J Mol Evol (1998) 47:431-440
journa oFMIOLECULAR
EVOLUTION

© Springer-Verlag New York Inc. 1998

The Mitochondrial Genome of Chlorogonium elongatuminferred from the
Complete Sequence

Jurgen Kroymann,* Klaus Zetsche

Institut fur Pflanzenphysiologie der Justus-Liebig-UniveisiBessen, Heinrich-Buff-Ring 54-62, 35392 Giessen, Germany

Received: 3 November 1997 / Accepted: 12 January 1998

Abstract. The 22,704-bp circular mitochondrial DNA Introduction

(MDNA) of the chlamydomonad alg&hlorogonium Among the few green algal mitochondrial DNAs (mtD-

elongatumwas completely cIor_led and seque_nced. TheNAs) investigated so far, the mitochondrial genomes (mt
genome encodes seven proteins of the respiratory elec-

tron transport chain, subunit 1 of the cytochrome oxidaseqenom.es) of t.\.NO chlamydomonad alg&hlamydomo
. . has reinhardtiiand Chlamydomonas eugametasnd
complex €ox1), apocytochrome bcpb), five subunits of L . . S
their interfertile relativesChlamydomonas smithand
the NADH dehydrogenase complesad1, nad2, nad, Chlamydomonas moewusigspectively, have been char
nad5,andnad6), a set of three tRNAs (Q, W, M), and the Y &SP Y,

LT acterized in detail. Mitochondrial genomes from b@th
large (LSU)- and small (SSU)-subunit ribosomal RNAS. |- i’ (pratje et al. 1984, 1989; Boer et al. 1985:
Six group-l introns were found, two each in tiex1,

cob. and nad5 aenes. In each intron an open readin Vahrenholz et al. 1985; Boer and Gray 1986a, b, 1988a—
' 9 : P 9%35389; Ma et al. 1988, 1989a, b, 1990; Michaelis et al.

) o 90; Bennoun et al. 1991) a@ eugametoéDenovan-

identified. Both the LSU and the SSU rRNA genes areWright and Lee 1992, 1993, 1994) encode genes for

Sp“t into fragments intermingled with each other anqseven subunits of the mitochondrial respiratory chain
with other genes. Although the average A + T content 'S(nadl “2, -4, -5,and -6, cob, and coxd), for three
0 - 4 H H H A L 1 1 1 1 ’ L
6_2.2 /o,_GC r!ch clusters.were detected in intergenic r.etRNAs (tRNA-M, tRNA-W, and tRNA-Q). and for the
gions, n var|able domains of the rRNA genes, and InIarge (LSU rRNA)- and small (SSU rRNA)-subunit ri-
introns and intron-encoded ORFs. A comparison of theoosomal RNAs. The latter are discontinuous, and the
genome maps reveals th@t elongatumand Chlamydo- ' '

monas eugametantDNAs are more closely related to LSU and SSU rRNA gene fragments are interspersed

one another than either is @hlamydomonas reinhardtii with one another and with protgln-codlng anq tRNA
MiDNA. genes (Boer and Gray 1988a, b; Denovan-Wright and

Lee 1994). Additionally, inC. reinhardtii an rtl gene
coding for a reverse transcriptase-like protein was found
(Boer and Gray 1988a). This gene is not presentin
eugametosor C. moewusiimtDNA (Denovan-Wright
and Lee 1993; R.W. Lee, personal communication).
Despite this very similar gene content, the mt ge-
nomes fromC. reinhardtiVC. smithiiandC. eugametds
— - _ C. moewusiidisplay quite different structural features.
* Present addressMax-Planck-Institut fu Chemische ®ologie, Ta- The 15.8-kilo base pair (kb) mitochondrial genome from
Izend promenade 1a, 07745 Jena, Germany i R . )
Correspondence toK. Zetsche:e-mail: Klaus.Zetsche@bot3.bio.uni- C- reinhardtiiis linear (Ryan et al. 1978; Michaelis et al.
giessen.de 1990; Harris 1993) and flanked by characteristic inverted
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repeats with 3 single-stranded, noncomplementary ex-
tensions of 39 to 41 nucleotides (Ma et al. 1992; Vahr-
enholz et al. 1993). Both DNA strands encode genes.
With the exception of a 1.075-kb group-I intron present s :
in C. smithiimtDNA, the mt genomes from the interfer- . nad1
tile speciesC. reinhardtii and C. smithii are colinear L5
(Colleaux et al. 1990). In contrast, circular maps have |}
been presented for the colinear 22- and 24-kb mt geﬁ
nomes ofC. moewusiiLee et al. 1991) an€. eugame-
tos (Denovan-Wright and Lee 1992; Denovan-Wright
and Lee 1993). In these species, all genes and gene fragg
ments are encoded on the same strand.

To investigate further the evolution of mt genomes
among chlamydomonad algae, we have examined the |, . /, nads

g

nad2

nadé

MtDNA of Chlorogonium elongatung species distantly
related toC. reinhardtiiC. smithiiandC. eugametd€.
moewusii(Buchheim et al. 1990, 1996; Buchheim and
Chapman 1991). We present a physical and functional cob

map of the mt genome froi@. elongatuninferred from Fig. 1. Physical and functional map dfhlorogonium elongatum

the complete nucleotide sequence. mtDNA. The circular map results from sequencing of overlapping

clones. The fiveinner circles indicate restriction sites foHindlIl,

Hincll, EcaRl, Xbd, andBanH|. Note thatXba and BanHI each cut

the mtDNA only once. Theuter circleshows the position, size, and

organization of protein-codingnadl, -2, -4, -5,and-6, cob, cox}

and tRNA (M, W, Q) genes as well as the position and approximate

size of rRNA gene fragments (S1-S3, L1-L6). Tox1, nad5andcob

genes each contain two group-l introns. Exons are showhlask

boxes;intronic ORFs, agray-toneregions. All genes are oriented in a

clockwise direction, as indicated by tlagrow.

Chlorogonium elongatunbangeard strain 2e was obtained from the

Sammlung von Algenkulturen (@&ingen, Germany). Cell cultures,

!solatlon ?jf orgahneIIaL(l.e.,dplastl_g adnd mlFochlondrlaI) DNA, an((jj Clon'hsary, various synthetic oligonucleotide primers (Genosys Biotechnolo-

|1n§9;;r)oce ures have been described previously (Kroymann and Zetsc gefes, England). Compressions were resolved with Deaza G/A sequenc-
' ing mixes (Pharmacia). Sequences were read manually. Computer

analyses and similarity searches were performed with DNASIS and

PROSIS (Hitachi Software, Yokohama, Japan). Furthermore, the

BLAST network service (Altschul et al. 1990) was used. Similarity

scores for intronic open reading frames (ORFs) were calculated from

Recombinant plasmids containing mtDNA inserts were identified by pairwise comparisons of sequences aligned with Clustal V (Higgins et

clone walking, starting with heterologouasb (Schuster and Brennicke  al. 1992). Secondary structures were drawn with CARD (Winnepen-

1985) andcox1 (Kessler and Zetsche 1995) gene probes kindly pro- ninckx et al. 1995). The complete sequence of the mtDNA& oélon-

vided by Axel Brennicke, Ulm, and Ulrike Kessler, Giessen, Germany.gatumis deposited in the EMBL database (accession Nos. Y07814,

A 2.45-kbEcaRI fragment encoding the second exon and parts of bothy13643, Y13644).

introns of thecox1gene was missing in the clone banks. This one was

amplified via PCR (Mullis and Faloona 1987) and cloned into the

pCRII vector using the TA cloning kit (Invitrogen, Leek, The Nether-

lands). Three fragments were obtained from independent reactions. Results

Materials and Methods

Strain, Culture Conditions, Preparation of Organellar
DNA, Cloning into pUC18, and pBluescript Il Vectors

Identification of Mitochondrial Clones and PCR

Blotting and Hybridization Gene Content

Restriction fragments were electrophoretically separated on 0.8% aga-. . . . .
rose gels and blotted onto Hybond N+ membranes (Amersham) (Sout>€VeN genes coding .for SUb_Un'tS. _Of the mitochondrial
ern 1975). Hybridizations were performed nonradioactively using theelectron transport chain were identified on tlelorogo-

ECL kit RPN 3001 (Amersham). niummt genome (Fig. 1). These specify subunits 1, 2, 4,
5, and 6 of the NADH dehydrogenase compleradl,
-2, -4, -5, and-6), apocytochrome bcph), and sub-
unit 1 of the cytochrome oxidase complecokd). Fur-
DNA sequencing of double-stranded plasmid templates was performeshermore’ Spllt genes for the SSU and LSU rRNAs (See

by the dideoxy chain termination method (Sanger et al. 1977) using thd€low) and genes encoding the transfer RNAs for me-
T7 sequencing kit (Pharmacia) and universal primers or, when neceghionine (CAU), tryptophan (CCA), and glutamine

Sequencing and Data Analysis
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Table 1. Insertion sites of group-I introfis

Ce Introns from other species with identical insertion sites
nad51 Allomyces macrogynus nad5
ID/L ns/L (U41288)
nad52 A. macrogynus nad3, Marchantia polymorpha nad5, Neurospora crassa nadb
IB/L ns/L (U41288) ns/— (M68929) IBAL (X05115)
cohl N. crassa cold, Podospora anserina cib
ID/G IDP/G (X06884) IDP/G (X55026)
coh2 Saccharomyces cerevisiae @b A. macrogynus caB
ID/L ID/L (J01472) ID/L (U41288)
coxiil P. anserina coxil1, A. macrogynus coxd
IB2/L IB2"/L (Y00403) ns/L (U41288)
coxli2 M. polymorpha cox®, A. macrogynus cox12
IB/G IBY— (M68929) ns/— (U41288)

2 Intron subgroups, ORF types, and accession numbers (in parentheses) of group-I introns in mitochondrial genes with insertion site€ shared &
elongatum (Ceand other species. G, an intronic ORF of the GIY-YIG type is encoded; L, the intron encodes an ORF exhibiting a LAGLI-DADG
motif or a degenerate version of it; —, no intronic ORF. ns, intron subtype not spetbath from Michel and Westhof (1996Data from
Kroymann and Zetsche (199%pData from Ohta et al. (1993).

(UUG) were identified. Remnants of other mitochondrial intron 2, as well adNeurospora crassa coimtron 1 and

genes or of amtl gene were not detected. Podospora anserina coimtron 2, which are inserted at
the same site a€hlorogonium colintrons 1 and 2, re-
spectively, belongs to subgroup IN. crassa nadsn-

Genome Structure tron 2, which shares its insertion site wittinlorogonium

Th Chl . DNA (Fig. 1 deduced nad5intron 2, was placed in subgroup 1B4, aRd an-
€ map ofChlorogoniummt (Fig. 1) was deduce serinacoxl intron 11, inserted at the same position as

from the complete nucleotide sequence as obtained fror@:hlorogonium coxlintron 1, belongs to subgroup I1B2
the analysis of overlapping mtDNA fragments. To deter-(l\/IiCheI and Westhof 1990’)_ Furthermorklarchantia

g?llne Wh?‘the.r a Illnear foLmbo.fdt'he .mtDNA e.X'StS in ad- polymorpha coxintron 9, which shares its insertion site
ition to the circular one, hybridization experiments were, .. Chlorogonium coxlintron 2, was classified as a

performed: botlBanH| and Xba have single restriction group IB intron (Ohta et al. 1993)

sites in the mIDNA frpnC. elongatunfFig. 1). I_n South- EachChlorogoniumintron contains a single ORF po-
ern blots from restricted and electrophoretically S(Epa'tentially encoding proteins related to RNA maturases or
rated organellar DNA probed with fragments from dif- endonucleases. Two of theseoil and coxi2) are of
ferent sites of the mtDNA, only a single DNA species of the GIY-YIG type (Burger and Werner 1985: Michel

about 23 kb could be detecte.d in these digests (data nat 4 Cummings 1985; Kroymann and Zetsche 1997); the
shpwn). Ifgrthermore, ho regions homologous to@e others exhibit highly degenerate LAGLI-DADG motifs
reinhardtii inverted repeats (Ma et al. 1992; Vahrenhol; Dujon 1980; Lazowska et al. 1980). In general, the in-
et QI. 1993) were fou_nd. These resu_lts are consistent with, .- 5rFs of both subtypes appear to be only distantly
a circular conformation, as shown in Fig. 1. related to one another. Only the ORFsGhlorogonium
cobintron 2 andnad5intron 2 show an identity of ap-
Introns and Intron-Encoded ORFEs prox. 25% and a similarity of approx. 45%; in all other
cases, pairwise comparisons reveal identity values well
Six introns displaying the structural features of group-1below 25%. BLAST (Altschul et al. 1990) searches were
introns (Burke 1988; Cech 1988; Michel and Westhofperformed with all intron-encoded ORFs; in all cases, the
1990) were found, two each in tle®x1, nad5andcob  highest similarity scores were obtained with ORFs en-
genes. Both introns in theob gene were placed in sub- coded by introns inserted at various locations of mito-
group ID (Kroymann and Zetsche 1997), as well as thechondrial genes.
first intron in thenad5gene. The first intron in theox1 Regarding the ORFs that are encoded by the introns
gene belongs to subgroup IB2. The others are most simiisted in Table 1, they belong to the same family as the
lar to introns from subgroup IB but could not be speci- respectiveChlorogoniumORFs. Relatively high degrees
fied unambigously. The intron insertion sites are sharedf similarity were observed between the ORFs encoded
by various group-I introns from other species (Table 1).by the Chlorogonium colgenes and their fungal coun-
In several cases, these introns belong to the same ortarparts, as well as between the second intronic ORF in
closely related structural subgroup as the respectivéhe Chlorogoniumand the sole intronic ORF in the
Chlorogoniumintrons: Saccharomyces cerevisiae cob Chlamydomonas smithii copenes (cf. Kroymann and
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Fig. 2. Potential secondary structures of the second intron ifCthe ondary structures are identical up to the sequence “ACCAAC.” Ele-
elongatum coxyene drawn according to Burke et al. (1987). Intron ments P9.1 and P9.1a are omitted when the proximal site is used for
sequences are shown ¢apital letters;exon sequences, lowercase. splicing. In this case, the P10—Pliiteraction consists of 5 bp (P10,
Secondary structure elements are indicated; the P9.0 interaction i§'AAGAG3’; P10, 3'uucucB). Alternatively, i.e., when the distal
marked bycrossesThe putative proximal 3splice site as well as the splice site is used, only 3 bp are involved (P10GAG3’; P10,
intron-encoded ORF lies within the loop of P9.1a. The alternate sec3'cucs5).

Zetsche 1997). In addition, alignment of the ORFs en-The SSU rRNA gene is split into (at least) three pieces,
coded innad5intron 2 of the fungusAllomyces mac- S1, S2, and S3; the LSU rRNA gene consists of (at least)
rogynus (Paquin and Lang 1996) an@hlorogonium  six fragments, L1 to L6, numbered with respect to their
nad5intron 2 reveals that they share 104 identical resi-order in continuous rRNA genes. The breakpoints lie
dues in 285 positions, and a further 68 amino acids resulvithin regions corresponding to variable domains of the
from conservative substitutions (36% identity/60% simi-rRNAs. Altogether, the SSU and LSU rDNA fragments
larity). The ORF potentially encoded by theurospora  span a region of about 5.1 kb on the mt genome ffom
crassaintron (Nelson and Macino 1987) inserted at theelongatum.They are intermingled with each other and
same position shows no significant similarity to either with thenad6and tRNA-M genes in the following order:
the Chlorogoniumor the Allomycesintronic ORF. L3, L2, nad6,L6, S2, L4, S1, L1, M, L5, S3.

In the other cases, no significant similarity was de-
tected. One introncpx1i2) putatively possesses two al-
ternate 3 splice sites (Cummings et al. 1988). The use ofGC-Rich Elements
the proximal site would fuse the intron-encoded ORF in
phase to the preceding exon; alternatively, splicing at thd e averag A + T content of theC. elongatummt ge-

distal site would result in excision of the intron from the NOMe is 62.2%. However, many sequence stretches dis-
precursor RNA (Fig. 2). playing an unusually hig G + C content were found in

intergenic regions, in introns and intron-encoded ORFs,

and in regions corresponding to variable domains of the
rRNA Genes rRNAs. These “GC-rich elements” vary in size, from a

few bases up to ca. 150 bp. Characteristic is the succes-
The rRNA genes were identified according to their simi- sion of repeated G or C residues, in some cases up to
larity at the primary and secondary structure level with8mers, but more often in blocks of 3mers, 4mers, or
their counterparts fronC. reinhardtii (Boer and Gray 5mers (Fig. 3). These may be part of shorter or longer
1988b) andC. eugametogDenovan-Wright and Lee palindromic or hairpin loop sequences, and might be able
1994). The exact’sand 3 termini were not determined. to form secondary structures. Based on sequence simi-
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C. elongatum: | Lg-L2-nad6-L6-S2 HL4-S1-L1-M-L5-58Hnad4 H cox1-W-Q-nad 7 nad2 H nad5H cob

C. eugametos: |L3-L2-nade-L6-S2Hnad4 | nad2 H cob HL4-$1-L1-M-L5-S3[H cox1-W-Q-nad1 H nads

Fig. 4. Schematic representation of t@e elongatumandC. eugametomitochondrial gene orders. To faciliate comparison, both genomes were
linearized at the rRNA gene fragment LBoxed regionsndicate genes and gene fragments in identical succession in both genomes.

larities, these elements were divided into four groupsFurthermore, in three regions, ranging from L3 to S2,
(Kroymann 1997). from L4 to S3, and frontox1to nadl,the gene order is
exactly the same (Fig. 4). In contrasiad5, nad4,and
cob are transcribed from one DNA strand of the re-
inhardtii mt genome, whereas the remaining genes are
encoded by the complementary strand (Michaelis et al.
1990; Harris 1993). Except for two rDNA modules (De-
novan-Wright et al. 1996), the gene order @ rein-
hardtii mtDNA completely differs from both th€. eu-
gametosand theC. elongatummt genome order.

Discussion

SSU and LSU rRNApadl, -2, -4, -5,and -6, cob,
andcoxlgenes were found to be encodeddnelonga-
tummtDNA as well as inC. reinhardtiiC. smithiiandC.
eugameta€. moewusiimtDNAs. Only three genes
specify tRNAs, i.e., for methionine, tryptophan, and glu-
tamine. Apart from thetl gene, an identical set of mi- 1herefore, we conclude tha.. elongatumandC. euga-
tochondrially encoded genes is sharedtyelongatum, metosé;:. moewusiare more c_Ioser_ relateq_ to eac_h (_)_ther
C. eugametd€. moewusiiandC. reinhardtiiC. smithii. than either of these species isCoreinhardtiVC. smithii
This suggests that already their common ancestor posT_his is consistent with recently published results of a
sessed a highly reduced coding capacity, compared tghylogenetic analysis based on nuclear and plastid rRNA
other green algae, e.gTetraselmis subcordiformis 9gene sequences (Buchheim et al. 1996). Furthermore, our
(Kessler and Zetsche 1995) aRdbtotheca wickerhamii ~ results strengthen the view that the ge@samydomo-
(Wolff et al. 1994). nasis a polyphyletic assemblage of only distantly related
Another feature typical of chlamydomonad mt ge- SPecies.
nomes is the presence of fragmented SSU and LSU At least three transpositions are required to transform
rRNA genes. Some of the rRNA fragment breakpointsthe C. elongatumgenome order into th€. eugametos
are shared betwed reinhardtii (Boer and Gray 1988b) order, or vice versa. However, this could be achieved in
andC. eugametogDenovan-Wright and Lee 1994); oth- various ways, and current data concerning mt genomes in
ers are not. The simplest explanation for this is that comthe C. elongatun’C. eugametodineage of chlamydo-
mon breakpoints were present in the progenitor of bothmonads do not allow one to determine the succession of
species, while unique ones resulted from rearrangementsvents that led to the different genome arrangements in
after the separation of lineages (Denovan-Wright et althese species. Notably, transpositions retaining the direc-
1996). tion of genes are obviously preferred to rearrangements
The breakpoints of mitochondrial rRNA gene frag- resulting in a “head-to-head” or “tail-to-tail” order of
ments fromC. elongatumappear to correspond to those genes: starting from a gene order asCnelongaturnor
from C. eugametog-urthermore, the fragment order is C. eugametosthree—independent—transpositions lead
identical, with the following exception: i€. eugametos in only one of eight imaginable cases to a gene order in
the rDNA fragments are dispersed in two distinct clusterswhich all genes are arranged “head to tail.” Provided
separated by several kilobase pairs (Denovan-Wright anthat both directions of a gene (with respect to the others)
Lee 1993), whereas i@. elongatunthey are located in could be realized with equal opportunity following a

a single region of about 5.1 kb. transpositional event, the probability of such a case is
Several features are specifically shared by the mt ge1/8, or 12.5%.
nomes fromC. elongatumand C. eugametos/C. Thus, theChlorogoniumand C. eugametosnt ge-

moewusii(Lee et al. 1991; Denovan-Wright and Lee nome organization, i.e., with all genes and gene frag-
1992, 1993, 1994), i.e., a circular genome map, the abments arranged in a head-to-tail order, might be due to
sence of amtl gene, and apparently identical breakpointsproperties of the mechanism(s) responsible for the ar-
of the rRNA gene fragments. A circular genome struc-rangements, but could also reflect some special proper-
ture was also reported for the mtDNA fro@hlamydo- ties of the genome itself, e.g., the presence of a single
monas pitschmannig species very closely related@  promoter, from which all genes i@. elongatumandC.
eugametd€. moewusi{Boudreau and Turmel 1995). In eugametosre transcribed. As yet, such an element has
C. elongatumand C. eugametd€. moewusiiall mito- not been identified, in eithe€. elongatumor C. euga-
chondrial genes are encoded by the same DNA strandnetos although mitochondrial mMRNAs were detected in
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C. elongatum(Kroymann et al. 1995; our unpublished stranded extensions themselves are then generated by a
results). reverse transcriptase using the RNA molecule as a tem-
So far, the character of the mechanism(s) underlyinglate. Alternately, the ends of the mtDNA molecule
the rearrangements remains speculative. A potential roleould be generated by an interaction between the internal
could be assigned to the GC-rich elements, which ar@and the two terminal repeats. The latter model would
present repetitively on th€hlorogoniummt genome require a site-specific nuclease, rather than a reverse

(see below). However, an interaction of repetitive ele-transcriptase.
ments within a single circular mtDNA molecule does not A linear mt genome flanked by inverted repeats has
seem to be an appropriate explanation: a recombinatioalso been reported for the green aR@ndorina morum
between two direct repeats gives rise to two subgenomi¢Moore and Coleman 1989). In a phylogenetic analysis
circles, each comprising only a part of the genomebased on molecular, i.e., nuclear-encoded SSU and LSU
whereas a recombination between two indirect repeatsRNA sequences, and organismal data, this multicellular
leads to an inversion of the intervening sequence. species turned out to be more closely relate€taein-
Therefore, an interaction between two distincthardtii and C. smithii than to C. eugametosand C.
mMtDNA molecules might be envisaged: an event resemmoewusii(Buchheim et al. 1994). Therefore, it seems
bling unequal crossover and involving GC-rich elementspossible that antl gene might be encoded in this mt
located at different positions, which could lead to thegenome, too.
transfer of an additional gene copy to one mtDNA mol-  Differences in the mt-genome sizes of chlamydomo-
ecule accompanied by a deletion in the other. In a trannad algae result mainly from varying numbers of introns.
sient stage, both copies would be active. If later theln C. elongatumthe six group-I introns cover approxi-
“original” gene copy is inactivated, a genome rear- mately 8.1 kb, i.e., more than one-third of the total size
rangement results. This implies the presence of a psewf 22.7 kb. Group-I introns have also been detected in the
dogene in the mt genome for some period of time. How-cobgene fromC. smithii(Colleaux et al. 1990) and in the
ever, remnants of such a gene could not be detected iprotein-coding (Denovan-Wright and Lee 1993) and
ChlorogoniummtDNA. rRNA (Denovan-Wright and Lee 1994) genes frdn
Furthermore, the proposed model suggests that singleugametosThe inverted repeats, together with an inter-
genes are transferred, i.ead4, nad2, nadsand/orcob, nal repeat of the 5and 3 terminal sequences, contribute
rather than continuous stretches of several genes, i.e., L&. 1.2 kb of theC. reinhardtii mt genome; noncoding
to S2, L4 to S3, anadox1to nadl In the latter case it regions additionally cover approximately 1.5 kb. Short
would be difficult to explain why these stretches are keptrepeated sequences, characterized by the consensus motif
intact, i.e., why all genes and gene fragments should bETCGG (N,_,) CCGAG, were detected in these spacer
inactivated in one copy, but none in the other. regions flanking transcribed coding sequences. Because
Thertl gene present i€. reinhardtii (andC. smithij of their location, a potential function in gene regulation
MtDNA(S) is suggested to be of foreign origin, due to was suggested (Boer and Gray 1991).
several characteristics that distinguish this gene from the In C. elongatumpnoncoding intergenic regions occupy
other protein-coding genes (Boer and Gray 1988a). Arabout 2.4 kb of the mt genome. Here, numerous GC-rich
rtl gene is not encoded in the mtDNAs of eitli&relon-  elements were found. Since such sequences are also pre-
gatumor C. eugametd€. moewusii(Denovan-Wright  sent in introns, intronic ORFs, and rDNA sequences cor-
and Lee 1993; R.W. Lee, personal communication). Furresponding to variable domains of the rRNAs, it seems
thermore, no remnants of such a sequence could be denlikely that they are involved in gene expression or in
tected in theC. elongatummt genome. Therefore, it the formation of higher-order structures of the mtDNA.
seems likely that this gene was introduced into theRather, their distribution suggests that they either are or
MtDNA in a chlamydomonad lineage leading@ re-  were mobile within the mt genome. Similar putatively
inhardtii/C. smithiiafter separation from a chlamydomo- mobile elements have been found in various fungal mtD-
nad lineage leading t6. elongatunandC. eugametd€.  NAs, e.g., in Saccharomyces cerevisiae, Neurospora
moewusii Similarly, no remnants of the inverted repeatscrassa, Kluyveromyces lactiand Aspergillus nidulans
characteristic of the linedZ. reinhardtiimt genome (Ma (summarized by Clark-Walker 1992), as well asAitio-
et al. 1992; Vahrenholz et al. 1993) were founddn  myces macrogynuy®aquin and Lang 1996). However, it
elongatum Hence, the same explanation might apply tois not clear whether these elements and those f@om
them. Vahrenholz et al. (1993) proposed a hypothesiglongatumshare a common origin, since no particular
explaining the functions of both the inverted repeats andequence homology was observed.
thertl gene inC. reinhardtii mtDNA: an internal 86-bp The GIY-YIG ORF inChlorogonium cohintron 1
repeat of the two outermost sequences serves as a matrieas the first to be detected in a mt genome except those
for the generation of an RNA molecule, which binds from fungi. It was found to be most similar to the GIY-
complementarily to the'3ingle-stranded extensions and YIG ORFs encoded bi?odospora anderina coimtron 2
primes DNA synthesis during replication. Thesdngle-  (Cummings et al. 1989) and Kyeurospora crassa cob
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intron 1 (Collins et al. 1988); the respective introns areence of theChlorogoniumgroup-I introns and their

inserted at identical sites within theb genes of these ORFs.

species and belong to the same subgroup (ID). Therefore,

a common ancestry of these introns was proposed (Kroy-

mann and Zetsche 1997). A second GIY-YIG ORF isNote Added in Proof

encoded inChlorogonium coxintron 2, which belongs

to subgroup IB. This ORF shows only a low degree of Meanwhile, the complete sequence of heeugametos

similarity to the other one of the same typeGhlorogo- ~ MtDNA has been published. In this genome an additional

nium (20% identity/41% similarity). Hence lateral trans- copy for tRNA"™!is present that may be a pseudogene.

fer of these GIY-YIG ORFs within th€hlorogonium  Furthermore, in total nine group-I introns were detected.

mt genome is very unlikelyMarchantia polymorpha For further information, please refer to: Denovan-Wright

coxlintron 9 andAllomyces macrogynus cokitron 12,  EM, Nedelcu AM, Lee RW (1998) Complete sequence

which share identical insertion sites wi@hlorogonium  ©f the mitochondrial DNA ofChlamydomonas eugame-

coxlintron 2, lack intronic ORFs. tos. Plant Mol Biol 36:285-295.
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