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Abstract We have surveyed the distribution and re-
constructed the phylogeny of the group-I intron that is
positioned in the anticodon loop of the tRNA™" gene in
cyanobacteria and several plastid genomes. Southern-
blot and PCR analyses showed that the tRNA™" intron
is found in all 330 land plants that were examined. The
intron was also found, and sequenced, in all but one of
nine charophycean algae examined. Conversely, PCR
analyses showed that the tRNA™" group-I intron is
absent from the red, cryptophyte and haptophyte algae,
although it is present in three members of the heterokont
lineage. Phylogenetic analyses of the intron indicate that
it was present in the cyanobacterial ancestor of the three
primary plastid lineages, the Rhodophyta, Chlorophyta,
and Glaucocystophyta. Its present-day distribution in
plastids is consistent with a history of strictly vertical
transmission, with no losses in land plants, several losses
among green algae, and nearly pervasive loss in the
Rhodophyta and its secondary derivatives.
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Introduction

Group-I introns have a distinct and conserved RNA
secondary structure essential for splicing and often un-
dergo auto-catalytic excision from coding regions
(Kruger et al. 1982). The existence of ‘“‘self-splicing”
group-I introns and other RNA-enzymes (ribozymes,
e.g., group-II introns, RNase P) is interpreted as evi-
dence for a primordial “RNA world” (Gilbert 1986) in
which RNA functioned both in catalysis and in infor-
mation storage (Pace and Marsh 1985). Some group-I
introns may therefore trace their ancestry directly to the
RNA world (Gilbert 1986; Moore et al. 1993) although
it is also entirely possible that this class of introns arose
only after the putative transition from an RNA world to
a largely DNA world. Group-I introns provide an ex-
cellent system to gain insights into the origin and dis-
tribution of a widespread class of ribozymes. These
analyses include phylogenetic reconstruction because all
group-I introns contain a common, conserved catalytic
core [the P, Q, R, and S domains (Cech 1988)]. These
core sequences are used to align RNA secondary struc-
ture elements of group-I introns from different insertion
sites in different genes for phylogenetic analyses
(Bhattacharya et al. 1994, 1996; De Jonckheere and
Brown 1994; Gielly and Taberlet 1994; Hibbet 1996;
Friedl et al. in press).

Many different lineages of group-I introns have been
identified in organellar and nuclear genomes (e.g., Tur-
mel et al. 1993; Bhattacharya et al. 1994; Damberger
and Gutell 1994; Hibbet 1996), in phages and in eu-
bacteria (Lambowitz and Belfort 1993; Biniszkiewicz
et al. 1994), and in eukaryotic viruses (Yamada et al.
1994; Nishida et al. 1998). Of these, the group-I intron
that interrupts the anticodon loop of the tRNAMeU-UAA
gene in cyanobacteria is remarkable because evolution-
ary analyses suggest that it originated in the common
ancestor of this group (2.7-3.5 billion years ago: Schopf
1993; Brocks et al. 1999; Summons et al. 1999) and is
therefore the most ancient intron yet found (Paquin



et al. 1997). The tRNA™" group-I intron has been ver-
tically transmitted in some cyanobacterial lineages, and
lost in others (Kuhsel et al. 1990; Paquin et al. 1997).
Recent evidence also suggests that this intron may have
been laterally transferred in some cyanobacteria (e.g.,
Nostoc spp.; see Rudi and Jakobsen 1999). In addition,
the tRNA™" gene in some cyanobacteria (e.g., Micro-
cystis spp.) contains a divergent intron (a member of
cluster-II in Rudi and Jakobsen 1999) that is unrelated
to the widespread tRNA™" intron (cluster I). Primary
and secondary structural analyses show that the cluster-
II introns share a common ancestry with introns in the
tRNAAECCY gene in a-purple bacteria (Paquin et al.
1999) and have apparently arisen from a tRNA*"™-like
intron by lateral transfer (Rudi and Jakobsen 1997;
Paquin et al. 1999). These results underline the complex
evolutionary history of the tRNA™" introns in cyano-
bacteria (Rudi and Jakobsen 1999). The intron that is
found at the same position in the tRNA™" gene in the
plastid genomes of several diverse algae and land plants
is closely related to the widespread (cluster I) intron in
cyanobacteria (there are no cluster-II-type introns found
in plastid tRNA™" genes) and is believed to have en-
tered eukaryotes through cyanobacterial endosymbiosis
(Kuhsel et al. 1990; Paquin et al. 1997).
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There has been no comprehensive analysis of the
presence/absence or phylogeny of the tRNA™" group-I
intron in plastids. The presumed cyanobacterial origin
of the intron in plastids has also not been rigorously
tested. Paquin et al. (1997), for example, included only
three plastid tRNA™" group-I intron sequences in their
study of this intron in the cyanobacteria. To address
these issues, we have used PCR and Southern-blot an-
alyses to determine the presence/absence of the tRNA™"
group-I intron in a diverse group of algae in the Rho-
dophyta, Chlorophyta, Haptophyta, Heterokonta, and
Cryptophyta, as well as in 330 diverse land plants.
Twelve new intron sequences were determined and
phylogenetic methods were used to elucidate the evolu-
tionary history of these and the published tRNA™"
group-I intron sequences.

Materials and methods

Strains used in the analyses

The algae and plants used in the PCR analyses to determine the
presence/absence of the tRNA™ group-I intron are listed in
Table 1. Genomic DNAs from 330 taxonomically diverse vascular
plants were also tested, by Southern-blot analysis, for the presence

Table 1 Algae and plants used )
in the PCR analyses to de- Species

termine the presence/absence of
the tRNA™" group-I intron.
The GenBank accession num-
ber are given for taxa that
contain the intron

Strain Class/division Accession no.
Equisetum scirpoides GUBG* Sphenopsida AF182539
Psilotum triguetrum GUBG* Psilopsida AF182358
Mnium hornum GUBG* Bryopsida AF182360
Coleochaete orbicularis UTEX LB 2651°¢ Charophyceae AF182368
Cosmarium botrytis SAG 136.80° Charophyceae AF182362
Closterium cornu SAG 132.80° Charophyceae AF182366
Closterium ehrenbergii SAG 134.80° Charophyceae AF182367
Closterium littorale SAG 611-7° Charophyceae AF182363
Genicularia spirotaenia SAG B 54.86° Charophyceae AF182365
Penium margaritaceum SAG B 22.82° Charophyceae AF182364
Cylindrocystis brebissonii SAG 615-1° Charophyceae -
Roya obtusa SAG B 168.80° Charophyceae AF182361
Bangia fuscopurpurea SAG B59.81° Rhodophyta -
Compsopogon coeruleus SAG 36.94° Rhodophyta -
Flintiella sanguinaria SAG B40.94° Rhodophyta -
Galdieria sulphuraria SAG 107.79° Rhodophyta -
Porphyra leucosticta SAG B55.88° Rhodophyta -
Porphyridium aerugineum SAG B43.94° Rhodophyta -
Rhodosorus marinus SAG 116.79° Rhodophyta -
Stylonema alsidii SAG B2.94° Rhodophyta -
Nemalionopsis tortuosa SAG 42.9° Rhodophyta -
Thorea violacea SAG 51.94° Rhodophyta -
Chrysochromulina acantha CCMP 408° Haptophyta -
Emiliania huxleyi CCMP 318° Haptophyta -
Pavlova lutheri CCMP 375° Haptophyta -
Phaeocystis globosa CCMP 374° Haptophyta -
Ochromonas danica CBS¢ Heterokonta -
Dictyota dichotoma Collected in Heterokonta AF182369
Helgoland, Germany
Chroomonas sp. SAG B980-1° Cryptophyta -
Pyrenomonas helgolandii SAG B 28.87° Cryptophyta -

#Gottingen University Botanical Garden
Sammlung von Algenkulturen Géttingen
¢ Provasoli-Guillard National Center for Culture of Marine Phytoplankton

4 Carolina Biological Supply

¢ University of Texas Algal Collection
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of the tRNA™" group-I intron. The taxa included 20 ferns, five
Lycopsida, one Psilopsida (Psilotum nudum), two Equisetopsida
(Equisetum arvense, Equisetum hyemale), six cycads, Gingko biloba,
nine conifers, four Gnetopsida, and 284 monocots and dicots
(complete list available from J.D.P; see also Qiu et al. 1998).

DNA extraction, PCR and Southern methods, and sequencing

Total cellular DNA was isolated from certain taxa (all examined
algae, plus Equisetum scirpoides, Psilotum triquetrum, and Mnium
hornum) using the Plant DNeasy Mini Kit according to the man-
ufacturer’s instructions (Qiagen) or by using the CTAB method
(Doyle and Doyle 1990). Tissue was disrupted with a mortar and
pestle in the presence of liquid-N, prior to the DNA isolation. The
tRNA"" group-I intron was isolated from members of the Strep-
tophyta with the following 5" and 3’ primers, respectively: 5'-t=*,
*TGGYGAAATYGGTAGACGCWRCGG AC?; 3-t**", *TGG
GGATAGAGGGACTTGAACCCTCACGATTTTTAY (Kuhsel
et al. 1990). We made new PCR primers that were specific for the
Rhodophyta and Cryptophyta on the basis of the published se-
quences of the tRNA™" genes of Cyanidioschyzon merolae (Gen-
bank, D63675), Cyanidium caldarium (D63676), Porphyra purpurea
(U38804, Rhodophyta), and Guillardia theta (AF041468, Crypto-
phyta). None of these taxa contain the tRNALf“ group-I intron.
The sequences of these primers are: 5- Red, 5TGTGGTAGAC
ACAACAGACT"; 3-Red, "GGACTTGAACCC TCACGATT”.
The reaction conditions for all the PCRs were as follows: 94 °C for
10 min as pre-treatment, followed by 35 cycles at 94 °C for 1 min
(denaturation), 55 °C, 60 °C or 65 °C for 2 min (primer-anneal-
ing), and 72 °C for 4 min (primer-extension). We included a final
step at 72 °C for 10 min to complete the primer extension. The
PCR products encoding the tRNA™" group-I introns were gel-
purified in 1.0% agarose gels and then cloned using the TA Cloning
Kit according to the manufacturer’s instructions (Invitrogen). Se-
quences were determined with the Prism Ready Reaction Dyedeoxy
Terminator kit (Perkin Elmer) using an ABI 373 A sequencing
machine. DNA synthesis was initiated from the T7 and M13 re-
verse primer sites encoded in the pCR2.1 plasmid. We verified the
presence of PCR-amplifiable plastid DNA in the above taxa with
PCR reactions using primers complementary to the 5’- and 3’-ter-
mini of the plastid-encoded small subunit ribosomal RNA (rRNA)
and the PCR reaction conditions described above. The rRNA
primers were as follows: SGI, YGTGCTGCAGAGAGTTY-
GATCCTGGCTCAGG ; SG2, YCACGGATCCAAGGAGG TG
ATCCANCCNCACC? (Huss and Giovannoni 1989).

Genomic DNA from 330 vascular plants examined by Southern
blots were isolated using the CTAB method (Doyle and Doyle
1990) and further purified with CsCl/ethidium bromide ultracen-
trifugation. Between 3 and 10 pg of DNA was digested from each
species with the restriction endonuclease BamHI and size-frac-
tionated on agarose gels. The amount of plastid DNA loaded per
lane was adjusted according to the results of initial hybridizations
using a chloroplast 16 S rRNA gene probe from Nicotiana tabacum
in order to obtain a relatively even intensity of hybridization signal.
All Southern transfers were done with Immobilon nylon mem-
branes (Millipore). The blots were probed with a random-prime
labeled (*P-dATP) tRNAM" intron probe from N. tabacum. Hy-
bridizations were done at 60 °C for 18 h in 5 x SSC, 50 mM Tris
(pH 8.0), 0.1% SDS, 10 mM EDTA, and 2 x Denhardt’s solution.
Filters were washed twice for 30 min at 60 °C in 2 x SSC, 0.5%
SDS prior to autoradiography.

Splicing assays

Linearized plasmid fragments containing cloned tRNA™" introns
from P. triguetrum and C. botrytis were used to generate RNA
transcripts for in vitro splicing assays. The intron constructs con-
tained 20 nt of 5- and 41 nt of 3’-flanking tRNA sequence, in-
cluding the regions required for the P1 and P10 interactions (Cech

et al. 1994, see Fig. 3). Transcription was by T7 RNA polymerase
according to the manufacturer’s instructions (Stratagene).
If splicing did not go to completion in the transcription buffer
[40 mM Tris-HCI (pH 8.0), 8 mM MgCl,, 50 mM NaCl, 2 mM
spermidine, 30 mM DTT, 400 uM rNTPs] then the MgCl, con-
centration was either increased to 158 mM, or the spermidine
concentration was increased to 7 mM, and the RNAs incubated at
37 °C for an additional 30 min. These conditions favor intron
splicing (see Oliveira and Ragan 1994 for details). RNA splicing
products were separated on polyacrylamide (4-6%)/7 M urea gels
and stained with ethidium bromide prior to photography. These
gels were blotted onto nylon membranes (Nytran, Schleicher and
Schuell) and probed with sequences which included both intron and
flanking exon regions. Probe preparation and detection of hy-
bridizing fragments was done using a non-radioactive method ac-
cording to the manufacturer’s instructions (Gene Images,
Amersham).

Phylogenetic analyses

A set of 75 tRNAM™" intron sequences was manually aligned
(alignment available from GenBank) using the conserved P, Q, R,
and S elements to identify homologous regions (Michel and
Westhof 1990; Bhattacharya et al. 1994). A total of 191 aligned
sequence positions (152 parsimony informative characters) were
submitted to LogDet transformation and distance bootstrap phy-
logenetic analyses [done with the computer program, PAUP®
V4.0b2 (Swofford 1999)]. In the LogDet transformation, gaps were
excluded from the analysis and the neighbor-joining (Saitou and
Nei 1987) method was used to build the phylogeny. A bootstrap
analysis (2000 replications) was carried out using this method. For
the distance bootstrap analysis (2000 replications), distance ma-
trices were calculated according to the Maximum Likelihood model
in PAUP". Gaps were excluded in the distance calculations, the
transition/transversion ratio was set at 2.0, and site-to-site rate
heterogeneity was modeled as a gamma distribution (Yang 1994)
with four discrete rate categories (o = 0.5). Neighbor-joining trees
were built from the distance matrices. The bootstrap values re-
sulting from the LogDet transformation and distance analysis were
included at the branches of the LogDet tree (for shared mono-
phyletic groups).

The stability of key nodes in the LogDet tree was assessed with
the Kishino—Hasegawa test [Kishino and Hasegawa 1989 (within
PAUP")]. In this analysis, we changed the topology of the LogDet
tree using the MacClade computer program (version 3.07,
Maddison and Maddison 1997) and compared these rearranged
trees (in terms of the number of total parsimony steps) to the “best”
tree to test different hypotheses about tRNA™" intron evolution.

A total of 25 published cyanobacterial and all published plastid
tRNA" group-1 introns were included in our phylogenetic ana-
lyses. The divergent cluster-11 introns were not analyzed because of
their independent origins (Rudi and Jakobsen 1997; Paquin et al.
1999). We also excluded the highly degenerate, AT-rich intron se-
quences in the plastid genome of apicomplexans (e.g., Wilson et al.
1996). We did not analyze all the available plastid tRNA™" group-
I intron sequences from the angiosperms. They are too numerous
to warrant inclusion here and most of these sequences have been
used for systematic studies at the level of species/genera (e.g., Gielly
and Taberlet 1994, 1996; Kita et al. 1995; Kajita et al. 1998). There
are also many unpublished tRNA™" group-I intron sequences
available from the Bryopsida (e.g., Cox and Hedderson, see Gen-
Bank) and the Lycopsida (e.g., Huperzia spp., Lycopodium spp.;
Wikstrom Kenrick, and Chase, see GenBank) of which we have
included only a fraction in our phylogenies. The EMBL/GenBank/
DDBIJ accession numbers of the tRNAM" sequences determined in
this study are shown in Table 1. We found nine substitutions that
differentiate the tRNA™" group-I intron sequence of M. hornum
that already exists in GenBank from that determined in this study.
We refer to these sequences as M. hornum 1 and 2, respectively. The
remaining introns included in our phylogenetic analyses were al-
ready available from the sequence databases.



Results and discussion

Distribution of the tRNA™" group-I intron
in the Streptophyta

PCR-amplification using primers that recognize con-
served regions flanking the anticodon loop of the
tRNA" gene gave products of a size expected for an
intron-containing gene (300-500 bp; see Fig. 1A) for
most members of the Streptophyta. These include all
examined members of the Zygnematales (i.e., Cos-
marium botrytis, Closterium cornu, Closterium eh-
renbergii, Closterium littorale, Genicularia spirotaenia,
Penium margaritaceum and Roya obtusa) except for
Cylindrocystis brebissonii. In this alga, a fragment of
only 81-bp was amplified; this is the size expected for a
tRNA"" gene lacking any intron (Paquin et al. 1997).
To verify the result with C. brebissonii, the 81-bp frag-
ment was cloned and sequenced. The sequence, 5'-
uggcgaaaucguuagacgeugeggacUU AAAAUCCGUUG
GUUUGUGuaaaaaucgugaggguucaag ucccucuaucccc-3’
(with primer sequences shown in lower case), contains
the anticodon (bold-face) and the base-paired regions of
the anticodon loop (underlined, the intron insertion site
is marked with the asterisk). We postulate that the
tRNA™" group-I intron has been lost in C. brebissonii.
PCR products expected to contain the tRNA™" group-I
intron were also found in the charophyte Coleochaete
orbicularis, in the bryophyte M. hornum (and in other
mosses, see Fig. 3), and in P. triquetrum and E. scir-
poides. All putatively intron-containing products were
sequenced and shown to contain a group-I intron posi-
tioned at the identical site between the U and the A of
the UAA anticodon loop.

Fig. 1A,B Presence or absence of the tRNA™" group-I intron in
diverse algae and land plants. A agarose gel (1.0%) showing tRNAX"
gene PCR products either containing an intron [both streptophytes
(M. hornum, C. littorale) examined here] or lacking an intron (all ten
red algae). The 100-bp ladder is from New England Biolabs. B
Southern-blot analysis showing hybridization of a tRNA™" intron
probe from N. tabacum to each of 18 representative angiosperms and
fern DNAs
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Southern analyses of land-plant total cellular DNAs
identified tRNA™®" intron-hybridizing fragments (see
Fig. 1B) in all 330 diverse vascular plants examined.
These results underscore the remarkable stability of the
tRNA™" group-I intron in land plants (Gielly and
Taberlet 1994, 1996; Kita et al. 1995; Daros and Flores
1996; Kajita et al. 1998). Recent sequencing studies also
show that the tRNA™" intron is found in several dozen
species of Bryopsida (Cox and Hedderson, see Gen-
Bank) and in the Lycopsida (Wikstrom Kenrick and
Chase, see GenBank).

The tRNA™" group-I intron in rhodophytes,
cryptophytes, haptophytes, and heterokonts

We used PCR methods to search for group-I introns in
the tRNA™" genes of two cryptophytes, two he-
terokonts, four haptophytes, and ten red algae. The
plastids of the cryptophytes, heterokonts, and hap-
tophytes are most likely derived from independent sec-
ondary endosymbioses of red algae by three disparate
eukaryotic hosts (Douglas et al. 1991; Medlin et al.
1995, 1997; Daugbjerg and Andersen 1997 a,b; Fraun-
holz et al. 1997; Douglas and Penny 1999; Oliveira and
Bhattacharya, in press). The red-algal endosymbionts
appear to be either members of the Bangiophycidae or
taxa ancestral to this group. The subclass Bangiophyc-
idae is a paraphyletic assemblage of unicellular, fila-
mentous, or simple blade-forming algae that diverge at
the base of the Rhodophyta and from which the
monophyletic subclass Florideophycidae is derived
(Freshwater et al. 1994; Ragan et al. 1994). It is possible
therefore that a tRNA™" group-I intron that was pres-
ent in the red-algal plastid could have been transferred,
via secondary endosymbiosis, into plastids derived from
these taxa. Our analyses show, however, that a group-I
intron does not interrupt the plastid tRNA™" gene of
the eight bangiophytes [which represent the three orders
of the subclass (Garbary and Gabrielson 1990)] and the
two florideophytes that we examined. One of these pu-
tatively intron-lacking PCR products of 81 nt, was
cloned and sequenced from Compsopogon coeruleus, and
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found to contain an intronless tRNA™" gene (data not
shown). These results are consistent with sequence data
from the bangiophytes Cyanidioschyzon merolae, Cyan-
idium caldarium (Ohta 1997) and P. purpurea (Reith and
Munholland 1995) that show intron-lacking tRNAM"
genes. Kuhsel et al. (1990) reported that Smithora na-
iadum (Compsopogonales) also lacks a plastid tRNA™"
intron. The tRNA™" gene of Gracilaria lemaneiformis
(Floridiophycidae) was originally thought to contain the
intron (Kuhsel et al. 1990) but this PCR product was
subsequently found to be artefactual (J.D. Palmer, un-
published data). Together, these data suggest that most,
perhaps all, extant Rhodophyta lack this group-I intron
in their tRNA™" genes.

The PCR analyses of the cryptophyte and haptophyte
algae also failed to reveal the presence of the tRNAM"
intron, a result that is supported by sequence data from
the cryptophyte Guillardia theta (Douglas and Penny
1999). Within the heterokonts, we found taxa with and
without the tRNA™" intron. Previous work has shown
that Ochromonas danica, Dictyota dichotoma, Costaria
costata, and Vaucheria bursata all contain the intron
(Kuhsel et al. 1990). Our phylogenetic analyses with
these and other tRNA™" introns positioned the se-
quences from O. danica and D. dichotoma with strong
bootstrap support within land plants (see below and
Fig. 3A). This surprising result caused us to question the
authenticity of these two ‘‘algal” sequences and we
therefore did PCR analyses with newly extracted geno-
mic DNA from both of these taxa and from V. bursata.
These analyses showed that the newly tested O. danica
DNA does not contain the tRNA™" intron whereas the
D. dichotoma DNA vyielded an intron that falls within a
clade including the other heterokont intron sequences.
The V. bursata intron that we sequenced was identical to
that reported by Kubhsel et al. (1990). Conversely, PCR
analysis with the genomic DNA of O. danica originally
used by Kuhsel et al. (1990) resulted in the amplification
of the original land plant-like intron (verified by se-
quence analysis). These results suggest that the intron
sequences reported by Kuhsel et al. (1990) to be from O.
danica and D. dichotoma were instead derived from
contaminating DNA of different, but related, seed plants
(see Fig. 3A). According to this interpretation, 3 of the 5
examined heterokonts contain this intron [two members
of the Phaeophyceae (C. costaria, D. dichotoma) and the
xanthophyte V. bursata]. The chrysophyte O. danica and
the diatom Odontella sinensis (Kowallik et al. 1995) both
lack the intron. Interestingly, phaecophytes and xantho-
phytes form a monophyletic group in small-subunit
ribosomal DNA and rbcL. phylogenies (e.g., Daugbjerg
and Andersen 1997b; Potter et al. 1997).

Sequence and secondary structure conservation
of the tRNA™" intron in the Streptophyta

All tRNA™" group-I intron sequences determined in
this study were included in an alignment with previously

sequenced tRNA™" introns from cyanobacteria and
other plastids. The P, Q, R, and S regions (i.e., P3, P4,
P7, J8/7, respectively) that form the catalytic core of
group-I introns (Cech 1988; Michel and Westhof 1990)
were used to guide this alignment. These regions are
conserved in all tRNA™" group-I introns, as are more
peripheral regions such as P2 and P5. Among the
Streptophyta introns in our study, the alignable regions
varied from 65% and 100% sequence identity (between
C. littorale-Lycopodiella lateralis, and Avena sativa-
Hordeum vulgare-Triticum aestivum, respectively).

The secondary structure of the G. spirotaenia
tRNA™" intron was used to map the regions of identity
within the Zygnematales intron lineage (Fig. 2). The
only significant differences among these homologous
introns was in the sequence composition and/or length
of peripheral loops and helices (e.g., P6, P8 in G. spir-
otaenia, see Fig. 2). An extension of P8 was found in all
the Zygnematales and in many angiosperm tRNA™"
group-I introns. Conserved regions outside of the cata-
lytic core included the GAAA tetraloop in L2 and a T-
shaped P9 domain. Within the Zygnematales, the
tRNA™" group-I introns varied from 74% to 92% se-
quence identity. In comparison, the highly conserved
small subunit rRNA of these taxa varied from 85% to
99% sequence identity (D. Bhattacharya, unpublished
data).

The phylogeny and splicing of the tRNA™" group-I
intron in the Streptophyta

The 191 aligned sequence positions of tRNA™" introns
were submitted to LogDet transformation and distance
bootstrap analyses. The resulting trees are summarized in
Fig. 3A. Within the Streptophyta and the Chlorophyta,
the tRNA™" group-I intron phylogeny generally agrees
with the phylogeny of the green algae and the land plants
based on nuclear, mitochondrial and plastid-encoded
molecular markers (Manhart 1994; Graham 1996; Kranz
and Huss 1996; Lewis et al. 1997; Bhattacharya and
Medlin 1998; Duff and Nickrent 1999). The most im-
portant difference between the intron and “host” cell
trees is the unexpected polyphyly of the Chlorophyta (for
a review of the phylogeny of the Chlorophyta see Friedl
1997). The intron sequences of Bryopsis plumosa and
Derbesia marina (Ulvophyceae) appear as a highly di-
vergent clade that is positioned outside of the Chloro-
phyta (here represented by two members of the
Trebouxiophyceae, Chlorella spp.). The two ulvophyte
introns group with the heterokont sequences in both
LogDet and distance trees, with 78% bootstrap support
in the latter analysis. Although at face value this place-
ment suggests an independent origin of the tRNAM"
intron in the ulvophytes, we think it probably reflects an
artefactual misplacement (i.e., a long-branch ‘‘attrac-
tion”’) of the ulvophyte intron lineage in our phylogenetic
analyses due to the high divergence of these sequences.
Indeed, forced monophyly of the ulvophyte and chlor-



Fig. 2 Putative secondary
structure of the group-I

intron within the tRNA™" pre-
cursor of G. spirotaenia
(Zygnematales) drawn accord-
ing to the convention of Cech
et al. (1994). The 5" and 3" splice
junctions are marked with ar-
rows as are the locations of the
pairing segments P1-P9. Posi-
tions that are identical in all
Zygnematales tRNA™ group-I
introns are boxed. Solid lines
connect secondary structure el-
ements that are believed to
interact in close proximity

ophyte introns (rearrangement 1 in Fig. 3A) results in a
topology that is not significantly different (P = 0.57,
Fig. 3B) from the LogDet tree.

Other differences between the intron tree and current
views on the phylogeny of the Streptophyta are the
placement of the Lycopsida and of the liverwort,
Marchantia polymorpha. Fossil and molecular sequence
data suggest that liverworts may be the first land plants
(rearrangement 2 in Fig. 3A) and that the lycophytes are
the sister group of the Euphyllophytina (rearrangement
3 in Fig. 3A, see Mishler et al. 1994; Kenrick and Crane
1997; Qiu et al. 1998; Duff and Nickrent 1999). The
Kishino—Hasegawa test shows that placement of the M.
polymorpha intron at the base of the land plants results
in a tree that is significantly different (P = 0.03) from the
LogDet tree shown in Fig. 3A, whereas rearrangement 3
results in a topology that is not significantly different
(P =0.16) from the LogDet tree. It is unclear how best
to interpret these results because: (1) the branching order
of the different streptophyte clades in Fig. 3A does not
have significant bootstrap support, and (2) we do not
have any hornwort intron sequences in our analyses and
only a single liverwort sequence. It is, therefore, possible
that the instability of the branch points in our tRNA™"
intron tree reflects the limited resolving power of the

Genicularia spirotaenia
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short intron sequences and inadequate taxon sampling.
Removal of the divergent ulvophyte introns and the land
plant contaminants (i.e., O. danica and D. dichotoma)
from a bootstrap analysis with the LogDet transfor-
mation does not alter the topology of the tree shown in
Fig. 3A. Analysis of the reduced data set shows, how-
ever, greater bootstrap support for the monophyly of the
Chlorophyta/Streptophyta (70%, Fig. 3A).

»
| o

Fig. 3A,B Phylogeny of tRNAX™" group-I introns. A tree built with
the LogDet transformation and the neighbor-joining method based
on comparisons of 191 aligned sequence positions using the PAUP®
(V4.0b2, Swofford 1999) computer program. The tree should be
regarded as unrooted, i.e., it is arbitrarily shown rooted on the branch
between plastids and cyanobacteria. The results of bootstrap analyses
are shown on the tree. The values shown above the branches and to
the left of the slash-marks are bootstrap values using the LogDet
method; values o the right of the slash-marks were made with the
neighbor-joining method (maximum-likelihood model), and values
shown below the branches were made using the LogDet method with
the introns from the ulvophytes and the two land plant “contami-
nants” (see text) excluded from the analysis. Only bootstrap values
260% are shown. The broken lines indicate the tree rearrangements
that were tested with the Kishino-Hasegawa test. Taxa that were
sequenced in this study are in boldface. B results of the Kishino—
Hasegawa test with rearranged trees 1-3. The LogDet tree shown in A
was used as the “best” tree in these comparisons
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In summary, the phylogenetic and presence/absence
data support the hypothesis that, with the possible ex-
ception of the liverwort M. polymorpha, the tRNA™"
group-I intron has been vertically inherited (with some

losses) since the origin of the Streptophyta. Possible
explanations for the long-term vertical inheritance of the
tRNA™" intron in the Streptophyta include a low int-
ron-loss rate in this lineage (e.g., Qiu et al. 1998) or the
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evolution of an intron function that selects for its re-
tention. There is, however, no direct evidence to support
either of these explanations. One implication of long-
term intron vertical inheritence that can be tested
biochemically is the loss of self-splicing ability. It is
possible, for example, that over time the tRNAM™
group-I intron has become dependent on, and co-
evolved with, a regulatory factor provided by the “host™
cell to facilitate splicing. Consistent with this idea, in
vitro splicing analyses show that the tRNA™" introns
from P. triquetrum and C. botrytis are unable to catalyze
their self-excision from a precursor tRNA™" transcript
under the experimental conditions employed (Fig. 4, see
also Cech 1988). These introns did not self-splice in any
of the buffers used in in vitro splicing assays [i.e., only
transcription buffer (lane 1), transcription buffer with
MgCl, = 158 mM (lane 2), transcription buffer with
spermidine = 7 mM (lane 3)]. First-step splicing prod-
ucts (i.e., intron + 3’-exon) of predicted sizes 489 nt and
540 nt in P. triqguetrum and C. botrytis, respectively, are
absent, as are linear introns (P. triquetrum, 450 nt;
C. botrytis, 501 nt) and ligated exons (199 nt; 81 nt of
exon sequence + 118 nt of pCR2.1 plasmid vector).
The ligated exons would be slightly larger than the exon
fragment of size 118 nt that is clearly resolved in the
lanes containing the negative control (pCR2.1). Experi-
ments are underway to express introns from different
members of the Streptophyta in Escherichia coli to test
for the effects of bacterial proteins/RNAs in facilitating
tRNA™" intron splicing. Although we hypothesize that
an external factor may facilitate splicing of the tRNA™"
intron in vivo, it is also possible that our in vitro con-
ditions did not allow for proper folding of the intron

pCR2.1 Psilotum  Cosmarium
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Fig. 4 Results of in virro splicing assays with tRNA™" group-I
introns from two members of the Streptophyta. Linear DNA
fragments containing the cloned tRNA™" introns of P. triquetrum
and C. botrytis were created with Kpnl/Pvul double-digests. The
negative control contained only the Kpnl/Pvul fragment of the
pCR2.1 plasmid (118 nt). To facilitate splicing, transcription products
were either further incubated at 37 °C for 30 min in the transcription
buffer (lane 1), or MgCl, was added to a concentration of 158 mM
(lane 2), or spermidine was added to a concentration of 7 mM (lane 3).
The pre-RNAs containing the P. triquetrum and C. botrytis introns
are of sizes 649 nt and 700 nt, respectively. The RNA ladder is from
BRL
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RNA, thereby hindering self-splicing (Uhlenbeck 1995;
Pan et al. 1997). In support of our results, however,
previous analyses of plastid tRNA™" group-I introns
showed that the introns of Cyanophora paradoxa and
M. polymorpha also cannot self-splice (Xu et al. 1990).

The inability of plastid tRNA™" introns to self-splice
is in contrast to their cyanobacterial homologs, which
readily undergo auto-excision (Xu et al. 1990). This is an
interesting observation when seen from the perspective of
the widely different sequence divergence rates of the int-
ron in plastids and cyanobacteria. Within cyanobacteria,
the pairwise distances (uncorrected “p”’, PAUP") between
all introns vary from 1.6% between the two Phormidium
species to 31.0% between Anabaena sp. PCC7120 and
Synechococcus PCC6301 (the Nostoc J intron is used to
represent all members of this genus). The average distance
is 16.3% among all cyanobacterial introns. In compari-
son, there are greater distances between the plastid int-
rons. To determine this, we used Arabidopsis thaliana as
the standard and compared all other introns to it. In this
comparison the distances varied from 3.2% betwen
A. thaliana and Alnus viridis to 50.4% between A. thaliana
and Derbesia marina. The average distance between
A. thaliana and all other plastid introns was 22.6%. These
results are readily apparent in the differences in branch
lengths within the cyanobacterial and plastid intron
groups in Fig. 3A. In addition, detailed analyses of the
cyanobacterial tRNA™" introns by Paquin et al. (1997)
have shown high primary sequence and secondary
structure conservation. As an example, 83% of sites were
invariant in at least 10 of 13 cyanobacterial introns in
their study (Paquin et al. 1997). The higher divergence
within plastids is especially notable given that plastids are
a younger group than cyanobacteria, in effect represent-
ing but a single, derived lineage of cyanobacteria.

The slower evolution of cyanobacterial introns may
reflect stronger selective constraints because of the
primary and secondary structural requirements of auto-
excision. The plastid introns may have become
dependent on a splicing factor early in plastid evolution
(as suggested by the lack of self-splicing ability in all
studied plastid introns), and this may have led to a re-
laxation in the constraints on intron sequence diver-
gence. This scenario would provide an explanation for
the two characteristics that most clearly differentiate
plastid and cyanobacterial tRNA™" introns, self-splic-
ing ability and sequence divergence rates. On the other
hand, these characteristics may be unrelated, as it ap-
pears that chloroplast molecules (such as small subunit
rRNAs) tend, in general, to evolve faster than cyano-
bacterial homologues (e.g., see trees in Bhattacharya and
Medlin 1995; Palmer and Delwiche 1998).

tRNA™" group-I intron evolution
and plastid phylogeny

The tree shown in Fig. 3A is consistent with the phy-
logeny of plastids inferred from plastid-encoded small-
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subunit rRNA or other plastid protein-coding regions
(Bhattacharya and Medlin 1995; Helmchen et al. 1995;
Delwiche and Palmer 1997; Martin et al. 1998). The
three primary plastid lineages identified by these studies
are the green algal/land plant plastids (chloroplasts), the
cyanelles of the glaucocystophytes, and the red-algal
plastids (rhodoplasts), all of which are likely to have
arisen from a single common cyanobacterial endosym-
biosis (Bhattacharya and Medlin 1995; Delwiche and
Palmer 1997; Palmer and Delwiche 1998). Consistent
with this idea, the tRNA™" group-I intron sequences,
which represent all three lineages of primary plastids,
form a monophyletic group, with moderate bootstrap
support for this result (see also Paquin et al. 1997). The
intron data, like the coding-region analyses (see above
references), do not allow us to distinguish between a
single primary endosymbiosis, or multiple primary
endosymbioses involving closely related cyanobacteria,
as the source of the primary plastid lineages.

An additional observation, based on our PCR ana-
lyses of ten red algae and previous data from four oth-
ers, is the surprising absence of the tRNA™" group-I

intron in all examined rhodoplasts. Given that a
tRNAM" group-I intron was almost certainly present in
the common ancestor of the red algae, this finding may
be interpreted in the following manner. The tRNA™"
group-I intron was lost early in red-algal evolution prior
to the origin of the cryptophyte and haptophyte plastids
from (intron-lacking) red algae. The presence of the
tRNA™" group-1 intron in phaeophyte (Costaria co-
stata, Dictyota dichotoma) and xanthophyte (V. bursata)
members of the Heterokonta suggests that its plastid
originated even earlier, from a basal unsampled (or ex-
tinct) red-algal lineage that still contained the intron.
Such a scenario would require at least two independent
losses of the tRNA™" intron within heterokonts, in
chrysophytes (O. danica) and diatoms (O. sinensis, see
Fig. 5). Alternatively, the endosymbioses that gave rise
to the cryptophyte, haptophyte, and heterokont plastids
may have occurred nearly simultaneously but involved
different red algae that either still contained the intron
(heterokonts), or had already lost the sequence (cryp-
tophytes and haptophytes). In support of this view,
molecular-clock calculations suggest that both the

Fig. 5 Phylogic distribution of Seed Plants (>300) +
the tRNA™" group-I intron —f—————— Ferns/Other VP (25) +
among plastids. The three pri- L ycophytes (68) +
mary plastid lineages are the M (76) +
Chlorophyta/Streptophyta, ‘ —————————— Hornworts ?
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haptophyte and heterokont plastids originated close in
time, shortly before the Permian-Triassic boundary
(Medlin et al. 1997). We can also imagine another sce-
nario in which the red algae never contained the
tRNA™" group-I intron and that its existence in some
heterokonts is explained by an independent lateral
transfer of the intron into the common ancestor of the
Phaeophyceae/Xanthophyceae.

To illustrate our current knowledge of the evolu-
tionary history of the plastid tRNA™" group-I intron,
we have mapped its distribution on a tree (Fig. 5) that
shows the presently accepted relationships of plastids
(see Bhattacharya and Medlin 1998; Martin et al. 1998)
and of the host cells (see Daugbjerg and Andersen
1997 b; Friedl 1997; Bailey et al. 1998; Bhattacharya
et al. 1998; Palmer and Delwiche 1998; Qiu et al. 1998).
The tRNA™" group-I intron presumably originated
early in cyanobacterial evolution (see Paquin et al. 1997
for details) and was laterally transferred into the com-
mon ancestor of the three primary algal lineages
(Chlorophyta, Rhodophyta, Glaucocystophyta) through
primary endosymbiosis. These three lineages are thought
to have diverged nearly simultaneously from each other
(Delwiche and Palmer 1997), with the cyanelles most
likely being the first divergence (Martin et al. 1998).

Within the Streptophyta, the intron was present at
least in the common ancestor of the charophytes and
appears to have been vertically inherited thereafter. No
losses have occurred among 330 examined land plants,
whereas two losses are apparent in charophytes [Chara
hispida (Kuhsel et al. 1990) and C. brebissonii]. The lack
of resolution among members of the Chlorophyta, some
of which have the intron and some of which do not,
makes it difficult to infer its evolutionary history in this
group. In addition, no data are available from the Pra-
sinophyceae, a paraphyletic group that diverges at the
base of the Chlorophyta (e.g., Mantoniella squamata,
Friedl 1997) and the Streptophyta (i.e., Mesostigma vi-
ride, Bhattacharya et al. 1998). The plastid of Euglena
gracilis (Hallick et al. 1993), which very likely originated
from a green-algal secondary endosymbiosis, lacks the
intron. Conversely, the remnant plastid genome of the
nonphotosynthetic apicomplexan parasite, Plasmodium
falciparum (Wilson et al. 1996), which may also be of
green-algal origin (Kohler et al. 1997), contains a
degenerate intron in the homologous position of the
tRNA" gene. The P. falciparum tRNA™" intron is
extremely A + T-rich (92%) and is reduced in length
(134 nt). This intron sequence cannot be aligned with
other tRNA™" introns due to its biased nucleotide
content, and therefore its ancestry has not been exam-
ined with phylogenetic methods.

Unique evolutionary history
of the tRNA™" group-I intron

The tRNA™" intron is unique among the known group-I
and -II introns that interrupt organellar coding regions.

21

No other group-I or group-II intron has such a wide
distribution and has been vertically inherited for over a
billion years, i.e., since the cyanobacterial origin of plas-
tids (Kuhsel et al. 1990; Xu et al. 1990). Complete
genome sequences suggest that, except for the tRNAM"
intron, all introns that are present in the plastid and mi-
tochondrion were acquired after the endosymbioses that
gave rise to these organelles (for a review see Palmer and
Delwiche 1998). The plastid genome of Cyanophora par-
adoxa (one of the primary plastid lineages), for example,
contains only the tRNA™" intron (Stirewalt et al. 1995)
whereas most (perhaps all) extant rhodophytes have lost
the intron. The only other intron known from rhodophyte
plastids is a group-II-like intron in the rpeB gene of
Rhodella violacea (Bernard et al. 1992). This distribution
suggests that the ancestor of all plastids contained the
single intron interrupting the tRNA™" gene.
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