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Summary. Prochlorophytes similar to Prochloron
sp. and Prochlorothrix hollandica have been sug-
gested as possible progenitors of the plastids of green
algae and land plants because they are prokaryotic
organisms that possess chilorophyll 4 (chl 4). We
have sequenced the Prochlorothrix genes encoding
the large and small subunits of ribulose-1,5-bis-
phosphate carboxylase/oxygenase (rubisco), rbcL and
rbcS, for comparison with those of other taxa to
assess the phylogenetic relationship of this species.
Length differences in the large subunit polypeptide
among all sequences compared occur primarily at
the amino terminus, where numerous short gaps are
present, and at the carboxy terminus, where se-
quences of Alcaligenes eutrophus and non-chloro-
phyll b algae are several amino acids longer. Some
domains in the small subunit polypeptide are con-
served among all sequences analyzed, yet in other
domains the sequences of different phylogenetic
groups exhibit specific structural characteristics.
Phylogenetic analyses of rbcL and rbcS using Wag-
ner parsimony analysis of deduced amino acid se-
quences indicate that Prochlorothrix is more closely
related to cyanobacteria than to the green plastid
lineage. The molecular phylogenies suggest that
plastids originated by at least three separate primary
endosymbiotic events, i.e., once each leading to green
algae and land plants, to red algae, and to Cyanopho-
ra paradoxa. The Prochlorothrix rubisco genes show
a strong GC bias, with 68% of the third codon po-
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sitions being G or C. Factors that may affect the GC
content of different genomes are discussed.
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Introduction

The concept of an endosymbiotic origin of the chlo-
roplast from a bacterial progenitor was first pro-
posed over 100 yr ago (Schimper 1883) although
only recently has the technology been available to
test such a theory. Although this view is now gen-
erally accepted (Gray 1989), the source of the plastid
progenitor among different plastid lineages is still
questioned. One of the distinguishing traits among
these different lineages is the mechanism by which
they harvest light for photochemical activity. Chlo-
rophyll a {chl a) is ubiquitous among oxygenic pho-
tosynthetic organisms. Cyanobacteria and many
nongreen algae utilize phycobilin pigments (e.g.,
phycocyanin and phycoerythrin) in a proteinaceous
phycobilisome on the thylakoid surface to harvest
light. In contrast, chlorophytes and metaphytes
(green algae and land plants, respectively) contain
chlorophylls @ and b as light-harvesting pigments.
Based on this and other evidence, Cavalier-Smith
(1982) proposed a monophyletic origin for plastids
from a cyanobacterium, with subsequent evolution
of the symbiont giving rise to the diversity of other
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plastid types. However, others contend that plastids
have been derived from multiple endosymbiotic
events involving other bacteria (Sagan 1967; Lewin
1981; Whatley 1981; Whatley and Whatley 1981)
or eukaryotic algae (Gibbs 1978, 1981; Whatley
1981; Whatley and Whatley 1981) in addition to
cyanobacteria.

Several studies have shown that chloroplasts of
green algae and land plants are more closely related
to cyanobacteria than to other photosynthetic bac-
terial lineages (Woese 1987; Giovannoni et al. 1988).
Cyanophora paradoxa, a flagellated protozoan often
referred to as a cyanophyte, has been considered by
some a likely candidate as the original endosym-
biont (Cavalier-Smith 1982; Maxwell et al. 1986).
The plastid (cyanelle) of Cyanophora shares several
characteristics with cyanobacteria, including phy-
cobiliproteins within the cyanelle (Bryant et al. 1985;
Lemaux and Grossman 1985) and peptidoglycans
(residual cell wall) on the cyanelle membrane (Ait-
ken and Stanier 1979). However, the cyanelle chro-
mosome is similar in size and gene content to plastid
genomes (Lambert et al. 1985; Breiteneder et al.
1988) and most cyanelle proteins are presumably
encoded by nuclear genes and transported into the
organelle (Bayer et al. 1990), These features suggest
an intermediate phylogenetic position between cy-
anobacteria and green chloroplasts (Maxwell et al.
1986). Others propose that these characters indicate
an evolutionary history separate from that of green
plastids and possibly within the lineage of red algae
(Whatley and Whatley 1981; Lambert et al. 1985;
Breiteneder et al. 1988).

The prochlorophytes Prochloron sp. and the re-
cently discovered Prochlorothrix hollandica are
photosynthetic bacteria known to contain chl b rath-
er than phycobiliproteins as an accessory light-har-
vesting pigment (Lewin 1975a,b; Burger-Wiersma
et al. 1986, 1989). Cytological and physiological
characteristics of prochlorophytes point toward their
being potential intermediates in the evolution from
cyanobacteria to green chloroplasts. The arrange-
ment of thylakoids is similar to that of green plastids
(in stacks) rather than that of cyanobacteria (con-
centric layers; Whatley and Whatley 1981; Burger-
Wiersma et al. 1986). Freeze-fracture studies of the
thylakoids (Miller et al. 1988) and characteristics of
photosynthetic electron transport (Burger-Wiersma
and Post 1989) in Prochlorothrix show remarkable
similarity to the chloroplasts of green plants. How-
ever, antibodies from the chl a/b binding protein
complexes from plants do not produce any cross-
reactions with proteins from Prochlorothrix (Bul-
lerjahn et al. 1987) and lipid biochemistry of Pro-
chlorothrix is more similar to that of prokaryotes
than eukaryotes (Volkman et al. 1988).

Phylogenetic analysis using rRNA oligonucleo-

tide catalogues could not resolve the position of
Prochloron in relation to cyanobacteria and chlor-
oplasts except to conclude that it is associated with
these groups (Woese 1987; Bremer and Bremer
1989). Phylogenetic analyses of Prochlorothrix have
yielded conflicting results. We (Morden and Golden
1989a) analyzed the pshA4 genes from Prochlorothrix
and found that it has a seven-amino acid deletion
at the carboxy terminus of the deduced protein rel-
ative to all cyanobacterial sequences examined, a
feature that previously had been observed only in
plant psbA sequences (Curtis and Haselkorn 1984).
Subsequent analysis of the deduced protein sequen-
ces indicated that Prochlorothrix was intermediate to
cyanobacteria and chloroplasts or on a branch as-
sociated with Synechococcus 7942 (= Anacystis nid-
ulans R2) adjacent to the chloroplast lineage (Mor-
den and Golden 1989a,b). In contrast, Turner et al.
(1989) sequenced segments of the 16S rRNA of
Prochlorothrix and also found it to be most closely
related to A. nidulans but not on a branch associated
with the plastid lineage. Moreover, cyanobacteria
shown to be closely related to green chloroplasts on
the basis of 168 rRNA sequences (Turner et al. 1989)
were found to be distantly related when psbA was
analyzed (Morden and Golden 1989a,b). Further
analysis of the psbA sequence with maximum like-
lihood favored the 16S rRNA tree by Turner et al.
(1989) but could not conclusively exclude the psbA
tree when the gap was included in the analysis (Ki-
shino et al. 1990).

The gene (rbcL) encoding the large subunit (LSU)
of ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (rubisco) increasingly is being used for phylo-
genetic analysis (Palmer et al. 1988). Reasons for
this are that it (1) has been shown to be a reliable
indicator of relationships (Ritland and Clegg 1987),
(2) is relatively large (over 1400 bp), (3) has a rea-
sonably slow evolutionary rate, and (4) is being
widely sequenced, providing a large data base for
further phylogenetic work. The gene encoding the
small subunit (SSU) of rubisco (rbcS) also has been
used as a phylogenetic indicator (Martin et al. 1983,
1985). However, its utility in phylogenetic analysis
is limited by its smaller size (between 300 and 400
bp) and a more rapid rate of base substitution.

There are two fundamentally different types of
rubisco holoenzymes with respect to polypeptide
subunit composition. In some purple nonsulfur bac-
teria (a-purple bacteria of Woese 1987) rubisco is
an oligomer of identical large subunits, such as the
L, rubisco of Rhodospirillum rubrum (Tabita and
McFadden 1974) and form II rubisco of Rhodobac-
ter sphaeroides (Gibson and Tabita 1977). In most
other purple bacteria, and in cyanobacteria and eu-
karyotes that contain rubisco, the enzyme is a hex-
adecamer of eight large and eight small subunits



(LgSg). The primitive condition of gene organization
when both subunits are present in the holoenzyme
is an operon in which rbcL is upstream of rbcS and
the two genes are separated by a short spacer region.
The rbcLS operon has been found in a-, 8-, and
v-purple bacteria (Andersen and Caton 1987; Hal-
lenbeck and Kaplan 1988; Viale et al. 1989), cy-
anobacteria (Shinozaki et al. 1983; Nierzwicki-Bauer
et al. 1984), and in the plastid genomes of non-chl
b-containing algae (Starnes et al. 1985; Boczar et al.
1989; Douglas and Durnford 1989; Hwang and Ta-
bita 1989; Valentin and Zetsche 1989; Douglas et
al. 1990). In green algae and land plants, rbcL is
retained in the plastid genome, but rbcS has been
translocated to the nuclear genome where it com-
prises a gene family with two or more different cop-
ies of the gene (Ellis 1985; Goldschmidt-Clermont
and Rahire 1986). In addition to differences between
nuclear- and operon-encoded rbcS genes in regions
that encode domains of the mature protein (Wolter
et al. 1988), nuclear genes also encode a 40-60-
amino acid transit peptide upstream of the mature
polypeptide that is cleaved off after transfer into the
chloroplast (Ellis 1985).

We show here that rubisco genes of Prochloro-
thrix exist as an operon similar to that previously
described for bacteria and non-chl b algae. The de-
rived amino acid sequences from rbcL and rbcS were
compared to those of other taxa to reconstruct the
phylogeny of rubisco genes and to make inferences
concerning the endosymbiosis of plastids.

Materials and Methods

Prochlorothrix hollandica cultures were grown as described by
Bullerjahn et al. (1987). Mixed cultures of Prochlorothrix con-
tained unicellular heterotrophic bacteria; hence prochlorophyte
filaments were enriched prior to DNA or RNA extraction (axenic
cultures of the organism, isolated by R. Lewin, are now available).
To enrich the filaments, the pellicle was rinsed several times in
growth medium and disrupted with a tissue homogenizer. Cells
were combined with two volumes 50% Percoll in 0.05 M Mes
pH 7.0, centrifuged at 10,000 x g for 30 min at 4°C, and collected
as a green layer in the top of the gradient. Cells were washed
again in growth medium and pelleted by centrifugation at 3200
rpm for 10 min. Total DNA was isolated by alkaline lysis of
bacterial cells and CsCl buoyant density gradient centrifugation
using standard methods described by Maniatis et al. (1982). Total
RNNA was isolated using methods previously described by Golden
et al. (1987) and modified by Schaefer and Golden (1989).

Escherichia coli strain DH5aMCR (micrd, mcrB) (Bethesda
Research Laboratories, BRL, Gaithersburg, MD) was the host
for all plasmids and strain ER1458 (Y1090, mcrB) was the host
for bacteriophage XA clones. Growth and infection followed stan-
dard procedures as described by Maniatis et al. (1982). Most
restriction and modifying enzymes were purchased from BRL or
Boehringer Mannheim Biochemicals (Indianapolis, IN) and used
as directed by the manufacturers.

A recombinant bacteriophage library of EcoRI fragments from
total Prochlorothrix DNA was constructed in the vector \GT-10

381

{Promega, Madison, WI) and was screened by plaque hybridiza-
tion (Maniatis et al. 1982) on DuPont colony/plaque screen mem-
branes (BRL). The cloned An602 fragment from Anabaena 7120
{Curtis and Haselkorn 1983), which contains most of the rbcL
gene, was radiolabeled with a-**P-deoxynucleotides using a ran-
dom primer DNA labeling kit (BRL) and used as a heterologous
gene probe. Membranes were hybridized with the probe at 60°C
in 5x SSPE (1x SSPE is 0.18 M NaCl, 0.01 M Na-phosphate,
1 mM EDTA) (Maniatis et al. 1982), 1% SDS and washed at the
same temperature in 5 x SSPE, 0.1% SDS. Positive plaques from
autoradiography were rescreened and insert DNA was subcloned
into pBGS18 (Spratt et al. 1986) to create pAM449. Most of the
rbeS gene was missing from this clone,

A second library containing genomic BamHI fragments in
AL47.1 (Maniatis et al. 1982) was screened to obtain the entire
rbcS gene. A 320-bp BamHI/EcoRI fragment from pAM449
that spans the rbcL-rbcS spacer region and the amino-terminal
portion of rbcS (Fig. 1) was labeled and used as a homologous
probe under hybridization conditions described above. A 1.65-
kb DNA fragment containing the rbcS gene was identified and
cloned into pBGS19 (Spratt ct al. 1986) to create pAM636.

Fragments from pAM449 and pAM636 were subcloned into
pBGS18 or 19 (Spratt et al. 1986) and pUCI18 or 19 (Yanisch-
Perron et al. 1985) for DNA sequencing. Plasmid DNA was
isolated by a boiling miniprep method (Maniatis et al. 1982) and
further purified by binding to glass fines in the presence of a
chaotropic salt solution (Golden et al. 1987). Double-stranded
templates were prepared for sequencing by the following method:
an equal volume of 5 M LiCl was added and the sample was
incubated at —20°C for 5 min. Precipitates were removed by
microcentrifugation for 15 min, and the supernatant solution was
treated with 1 ug RNase A per 100 ul sample. DNA was precip-
itated by adding one-sixth volume of 40% polyethylene glycol,
incubating overnight at 4°C, and collecting the pellet by micro-
centrifugation for 15 min at 4°C. The pellet was washed with
70% ethanol and dried. The DNA strands were denatured in 0.2
M NaOH, 0.2 mM EDTA pH 8.0, and precipitated with ethanol.
A Sequenase kit (United States Biochemical Corporation, Cleve-
land, OH) was used to perform dideoxy chain-termination se-
quencing reactions on the double-stranded templates. Sequencing
reactions were completed from overlapping clones to account for
all bases on both DNA strands. Regions for which subclones were
not available were spanned by generating nested exonuclease III
deletions with an Erase-a-base kit (Stratagene, La Jolla, CA) and
synthesizing 17-base oligonucleotide primers corresponding to
known regions of the rbcL gene sequence.

The 5’ end of the rbcLS message was identified by S1 nuclease
protection and primer extension. Each reaction contained 100
ug of total RNA. S1 protection was performed as described by
Tumer et al. (1983). A fragment labeled at the Xbal site at —376
of Fig. 2 and extending approximately 1.6-kb upstream to a
Hincll site was used in the analysis. An A+G sequencing ladder
(Maxam and Gilbert 1980) of the same labeled fragment was
used to determine the length of the protected band. For primer
extension, performed according to Kassavetis and Geiduschek
(1982), a 17-bp primer was synthesized complementary to the
sense strand between positions —366 to —350 of the sequence
shown in Fig. 2. The extended product was measured against a
sequencing ladder generated by the dideoxynucleotide chain-ter-
mination reaction of the same primer on a DNA template.

DNA sequence assemblage, gene translation to determine the
deduced protein sequence, sequence alignments, and percent sim-
ilarities and identities were performed using the University of
Wisconsin Genetics Computer Group (UWGCG) program (Dev-
ercux et al. 1984; Devercux 1989). The organisms to whose rbcL
and rbeS genes those of Prochlorothrix were compared are listed
in Table 1. These species represent the major photosynthetic
lineages with the exception of green sulfur and nonsulfur bacteria
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Table 1. Gene sequences of rbcL and rbcS used in this study for comparison to those of Prochlorothrix hollandica

rbeS®  References

Division/class Taxon LHP* rbcL®
Purple bacteria® (@) Rhodospirillum rubrum  BC X
B) Alcaligenes eutrophus BC «x
(y) Chromatium vinosum BC X
Cyanobacteria Anabaena 7120 P x
Anacystis nidulans P x
Cyanophyte Cyanophora paradoxa P
Rhodophyte Porphyridium aerugineum P x
Cryptophyte Cryptomonas & P,c x
Chromophyte Olisthodiscus luteus ¢
Euglenophyte Euglena gracilis b X
Chlorophyte Acetabularia mediterranea b
Chlamydomonas reinhardtii b X
Chlorella ellipsoidea b
Metaphyte® Marchantia polymorpha b
Pinus tunbergii b
Nicotiana tabacum b X
Helianthus annuus b
Lemna gibba b
Oryza sativa b X

Nargang et al. (1984)
X Andersen and Caton (1987)
Viale et al. (1989)
X Curtis and Haselkorn (1983); Nierzwicki-Bauer
et al. (1984)
X Shinozaki et al. (1983); Voordouw et al. (1987)
Starnes ¢t al. (1985)
Valentin and Zetsche (1989)
Douglas and Durnford (1989); Douglas et al. (1990)
Boczar et al. (1989)
Gingrich and Hallick (1985a,b); Chan et al. (1990)
Schneider et al. (1989)
Dron et al. (1982); Goldschmidt-Clermont and
Rahire (1986)
Yoshinaga et al. (1988)
Ohyama et al. (1986)
Yamamoto et al. (1988)
Shinozaki and Sugiura (1982); Miiller et al. (1983)
Waksman and Freyssinet (1987)
Stiekema et al. (1983)
Moon et al. (1987); Xie and Wu (1988)

b

>

E I ]

E I T T ]

» Abbreviations for light-harvesting pigments (LHP) are as follows; BC, bacteriochlorophyll a; P, phycobiliproteins; ¢, chlorophylls a

and c; b, chlorophylls a and &

b Use of the gene sequence in this study is denoted by “x.” Specific rbcS clones from publications with multiple sequences are M1

(Acetabularia), rbcS1 (Chlamydomonas), pLgSSU (Lemna)

< Nomenclature of purple bacteria follows that of Woese (1987). Use of the term metaphyte is from Gray (1989); metaphytes are also

referred to as land plants in the text

for which these data are not available. Meagher et al. (1989) have
shown evidence of gene conversion within the rbcS gene family
of a given species and as such only a single sequence from species
baving nuclear-encoded rbcS genes was used. Muto and Osawa
(1987) have shown that nucleotide sequences (and amino acid
sequences to a lesser degree) reflect the total GC content of a
genome. Amino acid sequences were used to reduce bias that
may be introduced because of similar GC pressure among the
organisms studied (bacterial, plastid, and nuclear encoded) and
to avoid homoplasy introduced from variation in the wobble
position of codons. Phylogenetic relationships among the taxa
were inferred using the branch and bound algorithm of PAUP
(Swofford 1989). Bootstrap analysis with 100 replications of the
global branch swapping algorithm was completed to determine
the confidence level of branches within the tree (Felsenstein 1985).

Results

Characterization of the rbcLS Operon

Southern blots of Prochlorothrix DNA probed with
an rbcL-containing fragment from Anabaena 7120
indicated that the gene is present on a 7-kb EcoRI1
fragment and a 4-kb BamHI fragment (data not
shown). The 7-kb EcoR1 fragment was isolated from
a AGT-10 library, mapped (Fig. 1), and shown by
sequence analysis to contain an entire rbcL open
reading frame of 1413 bp encoding a polypeptide
of 470 amino acids (Fig. 2). Also contained on this
clone was part of the rbcS gene located 255 bp down-

R PAMA s RAMES.
! r B
L] 1 1
¥ L] 1
EB T B||= )i T BE B
1kb —”“‘f ———————— \\
- LY
,——’—‘—“ ‘\\
,"—"‘ “\
- Ay
- - “
r X HBs K BsK KBs B E :
; i
250 bp
rbel rbeS
[ —
—_—
e D e
-——— —y— ~— —— ——— -—
Fig. 1. Restriction map and sequencing strategy for rbcL and

rbcS from Prochlorothrix hollandica. The 7-kb EcoR I fragment
containing the entire rbcL gene and the 1.65-kb BamH I fragment
containing the entire rbcS gene (in pAM449 and pAMG636, re-
spectively) are shown with restriction sites used in subcloning.
Solid boxes represent open reading frames and the heavy arrow
indicates the dicistronic transcript. Arrows at the bottom of the
figure indicate the direction and length of sequencing runs.
Restriction enzyme abbreviations: B, BamH I, Bs, BstE IL E,
EcoRI; H, HincII; K, Kpn I, P, Pst I; X, Xba 1.

stream of the rbcL terminus. A fragment of this
clone was used as a homologous probe to identify
from another library an overlapping 1.65-kb BamHI
fragment that contained the entire rbcS gene (Fig.
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CGT TAC TAA GGTTTGGGTT GTAAATCCCA GACCTGCGAG GGACTCAGGG CCGCTTAGCT AGCCCTAGCC CCTCCCCAGA CCCTGTATCC

R Y *

2178

CCGTTAACCT ACCCAARGAT GGGGGACTGC GTACAACCCT GTGCTGCTAG TTCCGAACGT TTTGGAGAAA TAATGGGGAT ATGGGGCTGT TTTATTGGAA

Fig. 2. Prochlorothrix hollandica DNA and deduced amino acid sequences from 500 bp upstream of rbcL to 180 bp downstream
of rbcS. Numbering is relative to the “A” residue of the rbcL start codon. Transcription start sites mapped by S1 nuclease protection
and primer extension analysis are shown in bold at positions —444 and —442, respectively. Potential “— 10" and **—35" promoter
elements are double underlined preceding the transcription start site. The potential ribosome binding site preceding the start codon
of each gene is underlined. Amino acid translation is shown beneath the DNA sequence using the single letter code.
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Table 2. Percent rbcL sequence identity among the different photosynthetic lineages

1 2 3 4 5 6 7 8 9 10 11 12 13

1. Alcaligenes 65 58 63 63 60 61 51 53 52 51 53 ° 54

2. Chromatium 55 68 74 73 52 53 60 63 61 60 63 62
73

3. Anabaena 58 75 77 76 60 60 72 76 74 73 72 71
73 86

4. Anacystis 59 76 83 81 57 58 67 73 70 67 70 69
74 88 91

5. Prochlorothrix 59 76 85 88 57 58 69 73 72 69 71 71
76 88 93 94

6. Cryptomonas 69 52 55 55 57 80 60 63 63 60 59 59
82 69 71 72 74

7. Porphyridium 71 53 57 57 58 85 61 63 63 62 61 61
83 72 74 74 76 92

8. Euglena 56 72 81 80 85 54 54 79 79 79 76 76
73 84 88 89 91 7)) 73

9. Chlamydomonas 57 74 83 82 86 54 54 92 84 79 77 76
74 85 90 91 92 71 73 94

10. Chlorella 58 73 83 83 86 54 55 89 93 81 78 78
74 85 91 90 92 71 73 92 96

11. Marchantia 57 73 83 81 84 55 56 87 90 90 83 82
74 8s 91 91 92 71 73 93 94 94

12. Nicotiana 57 72 82 80 83 55 56 86 88 88 91 86
74 84 90 9 92 72 74 92 93 93 95

13. Oryza 56 71 81 81 83 54 55 85 88 88 91 92

73 84 90 90 91

70 73 92 94 93 95 95

Numbers above the diagonal represent the percent identities among nucleotides, numbers below the diagonal are percent identities
at the amino acid level (normal type-face) and percent similarity with conservative substitutions (in bold)

1). Sequence analysis of rbcS showed it to be 330
bp long, encoding a polypeptide of 109 amino acids
(Fig. 2). Hybridization of the Anabaena rbcL probe
to Prochlorothrix northern blots showed that an rbcL
transcript of ca. 2.5 kb is present (data not shown),
The sum of the lengths of Prochlorothrix rbcL and
rbcS genes plus the spacer sequence is 1998 bp, sug-
gesting that these genes are transcribed as a dicis-
tronic message. S1 nuclease protection identified an
adenine at position —444 relative to the ATG of
rbcL as the transcription start site of the message
(Fig. 2). Primer extension results confirmed the re-
sult within two bases, identifying the guanine resi-
due at position —442, Although sequences preced-
ing this transcription start site do not bear a strong
resemblance to E. coli promoter sites, the best match,
having a homology score of 47.9% (M.E. Mulligan,
et al. 1984), is highlighted in Fig. 2. Putative —10
and —35 elements cover positions —455 to —450
and —476 to —471, respectively (Fig. 2).

LSU Sequence Comparisons

The Prochlorothrix rbcL gene is 1413 bp in length,
which is shortest among the gene sequences pub-
lished to date. The rbcL sequences range from this
10 1464 bp in the B-purple bacterium Alcaligenes
eutrophus (Andersen and Caton 1987) and 1467 bp
in the non-chl b algae Cryptomonas ¢ (Douglas et

. * [ .
Alealigenes MNAPETIQAKPRK~-RYDAGVMK~YKEMGYWDGDYVPKDTDVLA
Cryptomonas MSQSVESRTRIKNERYESGVIP-YAKMGYWDADYVIKDTDVLA
Porphyridium MDQSVQERTRIKNERYESGVIP-YAKMGYWDPDYATIKATDVLA

M~-AKT-~~—--—-- YSAGV-KEYR-ETYWMPNYTPKDTDILA
MSYAQT-KTQTKS-GYKAGV-QODYR-LTYYTPDYTPKDTDILA

Chromatium
Anabaena

Anacystis M~~PKT~~-QSAA-GYKAGV-KDYK-LTYYTPDYTPXDTDLLA
Prochlorothrix MA-VQ-—--TK--~-GYQAGV-KDYR-LTYYTPEYTPKDTDLLA
Chlamydomonas MV-PQT-ETKAGA-GFKAGV-KDYR-LTYYTPDYVVRDTDILA
Chiorella MS5~PQT-ETKARV-GFKAGV-KDYR~-LTYYTPDYQPKDTDILA
Euglena MS=-PQT~ETKTGA-GFKAGV-KDYR~LTYYTPDYQVSETDILA
Marchantia MS-PQT-ETKAGV-GFKAGV-KDYR-LTYYTPDYETKDTDILA

Oryza MS-PQT-~ETKASV-GFKAGV-KDYK-LTYYTPEYETKDTDILA
Nicotiana MS-PQT-ETKASV-GFKAGV-KEYK-LTYYTPEYQTKDTDILA

Fig. 3. Alignment of rubisco LSU amino acid sequences near
the amino terminus. Only the first 43 aligned residues are shown.
Species are ordered to reflect similarity among the sequences.
Gaps in the sequence are indicated by a dash, and bold dots are
placed above every tenth residue. Residues after position 17 are
shown in bold.

al. 1990) and Porphyridium aerugineum (Valentin
and Zetsche 1989). The rbcL genes from cyanobac-
teria, green algae, and land plants range from 1419
to 1434 bp. Most of the variation in sequence length
is accounted for by short gaps at the 5’ end of the
gene, aregion that is also relatively poorly conserved
in sequence (Fig. 3), and by an extension of 21-24
bp at the 3’ end in Alcaligenes, Cryptomonas, and
Porphyridium. Only two other gaps are present in
the gene interior of the aligned sequences, found at
amino acid positions 274 and 466 [see Douglas et
al. (1990) for complete alignment].

Nucleotide and amino acid sequence identities



were calculated for all combinations of sequences
representing different photosynthetic types and are
presented in Table 2. Gaps were ignored in calcu-
lating sequence identity. Prochlorothrix shares the
highest sequence identity with Anacystis at both the
nucleotide (81%) and amino acid (88%) levels. The
next most similar taxon at the nucleotide level is
Anabaena, followed by Chromatium and the plas-
tid-containing taxa. However, amino acid compar-
isons differ in that green algae have higher sequence
identity to Prochlorothrix than do Anabaena and
higher plant plastid genes. Least similar to Prochlor-
othrix are Alcaligenes, Cryptomonas, and Porphyr-
idium.

SSU Sequence Comparisons

The SSU from Prochlorothrix is more similar in
length and sequence similarity to cyanobacterial SSU
than to those from any other group of organisms
(Fig. 4). The protein length in Prochlorothrix is the
same as that from Anabaena and only two amino
acids shorter than that of Anacystis. Cyanophora
SSU also shares characteristics of cyanobacterial
SSUs. Length and sequence in other organisms differ
markedly from those of prochlorophyte and cyano-
bacterial SSU and several structural changes have
occurred that have phylogenetic implications. On
the basis of gaps present in the sequences it is pos-
sible to distinguish most of these lineages. Nuclear-
encoded green algal and land plant SSUs share a
12- or 17-amino acid insertion relative to the op-
eron-encoded SSUs of bacteria and non-chl b algae
at positions 55-71 of the aligned sequence. Length
differences divide the organisms into two major
groups. Cyanophyte, Chromatium, and the cyano-
bacterial/prochlorophyte SSUs are distinguished
from the g-purple bacterium Alcaligenes and non-
chl b algae by a much shorter sequence length, a gap
in the latter group of sequences at positions 8§-13,
and a gap in the former group of sequences at po-
sitions 113 and 114. Green algae can be distin-
guished from all others by an apparent one-amino
acid insertion at position 45 and from angiosperms
by a five-amino acid insertion at positions 62-66.
Dicotyledons are also distinguishable from mono-
cotyledons and gymnosperms by an apparent gap
in the monocot/gymnosperm lineage at position 49.
Despite these obvious differences among sequences,
certain SSU domains have maintained a high level
of conservation (boxed amino acids in Fig. 4).

Codon Usage and GC Content

Codon usage of rbcL and rbcS was determined for
Prochlorothrix and several other species represent-
ing different divisions of photosynthetic organisms
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for which both gene sequences were available (Table
3). Eight of the 59 synonymously variable codons
are not used in either rbeL or rbeS of Prochlorothrix.
Similar situations are evident in other species for
different codons. In most instances, the codon usage
in rbcL is reflected in rbcS. The principal exception
to this is in green algae and land plants where rbcL
is encoded in the chloroplast and rbcS in the nucleus.
This agrees with the observation of Grantham et al.
(1980) that codon usage patterns tend to be more
similar among the various genes of a single genome
than in a given gene studied in different species.
Among most species analyzed there are four amino
acids with one codon more prevalent than other
codons. These are asparagine (AAC), glutamic acid
(GAA), glycine (GGT), and phenylalanine (TTC).
In general, the codons specifying the amino acids
appear biased such that the base composition in the
wobble position of the codon reflects the overall GC
content of the organism, as was shown by Muto and
Osawa (1987). This hypothesis was tested by cal-
culating the percentage GC content in third frame
wobble positions. The single codon amino acids,
methionine and tryptophan, and the termination
codons were omitted from the analysis. Table 4
shows the percent GC content in rbcL and rbcS of
each species listed in Table 3. Prochlorothrix shows
a bias toward a high GC content (65.6% and 72.1%
in rbcL and rbcS, respectively), which is reflected in
most other bacterial genes. The purple bacteria A/-
caligenes and Chromatium have the highest GC
content and the cyanobacterium Anacystis has a GC
content very similar to that of Prochlorothrix. In
contrast, the cyanobacterium Anabaena 7120 and
the plastid-encoded genes have a much lower GC
content (14.9-44.2%). A striking contrast in GC
content is evident between the chloroplast-encoded
rbcL gene and nuclear-encoded rbcS gene in Chlam-
ydomonas and tobacco (Table 4), such that the plas-
tid genes are biased toward high AT content and
nuclear genes are biased toward high GC content.
This trend was also evident among other plant se-
quences examined (data not shown).

Codon usage for some amino acids in Prochlo-
rothrix rbcL and rbcS indicates influences other than
simple GC richness. Particularly striking for some
amino acids are the favored use of GGT for glycine
and GAA for glutamic acid. Alanine-GCT is also
surprisingly frequent and several amino acids (leu-
cine, valine, and proline) show a distinct preference
for C over G in the wobble position or vice versa.
These biases may indicate selection for codon usage
matching tRNA abundances as seen in other bac-
teria (such as E. coli, Ikemura 1985). Codon usage
in Prochlorothrix psbA (Morden and Golden 1989a)
and to a lesser extent in the rbcL genes of other
prokaryotes (Table 3) also shows these preferences.



386

B-Purple Bacteria _’:_Alcallgenes eutrophus MRI-TQG———-——— TFSFLPELTDEQI
Cryptcphyte [ Cryptomonas @ MRL-TQG=—-——— HFSFLPDLTDEQT
Rhodophyte [_ Porphyridium aerugineum MRL-TQG—~——-— TESFLPDLTDAQY
Chromophyte [_ Olisthodiscus luteus MRL-TQG—————— ANFSYLPDLTDAQI
y-Purple Bacterla [ Chromatium vinosum *SSLEDVNSRKFETFSYLPAMDADRI

[~ Anabaena cylindrica MQO--TLPKERRYETLSYLPPLTDVQ]I

Cyanobacterla

| _Anacystis nidulans MSMKTLPKERRFETF SYLPPLSDRQT
Cyanophyte [_ Cyanophora paradoxa MQ---LRVERKFETFSYLPPLNDQQI]
Prochlorophyte [ Prochiorothrix hollandica M--KTLEKERRYETLSY LPPLSDQQf
™ Chiamydomonas reinhardtii MMVWTPVNNKMFETFSYLPPLTDEQI]

Chlorophytes | Acetabularia mediterranes ~ MMVWQPFNNKMFETIPSFLPPLTDEQL
Euglenophyte [ Euglena gracilis MKVWNPVNNKKFETIFSYLFPPLSDAQI]
Gymnosperm [ Pinus tunbergii MQV'WPPFGNPKE‘E’HLSYLPTLTEEQQ
I Lemna gibba MQVWPPEGLKKFETLSYFPLSSVED]
Manocotyledons | oryzj sativa MQVWP IEGIKKFETLSYLPP LTVEDL
ol led Nicotlana tabacum MQVWPPYGKKKYETILSYLPDLSQEQL{
cotyledons Hellanthus annuus MKVWPPLGLKKYETLSYLPPLTETQL
L ] - . . (2 » 102
Ae  NQGWAVG TDDPHPRNT === —m = —m =~ === YWEMFGLPMFDLRDAAGI LMEINNARNTE
CO SKNWALN TDDPHPRNA YWDLWGLPLF3 IKDPAAVMFINACRKAK
Pa SKKWAVS TDDPHPRNS === =~ == m = m e — e FWELWGLP LFDVKDASALMY[EIAACRKAK
Of  SRGWSVGVEW-TDDPHPRNA YWELWGLP LFDVKDSSATLYJFJVNECRRLN
Cv  SKGWNPAIEH-TEPENAFDH-————————=—————~ YWYMWKLPMFBETDIDTILKEAEACHKAH
Ac  SQGYIPA NEVSEPTEL —— JYWTLWKLP LFSAKTSREVLAEVOSCRSQY
An EQGFHPLIER-NEHSNPEEF YWTMWKLPLFDCKSPQQVL RECRSEY
Cp SNGYSPAIEF-SFTGKAEDL~—~—=—==——=————=-] VWTLWKLPLFGAQSPEEVLSHIQACKQQY
Ph REGYIPA NEDSDATTC AYWTMWKLPLFHATSTQEVLGRVRECRTEY

Cr ANGWIEC
Am TNSWTPC
Eg AKGLSEC
Pt RNKWVPC

Os PFQVVPC
Nt KDGWVPC
Ha RKKWVPC

EADKAYVSNESAIRFGSVSCLYYDNRYWTMWKLPMFGCRDPMQVLREHTIVACTKAFR
SDQAYAGNENCIRMGPVASTYQDNRYWTMWKLPMFGCTDGSQVLIAIQACTKAF
PENSFIANDNTVRFSGTAAGYYDNRYWTMWKLPMFGCTDASQVLREIISECRRAY
DLE-GSISRKYNRSPG—————YYDGRYWVMWKLPMFGCTEASQVI‘5
Lm RNDWVECI SKE-GFVYRENNASPG——-—— YYDGRYWTMWKLPMFSCTDASQVI‘a
SKV~-GFVYRENHKSPG-——-— YYDGRYWTMWKLPMFSCTDATQVV‘5
ETEHGFVYRENNKSPG-—-—= YYDGRYWTMWKLPMFSCTDATQVL‘a
ELEHGFVYRENARSPG=~~=~ YYDGRYWTMWKLPMFGCTDSAQVM!E

L .

E—MVVY RGKPV
S-FIVHKPSRY
S-FIVHRPGRY

M-FLV[YKP

S~FIVHKPNRY

G~F LVDRPKTARDFQPANKRSV
G-FLVHRPP SATDYRLPADRQV
S-FVVRPSGSSSSSSH
S-FIVHKPE

S~FIAYKPT
S-FIAlYNP-GCEESGGN
S-FIAYKPEGY
M-FIASRPDGY

LSU Phylogeny

The 14 aligned rubisco LSU sequences of species
listed in Table 1 were analyzed for phylogenetic re-
lationships using Wagner parsimony and bootstrap
analyses. Positions of gaps were treated as missing
characters. As stated previously, the mature rubisco
of the a-purple bacterium R. rubrum is composed
of only two large subunits (L,) and is believed to be
ancestral to the other rbcL forms; hence it was used
as an outgroup in this analysis. Wagner parsimony
yielded two equally most parsimonious trees of 1031
steps and a consistency index of 0.787 (Fig. SA and
B). Two major lineages are evident in both trees,
one leading to Alcaligenes (B-purple bacteria) and
the non-chl b algae, and one to Chromatium (vy-
purple bacteria), the cyanobacteria, and ultimately
the chlorophyte line. This division is strongly sup-

166
. .

[S~FTVNRP-ADEPGFRLVRQEEPGRTLRYSIESYAVOAGPK

S~F TVORPTSNEPGFQLIRSEVDSRNIRYTIQSYASTR-PEGERY ) ) .
S-FIINRP-INEPGFHLERQEVOGRNILYTIKSYAVNK~PEGSRY  Fig. 4. Aligned rubisco SSU se-
SAF IVRRPKS-EPGFYLERTEAEGRMIRYTIHSYAVARNPEGSRY quences. Species are ordered to re-

flect similarity among the sequenc-
es. Gaps in sequences are
indicated by a dash, and bold dots
are placed above every tenth resi-
due. Boxed residues indicate con-
served domains. The asterisk (*) at
the amino terminus of the Chro-
matium vinosum sequence repre-
sents eight residues, MSEM QD
Y S, unigue to this taxon.

ported by the bootstrap analysis. The difference be-
tween the two trees was the branching position of
Prochlorothrix and Anacystis. In both instances the
branch nodes of these species is between that of
Chromatium and Anabaena. However in one,
Prochlorothrix branches between Anabaena and An-
acystis (Fig. 5A) and, in the other, Prochlorothrix
and Anacystis form a clade (Fig. 5B). Bootstrap val-
ues for the branches leading to Prochlorothrix and
the cyanobacteria are relatively low (less than 50%)
and cannot be taken with a high degree of confi-
dence.

SSU Phylogeny

Fifteen rubisco SSU sequences were used in the phy-
logenetic analysis representing each of the major
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Table 3. Codon usage of récL and rbcS in eubacteria and eukaryotes (continued on page 388)

Amino

acid Codon Ph Ae Cv An Ac Cé Pa Cr Nt
Ala GCA 20 3(0) 0 (0) 7(1) 13(1) 26(2) 16 (3) 8 (0) 13(1)
Ala GCT 13(1) 3(0) 3(0) 19 (2) 25(1) 21 (7 27 (D) 35(1) 22 (1)
Ala GCG 2(1) 17(2) 12 (1) 10 (0) 6 (0) 2(2) 3(0) 1(0) 4(1)
Ala GCC 22(2) 26 (6) 33(7) 8(0) 4 (1) 1) 0(0) 1(12) 6(3)
Arg AGA 0(0) 0(0) 0(0) 0(0) 2(1) 3() 6(3) 1(0) 7(1)
Arg AGG 0(0) 0(0) 0 (0) 0(0) 0(0) 2(0) 0@ 0 0(0)
Arg CGA 0 () 1(0) 0(0) 0(0) 0(0) 1) 0(0) (1X (1)} 6(0)
Arg CGT 9(2) 0(1) 9(1) 13 (5) 18 (5) 18 (8) 20 (5) 30(0) 11 (3)
Arg CGG 4 (0) 6 (1) 1) 3(0) 1(0) 1(0) 1(0) 0(0) 1(0)
Arg CGC 17 (6) 27 (8) 17 (5) 11(3) 9 o) 0(0) 08 5(0)
Asn AAT 0@ 0(1) 1(1) 1(1) o) 3(2) 4(3) 0(0) 9(1)
Asn AAC 13 (4) 18 (6) 14 (5) 13(2) 18 (1) 18 (6) 18 (5) 14(7) 6 (4)
Asp GAT 9(2) 8(2) 5(3) 6(3) 12 (0) 16 (7) 20 (6) 7 23(3)
Asp GAC 19 (2) 25(5) 27 (5) 25 (2) 16 (2) 13 (1) 10 (1) 23 4 (1)
Cys TGT 5(1) 0(0) 1 (0) 2 (0) 4(0) 9 (1) 5(3) 12 (0) 5(0)
Cys TGC 703) 5Q1) 8 (1) 5 (4) 32 0(3) 10) 0(4) 43
Gln CAA 2(2) 2(1) 0 (0) 8(5) 12(7) 16 (7) 17(7) 8(0) 9(3)
Gin CAG 11 (4) 13 (5) 8(3) 4(2) 3 0(0) 00 2(8) 4(4)
Glu GAA 25(7) 11.(4) 9 (4) 24 (3) 23 (7 23 (7 23 (6) 30 (0) 24 (5)
Glu GAG 11 (3) 10(7) 21 (7) 5(8) 8(2) 2(1) 2(2) 0 (6) 9(7)
Gly GGA 0 (0) 0 0(0) 00 3D 4(1) 2(0) 1(0) 13(5)
Gly GGT 35(1) 1(0) 13 (0) 23(1) 31Q2) 41 (4) 38 (5) 46 (0) 23 (0)
Gly GGG 2 (0) 7(1) 0 (0) 4 (0) 2(0) 1(0) 1(0) 0(0) 8 (0)
Gly GGC 8(2) 37(D) 30 (5) 18 (3) 6 (1) o 2() 2(4) 2(2)
His CAT 1 (0) 2(D) 2(0) 11 (1) 1(0) 1(0) 4(2) 0(0) 9 (0)
His CAC 14 (2) 2(2) 13(5) 15(2) 12 (2) 8(1) 6 (0) 13(0) 5(1)
Ile ATA 0(0) 0(0) 0(©0) 0 (0) 00 - 1(0) 1(0) 0(0) 2(0)
Ile ATT 8(3) 0(0) 0 (0) 1 (0) 6(3) 13 (5) 18 (6) 15 (0) 9(3)
Ite ATC 15(3) 22(7) 25(6) 21 (7) 19 (4) 12 (4) 8(2) 6 (6) 10(3)
Leu TTA 1(0) 0(0) 0(0) 0(0) 4(2) 18 (8) 18 (5) 15 (0) 9 (0)
Leu TTG 5(2) 0 (0) 1(0) 10 (1) 15 (2) 0(0) 0(0) 0(0) 10 (5)
Leu CTA (X)) ()] 0(0) 0(0) 11(1) 6 (0) 15(2) 6 (0) 6(1)
Leu CTT 2(1) 0() 0 1(0) 1(2) 15(1) 703 17 (0) 10 (3)
Leu CTG 25 (4) 31 (8) 24 (3) 22 (3) 8(3) 0 (0) 0(0) 0 (8) 6 (0)
Leu CTC 10 (0) 4(2) 92(2) 10 (3) 2(1) 0(0) 00 0(0) 0(1)
Lys AAA 8(2) 1(1) 23 (8) 17 (2) 18 (3) 22 (6) 19 (9) 23 (0) 21 (1)
Lys AAG 13 (3) 20 (1) 3(0) 9 (3) 7(3) 3(0) 4(0) 0@ 4(8)
Met ATG 11 (3) 17 (5) 13 (6) 12(4) 8 18 (2) 18 (1) 13(7) 8(3)
Phe TTT 8(0) 0(1) 2 (0) 5() 8(2) 4(5) 44 2(0) 12(1)
Phe TTC 15 (4) 21 (7 19(5) 19(7) 12 (2) 16 2) 15 (3) 17 (9) 9 (4)
Pro CCA 10 0(0) 0 (0) 10) 4Q2) 8 (4) 7(6) 13 () 5(5)
Pro CCT 4 (0) 1(0) 0(0) 5() 11 (3) 74 14 (1) 7(2) 11 (3)
Pro CCG 1 (0) 15(4) 14 (5) 9 (1) 0(0) o(1) [1X¢)] 1(1) 3(0)
Pro CcCcC 16 (7) 6 (5) 6 (1) 7(5) 5Q@3) 0(0) 0 0(6) 20
Ser AGT 1(0) 0O o 0(0) 0(0) 32 L) 1(0) 2(2)
Ser AGC 0(2) 3Q1) 2(3) 2(5) 0(3) 2(3) 3 1(D) 31
Ser TCA 1) 0(0) 0(0) 00 0(0) 6(2) 7(4) 8 (0) 30
Ser TCT 4(1) 0(0) 0 (0) 2 (0) 9 (4) 8 (1) 10 (3) 5(1) 7(0)
Ser TCG 0 (0) 17 (4) 9(0) 10 (2) 0(0) 0(2) 1(0) o) 00
Ser TCC 7(3) 0(1) 5(4) 5(0) 4(1) 1(0) 1(0) 003) 2(0)
Thr ACA 1(0) 0 1(0) 0O 10 (2) 18 (6) 10 (3) 12 (0) 5(0)
Thr ACT 2(2) 12) 10) 1Q2) 4(0) 13 (0) 17 (3) 17 (1) 16 (3)
Thr ACG 1 (0) 9 (5) 4(0) 4(1) 2(0) 0 (0) 0(0) 0(0) 1(0)
Thr ACC 27 (6) 22 (4) 24 (4) 24 (1) 17 (4) 0 0(0) 0(5) 7(2)
Trp TGG 8(2) 9(2) 10(3) 9(2) 9(2) 7(4) 8(3) 8 (4 8(5)
Tyr TAT s (1) 4(0) 6(2) 2(0) 4(2) 7(2) 15(5) 2(0) 10 (1)
Tyr TAC 9(7) 5() 12(5) 12(6) 16 (6) 13 (4) 503) 17(7) 89
Val GTA 4(D) 0 0 ) 0 () 15(2) 22 (6) 21(2) 19 (0) 17 (0)
Val GTT 4(2) 0 (0) 1(0) 4 (1) 11(6) 15(2) 15(7) 16 (0) 16 (2)

Val GTG 15(5) 26 (5) 12(2) 10 (2) 10 0(0) o) o 2(5)
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Table 3. Continued from page 387

Amino .

acid Codon Ph Ae Cv An Ac Co Pa Cr Nt
Val GTC 7(0) 12(3) 19 (5) 13 (2) iy 0 (0) 0(0) 0(6) 1(1)
Ochre TAA o 0(0) 0(0) 1(1) o) 1(1) 1) 1(1) 1(1)
Amber TAG 1(0) o) 0(0) 00 0 (0) 0@ 0(0) 0 0(0)
Opal TGA 00 1(0) 1(1) 0(0) 1(0) 0(0) 0(0) 0 0O

Amino acids are identified by three letter abbreviations. Numbers outside of the parentheses show the frequency with which each
amino acid is encoded by the specified codon for rbcL; those inside the parentheses give the values for rbcS. Species indicated are
Prochlorothrix hollandica (Ph), Alcaligenes eutrophus (Ae), Chromatium vinosum (Cv), Anacystis nidulans (An), Anabaena 7120 (Ac),
Cryptomonas ® (C®), Porphyridium aerugineum (Pa), Chlamydomonas reinhardtii (Cr), and Nicotiana tabacum (Nt)

Table 4. Percent GC content of organisms for wobble position
of codons in rbcL and rbcS

Species rbcL rbcS
Prochlorathrix hollandica 65.6 72.1
Alcaligenes eutrophus 91.6 89.1
Chromatium vinosum 82.8 81.6
Anacystis nidulans 66.8 714
Anabaena 7120 44.2 42.2
Cryptomonas ® 20.5 24.0
Porphyridium aerugineum 17.5 14.9
Chlamydomonas reinhardtii 21.7 95.3%
Nicotiana tabacum 27.5 56.5=

Only the third position of each codon was considered in the
analysis; first position wobble was not included. The single codon
amino acids methionine and tryptophan were not included in the
analysis

@ rbcS in green algae and land plants is nuclear encoded

photosynthetic groups for which SSU sequence in-
formation was available. Notable additions to this
analysis include the cyanophyte Cyanophora para-
doxa, the chromophyte Olisthodiscus luteus, and the
gymnosperm Pinus tunbergii. Gaps in amino acid
sequences were scored as missing data. Additional
characters were added to the end of the data matrix
to represent each of the nine gaps shared by two or
more taxa. Gaps were then scored as present or
absent and given a weight equal to a single character
state change. The tree constructed was unrooted.
Two equally most parsimonious trees of 564 steps
and a consistency index of 0.764 were generated.
Figure 6 shows the bootstrap majority-rule consen-
sus tree, which is identical to one of the most par-
simonious trees; branch lengths associated with that
most parsimonious tree are given. Differences be-
tween the two most parsimonious trees were due to
lack of resolution among the non-chl & algae. This
close relationship is also borne out by the low boot-
strap values associated with these branches. As with
LSU, two main divisions in the tree are evident that
separate Alcaligenes and the non-chl b-containing
algae from Chromatium and the lineage leading to
chlorophytes. This separation was supported in 100%

of the bootstrap analyses. Prochlorothrix was again
identified with the cyanobacteria (including Cy-
anophora) and most closely associated with Anacys-
tis. The bootstrap value for the relationship of Pro-
chlorothrix to the cyanobacteria is high (78%) as is
the value supporting the association of the green
algae and land plants (65%).

Discussion

Structural Conservation of Large and
Small Subunits

The rubisco LSU has been highly conserved over
its greater than 1.3 billion years of evolutionary his-
tory (time estimated by Ochman and Wilson 1987).
As expected, the deduced amino acid sequence of
Prochlorothrix does contain the conserved amino
acids that have been predicted to be involved in the
active site (Lys-170, His-293, and Lys-329) and that
play a role in carbamylation (Lys-196) during ru-
bisco activation (Andersen and Caton 1987). The re-
mainder of the polypeptide is also highly conserved
among the different groups with Prochlorothrix,
maintaining a percent identity with all other species
between 56 and 87%. The most variable portion of
the polypeptide was the amino terminus. It has been
shown with barley (Poulsen et al. 1979) and spinach
(Zurawski et al. 1981) that the amino terminus is
posttranslationally modified by the cleavage of 14
amino acids from the polypeptide, leaving alanine
as the first amino acid of the functional protein. It
is expected that higher sequence divergence would
occur in this domain as it may be under relaxed
selection. Numerous insertion/deletion events and
nonconservative changes appear to have occurred,
whereas the level of conservation of amino acids
increases after the alanine at position 18 (serine in
Cryptomonas and Porphyridium) of the aligned se-
quence. The amino acid at position 17 is lysine in
all sequences except Prochlorothrix, Alcaligenes,
Chromatium, Cryptomonas, and Porphyridium,
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Fig. 5. Phylogenetic analysis using Wagner parsimony based on rubisco LSU sequences. Two equally most parsimonious trees were
produced with 1031 steps and a consistency index of 0.787. Numbers above the line represent the number of character state changes
attributed to that branch. Confidence values for each branch determined by bootstrap analysis are displayed as percentages below
that line. Figure 5A, tree 1; Fig. 5B, tree 2.
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which may have bearing on the processing of the
protein in addition to its phylogenetic implications.

Certain regions of conservation are present among
all rubisco small subunit sequences, suggesting that
these may have important functions. Results of x-ray
crystallography have shown that each small subunit
makes contact with three large subunits and the con-
served domains in the small subunits form critical
contact zones (Knight et al. 1990; Schneider et al.
1990). Site-directed mutagenesis of specific residues
in these zones prevented the accumulation of stable
holoenzyme or the ability of subunits to assemble
correctly (Fitchen et al. 1990). The large deletion in
the SSU of bacteria and nongreen algae is 2 domain
that forms an extensive loop stabilizing hydrogen
bonds between adjacent L, dimers in green algae
and plants (Knight et al. 1989, 1990). Because in-
teractions between the large and small subunits are
absent among enzymes lacking this domain, no con-
straints to conserve corresponding residues in the
LSU are present, and differences between the LSU
sequences of Anabaena and spinach have been not-
ed (Knight et al. 1989).

Large and Small Subunit Phylogeny

Phylogenetic analysis of the rubisco LSU indicates
that Prochlorothrix clusters with the cyanobacteria
and, among these, is most closely related to Ana-
cystis. This was evident from both nucleic acid/ami-

no acid identities and Wagner parsimony analysis.
This was also the result of analyses of 16S rRNA
sequences (Turner et al. 1989) and of psbA gene
sequences (Morden and Golden 1989a,b). In the
data presented here, Anabaena is more closely as-
sociated to the chlorophytes and land plants than
are Prochlorothrix and Anacystis [similar to the re-
sults of Turner et al. (1989) and contrasting those
of Morden and Golden (1989a)]. However, the con-
fidence limits of this branching arrangement by
bootstrap analysis suggest that there may be ho-
moplasy associated with the sequence evolution of
these species. Whether this group or some other
cyanobacterium is more similar to green plastids is
not clear. A strong feature that linked Prochlorothrix.
to green plastids in the pshA analysis was a shared
seven-amino acid deletion at the carboxy terminus
relative to cyanobacterial genes (Morden and Gold-
en 1989a,b). The species here may be at the limit
of sequence similarity for phylogenetic determina-
tion and only the clustering of major groups is pos-
sible without considerably greater amounts of
sequence for comparison. Also, only two cyanobac-
terial rbcL sequences were available for comparison;
additional sequences might be beneficial in resolv-
ing this apparent incongruity.

Relationships inferred from LSU and SSU par-
simony analysis and LSU sequence identitics are
well supported by bootstrap analysis. The clustering
of organisms having green plastids (chlorophytes,
euglenophytes, and metaphytes) is in agreement with



conventional views (Whatley and Whatley 1981;
Cavalier-Smith 1982; Gray 1989). Also, the asso-
ciation of Porphyridium, Cryptomonas, and Olis-
thodiscus is not unexpected as it has been previously
hypothesized that both cryptophytes and chromo-
phytes are derived from rhodophytes (Whatley and
Whatley 1981). However, our results indicate that
this lineage is related to the B-purple bacteria (i.e.,
Alcaligenes) rather than to cyanobacteria as was pre-
viously suggested (Whatley and Whatley 1981; Cav-
alier-Smith 1982; Gray 1989), and that cyanobac-
teria and the chlorophyte lineage are derived from
the y-purple bacteria (i.e., Chromatium).

Plastid Endosymbiosis

There is strong evidence based on SSU structure
and phylogenetic analysis of LSU and SSU which
indicate that there have been multiple endosym-
biotic origins of plastids. As stated earlier, Cyano-
phora paradoxa shares many features common to
both cyanobacteria and plastids and because of this
is believed to be the progenitor of all plastid forms
(Cavalier-Smith 1982) or at least to the rhodophytes
and in turn the other non-chl b algae (Whatley and
Whatley 1981). Phylogenetic analysis of rubisco SSU
(presented here) and 16S rRNA (Giovannoni et al.
1988; Turner et al. 1989) support the cyanelle of
Cyanophora being closely related to cyanobacteria.
There is no evidence based on SSU data to indicate
it is ancestral to other classes of organisms as pre-
viously thought. However, it is apparent that Cy-
anophora is not associated with the lineage leading
to rhodophytes. The rbeL data for Cyanophora are
not yet available.

The rbcL analysis suggests the origin of the non-
chl b algal plastid to have been an organism similar
to the B-purple bacterium A. eutrophus rather than
a cyanophyte. These organisms all share many char-
acteristics of rubisco large and small subunit gene
structure and form a strongly supported clade in
parsimony analysis. Cryptophytes (containing phy-
cobilins and chl ¢) are believed to have been the
result of the endosymbiosis of a rhodophyte (con-
taining phycobilins), and subsequent synthesis of chl
¢, resulting in a plastid with four surrounding mem-
branes and a nucleomorph between the outer and
inner two membranes (Whatley and Whatley 1981;
Cavalier-Smith 1982). Chromophytes (containing
chl ¢) possess four membranes surrounding the plas-
tid with no nucleomorph and are believed to be
derived from cryptophytes with concurrent loss of
phycobilins and the nucleomorph (Whatley and
Whatley 1981; Cavalier-Smith 1982). The results of
our study support this hypothesis. Cryptomonas and
Olisthodiscus are closely associated to each other
and Porphyridium is more distantly related. Se-
quence data showing that red algal plastids arose
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from an endosymbiosis separate from green plastids
previously have been presented using the proteins
ferredoxin and cytochrome ¢ (Schwartz and Dayhoff
1981); however purple bacteria were not included
in these studies and it was assumed that rhodophyte
plastids were derived from cyanobacteria. The en-
dosymbiosis of a purple bacterium giving rise to the
plastid of red algae raises questions concerning the
origin of phycobilins and oxygenic photosynthesis
among rhodophytes. This could have occurred by
the independent origin of these complexes in red
algae and cyanobacteria or by lateral transfer of genes
from a cyanobacterium to a red alga (movement of
a gene or gene clusters from one organism to an-
other). Alternatively, the plastids of red algae may
have been derived from the endosymbiosis of a cy-
anobacterium, which at some time may have ac-
quired the rbcLS operon from a S-purple bacterium
via lateral transfer or by a second endosymbiosis of
a 3-purple bacterium and lateral transfer among en-
dosymbionts.

Chloroplasts of green algae and land plants have
a common origin derived from the cyanobacteria
and are apparently well separated phylogenetically
from other plastid types. In addition, cyanobacteria
and chloroplasts form a lineage derived from the
~v-purple bacteria. The taxa within the chloroplast
lineage represent a monophyletic group with the ex-
ception of the link between Fuglena and green algae.
It previously has been shown that the plastid ge-
nome of Euglena is distinctly prokaryotic in nature
based on plastid tRNAF (Chang et al. 1981) and
rRNA analysis (Wolters and Erdmann 1988), yet
the nuclear DNA is more closely allied to that of
trypanosomatid protozoa rather than algal lineages
(Chang et al. 1981; Delihas et al. 1981), It was sug-
gested that the plastid of Euglena is the result of a
separate endosymbiotic event and examination of
the three membranes surrounding the plastid indi-
cated that the probable progenitor was a green alga
(Gibbs 1978, 1981). Our results show that Euglena
has a close affinity to Chlamydomonas, thus sup-
porting this hypothesis.

AT vs GC Content

It previously has been shown that in the course of
molecular evolution the GC content of mitochon-
drial DNAs (mtDNAs) in insects and mammals has
diverged considerably (Osawa and Jukes 1989). Even
among mammals, human mtDNA has a higher GC
content than other species (Osawa and Jukes 1989).
A change in GC content has also occurred during
the evolution of the plastid. Most purple bacteria
and cyanobacteria have a high GC content whereas
plastid DNA has a low GC content. Several sug-
gestions have been made regarding potential con-
tributors to determining codon usage and codon bias
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including tRNA availability, codon-anticodon
H-bond strength, contextual constraints, dinucleo-
tide preference, and overall GC content (Ticher and
Graur 1989). However, these do not address the
question as to why there has been a switch in GC
content between plastid-encoded DNA and its bac-
terial relatives. It might be proposed that plastids
are derived from an AT-rich bacterial endosym-
biont. However, evidence we present that Crypto-
monas and Porphyridium (AT rich) are derived from
a @-purple bacterium such as Alcaligenes (GC rich)
suggests this may not be the case.

AT richness seems to be a common feature in the
organelle genomes of plants, animals, and fungi (Aota
et al. 1988). Two possible explanations may be used
to account for a higher AT content in plastids com-
pared to their bacterial progenitors. First, the cost
efficiency during replication and transcription of
DNA may favor a high AT content because of the
number of H-bonds to break during DNA poly-
merization. Plastid DNA replicates much more rap-
idly than nuclear DNA at certain stages of plant
ontogeny (Lamppa and Bendich 1979; Kuroiwa et
al. 1981). Relative chloroplast DNA content in-
creases from approximately 1% to 10% of the total
tissue DNA (greater in some species) in the early
stages of plant development (Lamppa and Bendich
1979; Kuroiwa et al. 1981). As such, it may be more
energetically efficient during replication if the ge-
nome has a low, rather than high, GC pressure.

A second factor that could account for the higher
AT content (low GC pressure) among plastid ge-
nomes is the mutation of C-to-T resulting from the
spontaneous deamination of 5-methylcytosine re-
sulting in a thymine residue (Coulondre et al. 1978;
Watson et al. 1987) and/or the activity of the de-
amination-repair system (Muto and Osawa 1987).
Although plastid DNA is not typically methylated,
there have been recent reports that show plastid
DNAs to be methylated at early stages of plant de-
velopment (Ngernprasirtsiri et al. 1988a,b; Gauly
and Kossel 1989) and in ripening tomato fruit (Ko-
bayashi et al. 1990). However, simply having a
mechanism to accomplish this is not an indication
that it should occur; otherwise all genomes with
methylated DNA would be expected to be AT rich.
Plant nuclear genomes contain methylated DNAs
yet are GC rich as we have indicated. Likewise,
animal nuclear genomes are GC rich and there is
evidence of increasing GC content in some lineages
of animal mitochondrial genomes (Osawa and Jukes
1989).

Concluding Remarks

The phylogenetic relationship of Prochlorothrix (and
also Prochloron) to cyanobacteria and green chlor-
oplasts has been, and continues to be, uncertain.

Experiments on physiology and ultrastructure con-
tinually point toward Prochlorothrix sharing char-
acters of both groups, yet results from two of three
studies utilizing molecular data suggest it is not in-
termediate between them (this study; Turner et al.
1989). The one common factor among all studies
based on molecular data is that Synechococcus (An-
acystis nidulans) is most closely related to Prochlor-
othrix of the few cyanobacteria analyzed. Miller
and Jacob (1989) pointed out that several concur-
rent changes must have occurred if chl b were to
arise in prochlorophytes by some convergent event
separate from those of green plastids. These changes
include (but are not limited to) thylakoid membrane
architecture, the synthesis of chl » and chl a/b bind-
ing proteins, thylakoid stacking, and the deletion of
21 nucleotides at the 3’ end of psbA genes. The latter
is a strong character that links Prochlorothrix to the
green plastids. Interestingly, there are 3- and 4-bp
direct repeats in the psbAI genes of Synechococcus
(Golden et al. 1986) and Synechocystis (Osiewacz
and MclIntosh 1987), respectively, flanking the re-
gion deleted in psbA genes of Prochlorothrix, green
algae, and land plants. If homologous recombina-
tion of the direct repeats were to occur the deletion
would exactly correspond to the position of the 21-
nucleotide (seven-amino acid) gap at the carboxy
terminus of green plastid and Prochlorothrix genes.
However, recombination between 7- and 8-bp direct
repeats in the same region of the psbA genes of 4n-
abaena (Vrba and Curtis 1989) and Fremyella (B.
Mulligan et al. 1984) would result in deletion of only
six of these amino acid residues.

Future studies to elucidate the phylogenetic re-
lationship of Prochlorothrix to cyanobacteria and
green plastids should be directed at specific genes
and gene complexes that show differences between
green chloroplasts and cyanobacteria. Investigations
in other laboratories of the chl a/b binding proteins
and characteristics of the water oxidation complex
may be helpful in determining the phylogenetic po-
sition of this interesting organism.
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Note added in proof- The nucleotide sequence of the Prochloro-
thrix hollandica rbcLS operon has been submitted to the EMBL
data bank with the accession number X57359.

Since preparation of this manuscript the rbcL sequence from
Cyanophora paradoxa has been published (Valentin K, Zetsche
K (1990) Nucleotide sequence of the large subunit of rubisco
from Cyanophora paradoxa—phylogenetic implications. Curr
Genet 18:199-202). Addition of this sequence to the data set



used to generate Fig. 5 resulted in a tree in which C. paradoxa
formed a branch between Anabaena and the green algae. All other
branches were as shown in Fig. 5B.
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