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Abstract Editing of plastid RNAs proceeds by C-to-U,
in hornwort species also by extensive U-to-C, transi-
tions, which predominantly lead to the restoration of
codons for structurally and/or functionally important,
conserved amino acid residues. So far, only one instance
of editing outside coding regions has been reported – in
the psbL/psbF intergenic region of Ginkgo biloba. This
site was proposed to have no functional importance.
Here we present an evaluation of an editing site in the
ndhI/ndhG intergenic region in a related group of
monocot plants. Efficient editing of this site, as well as
the phylogenetic conservation of the resulting uridine
residue, point at an important role for the sequence re-
stored by editing. Two potential functions can be en-
visaged. (1) RNA secondary structure predictions
suggest that the C-to-U conversion at this site can lead
to a modified stem/loop structure of the ndhG 5¢ UTR,
which could influence ndhG expression. (2) Alternative-
ly, editing of the ndhI/ndhG intergenic region may tag a
so far unidentified small (12-codon) ORF, and lead to
the restoration of a conserved phenylalanine codon. A
screen with specific antibodies elicited against the puta-
tive peptide failed to detect such a peptide in chloroplast
fractions. However, this failure may be attributable to its
low and/or development-specific expression.

Keywords Plastid RNA editing Æ RNA secondary
structure motif Æ Small peptide-encoding ORF

Introduction

Plastid-encoded transcripts in vascular plants are subject
to a substantial degree of post-transcriptional modifi-
cation based on a variety of processes including RNA
editing. With the exception of extensive U-to-C editing
in hornwort species (Yoshinaga et al. 1996) plastid RNA
editing is generally found as C-to-U changes. Initially,
editing in plastids was found to generate translational
start codons by ACG to AUG conversions (Hoch et al.
1991; Kudla et al. 1992). Instances of the generation and
removal of translational stop codons have also been
reported (Wakasugi et al. 1994; Yoshinaga et al. 1996),
but usually editing sites reside at internal positions in
mRNAs and, with few exceptions, affect the second
positions in codons (reviewed in Bock 2000). As a con-
sequence, editing leads to the restoration of codons for
conserved amino acid residues, which frequently repre-
sent crucial structural and/or functional features of the
encoded proteins; this is consistent with the mutant
phenotypes or non-functional enzymes that appeared in
several cases where editing was impaired (Bock et al.
1994; Zito et al. 1997; Sasaki et al. 2001). The target
sequences for the trans-acting editing machinery are
found to reside in relatively short sequence stretches
upstream of editing sites (Bock et al. 1996, 1997a, 1997b;
Chaudhuri and Maliga 1996; Reed et al. 2001; Schmitz-
Linneweber et al. 2001). However, these cis-acting
sequences show little general similarity, and nucleus-
encoded trans-acting factors appear to be diverse as well,
with a specific factor for each individual site (Hirose and
Sugiura 2001).

Within protein-coding sequences only one case of
silent mRNA editing has been reported to date, from
UCC(Ser) to UCU(Ser) in tobacco atpA, with no ap-
parent change in the coding capacity (Hirose et al. 1996).
Similarly only one editing site has been reported to lie
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outside of protein-coding regions; this site is found 32 nt
upstream of psbF in the ancient seed plant Ginkgo biloba
(Kudla and Bock 1999). This latter site was rated as a
non-functional site which has either persisted in the ab-
sence of any selective advantage or, alternatively, is in-
cidently recognized by a site-specific factor required for
editing at another essential site in the Ginkgo plastid
chromosome. Plastid RNA editing shares several char-
acteristics with editing in plant mitochondria, which
suggests a common evolutionary root for both editing
processes. In both organelles, a strong bias for editing of
coding regions exists. For instance, in Arabidopsis thali-
ana mitochondria only 7 of the 456 editing sites dete-
cted reside in intergenic regions (Giege and Brennicke
1999).

Here we report on C-to-U editing of transcripts of the
intercistronic ndhI/ndhG spacer of plastid DNAs from
maize and several other monocot species. Editing at this
site produces a highly conserved U residue 10 nt up-
stream of the translational start codon of ndhG, indi-
cating that this site is of functional and/or structural
importance.

Materials and methods

Plant material

The plant material used represents eight of the ten putatively
monophyletic orders of monocotyledon plant species proposed by
the Angiosperm Phylogeny Group (1998). Leaves of Hydrocharis
morsu-ranae (Alismatales), Allium cepa, Narcissus pseudonarcissus,
Iris germanica, Oncidium ansiferum (all Asparagales), Chlorophy-
tum comosum (Liliales), Dicranopygium microcephalum (Panda-
nales), Hanguana malayana (commelinoids), Tradescantia ohiensis
(Commelinales), Flagellaria indica, Typha angustifolia, Juncus in-
flexus, Eriocaulon fenestratum, Joinvillea ascendens, Eleusine cora-
cana, Sorghum bicolor, Saccharum officinarum, Triticum aestivum,
Hordeum vulgare (all Poales), and Canna indica (Zingiberales) were
kindly provided by the Munich Botanical Garden. Maize (Zea
mays), oat (Avena sativa), rye (Secale cereale), Tripsacum dactylo-
ides, Eragrostis tef and ·Triticosecale Wittmack were grown under
standard greenhouse conditions. Fresh plant material was ho-
mogenized in liquid nitrogen prior to extraction of total nucleic
acids.

Isolation of nucleic acids

Total cellular DNA was extracted by the CTAB (cetyltrimethy-
lammonium bromide)-based method (Doyle and Doyle 1990).
RNA was isolated using the TRIZOL reagent (GibcoBRL) ac-
cording to the supplier’s instructions. Aliquots of total RNA were
treated with DNase I (Roche Diagnostics) for 30 min to remove
DNA.

cDNA synthesis and PCR

Prior to reverse transcription DNase I-treated RNA samples were
incubated with random hexanucleotide primers at an elevated
temperature (65�C) for 5 min and then cooled to room tempera-
ture. The reaction was then performed at 37�C for 2 h using
SuperScript II reverse transcriptase (GibcoBRL). PCR was done
with the following thermal profile: initial denaturation for 3 min at
94�C; 30 cycles of 30 s at 94�C, 30 s at 48�C and 1 min at 72�C, and

a final extension step for 3 min at 72�C. The following oligonu-
cleotides were employed for PCR and sequencing in this study:
ndhI (5¢-TAATTATAGTATTGATTTCGG-3¢); ndhG (5¢-TAG-
AATAAGGATATACAAACA-3¢); ngseq (labeled with IRD800;
5¢-AAGGATATACAAACAAGAAC-3¢).

DNA sequencing

Amplified nucleotide sequences were directly determined by the
dideoxynucleotide chain-termination method (Sanger et al. 1977)
using gene-specific primers. A combination of strategies was em-
ployed, including energy-transfer fluorochrome dideoxynucleotide
labelling (Rosenblum et al. 1997) with the ABI 377 system (Applied
Biosystems), and fluorochrome primer labelling with the LI-COR
4200IR2 two-laser system (MWG Biotech). For analyses using the
ABI system the oligonucleotide ndhG served as the sequencing
primer, whereas the fluorescence-labeled primer ngseq was used for
the LI-COR system.

Protein analyses

Maize chloroplasts were isolated by isopycnic Percoll gradient
centrifugation as described by Robinson and Barnett (1988).
Stromal proteins were separated from thylakoids after osmotic
shock (for 10 min room temperature in 50 mM HEPES) of chlo-
roplasts and centrifugation for 10 min at 14,000·g. Polypeptides
were fractionated by SDS-TRIS-glycine-PAGE (Laemmli 1970) in
15% PA containing 7% sucrose, in a gradient gel (12–22% PA
and 3–10% sucrose), or by SDS-Tricine-PAGE (Schägger and von
Jagow 1987) in 15% PA. For immunoblot analysis, polypeptides
were transferred onto either nitrocellulose or polyvinylidene dif-
louride (PVDF) membranes according to Towbin et al. (1979).
The membranes were probed with polyclonal antibodies specific
for the ‘‘edited’’ maize plastid-encoded peptide (PEP12) and sub-
sequently incubated with alkaline phosphatase-coupled anti-anti-
body serum. Alternatively, the enhanced chemoluminescence
system (Luminol, Amersham Pharmacia) was used. Antisera were
raised against PEP12 in rabbits immunized with synthesized
PEP12 peptides coupled either N- or C-terminally to BSA (Eur-
ogenetics).

Multiple alignment

Due to the heterogeneity of intergenic regions, sequences were
aligned manually after choosing anchors in the conserved regions
of the flanking genes. Publicly available sequences for the entire
chloroplast chromosomes of tobacco (Nicotiana tabacum), thale
cress (Arabidopsis thaliana) and rice (Oryza sativa), as well as the
sequence of the Synechocystis sp. PCC6803 genome, were obtained
from GenBank. The overall length of the initial alignment was
527 bp. Regions of the multiple alignment with ambiguous ho-
mology were omitted from further investigations. The final data
matrix contained 324 potentially informative characters, all of
which were non-coding.

Phylogenetic analyses

Phylogenetic analyses were performed using the maximum parsi-
mony (MP) method and PAUP version 3.0i. In all analyses the
MULPARS, STEEPEST DESCENT and the ACCTRAN options
were active. Branches having zero length were collapsed to yield
polytomies (COLLAPSE option). The heuristic search option using
100 replicates of simple random sequence addition with Tree Bi-
section-Reconnection (TBR) branch-swapping was performed to
search for multiple islands of most-parsimonious trees (Maddison
1991). All characters have been specified as unordered and
unweighted.
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Bootstrap analyses (Felsenstein 1985) were used to measure the
support of each branch. One hundred bootstrap replications with
10 replications of random sequence addition and TBR branch
swapping were performed. In addition, ten thousand randomly
generated trees were evaluated to estimate the strength of the
phylogenetic signal in a given data set.

Results and discussion

Editing leads to a C-to-U conversion 10 nt upstream
of the ndhG translation start site in monocot species

The ndhH operon of higher plants includes six of the
eleven plastid-encoded ndh genes (ndhH, A, I, G, E, D) –
which specify subunits of an NADH dehydrogenase
complex located in the thylakoid membrane (Casano
et al. 2000) – together with psaC, the gene for subunit
VII of Photosystem I. The clustered organization of
ndhA, I, G and E is highly conserved between plastid
chromosomes of plants and even in cyanobacterial ge-
nomes (e.g., Kaneko et al. 1996; Kotani and Tabata
1998). The plastid ndhH operon is transcribed into a
primary polycistronic mRNA, which is then processed
to yield various transcript species containing subsets of
genes (Matsubayashi et al. 1987; Del Campo et al. 2000;
Legen et al. 2001). Comparison between the genomic
and cDNA sequences of the ndhI/ndhG intergenic spacer
from maize revealed efficient C-to-U editing at a posi-
tion 10 nt upstream of the ndhG translational start co-
don (Fig. 1a and b). This site had escaped an initial
systematic search for editing sites in the maize plastome
because of its unusual position outside of known pro-
tein-coding genes (Maier et al. 1995). The occurrence of
this intergenic site has been mentioned in a number of
reviews on plastid RNA editing (e.g. Maier et al. 1996;
Maier 1997; Bock et al. 1997a). Determination of cor-
responding DNA and cDNA sequences from 27 species
representing nearly all of the monocot orders revealed
that editing also takes place in the four Poaceae species

Eleusine coracana, Saccharum officinarum, Tripsacum
dactyloides and Oryza sativa, leading to the generation
of a U residue that is highly conserved in other monocot
species (Fig. 2b and c). A remarkable exception is Sor-
ghum bicolor, where the genomic C residue at the editing
site remains unchanged. A comparable situation has
been reported for one of the rpoB sites in maize – which
remains unedited in barley (Zeltz et al. 1993). As has
been proposed for that site in barley (Zeltz et al. 1993),
silencing of the intercistronic editing position in Sor-
ghum is possibly tolerated due to compensatory muta-
tions either in cis somewhere else in the surrounding
sequence (e.g. the A-T exchange at position –35 with
respect to the ndhG translation start) or in trans in gene
sequences specifying interacting factors.

The pattern of editing sites frequently differs even
between closely related species. This reflects relatively
frequent gain and loss of single editing sites during
evolution. Available data indicate that the editing site in
the ndhG 5¢ UTR was most probably gained at the
branch point leading to Panicoidae (including Saccha-
rum officinarum, Tripsacum dactyloides, Zea mays and
Sorghum bicolor), Bambusoidae sensu lato (including
Oryza sativa) and Chloridoidae (including Eleusine
coracana and Eragrostis tef; marked by an asterisk in
Fig. 2c) and was subsequently been lost in Sorghum bi-
color and Eragrostis tef (Fig. 2c). An alternative, but less
likely, possibility is that the site may have been inde-
pendently lost in all Pooidae (including ·Triticosecale
Wittmack, Triticum aestivum, Secale cereale, Hordeum
vulgare and Avena sativa) and in individual Panicoidae
(Sorghum bicolor) and Chloridoidae (Eragrostis tef)
species.

As proposed for the psbL/psbF intergenic editing site
in Ginkgo (Kudla and Bock 1999) and mentioned above,
editing upstream of ndhG may occur accidentally, as a
result of adventitious sequence or structural similarities
with an essential editing site. To test this assumption, the
ndhG 5¢ UTR sequence was compared with the region
around all known plastid editing sites in maize with a
window of ±40 bp. No significant similarities were
noted. In addition, the complete maize plastome was
scanned for sequence similarities to the ndhG 5¢ UTR in
order to find any additional editing site which might
have escaped detection in the systematic screen because
of its location in a non-coding region. No comparable
sequence motif was found elsewhere in the maize plastid
chromosome. Thus, if the ndhI/ndhG intergenic region is
incidentally edited by a factor that is required at another
essential site, this essential sequence must be located in
the mitochondrial or nuclear genome (although no in-
stances of editing have so far been found in nuclear
transcripts in plants).

In any case, the high degree of sequence conservation
and the crucial role of plastid RNA editing in restoring
essential genetic information suggest that the efficiently
edited site in the ndhG 5¢ UTR has an important func-
tion. Two mutually non-exclusive alternatives can be
considered.

Fig. 1a, b RNA editing in the ndhI/ndhG intergenic spacer of
maize. a Autoradiograph showing corresponding DNA and cDNA
sequences of the region encompassing the editing site. The position
at which editing leads to the C-to-U conversion is marked by an
arrow in both the DNA and the cDNA sequence. b Location of the
editing site 10 nt upstream to the translation start codon of maize
ndhG
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Fig. 2 a Schematic presentation of
the conserved ndhA, I, G, E gene
cluster in maize (Z. mays) and
cyanobacteria (Synechocystis sp.).
The group II intron in ndhA of
maize is marked by the hatched
box. The six editing positions at
which C-to-U transitions post-
transcriptionally alter the maize
sequences are indicated by dots.
b Multiple sequence alignment of
the 5¢ UTR of ndhG. The C
nucleotides that are subject to
editing, and the Shine-Dalgarno
motif in the Synechocystis
sequence, are boxed. The reading
frames homologous to the small
ORF in maize are boxed. c Con-
sensus phylogenetic tree based on
Maximum Parsimony (MP) analy-
sis. The search was performed with
TBR branch swapping and MUL-
PARS ON, and resulted in twelve
equally parsimonious trees. For
this search only 100 replications
were carried out. Similar results
were achieved using 500 replicates
with Nearest Neighbor Inter-
change (NNI) branch swapping.
The twelve trees are described by
following statistics: Consistency
Index (CI)=0.504, Retention In-
dex (RI)=0.529, Rescaled Consis-
tency Index (RC)=0.266.
Sequences of Arabidopsis thaliana,
Nicotiana tabacum and of
Synechocystis PCC 6803 were
used as outgroups. The branch at
which the editing site in the ndhG
leader may have been gained is
marked by an asterisk
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Edited and unedited transcripts of the ndhI/ndhG
intercistronic region can be folded
into alternative structures

Since expression control elements, i.e. for translation
initiation and transcript processing, are frequently lo-
cated in 5¢ UTRs of plastid genes (e.g. Hirose and
Sugiura 1996; Eibl et al. 1999), the C-to-U transition
10 nt upstream of the translation initiation codon could
be required to generate a target sequence for (an) in-
teracting factor(s), for instance, by generating an RNA
secondary structure essential for ndhG expression. To
check this, the sequence of the maize ndhI/ndhG inter-
genic region (extending 40 nt to each side of the editing
site) was analyzed in its edited and unedited form with
the ‘‘RNA fold’’ secondary-structure prediction pro-
gramme (Mathews et al. 1999). Indeed, the edited RNA
sequence can form an energetically less stable alternative
secondary structure (Fig. 3). Thus, editing in the ndhG 5¢
UTR may be necessary to unmask a sequence stretch
and make it accessible to interacting trans factors (e.g. of
the translation machinery). Interestingly, in Sorghum,
the A/T difference with respect to maize mentioned
above could compensate for the lack of editing of the C
residue and allow the sequence to fold into the less stable
secondary structure which is possible only with the ed-
ited RNA in maize (Fig. 3). Thus, if editing is a pre-
requisite for the maize ndhG 5¢ UTR to fold into the
proposed structure, in Sorghum it is not necessary and
would even be of disadvantage. In this context, however,
the question arises whether the single A/T difference
compared to the maize sequence prevents the editing
machinery from recognizing/processing the site in Sor-
ghum or if a trans-acting factor specific for this site was
lost with the disappearance of selective pressure for ed-
iting. In silico predictions of RNA secondary structures,
however, generally depend on the choice of parameters

and, therefore, the proposed alternative RNA structure
induced by editing needs experimental verification.

RNA editing in the ndhI/ndhG intercistronic region
may cause a UCU(Ser) to UUU(Phe) conversion
in a small open reading frame

An appealing alternative to the proposed role of editing
in restoring a functionally required RNA secondary
structure in the ndhI/ndhG intergenic region is the res-
toration of a phenylalanine codon by a UCU-to-UUU
conversion in an ORF that starts 28 nt upstream of the
editing site (Fig. 4a). This putative ORF either may
represent a so far unidentified exon or a small gene
encoding a peptide comprising only 12 amino acid
residues. Short exons, e.g. the 6-bp exon 1 of petB or the
8-bp exon 1 of petD, are known to exist in plastid
chromosomes (Rock et al. 1987; Barkan 1988; Westhoff
and Herrmann 1988). Since no sequence motif charac-
teristic of group II exon/intron borders is apparent in
the region encoding the ORF, its possible role as an
exon that is trans-spliced to an exon localized elsewhere
in the plastid chromosome is very unlikely.

Small peptides encoded by leader regions are known
from bacterial systems. There, so-called ‘‘leader pep-
tides’’ are involved in the regulation of gene expression
by transcriptional attenuation (e.g. the 14-residue pep-
tide encoded in the leader of the trp operon of E. coli;
reviewed in Yanofsky 2000). However, the typical RNA

Fig. 3 Predicted alternative RNA secondary structures formed by
the unedited and edited ndhG 5¢ UTRs, calculated using the
RNAfold algorithm. The edited and unedited nucleotides are
indicated by arrows. The ndhG translation start codon is boxed

Fig. 4 a Nucleotide and deduced amino acid sequence of the
putative peptide-encoding reading frame in the ndhG 5¢ UTR of
maize. C-to-U editing at nucleotide position 29 leads to the
conversion of a UCU(Ser) codon to a UUU(Phe) codon. b
Alignment of amino acid sequences encoded by putative peptide-
encoding ORFs in the ndhG 5¢ UTR of monocot plants.
Phenyalanine residues resulting from editing of the respective
plastid RNA are boxed. Stop codons are marked by asterisks. For
detailed designation of species see Materials and methods
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secondary structure elements involved in the attenuation
process in bacteria are not present in the ndhG leader
region, which makes a role for the encoded peptide in an
attenuation process as described for bacteria unlikely.

Several examples of small peptides in plants that are
not derived from a larger precursor protein have been
described, e.g the decapeptide labaditin in Jatropha
multifida (Kosasi et al. 1989) or the 12-amino acid resi-
dues Enod40 peptide of the legume Sesbania rostrata
(Corich et al. 1998). Circumstantial evidence suggests
that genes coding for short peptides are more wide-
spread than so far supposed. The major problem is to
detect these ‘‘needles in the haystack’’ among the enor-
mous background of meaningless short ORFs (Basrai
et al. 1997). The editing site in the ndhI/ndhG intergenic
region of maize, however, could operate as a tag for such
a small gene. The reading frame is highly conserved in
nearly all species of Poaceae examined (Figs. 2 and 4).
An interesting exception again is Sorghum, which retains
its unedited C residue and has no open reading frame
here. The ORF is also not found in monocots other than
members of the Poaceae, or in dicot species such as to-
bacco, spinach and Arabidopsis. It is known that the
coding capacity of plastid chromosomes can differ be-
tween species and that genes encoded by plastid chro-
mosomes of one species have been transferred to the
nucleus in others. A case in point is rpl22 (which codes
for a polypeptide of the 50S ribosomal subunit) which is
found in the plastids in most higher plants but is a nu-
clear gene in legumes (Gantt et al. 1991). It is therefore
conceivable that, in those species where the ORF does
not reside in the ndhI/ndhG intergenic region, it may be
located in the nucleus and its products be post-transla-
tionally imported into the organelle. However, databank
searches using the TBLASTN algorithm (Altschul et al.
1990; with an increased E value of 10,000) did not reveal
the presence of a coding gene for a homologous peptide
in the current data set including the complete plastid
(Sato et al. 1999), mitochondrial (Unseld et al. 1997) and
nuclear genomes of A. thaliana (Arabidopsis Genome
Initiative 2000). Also, no homologs could be found in
current EST data resources. This strongly suggests the
absence of the peptide in A. thaliana. If it exists at all, it
is possibly restricted to Poaceae and the closely related
Flagellariaceae, Joinvilleaceae and Eriocaulaceae species
(Fig. 4b).

To check for expression of the ORF, antibodies were
raised against a synthetic peptide (see Materials and
methods). The peptide was coupled either N- or C-ter-
minally to BSA, and both versions were used for im-
munization. The specificity and sensitivity of the
antibodies were tested by slot blot analysis. As little as
5 ng of the synthetic peptide was still detectable
(Fig. 5a). However, no signal could be found with total
cellular proteins of maize leaves and soluble or mem-
brane fractions of maize chloroplasts, even when pre-
parative high-resolution SDS-PA gels loaded with up to
50 lg of protein sample (Fig. 5b) were probed. Thus, if
synthesized, the putative peptide must accumulate only

in very low amounts, below the detection limit of
approximately 1 ng of protein attainable with the
Enhanced Chemiluminescence system (Luminol, Amer-
sham Pharmacia). This would be expected, if a role in
regulation (for instance in signal transduction) is as-
sumed. For the isolation of systemin, the first plant
peptide messenger detected (McGurl et al. 1992), 28 kg
of tomato leaves was required, and 30,000 tomato plants
had to be processed to produce 1 lg of the peptide
(Marx 1996). On the other hand, expression of the
proposed peptide may be restricted to certain tissues
and/or developmental stages. Further work will there-
fore be needed to settle the question of whether the
putative peptide exists or not.
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