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objemu buňky i jádra a nárůstem počtu chloroplastů, který se v dalších generacích dále zvětšuje. 
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jaderných a organelových genů byly ve většině případů zanedbatelné. U zavedených polyploidů 
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transkripce chloroplastových genů. Výsledky této práce přispějí k našim znalostem o vlivu 
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1 Introduction 

Polyploidization is defined as the acquisition of more than two chromosome sets. 

Polyploidy is recognized as a significant driving force behind plant evolution (Ramsey 

and Schemske, 1998). It was first identified more than a century ago (Strasburger, 1910) 

and it is a natural phenomenon occurring in numerous eucaryotic taxa. Whole genome 

duplication ( W G D ) represents a fundamental mechanism underlying numerous major 

episodes of diversification in land plants (Van De Peer et al., 2017) and remains a 

prominent process in plant speciation (Barker et al., 2016). Furthermore, it is an important 

tool in the plant breeding to stabilize the genome and overcome bottlenecks linked to 

interspecific hybridization. 

The plant cell contains three distinct compartments where D N A is stored: the 

nucleus, mitochondria, and plastids. Consequently, newly developed polyploids are 

confronted with the challenge of maintaining the precise stoichiometry between nuclear-

encoded and organelle-encoded genes engaged in cytonuclear interactions, such as 

Rubisco, whose large subunit is encoded by the chloroplast rbcL gene and the small 

subunit, which is encoded by the nuclear gene rbcS. A s illustrated by Sharbrough et al. 

(2017), the doubling of copy numbers of nuclear genes following W G D does not result 

in the duplication of the number of organelles. One indicator that polyploidy has 

considerable stoichiometric implications in the context of cytonuclear interactions is that 

organelle-targeted genes appear to be one of the earliest and most common classes of 

nuclear genes to revert to a single copy following an event of W G D . Furthermore, the 

well-documented positive correlation between nuclear genome size and cell size 

(Beaulieu et al., 2008) indicates that plants may be capable of storing a greater number of 

organelles per cell as nuclear genome copy number and cell size increase, exemplified by 

the observation that alfalfa {Medicago sativa) polyploids exhibit elevated levels of 

chloroplast numbers per cell compared to diploids (Bingham, 1968). 

A significant challenge can arise in allopolyploids and interspecific hybrids 

concerning genes involved in cytonuclear interactions. The typical inheritance of the 

cytoplasmic genomes is uniparental (usually maternal), while the nuclear-encoded genes 

originate from both parents. These genes may be diversified between parental genomes 

and are not interchangeable (Sharbrough et al., 2017). The cytonuclear interaction has 

been a subject of interest to plant scientists for almost two decades, during which time 
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various databases have been created to depict genes involved in the cytonuclear 

interaction. The most recent of these is the C y M T R A database, which was developed as a 

Cytonuclear Molecular Interactions Reference for Arabidopsis and includes 910 nuclear-

encoded genes involved in direct cytonuclear molecular interactions (i.e. components of 

cytonuclear enzyme complexes) (Forsythe et al., 2019). The databases wi l l facilitate 

further studies aimed at elucidating the biological mechanisms underlying the 

reestablishment of stoichiometry between cytoplasmic and nuclear genes following 

polyploidization. Such studies wi l l enhance our understanding of the evolutionary 

significance of polyploidization, which represents a principal mechanism of plant 

speciation. 

M y diploma thesis is focused on changes in cytonuclear interactions in 

neopolyploids and established polyploids in two plant groups: Festuca-Lolium group (F. 

pratensis and L. multiflorum) and Arabidopsis group (A. thalina, A. lyrata and their 

hybrids). The objective of this thesis is to ascertain whether there are any discernible 

alterations in plant morphology that could potentially influence cytonuclear interactions, 

and to examine how an individual responds to the significant changes that follow the 

W G D . 
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2 The work goal 

1. Literature research on the topic of polyploidy and cytonuclear interactions. 

2. Microscopic analyses of plant cells in diploid and polyploid individuals 

(Arabidopsis thaliana and A lyratd) and their hybrids including size and number 

of chloroplasts. 

3. Determination of the absolute gene copy number for the selected set of genes 

involved in cytonuclear interactions using ddPCR. 

4. Determination of changes in gene expression following polyploidization for the 

selected set of genes involved in cytonuclear interactions using qPCR. 

14 



3 Literary review 

Polyploidy is defined as the condition where an organism possesses three or more 

sets of chromosomes. This stable condition can be inherited by offspring. Many polyploid 

species are well adapted to their environment, and it is believed that diploid species such 

as humans and Arabidopsis evolved from polyploid ancestors (Van de Peer and Meyer, 

2009). 

However, polyploidization leads to significant changes in genome structure and 

nuclear organization, which raises questions about cell cycle processes, cell physiology, 

gene expression regulation, and genome stability. In plants, polyploidy is a common 

phenomenon, particularly in the context of interspecific hybridization, which frequently 

results in whole genome duplication and subsequent stabilization of hybrid genomes 

through diploidization. Species that have undergone polyploidization and diploidization 

are referred to as paleopolyploids (K. Zhang et al., 2019). 

Polyploidy is less prevalent in animals, although some polyploid species can be 

found among frogs (Schmid et al., 2015), fish (Zhou & Gui , 2017), insects (Z. L i et al., 

2018), and mammals (Acharya & Ghosh, 2016). It is noteworthy that even diploid 

organisms can exhibit polyploid tissues, as an example of this are hepatocytes in the 

human liver. 

3.1 Polyploidy and its effects 

Polyploidy is defined as a condition in which the genome of an organism consists 

of three or more sets of chromosomes. Polyploidy is a direct consequence of whole 

genome duplication (WGD) . It is a feature common to most basic land plant lineages and 

an important evolutionary force. The prevalence of polyploidy varies between different 

eukaryotic lineages but is particularly widespread in the plant kingdom (Otto and 

Whitton, 2000). Polyploidy can confer many advantages, such as increased resistance to 

the environment, but also disadvantages, such as meiotic instability (Comai, 2005). 

Polyploidy is often considered to drive plant speciation, although the mechanism of 

postzygotic barriers between ploidy levels can be impermeable. Polyploid lineages can 

contribute to the exchange of genes between levels and recently emerged polyploids have 

to overcome the disadvantage of being a minority and adapt to new niches (Tayale & 

Parisod, 2013). Despite these disadvantages, polyploidy is still widespread, and many 

species that are currently diploid show evidence of polyploid ancestry (Van De Peer et 
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al., 2021). 

These multiplied sets of chromosomes coexist in a single nucleus and are inherited 

by offspring. Two different types of polyploids are usually considered: autopolyploids, 

with extra sets of chromosomes derived from a single species, and allopolyploids, with 

sets of chromosomes derived from different species as a result of interspecific 

hybridization (Comai, 2005). 

During evolution, duplicated genes underwent a process of diploidization (Figure 

1). This process involves the loss or severe alteration of many duplicated genes and the 

rearrangement and reduction of the chromosomes (Hollister, 2015). There are three 

possible outcomes of duplicated gene evolution: degenerative mutations, 

neofunctionalization, or sub-functionalization. Most mutations are deleterious, and 

therefore one copy of a gene is expected to be lost relatively quickly, except in 

populations of large effective size (Lynch & Conery, 2000). It is assumed that W G D 

might reduce the probability of extinction and increase the chance of surviving 

(Donoghue & Purnell, 2005; Fawcett et al., 2009). W G D is involved in environmental 

adaptation and speciation. In some cases, polyploids live in broader or different habitats 

Figure 1: Illustration showing the possible paths leading to polyploidy and the gradual transition back to the diploid 
state (Adopted from Comai, 2005). 
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than their diploid ancestors (Parisod et al., 2010). Geographical differences in the 

frequency of polyploids between plants were also observed, they were influenced by 

climate and the composition of flowering plants (Rice et al., 2019). Polyploidy has been 

associated with stress tolerance, larger fruit seeds, or variation in metabolite content 

(Renny-Byfield & Wendel, 2014), making it interesting for agricultural use. It has been 

successfully used to increase yield and biomass in several crop species such as potato or 

watermelon (Sattler et al., 2016). 

Response to W G D can be observed in several traits such as anatomical and 

biochemical changes which have an impact on physiological processes in plants. The 

most frequent phenotype which is associated with polyploidy is nucleus and cell 

enlargement and change in the number of organelles. These changes affect the rate of 

carbon dioxide diffusion, as well as intra- and intercellular biochemistry and metabolism. 

Other effects include changes in gene product levels (polyploidy dosage effects) and 

biochemical diversity (produced by new allelic combinations in polyploid plants) 

(Warner & Edwards, 1993). However, there are differences both between and within 

species, and in particular between the types of cells within an organism (Doyle & Coate, 

2019). 

It takes many generations for duplicate genomes to evolve. However, to understand 

the short-term consequences of recently evolved polyploidy (neopolyploidy) for the 

fitness and adaptation of organisms is also important. There is growing evidence that 

neopolyploids have a higher uptake of ions and are more tolerant to salt and drought than 

diploids in the same genetic background (Allario et al., 2013; Chao et al., 2013). Thus, 

the physiological correlation of W G D may help to facilitate the invasion of new or 

challenging environments (Stebbins, 1985). Polyploidy can also increase the rate of 

adaptation within populations under certain conditions (Otto & Whitton, 2000). The 

challenges of neopolyploids have received less attention. Neopolyploids often show 

major changes in gene expression patterns, alterations in the epigenetic regulation of 

transposable elements, and mitotic and meiotic problems (Comai, 2005). Successful 

polyploid lineages must overcome these early challenges because they are important 

cellular processes and have a strong impact on fitness. 

3.1.1 Anatomical effects of polyploidy 

The enlargement of the cells has a global effect on the entire organism that has 
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undergone W G D . One of the main cell types affected are guard cells, epidermal cells that 

control stomata. Guard cells tend to be larger in both new and evolved polyploids 

compared to the diploids but are observed to decrease in size over time in more 

established polyploids (Butterfass, 1987). 

Stomata size and density have a significant impact on the rate of CO2 uptake and 

water transpiration in plants (Brodribb et al., 2020). Research on Arabidopsis thaliana 

has shown that mutants with higher stomatal density exhibit increased CO2 assimilation 

under high-light conditions. In contrast, those with reduced stomatal density have lower 

gas exchange and photosynthetic rates (Schlüter, 2003). However, the effect of the 

stomata size and density on polyploid plants, which have larger stomata and lower 

density, remains unclear. The outcome is determined by the rate and extent of stomatal 

response to environmental or hormonal stimuli. Polyploids have been observed to exhibit 

both lower and higher rates of gas exchange, CO2 assimilation, and photosynthesis 

(Bomblies, 2020). 

Polyploidy typically results in a reduced growth rate, except in neopolyploids where 

compensation can occur (Gupta, 1981). The reasons for slower growth include changes 

in metabolism and hormone levels, such as decreased auxin and brassinolide levels (Ma 

et al., 2016; C. Zhang et al., 2020). However, in some cases, polyploidy may increase the 

expression of genes related to cell wall formation, leading to accelerated growth. The 

mechanisms behind polyploidy's effect on growth rate remain unclear (Robinson et al., 

2018). 

In neotetraploid and evolved tetraploid Chamerion angustifolium, vascular 

elements are wider than in diploids, resulting in higher hydraulic conductivity. However, 

tetraploids show no difference in vulnerability to cavitation. Tetraploids may further 

increase conductivity in response to changes in water conditions caused by polyploidy 

(Maherali et al., 2009). Autotetraploid Atriplex canescens also have broader xylem 

elements, but lower hydraulic conductivity than diploids under non-stressed conditions. 

However, they are more resistant to drought-induced conductivity loss and can maintain 

higher CO2 assimilation and photosynthesis under heat- and water-limited conditions 

(Hao et al., 2013). Polyploid plants in stressful environments have higher vessel diameters 

and resistance to drought-induced embolism due to differences in vascular architecture 

(Maherali et al., 2009). Polyploid plants may modify their xylem "safely elements" to 

reduce the risk of cavitation. Plastic adaptive responses in the xylem can mitigate this 

risk, such as increasing resistance to cavitation with height and modifying growth with 
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climate change (Burgess et al., 2006). 

Cell enlargement can also have an impact on biomass increase. The polyploid 

individuals show enlargement of organs such as roots, leaves, flowers, or seeds compared 

to their diploid ancestors (Sattler et al., 2016). This has been implemented in plant 

breeding programs to increase the production of some agricultural crops such as cotton, 

wheat, banana, and watermelon (Sattler et al., 2016). However, the increase caused by 

polyploidy is neither linear nor constant (Tsukaya, 2013). Experiments on A. thaliana 

have shown that octaploid plants are much smaller than tetraploid or even diploid plants, 

suggesting that body size is not passively regulated by ploidy level (Corneillie et al., 2019; 

Tsukaya, 2013). 

Cell volume and nuclear volume are closely correlated, with both increasing during 

the cell cycle in human and yeast cells. In plants, nuclear size is linearly related to cell 

volume. Transport from the cytoplasm plays a role in determining nuclear size (Doyle & 

Coate, 2019). It was concluded that nuclear size control is central to the proper regulation 

of cytoplasmic and nuclear membrane transport (Kume et al., 2017). 

The study concluded that the more D N A a set of chromosomes contains, the more 

chloroplasts are usually found in the cells (Butterfass, 1987). Another study also showed 

that D N A content, chloroplast number, and photosynthetic rate increase with ploidy 

(Warner & Edwards, 1993). However, the increased number of chloroplasts can bear 

some functional consequences, such as changes in photosynthesis (Doyle & Coate, 2019). 

3.1.2 Biochemical effects of polyploidy 

A s stated above, polyploidy may cause an increase in organ size, growth vigor, 

adaptability, and stress tolerance compared to diploid plants. Enlargement of the leaves 

can improve their ability to capture light and CO2, thus contributing to an improvement 

in photosynthesis (Evans, 1999). A t the cellular level, photosynthetic efficiency increases 

with higher D N A content per cell, cell size, and photosynthetic pigment content. 

Polyploid plants often have larger and denser chloroplasts, which is advantageous for 

photosynthesis. However, many wi ld tetraploid species do not exhibit significantly higher 

photosynthetic efficiency than diploid species at the organ level. This phenomenon may 

be due to a reduction in the number of cells per unit area after polyploidization. 

Photosynthetic capacity is a significant factor in the success of polyploids. 

Anatomical changes include alterations in cell size and leaf thickness, which affect the 
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rate of CO2 diffusion. Biochemical changes include an increase in the amount of 

photosynthetic proteins and enzymes synthesized. Most of these traits exhibited higher 

values in polyploids than in diploid progeny (Warner & Edwards, 1993). However, the 

photosynthetic rates expressed per unit leaf area varied among polyploids. The effect of 

polyploidy on photosynthesis varies with the increasing complexity of the trait of interest. 

Genetic changes following W G D can include modifications in the regulation of 

gene expression, loss of genes, emergence of new functions, and changes in gene balance. 

In some aromatic and medicinal plants, individuals with a higher number of complete sets 

of chromosomes have been observed to produce a greater amount of secondary 

metabolites (Iannicelli et al., 2020). However, there are exceptions where 

polyploidization does not affect secondary metabolite production (Wohlmuth et al., 

2005). Various plant species respond differently to polyploidization, indicating that 

ploidy level may affect the regulation of metabolite synthesis. 

Polyploidization may impact enzyme activity per unit protein. Studies indicate that 

polyploids with increased R N A and genome copy number may experience changes in 

metabolite production. Analyses of the effect of polyploidization on the expression levels 

of genes involved in the synthesis of metabolites such as morphine, artemisinin, or 

vindoline (Mishra et al., 2010; L i n et al., 2011; X i n g et al., 2011) confirmed that certain 

genes are overexpressed in polyploids, leading to increased metabolite production. 

However, it is not always the case that enzyme activity doubles when the genetic dose is 

doubled. Some enzymes are not affected or even have lower expression levels in 

polyploids. These findings indicate that polyploidization has differential effects on gene 

expression and enzyme activity (Iannicelli et al., 2020). 

3.1.3 Stress resilience 

The relationship between stress and polyploidization is well supported by studies 

of modern polyploids. There is a long history of polyploidization being associated with 

abiotic stress, particularly adaptation to dry and cold environments. Studies have shown 

that polyploids tend to occupy drier habitats than diploids in the same groups (Van De 

Peer et al., 2021). The frequency of polyploidy increases from the equator to the poles 

(Rice et al., 2019), and within the Arctic, higher-order polyploids are more common at 

higher latitudes (Brochmann et al., 2004). Genome duplication has been found to result 

in changes related to adaptation to drought stress, including alterations in transpiration, 
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water use efficiency, photosynthetic rate, phenology, antioxidant response, and 

morphology (Maherali et al., 2009). A s an example, natural tetraploid Arabidopsis 

thaliana plants have increased salt tolerance compared to diploid plants (Chao et al., 

2013). A higher level of tolerance to abiotic stress has also been demonstrated in 

polyploid fungi and animals. Experimental evolutionary studies in yeast (Saccharomyces 

cerevisiae) have shown that genome duplication can confer a fitness advantage during 

periods of stress (Selmecki et al., 2015). Another example is a frog species of the genus 

Neobatrachus. While the diploid species are geographically isolated, tetraploid species 

of the same genus are widely distributed throughout Australia. This shows that in the face 

of climate change, the adaptive advantage of tetraploids may be enhanced (Novikova et 

al., 2020). While physiological, cellular, and genomic responses to stress have been 

studied in polyploids, the molecular processes underlying these responses are not fully 

understood (Fox et al., 2020). 

Stress-tolerant polyploids often show a similar type of stress response to diploids. 

These include changes in gas exchange, stomatal opening, chlorophyll content, 

photosynthesis, and water content in response to drought and salt stress but these changes 

are not as severe in polyploid plants (W.-D. L i et al., 2009; Van Laere et al., 2011; Wei 

et al., 2019). The differences between the diploids and the tetraploids can be attributed to 

differences in the anatomy of the leaves and/or the rate of transpiration. Research has 

shown that differences in transpiration rate, drought tolerance, and water use efficiency 

can be explained by stomatal size and density alone (Caine et al., 2019; Hughes et al., 

2017). The size of the stomata and their density can also influence the salinity tolerance, 

probably by changing the water transport in the plant and thus the uptake of N a + ions. 

Salinity tolerance may also be related to the stomatal closing, as shown by the observation 

that diploid rice with higher closure and lower density of stomata is also very drought and 

salt-tolerant (Huang et al., 2009). Other studies suggest that polyploids are less 

susceptible to cellular stress and have greater reactive oxygen species (ROS) scavengers 

and antioxidant capacity, which may contribute to overall stress resistance. The reduced 

availability of resources under stressful conditions may also in some cases favor 

polyploids because they tend to grow more slowly, which means that they are less likely 

to suffer cell damage (Deng et al., 2012). 

Biotic stress in plants is caused by pests, parasites, and pathogens such as bacteria, 

fungi, oomycetes, and nematodes. These organisms can cause various diseases and reduce 

crop yields. Pathogens such as biotrophic fungi can cause leaf spots and tumors, while 
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necrotrophic fungi destroy plant cells. Vi ra l infections retard growth and cause plant 

deformities. Parasitic nematodes can damage the root system and transmit viruses. Pests 

can also reduce yields and transmit diseases (Schumann & D ' A r c y , 2006). 

Polyploidization can affect plant resistance to pathogens and insects. There is an evidence 

that polyploid species may be more resistant than their diploid ancestors (Thompson et 

al., 1997). 

3.2 Hybridization 

Hybridization is the crossing of genetically distinct groups or taxa that results in the 

production of viable hybrids. These interactions can produce new phenotypes with 

different advantages and disadvantages, influencing speciation. Hybridization occurs in 

different spatial and temporal contexts, including border hybrid zones, interpopulation 

gene exchange, and habitat responses (Abbott et al., 2013). 

Hybridization can be common, widespread, localized, or globally rare, and its 

consequences depend on population growth or shrinkage (Currat et al., 2008). It is a 

complex and ever-changing interaction that can take hundreds to millions of generations 

to evolve. The size and spatial distribution of populations change, and hybridization may 

occur at different stages or locations (Hewitt, 2011). 

Hybrid speciation through changes in chromosome number and chromosomal 

rearrangements can lead to reproductive isolation and hybrid speciation (Schumer et al., 

2014). Horn opioid hybrid speciation appears to be more common than previously 

thought. There are examples of homoploid hybrid speciation in various animal and plant 

species (Mavárez & Linares, 2008). Some scientists believe that hybridization may have 

played a role in the origin of the species Homo sapiens, but evidence for this is lacking 

and many cases are still debated (Mallet, 2005). 

In agriculture, breeders have focused on hybrid crops. Many crop species 

originated through interspecific or even intergenomic hybridization often followed by 

W G D . About 15% of crops have undergone ploidy shifts during domestication, similar 

to speciation events involving ploidy shifts (Warschefsky et al., 2014). For instance, 

domesticated crops such as wheat, tall fescue, cotton, banana, oilseed rape, apple, date 

palm, and citrus species are of hybrid origin (Kopecký et al., 2022). 

Another focus of breeders is on hybridization between crops and their wi ld 

relatives. One aim is to introduce adaptive traits from wi ld relatives into cultivated forms 
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through breeding programs. Vavilov's (1926, 1951) research pioneered the concept of 

directed introgression, the transfer of adaptive traits from wi ld relatives to crop plants. 

This technique has found significant application in several annual crops such as wheat, 

rice, barley, cassava, potato, and tomato. Numerous studies have focused on the transfer 

of desirable traits from 185 wi ld relatives to 29 different crop species (Warschefsky et al., 

2014). Genetic analyses show evidence of significant gene flow between crops and wi ld 

species in maize, barley, rice, and potato. Domestication and global spread of these crops 

brought them into contact with new populations of wi ld relatives, leading to adaptive 

introgression (Janzen et al., 2019). 

3.3 The cytoplasmic genome 

The cytoplasmic genome is represented by circular D N A molecules located in 

semiautonomous organelles, i.e. mitochondria and chloroplasts. The organelles 

originated by a process of endosymbiosis, mitochondria from free4iving a-

proteobacteria, whereas chloroplasts derived from free4iving cyanobacteria (Rand et al., 

2004). The first fully articulated version of the endosymbiotic theory was presented by 

Mereschkowsky's proposal in 1905 (Martin & Kowall ik , 1999). The discovery that 

organelles have their own D N A at all was one of the key observations that supported 

endosymbiotic theory in the first place (Doolittle, 1980). This theory was finally 

confirmed through D N A and protein sequencing and phylogenetic analysis of these 

organelles. Our understanding of the origin of plastids has been enriched by genomics. 

Currently, it is known that the organellar genome underwent extreme reduction 

through endosymbiotic gene transfer (EGT), leaving its imprints in the nuclear genome 

(Timmis et al., 2004). The loss of redundant or non-functional organelle genes, such as 

the "use-it-or4ose-it" case of reduced chloroplast genomes in non-photosynthetic plants 

(dePamphilis & Palmer, 1990) serves as an example of reciprocal co-evolution. On the 

other hand, the loss of genes that have been transferred to the nucleus does fit the 

definition of co-evolution (K. Adams & Palmer, 2003). 

The transfer of genes from mitochondria to the nucleus is an important process that 

requires the incorporation of mitochondrial nucleic acids into the host chromosomal site 

and the acquisition of expression signals to drive transcription. It also requires the 

acquisition of sequences for targeting proteins to the mitochondria and the adaptation of 

the different genetic codes of organelle and nuclear genes. These gene transfers occur 
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frequently in gymnosperms (Rand et al., 2004). In the past, cytonuclear fusion has caused 

a large number of organelle-to-nucleus gene transfers, creating mutational pressure on the 

nuclear genome, and probably influencing natural selection. This gene transfer caused 

genetic changes that created new selective pressures (Timmis et al., 2004). 

Experimental evolutionary approaches have allowed scientists to study the 

movement of organellar D N A into the nuclear genome and how genes are affected in the 

process (Stegemann & Bock, 2006). In plants, a significant proportion of the nuclear 

genome is dedicated to the control of both organelles. A s part of this control, many 

proteins encoded by transferred genes are redirected to the plastid and mitochondrial 

compartments. These proteins include not only enzymes and structural components but 

also regulatory factors that respond to changes in the external environment and influence 

the expression of organellar genes. In addition to this nuclear control, signalling pathways 

originating in the organelles can also influence gene expression in the nuclear genome. 

The intricate network of anterograde (nuclear control of organellar functions) and 

retrograde (signalling pathways from organelles that influence nuclear genome 

expression) signalling relies on the close coordination between nuclear and organellar 

functions (Greiner & Bock, 2013; Pfannschmidt, 2010). 

HI B 

B " 

Figure 2: The Dobzhansky-Muller model, modified for nuclear and organelle coevolution, explains the formation of 
reproductive barriers in an ancestral population based on the interaction of genes a and b. Hybridization between 
subpopulations with different alleles leads to reduced fitness of the offspring and the formation of a postzygotic 
hybridization barrier (Adopted from Greiner et al., 2011). 
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The terms genotype and plasmotype distinguish between genes in the nucleus and 

in organellar genomes. Genotype refers to the genetic information of the nucleus, while 

plasmotype includes information contained in the plastid and mitochondrial genomes. 

The genotype and plasmotype evolve by different mechanisms and at different rates. 

Nuclear genes and their alleles are constantly rearranged by sexual recombination, 

whereas organellar genes are almost unaffected by recombination. The separation of 

organelles is due to their predominantly uniparental inheritance and the absence of 

organelle fusion in plastids, which are typically passed down from the mother (Birky, 

2001). In asexual reproduction, deleterious mutations can accumulate in the genome, a 

phenomenon known as Miil lerian latch (Figure 2). However, the biparental inheritance of 

the chloroplast genome has been found in about 20% of naked-seeded plants, but the 

actual frequency remains uncertain (Barnard-Kubow et al., 2017). Biparental inheritance 

may have evolved as a mechanism to overcome incompatible plastids or to counteract 

deleterious mutations (Barnard-Kubow et al., 2017). Curiously, the rate of mutation in 

the genomes of the plastids and mitochondria in plants is significantly lower than in the 

nuclear genome (Wolfe et al., 1987). The mechanisms used by plastids and mitochondria 

to minimize mutations are not yet fully understood. The existence of multiple copies of 

organelle genomes and the ability to perform gene conversion contribute to keeping 

mutation rates low (Khakhlova & Bock, 2006). 

The nuclear and organellar genomes are in close interaction, even though they are 

physically separate. Many large protein complexes exist that are composed of both 

organellar and nuclear genes. Therefore, these genes evolve together. Genetic changes 

are necessary to adapt to a new environment, and these changes occur in processes that 

are partly encoded by the organellar genome. These changes are likely to occur in 

coordination with the genotype and the plasmotype. For example, i f adaptation involves 

optimizing photosynthetic electron transport under stress, mutations in both organellar 

and nuclear genes are likely to occur. This indicates that although the genomes are 

physically distinct, there is limited scope for independent evolution, and evolution occurs 

through the interdependence of these genomes (Greiner & Bock, 2013). 

A model of coadaptation exists involving compensatory mutations between 

interacting genes (or the position of nucleotides within a gene). In this way, i f one of the 

loci is mutated, the other w i l l be mutated as well . Given Muller's ratchet environment of 

the endosymbiont genome, co-adaptation in the cytonuclear environment should be 

inherently asymmetric. Nuclear genes are more likely to contribute to the adaptive 
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compensatory mutations that maintain co-adapted states between interacting genomes 

because positive selection is facilitated by recombination and large effective population 

sizes (Rand et al., 2004). 

A s stated before, studies show that genes from organelle genomes have moved into 

the nucleus during evolution. Gene transfers have a significant impact on genome 

evolution and transgenic technology (Timmis et al., 2004). A comparison of the 

mitogenomes of different species showed that the loss of mitochondrial genes occurred 

in two phases (Janouskovec et al., 2017). The first phase occurred before the last common 

ancestor of eukaryotic organisms, while the second phase was heterogeneous and 

occurred in different lineages and at different times. The genes conserved in the organelle 

genomes focus on cellular respiration, photosynthesis, and the translation apparatus 

(Sloan etal., 2018). 
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Figure 3: Trends in cytonuclear movement of genes and gene products, a) Summary of movements of genes and gene 
products between nucleus and organelles, b) List of genes and their origin and location involved in cytonuclear 
interaction. (Adopted from Sloan et al. 2018). 

Two asymmetries are associated with gene transfer between the nucleus and the 

organelles (Figure 3). First, gene transfer occurs mainly from the organelles to the nucleus 

(Timmis et al., 2004), and second, gene products are mainly transferred from the nucleus 

to the organelles (Paila et al., 2015). It is argued that the transfer of organelles into the 

nucleus and the subsequent replacement of existing functions by these genes is not 

unexpected, but rather a natural by-product of D N A movement (Doolittle, 1998). This 

process creates the opportunity for occasional insertions that can become functional 

replacements for existing nuclear genes. 

3.4 Cytonuclear interactions 

Genetic control in eukaryotes is divided between the nucleus and one or more 

genomes located in the cytoplasm. A s discussed in the previous chapter, this is a 

consequence of the endosymbiotic origin of organelles (mitochondria and plastids) that 
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retain remnants of their ancestral genomes. This complex arrangement of genomic 

compartments has been maintained over billions of years of evolution (Greiner & Bock, 

2013). The genetics of the nuclear and cytoplasmic genomes differ in many ways, such 

as genome copy numbers, mutation rates, modes of inheritance, and mechanisms of 

replication and expression. However, these genomes continue to function in an integrated 

manner, maintaining probably the closest and most important symbioses in the history of 

life (Sloan etal., 2018). 

In a long-term evolutionary process, mitochondria and plastids were transformed 

from free-living bacteria to endosymbionts and organelles. Although the mitochondrial 

and plastid genomes were extremely reduced, they were not completely lost. This process 

raises the question of why evolution favored the reduction of cytoplasmic genomes and 

the transfer of genetic control to the nucleus, and why this process never stopped 

completely (Sloan et al., 2018). Importantly, many multisubunit enzyme complexes are 

formed by genes encoded by both cytoplasmic and nuclear genomes. 

They are an important element of cyto-nuclear integration (Rand et al., 2004). Rapid 

evolution of the cytoplasmic genome can lead to changes in nuclear proteins and enzyme 

complexes (Van Der Sluis et al., 2015). Studies show that cyto-nuclear enzyme 

complexes are an arena for molecular co-evolution, and that nuclear-encoded subunits in 

these complexes evolve more rapidly than other nuclear-encoded proteins (Barreto & 

Burton, 2012; Grossman et al., 2004; Willett and Burton, 2004). Alternative explanations 

include that these subunits are not under strong functional constraints, or that selection 

for efficiency is less intense for mitochondrial than for nuclear processes (Pett & Lavrov, 

2015; Sloan etal., 2014). 

3.4.1 Cytonuclear interactions in polyploids 

Polyploid lineages face the problem of coordinating the expression of genes 

involved in cytonuclear interactions after doubling the number of nuclear gene copies as 

the organelle genome is not immediately affected (Birchler &Vei t ia , 2012). However, the 

number of mitochondrial and plastid genomes is expected to increase in order to restore 

the balance in the stoichiometry of cytonuclear complexes (Sharbrough et al., 2017). 

Further mechanisms that maintain coordinated expression include decreased expression 

of organelle-targeted genes in the nucleus and increased organelle biogenesis. Polyploidy 

may also affect cytoplasmic interactions by reverting organelle-targeted nuclear genes to 
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a single copy after W G D (Sharbrough et al., 2017). 

Furthermore, the well-documented positive correlation between nuclear genome 

size and cell size suggests that plants may be capable of accommodating a greater number 

of organelles within a single cell as nuclear genome copy number and cell size increase, 

indeed, plants with a greater number of genome copies exhibit an elevated number of 

chloroplasts per cell (Coate et al., 2011). Additionally, there are signalling pathways 

involved in organelle biogenesis and D N A replication that may play a role in coordinating 

cytosolic stoichiometry throughout genome duplication. Nevertheless, there is a paucity 

of systematic studies investigating the manner in which organelle number and size, 

cytoplasmic genome copy number, cytoplasmic gene expression levels, and signalling 

pathways alter after genome duplication (Sharbrough et al., 2017). Research using 

R N A s e q has shown that the total amount of nuclear transcription directed to plastids 

decreases as ploidy increases, while the amount of transcription directed to mitochondria 

increases. Transcriptional coordination between nuclear-encoded genes and organelle 

genes is more conserved in plastids than in mitochondria as ploidy increases (Coate, et 

al., 2020). 

3.4.2 Cytonuclear interactions in hybrids 

Allopolyploidization is an important factor in the evolution of plant species. This 

process involves the combination of the genomes of distinct species and can lead to 

changes in the genome (Buggs et al., 2012), gene expression (Flagel & Wendel, 2010), 

and epigenetics (Paun et al., 2010). The interactions between the nuclear genome and 

organelle genomes are complex, with cytonuclear interactions being important in 

generating different phenotypes and increasing the competitiveness of organisms. 

Allopolyploid organism also has to resolve an issue related to the cytonuclear conflict. It 

is manifested by uniparental inheritance of the cytoplasmic genome, usually from the 

maternal parent, while nuclear genes originate from both parents. One factor affecting 

gene expression is the difference between alleles from the nuclear genome that target 

organelles or their promoter domains (Sharbrough et al., 2017). 

Rubisco studies in different plant lineages show differential conservation of 

homologous genes, unbalanced expression, and asymmetric gene conversion in favor of 

maternal homologs (Gong et al., 2012). N e w research on cytonuclear adaptation in 

allopolyploid species both confirms and challenges previous assumptions about maternal 
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bias. Some allopolyploids show maternal expression bias for some cytonuclear genes, 

while others do not (Grover et al., 2022). 

3.5 Cytonuclear complexes 

In this project, we decided to study cytonuclear interactions of A T P synthase, 

Photosystem II, and RuBisCo. A l l of these complexes are important in the process of 

photosynthesis. Each of these protein complexes is built by proteins encoded by both 

nuclear and chloroplast genomes. For the purpose of this project, one nuclear-encoded 

gene and one chloroplast-encoded gene were selected for each complex. 

3.5.1 A T P synthase 

A T P synthase is a multi-subunit enzyme located in the cristae and inner membrane 

of mitochondria, chloroplast thylakoids, and bacterial plasma membranes (Walker, 2013). 

Except for the fact that light energy excites electrons to allow transmembrane movement 

of H + ions in chloroplasts, the structure and process of A T P synthesis is similar in all 

three locations (Hahn et al., 2018). 

The A T P synthase consists of several subunits that form two main complexes, CFo 

and C F i (C as in chloroplast) (Kohzuma et al., 2017; Walker, 2013). A n inner membrane-

bound Fo domain is involved in proton translocation, whereas an outer membrane-bound 

F i domain is a water-soluble catalytic domain. The F i domain consists of 8 subunits 3a, 

3P, y, 8 a 8. The 3a and 3P form a hexametric ring around the y, 8, and 8 subunits which 

form the central rotor shaft. Subunits y and s bind together to the Fo. The Fo domain is 

composed of four parts IV/a, I/b, II/b', and III/c (Figure 4) (Malik Ghulam et al., 2012; 

Neupane etal., 2019). 

The F i domain subunits a, P, y, 8 a 8 are encoded by genes ATP A, ATPB, ATPC, 

ATPD and ATPE. The Fo contains 4 subunits IV/a, I/b, II/b', and III/c which are encoded 

by ATPI, ATPF, ATPG, and ATPHgenes (Malik Ghulam et al., 2012). 

In this thesis, I focus on the ATPC1 and ATPI genes. ATPC1 is a nuclear gene that 

encodes the yi subunit of the F i part of the enzyme. Arabidopsis thaliana has two paralogs 

of this gene, ATPC1 and ATPC2, which encode y l and y2 respectively. The presence of 

both paralogs is not common throughout the plant kingdom, but it's not unique to A. 

thaliana. It has been proposed that these paralogs have different regulatory roles 
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(Kohzuma et al., 2012, 2017). 

The ATPI gene is located in the chloroplast genome. In A thaliana, the A T P genes 

are divided into two Operons, Large (atpl) and Small (atp2). The Large operon encodes 

four genes ATPI/H/F/A, whereas the Small operon encodes only two genes ATPB/E 

(Malik Ghulam et al., 2012). Studies in Bacillus have suggested that A T P I is involved in 

translocating divalent cations and assisting in the internal transport of M g 2 + (Hicks et al., 

2003). 

Figure 4: Schematics showing the arrangement of the protein subunits of the enzyme ATP synthase (Adopted from 
Neupane et al., 2019) 

3.5.2 Photosystem II 

Photosystem II (PSII) is a protein complex that plays a crucial role in the light 

reactions of photosynthesis. It is found in prokaryotic and eukaryotic organisms that can 

photosynthesize using oxygen, including higher plants, macroalgae, diatoms, 

dinoflagellates, and oxyphotobacteria (cyanobacteria and prochlorophyta), but not in 

archaea (Williamson et at., 2011). 

Photosystem II (PSII) is located inside the thylakoid membrane and is responsible 

for light-driven water oxidation. This process releases an oxygen molecule and protons. 

PSII consists of several protein subunits, chlorophylls, quinone, and redox cofactors. The 

reaction center of PSII consists of proteins D l and D2, which contain or bind redox 
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cofactors necessary for electron transfer (Figure 5) (Govindjee et al., 2010). 

2 H 2 0 0 2 + 4 H + 

Figure 5: The schematic representation of Photosystem II in higher plants and algae (Adoptetd from Govindjee et 
al., 2010) 

PSII consists of more than 20 proteins. In this thesis, I focus only on the PSBQ1, 

PSBR, and PSBD genes. The PSBQ1 and PSBR are nuclear-encoded genes (Suorsa et al., 

2006). PSBQ1 is a member of the PSBQ family. In Arabidopsis, there are two PSBQ 

genes, PSBQ1 and PSBQ1, and 3 psbQ-like homologs (PQL) (Ifuku, 2014). The products 

of the PSBQ gene family are involved in the process of oxygen evolution (Govindjee et 

al., 2010; H . L i et al., 2024). It has been proposed that the PSBR gene products are also 

involved in oxygen evolution. The oxygen evolution capacity of thylakoid membranes 

was shown to be reduced in the absence of PSBR. In conclusion, PSBR is essential for the 

optimization of photosynthetic water splitting and electron transfer in PSII (Suorsa et al., 

2006). 

The PSBD gene is located in the chloroplast genome and encodes the D2 protein of 

the PSII reaction center core complex. Together with the PSBA gene, which encodes the 

D l protein, these genes are highly expressed, and their expression is thought to be light-

dependent (Tsunoyama et al., 2004). 

3.5.3 RuBisCo 

Ribulose-l,5-bisphosphate carboxylase/oxygenase, or RuBisCo for short, is an 

enzyme involved in the light-independent (or "dark") part of photosynthesis, which 

facilitates carbon fixation by converting atmospheric carbon dioxide into high-energy 

molecules such as glucose. 

RuBisCo consists of only two subunits, L S and SS, which are encoded by the 
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chloroplast RBCL gene, and a small family of two adjacent nuclear genes, RBCS1 and 

RBCS2 (Choquet & Wollman, 2023). It has a complex structure consisting of a smaller 

amino-terminal domain and a larger carboxy-terminal domain. The active site is located 

at the carboxy-terminal end of the b-chains and is complemented by residues from the 

amino-terminal domain of the adjacent large subunit. The overall structure of Rubisco is 

formed by the L 2 dimer of the large subunits, which contain two active sites. The structure 

of the large subunits is largely well conserved, but there are minor differences between 

different forms of Rubisco. 

Large subunits have a similar structure, whereas small subunits are more diverse. 

The basic structure consists of a four-stranded antiparallel P-chain covered by two helices. 

Significant differences are found in the loop between the A and B chains of the small 

subunits, known as the PA-PB loop, and at the carboxyterminus. The PA-PB loops of the 

four small subunits flank the holes of the solvent channel. Rubisco from prokaryotes and 

non-green algae has ten residues in the loop, whereas higher plants have 22 and green 

algae 28 (Andersson &Backlund, 2008). 

3.5.4 Cytochrome B6f 

The cytochrome B 6 f is one of the heterooligomeric proteins in photosynthetic 

membranes and is responsible for electron transport and energy transduction. It has an 

important role in the electronic connection between photosystem I and II (Baniulis et al., 

2008). Cytochrome b6f is comprised of four major subunits: cytochrome b6, cytochrome 

f, the Rieske iron-sulfur protein, and subunit IV. This thesis examines the nuclear-

encoded gene PETC and the plastid-encoded gene PET A. Both genes encode products 

that are involved in the cytochrome f subunit (Schneider et al., 2004). 
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4 Materials and methods 

4.1 Materials and tools 

In the next chapter, I w i l l describe the materials and tools used in this project. 

4.1.1 Laboratory equipment 

• automatic pipet (Nichiryo) 

• biological thermostat B T 120 (Labo M S spol. s. r. o.) 

• centrifuge myFuge M i n i (Benchmark Scientific) cryostat (Leica) 

• confocal microscop (Leica) 

• droplet generator (Bio-Rad) 

• droplet reader (Bio-Rad) 

• electrophoretic chamber Wide Mini-Sub Cell G T Cell (Bio-Tech) 

• laboratory weighing machine ( O H A U S ) 

• magnetic stirrer V ariomax (Electronicriihrer) 

• microwave oven (Zanussi) 

• Nanodrop ND-1000 Spectrophotometer (Thermo Scientific) 

• phytotron chamber (Wiss Gallenkamp) 

• q P C R thermocycler (Bio-Rad) 

• Qubit 3 fluorometer (Thermo Fisher) 

• refrigerated centrifuge ( V W R International) 

• thermocycler CI00 Touch (Bio-Rad) 

• transilluminator InGenius L H R (Syngene) 

• voltage source PowerPacTM (Bio-Rad) 

• water bath S U B 6 (Grant) 

4.1.2 Used software 

• Geneious 

• Imaris 

• L a x X 

• Maestro 

• Microsoft Excel 
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• QuantaSoft 

• Rstudio 

4.1.3 Chemicals 

The composition of buffers is summarized in Table 1. 

Table 1: Composition of used buffers 

Buffer Ingredient Detergent (v/v) Concentration 

Tris 0,04 mol-1"1 

l x T A E pH 8 E D T A 0,02 mol-1"1 

H 2 0 

• 10X DreamTaq Green Buffer (Thermo Scientific, cat. n. EP0714) 

• 6 X D N A Loading Dye (Thermo Fisher Scientific, cat. n. R0611) 

• agarose (Amresco, cat. n. 0491B70) 

• antifade mounting medium with D A P I (Vectashield, cat. n. H-1200-10) 

• Cryo-Gel (Leica, cat. n. 39475237) 

• ddPCR droplet reader oil (BioRad, cat. n. 1863005) 

• ethidium bromide (Top-Bio, cat. n. P047) 

• GeneRuler 1 kb Plus D N A Ladder, ready-to-use (Thermo Fisher Scientific, 

cat. n. SM1333) 

• immersion oil (Leica, cat. n. 11944399) 

• nuclease-free water (Thermo Fisher Scientific, cat. n. 10977015) 

• q P C R Supermix 

• One Shot™ TOP10 chemically Competent cells E . coli (Invitrogena by 

Thermo Fisher Scientific, cat. n. C404010) 

• paraformaldehyde (Sigma-Aldrich, cat. n. 30525-89-4) 

• QX200 ddPCR EvaGreen Supermix (BioRad, cat. n. 1864034) 

• sucrose (Lach-ner, cat. n. 10135-AP0) 

• T A E buffer 
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4.1.3.1 Chemical kits 

• CloneJET P C R Cloning K i t (Thermo Fisher Scientific, cat. n. K1231) 

• NucleoSpin Gel and P C R Clean-up kit (Macherey Nagel, cat. n. 740609.250) 

• QIAprep® Spin Miniprep K i t ( Q I A G E N , cat. n.: 27104) 

• RevertAid First Strand c D N A Synthesis K i t (Thermo Fisher Scientific, cat. n.: 

K1621) 

• RNeasy kit ( Q I A G E N , cat. n.: 74104) 

4.1.3.2 Enzymes 

• DreamTaq D N A Polymerase (Thermo Scientific, cat. n. EP071) 

• H i n d l l l restriction endonuclease (New England BioLabs, cat. n. R0104S) 

4.1.3.3 Oligonucleotides 

Oligonucleotides used for ddPCR amplification are summarized in Tables 2-3 and 

oligonucleotides used for q P C R amplification are in Table 4. 

Table 2: Oligonucleotides used for ddPCR (amplification of Festuca pratensis and Lolium multiflorum DNA 
fragments) 

Name Sequence (5' —> 3') 

ACTINF C A A G C C G T C C T T T C C C T A T A T G C 

ACTIN R G A G T A C C C T C T C T C A G T C A G G A T C 

ATP CI F C A A G T T C G T C T C C C T C G T C C G 

ATP CI R T G C G T C T C G A T C T T G A T C T T C T C G 

ATPIV C G C T T A G C T T T C G A C T T T T T G G G 

ATP IK A T G A T G A C C C T C C A T G G A T T C A C 

NDHB R G C G T T T C A T T T G C T T C T C T T C A A T G 

NDHB R G C T A A T T A T A G G T T C T T C T C T C C A T C 

PSBD F C A C T C T A T T T G A G G A C G G T G A T G G 

PSBD R C T A C G C C A A T A G C A C T C A T C C A T 
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PSBQ1 F C T C G A C G G G G T A A A C A T C T A A C A 

PSBQ1 R T C T T G A T C T T G G C T G C A T G G T C 

RBCLY G C G A A A T G A C T T T A G G T T T T G T T G 

RBCL R C C A A A T T G T A A T A C A G A A T C A T C C C 

Table 3: Oligonucleotides used for ddPCR (amplification of Arabidopsis DNA fragments) 

Name Sequence (5' —> 3') 

ACTIN2 F C C T G T T C T T C T T A C C G A G G C 

ACTIN2 R C A A G G T C A A G A C G G A G G A T G 

ATP CI F T G G T C A A A T C A G A A C C C G T G 

ATPC1R G A A C A G G G T C T T G C T C G A A T 

ATPIV G G T T C C G C A G T T C T A A C G A T 

A TP IK T T T C C A C G G T A A A A G G G C T C 

NDHB R G C G T T T C A T T T G C T T C T C T T C A A T G 

NDHB R G C T A A T T A T A G G T T C T T C T C T C C A T C 

PET AY G G T C C T G T T C C T G G T C A A A A 

PET A R T C C C C T G T T T C C A C C T A C A T 

PETCY A G T A T A T G G C T T C T T T G G T G T T A C T 

PETCR T G A G T C T T A A G C C A T T C C G C 

PSBD F T T C A A T G G T C A C C G C T A A C C 

PSBD R T A G G C A C G T A G G T T C A A A G C 

PSf i t fF C C C T C G T A T T T G A A G C C A C A 

P S f i t f R A T T T T G A A G G A G G G A C G A G C 

Table 4: Oligonucleotides used for qPCR (amplification of Arabidopsis cDNA fragments) 

Name Sequence (5' —> 3') 

ACTINY C C T G T T C T T C T T A C C G A G G C 

AC TIN R A G A A T C C A G C A C A A T A C C G G 

ATPC1Y T G G T C A A A T C A G A A C C C G T G 
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ATPC1 R G A A C A G G G T C T T G C T C G A A T 

ATPIV G G T T C C G C A G T T C T A A C G A T 

ATP IK T T T C C A C G G T A A A A G G G C T C 

MATKR T A G G G T T G C T C A A G G A T C C T 

MATKR G A C C T T T T G C G A T T G A A A C C A 

PET AY G G T C C T G T T C C T G G T C A A A A 

PETA R T C C C C T G T T T C C A C C T A C A T 

PETCY A G A A T T T C T T G T C A A G C G T C G A G 

PETCR T G A G T C T T A A G C C A T T C C G C 

PSBD F T T C A A T G G T C A C C G C T A A C C 

PSBDR T A G G C A C G T A G G T T C A A A G C 

PSBR F C G A C A A G C C C T T C G G A A T T A 

C C T T G T A C A C G T C A C C A C T C 

4.1.4 Plant material 

Plants used in this project were grown in a controlled environment in a phytotron 

set to the following conditions 16h light, 8h dark, 20°C during the light phase and 16°C 

during the dark phase of the cycle, and 60% humidity. For the purposes of this thesis, two 

sets of plants were used, the Festuca-Lolium group (Table 5 -7) and the Arabidopsis 

group consisting of A. thaliana and A. lyrata. The Arabidopsis group consisted of 48 

plants, of which 12 were diploid progenitors, 24 were autopolyploids and 12 were 

allopolyploids. 

Table 5: Festuca pratensis (1st and 7th generation after colchicine treatment (CI and C7) 

Ploidy Cultivar Ploidy Cultivar (CI plants) 

Hyperbola Hyperbola 

Praniza Praniza 

2x 48616 4x 48616 

24189 24189 

Kolumbus Kolumbus 
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Ploidy Cultivar Ploidy Cultivar (C7 plants) 

Fure S2 Moestr 

Tomosake Raskilla 

2x Cosmonaut 4x Patra 

Kolumbus Tetrax 

Převal Westa 

continuation of the Table 5 

Table 6: Lolium multiflorum (7th generation after colchicine treatment) 

Ploidy Cultivar Ploidy Cultivar (C7 plants) 

Partax Pepper 

2x 
Tiger Dallara 

2x Barherta 4x Passat 

Yolande Firkin 

Skippy Mitos 

Table 7: Festuca x Lolium hybrids (Fl hybrids) 

Ploidy Ploidy FpLm Ploidy LmFp 

Plant no. 3/3 Plant no. 10/2 Plant no. 5/1 

Plant no. 5/3 4x Plant no. 10/4 4x Plant no. 5/2 

2x Plant no. 6/7 Plant no. 10/5 

Plant no. 7/5 

Plant no. 8/2 

Parent L m M A T I Z 
74/11 

plants F P W S C 

62/11 
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4.2 Experimental procedures 

4.2.1 Cell morphology analysis 

4.2.1.1 Microscopy slide preparation 

Harvest of 
samples 

2.3M sucrose 
33% 50% 66% 75% 100% 

Fixation and sucrose gradient 

Cell size 

Imaris analysis 

Chloroplast 
number and size 

Cryostat 
sectioning 

Data analysis Confocal 
microscopy 

Figure 6: Cell morphology analysis workflow 

4.2.1.1.1 Plant tissue fixation and dehydration 

The second layer of leaves was excised from one-month-old plants and fixed for 2h 

at room temperature in a solution containing 4 % paraformaldehyde and l x phosphate-

buffered saline (PBS; p H 7.0). The samples were then dehydrated in a sucrose gradient. 

The dehydration steps with 25 %, 33 %, 50 %, 66 %, and 75 % 2.3 M sucrose were 

performed for l h each at room temperature. Finally, the samples were left in 100 % 2.3 M 

sucrose overnight at 4°C. 

4.2.1.2 Cryosectioning 

Leaf tissue was embedded into Cryo-gel and frozen at -25°C. Frozen blocks with 

the samples were trimmed, thick sections were taken and sectioned until the region of 

interest was reached. The optimal thickness of the sample to be transferred to the 

microscope slide was determined to be 20 urn. Samples were labeled with fluorescent dye 

D A P I . The slides were stored in the dark at 4°C until imagining. 
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4.2.1.3 Image evaluation in Imaris software 

Images were visualized in Imaris software. The number of chloroplasts, the size and 

volume of the cells, the size and volume of chloroplasts, and the volume of the nucleus 

were examined. Generally, six plants were analyzed for each ploidy and 25 cells from 

each plant were examined for the number of chloroplasts and the cell and chloroplast 

volume, the number of nuclei examined in each species varied based on their visibility 

in the microscope. The Autopolyploid set contained 12 diploid and 18 polyploid plants 

(12 neopolyploids and 6 established polyploids). These were clones of the single plant 

treated with colchicine, where one plant was diploid, and one plant was tetraploid. The 

allopolyploid set contained 10 plants. Data analysis was carried out using R studio. 

4.2.1.4 Data analysis 

A l l the data obtained were entered into Excel (Abbrevation 1), where means and 

standard errors were calculated for the observed characteristics. The graphs and statistical 

analysis were generated in R Studio. The Cohen D statistical test was used for this 

analysis. Cohen's d is a standardized effect size used to measure the difference between 

two group means. Cohen's d is calculated by taking the difference between the two means 

and dividing it by the standard deviation of the data. This measure reports the size of the 

difference between the means in comparison to the variability of the data (negligible 

effect d < 0.2; small effect d = 0.2-0.5; moderate effect d = 0.5-0.8; large effect d > 0.8). 

4.2.2 Gene copy number determination in auto- and allopolyploids 

4.2.2.1 Gene selection 

Initially, the chloroplast-encoded genes and their nuclear-encoded counterparts 

were selected from four cytonuclear complexes (Table 8). Non-interacting genes were 

used as controls/references). Oligonucleotides were designed by my supervisor (Tables 

2-4). 

Table 8: A list of selected genes 

Species Plastid Nuclear Complex Non-interacting 

L. multiflorum 
F. pratensis 

ATPI ATPC1 ATP synthase actin (nucleus) 

PSBD PSBQ1 Photosystem II ndhB (plastid) 
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RBCL RBCS RuBisCo 

Species Plastid Nuclear Complex Non-interacting 

ATPI ATPC1 ATP synthase actin (nucleus) 

A.thaliana. (plastid-
A fymta P | S B Z ) Photosystemll ^ C R ) 

PETA PETC CytochromB6f matK (plastid - qPCR) 

4.2.2.2 ddPCR 

To estimate the change in chloroplast genome copy number after W G D , droplet 

digital P C R (ddPCR) was used. The D N A was isolated using the NucleoSpin Plant II kit 

following the manufacturer's instructions. The optimal conditions for ddPCR were 

determined during previous work on my bachelor's thesis. The genomic D N A was 

digested with the restriction enzyme H i n d l l l (Table 9). The optimal annealing 

temperature for oligonucleotides and suitable working concentrations of D N A was 

determined using the gradient ddPCR. Optimal working concentrations of Festuca-

Lolium D N A were 10 ng-ul"1 for nuclear genes and 0,1 ng-ul" 1 for chloroplast genes. 

Optimal concentrations of Arabidopsis D N A were 5 ng-ul"1 for nuclear genes and 

0,01 ng-ul"1 for chloroplast genes. The optimal annealing temperature for Festuca-Lolium 

primers was 58°C and for Arabidopsis primers 59°C. • 
Harvesting samples 
and DNA isolation 

DNA digest 

1. Evagreen 
supermix 

2. Primers 
3. Template ft / 
4. Water \S 

ddPCR mixture 
preparation 

Amplification 

PCR amplification 

• 
o * • 

• • • Read and 
analyze results 

Droplet reader 
output 

Figure 7: ddPCR workflow 
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Table 9: Genomic DNA restriction digest 

Stock solution 
Stock solution 
concentration 

Used 
concentration 

Volume [ul] 

Buffer 5 

Enzyme 20 U-ul" 1 1 

g D N A sample dependent sample dependent 5 

H 2 0 - - 39 

total volume 50 

Table 10: ddPCR reaction mix 

Stock solution Stock solution 
concentration 

Work 
concentration 

Volume [ul] 

EvaGreen 2x l x 11 
Supermix 

Forward primer 5 0 u M l O u M 1 

Reverse primer 5 0 u M l O u M 1 

g D N A sample dependent 0,1/ lOng-pl" 1 1 

H 2 0 - - 9.46 

total volume 22 

ddPCR reactions were prepared (Table 10) and the droplets were generated 

according to the Manufacturer's instructions. In brief: A droplet-generating cartridge was 

inserted and snapped into the stand ( D G 8 T M Q X 1 0 0 T M / Q X 2 0 0 T M Drop Generator 

Cartridges). 60 pi of droplet generator oil was pipetted into the lower wells (labeled 

"Oil"). 20 pi of the reaction mixture were gently pipetted into the middle wells. After 

checking and removing any bubbles, the rubber band was pulled over and the cassette 

was inserted into the droplet generator. After the droplet formation, 40 pi of the emulsion 

mixture (reaction mixture and oil) was aspirated from the upper wells of the cartridge 

very gently and then slowly discharged to the wall of the bottom of the well of the ddPCR 
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96-well plate. The process was repeated until all samples analyzed were placed in the 

ddPCR plate. The plate was sealed using pierceable aluminum sealing foil, placed in 

a deep well thermocycler, and the program for ddPCR was started (Table 11). 

Table 11: ddPCR cycling conditions 

Steps Cycles Temperatures Time 

Initial denaturation 1 95°C 10 minutes 

Denaturation 95°C 30 seconds 

Aneling 40 Sample dependent 30 seconds 

Extension 98°C 1 minute 

After completion of the P C R program, the plate was inserted into the droplet 

analyzer holder, and after setting up the analytical program according to the number of 

samples, the analysis was started. Following the completion of the program, the number 

of positive droplets and the gene copy number in the sample was analytically calculated. 

4.2.2.3 Data analysis 

The data set provided by the Droplet Reader was exported in .csv format and 

analyzed using R Studio. The copy number of nuclear genes per sample was divided by 

the sample ploidy to estimate the number of nuclei in the reaction. The copy number of 

chloroplast genes in the sample was divided by the number of nuclei to estimate the 

number of chloroplast genes per cell. The results of NDHB were divided by two to take 

into account that it is a two-copy gene. The experiment consisted of four biological and 

two technical replicates and was repeated twice. 

4.2.3 Gene expression analysis 

4.2.3.1 qPCR 

Total m R N A samples were harvested from the second leaf layer and isolated using 

RNeasy Plant M i n i kit. The quantity and quality of the R N A samples were measured 

using Qubit Fluorometrer, Nanodrop ND-1000 spectrophotometer and 1% agarose gel 
Figure 8: qPCR workflow 
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electrophoresis. Samples were then treated with DNase and c D N A was generated using 

RevertAid First Strand c D N A Synthesis Ki t . c D N A quality was checked by Nanodrop. 

The primers were designed with a melting temperature (Tm) of 58°C. ACTIN was selected 

as a nuclear reference gene andMATK as a chloroplast reference gene. The q P C R reaction 

mixture was prepared according to Table 16. The reaction was then transferred into q P C R 

thermocycler and the program started (Table 17). 

Copies per reaction (Ct) 

qPCR amplification Data analysis 

Table 12: qPCR reaction mix 

Stock solution Stock solution 
concentration 

Work 
concentration 

Volume [ul] 

Master mix (syber 
green) 

l x l x 7.5 

Forward primer 5 0 u M 5 p M 0.5 

Reverse primer 5 0 u M 5 p M 0.5 

c D N A sample dependent 10 ng-ul"1 1 

H 2 0 - - 5.5 

total volume 15 

Table 13: qPCR cycling program 

Steps Cycles Temperatures Time 
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Initial denaturation 1 94°C 5 minutes 

Denaturation 94°C 10 seconds 

Aneling 35 58°C 10 seconds 

Extension 72°C 30 seconds 

Melt curve 65-95°C 

4.2.3.2 Data analysis 

The q P C R experiment involves several steps, from setting up the protocol, 

preparing the plate, and analyzing the data. Samples for gene expression analysis consist 

of unknown samples (target genes), positive controls (reference genes), and non-template 

controls (NTC). After the q P C R run is completed, the initial data analysis is conducted 

using C F X Maestro, complemented by R Studio for data visualization. Within the 

software, the data analysis window includes tabs for quantification data, melting curves, 

gene expression data, and run information to evaluate the quality and quantity of the 

amplification process. Assessment of the P C R products specificity should be done by 

melt curve analysis followed by Sanger sequencing. To ensure product size and purity, it 

is standard practice to run the P C R products on an agarose gel after the q P C R reaction. 

After confirming the specificity of the amplicons, we need to measure the efficiency of 

the primers for accurate Cq value determination and data analysis. Primer efficiency is 

measured by generating a standard curve through a series of dilutions, usually at a 1/10 

dilution factor. After primer efficiency has been calculated, the next step is to determine 

the quantification cycle (Cq) values. The software provides a comprehensive data analysis 

framework that allows for the calculation of C q values using either Regression or Single 

Threshold mode. In Regression mode, the software applies a multivariable, nonlinear 

regression model to individual well traces and then uses this model to compute an optimal 

Cq value. The 2 " A A C q method (Livak & Schmittgen, 2001) was employed to analyze the 

transcript fold-changes relative to the reference using Maestro software v 2.0 (Bio-Rad, 

U S A ) . After determining the accurate Cq values, the software calculates the P-value, 

which is a measure of the statistical significance between the differential expression of 

two biological groups. The P-value is calculated using an unpaired t-test that assumes 

equal variances between the groups under analysis. For data visualization, exporting the 

data to csv. format for further analysis in R Studio was performed using the ggplot2 
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library to create the bar charts. 



5 Results 

5.1 Cell morphology analysis 

In the submitted thesis, we are looking for the intracellular changes associated with 

polyploidization, such as an increase in cell volume. The other thing we observed were 

the changes associated with the disruption of cytonuclear interactions, for example the 

increase in the number of chloroplasts, their volume or the number of chloroplast 

genomes. In total, I evaluated of Arabidopsis group {A. thaliana and A. lyratd) 42 plants 

of which 12 were diploid progenitors, 18 were autopolyploids, which included 12 

nepoplyploid of A . thaliana and A. lyrata, and established polyploid of A. thaliana, and 

12 were allopolyploids. Generally, 150 cells per ploidy were examined for chloroplast 

number, cell size, nuclear volume, and chloroplast size. 

Figure 9: Visualization of a) tetraploid cell with clearly visible and recognizable chloroplasts, b) measurement of 
nucleus diameter, c) measurement of nucleus volume using surface function in Imaris software. 

Cell morphology analysis was performed for the Arabidopsis complex in this thesis, 

Festuca-Lolium complex was analyzed previously as part of my bachelors project and 

published in (Shahbazi et al., 2024) The nucleus volume was determined using the 

"Surface" function based on the D A P I staining intensity and weren't visible in all 

evaluated cells, therefore the number of measured nuclei varies in each data set. 

A difference in ploidy was observed for all parameters analyzed. In A. lyrata, the 
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cell volume of tetraploids was found to be 15993 ± 686 um 3 (mean ± SE), whereas the 

diploid cell size was 17603 ± 743 um 3 . This indicates that tetraploids are on average 9.15 

% smaller than diploids. The Cohen d test revealed that the magnitude of the difference 

was negligible in the case of A. lyrata, whereas in A. thaliana, tetraploids were 

approximately 92 % larger than diploids (diploids: 8630 ± 415 um 3 , tetraploids: 

16612 ± 774 um 3). The Cohen D test indicated a significant difference. The difference 

between the two groups was 40.62 %, with diploid cell size being 140258 ± 5 8 1 um 3 and 

tetraploid cell size being 20126 ± 926 um 3 . The statistic Cohen D test is moderate. 

Furthermore, a distinction was observed between diploids and established polyploids 

(14097 ± 554 um 3), with established polyploids exhibiting a 48.98% reduction in size 

(Cohen d - large) (Figure 10a). 

In general, the nuclear volume was found to be lower in diploids than in tetraploids. 

The observed difference was 38.72 % in A. lyrata (diploids 204 ± 9 um 3 , tetraploids 

283 ± 16 um 3 , Cohen's d moderate), 70.38 % in A. thaliana (diploids 260 ± 9 um 3 , 

tetraploids 443 ± 16 um 3 , Cohen's d large) and 37.95 % in hybrids (diploids 224 ± 9 um 3 , 

tetraploids 309 ± 14 um 3 , Cohen's d moderate). Nevertheless, the average nucleus volume 

of the established tetraploids was 226 ± 8 um 3 , representing a 48.98 % reduction in size 

compared to that of the diploids (Cohen's d small) (Figure 10b). 

The number of chloroplasts was found to be higher in tetraploids in all groups 

analyzed. A. lyrata diploids were observed to contain on average 41 ± 0.77 (mean ± SE) 

chloroplasts per cell, whereas tetraploids were found to contain 54 ± 0.90 chloroplasts per 

cell. This represents a difference of 31.71 %. A greater difference was observed between 

A. thaliana diploids and tetraploids (46.67%). The number of chloroplasts was 30 ± 0.49 

in diploids and 44 ± 0.88 in tetraploids. The mean number of chloroplasts per cell in 

diploid hybrids was 53 ± 0.86, while that of tetraploids was 57 ± 0.999. This represents a 

difference of 7.55 %. The greatest difference was observed between diploids (30 ± 0.49) 

and established tetraploids (60 ± 0.80) (Figure 10c). Cohen's d-test values were found to 

be statistically significant for all groups analyzed, except for the hybrids, where the test 

yielded a non-significant result. 

There was no discernible pattern in the results for chloroplast volume. In A. lyrata, 

diploid chloroplast volume was 108 ± 4 um 3 and tetraploid was 93 ± 2 um 3 , indicating 

that tetraploid chloroplasts were on average 13.89 % smaller. A similar reduction in 

volume of 12.79 % was observed in A thaliana, with the volume of the chloroplasts being 

86 ± 2 um 3 in the diploids and 75 ± 3 um 3 in the tetraploids. The chloroplast volume in 
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diploid hybrids was 92 ± 2 um3 and in tetraploid hybrids 95 ± 2 um 3 . The observed 

difference between the two groups was 3.26%. A similar chloroplast volume was 

observed between the diploids and the established polyploids (74 ± 2 um 3), which was 

1.35 % (Figure lOd). The results of the Cohen d statistical test were small for all the 

analysed groups, with the exception of the hybrids, which were negligible. 

(a) 
A.lyrata 

ploidy ED diploid f~J tetraploid O tetraploid C2 | tetraploid C4 

(b) 
A. thaliana Hybrid A. lyrata A. thaliana Hybrid 

Figure 10: To visualize the results we used the violin plots. The middle line represents the median while the other two 
represent the lower and upper quartiles. The width of the graph indicates the number of individuals of a given volume 
or number. In this graph a visualized the changes in cell morphology after WGD in the Arabidopsis group. The y-axis 
represents (a) cell volume, (b) nucleus volume, (c) chloroplast number and (d) chloroplast volume. The difference 
between the two means is expressed as +% for an increase and -% for a decrease. 

5.2 Determination of chloroplast genome copy number 

The experiment was conducted on two sets of plants. The first set, the Festuca-

Lolium group, consisted of two species: Festuca pratensis and Lolium multiflorum, as 

well as their hybrids. Autotetraploids were produced by colchicine treatment from diploid 

cultivars. The second set, the Arabidopsis group, consisted of A. thaliana and A. lyrata, 

and their hybrids. Autotetraploids were produced the same way as for the previous group 

of plants. 
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5.2.1 Festuca-Lolium group 

The Festuca-Lolium group has been the first subject of analysis. To determine how the 

number of chloroplast genome copies changed after the W G D , were selected three 

chloroplast-encoded cytonuclear interacting genes ATP synthase subunit I (ATPI), 

Photosystem IID2 protein chain (RBCL), and Ribulose bisphosphate carboxylase large 

chain (RBCL). The copy number of these genes per cell for each ploidy was estimated 

using the droplet digital P C R (ddPCR) and the results were compared. To determine the 

number of cells in each sample we analyzed the number of copies per sample of the single-

copy nuclear-encoded gene actin 2 (ACT2). 

Table 14: The chloroplast genome copy number in Festucapratensis and Lolium multiflorum; NE = newly established, 
SE = standard error of the mean 

diploid mean SE tetraploid mean SE 

Festuca pratensis N E 122 11 258 17 

Festuca pratensis 583 56 1543 126 

Lolium multiflorum 485 53 1202 95 

The results (Table 14) showed that there was an increase in gene copy number 

between ploidies. Newly established F. pratensis tetraploids contained 111.48 % more 

copies of the chloroplast genome per cell than corresponding diploids (Figure 11a). 

Established tetraploid F. pratensis plants contained 163.67 % more copies per cell than 

their diploid counterparts (Figure l i b ) . Lolium multiflorum polyploids had 147.84 % 

more copies per cell than their diploid counterparts (Figure 11c). Overall, there was a 2.5-

fold increase in established F. pratensis and L. multiflorum tetraploids compared to the 

diploids (P value <0.05; effect size based on Cohen's D test = large in all pairwise 

comparisons per gene), and a 2.1-fold increase in newly established F. pratensis 

tetraploids compared to the diploids (P value <0.05; effect size based on Cohen's D test 

= large in all pairwise comparisons per gene). 
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The data indicate that the imbalance in cytonuclear complexes after W G D is fully 

restored or even exceeded by the increase in chloroplast genome copies. This is achieved 

both by increasing the number of chloroplast genomes and by increasing the number of 

chloroplasts. A n immediate increase in the copy number of chloroplast genomes after 

W G D is observed, which continues in subsequent generations. 

r- . ... . . ploidy I -] diploid • tetraploid 
(a) Festuca pratensis newly established '—1 

5 0 0 Cohen D: large 
% 400 P = 0 0 2 

8 loo 

Cohen D: large 
p = 0.005 

Cohen D: large 
p = 0.03 

Cohen D: large 
p = 0.0002 

(b) Festuca pratensis 

3 0 0 0 Cohen D: large 
p = 0.002 

psbD 
Cohen D: large 
p = 0.01 

rbcL 

Cohen D: large 
p = 0.01 

ndhB 

Cohen D: large 
p = 0.002 

* i f 

(c) 

g l 500 

Lolium multiflorum 
atpl 

Cohen D: large 
p = 0.0002 

psbD 

Cohen D: large 
p = 0.03 

Cohen D: large 
p = 0.02 

Cohen D: large •. , 
p = 0.0008 M i ^ l 

Figure 11: depicts the number of chloroplast genome copies in diploid plants (light green) and their autotetraploid 
counterparts (darker green) as determined by ddPCR. The plot represents the results of a number of chloroplast-encoded 
genes in newly established autotetraploid F. pratensis (a), well-established autotetraploid F. pratensis (b), and well-
established autotetraploid L. multiflorum (c) plants. It should be noted that the y-axis represents the number of gene 
copies per cell. The chloroplast gene NAD(P)H-quinone oxidoreductase subunit 2 (NADH) was included as a control. 
Its values have been divided by two, as this gene has two copies per chloroplast genome. 

5.2.2 Arabidopsis group 

I started to optimize the analysis of chloroplast genome copy number changes in the 

Arabidopsis group, but there was not enough time to complete this part. 

5.3 Determination of gene expression 

q P C R was used to evaluate changes in gene expression after W G D of both 

chloroplast and nuclear-encoded genes involved in cytonuclear interactions. Analysis of 

the Festuca-Lolium group was reported in Shahbazi et al. 2024, therefore only the 

Arabidopsis group was assessed as part of this diploma thesis. The same set of genes 
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analyzed was used to determine changes in the number of chloroplast genomes. 

To normalize the q P C R data at each ploidy level, we used the constitutively 

expressed maturase K {MATK) gene as the chloroplast reference and ACT2 as the nuclear 

transcript reference to account for the increased expression caused by the higher number 

of chloroplast genomes in polyploids compared to diploids. For the purposes of this 

thesis, we use the method of relative quantification, which analyses changes in gene 

expression in a given sample relative to another reference sample (e.g. an untreated 

control sample). The reference sample we used was the diploid ancestor of the analyzed 

individual. 
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Figure 12: Plot showing changes in relative normalized expression between diploids and tetraploids of nuclear.4 TPC1 
(ATP synthase gamma chain 1), PETC (cytochrome b6), and PSBR (Photosystem II) and chloroplast^TPI, PETA, and 
PSBD genes involved in cytonuclear complexes in A thaliana. Error bars represent the standard error of the mean of 
the biological replicates (n = 5). 

In the pure species A. thaliana and A. lyrata, no significant up- or down-regulation 

was detected. The change in expression in A. thalina was not significant for any of the 

genes examined, neither nuclear nor chloroplast encoded. There was an average 50 % 

(ATPC1 53 %, PETC 51 %, PSBR 44 %) decrease in the expression of nuclear-encoded 

genes in tetraploids compared to diploids. The value of the relative normalized expression 

oiATPCl was 0.47 ± 0.61/0.36 (relative normalized expression/ upper and lower errors), 

there was the greatest difference in expression in this gene. The value of PETC was 0.48 

± 0.62/0.37 and that of PSBR was 0.56 ± 0.69/0.46. The difference in expression of 

chloroplast-encoded genes was not significant for any of the genes analyzed. There was 

a similar difference in the genes PETA (39 %) and PSBD (30 %). The expression of ATPI 

was almost the same in diploids and tetraploids (4 % difference). The relative normalized 

expression values of PETA and PSBD were 1.39 ± 1.66/1.17 and 1.29 ± 1.55/1.09, 

respectively. The expression value for ATPI was 1.04 ± 1.27/0.86. The expression of 

chloroplast genes was significantly up-regulated in the tetraploids compared to the 
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diploids. Specifically, ATPI showed a 177 % increase and PETA showed a 50% increase. 

The relative normalized expression value for ATPI was 2.77 ± 3.02/2.55 and for PETA 

was 1.50 ± 1.65/1.37. The expression of the PSBD gene showed a 71 % difference with 

a value of 1.71 ± 1.89/1.54 (Figure 12). 
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Figure 13: Plot showing changes in relative normalized expression between diploids and tetraploids of nuclear 
ATPC1 (ATP synthase gamma chain 1), PETC (cytochrome b6), and PSBR (Photosystem II) and chloroplast^rPJ, 
PETA, and PSBD genes involved in cy tonuclear complexes in A lyrata. Error bars represent the standard error of the 
mean of the biological replicates (n = 5). 

In A. lyrata, the decrase in expression of nuclear-encoded genes was lower than in 

A. thaliana. The lower difference in the expression of ATPC1 was -13 %, and the 

expression value of PETC was slightly higher (-19 %). The gene expression of PSBR was 

-29 %. The value of the relative normalized expression ofATPCl was 0.87 ± 1.16/0.86, 

there was the lowest difference in expression in this gene. The value of P E T C was 0.81 ± 

1.18/0.55 and that of P S B R was 0.71 ± 0.81/0.62. There was no significant difference in 

the expression of chloroplast-encoded genes, except for A TPI which showed a +44 % 

difference. The relative normalized expression of the other genes was lower than that of 

ATPI. The expression of PSBD changed by +18%, while that of PETA changed by only 

+1%. The values of the relative normalized expression of these genes were: ATPI 1.44 ± 

1.65/1.25, PSBD 1.18+ 1.51/0.93, andPETA 1.01 ± 1.31/0.79 (Figure 13). 
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Figure 14: Plot showing changes in relative normalized expression between diploids and tetraploids of nuclear 
ATPC1 (ATP synthase gamma chain 1), PETC (cytochrome b6), and PSBR (Photosystem II) and chloroplast ATPI, 
PETA, and PSBD genes involved in cytonuclear complexes in established polyploids of A. thaliana. Error bars 
represent the standard error of the mean of the biological replicates (n = 5). The stars above the bar indicate that the 
p-value was under 0.05. 

The nuclear genes were significantly down-regulated in the established tetraploid. 

Gene ATPC1 showed a non-significant increase of + 29 % with a value of 0.71 ± 

0.85/0.59. Genes PETC and PSBR showed an increase in relative normalized expression 

of 47 % and 62 % , respectively. The value for PETC was 0.53 ± 0.57/0.49 and for PSBR 

was 0.38 ± 0.40/0.35. The expression of chloroplast genes did not show any significant 

decrease for the studied genes, with an average difference of around 30 % (ATPI 29 %, 

PETA 27 % , and PSBD 22 %). The relative normalized expression values were 0.71 ± 

0.81/0.63 for ATPI, 0.73 ± 0.97/0.56 for PETA, and 0.78 ± 0.97/0.63 for PSBD (Figure 

14). 
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Figure 15: Plot showing changes in relative normalized expression between diploids and tetraploids of nuclear ATP CI 
(ATP synthase gamma chain 1), PETC (cytochrome b6), and PSBR (Photosystem II) and chloroplast^IP/, PETA, and 
PSBD genes involved in cytonuclear complexes in hybrids. Error bars represent the standard error of the mean of the 
biological replicates (n = 5). The stars above the bar indicate that the p-value was under 0.05. 
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In the hybrids, the expression of nuclear genes showed almost no variation. The 

expression of ATPC1 showed an increase of + 8 %, with an expression value of 

1.08 ± 1.21/0.96, while the expression of PETC showed a difference of only + 1 %, with 

an expression value of 1.10 ± 1.18/1.03. In the hybrids, the expression of nuclear genes 

showed almost no variation. The expression of ATPC1 showed a difference of 8%, with 

an expression value of 1.08 ±1.21/0.96, while the expression of PETC showed a 

difference of only 1%, with an expression value of 1.10 ± 1.18/1.03. The expression of 

chloroplast genes was significantly up-regulated in the tetraploids compared to the 

diploids. Specifically, ATPI showed a 177% increase and PETA showed a 50% increase. 

The relative normalized expression value for ATPI was 2.77 ± 3.02/2.55 and for PETA 

was 1.50 ± 1.65/1.37. The expression of PSBD gene showed a 71% difference with a 

value of 1.71 ± 1.89/1.54 (Figure 15). 
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6 Discussion 

The duplication of genetic information in the nucleus, also known as W G D , can 

cause massive changes in the genome and also in the nuclear architecture. Cell volume is 

the first characteristic that is generally expected to change after W G D . The difference in 

cell volume was observed in A. thaliana, where there was a 92.49 % increase in cell 

volume. This is well documented in many plant species (Bomblies, 2020). However, our 

measurements suggest that the difference decreases in subsequent generations. For 

established tetraploids, the increase was only 66.12 % compared to the diploids. This 

doesn't correlate with the results of Shahbazi et al., 2024 where the difference increases 

with subsequent generations. The rapid increase in cell volume in neopolyploids and the 

subsequent decrease in following generations of polyploids may be a sign of an attempt 

of an organism to return to the original state. In contrast, a 9.15 % decrease in cell volume 

was observed in A lyrata. According to Tsukaya (2013), the relationship between ploidy 

and increase in cell volume is neither linear nor continuous. Various species can have 

different responses to the W G D , and plant can increase their cell volume without the 

change of ploidy (Kawade et al., 2013). This implies that polyploidy is only one of the 

factors which play a role in cell volume increase. Nuclear volume increased in all 

neopolyploids (70.38 % in A. thaliana, 38.72% in A. lyrata, and 37.95 % in hybrids). 

However, the increase in nuclear volume was notably lower than the increase in cell 

volume. Again, as with cell volume, a decrease in nucleus volume can be observed in 

subsequent generations. 

W G D has significant implications for the balance of cytonuclear interactions. A 

number of crucial complexes are composed of products from both nuclear-encoded and 

organellar-encoded genes. For example, RuBisCo is composed of a large subunit encoded 

by an organellar gene, rbcL, and a small subunit encoded by a nuclear gene rbcS 

(Andersson & Backlund, 2008). Polyploidization results in the duplication of nuclear 

information, while the information in the organelles remains unaltered. The polyploid 

organism can adapt to this imbalance by increasing the number of organelles (Doyle & 

Coate, 2019; Shahbazi et al., 2024). This study clearly shows that there is an increase in 

the number of chloroplasts in all groups studied, both neopolyploids and established 

polyploids. Notably, the increase in A thaliana neopolyploids was 1.5-fold which further 

increased to 2-fold between diploids and established tetraploids. The increase between 

neopolyploids and established polyploids was also observed in the Festuca-Lolim group, 
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but the difference wasn't as pronounced as in the Arabidopsis group (from a 15% increase 

to 33.5%). The increase in neopolyploids observed in this study is lower than that reported 

in other species. For instance, in Triticum (Pyke & Leech, 1987) or sugar beet, the number 

of chloroplasts increased by up to 72% (Mochizuki et al., 1955). However, this study 

suggests that increasing the number of chloroplasts is one but not the only strategy that 

plants can use to overcome the imbalance in cytonuclear interactions after 

polyploidization. 

Another such strategy is to change the number of organellar genomes (Shahbazi et 

al., 2024; Sharbrough et al., 2017). Increasing the number of organellar genomes can 

potentially increase the size of the organelle itself. However, here we observed that the 

change in chloroplast volume was negligible and irregular. In pure species, there was a 

decrease in chloroplast volume of about 13% in the tetraploids compared to the diploids. 

On the other hand, there was an increase in chloroplast volume in subsequent generations 

and hybrids. This may indicate that a change in this characteristic is not essential in the 

process of addressing the imbalance following the W G D . 

The polyploidy-induced increase in the number of chloroplast genomes is one of 

the processes that overcomes the imbalance of cytonuclear interactions and is one of the 

most studied (Coate, Farmer, et al., 2020; Fernandes Gyorfy et al., 2021; Oberprieler et 

al., 2019). In this work, it was observed that the imbalance in cytonuclear complexes in 

the Festuca-Lolium group is fully compensated by an increase in the copy number of 

chloroplast genomes. The increase we observed was pronounced and continuous. The 

genomes of both neopolyploids (CO) and established polyploids (C8) were examined, and 

it was observed that the number of genome copies increased from 2.1-fold in 

neopolyploids to 2.5-fold in subsequent generations compared to the diploids. This 

finding is consistent with the results of Fernandes Gyorfy et al. (2021), who demonstrated 

a two to three-fold increase in tetraploid Aegilops and Arabidopsis compared to diploids, 

immediately after W G D . In contrast, studies of A. thaliana and Leucanthemum have not 

demonstrated full compensation through an increase in the number of chloroplast genome 

copies (Coate et al., 2020; Oberprieler et al., 2019). This suggests that different species 

may cope differently with this change in the balance of cytonuclear interactions. 

Another way in which a plant can cope with a change in stoichiometry in 

cytonuclear complexes after W G D is by altering gene expression through up- or down-

regulation of involved genes. The results of this study indicate that there was no 

significant up- or down-regulation of nuclear or chloroplast genes in the pure species. 
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This finding is consistent with the results of Grover et al. (2022), who found no evidence 

of compensation for changes in the ratio of the amount of genetic information by changes 

in expression. In contrast to this, Coate et al. (2020) observed a reduction in the expression 

of nuclear genes targeted to chloroplasts. This is consistent with the results we observed 

in established polyploids, which indicates that the trend may change in subsequent 

generations. A t last, we observed significant up-regulation of chloroplast-encoded genes 

in hybrid species. The same results were observed by Forsythe et al., (2022), which 

provides an evidence that allopolyploidization affects the ability to cope with disturbance 

in cytonuclear interactions. This is not limited to the effects of polyploidization but also 

encompasses the influence of different inheritance patterns of nuclear and organellar 

genomes. 

Taken together, the results of the microscopy and gene expression analysis indicate 

that there is a difference between Arabidopsis pure species and the hybrids in the way 

they respond to polyploidization. In both Arabidopsis thaliana and lyrata, we observed 

an increase in the number of chloroplasts while chloroplast-encoded gene expression was 

not significantly altered. On the other hand, in the hybrids, we did not observe a 

significant change in the number of chloroplasts, but the stoichiometry seems to be 

balanced by an increase in the expression of the chloroplast-encoded genes. However, the 

chloroplast genome copy number analysis for all groups needs to be finished to get the 

full picture of the cytonuclear balance restoration after W G D in this plant system. 
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7 Conclusion 

The objective of this thesis was to examine the intracellular changes that occur 

following W G D in cell morphology, chloroplast genome copy number, and the 

expression of selected genes involved in cytonuclear interactions. I observed these in 

autopolyploids and allopolyploids of two models: Festuca-Lolium group (F. pretensis and 

L. multiflorum) and Arabidopsis group {A. thaliana and A. lyratd). 

The thesis demonstrated that in autopolyploids, the imbalance in cytonuclear 

interactions, which is an outcome of the W G D , was fully compensated by an increase in 

the number of chloroplasts, accompanied by an increase in the copy number of chloroplast 

genomes. The analysis of gene expression did not reveal any significant differences 

between ploidy except for subsequent generations of tetraploid Arabidopsis thaliana 

where the expression of nuclear-encoded genes was decreased in the tetraploids compared 

to the diploids and therefore may also contribute to the balance restoration. In 

allopolyploids, we observed a different mechanism of the cytonuclear stoichiometry 

restoration where the major contributor seemed to be an alteration of the transcript levels 

of chloroplast encoded genes. Further experiments are needed, however, to confirm this 

result. 

Understanding the cytonuclear interactions, in particular in polyploids and hybrids 

wi l l be useful not only to the research community but also to plant breeders as 

hybridization and polyploidization are commonly used in agriculture. Getting more 

insight into how they work genetically can improve the process of breeding new crop 

species and help us cope with the changing environment. 

59 



8 Cited literature 

Abbott, R., Albach, D., Ansell, S., Arntzen, J . W., Baird, S. J . E . , Bierne, N., 

Boughman, J . , Brelsford, A., Buerkle, C. A. , Buggs, R., Butlin, R. K. , Dieckmann, 

IL, Eroukhmanoff, F., Grill, A. , Cahan, S. H . , Hermansen, J . S., Hewitt, G. , Hudson, 

A. G. , Jiggins, C., . . . Zinner, D. (2013). Hybridization and speciation. Journal of 

Evolutionary Biology, 26(2), 229-246. https://doi.Org/10.l 11 l/j.1420-

9101.2012.02599.x 

Adams, K . L . (2007). Evolution of Duplicate Gene Expression in Polyploid and 

Hybrid Plants. Journal of Heredity, 98(2), 136-141. 

https://doi.org/10.1093/jhered/esl061 

Adams, K. , & Palmer, J . D. (2003). Evolution of mitochondrial gene content: 

Gene loss and transfer to the nucleus. Molecular Phylogenetics and Evolution, 29(3), 

380-395. https://doi.org/10.1016/S1055-7903(03)00194-5 

Acharya, D., & Ghosh, T. C. (2016). Global analysis of human duplicated genes 

reveals the relative importance of whole-genome duplicates originated in the early 

vertebrate evolution. BMC Genomics, 77(1), 71. https://doi.org/10.1186/sl2864-016-

2392-0 

Allario, T., Brumos, J . , Colmenero-Flores, J . M . , Iglesias, D. J . , Pina, J . A., 

Navarro, L . , Talon, M . , Ollitrault, P., & Morillon, R. (2013). Tetraploid Rangpur lime 

rootstock increases drought tolerance v ia enhanced constitutive root abscisic acid 

production. Plant, Cell & Environment, 36(4), 856-868. 

https://doi.Org/10.l 111/pce. 12021 

Andersson, I., & Backlund, A. (2008). Structure and function of Rubisco. Plant 

Physiology and Biochemistry, 46(3), 275-291. 

https://doi.0rg/lO.lOl6/j.plaphy.2OO8.Ol.OOl 

Baniulis, D., Yamashita, E . , Zhang, H . , Hasan, S. S., & Cramer, W. A. (2008). 

Structure-Function of the Cytochrome b 6 / Complex t. Photochemistry and 

Photobiology, 84(6), 1349-1358. https://doi.Org/10.llll/j.1751-1097.2008.00444.x 

Barker, M . S., Arrigo, N., Baniaga, A. E . , L i , Z . , & Levin, D. A. (2016). On the 

relative abundance of autopolyploids and allopolyploids. New Phytologist, 210(2), 391— 

398. https://doi.org/10.1111/nph. 13698 

Barnard-Kubow, K. B., McCoy, M . A. , & Galloway, L . F. (2017). Biparental 

chloroplast inheritance leads to rescue from cytonuclear incompatibility. New 

60 

https://doi.Org/10.l
https://doi.org/10.1093/jhered/esl061
https://doi.org/10
https://doi.org/10.1186/sl2864-016-
https://doi.Org/10.l
https://doi.0rg/lO.lOl6/j.plaphy.2OO8.Ol.OOl
https://doi.Org/10.llll/j.1751-1097.2008.00444.x
https://doi.org/10


Phytologist, 213(3), 1466-1476. https://doi.org/10.llll/nph.14222 

Barreto, F. S., & Burton, R. S. (2012). Evidence for Compensatory Evolution of 

Ribosomal Proteins in Response to Rapid Divergence of Mitochondrial r R N A . Molecular 

Biology and Evolution, 30(2), 310-314. https://doi.org/10.1093/molbev/mss228 

Beaulieu, J . M . , Leitch, I. J . , Patel, S., Pendharkar, A., & Knight, C. A. (2008). 

Genome size is a strong predictor of cell size and stomatal density in angiosperms. New 

Phytologist, 179(4), 975-986. https://doi.Org/10.llll/j.1469-8137.2008.02528.x 

Birchler, J . A. , & Veitia, R. A. (2012). Gene balance hypothesis: Connecting 

issues of dosage sensitivity across biological disciplines. Proceedings of the National 

Academy of Sciences, 109(37), 14746-14753. https://doi.org/10.1073/pnas.1207726109 

Birky, C. W. (2001). The Inheritance of Genes in Mitochondria and Chloroplasts: 

Laws, Mechanisms, and Models. Annual Review of Genetics, 55(1), 125-148. 

https://doi.org/10.1146/annurev.genet.35.102401.090231 

Bomblies, K . (2020). When everything changes at once: Finding a new normal after 

genome duplication. Proceedings of the Royal Society B: Biological Sciences, 28 7( 193 9), 

20202154. https://doi.org/10.1098/rspb.2020.2154 

Brodribb, T. J . , Sussmilch, F., & McAdam, . M . (2020). From reproduction to 

production, stomata are the master regulators. The Plant Journal, 101(4), 756-767'. 

https://doi.org/10.1111/tpj .14561 

Brochmann, C , Brysting, A. K. , Alsos, I. G. , Borgen, L . , Grundt, H . H . , 

Scheen, A . - C , & Elven, R. (2004). Polyploidy in arctic plants: P O L Y P L O I D Y I N 

A R C T I C P L A N T S . Biological Journal of the Linnean Society, 82(4), 521-536. 

https://doi.org/10.1111/j .1095-8312.2004.00337.x 

Buggs, R. J . A., Chamala, S., Wu, W., Tate, J . A. , Schnable, P. S., Soltis, D. E . , 

Soltis, P. S., & Barbazuk, W. B. (2012). Rapid, Repeated, and Clustered Loss of 

Duplicate Genes in Allopolyploid Plant Populations of Independent Origin. Current 

Biology, 22(3), 248-252. https://doi.Org/10.1016/j.cub.2011.12.027 

Burgess, S. S. O., Pittermann, J . , & Dawson, T. E . (2006). Hydraulic efficiency 

and safely of branch xylem increases with height in Sequoia sempervirens (D. Don) 

crowns. Plant, Cell & Environment, 29(2), 229-239. https://doi.Org/10.l 111/j. 1365-

3040.2005.01415.x 

Butterfass, Th. (1987). Cel l volume ratios of natural and of induced tetraploid and 

diploid flowering plants. CYTOLOGIA, 52(2), 309-316. 

https://doi.org/10.1508/cytologia.52.309 

61 

https://doi.org/10.llll/nph.14222
https://doi.org/10.1093/molbev/mss228
https://doi.Org/10.llll/j.1469-8137.2008.02528.x
https://doi.org/10.1073/pnas.1207726109
https://doi.org/10.1146/annurev.genet.35.102401.090231
https://doi.org/10.1098/rspb.2020.2154
https://doi.org/10
https://doi.org/10
https://doi.Org/10.1016/j.cub.2011.12.027
https://doi.Org/10.l
https://doi.org/10.1508/cytologia.52.309


Caine, R. S., Yin, X. , Sloan, J . , Harrison, E . L . , Mohammed, XL, Fulton, T., 

Biswal, A. K. , Dionora, J . , Chater, C. C , Coe, R. A. , Bandyopadhyay, A., Murchie, 

E . H . , Swarup, R., Quick, W. P., & Gray, J . E . (2019). Rice with reduced stomatal 

density conserves water and has improved drought tolerance under future climate 

conditions. New Phytologist, 221(1), 371-384. https://doi.org/10.llll/nph.15344 

Coate, J . E . , Farmer, A. D., Schiefelbein, J . W., & Doyle, J . J . (2020). Expression 

Partitioning of Duplicate Genes at Single Cell Resolution in Arabidopsis Roots. Frontiers 

in Genetics, 11, 596150. https://doi.org/10.3389/fgene.2020.596150 

Coate, J . E . , Schlueter, J . A., Whaley, A. M . , & Doyle, J . J . (2011). Comparative 

Evolution of Photosynthetic Genes in Response to Polyploid and Nonpolyploid 

Duplication. Plant Physiology, 155(4), 2081-2095. 

https://doi.org/10.1104/pp.110.169599 

Coate, J . E . , Schreyer, W. M . , Kum, D., & Doyle, J . J . (2020). Robust 

Cytonuclear Coordination of Transcription in Nascent Arabidopsis thaliana 

Autopolyploids. Genes, 11(2), 134. https://doi.org/10.3390/genesll020134 

Comai, L . (2005). The advantages and disadvantages of being polyploid. Nature 

Reviews Genetics, 6(11), 836-846. https://doi.org/10.1038/nrgl711 

Corneillie, S., De Storme, N., Van Acker, R., Fangel, J . U., De Bruyne, M . , De 

Rycke, R , Geelen, D., Willats, W. G. T., Vanholme, B., & Boerjan, W. (2019). 

Polyploidy Affects Plant Growth and Alters Cel l Wal l Composition. Plant Physiology, 

179(1), 74-87. https://doi.org/10.1104/pp.18.00967 

Currat, M . , Ruedi, M . , Petit, R. J . , & Excoffier, L . (2008). T H E H I D D E N SIDE 

OF I N V A S I O N S : M A S S I V E I N T R O G R E S S I O N B Y L O C A L G E N E S . Evolution, 111-

111 https://doi.Org/10.llll/j.1558-5646.2008.00413.x 

Deng, B., Du, W., Liu, C , Sun, W., Tian, S., & Dong, H . (2012). Antioxidant 

response to drought, cold and nutrient stress in two ploidy levels of tobacco plants: L o w 

resource requirement confers polytolerance in polyploids? Plant Growth Regulation, 

66(1), 31-41. https://doi.org/10.1007/sl0725-011-9626-6 

Donoghue, P., & Purneil, M . (2005). Genome duplication, extinction and 

vertebrate evolution. Trends in Ecology & Evolution, 20(6), 312-319. 

https://doi.Org/10.1016/j.tree.2005.04.008 

Doyle, J . J . , & Coate, J . E . (2019). Polyploidy, the Nucleotype, and Novelty: The 

Impact of Genome Doubling on the Biology of the Cel l . International Journal of Plant 

Sciences, 180(1), 1-52. https://doi.org/10.1086/700636 

62 

https://doi.org/10.llll/nph.15344
https://doi.org/10.3389/fgene.2020.596150
https://doi.org/10.1104/pp.110.169599
https://doi.org/10.3390/genesll020134
https://doi.org/10.1038/nrgl711
https://doi.org/10.1104/pp.18.00967
https://doi.Org/10.llll/j.1558-5646.2008.00413.x
https://doi.org/10.1007/sl0725-011-9626-6
https://doi.Org/10.1016/j.tree.2005.04.008
https://doi.org/10.1086/700636


Evans, J . R. (1999). Leaf anatomy enables more equal access to light and C O 2 

between chloroplasts. New Phytologist, 143(1), 93-104. https://doi.Org/10.1046/j. 1469-

8137.1999.00440.x 

Fawcett, J . A., Maere, S., & Van De Peer, Y. (2009). Plants with double genomes 

might have had a better chance to survive the Cretaceous-Tertiary extinction event. 

Proceedings of the National Academy of Sciences, 106(14), 5737-5742. 

https://doi.org/10.1073/pnas.0900906106 

Fernandes Gyorfy, M . , Miller, E . R., Conover, J . L . , Grover, C. E . , Wendel, J . 

F., Sloan, D. B., & Sharbrough, J . (2021). Nuclear-cytoplasmic balance: Whole 

genome duplications induce elevated organellar genome copy number. The Plant Journal, 

108(1), 219-230. https://doi.org/10.llll/tpj.15436 

Flagel, L . E . , & Wendel, J . F. (2010). Evolutionary rate variation, genomic 

dominance and duplicate gene expression evolution during allotetraploid cotton 

speciation. New Phytologist, 186(1), 184-193. https://doi.Org/10.l 11 l/j.1469-

8137.2009.03107.x 

Ford Doolittle, W. (1980). Revolutionary concepts in evolutionary cell biology. 

Trends in Biochemical Sciences, 5(6), 146-149. https://doi.org/10.1016/0968-

0004(80)90010-9 

Ford Doolittle, W. (1998). Y o u are what you eat: A gene transfer ratchet could 

account for bacterial genes in eukaryotic nuclear genomes. Trends in Genetics, 14(%), 

307-311. https://doi.org/10.1016/SO168-9525(98)01494-2 

Forsythe, E . S., Grover, C. E . , Miller, E . R , Conover, J . L . , Arick, M . A., 

Chavarro, M . C. F., Leal-Bertioli, S. C . M . , Peterson, D. G. , Sharbrough, J . , Wendel, 

J . F., & Sloan, D. B. (2022). Organellar transcripts dominate the cellular m R N A pool 

across plants of varying ploidy levels. Proceedings of the National Academy of Sciences, 

119(30), e2204187119. https://doi.org/10.1073/pnas.2204187119 

Forsythe, E . S., Sharbrough, J . , Havird, J . C , Warren, J . M . , & Sloan, D. B. 

(2019). C y M I R A : The Cytonuclear Molecular Interactions Reference for Arabidopsis. 

Genome Biology and Evolution, 77(8), 2194-2202. https://doi.org/10.1093/gbe/evzl44 

Fox, D. T., Soltis, D. E . , Soltis, P. S., Ashman, T . -L . , & Van De Peer, Y. (2020). 

Polyploidy: A Biological Force From Cells to Ecosystems. Trends in Cell Biology, 30(9), 

688-694. https://doi.Org/10.1016/j.tcb.2020.06.006 

Gong, L . , Salmon, A. , Yoo, M.-J . , Grupp, K. K. , Wang, Z . , Paterson, A. H . , & 

Wendel, J . F. (2012). The Cytonuclear Dimension of Allopolyploid Evolution: A n 

63 

https://doi.Org/10.1046/j
https://doi.org/10.1073/pnas.0900906106
https://doi.org/10.llll/tpj.15436
https://doi.Org/10.l
https://doi.org/10.1016/0968-
https://doi.org/10.1016/SO168-9525(98)01494-2
https://doi.org/10.1073/pnas.2204187119
https://doi.org/10.1093/gbe/evzl44
https://doi.Org/10.1016/j.tcb.2020.06.006


Example from Cotton Using Rubisco. Molecular Biology and Evolution, 29(10), 3023-

3036. https://doi.org/10.1093/molbev/mssll0 

Govindjee, Kern, J . F., Messinger, J . , & Whitmarsh, J . (2010). Photosystem II. 

In Wiley, Encyclopedia of Life Sciences (1. vyd.). Wiley. 

https://doi.org/10.1002/9780470015902.a0000669.pub2 

Greiner, S., & Bock, R. (2013). Tuning a menage a trois: Co-evolution and co-

adaptation of nuclear and organellar genomes in plants. BioEssays, 35(4), 354-365. 

https://doi.org/10.1002/bies.201200137 

Grossman, L . I., Wildman, D. E . , Schmidt, T. R., & Goodman, M . (2004). 

Accelerated evolution of the electron transport chain in anthropoid primates. Trends in 

Genetics, 20(11), 578-585. https://doi.Org/10.1016/j.tig.2004.09.002 

Grover, C. E . , Forsythe, E . S., Sharbrough, J . , Miller, E . R., Conover, J . L . , 

DeTar, R. A., Chavarro, C. , Arick, M . A. , Peterson, D. G. , Leal-Bertioli, S. C. M . , 

Sloan, D. B., & Wendel, J . F. (2022). Variation in cytonuclear expression 

accommodation among allopolyploid plants. Genetics, 222(2), i y a c l l 8 . 

https://doi.org/10.1093/genetics/iyacll8 

Gupta, P. P. (1981). Consequences of artificial and natural chromosome doubling 

on D N A , R N A and protein contents inCochlearia (Brassicaceae). Plant Systematics and 

Evolution, 138(1-2), 23-27. https://doi.org/10.1007/BF00984606 

Hahn, A., Vonck, J. , Mills, D. J . , Meier, T., & Kuhlbrandt, W. (2018). Structure, 

mechanism, and regulation of the chloroplast A T P synthase. Science, 3(50(6389), 

eaat4318. https://doi.org/10.1126/science.aat4318 

Hao, G. , Lucero, M . E . , Sanderson, S., Zacharias, E . H . , & Holbrook, N. M . 

(2013). Polyploidy enhances the occupation of heterogeneous environments through 

hydraulic related trade-offs in Atriplex canescens (Chenopodiaceae). Polyploidy 

Enhances the Occupation of Heterogeneous Environments through Hydraulic Related 

Trade-offs in Atriplex Canescens (Chenopodiaceae), 197(3), 970-978. 

https://doi.org/10.1111/nph. 12051 

Hewitt, G . M . (2011). Quaternary phylogeography: The roots of hybrid zones. 

Genetica, J39(5), 617-638. https://doi.org/10.1007/sl0709-011-9547-3 

Hicks, D. B., Wang, Z . , Wei, Y. , Kent, R., Guffanti, A. A., Banciu, H . , 

Bechhofer, D. H . , & Krulwich, T. A. (2003). A tenth atp gene and the conserved atpl 

gene of a Bacillus atp operon have a role in M g 2 + uptake. Proceedings of the National 

Academy of Sciences, 100(18), 10213-10218. https://doi.org/10.1073/pnas.1832982100 

64 

https://doi.org/10.1093/molbev/mssll0
https://doi.org/10.1002/9780470015902.a0000669.pub2
https://doi.org/10.1002/bies.201200137
https://doi.Org/10.1016/j.tig.2004.09.002
https://doi.org/10.1093/genetics/iyacll8
https://doi.org/10.1007/BF00984606
https://doi.org/10.1126/science.aat4318
https://doi.org/10
https://doi.org/10.1007/sl0709-011-9547-3
https://doi.org/10.1073/pnas.1832982100


Hollister, J . D. (2015). Polyploidy: Adaptation to the genomic environment. New 

Phytologist, 205(3), 1034-1039. https://doi.org/10.llll/nph.12939 

Huang, X. -Y. , Chao, D.-Y., Gao, J.-P., Zhu, M. -Z . , Shi, M . , & Lin, H.-X. (2009). 

A previously unknown zinc finger protein, DST, regulates drought and salt tolerance in 

rice via stomatal aperture control. Genes & Development, 23(15), 1805-1817. 

https://doi.org/10.1101/gad.1812409 

Hughes, J . , Hepworth, C , Dutton, C , Dunn, J . A., Hunt, L . , Stephens, J . , 

Waugh, R., Cameron, D. D., & Gray, J . E . (2017). Reducing Stomatal Density in 

Barley Improves Drought Tolerance without Impacting on Yie ld . Plant Physiology, 

174(2), 776-787. https://doi.org/10.1104/pp.16.01844 

Chao, D.-Y., Dilkes, B., Luo, H. , Douglas, A. , Yakubova, E . , Lahner, B., & Salt, 

D. E . (2013). Polyploids Exhibit Higher Potassium Uptake and Salinity Tolerance in 

Arabidopsis. Science, 341(6146), 658-659. https://doi.org/10.1126/science.1240561 

Iannicelli, J . , Guariniello, J . , Tossi, V. E . , Regalado, J . J . , Di Ciaccio, L . , Van 

Baren, C. M . , Pitta Alvarez, S. I., & Escandon, A. S. (2020). The "polyploid effect" in 

the breeding of aromatic and medicinal species. Scientia Horticulturae, 260, 108854. 

https://doi.Org/10.1016/j.scienta.2019.108854 

Ifuku, K . (2014). The PsbP and PsbQ family proteins in the photosynthetic 

machinery of chloroplasts. Plant Physiology and Biochemistry, 81, 108-114. 

https://doi.Org/10.1016/j.plaphy.2014.01.001 

Janouskovec, J . , Tikhonenkov, D. V. , Burki, F., Howe, A. T., Rohwer, F. L . , 

Mylnikov, A. P., & Keeling, P. J . (2017). A New Lineage of Eukaryotes Illuminates 

Early Mitochondrial Genome Reduction. Current Biology, 27(23), 3717-3724.e5. 

https://doi.Org/10.1016/j.cub.2017.10.051 

Janzen, G. M . , Wang, L . , & Hufford, M . B. (2019). The extent of adaptive wi ld 

introgression in crops. New Phytologist, 221(3), 1279-1288. 

https://doi.org/10.1111/nph. 15457 

Kawade, K. , Horiguchi, G. , Ishikawa, N., Hirai, M . , & Tsukaya, H . (2013). 

Promotion of chloroplast proliferation upon enhanced post-mitotic cell expansion in 

leaves. BMC Plant Biology, 13(1), 143. https://doi.org/10.1186/1471-2229-13-143 

Khakhlova, O., & Bock, R. (2006). Elimination of deleterious mutations in plastid 

genomes by gene conversion. The Plant Journal, 46(1), 85-94. 

https://doi.Org/10.llll/j.1365-313X.2006.02673.x 

Kohzuma, K. , Dal Bosco, C , Kanazawa, A. , Dhingra, A., Nitschke, W., 

65 

https://doi.org/10.llll/nph.12939
https://doi.org/10.1101/gad.1812409
https://doi.org/10.1104/pp.16.01844
https://doi.org/10.1126/science.1240561
https://doi.Org/10.1016/j.scienta.2019.108854
https://doi.Org/10.1016/j.plaphy.2014.01.001
https://doi.Org/10.1016/j.cub.2017.10.051
https://doi.org/10
https://doi.org/10.1186/1471-2229-13-143
https://doi.Org/10.llll/j.1365-313X.2006.02673.x


Meurer, J . , & Kramer, D. M . (2012). Thioredoxin-insensitive plastid A T P synthase that 

performs moonlighting functions. Proceedings of the National Academy of Sciences, 

109(9), 3293-3298. https://doi.org/10.1073/pnas.1115728109 

Kohzuma, K , Froehlich, J . E . , Davis, G. A., Temple, J . A. , Minhas, D., 

Dhingra, A. , Cruz, J . A. , & Kramer, D. M . (2017). The Role of Light-Dark Regulation 

of the Chloroplast A T P Synthase. Frontiers in Plant Science, 8, 1248. 

https://doi.org/10.3389/fpls.2017.01248 

Kopecký, D., Martin, A. , & Smýkal, P. (2022). Interspecific hybridization and 

plant breeding: From historical retrospective through work of Mendel to current crops. 

Czech Journal of Genetics and Plant Breeding, 58(3), 113-126. 

https://doi.org/10.17221/19/2022-CJGPB 

Kume, K , Cantwell, H . , Neumann, F. R., Jones, A. W., Snijders, A. P., & 

Nurse, P. (2017). A systematic genomic screen implicates nucleocytoplasmic transport 

and membrane growth in nuclear size control. PLOS Genetics, 13(5), el006767. 

https ://doi. org/ 10.1371/j ournal. pgen. 1006767 

L i , H . , Nakajima, Y. , Nango, E . , Owada, S., Yamada, D., Hashimoto, K , Luo, 

F. , Tanaka, R., Akita, F., Kato, K , Kang, J . , Saitoh, Y. , Kishi, S., Yu , H . , Matsubara, 

N., Fujii, H . , Sugahara, M . , Suzuki, M . , Masuda, T., . . . Shen, J.-R. (2024). Oxygen-

evolving photosystem II structures during S1-S2-S3 transitions. Nature, 626(1999), 

670-677. https://doi.org/10.1038/s41586-023-06987-5 

L i , W.-D., Biswas, D. K , Xu, H . , Xu, C.-Q. , Wang, X. -Z . , Liu, J . - K , & Jiang, 

G. - M . (2009). Photosynthetic responses to chromosome doubling in relation to leaf 

anatomy in Lonicera japonica subjected to water stress. Functional Plant Biology, 36(9), 

783. https://doi.org/10.1071/FP09022 

L i , Z . , Tiley, G. P., Galuska, S. R., Reardon, C. R., Kidder, T. I., Rundell, R. 

J. , & Barker, M . S. (2018). Multiple large-scale gene and genome duplications during 

the evolution of hexapods. Proceedings of the National Academy of Sciences, 775(18), 

4713-4718. https://doi.org/10.1073/pnas. 1710791115 

Lin, X., Zhou, Y. , Zhang, J . , L u , X. , Zhang, F., Shen, Q., Wu, S., Chen, Y. , 

Wang, T., & Tang, K (2011). Enhancement of artemisinin content in tetraploid 

Artemisia annua plants by modulating the expression of genes in artemisinin biosynthetic 

pathway. Biotechnology and Applied Biochemistry, 58(1), 50-57. 

https://doi.org/10.1002/bab.13 

Lynch, M . , & Conery, J . S. (2000). The Evolutionary Fate and Consequences of 

66 

https://doi.org/10.1073/pnas.1115728109
https://doi.org/10.3389/fpls.2017.01248
https://doi.org/10.17221/19/2022-CJGPB
https://doi.org/10.1038/s41586-023-06987-5
https://doi.org/10.1071/FP09022
https://doi.org/10.1073/pnas
https://doi.org/10.1002/bab.13


Duplicate Genes. Science, 290(5494), 1151-1155. 

https://doi.org/10.1126/science.290.5494.1151 

Ma, Y. , Xue, H . , Zhang, L . , Zhang, F., Ou, C , Wang, F., & Zhang, Z . (2016). 

Involvement of Aux in and Brassinosteroid in Dwarfism of Autotetraploid Apple (Malus 

x domestica). Scientific Reports, 6(1), 26719. https://doi.org/10.1038/srep26719 

Maherali, H . , Waiden, A. E . , & Husband, B. C. (2009). Genome duplication and 

the evolution of physiological responses to water stress. New Phytologist, 184(3), 721-

731. https://doi.org/10.1111/j. 1469-8137.2009.02997.x 

Malik Ghulam, M . , Zghidi-Abouzid, O., Lambert, E . , Lerbs-Mache, S., & 

Merendino, L . (2012). Transcriptional organization of the large and the small A T P 

synthase Operons, atpI/H/F/A and atpB/E, in Arabidopsis thaliana chloroplasts. Plant 

Molecular Biology, 79(3), 259-272. https://doi.org/10.1007/slll03-012-9910-5 

Mallet, J . (2005). Hybridization as an invasion of the genome. Trends in Ecology 

& Evolution, 20(5), 229-237. https://doi.Org/10.1016/j.tree.2005.02.010 

Martin, W., & Kowallik, K . (1999). Annotated English translation of 

Mereschkowsky's 1905 paper 'Über Natur und Ursprung der Chromatophoren 

imPflanzenreiche'. European Journal of Phycology, 34(3), 287-295. 

https://doi.Org/l 0.1080/09670269910001736342 

Mavärez, J . , & Linares, M . (2008). Homoploid hybrid speciation in animals. 

Molecular Ecology, 77(19), 4181-4185. https:/ /doi .0rg / lO.ll l l / j .1365-

294X.2008.03898.x 

Mishra, B. K. , Pathak, S., Sharma, A. , Trivedi, P. K. , & Shukla, S. (2010). 

Modulated gene expression in newly synthesized auto-tetraploid of Papaver somniferum 

L . South African Journal of Botany, 76(3), 447-452. 

https://doi.Org/10.1016/j.sajb.2010.02.090 

Neupane, P., Bhuju, S., Thapa, N., & Bhattarai, H . , K . (2019). A T P Synthase 

Structure, Function and Inhibition. Special Matrices, 7(1), 1-19. 

https://doi.org/10.1515/spma-2019-0001 

Novikova, P. Yu. , Brennan, I. G. , Booker, W., Mahony, M . , Doughty, P., 

Lemmon, A. R., Moriarty Lemmon, E . , Roberts, J . D., Yant, L . , Van De Peer, Y. , 

Keogh, J . S., & Donnellan, S. C. (2020). Polyploidy breaks speciation barriers in 

Australian burrowing frogs Neobatrachus. PLOS Genetics, 16(5), el008769. 

https://doi.org/10.1371/journal.pgen.1008769 

Oberprieler, C , Talianova, M . , & Griesenbeck, J . (2019). Effects of polyploidy 

67 

https://doi.org/10
https://doi.org/10.1038/srep26719
https://doi.org/10
https://doi.org/10.1007/slll03-012-9910-5
https://doi.Org/10.1016/j.tree.2005.02.010
https://doi.Org/l
https://doi.0rg/lO.llll/j
https://doi.Org/10.1016/j.sajb.2010.02.090
https://doi.org/10.1515/spma-2019-0001
https://doi.org/10.1371/journal.pgen.1008769


on the coordination of gene expression between organellar and nuclear genomes in 

Leucanthemum M i l l . (Compositae, Anthemideae). Ecology and Evolution, 9(16), 9100-

9110. https://doi.org/10.1002/ece3.5455 

Osborn, T. C , Chris Pires, J . , Birchler, J . A. , Auger, D. L . , Jeffery Chen, Z . , 

Lee, H.-S., Comai, L . , Madlung, A. , Doerge, R. W., Colot, V., & Martienssen, R. A. 

(2003). Understanding mechanisms of novel gene expression in polyploids. Trends in 

Genetics, 19(3), 141-147. https://doi.org/10.1016/S0168-9525(03)00015-5 

Otto, S. P., & Whitton, J . (2000). P O L Y P L O I D I N C I D E N C E A N D 

E V O L U T I O N . Annual Review of Genetics, 34(1), 401-437. 

https://doi.org/10.1146/annurev.genet.34.1.401 

Paila, Y . D., Richardson, L . G. L . , & Schnell, D. J . (2015). New Insights into the 

Mechanism of Chloroplast Protein Import and Its Integration with Protein Quality 

Control, Organelle Biogenesis and Development. Journal of Molecular Biology, 427(5), 

1038-1060. https://doi.org/10.1016/jjmb.2014.08.016 

Parisod, C , Holderegger, R., & Brochmann, C. (2010). Evolutionary 

consequences of autopolyploidy. New Phytologist, 186(1), 5-17. 

https://doi.org/10.1111/j. 1469-8137.2009.03142.x 

Paun, O., Bateman, R. M . , Fay, M . F., Hedren, M . , Civeyrel, L . , & Chase, M . 

W. (2010). Stable Epigenetic Effects Impact Adaptation in Allopolyploid Orchids 

(Dactylorhiza: Orchidaceae). Molecular Biology and Evolution, 27(11), 2465-2473. 

https://doi.org/10.1093/molbev/msql50 

Pett, W., & Lavrov, D. V. (2015). Cytonuclear Interactions in the Evolution of 

Animal Mitochondrial t R N A Metabolism. Genome Biology and Evolution, 7(8), 2089-

2101. https://doi.org/10.1093/gbe/ewl24 

Pfannschmidt, T. (2010). Plastidial retrograde signalling - a true "plastid factor" 

or just metabolite signatures? Trends in Plant Science, 75(8), 427-435. 

https://doi.Org/10.1016/j.tplants.2010.05.009 

Pyke, K. A., & Leech, R. M . (1987). The control of chloroplast number in wheat 

mesophyll cells. Planta, 170(3), 416-420. https://doi.org/10.1007/BF00395035 

Ramsey, J . , & Schemske, D. W. (1998). P A T H W A Y S , M E C H A N I S M S , A N D 

R A T E S OF P O L Y P L O I D F O R M A T I O N TN F L O W E R I N G P L A N T S . Annual Review of 

Ecology and Systematics, 29(1), 467-501. 

https://doi.org/10.1146/annurev.ecolsys.29.L467 

Rand, D. M . , Haney, R. A. , & Fry, A. J . (2004). Cytonuclear coevolution: The 

68 

https://doi.org/10.1002/ece3.5455
https://doi.org/10.1016/S0168-9525(03)00015-5
https://doi.org/10
https://doi.org/10.1016/jjmb.2014.08.016
https://doi.org/10
https://doi.org/10.1093/molbev/msql50
https://doi.org/10.1093/gbe/ewl24
https://doi.Org/10.1016/j.tplants.2010.05.009
https://doi.org/10.1007/BF00395035
https://doi.org/10.1146/annurev.ecolsys.29.L467


genomics of cooperation. Trends in Ecology & Evolution, 79(12), 645-653. 

https://doi.Org/10.1016/j.tree.2004.10.003 

Renny-Byfield, S., & Wendel, J . F. (2014). Doubling down on genomes: 

Polyploidy and crop plants. American Journal of Botany, 707(10), 1711-1725. 

https://doi.org/10.3732/ajb.1400119 

Rice, A., Šmarda, P., Novosolov, M . , Drori, M . , Glick, L . , Sabath, N., Meiri, S., 

Belmaker, J . , & Mayrose, I. (2019). The global biogeography of polyploid plants. 

Nature Ecology & Evolution, 3(2), 265-273. https://doi.org/10.1038/s41559-018-0787-9 

Robinson, D. O., Coate, J . E . , Singh, A. , Hong, L . , Bush, M . , Doyle, J . J . , & 

Roeder, A. H . K (2018). Ploidy and Size at Multiple Scales in the Arabidopsis Sepal. 

The Plant Cell, 30(10), 2308-2329. https://doi.org/10.1105/tpc.18.00344 

Sattler, M . C., Carvalho, C. R., & Clarindo, W. R. (2016). The polyploidy and 

its key role in plant breeding. Planta, 243(2), 281-296. https://doi.org/10.1007/s00425-

015-2450-x 

Selmecki, A. M . , Maruvka, Y. E . , Richmond, P. A. , Guillet, M . , Shoresh, N., 

Sorenson, A . L . , De, S., Kishony, R., Michor, F., Dowell, R., & Pellman, D. (2015). 

Polyploidy can drive rapid adaptation in yeast. Nature, 579(7543), 349-352. 

http s: //doi. org/10.103 8/nature 14187 

Shahbazi, M . , Majka, J . , Kubíková, D., Zwierzykowski, Z. , Glombik, M . , 

Wendel, J . F., Sharbrough, J . , Hartmann, S., Szecówka, M . , Doležel, J . , Bartoš, J . , 

Kopecký, D., & Kneřová, J. (2024). Cytonuclear interplay in auto- and allopolyploids: 

A multifaceted perspective from the FESTUCA-LOLIUM complex. The Plant Journal, 

tpj.16659. https://doi.org/10.1111/tpj.16659 

Sharbrough, J. , Conover, J . L . , Tate, J . A. , Wendel, J . F., & Sloan, D. B. (2017). 

Cytonuclear responses to genome doubling. American Journal of Botany, 104(9), 1277-

1280. https://doi.org/10.3732/ajb.1700293 

Schluter, U . (2003). Photosynthetic performance of an Arabidopsis mutant with 

elevated stomatal density (sddl-1) under different light regimes. Journal of Experimental 

Botany, 54(383), 867-874. https://doi.org/10.1093/jxb/erg087 

Schmid, M . , Evans, B. J . , & Bogart, J . P. (2015). Polyploidy in Amphibia. 

Cytogenetic and Genome Research, 145(3-4), 315-330. 

https://doi.org/10.1159/000431388 

Schneider, D., Volkmer, T., Berry, S., Seidler, A. , & Rôgner, M . (2004). 

CHARACTERIZATION OF THE PETC GENE FAMILY IN THE CYANOBACTERIUM 

69 

https://doi.Org/10.1016/j.tree.2004.10.003
https://doi.org/10.3732/ajb.1400119
https://doi.org/10.1038/s41559-018-0787-9
https://doi.org/10.1105/tpc.18.00344
https://doi.org/10.1007/s00425-
https://doi.org/10
https://doi.org/10.3732/ajb.1700293
https://doi.org/10.1093/jxb/erg087
https://doi.org/10.1159/000431388


Synechocystis PCC 6803. 9. 

Schumer, M . , Rosenthal, G. G. , & Andolfatto, P. (2014). H O W C O M M O N IS 

H O M O P L O I D H Y B R I D S P E C I A T I O N ? : P E R S P E C T I V E . Evolution, 68(6), 1553-

1560. https://doi.org/10.1111/evo. 12399 

Sloan, D. B., Triant, D. A. , Wu, M . , & Taylor, D. R. (2014). Cytonuclear 

Interactions and Relaxed Selection Accelerate Sequence Evolution in Organelle 

Ribosomes. Molecular Biology and Evolution, 31(3), 673-682. 

https://doi.org/10.1093/molbev/mst259 

Sloan, D. B., Warren, J . M . , Williams, A . M . , Wu, Z . , Abdel-Ghany, S. E . , 

Chicco, A. J . , & Havird, J . C. (2018). Cytonuclear integration and co-evolution. Nature 

Reviews Genetics, 19(10), 635-648. https://doi.org/10.1038/s41576-018-0035-9 

Stebbins, G. L . (1985). Polyploidy, Hybridization, and the Invasion of N e w 

Habitats. Annals of the Missouri Botanical Garden, 72(4), 824. 

https://doi.org/10.2307/2399224 

Stegemann, S., & Bock, R. (2006). Experimental Reconstruction of Functional 

Gene Transfer from the Tobacco Plastid Genome to the Nucleus. The Plant Cell, 75(11), 

2869-2878. https://doi.org/10.1105/tpc.106.046466 

Suorsa, M . , Sirpiö, S., Allahverdiyeva, Y. , Paakkarinen, V . , Mamedov, F., 

Styring, S., & Aro, E . - M . (2006). PsbR, a Missing L ink in the Assembly of the Oxygen-

evolving Complex of Plant Photosystem II. Journal of Biological Chemistry, 281(1), 

145-150. https://doi.org/10.1074/jbc.M510600200 

Tayale, A., & Parisod, C. (2013). Natural Pathways to Polyploidy in Plants and 

Consequences for Genome Reorganization. Cytogenetic and Genome Research, 140(2-

4), 79-96. https://doi.org/10.1159/000351318 

Thompson, J . N., Cunningham, B. M . , Segraves, K . A., Althoff, D. M . , & 

Wagner, D. (1997). Plant Polyploidy and Insect/Plant Interactions. The American 

Naturalist, 150(6), 730-743. https://doi.org/10.1086/286091 

Timmis, J . N., Ayliffe, M . A., Huang, C. Y. , & Martin, W. (2004). 

Endosymbiotic gene transfer: Organelle genomes forge eukaryotic chromosomes. Nature 

Reviews Genetics, 5(2), 123-135. https://doi.org/10.1038/nrgl271 

Tsukaya, H . (2013). Does Ploidy Level Directly Control Cel l Size? 

Counterevidence from Arabidopsis Genetics. PLoS ONE, 8(12), e83729. 

https://doi.org/10.1371/journal.pone.0083729 

Tsunoyama, Y. , Ishizaki, Y. , Morikawa, K. , Kobori, M . , Nakahira, Y. , Takeba, 

70 

https://doi.org/10
https://doi.org/10.1093/molbev/mst259
https://doi.org/10.1038/s41576-018-0035-9
https://doi.org/10.2307/2399224
https://doi.org/10.1105/tpc.106.046466
https://doi.org/10.1074/jbc.M510600200
https://doi.org/10.1159/000351318
https://doi.org/10.1086/286091
https://doi.org/10.1038/nrgl271
https://doi.org/10.1371/journal.pone.0083729


G., Toyoshima, Y. , & Shiina, T. (2004). Blue light-induced transcription of plastid-

encoded psbD gene is mediated by a nuclear-encoded transcription initiation factor, 

AtSig5. Proceedings of the National Academy of Sciences, 101(9), 3304-3309. 

https://doi.org/10.1073/pnas.0308362101 

Van De Peer, Y. , Ashman, T . - L . , Soltis, P. S., & Soltis, D. E . (2021). Polyploidy: 

A n evolutionary and ecological force in stressful times. The Plant Cell, 33(1), 11-26. 

https://doi.org/10.1093/plcell/koaa015 

Van De Peer, Y. , Mizrachi, E . , & Marchal, K . (2017). The evolutionary 

significance of polyploidy. Nature Reviews Genetics, 18(7), 411-424. 

https://doi.org/10.1038/nrg.2017.26 

Van Der Sluis, E . O., Bauerschmitt, H . , Becker, T., Mielke, T., Frauenfeld, J . , 

Berninghausen, O., Neupert, W., Herrmann, J . M . , & Beckmann, R. (2015). Parallel 

Structural Evolution of Mitochondrial Ribosomes and O X P H O S Complexes. Genome 

Biology and Evolution, 7(5), 1235-1251. https://doi.org/10.1093/gbe/ew061 

Van Laere, K. , Franca, S. C. , Vansteenkiste, H . , Van Huylenbroeck, J. , Steppe, 

K. , & Van Labeke, M . - C . (2011). Influence of ploidy level on morphology, growth and 

drought susceptibility in Spathiphyllum wallisii . Acta Physiologiae Plantarum, 33(4), 

1149-1156. https://doi.org/10.1007/sl 1738-010-0643-2 

Walker, J . E . (2013). The A T P synthase: The understood, the uncertain and the 

unknown. Biochemical Society Transactions, 41(1), 1-16. 

https://doi.org/10.1042/BST20110773 

Warner, D. A. , & Edwards, G. E . (1993). Effects of polyploidy on photosynthesis. 

Photosynthesis Research, 35(2), 135-147. https://doi.org/10.1007/BF00014744 

Warschefsky, E . , Penmetsa, R. V., Cook, D. R., & Von Wettberg, E . J . B. 

(2014). Back to the wilds: Tapping evolutionary adaptations for resilient crops through 

systematic hybridization with crop wi ld relatives. American Journal of Botany, 101(10), 

1791-1800. https://doi.org/10.3732/ajb.1400116 

Wei, T., Wang, Y. , Xie, Z . , Guo, D., Chen, C , Fan, Q., Deng, X. , & Liu, J . 

(2019). Enhanced R O S scavenging and sugar accumulation contribute to drought 

tolerance of naturally occurring autotetraploids in Poncirus trifoliata. Plant 

Biotechnology Journal, 17(1), 1394-1407. https://doi.org/10.llll/pbi.13064 

Willett, C. S., & Burton, R. S. (2004). Evolution of Interacting Proteins in the 

Mitochondrial Electron Transport System in a Marine Copepod. Molecular Biology and 

Evolution, 21(3), 443-453. https://doi.org/10.1093/molbev/msh031 

71 

https://doi.org/10.1073/pnas.0308362101
https://doi.org/10.1093/plcell/koaa015
https://doi.org/10.1038/nrg.2017.26
https://doi.org/10.1093/gbe/ew061
https://doi.org/10
https://doi.org/10.1042/BST20110773
https://doi.org/10.1007/BF00014744
https://doi.org/10.3732/ajb.1400116
https://doi.org/10.llll/pbi.13064
https://doi.org/10.1093/molbev/msh031


Wohlmuth, H . , Leach, D. N., Smith, M . K. , & Myers, S. P. (2005). Gingerol 

Content of Diploid and Tetraploid Clones of Ginger ( Zingiber officinale Roscoe). 

Journal of Agricultural and Food Chemistry, 53(14), 5772-5778. 

https://doi.org/10.1021/jf050435b 

Wolfe, K . H . , L i , W. H . , & Sharp, P. M . (1987). Rates of nucleotide substitution 

vary greatly among plant mitochondrial, chloroplast, and nuclear D N A s . Proceedings of 

the National Academy of Sciences, 84(24), 9054-9058. 

https://doi.org/10.1073/pnas.84.24.9054 

Xing, S.-H., Guo, X.-B. , Wang, Q., Pan, Q.-F., Tian, Y.-S., Liu, P., Zhao, J.-Y., 

Wang, G.-F., Sun, X.-F. , & Tang, K . -X . (2011). Induction and Flow Cytometry 

Identification of Tetraploids from Seed-Derived Explants through Colchicine Treatments 

in Catharanthus roseus (L.) G . Don. Journal of Biomedicine and Biotechnology, 2011, 

1-10. https://doi.org/10.1155/2011/793198 

Zhang, C , Wang, H . , Xu, Y. , Zhang, S., Wang, J . , Hu, B., Hou, X. , L i , Y. , & 

Liu, T. (2020). Enhanced Relative Electron Transport Rate Contributes to Increased 

Photosynthetic Capacity in Autotetraploid Pak Choi. Plant and Cell Physiology, 61(4), 

761-774. https://doi.org/10.1093/pcp/pcz238 

Zhang, K. , Wang, X., & Cheng, F. (2019). Plant Polyploidy: Origin, Evolution, 

and Its Influence on Crop Domestication. Horticultural Plant Journal, 5(6), 231-239. 

https://doi.Org/10.1016/j.hpj.2019.ll.003 

Zhou, L . , & Gui, J . (2017). Natural and artificial polyploids in aquaculture. 

Aquaculture and Fisheries, 2(3), 103-111. https://doi.Org/10.1016/j.aaf.2017.04.003 

Strasburger, E . (1910). Chromosomenzahl. Flora Oder Allgemeine Botanische 

Zeitung, 100(3), 398-446. 

Choquet, Y. , & Wollman, F. (2023). The assembly of photosynthetic proteins. 

In Elsevier eBooks (pp. 615-646). https://doi.org/10.1016/b978-0-12-821430-5.00007-9 

Bingham, E . T. (1968b). Stomatal chloroplasts in alfalfa at four ploidy 

level s i . Crop Science, 8(4), 509-

510. https://doi.org/10.2135/cropscil968.0011183x000800040036x 

Van De Peer, Y. , Maere, S., & Meyer, A. (2009). The evolutionary significance 

of ancient genome duplications. Nature Reviews. Genetics, 10(10), 725-

732. https://doi.org/10.1038/nrg2600 

Schumann, G. L . , & D'Arcy, C . J . (2006). Essential plant pathology. 

http://ci.nii.ac.jp/ncid/BB01598467 

72 

https://doi.org/10.1021/jf050435b
https://doi.org/10.1073/pnas.84.24.9054
https://doi.org/10.1155/2011/793198
https://doi.org/10.1093/pcp/pcz238
https://doi.Org/10.1016/j.hpj.2019.ll.003
https://doi.Org/10.1016/j.aaf.2017.04.003
https://doi.org/10.1016/b978-0-12-821430-5.00007-9
https://doi.org/10.2135/cropscil968.0011183x000800040036x
https://doi.org/10
http://ci.nii.ac.jp/ncid/BB01598467


V A V I L O V , N. I. 1926. Origin and geography of cultivated plants, translated by 

D. Love. Cambridge University Press, Cambridge, U K . 

V A V I L O V , N. 1.1951. The origin, variation, immunity and breeding of cultivated 

plants: Selected writings of N . I. Vavilov, translated by K . Starr Chester. Chronica 

Botanica, vol . 13. Ronald Press, New York, New York, U S A . 

dePamphilis, C. W., & Palmer, J . D. (1990). Loss of photosynthetic and 

chlororespiratory genes from the plastid genome of a parasitic flowering 

plant. Nature, 348(6299), 337-339. https://doi.org/10.1038/348337a0 

Williamson, A., Conlan, B., Hillier, W., & Wydrzynski, T. (2010). The evolution 

of Photosystem II: insights into the past and future. Photosynthesis Research, 107(1), 7 1 -

86. https://doi.org/10.1007/slll20-010-9559-3 

73 

https://doi.org/10.1038/348337a0
https://doi.org/10.1007/slll20-010-9559-3


9 Abbreviations 

Abbreviation 1: The results of cell morphology analysis 

Number of Cell volume Chloroplast Nucleus 

chloroplasts [um3] volume [um3] volume [urn3] 

Average 30,4 8630 260 86 
A. thaliana 2x 

Average 

SE 0.5 415 9 2 

A. thaliana 4x Average 44,3 16612 443 75 

C2 SE 0.9 774 16 3 

A. thaliana 4x Average 59,9 14097 226 74 

C4 SE 0.8 554 8 2 

Average 41,3 17603 204 108 
A. lyrata 2x 

Average 

SE 0.8 743 9 4 

Average 53,9 15993 283 93 
A. lyrata 4x 

Average 

SE 0.9 686 16 2 

Average 53,1 14258 224 92 
Hybrid 2x 

Average 

SE 0.9 581 9 2 

Average 56,7 20126 309 95 
Hybrid 4x 

Average 

SE 1,0 926 14 2 
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