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Hybrids and polyploids are very common in plants and some animals. Although 

hybrid vigor or heterosis has been widely adopted in agricultural practices, the underlying 

mechanisms are poorly understood partly because of their multigenic nature and the lack 

of a good model system for the study. Allotetraploidy is an emerging model system for 

investigating molecular mechanisms of hybrid vigor. An allotetraploid is formed by 

interspecific hybridization followed by chromosome doubling or hybridization between 

two autotetraploid parents and is genetically stable. A previous study showed nonadditive 

expression (different from the mid-parent value) of over 5% of genes in the 

allotetraploids, suggesting altered transcriptional and post-transcriptional regulation. Here 

oligo-gene microarray analysis of mRNA stability in allotetraploids was carried out to 

investigate how nonadditive gene regulation upon allopolyploidization is achieved at the 

posttranscriptional level. Approximately 1% of annotated genes were identified as 

unstable transcripts, and their estimated half-life is less than 60 minutes. The unstable 
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transcripts in Arabidopsis allotetraploids are associated with nonadditive gene expression 

and with stress and environmental responses. The nonadditively expressed genes 

identified in the previous study include those encoding proteins involved in energy and 

metabolic pathways, which are putative targets of circadian clock regulators. To test how 

circadian clock genes affect downstream genes and pathways, expression of CIRCADIAN 

CLOCK ASSOCIATED1 (CCA1) was up- or down-regulated by overexpressing CCA1 or 

cca1(RNAi) driven by the promoter of TIMING OF CAB EXPRESSION 1 (TOC1). 

Upregulation of CCA1 was associated with repression of downstream genes in 

chlorophyll biosynthesis and starch metabolism, whereas down-regulation of CCA1 

correlated with upregulation of these downstream genes. As a result, chlorophyll and 

starch content was ~10% higher in the TOC1::cca1(RNAi) transgenic plants than the 

controls, while the growth vigor is lower in the TOC1::CCA1 transgenic plants. To 

further test the effects of clock genes in growth vigor, CCA1 expression was examined in 

reciprocal hybrids of A. thaliana ecotypes. The maternal effect on starch content was 

observed in several combinations of hybrids, which was correlated with preferential 

expression of maternal CCA1 during early stages of seed development. Although the 

cause of parent-of-origin effects is still unclear, the data have clearly documented parent-

of-origin effects on circadian clock gene expression and starch metabolism in hybrids.
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CHAPTER 1. GENERAL INTRODUCTION 

1.1. POLYPLOIDY 

1.1.1. What is polyploidy  

A polyploid is a cell or an organism having more than two haploid sets of 

chromosomes that are heritable. The term “ploidy”, or “ploidy level”, refers to the 

number of chromosome sets in the nucleus: a diploid with two sets (2n), a triploid with 

three sets (3n) and a tetraploid with four sets (4n) of chromosomes, etc (Butruille and 

Boiteux, 2000b, a). Polyploidy results from multiplication of a single genome or 

combination of two or more divergent genomes. Polyploidy, or whole-genome 

duplication (WGD), commonly occurs in plants. Nearly 70% of all angiosperm 

(flowering plant) species are polyploids (Masterson, 1994). Many analyses of whole-

genome sequences convincingly demonstrated that many plants have the signature traits 

of polyploid ancestry (Gu et al., 2002; Wong et al., 2002; Christoffels et al., 2004; 

Paterson, 2005; Yu et al., 2005). However, polyploidy is very rare in animals except 

certain invertebrates (e.g. insects) and vertebrates (e.g. fish, amphibians and reptiles) 

(Otto and Whitton, 2000; Tang et al., 2010). In animals, polyploidization can disrupt 

delicate networks of sex determination and development (Mable, 2004). For example, 

aneuploidization and polyploidization in animal cells are frequently involved in 

malignant cell proliferation or carcinogenesis (Storchova and Pellman, 2004). The form 

of polyploidy that occurs most frequently in human cells is triploidy. This is usually due 

to polyspermy that also often results in prenatal death.  

In nature, polyploidy can occur via several routes: genomic doubling, gametic 

nonreduction, and polyspermy. Genomic doubling can occur by spontaneous somatic 
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chromosome duplication due to a disruption in mitosis. Next, gametic nonreduction 

occurs as a result of non-disjunction of homologous chromosomes during meiosis leading 

to the production of diploid gametes. In plants, polyploids can be categorized into three 

groups depending on their chromosomal composition and their manner of formation: 

autopolyploid, allopolyploid, and paleopolyploid. First, autopolyploids are produced by 

multiplication of a single genome. Examples of autopolyploids include potato, alfalfa, 

watermelon, banana, and sugarcane. Second, allopolyploids result from the combination 

of two or more distinct genomes, such as oilseed rape, and cotton. There are two 

simplified prevailing models for the formation of allopolyploids, the two-step and one-

step models (Grant, 1971; Stebbins, 1971; Chen, 2007a). The two-step model suggests 

that allotetraploids are generated by hybridization between two diploid species followed 

by spontaneous chromosome doubling of the F1 hybrid zygote (Kihara and Ono, 1926). 

Also, chromosome doubling can rarely happen in the apical meristem to produce 

polyploid chimera (Lewis, 1980). The one-step model proposes that an allopolyploid is 

produced through hybridization between unreduced male and female gametes from two 

diploid species. Additionally, it can result from hybridization between two divergent 

autotetraploid species (Comai et al., 2000; Madlung et al., 2002; Wang et al., 2004b). 

Lastly, paleopolyploids are ancient and are diploidized polyploids. Over time, they are 

diploidized and behave like diploids cytogenetically and genetically. Examples include 

corn, poplar, rice, soybean, and Arabidopsis. If paleopolyploids are included, almost 

100% of plant species are of polyploid origin (Masterson, 1994; Wolfe, 2001). This 

common occurrence of polyploidy in the plant kingdom suggests that it is a major 

genomic feature of plants with evolutionary advantages for adaptive evolution. In 

addition, polyploid individuals are often genetically isolated from their progenitor 

species. It suggests that polyploidy can lead to plant speciation due to changes in genome 
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structure, gene expression, and developmental traits such as fertility, inbreeding, 

apomixis, flowering time, and hybrid vigor. Hence, polyploidy has been a fundamental 

biological process that is very attractive topic to plant biologists.   

 

1.1.2. Advantages of being polyploid 

Estimates show that polyploids occur with fairly high frequency (1 per 100,000) 

in angiosperms (Ramsey and Schemske, 1998). This suggests that they are ubiquitous and 

successful throughout plant history. Many studies and theories have been reported to 

explain why polyploidy is advantageous and has been successfully adapted throughout 

the evolution of different plant species. There are three well-documented and observed 

benefits of being polyploid.  

First, heterosis is often observed in polyploid. Heterosis can be defined as the 

hybrid progeny displaying superior performance than progeny from inbred parents in 

many traits, such as biomass, size, yield, growth rate, fertility, resistance to disease and 

pathogens or climatic rigor. Since the early 20
th 

century, it has been reported that an 

increase in cell size is also often associated with an increase in ploidy level (Sugimoto-

Shirasu and Roberts, 2003). The increase in vigor of some polyploids is often paralleled 

by an increase in ploidy. In particular, allopolyploids formed by crossing between two 

divergent parental species is frequently accompanied by hybrid vigor if they overcome 

prezygotic hybridization barriers, whereas inbred polyploids (e.g. autotetraploids) are in 

fact smaller than or of similar size to inbred diploids (Comai, 2005). Indeed, the 

heterozygosity and heterosis in diploid hybrids decays over many generations since half 

of the heterozygous loci become homozygous at each generation due to intergenomic 

recombination. However, allopolyploids more efficiently maintain the same level of 
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heterosis over the generations, mediating enforced pairing of homologous chromosomes. 

In allotetraploids, pairing between homologous chromosomes predominantly occurs 

rather than the pairing of homoeologous chromosomes derived from two divergent 

species. This could allow allopolyploids to prevent intergenomic recombination. In 

addition, some studies showed that heterosis can occur at the 1N (haploid) stage of 

polyploid plants, indicating gametophytic heterosis in plants (Groose and Bingham, 

1991) and in animals (Ostermeier et al., 2004; Song and Wessel, 2005). Hybrids 

generated from autopolyploid progenitors display stronger vigor and weaker inbreeding 

depression compared to corresponding diploid hybrids (Bingham et al., 1994; Kidwell et 

al., 1994; Birchler et al., 2003; Auger et al., 2005).  

Next, polyploidy can exploit genetic redundancy that leads to compensating or 

covering the deleterious or recessive alleles by other dominant alleles (Comai, 2005). 

Polyploids take advantage of this during two different life stages, which are the 

gametophytic haploid and diploid stages. In the gametophytic stage, multiploid (more 

than haploid) gametophytes of polyploid organisms have more resources to mask 

deleterious recessive alleles in pollen or egg sac while haploid gametophytes in pollen or 

egg sac are exposed to the risk of lethal and deleterious mutations (McCormick, 2004; 

Yadegari and Drews, 2004). The same is true for the 2N phase. During the 2N phase, 

polyploids can more efficiently protect themselves from either deleterious recessive 

mutations or genotoxicity using extra wild type alleles (Stadler, 1929; Mable and Otto, 

2001). Moreover, altering redundant copies of important genes provides more ability to 

diversify gene function as well as to successfully adapt to harsh environments (Comai, 

2005).  

Lastly, another benefit of polyploidy is loss of self-incompatibility. The molecular 

mechanisms of loss of self-incompatibility in polyploidy are relatively unknown (Miller 
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and Venable, 2000). Loss of sexual reproduction was found in both a natural 

allotetraploid (Arabidopsis suecica) and synthetic allotetraploids derived from 

hybridization between A. thaliana and A. arenosa. (Comai et al., 2000; Wang et al., 

2006a). Petunia hybrida, an autopolyploid, also becomes an asexually reproducing plant 

(Entani et al., 1999) upon polyploidization. This phenomenon could be beneficial or not. 

Self-fertilization could allow the polyploids to persist until a favorable condition for 

ecological speciation occurs. Some studies have reported that polyploids can persist in 

sympatry with their progenitors in harsh conditions such as limited seed production and 

restricted pollen dispersal. Then asexual system allows the polyploids to take the place of 

a local majority plant (Comai et al., 2000; Miller and Venable, 2000; Comai, 2005).  

Taken together, the successful adaptation of polyploidy during plant history is the 

result of increased heterozygosity, reduced inbreeding depression, masking of deleterious 

mutations and a higher selfing rate. These benefits allow polyploid plants to increase in 

genetic diversity and to become dominant within widespread habitats. Among the many 

advantages of polyploidy, the most attractive phenomenon, hybrid vigor in hybrids and 

allopolyploids, will be discussed in more detail in the following section. 

 

1.2. Hybrid vigor  

1.2.1. Genetic models of heterosis  

Despite the rediscovery of heterosis nearly a century ago (Shull, 1908), and the 

debate over which genetic models describe heterosis, no consensus has been revealed 

about what models are best. There are three genetic hypotheses of heterosis in plants: 

dominance (D.F. Jones 1917, A.B. Bruce 1910), overdominance (Shull, 1908; East, 
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1936), and pseudo-overdominance (Semel et al., 2006). The first two models are the most 

historical and classic quantitative genetic models. The dominance model suggests that 

hybrid vigor is due to complementation of dominant or superior alleles at multiple loci 

from one parent over the corresponding inferior or deleterious alleles from the other 

parent. The overdominance model proposes that allelic interactions at one or multiple 

genetic loci result in a synergistic effect on vigor in heterozygous hybrids compared to 

homozygous parental inbred lines. Both describe nonadditive situations, differing in 

degree. The pseudo-overdominance model is more recent and it is a genetic intermediate 

of the dominance and overdominance models (Gore et al., 2009; McMullen et al., 2009). 

This model suggests that heterosis is caused by complementation of two or more linked 

deleterious recessive alleles in repulsion phase, acting as overdominance in the hybrid 

(Zamir, 2001).  

All of the proposed models have limitations that make it difficult to support one 

hypothesis over the other. Based on the dominance theory, inbred lines with all of the 

superior traits should be generated by complementation of unfavorable alleles by 

favorable alleles from their parents, which would be impossible. Also, improved inbred 

parents generated by eradicating all harmful alleles show weaker heterosis than the 

heterotic response in hybrids formed by cross-pollination (East, 1936). Another example 

of the challenge of the pseudo-dominance model was observed in tomato introgression 

lines. Instead of pseudo-overdominance, a single locus exhibiting overdominance was 

mainly responsible for heterosis in the introgression line (IL) hybrids. (Semel et al., 2006) 

showed that heterosis is manifested even in the absence of epistasis. Moreover, it has 

been observed that all three models, dominance, overdominance, and epistasis, are 

involved in heterosis in hybrid rice. Therefore, each genetic model cannot be directly 

associated with the hybrid vigor phenomenon of either phenotypic traits or molecular 
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basis. There are many genes that are responsible for various variability traits for heterosis 

in complex gene networks. Different genetic backgrounds and epistatic interactions 

among the alleles in multiple loci generating positive and negative effects can also affect 

heterosis in hybrids (Guo et al., 2003; Guo et al., 2004; Gore et al., 2009). In addition, 

heterosis in polyploids is influenced more by allelic and genomic dosage than either 

simple allelic complementation or interaction. 

 

1.2.2. Circadian clock and plant fitness  

Many physiological and behavioral processes of living organisms on the earth are 

rhythmic with periodicities of daily light/dark and temperature cycles, and seasonal 

cycles of climate, caused by the rotation of the earth around the sun. This biological 

rhythm is termed circadian. It is derived from the Latin words circa=about, dies=day. 

Wide ranges of organisms from simple unicellular prokaryotic cyanobacteria (blue-green 

algae) to eukaryotic flowering plants and mammals have these rhythms (Bell-Pedersen et 

al., 2005). Circadian clocks are autonomous, endogenous mechanisms in biological 

processes with a period of approximately 24 hours that are present in most living 

organisms. These circadian clocks share several fundamental properties. First, they are 

self-sustained with persistent oscillations even in the absence of environmental factors 

(input factors) such as light and temperature. Next, self-sustained oscillations allow the 

organism to synchronize to environmental signals with a fixed phase relationship. They 

persist to run precisely over a range of environmental temperatures and light that are 

involved in input pathways of the circadian system (Rensing and Ruoff, 2002). Last, 

these endogenous clocks significantly affect multiple physiological and developmental 

processes. The ubiquitous nature of circadian clocks and the sharing of several essential 
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properties between many types of organisms suggest that they confer an adaptive 

advantage to the organism. This advantage is due to the fact that circadian clocks allow 

the organisms to anticipate the onset of environmental changes. The adaptive significance 

of circadian rhythms has been recognized and demonstrated in several model systems 

such as cyanobacteria (Woelfle et al., 2004), Arabidopsis (Green et al., 2002; Michael et 

al., 2003; Dodd et al., 2005), Drosophila (Beaver et al., 2002) and chipmunks 

(DeCoursey et al., 2000). Even human body functions from sleep-wake patterns to core 

body temperature are also affected by the circadian clock.  

As mentioned above, circadian clocks for most organisms have evolved to allow 

an organism to anticipate either predictable or non-predictable environmental changes. It 

is more critical for sessile organisms, particularly plants, since they are non-mobile, 

autotrophic, and mostly depend on light. Many metabolic, physiological, and 

developmental processes are regulated by the circadian clock. Movement of organs such 

as embryonic leaves (cotyledons), leaves, petals, stomatal opening and closing, 

elongation of embryonic stem (hypocotyl), metabolic processes such as photosynthesis 

and respiration, and developmental processes such as floral induction (Barak et al., 2000; 

McClung, 2001) are all controlled by the circadian clock.  

In plants, fitness seems to depend on how well internal rhythms synchronize to 

external rhythms. In a recent study, under an abnormal environment like extremely short-

day conditions, arrhythmic mutant plants were less viable than wild type (Green et al., 

2002). This might be the result of the mutant lacking the ability to anticipate the onset of 

light to maximize photosynthesis during the limited light period in extremely short day 

conditions. Another recent study suggests that well-tuned rhythms allow plants to 

enhance fitness mediated by increases in chlorophyll content, photosynthetic carbon 

fixation, and growth leading to improved survival and competitive advantage (Dodd et 
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al., 2005). Incorrect matching of endogenous rhythms to environmental rhythms prevents 

the correct anticipation of changes in light/dark and temperature leading to a reduction in 

chlorophyll content, assimilation of energy source, growth and fertility. Hence, a well-

tuned circadian clock confers a fitness advantage in plants. 

Recent genome-wide analysis show that approximately one-third of expressed 

transcripts in Arabidopsis, including genes involved in photosynthesis and starch 

metabolism (Covington and Harmer, 2007; Harmer, 2009), are under the control of 

circadian rhythms (Covington et al., 2008) and 25% of the protein coding genes are 

circadian regulated. All these circadian-regulated pathways and processes are controlled 

by the circadian clock via regulation of gene expression. 

At the molecular level, the internal timekeeper is regulated mainly through 

transcriptional and translational feedback loops involving positive and negative elements 

in the molecular circuits of the plant clock (Mas, 2005; McClung, 2006). In Arabidopsis, 

the current model of interlocked core loops mainly consist of three genes: CIRCADIAN 

CLOCK ASSOCIATED1 (CCA1) (Wang and Tobin, 1998), LATE ELONGATED 

HYPOCOTYL (LHY) (Schaffer et al., 1998), and TIMING OF CAB EXPRESSION 1 

(TOC1, also known as PRR1) (Matsushika et al., 2000; Strayer et al., 2000). CCA1 and 

LHY are partially redundant (Alabadi et al., 2002; Mizoguchi et al., 2002). CCA1 and 

LHY are morning expressed MYB transcription factors, which are negative regulators of 

TOC1, whereas TOC1 positively regulates CCA1 and LHY. The homo- and heterodimers 

of CCA1 and LHY directly repress the expression of TOC1 by physical binding to a 

motif (EE, evening element) in the TOC1 promoter region via regulation of clock-

controlled changes of histone acetylation (Alabadi et al., 2001; Perales and Mas, 2007). 

One of the circadian clock regulatory elements, EE (evening element) motif, is frequently 

over-represented in the promoter region of circadian-regulated genes (Harmer and Kay, 
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2005). Recently, another additional module to the core CCA1/LHY/TOC1 interlocked 

feedback loop was identified. It is a TCP (TB1, CYC, PCFs) transcription factor (Cubas 

et al., 1999) called CCA1 HIKING EXPEDITION (CHE) (Pruneda-Paz et al., 2009). It 

directly binds to the promoter of CCA1 to repress the expression of CCA1 but does not 

bind to the LHY promoter. CCA1 and CHE directly repress each other. In addition, CHE 

and TOC1 proteins directly interact and the binding regions are also the same region at 

the CCA1 promoter. Based on mutant analysis, CHE could antagonize TOC1. Indeed, 

there are more loops called morning and evening loops consisting of many transcription 

factors with complex interactions (Pruneda-Paz et al., 2009). 

 

1.3. Molecular approaches for studying hybrid vigor  

1.3.1. Molecular approaches to study heterosis 

Improved techniques allow scientists to examine potential molecular mechanisms 

for the basis of hybrid vigor in hybrids and allopolyploids at transcriptional and 

epigenetic levels. The first step towards the molecular understanding of hybrid vigor was 

quantitative trait loci (QTL) analysis. This analysis allows us to identify loci involved in 

heterosis traits and allows us to map the regions of the genome where many genes are 

closely linked and involved in specifying a quantitative trait. These analyses have been 

able to demonstrate that hybrid vigor can be caused by novel interactions of a limited 

number of genes inherited in a complex way. Actually, comprehensive QTL-based 

phenotyping followed by map-based cloning takes a long time, and mapping the flanking 

genome is not easy.  
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Several recent studies have attempted to dissect the phenomenon of heterosis at 

the gene-expression level. They have provided fresh insights on potential mechanisms 

that range from structural alterations to additive or nonadditive changes in gene 

expression resulting from epigenetic features such as chromatin modifications and small 

RNAs. To investigate potential mechanisms of hybrid vigor and allopolyploidy, 

examining gene regulation at the transcriptional level by epigenetic mechanism and post-

transcriptional regulation could be good targets. 

 

1.3.2. Non-additive gene expression changes and hybrid vigor in hybrids and 

allotetraploids   

By a comparison of the gene expression levels between hybrid and inbred lines, 

many heterosis-associated genes were found in maize, rice, and Arabidopsis (Song and 

Messing, 2003; Auger et al., 2005; Meyer et al., 2007). These genes were also discovered 

via genome-wide transcriptome analyses (Guo et al., 2003; Guo et al., 2006; Huang et al., 

2006; Swanson-Wagner et al., 2006; Wang et al., 2006a). These expression profiles can 

be dissected into two groups, additive and nonadditive expressed genes. When the 

expression of a gene in a hybrid is equal to the average of the two parents (MPV:Mid-

parent value), the gene is said to be additively regulated (e.g. 1+1=2) and can be 

explained by the dominance model. When the expression of a gene in a hybrid is not 

equal to MPV but either lower (repression) or higher (activation) than the MPV, the gene 

is said to be nonadditively regulated (e.g.1+1≠2), which would indicate that allelic 

interactions in the hybrid leads to either positive or negative effect on gene expression, 

supporting the overdominance model.  
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In maize, 1,367 ESTs (9.8%) were identified as being expressed differently in F1-

hybrids compared to parent inbred lines. All possible outputs of allelic interactions and 

nonadditive expression of genes in F1 hybrids were detected including high and low 

parent dominance, underdominance, and overdominance. 78% were additively regulated 

and 22% of them were nonadditively regulated in hybrids. These findings support 

multiple molecular mechanisms, including overdominance, for heterosis (Auger et al., 

2004). In a similar study using microarrays, a large portion (80%) of differentially 

expressed genes in hybrids was identified when compared to inbred lines. Based on their 

analysis of allele-specific expression patterns in the hybrid, collective data suggest that 

intraspecific variation in gene expression levels is mainly affected by cis-regulatory 

variation between inbred parental lines resulting in an additive expression pattern (Stupar 

and Springer, 2006). In a similar approach, gene-calling technology (Shimkets et al., 

1999) was done using the immature ear tissues of 16 maize hybrids showing hybrid vigor 

(Guo et al., 2006). The result revealed that the proportion of additively regulated genes is 

positively correlated with heterosis in yield, negatively correlated with the expression of 

paternal genes, and not correlated with higher or lower expression of genes related to 

yield or heterosis. Furthermore, no clear uniform global expression pattern or functional 

categories were detected in these gene expression studies. 

 Collectively, several common phenomena are observed among different sets of 

genome-wide nonadditively expressed homeologous loci in hybrids and allopolyploids 

including Arabidopsis, Brassica, cotton, Senecio, and wheat. First, the proportion of 

additively and nonadditively expressed genes is similar between the studies in different 

species. Additively expressed genes are observed in higher proportion than differentially 

expressed genes. Among differentially expressed genes, 5-38% in Arabidopsis 

allotetraploids (Wang et al., 2006a), ~16% in wheat allohexaploids (Pumphrey et al., 
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2009), and ~ 30% in cotton (Chaudhary et al., 2009) are nonadditively regulated. In 

Senecio allohexaploids, 30-60% were detected as nonadditively regulated (Hegarty et al., 

2006).  

In addition, a feature of parental dependent activation or repression in hybrids and 

allopolyploids is observed. In synthetic allotetraploids formed between A. thaliana and A. 

arenosa, the nonadditively repressed genes are mostly associated with A. thaliana 

homeologous genome (Wang et al., 2006a). Among differentially expressed genes, 64% 

of nonadditively expressed genes are down regulated in the allotetraploids. In addition, 

94% of the nonadditively down-regulated genes are expressed at a higher level in A. 

thaliana than in A. arenosa. This is consistent with the observation of siRNA 

accumulation and DNA methylation of A. thaliana centromeres in the allotetraploids 

(Chen et al., 2008b) and the silencing of A. thaliana rRNA genes due to nucleolar 

dominance (Chen and Pikaard, 1997). Furthermore, the A. arenosa phenotype is 

dominant over A. thaliana in both synthetic and natural allotetraploids (Wang et al., 

2006a). In cotton, two studies showed that the expression of homeolog–specific genes 

could tend toward either the A- (with long lint fibers) or D-genome (fiberless). (Samuel 

Yang et al., 2006) showed that the A-genome ESTs were enriched in allotetraploids, 

while (Flagel et al., 2008) showed a tendency toward gene expression from the D-

genome from the fiberless species.  

Although no uniform genes were found to be related to heterosis in different data 

sets studied, all genome-wide analysis data collectively support the dominance and 

overdominance models. Nevertheless, little is known about the direct causal link and 

mechanisms between the heterosis phenomenon and changes in gene expression profiles 

or allelic interactions in hybrids and allopolyploids. Also, mechanisms for the molecular 

basis of heterosis are still ambiguous and challenging. Here, we have outstanding 
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materials to investigate the potential mechanisms of hybrid vigor in hybrids and 

allopolyploids. Stable Arabidopsis allotetraploids were synthesized by crossing A. 

thaliana and A. arenosa. These synthetic allotetraploids mimic the natural allotetraploid 

Arabidopsis suecica that emerged 12,000 - 300,000 years ago between extant A. thaliana 

and A. arenosa. This material displays the characteristics of hybrid vigor in the 

allotetraploid greater than both of progenitors in many aspects, such as growth vigor, 

resistance to diseases, pathogens, and stress. They are obviously bigger and greener than 

their progenitors. Moreover, it is an interspecific hybrid that is able to maintain the 

heterosis over generations and to overcome the hybridization barrier. Therefore, 

investigating how and why allotetraploids show a different phenotype and performance at 

the gene expression level can shed light on the potential genes and mechanisms of hybrid 

vigor. 

Previously many studies have focused on transcriptional regulation by using 

techniques such as microarrays and RNA-seq to measure the steady levels of mRNA 

transcripts. Gene expression variation is controlled by transcriptional and 

posttranscriptional mechanisms. Little is known about the role of posttranscriptional 

regulation on nonadditive gene expression. Although the potential role for siRNA and 

miRNA in genome stability and gene repression upon allopolyploidization is known (Ha 

et al., 2009b), it is largely unknown whether mRNA stability affects nonaddtive 

expression of genes in allotetraploids and their progenitors. To help resolve this question, 

first, I performed genome wide analysis of mRNA stability in allotetraploids using 

microarrays. This approach was an effort to test the important role of mRNA decay on 

nonadditive genes regulation. Next, transcriptional regulation on nonadditive gene 

expression was investigated based on previous genome wide transcriptome profile data to 

identify potential genes associated with hybrid vigor and common cis-elements (Wang et 
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al., 2006a; Ni et al., 2009). The direct causal link between transcriptional regulation of 

circadian clock genes by epigenetic mechanism and hybrid vigor was investigated in 

diploids using genetic analysis.  Furthermore, allele specific expression of circadian clock 

genes was observed in allotetraploids, suggesting a parent-of-origin effect of circadian 

clock genes in the hybrids. The maternal effect of CCA1 expression on starch content and 

the cause of expression differences between maternal and paternal alleles were 

investigated in a series of reciprocal hybrids involving mutants defective in DNA 

methylation, chromatin and RNAi biogenesis pathways.     
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CHAPTER 2. UNSTABLE TRANSCRIPTS IN ALLOTETRAPLOIDS 

OF ARABIDOPSIS ARE ASSOCIATED WITH NONADDITIVE 

GENE EXPRESSION AND WITH STRESSES AND 

ENVIRONMENTAL RESPONSES 

2.1. INTRODUCTION 

Polyploidy (whole genome duplication) is very common in many plants and some 

animals (Becak and Becak, 1998; Wolfe, 2001). Over 70% of flowering plants and ferns 

underwent one or more polyploidy events in their evolutionary history (Masterson, 1994; 

Soltis, 2005). Most important crops have a polyploidy origin. Wheat, cotton and canola 

are allopolyploids that consist of two or more divergent genomes (Leitch and Leitch, 

2008a), and some plants and animals exist as interspecific hybrids (Rieseberg et al., 2003; 

Mallet, 2004). The common occurrence of plant polyploids indicates an advantage of 

being allopolyploids in response to selection and adaptation (Comai, 2005; Chen, 2007b; 

Soltis and Soltis, 2009). Stable allopolyploids with meiotic transmission of 

homoeologous genomes lead to fixation of heterozygosity and/or hybrid vigor (Wendel, 

2000; Comai, 2005; Soltis and Soltis, 2009). 

Stable Arabidopsis allotetraploids (A. suecica-like) are resynthesized by crossing 

Arabidopsis thaliana with A. arenosa (Comai et al., 2000). The resynthesized A. suecica 

allotetraploids show morphological and physiological differences from their progenitors. 

Microarray analysis of gene expression indicated that 5-38% of the genes are 

nonadditively expressed (different from mid-parent value, MPV) in A. suecica 

allotetraploids (Wang et al., 2006). Nonadditive expression suggests activation or 
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repression of a gene through genetic and epigenetic mechanisms (Chen, 2007b). Gene 

activation or silencing in allotetraploids can be caused by transcriptional regulation 

through changes in chromatin structure and posttranscriptional regulation through mRNA 

stability and small RNAs. Although siRNA plays a minor role in nonadditive gene 

expression in allotetraploids, miRNA and tasiRNA loci were conserved in sequence and 

affect on nonadditive gene expression variation and developmental changes in 

allopolyploid species (Ha et al., 2009b). Nonadditive expression of miRNA biogenesis 

genes causes nonadditive accumulation of miRNAs in allotetraploids suggesting the role 

of post transcriptional regulation in nonadditive gene expression variation (Ha et al., 

2009b). However, it is largely unknown whether mRNA stability affects nonadditive 

expression of genes in allotetraploids and their progenitors, A. thaliana and A. arenosa. 

Posttranscriptional regulation of mRNA plays important roles in gene regulation, 

and the modulation of mRNA stability and degradation changes gene expression levels 

(Gutierrez et al., 2002; Narsai et al., 2007). For example, c-myc and c-fos transcripts in 

mammalian cells and mating type transcripts in yeast are unstable (Peltz and Jacobson, 

1992; Chen et al., 2008a). Previous studies showed that the decay rate of mRNA is 

correlated with functional properties of genes and the length of cell cycle in mammals 

and yeast (Wang et al., 2002b; Yang et al., 2003; Grigull et al., 2004).  There is a role for 

mRNA stability in shaping the kinetics of the transcriptome in response to environmental 

changes in yeast and mammals (Shalem et al., 2008; Elkon et al., 2010). Approximately 

50% of stress responsive genes in human cells are controlled at the level of mRNA decay 

rate (Fan et al., 2002). In yeast, mRNA turnover is a major mediator in the response to 
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heat shock, nutrition deprivation, oxidative stress, and osmotic stress (Garcia-Martinez et 

al., 2004; Grigull et al., 2004; Molina-Navarro et al., 2008). 

In plants, unstable transcripts have been identified in photo-labile phytochrome 

genes (Seeley et al., 1992), several auxin inducible genes (McClure and Guilfoyle, 1989; 

Koshiba et al., 1995), and circadian clock genes, which facilitate rapid changes in mRNA 

decay levels, leading to tight and effective control of gene expression (Treisman, 1985). 

In Arabidopsis, ~1% of genes are shown to be genes with unstable transcripts (AtGUTs) 

(Gutierrez et al., 2002). These AtGUTs include the genes that are induced by mechanical 

stimulation and circadian rhythms. To test a role of mRNA stability in nonadditive gene 

expression in allotetraploids, we examined mRNA turnover rates in resynthesized A. 

suecica allotetraploids using oligo-gene microarrays (Wang et al. 2006). A subset of 

GUTs was validated by qRT-PCR analysis. Moreover, we investigated a correlation 

between nonadditively expressed genes and GUTs and identified allotetraploid GUTs 

(AlloGUTs). The distribution of AlloGUTs was analyzed by gene ontology (GO) 

classifications. An enrichment of nonadditively expressed genes and AlloGUTs in the 

genes related to stress, phytohormonal and circadian regulation suggests a role of 

AlloGUTs in resynthesized allotetraploids for selection and adaptation. 
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2.2. RESULTS 

2.2.1. Genome-wide analysis of unstable transcripts in allotetraploids using oligo-

gene microarrays  

To identify GUTs in allotetraploids, spotted oligo-gene microarrays were used to 

evaluate mRNA turnover (Figure 2.1A). After data normalization and statistical tests (see 

Methods), the qualified values with reproducibly normalized intensity ratios > 2 were 

used for comparative analysis of gene expression. Approximately 1% (~208) of genes in 

the Arabidopsis allotetraploid (Allo733) were identified as unstable transcripts, which 

were named as allotetraploid genes with unstable transcripts (AlloGUTs) (Table 2.1), 

followed by Arabidopsis thaliana genes with unstable transcripts (AtGUTs) in a previous 

study (Gutierrez et al., 2002). This low percentage of AlloGUTs identified in 

allotetraploids is consistent with ~1% of AtGUTs identified using cDNA microarrays 

(Gutierrez et al., 2002). To confirm the microarray data, a subset of 10 genes was 

validated using quantitative RT-PCR (qRT-PCR) analysis and expression patterns for 

four AlloGUTs were shown (Figure 2.1B, C). The estimated turnover rate was 24-40 

minutes by qRT-PCR (Figure 2.1C), which was comparable to the values (28-47 minutes) 

based on microarray data (Figure 2.1B). In qRT-PCR analysis, the elongation factor 4A2 

(eukaryotic initiation factor 4A2) gene was used as a control because its transcripts are 

reasonably stable and do not degrade during the time course of chemical treatment 

(Gutierrez et al., 2002). 
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A total of ~208 AlloGUTs and ~ 95 AtGUTs were classified into 20 GO groups 

(Figure 2.2) using TAIR release 9 (November 2009) and PEDENT (http://mips.gsf.de 

/proj/thal/db/index.html). AlloGUT encoded proteins were distributed among all GO 

groups with various biological process classification. Compared with the proportion of 

the whole-genome annotated, AlloGUTs were twice more enriched in the groups of cell 

cycle and DNA processing, transcription, regulation of metabolism and protein, and 

cellular communication and biogenesis of cellular component (Figure 2.2). In particular, 

the genes with the highest enrichment of unstable transcripts were found in three groups, 

namely, cell rescue, defense and virulence, interaction with environment, and systemic 

interaction with environment. They had significantly (2.6 ~ 3.2 fold) higher proportions 

of unstable transcripts with half-life time less than 60 min than that of all genes (dashed 

lines). The distribution of AlloGUTs is similar to that of ~100 AtGUTs identified in a 

previous study (Gutierrez et al., 2002) (Figure 2.2). 
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Figure 2.1. Strategy for identification of unstable transcripts with a short half life of less 

than 60min, and validation of microarray data  

(A) Procedure for monitoring mRNA decay rates in Arabidopsis allotetraploid with 

spotted Arabidopsis 70-mer oligo-gene microarrays. (B) Validation of half-life time of 

unstable transcripts identified by microarray using qRT-PCR. Shadow bar, half-life time 

estimated by microarray, white bar, half-life time estimated by qRT-PCR. (C) 

Quantification of mRNA decay rate of some of genes and predication of the half-life 

time.  
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Table 2.1. Nonadditively expressed AlloGUTs in Arabidopsis allotetraploid 

 

AGI Description t1/2(min) 

AT5G62410 SMC2 (STRUCTURAL MAINTENANCE OF CHROMOSOMES 2) 16.86 

AT3G44260 CCR4-NOT transcription complex protein, putative 18.81 

AT3G02550 LBD41 (LOB DOMAIN-CONTAINING PROTEIN 41) 19.45 

AT3G10040 transcription factor 20.54 

AT3G15210 
ATERF-4 (ETHYLENE RESPONSIVE ELEMENT BINDING 
FACTOR 4) 

21.72 

AT1G18740 similar to unknown protein 21.87 

AT2G28200 nucleic acid binding / transcription factor/ zinc ion binding 23.28 

AT2G44500 similar to unknown protein  23.38 

AT1G28370 ATERF11/ERF11 (ERF domain protein 11) 24.06 

AT4G11280 
ACS6 (1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID (ACC) 
SYNTHASE 6) 

24.15 

AT4G15760 DL3920C, FCAALL.376, MO1, MONOOXYGENASE 1 24.71 

AT5G63160 BTB and TAZ domain protein 25.00 

AT2G22880 VQ motif-containing protein 25.08 

AT2G31880 leucine-rich repeat transmembrane protein kinase, putative 25.08 

AT1G02400 ATGA2OX6/DTA1 (GIBBERELLIN 2-OXIDASE 6) 25.14 

AT4G27280 calcium-binding EF hand family protein 25.36 

AT1G72520 lipoxygenase, putative 25.51 

AT1G18300 
ARABIDOPSIS THALIANA NUDIX HYDROLASE HOMOLOG 4, 
ATNUDT4,  

25.56 

AT5G22250 CCR4-NOT transcription complex protein, putative 25.70 

AT3G15210 
ATERF-4(ETHYLENE RESPONSIVE ELEMENT BINDING  
FACTOR 4) 

26.04 

AT5G17950 unknown protein 26.05 

AT3G01830 calmodulin-related protein, putative 26.98 

AT1G68840 
RAV2 (REGULATOR OF THE ATPASE OF THE VACUOLAR 
MEMBRANE) 

27.68 

AT1G72950 disease resistance protein (TIR-NBS class), putative 27.98 

AT2G28400 similar to unknown protein 28.02 

AT2G41640 similar to unknown protein 28.34 

AT1G72430 auxin-responsive protein-related 28.60 

AT3G52450 U-box domain-containing protein 28.71 

AT1G56510 disease resistance protein (TIR-NBS-LRR class), putative 28.72 

AT3G19580 AZF2 (ARABIDOPSIS ZINC-FINGER PROTEIN 2) 28.96 

AT1G17380 JAZ5/TIFY11A (JASMONATE-ZIM-DOMAIN PROTEIN 5) 29.00 

AT2G01670 ATNUDT17 (Arabidopsis thaliana Nudix hydrolase homolog 17) 29.47 
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Table 2.1 cont. 

 

AGI Description t1/2(min) 

AT5G63790 ANAC102 (Arabidopsis NAC domain containing protein 102) 30.14 

AT1G27730 STZ (SALT TOLERANCE ZINC FINGER) 30.20 

AT1G66160 U-box domain-containing protein 30.21 

AT4G18950 ankyrin protein kinase, putative 30.72 

AT5G63450 
CYP94B1(cytochrome P450, family 94, subfamily B,  
polypeptide 1) 

30.85 

AT2G42760 similar to unnamed protein product [Vitis vinifera]  30.94 

AT2G38470 WRKY33 (WRKY DNA-binding protein 33); transcription factor 31.65 

AT1G76600 similar to unknown protein  31.94 

AT4G33050 EDA39 (embryo sac development arrest 39); calmodulin binding 32.48 

AT1G20510 OPCL1 (OPC-8:0 COA LIGASE1); 4-coumarate-CoA ligase 33.50 

AT4G17500 
ATERF-1 (ETHYLENE RESPONSIVE ELEMENT BINDING 
FACTOR 1) 

34.02 

AT5G11650 hydrolase, alpha/beta fold family protein 34.06 

AT4G08170 inositol 1,3,4-trisphosphate 5/6-kinase family protein 34.12 

AT1G27100 similar to unknown protein 34.26 

AT5G13220 JAS1/JAZ10/TIFY9 (JASMONATE-ZIM-DOMAIN PROTEIN 10) 34.77 

AT2G41410 calmodulin, putative 35.20 

AT1G44350 ILL6 (IAA-leucine resistant (ILR)-like gene 6); metallopeptidase 35.55 

AT4G24380 hydrolase, acting on ester bonds 36.05 

AT1G09940 HEMA2; glutamyl-tRNA reductase 36.53 

AT2G01180 ATPAP1 (PHOSPHATIDIC ACID PHOSPHATASE 1) 37.57 

AT3G10930 unknown protein  37.98 

AT3G25780 AOC3 (ALLENE OXIDE CYCLASE 3) 38.15 

AT1G16370 ATOCT6; carbohydrate transmembrane transporter 38.17 

AT5G54170 similar to CP5 [Arabidopsis thaliana] (TAIR:AT1G64720.1) 38.17 

AT5G05600 oxidoreductase, 2OG-Fe(II) oxygenase family protein 39.72 

AT2G35460 harpin-induced family protein / HIN1 family protein  40.12 

AT3G50950 disease resistance protein (CC-NBS-LRR class), putative 40.73 

AT3G15500 
ATNAC3 (ARABIDOPSIS NAC DOMAIN CONTAINING  
PROTEIN 55) 

40.75 

AT5G26030 FC1 (FERROCHELATASE 1); ferrochelatase 40.95 
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Figure 2.2. Functional classification of genes with unstable transcripts detected in 

synthetic Arabidopsis allotetraploids (AlloGUTs, black bar), compared to the 

classification of unstable genes found in Arabidopsis thaliana diploid (AtGUTs, gray bar) 

Both unstable genes sets are categorized by the PEDANT analysis system. 

(http://mips.gsf.de/proj/thal/db/index.html).  
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2.2.2. A relationship between rapid mRNA turnover and nonadditive gene 

expression in allotetraploids  

Unstable transcripts are associated with mRNA stability and possibly the steady 

levels of gene expression in allotetraploids. To test this, we compared the gene lists of 

nonadditive expression identified in a previous study (Wang et al., 2006) with AtGUTs in 

A. thaliana diploid (Gutierrez et al., 2002) and with AlloGUTs in this study. 30% of 

AlloGUTs (61 out of 208) matched the nonadditively expressed genes in both 

allotetraploids (Allo733 and Allo738) (Figure 2.3A, Table 2.1). The correlation was 

statistically significant (degree of freedom = 1, Chi-square = 460.945, and p ≤ 0.01) 

(Table 2.2). Hierarchical cluster analysis suggested a strong negative correlation between 

the expression levels of nonadditively expressed genes and mRNA decay rates of 

AlloGUTs (Figure 2.3B). The data suggest that these nonadditive expressions of the genes 

in allotetraploids tested are caused by rapid mRNA degradation. We also looked at their 

potential role in biological processes compared with whole genome annotation. 

Nonadditively expressed AlloGUTs were classified into 14 categories according to the 

GO groups of stress response pathway, followed by other biological process, response to 

abiotic or biotic stimulus, signal transduction, and transcription (Wang et al., 2006a; Ha 

et al., 2009b). 
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Table 2.2. Test statistic significant of sharing two microarray data 

 

 

 

 

 

 

 

2500024195805Total

2479224048744
Stable transcripts      

( t1/2<60min )

20814761
Unstable transcripts 

( t1/2<60min )

TotalAdditiveNon-additive

2500024195805Total

2479224048744
Stable transcripts      

( t1/2<60min )

20814761
Unstable transcripts 

( t1/2<60min )

TotalAdditiveNon-additive

Chi square test for statistical significance 

Degrees of freedom: 1

Chi-square = 460.945960772186

p is less than or equal to 0.001. Therefore this distribution is significant.
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Figure 2.3. Relationship between AlloGUTs and nonadditively regulated genes in 

Allotetraploids (Allo733 and Allo738) 

(A) Venn diagrams showing overlapping genes between unstable gene in Allotetraploid 

(AlloGUTs) with half life time less than 60min and nonadditively regulated gene in two 

Allotetraploids (Allo733 and Allo738). (B) Heat map of the nonadditively regulated 

gene's mRNA decay rate and transcriptome profiles 
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2.2.3. A relationship between nonadditively expressed AlloGUTs, abiotic stress and 

phytohormone response  

To test how nonadditively expressed AlloGUTs are affected by physiological and 

environmental conditions, we performed hierarchical cluster analysis using 

Genevestigator program (Kilian et al., 2007; Goda et al., 2008) and the genes extracted 

from multiple datasets, including expression data of global stress (Kilian et al., 2007) and 

response to hormones and hormone-like chemicals (Goda et al., 2008). The comparative 

data analysis indicated that nonadditively expressed AlloGUTs matched the genes whose 

expression  was highly induced by cold, drought, osmotic, oxidative, salt and wounding 

(Figure 2.4). In addition, the nonadditively expressed AlloGUTs are also highly induced 

by ozone stress (Figure 2.5). Moreover, the nonadditively expressed AlloGUTs tend to 

change their expression in response to the treatments of phytohormone and plant 

hormone substance response, ABA and Methyl Jasmonic acid, cyclohexamide and 

AgNO3 (Figure 2.6). Under normal growth conditions, these stress response genes with 

fast decay rate and nonadditive expression are down-regulated in allotetraploids 

compared to the parents, although allotetraploids are generally more resistant to the 

stresses than their parents. 

2.2.4. Nonadditively expressed AlloGUTs also show a nonadditive mRNA decay rate. 

 

To test whether mRNA decay rate of nonadditively expressed AlloGUTs is 

nonadditive in allotetraploids, we measured the difference in mRNA decay rate between 

allotetraploids and their progenitors, A. thaliana and A. arenosa, using qRT-PCR (Figure 
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Figure 2.4. Hierarchical cluster analysis showing transcriptome profiles of the identified AlloGUTs induced by stresses 

The analysis was carried out with publicly available microarray database (http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp 

and https: //www.genevestigator.com/gv/index.jsp). Each row represents a microarray experiment and each column represents a gene. The color 

represents the relative expression level of each experimental group. Red is up-regulation and green is down-regulation in the map 

http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp
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Figure 2.5. Hierarchical cluster analysis showing transcriptome profiles of the identified 

AlloGUTs induced by ozone stress 

The analysis was carried out with publicly available microarray database 

(http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp and https: 

//www.genevestigator.com/gv/index.jsp). Each row represents a microarray experiment 

and each column represents a gene. The color represents the relative expression level of 

each experimental group. Red is up-regulation and green is down-regulation in the map 
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Figure 2.6. Hierarchical cluster analysis showing transcriptome profiles of the identified AlloGUTs induced by hormone and chemical treatments 

The analysis was carried out with publicly available microarray database (http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp 

and https: //www.genevestigator.com/gv/index.jsp). Each row represents a microarray experiment and each column represents a gene. The color 

represents the relative expression level of each experimental group. Red is up-regulation and green is down-regulation in the map  

 

http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp
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2.7). Among 61 genes tested, more than 25% (14 genes) of nonadditively expressed 

AlloGUT transcripts were significantly more unstable than mid-parent values (MPV) 

(Figure 2.7, Table 2.1). The majority of 14 genes tested, except At3g44260, had a shorter 

half-life time in allotetraploid than MPV (Figure 2.7). According to functional 

classification by PEDENT, eight genes (~57%) (AT1G27730, AT1G68840, AT2G28200, 

AT3G15210, AT3G15500, AT3G19580, AT3G44260, and AT4G17500) are associated 

with roles in transcription. For example, AtNAC3 (AT3G15500) is one of the 

nonadditively expressed AlloGUTs, and its expression is sensitive in response to a wide 

range of stresses and hormones. This transcript had a much shorter half-life in the 

allotetraploid than in the progenitors. The data suggest that nonadditive gene expression 

in the allotetraploids is associated with nonadditive rate of mRNA decay in 

allotetraploids relative to the parents. Furthermore, hierarchical cluster analysis indicated 

that nonadditively expressed AlloGUTs are highly correlated with the genes in response 

to abiotic stress and phytohormones. 

2.2.5. Different decay rates of circadian clock genes in allotetraploids relative to the 

progenitors  

Nonadditively expressed genes in allotetraploids include those encoding circadian 

clock regulators, including CCA1, LHY, TOC1, and GI (Ni et al. 2009 and Wang et al. 

2006). The regulation of CCA1 transcripts by light and its mRNA instability play a role 

for accurately entraining the oscillator in response to environmental changes (Yakir et al., 

2007b).  Indeed, we found CCA1 binding motifs and evening elements within 1000-bp  



 33 

 

 

 

 

 

Figure 2.7. Some AlloGUTs showing more rapid decay in allotetraploid than progenitors 

Half-life time was estimated by measuring the decrease rate in transcript abundance 

relative to eIF4A using qRT-PCR. 
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Figure 2.8. Quantification of decay rate of circadian clock genes in allotetraploid 

compared to their parent 

CCA1, LHY, TOC1, and GI were used for analysis of decay rate using qRT-PCR 
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upstream region of nonadditively expressed AlloGUTs. Among 14 AlloGUTs, 7 genes 

(50%) contain at least one CCA1 binding site (CBS: AAAAATCT) or evening element 

[(AA)AATATCT] (Harmer et al., 2000), suggesting that these genes are likely the targets 

of CCA1 and LHY. We measured the stability of CCA1, LHY, TOC1, and GI mRNA in 

allotetraploid and its progenitors (Figure 2.8). Transcripts of CCA1 and LHY were 

relatively unstable, as previously reported (Yakir et al, 2007), whereas the transcripts of 

their reciprocal regulators, TOC1 and GI, were relatively stable. The decay rate of CCA1 

mRNA in the allotetraploid is relatively faster than MPV, and LHY mRNA decreased 

faster in the allotetraploid than one of the progenitors. These two nonadditively expressed 

clock regulators also showed nonadditive rate of mRNA decay.  

 

2.3. DISCUSSION 

2.3.1. Posttranscriptional regulation of cell cycle and stress-related genes in 

Arabidopsis allotetraploid 

Transcriptome divergence between allotetraploids and their parents are controlled 

at the transcriptional and/or post-transcriptional levels (Chen, 2007b; Jackson et al., 

2010). At the transcriptional level, cis- and trans-acting effects as well as chromatin 

modification and DNA methylation mediate activation and silencing of homoeologous 

genes in allotetraploids or interspecific hybrids (Lee and Chen, 2001; Wang et al., 2004; 

Wittkopp et al., 2004; de Meaux et al., 2006; Wang et al., 2006b). Changes in transcript 

abundance can also be regulated at the posttranscriptional level. In synthesized wheat 
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allotetraploids, activation of retrotransposon affects the expression of neighboring genes 

(Kashkush et al., 2003). Silencing of duplicated genes is modulated by RNA-mediated 

pathways, as observed in Drosophila (Pal-Bhadra et al., 2002), Arabidopsis (Jorgensen, 

1990; Matzke and Matzke, 1995), and rice (Matzke and Matzke, 1995). RNA-mediated 

gene expression may be associated with the equilibrium between mRNA accumulation 

and stability during growth, development, and physiological transitions (Grant-Downton 

and Dickinson, 2006). In this study, our genome-wide analysis of mRNA stability in the 

allotetraploids suggested that mRNA stability plays a role in nonadditive expression of 

homoeologous genes in allotetraploids. A total of 208 genes (~1%) has been defined as 

allotetraploid genes with unstable transcripts (AlloGUTs) that have a half-life of less than 

60 min (Figure 2.2 and Table 1), which is consistent with ~1% of AtGUTs identified 

using a small set of cDNA microarrays (Gutierrez et al., 2002). This first report of mRNA 

stability in allopolyploids suggests that genes with unstable transcripts also affect 

nonadditive gene expression in allopolyploids. The relatively small number of GUTs 

identified can be due to several reasons. One possibility is that unstable mRNA has low 

steady state levels, which may not be detectable by microarrays. For example, circadian 

clock genes such as CCA1 and LHY have unstable transcripts (Yakir et al, 2007) but were 

not detected by microarrays. One might expect that additional GUTs are identified using 

high-resolution next-generation sequencing technology (RNA-seq) (Mortazavi et al., 

2008)  

GO classifications showed that like AtGUTs, AlloGUTs are found in all plant 

cellular processes. The proportion of AlloGUTs is enriched 2-fold or more than that of all 
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genes in several groups, including transcription, cell cycle and DNA processing, cellular 

communication, and biogenesis of cellular components. The majority of these genes are 

involved in cell cycle regulation and DNA metabolism, a process that requires rapid and 

cyclic regulation. For example, in yeast, cell cycle and mating type genes have unstable 

transcripts (Wang et al., 2002; Grigull et al., 2004; Foat et al., 2005; Farina et al., 2008). 

Significantly, AlloGUTs were enriched 3-fold more in categories that are related to 

exogenous stimulus such as cell rescue, defense and virulence and interaction with the 

environments (Figure 2.2), suggesting that these genes are regulated by the rate of mRNA 

decay. Rapid decay of mRNA is a mechanism for fast response to environmental and 

external signals such as biotic and abiotic stress (Gutierrez et al., 2002; Narsai et al., 

2007). The data are consistent with high retention rates of duplicate genes and higher 

expression divergence between duplicate genes than single-copy genes in allopolyploids  

(Ha et al., 2009a). Nonadditive expression of stress-related genes is also enriched in other 

allopolyploids such as wheat (Hovav et al., 2008; Pumphrey et al., 2009; Akhunova et al., 

2010 Chague, 2010 #10; Chague et al., 2010). This may also suggest that AlloGUTs are 

involved in these processes to facilitate faster mRNA adjustment in allotetraploids and 

hybrids than in diploids (Treisman, 1985; Wilson and Treisman, 1988; Gutierrez et al., 

2002; Wang et al., 2002). During evolution, allopolyploidization is likely a process to 

facilitate selection and adaptation for environmental niches (Grant, 1971). 



 38 

2.3.2. AlloGUTs are associated with nonadditive gene expression in allotetraploids in 

response to stresses and phytohormones  

A significant finding is that ~ 30% of AlloGUTs overlap with nonadditively 

expressed genes in allotetraploids (Wang et al., 2006) (Figure 2.3A). Moreover, there is a 

statistically significant negative correlation between the expression levels of AlloGUTs 

and nonadditively expressed genes in the allotetraploids (Figure 2.3B). That is, 

nonadditively expressed AlloGUTs are down regulated in allotetraploids. The unstable 

mRNA transcripts tend to be nonadditively repressed in allopolyploids, suggesting a role 

of mRNA instability in nonadditive gene expression in allopolyploids. In other words, a 

different transcriptome profile of nonadditive regulated genes can be generated by 

different sensitivity of mRNA degradation rate during allopolyploidization at post-

transcriptional level. 

The AlloGUTs that overlap with nonadditively expressed genes are enriched 2-7-

fold in GO slim groups in response to stress, abiotic or biotic stimulus, signal 

transduction and transcription (Figure 2.2). There is also a 1.5-fold enrichment of the GO 

groups in transcription, developmental processes, other cellular processes and other 

metabolic processes. These nonadditively expressed genes with unstable transcripts tend 

to be down regulated under normal growth conditions. Compared to additively expressed 

AlloGUTs, nonadditively expressed AlloGUTs are significantly correlated with the genes 

in GOslim groups in response to cold, drought, osmotic, salt, and wounding stress. In 

response to environmental stimuli, an increase or decrease in mRNA abundance might be 

attained either by adjusting the rate of transcription or the rate of degradation, as 
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demonstrated in many studies (Shalem et al., 2008). In addition, nonadditively expressed 

AlloGUTs are correlated with the genes induced by Methyl jasmonic acid and plant 

hormone substances, such as AgNO3, cycloheximide and 2,3,5-triiodobenzoic acid 

(TIBA). These data collectively suggest that nonadditive gene expression and unstable 

transcripts provide a general mechanism in response to external signals such as biotic and 

abiotic stress as well as to internal signals such as phytohormones and intergenomic 

interactions. 

Nonadditively expressed AlloGUTs also show nonadditive rate of mRNA decay in 

both parents (Figure 2.7). Among them, 25% of AlloGUTs have a faster decay rate in the 

allotetraploid than in the parents. And among them, 57% have transcription factor 

activity. The data suggest that these nonadditively repressed AlloGUTs show a relatively 

lower mRNA stability in the allotetraploids than in the progenitors. Interestingly, these 

AlloGUTs match the genes that are strongly induced by abiotic stress and hormone 

treatments. Without stress, these genes are nonadditively repressed in allotetraploids 

relative to their parents, even though allotetraploids tend to be more resistant to overall 

stresses and grow bigger than their parents.  

It is tempting to speculate that in order for allotetraploids to promote growth, they 

might have developed a mechanism that requires low maintenance at the transcript level 

for these genes to respond to environmental changes (Tian et al., 2003). Under stress 

conditions, adjusting the ratio of unstable and stable mRNA transcripts may help rapidly 

facilitate the proper mRNA levels in response to stress. 
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2.3.3. Circadian clock genes produce unstable transcripts in allotetraploids and 

their progenitors.  

Plants are sessile and need to prepare for and respond to all environmental 

changes including biotic and abiotic stresses. Over 10% of the genes in Arabidopsis are 

governed by circadian clock genes (Harmer et al., 2000; Schaffer et al., 2001; Michael et 

al., 2003; Harmer, 2009). CCA1 encodes a MYB transcription factor that represses 

expression of TOC1 and GI and downstream genes in photosynthesis and starch 

metabolism (Harmer et al., 2000; Ni et al., 2009). CCA1 expression is negatively 

regulated by TOC1 and CHE (Harmer, 2009; Pruneda-Paz et al., 2009). Accurate 

entrainment of circadian rhythms is controlled by a combination of CCA1 transcripts 

level and mRNA degradation by light (Yakir et al., 2007b). We found that CCA1 and 

LHY transcripts are unstable and show a relatively high rate of rapid decay. Compared to 

CCA1 and LHY, TOC1 and GI transcripts are relatively stable (Figure 2.8). Interestingly, 

these genes are nonadditively expressed in allotetraploids (Wang et al., 2006; Ni et al., 

2009), and their expression levels are negatively correlated with their decay rates (this 

study). Compared to their parents, the decay rates of CCA1 and LHY mRNA were also 

nonadditive in the allotetraploid. Specifically, CCA1 and LHY mRNA has a relatively 

lower level of stability in the allotetraploid than both parents. The data suggest that, in 

addition to transcriptional regulation, some circadian clock genes such as CCA1 and LHY 

are regulated through mRNA decay or turnover at the posttranscriptional level. The 

regulation of circadian clock genes and many other GUTs at both transcriptional and 

posttranscriptional levels may provide a general mechanism for rapid changes in gene 
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expression induced by “genomic shock” in response to interspecific hybridization and 

allopolyploidization (McClintock, 1984). 

The current data support a role of mRNA instability in nonadditive expression of 

genes in Arabidopsis allopolyploids. We found ~1% of genes with unstable transcripts in 

Arabidopsis allotetraploids (AlloGUTs) and a half-life time less than 60 minutes, ~30% 

of which matched the nonadditively expressed genes that are repressed in the 

allotetraploids. All AlloGUTs and nonadditively repressed AlloGUTs are significantly 

enriched with GOslim groups of response to stress and environment. These AlloGUTs 

overlap with the genes that are highly induced by abiotic stress, including cold, drought, 

osmotic, salt, and wounding, and plant hormones and substances, including Methyl 

jasmonic acid and cycloheximide. Expression of circadian clock genes such as CCA1 and 

LHY is controlled by transcriptional regulation as well as posttranscriptional regulation 

through mRNA decay. The data collectively suggest that transcriptional and 

posttranscriptional regulation affects nonadditive expression of the genes related to stress 

response, light signaling, and hormone interactions in allopolyploids, which may provide 

a flexible and rapid response to external and internal stimuli as a consequence of 

polyploidization. 

2.4. MATERIALS AND METHODS 

2.4.1. Plant material and RNA sample preparation for half-life calculation. 

All plants were grown under sterile conditions on plates containing 1X Murashige 

and Skoog salts, 1X Gamborg’s vitamins and 1% sucrose for 2 weeks at 22
o
C. Light 
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regime was 16-hr light and 8-hr dark in a growth chamber. Plant materials included A. 

thaliana isogenic autotetraploids (At4, accession no. CS3900, 2n=4x=20), tetraploid 

A.arenosa (Aa, accession no. CS3901, 2n=4X=32), and resynthesized A. suecica 

allotetraploid lines (Allo733 and 738, accession no. CS3895-3896). These plants were 

derived from previous studies (Comai et al., 2000; Wang et al., 2004; Wang et al., 2006). 

For all analysis, two-week old seedlings were used. The plants were incubated in a beaker 

containing incubation buffer for 30 min (Seeley et al., 1992). After the incubation, 3’-

decoyadenosine (cordycepin) was added to a final concentration of 200mg/ml for A. 

thaliana (4X) and A. arenosa (4X), and allotetraploid seedlings. Cordycepin was used as 

a transcription inhibitor because it works better than other inhibitors such as Actinomycin 

D and it is more effectively to penetrate into leaf tissues (Seeley et al., 1992; Johnson et 

al., 2000; Gutierrez et al., 2002). Treated leaves were harvested at each time point, 0 min, 

60 min and 120 min, after inhibitor treatment, and immediately frozen in liquid nitrogen. 

Total RNA was isolated using Plant RNA reagent (Invitrogen). Each RNA sample was 

quantified by measuring the 260/280 ratio using Nano drop and by agarose-formaldehyde 

gel electrophoresis. Quantified total RNA was subjected to mRNA isolation by Micro-

fast Track 2.0 mRNA isolation kit (Invitrogen). Isolated mRNA was reverse-transcribed 

to synthesize cDNA using Cy3- or Cy5- labeled dCTPs (Amersham Biosciences) that 

was used as probes for microarray analysis, as previously described (Wang et al, 2006). 
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2.4.2. Quantitative RT-PCR 

Approximately 5 mg of total RNA treated with DNase Ι was reverse-transcribed 

using SuperscriptⅡ (Invitrogen), following the manufacturer’s recommendation. The 

synthesized cDNA was diluted 1:5 in DEPC water and subjected to quantitative RT-PCR 

(qRT-PCR) analysis using SYBR Green Supermix (ABI Biosystems, Columbia, MD) in 

an ABI 7500 instrument (ABI Biosystems, Columbia, MD). The qRT-PCR conditions 

were optimized to maximize the amplification efficiency as previously described (Lee et 

al., 2004). In this study, eIF4A-2 was used as an internal control to estimate the relative 

transcript level of the gene tested. The primers were provided in Table 2.3.  

2.4.3. Spotted oligo-gene microarrays and data analysis 

Spotted oligo-gene microarrays with 26,090 annotated genes were used for 

monitoring mRNA stability in allotetraploids according to the published protocol (Lee et 

al., 2004; Wang et al., 2005). A total of 16 slides were used for two comparisons (0 min 

vs. 60 min and 0 min vs. 120 min), including two biological and four technical 

replications. Each biological replication consists of two technical replications (four 

slides) that were hybridized with reverse-labeled probes (Figure 2.1A). For microarray 

hybridization, 500 ng of mRNA were used to synthesize cDNA in each labeling reaction 

using Cy3- or Cy5-dCTP (Amershan Biosciences). Probe labeling, slide hybridization, 

and washing were according to a published protocol (Tian et al., 2005). After the slides 

were scanned using Genepix 4000B, raw data were collected using Genepix Pro4.1. The  
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Table 2.3. Primer information for qRT-PCR 

 

 

 

Name Sequences Name Sequences 

AT3G15500 F CGAGTGGTCGTGAATACAGCAA AT3G19580 R TGACCGGTAAAAAACCGCTTT 

AT3G15500 R GAGACGAAGAAGATGTCGACGAA AT1G27730 F GAGAAGCATGAGGCAAAAAGCTA 

AT2G28200 F CGTGTACTTTGTTTGCCTTGTTG AT1G27730 R CACCAAAACCTCACTGAGGAAGA 

AT2G28200 R CCCTAGCTTCACAGGCAAGTAAC AT3G44260 F TTCACATCATACACACGCTCCC 

AT4G33050 F ACACCTTTTGTAACGTAGTTGCAGC AT3G44260 R GTTTAAGCGCGTGATGAGAGTG 

AT4G33050 R CTAGACCTGTCACCGAGCTTGAT AT5G26030 F GACGATCACGAATCGTGGATT 

AT5G54170 F AACGCAGGAGGAACAAAAGC AT5G26030 R GCTTGCTCAAACACATTCGTCT 

AT5G54170 R TGTTGCGGTTGTCTGCAGTT AT4G11280 F AACCGAACTATGGCGTGTGATT 

AT3G15210 F GTTATCAGATCCCGATGTCGC AT4G11280 R GGAGACACGTTGAGCTTCACTTG 

AT3G15210 R TCCCCATCAGGTCCAAAAAGTA AT2G46830 F CCTCGTCAGACACAGACTTCCA 

AT1G68840 F TTCAACGAGCAAGAAGAAGCTG AT2G46830 R CCGCAGTAGAATCAGCTCCAATA 

AT1G68840 R GGAACACCGTAACGCAAACATA AT1G01060 F GGGACAAAGACTGCTGTTCAGAT 

AT3G01830 F TCGTTGGAGCTCGAGGACTT AT1G01060 R TTTGTGAAGAACTTTTGTGCATGA 

AT3G01830 R TGCCTCCTCTCCTTCTTCCAC AT5G61380 F GTTGATGGATCGGGTTTCTC 

AT4G17500 F GAGGAGTGAGACAAAGGCCG AT5G61380 R TCATGACCCCATGCATACAG 

AT4G17500 R GGTCTCTAATCTCCGCCGC AT1G22770 F TCGAGCAACTTCATCATCACAAA 

AT2G01670 F AATGCTTCTTTCATCCACCAATC AT1G22770 R GCTAATGGAGCTGGTGTCATACTG 

AT2G01670 R TGTAACCGAAGCAAGAGAAGCTT AT1G54270 F GACCTCCCAACTCAGCCAGAG 

AT3G19580 F TTTCTTGATGACTTGGTCGTGATC AT1G54270 R TCCACTTCTTCCGATACGGTG 
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replicated data from the dye-swap of each comparison were extracted and normalized 

using Acuity 4.0 software (Molecular Devices, http://www.molecular devices.com). 

Quantified values in each dataset were analyzed by t-test. If at least one of the 

comparisons showed a statistical significance level of α=0.001, the dataset was selected. 

The common genes between the two datasets with reproducibly normalized intensity 

ratios > 2 were used for further analysis. The difference of the transcript abundance 

between each time point can be used to calculate the half-life by the equation ln 

(Normalized Ratio) = -kdecay, with t1/2=0.693/kdecay, since mRNA degradation generally 

obeys first-order kinetics, which is common in fast mRNA degradation (Lam et al., 2001; 

Gutierrez et al., 2002). Gene Ontology of AlloGUTs was classified using TAIR release 

(November, 2009) (ftp://ftp.arabidopsis.org/home/tair/Ontologies/Gene_Ontology 

/ATH_GO_GOSLIM.txt) and PEDANT (http://mips.gsf.de/proj/thal/db/index.html). 

Clustering analysis of gene expression was performed using CLUSTER and TREEWIEW 

(Eisen et al., 1999) (http://rana.lbl.gov/EisenSoftware.htm). Our microarray data were 

comparatively analyzed with published data (Wang et al. 2006) to determine if 

nonadditively expressed AlloGUTs were enriched in GO groups in response to stress 

(Kilian et al., 2007), hormones (GODA et al. 2008) and circadian clock (Hazen et al., 

2009) The data were downloaded from http://www.arabidopsis.org/portals/expression/ 

microarray/ATGenExpress.jsp. Visual display of expression profiles from multiple 

experiments was performed in Genevestigator (Zimmermann et al., 2008) 

(https://www.genevestigator.com/gv/index.jsp). 

ftp://ftp.arabidopsis.org/home/tair/Ontologies/Gene_Ontology/ATH_GO_GOSLIM.txt
ftp://ftp.arabidopsis.org/home/tair/Ontologies/Gene_Ontology/ATH_GO_GOSLIM.txt
http://mips.gsf.de/proj/thal/db/index.html
http://rana.lbl.gov/EisenSoftware.htm
http://www.arabidopsis.org/portals/expression/%20microarray/ATGenExpress.jsp
http://www.arabidopsis.org/portals/expression/%20microarray/ATGenExpress.jsp
https://www.genevestigator.com/gv/index.jsp
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CHAPTER 3. MANIPULATION OF CIRCADIAN CLOCK GENE 

EXPRESSION AND GRWOTH VIGOR IN ARABIDOPSIS 

DIPLOIDS 

3.1. INTRODUCTION 

Hybrid and allopolyploid crossing between species occurs frequently in plants if 

they overcome hybridization barriers (Brochmann et al., 2004; Chen, 2010). Some of 

them show better performance in the level of biomass, stature, growth rate, and/or 

fertility than their progenitors (Meyer et al., 2004; Hochholdinger and Hoecker, 2007). 

This is called hybrid vigor or heterosis.  

In stable synthetic allotetraploids that are produced by pollinating Arabidopsis 

thaliana with Arabidopsis arenosa, over 5% of genes are nonadditively expressed from 

the midparent value (Wang et al., 2006a). The allopolyploids exhibit morphological vigor 

compare to their parents (Comai et al., 2000; Harmer et al., 2000; Birchler et al., 2003; 

Wang et al., 2006; Chen, 2007a; Lippman and Zamir, 2007). According to genome-wide 

nonadditive expression of homeologous loci in synthetic allotetraploids, more than 1400 

genes (>5%) are expressed nonadditively in the leaves when compared to their 

progenitors (Wang et al., 2006a). Interestingly, a large proportion of genes involved in 

photosynthesis and starch biosynthesis are up-regulated in the allotetraploids, which 

coincides with rapid growth and development observed in the allotetraploids.  Among 

nonadditively up-regulated genes in allotetraploids, 72% genes have either EE, 
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[AA]AATATC) (Harmer et al., 2000b) or CCA1 binding site (CBS, AAA/CAATCT) 

(Harmer and Kay, 2005) in the upstream region (up to 1,500bp). EE and CCA1 binding 

sites are key components of circadian-regulated gene expression and play an important 

role in conferring circadian rhythmicity of gene expression in Arabidopsis (Harmer et al., 

2000). Furthermore, many differentially expressed genes encode transcriptional factors 

including circadian clock regulators in allotetraploids compared to progenitors. It has 

been reported that circadian clocks control many physiological processes and fitness in 

animals and plants (Bollinger et al.,2010; Doherty and Kay, 2010; Zhang and Kay, 2010; 

Panda et al., 2002; Michael et al., 2003; Dodd et al., 2005; Wijnen and Young, 2006). In 

Arabidopsis, approximately one third of expressed genes are clock controlled (Covington 

et al., 2008), and most aspects of plant growth and development including coordinating 

with daily rhythms (photosynthesis, stem growth, and scent emission) (Yakir et al., 

2007a) and seasonal processes (transitioning from vegetative to reproductive growth and 

the onset of seed dormancy) (McClung, 2006). Circadian clocks also control plant growth 

hormones such as auxin, cytokine, ABA and so on (Covington and Harmer, 2007; Hazen 

et al., 2009). Beside, a recent paper demonstrates that circadian clock genes function in 

regulation of biosynthetic pathways associated with chlorophyll, carotenoid, abscisic acid 

(ABA), and α-tocopherol (Fukushima et al., 2009; Nakamichi et al., 2009). Arabidopsis 

thaliana with abnormal rhythms shows an inappropriate rate of starch degradation (Graf 

et al. 2010)  Arabidopsis allotetraploids display morphological vigor and are larger and 

greener than the parents, A. thaliana and A. arenosa (Comai, 2000; Birchler et al., 2003; 

Wang et al., 2006a; Lippman and Zamir, 2007). They accumulate more chlorophyll and 



 48 

produce more starch than their progenitors under the same conditions. The expression of 

circadian clock genes including the MYB domain transcription factors, CIRCADIAN 

CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) 

(Alabadi et al., 2001; Mizoguchi et al., 2002), and their reciprocal regulator TIMING OF 

CAB1 EXPRESSION1 (TOC1) (Park et al., 1999; Strayer et al., 2000; Alabadi et al., 

2001), are altered epigenetically in hybrids and allopolyploids. The circadian rhythm 

phase in allotetraploid is not changed but amplitude is altered compared to its in 

progenitors. In addition, many evening-element-containing (Harmer et al., 2000; Wang et 

al., 2006a) genes involved in chlorophyll synthesis and starch metabolism are 

upregulated in allotetraploids. They are likely the target genes of CCA1 and LHY.  

 Here I demonstrate the direct connection between altered circadian clock gene 

expression and hybrid vigor. The amplitude of circadian rhythms was manipulated by 

altered expression of CCA1 driven by a clock gene promoter (TOC1), instead of 

alteration of period, as observed in hybrids. Manipulation of circadian clock amplitude by 

alteration of clock gene expression affects the downstream pathways in chlorophyll and 

starch metabolism and growth vigor in diploids, as observed in hybrids. The positive and 

negative effects of CCA1 expression on growth vigor were examined in transgenic plants 

that have daily repression of CCA1 by RNA interference (RNAi) and overexpression, as 

well as cca1 single and cca1lhy double mutants in diploid Arabidopsis.   
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3.2. RESULTS 

3.2.1. Common cis-acting elements are associated with differential gene expression 

in Arabidopsis allotetraploids 

Microarray analysis of gene expression leads to the identification of co-regulated 

genes that contain common or unique motifs that are targets for regulatory proteins, such 

as transcription and chromatin factors. To identify common or unique cis-acting 

elements, the sequences of 2,000-bp, 1,500-bp, and 1,000-bp upstream of the 128 genes 

that are up-regulated in two synthetic allotetraploids (Allo733 and Allo738) were 

examined with an online motif analysis program (http://Arabidopsis.org/tools/bulk 

/motiffinder/index.jsp). Significance of putative conserved motifs obtained was 

statistically evaluated with the chi-square test (Table 3.1).  

Among 128 genes that are up-regulated in the allotetraploids (Wang et al., 2006a), 

92 genes (72%) contain at least one evening element (EE, [AA]AATATC) (Harmer et al., 

2000) or CCA1 binding site (CBS, AAA/CAATCT) (Harmer and Kay, 2005) in the 

upstream region (up to 1,500bp). The frequency of this motif was significantly higher 

than all putative EE- or CBS-containing genes found in the Arabidopsis genome (59%, 
2
 

= 12.2973, p-value = 0.0004536). Since these elements are binding sites of LHY and 

CCA1 respectively (Wang and Tobin, 1998; Alabadi et al., 2002; Mizoguchi et al., 2002), 

downstream genes containing at least one EE or CBS are likely to be targets of LHY/ 

CCA1. Therefore, it is possible that differential expression of LHY/ CCA1 in the 

allotetraploids may alter the expression of a subset of diverse target genes, leading to 

http://arabidopsis.org/tools/bulk%20/motiffinder/index.jsp
http://arabidopsis.org/tools/bulk%20/motiffinder/index.jsp
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morphological and physiological differences in the allotetraploids when compared to the 

progenitors. 

 

 

 

 

 

Table 3.1. Significance of putative conserved motifs 

 

 

 
# out of up-regulated 

genes in Allo 
#out of whole 

genome 
Chi-

squared 
P-vaule 

1kb 
upstream 

86/128 (67%) 14505/30708 (47%) 19.5638 9.73E-06 

1.5 kb 
upstream 

96/128 (75%) 18227/30708 (59%) 12.2973 0.000454 

2kb 
upstream 

100/128 (78%) 21012/30708 (68%) 5.1147 0.02372 
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3.2.2. TOC1p-driven CCA1 overexpression results in reduced starch and chlorophyll 

contents as well as downregulation of downstream genes   

All previous data from allotetraploids suggests a strong correlation between 

epigenetic repression of CCA1 and the altered rhythm leading to hybrid vigor. Therefore, 

if CCA1 repression promotes growth in terms of chlorophyll and starch contents and 

upregulation of downstream genes, CCA1 overexpression would reduce growth vigor in 

diploids. Here, the opposite situation has been demonstrated in diploids that have CCA1 

overexpression driven by the TOC1 promoter (TOC1p) to induce CCA1 expression 

during the day (Figure 3.1.a). The expression levels of TOC1 were higher at noon than at 

dawn, which is inversely correlated with the expression of CCA1. After screening, 

several positive transgenic lines showed basta resistance, and these lines were genotyped 

with specific primers (Table 3.3.) with genomic DNA PCR. Positive transgene insertion 

was evident in 31 out of 36 lines genotyped (Figure 3.1.b).  

The expression level of CCA1 in selected TOC::CCA1 transgenic lines was 

examined by quantitative RT-PCR (qRT-PCR) and TOC::CCA1-112 and TOC::CCA1-

141 lines were selected for further analysis. TOC::CCA1 transgenic plants 

overexpressing CCA1 under the clock-regulated TOC1 promoter displayed 3 fold 

induction of CCA1 expression at noon (ZT6) (Figure 3.2.a) and delayed flowering. This 

phenotype is similar to CCA1 overexpression under the control of the 35S promoter 

(Wang and Tobin, 1998). In addition, they are slightly smaller than wild type plants at the 

vegetative stage prior to bolting. 
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Figure 3.1. The generation of CCA1 overexpression transgenic line driven by the TOC1 

promoter 

(a) The construct of ProTOC1:CCA1. Arrows indicate the primer pair (Table 3.3.) EE, 

evening elements, BAR
R
, basta resistance, LB, Left border, RB, right border. (b) 

Genotyping pTOC1::CCA1 transgenic plants using genomic DNA PCR. Among 36 

plants, five (4, 7, 8, 10, and 30) did not contain the transgene. (c) The phenotype of 

ectopic expression of CCA1 under the control of 35S and TOC1 promoters. Typical 

plants prior to flowering were shown. Col: A. thaliana Columbia ecotype. Col (B): Col 

plants transformed with basta gene. CCA1-OX: constitutive CCA1 overexpression line 

(Wang et al. 1998); TOC1:CCA1-200, 112, and 83: three transgenic plants that 

ectopically expressed CCA1 driven by TOC1 promoter. Top panel: Col (B) and 

TOC1::CCA1 lines after spraying with basta (100 mg/L).  

pTOC1:CCA1

myC tagLB BARR RBpAtCol TOC1 cDNA Col CCA1

EE

myC tagLBLB BARR RBRBpAtCol TOC1 cDNA Col CCA1

EE

~690bp

(+)

Col Col (B) CCA1OX

pTOCa:CCA1-200 pTOC1:CCA1-83 pTOC1:CCA1-112

Col Col (B) CCA1OX

pTOCa:CCA1-200 pTOC1:CCA1-83 pTOC1:CCA1-112

(a)

(b)

(c)
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phenotype is similar to CCA1 overexpression under the control of the 35S promoter 

(Wang and Tobin, 1998). In addition, they are slightly smaller than wild type plants at the 

vegetative stage prior to bolting. 

 Using the selected TOC::CCA1 transgenic lines, the expression levels of CCA1 

downstream genes involved in chlorophyll biosynthesis (PORA and PORB) and starch 

biosynthesis (AMY, DPE1 and GWD) were examined by quantitative RT-PCR (Figure 

3.2.a). TOC1p-driven CCA1 expression negatively regulates the expression of 

downstream genes. Compared to the wild type control, PORA and PORB were repressed 

almost 30 fold and 1.5 fold respectively. Consequently, the total chlorophyll content in 

transgenic plants was ~14% and ~17% lower than in the control plants (Figure 3.2.b). 

AMY, DPE1 and GWD3, were also down-regulated by 1.5-1.7, 1.7-2.2 and 1.2 fold 

respectively in the transgenic plants (Figure 3.1.a). Also, this negative regulation leads to 

~17% reduction in starch accumulation in the transgenics (Figure 3.2.b). 

3.2.3. Reduced CCA1 expression results in increased starch content and up- 

regulation of downstream genes leading to growth vigor 

To test whether CCA1 repression has positive effects on growth vigor in diploids 

as in the allotetraploids, I examined cca1 single and cca1lhy double mutants (Doyle et al., 

2002; Mizoguchi et al., 2002; Hall et al., 2003) and TOC1::cca1 (RNAi) transgenic plants 

that expressed cca1 (RNAi) driven by the TOC1 promoter. Here, the expression level of 

CCA1 and downstream genes and starch content were analyzed (Figure 3.3 & 3.4). 
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Figure 3.2. The negative effect of CCA1 overexpression under the TOC1 promoter  

The expression levels of CCA1 and downstream genes (PORA, PORB, AMY, DPE1, and 

GWD) in pTOC1::CCA1 transgenic lines. (b) Reduced starch and chlorophyll contents in 

pTOC1::CCA1 transgenic lines. 
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Figure 3.3. The positive effect of CCA1 repression in cca1 single and cca1lhy double 

mutants  

(a) The expression level of CCA1 and downstream genes. (b) Starch contents in mutants 
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First of all, cca1 mutants were examined to test the effect of CCA1 repression on 

hybrid vigor. For this analysis, cca1 single mutants and cca1lhy double mutants were 

used. First, the expression level of CCA1 in the mutants was examined. CCA1 expression 

was not completely abolished in either cca1 single or cca1lhy double mutant. It is 

probably caused by the T-DNA insertion near the ATG codon (Hall et al., 2003) (Figure 

3.3.a). However, it was significantly repressed ~3-fold in mutant than in control. Second, 

two subsets of downstream genes were examined by qRT-PCR. The first subset of genes 

involved in chlorophyll synthesis, PORA and PORB, were up-regulated 1.5~ 2.3 fold for 

PORA and 6.7~7.2 fold in both single and double mutants (Figure 3.3a). Among another 

subset of genes involved in starch metabolism, three genes, GWD, DPE, and AMY, were 

tested. They were all up-regulated, 6~12 fold for GWD, 1.5~1.7 fold for DPE, and 

2.0~2.4 fold for AMY, in mutants than in control plant (Figure 3.3.a). Lastly, the effect of 

CCA1 repression on starch accumulation was examined (Figure 3.3.b). The starch content 

was doubled in the cca1 single mutant compared to the control plant. Indeed, cca1 single 

mutant had more starch accumulation than cca1lhy double mutant.  This suggests that 

severely lacking clock regulation results in a metabolic penalty in the double mutants 

which accumulate less starch than single mutants (Dodd et al., 2005). 

To test whether CCA1 repression promotes growth vigor in diploids like in 

hybrids, cca1:RNAi was expressed in diploids. To mimic the expression pattern of CCA1 

in allotetraploids, cca1RNAi was driven by the TOC1 promoter to repress CCA1 

expression during the day without affecting clock rhythms (Figure 3.4.a). After screening 

all candidate transgenic plants with basta selection, positive transgenics were genotyped  



 57 

 

 

Figure 3.4. The generation of cca1RNAi transgenic line driven by the TOC1 promoter 

(a) The construct of ProTOC1::cca1RNAi. Arrows indicate the primer pair (Table 3.3 EE, 

evening elements, BAR
R
, basta resistance, LB, Left border, RB, right border. (b) The 

subset of genotyping data of pTOC1::cca1RNAi lines. The data show four positive 

TOC1::cca1RNAi lines (-4), three transgenic plants with vector only (v), and three non 

transgenic plants (-). M: DNA size marker. The cca1 transgene fragment that is slightly 

larger than the vector fragment. The primer pair for genotyping of cca1 transgene was 

indicated by arrows below the diagram (Table 3.3). (c) The phenotype of 

pTOC1::cca1RNAi transgenic lines. Col (B): Col plants transformed with basta gene. 

pTOC1::CCA1 lines after spraying with basta (100 mg/L).  
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for the transgene (cca1:RNAi construct) using genomic DNA PCR with specific primers 

for the transgene (Figure 3.4.b and Table 3.3). The cca1:RNAi  transgene fragment is 

slightly larger than the vector fragment (Figure 3.4.c). Four positive 

proTOC1::cca1(RNAi) lines (-4), three transgenic with vector only, and the three non-

transgenics were screened (Figure 3.4.b). Under long day conditions, some 

proTOC1::cca1(RNAi) lines flowered early, while others flowered late relative to the 

control, Col(B) (Figure 3.4.c). Among 4 positive transgenics, proTOC1::cca1(RNAi)-1 

was used for further analysis. This line is slightly bigger than the control plants.  

First of all, the expression level of CCA1 in the transgenics was analyzed by 

quantitative RT-PCR in a 24h time period starting from dawn (ZT0, 6:00) (Figure 3.5.a). 

The overall expression level of CCA1 is down regulated 2-10 fold compared to the 

control plants. However, as in the typical diploid, cca1RNAi transgenic shows diurnal 

expression and has the same 24h period of rhythm (Alabadi et al., 2001). Its expression 

peaked at dawn (ZT0), decreased 6h after dawn (ZT6) and continued declining until dusk 

(ZT15). However, the expression rises late after ZT18 while the expression of CCA1 in 

typical diploids goes up after ZT12.  The amount of CCA1 protein also shows correlative 

changes in cca1RNAi transgenic plants (Figure 3.5.b).  

Next, several downstream genes, PORB, GWD, DPE, and AMY, were examined 

using quantitative RT-PCR. These four downstream genes were up-regulated 1-2.5 fold 

in the transgenic plants (Figure 3.5.c). 

Last, the starch content was analyzed in transgenics compared to the control 

plants using iodine-staining and quantitative assay (Figure 3.5.d). Consequently,  
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Figure 3.5. The positive effect of down-regulation of CCA1 in pTOC1::cca1RNAi lines 

(a) The expression pattern of CCA1 in 24 h period. (b) The western blot of CCA1 

compared between Control and pTOC1:cca1RNAi plant. (c) The expression of 

downstream genes (PORB, AMY, DPE1, and GWD) 
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cca1RNAi transgenics accumulated ~28% more starch at ZT15 than control plants in 

vegetative tissue before bolting. These data suggest the repression of CCA1 expression 

promotes growth especially in terms of starch accumulation in diploids as in 

allotetraploids. 

These data collectively suggest that CCA1 repression is associated with 

expression of downstream genes, photosynthesis, and starch metabolism. Clock 

dependent up-regulation of output genes promotes growth vigor. 

 3.3. DISCUSSION  

3.3.1. Alteration of circadian clock amplitude is associated with hybrid vigor in 

hybrids. 

Many important crops such as wheat, cotton, and canola are allopolyploids that 

contain two or more divergent genomes (Chen, 2007a; Leitch and Leitch, 2008b), and 

some plants and animals exist as interspecific hybrids (Rieseberg and Willis, 2007). The 

common occurrence of polyploidy suggests an evolutionary advantage of having 

additional genetic materials for growth and adaptation. Moreover, heterozygosity and 

novel genomic interactions in allopolyploids induce phenotypic variation and growth 

vigor (Chen, 2007a). The stable allotetraploids are hybrids that keep the heterosis over 

the generations (Wang et al., 2006a). They are resynthesized by interspecific 

hybridization between A. thaliana and A. arenosa display morphological vigor (Birchler 

et al., 2003; Wang et al., 2006a; Lippman and Zamir, 2007) and are more vigorous than 

the parents (Comai et al., 2000; Wang et al., 2006a). Also, many nonadditively regulated 
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genes are involved in energy production and metabolism including photosynthesis and 

starch pathways (Comai et al., 2000; Wang et al., 2006a), coinciding with growth vigor in 

the allotetraploids. Among 128 genes upregulated in the allotetraploids, 86 (~67%) of 

genes contains at least one CBS (AAAAATCT) or evening element (EE, AAAATATCT) 

within the ~1,000-kbp upstream region, which is significantly higher than all the genes 

containing putative EE and CBS (~47%, χ2 = 19.56 and P ≤ 9.73e-6). These EE- and 

CBS-containing genes are likely the targets of CCA1 and LHY (Alabadi et al., 2002; 

Mizoguchi et al., 2002; McClung, 2006). CCA1 and LHY are MYB-domain transcription 

factors and have partially redundant but incompletely overlapping functions (Alabadi et 

al., 2001; Mizoguchi et al., 2002). They negatively regulate TOC1 expression, whereas 

TOC1 positively regulates CCA1 and LHY expression (Park et al., 1999; Strayer et al., 

2000; Alabadi et al., 2001). This circular feedback regulation affects central oscillations, 

input and output pathways that maintain the rhythms, and amplitude and/or phase of the 

circadian clock in Arabidopsis (Harmer and Kay, 2005; McClung, 2006). Disrupting 

oscillator control alters the expression of ~36% Arabidopsis genes (Doherty and Kay, 

2010; Harmer et al., 2000), while maintaining circadian clock regulation increase CO2 

fixation, growth, and fitness (Michael et al., 2003; Dodd et al., 2005). Allotetraploids 

which are hybrids , show hybrid vigor (Wang et al., 2006a). In the allotetraploids, the 

epigenetic repression of CCA1 and LHY from noon to dusk leads to altered circadian 

clock amplitude without alteration of circadian clock phase as in the parents (Ni et al., 

2009). At the same time, their expression affects the expression of downstream genes and 

pathways. These expression changes are due to chromatin modifications associated with 
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euchromatic histone marks (H3K4Me2 and H3K9Ac) (Jenuwein and Allis, 2001)
 
 as 

observed in CCA1, LHY1, and TOC, as well as many other loci that are nonadditively 

regulated in the allotetraploids (Ni et al., 2009). 

Collectively, these observations suggest that altered rhythms by epigenetic 

repression of CCA1 and LHY during the day could be the one of driving forces leading to 

hybrid vigor in the hybrids under the same environment.  

3.3.2. The negative effect of CCA1 overexpression under the control of the TOC1 

promoter on output traits leading to reduced vigor in diploids 

Although all previous data from allotetraploids are correlative, there is no clear 

causal link between altered levels of a circadian clock regulator, CCA1, and output traits 

leading to hybrid vigor in the allotetraploids and hybrids. Therefore, I tested positive and 

negative effect of CCA1 repression in diploids. Since the lifetime of diploids is much 

shorter than allotetraploids and has half the amount of genome complexity, diploids were 

chosen for further analysis. To make a direct link between altered levels of CCA1 

expression and hybrid vigor, a clock gene promoter (TOC1) was used to alter circadian 

clock amplitude without alteration of circadian clock phase.  

First of all, the negative effects of CCA1 overexpression on growth vigor were 

examined. To test the negative effect of CCA1 overexpression on downstream genes, a 

transgene construct with pTOC1-driven CCA1 cDNA was used to transform Arabidopsis 

Col-0 (diploid). Since TOC1 expression pattern is completely opposite to that of CCA1, 

expression of CCA1 under the control of the TOC1 promoter will result in constitutive 



 63 

over-expression of CCA1 during the daytime (when the endogenous CCA1 level is low). 

If CCA1 repression enhances growth vigor, ectopic expression of CCA1 would show 

reduced vigor in transgenic plants. Here the efficiency of transgene expression, selected 

downstream genes, as well as starch and chlorophyll content were evaluated. It is 

expected that up-regulation of CCA1 will result in down-regulation of downstream genes, 

leading to a decrease in chlorophyll and starch content in the transgenic plants. As 

expected, transgenic plants containing the pTOC1::CCA1 transgene produced opposite 

effects from that of CCA1 repression shown in Figure 3.1 and 3.2. A 3-fold induction of 

CCA1 expression at noon (ZT6) and a 1.5- to 30-fold repression of downstream genes 

(PORA, PORB, AMY, GWD, and DPE) at ZT15 was detected. In addition, transgenic 

plants showed 7 to 16% less starch and 17 to 19% less chlorophyll accumulation when 

compared to the control plants at ZT9 (Figure 3.2). They are also slightly smaller than 

control plants. Like pTOC1::CCA1 transgenic plants, the arrhythmic CCA1-OX mutants 

show a reduction in photosynthetic carbon fixation and chlorophyll accumulation (Dodd 

et al., 2005). Taken together, these data suggest that the alteration of circadian clock 

amplitude by overexpressing CCA1 negatively affects plant growth.   

3.3.3. The positive effect of CCA1 repression on output traits leads to growth vigor 

in diploids as in allotetraploids 

Using pTOC1:CCA1 transgenic plant, the negative effect of CCA1 overexpression 

was demonstrated. If CCA1 overexpression reduces growth vigor, then CCA1 repression 

would promote growth vigor by up-regulating a subset of downstream genes that are 
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involved in the chlorophyll or starch biosynthesis pathways. To test this possibility, an 

RNA interference (RNAi) approach was used to down-regulate CCA1 expression 

constitutively in diploid Arabidopsis plants during the day time when expression of 

CCA1 is low (Figure 3.5.a). A transgene construct with pTOC1-driven cca1::RNAi was 

used to transform Arabidopsis Col-0 (diploid). A partial CCA1 cDNA inverted repeat 

(~250-bp) was amplified from the 4
th

 exon region of CCA1 (from position 637 to 869). 

To create similar conditions in the allotetraploids, cca1::RNAi fragments were driven by 

the TOC1 promoter, since TOC1 expression is repressed by CCA1. Initially, it was 

expected that the expression of cca1::RNAi under the control of the TOC1 promoter will 

result in repression only during the day when the expression of TOC1 is highly 

expressed. Real time RT-PCR (qRT-PCR) and western blot (with rCCA1 antibody) was 

used to evaluate the efficiency of the transgene in down-regulating CCA1. Indeed, their 

expression was constitutively repressed in selected transgenic lines in a 24h period. Both 

CCA1 messenger RNA and protein amounts were down regulated by 2- to 10-fold and 

1.4- to 3-fold respectively when compared to wild type plants. However, no change in the 

circadian rhythm of CCA1 was observed like in typical diploids (Figure 3.5.a and b). 

Although the expression level of CCA1 was down regulated throughout the 24h period, 

repression of CCA1 still affects the expression of downstream genes. This might be due 

to remaining small RNAs in the cell that can still affect the expression of overall CCA1 

expression when TOC1 is expressed low. After examining the expression pattern of 

CCA1 in the transgenic plant, qRT-PCR was also used to evaluate the expression of four 

selected downstream genes (PORB, DPE1, AMY and GWD3) that are involved in the 
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chlorophyll and starch biosynthesis pathways. Also, the overall starch content was used 

as an indicator of the vigor of transgenic and wild type plants. As expected, the 

transgenic plants displayed up-regulation of four downstream genes (PORB, DPE1, AMY, 

and GWD3) (Figure 3.5.c). Consequently, a 28% increase in starch content was observed 

when CCA1 was down-regulated, suggesting transgenic plants are more vigorous when 

compared to wild type plants (Figure 3.5.d). They are also slightly bigger than control 

plants (Figure 3.5.c). 

In addition, two mutant lines from the ABRC, cca1 and cca1lhy, were also used 

to evaluate the downstream effect of CCA1 mutation (Figure 3.3). The expression level of 

the same subset of downstream genes and starch content was evaluated by similar 

experiments described above. Again, as expected, mutations in cca1 or cca1lhy yielded a 

2- to 7-fold increase in the expression of downstream genes (PORA, PORB, DPE1, AMY, 

and GWD3), resulting in a 1.8- to 2.4-fold increase in starch content. However, the 

double mutant showed a smaller increase in starch content than the single mutant, 

indicating a metabolic penalty for severely disrupted clock regulation (Michael et al., 

2003).  

Taken together, these data suggest that altered CCA1 repression while 

maintaining circadian rhythms plays a key role in the clock-dependent up-regulation of 

downstream genes, leading to growth vigor. It also suggests that the alteration of 

circadian clock amplitude by CCA1 repression can provide an advantage for growth vigor 

in the hybrids.  
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3.3.4. A model for increased chlorophyll and starch content and growth vigor in 

allotetraploids 

Here we propose a model that explains the molecular mechanism for growth vigor 

and increased biomass by the alteration of circadian clock amplitude in the hybrid (Figure 

3.6). The endogenous clock in plants is regulated by multiple feedback loops. Among 

them, the negative feedback loop consisting of two major transcription repressors, CCA1 

and LHY, as well as TOC1, is one of the major loops and is well characterized in plants. 

Correct circadian regulation enhances fitness and metabolism (Panda et al., 2002; Dodd 

et al., 2005; Wijnen and Young, 2006).  

In the allotetraploids, the expression of clock regulators is altered through 

autonomous regulation (McClung, 2006) and histone modifications (Chen, 2007a), 

including rhythmic changes in H3 acetylation in the TOC1 promoter (Perales and Mas, 

2007). During the day, A. thaliana CCA1 (and LHY) is epigenetically repressed through 

H3K9Ac and H3K4Me2, as a result the entire network is reset at a high amplitude. The 

epigenetic repression of CCA1 induces the expression of EE- and CBS-containing 

downstream genes in photosynthesis and carbohydrate metabolism, leading to an increase 

in chlorophyll synthesis and starch metabolism. At night, CCA1 is de-repressed and 

resumes normal oscillation. Interestingly, modulation of circadian clock regulators in 

hybrids is reminiscent of switching gene expression during dawn- and evening-phased 

rhythmic alternation that is required for properly maintaining homeostasis in clock-

mediated metabolic pathways in diploids (Alabadi et al., 2002; Mizoguchi et al., 2002). 

Altered amplitude of a few regulatory genes induces a cascade of changes in downstream 
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genes and physiological pathways and ultimately in growth and development, which 

provides a general mechanism for growth vigor and increased biomass (Birchler et al., 

2003; Dodd et al., 2005; Lippman and Zamir, 2007).  It also suggests that heterosis might 

result from the modulated dosage-dependent regulatory networks controlling signaling 

cascades and transcriptional systems (Birchler et al., 2007; Lippman et al., 2008). 

Besides, the alteration in circadian clock amplitude is enough to lead to hybrid vigor. 

Indeed, alteration in circadian clock phase reduces fitness in plant and animal (Beaver et 

al., 2002; Green et al., 2002; Michael et al., 2003). 

Therefore, under the same environment, the altered circadian clock amplitude by 

epigenetic repression is induced by the allelic interaction between parent 1 and parent 2, 

allowing the hybrid or allotetraploid to coordinate better with input signals such as light 

and temperature, resulting in better fitness and adaptation to the environment.  The 

hybrids display morphological vigor as well as increased chlorophyll biosynthesis and 

starch metabolism. Furthermore, the clock in plants regulates flowering and senescence, 

carbon fixation, and response to stresses and hormones as outputs of clock regulation. 

3.4. MATERIALS AND METHODS 

3.4.1. Plant material and generation of CCA1 transgenic plants 

Plant materials included A. thaliana autotetraploids (At4, ABRC accession # 

CS3900), A. arenosa (Aa, CS3901), and two independently resynthesized allotetraploid 

lineages (Allo733 andAllo738) (CS3895-96) (F7 to F8). All plant materials were 

 



 68 

Figure 3.6. A model of molecular mechanism for hybrid vigor via circadian clock genes  
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generated as previously described (Comai et al., 2000; Wang et al., 2006a). Plants for 24-

hour rhythm analysis were grown for 4 weeks in 16/8-hr (light/dark) cycles and harvested 

at indicated zeitgeber times (ZT0 = dawn) (McClung, 2006). For each genotype, mature 

leaves from five plants were harvested every 3 hrs for a period of 48 hrs and frozen in 

liquid nitrogen. The data from the first 24-hr period were shown because the second-

period data were the same. Leaves were collected prior to bolting (6-8 rosette leaves in A. 

thaliana, 10-12 leaves in A. arenosa, and 12-15 leaves in allotetraploids) to minimize 

developmental variation among genotypes (Madlung et al., 2002; Wang et al., 2004). 

Unless noted otherwise, analyses for gene expression, chlorophyll and starch were 

performed at ZT6 (noon), 9, and 15. 

The constitutive CCA1-overexpression line (CCA1-OX) was kindly provided by 

Elaine Tobin at the University of California, Los Angeles. We amplified a TOC1 

(At5g61380.1) promoter fragment using A. thaliana Columbia genomic DNA and the 

primer pair 5’-GGGAATTCCGTGTCTTACGGTGGATGAAGTTGA-3’ (EcoRI) and 

5’-GGGGATCCGTTTTGTCAATCAATGGTCAAATTATGAGACGCG-3’ (BamHI) 

and a full-length CCA1 cDNA fragment using the primer pair: 5’-

GCGGCCGGATCCATGGAGACAAATTCGTCTGGAG-3’ (BamHI) and 5’-

GGCCGCTCTAGATCATGTGGAAGCTTGAGTTTC-3’ (XbaI). The TOC1 promoter 

fragment was fused to CCA1 cDNA and cloned into pBlueScript. The inserts were 

validated by sequencing and subcloned into pEarlyGate303 (CD694) using the primer 

pair 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTACGTGTCTTACGGTGGAT 

GAAGTTGA-3’ and 5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTGTGGAAG 
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CT TGAGTTTCCAACCG-3’. The construct (ProTOC1::CCA1) was transformed into A. 

thaliana (Columbia) plants (Figure 3.1.). One-week old T1 seedlings (two true leaves) 

were sprayed with basta solution (~100 mg/L), and the positive plants were genotyped 

(Figure 3.1.b). T2 transgenic plants (proTOC1::CCA1) were subjected to chlorophyll, 

starch, and gene expression analysis. 

To make the proTOC1::cca1-RNAi construct, we amplified a TOC1 promoter 

fragment (ProTOC1) using the primer pair: F-EcoRI-ProTOC1 5'-GGGAATTCCGTG 

TCTTACGGTGGATGAAGTTGA-3' and R-ProTOC1-NcoI 5'-GCGGCCCCATGGGTT 

TTGTCAATCAATGGTCAAATTATGAGACGCG-3' and replaced the 35S promoter 

with ProTOC1 in pFGC5941 (CD3-447) (Figure 3.4.a). A 250-bp CCA1 fragment was 

amplified using the primer pair: F-RNAi CCA1 XbaI AscI 5’-GCGGCCTCTA 

GAGGCGCGCCTCTGGAAAACGGTAATGAGCAAGGA-3’ and R-RNAi CCA1 

BamHI SwaI 5’-GGCCGCCCTAGGTAAATTTACACCACTAGAATCGGGAGGCC 

AAA-3’. We subcloned the BamHI-XbaI fragment and then the AscI-SwaI fragment into 

the same vector, generating two CCA1 fragments in opposite orientations (pTOC1::cca1-

RNAi) (Figure 3.4.). Four TOC1::cca1-RNAi T1 transgenic plants were used to analyze 

gene expression and starch content. 

We obtained mutant seeds of cca1-11 (CS9378) and cca1-11 lhy-21 (CS9380) 

(Jenuwein and Allis, 2001; Doyle et al., 2002; Hall et al., 2003) from ABRC. Gene 

expression, chlorophyll and starch assays were performed when the mutant plants were 

about 3-4 weeks old and had 6-8 true leaves under the 16/8 hours of day/night before 

bolting (Mizoguchi et al., 2002). 
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Note that CCA1-OX and proTOC1::CCA1 lines flowered late (Figure 3.1.c) 

(Wang and Tobin, 1998), whereas cca1 and cca1/lhy mutants flowered early (Mizoguchi 

et al., 2002; Hall et al., 2003). A few TOC1:cca1-RNAi lines flowered early, whereas 

some flowered late (Figure 3.4c.), which may be related to various secondary and 

systematic effects on the downstream genes related to flowering time. All assays in 

mutant and transgenic plants were performed before bolting. 

3.4.2. DNA and RNA analysis 

Genomic DNA was extracted using a modified protocol (Wang et al., 2004). Total 

RNA was extracted using either RNeasy plantmini kits (Qiagen, Valencia, CA) or Plant 

RNA reagent (Invitrogen, Carlsbad, CA). The first-strand cDNA synthesis was 

performed using reverse transcriptase (RT) Superscript II (Invitrogen, Carlsbad, CA). An 

aliquot (1/100) of cDNA was used for quantitative RT-PCR (qRT-PCR) analysis using 

the primer pairs for CCA1 and TOC1 (Table 3.2.) in an ABI7500 machine (Applied 

Biosystems, Foster City, CA) as previously described (Comai et al., 2000; Birchler et al., 

2003), except that ACT2 was used as a control to estimate the relative expression levels 

(R.E.L.) in three biological replications. 

3.4.3. Chlorophyll and starch contents 

Semi-quantitative RT-PCR was used to determine the expression levels of the 

genes in chlorophyll a and b biosynthesis and starch metabolism. Chlorophyll was 

extracted in the dark with 5 ml of acetone (80%) at 4℃ from 300 mg 4-week-old 
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seedlings. The chlorophyll content was calculated using spectrophotometer 

measurements at light wavelengths of 603, 645 and 663 nm and with 80% acetone as a 

control (Mochizuki et al., 2001) and shown as milligram of chlorophyll per gram of fresh 

leaves. 

Ca (mg/g) = 12.7 x OD663 - 2.69 x OD645 (Chlorophyll a) 

Cb (mg/g) = 22.9 x OD645 - 4.86 x OD663 (Chlorophyll b) 

Ca+b (mg/g) = 8.02 x OD663 + 20.20 x OD645 (Chlorophyll a+b) 

Starch content was measured from the leaves of five plants (about 600 mg fresh 

weight). The leaves were boiled in 25 mL 80% (v/v) ethanol. The decolored leaves were 

stained in an iodine solution or ground with a mortar and pestle in 80% ethanol (Yu et al., 

2001; Smith and Zeeman, 2006). Total starch in each sample was quantified using 30 μL 

of the insoluble carbohydrate fraction using a kit from Boehringer Mannheim (R-

Biopharm, Darmstadt, Germany). 

3.4.4. Promoter motif analysis 

DNA sequences from ~1,000-bp upstream of the transcription start sites of the 

upregulated genes identified in the allotetraploids (Wang et al., 2006a) were extracted 

and searched for evening elements (EE, AAAATATCT) or CCA1 binding sites (CBS, 

AAAAATCT) (Wang and Tobin, 1998; Alabadi et al., 2001; Harmer and Kay, 2005). 

The same method was used to analyze motifs in all genes in the Arabidopsis genome 

(2000).  
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3.4.5. Western blot analysis  

Crude protein extracts were prepared from fresh leaves as previously described 

(Wang and Tobin, 1998). The immunoblots were probed with anti-CCA1, and antibody 

binding was detected by ECL (Amersham, Piscataway, NJ). 

 

 

 

Table 3.2. Primer sequences of circadian clock genes and downstream genes for RT-PCR 

analysis in Arabidopsis 

 

 

Locus Name Forward primer Reverse Primer 

At2g46830 CCA1 CCTCGTCAGACACAGACTTCCA CCGCAGTAGAATCAGCTCCAATA 

At5g61380 TOC1 GTTGATGGATCGGGTTTCTC TCATGACCCCATGCATACAG 

At5g09810 ACT2 GTCTGTGACAATGGAACTGGAA CTTTCTGACCCATACCAACCAT 

At5g54190 PORA GTGGTTGTCACGGGAGCTTC TGCCTTTGCCGTTGCTAAAC' 

At4g27440 PORB GTGGACGGCAAGAAAACGTT GGCTCCAGTGACCACCACAT 

At5g26570 GWD3 TTCGCCGGACTTATCATTCG TCCGGATCAGCTGGACTCAC 

At5g64860 DPE1 GTTCCGGATCCAGAGAGCAG CGTCGGGTGTAGCAAAACG 

At1g69830 AMY3 CTTCAAGTAGCTCGCCCGTT TGGGTTTACTCACTTGGGCAG 

 

 

 

 

Table 3.3. Primer sequences for genotyping of transgenic plants (pTOC1::CCA1 and 

pTOC1::cca1RNAi) 

 

Genotyping for Forward primer Reverse Primer 

pTOC1:CCA1 TTGGTTTCTGATGGTTTGGTCTGA CGCTTGACCCATAGCTACACCTTT 

pTOC1:cca1RNAi TTGGTTTCTGATGGTTTGGTCTGA GAACCCGTTTGGGTGAGCTTAAAAGTGG 

empty vector of 
pTOC1:cca1RNAi 

AAGGGATGACGCACAATCCCACTATCC GAACCCGTTTGGGTGAGCTTAAAAGTGG 
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CHAPTER 4. PARENT-OF-ORIGIN EFFECTS OF CIRCADIAN 

RHYTHMS ON STARCH ACCUMULATION IN ARABIDOPSIS 

HYBRIDS 

4.1. INTRODUCTION 

Circadian rhythm plays a central role in maintaining physiology and metabolism 

in plants and animals (Panda et al., 2002; Dodd et al., 2005; McClung, 2006; Wijnen and 

Young, 2006; Pruneda-Paz and Kay, 2010) and affects growth vigor in hybrids and 

allopolyploids (Ni et al., 2009). The molecular machinery that produces the near 24h 

oscillations exists in a highly organ and tissue specific manner in animals and plants. It 

suggests the possible relationship between circadian rhythmicity and organ or tissue 

specific function, although the majority of evidence is from mammals (Lu et al., 2009; 

Sellix and Menaker, 2010). For example, some male reproductive structures, such as 

testis, do not have cell-autonomous circadian clocks, while the cells of the ovary, uterus 

oviduct and accessory structure of testis, such as extratesticular ducts have circadian 

clocks (Alvarez et al., 2003; Kennaway et al., 2003; Morse et al., 2003; Karman and 

Tischkau, 2006; Nakamura et al., 2008; Bebas et al., 2009). In plants, most of the tissues 

contain circadian clocks but expression level exhibits variations (Lu et al., 2009; Moreno-

Risueno et al., 2010).  In plants, maintaining circadian regulation increases CO2 fixation 

and growth, whereas disrupting circadian rhythms reduces fitness (Michael et al., 2003; 

Dodd et al., 2005). In Arabidopsis hybrids and allopolyploids, epigenetic changes in 

circadian clock genes are associated with transcriptional up regulation of the genes 

involved in photosynthesis and starch metabolism, leading to growth vigor (Ni et al., 
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2009). Altered expression of circadian genes in hybrids show locus specific regulation 

depending on histone modifications, but the underlying mechanism is unknown. This 

allele specific expression of circadian clock genes in allotetraploids suggests a parent-of-

origin effect of circadian clock on growth vigor in hybrids. A genetic phenomenon by 

which certain genes are expressed in a parent-of-origin specific manner is called genomic 

imprinting. This is an epigenetic process that involves mostly methylation and histone 

modifications (Gehring et al., 2004; Feil and Berger, 2007; Gehring et al., 2009). Most 

distinctive transcriptional features have been observed in the endosperm in plants 

(Gehring et al., 2004; Feil and Berger, 2007; Springer and Stupar, 2007). Gene specific 

imprinting can be categorized into two, binary imprinting and differential imprinting 

(Dilkes and Comai, 2004; Feil and Berger, 2007). Binary imprinting is a more intense 

case in which one allele is inherited from one parent while the homologous allele is 

completely inactive or silent. Most of characterized imprinted genes are generally 

examples of binary imprinting. Differential imprinting means biased allelic expression 

depending upon the parent-of-origin (Dilkes and Comai, 2004; Stupar et al., 2007). For 

instance, maternal alleles may be preferentially express in F1 hybrids, but the paternal 

allele will still have some degree of transcription (Guo et al., 2003; Stupar et al., 2007; 

Swanson-Wagner et al., 2009).   

 Here we demonstrate rhythmic expression of circadian clock genes in developing 

siliques and seeds as in leaves. Maternal CCA1 allele is preferentially expressed in the 

hybrids during early stages of seed development, and even in the leaves or late stages of 

seed development, although preferential expression is subtle. The maternal circadian gene 
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expression correlates positively with starch accumulation from embryogenesis affecting 

to vegetative stage. We also examine that the heterosis could be achieved by 

heterozygosity for a single locus that shows the preferential expression of the maternal 

allele. This maternal influence on circadian clock regulation and metabolic rhythm is 

likely a general phenomenon in plants and animals. In addition, the repression of CCA1 

in hybrids was altered by ago4 mutation suggesting potential mechanism of hybrid vigor 

regulated by CCA1 expression. 

4.2. RESULTS 

4.2.1. Diploid F1 hybrids show hybrid vigor in vegetative tissues and mature seed 

size 

Reciprocal hybrids between three different ecotypes of Arabidopsis thaliana, 

Columbia (Col), Landsberg erecta (Ler), and C24 were generated by manual pollination 

between Ler vs Col, Ler vs C24, and Col vs C24. As previously reported, all of F1 

reciprocal hybrids show higher morphological vigor than their parents, respective to their 

parents. Among them, hybrids between Col and C24 show the most difference between 

hybrids and parents in adult plant size. Even matured seeds are slightly bigger than their 

parents (Figure 4.1).  

 

4.2.2. Negative correlation between CCA1 expression and starch accumulation 

In previous studies, we show that altered expression of circadian clock genes in 

allotetraploid compared to both progenitors leads to hybrid vigor in terms of starch and 

chlorophyll accumulation, size, and the expression of downstream gene involved in 
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Figure 4.1. Both reciprocal hybrids are more vigorous than both parents  

(a) Ler vs Col, (b) C24 vs Ler, and (c) C24 vs Col  

C24 LerC24 X Ler Ler X C24

Ler ColLer X Col Col X Ler

(b)

(a)

(c) C24 ColC24 X Col Col X C24
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starch and chlorophyll biosynthesis pathway. The down regulation of CCA1 expression 

from noon to dusk has a strong negative correlation with the accumulation of starch. To 

test whether the same pattern is observed in crosses of three different ecotypes, the 

expression of CCA1 at ZT6 was examined by qRT-PCR in rosette leaf tissues of Ler and 

Col hybrids, Ler and C24 hybrids, and C24 and Col hybrids (Figure 4.2). As Figure 4.2 

shows, the expression of CCA1 was down regulated in both reciprocal hybrids compared 

to their parents, although the difference of CCA1 expression between hybrids and parents 

is subtle. In Ler and Col hybrids, CCA1 is expressed 0.8~0.9 fold lower in hybrids than 

mid parent values (Figure 4.2.b). In Ler and C24 hybrids, CCA1 is 0.6~0.7 fold repressed 

in hybrids than mid parent values (Figure 4.2.c). In Col and C24 hybrids, CCA1 also was 

0.7-0.8 fold repressed in hybrids than progenitors (Figure 4.2.d). Interestingly, the 

expression level of CCA1 is differently regulated in reciprocal hybrids. 

To determine whether the down-regulation of CCA1 is correlated with starch 

accumulation, starch amount were examined qualifiedly and quantitatively (Figure 4.3 

and Figure 4.4). Both reciprocal hybrids crossing between Ler and Col, accumulated 

more starch than the parents in mature leaves when measured using iodine staining 

(Figure 4.3). The quantitative analysis of starch also shows that hybrids accumulated 

1.2~1.4 folds more starch than parents (data not shown). Interestingly, two reciprocal 

hybrids accumulate different amount of starch content even though their genetic 

backgrounds are same. Hybrid pollinated by Col pollen contains approximately 1.2 fold 

more accumulation of starch than the other reciprocal hybrid between Ler and Col. In Ler 

and Col hybrids, the difference of both starch accumulation and expression of CCA1 were 

not as obvious as Ler and C24 hybrids. Ler and C24 hybrids display 2.1 to 2.6 fold more 

accumulation of starch than Ler and 1.5 to1.9 fold more than C24 (Figure 4.4 a,b). Also,  
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Figure 4.2. Downregulation of CCA1 expression in reciprocal hybrids compared to their 

parents  

(a) CCA1 expression in different ecotypes. The CCA1 expression in reciprocal hybrids 

compared to their parents (b) Ler vs Col, (c) Ler vs C24, and (d) C24 vs Col combination 
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Figure 4.3. Increased starch contents in hybrids than parents in Ler and Col combination 

Qualitative starch analysis  
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Figure 4.4. Increased starch contents in hybrids than parents in Ler and C24 combination  

(a) Qualitative starch analysis (b) Quantitative starch analysis 
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a 1.3 fold difference in accumulation of starch between reciprocal hybrids was detected. 

Col and C24 hybrids also show similar pattern (data not shown). 

4.2.3. Maternal influence of CCA1 expression on the hybrids vigor by single 

heterozygous locus of CCA1  

A negative correlation between the expression level of CCA1 and starch 

accumulation was detected in all reciprocal intercrossings between different ecotypes of 

Arabidopsis. This result suggests that the maternal and paternal alleles of CCA1 affect the 

hybrids differently. To assess the effect of maternal and paternal CCA1 on hybrid vigor, 

the allele specific expression of CCA1 was analyzed by using a cca1 T-DNA insertion 

mutant. Using qRT-PCR, the expression of CCA1 was examined in the reciprocal single 

locus heterozygous hybrids and compared to progenitors during early seed development 

and the vegetative stage before bolting. A primer combination flanking the T-DNA 

insertion site did not amplify any detectable PCR product. Therefore, in the hybrid of a 

cca1/cca1 mutant mother with a wild type father, only the paternal CCA1 allele is 

detectable while, in the hybrid of a wild type mother with a cca1/cca1 mutant father, only 

the maternal CCA1 is detectable (Figure 4.5b).  

First of all, the allele specific expression of CCA1 was tested at 5 DAP (day after 

pollination), which is an early stage of seed development. Analysis of the reciprocal 

hybrids showed a stronger upregulation of the maternal CCA1 allele in the crosses of 

seeds of a wild type mother with a cca1 mutant father than in the other crosses (Figure 

4.5c). In addition, the analysis of expression data with the primer combination in the 7
th

 

exon region of CCA1 give us very similar results (Figure 4.5). In mature seeds, those of 

both hybrids are slightly bigger than those of their progenitors (Figure 4.5 a).  
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Figure 4.5. The expression pattern of paternal and maternal derived CCA1 in cca1 mutant 

hybrids using qRT-PCR  

(a) Matured seeds of reciprocal hybrids and progenitors.  (b) The location of CCA1 gene 

specific primer for qRT-PCR (c) Allele specific expression of CCA1 in mutant crosses at 

the 5DAP. DAP: day after pollination  
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Next, the rosette leaves, vegetative tissues before bolting, were used for 

examining the allele-specific expression pattern of CCA1 using qRT-PCR with the same 

primer sets. Even in the vegetative tissues, the maternally derived CCA1 was ~1.6- fold 

more highly expressed in the hybrids that crossed wild-type mother with cca1 KO mutant 

than in the other hybrids (Figure 4.6b). There is no obvious difference in the mature plant 

size before bolting (Figure 4.6a). However, starch accumulation does show a difference 

between reciprocal hybrids. The mutant hybrid crossing by wild-type father accumulates 

~20% more starch than the other hybrids (Figure 4.6c). Also both reciprocal hybrids 

show ~ 33% ~50% more starch accumulation than both progenitors. Moreover, this 

difference in starch content is correlated negatively with the expression level of CCA1. 

This result suggests that the influence of the maternal circadian clock gene is positively 

correlated with hybrid vigor in terms of starch accumulation in vegetative tissues. 

 

4.2.4. The CCA1 promoter and coding region sequences of three different ecotypes 

are almost identical, suggesting epigenetic regulation 

To determine whether different regulation of CCA1 between reciprocal hybrids is 

due to sequence divergence in the promoter regions of the different ecotypes, a fragment 

of CCA1 promoter and cDNA were cloned for sequencing. After cloning the promoter 

sequence from each genomic DNA and coding sequence from synthesized cDNA, three 

different clones of three biological repeats were sent for sequencing followed by 

alignment analysis using the DNA star program. Surprisingly, they were very conserved 

among different ecotypes.  
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Figure 4.6. The negative correlation between the expression of CCA1 and starch 

accumulation at the vegetative stage.  

 (a) Plant picture of mutant hybrids and progenitors. (b) The analysis of allele-specific 

expression of CCA1 by qRT-PCR in the leaf tissues (c) The starch content of mutant 

hybrids compared to progenitors at vegetative stage   
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Promoter sequences (~1kb upstream of ATG start codon) of CCA1 among 

different ecotypes are identical (Figure 4.7). In the coding region of CCA1, only two 

single nucleotide polymorphisms (SNP) were detected between Ler and Col, while the 

C24 sequence is the same as the Col sequence (Figure 4.7). The first SNP (SNP1) is 

located 980 bp downstream from the start codon. Ler has a G while Col and C24 has an 

A in this position (i.e., a G versus a A residue). The other SNP (SNP2) is located 216 bp 

upstream from the stop codon. A G residue was detected in Ler while an A residue was 

detected in Col and C24. The SNP2 is used for discriminating the expression level of 

maternal and paternal alleles.  

These results suggest that epigenetic regulation might be associated with different 

regulation of CCA1 between reciprocal hybrids.  

 

 4.2.5. Strategy for discriminating allele-specific expression level of CCA1 in the 

hybrids 

To investigate whether each allele from mother and father is differently regulated 

in the hybrids during plant development, we measured maternal and paternal CCA1 

mRNA levels in reproductive and vegetative tissues in the two reciprocal hybrids, 

comparing them to levels in the parents. Based on the sequencing data, the identified 

SNP2 in the 7
th

 exon of CCA1 (A versus a G residue) was used for designing a dCAPS 

(derived cleaved amplified polymorphic sequences) primer to distinguish the expression 

level of each allele. As shown in Figure 4.9, a, mismatch was generated in the primer to 

create a restriction endonuclease site polymorphism for dCAPS analysis. The mismatch 

allows the DNA sequence polymorphism to a MwoI restriction endonuclease site  
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Figure 4.7. The alignment of DNA promoter sequences of CCA1 among three different 

ecotypes, Col, C24, and Ler 

The two top sequences are Col and C24 sequences, and the bottom one is the Ler 

sequence. Asterisk shows the position of single nucleotide polymorphisms. Open red box 

indicates the start codon of the gene.  

 

*



 88 

 

 

Figure 4.8. The alignment of DNA coding sequence of CCA1 among three different 

ecotypes, Col, C24, and Ler 

 The two top sequences are Col and C24 sequences, and the bottom one is the Ler 

sequence. Asterisks and red boxes show the position of single nucleotide polymorphisms 

Top – Col & C24

Bottom - Ler
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Figure 4.8 cont. 
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Figure 4.9. Strategy of discriminating allele-specific expression level of CCA1 between 

two different ecotypes  

(a) DNA sequences of each ecotype of CCA1. Green asterisks show the single nucleotide 

polymorphism (SNP) comparing Ler to Col and C24, since the sequences of Col and C24 

of CCA1 is identical. Purple asterisk shows mismatch in derived cleaved amplified 

polymorphic sequence (dCAPS) primer for CCA1. (b) Expected sizes of restriction 

fragments of RT-PCR products after digestion with MwoI restriction endonuclease 

TGGCACTTGATCTTAACTTCACAGCTCAGTTAACAACACCAGTTG
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polymorphism. The RT-PCR (reverse transcription polymerase reaction) amplification 

product of Ler CCA1 can be digested by MwoI, while C24 and Col of CCA1 cannot be 

digested. Therefore, after the same digestion procedure with MwoI, the amplified product 

of Ler CCA1 is digested to produce 358 bp while that of C24 and Col is 383bp (Figure 

4.9).  

4.2.6. Differential expression of maternal and paternal CCA1 mRNA accumulation 

in vegetative tissues of reciprocal hybrids  

To examine the maternal and paternal allelic expression in reciprocal hybrids, 

polymerase chain reaction with reverse transcription (RT-PCR) and derived cleaved 

amplified polymorphic sequences analysis (dCAPS) were used to discriminate the locus- 

specific expression patterns in mature rosette leaves (Figure 4.10). In Ler and C24 

hybrids, one of the reciprocal hybrids pollinated by C24 shows maternal CCA1 

preferentially expressed, whereas the other hybrids have almost equal expression of 

maternal and paternal CCA1. However, Ler and Col hybrid doesn’t show biased 

expression pattern of CCA1. This result raises the question of whether the CCA1 allele is 

preferentially inherited by one over another parent in the hybrids. To address this 

question, developing seed and/or siliques material are better than vegetative tissue, since 

this phenomenon is better detected in developing seed and siliques, based on a previous 

report on known imprinting genes, FIS, MEA, FWA, etc.  

 

4.2.7. Diurnal expression pattern in developing siliques and seeds  
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Figure 4.10. Allele-specific expression of CCA1 in reciprocal hybrids compared to their 

parents at vegetative stage 

(a) Ler vs Col combination, (b) Ler vs C24 combination. 

 

 

Ler

C24Ler

C24 maternal

paternal

Mix

Mix

CCA1 (C24)

CCA1 (Ler)

ACT

x x
C24

Ler

x
C24

Ler

x
C24

Ler
x

C24

Ler
x x

Ler

ColLer

Col

Col

ColLer

Ler

maternal

paternal

Mix

Mix

x x x x x

CCA1 (Col)

CCA1 (Ler)

ACT

(a)

(b)



 93 

Before examining the allele specific expression of CCA1 in developing siliques, 

the expression pattern of circadian clock genes in a 24 hr period was investigated to 

determine whether they show a diurnal expression pattern like in leaf tissues, since until 

now the expression pattern of circadian clock genes has not been examined in developing 

siliques and seeds. The relative expression levels of known circadian clock genes in a 24h 

period were examined using qRT-PCR (Figure 4.11 and Figure 4.12). The siliques of two 

different ecotypes (Ler and Col) were harvested 5 days after pollination (5DAP) every 

3hr from dawn (ZT0) when light was first given. Two morning-expressed MYB 

transcription factors CIRCADIAN CLOCK ASSOCIATED A 1 (CCA1) and LATE 

ELONAGATED HJYPOCOTL (LHY), and the evening-phased pseudoresponse regulator 

TIMING OF CAB EXPRESSION1 (TOC1) and CCA1 HIKING EXPEDITION (CHE) 

(Nakahata et al.) were examined in two different ecotypes, A. thaliana Columbia-0 and 

Landsberg erecta. These genes are key components of a core feedback loop of circadian 

oscillator in plants. The circadian rhythm was observed in the 5DAP developing siliques, 

just as in leaf tissue.  

First of all, the expression pattern of two morning-expressed MYB transcription 

factors, CCA1 and LHY, were examined using qRT-PCR. The abundance of both CCA1 

and LHY mRNA peaks at ZT0. Then rapidly decreases until ZT 12. After hitting its 

lowest level at ZT12, the abundance of both transcripts rapidly increases to reach its 

highest level at ZT24 (=ZT0) (Figure 4.11). Next, the expression of the evening-phased 

regulator, TOC1, was analyzed with the same procedure. The expression pattern of TOC1 

and CHE are almost exactly opposite that of morning-phased regulators, CCA1 and LHY. 

Its abundance peaks at ZT12 when the CCA1 expression is lowest, and starts to decrease 

until it reaches its lowest level at ZT0 when CCA1 expression is highest (Figure 4.12).  
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Figure 4.11. The diurnal expression of circadian clock genes, CCA1 and LHY in 

developing siliques of (a) A. thaliana Lerdsberg and (b) A. thaliana Columbia using 

quantitative RT-PCR 
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Figure 4.12. The diurnal expression of circadian clock genes, TOC1 in developing 

siliques of (a) A. thaliana Lerdsberg and (b) A. thaliana Columbia using quantitative RT-

PCR 
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Like in leaf tissues, the circadian clock genes, CCA1, LHY, and TOC1 show diurnal 

expression pattern during a 24h period. 

 

4.2.8. Maternal-imprinting manner of CCA1 expression in 5DAP siliques caused by 

its biased expression in maternal tissues. 

After the diurnal expression pattern of circadian clock genes was investigated, the 

allele-specific expression of CCA1 was examined in 5DAP hybrid siliques. Both Ler and 

Col hybrids and Ler and C24 hybrids strongly express maternal CCA1 transcripts while 

paternal CCA1 transcripts were silenced in both reciprocal hybrid seeds. However, it is 

difficult to conclude that CCA1 is maternally imprinted just from this pattern of CCA1 

expression in 5DAP siliques. Since silique tissues contain much more maternal tissues, 

this maternally imprinted CCA1 expression in 5DAP siliques could be caused by its 

biased expression in maternal tissues (Figure 4.13) 

 

4.2.9. Allele-specific expression of CCA1 in developing seeds during embryogenesis 

To avoid bias due to a maternal tissue excess seeds dissected from siliques were 

used for detection of maternal and paternal CCA1 transcripts in hybrids seeds. Allele-

specific expression of CCA1 was detected in seeds dissected from siliques 3, 5, and 7 

days after pollination. Using dCAPS analysis, maternal and paternal CCA1 alleles were 

distinguished. As shown in Figure 4.14 and Figure 4.15, the level of maternal CCA1 

mRNA appears to be higher than the level of paternal CCA1 mRNA at all stages in Ler 

and Col crosses and Ler and C24 crosses. Col and C24 crosses cannot be used for  
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Figure 4.13. Pattern of paternal and maternal CCA1 mRNA accumulation in 5DAP 

developing siliques  

(a) Ler vs Col (b) Ler vs C24 
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Figure 4.14. Pattern of paternal and maternal CCA1 mRNA accumulation during seed 

development from 3DAP to 10DAP 

 Two progenitor (Ler and Col) and two reciprocal hybrids (Ler x Col and Col x Ler) 

were used for analysis.  DAP: day after pollination 
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Figure 4.15. Pattern of paternal and maternal CCA1 mRNA accumulation during seed 

development from 3, 5, and 7 DAP 

Two progenitor (Ler and C24) and two reciprocal hybrids (Ler x C24 and C24 x Ler) 

were used for analysis.  DAP: day after pollination 
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examining the allele specific expression pattern of CCA1, since the sequences of CCA1 

from Col and C24 are identical. Although CCA1 is bi-allelically expressed in developing 

seeds, the expression of the maternal CCA1 allele is twice as high as the paternal CCA1 

allele, suggesting the maternal CCA1 allele is inherited dominantly in F1 hybrids over the 

paternal CCA1 allele.  

 

4.3. DISCUSSION 

 

4.3.1. Heterosis manifestation in early developing seeds is associated with the 

repression of CCA1   

The CCA1, LHY, and TOC1 transcription factors, which make up one of the main 

feedback loops in Arabidopsis, have a diurnal rhythmic expression pattern in vegetative 

tissues. The altered expression of circadian clock genes leads to hybrid vigor in the 

vegetative tissues of hybrids. Particularly, repression of CCA1 is strongly correlated with 

starch accumulation in mature plants, leading to heterosis in the hybrids. The growth 

vigor is enhanced from early seed development (Jahnke et al., 2009; Springer and Stupar, 

2007; Stupar et al., 2007; Swanson-Wagner et al., 2009). Here, F1 reciprocal hybrids 

derived from three different ecotypes of Arabidopsis, all display hybrid vigor when 

compared to their progenitors in mature adult plants. The mature seeds of reciprocal 

hybrids are slightly bigger than seeds of their progenitors. In vegetative tissues, the 

expression of CCA1 between reciprocal hybrids and between parent and reciprocal 

hybrids is negatively correlated with starch accumulation measured qualitatively and 

quantitatively. In early developing seeds and siliques, the expression of CCA1 is 
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repressed in hybrids compared to parents, and the maternal CCA1 allele is dominantly 

expressed over the paternal CCA1 allele. The biased expression of maternal CCA1 allele 

is strongly exhibited up to 7DAP. This suggests that repression of CCA1 in hybrids leads 

to hybrid vigor from the early developing seed stage. 

 

4.3.2. Maternal preferential expression of CCA1 and the parental conflict theory  

The parental conflict theory attempts to elucidate the genomic imprinting in 

flowering plants and mammals. According to this theory, preferential expression occurs 

from the conflict between maternal and paternal genomes, especially in seed 

development. Based on the theory, a growth suppressor gene in endosperm development 

(e.g. MEA) and restriction of nutrient transfer to the embryo, and tend to result in an 

inactive paternal allele, while the maternal allele is active. On the other hand, a growth 

enhancer gene that boosts nutrient flow during endosperm development was 

preferentially expressed by paternal allele. Here, we demonstrate that maternally and 

paternally derived alleles are expressed differently in developing seeds and vegetative 

tissues. According to the parent conflict theory, a gene that suppresses growth in 

endosperm should have active maternal allele while paternal allele is inactive. In support 

of the parental conflict theory, maternal CCA1 was dominantly expressed over the 

paternal allele in early embryogenesis stage and the expression of CCA1 was negatively 

correlated with hybrid vigor in the hybrids.  

However, more specific experiments are necessary to examine the embryo and 

endosperm before we conclude that CCA1 is maternally imprinted. Unlike animals, plant 

seeds do not contain an equal ratio of paternal and maternal genomes. During double 

fertilization, plant endosperm cells inherit a nuclear ratio of two maternal genomes to one 
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paternal genome in a 2:1 dosage relationship while embryo cells inherit an equal nuclear 

ratio of maternal and paternal genomes. Therefore, the allele specific expression of CCA1 

needs to be examined in the endosperm and embryo to conclude anything about the 

biased expression manner of CCA1. 

Here I also demonstrate that single heterozygosity for a loss of function mutation 

in CCA1 could lead to heterosis in starch accumulation in Arabidopsis (Figure 4.6). The 

single homozygous mutant does not show much increase in starch accumulation 

suggesting maintaining circadian rhythms plays an important role for plant growth. 

However, both the reciprocal hybrids of cca1 mutant and wild type accumulate more 

starch than both of parents. This suggests that heterosis can be achieved by a single 

heterozygous mutation that causes large transcriptional changes at CCA1, its targets, and 

circadian rhythm as well. 

 

4.3.3. Potential mechanism involved in altered CCA1 expression in reciprocal 

hybrids 

More intense maternally biased expression was detected in met1 x Ler hybrids.  

MET is the predominant DNA methyltransferase, with homology in the carboxy-terminal 

catalytic region to the mammalian C MTase Dnmt1. It plays an important role in CG-

specific maintenance (Finnegan and Dennis, 1993; Ronemus et al., 1996; Bender, 2004; 

Gehring et al., 2006). During oogenesis or spermatogenesis, differential DNA 

methylation is established by de novo methyltransferases (Bender, 2004). For example, 

the maternally imprinted MEA allele is controlled by DEMETER (DME) to activate MEA 

expression and by METHYLTRANSFERASE (MET1) to maintain CG methylation at the 

MEA locus (Gehring et al., 2006). However, silencing of the paternal allele is not 
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controlled by DNA methylation (Gehring et al., 2006). This suggests that expression of 

the maternal CCA1 allele could be regulated by DNA methylation.  

In addition to DNA methylation, AGO4 controls locus-specific siRNA 

accumulation and DNA and histone methylation in plants (Zilberman et al., 2003; Bies-

Etheve et al., 2009). AGO4 is guided to target complementary loci through base-paring of 

associated 24 nt siRNAs with nascent PolV transcripts (Bies-Etheve et al., 2009). RNA 

polymerase IV (PolIV)-dependent siRNAs are maternally inherited in developing 

endosperm of Arabidopsis (Mosher et al., 2009). Indeed, small RNA accumulated at 

3.3kb upstream of the CCA1 promoter region. This suggests that the repression of CCA1 

in the hybrids could be mediated by RNA-directed DNA methylation (RdDM) through 

AGO4, providing a potential mechanism for CCA1 allelic expression variation in hybrids.   

 

4.4. MATERIALS AND METHODS 

4.4.1. Plant material and growth condition 

There were three Arabidopsis thaliana ecotypes and 11 mutants used in these 

experiments. The three Arabidopsis thaliana ecotypes were Landsberg (Asher et al.) 

Columbia (Col), C24, and each combination of reciprocal hybrid (Ler x Col, Col x Ler, 

Ler x C24, and C24 x Ler) were used. The eleven mutants were met1-3 (CS16394), 

drm1-2drm2-2 (CS16383), drm1-2drm2-2met1-3 (CS16387), kyp6 (CS16385), drm1-

2drm2-2kyp6 (CS16388), cmt3-7 (CS6365), ddc (CS16384), rdr2 (CS879934), ago4 

(CS6364) and reciprocal hybrids between a mutant used in these experiments and either 

Col or Ler, We obtained these from the ABRC stock center.  
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For all plant materials used for expression and starch analysis in vegetative 

tissues, the plants were grown for approximately 3 weeks in 16/8 hr (light/dark) cycles at 

22℃ and harvested at zeitgeber time (ZT0=dawn). For each genotype, mature leaves 

from 10 plants were harvested and frozen in liquid nitrogen. Leaves were collected prior 

to bolting to minimize developmental variation among genotypes. Analysis for starch was 

performed at ZT0, 6, and 15. 

For expression analysis in developing seed and siliques, plants were grown in 

greenhouses under the same conditions as previously described above. Plants were 

selected for reciprocal crosses 1 week after bolting. Flowers were pollinated 1 day after 

removal of anthers. F1 seeds were harvested and dissected from siliques at 3, 5, 7, 10, 

and 13 days after pollination, as described in the text. 5DAP siliques for 24-hour rhythm 

analysis were harvested every 3 hrs for a period of 24 hrs and frozen in liquid nitrogen. 

4.4.2. RNA preparation and allele specific reverse transcription-polymerase chain 

reaction amplification 

Genomic DNA was extracted using a modified protocol (Wang et al., 2004). Total 

RNA was extracted using Plant RNA reagent (Invitrogen, Carlsbad, CA). The first-strand 

cDNA synthesis was performed using reverse transcriptase (RT) Superscript III 

(Invitrogen, Carlsbad, CA).  

For semi-quantitative RT-PCR, the total RNA obtained from developing seeds to 

siliques was treated with Rnase-free Dnase (Promega) for 30min. Samples were extracted 

with phenol-chloroform and precipitated with ethanol  
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An aliquot (1/100) of cDNA was used for quantitative RT-PCR (qRT-PCR) 

analysis using the primer pairs for CCA1, LHY, and TOC1 (Table X) in an ABI7500 

machine (Applied Biosystems, Foster City, CA), and ACT2 was used as a control to 

estimate the relative expression levels (R.E.L.). 

To distinguish locus-specific expression patterns, the RT-PCR products were 

amplified using the primer pairs and subjected to cleaved amplified polymorphism 

sequence (CAPS) analysis (Wang et al., 2004). ACT was used as the internal control and 

loading control. PCR reaction for allele-specific expression of CCA1 was performed with 

KOD Hot Start DNA Polymerase (Novagen Japan) as follows: 2min at 95°C, 32 cycles of 

20s at 95°C, 10s at 58°C, and 10s at 70°C. For allele-specific expression analysis for LHY 

and PHE2, the application condition was 30s at 98°C, 32 cycles of 10s at 98°C, 30s at 

63/57°C, and 20s at 72°C, and 7min at 72°C for final extension. PCR products were 

digested with MwoI for CCA1, HpaII for LHY and Taq
α 

for PHE2 restriction 

endonuclease and subjected to electrophoresis on a 2.5% agarose gel. 

4.4.3. Qualitative and quantitative starch analysis 

Starch content was measured from the leaves of 20 plants (about 0.1-0.3 mg fresh 

weight). The leaves were boiled in 25 mL 80% (v/v) ethanol. The decolored leaves were 

stained in an iodine solution or ground with a mortar and pestle in 80% ethanol (Yu et al., 

2001; Smith and Zeeman, 2006). Total starch in each sample was quantified using 30 µL 

of the insoluble carbohydrate fraction using a kit from Boehringer Mannheim (R-

Biopharm, Darmstadt, Germany). 
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CONCLUSION 

This dissertation has made several interesting findings. First, the comprehensive 

genome-wide analysis of mRNA decay in Arabidopsis allotetraploids identifies over 1% 

of genes with a rapid decay rate of an estimated half-life in less than 60 min. 

Interestingly, 30 % of allotetraploid unstable transcripts (AlloGUTs) are associated with 

nonadditive gene expression, and their expression levels are significantly negatively 

correlated with the corresponding transcript stability. Also, compared to the proportion of 

all genes, these nonadditively expressed GUTs are highly enriched in the Gene Ontology 

(GO) classifications in response to stress, abiotic and biotic stimulus, signal transduction, 

and transcription. In addition, the GUTs include some key transcription factors including 

circadian clock regulators, suggesting a mechanism for rapid response to light signaling 

and clock regulation in allotetraploids. These data collectively suggest an important role 

of mRNA stability in nonadditive expression of homeologous genes in allopolyploids. 

Second, the chlorophyll and starch content and growth vigor can be manipulated by 

down-regulating or overexpressing CCA1 in cca1 and cca1lhy mutants and  

TOC1::cca1(RNAi) transgenic plants or in TOC1::CCA1 transgenic plants. These data 

establish a direct link of altering circadian clock gene expression with growth vigor in the 

diploids. Finally, parent-of-origin effects on starch content in leaves are associated with 

preferential expression of maternal CCA1 in developing seeds. Starch accumulation 

levels increases ~50% in the hybrids between the cca1 mutant and a wild-type parent. 

These data suggest a role of CCA1 expression changes in starch metabolism and growth 

vigor in the diploids as well as in hybrids. The mechanisms for the cause of parent-of-

origin effects on CCA1 expression should be the future direction of this research. 
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