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Abstract We isolated the actin gene of the glaucocysto-
phyte alga Cyanophora paradoxa and analyzed the coding
region and its introns. Phylogenetic analyses of the actin
coding region and theinferred protein sequencein datasets
containing 47 other actin sequences show Cyanophora to
be a member of the eukaryotic crown-group radiation in
agreement with ribosomal DNA sequence analyses. Four
of the five Cyanophora actin introns are relatively short
(55-59 nt) and occupy novel positionsin acatal ogue of ac-
tin introns containing 56 distinct sites. The fifth intron has
alength of 171 nt and occursalsoin actin genesfrom green
algae and the crustacean Artemia.
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Introduction

Theglaucocystophytesrepresent asmall (ninegenera, Kies
1979; Kies and Kremer 1990), morphologically distinct,
protist group that is distinguished by its photosynthetic or-
ganelles, the cyanelles. Characters such as cruciate flagel -
lar roots with associated multilayered structures (MLS)
have suggested a phylogenetic relationship between glau-
cocystophytes and the green algae (Melkonian 1983),
whereas cyanelle characters have been used to position
glaucocystophytes with the red algae (Cavalier-Smith
1982). Cyanelles resemble red-algal plastids in that they
contain only chlorophyll-a and phycobilisomes and have
unstacked thylakoids (Kies and Kremer 1990). Cyanelles
were previously thought to represent recent, possibly in-
dependent, endosymbi oses because these organelles main-
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tain the peptidoglycan wall of the cyanobacterium as a
bounding plastid membrane. Phylogenetic analyses of
nuclear-encoded small subunit ribosomal DNAs (SSU
rDNAYSs) identify the glaucocystophytes asamember of the
eukaryotic “crown-group” radiation and a sister group to
the cryptophyte algae (with weak bootstrap support, see
Bhattacharyaand Medlin 1995). Glaucocystophytesdo not
share a specific relationship with red or green algae in
rDNA phylogenies (Bhattacharya et al. 1995). Analyses
of the cyanelle-encoded rDNASs show these organelles to
be “advanced” plastids that form a monophyletic group
closely related to red- and green-algal plastids (Helmchen
et a. 1995).

To gain another perspective on the phylogeny of the
glaucocystophytes, we have determined the sequence of
the single-copy actin gene of Cyanophora paradoxa and
included it in phylogenies based on actin sequences from
primitive eukaryotes as well as members of the crown
groups. Actinisahighly conserved eukaryotic protein that
can be used in phylogenetic analysesto corroborate results
based on rDNA and other protein-sequenceanalyses(Bhat-
tacharyaet al. 1991, 1993; Baldauf and Palmer 1993; Bou-
get et al. 1995; Drouin et al. 1995). Previous actin trees
have, for example, been consistent with a sister-group re-
|ationship between animals and fungi proposed on the ba-
sisof rDNA sequence analyses (Baldauf and Palmer 1993;
Wainright et al. 1993), and an early divergence of thearche-
zoan Giardial. from the eukaryote phylogeny (Sogin et al.
1989; Baldauf and Palmer 1993; Drouin et al. 1995). Ac-
tin trees have al so sometimes conflicted with the results of
rDNA sequence comparisons (e.g. the position of slime
molds, see Bhattacharyaet al. 1991; Drouin et al. 1995 and
below) and provided theimpetusto probe more deeply into
the resolving power of rDNA and protein-sequence phy-
logenies (Loomis and Smith 1990). For these reasons, ac-
tin-sequence comparisons are an important addition to
analyses of eukaryote/gene phylogeny, and in those cases
where actin exists as a single-copy coding region (e.g.
fungi, ciliates, most green algae) it is taken as a working
hypothesis that these sequences may be used as a molecu-
lar marker. In other lineages where actin genesform multi-
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copy families (e.g. land plants, metazoa) these sequences
can be used to study aspects of concerted gene evolution
and, within orthologous subfamily members, may also be
used as phylogenetic markers (Moniz de Sa and Drouin
1996).

The analyses of spliceosomal intron positions is also
well established with actin genes due to the highly con-
served sequence and length of most of this protein (except
for the variable N-terminus) that allow for the unambigu-
ous alignment of intron sites. The existence of a putative
proto-splice site bordering intron insertion positions [i.e.
(“/5)AG-intron-(*/)] was, for example, recognized onthe
basis of actin and tubulin gene analyses (Dibb and New-
man 1989). In the present paper we have incorporated the
Cyanophora actin intronsinto an updated catal ogue of ac-
tinspliceosomal intron positionsamong all eukaryotes (see
also Weber and Kabsch 1994).

Materials and methods

Isolation of the actin DNA clone. Genomic DNA was isolated from
an actively growing culture of C. paradoxa Korsch. [Kies strain,
Sammlung von Algenkulturen Gottingen (Schldsser 1984), SAG B
45.84] as previously described (Helmchen et al. 1995). A genomic
DNA bank was established from this taxon using the BamHI-digest-
ed, de-phosphorylated vector Lambda-Dash (Stratagene) and partial -
ly digested BamHI genomic DNA from Cyanophora. Ligation and
packaging of the vector and DNA were done according to the
manufacturer’s instructions (Stratagene). The bank was amplified
(50 000 original PFU) and storedin SM buffer [10 mM NaCl, 10 mM
MgCl,, 50 mM Tris-HCI (pH 7.5), 2% w/v gelatin] with 5% chloro-
form. The genomic bank of Cyanophora was screened with an
actin-encoding cDNA PCR fragment isolated from this taxon in
6% SSC, 30% formamide and 5x Denhardt’s solution at 40°C, over-
night. The actin probe was isolated with a RT/PCR method using the
forward primer 244F (5'-GAYATGGAAAAGATCTGG-3') and a
universally conserved reverse primer at the carboxy terminus of
actin-coding regions (DBAc3, 5-CCGAATTCTGCAGARAAG-
CAYTTS CTGTG-3'; see Bhattacharya et al. 1991, 1993). Filters
were washed twicein 2x SSC, 0.1% SDS at 40°C. Actin-containing
phages were isolated and a Xbal fragment (of size 2.2 kb) from one
of these phages, that cross-reacted with the Cyanophora RT/PCR ac-
tin fragment in a Southern analysis, was subcloned into the Xbal re-
striction site in pBluescript for sequencing. Actin sequences were
determined over both strands of this gene using primers complemen-
tary to conserved regions within all actin-coding regions (Bhatta-
charyaet al. 1991), or by primer-walking using Cyanophora-specif-
ic actin oligonucleotides and the dideoxy seguencing protocols
(Sanger et al. 1977) with a T7 sequencing kit (Pharmacia). The Xbal
fragment characterized encodes the actin genomic sequence lacking
approximately 57 nt at the 3' end of the coding region. The remain-
ing genomic actin sequence of Cyanophora could not be found with-
intheorigina Lambda-Dash clone. To extend the 3'-terminus of the
actin-coding region, the RT/PCR method was used with Cyanopho-
ra total RNA extracted with an RNeasy kit (Qiagen). First-strand
synthesis was initiated with an oligo-dT,_1g primer (Pharmacia).
The actin-coding region was amplified from this cDNA using the
forward primer 613F (TTCACCACCACTGCTGAG-3) and there-
verse primer, DBAc3. This PCR fragment was cloned into the Smal
restriction site in pBluescript and sequenced using the T3 and T7
primers. The actin gene sequence of Cyanophora is available from
the EMBL/GenBank/DDBJ databases under the accession number,
U90325.

Southern analysis. Genomic DNA was prepared from Cyanophora
as described above and digested to completion with the restriction

enzymes Sall, Sacl and Smal. The restriction products were size-
fractionated in a 1% agarose gel in 1x TBE (89 mM TrisCl, 89 mM
boric acid, 2mM EDTA) electrophoresis buffer and transferred
onto a nitrocellulose membrane (Schleicher and Schuell) and baked
at 80°C for 2 h. The Southern blot was pre-hybridized at 40°C in
a 6% SSC, 50% formamide, 5x Denhardt’s and 0.1% SDS solution
for 2 h and then incubated overnight in 5x SSC, 50% formamide,
1xDenhardt’s and 0.1% SDS with the 613F-DBAc3 Cyanophora
actin RT/PCR fragment as probe. The actin fragment was radioac-
tively-labelled with 32P-dCTP using arandom-primed oligol abelling
kit (Pharmacia). The Southern blot was washed twice for 1 h each
timein 2x SSC, 0.1% SDS at 50°C prior to autoradiography. A fur-
ther more-stringent wash was donein 0.1x SSC, 0.1% SDS at 55°C
for 1 h with the same membrane to test the specificity of the actin-
annealing fragments resolved in the first autoradiogram.

Phylogenetic analyses. The actin-coding region from Cyanophora
was aligned with homologous sequences from 47 other eukaryotes
and two centractin sequences (actin-related proteins; see Clark and
Meyer 1992; Lees-Miller et al. 1992; Sheterline et al. 1995) from
man and dog. Two data sets were prepared from this alignment. The
first data set included the centractin sequences as the outgroup for
eukaryotes ranging from Giardia to members of the crown group.
This data set was used to determine the order of divergence of the
most primitive eukaryotesin the analyses (e.g. Giardia, Trypanoso-
ma b.) and their phylogenetic position relative to the crown-group
radiation. The gene duplication that resulted in the actin and centrac-
tin genes is presumed to have occurred in the common ancestor of
al eukaryotes (Bhattacharya and Ehlting 1995; Sheterline et al.
1995). The second dataset included alarger number of actin sequenc-
es from crown-group eukaryotes than in the first data set, with the
apicomplexan (Plasmodiumf., Toxosplasma g.) actin-coding regions
asan outgroup. The apicomplexans diverge prior to the crown-group
radiation in actin phylogenies (see also Baldauf and Palmer 1993;
Drouin et al. 1995). The second data set was used to infer the phy-
logenetic relationships of the crown-group lineages. The first and
second nucleotide positions of actin codons (748 nt total) in both data
setswere submitted to aweighted [re-scaled consistency (RC) index
over the interval 1-1000] maximum-parsimony (MP) analysis
(PAUP V3.1.1, Swofford 1993) using a heuristic search procedure
with a branch-swapping algorithm (TBR, tree bisection-reconnec-
tion). The stability of internal nodes within the MP actin phyloge-
nieswas studied with abootstrap analysis[100 replications (first data
set), 200 replications (second data set), Felsenstein 1985]. Both data
setswereal so analyzed with adistance method using aKimura(1980)
matrix as input for a neighbor-joining phylogenetic reconstruction
(Saitou and Nei 1987) with jumbled taxon addition and the transi-
tion/transversion ratio = 2 (Phylip V.3.5¢, Felsenstein 1993). Boot-
strap analyses (200 replications, Felsenstein 1985) were done with
the distance method. Further, the phylogeny of the actin protein se-
guences in the second data set (372 amino acids) was studied using
a distance method (PROTDIST, Dayhoff distance matrix, Phylip
V.3.5¢) and a neighbor-joining phylogenetic reconstruction. One-
hundred bootstrap re-samplings were used to test the stability of the
internal nodes in the protein distance tree. All actin sequences used
intheseanalysesareavailablefromthe EMBL/GenBank/DDBJdata-
bases.

Results and discussion
Southern analysis of the Cyanophora actin-coding region

Southern analysisusing theactin RT/PCR probe showsone
actin-annealing band of approximate size 1100 nt in the
Sall restriction digest, and two bands of approximate sizes
1050 nt and 3000 nt in the Pstl digest of Cyanophora ge-
nomic DNA (Fig. 1). Restriction analysis of the Xbal frag-
ment encoding the genomic Cyanophora actin sequence
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Ladder 2 shows an internal Pstl restriction site 300 nt from the 3'
terminus of thisinsert. A single band of approximate size
2.1 kb was resolved when Cyanophora genomic DNA di-
gested with Smal was included in the Southern analysis
(datanot shown). Theseresultswere also found after more
stringent washing of the membrane (see Materials and
methods). Sequence analysis (T3, T7 primers) of fivein-
- 12216 dependent clones isolated from the RT/PCR experiments
(613F+DBAc3 PCR primers) with Cyanophora also
~=&- 6108 showed identity indicating that there is one actin-encod-
1;’332 ing MRNA expressed in Cyanophora. The PCR primers
& 3054 are not likely to have bound to only one class of actin
MRNAs since these oligonucleotides recognize highly
- 2036 conserved regions of the coding region. The results of the
- 1636 Southern and RT/PCR-sequence analyses are consistent
with the existence of a single-copy actin gene in the ge-
nome of Cyanophora.
- 1018

Evolutionary analysis of the Cyanophora actin gene

The actin gene of Cyanophora is interrupted by five spli-
ceosomal introns that occur at positions 44-1, 248-3,

Fig. 1 Southern analysis of the Cyanophora genomic DNA with a
homol ogous actin-cDNA probe. Ladders 1 (100 bp) and 2 (1 kb) are

from BRL

Fig. 2 The Cyanophora actin
sequence determined from a ge-
nomic clone and the actin
cDNA (see text for details).
The coding region is shown in
upper case whereas the five in-
trons are shown in lower case.
This sequence begins with the
putative methionine start codon
in actin and ends with the se-
guence of the PCR primer
DBACc3 (shown in bold letters)
used to isolate the cDNA. Nu-
cleotides that could not be un-
ambiguously determined are in-
dicated with the letter N. The
putative branch-point sequenc-
es within the introns are under-
lined and the consensus branch-
point sequence with the branch
point adenine in shadowed
print is shown at the bottom of
the figure
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283-2, 318-3 and 345-2 relative to the vertebrate skeletal
muscle a-actin sequence (Fig. 2). To determine if addi-
tional introns may be located in the 3'-terminal sequence
that was determined from the cDNA, a PCR amplification
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Fig. 3A, B Phylogeny of actin-coding regions. A treeinferred with
aweighted (RC index over the interval 1-1000) MP method (PAUP
Vv3.1.1, Swofford 1993) using a heuristic search procedure with a
branch-swapping algorithm (TBR, tree bi section-re-connection) and
the first and second positions of actin codons (748 nucleotides). The
bootstrap (100 replications)-consensus phylogeny shown has a con-
sistency index of 0.620. The bootstrap values are presented at the
internal nodes. This tree has been rooted within the branch-length
leading to the centractin sequences. B phylogenetic analysis of ac-
tin coding regions in crown group eukaryotes done as described
above. Thebootstrap (200 replications)-consensus phylogeny shown
has a consistency index of 0.686. The bootstrap values presented
abovetheinternal nodeswereinferred from the M P analyses, where-
as the values shown below the nodes were inferred from a bootstrap
analysis (100 replications) using the actin protein sequences and the
PROTDIST method (Phylip V.3.5¢c, Felsenstein 1993) with aneigh-
bor-joining tree re-construction. Thistree has been rooted within the
branch length leading to the apicomplexan actin sequences. The re-
sultsof bootstrapped distance analyses (200 replications) of both data
sets using the first and second positions of the actins codons with a
Kimura (1980) model and a neighbor-joining tree reconstruction are
shown as branch lengths of differing thicknesses. Thelegend to these
bootstrap valuesis shown next to B. The asterisk in B marks the pu-
tative origin of a homologous family of introns found in the actin
genes of the ascomycetous fungi to the right of this symbol (see text
for details). Only bootstrap values = 60% are shown and are indicat-
ed with arrows where they do not fit on the branches

was doneusing the primers 613F and DBAc3with genomic
DNA from Cyanophora. A fragment of approximate size
760 nt was isolated and verified as encoding actin using a
Southern analysis with the Cyanophora cDNA fragment
as a probe. These data suggest that no more introns inter-
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rupt the 3'-terminal end since the expected size of the ge-
nomic actin sequence with the 3'-terminal sequence deter-
mined from the cDNA is also 760 nt. The Cyanophora
actin introns all have the consensus GTC/; /. with CAG
donor and acceptor sequences at the 5' and 3’ termini of
theintrons, respectively (Fig. 2 B, Jackson 1991). A puta-
tive branch-point sequence was identified in each Cyano-
phora actin intron (underlined in Fig. 2). The consensus of
these branch-point sequences (shown below Fig. 2) main-
tains an adenosine at the branch site that has been shown
to be crucial for the chemical steps of splicing (Query et
al. 1996). The Cyanophora consensus branch-point se-
quence is similar to that in higher plants (i.e. CTA/cA /-,
Sinibaldi and Mettler 1992).

The Cyanophora coding region was readily aligned
with other actin sequences and the phylogenetic analyses
of the DNA and protein sequences position thisalgaas an
independent lineage within the crown-group radiation
(Fig. 3A, B). Actin sequences are needed from crypto-
phyte algae to test the sister-group relationship between
the glaucocystophytes and cryptophytes identified in the
rDNA phylogenies (Bhattacharya and Medlin 1995). In-
clusion of the centractin sequences as an outgroup identi-
fiesthearchezoan Giardia astheearliest divergencewithin
the eukaryote actin phylogeny (Fig. 3A, see also Baldauf
and Palmer 1993; Drouin et a. 1995). Many of the major
crown-group lineages (e.g. fungi, animals, green plants,
heterokonts) form monophyletic groups with bootstrap
support in the actin phylogenies(seein particular Fig. 3B).



The ciliate actin sequences (i.e. Euplotes c., Oxytricha f.)
do not however group either with themselves or with the
apicomplexans, aswould be expected onthe basisof rDNA
and morphological analyses (Cavalier-Smith 1993). This
result may stem from the high divergence of the ciliate
actin-coding regions and their resultant homoplasious
“attraction” (Swofford and Olsen 1990) to the outgroup
taxa (see also Drouin et a. 1995).

The fungi and animals which form a lineage with no
bootstrap support in Fig. 3A do not share a common ori-
gin in the the phylogeny shown in Fig. 3B or in the pro-
tein distance tree (data not shown). This result is at odds
with comparisons of rDNA (Wainright et al. 1993) and
protein-coding (e.g., a-, B-tubulin, EF-1a; Baldauf and
Palmer 1993) sequences and previously published actin
phylogenies (Bhattacharya and Ehlting 1995; Drouin et al.
1995). A likely explanation for this inconsistency is the
inclusion of actin sequences from protists that are either
single representatives of their phylum or have very low se-
guence-divergence rates (e.g. slime molds) in the phylo-
genetic analyses (see Baldauf and Palmer 1993 for discus-
sion). Exclusion of the Acanthamoeba c., Dictyosteliumd.,
Physarum p., Emiliania h. and Cyanophora actin se-
guences from the data set shown in Fig. 3 B resulted, for
example, in bootstrap support for the monophyly of the
fungi and animals. The distance analysisof nucleotidesen-
coding the first and second positions of actin codons re-
sulted in abootstrap value of 85% (200 replications), while
the MP analysis of the same data set resulted in abootstrap
value of 83% (100 replications) in support of the animal-
fungal clade; thedistancetreeal so grouped thegreen plants
and red algae together as in the weighted MP analysis
(Fig. 3 B) though with no bootstrap support (56%). Anal-
ysis of the reduced data set of protein sequences resulted
in a bootstrap value of 80% in support of the animal-fun-
gal clade.

An additional reason for the weak bootstrap support for
some well-established monophyletic groups in the actin
phylogenies (e.g. animals in the MP analysis shown in
Fig. 3A, 61%) ismost likely dueto variation in sequence-
divergence rates. A high sequence-divergence-rate varia-
tionwithin and between lineages (Bhattacharyaet al. 1991)
may be the most important problem that hinders the use of
actin and other molecular markers as gene/species mark-
ers (see also Palmer and Delwiche 1996). It has been
shown, for example, with the relative-rate test that Dic-
tyosteliumand Physarum, which unexpectedly formaclus-
ter within the crown-group in actin phylogenies (Fig. 3B,
Bhattacharya et al. 1991, 1993; Drouin et al. 1995), have
asignificant sequence-divergence-rate slowdown in com-
parison to other crown-group members (e.g. green plants,
Drouin et al. 1995). Dictyostelium and Physarum diverge
well before the crown-group radiation in rDNA sequence
analyses (Sogin 1991; Cavalier-Smith 1993; McFadden
et a. 1994).

In spite of these difficulties the use of protein coding-
sequence phylogenies is an important component of mo-
lecular evolutionary studies. One result, for example, that
was found in the MP analyses of both data sets, aswell as
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in the distance analyses of the second data set with and
without Acanthamoeba, Dictyostelium, Physarum, Emili-
ania and the Cyanophora actin sequences, appears to be
promising and deserves further study. These trees are con-
sistent with a sister-group relationship between green
plants and red algae and therefore with amonophyletic or-
igin of the plastid in these groups. In plastid SSU rDNA
and protein (except rbcS,L) phylogenies, the red- and
green-algal plastids form monophyletic lineages that are
sister groups of each other with a common root within the
cyanobacteria. The glaucocystophyte cyanelles form a
third plastid lineage that is also closely related to red- and
green-algal plastids (Morden et al. 1992; Helmchen et al.
1995). The actin phylogenies suggest that the red- and
green-algae may have had a single origin of their plastids
in their common ancestor. The nuclear-encoded rDNA se-
guence comparisons have not yet been ableto identify con-
clusively the sister group of green plants and red algae and
have therefore not been useful for tracing the origin(s) of
their plastids (Bhattacharya and Medlin 1995). As more
actin sequencesbecomeavail ablefromthesegroups, it will
be interesting to see if the glaucocystophytes also group
with bootstrap support with the red algae and green plants
(asin Fig. 3B).

Actin intron catalogue

Four of the five Cyanophora actin introns (44-1, 283-2,
318-3, 345-2) occupy novel sitesin the catalogue of actin
intron positions, whereas the fifth intron (248-3) is also
found in the actin gene of the green algae Volvox c. and
Chlamydomonas r. and in two genes of the crustacean
Artemia (Fig. 4). The sizeable increase in the total number
of actin intron positionsfrom 40 (Weber and K absch 1994;
Sheterline et al. 1995) to 56 (Fig. 4) is due to the addition
of four Cyanophora introns (see above), one Artemia in-
tron (303-1), and the 11 fungal introns (3-2, 7-1, 10-3, 23-
2,34-2,57-2,121-1, 256-2, 312-1, 339-2, 359-1) found in
Phaffiar., Cryptococcusn. and Puccinia g. Onthe protein-
sequence level, 2 of these 16 new intron positions (34-2
and 44-1) are not resolved from two previously docu-
mented introns (34-1 and 44-2) and one position (3-2) lies
in the variable N-terminal region. Thus 13 new intron po-
sitions can be analyzed.

A previous analysis of 36 intron positions on the pro-
tein-sequence level showed that 23 positions are found at
the ends of secondary structural elements (8 strand, a-he-
lix and %o helix) plus or minus one residue. Thirteen posi-
tions do not show this relationship and eight interrupt a
secondary structural element. Statistical analysis showed
that, due to the large number of end positionsin the actin
molecul e, the boundaries of secondary structural elements
are not correlated with intron positions (for details see
Weber and Kabsch 1994). Using the same approach for the
13 novel intron positions reported here, eight are found at
the ends of secondary structural elements plus or minus
one residue (10-3, 23-2, 57-2, 256-2, 303-1, 312-1, 339-2
and 359-1) whereas five are found elsewhere (7-1, 121-1,
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Fig. 4 Catalogue of actin intron positions. Phylogenetic presenta-
tion of actin genes available in September 1996 in the EMBL/Gen-
Bank databases plusthe present study on Cyanophora (U90325). Ad-
ditional actin genes are from Neurospora c. (D. Gallwitz, personal
communication) and Artemia (Ortega et a. 1996). Introns marked
by asterisks are characterized by codon- and phase-numbers written

vertically at the top. Codon positions are given in reference to the
skeletal muscle a-actin of vertebrates (for details see Weber and
Kabsch 1994). Codons followed by —1 and —2 (last line of heading)
are split after the first or second nucleotide, respectively; -3 indi-
cates an intron following the codon. The six distinct genes of verte-
brates are from man, mouse, rat, chicken, Xenopus |. and carp. The




283-2, 318-3 and 345-2). Thusthere is arandom distribu-
tion of intron positions with regard to the secondary struc-
tural elements of actin (Weber and Kabsch 1994). Using
several proteins of known three-dimensional structure and
the corresponding gene organisations Stoltzfus et al.
(1994) found no significant correspondence between ex-
ons and units of protein structure.

Evolutionary analyses of actin introns

The Cyanophora intron at position 44-1 is separated by
only one or two nucleotides from two earlier-established
intron positions (Fig. 4). Position 43-3 is relatively com-
mon in metazoa and has recently also been found as the
sole intron in the actin gene of the red alga Chondrus c.
(Bouget et al. 1995). Anintron at position 44-2 is present
in the single-copy actin genes of the fungi Thermomycesl.,
Aspergillus n., Neurospora c. and Trichoderma r.. These
three closely spaced intron positions (i.e. 43-3, 44-1, and
44-2) could either reflect independent insertions at a hot
spot or they could have arisen by sliding of an ancient in-
tron by one, or at most two, nucleotides (see Cerff 1996
for areview of intron sliding). Given the strict length con-
servation of the actin molecule, except for the very N-ter-
minal end, it does not seem likely that intron sliding is ac-
companied by the loss or gain of one or more amino acid-
residues. However, the minimal mutational events needed
to slide an intron by one nucleotide can be a single-nucle-
otideinsertion followed by acompensating deletion, or the
reverse order of events. Although the first resulting gene
product would be atruncated non-functional actin, the sec-
ond mutational event could restore a normal actin mole-
cule. Such a mechanism, involving two compensating
events, could be tolerated in organisms with several actin

abbreviations‘m.” and ‘cytoplasmic’ stand for muscle and cytoplas-
mic actins, respectively. Sea urchin genes are from Strongyl ocentro-
tus p. and Strongyl ocentrotusf., respectively. Seastar genesare from
Pisaster 0. Numbers following the species refer to the number(s) of
the particular gene(s). Numbersin parenthesisindicate thetotal num-
ber of distinct genes sharing the particular intron pattern. The three-
intron pattern of Arabidopsis, soybean, potato, tobacco, rice and
maize is referred to as higher plants. The Absidia g. gene lacks in-
formation past position 140. An actin gene of Ceratitis c. (mediter-
ranean fruitfly) corresponds to Drosophila genes 1 and 6. Intron po-
sitions coinciding with the start or end of a secondary structural ele-
ment of the actin molecule plus/minus one residue are marked by a
plussign in thetop line of the figure. Introns unrelated to such a po-
sition are indicated by a minus sign. The first three intron positions
are not considered since they occur in the only length-variable re-
gion of actin and are found only in some fungi (for details see We-
ber and Kabsch 1994). Tentative assignments of the “age” of actin
introns are shown at the bottom of the figure. In this scheme, “new”
introns are lineage- or species-specific, “old” introns are shared
between at least two lineages and “slides’ are introns that may trace
their origin to asingleintron that has been translocated 1 or 2 nucle-
otides from the original site. Circles mark “old” introns that could
also be interpreted as representing independent insertional eventsin
two lineages (see text for details)
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genes and possibly also in organisms with a single actin
gene per haploid genome. Two additional hot spots that
could also be examples of intron sliding are shown in
Fig. 4. Thermomyces and three other fungi with identical
actinintron patterns contain an intron at position 34-1 that
isone nucleotide removed from the 34-2 intron of the fungi
Cryptococcusand Phaffia. The Thermomycesfungal group
also contains an intron at position 15-2, one nucleotide re-
moved from the 15-1 intron of the Drosophila actin-4 gene.
Since the latter position is unique among the various met-
azoan genes, including thefive other Drosophila genes, we
favor the view of an independent insertional event rather
than intron sliding.

Based on the intron positions in triose-phosphate iso-
merase (TIM) genes, Kwiatowski et al. (1995) and Logs-
don et al. (1995) argued against the exon theory of genes
(Gilbert et al. 1986) and emphasized instead arandom in-
sertional origin of introns. Twelve of the twenty one posi-
tions within the TIM intron catal ogue are thought to be of
recent origin. This conclusion is most convincing for in-
tron 5, which is found in only two mosquitos (Culex and
Aedes, but not in afurther mosguito Anopheles), four other
insects, and all other TIM genes analyzed (Kwiatowski
et al. 1995; Logsdon et al. 1995). A tentative assignment
of actinintron positionsin terms of evolutionary originsis
indicated in Fig. 4. Introns marked as “new” are lineage-
(e.g. metazoa, fungi or plants) or species-specific. Introns
marked as “old” occur in at least two lineages and may
have been present in the common ancestor of crown-group
lineages. For none of the “new” introns in the actin cata-
logue is the assignment of proposed time of origin as
clearly delineated asin the case of intron 5 of the TIM cat-
alogue (see above). However actin intron 330-3 is indeed
a good candidate for a “new” intron. Found in all verte-
brate actin genes it is absent from the sister group of the
urochordates (Hal ocynthia) and other deuterostomia(echi-
noderms; sea urchins and the sea star) as well as all other
known genes. Thusit may be an intron position which was
acquired within the vertebrates. The four introns of Cya-
nophora that occupy unique positionsin the catal ogue can
be considered as “new” introns. We are aware, however,
of the tentative nature of the assignment of a“new” intron
in the actin catalogue. In the previous catalogue an intron
at position 248-3, for example, seemed specific for the
green alga Volvox (Weber and Kabsch 1994; Sheterline
et al. 1995). Meanwhileit hasnot only beenfoundin Chla-
mydomonas but also in the glaucocystophyte Cyanophora
(this study) and in two genes of the arthropod Artemia
(Fig. 4). Thusaputatively ,,young" intron can readily turn
into an , 0ld“ intron once more genes become known. We
also note some uncertainty about the assignment of “old”
introns. An intron position which occurs in two lineages,
but isonly documented by one species, can also reflect two
independent insertional events (Fig. 4). Some of these
questions may be resolved once more actin genes become
available. Alternatively, amore systematic approach to the
analysis of actin intron positions in particular lineages or
groups of organisms may provide more insights into the
origin and loss of introns.
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