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Abstract. The colourless, nonphotosynthetic protist Asta-
sia longa is phylogenetically related to Euglena gracilis.
The 73-kb plastid DNA (ptDNA) of A. longa is about half
the size of most chloroplast DNAs (cpDNAs). More than
38 kb of the Astasia ptDNA sequence has been deter-
mined. No genes for photosynthetic function have been
found except for rbcL. Identified genes include rpoB, tufA,
and genes coding for three rRNAs, 17 tRNAs, and 13 ri-
bosomal proteins. Not only is the nucleotide sequence of
these genes highly conserved between A. longa and
E. gracilis, but a number of these genes are clustered in a
similar fashion and have introns in the same positions in
both species. The results further support the idea that pho-
tosynthetic genes normally encoded in cpDNA have been
preferentially lost in Aszasia, but that the chioroplast genes
coding for components of the plastid translational appara-
tus have been maintained. This apparatus might be needed
for the expression of rbcL and also for that of still uniden-
tified nonphotosynthetic genes of Astasia ptDNA.
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Introduction

Astasia longa is a colourless, nonphotosynthetic flagellate
protist that is phylogenetically releated to the photoauto-
trophic Euglena gracilis (Pringsheim 1942). The plastid
genome of A. longa resembles the chloroplast genome of
E. gracilis but has lost most photosynthetic genes and is
only half the size (73 kb instead of 143 kb; Siemeister and
Hachtel 1989). A similar loss of photosynthetic genes has
occurred from the ptDNA of a nonphotosynthetic parasitic
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flowering plant, Epifagus virginiana (Wolfe et al. 1992).

Many intact translational genes have been identified in
the 26 kb of Astasia plastid DNA (ptDNA) that has been
sequenced so far, without any evidence for pseudogenes.
The Astasia ptDNA is an active genome since a number
of transcripts of protein-encoding genes have been de-
tected (Siemeister and Hachtel 1990 a, b; Siemeister et al.
1990 a, b). Moreover, the protein encoded by the CO,-fix-
ation gene rbcL occurs in A. longa (Siemeister and Hach-
tel 1990a).

Unique features shared by Euglena chloroplast (cp)
DNA (Hallick et al. 1993) and Astasia ptDNA include a
tandem array of three complete, and one partial, riboso-
mal RNA operons (Siemeister and Hachtel 1989, 1990b),
a gene for the elongation factor EF-Tu (Siemeister et al.
1990a), a class of very small introns designated group III
(Siemeister et al. 1990b), and the absence of introns in
tRNA-encoding genes (Siemeister et al. 1990a). Astasia
has a gene cluster with the gene order rpl5-rps8-rpl36-
trnd-rpsl4-trnF-trnC-rps2 (Siemeister et al. 1990b). Not
only does this same gene cluster occur in Euglena (Hal-
lick et al. 1993), but three group-1I and five group-II in-
trons occur in the same positions in the same genes in both
Euglena and Astasia. Other gene combinations found in
both organisms are tufA-rps7, and rbcL-rpl32. Astasia
rbeL (Siemeister and Hachtel 1990 a) has seven of the nine
group-II introns in the same positions as Euglena rbcL
(Gingrich and Hallick 1985). Astasia rpoB also has at least
seven group-lI introns (EMBL Acc. No. X75651) but
their positions differ from Euglena rpoB. Euglena has a
locus designated ycfl3 for a protein of 458 amino acids
(Montandon et al. 1986), absent in land plants but also
found in the ptDNA of Astasia (Siemeister et al. 1990 a).
Probably absent from Astasia are genes for subunits of a
NADH dehydrogenase complex, present in land plants but
not detected in Euglena (Hallick et al. 1993).

In this paper we report on further genes on the ptDNA
of A. longa that code for components of a plastid transla-
tional apparatus. The results corroborate our previous con-
clusion that the Astasia plastid genome has evolved from
a Euglena chloroplast genome by highly specific deletions



and sequence rearrangements. We hypothesize that the As-
tasia plastid genome has remained active after the loss of
photosynthesis because one (or a few) of its protein genes
is (are) involved in a nonphotosynthetic process which is
either indispensable to, or at least of advantage for,
A. longa.

Materials and methods

Isolation of DNA and RNA from cells of A. longa harvested in the
late logarithmic phase of growth has been described previously (Sie-
meister and Hachtel 1989; Siemeister et al. 1990 a). Cloning of DNA
restriction fragments, gel electrophoresis, and blotting of glyoxylat-
ed RNA followed standard procedures (Sambrook et al. 1989).
Northern-blot analysis was performed as described (Siemeister et
al. 1990 a). The nucleotide sequence was determined by the dideoxy
chain-termination method (Sanger et al. 1977; Chen and Seeburg
1985) using T7-DNA-Polymerase (Tabor and Richardson 1987). Se-
quences were determined in both directions. Analysis of sequence
data was performed using the Amersham Staden plus software pack-
age and the FASTP program (Lipman and Pearson 1985). Gene iden-
tification was based on screening of the EMBL database, Heidel-
berg, Germany. Most genes were identified by comparison with the
coding sequences of Euglena cpDNA (EMBL Acc. No. X70810) due
to the high degree of nucleotide and amino-acid sequence identity
that is observed between homologous genes of Astasia and Eugle-
na (see Table 1).

Results and discussion

The following segments of the circular ptDNA of A. longa
were cloned and sequenced: a 4.0-kb Xbal fragment (X6),
a 3.9-kb Xbal fragment (X7), a 2.9-kb Xbal fragment
(X11), a 1.5-kb Bg/Il fragment (B9), and a 1.9-kb HindIIl
fragment (H14). (For the location of these fragments see
the restriction-site map presented by Siemeister and Hach-
tel 1989). Analysis of these sequence data identified a
number of densely-packed genes. Among these are seven
tRNA genes (trnl, trnA, trul, traP, traS, trnD, and trnkK),
genes for six ribosomal proteins (rps4, rpsl9, rpl2, rpl20,
rpl22, and rpi23), and several open reading frames (ORFs)
encoding proteins of unknown function. An updated gene
map of Astasia ptDNA is shown in Fig. 1, and all genes
detected so far are listed in Table 1. The degree of nucle-
otide and amino-acid sequence identity of these genes with
homologous genes of Euglena, the transcripts detected in
Astasia, and the number and classification of introns, are
alsoindicated in Table 1. Dataand annotations are reported
in EMBL Accession Numbers X75651, X75652 and
X75653.

Genes for ribosomal RNAs

Three repeats (A, B, C) of 165 and 23s rDNA arranged in
tandem, and one supplementary 16s rDNA adjacent to the
165 rtDNA of repeat A, are present within an 18-kb seg-
ment of the 73-kb ptDNA of A. longa (Fig. 1). Repeat C
contains a truncated copy of 16s rDNA (Siemeister and
Hachtel 1989). The repeats A and B are separated by a
short region containing a gene for 55 rRNA and a tRNA-
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Fig. 1. Gene map of the A. longa 73-kb plastid DNA. Genes are rep-
resented by filled boxes which are proportional to gene length, in-
cluding exons and introns. A truncated copy of the 165 rRNA gene
is shadowed. Genes on the outer circle are transcribed clockwise.
Genes on the inner circle are transcribed counterclockwise. Brack-
ets indicate those parts of the sequence that have been published be-
fore (Siemeister and Hachtel 1989, 1990 a, b, Siemeister et al. 1990
a, b)

Val (UAC) gene (Siemeister and Hachtel 1990b). We have
also now identified copies of 55 TRNA and the tRNA-Val
(UAC) gene adjacent to the 235 rRNA gene of repeat C.
Thus, the gene order (5'-16s-23s-5s-trnV-3") of repeats A
and C is identical. The 5s rDNAs of repeats A and C dif-
fer at three nucleotide positions, and the trnV of repeats A
and C differ at two positions. These differences do not af-
fect the secondary structures of the deduced RNAs.

To determine the pattern of transcripts, Northern anal-
ysis was performed using organellar RNA and a [*?P]-la-
belled Dral fragment of the 3’-region of the 235 rDNA of
repeat C. Transcripts of 7.5 kb, 5.5 kb, 3.0 kb, 2.3 kb, and
1.6 kb were detected (Fig. 2). From the sequence data (Sie-
meister and Hachtel 1990b), processed 23s tRNA is ex-
pected to be about 3.15 kb, 3.1 kb, and 3.0 kb in size (size
differences occur due to the observed length polymor-
phisms of 23s rRNA encoded in repeats A, B, and C, re-
spectively). Therefore, the major radioactive band de-
tected at about 3.1 kb probably represents a mixture of pro-
cessed 235 rRNAs that were not resolved on the gel. The
larger transcripts (7.5 kb and 5.2 kb) also hybridized to
gene probes obtained from 165 rDNA (data not shown).
Therefore, the 7.5-kb RNA might have originated from co-
transcription of the supplementary 16s tDNA and repeat
A (a 7.25-kb DNA segment) whereas the 5.5-kb RNA
probably represents transcripts of single rDNA repeats of
size 5.5 kb. The Euglena rRNA gene operon was shown
to be transcribed as a 6.0-kb RNA which contains both the
165 and 235 rRNA sequences (Dix and Rawson 1983). The
smaller RNA molecules seen in Fig. 2 might be fragments
of 235 rRNA due to hidden breaks (Kossel et al. 1985).
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Table 1. Identified genes and transcripts of the 73-kb plastid DNA of A. longa

Genes Homology with E. gracilis cpDNA? Transcript (s) Intron (s)®
detected

Nucleotide sequence: Amino-acid sequence:

Identical Identical Identical amino acids

nucleotides (%) amino acids  plus conservative

(%) replacements (%)
Ribosoma] RNA genes
16s (3 copies) 81 +
23s (3 copies) 78 +
5s (2 copies) 68

Transfer RNA genes
trnA(UGC) 82
trnC(GCA) 90
trnD(GUC) 81
trnF(GAA) 89
trnG(GCC) 81
trnl(CAU) 94
trnI(GAU) 89
trnK(UUU) 90
trnL(CAA) 78
trnM(CAU) 74
trnP(UGG) 89
trnQ(UUG) 83
trnR(UCU) 88
trnS(GCU) 81
trnS(UGA) 84
trnT(UGU) 90
trnV(UAC) (2 copies) 68
Ribosomal protein and translation factor genes
rps2 41 80 + 1(ID) 371
rpsd 58 83 +
rps7 50 88
ps8 50 85 + 2(I1)y 1D
rpsl4 59 83 + 1d1)
ps19 52 85 2 (111)
pl2 68 93
pl5 61 90 +
rpi20 44 82
pl22 42 77
rpl23 49 83 2(1I0)
pl32 60 90 +
rpl36 62 89 +
tufA 86 99 + 2(1I)
RNA polymerase genes
rpoB 47 83 =7 (L)
Photosynthetic genes
rbel 82 97 + 70D
Other putative protein genes
ycfl3 (= orf456) 56 84 +
ycf14 (=orf170) 42 84
orf559 No significant +
orf57, orf70, orf76, orf105 similarity with
orf160, orf162, orf167, orf211 any plastid gene

@ Information provided in EMBL Accession No. X70810 (Hallick et al. 1993)
® For the classification of introns (group II, group IIT) see Christopher et al. (1988) and Christopher and Hallick (1989)

Genes for transfer RNAs

Genes encoding tRNA-Ile (GAU) and tRNA-Ala (UGC)
are located in the 165 rDNA-23s rDNA spacer of the
cpDNA of Euglena and every other cpDNA investigated
so far (Kossel et al. 1985), as well as in E. coli, but not are
present at this location in the ptDNA of Astasia (Siemeis-
ter and Hachtel 1990b). Both trnl (GAU) and trnA (UGC),

together with trnL encoding tRNA-Leu (CAA), were
found by sequencing the Xbal-fragment X7. In the very
neighbourhood of the rDNA tandem repeats, these genes
are clustered in a 550-bp segment between orf559 and
yefl3 (=orf456); trnL is located on the complementary
strand (Figs. 1, 3). Sequence similarity between these
tRNA genes and trnl (Graf et al. 1980), trnA (Orozco et
al. 1980), and rrnL (Monfort et al. 1986), respectively, of
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Fig. 3. Comparison of the location of the tRNA genes trnl (GAU),
trnA (UGC) and trnL (CAA), and of ycfi3, on the ptDNA of A. lon-
ga and the cpDNA of E. gracilis. Homologous genes are connected
by arrows. ycfl3 is encoded in an intron of psbC in Euglena. The
direction of transcription is from left to right for Astasia and from
chil for Euglena; psbD, psbC and ycf13 (=orf458) are transcribed in
the opposite direction. The maps are not true to scale (Data for Fu-
glena are from Hallick et al. 1993)

Euglena, is given in Table 1. Invariant, or semi-invariant,
nucleotides (see Sprinzl et al. 1989) were found in all con-
served positions of the deduced tRNA-Ile (GAU) and
tRNA-Leu (CAA) and in 19 out of 20 conserved positions
of tRNA-Ala (UGC). In tRNA-Ala, cytidine is found in-
stead of uridine (mostly modified to pseudouridine) at
nucleotide position 55. Whether this is real or a cloning
artefact needs to be clarified by sequencing a primary re-
striction fragment encoding this tRNA which is different
from X7. The A-A mismatch (nucleotide positions 13 and
23) observed in the stem structure of the D-arm of tRNA-
Leu (CAA) also occurs in the tRNA-Leu (CAA) of
E. gracilis chloroplasts (Monfort et al. 1986).

The gene order observed in Astasia as compared to that
in Euglena (Fig. 3)is putatively the result of a complicated
series of deletions and sequence rearrangements. Some of
these events can be tentatively specified. (1) The tRNA-
Leu (CAA) gene is located about 11 kb upstream the rrnA
operon in Euglena (Hallick etal. 1993). ORF ycfI3
(=0rf458), absent in land plants but also found in Astasia
(0rf456), is encoded within a group-III twintron internal
to the psbC (photosystem II CP43 chlorophyll apoprotein)
gene. Assuming deletion of chll (chlorophyll biosynthe-
sis), psbD (photosystem II core 34-kDa protein) and psbC
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would explain the neighbourhood of trnL and ycfI3 in the
ptDNA of Astasia. (2) The presence of supplementary 16s
rRNA and 5s rRNA genes in Euglena (see Hallick and
Buetow 1989) and a supplementary 16s rRNA gene in As-
tasia (Siemeister and Hachtel 1990b), in addition to the
three tDNA repeats A—C, suggests that this is an evolu-
tionary relic of a fourth rRNA operon (Roux and Stutz
1985). It is also reasonable to assume the presence of trn/
and trnA in the spacer between the 16s TDNA and 23s
rDNA of an ancestral cpDNA from which Astasia ptDNA
has evolved. In Astasia, the extra 16s tDNA is separated
from the 165 rDNA of the rDNA repeat A by a spacer of
only 220 bp. Of these, a 74-bp segment flanking the
3’-end of the extra 16s rDNA is almost identical with a
77-bp sequence downstream from the 3’-end of the 16s
rDNA of rfRNA operon B, and a 160-bp segment upstream
of the 165 -DNA of repeat A shows considerable sequence
similarity to the 167-bp region upstream of the 16s rtDNA
of repeats B and C (Siemeister and Hachtel 1990b). These
data might indicate that a segment of about 3.8 kb between
the fourth 165 rRNA gene and the rRNA operon A of an
ancestral DNA has been rearranged, and the flanking re-
gions have been fused. By further events, most of this
3.8-kb segment might have been deleted except for the
gene pair trnl and frnA that was inserted at its present-day
position, whereas the trnf and trnA genes in the 165 tDNA
—23s tDNA spacer of the ancestral rRNA operons A-C
were deleted.

Further tRNA genes were detected on the Xbal-frag-
ment X6: trnP, trnS, trnD, and trnK encoding tRNA-Pro
(UGG), tRNA-Ser (UGA), tRNA-Asp (GUC), and tRNA-
Lys (UUU), respectively. The degree of sequence similar-
ity between these tRNA genes and trnP and trnS (Manzara
and Hallick 1988) and trnD and trnK (Manzara et al. 1987)
or Euglena is given in Table 1. In the deduced sequence
of tRNA-Pro (UGG) and tRNA-Ser (UGA), all invariant
and semi-invariant nucleotides (see Sprinzl et al. 1989) are
conserved. The number of base pairs of the D-stem of
tRNA-Ser is reduced (only two instead of four) in both As-
tasia and Euglena (Manzara and Hallick 1988) as com-
pared with tobacco (Shinozaki et al. 1986), Marchantia
(Ohyama et al. 1986), and E. coli (Kroger et al. 1992)
tRNA-Ser. Deduced sequences of tRNA-Asp (GUC) and
tRNA-Lys (UUU) show invariant or semi-invariant nucle-
otides at all highly-conserved positions (see Sprinzl et al.
1989). In tRNA-Lys (UUU), base pairing of the anticodon
stem is incomplete as was found for tobacco (Shinozaki et
al. 1986) and Marchantia (Ohyamaet al. 1986) butnot Eu-
glena (Manzara et al. 1987) and E. coli (Yoshimura et al.
1984).

trnP and frnS are separated by a very short spacer
(7 bp) in Astasia, as they are in Euglena (10-bp spacer),
and are transcribed in the same direction as in Euglena
(Manzara and Hallick 1988). trnD and trnK are separated
by a short non-coding sequence (18 bp) in Astasia in con-
trast to the situation in Euglena where petG (encoding sub-
unit V of the cytochrome b6/f complex) is located between
trnD and frnK (Manzara et al. 1987). Further differences
between Astasia and Euglena concern genes upstream of
trnD and downstream from #rnK. psbl, the gene encoding
photosystem II-polypeptide I, and (on the opposite
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Fig. 4. Comparison of the location of truD (GUC), trnK (UUU),
rpl22, rpl23, rpi2, and rpsI9 on the ptDNA of A. longa and the
cpDNA of E. gracilis. Genes on the upper strand are transcribed
from left to right, genes on the lower strand from right to left. The
Euglena genes psaA to psbJ are not to scale. (Data for Euglena are
from Hallick et al. 1993)

strand) rpl20 are located upstream of the Euglena trnD.
Downstream from Euglena trnkK, a series of photosynthetic
genes have been identified: psaA and psaB, encoding the
P700 apoproteins Al and A2, respectively, of photo-
system I; psbE and psbF, encoding the cytochrome b559
o and f3 subunits, respectively; psbL and psbJ, encoding
the photosystem II proteins L and J, respectively; and,
finally, a ribosomal protein gene cluster consisting of
rpl23, vpl2, rpsl19, and rpl22. Thus, the gene order in Eu-
glena is rpl20-psbl-trnD-petG-trnK-psaA-psaB-psbE-
psbF-psbL-psbl-rpl23-rpl2-rps19-rpl22 (Manzara et al.
1987; Hallick et al. 1993), whereas in Astasia the gene or-
der rpl20-trnD-trnK-rpl22-rpl23-rpl2-rps19 was found
(Figs. 1, 4). Thus, all photosynthetic genes present in this
stretch of the cpDNA of Euglena appear to be specifically
deleted in the ptDNA of Astasia.

Genes for ribosomal proteins

The localization of seven genes encoding proteins of the
small and the large subunit of plastid ribosomes (rps2,
rps7, rps8, rpsi4, rpl5, rpl32, rpl36) has been reported
(Siemeister et al. 1990a, b). Additional ribosomal protein
genes were identified by sequencing Xbal-fragments X6
and X11 and the Bglll-fragment B9. Astasia has a gene
cluster with the gene order rpl22-(orf70-) rpl23-(orf105-
orf76-)rpl2-rps19 (Figs. 1, 4). In land plants (Fukuzawa
et al. 1988; Sugiura 1992), Euglena (Christopher et al.
1988), and E. coli (Zurawski and Zurawski 1985), a sim-
ilar cluster with the gene order rpl23-rpl2-rps19-rpl22 was
found (Fig. 4). However, not only is rpl22 rearranged in
Astasia but the transcription direction and the position of
this gene cluster relative to the rbcL gene has also changed
in Astasia as compared to chloroplast genomes.
Ribosomal protein genes rpsI9 and rpl23 are split in
both Euglena (Christopher et al. 1988) and Astasia (Ta-

ble 1). Two group-III introns occur in the same positions
in the rpsI9 gene of both. Amino-acid identity between
the Astasia and Euglena rps19 gene product is 52% in a
93 amino-acid overlap. The Astasia rpsI9 homologue,
however, encodes a 117 amino-acid polypeptide whereas
the ribosomal protein S19 of Euglena is composed of 93,
and that of Marchantia, tobacco and E. coli of 91, amino
acids. This difference is due to a point mutation at nucle-
otide position 43 in the third exon of the Astasia rpsl9
leading to a reading-frame shift. The gene products of As-
tasia and Euglena rpl23 share 49% identical amino acids.
Of the three introns (group III) of the Euglena rpl23, in-
trons 2 and 3 were found in Astasia at identical positions.
whereas intron 1 is absent in Astasia. Thus, exon 1 and
exon 2 of Euglena rpl23 appear to be fused in Astasia. Fu-
sion of exons in Astasia ptDNA as compared with Euglena
cpDNA has also been observed for the rbcL gene (Sie-
meister and Hachtel 1990 a).

An ORF encoding a polypeptide of 117 amino acids
rich in lysine residues (24%) was tentatively identified as
rpl20. The GC content of the Astasia rpl20 is very low
(12.9%) and differs only slightly from the GC content of
the flanking spacer regions (12.4%). The Astasia rpl20 ad-
joins truD (GUC) whereas in Euglena rpl20 is separated
from frnD by psbl which is not found in Astasia (Fig. 4).
The N-terminal region of the rpl20 polypeptide is much
better conserved between Astasia, Euglena, land plants,
and E. coli than is the C-terminus (50% identical amino
acids between Astasia and Fuglena in an N-terminal 66
amino-acid overlap).

A sequence encoding plastid ribosomal protein S4 was
detected on HindIlI-fragment H14. A striking feature of
the deduced polypeptide is its high content of basic amino
acids (24.5%). This compares well with the highly-basic
character of the bacterial ribosome-assembly protein S4
and the S4 protein of chloroplasts (Subramanian et al.
1983). An internal fragment of the rps4 gene hybridized
to a 1.9-kb RNA (data not shown). The Aszasia rps4 gene
is upstream of the rDNA repeats on the same strand,
whereas it is downstream from the rRNA operons and on
the opposite strand in Euglena (Hallick et al. 1993).

Open reading frames (ORFs)

Chloroplast genes that code for proteins of unknown func-
tion (ORFs), and are conserved in more than one organ-
ism are now designated with the gene prefix “ycf ”. Of the
genes ycfl —ycfI2 occurring in land plants, none have yet
been detected in Astasia. In Euglena, ycf4, ycf8, ycf9, and
vef12 were found (Hallick et al. 1993). The gene locus
ycfl3 is present exclusively in Euglena (orf458; Mon-
tandon et al. 1986) and Astasia (orf456; Siemeister et al.
1990 a). In addition, we detected an ORF coding for 170
amino acids that is a homologue to Euglena orfl161 (from
nucleotide position 71685 to 71200). This locus is now
designated ycfi4.

Several ORFs are found only on Astasia ptDNA (Ta-
ble 1). In the three large ORFs, designated orf167, orf211,
and orf559, codons which end in T or A are used with much
higher frequency than those ending in C or G. A similar



bias occurs in tufA, rbcL, the ribosomal protein genes, and
yef13 in Astasia (unpublished data). This striking prefer-
ence for T and A in the third position of codons reflects
the extremely AT-rich composition of the Astasia ptDNA
and has been documented also for a number of chloroplast
genes in Euglena (see Hallick and Buetow 1989). The
amino-acid sequence deduced from the hypothetical pro-
tein gene orf559 shows a relatively high proportion of
acidic residues (21%) and contains two direct repeats (66%
identical residues) each of 39 amino acids that have a hy-
drophobic character. Transcripts (2.2 kband 1.7 kbin size)
of the hypothetical protein gene o7f559 were detected (data
not shown). The size of the larger transcript suggests that
it might be a cotranscript of orf559 and at least one of the
flanking tRNA genes (trnV, trnl) since the maximum size
of a monocistronic orf559 transcript should not exceed
2004 bp. Cotranscription in vivo of a gene encoding a pro-
tein and a tRNA gene has been reported for chloroplasts
(Christopher and Hallick 1990).

Raison d’étre of the Astasia ptDNA

It is not yet known whether Astasia lacks any components
for plastid gene expression since the complete sequence is
not available for the Astasia ptDNA. Complete sequenc-
ing of Epifagus ptDNA has demonstrated the loss of all
chloroplast-encoded RNA polymerase genes and of many
tRNA and ribosomal protein genes in this nonphotosyn-
thetic parasitic plant (Wolfe et al. 1992). Since the Epifa-
gus plastid genome is active (De Pamphilis and Palmer
1990; S. Ems and J. D. Palmer, unpublished data) nuclear
gene products must compensate for some gene losses by
means of previously unsuspected import mechanisms that
may operate in all plastids (Wolfe et al. 1992).

Since the genes for photosynthetic functions — except
rbeL — were found to be deleted in a highly specific man-
ner from Astasia ptDNA, the genetic apparatus of the As-
tasia plastid genome must be maintained to express at least
one protein with a nonphotosynthetic function. A merely
selfish conservation of this genome does not appear to be
sufficiently plausible, at Ieast not at this high degree of
conservation, if it were not needed for the synthesis of
some gene product(s) that is (are) essential for a hetero-
trophic protist phylogenetically derived from photoauto-
trophic Euglena. By assuming that none of the proteins of
the gene-expression apparatus have an unrecognized non-
genetic function, there are a small number of genes in As-
tasia ptDNA that are candidates for being the raison d’étre
of the genome and its translational apparatus. (1) Astasia
has retained and expresses the Rubisco subunit gene rbcL
(Siemeister and Hachtel 1990a) but it is not yet known
whether the small subunit of Rubisco is synthesized in As-
tasia and whether a functional Rubisco holoenzyme is as-
sembled. If it is, one may speculate as to whether the oxy-
genase activity is vital for the synthesis of glycine and se-
rine via the photorespiratory pathway. (2) Since ycf13 is
encoded within a group-IIT twintron in Euglena (it is not
intron-encoded in Astasia), and the plastid genes of Asta-
sig can contain group-1II introns, the ycfl3 gene product
may be required for group-III intron excision in both Eu-
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glena and Astasia (Hallick et al. 1993). (3) In addition, As-
tasia has some large ORFs that are absent in Euglena and
do not show significant similarity with any plastid gene
(Table 1). Transcripts of one of these ORFs (orf3559) have
been detected.

A similar situation to Astasia is that of the nonphoto-
synthetic parasitic flowering plant, E. virginiana, whose
70-kb plastid genome is completely sequenced and lacks
all genes for photosynthesis present in the chloroplast ge-
nomes of green plants (Wolfe et al. 1992). One clearly im-
portant difference in Epifagus as compared to Astasia is
that the parasite has not retained the rbcL gene. Con-
versely, homologues of clpP, accD, orfl738, and orf2216
encoded by Epifagus ptDNA have not been found in As-
tasia or Euglena. clpP encodes the plastid homologue of
the proteolytic subunit of the ATP-dependent Clp protease
of E. coli, and accD encodes the plastid homologue of the
J3 subunit of the carboxyltransferase component of E. coli
acetyl-CoA carboxylase, whereas the functions of the two
largest genes (orf1738 and orf2216) are unknown. Given
all these gene content differences, the primary function(s)
of the Epifagus plastid genome is probably different from
that of Astasia.
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