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Introduction

1. Introduction

A fundamental characteristic of eukaryotes is their compartmentalized genome. Today, it is
undisputed that eukaryotic cells and their partite genomes originated in endosymbiotic
conglomerates from formerly free-living cells. Mitochondria and plastids are now known to
be extant eubacterial derivatives of an oxygen-consuming a-proteobacterium and an oxygen-
producing cyanobacterium, respectively. Both ancestral symbionts were engulfed
independently by an as yet unknown heterotrophic host cell. During evolution, the genetic
potentials of the symbiotic partner cells converted into a single integrated compartmentalized
genetic system with nucleus/mitochondria in animals and fungi and, in addition, plastids in
plants. Both organelles still contain remnants of their ancient genomes. To date, the partite
genome is regulated spatiotemporally and quantitatively in its entirety with nuclear regulatory
dominance (Herrmann, 1997; Herrmann and Westhoff, 2001). This conversion occurred

predominantly at the unicellular level (Martin et al., 1998).

1.1. Eukaryotic genomes are integrated and compartmentalized

Co-evolution of the genetic compartments in eukaryotic cells represents one of three
fundamental processes, which shaped eukaryotic genome evolution (Herrmann and Westhoff,
2001). Following endosymbiosis, most organelle genes were transferred to the nucleus or lost.
Mitochondria and chloroplasts possess only rudimentary genomes, encoding parts of their
expression machineries and the respiratory chain or thylakoid membrane (Herrmann, 1997;
Martin et al., 1998; Leister, 2003). However, the majority of organellar proteins are now
encoded by the nuclear genome. Therefore, much of the nuclear coding capacity, in the order
of 25 - 30%, is required for the management the cell organelles (Herrmann, 1997). The flux of
genetic information into the nuclear genome led to the generation of novel genes and gene
sets, predominantly of regulatory nature. The evolution of multicellularity, which included the
development of specific tissues and a wide ontogenetic diversification of plastids, was
accompanied by the evolution of novel genes and gene sets and again of complex regulatory
networks. It required the invention of retrograde and anterograde signalling pathways and an
embedding of organelle biogenesis into the respective ontogenetic programs that vary
substantially between the different lineages of algae, mosses or higher plants (Lopez-Juez and
Pyke, 2005). Interestingly, a substantial number of plastid proteins is not of cyanobacterial

origin and nowadays fulfils functions, which are important for regulation of organelle
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biogenesis and function. They are encoded by genes, which either evolved de novo, were

already present in the host genome, or were transferred horizontally (Leister, 2003).

In consequence, the genetic composition of the eukaryotic cell is a mosaic of co-evolving
organellar and nuclear compartments constituting a functional unit. Organelle biogenesis,
maintenance, and adaptation are genetically and metabolically tightly embodied in the partite
genetic machinery of the cell. The chimerical design and different levels of regulation are
obvious, for example, in the thylakoid membrane system that harbours the primary

photosynthetic machinery (Figure 1).
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Figure 1. Scheme of the thylakoid membrane system in higher plants. Each complex is genetically
of chimerical origin and consists of nuclear encoded (yellow) and plastid encoded (green)

components (from Race et al., 1999).

1.2. Dobzhansky-Muller incompatibilities and asymmetric hybridization barriers

Compartmental integration of co-evolving organelle and nuclear genomes becomes obvious
after inter- and intraspecific organelle exchanges, for instance, of plastids and nuclei. Even
between closely related species such an exchange can lead to serious developmental
disturbances, so-called plastome-genome incompatibilities (PGI) (Stubbe, 1989; Herrmann et
al., 2003; Levin, 2003). Compartmental co-evolution influences a multitude of ontogenetic
processes, like the photosynthetic machinery or the generative phase. It is often recognized in
hybrid bleaching or hybrid variegation (Figure 2) and can cause hybrid sterility, hybrid
inviability (hybrid weakness), or hybrid breakdown (Stebbins, 1950; Stubbe, 1989; Yao and

Cohen, 2000; Levin, 2003). PGI reflects a disharmonic interaction between the cellular
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genetic compartments. Different from nuclear and plastid mutations affecting the organelle,
PGI is reversible. An impaired foreign plastid will re-green if re-combined with its genuine
genome. Apparently, organelles and nucleus share common, co-adapted genetic elements,
shaped by species specific co-evolution (Dobzhansky, 1970; Rand ef al., 2004). Obviously, an
exchange of the cellular compartments disturbs a co-adapted network. Therefore negative
“cyto-nuclear” epistasis is frequently observed, typical for so-called Dobzhansky-Muller
incompatibilities (DMIs) (Burke and Arnold, 2001; Tiffin et al., 2001; Turelli and Moyle,
2007). Since DMI is the genetic base of speciation, compartmental co-evolution,
characteristic to eukaryotes, appears as an important, often neglected, element in speciation

Processes.

Figure 2. Hybrid variegation in interspecific crosses of Passiflora species. Variegated tissue is
generated by two plastomes transmitted from both sexes. Only one plastome is incompatible with the
nuclear genome. Separation of the two tissue types is a consequence of the statistical process of
sorting-out; the two plastid types separate during cell divisions (Kirk and Tilney-Bassett, 1978; Birky,
2001). Note that sorting-out of maternal and paternal plastids was not completed in the mating zone

between green and white tissue.
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1.2.1. The model of Dobzhansky-Muller incompatibility

The model of DMI was independently developed by Bateson (1909), Dobzhansky (1937) and
Muller (1942) and is briefly summarized in Figure 3. The model assumes an ancestral
population with the genotype aa/bb, in which gene products of a and b interact functionally
and are therefore co-adapted. The population splits into two parts, which are temporally
isolated from each other. If a new allele A arises in one of the subpopulations, individuals
with the genetic constitution Aa/bb and aa/bb can freely breed with each other. Allele A may
get fixed, and now the first subpopulation has the genotype AA/bb. In the second
subpopulation a similar series of events produces genotype aa/BB. If the diverged
subpopulations mate again, hybrids with the genotype Aa/Bb will be generated. However,
since A and B have not co-evolved, their interaction can be maladaptive and allele A may be
negative epistatic over allele B. Hybridization then results in reduced fitness of the Aa/Ba
offspring implying that a post-zygotic hybridization barrier is established. Well documented
examples for DMI are found hybrids of Drosophila or Xiphophorus and many other taxa [e.g.
summarized in Bruke and Arnold (2001), Orr (2005) or Pennisi (2006)].
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Figure 3. Summary of the Dobzhansky-Muller model, assuming a reproductive barrier based on gene

interaction. Alleles A and B did not co-evolve and their interaction can lead to hybrid inviability.
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Originally, the model of DMI was developed for autosomal gene interactions. Such
interactions follow Mendelian inheritance and cause symmetric reproduction isolation in the
sense that there is no fitness difference between reciprocal crosses. Hybrid necrosis observed
in plants often illustrates such a symmetric DMI (Bomblies and Weigel, 2007). However,
non-Mendelian inheritance, especially inheritance with reciprocal differences, is common in
nature and can form post-zygotic hybridization barriers under the premises of DMI. In general
they are called asymmetric DMIs (Burke and Arnold, 2001; Tiffin et al., 2001; Turelli and
Moyle, 2007).

Since organelles inherit preferentially maternal (Hagemann, 2004) and organelle-nuclear,
especially mitochondrial-nuclear, incompatibilities were frequently described, the model of
DMI was first extended to organelles (Lamprecht, 1944; Michaelis, 1954; Willett and Burton,
2001; Levin, 2003; Sackton et al., 2003; Fishman and Willis, 2006). Probably the most
prominent example for mitochondrial-nuclear incompatibly is the commercially important
cytoplasmatic male-sterility (CMS), observed in many taxa (Chase, 2007). But not only
organelles are responsible for asymmetric DMIs. Asymmetric DMIs can also arise from
endosymbiotic parasites like Wolbachia, sex specific suppression of transposable elements,
epigenetic effects acting on one gender, transcripts present in the egg cell, sex chromosomes,
and, commonly found in angiosperms, gametophyte-sporophyte interactions as well as
triploid endosperm interactions (von Wangenheim, 1962; Preer, 1971; Grun, 1976; Turelli

and Orr, 2000; Tiffin et al., 2001; Turelli and Moyle, 2007).

For both cases, symmetric and asymmetric DMIs, theoretical models on population genetics
and speciation forces exist, allowing to estimate speed and nature of speciation under both
genetic prerequisites (Orr, 1995; Cruzan and Arnold, 1999; Turelli and Orr, 2000; Coyne and
Orr, 2004; Turelli and Moyle, 2007).

1.2.2. “Speciation genes” have not yet been identified for PGI

In recent years, substantial progress has been made to evaluate the molecular basis of DMIs.
Interacting nuclear DM gene pairs were identified in Drosophila (Brideau et al., 2006;
Presgraves and Stephan, 2007). In Drosophila and Xiphophorus at least one gene of further
DM gene pairs could be cloned (reviewed in Orr, 2005). The molecular function of these
genes indicates expectedly a complex picture of speciation. Transcription factors, chromatin

binding proteins, a receptor tyrosine kinase and components of the nuclear pore could be
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identified as DMI genes (Orr, 2005; Pennisi, 2006), indicating that DMI can be established at
various levels. But not only DMIs caused by nuclear gene pairs, also ‘“cyto-nuclear”
incompatibilities (CI) are under study. In several plant species the mitochondrial determinants
of CMS, short toxic polypeptides from reshuffled organelle genes or gene parts, and nuclear
loci resorting fertility are known. These loci often code for pentatricopepide-repeat proteins
degrading the mRNA of a toxic mitochondrial component (Chase, 2007). Also in a few
animal models CIs could be traced down to the molecular level. Disruptions of the
cytochrome ¢ oxidase gene, for instance, were identified to be responsible for hybrid
inviability or breakdown in Drosophila and Tigriopus (Sackton et al., 2003; Harrison and
Burton, 2006). Surprisingly, this line of research does not adequately take the plastid as the
third genetic compartment into consideration, although for the characteristic organelle of
eukaryotic photoautotrophs quite a comprehensive literature is available (summarized in Kirk

and Tilney-Bassett, 1978).

1.3. Hybridization barriers formed by plastids

That plastid can form important hybridization barriers and be substantially involved in
speciation, becomes obvious from work on the genus Oenothera. Systematic studies on PGI
including aspects of speciation were performed for more than a century. A comprehensive
dataset is available notably from subsection Oenothera (= Euoenothera), the best studied of
the five subsections in section Oenothera (Stubbe, 1989; Dietrich ef al., 1997). It is presented
here in some detail as a showcase to illustrate the impact of plastids in speciation. The genus

Oenothera is the only genus, from which such detailed information is available.

In subsection Oenothera, three basic nuclear genomes (A, B and C) occur in homozygous
(AA, BB, CC) or stable heterozygous (AB, AC and BC) constitution and are associated with
five basic genetically distinguishable plastome types (I - V). Only 12 of the 30 possible
combinations of these genomes and plastomes are green, and of these, only seven exist
naturally, in altogether 13 species. The remaining 18 combinations display plastome-genome
incompatibility to various degrees and can be generated artificially or occur naturally as
inviable hybrids (Figure 4). Detailed distribution maps of the subsection can be found in
Dietrich et al. (1997). A summary for the 11 North American species, together with their
subpopulations, is presented in Figure 5. The genetics of Oenothera has been reviewed by
Cleland (1972) and Harte (1994) and will be explained in more detail in Chapter 1.7. A

detailed taxonomic revision is given in Dietrich et al. (1997). The evolution of the subsection
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with respect to the plastome, population structure and hybridization behaviour has been
outlined in Stubbe (1963a; 1964), Cleland (1972), Kirk and Tilney-Bassett (1978), Stubbe and
Raven (1979), Wasmund and Stubbe (1986), Stubbe (1989), Wasmund (1990), Stubbe and
Steiner (1999), and Dietrich et al. (1997). The following paragraphs briefly summarize

relevant aspects.
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Figure 4. Plastome-genome compatibility/incompatibility in the subsection Oenothera, redrawn from
Stubbe (1959; 1989) with permission. A, B and C represent the basic nuclear genotypes, I - V the five
genetically distinguishable basic plastomes. Genotypes boxed in red represent naturally occurring

species. Minor symbols indicate variances noted for some nuclear subgenotypes.

Subsection Oenothera appears to be monophyletic and has been proposed to consist of three
distinct evolutionary lineages. One lineage with the genetic constitution AA-I consists of five
species: Oenothera elata, Oe. jamesii, Oe. longissima, Oe. villosa and Oe. wolfii, the first
mentioned being presumably the most ancient species of the group. A second lineage with the
genetic constitution BB-III consists of the ancient species Oe. grandiflora and its descendant
Oe. nutans. The third lineage is represented by the single taxon Oe. argillicola that is endemic
to the Appalachian mountains and considered as an early relict of the Oenothera evolution.

Cleland (1972) assumed that the three lineages reached the North American continent,




Introduction

originating from Middle or South America, in several waves, possibly 70,000 years ago

starting at the beginning of the Wisconsin glaciations in Pleistocene.
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Figure 5. 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 basic nuclear 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 the homozygous species, the right one that of
their hybrids. Note that all genotypes overlap geographically.

The proposed ancient forms of the three lineages, Oe. elata, Oe. grandiflora, and Oe.
argillicola, are now well separated geographically and post-zygotic hybridization barriers, in
form of PGI, have evolved. As shown in Table 1, of all possible crosses between the basic
genotypes AA-I, BB-III and CC-V only a single offspring, the combination AB-III, generates
viable plants. Since no other pre- or post-zygotic isolation mechanism exists between the
ancient species, exclusively PGIs isolate the three basic genotypes from each other - a text

book example for Dobzhansky-Muller incompatibilities.

Another well documented example for sexual isolation of Oenothera species is the mating of
Oe. nutans, Oe. parviflora and Oe. argillicola. The natural habitats of all three species
overlap, and different flower morphology resulting in a pre-zygotic hybridization barrier, has
already evolved. The different flower morphologies appear to be a consequence of different
genetic constitutions and mating behaviours of the species. Oe. argillicola is a homozygous,

Oe. nutans and QOe. parviflora are permanent translocation heterozygous species (Chapter
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1.7). As a result, Oe. argillicola is open pollinating, Oe. nutans and Oe. parviflora are
moderately out-crossing, but predominantly self-pollinating species. Nevertheless, their pre-
zygotic hybridization barriers are not very pronounced. Therefore, natural hybrids between
Oe. argillicola (CC-V) and Oe. parviflora (BC-IV) can be observed in the compatible
combination CC-1V, and also between Oe. nutans (BB-III) and Oe. parviflora (BC-IV) in the
compatible offspring BB-IV and BC-IV. Therefore, as long as plastome-genome
combinations allow, pre-zygotic hybridization barriers like self-pollination are not strong

enough to prevent gene flow between the species.

Table 1. Progenies and phenotypes of crosses between the three homozygous Oenothera lineages”

Cross progeny phenotype
AB-I lutescent
AA-I x BB-1I1
AB-III green
AC-1 diversivirescent
AA-I x CC-V
AC-V yellow green to yellow
BC-III white
BB-III x CC-V o
BC-V periodically lutescent

" Note that only one possible offspring (AB-III) is green and viable, all other ones show hybrid

inviability due to their plastome-genome combination.

Gene flow is only prevented if plastome and nucleus are incompatible in interspecific F1
hybrids. Such incompatible F1 offspring is produced in the third possible cross between the
three species. If Oe. nutans (BB-III) mates with Oe. argillicola (CC-V) no viable hybrids
between these species are found, since the only possible F1 offsprings are the strongly
incompatible combinations BC-III or BC-V (Table 1 and Figure 4). In the mating situation of
these three species, the plastome provides the sole and strong hybridization barrier, since
barriers like self-pollination are leaky. Only the plastome determines the reproductive
isolation between Oe. nutans and Oe. argillicola. Comparable events occur in the
hybridization zone of AA-I species and Oe. biennis (AB-II or BA-III). Although viable
hybrids between these two groups were described (AA-1, AA-II, AB-II and AB-III), some
possible hybridizations of this cross, such as AB-I or AA-III, result in incompatible
combinations (Figure 4). Here the plastome built an asymmetric hybridization barrier, since

depending on crossing mate and direction viable and inviable offspring is observed.
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1.4. The occurrence of PGI in natural populations is underestimated

As outlined before, it was clearly shown for Oenothera that plastids establish hybridization
barriers and play a major role in speciation, but is this phenomenon of general importance in
nature? An idea about the natural occurrence of PGI provides Table 2, presented for the first
time in this thesis. To my knowledge the list includes all cases described, implying that PGI

has been reported from 14 plant genera’).

This relatively small number of taxa where PGI was detected may indicate that the aspect has
not been representatively studied. Influence of plastids in speciation is probably
underestimated, predominantly because of methodical and genetic reasons. The only reliable
way to detect PGI is the occurrence of hybrid variegation (Figure 2). Only here a bleached
phenotype can be correlated without any doubt to the plastome. The phenotype of hybrid
variegation recognizes two different plastomes types, which are separated by the statistical
phenomenon of sorting-out during cell division (Kirk and Tilney-Bassett, 1978; Birky, 2001).
This observation allows to distinguish a bleached plastome based phenotype from bleached
phenotypes caused by a hybrid nuclear genome or by another asymmetric effect like the
mitochondria. If in F1 just a single bleached plastid type is observed, it is unclear whether the
primary reason for the bleaching is related to the plastid genome (see below). Bleaching may
reflect a secondary effect caused by another genetic compartment or may be developmentally
or environmentally influenced (Kirk and Tilney-Bassett, 1978). However, for a hybrid
variegated phenotype to occur, plastids have to be inherited biparentally and only one of the
parental plastid types should be incompatible in a foreign nuclear background. As mentioned
above, variegation results from sorting-out of maternal and paternal plastid types during cell
division after fertilization (Kirk and Tilney-Bassett, 1978; Birky, 2001). The appearance and
detection of hybrid variegation requires three basic prerequisites, besides biparental
transmission of plastids and an incompatibility of one of the plastome types, also general
viability of the interspecific hybrids. The number of taxa in which PGI can be readily detected
is further significantly reduced, since only approximately a quarter of the angiosperm species
studied transmit plastids biparentally (Corriveau and Corriveau, 1988; Harris and Ingram,
1991; Zhang et al., 2003) and interspecific hybridization is possible with only a limited

number of species. That PGI is more frequent, than the genetically detected cases,

! Circumstantial evidence provided by formal genetic data from Epilobium suggests that incompatibility does
not affect interactions with the nuclear genome alone and also exists between plastids and mitochondria

(Michaelis, 1954).
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Table 2. Plant taxa exhibiting plastome-genome incompatibility"

genus family involved taxa phenotype reference

Acacia Fabaceae decurrens with mearnsii yellow green to periodically pale Moffett (1965)

Campanula Campanulaceae  americana interspecific  hybrids of no  further  described  chlorophyll Pellew (1917), Galloway and Etterson (2005)
different  populations; interspecific  deficiency; white to periodically pale,
hybrids of carpatica involving the variety mostly at the cotyledon stage
pelviformis

Geranium Geraniaceae bohemicum with bohemicum white to yellow green, altered flower Dahlgren (1923; 1925)
deprehensum morphology

Hypericum Hypericaceae acutum, montanum, pulchrum and depending on cross and direction, Farenholtz (1925), Noack (1931; 1934; 1937),
quadrangulum as well as further species different chlorophyll deficiencies, Renner (1934), Herbst (1935)
involved in not clearly elaborated cases occasionally altered flower colour

Medicago Fabaceae truncatula Jawniel with Mount Tabor; white or pale to periodically pale Lesins (1961), Lilienfeld (1962)
dzhawakhetica with sativa

Mencziesia Ericaceae see Rhododendron

Oenothera Onagraceae inter- and intraspecific hybrids involving all types of phenotypes described in this Cleland (1972), Stubbe and Raven (1979), Stubbe

most species in the five subsections of the

section Oenothera

thesis except of altered flower phenotypes

and influence on pathogen resistance

(1989), Harte (1994), Dietrich et al. (1997) and

others
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Table 2. (continued)

genus family involved taxa phenotype reference
Passiflora Passifloraceae menispermifolia with oestedii pale to white Mracek (2005)
Pelargonium Geraniaceae zonale Roseum with zonale hort. Stadt white or pale to periodically pale; yellow Smith (1915), Metzlaff et al. (1982), Pohlheim
Bern and inquinans; denticulatum with white to yellow green; white (1986)
filicifolium and radula, citriodorum minor
and cordatum interspecific hybrids
Pisum Fabaceae sativum subsp. elatius VIR320 with 41 pale or yellow green to periodically pale; Bogdanova and Berdnikov (2001), Bogdanova and
accessions of the same subspecies probably plastid transmission is altered Kosterin (2006), Bogdanova (2007)
and presumably CMS or CFS are plastid
dependent
Rhododendron  Ericaceae intergeneric hybrids between Menziesia depending on cross and direction, Noguchi (1932), Ureshino ef al. (1999), Michishita
and  Rhododendron  and  various different types of chlorophyll deficiency et al. (2002), Ureshino and Miyajima (2002),
interspecific and intersectional hybrids in Sakai et al. (2004), Kita et al. (2005)
Rhododendron
Silene Caryophyllaceae  otites with pseudotites white to yellow or periodically yellow Newton (1931)

green
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Table 2. (continued)

genus

family

involved taxa

phenotype

reference

Trifolium

Zantedeschia

Fabaceae

Araceae

repens with  ambiguum,  hybridum,
nigrescens and uniflorum; alpestre with

heldreichianum

one intra- and several interspecific
hybrids between 4 species of the section
Aestivae; ordorata with aethiopica in the
section  Zantedeschia and  hybrids

between the two sections

white or periodically yellow green;

sometimes reduced pollen viability

white or pale to periodically yellow

green; declined pathogen resistance;

sometimes plastid transmission altered

Pandey (1957), Kazimierski and Kazimierski
(1970), Quesenberry and Taylor (1976), Pandey et
al. (1987), Przywara et al. (1989), Meredith et al.
(1995)

New and Paris (1967), Yao et al. (1994; 1995),
Yao and Cohen (2000), Snijder et al. (2004),
Brown et al. (2005)

! Only taxa, in which hybrid variegation occurs are presented, because only in this context hybrid bleaching can be correlated without doubt to the plastome (for

details see text). For this reason /mpatiens, in the newer literature commonly referred to as genus showing PGI, was excluded. Biparental transmission was not

described for Impatiens (Pandey and Blaydes, 1957; Harris and Ingram, 1991) and in the commonly quoted reference (Arisumi, 1985) plastome chimerical

seedlings were not described. Cases of PGI produced by cybrid technology or established by introgression breeding are also excluded, since the influence of other

asymmetric effects like mitochondria is not clear and the use of this material in terms of identifying speciation barriers is doubtful. Especially PGIs gained by

cybrid technology are artificial and do not reflect primary crossing barriers in nature, although the underlying mechanism may be comparable.
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becomes obvious in cybrids, i.e. plants produced somatically from non-crossable species in
tissue culture, which carry the nucleus of one species and the plastome of another one. Here
PGI is observed frequently as summarized in Levin (2003) or Schmitz-Linneweber et al.

(2005).

If hybrid variegation is not observed, PGI may exist but bleached hybrid phenotypes will not
become visible or cannot be unambiguously recognized as PGI, basically due to the rules of
plastid genetics. First, the process of sorting-out of two plastid types may already be
completed in the embryo shortly after fertilization. Second, there is no straightforward means
to assign unequivocally reciprocal phenotypes to the plastid; they may be of mitochondrial
origin or be based on another asymmetric effect. Third, if an incompatible reaction of a
plastome with a hybrid genome is observed in both crossing directions, formal genetics at first
glance does not allow to discern this phenomenon from a bleaching effect caused by
incompatible gene pairs in the hybrid nuclear genome alone. A representative example for
these difficulties is provided by Trifolium genetics. Hybrid bleaching can frequently be
detected in this genus, but in only a few instances the involvement of the plastome has
unambiguously been demonstrated, although evidence suggests that its proportion is higher
(see references in Table 2 and quotations therein). Finally, in various instances PGI may not
display bleached phenotypes. Incompatibilities such as CMS (Stubbe and Steiner, 1999),
embryo lethality (Stubbe, 1963b) or different photosynthetic performance of two plastid types
in green tissue (Iwanaga ef al., 1978) caused by plastids are probably quite common in plants,

but have been disregarded or overlooked in this context.

Taken together, PGI is probably a general phenomenon and widespread in plants, but
generally underestimated because its detection is difficult, if genetic features are not

appropriate. It is therefore not surprising that systematic investigations are scare.

1.5.  Physiology and cell biology of PGI

For an in-depth analysis, which identifies relevant characteristics of “speciation genes”, the
nature of PGI phenotypes must be known. A molecular determinant causing PGI was reported
just from a single case (Schmitz-Linneweber et al., 2005). In this case, RNA editing is the
primary reason for incompatibility between the plastome of Nicotiana and the nucleus of
Atropa. Therefore, one of the questions of the work is to evaluate whether this is a major

molecular reason for PGI or whether the phenomenon is biologically more complex. The
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large variety of PGI phenotypes (Table 2 and Figure 4) suggests that the latter possibility is

more likely.

1.5.1. Albinotic phenotypes of PGI

The predominant effects of PGIs are various kinds of albinism. Some albinotic phenotypes
cause relatively fast necrosis already during germination, but the majority of alterations are
embedded less severe into ontogenetic programs, and plants may even fully re-green
temporarily or later in development (Table 1 and Figure 4). Schotz and co-workers have
provided a detailed morphological and physiological analysis of bleached phenotypes from
Oenothera (summarized in Harte, 1994). The data were confirmed by other groups (Glick and
Sears, 1994; Dauborn and Briiggemann, 1996). Generally, reduced pigment content, lower
rates of photosynthesis and an impaired thylakoid membrane structure in incompatible
materials were found. Occasionally, plastids in leaf tissue degenerate completely. The
observations are comparable to those made on other materials, such as Passiflora (Mracek,
2005) or Zantedeschia (Yao and Cohen, 2000). In principle, bleached phenotypes can be
explained by altered RNA metabolism, protein synthesis, assembly, function and/or
degradation of components of the photosynthetic machinery. Mutants involved in these
processes display similar phenotypes. If, for example, photosynthetic complexes do not
operate correctly, thylakoid membrane structure is often changed (e.g. Amann et al., 2004).
The phenomenon of delayed bleaching and/or re-greening, observed in nearly all taxa, from
which PGI is known (Table 2), resembles a class of mutations common to plants that cause a
delay in greening due to deficiencies in photosynthesis, chloroplast biogenesis or regulation
of plastid gene expression (e.g. Walbot and Coe, 1979; Bondarava et al., 2003; Sjogren et al.,
2006).

1.5.2. PGI phenotypes with affected cell growth and function

Another spectrum of PGI phenotypes suffers from general cellular dysfunction. Inhibition of
cell growth can cause embryo lethality, lack of germination and changes of leaf
morphogenesis or of other organs (Stubbe, 1963b). The haploid ontogenetic phase, the
gametophyte, can be affected as well causing CFS (cytoplamatic female sterility), CMS or
reduced pollen vigor (Stubbe et al., 1978). Both, gametophytic and sporophytic effects have a
strong impact on biparental or uniparental transmission of plastids. In Oenothera, in extreme

cases maternal transmission of a strongly incompatible plastome can be suppressed
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completely (Chiu and Sears, 1993). Furthermore, male sterile anthers are frequently
associated with round starch grains in the pollen (Stubbe and Steiner, 1999). Such pollen
grains generally show changes in respiration, lipid and starch metabolism (Gopel, 1976). In
some instances, plastome dependent pollen abortion is correlated statistically significantly
with chromosome breaks, asymmetric anaphase chromosome distributions and trinucleated
tetrads (Chapman and Mulcay, 1997). In Hypericum, flower colour may depend on plastome-
genome interaction (Farenholtz, 1925). An involvement of PGI in pathogen defence has been
reported from Zantedeschia (Snijder et al., 2004) as well as from bleached mutants (Jain et
al., 2004). For a summary and references of the comprehensive literature in Oenothera see
Harte (1994), the literature quoted above and references therein. For literature addressing

other taxa, see citations in Table 2.

Molecular determinants for PGI causing altered cell growth and function have not been
identified so far. Genes responsible for gametophyte or sporophyte development are generally
encoded by the nuclear genome and no plastid interaction partners are known. However,
various plastome knock-out lines have been described, which presumably exert secondary or
pleiotropic effects on plant cell growth, leaf or flower morphology. These include disruptions
of accD (Kode et al., 2005), clpP (Shikanai et al., 2001), rps18 (Rogalski et al., 2006), ycf1
and ycf2, two ORFs of unknown function (Drescher ef al., 2000), or a general inhibition of
plastid translation (Ahlert ef al., 2003).

However, another strategy to identify molecular components involved in PGI is based on an
analysis of retrograde and anterograde signalling. For example, the Oenothera plastome-
genome combination AA-III (Figure 4) bleaches reversibly and circumstantial evidence
suggests that this is due to a temporally dysfunctional differentiation process of the
chloroplast. It can be partially suppressed by growth hormones (Glick and Sears, 1994) or
cured genetically, if plants carry the incompatible plastome III and a compatible plastome II.
In so-called mixed cells, in which sorting-out of the two plastome types has not been
completed, and in cell layers containing plastome III oriented ad- or abaxially to at least one
cell layer with the compatible plastome II, the incompatible plastome III is able to re-green in
an AA background (Stubbe, 1958); for pictures see p. 167, plate 2e, in Harte (1994). The
missing component of the AA-III incompatibility seems to be a metabolite or a gene product,
which can cross cell borders and move from plastid to plastid, perhaps via the stromules

(Kwok and Hanson, 2004a; b).
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The AA-III phenotype described by Glick and Sears (1994), or phenotypes involving sterility
resemble those observed in programmed cell death (van Doorn, 2005; Chase, 2007).
Developmental disturbances in incompatible combinations are likely due to plastid
malfunctions, since the plastid is a crucial compartment of the metabolic and signalling
network of the plant cell, such as tetrapyrrole, redox and reactive oxygen signalling, organelle
gene expression or sugar signalling (Laloi et al., 2006; Pesaresi et al., 2007). Anyhow,
components of these signalling cascades coded on the plastome are unknown, and quite likely
not present. Therefore, PGI phenotypes involved in these pathways may reflect a secondary
effect of a global plastid dysfunction in plastid gene expression. This may be similar to
sterility phenotypes of CMS, affecting flower morphology. They are possibly the result of
reduced ATP levels due to mitochondrial dysfunction, causing misexpression of floral

regulators (Chase, 2007).

1.6.  Oenothera as a molecular model to investigate PGI

The model of choice to study PGI in molecular terms is limited to the species listed in Table
2, since only here the phenomenon was observed. Unfortunately, none of them, except
Medicago, has been established so far as a model in modern plant research. For most potential
models, the genetic basis to investigate PGI is meager and often restricted to single crosses
(Table 2). For a potential utility, classical genetics, phylogeography as well as comparative
molecular analysis between species must be developed first. Strictly speaking at present
different types of PGI have been reported only from Oenothera, Rhododendron, Hypericum,
Trifolium and Zantedeschia (Table 2), and only these genera would allow more detailed
access to speciation forces acting on PGI. For obvious reasons, Rhododendron is not a
suitable model, and many hybrids in Hypericum, Trifolium and Zantedeschia suffer from
additional hybridization barriers, such as uneven chromosome numbers, hybrid sterility, or
embryo abortion, combined with limited success of interspecific crosses (see references in
Table 2). As sole material only Oenothera lacks these serious genetic limitations. Only in
Oenothera, genetically different plastome types, their distribution in various species and
impact on evolution were investigated, including an intense phenotypic, genetic and
physiological characterization of PGI (Cleland, 1972; Harte, 1994; Dietrich et al., 1997). In
comparison to other potential models, therefore, only Oenothera remains as a suitable

material for molecular investigations.
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In evening primroses morphologically different and interbreedable species together with
bipartental transmission of organelles and a general fertility of interspecific plastome-genome
incompatible offspring are the rule. If sterile offspring occurs as an exception, sterility is
plastome dependent (CMS or CFS) and can be cured genetically while equipping an
incompatible, sterile combination with a compatible plastome type (Stubbe et al., 1978).
Other hybridization barriers, except of the plastome, do not play a notable role in speciation,
at least in subsection Oenothera, on which most of work on PGI was performed (Dietrich et
al., 1997). However, work on PGI is not limited to that subsection. It was extended to all five
subsections within the section Oenothera, including interspecific hybrids as well as hybrids
between subsections (Stubbe and Raven, 1979). Furthermore, the knowledge of genetics and
taxonomy in the genus, as for the whole family of Onagraceae, is unique (Raven, 1988; Levin

et al.,2003; Levin et al., 2004).

The genus Oenothera has an outstanding genetic tradition, summarized in Lehmann (1922),
Cleland (1972) and Harte (1994). It is under study for more than a century and a classical
example for the study of hybrid variegation (Kirk and Tilney-Bassett, 1978), biparental
transmission of plastids (Hagemann, 2004), and permanent translocation heterozygosity in
plants (Holsinger and Ellstrand, 1984; Levin, 2002; Golczyk et al., 2005; also see Chapter
1.7). Fundamental discoveries, namely the rediscovery of the Mendelian rules (de Vries,
1900a; b), the genetic independence of plastids (Renner, 1934), the first description of
polyploidy (Lutz, 1907), and the mutation theory (de Vries, 1901 - 1903) were made on
Oenothera. There is also commercial interest, since Oenothera species produce high amounts
of y-linolenic acids in seeds. The fatty acid is used in food supplies and in medical
applications (Morse and Clough, 2006; Fieldsend, 2007). Additionally, Oenothera tissue
culture (Stubbe and Herrmann, 1982; Kuchuk et al., 1998; Mehra-Palta et al., 1998) has been
applied for the industrial production of pharmaceutically active secondary metabolites
(Taniguchi et al., 2002). Consequently commercial cultivars and attempts for genetic

manipulation do exist (de Gyves et al., 2004; Fieldsend, 2007).

The unique position of Oenothera in addressing the role of compartmental co-evolution, as
well as of the nuclear genome in speciation processes is due to two facts: a favourable
combination of genetic features and the existence of a well developed taxonomy, cytogenetic
and formal genetics in the genus (Cleland, 1972; Harte, 1994; Dietrich et al., 1997). In the

subsection Oenothera, the best studied of all subsections, more than 300 genetically analyzed
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strains are known (Stubbe and Diers, 1958; Cleland, 1972; Steiner and Stubbe, 1984; 1986;
Wasmund and Stubbe, 1986; Wasmund, 1990; Schumacher et al., 1992; Schumacher and
Steiner, 1993). As mentioned above, the genetic features of the genus include the possibility
of wide interspecific crossing, biparental transmission of organelles, fertility of plastome-
genome hybrids and a system of balanced lethal factors, self-incompatibility or selective
fertilization in combination with reciprocal translocations of whole chromosome arms,
resulting in partial or complete permanent translocation heterozygosity (Cleland, 1972;
Stubbe, 1989; Harte, 1994; Levin, 2002 and Chapter 1.7). These features are relatively
common throughout all eukaryotic organisms, but their combination is unique in Oenothera.
Taken together, they allow the exchange of plastids, individual or more chromosome pairs,
and even entire haploid chromosome sets between species and the production of plastome-
genome incompatible plants (Chapter 1.7). As mentioned above, this possibility led to the
identification of five basic, genetically distinguishable plastomes (I, II, III, IV and V) and
three haploid nuclear genomes (A, B and C) (Stubbe, 1959; 1960; Stubbe, 1989 and Figure 4
and 5). The rich source of genetic material and detailed knowledge about population
structures and natural distribution of genotypes also allow the study of pre-speciation
processes, the diversification of populations and the successive evolution from one plastome
type into another (Cleland, 1972; Stubbe, 1989; Harte, 1994; Dietrich et al., 1997, and Figure
5).

1.7.  Oenothera genetics

Since the genetics of Oenothera is a major reason that renders the genus for suitable
investigation on PGI, the following chapter will address the unique combinations of features
in the genetics of Oenothera. It allows to exchange plastids, but also single or multiple
chromosome pairs (Chapter 3.1.3), as well as entire haploid genomes (Renner complexes)
between strains and species. Its principles and details were reviewed in various publications

(Lehmann, 1922; Stubbe, 1960; Cleland, 1972; Stubbe, 1989; Harte, 1994; Levin, 2002).

1.7.1. Complete reciprocal translocations of whole chromosome arms in Oenothera

A principal aspect of Oenothera genetics are entire haploid genomes, so-called Renner
complexes. They are entitled with names such as "johansen, “albicans or “flavens, and inherit
as single units. All loci within a Renner complex are in linkage disequilibrium. How these

superlinkage groups assemble will be developed as follows.
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Oenothera is a diploid organism with seven chromosomes (7n). However, it is useful in
Oenothera genetics not to number chromosomes but chromosome arms. For example,
chromosome I consists of arms 1-2, chromosome II of arms 3-4 and so on, up to chromosome
VII with arms 13-14. Oenothera chromosomes have the structural particularity that reciprocal
translocations of whole chromosome arms at the centromer of a chromosome can occur.
Basically reciprocal translocations are rare within the same Renner complex and their
occurrence is phenotypically neutral. The reciprocal exchange of chromosome arms leads to
an altered, so called segmental arrangement or chromosome formula of a Renner complex.
For example, the chromosomes 1-2 and 3-4 display three different segmental arrangements,
including 1-4 3-2 and 1-3 2-4. In nature all possible 91 combination of chromosome arms
were found. However, chromosome arm combinations differ in their occurrence frequency

(Cleland, 1972).

A strain, harbouring two Renner complexes with identical chromosomal arrangements, is a
homozygous strain, forming 7 bivalents or pairs in meiosis. An example is Oe. elata subsp.
hookeri strain johansen with the Renner complex combination "johansen-"johansen. In
principle, diakinesis and meiotic segregation in the strain johansen looks identical to that of

any other diploid organism (Figure 6).

(C) "johansen: /1-2\ /3-4\ /5-6\ /7-10\ /9-8\ /11-12\ /13-14\

"johansen: \1-2/ \3-4/ \5-6/ \7-10/ \9-8/ \11-12/ \13-14/

Figure 6. Chromosome configuration of 7 prs. in the strain johansen ("johansen-“johansen):
determination in diakinesis via DAPI staining (panel A) and graphical interpretation (panel B). The
configuration can be predicted by the chromosome formulas of the Renner complexes involved (panel

C). DAPI staining and graphical interpretation was done in co-operation with Hieronim Golczyk.
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However, if reciprocal translocations of chromosome arms occurred in one of the Renner
complexes, meiotic pairing behaviour is altered. An example is the hybrid "johansen-“flavens.
The exchange of arms 2 with 4 of chromosomes 12 and 3-4 in “flavens led to the altered
segmental arrangement 1-4™ and 3-2™9 relative to "johansen still carrying chromosomes
1-2°" and 3-4°" Although the remaining chromosomes 56 7:-10 9-8 11-12 and 13-14 of
Mohansen and “flavens pair as bivalents, chromosomes 1-2/°"-2-3MV6_3.41°0_4.11vG " g1
conduct and arrange in a ring of 4 chromosomes (©4) in diakinesis. The hybrid then has the

chromosome configuration ®4, 5 prs. (Figure 7).

(B)
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(C) "johansen: /1 -2 3-4 \ /5-6\ /7-10\ /9-8\ /11-12\ /13-14\

“flavens: \ 2:3 4-1/ \5-6/ \7-10/ \9-8/ \11-12/ \13-14/

Figure 7. Chromosome configuration ®4, 5 prs. in the hybrid "johansen-“flavens: determination in
diakinesis via DAPI staining (panel A) and graphical interpretation (panel B). The configuration can
be predicted by the chromosome formulas of the Renner complexes involved (panel C). DAPI staining
and graphical interpretation was done in co-operation with Hieronim Golczyk. Note that chromosomes

but not chromosome arms are numbered in panel B.

In strains, where reciprocal translocations affect more or even all chromosomes, larger rings
arrange in meiosis (e.g. ©6, ©4, 2 prs.). If at least one free bivalent is formed, the situation is
designated partial permanent translocation heterozygosis. In case the two Renner complexes
assemble in a ring of fourteen (®14), incorporating all chromosomes, this is called terminal
or complete permanent translocation heterozygosis. An example is Oe. biennis strain

suaveolens Grado with the Renner complexes “albicans and “flavens (Figure 8).

The chromosome configuration, number and size of rings and pairs in diakinesis of a strain or
hybrid can be predicted, if the arrangement of chromosome arms, the chromosomal formula,

is known for the complexes involved (see Figures 6 - 8). Theoretically, 15 chromosome

21




Introduction

configurations are possible. Since chromosomal formulas were determined for about 300

experimental strains, each meiotic configuration can be generated (Cleland, 1972).

(C) “albicans: /1-12 11-10 7-5 6-3 2-14 13-8 9-4 \

“flavens: \ 12-11 10-7 5:-6 3-2 14-13 8-9 4-1/

Figure 8. Chromosome configuration ©14 in the strain suaveolens Grado (“albicans-“flavens):
determination in diakinesis via DAPI staining (panel A) and graphical interpretation (panel B). The
configuration can be predicted by the chromosome formulas of the Renner complexes involved (panel
C). DAPI staining and graphical interpretation was done in co-operation with Hieronim Golczyk. Note

that chromosomes but not chromosome arms are numbered in panel B.

1.7.2. Maintenance of complete permanent translocation heterozygosis

Rings of chromosomes in diakinesis have consequences in inheritance, since they change
linkage equilibrium. Each ring or free pair constitutes a single linkage group. For example, a
hybrid with the chromosome configuration ®6, ®4, 2 prs. has 4 linkage groups. Two linkage
groups are represented by the free chromosomes and two by the ring of 6 and ring of 4. In
contrast, a hybrid with the chromosome configuration 7 prs. has seven linkage groups, one for
each chromosome. If chromosomes assemble in a ring of 14 chromosomes, only one

superlinkage group is found, involving both haploid genomes entirely.

The occurrence of just one superlinkage group leads to the genetics of complete permanent
translocation heterozygosis. Figure 9 illustrates the maintenance of the complete permanent
translocation heterozygous Oe. biennis strain suaveolens Grado. As mentioned above, it
contains the Renner complexes “albicans and “flavens and has the chromosome configuration
©14. The ring of fourteen chromosomes in meiosis should widely prevent free segregation of

chromosomes and practically homologous recombination. Tt ensures that “albicans and
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“flavens are not mixed and inherit as units of a single linkage group. Male and female
gametes exclusively contain chromosomes of the haploid set “albicans or “flavens. Because
of gametophytic lethal factors the complex “albicans is inherited strictly maternally by the
egg cell (?), the “albicans pollen is abortive and eliminated. “albicans is therefore called the
a- or egg cell complex. The B-complex “flavens can be inherited biparentally via egg and
pollen (39Q) and is designated the pollen complex. Because of sporophytic lethal factors
flavens-“flavens homozygotes are not found in the offspring of Oe. biennis strain suaveolens
Grado. Consequently, the F1 generation is identical to the paternal generation without
segregation of any traits. Similar to apomixis a clone is produced. Species following this

pattern are designated true breeding species.

parental gametes F1 generation
generation

RRARARN

g
= il > C Rl ST

AAARRRN o . “albicans-°flavens
(TRTRTRTRTRTR] albicans “flavens ==

“albicans“flavens = (L) HH HH
3

G G
flavens- flavens

symbols
complete permanent translocation

HED gametes I homozygous plant WWWA beterozy gous plant

Figure 9. Maintenance of the permanent translocation heterozygote Oe. biennis strain suaveolens
Grado. Free segregation of chromosomes and homologous recombination is suppressed in the
complete permanent translocation heterozygote between the haploid Renner complexes “albicans
(yellow) and “flavens (orange). Gametophytic lethal factors repress germination of “albicans pollen,
sporophytic lethal factors the raise of homozygous F1 “flavens-“flavens offspring. Referred to the

parental generation, identical offspring is produced in F1. For detailed explanation see text.

1.7.3. Exchanging plastomes between species

Knowledge about chromosomal formulas, together with biparental transmission of plastids
offers the possibility to exchange plastids and/or single chromosome pairs or sets between

species in Oenothera. Figure 10 outlines the exchange of plastids between species via sexual
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Figure 10. Exchange of plastids and genome rearrangement between Oenothera strains. Repression of
homologous recombination in a complete permanent translocation heterozygote and somatic
segregation leading to sorting out of the two plastid types in F1 (I and II), allow the exchange of

plastomes as well as haploid genomes (A, B, and C) in F2. For detailed explanation see text.

crosses in just two generations. It also illustrates how Renner complexes can be recombined.
In the chosen example, a complete permanent translocation heterozygous hybrid AB
associated with plastome I as seed parent is crossed with the homozygous strain CC-II. The
homozygous Renner complex C lacks gametophytic or sporophytic lethal factors and self
incompatibility alleles. It forms 7 bivalents in meiosis. In a cross between AB and CC only
the hybrid AC occurs in F1, since complex B cannot be transmitted by the pollen. The
chromosomal formulas of the complexes A and C are chosen that way that the hybrid AC
assembles a meiotic ring of 14 chromosomes. This meiotic configuration allows now an
exchange of plastids. Since plastid inheritance is biparental, the F1 generation carries two
plastome types, plastome I and II. Somatic segregation of the two plastome types leads to
sorting-out of plastids resulting in flowers on a plant, carrying exclusively plastome I (or II).
Selfing such flowers ensures that only plastome I is passed on to the next generation.
However, the nuclear genomes segregate as splitting F2 progenies (CC-I and AC-I), due to
the rules of Oenothera genetics for a ring of 14 chromosomes: Complex A is exclusively

inherited by the egg cell, but complex C is free of gametophytic or sporophytic lethals. The
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ring of 14 chromosomes again should inhibit free segregation of single chromosomes and
recombination in the hybrid AC between haploid genomes. Therefore, the coding potentials
of A and C are not mixed and an unchanged, homozygous CC genotype, now associated with
plastome I, can occur in the F2. With this breeding material, plastids as well as whole haploid
genomes have been exchanged. Starting in the parental generation with the hybrid AB-I and
the homozygous combination CC-II, crossing end products in the F2 generation were AC-I

and CC-I.

1.8. Aims of this work

The outlined genetics renders the genus Oenothera to an unrivalled model to study processes
of speciation, especially the impact of PGI. Only in Oenothera systematic investigations of
PGI, as illustrated by the compatibility chart in Figure 4, are possible and available for a large
and representative number of strains in almost all Oenothera subpopulations (Stubbe, 1959;
1960; Cleland, 1962; Stubbe, 1963a). This comprehensive source of classical and population
genetics is an ideal base for development of molecular approaches. One aim of this thesis was
to identify first determinants responsible for PGI in Oenothera and to investigate their role in
speciation processes. This required a relatively broad molecular characterization of both,
plastome and nuclear genome, including the evaluation of the complete sequences of the five
basic plastomes types of the subsection. Furthermore, the sequence of the five plastid
genomes and genotyping of Oenothera subpopulations allowed achieving a second aim, a
close evolutionary look at phylogeny coherences of PGI in Oenothera. Finally, a third aim of
this thesis was to contribute to a more global understanding of PGI. Therefore, the thesis
summarizes for the first time comprehensively the phenomena of PGI and attempts to identify
responsible selections forces and general molecular reasons. It appears that PGI desires wider
attention. It could contribute substantially to an understanding of speciation processes, but its

impact on speciation is underestimated and often neglected.




Material and Methods

2. Material and Methods

2.1. Material

2.1.1. Chemicals

Chemicals used in this work were all of p.a. quality and, if not otherwise mentioned,
purchased from the companies Biozym Scientific GmbH (Oldendorf, Germany), Fluka
(Basel, Switzerland), Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany), Serva
(Heidelberg, Germany) or Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).

2.1.2. Solutions, buffers and media

Solutions, buffers or media, for which the composition is not given in the Method section

were prepared as described in Sambrook ef al. (1989).

2.1.3. Antibodies

Table 3. Antibodies used for Western analysis

protein/protein subunit source
complex
photosystem [ PsaA/B  Nechushtai (Hebrew University, Jerusalem, Israel)
Lhcal  Agrisera (Véinnis, Sweden)
photosystem 11 PsbB  Berzborn (Ruhr-University Bochum, Bochum, Germany)
D1 Agrisera (Vénnis, Sweden)
ATP synthase AtpA  Berzborn (Ruhr-University Bochum, Bochum, Germany)

cytochrome bsf complex  PetA Herrmann (Ludwig-Maximilians-University, Munich, Germany)

CemA CemA  Soll (Ludwig-Maximilians-University, Munich, Germany)
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2.1.4. Oligonucleotides

Table 4. Oligonucleotide primers used for PCR amplification and mRNA quantification”

oligonucleotide

sequence (5-to-3°)

16S SEQ (+)
cemAS’rev
cemAfor2
clpP IIP31rev
Ijeto

M101for
M101rev
M13forward
M13reverse
M34for
M34for
M60for
M60rev
ndhDint/2
P1lfor

P38for

P7rev

psaC5s’
psal_IVP1lrev
psbB_IVPI15rev
psbBfor
psbL7inl
rbcLfor
RPL20R5M
rps16_IIP3for
rps18for
rps18revM
SPé6rev

T7for

trnl PCR (+)
trnQ_IVP37for
VP9for
VP10rev

CTTGTACACACCGCCCGTCACACT
GAGTGCGTAGTATTCCACCA
CTGATTTATGTATCGGATTCC
AATGATACATCAGCTCGAGTCC
GATTCACATCATCTCTTACAACC
GTGCTTCTAAGTGTGGAGCAACA
CATCAGACCTTTCTTCTCCATACAGA
CCCAGTCACGACGTTGTAAAACG
AGCGGATAACAATTTCACACAGG
GAGACTCCTGTCTGACGCCAG
CCATGGCGTGTTCACGGACAC
GCAACCAACAATGGCGGTCTG
CTCTTACCGCAGCCGGAATCC
GCTTGTATCCGTAGAACATT
TCAAATGGTTCTCCCAAAGACC
TACCAAGTCTGAAACCGAGTGG
GCATAAGGGTTTCTTCGTAGGA
TGATAGATCCAATGTCGCATT
GGAGAAATCCATTCTTGTCGTC
TAGTCCATAAGGATCGGACACC
ATTTTCTGATGAACGCACAG
TTGATCCATTGAGGTATCTG
TGTGGCATATGCCTGCTCTG
ATTTGGCTTCGGTTGCTGTC
GAACAGAAGAAAGGGTGTCGAG
ATTGCTATAAAACAAGCTCG
CTGTTGGTCTTAGAACCAGA
ATTTAGGTGACACTATAGAATAC
TAATACGACTCACTATAGGGCGA
CCAGGCACAACGACGCAATTATCA
CACTGGAATTGACGAATAACC
CATCTTCTTCGTCTTCGTCTCC
AATACACCCAATGCCAGATAGC

! Oligonucleotides used for co-dominant nuclear markers are listed in Table 7, p. 51.
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2.1.5. Reference species for bioinformatic analysis

Table 5. Names and accession numbers of reference plastomes

reference species

accession no.

reference species

accession no.

Acorus calamus
Aethionema grandiflorum
Agrostis stolonifera
Amborella trichopoda
Arabidopsis thaliana
Arabis hirsuta

Atropa belladonna
Barbarea verna
Calycanthus floridus
Capsella bursa-pastoris
Citrus sinensis

Coffea arabica
Crucihimalaya wallichii
Cucumis sativus
Daucus carota

Draba nemorosa
Drimys granadensis
Epifagus virginiana
Eucalyptus globulus
Glycine max
Grossypium hirsutum
Helianthus annuus
Hordeum vulgare
Jasminum nudiflorum
Lactuca sativa
Lepidium virginicum

Liriodendron tulipifera

NC_007407
NC_ 009266
NC 008591
NC 005086
NC_000932
NC_009268
NC 004561
NC 009269
NC_004993
NC_009270
NC 008334
NC 008535
NC 009271
NC 007144
NC 008325
NC 009272
NC 008456
NC 001568
NC 008115
NC 007942
NC 007944
NC 007977
NC_008590
NC 008407
NC 007578
NC 009273
NC_ 008326

Lobularia maritima
Lotus japonicus
Marchantia polymorpha
Morus indica

Nandina domestica
Nasturtium officinale
Nicotiana tabacum
Nuphar advena
Nymphaea alba
Olimarabidopsis pumila
Oryza indica

Oryza japonica

Panax ginseng
Pelargonium x hortorum
Phalaenopsis aphrodite
Phaseolus vulgaris
Piper cenocladum
Platanus occidentalis
Populus alba
Ranunculus macranthus
Saccharum officinarum
Solanum tuberosum
Sorghum bicolor
Spinacia oleracea
Triticum aestivum

Vitis vinifera

Zea mays

NC 009274
NC_ 002694
NC 001660
NC 008359
NC 008336
NC 009275
NC 001879
NC 008788
NC_006050
NC 009267
NC 008155
NC 001320
NC 006290
NC 008454
NC_007499
NC 009259
NC 008457
NC 008335
NC 008235
NC 008796
NC 006084
NC_ 008096
NC_008602
NC 002202
NC 002762
NC 007957
NC 001666
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2.1.6. Oenothera strains

Table 6. Oenothera strains of the subsections Oenothera and Munzia used in this work. For a detailed description of the taxonomy see Dietrich (1977) and

Dietrich et al. (1997)

ti fi f 1
strain genetle reference for plastome Renner complex (o) diakinesis reference for comprex strain first described
constitution (o and B)

Oenothera elata subsp. elata
chapultepec AA-1 Stubbe (1963a) "chapultepec 7 prs. Steiner (1951) Steiner (1951)
cholula AA-1 Stubbe (1963a) "cholula 7 prs. Steiner (1955) Steiner (1955)
puebla AA-1 Stubbe (1963a) hpuebla 7 prs. Steiner (1955) Steiner (1955)
toluca AA-1 Stubbe (1963a) Ptoluca 7 prs. Steiner (1951) Steiner (1951)
Oenothera elata subsp. hookeri
franciscana de Vries" AA-T Stgbbe (1959), "franciscana de Vries 7 prs. Cleland (1935) Davis (1916),

Stinson (1960) Renner (1941)
franciscana E. & S." AA-T Stubbe (1959) "franciscana E. & S. 7 prs. Cleland (1935) Davis (1916),

Renner (1941)

hookeri de Vries AA-1 Stubbe (1959) "hookeri de Vries 7 prs. Cleland and Blakeslee (1931) de Vries (1913)
johansen AA-I Stinson (1960) Rohansen 7 prs. Cleland (1935) Cleland (1935)
Oenothera villosa subsp. villosa
bauri Standard” AA-1 Stubbe, 1959 S'laxans-S'undans Ol4 Baerecke (1944) Renner (1937)
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Table 6. (continued)

genetic

reference for complex

strain reference for plastome Renner complex (o) diakinesis strain first described
constitution (o and B)
Oenothera biennis
biennis de Vries®? AB-II de Vries (1913), Valbicans-*"rubens o8, 06 Catcheside (1940) de Vries (1901 - 1903)
Renner (1924) de Vries (1913)
biennis Miinchen® ¥ AB-II Stubbe (1959) *Mabicans-®Mrubens ©38, ©6 Catcheside (1940) Renner (1917)
chicaginensis Colmar BA-III Stubbe (1963a) Colexcellens-“'punctulans ©12, 1 pr. Renner (1956), Renner (1950)
Stubbe (1963a)
lawrenceville 3 AB-II Cleland (1962) a-lawrenceville 3-B-lawrenceville 3 O14 Cleland (1958) Cleland (1958)
nuda Standard AB-II Stubbe (1963a) Stcalvans-S‘glabrans ©l14 Jean et al., (1966) Renner (1956)
purpurata AA-II Stubbe (1959) "purpurata 7 prs. Catcheside (1940) Klebahn (1914)
suaveolens Grado AB-II Stubbe (1914; 1959) Salbicans-“flavens Ol14 Stubbe (.1953) Stubbe (1953)
Stubbe and Diers (1958)
suaveolens Fiinfkirchen AB-IT Stubbe (1959) Fialbicans-"flavens ©10, 2 prs. Stubbe (1953) Stubbe (1953)
suaveolens Standard AB-II Stubbe (1959) Salbicans->'flavens ®12, 1 pr. Cleland and Blakeslee (1931), Blaringhem (1914)
Catcheside (1940)

Oenothera biennis x Oenothera glazioviana
conferta Standard AB-IT Stubbe, 1963 Stconvelans->'aemulans ©12, 1 pr. Renner and Hirmer (1956) Renner (1950)
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Table 6. (continued)

genetic

reference for complex

strain reference for plastome Renner complex (a-p) diakinesis strain first described
constitution (o and B)

Oenothera glaziovianas)

coronifera Standard” BA-II Stubbe (1963a) Stquaerans-S'paravelans ©12, 1 pr. Rossmann (1963) Renner, (1937)

blandina®” A/B-1I1 de Vries (1913), "plandina 7 prs. Catcheside (1940) de Vries (1917)
Renner (1924)

decipiens®” A/B-1I1 de Vries (1913), "decipiens 7 prs Catcheside (1939) de Vries (1919a)
Renner (1924)

deserens®? A/B-III de Vries (1913), D deserens 7 prs. Renner (1943a) de Vries (1919b)
Renner,(1924)

) 10 S S Cleland and Blakeslee (1931), ) )
rr-lamarckiana Sweden'” AB-III Stubbe (1959) r-"velans-r-"gaudens ©12, 1 pr. Emerson and Sturtevant (1931), Heribert-Nilsson (1912)
Catcheside (1940)

Oenothera grandiflora

bellamy A BB-III Schumacher et al. (1992) hbellarny A 7 prs. Steiner and Stubbe (1984) Steiner and Stubbe (1984)

B”B castleberry A-4 BBA-III Schumacher ef al. (1992)  "B?-castleberry A-4-B-castelberry A-4 7 prs. Schumacher et al. (1992) Steiner and Stubbe (1986)

BB chastang 7 BBA-IIT Schumacher et al. (1992) "BA_chastang 7- B-chastang 7 7 prs. Schumacher et al. (1992) Steiner and Stubbe (1986)

castleberry B-8 BB-III Schumacher et al. (1992) hcastleberry B-8 7 prs. Schumacher and Steiner (1993) Steiner and Stubbe (1986)

stockton 1 BB-III Schumacher et al. (1992) istockton 1 7 prs. Cleland (1972) Cleland (1972)

tuscaloosa BB-III Schumacher et al. (1992) Mtuscaloosa 7 prs. Steiner and Stubbe, (1984) Steiner and Stubbe (1984)
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Table 6. (continued)

genetic

reference for complex

strain reference for plastome Renner complex (a-f) diakinesis strain first described
constitution (o and B)
Oenothera nutans
elkins 2 BB-III Wasmund (1990) a-elkins 2-B-elkins 2 ©14 Wasmund (1990) Wasmund (1990)
horsesheads 2 BB-III Cleland (1972), a-horseshead 2-B-horseshead 2 ©14 Cleland (1972),
Wasmund (1990) P Wasmund (1990) Cleland (1972)
marienville 3 BB-III Cleland (1962), a-marienville 3-B-marienville 3 ©14 Cleland (1958), Cleland (1958)
Wasmund (1990) Wasmund (1990)
mitchell BB-III Cleland (1962), a-mitchell-B-mitchell 14 Peer (1950) Peer (1950)
Wasmund (1990)
Oenothera oakesiana
ammophila Standard AC-IV Stubbe (1959) Strigens-S'percurvans ©12, 1 pr. Baerecke (1944) Hoeppener and Renner (1929)
Oenothera parviflora
atrovirens Standard'" BC-IV Stubbe (1959) Stpingens-S'flectens ®14 Catcheside (1940), de Vries (1901 - 1903)
Baerecke (1944) de Vries (1913)
silesiaca Standard BC-IV Stubbe (1959) Stsubpingens->'subcurvans 14 Baerecke (1944) Renner (1942a; 1943b)
st. stephen BC-IVY Cleland (1962), a-st. stephen-B-st. stephen N/A'?
P Cleland (1972) phen-p P Cleland (1972) Cleland (1972)

(98]

2
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Table 6. (continued)

genetic

reference for complex

strain reference for plastome Renner complex (a-f) diakinesis strain first described
constitution (o and B)

Oenothera argillicola
douthat 1 CcC-v Stinson, 1960 "douthat 1 7 prs. Stinson, 1953 Stinson, 1953
williamsville CC-V Stubbe, unpublished hwilliamsville 7 prs. Stubbe, unpublished Stubbe, unpublished
wilson creek 1 CC-v Greiner, this work N/A'D N/A? Greiner, this work Greiner, this work
Oenothera villaricae
berteriana Schwemmle'? N/A'? N/A? Bl 014 Haustein (1952) Schwemmle et al. (1938)

) The strains franciscana de Vries and franciscana E. & S. are derivates of Davis’s franciscana B (Davis, 1916). The connection of these strains is summarized in

Renner (1941).

? A very similar strain is known under the name “Oe. hungarica”.

3 Based on crossing data published by de Vries (1901 - 1903; 1913) and own data, Renner (1924) determined the plastid type of biennis de Vries to be identical to

that of suaveolens. All suaveolens strains investigated carry plastome type II (Stubbe, 1959).

Y The two strains of Oe. biennis differ in the inheritance of their rubens complex, “rubens (&) and "Mrubens (23) (de Vries, 1913; Renner, 1917), but not in

their meiotic configurations (Cleland and Oehlkers, 1930). With respect to chromosomal arrangement of their a- and B-complexes (albicans and rubens) no
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distinction can be made between both strains (Renner, 1938; Catcheside, 1940; Renner, 1950). Both strains, as well as all strains of Oe. biennis in the strict

genetical sense of albicans-rubens, are phenotypically highly constant throughout Europe (Renner, 1937; 1950).

% For the plastome type of this strain no primary data have been published in the literature. For its identification see Cleland (1962), Cleland (1972), Raven and
Stubbe (1979), Dietrich et al., (1997) and this work.

% Synonyms: Oe. erythrosepala and ex genetica: Oe. lamarckiana

? This strain of Oe. glazioviana is not identical with Oe. lamarckiana in a strict genetical sense. In general, it is a BA-II species (Rossmann, 1963; Stubbe,
1963a), which basically does not exist in the taxonomic systems of Cleland (1962) or Dietrich et al. (1997). Cleland (1972) assumes that coronifera is a hybrid

between Oe. biennis and Oe. glazioviana and not a strain of Oe. glazioviana as suggested in Dietrich et al. (1997).

® Decipiens and deserens are a so called “full”-mutants (de Vries, 1917; 1919a; b). For review and possible mechanism of “full”-mutant appearance see Cleland
(1942) and (Renner, 1943a). Both originated from Oe. glazioviana strain lamarckiana de Vries (1919a; b), and are a mixture of the complexes velans (A) and
gaudens (B). With blandina the situation is more complex. It did not arise directly from lamarckiana de Vries but from a hybrid of two mutants of lamarckiana de
Vries, mut. laxa x mut. semilata (de Vries, 1917). Because the original material was lost, it is nearly impossible to reconstruct the mechanism of chromosome
rearrangement, how "blandina could have been developed. Dietrich ez al. (1997) state "blandina as an A-complex, which is true in various respects, especially as
de Vries calls the mutant species “Oe. blandina” also “Oe. lamarckiana mut. veluntina”. He saw blandina as some kind of stable “velans species”. The reason
why "blandina is decribed in this work as an A/B-complex is its association with plastome III (see footnote 9). Blandina does not show a typical virescent
phenotype, expected from an AA-III genotype Stubbe (1959). Therefore, it is assumed that there are still elements of gaudens (B) present in the genome of

"blandina.

% As stated in footnote 8, blandina, deserens and decipiens are mutants that originated in Oe. glazioviana strain lamarckiana de Vries (de Vries, 1917; 1919a; b).

As mutants they carry the same plastome as the strain they are originated from. The crossing data presented by de Vries (1901 - 1903; 1913; summarized in
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Renner, 1924) do not indicate a different plastome type in lamarckiana de Vries than plastome III. It is therefore likely, that the genetic behaviour of blandina,
deserens and decipiens plastomes is identical to that of lamarckiana Sweden, although the former strains were not investigated directly with respect to their

plastome types.

'2'In the Oenothera literature basically just two strains of true Oe. glazioviana were described, the strain, which de Vries found at Hilversum, and the Swedish
strain of Heribert-Nilsson. The Swedish strain differs from that of de Vries, among other characters, in the absence of the phenotypical marker R (red midrip)
(Heribert-Nilsson, 1912; de Vries, 1916; Renner, 1917). In the literature it is not always clearly stated, which strain was used by a particular author. The
chromosomal arrangement of velans and gaudens was described in at least four publications (Cleland and Blakeslee, 1931; Emerson and Sturtevant, 1931;
Catcheside, 1940; Cleland and Hammond, 1950). Emerson and Sturtevant (1931) and Cleland and Hammond (1950) used the Swedish strain to determine its
chromosomal arrangement, for the other authors this is unclear. Additionally, in the work of Emerson und Sturtevant (1931) and in earlier publications of
Cleland, diakinesis configurations of lamarckiana are cited from not clearly stated strains. However, it is questionable whether a distinction between lamarckiana
de Vries and lamarckiana Sweden is necessary in this context. De Vries argues that the Swedish strain represents an offspring of the strain he used (de Vries,
1916). Stubbe has tested a large variety of strains of Oe. glazioviana (in the strict genetic sense of Oe. lamarckiana) collected from all over the world. He found
continuously the Renner complexes velans-gaudens associated with plastome III, as in the Swedish strain (Stubbe, unpublished). Cleland (1972, p. 226) presents
similar data, and also Kappus (1957) found in the strain lamackiana Altenheim velans and gaudens, but interestingly associated with plastome II. Therefore, with
respect to chromosomal formulas or complex constitution no difference appears to exist between lamarckiana de Vries and Sweden, and between strains of “Oe.
lamarckiana” in general.

'V alternative designation of the strain: “Oe. cruciata de Vries”

'2 N/A = not applicable

" alternative designation of the strain: berteriana Erlangen
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2.1.7. Arabidopsis strains

Leaf material of Arabidopsis ecotype Columbia-0 was obtained from PD Dr. Jorg Meurer

(Ludwig-Maximilians-University, Munich, Germany).

2.1.8. Bacterial strains

E. coli DH5a (Bethesda Research Laboratories, 1986)

2.2. Methods

2.2.1. Growth of biological material

2.2.1.1. Oenothera growth conditions and breeding
2.2.1.1.1. Axenic culture of seedlings

All Oenothera species and hybrids, including the CC genotype, were cultivated in growth
chambers at 24°C with 8/16 h dark light cycles at 100 umol photons m™ s, supplied by
Osram L85W/25 Universal White fluorescent lamps (Osram GmbH, Munich, Germany).
Plants were grown from seeds sterilized in 70% EtOH and 30% H,O, essentially on 1/2 MS-
media (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) by a protocol adapted from de
Gyves et al. (2001).

2.2.1.1.2. Field experiments

For field growth Oenothera seeds were sawn in January, choked at the 2-leaf to 4-leaf state in
trays of 54 seedlings and kept in a greenhouse to the end of April. After one or two weeks of
hardening, rosettes were planted to the field. Flowering of evening primroses started during
summer. A few strains such as pupurata, douthat 1 or biennis Miinchen, behave biennial

depending on seasonal variation.

Strains of Oe. grandiflora were short-day treated to induce early flowering in the season. This
treatment, performed in a greenhouse after plants had broken rosette stage at a height of 40
cm, ensured that the material flowered and set seeds simultaneously with the other strains
under study. Without this treatment Oe. grandiflora starts blooming later in autumn, and does

not complete its generation cycle before winter in the climate of Munich. Alternatively, seeds
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of Oe. grandiflora were sawn in autumn in a greenhouse to reach flower shooting before
winter. During winter the material grew under a natural short-day period. Some of these
plants were not transferred to the field later in spring and kept in the greenhouse until

flowering, since seasonal cold interference may inhibit flower induction.

2.2.1.1.3. Crossing experiments and seed storage

For crossing experiments with Oenothera plants immature anthers were removed the day
before maturation and flowering. The emasculated flower was guarded and pollinated with the
desired pollen of the male crossing mate during the following day and guarded again.
Pollination was repeated the next day. Mature seeds were harvested approximately six weeks
after pollination and dried at room temperature. No dormancy is needed for sawing the
successive generation. Dry seeds can be stored at -20°C for decades. Without freezing, seeds

lose the ability for germination after about four years.

For checking the plastome type of a flower bud, leaf material of three successive bracts on a
stem was pooled for DNA isolation. Oenothera bracts are arranged in an angle of 120° around

the stem. Material pooling ensures to recognize stems carrying two different plastome types.

2.2.1.2. Bacterial growth conditions

E. coli cells were cultivated on LB-media with appropriate antibiotics according to Miller

(1987).

2.2.2. Analysis of nucleic acids
2.2.2.1. Isolation of nucleic acids
2.2.2.1.1. Isolation of total DNA from Oenothera

Total DNA was isolated from green leaves using the DNeasy™ Plant Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer's protocol with minor modifications:
Approximately 50 - 100 mg of plant material (fresh weight) was homogenized. To 400 pl
AP1-buffer supplied by the manufacturer 4.0 ul of 10% PVP 10,000 and 0.4 pul 1 M sodium
ascorbate solution was added. To increase DNA yield, DNA was eluted twice from the
DNeasy Mini Spin Column with 50 pl included AE buffer. DNA yields were in the range of
100 ng/ul and decreased with the age of material.
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2.2.2.1.2. Isolation of plasmid DNA from Escherichia coli

“Miniprep isolation” from E. coli DH5a cells (Invitrogen, Carlsbad, CA) was done with
“QIAprep™ Spin Miniprep Kit” (Qiagen, Hilden, Germany) according to the manufacturer's

protocol.

2.2.2.1.3. RNA isolation from Oenothera

Total RNA was isolated from Oenothera using the “RNeasy'" Plant Mini Kit” (Qiagen,
Hilden Germany) with minor adjustments required for Oenothera tissue. To cope with
interfering mucilage and polyphenols, only up to 20 mg of mature leaf material, for younger
leaves up to 100 mg, were extracted. Two additional washing steps with RW1 buffer and five
with buffer RPE, both supplied by the manufacturer, were included. To remove contaminating

DNA, RNA was digested with DNAase I (Roche, Mannheim, Germany).

2.2.2.2. Agarose gel electrophoresis

DNA was analyzed on 2 to 3% SeaKem LE agarose (Biozym Scientific GmbH, Oldendorf,
Germany) in 1 x TBE buffer, RNA on 0,8% agarose gels in 1 x MOPS buffer according to
standard methods. As size standard a 100 bp ladder (New England Biolabs, Ipswich, MA) was

used.

2.2.2.3. ¢cDNA synthesis

To remove contaminating DNA, the RNA to be used was digested with DNase I (Roche,
Mannheim, Germany). Synthesis of cDNA was performed with Super-Script III RNase H
(Invitrogen, Karlsruhe, Germany) according to the manufacturer’s instructions using random

primers (Roche, Mannheim, Germany).

2.2.2.4. PCR approaches

PCR was performed using standard protocols with a prolonged initial denaturation time of
five minutes, if total Oenothera DNA was used as template. Depending on the final
application of the PCR products Taq DNA Polymerase (Qiagen, Hilden, Germany) was used
for “standard” PCRs, for a higher accuracy or extreme long templates the PCR reactions were

performed with Phusion High-Fidelity DNA Polymerase (Finnzymes, Espoo, Finland) or
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BIO-X-ACT™ Long DNA Polymerase (Bioline GmbH, Luckenwalde, Germany),

respectively, according to the manufacturer’s protocol.

2.2.2.5. Sequencing approaches
2.2.2.5.1. Direct PCR product sequencing

Individual PCR products were directly sequenced after cleaning with QIAqick'™ PCR
Purification Kit (Qiagen, Hilden, Germany). Nucleotide sequences were determined with an
ABI 377 robot (Applied Biosystems, Foster City, CA). Cycling reactions were performed
using DYE™ ET terminator Cycle Sequencing Kit (GE Healthcare UK Ltd, Little Chalfont

Buckinghamshire, UK) and cycling conditions recommended by the supplier.

2.2.2.5.2. Sequencing of cloned PCR products

A genomic locus, amplified by PCR in a permanent translocation heterozygous strain,
customarily yields two bands originating in the a- and B-complexes, respectively. Both bands
were cloned individually with the pGEM®-T Easy Vector System (Promega, Madison, WI)
according to the supplier’s manual. For sequencing analysis the primer pair T7for and SP6rev

was used. Several, independent clones of the same PCR product were sequenced.

2.2.2.5.3. Sequencing of inversion breakpoints in the Oenothera plastome

Total DNA of Oe. villaricae strain berteriana Schwemmle (syn: berteriana Erlangen) was
isolated as described above. The primer pair rbcLfor and psal IVP1lrev deduced from a
highly conserved region in the Oenothera plastomes was used to sequence the interval
equivalent of the inversion breakpoint between rbcL and accD in the berteriana Schwemmle
plastome. PCR was performed with BIO-X-ACT™ Long DNA Polymerase (Bioline GmbH,
Luckenwalde, Germany) and the product was sequenced by primer walking. The same
strategy was used with the conserved primer pair rps16 IIP3for and trnQ IVP37for for the

corresponding region of the inversion between rps16 and trnQ.

2.2.2.5.4. Plastome sequencing

To complete the nucleotide sequences of the five basic Oenothera plastomes, already
generated and assembled chromatograms by Hupfer (2002) were inspected manually for gaps

or sequences of poor quality in all five basic plastomes, namely Oenothera elata subsp.

39
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hookeri strain johansen (plastome I°"), Oe. biennis strain suaveolens Grado (plastome I1****9),
Oe. glazioviana strain rr-lamarckiana Sweden (ex genetica: Oe. lamarckiana, plastome HIlam),

atro

Oe. parviflora strain atrovirens Standard (plastome IV™™") and Oe. argillicola strain douthat 1

(plastome V!

). PCR derived fragments or fragments subcloned from plastid chromosomes
(Hupfer, 2002) served as sequencing templates for both DNA strands. The fragments
overlapped to a minimum of 200 bp. Almost the same, approximately 450, oligonucleotide
primers (MWG Biotech, Ebersberg, Germany) employed for the already published plastome
" were used (Hupfer er al., 2000). After determination of nucleotide sequences, the data
were subjected to the BLAST algorithm (Altschul ez al., 1990) provided by the National
Centre for Biotechnology Information (Bethesda, MD). Assembly and evaluation of
sequences were performed with the SeqMan 7.1 program (DNASTAR Inc, Madison, WI)
using plastome F** (AJ271079.2) as template for the other plastomes. All plastome sequences
were aligned using the MegAlin 7.1 program (DNASTAR Inc, Madison, WI) and the program

BioEdit 5.0.9 (North Carolina State University) as alignment editor (Hall, 1999).

2.2.2.6. SNP mapping by Nuclease S digestion

To confirm additional single base pair insertions in ndhD and rp/22 the primers P11for and
ndhDint/2 for ndhD and P38for and P7rev for rpl22 were used. PCR products were obtained
by a proof reading polymerase. The products of different lengths (e.g. the 393 bp ndhD
fragment of plastome " and the 392 bp ndhD fragment of plastome II***?) were mixed. The
templates were denatured, reannealed and cut at mismatches with Surveyor Nuclease S
(Transgenomic, Elancourt, France) according to the manufacturer’s protocol. The cleaved

PCR products were analyzed on 2% agarose gels.

2.2.2.7. Design, digestion and analysis of CAPS markers

CAPS markers were designed using the software SNP2CAPS (Thiel et al., 2004). The PCR
products obtained were digested with appropriate restriction endonucleases supplied by
Fermentas International Inc, (Ontaria, Canada) or New England Biolabs (Ipswich, MA)

according to the manufacturer’s protocol and analyzed on agarose gels.
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2.2.2.8. Gene expression analysis
2.2.2.8.1. Generation and application of macroarrays

Three Oenothera species Oe. elata subsp. hookeri strain johansen (AA-1), Oe. grandiflora
strain tuscaloosa (BB-III) and Oe. argillicola strain douthat 1 (CC-V), from which fertile
plastome-genome hybrids and cybrids can be produced were chosen to compare individual
expression profiles. The universal vector primers M13forward and M13reverse were used to
amplify PCR products of a subset of 187 selected cDNAs known or predicted to encode
chloroplast proteins. All PCR products were subjected to agarose gel electrophoresis to
confirm sizes and amplification quality. Once checked, each individual amplicon was adjusted
to three different concentrations of 3.5, 14 and 56 ng/ul, respectively. Each dilution was
spotted in duplicate onto a 7.8 x 11.9 cm positively charged Hybond N" nylon membrane
(Amersham Biosciences, New York, NJ) by 20-fold repetition to the same points using
robotics equipped with a 0.4 mm 96-pin gridder (BioRobotics, Cambridge, UK). As a
negative control pBluescript vector (Stratagene, La Jolla, CA) was also spotted onto the
filters. After spotting, filters were denatured in 1.5 M NaCl, 0.5 M NaOH and neutralized in
0.5 M Tris, pH 7.2, 1 M NaCl. After drying, filters were cross-linked with 120 mJ of 302 nm
UV light by a UV-Stratalinker 1800 (Stratagene, La Jolla, CA). 32p_dCTP labeled cDNA
probes were synthesized from 10 pg total RNA as described above. The labeled cDNAs were
incubated for 20 min at 37°C with RNase H (Invitrogen, Karlsruhe, Germany) to remove
RNA. The labeled cDNAs were purified using MicroSpin'™ G-50 columns (Amersham
Biosciences, New York, NJ). The arrays were pre-hybridized for 2 h at 60°C in 0.25 M
phosphate buffer and 7% SDS. The labeled cDNAs were hybridized to filters overnight at
60°C. Filters were washed twice at 60°C in 2 x SSC, 0.1% SDS and twice in 1 x SSC and
0.1% SDS. Filters were then exposed on Fuji Film imaging plates (Fuji, Tokyo, Japan). The
radioactive images were obtained with the FLA-3000 phosphoimager (Fuji, Tokyo, Japan).
Array images were imported into the program AIDA Image Analyzer 4.0 (Raytest GmbH,
Straubenhardt, Germany) and signals were deduced. For normalization, the mean value of the
selected background within each sub-grid was averaged and subtracted to calculate the
intensity of all spots. The duplicate signals from 3 different concentrations were averaged and
the expression profiles obtained were compared to calculate the ratios with program AIDA
Array Compare 4.0 (Raytest GmbH, Straubenhardt, Germany). Histograms were generated
using Microsoft Excel 2003 (Microsoft, Redmond, WA).
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2.2.2.8.2. Real-time PCR analysis

Real-time PCR was performed using a commercially available master mix containing Taq
DNA polymerase, SYBR-Green I dye and deoxyribonucleoside triphosphates (LightCycler -
FastStart DNA master SYBR-Green I, Roche Molecular Biochemicals, Mannheim,
Germany). PCR products were followed by measuring SYBR Green I fluorescence. SYBR
Green | dye emits a fluorescence signal at 530 nm only when bound to double-stranded DNA.
Therefore, during PCR the increase in SYBR Green I fluorescence is directly proportional to
the amount of double-stranded DNA generated. After addition of primers (0.5 mM), MgCl, (4
mM), and template cDNA to the master mix, an initial denaturation step at 95°C for 10 min,
followed by 45 cycles of denaturation (95°C for 15 sec), annealing (58°C for 5 sec) and
extension (72°C for 10 sec) were performed. All ramp rates were set to 20°C per sec.

Detection of the fluorescent product was performed at the end of the extension period.

To prove that only the desired PCR product had been amplified, a melting curve analysis was
performed after completion of PCR. For this, PCR products were denatured at 95°C, annealed
at 55°C, and gradually heated to 95°C, whereas SYBR-Green I fluorescence was detected
stepwise every 0.1°C. During such slow heating of the reaction mixture, melting of double-
stranded DNA and a corresponding decrease of SYBR Green I fluorescence occurred. When
the temperature of the reaction mixture reached the characteristic mean melting temperature
of a particular DNA product (where the DNA is 50% double-stranded and 50% single-
stranded), the first derivative presents a peak of a melting curve. If PCR generates only one
amplicon, melting curve analysis shows only one melting peak. If primer dimers or other non-
specific products are present, they cause additional melting peaks. To estimate primer-dimer
formation, a control without template DNA was included in each experiment. The template
quantification was determined by the crossing point using the LightCycler analysis software,

as described in Wittwer et al. (1997).

2.2.2.8.2.1. Analysis of nuclear gene expression via Real-time PCR

To normalize cDNAs of Oe. elata subsp. hookeri strain johansen (AA-I), Oe. grandiflora
strain tuscaloosa (BB-III) and Oe. argillicola strain douthat 1 (CC-V), the expression of actin
was measured with the primer pairs M101for/ M101rev, derived from EST cluster: S 2275-
22-F04. Subsequently the expression of the EST clusters C 936-9-B11 (transketolase),
C 2590-26-F11 (phosphoribulokinase) and C_4066-89-H09 (chlorophyll a/b binding family,
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Elip2) was measured with the primer pairs M34for/M34rev, M60for/M60rev and
M75for/M75rev, respectively. Real-time PCR was performed as described above. Due to
sequence dissimilarity (1.59%) among different Oenothera species primer pairs designed for
the A genome did not always amplify products in BB or CC species. This was also evident by

temperature shifts of melting curves indicating unspecific PCR products.

2.2.2.8.2.2. Analysis of plastid gene expression via Real-time PCR

AB-I ("johansen-"tuscaloosa F°") and AB-III (“johansen-"tuscaloosa III"™"**) cDNAs were
normalized to psaC using the primer pairs Ijeto and psaC5’. PsaC was chosen for
normalization as no expression difference was detected in a marcoarry between the two
genotpyes (Geimer and Meurer, unpublished). The expression levels of c/pP and psbB were
determined with the primer pairs RPL20R5M and clpP [IP31rev for c/pP, and psbBfor and
psbB_IVP15rev for psbB. Real-time PCR was performed as described above.

2.2.3. Analysis of proteins
2.2.3.1. Preparation of thylakoid membranes

Leaves from adult plants were used for the isolation of thylakoid membranes according to
Ossenbiihl et al. (2004) with adjustments for Oenothera tissue. The modifications are
essential to remove interfering mucilage. The entire procedure including centrifugation was
performed at 4°C and in dim light. Approximately 4 g of leaf material were homogenized in
80 ml isolation buffer (330 mM sorbitol, 2 mM EDTA, 1 mM MgCl,, 5 mM ascorbate, 10
mM NaF, 50 mM HEPES/KOH, pH 7,5). 20 ml of the homogenized material was filtered
through two layers of Miracloth. Then Miracloth was renewed and a further 20 ml were
filtered. When filtering was completed, the lysate was centrifuged at 1,400 g for five minutes.
Supernatants containing soluble proteins and mucilage were discarded. The pellet was
resuspended in 3 ml washing buffer (5 mM sorbitol, 10 mM NaF, 50 mM HEPES/KOH, pH
7,5) and centrifuged for four minutes at 1,000 g. The washing step was repeated at least three
times. Depending on mucilage content, the amount of washing buffer can be increased. The
final thylakoid pellet was resuspended in 1 ml TMK buffer (100 mM sorbitol, 5 mM MgCl,,
10 mM NaF, 50 mM HEPES/KOH, pH 7,5), incubated for 10 min on ice for lysis, centrifuged

again for 3 min and finally resuspended in 500 ul of the same buffer.
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2.2.3.2. Chlorophyll absorption measurements

To estimate thylakoid membrane quantities chlorophyll concentrations were measured

according to Arnon (1949).

2.2.3.3. SDS polyacrylamide gel electrophoresis

Proteins were separated by SDS polyacrylamide gel electrophoresis with a stacking gel of 8%
acrylamide and a separating gel of 15% acrylamide. The protein samples were mixed with the

same volume of loading buffer and loaded onto gels after denaturation for 1 min at 80°C.

2.2.3.4. Western analysis

For immunodetection, proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Amersham Buchler, Braunschweig, Germany) according to the manufacturer’s
instructions, incubated with specific antisera, and visualized using the enhanced

chemiluminescence technique (Amersham Buchler, Braunschweig, Germany).

2.2.4. Determination of chromosome configurations

Chromosome configurations of various Oenothera strains or hybrids were investigated with
anther tissue. Although some variation was observed during the flowering season, anther
length roughly correlates with the meiotic stage. There is also variation between anther length
and developmental stage between strains or hybrids. In the strain suaveolens Grado the
following rough correlation between anther length and meiotic stage was determined:
approximately 2.0 mm - premeiotic interphase, 2.5 - 3.0 mm - leptotene-zygotene-pachytene,

and 3.2 - 5.0 mm - from pachytene to tetrads (also diakinesis).

Inflorescences were collected from several plants of each strain, fixed in three parts 96%
EtOH and one part 100% acetic acid and stored at -20C°. Anthers were washed several times
in distilled water to remove the fixative and macerated for several minutes in 45% acetic acid.
The anther loculi were separated under stereoscope microscope, cut transversely into halves
and then squashed gently in 45% acetic acid by tapping the cover glass with a needle. After
freezing using the dry-ice method, the cover glasses were removed, the preparations air-dried
and stored at -20°C until use. The preparations were mounted in a drop of the DAPI staining

solution (2 mg/1 ml; dissolved in a mixture of glycerol:Mcllvaine buffer, 1:2), sealed with the
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rubber cement “Fixogum” (Marabu GmbH & Co. KG, Tamm, Germany), and stored at 4 °C
in the dark. Alternatively, CMA;3-staining solution was applied according to Schweizer and
Ambros (1994). Briefly, a drop of this solution was placed on a preparation and covered with
a plastic cover slip. After three days incubation in the dark of a humid chamber at room
temperature, preparations were drained, mounted in the CMA3z-medium, and analyzed. Five to
seven picture frames of the same object were taken, each at a different focus plane, by turning
the micrometer screw of a fluorescence microscope equipped with a cooled CCD
monochrome camera. They were quickly stacked and processed using standard macro
commands ("do stack" and "do weighted average") of the CombineZM software

(http://www.hadleyweb.pwp.blueyonder.co.uk) created by Alan Hadley.

2.2.5. Chlorophyll a fluorescence analysis

Efficiency and functional state of photosystem II are reflected by chlorophyll a fluorescence
parameters at room temperature (Schreiber et al., 1986). They were calculated from wild-type
Oe. elata subsp. hookeri strain johansen (AA-I), "johansen-"tuscaloosa I11"*™"*** (AB-III), and
incompatible "johansen-"tuscaloosa F" (AB-I) rosette leaves using a pulse-modulated
fluorimeter (PAM 101, Waltz, Effeltrich, Germany). The light intensity of the modulated
measuring beam (1.6 kHz) was 0.5 pmol m™ sec”. 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 sec, 7,000 pmol m? sec™). The
potential maximum quantum yield was calculated as (Fm-Fo)/Fm = Fv/Fm. Red actinic light
(650 nm, 50 pmol m™ sec™') was used for measurements of fluorescence quenching. Non-
photochemical quenching (NPQ) was determined by applying repetitive saturation pulses with
20 sec intervals and calculated as (Fm’-F)/(Fm’-Fo) (Kooten and Snel, 1990).

The light-dependent redox state of photosystem I was measured on leaves as absorption
changes at 830 nm in the absence or presence of actinic (650 nm, 50 umol m™ sec™) and far
red light (12 Wm™) using the photosystem I attachment of PAM 101 (Klughammer and
Schreiber, 1994). Saturating light pulses (0.8 s, 7,000 pmol m™ sec™) were applied to follow
photosystem II-dependent reduction of photosystem I in far-red background light.
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2.2.6. Bioinformatic analysis
2.2.6.1. Calculation of genetic linkage

LOD scores and genetic linkage were calculated with the Kosambi function using the Joinmap

program (van Ooijen and Voorrips, 2001).

2.2.6.2. Analysis of the Oenothera plastid genomes
2.2.6.2.1. Repeat analysis

Applying the programs palindrome and etandem of the EMBOSS suite (Rice ef al., 2000) two
different types of repeats, palindromes and direct tandems, were analyzed. The minimal cut-
off identity between two copies was set to 90% for both repeat types. In case of multiple
copies for one tandem, each copy was required to have at least one other member matching
this constraint. 16 to 100 bp for palindromic and 10 to 100 bp for tandem repeats,
respectively, were investigated for minimal and maximal copy sizes. Gap size between
palindromes was restricted to a maximal length of 3 kb. Overlapping repeats with sequence
similarity were grouped into one repeat motif. Both, the direct and inverted part of two
repeats, had to overlap for palindromes. The longest element is provided as its representative
for each repeat motif. Inversion breakpoints were analyzed separately in berteriana

Schwemmle the plastomes of the subsection Oenothera.

2.2.6.2.2. Analysis of variable amino acid sites

The degree of conservation of a single amino acid site between 30 reference species covering
di- as well as several monocotyledonous plant species was investigated to estimate the impact
of single amino acid exchanges to PGI within Oenothera. To exclude variable positions that
were computationally deduced from misaligned indel regions, multiple alignments made were
also inspected manually. In general, mutations exchanging amino acids with highly different
biochemical properties have an increased likelihood to alter or destroy protein function. In
contrast, highly conserved sites indicated by alignments of the reference species are less likely
to undergo a drastic change. The distribution of biochemical properties of each Oenothera site
was compared with the property distribution of the corresponding site in all reference species,
to enrich candidate sites/proteins responsible for PGI. Applying the Grantham distance matrix
(Grantham, 1974) biochemical properties were measured. From an all-against-all comparison

of the Oenothera and reference species sites, respectively, distance distributions for a
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particular site were derived. Statistically significant differences between the two distributions

were tested by a non-parametric Wilcoxon rank sum test (http:/www.r-

project.org/index.html). P-values < 0.05 were considered as significant. Sites representing an
Oenothera specific adaptation, i.e. sites that are similar within each data set but dissimilar
between both sets, are excluded by the test. To gather additional evidence for selected sites,
the Oenothera mutations were checked whether they are located within known functional
regions. Protein domains were detected applying HMMER 2.3.1 and the PFAM database,
release of July 22, 2005 (Bateman et al., 2004). Only alignments with e-values <le'’ were
considered. Whether the corresponding domain position is highly conserved was checked by

manual inspection of HMM-logos of the PFAM domain (http:/www.pfam.org).

Transmembrane domains were deduced by the InterPRO database (http://www.ebi.ac.uk/

interpro) and analyzed with the online DAS server (Cserzo et al., 1997). Since an alignment
of single amino acids is not possible in regions of size variation, variant Oenothera proteins

were inspected manually for functional domains.

2.2.6.2.3. Computational prediction of sigma factor and T7 binding sites

To search for polymerase binding sites, multiple alignments of intergenic regions were
delimited either by the 5° neighbouring gene or a maximum size of 600 bp. No attempt was
made to differentiate between individual c-factors, due to overlapping binding specificity of
different bacterial polymerase-like (PEP) o-factors in plastids (Liere and Borner, 2006).
Therefore candidate sites were predicted by a consensus sequence, TYRMNN(N);s.
20WANNWT, a search pattern, which covers a wide range of experimentally reported sites.
The regular expression found was similar to but less specific than the consensus suggested by
Homnn and Link (2003) and Kanamaru and Tanaka (2004). Matches to the consensus ATA,.
1No.1IGAA(N)523YRT (Silhavy and Maliga, 1998; Kapoor and Sugiura, 1999) were defined
as binding sites of the phage type polymerase (NEP-promoters), representing the NEP type
Ib-promoters. The sequences were not investigated for the type la and type 11 NEP-promotors.
The consensus of type Ia (YRTa), which can be considered as derivatives of the type Ib
consensus, is too low for computational predictions. The type II NEP-promoter element is
known just from a single case (Liere and Borner, 2006). Candidate binding sites were
positioned within the multiple alignments and edited by manual supervision to correct for

misaligned regions, e.g. due to small repeats.
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2.2.6.2.4. Prediction of Shine-Dalgarno sequences

To search for candidate Shine-Dalgarno regions sequences 50 bp upstream of the start codon
were investigated, using the program free2bind (Starmer ef al., 2006) and the 3’ 16S RNA
sequence of Oenothera. A minimum free energy of 4.4 kcal and a maximum distance to the

start codon of 23 bp was required for the reported matches.

2.2.6.2.5. Calculation of phylogenetic trees

To generate phylogenetic trees, multiple codon-based alignments of the 47 genes variable in
the five Oenothera plastomes were used. Including the corresponding sequences of the Lotus
Jjaponicus plastome (Kato et al., 2000) as outgroup for tree rooting, the dataset comprises
44,472 aligned characters present in six species. Neighbor-Joining (NJ), Maximum-
Likelihood (ML) and Maximum Parsimony (MP) from the PHYLIP package (Felsenstein,
1993) were applied to infer trees. With 1000 random samples each, bootstrap analysis for NJ
and ML was performed. In addition, gene specific phylogenetic trees for all variable genes
were determined by NJ and ML. Using the consense program of PHYLIP, a species tree was
then built from individual gene trees. Trees for non-coding sequences were derived from 76
intergenic regions, which showed nucleotide substitutions between the five Oenothera

plastomes.

2.2.6.2.6. Determination of Ka/Ks-values

Applying the yn0O program of the PAML package (Yang, 1997), synonymous and non-
synonymous substitution rates were estimated. Ka and Ks were determined by the Nei-
Gojobori method as implemented in yn00 and F3x4 were selected as substitution matrix.
From pairwise codon-based alignments, rates for protein-coding genes variable among at least
two of the five Oenothera plastomes were estimated. For five different plastomes, there are 10
pairwise combinations for each gene, resulting in a total of 780 rates for all and 470 rates for
variable genes. The computation of ® = Ka/Ks was not always applicable (e.g. for Ks = 0).
Therefore, ® could be determined for only 215 pairwise combinations. A concatenated
alignment of individual protein coding regions was analyzed, to compare average Ka and Ks

rates between species.
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3. Results

A major aim of this study was to introduce Oenothera as a molecular model for novel,
fundamental biological questions. At the beginning of this work Oenothera cell and tissue
culture as well as nuclear transformation had been established (Stubbe and Herrmann, 1982;
Kuchuk et al., 1998; Mehra-Palta et al., 1998; de Gyves et al., 2001), there was access to an
EST library (Mracek et al., 2006), to an AFLP map consisting of 202 dominant markers
assigned to seven coupling groups (Mracek, 2005), and to the complete sequence of a plastid
chromosome (Hupfer et al., 2000). Furthermore, a rich stock of experimental strains and
species, including various interspecific plastome-genome incompatible lines, or crossing
intermediates to produce such lines, was available. The collection, predominantly based on
the work of Wilfried Stubbe and Werner Dietrich (Stubbe, 1959; Dietrich et al., 1997),
included various strains with a long lasting genetic tradition that originated from the

collections of Ralph E. Cleland, Otto Renner and Hugo de Vries.

Two major molecular approaches were performed and applied to the material. First, a marker
system for both, nucleus and plastid was developed that could be used for a large number of
strains and species. The utility of the markers was checked with breeding approaches and
employed, e.g. to assemble plastome-genome incompatible plants, to improve the quality of
the existing AFLP map (Mracek, 2005), or to follow up distinct steps of interspecific
chromosome exchanges. Second, the nucleotide sequences of representatives of the five basic
plastome types were generated or completed, respectively, and compared. Based on the
evaluated sequence, a novel strategy was developed that rests on a comparison of plastid
chromosomal sequence differences with formal genetic data, to identify molecular

determinants that are involved in PGI in the subsection Oenothera.

3.1. Molecular approaches in Oenothera genetics

This chapter describes attempts to generate an efficient SSLP and CAPS marker system for
Oenothera genetics. It allows the discrimination not only of all basic plastomes and nuclear
genomes, but also of individual Renner complexes and subplastomes, in sexual crosses. The
application of the marker system will be documented with the generation of the artificial and
incompatible plastome-genome combinations AB-I and BB-II and, in a connection of both,
classical and molecular genetics - assigning linkage groups to distinct chromosomes in

genetic crosses. In a pilot experiment chromosome 9-8 of the classical map could be merged
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in this thesis with linkage group 7 of the molecular one (Cleland, 1972; Mracek, 2005). Taken
together these findings provide fundamental progress in Oenothera genetics, since they
significantly improve the use of the genus as a molecular model and open wide possibilities in

Oenothera research and breeding.

3.1.1. Marker systems for Oenothera genetics and breeding approaches

Up to now, only a few phenotypic markers for nucleus and plastome (in terms of plastome
mutants) were available and used in Oenothera genetics (Cleland, 1972; Stubbe and
Herrmann, 1982; Stubbe, 1989; Dietrich ef al., 1997). Also only a small number of molecular
markers were described for a very limited number of strains (Mracek, 2005; Larson et al.,

2008).

3.1.1.1. Co-dominant markers discriminating A and B genomes

The EST library (Mracek et al., 2006) was utilized as a source to generate co-dominant
markers that could be used for mapping and genotyping. The 5’ terminal sequences of
selected cDNAs from the available hookeri de Vries EST library were used to generate
primers and to amplify distinct regions from genomic DNA by PCR from two homozygous
species namely, Oe. elata subsp. hookeri strain johansen (genome AA; "“johansen-"johansen)
and Oe. grandiflora strain tuscaloosa (BB; h‘tuscaloosa-htuscaloosa). 98 selected primer pairs
generated from the hookeri de Vries (AA) library were able to amplify 75 products from
strain johansen (AA) and strain tuscaloosa (BB), reflecting the close relationship between
these species. From 46 PCR products each, sequences were determined and compared
between the A and B genotypes. Marker sequences are deposited in GenBank under the
accession numbers listed in Table 7. The average length of the products was approximately
300 bp, twelve products contained an intron; one gene duplication was detected. Within the
46 PCR products investigated eleven pairs showed size polymorphisms, 29 gave at least one
CAPS marker appropriate to distinguish both genotypes by analyzing cleaved products on
agarose gels. Only a single size polymorphism could directly be analyzed on agarose gels. In
35 products a minimum of one polymorphism was present (Table 7). Also the duplicated
locus showed polymorphism between "johansen and "tuscaloosa but was excluded from Table
7. The less conserved, occasionally intron-containing 5> UTR and 5’ gene coding regions of
the AA and BB nuclear genomes used in this study displayed 98% sequence identity. These
findings demonstrate that the Oenothera EST library is a rich source for PCR based markers.
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Table 7. PCR-based polymorphisms found between the Renner complexes of the A genome "johansen (above) and the B genome "tuscaloosa (below)

. . closest
accession . no. marker type predicted pred'lct'ed . primer sequence EST/cluster Arabidopsis protein function and localization
marker intron SSLP PCR products restriction primer A A . .
number SNPs (enzyme) hy 1 (5°to 3% accession homologue in Arabidopsis
[bp] fragments [bp] (blastX)
hotosystem I reaction centre
EU483117 288 250, 38 y -89- photosy:
M02% 1o 1o 2 CAPS (4peKI) Mo2for  tggecatggegacacaageete €_4044-89 At1g03130  subunit (PsaD2), putative,
EU483119 288 186, 64,38 MO2rev  cctcaacctgagecttacggag F11
, 64, chloroplast
hotosystem II oxygen-evolving
EU483121 466 -95- p
M03? yes no 1 SNP N/A MO3for  atatcacciggtactgctaget €_4496-95 At2g39470 complex subunit (PsbP-like),
EU483123 466 MO3rev  aactccctccaatctgaagggt C09
chloroplast
EU483125 356 356 -90- -bi _li
M0 o o 2 CAPS (Psil) MO7for  accatacccatatacccagtge S_4170-90 At564380 fmct(?se bl.sphospha.tase like
EU483127 356 299,57 MO7rev  tcaagcggcttcggtgcatcte HO07 protein, mitochondrium
EU483129 282 247,35 -84- i . i
Mos? o o 2 CAPS (BsuRI) MO8for  ctcagccaggaggacctcaage S_3501-84 A©2g01290 rlbos'e 5 Phosphate isomerase,
EU483131 282 173,74,35 MOS8rev  gaggtgggtatcgacctcgteg D07 localization unknown
hlorophyll a/b-binding protein
EU447201 328 241,86, 1 atcgatcatccatggeca -15- ¢
M13 10 10 3 CAPS (Nei) Mi3for  afcg g8 C_1649-15 At1g29930 like, photosystem IT 5 kD protein,
EU447202 328 123,118,86,1 Ml3rev  cgagaatggatcaccteca A03
chloroplast
EU447203 399 162,149,838  Mli5for tiggaggagtigcagttacaga Lhca2 protein, PSItype Il
Mi15 yes 8 bp 17 CAPS (Stl) C_179-81-E03 Atlg61520 chlorophyll a/b-binding protein,
EU447204 391 242,149 MlSrev  cgtecaagtaggtcaggctct
chloroplast
EU447205 512 427,85 agatcacagtagtaatggcttcca -18- -bindi i
M17 ves 9 bp . CAPS (Tagl) Ml7for  gag gtagtaatgg C_1955-18 AB3g54890 chlorophyll a/b-binding protein,
EU447206 503 403,85,15 Ml7rev  catetgeagtggtagatcetetga D05 chloroplast
EU447207 CAPS 396 208, 188 aatcctaatggetgectctaca 225- -bindi in—
M19 o o M19for ggctg C_2501-25 At1g29920 c'hlorophyll a/b-binding protein
EU447208 (PAIMI) 396 396 MI9rev  cacactgectcaccgaact D11 like, chloroplast
EU447209 364 364 ccacgcgaactctttaacact
M23 no 2bp 10 CAPS (Snl) M23for 8ce C 46-4-A11 Atg3aspg  Photosystem Il type I chlorophyll
EU447210 362 231,131 M23rev  ggagtggatgacctegaget alb binding protein, chloroplast
EU447211 278 182, 39, 30, 27
M28 no no 1 CAPS (BsuRI) M28for - ggctccgacatectigiggag S_56-4-B10 At3g48560 acetolactate synthase, chloroplast
EU447212 278 212,39,27 M28rev  gcgactaaggggacgctatcg
EU447213 309 i M33for  tcaggcctcaagagctcagee -
M33 yes 1 bp 1 SSLP not specifiable 28 gagceicag C 943-8-C09 Atlg12900 glyceraldehyde 3-phosphate
EU447214 310 on agarose gels M33rev  acctcaagtggggagtccttg dehydrogenase A, cholorplast
EU447215 213 156, 44, 13 -10- -bindi i
M38 o o 2 CAPS (BsuRI) M38for  ggcaaagctatggecactcte S_1191-10 AQg37220 RNA-binding protein (Cp29),
EU447216 213 200,13 M38rev  gtccgaccaagcagegacgtt F12 chloroplast
EU447217 680 374,262, 44 -10-
M39 yes o 2 CAPS (Bell) M39for  ccaaagtggtatcgeggtgte S_1214-10 ABg63410 MPBQ/MSBQ methyltransferase,
EU447218 680 374,306 M39rev  ggaaccagtacgtagtacgttgce HI1 chloroplast
EU432390 583 M40for  accgtetectecaageactge C_1231-11- sedoheptulose-bisphosphatase,
M40 EU432401 yes 17bp NA SSLP 500 NA M40rev  tcagccctttgtccgaagtcg B04 At3g35800 chloroplast
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Table 7. (continued)

. . closest
marker accession intron SSLP no. marker type P gl;m:z::c ts :lrs:f::tts:] rimer primer sequence EST/cluster Arabidopsis protein function and localization
number SNPs (enzyme) [ll: ].) fragments [b ]1) P (5°to 3’) accession homologue in Arabidopsis
P g P (blastX)

EU447219 267 161, 106 -11- .

M41 no no 1 CAPS (Earl) Mélfor  acaccetcttaicaccaatgge C_1234-11 At2g45290 transketolase, putative, chloroplast
EU447220 267 267 M4lrev  tctccacgagagtgtcegtgg B07

M43 EU447221 o o T CAPS (BsuRI) 275 206,47,22  MA43for  accacattcctcaaagetecg S 1221-11- At3p63140 mRNA binding protein precursor —
EU447222 ’ 275 118, 88,47,22 M43rev  cggaagcaagaagctctttgg A06 & like, chloroplast

Md4 EU447223 o 6b 6 SSLP 305 not specifiable M4dfor  tcaacaatggctgccgeagtg C_1431-12- At120020 ferredoxin-NADP+ reductase-like
EU447224 Y P 311 on agarose gels M44rev  agtgcttcaccttcgecggag HO1 & protein, chloroplast

Md6 EU447225 o o p CAPS (Xhol) 194 108,86  Mdo6for  aaatggegtccatggegcetta S 1491-13- At5e12860 2-oxoglutarate/malate translocator-
EU447226 194 194 M4é6rev  cttgggactcaagceteggeag D02 & like protein, chloroplast

M47 EU447227 o o ! CAPS (Tagl) 257 257  Md47for  tgggtgggattgcectacgtg S 1494-13- At1242970 glyceraldehyde-3-phosphate
EU447228 q 257 175,82 M47rev  gcgacaaccttaaccatgtcg D05 g dehydrogenase B, chloroplast

drought-inducible cysteine

EU447229 247 97,95,52,3 , 13- ,

M48 1o 3bp 5 CAPS (BseRI) M48for  tectectagecactecactge C_1483-13 At4g39090  proteinase (RA19A),
EU447230 244 189,52,3 M48rev  agcttctggtggagettgget Co6

»Te endomembrane system

M50 EU447231 o o 3 CAPS (Hhal) 225 225  MSOfor  ctgctecaccacaatggetge C 1598-14- AL2240100 photosystem IT chlorophyll a/b-
EU447232 225 148,77 MS50rev  accaacgaaccgtctagccag D12 & binding protein (Lhcb), chloroplast

M52 EU447233 o o I CAPS 235 120, 115 MS2for  aagcagccatggegacatcte S_1607-14- At1209130 ClpP protease complex subunit
EU447234 (HpyCHA4III) 235 235 MS52rev  tccatgtagggcatcgagtce E09 g (CIpR3), chloroplast
EU447235 193 126, 67 22-

M57 no no 3 CAPS (Bsrl) MS7for  ctgatgticcticceaagatg € 2295-22 At3g55440 triosephosphate isomerase, cytosol
EU447236 193 193 M57rev  agaatgacccacggaatgtcce HO3

M58 EU447237 o b 15 CAPS (Bsr) 533 424,109  M58for  gatccggaggatggaagtect S 2302-22- At4202510 protein import component Toc159-
EU447238 4 P 544 280,155,109 M58rev  ctgaactgccacggctgttgg HI10 & like, chloroplast

ibulose bisphosphate carboxylase.

EU447239 703 322,199, 178, 4 -23- a Phosp ylase,

M59 yes 4bp 51 CAPS (Rsal) Ms9for - tgetctecgocacaatgtecg C2346-23- 411667000  small subunit (RuBisCO),
EU447240 699 517,178,4 M59rev  caaaccctctggtggccacac D11

c o chloroplast

M60 EU447241 o o . CAPS (Alul) 231 not specifiable M60for  gcaaccaacaatggeggtetg C_2590-26- At1932060 phosphoribulokinase (Pgk1),
EU447242 231 on agarose gels M60rev  ctcttaccgeagecggaatee F11 & mitochondrium, cytosol

M4 EU447243 o o 3 CAPS (Hhal) 250 208,40,2  M74for  aatggcggctctecageagac C 3913-88- Atdu09650 ATP synthase delta subunit
EU447244 250 104, 54,50,40,2 M74rev  tggtttcgagagtaccgttgg Co06 & (AtpD), chloroplast

M5 EU447245 o o | CAPS (Alul) 149 120,29  M75for  gtctgttatatcgagtgctgggac C_4066-89- Atdu14690 chlorophyll a/b binding family
EU447246 149 64,56,29 M?75rev  cctgatcagccatgeatctgag HO09 & protein (Elip2), chloroplast

W
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Table 7. (continued)

. . closest
accession . no. marker type .. . primer sequence cluster rabidopsis protein function and localization
marker : intron SSLP k P(Ipl;ed:z:e:cts ::;i;ill:ttli(:] rimer EST/el Arabid i dlocal
number SNPs (enzyme) [ll:p]" fragments [bp]l) P (5°to 3’) accession homologue in Arabidopsis
g (blastX)
EU447247 223 223 M82for _94-
MS82 no no 2 CAPS (Nael) ageaccalgglgageacetee €_5307-94 At1g60950 ferredoxin (FedA), chloroplast
EU447248 223 137,86  M82rev  agtagggcaaatcgattcecte E09
EU447249 208 84,66,45,13  MS86for  teccteatttctctaccteccagag C_4643-96- triosephosphatisomerase,
Mse EU447250 1o 1o 4 CAPS (Ddel) 208 150,58 MS86rev  accagccatagcaacgacgece G12 Ag21170 chloroplast
EU447251 176 176 M88for  accacagtctccgcagtaact C_4753-98- RNA binding protein (rbp31),
Ms8 EU447252 1o 1o ! CAPS (Ddel) 176 152,24 NB8Brev  tgttgagcecaatccgaggte B06 At5g50230 chloroplast
MOS EU447253 o o ) CAPS (Hhal) 315 299,16  M95for  tcggactcagcaatggegete C_5102- At5254190 NADPH:protochlorophyllide
EU447254 Y 315 252,47,16 M95rev  tggtggctgtctgtgctcgaa 112-A10 & oxidoreductase A, chloroplast
EU483132 357 246,71,29,11  MO97for  atgaaagcacaaggagtcctc S 1348-12- malate/fumarate transporter.
2) _ )
Mo7 EU483134 no 18 bp 2 CAPS (4peKI) 375 346,29 MO97rev  cgagaatgaagctgcctaaga C09 At5g47560 tonoplast
EU483136 459 231,184,44  M98for  aagccgagatcatcctgcaat; C_1202-10- PsbX (photosystem II subunit X)
» 11 24 APS (PfIFI BocEag Bcaalgs — At2g0652 ’
M98 EU483138 no bp CAPS (PfIFT) 470 426,44 M98rev  aggcaaaataaaacggggatacagc Gl11 806520 chloroplast

Y Not each PCR product was fully sequenced; length in bp is derived from the position of the primer in the EST sequence used as template.

% Polymorphisms first published in Mragek (2005) were confirmed, converted to CAPS, annotated and submitted to GenBank in this study.
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3.1.1.2. Genotyping of Renner complexes.

The SSLP marker M40 was considered to be a suitable marker for genotyping a large variety
of Renner complexes. It was derived from the EST cluster C_1231-11-B04 of Oe. elata subsp.
hookeri strain hookeri de Vries. The probe codes for a chloroplast-located sedoheptulose-
bisphosphatase, which contains two introns. The two marker alleles known so far are intron
spanning and highly polymorphic between the A genome hjohanse:n and the B genome
"tuscaloosa (Table 7) indicating that the region was suitable to detect further polymorphisms

in different Renner complexes.

1 2 3

Figure 11. Assignment of M40 alleles to the Renner complexes *laxans and 'undans in the strain
bauri Standard: in tuscaloosa a single band of 500 bp was amplified (lane 1); in bauri Standard two
bands of 474 bp and 579 bp were detected (lane 2); confirmation of the two bands, 500 bp and 579 bp
in the F1 hybrid "tuscaloosa-*'undans assigned the band of 579 bp to *'undans (lane 3).

PCR products of M40 were amplified in 20 homozygous and five permanent translocation
heterozygous strains. Homozygous strains harbour two identical haploid Renner complexes,
so-called haplo-complexes or alethal complexes. For example, strain tuscaloosa of Oenothera
grandiflora carries twice the haplo-complex "tuscaloosa. Consequently, the primer pair
M40for and M40rev amplifies only a single band of 500 bp (Figure 11, lane 1, and Table 8).
The strain bauri Standard, a permanent translocation heterozygous strain, has two different
Renner complexes (*'laxans and *'undans). Since M40 alleles differ, the primer pair amplified
two bands of 474 and 579 bp (Figure 11, lane 2, and Table 8). The different bauri Standard
bands could be assigned to either $'laxans or 'undans by crosses with "tuscaloosa (Figure 11).
Tuscaloosa taken as the seed parent generates the F1 hybrid "tuscaloosa->'undans. The
combination "tuscaloosa-*'laxans is not produced in this crossing direction, due to
gametophytic lethal factors. The *'laxans complex is inherited strictly maternally. Taken bauri

S

Standard as pollen donor the only realizable hybrid is "tuscaloosa->'undans; the 'undans

complex inherits strictly paternally. Investigating "tuscaloosa->'undans for the marker M40
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Table 8. SSLP and selected restriction endonuclease patterns of the M40 microsatellite region in various Renner complexes'

)

M40 Renner complex SSLP CAPS [bp] CAPS [bp] CAPS [bp] accession number
allele P [bpl] (Mboll) (Mspl) (Spel)
Salbicans, Salbicans, "blandina, "franciscana de Vries, EU432376, EU432377, EU432378,
A Pfranciscana E. & S., "hookeri de Vries, S'laxans, 474 210, 170, 67,27 319, 155 249, 126, 99 EU432379, EU432380, EU432381,
"purpurata, S'rigens EU432382, EU432383, EU432384
EU432385, EU432386, EU432387
h h h h St s ) s
A, chapultepec, "cholula, "puebla, "toluca, “'undans 579 285,200, 67,27 431, 148 352,135,92 EU432388, EU432389
Aj Mohansen, r-"velans 583 349, 207, 27 428, 155 352,132, 99 EU432390, EU432391
B hdecipiens, hdeserens, r-Sgaudens 470 207,169, 67,27 315, 155 371, 99 EU432392, EU432393, EU432394
h hpA hpA
bellamy A, "B”-castleberry A-4, "B”-chastang 7, EU432395, EU432396, EU432397,
4 226, 1 2 25,174 4,1
B; Sflavens, "stockton 1 99 6,179, 67,27 325,17 364, 135 EU432398, EU432399
B; S'flavens 500 227,179, 67,27 325,175 365, 135 EU432400
B, "tuscaloosa 500 227,179, 67, 27 325,175 365, 135 EU432401
C, "douthat 1, "williamsville, "wilson creek 1 496 243,159, 67, 27 496 364, 132 EU432402, EU432403, EU432404

1))

corresponding Oenothera strains and species are listed in Table 6, p. 29.
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displays two PCR products of 500 bp and 579 bp (Figure 11). Since the band of 500 bp is
amplified from the "tuscaloosa complex, the band of 579 bp must obviously be linked to
Sundans. Therefore, the 474 bp PCR product detected in the strain bauri Standard can serve as
a marker for “'laxans (Figure 11). Comparable approaches were performed for the permanent
translocation heterozygous strains ammophila Standard (*'rigens->'percurvans), rr-lamarckiana
Sweden (r-°velans-t-gaudens), suaveolens Grado (“albicans-“flavens), and suaveolens
Standard (*albicans-*'flavens). Hybrids were confirmed by phenotypic markers (Dietrich et

al., 1997).

The marker regions were analyzed by sequencing. The sequences are deposited in GenBank
(Table 8). In all 29 Renner complexes investigated the marker allele M40 displays two
introns. Basically, the introns contain microsatellites of different lengths resulting in eight
SSLPs among the Renner complexes under study. For all three basic nuclear genome types,
A, B, and C, at least one specific SSLP was found. PCR products converted into CAPS
markers allow discrimination of single genotypes on 2 to 3% agarose gels (Table 8). Work on

the marker M40 was done in co-operation with Uwe Rauwolf.

3.1.1.3. Markers for basic plastomes and subplastomes

M L L L L TN, WAL, AN A, AT, AT, AT, IV, V,,

400 bp i

00 bp e e g B s gy e
' —r

-"' e =

200 bp - -“ PR—

-

100 bp ~ waw

Figure 12. BamHI restriction pattern of the Oenothera rrnl6-trnlgay spacer region. So far, 17 alleles
could be identified, of which 13 can be distinguished by a BamHI digest on 2%-agarose gels (lanes 2-
14; headings represent allele names presented in Table 9). The first lane (M) shows a 100 bp-ladder
(New England BioLabs, Ipswich, MA).
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An interspecific plastome exchange also requires plastome specific markers. For this purpose,
the plastid rrn16-trnlgay spacer region was investigated from 41 Oenothera strains. A high
degree of polymorphism in this region was already reported for a limited number of strains
(Hornung et al., 1996; Sears et al., 1996). Amplification with the primer pair 16S SEQ (+)
and trnl PCR (+) and sequence analysis of PCR products derived, uncovered a BamHI
restriction polymorphism in the rrnl6-trnlgay spacer. In the subsection Oenothera, 17
different BamHI restriction patterns could be detected, of which 13 can be easily
distinguished on 2% agarose gels (Figure 12 and Table 9). The marker alleles rrnl6-trnlgau 1
and rrnl6-trnlgay I present in the strains chapultepec, cholula, puebla or toluca, cannot be

discerned via a BamHI, but by a BsmBI digestion (I;: 619 bp, 261 bp and I,: 870 bp).

The patterns reflect the phylogenetic relationship between the chosen strains and the basic
plastome types. In both species with plastome IV, Oe. oakesiana and Oe. parviflora, only a
single allele (rrnl6-trnlgay IV)) could be detected in altogether four strains. Also alleles
rrnl6-trnlgay Vi and V; of three strains of Oe. argillicola are identical, except for a single
base pair polymorphism. For plastome I the closely related strains of Oe. elata subsp. elata
(chapultepec, cholula, puebla and toluca) have two very similar alleles, rrnl16-trnlgay 1) and
I, which differ only in a single deletion. In Oe. elata subsp. hookeri two alleles were
confirmed in four different strains. The investigated strain bauri Standard of Oe. villosa subsp.
villosa also displays a distinct allele. Taken together, the alleles described in the basic
plastomes I, IV and V reflect a marker for the genetic behaviour of plastomes they originated
from, since they are only found in one basic plastome type each. Additionally, they confirm
evolutionary tendencies of subplastome evolution. Within the AA-I clade, the Oe. elata subsp.
elata, Oe. elata subsp. hookeri and Oe. villosa subsp. villosa represent different evolutionary

lineages (Dietrich et al., 1997), a fact also supported by the rrnl6-trnlgay marker allele.

The situation is very different for alleles of subplastomes of plastome II or plastome III,
naturally found in Oe. biennis, Oe. glazioviana, Oe. grandiflora and Oe. nutans. Apparently,
no specific allele related to the genetic behaviour of those plastome types exists (Table 9).
Allele rrnl16-trnlgay 1/1115 is found in plastomes II or III of Oe. biennis (AB-II or BA-III),
Oe. grandiflora (BB-III) and Oe. nutans (BB-III). Allele rrnl6-trnlgay II/II; is not
characteristic for plastome type II since it is also found in the strain castleberry B-8 of Oe.

grandiflora (BB-III). These data indicated gene flow between the four species (Chapter
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Table 9. BamHI restriction and SSLP pattern of the rrn16-trnlgay spacer region in Oenothera plastomes and subplastomes used in this study"

rrnl6- . . plastome  SSLP CAPS [bp] .
strain species accession number
trulgay allele type [bpl] (BamHI)
1, chapultepec Oe. elata subsp. elata 1 880 322,229,220,109 EU262892
I, cholula, puebla, toluca Oe. elata subsp. elata I 870 322,220,218,110 EU262893, EU282392, EU282393
1 franciscana de Vries, franciscana E.& S., johansen Oe. elata subsp. hookeri 1 1058 322,224,220, 182,110 EU282394, EU282395, EU262894,
1, hookeri de Vries Oe. elata subsp. hookeri I 876 322,247,197,110 EU262895
15 bauri Standard Oe. villosa subsp. villosa 1 891 322,262,197,110 EU262896
biennis Miinchen, castleberry B-8, conferta Standard, Oe. biennis, Oc. grandiflora EU282396, EU282397, EU282398,
TI/11T, purpurata, suaveolens Fiinfkirchen, suaveolens Grado, RN & 07 II or III 977 322,257,216, 182 EU282399, EU282400, EU262897,
Oe. biennis x Oe. glazioviana
suaveolens Standard EU282401
1I/111, coronifera Standard, nuda Standard Oe. biennis, Oe. glazioviana II 981 322,257,220,182 EU282402, EU262898
. . . . . . EU282404, EU262899, EU282405,
1L, bellamy A, biennis de Vr1e§, chgstang 7, chicaginensis  Oe. biennis, Oe. grandiflora, 11 or I 963 322,318, 182, 141 EU282403, EU282406, EU282407,
Colmar, horsesheads 2, marienville 3, stockton 1 Oe. nutans
EU282408
/111, mitchell Oe. nutans 11 980 335,322,182, 141 EU262900
JIGIA castleberry A-4 Oe. grandiflora 111 845 341,322,182 EU262901
T/ elkins 2 Oe. nutans 11 940 322,295,182, 141 EU262902
1I/111, lawrenceville 3 Oe. biennis II 781 322,318,141 EU262903
11/ tuscaloosa Oe. grandiflora 111 1009 364,322,182, 141 EU262904
. .. . EU282409, EU282410, EU282411
1/111, blandina, decipiens, deserens, rr-lamarckiana Sweden Oe. glazioviana 111 617 322,295 U282409, EU282410, EU28 ’
EU262905
ammophila Standard, atrovirens Standard, silesiaca . . EU282415, EU262906, EU282412,
v, Standard, st. stephen Oe. oakesiana, Oe. parviflora v 961 322,236,221, 182 EU282413
Vi douthat 1 Oe. argillicola A\ 1101 322,236,221, 182,140 EU262907
V, williamsville, wilson creek 1 Oe. argillicola A\ 1102 322,236,221, 182,141 EU282414, EU262908

Y Table 6, p. 29, lists references describing species, strain, and plastome type for each accession.
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4.4.4). Variation within plastomes II and III appears to be more diverged as in other plastome
types. Alleles rrnl6-trnlgay 1I/1114 - II/11lg are specific to single strains, but alleles rrn16-
trnlgay 1I/111; and II/I11; may reflect the two major patterns for plastomes Il and III (Table 9).

3.1.2. New combination of genetic compartments

To demonstrate the power of the above described marker system, two different incompatible
combinations (AB-I and BB-II) as well as genetically compatible control plants (AB-III) were

established in crossing experiments.

3.1.2.1. Generation of interspecific AB-I and AB-III plastome-genome hybrids

With appropriate parental lines, the production of dominant interspecific plastome-genome
incompatible hybrids, such as the combination AB-I, can be rather easy. They already arise in
the F1 generation (Chapter 3.3.3). The homozygous strains Oe. elata subsp. hookeri strain
johansen (AA-I; "johansenjohansen ") and Oe. grandiflora strain tuscaloosa (BB-IIL
Ptuscaloosa-"tuscaloosa I11™**) were used to generate the dominant incompatible AB-I and a
compatible AB-III hybrid. Since plastids are transmitted biparentally in Oenothera and
segregate somatically in the F1 generation, AB-I and AB-III hybrids, "johansen-"tuscaloosa
" and "johansen-"tuscaloosa III"***, respectively, can be generated directly from a single
cross of both parental species. Compatible and incompatible tissue usually segregates on the

same individual. The segregation of plastomes was checked by the PCR polymorphism
described above (Figure 13).

An AB hybrid with a second subplastome (III"™) was selected as a control to confirm
plastome III specificity of the genetic pattern. The hybrid containing plastome III of Oe.
glazioviana strain rr-lamackiana Sweden was generated from a cross between Oe. elata subsp.
hookeri strain johansen equipped with plastome III"™ (AA-III"™; "johansen-"johansen I1I"™;
Stubbe, unpublished) and Oe. grandiflora strain tuscaloosa. No notable difference between
the two green AB-III F1 hybrid lineages (AB-III"™ and AB-III") could be detected

phenotypically or in later molecular investigation (Chapter 3.4.2.3).
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(B) marker AA-l BB-lll |+l < AB-l (lutescent tissue) — <« AB-lll (green tissue) —
1 2 3 4 5 6 7/ 8 9 10 11 12 13 14
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Figure 13. Lutescent phenotype and somatic plastome segregation in F1 of a cross between Oe. elata
subsp. hookeri strain johansen (AA-I) and Oe. grandiflora strain tuscaloosa (BB-III). Note that plants
can contain only a single plastome type, but also plastome chimerical tissue (panel A). Incompatible
and green tissue was correlated with the plastome type via the BamHI CAPS marker (Table 9). Marker
alleles rrn16-trnlgay 15 and /115 were amplified from plastome F" and III"** and digested with
BamHI (lanes 2 and 3). Lane 4 shows a mixture of cleaved " and III"*** PCR products. Applying the

marker to tissues of individuals of a F1 offspring correlates plastome F°" exclusively with the lutescent

tusca

phenotype (panel B, lanes 5 — 9) and plastome III"™™ with green tissue (panel B, lanes 10 — 14).

3.1.2.2. Generation of the interspecific incompatible BB-1I hybrid

A different strategy was chosen to produce the incompatible combination BB-II. In this case
not a simple F1 hybrid is produced, but a foreign plastid has to be incorporated into a
homozygous nuclear background. During the crossing program the gene content of the B
genome must not change. The possibility of such a plastid exchange is unique to Oenothera

genetics and requires a complex crossing program as it will be explained subsequently.

The first crossing mate, the strain suaveolens Grado of Oenothera biennis (AB-II), is a
complete permanent translocation heterozygous strain. It forms, due to its segmental
arrangement, a ring of 14 chromosomes in diakinesis (Table 10, first row). Consequently, this
strain produces two different egg cells. The a-complex (“albicans) is exclusively inherited
maternally. The P-complex (“flavens) is predominantly inherited paternally and found
facultatively in egg cells. The second crossing partner, Oe. grandiflora strain tuscaloosa (BB-
I11), displays a different breeding behaviour. Tuscaloosa is a bivalent former with 7 bivalents
in meiosis, and has twice the complex "tuscaloosa (Table 10, second row). The complex

"tuscaloosa is inherited biparentally and is free of gametophytic or sporophytic lethal factors.
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Table 10. Segmental arrangements and chromosome configurations of Oe. biennis strain suaveolens
Grado (“albicans-“flavens), Oe. grandiflora strain tuscaloosa ("tuscaloosa-"tuscaloosa) and of their F1

twin hybrids “albicans-"tuscaloosa and “flavens-"tuscaloosa

. . Renner basic chromosome
strain or hybrid segmental arrangement of chromosome arms A
complex genome configuration
Salbicans A /1-12  11-10 7-5 6-3 2-14 13-8 9-4 \
suaveolens Grado ©14
Gflavens B \ 12-11 10-7 5-6 3-2 14-13 8-9 4-1/
"tuscaloosa B /1-2\ /3-4\ /5-6\ /7-10\ /9-8\ /11-12\ /13-14\
tuscaloosa 7 prs.
"tuscaloosa B \1-2/ \3-4/ \5-6/ \7-10/ \9-8/ \11-12/ \13-14/
Gflavens B /1-4 3-2 \ /5-6\ /7-10\ /9-8\ /11-12\ /13-14\
“flavens-"tuscaloosa ©4, 5 prs.
"tuscaloosa B \ 43 2-1/ \5-6/ \7-10/ \9-8/ \11-12/ \13-14/
Salbicans A /1-12  11-10 7-5 6-3 4-9 8-13 14-2  \
Calbicans-"tuscaloosa ©l14
htuscaloosa B \ 12-11 10-7 5-6 3-4 9-8 13-14 2-1/

Figure 14 presents the crossing scheme how to exchange plastomes between these two
species. In a cross of Oe. biennis strain suaveolens Grado as mother plant and Oe. grandiflora
strain tuscaloosa as pollen donor, the F1 generation obtained is not uniform. Two different
egg cells, with the genetic constitution “albicans or “flavens, are produced by suaveolens
Grado. Each of them can be combined with "tuscaloosa, giving rise to a non-Mendelian
splitting F1 generation. The two segregation populations are called twin hybrids, namely with
the genotypes Yalbicans-"tuscaloosa (AB) and Sflavens-"tusclaoosa (BB). Due to biparental
plastid transmission in Oenothera, both plastome types are inherited (plastome 1™ from
suaveolens Grado and plastome III"** from tuscaloosa). Therefore, all F1 offspring is
chimerical for its plastid genotype (II™9/III"**®). For further breeding the twin hybrid
Sflavens-"tuscaloosa is discarded. The diakinesis configuration of this hybrid is a small ring of
4 and 5 bivalents (®4, 5 prs.) (Table 10, third row). This chromosome configuration allows
six linkage groups; the hybrid is not constant in successive generations. The second twin
hybrid, Salbicans-"tuscaloosa, is different. The chromosome formulas of Salbicans and
"tuscaloosa allow a ring of 14 chromosomes (®14) (Table 10, fourth row). Therefore, the
complexes “albicans and "tuscaloosa are not mixed, due to repression of recombination and
free segregation by the meiotic ring (Chapter 1.7.2). If Yalbicans-"tuscaloosa is now selfed, the
progeny splits into two populations in F2 generations with the genetic constitution
Yalbicans-"tuscaloosa and "tuscaloosa-"tuscaloosa, a consequence on the maternal inheritance
of “albicans and the biparental inheritance of the freely segregating alethal complex

"tuscaloosa. The interspecific exchange of plastids again takes place by somatic segregation

61



Results

and sorting-out of the two plastomes I and III"* in the F1 hybrid “albicans-"tuscaloosa
I*"*S/III™, Flower buds carrying exclusively plastome II***'“, when selfed, lead to the

desired offspring "tuscaloosa-"tuscaloosa II***'9 (BB-II) (Figure 15, panel C).

parents

Oe. biennis strain suaveolens Grado {“albicans-*flavens II**™°) [AB-II; a-complex @, B-complex ¢dJ; ©14]

Oe. grandiflora strain tuscaloosa {"tuscaloosa-"tuscaloosa IlI****) [BB-IIl; haplo-complex?J ; 7 prs.]

crossing scheme

P: falbicans-*flavens IIF*° [©14] X "tuscaloosa-"tuscaloosa lII"*** [7 prs.]
F1: “albicans-"tuscaloosa II**%/IlI*** [=:14] *flavens-"tuscaloosa [I*™%/III"* [<:4, 5 prs.]
1 selection of flower buds just carrying platome Il L unstable hybrid discarded
G - h suavG o &, #, VS tioen -,
albicans-tuscaloosa ll [©14] x self Havens-"tuscaloosat {4 5pre]
F2: falbicans-"tuscaloosa II*** "tuscaloosa-"tuscaloosa [I**° [BB-II]

Figure 14. Crossing scheme to exchange pastome III of Oe. grandiflora strain tuscaloosa with

plastome II of Oe. biennis strain suaveolens Grado. A detailed description is given in the text.

During the crossing program, two basic genome combinations (AB and BB) and two basic
plastome types (II and III) have to be distinguished. At least the nuclear genotypes can be
separated phenotypically. Panel A of Figure 15 shows the leaf shape of the hybrid
Yalbicans-"tuscaloosa (AB). It is clearly distinguishable from the shape of a BB leaf of strain
tuscaloosa ("tuscaloosa-"tuscaloosa) or hybrid "tuscaloosa-“flavens (Figure 15, panel B). The
phenotypic marker could be confirmed at the molecular level. Line 1 of panel D in Figure 15
shows “albicans-"tuscaloosa being heterozygous for the M40 alleles A, (“albicans) and B
(htuscaloosa) as confirmed by a Spel digestion. Line 2 shows just a single Spel restriction
pattern derived from homozygous M40-B, alleles (htuscaloosa-htuscaloosa; BB). The BB
combination “flavens-"tuscaloosa gives the same pattern. M40 alleles are listed in Table 8.
Taking phenotypic and especially molecular markers into consideration, the progeny in the
splitting generations “albicans-"tuscaloosa and “flavens"tuscaloosa in F1, as well as

Yalbicans-"tuscaloosa and "tuscaloosa-"tuscaloosa in F2 can be reliably monitored.

The crucial point during the crossing program is the selfing of the F1 hybrid
Yalbicans"tuscaloosa (Figure 14). Selection has to happen on flower buds carrying

exclusively plastome II**'“. A phenotypic discrimination is not possible, since both plastids
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carrying plastomes II or III are green in the AB nuclear background (Figure 4). With the
plastidic CAPS marker plastome identity of a flower bud can be reliably and easily checked:
Figure 15, panel D, line 3 (BamHI digest of the rrnl6-trnlgay allele II/III; for plastome
Hsua"G) and panel D, line 4 (BamHI digest of the rrnl6-trnlgay allele TI/I11g for plastome
T,

The marker system is also suitable to confirm the genetic identity of the incompatible
combination BB-II, which differs phenotypically from its compatible counterpart BB-III by a
yellow-green leaf phenotype (lutescent) (Figure 15, panels B and C).

Figure 15. Phenotypic and molecular discrimination of crossing intermediates and end products in the
BB-II crossing program: “albicans-"tuscaloosa with plastome IS or III"** (AB-II/III) (panel A);
compatible, native combination "tuscaloosa-"tuscaloosa or the hybrid “flavens-"tuscaloosa with
plastome III"*** (BB-III) (panel B); incompatible combination "tuscaloosa-"tuscaloosa II***® (BB-II)
(panel C); molecular discrimination of twin hybrids and plastomes (panel D); “albicans-"tuscaloosa
(AB), heterozygous for M40 alleles A, and By, digested with Spel (lane 1); "tuscaloosa-"tuscaloosa (or
flavens-"tuscaloosa) (BB) homozygous for M40 allele Bs, digested with Spel (lane 2); plastome I1**'¢
rrnl6-trnlgay allele 1I/111,, digested with BamHI (lane 3) and plastome 111" rrnl6-trnlgay allele
II/11lg digested with BamHI (lane 4); first lane (M) shows a 100 bp-ladder (New England BioLabs,

Ipswich, Massachusetts). Detailed explanations are given in the text.
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3.1.3. Correlation of classical and molecular Oenothera maps

Many of the co-dominant markers introduced under Chapter 3.1.1.1 were assigned to seven
coupling groups of the AFLP map representing the seven Oenothera chromosomes (Greiner
and Rauwolf, unpublished). However, molecular and classical Oenothera maps are not
integrated. The classical maps are based on the segmental arrangement of chromosome arms
and their relative location. These chromosomal arrangements or chromosomal formulas have
been determined for more than 300 Oenothera strains (Cleland, 1972 and others; see also
Introduction) and phenotypic characters have been assigned to individual chromosome arms.
The extension of the classical map with molecular markers is clearly one of the most
important future steps in Oenothera research and breeding. It would allow an immediate

genetic access to a huge variety of strains.

3.1.3.1. The hybrid ® ‘albicans"tuscaloosa and its genetic behaviour

To address this question, attempts were made to combine methods of molecular and classical
Oenothera genetics, using chromosome 9-8 as example. Chromosomes of the classical map
can only be identified by their genetic and cytological behaviour. Therefore, an appropriate
cross was chosen to distinguish chromosome 9-8 from the rest of the genome by segregation

analysis.

(B)

(C) albicans: /9-8\ /1-4 3-6 5-7 10-11 12-13  14-2 \
"tuscaloosa: \9-8/ \ 4.3 65 7-10 11-12 13-14 2:1/

Figure 16. Chromosome configuration ®12, 1 pr. of the hybrid “albicans-"tuscaloosa: determination
in the diakinesis via DAPI staining (panel A) and graphical interpretation, the free bivalent is marked
in red (panel B). The configuration can be predicted by the chromosome formulas of the Renner
complexes involved (panel C). DAPI staining and graphical interpretation were done in co-operation

with Hieronim Golczyk. Note that chromosomes but not chromosome arms are numbered in panel B.
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The strains suaveolens Standard (*‘albicans->'flavens) and tuscaloosa (“tuscaloosa-"tuscaloosa)
were crossed, resulting in the F1 hybrid Salbicans"tuscaloosa (®12, 1 pr.). This hybrid
resembles closely the hybrid “albicans-"tuscaloosa (®14) that was already introduced for
plastid exchange (Figure 14). However, as a significant difference it has the chromosome
configuration of a ring of 12 chromosomes and one free bivalent (®12, 1 pr.). The free

bivalent is formed by chromosome 9-8, illustrated in Figure 16.

The diakinesis configuration of ©12, 1 pr. expects a specific segregation pattern of the
chromosomes involved. It allows only two linkage groups. The twelve chromosomes
assemble in a single linkage group, which does not segregate in a Mendelian way. Like
Yalbicans in Figure 14, “albicans is exclusively transmitted by the egg cell. A selfed F1
hybrid ~ “albicans-"tuscaloosa,  therefore, splits into  “‘albicans-"tuscaloosa  and
"tuscaloosa-"tuscalosoa in a theoretical ratio of 1:1. The lethal combination of homozygous
albicans complexes (“'albicans->'albicans) is not found. However, segregation of the Renner
complexes >'albicans and "tuscaloosa involves only the six chromosomes each, which are part
of the ring. The seventh chromosome, in this instance chromosome 9-8, is free and does not
co-segregate with the torso complexes >'albicans and "tuscaloosa. Since chromosome 9-8 lacks
lethal factors (Renner, 1942b; Stubbe, 1953)2), it can segregate independently in a Mendelian
manner (9-8%5' 9.8t / 9.galbSt g.gMsea / g.gtusea g.guusea. i 1:2:1) (Figure 17).

The presence of two linkage groups can be monitored with molecular markers. The large
linkage group, containing lethal factors and involving 12 chromosomes, can be easily
distinguished from the small lethal factor free one, containing just a free bivalent. Since
identification of the seven Oenothera linkage groups in the AFLP map, representing all seven
Oenothera chromosomes, was carried out with the "tuscaloosa complex (Mragek, 2005), the
freely segregating bivalent of >albicans-"tuscaloosa, namely 9-8, must be identical with one of

the seven coupling groups in the map of hjohanse:n-htuscaloosa.

3.1.3.2. Identification of marker alleles between “'albicans and "tuscaloosa

Eight co-dominant markers, representing all seven Oenothera chromosomes as individual

linkage groups, were checked for heterozygosity in the hybrid Salbicans"tuscaloosa (AB).

? The statement of Cleland (1972, p. 110) that the phenotypic marker pil, which is located on chromosome arm
8 of Salbicans, is homozygous lethal obviously arose from a misinterpretation of Renner’s sometimes complex

German (Renner, 1942b).
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The strategy was to digest PCR products with appropriate restriction endonucleases shown to
distinguish Renner complexes "“johansen (A) and Mtuscaloosa (B) (Table 7). All markers

described resembled the restriction pattern of the A genome “johansen in the A genome

Stalbicans (Table 11).

parents:
Oe. biennis strain suaveolens Standard (“albicans-*flavens) [a-compelx @, B-complex 9G]
QOe. grandiflora strain tuscaloosa ("tuscaloosa-"tuscaloosa) [haplo-complex 20]

crossing scheme;

P: *albicans-“flavens X "tuscaloosa-"tuscaloosa
F1: *albicans-"tuscaloosa [©12,1 pr.] x self “favens-"tusealoosaf4—S4,3prel

F2: {S‘albicans-"tuscaloosa (50%)} {9-8"”5‘!9-8’“’5‘ (25%) 9-8*"9-8"*" (50%) 9-8"*°/g-g"* (25%)}
) )

"tuscaloosa-"tuscaloosa (50% 9-8"°°/9-8""' (25%) 9-8°°°/9-8"°" (50%) 9-8"*/9-8"* (25%

linkage group 1 linkage group 2

Figure 17. Assembly and segregation behaviour of the hybrid “albicans"tuscaloosa. The F2
population was used to identify chromosome 9-8 (linkage group 2), which segregates independently
from the large strongly linked coupling groups of the torso complexes “albicans or "tuscaloosa

(linkage group 1). Detailed explanations are given in the text.

3.1.3.3. Assignment of coupling group 7 to chromosome 9-8

Analysis of 38 S'albicans-"tuscaloosa F2 plants uncovered an astonishing linkage of markers
M19, M40, M41, M46, M47, M50 and M74 with the Salbicans"tuscaloosa and
Ptuscaloosa-"tuscaloosa phenotype, respectively (LOD = 11,13). In the large coupling group
only S‘albicans-"tuscaloosa or "tuscaloosa-"tuscaloosa genotypes could be detected in the
expected proportion of about 50% (Figure 17). A second, freely segregating coupling group
detected with marker M58 was confirmed with a LOD > 10. All allelic combinations (M58-
A1/M58-A;, M58-A1/M58-B; and M58-B;/M58-B;) were found in this linkage group. These
data assign coupling group 7, of which M58 is part of, to chromosome 9-8 (Table 11).
Furthermore, the strong linkage of M19, M40, M41, M46, M47, M50 and M74, representing
six chromosomes in a ring of 12, provides a first direct molecular evidence for the
suppression of homologous recombination and free segregation through meiotic rings in

Oenothera (Cleland, 1972; Harte, 1994).
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Table 11. Assignment of eight co-dominant markers to the seven coupling groups of

Mohansen-"tuscaloosa (Greiner and Rauwolf, unpublished) and their alleles in "tuscaloosa-"tuscaloosa

and Salbicans"tuscaloosa’

)

alleles found in

alleles found in

marker coupling group heuscaloosa-"tuscaloosa Stalbicans-"tuscaloosa
M19 CGl M19-B,/M19-B; M19-A/M19-B,
M40 CG2 M40-B4/M40-B4 M40-A,/M40-By4
M74 CG3 M74-B,/M74-B, M74-A,/M74-B,
M47 CG4 M47-B,/M47-B, M47-A,/M47-B,
M46 CG5 M46-B,/M46-B; M46-A,/M46-B,
M41 CG6 M41-B,/M41-B; M41-A/M41-B,
M50 CG6 M50-B,/M50-B; M50-A,/M50-B;
M58 CG7 M58-B;/M58-B M58-A1/M58-B;

Y The combination albicans-*albicans could not investigated directly, since it is not realizable
genetically. All alleles described in *albicans (A genome) resemble the restriction patterns of

"ohansen (A genome) in Table 7.

3.2. The complete sequences of the five basic Oenothera plastid genomes

Studies of PGI in the genus Oenothera require not only markers for the assembling plastome-
genome incompatible hybrids. A major prerequisite is the availability of the complete
sequences of the five basic plastome types to pinpoint potential plastome determinants
responsible for PGI. Although at the beginning of this thesis the complete sequence of
plastome " as well as substantial parts of the remaining Oenothera plastomes already
existed (Hupfer, 2002), an incredible poor sequence quality and serious errors in ycf2 (Rice
and Palmer, 2006), made it necessary, however, to re-sequence plastome peh entirely together
with the remaining plastomes. This work was continued by Xi Wang and me. Originally, it
was initiated by Rainer Meier, Martina Silber, Helena Funk, and Peter Poltnigg. Sequence

annotation and bioinformatics were done in co-operation with Xi Wang and Georg Haberer.

Using a primer-based strategy (Chapter 2.2.2.5.4) the sequences of the plastid chromosomes

representing the five genetically distinguishable basic plastomes of subsection Oenothera
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were finally established. As “standard” basic plastomes served Oe. elata subsp. hookeri strain
johansen (plastome "), Oe biennis strain suaveolens Grado (plastome II**9), Oe.

glazioviana strain rr-lamarckiana Sweden (plastome 11"

), Oe. parviflora strain atrovirens
Standard (plastome IV*™) and Oe. argillicola strain douthat 1 (plastome V'!). The
sequences are available at GeneBank under the accession numbers AJ271079.3, EU262887,

EU262889, EU26890 and EU262891.

3.2.1. Sequence analysis and annotation of the five plastid chromosomes

The following paragraphs give an overview about structure, base pair composition, coding
capacity, and sequence annotation of the five plastid chromosomes. This approach was

followed by a comparative analysis to pinpoint functional differences for PGI.

3.2.1.1. Size, gene content and design of the Oenothera plastid chromosomes

The Oenothera plastid chromosomes are circular molecules of 165,728 bp (plastome F°Y),
164,807 bp (plastome 11*"**Y), 165,225 bp (plastome I11"™™), 163,365 bp (plastome IV*™), and
165,055 bp (plastome V*"') in size. Over-all, 56.6% are coding, 43.4% are non coding
regions (spacers and introns) with a G+C content of 39.1%; 41.7% in coding and 36.7% in
non-coding sequence intervals (Table 12). The G+C content is slightly higher than that of
Nicotiana (37.8%), Spinacea (36.8%;) or Arabidopsis (36.3%) plastomes, but similar to that
of Oryza (39.0%) and Zea (38.5%) (http://www.ncbi.nlm.nih.gov/genomes/ORGANELLES/

plastids_tax.html). Expectedly, the characteristic anatomy found in most of the plastid

chromosomes is also displayed in Oenothera (Gordon et al., 1981; 1982): A pair of large
inverted repeats separates two single copy regions, the large single copy region (LSC) and the
small single copy region (SSC) (Figure 18). The overall divergence of the chromosomes is
expectedly low, between 96.3% and 98.6% sequence similarity and 96.1% to 98.5% sequence
identity (Table 13). These numbers are comparable to those found among various Nicotiana
species and Atropa (96.0% to 98.5% identity; Schmitz-Linneweber ef al., 2002; Yukawa et
al., 2006).

Within the Oenothera plastid chromosomes order and clusters of genes are identical. Each
plastome codes for 113 unique genes and two pseudo genes. 18 genes are duplicated in the IR
(Figure 18). Basically, genes, gene order and gene clusters are colinear with those of

chromosomes from Nicotiana (Yukawa et al., 2006), Lotus (Kato et al., 2000), Atropa
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Table 12. Sizes and base composition of the Oenothera plastome DNAs " — yé!

entire chromosome LSC IR SSC coding regions non-coding regions

plastome  size GC content  size  GC content size  GC content size GC content size GCcontent size GC content
[bp] [%o] [bp] [%o] [bp] [l [bp] [Y0] [bp] [%0] [bp] [%o]
por 165,728 39.1 89,342 37.3 28,683 43.4 19,020 34.4 95,030 41.6 70,698 37.4
¢ 164,807 39.1 88,964 37.4 28,471 43.4 18,901 34.5 92,526 41.7 72,281 36.7
™ 165,225 39.0 89,591 37.3 28,376 43.1 18,882 34.6 92,846 41.8 72,379 36.5
IV*™ 163,365 39.1 87,732 37.2 28,369 43.4 18,895 34.5 92,152 41.8 71,213 36.6
vl 165,055 39.1 88,511 37.3 28,772 43.4 19,000 34.5 94,143 41.7 70,912 36.1

LSC = large single copy region

SSC = small single copy region

IR = inverted repeat, duplicated in the plastome (IR and IRp)
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(Schmitz-Linneweber et al., 2002), Spinacea (Schmitz-Linneweber et al., 2001a), Arabidopsis
(Sato et al., 1999) and Eucalyptus (Steane, 2005). An exception is a large inversion of
approximately 56 kbp in the LSC region (Gordon ef al., 1982; Hachtel et al., 1991; Systma et
al., 1993; Hupfer et al., 2000). It reverses gene order between rbcL and #rnQuuc (Figure 21
and Chapter 3.2.2.2) since it occurred in the intergenic regions between the accD/rbcL and
rps16/trnQuug, respectively. The inversion breakpoints are polymorphic and contain repeats
(Chapter 3.2.2.2). Specific also for the Oenothera plastid chromosomes are two copies of the
initiator tRNA #nfMcay, which differ by a single nucleotide polymorphism in plastomes ror,
1*S, II1™™ and IV*™ and are part of a tandem repeat structure (Chapter 3.2.2).

Table 13. Pairwise comparison of sequence similarity and identity in % of the five Oenothera

plastomes

similarities [%] "¢ ™™ IV V' jdentity [%] "¢ @™ v yd!

por 98.6 97.5 963 963 por 98.5 973 959 959
rvave — 979 972 967 vave — 978 969 964
100 — - 965 963 110 — - 962 96.1
[yatro o o — 977 yawe - --- - 97.6

Taken together the Oenothera plastid chromosomes encode 4 rRNA genes (16S, 23S, 5S,
4.55), a total of 31 distinct tRNA genes and 78 protein-coding loci including ycfl1, ycf2, ycf3
and ycf4 (Table 14). A single intron is found in sixteen genes, one gene (ycf3) contains two.
Rps12 mRNA is generated by transsplicing as also observed in other species. All five species
share the same set of introns, one class I intron (#7nLyya) and 17 of class II. CIpP lacks both
introns in comparison to Nicotiana, the surrounding coding sequences are conserved. For both
introns, the deleted sequences overlap precisely with intron borders established in reference
species. This indicates that the mechanism of intron loss may have involved a processed RNA
intermediate. As in various other plastid chromosomes, two pairs of genes overlap, atpB-atpE
(4 bp) and psbC-psbD (52 bp); matK is located within the intron of #nKyyy. The 31 tRNA
species are sufficient to satisfy all the requirements for protein synthesis in the organelle and
represent 20 amino acid species. The standard plastid/bacterial code with a predicted
methionine ATG start codon is used for all protein-coding genes. Nevertheless, two
exceptions have been noted: NdkD starts with ACG and is edited as shown for plastome F°"
and IV*™ (Hupfer, 2002); cemA was tentatively annotated with an ATA start codon (for

details see Chapter 3.2.1.2). As in other plastid chromosomes, the most common stop codon is
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transfer RNA genes NADH dehydrogenase genes

genes for ribosomal RNA and proteins gene for acetyl-CoA carboxylase
plastid encoded RNA-polymerase genes gene for ATP-dependent protease
RNAmaturase K gene gene involved in carbon uptake
ATP synthase genes gene involved in cytochrome ¢ biogenesis
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gene for RuBisCO pseudo genes

Figure 18. Gene map of the Oenothera plastid chromosomes. Arrows mark the inversion breakpoints.

Genes drawn on the outside are transcribed clockwise, on the inside counter clockwise.
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Table 14. List of genes found in the Oenothera plastomes'

)

gene categories no. genes genes

transcription 4 rpoA, rpoB, *rpoC1, rpoC2

RNA processing 1 matK

ribosomal RNA 4 rrnS, rrn4.5, rrnl6, rrn23

transfer RNA 31 *trnAuge, trnCgcea, trnDguc, trnEuuc, trnFgaa, trnGgec,
*trnGuce, trnHgug, trnlcay, *trolgau, *trnKyuu,
trnLcaa, *trnLuaa, trnLuag, trufMcaul, trnfMceaull,
trnMcau, trnNguu, tnPuca, trnQuuc, trnRaca, trnRycu,
trnSgeu, trnSgga, trnSuga, trnTgeu, trnTugu, trnVgac,
*trnVuac, rnWeea, trnY gua

ribosomal proteins 21 rps2, rps3, rps4, rps7, rps8, rpsll, *rpsl2, rpsl4,
rps15, *rps16, rps18, rps19 (rpsi9’),
*rpl2, rpl14, *rpll6, rpl20, rpl22, rpl23, rpl32, rpl33,
rpl36

photosystem I 5 psaA, psaB, psaC, psal, psal

photosystem I1 15 psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb],
psbK, psbL, psbM, psbN, psbT, psbZ

ATP synthase 6 atpA, atpB, atpE, *atpF, atpH, atpl

cytochrome b6f complex 6 petA, *petB, *petD, petG, petl., petN

Calvin cycle 1 rbcL

cytochrome c synthesis 1 ccsA

NADPH dehydrogenase 11 *ndhA, *ndhB, ndhC, ndhD, ndhE, ndhF (ndhF’),
ndhG, ndhH, ndhl, ndh], ndhK

carbon metabolism 1 cemA

fatty acid synthesis 1 accD

proteolysis 1 clpP

PSI assembly/stability 2 *vef3, yefa

conserved reading frames 2 yefl, yef2

pseudo genes 2 y-infA, y-ycf15

" Intron-containing genes are marked by asterisks (*). Note that two copies of the gene frnfMcay are

located in tandem in the LSC region and truncated versions of ndhF (ndhF’) and rps19 (rps19’) are

found at the borders of the IR .
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TAA (51.3%) (Meurer et al., 2002). Within the 78 protein coding genes five, namely accD,
rpl22, rpl23, ycfl and ycf2, are not generally found in angiosperms, but appear to be
functional in Oenothera. In contrast, sprA is missing. Its presence was reported from various
dicots, e.g. Solanaceae, Arabidopsis or Spinacea (Vera and Sugiura, 1994; Schmitz-
Linneweber et al., 2002). Like in Nicotiana, Arabidopsis and Eucalyptus, infA present in
various species appears as pseudo gene. An additional pseudo gene (y-ycf15) is also present
in all plastomes. It has premature in-frame stop codons generated by frequent insertions of
variable sizes. The significance of such less conserved ORFs with usually regional homology
is unknown (Schmitz-Linneweber et al., 2001a). The junctions of IRA/LSC, LSC/IRg and
IRp/SSC are identical within the five plastomes. A minor exception is the SSC/IR4 junction,
which is identical in plastomes P, II**Y and III*™, but differs by two additional bp in
plastomes IV*™ and V"', The region downstream of ycf1 until ndhF’ is highly polymorphic
among all five plastomes, and ycfl entirely located within SSC. At the border of IRgp
additional, truncated versions of ndhF and rps19 are found at the SSC/IR, and IRA/LSC
junctions, respectively. NdhF’ lacks the 5’ end, rps19’ the 3’ end. It is not known whether the

truncated versions are functional.

3.2.1.2. CemA is annotated with an alternative start codon ATA

CemA provided a special annotation problem within its 5’ terminus, not only for the five
Oenothera plastomes but also for the reference species (Figure 19). CemA (ycf10) encodes an
inner envelope polypeptide involved in CO, uptake (Rolland et al., 1997). Figure 19 presents
the sequence alignment of the 5’ cemA region from Oenothera. The sequence context
precludes an unequivocal assignment of the N-terminus of the reading frame per se (Figure

19, panel A) and by comparison with 50 reference plastomes (Figure 19, panel B).

The cemA 5’ regions of plastomes 1™ TV*™ and V*"! contain two ATG codons embedded
in a polyA stretch, of which only the second one is in frame. The first one would require a two
bp frame shift. Possibly none of them is being used. The presence of two ATG sequences and
polyA stretches are shared with other taxa, but the corresponding sequence interval is not well
conserved. In plastomes " and IT™*“ a deletion of 6 bp removes the second, in-frame ATG
(Figure 19, panel A). The ATG common to all five plastomes, 9 bases upstream of the
deletion, would necessitate a frame shift for correct translation (Figure 19, panel A). The
differences between the plastomes could be confirmed not only by sequence analysis but also

by a CAPS marker. A PCR product amplified with the primer pair cemAS5’rev and psbL7inl
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plastome
plastome II™
plastome III™
plastome IV™°
plastome V™

plastome I-V
plastome III-V

—§0 —5‘10 —4‘0 —%0 —%0 —]‘.0 1 11 2‘1 %1 a1 51
CAATTCARATTCACAGATGAAAARA~ -AAARAAAAAAATTTCTTCCGCTTCTATATCTTACAGCTATAGTCTTTTTTCCCTGGTGGATCTCCCTCTTATTTAATARAGCTCTTGAA
CAATTCARATTCACAGATGAAAARA— —AAARAAAAAAATTTCTTCCGCTTCTATATCTTACAGCTATAGTCTTTTTTCCCTGGTGGATCTCCCTCTTATTTAATARAGGTCTTGAA
CAATTCARATTCACAGATGAAAAR AAAARAARAAAAGAATTTCTTCCGCTTCTATATCTTACAGCTATAGTCTTITTTCCCTGGTGGATCTCCCTCTTATTTARTARAGGTCTTGAA
CAATTCARATTCACAGATGAAAAR AAAAAAARAAAAGAATTTCTTCCGCTTCTATATCTTACAGCTATAGTCTTTTTTCCCTGGTGGATCTCCCTCTTATTTAATARAGGTCTTGAA
CAATTCARATTCACAGATGAAAAR AAAARAARAARAGAATTTCTTCCGCTTCTATATCTTACAGCTATAGTCTTITTTCCCTGGTGGATCTCCCTCTTATTTARTARAGGTCTTGAA

ATG out of frame in frame ATA putative cemA start-codon

GAATTTCTTC Sequence reconized by the XmnI CAPS-marker

10 20 30 40 50 60 70 80 90 100 110 120

ATAGTCTTTTTICCCTGGTGGATCTCC—————~ CTCTTATTTAATARAGGT
-ATAGTCTTTTTTCCCTGGTGGATCTCC ‘TCTTATTTAATAAAGGT

-ATGAAAAAAAAAAAA--—-GAATTTCTTCCGCTTCTATATCTTACAGCT —

Acorus GTGCCARAAAAGAAR GGATTTACTCCCCTCCCATATCTIGCATCT -ATAGTATTTTTGCCCTGGTGGGTCTCT—————~! CTCTCATTTAATAAGAGT
Aethionema -ATGGCARAA AR---GCATTCATTCCTTTTTTATATTTTACATCT— -ATAGTCTTTTTTCCCTGGTGGATCTCT: CTCTGCTGTAATARAAGT
Agrostis ~ATGAAARAAAAGAAA~-=GCATIGCCTTCTTTACTATATCTTGTATTT~ -ATCGTACTTTTGCCCTGGGGGGTATCT! TTCTCATTTAACARATGT
Amborella —GTGTCCAAAAAGAAR--—GCATTGACTTCCCTGCCATATCTTGCATCT -ATAGTTTTTCTGCCCTGGGGAATTTCT: CTATCATTTAATARAAGT
Arabidopsis = o——————-————- -ATGGCARAAAAGAAA--—GCATTCATTCCTITTITTIATTTTCTATCT: ATAGTCTTTITTGCCCTGGTTGATCTCT: CTCTGCTGTAATARAAGT
Arabis -ATGGCARAA AR---GCATTCATTCCTTTTTTTTATTTTACATCT————————-] -ATAGTCTTTTTGCCCTGGTTGATCTCT: CTCTGCTGTAATARAAGT
Atropa -ATAGTATTTTTGCCCTGGTGGATTTCT: TTCTCAGTTAATARATGT
Barbarea -ATAGTCTTTTTGCCCTGGTTGATCTCT:
Calycanthus -ATAGTTTTTTTGCCCTGGTGGATCTCT:
Capsella -ATGGCARAA AR--—GCATTCATTCCTTTTTTTTATTTTACATCT— -ATAGTCTTTTTGCCCTGGTTGATCTCT:
Citurs —ATGACAARAARAGAAC--—GCATCCATTCCCCTTAGATATCTTTCATCTATAGTATTTGTAGTATTTTTGCCCTGGTGGATCCCT!
Coffea -ATAGTATTTTTGCCCTGGTGGCTTTCT:
Crucihimalaya -ATAGTTTTTTTGCCCTGGTTGATCTCT:
Cucumis -ATAGTATTTTTGCCCTGGTGGATCTCT:
Daucus -ATAGTATTTTTGCCCTGGTGGATTTCT:
Draba -ATAGTCTTTTTGCCCTGGGTGATCTCT: TCTGCTGTAATARAAGT
Drimys -ATAGTCTTTTTGCCCTGGTGGATCTCT————~— CTCTCATTTAATARAAGT
Eucalyptus -ATAGTATTTTTGCCCTGGTGGATCTCT: CTCTCATTTAATARAAGT
Glycine -ATAGTCTTTTTGCCCTGGTGTATCTCT: TTCACATTTAAGARAAGT
Gossypium -ATAGTATTTTTGCCCTGCTGGATCTCT: CTCTCATTTAATARAAGT
Helianthus —=GCATTCACTCCTCTTTTATATCTTGTATCT TCGTATTTTTGCCCTGGTGGATTTCT: CTCTTATTTCAAARAAGT
Hordeum ==GCATTGCCTTCTTTACTATATCTIGTATTT—======="=. -ATCGTACTTTTGCCTTGGGGGGTCICT! TCCTCATTTAACARATGT
Lactuca —=GCATTCACTCCTCTTTTATATCTTGCATCT- CTCTCATTTCAAARAAGT
Lepidium ==GCATTCATTCCTTTTTTTGATTTTACATCT~ CTCTGCTGTAATARAAGT
Liriodendron -GTGCCARAA AA---GCATTGACTCCCCTCCCATATCTTGCATCT - ATCTCATTTAATAAAAGT
Lobularia = = ==————m————- -ATGGCARAAAAGAAA~-~GCATIGGITCCTTTTTITTTATTTGACATCT~ CTATGCTGTAATARAAGT
Lotus ——GCATCTATTCCCTTTCTATCTCTCACATCT - -ATAGTCTTTTTGCCCTGGTGCATCTCT—————-' TTTACATGTAAGAAAGGT
Morus =GCATTTATTTCCCTTCTATATCTTGCATCT~ -ATAGTATTTTTGCCTTGGTGGATCTCTCTCTCATTTACATTTAATARAAGT
Nandina -ATGACARAA AR---GCATTCACCCCCCTTCCATATCTTGCATCT: TATTTTTGCCCTGGTGGATCTCT—————-' TTCTCATTTAATAAAAGT
Nasturtium = = = ——————-————- -ATGGCARAAAAGAAA~~=GCATTCATTCCTITTITTTATTTTACGTCT: CTCTGCTGTAATARAAGT
Nicotiana -ATGGCARAA AR-—-—-GCATTCACTCCTCTTTTCTATCTTGCATCT:! TATTTTTGCCCTGGTGGATTTCT: TTCTCAGTTAATARATGT
Nuphar =0 ——m—m—m———— -GTGACGAAAAAGAAL---GCATTGAATCCCCTACCATATCTTGCATCT - -ATCGTATTTCTGCCCTGGGGAATTTCT!
A h -GTGACGRAA AR---GCATTGAATCCCCTACCATATCTTIGCATCT— -ATCGTATTTICTGCCTTGGGGAATTTCT
Olimarabidopsis = -—-————-————- -ATGGCARAAAAGAAA--—GCATTCATTCCTTTTTTTTATTTTACATCT — -ATAGTCTTTTTGCCCTGGTTGATCTCT:
Oryza -ATGAAARAA AR -ATCGTACTTTTGCCTTGGGGAGICTCT
Panax -CTAGTATTTTTGCCCTGGTGGATTTCT:
Pelargonium ATTACAGATGCAAAAATGAAARAAAAL— -ATAGTCTTTTTACCCTGGTGGATCTCT:
Phalaenopsis = ——————-————- -ATGAAARAAAAGAAR~ -ATAATCTTTTTGCCCTGGTGGGTTTCT:
Phaseolus -ATAGTCTTTTTGCCCTGGTGTATCTCT:
Piper -ATAGTTTTTTTACCGTGGTGGATCTCT:
Platanus -ATAGTATTTTTGCCCTGGTGGATCTCT:
Populus -ATAGTATTTTTGCCCTGGTGGGTCTCT:
Ranunculus -ATAGTCTTTTTGTCCTGGTCGATTTCT:
Saccharum -ATCGTACTTTTGCCCTGGGGAGTCICT
Solanum -ATAGTATTTTTGCCCTGGTGGATTTCT:
Sorghum 000 ———————————- -ATGARAARAAAAGAAA--—GCATTGCCTTCTTTCTTATATCTTGTATTT: TCGTACTTTTGCCCTGGGGAGTCTCT!
Spinacia ATGAAAARAARAATGGAARAAAAGAAR~---GTATTTATTCCTITTCTATATCTTATATCT—————~——"—i -ATAGTATTTTTACCCTGCTGGATCTAT:

Triticum -ATCGTACTTTTGCCTTGGGGGGTCTICT
Vitis -ATAGTATTTTTGCCCTGCTGGATCTCT:
Zea

ATT and GTG: alternative start-codons ocacionally used instead of ATG
ATC and CTA: not conserved codons at the position of Oenothera ATA
() (D) o i e e
M i II III v v 32 kDa - ’ ’ -
300 b e - - -
P
[ Y.
200 bp ~ GE—
100 bp D

Figure 19. CemA alignment of the five basic plastomes (panel A) and 50 reference species (panel B).

Verification of the sequence polymorphism in panel A via a CAPS marker (panel C), and

immunological confirmation of the CemA protein in different species harbouring the five basic

plastome types (panel D). Detailed explanations are given in the text.
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and digested with Xmnl provided the indicated restriction polymorphism (Figure 19, panel C).
Western analysis with isolated thylakoid membranes using a polyclonal monospecific CemA
(Ycf10) antiserum elicited against the Arabidopsis protein showed that a CemA protein of 32
kDa is present in all five plastid types (Figure 19, panel D). Their molecular masses are
virtually identical and of the same size as the corresponding Arabidopsis protein (strain Col-0)
suggesting comparable translational initiation. The use of the only ATG alternative for cemA
in plastomes I and II at nucleotide positions 66,631 (plastome I°") or 66,106 (plastome II****)
between the 3" end of ycf4 and the cemA stop codon would generate a predicted protein of 21
kDa rather than of 27 kDa as in Arabidopsis or plastomes III"™, TV*™ and V®"!. It is therefore
unlikely that this ATG serves as an initiation codon. Furthermore, cDNA sequences,
amplified with the primer pair cemAS5’rev and psbL7intl 200 bp upstream and 150 bp
downstream of the ATG motif, contain no edited start codon in all five plastomes. Finally,
RT-PCR analysis to search for a nuclear copy of cemA was performed from all five species
used for plastome sequencing with the 5’ primer cemAfor2 and three polyT;s primer with an
additional 3" base, A, C or G, but no signal was obtained. These findings indicate that also no
functional gene translocation to the nucleus of Oenothera species carrying plastome F or

I1**C has occurred.

Therefore, for the annotation of cemA in the five Oenothera plastomes, one must either
postulate an unknown frame-correcting mechanism, which overcomes the missing base, or
CemA translation begins at an alternative start codon. An appropriate candidate would be a
conserved ATA motif at positions 66,526 (plastome "), 66,001 (plastome II**'Y) 66,535
(plastome III™), 65,401 (IV*™) and 65,948 (V'""), which would result in a predicted
polypeptide of 25 kDa (Figure 19, panel A and B). This motif is conserved, for instance, in
Arabidopsis, Atropa, Calyanthus, Citrus, Cucumbis, Eucalyptus, Gossypium, Lotus, Spinacea,
Nicotiana and Vitis but not in Zea mays (Figure 19, panel B). Non-ATG start codons
occasionally utilized, e.g. GUG, UUG and AUU, operate less efficiently than AUG (Kozak,
1983) and a near optimal initiation codon context may be required to compensate. It seems
possible that plastids utilize ATA as an initiation codon. Therefore, cemA was tentatively
annotated in all five plastomes with the alternative start codon ATA, but this point needs to be

settled.
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3.2.2. Analysis of indels and sequence repetition in Oenothera plastomes

Differences within the five plastomes mostly depend on repeat structures, at least in non-
coding regions. PGI may therefore also reflect a result of structural evolution of the plastid
chromosome. Furthermore, since the five plastomes are perfectly syntenic, a unique
opportunity for a comparative analysis of indels and sequence repetition is given. Such an

analysis is usually difficult between distant species.

3.2.2.1.1. Indels within the five plastomes

Insertions, deletions and repetitions are relatively frequent within the five plastomes. Relative
to plastome IV*™, 1456 nucleotide insertions and 3819 deletions are found in plastome ",
for plastome I*C, I and V' numbers are 1156/2598, 1701/3561, 864/2557,
respectively. As expected, indels occur less often in genes and are present in only relatively
few polypeptide genes. Only accD, clpP, ndhD, ndhF, rps18, rpl22, ycfl and ycf2 are
affected. These changes in genes will be discussed separately (Chapters 3.2.3.2.1 - 3.2.3.2.4).

3.2.2.1.2. Tandem and palindrome repeats

Both repeat types, tandem and palindrome repeats, are distributed highly similar between all
five plastomes. In terms of tandem repeats, on average 61 were detected, within a range of 55
(plastome IV*™) up to 70 (plastome I°"). The mean copy number was 4.5 copies per tandem
and an average size of 41 bp per copy. In all plastomes the largest tandem repeat regions
spanning more than 1 kbp were found in the two ycf2 genes in the IR. They consist of variants
of an AAG/TTC trinucleotide sequence. Expanded tandem repeats are also frequent and
overlapping in accD and ycf1 contributing to the substantial sequence divergence of these
genes (Chapters 3.2.3.2.3 and 3.2.3.2.4 ). Associated with small identical tandem repeats in all
five plastomes are rp/32, ndhF and the tandemly repeated trnfMcayl and trnfMcayll. More
interesting are tandem repeats, which change coding potential specific to distinct plastomes.
These repeats, generally of moderate size and low copy number, are found in c/pP, ndhF and
rps18 (Chapters 3.2.3.2.1 and 3.2.3.2.2). The plastome-specific repeat differences associated
with ccsA, rpl22, rpl32, rps19 and trnSgcu do not change coding context, since the differing

repetitive elements are located outside coding sequences.
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Figure 20. Overall distribution of sequence divergence and repetition in the Oenothera plastid

chromosomes. Repeat regions and areas of high divergence are often, but not always, correlated.

Analyses of palindrome repeats give similar results. Approximately 70 palindrome repeats on
average, with a maximal gap size of 3 kb or less, were detected within the five plastome
sequences. However, these repeats are generally smaller and far less variable. Sizes ranged
from 32 bp (detection limit given by the threshold applied) up to 56 bp. They were detected in
accD, ccsA, matK, ndhD, ndhF, ndh], petD, psaA, psaB, psbH, rpl32, rpoA, rpoB, rps18,
yefl, yef2 and ycf4, but no notable change of coding sequence associated with palindrome
repeats was observed. The highly polymorphic genes accD and ycf2 are exceptions, as it is
ndhD. Here, frame changing insertion of a single nucleotide in a polyA-tail (Chapter
3.2.3.2.2) is located in a palindrome repeat. Presence and absence of repetitive elements and

divergent regions correlate well, but repeat content and high divergence are not strongly
linked (Figure 20).

3.2.2.2. The large 56 kbp inversion

As shown in Figure 20, the breakpoints of the large 56 kbp inversion (Figure 21) are

associated with divergence and repeat content. The junctions of the inversion in the intergenic
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regions between trnQuuc/accD and rps16/rbcL are highly divergent and contain palindromes
as well as tandem repeats. Therefore, a closer investigation of the breaking points in the
Oenothera plastomes was performed. This analysis also included the study of the ancestral
situation in the subsection Munzia, lacking the inversion (Gordon et al., 1982; Hachtel et al.,

1991; Systma et al., 1993; Hupfer et al., 2000).

2§ <

berteriana Schwemmle
or Nicotiana

subsection
Oenothera

2§ < L € € < <<

,Osb/r
,Osb/
/’bc<
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#*
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Figure 21. Scheme indicating the 56 kbp inversion that occurred in the sequence intervals rps16/rbcL
and trnQuuc/accD, respectively, in the large single copy segment of the Oenothera plastid
chromosomes. The inversion flanked by #nQuus and rbcL changes the orientation of 35 genes.

Transcription of genes above lines is counter clockwise, below lines clockwise.

In summary, within the Oenothera plastomes more tandem repeats are detected in the
trnQuuc/accD spacer, than in the rps16/rbcL spacer. In detail, 5 to 8 tandem repeats were

detected between the #rnQuucg and accD spacer depending on the plastome. Only a maximum

atro doul

of two tandem repeats were found in plastome IV®" and none in plastome V in the

rps16/rbcL spacer. In terms of palindrome repeats, three were detected at the rps16/rbcL

junction of plastomes F°" and II***¥¢

, and none in the remaining plastomes. Between two and
no palindrome(s) were identified in the trnQuuc/accD spacer region. Elements of clustered

palindromes, split among both spacer regions, are of particular note. Such elements were
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detected in all five plastomes. Their number varies enormously, between one (plastome V")
and 17 (plastome IHlam). Furthermore, the same sequence motifs can be present in tandem and
palindrome arrangement. The repetition patterns preclude an accurate demarcation of the
insertion breakpoints and also affect the highly variable N-terminal region of AccD (Chapter
3.2.3.2.4).

In an attempt to better understand the inversion breakpoints and underlying processes, the
corresponding regions in QOe. villaricae strain berteriana Schwemmle, a member of the closely
related sister subsection Munzia, were sequenced (rps16/trnQuug, accession no. EU255777
and rbcL/accD, accession no. EU255778). Subsection Munzia lacks this inversion (Hachtel et
al., 1991). The berteriana Schwemmle regions corresponding to the Oenothera breakpoints
between rps16/trnQuug and rbeL/accD do not display the pronounced divergence. The spacer
region between rps16 and #nQ in that plastid chromosome lacks tandem and palindrome
repeats. Nevertheless, the entire region is conserved and present in two parts in all five
Oenothera plastomes, separated by an interspersed Oenothera-specific sequence interval. The
berteriana Schwemmle region between rbcL and accD, in turn, lacks palindromes, but
contains two tandem repeats. Approximately 1.5 kb of the berteriana Schwemmle rbcL/accD
spacer are unique to the berteriana Schwemmle plastome. Conversely, t7rnQ/accD spacer
sequences between 1.5 and 2.5 kb depending on the Oenothera plastome have no equivalent
in the berteriana Schwemmle plastome. The same holds true for the Oenothera rps16/rbcL
spacer, in which the number of unique nucleotides differs between approximately 50 and 500
bp. The repeat structure in the rps16/rbcL spacer of the Oenothera plastomes (Figure 20)
appears to be linked to the inversed arrangement of rbcL and the result of duplication and
relocation during the inversion process, as the berteriana Schwemmle equivalent is missing.
As mentioned, palindrome repeat copies split among both spacers are not rare in the
Oenothera plastomes, but no such cases were detected in berteriana Schwemmle with the

selected threshold.

3.2.3. Differences in coding regions among Oenothera plastomes F*" — V!

As shown in the last paragraphs coding capacity and genome structure of the five Oenothera
plastomes resemble closely that of known plastid chromosome. Although the Oenothera
plastomes have their particularities like the large inversion (Chapter 3.2.2.2), mechanisms
which cause PGI do not seem to be linked with the presence/absence of singular sets of genes

or with an uncommon genome structure. Therefore, a search of PGI determinants must
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concentrate on smaller differences in coding or regulatory regions. Differences in coding
regions are of special interest. In the Oenothera plastomes they are found in two classes,

single codon exchanges and genes showing size polymorphism.

3.2.3.1. Summary of all gene coding differences

All three gene coding sequence classes (protein, tRNA and rRNA coding loci) were compared
to detect changes between the five plastomes. Of the 78 protein-coding genes, the nucleotide
sequence of 31 is identical, while 47 vary between at least one plastome pair (Table 15).
Single base pair substitutions were detected in all 47 polymorphic genes and in 8 of them
additionally indels are present. In sixteen genes substitutions do not change coding context,
namely in atpE, cemA, ndhl, ndhl, petA, petB, psaB, psaC, psbC, rpl16, rpl33, rpoCl, rps4,
rpsll, rps14 and rps19. Only synonymous substitutions were detected in 11 genes: ndhB,
ndhC, ndhH, psbB, rpl32, rpoA, rpoB, rpoC2, rps2, rps8, and rps15 (Tables 15 and 16). A
synonymous substitution and a single bp insertion/deletion were found in rpl22 (Chapter
3.2.3.2.2). Furthermore, synonymous substitutions and a multiple base pair indel were present
in ndhF (Chapter 3.2.3.2.1), as well as multiple indels and a non-synonymous substitution in
rps18 (Chapter 3.2.3.2.2). Both types of substitutions were confirmed for ndhD, in plastome
" together with a single base pair insertion, and a multiple base pair insertion in plastome
dout (Chapter 3.2.3.2.2). In the remaining 16 genes (accD, atpA, atpB, atpF, ccsA, clpP,
matK, ndhA, ndhE, petD, psaA, psbA, rps3, ycfl, ycf3 and ycf4) both, synonymous and non-
synonymous substitutions are present. Five of them, c/pP, accD, ndhD, ycf1 and ycf2, differ
by multiple indels among plastomes (Chapters 3.2.3.2.1 - 3.2.3.2.4). Of the 31 tRNA genes,
30 are identical and one, frnfMcayll, is variable in one nucleotide. The mutation should have
no or only a negligible effect on the folding of the tRNA, and hence not influence function,
since it is not part of the anticodon. In addition, a second, not mutated copy, trnfMcaul, is
present in the Oenothera plastomes. All four 7rn genes are identical among the Oenothera

plastomes.




Results

Table 15. Summary of all differences at the nucleotide level found in coding regions of the five Oenothera plastomes in pairwise comparison.

DNA
gene length # pairwise substitution (bp) # pairwise insertion/deletion (bp)
(alignment) pyp i v yv Il WiV v myIlv 10yv vV U VI VIV UV I/ IV IV OVIV TV IV/V

accD 1711 16 39 48 133 23 36 109 29 115 57 144 177 333 170 57 189 314 228 317 46l
atpA 1518 1 2 1 1 3 2 2 3 3 - - - - - - - - - - -
atpB 1497 - 1 2 2 1 2 2 1 1 2 - - - - - - - - - -
atpE. 402 - - - 1 - - 1 - 1 1 - - - - - - - - - -
atpF 555 1 1 1 2 - - 1 - 1 1 - - - - - - - - - -
ccsA 960 - 1 4 3 1 4 3 5 4 3 - - - - - - - - - -
cemA 645 - 1 - - 1 - - 1 1 - - - - - - - - - - -
clpP 759 - 7 27 28 7 27 28 26 27 1 - 3 45 6 3 45 6 48 9 51
matK 1539 1 3 6 6 2 5 5 3 3 4 - - - - - - - - - -
ndhA 1092 - 3 5 6 3 5 6 4 5 1 - - - - - - - - - -
ndhB 1533 - - - 1 - 1 - 1 1 - - - - - - - - - -
ndhC 363 - - 1 1 - 1 1 1 1 - - - - - - - - - - -
ndhD 1551 - 1 3 4 1 3 4 2 3 1 21 21 21 27 - - 48 - 48 48
ndhE 306 - 2 1 - 2 1 - 3 2 1 - - - - - - - - - -
ndhF 2334 1 2 1 2 1 - 1 1 2 1 15 15 15 15 - - - - - -
ndhH 1182 - - 1 1 - 1 1 1 1 - - - - - - - - - - -
ndhl 498 - - 1 - - 1 - 1 - 1 - - - - - - - - - -
ndhJ 477 - 1 1 1 1 1 1 - - - - - - - - - - - - -
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Table 15. (continued)

DNA
gene length # pairwise substitution (bp) # pairwise insertion/deletion (bp)

(alignment) pyp i v yv Il WiV v myIlv 10yv vV U VI VIV UV I/ IV IV OVIV TV IV/V
petA 957 - 1 1 1 1 1 2 2 - - - - - - - - - -
petB 648 - - 1 - 1 1 1 2 - - - - - - - - - -
petD 483 3 - 1 3 4 4 1 2 - - - - - - - - - -
PsaA 2253 - - 3 - 1 3 3 2 - - - - - - - - - -
psaB 2205 - 1 1 1 1 1 2 - - - - - - - - - - -
psaC 246 - 1 - 1 - - 1 - - - - - - - - - - -
PsbA 1062 - - 1 - 1 1 1 2 - - - - - - - - - -
psbB 1527 - - 1 - 1 1 1 - - - - - - - - - - -
pshC 1422 - 1 - 1 - - 1 - - - - - - - - - - -
rpll16 408 - 1 2 1 2 2 1 2 - - - - - - - - - -
rpl22 429 - - 1 - - 1 1 1 - - 15 - - 15 - 15 - 15
rpl32 156 1 1 1 - - - - - - - - - - - - - - -
rpl33 201 1 - - 1 2 1 - 1 - - - - - - - - - -
rpoA 1101 - - 1 - 1 1 1 - - - - - - - - - - -
rpoB 3219 - 1 5 1 5 5 4 - - - - - - - - - - -
rpoCl1 2040 - - 1 - - 1 1 1 - - - - - - - - - -
rpoC2 4152 1 1 4 2 2 5 5 3 - - - - - - - - - -
rps2 711 - - 2 - 2 2 2 - - - - - - - - - - -
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Table 15. (continued)

DNA
gene length # pairwise substitution (bp) # pairwise insertion/deletion (bp)

(alignment) pyp i v yv Il WiV v myIlv 10yv vV U VI VIV UV I/ IV IV OVIV TV IV/V
rps3 660 - 1 2 2 1 2 2 3 3 - - - - - - - - - - -
rps4 612 - - 1 1 - 1 1 1 1 - - - - - - - - - - -
rps8 417 - 2 1 1 2 1 1 3 3 - - - - - - - - - - -
rpsll 435 - - 1 1 - 1 1 1 1 - - - - - - - - - - -

rpsl4 303 - - - 2 - - 2 - 2 2 - - - - - - - - - -
rps15 264 - 1 1 2 1 1 2 - 1 1 - - - - - - - - - -
rps18 324 - 5 1 1 5 1 1 6 6 - - 48 18 18 48 18 18 30 30 -
rps19 300 - 1 2 1 1 2 1 1 2 1 - - - - - - - - - -
yefl 7446 7 38 55 70 32 54 65 56 61 18 234 231 348 219 279 250 231 153 138 201
yef2 7185 5 18 27 31 12 23 24 26 30 11 45 108 144 164 153 101 209 252 108 240
yefd 555 - 1 1 1 1 1 1 2 2 - - - - - - - - - - -

plastome I = F°", plastome II = II****, plastome III = III"™, plastome IV = IV*"™, plastome V = V%!
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Table 16. Summary of all differences at the protein level found in coding regions of the five Oenothera plastomes in pairwise comparison.

protein

gene length # pairwise substitution (amino acids) # pairwise insertion/deletion (amino acids)

(alignment)  pyp yr yIv ¥V AN WAV IVV TOAV OUV IV/V U VD VIV UV I/ IV IVV TUIV OUV IV/V
accD 612 5 22 23 55 19 21 48 21 53 7 48 59 139 136 19 91 104 98 105 153
atpA 508 11 11 2 2 2 2 2 - -2 - - 2 - - 2 2 -
atpB 499 - - -1 - - 1 - 1 1 - - - - - - - - - _
atpE 134 - - - - - - - - - - - - - - - - - _ _ -
atpF 185 - - -1 - - 1 - 1 1 - - - - - - - - _ _
ccsA 320 -1 3 2 1 3 2 4 3 1 - - - - - - . - i _
cemA 215 - - - - - - - - - - - - - - - - - - - -
clpP 253 - 6 13 14 6 13 14 12 13 1 -1 15 2 1 15 2 16 3 17
matK 513 - 2 4 3 2 4 3 2 1 1 - - - - - - - - _ _
ndhA 364 - 3 4 5 3 4 5 3 4 1 - - - - - - . - i _
ndhB 511 - - -1 - - 1 - 1 1 - - - - - - - - - _
ndhC 121 - - 11 - 1 1 1 1 - - - - - - - - - - _
ndhD 517 2 2 3 9 - 1 4 1 4 3 7 7 7 9 - - 16 - 16 16
ndhE 102 -2 - -2 - - 2 2 - - - - - - - - - i _
ndhF 778 11 11 - - - - - - 5 5 5 5 - - - - - -
ndhH 394 - - 11 - 1 1 1 1 - - - - - - - - - - _
ndhl 166 - - - - - - - - - - - - . _ _ _ - -
ndhJ 159 - - - - - - - - - - - - - - - i i _ _
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Table 16. (continued)

protein
gene length # pairwise substitution (amino acids) # pairwise insertion/deletion (amino acids)
(alignment) | 720 G 7200 O VA Y/ VAV 0 V400 S 0 V4 VAN 0 VAV 0072 A4 00 VA0 A\ Y7A AN 72 0 G 720 0 0 VA VAR VAVAR 1 VA0 G O VA A VAR 1 VAN 0 1 V) A4 1 0 VA YA A 7A

petA 319 - - - - - - - - - - - - - - - - - - - -
perB 216 - - - - - - - - - - - - - - - - - - - -
petD 161 2 - 1 - 2 3 2 1 - 1 - - - - - - - - - -
pPsaA 751 - - - 1 - - 1 - 1 1 - - - - - - - - - -
psaB 735 - - - - - - - - - - - - - - - - - - - -
psaC 82 - - - - - - - - - - - - - - - - - - - -
PsbA 354 - - - - - - - - - - - - - - - - - - - -
psbB 509 - - 1 1 - 1 1 1 1 - - - - - - - - - - -
psbC 474 - - - - - - - - - - - - - - - - - - - -
rpll16 136 - - - - - - - - - - - - - - - - - - - -
rpl22 143 - - 1 - - 1 - 1 - 1 - - 5 - - 5 - 5 - 5
rpl32 52 1 1 1 1 - - - - - - - - - - - - - - - -
rpl33 67 - - - - - - - - - - - - - - - - - - - -
rpoA 367 - - 1 1 - 1 1 1 1 - - - - - - - - - - -
rpoB 1073 - 1 5 5 1 5 5 4 4 - - - - - - - - - - -
rpoC1 680 - - - - - - - - - - - - - - - - - - - -
rpoC2 1384 1 1 1 4 2 2 5 2 5 3 - - - - - - - - - -
rps2 237 - - 2 2 - 2 2 2 2 - - - - - - - - - - -
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Table 16. (continued)

protein
gene length # pairwise substitution (amino acids) # pairwise insertion/deletion (amino acids)
(alignment) vl vin v v il 1i/av iy onaviv mayv vy vil vim v v ol 1i/v o wyv o iaviv myv o 1viv

rps3 220 - 1 1 1 1 1 1 2 2 - - - - - - - - - - -
rps4 204 - - - - - - - - - - - - - - - - - - - -
rps8 139 - 2 1 1 2 1 1 3 3 - - - - - - - - - - -
rpsll 145 - - - - - - - - - - - - - - - - - - - -
rpsl4 101 - - - - - - - - - - - - - - - - - - - -
rps15 88 - 1 1 2 1 1 2 - 1 1 - - - - - - - - - -
rps18 111 - 7 2 15 7 2 15 5 3 13 - 10 6 6 10 6 6 10 10 6
rps19 100 - - - - - - - - - - - - - - - - - - - -
yefl 2489 10 36 40 46 28 37 41 41 44 14 78 77 116 87 81 66 73 65 46 67
yef2 2410 3 17 22 30 13 21 25 20 32 10 17 38 50 56 53 35 69 80 64 82
ycfd 185 - 1 - - 1 - - 1 1 - - - - - - - - - - -

plastome I = F°" plastome IT = II***%, plastome IIT = III"*™ , plastome IV = IV*"™, plastome V = V!
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3.2.3.2. Genes with length polymorphisms

Protein coding genes with length polymorphism are of special interest as potential candidates
for PGI. However, most of the differences described reside in polypeptide regions known to
be highly variable in plastid chromosomes in general, often at the very C-terminus of a
polypeptide. Therefore, it is unlikely that they are of functional and/or evolutionary relevance.

Nevertheless, they will be presented in more detail in the following chapters.

Length polymorphisms found in genes between the Oenothera plastomes are exclusively in
protein-coding genes. They can be grouped into three categories: Loci with reading frame
shifts (ndhD, rpl22 and rps18), loci without reading frame shifts (ycf1, ycf2, accD, clpP, and
ndhF) and, as third class, atpA and psbB from which gene products in plastome III and
plastomes IV and V, respectively, are known to differ in electrophoretic mobility. These
changes are independent of the genotype, with which the plastid types are associated with

(Herrmann et al., 1980).

3.2.3.2.1. Insertions in ndhF and clpP without reading frame change

( A ) consensus ATGGATTCTTTCTTTACAAACCTCCCTTTTTTTGTTCTATGTCAATTTCTGGATICTTCTTTTTCTATGTCAAT TTCTGGATTCTTAT T === === == === ===, -ATATGAGAATTTTTGA

2224 2234 2244 2254 2264 2274 2284 2294 2304 2314 2324 2334
plastome ™ 2215 ATGGATTCTITTCTTTACARACCTCCCTTTTTTTGTTCTATGTCAATTTCTGGATTCTTCTTTTTCTATGTCAATTTCTGGATTCTTATTATATGAGARTTTT I'TATATGAGAATTTTTGA 2334
plastome II™™ 2215 ATGGATTCTTTCTTTACAAACCTCCCTTTTITTTGTTCTATGTCAATTTCTGGATTCTTCTTTTTCTATGTCAATTTCTGGATTCTTATT-=mmmmmmmmm ===, -ATATGAGAATTTTTGA 2319
plastome II I™ 2215 ATGGATTCTTTCTTTACAARACCTCCCTTTTTTTGTTCTATGTCAATTTCTGGATTCTTCTTTTTCTATGTCAATTTCTGGATTCTTATT- TATGAGAATTTTTGA 2319
plastome IV* 2215 ATGGATTCTTTCTTTACAAACCTCCCTTTTITTTGTTCTATGTCAATTTCTGGATTCTTCTTTTTCTATGTCAATTTCTGGATTCTTATT == mmmmmmmmm ===, -ATATGAGAATTTTTGA 2319
plastome N 2215 ATGGATTCITTCTTTACARACCTCCCTTTTTTTGTTCTATGTCAATTTCTGGATTCTTCTTTTTCTATGTCAATTTCTGGATTCTTATT TATGAGAATTTTTGA 2319
TAG = stop-codon ndem re

(B) wwome e devm dan il 1 e e

consensus I¥DWSYNRGYIDSFYTISLTGGIRGLAELSHFFDRRVIDGILNGFGLTSFFLGESLKYFGGGRISSYLLLYSIFIFT HL!DSFFTNLPFFVLCQHDQ&MS I SGFLTr.YENF—— e
673 683 693 793 713 723 733 743 7.7:3 763 773 783

Arabidopsis 657 VYNWSYNRGYIDSFFKTSLIESIRRLAKQTTFFDKRIIDGITNGVGITSFFVGEVTKYIGGSRISSYLFLYLSYVLIFLMILFFFYFEKF . 746
Atropa 652 IYDWSYNRAYIDAFYTRFFVGGIRGLAEFIHFFDRRVIDGMINGVGVISFIVGEGIKYIGGGRISSYLFLYLAYVSVFLLVYYLFFLTF . 740
Nicotiana 652 IYDWSYNRAYIDAFYTRFLVGGIRGLAEFTHFFDRRVIDGMTNGVGVISFIVGEGIKYIGGGRISSYLFLYLAYVSIFLLVYYLLFSTL, 740
Lotus 661 IYDWSYNRGYIDGFYEISLIASVRKLAKLNSFFDRCOVIDGIPNAVGITSFLIGEAFKYVGSGRISSYILFFVFFVLLFLIIFYSFFI. 747
Eucalyptus 660 IYDWSYNRGYIDAFYTISLTQGIRGLAELIHFLDRRLIDGITNGFGLTSFFFGEGIKYVGGGRISSYLLLYYSLY, 734
plastome I* 659 IYDWSYNRGYIDSFYTISLTGGIRGLAELSHFFDRRVIDGILNGFGLTSFFLGESLKYFGGGRISSYLLLYSIFIFIFLLMDSFFINLPFFVLCQFLDSSFSMSISGFLLYENFLYENF. 777
plastome ™ 659 IYDWSYNRGYIDSFYTISLTGGIRGLAELSHFFDRRVIDGILNGFGLTSFFLGESLKYFGGGRISSYLLLYSIFIFIFLIMDSFFTNLPFFVLCQFL.DSSFSMSISGFLLYENF . 772
plastome III™ 59 IYDWSYNRGYIDSFYTISLTGGIRGLAEL HEFDRRVIDGILNGFGLTISFFLGESLKYFGGGRISSYLLLY SIFIFIFLLMDSFFTNLPFFVLCQFLDSSFSMSISGFLLYENF . 772
plastome v 659 IYDWSYNRGYIDSFYTISLTGGIRGLAELSHFFDRRVIDGILNGFGLTSFFLGESLKYFGGGRISSYLLLYSIFIFIFLLMDSFFTNLPFFVLCQFLDSSFSMSISGFLLYENF ., 772
plastome e 659 IYDWSYNRGYIDSFYTISLTGGIRGLAELSHFFDRRVIDGILNGFGLTSFFLGESLKYFGGGRISSYLLLYSIFIFIFLIMDSFFINLPFFVLCQFLDSSFSMSISGFLLYENF . 772

Figure 22. Sequence alignment of the 3’ ndhF nucleotide sequence (panel A) and translated gene

product (panel B) in Oenothera plastomes with no frame changing insertions.

Sequence alignment of the ndhF 3’ region in Oenothera and reference plastomes is shown in

Figure 22. In plastome ra 15 bp tandem repeat (marked in red), resulting from a duplication

of the nucleotide positions 2304 - 2318 and not present in the other plastomes, does not
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change reading frame (panel A). It extends ndhF of plastome pon by five codons. The

sequence alignment of the protein shows a low degree of divergence in the ndhF C-termini in

the reference plastomes shown (Figure 22, panel B).

( A ) consensus

plastome
plastome II™™
plastome III™*
plastome IV*™
plastome V™

i

consensus

plastome I'™
plastome
plastome III™
plastome IV™™
plastome V*

e

616
616
619
616
622

736
736
739
679
730

IAA, TAG = stop-codon

divergence

consensus

Arabidopsis
Atropa
Nicotiana
Lotus
Fucalyptus
plastome I*
plastome II™*
plastome III™™
plastome IV™™
plastome V**

divergence

consensus

Arabidopsis
Atropa
Nicotiana
Lotus
Eucalyptus
plastome I**
plastome II™™
plastome IIT
plastome IV™™
plastome v

n

CTTGCTCGTCTACGGGACGAAAGTGCTAGTCAGGACAATTCTCTCGACCCCGACGCACCCGATGAAACTGCTACTCAGGACAATTCGCTCGACCCCGACGCACCGGATGAAACCAGACCC

634 644 654 664 674 684 694 704 714 724 734 744
CTTGCTCGTCTACGGGCTGARAGTGCTAGTCAGGACAATTCTCTCGACCCCGACGCACCGGATGARRCTGCTACTCAGGACAATTCGCTCGACCCCEACGCACCGGATGAAACCAGACCC 735
CTTGCTCGTCTACGEGCTGARAGTGCTAGTCAGGACAATTCTCTCGACCCCGACGCACCGGATGAAAGTGCTAGTCAGGACAATTCGCTCGACCCCGACGCACCGGATGAAACCAGACCC 735
CTTGCTCGICTAC AGTGCTAGTCAGGACARTTCTCTCGACCCCGACGCACCGGATGARR CTGCTAGTCAGGACAAT TCGCTCGACCCCGACGCACCGGATGARACCAGACCC 738
CTTGCTCGTCTAC AGTGCTAGTCAGGACAATTCTCTCGACCCCGACGCACCGGAT:! 678
TTTGCTCGTCTACK TGCTAGTCAGGACAATTCTCTCGACCCCGACGCACCGRAT GAAACT GLTAGTCAGCACAAT TCGUTCEACCCCEACGCACTGEAT-==mmmmmmmmm 729

CCARAATTGCGATAAGT TTGCCTTTCGTTITCCCTTTAARATGACTACGAARARRAAA ~—AGGAAARAARGGCGATGTCAACGCATCTGGGAAGARACACTTGCTCCTTCTTTATIGTAG

754 764 774 784 794 804 814 824 834 844 854 864
CCARAATTGCGATAA 750
CCAAAATTGCGATAA 750
CCAAAATTGCGATAA( 753

CTTGCTCCTICTTTATTGTAG 7C5
-GAAACACTTGCTCCTTCTTTATIGTAG 756

pimikmmls 11 o0 SO din 1 mo oo0nmo a0, 0 0L

MPIGVPKVPFLLDGDE--EDEEEDD-ASWVDLYNVLYRTRLIFLGDATHFEVANQTAGLMIFLS TEDATY Y LFINSPGGWAVAGLATYDTMOFVTPDVY TLGLGVAASMASFLLVGGEI SKRLAGPNA

10 20 30 40 50 60 70 80 90 100 110 120 130
MPIGVEKVPFRSPGEG—-—-———-! D-TSWVDIYNRLYRERLFFLGQEVDTEISNQLISLMIYLSIEKDTKDLYLF INSPGGRVISGMAIYDTMOFVREDVQTICMGLAASIASFILVGGAITKRIAFPHA
MPIGVPKVPFRSPGEE-- ~D-ASWVDVYNRLYRERLLFLGQGINSE ISNQLIGLMVYLSIEDETKELY LF INSPGGWVIPGIALYDTMOFVRPDVETVCMGLAASMGSFILVGGEI TKRLAFPHA
MPIGVPKVPFRSPGEE=~ ~D-ASWVDVYNRLYRERLLFLGQEVDSE ISNQLIGLMVYLSTEDETKDLY LFINSPGGWVI PGVAT Y DTM)FVRPDVHT ICMGLARSMGSFTLVGGEI TKRLAFPHA
MPIGVPKVPFRSPGEE-— —D-ASWVDIYNRLYRERLLFLGQEVNSE ISNQLIGLMVYLS TEDDRKDLYLF INSPGGWVIPGTATYDTMOFVQPDVOTVCMGLAASMGSFVLAGGKT TKRLAFPHA
MPIGVPKVPFRSPGEE--—————-! D-ASWVDVYNRLYRERLLFLGQEVDSEISNCLIGLMVYLSTENDNKDLYLF INSPGGWVIPGVAIYDTMQFVQPDVET ICMGLAASMGSFVLVGGEI TKRLAFPHA
MPIGMPKIPFLLDGDE--EDEEEDD-ATWVDLYNVLYRTRSIFLGDAIHFEVANHIAGLMIFLTTODATONLYFFINSHX AGLLIYDTMQYVTPPVYTLGLGVLASMASFLLVGGETSKRLMGPNG
MPIGMPKIPFLLDGDE--EDEEEDD-ATWVDLYNVLYRTRSIFLGDAIHFEVANHIAGLMIFLTIQDATONLYFFI! LLIYDTMQOYVTPPVYTLGLGVLASMASFLLVGGETSKRLMGPNG
MPIGMPKIPFLLDGDE--EDEEEDDDATWVDLYNVLYRTRSIFLGDAIHFEVANHIAGLMIFLTIQDATONLYFFI! LIYDIMQYVTPPVYTLGLGVLASMASFLLVGGETSKRLMGPNA
MPIGMPKIPFLLDGDE--EDEEEDD-ATWVDLYNVLYRTRSIFLGDAIHFEVANHIAGLMIFLT IQDATONLYFF I L LLIYDTMOYVTPPVYTLGLGVLASMASFLLVGGETSKRLMGENA

MPIGMPKIPFLLDGDEDEEDEEEDD-ATWVDLYNVLYRTRSIFLGDATHFEVANHIAGLMIFLTTQDATONLY FFINSPGGLAVAGLLIYDTMQYVTPPVY TLGLGVLASMASFLLVGGETSKRLMGPNA

RVMIHQOPASDY THEAQTGEVILDAGEVLKLRETVIRVYVERTGLPREVLSDDLERDVFMSATEAQAYGIVDLVGVENL ~ARLR-ESASQDN——————————————— SLDPDAPDET--P—L—=

. oim i mmm 1o . G ok ok

Q)
140 150 160 170 180 190 200 210 22 240 25

RVMIHQPASSF-YEAQTGEFILEAEELLKLRETITRVYVQRTGKPIWVISEDMERDVFMSATEAQAHGIVDLVAVQ.
RVMMHQPASGY-YEAQTGEFVLEAEELLKLRETLTRVYVQRTGKPLWVVSEDMEKDVFMSATEAQAYGIVDLVAVE.,
RVMIHQPASSF-YEAQTGEFVLEAEELLKLRETLTRVYVQRTGKPLWVVSEDMERL QATGIVDLVAVE .,
RVMIHQPASSF-YEAQTGEFILEAEELLKLRETITRVYVORTGKPLWLVSEDMERDVFMSAAEAQAYGIVDLVAVE .
RVMIHQPASSF-YEAQTGEFILEAEELLKLRETITRVYVORTGKPLWVVSEDMERDVFMSATEAQAHGIVDLVAIE .
RVMIHQPESDYTHKDQSLEVQLDSGEVEDIRKMVIRVY LERTRLPREVLNDHLERNYFMTATEAKY YGIVDDIGIONLLARLRAESASQDNSLDPDAPDESASQDNSLDPDAPDETRPPKLR .
RVMIHQPESDYTHKDQSLEVQLDSGEVEDIRFMVIRVY LERTRLPREVLNDHLERNYFMTATEAKY YGIVDDIGIQNLLARLRAESASQDNSLDPDAPDESASQDNS LDPDAPDETRPPKLR .
RVMIHQPESDYTHKDKTLEVQLDSGEVEDIRNMVIRVYLERTRLPREVLNDHLERNYFMTATEAKY YGIVDDIGIQNLLARLREESASQDNSLDPDAPDESASQDNS LDPDAPDETRPPKLR .
RVMIHQPESDYTHKDRSLEVHLDSGEVEH IRNMVIRVYLERTRLPREVLNDHLERNLFMTATEAKY Y GIVDDIGVENLLARLREESASQDN === mm=m=m=mmmm == SLDPDAPDETLAPSLL,
RVMIHQPESDYTHKDRSLEVELDSGEVEHE TRNMVIRVY LERTRLPREVLNDHLERNLFMTATEAKYYGIVDDIGVENLFARLREESASQDNSLDPDAPDESASQDNSLDPDAPDETLAPSLL,

121
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121
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127
128
127
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Figure 23. Sequence alignment of the 3’ ¢/pP nucleotide sequence (panel A) and translated gene

product (panel B) uncovering a length polymorphism caused by larger deletions.

Deletions of 150 and 105 bp in the 3’ regions of clpP in plastomes IV*™ and V%',

respectively, generate alternative stop codons (Figure 23, panel A). Nevertheless, amino acid

sequences of that region in plastomes F°", I II1*™ and V"' are not notably changed. In

contrast, the plastome IV

atro

deletion affects the second part of the tandem repeat presented in

the Oenothera 3’ clpP, resulting in a 15 amino acid residues shorter sequence as compared to

plastomes F°", I1%*'C TI"™™ and V%“!. Reference plastomes generally encode shorter cIpP

gene products (Figure 23, panels A and B). Smaller insertions at the 5’ end of c/pP in

plastomes IIT™™ and V"' are not in a conserved region and do not change reading frame

(Figure 23, panel B).
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3.2.3.2.2. NdhD, rpl22 and rps18 contain frame changing insertions

( ) e un [ 1] L I | ] 1 m L B Bl mun 1l n i CEn IIIIIIIIII
[ ]

consensus LLVFFGIITSQKYLLMPKILIAFVMAIGMILTPIYSLSMLROMFYGYKLFNVPNYYFFDSGPRELFVSTSLLLPI IGIGI YPDFVLSLSVDKVEAI ISHFFFR-=============~——

407 417 427 437 447 457 467 477 487 497
Arabidopsis 398 FIVFFGIITSQKYFLISKIFIIFVMAIGMILTPIYLLSMLROMFYGYKLINIKNFSFFDSGPRELFLSISILLPIIGIGIYPDFVLSLASDKVESILSNYFYG. 500
Atropa 398 LIVFFGIITGOKYVLIPKILITFVMATGMILTPIYSLSMSROMFYGYKLFNAPKDSFFDSGPRELFLSISIFLPVIGIGIYPDFVLSLAVDKVEVILSNEFFYR . 500
Nicotiana 398 LIVFFGIITGQKYLLIPKILITFVMAIGMILTPIYSLSMSROMFYGYKLENAPKDSFFDSGPRELFLSISIFLPVIGIGIYPDFVLSLAVDKVEVILSNFFYR. 500
Lotus 398  LIVFWGIITSQKYFLIMKILITFVTAIGMILTPIYSLSILRQMFYGYKFFNTPNSYFFDSGPRELFISISILIPIIGIGIYPDFIFSFSVDKVEAVLSHF. 497
Eucalyptus 398 LIVFFGIITSHQYLLMPKILITFVMAIGMILTPIYLLSMLROMFYGYKLFNVPNSYFLDFGPRELFVSISILLPIIAIGIYPDFVLSLSVDKVEAIISNYFYQ. 500
plastome I’ 398 LLVFFGIITSOKYLLMPKILIAFLMAIGMILTPIYSLSMLROMFYGYKLENVPNYYFFDSGPRELEVSISLLLPIIGIGIYPDFVLSLSVEKVEAIISHFFFSIVFKKKE - 507
plastome II™"° 358 LLVFFGIITSQKYLLMPKILIAFLMAIGMILTPIYSLSMLROMFYGYKLEFNVPNY YFFDSGPRELFVSISLLLPIIGIGIYPDFVLSLSVEKVEAIISHFFFR. 500
plastome IIr= 398 LLVFFGIITSOKYLLMPKILIAFLMAIGMILTPIYSLSMLROMFYGYKL.FNVPNYYFFDSGPRELFVSISLLLPIIGIGIYPDFVLSLSVEKVEAIISHFFFR. 500
plastome IV™™ 398 LLVFFGIITSQKYLLMPKILIAFLMATGMILTPIYSLSMLROMFYGYKLENVPNY YFFDSGPRELEVSISLLLPIIGIGIYPDFVLSLSVEKVEAIISHFFFR . 500
plastome V™ 398 LLVFFGIITSOKYLIMPKILIAFLMAIGMILTPIYSLSMLROMFYGYKLENVPNYYFFDSGPRELEVSISLLLPIIGIGIYPDFVLSLSVEKVEAI ISHFFFFDSFQEKRINGKRILIV. 516

( B ) consensus TATCCGGATTTCGTTCTGTCATTATCGGTTGRAAAAGTAGRAGCTATTATATCTCATTTTTTTTTT--CGATAGTTTTCAAGAAARAAGARTAAATGGARRACGARTCCTATTAGTTTAA

1441 1451 1461 1471 1481 1491 1501 1511 1521 1531 1541 1551

plastome o 1432 TATCCGGATTTCGTTCTGTCATTATCGGTTGAAAAAGTAGAAGCTATTATATCTCATTTTTTTTTTT-CGATAGTTTTCAAGAAAAAAGAATAAATGGAARACGAATCCTATTAGTTTAA 1524

plastome II™™ 1432 TATCCGGATTTCGTTCTGTCATTATCGGTTGAAAAAGTAGAAGCTATTATATCTCATTTTTTTTTT--CGATAGTTTTCAAGAAAAAAGAATAAATGGARAACGARTCCTATTAGTTTAA 1503
plastome III™® 1432 TATCCGGATTTCGTTCTGTCATTATCGGTTGAAAARGTAGAAGCTATTATATCTCATTTTTTTTTT--CGATAGTTTTCARGARARARGAATAAATGGAARACCGARTCCTATTAGTTTAA 1503

plastome v 1432 TATCCGGATTTCGTTCTGTCATTATCGGTTGAAAARGTAGRAGCTATTATATCTICATTTTITTTTT--~CGATAGTTTTC. TAAATGGAARACGAATCCTATTAGTTTAA 1503
plastome \ e 1432 TATCCGGATTTCGTTCTGTCATTATCGGTTGAAAARGTAGAAGCTATTATATCTCATTTTTTTTTTTTCGATAGTTTTCARAGAAARAAGAATAAATGGAARACGAATCCTATTAGTTEAA 1551
TAR, TAG = stop-codon 3’ palindrom repeat region

M ooy omrnooovoorgw

500 bp R !
- EnEnEnEnEe o b
300 bp e J - 223 bp

- === 171 bp

100 bp —

Figure 24. Sequence alignment of the NdhD C-terminus (panel A) and the frameshift causing
sequence variety (panel B). Insertions shown in panel B were confirmed by a Nuclease S1 digest. PCR
products with the polymorphism at position 223 and a size of 392 bp (II"%, III"*™, IV*™), 393 bp
(P°") or 394 bp (V") were mixed. Since PCR products of I, III"™™ IV*™ are identical, SI
Nuclease cleavage was not detected (lanes II/III and 1I/IV). Lanes I/II, I/V and II/V confirm the
polymorphisms. Nuclease S1 digests in fragment mixtures detect the expected cleavage products of
223 bp and 171 bp for PCR products of F" + II**¥% (lane I/IT), " + V! (lane I/V) and IT***€ + !
(lane 11/V), respectively (panel C).

The NdhD protein is a 500 amino acid subunit of the thylakoid-located NAD(P)H
dehydrogenase, and of equivalent size in plastomes 1Y, III*™ and IV*™ as well as in
Arabidopsis, Atropa, Nicotiana and Eucalyptus. The corresponding Lotus polypeptide is
predicted to be 3 amino acid residues shorter (Figure 24, panel A). Additional T residues, one
in plastome " at position 1498 and two in plastome V"' at positions 1498/1499 in a T-rich
stretch, generate an extension of 7 and 16 amino acid residues, respectively. The region is part

of a palindrome repeat (Figure 24, panel B). To confirm sequencing results in the polyT
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stretch, PCR products of the plastome regions including the insertions were generated with
primers P1l1for and ndhDint/2. Appropriate templates with sequence polymorphism were
mixed, denatured, reannealed, and cut at mismatches with Surveyor Nuclease Sl1
(Transgenomic, Elancourt, France). Nuclease S1 specifically cuts inaccurate base paring of
any kind. The pattern observed confirmed the polymorphisms detected by sequence data

(Figure 24, panel C).

( A ) consensus AGAAGACCCACTTGCCATATAAGAATTGTATTGCAAGATACGTCTTTCGATGAATTTGAAGAAGATTTCTTCTCCTTAAARAARAGACGCGT AAAAARA~TAAGGACAAAAATATGA
319 329 339 349 359 369 379 389 399 409 419 429
plastome I*™ 310 AGAAGACCCACTTGCCATATAAGAATTGTATTGCARGATACGTCTTTCGATGAATTTGAAGARGATTTCTTCTCCTTAAAARAAGACGCGT AAAARAR-TAR 414
plastome II™™ 310 AGAAGACCCACTTGCCATATAAGAATTGTATTGCARGATACGTCTTTCGATGAATTTGAAGAAGATTTCTTCICCTTAAARAAAGACGCGT! AAAARAR-TARA( 414
plastome IIT'™ 310 AGAAGACCCACTTGCCATATAAGAATTGTATTGCARGATACGTCTTTCGATGAATTTGAAGAAGATTTCTTCTCCTTAAARAAAGACGCGT! AARARAR-TAA( 414
plastome IV 310 AGAAGACCCACTTGCCATATAAGAATTGTATTGCAAGATACGTCTTTCGATGAATTTGAAGAAGATTTCTTCTCCTTAAAARAAGACGCGT AAAAAAAATAAGGACAAAAATATGA 429
plastome V™ 310 AGAAGACCCACTTGCCATATAAGAATTGTATTGCAAGATACGTCTTTCGATGAATTTGAAGARGATTTCTTCTCCTTAAAARAAGACGCGT AAAARAA-TAA 414

B
B Il wlod [dwd  5as mln pdl u[[luu (Im IIIIIIlIIIIIlI

consensus mLAmPYRACDPILKLWSAAANARHNMS FNEATLVISKAEVNEGTTVKKLKPRARGRSYPIRRPTCHIRIVLODTSFDEF - EEDE‘FSLKKDAWEKK ——————————————————————
5‘3 6‘3 7‘3 8‘3 9} 193 1‘13 123 11‘53 ‘ ‘ ‘ 63
Arabidopsis 44 MILELMPYRGCYPIFKLVYSAAANA KETNLVISKAEVNQGNTVKKLK: YPIKRSTCHITIVLEDISFYQQYEEYLMYLKKPGCSNEN--RNLTCYDTYSSGGLWDKK. 160
Atropa 40 MILELMPYRACYPILKLVYSAAANASYNMGSSEANLVISKAEVNGGTTVKKLKPRARGRSFPIKRSTCHITIVMKDISLNDE-YVKMNSLKKTRWKKKS -~ TAMTYEDMYNSGGLWDKK. 155
Nicotiana 40 MILELMPYRACYPILKLIYSAAANASYNMGSSEANLVISKAEVNGGTTVKKLKPRARGRSFPIKRSTCHITIVMKDISLDDE-YVEMYSLKKTRWKKKS - TAMPYRDMYNSGGLWDKK. 155
Eucalyptus 44 MILELMPYRACYPIFKLVYSAAANA NEASLVISKAEVNEGTTMKKLK YATKRPTCHIRIVLKDKSFYE--EENFFCLKQSEWKKKKKY TDMTYHYMDKGGGLWDKK, 160
plastome g 41 MLLALMPYRACDPILKLVNSAAANARHINMSFN'EATLVISKAEVNEGTTVKKLKPRARGRSYPIRRPTCHIRIVLQDTSFDEF EEDFFSLKKDAWEKK . 137
plastome II™™ 41 MLIALMPYRACDPTLKLVNSAAANA NEATLVISKAEVNEGTTVKKLK! YPIRRPTCHIRIVLQDTSFDEF-EEDFFSLKKDAWERK . 137
plastome IIr* 41 MLIALMPYRACDPTLKLVNSAAANA NEATLVISKAEVNEGTTVKKLK] RGRSYPIRRPTCHIRIVLQDTSFDEF-EEDFFSLKKDAWERK . 137
plastome IV*™ 41 MLIAIMPYRACDPTLKLVNSAAANA NEATLVISKAEVNEGTTVKKLK] RGRSYPIRRPTCHIRIVLQDTSFDEF-EEDFFSLKKDAWEKKIRTKI . 142
plastome L 41 MLIAIMPYRACDPTLKLVNSAAANA NEATLVISKAEVNEGTTVKKLK] RGRSYPIRRPTCHIRIVLQDTSFDEF-EEDFFSLKKDAWEKK . 137
M I/1I III/v 1I/V II/IV
397 b
R i
360 bp
301 bp
300 bp -

Figure 25. Sequence alignment of the Rpl22 C-terminal end (panel A) and the frameshift causing
sequence variety (panel B). The insertion could be confirmed by a Nuclase S1 digest. PCR products of
plastome F°", II***C 111", v (397 bp) or IV*™ (396 bp), the latter carrying the frame changing
insertion at position 301, were mixed and digested with Nuclases S1. Lane I/II confirms identical
sequences of " and II**® PCR products. Lanes I1I/V and I/V serve as internal controls to validate the
method. They confirm an SNP at position 360 in PCR products of IV*™ and V"', relative to F",
IIsuavG

and I11"™. Lane II/IV confirms the frame changing inversion since the expected band of 301 bp

is present in a digested mixture of II"***“ and IV*"™ PCR products (panel C).
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In 7pl22, an additional A residue at position 411 in plastome IV*™ upstream of the virtual stop
codon causes an elongation by four amino acid residues (Figure 25, panels A and B). The C-
terminal part of rp/22 is not conserved between the Oenothera plastomes and the chosen
reference plastomes (Figure 25, panel B). In the plastid chromosome of Lotus rpl22 is
missing. Again, the sequence divergence has been confirmed by Nuclease S1 mapping using
primers P38for and P7rev. PCR assays were performed as described above. The resulting

polymorphism confirmed the sequence divergence between the plastomes (Figure 25, panel

Q).

B amene L i

consensus MDKSKRTLFLKSKRSFRRRLPPIQSGDRIDYRNISLISRFISEQGKILSRRVNRLTLKS JITIATK( ILSLLPFRNNAQ—QF'E———T——RSESTART—TTGLR‘I‘RA’K;

1‘0 2‘0 3‘0 4‘0 5‘0 6p 7‘0 8‘0 9‘0 190 ll‘lU
Arabidopsis MNKSKRLFTKSKRSFRRRLPPIQSGDRIDYRNMSLISRFISEQGKIL NRVTLKQQORLITIATKQARILSLLPFLNNOK—QFE- TPR--TTSLRTRKK. 101
Atropa MDKSKRPFLKFKRSFRRRLPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRLTLKQORLITLAIKQARILSLLPFLNNEK-QFE—————-] RTESTAR--TTGFKARNK. 101
Nicotiana MDKSKRPFLKFKRSFRRRLPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRLTLKQQORLITLAIKQARILSLLPFLNNEK—-QFE—————-] -RTESTAR--TTGFKARNK . 101
Lotus MDKSKRLFLKSKRFFRRRLPPIQSGDRIDYKNMSLISRFISEQGKILSRRVNRLTLKGORLITIAIKQARILSSLPFINNEKKOFE—————-] KSELTATRTTTVFKTKKR. 104
Eucalyptus MEKSKRLFLKSKRSFRRRLPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRLTLKOQRLITIATKQARTLSLLPFLNNEK-QFE—————-] RSESTAG--ATGLRTINK. 101
plastome I'™ MDKSKRLFLKSKRSFRRRLPPIQSGDRIDYRNISLISRFISQQGKILSRRVNRLTLKQORLITIATKQARILSLLPFRPKAQ—RFK—————-] RSQSTAR--TVGLRTRNK. 101
plastome II™" MDKSKRLFLKSKRSFRRRLPPIQSGDRIDYRNISLISRFISQOGKILSRRVNRLTLKOORLITIATKQARILSLLPFRPKAQ—RFK—————-] RSQSTAR--TVGLRTRNK. 101
plastome IIT™ MDKSKRLFLKSKRSFRRRLPPIQSGDRIDYRNISLISRFISQOGKILSRRVNRLTLKQORLITIATKQARILSLLPFRPKAQ-RFKKAQRFERSQSTV . 97
plastome IV*™ MDKSKRLFLKSKRSFRRRLPPIQSGDRIDYRNISLISRFISQOGKILSRRVNRLTLKQORLITIATKQARTLSLLPFRPKAQ-RFKKAQRFKRRQSTAR--TVGLRTRNK, 107
plastome V*™ MDKSKRLFLKSKRSFRRRLPPIQSGDRIDYRNISLISRFISQQGKILSRRVNRLTLKOORLITIATKQARILSLLPFRPRAQ-RFRKKAQRFEKRROSTAR--TVGLRTRNK. 107

( B ) consensus CITTTCGTCCGAAGGCGCAACGGETTTAAAAAGGCGCAACGGTTTAAAA AAGCCAGTCGACCGCCCGAACTGTTGGTCTTAGAACCAGARATARATAA

2?6 24‘6 2?6 2§6 2'(6 2?6 2?6 396 3]‘.6 3?6 32‘36 3?16
plastome o 227 CTITTTCGTCCGRAGGCGCAACGGTTTAAAA- ARGCCAGTCGACCGCCCGAACTGTTGGTCTTAGAACCAGAARTARATAR 306
plastome II™ 227 CITTTCGTCCGAAGGCGCAACGGTTTAAAA AAGCCAGTCGACCGCCCGAACTGTTGGTCTTAGAACCAGAAATARATAA 306
plastome IIT™ 227 CTTTTCGTCCGAAGGCGCAACGGTTT. GGCGCAACGGTTTAAAAGAAGCCAGTCGACGGTTTARAA 294
plastome Iv™ 227 CTTTTCGTCCGAAGGCGCAACGGTTTAAAA. AR AGTCGACCGCCCGAACTGTTGCTCTTAGAACCAGARATARATAA 324
plastome V™ 227 CTTTTCGTCCGRAGGCGCAACGGTTTAAAALGGCGCARCGETTTARAA - ——— - - === === ————————— GAAGGCAGTCGACCGCCCGAACTGTTGCTCTTAGAACCAGARATARATAA 324
IAA = stop-codon tandem repeat

(C)

M I II III IV V

300 bp ==
200 bp s
2 146 bp
-—
— — 124 bp
— - —
100 bp === " 106 bp

Figure 26. Sequence alignment of the Rpsl18 C-terminus (panel A) and the frameshift causing
sequence variety (panel B). Insertions could be confirmed by a SSLP (panel C). Details are given in

the text.

Rps18 is a ribosomal protein of 101 amino acid residues, as in Arabidopsis, Atropa, Nicotiana
and Eucalyptus. The highest degree of sequence divergence between plants is found in the C-
terminal part (Figure 26, panel A). A 40 bp insertion caused by a tandem repeat in the 3’

region of rps18 in plastome III introduces a C-terminal TAA stop codon that leads to 9
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different C-terminal residues and a predicted polypeptide that is four residues shorter than in
the reference plastomes (Figure 26, panel A and B). A shorter insertion of 18 bp at the same
site in plastomes IV*™ and V"' generates six additional amino acid residues as compared to
plastomes " and II™C. The larger insertions in rps18 of plastome III*™ (40 bp) and
plastomes IV*™ and V! (18 bp) compared to plastomes F°" and II'™° were directly
analyzed as length polymorphic PCR products in 3% agarose gels using the primer pair
rps18for and rps18revM (Figure 26, panel C).

3.2.3.2.3. Sequence divergence of ycf1 and ycf2

Analysis of ycf1 and ycf2 is sophisticated, since these genes are only moderately conserved in
plastid genomes in general and function or functional domains are unknown (Drescher et al.,
2000). The overall conservation of ycfl and ycf2 is low between the reference plastomes.
However, conservation of the two genes among the five Oenothera plastomes is comparable

to that between some reference plastomes, but in general conservation is somewhat higher

(Tables 17 and 18).

Table 17. Sequence identity of ycf1 in comparison with reference plastomes

identity [%]  Atropa Nicotiana Lotus Eucalyptus por e e pyrre oyl

Arabidopsis 58.5 59.1 50.9 61.4 356 356 356 357 356
Atropa 92.5 52.7 64.2 363 363 365 366 365
Nicotiana 53.1 64.4 363 364 365 367 365
Lotus 50.7 33.0  33.1 330 333 330
Eucalyptus - - - - 38.7 38.7 38.8 39.0 38.8
it 99.6  98.8 98.2 98.8
e - 98.8 98.3 98.8
" 98.2  100.0
v 98.2

Table 18. Sequence identity of ycf2 in comparison with reference plastomes

identity [%] Atropa  Nicotiana  Lotus  Eucalyptus por e e v e

Arabidopsis 89.9 90.0 86.4 91.1 713 713 711 715 714
Atropa 99.2 87.8 92.4 73.0 73.0 729 731 73.0
Nicotiana 88.1 92.6 731 731 729 732 731
Lotus 89.3 69.8 69.8 69.6 700 69.9
Eucalyptus - - - - 75.0  75.0 748 752 751
et — 999 993 99.0 989
e — 994 990 99.0
" - 990 988
v — 997
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3.2.3.2.4. The 5’ end of accD is highly polymorphic
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Figure 27. Sequence alignment of AccD including sequences of eight reference species and all five

Oenothera plastomes.
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AccD encodes one of the four subunits of the plastid enzyme acetyl-CoA carboxylase
(ACCase), which catalyses the first step of de novo fatty acid synthesis in the plastid
carboxylating acetyl-CoA to malonyl-CoA. A knockout of accD in Nicotiana is lethal and
affects leaf morphology (Kode et al., 2005). While the first half and the very C-terminus of
the deduced protein sequence is quite diverged among the taxa investigated in this study, the
second half of the protein, which houses the carboxyl transferase domain, is well conserved,
not only among all five Oenothera plastomes and the Munzia plastome of Oe. villaricae strain
berteriana Schwemmle (accession number EU255778), but also among the reference
plastomes of Atropa, Nicotiana, Arabidopsis, Lotus, Glycine, Pisum and Eucalyptus (Figure
27). The diverged region presumably is not directly involved in catalytic function. For that
reason it seems unlikely that the substantial differences among AccD polypeptides contribute
notably to interspecific plastome-genome incompatibility. However, it is conceivable that the
single amino acid exchanges between the five plastomes found in the functional domain of the

conserved AccD region affect the interaction with the nuclear partner subunits.

3.2.3.2.5. Alignments of AtpA and PsbB - proteins with mobility shifts

( A ) consensus AAACCGCAGTTCGAAGAAATCATATCTTCTACTARGATATTCACCGAGGAAGCACAAGCCCTTTTGAAAGACGCTATTCAGGAACAGAAGGAACTCTTTCTAGTTCAGGAATAAGTATAG
1414 1424 1434 1444 1454 1464 1474 1484 1494 1504 1514 1524
plastome I*" 1405 AAACCGCAGTTCGAAGAAATCATATCTTCTACTAAGATATTCACCGAGGARGCACAAGCCCTTTTGAAAGACGCTATTCAGGAACAGRAGGAACTCTTTCTAGTTCAGGAATAA 1518
plastome T I™ 1405 AAACCGCAGTTCGAAGAAATCATATCTTCTACTARGATATTCACCGAGGAAGCACAAGCCCTTTTGARAGACGCTATTCAGGAACAGAAGGAACTCTTTCTAGTTCAGGARTAA 1518
plastome I II*™ 1405 AAACCGCAGTTCGAAGAAATCATATCTTCTACTARGATATTCACCGAGGAAGCACAAGCCCTTTIGAAAGACGCTATTCAGGAACAGAAGGAACTCTTTCTAGTTCAGGARAAAGTATAG 1524
plastome IV'™ 1405 AAACCGCAGTTCGAAGAAATCATATCTTCTACTAAGATATTCACCGAGGAAGCACAAGCCCTTTTGAAAGACGCTATTCAGGAACAGAAGGAACTCTTTCTAGTTCAGGAATAA 1518
plastome v 1405 AAACCGCAGTTCGAAGAAATCATATCTTCTACTAAGATATTCACCGAGGARGCACAAGCCCTTTTGAAAGACGCTATTCAGGAACAGRAGGAACTCTTTCTAGTTCAGGAATARA 1518

| g 14 44 Lhl 0, bk willl

consensus ELEAFAQFSSDLDKATONQLARGORLRELLKQS LIVAEQILTIYTGTNGYLDSLEIAQVRKFLVELRDYVKTNKPQFEEIISSTKIFTEEAEALLKDAT! KELFLVQEQ=====

401 411 421 431 441 451 461 471 481 491 501 511
Arabidopsis 392 ELEAFSQFSSDLDKATONQLARGORLRELLKQSQSAPLTVEEQIMTIYTGTNGYLDGLEIGQVRKFLVQLRTYLKTNKPOFQEITASTKTLTAEAESFLKEGIQEQLERFLLOEKY . 507
Atropa 392 ELEAFAQFASDLDKATONQLARGORLRELLKQSQSAPLTVEEQIMTIYTGTNGYLDSLEVGQVRKFLVELRTYLKTNKPOFQEIISSTKTFTEEAEALLKEAIQEQMKRFILOEQA . 507
Nicotiana 352 ELEAFAQFASDLDKATONQLARGORLRELLKQSQSAPLTVEEQIMTIYTGTNGYLDSLEVGQVRKFLVELRTYLKTNKPQFQEIISSTKTFTEEAEALLKEATIQEQMDRFILQEQA . 507
Lotus 392 ELEAFAQFASDLDKATQNQLARGQRLRELLKQSQSAPLTVEEQVITIYTGTNGYLDSLEIRQVRKFLVELRAYLKTNKPQFNEITSSTKTFTGEAEALLKFATQEQMELFLLOEQVEKN., 510
Eucalyptus 392 ELEAFAQFASDLDKATONQLARGORLRELLKQSQAAPLTVEEQIMTIYTGTINGYLDSLEIGQVRKFLVELRTYVKINKPOFQEIISSTKTFTEEAEALLKEAIQEQKERFLLOEQG . 507
plastome =™ 392 ELEAFAQFSSDLDKATQNQLARGORLRELLKQSQAKPLTVAEQILTIYTGTNGY LDSFEIAQVRKFLDELRDYVKTRKPQFEEITISSTKIFTEEAQALLKDAIQEQKELFLVQE . 505
plastome II™™™ 392 ELEAFAQFSSDLDKATQNQLARGORLRELLKQSQAKPLTVAEQILTIYTGTNGYLDSFEIAQVRKFLDELRDYVKTRKPQFEEIISSTKIFTEEAQALLKDAIQEQKELFLVOE. 505
plastome III™™ 392 ELEAFAQFSSDLDKATONQLARGQRLRELLKQSQAKPLTVAEQILTIYTGTNGYLDSFEIAQVRKFLDELRDYVKTRKPQFEEIISSTKIFTEEAQALLKDAIQEQKELFLVOEKV. 507
plastome IV*™ 392 ELEAFAQFSSDLDKATQNQLARGORLRELIKQSQAKPLTVAEQILTIYTGTNGYLDSFEIAQVRKFLDELRDYVKTRKPQFEEIISSTKIFTEEAQATLLKDAIQEQKELFLVQE. 505
plastome vV 352 ELEAFAQFSSDLDKATONQLARGORLRELLKQSQAKPLTVAEQILTIYTGTINGYLDSFEIAQVRKFLDELRDYVKTRKPQFEEIISSTKIFTEEAQALLKDAIQEQKELFLVQE . 505

( C ) consensus TFFETFPVVLVDGDGIVRADVPFRRAESKY SVEQVGVT IEFYGGELNGVSY SDPATVKKYARRAQLGEI FELDRATLKSDGVFRSSPRGWFTFGHASFALLFFFGHIWHGARTLFRDVFA

370 380 390 400 410 420 430 440 450 460 470 480
plastome el 361 TFFETFPVVLVDGDGIVRADVPFRRAESKYSVEQVGVTIEFYGGELNGVSYSDPATVKKYARRAQLGEIFELDRATLKSDGVE TFGHASFALLFFFGHIWHGARTLFRDVFA 480
plastome II™ 361 TFFETFPVVLVDGDGIVRADVPFRRAESKYSVEQVGVTIEFYGGELNGVSYSDPATVKKYARRAQLGEIFELDRATLKSDGVE TFGHASFALLFFFGHIWHGARTLFRDVFA 480
plastome III™ 361 TFFETFPVVLVDGDGIVRADVEFRRAESKYSVEQVGVTIEFYGGELNGVSYSDPATVKKYARRAQLGEIFELDRATLKSDGVE TFGHASFALLFFFGHIWHGARTLFRDVFA 480
plastome IV*™ 361 TFFETFPVVLVDGDGIVRADVPFRRAESKYSVEQVGVIVEFYGGELNGVSYSDPATVKKYARRAQLGEIFELDRATLKSDGVE TFGHASFALLFFFGHIWHGARTLFRDVFA 480
plastome v** 361 TFFETFPVVLVDGDGIVRADVPFRRAESKYSVEQVGVTVEFYGGELNGVSYSDPATVKKYARRAQLGEIFELDRATLKSDGVE TFGHASFALLFFFGEIWHGARTLFRDVFA 480

Figure 28. Sequence alignment of the 3° atpA region (panel A and B) and polymorphism detected in
psbB (panel C) presumably giving rise to known variance of polypeptides in Oenothera (Herrmann et

al., 1980).
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The TAA stop codon of atpA in plastome III"™™ has been changed by a T-to-A transversion
(Figure 28, panel A) resulting in an extension of two amino acid residues including lysine as
compared to all other plastomes (Figure 28, panel B). It is likely that these additional residues
account for the somewhat slower electrophoretic mobility that has been noted for the
thylakoid located ATP synthase subunit a of that plastome independent of the nuclear genome
type (Herrmann et al., 1980). It is relevant to note that the 3’ region of afpA is also variant

among the reference plastomes of Lotus, Arabidopsis, Nicotiana, Atropa and Eucalyptus.

CP47, an inner antenna chlorophyll protein of photosystem II encoded by pshB, is variant
between plastomes IV*™ and V! compared to plastomes F" — III"™™ (Figure 28, panel C).
The genes contain a single G (IV*™®, V! to A (I°", II**C, III*™) conversion at position
1195, which leads to a conservative change from valine to isoleucine, consistent with
previous work (CP47 of Oe. argillicola strain douthat 1, accession no. X55899, CP47 of Oe.
elata subsp. hookeri strain hookeri de Vries, accession no. X55900). It remains to be verified

whether the mutation accounts for the electrophoretic mobility shift (Herrmann et al., 1980).

3.2.4. Differences in intergenic regions between plastomes F°" — V!

For investigation of PGI not only coding regions but also regulatory elements have to be
taken into consideration. Promoters, terminators, processing signals or ribosome binding sites
are located within the intergenic sequence intervals and are less conserved among plastomes.
From altogether 114 regions, 76 are variable and only 38 identical. 24.1 indels and 5.4
substitutions have been detected on average for each intergentic region. Taken together, 2,743
indels and 616 substitutions were detected for all 114 intergentic regions. This contrasts

observations made for coding regions, in which only few indels have been found.

A functional analysis of the non-coding regions is of course more difficult than that of coding
regions, since conservation of regulatory elements is generally lower. Bioinformatic
identification of chloroplast mRNA processing signals or terminators is nearly impossible.
However, consensus strength of plastid promoters as well as ribosomal binding sites is high

enough and allow a comparative analysis.
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3.2.4.1. Differences in promoter regions

To search for potential promoters of the bacterial type (-10 and -35 boxes) and phage type
polymerases, the region approximately 600 bp upstream of each gene was searched for
consensus sequences (Chapter 2.2.6.2.3). The analysis confirmed various sites previously
reported from other species (Hess and Borner, 1999; Kanamaru and Tanaka, 2004; Shiina et
al., 2005; Liere and Borner, 2006; Swiatecka-Hagenbruch et al., 2007) also in the Oenothera
plastomes. Putative sigma factor binding sites were found in 75 genes, and 69 contained type
Ib-like NEP promoters. In total, at least one polymerase binding site could be deduced for 88
genes. Predictions for both promoter types were found for 56 genes. Among the predicted
PEP and NEP sites, 39 and 27 promoters had at least one difference in the binding site
between one of the five plastomes, respectively. A relatively wide spectrum of changes,
including additional or lacking binding sites, single point mutations or spacing differences
were found between the predicted promoters. The functional relevance of these changes, such
as binding strength or transcriptional start sites remain to be verified and will be discussed

later (Chapter 3.4.1.4).

3.2.4.2. Differences in ribosomal binding sites

To evaluate a potential contribution of translation initiation to PGI, the binding capacity of
ribosomal binding sites was studied. Such binding sites were detected by their match to the 3’
end of the 16S rRNA in 30 genes within the first 23 bp upstream of the initial start codon. The
Shine-Dalgarno sequences show no significant differences among the plastomes, excluding

the possibility that translational efficiency contributes to PGI.

3.3. Evolutionary analysis of the five basic plastomes

The complete sequence of the five basic Oenothera plastomes offers the unique opportunity
to correlate sequence diversification with functional and evolutionary aspects. The
evolutionary succession of the five plastomes was analyzed by appropriate algorithms
generating phylogenetic trees, together with a rough estimation of the possible divergence
times between the five plastomes. Furthermore, closer inspections of the compatibility chart
(Figure 4) allowed to deduce for the first time four genetically different types of PGI.
Different types of PGI build hybridization barriers of different strength on which natural

selection acts. Estimation of selection pressure, again for the first time, suggested that
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plastomes underlie notable selection forces and indicate a distinct set of plastome encoded

genes contributing to speciation.

3.3.1. Calculation of phylogenetic trees

(A) (B) — plastome I*"
plastome V*’
plastome [11°" L plastome I***°
suavG
plastome |l plastome 1II""

— plastome [V*°

L plastome I
plastome V™" plastome Vo'
Lotus Lotus

Figure 29. Phylogenetic trees of the five Oenothera plastomes. Different tree topologies appear
depending on the method. NJ and MP place plastomes I°", II***%, TII'"™ and V*"! in one clade and
plastome IV*™ in a separate branch (panel A), whereas ML puts ", II"***“ and III™™ vs. IV*™ and

Vel as two separate clades (panel B).

To evaluate the evolutionary succession of the five plastome types, tree calculation was
performed using whole plastome sequences. Classical genetic data describing the
evolutionary succession of the five plastome types are already available (Stubbe, 1963a;
1964; Stubbe and Steiner, 1999), but molecular investigations were so far limited to a small
set of plastome sequences (Hornung et al., 1996; Sears et al., 1996; Levin et al., 2003; Levin
et al., 2004). To generate phylogenetic trees all three methods, Neighbor-Joining (NJ),
Maximum Likelihood (ML) and Maximum Parsimony (MP) were used. They were calculated
for both, the 47 variable genes as well as the 76 variable intergenic regions. Trees were rooted
by orthologous genes or sequence intervals, respectively, with the Lotus japonicus plastome
sequence (Kato et al., 2000) as an outgroup. Plastomes P, II**“ and III"™ were always
grouped in one clade with plastomes " and II**“ being close relatives (bootstrap values
100% for NJ and ML) (Figure 29). A common ancestor for clade I" - IIII*™ and a clade

consisting of IV*"™ and V"' (bootstrap 99%) was supported by ML. Using MP one maximal

parsimonious tree was generated, placing plastome V"' in one clade with plastomes F°" -
[I"™ while plastome IV*™ is located in a separate branch. This tree is supported by both, NJ
analysis of the concatenated alignments (bootstrap 96.7% for separation of plastomes ydoul
and IV*™) as well as by a species/consensus tree of the 47 individual NJ gene trees. Only

28.9% result in a branching pattern identical to the ML topology of the consensus tree, while

97
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40% of all gene trees support a separate branch for plastome IV*™. For classical genetic
reasons (Stubbe and Steiner, 1999) it is proposed that the latter tree topology reflects the
phylogenetic relationship between the five Oenothera plastomes (Chapter 4.4.2).

3.3.2. Estimation of evolutionary distances between the plastomes

A long standing and unsolved question in Oenothera taxonomy is the divergence time of
species within subsection Oenothera. Since molecular data are largely missing and fossil
records not available, the only statements found in the Oenothera literature is a guess of
Cleland (1972, pp. 299 - 302) and calculations based on nuclear allozyme variation made by
Levy and Levin (1975). Cleland assumes a possible invasion of the North American continent
by the common ancestor of subsection Oenothera from Middle America in several waves,
possibly 70,000 years ago, at the end of the Pleistocene. However, Cleland does not rule out
the possibly that the subsection is older. Levy and Levin (1975) estimate the age of subsection

presumably to 1 mya. These statements were never examined.

Table 19. Evolutionary distances in years calculated for the five Oenothera plastomes

plastome per e nre" vare
e 83,195
™ 471,436 415,973
vare 831,947 804,215 831,947
ydout 998,336 998,336 942,871 693,289

For a molecular estimation of the divergence time between the five basic plastomes in the
section Oenothera, average substitution rates of protein coding genes between the five
plastomes were investigated. Average Ks values between the five plastomes varied over more
than one order of magnitude, from 3 x 10™ for plastomes " and II*** up to 3.6 x 107 for
plastomes FO/II***% and V!, Divergence for plastomes ranged generally between 416,000
(I and 111"™™) and 830,000 years, if a calibration derived for dicotyledoneous chloroplast
genes (Chaw et al., 2004) was applied. The divergence of plastomes F*" and 1™ is
estimated to be as recent as 83,000 years ago, while the most distant pair (F°" and V**') has
diverged approximately 1 mya (Table 19). These data differ from Cleland’s assumption that

the subsection Oenothera has arisen at the end of the Pleistocene and do not reconstitute Levy

and Levin’s time frame of divergence (see Chapter 4.4.1).
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3.3.3. Four basic types of PGI determine the strength of hybridization barriers

The five basic plastomes in Oenothera differ in their evolutionary diversification, as shown in
tree or divergence time calculations. The functional consequence can be easily recognized by
the compatibility chart (Figure 4). In Oenothera, the C genome is probably the most ancient
genotype of the subsection and exerts a dominant negative effect on A and B genomes.
Plastome I, considered to be the most advanced plastome, is compatible exclusively with its
natural AA background. Studies on Rhododendron uncover a similar pattern (Noguchi, 1932).
This suggests that the strength of post-zygotic barriers and the ability to produce PGI tend to
be a function of “cytoplasmic” divergence, a finding also noted by Levin (2003). This

observation builds the base for four genetically different classes of PGI.

The compatibility chart of Oenothera (Figure 4) presents various phenotypically and
genetically different PGIs, which suggest strongly that plastome dependent hybridization
barriers can have different strengths and reasons, depending on the genetic design of the
incompatibility. Closer inspection of the plastome-genome combinations underlying these
incompatibilities uncover that PGIs can be grouped into four classes. The impact of each of
them on hybridization barriers is different. In principle, these classes cover all CIs and are not
restricted to plants or plastids, but only the comprehensive data set of Oenothera allows

general considerations.

A first PGI type, designated dominant PGI, is found in F1 nuclear hybrids with the plastome
of one parent (F1-PGI). In this instance, a single copy of a compatible genome in
heterozygous constitution cannot prevent PGI. In Oenothera AB-1, AC-I, AC-V, BC-III and
BC-V fall into this class (Figure 4). Most of the examples listed in Table 2 are dominant PGIs
as well, since they appear in the F1. Dominant PGIs build strong hybridization barriers,

immediately affecting the F1 generation.

A second class is represented by so-called recessive PGls. In Oenothera, the combinations
AA-III, AA-IV, BB-II and CC-II belong to this type. To illustrate their genetic design, the
incompatible combination AA-III will be considered. Recessive incompatibilities are
homozygous in their nuclear background (here: AA), carry a foreign plastome (as plastome II1
with that genotype), and, different from the previous class, can be cured as heterozygotes with
the genome of the plastome donor. The plastid harbouring plastome III, which is native to

genotype BB, is also green in combination with AB. The evolutionary consequence of
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recessive PGIs is hybrid breakdown. The compatible AB-III F1 hybrid segregates 25% AA-
III (incompatible), 50% AB-III (green) and 25% BB-III (green) individuals in the F2
generation. This hybridization barrier is generally weaker than that of dominant
incompatibilities. Recessive PGIs have been also observed in Pelargonium and Trifolium as
breakdown of viable F1 generations (Smith, 1915) or F1 backcrosses (Smith, 1915; Meredith
et al., 1995). Their occurrence is probably underestimated because of the lack of hybrid
variegation in higher generations. Usually, sorting-out is completed in all flower organs
during life cycle in F1 and therefore hybrid variegation is not transmitted to successive
generations (Kirk and Tilney-Bassett, 1978; Birky, 2001). Since hybrid variegation is the only
reliable way to detect PGI (Chapter 1.4), recessive PGI may be overlooked frequently.

The third category includes co-dominant PGls. Examples in the compatibility scheme are
AA-V, BB-I, BB-V, CC-I and CC-III. They can be caused by a single, co-dominant nuclear
factor, or suffer from at least two genome conflicts, a dominant and a recessive one.
Combination BB-I may illustrate a co-dominant incompatibility (Figure 4). In general, BB-I
suffers from a dominant maladaptive factor between the B genome and plastome I that
already appears in an AB-I background. Replacement of the A genome by a further B
genome, enhances the relatively weak AB-I phenotype, resulting in the strong incompatibility
BB-1. Genetically, there are two possible explanations: First, BB-I can be caused by two
factors, a dominant one, already responsible for the AB-I phenotype, plus a recessive one,
which becomes notable in the homozygous BB background. Both factors, as sole responsible
for dominant or recessive PGIs, respectively, together cause the strong BB-I phenotype. The
second explanation is a co-dominant inheritance of a single determinant that is possibly
monogenic. In this model, the incompatible BB-I phenotype is caused by a dose effect. One B
genome in the AB-I background displays a weaker phenotype than two in the combination
BB-I. Both models assume that AB-I and BB-I share, at least fractional, identical molecular
reasons. Co-dominant incompatibilities can play a limited role in evolution, as they enforce an
already existing hybridization barrier in F2. In the chosen example the incompatible hybrid
AB-I, when selfed, splits into AA-I (green), AB-I (incompatible) and BB-I (strongly

incompatible) in F2.
The forth case, chimeric PGI, is characterized by a heterozygous nucleus and a plastome that

has an evolutionary history different from both haploid genomes. An example is the

combination BC-I. Plastome I is naturally associated only with A genomes and its
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combination with BB or CC is disharmonic. Consequently, if BB-I and CC-I are crossed, an
incompatible BC-I offspring is not surprising. It is very likely that chimeric PGIs are of
polygenic origin. Other incompatibilities of that kind in the compatibility chart are AB-V and,
in some respect, AC-IIl and BC-II”. The significance of chimeric PGIs to generate
hybridization barriers is limited. Their occurrence in nature is improbable, since both parental

lines have to be already incompatible.

3.3.4. Selection pressure on the Oenothera plastomes

PGI leads to hybridization barriers of different strengths, but which selection forces produce
them? Is PGI a consequence of selection at all, or just a phenomenon of reinforcement? Can
the plastome with its limited set of genes contribute to speciation? These questions can easily
be tested by measuring selection forces on Oenothera plastome sequences. Genes causative
for speciation have been suggested to be under positive selection for a limited period
(Gillespie, 1991). To investigate whether there is selection at all on plastome sequences and
also to derive candidate genes for incompatibility factors, ratios of non-synonymous (Ka)
versus synonymous (Ks) substitutions were determined for variable genes 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. However, an excess of non-synonymous substitutions was not
equally distributed between the pairs under study but clustered predominantly to five genes,
vefl, yef2, accD, clpP and ndhA. For almost all plastome pairs these genes displayed fast
evolution and o values higher than 1, indicative of positive selection. The first three 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 non-synonymous substitution rates is simply the result of observed high
variability. The highest rates (o = 4.1) calculated for c/pP seem to differentiate plastomes por

and 11" versus I1I"™, while maximal rates for accD (2.2 < @ < 4) were observed between

clade TIF*™C and IV*™ and V%", respectively. A similar, though less pronounced,

3 The combinations AC-III and BC-II are chimerical incompatibles only if they originate from crosses between
their incompatible parents AA-III x CC-III and BB-II x CC-II, respectively. As an exception, the genetics of
permanent translocation heterozygosity in Oenothera (Chapter 1.7) allows the assembly of AC-III or BC-II from
compatible parents (e.g. AB-III x CC-V or BA-II x CC-V). In this case, AC-III or BC-II represent dominant

incompatibles.
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Table 20. Average Ka/Ks values calculated from the five Oenothera plastomes in pairwise comparison

Ka/Ks (Ka; Ks)

plastome I'*"

suavG

lam

plastome II plastome III plastome ITV*™°
plastome I1*"**¢ 0.6266 (0.0002; 0.0003) - - -
plastome TTT™™ 0.5107 (0.0009; 0.0017)  0.5945 (0.0009; 0.0015)
plastome IV*" 0.4176 (0.0013; 0.0030) 0.4567 (0.0013; 0.0029) 0.4446 (0.0013; 0.0030) -

plastome V!

0.4608 (0.0017; 0.0036)

0.4961 (0.0018; 0.0036)

0.4309 (0.0015; 0.0034)

0.2371 (0.0006; 0.0025)
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observation has been made for ndhA. Together, elevated rates in the five genes comprise 26
of 33 pairs with positive selection. For ccsA, petD, and matK each, only one pairwise ® value
exceeded the chosen criterion for positive selection. However, it was noted that several pairs
of matK and ccsA indicate elevated evolutionary rates well above the median ® = 0.405.
Clustering of elevated rates has also been observed for ndhD, rps18 and rps3. Compared to a
mean of 0.157 deduced for pairwise comparisons of 30 angiosperm chloroplast genomes that
was widely constant in most branches of the mono- and eudicotyledonous plants investigated,
mean Ka/Ks ratios between the five plastomes are relatively high. Most ratios varied between
0.4 and 0.5 with a minimum of 0.24 between plastomes IV*™ and V*"' and a maximum of
0.63 for plastomes I°" and IT™**“ (Table 20). The unusually high mean Ka/Ks ratios between
most of the five plastomes and the relatively large number of genes for the first time indicate
positive selection or fast evolutionary rates and are consistent with a significant contribution

of plastomes to speciation.

3.4. Investigation of plastome-genome incompatibility

The complete sequences of the five basic plastomes, combined with the comprehensive
molecular and ecological knowledge about the photosynthetic process, provide a solid
framework to investigate PGI in Oenothera. In the following chapters bioinformatic and
molecular attempts are presented to evaluate differences found among the five basic
plastomes, in respect to functional and evolutionary aspects. Some factors identified by
bioinformatic analysis are complementary with molecular and phenotypic data. This approach
provided strong evidence that PGI reflects predominantly a regulatory phenomenon. In a
distinct case, the interspecific hybrid AB-I, a single locus contributes substantially to PGI. A
deletion in the divergently operating promoter region between psbB and clpP can explain the
AB-I phenotype. Down-regulation of psbB mRNA leading to reduced levels of CP47

chlorophyll a apoprotein results in a disturbance of photosystem II.

3.4.1. Bioinformatic investigation

Bioinformatic investigations were used to estimate the significance of variations detected
among the five plastomes in functional terms. Three possible causes for PGI were tested:
coding regions, regulatory regions and RNA editing. Editing is of special interest, since it was
identified as the primary reason for PGI in the Atropa/Nicotiana cybrid (Schmitz-Linneweber

et al., 2005).
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3.4.1.1. Search for candidate protein coding loci involved in PGI

Two attempts were made to estimate the impact of plastome-specific differences in genes.
First, in the case of single amino acid exchanges, biochemical properties of a substitution and
its location in a functional domain were considered (Table 21). Second, in proteins with
length polymorphism, direct alignment for single amino acids in the insertion/deletion is not
possible since alignment partners are missing. Therefore, only the presence of the length
variation in a functional domain was tested. All variations were compared to the distinct
plastome-genome combinations in the compatibility chart (Figure 4). The findings are
described in the two following chapters. Collectively, the data indicate that PGI reflects

predominantly a regulatory, rather than a mere structural phenomenon.

3.4.1.2. Investigation of single amino acid exchanges

A putative functional impact of non-synonymous sites in polypeptides, i.e. degree of
conservation and differences of biochemical properties, between Oenothera and those of 30
reference species was estimated as described in Material and Methods (Chapter 2.2.6.2.2).
Starting from 388 non-synonymous replacements (excluding ycfl, ycf2 and the highly
variable accD N-terminus; Chapters 3.2.3.2.3 and 3.2.3.2.4), 35 sites in 19 polypeptides were
identified that showed a significant difference between the distribution of biochemical
properties within Oenothera and the reference species (p < 0.05). 25 of the significant sites
were located within a known PFAM domain (Table 21), and therefore represent putative
factors causing PGI. It is noteworthy that almost all genes with elevated Ka/Ks rates (Chapter

3.3.4) are present in the set of 19 proteins with significantly differing amino acid exchanges.

3.4.1.3. Investigation of genes showing length polymorphism

Protein coding genes with length polymorphisms are of intrinsic interest for PGI. Ten loci
predictably should generate variant polypeptides between the evening primrose plastomes.
These are represented by ndhD, rpl22 and rps18 with reading frame shifts, ycf1, ycf2, accD,
clpP, and ndhF without reading frame shifts, and two genes, afpA and psbB, from which the
electrophoretic mobility is known to differ in plastomes III"™ and plastomes IV*™ and V!,
respectively, independent of the nuclear genome the plastomes are associated with (Herrmann
et al., 1980). Details of the variations were presented earlier (Chapter 3.2.3.2). All loci were

compared mutually, and aligned with the plastome/genome compatibility scheme of the
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Table 21. Estimation of possible determinants for plastome-genome incompatibility caused by single amino acid exchanges

aa" Oenothera consensus in 2) aa" exchange in a transmembrane R opere s
gene . GD p-value . . . possible incompatibility in
(I I1; 11T IV; V) reference species functional domain domain
9 b 9 9
accD H;H;P;P;P P 76 1,33E-02 + - BB-I; BB-II
R;R;R;G;G G 125 3,10E-03 + - BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
W;W;W;:R;R SorN 174; 85 3,69E-02 N/A - BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
P;P;P;P;S P 73 2,64E-06 + - AA-V; AB-V; BB-V
N;N;N;N;L N 153 6,16E-05 + - AA-V; AB-V; BB-V
S;S;S;S;L QorK 68; 107 1,75E-04 + - AA-V; AB-V; BB-V
F;F;F;F;L L 22 5,31E-04 + - AA-V; AB-V; BB-V
atpA S;Y;S;S;S SorV 55 8,94E-04 + - BB-II
atpB R;R;R;R;G R 125 4,15E-08 + - AA-V; AB-V; BB-V
atpF G;G;G;G;V G 109 1,82E-13 + not affected AA-V; AB-V; BB-V
ccsA K;KGN;KGK KorQ 46 1,57E-02 N/A - AA-III; AC-III
clpP L;L;M;L;L w 61 3,29E-11 N/A - AA-III; AC-III
G;G;AAA A 60 6,52E-07 - - BB-I; BB-II
matK W;W;W;L;W LorF 40 6,85E-04 + - AA-IV
R;R;R;W; W L 102; 61 1,64E-02 + - BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
ndhA R;R;G;R;R RorK 125 1,64E-04 + not affected AA-III; AC-TIT
S;S;Y;Y;Y Y 143 1,48E-04 + not affected BB-I; BB-II
T;T;T;I;1 1 89 2,49E-02 N/A weakly affected BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
ndhB R;R;R;R;1 R 98 3,65E-04 + not affected AA-V; AB-V; BB-V
ndhC LLLK;K KorE 107 5,52E-03 + not affected BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
ndhD A;ALAGALS A 99 3,29E-11 - not affected AA-V; AB-V; BB-V
ndhE AAT;AA A 58 3,29E-11 + weakly affected AA-III; AC-IT
ndhH R;R;R;L;I RorK 98 2,85E-02 + - AA-V; AB-V; BB-V
petD AAGAGS A A 99 1,90E-06 + not affected AA-IV
V;W;V;V;V \Y 88 2,44E-14 + not affected BB-II
N;K;N;N;N N 94 8,43E-09 N/A not affected BB-II
rpoB C;C;S;S;S S 112 2,50E-04 N/A - BB-I; BB-II
R:R;R;G;G R 125 1,94E-04 + - AA-V; AB-V; BB-V
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Table 21. (continued)

aa® Oenothera

ene consensus in GD? value aa" exchange in a transmembrane ossible incompatibilitv in
g (1; I1; I11; TV; V) reference species P functional domain domain P P y
9 b 9 9
rpoC2 R;;R;R; R KorT 26;89  8,70E-03 + not present BB-II
H;H;H;P;P H 76 2,97E-02 + not present AA-V; AB-V; BB-V
H;H;H;H;P H 76 5,03E-05 N/A not present AA-V; AB-V; BB-V
D;D;D;D;G DorE 94 1,07E-03 + not present AA-V; AB-V; BB-V
rps3 R;R;T;R;R RorE 66 2,72E-05 N/A not present AA-III; AC-IIT
rps8 H;H;P;H;H H 76 9,37E-04 + not present AA-III; AC-1TT
rps15 S;S;S;S;1 S,RorN 98 1,98E-03 + not present AA-V; AB-V; BB-V

1))

aa = amino acid

2 GD = Grantham Distance

plastome I =F°", plastome IT = II***%, plastome III = III"™, plastome IV = IV*", plastome V = V"'
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subsection (Figure 4). Length polymorphisms in accD, atpA, clpP, ndhD, ndhF, rpl22 and
rps18 could evidently not be compared with distinct amino acid residues. However, none of
their variant regions, except the altered ndhD 3’ terminus, is located within a functional
domain (Table 22). 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. 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 Nicotiana does not result in a pronounced phenotype (Burrows et al., 1998; Kofer et al.,
1998). Since almost all of the outlined polypeptide differences reside in the very C-termini
that are also known to be quite variable in general, it is unlikely that the outlined changes are

of major functional and/or evolutionary relevance.

Table 22. Estimation of possible determinants for plastome-genome incompatibility caused by indels"

. indel present in plastome possible functional transmembrane
gene indel retorEe ™ pvere ve incompatibility domain domain
accD N/A various indels N/A - -
apA 17 . o 4 - - AA-III; AC-III - -
clpp 171 - - - - + AA-V; AB-V; BB-V - -

I - -+ - - AA-III; AC-III - -
A222—336 _ _ _ + _ AA-IV _ _
ndhD 17+ - - - AB-I + weakly affected
poste - - - + AA-V; AB-V; BB-V + weakly affected
ndhF 1T+ oL - - AB-I - -
ppl22 1M O oL + - AA-IV - -
ps18 172 - o 4 + + BB-I; BB-II - -
AP0 -+ - - AA-III; AC-IIT - -

D Yefl and ycf2 were excluded, since both loci are highly variable in general and their function and

functional domains are unknown (Drescher et al., 2000).

3.4.1.4. Search for candidate loci for PGI in intergenic regions

PGI may be a regulatory phenomenon. To pinpoint potential determinants, the sequences of
the five Oenothera plastomes were searched for differences in promoter regions as well as for

potentially different mRNA editing sites. The differences located in promoter sequences of
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the Oenothera plastomes were compared with the genetically determined compatibility

relationships (Figure 4).

Two types of RNA polymerases operate in plastids of higher plants, the ancient eubacterial
type polymerase PEP (-10 and -35 boxes) and a phylogenetically acquired phage-type
polymerase (NEP), that use different promoters (Shiina et al., 2005; Liere and Borner, 2006).
To evaluate possible roles of differences within plastome promoter regions to PGI, 38
putative PEP and 25 NEP promoters, that were altered in at least one of the plastomes
(Chapter 3.2.4.1) were investigated according to three criteria: (i) 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 Borner, 2006), (ii) number and
(ii1) position of predicted polymerase binding sites relative to a translational start site (Tables
23 and 24). With this selection scheme 9 putative PEP promoters, notably of c/pP, psbB,
rpl16, rpl33, rpsl12, rpslS, trnGgee, trnLcaa, trnSuca, and 7 predicted NEP promotors,
namley of atpH, clpP, ndhG, psbB, psbK, rps4 and trnGgce, were deduced as candidates
causing PGI. Three promoter sequences indicated drastic changes for both polymerases: the
promoter of #rnGgce harbouring mutations specific for plastome V!, and the divergently
operating bidirectional promoters for c/pP (encoding a catalytic subunit of the protease Clp)
and psbB (encoding the chlorophyll @ binding protein CP47 of the photosystem II core
complex) that contain a large deletion specific for plastome I°". The latter region will
subsequently be presented as a case study, because an independent approach uncovered it as a
likely and major locus of incompatibility in the interspecific combination of the AB genome

with plastome I (Chapter 3.4.2.3).

3.4.1.5. Differences in RNA editing sites

The findings that editotypes in plastids may differ between related species and even between
ecotypes (Tillich et al., 2005) and that plant-specific editing sites can often not be modified
heterologously (Schmitz-Linneweber et al., 2005; Shikanai, 2006), has suggested that this
kind of RNA maturation plays a crucial role not only in translation, but also in speciation
processes (Schmitz-Linneweber et al., 2001b; Schmitz-Linneweber et al., 2005). Editing of
the ndhD ACG start codon in plastomes " and IV*™ (Hupfer, 2002) as in Spinacea,
Nicotiana 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 Marchantia polymorpha, which lacks RNA editing, uncovered 320 potential sites in
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Table 23. Assessment of putative PEP promoters as candidate loci for plastome-genome

incompatibility in Oenothera"

gene estimated effect PGI considered
accD N/A N/A
atpB unlikely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
atpF unlikely AA-V; AB-V; BB-V
clpP likely AB-I; AC-1
ndhD unlikely BB-I; BB-II
ndhF N/A N/A
ndhG possible AB-I; AC-1
petLL N/A N/A
psal possible N/A
psbB likely AB-I; AC-1
psbD unlikely BB-I; BB-II
psbE unlikely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
psbl possible AB-I; AC-1
rbcL possible BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
rpll6 likely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
1pl20 possible AA-1IV
rpl22 possible AA-1IV
rpl32 possible N/A
1pl33 likely BB-I; BB-II
rps12 likely AA-V; AB-V; BB-V
rpsl5 likely AA-V; AB-V; BB-V; BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
rpsl6 unlikely BB-I; BB-II
rps18 possible BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
rps4 unlikely AA-1IV
trnFgana unlikely AB-I; AC-1
trnGgec likely AA-V; AB-V; BB-V
trnGycc unlikely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
trnHgug unlikely AA-V; AB-V; BB-V
trnLeaa likely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
trnLyac unlikely AA-V; AB-V; BB-V; BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
trnPygg N/A N/A
trnQuug possible BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
trnSgcu N/A N/A
trnSyga likely BB-II
trnTygu unlikely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
yef2 possible N/A
petN unlikely AA-1IV

! a putative effect on AB-I is marked in bold
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Table 24. Assessment of putative NEP promoters as candidate loci for plastome-genome

incompatibility in Oenothera"

gene estimated effect PGI considered
yef2 unlikely AA-III; AC-1II
atpB unlikely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
atpF unlikely AA-IIT; AC-IIT
atpH likely AB-I; AC-1
atpl possible AA-V; AB-V; BB-V
clpP likely AA-IIT; AC-IIT; AA-V; AB-V; BB-V
ndhF possible AA-V; AB-V; BB-V; BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
ndhG likely AB-I; AC-I
psal unlikely BB-1I
psal unlikely AA-IV
psbB likely AA-IIT; AC-IIT
psbK likely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
rpl20 unlikely AA-IV
rpl33 possible AA-V; AB-V; BB-V
rpoB unlikely AA-V; AB-V; BB-V
rps12 possible AA-V; AB-V; BB-V
rpsl5 unlikely AA-1IV
rpsl6 unlikely AA-III; AC-III
rps18 unlikely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
rps4 likely AA-1IV
trnGgcece likely AA-V; AB-V; BB-V
trnlcay possible AA-III; AC-IIT
trnPygg unlikely BC-I; BC-II; BC-III; CC-I; CC-II; CC-III
trnQuug possible BC-I; BC-II; BC-III; CC-I; CC-II; CC-IIT
trnTygy possible BC-I; BC-II; BC-III; CC-I; CC-II; CC-III

D a putative effect on AB-I is marked in bold
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coding regions in Oenothera (Wang, 2006), which is an order of magnitude higher than
editotypes found usually in higher plants and includes therefor false positives. However, only
a single nucleotide substitution differs among the potentially edited sites in the Onagracean
plastomes. NdhA of plastomes ", 11" and III"™™ contains a C-to-T conversion at amino
acid position 309 compared to plastomes IV*™ and V!, which would result in a T-to-I
change. Since knock-out lines of genes for NADPH dehydrogenase subunits in Nicotiana
display no or only weak phenotypes (Burrows et al., 1998; Kofer et al., 1998), editing -
different from the Solanacean model (Schmitz-Linneweber et al., 2002; Schmitz-Linneweber
et al., 2005) - does not play a crucial role in speciation of the Oenothera clade nor in the

generation of interspecific plastid-nuclear incompatibility.

3.4.2. Molecular investigation of PGI

The data set presented above can be used to search for molecular determinants causing PGI in
the subsection. In principle, PGI can be caused by structural or regulatory processes. Co-
evolution of polypeptides with their interaction partners (polypeptides or nucleic acids), is a
well-known phenomenon (Goh et al., 2000). Diverging protein coding loci are therefore of
intrinsic interest, but the overwhelming majority of such loci found in Oenothera, do not seem
to be of obvious functional relevance nor causative for interspecific compartmental
incompatibility. In protein coding genes, out of 388 diverging loci, only 35 are located in
functional domains (Chapter 3.4.1.2), and even for those 35 exchanges it is unlikely, that they
can explain the enormous variety of PGI phenotypes in Oenothera, as discussed in more

detail in Chapter 4.5.2.

3.4.2.1. Analysis of nuclear gene expression in the three basic Oenothera lineages

If differences in coding regions cannot or not fully explain PGI in the genus, gene regulation
must be of particular importance. This should be reflected first in different plastid promoter
sequences as deduced in Chapter 3.4.1.4 but also by variance of nuclear gene expression in
species whose hybrids show plastome-genome incompatible phenotypes. Variance in nuclear
gene expression may be particularly relevant, since regulation of plastid and nuclear mRNA
levels have to be intimately coordinated to allow stoichiometric delivery of chloroplast-
destined components (Figure 1). Therefore, these differences could potentially reflect species-

specific expression patterns and plastome-genome interactions.
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Figure 30. Representative autoradiogram of an array filter representing a subset of nuclear genes for
chloroplast function. Signals were generated by hybridizing labeled cDNA from the AA genome
(panel A). Order and quantities (ng/spot) of immobilized probes (panel B) as well as EST clusters of
spotted probes (panel C) are given. For description of the EST clusters under study see Table 25.

To address the questions of co-regulated gene clusters, and to which extent transcriptomes
differ between naturally occurring species residing in different habitats, macroarrays were
equipped with EST-derived probes of 187 nuclear genes that contribute to known and
unknown chloroplast functions (Table 25). The expression profiles of leaves from three
different Oenothera species Oe. elata subsp. hookeri strain johansen (AA-I), Oe. grandiflora
strain tuscaloosa (BB-III), and Oe. argillicola strain douthat 1 (CC-V), kept under the same
physiological conditions, were investigated. Hybrids between these three species give usually

plastome-genome incompatible offspring (Table 1). For precise quantifications, the spots on
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Figure 31. Comparison of the transcript expression profiling of 187 nuclear genes for chloroplast
function in the three naturally occurring plastome-genome combinations AA-I, BB-III and CC-V. All
expression ratios are converted to log, for simplicity. The histogram of 10 major functional categories
shows the proportion of identically expressed genes (black), higher- (red) and lower-expressed (green)
genes (panel A). Histogram of average ratios of transcripts from plants of the three species (panel B).
The ratio for each spot represents the average of six independent quantities per gene and two

replicates. The colours of the bars represent the categories as indicated.
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each filter contained 112, 28 and 7 ng of each PCR product in duplicate. A representative
array is illustrated in Figure 30. The hybridization signals were statistically normalized using
standard methods (Data Range, AIDA Array Compare program, version 4.0, Raytest
IsotopenmeBgerdte GmbH). Data Range is a global normalization method, normalizing all
spots using the same reference value. After normalization the hybridization signals were
compared to each other - BB-III versus AA-I, CC-V versus AA-1 and CC-V versus BB-III.
The selected nuclear genes were grouped into 10 different major functional categories of the
chloroplast including amino acid metabolism, carbohydrate metabolism, photosynthesis (light
and dark reactions), protein modification and fate, protein biosynthesis, secondary
metabolism, transcription, unknown proteins and others (Table 25). The proportions of genes
differentially or identically expressed were determined and histograms of the corresponding
categories were generated (Figure 31). Macroarry analysis was done in co-operation with

Won Kyong Cho.

12

H light cycler
B macroarray

B |og, (BB-II/AA-)
® log, (CC-VIAA-])
m log, (CC-V/BBHII)

C_936-9-B11 C_4066-89-H09 C_2590-26-F11

Figure 32. Validation of expression data obtained by macroarry analysis via real-time PCR.
Explanation is given in the text. Numbers represent expression of different EST clusters (C_936-9-
B11 stands for a putative transketolase, C_4066-89-H09 for a chlorophyll a/b binding family protein
and C_2590-26-F11 for a phosphoribulokinase).

To validate the expression data obtained by the macroarray-based approach, mRNA levels of
three gene clusters were quantified by real-time RT-PCR. A comparison of the expression levels
of three gene clusters between the three genomes confirmed the differential expression of the

genes and highlight gene clusters, which were higher and lower expressed in the respective
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Table 25. Comparison of three transcriptomes of the genetic constitutions AA-I, BB-III and CC-V

closest

no EST/cluster Arabidopsis . . TR , . . rela.t ive rela.t ive rela.t ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log, expression log,
(blastX) (BB-III/AA-I) (CC-V/AA-D) (CC-V/BB-III)

1 S 56-4-B10 At3g48560  acetolactate synthase, chloroplast amino acid metabolism 0,00 0,00 0,00
2 C_1133-10-B02 At5g63570  glutamate-1-semialdehyde aminotransferase, chloroplast amino acid metabolism 0,00 0,00 0,00

3  C_86-4-D12 At5g35630  glutamate-ammonia ligase, chloroplast amino acid metabolism -1,84 -3,47 -1,56
4 S _4232-91-E09 At4g33680  unknown protein (transaminase activity), chloroplast amino acid metabolism 1,91 0,00 -3,64
5 S 1491-13-D02 At5g12860  2-oxoglutarate/malate translocator protein, chloroplast carbohydrate metabolism 0,00 0,00 0,00

6 S 4757-98-Bl11 At3g62410  CP12 domain-containing protein, chloroplast carbohydrate metabolism 0,00 -0,59 0,00

7 S 4457-93-H06 At1g43670  fructose 1,6-bisphosphatase, localisation unknown carbohydrate metabolism N/A N/A N/A
8 C_1167-10-D12 At3g52930  fructose bisphosphate aldolase, cytosol carbohydrate metabolism 0,00 0,00 0,00

9 S 4170-90-H07 At5g64380  fructose-bisphosphatase protein, mitochondrium carbohydrate metabolism N/A N/A N/A
10 S 2748-28-E04 At2g01140  fructose-bisphosphate aldolase, chloroplast carbohydrate metabolism -0,49 -1,29 -0,81
11 C_2253-22-D06 At4g38970  fructose-bisphosphate aldolase, chloroplast carbohydrate metabolism 1,19 0,51 -0,67
12 C_4157-90-G06 At3g26650  glyceraldehyde 3-phosphate dehydrogenase A, chloroplast carbohydrate metabolism 2,44 1,55 -0,89
13 C _943-8-C09 Atlgl2900  glyceraldehyde 3-phosphate dehydrogenase A, chloroplast carbohydrate metabolism 1,64 1,27 -0,36
14 C _1278-11-F03 At1gl2900  glyceraldehyde 3-phosphate dehydrogenase A, chloroplast carbohydrate metabolism N/A N/A N/A
15 C_1535-13-G10 At1g42970  glyceraldehyde-3-phosphate dehydrogenase B, chloroplast carbohydrate metabolism 0,79 -0,11 -0,89
16 S _1494-13-D05 At1g42970  glyceraldehyde-3-phosphate dehydrogenase B, chloroplast carbohydrate metabolism 0,00 0,00 0,00
17  C 3639-85-B09 Atlgl3440  glyceraldehyde-3-phosphate dehydrogenase, cytosolic carbohydrate metabolism 2,64 1,49 -1,15
18  C_4863-99-D06 Atl1g79750  malate oxidoreductase, (AtNADP-Me4), chloroplast carbohydrate metabolism N/A N/A N/A
19 S 1183-10-F04 At2g13560  malate oxidoreductase, mitochondrion carbohydrate metabolism N/A N/A N/A
20  C _4553-95-H06 At2g22780  NAD-dependent malate dehydrogenase, chloroplast carbohydrate metabolism 0,99 -0,24 -1,22
21  S_1981-18-G01 At3g47520  NAD-dependent malate dehydrogenase, chloroplast carbohydrate metabolism 0,00 0,00 0,00
22 S _4401-93-C10 At5g09660  NAD-dependent malate dehydrogenase, microbody carbohydrate metabolism 2,31 1,88 -0,43
23 C _3805-87-C08 At3g12780  phosphoglycerate kinase protein, cytosol, mitochondrion carbohydrate metabolism 1,16 0,55 -0,62
24 C_2590-26-F11 At1g32060  phosphoribulokinase (Pgk1l), mitochondrium, cytosol carbohydrate metabolism 1,58 0,84 -0,74
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Table 25. (continued)

closest

no EST/cluster Arabidopsis . . PP . . . rela.t ive rela't ive rela't ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log,  expression log,
(blastX) (BB-III/AA-T) (CC-V/AA-D) (CC-V/BB-III)
25  S_4838-99-B05 At3g55800  sedoheptulose-bisphosphatase, chloroplast carbohydrate metabolism 0,00 0,00 0,00
26 C_4643-96-G12 At2g21170  triosephosphatisomerase, chloroplast carbohydrate metabolism N/A N/A N/A
27  C_2295-22-H03 At3g55440  triosephosphatisomerase, cytosol carbohydrate metabolism 0,00 0,00 0,00
28  S_1221-11-A06 At3g63140  mRNA binding protein, chloroplast gene expression 0,00 -1,36 0,00
29 S _4148-90-F09 At5g50250  RNA binding protein (rbp31), chloroplast gene expression N/A N/A N/A
30 C_4753-98-B06 At5g50250  RNA binding protein (rbp31), chloroplast gene expression 0,00 0,00 0,00
31  C_5113-112-B09 At5g50250  RNA binding protein (rbp31), chloroplast gene expression 0,00 0,00 0,00
32 C_5186-113-A08 Atl1g60000  RNA-binding protein (Cp29), chloroplast gene expression -3,18 -3,32 -0,18
33 S 1191-10-F12 At2g37220  RNA-binding protein (Cp29), chloroplast gene expression 0,00 -0,12 0,00
34 C_2645-27-D01 At2g37220  RNA-binding protein (Cp29), chloroplast gene expression 2,36 0,78 -1,56
35 S _4500-95-D01 At2g37220  RNA-binding protein (Cp29), chloroplast gene expression 0,00 0,00 0,00
36 S _4269-91-H10 At2g39140  unknown protein (RNA binding), chloroplast gene expression N/A N/A N/A
37 S 3801-87-C04 At4g34730  unknown protein (RNA binding), chloroplast gene expression 0,00 -2,56 -0,92
38  C_660-6-F06 At2g21330  fructose-bisphosphate aldolase, chloroplast photosynthesis/dark reaction 1,49 0,76 -0,74
39 S 3501-84-D07 At2g01290  ribose 5-phosphate isomerase, localisation unknown photosynthesis/dark reaction N/A N/A N/A
40 C 2346-23-Dl11 At1g67090  RuBisCO small subunit, chloroplast photosynthesis/dark reaction 0,53 -1,13 -1,64
41  C_3597-86-D09 Atlg67090  RuBisCO small subunit, chloroplast photosynthesis/dark reaction 0,00 -0,03 0,00
42 C _1857-17-B09 At5g61410  ribulose-5-phosphate-3-epimerase, chloroplast photosynthesis/dark reaction -0,76 -1,89 -1,12
43 C _766-7-G12 At2g39730  RuBisCO activase, chloroplast photosynthesis/dark reaction -2,64 -1,89 0,72
44  C_1231-11-B04 At3g55800  sedoheptulose-bisphosphatase, chloroplast photosynthesis/dark reaction 0,00 0,21 0,00
45 S 571-6-D05 At2g45290  transketolase, chloroplast photosynthesis/dark reaction 0,00 0,00 0,00
46 C 936-9-Bl11 At2g45290  transketolase, chloroplast photosynthesis/dark reaction 3,78 2,05 -1,74
47 C_1234-11-B07 At2g45290  transketolase, chloroplast, photosynthesis/dark reaction 0,79 0,00 -0,79
48 C_3913-88-C06 At4g09650  ATP synthase delta subunit (AtpD), chloroplast photosynthesis/light reaction 0,00 -0,27 0,00
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Table 25. (continued)

closest

no EST/cluster Arabidopsis . . PP . . . rela.t ive rela't ive rela't ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log,  expression log,
(blastX) (BB-III/AA-T) (CC-V/AA-D) (CC-V/BB-III)
49  C_4678-97-C02 At4g04640  ATP synthase gamma subunit 1 (AtpC1), chloroplast photosynthesis/light reaction 0,77 -0,26 -1,03
50 C_966-9-C04 At4g32260  ATP synthase subunit (AtpG), chloroplast photosynthesis/light reaction 0,00 -1,24 0,00
51  C_4066-89-H09 At4g14690  chlorophyll a/b binding family protein (Elip2), chloroplast photosynthesis/light reaction 4,25 3,47 -0,86
52 C_3916-88-C09 At4g03280  cytochrome Bg-F complex subunit (PetC), chloroplast photosynthesis/light reaction -1,12 -1,25 -0,12
53 C_5307-94-E09 Atl1g60950  ferredoxin protein (FedA), chloroplast photosynthesis/light reaction -0,03 -0,51 -0,47
54  C _241-81-F07 At4g14890  ferredoxin protein, chloroplast photosynthesis/light reaction N/A N/A N/A
55 C_1431-12-HO01 At1g20020  ferredoxin-NADP+ reductase protein, chloroplast photosynthesis/light reaction 0,00 -0,53 0,00
56  C_1982-18-G02 At5g66190  ferredoxin-NADP+ reductase protein, chloroplast photosynthesis/light reaction 0,00 -0,36 0,00
57 C_4394-93-C03 At1gl9150  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction 0,00 0,00 0,00
58 S _37-4-A01 Atlg45474  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction 0,00 0,00 0,00
59 C_179-81-E03 Atlg61520  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction 0,00 -0,28 0,00
60 C 2781-28-HO1 At3g47470  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction 0,00 -1,45 0,00
61 C_5199-113-B09 At3g47470  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction -0,34 -1,82 -1,47
62  C_1955-18-D05 At3g54890  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction -2,25 -3,10 -0,84
63 C_1749-16-A07 At3g61470  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction 0,00 -2,66 0,00
64 C _3705-85-H03 At5g54270  PSI chlorophyll a/b-binding protein (Lhca), chloroplast photosynthesis/light reaction 0,00 -2,30 0,00
65 C_4044-89-F11 At1g03130  PSI reaction centre subunit (PsaD2), chloroplast photosynthesis/light reaction 0,63 -0,69 -1,32
66  C_4896-99-G04 At4g28750  PSI reaction centre subunit (PsaE1), chloroplast photosynthesis/light reaction -2,06 -3,06 -1,03
67 C 5189-113-All At1g31330  PSI reaction centre subunit (PsaF), chloroplast photosynthesis/light reaction -4,64 -2,94 1,56
68 C_5220-113-D06 Atl1g55670  PSI reaction centre subunit (PsaG), chloroplast photosynthesis/light reaction -2,32 -1,74 0,59
69  C_3443-83-H09 At3g16140  PSI reaction centre subunit (PsaH1), chloroplast photosynthesis/light reaction -3,47 -3,18 0,32
70 C 469-111-E06 At1g30380  PSI reaction centre subunit (PsaK), chloroplast photosynthesis/light reaction -2,94 -3,47 -0,56
71  C_5290-94-D04 At4g12800  PSI reaction centre subunit (Psal), chloroplast photosynthesis/light reaction -1,18 -1,67 -0,49
72 C_2287-22-G06 At5g64040  PSI reaction centre subunit (PsaN), chloroplast photosynthesis/light reaction -2,47 -3,64 -1,15
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Table 25. (continued)

closest

no EST/cluster Arabidopsis . . T , , . rela.t ive rela't ive rela't ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log,  expression log,
(blastX) (BB-III/AA-T) (CC-V/AA-D) (CC-V/BB-III)
73 C_1201-10-G10 At4g10340  PSII chlorophyll a/b-binding protein (Cp26), chloroplast photosynthesis/light reaction -0,69 -2,11 -1,43
74  C_749-7-F07 At5g01530  PSII chlorophyll a/b-binding protein (Cp29), chloroplast photosynthesis/light reaction 3,66 3,59 -0,06
75 S_4015-89-D06 At5g01530  PSII chlorophyll a/b-binding protein (Cp29), chloroplast photosynthesis/light reaction 0,00 -1,48 0,00
76 C_1821-16-G08 Atlg15820  PSII chlorophyll a/b-binding protein (Lhcb), chloroplast photosynthesis/light reaction 0,00 -1,83 0,00
77 C_46-4-All At2g34420  PSII chlorophyll a/b-binding protein (Lhcb), chloroplast photosynthesis/light reaction 0,68 0,15 -0,54
78 C_1303-11-H04 At2g34430  PSII chlorophyll a/b-binding protein (Lhcb), chloroplast photosynthesis/light reaction 0,12 -1,17 -1,29
79  C_1598-14-D12 At2g40100  PSII chlorophyll a/b-binding protein (Lhcb), chloroplast photosynthesis/light reaction N/A N/A N/A
80 C_2501-25-D11 At1g29920  PSII chlorophyll a/b-binding protein (Lhcb), chloroplast photosynthesis/light reaction -0,89 -0,70 0,20
81 C_1649-15-A03 At1229930  PSII chlorophyll a/b-binding protein (Lhcb), chloroplast photosynthesis/light reaction 0,00 -1,35 0,00
82 C_2381-24-A08 At2g05070  PSII chlorophyll a/b-binding protein (Lhcb), chloroplast photosynthesis/light reaction -0,15 -1,49 -1,32
83  C_1098-9-G03 At1g44575  PSII chlorophyll a/b-binding protein (PsbS), chloroplast photosynthesis/light reaction -0,22 -1,15 -0,94
84  C_3591-86-D03 At3g50820  PSII oxygen-evolving complex subunit (PsbO), chloroplast photosynthesis/light reaction 0,00 -0,65 0,00
85 C _391-111-F03 Atl1g06680  PSII oxygen-evolving complex subunit (PsbP), chloroplast photosynthesis/light reaction -1,94 -2,32 -0,40
86  C_4496-95-C09 At2g39470  PSII oxygen-evolving complex subunit (PsbP), chloroplast photosynthesis/light reaction 0,00 0,00 0,00
87 C_4183-91-A08 At3g01440  PSII oxygen-evolving complex subunit 3 (PsbQ), chloroplast  photosynthesis/light reaction N/A N/A N/A
88  C _3449-84-A03 At4g05180  PSII oxygen-evolving complex subunit 3 (PsbQ), chloroplast ~ photosynthesis/light reaction 0,21 0,21 0,00
89  C_1462-13-A09 At1g79040  PSII reaction centre subunit (PsbR), chloroplast photosynthesis/light reaction -1,56 -2,84 -1,25
90 C_311-111-B07 At2g30570  PSII reaction centre subunit (PsbW), chloroplast photosynthesis/light reaction -1,22 -2,64 -1,43
91 S 1155-10-C12 At4g28660  PSII reaction centre subunit (PsbW), chloroplast photosynthesis/light reaction 3,13 1,61 -1,51
92 C 5178-112-H12  Atlg67740  PSII reaction centre subunit (PsbY), chloroplast photosynthesis/light reaction -1,89 -1,69 0,19
93  C_2191-21-D05 At1g20340  plastocyanin (PetE2), chloroplast photosynthesis/light reaction -1,12 -2,56 -1,47
94  C 2282-22-F12 At2g05620  protein involved in electron flow in PSI (Pgr5), chloroplast photosynthesis/light reaction 0,83 -0,42 -1,25
95 C_1508-13-E07 At5g45390  ATP-dependent Clp protease protein, chloroplast protein modification and fate 0,00 -2,47 0,51
96 S _1457-13-A04 At1g49970  ClpP protease complex subunit (ClpR1), chloroplast protein modification and fate 0,00 0,00 0,00
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Table 25. (continued)

closest

no EST/cluster Arabidopsis . . PP . . . rela.t ive rela't ive rela't ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log,  expression log,
(blastX) (BB-III/AA-T) (CC-V/AA-D) (CC-V/BB-III)
97 S_1607-14-E09 At1g09130  ClpP protease complex subunit (ClpR3), chloroplast protein modification and fate 0,00 0,00 0,00
98 S _3243-83-Cl12 At5g20720  Cpn21 protein, chloroplast protein modification and fate 0,75 0,54 -0,20
99 C_2667-27-E12 At5g20720  Cpn21 protein, chloroplast protein modification and fate -2,47 -2,00 0,45
100 S 4398-93-C07 At5g17710  GrpE protein, chloroplast protein modification and fate N/A N/A N/A
101 C_273-81-C12 At5g23120  PSII stability/assembly factor HCF136, chloroplast protein modification and fate -1,12 -1,74 -0,62
102 C_4106-90-C03 At5g56500  RuBisCO subunit binding-protein beta subunit, chloroplast protein modification and fate -2,74 -1,69 1,03
103 C_2715-28-B07 At1g68590  plastid ribosomal protein 3 (Psrp-3), chloroplast protein synthesis -0,14 0,00 -1,60
104 C 2722-28-C02 At5g17870  Plastid ribosomal protein 6 (Psrp-6), chloroplast protein synthesis 0,40 -0,94 -1,32
105 C_1910-17-G04 At5g48760  ribosomal protein L13 (CL13a), chloroplast protein synthesis N/A N/A N/A
106 S 3402-83-E08 At3g54210  ribosomal protein L17 (CL17), chloroplast protein synthesis 0,49 0,34 -0,15
107 C_927-8-C04 At5g47190  ribosomal protein L19 (CL19), chloroplast protein synthesis -2,06 -2,64 -0,58
108 C_939-7-H02 At3g63490  ribosomal protein L1 (CL1), chloroplast protein synthesis N/A N/A N/A
109 S 413-5-A07 At1g35680  ribosomal protein L21 (CL21), chloroplast protein synthesis -1,12 -1,94 -0,86
110 C_4381-93-B02 At2g24090  ribosomal protein L35 (CL35), chloroplast protein synthesis -0,67 -1,60 -0,92
111  C _583-6-E05 Atlg07320  ribosomal protein L4 (CL4), chloroplast protein synthesis N/A N/A N/A
112 C_1498-13-D09 At1g05190  ribosomal protein L6 (CL6), chloroplast protein synthesis -1,09 -2,00 -0,94
113 C_586-6-E08 At3g44890  ribosomal protein L9 (CL9), chloroplast protein synthesis 0,00 0,00 0,00
114 S 1569-14-B07 At5g30510  ribosomal protein S1 (CS1), chloroplast protein synthesis N/A N/A N/A
115 C_3821-87-D12 At5g30510  ribosomal protein S1 (CS1), chloroplast protein synthesis 0,00 -1,90 0,00
116 C_873-8-F06 At4g20360 translation elongation factor (EF-Tu), chloroplast protein synthesis -3,32 -2,40 0,97
117 C_804-7-E12 At3g62910 translation releasing factor RF-1 protein, chloroplast protein synthesis N/A N/A N/A
118 S 2749-28-E05 At5g54500  1,4-benzoquinone reductase, localisation unknown secondary metabolism N/A N/A N/A
119 S 4868-99-D11 At4g36250  Dbetaine aldehyde dehydrogenase, chloroplast secondary metabolism N/A N/A N/A
120 S_2579-26-E08 At3g51820  chlorophyll synthetase protein, chloroplast secondary metabolism 0,00 0,00 0,00
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Table 25. (continued)

closest

no EST/cluster Arabidopsis . . T , , . rela.t ive rela't ive rela't ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log,  expression log,
(blastX) (BB-III/AA-T) (CC-V/AA-D) (CC-V/BB-III)
121 S _5270-94-B06 At5g18660  divinyl protochlorophyllide 8-vinyl reductase, chloroplast secondary metabolism 0,00 -2,12 -0,56
122 S 1214-10-H11 At3g63410  MPBQ/MSBQ methyltransferase, chloroplast secondary metabolism 0,00 0,00 0,00
123  C_5102-112-A10 At5g54190  NADPH:protochlorophyllide oxidoreductase A, chloroplast secondary metabolism 0,00 -2,08 0,00
124  C_4531-95-F08 At2g43710  stearoyl-acyl carrier protein desaturase, chloroplast secondary metabolism N/A N/A N/A
125 S 4845-99-B12 At3gl4110  TPR-containing protein (Flu), chloroplast secondary metabolism N/A N/A N/A
126 S 67-4-C05 At4g34350  isopentenyl diphosphate biosynthesis protein, chloroplast secondary metabolism N/A N/A N/A
127 S _3870-87-H04 At4g35250  vestitone reductase-related protein, chloroplast secondary metabolism 0,39 -0,62 -1,00
128 C_4231-91-E08 At3g04730  auxin-induced protein (laal6), nucleus transcription N/A N/A N/A
129 C_574-6-D08 At5g65670  auxin-induced protein (Iaa9), nucleus transcription -2,84 -2,84 -0,07
130 S _578-6-D12 At3g19290  bZIP transcription factor (Abf4), nucleus transcription N/A N/A N/A
131 S 2696-27-H12 Atl1g66230  myb-related transcription factor, nucleus transcription N/A N/A N/A
132 S 4280-92-A09 At5g17260  NAM (no apical meristem) protein, localisation unknown transcription N/A N/A N/A
133 C_2267-22-E08 At2g46820  unknown protein (DNA binding), chloroplast transcription -1,12 -2,84 -1,79
134 C_80-4-D06 At4g28440  unknown protein (DNA-binding protein-related), chloroplast ~ transcription N/A N/A N/A
135 S 464-5-D09 At5g24930  unknown protein (transcription factor activity), chloroplast transcription N/A N/A N/A
136 S 4847-99-C02 At4g21090  adrenodoxin ferredoxin , mitochondrion other N/A N/A N/A
137 C_4831-99-A10 At1g19920  ATP-sulfurylase (Aps2), chloroplast other N/A N/A N/A
138 S 2650-27-D06 At3g03850  auxin-induced protein, mitochondrion other N/A N/A N/A
139 C 3439-83-HO05 At3g01500  carbonic anhydrase, chloroplast other -4,64 -2,18 2,49
140 C_1023-9-C06 At5g55280  cell division protein FtsZ homolog, chloroplast other N/A N/A N/A
141 S 702-7-D01 At4g39090  drought-inducible cysteine proteinase (Rd19A), ER other 0,00 0,00 0,00
142 C 1483-13-C06 At4g39090  drought-inducible cysteine proteinase (Rd19A), ER other 0,00 0,00 0,00
143 S 710-7-D09 At4g02440  EIDI, localisation unknown other N/A N/A N/A
144 C_299-111-A07 Atlg75750  gibberellin-regulated protein 1 (Gasal), cell wall other 0,00 0,34 -0,15
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Table 25. (continued)

closest

no EST/cluster Arabidopsis . . T . , . rela.t ive rela.t ive rela.t ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log, expression log,
(blastX) (BB-III/AA-T) (CC-V/AA-D) (CC-V/BB-III)
145 S 5361-115-C05 At2g36640  AtEcp63, localisation unknown other N/A N/A N/A
146 S 231-81-E08 At4g30950  omega-6 fatty acid desaturase (Fad6), chloroplast other -0,71 -2,18 -1,47
147 S_4725-97-G04 At3g44880  pheide A oxygenase (Acl), chloroplast other N/A N/A N/A
148 S _1661-15-B03 At3g10290  phosphate/phosphoenolpyruvate translocator, chloroplast other N/A N/A N/A
149 S 3972-88-Gl1 At2g47590  photolyase/blue-light receptor (PHR2), localisation unkown other 0,00 -1,94 -0,22
150 S _1248-11-C09 At2g21280  protein evolved in plastid devision (AtSulA), chloroplast other N/A N/A N/A
151 S 327-111-D03 At4g01800  protein import component SecA-Type, chloroplast other N/A N/A N/A
152 S _3300-82-F01 At3g23710  protein import component Tic22, chloroplast other N/A N/A N/A
153 S _2302-22-H10 At4g02510  protein import component Toc159, chloroplast other N/A N/A N/A
154 S 2673-27-F10 At2g28800  protein translocase (Albino3), chloroplast other 0,00 -1,22 0,37
155 S _685-7-B08 At3g52180  protein tyrosine phosphatase/kinase (PTPKIS1), chloroplast other N/A N/A N/A
156 C_674-7-A09 At5g36120  YGGT family protein (TARZAN), chloroplast unknown -0,94 -2,25 -1,29
157 C _1202-10-Gl11 At2g06520  unknown protein (2 transmembrane domains), chloroplast unknown -1,56 -2,40 -0,86
158 C_5285-94-Cl11 Atlg77090  unknown protein (contains a PsbP domain), chloroplast unknown -0,40 -2,12 -1,74
159 C_4132-90-E05 At5g57040  unknown protein (glyoxalase I family), chloroplast unknown N/A N/A N/A
160 S 2315-23-B03 At1g52510  unknown protein (hydrolase activity), chloroplast unknown -0,29 0,00 -3,06
161 S _1235-11-B08 At3g04760  unknown protein (PPR repeat-containing protein), chloroplast unknown N/A N/A N/A
162 S 4837-99-B04 At5g14660  unknown protein (peptide deformylase), chloroplast unknown N/A N/A N/A
163 C 3516-84-F03 At4g22310  unknown protein (Pfam-domain), mitochondrium unknown N/A N/A N/A
164 C _861-9-A01 At5g19390  unknown protein (pleckstrin homology domain), chloroplast unknown N/A N/A N/A
165 C_3695-85-G05 At1g24020  unknown protein (pollen allergen), localisation unkown unknown 0,25 -1,12 -1,40
166 S 3742-86-HO03 At3g17800  unknown protein (response to UV-B), chloroplast unknown -1,89 -3,32 -1,43
167 C_1374-12-E11 At4g01050  unknown protein (rhodanese domain-containing protein) unknown N/A N/A N/A
168  C_494-5-F05 At4g27700  unknown protein (rhodanese domain-containing protein) unknown -4,32 -4,32 0,00
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Table 25. (continued)

closest

no EST/cluster Arabidopsis . . PP . . . rela.t ive rela't ive rela't ive
. accession homolog protein function and localisation in Arabidopsis functional group expression log, expression log,  expression log,
(blastX) (BB-III/AA-T) (CC-V/AA-D) (CC-V/BB-III)
169 S _564-6-C09 At2g37240  unknown protein (weak similarity to FmHP), chloroplast unknown N/A N/A N/A
170 S 614-6-G12 At1g08070  unknown protein, chloroplast unknown N/A N/A N/A
171 C_3535-84-G10 At1g08380  unknown protein, chloroplast unknown -1,69 -2,18 -0,49
172 C_482-5-E05 Atlgl15370  unknown protein, chloroplast unknown -2,06 -2,74 -0,67
173 C_862-8-E07 Atl1gl15980  unknown protein, chloroplast unknown 0,00 -2,64 -0,29
174 C_719-7-E06 At1g45688  unknown protein, chloroplast unknown N/A N/A N/A
175 S _3927-88-D02 At1g54520  unknown protein, chloroplast unknown 0,00 -2,40 -0,43
176  C_239-81-F05 Atlg74730  unknown protein, chloroplast unknown -1,32 -1,84 -0,49
177 S 3881-87-El11 At2g36145  unknown protein, chloroplast unknown 0,00 -1,03 -0,89
178 S _4357-92-H02 At3g20680  unknown protein, chloroplast unknown -3,47 -3,47 0,08
179 S 45-4-A10 At3g56140  unknown protein, chloroplast unknown -0,20 -0,69 -0,49
180 C 2290-22-G09 At4g01150  unknown protein, chloroplast unknown -1,25 -2,18 -0,92
181 S 2708-28-A12 At4g13220  unknown protein, chloroplast unknown 0,67 0,00 -2,56
182 S 3688-85-F09 At4g30620  unknown protein, chloroplast unknown -0,01 -1,89 -1,89
183  C_4596-96-D01 At5g08050  unknown protein, chloroplast unknown 0,00 -0,64 -0,20
184 S 2535-25-G10 At5g14970  unknown protein, chloroplast unknown -1,47 -2,84 -1,32
185 C_3554-86-A04 At5g42765  unknown protein, chloroplast unknown N/A N/A N/A
186 S 2327-23-C03 At5g52110  unknown protein, chloroplast unknown N/A N/A N/A
187 S 4836-99-B03 At5g57345  unknown protein, chloroplast unknown 0,00 -1,74 -0,32
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species (Figure 32). However, the extent of the ratios, irrespective of whether higher or lower

than 1, differed somehow depending on the cluster and the method used.

3.4.2.2. Photosynthesis gene clusters are differentially regulated

In summary, the nuclear gene expression data obtained revealed distinct expression signatures in
the different Oenothera wild-type species demonstrating the applicability of the array-based
technology in judging stationary RNA levels and in analyzing the interspecific variance of
nuclear gene expression. Clusters of nuclear genes could be highlighted that are potential targets
for species-specific co-regulation. While the stationary RNA levels of a subset of genes from all
categories was unchanged, mutual comparison of all hybridization signals revealed that about
50% of all genes studied were differentially expressed. Remarkably, most differences could be
found in the category photosynthesis, its light as well as dark reaction, ranging from 61% to 84%
differentially expressed genes. On the other hand, less than 22% of genes for the secondary
metabolism were differentially expressed (Figure 31). These data indicate that the regulation of
genes for photosynthesis is an adaptorial phenomenon in species from different habitats. In
consequence, regulation of photosynthetic genes may contribute to PGI, and implicitly also to

speciation.

3.4.2.3. Delineation of the AB-I incompatibility determinant

To get an idea about the nature of regulatory factors for photosynthesis in plastid gene
expression that could be responsible for PGI, the incompatible interspecific hybrid AB-I was
taken as a showcase. The hybrid was taken for two reasons: first, the combination AB-I
displays a clear phenotype, affecting photosynthesis (following chapters) and second its
genetics is easy accessible. It can be deduced from the incompatibility chart that plastome I
must be different in some respect to plastomes II, III, and IV, since only plastome I is
incompatible in AB background (Figure 4). Therefore, all changes common to other
plastomes could be disregarded. Plastome V was excluded from the analysis because the
combination AB-V is extremely disharmonic and differs substantially from AB-I. It is fully
bleached, largely pollen sterile and displays severe inhibition of cell division (Stubbe, 1963b).
Representing a chimerical incompatibility the genetic determinants responsible for its
phenotypes are presumably complex and different from those causing bleaching of AB-I

individuals (Chapter 3.3.3).

123




Results

3.4.2.3.1. The incompatible AB-I hybrid shows a photosystem Il phenotype

To test if the incompatibly AB-I displays a phenotype, which can be correlated with the
photosynthetic machinery, spectroscopic analyses were performed to quantify photosystem II
and photosystem I activity (Figure 33). Chlorophyll fluorescence induction was measured on
dark-adapted leaves of incompatible hjohansen-htuscaloosa e (AB-I) and compatible
Mohansen"tuscaloosa III™™™* (AB-III) and "johansen-"johansen I" (AA-I) plants.
Maximum photosystem II quantum efficiency was reduced to 0.52 + 0.04 in bleached AB-I
leaf tissue compared to 0.79 + 0.03 in AB-III or AA-I consistent with a deficient photosystem
IT activity. The low Fv/Fm ratio observed was caused by an elevated Fo fluorescence level in
AB-I (Figure 33). The Fm level elicited by a saturating pulse was quenched by moderate
actinic light (50 pE m™ sec™) in all plants. However, the steady state fluorescence of AB-I
dropped far below the initial Fo level depending on light intensity. Actinic light-induced
quenching was slower in AB-I than in AB-III or AA-I, and a longer period was required to
reach steady state. NPQ increased dramatically from 0.39 +/- 0.14 in AA-I and AB-III to 2.47
+/- 0.42 in AB-1. 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 the dark adaptation prior to the measurement, again
indicating malfunction of photosystem II. Application of far red light, which preferentially
excites photosystem I, had no notable effect on the half-life 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 photosystem II driven electron transport, such as stable
accumulation of Qa- species in the dark, which induces an increased Fo level. The AB-I

patterns clearly appeared as a consequence of altered photosystem II.

3.4.2.3.2. The effect on PSII is specific and does not notably affect PSI

The extent of photosystem I oxidation in terms of balanced electron flow from photosystem II
to photosystem I was monitored using absorption changes at 830 nm on actinic background
light in order to further substantiate the primary lesion in the incompatible hybrid (Figure 33).
Although photosystem I signal intensity in AB-I was generally slightly reduced, the results
clearly showed a much higher actinic light-induced oxidation state of photosystem I in AB-I
compared to AB-III. At 50 pE m™ sec ™' about 15% of P700 was oxidized in AB-I whereas the
reaction centre of photosystem I remained almost completely reduced in AB-III, a response

likely due to limited electron flow towards photosystem I of a deficient photosystem II rather
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Figure 33. Studies on photosystem II yield and redox kinetics of photosystem I. 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 (panel A). The P700
oxidized state of compatible and incompatible leaves exposed to 50 pE m™ sec™ 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 photosystem I is largely reduced. However, significant absorbance
changes were recorded after switching off actinic light in AB-I indicating that a substantial part of
photosystem I was oxidized. Application of FR light (upward open arrow) oxidized photosystem I in
both compatible and incompatible leaves. Subsequent saturating light pulses (squiggled arrows) on the
FR background light transiently reduced photosystem I completely in compatible but only partially in
incompatible leaves. AA-I plants resembled in their photosystem II fluorescence and photosystem I
redox characteristics those of AB-III (not shown) (panel B). Left: Phenotype of the incompatible
hybrid AB-I with the genetic constitution "johansen-"tuscaloosa F°" (AB-I).

than of downstream effects in the AB-I incompatible hybrid. Furthermore, short light pulses
at far-red background light were sufficient to completely reduce photosystem I in AB-III and
AA-I, but not in AB-I, indicating a slower photosystem II mediated electron transport. Taken
together, expression and chlorophyll fluorescence analyses are fully consistent with a

decreased photosystem II activity relative to photosystem I and suggest that the primary
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lesion in the incompatible AB-I hybrids affects photosystem II function. Photosystem I

measurements were done in co-operation with Uwe Rauwolf.

3.4.2.3.3. Western analysis of AB-I thylakoid membrane

Western analysis with appropriate antisera was performed to check whether the specific
reaction of photosystem II can be confirmed at the protein level (Figure 34). Indeed, levels of
the photosystem II proteins CP47 (gene: psbB) and D1 (gene: psbA) were significantly
reduced whereas those of the photosystem I subunit PsaA, LHCAI, cytochrome f and of the

ATP synthase subunit a remained unchanged in AB-I leaves compared to those of AB-III.

AB-lll AB- AB-lll AB-

CP47 S Sw— — LHCA1
R —_—
synthase

Figure 34. Immunoblot analysis of various thylakoid membrane proteins in green AB-III and
incompatible AB-I tissue. Levels of CP47 apoprotein and D1 polypeptide (photosystem II) are altered
in AB-I tissue whereas those of components of photosystem I (PsaA, LHCA), ATP synthase subunit o

and cytochrome f of the cytochrome bgf complex are not changed.

3.4.2.3.4. A deletion in the clpP/psbB spacer explains the AB-I phenotype

Since AB-I can be confined to a major effect on photosystem II, plastome " was examined
for specific variation, affecting components of photosystem II. Only two regions are present
in plastome " fulfilling this criterion: First, a small deletion in the promoter of psbl in the
intergenic spacer of psbl and psbK, and second, a large deletion in the clpP/psbB spacer,
affecting both, NEP and PEP promoters (Tables 23 and 24 and Chapter 3.4.2.3.5). The
involvement of the psbl promoter in the AB-I phenotype is rather unlikely since, (i) mRNA
levels of psbl are not changed (Geimer and Meurer, unpublished) and (ii) a knock-out of psbl
shows no apparent phenotype (Schwenkert et al., 2006). Consequently, only the 148 bp

deletion at position 77,080 of plastome poh (accession number AJ271079.3) in the intergenic
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clpP/psbB region, remained as the sole potential plastid component responsible of the AB-I

incompatibility.

To confirm this assumption, all further 20 specific deletions of plastome P were
investigated. They included also minor changes such as single nucleic acid exchanges in non-
coding regions. Six of these regions are polymorphic within all plastomes. A contribution of
these regions to the AB-I PGI phenotype is unlikely, since plastomes II, III and IV remain
fully compatible in an AB background (Figure 4). This excludes the genes accD, ycfl and
yef2, the intergenic regions rps16/rbcL and trnQuuc/accD, as well as the SSC/IRA junction.
14 regions specifically altered in plastome I remain. All regions involving the NADPH
complex can be disregarded, because knock-outs 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 (Chapters 3.2.3.2.1 and 3.2.3.2.2) as well as of the intergenic
regions ndhG/ndhl, ndhl/ndhH, ndh¥/rpl23 or ndhF/trnNguy can be excluded. Additional
non-coding regions, such as the atpl/atpH spacer and a small deletion downstream of the pefN
stop codon are not involved in the AB-I phenotype, since neither the ATP synthase nor the
cytochrome complex are affected in AB-I tissue (Figure 34). Specific variations left are small
deletions in the intron of rp/16, the 5° region of rpl/32, in the trnGuycc/trnSgeu,
trnLuaa/trnTycy, and rps8/rpl14 spacers, and a single amino acid exchange in Rpl32. They
are not of functional relevance either, since the translational apparatus is not notably affected

in AB-I (Figure 34).

3.4.2.3.5. Bioinformatic and phylogenetic analysis of the clpP/psbB-spacer

To test the assumption of an involvement of the psbB/clpP spacer region in the AB-I
phenotype, a phylogenetic footprinting analysis of the intergenic region between the two
genes delimited distinct boxes in the promoter region described for clpP (Sriraman et al.,
1998) and pshbB (Westhoff, 1985; Westhoff and Herrmann, 1988) and uncovered substantial
changes to Oenothera and among its plastomes. Notably, a large deletion in plastome F°"
directly upstream of the highly conserved psbB PEP promoter and the clpP 5" region
eliminated a putative and a confirmed c/pP promoter and two putative psbB promoters
(Figure 35). Conservation as well as similarity to known sites in other species suggested that
an element missing in plastome P caused the specific adaptation of plastome I" to the AA

genome, and that the change of this region leads to an altered psbB and/or clpP transcription

in the AB-I combination.
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deletion specific for plastome |

PcipP-53 (Nicotiana)
Pcip-58 (Arabidopsis)

clpP

PpsbB-175 (Spinacea)

PcipP-95 (Nicotiana)
Pcip-115 (Arabidopsis)

Figure 35. Schematic overview of the clpP/psbB spacer region in Oenothera, Spinacea, Nicotiana,
and Arabidopsis. Positions of the indicated transcription start sites (black arrows) of NEP and PEP
promoters (PclpP and PpsbhB) relative to the start codons were determined experimentally in
Arabidopsis, Nicotiana and Spinacea (Westhoff, 1985; Hajdukiewicz et al., 1997; Sriraman et al.,
1998; Swiatecka-Hagenbruch er al., 2007). Putative, not experimentally verified promoters in
Oenothera are marked with filled triangles. The experimentally verified Pc/pP-173 and PpsbB-175 are

highly conserved and confirmed bioinformatically in Oenothera and all reference species. The

IsuavG

deletion (open triangle) is not present in Oenothera plastomes | — V%! or plastomes of reference

species and is therefore specific for plastome I'" in Oenothera.

3.4.2.3.6. Expression analysis of psbB and clpP

To estimate the functional relevance of the identified deletion, expression of psbB and c/pP
relative to psaC was compared by quantitative real time RT-PCR between AB-I and the
compatible (wild-type) AA-I and AB-III constitutions. PsaC was chosen for normalization,
since no expression difference could be detected between the two genotypes in macroarry

analysis (Geimer and Meurer, unpublished).

Indeed, transcript levels of c/pP were increased approximately two-fold (1.98 +/- 0.018), but
those of psbB were down-regulated three- to six-fold (0.32 +/- 0.008 to 0.14 +/- 0.034) in AB-
" compared to AB-III"* or AB-IIT""™. Down-regulation to about 0.23 +/- 0.056 compared to
AA-P°" proves that low psbB expression in AB-F*" is not a matter of plastome I alone, but
result of its disharmonic interaction with the B genome. The data confirm the functional
relevance of the deletion. In consequence, the AB-I phenotype can be explained as a likely
result of changes in psbB expression, since Arabidopsis mutants predominantly affected in
psbB expression display comparable fluorescence characteristics as observed for AB-I in

Chapter 3.4.2.3.1 (Meurer et al., 1996; Meurer et al., 2002).
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3.4.2.3.7. The clpP/psbB spacer of various subplastomes

If a specific deletion of the psbB/clpP spacer region causes the AB-I phenotype, the deletion
must be present not only in subplastome I of the strain johansen, but also in other plastome I
variants, which all behave in a comparable way genetically. For references describing the
genetic behaviour of the investigated subplastomes see Table 6. The region was amplified
using the primer pair VP9for and VP10rev. Sequencing the derived PCR products in the
strains chapultepec, cholula, puebla, toluca, franciscana de Vries, franciscana E. & S., hookeri
de Vries, and bauri Standard, all harbouring plastome I, uncovered no polymorphism to
plastome I of strain johansen (accession numbers EU449954 - EU449961, and AJ271079.3).
The same result was obtained in variants of plastome II, III and IV. Strains with plastome II
(nuda Standard and suaveolens Grado, accession numbers EU449962 and EU262889),
plastome III (rr-lamarckiana Sweden and tuscaloosa, accession numbers EU262890 and
EU449963) and plastome IV (ammophila Standard and atrovirens Standard, accession
number EU449964 and EU262891) were all found identical for the investigated region to the

corresponding plastomes.
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4. Discussion

Traditional work on Oenothera was largely restricted to classical genetic and cytogenetic
approaches (Cleland, 1972; Harte, 1994). The present thesis describes attempts to establish
Oenothera as model for speciation, especially for PGI in molecular terms, aimed to
investigate the phylogenetic dynamics of plastome-genome interaction and genome changes
on a microevolutionary scale and their role in speciation processes. To achieve this aim (i) a
co-dominant marker system for both genetic compartments, the plastome and the nucleus, was
established. The markers substantially simplify the analysis of hybrids and plastome-genome
incompatible combinations in the genus. In parallel, (ii) the sequence of the five basic plastid
genomes was completed and evaluated to search for potential plastidic determinants causing
PGI. A novel combination of classical genetic, bioinformatic and molecular approaches
allowed in a case study (iii) the identification of a plastid determinant responsible for the
plastome-genome incompatible combination AB-I. The work presented also resolves various
technical problems, since application of molecular approaches is not trivial for Oenothera.
The genus contains unusual high amounts of mucilage and polyphenols that adversely affect
isolation of cellular components and enzymatic reactions. Optimized protocols described in
this work allow reproducibly an efficient isolation of high quality DNA, RNA and thylakoid

membrane proteins from a wide range of tissue, including adult plants.

4.1. Benefit of co-dominant markers to Oenothera breeding

Molecular co-dominant markers are of intrinsic interest in Oenothera breeding but were
largely missing (Mracek, 2005; Larson et al., 2008). They are of importance for assembling
plastome-genome incompatible plants, for genome restructurations, but also for commercial
Oenothera breeding (Fieldsend, 2007). Until now, neither basic nor subplastome types could
be distinguished without time consuming RFLP analyses (Herrmann et al., 1980; Gordon et
al., 1981; 1982; Chapman et al., 1999). In crossing experiments to exchange plastomes
between species, different plastome types were marked using bleached plastome mutants.
Time consuming crossing steps were necessary to establish/remove these mutants during such
crossing programs (Stubbe, 1960; 1989). The designated rrnl6-trnlgay marker allele (Table
9) allows an easy monitoring of all basic plastome types and a large variety of subplastomes.
The use of plastome mutants in crossing experiments to exchange plastomes is now

dispensable. The marker allele reduces the number of crosses significantly.
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Substantial progress was also made for the nuclear genome with the marker allele M40 (Table
8). Crosses, involving ring forming hybrids, can now be monitored for all basic genotypes and
a large number of individual Renner complexes. The major benefit is the possibility to screen
splitting generations of different Renner complex combinations already at the seedling stage
by a single PCR and marker. Up to date, only mature plants could be screened, using
phenotypic markers. The advantages of the molecular approaches are obvious, especially for

annual herbs, such as Oenothera.

Further co-dominant markers presented in Table 7 were applied to Oenothera genomes.
Surprisingly, already minor divergence at the nucleotide level was appropriate to generate
CAPS markers from almost all genes studied (~ 60% at average of only 300 bp). From
altogether 34 markers, 22 could be mapped to the seven coupling groups of the hybrid
Mohansen-"tuscaloosa, representing chromosomes 12 34 5:6 7-10 9-8 1112 13-14 of the
classical Oenothera map (Greiner and Rauwolf, unpublished). With the nuclear marker M58
it was possible to correlate chromosome 9-8 with linkage group 7 of the molecular linkage
map (Chapter 3.1.3.3). This is a breakthrough in Oenothera genetics, since it combines 100
years of classic genetic research on Oenothera chromosomes with modern, molecular
approaches. A complete merge of the classical and molecular map is essential and will be

possible in future Oenothera breeding (Chapter 4.2).

With the classical map prediction of the segregation behaviour in superlinkage groups,
involving single or multiple chromosomes is possible (Cleland, 1972 and Chapters 1.7 and
3.1.3). It allows a directed exchange of single chromosomes at the diploid level between
genomes. Consequently, single chromosomes can be specifically placed in a breed without
disturbing the combination of characters located in the remaining genome (Figure 17). This
can be applied for example to study the impact of single linkage groups on genome evolution
in Oenothera but also to introduce single chromosomes with particular traits into commercial
cultivars. So far, monitoring of such crosses was realizable only with phenotypic markers,
which is generally difficult. Some chromosomes in many strains even lack phenotypic
markers (Cleland, 1972; Fieldsend, 2007). Therefore, molecular markers have to be assigned
on the classical map. Mapping of molecular markers to the classical map provides immediate
access to (i) various phenotypic markers located on the classical Oenothera map, and (ii) to

300 strains, for which the chromosomal formulas are known (Cleland, 1972).
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In summary, the markers described in this work represent a significant progress in Oenothera
genetics. They allow a precise and easy molecular identification of plastomes, Renner
complexes and single chromosomes in crossing programs. They will also have an impact on

commercial Oenothera breeding.

4.2. A complete alignment between the classical and molecular Oenothera maps

None of the molecular nuclear markers described so far were assigned to the classical
Oenothera map. Assigning linkage group 7 to chromosome 9-8 (Chapter 3.1.3.3) is therefore
a breakthrough for future breeding approaches. The same approach leading to the
identification of chromosome 9-8 as coupling group 7, can be applied for all other
chromosome pairs. The prerequisite for such an approach, different hybrids of "johansen or
"tuscaloosa with various Renner complexes, having each of the seven chromosomes as single,

free and identifiable pairs, is available.

To give an example: The hybrid *'laxans-"tuscaloosa possesses the chromosome configuration
©4, ©4, ©4, 1 pr.; chromosome 12 is free and the only bivalent (1 pr.). Segregation analysis
with molecular markers in the F2 generation should display four coupling groups, three
consisting of four chromosomes (®4), and one with a single chromosome, identical to
chromosome 1-2. All further chromosomes, following the same principle, can be assigned
using, e.g. the hybrids “'pingens"johansen (chromosome 3-4), "johansen'r->gaudens
(chromosome 5-6), hjohansen-Stpercurvans (chromosome 7-10,) "tuscaloosa->'undans

(chromosome 11-12), and Thtingens-h‘tuscaloosa (chromosome 13-14).

If all seven coupling groups of "johansen-"tuscaloosa were associated with chromosomes, in a
next step, identification of chromosome arms can be addressed. A possible hybrid to work
with is Salbicans-"cholula. It identifies the freely segregating pair 1-4. Since chromosome 1-2
was already identified from Stlaxans~htuscaloosa, as outlined above, all markers, assigned to
chromosome 1-2 in 'laxans"tuscaloosa, which also map to chromosome 14 of
Salbicans-"cholula must be part of arm 1. Consequently, the remaining markers on 1-2 of
Saxans-"tuscaloosa, which are not part of coupling group 1-4 in Stalbicans-"cholula, map on
arm 2. Conversely, if arm 1 will be identified in chromosome 1-4, also arm 4 will be
characterized. Since arm 4 is characterized, it becomes possible, in turn, to assign arm 3 on

chromosome 3-4.
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The principle can be applied to all further chromosome arms. To identify arms 5, 6, 8 and 9,
e.g. the hybrid "cholula->'percurvans could be used, which has chromosome 6-8 as free pair. In
accessing the rich source of analyzed Oenothera strains, determination of all chromosome

arms is readily possible.

4.3. Organization and relationship of the Oenothera plastome sequences

Besides a basic molecular characterization of the nuclear genome the complete sequences of
the five basic plastome types in the subsection Oenothera was a major requirement to
establish the material as a molecular model. Plastid chromosomes, because of their
endosymbiotic ancestry, limited coding potential, relatively conserved organization and well-
defined structure, provide a unique source of information to address a wide range of

fundamental questions.

4.3.1. Oenothera particularities of the plastome sequences

The five basic Oenothera plastomes have a coding potential of 113 unique genes, which is
nearly identical and comparable to those of plastid chromosomes of vascular plants in size,
organization, gene clustering and conservation. They deviate from the “ancestral form™ of
plastid chromosomes by a single kilobase-magnitude inversion in the large single-copy
segment. The Oenothera plastomes belong to the largest plastid chromosomes known from
vascular plants and are moderately larger than those found generally for higher plants.
Usually plastid chromosomes range in size between 130 and 160 kbp (reviewed in Palmer,
1992). Genes are well definable, except of the N-terminus of cemA (ycf10) encoding an inner
envelope polypeptide involved in CO, uptake. The annotations of its N-termini were not
consistent, even after comparison with cemA loci from 50 reference species (Chapter 3.2.1.2).
The locus does not appear to be a pseudo gene, as judged from PCR and Western analysis.
Also no evidence was found for a nuclear copy of this gene. This point remains to be settled

in general, not only in Oenothera but for all plastid chromosomes.

4.3.2. General divergence and repeat analysis

Despite their gross conservation and close relationship Oenothera plastid genomes are
remarkably diverged, compared, for instance, to those of the Solanacean taxa Atropa
belladonna and Nicotiana (reviewed in Palmer, 1992; Schmitz-Linneweber et al., 2002).

Point mutations including changes in restriction sites, repetitions, insertions/deletions and
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inversions occurred within all five plastomes. They are scattered all over the circular
chromosome, but found with different frequency in different parts of the plastome sequences
(Figure 20). Probably due to copy-correction of the repeated segments (e.g. Wolfe et al.,
1987), somewhat less changes within the five plastomes are expectedly found in the IR.
Insertions/deletions and repetitions, in direct or inverse orientation, are relatively frequent
(Wolfson et al, 1991; Hupfer et al, 2000). Illegitimate recombination, repetitive and
divergent regions are often correlated, suggesting a role of repeats in generating divergent
regions. Slipped mispairing may cause or contribute to changes in a number of instances as
well (Winter and Herrmann, 1987; Wolfson et al., 1991; Sears et al., 1996). Generally, coding
sequences are well conserved among the plastomes. Eight genes, almost exclusively non-
photosynthetic, differ by indels. Nearly a dozen genes differ by repeats including plastome-
specific changes. Although non-protein and non-RNA coding regions evolve faster than
genes, they still are quite well conserved. This indicates that functional elements within these
sequence intervals are conserved and compactly bundled. Almost invariant are the junctions
of the IR regions that often cause size differences between spermatophyte plastid

chromosomes (e.g. Goulding et al., 1996).

4.4. Evolutionary considerations based on the plastome sequence

The complete sequences of the five Oenothera plastomes as well as the study of the
occurrence of Oenothera subplastomes in different populations and species (Chapter 3.1.1.3)

also contributed to solve several open and long standing questions in Oenothera genetics.

4.4.1. Divergence time of the five basic plastomes

The age and divergence time of the subsection Oenothera is of particular interest and not
satisfactorily solved. The common ancestor of the subsection Oenothera originated
presumably from Mexico and Central America and invaded the North American continent in
several waves (Cleland, 1972). Its closest recent relative, Oe. maysillesii, a species of the
subsection Emersonia (Stubbe and Raven, 1979), is still found within this area (Dietrich et al.,
1985). Although models of speciation and colonization history proposed by Cleland (1972)
were modified accounting to more recent data (Dietrich et al., 1997), time frame of radiation

in the subsection Oenothera is still unclear.
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In the comprehensive literature, speculations about time scales are found only in Cleland
(1972, pp. 299 - 302) and Levy and Levin (1975). In fact, to answer this question with
customary approaches is difficult, since fossil records are missing. However, geological and
general considerations let Cleland to assume that the origin to the four ancient Oenothera
populations, which constitute his colonization model, may be correlated with the four major
periods of glaciations in the Pleistocene (Nebraskan, Kansan, Illinoian and Wisconsin). This
assumption determined the age of the subsection to about one million years or probably little
more. Nevertheless, Cleland (1972) does not rule out the possibility that an origin of the
subsection can be placed earlier, at the beginning of the Pleistocene, since all species for
instance are still crossable, expect that they display PGI. Therefore, Cleland suggests it more
likely that the divergence of the subsection Oenothera started at the beginning of the

Wisconsin, some 70,000 years ago.

Levy and Levin (1975) do not agree with Cleland’s assumption of a very young subsection
Oenothera. Their rough estimation of divergence time based on nuclear allozyme variation
substantiates Celand’s first surmise of a possible age of the subsection of about 1 mya. In
accord with Cleland they assume that Oe. argillicola (plastome V) diverged as basal taxon
from the rest of subsection. However they disagree with the idea that subsequent evolution of
the following Oenothera species happened more or less equidistant in time due to the major

glaciation periods.

The data about the divergence time of the five plastomes presented in this thesis (Table 19)
seem to place the appearance of the subsection Oenothera to the middle of the Pleistocene,
about one million years ago. However, they are contrast to Levy and Levin (1975) calculated
time frames of subsequent evolution. The data of this thesis support Cleland’s equidistant
evolution model. The model is substantiated by the fact that time scales of divergence

between the five plastome types correlate roughly with the major periods of glaciation.

Although the absolute calibration of the molecular clock derived from the plastid sequences
may require correction, especially since there seemed to be a high, probably temporary
adaptation pressure onto Oenothera plastomes (Chapters 3.3.4 and 4.5.1), which distorts
molecular clock calculations, the more than tenfold difference of divergence times of the five

plastomes will remain (Table 19). Nevertheless, the calculated divergent time fits realistically
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into geological reality, natural history and population structure of the subsection (Cleland,

1972; Dietrich et al., 1997).

Time frame of plastome evolution does not necessarily correlated with that of the nucleus in
the subsection Oenothera. Many of the taxa under study are permanent translocation
heterozygotes and arose from hybridization events (Dietrich et al., 1997). Plastomes and
nuclear genomes in Oenothera species may have therefore diverging evolutionary histories.
For example plastome IV and the basic nuclear genome C in Oe. oakesiana (AC-IV) and Oe.
parviflora (BC-IV) are monophyletic, whereas their nuclear genomes A and B are not
(Dietrich et al., 1997). It would be therefore interesting to substantiate the findings of Levy
and Levin (1975) with more recent methods of molecular clock calculation, to estimate the

divergence time of the nuclear genomes in the subsection Oenothera.

4.4.2. The phylogenetic tree of the five Oenothera plastomes

Divergence time and natural history of the subsection Oenothera was also reflected by
phylogenetic trees. Calculations using the entire sequences of the five plastomes as data set,
lead to two different trees (Figure 29). Plastomes F", II****“ and III"™ were always found in
one clade, with plastomes P! and 11" as closest relatives, but trees were different for
plastomes IV*™ and V"', NJ and MP supported a tree with plastome IV*"™ in an own clade
and added V"' to the clade of ", I and III"™ ML generated a new clade with its
members IV*™ and V! (Chapter 3.3.1). The first tree is better supported, but interpretation
of classic genetic data suggests that the second tree is probably more likely (Stubbe and
Steiner, 1999). However, both trees fit into the natural history and the models of successive
colonization of the North American continent, proposed for the genus (Stubbe, 1963a; 1964;
Cleland, 1972; Dietrich et al., 1997; Stubbe and Steiner, 1999). A possible solution to the two
tree variants could be the sequence of a much closer related outgoup to the five Oenothera
plastomes than Lotus. Rooting the plastome tree of the subsection Oenothera with its next
relative, Oe. maysillesii, subsection Emersonia (Stubbe and Raven, 1979), may satisfactorily

resolve the relation between the basic plastome types IV and V.

4.4.3. The large inversion of 56 kbp

Also consistent with the natural history of the genus Oenothera is the occurrence of a 56 kbp

inversion in the large single-copy region of the plastid chromosome. It provides a robust
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phylogenetic marker, since it is shared among all Oenothera plastomes. It is absent in the
closely related South American subsections Munzia and Raimannia (Hachtel ef al., 1991) as
well as in the sister group Epilobium (Schmitz and Kowallik, 1986). This observation and its
almost identical endpoints in all five plastomes suggest that the inversion is not caused by one
of the proposed rare parallel inversions (Downie and Palmer, 1994; Johansson, 1999;
Tsumura et al., 2000). It has arisen monophyletically within the Oenothera clade and late in
the history of the Onagracean complex, in the common ancestor of the subsection. Hence, the
inversion marks a recent split in the history of the genus and predates the divergence of the

subsection.

4.4.4. Patterns of subplastome variation in Oenothera populations

Other regions in the Oenothera plastomes reveal a higher phylogenetic resolution than the
large inversion. The rrnl6-trnlgay spacer region, used as maker allele for the identification of
basic and subplatome types in crossing experiments (Chapters 3.1.1.3, 3.1.2.1 and 3.1.2.2), is
also an indicator for gene flow und recent hybridization events within the subsection
Oenothera. The 17 alleles of the derived CAPS marker (Table 9) give an interesting spotlight
on the phylogenetic relationship between plastomes and species. It could be shown that the
region is suitable for such a phylogenetic analysis (Hornung et al., 1996; Sears et al., 1996).
The marker is an indicator how much variation or subplastomes exist within the subgenus,
without performing laborious RFLP analysis of the whole plastid chromosome (Herrmann et
al., 1980). Nevertheless, the degree of variation is important to know, if differences between
five sequenced reference plastomes, described this thesis, are going to be generalized in terms

of speciation events.

The rrnl6-trnlgay allele provides a good confirmation of the monophyletic origin of plastome
IV in Oe. oakesiana (AC-1V) and Oe. parviflora (BC-1V). The current model claims that Oe.
parviflora (BC-1V) arose as a hybrid between a hypothetical ancestor, with the genomic
constitution CC-1V, and Oe. nutans (BB-III). Oe. parviflora (BC-IV) itself hybridized with
Oe. biennis (AB-II or BA-III) resulting in the AC-IV species Oe. oakesiana (Dietrich et al.,
1997). Therefore, plastome IV of both species should be identical and monophyletic, which
could be confirmed at the molecular level with the described marker allele IV;. All strains
tested for plastome IV had an identical sequence (Table 9), suggesting that plastome IV was
already fixed in the population of the hypothetical ancestor CC-1V.
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For plastomes of type I, the clearly distinguishable and specific alleles of Oe. elata subsp.
elata (AA-1yp), Oe. elata subsp. hookeri (AA-1s, AA-14) and Oe. villosa subsp. villosa (AA-Is)
(Table 9) indicate that gene flow between these three populations no longer occurs. This is
likely due to their geographic distribution and propagation strategies (Dietrich et al., 1997).
Although these species still carry genetically plastome I, the subplastomes seem to evolve in
different directions. This is a clear example that Oenothera provides a suitable material not

only to study speciation, but also pre-speciation processes.

Cleland (1962) mentioned that the border between plastome type Il and III in Oenothera
strains, naturally occurring at the North American continent, is not sharp. The genetic
behaviour of these plastomes in AB, BA and BB-species was somehow in between the
plastomes of types II and III of Stubbe (1959). The distribution of rrnl6-trnlgay alleles in
different Oenothera strains of Oe. biennis (AB-II and BA-III), Oe. glazioviana (AB-III), Oe.
grandiflora (BB-III) and Oe. nutans (BB-III) is consistent with the observation of Cleland
(1962). Although for nearly all strains tested the genetic plastome type is known but no
specific sequence for the rrnl6-trnlgay spacer region could be found for plastomes II or III
(Table 9). If the evolutionary history of the above mentioned species is considered, nearly all
of them arose from hybridization events and there is more than one model present in the
literature, how these species may have evolved (Cleland, 1972; Wasmund, 1990; Schumacher
and Steiner, 1993; Dietrich et al., 1997). The data presented in this work indicate that there is
still substantial gene flow within the genotypes under study, since alleles rrn16-trnlgay 11/111;
and II/III; are present in more than one species. This is of particular interest, because the
plastome appears to play an inferior role in establishing hybridization barriers between Oe.
grandiflora (BB-III), Oe. nutans (BB-III) and Oe. biennis (AB-II or BA-III), since the
majority of all possible crosses between the three species result in compatible offspring
(Figure 4). The data support the hypothesis that the plastome is the only strong hybridization
barrier in the genus (Chapter 1.3), and if it is not very pronounced or missing, gene flow can

occur in hybridization zones.

Detecting so many different 7rnl6-trnlgay alleles of plastome II/III in the same species, but
also identical ones in different species (Table 9), suggests that plastomes II or III are not fixed
so far in the different Oenothera populations. Consequently, their genetic behaviour is not
fixed as well. This suggestion is conducted by the findings of Wasmund (1980) and Drillisch

(1975) that the biennis-1 strains shuswap lake, mc call, birch tree 1, birch tree 2, citronelle
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and delaware are associated with plastome II, but the biennis-2 strain micaville carries
plastome III. Usually, strains of the microspecies biennis-1 and biennis-2 in Cleland’s
taxonomy, are associated with plastomes III and II, respectively (Cleland, 1972). The data
indicate that plastome types II and III in AB, BA or BB species still adapt to their nuclear

background, offering the possibility to study very recent, ongoing evolutionary processes.

In summary, plastomes in Oenothera are an excellent tool to monitor hybridization events and
their impact for speciation. Functional genetic analysis of fast evolving parts of the Oenothera
plastome, related to physiological characterization of plastome-genome incompatibility in the
genus should allow to draw a complete and definite picture of the evolution and mechanisms

of speciation in the North American subsection Oenothera.

4.5.  Selection pressure and determinants of PGI

What causes the differences between the Oenothera plastomes and what are the functional
molecular determinants responsible for PGI? Incompatibility between nuclear and plastid
genomes can lead to hybridization barriers of different strengths, with remarkable impact on

speciation (Chapter 3.3.3), but which selection forces produce them?

4.5.1. Selection pressures acting on the plastome

That strong selection forces can act on the plastome is evident and well studied in Oenothera.
In this thesis, bioinformatic comparisons of amino acid substitutions rates in the five basic
Oenothera plastomes uncovered remarkably higher mean Ka/Ks values, compared to
averaged values found in angiosperms (Chapter 3.3.4). This indicates a substantial selection
pressure on Oenothera plastome sequences. Similar results were recently obtained for c/pP in
Silene and other genera (Erixon and Oxelman, 2008). Remarkably, the genus Silene also

displays PGI phenotypes (Table 2).

The consequence of selection on a certain plastid type is chloroplast capture, the introgression
of a plastid of one species into another one. This can happen relatively quickly, already if a
small fitness advantage exists for the female (Tsitrone et al., 2003). The Triticeae tribe, with
its members Triticum and Hordeum, represents a well studied example. In its interspecific
hybrids strong preferences for distinct plastid genomes can be found (Redinbaugh et al.,

2000). The outlined examples unequivocally demonstrate selection on plastomes, which can
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be monitored in nature, as in Oenothera, Silene or Triticae, and has been described by the

theoretical models of chloroplast capture.

A major selection force acting on plastomes is obviously related to the photosynthetic
process. It is one of the most important functions of the organelle and photosynthesis itself is
the principal energy supplying reaction of a plant cell that influences important processes
such as water balance and drought tolerance (see below). Indeed, differences in
photosynthetic performance have been detected with different “cytoplasms” in introgression
lines of Triticum and Aegilops (Iwanaga et al., 1978). A similar finding was reported from
Oenothera, in which different photosystem II yields in green plants could be genetically
linked to two different compatible plastomes in the same nuclear background (Glick and
Sears, 1994). Cold stress acting on photosynthesis could be excluded as a selection force
(Dauborn and Briiggemann, 1996). Thus, although the coding potential of closely related
plastomes is almost identical (Chapter 3.2), photosynthetic efficiency conveyed by closely
related plastome types may differ, since the adaptation to their nuclear components is

different. It is obvious, that these differences are result and subject of selection.

Regardless of whether the origin of genetic differences of photosynthesis traits is located in
nuclear or in plastid genomes, these differences are found in natural populations and are
influenced by selection. Higher photosynthetic rates are usually associated with growth and
fitness advantages (Arntz and Delph, 2001). Selection often acts indirectly on photosynthetic
traits via drought or oxidative stress. It can be monitored, e.g. by water-use efficiency or
photosynthetic parameters (Arntz and Delph, 2001; Hura et al., 2007; Yang et al., 2007). The
link of photosynthesis to drought stress consequently implies that periods of climate changes
may introduce PGI and therefore built hybridization barriers resulting in speciation. /t will be
a fascinating future task to examine this hypothesis. For the genus Oenothera, drought stress
is a very likely selection pressure for speciation, since appearance of the subsection
Oenothera was accompanied by a fluctuating climate for both, precipitation and temperature,

during the Pleistocene (Cleland, 1972).

Another driving force could reside in the intrinsic structure of the plastid genome. Genes like
accD and ycf2 are highly divergent among all plant lineages and also between closely related
taxa as they are located at so called “hot spots of divergence” in plastid chromosomes

(Herrmann et al., 1980; Salts et al., 1984 and Figure 20). The driving force towards increased
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evolution rates in these regions could act on the DNA structure itself and perhaps provide

reasons for PGIL.

4.5.1. Genetic architecture of PGI

At present it is difficult to assess how many nuclear genes or plastid targets are involved in
distinct incompatible combinations. Molecular data are rare and incompatible F1 hybrids are
sometimes sterile or exhibit reduced fertility (Table 2) complicating genetic analysis of the
nuclear genome. At least for Acacia, Pelargonium, Pisum and the BB-II combination in
Oenothera monogenic nuclear determinants were reported (Smith, 1915; Stubbe, 1953;
Moftett, 1965; Bogdanova and Berdnikov, 2001). The two instances, from which the plastid
determinants for PGI are known, are monogenic. Mutation of just a single nucleotide causes
bleaching in the cybrid with the nuclear genome of Atropa and the plastome of Nicotiana
(Schmitz-Linneweber et al., 2005). Data from the incompatible Oenothera AB-I hybrid, in
turn, suggest that a single regulatory region of plastome I causes compartmental
incompatibility (Chapter 3.4.2.3). On the other hand, other instances indicate a more complex
genetics. Segregation analysis in Zantedeschia, for example, uncovered two or three nuclear
loci (New and Paris, 1967; Yao and Cohen, 2000), as it is also the case for different PGIs of
Oenothera (van der Meer, 1974; Jean, 1984; Rauwolf and Greiner, unpublished). In evening
primroses, the phenotypic marker /or combined with an incompatible plastome is involved in
embryo lethality (Renner, 1943c), but only if linked to marker FI. Only a lor lor FI Fl
genotype leads to embryo lethality. Individuals homozygous for /or alone combined with a
foreign plastome suffer only from chlorophyll deficiency. This example illustrates that
nuclear genes involved in compartmental incompatibility can be dissected and separated

genetically and are amenable to molecular mapping approaches.

Polygenic nuclear determinants do not necessarily claim for multiple plastid targets. Except
for RbcL, all plastome encoded polypeptides are part of multisubunit assemblies that consist
of more than one nucleo-pastidic gene pair and plastid encoded polypeptides may interact
with more than one partner polypeptide of nuclear origin (Race et al., 1999). Thus, altered
expression or function of one component in the plastid may generally affect accumulation
and/or function of more than one nuclear encoded protein, since regulation of nuclear-

plastidic networks occurs at various levels.
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4.5.2. Molecular determinants of PGI suggest regulatory phenomena

Obviously, PGI could basically reflect a regulatory and/or a structural phenomenon.
Diverging loci are therefore of intrinsic interest, but the overwhelming majority of such loci
found in the plastome sequences of Oenothera do not seem to be of functional relevance nor
causative for interspecific compartmental incompatibility. Diverging loci with non-
synonymous amino acid replacements or length polymorphisms with or without frame shifts
(Table 22) presumably play only a minor role in PGI, if any, since all changes occurred in
parts of polypeptide chains, which are generally highly variable and do not affect conserved
domains (Chapter 3.2.3.2). In terms of single amino acid exchanges, within all 388 detected
non-synonymous substitutions in polypeptides, only 35 sites indicate possible biochemical
differences in altogether 19 genes, namely accD, atpA, atpB, atpF, ccsA, clpP, matK, ndhA,
ndhB, ndhC, ndhD, ndhE, ndhH, petB, rpoB, rpoC2, rps3, rps8, and rps15. However only 25
of these altered amino acid sites, are located in functional domains (Table 21), and could
contribute to PGI, if at all. Many of them are unlikely to contribute. For instance, variance of
RpoB between Nicotiana and Atropa did not turn out to influence PGI notably (Herrmann et
al., 2003; Schmitz-Linneweber et al., 2005) and gene deletions in Nicotiana suggest that
disruption of genes for subunits of the NADH dehydrogenase complex (Burrows et al., 1998;
Kofer et al., 1998) are not of relevance either. Furthermore, a biochemically possibly
significant amino acid change in pefD fits with the compatibility chart in principle (Figure 4),
but appears to be neutral, because BB-II does not show a cytochrome phenotype (Rauwolf
and Meurer, unpublished). All in all, plastome encoded genes for structural components of the
photosynthetic machinery are usually highly conserved and it appears that compartmental co-
evolution in Oenothera causing hybrid bleaching influences predominantly regulatory

Processces.

In other DMIs investigated gene regulation plays an important role (Ellison and Burton, 2006;
Haerty and Singh, 2006; Ortiz-Barrientos et al., 2007). Also a major involvement of RNA
metabolism in PGI is likely, since compared to cyanobacteria RNA metabolism of
photosynthetic genes in higher plants was substantially changed, but the structural
components are highly conserved (Herrmann and Westhoft, 2001; Liere and Borner, 2006 and
citations therein). RNA metabolism is a rapidly evolving process. Apart from editotype
differences in Arabidopsis (Tillich et al., 2005), ecotypes of Arabidopsis may show different

57 and 3’ ends of mitochondrial mRNA (Forner ef al., 2007), and in the case of Zea mexicana
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(Teosinte) and Zea mays, an altered gene regulation rather than gene function is a driving

force in speciation (Doebley, 2004).

Available data on PGI are commensurate with these observations. Bleached sectors of
Passiflora hybrids (Figure 2), containing only maternal plastids, appear to possess an altered
plastid gene regulation, and fail to accumulate ribosomal RNAs (Mracek, 2005). Studies on
nuclear gene expression in the three basic homozygous Oenothera genotypes (AA-I, BB-III
and CC-V) uncovered different transcription profiles especially for photosynthetic genes
(Chapter 3.4.2.2), indicating that species-specific gene regulation could be involved in PGI.
Altered expression patterns in incompatible Zantedeschia hybrids also fit to this picture (Yao
and Cohen, 2000). In one instance, nuclear genome dosage was probably responsible for
overcoming PGI in Rhododendron (Sakai et al., 2004), again supporting the idea that altered
gene regulation, rather than structural aspects of the protein machinery, is frequently
responsible for PGI. This idea is consistent with the two cases, from which the plastidic PGI
determinants are known. In both cases, RNA metabolism causes or is involved in PGI,
respectively. In the Atropa/Nicotiana cybrids it is based on RNA editotype differences, which
also explains the substantial phenotypic difference of the reciprocal cybrids (Schmitz-
Linneweber et al., 2001b; Schmitz-Linneweber et al., 2005), and in the AB-I cybrid of
Oenothera the intergenic region between the divergently transcribed c/pP and psbB operons

appears to play a major role in the incompatible phenotype (Chapter 3.4.2.3).

A possible reason for this delimitation is found in the photosynthetic and translation
machineries, which are both of dual genetic origin (Herrmann et al., 2003). Structural
components were streamlined and optimized during billions of years and hence are not
expected to be any more modified extensively in microevolution. However, adaptation of at
least photosynthetic traits is under selection. Therefore, selection more likely acts on the fine
tuning of the photosynthetic process for distinct ontogenetic situations and/or habitats.
Molecular data from Oenothera strongly support the view that regulation of photosynthesis is
a driving force of PGI. Sequence comparison between the five basic plastome types
uncovered that coding regions are highly conserved, while differences were noted in genes

responsible for the regulation of photosynthesis or in intergenic regions (Tables 21, 22, 23 and

24).
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4.5.3. The incompatible hybrid AB-I of Oenothera

In this thesis the study of the hybrid AB-I proved that the strategy of systematic filtering on
genetically well defined material, as available from Oenothera, is of convincing value
(Chapter 3.4.2.3). It correlated the bleached AB-I phenotype with a distinct major locus, a
plastome I-specific deletion in the c/pP-psbB intergenic region, with a down-regulation of
psbB transcripts, reduced CP47 polypeptide and photosystem II activity in AB-I. As expected,
the locus is present in several subplastomes with identical genetic behaviour. Biochemical and
biophysical data are consistent with a primary lesion in photosystem II and reminiscent to
photosystem II down-regulation in a bleached Arabidopsis mutant with substantially reduced
psbB transcript levels (Meurer ef al., 2002) and photosystem II mutants of Nicotiana (Swiatek
et al., 2003), suggesting that the locus contributes to hybrid bleaching with high probability.

Species-specific editotype differences in plastid DNA and co-evolving nuclear encoded trans
factors have been shown to be important in compartmental co-evolution between Atropa and
Nicotiana. 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., 2001a; 2002; 2005). RNA editing obviously does not influence
compartmental co-evolution in evening primroses (Chapter 3.4.1.5). Thus, other aspects must
cause or be involved in compartmental divergence, such as transcription and/or transcript
stability of photosynthetic genes via interaction with frans factors of nuclear origin and
corresponding cis elements in the pshB promoter or of stabilizing elements in 5 UTRs of its
mRNA species in the AB-I hybrid. Collectively, these findings suggest that despite of
photosynthetic defects in both, the Solanaceen and Oenothera materials, the determinants
causing plastid-nuclear incompatibility are different. Obviously, the ways, in which individual
species or genera have evolved, their histories, and adaptation to their present-day habitats are

diverse, and include changes at quite different molecular levels.

The deletion in plastome I causing the AB-I phenotype, is a species specific adaptation of
plastome I to its nuclear genotype A. Obviously, the B genome exerts a dominant negative
effect on the expression of psbB, since AA-I is compatible and expression of the relevant
components encoded by the A genome in the combination AB-I is not sufficient to fully
complement the compartmental incompatibility. Loci such as the c/pP-psbB intergenic region
deduced by this approach are therefore potential candidates that deserve further study.

Expression analysis of the indicated region, varying abiotic parameters such as dry stress in
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related compatible and incompatible hybrids like AA-I, AA-II, AB-I, and AB-II, could

identify and characterize selection forces responsible for PGI and speciation (Chapter 4.5.1).

4.5.4. PGI - a useful tool to identify mechanisms and driving forces of speciation

Plastidic determinants of PGI are known from just two cases, mRNA editing in the
AtropalNicotiana cybrids (Schmitz-Linneweber et al., 2005) and psbB/clpP transcription in
AB-I of Oenothera (Chapter 3.4.2.3). However, the respective nuclear partner genes have not
yet been identified. As outlined above the situation for nuclear/nuclear or
nuclear/mitochondrial DMIs is quite different (Chapter 1.2.2). Molecular data on DM gene
pairs are only spotlights of probably more general evolutionary scenarios and more data from
different models are needed to achieve a generalization of those phenomena leading to
speciation. PGI promises both, an easier and broader access to such determinants, as models
currently under study. The basic problem with working on functional genetics of DMI was
stated by Orr (2005): “If species are taxa that are reproductively isolated, a genetics of
speciation must, almost by definition, be a genetics where such a thing is not possible,
between organisms that do not exchange genes.” As outlined by Coyne (1992) there is no way
to distinguish, whether the so-called “speciation genes” are the initial course of a reproductive

barrier or just a by-product of speciation.

Studies on PGI could, at least in part, bypass these problems. As shown above, PGI can
display much weaker effects on hybrid fitness than the so far predominantly studied hybrid
sterility. In general, an important category of PGI phenotypes are numerous types of different
chlorophyll deficiencies (Table 2). This class of phenotypes with little direct effect on fertility
provides excellent material for mapping approaches. Since it is quite diverse, a relatively
broad picture on the nature of distinct “speciation genes” and underlying mechanisms may be
achieved. On the other hand, if mild PGIs are monitored in closely related taxa, there is a fair
chance to look at a primary effect of speciation. These taxa are usually at the branch point of
speciation and, as described for Oenothera and conceivable for various other taxa, PGI is the

only strong hybridization barrier (Dietrich et al., 1997).

The second benefit, working with PGI is a limited number of genes and gene functions
involved potentially. Chloroplast genomes encode in the order of 120 genes, predominantly
related to and almost equally distributed for photosynthesis and gene expression in the

organelle (Table 14). As plastid gene expression is closely linked to photosynthesis, many
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PGI phenotypes reflect disturbances of the photosynthetic machinery. This provides a solid
framework to investigate the molecular basis of responsible determinants and processes. The
substantial knowledge about photosynthesis and chloroplast genomes may help to cope the
next and most challenging step in understanding speciation, the identification of driving
forces acting on the selection of speciation genes. To relate molecular data to an ecological
and evolutionary context, detailed knowledge about molecular function and regulation of a
speciation gene is needed, a requirement given if genes involved in photosynthesis are

responsible for PGIL.

4.6. The model Oenothera

Identification of genes causing PGI is of particular interest for understanding molecular
aspects of the evolution of the compartmentalized eukaryotic genome, specifically of
plastome-genome interaction and the impact of the chloroplast in pre-speciation and
speciation processes. As outlined in this thesis, with appropriate experimental material, there
is a reasonable chance to deduce the selection pressures and speciation forces that act on
photosynthesis and cause PGI. Ironically, the plastome, a genetic compartment which so far
was largely neglected in studying speciation processes, allows an easier access to the selection

pressures acting on speciation genes than the nuclear genome alone (see above).

The phenomenon of PGI itself may also be of particular interest in cell biology. Since it
reflects disturbance of specific co-evolved networks between plastome and genome
(Herrmann et al., 2003), PGIs can be considered as “network mutants”, which allow studying
genetic compartments in molecular terms. This is a fundamentally different strategy than
mutant approaches or high-throughput analysis, employed in molecular biology so far.
Studies of network disturbances between species not only promise to deduce principles of
how biological networks are designed, but also how they interact and change during
speciation. Network regulation is a fundamental, unsolved question in current molecular
biology and PGI may contribute, in addition to its value for exploring speciation, also to this

line of research.

To achieve this goal, during the past decade basic cell and molecular biological approaches
were developed for the evening primroses, notably nuclear transformation via Agrobacterium
tumefaciens, protoplast regeneration and tissue culture approaches (Stubbe and Herrmann,

1982; Kuchuk et al., 1998; Mehra-Palta ef al., 1998), the complete sequences of the five basic
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genetically distinct plastome types (Hupfer ef al., 2000 and this thesis), the construction and
application of an EST library (Mracek et al., 2006 and this thesis), the identification of
molecular markers to distinguish strains and species (this thesis), the first molecular map of
the genus (Mracek, 2005; Rauwolf, unpublished), and substantially improved cytogenetic
approaches (Golczyk, unpublished).

Two aspects remain to be solved for or are unique to the evening primroses model.
Availability of plastid transformation would be highly desirable and remains to be
established. It is advisable to focus molecular analysis on the plastid first, because the
plastome, due to its limited and well defined coding potential, allows easier access to
determinants of PGI. Furthermore, in Oenothera homologous recombination is limited not
only to permanent translocation heterozygous (Cleland, 1972; Levin, 2002), but also to
homozygous species (Rauwolf, unpublished). Although this phenomenon is valuable for an
exchange of plastids and/or nuclei between species, and a principal and unique advantage of
Oenothera in investigating PGI, it prevents application of some of the customary methods in
plant genomics such as mapping approaches. Therefore, the model requires alternative
strategies, already applied for organisms like mouse or men, where mapping strategies are not
applicable. Establishing whole genome sequencing, transposon or T-DNA tagging, TILLING,
and mapping strategies involving artificial chromosomes or DNA breaks, such like HAPPY

or radiation hybrid mapping, will bypass this virtual drawback.
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6. Summary

The subject of this thesis was to develop molecular approaches appropriate to investigate
speciation processes. The genus Oenothera was chosen for study, since it offers the unique
possibility to exchange plastids, individual or more chromosomes and/or even entire haploid
genomes (so-called Renner complexes) between species. In addition, a rich stock of
information in taxonomy, cytogenetics and formal genetics is available, collected for more
than a century of research. Interspecific exchange of plastids, nuclear genomes or
chromosomes often leads to mis-development of the resulting hybrids. These inviable hybrids
form hybridization barriers responsible for speciation. In the case of plastid and nuclear
genome exchange, hybrid bleaching is frequently observed, which results from plastome-
genome incompatibility (PGI) due to compartmental co-evolution. Traditional work on
Oenothera was almost exclusively restricted to classical genetic and cytogenetic approaches.
Subsection Oenothera, the best studied of the five subsections in the section Oenothera, was
used in this work. It is comprised of three basic nuclear genomes, A, B and C, which occur in
homozygous (AA, BB, CC) or stable heterozygous (AB, AC, BC) combination. In nature, the
nuclear genomes are associated with five basic, genetically discernible plastid types (I - V) in

distinct combinations. The following results were obtained:

(1) Biochemistry with Oenothera is not trivial due to exceedingly high amounts of mucilage
and tannins which adversely interfere with the isolation of macromolecules and enzymatic
reactions. A basic biochemistry for the material was therefore developed initially, notably to
obtain appropriate subcellular fractions, restricable, amplifyable and clonable DNA, RNA,
supramolecular protein assemblies and proteins of appropriate purity. (ii) Evaluation of the
PGI literature clearly indicates that PGI can form hybridization barriers according to the
Dobzhansky-Muller gene pair model of speciation, even if the genes reside in different
cellular compartments. (iii) Oenothera PGIs could be classified into four genetically distinct
categories, which influence hybridization barriers in different ways. (iv) Co-dominant marker
systems (SSLP and CAPS) were generated for both, nuclear genome and plastome. Their
potential was successfully evaluated with crossing programs designed to exchange plastomes,
genomes, or individual chromosomes between species. (v) The plastome markers allowed to
genotype 41 subplastomes to judge inter- and intraplastome diversity and displayed molecular
loci linked to the genetic behaviour of basic plastome types I - V. (vi) A single, highly
polymorphic marker (M40) was sufficient to genotype 29 different Renner complexes of the
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basic genome types A, B and C. (vii) Markers specific for all seven Oenothera chromosomes
were selected. Combined with the genetics of a partial permanent translocation heterozygote
(ring of 12 chromosomes plus 1 bivalent, which behave as two distinct linkage groups) they
allowed the assignment of molecular linkage group 7 to chromosome 9-8 of the classical
Oenothera map. Material for the assignment of the remaining chromosomes and their arms
was produced or selected so that both map types can now be fully integrated. (viii) In parallel
to work on the nuclear genome, the sequences of the five basic Oenothera plastomes were
completed (in cooperation). Elaborated in this thesis, due to its limited coding potential,
conserved nature, and substantial knowledge about photosynthesis, plastid chromosomes
provide relatively easy access to ‘“speciation genes” and selection pressures causing
speciation. (ix) Phylogenetic analysis of the sequences provided a plastome pedigree, and also
an idea about the age of the subsection, i.e. back to the middle of Pleistocene, approximately 1
mya ago. This contributed to solve a long lasting question in the Oenothera literature. (Xx)
Application of appropriate algorithms uncovered for the first time that plastomes are subject
to natural selection and hence contribute to speciation. This was questioned repeatedly. (xi) A
novel weighting strategy, combining classical genetic data on plastome-genome
compatibility/incompatibility with molecular data and bioinformatic approaches, was applied
to deduce potential plastid determinants for PGI. (xii) In a case study it could be shown that a
single plastid locus contributes substantially to PGI in the interspecific hybrid AB-I, which
was found to be defective in photosystem II. A plastome I-specific deletion in the
bidirectional promoter region between psbB and c/pP was found to be responsible for the
phenotype observed. The finding is consistent with reduced levels of psbB mRNA and its
product CP47 chlorophyll a apoprotein of photosystem II, with spectroscopic data and
phenotype. (xiii) Available data indicate that interspecific plastome-genome hybrids represent
some sort of “network mutants”. This would imply that speciation is predominantly a
regulatory phenomenon. In the studied cases PGIs are is involved in the fine-tuning of
regulation of photosynthesis, rather than in an adaptation of its structural components. This is

considered as a major finding of this thesis.
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