BEDO CHEFE
K[UUKB TRHERRMLORBHENLLHBTE D L, EAD
CAEDIre— VT34 75) —%Hh —TE5.

450000
g XV 4000— cabll
v
3500m— XV 3500
- XV 3400
X 3100
Xl 2850~ rrn
Xl 2700—< rbcS
7650
IX 2450
= Vil 2300
2200 Vil 2100~ gdh,hsp70-2
Vi 2050
Vv 1950
v 1800
o 1600 I 1600 —~ hsp70-1
= il 1500
S| 125
& | 10200
980 — Q-
945 I 0 —< a-tub
Fig. 3. Schematic representation of the C. wulgaris C-169

karyotype. The chromosomal DNAs indicated by bars
are numbered from I to XVI in order of size. Ar-
rowheads on the right side indicate the chromosomes
where the specific genes were mapped by Southern blot.
Genes: cabll, chlorophyll a/b-binding protein of photo-
system II; rrn, ribosomal RNAs; 76cS, small subunit of
ribulose-1,5-bisphosphate  carboxylase/oxygenase; gdh,
NADP-specific glutamate dehydrogenase; ksp70, heat-
shock protein 70; a-tub, a-tubulin. Size is shown in kilo
base pairs.

2.1 HIREEYVELY  EHBETHFe-—2xFL
%\ CHEF ERIKENC X » CHBEL o8 1 BHE
hEx rAnbE L, e 57—+ - PMSF ALE,
ZREHBRER UM T LN TX 5. 980Kbp O
DNA DHIREFRMR & R T 5 odicik, tad~X<Y)
WAL DD 7e W HIREER % EIRT DML E)HD. VT h
vy & —BEFRD 5 b Notl 536 KD v F (440, 220 (2 K),
70,30, 9Kbp) A U % Z L B R\ L (Fig. 4). ¥
M DNA % /23 L 7oRFE T O HIRRER AR Tl o5
BRESHTHY, &M% CHEF EXKEIE THEEL
ez —vEiBIBREAKFRNDNAZ v — Vi 7
B L LTCOYVF T e, VEPEHLSHET, Nl
FA PR —FRANCRE T X7 (Fig. 4.7 2 Ta-
F 2~ 7 ) VEREBFIIRED 440 Kbp BT H Lt AL &S
FHiie.

980 —» Wik

440 760 —»
—

220 =*% 540 _,
510 —*
470 —»
—
o 320
30 s
- 200 =
220 —»
9 — 4\1
100 —»
70 —*
30 —
C
pHIG70 tubA
L 1 L - 4 1 — 1]
} foommencieed H
220 220 70 30 440 g9
L 1 1 1 L 1 1 i i 1 1
0 500 1000
kilobases
Fig. 4. Physical mapping of C. vulgaris C-169 chromosome I.

(A) C-169 chromosome I DNA isolated from CHEF gel
electrophoresis was completely digested with NotI. (B)
C-169 chromosome I DNA was partially digested with
Notl, size separated by CHEF gel electrophoresis, and
hybridized with probe of total chromosome I (lane 1) and
a specific clone pHIG70.” (C) Noil restriction map of
C-169 chromosome I. Size is shown in kilo base pairs.
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6B10 7ES 6A8 10C2
8D5 9A12 6ES 11C12
| | i [ I | L1l | 111 11. 1 | | [ 111 11
| I i {
0 50 100 150 200 280
3D11 8C11 1C3 7C8
4G1 4F4 7F9 9H3 12B1
[ T Jddd [ B T N [T I R il L] ! Il
i ] i
250 300 350 400 ) 450 500
9H8 1F9 8D3 7E3 9A10
7A1 3G10 11A2 6D4
L) ] I | | [y T WAl 1l hlo 11 Lol 1l
i i |
500 550 600 650 700 750
4B10 10C4 9E3
7A4 6A7 8D10 5D4
I} PLM L] Ll L | i1 |1 | Lt 1 [ 14 I — ! 1L [ l [ 11 | |
! I ! l
750 800 850 300 950 980 kbp

Fig. 5. Contig map of C. vulgaris C-169 chromosome I. The colinearity of the contig was confirmed by NotI sites and some
landmark genes (a-tubulin et¢c, arrowhead).

2.2 23X 3 F Contig ¥k  C-169 5 I FEHAEAL D EWBTOBRICZ L, TORE EOEM I8
DEFBE= = » t OO FBERITCEIL>T, ZOR BT, YT, 2-30Fck\\TT = £ 7TH
BEDNADITA 75U —%fEHEH L, X5 Contig D Fihze—=vr7r3n, TOEARERTS-TTTAGGG
BIUL AT O LENH S, ET7 Y vHB I, F1 AR EILT 5.9 C. vulgaris C-169 5 T FHEMA DO
B k980 Kbp #FI30Kbp D2 A I F 7 v —vT T, ChoEABED 7 v — = v 7 LOTFRERT 1T
9% LA ES S —F B, 148D 7 = — viihiuL X St
W biein B, B BYREESY SasAl & B\ TER S S 3.1 T A A7 (telomere) DL B AERED T
f# 1L, SuperCosl (Stratagene) ® BamHI DA i EFE rx 7RSS, () floREEEOREYH<CF v v 7
L, Escherichia coli XL1-Blue MR {Z# A L T#720,0001& ELT, Hruvir () EROE D Lickbh b RER
Drw— VB, 5H1,200f% < — A LT Contig RNA 754 < —HH0\HL (3) BATOREHKD
map X {ER Lic. Bl 7 v — = v 7 LIcEERRRS (& THHREMT ek TEEREEY RCT. 10—
WB) ANz T 980 Kbp &Iz b7 5L/ A - =5 B, T A5 —EELIOBBREBERCL > TT v 2
v 7 Contig 738 b e (Fig. 5). I, Z © Contig % THREIAAMPOCEBEINRS. 7 r 27— CIIEEERD
ACTHMHIRERNAZFRLTEY, by Ie#5H RNA # SUMEEHEO—BTHS. BEED
ATBY 27 MDD TVD. Ty}, veAd XFAF, tvERAY, b RipET,

. . COFBEERNARKIET 27 = 2 7 KRBT, 5
5. 7ALT C-169 RIBRBEEFRBETL A= b TTTAGGG TH 5 Z ENHREIN TV 5.9 FEMAFERK

BERATREMCH L, REFBEDOR/NR= L A BOBEIEBRTHD, TOs e —= Vv IXBEH TR
VM, KREECKEET 5T 2 7 LR EELEICIZ V. C. vulgaris C-169 Bk D2 1 E Y fafk % CHEF EX¥k
FERRICHEET 5 HEBB S (ORI & R EEDO SR Bipkic & BB, Baldl =%V X7 VT — AR X
CE<EREGE (£ br 2 7) O=2THSH. BERICD > THRERMmZFRILL, 51 &H\ T HindIIl THET L
VT, IhLOSFREEIFMCEBAIR TV SEH,Y LC pUC19 ® Smal/HindIIl %1 FiZfEE L, E. coli 1T
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1Kbp

Left terminal sequence

<-—-——
.
&S ES
------ J l.
H1.3
s
4

1Kbp

Right terminal sequence

_———>.
= = 5§ -
- I iy pe
- 59 &
R [+] ww m
L | | ] |
1 { 1 1 ) B0
H2.9
3 % 3
Z 2 Z g
100Kbp
—

Fig. 6. Restriction map of the 1.3 Kbp (H1.3) and 2.9 Kbp (H2.9) Hind III fragments derived from the chromosome I

termini. Shaded parts represent the telomeric repeats.

BALY. 2RO EER2n=—2 b, BT 22T
DNA*# 7 e -7 LTarm==—~A4 7 )X E=-4
VERIXSTESTA 77— v, Fhbil13
Kbp (H1.3) & 2.9Kbp (H2.9) D 2R T & . F
BRI DIEERFIARET H L, M7 v — ViKEW»
T5-TTTAGGG D R LA 400 bp EfE L TE Y,
ZTDHT v EARETINEFEL LTV 7. H1.3DNA D
SR ARFIE SR T e — 7L Lo T BREK Nod
WiH & D VI TIL, WD 9.0Kbp Wi EHEA L
7z, —7F, H2.9 D= = — 7# 45X, Notl 400 Kbp DK
FLEa L. ZDERE, H1.3 & H2.9D DNA KA
Fig. 6 T O EThENELEHRIRCHEEKT 5 LFE
WINT.D T ZT, B IEFELRABMAESY Hindlll THK L7
R — vk 5" TTTAGGG DREEFIE S % ~1 7 ) &
AXERBHE, 121F1.3Kbp & 2.9Kbp D2 KD > 7' F
AR IR, Thbb, Z7e—=v 8RBT 5
Bal31 KIGHILZ T bETH H, 7= 2 7 RERT
(3% 400bp, 0% H 7b DELFIA55-60[E#ER R LT3
TENHBE LY. T THEHETREE, /e LIDTR
AT REBFIVEZEEDO TN EZL—HLILEATH
B, CHITE D ABEIT T e AT ERERTAT R AT —
YOBCELMEEAE%RTHLDT, 7r vS§EMAkDE
F & LTOMfED—2DRIEL /2B ZDT = 2 TR
BB, C-169BkeREMAITS L LD, MOKDORE
17 A O AP 1 2N B

3.2 ARS LB DNA O#E  Hfafko DNAE
WMEEISFIMEL HTodITi, IEFHET DNA OEEMN

HEETHS. iz DNA il L BEROEERRY A
WTEBEY D DNABREABA YD LELLRD
DNA B i~ (Autonomously replicating sequence; ARS) %
7m— =V 7T HAENELINT VS IDEEIRE
W, C-169 58 T 5 fA DNAMWIT A 2~ 7 & — YIps IK#
&L, B YNN2T BRICEA L TEERGERYBC. B
bhiczm—v, 1ok xi¥pCA-1 X ARS HBEXH T 5
466bp DWTH & A TE H, T DOHEKEF|F 1T Broach
DIBEEFINFEE L. & D DNAKH BHENC 7 = U
TREADOERFABR L LTHET 25013, R
v LSRN THENELE DS, —F, EEAENE
thE L LT ORI AR L7 DNA SEXET| O8I,
DNA #Ei#&:E (bent DNA 5 54 X curved DNA) 2351 B
NT 5. 1D DNA B D DNA A % v 7 B iRE
Sh, DNA BHBA, BEFEE, ~Trs/r<FVv
FERicExThEE2 bR 5. Bl DNAIMERT (20°C
) oFV 7279073 FrAEKKE) (PADE) TF
BESSRE G0°CCLULE) OBEIVELIETTAE
Enb, BHCHRETES. C-169 BkO% A4 DNA &
BREOHMREROMEA G, & 2 ¥ Mspl/Tagl,
Sphl/Nspl, Pstl/EcoT221, Sau3Al/Mbol, Xbal/Nhel/Spel/Styl
7o & CHET L, REZ IR PAGE TRk, AR
nohANnD (BREHECTENRS) BV OHLT, £
HFE R pUC19 D Accl, Sphl, Psil, BamHI, Xbal 1 1T
& LT DNA 51 735 Y — (pBENT > ) — X)
EBL L7 (Fig. 7). Bbhfcz v —vigowTit, B
BEBIKENC X > TEMEYREL, EELIOXE
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1998 5% ATHEHED E T 1L 211
A HH H PP P P P
4 3132 39 8 19 20 23 23
Chlorella vulgaris C-169 : 3 L
Chromosome DNA
L —=-1500bp
restriction enzymes o
l 60 C
10°C
— + ~= 500bp
S } .3
U —
(@} =
S _
- 1 —=-1500Dbp
= |
+ ! o
! 4C
; Cloning into pUC19 ~ 500bp
-

pBENT-Series

Fig. 7. Strategy for cloning bent DNA frgments from C-169

Fig. 8. Bent DNA clones screened from the C-169 chromo-
some DNA library. Digested with restriction enzymes,

chromosomes. After digestion with restriction enzymes,
DNA fragments were separated by two dimensional poly-
acrylamide gel electrophoresis (PAGE) running at different
temperatures, 60°C (first dimension) and 10°C (second
dimension). A fraction delayed at 10°C was cut out from

the gel and ligated to pUC19 for cloning.

inserted DNA fragments were compared by differential
PAGE; PAGEs at 60°C (upper panel) and 4°C (lower
panel). Note that each insert DNA decreased its mobility
at 4°C. Symbols: A, clones from C-169 chromosome
DNA digested with MspI and Tagl and ligated to Accl site
of pUCI19; H, clones from Sphl/Nspl digestion; P, clones
from Pstl/EcoT221 digestion. The molecular markers

. - . were pUC19 DNA digested with Mspl.
74779 — X hEr2008RR L7 1D £ DO—F% Fig. 8

RS, RIZY / A9 F VB X - T C-169 BrD 164K

DHREME ETOHHRER, £ 1BREHELTOHMHER

HFEAT. S OIEERFIOEBEMEEZ IR LT TDS5

DD 7V — T LT (Table 1).

(A) 2DA- 4B : BR L\ GHET T C-169 & REBH L
17V F4XT5. BECREIR
7of9 200 bp DILBALTIHHTSH. H
I B4 BAK TiX Notl 220 Kbp B 5 D
RiLfEET D (vt r 2 7H).

(B) 2DX-14 &l : B L\ T C-169 2R EAF1

A7VEAXTHB. ViaRY YV

Zepp ($:8) DELFID—ER (Zepp F) .

8 1 FLEAK _E T Notl 9 Kbp B H

REET 5.

I BORHETOREREHKE AT

FA4 X155, HEH GGN ORE

ESlx&tr. 51 BREMEA LT,

Notl 440 Kbp BT H IfEET 5.

(D) 2DP-84 B : BE L\ &G T T C-169 2Rtk &~
A7V EAXTH. BIBFLEHT

(C) 2DS-41 &

Table 1. Classification of bent DNA clones.

Hybridization with Hybridization with

Type Representative clone 169 chromosomes ~ C-169 chromosome I~ LXPected type
A DA-4 AlYS)* NotI-220 kb Centromere
B DX-14 AI(S) NotI-9 kb Zepp
C DS-41 Al(W)** Notl-440 kb Centromere
D DP-84 All(S) NotI-220 Centromere
E DH-31 Al(W) All Replication origins

* (S): Strong signals in high stringency. ** (W): Hybridize in only lower stringency.
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F AT H16%

VL Notl 220 Kbp BT L& L, RIE
23 —FFETEH( v b e A TH).
(E) 2DH-31 8 : B\ &M TD A C-169 LYk &
17V 84 XT5. FIEREMAL
SO 2 —-2NHFEETSL (BEREA
B
ST, 2Vt e ATRORMETH 7 v - viiEbR
ol &k, DHEEHRRCRIT AV L e 4 7Bl DNA
& & DRIEIC BV THEBRIE .1 T D DOEFNIL T T
C-169 % I HH 1K Contig 7 » — VICIEHE LB ST
THH, TOBEOTEHLAFILIS. bbHA, 2hbd
GATHREHEOEE =L 4 v & LTOBENBERTH
5.
3.3 BRERMREEY BE4EPor s skrix
SRS RERINDFET . D Th b 0L LT
—RaNT, (1) RESEEREF (2) DNAEHA~OE
5, (3) REMECHBL ORE, (1) BEFREO
AEL, (5) BB mRNA RO FE e & MHRIEI R TL
D, BT D C-169FkD Zepp I ED LV F m K Vv pis
NOREBFIOBER & e 5B EL S\ . RIEEFIOFLE
¥, 7/ - DNA % HIREER TUMT L7-BA, YL EBX
WBh- & — VB Y FARB T A e TR
H. ok 2, C elipsoidea C-87 ¥k D #° / 5 DNA %
BstUI R AccIl TYIMT L72334, 130, 200, 400, 720, 870
940, 1,100bp DB N v FRF F— Lt THL R
5.9 NLDDNAMA % 7 v —=v 7 L CIEERT
HRELICEZA, ZOOHBEME L — TR I,
MBI 15 bp DIBEFISEEL, BE\-OBEMEH
TR NTe. Fig. 2(B) D C-87 otk <2 — v L0
FHF VBT, T ORI LR DY 3T S
A 7Y &4 X Lt. rDNA & DRERHED 5§50 =
=2y ) a ERRELTWS EHEINE. #/ A
LETINBEFINED X S IclER LT 5D, i
T DOBEC BBE D o 5.

4. 70L50OL bOKRY > Zepp

BEBEHO 7 7 208, Y rA R FAF D 145 Mbp B>
LATAFD15797Mbp FTI02 4 — & —DH A XD
FEhH%. DNABSE Cot BT LB &, &%/ A
CRCOEEFY 2 — FT5 80 i K EBREI
<o KNS EIEFLREEIIORBCL T, 207
JLABDENELS LS. D X LTRERSIOE S
A2V bR Vit TS &S MELNETHK
TW5b. ok ziE, PV ER 2D Ad] BETFOFE

280 Kbp DHHIBICIL, 10DV + v RFAEIAT T
BOEBO0K LU EHED TS, Xk, ¥/ a4k
KRVCTHL0X U ENZRERFLLR > T B &
5.8 by b rEY VL, ¥ junk DNA L% 2
BT &ien, BETE (1) REaboFREETRK,
(2) DNA OFERR, (3) BETER, (4) RpeEMABERE
CREL ETIRBb Y, ¥ Ao bie BEEREY
RICLTERLEEHE IR TV A, 78 L5 0RBEHEICY
BFERT XI5 v ey vRBnWiEXh, Biosy s
LARIROMEFF L BEECEE B E A T5 2 E0HBEL
7z,

4.1 L bAORY S Zepp DI C-169DE 1T
BREBORGT » 2 THERITORE, EWfT e 27
REFLFNCBEE L TA DLV A15EHET 5 D% B 72
L7z, Z D polyA % &:§ 800 bp DEFI% 7 = — 7 &
LIcr VT ORER, £ I1FREME L6 2 —, fib
DISEOGEMAKIC L EHI02 ¥ — Z OFRFINEE LT
WBZEBHBLA.NC-169 2R E{ADNA 51 7 5
V=D O LIceR 7 R — v (ZA-1) DI 10 Kbp D
BERIAREL, ZO=1 A OLTOBEAINES
B & 75> 7z (Fig. 9).19 (i) 2% 8,930 bp H11Z > ORF
% & A, T ORF IMEERERSY = — KT 5 pol BIE
FLmVHEREETRT. (i) 3 K polyA RS % B3 %
Z & 7% LINE (long interspersed DNA element) D v
FERESVTHS. (i) 3 KRDOIE = — FEEEA 3 Kbp %
HY, YaUT v AA=DHT-ABTESL., +5v
Rk, B TRS), MBhe), £ (85 o
A A=CHFORFMBMHT BRI TS, 7rrSnrD
b7 AR VAITRITH Zeppelin I 1K T % [Zepp]
DREMTIc. BIBEREMLLERD 13 Kbp DS
ZREL, &7 v — v (ZA-1) OBS| L KT 5 = &
LD, ZORBEETDE 2 C—-DRIFRI D - 7o
Figs. 10, 11 17”3 X 51, Zepp i Zepp B D EF|%
AL TADRA, TARTF ] #EER LTV .20

4.2 Zepp D53f  LINEE DLV F vV vimii s
DEBERIC T 8235\ 2%, ERMCIzE=a v —n

Fig. 9. Schematic representation of the entire Zepp structure
(ZA-1). ORF2 corresponds to pol gene and encodes
reverse transcriptase. The 3-end is associated with
polyA.
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L \ ) . ! i \ " Nuclear DNA /Bal31—Hincll
Centromere
o —— 0 60120180 300420 (sec)
s i il it (Kb)
M1 1 I !
23.1
Z-1R T [z—s Z-4A - z-3A 2-2R Z-6
2-2B
z-3B 9.4
z-4B
Fig. 10. Composite structure of Zepp elements on the left 6.6
arm of C. wvulgaris C-169 chromosome I. The boxes 4.4
represent individual Zepp copies with polyA tail at the 3"
end (vertical lines). Arrow indicates the length and
orientation of each element.?? 2.3
2.0
5DEFEY (polyA ff & mRNA ) H¥EERERIC
X b DNA RERI AT, BT O DNA ¥ » » 7E
DEAD_G. D —FEDAT » 7OHRT, BF, HEF
DEBEH B\ i RNA-DNA X & D BB TR Lic = 0.6

v—0D%&LIL 5 RERLIcH. Zepp D 3-FKBEIDFE\H
Ba7e—7¢ Ly v T, C169 ¥/ A
1302 € — OFENHEE I hichs, &Rk = € — (ZA-1)
DEIMyH BB T OFEL AR L. 3
KWL REFITEHECRBIN DA, 5 flo
ORF #4ix, 3-4 AXDEFIREMECREIND. ZA-
1EVELAACEE IR, H 1 EBREMA L RRC,
b DGefafk T Zepp 75 Zepp AR TN D [ AN
F | BEEE LT,

4.3 Zepp D#EE  C-169 BkDO LY lk DNA % =
¥V R 7 V7 —+ Bal31 TREFRFHNCALEES, Hincll THEY
AIELLESKE TOBE LYY P& — V%, Zepp AL
Pk 7w —7 & LTy I LIcKR% Fig. 12 7R
T. e, i £ b 2ERD S Y VA Bal3l

Azs lscc’rscacscscsc
SCGICCACETS

74 Fcnscmcncsca‘ AGCCA

7-3 [cm\'ru'rj COAGC——mmmmmmmmm A11TA7 |TAATTGC

zZ-2 Asrrmmcu! TOOCT e e m Azo ‘GGMTCGACACG

Fig. 11. Nested structure of Zepp elements on the left arm of
C-169 chromosome I. Target site duplications flanking
each copies are underlined. Note that Zepp elements
integrated into the Zepp sequence itself as a target.?”

Fig. 12. Zepp clusters are at the termini of Chlorella chromo-
somes at least in two cases. Before Southern blot analysis,
total genomic DNA was digested with Bal31 for various
periods and then with HincII. Size-separated bands
were hybridized with a 3-portion of Zepp as probe. Two
bands indicated by arrows were gradually degraded
by extended Bai31 digestion, indicating that they were
derived from chromosomal termini. The larger band
corresponded to the chromosome I fragment. The smaller
band did not hybridize with telomeric repeats and was
shown to be consisted of Zepp copies only.2?

ARG LT A X2 I8 T 500818 THRRA
. OFD, 16KDOREBMAEDI2HBKRED 5 bl &
B 20 RT Zepp MLBLTWBHZ &5, H1
BERBEDERNBFD—2THS. ZDOHAIX, Zepp
OBl T r 2 TEIINDFEE LTS, Fig. 12 TH
9.0Kbp D~ v FARZ MICEEMT 5. Fig. 12 DR LS
A=k T e rTEIE T -7 L LTy VBT LI
R, $5—2D23Kbp DAY FiZAA 7Y FA
A Ligh -t Ticbb ORmHOCE, 7= 2 7E
Flaste Zepp PBHLTWB EVS T RIS, BE
COFKRMDNA%R 7 r— =V 7 LT Zepp BEFIBREL
TWAZERHER LI OREEIHERICT » 2 7THEE
THHZER, TTRRRICEEITHD. TiL, O
IS RELBEIMEE®RTHIOTHA 50?7 &K
B, YaTPa v A= ORBAERRC I T Zepp IT &
v b e FS VAR VYRT R A TEINCE 5 TR
boTEWTWHZ ENBELMAETE Tz, HeT-A &
TART L Eh B ohb U b rBEY Vi, RACRE
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214 IWE & EMIF Hiek
< B v N
Zepp RNA An
gt L o —
<Gl il -
Eucaryote
A ‘v T 2
w___'__,_a-\ an v

<«
< 11 i
imming .

C.vulgaris C-169

A Y

T
(11T { [T ]
T
Drosophila

< telomeric repeat LINE-type retroposon

Fig. 13. The Chlorella chromosomes can be regarded as an
intermediate state changing from canonical telomere
structures to the Drosophila retroposon structure. The
Chlorella-Zepp system offers an opportunity to understand
how retroposons take over the telomerase-telomere
system.

BRBAMLTPE, HEI L5 DNA OKRIBE DS
FTVABRLSTWAREWS DEBOBERCY ) A LD
DHBEBIRLE 00, REadkBic st s Zepp &
HeT-A, TART D& L BEERE B ET 2. —BER
i%@%wxa—ﬁﬂl%inx7%ﬁ&yavvav
NREDV L RES VT BPELREEEL I ED L S
TCHBER B DDEH 5. 2 v L5 D Zeppidh 1 5
ECOMEDOEXBOBMBIESHBEELS. Tebb,
C-169 BROR BT L DR MHERE L LT, BEPYF »
ATEY 3O Y g VA=K E Zepp it T v 2 7 RIE
BCSIA I LIc i D 3 B O RS HETE LT\ % (Fig.
13). Zhid, —FHh b ~OBITOBEAERE L B
TIENTES. TOBWBEILEEL S 52T, C-169
%I%%éﬁ*%D&bﬁEDfptx%ﬁﬁ?é:&
%, BREVTHA Y. ChECTOBEL TR L
T, FHEI C-169 8 I BROGRSEHEELIH T2
HEA % Fig. 14 R, Zeppl}, Z-6,2-2, Z-3, Z-4, Z-
5, Z-IR DJACEZRAENT 5. B, T v 2 7EEF|
& Zepp O—FH AN DEH (R L2 ?) CHREVS
TREL, Zepp EKBMEBH LTV%. Blroox
SIHE DR AT &b —oBR It (Fid).
fll & IXEEEASED Z-1R DHINC E T, Fr25—%

Y

I N =
I P o O e

Q<] o 0 BT e

'f-'—'—"‘"‘-—-\— An
A
[z2 Jnlz6 Im
An
v An An
L 23 m[Jwlze
/_\ 2-2B Z-2A
A'n
[ 1T za Imlz3a Imn[ze 126
Z-2B Z-3B Z-2A

Z-1R

Y (Recombination ?)

LTI Inlzaalnz3a m [ ze ]

Z-2B 7-3B Z-4B Z-2A

Malzar I Jnlzaalml z3a In[ T 78 12

A 723738748 Z-2A
Telomeric repeats
Fig. 14. A model for the mechanism of repeated integration

of Zepp elements into the subtelomeric region of Chlorella
chromosome 1. Zepp copies (open boxes) with polyA tails
were integrated successively via an RNA intermediate
(winding line).2

DEE L L THBURHR I W BRI BEOHIC I -1 &
Bxsn. ToT, R UBBYISERICLET
ZEBLELTOV I EY VAEBEIND. TrA5—
EEESPBRICE T LT LE SBEN Y s v o v
HAOBITELHBETES. birki, Zepp RNA D FEH
i, E—b¥ay27 (37°C, 54) WIVFHEIND -
EDFEBIN T 5.0

5. HEYMATLRELK (PAC) DEFI(L

Py ERAVRIAET, BERESE (ALEHK) ©
P2 T1-BARDBEREM (BLREL) MAELATL
5. BREMFED, TOREHB~Tr 7 e~F vhbR
D, BRROBIBETFIIZLEALHEELL VL E2 BR
TWw%. COBREBEOEBOMITH,D, Lthigs
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DENIEALDOFEN L BEEROBENRADRTE .
TR Ty e 2 T7HEBOB VY — FEEESHBEEL,
Vb r A THEVRE LT CEDOYA XRFAT
X5 ENREINL.D L, BREMKYEBIENAL
DEEOFEMETH—DODEYRT. —F, EraI YD
BAC 7 v — vinbLEHRHL TV b r A 7THEEE T
TV EAXTHEFNPEBELRI. N Z i/ br AT
DWWFmELTELDTHEETHS. T, RADHREML

V- RSN TEY AV CEE=Lr A v DI R
rr—= VIR IRTWASE. D LAaL, WTFhizl
THHF VN TREEYRIET S 5 2T, WEHRE
B BT E AYRBEAREM AT EEC b, 7
v U35 C-169 8 I BLEEMAI LD E ¥ THHPATLLRE
BOFEMELD5DHDTHB.

51 WMAIREERBE BEOAIREK
(YAC) NERLZh, e xR Uy eTra%4
MO KT DNABBRD 514 77V —{Lic B\ TR T
BAORREL TS, ZOEEL, AEEANSTFo—
NEEEYO ANTREAT T A B TE AN
HRLTW3. Tihbb, REROEAEE=-=, D
¥EHTRAT, £V e AT, HERMKRAYBEERTS
TETHD. LI b—0DOFLEEREEKNLDLINRD
2=y PEAEL, TOBELOREYELICTE
LR LS. HEOBENE S » VT C-169
HIBREMED Contig WML, IHIT R AT XL

Chlorella vulgaris C-169 chromosome 1(980kbp)

@ Not | physical map
N N NN N

ClesssssillpeslpO
9

440 70 30 220 220  kbp

@cosmid clone contig map

W s v e e e e
w——— ——— . v W w—
@®cDNA mapping

4 4 4 L343

TEL ori CEN TEL

Fig. 15. Reconstruction of a plant artificial chromosome by
combining the structural elements identified and isolated
from Chlorella chromosome 1. TEL, telomere; CEN,
centromere; ori, replication origin.

LHEERBE- VAV IR/ —= Vv I/ UBEXBHAL
fo. ROBE, XESENRHTOIRLOBERTDH
% (Fig. 15). E%MEMERNE L LT, BSLTOE
A=Y DI EbEL y VEEFTINENE LD LF
HXhs. SEEEBRATLREAIBEY L~ —» —&E
FEFIALT, 7r v 7#RACEL, 5L YAC &
DESATERTHEEL, Y77 A LS, i
B 7rv=avrv—g— - fEve, t2AVIE
BE AR L X - TABEYMIRCEAL, TORE
MEBBERARL LB TELS. M, BA - R
PR TERG - REGEYBEZCE L, RRIIATERE
NEBRETEL. 0I5y 7 + OB\ AR
YR E OB B 5.

5.2 HEMAIZREEOHA HEOCHEYW (47T
7/ ey —B Tk, BEFERIEXICHIEH2-30D
BETOEAVSLERETHS. AFEOHGFRIEFER
¥raFuy . bOEBZ YD, WEBEECEDL
BEXCBEERBBON OO B, ok LIEREMME
FERETR, WEVRREZ TR, RECTEGTH,
“RARBMEERRETFHE A THD. ¥R, “hby
HET B DRI+ /B ORIETFOREE, »
5V ERAAEERBOBBECER - @zt &KX
HBIBENBERIN A LIRSS, CHERETE
BN & =i, \inie AT LA AT EERRGTR
Exbhizv. b bAATO LS RIEBENYER TS
BIERFE S LT, Rt tolE tBErodo, b
WX E 1 7 VBT HBNE(LOER I & DR VGE
BOYDBELISH. FHEYOREEE L HET 5 EBE LM
DM BRIY 7 a4 X ERBEOEBIM DD,
BETRAHHEE REASREBED 1+ 3 » 7 1eE1{L
EDBRIZ. O LIcERNMBYTERAFIETELT
LATREFEIEETHS.

& Y [

YAC %L U & LT BAC A BEF I h, < &l MAC
(mammalian artificial chromosome) D BBl 238 E I h
HEEBUTVWB.20MAC DBEEIL, Tr AT &tV
PR AT RIVEY A XD DNA ¥ EAT S
120, Fic i BB D invivo THETED LS.
BEHOBE LRNMEET [FES] »dLhadkw. L
NLEDRIBMEE LTD, HA—YERT HHRIER
ERVBLETHS.

FHEOBEORAL v, HAKKBETIRERYE LiEEY
B0 ¥ L e A SRR BERLERREZR R
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