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Abstract. Group I introns are mobile RNA enzymes
(ribozymes) that encode conserved primary and sec-
ondary structures required for autocatalysis. The
group I intron that interrupts the tRNA-Leu gene in
cyanobacteria and plastids is remarkable because it is
the oldest known intervening sequence and may have
been present in the common ancestor of the cyano-
bacteria (i.e., 2.7-3.5 billion years old). This intron
entered the eukaryotic domain through primary
plastid endosymbiosis. We reconstructed the phy-
logeny of the tRNA-Leu intron and tested the in vitro
self-splicing ability of a diverse collection of these
ribozymes to address the relationship between intron
stability and autocatalysis. Our results suggest that
the present-day intron distribution in plastids is best
explained by strict vertical transmission, with no
intron losses in land plants or a subset of the
Stramenopiles (xanthophyceae/phaeophyceae) and
frequent loss among green algae, as well as in the red
algae and their secondary plastid derivatives (except
the xanthophyceae/phaeophyceae lineage). Interest-
ingly, all tested land plant introns could not self-
splice in vitro and presumably have become depend-
ent on a host factor to facilitate in vivo excision. The
host dependence likely evolved once in the common
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ancestor of land plants. In all other plastid lineages,
these ribozymes could either self-splice or complete
only the first step of autocatalysis.
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Introduction

Group I introns are intervening sequences that are
able to catalyze their own removal from pre-RNA
(i.e., are “‘self-splicing” [Cech 1990]). This ability,
coupled with their capacity for information storage,
suggests that some of these elements may be remnants
of the RNA world (Pace and Marsh 1985; Gilbert
1986; Moore et al. 1993). However, the majority of
existing introns are more likely to be relatively recent
additions to eukaryotic genomes (e.g., Goddard and
Burt 1999; Bhattacharya et al. 2001, 2002) with one
striking exception, the group I intron that interrupts
the anticodon loop (U-intron—-AA) of the tRNA-Leu
gene in many cyanobacteria and the plastids of plants
and algae (Kuhsel et al. 1990; Xu et al. 1990; Paquin
et al. 1997; Besendahl et al. 2000).

The sister group relationship between the wide-
spread tRNA-Leu intron in cyanobacteria and that in
plastids suggests that eukaryotes gained the intron
through primary endosymbiosis (Kuhsel et al. 1990;
Xu et al. 1990; Besendahl et al. 2000). The putative



single plastid endosymbiosis occurred at least one
billion years ago (Butterfield 2000; Yoon et al. 2002),
and the intron may be significantly older, perhaps
present in the common ancestor of all cyanobacteria
(i.e., 2.7-3.5 billion years old [Schopf 1993; Paquin et
al. 1997; Brocks et al. 1999; Summons et al. 1999]).
These characteristics make the tRNA-Leu intron the
most ancient intervening sequence known and a
model for studying the long-term evolution of auto-
catalytic RNAs.

Splicing of group I introns is dependent upon a
conserved RNA secondary structure consisting of
about 10 paired RNA-elements (P1-P10 [Michel and
Westhof 1990]). The primary and secondary structure
conservation can be an important tool in evolution-
ary studies because it permits the construction of
phylogenies using alignments centered on the intron
catalytic core (P, Q, R, and S domains [Cech 1988]).
The tRNA-Leu intron lacks structural elements
thought to be essential for auto-excision in other
group I introns (Price et al. 1985; Barfod and Cech
1988; Beaudry and Joyce 1990; van der Horst et al.
1991). Despite this characteristic, a cyanobacterial
intron (Anabaena) has been shown to self-splice effi-
ciently in vitro (Zaug et al. 1993). Conversely, limited
studies in land plants suggest loss of auto-catalysis in
these lineages (Xu et al. 1990; Daros and Flores 1996;
Besendahl et al. 2000). In this study, we assessed the
in vitro self-splicing ability of the tRNA-Leu intron
across its entire phylogenetic distribution. Broad
patterns in self-splicing ability were determined by
mapping this character onto a phylogeny of the
tRNA-Leu intron in cyanobacteria and algae. Our
study shows that this ancient intron has followed a
number of different evolutionary trajectories over its
history that form a model for understanding group I
intron evolution in general.

Materials and Methods

Strains Used in the Analyses. The algae and plants used in PCR
and/or Southern analyses to determine presence/absence of the
tRNA-Leuintron are listed in Table 1. In this study, 79 new taxa were
tested for intron presence, including 11 streptophytes, 25 chloro-
phytes, 28 Stramenopiles, 13 rhodophytes, and 2 glaucophytes.
DNA Extraction, PCR, Slot-Blot Analysis, and Sequencing. Total
genomic DNA was extracted according to the instructions of the
manufacturer, using either the Plant DNeasy Mini Kit (Qiagen) or the
Invisorb Plant Spin Kit (Invitrogen). Cells were frozen in liquid ni-
trogen and mechanically disrupted using a combination of a mini-
pestle and a cell homogenizer with glass beads. A combination of
PCR and slot blot techniques was used to determine the presence or
absence of the intron. Initial PCRs employed primers matching
conserved exon sequences based on those in Kuhsel et al. (1990). The
5 and 3’ primers are as follows: LeuF, 5TGGYGRAA-
RAATYGGTAGACGCWRCGGAC3 and LeuR, J5TG-
TGGGGRYRGAGRGACTYGAACYCTCACG3'. Two new sets
of intron primers were designed, one specific for the chlorophytes and
the second for the Stramenopiles: IntF_CLeu, TGMATGCTCW-
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CAAARTCAGG; IntR_CLeu, STGGACTCTATCTTTATCC3
IntF_HLeu, AGTAAGTTCTCAAATTCAAG; IntR_HLeu,
STTGGACTCTYTCTTTACCSAZ3'. All combinations of primer
sets (i.e., IntF_HLeu/IntR_HLeu, LeuF/IntR_HLeu, IntF_HLeu/
LeuR,etc.) were used in all cases when no apparent band was found in
the initial PCR. The PCR cycling parameters were as follows: 35
cycles of 94°C for 60 s, 50°C for 60 s, and 72°C for 60 s. Amplification
was initiated with a 4-min denaturation at 94°C and concluded with a
7-min extension at 72°C. The PCR product encoding the uninter-
rupted tRNA-Leu gene was expected to be approximately 78 bp in
length. For two red algal species (Porphyridium sordidum, Rhodella
violacea) examined in this study, the PCR product was verified by
sequencing. In addition, Besendahl et al. (2000), using the same PCR
primers, verified the presence of an uninterrupted tRNA-Leu gene
from the green alga, Cylindrocystis brebissonii, and the red alga,
Compsopogon coeruleus. Products longer than ~78 bp were gel-pu-
rified on a 1% agarose gel and sequenced either directly or after
cloning into the pPGEM-T vector (Promega). Both strands of the in-
sert were sequenced using the ALFexpress II (Amersham Pharma-
cia), L4200 (Licor), or ABI 3100 (Applied Biosystems) automated
sequencers.

In the absence of an obvious band indicating either presence or
absence of the intron, slot-blot analysis was done according to the
manufacturer’s instructions (BioRad). Genomic DNA from each
species, ranging from approximately 200 ng to 5 pg, was trans-
ferred onto a nylon membrane (Amersham). The membrane was
divided into two sections, one containing only chlorophyte species
and the other only Stramenopiles. All probes were random-prime
labeled with **P-dCTP. The membranes were first probed with
intron PCR products. For the chlorophyte section, we used the
intron from Bracteacoccus minor, and for the Stramenopiles sec-
tion, we used a mixture of Scytosiphon lomentaria and Vaucheria
bursata intron DNA. Hybridizations were done at 55°C for 18 h in
0.24 M Na,HPO, (pH 7.4), | mM EDTA (pH 8.0), 1% BSA, and
0.7% SDS. Membranes were washed twice for 15 min at 55°C and
once for 30 min at 60°C in 2x SSC, 0.1% SDS prior to autoradi-
ography. The membranes were subsequently stripped of bound
probe using a boiling solution of 1 mM EDTA (pH 8.0), 0.1% SDS
and were then rehybridized. Probes were made of the chloroplast
psbA gene, using primers psbAF and psbAR2 (see Yoon et al.
2002). The species used for the probes were as follows: chlorophyta,
mixture of Chlorella vulgaris, Cladophora albida, and Trentepohlia
sp.; and Stramenopiles, mixture of Skeletonema costatum, Bumil-
leriopsis filiformis, Vacuolaria virescens, and Eustigmatos magnus.

Splicing Assays. The tRNA-Leu intron from a selection of cy-
anobacteria and plastids was amplified using a modified LeuF and
the original LeuR primers. A T7-promoter site was included on the
5'-terminus of the forward primer and used to generate RNA
transcripts for in vitro splicing assays. The PCR products contained
sufficient flanking exon sequence (5'-28 nt, 3'-50 nt) to allow for
the required P1 and P10 intron—exon interactions (Cech et al.
1994). The Klenow enzyme (5 U/ug) was used to fill in the 3'-
overhang produced by the PCR reaction. Transcriptions were then
performed using the Riboprobe in vitro Transcription System
(Promega). To promote splicing, 0.5 pl of 250 mM HEPES and
0.75 pl of 500 mM MgCl, were added and the reaction was further
incubated at 50°C for 15 min. Thereafter, 0.5 pl of 100 pM rGTP
was added, and the mixture incubated for an additional 15 min.
These conditions are based on the method of Zaug et al. (1993).
RNA splicing products were precipitated in 100% ethanol, resus-
pended in loading buffer, and separated on 6% polyaciylamide/7 M
urea gels. The gels were blotted onto nylon membranes (Amer-
sham) and probed with PCR products containing both intron and
exon sequences. Probe preparation was done as described above.

An additional splicing experiment was done to clearly distin-
guish between the first step of splicing (which would produce a 5
exon fragment and an intron plus 3’ exon fragment) and the first
step of the alternative hydrolysis pathway (3’ exon fragment and 5
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Table 1.  Strains used in the PCR and/or Southern analyses to determine the presence/absence of the tRNA-Leu group I intron

Species Strain Systematic group Accession No.
Glaucophyta
Cyanoptyche gloeocystis SAG 4.99* Glaucophyte AY344769
Glaucocystis nostochinearum SAG 45.88" Glaucophyte AY344770
Streptophyta
Chara sp. UGBG® Charophyte AY 344771
Chlorokybus atmophyticus SAG 48.80" Charophyte AY344772
Klebsormidium nitens SAG 335-2b* Charophyte - (PCR)
Mesotaenium caldariorum SAG 230-1* Charophyte AY344773
Spirogyra sp. SAG 170.80* Charophyte AY344774
Phaeoceros sp. UGBG® Bryophyte AY 344775
Isoetes sp. UGBG" Lycophytina AY344776
Adiantum raddianum UGBG® Euphyllophytina AY344777
Angiopteris evecta UGBG" Euphyllophytina AY344778
Gnetum gnemon UGBG® Euphyllophytina AY344779
Nymphaea mexicana UGBG" Euphyllophytina AY 344780
Chlorophyta
Mantoniella squamata SAG 65.90% Prasinophyceae — (PCR)
Pseudoscourfieldia marina SAG 66.90* Prasinophyceae — (PCR)
Scherffelia dubia SAG 17.86% Prasinophyceae - (PCR)
Tetraselmis striata SAG 41.85" Prasinophyceae - (PCR)
Cladophora albida UTEX 1477¢ Ulvophyceae +(SB)
Enteromorpha intestinalis SAG 320-1a* Ulvophyceae - (PCR)
Gloeotilopsis paucicellulare SAG 463-1* Ulvophyceae - (PCR)
Neomeris dumentosa UTEX 2691¢ Ulvophyceae +(SB)
Ulva fasciata UTEX 1422°¢ Ulvophyceae +(SB)
Aphanochaete magna UTEX 1909° Chlorophyceae +(SB)
Botryococcus braunii SAG 30.81% Chlorophyceae +(SB)
Bracteacoccus minor UTEX 66° Chlorophyceae AY344781
Carteria eugametos UTEX 233°¢ Chlorophyceae - (PCR)
Dunaliella salina SAG 42.88" Chlorophyceae - (SB)
Hormotilopsis tetravacuolaris UTEX 946° Chlorophyceae AY 344782
Protosiphon botryoides UTEX 99° Chlorophyceae - (SB)
Trentepohlia sp. UTEX 1227° Chlorophyceae +(SB)
Chlorella saccharophila SAG 211-laa Trebouxiophyceae - (SB)
Coccomyxa sp. SAG 49.84b* Trebouxiophyceae - (PCR)
Leptosira terrestris SAG 463-2b* Trebouxiophyceae AY344783
Microthamnion kuetzingianum UTEX 1914°¢ Trebouxiophyceae - (PCR)
Trebouxia arboricola SAG 219-1a* Trebouxiophyceae — (PCR)
Trebouxia erici UTEX 911°¢ Trebouxiophyceae - (PCR)
Trebouxia gelatinosa UTEX 905° Trebouxiophyceae - (PCR)
Trebouxia jamesii UTEX 2233¢ Trebouxiophyceae - (PCR)
Rhodophyta
Porphyridium aerugineum SAG 110.79* Bangiophycidae - (PCR)
Porphyridium purpureum SAG 112.79* Bangiophycidae - (PCR)
Porphyridium purpureum SAG 1380-1¢* Bangiophycidae - (PCR)
Porphyridium sordidum SAG 44.94* Bangiophycidae - (SEQ)
Rhodella violacea SAG 30.97% Bangiophycidae - (SEQ)
Rhodochaete parvula SAG 8.99* Bangiophycidae - (PCR)
Acrochaetium virgatulum SAG 1.81* Florideophycidae - (PCR)
Antithamnion plumula SAG 3.86" Florideophycidae — (PCR)
Audouinella hermanni SAG 206.80* Florideophycidae - (PCR)
Bonnemaisonia hamifera SAG 118.79% Florideophycidae - (PCR)
Bostrychia radicans SAG 100.79* Florideophycidae - (PCR)
Callithamnion byssoides SAG 6.86" Florideophycidae - (PCR)
Hildenbrandia rivularis SAG 17.96" Florideophycidae — (PCR)
Stramenopiles
Asterionella formosa SAG 8.95% Bacillariophyceae - (PCR)
Cyclotella meneghiniana SAG 1020-1a* Bacillariophyceae — (PCR)
Gomphonema parvulum SAG 1032-1* Bacillariophyceae — (PCR)
Nitzschia palea SAG 1052-3b* Bacillariophyceae - (PCR)
Phaeodactylum tricornutum SAG 1090-1a* Bacillariophyceae — (PCR)
Pinnularia neomaior SAG 80.94" Bacillariophyceae - (PCR)
Skeletonema costatum CCMP 1332¢ Bacillariophyceae - (SB)
Botrydiopsis alpina SAG 806-1* Xanthophyceae AY344784

(continued)
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Table 1.  Continued
Species Strain Systematic group Accession No.
Botrydium granulatum SAG 805-4* Xanthophyceae AY344785
Bumilleriopsis filiformis SAG 809-2° Xanthophyceae AY344786
Heterococcus caespitosus SAG 835-2a* Xanthophyceae AY344787
Tribonema aequale SAG 880-1% Xanthophyceae AY344788
Alaria fistulosa Russia® Phaeophyceae + (SB)
Bodanella lauterborni SAG 123.79% Phaeophyceae AY344789
Fucus vesiculosus Korea® Phaeophyceae + (SB)
Pylaiella littoralis SAG 2000* Phaeophyceae AY344790
Scytosiphon lomentaria Korea® Phaeophyceae AY344791
Epipyxis pulchra UTEX 2640° Chrysophyceae - (SB)
Hibberdia magna UTEX 2648° Chrysophyceae - (SB)
Heterosigma akashiwo CCMP 15954 Raphidophyceae - (SB)
Vacuolaria virescens SAG 1195-1* Raphidophyceae - (SB)
Sarcinochrysis marina UTEX 1720°¢ Sarcinochrysidales - (SB)
Nannochloropsis salina SAG 40.85" Eustigmatophyceae - (SB)
Vischeria helvetica SAG 876-1* Eustigmatophyceae - (SB)
Eustigmatos magnus SAG 36.89% Eustigmatophyceae - (SB)
Apedinella radians CCMP 17674 Dictyochophyceae - (SB)
Pulvinaria sp. CCMP 292¢ Pelagophyceae - (SB)
Phaeothamnion corfervicola SAG 119.79* Phaeothamniophyceae AY344792

Note. The GenBank accession numbers are given for novel introns
that were sequenced in this study. Species that were determined to
contain the intron from a slot-blot analyses are indicated by a + in
the last column, whereas species that lack the intron are denoted
with a —. The method for determining intron presence/absence is
denoted in the parentheses, whereas SEQ indicates sequencing, and
SB denotes slot-blot analyses.

exon plus intron fragment [Inouye et al. 1986]). The PCR product
from the stramenopile, Bodanella lauterborni (used in the splicing
assay above), was cloned into the pPGEM-T vector (Promega). This
construct was digested with the restriction enzymes Apal and
AIwNI, resulting in a fragment that would produce significantly
different 5 (57-nt) and 3’ (918-nt) exon sizes. This construct al-
lowed us to distinguish between the first step of splicing and hy-
drolysis pathways. Transcription and splicing assays of the B.
lauterbornii were done as previously described using the digested
construct as a template.

Phylogenetic Analyses. For the tRNA-Leu group I intron data,
a set of 80 sequences (both novel [see Fig. 2] and from GenBank)
was manually aligned using SeqApp V1.9a169 (Gilbert 2001).
Primary and secondary structure similarity was used to juxtapose
homologous intron regions (e.g., Michel and Westhof 1990; Bhat-
tacharya et al. 1994, 2001; Damberger and Gutell 1994). The intron
alignment is available upon request from D.B. The intron se-
quences of Bracteacoccus minor, Hormotilopsis tetravacuolaris
(Chlorophyceae) and Bryopsis plumosa, Derbesia marina (Ulvo-
phyceae) were excluded from the phylogenetic analyses because of
their high divergence rates (for the ulvophytes, see Besendahl et al.
[2000]). In addition, the insertions from the apicomplexians
(Plasmodium falciparum, Toxoplasma gondii, Neospora caninumare)
could not be used because of their high AT content (>85%). The
extreme nucleotide bias precluded the reliable alignment of the
apicomplexan introns leaving unresolved their origin. The final
data set of unambiguously aligned sequences (201 nt) was sub-
mitted to a pairwise distance analysis using the Tajima—Nei (TN;
1984) model with equal divergence rates across sites and the tran-
sition/transversion ratio = 2. Missing data and gaps were excluded
from each pair-wise comparison. This distance matrix was used as
input for neighbor-joining (NJ) tree building. Five hundred boot-
strap replicates (Felsenstein 1985) were analyzed with the distance
method. The NJ-TN tree was then used as input for estimating the
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parameters of the general time reversible model (Rodriguez et al.
1990), the proportion of invariant sites that are unable to accept
substitutions, and the shape parameter of the gamma distribution
to accommodate rate variations across sites. The GTR +1 + T’
(GTR) model was used in a NJ analysis to calculate bootstrap
values (500 replications) for monophyletic groups identified by the
TN-NJ tree. We also generated bootstrap support values (500
replications) for the tRNA-Leu intron data using LogDet (LD)
distances and the NJ method to address the possible misleading
effects of base composition bias in the data set. And, finally, we did
Bayesian analysis of the intron data (MrBayes V2.0 [Huelsenbeck
and Ronquist 2001]) using the GTR + I' model with intron sites
partitioned into two groups; the first (50 nt) encoded the most
highly conserved P, Q, R, and S regions, whereas the second (151
nt) encoded the remaining, more divergent sequence. Site-specific
rates were calculated for each intron partition and incorporated
into this analysis. Metropolis-coupled Markov chain Monte Carlo
(MCMCMC) from a random starting tree was initiated in the
Bayesian inference and run for 500,000 generations. Three inde-
pendent MCMCMC analyses were run and sampled every 100
generations. After discarding the first 200 trees (‘“burn-in”), con-
sensus trees were made with the remaining 4800 trees in each run
and compared to test for the consistency of posterior probabilities
at the different nodes. The cyanobacterial tRNA-Leu introns were
used to root the phylogenies.

The distribution of the tRNA-Leu intron was mapped on
published host trees of the Chlorophyta and the Stramenopiles.
The host phylogenies were adapted from Friedl et al. (1997, 2002)
and Buchheim et al. (2001) for the Chlorophyta (nuclear rRNA)
and Andersen et al. (1998, 1999), Draisma et al. (2001), Daugbjerg
and Guillou (2001), and Yoon et al. (2001) for the Stramenopiles
(rbcL, ITS, and rRNA). The parsimony principle was used to
choose the loss pattern that minimized the total number of events.
To test the vertical evolution of the tRNA-Leu intron, we directly
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compared intron and existing rbcL. “host” sequences from 12
Stramenopiles (see Yoon et al. 2002). Intron and host trees were
reconstructed using the maximum likelihood (ML) method with 10
random stepwise additions and optimization done with the TBR
branch-swapping algorithm. The site-specific gamma model was
used with the intron data, and the GTR + I + T model, over all
three codon positions, was used with the rbcL sequences. The
model parameter values were estimated as described above. Max-
imum likelihood and NJ-LD bootstrap analyses were done with
each data set using 500 replicates. Posterior probabilities were also
calculated for both data sets as described above. All phylogenetic
analyses, except for Bayesian inference, were done using
PAUP*4.0b8 (Swofford 2002).

Results and Discussion

Known Distribution of the tRNA-Leu Intron

Previous analyses show that the tRNA-Leu intron,
which is widespread in cyanobacteria and plastids, is
present in all studied land plants (>330) and has been
vertically inherited within this group (Besendahl et al.
2000). A limited amount of sampling in other plastid
containing lineages has revealed a more patchy dis-
tribution with an unknown inheritance pattern (Pa-
quin et al. 1997; Besendahl et al. 2000; Costa et al.
2002). A sporadic intron distribution has often been
interpreted as evidence for intron movement (e.g., see
Bhattacharya et al. 1994, 2002). It is unclear, how-
ever, whether the tRNA-Leu intron has experienced
strict vertical inheritance with uneven losses occur-
ring in lineages, resulting in the appearance of intron
mobility, or whether introns have in fact been fre-
quently laterally transferred. Some authors have
suggested that the distribution of the tRNA-Leu in-
tron in cyanobacteria and plastids is best explained
by the lateral transfer of the intron into the homol-
ogous position in unrelated organisms (Daros and
Flores 1996; Rudi and Jakobsen 1997, 1999; Rudi
et al. 2002). In this study, we have conducted an ex-
tensive survey to determine the phylogenetic distri-
bution of the intron in a diverse group of algae,
including the Chlorophyta, Stramenopiles, and
Rhodophyta, as well as additional glaucophytes and
streptophytes. This study resulted in the discovery of
32 new introns and the determination of 24 new in-
tron sequences. As with other published tRNA-Leu
intron sequences, none of these were found to contain
any significant open reading frames.

Distribution of the tRNA™" Intron

It is well established that green algae and land plants
share a unique common ancestor (e.g., Friedl 1997).
There are four classes within the Chlorophyta: the
Chlorophyceae, Trebouxiophyceae, Ulvophyceae,
and Prasinophyceae. The Streptophyta includes the

charophytes, bryophytes, Lycophytina, and all other
multicellular land plants. In this study, 10 of 11
streptophytes were found to contain the tRNA-Leu
intron (Table 1). The single species lacking the intron
was the charophyte Klebsormidium nitens. This is
consistent with previous work showing the over-
whelming majority of streptophytes to possess this
intron, with the few exceptions occurring within the
charophytes (i.e., Chara hispida, Cylindrocystis breb-
issonii [Kuhsel et al. 1990; Besendahl et al. 200]).
These results suggest that the tRNA-Leu intron was
present at least in the common ancestor of the char-
ophytes and has been retained for the 470 million-
year history of land plants (Kenrick and Crane 1997).
In contrast, just 10 of the 25 chlorophytes examined
contained introns (see Table 1). The extant distribu-
tion may be the result of either widespread intron loss
or some combination of loss and lateral transfer of
introns between species. Inspection of Fig. 1A shows
that, barring lateral transfers, a minimum of 13 in-
dependent losses is necessary to explain the observed
intron distribution in chlorophytes.

The plastids of rhodophytes are closely related to
the plastids in cryptophytes, Stramenopiles, and
haptophytes (the latter taxa are grouped in the
Chromista). This relationship is explained by the
origin of the plastid in the Chromista common an-
cestor through a single red algal secondary endo-
symbiosis (for details, see Yoon et al. 2002). Our
work here, together with previous studies, has shown
that 28 red algae lack the tRNA-Leu intron (Kuhsel
et al. 1990; Reith and Munholland 1993; Ohta 1997;
Besendahl et al. 2000; Glockner et al. 2000). Addi-
tionally, all cryptophytes (three taxa) and hapto-
phytes (four taxa) studied to date also lack the intron
(Douglas and Penny 1999; Besendahl et al. 2000). The
only rhodophyte-derived plastid lineage found to
contain the tRNA-Leu intron is the Stramenopiles.
Here, taxa both with and without the intron have
been identified (see Table 1, Fig. 1B). Interestingly,
the intron was found exclusively within three closely
related lineages, the Phaeophyceae, Xanthophyceae,
and Phaeothamniophyceae (see Potter et al. 1997,
Anderson et al. 1998). No intron losses appear to
have occurred within the multiple Phacophyceae and
Xanthophyceae that we have sampled.

Phylogeny of the tRNA-Leu Intron

Given the large number of taxa (80), small number
of characters (201 nt), and ancient origin of the first
algal plastids (>1 billion years ago [Butterfield 2000;
Yoon et al. 2002]), the tRNA-Leu intron phylogeny
shown in Fig. 2 is remarkably accurate in recon-
structing predicted plastid relationships (e.g., Bhat-
tacharya and Medlin 1995; Helmchen et al. 1995;
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Fig. 1.
the Stramenopiles. The host phylogenies are based on the published
results of Friedl et al. (1997, 2002) and Buchheim et al. (2001) for
the Chlorophyta and on Anderson et al. (1998, 1999), Draisma et
al. (2001), Daugbjerg and Guillou (2001), and Yoon et al. (2001)
for the Stramenopiles. Presence of the tRNA-Leu intron is denoted

Group I intron presence/absence in the Chlorophyta and

Delwiche and Palmer 1997; Martin et al. 1998;
Turner et al. 1999; Yoon et al. 2002). The three
primary plastid lineages that have been identified in
multiple studies are the green algal/land plant
plastids (chloroplasts), the cyanelles of the glauco-
phytes, and the red algal plastids. All three of these
lincages are likely to have arisen from a single
common cyanobacterial endosymbiosis (Bhatta-
charya and Medlin 1995; Palmer and Delwiche 1996;
Delwiche and Palmer 1997). Consistent with this
idea, the tRNA-Leu intron sequences, representing
all three lineages of primary plastids (or derived
from these lincages [i.e., Stramenopiles]), form a
monophyletic group that is sister to the cyanobac-
teria (Fig. 2).
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with a + and absence with a —. Independent intron losses, under
the assumption of intron presence in the ancestor of these algal
lineages and the criterion of maximum parsimony, are indicated
with vertical bars. The Chlorophyta and Stramenopiles have min-
imally lost the intron 13 and 4 times, respectively, in these trees.

The vertical evolution of the tRNA-Leu intron is
best supported in the Streptophyta, where the phy-
logeny is generally congruent with what is currently
known about the branching order of land plants (e.g.,
Nickrent et al. 2000). The Euphyllophytina, Lyco-
phytina, and charophytes are monophyletic with the
latter forming the sister group to land plants (Nick-
rent et al. 2000; Pryer et al. 2001; Karol et al. 2002).
Our results are also consistent with numerous
microevolutionary studies in land plants (e.g., Wal-
lander and Albert 2000; Asmussen and Chase 2001;
Soliva et al. 2001) and with the analyses of Besendahl
et al. (2000) that failed to find evidence of lateral
transfer of the tRNA-Leu intron. Minimally, these
data provide evidence for the stable inheritance of the
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Fig. 2. Neighbor-joining-TN tree of tRNA-Leu group I introns are from a NJ-LD analysis. Only bootstrap values >60% are

from cyanobacteria and plastids. This tree has been rooted on the
branch leading to the cyanobacterial introns. The values above the
branches on the left of the slash-marks show the results of a NJ—
TN bootstrap analysis (500 replications), whereas the values shown
on the right of the slash-marks are from a NJ-GTR bootstrap
analysis. The bootstrap support values shown below the branches

tRNA-Leu intron in the Streptophyta. In contrast,
the evolutionary history of this intron in the chloro-
phyte green algae remains open. Our sparse intron
phylogenetic data do not allow us to confidently ad-
dress the vertical transmission of the intron. If lateral
transfers have occurred in the recent history of the
green algae, then one would expect, however, to see a

shown. The thicker branches indicate clades that had >95% pos-
terior probability in a Bayesian inference. The taxonomic position
of the different introns is shown for each clade. The branch lengths
are proportional to the number of substitutions per site (see scale in
figure). The introns shown in the larger, underlined text were de-
termined in this study.

specific and strong phylogenetic association in the
intron tree between the source (e.g., cyanobacterial or
algal) of the intron and its green algal recipient. In-
spection of Fig. 2 provides no obvious evidence of
such a transfer.

The Stramenopiles intron data set is more robust,
and comparison of the intron and host trees shows
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Fig. 3. Comparison of ML trees of tRNA-Leu group I introns
and rbcL coding regions from selected Stramenopiles. The intron
tree has been rooted on the branch leading to the chlorophyte
introns (e.g., Chlorella vulgaris), whereas the rbcL tree has been
rooted on the branch leading to Phaeothamnion confervicola. The
values above the branches show the results of a ML bootstrap
analysis (500 replications [see text for details]), whereas the values
shown below the branches are from a NJ-LD analysis. Only

congruency. This supports the strict vertical inherit-
ance of the intron at least since the origin of the
phaeophytes, xanthophytes, and phaeothamnio-
phytes (Fig. 3). However, the absence of the intron in
all other red or red-derived plastid lineages is puz-
zling. This distribution could be explained in two
ways. Under the first scenario, the intron was lost in
the rhodophytes, after the chromist secondary endo-
symbiosis, with subsequent losses in the cryptophytye
and haptophyte common ancestors. This view asserts
that the intron was retained only within the phaeo-
phytes, xanthophytes, and phaeothamniophytes in
the Stramenopiles. Alternatively, the tRNA-Leu in-
tron was lost in the red algal common ancestor before
secondary endosymbiosis or never existed in this
lineage and was recently laterally transferred into the
common ancestor of the Phacophyceae, Xanthophy-
ceae, and Phaeothamniophyceae. Although the sec-
ond scenario is more parsimonious, the early
branching position of the Stramenopiles introns in
Fig. 2 suggests otherwise. In this tree, the Stramen-
opiles introns form an independent lineage that is
sister to introns in the green and glaucophyte algae.
This is consistent with an ancient phylogenetic split
between the Stramenopiles tRNA-Leu intron and this
sequence in all other plastids, rather than a recent

Vaucheria bursata
Botrydiopsis alpina
Botrydium granulatum 99
Tribonema aequale
61 Bumilleriopsis filiformis =
Pylaiella littoralis

Scytosiphon lomentaria

97
99

92

Phaeothamnion confervicola

0.05 substitutions/site

bootstrap values >60% are shown. The thicker branches indicate
clades that had >95% posterior probability in a Bayesian inference
for each data set. The light gray box contains the Xanthophyceae
and the dark gray box the Phaeophyceae. The phaeothamniophyte
(Phaeothamnion confervicola) is not boxed. The branch lengths are
proportional to the number of substitutions per site (see scales in
figure). The introns shown in the larger text were determined in this
study.

lateral transfer into the common ancestor of the
Phaeophyceae, Xanthophyceae, and Phaeothamnio-
phyceae. The finding of the tRNA-Leu intron in
other chromists or in the red algae will provide crit-
ical evidence to unambiguously distinguish between
the two scenarios discussed here.

Self-Splicing Ability of the tRNA-Leu Intron

Based on limited in vitro assays, it was previously
hypothesized that the tRNA-Leu intron in chloro-
plasts had lost the ability to self-splice and, thus, must
be dependent upon the host to facilitate excision (Xu
et al. 1990; Besendahl et al. 2000). To test the validity
of this hypothesis, we did self-splicing assays using
tRNA-Leu introns from the cyanobacteria, basal
streptophytes and land plants, chlorophytes, Stra-
menopiles, and glaucophytes (see Fig. 4). As previ-
ously predicted, all cyanobacterial tRNA-Leu introns
could self-splice efficiently in vitro (e.g., Zaug et al.
1993), strongly suggesting that the intron was auto-
catalytic at the time of plastid primary endosymbio-
sis. More surprisingly, the introns from the glauco-
phytes, Stramenopiles, and chlorophytes also showed
some autocatalytic capacity. The intron from the
charophyte, Chlorokybus atmophyticus, was able to
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Fig. 4. The distribution of self-splicing ability mapped on the
phylogeny of tRNA-Leu group I introns. A Schematic represen-
tation of the phylogeny of the tRNA-Leu group I intron (see Fig. 2
and Besendahl et al. [2000]). The taxa that were tested for in vitro
self-splicing ability are shown, as is their ability to complete the
splicing reaction (+), to complete only the first step (no mark), and
to have no apparent splicing ability (-). B Examples of typical
results in our experiments for tRNA-Leu introns that were self-

fully self-splice in vitro, whereas many of the re-
maining introns from this group showed partial cat-
alytic activity. The presence of extra bands in these
assays (see Fig. 4B), when not clearly due to complete
self-splicing, could result from either completion of
the first-step of the splicing reaction (in which
cleavage occurs at the 5’ splice site, leaving the free 5’
exon plus the intact intron and 3’ exon) or the al-
ternative hydrolysis pathway (in which cleavage oc-
curs at the 3’ splice site, leaving the free 3’ exon plus
the intact 5’ exon and intron [Inoue et al. 1986; Cech
1990]). Based on the results from splicing experiments
with the Stramenopile, Bodanella lauterborni, we
suggest that the first step of splicing (and not hy-
drolysis) occurs in these taxa. This reflects the finding
of a second band of size 1127 nt with this taxon that
matches the expectation when the first step of splicing
is completed (i.e., intron [209 nt] + 3’ exon [918 nt]).
Hydrolysis of the B. lauterbornii intron would have
resulted in a second band of size 266 nt. The land
plant introns that were tested could neither fully
splice nor complete the first step. Whereas the assay
conditions were designed to favor splicing, it is still
possible that under different reagent or temperature
conditions, splicing may have occurred in some of
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splicing in vitro (i.e., the cyanobacteria Arthrospira PCC 8005 and
Nodularia sphaerocarpa SAG 50.79) and those that could only
complete the first step of splicing (the glaucophyte Cyanoptyche
gloeocystis SAG 4.97 and the Stramenopiles Bodanella lauterborni
SAG 123.79). The pre-RNA is shown, as are the free intron and the
ligated exons. The expected size of the ligated exons in our intron
constructs was 78 nt.

these taxa (Uhlenbeck 1995; Pan et al. 1997). How-
ever, in support of our results, previous analyses of
plastid tRNA-Leu introns have also shown that the
intron from Marchantia polymorpha (Xu et al. 1990),
Annona cherimola (Daros and Flores 1996), Psilotum
triguetrum, and Cosmarium botrytis (Besendahl et al.
2000) cannot self-splice in vitro.

The observed pattern of splicing capacity, al-
though not exhaustively tested under different bio-
chemical conditions, is nonetheless broadly consistent
with the idea that self-splicing ability was either
modified or lost after primary endosymbiosis. How-
ever, given the ability of some of the earlier branching
plastid introns to self-splice or complete the first step,
we speculate that the loss of auto-catalysis, and pre-
sumed dependence on a protein-mediated splicing
pathway (for review, see Lambowitz et al. 1999), was
a gradual process. Consistent with the idea of host-
mediated splicing in land plants, chloroplast ribonu-
cleoproteins (cpRNPs) have been demonstrated to
associate with unspliced tRNA-Leu transcripts in
Nicotiana tabacum (Nakamura et al. 1999). The
cpRNP-tRNA complexes confer stability and ribo-
nuclease resistance to the RNAs and may act as a
scaffold for the specific catalytic machinery involved



in splicing of the intron-containing tRNAs (Nakam-
ura et al. 1999).

Evolution of the tRNA-Leu Intron

Our study suggests that the tRNA-Leu intron has
experienced different lineage-dependent fates in its
greater than 1 billion-year history in plastids. At the
time of primary endosymbiosis, this intron was likely
able to self-splice and has retained this ability in the
cyanobacteria. The land plants are the only intron
lincage that has completely lost self-splicing ability.
Notably, there has been strict vertical ancestry of the
intron with no detected losses in these taxa. These
two characteristics may indicate a reciprocal de-
pendence between the intron and its host. A second
evolutionary path taken by the tRNA-Leu intron is
found within the Charophyta and Chlorophyta. The
evolutionary history of the intron within these line-
ages is putatively marked by multiple losses com-
bined with the ability of the ribozyme to complete the
first step of splicing. Finally, within the red plastid
lincage there has been a combination of loss and
stable inheritance. We postulate that the intron was
ancestrally present in the Stramenopiles and has been
lost in all taxa except for the Phaeophyceae, Xanth-
ophyceae, and Phaeothamniophyceae. Interestingly,
the intron appears to have been fixed in these Stra-
menopiles but, unlike in the streptophytes, can com-
plete the first step of splicing. Taken together, these
data underline our working hypothesis that no single
inevitable fate accounts for the evolutionary history
of group I introns. Our study is, however, only the
first step in understanding the complexities of intron-
host cell coevolution over millions of years and ad-
ditional phylogenetic and splicing studies are needed
to test the hypotheses generated by this research.
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