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Abstract

The rbeS gene coding for the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
of the brown alga Pylaiella littoralis is located within the plastid genome and is transcribed as a single
polycistronic mRNA with the gene for the large subunit of Rubisco, rbcL. The structure of the Rubisco
operon from P. [ittoralis was determined. Molecular phylogenies for rbcS and rbecL with a wide range of
prokaryotes and eukaryotes were constructed which are congruent with recent evidence for polyphyl-
etic plastid origins. Both rbcL and rbcS of the f-purple bacterium Alcaligenes eutrophus clearly cluster
with the rhodophyte and chromophyte proteins. The data suggest that the Rubisco operons of red algal
and chromophytic plastids derive from f-purple eubacterial antecedents, rather than the cyanobacterial
lineage of eubacteria from which other of their genes derive. This implies a lateral transfer of Rubisco
genes from f-purple eubacterial ancestors to the cyanobacterial ancestor of rhodophyte and chromophyte
plastids.

Introduction

Ribulose-1,5-bisphosphate  carboxylase/oxyge-
nase (Rubisco) is one of the most widely studied
plant or bacterial enzymes. It catalyses both the
carboxylation of ribulose bisphosphate in CO,
fixation and oxygenation of the same substrate
during photorespiration [26]. Rubisco has a qua-

ternary structure of eight large and eight small
subunits (LgS;) except in some bacteria, where it
can assume a stoichiometry of L¢S, or be com-
posed of large subunits only, i.e. Lg, Lg, L, 6, L,
[14]. Though a wealth of literature has been com-
piled for Rubisco of chlorophytes, which possess
chlorophyll a and b, little is yet known about
Rubisco of chromophytes or rhodophytes, which

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number X55372.
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perform photosynthesis with the aid of chloro-
phyll ¢ or phycobiliproteins, respectively. In green
algae, Euglena and land plants, the small subunit
of Rubisco (rbcS) is nuclear-encoded, whereas
the large subunit rbcL) is a component of the
plastid DNA. Conversely, in all chromophytes
and rhodophytes studied to date, both rbcL and
rbeS genes are located on the plastid genome and
form an operon [9, 10, 22, 30, 41-43]. A complete
Rubisco operon is also found in the cyanoplasts
(formerly known as cyanelles) of Cyanophora
paradoxa [37].

It is now generally accepted that plastids ini-
tially arose through endosymbiosis between a
photosynthetic prokaryote and a non-photosyn-
thetic host cell. Molecular data from chloroplasts
(plastids of green algae and land plants) suggest
that these derive from a cyanobacterium-like en-
dosymbiont [16, 28]. The plastids of non-green
algae are structurally quite distinct from green
chloroplasts [12] and could have a distinct phy-
logeny. Recent studies indicate that the rbcS gene
of Olisthodiscus luteus [4], the rbcL gene of
Pylaiella littoralis [ 2], and both the rbcL and rbcS
of Ectocarpus siliculosis [42] are quite similar to
their analogues from Alcaligenes eutrophus, a p-
purple eubacterium as designated by Woese [47].
Here we report the sequence of the plastid en-
coded rbcS gene of the brown alga Pylaiella
littoralis and the structure of the Rubisco operon.
Phylogenetic analyses made from the deduced
amino acid sequences of rbcS and rbcL genes of
prokaryotes and eukaryotes are presented and
discussed.

Materials and methods
DNA sequencing

The fragment E18, and Eco RI fragment of the
P lintoralis plastid genome which contains the
rbeS gene, was cloned into M13 mp18 and pUCI18
as described previously [2]. The dideoxy chain
termination method was used to sequence the
fragments using the Amersham sequencing kit
(Amersham France SA) for single-strand DNA,

and the Pharmacia T7 sequencing kit (Pharmacia
LKB) for double-strand DNA. Nucleotide se-
quences were analysed by the CITI2 programs
(Paris) and the alignments were performed with
the LINEUP program of the WISGEN Incorpo-
ration package [7].

Data handling and dendrograms for rbcl. and rbcS

Comparisons of 18 rbcL sequences were based
upon the alignment previously published [2]. Ter-
minal and internal regions of length heterogene-
ity which could result in distortion of amino acid
identities were removed from the alignment such
that only positions occupied in all members of the
set were compared (468 positions in each rbcL
sequence). Amino acid identities at these posi-
tions were calculated (153 pairwise comparisons).
Identities were converted into fractions of substi-
tuted residues (divergence), which were corrected
for multiple substitutions at identical sites [8].
The resulting matrix of corrected values was used
to generate the dendrogram shown in Fig. 4 by
the Neighbour Joining (NJ) method [32]. The NJ
method was chosen since it has been shown to be
more efficient than many other commonly used
matrix [36] or molecular sequence [17, 31] meth-
ods in recovery of correct topology under a vari-
ety of data parameters.

For the rbcS, 15 amino acid sequences were
aligned with the LINEUP program of the GCG
sequence analysis software package [7]. The
alignment is shown in Fig. 1. The removal of
amino acid sites not occupied in all members of
the sequence set yielded 103 positions for com-
parison in each sequence. Identity matrices, frac-
tions of substituted residues, corrected divergence
and trees for rbcS were generated as for rbcL.

Hybridization analysis

Plastidial DNA was purified from isolated plas-
tids and nuclear DNA from whole cells as pre-
viously described [6]. DNAs were digested to
completion with Eco Rl, transferred to nylon
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Fig. 1. Physical map of the Rubisco operon found on the large molecule of the Pylaiella littoralis plastidial genome. E22 and E18
refer to Eco RI fragments described by Gunderson ez al. [18]. Numbers above the fine line indicate restriction fragment length
in bp. Heavy lines indicate the position and size of the rbcL and rbcS genes. The arrow shows the direction of transcription.

membranes (GeneScreen Plus, Dupont-NEN),
and hybridized under low-stringency conditions
(rapid hybridization system, Amersham, at
42 °C) with rbcS probes from Anabaena (gift from
R. Haselkorn), from tobacco (gift from J. Flech)
and from Pylaiella. The probes were labelled using
a random-primed labelling kit (Boehringer Man-
nheim, France) and [a-*?P]-dCTP (3000 Ci/
mmol, Amersham).

RNA extraction and northern analysis

RNA was purified from isolated plastids by sev-
eral extractions with phenol-chloroform (plastids
in 50 mM Tris-HCI pH 7.5, 150 mM NadCl, 29,
SDS, 2% sodium sarcosinate, 10 mM EDTA,
1% B-mercaptoethanol). The nucleic acids in the
supernatant were then precipitated by ethanol,
resuspended in sterile distilled water and adjusted
to 2 M lithium chloride in order to selectively pre-
cipitate the RNA. The lithium chloride precipita-
tion was then repeated a second time. RNAs were
resolved on an agarose gel in the presence of
methyl mercury, transferred to GeneScreen Plus
membranes, and hybridized according to the
manufacturer’s specifications. Two DNA frag-
ments of P. littoralis, one internal to the rbcL gene
and the other to the rbcS gene, were purified twice
by electrophoresis, labelled by random priming
with [«-**P]-dCTP, and used as probes.

Results
Localization of the tbcS gene

Although the rbcL of P. littoralis was localized by
hybridization with DNA probes from green
plants, attempts to localize the rbc.S gene of P. lit-
toralis, either on plastidial or on nuclear genomes,
by hybridization with heterologous probes from
Anabaena and tobacco were unsuccessful. The
same result was obtained for the chromophytes
O. luteus [30] and Cryptomonas ® [8], and the
rhodophyte Porphyridium aerugineum [39], due to
the fact that the rbcS genes of these species are
significantly less homologous to those of cyano-
bacteria or land plants than are their rbcL genes.
The rbcS gene of P. littoralis was localized by se-
quencing the 3’ flanking region of the rbcL gene
and comparing the open reading frame, starting
195 bp downstream, to the sequence of the rbcS
gene found in other species. The restriction map
of this region is shown in Fig. 1. The nucleotide
sequence of the rbcS gene, the flanking regions
and the predicted amino acid sequence are rep-
resented in Fig. 2. Subsequent hybridizations on
plastidial and nuclear DNA of P. littoralis with
the Pylaiella rbcS probe detected only one copy of
the rbcS gene in this alga.
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Fig. 2. Nucleotide sequence of the P. littoralis rbcS gene and its flanking regions. The deduced amino acid sequence of the 3’ end
of the rbcL gene and the rbcS gene are included. The inverse repeat downstream of the coding region is indicated by arrows.

The 5' and 3’ flanking regions

The spacer region between the rbcL gene and the
rbeS gene of P. littoralis is 195 bp long. Unlike
those described for C. vinosum [45], O. luteus [4],
E. siliculosus [42] and Cryptomonas ® [10], no
palindromic or repeated sequences were found in
this spacer. Neither were any promoter-like se-
quences found. The spacer region of Pylaiella is
67%, homologous to that of E. siliculosus suggest-
ing a close relationship between the two algae. No
significant homology was found with any of the
other Rubisco operon spacer regions sequenced
to date. It is to be noted that in the three red algae
studied so far [22, 41, 43] translation of the rbcS
genes starts at a GTG codon instead of an ATG
codon, and an in-frame GTG immediately pre-
cedes the ATG putative start codons of Pylaiella
and Ectocarpus.

A long inverted repeat sequence of 69 bp is

found at the end of the rbcS gene of P. littoralis,
beginning 10 nucleotides after the stop codon.
The calculated AG of the stem-loop is —420kJ.
The capability to form a stem-loop has been cor-
related with the ability to protect upstream mRNA
segments from exonucleolytic degradation by in-
teracting with specific proteins which could have
a role in the processing and stability of plastid
mRNAs [39].

Comparison of different tbcS genes

The rbeS gene of P. littoralis is 417 bp long (ATG
to TAA inclusive), and its deduced amino acid
sequence is 98.59% homologous to that of E. sili-
culosus, another brown alga. Amino acid se-
quences from several species have been aligned
for comparison (Fig. 3). The amino terminus of
the small subunit of Rubisco from the brown alga



Fucus serratus [21] has been included in this com-
parison. It is clear from this alignment that these
15 sequences segregate into two homogeneous
groups based on regions of sequence homology,
particularly in the terminal domains. One group
is related to the Rubisco gene of the S-purple
bacterium Alcaligenes eutrophus and the other to
that of the cyanobacteria. Rubisco genes from red
algae, cryptophytes and chromophytes are among
those which cluster with the S-purple bacterium.
The Rubisco small subunits of one group share
little homology with those of the other group. Only
10 amino acids are conserved in all species, and
only two small regions are very similar: those at
positions 22 to 28 and 79 to 89 in Fig. 3.

The Rubisco small subunits belonging to the
‘B-purple eubacterium-like’ lineage are much more
conserved between species than are those belong-
ing to the ‘cyanobacterium-like’ lineage, while the
large subunits are equally conserved in both lin-
eages. Most of the rbcS genes belonging to the
‘cyanobacterium-like’ lineage are nuclear-en-
coded, and these all occur in chlorophyll b-
containing plants. A characteristic feature of all
nuclear-encoded rbcS proteins is the presence of
a 12 to 18 amino acid insertion starting at posi-
tion 57 in our alignment (Fig. 3), which are not
present in the plastidial genes. On the basis of
conserved residues and intron-exon structure
[48], this fragment may share a common origin in
those species in which it is found. The rbcS genes
belonging to the ‘f-purple eubacterial lineage’ are
characterized by three conserved regions which
can be considered as lineage signatures. These
correspond to the first six amino acids MRxTQG,
to an amino acid sequence T(D)D(P)HRN start-
ing at position 52 (Fig.3), and to the long
carboxy-terminal region. The sequence at amino
acids 52-59 corresponds to the variable region
surrounding the ‘additional’ region in the green
plant proteins. The carboxy-terminal region is 31
to 36 amino acids longer (one quarter of the mol-
ecule) in this lineage than in the ‘cyanobacterial-
like lineage’. As the highly conserved regions in
each group are absent in the other, their signifi-
cance to the function of the small subunit in the
holoenzyme is questionable.
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Co-transcription of the rbcL and rbcS genes

Northern analysis using intragenic probes from
the rbcL and the rbeS genes of P. Littoralis showed
that these genes are co-transcribed on a single
mRNA of 2.4 kb (not shown) as in other chro-
mophyte and rhodophyte algae. No smaller
mRNA products were detected indicating that no
independently transcribed rbcS gene is present in
Pylaiella.

Dendrograms

The resulting neighbour-joining (NJ) trees from
amino acid divergence values corrected for mul-
tiple substitutions at identical sites are given in
Fig. 4. For rbcL and rbcS, NJ topologies were
additionally generated from uncorrected amino
acid divergence values. These were identical in
branching order to the trees shown in Fig. 4 al-
though, as expected, branches were shorter, par-
ticularly towards the base of the tree.

For those species represented in both the rbcL
and rbcS data, branching orders in Fig. 4 are
identical with the exceptions of Synechococcus and
Chromatium. The rbcL data set is considerably
larger (468 vs. 103 sites) and, combined with the
overall lower rate of amino acid substitution for
rbeL, should thus yield a more reliable topology
[20] than the rbeS data in which several corrected
divergence values exceed one substitution per site.
For both the rbcL and rbcS genes of the non-
green algae considered in the present contribu-
tion, branching orders identical to those in Fig. 4
were also obtained with PROTPARS of the
PHYLIP [11] package (data not shown).

Discussion

Perhaps surprisingly, the rbcS and rbcL genes of
P. littoralis, as well as those of other chro-
mophytes, cryptophytes and red algae, are more
similar to their homologues from the S-purple eu-
bacterium Alcaligenes eutrophus than they are to
the corresponding genes of green plants (Fig. 4).
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Purple bacteria are recognized by Woese as a
phylum containing most of the well-known
Gram-negative bacteria; they constitute an as-
sembly of both photosynthetic and non-photo-
synthetic species. The p-subdivision is distin-
guished from the a-, - and é-subdivisions by their
cytochromes, 16S RNAs and photoreaction cen-
tres [45]. It is important to note that the Rubisco
genes of A. eutrophus are carried on both chro-
mosomal DNA and plasmids in two A. eutrophus
strains [1]. The chromosomal rbcS gene of the
A. eutrophus ATCC strain 17707 [1], used to
make the phylogenetic tree in Fig. 4, is 549 iden-
tical to the plastid gene of P. littoralis. Two other
rbeL and rbcS gene sequences, those of the chro-
mosomal and plasmid-encoded genes from A4. e-
utrophus strain H16, have been determined but
are not yet published (B. Bowien, personal com-
munication). Of these three sequences the most
homologous to the rbeS of P. littoralis (57.5%,) is
the plasmid-encoded rbcS of strain H16. The
plasmid-encoded rbcL gene also has greater ho-
mology to the rbcL of P. littoralis than either of the
chromosomally encoded genes.

The similarity of A. eutrophus Rubisco genes to
those of non-green algae previously noted [1, 2,
42] is subject to different interpretations. Al-
though the antecedents of all extant f-purple bac-
teria were (purple) photosynthetic [47], the
cyanobacterial nature of rhodophytic (and con-
sequently chromophytic; see below) photosynthe-
sis would not support the view that rhodoplasts
are descendants of f-purple bacteria [42]. The
present data would, however, be compatible with
the view that a cyanobacteria-like antecedent of
red algal plastids horizontally received S-purple
Rubisco genes via plasmid-mediated transfer.
This working hypothesis would envisage the en-
dosymbiont as a chimaera and carries the testable
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predictions that (1) Rubisco (and perhaps other)
gene sequences from further f-purple bacteria, as
they become known, will cluster close to
rhodophyte, chromophyte and cryptophyte anal-
ogous genes and that (2) the majority of rhodo-,
chromo- and crytophytic plastid genes will, how-
ever, be of cyanobacterial affinity.

During evolution, the Rubisco genes separated
into three main lineages, the a-purple eubacterial
lineage, the f-purple eubacterial lineage and the
y-purple eubacterial-cyanobacterial lineage [2].
The main dichotomy gave rise to the extant o-
purple eubacterial Rubisco genes on one hand,
and to all others on the other. No earlier ances-
tors of these genes are known. In the a-purple
eubacterial lineage only rbcL genes found in the
L, or L,  complexes have been sequenced, to our
knowledge, although several a-purple eubacteria,
including Rhodobacter sphaeroides, do have LgSg
Rubisco complexes. It would be interesting to
compare sequences of these subunits and espe-
cially to know if the a-purple Rubisco small sub-
units have amino acid sequences corresponding
to the very conserved regions of the ‘B-purple
eubacterial-like’ proteins.

The branching order of algal species in the ‘-
purple eubacterial-like’ lineage, is identical in both
rbcL and rbcS trees, and in other published phy-
logenetic trees based on Rubisco genes [42]. In
this lineage, the first branch giving rise to a plas-
tidial Rubisco gene is that which leads to
Cyanidium caldarium. If, as suggested by these
trees, the C. caldarium line has separated much
earlier than other red algal lines from a common
ancestor, it explains the difficulties in assigning
this alga a taxonomic position [23].

Phycologists have postulated that plastids of
chromophytes and cryptophytes, which are sur-
rounded by two layers of chloroplastic endoplas-

Fig. 3. Comparison of the rbcS amino acid sequence of P. littoralis (PL) with those of different prokaryotes and eukaryotes.

Non-green algae are: the brown algae Fucus serratus (FS, partial sequence) [20] and Ectocarpus siliculosus [42], the chromophyte

Olisthodiscus luteus (OL) [4], the red algae Porphyridium aerugineum (PA) [41], Cyanidium caldarium (CC) [43], the Cryptophyte

Cryptomonas ® (Cr) [9]. The prokaryotes are: the y-purple eubacterium Chromatium vinosum (CV) [45], the f-purple eubacterium

Alcaligenes eutrophus ATCC 17707 (AE) [1], the cyanobacteria Anabaena 7120 (AN) [27] and Synechococcus (SY) [32]. The other

plastidial genes are those of Cyanophora paradoxa (CP) [37], Euglena gracilis (EU) [5], the green alga Chlamydomonas reinhardtii
(CR) [15] and the land plants Spinacea oleracea (SP) and Nicotiana tabacum (TB) [25].
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Fig. 4. Dendrograms generated by the neighbour-joining method for rbcS and rbcL. The bar to the lower right of each tree rep-

resents 0.1 amino acid substitution per site (corrected). For rbcL, the upper portion of the tree is rooted to the Rhodospirillum and

Rhodobacter sequences, yet the full length of this root branch is not drawn to scale as indicated by dashed lines. The rbcS sequence

of Rhodobacter sphaeroides is not yet available and Rhodospirillum rubrum has no rbcS gene [ 13, 40], therefore formal rooting could

not be performed for rbcS. The deepest branch of the unrooted rbeS tree was arbitrarily ‘bent’ to permit display of relevant spe-
cies in a form which permits direct comparison of the rbeS and rbeL topologies.

—_—

mic reticulum (CER), have not evolved directly tween an eukaryotic host cell and a pre-existing
from a photosynthetic prokaryote as those of red eukaryotic algal cell [for review see 12]. The pre-
algae, but from a secondary endosymbiosis be- existing algal cells are thought to have been uni-



cellular red algae. If this theory is correct, the
trees shown here favour two different ancestors of
the extant red algae as the endosymbionts, one
which gave rise to the chromophyte plastids, and
another to the cryptophyte plastids.

The third lineage comprises Rubisco genes
from the py-purple eubacterium Chromatium
vinosum, two cyanobacteria, the cyanoplast of
C. paradoxa and various chlorophyll b-containing
organisms. The Rubisco small subunits of chlo-
rophyll b-containing organisms which have been
studied are all nuclear-encoded. In this lineage
the branching order is clearly not the same in both
trees for Chromatium and Cyanophora.

The rbcL and rbcS sequences of another (un-
named) p-purple eubacterium have recently been
published [38]. This bacterium is a sulphur-
oxidizing chemoautotrophic endosymbiont, quite
different from the photosynthetic, free-living
C. vinosum. Although we had already constructed
the trees before this sequence appeared, 899, of
the amino acids are conserved between both spe-
cies in the large subunit and 809, in the small
subunit, supporting the position of p-purple bac-
teria in the rbcL and rbcS trees. Nevertheless the
position of these bacteria in the rbcS tree, closely
linked to green plastid rbcS genes, is probably
artefactual, due to stochastic similarities and the
low total number of rbcS sites compared. In fact,
their amino acid sequences have none of the char-
acteristic signatures of the Rubisco small sub-
units of chlorophyll b-containing plants, i.e.
VWxPxxxK in the amino terminal region and the
additional fragment starting at position 58 (Fig. 3)
immediately followed by DxR. The Rubisco genes
of Cyanophora are closely related to those of cy-
anobacteria, the same is true for other Cyano-
phora chloroplastic genes such as tufd [24, 29],
indicating that a cyanobacterial ancestor different
from that which evolved into green plastids could
have given rise to the cyanoplasts.

Phylogenetic trees based on entire sequences of
the nuclear 18S rDNA genes show that the host
cells giving rise to extant algae are widely diver-
gent, also supporting the theory of multiple en-
dosymbiotic events [3, 18, 34, 35]. Endosymbio-
sis may have been established soon after the
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divergence from the eukaryotic trees, or long after,
as appears to be the case for Euglena and the
Dinoflagellates.

Phycologists have often thought that the ‘Chro-
mophytes’, which actually include different eu-
karyotic lineages, form an artificial group. The
results discussed herein support that contention.
The only link between dinoflagellates, crypto-
phytes and what could be called chromophytes
sensu stricto (Rhaphidophyceae, Crysophyceae,
Haptophyceae, diatoms and brown algae) is that
their plastids have probably evolved from red
alga-like ancestors. No molecular information is
yet available about the cytoplasmic origin of the
Xanthophyceae or Eustigmatophyceae. Both the
organelle and host cell phylogenies indicate deep
branching of the different algal lines which in turn
indicates a more complex history of algae than
can be accounted for by a single host-symbiont
event.
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