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ABSTRACT
The organization of a cloned rRNA gene cluster from Chlorella

ellipsoidea chloroplast DNA (cpDNA) has been analyzed. Southern
hybridization experiments with labelled chloroplast rRNAs as probes
revealed an extraordinarily large size of the 16S-23S rRNA spacer
region, ca. 4.8 kbp, almost twice as large as those of most higher
plants. The nucleotide sequence determined on this region has shown
that: (1) The tRNAIle gene locating in this region is similar to
those of higher plant chloroplasts, blue-green algae and E. coli but
does not contain any introns in contrast to higher plant chloroplasts.
(2) The tRNAAla gene is absent from this region. (3) There are four
open reading frames (ORFs) coding for 55, 102, 107 and 110 amino
acids, respectively. (4) A few sets of unique sequence were found
repeatedly in this region. (5) The 23S rRNA gene is coded on the
opposite strand in the reverse order. This arrangement of the 16S-23S
rRNA region of Chlorella cpDNA is quite different from any of those
reported so far for various organisms.

INTRODUCTION

One of the outstanding differences in the organization of rRNA
operon between higher plant chloroplasts and prokaryotes such as blue-
green algae and E. coli is in the size of the 16S-23S rRNA spacer

region. In general, the spacer region of cpDNA from most higher
plants is considerably larger (ca. 2 kbp) than that of prokaryotic

genomic rrn operons (ca. 500-600 bp) (1). This is attributable mainly
to, as demonstrated in maize (2) and tobacco (3), the presence of
large introns (ca. 700-950 bp) in the genes for tRNAIle and tRNAAla
located within the spacer region of higher plants.

The corresponding region of algal cpDNAs so far characterized,
although only a few organisms have been studied, is somewhat different

from that of higher plants. In Euglena gracilis chloroplasts, the

spacer region is rather small (259 bp) and the two tRNA genes do not

contain any introns (4). The chloroplast rRNA operon of the

unicellular green alga Chlamydomonas reinhardii has a larger 16S-23S
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spacer region (ca. 1.7 kbp) where two additional small 7S and 3S rRNAs
are located (5) and several short direct and inverted repeat sequences

are found (6). The tRNAIle and tRNAAla genes located within this

spacer do not contain introns (Schneider and Rochaix, unpublished
results). Thus, the organization of chloroplast rRNA operons seems to

be considerably variable among algal speices. In other words, the

well-documented features of chloroplast genes that are thought to be

conserved among higher plants (1) might not be necessarily shared

within the algal world.

We have been interested in the molecular arrangement of cpDNA

from the unicellular green alga Chlorella ellipsoidea. This cpDNA is

a ca. 175 kbp circular molecule containing a pair of inverted repeat

of 22.5 kbp in size, where two sets of the rRNA genes are located (7).

In this report, we cloned a whole set of chloroplast rRNA genes from

0. ellipsoidea and determined the nucleotide sequence of its 16S-23S

rRNA region with special reference to its spacer. A peculiar feature

of the organization of this region was found.

MATERIALS AND METHODS

Strains. Chlorella ellipsoidea C-87 was obtained from the algal

culture collection of the Institute of Applied Microbiology, Univ. of

Tokyo. Escherichia coli HB101, JM101 and JM109 (8) were used for

bacterial transformation and propagation of plamsids.
DNAs and RNAs. Chloroplast DNA from C. ellipsoidea was prepared as

described previously (9). Plasmid DNAs were prepared according to

Maniatis et al. (10). A gene library of C. ellipsoidea cpDNA was

constructed by ligation of SstI-digested cpDNA fragments and SstI-

digested pUC13 (11) and transformed into E. coli HB101 and JM109.
Ribosomal RNAs were prepared as described preivously (7).
Gel Electrophoresis and Southern Hybridization. Chloroplast DNA

and plasmid DNAs digested with restriciton enzymes were analyzed by
electrophoresis on horizontal agarose gels. Digestion of DNA with

various restriction enzymes (Takara Shuzo Co., Kyoto; Toyobo

Biochemicals, Osaka; Bethesda Research Labs, Maryland; New England
Biolabs, Boston) was performed according to the suppliers. For

hybridization analysis, electrophoretically separated DNA was

transferred to a nitrocellulose filter and hybridized with 32p_
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Figure 1. Physical map of the 11.0 kbp SstI-SstI insert of pCCS123.
Subelones derived from this sequence are indicated by arrows. Sizes
are shown in kilo base pairs.

labelled probes according to Southern (12). Ribosomal RNAs were

labelled with [y-32P] ATP by T4 polynucleotide kinase (Takara Shuzo
Co., Kyoto) reaction according to Sugiura and Kusuda (13).
Sequencing of DNA Fragments. Restriction fragments containing the
Chlorella chloroplast rDNA were cloned in M13 mpl8 and 19 (11).
Single-stranded DNAs prepared from phage plaques bearing the
recombinant DNAs were sequenced using the chain termination procedure
(14). M13 sequencing kits were obtained from Takara Shuzo Co., Kyoto.

S1 nuclease mapping was carried out as described by Berk and Sharp
(15).

RESULTS
Cloning of the Chlorella Chloroplast rRNA Genes.

The rRNA genes of Chlorella cpDNA were previously shown to be
located within a 11.0 kbp SstI fragment on the inverted repeat

sequence (7). A clone containing this fragment was selected by colony
hybridization with 32P-labelled rRNA as probes from the Chlorella
cpDNA gene library. A physical map of this clone (pCCS123) was
consistent with the previous one (7) and is shown in Fig. 1.

The location of the 16S and 23S rRNA genes were determined by
Southern hybridization using 32P-label led Chlorella chloroplast 16S
and 23S rRNAs. Figure 2 shows the hybridization patterns: The 16S
rRNA hybridized with fragments of 0.85 kbp EcoRI-SstI and 1.75 kbp
EcoRI-KpnI, which indicates the 3' terminus of the 16S rRNA gene is
within the 1.75 kbp EcoRI-KpnI fragment. The 23S rRNA hybridized with
fragments of 0.65 kbp EcoRI-KpnI, 1.60 kbp KpnI-EcoRI and 2.15 kbp
KpnI-EcoRI, indicating one terminus of the 23S rRNA gene is within the
2.15 kbp EcoRI-KpnI fragment.
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Figure 2. Hybridization of 32P-labelled chloroplast rRNAs to the
restriction fragments of pCCS123. (A) Agarose gel electrophoresis
patterns of pCCS123 digested with EcoRI and SstI (lane 1); SstI and
XhoI (lane 2); EcoRI, SstI and XhoI (lane 3); KpnI and SstI (lane 4);
EcoRI, KpnI and SstI (lane 5); and EcoRI, KpnI, SstI and XhoI (lane
6). Lane 7 contained a mixture of XDNA digested with HindIII and
tX174 Rli DNA digested with HaeIII as size markers. (B) Hybridization
patterns with 5'-labelled Chlorella chloroplast 16S rRNA. (C)
Hybridization patterns with 5'-labelled Chlorella chloroplast 23S
rRNA. Some additional faintly hybridizing bands are attributable to a
cross-contamination of each rRNA. Sizes are shown in kilo base pairs.
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Figure 3. Physical map of the 16S-23S rRNA spacer region from
Chlorella cpDNA and sequencing strategy. The lower part show the
sequencing strategy. Horizontal arrows indicate the direction and.
extent of DNA regions sequenced. Sizes are shown in kilo base pairs.
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For further analyses, the 11.0 kbp SstI insert of pCCS123 was

digested with SstI and EcoRI into 8 fragments and all of them were

ligated to pUC13 and transformed into E. coli JM109. The subclones

obtained were designated as shown in Fig. 1.
Characterization of the 16S-23S Spacer Region.

Restriction maps of pCCE105, 102, 101, 103, and 100 are shown in

Fig. 3. When the 32P-labelled 16S rRNA was hybridized with

restriction fragments of pCCE105, the fragment of 0.4 kbp PstI-XmnI

showed strong hybridization but the 0.55 kbp PstI-PstI fragment did

not hybridize (data not shown), indicating that the 3' terminus of the

16S gene is within the 0.4 kbp PstI-XmnI fragment. In the same way,

the 23S rRNA hybiridized weakly with the 0.23 kbp PvuII-DraI fragment
but did not with the 0.27 kbp DraI-NaeI fragment of pOCE100 (Fig. 3);
one terminus of the 23S gene is confined within the PvuII-DraI
fragment. Therefore, the 16S-23S rRNA spacer region was calculated to

be of at least 4.8 kbp. This size is about twice as large as that

reported for higher plants (1).
Sequence of the 16S-23S Spacer Region.

The nucleotide sequence of the 16S-23S spacer region was

determined by the strategy shown in Fig. 3 using the M-13 dideoxy
method. Figure 4 shows the total 5.5 kbp sequence of this region

including 52 bp of the 16S rRNA gene-3' region and 509 bp of the 23S
rRNA 3' region. The 3' end of the 16S rRNA gene and the 3' end of the

23S rRNA gene were determined by S1 nuclease mapping experiments where

the 16S and the 23S chloroplast rRNAs were hybridized with the XmnI-

PstI 400 bp fragment from pCCE105 and the 406 bp AccI-DraI fragment

from pOCE100, respectively. The nucleotide sequence of the 16S rRNA
gene-3' end (positions 1-52) is in good accordance with that of

tobacco (16) and of E. coli (17) as shown in Fig. 4. As for the 23S

rRNA gene, it is, however, surprising that this gene is coded on the

opposite strand in the reverse order. The sequence of the 23S rRNA
gene (positions 4,896-5,500) shows strong homology to the 3' end of
the tobacco 23S rRNA gene (18) in spite of lacking in the 23S-4.5S

spacer region (Fig. 4). Thus, net size of the 16S-23S rRNA spacer of

Chlorella cpDNA is 4,842 bp.

Gene for tRNAs.
The gene for tRNAIle was found at positions 3091-3164. In

contrast to most higher plants, the Chlorella chloroplast tRNAIle gene
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Figure 4. Nucleotide sequence of the 16S-23S rRNA spacer region from
Chlorella cpDNA. The non-coding strand (RNA-like sequence) is shown.
For comparison, the tobacco sequences for 16S and 23S rRNA genes are
shown below the Chlorella sequence. Coding regions are boxed. Main
tandem and inverted repeats are indicated by solid and dotted arrows,
respectively.
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did not contain any intron in it. Figure 5 shows the sequence and

clover leaf structure that can be deduced for the tRNAIle based on the

DNA sequence. This sequence shows 89.2%, 85.1%, 83.8%, 83.8%, 54.1%
and 79.7% homology to that of Anacystis nidulans rrn operon,
chloroplasts from maize, tobacco, Euglena gracilis, spinach and E.

coli rrn operon, respectively (19). The 3' terminal CCA sequence is
not coded for like other chloroplast tRNA genes sequenced so far (1).

The Chlorella chloroplast 16S-23S rRNA spacer region, on the

other hand, lacks the other tRNA gene, namely the gene for tRNAAla
that has been known to be located within this region from most higher
plants except in the case of spinach (20). The spinach cpDNA was

reported to contain in this spacer region only the gene for tRNAIle
and lack the gene for tRNAAla. This is also the case in Chlorella
cpDNA.
Open Reading Frames.

Four open reading frames (ORF) are found in the 16S-23S rRNA
spacer region, all of which are in the same direction as the 16S rRNA
gene (Fig. 4). ORF1 (positions 1003-1333), ORF2 (positions 1793-
2098), ORF3 (2112-2277) and ORF4 (3214-3523) could possibly code for

3834



Nucleic Acids Research

A TA
C - (
A - T

A _T
T -A
C -G
A -T
T -A
T A
G -C
G -T

T T
T T
C -G
C G

A A
A A
A A
A -T
T -A

G A
T -A

r T -A
A GC' AA

iT I" I C
CG "TT
A Ti
A - Tm
C - Gm
IA -T.
T - A:

rT -Ag T
G T T TC A A A T: T C T

II I 1 IT
A 'A A G T T T At A CT iG ~ C TTL-----------G--C T

G -C
G -C
C -G
C -G
C -G
T -A
C -G
G -C
G -C
G -C
A- T
T -A
C -G
T G
A_ T
A- T
G -C
G -C
G -C
C -G
C -G
C -G
G -C
A- T
T -A
G -C
C -G
C -G

5' 3'

B
r-- ,~~~~~~A C T

II A G C T T A T A A X 1

:(A)G IItI
C G A A T A T T-

| G ~~~~~~~~CL _------------------ G

G - T
A - T
T - A
C - G

(T)C - G
A C
A - T
G - C
G - C
G - C

(A) C - G
(T) C - G
(T) C - G
(T)G - T
(T) A - T
(A) T - A

5' 3'

G(T) G
A A C AA T

I

T T G T T T

_ -G

Figure 6. Possible secondary structures of the repetitive sequences
flanking ORFs found in the 16S-23S rRNA spacer. (A) The inverted
repeat sequence found at positions 617-787. (B) The tandem repeat
sequence found at positions 2660-2736. The differences with another
repeat (2521-2591) are indicated by parentheses. Thick solid box,
dotted box and solid box indicate a-elements, a conserved region among
these repetitive sequences and a 45 bp sequence that is invertedly
repeated at positions 3498-6543, respectively.
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polypeptides of 110, 102, 55 and 107 amino acids, respectively. These

ORFs show no appreciable homology to each other and to those found in

the introns of tRNAIle and tRNAAla of the maize 16S-23S rRNA spacer

region (2), in the Chlamydomonas reinhardii 23S rRNA intron (21), and

in the small single copy side of the tobacco cpDNA inverted repeat

(22). It is noteworthy that ORF4 located close to the gene for

tRNAI le shows about 20% amino acid sequece homology to one of two ORFs

(ORF1, 98 a.a.) reported to be present between the genes for tRNASer
and tRNAGlU from tobacco chloroplast (23). Transcripts of these ORFs

in the Chlorella 16S-23S rRNA spacer have not been detected so far.
Inverted and Tandem Repeats.

The DNA sequence shown in Fig. 4 contains numerous direct and

inverted repeats outside of the ribosomal coding regions. These
repeats are composed of more than 10 contiguous bases and are located

relatively close to each other. Their positions are indicated in Fig.
4. Above all, the most interesting sequences would be a pair of 84

bp-inverted repeats (positions 617-787) and two ca. 75 bp-tandem
repeats (positions 2521-2591 and 2660-2736) which are sandwiching

three of four ORFs (Fig. 4). These repeated sequences contain on

their ends a conserved element consisting of ca. 15 bp (a-element:
TAGCCCGGGAACCTA, 5'-3'). Secondary structures of these inverted and
tandem repeats are shown in Fig. 6. A 45 bp sequence flanked by a-

elements are invertedly repeated at the 3' end of ORF4 (positions 687-

731 and 3,499-3,543).
The ORF4 is also flanked by a pair of 15 bp-inverted repeats

(positions 3175-3217) and three 18 bp-tandem repeats (positions 3682-

3735). It would be noteworthy to point out that the sequence of 27

nucleotides including the inverted repeats CATAGAAAACTTGGCGAACGATAGAAC
(a-element: positions 3176-3202) is tandemly repeated three times

between ORF4 and the 23S rRNA gene (positions 4068-4148).

DISCUSSION
Organization of the 16S-23S rRNA Spacer Region from Chlorella

Chloroplast DNA.

The spacer region of the Chlorella cpDNA 16S-23S is unusually

large. This can be explained by the presence of additional two sets
of repetitive sequence-flanked oRFs; ORF1-2-3 cluster flanked by a-

elements (positions 616-2,736; 2,126 bp) and ORF4 flanked by a -
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elements (positions 3,175-4,148; 974 bp). These structures,

especially the a-element-associating structure remind us of not only
the introns found in the genes for tRNAIle and tRNAAla of higher plant
rRNA spacer but also some kind of mobile genetic elements such as

prokaryotic IS or Tn elements (24) and Ty elements in yeasts (25).

Introns found in the genes for tRNAIle and tRNAAla of maize contain
each-related ORFs and a terminal inverted repeat structure (2), but

those ORFs and repeated sequeces seem not to be directly relevant to

those found in the Chlorella sequence. Any of the ORFs found in

Chlorella have not so far been able to be expressed in vivo; this is
also the case for ORFs in the tRNA introns.

Lhough there have been so far no clear-cut example of the

transposition of cpDNA sequence in higher plants and algae, the
peculiar structure of the Chlorella 16S-23S rRNA spacer suggests that

extended rearrangements might have occurred through some

insertion/deletion mechanisms via repetitive sequences. In this

sense, it is noteworthy that Southern hybridization experiments using
the ca. 200 bp HindIII-HindIII fragment that includes a part of a-

element-flanking repeat (Fig. 3, positions 2,543-2,766) as a probe
showed the presence of some related sequences to the a-elements on

several other parts of cpDNA and even on the nuclear DNA from

Chlorella (Yamada and Shimaji, unpublished reuslt). Recently, we

revealed the presence of such a repetitive sequence with SmaI sites
(like a-element) in a Chlorella cpDNA fragment that shows ARS activity

(26). Schneider et al. reported in the flanking regions of the

chloropolast rRNA unit of Chlamydomonas reinhardii numerous tandem and
iverted repeats (6). Since the 16S-23S rRNA spacer region of C.
reinhardii is also relatively large and contains several repeated

sequences (6), some sequences similar to a- or a-elements and ORFs
found in Chlorella might be present in C. reinhardii and also in other

unicellular green algae.
Inversion of the gene for 23S rRNA.

Sequence analysis of the 16S-23S rRNA spacer revelaed another

uncommon feature of organization, the inversion of the gene for 23S

rRNA. Five independently isolated clones of the 11.0 kbp SstI

fragment of the cpDNA consistently gave the same restriction maps as

shown in Fig. 1 and Fig. 3. Furthermore, these maps are in good
accordance with that made previously by restriction enzyme digestion
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of the whole cpDNA and Southern hybridization with rDNAs (7).

Therefore, the inversion could not be occurred artificially through
cloning steps. The whole sequence of the 23S rRNA gene has shown

strong homology to that of tobacco except lacking in the 23S-4.5S rRNA
spacer and carrying a 249 bp intron (Yamada and Shimaji, in

preparation). Thus, this gene would not be an apparent pseudogene.
Two questions arise here; (1) by what mechanism this reversion

occurred and (2) from which promoter this gene is transcribed. Palmer
pointed out that inversions observed in several higher plant cpDNAs
have one endpoint just downstream from the gene for atpA (27). In

tobacco, a 3.5 kbp region immediately downstream from atpA has been

sequenced and found to contain four tRNA genes and two ORFs (23). It

is intriguing that one of the two ORFs of that region has a ca. 20%
sequence homology to ORF4 found in this study. Furthermore, in

Chlorella, the gene for tRNAAla is lost, whereas the gene for tRNAIle
is present intactly; one endpoint of inversion seem to be confined
within the tRNA spacer region. Since that tobacco region contains
four tRNA genes, tRNA sequences may somehow have to do with the

inversion. Alternatively, this inversion may have occurred within the

inverted repeat sequence on the small single copy side, where the
tRNAAsn gene and its promoter sequence is known to be located on the

opposite strand in a reverse direction to the 16S rRNA transcription
in the tobacco cpDNA (22). If this is the case, the 23S rRNA gene
must be transcribed from the promoter of the tRNAAsn gene in a reverse

direction. The fine structure of the upstream region of the 23S rRNA
gene and its initiation site of transcription is remaining to be
characterized.

In this paper, we described an unusual organization of rRNA
operons from Chlorella cpDNA. This example shows that the highly
conserved chloroplast gene arrangement of higher plants may not always
fit in the algal world, where a considerably greater heterogeneity in
both size and structure of cpDNAs is known (27). In order to

understand the whole figure of chloroplast gene arrangement, algal
chloroplast genes should be studied more extensively.
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