well as the calcium-ligation scheme are ef-
fectively identical to those seen in the crystal
structure of the corresponding N. #. atra
complex (12, 13).

The distal end of the calcium-binding
loop bears bee venom’s single oligosaccha-
ride, which i1s N-glycosylated to the side
chain of Asnl3. Although the inhibitor’s
sn-3 amino alcohol makes contact with the
proximal sugar, the carbohydrate moiety
must be refined before the nature of this
contact can be inferred. Electron density for
only the proximal three sugars can be found;
the more distal saccharides extend into bulk
solvent and are apparently disordered. The
function of this carbohydrate in enzymatic
action (if any) is unclear. Non-glycosylated
bee-venom PLA, occurs naturally as a minor
variant but retains normal activity (14).

When compared with its Class I/II rela-
tives, the bee-venom crystal structure pro-
vides a clear indication of those components
that are essential to PLA, function. In a
companion article, we interpret these find-
ings in a unifying structural model for PLA,
catalysis (13).
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Bacterial Origin of a Chloroplast Intron: Conserved
Self-Splicing Group I Introns in Cyanobacteria

MinGg-Qun Xu, ScotTt D. KatHE, HEIDI GOODRICH-BLAIR,
SANDRA A. NIERZWICKI-BAUER, DAVID A. SHUB*

A self-splicing group I intron has been found in the gene for a leucine transfer RNA
in two species of Anabaena, a filamentous nitrogen-fixing cyanobacterium. The intron
is similar to one that is found at the identical position in the same transfer RNA gene
of chloroplasts of land plants. Because cyanobacteria were the progenitors of chloro-
plasts, it is likely that group I introns predated the endosymbiotic association of these

eubacteria with eukaryotic cells.

HE DISCOVERY OF INTRONS IN EU-
karyotic genes has stimulated consid-
erable discussion of their origin and
evolution. One hypothesis assumes a rela-
tively recent, eukaryotic origin for introns.
According to this view, introns are mobile
elements that can be transferred between
genes, between nuclear and organelle ge-
nomes, and horizontally between organisms
(1). A second hypothesis proposes that in-
trons arose very early, perhaps in the “pro-
genote” ancestor of all living organisms (2).
According to this scheme, rapidly dividing
microorganisms have lost their introns as a
result of selection for rapid DNA replica-
tion. On the other hand, eukaryotes, under
reduced pressure to streamline their ge-
nomes, have retained their introns.
Only circumstantial support has been
found for either of these views. The demon-

stration that the group I intron of Tetrahy- -

mena is able to act as a true enzyme (3)
added support for the antiquity of introns:
self-splicing introns could have been present
in the earliest genes of a precellular “RNA
world” (4). Furthermore, it has been sug-
gested that group I, group II, and nuclear
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mRNA introns—all of which splice through
a series of transesterification reactions—may
be evolutionarily related (5). However, no
trace could be found in contemporary bac-
teria of these once ubiquitous, primordial
introns. Rather, the only prokaryotic in-
trons were in tRNA and ribosomal RNA
(rRNA) genes of archaebacteria. The splic-
ing mechanism of these introns is entirely
different, being catalyzed by protein en-
zymes that seem to recognize structural fea-
tures of the precursor RNA, and is similar to
that of introns of eukaryotic nuclear tRNA
genes (6).

The discovery of group I self-splicing
introns in bacteriophages of both Gram-
negative and Gram-positive eubacteria (7, 8)
did not resolve this controversy, because the
origin and evolution of viruses are them-
selves unclear. A convincing argument has
been made that the large, tailed, DNA
phages are ancient, originating in the earliest
cubacteria. However, viruses are genetic
mosaics and any particular virus might be a
relatively recent assemblage of genes from
different sources (9). Indeed, some introns
(including two in phage T4) encode pro-
teins that mobilize the transfer of the intron
to “homing” sites in DNA (10), providing
further support for the spread of introns
through horizontal gene transfer.

In considering a likely source of introns in
contemporary eubacteria, we have been im-
pressed by the abundance of introns in
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Fig. 1. End-labeling of RNA with
[«-*?P]GTP. (A) RNAs werc incubated with
[a-*?PJGTP (19) and scparated on a 5% poly-
acrylamide—8 M urea gel. The autoradiogram is
shown. RNAswueﬁomAnabamPOC?lZO(lO
|.|.g) (lane 1), A. azollae (10 pg) (lane 2), and

stis PCC6803 (17.5 ug) (lznc 3) (34).
(B) [a-*?P]GTP-labcled RNAs (5 pg), from
(lanes 1) A. azollae and (lanes 2) Anabaena
PCC7120, or (lanes 3) a 200-nt transcript (from
clonedphagcT4DNA) labeled in vitro
by transcription with phage T7 RNA
wcremcubatedwndn(+)orwnd\out( ) alkaline

(2 units; Mannheim) in

50 mM tris-HCI (pH 8.0), and 0.1 mM EDTA at
50°C for 30 min. Sample 3 was included to rule
out contamination of alkaline phosphatase with
endonuclease activity. The radioactivity in a mi-
nor RNA species from Anabaena PCC7120 was
resistant to alkaline ; the calculated
size of this RNA is consistent with it being the
splicing intermediate formed by cleavage at the 5
splice site. The structured 3’ exon posi-
tioned near the 5’ end of the intron probably
interferes sterically with the enzyme. On longer

an equivalent resistant band is also scen
with A. azollae. Sizes in (A) and (B) are shown in
nucleotides.

chloroplast genomes (11). In particular, a
group I intron is found in the gene for a
leucine tRNA with a UAA anticodon
[tRNA™" (UAA)] in the chloroplasts of
many land plants—including bean, liver-
wort, maize, rice, and tobacco (12, 13)—as
well as in the cyanelle of the red alga Cyan-
ophora paradoxa (14). Phylogenetic analysis
of the sequences of the rRNAs of these
obligate endosymbionts has shown that
their origins can be traced to the eubacteria,
within the cyanobacterial group (15). The
cyanobacteria and plastids comprise a
monophyletic group (16). Therefore, evi-
dence for a chloroplast-like group I intron in
the genomes of cyanobacteria would dem-
onstrate that this intron arose in eubacteria
and already existed at the time of establish-
ment of endosymbiosis.

Self-splicing group I introns can be iden-
tified by incubating unspliced RNA with
[32P]GTP (guanosine triphosphate) in vitro
(17). The first step in splicing is attack by the
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3’ hydroxyl group of guanosine at the 5’
splice site, with the guanosine derivative
remaining covalently attached to the 5’ end
of the linear excised intron (18). We have
used this end-labeling reaction to detect
sclf-splicing introns in bacteriophage genes
(8, 19). Although the group I introns of
plant chloroplasts and cyanelles do not self-
splice (13, 14, 20), we showed that RNA
prepared from cyanobacteria can be end-
labeled with GTP in vitro (Fig. 1). After
incubation with [a-3?P]GTP and i
on a denaturing polyacrylamide gel, RNA
samples from the cyanobacteria Anabaena
azollae (caroliniana), Anabaena PCC7120,
and Synechocystis PCC6803 contained sev-
cral labeled species (Fig. 1A), a finding that
is diagnostic of group I introns. The major
RNA species from both A. azollae [~297
nucleotides (nt)] and Anabaena PCC7120
(~255 nt) were shown to be end-labeled
because radioactivity could be removed by
alkaline phosphatase treatment (Fig. 1B)
(the Synechocysns sample was not treated).
The sizes of these putative cyanobacterial
introns were similar to that of the group I
intron of the tRNA™"(UAA) gene in chlo-
roplasts of the liverwort Marchantia polymor-
pha (315 nt) (21). Indeed, when a lambda
library of A. azollae DNA was screened with
a radioactive transcript of the M. polymorpha
chloroplast intron, a positive clone was
found. The DNA inserted into this phage

‘contained a 2.7-kb Eco RI-Hind III restric-

tion fragment (also present in digests of ge-
nomic DNA), which was detected by South-
e hybridization with the same probe (22).
The 2.7-kb fragment was subcloned into
pBSM13— (Stratagene) that had been digest-
ed with Eco RI and Hind III, to create the
5.9-kb plasmid pAAC1, which contains pro-
motors for T3 and T7 phage RNA polymer-
ases flanking the cloned insert (Fig. 2A).
After pAAC1 DNA was cut with Hind III
and transcribed with T7 polymerase, the size

~ of the major product was found to be that

predicted for the run-off transcript. Howev-
er, when the same DNA was cut with Eco
RI and transcribed with T3 polymerase,
additional major products appeared, includ-
ing a species of ~300 nt (23)—the same size
as the end-labeled RNA in Fig. 1. To deter-
mine the boundaries of the intron, pAAC1
DNA was digested with various restriction
enzymes and T3 transcription products of
these templates were analyzed by gel electro-
phoresis (Fig. 2). Multiple products of T3
transcription, consistent with the removal of
an intron of approximately 300 nt, were
seen only when DNA was truncated with
Hind II (Fig. 2B) or at more distal sites
(23). Because the distance between the Dral
and Hind II restriction sites was estimated
to be 100 to 200 base pairs (bp), the intron

should be located within the DNA immedi-
ately preceding the Hind II site. The simi-
larity in size between the cloned intron and
the GTP-end-labeled species in Fig. 1 im-
plies that they may be the same, although
the band from A. azollae is clearly a doublet
and may contain more than one intron.
The sequence of the DNA from the region
containing the putative intron (Fig. 3) is very
similar, both in the intron and exon se-
quences, to the tRNA™(UAA) genes of M.
polymorpha chloroplasts and C. paradoxa cy-
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Fig. 2. (A) Restriction map of the 2.7-kb insert of
PAACL. Arrows indicate direction of transcrip-
tion from T3 and T7 in the
vector. Putative tRNA (solid boxes) and intron
(hatched box) sequences are shown. (B) In vitro
transcription of the 2.7-kb insert of pAACI.
DNA was truncated with Pst I (P), Sty I(S),
Dra I (D), or Hind II (H), and 1 pg of the
multmg product was transcribed with phzge
in the
[a-”P]UI‘P (undine triphosphate) (8). Thcpm
ence of GTP in the reaction mixtures allows
1 intron self-splicing to occur. Therucuonm
ucts were scparated on a 5% polyacrylamide-8 M
urea gel, and the is shown. Labels
indicate for the runoff tran-
(Pm),llgawdcxons(LE),mdhnwmum
(LI) Sizes are in n X
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anelles (14, 21). The tRNA portion of the A.
azollae sequence can be folded into a typical
cloverleaf structure (Fig. 4), which is identical
at 73 of 85 positions (86%) to that of M.
polymorpha (20). All differences are conserva-
tive in the secondary structure, either occur-
ring in loops or preserving (or enhancing)
base-pairing in the stem regions. The 291-nt
intron interrupts the tRNA gene at exactly
the same location, between the first and sec-
ond anticodon nucleotides.

Polymerase chain reaction (PCR) primers
based on the sequences of the tRNAs shown
in Fig. 3 were used to amplify, clone, and
sequence the intron we inferred to be in
Anabaena PCC7120 (24, 25) (Fig. 1). As
expected, the sequence of this 249-nt intron
(Fig. 5) is very similar to that of A. azollae,
and transcription of the cloned DNA also
yielded products consistent with self-splic-
ing (23). This is the smallest naturally occur-
ring intron that has been shown to self-
splice in vitro (13).

All group I introns share a phylogeneti-
cally conserved core secondary structure,
and highly conserved sequences are present
at certain positions in the structure (13, 26,
27). The Anabaena introns can be folded into
this standard secondary structure represen-

tation (Fig. 5). In addition to the short
sequences that are conserved among all
group I introns, the Anabaena introns also
bear a strong resemblance in primary se-
quence to the chloroplast and cyanelle in-
trons throughout the core secondary struc-
ture (Fig. 3). At 156 homologous positions
in the intron core, A. azollae is identical to
C. paradoxa at 127 (81%) and to M. poly-
morpha at 114 positions (73%). As expected,
the A. azollae and Anabaena PCC7120 in-
trons show even greater similarity, differing
at only 17 positions (89% identity) within
these same regions (Figs. 3 and 5).

The extremely high conservation of bac-
terial and plastid introns can be appreciated
in the context of the closely related td and
nrdB introns of bacteriophage T4 (28).
These introns are in closely linked genes and
their sequences are sufficiently similar that
deletions resulting from homologous re-
combination between them are readily ob-
served in the laboratory, yielding functional
hybrid introns (29). Yet only 52% of the
260 residues in structurally homologous re-
gions of these introns (28) are identical.

The tRNA™ " introns also share peculiar-
ities in both their sequences and their struc-
tures. For example, the two bulged A resi-

’ ’ ! ’
tRNA[5" ] P1[5'] P1{3'] P2[5'] P2[3']
[ 1 I 1 I 1 ] 1
C.p. ggggatgtggtggaattggtagacgcaacggacttAAAA-ATTTGAGCTCTTAATTAAGAAAT -TATTAAGTT
FREK KEKKK Kbk dbbddddddk dkkdddddd dk & kkkkk kb ok bbbk b bbbk
A.a. gggggtgtggeggaat-ggtagacgetacggacttAGAA-AACTGAGC- CTTGATAGAGAAATCTTTTAAGTG
B R T A T T ) Kk KEEEE KE K REFEEEE K Kkk ok
M.p. gggggtatggcgaaattggtagacgetgeggacttAATTTAATTGAGC - TTTAGTTGAGAAATTTACTAAATG
P3[5'] P4[5'] P5[5'] P5[3'] P4[3']P6[5']P6a[5'] P6a[3']
[ 1 [ 1 n n  m—  — 1 [
C.p. GCAAACTCTCA|AATTCAGGGAAA|CC —— 38—— GGC|AATCCTGAGC | CAAGACAAATCATTTTGTAT
* kK FEEEFK | Fkkdkkkokkokdok [ dk Tk | FEFRHFHFFAKR | FhF gk * %
A.a. G-AAGCTCTCA|AATTCAGGGAAA|CC —— 19—— GGC|AATCCTGAGC|CAAGCCC — 69 — GGGAA
* Ok Rk | RRRRRRRR KRR | Kk Tk | FEEEEEAAAK | Fkk *
M.p. -ATTGTTTTCA |AATTCAGGGAAA|CC —— 27— GGT [AATCCTGAGC|CAAATTT — 14 — AAAGA
P Q
P6[3'] P7[5'] P3[3'] P8[5'] P8(3’'] P7({3'] P9[5']

[ 1 [ LA

1 1 [ 1
GTGCAGAGACTCGA | TGAGAGTTATCCTAACATTT——ATAATGAGGATA | AAGGTAGAGTCC | AATTCTT

C.p. G
B B L X AR Fohdk Kok | kdkk Fkkdkkok [ Fkkrhk
A.a. G|GTGCAGAGACTCGA|CGGGAGCTACCCTAACGTAA -AGCCGAGGGTA | AAGGGAGAGTCC | AATTCTC
A B T T T T Fk KhEEK KK [Fhh AkERAEE | Ak Kk
M.p. G[GTGCAGAGACTCAA|AGAAAACTATCCTAACGAAA -84 -AGACGAGGATA | AAGATAGAGTCC |[GTTTTTA
R S
’
PI[3"] CRNA[3']
C.p. — 27 — AAGAATGaaaatccgtcgattgtataga-tcgtgagggttcaagtccctecgteecceca
I T it AR & S Ea et T T
A.a. — 46 — GAGAATGaaaatccgttgactgtaaaaagtcgtgggggttcaagtccececcaceecca
B I R AR R L Eae e r e s 2 N
M.p. — 29 — TAAAATGaaaatccgttggctttaaaga-ccgtgagggttcaagtccctectaccecca

Fig. 3. Comparison of the sequence of the A. azollac tRNA™" genc with cyanelle and plant chloroplast
genes. Transfer RNA sequences are in lowercase and intron sequences in uppercase letters. Brackets
indicate phylogenetically conserved structural clements of group-I introns (P1 to P9). Conserved
primary sequence elements (P, Q, R, S) are boxed. Asterisks indicate pairwise identity. Dashes indicate
adjacent nucleotides. Numbers between dashes represent nucleotides omitted from the sequence. C.p.,
C. paradoxa cyanclle; A.a, A. azollae; and M.p., M. polymorpha chloroplast. Sequence was determined
by the dideoxy chain termination method with T7 DNA polymerase (Sequenase; U.S. Biochemical).
Universal primers complementary to vector sequences were used to sequence both strands of the DNA.
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Fig. 4. Sccondary structurc of A. azollac tRNA"
(UAA). The sequence presented in Fig. 3 is
folded into the standard tRNA secondary struc-
ture. Arrows represent base changes, and circles
show insertions or deletions compared with M.
polymorpha. The position of the intron is indicat-
ed.

dues in P8 are shared by all four introns. In
addition, a base pair in P7 (the first one on
the left in Fig. 5) is A-U in most group I
introns. However, the Anabaena, cyanelle,
and land plant chloroplast introns all have
C-G in this position (12, 13). For such
similarities to have been maintained, it is
likely that the introns interact with other
macromolecular components. These might
include the splicing factors required by the
plastid introns (14, 20).

It has been suggested that the group I
intron ends are brought together by base-
pairing between a sequence near the 5" end
of the intron (the internal guide sequence)
and the exon sequences flanking both splice
boundaries, forming helices P1 and P10
(26). A recent study concluded that for
cleavage to occur in vitro, the P1 helix of the
Tetrahymena group I intron requires a min-
imum of 4 bp preceding the 5’ splice site
(30). Thus, it is surprising to note that the
Anabaena introns, with only 3 bp in P1 and
completely lacking a recognizable P10, are
able to self-splice in vitro. Perhaps the con-
formation required for splicing is stablized
by an additional helix that brackets the splice
boundary (the tRNA anticodon stem), and
by an exceptionally stable association (P9)
that brings the 3’ end of the intron close to
the catalytic site (31). These features are all
shared with the Cyanophora and Marchantia
introns and cannot, therefore, be responsi-
ble for the absence of self-splicing of the
tRNA'"(UAA) introns of these plastids.

Group I introns have now been detected
in a variety of chloroplasts and cyanobacte-
ria. Because intron loss and insertion are
common events in evolution, retention of a
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Fig. 5. Sccondary structure of the Anabaena PCC7120 intron. Exon sequences are in lowercase and
intron sequences in uppercase letters. Putative splice sites are indicated by bold arrows. Conserved
secondary structure (P1 to P9) elements are shown and conserved primary sequence elements (P, Q, R,
S) are boxed. Sequence differences between two PCR clones, at positions 139 and 141, are indicated
by parentheses. Nucleotide changes in the A. azollae intron are indicated by arrows. Nudleotides in the

tRNA anticodon stem are underlined.

particular intron in the same gene suggests
the possibility that splicing is regulated in
these organisms, providing a selection for
intron retention. The chloroplast tRNA™<"
introns cannot splice in vitro, even in the
presence of extracts made from chloroplasts
(32). It will be of interest to determine if
cyanobacteria retain the splicing factors for
these introns.

Our data support a prokaryotic origin—
rather than invasion from eukaryotic nuclear
genes—for the presence of group I introns
in chloroplasts of land plants. A highly
conserved intron is present in (i) the free-
living laboratory strain Anabaena PCC7120,
(i1) A. azollae, a bacterium that is associated
with the water fern Azolla, and (iii) the
highly degenerate and obligately endosym-
biotic chloroplasts.

We have also shown that group I introns
are present in cyanobacteria that are distant-
ly related. Anabaena grows as filaments and
is capable of forming specialized cells for
fixation of atmospheric nitrogen (hetero-
cysts) and specialized resting cells (akinetes).
Synechocystis, on the other hand, is unicellu-
lar and is not capable of fixing nitrogen.
Kubhsel et al. (25) have described a group I
intron in three additional genera. Thus, it
seems that self-splicing group I introns are
prevalent in this deeply branching eubacte-
rial phylum (15, 16) and may be at least as
old as the divergence of the cyanobacteria,
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which occurred 2.0 to 3.5 billion years ago
(33). Further studies will reveal whether
introns occur only in this eubacterial phy-
lum, or are more generally distributed
among the bacteria.
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An Ancient Group I Intron Shared by Eubacteria and

Chloroplasts

MARIA G. KUHSEL, RODERICK STRICKLAND, JEFFREY D. PALMER*

Introns have been found in the genomes of all major groups of organisms except
cubacteria. The presence of introns in chloroplasts and mitochondria, both of which
are of cubacterial origin, has been interpreted as evidence either for the recent

acquisition of introns by

or for the loss of introns from their eubacterial

itors. The gene for the leucine transfer RNA with a UAA anticodon [tRNA™™
(UAA)] from five diverse cyanobacteria and several major groups of chloroplasts
contains a single group I intron. The intron is conserved in secondary structure and
primary sequence, and occupies the same position, within the UAA anticodon. The
homology of the intron across chloroplasts and cyanobacteria implics that it was
present in their common ancestor and that it has been maintained in their genomes for

at least 1 billion years.

NTRONS ARE WIDESPREAD, OCCUR-

ring in nuclear, chloroplast, and mito-

chondrial genomes of eukaryotes (1), in
archaebacterial genomes (2), and in viruses
of eukaryotes and eubacteria (3). The “in-
trons early” view of intron evolution main-
tains that most introns were present in the
common ancestor of eukaryotes, eubacteria,
and archaebacteria, and that the general
direction of their evolution has been toward
loss (4). These arguments are based on the
self-splicing properties displayed by certain
introns—which are interpreted to be rem-
nants of an ancient “RNA world”—on the
broad distribution of certain nuclear introns
among diverse lineages of eukaryotes, and
on the conserved structure among eukary-
otes and bacteria of protein genes thought
to have been assembled by the intron-medi-
ated process termed “exon shuffling” (5).
The “introns late” view holds that primor-
dial genes lacked introns, which were in-
stead acquired independently, and relatively
recently, in various lineages of life (6). This
view is based on the lateral mobility of
certain types of introns (7) and on the
sporadic distribution of introns across all of
life (1-3).
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Critical to the debate over intron evolu-
tion is the complete absence of introns from
eubacterial genes. Although introns have
been found in several eubacteriophage
genes, these are mobile group I introns that
are thought to be derived from lateral gene
transfer (3, 7). Introns-late advocates inter-
pret the absence of introns from eubacterial
genes as evidence that their common ances-
tor lacked introns (6), whereas introns-early
proponents argue that selection for rapid
bacterial growth has led to a streamlining of
the genome and the elimination of introns
(4). Chloroplasts and mitochondria are de-
rived from eubacteria by endosymbiosis (8),
yet in many lineages they contain numerous
introns. Introns-early adherents view this as
evidence that the selection to eliminate in-
trons and streamline the genome is lessened
in organelles compared to bacteria (4),
whereas introns-late adherents contend that
organelles acquired their introns after endo-
symbiosis (6, 9, 10).

A nearly identical set of 20 introns has
been conserved throughout the evolution of
land plant chloroplasts (11); however, these
introns are largely absent from the few algae
that have been examined (10), and phyloge-
netic survey shows that two tRNA introns
were acquired specifically in the green algal
ancestors of land plants (12). In contrast, a
third tRNA intron, a group I intron in a
gene for the leucine tRNA with a UAA

MPASNC

Fig. 1. Size determination
of tRNA™™ genes from cy-
anobacteria and  chloro-
plasts. PCR from
Phormidium N182 (P), Ana-
cystis. R2 (A), Scytonema
PCC7110 (S), Nicotiana
tabacum (N), and Chara hisp-
ida (C), and Hpa II frag-
ments from Bluescript SK+
(M) (sizes marked in base
pairs), were subjected to
e horesis on a 5%
polyacrylamide gel and
stained with ethidium bro-
mide. Sequence of the 5’
PCR primer (exon positions
8 to0 33): TGG(CT)GAAAT
(CT)GGTAGACGC(AT)
(AG)CGGAC. Sequence of
the 3’ PCR primer (posi-
tons 51 to 85): TGGG-
GATAGAGGGACTTGA-
ACCCTCACGATTTTTA.
PCR was with
100 ng of template DNA,
100 pmol of each primer, 20
nmol of each deoxynucle-
otide triphosphate, 2 units
of Taq polymerase (Promega), and 1 Taq buffer
(Promega). The reaction mixture was heated at
94°C for 2.0 min and then subjected to 40 cycles
consisting of 1.5 min at 92°C, 1.5 min at 50°C,
and 2.0 min at 72°C, with the last step being
increased by 5 s at each cycle and the final 72°C
step lasting for 12 min.
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anticodon [tRNA“(UAA)], is found in
chloroplasts of land plants and the distantly
related alga Cyanophora paradoxa (13). This
is therefore the best candidate for being an
ancient intron potentially of eubacterial or-
igin.

The distribution of this group I intron in
tRNA™“(UAA) genes of chloroplasts and
cyanobacteria—the progenitors of chloro-
plasts (8)—was assessed by determining the
size and sequence of the products of poly-
merase chain reaction (PCR) amplification
that was performed with primers specific for
the exons of sequenced tRNA™“(UAA)
genes of land plants and Cyanophora (13,
14). The group I intron splits these genes
into exons of 35 and 50 base pairs (bp).
Amplification with a 26-nucleotide (nt) 5’
primer (positions 8 to 33) and a 35-nt 3’
primer (positions 51 to 85) should yield a
PCR product of ~80 bp for tRNA"™" genes
lacking introns, and for genes containing an
intron, a product larger than 80 bp by the
size of the intron. Control amplification
with DNA from Nicotiana tabacum gave a
product estimated to be 640 bp in size (Fig.
1), in reasonable agreement with the expect-
ed size of 581 bp (14). The DNA from three
phylogenetically diverse (15) cyanobacte-
ria—Phormidium N182, Anacystis R2, and
Scytonema PCC7110—also yielded PCR
products substantially larger (330 to 410
bp) (Fig. 1) than the 80 bp expected for an
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