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Abstract. In the unicellular green alg&hlamydomo- mated period of relocation of these mitochondrial genes,
nas reinhardtii,cytochrome oxidase subunit@0x9 and  the cytosol had lost the splicing ability for group Il in-

3 (cox3 genes are missing from the mitochondrial ge-trons. Therefore, at least eight introns located in the ma-
nome. We isolated and sequenced a BAC clone that cature protein coding region cannot be the direct descen-
ries the wholecox3gene and its corresponding cDNA. dant of group Il introns. Here, we conclude that the
Almost the entirecox2 gene and its cDNA were also presence of these introns is due to the invasion of spli-
determined. Comparison of the genomic and the correceosomal introns, which occurred during the evolution of
sponding cDNA sequences revealed that ¢bg3 gene Chlorophyceae. This finding provides concrete evidence
contains as many as nine spliceosomal introns and th&upporting the “intron-late” model, which rests largely
cox2 bears six introns. Putative mitochondria targetingon the mobility of spliceosomal introns.

signals were predicted at each N terminal of tux

genes. These spliceosomal introns were typical GT-AGKey words:  Group Il intron — Signal peptide —
type introns, which are very common not only@hla-  Exon shuffling — Proto-splicing site.

mydomonasiuclear genes but also in diverse eukaryotic

taxa. We found no particular distinguishing features in

thecoxintrons. Comparative analysis of these genes withyiyoduction

the various mitochondrial genes showed that 8 of the 15
introns were interrupting the conserved mature protei

coding seaments. while the other 7 introns were locate he 15.8-kilobase (kb)-long mitochondrial genome of
coding segments, whi ) " w ~the unicellular green algahlamydomonas reinhardiis
in the N-terminal target peptide regions. Phylogenetic

. : - . one of the most reduced, encoding genes for only eight
analysis of the evolutionary position &f. reinhardtiiin 99 y €9

Chlorophyta was carried out and the existence of th roteins, large and small rlbosolmal R.NAS’ an_d two
cox2 and cox3 genes in the mitochondrial genome was ransfer. RNAS' n contr'ast, the typ|cal mitochondrial ge-
superimposed in the tree. This analysis clearly shows thato e o2 '° €& 50 kb in most unicellular eukaryote taxa
thesecox genes were rel.ocated during the evolution of ray et al. 1998.)' Thé:. reinhardti mlto_chonc_JrlaI ge-
Chlorophyceae. It is apparent that long before the esti_nome is even missing the representative mitochondrial
' genome contents, theox2 and cox3 genes (Gray and
Boer 1988), as in two other green algal relativeg)a-
mydomonas eugametd®enovan-Wright et al. 1998)
. . . . and Pedinomonas minofTurmel et al. 1999). It was
* Present addressDepartment of Chemistry and Biochemistry, Uni- .
versity of Texas at Austin, Austin, TX 78712, USA recently shown that in the colgrless ghlamydomonad al-
Correspondence toTakeshi Ohamaemail: ohama@env.kochi-tech. 9ae Polytomellaspp. andC. reinhardtii, COXIl is en-
ac.jp coded by two independent nuclear genesx@a and
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—-2b) and that COXIIl is also in the nuclear genome by PCR with nested pairs of degenerated primers (COX3-CRn-281s,
(Paez-Marfnez et al. 2000, 2001). These analyses werd CSGACGGGATHTAYGGNTCNACNTT; COX3-CRn-347a, TAY-

X . . TGGCAYTTYGTNGAYGTIGTITGGTTITT; COX3-CRn-280s, TC-
based mainly on cDNA structures or N-terminal peptldeSGACGGGATHTAYGGNTCNAC; COX3-CRN-348a, AAIAAC-

sequences. However, the introns in these genes have ngkjaciACRTCNACRAARTGCCA: S = C/G, H = AITIC, Y =
been characterized thus far. CIT, N = GIAITIC, | = inosine).

Here, we analyzed an unexpected gene structure of The 3-terminal sequence of theox3 mMRNA was determined by
the cox2 and cox3 genes ofC. reinhardtii, focusing on reverse transcription polymerase chain reaction (RT-PCR), using the

. . . . Ready-To-Go T-Primed First-Strand-Kit (Pharmacia Biotech). For the
the evqutlonary origin of the detected introns. These 5'-terminal part of thecox3 cDNA sequence, we referred to the ex-

genes contain a total .Of 15 sp_liceosomal introns, wWhichyessed sequence tag (EST) databas€faeinhardtii (c-9) (Kazusa
seem to have no particular unique features compared tONA Research Institute, Japan). To get a clue about the missing

introns in other genes. This suggests that spliceosoma']hlamydomonas coxg@ene, we searched the EST database using the
introns are also highly invasive in nature. similar to or- cox2 sequence of the chlorophytrototheca wickerhamiiGenomic

. . . . PCR fragments of theox2gene corresponding to the EST sequences
ganelle group | and Il introns. This attribute might be = = using two sets of primers based on the EST sequences

strongly related to the ability of group Il introns 10 in- (crRcox2-mé6s, TGGTTGCTTCCGAGGGCGTCGCACA; CR-
vade specific sites of intronless genes with a high effi-cox2-113a, CTCCATGGTGGTGTGTTGGGTCAGC; CRCOX2—
ciency, a process refered to as intron homing (for a re107s, AGCATACATCTTCAGCTAGAACGGG; CRCOX2-288a,
view, see Lambowitz and Belfort 1993). Recent evidenceAC?ﬁGATCCAC_TTPCCTFLCACGT?CTC)- oned into BT7Blue T-Vect

. . _ ese genomic ragments were cloned Into p ue I-vector
squeS,tS that g_roup I |.ntrons are Fhe ancestor of Sp“(,:eo(Novagen, USA) and sequenced. The resultant clones were also used as
somal introns, i.e., spliceosomal introns and the ?phcefhe probe to screen the high-density BAC library filter for rein-
osome are a type of extremely deformed group Il intronnardtii (cw 92) (IncyteGenomics, USA). Probes were labeled using the
(Sharp 1991). This conclusion is based mainly on twoAlkPhos Direct Labeling system (Amersham Life Science), and signal
facts: first, the core splicing reaction is identical betweendetection was performed using the CDP-Star chemiluminescent detec-

. . . jon reagent (Amersham Lif ien rding to th lier's in-
these two kinds of introns (for reviews, see Saldanha efon reagent (Amersham Life Science) according to the suppliers |
Structions. Two positive BAC clones for each of tbex2 and cox3

al. 1993; Weine_r 1_993); second, _ eXperim_":‘r_]tal datayopes were detected in the library. Their inserts were subcloned into
showed trans-activation of group Il intron splicing by a pT7Blue-Vector or were subjected directly to sequencing.

small RNA in a spliceosome (U5 snRNA) (Hetzer et al.

1997). Such deformation of group Il introns seems t0  phylogenetic Analysis of Chlorophyte Algae neighbor-joining
have occurred in the early evolution of eukaryotes, sinc&NJ) (Saitou and Nei 1987) tree was constructed using SINCA software
core features of spliceosomal introns and spliceosomesgrsion 3.0 (Fujitsu System Engineering, Japan). Bootstrap resampling

are essentially identical among diverse eukaryote taxa_(SOO times) was carried out to quantify the relative support for each of
the branches of the phylogenetic tree.

Materials and Methods
Results

Algal Culture Conditions. Chlamydomonas reinharditrain CC277

(cw-15) vyas thained from Th€hlamydomonassenetics Center' Spliceosomal Introns in theox2 and cox3Genes
(Duke University, Durham, NC, USA). Cells were grown at 25°C in

TAP medium (Harris 1969) in constant light (2Q(E/m s). One of the two positive BAC clones (24p23), which was

_ selected using the labeled probe for tex3gene, was
~ Preparation of DNA and cDNATotal DNA was extracted follow- sequenced over 4.0 kb (Genbank AB046570). The re-
ing the method described by Harris (1989). Total RNA was extracted . .
using TRIzol reagent (GIBCO BRL) following the manufacturer’s in- sultant sequence contained tbex3like gene. Homol-
structions. From the total RNA, poly(A) RNA was extracted using 0y search of the sequence against the amino acid se-
oligo(dT)-latex particles, Oligotex-dT30 (Roche). Purified poly(A) quence database SWISSPROT using the BLAST
RNA was used as the template for complementary DNA (CDNA) syn- program (Altschul et al. 1997) showed that it has signifi-
thesis with oligonucleotide primers, using the Ready-To-Go You Pr|mecant homology to the mitochondriabx3genes of vari-
First Strand Kit (Pharmacia Biotech). . L
ous eukaryotes (score 150-172), while similarity val-
PCR ConditionsA buffer kit optimized for amplifications from ues for t.he bacterialox3homologues are Ie;s than 13.1'
GC-rich templates, i.e., LA-Taq with GC buffer | (Takara Shuzo, Ja- Comparison of the genome sequence with the raised
pan), was used to amplify a part of thex3gene from genomic DNA  CDNA sequences by RT-PCR revealed that nine short
or cDNA. The programs for the thermal cyclers were 94°C for 5 min, introns ranging in size from 133 to 233 nucleotides (nt)
foIIoweq by 25-35 cycles at 94°C fqr 30's, 48°C for 1 min, and 72°C yere inserted in this gene, the total length of which oc-
for 2:min, followed by 72°C for 5 min. cupied more than half of theox3 gene. [Our genomic
sequence data had no conflict with tbex3 cDNA se-

Clon_ing of t_hecox2andcox3Gen_esA part 0)‘ thecc_)x3cDNA was quence that was determined independentlyreEe
synthesized with a degenerated oligonucleotide primer (CO><3—CRn—NI fi t al. 2000
349a, AAIAACCAIACIACRTCNACRAARTG; R = A/G, N = G/A/ artinez et al. )l _

T/C, | = inosine), using extracted poly(A) RNA as the template. From Among theChlamydomonaEST data (Asamizu et al.

the cDNA, a partiatox3fragment, 179 base pairs (bp), was amplified 1999), the cDNA sequences of LC027d01_r (503 bp) and
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CMO066h07_r (540 bp) were found to posses significantfrom extremely divergent eukaryotes and, in addition,
homologies to theox2gene of the chlorophytB. wick-  with two from bacteria (Fig. 1a). Of the 382 aa residues,
erhamii.These two cDNA sequences did not possess angnly the 250 C-terminal aa showed high and nearly the
sequence overlap; instead, they probably correspond teame extent of similarity to the various mitochondrial
the N-terminal half and the remaining C-terminal part of cox3genes, for example, 28% Rrototheca wickerhamil
thecox2gene (Fig. 1b). To obtain the full genontdox2  (green alga), 28% tdMarchantia polymorpha(land
sequence, we surveyed a BAC library (IncyteGenomycsplant), 31% toAllomyces macrogynysungus), and 29%
USA). Two BAC clones, 16d21 and 40n6, showed ap-to Homo sapiensin contrast, the N-terminal region of
parent signals when the PCR fragment correspondinghe cox gene was peculiarly long irC. reinhardtii.
to EST CM066h07_r was used as a probe. SubsequeBLAST homology search of the 145 N-terminal aa
sequencing confirmed that those BAC clones actuallyshowed no significant homology to any sequence in the
contained the proper sequence corresponding tdatabase. Likewise, theox2like gene matched in a
CMO066h07_r. The genomic sequence corresponding teimilar fashion; i.e., the 250 C-terminal aa of the gene
LC027d01_r was determined by sequencing the PCRhowed significant homology to various mitochondrial
fragments obtained using the total DNA as template. Theeox2genes, whereas no prominent similarity existed for
cDNA sequence of LC027d01_r (containing the N-the extremely long N-terminal region (Fig. 1b).
terminal region of thecox2 sequence of 503 bp) and Analysis with the MITOPROT program (Claros 1995,
CMO066h07_r (containing the C-terminal region of the http://www.mips.biochem.mpg.de/proj/medgen/mitop/)
cox2 sequence of 540 bp) corresponded to 1307-bppredicted a high probability for these N-terminal regions
(Genbank AB046571) and 727-bp (Genbank AB046572)s efficient mitochondria targeting signals (0.6805 and
genomic sequences, respectively. These genomic s&-8824 forcox2andcox3,respectively). At 361 nt down-
quences contained five and one short intervening sestream from the translational stop codon of @3
quences (ranging in size from 79 to 297 nt) compared tgene, a poly(A) additional signal (TGTAA) was de-
the cDNA sequences, respectively. tected. In fact, each of the six analyzed cDNA clones had
Conserved sequences for exon—intron boundaries aral poly(A) tract 14, 15, or 58 bp downstream from the
for the putative internal branch sites of these introns (Figpoly(A) addition signal. Taken altogether, ti& rein-
2) showed that all 15 introns resemble the typical U2-hardtii cox2andcox3genes are most likely typical active
type GT-AG intron, which is the most common type of genes that translocated from the mitochondrion to the
spliceosomal intron, but not the U12 AT-AC-type intron nucleus.
(Sharp and Burge 1997). None of these nine introns
showed significant similarity to one another. Further-
more, each intron sequence was subjected to a BLASTDiscussion
search (Altschul et al. 1997), revealing that these se-
quences have no significant homology to any introns or
to any other sequence in the GenBank database (releas®e Chlamydomonas coxand cox3 genes showed al-
117). As expected, no prominent secondary structuremsost the same extent of similarity to various mitochon-
within the introns were predicted. drial genes, apparently not reflecting evolutionary rela-
Among the nine introns of theox3 gene, the five tionships. This is probably because the translocation of
downstream introns (5 through 9) (Fig. 1a), and also théghese genes from an organellar genome to the nucleus led
three downstream introns (4 through 6) of tex2gene  to a significant change in their sequence evolution. Re-
(Fig. 1b), were interrupting segments conserved amongults of our targeting sequence analyses in silico were
the mitochondrialcox genes, while upstream introns confirmed by peptide analyses of their mature products
were located in the N-terminal regions that are unique tqP&ez-Martnez et al. 2000, 2001).
the C. reinhardtii coxgenes. Group Il introns seem to be completely absent from
We also analyzed the positive correlation of intron current eukaryote genomes. This is most likely because
phases (the position of the intron in the codon) betweergroup Il introns that are suddenly relocated into their
the adjacent introns. Only 3 of 13 neighboring positionscurrent nuclei are unable to be spliced out successfully in
among introns [between 3 and 4 (3/4) and 4/5cok2  the cytosol. However, from an evolutionary perspective,
and 8/9 ofcox3 had the same phase (Fig. 2). Therefore,spliceosomal introns are supposedly the descendants of
exon shuffling was not positively supported by the introngroup Il introns that were once efficiently spliced out
phase analysis (de Souza et al. 1998). into the cytosol of ancient eukaryote cells (Sharp 1991).
It follows that the existence of spliceosomal introns even
in the relocated organelle genes cannot be concrete evi-
Signal Peptides in theox2 and cox3Genes dence for the insertional gain of spliceosomal introns.
Therefore, without information on the time period of the
The deduced amino acid (aa) sequence ofGheein-  gene relocation, the following possibility cannot be ex-
hardtii cox3 gene was aligned with eight homologues cluded: an ancestral organellar gene containing group Il
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a A5 A6

Chlamydomonas *QTAKEFYMEHIGKRHPFHVLPPSPWPMLAGNGTYVSCLGMAAWFHNMPTGGALMAF GMANIAWTAI TWWRDCATE GDM-GMHTEVVRKNFISGMWAFIVSEALLEVGLLWACLHLG
Marchantia =~ -------- MSVSQKHPFHLVDPSPWPL L GSLGALASTIGGYMYMHSFTGGGTLLCLGLGMILYTMFVWARDVIRESTYEGHHTFVVOLGLRYGITLFIVSEVMFELAFFWAFFHSS
Nephroselmis  -------| MSSHAPQHPFHLVDPSPWPTFGSLAAFVTTSGGYMYMHSYSGGRIMFPLGL SMLVYTMYVWWRDIVREATFEGQHTQVVQIGLRWGMIL FIVSEVMFEVAEEWAFFHSS
Prototheca ----------- MRKHPFHLVDPSPWPL LASFAAFLSTTGGYMYMHAYSGGGLLLATGQLSLFYVMYVWNRDVIREGTYQGHHTNPVOVGLRYGMLLFIL SEIMFEFAFEWAEEHSS
Cyanidium ---MMSLIVKDLQRYPFHLVDPSPWPFVASFSAL IILLGGYLYFHTYQGSLVILFFGIFFLLLIIFVWWRDVVRESTFEGNHTTMVOLGMRYGIMLFIFSEVILEIAFFWAFFHNS
Chondrus -MTTLSQISKSVQRHPFHLVDPSPWPFVASL CAF SCATGGYMYMHAYVNGSFILSISFFCLLLVMFTWWRDVIRESTFEGHHTGIVOQGLRFGVILFITSEIL FEFAFFWAFFHSS
Allomyces MTKKLINQFKSFQVHPYHLVEPSPWPL GASVACLILTLGGYMKFHGFAAGDIGLPLGLILVLASMLLWWRDVIREATYQGHHTKTVKYGITLGVVLFIVSEILLEFSLEWAFFHSS

Acanthamoeba ~ *WYHNCRVHFAGNQKHSFHIVTRSPWPLYSSIAALMFTFGLVYMHMHNYFYGNLLSLAGFFLILLMMFVWNRDVIRESTFSGYHTKKVQQGLREGVILFITSEVMFEFSEFWAFFHAS

Bacillus MHAEEKLTAETFPAAPERNATLEGKNKFLGFWLFLGGETVLEASLEATYLALK

Mycobacterium — ----------om oo MTSTVGTLGTAITSRVHSLNRPNMVSVGTVVWLSSELMFFAGLFAMYETAR
A7 A8

Chlamydomonas ~ MSPSVALQMQWPPVGIEPIG-WDKRALVMSAVLAASYYSANVAMVAK - - - ==~ = - = - - - m oo oo oo oo DPKVVMGALATTIGLGAMELA---DQYLEYNETPETITDSPYGTTE

Marchantia LAPTVEIGAIWPPKGISVLDPWGIPFLNTL -ILLSSGAAVIWAHHATL - -~ === ===-mmmmmmmmmmm LAGLKQQAVYALIATVFLALVETG---FQGIEYIEAPETISDGIYGSTF

Nephroseimis LAPTIELGAVWPPKGIEVLNPWEVPFLNTV-ILLSSGASVIWAHHAT -~ LSGYRRQAIVSLIVIILLAVFETS---LQVMEYIEAPETISDGVYGSTF

Prototheca LAPTIEIGAVWPPKGIQVLNPWEIPFLNTI-ILLTSGASVIWAHHAT - --------mmmmmmmmm o LAGNRKQGIISLAITVLLAVIFTG---FQALEYLEAPFTISDGIYGSTF

Cyanidium LIPALETGVVWPPKGIQFFSPWDIPFLNTI-ILLLSGCAVIWSHNCT-----mmmmmmm e e e ISGFRRQAIFSLILTIGLALIFTI---FQIYEYATASEHLSDGAYGSTF

Chondrus LAPTIEIGSIWPPKGINVLNPWEIPFLNTL -ILLLSGCTVIWCHHSL--

Allomyces LAPSVELGSTWPPVGIEPLNPFEVPLLNTT-ILLTSGCTITVSHAKI - -~----mmmmmmmmm oo - ISGDRGATILYLILTILLAWMELG---LQWVEYVNAPETIADSVYGSTF

Acanthamoeba LSPSVVLGSVWPPLGINVLNPLKIPLLNTL-ILLLSGLTVIWSHHVIRDKSWQKFFFSNSNNEEFKAPLLDNYVICAFALFLIVFLGLEFTV---WQGYEYYKASEYIYDGVYGSTFE

Bacillus DKTNGGPSAEEL------- FQMPVVFMAIM-LLLTSSLTSVYAIYHM- - - - KNFDFKKMQLWFGITVLLGAGELGLEIYEFNEYVHEGHKFTTSAFASAE

Mycobacterium  A----QAGGKWPPSTELNLY---QAVPVIL-VLIASSFTCQMGVFSAE------------------- RGDVFGLRRWYVITLLMGLFFVLGQ--GYEYYHLITHGTTIPSSAYGSVE

Bradyrhizobium --------cmmmeo LISSSGTMAMAVNFGYRRDRVRTAILMLAT------- AAFGATFVSMQAFEWTKLIMEGVRPWGNP - - - - - - - - -~ WGAAQFGSSE

Sulforobas ~  --------- PAV------- EVFPLPAIMIA-ILLSSSIPAHI---------ommmmmmmmmm oo AYEYFKKGNVKMFRNLGLLTMAMGLTFLGGQIYEFTHYIHFIPQDSAAS

Chlamydomonas  FVTIGFHGMHVLLG--SL-----------

Marchantia FLATGFHGFHVIIGTIFLI

Nephroselmis FLATGFHGFHVFIGTVFLT

Prototheca YLATGFHGFHVIIGTIFIA

Cyanidium FMITGLHGFHVIVGTFFLF

Chondrus YMATGFHGFHVLVGTISLA

Allomyces FVATGFHGLHVMIGTIFLT

Acanthamoeba YMTTGLHGLHVIIGTLFLI

Bacillus YTLVGTHGSHVAFGLLWIL----- - -TLMIRNAKRGLNLYNAPKFYVASLYWHF IDVVWVEIFTVVYLMGMVG-----

Mycobacterium  YLATGFHGLHVTGGLIAFI---------- FLLARTTMSKFTPAQATASIVVSYYWHFVDIVWIALFTVIYFIR--------

Bradyrhizobium FMITGFHGTHVTIGVIFLIAIARKVWRGDFDVERRGFFTSRKGYYEIVEITGLYWHFVDLVWVEIFAFFYLW---

Sulforobas SFFFATVSLHGFHVIMGLV----~----- IWAFMMLRIRKGFIPYAGSVAATYYWHFVDAVWVVVFSTFYLHLIV

b Al A2 A3 A4

Chlamydomonas ~VASEGVAQAVPQFSSEAAAALAAKRRGLIGSGMSLAPSKPFAARGLTSAAKPAAAAAAGAAEAAQPADKYAGLKKVLKAAAALAAALGLTTTTAAADSPQPWQLL FQDTATSTAQAMI

Marchantia MNLIWIFP----- TAFCDAAEPWQLGEQDPATPMMQGLT
Nephroselmis MNFLPFIPR- - - - TAWMDAAEPWQL GFQDAATPVMQGLT
Prototheca MKFLLFAYALIPF----VSFSDAPEANQIGFODPATPIMQGLT
SCENEESMUS === == === === mf oo MISMVWNMCN- - - - - VRADAPMAWQKL FQDPATSNMEGIV
Cyanidium - -MKFFFFSFINY- - --KVLNDAARPWQIGEQDPATPIMEGIV
CHONAPUS  =mmmmmm oo oo MNNILNFYPA----VITTDVAENWQIGEQDPATPIMEGIT
ALLOMYCES === mmmmm o d MKLLNFIYN-------- DHPQPWQIGFQDGATTTFYGIV
MyCObACEErLUM === === mmmmmmm oo MIQEAPTVTPRGPGRLQRLSQCRPQRGSGGPARGLRQLALAAMLGALAVTVSGCSWSEALGIGWPEGITPEAHLNR

A5

Chlamydomonas DLHHDIFEF|
Marchantia DLHNDIFFFLIVILIFVLWMLVRALWHEHYKRN---PIPERIVHGTTIEITWTIFPSIILMFIATPSFALLYSMDEVV-DPAITIKAIGHQWYWTYEYSDYNSSD- ———-
Nephroselmis  DLHHDIFEF
Prototheca DLHHDIQFFLIAVLVFVVWMVSRALYLEHYTRN---PLPEKIIHGTLIEIVWTITPSLILIFIAVPSFALLYSLDEVV-DPAVTIIKAIGHQWYWSYEYSDYSIAD- ----
Scenedesmus DLHADICFFLIVILVLVLWLGARILVSEHHNLQ---PVPERFNHHTSLELVWATLPSVIVTLIALPSLSLVYTYDDLVSKPALTVKVTGRQWYWSYAMNEHVQMN-- ———

Cyanidium NLHHDITFFLITIIIFVSWILFRTLFLENSKTN---PVAYNFSHGTFIELLWTLTPSLVLIGIAVPSFALLYSIDEIT-DPATTIKAVGRQWYWSYEYSDYVNEE-- ---
Chondrus NLHYDLMFFICVISVFVSWMLGRTLWHEEQNQN---KIPSSLTHGTLIEMIWTVTPAFILLIIAVPSFSLLYAMDEII-SPATTIKTLGHQWYWSYEYSDYLNED- -
Allomyces DLHDNIIFYLIIVIIGVTWIQTSVMLDSYGNSDK--HVYKYSHHGTLVEIIWTITPALILVAIAFPSFKLLYLMDSVV-DPAVIVKAIGYQWYWGYNYGDYN----=-----=-numv
Mycobacterium ELWIGAVIASLAVGVIVWGLIFWS-AVEHRKKNTDTELPRQFGYNMPLELVLTVIPFLIISVLFYFTVVVQEKMLQIAKDPEVVIDITSFQWNWKFGYQRVNFKDGTLTYDGADPERK
Chlamydomonas —--------- ISYNFDSYMLTEVQP--GQLRVLEVDERLVLPTNTLIRLLVT----------- GVFYGQCSELCGANHS
Marchantia ~  -------- EQSLTFDSYMIPEDDLELGQLRLLEVDNRVVVPAKTHLRMIIT----------- GVYYGQCSELCGTNHG
Nephroselmis — -------- PETIAFDSYMIPEEDLELGQLRLLEVONRVVVPAHTHIRIIIT----------- GVFYGQCSETCGTNHA
Prototheca --------DQSIAFDSYMIPDDDLELGQYRLLEVDNRVVVPVDTHIRVIIT------- GVFYGQCSEL CGTNHA
Scenedesmus —emmo - LS QQAKDL L L QS === == == = = = = = = = o o o o o o o o o e e
Cyanidium --------NEFLAFHSYILPEEDLELGQFRLLEVDNRIIIPVNTHIRIIVI----------- GADVIHSWAVPSLGVKCDAIPGRLNQISFFIKRE------ GIYYGQCSEICGVNHG
Chondrus --------DDSINYDSYMIPEEDLEIGQFRLLEVDNRMVIPINTHIRVIVI- -AADVI HSWAVPSFRSKCDAIPGRLNQTSLFIKRE ------GVYYGQCSETICGINHG
Allomyces ~  --------- EDISFDSFMVPTDELEMGQFRLLEVDNRVVVPVDTIRVRIVVI ----------- AADVIHSFAVPSLGIKIDATPGRINQASFLIDRE------ GVYYGQCSEL CGANHG
Mycobacterium RAMVSKPEGKDKYGEELVGPVRGLNTEDRTYLNFDKVETLGTSTEIPVLVLPSGKRIEFQMASADVIHAFWVPEFLFKRDVMPNPVANNSVNVFQIEEITKTGAFVGHCAEMCGTYHS
Ab

Chlamydomonas EMPIVVEAISPRQFLTEYVKKWIS-=----—coommommmmmmmme e

Marchantia FMPIVVEAVSLDDYVSWVSNKLD-----==---—-mmm oo

Nephroselmis ~ FMPIVVEAVSLENYIAWVANKLEQA--

Prototheca EMPIVVEAVSLENYISWVSNKLEEL - === === === === = oo oo

Scenedesmus - - - - m oo

Cyanidium EMPTVIEAVSFDDYIRWVQNKILD-

Chondrus FEMPIVVEATSLPNYVSWISNKLNE - === === == oo oo oo

Allomyces EMPTATEAVSLDRYVAWVDAQLS - -------=-=----——mmmmmmm oo

Mycobacterium MMNFEVRVVTPNDFKAYLQQRIDGNTNAEALRAINQPPLAVTTHPFDTRRGELAPQPVG

Fig. 1. Alignment of theChlamydomonas reinhardtii cox@) and sequence obtained from LC027d01_r and CM066h07_r is shown by the
cox2(b) genes with those of various other organisms. @kteriskat arrow (see the text). Organism names and GenBank accession numbers
the beginning of the sequence f@r reinhardtii and Acanthamoeba  are as followsAllomyces macrogynu$80439) Marchantia polymor-
castellaniiindicates that farther upstream 142 and 29 amino acid (aajpha (P26858),Nephroselmis olivace@AAF03208), Prototheca wick-
residues were omitted. Conserved amino acids wareerlined. Se- erhamii (Q37620),Cyanidium caldarium(P48873),Chondrus crispus
guence data, except for those forreinhardtii,are from the GenBank  (P48872), Acanthamoeba castellaniiQ37374), Theileria parva
sequence databasErianglesindicate the position of each intron, and (S41690),Bacillus sp. PS3 (Q03439), antMycobacterium leprae

the following digit corresponds to the serial number of introns in the (CAA18701).

gene, ordered with the most N-terminal one first. The boundary of the



intron length phase

3' exon

(branch)

intron

1 |CTTCCGAGGGCGTCGCACAG | GTGCGAACAGACCTCCACGG
2 | GCGCCGTGGCCTGATTGGCA | GTAAGTCCAGCACAACTGGC
3 | GCCTGAAGAAGGTCCTGAAG | GTGGGGAGGATGCTGGAGCG
4 | CGGCCACCTCCACTGCTCAG | GTGCGCCGGGCGTAAAGCTG
5 | TGTTCTACATGATGTTCCAG | GTGGGGCAGCGCCTGTAATT
6 |CCCCGTCAGTTCCTGACCGA | GTGAGTTGCGCATGGGGCCG
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cox2

1 | CCTGACGCGGGCTCCCGCAG | GTGTGTATAATTGGATGTAA

2 |CTGCAGTCCTCTGCCTTCGG [ GTGAGCGTAGGGCATCGCAG
3 | GCGGCCTGGGCTTCGGCAAG | GTAAGGACTTTACGGACATA
4 | CTGCCCCCTCGCGGCACCCG | GTGAGGAGGCGCTGCAGCGG
5 | CACCTACGTGAGCTGCCTGG | GTGAGCAGCAGTTGCAGTGG
6 |CTGCTGTTCGTGGGCCTGCT | GTGAGTACGGCAGCGTGCGC
7 | TGGTGGCCAAGGACCCTAAG | GTGGGGAGGCTGGGGGAAGG
8 |GCCATGTTCTTGGCTGACCA | GTGAGTGCCGAGTCTCTTGA
9 | AAGAGCTCCATCCTGTACTG | GTGGGTCGCGCTGTACTGCA

cox3

YAG

CTRAY
Fig. 2. Alignment of 15 spliceosomal introns in tleex2andcox3genes ofChlamydomonas reinhardtiwith the intron phase analysis. Twertical linesindicate the 5and 3 splice junctions, respectively.

G GTRAGT

The putative branch site, and the distance between the branch site ardsge® site, is also shown. In the bottom line, a representative sequence of the U2-type GT—-AG intron (Sharp and Burge 1997) is
indicated: R indicates A or G, Y indicates C or T, and S indicates C or G. The last column lists the phase of the intron: phase 0, the intron is insentésidoetalens; phase 1, the intron is inserted between

the first and the second nucleotide of the codon; phase 2, the intron is inserted between the second and the last nucleotide of the codon.
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introns was relocated to the nucleus in the primitive eu-
karyote cell. These group Il introns were subsequently
deformed during evolution into the currently existing
spliceosomal introns.

To deduce the evolutionary period when the reloca-
tion of the Chlamydomonas coxand cox3 genes oc-
curred, phylogenetic relationships of representative algae
belonging to Chlorophyta were analyzed based on the
coxlsequences, followed by superimposition of the ex-
istence of thecox2andcox3genes in the mitochondrial
genome onto the tree (Fig. 3). This clearly shows that
relocation of theChlamydomonas coxand cox3 genes
occurred during the evolution of Chlorophyceae, after
the branch of Volvocales and Chlorococcales. The sug-
gested period is modern enough to reject the scenario
described above.

This led us to conclude that at least five downstream
introns in thecox3gene and three downstream introns in
the cox2 gene are highly likely due to invasion of spli-
ceosomal introns. It has been suggested th&tenedes-
mus obliquughe cox2gene is also split into two genes,
and probably the N-terminal coding regionok23g is
retained in the mitochondrial genome, whereas the C
terminal-containing regioncpx2l has been transferred
to the nucleus (Rez-Martnez et al. 2001). Taking the
order of splittingcox2gene transfer as the same as that
for S. obliquusin the chlamydomonad alga€. rein-
hardtii and Polytomellaspp. simply leads to the conclu-
sion that intron density in theox2bis probably higher
than incox2a.However, in the two chlamydomonad al-
gae, the intron density is strongly biased toward the
cox2aovercox2b.This suggests that the gene transfer of
cox2apreceded that otox2bin the ancestor of these
chlamydomonad algae, not following the case Sf
obliquus.Besides our investigation, there are several re-
ported instances of mitochondrial genes that relocated
quite recently to the nucleus, e.g., tkex2 genes in
various species of beans (Nugent and Palmer 1991) and
ribosomal protein S11 gene in rice (Kadowaki et al.
1996). However, in these cases, introns were detected
only at the junction between the transit peptide and the
mature protein coding region. Based on these observa-
tions, the evolutional composition of these genes has
been proposed such that the targeting presequence re-
gion-bearing introns were added to the relocated organ-
ellar gene as a result of exon shuffling. This is probably
due to the fact that in these flowering plants, chromo-
some recombination is very active, whereas intron inva-
sion (after relocation of the reported genes) is less active
than in ChlamydomonasSpliceosomal introns in the
chloroplast-targeted acetolactate synthase (ALS) genes
of C. reinhardtii (Genbank acc. no. AF047459) axol-
vox carteri (AF04490) are instances that clearly show
intron invasion into organelle genes (besides those in this
investigation), consistently showing the high activity of
intron invasion in them (Funke et al. 1999).
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COX2 COX3 peginophyceae
Pedinomonas minor (-, =) [pedinomonadales

Chlorophyceae
/chlorococcales

Scenedesmus obliguus (+%*, +) ]

100 Hydrodictyon reticulatum*(+, +)

Polytomella sp. (=, =)"]

98

Chlamydomonas euga.met:os( -, =)
100 Chlorophyceae

81 Chlamydomonas reinhardtii (=, =) /Volvocales

Chlorogonium elongatum (-, =)

Prototheca wickerhamii(+, +)

74

. Trebouxiophyceae
Chlorella vulgaris (7, 7) /Chlorellales

Chlorella reisiglii(?, 7)

Platymonas subcordiformis(?, 7) Prasinophyceae/Platymonas

Tetraselmis aff. maculata( ?I ? ) ] Prasinophyceae

Nephroselmis olivacea (+, +) /Chlorodendrales

Fig. 3. Unrooted phylogenetic tree based on the amino acid se-A cox2agene that encodes a protein corresponding to the amino-
quences of theox1genes of chlorophyte algae. The tree, obtained by terminal half of a typical one-polypeptide COXII is detectedr@2e

the neighbor-joining method, is shown with bootstrap values (those les#artinez et al. 2001)Hydrodictyon reticulaturh Ohama et al. (un-
than 50% are omitted). The existence of twx2andcox3genes in published results).

each species of mitochondria is also indicated: +, present; —, absent. +*:

We closely analyzed the exon—intron boundaries andhry relationships (Logsdon et al. 1998). This phenom-
also any possibly informative secondary structures of theenon might be explained as follows: the number of in-
introns in thecox genes to specify the process for intron trons increases rapidly following the abrupt revival of the
invasion, but no particular traits were detected. This ledactivity necessary for intron invasion in a lineage, which
us to speculate that the extremely high invasive ability oflasts for a period of time, while a decrease in the number
spliceosomal introns irChlamydomonass due to the of introns occurs gradually through reverse transcription
spliceosome or some other enzymes in the cytosol.  of the processed mMRNA and integration of the product

A particular type of noncanonical reverse splicing uti- into the genome. Such a switching on and off of the
lizing a previously excised intron (i.e., insertion of the activity occurred independently in multiple lineages.
spliced-out intron into another mMRNA) might generate a
mMRNA which is invaded by an intron, which could then Acknowledgments. K.W. was supported by Research Fellowships of
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