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Abstract 

We have cloned and sequenced an area of about 9.0 kb of the plastid DNA (ptDNA) from the holo- 
parasitic flowering plant Cuscuta reftexa to investigate the evolutionary response of plastid genes to a 
reduced selective pressure. The region contains genes for the 16S rRNA, a subunit of a plastid NAD(P)H 
dehydrogenase (ndhB), three transfer RNAs (trnA, trnI, trnV) as well as the gene coding for the ribo- 
somal protein $7 (rps7). While the other genes are strongly conserved in C. reflexa, the ndhB gene is a 
pseudogene due to many frameshift mutations. In addition we used heterologous gene probes to iden- 
tify the other ndh genes encoded by the plastid genome in higher plants. No hybridization signals could 
be obtained, suggesting that these genes are either lost or strongly altered in the p tDNA of C. reftexa. 
Together with evidence of deleted genes in the p tDNA of C. reflexa, the plastid genome can be grouped 
into four classes reflecting a different evolutionary rate in each case. The phylogenetic position of Cuscuta 
and the significance of ndh genes in the plastid genome of higher plants are discussed. 

Cuscuta reflexa (Convolvulaceae) is a holopara- 
sitic flowering plant which is fully adapted to 
parasitic life. This can be seen at the morphologi- 
cal, the cytological and the biochemical level [8]. 
Since parasitic plants obtain their nutrients di- 
rectly from the host plants, there is no require- 
ment for photosynthetic assimilation of carbon. 
Therefore these plants could serve as an excellent 
tool to investigate the evolution of a plastid 
genome on the molecular level under the condi- 
tions of reduced selective pressure. 

Sequence analysis of parts of the plastid DNA 
(ptDNA) of C. reflexa revealed that most of the 
photosynthetic genes are present in an apparently 

functional form [6]. Some genes in the p tDNA of 
C. reflexa are strongly conserved compared to 
corresponding genes from autotrophic plants, 
whereas other genes differ in their regulatory se- 
quences of either promoter on termination con- 
sensus sequences [6, 2]. In addition we found at 
least one large deletion in the plastid genome of 
C. reflexa. In autotrophic plants the deleted part 
encodes some ribosomal proteins and tRNAs. As 
a consequence, this might be pointing to a defi- 
cient translation apparatus in C. reflexa [2]. 

Here we report the nucleotide sequence of a 
9.0 kb region of C. reflexa ptDNA which reflects 
an accelerated evolution rate in only one gene 
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(ndhB). In Cuscuta the ndhB gene is a pseudogene 
due to several frameshift mutations. This situa- 
tion is comparable to the ndhB gene of another 
parasitic plant, Epifagus virginiana (Oroban- 
chaceae), published recently [20]. Although the 
p tDNA of C. reflexa is very different in coding 
capacity and gene organization, there are some 
remarkable conformities. One of these, presented 
in this work, are the functional and putative total 
loss of all chlororespiratory (ndh) genes and the 
existence of the ndhB gene as a pseudogene. Such 
comparative analyses between the plastid ge- 
nomes of parasitic plants may serve as a tool to 
explain still unknown functions of plastid genes. 

In higher autotrophic plants eleven plastid- 
encoded ndh genes are known [15] which are 
homologous to genes coding for subunits of the 
mitochondrial NADH ubiquinone oxidoreduc- 
tase (complex I). Most of the plastid ndh genes 
seem to be actively transcribed [9] and recently 
gene products were identified in thylakoid mem- 
branes by immunological methods [16]. These 
results might suggest the hypothesis of a plastid 
pathway, termed chlororespiration. Best evi- 
dences for the existence of a chlororespiratory 
chain came from investigations of the unicellular 
green alga Chlamydomonas reinhardtii [1, 5, 12]. 
Whether a respiratory chain is also present in the 
chloroplasts of higher land plants cannot as yet 
be unquestionably answered. However, the puta- 
tive NAD(P)H dehydrogenase encoded by the 

plastid ndh genes could be involved in reoxidation 
of reduction equivalents generated during starch 
breakdown in the dark [4]. In higher autotrophic 
land plants all ndh genes are strongly conserved 
but the actual function of their products is as yet 
unknown. 

In the present work the sequence of a 8.8 kb 
region of the p tDNA from the holoparasitic plant 
C. reftexa has been determined. Compared to to- 
bacco ptDNA [14] the area is part of one seg- 
ment of the inverted repeat (IR) and the gene 
arrangement is colinear with the gene map of the 
tobacco chloroplast genome (Fig. 1). The 8.8 kb 
region contains (in the following order) genes for 
tRNA ala (trnA), tRNA TM (trnI), 16S rRNA (16S 
rDNA), the ribosomal protein $7 (rps7) and both 
exons coding for a subunit of a plastid NAD(P)H 
dehydrogenase (ndhB; Fig. 1). Both gene content 
and nucleotide sequence of individual genes in 
this area is strongly conserved as compared with 
autotrophic plants [ 14, 10, 7], except for the ndhB 
gene of C. reflexa. The ndhB gene is a pseudogene 
due to many frameshift mutations (insertions/ 
deletions; Fig. 2). Homologies to corresponding 
genes &tobacco [ 14] and rice [7] are in the range 
of 80~o identical residues, whereas the overall 
degree ofnucleotide identity between tobacco and 
rice is of about 96~o (Fig. 2). In order to find out 
whether the ndhB gene is duplicated or translo- 
cated in total cellular DNA of C. reflexa, hybrid- 
ization experiments with a homologous ndhB gene 
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Fig. 1. Gene and restriction site map of a 8.8 kb region from plastid DNA of the holoparasitic plant Cuscuta reflexa. Positions 
and orientations of individual genes were determined by sequencing. Arrows mark the orientation of genes. The ndhB gene is present 
as a pseudogene in both exons. Below the gene map a choice of several restriction sites are indicated which also are present in 
the polylinker of the plasmid pUC18. Abbreviations: A, Acc I; B 1, Barn HI; E, Eco RI; E, Eeo RI; H3, Hind III; P, Pst I, S, Sma  I; 
Sac, Sac I; Sph, Sph I. 
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probe were carried out. Only one signal could be 
obtained indicating that the ndhB gene is unique 
in C. reflexa (data not shown). In northern blot 
experiments no ndhB transcript is detectable in- 
dicating that no functional copy of the ndhB gene 
are present elsewhere in the entire genome. In 
addition we used heterologous gene probes de- 
rived from tobacco to identify the other ten ndh 
genes encoded by the plastid genome in au- 
totrophic plants. As in Epifagus virginiana [3, 20], 
all ndh gene probes failed to hybridize to C. reflexa 
total cellular DNA (data not shown), suggesting 
that these ndh genes (ndhA, ndhC...ndhK) are 
completely lost or strongly altered in their nucle- 
otide sequence in C. reflexa. 

We then analysed genes, adjacent and up- 
stream, the ndhB gene in C. reflexa. These genes 
are all components of the genetic apparatus: trnA, 
trnI, trnV, 16S, rps7. The 23S rRNA were iden- 
tified by heterologous hybridization in Cuscuta 
(data not shown). As shown in Table 1, we com- 
puted degrees of sequence homology of genes 
coding for ribosomal protein $7 (rps7) and the 
16S rDNA to corresponding genes from other 
higher autotrophic plants [14, 10, 7, 13] and two 
parasitic plants [ 17, 19, 20]. In contrast to ndhB, 
the genes for rps7 and 16S rDNA are strongly 
conserved and, hence, appear functional in 
ptDNA of C. reflexa. The gene organization of 
the ribosomal RNA operon in all land plants in- 
vestigated has the same order; trn V- 16 S-trnI-trnA- 
23S-4.5S-5S [ 11, 15]. These relations were also 
found in C. reflexa ptDNA. 

Unlike transfer RNAs described previously 
[6, 2], the three tRNAs (trnV, trnI, trnA) analysed 

in the present work are identical to those from 
tobacco (10070 identical residues). Whereas the 
trnI and trnA in the 16S-23S spacer are both 
separated into two exons, the trnV upstream the 
16S rRNA do not contain an intron. All tRNAs 
are able to form the typical cloverleaf secondary 
structure (data not shown). In Epifagus virginiana 
[20] and Conopholis americana [18] these genes 
are either lost or pseudogenes. 

Based on the present examination and recently 
published data [6,2] the plastid genome of 
C. reflexa reveals that the evolution rates of indi- 
vidual chloroplast genes differ considerably from 
one another. Therefore the plastid genome of 
C. reflexa can be grouped into four classes ofgene 
reduction: (1) a first class contains genes that vary 
little from corresponding genes in autotrophic 
plants; the genes are transcribed at levels similar 
to autotrophic plants (e.g. psbA; [2]); (2)a sec- 
ond group exhibits altered regulatory sequences 
of either promoter or terminator, which results in 
a reduced transcription rate (e.g. rbcL; [6]); (3) a 
still further reduction can be obtained in the 
nucleotide sequence of the ndhB gene which is a 
pseudogene; as a consequence, no transcript was 
detectable in total cellular RNA of C. reflexa; 
(4) the greatest alteration was found in at least 
one large deletion in ptDNA of C. reflexa con- 
cerning two ribosomal proteins and tRNAs [2]. 

The results are different from Epifagus virgini- 
aria, a root-parasitic plant, in which a much more 
uniform reduction of the plastid genome was 
observed [20]. In Epifagus both photosynthesis- 
related genes and all chlororespiratory genes 
are either lost or pseudogenes [20]. Therefore, 

Table 1. Amino  acid sequence homologies  between plas t id-encoded rps7 and 16S r D N A  genes from C. reflexa and correspond-  

ing genes f rom other sources.  CR, Cuscuta reflexa (this work); NT,  Nicotiana tabacum [ 14]; EV, Epifagus virginiana [20]; OS, Oryza 
sativa [7]; MP,  Marchantiapolymorpha [10]; CA, Conopholis americana [17]; Z M ,  Zea mays [13]. 

% rps7 70 16S 

C R  N T  EV OS M P  C R  CA EV N T  Z M  

CR 
N T  98.1 - 

EV 90.3 91.0 - 
OS 80.8 82.7 76.3 
M P  76.1 77.4 75.5 

CR 

CA 96.2 - 
EV 96.3 96.0 - 

- N T  98.8 96.0 96.0 - 
69.2 - Z M  95.6 93.6 93.0 95.6 
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Cr ATGAGCTGGCATGTACAGAATT/UUU~CTTCATTCTCGATTCTACGAGAATTTTTATGA . . . . . . . . . . . . . . . . . . . . . . . . .  TGGAAGTTTTATTTTCCCA 

Nt ATGATCTGGCATGTACAGAATGAAAACTTCATTCTCGATTCTACGAGAATTTTTATGAAAGCCTTTCATTTGCTTCTCTTCGATGGAAGTTTGATTTTCCCA 

Os ATGATCTGGCATGTACAGAATGA/UU~CTTCATTCTCGATTCTACGAGAATTTTTATGAAAGCGTTTCATTTGCTTCTCTTCCAGGGAAGTTTCATTTTCCCA 

CF GAATGTATCCTAATTTTTGGCCTAATTATTCTTCTGATGATCGATTC/LACCTCTGATCAAAAAGATAGACCTAGATATACCTTGGTTATATTTCATCTCTTC 

Nt GAATGTATCCTAATTTTTGGCCTAATTCTTCTTCTGATGATCGATTCAACCTCTGATCAAAAAGATATACCT . . . . . . . . . .  TGGTTATATTTCATCTCTTC 

Os GAATGTATCCTAATTTTTGGCCTAATTCTTCTTCTGATGATCGATTT/U~CCTCTGATCAAAAAGATAGACCT . . . . . . . . . .  TGGTTCTATTTCATCTCTTC 

Cr AATAAGTTTAGTAATGAGCATAACGGCCCTATTGTTCCGATGGAGAGAAGAACCTATGATTAGCTTTTCGGGAAATTTCCAAACGAAC/U~TTTAAACGAAAT 

Nt AACAAGTTTAGTAATGAGCATAACGGCCCTATTGTTCCGATGGAGAGAAGAACCTATGATTAGCTTTTCGGGAAATTTCCAAACGAACAATTTCAACGAAAT 

Os AACAAGTTTAGTAATAAGCATAACGGCCCTATTGTTCCGATGGAGAGAAGAACCTATAATTAGCTTTTCGGGAAATTTCCAAACGAACAATTTCAACGAAAT 

Cr ~TTT~AATTTCTTATTTGACTATGTTCAACT~TATGTATTCCTCTATTCATAGAGTACATTAAATGTACAGA/~TGGCTATAACAGAGTTTCT . . . . .  TCGT 

Nt CTTTCAATTTCTTATTTTACTATGTTCAACTCTATGTATTCCTCTATCCGTAGAGTACATTGAATGTACAGAAATGGCTATAACAGAGTTTCTCTTATTCGT 

Os CTTTCAATTTCTTATTTTATTATGTTCAACTTTATGTATTCCTCTATCCGTAGAGTACATTGAATGTACAGAAATGGCTATAACAGAGTTTCTGTTATTCGT 

Cr ATTCACAGCTTACTCTAGGAGGAATGTTTTTATGCGATGCTAACGATTTCATAACTATCTTT . . . . . . . . . . . . . . . . . . . . .  TTATGCTCCTACCTATTAT 

N¢ ATTAACAGCT-ACTCTAGGGGGAATGTTTTTATGCGGTGCTAACGATTTAATAACTATCTTTGTA•CCCCAGAATGTTTCAGTTTATGCTCCTACCTATTAT 

Os ATTAACAGCT-ACTCTAGGGGGAATGTTTTTATGTGGTGCTAACGATTTAATAACTATCTTTGTAGCTCCAGAATGTTTCAGTTTATGTTCCTACCTATTGT 

Cr CTGGATATACCAAGAAAGATGTACGGTATAATGAGGCGACTATTAAATATTGACTCA~GGGTGGGGCAAGCTCTTCTATTCTGGTTCATGGTTTATCTTGGC 

N~ CTGGATATACCAAGAAAGATGTACGGTCTAATGAGGCTACTATGAAATATTTACTCATGGGTGGGGCAAGCTCTTCTATTCTGGTTCATGGTTTCTCTTGGC 

Os CTGGATATACCAAGAGAGATCTACGGTCTAATGAGGCTACTATGAAATATTTACTCATGGGTGGGGCAAGCTCTTCTATTCTGGTTCATGGTTTCTCTTGGC 

Cr 

~t 
Os 

Cr 

Nt 

Os 

Cr 

Nt 

Os 

Cr 

Nt 

Os 

Cr 

Nt 

Os 

TATA•GGTTTAT•CGGGGGAGAGATTTAGCTTCAATAATAGAGTGAATGGTCTTATCAATA•ACAAATGTATAACTCCCCAGGAATTTCAATTGCGCTCATA 

TATATGGTT•AT•CGGGGGAGAGATTGAGCTTCAAGAA•ATAGTAAACGGTCTTATCAATACACAAATGTATAACT•CCCAGGAATTTCAATTGCGCTCATA 

TATATGGTTCATCTGGGGGGGAGATCGAGCTTCAAGAA•ATTGTGAACGGTCTTATCAATACACAAAT•TATAACTCCCCAGGAATTTCAATTGCGCTTATA 

T 5'- ndh B 
TTCATCACCGTAGGAATTGGGTTCAAGCTTTCCCCAGCCCCTTCTCATCAAGGGACTCCTGACGTATATGAAGGA 

TTCATTACCGTAGGAATTGGGTTCAAGCTTTCCCCAGCCCCTTCTCATCAATGGACTCCTGACGTATACG/LAGGA 

TCCATCACTGTAGGACTTGGGTTCAAGCTTTCCCCAGCCCCTTTTCATCAATGGACTCCTGACGTCTACGAAGGA 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  f * * * t * * *  t 
CGAATG/U~TCTGATGGTTCTATTTCTAAATCTT~CTGAC~TGCTCCTACGGAA~CAAGATC~AAAAGCTTGA/U~eJLA~AAGTCATTCACAACCAC~GATGA 

CCAGT . . . . . .  CGTTGCTTTTCTTTCTGTTACTTCGAAAGTAGCTGCTTCAGCTTCAGCCACTCGAATTTTCGA . . . .  TATTCCTTTTT--ATTTCTCATCA 

CCAGT . . . . . .  CGTTGCTTTTCTTTCTGTTACTTCGAAAGTTGCTGCTTCAGCTTCAGCCACGCGAATTCTCGA . . . .  TATTCCTTTTT-oATTTCTCATCA 

* * * t * * *  * *  * * * * * *  * * *  * * * * *  * *  * * * *  * * *  * * t * *  * * *  t *  * *  * *  * 

AGGATTCCTCGAATGGCATCTTCTTCTGGAAATGCTAGCTATTCTTAGCATGATATTGGGAAATCTCATTGCTATTACTCAAACAAGCATGAAACGTATGCT 
AA . . . . . . .  CGAATGGCATCTTCTTCTGGAAATCCTAGCTATTCTTAGCATGATATTGGGAAATCTCATTGCTATTACTCAAACAAGCATGAAACGTATGCT 

AA . . . . . . .  CGAATGGCATCTTCTTCTGGAAATCCTAGCTATTCTTAGCATGATATTGGGGAATCTCCTTGCTATTACTCAAACAAGCATGAAACGTATGCT 

TGCATATTCGTCCATAGGTCAAATCGGATATGTCATTATTGGAATAATTGTTGGAGACTCAAATGATGGATATGCAAGCATGATAACTTAGATGCTGTTCTA 

TG~ATATTCGTCCATAGGCCAAATCGGATATGTAATTATTGGAATAATTGTTGGAGACTCAAATGATGGATATGCAAGCATGATAACTTATATGCTGTTCTA 

TGCATATTCGTCCATAGGGCAAATCGGATATGTAATTATTGGAATAATTGTTGGAGACTCAAATGATGGATATGCAAGCATGATAACTTATATGCTTTTCTA 

3'-ndh B 
TGATCATCTCGTGGCTATTGAGAA 

C . . . . .  TCTC . . . .  CCACT . . . . .  

C . . . . .  TCCC . . . . .  CCACT . . . . .  
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Cr TACCTCCATGAATCTAGGAGCTTTTG~TTGCATTGTAT~ATTTGGTC~A~TA~CGGAACTGATCACATTCGAGATTATG~AGGAT~CTA/U~TA~CC 
Nt TA~ICCATGAATCTAGGAACT~T~GCTTGCATTGTATTATT~GGT~TAC~IACCGGAACTGAT/~ATTCGAGATTATGCAGGATTATACACA/U~AGATCC 
Os TATCTCCATGAATCTAGGAACTTT~GCTTGCATTGTATTATTTGGTCTACGTACCGGAACTGA~AACATTCGAGATTA~GCAGGATTATA~A~C~UkAGAT~C 

Cr TTTTTTGGCTCTCTCTT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CGG/UU~ACTATATTTATTCTGGTGTGGATGACA 

Nt TTTT~TGGCTCTCTCTTTAGCCCTATGTCTCTTATC~CTAG~GGTCTTCCTCCACTAGCAGGTTT~TTCGG/UU~CTCTATTTATTCTGGTGTGGATGGCA 
Os TTTTTTGGCTCTCTCTTTAGCCCTATGTcTCTTATCCCTAGGAGGCCTTCCTCCACTAGCAGGTTTCTTCGGA/U~CTCTATCTATTCTGGTGTGGATGGCA 

Cr GGCAGG~CTA~ATTTTTTGGTTT~TA~AGGACT~CTTACACG~GTTGTTTC~A~C~ACTA~C~T/b~TCATCAAGTTATTAAIGAC~ . . . . .  AAACCA 
Nt GGcAGGCCTATA~TTCTTGGTTTTAATAGGACTCCTTAcAAGCGTTGTTTCTAT~TACTAT~AT~TA/UU~AA~AAAGTTATTAA~GACTGGACGAAAcCA 
Os AGCAGG~CTATA~TICTTGGTT~AATAGGA~TC~TTACGAGCG~TcT~I~TAI~TA~TAT~ATC~A/~AGTCAAGTTATTAATGACTG~ACGAAACCA 

Cr AGCAATAACCCCTCACGTGCGAAATGATAGAAGATCCCC . . . . . .  ATCAJUUkAATTCCAI~GAATTTAGTATGATTGTATGTGTGATAGCATCTACTATACC 
Nt AGAAAIAA~CCCT~AC~TGCGAAATTA~AGAAGATCCCCTT~AAGAT~A~CAA~CCA~CGAAITGAGTA~GAT~GTATGTG~GA~AGCATCTACTATAC~ 

OS AGAAATAAC•CCTTATGTG•GAAATTATAGAAGATCCCcTTTAAGATCAAACAATT•CAT•GAATTGAGTATGACTGTATGT•TGATAGCATCTACTATACC 

Cr AGGAATATCAAGGAAACCGATTATTGCAATTGCTCGGGATACCCTTTATTTAG 
Nt AGGAATATCAATGAACCCAATTATTGCAATTGCTCAGGATAGCCTTT-TTTAG 
Os AGGAATATCAATGAACCCCATTCTTGCAATTGCTCAGGATACCCTCT'TTTAG 

t 
Fig. 2. Nucleotide sequence ~ignment of both exons of the ndhB pseudogene in C. reflexa ptDNA. The double vertical line indi- 
cates the junction between exon and inwon. Both exons (5' and 3') are compared to corresponding sequences of tobacco [ 14] 
and rice [7]. Arrows mark C. reflexa-specific insertions/deletions which are responsible for several ~ameshiR mutations. As a 
consequence, the reading ~ame is interrupted by stop eodons. 

de Pamphilis and Palmer [3] proposed that the 
ndh genes are involved in a metabolism closely 
associated with photosynthesis in green plants. 
This is consistent in the case of Epifagus, but in 
C. reflexa we are confronted with the phenom- 
enon that all photosynthetic genes investigated 
are present in an apparently functional form, 
whereas all ndh genes are lost or significantly al- 
tered. Epifagus may represent a more advanced 
stage in evolution than Cuscuta, but why the ndh 
genes are lost remains a mystery. 

A possible explanation might be related to the 
ecological form of parasitism of both plants. Epi- 
fagus is a root parasite, whereas Cuscuta lives as 
a stem-parasitic plant. Possibly Cuscuta requires 
photosynthetic genes in the seedling stage. In this 
case the ndh genes may not be directly involved 
in photosynthetic processes and are therefore un- 
necessary. On the other hand, the high degree of 

conservation ofndh genes among land plants sug- 
gests that the genes must have a function in chlo- 
roplasts of higher autotrophic plants. It seems to 
be a function that can be abandoned first in non- 
photosynthetic plants. 
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