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Abstract. The mitochondrial genome of the brown secondary structure, which consists of six double helical
alga Pylaiella littoralis contains two different types of domains, numbered from I to VI, radiating from a central
group Il introns. They each encode complete complexvheel (see Fig. 2). The group Il introns are classified into
proteins, i.e., with a reverse transcriptase domain, dwo different subgroups, IlA and IIB, and distinguished
maturase or X domain, and an endonuclease or H-N-Hby specific structural features (Michel et al. 1989).
zinc finger domain. To our knowledge, this is the first Group Il introns often encode open reading frames
example of the presence in the same genome of intron@ORFs) which consist of several domains, including a
belonging to subgroups IIA and 11B which both contain reverse-transcriptase (RT) domain related to the RT do-
multidomained RT-like proteins. We describe the groupmains of the ORFs encoded in non-long-terminal repeat
[IA introns that interrupt thecoxl gene. The RT-like (LTR) transposable elements, other cellular transposable
proteins contained in these introns were compared t@lements, retroviruses, and various DNA viruses (Toh et
those of the LSU rDNA group IIB introns. The phylo- al. 1983). It is not clear how all these complex proteins
genetic relationships of these intron ORFs were investiare related and which are the most ancient (for review see
gated and the possible evolution of group Il introns isMcClure 1991).
discussed. The origin of group Il introns is unknown and their
idiosyncratic distribution seems to reflect efficient
Key words: Brown alga —coxl1gene — Group IIA  mechanisms for dispersal which may have led to lateral
and 1IB introns — Phylogeny — Reverse transcriptase-transfers from one organism to another. In fact they have
like genes been shown to be mobile genetic elements (Yang et al.
1996). The recent discovery of group Il introns in cya-
nobacteria and proteobacteria (Ferat and Michel 1993;
Ferat et al. 1994) has raised the hypothesis of a vertical
transmission of these introns from prokaryotes to the

) . derived eukaryotic organelles, mitochondria, and plas-
Group | and group Il introns are RNA enzymes (ribo- tids

zymes) that catalyze their own splicing by different = yyi0 studying the mitochondrial genome of the
mechanisms. All group Il introns show a characterlstlcbrown algaPylaiella littoralis (L.) Kjellm., we found

four group IIB introns in the large-subunit (LSU) rDNA.

Two of them contain a reverse-transcriptase-like gene in
Correspondence tdS. Loiseaux-de Gae their region IV (Fontaine et al. 1995a). This was a rather
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Fig. 1. Physical map of the mitochondrial

nad2 cox1gene from the brown alg. littoralis.
RDIF 3 ppy Euuz The cox1 gene _is split into four exons by
N e three group IA introns, numbereld-3.Each
2435 nt 2530 nt of the three introns contains an ORF encod-
817 nt 1 o%nt 2 312 nt 371 nt ing for an RT-related complex protein. Frag-
ments betweerarrows were amplified by
_— o Introns and RT polymerase chain reactions as indicated in
500pb exons related proteins Materials and Method<&, EccRI; B, BanHI.

surprising finding as most group IIB introns have beentide primers (Eurogentec). The sequence of the intron domain V was
described in eubacteria (cyanobacteria armfoteobac- then verified by amplification and direct sequencing of this region.

. . . - Nucleotide sequences were analyzed by the McMolly program (Karoi-
teria; Ferat and Michel 1993) and in pIaStIdS dkLEt al. Kerlag Reiner Bornemann Bielefeld) to search for open reading frames.

1990; Maie.r et al. 1995_)- A few group IIB introns have Secondary structures of group Il introns were constructed according to
been described from mitochondrial genomes but these dme consensus models of Michel et al. (1989). The amino acid se-

not contain ORFs, and sometimes some of the helicadluences were aligned by eye with those of homologous genes found in
domains are missing (Klk et al. 1990 Bonitz et al. 9roup lIA and IIB introns. Alignments were used to generate distance
1980; Leblanc et al. 1995) ’ and parsimony phylogenetic trees, as described in Fontaine et al.

e ' : 1995a).

In this paper we describe theoxl gene from the ( )

mitochondrial genome d@®. littoralis as well as the three
group Il introns which interrupt this gene. Based uponResyits
their secondary structure they all belong to subgroup I1A
and contain RT-related ORFs. The presence in the sam1eh 1G Pyiaiella i i
mitochondrial genome of both group IIA and 1B introns ecoxl Gene ofPylaiella littoralis

with RT-like proteins provides the opportunity to com- The mitochondriatox1gene of the brown algR. litto-
pare the domain organization of these ORFs and to inrajis spans over 8,956 nt. It is interrupted by three introns
VeStigate their eVOIUtionary hiStOI’y. In contrast with the (F|g 1) The exons code for a very Conserved, 528-
ORFs found in group I introns, which often are unrelatedamino-acid protein. Using the universal genetic code all
(see Michel and Ferat 1995), the group Il ORFs have &onserved tryptophans are correctly translated, as for
common ancestor and seem to have coevolved with theigox3 and other genes from this genome (Fontaine et al.
Introns. 1995b). The tryptophan codon is generally the first to be
modified in mitochondria when modifications do occur
in the genetic code; it is the case, for example, of the
protozoarAcanthamoeba castellar(iBurger et al. 1995)
TheBanHI andEcaRI restriction fragments containing partof tbex1 ~ @nd of the red alga&Chondrus crispugLeblanc et al.
gene came from an organellar gene bank (Loiseaux-der @val.  1995). The only particularity of thé. littoralis cox1
1988). Missing parts (the'3end, see Fig. 1) were amplified from gene is the presence of a long Mtérminal region (Fig.
organellar DNA extracted from axenic cultures Bf littoralis as in 2)’ 14 amino acids |0nger than that &f castellanii,

Dalmon and Loiseaux (1981). In a first amplification an intron-specific hich already is lonaer than most of the other homolo
degenerated intermediate primer, RD1, nearly identical to the RID-lW I y 1S g S

primer designed by Ferat et Michel (1993), was designed from theJOUS genes. As can pe seen in Fig: 2, most muffations in
conserved domain V (RD1:'SACCGAACCGTACGTG(AC)(AGC-  the coxlgenes are silent or result in conservative sub-
TA(GC)TTTC(AC)C 3). The other primer (JM1: 5SGAAAAGGG-  stitutions of amino acids, with an overall identity in eu-

CACTCGTCGGAAGGCAA 3) consisted of a known sequence from karyote genes of 74—82% (TabIe 1) and similarity rang-
a cloned bordeBanH| fragment. A second PCR was then performed . f 92.5 to 97.7%. | fficient sianifi thi
with the reverse complement of the RD1 degenerate primer (RD1F: 5|ng rom =~ 10 -f7o. Insutlicient significant lineage

G(GT)GAAA(GC)T(AGCT)(GT)CACGTACGGTTCGGT 3 and  Signatures are present to build reliable phylogenies from
with a primer derived from the known sequence of a clo&edRI these genes. Nevertheless, as in the case of the LSU
fragment (JM2: 5 GCATCTACCGCAATTATAGGACTCA 3).  rRNA gene (Fontaine et al. 1995a), it appears that, com-
Cycle times were as follows: denaturation for 5 min at 94°C, foIIowedtpared to other mitochondriaox1 genes, theox1 gene

by 40 thermal cycles (denaturation, 1 min at 94°C; annealing, 2 min a f P litt lis i lightl | | lated to th
68°C; elongation, 3 min at 72°C) and a last elongation step of 10 min0 - litoralis I1s sfightly more closely related to ihe

at 72°C. For the second PCR, the hybridization temperature was 40°¢®¥0mologousa-proteobacterial gene frorParacoccus

and the duration of elongation was 5 min. The iDeeaction mixture  denitrificans (Raitio et al. 1987; Table 1). The COXI
contained 2.5 units of Taq DNA polymerase (Promega)uidfeach  amino acid sequences most closely related to tha. of
primer, 2 nu each of dATP, dCTP, dGTP, and dTTP, j0of 10 ittqralis are those from land plants, green and red algae,

buffer (Promega), 10 m of MgCl,, and two drops of mineral oil ; .
(;erkm() %) o= P ! " and from Acanthamoeba castellaniSurprisingly the

The entire amplified fragments were sequenced in both directionsCOXI amino acid sequence of the oomycBtgytophtora
using a dideoxy sequencing kit (Pharmacia) and synthetic oligonucleomegaspermgSachay et al. 1993) is more distant even

Materials and Methods
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M.pol 2
M.pol 1 P.ans 1 S.cer 1
* * *
S.cer. MV--QRWLYSTNAKDI AVLYFMLAIFSGMAGTAMSLIIRLELAAPGSQYLH GNSQLFN VLVVG
M.pol. MNNFA~——~- QRWLFSTNHKDM GTLYLIFGAIAGVMGTCFSVLIRMELAQPGNQILG GNHQLYN VLMTA
P.wic. MVT--RWLYSTNHKDI GTMYLIFGAFSGVLGTVFSLLIRMELAQPGNQILN GNHQLYN VIITA
A.cas. MINRLLNNLTSFFTDNRWLFSTNHKDI GTLYLIFGGFSGIIGTIFSMIIRLELAAPGSQILS GNSQLYN VIITA
C.cri.  aeee.. QSFFTOWIS-RWIFSTNHKDI GTLYLIFGAFSGVLGGCMSMLIRMELAQPSNHLLL GNHQIYN VLITA
P.meg. MNFKNINKCQL-D--WLFSTNHKDI GTLYLIFSAFAGIVGTTLSLLIRMELAQPGNQIFM GNHQLYN VVVTA
P.1it. MSYSINNIYNKDLVSFFSFSITSLSDFCS-RWLFSTNHKDI GTLYLIFGGFSGVLGTAMSVLIRLQLASPGNQFLG GNHQLYN VIVTA
K.lac 1 A.macr 3
N.cra 1 S.cer 2 P.ans IA
X x % *
S.cer HAVIM IF F LVMPALIGGFGNYLIPLMIGATDTAFPRINNIAFW VLPMGLVCLVTSTLVESGAGTGWTVYPPLSSIQAHSGPSVDLAIFA
M.pol HAFLM IF F MVMPAMMGGFGNWFVPILMGSPDMAFPRLNNISFW LLPPSLLLLLSSALVEVGCGSGWIVYPPLSGMTSHSGGSVDLAIFS
P.wic HAFILM IF F MLMPALMGGFGNWFLPILIGAPDMAFPRLNNISFW LIPPSLLLLVSSALVEVGAGTGWTVYPPLASIASHSGGSVDLAIFS
A.cas HAFVM IF F FVMPVMIGGFGNWFVPLMIGAPDMAFPRLNNISFW LLPPSLFLLLCSSLVEFGAGTGWTVYPPLSSIVAHSGGSVDLAIFS
C.cri HAFIM IF F MVMPVMIGGFGNWLVPIMIGSPDMAFPRLNNISFW LLPPSLCLLLMSALVEVGVGTGWTVYPPLSSIQSHSGGAVDLAIFS
P.meg HAFIM VF F LVMPALIGGFGNWFVPLMIGAPDMAFPRMNNISFW LLPPALLLLVSSAIVESGAGTGWIVYPPLSSVQAHSGPSVDLAIFS
P.lit HAFLM IF F MVMPVLIGGFGNWFVPLMIGAPDMAFPRMNNISFW LLPPSLILLLASSLVESGAGTGWTVYPPLSGIQAHSGPSVDLAIFS
M.pol 5
*
S.cer. LHLTSISSLLGAINFIV TTLNMRTNGMTMHKLPLFVWSIFITAFLLLLSLPVLSAGITMLLLDRNFNTSFFEVAGGGDPILYEHLFWFFGH
M.pol. LHLSGVSSILGSINFMT TIFNMRAPGLTMHRLPLFVWSVLVTAFLLLLSLPVLAGAITMLLTDRNFNTTFFDPAGGGDPILYQHLFWFFGH
P.wic. LHLAGVSSILGAINFIC TVFNMRAPGMSMLDL-LFVWAVFITAWLLLLCLPVLAGGITMLLTDRNFNTSFFDPAGGGDPILYQHLFWEFFGH
A.cas. LHLAGISSLLGAINFIT TIFNMRVPGLSMHKLPLFVWSVLITAFLLLFSLPVLAGAITMLLTDRNFNTSFFDPSGGGDPILYQHLFWFFGH
C.cri. LHISGASSILGAVNFIS TILNMRSPGQSMYRIPLFVWSILVTAFLLLLAVPVLAGAITMLLTDRNFNTSFFDASGGGDPILYQHLFWFFGH
P.meg. LHLTGISSLLGAINFIS TIYNMRAPGLSFHRLPLFVWSVLITAFLLLLTLPVLAGAITMLLTDRNLNTSFYDPSGGGDPVLYQHLFWFFGH
P.lit. LHLSGAASILGAINFIT TIFNMRAPGMTMDRIPLFVWSVLITAFLLLLSLPVLAGGITMLLTDRNFNTTFFDPAGGGDPVLYQHLFWFFGH

pP.1it 1 P.1it 2
* *

cer. PEVYI LIIPGFGIISHVVSTYSKKPVFGEISMVY AMASIGLLGFLVWSHHMYIVGLDADTRAYFTSATMIIAIPTGIKIFSWLATIYGG
pol. PEVYI LILPGFGIISHIVSTFSRKPVFGYLGMVY AMISIGVLGFIVWAHHMFTVGLDVDTRAYFTAATMIMAVPTGMKIFSWIATMWGG
wic. PEVYI LIIPGFGIISHVIATFSKKPIFGYLGMVY AMCSIGILGFIVWAHHMYVVGLDIDTRAYFTAATMIIAVPTGIKIFSWVATMWGG
cas. PEVYI LILPAFGIVSQIIGTFSNKSIFGYIGMVY AMLSIAVLGFIVWAHHMYTVGLDVDTRAYFTAATMMIAVPTGIKIFSWIATLWGG
cri. PEVYI LILPGFGMISHIVSTFSRKPVFGYIGMVY AMVSIGVLGFIVWAHHMYTVGLDVDTRAYFTAATMIIAVPTGIKIFSWIATIWEG
meg. PEVYI LILPAFGIISQVAAAFAKKNVFGYLGMVY AMLSIGLLGCIVWAHHMEFTVGLDVDTRAYFSAATMITAVPTGIKIFSWLATLWGG
1it. PEVYI LILPGFGIVSHILSTFARKPVFGYLGMVY AMLSIGILGFIVWAHHMFTVGLDIDTRAYFTAATMIIAVPTGIKIFSWIATLWGG

TUO»TURNL

S.cer 5* P.1it 3
*x *
cer. SIRLATPMLYAIAFLFLFTMGGLTGVALANASLDVAFHDTYYVVGHF HY VLSMGAIFSLFAGYYYWSPQILGLNYNEKLAQIQFWLIFI
pol. SMQYKTPMLFAVGFMFLFTVGGLTGMVLANSGVDIALHDTYYVVAHF HY VLSMGAVFALFAGFYYWMGKMIGLQYPETLGQIHFWITFF
wic. SIELRTPMLFAVGFLFLFTVGGLTGVVLANSGLDVAFHDTYYVVAHF HY VLSMGAVFALFSGFYYWIGKITGLQYPETLGQIHFWLMFL
QIVRKTPLLFVIGFLILFTLGGLTGIVLSNAGLDIMLHDTYYVVAHF HY VLSMGAVFAFFAGFYYWFWKISGYTYNEMYGNVHFWLMF I
cri. SIHLKTPMLFAIGFIFLFTIGGLTGIVLANSGLDISLHDTYYVVAHF HY VLSMGAVFAIFAGFYYWFGKITGLQYPETLGQOIHFWSTFI
meg. SLKFETPLLFVLGFILLFVVGGVTGVAMSNSGLDIAIHDTYYIVGHF HY VLSMGAVFGIFTGEFYFWIGKISGRKYPEILGQIHFWLFFI
1it. SIRLKTPMYFPIGISFLFTIGGLTGVVLANSGVDIALHDTYYVVAHF HY VLSMGAAFTMFAAFYFWIGKMTGLAYPEVLGQIHFWLMF I

TIO>IEL
Q
M)
w

cer. GANVIFFPMHFLGINGMPRRIPDYPDAFAGWNYVASIGSFIATLSLFLFIYILYDQ-LV--NNKS—--VIYAKAP-DFVESNTIFNLNTVK
pol. GVNLTFFPMHFLGLAGMPRRIPDYPDAYAGWNAFSSFGSYVSVVGIFCFFVVVF-LTLTS-ENKCAPS-PWAT~~LEWM---~VPSPPAFH
wic. GVNITFFPMHFLGLAGMPRRIPDYPDCYAGWNAVASYGSYLSITAVLFFFYVVYK-TLTS-NEVCPRN-PWET--LEWM----LPSPPAFH
GVNLTFFPMHF VGLAGMPRRIPDYPDNYYYWNILSSFGSIISSVSVIVFFYLIY-LAF--NNNNTPKIKLVHSIFAPYI--NTLLSKN-LL
cri. GVNLTFMPMHFLGLAGMPRRIPDYPDAYAGWNLIASYGSYIALFSTIFFFYIVF-VSLTS--NNPCTNFPWET--LEWI----VTSPPAYH
meg. GVNITFFPMHFLGLAGMPRRIPDFPDAMSGWNAVSSFGSYISFFSALFFFYIVY-VILVYG-KK-TEN

b TIaOMTRDL
0
Y
v:

1it. GVNLTFFPMHFLGLAGMPRRIPDYPDSYAGWNGLASLGSIMSSLASLFFFFVVY~-ITLTKGVEE-~AN-PWVKG-————-~ RGLPSPPLPR
cer. SSSIEFLLTSPPAVHSENTPAVQS

M.pol. --TFEELPAIKESI

P.wic. --TFEEIQV

A.cas. --TFASIKSTSDSSFFKFSKFFIFFM

C.cri. --TFEE

pP.1lit. RS

Fig. 2. Alignment of severatoxlgenes. The amino acid sequence of Saccharomyces cerevisiae, S. (Bonitz et al. 1980). The locations of
thecoxlgene fronP. littoralis is aligned with those from the oomycete all known group Il introns which interruptox1 genes are indicated.
Phytophthora megasperma, P. mé8achay et al. 1993); the red alga They all belong to subgroup IIA, with the exception®fcer.5, which
Chondrus crispus, C. cifLeblanc et al. 1995); the protozo&tanth- belongs to subgroup 1IB and has no OR%. macr. Allomyces mac-
amoeba castellanii, A. ca@urger et al. 1995); the green al§aoto- rogynus(Paquin and Lang 1996K. lac: Kluyveromyces lactiHardy
theca wickerhamii, P. wi¢Wolff et al. 1994); the land plartarch- and Clark-Walker 1991)?. ans: Podospora anserin&€umming et al.
antia polymorpha, M. pol(Oda et al. 1992); and the yeast 1989);N. cra: Neurospora crasséBurger et al. 1982).
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Table 1. Percentage of identical amino acidsdox1genes (478 amino acids compared)

M.p. P.w. A.c. C.c. P.m. P.l. P.d.
Marchantia polymorpha 100
Prototheca wickerhamii 82.2 100
Acanthamoeba castellanii 75.9 75.9 100
Chondrus crispus 82.2 79.9 76.8 100
Phytophthora megasperma 75.1 76.6 75.3 74.3 100
Pylaiella littoralis 81.2 80.3 77.8 79.3 76.6 100
Paracoccus denitrificans 60.0 61.1 58.2 58.8 60.5 61.7 100

though oomycetes form a sister group to brown algaeThese ORFs fall into two different lineages, lineage
(Gunderson et al. 1987; Bhattacharya and Druel 1988)and lineageb. All of the ORFs encoded in characterized
This latter protein, however, shows more random mutagroup lIA introns, including those d®. littoralis, belong
tions and is equally distant from all of the other COXI to lineagea whereas all ORFs encoded in characterized
sequences (Table 1). group IIB introns fall into the other lineage, lineage
The structural characteristics of these two different ORF
lineages are delineated in Fig. 5. In the complex RT
Structural Organization of the Group IIA and II1B proteins from lineagd, the 5 end region (noted A in
Intron ORFs Fig. 5), 50-100 amino acids in length and located in the
intron region IV of the introns, is fairly conserved. In
The three introns of theoxlgene are 2,435, 2,530, and lineagea, this region, 180-280 aa long, which spans the
2,405 nt long, respectively. Introns were folded into aintron regions I-lll, is not readily alignable. Moreover, in
characteristic secondary structure (Fig. 3), with a centratontrast with the ORFs from lineade most of the RT
core from which six major domains radiate, referred to asamino acid sequences from lineagere in continuity
[-VI (Michel and Dujon 1983). Based upon their sec- and in frame with the 5exons, implying a chimerically
ondary structures and tertiary interactions (Fig. 3), thetranslated protein and subsequent processing events
three introns which interrupt theox1gene belong to the (Michel and Ferat 1995). In both ORF types this region
subgroup IlIA. They are delimited by the consensus GT4s followed by approximately 50 rather well-conserved
GCG sequence at theif Bnd and by a consensus CYAC amino acids (referred to as region B in Fig. 5; the first 50
tetramer at the '3end. All of the three introns interrupt a aa in Fig. 4). This clearly identifiable (conserved) region
codon specifying a conserved amino acid. In contrasbf the group Il intron ORFs perhaps corresponds to the Z
with most known group Il introns, which interrupt the region of non-LTR transposable elements, which is said
coxl genes within the first 200 amino acids of the se-to be “a unique but unidentifiable sequence” (Doolittle
guence, all thred. littoralis introns are located in the etal. 1989). In the reverse transcriptase domain the main
second half of the codingox1sequence. This is also the difference between the two intron sets is the addition of
case of the fifthcoxlintron of Saccharomyces cerevi- ca. 60 aa in the lineaga ORFs, between conserved
siae, which is one of the group IIB introns found in regions RT4 and RT5. This additional segment is poorly
mitochondrial genomes (Fig. 2). On the wholmxl conserved and difficult to align, with the exception of the
genes contain more group | (see Wolff et al. 1993) thanORFs in the threeox1introns of P. littoralis, the cox1
group Il introns, but none of these interrupt the gene aintron 2 ofMarchantia polymorph&Oda et al. 1992) and
the same location as the littoralis group Il introns. the coxlintron 1 of Neurospora crassgBurger et al.
The three introns oP. littoralis coxlgene each con- 1982). The RT part of the gene is followed by a very
tain an open reading frame coding for a multidomainedpoorly conserved region (denoted C in Fig. 5), approxi-
protein, including one domain related to the reverse tranmately 50 aa long in thk lineage and 75-300 aa long in
scriptase regions of non—long-terminal-repeat transpogthe a lineage. The subsequent X domain is well con-
able elements and of various viruses (Michel and Langserved in all of the group Il ORFs, albeit with an addition
1985; Doolittle et al. 1989; McClure 1991). In contrast of 25-35 well-conserved amino acids in those from lin-
with most group IlA introns, these open reading frameseagea. This domain has been shown to have a maturase
are not in frame with the '5exons, yet they span most of function, since the intron no longer splices when this
intron domain I. Interestingly, all three ORFs start in theregion is mutated (Mohr et al. 1993; Moran et al. 1994,
first stem loop of domain | (see arrows in Fig. 3), referred1995). A very variable region follows, which is longer in
to as subdomain IA by Michel et al. (1989). the b than in thea lineage. Finally, the 3zinc finger-
An alignment of the ORFs of thP. littoralis mito-  like/H-N-H domain (3 end of Fig. 4) is fairly well con-
chondrial group IIA and IIB introns with several ho- served in both types of ORFs. It has been suggested that
mologous ORFs from other organisms is shown in Fig. 4this region might participate in the endonuclease activity
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Fig. 3. The mitochondrial group IlA introns d?. littoralis. A group
11B intron from the mitochondrial LSU rRNA oP. littoralis (Fontaine
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end with YAY and group IIB with RAY. In group llA the tertiary
interactione’ is carried by an internal loop of 9/11 nt and of 4/5 nt for

et al. 1995a) is shown for the comparison. The tertiary base-pairinggroup IIB introns. Some exceptions do exist, as can be seen iR.the

sequences are indicated by EBS1-EBS2, IBS1-IBS&,,3-B' v-v',

littoralis coxlintron 1. The tertiary interaction indicated bgmall star

e-€/, (-{' (Michel and Jacquier 1987; Michel et al. 1989; Jacquier andis potentially present in all group llA introns whereas it is found only

Michel 1990; Costa and Michel 1995)rrows with a starindicate the

in a minority of group IIB introns. In the group IIB introns the open

start of the ORF. The main differences between group IIA and IIB reading frame is free-standing in domain IV, whereas the ORF in group

introns are as follows: a bulging “A” on the’Zide of domain VI 7 nt
(exceptionally 8 nt) upstream of dtron-exon junction for the group
IIA introns and 8 nt for group IIB introns. Group IIA introns usually

IIA introns spans domains |-V, and can even be in frame with the 5
exons. For the other differences see Michel et al. (1989).

of group Il introns (Zimmerly et al. 1995; Shub and identical results were obtained from distance and parsi-
Goodrich-Blair 1994; Gorbalenya 1994; Yang et al. mony trees and whether 267 or 302 amino acid positions

1996).

Phylogenetic Relationships of the Lineagandb
Intron ORFs

were taken into consideration. Two main branches are
clearly delineated, separated by a bootstrap value of 100:
all characterized group IlIA intron ORFs group together
in lineagea; all characterized group IIB intron ORFs
group together in lineage. In each lineage some of the

As exemplified in Fig. 6, various phylogenetic trees wereORFs are inserted in introns which have not been char-
constructed from the alignment of the group Il intron acterized, either because their sequence is incom@ete (
complex RT proteins (complete alignment availableobliquug or their secondary structure is unknow.(
upon request). Positions which were difficult to align polymorpha or because they are too modified to be clas-
were suppressed as well as the region D and the H-N-Hified in group Il subgroupsRyrenomonas salina cpn60
domain, which is absent in some of the genes. Nearl\ORF).
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P.1it. 2381
P.1it. 2382
S.obl. petD
Calothrix

E coli rhsC

coll
col2
coll
col2
col3

(55)
(58)
(70)
(59)
(16)

AVRKVVS-NEGSKTKGPDG-KTWKKSQDKYRATADIRDHLLTK--SGSYKAGAVRRVWI PKS-SPGELRPLGIP
AVRAITT-NKGKNTPGING-EIWDTSIKKLDAI---H-RL-GRV--SNYSCSPVKRVYIPKS--GGKLRPLGIP
AVQTVASS-KGSRSPGLSR-ESFKT-NKNYVAMMATLEQITSNPH--KYKATPLSRIYIPK-RDGS-ARPLSIP
AVRKVTQDNQGKKAAGIDGVKSLKPS-ARL-TLVMNM-KL-NH- - - ~KVKAT--RRVWI PKP-GNVEKRPLGIP
AYRRVKTSA-G--AAGIDK-QSLADFDKRLVD---NLYKIWNRLSSGSYFPPAVKAVAIPK-KLGGE-RILGIP

AYELIKSNP-GNMTKGANP-ET---LDGMNLK---FLEKIQRDLRDGKFEFPPARRIQIPKP-GKKETRPLTIA
CYESIRGKP-G--TSGSDA-KP---LDG-P-E---WFVQVGEKLKKGQFEF SPARR-- ITKP-GKKEKRPLGIN
AYESIKSKP-GNMTPSANS-ET-~-LDGFGL-~--AWVVKASNNLKAGKFKFSNARRVHIPKP-GSSKLRPLGVV
AYLMVK-NNRGISAKGVD--DS--SLDGISLR--T-LQAMSNDTLSGRIKFSPVRRVYIKK-EGKTDLRPLGIS
AYTIKIKSKP-GNMTKGVDG-KT-~--LDGVNVD---WLKSLSRDVGSGSYNPYLVRRLMIPKRKGR---RPLGIP
rev.trans.1l

N.cra.
M.pol.
p.1lit.
p.1it.
p.1it.

(263)
(189)
(200)
(202)
*

P.lit. 2381
P.1it. 2382
S.obl. petD
Calothrix

E coli rhsC

coll
col2
coll
col2
col3

NM-IDRALQ-ALVLSCLDPIVEENSDSCSYGFRKYRSTNDAT
NM-YDRGLQ-YLWKLALDPIAECRADRHSYGFRKGRSTQD-V
SY-TDRCLQ-ALYKLATEPMAEEVADLSSYGFRPMRNVSWAV
TM-QDRATQ-SLVKLALEPEWEAKFEPNSYGFRPGRNAHDA -
TV-SDRIAQ-TVVKLAFEPQVEPHFLADSYGYRPNKSALDAT

SP-RDKVVQKAI-QLVMEPVFEKIFLDCSHGFRPHRGTKTAI
SPXGEKIVQKAL-QLVLEAIYEPIFLDCSHGFRIHRSCHTAL
SP-RDKVILTAVLQ-VLEPFYEKKFLDISHAFRPGRGCHTAL
SP-RQKIVQKSI-EMVLTSIFEEIFLDCSHGSRIGRSCHTAL
SP-RDKIVQESI-RTVLQSIYEPSFIACSHGFRPGRSCHTAIL,
rev.trans.2

14
15
15
13
11

YIWDADISKCFDNISHTFL 12 C-ELVEAWLKA
WVLEADIRGFFDNINHDWI 7 -KNILREWLKA
YVVEIDIKGCVDNINHQFI 7 PKKILWAWLKC
WVLDADISKCFDKINHEKL 11 -RQ-IKAWLKA
WVLEFDIKGLFDNIPHELL.T 4 DKHNPARWVKL

FITIEADFSKAFDSTAHSKL TLKLIRSGLKA

WVVEGNIRKFFDSMPHKVI TLELLQRALRA

WAIEGDIARCFDDIDHDIL TIALIKKSLKN

WVVEGDIKGCFDNIPH--- TINLVKKILDA

WFIEGDIEKCFDSIDHRVL FMDLYWKMVKV
rev.trans.3

N.cra.
M.pol.
p.lit.
p.lit.
P.1lit.

11
1
11
14
11

12
12
12
15
12

P.lit. 2381 PII
P.lit. 23S2 GAL
S.obl. petD GYI
Calothrix GVL
E coli rhsC -YI

coll GYI
col2 GY-
coll PFV
col2 GYI
col3 GYM

PSRGTPQGGVLSPLLCNMTLNGLE 22
GIAGVPQGGPISPLIANMTLDGLE 24
TTTGVPQGGIISPLIMNLTLDGLE 17
TE-GTPQGGVISPLLANIALHGLE 24
RTMGTPOGGVISPLLANLFMHYVF 12

LDIGTPQGSILSPLLCNIFLHRLD 56 PV-TKD--DSYV-RVNYVRYADDFII
LDEGTSQGSVLSPLLCNIMLHYLD 43 LIPSKDPLDPYFRRILYVRYADDFVI
PQKGTFQGSPLSPFLCNIYLHEMD 48 AIPSKDPVDPDFRRFSYVRYADDFVI
PDVGTPQGIILSPLFSNIVLHELD 47 AFPSKSIEDPDFKRLFYVRFVDDWVR
SDKGTPOGSVVSPLLSNIYLHELD 38 -IPSADPLDPNFKRLRYVRYADDFLI

rev.trans.4 * rev.trans.5

RGLEISEKKSRII
RGLVLNQEKTCIT
RGLEVKLAKTTIK
MGLELNPNKTRIV 14
-GLEMHPEKTRVI 14

LGLRLNPDKTGIT
LRLELSLEKTVVS
LALELSMDKTIIS
LGLELNMEKTKIT
LKLDLNLTKTKLT

rev.trans.6

23
22
21
21
22

N e,

N.cra.
M.pol.
p.lit.
p.lit.
p.lit.

23
23
23
22
23
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-
~
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P.lit. 2381
P.1it. 2382
S.obl. petD
Calothrix

E coli rhsC

coll
col2
coll
col2
col3

SF-NFLGW
GF-DFVGF
GF-EFLSF
GF-NFLGF
MF-DFLGY

PV-KFLGY
GF-HFLGT
GIT-FLGT
GKCRFLGI
PY--FLGT

rt.7

DLNPVLRGWANYYRGSYH
ELNPILRGWANYYKAT-S
EINAVFRDCGYYYRFAHT
~LNPVIRGWVNYY-STSV
- INPKLNGWINYY-GRYT

YYNSVMRGIYNYYDFTSN 13
LYNQKVRGTLNYYSFASN 13
FYNQKIRGILNYYSFADN 13
YFNSRIRGILNYFSCVHN 13
YYNRVYMGLSNYYSFSDD 13

domain X *

52
46
45
59
54

——————— GHY---VYQ-LFWKWAQKKHSSR
——————— GKY--~VWDKT-WIWAKRKH-RQ
————— FSS-LGYWLWKQF YKH-CYKRTKDK
——————— SKLSHLIYQK-LKRWGKRRHPDK
----- ¥S--VFRYI-NKALVRWGRKKYKML

SCALTLARKYKLKTLSKVFRKFGKDLGC-D

SCALTLALKYKLKTASKTFNRFGKCLTC--

SCALTLGLKLKLRVRAKVFKKFGKYLECKE

SCALTLARKFKLKSLAKTFKRFGKNLEFVN

SLFLTLASKLRLGTKKKVYSKFGTNICIKE
domain X

74
83
94
86
34

NKFRCFVCRGS

DKYKCKVCNEY

GPC-CGLCRKN

GK--CSHC-GL
end

A-T-CIICGET
end
G---CLVCGET
S---CAICG-T
SK-NCWICGSL
C(2-3)C
finger domain

N.cra.
M.pol.
p.1it.
pP.1it.
p.1it.

92
75
75
79

71
*

52
33
43
40
43
*

zine

P.1it. 2381
pP.lit. 2382
S.obl. petD
Calothrix

N.cra. coll
P.lit. coll
P.lit. col2
P.lit. col3

LYGDE-PIHLHHLIA-RKDGG-EYTLK-NI--=-—=-=-===- VPV----HAICH-DSITY
ICGED-KVEIHHIKP-KSLGG-DDAISNNV-=========== V-L---~-HAECHKQL-TH
LEINSIPYELHHILP-KRFGG-KDT-PNNMV------===~- L-LCK---SPCH-QLVSS
YFREDDLIEIDHIIP-KSQGG-KDVY-DNL---Q--AlL-===—====~— HRHCH-DVKTA

--KD---VEMHHVRKIRDLR-NQE-SKLDFFTROMAAINRKQVPLCKTHHIGLHNNTWSE
PSEMHHVRKIKDLKSRYDSGGIAFWTLOMAAINRKQIPLCKIHHLALHRGTLTH
--HDN--IEIHHIKSIKKVRVK--TRTYAQWT---GGLS-KSIPLCRYHHKNLHAGTLSA
---EN--IELHHVRHLRKMG--NVANS-DYLLROMSTINRKQIPVCKACHISIHKGSYSG

+3
+18
+36
+18

+2
+15
+23
+9

E(1)HHI (1)P(2-4) G(5-6) NL(3) TP(2-3) H(yH
H-N-H consensus sequence

Fig. 4. Alignment of the deduced complex RT-like proteins encoded contain a reverse transcriptase domain, a maturase domain (Lambowitz
by the group IIA and IIB introns oP. littoralis with other homologous  and Belfort), and an endonuclease domain (zinc finger or H-N-H, Shub
genes. Only the most closely related ORFs (see tree, Fig. 6) are showand Goodrich-Blair 1994), shown under the alignment. The species
These ORFs fall into two groups, one group containing RT-like pro- included in this figure ar®. littoralis (this work), M. polymorphgOda
teins encoded in group IIB introns and the other including the RT-like et al. 1992) N. crassa(Burger et al. 1982)S. obliquug(Klck 1989),
proteins encoded in group llIA introns. Regions which could not be Calothrix PCC7601 (Ferat and Michel 1993), akd coli (Ferat et al.
aligned are indicated by the number of amino acids which have notl994).23S1, 23S2efer to the first and second intron of the 23S rDNA;
been figured.Stars (*) refer to regions where a large addition (or co 1 = coxlgene. The intron o€alothrix sp. is inserted in an uniden-
deletion) exists in only one of the groups. These complex proteinstified gene (Ferat and Michel 1993).

In the b lineage, the intronic ORF 439 from the cya- tophyteP. salina(Maier et al. 1995) is probably artefac-
nobacteriumAnabaenap. PCC 7120 (U13767) seems to tual even though it is found in all trees and with good
be inserted into a recognizable group Il intron. Its relat-bootstrap values (see Fig. 6). Alignments show that these
edness to that of the plastidiepn60gene of the cryp- two sequences are more heavily and randomly mutated
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Fig. 5. Schematic representation and comparison

of the multidomained proteins encoded in group I

introns. The lineageh ORFs are free-standing in
RT domain X H-N-H region IV. The lineagea ORFs often are in phase

2 3 s s 67 ¢ %mn g aing finger lke with the 5 exon or begin in region | of the intron.

Lineage b They all end in the 3end of region IV. Regions are
shaded from white to blacto indicate increasing
degrees of conservation. Domains are referred to as
in Fig. 4. All of the ORFs found in 1IB introns which

ﬁ E have been characterized by their secondary structure
602 12510225 22 ~172a belong to theb lineage whereas those found in char-

50 aa acterised IIA introns belong to theelineage.

Lineage a

Fig. 6. Unrooted neighbor-joining
tree (Saitou and Nei 1987) for values
of divergence between amino acid se-
quences of group Il intron-encoded
genes. Twelve lineaga ORFs and
all published lineagdh ORFs were
aligned manually, taking into account
their conserved regions only. A Day-

Lineage a Lineage b

* Plit. ::,f',mi w“’: s.pom. cyanobacterium hoff distance matrix was generated
* Plit. cox1, 2 cob, 1 @ P.lit. 23SrDNA, 1, mitochondrial by the PROTDIST program of the

@ Calothrix

PHYLIP package, v. 3.5c (Felsten-
stein 1985). Thescale barrepresents
0.1 (corrected) amino acid substitu-
tion per site. Only the bootstrap val-
ues above 80 are indicated (100 rep-
licates). Species are as in Fig. 2 and
4, with the addition of RT-like pro-
teins from Schizosaccharomyces
pombe (S. pom)n the cob gene
(x02819, from Anabaenasp.
PCC7120 (Bauer et al. 1994 ), from
cryptophyte Pyrenomonas salina (P.
sal) in the plastidcpn60gene (Maier

0.1 * proteins inserted in characterised group IIA introns etal. 1995). and frork. coli (Ferat et
@ proteins inserted in characterised group IIB introns al. ]_994).

M.pol. cox1, 2 @ P.lit. 23SrDNA, 2, mitochondrial
S. obl. petD, plastidial
% N.cras. cox1, 1

* S.cer. cox1, 1 P.sal. cpn60

% S.cer. cox1, 2 plastidial

Anabaena

cyanobacterium

M.pol. cob, 3 @ E.coli, y proteobact.

M.pol. atpA, 2

M.pol. atpA, 1 M.pol. atp9

itoct ial
N-J group Il intron protein tree, 267AA

than the others, and this result is therefore likely to bellB introns that contain complete RT complex proteins,
due to a long-branch attraction phenomenon (see Philke., with an RT domain, an X domain, and a zinc-finger-
ippe et al. 1995). The IIB ORF fror&scherichia colis  like domain. The recent discovery of two novel RT-like
the first to emerge in lineage, well separated from all proteins contained in group IIB introns (Fontaine et al.
others, as in the tree published by Ferat et al. (1994). 1995a) increased the number of available sequences for
In lineagea the intron ORF from thé/l. polymorpha  analysis of the complex proteins from this intron 11 lin-
atp9 gene also consistently emerges first. The groupingsage. As shown in Fig. 6, most of the proteins have
of coxlintron 1, 2, and 3 ORFs frorR. littoralis with  coevolved with their respective introns: characterized
those ofMl. polymorpha coxintron 2 andN. crassa coxl  subgroup IIA introns contain lineage ORFs whereas
intron 1 was found in all trees, consistent with the visualknown subgroup I1B introns contain lineag®©RFs. The
analysis of alignments. In contrast, tBehizosaccharo- gjstinctness of the two ORF lineages is well supported by
myces pombe comtron 1 ORF does not appear as pootstrap values in consensus trees inferred from both
closely related to the latter proteins and, in some treesyistance matrices and parsimony. Since the linesayed

branches together with tre. cerevisiae coxDRFs. b ORFs all have the same overall organization, they ob-
viously originated from the duplication of a common
Discussion ancestral multidomained gene. In most domains the lin-

eagea ORFs are longer than those of thdéineage (Fig.

5), suggesting that they may have retained ancestral char-
acteristics. In contrast with group | introns no shuffling
between these ORF lineages and ribozyme components
Unlike other organelles, th®ylaiella littoralis mito-  has yet been observed, suggesting that these have co-
chondrial genome possesses both group IIA and groupvolved together.

The Group Il RT-Like Proteins Probably Coevolved
with the Ribozyme Component of the Introns
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mitochondria only, whereas intact IIB introns are much
@ \ more rare in these organelles. As far as we know the only

/ (3) exceptions are the IIB introns from the mitochondrial

\ LSU rDNA gene ofP. littoralis. Once more, this finding
@ Cyanobacteria may be thought of as another piece of evidence showing
/ /f plastids that this mitochondrial molecule has retained ancestral
characteristics (Fontaine et al. 1995a; Delaroque et al.
) a-proteobacteria 1996 )
A mitochondria The tendency of group Il introns to invade one gene
Jproteobacteria from place to place (Ferat et al. 1994) is particularly clear
in the mitochondrial genome @f. littoralis. In this mol-

plastids B-proteobacteria ecule the LSU rDNA gene displays three closely related

mitochondria |- group 1B introns, the third having lost its ORF while the

Cyanobacteria cox1 gene is split by three closely related group IIA

B Azotobacter (1) introns. The fourth intron in the LSU rDNA gene, al-

though belonging to subgroup B, is not of the same im-
Fig. 7. Schematic drawing showing the expected phylogenetic mediate origin (Fontaine et al. 1995a). Why these introns

_branc_hmg of the RT-Ilke intronic ORFs, according to the perloq of multiply ina given gene and do not invade other nearby
invasion by group Il introns. Subtreeshows the consensus branching -
genes is not known.

order of cyanobacteria, proteobacteria, and their derived organelle
mitochondria, and plastids, based upon ribosomal RNA gene se-

quences. Complete group Il introns could have arisen in ancestral eu-

bacteria 1), or have been propagated by unknown vectors (viruses?Drigin of the Group Il Introns
into ancestral eubacteri)(and then transmitted vertically. In such a

case the phylogenetic tree based upon their ORFs should match t L . .
phylogeny of the other eubacterial genes, as shown inArée con- h'Iahe scattered distribution of group Il introns throughout

trast, if group Il introns were transferred lateral§) @fter the endo- ~ Various prokaryotic and eukaryotic lineages raises the
symbioses leading to plastids and mitochondria, one would expect guestion of their origin and transmission. Since they have
topology as irB. This is what is seen in Fig. 6 and in Ferat et al. (1994). peen found in eubacteria (Ferat et al. 1994), a possible
The E. coli introns could have arisen from a previous contamination. origin involves arising in these or from an early retroviral
invasion of ancestral eubacteria. This would have been
preceded or followed by an intron duplication, leading to
complete IIA and IIB introns. Both intron lineages would
The two intron lineages (ll1A, IIB) have representatives inthen have been transmitted through successive endosym-
both mitochondria and plastids. All of the complete bioses of the prokaryotes which gave rise to mitochon-
group llA introns found so far, i.e., containing multido- dria and plastids, then differentially and progressively
mained ORFs, are inserted in mitochondrial genomes. Ieliminated from these organelles, losing their ORFs first.
contrast, the group IIA known introns found in plastids Two findings, however, are inconsistent with the
do not contain complete ORFs. No group IlA intron hasabove hypothesis of a vertical transmission of group II
yet been found in free-living eubacteria. The completeintrons. First, the detailed topology within both branches
group IIB introns have been so far identified in eubac-of the RT phylogenetic tree (Fig. 6) is not congruent with
teria, and in theP. littoralis mitochondrial LSU rDNA  the 16S phylogeny of eubacteria and of the derived or-
gene. Their ORFs group with those of two unclassifiedganelles nor of the eukaryotic tree for théineage (Fig.
plastid group Il introns. The other group IIB introns 7). In particular, with the exception of th& coli intron,
found in plastids do not contain ORFs and the other IIBtheb lineage branch shows a crown diversification of the
introns reported in mitochondria do not contain RT-like RT-like complex proteins that encompasses intronic
complex proteins. This is, for example, the case for theORFs found in cyanobacteria, plastids, the mitochondria
mitochondrialcoxl intron 5 of Saccharomyces cerevi- of P. littoralis, as well as inAzotobacter vinelandiia
siae(Bonitz et al. 1980), for the LSU rDNA intron of the +y-proteobacterium phylogenetically closeEo coli (see
chlorococcalean green al§zenedesmus obliqu(islick  Ferat et al. 1994). Second, group Il introns have not been
et al. 1990), and for the intron in a mitochondtial gene  found in the mitochondria of several eukaryotic lineages
of the red algaChondrus crispuglLeblanc et al. 1995). It or groups such as animals and many protigtsoastel-

is likely, however, that the introns that invaded theselanii, Prototheca wickerhamii, Chlamydomonas rein-
organellar genomes initially were mobile and containedhardtii, Phytophthora infestans, Paramecium aurklia
the complete transposing machinery, i.e., with a revers&his distribution could be interpreted either as evidence
transcriptase, a maturase, and an endonuclease domafar differential loss or independent insertion of these in-
which enabled them to insert at different locations introns, but is probably more easily explained by indepen-
these genomes. For some unknown reason, the IIA indent insertion as in the case of nuclear spliceosomal in-
trons have been preserved intact (with their ORFs) introns (Stoltzfus et al. 1994).

Distribution of Group Il Introns
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If various prokaryotic and eukaryotic organisms were Doolittle RF, Feng DF, Johnson MS, Mc Clure MA (1989). Origin and
infected with group Il introns, this must have occurred evolutionary relationships of retrovirus. Q Rev Biol 64:1-30

. . . . felsenstein J (1985) Confidence limits on phylogenies: an approach
more or less at the same time (Fig. 7), i.e., at the penoé: using the bootstrap. Evolution 39:783-791

of the diV?rSification of early eukaryotes. R_etrOVi_ral'"ke Ferat JL, Michel F (1993) Group II self-splicing introns in bacteria.
group Il introns may have been progressively invaded Nature 364:358-361

various cell genomes. Such a hypothesis of a late, laterdlerat JL, Le Gouar M, Michel F (1994) Multiple group Il self-splicing
transfer of group I introns is consistent with both the introns in mobile DNA fromEscherichia coli.C R Acad Sci Paris

AR . : ; 317:141-148
distribution and the phylogenetic relationships of the WO ine M, Rousvoal S, Leblanc C, Kloareg B, Loiseaux-dér Soe

ORF Iineages. pp to now, no group Il introns 'ha\_/'e be'en (1995a) The mitochondrial LSU rDNA of the brown algglaiella
found in nuclei. However, based upon similarities in littoralis revealsa-proteobacterial features and is split by four
their splicing mechanisms it has been suggested that group IIB introns with an atypical phylogeny. J Mol Biol 251:378-

nuclear mRNA introns may have arisen from organellar_ 389 _ i
Fontaine JM, Rousvoal S, Delaroque N, Loiseaux-dérG&€1995b)

grqup I |.ntr.on§ (Jacquier 1990; Sharp 1991), but such Characterisation of theox3, nad7and atp6 genes from the mito-
splicing similarity may only be due to a convergent €Vo-  cnondrial genome of the brown algalaiella littoralis. Plant Phys-
lution (Weiner 1993). It follows that the nuclear introns ol Biochem 33:605-609

of direct (viral?) origin would have either been elimi- Gorbalenya AE (1994) Self-splicing group | and group Il introns en-
nated or transformed into nuclear-type introns which code homologous (putative) DNA endonucleases of a new family.

. . . Protein Sci 3:1117-1120
have retained only a very distant relatedness with th%underson JH, Ewood H, Ingold A, Kindle K, Sogin ML (1987)

group Il introns. Phylogenetic relationships between chlorophytes, chrysophytes,
and oomycetes. Proc Natl Acad Sci USA 84:5823-5827

Acknowledgments. We wish to thank Dr. Framgs Michel (CGM- Hardy CM, Clark-Walker GD (1991) Nucleotide sequence ofdhrl

CNRS, Gif/Yvette) for his help in constructing the intron secondary  gene inKluyveromyces lactisnitochondrial DNA: evidence for

structure and his valuable comments on this paper. The authors are recent horizontal transfert of a group Il intron. Curr Genet 20:99—

grateful to Claude Leroux and Olivier Collin for their help in the 114

construction of phylogenetic trees. This work was supported by GDRJacquier A (1990) Self-splicing group Il and nuclear pre-mRNA in-

1002 “Biology, biochemistry and genetics of marine algae” (CNRS— trons: how similar are they? Trends Biochem Sci 15:351-354
IFREMER). Jacquier A, Michel F (1990) Base-pairing interactions involving the 5
and 3-terminal nucleotides of group Il introns. J Mol Biol 213:
437-447
Kick U (1989) The intron of a plastid gene from a green alga contains
References an open reading frame for a reverse transcriptase-like enzyme. Mol

Gen Genet 218:257-265

Bauer CC, Ramaswamy KS, Endley S, Golden JW, Haselkon R (19945<Uc_k U, Got_jehardt I,_Schmidt U (1990) A Self-splicing group Il intron
Suppression of a heterocyst differentiationsinabaena spstrain. in the mitochondrial large subunit rRNA (LSUrRNA) gene of the
(unpublished, U13767) eukaryotic algaScenedesmus obliquullucleic Acids Res 18:

2691-2697
Leblanc C, Boyen C, Richard O, Bonnard G, Grienenberger JM,
Kloareg B (1995) Complete sequence of the mitochondrial DNA of
the rhodophyte&Chondrus crispugGigartinales). Gene content and

Bhatthacharya D, Druel LD (1988) Phylogenetic comparison of the
small-subunit ribosomal DNA sequence @Qfostaria costata
(Phaeophyta) with those of other algae, vascular plants and oomy-

cetes. J Phycol 24:539-543 ization. J Mol Biol 250:484—495
Boni i G. Thalenfeld BE. T loff A (1 A | genome organization. ol Bio :484—
onitz SG, Coruzzi G, Thalenfeld BE, Tzagolo (1980) Assembly Loiseaux-De GoeS, Markowicz Y, Dalmon Y, Audren H (1988)

of the mitochondrial membrane system structure and nucleotide . . .
sequence of the gene coding for subunit 1 of yeast cytochrome Physical maps of the two circular plastid DNA molecules of the
brown algaPylaiella littoralis (L.) Kjellm. Location of the rRNA

oxidase. J Biol Chem 255:11927-11941 ) . :
B G. Sori C. Marchleidt W W. S (1982) Subunit 1 of genes and of several protein coding regions on both molecules. Curr
urger G, Scriven C, Marchlei , Werner S ( ) Subunit 1 o Genet 14:155-162

cytochron"!e oxidase frorNeLfroqura cra_ssanucleoude sequence . Maier UG, Rensing SA, Maerz GLIM (1995) Twintrons are not unique
of the coding gene and partial amino acids sequence of the protein. . .
to Euglenachloroplast genome: structure and evolution of a plas-

EMBO J 1:1385-1391 ) ) tomecpn60gene from a cryptomonad. Mol Gen Gent 246:128-131
Burger G, Plante I, Lonergan KM, Gray MW (1995) The mitochondrial \;ccjyre M (1991) Evolution of retroposons by acquisition or deletion

DNA of the amoeboid protozoamcanthamoeba castellanicom- of retrovirus-like genes. Mol Biol Evol 8:835-856

plete sequence, gene content, and genome organization. J Mol B'q\l/lichel F, Dujon B (1983) Conservation of RNA secondary structures

245:522-537 in two introns families including mitochondrial, chloroplast and
Cummings DJ, Michel F, McNally KL (1989) DNA sequence analysis nuclear-encoded members. EMBO J 2:33-38

of 24.5 kilobase pair cytochrome oxydase subunit | mitochondrial pichel F, Ferat JL (1995) Structure and activities of group Il introns.

gene fromPodospora anserinaa gene with sixteen introns. Curr Annu Rev Biochem 64:435-461
Genet 16:381-406 Michel F, Jacquier A (1987) Long-range intron-exon and intron-intron
Costa M, Michel F (1995) Frequent use of the same tertiary motive by  pairings involved in self-splicing of class Il catalytic introns. Cold
self-folding RNAs. EMBO J 14:1276-1285 Spring Harb Symp Quant Biol 52:201-212
Dalmon J, Loiseaux S (1981) The deoxyribonucleic acids of two brownMichel F, Lang BF (1985) Mitochondrial class Il introns encode pro-
algaePylaiella littoralis L. (Kjellm) and Sphacelaria spPlant Sci teins related to the reverse transcriptases of retroviruses. Nature
Lett 21:241-251 316:641-643

Delaroque N, Fontaine JM, Kloareg B, Loiseaux-de G8e(1996) Michel F, Umesono K, Oseki H (1989) Comparative and functional
Putative s-70 like promoters in a brown algal mitochondrial ge-  anatomy of group Il catalytic introns. Gene 82:5-30
nome C R Acad Sci 319:763-768 Mohr G, Perlman PS, Lambowitz AM (1993) Evolutionary relation-



42

ships among group Il intron-encoded proteins and identification of ~ unmodified genetic code and encode proteins most similar to those
a conserved domain that may be related to maturase function. of plants. Exp Mycol 17:7-23
Nucleic Acids Res 21:4991-4997 Sharp PA (1991) Five easy pieces. Science 254:663
Moran JV, Mecklenburg KL, Sass P, Belcher SM, Mahnke D, Lwin A, shub DA, Goodrich-Blair H (1994) Amino acid sequence motif of
Perlman PS (1994) Splicing defective mutants of tbelgene of group | intron endonucleases is conserved in open reading frames
yeast mitochon_drial DNA: initial QefiniFion of the marurase domain of group Il introns. Trends Biochem Sci 19:402—-404
of the group Il intron Al2. Nucleic Acids Res 22:2057-2064 Stoltzfus A, Spencer DF, Zuker M, Logsdon JM, Doolitle WF (1994)
Moran JV, Zimmerly S, Eskes R, Kennell JC, Lambowitz AM, Butow  Tegting the exon theory of genes: the evidence from protein struc-
RN, Perlman PS (1995) Mobile group Il introns of yeast mitochon-  ,-o  Science 265:202—206
drl?zlgglg\lp\zggg novel site-specific retroelements. Mol Cell Biol Toh H, Hayashida H, Miyata T (1983) Sequence homology between
od 15k v ~ K Ohta E. Nak v Tak VY N retroviral reverse transcriptase and putative polymerases of hepati-
aAk ’ h_a};na}l(to ’ _trao‘ af”}l“';]a h"T ghemuraK ’19;22‘32) ' tis B virus and cauliflower mosaic virus. Nature 305:827—-829
ashik, anegae 1, bgura ¥, tohchi 1, hyama ( .) €€ \Weiner AM (1983) mRNA Splicing and autocatalytic introns: distant
organization deduced from the complete sequence of liverwort cousins or products of chemical determinism? Cell 72:161-164
Marchantia polymorphanitochondrial DNA, a primitive form of ) o o )
plant mitochondrial genome. J Mol Biol 223:1-7 Wolff G, Burger G, Lang BF, Kak U (1993) Mitochondrial genes in
the colourless algBrototheca wickerhamiiesemble plant genes in

Paquin B, Lang BF (1996) The mitochondrial DNA of Allomyces ) . o : )
macrogynus: the complete genomic sequence from an ancestral their exons but fungal genes in their introns. Nucleic Acids Res
Fungus. J Mol Biol 255:688-701 21:719-726

Philippe H, Germot A, Leguyadar H, Adoutte A (1995) Que savons WolIff G, Plante |, Lang BF, Kuck U, Burger G (1994) Complete
nous de histoire golutive des eucaryotes? 1. L'arbre universelle ~ Sequence of the mitochondrial DNA of the chlorophyte afga-
du vivant et les difficults de la reconstruction phylogentique. totheca wickerhamiiGene content and genome organization. J Mol

m/s 11:1-12 Biol 237:75-86
Raitio M, Jalli T, Saraste (1987) Isolation of the gene for cytochrome Yang J, Zimmerly S, Periman PS, Lambowitz M (1996) Efficient in-
¢ oxydase inParacoccus denetrifican&€MBO J 6:2825-22833 tegration of an intron RNA into double-stranded DNA by reverse
Saitou N, Nei M (1987) The Neighbor Joining method: a new method  splicing. Nature 381:332-335
for reconstructing phylogenetic trees. Mol Biol Evol 4:406-425 Zimmerly S, Guo H, Eskes R, Yang J, Perlman PS, Lambowitz A
Sachay DJ, Hudspeth DSS, Nadler SA, Hudspeth MES (1993) Oomy- (1995) A group Il RNA is a catalytic component of a DNA endo-
cete mtDNA:Phytophthoragenes for cytochrome ¢ oxidase use an nuclease involved in intron mobility. Cell 83:529-538



