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Many tRNAGS, genes from plastids contain a group I intron. An intron is also inserted in the same gene at
the same position in cyanobacteria, the bacterial progenitors of plastids, suggesting an ancient bacterial origin
for this intron. A group I intron has also been found in the tRNA™*" gene of some cyanobacteria but not in
plastids, suggesting a more recent origin for this intron. In this study, we investigate the phylogenetic
distributions of the two introns among cyanobacteria, from the earliest branching to the more derived species.
The phylogenetic distribution of the tRNAGS, intron follows the clustering of rRNA sequences, being either
absent or present in clades of closely related species, with only one exception in the Pseudanabaena group. Our
data support the notion that the tRNALZY, intron was inherited by cyanobacteria and plastids through a
common ancestor. Conversely, the tRNA™** intron has a sporadic distribution, implying that many gains and
losses occurred during cyanobacterial evolution. Interestingly, a phylogenetic tree inferred from intronic sequences

clearly separates the different tRNA introns, suggesting that each family has its own evolutionary history.

Ever since their discovery, the origin of introns has been a
subject of controversy. One view, the introns-late hypothesis,
proposes that introns are recent invaders and that split genes
arose by late insertion of introns into originally uninterrupted
genes (28). In that scenario, horizontal transfer and transpo-
sition of introns are frequent events, accounting for the scat-
tered phylogenetic distribution of introns. Although the debate
has focused on spliceosomal introns, such a scenario could
apply as well to other types of introns, some of which are
known to be mobile (22). In contrast, the introns-early view
implies that introns are very ancient, being present in the
progenote (universal ancestor) (7). The demonstration that
some members of group I and group II introns are capable of
in vitro autocatalytic activity (19, 29, 39) lends further support
to the presence of these introns at an early stage of evolution,
maybe as early as the putative precellular RNA world (13). In
such a scenario, the observed phylogenetic distribution of in-
trons could be explained by multiple losses in different lineages
during evolution (7) and by their mobility, which is assumed to
be a derived feature (2). A major obstacle for the introns-early
hypothesis was the apparent absence of introns in eubacteria,
although this was tentatively rationalized by pressure to
streamline the genome in rapidly dividing bacteria (7). Discov-
ery of group I introns in bacteriophages of gram-positive and
gram-negative bacteria did not help to resolve the issue, due to
uncertainties concerning the origin of the bacteriophages
themselves (see discussion in reference 35). The recent discov-
ery of both group I and group II introns in divergent eubacteria
(4, 11, 12, 20, 31, 44) was acclaimed as a breakthrough by
introns-early proponents. In most cases, however, the relation-
ship of the eubacterial introns to their eukaryotic counterparts
is still unclear. Evidence for either of these two hypotheses is
at best circumstantial, and the issue remains highly speculative.

All the characterized eubacterial group I introns have been
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found in the anticodon loop regions of tRNAs (4, 20, 31, 44).
Several cyanobacteria were shown to possess a group I intron
in either or both of their tRNA{, and tRNA™*! genes (4, 20,
44). The tRNA{SY, intron represents the most likely example
of an ancient intron, because a similar intron is known to be
present in the corresponding gene of many plastids at the same
position as those recently discovered in some cyanobacteria.
Since the plastids arose from a cyanobacterial endosymbiont
(8), it has been suggested that this intron was inherited from a
common ancestor. However, one could argue that an alterna-
tive explanation of these findings is invasion of a mobile intron
in cyanobacteria. In fact, the striking similarity between the
plastid and cyanobacterial introns (20, 44) is consistent with a
recent divergence. In addition, although the tRNAFY, intron
was originally found in five different strains (20, 44), these
represent only a small subset of the cyanobacterial lineages,
and more-recent data show that the intron is absent in two other
strains representing one of the previously unexplored lineages (4).

The intron inserted in the tRNA™®! genes was found in only
3 of 11 cyanobacteria, two of which did not have the tRNATY,
intron (4). On the basis of the observation that one of the
tRNA™¢! introns contains an open reading frame (ORF)
which presumably assists the intron in its own mobility, and the
absence of correlation between relatedness of the intron se-
quences and relatedness of the rRNAs of the three strains in
which they were found, Biniszkiewicz et al. (4) suggested that
the tRNA™<" intron arose recently in cyanobacteria by hori-
zontal transfer. To help resolve the origin and evolution of
both introns, we have undertaken a systematic investigation of
their phylogenetic distribution among cyanobacteria.

MATERIALS AND METHODS

Strains, growth conditions, and DNA preparation. Strains were obtained as
living cultures either from John Waterbury (Marine Biological Laboratory,
Woods Hole, Mass.), the American Type Culture Collection (Rockville, Md.), or
the Pasteur Culture Collection (Institut Pasteur, Paris, France). Cultures were
grown and DNA extractions were done as described previously (4, 44).

PCR amplification, cloning, and sequencing. PCR amplifications were carried
out with 100 ng of genomic DNA by using 7ag DNA polymerase (Boehringer
Mannheim) and degenerate primers targeting either the tRNA{Y, gene (TL25
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TABLE 1. Cyanobacterial strains used in this study

Species or strain Leu® fMet? Reference®
Anabaena cylindrica + - This study; U83251
Calothrix desertica PCC7102 + - This study; U83252
Chamaesiphon subglobosus - - This study
Chlorogloeopsis fritschii + - This study; U83257
Cylindrospermum strain + + This study; U83250, U83261

PCC7417
Dermocarpa strain PCC7437 - + 4
Fischerella ambigua UTEX + - This study; U83258
1903
Gloeobacter violaceus PCC7421 — + This study; U83262
Microcystis aeruginosa - - This study
Myxosarcina strain PCC7312 - - This study

Nostoc strain PCC7120 + - 44; this study
Nostoc strain PCC73102 + - This study; U83254
+

Oscillatoria strain PCC6304 + This study; U83255, U83260
Oscillatoria strain PCC7105 - + This study; U83259
Phormidium ectocarpi + - This study; U83256
PCC7375
Plectonema boryanum ATCC — — - This study
18200
Prochlorothrix hollandica + - 38; this study
Pseudanabaena strain PCC7403 + - This study; U83253
Pseudanabaena strain PCC6903 — - This study
Scytonema strain PCC7110 + ND? 20
Scytonema hofmanii UTEX (+)y + 4
2349
Spirulina strain PCC6313 - - This study

Synechococcus strain R2 20; this study
Synechocystis strain PCC6803  — + 4
Synechocystis strain PCC6906 (+)° This study

“ Presence (+) or absence (—) of insertion of a group I intron in the tRNALSY,
gene.

b Presence (+) or absence (—) of insertion of a group I intron in the tRNA™Met
gene.

“ The GenBank accession numbers are given for the intron sequences deter-
mined in this study.

4 ND, not determined.

¢ (+), presence of the intron deduced solely from the size of a PCR amplifi-
cation product.

and TL23) or the tRNA™®! gene (SM1 and SM2) (4). The amplification con-
sisted of 30 three-step cycles of denaturation (30 s at 95°C), annealing (1 min at
37°C), and elongation (30 s at 72°C) followed by a final incubation at 72°C for 10
min. The PCR products were then trimmed by a 30-min incubation at 12°C with
T4 DNA polymerase (New England Biolabs) and purified by passage through a
column (QIAQUICK PCR purification kit; QIAGEN). The fragments were
cloned in a Smal-linearized pBluescript II plasmid (Stratagene). Chain termina-
tion sequencing reactions were performed with selected clones by using phage T7
DNA polymerase (Sequenase IT; U.S. Biochemicals) according to the manufac-
turer’s instructions. Sequence samples were separated by electrophoresis in a 5%
polyacrylamide-8 M urea gel. To overcome any possibility of PCR-induced
sequence error, two different clones from independent PCRs were analyzed. In
case of discrepancies, a third independent PCR clone was sequenced and a
consensus was deduced. We confirmed the source of the PCR products by
amplifying a region of the gene coding for the small-subunit (SSU) rRNA. Two
sets of primers were used, either rRN-5" (5'-CAGCAGTGGGGAATTTTCCG
CAA-3") and rRN-3’ (5'-GTTGCGCTCGTTGCGGGACTTAA-3") or rRN2-5’
[5'-CTCGCGTC(A/T)GATTAGCTAG(A/T)TGG-3'] and rRN2-3' [5'-CCAG
GCGGGA(C/T)ACTTAACGCG-3'].

Southern hybridization and genomic cloning. Two micrograms of genomic
DNA from Gloeobacter violaceus PCC7421 was digested overnight with an excess
of Pstl, and the restriction fragments were separated on a 0.8% agarose gel. The
DNA was transferred by capillary blotting to a Hybond-N nylon membrane
(Amersham) according to the manufacturer’s instructions. The PCR-amplified
tRNALY, intron from Synechococcus sp. strain R2 (20) was internally labeled
with [a->?P]dATP by random priming, and the hybridization was carried out at
55°C by standard protocols (34). Construction of a subgenomic library in pBlue-
script II and colony hybridization screening were also performed according to
standard protocols (34).

Phylogenetic analyses. For phylogenetic inference, we extracted the pre-
aligned SSU rRNA sequences of cyanobacteria from the Ribosomal Database
Project (RDP) (23). The intron sequences were aligned by comparing both their
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primary and their secondary structures. Only unambiguously aligned positions
corresponding to the catalytic core were considered. Phylogenetic trees were
computed by using programs supplied in the PHYLIP package, version 3.5¢ (10),
with default parameters. First, a distance matrix was calculated from the Kimura
two-parameter equation (transversions weighted two times transitions) (17), and
the trees were built by a neighbor-joining algorithm (33). The robustness of the
tree topologies was tested by bootstrap analysis (9). Alternatively, trees (not
shown) were also inferred by using fastDNAmlI (27).

Nucleotide sequence accession numbers. The nucleotide sequences generated
for this paper have been deposited in GenBank under accession no. U83250 to
U83262. See Table 1 for a detailed list.

RESULTS

The aim of this study was to determine the phylogenetic
distribution of group I introns inserted in both tRNAT,, and
tRNA™¢! genes among the cyanobacteria. We selected a va-
riety of strains (Table 1) representative of each of the lineages
within the cyanobacterial subtree from the earliest branching
to the more derived species, based on the phylogenetic tree
compiled in the RDP (23).

PCR amplification of the tRNALZ:, and tRNA™°' genes
from various cyanobacteria. Genes coding for both tRNAG A
and tRNA™¢ were amplified by PCR of genomic DNA, using
primers annealing to mature tRNA sequences. Amplification
of an uninterrupted gene should give a product of ~70 to 85
bp, whereas an intron-containing tRNA gene is expected to
produce a fragment of 300 to 400 bp. Products longer than 400
bp could indicate an ORF-containing intron (e.g., see refer-
ence 4). As depicted in Fig. 1, when amplification is done with
the tRNA™" primers, most of the templates gave a single
major product consistent with either an intron-containing or an
uninterrupted gene. Since the primers were designed to am-
plify a portion of the tRNA gene comprising the anticodon
stem and loop and part of the extra arm (4), the specificity of
the PCR products could be confirmed by sequencing (Fig. 2).
In all cases where an intron-containing fragment was amplified,
it was shown to include a tRNALY, with a group I intron
inserted between the U and A of the anticodon, exactly the
same position where similar introns were localized previously
(20, 44). The sizes of the different introns range from 216
(Oscillatoria strain PCC6304) to 308 (Scytonema strain
PCC7110 [20]) nucleotides; none of them encodes an ORF.

For the strains showing only a tRNA-size band, the absence

_INTRON+  INTRON—
M[1 234567 BHQ101112131415617'- M
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FIG. 1. PCR amplification products of cyanobacterial tRNALY, genes. Mi-
gration in a 1% agarose gel of the amplification products of PCR with the
tRNA™" primers and various cyanobacterial DNAs is shown. Lane 1, Anabaena
cylindrica; lane 2, Chlorogloeopsis fritschii; lane 3, Cylindrospermum strain
PCC7417; lane 4, F. ambigua UTEX 1903; lane 5, Nostoc strain PCC73102; lane
6, Oscillatoria strain PCC6304; lane 7, Phormidium ectocarpi PCC7375; lane 8,
Pseudanabaena strain PCC7403; lane 9, C. subglobosus; lane 10, G. violaceus
PCC7421; lane 11, Microcystis aeruginosa; lane 12, Myxosarcina strain PCC7312;
lane 13, Oscillatoria strain PCC7105; lane 14, P. boryanum ATCC 18200; lane 15,
Pseudanabaena strain PCC6903; lane 16, Spirulina strain PCC6313; lane 17,
Synechocystis strain PCC6906; lane —, no DNA (negative control); lane M,
100-bp DNA marker (Gibco/BRL) (sizes are indicated on the sides of the gel).
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AC Y AC EA EA
1- TACGGACTTAAAATCCGTTGACCTT-AAACGGT
2~ TACGGACTTAAAATCCGTTGACCGT-AAAAGGT
3- TACGGACTTAAAATCCGTTGACCGT-AAAAGGT
4- TACGGACTTAAAATCCGTTGACCGT-AAAAGGT
I+|5- TACGGACTTAAAATCCGTTGACCGT-AATAGGT
6- TACGGACTTAAAATCCGTTGGCTGG-AGACAGC
7- TGCGGACTTAAAATCCGCTGACCTT-AAACGGT
8- TACGGACTTAAAATCCGTTGACCGC---AAGGT
1 18- TACGEACTTAAAATCCGTTGACCTT-AAACGGT
T9- GACAGACTTAAAATCTGTTGTCCGT--AACGGA
11- TACGGACTTAAAATCCGTTGAGCCT-ATAAGCT
12- TGCGGATTTAAAATCCGTTGAGGGT-AATACTT
13~ GACGGACTTAAAATCCGTTGACTGG-TGACAGT
14- TACGGACTTAAAATCCGTTGACCGC---AAGGT
15- TACGGACTTAAAATCCGTTGACCGC---AAGGT
16~ TGCGGACTTAAAATCCGTTGTCCGT-AAAAAGA
1 17- TGCGGATTTAAAATCCGTTGAGCCTTATAAGCT

FIG. 2. Alignment of the tRNAEY, gene sequences amplified by PCR. Se-
quence numbers correspond to the lanes in Fig. 1, with the addition of no. 18 for
Calothrix strain PCC7102. Base-pairing (underline) in the anticodon stem (AC)
and extra arm (EA), the anticodon (double underline), and the intron insertion
site (arrowhead) are indicated. I+ and I—, intron positive and negative, respec-
tively.

of the intron was also confirmed by sequencing. In many cases
the band was heterogeneous in composition, comprising dif-
ferent tRNA™" isoacceptor gene sequences. However, with
the exception of Gloeobacter strain PCC7421 (Fig. 1, lane 10),
we were able to find an intronless form of the tRNAEY, gene
(Fig. 2). With some of the DNAs, both intron-containing and
tRNA-size bands were detectable, especially with Phormidium
ectocarpi PCC7375 and Pseudanabaena strain PCC7403 (Fig. 1,
lanes 7 and 8, respectively). Consistent with the heterogeneity
of tRNA-size bands, the sequences of six clones (three from
each species) showed that the lower band resulted from am-
plification of tRNAKY; and tRNAES, genes, not from a sec-
ond, intronless copy of the tRNA{x, gene. Fragments of
intermediate or greater size were occasionally amplified (e.g.,
Fig. 1, lanes 1, 2, 12, and 13) but were not systematically
analyzed. A few of them were sequenced, but none had char-
acteristics expected for group I intron or tRNA sequences.

Amplification of the tRNA™®! genes yielded a single prod-
uct for each template, either an intron-containing band or a
tRNA-size band (data not shown; for examples, see reference
4). In addition to the three strains from which the tRNA™<
intron was already characterized (4), it was found in a few
other strains: Gloeobacter strain PCC7421, Oscillatoria strain
PCC7105, Oscillatoria strain PCC6304, and Cylindrospermum
strain PCC7417. Two intronless bands were sequenced (Myxo-
sarcina strain PCC7312 and Synechococcus strain R2), both
displaying an uninterrupted 7-bp sequence consistent with the
anticodon loop of a tRNA™¢! gene. Except for the Synecho-
cystis strains PCC6803 (4) and PCC6906, none of the tRNA™et
introns encodes an ORF.

To ensure that the PCR products were from the expected
strains and not from contaminating DNA, we also amplified a
portion of the SSU rRNA gene. We then aligned our se-
quences (172 to 551 bp) with the corresponding ones extracted
from the database (23). No more than three mismatches were
observed in any alignment (<1.6%), a level of discrepancy that
could be caused by PCR-induced errors, except for the Fisch-
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erella pair, for which 19 mismatches had to be assumed in a
223-bp segment (8.5%). Our sequence of Fischerella was ob-
tained from Fischerella ambigua UTEX 1903, whereas the da-
tabase sequence is from Fischerella sp. strain PCC7414, prob-
ably explaining the discrepancies between the two sequences.
Still, the F. ambigua rRNA sequence was closer to those of
PCC7414 and other closely related strains (as defined by
branch G in Fig. 5) than to any other sequence (not shown).
Therefore, it is unlikely that the PCR products have been
amplified from a contaminating DNA.

Gloeobacter strain PCC7421 has no tRNALY, intron ho-
molog in its genome. All attempts to amplify the tRNAGR
gene of G. violaceus PCC7421 have been unsuccessful. We
tried different combinations of tRNA™" primers shortened by
one or two bases at the 3’ end, and also those used by Kuhsel
et al. (20), without success. A total of 15 cloned amplification
products were analyzed, and all of them had sequences con-
sistent with uninterrupted genes of the tRNAKS:; family (12
CAG, 2 TAG, and 1 GAQG). G. violaceus PCC7421 is a key
strain for our study, since it has been identified as the earliest-
branching cyanobacterium (8, 23, 41). Therefore, we per-
formed a Southern hybridization, using a labeled intron-con-
taining PCR product from Synechococcus strain R2 (also
known as PCC7942 or Anacystis nidulans R2) (20) to probe its
presence in Gloeobacter. A PstI fragment of 3.5 kb hybridized
to the probe (Fig. 3A). Except for a fragment of about 1.4 kb
that was barely visible on the original autoradiogram, no other
signal was observed. The 3.5-kb fragment was cloned, and a
1.8-kb BamHI subclone containing the hybridizing region (not
shown) was completely sequenced on both strands (Fig. 3B)
(accession no. U83262). A typical group I intron within a
tRNA gene was identified, but rather than revealing a
tRNA™" intron, the sequence was identical to the one that had
been amplified by PCR using the tRNA™¢! primers. The exon
sequences can be folded into a structure possessing the hall-
marks of tRNA™¢! (30), including the absence of a Watson-
Crick base pair at the top of the acceptor stem and the critical
GC base pairs in both the acceptor and the anticodon stems
(Fig. 4). The intron sequence is also typical of the tRNA™®*
introns previously described, harboring an extended P1 stem
(comprising up to 62 nucleotides) (reference 4 and this study).
Downstream of the tRNA™¢! gene, the clone ends in a large
ORF of more than 395 codons (ORF395). BLASTP analysis
(1) of the translated sequence revealed a high level of identity
to hypothetical ORFs of unknown function in the cyanobacte-
ria Synechocystis strain PCC6803 (276 of 384, or 72% [acces-
sion no. D90910]) and Prochlorococcus marinus (199 of 371, or
54% [32]).

Most of the remainder of the 3.5-kb PstI fragment was se-
quenced on at least one strand, and neither another group I
intron nor a tRNA™" was identified. It is unlikely that while
hybridizing to a similar intron from a different gene the probe
would have missed the homologous intron. Therefore, we con-
cluded that there is no tRNALY, intron in Gloeobacter strain
PCC7421. The presence of a single TTA codon in ORF395
suggests, however, that tRNAL, is encoded in this genome,
despite our numerous unsuccessful attempts to amplify its gene
by PCR.

The tRNATY, intron has a wide distribution among cya-
nobacteria. SSU rRNA sequences were extracted from the
RDP (23). A phylogenetic tree was then constructed by using
a neighbor-joining algorithm (17, 33), and its robustness was
tested by bootstrap analysis (9). The topology of the tree (Fig.
5) is in general agreement with the tree inferred with fast
DNAml (27) (tree not shown) and those published by other
groups (23, 40-42). The main branches defining the different
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FIG. 3. Lack of tRNALY, intron homolog in Gloeobacter. (A) Southern
hybridization of Gloeobacter DNA digested with Pst1. Positions and approximate
sizes (in kilobases) of the 1-kb marker fragments (Gibco/BRL) are indicated on
the left. The 3.5-kb fragment hybridizing with the probe is shown (arrow). The
probe consisted of the radiolabeled, intron-containing PCR product obtained by
using the tRNALSY, primers with Synechococcus DNA. (B) Schematic represen-
tation of the sequence of a BamHI (B) subclone containing the hybridization
signal. The sequence has been deposited in GenBank under accession no.
U83262. Genes or putative genes (open boxes), the location of a group I intron
within the tRNA gene (shaded area), and the intergenic spacers (thick black
lines) are indicated. The scale for 300 bp is shown.

lineages (branches B to E in Fig. 5) are consistently recovered,
but their relative branching order may change, as suggested by
some unsupported branches. The positions of Chamaesiphon
subglobosus and Plectonema boryanum (within branch F) and
those of the two Oscillatoria sequences (strains PCC6304 and
PCC7105) are unresolved in this tree, and their relative place-
ment is also highly variable in other published trees (14, 23,
40-42). In fact, the bootstrap values were fairly low throughout
the tree (values in parentheses in Fig. 5), but for many of the
branches, they were significantly higher when the Oscillatoria
strain PCC6304 and Oscillatoria strain PCC7105 sequences
were omitted, although the topology was preserved (both val-
ues are shown only when significantly different [Fig. 5]).

The phylogenetic distributions of both introns are outlined
along with the rRNA tree. Not only is the tRNAY, intron
widely distributed, but it also follows the clustering of rRNA
sequences, being either present or absent in a clade of closely
related species. A significant exception is encountered in the
Pseudanabaena group, where the corresponding intron was
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FIG. 4. Structure of the G. violaceus PCC7421 tRNA™¢!, The sequence of
the tRNA™¢t was determined from a genomic clone. Diagnostic features for a
tRNA™e¢t (30) (boxed) and the intron insertion site (arrow) are shown.

found in one strain (PCC7403) but was absent in another
(PCC6903). The Pseudanabaena strain PCC7403 SSU rRNA
sequence is not available for phylogenetic analysis, but it has
been reported to form a monophyletic group with the strain
PCC6903 sequence supported by very high bootstrap values
(40).

Strains harboring an intron in their tRN genes are also
indicated; although the intron was found in only a restricted
number of strains, it covers a wide portion of the tree. Unlike
the tRNALY, intron, the tRNA™®" intron seems to be ran-
domly dispersed throughout the cyanobacteria.

Highly conserved intron structures. The sequences of the
newly discovered introns in this study were aligned with those
of the other, previously published cyanobacterial tRNA group
I introns. The degree of sequence similarity between the dif-
ferent introns is surprisingly high. Although it is particularly
striking between homologous introns, it is also obvious be-
tween the two intron families. For example, while 61% (120 of
196) of the nucleotides included in the alignment are identical
among the tRNA{Y, intron sequences (Fig. 6) and 63% (113
of 179) are identical among the tRNA™** sequences, 38% (76
of 200) are identical in both data sets. Most of these positions
are also conserved in the tRNASE; (69 of 76 nucleotides)
and tRNAZS ; (65 of 76 nucleotides) intron sequences. Con-
sidering the generally low level of conservation between
homologous group I intron sequences in organelles (24), these
numbers are astonishingly high. Moreover, within the cya-
nobacterial tRNAGR, sequences, 83% (162 of 196) of the
positions are identical in at least 10 of 13 sequences (Fig. 6).

There is also a high degree of secondary structural similarity.
The region of the intron core (defined in Fig. 6) can be prac-
tically superimposed from one intron to another. The most
characteristic features for these tRNA group I introns are (i)
an unusually short exon-intron interaction in P1 (3 bp), (ii) a
9-bp P2 stem with a GAAA tetraloop, and (iii) a T-shaped P9
region harboring a 5-bp P9b stem with a GAAA tetraloop (Fig.
6). The P9 region in the tRNAZS, ; intron from Azoarcus strain
BH72, however, comprises only a single 5-bp stem with a
GAAA tetraloop (31). In addition, an extended P1 stem-loop
region distinguishes the tRNA™*! introns from the other eu-
bacterial tRNA group I introns (4). In Synechocystis, this ex-
tension culminates in an ORF.

Acht
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FIG. 5. SSU rRNA phylogenetic tree. The prealigned SSU rRNA sequences were extracted from the RDP (23), and the tree was obtained by using distance methods
as described in Materials and Methods. Bootstrap values are given in percentages as calculated from 100 replicates by omitting the Oscillatoria strain PCC6304 and
PCC7105 sequences. The values that differed by more than 5% when the Oscillatoria sequences were included, as well as those of the branches separating these two
sequences, are shown in parentheses. The distribution of the tRNALEY, introns is shown as follows: thick branches, intron-positive strains; thin branches, intron-negative
strains. The dotted line leading to the Pseudanabaena sequence indicates that one strain (PCC7403) has the intron while another (PCC6903) does not. The tree was
drawn by assuming an origin of the intron before the endosymbiosis. The strains harboring an intron in their tRNA™¢t gene (outlined characters) and branches
discussed in the text (letters in ovals) are indicated. Synechocystis strain PCC6906 and Fischerella strain PCC7414, whose SSU rRNA sequences were used in this tree,
are not exactly the same strains from which the intron sequences were obtained (Synechocystis strain PCC6803 and F. ambigua UTEX 1903). The presence of a highly
similar tRNA™¢t intron and the absence of a tRNALSY, intron in Synechocystis strain PCC6906 were confirmed. In this tree, we chose four representatives of plastids
harboring a tRNALY, intron, but, as noted in the text, this does not imply that the intron is universally present in this lineage. N. tabacum, Nicotiana tabacum; M.
polymorpha, Marchantia polymorpha; C. vulgaris, Chlorella vulgaris; Cp, chloroplast; Cy, cyanelle.

Comparison of an intron phylogeny to the SSU rRNA tree. remained intact in maximume-likelihood analysis was that of

An extended alignment of the core sequences (28a) was pro-
duced by adding three tRNAL Y, introns from chloroplasts, as
well as the tRNA™™ intron from Agrobacterium tumefaciens
and the tRNA"® intron from Azoarcus (31). A phylogeny based
on the intron core sequences was inferred by the same methods
used for the SSU rRNA tree (Fig. 7). The branches separating
the different intron families are well supported (bootstrap val-
ues between 74 and 100%). This separation was reproduced in
trees inferred by different methods (fastDNAml and parsimo-
ny). The tRNA™¢ intron subtree is relatively well supported
in bootstrap analysis. However, the only branching order that

Cylindrospermum, Dermocarpa, and Scytonema spp. Even
though the early position of the Gloeobacter tRNA™¢* intron
is supported by a high bootstrap value (91% [Fig. 7]), it was not
reproduced in the maximum-likelihood tree. In the latter, its
branch diverged just prior to the Cylindrospermum sequence.
Within the tRNALS, intron subtree, most of the branches are
poorly supported, with bootstrap values below 50%. In addi-
tion, the topology of the tRNA{ Y, intron subtree varies ex-
tensively depending on the method used (maximum likelihood
versus neighbor joining) and the data set (the complete set as
in Fig. 7 versus the tRNATY, introns alone). Given the high
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FIG. 6. Secondary structure of the Oscillatoria strain PCC6304 tRNAKAY,
intron. The secondary structure of the intron (accession no. U83255) is shown in
the format described by Cech et al. (5). P1 to P9 refer to conserved helices of
group I introns (24). The regions defined by brackets have been excluded from
the alignment of the core sequences used in phylogenetic analysis. Putative splice
sites (arrows), nucleotides identical throughout the cyanobacterial tRNALEY,
intron data set (boldface), highly conserved positions (at least 10 of 13 identical)
(uppercase), the otherwise less conserved nucleotides (lowercase), and the exon
sequence (italics) are indicated.

degree of sequence conservation of the intron core, the lack of
resolution is not surprising. Therefore, to avoid confusion, we
chose not to show a particular topology for this subtree (Fig.
7).

Upon comparison of the two phylogenetic trees, we found
that the tRNA™® intron subtree and the SSU rRNA tree
harbor a major discrepancy. In the latter, Cylindrospermum
and Scytonema are closely related (within branch E), as are
Synechocystis and Dermocarpa (branch D). This topology is not
reproduced in the intron tree; instead, a close relationship
between Dermocarpa and Scytonema (88%) is inferred, while
Synechocystis branches more deeply. This discrepancy was al-
ready pointed out by Biniszkiewicz et al. (4), even though they
had only these three sequences available. Within the
tRNAL:Y, intron subtree, except for the branch grouping the
plastid introns which is consistently recovered with high boot-
strap values, the lack of resolution does not permit such a
comparison.

DISCUSSION

Group I introns in tRNAY, and tRNA™¢ genes were
previously identified in some cyanobacteria, but their respec-

EVOLUTION OF GROUP I INTRONS IN CYANOBACTERIA 6803

tive relationships and phylogenetic distributions remained un-
determined. In this study, we have addressed these questions
by sampling an ensemble of strains that include representatives
from every clade of the cyanobacterial subtree. Our results
show that while each intron is present in a wide variety of
cyanobacteria, their distribution patterns are very different.

Group I introns in cyanobacteria: migrant or nonmigrant?
The tRNATY, intron was found in a large number of cya-
nobacteria, and its distribution pattern correlates to the SSU
rRNA grouping, with one exception in the Pseudanabaena
branch. Another possible exception was the report of Kuhsel et
al. (20), who, solely on the basis of PCR fragment size, pro-
posed that an intron was inserted in the corresponding genes of
both Plectonema strain L2 and Gloeothece strain PCC6501.
Further analyses led J. D. Palmer (27a) to conclude that these
fragments (as well as the one from the plastid of Gracilaria
lemaneiformis) were not bona fide group I intron-containing
tRNA™" products from these organisms. These results are in
agreement with ours, since no intron was found in P. boryanum
ATCC 18200, and Gloeothece SSU rRNA is positioned within
branch D (not shown, but see references 23, 40, and 42), which
defines a group of strains encoding an intronless tRNATEY,
gene.

Our data suggest that the tRNAY, intron is relatively
stable and that a cluster of closely related strains harboring the
intron inherited it from a common ancestor. For example, the
intron was most probably present in the ancestors of each of
the branches C and E but absent in the ancestor of branch D
(Fig. 5). The intron was also most likely present in the ancestor
of branch B, the branch leading to the plastid sequences. It
should be noted, however, that although tRNAL, is widely
distributed among plastids (see subgroup IC3 in reference 6a),
its evolution in this lineage is punctuated by a few independent
losses; for example, the intron is absent from the chloroplast
genomes of some algae (6, 15, 18). From our data, it is not
possible to predict with certainty the occurrence of the intron
in the ancestor of branch A. Its presence in only one of two
Pseudanabaena strains can be equally explained by horizontal
or vertical transmission. In sharp contrast, the tRNA™®* intron
is present in a more restricted number of cyanobacteria, and its
distribution pattern is sporadic, with no correlation to the SSU
rRNA clustering. In this regard, this intron appears less stable,
and the presence of an intronic ORF in one strain (4) that has
endonuclease activity (4a) suggests that this intron is capable
of mobility (for a review of intron mobility, see reference 22).

Origin of the tRNA introns: early versus late. The phyloge-
netic distribution of the tRNAY, intron implies that it is
relatively ancient. In contrast, the high similarity of the intron
sequences points to a recent propagation of a mobile intron.
However, a late scenario requires a minimum of 13 transfers
(one for each of the intron-containing strains), a number of
events significantly greater than the five predicted by early
scenarios (see below). Thus, assumption of an ancient origin
for the tRNALSY, intron is the most parsimonious solution.

If the intron were present in branch A (before the endosym-
biosis), its present distribution would require a total of four
independent losses, one each for Pseudanabaena strain
PCC6903, Oscillatoria strain PCC7105, and branches D and F.
Alternatively, if the intron first originated in the plastid lineage
(after the endosymbiosis), four gains (transfers) are postu-
lated, one each to Pseudanabaena strain PCC7403, Oscillatoria
strain PCC6304, and branches C and E. The number of un-
weighted events for these two scenarios is five (including the
original insertion event). Although we cannot systematically
rule out one of them, we favor the “before” scenario as the
more likely, since gains and losses are not equally probable in
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FIG. 7. Intron phylogenetic tree, inferred by using an alignment of the intron core sequences (defined in Fig. 6 and reference 28a) as described in Materials and
Methods and the legend to Fig. 5. Branches separating the different intron families are marked (asterisks). Because the tRNA}SY, intron subtree is unresolved and
highly unstable, a particular topology is not shown (see text). References for all the cyanobacterial tRNA intron sequences are given in Table 1. The sources of the
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other sequences are as follows: tRNAR®; intron of A. tumefaciens A136 and tRNALS (; intron of Azoarcus strain BH72, reference 31; and tRNALY, introns of the
chloroplasts of Chlorella vulgaris, M. polymorpha, and N. tabacum, references 20, 25, and 45, respectively.

this system. A gain implies a horizontal transfer, and this par-
ticular intron is unlikely to be mobile due to the absence of a
homing endonuclease. Although propagation by reverse splic-
ing followed by cDNA recombination is not impossible (43), it
is clearly less likely than intron losses, which do not involve any
type of interspecific genetic exchange. Thus, the “after” sce-
nario, which entails four transfers, appears less probable. Con-
sequently, the tRNALY, intron was likely present in the com-
mon ancestor of cyanobacteria and plastids before the
endosymbiosis event. Inheritance of an ancient group I intron
has also been proposed in other cases (3, 26).

The correlation between the intron distribution and the SSU
rRNA tree (Fig. 5) is only as solid as the tree itself. Although
most of the important branches are reasonably well supported,
the two Oscillatoria branches (strains PCC7105 and PCC6304,
supported at 21 and 27%, respectively) and branch F (39%)
and its preceding branch (30%) are clearly not stable. How-
ever, regardless of the actual placement of the unsupported
branches, our conclusion would remain the same because the
number of events (losses or gains) is unlikely to change signif-
icantly. For example, according to a topology published by
Wilmotte et al. (42), Oscillatoria strain PCC7105 would be
placed in branch D, subtracting one loss in the before scenario.
However, this topology is also poorly supported.

In contrast to the case for the tRNA{Y, intron, many ob-
servations point to a recent origin of the tRNA™®" intron.
These include its apparent absence in plastids, the lack of
congruence between the intron and the SSU rRNA phyloge-
netic trees, its sporadic distribution among cyanobacteria, and
the presence in one strain of an intron containing a motility-
conferring ORF. Following these criteria, its distribution
would be better explained by horizontal propagation. On the
other hand, the inferred number of losses in an early scenario

is not significantly higher than the number of gains in a late
scenario (11 losses versus 7 gains). More important, the early
branching position of the Gloeobacter tRNA™! intron, a
placement congruent to that of the corresponding SSU rRNA
sequence (Fig. 5 and 7), could have suggested an early origin
for this intron. However, for reasons already outlined in Re-
sults, this branching order is uncertain. Therefore, we believe
that the tRNA™®! intron probably originated late in the evo-
lution of cyanobacteria.

Presence of tRNALSY, and tRNA™* introns in other eubac-
terial phyla. Using the same primers, we tried to amplify the
tRNAF, gene of other eubacteria. In every case except one,
the PCR products resulted from amplification of one of the
tRNALSY, genes. Only with Chlorobium thiosulfatopilum, a
green sulfur bacterium, were we able to amplify the tRNAS,
gene, which has no intron (data not shown). Moreover, the
intron is absent in all published sequences of homologous
eubacterial genes (reference 36 and references therein), com-
prising data from diverse phyla such as B-purple (Azoarcus),
vy-purple (Escherichia coli and Haemophilus influenzae), and
high-GC (Streptomyces coelicolor) and low-GC (Bacillus subti-
lis, Staphylococcus aureus, and Mycoplasma) gram-positive bac-
teria. Preliminary evidence for a homologous intron in purple
bacteria and Thermotoga spp. was reported (21), but no con-
firmation of these data has been published. Currently, the
evidence does not allow us to conclude whether the origin of
the tRNALSY, intron predated the cyanobacterial radiation.

An extensive search for the tRNA™! intron in other eu-
bacteria has already been conducted; the intron was not found
in any of the tested species (3a, 4).

Does the tRNALS, intron have a biological function? Con-
sidering their ancient origin, the level of identity among the
tRNALS, intron sequences is striking. As a result of a long
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coexistence, it is possible that the tRNA{A's intron has evolved
to provide the host genome with a positive selective value. This
would also explain why the intron was retained in virtually all
the descendants of an intron-containing ancestor (Fig. 5,
clades E and C). In Nostoc strain PCC7120 (previously known
as Anabaena strain PCC7120), it was shown that formation of
the anticodon stem in the pre-tRNA is required for optimal
splicing of the intron (46). This interaction between the tRNA
and the intron, which is believed to compensate for the very
short exon-intron pairings in P1 and the apparent absence of
P10, may reflect an adaptation of the intron to its location.
More striking is the necessity of an intron in some eukaryotic
nuclear tRNA genes for a base modification to occur in the
tRNA anticodon (16, 37). Even though the nuclear tRNA
introns are not related to group I introns, such a role could
account for the stability and the high degree of sequence con-
servation of the tRNAT:Y, introns in cyanobacteria. However,
any selective value provided by the intron must be compen-
sated by other factors in intron-negative strains.

Concluding remarks. The evolution of the two group I in-
tron families in cyanobacteria can be explained by different
evolutionary pathways, lateral transfer (tRNA™¢* introns) and
common ancestry (tRNAT:Y, introns). Furthermore, even
though the intron phylogenetic tree (Fig. 7) shows that the two
intron families have a monophyletic origin, the degree of struc-
tural conservation between them suggests that they share a
more recent common ancestor to the exclusion of the other
group I introns.
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