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Introduction
The evolution of eukaryotic genomes originated in endosymbiotic cell conglomerates and was based on a conversion and an extension of the genetic potentials of initially
free-living partner cells that coevolved into a single, integrated compartmentalized genetic system. To date, this machinery, with nucleus/cytosol and mitochondria in animals
and fungi, and in addition with plastids in plants, is regulated spatiotemporally and quantitatively in its entirety.
Mitochondria and chloroplasts possess only rudimentary
genomes because they have lost a large fraction of their ancestral genes many of which by transfer to the nucleus
(summarized in Herrmann [1997]; Martin et al. [1998];
Martin [2003]). However, much of the nuclear coding potential, in the order of 25–30%, is required for the management of the energy-transducing organelles (Herrmann
1997). This illustrates both their tight genetic and metabolic
integration and the importance of the compartmentalized
genetic system in the control of the principal energy supply
for the cell. Coevolution of the intracellular genetic compartments can affect eukaryotic evolution on long and short
timescales (Herrmann and Westhoff 2001; Herrmann et al.
2003). In the latter case, it becomes obvious after interspecific organelle exchanges, for example, of plastids and nuclei, that even between closely related species frequently
cause serious disturbances in the development of the resulting cybrids or hybrids (Stubbe 1989; Schmitz-Linneweber
et al. 2005). Compartmental coevolution is characteristic of
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eukaryotic organisms and an important, often neglected, element in speciation processes (Levin 2003).
Over the past century, the Onagracean genus Oenothera
has developed as a model for studying plant evolution and
represents an ideal taxon for application of modern molecular
genetic strategies to elucidate mechanisms of speciation including aspects of the compartmentalized genetic machinery,
notably of plastids. The genus represents a well-defined group
of flowering plants, presumably the best-known plant taxon of
its size (Raven 1988; Levin et al. 2003, 2004), for which a rich
stock of biosystematic, taxonomic, and genetic information is available. Oenothera genetics includes a unique
combination of features, such as biparental transmission
of plastids, a general interfertility of species, viable and
fertile hybrid offspring, as well as permanent translocation
heterozygotic genomes, generally operating in combination with a system of gametophytic or sporophytic lethal
factors. Together they allow the exchange of plastids and
nuclei as well as the substitution of entire haploid chromosome sets or of individual (or more) chromosome pairs
between species. Such exchanges frequently result in developmentally impaired, though fertile, plastome–genome
incompatible hybrids (Cleland 1972; Stubbe and Raven
1979; Stubbe 1989; Harte 1994; Dietrich et al. 1997). Initially, Oenothera research was focused predominantly on
an understanding of the nuclear genome, particularly of
the phenomenon of translocation heterozygosity, its nature, origin, patterns, and impact for speciation (summarized in Cleland [1972]; Harte [1994]). The crucial role of
the plastome in the evolution of the genus has become
obvious since Renner’s (1934) fundamental genetic work.
Together, these studies resulted in a greater insight into
both the evolutionary structure and dynamics of the clade
(Stubbe 1964; Cleland 1972; Stubbe and Raven 1979;
Harte 1994; Dietrich et al. 1997).
Subsection Oenothera (5Euoenothera) is 1 of the 5
subsections of the section Oenothera on which most of
the experimental work on evolution in this taxon has been
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A unique combination of genetic features and a rich stock of information make the flowering plant genus Oenothera an
appealing model to explore the molecular basis of speciation processes including nucleus–organelle coevolution. From
representative species, we have recently reported complete nucleotide sequences of the 5 basic and genetically
distinguishable plastid chromosomes of subsection Oenothera (I–V). In nature, Oenothera plastid genomes are
associated with 6 distinct, either homozygous or heterozygous, diploid nuclear genotypes of the 3 basic genomes A, B, or
C. Artificially produced plastome–genome combinations that do not occur naturally often display interspecific plastome–
genome incompatibility (PGI). In this study, we compare formal genetic data available from all 30 plastome–genome
combinations with sequence differences between the plastomes to uncover potential determinants for interspecific PGI.
Consistent with an active role in speciation, a remarkable number of genes have high Ka/Ks ratios. Different from the
Solanacean cybrid model Atropa/tobacco, RNA editing seems not to be relevant for PGIs in Oenothera. However,
predominantly sequence polymorphisms in intergenic segments are proposed as possible sources for PGI. A single locus,
the bidirectional promoter region between psbB and clpP, is suggested to contribute to compartmental PGI in the
interspecific AB hybrid containing plastome I (AB-I), consistent with its perturbed photosystem II activity.
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performed. It is comprised of somewhat more than a dozen
species with numerous variants (Dietrich et al. 1997). Their
genotypes, 3 basic genomes (A, B, and C) in homozygous
(AA, BB, CC) or heterozygous (AB, AC, BC) constitution
associated with 5 genetically distinguishable plastomes
(I–V) in distinct combinations, and habitats are well definable. Although all these species overlap geographically
(fig. 1), are interbreeding, and their hybrids are fully fertile,
the subsection has been convincingly demonstrated
to represent a natural group of closely related species that

can unambiguously be discerned morphologically, cytogenetically, and in particular on the basis of their relationships
between their genomes and plastomes (Stubbe 1964;
Dietrich et al. 1997; fig. 2).
To obtain a more precise understanding of speciation
processes including the entire compartmentalized plant genome and of the taxonomic and evolutionary relationships
of the species involved, we generated and applied an EST
library, developed molecular markers of the nuclear and
plastid genomes of subspecies for genotyping approaches

FIG. 2.—Plastome–genome compatibility/incompatibility in the subsection Oenothera (redrawn from Stubbe 1989 with permission). A, B and C
represent the basic haploid nuclear genomes, I–V the 5 genetically distinguishable plastomes. Genotypes boxed in bold represent naturally occurring
species. Minor symbols indicate exceptions noted for some nuclear subgenotypes.
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FIG. 1.—Distribution of the 11 North American species of subsection Oenothera of the genus Oenothera. The map summarizes data presented in
Dietrich et al. (1997) and includes information about the 6 basic nuclear genotypes containing the 3 haploid genomes, A, B, and C, and their associated
plastome types (I–V) of that subsection. Yellow and red gradations designate the distribution of distinct AA-I and BB-III genotypes. The left map
shows the areas populated by homozygous species, the right one that of their hybrids. Note that all genotypes overlap geographically.
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Materials and Methods
Plant Material
The naturally occurring species Oenothera elata
subsp. hookeri strain johansen (hjohansenhjohansen Ijoh;
AA-I) (Cleland 1935) and Oenothera grandiflora strain tuscaloosa (htuscaloosahtuscaloosa IIItusc; BB-III) (Steiner
and Stubbe 1984) were used to generate incompatible
AB-I and compatible AB-III hybrids. Because plastids
are transmitted biparentally in Oenothera and segregate somatically in the F1 generation, AB-I and AB-III hybrids,
h
johansenhtuscaloosa Ijoh and hjohansenhtuscaloosa
IIItusca, respectively, can be generated directly from a cross
of both species. Compatible and incompatible tissue segregates on the same individual, which is of advantage for
comparative analysis of gene expression. Segregation of
plastomes was checked by polymerase chain reaction
(PCR)–based polymorphisms (plastome Ijoh, GenBank accession number EU262894, and IIItusca, GenBank accession
number EU262904). An AB hybrid with another subplastome III (IIIlam) was selected as a control to confirm plastome III specificity of the genetic pattern. The hybrid
containing plastome III of Oenothera glazioviana strain
rr-lamarckiana Sweden (Heribert-Nilsson 1912) was generated from a cross between O. elata subsp. hookeri strain
johansen equipped with plastome IIIlam (AA-IIIlam) and
O. grandiflora strain tuscaloosa. No notable difference between the 2 green AB-III F1 hybrid lineages (AB-IIIlam and
AB-IIItusca) could be detected. Crossings, growth conditions, and phenotypic markers for identification of the hybrids were described previously (Steiner and Stubbe 1984;
Dietrich et al. 1997).
Various Oenothera species and strains listed in Supplementary table 1 (Supplementary Material online) were investigated to monitor the specificity of the deletion in the
clpP–psbB spacer region for plastome type I variants, that
is, from 9 subplastomes I and 2 subplastomes each of plastomes II, III, and IV. The relevant sequence interval was
PCR amplified with the primer pair VP9for 5#-catcttcttcgtcttcgtctcc-3# and VP10rev 5#-aatacacccaatgccagatagc-3#
and sequenced.

Plastome Sequences
Sequences of the 5 basic plastomes of subsection
Oenothera are deposited in GenBank (accession numbers:
AJ271079.3, EU262887, EU262889, EU26890, and
EU262891, respectively). Their design and differences in
gene-coding and intergenic regions have been discussed
previously (Greiner et al. 2008).
Identification of Potential Editing Sites
Differences between deduced protein sequences of Oenothera and the corresponding components of Marchantia
polymorpha (X04465) that lacks RNA editing (Freyer et al.
1997) have been computationally analyzed whether a C-toU substitution within the respective codon may restore the
liverwort sequence. Such positions are designated potential
editing sites in Oenothera genes.
Analysis of Variable Amino Acid Sites
To estimate the impact of a single amino acid exchange to PGI within Oenothera, 2 characteristics were
considered. First, mutations exchanging amino acids with
highly different biochemical properties have an increased
likelihood to alter or destroy protein function. The skewness of biochemical properties at a variable site was therefore estimated within the 5 Oenothera plastomes. Second,
highly conserved sites are less likely to undergo a drastic
change. Hence, a background distribution of the biochemical properties of sites was derived from multiple alignments of sequences from 30 reference species covering
dicots as well as monocots.
Biochemical property distributions were generated as
follows: Let c be a specific column in the alignment of N species and C 5 {xi}, i 5 1, 2, . . . N, the set of letters x of the ith
species at c. Given the Grantham
(1974) Matrix as a distance

function d, D : 5 fdðxi ; xj j xi 2 C; xj 2 C; i , jg defines
a distribution of pairwise differences of biochemical properties between all species at position c. To enrich for PGI
candidate sites, we tested for significant differences
(P  0.05) by a nonparametric Wilcoxon rank sum test
(http://www.r-project.org/index.html) between the distributions derived from sequences of the 5 Oenothera and
reference species, respectively. Note that the test excludes also sites that represent an Oenothera-specific adaptation, that is, sites that are similar within each data set
but dissimilar between both sets. The Oenothera mutations were also checked whether they are located within
known functional regions. Protein domains (e values  1
1010) were detected using the PFAM database
(Bateman et al. 2004). Transmembrane domains were
located by the InterPRO database (http://www.ebi.ac.uk/
interpro) and analyzed with the online DAS server (Cserzo
et al. 1997).
Estimation of Ka/Ks Substitution Rates
Nonsynonymous and synonymous substitution rates
were determined using the yn00 program of the PAML

Downloaded from http://mbe.oxfordjournals.org/ at MPI Molec Plant Physiology on March 28, 2012

(Mráček et al. 2006), and sequenced representatives of the 5
basic, genetically distinguishable Oenothera plastomes
(Greiner et al. 2008). The latter paper summarizes the sequence comparison of the 5 chloroplast chromosomes, their
phylogenetic relationships, and an idea of the temporal succession of speciation events. The deduced relationships were
largely congruent with the plastome pedigree derived from
the patterns of plastome–genome incompatibility (PGI)
and differences in multiplication rates of plastid types that
is a heritable trait associated predominantly with the plastome
and subject to selection (reviewed in Chiu et al. [1988]). In
this communication, we endeavor a novel approach by combining this sequence information and bioinformatic approaches with formal genetic data to unveil regions on the
plastid chromosomes that are potential candidates for plastome-encoded determinants of interspecific PGI. The incompatible combination AB-I was selected as a case study to
demonstrate the feasibility of the strategy.
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package (Yang 1997). F3x4 were selected as substitution
matrix, and Ka and Ks were determined by the Nei–Gojobori
method as implemented in yn00. Rates for protein-coding
genes variable among at least 2 of the 5 Oenothera plastomes
were estimated from pairwise codon-based alignments.
There are 10 pairwise combinations for each gene, resulting
in a total of 780 rates for all and 470 rates for variable genes.
Note that the computation of x 5 Ka/Ks is not always applicable (e.g., for Ks 5 0). Therefore, x could be determined
for only 215 pairwise combinations. Mean x, Ka, and Ks values for a species were obtained from concatenated alignments of single gene alignments. Only orthologous genes
present in Oenothera and all reference plastomes have been
used for this approach.

Efficiency and functional state of photosystem (PS) II
reflected by chlorophyll a fluorescence parameters at room
temperature (Schreiber et al. 1998) were calculated from
wild-type (AA-I and AB-III) and incompatible (AB-I) rosette leaves using a pulse-modulated fluorimeter (PAM
101, Walz, Effeltrich, Germany). The light intensity of
the modulated measuring beam (1.6 kHz) was 0.5 lmol
m2 s1. Leaves, dark adapted for 10 min, were used to detect the intrinsic (Fo) and maximal (Fm) fluorescence yields,
the latter being determined by application of a saturating
light pulse (0.8 s, 7,000 lmol m2 s1). The potential maximum quantum yield was calculated as (Fm  Fo)/Fm 5
Fv/Fm. Red actinic light (650 nm, 50 lmol m2 s1) was
used for measurements of fluorescence quenching. Nonphotochemical quenching (NPQ) was determined by applying
repetitive saturation pulses with 20-s intervals and calculated
as (Fm#  F)/(Fm#  Fo) (Kooten and Snel 1990).
The light-dependent redox state of PSI was measured
on leaves as absorption changes at 830 nm in the absence or
presence of actinic (650 nm, 50 lE m2 s1) and far-red
light (12 Wm2) using the PSI attachment of PAM101
(Klughammer and Schreiber 1998). Saturating light pulses
(0.8 s, 7,000 lmol m2 s1) were applied to follow PSIIdependent reduction of PSI in far-red background light.
Results
General Features
The geographical distribution and genomic constitution of the 11 genuine species of the North American subsection Oenothera, with their basic genomes A, B, and C
associated with their respective plastomes I–V are illustrated in figure 1. In a preceding publication, we presented
the complete nucleotide sequences of representatives of the
5 basic Oenothera plastomes, their comparison, evolutionary relationships, and temporal relation (Greiner et al.
2008). All 5 genomes are perfectly colinear and deletions,
rearrangements as well as duplications of entire genes were
not detected. Such sequences from closely related, morphologically distinct, and still interbreeding species for which
an organelle and nuclear genetics including cybrid technology is available for the first time offered the possibility to

Estimation of Selection Pressure on Oenothera
Plastomes
Genes causative for speciation have been suggested to
be under positive selection for a limited period. Positive selection on plastid genes has not been reported, except recently for clpP and rbcL in Oenothera and other taxa
(Kapralov and Filatov 2007; Erixon and Oxelman 2008).
To estimate selection pressure on the Oenothera plastomes
and to derive candidate genes for incompatibility factors,
ratios of nonsynonymous (Ka) versus synonymous (Ks)
substitutions were determined for genes, varying within
the 5 plastomes, using alignments of their entire coding sequences. Out of 233 pairwise comparisons for which the
method was applicable, 33 (14.1%) exhibited elevated
Ka/Ks rates above 1.0. Notably, an excess of nonsynonymous substitutions was not equally distributed between
the pairs under study but clustered predominantly to 5
genes, ycf1, ycf2, accD, clpP, and ndhA (Supplementary
table 2, Supplementary Material online). For almost all
plastome pairs, these genes displayed x values greater than
1, which indicates positive selection. The first 3 genes contain extended repetitive regions that are only weakly conserved in other species. It is therefore unclear whether
divergence of these regions is functionally relevant or
whether the increase of nonsynonymous substitution rates
is simply the result of observed high variability. The highest
rates (x 5 4.1) calculated for clpP seem to differentiate
plastomes I and II versus III, whereas maximal rates for
accD (2.2 , x , 4) were observed between clade I/II
and IV and V, respectively. A similar, though less
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Photosystem II Quantum Yield and Photosystem I Redox
State

search for genetic determinants causal to compartmental coevolution. Numbers of single mutations like small indels or
replacements of nucleotides are in the range of several thousands if each pairwise plastome comparison is considered.
To delineate candidate PGI determinants, we analyzed
single- or small-scale molecular differences between orthologous genetic elements, notably coding sequences and predicted functional elements in intergenic regions. Four
computational approaches were employed to delimit candidate sequences for PGI: 1) estimation of evolutionary rates
for protein-coding regions, 2) analysis of predicted or
known polypeptide variance, 3) RNA editing patterns,
and 4) phylogenetic footprinting of polymerase binding
sites. This evolutionary sequence filtering approach was
based on a comparison of sequence differences with the
incompatibility chart of subsection Oenothera listing all
possible genome–plastome combinations, which are either
compatible or incompatible (fig. 2). For instance, genetic
polymorphisms could be excluded to be causative for
incompatibility when any other plastome containing
polymorphic sequences identical to the incompatible plastome was compatible in the respective nuclear background.
On the other hand, polymorphisms in genes, which could
not explain an incompatible phenotype, were excluded
from the list of potential candidates for PGI. As a case
study, the bioinformatics and formal genetic data were complemented by biophysical measurements of the incompatible AB-I combination.
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Table 1
Average Ka/Ks Values Calculated from the 5 Oenothera Plastomes in Pairwise Comparison
Ka/Ks (Ka; Ks)
Plastome
Plastome
Plastome
Plastome

II
III
IV
V

0.6266
0.5107
0.4176
0.4608

Plastome I

Plastome II

Plastome III

Plastome IV

(0.0002;
(0.0009;
(0.0013;
(0.0017;

—
0.5945 (0.0009; 0.0015)
0.4567 (0.0013; 0.0029)
0.4961 (0.0018; 0.0036)

—
—
0.4446 (0.0013; 0.0030)
0.4309 (0.0015; 0.0034)

—
—
—
0.2371 (0.0006; 0.0025)

0.0003)
0.0017)
0.0030)
0.0036)

Search for Candidate Protein-Coding Loci Involved in
PGI
Two attempts were made to estimate the impact of
plastome-specific differences in genes. First, a putative
functional impact of nonsynonymous sites in polypeptides
was estimated from the degree of conservation and differences of biochemical properties between Oenothera and 30
reference species as described in Materials and Methods.
Starting from 388 nonsynonymous replacements, excluding ycf1, ycf2, and the highly variable accD N-terminus
(Greiner et al. 2008), 35 sites in 19 polypeptides were identified that showed a significant difference between the distribution of biochemical properties within Oenothera and to
reference species (P , 0.05). Twenty-five of the significant sites were located within a known PFAM domain
(Supplementary table 3, Supplementary Material online).
Note that almost all genes with elevated Ka/Ks rates are
present in the set of 19 proteins.
Second, protein-coding genes with length polymorphisms are of intrinsic interest for PGI. Relevant are 2
genes, atpA and psbB, from which the electrophoretic mobility is known to differ in plastomes III, IV, and V, respectively (Herrmann and Possingham 1980), and 8 loci that
predictably should generate variant polypeptides between
the evening primrose plastomes (Greiner et al. 2008).
The latter was arbitrarily divided into 2 groups, those with
(ndhD, rpl22, and rps18) and those without reading frame-

shifts (ycf1, ycf2, accD, clpP, and ndhF). Pairwise as well as
multiple protein alignments between these primrose size variants and their orthologs in 4–8 reference plastomes were
manually edited and compared with the plastome–genome
compatibility scheme of subsection Oenothera (fig. 2).
Briefly, alternative stop codons caused by single-base pair
indels were found for ndhD (plastome I) and rpl22, multiple
base pair indels leading to different stop codons for accD,
clpP, ndhD (plastome V), ndhF, and rps18; a point mutation
causes a change of the stop codon in atpA of plastome III, and
a single G (IV, V) to A (I, II, III) conversion at position 1195
in psbB leads to a conservative change from valine to isoleucine (Supplementary table 5, Supplementary Material online). The ycf1 and ycf2 genes are only moderately conserved
in plastid genomes in general, and AccD is highly polymorphic in its N-terminal region as in the reference plastomes.
Length polymorphisms in accD, atpA, clpP, ndhD, ndhF,
rpl22, and rps18 could not be compared with distinct amino
acid residues. However, none of these regions, except the
altered ndhD 3# terminus, is located within a functional domain (Supplementary table 5, Supplementary Material online). Computational analysis of transmembrane domains
was used also to check each candidate for aberrations in
its transmembrane domain architecture. Marginal effects
appeared only for components of the NAD(P)H dehydrogenase complex, for ndhA, ndhD, and ndhE (data not
shown). Apart from the fact that it is unclear whether the
predicted relatively small perturbations alter notably the
stability of the transmembrane regions, disruption of ndh
genes in tobacco did not result in a pronounced phenotype
(Burrows et al. 1998; Kofer et al. 1998). Details of the
changes in these loci including verification by PCR analysis
as well as comparison with loci of reference species and
their interpretation are therefore presented in Greiner et al.
(2008; supplementary figs. S1–S5, Supplementary Material
online).
Supplementary tables 3 and 5 (Supplementary Material online) list the possible role of each of the significant
mutations in coding regions for both single amino acid exchanges and variant polypeptides caused by indels for the
distinct plastome–genome combinations in the compatibility scheme (fig. 2).
Role of RNA Editing in PGI
The findings that editotypes in plastids may differ between related species and even between ecotypes (Tsudzuki
et al. 2001; Tillich et al. 2005) and that plant-specific editing sites often cannot be modified heterologously (SchmitzLinneweber et al. 2005; Shikanai 2006) have been suggested that this kind of RNA maturation plays a crucial role
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pronounced, observation has been made for ndhA. Together, elevated rates in the 5 genes comprise 26 of 33 pairs
with positive selection. For ccsA, petD, and matK each, only one pairwise x value exceeded the chosen criterion for
positive selection. However, we note that several pairs of
matK and ccsA indicate elevated evolutionary rates well
above the median x 5 0.405. Clustering of elevated rates
has also been observed for ndhD, rps18, and rps3 (Supplementary table 2, Supplementary Material online). The mean
Ka/Ks ratio x 5 0.166 for pairwise comparisons of 30 angiosperm chloroplast genomes showed only a small variance (standard deviation: 0.03) in most branches of the
mono- and eudicotyledonous plants investigated. Most ratios between Oenothera plastomes, however, were considerably higher (mean Ka/Ks ration x 5 0,47 ± 0.11,
Student’s t-test: P , 106), with a minimum of 0.24 between plastomes IV and V and a maximum of 0.63 for plastomes I and II (table 1). The unusually high mean Ka/Ks
ratios between most of the 5 plastomes and the relatively
large number of genes indicating positive selection or fast
evolutionary rates are consistent with a significant contribution of plastomes to speciation.
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FIG. 3.—(A) Phenotype of compatible AB-III control and incompatible, lutescent AB-I hybrid leaves. (B) Silver-stained thylakoid
membrane proteins of AB-III and AB-I hybrids showing a comparable
protein pattern and only deficiencies of some specific, presumably PSII,
proteins in AB-I, which are labeled by asterisks.

Delineation of an AB-I Incompatibility Determinant: The
clpP–psbB Intergenic Region
Search for Candidate Loci for PGI in Intergenic Regions
The differences located in promoter sequences of the
Oenothera plastomes were compared with the genetically
determined compatibility relationships in interspecific hybrids (fig. 2) in order to classify them and to pinpoint potential determinants contributing to PGI.
Two types of RNA polymerases operate in plastids of
higher plants, the ancient eubacterial type polymerase
(PEP) and an acquired phage-type polymerase (NEP)
(Shiina et al. 2005; Liere and Börner 2006). The polymerases recognize distinct sites in plastid promoters. In
all, 38 putative PEP- and 25 NEP-binding sites that were
computationally predicted were altered in at least one of
the plastomes (Greiner et al. 2008). Mutations were classified according to 3 criteria: 1) their similarity to an ideal
consensus (Silhavy and Maliga 1998; Kapoor and Sugiura
1999; Homann and Link 2003; Kanamaru and Tanaka
2004; Shiina et al. 2005; Liere and Börner 2006), 2) number, and 3) position of predicted polymerase binding sites
relative to a translational start site (supplementary table
4A and B, Supplementary Material online). With this selection scheme, 9 putative PEP promoters, notably of clpP,
psbB, rpl16, rpl33, rps12, rps15, trnGGCC, trnLCAA,
trnSUGA, and 7 predicted NEP promoters, namely of atpH,
clpP, ndhG, psbB, psbK, rps4, and trnGGCC, were deduced as candidates causing PGI. Three promoter sequences indicated drastic changes for both polymerases: the
promoter of trnGGCC harboring mutations specific for
plastome V, and the bidirectional promoters for clpP (encoding a catalytic subunit of the protease Clp) and psbB
(encoding the chlorophyll a–binding protein CP47 of the
PSII core complex) that contain a large deletion specific
for plastome I.

Variant sequence regions in plastomes I–V were systematically compared with compatibility/incompatibility patterns
(fig. 2) to filter loci relevant for PGI. This approach finally
correlated the AB-I phenotype with a single major locus,
the intergenic region psbB–clpP. AB-I displays a yellow–
green (lutescent) phenotype (fig. 3A). The plastome–genome
combinations AB-II and AB-III, which both occur in nature,
and the hybrid containing plastome IV are green (fig. 2;
Stubbe 1989). In this distinct case, changes in plastome I
shared with or similar to at least one in plastomes II–IV
can be disregarded. Plastome V was excluded from our analysis because the combinations AB-V, AA-V, and BB-V are
extremely disharmonic and differ substantially from the AB-I
phenotype. They are fully bleached, largely pollen sterile, and
display severe inhibition of cell division (Stubbe 1963). The
principal genetic determinants responsible for their phenotypes are presumably complex and different from those causing bleaching of AB-I individuals (see Discussion).
The outlined filtering strategy uncovered 22 regions,
including minor changes such as single nucleic acid exchanges in noncoding regions. Six of them are polymorphic
within all plastomes. A contribution of these regions to PGI
is unlikely because plastomes II, III, and IV remain fully
compatible in an AB background (fig. 2). This excludes
the genes accD, ycf1, and ycf2, the intergenic regions
rps16/rbcL and trnQUUG/accD, as well as the SSC/IRA
junction. Sixteen regions specifically altered in plastome
I remain. All regions involving the NADPH complex
can be disregarded because knockouts of individual
NDH subunits in tobacco lack a conspicuous phenotype
(Burrows et al. 1998; Kofer et al. 1998). Therefore, the
length variance of NdhD and NdhF (supplementary table
5, Supplementary Material online) as well as of the
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not only in translation but also in speciation processes
(Schmitz-Linneweber et al. 2001, 2005). Editing of the ndhD
ACG start codon in plastomes I and IV as in spinach, tobacco, and Antirrhinum (Neckermann et al. 1994) established the presence of an editing system in evening
primroses. Comparison of the protein-coding sequences
with those of the liverwort M. polymorpha, which lacks
RNA editing uncovered 320 potential sites in coding regions
in Oenothera (data not shown). These sites represent a comprehensive capture of all possible editing sites including
true sites (in higher plants usually in the order of 30–
35) and a large fraction of false positives. Despite this
high number, only a single-nucleotide substitution differs
among the potentially edited sites in the Onagracean
plastomes. NdhA of plastomes I, II, and III contains
a C-to-T conversion at amino acid position 309 compared
with plastomes IV and V which would result in a T-to-I
amino acid change. Because knockout lines of genes for
nicotinamide adenine dinucleotide phosphate dehydrogenase (NDH) subunits in tobacco display no or only subtle
phenotypes (Burrows et al. 1998; Kofer et al. 1998), editing—in contrast to the Solanacean model (Schmitz-Linneweber et al. 2001, 2005)—does not play a crucial role in
speciation of the Oenothera clade nor in the generation of
interspecific plastid–nuclear incompatibility.
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intergenic regions ndhG/ndhI, ndhI/ndhH, ndhF/rpl23, or
ndhF/trnNGUU can be excluded. Additional noncoding
regions, such as the atpI/atpH spacer and a small deletion
downstream of the petN stop codon, are not involved in
the AB-I phenotype because neither the ATP synthase
nor of the cytochrome complex are affected in AB-I
tissue as revealed by immunological analysis (data not
shown). Specific variations left are small deletions in the
intron of rpl16, the 5# region of rpl32, the trnGUCC/
trnSGCU, trnLUAA/trnTUGU, and rps8/rpl14 spacers, and
a single amino acid exchange in Rpl32. They are not of
functional relevance because the translational apparatus
is not notably affected in AB-I as could be judged by
silver staining of thylakoid membrane proteins (fig. 3B).
Therefore, only 2 regions remain, which serve as putative
candidates. First, a small deletion in the promoter of psbI
in the intergenic spacer of psbI and psbK, and second,
a large deletion in the clpP/psbB spacer, affecting both
NEP and PEP promoters (fig. 4; supplementary table 4A
and B, Supplementary Material online). The involvement
of the psbI promoter in the AB-I phenotype is rather
unlike because 1) mRNA levels of psbI are not changed
(data not shown) and 2) a knockout of psbI shows no
apparent phenotype (Schwenkert et al. 2006). Consequently, only the 148-bp deletion at position 77,080 of
plastome Ijoh (GenBank accession number AJ271079.3)
in the intergenic clpP/psbB region remained as the only
potential plastid component responsible of the AB-I incompatibility. Three approaches were employed to substantiate
this deduction.
First, sequence analysis of intraplastome variance
(Herrmann et al. 1980) of the clpP–psbB spacer region corroborated that the deletion is plastome I-specific. It was present in 9 different plastome I subtypes found in 3 species or
subspecies (GenBank accession numbers: EU449954–
EU449961 and AJ271079.3) but not in the 6 variants investigated for plastomes II, III, and IV (GenBank accession
numbers: EU262889, EU262890, EU262891, EU449963,
EU449962, and EU449964) that were derived from 5 different species. Furthermore, all these subplastomes were
checked genetically, and only plastome I variants were found
to cause incompatibility with genotype AB (see references in
supplementary table 1, Supplementary Material online).

Second, a phylogenetic footprinting analysis of the intergenic region between both genes delimited distinct boxes
in the promoter region described for clpP (Sriraman et al.
1998) and psbB (Westhoff 1985; Westhoff and Herrmann
1988) and uncovered substantial changes to Oenothera and
among its plastomes. Notably, a large deletion in plastome I
directly upstream of the highly conserved psbB PEP promoter and the clpP 5# region eliminated a putative and
a confirmed clpP promoter and 2 putative psbB promoters
(data not shown) (fig. 4). Conservation as well as similarity
to known sites in other species suggested that an element
missing in plastome I caused the specific adaptation of plastome I to the AA genome and that the change of this region
leads to an altered expression of psbB and/or clpP in the
AB-I combination.
Third, if altered expression of psbB and/or clpP contributes to the bleaching of the AB-I phenotype, decreased
PSII activity/levels and eventually pleiotropic effects due to
clpP overexpression would be expected. Thus, the activity
of PSII relative to that of PSI was monitored by spectroscopic analyses (fig. 5). Chlorophyll fluorescence induction
was measured on dark-adapted leaves to adjust an oxidized
plastoquinone pool of incompatible AB-I and compatible
AB-III and AA-I plants. Maximum PSII quantum efficiency
(Fv/Fm) was in fact reduced to 0.52 ± 0.04 in the incompatible AB-I leaf compared with 0.79 ± 0.03 in AB-III or
AA-I consistent with a deficiency in PSII activity. The low
Fv/Fm ratio observed was caused by an elevated Fo and
decreased Fv fluorescence level in AB-I indicating inefficient exciton transfer to the reaction center and/or malfunction of PSII (fig. 5). The fluorescence level elicited by
moderate actinic light (50 lE m2 s1) dropped far below
the initial Fo level depending on the light intensity indicative defects in photosynthetic light utilization. Actinic
light-induced quenching of chlorophyll fluorescence was
faster in AB-I than in AB-III or AA-I, and a longer period
was required to reach the steady state. NPQ increased dramatically from 0.39 ± 0.14 in AA-I and AB-III to
2.47 ± 0.42 in AB-I indicating an imbalance of photosynthetic electron transport. After switching off actinic light,
the fluorescence decayed to the former Fo level in AA-I
and AB-III but increased in AB-I within several minutes
to finally reach the increased Fo already observed during
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FIG. 4.—Schematic overview of the clpP/psbB spacer region in Oenothera, spinach, tobacco, Atropa, Eucalyptus, Gossypium, and Arabidopsis.
Positions of the indicated transcription start sites (black arrows) of NEP and PEP promoters (PclpP and PpsbB) relative to the start codons were
determined experimentally in Arabidopsis, tobacco, and spinach (Westhoff 1985; Hajdukiewicz et al. 1997; Sriraman et al. 1998; SwiateckaHagenbruch et al. 2007). Putative, not experimental verified promoters in Oenothera are marked with filled triangles. The experimentally verified
PclpP-173 and PpsbB-175 are highly conserved and confirmed bioinformatically in Oenothera and all references species. The deletion (open triangle) is
not present in Oenothera plastomes II–V or plastomes of other species sequenced so far and, therefore, specific for plastome I in Oenothera.
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the dark adaptation prior to the measurement, again indicating malfunction of PSII. Application of far-red light, which
preferentially excites PSI had no notable effect on the halflife of the fluorescence rise upon light/dark switches nor on
the elevated Fo levels suggesting that the AB-I incompatibility reflects a direct effect on PSII-driven electron transport, such as stable accumulation of QA species in the dark
which induces an increased Fo level.
The extent of PSI oxidation in terms of balanced electron flow from PSII to PSI was monitored using absorption
changes at 830 nm on actinic background light in order
to further substantiate the primary lesion in the hybrid
(fig. 4). Although PSI signal intensity in AB-I was generally
slightly reduced, the results clearly showed a much higher
actinic light-induced oxidation state of PSI in AB-I
compared with AB-III. At 50 lE m2 s1, about 15% of
P700 was oxidized in AB-I, whereas the reaction center
of PSI remained almost completely reduced in AB-III,
a response likely due to limited electron flow toward PSI
of a deficient PSII rather than of downstream effects in
the AB-I hybrid. Furthermore, short light pulses at far-red

background light were sufficient to completely reduce
PSI in AB-III and AA-I but not in AB-I, indicating a
slower PSII-mediated electron transport. Taken together,
chlorophyll fluorescence analysis is fully consistent with
a decreased PSII activity relative to PSI and suggests that
the lesions in the incompatible AB-I hybrid primarily affect
PSII function. A detailed molecular analysis of the incompatible AB-1 phenotype will be presented in a forthcoming
study.
All data obtained not shown in the manuscript are
available upon request.

Discussion
Compartmental coevolution is accompanied by distinct changes in the 5 available Onagracean organelle chromosomes and the respective nuclear genomes. In
subsection Oenothera, relationships between plastome
and genome are crucial for the vitality of interspecific hybrids (Stubbe 1964; Dietrich et al. 1997). All its species can
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FIG. 5.—Studies on photosystem II yield and redox kinetics of photosystem I. (A) Fluorescence induction kinetics of compatible AB-III and
incompatible AB-I leaves. Fluorescence induction traces induced by saturating white-light pulses showed the maximal fluorescence raise during the
light pulse (Fm). The Fm levels were normalized to equal heights. Dark-adapted leaves were exposed to consecutive saturating light pulses during
application of continuous actinic light. (B) The P700 oxidized state of compatible and incompatible leaves exposed to 50 lE m2 s1 actinic red light
was recorded. The signal level of AB-III was not affected after switching off the actinic light (downward black arrow) indicating that PSI is largely
reduced. However, significant absorbance changes were recorded after switching off actinic light in AB-I indicating that a substantial part of PSI was
oxidized due to deficiencies of PSII. Application of FR light (upward open arrow) oxidized PSI in both compatible and incompatible leaves. Subsequent
saturating light pulses (squiggled arrows) on the FR background light transiently reduced PSI completely in compatible but only partially in
incompatible leaves again indicating a limitation of PSII activity. AA-I plants resembled in their PSII fluorescence and PSI redox characteristics those of
AB-III (data not shown).
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with a distinct major locus, a plastome I–specific deletion in
the clpP–psbB intergenic region with reduced PSII activity
in AB-I. Bioinformatic and biophysical data are consistent
with a primary lesion in PSII and reminiscent to PSII downregulation in a bleached Arabidopsis mutant with severe
deficiencies of psbB transcripts and CP47 proteins (Meurer
et al. 1996, 2002). This mutant also displays comparable
fluorescence characteristics. Loci such as the clpP–psbB
intergenic region deduced by this approach are therefore
potential candidates that deserve further study of underlying molecular mechanisms of PGI.
At a molecular scale, coevolution of polypeptides with
their interaction partners, polypeptides with polypeptides or
polypeptides with nucleic acid molecules, is a well-known
phenomenon (Goh et al. 2000). Basically, it could reflect
a regulatory and/or a structural phenomenon. Diverging
loci (supplementary table 5, Supplementary Material
online) are therefore of intrinsic interest but the vast majority of such loci found in Oenothera either does not seem to
be involved in interspecific compartmental incompatibility
or does not contribute in a simple way. All changes occurred in parts of polypeptide chains, which are generally
highly variable and do not affect conserved domains (supplementary figs. S1–S5 [Supplementary Material online] in
Greiner et al. [2008]). In terms of single amino acid exchanges of all 388 detected nonsynonymous substitutions,
only 35 sites from which 25 are located in functional
domains show biochemically significant different properties with respect to reference plastomes (supplementary
table 3, Supplementary Material online). These sites are
encoded by altogether 19 genes, namely accD, atpA, atpB,
atpF, ccsA, clpP, matK, ndhA, ndhB, ndhC, ndhD, ndhE,
ndhH, petB, rpoB, rpoC2, rps3, rps8, and rps15. Current
knowledge decreases this small number of candidates
even further. For instance, variance of RpoB between
tobacco and Atropa, initially a candidate for PGI
(Herrmann et al. 2003), did not turn out to have a notable
influence (Schmitz-Linneweber et al. 2005), or gene deletions in tobacco suggest that disruption of genes for subunits of the NDH complex (Burrows et al. 1998; Kofer et al.
1998) are not of relevance either. Furthermore, a biochemically possibly significant amino acid change in petD fits
with the compatibility chart in principle (fig. 2) but
appears to be neutral because BB-II does not show a cytochrome phenotype (data not shown). Collectively, the
available data strongly suggest that plastome-encoded
genes for structural components of the photosynthetic machinery are usually highly conserved. Therefore, we suggest
that compartmental coevolution in Oenothera influences
predominantly gene expression and/or the transcript
metabolism, as found also in the Solanacean model
(Schmitz-Linneweber et al. 2001, 2005).
Species-specific editotype differences in plastid DNA
and coevolving nuclear encoded trans factors have been
shown to be important in compartmental coevolution
between Atropa and tobacco. They play a crucial role in
harmonious nucleo–plastid interaction between both species and also explain the pronounced phenotypic difference
of their reciprocal cybrids (Schmitz-Linneweber et al. 2001,
2002, 2005). RNA editing obviously does not influence
compartmental coevolution in evening primroses. Thus,

Downloaded from http://mbe.oxfordjournals.org/ at MPI Molec Plant Physiology on March 28, 2012

be crossed with one another, forming seeds with fully developed hybrid embryos that usually germinate and produce fertile progeny. However, the development of such
hybrids is frequently disturbed and limited only by incompatibilities between the plastome of one parent plant with
the genotype of the other one when the genetic compartments were not coevolved (fig. 2). Reversibility of interspecific compartmental incompatibility is a distinguishing
feature to nuclear and plastid mutations affecting the
organelle; an incompatible plastid foreign to a nucleus,
for instance, will regreen if recombined with its genuine
genome. Therefore, PGI is not based on mutations in single
genes but in changed interactions of coevolved gene pairs,
one of which resides in the chloroplast, the other in the nuclear genome. These PGI gene pairs represent a special case
of the Dobzhansky–Muller model underlying their impact
in speciation processes (Dobzhansky 1937).
Disturbances caused by interspecific organelle exchanges normally affect a multitude of ontogenetic processes.
Most conspicuously are lesions of the photosynthetic machinery (hybrid bleaching, hybrid variegation) and of the generative phase that can be impaired at various gametophytic
and/or sporophytic stages, such as pollen and/or ovule development (summarized in Harte [1994]). Both, photosynthetic
performance and hybrid fertility are complex characters with
a large number of potential states. Thus, PGI phenotypes
are probably caused by processes that operate at many scales.
This intricacy is not unexpected because about 30% of the
nuclear coding capacity is required for the management of
the organelles (Herrmann 1997). Complexity also becomes
apparent in various extremely disharmonic plastome–genome
incompatible hybrids such as AA-V, AB-V, and BB-V, in
which fertility and morphogenesis are severely affected
(Stubbe 1963; Stubbe et al. 1978). In these cases, incompatibility may be caused by multiple Dobzhansky–Muller
plastid–nuclear gene pairs. The profound knowledge of
the photosynthetic process and of the biogenesis, maintenance, and adaptation of its underlying structures (Herrmann
and Westhoff 2001) can advantageously be used for
evaluating phylogenetic questions and provide general and
causal access to evolutionary relationships and speciation
processes.
The relatively large number of plastome-encoded
genes deduced to be under positive selection or displaying
fast evolutionary rates, manifesting in high Ka/Ks values,
clearly reflect an active contribution of plastomes to speciation. However, our knowledge to computationally predictable functional elements from primary sequences is limited,
and Oenothera genome sequences—the complementary
part on which prespeciation and coevolution processes
are acting—are missing. Nevertheless, the alignment of sequence differences between plastomes of closely related,
interbreeding species to predict genetic elements combined
with filtering by their evolutionary and functional relevance
as well as combinatorial logics is a promising strategy to
pinpoint potential plastid-localized determinants involved
in compartmental coevolution last not least because predictions can be tested. The case study of the hybrid AB-I has
proven that the strategy of systematic filtering on genetically well-defined material is useful and attests to the power
of the method. It correlated the bleached AB-I phenotype
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Supplementary Material
Supplementary tables 1–5 and figures S1–S5 are available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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