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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 D1-protein (32-kDa
protein; psbA), tRNAHS (rrnH), ORF 740 (homologous
to ORF 2280 from Nicotiana tabacum), ORF 77 (ho-
mologous to ORF 70), tRNA™" (zrnl) 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 rpl23,
as well as the transfer RNA for Isoleucin (¢rnl) 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
loss 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. reflexa 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 rp/23 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 presumably no selective constraint
effects are any longer operative. There are only three
non-photosynthetic species reported so far. The root-par-
asitic Epifagus virginiana (dePamphilis and Palmer 1990)
lacks most of the photosynthetic and putative chlorores-
piratory (ndh) genes. This results in a chloroplast genome
of only 71 kb in size. A similar situation has been found
in a related member of the Orobanchaceae, Conopholis
americana (Wimpee et al. 1991, 1992). In Conopholis,
some regions in the ptDNA 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 parasite C.
reflexa most of the photosynthesis-related genes are pres-
ent. The nucleotide sequences of the rbcL and atpB genes
are highly conserved as compared to those of tobacco but
the regulatory sequences (promoter, termination sites)
show Cuscuta-specific deletions. In the present study, we
describe an area of ptDNA from C. reflexa which shows
more differences to the corresponding region in tobacco
and where a large deletion has taken place. Two riboso-
mal protein genes, rp/2 and rpl23, are affected by this
deletion. For this reason, the whole translation apparatus
might be non-functional 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.

- .ORF509-A

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 LiCl method (Ausubel et al.
1988).

Molecular cloning of the psbA gene and its flanking regions. Total
cellular DNA from C. reflexa was digested with HindI1l 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
pUCI18 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 ‘Kréger-menw’ (Kroger and Krdger-
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 rpi23 genes were hybridized to N. tabacum and C. reflexa
total cellular DNA (1 pg/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 I. purpurea was electrophoresed on 1.5% formaldehyd-
agarose gels (15 pg/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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GCTTGGGCTTAAAATTATTGGAAGAATTCTTTACGTCGGAAGAGCAAATTATTTTTTTAACT TTCCCAAACGCT TCGTTGAATTTGCGAGGAGTGTCGAAAGGGCGGATTTGGTATTTTG
LeuGlyLeuLysLeul euGluGluPhePheThrserGluGluGinIlellePheLeuThrPheProAsnAlaSert euAsnLeuArgGlyVal SerLysGlyArgl LeTrpTyrPheAsp
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ATATAGTTTATATCAATGAGCAGGCCAATTTTTAATGATTCAGTCT TCAATCTTCAATATTCT TAAAATCAAATTTTGAATAAATTCTTAAGGTTGTCTTTTTCCACTATAATCTGAAAT
IleValTyrlleAsnGluGlnAlaAsnPhe-cI

CTTGATTCAAAATGATAAA%GAAAATTTAéCCGAGGCTA&AGCCGTGTG&AATGAAAAACTAAAGCAATATAAATTTTTTTTTTAATCCACTTACTTTCAATTGGGTTC&AAAAGATTGG
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GTCCTTGATGATTAAATAAACCAAGAATTTACCATGACTGCAAT TTTAGAGAGACGCGAAAGCGAAAGCCTATGGGGTCGTTTCTGTAACTGGATAACCAGTACTGAAAACCGTCTTTAC
MetThrAlallelLeuGluArgArgGluSerGluSerLeuTrpGlyArgPheCysAsnTrpl leThrSerThrGluAsnArgleuTyr

ATTGGATGGTTTGGCETTTTGATGATCCCTACTTTATTGACCGCAACTT&TGTATTTATTATTGCCTTCATTGCTGCTCCTCCAGTAGATATAGATGGTATTCGGGAACCTGTTTCTGGA
IleGlyTrpPheGlyValleuMet]leProThrLeuLeuThrAlaThrServalPhellelleAlaPhel leAlaAlaProProValAspl LeAspGlyl LeArgGluProvalSerGly

TCTCTGCTT;ACGGAAACAATATTGTTTC&GGTGCCATTATTCCGACTTCTGCAGCTATAGGTTTACACTTTTACCCAATATGGGAAGCGGCGTCTGTTGATGAATGGTTATACAACGGT
SerLeuLeuTyrGlyAsnAsni leValSerGlyAlallelleProThrSerAlaAlalleGlyleuisPheTyrProlleTrpGluAlaAlaSerValAspGluTrpleuTyrAsnGly

GGTCCTTATéAACTAATTG;TCTACACTT%TTACTTGGTéTAGCTTGTTAEATGGGTCGTGAGTGGGAACTGAGTTTCCGTTTGGGTATGCGCCCTTGGATTGCTGTTGCGTACTCAGCT
GlyProTyrGluLeuileVallLeullisPheleuleuGlyValAlaCysTyrMetGlyArgGluTrpGluleuSerPheArgleuGlyMetArgProTrpl leAlavalAlaTyrSerAla

CCTGTTGCAéCTGCTACCGEAGTTTTCTT&ATCTATCCAATTGGTCAGGGAAGTTTTTCTGATGGTATGCCTETAGGAATCTCTGGTACTTTCAATTTCATGATTGTATTCCAGGCCGAG
ProvalAlaAtaAlaThrAlaValPheLeulleTyrProl LeGlyGLnGlySerPheSerAspGlyMetProteuGly! leSerGlyThrPheAsnPheMet!leValPheGinAlaGlu

CACAACATT&TTATGCACC&ATTTDATATGTTAGGCGTAGCTGETGTATTCEGTGGTTCCCTATTCAGTGCTATGCATGGTTCCTTGGTAACTTCCAGTTTGATCAGGGAAACCACAGAA
HisAsnl leLeuMetHisProPheHisMetLeuGlyvalAlaGlyvalPheGlyGlySerLeuPheSerAlaMetHisGlySerLeuvalThrSerserLeul leArgGluThrThrGlu

AATGAATCTéCTAACGAAG&TTACAGATTéGGTCAAGAGGAAGAAACTTACAATATCGTAGCCGCTCATGGTTATTTTGGCCGATTGATTTTCCAATATGCTAGTTTCAACAACTCTCGT
AsnGluSerAlaAsnGluGlyTyrArgPheGlyGinGluGluGluThrTyrAsnlleValAlaAtaHisGlyTyrPheGlyArgLleul lePheGLnTyrAlaSerPheAsnAsnSerArg

TCGTTACAC%TCTTCTTAG&TGCTTGGCC%GTAGTAGGT&TCTGGTTCACTGCTTTAGGTATCAGCACTATGGCCTTTAACCTAAACGGTTTCAATTTCAACCAATCCGTAGTTGATAGC
SerLeulisPhePheleuAlaAlaTrpProvalValGlylleTrpPheThrAlaleuGlyl leSerThrMetAl aPheAsnLeuAsnGlyPheAsnPheAsnGlnSerValValAspSer

CAAGGCCGG&TAATTAATA&TTGGGCTGA%ATCATTAATCGTGCTAATCTTGGTATGGAAGTTATGCATGAACGTAATGCTCACAACTTCCCTCTAGACCTAGCTGCTATTGAAGCTCCA
GinGlyArgVallleAsnThrTrpAlaAspl lelleAsnArgAlaAsnleuGiyMetGluvalMetHisGluArgAsnAtaliisAsnPheProleuAspleuAlaAlalleGluAlaPro

. I - - . . - . - « . - -
GCTACAAATGGATAAGAATTCGGTGTTAGTGTATAGGAGT TTTTCAAAATAAATTGAAAATAAAGGAGCAATAACCATATTGCTCCTTTTTAATTTGAAATTCGTAGCATAGTCTGGGGE

AlaThrAsnGly-c-

Fig. 1.
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GGATGTAGCCAAGTGGATTAAGGCGGTGGATTGTGAATCCACTATGCGCGGGTTCAATTCCCGCCGTTCGCCCACACTCGAATCGCTTTTTCTATAAATACGAGACATATAAGTCATACA

AGTAAAGAGATCTATTCAT%GATAAGAAAAAGAAAAAACGTGAACGGGGTTTGGATTGATGATAAACTAGAATCCTGGGTCGCGAACAGTGATTCGATTCATGAGGAAGAAAGAAAATTC

. . . . . . . . ORF740
TTGGTTCAGCTATCCGCCTTAACGACAGAAAAAAGAATTCTATTGAGTCTGACTCATAGTGATCATTTCTCAAAGAATGACTCTGGT TATCAAATGAT TGAACAACCGGGAGCAATTTAT
MetileGluGlnProGlyAlalleTyr

TTACGATACTTAGTTGACATTCATCAAAAGCATCTAATGAATTATGAGT TCAATACCTCCTGTTTAGCAGAAAGACGGATATTCCTTGCTCATTCTCAGACAATCACTTATTCACAAACT
LeuArgTyrLeuvalAsplleHisGlnLysHisLeuMetAsnTyrGluPheAsnThrSerCysteuAlaGluArgArg] lePheleuAlaHisSerGinThrlleThrTyrSerGinThr

TCGTATGGG;CTAATAGTT%TCATTTCCCATCTCATGGAAAACETTTTTéGCTCCGCTTAGCCTTATCCCCCTCTAGGGGTATTTTAGTGATAGGTTCTATAGGAACTGGACGATCCTAT
SerTyrGlyThrAsnSerPhelisPheProSertisGlyLysProPheSerLeuArgleuAlaleuSerProSerArgGlylteleuvallleGlySer]leGlyThrGlyArgSerTyr

TTGGTAAAA%ACCTAGCGA&AAACTCCTATGTTCCTTTCATTACGGTATTTCCGAACAAGTTCCTGGATAAGAATCCTCAATTTATTGATGATATCGATATTGATAATAGTAACAATATT
LeuvallysTyrLeuAlaThrAsnSerTyrvalProPhelleThrvalPheProAsnLysPhel euAsplysAsnProGlnPhel LeAspAspl LeAspl LeAspAsnSerAsnAsnl Le

GATGCTAGTéACGATATCGATATGGATAATAGTGACAATATTGATGATGATATCGATCGTGACCTTGCTACAGAGCTGGAACTGCTCACTTGGATGAATGCGCTAACTATGGATAGGGAG
AspAlaSerAspAspl leAspMetAspAsnSerAspAsn] leAspAspAspl Ll eAspArgAspleuAlaThrGluleuGluleuteuThrTrpMetAsnAlaleuThrMetAspArgGlu

ATGAAGGCGGAAATAGCCCGATTGTTTATCACCCTTCAATTCGAATTAGCAAGAGCAATGTCTCCTTGCATAATAT GGATCCCCAACATTCATGATCTGGATGTGAATGAGTCGAATTAC
MetlysAlaGlulleAlaArgieuPhel leThrieuGlnPheGluLeuAl aArgAlaMetSerProCysilel leTrplleProAsnl leHisAspleuAspValAsnGluSerAsnTyr

TTATCCCTC&GGCTATTAG%GAACCATCTCTCCAGGGATTGTGAAAGATGTTCTCCTATAAATATTCTTGTTATTGCTTCGACTCATATTCCCCAAAAAGTGGATCCCGCTCTAATAGCT
LeuSerLeuGlyLeuleuValAsntisLeuSerArgAspCysGluArgCysSerProl leAsnlleLeuvallleAlaSerThrHisIleProGlnLysValAspProAlaleul leAla

CCGAAAAAATTAAATACGTGCATTAAGTTACGAAGGCTTCTTATTCCACAACAACGAAAGTACTTTTTCACTCTTTCATATACTAGGGGATTTCACTTGGAAAATAAAATGTTCCATACT
ProLyslysLeuAsnThrCysIlelysLeuArgArgleuleul leProGInGinArgLysTyrPhePheThrLeuSerTyrThrArgGlyPheHisLeuGluAsnlysMetPheHisThr

AACGGATTCGGGTCCATAACCATGGGGCCCAATGCACGAGATATTGTAGCACTTACCAATGAGGTCCTATCAATTAGTATTACACAGAAGAAATCAATTATAGACACTAATACAATTCGA
AsnGlyPheGlySerlleThrMetGlyProAsnAlaArgAspIleValAlaLeuThrAsnGluValLeuSerlleSerIleThrGlnLysLysSerlle[leAspThrAsnThrlleArg

TCCGCTCTTCATAGACAAACTTGGGATTTGCAATCCCAGGTAAGATTGGTTCAGGATCATGAGATCCTTTTCTATCAGATAGGAAGGGCTGTAGCACAAAATGTACTTATAAGTAATTTA
SerAlalLeulisArgGinThrTrpAspleuGinSerGinvalArgleuvalGlnAspHisGlul leLeuPheTyrGlnI leGlyArgAlavalAtaGlnAsnValLleul LleSerAsnLeu

AGTAATTGCCCCATAGATCCTATATCTATCTATCTGAAGAATAAATCATGTAACGAGGGGGATTCTTATTTGTACAAATGGTACTTCGAACT TGGAACGAGCATGAAGAAATTGACGATA
SerAsnCysProlleAspProlleSer!leTyrLeulysAsnLysSerCysAsnGluGlyAspSerTyrLeuTyrLysTrpTyrPheGluleuGlyThrSerMetLystysLeuThrlle

CTYCTTTATCTTTTGAGTTGTACTGCCGGATCGGTCGCTCAAGATCTTTGGTCTTTACCCGGACCCGATGAAAAAAACGGGATCACT TCCTATGRACTCGTTGAGAATGATTCTGATCTA
LeuLeuTereuLeuSerCysThrAlaGlySerValAlaGlnAspLeuTrpSerLeuProGlyProAspGluLysAsnGlylLeThrSerTyrGlyLeuValGluAsnAspSerAspLeu

GTTCATGGCCTATTAGAAGTAGAAGGCGCTCTGGTGGGATCTTCACGGACAGAAAAAAAT TGCAGTAAGTTTGAGAATGATCGAGTGACATTGCTTCTTCGGCCCGAACCGAGGAATCCC

ValHisGlyLeuLeuGLuValGluGlyAlaLeuValGlySerSerArgThrGluLysAanysSerLysPheGluAsnAspArgValThrLeuLeuLeuArgProGluProArgAsnPro

TTAGAGAGGATGCAAAACG&ATCTTGTTCTATCCTTGATCAGAGATTTCTCTCTGAAAAATACGAATCGGAGTTTGAAGAAGGCGCCCTTGCCCCGCAACAGATAGAGGAGGATTTATTC
LeuGluArgMetGLnasnGlySerCysSer]leLeuAspGlnArgPheleuSerGlulysTyrGluSerGluPheGluGluGlyAlaleuAlaProGLnGin] LeGluGluAspleuPhe

AATCACATAGTTTGGGCTCCTACAATATGGCGCCCTTGGGCGTTTCTTTGTATCGAAAGGLCCAATGAATTGGGATTTTCCTATTGGTCCAGGTCAT T TCGGGGCAAGCGGATCTTGTAT
AsnHiisllevalTrpAlaProThrileTrpArgProTrpAlaPheleuCys]leGluArgProAsnGluleuGlyPheSerTyrTrpSerArgSerPheArgGlylysargl LeleuTyr

GATGAAGAGéATGAGCTTGAAGAGAATGATTCGGAGTTCTTGCAGAGTGGAACCATGCAGTACAAGACACGAGATAGATCTTCCAAAGAAAAAGGCCTTTTTCGAATAA&CCAATTCATT
AspGluGluAspGluLeuGluGiuAsnAspSerGluPheLeuGinSerGlyThrMetGLnTyrLysThrargAspArgSerSerlysGlulysGlyLeuPheArgl LeSerGLnPhel Le

TGGGACCCTGCAGATCCACTATTTTTTCTATTCAAAGATCGGCCCCCTGGCTCTETGTTTTCACGTCTAGAATTATTTGCAGAT GAAGAGATGT CAAAGGGGCTTCTTACTTCCCAAACT
TrpAspProAlaAspProleuPhePheleuPhel ysAspArgProProGlySerValPheSerArgleuGluleuPheAl aAspGluGluMetSerLysGlyLeuLeuThrSerGLnThr

TCCCAAATTGAGCATCTATTTAGATATAAATATACACGCTGGTTTATCAACAAGACGCAAGAAAAGCACTTCGAATTTTTGATTCATCGTCAGAGATGTCTTAGAACCAATAGTTCATTA
SerGlnIleGluHisLeuPheArgTerysTerhrArgTerhelleAsnLysThrGlnGluLysHisPheGluPheLeulleHisArgGlnArgCysLeuArgThrAsnSerSerLeu

TCTAATAGATCTTTCCGTTCTAATACTCTATCCGAGAGT TATCAGTATTTATCAAATCTGTTCCTATCTAACGGAACACTATTGGATCAAAT GACAAAGACT TTGTTGAGAAAAAGATGG
SerAsnArgSerPheArgSerAsnThrLeuSerGluSerTyrGlnTereuSerAsnLeuPheLeuSerAsnGlyThrLeuLeuAspGlnNetThrLysThrLeuLeuArgLysArgTrp

CTTTTCCCGGATGAAATGAAAATTGGATTCATGTAACAGGAGAAAGATTTCCCATTCCTTTTCCT TAGCCGCAAAGATAT GTGGCCATGAAAGAGGGGATTCAGTGGAACAGAATTGACT

LeuPheProAspGluMetLysIteGlyPheMet-c-
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GGGGGGTAGAGTCGTGGAAACGCTTGTTTCTTCCATATTTTGGACCTTAGCTCCGTGGAACTATATGTTACTGCTGAAACACAGAAGAATTTAAATCTTGGATCAAAACACTATGTATGG
lMetTyrGly

4441

4561

ATGGTATGAACTGCCTAAACAAGAATTCTTGAACAGCAAACAACCGGTTCATATATTCACGACCAAGAAGTACTGGATTCTCTTTCGGATAGGCCCTGAAAGGAGAAGGAAGGCTGGAA%
TrpTyrGluLeuProLysGlnGluPheLeuAsnSerLysGlnPruValHisllePheThrThrLysLysTerrpIleLeuPheArglleGlyProGluArgArgArgLysAlaGlyﬂet

GCCAAAGGCGTCTATTATTTCATTCACCCGACCCAATECAGTTTGGGAACGTCCAGTGCCAAAGTCACTGACTGGACTATTTAATGTACTTTATCTGCTéGGTTAGGGC&GGCATTTTAé

ProLysAlaSerlleIleSerPheThrArgProAsnProValTrpGluArgProValProLysSerLeuThrGlyLeuPheAanalLeuTereuLeuGly-a~I

4681

4801

4921

5041

5161

CAGAGGTTTCTAATCTACCCTTGGGTGATTCCTGTTGAAGCATATACTCGGGGGGTGAGGGCGTACGATTTAAAATTTAAAAGCAGATTCCCCATTCATTAGATAGAGGAGATCACTAG&

ATTTCGCGACCCGCTGCCGAATTTATTCCAAGAGCTCGGATCGATCGAATCAGTATATCAATACCGATTCGATCGATCCAAGCTCTCTTATTGAATTGCTCATTCCATGAGCATTCTCAA
—_— - ——— —_— —
trnl
- . .
TATTATGCCTTGAAGAGGACTCGAACCTCCACGCTCTTTAGCACGAGATTTTGAGTCTCGCGTGTCTACCATTTCACCACCAAGGCATCTTGAAAGTGAATCGTATTCEATAGAGATGAT

ORF55

ATCTATCTAGTGTAATGTATGGAATATATGAAAAGGGTGGAGTATTTATATAGATCGGTCATGTCATATAGGACCCAGTTGGACATCEAATTGCTTCGATTTGAATTATCCGGAGAATGC
MetGluTeretLysArgValGluTereuTyrArgSerValMetSerTyrArgThrGlnLeuAsplleGlnLeuLeuArgPheGluLeuSerGlyGluCys

. . . . . [ . . . . .
CTTATAGATATATCAAAAAGATGGACAATCAAACCTCTTTCTCGATTCACTCAAAGAGGTGAATAGGGTTCCAAAGAGAGATATGTAAAAAGAAGGTTCGATTGCGTCTATTCCTAATCC
LeuIleAsplleSerLysArgTrpThrlleLysProLeuSerArgPheThrGlnArgGlyGtu-a-l

5281

TARATGGAATGTAACGACGTAGGGATTAGGGATCC
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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 (—35 region and — 10 region). Opposite arrows indicate potential termination sequences
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Nicotiana tabacum Cuscuta reflexa

s 3
trnK 5’-Exon
ORF-509A
trnK 3'-Exon
LSC psbA
— trnH *ORF
rpi2 3'-Exon 509A"
rpl2 5'-Exon
rpl23 pSbA
trnl trnH
ORF740
IRA
ORF77
trnl
ORF2280 ORF&5
ORF70
ORF92
1 kb
ORF79

Fig. 2. Comparative gene arrangement of N. tabacum (NT) and
C. reflexa (CR). A 12.4-kb area from tobacco corresponds with a
colinear 5.3-kb region in the ptDNA of C. reflexa. Data for the
tobacco gene map is derived from Shinozaki etal. (1986) and
Sugiura (1992)

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
‘order Solanales). The cloned area contains genes for the
D1 protein (32-kDA protein; psbA4), tRNA™® (rrnH),
ORF740, ORF77, tRNA™" (trnL), and ORFS55, and is
colinear with a 12.4-kb region of tobacco ptDNA
(Fig. 2). The difference in size is due to several deletions,
totalling approximately 7.1 kb, in the ptDNA of C. re-

flexa.

Deletions upstream of the psbA gene affect trnK

The psbA gene in C. reflexa ptDNA 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

5’ 3’
trn rpl rp rpl
| 23 2 2
NT [§ [
> ORF 2280 | V4,
trn psbA
1.5 kb 12kb H
1 2
1 2

it
!
¥

NT CR NT CR

Fig. 3. Southern blots of Nicotiana (NT) and Cuscuta (CR) total
cellular DNA (digested with BamH1, EcoRI, HindIIl) hybridized
against two gene probes derived from a tobacco-homologous sub-
clone (pTB28). Blots illustrate the absence of the 5-ORF 2280
(probe 1) and rpl2/rpl23 genes (probe 2) from Cuscuta total cellular
DNA. Stringency conditions: 2x 20 min 1 xSSC, 0.5% SDS at
25°C

region nor the regulating sequences (promoter, termina-
tor) are remarkably different. Upstream of the psb A4 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 tRNAM* (1rnK). The 3'-exon of
tRNAL® (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, rpi2 and rpi23, the gene for tRNA™ (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 rpl23 nor one for the 5'-end of ORF 2280
hybridized to total DNA from C. reflexa (Fig. 3).
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Fig. 4. Transcript of the psbA gene from I. 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 min 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 the psbA 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
trunL are lost in C. reflexa ptDNA.

tRNAs downstream from the psbA gene

In the chloroplast genome of C. reflexa only two tRNAs,
tRNAHS (GUG) and tRNA" (CAA); are located down-
stream from the pshA gene; tRNA" (CAU) is deleted.
The trnH gene shows identical nucleotides at 94.7% of
positions compared to the trnH from N. tabacum while
truL is identical (100%). The trnl (CAU) gene located
between rp/23 and ORF 2280 of N. rabacum ptDNA is
lost in the corresponding region of the Cuscuta chloro-
plast genome but another trnl (GAU) gene has been de-
tected in the 165-23S 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 I. purpurea.
For this purpose, the same organs (stems) were chosen to
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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. tabacum (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 pshbA gene in C.
reflexa is comparable to that of an autotrophic plant (1.
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, rpl23, trud, truK). Astonishingly, all lost
genes are part of the translation apparatus. This raises
the question of whether plastid-encoded genes in Cuscuza
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 (rp/22) 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 rp/23 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 rpl/23 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 ¥pi2 and rpl23, 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-related genes are present in C. reflexa
in a relatively unaltered and hence functional form. On
the other hand, the translational machinery of the plas-
tids appears to be non-functional. Clear evidence regard-
ing this question cannot be given at present. However, the
homology of the area examined, especially the flanking
sequences in non-coding regions close to the deletion,
points to the fact that the deletion (transfer or loss) is a
relatively recent event in the ptDNA of C. reflexa. Inter-
estingly, the deletion starts exactly with the beginning of
the large inverted repeat (IRA, IRB) as compared to
tobacco, probably indicating a ‘hot spot region’ in plastid
DNA.

It seems that the ptDNA in C. reflexa is not reduced
to the same extent as in other parasitic plants (e.g., Epifa-
gus or Conopholis). On the genetic level this species may
be regarded as a transition state between photosynthetic
plants and those which are fully adapted to a parasitic
life. Therefore, we believe that C. reflexa is an excellent
model for studying the evolutionary and molecular devel-
opment of the chloroplast genome.
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