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Abstract 

Expression of the vestigial plastid genome of the nonphotosynthetic, parasitic flowering plant Epifagus 
virginiana was examined by northern analysis and by characterization of cDNAs. Probes for each of 12 
plastid genes tested hybridized to all lanes of northern blots containing total RNA prepared from stems 
and fruits of Epifagus and from leaves of tobacco. Certain transcript patterns in Epifagus plastids are 
highly complex and similar to those of tobacco operons. In contrast, genes such as rps2, which have 
become orphaned in Epifagus as a result of evolutionary loss of formerly cotranscribed genes, show 
simpler transcript patterns in Epifagus than in tobacco. Sizing and sequencing of cDNAs generated by 
reverse transcriptase-PCR for three genes, rpsl2, rpl2, and clpP, show that their transcripts are prop- 
erly cis- and/or trans-spliced at the same five group II intron insertion sites used in photosynthetic plants. 
A single, conventional C ~ U  edit in rpsl2 was found among the total of 1401 nucleotides of cDNA 
sequence that was determined for the three genes. An octanucleotide sequence identical to a putative 
guide RNA of plant organelles and perfectly complementary to the rpsl2 edit site itself was identified 
just 200 bp upstream of the edit site. These data, together with previous results from the complete se- 
quencing of the Epifagus plastid genome, provide compelling evidence that this degenerate genome is 
nonetheless expressed and functional. Analysis of the putative maturase MatK, encoded by the group 
II intron of trnK in photosynthetic land plants but by a freestanding gene in Epifagus, leads us to hy- 
pothesize that it acts 'in trans' to assist the splicing of group II introns other than the one in which it 
is normally encoded. 

Introduction 

Complete sequencing of the 70 kb plastid genome 
of the nonphotosynthetic, parasitic flowering 

plant Epifagus virginiana (beechdrops; Oroban- 
chaceae) has shown that it contains only 42 intact 
genes [27, 41-44], compared to 113 plastid genes 
in tobacco, its closest, fully sequenced photosyn- 
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thetic relative [32, 34, 40]. Although at least 38 of 
the 42 Epifagus plastid genes specify components 
of the gene expression apparatus, all four nor- 
mally plastid-encoded RNA polymerase genes are 
missing or defunct, implying that plastid tran- 
scription in Epifagus is entirely dependent on a 
nuclear-encoded polymerase [27, 41 ]. All but one 
of these 38 gene expression genes encode com- 
ponents of the plastid translational apparatus. 
However, many plastid tRNA and ribosomal 
protein genes have also been lost from the Epifa- 
gus genome, again implying surprising reliance on 
nuclear gene products [27, 42]. Functions are 
known for only two of the four nongenetic genes 
in Epifagus, clpP (encoding a protease subunit) 
and accD (encoding a subunit of acetyl-CoA car- 
boxylase). 

Surprisingly, the one nontranslational gene 
thought to be involved in gene expression, which 
we previously named 'matK', is a freestanding 
gene in Epifagus [41]. In contrast, in all examined 
photosynthetic land plants matK is contained 
within the group II intron of the tRNA-lysine 
(UUU)  gene (trnK) and is thought to encode a 
'maturase', or splicing factor, that assists in the 
splicing of the intron in which it residues [2, 3, 11, 
21, 28, 31, 33, 37, 38]. In particular, Mohr etal. 
[26] have shown that all matK genes contain a 
ca. 100 amino acid domain (termed domain 'X') 
that is present in virtually all group II intron mat- 
urases. We [41] and others [8, 22, 26] have sug- 
gested that, uniquely among group II maturases, 
the matK product (MatK) assists splicing of mul- 
tiple, distantly related group II introns. 

Molecular evolutionary evidence suggests that 
the Epifagus plastid genome is expressed and 
functional [41]. First, deletions are highly non- 
random; for example, 95 ~o of photosynthetic se- 
quences have been deleted, whereas only 20~o of 
ribosomal protein sequences and none of the ri- 
bosomal RNA sequences are missing. Second, 
whereas 71 genes are entirely or largely deleted, 
many of the 42 remaining intact genes are so large 
(e.g., 2216 and 1738 codons) that their mainte- 
nance must result from selection for their contin- 
ued function. 

While the evolutionary arguments in favor of 

plastid genome function in Epifagus are strong, 
evidence in the form of detectable gene products 
is minimal. Thus far, this consists of a single 
northern blot of Epifagus total RNA, to which a 
probe for the 16S rRNA gene from tobacco chlo- 
roplasts hybridized to transcripts of 1.5 kb (in- 
terpreted as plastid 16S rRNA) and 1.8 kb (in- 
terpreted as cross-hybridization to mitochondrial 
18S rRNA) [4]. A major goal of the present study 
is to remedy this situation by determining whether 
or not transcripts can be detected from a signif- 
icant number of Epifagus plastid genes. A second 
goal is to examine the pattern of plastid tran- 
scripts in Epifagus, and to make direct compari- 
sons to tobacco, in order to investigate the effects 
of the many gene and promoter deletions [41] on 
the expression of plastid operons of varying com- 
plexity. A final goal is to determine whether group 
II introns are properly spliced in Epifagus plastids 
and to relate this to the putative maturase activ- 
ity of its freestanding matK gene. 

Materials and methods 

Above-ground stems and fruits of mature plants 
of Epifagus virginiana were collected from loca- 
tions in Michigan, Indiana and Tennessee. Leaves 
of tobacco (Nicotiana tabacum) were harvested 
from greenhouse-grown plants. Field-collected 
plants were frozen in liquid nitrogen upon collec- 
tion and stored at -70 °C prior to nucleic acid 
isolation. Total DNA was isolated using the 
modified CTAB method of Doyle and Doyle [5 ]. 
Total RNA was isolated either as described pre- 
viously [4] or according to the following proce- 
dure. Frozen tissue (5-7 g) is ground in liquid 
nitrogen using a chilled mortar and pestle, and 
then placed in a -70 ° C freezer for 5 min to drive 
offthe liquid nitrogen. The frozen powder is added 
to a hot (60 °C) phenol emulsion [10 ml phenol 
plus 12 ml extraction buffer (100 mM Tris pH 8.0, 
2 0 m M  EDTA, 0 .4~  SDS, 0.5 M NaC1, 0 .1~  
2-mercaptoethanol)] and stirred at 60 °C for 
5 min. Ten ml of chloroform/isobutanol (24:1) is 
added, and stirring is continued for another 5 min. 
The solution is centrifuged in an RNase-free tube 



at 10000 r.p.m, for 10 min at room temperature, 
and the aqueous phase is transferred to a new 
centrifuge tube containing 10 ml of chloroform/ 
isobutanol (24:1). The solution is mixed well and 
then centrifuged as above. The aqueous phase is 
adjusted to 2 M NH4 OAc and precipitated with 
1 volume of isopropanol at room temperature for 
15 min. The precipitate is collected by centrifuga- 
tion, washed twice with 70~  ethanol, dried, and 
resuspended in 0.8 ml of DEPC-treated dHzO. 

RNA samples were denatured with glyoxyl and 
dimethyl sulfoxide and electrophoresed in 1.4~o 
agarose gels (using a Jordan Scientific recirculat- 
ing gel apparatus) according to the procedure of 
Sambrook et al. [30]. RNA was transferred from 
gels to MagnaGraph nylon filters using a Strat- 
agene Posiblotter. Filters were UV-crosslinked 
for 23 s using a DNA transfer lamp from Photo- 
dyne and baked at 80 °C for 1 h. Hybridization 
probes were made by random-prime labeling [30] 
with 32p-dATP. Filters were prehybridized for 
4-16 h and hybridized overnight in 1 M NaC1, 
1~o SDS at 60 °C. Filters were washed in 2 x 
SSC, 5~o SDS two times for 5 min at room tem- 
perature and then three times for 30 min at 60 ° C. 
Filters were stripped of probe by two 5 min boil- 
ing washes with 0.1 x SSC, 0.1~o SDS, 0.2 M 
Tris-HC1. 

PCR reactions were carried out using Taq 
polymerase from Promega, dNTPs from Pharma- 
cia, and the following pairs of primers: for rpl2 the 
5' primer sequence was ATGGCGATACATT- 
TATACAAAACTTCTAC [primer coordinates, 
according to the Epifagus coordinate system 
([41]; also see GenBank accession number 
M81884) are 21406-21378] and the 3' primer 
was AGCCAACGCTTAGATCCGGCTCTA- 
CC (coordinates 20 111-20 136); for rps12 the 5' 
primer was AAAAAGACAGCCAA(AT)C(CA) 
(12 833-12 817) and the 3' primer was ATAAG- 
GGCTAAAATCAC (31297-31 313); for 5' clpP 
the 5' primer was ATGCCTATTGGTGTNCC- 
NAA (14802-14783) and the 3' primer was 
AAAGATCCCATTG(AT)NGCNGC (13 844- 
13 863); for 3' clpP the 5' primer was CTATAT- 
CTCAGTAT(AT)GA(AG)GA (14 004-13 985) 
and the 3' primer was CATAAAAACAT- 
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C(AG)CT(AG)TCCAT (13055-13075). Reac- 
tion volumes and conditions varied depending on 
use of thermocyclers from either Perkin Elmer 
Cetus or Idaho Technology. Some reverse- 
transcriptase-PCR (RT-PCR) reactions were 
performed using the Perkin Elmer Cetus Gene- 
Amp RNA PCR kit. In general, the reverse tran- 
scription step consisted of incubations at 42 °C 
for 15 min, 99 °C for 5 min, and 5 °C for 25 min, 
while PCR consisted of 30 cycles of 95 °C for 
1 min, 50 °C for 1 min, and 72 °C for 2min. 
RNase (RNace-It) and DNase I (RNase-free) 
were from Stratagene. PCR products were ana- 
lyzed on 2~o NuSieve (FMC)/I~o agarose gels 
and sequenced directly by standard methodology. 

Results 

Transcript patterns in Epifagus plastids 

Northern blot analyses were carried out for 12 
Epifagus plastid genes to determine whether these 
genes are expressed, to evaluate the complexity of 
their transcript patterns, and to make compari- 
sons to the situation in tobacco, its closest rela- 
tive among well-studied photosynthetic plants. All 
hybridizations were carried out against filters 
containing total RNA from stems and fruits of 
Epifagus and from green leaves of tobacco (e.g. 
Fig. 1). Preliminary experiments [4] showed that, 
for most genes, these Epifagus organs contain only 
about one-fiftieth as much plastid RNA as a pro- 
portion of total cellular RNA as do tobacco 
leaves. Hence, to obtain similar signals across 
lanes, we loaded 5 #g of each Epifagus RNA but 
only 0.1 #g of tobacco RNA. 

Probes for all 12 Epifagus genes tested hybrid- 
ized to one or more discrete transcripts, suggest- 
ing that they are all transcribed. These genes in- 
clude all four rRNA genes (23S, 16S, 5S, 4.5S), 
four ribosomal protein genes (rpl2, rps2, rps12, 
rps14), two large ORFs (0RF2216, 0RF1738), 
accD, and clpP. The 12 genes can be roughly 
grouped into three classes according to the com- 
plexity of their transcript patterns in Epifagus and 
the similarity of these pattems between Epifagus 
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Fig. 1. Northern blot analysis of plastid transcript patterns in Epifagus and tobacco. A 5/~g portion of total RNA from stems (st) 
and fruits (fr) of Epifagus (E) and 0.1/~g of total leaf RNA from tobacco (T) were electrophoresed in agarose gels, transferred to 
filters, and hybridized with PCR probes (see Fig. 2 for probe locations) specific for each of the four genes indicated below the 
hybridization panels. Transcript sizes (in kb) are based on the 0.24-9.5 kb RNA ladder of GIBCO BRL. The clpP and rps12 probes 
were hybridized successively to one filter, while the rpl2 and rps2 probes were hybridized to a different filter, made from a gel that 
had been run less far. 

and tobacco. The two large ORFs detected one 
or two large ( > 6 kb) transcripts of similar size in 
both species (data not shown). In contrast, two 
ribosomal protein genes (rps2, Fig. 1; rps14, data 
not shown) gave far simpler transcript patterns in 
Epifagus than in tobacco. The remaining eight 
genes all displayed generally similar and highly 
complex transcript patterns in both species. Ex- 
amples of these latter two classes of patterns are 
illustrated in Fig. 1 and described below. 

Transcript patterns for clpP and rps 12 

Throughout photosynthetic land plants, including 
tobacco, exon 1 of rps12 is located between clpP 
and rps20 and is thought or known to be cotrans- 
cribed with them (Fig. 2; [14, 15, 39]). Exons 2 
and 3 of rps12 are located in the large inverted 
repeat, far away from exon 1, and are instead 
cotranscribed with rps7 (Fig. 2). The mature 
mRNAs from each of these four genes are created 
by a complex series of events, including indepen- 
dent transcription of two small operons, tran- 
script clipping between coding regions, three cis- 

splicing events (of intron 2 of rpsl2 and of both 
introns of clpP), and the trans-splicing of intron 1 
of rps12 [10, 15-17, 45]. All four of these genes 
are retained as intact, conserved open reading 
frames in Epifagus ptDNA, and their organiza- 
tion is also conserved (Fig. 2; [41, 42]). Probes 
for two of the four genes (clpP and rps12) gave 
highly complex patterns of transcripts for both 
Epifagus and tobacco (Fig. 1). The clpP patterns 
are more similar between the two species, both 
qualitatively and quantitatively, than are the rps12 
patterns. The six most abundant clpP transcripts 
are of the same or similar sizes in the two species. 
The smallest of these, the putative monocistronic, 
fully spliced clpP m R N A  of 800-900 nucleotides 
(ClpP is 197 amino acids), is, by at least a factor 
of two, the most abundant transcript in both spe- 
cies. Relatively few of the many rps12 transcripts 
are of the same size in the two species, and even 
for these there are significant quantitative differ- 
ences. Thus, in tobacco there are two predomi- 
nant rps12 transcripts, of 1.6 kb (the putative 
'mature dicistronic rps12/rps7 mRNA';  [ 10]) and 
of 2.5 kb, whereas in Epifagus these are just two 
of a multitude of bands of roughly equal abun- 
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Fig. 2. Comparative organization in Epifagus and tobacco of three sets of genes whose expression is examined in Figs. 1 and 3. 
Filled boxes represent exons, open boxes show introns, and hatched boxes indicate pseudogenes. Angled lines between the Epifagus 
and tobacco maps connect homologs. Arrows indicate direction of transcription of genes thought to be contranscribed. The sizes 
of the four cis-spliced Epifagus introns whose splicing is examined in Fig. 3 are indicated in bp within the intron boxes. The two 
'halves' of the trans-spliced intron in Epifagus rps12 are indicated with an 'X'. The horizontal lines below the Epifagus maps in- 
dicate regions that were PCR-amplified to analyze plastid splicing (Fig. 3) and/or generate probes for northern hybridizations 
(Fig. 1). The vertical slashes at the ends of these lines indicate the positions of the PCR primers (see Materials and methods for 
primer coordinates and sequences). The numbers below these lines indicate the expected sizes of PCR products using either ge- 
nomic DNA as template (before the slashes) or cDNA as template (after the slashes). For rps2, only genomic PCR was done. The 
four underlined PCR product sizes indicate those products used as probes in Fig. 1. The dashed line and parentheses below rps12 
denote the fact that, since intron 1 of rps12 is trans-spliced, its flanking exons, as located in the same orientation, are 51,565 bp 
apart in the genome. Epifagus mapping data are from [41]; tobacco mapping and expression data are from [ 10, 17, 29, 32, 34, 
36, and 45]. 

dance. As expected for contranscribed genes 
(Fig. 2), clpP and rpsl2 hybridized to some of the 
same-sized larger bands, i.e., transcripts of 3.7 
and 3.0 kb (Fig. 1). 

These comparisons between species are com- 
plicated by the more subtle differences evident in 
transcript patterns between Epifagus RNAs made 
from stems and fruits (Fig. 1). The major clpP 
transcript in stems and fruits is 0.8 and 0.9 kb, 
respectively, while each tissue appears to contain 
a small amount of the other RNA species. These 
differences most  likely reflect organ-specific dif- 
ferences in the extent of clipping at the 5' and/or 
3' termini of the spliced, monocistronic clpP 
mRNA. In the case of rps12, certain transcripts 
appear to be uniquely present in either stems (0.7 
and 2.0 kb) or fruits (2.5, 3.1, 3.3 kb), while the 
other six or seven transcripts appear to be present 
in both organs. 

Transcript patterns for rp 12 

In most photosynthetic land plants, including to- 
bacco (Fig. 2), rp12 is part of a large (ca. 12 genes, 
ca. 8 kb) operon of mostly ribosomal protein 
genes [7, 14, 34, 36]. This gene cluster is reduced 
in size by about 1.5 kb in Epifagus as the result of 
the deletion of part or all of four of these genes 
(Fig. 2). As expected, both Epifagus and tobacco 
show complex transcript patterns for rp12, which 
also contains a single intron of about 660 bp in 
both species. As with rps12, certain rpl2 tran- 
scripts (of 1.5, 1.9, and 3.1 kb) predominate in 
tobacco, whereas all rpl2 transcripts are of 
roughly equal abundance in Epifagus. Compared 
to transcript levels for the same gene in tobacco, 
rp12 is notably less highly expressed in Epifagus 
than are any of the other genes examined (Fig. 1 
and data not shown). In spite of these quantita- 
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tive differences, several rpl2 transcripts (1.5- 
3.1 kb in size) appear to be the same size in Epi- 
fagus and tobacco. 

Transcript patterns for rps2 

In striking contrast to clpP, rpsl2 and rpl2, and 
to the four ribosomal RNA genes, which also 
show similarly complex transcript patterns in both 
species (data not shown), the rps2 transcript pat- 
tern is much simpler in Epifagus than in tobacco 
(Fig. 1). In Epifagus, there is a major rps2 tran- 
script of 1.9 kb, a few smaller transcripts, and no 
larger ones. In tobacco, however, there are many 
rps2 transcripts, most of which are larger than 
2 kb in size. This difference in transcript com- 
plexity is an expected consequence of gene loss in 
Epifagus ptDNA. In photosynthetic plants, rps2, 
including tobacco (Fig. 2), is upstream of, and 
cotranscribed with, a cluster of four ATPase genes 
(atpI, atpH, atpF, and atpA; [ 12, 29]), one of which 
contains an intron. The first three of these genes 
are completely absent from Epifagus ptDNA, 
while only a short remnant of atpA is present 
(Fig. 2). 

Splicing and editing of Epifagus plastid transcripts 

To investigate potential splicing and editing of 
Epifagus plastid transcripts, cDNAs generated 
from three genes that contain five of the six sur- 
viving Epifagus plastid introns were analyzed by 
sizing and sequencing, cDNAs were made by re- 
verse transcription using the 3' primers given in 
Materials and methods, followed by PCR ampli- 
fication using the same 3' primers in combination 
with the indicated 5' primers (primer locations 
are shown in Fig. 2). Three cDNAs were designed 
to contain a single intron insertion site (for the 
single rpl2 intron, and for each of the two clpP 
introns), while the rps12 cDNA was designed to 
encompass the positions of both its cis- and trans- 
spliced introns. 

Agarose gel analysis shows that the predomi- 
nant products from RT-PCR of RNA templates 
(Fig. 3, lanes 3, 4) are smaller than those from 
DNA templates (Fig. 3, lanes 1, 2) by amounts 
corresponding precisely to the sizes of the rel- 
evant introns (cf. Figs. 2 and 3). For example, the 
major cDNA product for rpl2 is about 640 bp 
(Fig. 3, lanes 3, 4), essentially as expected for a 
spliced transcript (expected size 635 bp; Fig. 2), 

Fig. 3. PCR analysis of three intron-containing plastid genes and their transcripts. Primer pairs (see Fig. 2 and Materials and 
methods for primer locations and sequences) flanking either the single intron in rpl2, both the cis- and trans-spliced introns in rps12, 
or the first (5') or second (3') intron in clpP were used in PCR amplification of Epifagus total DNA (lanes 1, 2 and 6), total RNA 
(lanes 3, 4, 7 and 8), or no template (lane 5). Taq polymerase was included in all reactions, whereas a prior reverse transcription 
step was done for lanes 3, 4 and 8. Lanes 2, 6 and 8 contained RNAase, and lanes 4, 6 and 8 contained DNAase. Sizes (in bp) 
are shown for some of the bands from the 123 bp size ladder (lanes marked 'M') from GIBCO BRL. 



and smaller than the major genomic product of 
about 1300 bp (Fig. 3, lanes 1, 2; expected size = 
1296 bp) by 661 bp, the predicted length of its 
intron. Similar results hold for the 5' and 3' clpP 
amplifications. For rps12, the major cDNA prod- 
uct, of about 360 bp (Fig. 3, lanes 3, 4), again 
corresponds well to the size expected for the 
spliced gene product (359 bp). The genomic am- 
plifications (Fig. 3, lanes 1, 2), on the other hand, 
yielded a large array of presumably nonspecific 
products owing to the trans-spliced organization 
of its first intron. 

In general, the control lanes show that there is 
no template activity in the reverse transcriptase 
and PCR reagents (Fig. 3, lanes 5), that produc- 
tion of the DNA-template products of lanes 1 and 
2 is DNase-sensitive (lanes 6), and that produc- 
tion of the RNA-template products of lanes 3 and 
4 is either reverse transcriptase-dependent (lanes 
7) or RNase-sensitive (lanes 8). In addition, lanes 
2 show that production of the DNA°template 
products is RNase-resistant, and lanes 4 that pro- 
duction of the RNA-template products is DNase- 
resistant. The appearance of an 840 bp band in 
the negative control lanes 5 and 6 for rpsl2 is, 
however, unexpected and inexplicable. Overall, 
these experiments lead us to conclude that signif- 
icant levels of spliced RNA products are present 
for all three genes. 

The four cDNA PCR products shown in Fig. 3 
were completely sequenced directly, without clon- 
ing (data not shown). Comparison to the genomic 
sequences [41] establishes that the five group II 
introns of these three genes are located and 
spliced out at exactly the same positions as in the 
homologous genes of tobacco and other exam- 
ined land plants [25, 34]. Genomic and eDNA 
exon sequences were identical for the regions 
compared in rpl2 and clpP. However, a single 
difference, indicative of RNA editing, was found 
for rpsl2. Coding region position 221 is C in the 
Epifagus plastid genome, but T in the correspond- 
ing eDNA. This difference was observed, without 
any evidence of partial editing (i.e., all of the 
cDNA PCR products gave homogeneous se- 
quencing ladders), in all five preparations of Epi- 
fagus RNA and DNA analysed from the same 
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plants collected from five locations in Indiana, 
Michigan and Tennessee. We thus conclude that 
most or all Epifagus rps12 transcripts, or at least 
the spliced ones, have undergone a C ~ U  editing 
event. This edit changes codon 74 from TCA 
(serine) in the gene to UUA (leucine) in the 
mRNA. Overall, then, only a single edit was found 
among the total of 1401 bp of cDNA sequence 
determined for these three genes (this total is the 
sum of the nine cDNA exon lengths reported in 
Table 1, minus the overlap in clpP exon 2 between 
the 5' and 3' clpP cDNAs, and minus the PCR 
primers). 

Discussion 

General aspects of Epifagus plastid genome expres- 
sion 

The results presented in this paper firmly support 
our previous conclusion, based on molecular evo- 
lutionary evidence (see Introduction and [41]), 
that the highly reduced plastid genome of the non- 
photosynthetic parasite Epifagus virginia is none- 
theless a functional, expressed genome. All 12 
Epifagus plastid genes examined are transcribed 
by the criterion of detection of stable RNAs in 
northern blot experiments using gene-specific 
probes. Moreover, eight of the genes display com- 
plex transcript patterns reminiscient of those 
found for the same genes in tobacco and other 
photosynthetic plants. This indicates that similar 
processes of transcription initiation and termina- 
tion from multiple sites, transcript trimming and 
clipping, and cis- and trans-splicing occur in plas- 
tids of photosynthetic and permanently nonpho- 
tosynthetic plants. Direct evidence that splicing 
occurs in Epifagus plastids was obtained by siz- 
ing and sequencing cDNAs made by reverse 
transcriptase-based PCR. These experiments es- 
tablish that all five examined introns (out of six 
total in Epifagus ptDNA) are spliced effectively 
in vivo. Finally, comparison of these cDNA se- 
quences with published genomic sequences [41] 
reveals that RNA editing, a low-frequency but 
characteristic process of plastids in photosyn- 
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thetic plants [ 18], occurs at similarly low levels in 
Epifagus plastids. 

Overall, then, we conclude that the Epifagus 
genome is indeed transcribed, and that its tran- 
scripts are subject to the entire gamut of post- 
transcriptional processing events that are well 
characterized in photosynthetic plastids. The ex- 
istence of such plastid-characteristic transcript 
patterns and processing events (e.g., group II in- 
tron splicing and RNA editing), together with the 
identity of the cDNAs to published plastid gene 
sequences, rules out the formal possibility that the 
highly reduced plastid genome in Epifagus is ac- 
tually defunct and that the transcripts detected 
are instead the products of chloroplast genes 
transferred to the nucleus. Although we have not 
formally demonstrated expression of the Epifagus 
plastid genome at the level of translation, we feel 
this is a moot point. In our view, the molecular 
evolutionary evidence - the specific retention of 
a distinct subset of intact plastid genes (some 
quite large) against a background of deletion of 
most genes [41] - taken together with the evi- 
dence presented here for transcription and proper 
post-transcriptional processing of these retained 
genes, makes it a foregone conclusion that these 
transcripts are translated into functional plastid 
polypeptides. 

Although seven of the nine genes examined that 
show complex transcript pattems in tobacco also 
show complex patterns in Epifagus, in most cases 
significant qualitative and quantitative differences 
were observed between the two species using the 
same gene probe. In other words, the case ofclpP, 
in which both species show the same-sized pre- 
dominant transcript, as well as several minor, 
higher-molecular-weight transcripts of the same 
or similar sizes, is unusual (Fig. 1). For rps12 and 
rpl2 (Fig. 1), there are fewer comigrating tran- 
scripts in tobacco and Epifagus, and in both cases 
processing appears to be less efficient in Epifagus, 
as reflected by a higher proportion of larger to 
smaller transcripts in the parasite than in tobacco 
leaf chloroplasts. This last difference may relate 
more to developmental than evolutionary factors, 
as it has been shown in maize, for example, that 
for most plastid genes the ratio of unspliced to 

spliced transcripts is much higher in nonphoto- 
synthetic tissues (meristems and roots) than in 
green leaves [ 1 ]. In this respect, it is important to 
emphasize that the cDNA analyses shown in 
Fig. 3 should not be interpreted quantitatively, 
i.e., they should not be taken to mean that most 
or all of the transcripts from these three intron- 
containing genes have been spliced. This is be- 
cause the much smaller spliced transcripts would 
be expected to out-compete any unspliced tran- 
scripts in both the reverse transcription and 
PCR-amplification reactions used to generate the 
cDNAs. Accurate measurement of amounts of 
spliced and unspliced transcripts requires other 
approaches, such as the S l-nuclease-protection 
assay used by Barkan [1]. 

Some of the qualitative differences seen in tran- 
script patterns between Epifagus and tobacco are, 
however, an expected consequence of their evo- 
lutionary divergence, namely, the extensive gene 
los s leading to reduction of transcription unit size 
in Epifagus. At the extreme, far simpler transcript 
patterns, lacking the abundance of multiple larger 
transcripts observed in tobacco, were seen for 
rps2 (Fig. 1) and rpsl4 (data not shown). For 
both genes, all other genes (four and two, respec- 
tively) with which they are cotranscribed in pho- 
tosynthetic plants are entirely or largely absent 
from Epifagus ptDNA (Fig. 2; [41]). Operon re- 
duction (from 12 genes in tobacco to eight in 
Epifagus; see Fig. 2) is also probably responsible 
for some of the less impressive differences ob- 
served in transcript patterns produced by the rpl2 
probe (Fig. 1). 

RNA editing in Epifagus plastids 

A total of 1401 nucleotides of cDNA sequence 
was determined in this study for the intron- 
containing genes rps12, rp12 and clpP. Compari- 
son to the corresponding published [41] plastid 
gene sequences revealed a single, conventional 
C ~ U  edit. A similarly low incidence of RNA 
editing has been observed in both photosynthetic 
and nonphotosynthetic tissues of photosynthetic 
plants (e.g., [ 19, 23]; reviewed in [ 18]). It is worth 



noting that several putative edits were initially 
observed in comparing cDNA and genomic se- 
quences from Epifagus, but further examination 
showed that all but one actually reflected popu- 
lation-level DNA variation. The bona fide rps12 
edit is the only difference that persisted when 
RNAs and DNAs were sequenced from the very 
same plant. This provides an important caution- 
ary lesson for all studies purporting to find evi- 
dence of RNA editing. The rps12 edit in Epifagus 
changes codon 74 from TCA (serine) to U U A  
(leucine). Plastid rps12 genes from 14 other di- 
verse land plants encode only leucine at this po- 
sition (J. Allen and J. Palmer, unpublished), im- 
plying that the rps12 edit observed in Epifagus 
evolved relatively recently. 

Curiously, the C residue that is edited in Epi- 
fagus rps12 is embedded in an octanucleotide se- 
quence (ATAATTCA) that is perfectly comple- 
mentary to part of one of several putative guide 
RNA consensus sequences identified in plastid 
and plant mitochondrial genomes by Maier et aL 
[24]. Furthermore, about 200 bp upstream of this 
edit site, located within intron 1 of rps12, is a 
perfect inverted repeat (TGAATTAT) of the edit- 
octanucleotide sequence. It is tempting to specu- 
late that, prior to splicing, an intramolecular 8-bp 
stem forms between the edit site and its intronic 
complement, and that formation of this second- 
ary structure in the rps12 transcript guides the 
editing apparatus to this site. 

That RNA editing is very rare in the three genes 
examined in this study, and probably in the Epi- 
fagus plastid genome as a whole, may be of some 
functional importance relative to two previous 
observations regarding the Epifagus plastid ge- 
nome. First, inferences that virtually all Epifagus 
plastid gene products have faster rates of 
sequence evolution than those of photosynthetic 
plants [27, 41, 42, 44] are supported by the obser- 
vation that RNA editing is infrequent and thus 
unlikely to 'correct' extensively modified gene se- 
quences. Second, Epifagus plastid DNA encodes 
a grossly incomplete set of tRNA genes, but the 
choice of codons in Epifagus plastid proteins sug- 
gests full availability of all tRNAs [27, 42]. Mini- 
mal RNA editing for these three protein genes 
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decreases the likelihood that a full set of tRNAs 
could somehow be specified from the Epifagus 
plastid genome by post-transcriptional modifica- 
tion of its reduced set of tRNA genes and sup- 
ports our earlier hypothesis of extensive plastid 
import of cytoplasmic tRNAs [27, 42]. 

MatK and group H intron splicing in plastids 

We have shown that five of the six group II in- 
trons in Epifagus p tDNA are spliced properly (we 
have not examined the sixth, in rp116). These re- 
sults are significant in light of the curiously free- 
standing maturase gene, matK, present in Epifa- 
gus ptDNA. Although freestanding in Epifagus, 
matK is contained within the group II intron of 
trnK in all photosynthetic land plants (trnK is 
absent from Epifagus ptDNA). Mohr et al. [26] 
showed that MatK (the product of matK), al- 
though having lost most of the reverse tran- 
scriptase character of group II-encoded proteins, 
has retained a ca. 100 amino acid domain ('X') 
characteristic of nearly all group II maturases (i.e., 
splicing factors) and which they speculate binds 
to intron RNA. MatK protein was recently de- 
tected in potato chloroplasts [6] and has been 
shown to bind to trnK RNA [22]. Because matK 
is freestanding in Epifagus, we [41] and others [8, 
22, 26] have hypothesized that, unlike other group 
II maturases, MatK has the novel [20] property 
of assisting splicing of introns that are distantly 
related to the one in which it normally resides. 

To better understand the evolution and poten- 
tial functional divergence of MatK in Epifagus, we 
have analyzed its sequence relatedness to MatK 
proteins from photosynthetic plants. Epifagus 
MatK is unusually divergent in two ways. First, 
as shown in Fig. 4, it is considerably shorter (439 
amino acids) than all other MatK proteins (497- 
515 amino acids) due to an N-terminal trunca- 
tion. Second, as is true of virtually all Epifagus 
plastid gene products [41, 42], MatK is changing 
faster than normal in Epifagus. Epifagus and to- 
bacco are more closely related to each other than 
to any of the other species compared in Fig. 4, yet 
the amino acid identities between MatK of Epi- 
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Fig. 4. Unusual divergence of MatK in Epifagus. An alignment of MarK amino acid sequences from tobacco (tob [33]), Epifagus 
virginiana (Epi [41]), Sullivantia sullivantii (Sull [ 13]), pea [2], mustard (must [28]), barley (barl [3, 31 ]; GenBank accession number 
X64129), rice [11], Pinus contorta (pine [21]), and Marchantia polymorpha (Mar [38]) was first made using CLUSTAL [9] and 
then improved by eye. Dots represent identical amino acids; dashes represent gaps. The bracketed region is the ca. 100 amino 
acid long domain X, a putative RNA-binding domain common to almost all group II intron maturases [26]. The length of each 
protein is given in the first column following the alignment, followed by the percent amino acid identity (gaps excluded) to MatK 
from tobacco (second column) and Epifagus (third column). This alignment contains several adjustments compared to published 
inferences of the MatK start site. Completion [41 ] of the partial marK sequence of Morden et al. [27] reveals that the 439 amino 
acid long Epifagus MatK probably starts at a position 200 bp downstream from the tobacco start site; translation of the Epifagus 
sequence from the tobacco start site yields a stop codon 60 codons downstream of this ATG as a consequence of a short frameshift 
mutation in Epifagus. Although Mohr et al. [26] extended the inferred length of Epifagus MatK at 505 amino acids by postulat- 
ing an error in our published [41] matK sequence that would eliminate this frameshift, reinspection of our sequencing films con- 
firms the frameshift, and we therefore stand by our original inference that Epifagus MarK is 439 amino acids in length. In accor- 
dance with the proposal ofTsudzuki et aL [37], the reported [38] 370 amino acid MatK (see arrow) of Marchantia has been extended 
to 497 amino acids via introduction of an extra T in a run of 12 T's at positions 26, 745-26, 756. The published reading frames 
of the sequences from mustard [28] and rice [11 ] begin 22 and 31 codons, respectively, before the start sites proposed in Fig. 3. 
However, the nucleotide sequence of this region is mustard contains five frameshift insertions of 1, 2 or 5 bp relative to tobacco, 
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fagus and other angiosperms (e.g., Epifagus-pea, 
49 ~o) are much lower than between tobacco and 
the same plants (i.e., tobacco-pea, 67 ~o; see val- 
ues at end of Fig. 4). Despite its rapid sequence 
divergence and unusual N-terminal truncation, 
Epifagus MatK is nonetheless highly colinear with 
other plastid MatK proteins (Fig. 4). 

If MatK is indeed a maturase in Epifagus, then 
which of the six group II introns still present in 
its genome might it act on? Two fines of evidence 
suggest that the single group II intron in rpl2 is 
a good candidate for being a site of MatK action 
in Epifagus. First, Hess et al. [8] showed that the 
rpl2 intron is the only one of seven group II in- 
trons examined whose splicing is blocked in four 
different nuclear mutants of barley, each of which 
is severely deficient in its level of plastid ribo- 
somes. They concluded that a functioning plastid 
translational apparatus is necessary, most likely 
to produce MatK, in order for splicing of the rpl2 
intron to occur. Second, although still distantly 
related overall, the rpl2 intron is nonetheless the 
most closely related plastid intron in sequence to 
the intron in trnK (the host gene for matK in 
photosynthetic plants), based both on formal 
phylogenetic analysis (data not shown) and on 
the classification scheme of Michel et al. [25]. A 
second candidate for MatK-assisted splicing in 
Epifagus is the cis-spliced intron 2 of rpsl2, whose 
splicing has also been shown to be blocked in 
plastid ribosome-deficient mutants of barley 
(T. BOrner, W.R.  Hess and T. Htlebschmann, 
pers. comm.). Of the other four group II introns 
present in Epifagus, two (the trans-spliced intron 
1 ofrpsl2 and the single intron in rpll6) are spliced 
in the barley mutants (and are therefore probably 
not dependent on MatK for their splicing; [8], 
T. BOrner, W.R.  Hess and T. Htiebschmann, 
pers. comm.), while the two clpP introns could 
not be analyzed because they are absent from the 
barley clpP gene (S. Downie and J. Palmer, un- 
published). In summary, we suggest that there are 

two good candidates for MatK action in Epifa- 
gus: the single intron in rpl2 and the second intron 
in rpsl2. 
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