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Abstract We have cloned and sequenced the single-
copy nuclear gene (GapC) encoding the complete 335-
amino acid cytosolic glyceraldehyde-3-phosphate
dehydrogenase (GAPC) from the red alga Gracilaria
verrucosa. The proline residue which contributes to the
specificity of NAD ™ binding in other GAPC-like pro-
teins is present. Putative regulatory regions, including
GC-rich regions, a GATA element, and 11-base T- and
T/G-clusters, but excluding TATA- and CCAAT-
boxes, were identified upstream. Two types of GapC
¢DNAs differing in polyadenylation site were charac-
terized. An 80-bp phase-two spliceosomal intron was
identified in a novel position interrupting the highly
conserved cofactor-coding region I. The G. verrucosa
GAPC was easily aligned with other known GAPC-
type sequences. Inferred phylogenetic trees place red
algae among the eukaryote crown taxa, although with
modest bootstrap support and without stable resolu-
tion among related GAPC lineages.

Key words Glyceraldehyde-3-phosphate
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Introduction

For many years, red algae were considered to be one of
the older groups of eukaryotes, perhaps “intermediate”
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between cyanobacteria and photosynthetic eukaryotes.
This idea, originally based on their cyanobacterium-
like pigment composition and the absence of flagella
(Ragan and Gutell 1995), appeared to receive support
from UPGMA analyses of red algal 5s rRNA sequences
(Hori and Osawa 1987). However, the basal position of
red algae in the 5s rRNA tree was eventually recog-
nized as a methodological artifact (Ragan and Gutell
1995), and nuclear-encoded small- and large-subunit
rRNA gene sequences clearly indicate that red algae
arose comparatively late in eukaryote evolution, at
approximately the same time as the divergence of
cryptomonads, plants, fungi and animals (Perasso et al.
1989; Bhattacharya et al. 1990; Douglas et al. 1991;
Ragan et al. 1994). Analyses of mitochondrial protein-
coding gene sequences (Boyen et al. 1994) likewise
support a late origin of red algae.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
catalyses the reversible oxidative phosphorylation of its
aldehyde substrate into an acyl phosphate (Harris and
Waters 1976; Hardie and Coggins 1986). Gene and
deduced amino-acid sequences are known for
GAPDHs of eu- and archaebacteria, protists, green
plants, animals and fungi. These GAPDHs are clearly
homologous, and exhibit high degrees of sequence con-
servation in regions known to be functionally impor-
tant. In comparison with other protein-coding genes,
GAPDH genes have evolved slowly (5 PAMs per 100
million years; Fothergill-Gilmore and Michels 1993),
and thus are potentially useful for the study of organis-
mal phylogeny. In practice, interpretation of GAPDH
trees has been complicated by what is now regarded
(Martin et al. 1993) as a complex pattern of gene dupli-
cation, gene replacement, and selective losses; there are,
however, substantial regions within the GAPDH tree
which are generally consistent with trees inferred from
other molecular sequences (Smith 1989; Doolittle et al.
1990; Michels et al. 1991).

Two kinds of GAPDH isoenzymes exist in investi-
gated green algae and green plants: plastid-localized



GAPA (NADP*-GAPDH, EC 1.2.1.13) and cytosolic
GAPC (NAD "-GAPDH, EC 1.2.1.12). Genes for both
isoforms (GapA and GapC respectively) are nuclear,
although GapA is thought to have originated by trans-
fer(s) from endosymbiont(s) during the establishment of
plastids (Shih et al. 1986; Brinkmann et al. 1987), and
GapC may have arisen earlier in the eukaryotic lineage
by transfer from an as yet unidentified eubacterium
(Markos et al. 1993; Martin et al. 1993). Thus sequence
data from GAPDH genes should illuminate both the
phylogenetic position of red algae among eukaryotes,
and the origin of red-algal plastids. Recently we have
reported the sequence of GapA cDNAs (Zhou and
Ragan 1993) and the single-copy GapA gene (Zhou and
Ragan 1994) of the florideophycidean marine red algae
Gracilaria verrucosa, and argued for a single origin of
plastids in red algae and green plants. Herein we report
the ¢cDNA and gene sequences for GapC from
G. verrucosa, and discuss the position of red algae in
phylogenetic trees inferred from GAPDH sequences.

Material and methods

Algal material and libraries. G. verrucosa (Hudson) Papenfuss was
collected near Oslo, Norway, by Jan Rueness in December 1984;
a sample was obtained from him and cultured at the IMB Aquacul-
ture Research Station, Sandy Cove, Halifax County, N.S. Nuclear
DNA and mRNA of G. verrucosa were isolated, and AZAP IT cDNA
and A\GEM-11 Sau3Al-fragment genomic libraries were constructed
as described previously (Zhou and Ragan 1993,1994). Gene nomen-
clature follows the recommendations of Cerff et al. (1994).

RT-PCR-mediated generation of an homologous probe. Degenerate
oligonucleotides were designed based on an alignment matrix of
GAPDH sequences from organisms representing diverse evolution-
ary lineages, and synthesized on a MilliGen/Biosearch Cyclone Plus
instrument. Primers 5'G2 and 3'G1 were based on universally con-
served regions corresponding to Cys-156 to Ala-162, and Ser-318 to
Trp-324, respectively (Zhou and Ragan 1993). The GapC-specific
primer 3’‘GC03 (CATNCCNGTNARYTTNCCRTT) corresponds
to the region Asn-230 to Met-236 (numbering according to Sinapis
alba GAPC; Martin and Cerff 1986). The homologous G. verrucosa
probe was produced via the polymerase chain reaction (PCR) in two
steps using the partially nested primer sets 5'G2/3'Gl and
5'G2/3'GCO03 in primary and secondary reactions respectively. The
template for the first PCR reaction was single-stranded ¢cDNA
(50 ng) that had been generated by poly(T)-primed reverse transcrip-
tion of G. verrucosa mRNA (5 pug) using Superscript II reverse
transcriptase (BRL). An aliquot from this reaction was used in the
secondary PCR (Table 1), and a product of the expected size was
re-amplified and sequenced directly (Bachmann et al. 1990). Identity
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of the product was confirmed by FASTA (Pearson and Lipman
1988) searches of GenBank. The amplified 240-bp G. verrucosa GapC
fragment was then labeled with digoxigenin-UTP in PCR (Emanuel
1991) and designated as G6-1.2.

¢DNA and gene cloning and genomic Southern hybridization. For
c¢DNA cloning of GapC, 87000 recombinants from the G. verrucosa
c¢DNA library were screened using the PCR-generated, digoxigenin-
labeled probe G6-1.2 under the same conditions and using the same
detection procedures as for GapA (Zhou and Ragan 1993). For
cloning the GapC gene, probe G6-1.2 was initially used to screen the
G. verrucosa genomic library (180000 recombinants) by the same
procedure. Another screening (480 000 recombinants) was later con-
ducted with an a-**P-random-prime-labeled cDNA fragment from
G. verrucosa GapC cDNA clone GC6; this 800-bp fragment encodes
the C-terminal part of the protein, Glu-109 through the last amino
acid, and includes the 3’-end non-coding region of the GapC mRNA.
Hybridization was at medium stringency as in cDNA library screen-
ing. The same GC6 cDNA fragment was used as a probe for the
Southern hybridization of nuclear DNA.

Generation of a HindI1! linking adapter. A HindIII linking adapter
(HLA) was constructed from two partially complementary oligonuc-
leotides, HLP1 (5YGACTAGGTACGAACTAACTG3Y) and HLP2
(5’AGCTCAGTTAGTTCGTACCTAGTC3), with a four-base
HindIII overhang (5AGCT3). HLP2 was phosphorylated using T4 .
polynucleotide kinase (Sambrook et al. 1989). The HLA was gener-
ated by mixing 4 pug each of HLP1 and HLP2, warming the mixture
to 65 °C, then cooling it slowly to below 30°C.

Ligation-mediated PCR to recover the GapC unknown region.
G. verrucosa nuclear DNA (1 pg) was digested with HindIII and Sacl
prior to attachment of the HindIII adapter. After heat inactivation
of the enzymes, DNAs were purified by stepwise phenol/chloro-
form and chloroform extractions and ethanol precipitation. The
HindIl/Sacl nuclear DNA fragments were anchored to the HLA at
the HindIII end in a 200-u! reaction with purified DNA fragments
(1 pug), HLA (10 pmol), ATP (1 mM), 1x One-Phor-All Buffer Plus
(Pharmacia), and T, DNA ligase (17 units; Pharmacia), at 37°C for
1 h. Unincorporated HLA was removed by centrifugation using
a Centricon-100 filtration device (Amicon). Purified anchored DNA
(100 ng) served as template for a first round of PCR with an adapter-
specific primer (HLP1) and a gene-specific primer (GCR30, see
Fig. 1); the PCR product was used as a template for the second
round of PCR with an interior gene-specific primer (GCR32, see
Fig. 1) and HLP1 (PCR conditions as in Table I).

PCR-mediated detection of intron positions in GapC. A forward
sequencing primer (GCF10 see Fig. 1), annealing to the upstream
non-translated region, and two reverse sequencing primers (GCR30,
GCR32), annealing to the protein-coding region, were used to PCR-
amplify the corresponding cDNA fragment from single-stranded
cDNAs of G. verrucosa. A stepwise PCR with partially nested primer
sets GCF10/GCR30 and GCF10/GCR32 was performed following
the secondary reaction conditions described in Table 1. A 540-bp
PCR fragment of the expected size was extracted from the agarose

Table 1 Reaction conditions

for the amplification of GapC Reaction Primer pairs Denaturing Annealing Extension Number
sequernces step step step of cycles
Primary 5 G2 94°C 40°C 72°C 40
3Gl 20s 30s 1 min
Secondary 5 G2 94°C 46°C 72°C 34
3 GCOo3 30s 30s 30s
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gel using the GENECLEAN 1II kit {(Bio 101). Sequencing was
carried out on an ABI automated DNA sequencer, following the
manufacturer’s protocol for fluorescent-labeled dideoxynucleotides,
using GCF10 and GCR32 as primers.

Sequence alignment and phylogenetic analyses. GAPDH protein se~
quences were aligned using MULTALIN (Corpet 1988) with the
parameters of Risler et al. (1988) at gap penalty 50, with subsequent
adjustment by eye. A matrix of aligned DNA sequences was produc-
ed based on this protein alignment. Trees were inferred using
PHYLIP version 3.53¢ (Felsenstein 1989) on a Sun 10/30 worksta-
tion, unless otherwise stated. Protein and DNA parsimony trees
were inferred using PROTPARS and DNAPARS respectively, with
500 jumbles (attempts to find the globally optimal result) for non-
bootstrapped analyses and at least 100 bootstrap replicates.
Weighted parsimony analysis (50 jumbles) was conducted using
PAUP version 3.1 (Swofford 1993) on a Macintosh IIsi, with
a weighting inversely proportional to the variability at each nucleo-
tide position and the contribution of each position to tree length
kept equal. Protein and DNA distance matrixes were calculated
using PROTDIST and DNADIST respectively, under Kimura's
model for amino-acid substitution and Felsenstein’s generalized
two-parameter (“maximum likelihood”) model for nucleotide substi-
tution. Only first and second codon positions were considered in
distance analyses. Neighbor-joining trees were inferred using
NEIGHBOR. Edge lengths were re-fitted onto the consensus boot-
strapped neighbor-joining tree by a least-squares approach (FITCH).
Confidence intervals were estimated by bootstrapping using SE-
QBOOT, the tree-inference program listed above, and CONSENSE.

Results and discussion
Homologous GapC probe for library screening

A DNA fragment (G6-1.2) of the expected size in the
absence of introns (240 bp) was generated from single-
stranded G. verrucosa cDNA by stepwise PCR using
degenerate primers corresponding to regions conserved
universally (in both GapC and GapA/B) and specifically
(in GapC only)in GAPDH genes. DNA sequencing and
subsequent FASTA searching confirmed that this frag-
ment had been amplified from a cytosolic GAPDH
(GapC) cDNA, as evidenced by the higher degree of
identity with GapC than GapA/B sequences of other
organisms, and especially by the presence of the GapC-
specific proline (Pro-188 in Bacillus stearothermophilus;
Corbier et al. 1990).

c¢DNA cloning and characterization of GapC

Four putative GapC cDNA clones (GpCl, GpC2,
GpCé6, GpC7) were isolated from 87000 phage recom-
binants using the homologous GapC-specific probe
G6-1.2. Although these ¢cDNAs were of different
lengths due to incomplete first-strand cDNA synthesis,
the GapC sequence present was identical among all
four clones and identical to that of the PCR-generated
GapC probe. Two of these transcripts (clones GpCl
and GpC2) were 9 bp longer than the other two (clones
GpC6 and GpC7) at the 3’ end owing to polyadenyla-
tion at different sites in vivo (Fig. 1).

The canonical polyadenylation signal AATAAA,
earlier shown to be absent from the GapA cDNAs of
G. verrucosa (Zhou and Ragan 1993), was similarly
absent from the GapC cDNAs. A probable poly-
adenylation signal, GATAAA, was found 15 bases from
the end of clones GpC6 and GpC7, and 24 bases from
the end of clones GpC1 and GpC2 (Fig. 1).

G. verrucosa GAPC is encoded by a single-copy gene

The GapC ¢cDNA from clone GpC6 was used to probe
a Southern blot of G. verrucosa nuclear DNA. Only
one band was detected in various digests at medium
stringency (Fig.2). This result is consistent with the
c¢DNA characterizations reported above, and confirms
that GAPC is encoded by a single-copy gene in G.
verrucosd.

Cloning and characterization of the GapC gene

Two approaches were taken to recover full-length
GapC genomic clones from the G. verrucosa library.
First, by screening with probe G6-1.2 we recovered one
GapC clone from 180000 recombinants. From this
clone, a 2.4-kb Sacl fragment (with one Sacl site on the
MGEM-11 vector) was subcloned into pUC18 and
named pNGCI1S (Fig. 3 A). Sequence analysis revealed
that this insert includes the 3’ end of the gene down-
stream from the codon for Asp-143.

During genomic Southern hybridization (Fig. 2, lane
3 and Fig. 3 B) the sequence corresponding to GapC
had been localized to a 3.0-kb Sacl/HindIlI fragment.
Because the gene is single-copy and the Sacl site lies
2.4kb downstream from the codon for Asp-143, the
HindIIl end must lie about 0.6 kb upstream from the
Asp-143 codon, ie., this 0.6-kb region should en-
compass the entire 5’ end of the GapC coding region if
no intron is present in the 5 end of this gene. This
HindIII site was selected for anchoring an HindIIl
adapter in order to PCR-amplify the 5" end of GapC.
Using this adapter, a PCR product of approximately
the expected size was generated (data not shown), and
direct sequencing confirmed that it corresponded to
GapC of G. verrucosa.

However, this PCR product did not contain the
complete 5" end of the GapC coding sequence, owing to
the presence of an insertion sequence interrupting the
codon for ITle-14. This insertion sequence was recog-
nized by the appearance of a non-GapC sequence in the
highly conserved region corresponding to GAPDH
cofactor region 1. The predicted Hindlll site for an-
choring the adapter was located within the insertion
sequence (Fig. 1). This was unexpected, as no insertion
sequence had been found in the only other known red
algal GapC, that of the related florideophyte Chondrus
crispus (Liaud et al. 1994).
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-300 GC box GC box GC box T cluster T/G cluster
ATACCGCCGCTCAACAACTTLCCCECCETCGTCCGTTTTTCTGTEGCTCGTTTTCTCECCCCETCETGCTACTETTITTI T T T T TGCTTGTGTTGTTTCAA -201
GATA box GC box GC box GCFll primer
ACGGTATGTAAGATACGCGTGCGCTGTGTTTGGACGCTGGCCGCCETTGTGCATCGCGGGTGAACGCCATCATGTTCTCCCTGTTTTCGACCCGATCTGE -101
GC box Pyrimidine box GC box GC box << GCF10 primer
ACGCGATCGCGCCCCGGCCTTTGTTTCCTCGCCETCCTTCTTTGCTAACCGCCCCACTCTCCGTTCCAATCGECTGCAGTACCCCCCATTCCTCAATCATC -1
1 HindIII
ATGACTGTGCCGCAGGTTGGTATCAATGGCTTCGGTCGAATgtaagtagcgtctcaategaaategeccattagtcaagettgatecacecatgetaact 100
M T Vv P Q V 6 I N G F G R I 14
gtttgtgttgegtttetgtagTGGCCGTCTCGTGCTCCCTEGCTGCTATTGAGAAGGATACCATGAGCGTGETCGCCATCAATGACCCCTTCATCGATCTG 200
G R L VL RAATIEXDTMS UV V A I NUDUPF I DL 40
HindIII
GAGTACATGGCGTACATGTTCAAGTTCGACTCTACGCACGGTCGTTACGCAGGTTCCGTTGAGACCAAGGACGGAAAGCTTATCGTCAACGGCAAGTCCA 300
E Y M A Y MV F K F D S T H G R Y A G S V ET KD G K L I V N @ K 8 73
< GpC7
TTACCATCTACGGACACCGCGATCCGGCTGAGATCCCETGEGCCGAAGCCGGTGCCGACTATGTGGTCGAATCTACCGEGTGTETTCACTCTCAAGGAGAA 400
I T I ¥ G H R D P AE I P WAZEW AGADY VYV E S TGV F TUL K E K 107
< GpCé < GpCl
GGCCGAGAAGCATTTCACGGGAGGTGCCAAGAAGGTGATCATCTCTGCGCCATCGAAGGATGCGCCTATGTTTGTGTGCGETGTGAACGAGGACAAGTAC 500
A E K HF T G G A K KV I I SAUP S KD ABABAUPMZPFV CGEV NEDIK Y 140
< GpC2
ACGCCGGATCTCAACGTGATTTCCAATGCGTCCTGTACCACCAACTGCCTGGCGCCTTTGGTCAAGGTCATTCACGAGAAGTATGGTATTGAGGAAGGTT 600
T P D L NV I § NAS CT TN CLAZPILUV KV I HE K Y G I EE G 173

GCR32 primer >>

TGATGACCACAGTGCATGCCACTACCGCTACGCAGAAGACTGTGGACGGACCATCGCAGAAGGACTGGCGTGGCGGACGTGGAGCTGGCGCTAACATTAT 700
L M TTVHATTA AT QU XTVDG?PS Q KDW RGGRGAGA ANTITI 207

TCCGTCCAGCACAGGCGCTGCAAAGGCTGTTGGTAAGGTGCTGCCCGAGCTGAACGGAAAGTTGACGGGAATGGCATTCCGTGTTCCCACGTCCGATGTT 800
P S$ S TGAAI KAV G XK VL PETILNGE KT LT GMA ATFUZ RUVZPT S DV 240

TCTGTGGTTGACTTGACTGTGCGCCTTGCAACTGAAACTAGCTATGACGATATCAAGGCCACCATGAAGGCTGCGGCTGAGGACTCTATGAAGGGCATCT 300

§s vvo>DUL TV RULATET S Y DD
GCR30 primer

TGAAGTACACTGAAGAGGCTGTGGTGAGCACTGACTTTATTCACGAGGAGGCGTCTTGTGTGTTTGATGCGGGAGCCGGTATCATGTTGAATAGCAGGTT
H E E A 8§ C V F D AGA AG I

L K Y T E E AV V § T D F I

TTGCAAGCTGGTGGCTTGGTACGATAATGAGTGGGGATACTCCAACCGCGTTGTGGACCTCATCGCTCATGTTGCCAAGTTGCAGTGAGTCCCACTCTAA
Cc K L VAW Y DDNUEWGY S NRV V D IL I

ACGTCAAGTAGATCGTTTGATATCTTGCTAGGTTTTTTTTTATACGACTTGTAGCCGGATAAACATCGGTTAATTTGTGATTTTGTTCAACTTTTCETTG

AATCCACATGAGATTGGCGGCTGTGCAGACAAGCCGTCTGCACGTCCGCTTGTTCTGGCGATGGTTGGCGCGAGGEGCGECGCGATCAACAGCGAATCGGA
CACGTGCAGCGGACCAATCGCTGTGCGTGCTGTGTGAATATCTCAGCCAGCGCGC

Fig. 1 Nucleotide sequence of the G. verrucosa GapC gene with
upstream and downstream non-transcribed regions, and the derived
GAPC translation product. The cloned cDNA regions are shown by
two closed arrowheads with the names of the respective clones; the
PCR-recovered cDNA sequence is in two closed double arrowheads.
Numbering makes reference to the translation initiation site ( + 1).
The intron is in lower case; The HindIlI sites are in italics; primers
selected for PCR of cDNA are underlined. Upstream, putative tran-
scriptional cis-acting elements are marked. Downstream from the
protein-encoding region, functional polyadenylation sites are in
bold, and the polydenylation signal AGTAAA is shown by dashed
underlines

Surprisingly, a second HindIII site (Fig. 3 B, boxed)
was found within this amplified region. It was not
cleaved by HindIII digestion of nuclear DNA (e.g., in
digestions for genomic Southern hybridizations), im-
plying that it was probably methylated, presumably at
the C residue. Consistent with this interpretation, both
HindIII sites can be readily cleaved in the cloned GapC
sequence (data not shown). DNA methylation within
expressed coding sequences is not usual in higher eu-
karyotes (Bestor 1990; Bird 1992; Zhu et al. 1994).

A second approach was therefore taken to recover
the complete GapC gene. The G. verrucosa genomic

X A TMEK AAAE D S M K G I 273

1000
M L N § R F 307

1100
A HV A KL Q * 335
GpC6, GpC7 >
1200
“““ GPC1, GpC2 >
1300
1355

library (480000 recombinants) was screened using an
o-3?P-labeled GapC cDNA (GpC6), and four A clones
were recovered. Restriction—enzyme digestion and
Southern hybridization indicated that, as expected, the
same gene was present in all four clones. Restriction
analysis revealed that all four of these clones contained
the complete GapC gene; one (NGCe) was subcloned
into pUC18 (NGCeSl, Fig. 3 A) and sequenced. The
complete GapC sequence, including a 1068-bp protein-
coding region (including the insertion sequence) and
upstream and downstream non-coding regions, is
shown in Fig. 1.

Although the region upstream of position — 300 was
present in clone NGCeS], the presence of a long G + C-
rich region at this point prevented us from obtaining
sequence data of acceptable quality. Repeated attempts
with various oligonucleotide primers annealing to vari-
ous positions were likewise unsuccessful. We found no
putative TATA-box or CCAAT-box in this 300-bp
region (Fig. 1). However, eight GC-rich regions, each
7-12 bp in length, extend upstream from positions

—14, —46, —84, —141, —155 —239, —273 and
—291. A 26-bp pyrimidine-rich (88% C + T) region,
similar to the pyrimidine boxes seen in regions up-
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Fig. 2 Southern hybridization
of the G. verrucosa GapC cDNA
to G. verrucosa nuclear DNA.
Double digestions were applied:

12 3 4

Sacl/EcoR1 (lane 1), Sacl/Xbal 24 -

(lane 2), Sacl/HindIII (lane 3),

EcoRI/HindlII (lane 4). The 17

scale to the left is in kilobase T

pairs b2 =
425 -
35 -
21 =
19 -
15 -

stream from G. verrucosa GapA, UBI6R and m-ACN
(Zhou and Ragan 1995), occurs 58 bp upstream from
the translational start codon. An apparent GATA ele-
ment, similar to the GATA box conserved among sev-
eral light-responsive promoters of plants and CaMV
35S and promoters of animal globin genes (Lam and
Chua 1989; Schindler and Cashmore 1990), occurs at
position — 186. A striking feature of this region is the
existence of an 11-base T-cluster and an 11-base T + G
cluster, separated by two nucleotides, extending up-

Fig. 3 A Depiction of the GapC A
plasmid clones pGC1S and
pGCeSI corresponding to the
restriction map above. Thick
lines represent the GapC coding
regions (exons and intron}; thin
lines represent the non-coding
regions; dashed lines represent
the pUC18 regions. The restric-
tion-enzyme sites in the vector
of the phage clone ANGCe are
shown in italics. B restriction
map of the GapC gene locus of
G. verrucosa; the GC6 probe for
Southern  hybridization  is
shown corresponding to the re-
striction map beneath

pNGCeSlI

Sacl
! l

stream from positions —217 and —204. The possible
involvement of these elements in transcriptional con-
trol of G. verrucosa GapC requires experimental verifi-
cation.

PCR-mediated detection of intron position and
intron/exon organization in GapC

In order to determine whether the insertion sequence
(above) is an intron, and to characterize fully the in-
tron/exon structure of GapC, it was necessary to com-
pare the gene (Fig. 1) with corresponding ¢cDNAs. As
described above, all four cloned G. verrucosa GapC
cDNAs were incomplete, missing about a third of the
gene sequence from their 5" ends. The 5" end of the G.
verrucosa GapC cDNA sequence was recovered by
PCR, with single-stranded ¢cDNAs as templates and
primer sets calculated from the 5 end of GapC. No
PCR product was observed when the GCF11/GCR30
primer set was used, suggesting that the GCF11 primer
may be located in the 5" non-transcribed region. Use of
the GCF10/GCR30 primer set yielded an 0.9-kb frag-
ment, as expected, and a second round of PCR with
primer set GCF10/GCR32 yielded an 0.6-kb product.
Direct sequencing of this product and comparison with
the GapC sequence revealed the insertion sequence to
be an 80-bp phase-two intron located, as expected from
the results above, in the codon for Tle-14 of the highly
conserved cofactor region I (INGFGRIGR; Fig. 1).
This intron, the only one in G. verrucosa GapC, is of the
GT-AG (putatively spliceosomal) type, and its neigh-
bouring nucleotides conform to the higher-plant splice-
junction consensus. Further details on red algal intron
structure will be presented elsewhere (Zhou and Ragan
1995).

Sall

EcoRI Sall

GCB Probe

Xhel Pstl|[Hindill Sacl EcoRlI

| { I | |
T
Hindil
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Gap(C Gracilaria verrucosa ft
GapC Chlamydomonas reinhardtii
Gapc Arabidopsis thaliana
GapCl Pisum sativum

GapCl Zea mays

GapC4 Zea mays

Homo sapiens

Gallus gallus

Schizophyllum commune

- = >

Phanerochaete chrysosporium
Agaricus bisporus

Ustilago maydis

Aspergillus nidulans A A
Cochliobolus heterostrophus
Curvularia lunata A

=== =D = > >

>

A phase-0 intron; T phase-1 intron; {} phase-2 intron

Fig. 4 Depiction of intron positions identified in and around the
cofactor-1 region of GAPDH (in boldface). The sequence and the
numbering follow the G. verrucosa GAPC. Sources of sequences of
basidiomycetes: Ustilago maydis (Smith and Leong 1990), Agaricus
bisporus, Phanerochaete chrysosporium, Schizophyllum commune
(Harmsen et al 1992); ascomycetes: Aspergillus nidulans (Punt et al.
1988), Cochliobolus heterostrophus (Van Wert and Yoder 1992),
Curvularia lunata (Osiewacz and Ridder 1991); animals: Homo sapi-
ens (Ercolani et al. 1988); Gallus gallus (Stone et al. 1985); GapC:
Arabidopsis thaliana (Shih et al. 1991), Pisum sativum (Brinkmann et
al. 1989), Zea mays (Martinez et al. 1989), Chlamydomonas reinhar-
dtii (Kersanach et al. 1994)

Alignment of known GAPDH sequences and posi-
tional mapping of introns occurring in or near the
conserved cofactor I region (Fig. 4) reveals the G. ver-
rucosa GapC intron to occur in a novel position. The
closest known introns, phase-one introns in GapC of
three basidiomycetes, are located two codons (7 bp)
upstream in Gly-12. The phase-two introns closest to
the G. verrucosa GapC intron are conserved between
animals and fungi, and are located four amino acids (12
bp) upstream in the Gly-10 codon.

One is impressed by the multiplicity of intron posi-
tions in this small, highly conserved region. The novel
position of the intron in G. verrucosa GapC, and its
absence from GapC of the phylogenetically related
(Ragan et al. 1994) florideophyte Chondrus crispus
(Liaud et al. 1994) and other eukaryotes (Fig. 4), are
readily explained by only one of the three major hy-
potheses of intron origin, namely specific (late) inser-
tion (Cavalier-Smith 1985; Logsdon and Palmer 1994).
Until GAPC genes of closely related species are exam-
ined, we cannot assess whether such insertion was spe-
cific to G. verrucosa, to the monophyletic (Bird et al.
1992) genus Gracilaria, to the family Gracilariaceae or
to the order Gracilariales. As no other organism is
known to have an intron in this position, an ancestral
derivation of this intron {Darnell 1978; Doolittle 1978;
Gilbert 1978) does not appear likely. An origin from
a differently positioned GapC intron by intron sliding
(Craik et al. 1983; Patthy 1987) is improbable owing to
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the high degree of sequence conservation, hence func-
tional importance, of the GAPDH cofactor-I region
among animals, fungi, green plants and red algae. Even
a single amino-acid shift at one boundary of an intron
in this region could alter the function of the domain,
leading to decreased organismal fitness, unless a com-
pensatory shift occurred simultaneously at the other
splice boundary in such as way as not to alter the
amino-acid sequence. As this constraint seems severe
in a low-copy-number gene, intron sliding through
such a highly conservative region would appear to be
unlikely.

The position of red algae in the GAPDH tree

Phylogenetic trees were inferred from an alignment of
36 complete glycolytic and plastid-specific GAPDH
sequences, representing divergent organismal lineages,
by both distance (neighbor-joining) and parsimony
methods. The trees were rooted by the method of Iwabe
et al. (1989) on the assumption that GapA/B and GapC
arose by duplication of an ancestral GAPDH gene.

Because it is not computationally feasible to conduct
an exhaustive search among all possible trees relating
36 species, multiple heuristic searches were conducted
based on random input orders of the sequences. Six
equally parsimonius trees of 2728 steps each were re-
covered by unweighted parsimony analysis of the 335-
position GAPDH protein alignment. GAPCs of G.
verrucosa and C. crispus group together specifically in
all six trees; GAPCs of red algae and green plants
appear as sister groups in five of the six trees, and
GAPCs of animals, filamentous fungi, green plants and
red algae form a monophyletic group in four of the
trees (see Fig.5 of Ragan and Gutell 1995). These
results agree with and extend those of Liaud et al.
(1994), and support the inclusion of red algae among
the late-branching “eukaryote crown taxa” (Ragan and
Gutell 1995).

To attempt to correct for possible biases introduced
by the high variability among substitution rates
at different positions within GAPDH genes (Lawrence
et al. 1991), we repeated the analysis with inverse
weighting. The resulting tree (Fig. 5) is essentially iden-
tical to that produced by unweighted parsimony analy-
sis, although bootstrap support is weak for the red
alga-green plant and crown-group clades. The only
significant topological difference between the un-
weighted and weighted parsimony trees involves the
GAPDH of Chlamydomonas reinhardtii, which diverges
basally within the GAPC subtree in the unweighted
analysis but appears (albeit with low bootstrap sup-
port) as a sister group to red algal GAPC after inverse
weighting. GAPDHs of the ascomycetous yeasts Sac-
charomyces cerevisiae and Zygosaccharomyces rouxii
diverge unexpectedly deeply in both unweighted and
weighted parsimony trees (compared with classical
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Fig. 5 Inverse-weighted
GAPDH-protein maximum
parsimony tree with

A. variabilis gap3 as the
outgroup. The bootstrap values
above 50 (100 replicates) are
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systematics or small-subunit rRNA-gene trees, e.g.,
Cavalier-Smith et al. 1994; Ragan and Gutell 1995). We
interpret these results as indicating that C. reinhardtii
GAPC is orthologous with the other GAPCs but has
accepted amino-acid replacement at an accelerated
rate, whereas the two yeast GAPCs may be paralogous
with the GAPCs of other eukaryotes.

The bootstrap is a blunt instrument in respect of
phylogenetic inference, highly imprecise (although un-
biased) as a measure of the repeatedly of a given result
but conservative (although biased) in estimating the
probability of correctly inferring a grouping (Hillis and
Bull 1993). Thus we examined the costs of alternative
topologies among red algae, green plants, animals and
(non-yeast) fungi in both GAPDH protein and gene
trees. Several alternative branching orders among these
taxa cost only one step more than the most-parsimoni-
ous tree (Fig. 5). However, forcing the red algal gapC to
diverge just basally to the other crown taxa increases
tree length by four steps, while forcing it to group
specifically with the mnext most-basal branch
(Trypanosoma cytosolic gap and Escherichia coli gap 1)
costs 11 additional steps. Neighbor-joining inference at
both protein and DNA levels (data not shown) yielded
poortly resolved trees in which all eukaryote cytosolic

GAPC lineages, together with the E. coli gapl protein
but excluding the perhaps paralogous GAPCs from
two yeasts (above), diverge almost simultaneously.
With its modest information content and probable
paralogous lineages, GAPDH is not an ideal protein
for phylogenetic inference; however, based on an analy-
sis of GAPDH genes and proteins, red algae may pro-
visionally be placed among or near the eukaryote
crown taxa.

In all trees (e.g., Fig. 5) the plastid-localized GAPA
sequences of G. verrucosa and C. crispus group together
and, as reported for G. verrucosa GAPA alone (Zhou
and Ragan 1993), form a sister group with green-plant
plastid-localized GAPA/B sequences. These results are
consistent with a single endosymbiotic origin of plas-
tids in red algae and green plants (Zhou and Ragan
1994).
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