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Nucleotide Sequence of Two Chloroplast Genes from a Chlorella-like
Green Alga: the Large Subunit of Ribulose-1,5-bisphosphate Carboxylase/Oxygenase
and Ribosomal Protein S14

INTRODUCTION

Symbiotic Chlorella. The genus Chlorella is a broad taxon of unicellular, asexually re-
producing, eukaryotic green algae. Various members of this genus have been recognized
to exist in a symbiotic relationship with protozoa and primitive animals, including
sponges, coelenterates, turbellaria, and molluscs (Reisser and Wiessner 1984). The
evolutionary origin of symbic Ch]birlla is unknown, but due to their similarity to free-
living Chlorella, it has always been assumed that the symbionts have a common ancestor
with the free-living Chlorella. Of the Chlorella symbionts which have been assigned to a
particular species, all belong to one of ﬁee closely related specie’é: C. vulgaris, C.
" sorokiniana, and C. saccharophila (Reisser 1984). Many symbiotic strains can be iso-
lated as exsymbionts into culture (Karakashian and Karakashian 1965). A common fea-
ture of cultured exsymbionts is a significant sugar release in the form of maltose (Mews
1980) or glucose (Wiﬂdnébn 1980). Symbiotic Chlorella have been shown to release
up to 86% of the photosynthate to the host (Muscatine et al. 1967). The transport of
fixed carbon to the host is thought to be a significant feature of the symbiosis.

The discovery of a family of infectious, plaque-forming viruses that infect
exsymbiotic Chlorella éultured from Paramecium bursaria has led to an extensive in-
vestigation into the viral biology of this system (Van Etten et al. 1988). The prototype
_y virus, PBCV-1, infects only exsymbiotic strains NC64A, N1a, and ATCC-30562; itis a
large (190 nm diameter) polyhedral virus with 330 kb of double-stranded DNA. Princi-
pally two host strains have been investigated, NC64A and N1a. Chlorella NC64A has
»been designated as a Chlorella vulgaris based on DNA hybridization studies (Douglas
and Huss 1986). Chlorella N1a, on which this work waé performed, is believed to be



nearly identical to NC64A. The major evidence of this is derived from studies of the
chloroplast DNA from both strains which demonstrate identical restriction fragment pat-
terns (Meints, unpublished). - ‘

The interest in performing a DNA sequence analysis on a part of the Chlorella
Nla chloroplasf genome stems from the need to haQe molecular data in addition to what
has principally been morphological data. An analysis of sequence divergence may help
establish a more rigid taxonomic classification. The evolution of an organism in a
symbiotic relationship may diverge significantly from free-living organisms of the same
species. For example, a symbiotic alga might be able to utilize a carbon source frbm the
host, circumventing the photosynthetic route of carbon fixation. This consideration
makes the chloroplast genome a reasonable place to investigate, as one would expect the
genome to reflect the selective pressure placed upon it. In addition, chloroplast genomes
are generally considered good molecular rulers of evolution by nature of their small size

and high level of conservation (relative to nuclear genomes).

Chloroplast Genomes. Chloroplasts contain their own DNA in the form of a single, cir-
cular molecule that can range in size from 89 kilobases for the alga Codium fragile
(Hedberg et al. 1981) to well over 400 kb for the alga Acetabularia mediterranea (Tymms
and Schweiger 1985). Land plants, on the other hand, have a more strictly conserved
size of 120 to 160 kb (Palmer 1985). The genes of land plant chloroplast genomes tend
to be arranged similarly, while the genomes of algae that have been studied have almost
- no conspicuous similarity (Palmer and Stein 1986).

" Ithas been suggested that the chloroplast genome may serve as an appropriate
marker for phylogeny, in terms of the size of the genome, the gene arrangement, pres-
ence of inverted _rcpéats, and gene sequence (Palmer 1985). This idea has been widely

“accepted, particularly in the case of land plants. In the case of algae, the information for

such an analysis has been lacking. The observation that chloroplast genomes evolve



more slowly than nuclear genomes has been-borne out by studies of the rate of nucleotide
substitution within 23 chloroplast and 3 nuclear genes from higher plants rcpresentmg 16
species (Wolfe et al. 1987). |

The chloroplast genome of Chlorella Nla has been shown to be distinct from
free-living species on several accounts (Schuster et al. 1989). The N1a genome has no
inverted repeat of the ribosomal RNA genes. Inverted repeats are found in free-living
Chlorella chloroplast DNA, and in most other plants examined. The chloroplast genome
size of the exsymbiont, 120 kb, is significantly smaller than that of free-living species
- (175 kb for Chlorella saccharophila var. ellipsoidea and Chlorella ellipsoidea; Yamada
- 1982). This size difference is too large to be accounted for by the absence of an inverted
repeat. Finally, the gene arrangement on the N1la chloroplast genome is unique among

reported chloroplast maps.

Ribulose-1,5-bisphosphate carboxylaseloxygenase. One of the most abundant proteins
in the world is ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), an enzyme
which catalyzes two competing reactions: carboxylation of ribulose-1,5-bisphosphate to
~ yield 3-phosphoglyccratc, or oxygenation of the same molecule to yield 3-phosphogly-
cerate and 2-phosphoglycolate (photorespiration). The holoenzyme is composed of six-
teen proteins: eight large subunits of 50-55 kilodaltons each, and eight small subunits of
around 15 kDa each. In eukaryotes, the gene for the large subunit is located on the
chloroplast genome, while the gene for the small subunit is located in the nucleus. In
photosynthetic prokaryotes, both genes are found together and are co-transcribed
(Shinozaki and Sugiura 1983). This prokaryotic context has given rise to the view that
the gene for the small subunit moved to the nucleus very early in the evolution of plants.
The discovery of a eukaryotic alga in which the small subunit is in fact still located in the
chloroplast has strengthened this view (Reith and Cattolico 1986).

“The large subunit of Rubisco contains the active sites and is conserved between



species to a much greater extent than the small subunit. The locus of the large subunit,
- rbcL, has been sequenced from at least 19 species (Wolfe 1989). Chlorella N1a rbcL
' wds identiﬁed by low stringency hybridization with a portion of pea rbcL provided by
Dr. Jeffrey Palmer at the University of Michigan (Schuster et al. 1989).

_ Chloroplast Ribosomes. The endosymbiotic theory of chloroplast origin holds that a
primitive endosymbiotic, photosynthetic prokaryote evolved into the modemn chloroplast.
In fact, the genetic machinery of the chloroplast is very much like that of prokaryotes:

transcriptional promoters are nearly identical to those of E. coli, transcriptional termina-

_ tors appear similar to prokaryotic terminators (although they may function very differ-

ently; Stern and Gruissem 1987), messenger RNA is neither "capped” with 7-methyl-
guanylic acid nor polyadenylated at the 3' end as eukaryotic mRNA is, and messages are
translated via prokaryotic-like, 70S ribosomes (Weil 1987). All of the ribosomal RNA
for these nbosomes is encoded within the chloroplast Some of the ribosomal proteins,
~ of which there are about 60, are encoded in the nucleus and nnported to the chloroplast;
the remamder are chloroplast-encoded.

The ennre chloroplast genome has been sequenced from three species: the liver-
wort Marchantia polymorpha (Ohyama et al, 1986), tobacco spemes Nicotiana tabacum
(Shinozaki et al. 1986), and the rice species Oryza sativa (Hiratsuka et al. 1989); Both
the liverwort and the tobacco chloroplast genomes were found to code for 19 ribosomal
proteins with extensive homology to those found in E. coli, but there was one important
difference. Liverwort chloroplast has a gene for the large subunit protein L21 (rplzl),
but tobacco does not. Tobacco chloroplast, on the other hand, hns_a gene for the small
subunit protein S16 (rps16), which is absent in liverwort. Presumably, this reflects a
~ difference in the way in which some genes have moved to the nucleus. The chloroplast
genome of rice encodes a complement of 20 ribosomal proteins. Like tobacco, rpi21 is

absent, but unlike either of the first two genomes, rice has a copy of the large subunit



protein L36.

The accégs to large databanks of both DNA sequences and protein sequences
such as GenBank (National Ihstitute of Health) and th¢ Swiss-Protein sequence databank
" (University of Geneva, Switzerland) has made it possible to ideﬁtify unknown sequences
rapidly. Although any particular homology can by no means conclusively identify a se-

" quence by itself, in many cascis homology searches are the most rapid means of initial
- identification. In the case of the Chlorella N1a genome, a portion of the 3' untranslated
region of the target gene (rbcL) bore a very high homology to the gene for the ribosomal
small subunit protein S14 from liverwort. This information led to an extension of the
sequencing project, which confirmed a complete open reading frame with homology to
'S14 sequences from liverwort, tobacco, E. coli, spinach, maize, pea, and broad bean

 mitochondria.
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SUMMARY

Two chloroplast genes were isolated and sequenced from an exsymbiotic strain
of the cuka;yptic, unicellular green alga Chlorella. The genes for the large subunit of
| ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL) and the ribosomal protein S14
| (rps14) are oﬁchted in the same djrecﬁon and are separated by 402 bp. A comparison of
the exsymbiont rbcL and a free-living Chlorella rbcL with other reported rbcL sequences
was made. The gene of the exsymbiont is very closely related to that of the free-living

species, coding for only 12 predicted amino acid differences.

Key words: Chlorella, rbcL, chloroplast rps14, symbiont



INTRODUCTION

Chlorella-like green algae are found as endocellular, hereditary symbionts within
a number of animal sPegigs (Trench 1979). One such alga, designated Chlorella N1a,
was isolated as an exsymbiont from Paramecium bursaria and is readily cultured axen-
ically (Meints et al. 1986); This particular alga has been of significant interest because it
serves as a host for a family of large dsDNA-containing, plaquc-fdrming viruses (Van
Etten et al. 1988). |
The endocellular, symbiotic origin of these algae places them in a novel situation
with regard to chloroplast cvoluﬁon. As obligate photohcterotfophs, thcsc organisms
rely on their host for nitrogen in the form of amino acids, so a carbon sdurge indepcﬁdcnt B
of COz‘ﬁxation is available. The evolution of the chloroplast genome of such an organ-
ism might be expected to diverge significantly from free-living algae and land plants.
| ' Nla chloroplast DNA is a circular genome of 120 kb with a G/C content of 38%
(Schuster et al. 1989). The genome of this‘ exsymbiont is distinct from the genome of
.; frec—'living Chlorella in terms of its reduced size, gene organization, and the lack of an
mvertcd rcpcat Thc purposc of this work is to determine the extent of sequence diver-
- gence. for a well-charactenzed chloroplast gene.
Rlbulosc-l 5- blsphosphatc carboxylasc/oxygcnasc is the pnmary enzyme re-
pons1ble for the fixatlon of inorganic carbon in photosynthesis. In eukaryotes, the
functlonal‘form;pf thlS gnzqu consists of eight large subunits of about 55 kilodaltons
each and eight small subunits of 15 kD each. The gene for the large subunit (rbcL) is
“encoded in ihc genome of the chloroplast, while the gene for the smail subunit (rbcS) is
cncoded in the nuclear genome, with the exception of prokaryotes and the chromophytic
- alga Oli.s'thodis’cus’luteus (Reith and Caftolico 1986). As the gene for the large subunit is
' highly conserved and well-characterized, it serves as an excellent evolutionary marker.
’I'he nucleotide scqucncc of rbcL has been determined for at least 19 species (Wolfe

~1989), including thiree vspecies of Chlorophyta: Chlamydomonas reinhardtii (Dron et al.



1982), Chlamydomonas moewusii (Yang et al. 1986), and Chlorella ellipsoidea
(Yoshinaga et al. 1988). V _

The gene fqr Slfi, (rps1€4), a ribosomal p'roteir'l with substantial hbmblogy to that
found in E. coli, was d)is"covered from sequence analysis to exist just downstream of

rbcL in the Chlorella Nla chloroplast genome. It 1s reported here in its éhtirety.
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MATERIALS AND METHODS

Algal cultures. Algae were grown axenically in culture flasks under constant fluorescent
light (40 WEi/in®sec) at 25°C with moderate shaking. Growth medium was a modified
form of Bold's Basal Medium (Nichols and Bold 1965) containing 0.25% sucrose and
1% proteose ﬁeptone (KBBM); tetracycline (25 ug/ml)‘ was used as an antibiotic. Cul-

tures reach étationary phase at a density of about 8 x 108 cells/ml.

DNA Preparation. DNA was isolated as described (Schuster et al. 1989). DNA
preparations were centrifuged on CsCl density gradients and bands were separated on an
ISCO fractionator (Instrument Specialties Co., Lincoln, NE) with a UV absorbance
monitor. Fractions containing chloroplast DNA were identified as described (Schuster et

al. 1989).

- Cloning and sequencing. Cloning vectors included pUC19, M13mp18/19, pUC118,
and pUC119. Host strains used were Escherichia coli strains JM83, JM101, and
JM109. pUC118/119 clones were used to construct directional deletions using exonu-
clease III (Boehringer Mannheim Biochemicals) and S1 nuclease (Bethesda Research
Laboratories) as described (Henikoff 1984). Phage M13KO7 was employed as a helper
phage to generate single-stranded sequencing templates of pUC118/119 clones (Vieira
and Messing 1987). Dideoxy chain-termination sequencing reactions utilized either
Klenow (large subunit of E. coli DNA polymerase) or a Sequenase kit (using a modified
T7 DNA polymerase), both purchased from U. S. Biochemical Corp.; supplier's in-
structions were followed. [a->2P]dATP (800 Ci/mmol) was purchased from New Eng-

land Nuclear Research Products.
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RESULTS AND DISCUSSION

A chloroplast DNA fragment hybridizing to a portion of pea rbcL (kindly pro-
vided by Dr. Jeffrey Palmer, University of Michigan) was previously identified asa 3.8
kb Sall-Xhol segment of clone Kpn4 (Schuster et al. 1989). Subclone probing nar-
rowed this region to a 2 kb EcoRI-HindIll piece, which was subsequently sequenced.
Both coding and non-coding strands were sequenced (Fig. 1). A routine séarch 6f the
Protein Identification Resource databank (National Biomedical Research Foundation)
using IntelliGenetics software revealed a downstream open reading frame to have
significant homology to several S14 proteins.

The DNA sequence presented in Figure 2 is 64.9% A/T, which is similar to the
previously calculated A/T content for the entire chloroplast genome (Schuster et al.
1989). Regions identified as untranslated are more A/T-rich than the open reading
frames (72.9% vs. 59.9%), Sequences resembling a prokaryotic promoter aré indicated
for rbcL: The "TTGTGA" sequence located 111 bp upstream of the rbcL initiaﬁon
‘codon resembles the "-35" sequence (Rosenberg and Court 1979) of TTGACA, while

the "TAGAAT" séquence located 88 »bp upstrcam' suggests a Pribnow box (TATAAT)
| motif gPribxiQw 1975). This potential promoter wéﬁld sﬁg_gest a transcription start site
‘ aroun&ﬁ(j to -75. rps14‘ has several potenfial 'ﬁromotéf sequences, but none with a
conspicuous homology to a prokaryotic promoter. The best fit to a consensus promoter
exists at -28 to -23 (TTGAAA) and at -7 to -2 (TATAAC); promotion from this position
would result ih a truncated protein with respect to E. coli (Yaguchi et al. 1983). It
should be noted that an in-frame ATG is found at the sixth codon; translational initiation
at this site would yield a protein of 95 amino acids instead of 100. No Shine-Dalgamo
sequences (ribosome binding sites) were detected for either rbcL or rps14.

Two potential transcriptional termination signals are identified for rbcL, either or
both of which may be involved in the prokaryotic-like termination found in chloroplast

genes (Shinozaki et al. 1986). These signals are in the form of inverted repeats capable
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of forming stem-loop structures, and are found 18 and 52 nt downstream of the termina-
tion codon; each repeat contains 8 bases. The function of these inverted repeats may not
be the same as in E. coli, howcvcr Evidence obtained in vitro suggcsts that 3' inverted »
rcpeats have no effect on transcriptional termination, but are mstead cffectlvc transcript
stabilizing elements (Stern and Gruissem 1987).

A potential "termination signal" was also identified 14 nt downstream of the
rps14 termination codon; this is a 9 bp inverted repeat with one mismatch. A longer in-
verted repeat of 20 bp was identified 358 to 401 bp 5' to rbcL, between positions 198
and 240, whlch could be a terminator for an upstream gene. |

The rpoC—hkc gene identified in Chlorella ellipsoidea (Yoshlnaga et al 198 8) at a
position 447 bp upstream of rbcL was not dctqctcd within the region seqpcnccd (597 bp
of 5' untranslated). Also, there is 1o similarity in the rbcL 3' untranslated sequences of
C. ellipsoidea and Nla,,ekccpt. that both are A/T rich (data not shown). However, only -
189 bp of 3' unfranslated séquc-ncc was réportcd for‘C ellipsoidea.

The predlcted ammo acid sequcncc of the NlarbcL enzymc mdxcatcs a high de-
gree of conservation with othcr pubhshed rbcL sequcnccs, parn(:ularfy those from
Chlorella elllpsoldea and Chfarnydomonas reinhardsii QF ig. 3). ‘There m;e:only 12 amino
acid differences between the free- 11v1ng C. ellipsoidea and the cxsymblont Nla This is
equivalent to a homology of 97. 5% Thc difference in rbcL amino acid sequences be-

_tween these two species of Chlorella is intermediate between two species of Chlamy-
“ domonas (18 amino acid diffcrcncés between the rbcL's of C. reinhardtii and C.
moewusii; Dron et al. 1982, Yang et al. 1986), two specitcs‘of wheat (3 amino acid dif-
ferences between Triticum and Aegilops; Terachi et al. 1987), and three species of to-
“bacco (2 amino acid diffcrenccs between Nicotiana tabacum, N. otophora, and N.
iacuminata; Lin et al. 1986). There are only 80 individual base-pair différences between
Chiorella ellipsoidea and Chlorella N1a at the nucleic acid level, for an i;lcnﬁty value of
94.4% (data notr shdwn). Sixty-five of the 80 base substitutions (81%).occur in thé 3rd
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position of the codon. Though the two Chlorella sequences are nearly identical, a
comparison with sequences from other organisms indicates that representative sequences
of a prokar&otc, two algae species, and a land plant are more similar to the sequence of
the exsymbiont than to the free-living form (Fig. 4).

The n'bosomal'protein S$14 is less conserved (Fig. §5). Of the sequences pub-
lished, the liverwort éhlor@plast écne is the most homologous to N1a, with 58% identical
amino acids; no other algal sequences have been reported for this particular gene. The
predicted N1a S$14 protein is only slightly closer to E. coli than tﬁe liverwort chloroplast
S14 is to E. coli S14 (47% vs. 46% identical residues). rps14 codes for a protein of
11,737 Daltons. It is a very basic protein, with 14 arginine residues, 9 lyseines, 3 his-
tidines, and only 8 acidic residues.

The codon usage of these two chloroplast genes shows a strong bias toward
codons ending in A or T (Fig. 6). Only 19% of the codons in both genes end in G or
C; this bias is consistent with other chloroplast genes (Steinmetz and Weil 1987). The
only significant difference in codon utilization between rbcL and 7ps14 is a very strong
bias toward CGT for arginine within rbcL, while rps14 has no such bias. A comparison
with C. ellipsoidea rbcL codon utilization disclosed no remarkable differences (data not
shown).

These data suggest that Chlorella Nla is very similar to C. ellipsoidea, despite the
differences in overall chloroplast genomic structure (Schuster et al. 1989). If the symbi-
otic relationship has altered the selective pressure upon the endosymbiont in any major
way, then this particular symbiosis has been of insufficient duration to reveal that fact at
the DNA sequence level. From limited sequence information, it seems clear that the
chloroplast genome of this symbidtic organism has not diverged significantly, at least on

a functional level.
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Figure 1. Sequencing strategy of a portion of Chlorella N1a chloroplast clone Kpn4;
open blocks denote open reading frames 5' to 3', left to right (both genes are coded on
the same strand); arrows represent regions sequenced from individual templates



CCAAACTCAGACTCTTTTCATTAAGACTTCCGAATACTCGATTATAACAAGTATCTAAAGATTTTTCACTTTAAATAAAAAACAATACAAACTCAATTTT
AAAACGTAAACTAGAAGATTCGTTGTTTTGAATTAAAAAAAATAATTGTTTGCTTTTAGTTTCTTTCTTTTTCCATTTACTTTGTTTTTCCTTTTATIISi
TTTTTTTAGTTCAAAAEQAC;TTTTGAACTAAAAAAAGAAGCGAACCAAAAAAGGAAAGAAAAGATCAAAGACAGTTTTTTGAGCTGGGACGAAAGAAGA
TTTTTAATCTAGTCTCfTT‘?;;AAAAGTGTTTTTCGTCATGAAACATTGAGTTTTGAGAGAGGATAAATATCCTTTAGGGAGAAACTTATTTCGGAACG
AAAAAGAAACACTAATCGTAAAATTCTCTAAAACGAAGACAAGTTTATTTTGTCTTTTAAATCAAAACCACCAACTTTTTTTACTCTTGTGAAAAGATTC

CAAATATGATAGAATATTTTTTAAACTAAAAGTTCAACTAGTAAGAAATTTTTTTTCGGGCAGAGTGCAAGATCGTAAACCATAAAATTTTTTTAGAFTG

GCTCCACAAACTGAAACTAGAGCAGGTGCTGGGTTTAAAGCAGGTGTTAAAGACTACCGTTTAACTTACTATACTCCTGATTACCAACCAAAAGACACTG
ATATTCTTGCAGCATTCCGTATGACTCCTCAACCAGGTGTTCCACCAGAAGAAGCTGGTGCAGCGGTAGCAGCAGAATCATCAACTGGTACTTGGACAAC
TGTATGGACTGATGGTTTAACTAGTTTAGATCGTTACAAAGGCCGTTGTTATGACATCGAGCCAGTTCCAGGTGAAGAAAACCAATACATTGCATATATT
GCATATCCTTTAGATCTTTTTGAAGAAGGATCTGTAACTAATTTATTTACTTCAATTGTAGGTAACGTTTTTGGTTTCAAAGCTCTTCGTGCTTTACGTT

TAGAAGATCTTCGTATTCCACCAGCATACGTAAAAACTTTCCAAGGTCCTCCTCATGGTATTCAAGTAGAACGTGATAAACTTAACAAATATGGTCGTGG
TTTATTAGGTTGTACAATTAAACCAAAATTAGGTCTTTCAGCTAAAAACTACGGTCGTGCTGTATACGAATGTTTACGTGGTGGTCTTGATTTCACTAAA
GATGATGAAAACGTAAACTCTCAACCATTCATGCGTTGGAGAGATCGTTTCTTATTCGTTGCGGAAGCTATCTACAAATCTCAATCTBAAACAGGTGAAA
TTAAAGGTCACTATTTAAATGCGACTGCAGCAACTGCTGAAGAAATGCTTAAACGTGCGGAATGTGCAAAAGATTTAGGTGTACCTATTGTTATGCATGA
CTACTTAACTGGTGGTTTCACAGCAAACACAAGTTTAGCTCATTACTGTCGTGATAATGGTCTTCTTCTACACATTCACCGTGCAATGCACGCTGTAATT

GACCGTCAAAGAAATCATGGTATTCACTTCCGTGTTTTAGCAAAAGCTCTTCGTTTATCTGGTGGTGACCACTTACACTCTGGTACAGTTGTAGGTAAAT
TAGAAGGTGAACGTGAAGTAACGTTAGGTTTCGTTGACTTAATGCGTGATGACTACATTGAGAAAGATCGTAGCCGTGGTATCTACTTCACTCAAGACTG
GGTTTCTTTACCAGGTACAATGCCAGTAGCTTCTGGTGGTATTCACGTATGGCACATGCCAGCTCTAGTTGAGATTTTCGGTGATGATGCTTGTTTACAA
TTCGGTGGTGGTACTTTAGGTCACCCTTGGGGTAACGCTCCAGGTGCTGCTGCAAACCGTGTTGCTTTAGAAGCATGTACTCAAGCGCGTAATGAAGGTC

GTGACCTTGCTCGTGAAGGCGGTGATATTATCCGTGCAGCTTGCAAATGGAGTCCTGAATTAGCTGCTGCTTGTGAAGTTTGGAAAGAAATTAAATTTGA

ATTCGAAACAATCGATACTCTTTAJ;;;TTAATTCGACTGTTCTCAAAAAGTTCTTTTTTGAGGCCATCCTTTACCAAAATTCTAAAAAAACAGAATTTT
LAY PARARL o ! =

TGCTAAAAATTAGCAGATTCGGTTCCTTTTTGTTCTTGGTTCCAAAAACATTGTTTTGGAAATAAATGAATTTTTTAAGAAAGEGAACAATGER;ACTTT
TTAGTATAAGGGCATTCGCAGTTTTTTTTTGCTCATGAGGTTATCCTCATGAGCAGTGTTTTTTTACTTAATAATATAGTTCGTTTTGAAAAATAGTAAA
AACCTTTTTTGAAACAAGAATCTTTCTTTCCTTCAGAAAAAACTGAACATTTTAGAACTAAAGAAATTTTGAGAAAAAGAAAGTTCCCGCTAAAGGGTTT

TGAAAAATAAAGTACTAGAATATAAEHATGGCAAAAAAGAGCATGATTGAGCGTGATAGAAAACGCACTCGTTTAATTACAAAATATGCTGCAAAACGAG

AACAACTCCTCGTCGAAATTAAACAAGCATCTTCTTTAGAAGAAAAATTATTTTTACATAGAAAATTACAACAATTACCAAGAAATAGCGCATCGGTTCG
ATCCCATAATCGTTGTACAATTACTGGTCGACCTAGAGGGTATTTTCGTGATTTTGGTTTATCACGGCATGTTTTACGCGAATATGCGCTTCAAGGTTTA

TTACCCGGTGTAGTAAAATCGAGTTGQIAHRXAAATTTCTACTAACTAACTTGATGGTCAAAAGTTTGTTTTTATTAAAAAGCATTTTGGGTTTCAAACG
- —_— R .
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Figure 2. Nucleotide sequence 5' to 3' of a 2.8 kb portion of Chlorella N1a chloro-
plast clone Kpn4; the-top box encloses the reading frame of rbcL, and the bottom box
denotes the rps14 reading frame; inverted repeats (possible transcriptional terminators)

are underlined; potential promoter regions of rbcL are underlined twice
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Figure 3. Predicted amino acid sequence for N1a rbcL; differences are indicated be-
tween N1a and the predicted amino acid sequences of the liverwort Marchantia poly-
morpha (Ohyama et al. 1986), Euglena gracilis (Gingrich and Hallick 1985), Chlamy-
domonas reinhardtii (Dron et al. 1982), Chlorella ellipsoidea (Yoshinaga et al. 1988),
and the cyanobacterium Anacystis nidulans (Shinozaki et al. 1983); all dots indicate
identical residues, while dashes denote missing residues
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Nla C. ellipsoidea
Liverwort | 42 46
Euglena 48 50
C. reinhardtii 31 32
Anacystis 82 84

Figure 4. Number of animo acid differences (out of 475 total) within the rbcL protein
predicted from DNA sequence between two species of Chlorella, N1a and C. ellipsoidea,
and the liverwort Marchantia polymorpha, Euglena gracilis, Chlamydomonas reinhardii,
and the cyanobacterium Anacystis nidulans (see Figure 3 for references)
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Liverwort ..... L.Q.EK. .QN.EK. .KIL.NS.KKK.TET...D.-.WEFQK...S.

Nla MAKKSMIERDRKRTRLITKYAAKREQLLVEIKQASSLEE-KLFLHRKLQQL 50
E. coli ...Q..KA.EV. VA AD..F...AE.KAI.SDVNASD.DRWNAVL. ..T.
‘Liverwort ..... PT.L.R..FL... . KANY........ L...M.HAC..... T....
Nla PRNSASVRSHNRCTITGRPRGYFRDFGLSRHVLREYALQGLLPGVVKSSW 100
E. coli ..D.SPS.QR...RQ....H.FL.K.....IKV. A.MR.QI..IK..--

Figure 5. Chloroplast ribosomal protein S14 sequence as predicted from the DNA se-
quence; Chlorella N1a is compared to the liverwort Marchantia polymorpha chloroplast
$14 (Umesono et al. 1984) and to the Escherichia coli homologue S14 (Yaguchi et al.
1983); although the mature E. coli protein has no N-terminal methionine, it was included
for purposes of comparison; dots show identical residues, dashes represent gaps; num-
bering is in reference to the two chloroplast sequences



TTT-Phe

TTC-Phe
TTG-Leu

. CTT-Leu
~ CTC-Leu

CTA-Leu
CTG-Leu

ATT-Ile
ATC-Ile
ATA-Tle
ATG-Met

GTT-Val
GTC-Val
GTA-Val
GTG-Val

5/3
14/0
27/10
0/0

13/1
072
2/0
0/0

17/4

50

0/0

92
132

0/1
14/2
0/0

TCT-Ser
TCC-Ser
TCA-Ser
TCG-Ser

CCT-Pro
CCC-Pro
CCA-Pro
CCG-Pro

ACT-Thr
ACC-Thr
ACA-Thr
ACG-Thr

GCT-Ala
GCC-Ala
GCA-Ala
GCG-Ala

TAT-Tyr
TAC-Tyr
TAA-ter
TAG-ter

CAT-His
CAC-His
CAA-GIn
CAG-GIn
AAT-Asn
AAC-Asn
AAA-Lys
AAG-Lys

GAT-Asp
GAC-Asp
GAA-Glu

- GAG-Glu

6/3
13/0
1/1
0/0

4/3
10/0
12/5
0/0

5/2
9/0
22/8
0/1

1912
10/0
29/5
3/1

TGT-Cys
TGC-Cys

TGA-ter
TGG-Trp

CGT-Arg

CGC-Arg

CGA-Arg
CGG-Arg

AGT-Ser
AGC-Ser
AGA-Arg
AGG-Arg

GGT-Gly
GGC-Gly
GGA-Gly
GGG-Gly

20

8/1
1/0
0/0
8/1

28/4
072
0/3
0/1

3/1
12
3/4
0/0

44/4
2/0
10
1711

Figure 6. Codon utilization of two N1la chloroplast genes; the first number in each
~ column denotes number of occurrences in rbcL. and the second number refers to rps14
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