
Actin Gene Family Dynamics in Cryptomonads and Red Algae

Goro Tanifuji • John M. Archibald

Received: 19 February 2010 / Accepted: 26 July 2010 / Published online: 11 August 2010

� Springer Science+Business Media, LLC 2010

Abstract Here we present evidence for a complex evo-

lutionary history of actin genes in red algae and crypto-

monads, a group that acquired photosynthesis secondarily

through the engulfment of a red algal endosymbiont. Four

actin genes were found in the nuclear genome of the

cryptomonad, Guillardia theta, and in the genome of the

red alga, Galdieria sulphuraria, a member of the Cya-

nidiophytina. Phylogenetic analyses reveal that the both

organisms possess two distinct sequence types, designated

‘‘type-1’’ and ‘‘type-2.’’ A weak but consistent phyloge-

netic affinity between the cryptomonad type-2 sequences

and the type-2 sequences of G. sulphuraria and red algae

belonging to the Rhodophytina was observed. This is

consistent with the possibility that the cryptomonad type-2

sequences are derived from the red algal endosymbiont that

gave rise to the cryptomonad nucleomorph and plastid. Red

algae as a whole possess two very different actin sequence

types, with G. sulphuraria being the only organism thus far

known to possess both. The common ancestor of Rhodo-

phytina and Cyanidiophytina may have had two actin

genes, with differential loss explaining the distribution of

these genes in modern-day groups. Our study provides new

insight into the evolution and divergence of actin genes in

cryptomonads and red algae, and in doing so underscores

the challenges associated with heterogeneity in actin

sequence evolution and ortholog/paralog detection.
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Introduction

Actin is an important eukaryotic protein well known for

its essential role in cytoskeletal formation, cell division

and many other cellular processes (Zheng et al. 2009).

Due to its ubiquity and high degree of sequence conser-

vation, actin is often used as a phylogenetic marker for

higher-level eukaryote systematics (e.g., Baldauf et al.

2000; Bhattacharya and Weber 1997; Keeling 2001;

Leander and Keeling 2004; Voigt and Wostemeyer 2001).

In land plants and animals, actin is typically encoded by a

complex gene family resulting from gene duplication and

diversification (Bhattacharya et al. 2000), and the

expression of the actin gene duplicates can differ

depending on the tissue type and developmental stage in

these multicellular organisms (Meagher et al. 1999). In

contrast, in unicellular members of the green algae, al-

veolates and some other algal lineages such as hetero-

konts, actin genes are generally believed to occur as a

single copy (Bhattacharya and Ehlting 1995; Bhattacharya

et al. 1991, 1998; Goodner et al. 1995; Leander and

Keeling 2004). However, recent studies showing actin

gene multiplicity in some unicellular algal lineages such

as red algae (e.g., Wu et al. 2009) suggest that there is still

much to learn about actin gene family evolution in

eukaryotes and that paralogy may be more of a con-

founding factor in the interpretation of actin gene/protein

trees than originally believed.
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Cryptomonads are an important group of unicellular

algae that evolved photosynthesis by a ‘‘secondary’’

endosymbiotic event between a bi-flagellated host and a

red algal endosymbiont (Archibald 2007, 2009b; Cavalier-

Smith et al. 1996; Douglas and Penny 1999). Together with

the chlorarachniophytes, cryptomonads are of particular

evolutionary significance by virtue of the fact that the algal

endosymbiont nucleus still persists in a miniaturized form

called a ‘‘nucleomorph,’’ a situation that does not exist in

any other secondary plastid-containing group (Reyes-Prieto

et al. 2007; Gould et al. 2008). Nucleomorph genomes are

the most highly reduced and compact nuclear genomes

known (Douglas et al. 2001; Moore and Archibald 2009).

The extent to which the nuclear genome of cryptomonads,

and indeed all secondary plastid-containing algae, is an

amalgam of eukaryotic genes from both the host and the

endosymbiont is an open question, one with important

implications for deep eukaryote phylogeny (Elias and

Archibald 2009; Lane and Archibald 2008; Moustafa et al.

2009).

In 2000, Stibitz et al. discovered two distinct types of

actin genes in the cryptomonad Pyrenomonas helgolandii.

In their phylogenetic analyses, one of these genes grouped

together with homologs from other photosynthetic crypto-

monads as well as Goniomonas, a non-photosynthetic and

plastid-lacking cryptomonad (McFadden et al. 1994). The

second actin gene, much more divergent in nature, bran-

ched with a red algal actin sequence, suggesting that it

could be of secondary endosymbiotic origin. More

recently, actin genes of apparent red algal origin were

found in P. helgolandii, Guillardia theta and several

Rhodomonas species by Tanifuji et al. (2006) and were

confirmed to be present in the nuclear genome of these

organisms, not in the nucleomorph genome. These results

suggested that at some point during cryptomonad evolution

actin genes encoded in the endosymbiont nuclear genome

were transferred to the host nucleus, with their protein

products acquiring a function in the host cytosol. However,

statistical support for the relationship between the crypto-

monad and the red algal actins was weak and the phylog-

enies were complicated by the divergent nature of both the

red algal and presumed to be nucleomorph-derived actin

genes (Tanifuji et al. 2006). Indeed, and as mentioned

above, it is now known that some species of red algae have

multiple actin genes and in some cases, each gene has a

different evolutionary rate (Hoef-Emden et al. 2005; Kitade

et al. 2008; Le Gall et al. 2005; Wu et al. 2009; Zuccarello

et al. 2009).

Here, we present an analysis of four actin genes from the

nuclear genome of the cryptomonad G. theta and four actin

genes from the red alga Galdieria sulphuraria. Phyloge-

netic analysis of these sequences in the context of actin

proteins from across the full breadth of eukaryotic diversity

suggests that gene duplication and differential gene loss

have been an important factor in the evolution of the actin

gene family in red algae. Consideration of intron–exon

positions in the G. theta actin genes assisted in determi-

nation of inter-relationships between these four genes and

revealed a probable case of reverse transcriptase-mediated

complete intron loss.

Materials and Methods

Actin Gene Finding, Intron, and Target Peptide

Prediction

A BLAST-based search for actin genes in the nuclear

genome of the cryptomonad Guillardia theta was carried

out against a preliminary 8X genome assembly generated

by the Community Sequencing Program of the Joint Gen-

ome Institute (JGI) (http://www.jgi.doe.gov/sequencing/

why/50026.html). The Galdieria sulphuraria genome

project database (Weber et al. 2004) (http://genomics.msu.

edu/galdieria/) was also searched using tBLASTn (Altschul

et al. 1997) with the red algal-like actin protein sequence of

Pyrenomonas helgolandii (AF284835) used as a query with

an e value cutoff of \0.01. Preliminary protein sequences

were inferred based on these tBLASTn results. In order to

confirm whether the resulting G. theta genes did indeed

encode bona fide actin homologs, preliminary phylogenetic

trees were constructed using an alignment that included

diverse actin sequences as well as actin-related proteins

from Arabidopsis thaliana and actin super-family sequen-

ces from the green algae Chlamydomonas reinhardtii,

Volvox carteri and Micromonas sp. RCC299. Only homo-

logs that were ‘‘true’’ actin proteins (i.e., not actin-like

sequences) were used in subsequent analyses. A total of

four actin genes were found in both the G. theta and the

G. sulphuraria genomes.

In the case of G. theta, complete actin cDNA sequences

were successfully amplified and sequenced by RT–PCR

and 50/30 RACE (see below) for 3 of the 4 actin genes

identified by BLAST (designated G. theta actins 1, 2, and

3). To verify predicted intron positions, alignments

between genomic and complete cDNA sequences were

generated using MEGA 4.0 (Kumar et al. 2008; Tamura

et al. 2007). Since amplification of a cDNA from the

G. theta actin 4 gene was not successful, intron/exon

positions for the actin 4 gene of G. theta were predicted

solely by comparison to the other two divergent actin genes

and their inferred protein sequences.

For Galdieria sulphuraria, scaffolds containing actin

genes were downloaded from the G. sulphuraria genome

database and imported into the Artemis genome assembly

software (release 11.22; Rutherford et al. 2000). Intron–exon
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boundaries were determined by aligning genomic DNA and

EST sequences. In the case of G. sulphuraria actins 1 and 2,

no ESTs were identified; protein sequences were therefore

inferred from these genes using other actin proteins as a

guide. To compare intron positions in the actin genes of both

G. theta and G. sulphuraria, we used the actin gene on

chromosome VI of Saccharomyces cerevisiae (EMBL Ref-

Seq Genome database, accession and locus no. NC_001138)

as a reference, as was done by Hoef-Emden et al. (2005).

Actin proteins were examined manually for the presence

of amino (N)-terminal extensions that could serve as tar-

geting peptides. The N-terminal regions of new proteins

from G. theta and G. sulphuraria were searched for the

presence of signal or transit peptide sequences using

iPSORT (http://ipsort.hgc.jp/; Bannai et al. 2002).

RNA Extraction, RT-PCR, and 50/30 Rapid

Amplification of cDNA Ends (RACE)

Total RNA from G. theta was extracted using Trizol

reagent (Invitrogen, Carlsbad, California) according to the

manufacture’s instructions. DNase I treatment was per-

formed at 37�C for 20 min. In order to remove DNase I, the

sample was purified by phenol/chloroform extraction and

ethanol precipitation.

50/30 RACE was performed using the 2nd Generation 50/
30 RACE kit from Roche Diagnostics (Mannheim, Ger-

many) according to the manufacturer’s instructions with

the following modifications. Primer sequences used to

synthesize first-strand 50 cDNA ends were as follows:

host_50_sp1 (50-GATGGAGGAGGACTGGGCA-30) for

G. theta actin 1, sca164_50_606_629_sp1 (50-TATCCTC

TCTCAGACAGCAGC-30) for actin 2, and sca708_50_
LA1_sp1 (50-GCTCATTCCCAATTGCGATGACCTGTC

C-30) for actin 3. For the first PCR of 50 RACE experi-

ments, a poly-T forward primer and the following reverse

primers were used: host-50_sp2 (50-CGCTCGGTGAGGAT

CTTCAT-30) for actin 1, sca164_50_320_345_sp2 (50-ATG

GGATGCTCGTCGGGCAAG-30) for actin 2, and sca708_

50_1_sp2 (50-AGATTTCTCCAGGTCATTGGATTCA-30)
for actin 3. A second PCR was done only for the actin 3

gene using a common PCR anchor primer, which was

included in the RACE kit, and primer sca708_50_sp3 (50-AG

ACATTACTGCTTGCACTGCGAC-30).
For 30 RACE, total RNA was reverse transcribed using a

poly-T primer. The first PCR reactions were performed

using an anchor primer and specific primers as follows:

host 30_sp1 (50-ATGAAGATCCTCACCGAGCGCGGCTA

CTCC-30) for actin 1, sca164_30_sp1 (50-CAATCTTGA

GGCTTGACCTTGCTG-30) for actin 2, and sca708_30_sp1

(50-CTGTACCAATCTATGAAGGCTATGC-30) for actin

3. A second PCR was also performed using an anchor

primer and the following second PCR-specific primers:

host 30_sp1 (50-TCCTCCTCCATCGAGAAGTCC-30) for

actin 1, sca164_30_sp1 (50-CGTGATCTTACCGAATACA

TGTGC-30) for actin 2, and sca708_30_sp1 (50-CTCGAC

ATCTGCAGAGCAAGAGAT-30) for actin 3.

Primer sequences for RT-PCR were as follows: host_

425_450_F (50-CATGTACGTCGCCATCCAGGCTGTGC

TCT-30) and host_839_859_R (50-CGTGGATGCCAGCC

GACTCGAGTCCGATG-30) for actin 1, sca164_320_

345_F (50-CTTGCCCGACGAGCATCCCATCCTAGTC-30),
and sca164_R (50-TCTCATATGAGACTTCGCAATCAT

TAGAGGTT-30) for actin 2, and sca708_320_348_F

(50-TATACCGGAAGAACATCCTGTCCTATTGA-30) and

sca708_717_745_R (50-AGATTTCTCCAGGTCATTGGT

TCAGCGGC-30) for actin 3.

All PCR reactions were performed using the following

general conditions: 94�C for 10 min, followed by 30 cycles

of 94�C for 15 s, 55�C for 30 s, 72�C for 45 s. PCR

products were cloned into the p-GEM easy T vector

(Promega, Madison, WI, USA). At least three independent

bacterial colonies were grown in LB broth overnight and

the plasmids were extracted using the QuickLyse Miniprep

Kit (Promega, Madison, WI, USA). Plasmid inserts were

sequenced using the CEQ Dye Terminator Cycle

Sequencing Kit (Beckman Coulter, Inc., Fullerton, CA,

USA) and a Beckman Coulter CEQ8000 capillary DNA

sequencer. The G. theta sequences determined in this study

have been submitted to the DNA Data Bank of Japan

(DDBJ) under the following accession numbers: G. theta

actin 1, AB544304; G. theta actin 2, AB544305; G. theta

actin 3, AB544306; G. theta actin 4, AB544307.

Phylogenetic Analysis

Multiple sequence alignments of actin proteins were con-

structed and edited using the CLUSTAL W option of the

MEGA 4.0 sequence alignment package. All positions

containing gaps and missing data were removed. The

dataset consisted of actin proteins including 288 unam-

biguously aligned amino acid positions and 102 operational

taxonomic units (OTUs).

Phylogenetic analyses based on actin protein sequences

were carried out using maximum likelihood (ML),

Bayesian inference (BI), neighbor joining (NJ), and max-

imum parsimony (MP) methods. In order to select an

appropriate amino acid substitution model for ML analysis,

the likelihood ratio test was performed using ProtTest

version 10.2 (Abascal et al. 2005). ML phylogenetic trees

were constructed using RaxML version 7.0.4 (Stamatakis

et al. 2008) with the RtRev substitution matrix and Gam-

ma ? Invar model (4 site rate categories). Starting trees for

RaxMl analyses were generated using a single MP tree and

with 10 randomly swapped MP trees. Bootstrap values
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were calculated using the rapid bootstrap method and the

CAT model with 1,000 replicates.

The same alignment and evolutionary models were used

for BI methods using MrBayes 3.1.2 (Altekar et al. 2004;

Ronquist and Huelsenbeck 2003). Simultaneous Markov

chains were run for 5,000,000 generations, sampling every

100 generations. The first 5,000 of 50,000 trees were dis-

carded as ‘‘burn-in.’’ Posterior probabilities for each node

were obtained with MrBayes 3.1.2. MP and NJ methods

were carried out with the JTT substitution matrix and

Gamma (4 site rate categories) using MEGA 4.0, and

bootstrap values for the MP and NJ analyses were based on

1,000 replications.

Genetic Distances Among Three Divergent G. theta

Actin Genes

Two datasets were constructed to compute genetic dis-

tances between the actin 2, 3, and 4 genes of G. theta. The

first dataset contained 1,113 bp of exon DNA sequences

aligned with clustal W and inspected manually. For the

second dataset, five introns present in all three genes at

amino acid positions 73, 218, 246, 281, and 351 (relative to

the S. cerevisiae actin, see above) were aligned individu-

ally using clustal W and inspected by eye, and then con-

catenated to produce a second data set containing a total of

222 bp of intronic sequence. All positions containing gaps

and missing data were removed. The number of base

substitutions per site was examined by pair-wise sequence

analysis with MEGA 4.0. Analyses were conducted using

the maximum composite likelihood method. Rate variation

among sites was modeled on a gamma distribution with

four rate categories.

Results

Novel Actin Genes from the Cryptomonad Guillardia

theta and the Red Alga Galdieria sulphuraria

Preliminary tBLASTn searches of the G. theta nuclear

genome identified seven scaffolds as containing actin gene

candidates with e values \0.01. In order to determine

whether these genes represent classical actin loci or more

distantly related actin paralogs, a preliminary phylogenetic

tree was constructed from an amino acid alignment

containing a broad set of actins together with a variety of

actin-related proteins from Arabidopsis thaliana, Chla-

mydomonas reinhardtii, Volvox carteri, and Micromonas

sp. RCC299. Four of the seven G. theta actin genes cor-

respond to proteins that branched with the ‘‘true’’ actin

clade (data not shown) and were thus designated actin

genes 1, 2, 3, and 4 (Table 1). Complete cDNA sequences

of actins 1, 2, and 3 (but not 4) were successfully amplified

by RT-PCR and 50/30 RACE, allowing the presence and

position of spliceosomal introns to be determined. Actin 1

did not contain any introns, while actins 2, 3, and 4 con-

tained 14, 13, and 11 introns, respectively, ranging from 45

to 237 bp in size. A significant degree of similarity in the

intron positions of these three genes was observed (see

below). Actin genes 1 and 3 corresponded to the partial

actin sequences published previously (Stibitz et al. 2000,

AF 284835; Tanifuji et al. 2006, AB126028), while actins

2 and 4 have not been identified before. None of the actin

protein sequences presented here for G. theta were found to

possess obvious amino terminal signal and/or transit pep-

tide sequences characteristic of nucleus-encoded, plastid-

or periplastid-targeted proteins (data not shown). We thus

assume, as did by previous authors (Stibitz et al. 2000;

Tanifuji et al. 2006), that their protein products function in

the host cell cytoplasm.

Eight scaffolds in the Galdieria sulphuraria genome

supercontig database (Build 3.0, May 2007) were found to

contain actin or actin-related genes on the basis of a

tBLASTn search. Protein sequences were inferred and

subjected to preliminary phylogenetic analysis, resulting in

four scaffolds (stig_0, 9, 11, and 29) being found to contain

canonical actin genes. Gene models for four of these genes

were present in the ‘‘Build 3.0’’ database (stig_0.Gs

01760.1, stig_9.Gs15600.1, stig_11.Gs17630.1, and stig29.

Gs35290.1), the latter two corresponding to sequences in

the G. sulphuraria EST database (gi|00000756 and

gi|00000116, respectively). The sequences derived from

the stig_0.Gs01760.1 and stig_9.Gs15600.1 scaffolds were

not found in GenBank or the NCBI EST database. The four

G. sulphuraria actin genes are referred to herein as actin 1

(stig_11.Gs17630.1), actin 2 (stig29.Gs35290.1), actin 3

Table 1 Actin genes from the cryptomonad Guillardia theta and the

red alga Galdieria sulphuraria, along with their accession numbers

(G. theta) or coding sequence (CDS) prediction IDs (G. sulphuraria)

Species Genes Accession number

Guillardia theta Actin 1 AB544304

Actin 2 AB544305

Actin 3 AB544306

Actin 4 AB544307

CDS prediction ID

Galdieria sulphuraria Actin 1 Stig_0.Gs01760.1

Actin 2 Stig_9.Gs15600.1

Actin 3 Stig_11.Gs17630.1

Actin 4 Stig29.Gs35290.1

CDS prediction IDs for Galdieria sulphuraria, Build 3.0, Mar. 2007,

were retrieved from the Galdieria sulphuraria Genome Project

database (http://genomics.msu.edu/galdieria/index.html)
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(stig_0.Gs01760.1), and actin 4 (stig_9.Gs15600.1)

(Table 1). A search for additional actin genes in the gen-

omes of the red alga Cyanidioschyzon merolae and the

haptophyte Emiliania huxleyi uncovered no novel

sequences.

Phylogenetic Analyses

Molecular phylogenetic analyses of 102 actin protein

sequences from across the eukaryotic tree were carried out

using maximum likelihood (ML), neighbor-joining (NJ),

maximum parsimony (MP), and Bayesian inference (BI)

methods (Fig. 1). As shown previously (Stibitz et al. 2000;

Tanifuji et al. 2006), cryptomonad actin sequences are

partitioned into two very distinct clusters. These were

arbitrarily designated ‘‘type-1’’ and ‘‘type-2,’’ with the

G. theta actin gene 1 belonging to the former and genes 2,

3, and 4 belonging to the latter. The cryptomonad type-1

clade possesses sequences with relatively short branch

lengths, while the type-2 clade is much more divergent (in

particular the G. theta actin 4 sequence) and corresponds to

the clade that was shown previously to have affinity to red

algal sequences and was touted as being of secondary

endosymbiotic origin (Stibitz et al. 2000; Tanifuji et al.

2006). Overall, phylogenies constructed from DNA

sequence alignments (with all three codon positions as well

as 1st and 2nd positions only) showed very similar

branching patterns to those seen in the protein-based tree

(Fig. 1; data not shown).

Unexpectedly, the red algal actin protein sequences also

partition into two highly distinct clusters (arbitrarily ‘‘type-

1’’ and ‘‘type-2’’). The type-2 clade includes all members

of the subphylum Rhodophytina (as in Yoon et al. 2006)

for which sequences are known, as well as the actin 1 and 2

homologs of G. sulphuraria, a member of the Cyanidio-

phytina, which branch at the base of this group with

maximum support (Fig. 1). The type-1 red algal actin clade

consists of the actin 3 and 4 genes/proteins from G. sul-

phuraria, as well as single homologs from Cyanidioschy-

zon merolae and Cyanidium caldarium. Significantly,

G. sulphuraria possesses actin homologs that branch in

both the type-1 and -2 clades. In the context of this large

phylogeny, the cryptomonad type-2 clade branches adja-

cent to a red algal type-2 and haptophyte clade, although,

there is no support for this position (Fig. 1).

Given that the G. theta actin 4 protein and, to a lesser

extent, the red algal type-2 proteins are quite divergent in

our phylogenies, additional trees were constructed from

alignments excluding actin 4 of G. theta and red algal type-

2 actin proteins, with the exception of those from G. sul-

phuraria, to reduce potential long branch attraction arti-

facts. The overall topology of this tree (Fig. S1) was

essentially the same as that shown in Fig. 1.

Actin Introns

Figure 2 shows the positions of introns and intron phases in

the G. theta and the G. sulphuraria actin genes, using the

actin protein of the yeast Saccharomyces cerevisiae as a

reference. Since the cDNA sequence of actin 4 from

G. theta was unavailable, the intron positions and phases of

actin 4 were predicted by comparison to the other actin

gene sequences. As noted above, G. theta actin genes 2, 3,

and 4 contain numerous introns, many of which are in

homologous positions (including the same intron phase)

and share significant sequence similarity (see below).

Actins 2 and 3 share 6 intron positions (4 of the 6 introns in

the same position were also in the same phase), while

actins 2 and 4 share 5 intron positions (4 of 5 phases were

shared). Actins 3 and 4 share 11 introns (10 of 11 phases

were shared). Overall, 5 introns (amino acid positions 73,

218 246, 282, and 351) are shared among the three G. theta

actin genes designated as type-2.

In the case of the red alga Galdieria sulphuraria, actins

3 and 4, which belong to the red algal type-1 clade, contain

introns whereas actins 1 and 2 possess no introns at all.

G. sulphuraria actin 3 contains seven introns correspond-

ing to amino acid positions 52, 73, 113, 157, 177, 221, and

246. Actin 4 contains each of these introns (in the same

phase as their counterparts in actin 3) plus an eighth intron

near the 30 end of the gene. Two intron positions (73 and

246) were shared among actins 2, 3, and 4 of G. theta and

actins 3 and 4 of G. sulphuraria (Fig. 2).

Pair-Wise Comparisons of Actin Genes in G. theta

Table 2 shows the results of pair-wise distance calculations

of both exonic and intronic regions for the actin 2, 3, and 4

genes of G. theta. 1,113 bp of exon was used. The highest

degree of similarity was found to be 0.365 between actins 2

and 3. The greatest distance was 0.684 between actins 2

and 4. In order to infer genetic distances among introns, 5

homologous intron sequences were aligned independently,

and a 222 bp concatenate was used for pair-wise analyses.

The highest degree of similarity was 0.788 between actins

3 and 4, while the greatest difference was found to be 1.698

between actins 2 and 4.

Discussion

The main rationale for this study was to better understand

the origin and the evolution of divergent actin genes in

cryptomonads relative to red algal actins. To that end, we

analyzed four actin coding genes from the nuclear genome

of the cryptomonad Guillardia theta as well as four novel

actins from the red alga Galdieria sulphuraria, a member
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of the Cyanidiophytina. Phylogenetic analyses show that

the actin genes from both cryptomonads and red algae are

divided into two distinct clusters in the context of global

eukaryote phylogeny (Fig. 1); although, not all red algae

appear to possess both types. Actin is, on the whole, one of

the most highly conserved proteins in eukaryotes, but the

Cryptomonads
(type-1)

Cryptomonads
(type-2)

Red algae (type-1)

Glaucophytes

Fungi

Plants and green algae

Apicomplexans

Dinoflagellates

Stramenopiles

Excavates

Rhizarians

Animals

Haptophytes

Kathablepharids

Amoebozoans

Red algae (type-2)

--/95
--/--

81/91
--/1.00

99/100
99/1.00

99/100
96/1.00

--/100
84/--

89/80
--/1.00

100/100
100/1.00

100/100
100/1.00

--/97
--/0.95

Drosophila melanogaster
Danio rerio

Homo sapiens

Cyprinus carpio
Xenopus laevis

100/100
100/1.00

100/100
100/1.0086/--

--/1.00

80/92
81/0.96

100/100
100/1.00

99/98
97/0.96

98/99
99/1.00--/81

--/--

100/100
100/1.00 100/100

99/1.00

86/85
84/1.00

90/93
--/0.99

100/100
100/1.00

100/100
100/1.00 91/91

--/1.00

97/100
100/1.00

100/100
100/1.00

87/95
91/1.00

100/100
100/1.00

0.3

95/100
100/1.00

--/92
80/1.00

Cyanophora paradoxa
Glaucocystis nostochinearum

Ustilago maydis
Cryptococcus neoformans

Schizosaccharomyces pombe

Candida glabrata

Coccidioides immitis
Yarrowia lipolytica

Torenia fournieri actin1
Arabidopsis thaliana

Oryza sativa
Vitis vinifera

Medicago truncatula
Chlamydomonas reinhardtii IDA5
Volvox carteri

Micromonas pusilla
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Theileria annulata
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Fig. 1 Maximum likelihood phylogenetic tree constructed from an

alignment of 102 actin proteins and 288 amino acid sites using

RaxML. Support values are as follows: numbers above branches are

bootstrap support percentages from ML (left) and NJ (right) analyses,

numbers under branches are bootstrap values from MP analysis (left)
and Bayesian posterior probabilities (right). No numbers are shown

where bootstrap support was less than 80% or posterior probabilities

were less than 0.8. Arrowheads show new actin proteins from the

cryptomonad Guillardia theta and the red alga Galdieria sulphuraria.

Scale bar indicates inferred number of amino acid substitutions per

site
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branch lengths leading to both the red algal type-2 and the

cryptomonad type-2 clades were relatively long when

compared to those of most other major algal clades. This is

consistent with the results of previous studies (Stibitz et al.

2000; Tanifuji et al. 2006). Having ruled out the (remote)

possibility that these two divergent actin clusters in fact

belong to actin-related gene families, and are not canonical

actin genes, we conclude that these two families are the

result of gene duplications and/or endosymbiotic gene

transfer. Recently, it was reported that several algal lin-

eages, including red algae, encode conservative and/or

divergent actin genes (Wu et al. 2009). These different

isoforms were suggested to be the product of gene dupli-

cation events occurring after the major algal lineages

diverged. Our findings are similar in showing evidence for

lineage-specific gene duplications, but also suggest much

deeper paralogies in the evolution of red algal and cryp-

tomonad actins.

Origin and Diversification of Actin Genes

in Cryptomonads and Their Relationship to Red Algal

Homologs

We have designated the two classes of cryptomonad actin

genes as type-1 and -2. The type-1 clade includes

sequences from all previously examined cryptomonads

(Stibitz et al. 2000; Tanifuji et al. 2006), including the

plastid-lacking, deeply diverging species Goniomonas

truncata (McFadden et al. 1994). These facts are consistent

with the idea that the cryptomonad type-1 actin gene is the

host-derived version, present in the nucleus before cryp-

tomonads acquired photosynthesis by secondary endo-

symbiosis (Stibitz et al. 2000); although, it is not known

whether the cryptomonad plastid was acquired before or

after the divergence of Goniomonas from plastid-bearing

cryptomonads (see Archibald 2009a, b).

In contrast, the type-2 actins of cryptomonads form a

monophyletic group—albeit weakly supported—with

haptophytes and the red algal type-2 clade (Fig. 1). Stibitz

et al. (2000) first suggested that the P. helgolandii homo-

log, here designated as a type-2 sequence, is the product of

endosymbiotic gene transfer (Fig. 3a), because it branched

with the two red algal sequences available at that time.

However, these authors acknowledged the possibility that

this relationship might be due to a long-branch attraction

0.3 kb

actin 1 / actin 2

actin 3

actin 4

Galdieria sulphuraria

Type-2

Type-1

Phase

Position

Phase

Position

actin 1

actin 2

actin 3

actin 4

Guillardia theta

Type-2

Type-1

Phase

Position

Phase

Position

Phase

Position

Fig. 2 Distribution of introns in the Guillardia theta type-2 and

Galdieria sulphuraria type-1 actin genes. Boxes represent exons, lines
represent introns. Numbers above the lines indicate amino acid

positions relative to the yeast Saccharomyces cerevisiae (see text),

numbers under the line correspond to intron phase. Gray boxes

indicate same intron position, and dotted lines indicate introns in the

same position and in the same phase. The intron positions of G. theta
actin 4 were predicted by in silico analyses (see ‘‘Materials and

methods’’)

Table 2 Estimated evolutionary divergence of cryptomonad type-2

actin genes from Guillardia theta

Exons Introns

1 2 1 2

1. Actin 2

2. Actin 3 0.365 1.236

3. Actin 4 0.689 0.521 1.698 0.788

The number of base substitutions per site estimated from an analysis

of type-2 actin genes from G. theta is shown. All results are based on

the pair-wise analysis of 3 sequences. 1,113 bp of exonic sequence

was used. Five introns shared among the 3 actin genes were concat-

enated resulting in a total of 222 positions
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artifact, because the red algal actins and the P. helgolandii

homolog were relatively long branches, and the bootstrap

support for their monophyly was low. Our phylogenetic

trees, including those constructed from alignments with

reduced taxon sampling and more amino acid sites, were

consistent with the monophyly of cryptomonad type-2 and

red algal type-2 clades as well, although, bootstrap support

was always weak (data not shown). Given that actins 1 and

2 from the red alga G. sulphuraria serve, to some extent, to

break up the long branch leading to the base of the red algal

type-2 clade, we reasoned that the long branch attraction

problem might be reduced when compared to previous

phylogenetic analysis and a more highly resolved tree

might be the result. Unfortunately this was not the case

(Figs. 1, S1).

If the cryptomonad type-2 actins are not of red algal

endosymbiotic origin, where did they come from? The

most straightforward evolutionary scenario (Fig. 3b) is

that they are the result of a gene duplication of a cryp-

tomonad type-1 gene. However, as noted above our phy-

logenetic trees (and those published previously) provide

no evidence for a specific relationship between the type-1

and -2 clusters (Figs. 1, S1). Even when all red algal actin

genes and the divergent actin 4 of G. theta are excluded,

the cryptomonad type-2 clade still shows no affinity to the

cryptomonad type-1 clade or indeed any of the other

major algal clades (data not shown). If the type-1 and -2

actins are the product of gene duplication, it occurred

some time ago and the increase in evolutionary rate of the

type-2 sequences has apparently erased all traces of this

relationship, to the point that the two paralogs no longer

even branch together to the exclusion of sequences from

other eukaryotes.

The complete absence of introns in the G. theta actin 1

gene (Fig. 2) precludes consideration of conserved intron

positions between the type-1 and -2 genes of cryptomo-

nads. However, intron comparisons do add further strength

to our phylogenetic trees in suggesting that G. theta actins

2, 3, and 4 are recent duplicates of one another. These three

genes share five introns, and the highly divergent actin 4

shares all 11 of its introns with actin 3. Pair-wise distance

comparisons tell the same story: despite the extraordinarily

divergent nature of its protein sequence, the actin 4 gene is

still very similar to actin 3 in its intron sequences

(Table 2). It is possible that actin 4 is in fact a recent

pseudogene, as we were unable to amplify an actin 4 cDNA

by RT-PCR.

The nuclear genome of the cryptomonad G. theta is

being sequenced as part of the Joint Genome Institute’s

Community Sequencing Program, and preliminary inves-

tigations suggest that introns are abundant (Archibald

Laboratory, unpublished data). It is thus possible that the

intron free structure of the G. theta actin 1 gene is the result

of reverse transcriptase-mediated complete intron loss,

which is an established model for intron loss by homolo-

gous recombination between an intron-lacking cDNA and

the genomic locus from which it is derived (Mourier and

Jeffares 2003). In addition, only one type-1 sequence was

found in the 8X genome of G. theta, in contrast to Go-

niomonas and Rhodomonas species where multiple copies

were found (Tanifuji et al. 2006). More analysis is needed

to elucidate the evolutionary processes underlying this

variation in actin gene structure and copy number.

In sum, our analyses are consistent with—but by no

means prove—the hypothesis that cryptomonad type-2

actin genes are derived from red algae by endosymbiotic

a b c

red alga

Guillardia theta

EGT

Intron gain

or

or

type-1 type-2

Intron gain Intron loss

Gene loss
Ancestral red alga

Gene loss

Gene duplication or LGT

Cyanidioschyzon
                 merolae

Galdieria sulphuraria

Rhodophytina
Gene duplication

Gene
duplication

Guillardia theta

type-1 type-2
type-1 type-2

or

Gene duplication

Gene 
duplication

Fig. 3 Hypotheses for the evolution actin genes in cryptomonads and

red algae. a Evolutionary scheme showing an endosymbiotic gene

transfer (EGT) hypothesis for the origin of type-2 actin genes in

Guillardia theta and other cryptomonads. b Evolutionary scheme of

cryptomonad actin genes based on gene duplication. c Possible

evolutionary scenario for the evolution of multiple actin isoforms in

Galdieria sulfuraria and other red algae involving gene duplication/

loss and/or lateral gene transfer (LGT). Arrows within circles denote

gene duplication events
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gene transfer. It is possible that a much broader sampling

of cryptomonad type-1 and -2 genes, and in particular,

discovery of less divergent members of the type-2 clade,

will allow us to better infer their evolutionary origin. The

haptophytes also deserve closer attention, as the sequences

available at the present time show weak but consistent

affinity to the cryptomonad type-2 and red algal type-2

sequences, and not the cryptomonad type-1 cluster.

Actin Gene Phylogeny in Red Algae

The presence of multiple copies of actin genes in red algae

has been reported previously (Hoef-Emden et al. 2005; Le

Gall et al. 2005; Takahashi et al. 1998; Wu et al. 2009;

Zuccarello et al. 2009). The consensus view is that their

actin paralogs were produced by gene duplication after the

major red algal lineages diverged from one another.

However, our phylogenetic analyses show that the actin

genes from some red algae fall into two very distinct

clusters (Figs. 1, S1). Red algae are generally split into two

major lineages, Rhodophytina and Cyanidiophytina, on the

basis of their morphological and genetic features (Yoon

et al. 2006). All examined Rhodophytina species have

sequences in the red algal type-2 clade, and only two genes

from a member of the Cyanidiophytina, both from

G. sulphuraria, branch with the red algal type-2 clade. The

red algal type-1 clade currently consists solely of sequen-

ces from Cyanidiophytina species.

Evidence for ‘‘recent’’ actin gene duplication within the

Cyanidiophytina comes from consideration of the four

G. sulphuraria homologs and the presence and distribution

of their introns. G. sulphuraria actin 4 shares 7 of 8 intron

positions with actin 3 (Fig. 2). This is intriguing given that

the actin 3 homolog branches robustly with a single

C. merolae sequence, which does not contain any introns

(Matsuzaki et al. 2004), as well as a sequence from

Cyanidium caldarium (Figs. 1, S1). These data suggest that

the two type-1 actin gene copies in G. sulphuraria are the

product of gene duplication in the common ancestor of

G. sulphuraria, C. merolae, and C. caldarium, followed by

loss of one of the paralogs in C. merolae (and possibly

C. caldarium) as well of loss of introns in the remaining

gene. This is consistent with low intron density seen in the

small C. merolae genome (Matsuzaki et al. 2004; Nozaki

et al. 2007).

Overall, one scenario for actin gene evolution in red

algae (Fig. 3c) is as follows: (1) a common red algal

ancestor possessed both types of actin genes before they

diverged into Rhodophytina and Cyanidiophytina, (2) the

Rhodophytina lost the red algal type-1 type actin gene, and

the Cyanidiophytina—with the sole exception thus far of

G. sulphuraria—lost the red algal type-2 type actin gene,

(3) various novel actin genes were subsequently generated

by more recent gene duplications within each lineage, and

(4) introns were gained and/or lost in the various actin

paralogs prior to and/or after the split between Rhodo-

phytina and Cyanidiophytina (see next section).

The main problem with this scenario is that the two

clusters of red algal actin sequences do not branch together

in our phylogenies, as would be predicted if gene dupli-

cation took place in the common ancestor of Rhodophytina

and Cyanidiophytina. This issue was in fact recognized

previously in the analyses of Hoef-emden et al. (2005),

who sequenced 19 red algal actin genes and omitted the

sequences from the Cyanidiophytina available at that time,

due to valid concerns over long-branch attraction artifacts.

As is the case in cryptomonads, if the red algal type-1 and -

2 sequences are the product of a gene duplication event

specific to the common ancestor of all red algae, the

divergent nature of the red algal type-2 sequences is such

that all phylogenetic signal supporting their monophyly

appears to have been erased.

A more radical alternative is that one of the red algal

sequence types—and indeed one of the cryptomonad

actins—is not a paralog but the product of a lateral gene

transfer (LGT) event. Evidence is mounting that LGT can

be an important factor in eukaryotic genome evolution (see

Keeling and Palmer 2008 and references therein for recent

review), but most examples characterized thus far involve

prokaryote-to-eukaryote LGT. Nevertheless, eukaryote–

eukaryote transfers have been identified, including those

involving highly conserved proteins that have traditionally

been used for eukaryote systematics, such as alpha-tubulin

(Simpson et al. 2008), and elongation factors (Keeling and

Inagaki 2004). At the present time, there is no evidence for

or against this hypothesis, as ‘‘donor’’ or ‘‘recipient’’ lin-

eages are not obvious from our trees and heterogeneity in

the rates of actin sequence evolution make building reliable

phylogenies difficult. Regardless, it is potentially signifi-

cant that while the actin 3 and 4 genes of G. sulphuraria

were detected by EST sequencing in Weber et al. (2004),

actins 1 and 2 were not. This is consistent with the possi-

bility of functional differentiation of actin genes in this

organism.

Comparison of Actin Introns in Cryptomonads and Red

Algae

The actin gene families of G. theta and G. sulphuraria are

superficially similar in that they both possess an intron-

lacking (cryptomonad type-1 and red algal type-2) and

intron-containing (cryptomonad type-2 and red algal type-

1) family. Actin intron distribution in members of the

Rhodophytina has been examined previously; these include

introns at positions 35 (Erythrotrichia carnea), 41 (Bon-

nemaisonia hamifera ACT1, B. hamifera ACT2,
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Nemalionopsis shawi ACT1, and Chondrus crispus ACT1),

73 (Glaucosphaera vacuolata), 296 (B. hamifera ACT2),

and 304 (Palmaria palmata ACT1) (Hoef-Emden et al.

2005).

Since the intron-lacking actin 1 and 2 genes from

G. sulphuraria branch at the base of the red algal type-2

clade, two intron gain/loss scenarios are possible. First, a

common ancestral actin gene of red algal type-2 com-

pletely lacked introns, and the introns in the Rhodophytina

were acquired after the Rhodophytina and Cyanidiophytina

diverged. Alternatively, multiple instances of intron loss

have occurred in red algal type-2 actins, with a few introns

still remaining in Rhodophytina species. Although it is at

present impossible to distinguish which scenario is more

likely, it is important to note that there are few shared

intron positions in the red algal type-2 actin genes of dif-

ferent species. Only one intron (position 73) in G. vacuo-

lata is shared with the type-1 actins (3 and 4) of

G. sulphuraria. Interestingly, although the intron contain-

ing cryptomonad type-2 and red algal type-1 actin genes do

not branch together in our phylogenies, they nevertheless

shared two intron sites at positions 73 and 246 (Fig. 3).

However, the intron at position 73 is also found in the

streptophyte green alga Cosmarium botrytis (Hoef-Emden

et al. 2005), and thus is not evidence for a specific rela-

tionship (via endosymbiotic gene transfer) between the

cryptomonad type-2 sequences and the type-2 genes of red

algae. In sum, the data suggest a complex pattern of intron

gain and loss in red algal actin genes and those of

cryptomonads.

Conclusion

The nuclear genomes of some cryptomonads encode two

very distinct actin genes with different evolutionary rates

and intron densities. The origin of the divergent type-2 gene

remains a mystery, although it is still possible that it is

derived from red algae by endosymbiotic gene transfer.

Within red algae, a probable and hitherto unrecognized

deep paralogy was revealed. The most straightforward

explanation is that the common ancestor of red algae pos-

sessed two actin genes, and that only one of the two types

was retained in each lineage. The sole exception thus far is

G. sulphuraria. Much more data from diverse red algal

genomes will be needed to rigorously test this hypothesis,

but it nevertheless raises questions about the utility of actin

as a broad phylogenetic marker for red algal systematics

and, indeed, eukaryote systematics as a whole. Given that

paralogy appears to be a recurring feature of the actin gene

family on recent and ancient evolutionary time scales, it

will be difficult to rigorously assess orthology versus

paralogy in the absence of complete genome sequences.

Acknowledgments We thank the Joint Genome Institute’s Com-

munity Sequencing Program (http://www.jgi.doe.gov/sequencing/

why/50026.html) for their ongoing efforts to sequence the nuclear

genome of Guillardia theta, K. Barry and E. Lindquist of the JGI for

project management and data availability, J. Schmutz for genome

assembly, and M. W. Gray, P. Keeling, G. I. McFadden, and

C. E. Lane for their contributions to the project. We also thank

A. Weber for permission to analyze the Galdieria sulphuraria actin

genes, H. Philippe for interesting discussion about actin evolution,

and K. Sommerfeld and M. Dlutek for technical assistance. This study

was supported in part by a Special Research Opportunities Grant from

the Natural Sciences and Engineering Research Council of Canada

awarded to JMA and M. W. Gray. GT is supported by a postdoctoral

fellowship from the Tula Foundation and the Centre for Comparative

Genomics and Evolutionary Bioinformatics at Dalhousie University.

JMA is a Fellow of the Canadian Institute for Advanced Research,

Program in Integrated Microbial Biodiversity, and holder of a New

Investigator Award from the Canadian Institutes of Health Research.

References

Abascal F, Zardoya R, Posada D (2005) ProtTest: selection of best-fit

models of protein evolution. Bioinformatics 21:2104–2105

Altekar G, Dwarkadas S, Huelsenbeck JP, Ronquist F (2004) Parallel

metropolis coupled Markov chain Monte Carlo for Bayesian

phylogenetic inference. Bioinformatics 20:407–415

Altschul SF, Madden TL, Schaffer AA, Zhang JH, Zhang Z, Miller

W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new

generation of protein database search programs. Nucleic Acids

Res 25:3389–3402

Archibald JM (2007) Nucleomorph genomes: structure, function,

origin and evolution. BioEssays 29:392–402

Archibald JM (2009a) The origin and spread of eukaryotic photo-

synthesis: evolving views in light of genomics. Bot Mar 52:

95–103

Archibald JM (2009b) The puzzle of plastid evolution. Curr Biol

19:R81–R88

Baldauf SL, Roger AJ, Wenk-Siefert I, Doolittle WF (2000) A

kingdom-level phylogeny of eukaryotes based on combined

protein data. Science 290:972–977

Bannai H, Tamada Y, Maruyama O, Nakai K, Miyano S (2002)

Extensive feature detection of N-terminal protein sorting signals.

Bioinformatics 18:298–305

Bhattacharya D, Ehlting J (1995) Actin coding regions—gene family

evolution and use as a phylogenetic marker. Arch Protistenkd

145:155–164

Bhattacharya D, Weber K (1997) The actin gene of the glaucocysto-

phyte Cyanophora paradoxa: analysis of the coding region and

introns, and an actin phylogeny of eukaryotes. Curr Genet

31:439–446

Bhattacharya D, Stickel SK, Sogin ML (1991) Molecular phyloge-

netic analysis of actin genic regions from Achlya bisexualis
(Oomycota) and Costaria costata (Chromophyta). J Mol Evol

33:525–536

Bhattacharya D, Weber K, An SS, Berning-Koch W (1998) Actin

phylogeny identifies Mesostigma viride as a flagellate ancestor of

the land plants. J Mol Evol 47:544–550

Bhattacharya D, Aubry J, Twait EC, Jurk S (2000) Actin gene

duplication and the evolution of morphological complexity in

land plants. J Phycol 36:813–820

Cavalier-Smith T, Couch JA, Thorsteinsen KE, Gilson P, Deane JA,

Hill DRA, McFadden GI (1996) Cryptomonad nuclear and

nucleomorph 18S rRNA phylogeny. Eur J Phycol 31:315–328

178 J Mol Evol (2010) 71:169–179

123

http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html


Douglas SE, Penny SL (1999) The plastid genome of the cryptophyte

alga, Guillardia theta: complete sequence and conserved synteny

groups confirm its common ancestry with red algae. J Mol Evol

48:236–244

Douglas S, Zauner S, Fraunholz M, Beaton M, Penny S, Deng LT,

Wu XN, Reith M, Cavalier-Smith T, Maier UG (2001) The

highly reduced genome of an enslaved algal nucleus. Nature

410:1091–1096

Elias M, Archibald JM (2009) Sizing up the genomic footprint of

endosymbiosis. BioEssays 31:1273–1279

Goodner BW, Davis JD, Quatrano RS (1995) Sequence of Actin

cDNA from Fucus disticus. Plant Physiol 107:1007–1008

Gould SB, Waller RF, McFadden GI (2008) Plastid evolution. Annu

Rev Plant Biol 59:491–517

Hoef-Emden K, Shrestha RP, Lapidot M, Weinstein Y, Melkonian M,

Arad S (2005) Actin phylogeny and intron distribution in

bangiophyte red algae (Rhodoplantae). J Mol Evol 61:360–371

Keeling PJ (2001) Foraminifera and Cercozoa are related in actin

phylogeny: two orphans find a home? Mol Biol Evol 18:

1551–1557

Keeling PJ, Inagaki Y (2004) A class of eukaryotic GTPase with a

punctate distribution suggesting multiple functional replace-

ments of translation elongation factor 1 alpha. Proc Natl Acad

Sci USA 101:15380–15385

Keeling PJ, Palmer JD (2008) Horizontal gene transfer in eukaryotic

evolution. Nat Rev Genet 9:605–618

Kitade Y, Nakamura M, Uji T, Fukuda S, Endo H, Saga N (2008)

Structural features and gene-expression profiles of actin homo-

logs in Porphyra yezoensis (Rhodophyta). Gene 423:79–84

Kumar S, Nei M, Dudley J, Tamura K (2008) MEGA: a biologist-

centric software for evolutionary analysis of DNA and protein

sequences. Brief Bioinform 9:299–306

Lane CE, Archibald JM (2008) The eukaryotic tree of life:

endosymbiosis takes its TOL. Trends Ecol Evol 23:268–275

Le Gall L, Lelong C, Rusig AM, Favrel P (2005) Characterization of

an actin gene family in Palmaria palmata and Porphyra
purpurea (Rhodophyta). Cah Biol Mar 46:311–322

Leander BS, Keeling PJ (2004) Early evolutionary history of

dinoflagellates and apicomplexans (Alveolata) as inferred from

hsp90 and actin phylogenies. J Phycol 40:341–350

Matsuzaki M, Misumi O, Shin-I T, Maruyama S, Takahara M,

Miyagishima SY, Mori T, Nishida K, Yagisawa F, Nishida K,

Yoshida Y, Nishimura Y, Nakao S, Kobayashi T, Momoyama Y,

Higashiyama T, Minoda A, Sano M, Nomoto H, Oishi K,

Hayashi H, Ohta F, Nishizaka S, Haga S, Miura S, Morishita T,

Kabeya Y, Terasawa K, Suzuki Y, Ishii Y, Asakawa S, Takano

H, Ohta N, Kuroiwa H, Tanaka K, Shimizu N, Sugano S, Sato N,

Nozaki H, Ogasawara N, Kohara Y, Kuroiwa T (2004) Genome

sequence of the ultrasmall unicellular red alga Cyanidioschyzon
merolae 10D. Nature 428:653–657

McFadden GI, Gilson PR, Hill DRA (1994) Goniomonas—rRNA

sequences indicate that this phagotrophic flagellate is a close

relative of the host component of cryptomonads. Eur J Phycol

29:29–32

Meagher RB, McKinney EC, Vitale AV (1999) The evolution of new

structures—clues from plant cytoskeletal genes. Trends Genet

15:278–284

Moore CE, Archibald JM (2009) Nucleomorph Genomes. Annu Rev

Genet 43:251–264

Mourier T, Jeffares DC (2003) Eukaryotic intron loss. Science

300:1393

Moustafa A, Beszteri B, Maier UG, Bowler C, Valentin K,

Bhattacharya D (2009) Genomic footprints of a cryptic plastid

endosymbiosis in diatoms. Science 324:1724–1726

Nozaki H, Takano H, Misumi O, Terasawa K, Matsuzaki M,

Maruyama S, Nishida K, Yagisawa F, Yoshida Y, Fujiwara T,

Takio S, Tamura K, Chung SJ, Nakamura S, Kuroiwa H, Tanaka

K, Sato N, Kuroiwa T (2007) A 100%-complete sequence

reveals unusually simple genomic features in the hot-spring red

alga Cyanidioschyzon merolae. BMC Biol 5:28

Reyes-Prieto A, Weber AP, Bhattacharya D (2007) The origin and

establishment of the plastid in algae and plants. Annu Rev Genet

41:147–168

Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian phylogenetic

inference under mixed models. Bioinformatics 19:1572–1574

Rutherford K, Parkhill J, Crook J, Horsnell T, Rice P, Rajandream

MA, Barrell B (2000) Artemis: sequence visualization and

annotation. Bioinformatics 16:944–945

Simpson AGB, Perley TA, Lara E (2008) Lateral transfer of the gene

for a widely used marker, alpha-tubulin, indicated by a multi-

protein study of the phylogenetic position of Andalucia (Excav-

ata). Mol Phylogenet Evol 47:366–377

Stamatakis A, Hoover P, Rougemont J (2008) A rapid bootstrap

algorithm for the RAxML Web Servers. Syst Biol 57:758–771

Stibitz TB, Keeling PJ, Bhattacharya D (2000) Symbiotic origin of a

novel actin gene in the cryptophyte Pyrenomonas helgolandii.
Mol Biol Evol 17:1731–1738

Takahashi H, Takano H, Kuroiwa H, Itoh R, Toda K, Kawano S,

Kuroiwa T (1998) A possible role for actin dots in the formation

of the contractile ring in the ultra-micro alga Cyanidium
caldarium RK-1. Protoplasma 202:91–104

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular

evolutionary genetics analysis (MEGA) software version 4.0.

Mol Biol Evol 24:1596–1599

Tanifuji G, Erata M, Ishida K, Onodera N, Hara Y (2006) Diversity of

secondary endosymbiont-derived actin-coding genes in crypto-

monads and their evolutionary implications. J Plant Res 119:

205–215

Voigt K, Wostemeyer J (2001) Phylogeny and origin of 82

zygomycetes from all 54 genera of the Mucorales and Mortie-

rellales based on combined analysis of actin and translation

elongation factor EF-1 alpha genes. Gene 270:113–120

Weber APM, Oesterhelt C, Gross W, Brautigam A, Imboden LA,

Krassovskaya I, Linka N, Truchina J, Schneidereit J, Voll H,

Voll LM, Zimmermann M, Jamai A, Riekhof WR, Yu B,

Garavito RM, Benning C (2004) EST-analysis of the thermo-

acidophilic red microalga Galdieria sulphuraria reveals poten-

tial for lipid A biosynthesis and unveils the pathway of carbon

export from rhodoplasts. Plant Mol Biol 55:17–32

Wu M, Comeron JM, Yoon HS, Bhattacharya D (2009) Unexpected

dynamic gene family evolution in algal actins. Mol Biol Evol

26:249–253

Yoon HS, Muller KM, Sheath RG, Ott FD, Bhattacharya D (2006)

Defining the major lineages of red algae (Rhodophyta). J Phycol

42:482–492

Zheng B, Han M, Bernier M, Wen JK (2009) Nuclear actin and actin-

binding proteins in the regulation of transcription and gene

expression. FEBS J 276:2669–2685

Zuccarello GC, Oellermann M, West JA, De Clerck O (2009)

Complex patterns of actin molecular evolution in the red alga

Stylonema alsidii (Stylonematophyceae, Rhodophyta). Phycol

Res 57:59–65

J Mol Evol (2010) 71:169–179 179

123


	Actin Gene Family Dynamics in Cryptomonads and Red Algae
	Abstract
	Introduction
	Materials and Methods
	Actin Gene Finding, Intron, and Target Peptide Prediction
	RNA Extraction, RT-PCR, and 5vprime/3vprime Rapid Amplification of cDNA Ends (RACE)
	Phylogenetic Analysis
	Genetic Distances Among Three Divergent G. theta Actin Genes

	Results
	Novel Actin Genes from the Cryptomonad Guillardia theta and the Red Alga Galdieria sulphuraria
	Phylogenetic Analyses
	Actin Introns
	Pair-Wise Comparisons of Actin Genes in G. theta

	Discussion
	Origin and Diversification of Actin Genes in Cryptomonads and Their Relationship to Red Algal Homologs
	Actin Gene Phylogeny in Red Algae
	Comparison of Actin Introns in Cryptomonads and Red Algae

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


