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Abstract A novel mixed operon has been identified in the
photosynthetic protist E. gracilis. The genes for psbK,
vefl12, psaM, and trnR are co-transcribed. The resulting
tetracistronic transcripts are processed through endo-
nucleolytic cleavage of the intergenic spacers and intron
splicing to form three mature monocistronic mRNAs
and a tRNA. A group III twintron and a group III intron
are located in psbK. Another group III intron is found in
yef12. The psbK operon has been cloned by PCR am-
plification from nine related Euglenoid species. In each
species, the gene order and content of the pshK operon is
conserved. The psbK operons contain phylogenetically
conserved eubacterial promoter, translational, and 3’
processing elements. Intron content varies significantly
from species to species. Based on a comparison of the
intron content with the results of phylogenetic analysis,
group Il intron evolution within the Euglenoid lineage is
much more complex than previously believed.
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Introduction

Chloroplast genomes contain genes for photosynthetic
proteins and genes that encode components of pro-
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karyotic-like translation and transcription machinery. A
feature that is conserved between chloroplasts and
prokaryotes is the organization of functionally related
genes into operons, which are co-transcribed and sub-
sequently processed by endonucleolytic cleavage into
monocistronic transcripts. Many chloroplast operons
contain transcriptional initiation sites similar to the
prokaryotic consensus ‘“—35”" and “—10”’ elements (Stern
et al. 1997). Likewise, many translational initiation sites
have eubacterial-type  Shine-Dalgarno  sequences
(GGAGQ) located about 10 nt upstream of the start
codon. As in prokaryotes, the 3" untranslated regions
(UTRs) of many chloroplast coding sequences contain
an inverted repeat. In prokaryotes this 3’ stem-loop
structure is often utilized as a translation termination
signal. However, chloroplast 3’ stem-loops are not effi-
cient translational terminators, but instead appear to be
essential for mRNA stability and/or 3" processing (Stern
and Gruissem 1987; Rott et al. 1996).

The Euglena gracilis chloroplast genome contains an
extraordinarily high number of introns (Hallick et al.
1993). There are at least 88 group II introns, 65 group
III introns, and 15 twintrons (introns inserted into other
introns). Group III introns are abbreviated versions of
group II introns, lacking at least four of the six con-
served domains (Copertino and Hallick 1993), including
the catalytic domain V necessary for group II intron self-
splicing. Key features of group III introns are a relaxed
group Il-like 5-boundary sequence, a narrow size
distribution of 100+£25 nt, and a functionally and
phylogenetically conserved domain VI (Copertino et al.
1994; Doetsch et al. 1998). Domain VI contains the
branch A nucleotide, an unpaired adenine residue lo-
cated 7-8 nt before the splice site, that initiates the two-
step splicing reaction with a nucleophilic attack on the 5
splice boundary, yielding a lariat intermediate.

The large number of introns in the E. gracilis genome
and the existence of twintrons have been used to predict
the evolutionary history of Euglenoid introns. The in-
sertion of a mobile intron into another, already fixed
intron is the most likely method of twintron formation.



Intron-encoded maturases, capable of promoting intron
mobility in yeast, have been found in the Fuglena ge-
nome within both a group II and a group III intron
(Zhang et al. 1995; Doetsch et al. 1998). Group II
introns are relatively late evolutionary additions to
Euglenoid chloroplast genomes (Thompson et al. 1995).
In the most highly derived species, E. gracilis, the
number of rbcL group Il introns is much greater (9) than
that found in basally branching (0) or intermediate
species (7). The most parsimonious interpretation of
these data is that the ancestral genome was either intron-
free or contained very few introns. The ability of once-
mobile introns to insert themselves into novel positions,
most probably with the help of intron-encoded proteins,
apparently accounts for the high numbers present in the
extant E. gracilis genome.

Here we describe the identification and evolutionary
analysis of a new polycistronic operon from E. gracilis.
The genes for psbK, ycf12, psaM, and trnR are co-tran-
scribed, yielding a mixed operon encoding genes for
proteins of photosystems I and II, as well as a tRNA-Arg
gene. The psbK operon is very suitable for an evolution-
ary study of group III intron and twintron content,
comparable to earlier studies on Euglena group Il introns
and twintrons. Of particular interest is the question
whether group II and group III introns might have a
common or independent evolutionary histories. To fur-
ther investigate this question, the psb K operon was cloned
and sequenced from nine related Euglenoid species.

Materials and methods

Euglena cultures and nucleic acid extraction

The following Euglenoid strains were obtained from the University
of Texas Culture Collection: E. gracilis var. Z strain (UTEX 753),
E. stellata (UTEX 327), E. viridis (UTEX 85), E. myxocylindracea
(UTEX 1989), E. deses (UTEX LB 370), E. anabaena (UTEX 373),
Phacus accuminata (UTEX LB 1288), E. spirogyra (UTEX LB1307),
E. pisciformis (UTEX 1604), and E. sanguinea (UTEX 2345).
E. mutabilis was obtained from the laboratory of Dr. Rich Triemer.

E. gracilis liquid cultures were maintained in either heterotro-
phic (Euglena broth; Sigma) or photoautotrophic medium (Hallick
et al. 1982) under continuous illumination as described. E. myxo-
cylindracea, E. stellata, and E. mutabilis were also grown in liquid
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heterotrophic Euglena broth, although growth rates were not as
high as those of E. gracilis, and culture densities were lower.
E. stellata was also grown on solid slants of Proteose medium
(Starr and Zeikus 1993).

Total nucleic acid extracts were prepared as previously de-
scribed (Thompson et al. 1995), either directly from cultures ob-
tained from the UTEX collection or following additional growth in
our laboratory.

Northern hybridization analysis

32p_labeled RNA probes were synthesized in vitro as previously
described (Hong et al. 1995), using T7 RNA polymerase and clones
of fully spliced psbK operon cDNAs as template. Aliquots (5 pg) of
total nucleic acid extracted from E. gracilis grown either photo-
autotrophically or heterotrophically were fractionated on a 3%
polyacrylamide gel containing 7 M urea, and transferred to Gene
Screen membrane by electroblotting (Ausubel et al. 1995). Prehy-
bridization was carried out for 2 h in hybridization buffer (5 x SSC,
2 x Denhardt’s reagent, 1% SDS, 50% formamide, 1 mg/ml salmon
sperm). RNA probes specific to either fully spliced psbK alone
(pEZC1073 linearized with HindIIl), a co-transcript of fully spliced
psaM and trnR (pEZC1097 linearized with HindIII), or a transcript
of yef12, psaM, and trnR (pEZC 1097 linearized with Hincll) were
added to a concentration of 10® dpm/ml of hybridization buffer and
incubated for 16 h at 50 °C. Filters were washed twice at room
temperature with 0.1% SDS, 0.1% SSC, and twice at 60 °C, and
exposed to X-ray film.

PCR amplification, cDNA synthesis, and sequencing

The psbK operon was isolated from the FEuglenoid species
E. gracilis, E. deses, E. mutabilis, E. viridis, E. myxocylindracea,
E. sanguinea, E. stellata, Lepocinclis beutschlii, and from P. acc-
uminata, by PCR amplification of 1 pl of total nucleic acid extract
(total nucleic acid, approximately 0.1 pg/pl), with the synthetic
oligonucleotides P1 and C1 (all primer sequences and co-ordinates
are listed in Table 1). Primer P1 anneals to the #rnT gene directly
upstream of the psbK operon, and is identical to the mRNA-like
strand of E. gracilis corresponding to co-ordinates 30,806-30,829
(all co-ordinates refer to Genbank X70810, unless otherwise spec-
ified). Primers C1 and C2 are identical to the cDNA-like strand of
E. gracilis trnR (coordinates 28,698-29,718 and 29,718-29,738 re-
spectively). Amplification was done in an Eppendorf MasterCycler
Gradient with the reaction parameters: 94 °C 2’; 35 cycles of 94 °C
for 1 min, 50 °C for 1 min and 72 °C for 1 min; and 72 °C for
10 min. The E. anabaena sequence was amplified under identical
conditions except that the primers used were P1 and C2 at an
annealing temperature of 40.7 °C. The resulting PCR products
were either cloned into the EcoRV-digested, ddT-tailed Bluescript
vector pKS+ by the method of Holton and Graham (1991), or
were directly ligated into the pGEM T-easy vector (Promega) fol-
lowing the manufacturer’s instructions. Each clone was sequenced

Table 1 Sequences and accession coordinates of primers used in PCR and RT-PCR reactions

Oligo Sequence (5" — 3') Coordinates Accession No.
Pl GCTCTACCACTGAGCTAAAAAGGC 30,829-30,806 X70810
P2 GGGAAAATAAAATGTC 30,707-30,721 X70810
P3 TTACCAGAA(CG)AC)AT) TATGCTCC 30,523-30,552 X70810
P4 GTTTCAAATTAGTTTAGATATG 81-103 AF241283
P5 GATATCTAATATGAGAATAACG 103-124 AF241283
P6 CTAACAAAAGTTTTAATAAC 57-76 AF241281
Cl GTCACAGATAGGATTCGAACCT 29,698-29,719 X70810
C2 TACACAAAACAACTTAGAAGG 29,718-29,738 X70810
C3 5-TTTACTGAGGCCTGCC-3’ 30,247-30,263 X70810
C4 CCTAGTTT(AT)A(AT)G(CG)TGAA- 29,842-29,868 X70810
GAAAGC(AT)GG

C5 ATTAATTTGTTTCTTACAATG 570-590 AF241283
C6 ACTTTATAGATTTAACGG 538-555 AF241283
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completely on both strands by the Sequencing Facility at the
University of Arizona (Tucson, Ariz.).

Reverse-transcriptase reactions using 1 pl of total nucleic acid
as templates were carried out at 37 °C for 1.5 h as described
(Copertino and Hallick 1991). PCRs on the cDNA were done as
described above, with the following annealing temperatures for
each primer set: P1+CI1 and P3+ C4, 50.0 °C; P3+Cl1, P5+Ce,
and P6+ C4, 53.6 °C; P1+C2, 40.7 °C; P2+ P3, 45.6 °C; P4+ C6,
48.0 °C.

Computer analysis

Localization of ORFs and determination of putative amino acid
sequences were done with the computer program DNAStrider.
Nucleotide sequence alignments were carried out using the PI-
LEUP program (GCG Sequence Analysis Package, version 8.0,
Madison, Wis.). Promoter alignments were then adjusted manual-
ly. Protein alignments were also done with PILEUP.

The intergenic regions psbK-ycf12, ycf12-psaM, and psaM-trnR
were analyzed for RNA secondary structures using the FOLDRNA
program in the GCG package. The ycf12 group Il introns of
E. stellata and E. sanguinea were folded with FOLDRNA and then
adjusted manually according to the group II intron consensus de-
termined by Michel and Ferat (1995), and the Euglena group 11
intron consensus of Thompson et al. (1997) (not shown). Domain
VI structures of all group III introns were folded manually.
Analysis of group III domain I folding was also done with
FOLDRNA using intron sequences lacking domain VI.

Results

The psbK operon is comprised of the psbK, ycf12,
and psaM cistrons

In the E. gracilis chloroplast genome the coding region
of the psbK gene is followed by the genes for the hypo-
thetical chloroplast protein ycf12, the photosystem I
gene psaM, and trnR. The tRNA gene, rnT, lies directly
upstream of the 5-end of the pshbK operon, on the op-
posite strand of DNA. The region upstream of the pshbK
gene contains the transcriptional initiation site for the
psbK operon (Stevenson 1994). Furthermore, pshK is the
third most highly expressed mRNA in the FEuglena
chloroplast (Stevenson 1994). To determine if the
downstream ycf12, psaM, and trnR cistrons are co-
transcribed with psbK, transcripts were analyzed by
Northern hybridization. The results are shown in Fig. 1.
Probes specific for the fully spliced psbK gene bind to
three major RNAs. These RNAs correspond in size to
fully spliced transcripts containing psbK-ycf12-psaM,
psbK-ycf12, and the monocistronic psbK. Probes specific
for ycf12, psaM and trnR RNAs, or just psaM and trnR
also hybridized to fully spliced tri-, di- and monocis-
tronic transcripts (data not shown). Therefore, psbK,
yefl2, and psaM are in a polycistronic operon. Only
monocistronic #rnR transcripts were evident. However,
there is a precedent for failure to detect mixed mRNA-
tRNA transcripts by Northern hybridization. The trnK
gene is cotranscribed with the psaAd operon, but is pro-
cessed so rapidly that full-length transcripts could not be
identified by Northern blotting, S1-nuclease protection
assays, or primer extension. Co-transcription was dem-

onstrated only by reverse-transcriptase PCR analysis
(Stevenson and Hallick 1994). Further experiments ad-
dressing the question whether #7nR is co-transcribed
with psbK are discussed below.

PCR amplification of the psbK operon
from nine diverse Euglenoids

To determine whether the gene order and intron content
is evolutionarily conserved, psbK operons were analyzed
from 11 additional Euglenoid species. Primers specific to
highly conserved regions of the trnR (C1) and trnT genes
(P1), were used to amplify the putative psbK operons by
PCR. If all amplification products have the same gene
and intron content as E. gracilis, the resultant PCR
products would be approximately 1100 nt in length. A
single PCR product was obtained from each species,
except P. accuminata, which yielded two major bands,
including a non-specific band around 1400 nt long and a
specific band of about 900 nt, as well as some additional
minor bands. PCR product sizes for the 11 species
ranged from 700-1400 nt, which is suggestive of
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Fig. 1A, B Northern hybridization analysis of the E. gracilis psbK
operon. A A riboprobe was generated from the clone pEZC 1073,
which contains the fully spliced pshbK. The diagram depicts the
intron-exon structure of psbK. Exon sequences are depicted as
black boxes and introns as white boxes. B Results of Northern
analysis with the exon probe. Each lane contains 5 pg of either total
nucleic acid (TNA, lane 1) or chloroplast (cp) RNA (lane 2). The
size given for each RNA transcript detected, shown on the /eft, is
approximate since the exact processing sites are unknown, but
agrees with the sizes expected for the transcripts schematically
shown on the right



conserved genes with variable intron content. Each
amplified DNA, except those of E. pisciformis and
E. spirogyra, was cloned and sequenced (GenBank Ac-
cession Nos. AF241276-84). The psbK operons are 730,
769, 869, 875, 951, 998, 1086, 1166, 1263, and 1418 nt in
length for E. mutabilis, L. beutschlii, E. myxocylindracea,
P. accuminata, E. viridis, E. anabaena, E. gracilis,
E. deses, E. sanguinea, and E. stellata, respectively.
ORFs homologous to the psbK, ycf12, psaM, and trnR
genes were present in each DNA. Gene order is con-
served relative to that of E. gracilis. Differences in the
length of the operon correlate with the number and size
of introns. All of the pshK and ycf12 genes contain in-
trons, except yc¢f12 from E. mutabilis. None of the 10
psaM genes has an intron.

Identification of introns in psbK operons

Group III introns are present in E. deses (118 nt),
E. stellata (99 nt), and E. myxocylindracea (80 nt) at the
same site as the first E. gracilis psbK group III intron. In
each species pshK intron 1 is located in the precursor
polypeptide between the 6th and 7th codons proximal to
the putative pre-sequence cleavage site. In P. accumi-
nata, a 76-nt intron is located between the 7th and 8th
codons upstream of the pre-sequence. The remaining
five species lack an intron at this site.

All species characterized also had either a group 11
intron or a putative group III twintron between the 1st
and 2nd nucleotides of the 15th codon distal to the pre-
dicted precursor cleavage sites. The E. gracilis intron in
this position is shown below to be a 203-nt group III
twintron. Group III introns are present in E. myxocylin-
dracea (86 nt), E. mutabilis (97), L. beutschlii (90), and P.
accuminata (85). The sizes of the introns in E. stellata
(201), E. anabaena (205), E. sanguinea (191), E. deses
(209), and E. viridis (183) were all within the size range
expected for group I twintrons. Within each putative
twintron, 5-NUNNG splice sites of an internal group III
intron occur approximately 50 nt in from the 5 end of the
twintron. Group III domains VI occur about 100 nt
downstream of the 5" consensus (data not shown). RT-
PCR was used to confirm 2/5 twintron predictions (de-
scribed below). The group III external intron of the
twintron at codon 15 of the mature peptide was the most
highly conserved of all the psb K operon introns, occurring
in every species surveyed.

A group III intron also occurs between the Ist and
2nd nucleotides of the 4th codon of yc¢f12 in all species
except for E. mutabilis (Fig. 2). (P. accuminata appar-
ently lacks two codons upstream of the intron, but it is
located at the identical site with reference to the C-ter-
minal portion of the protein. The exact lengths of the
yef12 group III introns are as follows: E. gracilis 107,
E. stellata 99, E. deses 105, E. viridis 100, E. anabaena
106, E. sanguinea 95, L. beutschlii 78, P. accuminata 83,
and E. myxocylindracea 92 nt. In addition, the ycfi2
coding region in both E. stellata and E. sanguinea was
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interrupted in different codons by intervening sequences
of 367 and 326 nt, respectively. The E. stellata 367-nt
intron is located between the 2nd and 3rd nucleotides of
the 25th codon, and the E. sanguinea 326-nt intron is
between the 22nd and 23rd codons. These sequences
contain the characteristic domain V and the remainder
of the six domains consistent with their being Euglena
chloroplast group II introns.

RT-PCR analysis

To confirm intron and twintron loci and predicted in-
tron-exon boundaries, partially and fully spliced
mRNAs were characterized by sequencing of RT-PCR
products. Three species, E. gracilis, E. stellata, and
E. myxocylindracea, were chosen for detailed analysis
(Fig. 2). To determine the intron-exon boundaries of
E. gracilis psbK, total nucleic acid extract was subjected
to reverse transcriptase with primer C3, which is specific
for psbK exon 3. The cDNA was amplified with primers
P2 and C3, which anneal to exons 1 and 3, respectively
(data not shown). Processing intermediates were ob-
tained that contained either the partially (internal intron
excised) or fully spliced twintron, with or without the
first intron. The isolation of partially spliced intermedi-
ates containing the external intron of psbK intron 2
(psbK intron2a), with the internal intron (pshK intron
2b) excised, confirm that psbK intron 2 is a group III
twintron. Not only were cDNAs representing unspliced
or partially spliced twintron obtained with a spliced first
intron, but cDNA clones containing the unspliced first
intron with the fully spliced twintron were also isolated.
No partially spliced cDNAs lacking intron 1 were de-
tected. Therefore, splicing may occur by an unordered
pathway, with intron 1 splicing being the final reaction.

To characterize the E. gracilis ycf12 group III intron
(yef12il) splicing reaction, reverse transcription was
carried out on E. gracilis total nucleic acid with primer
Cl1, located in the trnR gene. PCR amplification of the
C1 cDNAs was carried out with primer C1 and primer
P3, which anneals to the 2nd exon of pshK. The cDNAs
from this reaction correspond in size to partially spliced
and fully spliced intermediates (Fig. 2B). The smallest
product is fully spliced. This cDNA spans the splice sites
of yc¢fi2 intron 1 and the pshK twintron, confirming the
boundary sequences of each group III intron. The fact
that cDNA clones were obtained which contain both the
psbK-ycf12-psaM transcript and the trnR transcript also
demonstrates that the z#rnR gene is co-transcribed from
the psbK promoter. Therefore, although RNA blotting
failed to detect transcripts from the pshbK promoter
containing the rrnR coding sequence, the E. gracilis psbK
operon includes psbK, ycf12, psaM, and trnR.

Splicing of the E. stellata psbK operon introns was
analyzed in three RT-PCR reactions. Reverse tran-
scription of E. stellata total nucleic acid extracts with
primer C4 (located in psaM), and PCR amplification
with primers C4 and P3 (in psbK exon 2) confirmed the
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Fig. 2A-C RT-PCR analysis of RNA from selected species
confirms the splicing of the introns in the psbK operon. The top
portion of each panel shows a schematic diagram depicting primer
and intron locations. A Total nucleic acid (TNA) from
E. myxocylindracea was subjected to reverse transcription with
primer C4; the resulting cDNA was then amplified by PCR with
primers P6 and C4 (lane cDNA). As a positive control, TNA from
E. myxocylindracea was also amplified without prior reverse
transcription (lane TNA). B E. gracilis TNA was reverse
transcribed with primer C1 and the cDNA amplified with primers
P3 and Cl (lane cDNA). Positive controls included PCR
amplification of E. gracilis TNA (lane TNA) and amplification of
the full-length psbK operon clone pEZC 2040.2 (N. Doetsch,
manuscript submitted) (lane + C). C For the gels shown in the left
and center panels, E. stellata TNA was reverse transcribed with
primer C5. The resultant cDNA was amplified with P5 and C6 (left)
or P4 and C6 (center) (lanes cDNA). The products of reverse
transcription of E. stellata and E. gracilis TNA with primer C4 and
PCR amplification with primers P3 and C4 are shown in the panel
on the right. In all reactions a negative control (—C) was carried out
without addition of nucleic acid. A Haelll digest of $X174 DNA
was used as a size marker

splicing of the ycf12 group III, ycf12 group 1I, and the
psbK group III twintron (Fig. 3). An additional RT-
PCR reaction with RT primer C5, and PCR primers C6
and P4 (located in exons 1 and 3), yielded a single band
corresponding in size to the fully spliced E. stellata
product (pshK il and psbK i2 both spliced). To demon-
strate that the ~200-nt intervening sequence at the psbK
intron 2 site is a twintron, E. stellata total nucleic acid
was reverse transcribed with C5 and PCR amplified with
C6 and P5 (Fig. 2C). The P4 primer spans the intron-
exon boundary of intron 1, and should therefore not
generate spliced products containing a spliced intron 1.
Three bands were obtained which, when sequenced,
corresponded to fully unspliced (451 nt), partially
spliced (internal intron spliced, 354 nt) and fully spliced
transcripts (250 nt).

The predicted splice site of the first pshK intron of
E. myxocylindracea results in an unexpectedly short



Fig. 3 Alignment of the
psbK operon promoter re-
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E. gracilis TCAAAACAACAAACTCAAAAATAAATAT. . . GGGAAAATAAAATG

E. stellata TCGAAAAAACAAAACCTTAAATTAAAA. . . . CGGAGAAAAAAATG

L. beutschlii AGTACTAAATAAAAACATATTATCT. . .. .. CGGAGTTAAAAATG

E. viridis AAAAATCAACAAAATCCAATAAAAATG. . . . AGGAGAATATAAAATG

E. sanguinea TGTCAAATAAACAAAATTATTTTAA...... TGGAGTAATAAAAATG

E. mutabilis CTAGCACAAAAAACCAAAAAACTTAAC. . . . TGGAGACAATAARATG

E. deses GCCTAAACAACAAAATCCAATATTAAACATATGGAGAAATTAGAATG

E. anabaena TTAATAAAACAAAAACAGAAATTTATAAC . . AGGAGAATTTAACAATG

P. accum. CTACATTTCGATGACACTAAAACAAAATTAAAAATAAATTGCTAAAAATG

E. myxo. GACAACTAACAAAAGTTTTAATAACTAAATAAATTAAATG

Euglenoid NGGAG

exon 1, and also in an intron length of 80 nt. This is
much smaller than is customary for group III introns. In
addition, the 2nd pshK intron is most likely to be a single
intron in E. myxocylindracea, not a twintron. To test the
predicted splice boundaries of the E. myxocylindracea
introns, E. myxocylindracea total nucleic acid was re-
verse transcribed with primer C4. The resultant cDNA
was amplified with primer C4 and primer P6, located in
the psbK promoter region. This reaction resulted in a
product of 470 nt in length, shown in Fig. 2A. The size
of the product is consistent with a mature mRNA
transcript after splicing of the group III introns pshKil,
psbKi2, and ycfi2il. The predicted splice sites were
confirmed by sequencing.

Many of the group III introns identified in this study
are among the smallest yet discovered. At least two have
lengths in the 70-79 nt range, and many are within
80-89 nt long. According to the intron 5’-boundary
sequences derived from amino acid comparison and
confirmed by RT-PCR analysis, neither E. stellata psbK
intron 2a (external) or E. stellata ycf12 intron 2 (group
IT intron) contains an exact match to the group III
consensus of 5-NUNNG. The sequence for E. stellata
psbK intron 2a is 5-GTGAA, and that of E. stellata
yef12 intron2 is 5-GAGCG. All other introns identified
in this study contain the canonical group III intron 5’-
boundary motif (described below). Many examples now
exist of Euglenoid group II and group III introns with-
out a U in the 2nd position or a G in the 5th.

Intron secondary structure analysis
Each of the 30 new group III introns identified in this

study has a potential domain VI with a branch A at
position —7 or —8 proximal to the 3’-splice site. Homol-

ogous domains VI were subjected to phylogenetic com-
parisons. As expected, the structure of domain VI was
conserved between homologous introns. Domain VI
consists of a small stem-loop generally about 89 nt in
length with an unpaired A residue located in the middle
of the 3’-side of the stem. The unpaired A is 7 or 8 nt
upstream of the 3’-intron boundary. The branch A nu-
cleotide was conserved in every intron identified in this
study.

Sequences of ycf12 intron 1 from which domain VI
had been removed were also examined for conserved
putative domain I secondary structures by RNAFOLD
(Wisconsin GCG package) and manual folding analysis.
All 10 intron sequences had the potential to fold into a
single stem-loop structure. This finding is consistent with
the structure previously proposed for domain I. Group
IT intron-like exon binding sequences could not be
identified in the domain I loop regions.

Conservation of transcription, translation,
and 3’-end processing elements

The region upstream of psbK in E. gracilis contains the
promoter for the psbK operon (Stevenson 1994). To test
for evolutionarily conserved promoter motifs among the
10 Euglenoid species, the regions 5’ to the start codon of
psbK, excluding the trnT sequence, were aligned (Fig. 3).
A region analogous to the prokaryotic —10 Pribnow box
was present in each species. A potential transcription
start site was identified 10 nt downstream of this con-
served TATATT element. Based on the putative pro-
moter, the starting nucleotide in the majority of
the Euglenoid species would be G, with the exception of
the E. anabaena and P. accuminata transcripts, which are
predicted to start with a T. The consensus for the
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Euglenoid —10 motif is TATAAT, which differs at 1/7
positions from that of Escherichia coli (TATATT). This
region is very well conserved. Among 10 species, only
three contain a single nucleotide difference. Regions
similar to the —35 regions (TTGACA) might be present,
but their distance from the —10 consensus sequence was
highly variable (16-24 nt).

The optimal ribosome binding site (rbs) for E. grac-
ilis chloroplast ribosomes is GGGAG (Steege et al.
1982). Each psbK 5’-UTR, except those of P. accuminata
and E. myxocylindracea, has a close match to this motif
centered 10-13 nt upstream from the pshK methionine
initiation codon. The distance between the psbK rbs and
the initiation codon is identical to that in the previously
determined atpH promoter (Betts and Spremulli 1994).
An alignment of the upstream psbK regions from all
species is shown in Fig. 3. The Euglenoid psbK con-
sensus is GGAG. The ycf12 and psaM upstream regions
do not contain similar ribosomal binding motifs.
However these regions are highly AU-rich, which has
been proposed to be necessary for translational initia-
tion of E. gracilis genes lacking conventional Shine-
Dalgarno sequences (Wang et al. 1989; Stern et al.
1997).

A feature common to many chloroplast coding se-
quences is an inverted repeat sequence within the 3’UTR
(Stern et al. 1989). Inverted repeats are often found at
the 3" end of E. gracilis operons. Secondary structure at
the 3" end of E. gracilis operons has been correlated with
mRNA processing events, as well as mRNA stability.
While there is little or no primary sequence conservation
in the spacer regions between the psbK operon genes, a
large stable hairpin structure occurs between psaM and
trnR in each species (not shown) . This structure may act
as a 3’ mRNA stability element after the rapid cleavage
of trnR from the tetracistronic transcript. A similar
structure is present at the 3" end of E. gracilis psbA
(Stevenson and Hallick 1994).

Discussion

The psbK promoter directs transcription of a novel
mixed tetracistronic operon

We have identified a new polycistronic mixed operon in
E. gracilis. The genes psbK, ycfl12, psaM, and trnR are
co-transcribed from a single promoter upstream of psbK.
Mature products are fully spliced, monocistronic RNAs
derived from endonucleolytic intergenic cleavage and
processing of two group III introns and a group III
twintron. The #rnR transcript is most likely to be cleaved
from the primary transcript very rapidly, since a tetra-
cistronic mRNA was detected by RT-PCR but not by
Northern blotting. It is possible that tRNA genes which
are co-transcribed in a mixed operon may be processed
before the end of transcription (Stevenson and Hallick
1994).

In the Euglenoid lineage, the gene content and order
in the pshK operon gene is conserved, but this order
differs from that in plant and algal chloroplast genomes
(Fig. 4). Unicellular organisms contain a diversity of
genes surrounding pshbK. The gene order most similar to
Euglenoids is found in Chlorella vulgaris, where the
psbK-ycf12-psaM order is conserved, but flanking
tRNAs vary (Wakasugi et al. 1997). Conservation of
gene order between Chlorella and Euglena is consistent
with the hypothesis that the original endosymbiont that
gave rise to the Euglena chloroplast was derived from
the chlorophyte lineage. Because the psbK operon is so
variable, the psbK region could be a recombinational
“hot spot”. Genomic recombination may be facilitated
by interactions between tRNAs (Howe et al. 1988;
Hiratsuka et al. 1989; Reiter et al. 1989). Therefore, it is
interesting to note that Euglenoid and higher-plant psbK
operons are flanked by the genes for trnR/trnT and trnQ/
trnS, respectively. Since chloroplast genes are generally
transcribed in clusters, any novel genes placed down-
stream of the psbK gene could lead to their adoption by
the psbK promoter. A high degree of recombination
could possibly account for the mixed content of the
Euglenoid pshK operon.

Comparative phylogenetic analysis of homologous
group III introns

The insertion sites of psbK intron 1, the external intron
of the psbK twintron, and yc¢fI12 intron 1 are conserved

trnG trnMtrnT  psbK ycf12 psaM trR  psbA
E. gracilis — —smyw————————
trnR  psbK yefl2 psaM trnQ
Chlorella oy - om.
ORF 62 ORF 42c
petG trnK psbK trmS ycfl2 trnF
Nephroselmis 1 . .
ORF 96
psaM psbD/C psbK psbM ORF 48 trnL
Cyanophora  —puypey _—-—
rps16 trnQ  psbK psbl  trmS  trmG troR
Tobacco
ps16 tmQ psbK pshl tmS  psbD/C
Barley
psbK trnQ  accD
Pea =—=] ____-_,__

Fig. 4 Comparison of the organization of the psbK regions from
selected organisms. Genes found in the E. gracilis psbK operon are
shown as grey boxes. The black boxes represent flanking genes. The
direction of transcription is indicated by the location of the gene
above or below the connecting line



throughout the Euglenoid lineage. Introns located at a
common insertion site in multiple species are most likely
to be derived from a common ancestor. The first intron
of P. accuminata is a possible exception because the in-
sertion site is displaced by one codon. This could be a
case of intron slippage or it could be a separate intron
addition event. Without additional data on the evolu-
tionary relationship between P. accuminata and the re-
mainder of the Euglenoid species, the question whether
the first intron is derived from a single insertion event
cannot be answered definitively. In contrast, the group II
introns of this operon, E. stellata and E. sanguinea ycf12
intron 2, are probably not homologous.

As was observed for the group III twintron psbC
intron 4, a group II intron-like domain VI was identified
by comparative phylogenetic analysis of the secondary
structures of pshK intron 2a and ycfi12 intron 1. Several
lines of evidence now point to a common ancestor for
group II and group III introns, from which a functional
domain VI structure could have been acquired (Doetsch
et al. 1998). The relationship of the putative group III
domain ID3-like structure to its group II intron analog,
however, is not as clear. While most of the introns could
be folded into a single stem-loop structure in the domain
I region, these structures were not similar enough in
primary sequence or secondary motifs to consider them
phylogenetically conserved. The domain I-type region
may simply exist to bring together the ends of the intron
so that splicing can be initiated. Alternatively, this re-
gion could contain as yet unidentified binding sites for
cis-acting splicing factors which would not necessarily be
the same for each intron.

Euglenoid and group III intron evolution

The psbK operon contains a higher diversity of intron
content than any region of the Euglenoid genome
studied to date. When psbK operon intron content is
compared to the available rbcL phylogeny, some ob-
servations concerning group III intron evolution can be
made (Fig. 5) (Thompson et al. 1995). E. stellata, a fairly
deep branching species, contains the whole suite of
possible psbK operon introns. E. myxocylindracea,
E. viridis, and E. anabaena are more derived than
E. stellata, but contain fewer introns. Because the pshbK
operon introns are homologous, the most parsimonious
explanation is to assume at least two independent intron
losses. Apparently the internal intron was lost from
E. myxocylindracea, and the E. viridis-E. anabaena clade
has lost pshK intron 1. Both of these introns are located
in regions subject to low coding sequence restraints (an
external intron and the pshbK pre-sequence). Interest-
ingly, the introns located in functionally constrained
regions — the psbK external intron and ycf12 intron 1 —
are present in every species. Whether the loss of either
psbK intron 1 or psbK intron 2b occurred only once or
multiple times is impossible to judge from this phylo-
genetic tree.
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Several conclusions can be drawn from this compar-
ison of psbK intron content and phylogeny. The first is
that group III introns are deeply rooted and were ap-
parently present in the common ancestor of all surveyed
extant Euglenoid species. In agreement with the psbC
intron 4 survey and unpublished data, group III introns
continue to be identified in relatively large numbers from
basally branching Euglenoid species. Since group III
twintrons are observed in the deepest branching species,
these introns may have been very mobile. High insertion
rates may have been correlated with high excision rates,
since several intron losses are now postulated.

The evolutionary history of group II introns may
differ from that of group III introns. To date, a much
smaller number of group II introns than group III in-
trons have been found in basally branching species. A
higher percentage of those introns are not homologous,
but are secondary insertions, such as ycf12 intron 2.

tmT  pshK  yef12  psaM e

O
E. gracilis -_i&__-
E. geniculata
A. longa
o
E. mﬂocﬂ;nd_racea -_i_L__-
-.EL__-

E. pisciformis
. .
E. vindis
E. anabaena -_iL_—_-
0@
E. stellata e
Eutreptia
Cryptoglena
A. nidulans
Co@®
E. sanguinea . S—_
P. accuminata - LL.__-
Q
utschlii o°
E. deses __LL__-
Q
E. mutabilis -_—__—_-_
-__O_L__
E. spirogyra -

Fig. 5 The intron content of the psbK operon is depicted in relation
to Euglenoid phylogeny. The tree shown is a consensus of the three
most parsimonious trees determined by PAUP analysis of the
nucleotide sequences of the rbcL gene (adapted from Thompson et
al. 1995). The intron distribution in the pshK operons is indicated
on the right. Group 111 introns are depicted as small shaded lollipops
and group II introns as large shaded lollipops. The introns in E.
pisciformis are predicted by PCR analysis, but have not been
confirmed by sequence analysis. Species which were not used in the
original phylogenetic analysis are shown below the tree to illustrate
their intron contents only
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Based on these observations, it now seems likely that
group II introns are a later addition to the Euglenoid
lineage than group III introns, and that group III in-
trons pre-date their group II intron counterparts in the
evolutionary history of the Euglenoid plastid genome.
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