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Abstract

Higher-order structureshave been constructed for plastid-encoded small-subunit (SSU, 16S), rRNAsfrom represent-
atives of seven nonphotosynthetic hol oparasitic angiosperm families: Apodanthaceae, Cynomoriaceae, Cytinaceae,
Balanophoraceae, Hydnoraceae, Mitrastemonaceae, and Rafflesiaceae. Whereas most pai rwise comparisonsamong
angiospermsdiffer by 2—-3% in substitutions, the 16SrRNAs of the hol oparasites show an increasingly greater num-
ber of mutations: Cynomorium (7.3%), Cytinus (8.0%), Bdallophyton (12.7%), Mitrastema (14.9%), Hydnora
(19.4%), Pilostyles (30.4%) and Corynaea (35.9%). Despite this high level of sequence variation, SSU structures
constructed for all species except Pilostyles possess the typical complement of 50 helices (that contain numerous
compensatory mutations) thereby providing indirect evidence supporting their functionality. Pilostyles, likely with
the most unusual plastid 16S rRNA yet documented, lacks four major helices and contains lengthy insertions for
four others. Sequences of products generated via RT-PCR show that these structural modifications are present
on a mature (transcribed) rRNA. The trend toward increasing numbers of base substitutions in the holoparasites
is accompanied by a marked increase in A+U content of the rRNA. This ‘A/T drift’ phenomenon of rDNA is
especially apparent in Corynaea whose SSU rDNA sequence is 72% A+T. A comparison of Cytinus to tobacco
showed that substitution rates appear to be dependent upon the composition of neighboring bases. Transversions
represented 26% of the mutations when flanking bases were G or C whereas transversionsincreased to 36% when
the flanking bases were A to T. The underlying molecul ar mechanism associated with these high substitution rates
is presently unknown, however, relaxation of selection pressure on ribosome function resulting in altered DNA
replication and/or repair systems may be involved.

Introduction etic analyses must incorporate structural and function-

al information [6, 31]. In recent years, tremendous

Small-subunit (16Sand 16S-like) rRNA sequencesare
likely thelargest category of macromolecul ar sequence
in existence. About 3000 are being maintained by the
Ribosomal Database Project [25]. One reason for the
continued generation of 16S rRNA sequences is their
tremendous utility as markers of phylogenetic change
among al known life forms. To correctly extract
information from these rRNA sequences, phylogen-

Thenucleotide sequencedatareported will appearintheEMBL,
GenBank and DDBJ Nucleotide Seguence Databases under the
accession numbers U67740, U67741, U67742 and U67743.

advances have been made in understanding the role
rRNA plays in the trandational process [39]. Fur-
ther understanding of the mechanism of trandation has
been gained by studies of the higher-order structure of
ribosomal RNAs[20].

Two distinct but complementary approachesto pre-
dicting RNA higher-order structure exist: energy min-
imization and comparative sequence analysis. Steady
improvement has been made in the development of
algorithms that use thermodynamic energy values for
secondary structure predictions[21, 53]. While refine-
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ment of this approach promisesto further improvethe
prediction of structural modelsof 16SrRNA, at present
only a portion of the existing helical elementsare pre-
dicted, i.e. in particular base pairs interacting over
short distances (<100 bases). Predictions for archaedl
and eubacterial 16SrRNA sequencesare better thanfor
chloroplastsand significantly better than for mitochon-
drial and eukaryotic sequences [22]. The comparative
sequence approach has been successful in providing
detailed structural information for a wide variety of
organisms [15-17, 49]. In addition, this method can
be used to predict secondary structure and identify ter-
tiary interactions using information on compensatory
changes and covariance [15]. A requirement of the
comparative approach, however, is the availability of
sufficiently diverse sequences, especialy in relatively
conservativeregions, to alow structural predictionsto
be made.

Results from phylogenetic analysis of plastid gene
seguences and overall genome organization generally
confirm that plastids arose once from cyanobacteria
via an endosymbiotic event [7, 28, 33, 41]. Chloro-
plast genomes are highly conserved for gene size and
arrangement and their primary mode of evolution is
via substitutional mutations [40]. When 13 plastid
16S rRNA sequences of land plants are compared to
Marchantia (aliverwort), the mean percent nucleotide
similarity is 95.2%. This value increases to 97.6%
when ten angiosperm sequences are compared, thus
demonstrating the highly conserved nature of thisgene.
Given the low rate of substitution, plastid 16S rRNA
have only rarely been used in phylogenetic studies such
asthose examining the origin of plastids or deep diver-
gences among algae and land plants[7, 26, 27].

Among flowering plants, dramatic reorganization
of the plastid genome (plastome) has taken place in
parasitic members that have lost most photosynthetic
genes (reviewed in [3, 35]). The 70 kb plastome of the
holoparasite Epifagus virginiana (beechdrops, Scro-
phulariaceae) has been mapped and sequenced [4, 51]
and it contains functional ribosomal cistrons that are
present on inverted repeats [29]. Although the beech-
drops 16S rDNA sequence differs little from that of
tobacco (2.7% of the sites), Wolfe et al. [50] showed
that the number of substitutions on the branch leading
to Epifagus was higher than in comparisonsinvolving
most other angiosperms. Work with Epifagus was the
first to show that genome reorganization in holopara-
sitic flowering plants also affects nucleotide substitu-
tions on plastid ribosomal genes. In addition to Scro-
phulariaceae, holoparasitism has evolved at least five

moretimesamong several ‘nonasterid’ angiospermlin-
eages [23, 35, 36]. Considerable disagreement exists
on the classification of these plants, but here a modi-
fication of the system proposed by Takhtajan [44] will
be followed (Table 1). Little structural information is
available concerning the presence of plastids in these
holoparasites [37]; however, results from at least one
species(Cytinusruber, Cytinaceae) suggeststhereten-
tion of avestigial plastome.

The comparative approach to predicting rRNA sec-
ondary structure requires the presence of sufficient
seguence variation among the taxa. In addition to
exploiting wide phylogenetic diversity to obtain such
variation, an aternative approach is to utilize organ-
isms whose ribosomal loci are evolving at faster rates.
Analyses of nuclear 18S rDNA sequences of these
nonasterid holoparasites showed they had nucleotide
substitution rates, on average, 3.5 times higher than
nonparasitic plants[38]. The present study shows that
substitutional changes in plastid 16S rDNA of these
plants are also increased but to a greater degree than
with nuclear 18S rDNA. The specific goals of this
study are to construct higher-order structural models
of 16S rRNAs from representatives of all the lineages
of nonasterid holoparasites and compare these models
to those derived from photosynthetic plants. The evol-
utionary progression from moderate to extreme struc-
tural reorganization in these rRNAs will be discussed
in acomparative framework.

Materials and methods

The species shown in Table 1 are representatives of
all major lineages of nonasterid holoparasites. Both
fresh (Cytinus, Pilostyles, Corynaea and Hydnora) and
silicadried (Bdallophyton, Mitrastema and Cynomori-
um) tissues were used for DNA extraction. Total gen-
omic DNA was obtained by grinding the tissue to a
powder on liquid nitrogen and extracting using 2x
CTAB as described [34]. PCR reactions, gel purifica-
tion of resulting products, and sequencing conditions
were according to Nickrent [34]. The primers used
for PCR amplification and sequencing of plastid SSU
rDNA are given in the accompanying paper [37].

Total RNA was isolated from frozen plant tissue
of Pilostyles (collection number 2994) following the
method described in Ems et al. [10]. The total RNA
sample was treated overnight with RNase-free DNase
(Promega). cDNA were synthesized by reverse tran-
scription and amplification by PCR (RT-PCR). Reverse



Table 1. Holoparasites used to obtain plastid-encoded 16S rDNA sequences.

Species Family Collection  Native to GenBank %GC
number? accession number

Cytinus ruber Fritsch Cytinaceae” 2738 Mediterranean  U47845 50
Bdallophyton americanum R. Br.  Rafflesiaceae 3072 Mexico U67740 46.4
Pilostyles thurberi Gray Apodanthaceae® 2994 Texas, USA u67741 34
Mitrastema yamamotoi Makino Mitrastemonaceae? 2941 Borneo u67742 46.5
Cynomorium coccineum L. Cynomoriaceae® 4000 Israel U67743 52
Corynaea crassa Hook f. Balanophoraceae” 3011 CostaRica uU67744 28
Hydnora africana Thunb. Hydnoraceae 2767 South Africa uU67745 431
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aCollection numbers (of DLN) refer to voucher specimens present at SIU.
bClassification according to Takhtajan [44]. Traditionally placed in a broadly defined Rafflesiaceze.
CClassification according to Takhtajan [44]. Traditionally placed in a broadly defined Balanophoraceae.

transcription took place in areaction mixture contain-
ing 10 ng of antisense primer (1289 rev), 1 mM for
each dNTP (Pharmacia) and PCR buffer (10 mM Tris-
HCl pH 8.5, 6 mM MgCl,, 50mM KCI, 10 mM DTT).
Total cellular RNA was denatured at 90 °C for 1 min
and allowed to cool to room temperature to anneal the
primer. First-strand cDNA synthesis was performed
with 1000 units of AMV-reverse transcriptase (USB)
for 20 min at 37 °C. PCR amplification of cONAswas
performed with 250 ng of each primer (323 for and
1289 rev) and one unit of Taq polymerase. Amplifica-
tion was performed with aPerkin Elmer thermal cycler
with the same conditions as described for DNA amp-
lifications above. The absence of genomic DNA con-
tamination in RNA sampleswas verified by attempted
amplification from the non-reverse transcribed RNA
samples with severa combinations of PCR primers
used on the cDNA sample.

The sequenceswere entered into the computer pro-
gram SegApp [12] where a manual multiple sequence
alignment was conducted. The 16S rDNA aignment
contained 35 land plant, 11 algal and two cyanobacteri-
al sequences. Concurrent with alignment, secondary
structural models were constructed for all taxaand this
information was used to guide the alignment of vari-
able regions. The structural models were constructed
following that of Nicotiana [13] using Microsoft Clar-
isDraw Version 1.0. At present, three landplant plastid
16SrRNA secondary structuresare availablefor down-
loading as postscript filesviathe 16SrRNA Comparat-
ive Structure Database [13]: Marchantia polymorpha
(X04465), Zea mays (200028), and Nicotiana tabacum
(Z200044). The tobacco structure, possibly based upon
a previous sequence (V00165), contained six errors
that required correction (positions 357, 787, 879, 935,

1167 and 1403). Sincethese 16SrRNA modelscontain
information on which base pairs are supported by cov-
ariancedata[15], attemptswere madeto strictly adhere
to these helix constraints. In doing so, some sites
required noncanonical pairing (discussed below). In
this study, GeU is not considered a noncanonical base
pair. For reference, we have followed the helix num-
bering system proposed for prokaryotic SSU rRNA by
Dewachter and associates [32, 47]. The nomenclature
used to describe structural motifs in rRNA generaly
follows Woese et al. [49] with additional details pro-
posed by Ehresmann et al. [9].

Results and discussion

Plastid SSU rRNAs for most plants are remarkably
similar in overall length (ca. 1490 bp) and con-
tain comparatively little structural variation in the 50
major helices. Conversely, the 16S rRNAs of the
seven holoparasitic angiosperms reported herein dif-
fer markedly in primary and secondary structure. As
shown in Table 1, the G+C content of holoparasite
SSU sequencesrangesfrom 28-52%, all lower thanthe
mean for more typical land plants (56%). The number
of substitutional mutations between tobacco and liver-
wort is 55, whereas 109 mutations (7.3%) separate the
phylogenetically closer tobacco and Cynomorium. The
other holoparasites show an increasingly greater num-
ber of mutational differences. Cytinus (121, 8.0%),
Bdallophyton (193, 12.7%), Mitrastema (219, 14.9%),
Hydnora (292, 19.4%), Pilostyles(ca. 465, 30.4%) and
Corynaea (ca. 513, 35.9%). Of these mutations, trans-
itions outnumber transversion by at least 1.9:1 which
is lower than the ratio for nonparasitic plants (2.6:1).
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Thetrend toward increasing transversionsis especially
apparent in Pilostyles and Corynaea wherethe TSITV
ratio approaches parity. The frequency of noncanonic-
al base pairsin plastid SSU sequences ranges from 8
to 12% in the holoparasites as compared with 7.5% in
asample set of photosynthetic plants [22].

Structural features of plastid 16SrRNAin
hol oparasitic angiosperms

Despite containing a high number of substitutions, the
plastid 16SrRNA structureof Cynomoriumisvery sim-
ilar to SSU rRNAs from representatives of land plant
and algal groups (12 plastid SSU structures available
on the 16S rRNA Comparative Structure Database).
Being theleast altered species among the hol oparasites
discussed here, Cynomorium will be used to illustrate
a‘typical’ 16S rRNA molecule (Figure 1). In the fol-
lowing discussion, the structural variationsbetween the
holoparasite 16S rRNAs and those of other plants will
be compared and illustrated. The observed variation
includes structural conformation changes for helical
and loop regions, noncanonical base pair frequencies
and composition bias. Complete structural diagrams
for al holoparasites have been constructed (available
upon request from DLN), however, a composite dia-
gram(Figure2) will beusedtoillustrateonly thosehel-
ical regionsthat show significant structural differences
from the norm. To demonstrate that these divergent
rRNAs can be folded into secondary structures and to
aid discussion, two additional compl ete structureswill
be shown for Hydnora (Figure 3) and Pilostyles (Fig-
ure 4), the most unusual plastid SSU sequence repor-
ted to date (R. Gutell, pers. com.). The base pairing
schemes presented in these figures are according to the
covariance model of Nicotiana by Gutell [14].

Helix length variation

Themajor type of structural variation seen in the holo-
parasite 16SrRNAsisvariation in the length of helical
structures. Thisfeatureisfoundin all sequencesrepor-
ted here but is most extreme in Pilostyles (Figure 4).
Long extensions of helices are seen in Pilostyles for
helices 6, 23-1 and 29 that have, respectively, 22,
34 and 92 additional bases (Figure 4). One criterion
typically used to recognize helices is the presence of
conserved apex loops and flanking regions[49]. Using
this criterion for helix 23-1, a pentaloop of CUYAA
(UCAAA in Corynaea) occurs in 90% of all eubac-
teria and plastid sequences. Despite containing this

conserved motif in the 34 bp extension, the flanking
sequences in Pilostyles do not appear to engage in
canonical pairing, hence a structure for these addi-
tional bases cannot be proposed. For the remaining
extensions, some have potential to form secondary
structures, yet no comparative data exist for confirma-
tion. Pilostyles shows additional exampleswhere helix
lengths differ from the norm such as helix 15 (6 vs.
4 bp), 17 (5 vs. 8 bp), 21 (8 vs. 7 bp), the internal
portion of helix 24 (additional 3 bp), and the external
portion of helix 46 (truncated to 9 nucleotides). Helix
48 istypically composed of 8 base pairs but differsin
Pilostyles by the addition of 27 nucleotides. To determ-
inethelocation of theinsertion(s), the conserved apical
motif (UCAGY HAU) must beidentified; however, this
signature sequence is not apparent in Pilostyles. If the
sequence ACGGUGAA is used asthe apex (50% sim-
ilar to signature), an 8 base pair helix with an 8 nucle-
otide loop can be drawn, thusindicating two insertions
in the unpaired (loop) portion at the 5’ and 3' base of
the helix.

Bdallophyton is atypical in its length of helix 10.
Whereas eubacteria rRNAs show quite some length
variation for this helix (3, 10 or 11 bp), 3 bp are
more common in chloroplasts. For this reason, the
9 bp extension in Bdallophyton is quite unusual (Fig-
ure 2). Helix 29is10 or 11 bp in length in eubacteria;
however, significant length variation occursin plastid
16S rRNAs such as Chlamydomonas and Euglena
(8 bp), Marchantia (10 bp), Nicotiana and most other
plants (11 bp), Cyanidium (12 bp) and Astasia (28 bp).
In addition to Pilostyles (12 bp plus the additional 92
nucleotides), variation in the length of thishelix can be
seenin Corynaea, Cynomorium, and Mitrastema (8, 10
and 11 bp, respectively; Figure 2). The irregular helix
43 containsan asymmetrical interior loop and frequent
noncanonicals. For most species, the helix is 12 bp
long, but variation is seen in Cynomorium, Mitrastema
(bothwith 11 bp) and Corynaea (10 bp). Pilostyles has
several insertions (Us) and a longer helix (by 3 bp).
The external portion of helix 49 (Uiz71 t0 Agg03 in
Cynomorium) is more variable in sequence and length
among the hol oparasites. Asshownin Figure 2, trunca-
tions of thisregion occur in several species making the
length of entire helix variable: Cynomorium (103 bp),
Cytinus (104 bp), Bdallophyton (102 bp), Corynaea
(90 bp), Hydnora and Pilostyles (both with 87 bp), and
Mitrastema (81 bp). High sequence variation among
the holoparasites makes the task of constructing com-
parable structures for the exterior portion of helix 49
difficult.
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Figure 1. Higher-order structural model for plastid-encoded small-subunit (SSU, 16S) ribosomal RNA for Cynomorium coccineum (Cynomori-
aceae). Base pairing follows the covariance model proposed for Nicotiana by Gutell [15]. Lowercase bases at the 5’ and 3’ ends of the molecule
were not determined because they are near priming sites; the sequence of Nicotiana is shown for clarity.



736

Helix 18
Helix 10 Mitrastema Bdallophyton Corynaea
: u
Mitrastema Bdallophyton Corynaea A AV
vhuy
Ues U—A U—a AC U, A G % (liJ
et AU z Ao T afa— A
—u o U—Aa —Cy;a20 JA-U, 2o — 2 agn
G G GeU A A—16D A AG A40-p AG45u A A
A A Go A A A A u u ] A A
190-A—U #0-A A A A u ]
A—U A—U U u A=U
Ao A A—U G—C u—a
AsG A—U A—U A—U
C—G cC—G U—A H—ﬁ
G—C c G U A »
A=U G G*430 ﬁ g 41D—ﬁ g 10
G G180 U g P u A
G A u—a U—A u—Aa
400-0 U Uou Uy
Helix 29 .
Helix 43
Bdallophyton
Mitrastema Corynaea Mitrastema Bdallophyton Corynaea
G c
uba ACU
U U & Cs 1070 1100 1110 1050
u ¢ - A : A
- 810~ c u vavuuacYuace' Ve youvuacUuacealVs, auuvuuunyau® ©
780 -U — A-780 '\JG oG8 Uu™a A'LAAAIIJJ: j,I\;(IKI; T EEA NN Ivrljll ¢ Ly v
- = AAGGU
ATy ¢-o UU—AU LALC, YU ACAAGUC, A ugh UAAARARA AUA,a
G—C Ueg U—n 1000 1080 1120 1070 1060
U—aA G—C U — A-sco
u-a U=—a TBo-U— A
A=U soo-G = Y& AU
U—a - u—a
€—-G
G—C G — G830 u—a
A—0 A—D P .
Helix 49
Mitrastema Bdallophyton Corynaea
cCoa 1380~ C = AZ1480 a
c 5 [ ﬁ cc 'Y
C—g-1420 c—aG C—GU
Helix 45, 46 it S8 g€
. C—G, €—G, c-8,
Mitrastema Bdallophyton Corynaea 1w0-A L A At P
o AcU A_U-170 A—u
C A-ize c—G C—G 1350-3— A
@ A c G U—~a 1390 -l — A Lyl =4
Us G &° %a U A C—G-13t0 Ao A u u
U—a G A U=A UeG A A
cC—G C—G C=0G G U Gl Aa—y
A u Ueg U—a G—C G+ U A—U
A C G 1240-C— G U—a Ao A Ac A U—A
G A c 1)-1250 A u 1a60-A - G Ao G U—a
U—A A A A GeU A=y 10 -G @ A 1390
_ A A A Uu—~A U4 — A-1a80
1200-G—C Ao A.cY U—A U—a A
v u-220 w8 —%¢ U4 G+ u 1900-A— U d-a
U B A A A UA U o U-1400 G—C A—U
A A A A c—G u—A4a T
A U A & A Co A Ueg weop
Ua—u AU U,_a® c—g Ao G A—U
A—U G —C-1260 A—U U—A U—Aa U—a
G—c 1230, G—C A A WGl G=C Ueou
11904 A A A u U—a UeG 1350-0— A
A A A A A A U—Aa & — G150 A —U- 1380
A A A A . A o A 1410-G A A A
A A-1230 S Fe A A A A A & A A
G—cC u—A GwC ‘A Ao g U A
G—C 6—¢ A—U A—u; 13m0 U-< u U
a—¢ G—C Ueuy u—pC C—G U=A
UurgG 1220-C — G- 1270 Uu—a &—gG A—U A—U
C°A A—U A—U 1380 - A — u—a G—-C
feo-G s U G—¢ A—uU 2 UsU A— U
G—C G—C G—cC AL A 1360 - U - 1370
U . G-1440 u u
A 1420 I ug U.G
g—G u—Aa
-G
id '
A
As G
U+G
A
1420-U A

Figure 2. Structural models of selected variable helices for three holoparasitic angiosperms. The shaded regionsin the loop of helix 18 represent
proposed insertions in the conserved AAURA apical sequence. Noncanonicals are proposed based upon base pairs seen in models of other SSU
rRNAs.



737

e
g—g-tm
41 a—¢
ue 80 2 om0 A = Ay cha ;‘u?w ot
eso UG 2 670 cec, ge u A g ¢ ; 0
Any g uug A%l G e Acaguc UCCCA UGUUUAG Y UAcCA® Y
AOVET O ATIENRMT i S NLNIET sTHE T T W
LTS UAAucuuu.\naGG_chGAA’m g-guBocca, ﬁGch&u crtabg cAUGGl;IAu
A A6 ag b G-U B0 g &wieid A 1120 110
850 A-C A G 1050 -5 A c
sa0-A—U cuyy U=z& = H
t—g A G A e §ZE G
E—ﬁ—?oo mﬁtll.l ‘i H—Ammﬁ Uc—c&'muq\ ,cudwo
aA~ Zy Al
u—a -
PRI 45— u=i —a% s A fay
F 27 §—§ 2 Psa B9, b
AvG - A—U A u
G—& PR cs0-U—A 1030 G—CU A A
620 -J—A A Y Geh U= a & A
u—a A 371 a0 ] e u A
U—h o G P e ALY G » U-1ig0 Cay
' G -710 N AMAGUAAGA [ i:g 1o
. (RSN YN Aoz &7
gh— Y UG . b A gucunucu g 4y et ST
500 500 o [ G—¢ 24 6 % -
LY TOAA 'y A G—G sto GAp cu;’c Gy
ahucclaa GBCGAUUGA GuaUUAaGe 2 A=U A ' a7 Ut AgA Uy
vl e TTIelL TET 1T SAg o700 U=A o-u, A s Uyt
VeGAGACY, AUUGCUAUSU GAL, UUCS Gf s VB & 8uay, 20 PAAS U Y8 28
1 A G." A u. G .
o za.q UAS 550 BS54 G Ara b A AC\;“ 510 ““'g_gsﬁ
Fa c ap\uc ccY UA?: =t
ah B8 T C MR aso c-g, gy
GA coavAcuA N O g [ uc"\
L [y Uy B0 . ud —aY 46 A VAR
fa30 sENulaAY - LAY G
G 920 ) . Y \
ol ~Su A g2 ARG ESay
2 g~ 530~ (1 U .G ;
Gt = A o 35 3-‘1é i 5 A \UACAAA 1260
yAY + SGanav eyt e B e DRI a ) A s
U IV AU anygalntie , , A
: ACUCAAEUAAGA 1 G 8 \.\‘3 S AA
N 3 U
G zﬁnéw 870 80 33 w68\ %U\‘m
i
S ! 1A U0 GaCERGAUUCASGCARA N UA j-
WCrna_ye9dl¥ee, Tleleslltn]e NS A &
ANY g5 a  ACUGUUCCAGGC o150 G u
\Va90 M guug C A “e cy..cY
Wt galt e 1360 5§ Sug-C
Agm Aty 3 ¢ [T N - S
g ¢ u A -‘E“,,A
8% ~ 3 G G Ay 4% AT
c A ’ o
u .
T7am “agac 20 e H e B we?  Puaas¥sl e mm Co-C g
a0 3“’%Ui\' 4 u c—go T i Selrjul 1aw-c- %
G- 1350 -
AGe UGRcoo GG O\ a% 4 ¢ PG, G lrGu, SIg
ATHT e d1Lk ! 5 c-6, un 56 gual’ G E-Cu
A GCo,uu A vagecguacu G-
aS8g8h ¢ Sty S cogh  elilllenit §u 6 F o g
16 380 0 u- 50 AU gucggegugg 5 ? A GAA
f E:A a0 8 te00 1380
c—G u
8 s
1990 god H
Ao c
Ao A u
A—U €- 1500
oA L 6 U-g M
A N
uyAcGAGAAAUAGR A oG U
sl dlalllltLr] €0 G—C u-1sm
GA UGAUCUUUAUCG,A Ueg 3
;ﬂ unu-ﬁ:ﬁ
Usc
GrU
88
< A
A“ A-1430
A uA
c
1410 g:‘é
A—U
1 Y4
u o
g A
A AU
A 1420
Hydnora africana
150
9 YARCAR, v
a & e A Un
’
Ay A AGGA heanaue®a i
a A 1111 111171
GeUUUAC, uccu COUULAC, "
e U oafm

Figure 3. Higher-order structural model for plastid-encoded SSU ribosoma RNA for Hydnora africana (Hydnoraceae). Base pairing follows
the covariance model proposed for Nicotiana by Gutell [15]. Lowercase bases at the 5’ and 3’ ends of the molecule were not determined because
they are near priming sites; the sequence of Nicotiana is shown for clarity. Given our uncertainty as to the placement of the novel insertion at
position 136, two aternative structural models are presented.
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Figure4. Higher-order structural model for plastid-encoded SSU ribosomal RNA for Pilostyles thurberi (Apodanthaceae). Base pairing follows
the covariance model proposed for Nicotiana by Gutell [15]. Lowercase bases at the 5’ and 3’ ends of the molecule were not determined because
they are near priming sites; the sequence of Nicotiana is shown for clarity. Helices 9, 10, 11 and 37 are absent from thisrRNA. Sequences shown
in boxes adjacent to helices 6, 23-1, 29, and 48 represent extensions not observed in other plastid SSU rRNAs, hence no structure is shown.



Loop length and sequence variation

Another characteristic that showsvariationin the holo-
parasite rRNA structures is the length and sequence
composition of loop regions. Hydnora shows an addi-
tional 7 nucleotides at ca. position 136 that could be
accomodated in the region between helix 8 and 9 or
within the interior loop of helix 9 (two aternatives
shown in Figure 3). Helix 11 consists of 3 pairsin all
species and is terminated in most plastid 16S rRNAS
by a tetraloop of GRAA. Sequence and length vari-
ationsfor thisapex occur in Mitrastema, Bdallophyton,
Hydnora, Cytinus, and Cornynaea. Most (97%) green
plant chloroplasts have an apical tetraloop for helix 15
of UACG [22] and UAY G is sufficient for all holopa-
rasites except Pilostyles (U,4) and Corynaea (Ug). The
apex of helix 16 istypically atetraloop of GAAA but
is AUAAG in Pilostyles. The motif AAUGA can be
found in the terminus of helix 18; however, insertions
commonly interrupt this motif: Mitrastema (C), Bdal-
lophyton (AU), Pilostyles (UAA) and Corynaea (U,).
The length of the apical loop of helix 29 is variable:
5 nucleotides in Cornynaea, 7 in Mitrastema, 8 in
Cynomorium (typical length) and 13 in Bdallophyton
(Figure 2). The apical loop of helix 43 is variable in
length among all plastid 16SrRNAS, asisthe case for
the holoparasites: Hydnora, Cynomorium, Corynaea
(al with 5 nucleotides), Mitrastema (6 nt), and Bdal-
lophyton (8 nt). No apparent consensus sequence can
be ascertained for this apical loop. A highly unusual
feature of the Pilostyles SSU rRNA is the presence of
additional basesin the normally conserved loop region
separating helix 32 and 33. The conserved CACA motif
apparently changed to UACA, duplicated, and added a
Uy insertion. The hairpin loop of helix 44 is generally
composed of 7 nucleotidesbut isexpandedto 14 nucle-
otidesin Hydnora. The apical loop of helix 47 consists
of 8 nucleotides with a signature of UGMAACUC in
plastids. A similar signature (GCAACUC) isfoundin
88% of eubacteria[49]. Despite this extensive conser-
vation, Pilostyles contains a 10 nucleotide apical loop
(GGAUUAAAAU).

Absence of helices

Unlikeall other plastid-encoded 16SrRNAS, Pilostyles
shows deletions of entire helical regions. The mul-
tistem structure that includes helix 9, 10 and 11 is
missing in this holoparasite (Figure 4). Also entirely
lacking are helices 37, 37-1, and 37-2. Thesedel etions,
as well as the substantial insertions (above) invite the
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guestion asto whether the Pilostyles 16 SrRNA isfunc-
tional in plastid trand ation. Reversetranscriptase PCR
resulted in a product whose sequence was identical
to the one previous generated directly from genomic
DNA. These results indicate that the unusua inser-
tions and deletions are present on a ribosomal RNA.
Although these data provide evidence that this SSU
rRNA is transcribed, no information exists as to the
functionality of these rRNAsin trand ation.

Increase of noncanonical base pairs

Compared to other plastid 16S rRNA sequences,
helices of the hol oparasites show an increasein honca-
nonical base pairs. For example, in addition to the
AeC pair typically adjacent to the interior loop of
helix 9, several additional noncanonicals are found:
UeC (Cynomorium), UeU (Cytinus), AeC and CeC
in Hydnora, and AeC and UeC (Mitrastema). Other
targetsfor noncanonicalsare helices 8, 23 (Pilostyles),
37-1, 43, 45, 46 and the internal portion of 49. For
the latter helix, noncanonical GeA pairs appear to be
phylogenetically constrained.

A/U composition bias

Compared with plastid 16SrRNA in general, the holo-
parasites 16S RNAs show an increased frequency of
A and U (Table 1). The holoparasite rRNAS that show
higher substitution rates and more extreme structural
modificationsal so show the most extreme composition
bias. Likethenoncanonicals, thisfeatureisparticularly
prevalent in a subset of helices, including helices 6, 9,
15, 18, 23, 24, 29, 37-1 and 48. In particular, for helix
6 and 18, most holoparasites show an A+U content at
least 10% higher than the mean obtained from 17 of the
longer helices on the molecule. In Corynaea, helix 9,
10 and 11 consist entirely of A and U. The same bias
is shown in some helices in Pilostyles: 23-1 (75%),
24 (77%), 29 (77%), and 48 (84%). The increase in
A+U content of helix 29 is shown in Mitrastema and
Hydnora aswell as in the euglenophyte Astasia longa
(76%), a nonphotosynthetic relative of Euglena. That
asimilar composition bias exists for this helix in both
nonphotosynthetic flagellates and hol oparasitic angio-
sperms suggests a relationship between this region
and relaxation of selection pressure on plastid-encoded
rRNA accompanying the loss of photosynthesis.
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| dentity, structure and function of holoparasite plastid
16SrRNA

Given the high degree of structural modification seen
in the holoparasite 16S rRNAS reported herein, ques-
tions arise as to their identity and functionality. That
these sequencesareindeed of plastid origin (asopposed
to mitochondrial or bacterid) is indicated by their
possession of a number of plastid-specific signature
sequences[37]. All holoparasite 16S rDNA sequences
are shown to be most similar to other plastid SSU
sequences following BLAST searches and phylo-
genetic analyses using distance and character-based
algorithms unambiguoudly place these sequences on
long branches within an angiosperm clade (data not
shown). These data provide evidence for the existence
of plastid SSU sequence in these plants; however, the
actual subcellular location of these genes awaits fur-
ther analyses. Since 16S rDNA sequences have been
obtained from representatives of all lineages of nonas-
terid holoparasites, our working hypothesisis that all
nonphotosynthetic plantsretain avestigial plastid gen-
ome [37]. Given the RT-PCR results for Pilostyles,
we do not believe the SSU sequence represents a
primary pseudogene. Although pseudogenes for two
tRNA genes are present in Epifagus [29, 45, 52], no
reports exist of a landplant plastid SSU pseudogene
(note, however, the presence of a ‘truncated’ copy in
rrnC in the euglenophyte Astasia [42]).

Are the losses of helices in Pilostyles suggestive
of nonfunctionality of the rRNA? Similar losses of
helices in variable regions can be seen in function-
al SSU rRNAs of eukaryotes and mitochondria, thus
structural modifications of the degree reported for the
holoparasitesis not primafacie evidence for nonfunc-
tionality. With the exception of Pilostyles, none of the
holoparasites have lost any of the 50 helices that are
presentin all plastid and bacterial 16SrRNAS. Despite
high mutation pressure and lengthening and shorten-
ing of particular helices, selection hasacted to maintain
these structural elements. Without direct experiment-
al evidence, it is difficult to determine the function-
al significance of rare structural changes, such as the
presence of novel extensions to helices as found in
Pilostyles, Bdallophyton, or Hydnora. More subtle but
equally rare changes, such as the lengthening of helix
21 by one C-G base pair in Pilostyles, requires two
precisely placed insertions, thus further suggesting a
functional constraint. For all 16SrRNAS, mutationsare
not random but occur in amosaic patternin regionsthat
aretypically variablein other SSU sequences. Specific

regions identified to be critical to ribosome function
(such asthe interior of helix 49) have been conserved
in sequence and structurein al holoparasites. If these
were pseudogenes, the fixation of random mutations
in these regions would be as likely as other regions. It
is therefore proposed that these unusual SSU rRNAS
have been the targets of mutation rate increases that
have arisen following a relaxation of selection pres-
sure (loss of photosynthesis). In contrast to the holopa-
rasite Epifagus, this process has become exaggerated
(and/or has had a longer time to act) in the nonasterid
holoparasites.

The effect of compositional bias and neighboring
bases on mutation rates

The G+C content of plastid SSU sequences of pho-
tosynthetic landplants varies little and has a mean of
56% (25 plantscompared). In contrast to all other land-
plants, the G+C content of holoparasite SSU rDNA
seguences ranges widely from near 50% to as low as
28% in Corynaea (with a mean a 42.9% for seven
holoparasites; Table 1). A departure from the typical
base composition in favor of higher A+T content in
the rDNA, (hence higher A+U in the rRNA) will be
referred to hereasthe'A/T drift’ phenomenon. A com-
position bias can also be seen in nuclear-encoded 18S
rRNA sequences of nonasterid hol oparasites; however,
here, C to T transitions outnumber G to A transitions
approximately three to one ([38] and Nickrent and
Colwell, unpublished). Complete mitochondrial SSU
seguences have been obtained from Cytinus, Hydnora
and Corynaea [8]. Despitethefact that these sequences
show increased rates of substitution relative to oth-
er angiosperms, they do not show the A/T drift phe-
nomenon. Taken together, these data indicate that this
phenomenon is not organism-wide and that different
processes are occurring in the subcellular compart-
ments and among varying gene regions.

The A/T drift phenomenon does not appear to be
restricted to parasitic plants but can also be seen in
other parasitic and/or nonphotosynthetic organisms.
Endocellular parasitic bacteria such as Borrelia, Rick-
ettsia and Mycoplasma that have comparatively small
genomes also show extreme A+T bias[1]. The A+T
content of the vestigial plastid genome (52% of the
seguence determined) present in the malarial parasite
Plasmodium falciparum is 86.9% [48]. Finaly, the
73 kb plastome of the nonphotosyntheticeuglenoid fla-
gellate Astasialonga is 80.2% A+T as compared with
its photosynthetic relative Euglena gracilis at 73.8%



[18, 42]. The SSU rRNA of Astasiaissimilarly biased
(59.5% vs. 52.9%). These examples suggest that the
AT drift phenomenon may be pervasive in organisms
that adopt highly specialized trophic modes.

Studies of the dynamics of nucleotide substitu-
tions have often utilized noncoding spacer regions
or pseudogenes since they are assumed to be under
no selective constraints and would therefore represent
neutral models of spontaneous mutation [24]. Ana-
lyses of human gene/pseudogene pairs have shown
that substitution rates are highly dependent upon the
composition of neighboring bases [19]. Transversion
rates in mitochondrial SSU sequences of mushrooms
have also been shown to be strongly affected by A+T
bias [2]. For chloroplast genomes, a comparison of
19 noncoding regions in rice and maize showed that
the transversion/transition ratio increased asthe A+T
content increased [30]. That study showed that when
the 5'- and 3'-flanking nucleotides are G or C, 25% of
the observed substitutions are transversions whereas
when the flanking nucleotides are A to T, transver-
sions constitute 57% of the substitutions. To determine
whether neighboring base composition biases the sub-
gtitution type in rDNA of holoparasites, the sequence
of Cytinus was compared to tobacco. For simplicity,
tandem mutations and indels were excluded thereby
leaving 90 of the possible 121 substitutional changes
for this analysis. In close agreement with [30], trans-
versionsrepresent 26% of the mutationswhen flanking
bases were G or C. The percentage of transversions
increased to 36% when the flanking baseswere A or T,
thusshowingthat asimilar trend existsin plastid rDNA
as exists in noncoding spacers. The lower value (36%
vs. 57%) likely stemsfrom higher functional constraint
on rDNA as compared with noncoding regions.

Proofreading and mismatch repair

Because rate increases and compositional effects do
not always occur coordinately in the subcellular gen-
omes of parasites, the underlying cause may stem
fromvariationsin their respective DNA replicationand
repair systems [5, 38, 46]. Error correction is accom-
plished by the 3' to 5’ exonuclease activity of DNA
polymerase| and |1l whereasthe postreplicativerepair
system excisesmismatches by recognizing the methyl-
ation state of template and newly synthesized strands
of DNA. A recently described system from Escheri-
chia coli results in increased levels of transversions,
especially A-T to T-A and G-C to T-A [43]. Here,
mutations in the mutA and mutC alleles result in a
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changed anticodon of glycinetRNAs that mistrandate
polymeraselll thereby increasingitserror rate. Higher
transversion rates have also been documented in stud-
ies of plastid DNA noncoding spacers [30] and Alu
sequences [11], both of which suggest that mismatch
repair is influenced by neighboring base composition.
A frequent and spontaneous mutation is the deamin-
ation of cytosine to uracil which resultsin G-C pairs
changing to A-U in the first round of replication and
then A-T in the second round. Thus, without error
correction, DNA tends towards higher proportions of
A-T. The excision repair process that corrects uracil
back to cytosineinvolvesasuite of enzymes (uracil N-
glycosylase, AP endonuclease, exonuclease, etc.) that
must function properly to correct errors. Mutations
that negatively affect such repair systems or failure to
import these enzymes into the chloroplast could result
in the A/T drift phenomenon.

Conclusions

The higher-order structures constructed for plastid-
encoded SSU rRNA sof nonasterid hol oparasitic angio-
sperms show an increased base substitution rate
that is accompanied by an ‘A/T drift’ phenomenon.
These sequences are the most divergent plastid SSU
sequences documented for plants and therefore serve
asvaluable model sfor the study anumber of molecular
evolutionary processes. Rate increasesfor nuclear [38]
and mitochondrial [8] SSU rRNA have also occurred
in these plants; however, the magnitude and types of
changes are not equivalent to those observed in the
plastid 16S sequences. The novel helix extensionsand
losses shown for Pilostyles do not appear to beintrons
as ascertained by RT-PCR experiments. A number of
causes have been proposed to account for increased
mutation and fixation rates such as generation time,
population size, organellar location of the gene, poly-
merase fidelity, DNA replication and repair, etc. (see
discussion in [38]) The underlying molecular mech-
anism associated with these high substitution rates
is presently unknown and may differ among various
organisms, genes and nutritional modes. At present,
we favor ahypothesiswhereby mutationsin DNA rep-
lication and/or repair systems have not been eliminated
in the relaxed selectional environment of a nonphoto-
synthetic plastid.
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