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Abstract .  The single-copy nuclear gene (GapA), encod- 
ing the plastid-localized glyceraldehyde-3-phosphate de- 
hydrogenase (GAPDH) of the marine red alga Gracilaria 
verrucosa, has been cloned and sequenced. The GapA tran- 
scriptional initiation site was located 49 bp upstream of 
the start codon, and a putative TATA box was found 54 bp 
farther upstream. A spliceosomal intron was identified in 
the transit-peptide-encoding region in a position very sim- 
ilar to intron 1 of GapA and GapB of higher plants; no in- 
trons occur in the region encoding the mature protein. 
These observations provisionally suggest that both red al- 
gae and higher plants descend from a single ancestral pho- 
tosynthetic eukaryote, i.e. that a single endosymbiotic 
event gave rise to red algal and higher-plant plastids. 
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Introduct ion  

Two kinds of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) isoenzymes exist in investigated algae and 
higher plants. NAD+-GAPDH (EC 1.2.1.12) is a cytosolic 
homotetramer active in glycolysis, while in higher plants 
the plastid-localized NADP§ (EC 1.2.1.13) is 
heterotetrameric (A~B2) and is involved in photosynthetic 
assimilation of carbon dioxide via the Calvin cycle (Har- 
ris and Waters 1976; Cerff 1982). Nuclear genes (GapA, 
GapB, GapC) encode not only the cytosolic (GAPC) but 
also the two types of plastid-localized (GAPA, GAPB) 
subunits. Sequences of GapA and GapB clearly exhibit a 
closer relationship to the GAPDH genes of eubacteria 
(Martin and Cerff 1986; Shih et al. 1986; Brinkmann et al. 
1987, 1989; Smith 1989; Doolitle et al. 1990), and more 
specifically cyanobacteria (Martin et al. 1993), than to the 
GapC genes of  even the same organism. This has been 
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interpreted to mean that the ancestor(s) of these genes en- 
tered the eukaryotic lineage via one or more cyanobacte- 
rium-like endosymbiont(s), with subsequent transfer to the 
nucleus of the host (Shih et al. 1986; Brinkmann et al. 
1987). Genes for the A and B subunits appear to have arisen 
within the plant lineage by duplication (Brinkmann et al. 
1989; Morden et al. 1992) before the diversification of an- 
giosperms (Cerff and Kloppstech 1982; Crane et al. 1989; 
Li et al. 1989; Martin et al. 1989 a, b) but subsequent to 
the divergence of red algae (Zhou and Ragan 1993). 

It is now widely accepted that plastids are descendants 
of one or more lineages of free-living photosynthetic pro- 
karyotes that successfully established endosymbioses 
within eukaryotes (Schimper 1883; Gray 1992). Meresch- 
kowsky (1905) was the first to propose that the prokar- 
yotic endosymbiont was cyanobacterial, a view that has 
received extensive support from recent investigations of 
gene arrangements within gene clusters and from phylo- 
genetic analyses of rRNA and other molecular sequences 
(reviewed by Douglas 1993; Reith and Munholland 1993). 
Mereschkowsky (1905 page 602; 1910) was also the first 
to suggest that plastids of red, brown, and green algae arose 
from different groups of cyanobacteria through separate 
endosymbioses. Although this multiple-origins view was 
once widely held (Schiff and Epstein 1965; Sagan 1967; 
Raven 1970; Taylor 1974), most molecular data now ap- 
pear to indicate that plastids emerged from a single point 
within the cyanobacteria (Morden et al. 1992; Douglas 
1993), presumably, although not necessarily, in a single 
endosymbiotic event. 

How can we decide between single and multiple ori- 
gins for plastids? Given the possibilities of lineage-spe- 
cific effects arising from genetic context (e.g. Liaud et al. 
1990), gene conversion and related mechanisms (Scherer 
and Davis 1980; Dover 1982), and differential nucleotide- 
substitution rates (Lockhart et al. 1992 a, b), sequence- 
based phylogenetic analyses may ultimately prove insuf- 
ficient to resolve the matter, particularly for genes sus- 
pected of arising from closely-related cyanobacterial lin- 
eages. The discovery and characterization of homologous 
presence/absence characters may hold more promise. 
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Characters present in specific groups of modern plastids 
and in some, but not all, prokaryotic lineages (e.g. chloro- 
phyll b in higher-plant chloroplasts and prochlorophytes: 
Lewin and Cheng 1989) would argue for multiple origins 
(Gray and Doolittle 1982; Gray 1992), whereas synapo- 
morphic characters present in different plastid-gene line- 
ages but absent from prokaryotes (e.g. clustering of 
rpo/rps2/atp genes in red algal and higher-plant plastids: 
Reith and Munholland 1993) would indicate a monophy- 
letic origin from a common photosynthetic eukaryotic an- 
cestor for those organisms. 

To our knowledge, however, no unambiguous exam- 
ples of the latter type of synapomorphy have been de- 
scribed; the rpo/rps2/atp data cited above require addi- 
tional hypotheses of selective gene transfer to the nucleus, 
while the arrangement of these genes in the Chlamydomo- 
nas reinhardtii chloroplast genome is anomalous (Reith 
and Munholland 1993). Clearer examples might most pro- 
ductively be sought among genes which entered the eu- 
karyotic lineage via the genome of the endosymbiont, and 
were subsequently transferred to the host nucleus and mod- 
ified, for example, by rearrangement, addition of 5'  or 3' 
extensions or intracellular-sorting signal sequences, or the 
invasion of introns. 

Herein we report the cloning and genomic organization 
of GapA from the marine red alga Graci[aria verrucosa, 
and describe the occurrence of a GT-AG (putatively 
splice-osomal) intron within its transit-peptide-encoding 
region in a position very similar to that of intron 1 in the 
GAPDH genes of pea and maize. The well-known lack of 
sequence conservation among transit peptides (von Heijne 
et al. 1989; yon Heijne and Nishikawa 1991) ultimately 
precludes an unambiguous decision on whether these red 
algal and higher-plant introns are homologous; however, 
similarities in the GapA transit peptides and intron posi- 
tions provisionally suggest that red algal and higher-plant 
plastids (hence red algae and higher plants) have de- 
scended from a common photosynthetic eukaryotic ances- 
tor. 
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Fig. 1. Restriction map of the G. verrucosa GapA genomic clone, 
and depiction of plasmid subclones. E, EcoRI; H, HindIII; Ps, PstI; 
$1, SaII; Sc, SacI; Xh, XhoI 

double-stranded plasmid templates using synthetic oligonucleotide 
primers. The transcriptional initiation site was determined by 5'- 
primer extension (Sambrook et al. 1989) using G. verrucosa polyA 
RNA (Zhou and Ragan 1993), M-MLV reverse transcriptase, and a 
synthetic 25-bp primer (5'-dGACGAAAGAGCAAGCAGG- 
GAAACTC-Y) complementary to the region immediately upstream 
of the start codon. 

Sequence alignment, data analysis and nomenclature. Deduced tran- 
sit-peptide sequences were aligned using CLUSTAL V (Higgins et 
al. 1992) and Multalign (Corpet 1988) with a range of substitution 
parameters and gap penalties; alignments reported herein were gen- 
erated with CLUSTAL V using the 250 PAM parameters (Dayhoff 
et al. 1979), a gap-opening penalty of 15 and a gap-extension pen- 
alty of 10, with minor subsequent visual adjustment only at the im- 
mediate 5' end. The definition of conservative amino-acid substitu- 
tions follows Dayhoff et al. (1979). Unrooted phylogenetic trees 
were inferred for the various alignments of transit-peptide sequences 
using PROTPARS in PHYLIP 3.4 (Felsenstein 1989) and were boot- 
strapped (100 replicates). Nomenclature of GAPDH proteins 
(GAPA, GAPB, GAPC), cDNAs and genes (GapA, GapB, GapC) 
follows the recommendations of the ISPMB Commission on Plant 
Gene Nomenclature (see Martin et al. 1993). 

Results and discussion 

Cloning and characterization of  GapAfrom 
G. verrucosa 

Materials and methods 

Cloning, sequencing and characterization of GapA from Gracilaria. 
G. verrucosa (Hudson) Papenfuss was collected near Oslo, Norway, 
and cultured at the IMB Aquaculture Research Station, Sandy Cove, 
Halifax County, Nova Scotia. Nuclear DNA was isolated as reported 
(Zbou and Ragan 1993). A genomic library (1.1• plaques before 
amplification) was constructed by partially digesting G. verrucosa 
DNA (10 gg) with Sau3A I, sizing (15-24 kb), cloning the fragments 
using the Lambda GEM-11 XhoI half-site arms cloning system, and 
packaging with the Packagene lambda DNA system (Promega). Es- 
cherichia coli LE392 was used as host strain. An aliquot (3.4x105 
pfu) was subsequently amplified to 5.0x1011 recombinants. A G. 
verrucosa GAPA cDNA fragment from clone G8 (an 0.4-kb EcoRI 
fragment encoding the central part of the mature protein, Val-39 
through Glu-170; Zhou and Ragan 1993) was random-prime-labeled 
with ~_32p and used as a probe to isolate genomic clones. Hybrid- 
ization conditions were the same as reported earlier for screening 
the G. verrucosa cDNA library (Zhou and Ragan 1993). A 3.0-kb 
PstI/XhoI fragment including the entire GapA gene sequence was 
subcloned into pBtuescript SK(+), and a 3.1-kb EcoRI fragment in- 
cluding the N-terminal portion of the gene (through Glu-170) was 
subcloned into pUC 18 (Fig. 1). DNA sequencing was carried out on 

Three GapA clones were isolated from about 1.8• re- 
combinants in our amplified G. verrucosa genomic library. 
Restriction-endonuclease analyses and Southern hybrid- 
izations (data not shown) confirmed that the same gene 
was present in all three clones, as expected based on our 
earlier demonstration (Zhou and Ragan 1993) that a sin- 
gle copy exists in the genome of G. verrucosa. Clone NG2 
was found to contain the complete gene sequence, while 
the other two clones are truncated at either the 5' (clone 
NG1) or 3' (clone NG5) end. 

Comparison of the G. verrucosa GapA gene sequence 
with the corresponding cDNA sequence (Zhou and Ragan 
1993) demonstrated that no introns interrupt the region that 
encodes the mature protein. This was unexpected, as 
highly conservative and putatively ancient introns occur 
in the mature-protein-encoding region of both GapA and 
GapC in investigated animals and higher plants (Quigley 
et al. 1988; Liaud et al. 1990). The absence of introns in 
the mature-peptide-encoding region of G. verrucosa 
GapA, together with the apparent ancestry of its transfer 
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-937 
> TTGC ~TTCAC GGAG AAGGAATrGG CC GAAAGG C C GAAA TC TC GAAAACAATTTACAAAC TCTTTCAAAGTTY'fG GGGTAG q'fTG CACGTG TCAGCTTC GG CT~AGGA~C~G G -820 

TTCAAGGTTAACTAGCCTTCGATC4~TACCACAGCCAAAGTCGGCAGTGTGTAG~TTT~TG~GG~TGTGCTT~GTGCATGCAAC~AATCGGGACGCACGACAATAGGGTTTI~CAGATT -700 

TGC GAATCTGAGAGC AGGAAACC CTTGGGAATC GTGACCAAAG TG CTTGCC CGGGTAGC TAAC CTTGGTTTACAAGG CTAG TG TTTG TTTGTTGC TC CCATGTTTTCAATG CG TTC~G -580 

AACAG~AA~CGTTGTACAACTYCGCTGCAGTC~TCTTCTCGCGGTGCTCATAATTGTTATCTCAGAATGGAG~GAGTTGTGGGATGAGTAGCACGTTAATAGAGTTATCCAAGCACGAG -460 

G CGAG CAAAGG TC T~X3TGAAG GG qrfTAGATTCGAAGCACGTTC GACTGC CACAGG CAGCA~TGGGGC GCAATG TCGT~ ~ C G  G~CGT~G CGA~ TAGA~A~AG - 340 

CACcAGTGTGCCTTACGATT2TTCTGGTGTGCGGCCCGTACACGTAGAACATGTGAGcATI~AGG~GAAGGAAATGATTGGTG~GCGCTGCAAATGTGAGTGTGGGCTGTAAAGCGGCAC -220 

CAT box 
CGCAGCTGGGAAG CG TC GATG CAGATCGC TGC TGTGCGACG CTCG GTGGCACGAG CTGCGC CAGCGCATGAGAGC CGTTCATCCAATTCGTGG C TCACC GCAGGCACAACC TG TC GG CTC -I00 

Pyrimidine box TATA box +I 
TTCCGAATCGAACTGAG•T••GATC•CG•CT••TCTCcATTTAAATGTGTGTATCG•ATTCGT••ATCATCTAAGC•CT•TGTTAG•AAA•AC•CTCTC••TGA•ATC•AcTGCTcTTGT 21 

<cDNA 

CTTGAGTTTCCCTGCTI~CTCTTTCGTCATGGcCTTC~TC@CACCCGTCTCCTCGGT(T2TCTCcACCTCATcAAAGTCcG~GTGT~gtaagtttc~tcccaccatcttcaacgaa 141 
M A F V A P V S S v F S T S S K S A v C S 

t c c t t gcatccgcaatgat t aggggtgct gt gcgagc~tgagccgtcgatcct t t gt gctgaatgcaaattgagt at actgactt t c t t t gct t cct gca~ t atatctacagGGTCGCTC 261 
G R S 

CAGCTTC GC ~CAGTTCT~GGA~TGAAGAAGGTGAACAACACTGC~GCCTTCAAAc~GcGGAGCAGGGTT~C~G~~GCC~CGAT ~ ~ T ~ T G T  3 81 
S F A Q F S G L K K V N N T A R L Q T A E Q G S A F G G V S D A N D A F F N A V 

~AAcAcAATC~GCGCTc~GGCC~GTAc~TCCAATGCCCCCT~CATGAAAGTGCGTGTCGC~ATTAA~GGTTTCGGTCGTATTGGTCGT~C~TA~GA~C~TGG~CGTACCGA 501 
N T M G A P A R T S N A P S M K V R V A I N G F G R I G R N F I R C W A G R T D 

CTCCAACATGGATGTCG~TGCATTAACGATA~ATCTGGTGTGAAGACTGCCTCTCATCTCT~AAGTA~GATTCCATCCTCGGTA~ATTCGA~T~TGATGTCGTTGC~GGAGAGGACAG 621 
S N M D V V C I N D T S G V K T A S H L L K Y D S I L G T F D S D V V A G E D S 

~ATcA~TGT~GA~GGGAAGACCATCAAAGTTGTTTCCAA~CGCA~CCCGCTTGAGTTGCCCTGGAAGGAAATGGAAA~CATCGTTGTCGAGGCTACTGGTGTCTTTGT~A~CAGT 741 
I T V D G K T I K V V S N R N P L E L P W K E M E I D I V V E A T G V F V D A V 

TGGAG CTGGCAAG CACATTCAAG CCGG TG CAAAGAAGGTTC TCATTACCGCAC CTGGAAAGGG TGAAGG TGTTGGAAC C TTCGTTGTCGGTGTCAATGACCACTTGTAC TC ACACGATAA 861 
G A G K H I Q A G A K K V L I T A P G K G E G V G T F V V G V N D H L Y S H D K 

GTTCGATATTG TG TC CAACGC TTCATG CA CCAC TAAC TG CATGGC TC CG TTCATGAAGGTAC TCGATGACGAATTCGGAGTCG TCCG TGGAATGATGAC CAC CAC TCAC TC q~fACACTGG 981 
F D I V S N A S C T T N C M A P F M K V L D D E F G V V R G M M T T T H S Y T G 

CGACCAGAGATTGCTGGATGCCGGTCA~CGCGATCq~fCGCCGTGCTCGCTCAGCCGCCCTCAA~ATTGTTC~CACCACCACCGGTGCCGCCAAGGCTGTTG~CTCGTTGT~CCTACTTT 1101 
D Q R L L D A G H R D L R R A R S A A L N I V P T T T G A A K A V A L V V P T L 

GGC TG GAAAGC TTAACGGTATTG CC CTTC GTGTCC CCAC CC CGAACG TCTC CG TATGTGATGTTG TCATGCAAGTGAGCAAGAAGACGTTCAAGGAGGAGGTCAAq~3GAGC TC TC CTCAA 1221 
A G K L N G I A L R V p T P N V S V C D V V M Q V S K K T F K E E V N G A L L K 

GGCTG~CAATGGCTCCATGAAGGGTATCATCAAGTACTCTGATGAG~CTCTTGTATCATGTGA~TACAGAGGAA~TGACGAATcTACCATCATTGACTC~TCCCTTACCATGG~ATGGG 1341 
A A N G S M K G I I K Y S D E P L V S C D Y R G T D E S T I I D S S L T M V M G 

CGATGACATGCTCAAGG?~I~3T~GCATGGTACGA~AACGAATGGGGTTA~TCTCAGCGTGTGGTCGATCTTGGTGAGGTGATGG~ATCCCAGTGGAAGTAGGTGATGGG~AT~ACTACAGC 1461 
D D M L K V V A W Y D N E W G Y S Q R V V D L G E V M A S Q W K 

AATAT~PTTG TC CATAGGTG TGGATCAC TT~TCACAGA~kATCTCTGTT~T~GATCAAGGAAGGTCGCAC CTGG GTAAAG ~CGAA~ CG ~ G G ~ T A G  ~ C~T~ ~ T 1581 

poly A >cDNA poly A >cDNA 
ACATCCAq~ACGAAAGAGTAAAGTCAAGAGCAGA~ATTAGCTI~TA~ATGCGAAATCTGTGGCAGAAGCGTATAGTGTAGTTGTCATCTACACGTA~ATGTGTTCCTATGATGcATATCC 1701 

TGATTCC TGACAGGTTCACGAAACC C TCTTACC TTCTGTATTACC TTCGACAACG CAGCAACTTC TCAGTG CAGC CAGAGGATTTGGGGTTCCATTGAATC CAAATGAC TAATATGG TGA 1821 

TGGAGAGCA~GGAA~TGACATACTCTCTCAATAAAATGCTCCTACGTATTI~TATGTGGAACTCCTTG~ATGCTGGCAATA~TATTGCTTGCATCAGGGTTGCAGGGG~q*~AGAGCTAGC 1941 

Fig. 2. Nucleotide sequence of the G. verrucosa GapA gene with 
upstream and downstream nontranscribed regions, and the derived 
GAPA translation product. The transit-peptide-encoding region is 
shown in boldface. Numbering makes reference to the transcription 
initiation site (+1). Upstream, the putative TATA and CAT elements 
are shown in boldface, the pyrimidine box is underlined, and GC 

motifs are overIined. Downstream from the mature protein-encod- 
ing region, functional polyadenylation sites are marked with aste- 
risks, and the functional polyadenytation signal AGTAAA and the 
apparently nonfunctional signal region AATAAAA are overlined. 
The nucleotide sequence of G. verrucosa gapA has been deposited 
in GenBank under the accession number L22011 

to the nucleus (before the divergence of the red algal and 
green algal-higher plant lineages: Zhou and Ragan 1993), 
caution against ready acceptance of the proposal (Liaud et 
al. 1990) that the degree of intron loss is directly related 
to the time GAPDH genes have resided in the plastid ge- 
nome. 

A 141-bp intron (Fig. 2, lower case) does, however, oc- 
cur in the transit-peptide-encoding region of G. verrucosa 
GapA. Like intron 1 in the GapA and GapB genes of higher 
plants (Liaud et al. 1990), it is of the GT-AG (putatively 
spliceosomal) type, with neighboring nucleotides con- 
forming (Table 1) to higher-plant consensus splice-junc- 
tion sequences (Brown et al. 1986). 

Promoter structure and 3"-nontranscribed region of 
G. verrucosa GapA 

The major transcription initiation site (presumptive cap 
site) was located 49 bp upstream of the start codon by 

primer extension (data not shown). The initiator element, 
CTCTCCCTGA (the initiation site is shown in boldface), 
differs from those known from mammals (PyPyCAPyPy- 
PyPyPy: Corden et al. 1980), Drosophila (PyAT- 
CAGTTPy: Hultmark et al. 1986), and Saccharomyces ce- 
revisiae (PuPuPyPuPu: Hahn et al. 1985). As G. verru- 
cosa GapA is the first protein-coding sequence published 
from a red algal nuclear genomic clone, we cannot pro- 
pose a consensus initiator element at this time. 

To characterize the GapA promoter further, the noncod- 
ing region extending 937 bp upstream of the initiation site 
was sequenced. The only significant uninterrupted AT ele- 
ment in this region consists of eight nucleotides, ATT- 
TAAAT, and is located -61 to -54  bp from the transcrip- 
tion initiation site (Fig. 2). Although somewhat farther up- 
stream than expected (Martinez et al. 1989), this is likely 
to be the RNA polymerase-binding region, similar to the 
canonical TATA box, as DNA double-strand unwinding 
would be facilitated in this region; the ATCTAA motif at 
-26  bp is a less appealing candidate. Immediately up- 
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Table 1. Exon-intron splice junctions of plants and G. verrucosa 

A. Comparison of nucteotide sequences at the 5' exon - intron splice junction of plants and G. verrucosa 

Position a -3 -2 -1 : +1 +2 +3 +4 +5 +6 
A 33.9 55.4 10.1 0 0 69.0 55.4 16.7  23.2 

168 plant G 19.1 10 .7  72,6 100 0 13.7 6.0 65.5 10.1 
introns (%N) C 33.3 10 .7  10,7 0 0.6 7.8 19.0 7.7 17.9 

T b 13.7 23.2 6.6 0 99.4 9.5 19 .6  10.1 48.8 
Plant consensus c A/C A G G T A A G T 
a. verrucosa 
GapA intron A G C G T A A G T 

B. Comparison of nucleotide sequences at the 3' exon - intron splice junction of plants and G. verrucosa 

Position a -15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 
A 19.2 17 ,3  12.0 29.3 20.3 20.5 20.3 24.7 19.8  25.7 12 .0  19.8 4.8 

167 plant G 11.4 -15,0 -15.0 16 .2  14,4 19.9 19.2 21.7 23.9 18.6 10.8  49.1 1.8 
introns (%N) C 22.1 15,0 20.3 11.4 13.2 12.6 18.6 15.1 15.0 20,0 9.6 13.8 65.9 

T b 47.3 52,7 52.7 43.1 52 .1  47.0 41.9 38.5 41.3 43.7 67.6 17.3 27.5 
Plant consensus ~ T T T T/pudT T T/Pu T/Pu T/Pu T/Pu T G C 
a. verrucosa 
GapA intron G C A T T A T A T C T A C 

-2 -1 : 1 
100 0 13.8 

0 100 61.6 
0 0 13.8 
0 0 10.8 

A G G 

A G G 

a Position are numbered from the splice site (:) 
b Sequences are given in DNA form 
c Plant consensus from analysis of 168 plant intron sequences (Brown et al. 1986) 
d At positions designated T/Pu, T is the most abundant nucleotide but the combined %G and %A is equivalent to or greater than the %T 

stream from the putative TATA box is a 21-base pyrimi- 
dine-rich (86% C+T) region similar to pyrimidine box I 
characterized in the maize GapC, maize alcohol dehydrog- 
enase (Adh), and pea Adh genes (Martinez et al. 1989). A 
CCAAT element occurs at -133  to -137  bp from the in- 
itiation site, and GC-rich regions, six to eight bp in length 
(Dynan and Tjian 1985), extend upstream from positions 
-231 ,  -302 ,  -387 ,  and -645  (Fig. 2). 

We reported earlier (Zhou and Ragan 1993) that G, ver- 
rucosa GAPA cDNAs exhibit two polyadenylat ion sites. 
For both sites (a total of  seven c D N A  clones), the only 
likely polyadenylat ion signal is the A G T A A A  at +1 598 
to +1 603 (Fig. 2). Sequencing the genomic clone re- 
vealed an A A T A A A A  motif  (+1 851 to +1 857), contain- 
ing the canonical polyadenylat ion signal, located down- 
stream from all characterized polyA addition sites. We 
have no evidence that this A A T A A A A  motif  functions in 
polyadenylation.  Efficient expression of  rabbit /3-globin 
mRNAs  requires GU- and U-rich elements (Gil and 
Proudfoot  1987) 3' to the primary polyadenylat ion signal; 
no such elements occur in the 84 bp downstream from the 
G. verrucosa GapA A A T A A A A  (Fig. 2). 

Origin of  transit peptides and common ancestry 
of plastids in red algae and higher plants 

Martin et al. (1993) recently provided evidence that nu- 
clear-encoded chloroplast-localized GAPDHs  of  higher 
plants arose f rom endosymbiot ic  cyanobacteria.  Our own 
phylogenetic  analyses (Zhou and Ragan 1993) demon-  
strate a specific common  ancestry for the gene regions en- 
coding mature plastid-localized GAPDHs  in G. verrucosa 
and higher plants. These results are consistent with two al- 
ternative histories: either red algae and higher plants have 

descended f rom a common  photosynthetic eukaryotic an- 
cestor, or red algal and higher-plant plastids arose via in- 
dependent endosymbioses  of  closely related cyanobacte-  
ria. 

The intron in the G. verrucosa GapA gene (Fig. 2) oc- 
curs at a position very similar to that of  intron 1 in transit 
sequences of  the corresponding nuclear genes in pea (Li- 
aud et al. 1990) and maize (Quigley et al. 1988) (Fig. 3 
and below). This observation could help us decide between 
the two above alternative histories if the evolutionary or- 
igin of  chloroplast transit peptides can be identified, and 
if the homology  of  red algal and higher-plant GapA tran- 
sit peptides can be established. 

After reviewing the structures of  nearly 100 chloroplast 
transit peptides, Keegstra et al. (1989) concluded that 
". . .sequence similarities generally exist among transit pep- 
tides of  the same precursor derived from different plant 
species. In contrast, few similarities are found among dif- 
ferent precursors, even when the precursors are derived 
from the same plant species." This presumably means that, 
at least for some genes, transit peptide-encoding regions 
can be stably associated with a gene lineage over evolu- 
tionarily long periods of  time. For GapA/GapB, Liaud et 
al. (1990) date these associations back to the progenitor of  
higher-plant chloroplasts. 

Liaud et al, (1990) assumed that this progenitor was a 
eubacterium, and concluded that both the GAPA/GAPB 
transit peptide and the intron in the corresponding D N A  
are thus of  eubacterial origin. However ,  no known eubac- 
terial G A P D H  gene (Branlant and Branlant 1985; Conway 
et al. 1987; Branlant et al. 1989), including those of  the 
cyanobacter ium Anabaena variabilis ATCC 29 413 (Mar- 
tin et al. 1993), exhibits an upstream extension suggestive 
of  being an ancestral transit-peptide-encoding region. The 
same is true of  a cyanobacterial  gene encoding the small 
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GVEGAPA 
CHCGAPA 
PEAGAPA 
PEAGAPB 
MZEGAPA 

Fig. 3. Alignment (CLUSTAL V: Higgins et al. 1992) of selected 
transit peptides: GVEGAPA, G. verrucosa GAPA; CHCGAPA, 
Chondrus crispus GAPA; PEAGAPA, pea GAPA; PEAGAPB, pea 
GAPB; MZEGAPA, maize GAPA (see text for references). Positions 

GapA pea (K -55\A -54) GapA maize (A -15\V -14) 

GapA Gracilaria (S-58\G-57) GapA pea (A-16\V-15) 
! 

~GapA maize (Q-52\G -51) I GapB pea (K-14\A-13) 
in~r~ 1 II~apB pea (g -52\R -51) intr~ 2 ! I 

~M~V~;STVSV[-~K~-----2------2--~CQ;~GR~AAQF~NQ~KKVNNTAR~Q~AQTQsQ~G~AFGGAF~Y~DSD~D~G~~T~ )Red algae 

M_AS-ATFSVAKPAIK ................... ANGKGFSEFSGLRNSSRHLPFSRKSSDDFHSLVTFQTNA .... VGSSGGHKKSLVVEA %% 
MATHAALASTRIP~'RFPSKTSH--SFPSQCASK-RLEVGEFSGLKSTSCISY'v'HSARDSSFYDVVAAQLTS ..... KANGSTAVKGVTVA J Plants 
MAS -SMLSATTVPLQQ .................. -GG-GLSEFSGLRSSASLPMRRNATSDDFMSAVSFRTHA .... VGTSGGPRRA- PTEA / 

of in[tons i and 2 in the corresponding genes are shown above. Con- 
served positions are marked below the sequences: asterisk, identity; 
dot, conservative change (Dayhoff et al. 1979) 

subunit of chloroplastic ribulose-l,5-bisphosphate car- 
boxylase, which in green algae and higher plants is nu- 
clear-encoded and contains an amino-terminal transit pep- 
tide (Nierzwicki-Bauer et al. 1984). Nor is any modern eu- 
bacterium known to contain spliceosomal introns. Given 
these observations, it seems more defensible to hypothe- 
size that transit-peptide-encoding regions were instead re- 
cruited from the genome of the eukaryotic host at an early 
stage in the establishment of the endosymbiosis(es) which 
led to plastids, became covalently incorporated into indi- 
vidual genes by exon shuffling (Rogers 1985), and there- 
after were stabilized and retained by selection. An analo- 
gous scenario has been proposed for mitochondrially tar- 
geted proteins (Cavalier-Smith 1987). If this scenario is 
valid for GAPDH genes, demonstration of homology 
between the transit-peptide-encoding regions of plastid 
GAPDHs from G. verrucosa  and higher plants would make 
it highly likely that red algae and higher plants descend 
from a common photosynthetic eukaryotic ancestor. 

Homology of genes is typically inferred by demonstrat- 
ing that sequences of the exons are significantly more sim- 
ilar than could be expected from convergent evolution or 
chance; the identical positioning of introns increases the 
confidence we can place in such inferences. Application 
of both of these criteria requires sequences to be aligned 
relatively unambiguously. Unfortunately, despite the gen- 
eralization of Keegstra et al. (1989) cited above, no 
strongly conserved sequence features can be identified 
even within a single type of transit peptide (von Heijne et 
al. 1989; von Heijne and Nishikawa 1991). For GAPDH 
transit peptides, sequence conservation is poor not only 
between red algae and higher plants (Zhou and Ragan 
1993) but even within florideophycidean red algae. For 
GapA from G. verrucosa  (Zhou and Ragan 1993) and 
Chondrus  crispus (Liaud et al. unpublished; GenBank ac- 
cession X73035), optimal pairwise alignment reveals 
92.0% and 80.7% identities at the amino-acid and nucle- 
otide levels respectively for the mature-protein regions, 
but only 56.2% and 62.0% respectively for the transit-pep- 
tide-encoding regions, indicating that many of the muta- 
tions accepted in the former region are silent whereas those 
in the latter regions often result in amino-acid substitu- 
tions. With selective pressures relaxed to this extent even 
within florideophytes, unambiguous alignment of red al- 
gal with plant GAPDH transit peptides is impossible. 

Indeed, simple comparisons based on percent similar- 
ity do not reveal any specific relationship between red al- 
gal and higher-plant GAPDH transit peptides; by such 
measures, red algal GAPDH transit peptides are not sig- 
nificantly more similar to higher-plant GAPDH transit 
peptides than to a higher-plant consensus transit-peptide 
sequence for the small subunit of ribulose 1,5-bisphos- 
phate carboxylase (ss-RuBisCO; Table 2), which also con- 
tains a (possibly convergent) (A/S/G)(Q/E)FSG(L/M) 
(K/R) motif. These identity values fall within the "twilight 
zone" (Doolittle 1987) where relationships among even 
longer peptide sequences are typically difficult to prove. 

Sequence comparisons based on overall similarity do 
not, however, adequately take into account character 
change at individual positions, and it might be thought that 
position-by-position analysis (e.g., by protein parsimony) 
could provide adequate evidence of homology, Boot- 
strapped parsimony analyses based on various alignments 
(Fig. 3 and others not shown; see Materials and methods) 
do in fact group red algal GAPDH and higher-plant 
GAPDH (especially GAPB) transit peptides (data not 
shown). However, problems arise in attempting to root 
such trees. Of known transit peptides, only those of ss-Ru- 
BisCO are alignable with those of GAPDH; all others 
(Keegstra et al. 1987) are unalignably divergent from these 
in both length and sequence. In principle, it would be pos- 
sible to root such trees on gene duplication (Iwabe et al. 
1989), but the red algal ss-RuBisCO gene is plastid-local- 
ized (Reith and Munholland 1993) and thus has no transit 
peptide. For all Of these reasons, we cannot adequately 
demonstrate homology between red algal and higher-plant 
GAPDH transit peptides, or align them with confidence. 

These uncertainties necessarily preclude definitive 
conclusions about the possible homology between intron 
1 in GapA/GapB transit-peptide-encoding regions of pea 
and maize, on one hand, and the similarly positioned in- 
tron of G. verrucosa,  on the other hand. However, four 
lines of evidence argue that these introns may be homol- 
ogous; these arguments and the corresponding counterar- 
guments are presented below. 

First, these are phase-zero GT-AG introns, as expected 
in eukaryotes for proteins which have arisen by exon as- 
sembly (Rogers 1985). Phase class is the most conserva- 
tive feature retained by homologous introns (Patthy 1987). 
As 43.5-53% of nuclear pre-mRNA introns in higher or- 
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Table 2. Comparisons among transit peptides of GAPDHs and ribulose-l,5-bisphosphate carboxylase small subunits 

Comparison Identical Identical Non- Gapped Nonconservative 
or similar conservative plus gapped 

Within red algae 57% 81% 14% 5% 19% 
Within plant GAPA 30-48 49-63 24-33 6-23 37-51 
Within plant GAPB 49-51 77-78 12-13 11 22-23 
Plant GAPA vs GAPB 14-23 35-43 23-38 20-38 57-65 
Gracilaria to plant GAPA 10-18 27-41 38-44 17-35 59-73 
Gracilaria to plant GAPB 14-21 35-42 36-43 22-23 58-65 
Plant GAPA to ssRuBPCase 11-28 31-51 26-33 23-43 49-69 
Plant GAPB to ssRuBPCase 16-17 35-39 22-29 35-39 61-65 
Graciluria to ssRuBPCase 11-12 28-29 35- 37 35 71-72 

ganisms occur in phase zero (Finchant 1992), there is about 
one chance in fore that unrelated red algal and higher-plant 
introns would occur in this phase. 

Second, protein alignments (including Fig. 3) inferred 
using various gap-weighting criteria consisently show 
these introns to be positioned no more than six nucleotides 
apart, a disparity elsewhere observed between intron 2 in 
pea GapA and its obviously homologous counterpart in pea 
GapB, and readily attributable to misalignment, lineage- 
specific insertions or deletions in the poorly conserved 
transit-peptide-encoding regions, and/or intron sliding 
(Craik et al. 1983; Patthy 1987). Although sequence di- 
vergence precludes confident alignment along much of the 
length of the transit peptide, the Gracilaria and higher- 
plant GapA introns are positioned only four to six codons 
from the (A/S/G)(Q/E)FSG(L/M)(K/R)-encoding motif, 
the most conservative in the entire transit peptide. Similar 
positioning might possibly occur, however, even if the red 
algal and higher-plant introns had separate origins (Wis- 
tow 1993). 

Third, preliminary evidence suggests that intron 1 in 
the transit-peptide-encoding regions of maize GapA may 
be involved in expression of the gene (W. Martin, personal 
communication), making it conceivable that this intron has 
been specially conserved by selection. Corresponding ex- 
periments have not been conducted with the GraciIaria 
GapA intron. 

Fourth, the poor primary-structural conservation 
(above) and apparent selection for random-coil secondary 
structure in the plastid transit-peptide (yon Heijne and 
Nishikawa 1991; Zhou and Ragan 1993) render intron tar- 
geting (Dujon et al. 1986) unappealing as an alternative 
explanation for the similar positions of these introns in ev- 
olutionarily diverse lineages. But, because this is the first 
nuclear intron characterized from red algae, we may not 
be able to recognize proto-splice sites (Dibb and Newman 
1989) in red algal nuclear DNA. 

Thus there is circumstantial (but not definitive) evi- 
dence, from GapA(/B) genes, that both the plastid and nu- 
clear lineages of red algae and higher plants arose from 
the corresponding genomes of a single photosynthetic an- 
cestral eukaryote. Such a conclusion would be consonant 
with nuclear 18s rRNA gene trees (Bhattacharya et al. 
1990; Douglas et al. 1991; Bird et al. 1991; Hendriks et 
al. 1991; Ragan et al. 1994 (in press) that show red algae 
diverging just before plants, animals and fungi. There is 

increasing evidence, both ultrastructural and molecular, 
that plastids of cryptophytes and chromophytes arose via 
secondary endosymbioses involving red alga-like eukar- 
yotes (Douglas and Turner 1991; Douglas 1993), while the 
precursor to euglenoid chloroplasts is increasingly thought 
to have been a eukaryotic green alga (Gibbs 1978; Lefort- 
Tran 1981; Ragan and Lee 1992). If  red and green plastids 
share a single origin, a single cyanobacterial endosymbi- 
osis may have given rise to plastids in most or all lineages 
of photosynthetic eukaryotes (Palmer 1993). 
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