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Abstract. Green algae and land plants trace their evo-Key words: Actin — Chlorophyta — Green algae —
lutionary history to a unique common ancestor. ThisLand plants —Mesostigma viride— Phylogeny — Pra-

“green lineage” is phylogenetically subdivided into two sinophyceae — Streptophyta

distinct assemblages, the Chlorophyta and the Strep-
tophyta. The Chlorophyta includes the Chlorophyceae,

Trebouxiophyceae, Ulvophyceae, and Prasinopohycead)troduction

whereas the Streptophyta includes the Charophyceae L

plus the bryophytes, ferns, and all other multicellular "€ monophyly of the green algal division, Chlorophyta

land plants (Embryophyta). The Prasinophyceae is beLCIasses Chlorophyceae, Prasinophyceae, Treboux-
lieved to contain the earliest divergences within the

iophyceae, UlvophyceasdnsuSluiman 1985)], is sup-
green lineage. Phylogenetic analyses using rDNA seborted by molecular sequence analyses (for exception
quences identify the prasinophytes as a paraphyletiS€€ below) an_d a number of share_o_l chara_cters_; (e.g., stel-
taxon that diverges at the base of the Chlorophyta. rDNpate structure in the flagellar transition region, intraplas-

analyses, however, provide ambiguous results regardin@dial starch storage, two-membraned plastid containing

the identity of the flagellate ancestor of the Streptophytathlorophyllsa and b, and stacked thylakoids) that do

We have sequenced the actin-encoding cDNAs fron]10t exist together in any other group of eukaryotes (Wil-
Scherffelia dubia(Prasinophyceae)Coleochaete scu- COX €t al. 1993; Surek et al. 1994; Bhattacharya and

tata, Spirogyrasp. (Charophyceae), and the single-copyMed”n 1995, 1998; Friedl 1995, 1997; Melkonian and
actin gene fromMesostigma viride(Prasinophyceae). Surek 1995). These cellular characters also demonstrate

Phylogenetic analyses shavlesostigmao be the earli- & €ommon evolutionary history of‘the Chl'orophy’t’a with
est divergence within the Streptophyta and provide direcin® Streptophyta (together, the “green lineage”). The
evidence for a scaly, biflagellate, unicellular ancestor for>U€PtophytagensuBremer 1985) includes the Charo-
this lineage. This result is supported by the existence oPyceae plus all land plants (Devereux et al. 1990; Pick-
two conserved actin-coding region introns (positions 20-tt-Heaps 1975, Mattox and Stewart 1984; Graham
3, 152-1), and one intron in thé-Bintranslated region of 1996). The separation of the Chlorophyta and Strep-

the actin gene shared hylesostigmaand the embryo- tophyta ipto two di;tinct groups is supported by funda-
phytes. mental differences in the ultrastructure of the flagellated

cells. The flagellates of the Chlorophyta have, for ex-

ample, cruciate flagellar roots, whereas the flagellates of
the Streptophyta have an unilateral flagellar root which is
Correspondence toD. Bhattacharyae-mail: dbhattac@blue.weeg. associated anteriorly with multilayered structures (MLS)

uiowa.edu (for details, see Friedl 1997).
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Within the Streptophyta, the Charophyceae is basal teubcloned into the pBluescript vector for sequencing by the dideoxy
the embryophytes. The Charophyceae in turn trace thefprmination method using T3, T7, and actin-specific oligonucleotides

-, Bhattacharya et al. 1991) with radioactively label€eS[dATP and
origin to flagellate, algal ancestors (Pascher 1918, 19311he Sequenase 2.0 kit (USB). PCR primers (sequences underlined in

The search for th_e extant relatives of these ancestors hag; 1a) were used to amplify the genomic actin sequence fioen
interested biologists for many years because these cellstigma.This PCR fragment was subcloned and sequenced using a
will provide important clues to the morphological evo- fluorescent-labeled dideoxy terminator sequencing method (Medi-

lution of the Charophyceae and land plants. Extensivdlene). Procedures similar to those described above were used to isolate
. . . nd sequence full-length actin cDNAs froBoleochaete scutatde
|Ight and electron microscopic analyses suggest that thér'ebisson (SAG B 50-90; bank kindly provided by R. Kaemmerer) and

algal angestors of the Strgptophyta may be lmembers Qfcherffelia dubigSAG B 17.89 (Bhattacharya et al. 1993b)] cDNA
the Prasinophyceae (Christensen 1962; Pickett-Heap®raries, but aPythium irregulare[Oomycota (Bhattacharya et al.
1975; Mattox and Stewart 1984; Moestrup and Thrond-1991)] actin probe was used to isolate this sequence fror8¢herffe-

son 1988; Melkonian 1989). Prasinophytes are a morlia cDNA bank. Partial actin cDNAs were also isolated fr@pirogyra

. . sp. (strain 253; SVCK, Hamburg) using the RT/PCR method and the
phologically heterogeneous group of unicellular greenAcl and Ac3 PCR primers (Bhattacharya et al. 1993a). Single-stranded

algae whose bodies are covered with nonmineralilzedtemplate DNA fromSpirogyrawas prepared for sequencing with bio-
square-shaped scales. Such scales are also found in thi§lated PCR primers and the dynabead M-280 system (Dynal). PCR
flagellate stages of the Charophyceae and the Ulvophyrroducts were sequenced directly using the dideoxy sequencing
ceae but not in other eukaryotes (Melkonian etal. 1995)method. The actin sequences frdfiesostigma, Coleochaete, Scherffe-

. L . lia, and Spirogyrawill appear in the GenBank/EBI/DDBJ databases
The Prasinophyceae are divided into four ordeenéu | ' e accession numbers AF061020, AF061019, AF061018, and

Melkonian 1990): Mamiellales, Pseudoscourfieldales,aros1021, respectively.
Chlorodendrales, and Pyramimonadales.

To address the issue of a prasinophyte ancestry of the Actin Gene Copy-Number AnalyseEotal Mesostigmagenomic
Streptophyta, we have isolated and sequenced actirNA was extracted with the plant DNeasy kit (Qiagen) and treated

. . - . with the BanHI and Pvul endonucleases under standard conditions
encodlng cDNAs fromMesostigma viride, Scherffelia (NEB). The digested DNA was transferred onto a nylon membrane

d“p'a (Prasmophyceae) and frof@oleochaete scutata, . (Southern blot) and probed with the PCR fragment encodingviee
Spirogyrasp. (Charophyceae). These sequences were ifsostigmagenomic actin fragment described above using a nonradioac-
cluded in phylogenetic analyses with actin-coding re-tive method according to the manufacturer’s instructions (Gene Images,

gions from other members of the green Iineage. ActinAmersham). The hybridization was done in 5x standard saline citrate

- . SSC), 0.1% (w/v) sodium dodecyl sulfate (SDS), and 5% (w/v) dex-
sequences have proven to be an important addition t ran sulfate at 60°C overnight. Filters were initially washed for 15 min

phylogenetic studies because_ they provide a relatively gooc in 1x SSC and 0.1% SDS and then for 15 min at the same
conserved molecular marker, independent of rDNA, fortemperature in 0.1x SSC and 0.1% SDS prior to detection. DNA ex-

reconstructing eukaryotic relationships (Baldauf andtraction and Southern analysis 8therffeliawere done as by Bhat-

Palmer 1993; Drouin et al. 1995; Bhattacharya and Welacharya et al. (1993b) using the homologous partial actin fragment

. . isolated by the RT/PCR method as described above. Hybridization was
ber 1997). Our present understanding of actin phylogen%'aone - 5yx SSC, 100 M K.PO, (oH 7.0), and 1% BBIQP ot B

within the green ”neage suggests that the common arlivernight. Filters were initially washedrfd h at60°C in 1x SSC and
cestor of this group contained a single copy of the actin.1% sbps and then for 30 min at the same temperature in 0.1x SSC and
gene (Bhattacharya and Ehlting 1995). This coding re-0.1% SDS prior to autoradiography.

gion subsequently underwent multiple gene duplications We also studied the number of actin genesViasostigmausing
within the land plants and in the Ulvophyceae [eAg; PCR methods. In this analysis, forward primers that recognize different

. . . conserved sequences close to théesminus of actin-coding regions
etabularia cliftonii (GenBank No. Z28698Cladophora were used in combination with the highly conserved Ac3 reverse

rupestris(T. Friedl, personal communication)]. primer andMesostigmagenomic DNA. We postulated that the two
introns in theMesostigmaactin gene would vary in length (or be lost)
from other members of its actin gene family. The actin genes from this
taxon would therefore be resolved as PCR fragments of different sizes
in agarose gels. The forward primers used for this analysis were a green
plant-specific primer (Fern5,8CTTGTYTGYGACAATGGATCWG-
Isolation of Actin SequenceEotal RNA was isolated from an actively GAATGGT-3') and two general actin primers [142F,-5
growing culture oMesostigma viridé.auterborn (SAG 50-1) using the ATGGACCAGAAGGACGC-3; 244F, 3-GAYATGGAAAAGATC-

Trizol reagent according to the manufacturer’s intructions (BRL). A TGC-3 (see Bhattacharya et al. 1993a)]. The Fern5 primer recognizes
cDNA bank was made from the mRNA using thgt11 phage vector. a sequence just upstream of the first conserved plant intron (20-3),
A total of 83,000 recombinant primary clones was amplified and whereas the 142F and 244F primers recognize conserved sequences
screened with a 1100-nucleotide (nt) part@dherffeliaactin cDNA between the conserved 20-3 and 152-1 introns (i.e., after the first
fragment under standard conditions (Stratagene).Sdteerffeliaactin nucleotide of the 152nd codon). The PCR conditions were a pretreat-
probe was isolated by the reverse transcription/polymerase chain reagent at 95°C for 10 min followed by 35 cycles of a denaturing step at
tion (RT/PCR) method and PCR primers that recognize conserved re95°C for 2 min, an annealing step at 60°C for 2 min, and an extension
gions near the Sterminus (Acl) and at the’ 3erminus (Ac3) of actin  step at 72°C for 4 min. A final extension step at 72°C for 10 min was
sequences [shown in boldface letters in Fig. 1A (see Bhattacharya et aincluded after the 35 cycles.

1993a)] and labeled with®*{P]dCTP (Pharmacia) with the random

primed method according to the manufacturer’s instructions. A phage Phylogenetic Analyses of Actin-Coding RegioAstree was in-

that hybridized with the actin probe was purified and the insert wasferred with the maximum-likelihood method [fastDNAmI (Olsen et al.

Materials and Methods
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Fig. 2. A Maximum-likelihood phylogeny of actin-coding regions gaps were excluded. The LogDet distance matrix was used as input for
within the green lineage. Only first and second codon positions werea neighbor-joining tree reconstruction. The values shatrthe

used in the analysis (730 sites). Results of a bootstrap analysis (20Branchesare the results of a Quartet Puzzling analysis. Only values
replications) are showabove the internal node3he bootstrap values =60% are shown. Chl., Chlorophyceae; Tre., Trebouxiophyceae; Pra.,
(500 replications) showbelow the internal nodewere inferred from  Prasinophyceae; Cha., Charophyceae. The trees shown in A and B have
a weighted maximum-parsimony analysis. The results of bootstrappetbeen rooted within the branch leading to the glaucocystophyte actin
distance analyses (200 replications) are shown as branch lengths skquences. All actin sequences except those fBlaucocystis nos-
differing thicknesses (see legermblow the branch length€nly boot- tochinearumand Microthamnion kuetzingianunGT. Friedl, unpub-

strap values=60% are shownB LogDet phylogeny of actin-coding lished data) are available from the GenBank/EBI/DDBJ databases.
regions. A total of 126 parsimony sites was used in the analysis;

1994)] using the global search option and a transition/transversion ratition method for converting aligned sequences into pairwise distances.

of 2 using only first and second positions of actin codons (730 nucleo-This method is applicable even when sequences vary in nucleotide

tides). Two hundred bootstrap replications were done to test the stafrequencies. And finally, the Quartet Puzzling method (Strimmer and

bility of internal nodes in this phylogeny. The maximum-likelihood von Haeseler 1996) was used to test the topologies of the trees inferred

tree was rooted on the branch length leading to the glaucocystophytéom the other phylogenetic methods. The Quartet Puzzling method

actin sequences. A bootstrap analysis (500 replications) was also donesed the HKY model of the substitution process (Hasegawa et al. 1985)

with the actin data set using a weighted (RC index over the intervalwith the transition/transversion ratio calculated from the data set with

1-1000) maximum-parsimony analysis [PAUP Version 3.1.1 (Swof-a gamma distribution model of rate heterogeneity (four rate categories).

ford 1993)] with a heuristic search procedure and a branch-swapping@ne thousand puzzling steps were used for the analysis.

algorithm. The tree resulting from the maximum-parsimony analysis

was loaded into the MacClade program (Version 3.04) (Maddison and

Maddison 1992) and the divergence pointd/efsostigmand the other Results and Discussion

green algae were rearranged to determine the costs of these changes in

oyerall tree Iength. _In addi_tion, the actin data were sub_je_ct_ed to aactin Gene Copy NumbeThe single bands resolved in

distance aqalyss with a Klm_ura model and a rjelghbor-Jow_ung treethe Southern analyses bfesostigmeandScherffeliage-

reconstruction [PHYLIP Version 3.5c (Felsenstein 1997)]. Five hun- . . . . .

dred bootstrap replications were done with the distance method. nomlc DNA _are consistent W'th there being single-copy
The results of these phylogenetic analyses were further tested wit@Ctin genes in these taxa (Figs. 1B and D). These results

a LogDet analysis (Lockhart et al. 1994). The LogDet is a transforma-are not proof, however, of single actin genesMeso-

Fig. 1. A Actin gene ofMesostigma viridenferred from cDNA and genomic sequences. The PCR primers used to isolate the genomic actin
sequence fronMesostigmaare underlined.Introns within theMesostigmaactin gene are shown iowercase lettersThe intron located at the’5
terminus of the gene is positioned outside the protein-coding sequence. The actin-specific PCR primer sequences used to isolate partial actin c
sequences fror8pirogyraare shown irboldface lettersB Southern analysis dflesostigmayenomic DNA. DNAs were restricted witBarmH| and

Pvul. C Photograph of a 1% agarose gel containing the PCR products from an analysis of actin gene-copy number in genomic DNA fro
SelaginellaSel.) andViesostigmgMes.).D Southern analysis @cherffeliagenomic DNA using the restriction enzymiesaR| andHindlll. These
Southern and PCR analyses are consistent with there being single-copy actin gelesegtigmaand Scherffelia.
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stigmaand Scherffeliabecause the actin-annealing frag- 1990; SteinKtter et al. 1994; Malek et al. 1996; Fried|
ments may be loci which contain multiple genes. Alter-1997; Huss and Kranz 1997). That the Prasinophyceae
natively, the probes may have hybridized exclusively, or(i.e., ScherffeliaandMesostigmaappear as paraphyletic
with a significantly higher efficiency, with their homo- lines within the green lineage in Fig. 2 is also not sur-
logues than with paralogous actin gene family membersprising. Analyses of SSU rDNA sequences have demon-
To address these issues, we tested for the presence sitated that other members of the Prasinophyceae arise as
multiple actin genes itMesostigmawith PCR analyses multiple independent lineages at the base of the radiation
using different combinations of conserved amplificationof the chlorophytes, ulvophytes, and trebouxiophytes
primers. The results of these analyses with genomigSteinkdter et al. 1994; Melkonian and Surek 1995; Mel-
DNA from Mesostigmaand from the spike-mosSe-  konian et al. 1995)Scherffelia,for example, is posi-
laginella apoda(for comparison) are shown in Fig. 1C. tjoned here within the near-simultaneous radiation of the
The Fern5 and 142F forward primers, in combination«zdqyanced” prasinophytes (Chlorodendrales) and the
yvith the Ac3 reverse primer, resylt in two dis_tinct bands Trepouxiophyceae and Chlorophyceae as in the rDNA
in the PCR reactions witiSelaginellagenomic DNA.  yrees (Steinkier et al. 1994). Members of the remaining
Sequence analyses show that 8maginellaPCR frag-  orders of prasinophytes that have been positioned in
ments encode two closely related actin genes with intronpnA trees Mantoniella squamatdMamiellales),Ne-
lengths accpunting fqr their size difference. SO“themphroseImis olivacea, Pseudoscourfieldia mariRseu-
analyses with genomic DNA from this taxon show two doscourfieldiales) Pterosperma cristatun{Pyrami-

cross-reacting fragments when probed with the large?nonadales)] also fall on the Chlorophyta side of the
actin-encoding fragment (Bhattacharya and S.S. An, un

. ) o green lineage radiation (Melkonian et al. 1995). Impor-
published data). These same primer combinations resuﬁﬂmly Mesostigma(Pyramimonadales) is positioned
in single fragments in thdMesostigmaPCR amplifica- '

tions. The 244F and Ac3 primer combination also resultshere’ with significant bootstrap support, at the base of the

'Sl cearbard haMescsigmagnonic DA 09E1Y'S 0 0 pens 1 @ e phyoserere
is used in the PCR reaction. The lengths of Meso- yses. y sugg parapny

. . . . . origin of the Pyramimonadales but identifies the single-
stigmagenomic actin PCR fragments are consistent with . . .
celled Mesostigmaas the earlest divergence within the

those predicted from the complete genomic Sequencgtreptophyta. Our phylogenies provide the first unam-

shown in Fig. 1A (e.g., 1466 nt with primers Fern5 and . . . .

Ac3). These results provide additional support for abllgu.ous evidence fort-he basal p0§|t|0n ofaprasmophxte

single actin gene iMesostigmebut do not rule out the within the land plant lineage and |s_supp0rted by previ-

possibility that the actin primers selectively anneal to alus SsU rDNA Séquence comparisons that te_ntat|vely
» placed Mesostigmain this position, however, without

particular actin gene which then forms the “founder o .
sequence for subsequent amplifications. This would reP00tstrap support [52% (Melkonian et al. 1995)]. The

sult in the absence of other, more divergent, gene familyctin-coding region appears to have greater resolving
members in the PCR-products. Though we do not di{POWer in this portion of the green lineage phqugeny.
rectly address this point, we have successfully used the e @lso used the MacClade program (Maddison and
Fern5, 142F, and 244F PCR primers, in combinationMadQ'SO” 1992) to alter th.e topology pf the consensus
with the Ac3 reverse primer, to identify members of tree inferred from the weighted maximum-parsimony
divergent actin gene families from a wide variety of Pootstrap analysis. This phylogeny had a length of 499
green plants including the fern®silotum triquetrum, Steps when included in an unweighted parsimony analy-
Anemia phyllitidis, Adiantunsp., andCycassp. (Bhat-  Sis. In these analysebesostigmavas repositioned (1)
tacharya and An, unpublished data). We therefore do nodt the base of the Chlorophyta, (2) as a monophyletic
think that these primers recognize sequences in only ongister taxon ofScherffelia,and (3) as a monophyletic
subset of actin genes. A more thorough analysis using &ister taxon oBpirogyraor ColeochaeteThese analyses
known single-copy gene probe froMesostigmaas a  show that five characters change unambiguously on the
control in Southern analyses is required, however, tdranch unitingMesostigmawith the Streptophyta and
prove the presence of a single actin gene in this taxonthat an additional five steps are required to mdieso-
stigmato the base of the Chlorophyta. An additional 16
Phylogeny of ActinsThe maximum-likelihood, maxi- steps are required to force monophyly esostigma
mum-parsimony and neighbor-joining phylogenetic and Scherffelia(i.e., a monophyletic Prasinophyceae),
analyses of actin sequences show strong bootstrap supshereas an additional 10 and 8 steps are required for the
port for the subdivision of the green lineage into two monophyly ofMesostigmaand eitherSpirogyraor Co-
groups defined by the Chlorophyta (exceptiMeso- leochaete,respectively. Taken together, these results
stigmg on the one side and the Streptophyta on the otheprovide additional support for the paraphyly of the Pra-
(Fig. 2A). The LogDet and Quartet Puzzling trees agreesinophyceae shown by all the phylogenetic analyses and
with this result (Fig. 2B). These trees are consistent withare consistent with the positioning bfesostigmaas an
previous molecular phylogenies (Manhart and Palmerearly divergence within the Streptophyta with its branch
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point preceding those of the Charophyceae (Bpiro-  identical orientation to the flagellar roots as are the MLS
gyra, Coleochaete in the charophytes (Melkonian 1989). The existence of
MLS alone does not, however, provide clues to the an-
Actin Intron PositionsTo test our findings further we cestry of charophytes/embryophytes since these struc-
isolated and sequenced the single-copy (see Fig. 1Afures are also found in other prasinophytes [ePgero-
actin gene fronMesostigmao determine the distribution sperma cristatunfinouye et al. 1990)] and in other algal
of spliceosomal introns. Thiesostigmaactin gene is  groups [e.g., Trentepohliales, Ulvophyceae (Graham and
interrupted by only two introns within the protein-coding McBride 1975), Glaucocystophyta (see Bhattacharya et
region, which occur at positions, 20-3 and 152-1,al. 1995)] and are likely of a primitive origin (i.e., found
whereas the vast majority of the embryophyte actinin the common ancestor of the crown group radiation).
genes [over 50 genes have been characterized (see Moniz In conclusion, we provide phylogenetic evidence that
de Saand Drouin 1996)] contain these same two intronsthe charophytes/embryophytes had a flagellate ancestry
and have a third intron at position 356-3. Some embryo-and thatMesostigmas an extant descendant of this com-
phytes have lost secondarily one or more of these conmon ancestor. Sincilesostigmahas an eyespot, it is
served introns [e.g., th&triga asiatica SAAQ gene likely that this character is primitive and has been sec-
lacks the 152-1 intron (Florea and Timko 1997)]. Thus,ondarily lost within the charophytes. Interestingly, the
the actin genes oMesostigmaand the embryophytes genusMesostigmas found only in freshwater habitats,
show a remarkably similar intron pattern. In contrast,in contrast to most other prasinophytes, which mainly
actin genes of the Chlorophyceae have a much moréive in marine habitats or have both marine and freshwa-
complex gene organizatioolvoxandChlamydomonas ter members (Melkonian 1990). This easily cultivable
have eight introns (20-3, 52-3, 101-3, 123-3, 139-3, 197green alga, which is available from culture collections,
1, 248-3, 310-1), of which only one (20-3) is shared with therefore provides a unique opportunity to study the de-
Mesostigmaand the embryophytes. Given the ongoing velopment of genetic complexity within a evolutionarily
discussion on intron loss versus intron gain or possiblyhomogeneous group of organisms that spans the gradient
both events during eukaryotic evolution (Kwiatowski et of evolution from single cells to morphologically com-
al. 1995; de Souza et al. 1996), we cannot discriminatelex land plants.
between a massive intron loss in tiMesostigma
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