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Abstract, We have determined the nucleotide sequence of 
a 5.3-kb region of the plastid DNA (ptDNA) from the 
heterotrophic holoparasitic plant Cuscuta reflexa. The 
cloned area contains genes for the Dl-protein (32-kDa 
protein; psbA), tRNA ms (trnH), ORF 740 (homologous 
to ORF 2280 from Nicotiana tabacum), ORF 77 (ho- 
mologous to ORF 70), tRNA L°u (trnL) and a hypotheti- 
cal ORF 55 which has no homology to any known gene 
among higher plants. This 5.3-kb area is colinear with a 
12.4-kb region of tobacco ptDNA and has therefore un- 
dergone several deletions totalling 7.1 kb. Most of the 
missing nucleotides belong to one large deletion in the 
ptDNA of C. reflexa of approximately 6.5 kb. This dele- 
tion involves two ribosomal protein genes, rpl2 and rp123, 
as well as the transfer RNA for Isoleucin (trnl) and a 
region encoding 1540 amino-acid residues of an 
ORF 2280 homologue, as compared to tobacco chloro- 
plast DNA. This is remarkable since the remaining genes, 
especially the psbA gene, are highly conserved in C. re- 
flexa. Furthermore, we found that the expression of the 
psbA gene is in the same range as in the autotrophic 
Ipomoea purpurea which belongs to the same family as 
Cuscuta (Convolvulaceae). Here we hypothesize a total 
toss of rpl2 and rpl23 in the entire genome of C. reflexa. 
The phylogenetic position of, and the evolutionary 
change of ptDNA from, Cuscuta are discussed. 
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Introduction 

The genus Cuscuta exclusively consists of holoparasitic 
flowering plants wich have lost their ability to grow pho- 
toautotrophically. In this genus, different degrees of ad- 
aptation to parasitic life can be observed. We have 
demonstrated this at the cytological as well as the bio- 
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chemical level. While Cuscuta europaea is totally achloro- 
phyllous, Cuscuta reflexa contains small amounts of 
chlorophyll, but in both species no Rubisco activity is 
detectable in crude extracts (Machado and Zetsche 1990; 
Haberhausen et al. 1992). At the cytological level, the 
plastids of C. reftexa show only a small number of thy- 
lakoid membranes, while in C. europaea no thylakoid 
membranes can be observed (Machado and Zetsche 
1990). 

We now have to elucidate whether this different adap- 
tation to parasitic life could also be seen at the molecular 
level, and especially in the plastid DNA (ptDNA) of Cus- 
cuta. We believe that Cuscuta is an excellent tool to an- 
swer questions regarding the stability and the evolution 
of ptDNA. 

The chloroplast genome has been extensively exam- 
ined among photoautotrophic angiosperms (for reviews 
see: Whitfeld and Bottomley 1983; Palmer 1985; Sugiura 
1992) and the complete sequence is known from two 
higher land plants, tobacco and rice (Shinozaki et al. 
1986; Hiratsuka et al. 1989). Comparison of these se- 
quences reveals a great similarity in both the gene ar- 
rangement and the coding capacity of chloroplast DNA. 
Therefore, the ptDNA from higher plants has been de- 
scribed as a very stable genetic system during land plant 
evolution with a relatively low mutation rate as com- 
pared to that of the nucleus (Wolfe et al. 1987; Zurawski 
and Clegg 1987; Palmer 1990). 

Chloroplasts of higher plants encode for about 30 
tRNAs which are probably sufficient to recognize all 64 
codons (for review see Sugiura 1992). As in the case of the 
ribosomal protein genes, chloroplasts code for one-third 
of the 60 different protein components found in chloro- 
plast ribosomes (Sugiura 1992). In tobacco, several ribo- 
somal protein genes are clustered near the junction be- 
tween the inverted repeat (IR) and the large single copy 
region (LSC). The genes rpl23 and rpl2 are duplicated in 
Nicotiana tabacum by being part of both segments of the 
IR (Shinozaki et al. 1986). 

Little is known about the arrangement and develop- 
ment of ptDNA in parasitic plants during the course of 
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evolution,  and where p resumably  no selective const ra in t  
effects are any longer operative. There  are only three 
non-pho tosyn the t i c  species reported so far. The root -par -  
asitic Epifagus virginiana (dePamphil is  and Palmer  1990) 
lacks mos t  o f  the photosynthe t ic  and putat ive chlorores-  
p i ra tory  (ndh) genes. This results in a chloroplas t  genome 
o f  only 7J kb in size. A similar s i tuat ion has been found  
in a related member  o f  the Orobanchaceae ,  Conopholis 
americana (Wimpee et al. 1991, 1992). In  Conopholis, 
some regions in the p t D N A  are highly conserved,  where- 
as other  regions are either absent  or  highly divergent  
(Wimpee et al. 1991). In  a previous paper  (Haberhausen  
et al. 1992), we have shown that  in the stem parasi te C. 
reflexa most  o f  the photosynthesis-re la ted genes are pres- 
ent. The nucleotide sequences o f  the rbcL and atpB genes 
are highly conserved as compared  to those o f  tobacco  but  
the regula tory  sequences (promoter ,  te rminat ion sites) 
show Cuseuta-specific deletions. In the present study, we 
describe an area o f  p t D N A  f rom C. reflexa which shows 
more  differences to the cor responding  region in tobacco  
and where a large deletion has taken place• Two riboso- 
mal prote in  genes, rpl2 and rp123, are affected by this 
deletion. Fo r  this reason,  the whole t ranslat ion appara tus  
might  be non-func t iona l  in C. reflexa. 

Materials and methods 

Nucleic acid isolation. C. reflexa Roxb. was grown in a greenhouse 
on Coleus sp. host plants. Total cellular DNA was isolated from C. 

reflexa and N. tabacum as described (Haberhausen et al. 1992). For 
the isolation of total RNA from C. reflexa and Ipomoea purpurea 
(L.), small stem pieces of both plants were ground in liquid nitrogen 
and RNA was isolated according to the LiC1 method (Ausubel et al. 
1988). 

Molecular cloning of the psbA gene and its flanking regions. Total 
cellular DNA from C. reflexa was digested with HindIII and the 
psbA gene was located on a 6.1-kb fragment by heterologous hy- 
bridization (psbA gene probe kindly provided by P. Westhoff and 
R. G. Herrmann). This fragment was cloned into pUC18 using 
standard methods (Maniatis et al. 1982). 

Sequence analysis. Parts of the 6.1-kb clone were subcloned into 
pUC18 and sequenced using a T7 sequencing system (Pharmacia). 
The sequence of both strands was determined and all restriction 
sites were confirmed. Computer analysis was performed using 
DNASIS (HIBIOsystems) and 'Kr6ger-menu' (Kr6ger and Kr6ger- 
Block 1984). The sequences reported in this paper have been de- 
posited in the EMBL Data Library under the accession number 
X67512. 

Southern analysis. To check the deletion in C. reflexa ptDNA, two 
gene probes from N. tabacum containing parts of ORF2280 and the 
rpl2 and rpl23 genes were hybridized to N. tabaeum and C. reflexa 
total cellular DNA (1 ~tg/lane) using the ECL direct labelling and 
detection system (Amersham)• Gene probes were kindly provided 
by M. Sugiura. 

Northern analysis. Total cellular RNA isolated from the stems of C. 
reflexa and L purpurea was electrophoresed on 1.5% formaldehyd- 
agarose geis (15 ~tg/lane) and transferred onto nitrocellulose as de- 
scribed by Davies et al. (1986). Filters were hybridized to direct-la- 
belled probes (ECL, Amersham). 
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121 ATATAGTTTATATCAATGAGCAGGCCAATTTTTAATGATTCAGTcTTCAATCTTCAATATTCTTAAAATcAAATTTTGAATAAATTcTTAAGGTTGTCTTTTTCCAcTATAAT~TGAAAT 

IteVatTyrlleAsnGtuGlr~laAsnPhe-c I 

241 ~TTaATTcAAAATaATAAA÷aAAAATTTA~cc~Aa~cTA;AGccaTaTG~AATaAAAAA~TAAAGcAA~TAAATTTTTiTTTTAATc~icTTAcTTTc~AT~GGGTTc~AAAAaATTaa 
• "-35" "-I0" 

361AAGAGATAGATTTTGGTTTATTGGGTTGACGTTGAcACGAGcATCTAAGTCATGTTATACTGTTGAATAAcAAGCcTTG~ATGTTTTACTTTTTTTTTTAGAAAATTTGTGTGCTTGGGA 

• . psbA r 
481 GTCCTTGATGATTAAATAAACCAAGAATTTACCATGACTGCAATTTTAGAGAGACGcGAAAGCGAAAGC•TATGGGGTCGTTTCTGTAACTGGATAACCAGTACTGAAAACCGTCTTTAC 

IMetThrAtaI ,eLeuGluArgArgGtu$erGtuSerLeuTrpGtyArgPheCysAs?Trpl teThrSerThrGluAsnArgLeuTyr 

601 ATTGGATGGTTTGGCGTTTTGATGATCCCTACTT•ATTGACCGCAACTTCTGTATTTA•TATTGCCTT•ATTGCTGCTCCTCCAGTAGATATAGATGGTATTCGGGAACCTGTTTCTGGA 
~eG~TrpPheG~yVa~LeL~et~ePr~hrLeuLeuThrA~aThr~erVa~PheIte~eA~aPhe~eAtaA~aPr~Pr~VatAspI~eAspG~I~eArgG~uPr~Vat~erG~ 

721 TCTCTGCTTTACGGAAACAATAT~G~TTCGGGTGCCATTATTCCGACTTCTGCAGCTATAGGTTTACACTTTTAC~CAATATGGGAAGCGGCGTCTGTTGATGAATGGTTATACAACGGT 
•erLeuLeu•yrG•yAsnAsnI•eVa•serG•yA•a••eI•e•r•ThrSerA•aA•a••eGlyLeuH•sPheTyrPr•I•eTr•G•uA•aA•a•erVaEAspG•uTrp•euTyrAsnG•y 

841 GGTCCTTATGAACTAATTGTTCTACACTTTTTA•TTGGTGTAGCTTGTTACATGGGTCGTGAGTGGGAACTGAGTTTCCGTTTGGGTATGCGCCCTTGGATTGCTGTTGCGTACTCAGCT 
G•yPr•TyrGLuLeuIteVa•LeuHisPheLeuLeuG•yVa•A•aCysTyrMetG•yArgG•uTrpG•uLeu$erPheArgLeuG•yMetArgPr•TrpI•eA•aVa•A•aTyr•erA•a 

961CCTGTTGCAGCTGCTACC{ CAGTTT~CTTGATCTATCCAATTGGTCAGGGAAGTTTTTCTGATGGTATGCCT~TAGGAATCTCTGGTACTTTCAATTTCATGATTGTATTCCAGGCCGAG 
Pr~Va~A~aAlaA~a~hrA~aValPheLeuI~eTyrPr~IteGtyG~nG~ySer~he~erAspG~yMetPr~LeuGly~e~erG~yThrPheAsnPheMetI~eVa~PheG~nA~aG~u 

1081 CACAACATTCTTATGCACCCATTTCA~ATGTTAGGCGTAGCTGGTGTATTCGGTGGTTCCCTATTCAGTGCTATGCATGGTTCCTTGGTAACTTCCAGTTTGATCAGGGAAACCACAGAA 
HisAsnI~eLeuHetHisPr~PheHisMetLeuG~yV~A~aG~yValPheG~yG~ySerLe~PheSerA~aMetH~sG~ SerLeuValThrSerSerLeuIleArgGluThrThrGlu 

1201AATGAATCTGCTAACGAAGGTTACAGATTCGGTCAAGAGGAAGAAACTTACAATATCGTAG•CGCTCATGGTTATTTTGGCCGATTGATTTTCCAATATGCTAGTTTCAACAACTCTCGT 
AsnG~u~erA~AsnG~G~yTyrArgPheG~yG~nG~uGluG~uThrTyrAsn~eVa~A~aA~aHisG~yT~rPheG~yArgLeu~ePheG~nTyrA~a~erPheAsnAsnSerAr 

1321 TCGTTACACTTCTTCTTAGCTGCTTGGCCTGTAGTAGGTA•CTGGTTCACTGCTTTAGGTATCAGCACTATGGC•TTTAACCTAAACGGTTTCAATTTCAACCAATCCGTAGTTGATAGC 
•erLeuHisPhePheLeuAl•AlaTrpPr•Va•Va•G•yI•eTrpPheThrA•aLeuGtyI•eSerThrMetA•aPheAsnLeuAsnG•y•heAsnPheAsnG•n•erVa•VatAspSer 

1441 CAAGGCCGGGTAATTAATACTTGGGCTGATATCATTAATCGTGCT~TCTTGGTATGG~GTTATGCATG.~CGT~TGCTCAC'~CTTCCCTCTAGACCTAGCTGCTATTG.~GCTCCA 
GtnGtyArgVatl [eAsnThrTrpAEaAsp! lelteAsnArgA [aAsnkeuGtyMetGtuVa[NetHisGtuArgAsnAtaHisAsnPheProkeuAspLeuAlaAtal [eGluAtaPro 

- [ . . . . . . . . . .  F~ 
!561 GCTA•AAATGGATAAGAATTCGGTGTTAGTGTATAGGAGTTTTTCAAAATAAATTGAAAATAAAGGAGCAATAACCATATTGCTCCTTTTTAATTTGAAATTCGTAGCATAGTCTGGGGC 

AlaThrAsnGly-c- 1 • 4. 

Fig. 1. 



173 

trnH 

1681 GGATGTAGCCAAGTGGATTAAGG•GGTGGATTGTGAATC•A•TATGCGCGGGTTCAATTC•CGCCGTTCGCC•A•ACT•GAATCGCTTTTTCTATAAATACGAGA•ATATAAGT•ATACA 

1801 AGTAAA•AGATCTATTCATTGATAAGAAAAAGAAAAAAC•TGAA•GGGGTTT•GATT•ATGATAAAcTAGAATC•TGGGTCGCGAA•AGTGATT••ATTCATGAGGAAGAAA•AAAATT• 

ORF740 I 
1921 TTGGTTcAGCTATcCGCCTTAAcGAcA~A/~AAA6AATTCTATTGAGTCTGAcTCATAGTGAT~ATTTcTCAAAGAAT6AcTCT~GTTA~CAAATGATTGAAcAACcGGGA6cAATTTAT 

Metl leGtuGtnProGtyAlMteTyr  

2041 TTA•GATA•TTAGTTGA•ATT•ATCAAAAG•AT•TAATGAATTATGAGTTCAATA••T••TGTTTAG•AGAAAGA•GGATATT•cT•G••cA•TCT•AGA•AAICA•••A•T•ACAAACT 
LeuArgTyrLeuValAsp~[eHisG[nLys~isLeuMetAsnTyrG~uPheAsnThr~erCysLeuA~aG~uArgArg~[ePheLeuA~aHis~erG[n~hrI[eThrTyr~erG~n~hr 

2161 TCGTATGGGACTAATAGTTTTCATTT~CCATCTCATGGAAAACCTTTTTCGCTCCGCTTAGCCT~ATCCCCCTCTAGGGGTATTTTAGTGATAGGTTCTATAGGAACTG~ACGATCCTAT 
SerTyrGtyThrAsn•erPheHisPhePr•ser•isG•yLysPr•PheSerLeuArgLeuA•aLeu•erPr••erArgG••••eLeuVa•I•eG••serI•eG[yThrG[yArg•erTyr 

2281 TTGGTAAAATACCTAGCGACAAACTCCTATGTTCCTTTCATTACGGTATTTCCGAACAAGT•CCTGGATAAGAATC•TCAATTTATTGA•GATAT•GATATTGATAATAGTAACAATATT 
LeuVa~LysTyrLeuA~aThrAsn~erTyrVa~r~Phe~eThrVa~hePr~AsnLysPheLeuAspLysAsn~r~G~nPheI[eAspAsp~eAspI~eAspAsn~erAsnAsnI[e 

2401 GATGCTAGTGACGATATCGATATGGATAATAGTGACAATATTGATGATGATAT~GATCGTGACCTTGCTACAGAGCTGGAACTGCTCACTTGGATGAATG~GCTAACTATG~ATAGGGAG 
AspA•a•erAspAsp••eAspMetAspAsnSerAspAsnI•eAspAspAsp•leAspArgAs•LeuA•aThrG[uLeuG•uLeuLeu•hrTrpMetAsnA•aLeuThrMetAspArgG•u 

2521 ATGAAGG~GGAAATAGCCCGATTGTTTATCACCCTTCAATTCGAATTAGCAAGA~CAATGTCTC~TTGCATAATATGGATCCCCAACATTCATGA~CTGGATGTGAATGAGTC~AATTAC 
MetLysAlaGtu[leAlaAr Leu~he~eThrLeuG~n~heG~uLeuA[aArgA~aMetSerPr~CysIleI[eTrp~ePr~AsnI[eHisAspLeuAspVa~AsnG[u~erAsnTyr 

2641 TTATCCCTCGGGCTATTAGTGAAC~ATCT~CCAGGGATTGTGAAAGATGTT~TC~TATAAATA~TCTTGTTATTGCTTCGACTCATATTCCCCAAAAAGTGGATCCcGCTCTAATAG~T 
Leu~erLeuGt~LeuLeUVa~AsnHisLeu~erArgAspcysG~uArgCys~er~r~I[eAsn~eLeuVa[I[eA[a~erThrHis~ePr~G[nL~sVaLAspPr~A[aLeuI~eA~a 

2761 ••GAAAAAATTAAATA•GTGCATTAAGTTACGAAGGCTTCTTATTCCACAACAA•GAAAGTACTTTTTCACTCTTTCATATACTAGGGGATTTCACTTGGAAAA•AAAATGTT•CATACT 
Pr~LysLysLeuAsnThrCys~eLysLeuArgArgLeuLeuI~ePr~GtnG~nArgLysTyr~hePheThrLeu~erTyrThrArgGlyPheHisLeuG[uAsn~ysMetPheHisThr 

2881 AACGGATTCGGGTCCATAACCATGGGGCCCAATG•ACGAGATATTGTAGCACTTA•CAATGAGGTCCTATCAATTAGTATTACACAGAAGAAA•CAATTATAGACACTAATACAATTCGA 
AsnG~yPheG~ySerI~eThrMetG~yPr~AsnA~aArgAspIteVa~A~aLeuThrAsnG~uVa~Leu~erI~e~er~eThrG~nLysLysserI~eI~eAspThrAsnThrI~eAr 

3001 TCCGCTCTTCATAGACAAACTTGGGATTTGCAATCCCAGGTAAGATTGGTTCAGGATCATGAGATCCTTTTCTAT•AGATAGGAAGGGCTGTAGCACAAAATGTACTTATAAGTAATTTA 
SerA~aLeuHisArgG[nThrTrpAspLeuG~n~erG~nVa~ArgLeuVa~G~nAs~H~sG[uI~eLeuPheTyrGtn[~eG~yArgA~aVa~A[aG~nAsnVa~Leu~e~erAsnLeu 

3121AGTAATTGCCCCATAGATCCTATATCTATCTATCTGAAGAATAAATCATGTAACGAGGGGGATTCTTATTTGTACAAATGGTACTTCGAACTTGGAACGAGCATGAAGAAATTGACGATA 
•erAsnCys•r•I•eAsp•r••[e•erIleTyrLeuLysAsnLys•erCysAsnG[uG•yAsp•erTyrLeuTyrLysTrpTyrPheGluLeuG•yThr•erMet•ysLysLeuThr••e 

3241CTTCTTTATCTTTTGAGTTG•ACTGCCGGATCGGTCGCTCAAGATC•TTGGTCTTTACCCGGACCCGATGAAAAAAACGGGATCACTTCCTATGGACTCGTTGAGAATGATTCTGAT•TA 
LeuLeuTyrLeuLeuserCysThrA[aG~ySerVa~A~aG~nAspLeuTrp~erLeuPr~G~yPr~AspGtuLysAsnG~yI~eThr~erTyrG~yLeuVa~G~uAsnAsp~erAspLeu 

3361 GTTCATGGC~TATTAGAAGTAGAAGGCGCTCTGGTGGGATCTTCACGGACAGAAAAAAATTGCAGTAAGTTTGAGAATGATCGAGTGACATTGCTTCTTCGGCCCGAACCGAGGAATCCC 
Va~isG[yLeuLeuG~uVa~G~uG[yAlaLeuValG~y~er~erArgThrG~uLysAsn~ys~erLysPheGluAsnAspArgVa~ThrLeuLeuLeuArgPr~GluPr~ArgAsnPr~ 

348' TTAGAGAGGATG•AAAACGGATCTTGTTCTATC•TTGAT•AGAGATTTCTCT•TGAAAAATA••AATCGGAGTTTGAAGAAGGCGC••TTG•CCCGCAA•AGATAGAGGAGGATTTATTC 
LeuGluArgMetGtnAsnG[ '~erCys~erI[eLeuA~pG~nArgPhe~eu~erG[uLysTyrG~u~erG~uPheG[uG~uG~yA~aLeuA~aPr~G~nG~n~[eG~uG[uAspLeu~he 

3601 AATCACATAGTTTGGGCTCCTACAATATGGCGCC~TTGGGCGTTTCTTTGTAT~GAAAGGC~CAATGAATTGGGATTTT~CTAT~GGTCCAGGTCATTTCGGGGCAAGCGGATCTTGTAT 
AsnHisI[eVa~TrpA~a~r~Thr[~eTrpArgPr~TrpA~aPheLeuCys~[eG~uArgPr~AsnG~uLeuG~yPhe~erTyr~rp~erArgserPheAr~yLysArgI~eLeu~yr 

3721 GATGAAGAGGATGAG~TGAAGAGAATGATTCGGAGTTCTTGCAGAGTGGAACCATGCAGTACAAGACA~GAGATAGA~CTTCCAAAGAAAAAGGC~TTTTTCGAATAAGCCAATTCATT 
AspG•uG•uAspG•uLeuG[uG•uAsnAs••erG•uPheLeuG•n•erG[yThrMetG[nTyrLysThrArgAspArgser•erLysG[uLysG[yLeuPheArgIte•erG•nPhe••e 

3841 TGGGACCCTGCAGATCCACTATTTTTTCTATTCAAAGATCGG•CCCCTGGCTCTGTGTTTT•ACGTCTAGAATTATTTG•AGATGAAGAGATGTCAAAGGGGCTTCTTACTTCCCAAACT 
TrpAspPr•A•aAsp•r•Leu•hePheLeuPheLysAspArgPr•Pr•G•y•erVa[•he•erArgLeuG•uLeuPheA•aAspG•uG•uMet•er•ysG[yLeuLeuThr•erG[nThr 

3961 T~CCAAATTGAGCATCTATTTAGATATAAA~ATACA~G~TGGTTTAT~A/~CAAGA~GCAAGAAAAG~A~TTCGAA[TTTTGATTCATCGTCAGAGATGTCTTAGAACCAATAGTTCATTA 
serG•nI[eG•uHisLeuPheArgTyrLys•yrThrArgTrpPhe••eAsnLysThr•[nG[uLysHisPheG•uPheLeuI•eHisArgG•nArgCysLeuArgThrAsn•er•erLeu 

. . . .  . 

4081 TCTAATAGATCTTT~CGTTCTAATACTCTAT~CGAGAGTTATCAGTATTTAT~AAATCTGTTCCTATCTAACGGAACACTATTGGATCAAATGACAAAGACTTTGTTGAGAAAAAGATGG 
•erAsnArg•erPheArg•erAsnThrLeu•erG•u•erTyrG[nTyrLeu•erAsnLeuPheLeu•erAsnG[yThrLeuLeuAspG•nMetThrLysThrLeuLeuArgLysArg•rp 

" • " I . . . . . . . . .  
4201 CTTTTC•CGGATGAAATGAAAATTGGATTCATGTAA•AGGAGAAAGATTTCC•A•TCCTTTT•CTTAG••GCAAAGATATGTGGCCATGAAAGAGGGGATTCAGTGGAACAGAATTGACT 

LeuPheProAspGtuMetLysIleGtyPheMet-c- I 

"-35" "-10" ORF7]' 
4321 GGGGGGTAGAGTCGTGGAAACGCTTGTTTCTTC•ATATTTTGGACCTTAGCTCCGTGGAACTATATGTTACTGCTGAAACA•AGAAGAATTTAAATCTTGGATCAAAACACTATGTATGG 

I MetTyrGty 

4441 ATGGTAIGAACTGCCTAAACAAGAAITcTTGAACAGCAAACAACCGGTIcATATATTcACGAcCAAGAAGTACIGGATTCTCITTCGGAIAGGCCCTGAAAGGAGAAGGAAGGCTGGAAT 
TrpTyrG~uLeuPr~LysG~nGtu~heLeuAsn~erLysG[nPr~VMHisI~ePheThrThrLysLysTyrTrpI~eLeuPheArgI~eG~yPr~G~uArgArgArgLysA[aGtyMet 

GCCAAAGGCGTCTATTATT;CATTCACCCGACCCAATCCAGTTTGGGAACGTCC . . . . .  r • 4 5 6 1  AGTGCCAAAGTCACTGACTGGACTATTTAATGTACTTTATCTGCTGGGTTAGGGCGGGCATTTTAC 
Pr~LysAla~erI teI te~erPheThrArgPr~AsnPr~VMTrF~uArgPr~Vat~r~Lys~erLeuThrG[yLeuPheAsnVa[~euTyrLeuLeuG~y.a~ 

4681 ~AGA~GTTTCTAAT~TA~TTG~GTGATT~CTG~TGAAGCATATA~TC~G~GGTGAGGGc~TAcGATTTAAAATTTAAAA~CA~ATTCCC~ATT~ATTA~ATA~AG~A~ATCA~TAGG 

4801ATTTcGcGACccGcTGccGAATT~ATTccAAGAGcTcGGATcGATcGAATcAGTATATcAATAccGATTCGATcGATccAAGcTcTcTTATTGAATTGcTcATTccATGAGcATTcTcAA 

trnL 
1 

49211AITA~GCCTIGAAGAGGACTCGAACCTCCACGCTCTTTAGCACGAGATTTTGAGTCTCGCGTGTCTACCATTTCACCACCAAGGCATCTTGAAAGTGAATCGTATTCCATAGAGAIGAT 

ORF55 i 
5041 ATCTATCTAGTGTAATGTATGGAATATATGAAAAGGGTGGAGTATTTATATAGATCGGT•ATGTCATATAGGACCCAGTTGGACATCCAATTGCTTCGATTTGAATTATCCGGAGAATGC ~ MetG[uTyrMet~ysArgVatG~uTyrLeuTyrArg~erVa~et~erTyrArgThrG~nLeuAsp~teG~nLeuLeuArg~heG~uLeuserGtyGtuCys 

C " . . . .  [ . . . . . .  5161 T~A~AGATATA~CAAAAAGATGGACAA~CAAA~C~TTTCTcGA~T~A~T~AAAGAGGTGAATAGGG~T~AAAGAGAGATATG~AAAAAGAAGG~T~GA~G~GTc~A~TAAT~ 
Leu[teAsp leSerkysArgTrpThr l leLysProLeuSerArgPheThrGtnArgGtyGlu-a .  1 

5281 TAAATGGAATGTAACGACGTAGGGATTAGGGATCC 

Fig. 1. Nucleotide and deduced amino-acid sequences of a 5.3-kb region of the plastid DNA from C. reflexa Putative promoters are 
underlined ( - 3 5  region and - 1 0  region). Opposite arrows indicate potential termination sequences 
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Results 

Gene arrangement in Cuscuta reflexa 

The nucleotide sequence of  a 5.3-kb region of  the C. 
reflexa plastid genome was determined (Fig. 1). The gene 
arrangement, presented in Fig. 2, is the same as in the 
autotrophic higher plant N. tabacum, a closely related 
angiosperm (Nicotiana and Cuscuta both belong to the 

o r d e r  Solanales). The cloned area contains genes for the 
DI protein (32-kDA protein; psbA), tRNA ms (trnH), 
ORF740, ORF77, tRNA Leo (trnL), and ORF55, and is 
colinear with a 12.4-kb region of  tobacco p t D N A  
(Fig. 2). The difference in size is due to several deletions, 
totalling approximately 7.1 kb, in the p tDNA of  C. re- 
flexa. 

Deletions upstream of  the psbA gene affect trnK 

The psbA gene in C. reflexa p tDNA is highly conserved 
as compared to other higher plants. The homology to 
corresponding genes is in the range of  94% (e.g., N. 
tabacum, Sugita and Sugiura 1984). Neither the coding 

region nor the regulating sequences (promoter, termina- 
tor) are remarkably different. Upstream of  the psbA gene 
the 3'-end of  an ORF 509A homologue is located (Fig. 2). 
In N. tabacum, this ORF 509A is present in an intron 
between the two exons of  tRNA Lys (trnK). The 3'-exon of  
tRNA Lys (UUU) seems to be lost in C. reflexa due to a 
deletion of  about 180 bp. No statement about  the 5'-exon 
is possible as yet (Fig. 2). 

rpl2 and rpl23 have been deleted in the plastid DNA 
of C. reflexa 

Downstream from psbA, a large deletion of  about  6.5-kb 
can be observed. The deleted area starts with the first 
base of the large inverted repeat A (IRA) when compared 
to tobacco. This deletion comprises two ribosomal 
protein genes, rpl2 and rp123, the gene for tRNA ne (trnl), 
as well as 1540 amino-acid residues of  an ORF 2280 
homologue. In order to find out whether these genes have 
been translocated in C. reflexa, heterologous hybridiza- 
tion experiments were carried out. Neither gene probes 
for rpl2 and rp123 nor one for the 5'-end of  ORF 2280 
hybridized to total D N A  from C. reflexa (Fig. 3). 
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Fig. 4. Transcript of the psbA gene from L purpurea (IP) and C. re- 
flexa (CR). In Northern blots a Cuscuta-specific gene probe hy- 
bridized with total cellular RNA of approximately 1.3 kb in size. 
Stringency conditions: 2 x 20 rain 6 M Urea/, 1 x SSC, 0.4% SDS at 
42 °C 

ORF 740, ORF 77 and ORF 55 downstream 
from the psbA gene 

As a result of this large deletion the open reading frame 
in C. reflexa homologous to ORF 2280 (tobacco, Sugiura 
1992) and ORF 2131 (spinach, Zhou et al. 1988) is re- 
duced to 740 amino acids. The overall degree of amino- 
acid identity is in the range of 90%. 

There are two other ORFs between thepsbA gene and 
trnL in the ptDNA of C. reflexa (Fig. 1). ORF 77 shows 
homology (approximately 87% identical residues) to 
ORF 70 of tobacco in a 54 amino-acid region. ORF 55 
shows no homology to any known gene and may have 
been formed spontaneously due to several base substitu- 
tions. Two other ORFs (ORF 92, ORF 115) found in the 
chloroplast genome of tobacco between ORF 2280 and 
trnL are lost in C. reflexa ptDNA. 

tRNAs downstream from the psbA gene 

In the chloroplast genome of C. reflexa only two tRNAs, 
tRNA his (GUG) and tRNA Leu (CAA); are located down- 
stream from the psbA gene; tRNA ne (CAU) is deleted. 
The trnH gene shows identical nucleotides at 94.7% of 
positions compared to the trnH from N. tabacum while 
trnL is identical (100%). The trnI (CAU) gene located 
between rpl23 and ORF 2280 of N. tabacum ptDNA is 
lost in the corresponding region of the Cuscuta chloro- 
plast genome but another trnI (GAU) gene has been de- 
tected in the 16S-23S spacer where it is 100% ho- 
mologous to tobacco (Gerd Haberhausen, unpublished 
results). 

Transcript level of  the psbA gene 

We used a psbA-specific gene probe from C. reflexa to 
investigate the transcript level in Northern experiments 
using total cellular RNA from C. reflexa and L purpurea. 
For this purpose, the same organs (stems) were chosen to 

obtain more reliable results. Surprisingly similar amounts 
of mRNA specific for psbA could be detected in both C. 
reflexa and I. purpurea (Fig. 4). No hybridization signals 
for ORF740 were found in C. reflexa (data not shown). 

Discussion 

Sequence analysis of a 5.3-kb region of the chloroplast 
genome from the holoparasitic flowering plant C. reflexa 
reveals a genomic organization that differs to a large 
extent from the corresponding region in the non-parasitic 
plant N. tabacum. This is surprising since examination of 
another region in the ptDNA of C. reflexa revealed that 
neither the gene content nor the nucleotide sequence of 
six plastid genes are significantly different from those of 
N. tabaeum (Haberhausen et al. 1992). The ptDNA orga- 
nization discussed here includes one gene (psbA) that 
shows no remarkable changes at the nucleotide sequence 
level in either its coding region or its the regulatory se- 
quences. Also the transcription of the psbA gene in C. 
reflexa is comparable to that of an autotrophic plant (I. 
purpurea). In contrast to this, we found open reading 
frames (ORF 740, ORF 77) that could still be functional 
but with the grade of homology to corresponding genes 
decreased due to several deletions/insertions. Further- 
more, some genes in C. reflexa ptDNA seem to be com- 
pletely lost (rpl2, rp123, trnL trnK). Astonishingly, all lost 
genes are part of the translation apparatus. This raises 
the question of whether plastid-encoded genes in Cuscuta 
can be translated into proteins. In relation to this, two 
question scenarios are conceivable: (1) the missing genes 
have migrated into the nucleus and the gene products 
must be imported into the plastids from the cytoplasm, or 
(2) the genes are lost completely, which implies that the 
translation apparatus in plastids of C. reflexa is non- 
functional. The first of these two possibilities has been 
described for another ribosomal protein (rpl22) in some 
legumes by Gantt et al. (1991) and is the most recent case 
of gene transfer reported up to now. A number of similar 
events are known, due to a massive evolutionary transfer 
of genes from former endosymbionts to the nucleus of the 
host cell (Gray 1983; Palmer 1990). 

In spinach, the rpl23 gene seems to have become a 
pseudogene (Thomas et al. 1988) by splitting into two 
overlapping reading frames. As a consequence of this no 
rpl23 gene product is detectable. Results from several 
other plants examined indicate either a loss of require- 
ment for the CL23 protein in chloroplasts or a transfer of 
the rpl23 gene to nuclear genome (Zurawski and Clegg 
1987). On the other hand, ribosomal protein CL23 is 
functional in Marchantia polymorpha (Ohyama et al. 
1986) and tobacco (Yokoi et al. 1991), which is more 
closely related to Cuscuta than is spinach. Here we hy- 
pothesize for a total loss of rpl2 and rp123, based on the 
fact that no Rubisco protein (encoded by the plastid rbcL 
gene) is detectable in C. reflexa by immunological meth- 
ods (Haberhausen et al. 1992). If one assumes total loss 
of the rpl2 and rpl23 genes then we are confronted with 
the interesting phenomenon that, on the one hand, sever- 
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al photosynthesis-re la ted genes are present in C. reflexa 
in a relatively unal tered and hence funct ional  form. On 
the o ther  hand,  the t ranslat ional  machinery  o f  the plas- 
tids appears  to be non-funct ional .  Clear evidence regard- 
ing this quest ion canno t  be given at present. However ,  the 
h o m o l o g y  o f  the area examined,  especially the f lanking 
sequences in non-cod ing  regions close to the deletion, 
points  to the fact tha t  the deletion (transfer or  loss) is a 
relatively recent event in the p t D N A  o f  C. reflexa. Inter-  
estingly, the deletion starts exactly with the beginning o f  
the large inverted repeat  ( IRA,  IRB)  as compared  to 
tobacco,  p robab ly  indicating a ' ho t  spot  region '  in plastid 
D N A .  

It  seems that  the p t D N A  in C. reflexa is not  reduced 
to the same extent as in other  parasit ic plants (e.g., Epifa- 
gus or Conopholis). On the genetic level this species m a y  
be regarded as a t ransi t ion state between photosynthe t ic  
plants  and those which are fully adapted  to a parasit ic 
life. Therefore,  we believe that  C. reflexa is an excellent 
model  for  s tudying the evolu t ionary  and molecular  devel- 
opmen t  o f  the chloroplas t  genome. 
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