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Abstract

We have determined the nucleotide sequence for the Rubisco large subunit from four holoparasitic species of
Orobanche. Intact open reading frames are present in two species (O. corymbosa and O. fasciculata), whereas
the remaining species (O. cernua and O. ramosa) have rbclL pseudogenes. Sequences for rbcl 5'-UTRs from
species of Orobanche have few changes in the promoter and ribosome binding sites compared to photosynthetic
higher plants. Comparison of rbcL 3'-UTR sequences for Nicotiana, |pomoea, Cuscuta, and Orobanche reveal
that nucleotide sequences from parasitic plants have regions capabl e of forming stem-loop structures, but 5669 nt
are deleted upstream of the stem-loop in the parasitic plants compared to their photosynthetic relatives. Although
rbcL pseudogenes of O. cernua and O ramosa have many large and small deletions, few indels are shared in
common, implying that their common ancestor probably had an intact rbcL reading frame. Intact rbcL reading
framesin O. corymbosa and O. fasciculata retain a bias of synonymous over nonsynonymous substitutions and
deduced protein sequencesare consistent with potentially functional Rubisco large subunit proteins. A conservative
model of random substitution processesin pseudogene sequences estimates that the probability islow (P < 0.028)
that these sequences would retain an open reading frame by chance. Species of Orobanche have either had recent
photosynthetic ancestors, implying multiple independent losses of photosynthesisin this genus, or the rbcL gene
may serve an unknown function in some nonphotosynthetic plants.

Introduction

Parasitic plants lacking chlorophyll (holoparasites) do
not have afunctional photosynthetic apparatusand are
entirely dependent ontheir host for reduced carbon [ 23,
32, 33]. Because holoparasites are not self-reliant for
photosynthates, much of the plastid genome is under
relaxed functional constraint [13]. The plastid gen-
omes of severa holoparasitic higher plant generahave
recently been examined for genome size and/or gene
content (e.g., Cuscuta (Cuscutaceae) [18, 19, 26]; Epif-
agus (Orobanchaceae) [14, 48]; Lathraea (Scrophu-
lariaceae) [12, 42, 43]; Conopholis (Orobanchaceae)

Thenucleotide sequencedatareported will appearintheEMBL,
GenBank and DDBJ Nucleotide Seguence Databases under the
accession numbers U73968, U73969, U73970 and U73971.

[5, 46, 47]; Orobanche (Orobanchaceae) [45]). In gen-
eral, the size of the plastid genome is greatly reduced
in holoparasitic plants compared to their closest auto-
trophic relatives and many of the bioenergetic genes
are deleted or sufficiently altered to be classified as
pseudogenes [5, 13, 14, 18, 19, 26, 43-48]. Simil-
arly, the heterotrophic euglenoid, Astasia longa, has a
plastid genome half the size of its photosynthetic rel-
ative, Euglena gracilis[38], and most of the genes for
the photosynthetic apparatus are absent. However, the
genefor thelarge subunit of ribul ose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco; rbcL) is present and
expressed in the plastid genome of A. longa [39].
Investigations of gene expression for the large sub-
unit of Rubisco, or carbon dioxide assimilation, have
been conducted to measure relative photosynthetic



966

activity of parasitic plants [3, 12, 14, 18, 26, 32, 33,
42, 45]. TherbcL gene has been detected by Southern
blot hybridization, polymerase chain reaction (PCR)
amplification, or nucleotide sequencing in the holopa-
rasites Lathraea [12, 42-44], Cuscuta [18, 26], and
Orobanche [45]. Epifagus has retained a fragment of
the rbcL gene [48], whereas there is no remnant of
rbcL in Conopholis [5]. Surprisingly, some holopara
sitic plants such as Lathraea [3, 12, 42] and Cuscuta
[18, 26] have detectable Rubisco activity or rbcL gene
transcription.

Lathraea is a genus of perennial root holopara-
sites, which spend up to 10 years underground before
the achlorophyllous flowering shoots emerge [23].
Rubisco activity is about 20 times lower in Lathraea
compared to other C3 plants[3, 12]. The cause of the
reduced Rubisco activity is unknown. The promoter
and ribosome binding sites are intact and the rbcL
gene encodes an open reading frame (ORF) in Lath-
raea[12].

Cuscuta comprises a large genus of annual stem
holoparasites. Some species have chlorophyll in low
concentration, whereas others are achlorophyllous
[26]. A reduction in Rubisco activity for C. reflexa
nearly equivalent to the enzyme activity for Lathraea
was reported by Machado and Zetsche [26], whereas
Haberhausen et al. [ 18] reported atotal lack of enzyme
activity. Thereduced enzymeactivity for C. reflexawas
attributed to thelack of apalindromic sequence capable
of forming a stem-loop structurein the 3’ untrandated
region (UTR) of the rbcL transcript [18]. Stem-loop
structures in the 3'-UTR have been shown to affect
transcript stability or transcription termination of many
photosynthetic genes[1, 2, 17, 35, 41].

Thalouarn et al. [45] detected the presence of
the rbcL gene in the plastids of O. hederae and
O. minor using PCR-amplification and Southern blot
assays. However, animmunoassay directed against the
Rubisco protein was negative for the two species of
Orobanche examined. In addition, no Rubisco activ-
ity was detected for O. crenata and O. ramosa [11,
32]. The mechanisms responsible for the lack of the
Rubisco proteinin species of Orobanche are presently
unknown.

In this investigation we examined the nucleotide
sequence of the rbcL coding region and 5'- and 3'-
UTRs in four species of Orobanche. Our goals were
to determine (1) whether a rbcL ORF was present in
Orobanche, and (2) whether there were mutations in
the 5'- or 3'-UTRs that could affect gene expression if
an ORF was detected. Here we report that ORFs for

rbcL are present in two species of Orobanche, where-
as insertion/deletion events (indels) led to the form-
ation of rbcL pseudogenes in the other two species
examined. The changes observed in the 5'- and 3'-
UTRs are discussed in the context of potential affects
on rbcL gene expression.

Materials and methods

Total DNAs were isolated from individual plants
of O. cernua, O. corymbosa, O. fasciculata and
O. ramosa following a large-scale modification of
the CTAB extraction protocol [16]. rbcL was PCR-
amplified using the RH1 and 1352R primers (Table 1).
The 5'-UTR was PCR-amplified using atpB 766R x
rbcL 1352R, andthe 3'-UTR was PCR-amplified using
rbcL 1020 x ORF106 (Table 1). A 100 ul PCR reac-
tion for rbcL utilized 0.64 um of each primer, 1x Taq
polymerase buffer (50 mM KCI, 10 mM TrissHCL
pH 9.0, 0.1% Triton X-100; Promega, Madison, WI),
2.0 mM dNTPs, 2.0 mM mgCl,, and 0.0125 units of
Tag DNA polymerase (Promega). PCR amplifications
of the 5'- and 3'-UTRs differed by utilizing 1x Taq
Extender Buffer (100 mM KCI, 200 mM TrissHCL
pH 8.8, 100 mM (NH4)2S04, 20 MM MgSOy, 1% Tri-
ton X-100, 1 mg/ml nuclease-free BSA; Stratagene,
LaJolla, CA) and adding 0.0125 units of Taq Extender
(Stratagene). About 1.0 ug of total DNA served as a
template for each amplification. The reaction mix was
overlaidwith mineral oil, placedinaMJResearch ther-
mocycler (Watertown, MA) and subjected to 35 cycles
of 40sat 94 °C, 1 minat 48°C, 2 min + 5 s/cycle at
72 °C, after a 1.5 min denaturation at 94 °C. A 5 min
extension at 72 °C followed the amplification cycle.
PCR productswereisolated for sequencing by elec-
trophoresis from 1% agarose gels onto DEAE cellu-
lose membrane (Schleicher and Schuell S$45, Keene,
NH [30]). Purified double-stranded PCR productswere
used directly for manual 3>S-dideoxy sequencing using
a modification of the standard Sequenase (US Bio-
chemicals, Cleveland, OH) protocols: 3 ul (250-
1000 ng) of template DNA was denatured in a boil-
ing water bath for 3-5 min in the presence of 1 ul of
50 uM primer, 3 ul water, and 2ul Sequenase reac-
tion buffer; denatured DNA was then snap-chilled in a
dry ice/ethanol bath. Primers used for sequencing the
forward and reverse strands of rbcL and the 5'- and 3'-
UTRs are listed in Table 1. Sequences were obtained
from both strands of the coding and 5'- and 3'-UTR
regions of rbcL. Sequences of rbcL and the 5'- and
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Forward Primer sequence (5" — 3') Reverse
Primer sequence (5" — 3') primer name primer name
TAACATCTCGGAAATATTCCGCCAT 766R? CCGGAGCTCTTAGTAAAAGATTGGGCCGAG 3
AYAACATAYACCACTGTCAAGARSGA N5SUTR CTTCACAAGCAGCAGCTAGGTCAGGACTCC  Z1352R°
TGTTGTCAGAATTTATTGTTTTAGGG ORABUTRP  GTCCTAAAGTTCCTCCACCGAA N1204R
ATGTCACCACAAACAGAAACTAAAGC RH1¢ CGCAGTAAATCAACAAAGCCCA N1020R
CGTTACAAAGGACGATGCTACCACATCGA  Z7234° GATTCTTCTGTCTATCAATAACCGC N9OOR
TATGTTAAAACTTTCCAAGGTCCGC N430 TCACCTGTTTCAGCCTGTGCTTTAT N678R
AATTGGGGTTATCTGCTAAAAACT N530 ACGTTACCTACAATGGAAGTAAACA N350R
TATAAAGCACAGGCTGAAACAGGTG N674 GATTCGGCAGCTACTGCGGCCC N158R
GCAGTTATTGATAGACAGAAGATTCATGG N895 ACTTGCTTTAGTCTCTGTTTGTGGTGACAT Z1R®
TGGGCTTTGTTGATTTACTGCG N1020 AAATACATRCAATAGAATCTTTG N3UTR
TTCGGTGGAGGAACTTTAGGAC N1204 ACTACAGATCCCATACTACCCC ACCD

a atpB primer designed by S. Hoot.
b rbeL primer used only for O. ramosa.
€ rbcL primer designed by G. Zurawski

3'-UTRs flanking the gene were obtained from Gen-
Bank for Nicotiana (Solanaceae), | pomoea (Convolvu-
laceae), and Cuscuta (Cuscutaceae; accession numbers
200044, X60663 and X61698).

The rbcL-coding region and the 5'- and 3'-UTR
seguences were aligned separately using the ClustalV
program [20] running on aMaclntosh Centris650 com-
puter (Apple Computer; Cupertino, CA). The results
were adjusted manually to obtain the best alignment for
each region. 3'-UTR sequences were a so converted to
MRNA sequences and assayed for secondary structure
using the MFOLD and PLOTFOLD programs in the
Genetics Computer Group (GCG) software package
version 7.0 [15].

Sequencesfor the coding region of rbcL from Nico-
tiana and the four species of Orobanche were ana-
lyzed using MEGA [24]. The synonymous (Ks) and
nonsynonymous (Ky) substitution rates and distances
were cal culated after a Jukes-Cantor correction. Poten-
tial stop codons were removed from the pseudogene
sequencesto facilitate computation. Gaps and missing
data were removed only in the pairwise comparisons.

The sequences for the rbcL coding region were
trandlated using the computer program MacVector
4.1.5 (Eastman Kodak, Rochester, NY). Gap positions
were maintained, but nucleotide insertions from rbcL
pseudogene sequences were not included in the trans-
lationin order to reconstruct themost conservative pro-
tein alignments. The inferred protein sequences were
aligned using ClustalV [20]. Nonconserved amino
acids in the polypeptide chain were analyzed using
the pam250 matrix [10] with the Rubisco large subunit

of Nicotiana as areference protein. The total pam250
scores for amino acid composition differences were
subjected to aWilcoxon two-sampl etest based on ranks
in pairwise comparisonswith Nicotiana [40].

Resultsand discussion
rbcL coding region

Here we report the first rbcL sequences for species
of Orobanche. Intact rbcL ORFs were detected for
O. corymbosa and O. fasciculata, whereas the rbcL
sequences of O. cernua and O. ramosa have severa
indels resulting in frameshift mutations and premature
stop codons (Fig. 1). The latter two sequences repres-
ent rbcL pseudogenes. TherbcL pseudogene sequence
from O. cernua hasadeletion of 328 bp starting at nuc-
leotide position 42 of Fig. 1. This deletion is flanked
by a 12 nt sequence (GTTGGATTCAAA; Fig. 1) on
the 5’ end. The sequence adjacent to the 3' end of
the deletion is (TTTGGGTTCAAA,; position 384 of
Fig. 1). The similarity of those flanking regions sug-
gests that the deletion is likely the result of a strand-
slippage replication error involving TTCAAA or the
entire 12 nt sequence [7, 25]. Severa insertions in
the rbcL pseudogene sequence from O. ramosa also
appear as classic strand-dlippage artifacts (e.g., nucle-
otide positions 132, 195, 439, 448, 512 of Nicotiana).
However, the deletions are not flanked by repeating
motifs (Fig. 1).
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Start . . . . B B . . B +« 100
Ki ATCTCACCACAAACAGAGACTAAAGCAAGTOTTGGATTCAAAGCTGGTGTTARRGA - - GTRACAAATTGACTTATTATACTCCPGAGTACCAAALCA
To  ATGTCACCACAARCAGAGACTAAAGCAAGTGTTGCATT TARAGOCTGGTG TAARACA- —— - — - CTACAAAT " GACTTATTATACTCCTGACTACCARACCA

Cu  ATGTCACCACARACAGAGACTAAAGCAAGIGITGEATTCAAAGCTCGTGTTARAGA - — - CTACARAATTGACTTATTATACTCCCGATTACGARACCA
Qo ATGCCACCACARACAGAGACT AARGCARGTGTTGRATITCAARGOGGGTGTTARAGA - —— ——— GTACAAACTGACTTATTATACTCCTGAATATGAARCCA
T KON Y KX X KXY XA O TG T TCCATTCAARGCGGG TG TTAAAGA - == GTACAAACTTACT TATTATACTCCCGAATATCAARCCA

Oa  ATGTCACCACARACAGAAAC T AL AGC A A TG T GG A M T AR A - —— — — = — = — = = — = e e .
Or ATGTCACCACABACAGAAACTAARGCAACTGTTGCATTCARAGCGGGTGTTARACATAMAGAGTACARATTGAC TTATTATAT TCCTCAATACAAMACTA
K EAKmEEE A kA Ak
- . . B . B . . . « 200

Ni AGGATACTGATATATTGGCAGCATTCCGAGIAACTCCTCAA - - —~CCTOGAGT IO ACCTGARGA ARG AGGGGCCGCGGTAGC TGCCGAATC TTC TACTE
Ip  AAGATACTGATATCITGECAGCATTCCGAGTAACTCCTCAL - - ——CCCGBAGTTOCGUCTGAAGAACCAGGRGCCACGE IAGT TGCGGAATCTTOTACTC
Cu  AAGATACTGATATCTTGGCAGCATTCCGAGTCACTCCTCAA - - ——COCGRAG T COGUCTGAAGAAGCCGGGGECCOCEGTAGC LG GEGAATCTTCTACTG
Go  RAGATACTGATATCTTGCCAGCATTCCGAGTAACTCCTCAA - - - ~CCTRGAGTTCCGECTGAAGAAGL AGGGEC TGCEGTACC TGCCGAATC TTCTACTS
CL AACATACTGATATCOTTAGCAGCATTCCGAGTAACTIUCTCAG - - - CCTGGAGT T CCACCTGAAGAAGC AGGGEC TGCCGTAGC TGO CGAATC TTC TACTS

Gr  AAGATACTGATATTCTACCAGCATITCGAGTAACTCCTCAATCARCCTGAAGTTCCGCCTGARGA - - ~ ~GGGGCTGCAGTACCTGUCGAATCTTC TACTS

. . . . . . . . . . 300
Ni  GTACATGEACAACTGTATCGACCGATGCAC TTACCACCC -TTCATCG T TAC AAAGGGCBATGU TACCGCATCGAGCGIGTTGTTGGAGAAAAAGATCAAT
Ip  GTACATGGACAACTOTGTGGACCGATEGAC TYACCAGTC - TTGATCGGTAC AAGEGECEATCC TACCGCATCGAGUGCGTTATTGGAGARAAAGATCAAT
Cu  GTACATGGACAACTGTGTCCACIGATGGAL M ACCAGCC ~T TGATCGOTACAAGCGGL GATGC TACC G AT TCAGCGCGTTAT I GGAGAARAAGATOAAT
Co  GTACGTGGACAACTGTGTGGACCGACGGACTTACCAGCC - TTGATCGTTAC ARAGGAC CATGCTACTACAT TGAGCUCT I AC T GCGAGARACAGATCAAT
0f  GTACGTGGACAACTGTGTGGACCGACGCACTTACCAGTIC - " ICATCGTTAC AARGGACGATGCTACCACATTCAGACCATTCC TCRAGAARCAGATCART
Ge
Gr  GTACATGCACA- - TGGACAACTGTGTGGACTEATGGACCCTTGATCOT TACARAGGTCGATACTACCACATCCAGCCOAGTTC TGRAGAA ACAGA TCAAT

. - . - - . « . ° « 400
Ni  ATATTGCTTATCTAGCT TACCC I IIAGACC TTTT TGAAGRAGGTTCTGT TACCARCATGTTTACTTCCATTG I AGG TAACGT ATTTGGGTTCAAAGCCCT
Ip ATATTGCITATGTIAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTC TGT TACCAACATCTTTAC TTCC AT TG IEECTAATG Y AN TTGGETTCARAGCACT
Cu  ATATTGCTTATGICGCITACCCT TTAGACC TTTTTGARCAAGC TTCTGTTACCARCC TGTTTACTTCCATTGTCGATAATGTATTTGCETTCARRGCACT
Go  ATATCICTTATATACCTTACCCT TTAGACC TTTTTEANGANCGTTCTOTTAC TRAACATGT T ACTICC AT G T AGGAARTGTATTTGGATTCARAGCCCT
GL ATATTTGTTATGTAGOTTACCCT TTAGATCTTTTTGAAGRAGCTTC TGTTACTAACATGT TTACTTCCATTGTAGCAAATETCTTTGCATTTAARGCCCT

D& mmmmm e e GTCCT
Gr  ATATTLGTTATAIAGCT TACCCTTTAGACITTTTTGAGGAAGGT TCTGTTACTAACATGTTTAC TTCC ATTATAGGAANPGTATTTGGAT TTARAGCCCT
PN

f . . . . . . . . . 500
Hi  GOGUGCTCTACGTCTGCRACATC TECGARTCOUTCCTCCTTATCTTARAACT — —— I CAAGGT ~ — ——— CCGUCTCATGGGATCCARGTTGARAGAGATA
Ip GCEUGCTCTACGTCTGGAAGATTPACGAATCCCTACGGCTTATATTARAACT -~~~ T TTCAAGGD - - - —— COTCOTCATCGOATOUAAGTTGAGAGAGATA

Cu  GEGCGCTTTACGTCVGCAACATC TCCCAATACCICUGGU TTATAUTAAAACT TTTCARGGC--
0o GOGTGCTCTACGICTGGAAGATC TGCGAATCCCTCCTGC TTATATTARAACT—— — P TOCAAGEG -~

——CCGCCTCACGGCATCCRAAGTTGAGAGAGATA
~~CCGCCTCATCCGATCCAACTTGAACCAGATA

0f  GCETGOTCTACGTOTGCAAGAT T TGCGARTICCTCCTGC TTATATTARAACT - -~ TCCAAGRC - - - —— CCACCTCATGGGATCCARGTTGAACCAGATA
Uc  GOGTGATCTATGTCTGGAATATCTGCGAATCCCGCOTGOTTATATTAMATT -~ ~TTCCARGOC - - ——— CCGCTCCATGGTAITCAAG I "AAAGAGATA
Or  COCTGUTCTACCTCTGGAAGATCTGTGAAT TCCTCCTGO T AT ATTAAAATTAT TT TCCARAGCAAAGCCCOUCCCATGACATTCAAGTTGAAATAGATA
KEE Xk kw KhwhkhwAh kX Hhkk kw x wk Wk KA R W wE KKK Kk L L T whk AHREIW Kk LR X

. . . . . . . . . . 500
Ni AATTGAACAAGTATECTCGTCCCCTGTTGGGATGTAC TATTARA - — - —— CCTAAATTGGGGTTATC TGUTAARAAC TACGGTAGAGCCGT TTATSAATGT

1p  AATTCGAACAAGTATGGTCGCCCTCTGTTGGEATGTACTATTAAL - -CCTARATTGGGGTTATC TOC TAARARAC TACGOTACAGCGLTTTATGAATGT
S AATTGRACAAGTATGGTLGCCCTCTCTTGGGATUTACTATTALA - -~CCARARTTGGGGTTATCGGCTAAARRC TACGGTAGAGCGGTTTATGAATGT
Qo AATTGAATAAGTATGGTCGTCCCTTGTTGGGATGTAC TATTARA = === CCGAAATTGGECTTATC TGCTAAAAACTATGG TAGAGCAGTTTATSAMTGT
Of  AATTGAATAAGTATGGICCICCOTCT TOGEATCTACTATTAAA - ~CCTAAATTGOGGTTATC TGCTAARAACTATGGTAGAGCAGTTTATGARTGT
Qe AATTARACAACTATGOTCGTCCCCTGTTGGGATGTATTATTAAR - —COTAAATTGGGGTTATCCACTANAAACTATCCCCCAACAGTTIATCARTGL
Or  AATTCAACAACTATGGTCGICCCCTGTTGGGATGTAC TAT TAAATAAAACCTAAATTAGGATTATCCGOTAAAARCCATGOGAGRACAGTT- - - -~ - - ——
kxkd ke Akhkkkkkrwwr xw H ORekEkKkAAwAAA KA KK AN K W K kwkk kx Rk wmohw EEE TR LI *h w EAx -
. . . . . . N - . . 700
Ni CTTCECGGTGGACTTGAT T TAC TAAACGATGAT GAGARCGIGAAC TCACRAUCATTTATGCGTTGGAGAGATCG T M T CTTAT T T TAG I GAAGT ACTTT
Ip CUICCCCCTCCACTTCATI T TACCAAAGATGATGAGAACGTARACTCACAACCATTTATGCGTTGGAGAGACCGTTTCTTAT TTTCTGCCCAACCAATTT
Cu  CTTOGCGGTGGACTTGAT T T TACCARAGATGATGAGAALGTAARC TCACAARCCATTTATGC CTTEEACAGAC G T TC TTAT T TTOTGCCGAAGCAATTT
00 CTTCGCGGTGGACTTGATTTTACCRAAGATCATGAAAACGTGART TCOCAGCCATTTATGCGTYGCACGAGCATCG T T TTTTAT T T TG TG GAAGCAATTT
Of  CTTCGCGUTCGACTIGAT T T ACCAMMGATCATCAARACGTCAAT TCCCAGOCATTTATGCGTTGGAGAGATCG T T T TTAT TTTGTGCCGAAGCAATTT
Oz CTTCGCGGTGGACTTGATTGTACCAAAGATGATGAGAACGTAAAT TCCCAGCCATTTATGCCCTGCACAGAT OGP T TTTTA T I TTET GO TCAAGUAATTT

OF  —mmmmmmm e GATGACAACGTARACTCCCAGCCATTTATGCCCTGEAGARATCGETITCPTA T T TGIGCCGAAGTARTTT

®E Ak kkkkk dkk kk kw kkERkwbawwr wawkdkw p kwxFAh XFEAAAAEAEFE KA kA wE kAN

. * - - . - - - - « 2090
Ni  ATARAGCACACGCTCAARCACGTGRAATCARAGGGCATTACTTGARATGC TACTGCAG GUACATGCCARGAAATGATCAARAGAGCTGTATTTGCT
Ip ATARATCACAGGCTGRAACAGGTGARATCAAAGGACATTACTTIGAATGOTACTGDAG- ———~ QU ACATGCCARGARATCATCARRAGACCTATATTTGCT
Cu  ATAAATCACAGGCTEAAACAGGTGAAATCAAAGGACATTACTTGAATCCTACTGCAG —— - — GUACATGCGAAGAAATGCTAAARAGAGCTTTATTTGCT
00 ATARAGCACAGGOTGARACAGGUGAAANTCAAAGGGCATTACTTGAATGC TACTGCEG- - - - QTUACATGCCAGGARATGATARARAGGGCTATATTTGCT
0f  ATARAGCAUAGGC TGRAACAGGCGRAATAAARCGCCATTACTIGAATOCTACTCCEG - - - ~GCACATGOGAGGARATGATA LR AR GGGOTGTATITGE T
Oe  ATAAATCACAGACTGRAACAGGCCRAATCAAAGGCCATTACTTGAATAC AL TGCAG—— - - GTACATGCGAGGAAATGATCAARAGAGCTGTC TTTCCT
Or ATAARACACAGGCTGAAACAGGCGAAATCAAAGCTCATTACT TOAATACTACTGOAGAGOAGGTACATGTGAGGARATCATCARAAGAGCTETC TTTGCC
BAREE AT RE KRR KA A RRAE KAmAk Kk Rk AN AT HRAAR AR A EAAn b okmka Ak kEEAAE K kkbkk ddk ek Rk kL

Figure 1. Sequence alignment for rbcL coding region from Nicotiana (Ni), Ipomoea (Ip), C. reflexa (Cu), O. corymbosa (Oo), O. fasciculata
(Of), O. cernua (Oe), and O. ramosa (Or). An asterisk indicates sequence identity for al taxa without agap at a particular nucleotide position.



N - " . . . . . . -
AGRGAATTGGGCETTCCGATCGIAA - - ~TGCATGACTAC T TAACGEGEGGAT TCAC CGUAAATAC TACC TG HC I C AT TATTOCCGAGATARTGGTCTAC
AGRAGARATTGGGACTTCCCATIGTAR - - ~TGCATGACPACT TAMC AGGGECAT TCACTGCARATAC M TCTTTCGC TCAT TATTGCCCAGATAATGHICTAC
AGACAATTCOCAGTTCCTATTATAR -~ ~TGCACGACTACT TAAC ACGCECAT TCAC TCCARATAC T TC I I'IGGC U AT TATTGCCGAGAGARTGGTCTAC
AAAGAATTAGGAGTTCCTATCATAA - - ~TOCATCGACTACTTAACAGGAGGAT TCACTGLAAATACTAGC TTGRC TC AT TATTCCOCACATAATCECCTAC
AGAGRATTAGGAGTTCCTATCATAR - - ~TCCATGACT ACT TAACTGGAGGAT MU ACCGCARATACTAGC TTAGC TC AT TATTGTCOAGATAATGECCTAC
AGAGRATTGGOAGCTITCCTATTATAR - ~ ATGTACGACTACTT AACAGGAGSAT TCACTGUARA TACT AGCTTGGC TCAT TATTGCCGTAATAATGTCCTAC
AGAGAATTGEGAGTTC-TATTATAATAATGCACGACT ACT TARCAGGAGGATTCACTTCARATACTAGE TTGGC TCAT TATTGC CATARTAATGGCCTAR
K OAEKERK Kk KkkEk  wk kww Wh ok GmAKKFEAALS kx ANEKKAEA  KREEhkkm AN Bk ok wwEEEW kR W e EE ok

. - . . " 0 N - . .
TICTTCACATCCACCGTCCAATGCATGC GG T TAT TCATAGACAGAAGAATCATGGTATCCACTTCCGG - GTATTAGCAAAAGCGTTACGTATGTCTCCTC
TTCTTCACATCCACCGTGCARTCCATCCACT LA PGATAGACAGRAGARTCATGETATHCACTTCCGT -G TAC TAGCTAAACCCTTACETCTCTOTGG TG
TTCTTCACATCCATCGTGCAATGUALGCCUTTATTGATAGACARARGAATCATGG T ATACACTTCCAT-OTACTAGCGAAAGCE TTACGTUTGTC TGETG
TTCTTCACATTCACCG PCCAATGCATGCAGTTA TTGATAGATAGA AGAATCATRETATACAC T ICCHT -G ACTAGUTARAGCGTTGCATATETC TEGTGE
TTCTICACATTCACCGTGCAATGCATCCAGTTAT TGATAGACAGAAGARCCACGETATACACTTCCGT -GTACTAGCTARAGCGTTACGTATGTC TR

TTCT---- CACCGTCCAATGOATGTACTTATTGATAGACAGAAGA - COATAGTATACATTTCCATTETACTAGCTARAGCGTTACCTATCTCTAGTC
C-CTACTTCTTCACC - PGCARTCCATCCAGTTATTGAT AGACACAAGAACCATGETATACATTTCCG- TG TACTAGCTAAACCATTACGTATGTCTGGTG
o xR RTBARRFULRT K ANIRRANRFAFIRR A krhw kF Ahkx bk wwkkk kkE Rk kA b hkwk Ak Akm AXXEEAKKR

. . . . . + . . . .
GAGATCATATTCACTCTCGGLACCHTAGTAGGTARACTTEAACCTGALACAGACTATAAC TTTGGGCTTTCTTCAT TTACTGCGTGATGATT TTGTTGARCA
GAGATCATATTCACGCGGG L ACUGTAGTAGGTAAACTTGARGOGGMAGAGAGATTACTTTCCCO T TT AT L GAC M ACTACG TGATGATT TTGT TGAACA
GAGATCATATTUAYICAGETACTGTACTAGGTARAC TTGAAGGCGARAGACRARA TTACTI GGG TG T TGAC T TACTACGCGATGATT TTCTTCARCA
GGGATCATATTCACTCCGETACCATACTAGGTARAC TTCARGGAGRAAGAGACATCACT TTGGGCTTTGTTGA L M AL GOC IGATGATT TTATTGAARA
GAGATCATATTCACTCAGGTACCATACTAGGAARAC TTGARAGGAGARAGAGACATCACT TTOGGAL "I AT I'GA I TATTGCGTRATGATT TTAT TGCARS
GAGRTCATATTCACTCTAGGACCGTACTAGGTARAC T TGAACGAGAAAGAGACATTACT TTGGGCTTTGTTCAT T TATTGCGTGATGATT T ATTAAARLR
GAGATCATATTCAC T TCGGEACTGCAGTAGGTARACTTGARGGAGAARAGAGACATTAC T TTTGAC T TTGTTEAT T TATTGCCTCGATCATT TTATTGAARA
A kdkkEkkEmN ¥ x ok HHEEKEE hh kWK AR mA Ak kA kkdkk dk Ak kFk k WRERARN® wAE Kk Ak AARKEAKAFT KA R W
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AGRTCGAAGTCGCGETATT TATT TCAC TCAAGAT TOGRIC I I TACCAGGTET TC TACCCGTGEC TTCAGGAGGTATTCACGTT TGGCATATACCTGC -
AGACCGAAGTCGOGGTATTTATT TCAC TCAAGAL TGUG T TCT TTACCAGGTGTTC TGCC TGTGEC TTCAGGGGGTATTCACGTT TGGCATATCGCC TG -
AGACCGAAGTCGTGGTATT TATTTCCCTCAACATTGOGT I ICT I ACCEGHTGT TATGCUCGT CEC TTCAGSGEATATTCACCTTTCOC ATATCNCGGC -
AGATCCAACTCACCCTATT TATTTCCOCCAAGA G GHTCTCTCTACCGAGTRIGATTCCCET GEC TTC TGO TGO TATTCACOTTTGOCATATCCOTAC -
AGATCGAAGTCGTGGTATT TA I ACCCARGAT TGEGTCTCTUTACCGGGTGTCATTCCCGTGEC TTC TEE TG TATTCAC G GG ATATGCCUTGC -
AGATCGAAGTCACGGTATTTATTTTAC TCAAGATTGEGTT TCTTTACCAGGTET T IV TAC TG LGGC TTCAGGGEGTATTCACCTTTGGCATATGCOTTCA
AGATCGAAGTCGNGATATTTATTTCACCCAAGATTGEGTT TCTCTACCAGETET TAT TCC TATGGC TTOEGGGGETATTCACGTTTGEAATATGCCTT -

Erh AEkEARR R AhEEAAAkE b AR A RE A A Ak KHE Ak EE AWk KE k w Ak ARAKK Kk FAmkkAkAhokkwAkmora AEakkkd

. . - . . . . . + .
TCTGACCG- AGATCTITGGGGATGATTCCGTACTACACTTCCCTCCAGCAACTTTAGGACATCC TTGGGGTAATGCGCCAGGTGCC - -GTAGCTARTCG
TCTGACCG--AGATCTT TGGEUATCAT TCCATACTACAGT TCGGAGEAGGAACT TTAGGGCACCCTTGRAGTAATGCGCCARGTDGE - ~-GTAGC TARTCG
TCTGACCG- -AGATCTTTGCECATGAT TUCETACTACAGT TCGGEECAGEAACT TTAGGGCACCCCTGGGETAATBCECCGECTECC -~ GTAGCTAATCG
TCPGACCE - -AGATCITITGGGGATGAT ICTGTACTGCAGTTC GG TGGAGGARCT TTAGSACACCC T TCGGETAATGCCCCCEETECC- -GTAGCTARC CG
TCTGACCG--AGATCTTTGGGCATGATTC TG TACT GCAGTTC GG TEGACGCGAACT TTACGACACCC TTGEGETANTGOCCCCOCTCCC-——ATAGC TARCCG
TCTGACGS - -AGATC I TGGEGATGATTCCETACTACAGTTTGACCGAGGANC T TTAGGACATCC TTAGCGTAATGCACCAGGCGCTU TGTAGCTARATCG
CCTGACCGUGAGATC TI TGGECATCAT TCCATACTAC AGTTTGGCCGAGGAACT T AGGACAT U T IGGGETAATGCACCAGETGC -~ TGTAGCTAATCG

EEEEE K KRR A KA AR AR A FEEAREN  RREE kKA RE K kkh kR hAAkAoum wFd k% bk R WWEHEE X% Rk ok EkE KK AN A

+ . . . + . + - . .
AGTAGCTCTACAACCATGTGTAAAAGUTCGTAATCAAGGACGTGATCTTGC TCAGGAAGGTAATGAARTTATTCGIGAGGC T TECAAATGCAGCCOGGAA
AGTCOCTCTAGAAGCATGTGTACAAGCTCGTAACCARGGACGTGATC T TGO TOGGGARGETAATCALLTTATTCGOCAGGCT TGCARAATGGAGCCC TGAR
AGTCGCLCTACARCCATCTGTACAAGCTCGGAACCAAGGTCOTGATC TTGC TCAGGAAGGCAATGACATTU TTCGACAAGC TGOCARATGGAGCCCTCAA
AGLACCTCTAGAAGCATGTOTARAAGC TCGTAATCAAGGACGTEATC T TGC TCATGAGGS TAATGCARTTATC TGCGAGGCATECARR TGCAGTCCTGAA
ACTAGCICIAGAAGCATGTGTACAAGCTCGTAATGRAAGGACGTGATC TTGC TCATCACCCTAATCCAAT T ATATGCGAAGU T AGTARATGGAGTCCAGAS
AGTAGCTATAGAAGCATGTGTAC ARG TCGTAATCARGGATGTAATCTIGC M ACTGAGGUGAATGCARTTATACGCGAGGCTAGGAAATGCAGCCCTGAA
AGTAGCTATAGAMGCATGTGTACAAGCTCGL AATCAAGGACGTGATCTTGC TGCTCAGGETAA - ——— ATTATACGTGAGGCTAGCARATGGAGTCCTGAA
HhE EFH TETEXKRKFRRERS KR AFRAT Nk Sk hw  mk kW w Rk kA + omw kA kA ok k kk K A EAKARKE Kk KK

- . . . . . + o - .
CLAGCTGUTGCTTGTGAAGTATGGARAGAGATCGTAT TTAAT TTTGCACCACTECACGTTTRGGAT——
CTAGCTGCTGCTT G TGAGG TATGGAAGCACATCCGAT TTGAATTTARACCAGTGGATACC TTGGATC CAGATS - -
CTAGCTGLTGCTTGTGAGG TATGGARAGAGATTCGATTTGACTTTALACCCOTGCATACC TTGGATCCAAATGATARAARAC ARAGAGATAATGAGGATA
CTAGCTGCCGCTTETCACGGTATGGARGACGATCARATTTCACT I T AAAGCAGTAGATAL T ITAGRT - ~ - = oo e
CTAGCTGCTGOTTGTCAGK XX TCGARACATA T AAAT I T GAGT TTARAGCAGTAGATAC TTRGGAT -~~~ ——— -~ ——— - —————m—————mm——— = —
CTAGTTGCTGTTTGTGAGG LATG TARAGATATCAAATTIGAGTTTAAAGCAGTCGATACTTTGGET- - AAGTS -
CTAGTTGCTGCTTCTGAGG IATGHARAGAAATCAAATTTAAGTTTAR AGCAGTCGATAC TTTGGEAT

Txmw wwE F kh ok w A CEEEE T T Y FhEE ok khkk ® k kh ko *x ko

--AAG---TAA

Figure 1. Continued.
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There are major differencesin mutations observed
intherbcL -coding sequencesamong thefour speciesof
Orobanche included in this study. For example, inser-
tions found in the rbcL pseudogene from O. ramosa
are primarily multinucleotide, whereas the majority
of insertions observed for rbcL pseudogene sequence
from O. cernua are single nucleotide (Fig. 1). No
indels or premature stop codons were observed in
rbcL sequences from O. corymbosa and O. fascicu-
lata. Orobanche ramosa has twice as many indels as
O. cernua, and there islittle overlap in the location of
these mutations between the two species. Taken togeth-
er, these results suggest that the majority of indels
observed are independently derived, and that evolution
of rbcL within species of Orobanche has proceeded
along divergent pathways.

Additional evidencefor thisconclusioncomesfrom
the comparison of Ks and Ky for each species. Kg val-
ues for species of Orobanche assayed ranged 0.276—
0.332 and Ky values ranged 0.029-0.072 (Table 2).
Whereas Ks values were evenly distributed among
species with intact coding regions and pseudogene
sequences, the Ky values were much higher for the
pseudogene sequences compared to the sequences
from species with intact reading frames. Because the
mutations that would lead to the loss of Rubisco func-
tionarenot shared by all speciesof Orobanche assayed,
and because two species apparently have intact read-
ing frames of rbclL, it islikely that the loss of Rubisco
function occurred after the adaptation to heterotrophy.

The inferred amino acid sequences for taxa with
intact rbcL-coding regions and the reconstructed
‘pseudoproteins for O. cernua and O. ramosa are rep-
resented in Fig. 2. By ignoring the inserted nucleotide
sequencesin the rbclL -coding region of O. cernua and
O. ramosa, we were able to infer a sequence compar-
able to those of photosynthetic plants. This approach
minimized reading-frame shifts that should accumu-
late in pseudogene sequences. It is important to note,
however, that pseudogene sequences are expected to
accumulate mutations that would be deleterious to
functionally constrained sequences. It is relevant to
note that O. cernua and O. ramosa are more closely
related to each other than either isto O. corymbosa or
O. fasciculata (based on a cladistic analysis of rbcL
sequences [31]), and that several of the amino acid
replacements observed are common to all species of
Orobanche (Fig. 2). We conclude from this result that
some of theinferred amino acid replacementsdid occur
prior to pseudogene formation and that the inclusion
of ‘ pseudoprotein’ sequencesin an investigation of the

molecular evolution of rbcL isimportant to elucidate
changes that may have led to or resulted from the loss
of gene function.

When the reconstructed polypeptidesfrom al taxa
in this study were compared to the Rubisco large
subunit from Nicotiana, 212 amino acid replace-
ments were found and scored in the pam250 ana
lysis. The ‘pseudoproteins’ from Orobanche cernua
and O. ramosa have significantly different amino acid
sequences compared to the other taxaassayed (Table 2,
Fig. 2). However, the amino acid sequencesfor C. refl-
exa, O. corymbosa, and O. fasciculata are not signi-
ficantly different than those of the nonparasitic genus
Nicotiana (Table2; Fig. 2). Anexamination of structur-
al motifs[21, 22] involving the active site, and dimer-
dimer, intradimer and large/small subunit interactive
sites reveals that only the ‘pseudoprotein’ sequences
for O. cernua and O. ramosa have a significant accu-
mulation of presumably deleterious mutationsin these
important sites(Table 3). If therbcL geneistranscribed
and translated in O. corymbosa and O. fasciculata, we
would expect theresulting polypeptideto haveasimilar
structureto the Rubisco large subunit of photosynthetic
higher plants.

5'-and 3-UTRs

Secondary structures in the 5'- and 3'-UTRs of pho-
tosynthetic genes are important for regulation of gene
expression [1, 2, 8, 9, 17, 34, 35, 41]. Inverted repeat
seguences capable of forming stem-loop structuresin
the5'-UTR of thegene coding for the 32 kDaprotein of
photosystem I1 (psbA) may function as nuclear protein
and ribosome binding sites [8, 9]. However, Salvador
et al. [34] found no stem-loop structuresinthe5’-UTR
from rbcL of Chlamydomonas, but found that the 5'-
UTR interacts with the 5’ end of the coding region to
stabilize mRNA transcripts. Studies of seed plant rbcL
5'-UTRs also reveal a lack of palindrome sequences
capable of forming stem-loop structures [37, 49]. In
contrast, the 3'-UTR of rbcL. genesexaminedin photo-
synthetic higher plants have highly conserved inverted
repeat sequences capable of forming stem-loop struc-
tures [4]. These structures are purported terminator
regions[1, 49] or transcript stabilizers[2, 17, 35, 41].
The 5’-UTR of Nicotiana is 182 nucleotides long
[36]. The 5'-UTR aligned sequencesfor the other taxa
in the study range 58-202 nt as follows: Ipomoea,
189 nt; C. reflexa, 202 nt, O. corymbosa, 179 nt;
O. cernua, 116 nt; O. ramosa, 58 nt (Fig. 3). The
PCR amplification protocol for the 5-UTR did not
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Table 2. Synonymous (Ks) and nonsynonymous (Ky) substitution rates based on a
Jukes-Cantor correction, and Jukes-Cantor distance values for each taxon compared
to Nicotiana; pam250 scores for Rubisco large subunit polypeptide translated from
sequence data with significance cal culated from pairwise comparison of each taxon to

Nicotiana.
Ks Kn Distance  pam250 Score
Nicotiana — - - 1070
|pomoea 0.189 +0.026  0.025+ 0.005 0.062 1020
Cuscuta 0.301 £0.034 0.031+0.054 0.088 997
O. cernua 0.299 £0.040 0.072+0.010 0.122 235***
O.corymbosa  0.276 +0.033  0.029 + 0.005 0.082 994
O.fasciculata 0.332+0.037 0.035+ 0.006 0.097 961
O. ramosa 0.323 £0.037 0.065+ 0.008 0.120 703***

*** Significant at P < 0.0001 in Wilcoxon 2-sample test based on ranks.

Table 3. Number of amino acid replacements observed within structural motifs and interactive sites. pam250
scoreis sum of al differences compared to Nicotiana including amino acid replacements and indels.

Structural motif ~ Ipomoea  Cuscuta  O.corymbosa  O.fasciculata O.cernua  O.ramosa
Dimer-Dimer 1 1 1 0 6 3
Intradimer 1 1 1 3 40 11
L/S Subunit 1 1 1 2 10 11
Active Site 0 0 0 0 6 5
A pam250 16 8 6 30 283 133

yield a product for O. fasciculata. Transcription pro-
moter sequences (—35 and —10 regions) are absent
in O. ramosa. The —35 region of O. cernua has
two nucleotide subgtitutions, whereas the —10 seg-
ment has a single nucleotide substitution. Cuscuta and
O. corymbosa have the same sequencefor the —35 site,
and bothtaxahave — 10 segmentsidentical to Nicotiana
and |pomoea. All speciesof Orobancheexamined have
aribosome binding site (GGAGG) [36] adjacent to the
start codon of therbcL reading frame except O. cernua
hasa G — A substitution for the last position.

The lack of a promoter site for O. ramosa and
the diverged —35 site for O. cernua together with the
truncated leader sequences for both species suggests
that therbcL pseudogene sequences are not expressed.
Orobanche corymbosa has a promoter sequence com-
parable to C. reflexa, a holoparasitic plant that does
express the rbcL gene. We predict that a rbcL tran-
script will be found for O. corymbosa if aplastid tran-
scriptional apparatus is intact. However, the presence
of aribosome binding site immediately adjacent to the
start codon may inhibit trandlation of the rbcL. ORF in
O. corymbosa.

Cuscuta reflexa and al species of Orobanche
assayed had major deletions in the 3'-UTR compared

to Nicotianaand Ipomoea (Fig. 4). Inverted repeat (IR)
sequences capable of forming stem-loop structures
were found for each taxon examined (Fig. 5) includ-
ing C. reflexa, which purportedly is missing a 3' IR
[18]. Compared to Nicotiana, the stem-loop structures
found for Ipomoea and C. reflexa have insertions of 25
and 33 nt, respectively. The inserted nucleotides form
additional secondary structuresto extend the stem-loop
found in Nicotiana (Fig. 5). Free energy valuesfor 3'-
UTR stem-loop structures for Ipomoea and C. reflexa
exceed that calculated for Nicotiana (—15.8, —15.7,
—14.0, respectively). We concludefrom thisresult that
Nicotiana, Ipomoea, and C. reflexa all retain 3'-UTR
seguences capable of forming appropriate stem-loop
structuresand that those found for |pomoeaand C. refl-
exa reflect the close phylogenetic rel ationship between
the Convolvulaceae and Cuscutaceae [6]. Stem-loops
inthe3'-UTR of O. cernua and O. corymbosa are very
similar to the stem-loop of Nicotiana, whereas there
are small deletions and insertions of the region for the
3'-UTRsof O. fasciculata and O. ramosa (Fig. 5). The
free energy values calculated for the stem-loops of the
latter two species are much lower than any of the other
taxa examined in this study.
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Figure 2. Rubisco large subunit amino acid alignments for Nicotiana (Ni), Ipomoea (Ip), C. reflexa (Cu), O. corymbosa (0o), O. fasciculata
(Of), O. cernua (Oe), and O. ramosa (Or). Sequences for O. cernua and O. ramosa are ‘ pseudoproteins’ reconstructed by eliminating indels.
Residues involved in the active site are boxed. An asterisk indicates sequence identity for all taxa without a gap at a particular amino acid
position. Symbols used: ? amino acids identical to protein from Nicotiana; — gap; * = identical amino acidsfor all taxa surveyed; #large/small
subunit interactive site; » = intradimer interactive site; @ = dimer/dimer interactive site; A =#+ N $=#+ ;T ="+ 0.

Evidence has been presented for rbcL gene expres-
sion (transcription and enzyme activity) from two
nonphotosynthetic plants: C. reflexa [26] and Lath-
raea clandestina [3, 12]. rbcL gene expression in
O. corymbosa and O. fasciculata has not yet been
examined. However, no Rubisco activity or translation
products were detectable for O. crenata, O. hederae,
O. minor, and O. ramosa [11, 32, 45]. Transcripts for
rbcL were detected at highly reduced levelsin C. refl-

exa comparedto |pomoea[26]. Haberhausen et al. [18]
proposed that this reduction in rbcL gene expression
is due to alack of a3’ stem-loop structure in C. refl-
exa and point mutations in the promoter region. Our
analysisof the 3'-UTR reveal ed that a stem-loop struc-
ture is possible for C. reflexa (Fig. 5). Although the
stem-loop structure is present in C. reflexa, there are
62 nt deleted upstream from the 3'-IR compared to
the sequence from Ipomoea. Similarly, deletions ran-
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ACATATACARACATATACCACTGTCAAGGGGGAAGTTCTTATTATT-— - —— - —— TAGGTTAGTCAGGTATTTICCATTTCARAAAAAAA - -AARRAGTAAARA
ACACATACAACATALATCACTGTCAAGAGGARATTTCTTATTTTTCTTAT TTTTAGGT TAGT TAGG TATTTCCAT T TCARAAAAAG- - - - - —— GTTARAA
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AGAARAATTCOCTTCCGCTATATATA AAGAGTATACAATAATGATGTATTTGG- - - -CAAATCAARTACC -ATGG- - —- - -—-TCTAATAATCA
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AARCATTCTGATTAGTTCATAATATTA~CTATTAG - T'T - - - -GGAAATTTTGTGAAAGATTCCTATGAA - AAGTTTCATTAACACG-GA- - —-ATTCGTGT
AACATTCTGATTAGTTGATAATATTA-GTATTAGGATTAGCTGGCAATT TTGTGAMAGATTCC TGTGATCAAGTC TCATTAACGCC-GA— - —ATTCATGT

AATATTCTCATTCGTI TGO TAATATTTCGTATTATTAGTATTTAGTA- - TTTT TCAAAGATTCCT T TA - - - -~ ~ TTTAATGAACG-CGCGA- - -ATTAATGT
AATATTCTGATTAGT ===~~~ TGATA-ATA-——--—— TTAGTTGGTAAGTTTGTGARAGATCCC - -TGAAGGAGT-TCATTCATGCCCGATTCATTCGTGT
7777777777 TTAGT-~-----————-———-——— - ATTAGTTGGARA- ~-GTTTGTAACATTCCTGTG- - - ACGATTCATTA - - ACGC - - ~TTATTTATAT
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CGAGTAGACCTTGTTGTTGTGAGAATTCTTARTT————-—— CATGAGTTGTA- - ——GGCAGGGATTTATG
CGAGTAGACCTTGTTCTTGTGATAATTCTTAATT--—-——-— CATGAGTTGTA- - ~ ~GGCAGGGATTTATG
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CGAGTAGACCTTATTGTTGTCAGAATTCTTAATT—-—- - — - CATGCGTTGTATGTACGGAGG--T--ATG
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Figure 3. Sequence dignment for 5 -UTR. Taxon abbreviations same asin Fig. 1; transcriptional start site ([), —35, —10, and ribosome binding
(SD) motifs indicated. Asterisk indicates sequence identity for al taxa without a gap at a particular nucleotide position. Start codon of ORF

indicated.

. . . . . . . . . .
Ni = ----AAAC--AGTAGACA- -TTAGCAGATAAATTAGCAGGARATAANGAAGCGATAAGGAGARAGAACTCAACTAAT TATCC TTCGTTOTOT T — —— ——— —
Ip ATAGAAATGAAATAAATACCTTAGCAGATAAATTATTCGEAGATAR- - ~-AGGATAGGGACAAGCAACTCAAGGARTTACCCTTCCTTCTCTICTC TTCTC
Cu
Oo
of
Qe
or

* kKK

. . . . . . . . . -
Ni  --ARTTGAATTGCAATTAAACTCGGCCCARTCTTTTACTA - —A= —— e = mae ARGCGATTGAGCCGAATACAAC - - - -AAAGATTCT
Ip TTAATTGAATTGCAATTCAACTCGGCCCAATCTTTTACTAATACTTTTAC TAATAC TAAAAGETAAAAGCGATTCACCCCAATACAAC - - ~TAAAGAGTGT
Cu TT--CTGAATTGCAATTAAACTCGGCCCAATCTTTTACTAR
00 --AATTGAATTACAACTAAACTCGGCCCAATCTTTTACTA-TA
Of - CARACTAAAATCGGCCCAATCTTITACTA--- - - —-
Qe  —-ATTGAATTTCAATTAAACTCGCCTTAATC - ——-—————— -~
Or ---ATTGAATTTCAATTAARTTTTGCTCAATT-————————~~ ATTTIA=-—=—====— === ==~ GTARAAGGATTCGAGCCGAATACAAAATACARAGATTTT

KRR Ok wk ok * % EE 2 EE I * kK L

. . . . . . . - . .
Ni ATTGCATATATTTTGACTAAGTATATACTIACC-———— - TAGATATACAAGATTTGAAATACAARATCTAGAAAACTAAATCAAAATCTAAGACT-———
Ip ATTGCATGTATTTIGGATAAGTATATACTTATCCAGATTCTAGATATACAAGATTTCAAATAAAAA ATCTAGAAGACTAAATCGAARGC TAAGAC TCARG
Cu GCCGAATACA----- GCTAAATA - -ATTT-CTTGGAT - - -GAGTATATGAG- - -TATAATTTA~ - -TCTA————— - TARAT--—-ATTTTAGA--—----—
Oo  ATTGCATGTATTTTGGATAAATACATATATCTT -~ - ==~ - TAGATATAGACGAT TIGARA TATAARATATARAG - ~— === === mm—mmmm e mmm e mm oo
Of  ATTGTATTTATTTTTGATA - —TATATA--—---———————~—~—~ AT A G A GA - ——— ———m——m
Oe ATTGCATATATTTTT--TGGATAAATATAT-—-————---~ TTAGATATAGAAGGTTTCAAATAGAARATCTAG -~ ~ACTARAT -~ -~~~ === == === =~ A
Or ATTGCATGTATTIT- - --GGAAAAATATAT--------- T TAGGTATACT -GCATCTTCAATAG-AAATATAAG - -ACTGA -~~~ v —

* wk * * * k% kek *

+200

+300

Figure4. Sequence alignment for 3’-UTR. Taxon abbreviations same asin Fig. 1; sequence for stem-loop structure overlined. Asterisk indicates
sequence identity for al taxa without agap at a particular nucleotide position.
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Nicotiana UCGGCCCAAUCUUUUACUARRAGGATUGAGCCGR AG=-14.0

Ipomoea GGCeCAAUCTUUUUACUAAUACUUUUACUAAUACUAARAGGUA™ ¥ * * * AR AGGAUUGAGCCGA  AG=-15.8
Cuseuta UCGGCcCAAU* CUUUUACUAARAUACUAAAGGGUAARAGAAUACUAAAGGGUAAAAGAAUUGAGCCGA  AG=-157
0. cemua UCGGCUUAAUCCUUUUAGUAAAMGGAUUCAGCCGA AG=-16.2

O. corvmbosa  UCGECcCAAUCUUUUACUAUAARGEAUUGAGCCGA AG=-15.1

O. fasciculata

©. ramosa GCUCAAUUAUTUIAGUAAAAGCRUUGAGC

GGCeCAAUCUTUUACUAUAACTAUAAAAGGATUGAGCC AG=-9.1

AG=-79

Figure 5. mRNA sequences for stem-loop structures and free energy vaues caculated using MFOLD program of GCG software package.

Taxon abbreviations: same asin Fig. 1.

ging 56-69 nt are found upstream of the 3'-UTR stem-
loop structuresfor all species of Orobanche examined.
It is possible that the distance from the stop codon
to the stem-loop is an integral part of the regulat-
ory mechanism(s) involved in rbcL gene expression
(e.g., transcription termination, processing or stability;
recognition-site for RNA-binding protein). If so, the
low level of rbcL gene expression observed for C. refl-
exa may result from the truncated distance from the
stop codon to the stem-loop structure.

Why isrbcL retained in holoparasitic plant plastid
genomes? As noted above, the rbcL gene has been
retained in a viable form in some holoparasitic plants
(e.g., Cuscuta, Lathraea) and as an open reading frame
in at least two species of Orobanche. The geneisaso
present with intact coding regionsin several other non-
photosynthetic genera of the Scrophulariaceae (Wolfe
and dePamphilis, unpublished). Although major dele-
tionsin the plastid genomes of heterotrophic genera of
the Orobanchaceae, Cuscutaceae and A. longa have
been observed, rbcL is present in the majority of
taxa surveyed, whereas the other photosynthetic and
chlororespiratory gene classes are not [5, 13, 14, 19,
28, 48].

There are at least three alternative hypotheses for
the retention of rbcL in a holoparasitic plant: (1) the
plant still requiresthe Rubisco protein for low levels of
autotrophic carbon fixation; (2) the oxygenase activity
may function in glycolate metabolism; (3) stochast-
ic events have resulted in its maintenance and/or the
loss of photosynthesis was recent and sufficient time
has not yet passed for the accumulation of deleterious
mutations.

Rubisco has a carboxylase and oxygenase activity.
The carboxylase activity is responsible for the fixation
of carbon dioxide into a C3 intermediate followed by

the Cg sugar glucose, whereas the oxygenase activity
of photorespiration is a competitive reaction involved
in glycolate metabolism (e.g., glycine and serine bio-
synthesis) [27]. Although most photosynthetic hemi-
parasitesareimmediately recognizableby the presence
of green leaves and measurable photosynthetic activ-
ity [23], some species may maintain very low levels
of photosynthetic pigment production and photosyn-
thesis, or perform photosynthesis only during a dis-
crete phase of the life cycle (e.g., seed maturation or
seedling development). Such plants might be termed
‘cryptic hemiparasites', and could appear to be holopa-
rasitic at first analysis. This may explain the retention
of aminimally expressed rbcL in Cuscuta reflexa [18].

Holoparasitic plants receive reduced carbon from
their host [33] eliminating the necessity for carbon fix-
ation. Siemeister and Hachtel [ 39] suggested photores-
piration from Rubisco activity may be the reason rbclL
is retained and expressed in the heterotrophic alga
Astasia longa. Press et al. [32] reported that photores-
piration decreases with increasing parasitic ability in
higher plants. Clearly, Rubisco activity is maintained
in some holoparasitic plant genera, and several others
have intact rbcL coding regions. Although unlikely,
it is possible that the oxygenase activity of Rubisco
is maintained in parasitic plants until the adaptation
to heterotrophy is complete, and acquisition of host
amino acids reduces the need for a glycolate pathway.

To determine whether the retention of rbcL in
O. corymbosa and O. fasciculata could be due to
stochastic factors, we introduce a probability model
to assess the likelihood of a gene with no functional
constraint (e.g., loss of photosynthetic ability) retain-
ing an ORF. We assume: (1) that O. corymbosa and
O. fasciculata had a nonphotosynthetic ancestor, and
that all rbcL sequencedivergencehasoccurred without
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Table 4. Jukes-Cantor distances calculated for all taxa included in study from 1431 nt of rbcL sequence. Gap sites and
missing data removed only in pairwise comparisons. Distances in upper right, standard errorsin lower left.

OTU’s Nicotiana  Ipomoea  Cuscuta O.cernua O.corymbosa O.fasciculata  O. ramosa
Nicotiana - 0.0620 0.0883 0.1216 0.0821 0.0968 0.1199
|pomoea 0.0068 - 0.0485 0.1260 0.0955 0.1124 0.1294
Cuscuta 0.0082 0.0060 - 0.1505 0.1115 0.1249 0.1497

O. cernua 0.0113 0.0115 0.0128 - 0.1075 0.1152 0.0836

O. corymbosa  0.0079 0.0086 0.0094 0.0106 - 0.0381 0.0995

O. fasticulata  0.0087 0.0095 0.0101 0.0111 0.0053 - 0.1104

O. ramosa 0.0100 0.0104 0.0113 0.0094 0.0090 0.0096 -

photosynthetic constraint; and (2) that the probability
of any random mutations generating a stop codon is
4/63 and the probability of any random mutation not
introducing a stop codon is 59/63. If these assump-
tions are correct and all mutations occurring to these
rbcL sequencesareindependent, then, if the sequences
are pseudogenes, the probability of retaining an ORF
without a stop codoniis:

P = (59/63)™, where n is the number of
mutational (nucleotide substitution)
differences between them.

rbcL in Scrophulariaceae/Orobanchaceae taxa has
1434 nucleotides; 1431 nucleotides excluding the ter-
minal stop codon. From Table 4, we find that there are
ca. 54.52 (1431 x 0.0381) nucleotide differences after
correcting for multiple substitutions between the rbcL
sequences of O. corymbosa and O. fasciculata.

P = (59/63)%%2 = 0.0279

Therefore, the probability of retaining arbcl ORF in
these two species of Orobanche under aloss of func-
tional constraint is 2.79%. This number is actually an
overestimate of the probability of retention because
the model does not factor in the possibility of indels.
Although the probability of retention under these cir-
cumstances is low, it is not outside the realm of pos-
sibility that preservation of rbcL in these two species
isthe result of stochastic factors.

The Orobanchaceae is estimated to have diverged
from the common ancestor of its sister group (Scro-
phulariaceae) some 5-50 x 10° years ago [14], where-
as Cuscutaceae and Convolvulaceae (the closest pho-
tosynthetic relatives of Cuscutaceae) diverged some-
timein the last 15-55 x 106 years[14, 29]. The major
difference between the two groups of holoparasites
is that genera of Orobanchaceae are all root para-

sites spending a large part of their life cycle under-
ground, whereas the species of Cuscutaceae are all
stem parasites, germinating in the soil and twining up
their host stems before initiating haustoria. All genera
of the Orobanchaceae are nonphotosynthetic, but sev-
eral species of Cuscutaceae have a minimal capacity
for photosynthesis [23, 26]. Although the estimated
time since divergence for both lineages of parasitic
plants overlap, the time since adaptation to holopa-
rasitism has been sufficient for Epifagus and Cono-
pholis (Orobanchaceae) to have deleted all photosyn-
thetic genes. However, photosynthetic geneshave been
retained in functional formin some speciesof Cuscuta-
ceae. The hypothesisof too little time since the loss of
photosynthesis does not entirely account for the reten-
tion of the rbcL genein O. corymbosa and O. fascicu-
lata if they shared the same nonphotosynthetic ancest-
or as did other taxa of Orobanchaceae (e.g., O. cernua
and O. ramosa). Phylogenetic reconstructionsbased on
rps2 and rbcl. gene sequences have not yet been able
to resolve the monophyly of genera within Oroban-
chaceae and among species of Orobanche (dePamphil-
is et al., unpublished; Wolfe and dePamphilis, unpub-
lished). If loss of photosynthesis occurred independ-
ently among generaof Orobanchaceae, and if thegenus
Orobanche is not monophyletic, the hypothesis of a
recent loss of photosynthesis could explain the reten-
tion of rbcL in O. corymbosa and O. fasciculata.

If al of the above hypotheses are rejected, then it
is also possible that rbcL. DNA sequence, transcript,
or peptide may be required for some additional func-
tion unrelated to either of the known carboxylase or
oxygenase activities. We are presently unable to select
among these hypotheses, but suggest that at least one
must correctly identify why rbcL has been retained in
some holoparasitic taxa.
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