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Summary. The vestigial plastid genome of Epifa- 
gus virginiana (beechdrops), a nonphotosynthetic 
parasitic flowering plant, is functional but lacks six 
ribosomal protein and 13 tRNA genes found in the 
chloroplast DNAs of photosynthetic flowering 
plants. Import of nuclear gene products is hypoth- 
esized to compensate for many of these losses. 
Codon usage and amino acid usage patterns in Epi- 
fagus plastic genes have not been affected by the 
tRNA gene losses, though a small shift in the base 
composition of the whole genome (toward A + T - 
richness) is apparent. The ribosomal protein and 
tRNA genes that remain have had a high rate of 
molecular evolution, perhaps due to relaxation of 
constraints on the translational apparatus. Despite 
the compactness and extensive gene loss, one trans- 
lational gene (infA, encoding initiation factor I) that 
is a pseudogene in tobacco has been maintained in- 
tact in Epifagus. 
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Introduction 

Epifagus virginiana (beechdrops; family Oroban- 
chaceae) is a nongreen parasitic flowering plant that 

* Present  address:  Department of Genetics, University of Dub- 
lin, Trinity College, Dublin 2, Ireland 
? Present  address:  Department of Botany/H.E.B.P., University 
of Hawaii, Honolulu, HI 96822, USA 
Offprint requests  to: J.D. Palmer 

grows on the roots of beech trees. Epifagus is com- 
pletely nonphotosynthetic, deriving all its carbon 
from the host plant, but its tissues contain plastids 
visible by electron microscopy (Walsh et al. 1980). 
We have recently characterized the plastid genome 
of Epifagus, initially by filter hybridization using 
probes from tobacco chloroplast DNA (dePamphilis 
and Palmer 1990), and later by cloning and complete 
nucleotide sequencing (Wolfe, Morden, and 
Palmer, submitted). The genome is greatly reduced 
in size (70 kb as compared to 156 kb in tobacco; 
Shinozaki et al. 1986): all of the bioenergetic (pho- 
tosynthetic and chlororespiratory) genes normally 
present in chloroplast genomes have been deleted, 
though fragments of a few remain as pseudogenes 
(Fig. 1). Of the 42 intact genes in Epifagus plastid 
DNA (ptDNA), at least 38 encode components of 
the genetic apparatus (chiefly ribosomal proteins, 
rRNAs, and tRNAs), and the remaining four en- 
code proteins of largely unknown function. We 
have proposed that at least one of these four pro- 
teins must function in an unidentified nonphotosyn- 
thetic process that is the reason for the maintenance 
of the plastid genome (Wolfe et al., submitted). 

Direct evidence that the genome is functional has 
been obtained by northern blot detection of riboso- 
mal RNAs and protein gene transcripts and by se- 
quencing PCR products derived from spliced plastid 
transcripts (dePamphilis and Palmer 1990; Eros and 
Palmer, unpublished). The evolutionary arguments 
in favor of functionality are also strong: (1) despite 
the numerous and extensive deletions that have oc- 
curred, homologs of some large protein genes (two 
of which are -2,000 codons in size) present in chlo. 
roplast genomes are intact in Epifagus; and (2) the 



Fig. 1. Gene organization of the 
plastid genomes of Epifagus virginiana 
(Wolfe et al., submitted) and Nicotiana 
tabacum (modified from Shinozaki et 
al. 1986). The two circular maps are 
drawn to the same size rather than the 
same scale. The Epifagus genome 
contains an inverted repeat (IR) of 
22,735 bp that divides the rest of the 
genome into large single-copy (LSC; 
19,799 bp) and small single-copy (SSC; 
4,759 bp) regions. In Nicotiana, the IR 
is 25,339 bp, the LSC is 86,684 bp, and 
the SSC is 18,482 bp. Genes drawn 
inside the circles are transcribed 
clockwise, tRNA genes are identified in 
Epifagus by the one-letter amino acid 
code and their anticodon sequence, and 
in Nicotiana by "trn" followed by the 
one-letter code. Pseudogenes are 
marked "~". Asterisks indicate genes 
containing introns. The four genes in 
Epifagus that are not known to be 
involved in gene expression are shaded. 
Filled circles in the tobacco map 
indicate the 42 genes (38 of which 
encode translational components) that 
are retained in an intact form in 
Epifagus. 
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d i s t r ibu t ion  of  de le t ions  is heavi ly  skewed  so that  
mos t  t r ans l a t iona l  (i .e. ,  r i bosoma l  p ro te in ,  r R N A ,  
and  t R N A )  genes  are still p r e sen t  whe reas  n o n e  of  
the  40 p h o t o s y n t h e t i c  or ch lo ro r e sp i r a to ry  (ndh) 

genes  r e m a i n  in tac t  ( Mor de n  et al. 1991; Wolfe  et al. 
1992a,b and  submit ted) .  

Despi te  the compe l l ing  e v i d e n c e  that  the  g e n o m e  
is func t iona l ,  genes  for severa l  c o m p o n e n t s  of  the 



306 

gene-expression apparatus were found to be lacking 
from Epifagus ptDNA (Morden et al. 1991; Wolfe et 
al. 1992a,b and submitted). All four RNA polymer- 
ase subunit genes identified in tobacco ptDNA have 
been " los t"  (i.e., are deleted or are pseudogenes), 
as have six of the 21 ribosomal protein genes and 13 
of the 30 tRNA genes. In this paper we describe in 
detail the changes in the ribosomal protein and 
tRNA gene sets and discuss their implications for 
gene expression in Epifagus plastids. We show that 
the loss of tRNA genes has had no discernable im- 
pact on codon usage in the genome, and that minor 
changes in the amino acid composition of proteins 
are more probably due to drift in the genome's base 
composition than to natural selection. Phylogenetic 
analysis of retained ribosomal protein and tRNA 
sequences reveals consistently faster evolution in 
Epifagus than in tobacco, as was previously found 
for two ribosomal proteins (Morden et al. 1991) and 
the 16S and 23S rRNAs (Wolfe et al. 1992b). 

Materials and Methods 

A set of 24 overlapping plasmid clones spanning the Epifagus 
virginiana plastid genome was isolated from libraries of total 
genomic DNA by standard techniques, except that polymerase 
chain reaction (PCR) amplification of total DNA was used to 
close three small gaps between clones. Details of the clone bank 
will be given elsewhere. Clones covering the 47.3 kb of unique 
sequence were sequenced on both strands by the dideoxy chain- 
termination method. An overview of the sequence will be pre- 
sented elsewhere (Wolfe et al. submitted). The GenBank/EMBL/ 
DDBJ accession number is M81884. 

The infA gene in tobacco ptDNA was sequenced from two 
sources. First, the 640-bp SalI-11 fragment (positions 82117- 
82757, Shinozaki et al. 1986) that contains the whole gene was 
subcloned from pTBal (Sugiura et al. 1986) and completely se- 
quenced. Second, a 2.4-kb region spanning the infA locus was 
amplified by PCR from purified tobacco ptDNA (a gift from Dr. 
Claude dePamphilis) using primers based on sequences of the 
nearby genes rpll6 and rpsl 1. The PCR product was purified by 
agarose gel electrophoresis and digested with SalI. Two inde- 
pendent clones of the 640-bp fragment were partially sequenced 
in opposite directions on one strand each. The region of overlap 
includes the frameshift correction site and most of the infA cod- 
ing region, including the start codon. One PCR clone yielded 482 
bp of sequence identical to that from the pTBal subclone, but the 
other differed by three transition mutations in the 583-bp read. 
We attribute these differences to PCR artifacts. 

Phylogenetic trees used to examine rates of molecular evo- 
lution were constructed by parsimony analysis of amino acid or 
nucleotide sequences (PAUP; D. Swofford, Illinois Natural His- 
tory Survey). Branch lengths were estimated assuming acceler- 
ated character transformation (ACCTRAN). 

Results and Discussion 

Ribosomal Protein Genes 

The plastid genomes of tobacco and rice encode 21 
of the approximately 60 plastid ribosomal proteins, 

the remainder being nuclear-encoded (Fig. 1; Shi- 
nozaki et al. 1986; Hiratsuka et al. 1989; Yokoi et al. 
1990; Subramanian et al. 1991). Six of these 21 
genes are nonfunctional in Epifagus, as a result of 
either complete deletion (rpsl5, rpsl6, rp122, rpl32) 
or smaller mutations resulting in pseudogenes 
(rpll4, rpl23). The complement of ribosomal pro- 
teins varies somewhat among eubacteria (e.g., 
Isono and Isono 1976), so it is possible that the gene 
losses in Epifagus have been inconsequential. How- 
ever, based on inference from the tertiary structure 
of the Escherichia coli ribosome, protein S15 is ex- 
pected to be essential for ribosome assembly and is 
known to bind to 16s rRNA. [See Hill et al. (1990) 
and Harris et al. (1992).] Chloroplast ribosomal pro- 
tein L22 binds 5S rRNA and so may also be a cen- 
tral component of the ribosome (Toukifimpa et al. 
1989). It therefore seems unlikely that these two 
proteins are simply absent from Epifagus ribosomes 
and more probable that the losses are compensated 
for by nuclear gene products. Because the roles in 
E. coli of the homologs of the other four ribosomal 
proteins are poorly known (see Harris et al. 1992), 
little can be said about the consequences of their loss. 

The nucleus can compensate for the loss of a 
plastid ribosomal protein gene either by the physi- 
cal transfer of the gene to the nuclear genome or by 
functional substitution of a nuclear gene product for 
the missing plastid counterpart. Of the six riboso- 
mal protein genes lost in Epifagus, three have also 
been lost in some photosynthetic lineages, rpl22 is 
missing from legume ptDNA, and phylogenetic 
analysis of the pea nuclear gene for plastid L22 in- 
dicates that this gene originated by duplication of 
the plastid gene in an ancestor of flowering plants, 
long before its loss from legume ptDNA (Gantt et 
al. 1991). The same nuclear gene may therefore 
have underwritten subsequent independent losses 
of plastid genes in legumes and Epifagus. rpl23 is a 
pseudogene in ptDNA of the spinach family, and 
rpsl6 is absent from ptDNA in Marchantia (liver- 
wort) and probably some angiosperm species 
(Zurawski and Clegg 1987; Ohyama et al. 1986; 
Downie and Palmer 1992). Their independent loss 
from Epifagus suggests that these may also be cases 
of ancient gene duplications to the nucleus. To date, 
loss of rpsl5, rpll4, or rpl32 has not been reported 
in any other angiosperm ptDNA. (See Downie and 
Palmer 1992.) No clear examples of functional sub- 
stitution of a nuclear gene for a recently lost plastid 
gene have been reported, but this may have oc- 
curred in the case of rpl21 in angiosperms (Martin et 
al. 1990). Such substitution could involve nuclear 
genes for either cytoplasmic or mitochondrial pro- 
teins, and could occur via gene duplication (Tingey 
et al. 1988) or by means of a protein that functions 
in two cellular compartments (Surguchov 1987). 
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L2 93% A=17 B=2 C=6 D=20 E=71 
MAI HLYKTSTP S TRN GTVYSQVKSNP RKNL I YGQHH C GKGRNVR G I I TTRHRGGGHKRLYRKISF I RNEKYI YGRI I T I EYDPNRNAYI C LIHYGDGDKRYI LHPRGAI I GDTLVSGTEVP I I I GNALP LTDMP LGTAI H 

D N A A D R D V E I KM 

N I E I T L GKGGQLVRAAGAVAKL I AKEGK LATLK LP S G EVRL I S KN C S ATVGQVGNVGVNKKS LGRAGSKRW LGKRPWRGVVMNP I D HP H GGGEGRAP I G RKKF T T P W GYP A LGRRS R K INK Y S D NF I V RRRS K * 
A S Q V R L L 

L16 81% A=21 8=4 C=S 0=~0 E=22 
MLSPQKTRFRKQHRGRMKGISYRGNNICFGKYGLKALEPAWITPRQIEAGRRAITRKFRRGGKIWVRVFpDKPVTVRSSETBMGSGKGSHKYFVAVVKPGLILYEIGGVTENIAKRAILIAASK~MQTQFIISG* 

KR H H S A Q S M NA I L PA PEW R M R SL IR *- 

L20 77% A=~9 8=11 C=11 D=25 E=41 
MT~IKRGYIARRR1KKFRLFASSFLNAHSRLTRTITQQKIRALVSSDRDRNNKKRKFRSLWITRINAVIREEGVSYSYKNFIYAQYKIQLLINRKILAQIAILNRNFFYMIFNEIRKEADLKEYIRIN* 

RT I RG AH DR D R R SRL HDL R L S CL S I V W ST I 

1.33 85% A=8 B=2 C=7 D=9 E=20 
MAKSKDARVAVI LECTSCIRNSVNKVLTGI SRY ITQKNRRNTPNRLELRKFCPYCYKHMI HGE IKK* 

G V T V D SR H K T 

L36 92% A=3 B=0 C=1 O=2 E=4 
MKIRAS IRKI CEKCRLI CRRRRI IVICSNPRHKQRQG* 

V R G 

$2 86% A=26 B=8 C=15 D=31 E=60 
MT RRYWN I D LEEMI GAGVSFGHGTRK'WNP K/~ Y I S%q~HK G I HF T NLTKTARF L SEACD L%rF YAASRGKQF L IV D T KNKAADSAAWAA I KARC H CVNKKWP G GMLTNWS T T ETRLHK LRD L I ME QKAGR LNI~ LKKKDEAA 

N ME H AR I R D G VE R Y L F R T P RAM 

VKRQLARLQTYLGGIKYMTRLP DIVI IVDQHEEYKALHEC I T I GIP T I GLIDTNCDPDLAD I S IPANDDAI S S I RLI LNKLVFAI CEGRS GY I I KN I * 
L S GV T R L C T S -R P 

S3 75% A=36 8=18 C=20 D=36 E=72 
~GQKINPLGFRL~TTQSHHSFWFAQPKNYYKGIQEDQ~IRDFIKNYvKNNIIISPDTEGIAYIEIQKRIDFLKIMIFIGFKKFLIENRQLGIIKEALHIDLKKNFHYVNRKLIIDIIRITKPYRNPNILAEFIADQL~NR 

G L S SE L C QK MRT SGV R LIQVI M P L S PR -- E QTT Q E C N AVT A G G 

VSFRKTMKKAIELTESEDTKGIQVQISGRIDGKEIARVEWIREGRVPLQTIQAKINYCSYMVRTTHGVLGIKIWIFIEKE* 
A QA I A R D T IY LDE 

$4 77% A=37 B=9 C=8 D=27 E=44 
MSRYRG~SLKKIRRLGALPGLTNKRSKA~ND~IKKLRsDKKSQYRIRLEEKQKLRFNYGLRERQLRKYFSIAIKTRGSTGKVLMQLLEMRLDNIIFRLGMASTIPAARQLVNHRHVLVNGRIVDIPSYRCKSRDIIMARD 

RF KPRNGS LRNQS G H T L VR R AK Q L L I P T K 

EQQSNTFINNCINYSTHNRMEAPNHLTLLHPF--KGLVNQIIDSKWVGF~INELLVVEYYFRKT* 
K RAL QISLDS P E-- L - QY L S Q 

$7 91% A=14 B=0 C=6 D=17 E=33 
MSRRGTAEEKTAKpDP IYWNRLVNML%rNRILKHGKKSLAYQIIYRALKKIQQKTEKNPLYVLRQAIRGVTPDIAVIKARRVGGSTHQV~ IEIGSTQGKALAVRWLLVASKKRPGQNMAFKLSSELVDAAKGSGDAIRKKEE 

K S R V T S T I A R R 

THKMAEASRAFAHLR* 
R N F 

S8 84% A=16 8 = 6  C=15 D=16 E=43 
MGRDTILEIINSIRNADRGRKRV~IT~TNITENFVKILFIEGFIENARKHREKNKYYFTLTLRHRRNSKRPYINILNLKRISRPGLRIYSNSQQIP LILGGIGIVILYTSRGIMTDREARLKGIGGELLCYIW* 

A T MD A I Q LR V FLV R R Y R R M S E I 

S l l  83% A=16 B=7 C=5 D=25 E=25 
MAKAI P I T GS RRNVHVGS RKS SFR IQKGVI RVQTSF NNT I VAVTD I KGRWSWS SAG T C GF KGT RRGT S FAAQ IAAT NAI R I V--QGMQRAEVM I KGP G I G RDAVLRAI RG S GVL LTFVRDVTPMP HNGCRF P KK R RV * 

KIS GRI GAR p A T VR S P T A T VD L A R I 

$12 93% A=9 S=2 C=2 D=10 E=7 
MP T I K QL I R KKRQP N LNVT K SPALRGCPQRR G T C T RVY T I T P K KP N SALRKVARVRLTS G I E I TAY I P G I G HN S QE H S S VLVR G GRVKD L P GVRYH I I R GT LDAVGVKDRQQGRS K Y GVK I K NK ~ 

NT IR F L V V - P 

$14 90% A=9 B=1 C=7 D=6 E=21 
MARKSL IQREKGRLKLENKYHF IRRSSKNE I SKVP SLSDKWE IYGKLESPP RNSAP TRLRItRCFYTGRPRANYRDFGLCGHI LREMVNACLLP GATRS SW* 

K Q Q S K Q g L S H 

S18 84% A=9 8 = 6  C=8 D=14 E=21 
MY ....... KFERSFRRRLSP•GSGNL•YYRNMSL•SRFISEQGKILSRRVNRLTLKQQRLITIAIKQARILSLLPFINNEKQFERIESITRVKGFI--KK* 
DKSKRPFL P Q DR D L L T TA TT KARN 

$19 85% A=9 B=5 C=7 D=18 E=16 
MI HSP TLKKNLFVANHLRAK INKLNNKKKKE I IVTWSRAST I I p IMIGHMI S I HNGKEHLP I yI TDHMVGHKLGEFVP TLNFRGHAKSDNRSRR * 
TR -- P LK D T AE T T A S A 

Fig. 2. Deduced amino acid sequences of the 15 ribosomal pro- codons; dashes are gaps introduced to improve alignment. The 
teins encoded by Epifagus ptDNA. Differences in the homolo- numbers at A-E are branch lengths (numbers of amino acid re- 
gous tobacco sequences (Shinozaki et al. 1986) are indicated placements) in phylogenetic trees drawn for each protein, using 
below the Epifagus sequences, and the percentage of identical sequences from Epifagus, tobacco, rice, and Marchantia, as 
residues (gaps excluded) is shown. Asterisks indicate stop shown in Fig. 7a. 

The 15 r ibosomal  protein genes  that remain in 
Epifagus p t D N A  e n c o d e  prote ins  wi th  75-93% 
amino acid sequence  identity to tobacco ,  and very 
f ew  gaps are needed to align them (Fig. 2). A few 
aspects  o f  the al ignments are noteworthy .  The $3 
and $4 proteins are particularly divergent,  being the 

only sequences  that contain strings of  f ive or more  
c o n s e c u t i v e l y  m i s m a t c h e d  res idues .  $3 is a l so  
poorly  c o n s e r v e d  in rice,  w h e r e  an internal 15- 
amino-acid region has been  duplicated (Hiratsuka et 
al. 1989). Divergence  at the C-terminus of  S12 is 
due to a s ingle-nucleotide delet ion in Epifagus. The 
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~ tttttt~ttca~cctttgcatt~aaagaa~atattaa~aaa~attatactattcaactgtagatccactt .... tgtaattgagaacgtcag ......... atttatatgt Epi 

• g gg I g ....... ctc c t - gcg t ag g ggctcgaga g g I tob 

attctaatcatag--gctagtaatcgctgatatgctcatatttttgacgtg ............... aaagaagcagtaccaaa ............... atcagaagtagtaagagctttal 
g rob g ga c tc gg tattgttgctgtgatc c tatgcccctagaaag c ] Epl 

I attatttttatctgaaaa~aatttaaacgagattacggtattataatactatat~atgacaatgctgcagttgcgattgatccagaagtaaattaa--aaaagtaactataattttagg~] Epi 
g gcgg c t c c t ca g g g tt a g gga tc g co t I rob 

! 
gcaatcccaaaaaatttgaga~gattatattttaaataaatagttttattatctcccgaagtattatattatttatttatttttt~gtgatatctttgaattattgggaata 16979 Epi 

g ccggg a ga a eta c g g a~ ga a ........ c g ct g .... gg 83142 rob 

r"- ~ r p / 2 3  
21730 ggtaataaaatatatttatg•atggaataaaaaatgaagtatttacaga•aaaagtatt•t•ttattg••taaaaataaaaatatttataatgttgaatcaggat•aa•tag• gpi 
88548 g g cg J c t c g g c t c c c ) tob 

gacagaactaaagcattgggtcgaactcttctttgtttggt•tcaa-gtaatagctatgaatagccatagacttccggtaaattgttga ....... gacctattatgttatgggacatacl Epi 
a .... g t c g ga a agaatgg ..... ~ tob 

~aatacattacagacgtatgcgtatgatcattac~cttcaaccgggttattcta~tccacctcttagaaa~aaaagaacttaaatcaaaatacttaatagcatggc~atacat 21395 Epi 

L g ...... I aa 88220 tob 

Fig. 3. Nucleotide sequence alignments between Epifagus pseudogenes and tobacco genes at the rpll4 and rp123 loci. The complete 
Epifagus sequences are shown, below which are the differences in tobacco. Numbering refers to genomie coordinates (Wolfe et al,, 
submitted; Shinozaki et al. 1986). Arrows indicate tandem repeat insertions in the Epifagus genome. 

N-terminus of Epifagus S18 contains only one copy 
of the heptapeptide motif that is repeated two, six, 
and seven times in tobacco, rice, and maize, respec- 
tively (Wegloehner and Subramanian 1991). Epifa- 
gus rpsl9 conserves the GTG start codon found in 
most other species and, as described elsewhere 
(Morden, Wolfe, and Palmer, unpublished), in- 
cludes six nucleotides that are shared with the 3' 
end of a tRNA gene at the junction between the IR 
and the large single-copy (LSC) region. 

Pseudogenes of rp114 and rpl23 

The rpll4 and rpl23 pseudogenes are both full- 
length, in contrast to the truncation that has oc- 
curred at most of the other Epifagus pseudogene 
loci. The nucleotide sequences have identities of 
79% (rpll4) and 93% (rpl23) to tobacco. We have 
categorized them as pseudogenes on the basis of 
numerous frameshift mutations (Fig. 3). In t~rpll4 
there are two insertions and two deletions that re- 
sult in frameshifts, as well as three deletions that do 
not change the reading frame. Mutated sites in 
~rpll4 include the homologs of both the start and 
the stop codons used in tobacco. 

Frameshifts in t~rpl23 result from two insertions 
and two deletions; there is also a 6-bp insertion. All 
three of the insertions (4, 5, and 6 bp) result from 
direct tandem duplications (arrows in Fig. 3). 
Zurawski and Clegg (1987) have reported t~rpl23 se- 
quences from seven species in the Caryophyllidae, 
and these show a similar pattern of short insertions 
and deletions, many associated with tandem direct 
repeats. Since tobacco rpl23 is functional (Yokoi et 
al. 1991), the pseudogenes in Epifagus and the 
Caryophyllidae must have independent origins. Re- 
markably, however, the 5-bp tandem duplication 
(TTATG) in Epifagus t~rp123 is identical (both in 

site and in sequence) to a mutation in Kochia 
+rp123. In addition, a 14-bp deletion in spinach and 
four related species overlaps with the 4-bp insert 
and 1-bp deletion in Epifagus. This might indicate 
hotspots for length mutation or just be a coinci- 
dence. (Note that other length mutations in the 
Orp123 sequences do not occur at the same loca- 
tions.) The rpl23 locus in pea (Nagano et al. 1991) is 
interrupted by a 190-bp insertion flanked by 37-bp 
duplications of an internal region of the gene. Since 
the insert is close to the 3' end of rp123, and this 
region is poorly conserved among other species 
(Yokoi et al. 1991), it is unclear whether the pea 
gene is functional. 

The pattern of mutation in the Epifagus Orpll4 
and ~Jrpl23 sequences is quite biased. Out of a total 
of 87 nucleotide differences within the pseudogenes 
(Fig. 3), there are 58 positions where a G or C in 
tobacco corresponds to an A or T in Epifagus, 
whereas the converse occurs at only 12 sites (the 
remainder be ingA < > T o r G  < > Cchanges) .  
This is an expected consequence of loss of function 
in a plastid gene. Mutation pressure toward A + T- 
richness in functional plastid genes is normally 
counteracted by natural selection on amino acid se- 
quences, so that first and second positions of 
codons are more G + C-rich than are third posi- 
tions and intergenic regions (Osawa et al. 1988). 
Once selection on the gene product is removed the 
A + T content of a gene should increase. This ef- 
fect is exacerbated by the higher A + T content of 
the whole Epifagus plastid genome (Table 1). 

infA in Epifagus and Tobacco 

The plastid gene infA, encoding a homolog of trans- 
lational initiation factor 1 (IF1) from bacteria, was 
first descr ibed from spinach p tDNA (Sijben- 
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Table 1. Base composition in angiosperm plastid genomes 

Region G + C (%) Length (bp) Silent-site G + C (%)a No. of codons a 

Epifagus LSC 29.2 19,799 25.0 2805 
Epifagus SSC 22.7 4,759 17.5 1468 
Epifagus IR 40.3 22,735 33.2 3020 
Epifagus total b 33.9 47,293 27.7 7293 

Tobacco LSC 36.0 86,684 28.3 2945 
Tobacco SSC 32.1 18,482 27.5 1569 
Tobacco IR 43.2 25,339 35.5 3126 
Tobacco total b 36.8 130,505 31.3 7640 

Rice LSC c 37.1 80,592 30.0 2482 
Rice SSC d 33.4 12,335 - -  0 
Rice IR d'c 44.3 20,799 33.9 608 
Rice total b 38.0 113,726 30.9 3090 

a Only the 21 protein genes in Epifagus ptDNA (Wolfe et al., 
submitted) and their homologs in tobacco and rice are consid- 
ered. Silent-site G + C content is that at fourfold degenerate 
sites in codons 
b Totals include the IR only once 
c The rice LSC lacks a homolog of Epifagus orf493/tobacco 
off512 ("zfpA")  

d The rice SSC and IR lack a homolog of Epifagus orf1738/ 
tobacco orfl901 

The rice IR lacks a homolog of Epifagus orf2216/tobacco 
orf2280 

Mueller et al. 1986). This gene is also present in the 
plastid genomes of rice and Marchantia (Hiratsuka 
et al. 1989; Ohyama et al. 1986), but Shinozaki et al. 
(1986) reported that tobacco infA lacks a start 
codon and might be a pseudogene. Epifagus infA is 
intact, has 84% amino acid sequence identity to 
spinach infA, and is of identical length (77 codons). 
This is the only example of a gene that is apparently 
functional in Epifagus but not in tobacco, and runs 
counter to the general pattern of gene losses. 

Since there are no other known pseudogenes in 
tobacco ptDNA, and the possibility of a sequencing 
error cannot  be dismissed,  we confirmed the 
pseudogene status of tobacco infA by resequencing. 
We identified one error in the infA sequence of Shi- 
nozaki et al. (1986): GG reported at positions 
82453-82454 is in fact a single G, both in clone 
pTBal (Sugiura et al. 1986) and in independently 
cloned tobacco ptDNA. (See Materials and Meth- 
ods.) This correction removes a frameshift near the 
5' end of tobacco infA, keeping the tobacco and 
Epifagus sequences in register farther upstream 
than originally thought. However ,  tobacco still 
lacks a start codon as the result of an 11-nucleotide 
deletion that leaves a TAA stop codon in its place 
(Fig. 4). Another mutation at the position corre- 
sponding to the Epifagus stop codon extends the 
tobacco reading flame at the 3' end. The revised 
tobacco infA locus consists of 105 sense codons 
(positions 82493-82178) bounded by stop codons. 

A start codon might be created for tobacco infA 
by means of plastid RNA editing (Hoch et al. 1991; 
Kudla et al. 1992), but this cannot be achieved by 
the C ~ U editing mechanism reported because it 

~ a ~ 1 ~  • M K E Q K W I H E G L I T 
tagttgatacttcagggaggctttacctataatgaaagaacaaaaatggatccatgaaggtttaattact 
lliltlllll ill 1 1 llll Ill~II Illl III 1111111 lll~111111 
t agt tgat acct ca aagggact t I: ........... aagaaccaa aaaggag tca tgaagct t t a at t ac I~ 
to~Dao(~o * E P K R S H E A L I T 

Fig. 4. Comparison of Epifagus and tobacco sequences at the 
5' end of infA. Potential translations are shown. Dashes indicate 
an 11-nucleotide deletion in tobacco that results in a TAA stop 
codon (asterisk). 

would not overcome the TAA codon at the 5' end of 
the gene (Fig. 4). It seems a remarkable coincidence 
that the gene for IF1 should lack an initiation 
codon, especially since an unusual start codon 
(ATT) occurs in E. coli infC (encoding IF3) and is 
involved in its autoregulation. (See Butler et al. 
1987.) Tobacco infA is probably cotranscribed with 
the flanking ribosomal protein genes (Ohto et al. 
1988), so it is perhaps possible that it could be trans- 
lated, albeit by mechanisms not needed in other 
plants. 

The infA locus is clearly a pseudogene in Pelar- 
gonium hortorum (geranium; P.J. Calie and J.D. 
Palmer, unpublished data), which is an outgroup to 
Epifagus and tobacco. If tobacco infA is also non- 
functional and if IF1 is nuclear-encoded in tobacco 
and Pelargonium, two independent transfers or ac- 
tivations of genes may have occurred; otherwise 
there is no apparent reason why infA should have 
been maintained in Epifagus ptDNA. The possibil- 
ity that there is an active nuclear infA gene in all of 
these dicots and that the Epifagus and spinach plas- 
tid sequences are silent (i.e., "intact pseudogenes" 
similar to coxlI in soybean mitochondrial DNA; 
Nugent and Palmer 1991) is unlikely because the 
majority of nucleotide substitutions between the 
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Epifagus and spinach infA sequences are synony- 
mous. 

tRNA Genes and Pseudogenes 

Epifagus ptDNA completely lacks eight of the 30 
tRNA genes present in tobacco and rice (Shinozaki 
et al. 1986; Hiratsuka et al. 1989), and a further five 
tRNA loci are identified as pseudogenes (Figs. 1, 5, 
and 6). Distinguishing between intact tRNA genes 
and pseudogenes is not straightforward given their 
small size and the extent of variation seen in func- 
tional tRNAs (e.g., Okimoto and Wolstenholme 
1990). Four of the Epifagus tRNA pseudogenes 
contain multiple mutations, including insertions 
and/or deletions (Fig. 5). The fifth (+trnRccc; Mor- 
den et al. 1991) is more intact but has an abnormal 
D-loop sequence that lacks a pair of guanine resi- 
dues that are highly conserved among tRNA genes 
from all sources other than mitochondria (Sprinzl et 
al. 1989). 

The 17 tRNA genes regarded as intact (Fig. 5) 
have no deletions, though single-base insertions in 
three genes (trnScG A, trnWcca, and trnY~uA) oc- 
cur at positions where some length variation is tol- 
erable (Sprinzl et al. 1989). The stems of the 17 
predicted Epifagus tRNAs contain a total of 15 mis- 
matches as compared to only five in their tobacco 
homologs (Sugiura 1987). Four substitutions have 
occurred at quasi-invariant positions identified by 
Wakasugi et al. (1986) in their analysis of the to- 
bacco tRNA genes, but whether these are sufficient 
to make these tRNAs nonfunctional is not known. 
These substitutions are located in the D-stem of 
tRNA arg (ACG) and the acceptor stems of tRNA Phe 
(GAA) and tRNA ser (GCU) (Fig. 5). The two sub- 
stitutions in tRNA s~r (GCU) occur at opposing po- 
sitions in the acceptor stem, replacing a G:C pair 
with an A:U pair. This is of interest because the 
normal G2:C71 pair at this position forms part of the 
recognition site for specific aminoacylation with 
serine in E. coli and is well conserved across eu- 
bacterial serine tRNAs (Schimmel 1991; Sprinzl et 
al. 1989). 

The 13 tRNA species encoded by ptDNA in to- 
bacco and rice, but whose genes are no longer intact 
in Epifagus, are: both isoacceptors for Gly, Thr, 
and Val; the single tRNAs for Ala, Cys, and Lys; 
and one isoacceptor (out of two or three) for Arg, 
Ile, Leu, and Ser (Figs. 1 and 6). We have proposed 
that tRNAs are imported from the cytoplasm into 
Epifagus plastids (Morden et al. 1991), by analogy 
to the s i tuat ion in angiosperm mi tochondr ia  
(Marechal-Drouard et al. 1988; Joyce and Gray 
1989). Import of nuclear-encoded tRNAs into mito- 
chondria has also been reported in the unicellular 

eukaryotes Leishmania and Trypanosoma, whose 
mitochondrial genomes contain no tRNA genes 
(Simpson et al. 1989; Hancock and Hajduk 1990), 
and Tetrahymena, where only 8-10 tRNAs are mi- 
tochondrial-encoded. (See Ziaie and Suyama 1987.) 
One cytoplasmic tRNA is imported into yeast mi- 
tochondria but is apparently inactive (Martin et al. 
1979). Import of tRNA into mitochondria is sus- 
pected in other organisms such as Paramecium and 
Chlamydomonas (Pritchard et al. 1990; Gray and 
Boer 1988) whose mitochondrial genomes lack a full 
set of tRNA genes. 

Two of the other three hypotheses previously 
proposed as alternatives to tRNA import into Epi- 
fagus plastids (Morden et al. 1991) can be ruled out 
now that the complete sequence of the genome is 
known and the fates of all the tRNA genes have 
been determined. "Anticodon switching" at the 
DNA level (conversion of a redundant tRNA gene 
into another by specific point mutations; e.g., 
Schulman and Pelka 1988) has not occurred: all the 
intact tRNA genes have unmutated anticodons. 
There are in fact only 15 different unmodified anti- 
codons among the 17 intact tRNA genes because 
the anticodon CAU occurs three times (Met, fMet, 
and lie; Fig. 5). 

Enhanced wobble rules for codon-anticodon in- 
teractions were also proposed (Morden et al. 1991). 
However, even if these rules are liberalized to the 
extent of ignoring the third codon position where 
convenient, codons for the six amino acids for 
which there is no tRNA species, as well as the AGR 
codons for Arg, could not be translated (Fig. 6). 
Liberal codon-anticodon wobble rules of the type 
seen in mitochondria and Mycoplasma (Andachi et 
al. 1989) could potentially compensate for only one 
of the 13 tRNA gene losses (trnS~Ga). 

Another  possibili ty,  rampant mistranslation 
through the use of only 17 tRNAs, is unlikely be- 
cause the normal excess of synonymous-over-  
nonsynonymous nucleotide substitutions is still 
seen in codons for Ala, Cys, Gly, Lys, Thr, and Val 
(pooled together) in the Epifagus lineage. To exam- 
ine this, Epifagus, tobacco, and rice nucleotide se- 
quences of the 15 ribosomal protein genes held in 
common were joined and aligned using amino acid 
sequence alignments as a guide. All aligned codons 
were then omitted from the analysis except those 
where two or all three of the species specified the 
same amino acid and that amino acid was Ala, Cys, 
Gly, Lys, Thr, or Val. Extents of synonymous and 
nonsynonymous substitution (Li et al. 1985) were 
then calculated between each pair of modified se- 
quences (totaling 682 codons) and branch lengths 
were computed for each lineage. The ratio of syn- 
onymous-to-nonsynonymous substitutions (Ks/KA) 
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Cloverleaf representations of  the 17 tRNA genes (A) Fig. 5. 
and five tRNA pseudogenes (B) of  Epifagus ptDNA. Asterisks 
indicate positions that differ from the tobacco sequences; dots 
indicate deleted nucleotides and circles show insertions. Large 
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arrows indicate four positions in the intact genes at which com- 
pensatory pairs of substitutions have occurred. Percent nucle- 
otide identity with the tobacco homolog is indicated below each 
tRNA structure. 



312 

TTT F 
TTC F• 
TTA L Ol 253/2021 
TTG L el 124/1641 

TCC SO 77/i01 TAC Y• 

TCG S 51/ 71 TAG * 

TGT C 
TC, C CO 

12/ 12 TGA * 3/ 4 
6/ 5 ,GG we 1104/123 I 

c..L i.,o,.7, cc.,i.8,991 CTC L 45/ 61 cec P 59/ 72 CAC Hi 
CTA L • 98/ 91 eCA P • 79/ 86 CAA Q • 
CTG L 40/ 69 CCG P 22/ 41 CAG Q 

J 1211144 CGT R@ p 96/109 
411 37 CGC R 34/ 29 

eC, A R 83/138 
eGG R 35/ 43 

ATC I 
ATA I 
ATU M @ I 117/142 

fM el 211 20 

= ,  1127/1201 1411/3s81 = s  I132/1381 

ACA T AAA KO AG~ RO 180/198 
ACG T AAG K AGG R 65/ 77 

v °ll 11611o91 
GTC V 3 7 1  ~Rl 
GTA V 117/1071 GAA 

GTG V 35/ 501 GAG E 

Fig. 6. Codon usage and anticodon sets in Epifagus and to- 
bacco ptDNAs. To the left of the slash marks are the number of 
occurrences of each codon, summed over the 21 protein genes in 
Epifagus ptDNA; the numbers on the right are equivalent num- 
bers in the 21 homologous tobacco genes (Shinozaki et al. 1986). 
Each box represents a group of codons thought to be recognized 
by a single tRNA in tobacco, and the dots indicate the codons 
recognized without wobble (i.e., the complements of the anti- 
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codons). Black dots represent the tRNA genes that are intact in 
Epifagus; stippled dots represent pseudogenes; open dots repre- 
sent tRNA genes completely deleted. The total numbers of sense 
codons are 7293 in Epifagus and 7460 in tobacco. This slight dif- 
ference in gene length was taken into account in statistical calcu- 
lations. Tobacco infA was assumed to be functional and to begin 
with the first of the 105 sense codons. (See text.) tRNA ~e t  (CAU) 
was assumed to recognize the GTG start codon of rpsl9. 

in the Epifagus lineage was 3.8, as compared to 7.4 
for tobacco and 4.3 for rice. These results suggest 
selection against replacement of these residues, 
which in turn suggests that the codons are being 
translated correctly in Epifagus. 

The only remaining alternative to tRNA import is 
the possibility (Morden et al. 1991) that the tran- 
scripts of the tRNA genes undergo variable extents 
of base modification ("RNA editing' ') so that a suf- 
ficient number of different tRNA species to decode 
all 61 sense codons can be produced from just 17 
genes. However, this possibility seems unlikely, as 
RNA editing appears to be infrequent in plastids 
(Hoch et al. 1991; Kudla et al. 1992), and as no 
examples are known where the products of a single 
tRNA gene correctly translate codons for two dif- 
ferent amino acids, even in systems such as plant 
mitochondria where RNA editing is quite extensive 
(Schuster et al. 1991). Sequencing of tRNAs and 
proteins from Epifagus plastids will ultimately be 
necessary to decide among hypotheses. 

Extent of tRNA Import Into Plastids 

If tRNAs are indeed imported into Epifagus plas- 
tids, questions arise as to whether this process also 

occurs in photosynthetic species, and whether all 
cytoplasmic tRNA species can be imported or just a 
few. We suspect that tRNA import into plastids oc- 
curs in all flowering plants because it seems un- 
likely that an import mechanism would have been 
developed especially in the parasitic lineage leading 
to Epifagus (Morden et al. 1991). However, there is 
no evidence that imported tRNAs play any role in 
the biochemistry of chloroplasts. In a survey of the 
distribution of the plastid tRNA cy~ gene in species 
closely related to Epifagus we found that this tRNA 
gene was still intact in ptDNA of photosynthetic 
parasites and was lost only in two completely non- 
photosynthetic species (Epifagus and Conopholis) 
(Taylor et al. 1991). This suggests that tRNA gene 
loss from ptDNA is permitted only in the absence of 
photosynthesis, when the total amount of transla- 
tion occurring in plastids is relatively low. 

While we cannot tell whether all cytoplasmic 
tRNA species c a n  be imported across the plastid 
envelope, the apparently selective retention of 
some plastid tRNA genes in Epifagus suggests that 
cytoplasmic tRNAs cannot functionally substitute 
for all of the ptDNA-encoded tRNAs. This may be 
because some cytoplasmic tRNAs cannot be im- 
ported, or because they cannot interact with the 



plastid's translational machinery. This interaction 
primarily involves the charging of the tRNA by a 
plastid-localized aminoacyl-tRNA synthetase and 
the recognition of the charged tRNA by elongation 
factors for incorporation into protein synthesis. 
Steinmetz and Weil (1986) have shown that spinach 
chloroplast aminoacyl- tRNA synthetases could 
charge some, but not all, of the cytoplasmic tRNAs 
tested. Such incompatibility between cytoplasmic 
("eukaryotic")  tRNAs and the plastid ("prokary- 
otic") translational apparatus is not unexpected, 
and may restrict the number of cytoplasmic tRNA 
species that can function in organello. 

Three observations suggest that at least some of 
the 17 intact tRNA genes remaining in Epifagus 
ptDNA are still functional and are being maintained 
by natural selection. First, some tRNA genes in the 
single-copy regions have been retained, even 
though deletions of other genes have occurred in 
adjacent regions both upstream and downstream 
(Fig. 1). The retention of trnLuA6 despite loss of 
most of the rest of the small single-copy region is a 
striking example of this. (See also Morden et al. 
1991.) In the large single-copy region there are 
seven more such sites where an intact tRNA gene 
or gene cluster is the only sequence remaining be- 
tween two deleted regions. (These seven are, from 
left-to-right in Fig. 1, trnWP, M, F, S, EYD, S, Q.) 
Given the small size of the tRNA genes (as against 
the tens of kilobases of photosynthetic genes de- 
leted), this is a far greater extent of retention than 
would be expected if these sequences were non- 
functional. Second, the intact tRNA genes have 
sustained numerous point mutations [parsimony 
analysis assigns a total of 59 nucleotide substitu- 
tions (see Fig. 7b) and to insertions to the Epifagus 
lineage], but none of these occurs at positions cru- 
cial to tRNA function (e.g., Schimmel 1991), and 
only four occur  at positions highly conserved 
among chloroplast tRNAs (Wakasugi et al. 1986). In 
contrast, each of the putative pseudogenes except 
for ~trnRucu contains damaging mutations at two 
or more distinct sites. Furthermore, there are four 
positions in the Epifagus tRNAs where a compen- 
satory pair of substitutions on either side of a stem 
has maintained base pairing (arrows in Fig. 5). 
Comparison to other species indicates that in each 
case the substitutions have occurred in the Epifagus 
lineage (though possibly in a photosynthetic ances- 
tor). These results suggest that there is not a con- 
tinuum of levels of divergence in the tRNA genes 
but instead two sets of genes, one well conserved 
and one not. Third, a related nonphotosynthetic 
paras i te ,  Conopholis americana ( squawroot ;  
Orobanchaceae), appears to contain a similar sub- 
set of  t R N A  genes (C.W. dePamphil is ,  S.R. 
Downie, and J.D. Palmer, unpublished data). While 
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some of this is likely to be due to shared ancestry, 
the extent of sequence divergence between the two 
species is quite large (Conopholis and Epifagus 
plastid 16S rRNAs are as different from each other 
as either is from tobacco; Wolfe et al. 1992b). Se- 
quence data from Conopholis are limited to the loss 
of trnCGc A, trnIGA u, and trnAuG c, and the reten- 
tion of at least part of trnDGu c (Taylor et al. 1991; 
Wimpee et al. 1992). 

The reasons why only a subset of tRNA genes 
has been lost from Epifagus ptDNA are probably 
complex. We have been unable to identify a simple 
rule that distinguishes all the retained tRNA genes 
from those lost. Criteria that fail include: size or 
sequence of the tRNA; properties of the amino 
acid; class of aminoacyl-tRNA synthetase in E. 
coli; correlation with codon or amino acid usage 
patterns;  and comparison with tRNA species 
known to be imported into plant mitochondria, or 
with the subsets of tRNA genes in mitochondrial 
genomes. One striking, but likely coincidental, ob- 
servation is that all six intron-containing tRNA 
genes are among the 13 lost, even though group II 
introns are still present in some protein genes in 
Epifagus ptDNA (Wolfe et al., submitted). If our 
hypothesis of tRNA import is correct, the discrim- 
inating factor is more likely to be a combination of 
properties of the cytoplasmic tRNAs, making some 
of them both "importable" and compatible with 
plastid aminoacyl-tRNA synthetases and elongation 
factors, and so permitting loss of the plastid coun- 
terpart. 

While the above discussion has concentrated on 
the possibility that nuclear tRNA genes of eukary- 
otic origin could substitute for lost plastid genes 
(i.e., a gene-substitution scenario), gene transfer is 
also a possible explanation (Morden et al. 1991). 
According to this hypothesis, some of the regions of 
ptDNA-derived sequences known to reside in the 
nuclear genomes of flowering plants (Timmis and 
Scott 1983) would include plastid tRNA genes that 
could become functional and underwrite loss of the 
homolog in ptDNA. The imported tRNAs would 
then be fully compatible with the plastid transla- 
tional machinery, except for possible compartment- 
specific base modifications. 

Codon Usage, Amino Acid Usage, and 
Base Composition 

Although codon usage and tRNA populations are 
correlated in chloroplasts (Pfitzinger et al. 1987), 
codon usage in land-plant plastid genomes appears 
to reflect mutational biases rather than natural se- 
lection. For example, there is little difference in 
codon usage patterns between photosynthetic and 
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ribosomal protein genes in tobacco (Ohto et al. 
1988), and base composition at silent codon posi- 
tions in Marchantia ptDNA parallels the extreme A 
+ T-richness of noncoding regions of that genome 
(Ozeki et al. 1987). The loss of tRNA genes in Epi- 
fagus ptDNA has had little, if any, impact on its 
codon usage patterns as compared to tobacco (Fig. 
6). This suggests that tRNA availability is not a lim- 
iting factor on the expression of Epifagus plastid 
genes,  again implying import  of  cy toplasmic  
tRNAs. 

Codon choice in Epifagus and tobacco can be 
compared directly (i.e., independently of amino 
acid choice) for the four amino acids for which Epi- 
fagus has retained one or more tRNA isoacceptor 
genes, but has lost another (Fig. 6). Of these, Epi- 
fagus "correct ly" avoids use of the Ile codon pair 
ATT/ATC in favor of ATA (p < 0.01 by a chi- 
square test), but significantly (p < 0.01) overuses 
the Leu codon TTA for which it encodes no tRNA. 
Codon usage for Ser and Arg is not significantly 
different between Epifagus and tobacco. 

Analysis of amino acid usage (data from Fig. 6) 
shows some significant (/9 < 0.01) differences be- 
tween Epifagus and tobacco but these do not ap- 
pear related to the tRNA gene content differences. 
Epifagus overuses Lys (0/1, AAR), Ile (1/2, ATH), 
Tyr (1/1, TAY), and Asn (1/1, AAY), and underuses 
Arg (1/2, CGN and AGR), Gln (I/1, CAR), and Asp 
(1/1, GAY). [The data in parentheses for each 
amino acid are the number of tRNA genes in Epi- 
fagus as a fraction of those in tobacco, and the 
codon sequences (N = any base; Y = T or C; R = 
A o r G ; H  = T, C o r A ) . ]  

Rather than reflecting tRNA gene contents, the 
changes in amino acid and codon composition ap- 
pear due to a slight decrease in G + C con~,~nt over 
the whole Epifagus plastid genome as compared to 
tobacco (Table 1). The overall G + C content of 
Epifagus ptDNA (counting the inverted repeat only 
once) is 34%, as against 37% in tobacco. The reduc- 
tion is more pronounced in the single-copy regions 
than in the IR, as expected given the latter's lower 
rate of nucleotide substitution (Wolfe et al. 1987). 
These differences are also seen at silent codon po- 
sitions (Table 1). Since the base composition data 
for rice and tobacco are more similar to each other 
than to Epifagus (Table 1), drift in base composition 
seems to have occurred in the Epifagus plastid ge- 
nome in concert with the accelerated rates of nu- 
cleotide substitution and extensive DNA deletion. 
It is difficult to judge whether this drift is a neutral 
phenomenon or is another facet of the release of 
selective constraints on the plastid genome; we note 
that extensive divergence of  base composition 
has occurred between tobacco and Marchantia 
ptDNAs [37% and 28% G + C, respectively; Shi- 
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Fig. 7. (a) Model phylogenetic tree for Epifagus, tobacco, rice, 
and Marchantia. The phylogenetic relationships among these 
species (two dicots, one monocot, and one bryophyte) are com- 
pletely noncontroversial. A-E refer to branch lengths. E is the 
length of the branch leading to the outgroup (Marchantia) and is 
not drawn to scale. The root of the tree lies on this branch but its 
position cannot be determined. (b) Tree obtained from the com- 
bined sequences of the 17 tRNA genes intact in Epifagus (Fig. 5). 
(e) Tree obtained from the combined sequences of the 15 ribo- 
somal protein genes (Fig. 2). Sequence data for tobacco, rice, 
and Marchantia are from Shinozaki et al. (1986), Hiratsuka et al. 
(1989), and Ohyama et al. (1986), respectively. 

nozaki et al. (1986) and Ohyama et al. (1986)] even 
under the constraint of photosynthetic function. 

Accelerated Evolution of the 
Translational Apparatus 

The components of the translational apparatus en- 
coded by the Epifagus plastid genome have high 
rates of sequence evolution. This is apparent from 
phylogenetic analyses in which the numbers of 
amino acid or nucleotide substitutions assigned to 
the Epifagus lineage can be compared to the num- 
bers for tobacco, the closest relative to Epifagus for 
which complete sequence data are available. We 
have reported accelerated evolution of the Epifagus 
rRNA genes (Wolfe et al. 1992b), for which the ratio 
of Epifagus to tobacco branch lengths in a phyloge- 
netic tree is 6.2 when the four rRNA genes are 
pooled together. Likewise, for the 17 intact tRNA 
genes pooled together, this ratio is 8.4 (Fig. 7b). 

Phylogenetic trees drawn from amino acid se- 
quences of the 15 ribosomal proteins also consis- 
tently point to rapid evolution in the Epifagus lin- 
eage. These results are given in Fig. 2, where the 
numbers A, B, C, D, and E for each protein refer to 



the numbers of amino acid replacements assigned 
by parsimony analysis to each branch in the model 
tree shown in Fig. 7a. For individual ribosomal pro- 
teins, the ratio of the Epifagus-to-tobacco-branch 
length varies between 1.5 and 9 (excluding proteins 
for which the tobacco branch length, B, is zero). 
Although many of the ribosomal proteins are small 
and the substitution rate differences would not be 
judged significant by a statistical test, the fact that 
the Epifagus branch length is longer (i.e., A > B) 
for every one of the 15 comparisons strongly sug- 
gests that the results are not due to chance. For all 
15 sequences pooled together (Fig. 7c) the branch 
length difference between Epifagus and tobacco is 
3.0-fold. Inclusion of the available sequences from 
spinach (ten ribosomal protein genes) or legumes 
(nine genes) leads to similar branch length differ- 
ences between Epifagus and tobacco (5.4- and 4.3- 
fold, respectively; data not shown). 

Evidence that the branch length differences seen 
in these analyses are due to increased rates of evo- 
lution in Epifagus rather than to a slowdown in the 
tobacco lineage comes from relative rate tests using 
the sequences of the gene rbcL (R.G. Olmstead and 
J.D. Palmer, unpublished data) from ptDNA of pho- 
tosynthetic species. Antirrhinum majus and Digi- 
talis purpurea (Scrophulariaceae) are more closely 
related to Epifagus virginiana (Orobanchaceae) 
than to tobacco (Solanaceae). Using rice as an out- 
group, the numbers of synonymous and nonsynon- 
ymous substitutions in rbcL in the tobacco lineage 
are very similar to those in the Scrophulariaceae 
(data not shown). 

The ratio for Epifagus-to-tobacco branch lengths 
for each set of genes represents the outcome of the 
balance between mutation and selective constraints 
on function in each gene product in both the Epi- 
fagus and tobacco lineages. Analysis of synony- 
mous and nonsynonymous nucleotide substitutions 
in the ribosomal protein genes indicates that the 
accelerated evolution in Epifagus is due to both an 
increase in mutation rate and a decrease in selective 
constraint. For the 15 ribosomal protein genes con- 
sidered together, with rice as an outgroup, the dif- 
ferences between Epifagus and tobacco are 2.1-fold 
at synonymous sites and 4.5-fold at nonsynony- 
mous sites. The difference in synonymous substitu- 
tion rates probably reflects mutation rate differ- 
ences. The additional rate increases seen in amino 
acid sequence comparisons and in tRNAs and 
rRNAs likely indicate a relaxation of selective con- 
straints on translational gene products. The genetic 
apparatus of Epifagus plastids is required to pro- 
duce, at most, only four nongenetic proteins (Wolfe 
et al., submitted) as compared to up to 52 nonge- 
netic proteins in tobacco. Furthermore, these four 
proteins are probably much less abundant than pho- 
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tosynthetic proteins, and plastid ribosomal protein 
genes and unassigned ORFs are also generally less 
well conserved in sequence than bioenergetic  
genes. Relaxation of translation in terms of both 
efficiency and fidelity may therefore be tolerable in 
Epifagus plastids. Runaway evolution of the trans- 
lational apparatus has also occurred in animal mi- 
tochondria (Brown 1983; Cann et al. 1984). This 
may result both from factors shared with Epifagus 
(i.e., relaxed constraints on the translational appa- 
ratus in a simple genetic system) as well ones 
unique to animal mitochondria (i.e., the genome's 
extraordinarily high mutation rate). 

Conclusion 

The absence of some tRNA and ribosomal protein 
genes from the ptDNA of Epifagus suggests that 
nuclear gene products play a greater role in the plas- 
tid translational apparatus of the parasite than of 
photosynthetic plants. In the case of both the 
tRNAs and the ribosomal proteins, relocation of 
function could have been achieved either by gene 
transfer (direct movement of a gene from ptDNA to 
nuclear DNA) or by gene substitution (recruitment 
of a nuclear gene to perform the same function as a 
lost plastid gene). 

Gene transfer has been demonstrated for several 
plastid genes (Shih et al. 1986; Baldauf and Palmer 
1990; Gantt et al. 1991) and is an attractive hypoth- 
esis because the necessary changes in the gene 
product may be quite minor. The product may then 
have a better chance of interacting properly with 
the plastid translational machinery, provided that it 
can be imported across the plastid envelope. The 
question of compatibility with the plastid transla- 
tional apparatus may be more important for plastid 
ribosomal proteins (especially those internal to the 
ribosome) than for tRNAs (which interact with only 
a few proteins). A major objection to gene transfer 
as an explanation for the loss of six ribosomal pro- 
tein genes from Epifagus ptDNA is that either mul- 
tiple transfers occurred very recently or else these 
represent older transfers where, for unknown rea- 
sons, the plastid genes have not been lost in photo- 
synthetic lineages (cf. Gantt et al. 1991). 

Gene substitution, particularly the recruitment of 
nuclear genes encoding mitochondrial ribosomal 
proteins to serve the plastid as well (Martin et al. 
1990), is perhaps a simpler explanation of the mul- 
tiple ribosomal protein gene losses from Epifagus 
ptDNA. Angiosperm nuclear genomes encode per- 
haps 160 ribosomal proteins, directed to three sub- 
cellular compartments. The targeting of proteins to 
cytoplasm, mitochondrion, or plastid, like all bio- 
chemical processes,  cannot be absolute. There 



316 

must be a finite frequency at which, say, a riboso- 
mal protein precursor intended for the mitochon- 
drion ends up in the plastid by mistake (Pfanner et 
al. 1988). This frequency of misdirection, and the 
efficiency of ribosomes composed of heterologous 
components, might even be sufficient to support 
translation at the low levels presumably required in 
Epifagus plastids, so that no special import mech- 
anism is needed. 

Direct evidence on the hypotheses of import of 
tRNAs and novel ribosomal proteins into Epifagus 
plastids could best be obtained by studies with iso- 
lated plastids. This is not as simple as the isolation 
of chloroplasts from photosynthetic plants because 
the number of plastids per cell in Epifagus tissues is 
lower than in green leaves, because the plastids are 
smaller and likely more fragile, and because the 
aboveground growing season of this obligate para- 
site is only a few weeks. 

The genetic apparatus of plastids is descended 
from an apparatus that was once responsible for the 
production of thousands of cyanobacterial proteins. 
In Epifagus, however, that workload has been re- 
duced to the expression of (at most) four protein 
genes in addition to self-perpetuation. Borst and 
Grivell (1981) likened the human mitochondrial ge- 
nome to "a  1981 university department, with every- 
thing reduced to minimal size without anyone actu- 
ally being fired." The Epifagus plastid genome 
might be comparable to a 1992 department where 
the support staff now outnumber the faculty. 
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