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Abstract The unicellular green alga Chlorella vulgaris 
(strain C-169) has a small genome (38.8 Mb) consisting 
of 16 chromosomes, which can be easily separated by 
CHEF gel electrophoresis. We have isolated and char- 
acterized the smallest chromosome (chromosome I, 980 
kb) to elucidate the fundamental molecular organiza- 
tion of a plant-type chromosome. Restriction mapping 
and sequence analyses revealed that the telomeres of 
this chromosome consist of 5 ' -TTTAGGG repeats run- 
ning from the centromere towards the termini; this se- 
quence is identical to those reported for several higher 
plants. This sequence is reiterated approximately 70 
times at both termini, although individual clones exhib- 
ited microheterogeneity in both sequence and copy 
number of the repeats. Subtelomeric sequences proxi- 
mal to the termini were totally different from each oth- 
er: on the left arm, unique sequence elements (14-20 bp) 
which were specific to chromosome I, form a repeat ar- 
ray of 1.7 kb, whereas a 1.0 kb sequence on the right arm 
contained a poly(A)-associated element immediately 
next to the telomeric repeats. This element is repeated 
several times on chromosome I and many times on all 
the other chromosomes of this organism. 
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Introduction 

Each chromosome of a eukaryotic organism contains 
the cis-acting DNA sequence elements required for 
chromosome maintenance, including functional cen- 
tromeric DNA, chromosomal origins of DNA replica- 
tion, and telomeric DNA. Most information about the 
molecular structure of these elements comes from the 
yeast Saccharomyces cerevisiae (Chan and Tye 1980; 
Clarke and Carbon 1980; Szostak and Blackburn 1982, 
Murray and Szostak 1983; Newlon 1988; Sambrook et 
al. 1989). Recent work, however, shows that the telom- 
eric repeat 5 ' -TTTAGGG (as read toward the chromo- 
some terminus) is common to several higher plants in- 
cluding Arabidopsis thaliana, maize, and tomato 
(Richards and Ausubel 1988; Ganal et al. 1991; Broun 
et al. 1992). A long tandem repeat array of a 180-bp 
sequence element is found at all five A. thaliana cen- 
tromeres (Maluszynska and Heslop-Harrison 1991) and 
the presence of telomere-like sequences around cen- 
tromeres of chromosome I of A. thaliana (Richards et al. 
1991) has also been reported. The telomeric sequence of 
the unicellular green alga ChIamydomonas reinhardtii, 
5'-TTTTAGGG, differs somewhat from the higher 
plant repeats (Petracek et al. 1990). In spite of these 
advances, the molecular organization of plant chromo- 
somes is largely unknown because of their large size and 
structural complexity. 

The unicellular green algal genus Chlorella includes a 
variety of species (Fott and Nov~ikovfi 1969), some of 
which have served as model organisms in plant physio- 
logical and biochemical studies for several decades 
(Govindjee and Braun 1974). Recently, it was found that 
the genome of Chlorella strains consists of a set of rela- 
tively small chromosomes, which can be easily separat- 
ed by pulsed-field gel electrophoresis (Higashiyama and 
Yamada 1991; Yamada 1993):for example, the kary- 
otype established for C. vulgaris C-169 contains 16 
chromosomes ranging from 980 kb to 4.0 Mb in size. To 
our knowledge, the 980-kb chromosome (chromosome 
I) of this organism is the smallest plant-type chromo- 
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some so far studied. St ructura l  analysis of  this c h r o m o -  
some should  p rov ide  an excellent o p p o r t u n i t y  to eluci- 
da te  the fundamen ta l  and  detai led molecu la r  a r range-  
men t  of  p lan t  ch rom osom e s .  In this report ,  we have con-  
s t ructed a restr ic t ion map,  m a d e  a genomic  l ibrary,  and  
c loned and  sequenced  b o t h  terminal  regions,  including 
te lomeres  and  subte lomer ic  sequences of  C. vulgaris 
c h r o m o s o m e  I. 

Materials and methods 

Strains and growth conditions 

Chlorella vulgaris (C-135, C-150, and C-169) and C. saccharophila 
(C-211) were obtained from the culture collection of the Institute 
of Molecular and Cellular Biosciences, University of Tokyo. C. 
vulgaris (211-lib) and Chlorella. sp. NC64A were from the 
Sammlung yon Algenkulturen, Pflanzenphysiologisches Institut 
der Universit/it G6ttingen (SAG), Germany and from J. L. Van 
Etten, University of Nebraska at Lincoln, USA, respectively. Cells 
were cultured photosynthetically in modified Bristol medium 
(MBM) as described previously (Higashiyama and Yamada 1991). 

DNA preparation and techniques 

Algal DNAs (nuclear, chloroplast, and mitochondrial) were iso- 
lated and fractionated by ultracentrifugation in a CsC1-Hoechst 
33258 gradient as described (Yamada 1982). DNA was digested 
with Bal31 and restriction enzymes and analyzed by Southern 
blot hybridization under standard conditions (Sambrook 
et al. 1989). To detect telomeric repeat sequences by Southern 
blot hybridization, a synthetic 24mer deoxyoligonucleotide 
([5'-(TTTTAGGG)3]) that corresponds to the telomere sequence 
of Chlamydomonas reinhardtii (Petracek et al. 1990) was used as a 
probe. The probe was labeled with [7-32p]ATP (Amersham) and 
polynucleotide kinase (Takara Shuzo). For hybridizations using 
chromosome I DNA and its cloned fragments as probes, nonra- 
dioactive digoxygenin-dUTP labeling of the probe was carried out 
with a Boehringer kit according to the manufacturer's manual. 
Hybridization was performed in a mixture containing 50% for- 
mamide, 5 x SSC (1 x SSC is 0.15 M NaC1 plus 15 mM sodium 
citrate), 5% blocking reagents (Boehringer Mannheim), 0.1% 
Sarkosyl, and 0.02% sodium dodecyl sulfate (SDS) for 20 h either 
at 42°C (high stringency) or at 30°C (low stringency). 

the chromosome I termini were cloned as follws: after treatment 
with Bal31 (1.2 U per 0.1 gg DNA) at 28°C for 45 sec, chromo- 
some I DNA was digested with HindlII and ligated to pUC19 
digested with HindIII and SrnaI. The resulting plasmids were in- 
troduced into, and amplified in E. coli SURE cells. Positive clones 
were screened and analyzed by colony hybridization with labeled 
pCHt-2 as a probe. 

Pulsed-field gel electrophoresis 

Chromosomal DNA molecules of Chlorella cells were separated 
by pulsed-field gel electrophoresis (CHEF) as described previous- 
ly (Higashiyama and Yamada 1991). CHEF (contour-clamped ho- 
mogeneous electric field) gel electrophoresis was carried out in a 
1% agarose (GTG, Takara) gel in 0.5xTBE (45mM TRIS, 
45 mM boric acid, 1 mM EDTA at pH 8.3) with a 12 rain switch- 
ing interval at 2 V/cm for 4 days using a CHEF-DRII system 
(Bio-Rad) to separate all 16 chromosomes. To isolate chromo- 
some I, CHEF gel electrophoresis was performed in a 1% low- 
melting-point agarose (InCert agarose, Takara) gel in the same 
buffer with a 3 min swiching interval at 5V/cm for 24 h. 

For digestion with restriction enzymes, gel blocks containing 
chromosome I were cut from the CHEF gel, washed successively 
in T1oEo. 1 (10 mM Tris-HC1, pH 8.0, 0.1 mM EDTA) containing 
0.2% SDS, and 1 mg/ml proteinase K at 42°C for 1.5 h and in 
TloEo.1 containing 1 mM phenylmethanesulfonyl fluoride (PMSF, 
Sigma) at 30°C for 2 h. The blocks were transferred into restric- 
tion enzyme buffers (300 ~tl) and incubated at room temperature 
for 1 h before addition of restriction enzyme. For complete diges- 
tion, the gel block (0.5 cm x 1.0 cm) in 300 gl buffer was incubated 
with 100 U of restriction enzyme for 6 h followed by addition of 
another 100 U of enzyme and further incubation for 6 h. For par- 
tial digestion, the gel block was treated in the same way, except 
that the digestion was for 6 h with 50 U of restriction enzyme. The 
digestion was stopped by adding 3 gl of 0.5 M EDTA. DNA 
fragments were separated by CHEF gel electrophoresis. 

DNA sequencing and analysis 

Restriction fragments of both terminal regions of chromosome I 
were cloned into M13 mpl8 and mpl9, respectively. Single- 
stranded DNA was sequenced by the chain termination proce- 
dure with a kit (Auto Read sequencing kit, Pharmacia) using an 
Automated Laser Fluorescence (ALF) DNA sequencer (Pharma- 
cia). Some fragments were sequenced with a Taq DNA sequencing 
kit (Takara) and a terminally 32p-labeled primer to obtain direct 
ladder patterns. 

Construction of genomic libraries 

A genomic library of C.vulgaris C-169 nuclear DNA (nDNA) was 
constructed as follows: chromosomal DNA, separated by ultra- 
centrifugation in a CsC1-Hoechst 33258 gradient, was partially 
digested with MboI (fragments 9-20 kb in size) and ligated to 
BamHI-digested )~DASHII arms (Stratagene). After packaging 
with GigapacklI Gold packaging extract (Stratagene), the phages 
were grown in Escherichia coli SRB(P2). The preparation yielded 
approximately 2 x 107 pfu/gg DNA (Yamada et al. 1993). A li- 
brary enriched for telomeric sequences was prepared by treating 
chromosomal DNA successively with Ba131 and PstI, ligating it 
to SrnaI+PstI-digested pUC19, and transforming it into E. coil 
SURE (Toyobo) cells. Bal31 digestion was as follows: Chlorella 
chromosomal DNA (10 gg) in 500 txl of 1 x Bal31 buffer (20 mM 
TRIS-HC1 pH 7.2, 0.6 M NaC1, 12.5 mM MgC12, 12.5 mM CaC12, 
1 mM EDTA) was treated with 5 U of Bal31 (Takara) at 28°C for 
1 min. Under these conditions, approximately 50-100 bp were de- 
graded from each DNA fragment. The reaction was terminated by 
adding EGTA to a final concentration of 50 mM. DNA samples 
were phenol-extracted and precipitated with ethanol before diges- 
tion with restriction enzyme. The HindIII fragments derived from 

Results 

I so la t ion  and  m a p p i n g  of  c h r o m o s o m e  I of  C. vulgaris 

C h r o m o s o m e  I of  C. vulgaris C-169 was separa ted  by 
C H E F  gel e lect rophoresis  as descr ibed in Mater ia ls  and  
methods .  Gel  b locks  con ta in ing  c h r o m o s o m e  I were cut  
ou t  of  the gel, w a s h e d ,  and  t reated with several rare- 
cut ter  restr ict ion enzymes,  inc luding NotI, SfiI, 
Sse8387I, Srfl, and  SwaI. After C H E F  gel e lec t rophore-  
sis, on ly  the Not I -d iges t ed  sample  gave a well resolved 
f r agmenta t ion  pa t te rn  (Fig. 1A). Six f ragments  were re- 
solved here, with sizes of  440 kb, 220 kb (doublet), 70 kb, 
30 kb, and  9 kb. The  sum of these f ragments  coincided 
well with the tota l  size of  this c h r o m o s o m e  (980 kb). To 
establish l inkage a m o n g  these f ragments ,  NotI part ial  
digests of  c h r o m o s o m e  I were p r o b e d  with a few D N A  
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Fig. 1A-C Physical mapping of C. vulgaris chromosome I. A C. 
vuIgaris chromosome I DNA isolated by CHEF gel electrophore- 
sis was completely digested with NotI, size-fractionated by CHEF 
gel electrophoresis, and hybridized with digoxiygenin-labeled 
chromosome I DNA (lane 1) and the tuba gene clone (Higashiya- 
ma and Yamada 1991) (lane 2) as a probe. The arrowhead indi- 
cates the hybridizing band. B C. vulgaris chromosome I DNA was 
partially digested with NotI, size-fractionated by CHEF gel elec- 
trophoresis and, hybridized with digoxygenin-labeled chromo- 
some I DNA (lane 1) and pHIG70 (Higashiyama and Yamada 
1991) (lane 2) as a probe. Arrowheads indicate the bands used to 
construct a linkage map. C NotI restriction map of C. vulgaris 
chromosome I. Putative positions for tuba and pHIG70 are indi- 
cated by boxes. Sizes are shown in kilo bases 
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TrAGGGTrrA GGGTI-fAGGG TI~AGGGTIT AGGGTH'AGG GTI'I'AGGGT[" TAGGG'ITI'AG 

GGTTrAGGGT TYAGGGTITA GGGTrrAGGG TrIAGGG'[Tr AGGGTI'I'AGG GTTTAGGGTr 

pCHt-I : 

AAGCT[GTGG ATGTGACCAC ATGTGGTGAA AGCCCATfCT AGCTCTfGAG GAAVI'ATGTT 60 

AGGGTI'I'AGG GTrrACATIT TAGGGTGTAG GGGTrAGGGT TrAGGGTITA GGGITrAGGG 120 

TTfAGGGI'rC AGGGTITACG G'VVfACGGIT TAGGGTr]'AG GGTrrAGGGT T[AGGGTITA 180 

GGGTrrAGGG TrfACg.,GTI'f AGGGTrrAGG GTITAGGG'Vf TAGGGGTrAG GGTITAGGGT 240 

300 

360 

TAGGGTITAG GGTITAGGGT 

_G'ITI'rAGGGT TITAGGGTIYf AGGGTrrAGG GITrAGGGTr TAGGGITrAG GGTITAGGGT 

pCHL- 2: 

GATCGCGCCA TCGCTC-GCTC GA.A_ATGACTA TATITFAC.~3G ~TFAGGGTGT AGGGTGTAGG 60 

GTI'rAGC, GTr TAGC,4~TrCAG C,4~TrCAGGGT TCAGGffrrcA GC-GTrCAGC-G TrrAGC, GTI'r 120 

AGGGTfCAGG GTrCAGGGTI CCGGGTrCAG GGTITAGGGT TrAGGGGTTA GGTITAGGGT 180 

TrAGGGTrAG GGTrAGGGTf TAGGGTrfAG GGTITfGGT{" AGGGTI-fAGG GTITAGGGT[ 240 

TAGGGTfTGG GTI-fAGGG~I" TAGGGTITAG GGTITrAGGG TI~'AGGGTI'I" AGGG]TfAGG 300 

360 

TrAGG(ITrrA GGGTrr 

Fig. 2 Nucleotide sequences of pCHt-1, and pCHt-2. The 5'-TT- 
TAGGG motif characteristic of higher plant telomeric repeats is 
underlined 
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clones that had previously been shown to be encoded on 
this chromosome (Higashiyama and Yamada 1991). As 
shown in Fig. 1B, eight additional bands were dis- 
cernible in NotI partial digests; these were 980 kb, 760 
kb, 540 kb, 510 kb, 470 kb, 320 kb, 290 kb, and 100 kb. 
Telomere clones (described below) hybridized to the 220 
kb and 9 kb fragments, which indicated that these frag- 
ments derived from each terminus. 

When clone pHIG70, which specifically hybridizes to 
the 70 kb NotI fragment, was hybridized to the NotI 
partial digests, 100 kb and 290 kb bands were seen 
(Fig. 1B). Based on these results, a physical map with 
five NotI sites could be constructed as shown in Fig. 1C. 

0.6 

Fig. 3A,B The pCHt-2 DNA hybridizes to chromosomal termini 
of C.vulgaris. Chromosomal DNA of C. vuIgaris was pretreated 
with nuclease Bal31 for 0, 30, 60, 180, 240, and 300 sec, as indicat- 
ed at the top of the gel. The DNAs were then digested with PstI, 
size-fractionated on an agarose gel and transferred to a nylon 
membrane. The filter was hybridized with digoxygenin-labeled 
pCHt-2 DNA A or pRNE 101 (Aimi et al. 1994); which contains 
an array of Chlorella rDNAs B. Sizes are shown in kilobases 
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Fig. 4A,B The telomeric clone pCHt-2 hybridizes to all 16 chro- 
mosomes of C. vulgaris. A C. vulgaris chromosomal DNAs were 
separated by CHEF gel electrophoresis under three different con- 
ditions (Higashiyama and Yamada 1991): a combination of a 5- 
min switching interval at 3.3 V/cm for 24 h and a 8-min interval at 
2.6 V/cm for 24 h to separate smaller chromosomes (S); a 12-min 
switching interval at 2 V/cm for 4 days to separate chromosome 
molecules with intermediate sizes (M) and a switching interval of 
25 min at 1.6 V/cm for 3 days and with a 20-min interval at 2 
V/cm for 2 days to separate larger molecules (L). The correspond- 
ing chromosomal DNA bands in different lanes are connected to 
each other by lines. Arrowheads indicate the positions of size 
markers of Saccharomyces cerevisiae and Schizosaccharomyces 
pombe chromosomal DNAs: 1-7, 4600, 3500, 2200, 1600, 1125, 
1020, and 945 kb, respectively. B Southern blot hybridization of 
the chromosomal DNAs in A with digoxygenin-labeled pCHt-2 
DNA as a probe 

The tuba gene for ~-tubulin (Yamada et al. 1993) was 
mapped to the 440 kb NotI fragment by Southern blot 
analysis (Fig. 1A). 

Detect ion and cloning of telomeric fragments 

The next step in the characterizat ion of Chlorella chro- 
mosome I was to detect and clone its telomeric repeats. 
When PstI digests of Chlorella nuclear D N A  that  had 
been pretreated with Bal31 nuclease for various periods 
were probed with a synthetic oligonucleotide ([5'-(TTT- 
TAGGG)3]), corresponding to the telomeric repeat se- 
quence of Chlamydomonas reinhardtii (Petracek et al. 
1990), many  hybridizing bands appeared (data not  
shown). They gradually disappeared with extended 
Bal31 digestion. However, the hybridizing bands were 
unexpectedly sharp and showed relatively weak hy- 
bridization. Some clones of these hybridizing fragments 
were obtained by colony hybridization under low strin- 
gency with the synthetic oligonucleotide probe from a 
terminal fragment library (see Materials and methods). 
Nucleotide sequences of two  of these clones (pCHt-1 
and pCHt-2) were determined and are shown in Fig. 2(B 
and C). Both clones contained, on the blunt-end side, a 
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Fig. 5A-C Telomeric repeats of C. vulgaris chromosome I. A NotI 
fragments of chromosome I DNA were separated by CHEF gel 
electrophoresis as shown in Fig. 1 and probed with labeled pCHt- 
2 by Southern blot hybridization. Two strong hybridizing bands 
(9 kb and 220 kb) were discernible (arrows). Sizes are shown in. B 
Southern blot analysis of chromosome I DNA digested with 
HindIII, PstI, or Sphl and probed with labeled pCHt-2. Hybridiz- 
ing bands are indicated by triangles. Sizes are shown in kb. C 
Restriction maps of the 1.3 kb (H1.3) and 2.9 kb (H2.9) HindIII 
fragments derived from the C. vulgaris chromosome I termini. 
Shaded parts of H1.3 and H2.9 are the telomeric repeats. The 
sequencing strategy is shown above the map. Sizes are shown in 
kb 

regular tandem array of the repeated sequence 5'-TT- 
T A G G G  instead of 5 ' - T T T T A G G G ,  which is exactly 
the same as the telomeric repeats reported for higher 
plants such as Arabidopsis thaliana and maize (Richards 
and Ausubel 1988). To confirm that  these sequences rep- 



resent genuine tetomeric repeats of C. vuIgaris chromo- 
somes, Ba131+PstI-treated nDNA samples were hy- 
bridized with digoxygenin-labeled pCHt-2 as a probe: 
almost all hybridizing bands, which were usually broad 
but gave strong signals, gradually decreased in size with 
Bal31 digestion, and after 300 sec of Bal31 treatment no 
bands could be detected (Fig. 3). In contrast with this, 
the same nDNA probed with an rrn clone, pRNE101 
(Aimi et al. 1993), gave four hybridizing bands whose 
sizes remained the same even after prolonged treatment 
with Bal31 (Fig. 3). The pCHt-2 probe hybridized to all 
16 chromosomal DNA bands of C. vulgaris separated 
by CHEF gel electrophoresis (Fig. 4). These results indi- 
cated that the repeat sequences in pCHt-2 indeed repre- 
sent Chlorella telomeric repeats. 

Telomeric repeats of chromosome I 

When NotI fragments of C. vulgaris chromosome I, sep- 
arated by CHEF gel electrophoresis, were probed with 
pCHt=2 by Southern blot analysis, two bands of 9 kb 
and 220 kb gave strong hybridization signals (Fig. 5A). 
The result indicates that these bands derive from each 
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terminus of chromosome I, as shown in Fig. 1. Further 
digestion of chromosome I DNA with PstI, HindIII, 
and SphI yielded pairs of hybridizing bands of 3.5 kb 
and 7.0 kb (PstI), 1.3 kb and 2.9 kb (HindIII), and ~0.5 
kb and ~0.9 kb (SphI)(Fig. 5 B). There were no other 
discernible hybridizing bands under high stringency 
conditions, therefore these bands represent telomeric 
fragments from chromosome I. To determine the de- 
tailed terminal structure of chromosome I, we obtained 
16 clones for the 1.3 kb HindIII fragment (H1.3) and 3 
clones for the 2.9 kb HindIII fragment (H2.9). A unique 
portion of H1.3 hybridized with the 9.0 kb Nod frag- 
ment at the right terminus of chromosome I, as de- 
scribed below. A centromere-proximal part of H2.9 hy- 
bridized with the 220 kb NotI fragment from the left 
terminus (data not shown). Restriction maps and nucle- 
otide sequencing strategies for these clones are shown in 
Fig. 5C. 

Nucleotide sequences determined for the cen- 
tromere-distal region of these clones (1284 bp for H1.3 
and 1169 bp for H2.9) shown in Fig. 6, revealed, as ex- 
pected, an extended repeat array of the telomeric se- 
quences for both clones. Although the reiterated se- 
quences were well conserved within and between the 

Fig. 6A,B Nucleotide se- 
quences of the telomeric re- 
peats and flanking regions 
in both left and right arms of 
C. vuIgaris chromosome I. 
A A left arm sequence 
(1169 bp) containing 32 copies 
of the telomeric sequence (un- 
derlined), a spacer sequence, 
and 16 copies of the sub- 
telomeric repeat sequence 
(dotted line). B A right arm se- 
quence (1284 bp) containing 
52 copies of the telomeric 
sequence (underlined) and an 
adjacent poly(A)-type retro- 
poson-like sequence. The 
poly(A) tail is underlined 
with a wavy line 

A 
~_C6UCGA_C_.~TCA~_C _GC_CGAC~_G_A~4_C_C _C~C _GA_C.~T_C~G_GCC6_T_CG_ACA_ AT G _AAA_~_CfiCC_C-C_GA_C~ _7r~_TGC_CG_~fl_CGAC~_T _CAA~_G~fl!G_E6AC_~!GA - 120 

~§~fiTGU_GCGAC~!CA ~_CGC_~C_G_C%CA~_CA ~CCCCGCflACAATGAAA_ _TC_CG_TC_GC_GA_C_~T_ _C~_TC cGYr_GC6_ACA AT_C_~_66_C_6 _C~GT_6_AC_M T_6AAA_ _TCCST_ 248 

CG_C~C_AA~_. _~A _c~_ _ _CG_CGAC~T_C_ _AAA~C~GC _C~_GAC_AA_TA_ _~CCG ~ 6_C6ACAA_TCA_.~ATGT~AG C~AGG~TGGG GTFCAGTATC TA6CT~6CC TCCCATGTGA 368 

AGCCT~6CAT GCTGTA666T GGCATACCCC cTrGGCTAAG TI~CATATAT GACCCTITE MCCA6TC~A TGCATG6CTY CAAGCAC~T~ CCATCTMT6 GCACTfATGC CCMGACCTA 488 

CTITCCCATG TTGGCATGTA ACI~GGCAAC ACT~GGCMC ACT~CACAAG ACT£C~CCIT GG6CTGCAGA CMCCACTGC CT~G6CTCAT ACT~GTTGT£ TC#,6AT6TAT GAGACCCCGT 600 

TGTGAGAYI~ GACC.~6CCCTI" CAACCCACTG CACATGCACA GCACATGCTC CAAGT66GCA CACAATGCAG CCATGCACCT 6GCATATGTA TACACCATGC TCCACACCTG CACACA~GTSC 720 

CGCI~CACI'~ GGCACCCATG CA6GATCATG TATCCC~CCC ATAT6A6TCC TCCCACCCAT GCCMGGGTC Y~G6ATCCCC TGCACACCTC CAACACAACC CCATGTGCCT TGCAAGCCAC 840 

TGCAAACC~ AT~AM~C ACACCCACCT CCAT.MAT;G TGACCCACCT CTC~CAACCC ATAACAT66C CTCCTGCATG C~CT6TGAA TGTI~AGG6T ~A6CGTHA G6GTITACC~ 960 

71~ACC~TI~ AGG~TI~ACA GYI~A~T~ TACAGT~AC~ GTrACCATTT ACC~}TITA66 GTI]'ACA6Y; TACC~GTITAG GGTITAGG6T ~TAGG6TITA 6G6TI~AGGG TITAC4~]TF 1(]80 

AG66TI~ACG GTYfACCAT7 TAC~6Ti~AG GGTI'fAC<~T TTAC~T~TA C~6T~A666 TITACAGTI~ AGG6TITAC~ GT 

B 

MCCTITA66 CTATCAATAG TITECAGTG ATCCTCCGAT GTI~CTGTCT CACCCA-CAGC CCCAACMTC CCC'I~6GCCT GTCATCCGTG CCITCTGCCT TAGTGTCITC CTTCACCCAA 120 

7[CACA~AG ~CA'fTCAAG GCrATCTGAA CCAT~ACAT TTCCMCCCC A6TATCCACC CT~GMCCTG A6CGG6TGTC TAG6ACCrTG ~ACAT~TGC CTCCTGCCTA TCCCC6CCTC 240 

CAATGT66TG CATGTGTGTA TCT6GTCGAG ~fCTC6CCAG CCTACC~G~T TI-EGCCTCA I~GCC~CIT CATATC~CCC ATATGCCACC GTI~GCTTGT GCCCCACCT~ GCTG6CAGAT 360 

TGA66CATAG TI~ACAGTCA CAT~GCCAGC CCC6AGCC~C ACCTAGT66T AATCC~6TCCG MCGC6ATCC TGT~CCATCC CTGTCCACCA ACCGTATA~A CGT6COTITC ATGTCTGTrC 48(] 

CACCACTG6T T6CCCGCACA TCCATAAT;G C~C.CCAGTG AIT6ATGATr GCCTGCYI~G CTSTGACCCC TGCCTCCAGC TCCAAGCCCT A6GCITGCCC CGT6G6TCCT CCMCGTCAC 600 

CTCA6C~6TG T~GCG'ITGCC 6GC666CTCA AGTGCGCCTC TC-C-GGATGAG GTAAOCCTCT 66T6CTI6C<~ ACATGTCCAT CGCTACCAGC CI3TCTGT~G CCITrCTGTG GTATGCCTfC 720 

AT6CTf6CGC T~CTcTrAAG TATC6CAT~A TCCTCUGC~ 6AGT6CTCTG CGTGCCCCAA CTCTGACACA T[TCCCCAAA TATCCTATTG CATGCGTGCT ~GCGTG CGACTC~CAC 840 

CTGT6TMTA CCC~ CCCCTYITM AMAAAMAA .~ACAGTT~A Cro6T~A66~ 71~ACA61~ AG66TITAC~ 6TI~AC~Tr TA666TITAG CA~A666T T~A6GGTTAC 960 

CTCATCCCCT ATATITACC~6 TIT~AGG6Tr 7['ACCATI3T AG66T~A66 6TITA666TI TA666TN3T A6G6TITACA 67]TA6C~T~ TA666n~AT ATTCAG66Tf TA666TI~AG IOaO 

66Ti~AC~GT 7[AGG6TITA CCATITA666 TI~A666Tn" A6GGTL~A66 6Y[TA6C~Yi" TA66(;T~fAG G6YHACA6T TrA666TI~A GG6TI~A666 TITACCATIT A666TITAC~ 1200 

GTTYAGGGTI" TAGGGTTYAG 6GTI~AGGGT TYAC,~GTI~A GGGTrTA6GG TI~.A_Cr~'IT AGGGTTTAGG GTYYAGGGT]~ TAGG 
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two terminal fragments (H1.3 and H2.9), microhetero- 
geneity was present in some positions, as indicated. This 
kind of microheterogeneity was even observed among 
different clones of the same fragment: the sequences of 
three different clones of H1.3 are compared in Fig. 7, in 
which occasional differences in the sequence and reiter- 
ation frequency of the telomeric repeats were seen. Since 
the clones of H1.3 and H2.9 were obtained after treat- 
ment with Ba131, they were missing some portions of the 
telomeric repeats. To determine the full size of the chro- 
mosome I telomeres, the digestion pattern of chromo- 
some I DNA with SphI was useful because a SphI site is 
located very close to the telomere on both sides 
(Fig. 5C). The results shown in Fig. 5B indicated that 
both chromosome I telomeres have almost the same 
size; this ranged from 350-500 bp due to the size micro- 
heterogeneity described above, and thus corresponds to 
50-70 copies of the telomeric sequence. 

Fig. 7 Comparison of Nucle- 
otide sequences of the C. vuI- 
garis telomeric repeats in 
three different subclones of 
the 1.3 kb HindIII fragment 
(H1.3) from the right termi- 
nus. The subclones were ob- 
tained by digesting different 
H1.3 clones with SphI and 
EeoRI and religating the frag- 
ment to the SphI-EcoRI sites 
of M13mp18. The AC-rich 
strand was sequenced by the 
chain termination method 
with an end-labeled universal 
primer. The poly(A) [poly(T)] 
end of the retroposon is indi- 
cated by an asterisk. Arrow- 
heads indicate regions of 
microheterogeneity among 
these clones 

ACG TACG TIC GT 

Subtelomeric or telomere-flanking sequences 
of chromosome I 

As shown in Fig. 6, nucleotide sequences of the regions 
flanking the telomeric repeats on both sides of chromo- 
some I differed totally from each other. An approxi- 
mately 1.7 kb region adjacent to the left arm sequence 
shown in Fig. 6A consisted of an extended array of re- 
peated sequence elements denoted as 5'-N3_9 
CGACAATC/GAAA. Sixteen copies of the element are 
present in the 5' part of the sequence in Fig. 6A. These 
sequence elements seemed to be specific for the left arm 
of chromosome I because Southern hybridization ex- 
periments with this sequence as a probe did not show 
any positive signals for other parts of chromosome I or 
for the other fifteen chromosomes (data not shown). On 
the other hand, the sequence flanking the right arm 
telomere possessed an unexpected feature: an approxi- 
mately 1.0 kb sequence immediately next to the telomer- 
ic repeats has a unique structure including a 3' polyA 
stretch (Fig. 6B). Similar elements are also detectable in 
other regions of chromosome I; Southern blot analysis 
of HindIII fragments of chromosome I DNA probed 
with the 800 bp SphI-HindIII fragment of H1.3 revealed 
six positive bands ranging from 900 bp to 10.0 kb in 
size; a 1.3 kb band corresponded to the right arm ele- 
ment (Fig. 8A). All of these elements except for the most 
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Fig. SA-C Distribution of the poly(A) type retroposon on the 
C.vulgaris chromosomal DNAs. Chromosome I DNA was digest- 
ed with HindIII A or NotI B, separated by gel electrophoresis, and 
probed with digoxygenin-labeled retroposon DNA (a 800 bp 
SphI-HindIII fragment of H1.3). C Chromosomal DNAs of C. 
vulgaris were separated by CHEF gel electrophoresis and ana- 
lyzed by Southern blot hybridization with the same probe as used 
in A and B. The CHEF gel electrophoresis pattern was the same 
as lane S in Fig. 4. Sizes are shown in kb 



Fig. 9A,B Conservation of 
the telomeric sequence in 
ChIoreIIa strains. Chromoso- 
mal DNAs of 6 strains of 
Chlorella species were separat- 
ed by CHEF gel electrophore- 
sis and analyzed by Southern 
blot hybridization with la- 
beled pCHt-2 as a probe. 
Lanes 1 to 7 contain chromo- 
somal DNAs of C. vulgaris 
C-135, C-150, and 211-11b, 
Chlorella sp. NC64A, C. sac- 
charophila C-211, C. vulgaris 
C-169, and Saccharomyces 
cerevisiae (size markers), re- 
spectively. Sizes are indicated 
in kb 

A 
1 2 3 4 5 

B 
6 7 1 2 3 4 5 6 7 
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terminal one on the 9 kb NotI fragment were clustered 
within the 440 kb NotI fragment (Fig. 8B). Furthermore, 
all fifteen other chromosomes of C. vulgaris separated 
by CHEF gel electrophoresis exhibited strong hy- 
bridization with the probe for this element (Fig. 8C), 
indicating that homologous sequences with some de- 
gree of heterogeneity are dispersed in the C. vulgaris 
genome. 

High conservation of the telomeric sequence 
in Chlorella strains 

Previously we demonstrated that karyotypes of ChloreI- 
la strains differ considerably from strain to strain, even 
if they belong to the same species, and that there are two 
major chromosomal length polymorphism (CLP) 
groups (Higashiyama and Yamada 1991). In Fig. 9, 
chromosomal DNAs separated by CHEF gel elec- 
trophoresis of six Chlorella strains were hybridized with 
a probe of the telomeric repeat. All chromosomal DNA 
species of each strain exhibited strong hybridization sig- 
nals under high stringency. This result indicated that the 
telomeric repeat sequence of C. vulgaris C-169, 5'-TT- 
TAGGG, is highly conserved among Chlorella strains. 
Under the same hybridization conditions, the Chlamy- 
domonas reinhardtii telomeric sequence 51-TTT - 
TAGGG showed different and much weaker hybridiza- 
tion patterns (data not shown). 

Discussion 

In this report, we characterized the terminal regions of 
chromosome I of the unicellular green alga Chlorella 
vulgaris C-169. We first expected that the Chlorella 
telomeric sequence would be identical or similar to that 
of another green alga, Chlamydomonas reinhardtii (Pe- 
tracek et al. 1990) and used a synthetic 24mer of the 
Chlamydomonas sequence as a hybridization probe. The 
Chlorella sequence identified was, however, 5'-TT- 
TAGGG running 5' to 3 / towards the chromosomal 

terminus, which is exactly the same as the telomeric re- 
peat of higher plants (Richards and Ausubel 1988; 
Ganal et al. 1991; Broun et al. 1992). The telomeric se- 
quence is repeated regularly about 70 times (comprising 
approximately 500 bp) in tandem array at both termini 
of chromosome I (980 kb) of C. vulgaris C-169. This high 
degree of conservation of the telomeric sequence implies 
that the features of the telomerase which synthesizes 
telomeric DNA (Zakian 1989; Blackburn 1991, 1992) 
and of the telomere-associated proteins (Zakian 1989; 
Lustig et al. 1990; Gilson et al. 1993) might also be con- 
served between higher plants and Chlorella. Therefore, 
chromosome I of C.vulgaris, which is small enough to 
handle with ease (Higashiyama and Yamada 1991), 
serves as an excellent experimental subject for molecu- 
lar analyses. 

The microheterogeneity seen in the telomeric repeats 
among individual clones of the same terminal fragments 
of C. vulgaris chromosome I could be due to erorrs 
made during replication by telomerase. The error pat- 
terns show a bias, changing the sequence 5'-TT- 
TAGGG to predominantly 5'-TTTTTAGGG, 5'-TTT- 
TAGGG, or 5 '-TTAGGG (Figs. 3 and 5C). By analogy 
to the Tetrahymena enzyme (Blackburn 1991, 1992), if 
the primer sequence of Chlorella telomerase is 5'- 
AAACCCUAAA, then slippage might occur in pairing 
the 3' end of DNA (-TTT-3') and the 3' end of telomere 
RNA (-AAA-3~). Sometimes short streches of other se- 
quences were observed within the telomeric repeats, for 
example 5'-ATATTC or 5'-TTACCTCATCCCC- 
TATA in a specific clone (Fig. 6). The origin of these 
sequences is totally unknown. Since the lengths of the 
telomeric repeats on both arms of chromosome I were 
almost the same, some mechanisms should operate to 
control the telomerase reaction (Lustig et al. 1990). It is 
not known whether the length of telomeric repeats 
changes with changing physiological conditions, such as 
those that affect growth rate (McEachern and Hicks 
1993). No difference was detected between cells grown 
photosynthetically in the light and cultures grown het- 
erotrophically in the dark (unpublished data). 
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The telomeric repeats on the right arm are flanked by 
a sequence element with a poly A 3' stretch (15 As) 
(Fig. 6B). An approximately 1.0 kb sequence, upstream 
from the poly A tail, is repeated several times on chro- 
mosome I; although their exact positions were not de- 
termined, these repeats are clustered on the 440 kb NotI 
fragment (Fig. 8B). Southern blot analysis showed that 
this kind of element is dispersed throughout all the oth- 
er fifteen chromosomes of C. vulgaris C-169. From the 
characteristic structure with a long stretch of As, we 
consider these elements to be retroposons, like LINEs 
or SINEs (Weiner et al. 1986; Berg and Howe 1989; 
Boeke and Corces 1989). Homology searches, however, 
could not find within their nucleotide sequences any 
obvious motifs, of tRNAs characteristic or 7S RNA 
which are transcribed by RNA polymerase III 
(Geiduschek 1988) and are characteristic of SINEs 
(Deininger 1989). Detailed molecular characterization 
of these elements and determination of the possible con- 
tribution of these elements to dynamic rearrangements 
of C. vulgaris chromosomes will be interesting and, in 
addition to the further molecular characterization of 
chromosome I, is one of our future research goals. 
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