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Abstract 

Seed germination represents a crucial period of a plants lifecycle, as it is the 

one opportunity a plant has to shrug off the restraints of a static lifestyle, and 

disperse itself both spatially and temporally. The studies contained in this thesis 

aimed to provide an in-depth transcriptomic analysis of seed germination in 

Arabidopsis thaliana (Arabidopsis) (Study I); examine and define the critical role 

of mitochondrial biogenesis during the early stages of germination (Study II) 

and investigate the role of a seed-specific import component, that plays a role in 

the timing of mitochondrial biogenesis during seed germination (Study III). 

 

In Study I, an in-depth transcriptomic analysis of the transition from seed 

dormancy to germination in Arabidopsis was carried out on seed collected at 10 

time points, including freshly harvested green seed (H), seed following 2 weeks 

of desiccation (0 h), seeds collected at 1 h, 12 h and 48 h of stratification at 4º C 

in the dark (stratification - S) and seed collected at 1 h, 6 h, 12 h, 24 h and 48 h 

following transfer to continuous light (stratification and light - SL). Microarray 

analysis of these samples identified a number of novel facets of seed 

germination, including: the differential expression of over 10 000 genes during 

stratification, a process that had largely been considered passive; the transient 

expression of over 700 genes at the transition from stratification into continuous 

light, which were significantly enriched in transcripts encoding proteins with 

transcription, RNA metabolism and translation functions and mitochondrial 

targeting. Further analysis of this group of genes in comparison with the 

AtGenExpress expression atlas (Schmid et al., 2005) confirmed that these genes 

are almost exclusively germination specific. Notably, within this list were more 

than 45% of all pentatricopeptide repeat (PPR) proteins verified as present 

during germination. Finally, green fluorescent protein (GFP) analysis was 

utilised to confirm the novel localisation of 65 germination specific proteins; 

with 30 displaying mitochondrial targeting. 
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One of the notable observations to emerge from Study I was the 

overabundance of transcripts encoding mitochondrial proteins that were 

transiently expressed at the very early stages of germination. Consequently, a 

follow up study was carried out which focused specifically on the changing role 

of mitochondria during seed germination. Confocal microscopy of Arabidopsis 

seeds stably transformed with fluorescent proteins targeted to mitochondria, 

plastids and peroxisomes allowed for the visualisation and profiling of these 

organelles during germination. In particular, mitochondria were observed to 

transition from an endemic population of promitochondria with varied sizes 

(0.5 – 2 µm) and morphologies, to that characteristic of mature mitochondria 

(rod-shaped organelle, approximately 2 µm long). Quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) analysis was utilised to 

assess the level of coordination between constituents of the mitochondrial 

electron transport chain that are nuclear and organellar encoded; in addition to 

examining the relationship between the transcript abundance of 

pentatricopeptide repeat (PPR) proteins and the organelle encoded transcripts 

they target for processing. Finally, mass spectrometry and western blot analysis 

was utilised to verify the correlation between transcripts and their encoded 

proteins during this dramatic period of biogenesis. Notably, it was observed 

that there was a relationship between specific functions of proteins and the 

strength of the correlation. 

 

Based on observations from Study I and II, a mitochondrial translocase of the 

inner membrane 17-1 (TIM17-1) was identified as germination specific. Study III 

sought to identify the role of this biogenesis-associated protein during 

germination. Phenotypic analysis of two T-DNA insertional mutants of TIM17-1 

revealed an increase in the rate of seed germination. qRT-PCR and microarray 

analysis revealed that Attim17-1 displayed alterations in the temporal sequence 

of transcriptomic events during germination, with transcripts encoding proteins 
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with biogenesis functions peaking earlier and with greater magnitude than in 

wild-type samples. Promoter analysis of Attim17-1 identified the presence of an 

Abscisic acid (ABA) responsive element (ABRE), known to bind ABA 

responsive transcription factors, which act to repress AtTim17-1 expression. 

Metabolomic analysis of Attim17-1 revealed significantly increased levels of the 

phytohormones ABA (2-fold) and crucially; gibberellic acid (GA) (5-fold). These 

results support the critical role of mitochondrial biogenesis during germination, 

with perturbations to mitochondria influencing seed germination rates.  
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1.1 The seed; evolution, structure and function 

1.1.1 Evolution of terrestrial plant life and the seed 

Arguably one of the most significant events in the evolution of life on Earth 

was the colonisation of the land by members of the kingdom Plantae. These 

pioneering organisms inhabited a barren and almost lifeless landscape, and 

altered it in such a way as to prime it for subsequent faunal habitation. This was 

a gradual process and involved a procession of tentative incursions by 

morphologically primitive eukaryotes capable of photosynthesis. The 

Charophyceae (a division of green algae) are postulated to be the closest living 

relatives of these founding terrestrial plant ancestors (Figure 1.1) (Wellman et 

al., 2003). The transition from an aquatic to a terrestrial lifestyle was dependent 

on a number of factors, including: (1) the increased abundance of exposed land, 

the result of a series of glaciation events, which revealed greater stretches of 

coastline, lakes and shallow waterways which provided stable 

aquatic/terrestrial interfaces (Lenton et al., 2012); (2) the presence of suitable soil 

profiles containing nutrients essential for plant growth, such as phosphorus and 

iron, which were made available by the weathering of exposed rocks (Retallack, 

1997); and (3) the development of an atmosphere capable of supporting 

terrestrial life and shielding it from solar radiation.  

 

The first evidence of terrestrial plants comes from microfossils of spores 

dating back to the mid-Ordovician period (470 million years ago), which 

belonged to a non-vascular plant with close affinities to modern day 

bryophytes, such as liverworts (Wellman & Gray, 2000). By the Silurian period 

(430 million years ago), plants with a rudimentary vascular system began to 

emerge (Figure 1.1). Though these plants could live in more varied 

environments than their non-vascular counterparts, they did not produce seeds, 

rather relying on single-celled spores in much the same way modern members 

of the group Pteridophyta (ferns) do, and thus were restricted to environments 
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where moist soils could facilitate sperm motility and fertilisation (Algeo & 

Scheckler, 1998; Smith et al., 2006). The first plants to bear true seeds are known 

as the pteridosperms (seed ferns), and appear in the fossil records of the late 

Devonian period (370 million years ago). Evidence suggests that it is from this 

extinct group of plants that the modern spermatophytes arose; specifically the 

gymnosperms and angiosperms. The seed of these new lineages of plants 

contained a differentiated embryo, possessing embryonic roots (radicle), stem 

and embryonic leave(s) (cotyledon), in contrast to the undifferentiated single-

cell of the plant spore that was the dominant form of plant reproduction up to 

this point. The name gymnosperm derives from the Greek for ‘naked seed’, in 

reference to the open nature of the seed, which is not fully-enclosed in an ovule. 

According to genetic evidence and the fossil records, the ancestors of 

angiosperms diverged from the gymnosperms approximately 200 million years 

ago, a division that preceded an explosive radiation of angiosperm species 

during the Cretaceous and established them as the dominant form of plant life 

on Earth. 

 

1.1.2 Seed structure and function 

The seed of an angiosperm is a complex structure that is comprised of three 

major parts; the embryo, the endosperm and the testa (Ohto et al., 2007). The 

diploid embryo arises from the fertilisation of the male and female gametes and 

is the precursor of the vegetative plant. The endosperm arises from a fusion 

event of one sperm nucleus with two polar nuclei located in the embryo sac, 

resulting in a triploid structure that will eventually provide nourishment for the 

developing embryo and seedling; as it is rich in carbohydrates in the form of 

starch, but can also be made up of lipids and proteins depending on the plant 

family. The final component is the testa, a seed coat that completely surrounds 

the embryo and endosperm and creates a permeability barrier for water and 

gases (Ohto et al., 2007). The culmination of these three components is a 
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structure that has untethered plant life from its aquatic heritage and facilitated 

its geographic distribution through wind, water and animal dispersion (Levin et 

al., 2003). The seed is not only limited to spacial distribution, as a number of 

adaptations have permitted a level of temporal dispersion as well. In many 

species of plants, the testa can retard germination, by enforcing a mechanical 

restraint to embryonic growth and by the secretion of chemical inhibitors of 

germination, such as phenolic compounds (Hilhorst, 2007). The use of such 

chemical inhibitors is an example of how a seed can initiate and maintain a 

phase of physiological quiescence, known as seed dormancy.    

 

1.2 Seed dormancy 

1.2.1 Definition and environmental regulators 

Seed dormancy is a phenomena that occurs in almost all plant species and 

provides seeds with a mechanism to survive extended periods of debilitating 

conditions prior to circumstances suitable for germination (Cadman et al., 2006). 

This method of temporal evasion ensures germination can occur under 

favourable conditions, providing the greatest chance of seedling establishment 

(Baskin & Baskin, 2004). The longevity of a dormant seed varies between 

species, but in some cases can be extreme; such as the seed of a Date Palm 

(Phoenix dactylifera) recovered from an excavation in Israel that successfully 

germinated after 2000 years buried in rubble (Sallon et al., 2008). Benech-Arnold 

et al. (2000) defined dormancy as: “...an internal condition of the seed that 

impedes its germination under otherwise adequate hydric, thermal and gaseous 

condition”. This definition describes how germination can occur under a broad 

range of environmental conditions once dormancy had been alleviated (Benech-

Arnold et al., 2000; Batlla et al., 2007). Dormancy also aids seed distribution, by 

ensuring the seed is free from the risk of precocious germination, to maximise 

the effectiveness of wind, water or animal dispersion of seeds (Baskin & Baskin, 

1998).  
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Seed dormancy is a tightly controlled process and the divergent evolution of 

plants has resulted in a variety of affecting factors, which can be broadly 

divided between environmental and hormonal control (Allen et al., 2007), with 

temperature, moisture content, day length, light quality, mineral nutrition and 

competition all recognised as important influences of dormancy (Allen et al., 

2007). Of these, temperature is generally considered to be the primary regulator 

(Batlla et al., 2007). For example, a summer annual species like Polygonum 

aviculare experiences reduced levels of dormancy when the dry seed imbibes 

water during the low temperatures of winter and increased levels of dormancy 

during the heat of summer (Kruk & Benech-Arnold, 1998; Benech-Arnold et al., 

2000). This combination of cold (generally between 1 - 5º C) and moist 

conditions, known as stratification, triggers a reduction in seed dormancy and 

prepares seeds for successful germination during early spring (Allen et al., 

2007). For winter annual species, the reverse is often true (Baskin & Baskin, 

1998). The time required for stratification can range from a few days to several 

months, with vast differences observed between different species but also 

between individuals of the same species (Baskin & Baskin, 2004; Batlla et al., 

2007). This profusion of external triggers are sensed by the seed and elicit a 

series of signal-transduction pathways that enable a timely response (Allen et 

al., 2007).  

 

1.2.2 Hormonal control and signalling molecules 

The phytohormones abscisic acid (ABA) and gibberellins (GA) are central to 

the control of seed dormancy (Allen et al., 2007). Within the embryo, an 

antagonistic interaction between these two hormones exists, the outcome of 

which dictates the seed’s path through dormancy (linked to ABA activity) and 

germination initiation (linked to GA activity) (Allen et al., 2007). Evidence 

suggests that absolute concentrations of these hormones do not influence the 

transition of events, but rather the ratio of abundance existing between them 
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(Figure 1.2) (Sreenivasulu et al., 2008). Studies involving ABA mutants have 

illustrated the key role of ABA in dormancy induction and maintenance. In 

these mutant studies, ABA-deficient seed failed to induce dormancy 

completely, whereas ABA-insensitive seed showed dramatic reductions in seed 

dormancy (Karssen et al., 1983; Koornneef et al., 1984). ABA has been 

demonstrated to be a primary elicitor of signalling pathways that trigger 

changes in downstream gene expression and even in chromatin remodelling; by 

suppressing global genome acetylation and impeding the relaxation of 

condensed rDNA chromatin (Finkelstein & Gibson, 2002; Zhang et al., 2012; 

Nakashima & Yamaguchi-Shinozaki, 2013). In this way ABA is able to 

dynamically influence many cellular processes associated with seed dormancy, 

such as initiation of dormancy, storage reserve accumulation, desiccation 

tolerance and the inhibition of precocious germination (Feurtado & Kermode, 

2007). Up until recently, ABA was thought to be the only hormone known to 

induce and maintain seed dormancy. However, a recent study has 

demonstrated that the plant growth hormone auxin, which is a key component 

of a diverse range of developmental processes, also plays a critical role in 

maintaining seed dormancy in Arabidopsis (Liu et al., 2013). Auxin acts 

interdependently with ABA, by recruiting Auxin Response Factors (ARFs) 10 

and 16, which both act to regulate expression of ABI3, one of the primary 

regulators of seed dormancy. This study verified that increases in auxin 

biosynthesis or signalling greatly enhanced seed dormancy, while disruptions 

resulted in dramatically reduced levels of dormancy (Liu et al., 2013).     

 

The regulatory role of ABA is achieved through interactions or ‘cross-talk’ 

with GA and other hormones and signalling molecules such as ethylene, 

brassinosteroids (BRs), and nitric oxide (NO) which are associated with 

dormancy release and germination initiation (Holdsworth et al., 2008; Arc et al., 

2013). Understanding of the role of NO in this complex cross-talk is growing, 
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with the findings of recent studies that NO accumulates rapidly following seed 

imbibition and facilitates dormancy release by inducing accumulation of the 

primary ABA catabolism protein (CYP707A2 – an ABA 8’-hydroxlase), whilst 

stimulating ethylene production (Liu et al., 2009; Lozano-Juste et al., 2011; Arc et 

al., 2013).  

 

GAs are a large family of tetracyclic diterpenes which take their name from 

the fungus (Gibberella fujikuroi) they were originally isolated from (Yabuta & 

Sumiki, 1938). Although this family of hormones is comprised of more than 100 

members, only a small proportion are bioactive and shown to be pivotal in the 

regulation of many physiological processes during plant growth and 

development (Debeaujon & Koornneef, 2000; Steber, 2007; Yamaguchi, 2008). 

The biosynthesis and degradation of GAs in seeds of the model plant 

Arabidopsis thaliana (Arabidopsis) are regulated by numerous environmental 

factors, however, evidence suggests that light is the most important factor in 

GA accumulation (Ogawa et al., 2003; Cho et al., 2012). Light perception is 

primarily administered by a class of photoreceptors known as phytochromes, 

which upon activation, trigger the induction of GA biosynthetic genes such as 

GA3ox1 and GA3ox2 via the de-repression of specific histone arginine 

demethylases (Seo et al., 2009; Cho et al., 2012; Ibarra et al., 2013). In the seed, 

GAs are thought to aid in dormancy release, promote embryonic expansion, 

induce mobilisation of storage reserves and mediate the weakening of tissues 

that envelope the embryo, through hydrolytic enzyme induction (Brady & 

McCourt, 2003; Feurtado & Kermode, 2007; Holdsworth et al., 2008). A number 

of studies utilising GA-deficient mutants and application of exogenous GAs 

have demonstrated that GAs are required for dormancy release and 

germination initiation (Koornneef et al., 1984; Ali-Rachedi et al., 2004). 

Metabolite analysis observed the level of GAs to increase preceding radicle 

emergence, when Arabidopsis seeds were imbibed under continuous white 
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light and optimal temperatures; through the coordinated regulation of GA 

biosynthesis and the inhibition of enzymes responsible for GA catabolism, such 

as GA 2-oxidase (Busov et al., 2003; Ogawa et al., 2003). Recent evidence 

suggests that GAs are responsible for lifting the repression of germination via 

the elimination of DELLA proteins; which are known repressors of stem 

elongation, flower transitioning and seed germination; via the triggering of 

DELLA proteolysis through the ubiquitin proteasome pathway and through a 

proteolysis-independent mechanism (Ogawa et al., 2003; Wang et al., 2009; 

Ariizumi et al., 2013). 

 

1.3 Seed germination 

1.3.1 Definition and phases of seed germination 

Seed germination has been defined as developmental process that initiates 

from the start of water uptake, known as imbibition, that concludes when a part 

of the embryo emerges from the testa (Nonogaki et al., 2007). Germination is 

traditionally viewed as having three-phases of water uptake. The first stage is 

characterised by an initial passive influx of water, which activates metabolic 

processes involved in the mobilization of the energy reserves accumulated 

during seed maturation and physiological processes such as DNA repair, 

transcription and translation (Fait et al., 2006; Nonogaki et al., 2007). This initial 

influx of water begins to plateau in the second phase of water absorption and 

metabolic activities begin to transition from those representative of a mature 

seed, to those associated with germination. In the final stage of water uptake, 

imbibition recommences, which triggers embryo regrowth, resulting in a 

dramatic expansion of tissue which is retarded by the constrictive force of the 

seed coat, and must be overcome for successful radicle emergence (Bewley, 

1997). Following radicle emergence, germination has by definition, completed 

and early seedling growth has commenced. It is during this phase that the 

seedling must draw upon its energy reserves sequestered in the endosperm, 
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until autotrophism has been established and the plant can sustain itself (Baskin 

& Baskin, 1998).  

 

1.3.2 Initiators of seed germination 

The distinction between dormancy release and germination initiation is often 

enigmatic, as these processes can temporally overlap but be triggered by 

independent internal and external factors; many of which are still not fully 

understood (Benech-Arnold et al., 2000; Baskin & Baskin, 2004; Hilhorst, 2007; 

Obroucheva, 2012). Reduced levels of dormancy and increased germination 

rates have long been associated with post-forest fire conditions. Recently, the 

specific players have been identified, revealing the active-constituent in smoke 

and charred organic material as karrikins (Chiwocha et al., 2009; Waters et al., 

2013). Karrikins are butenolides derived from the pyrolysis of plant 

carbohydrate material, and have been demonstrated to bind to the receptor 

protein KAI2 which initiates a signalling cascade that is, as yet, not fully 

understood (Guo et al., 2013).  

 

Upon hydration of the seeds internal compartments, various metabolic 

processes commence, to provide energy to the seedling. Coincident with this is 

the production of chemical by-products known as reactive oxygen species 

(ROS), which have long been thought a purely deleterious feature of the cellular 

landscape; as sources of phytotoxicity via oxidative damage. In light of recent 

research, this opinion has been revised to include an integral role as a signalling 

molecule, provided ROS levels are carefully maintained through the tight-

regulation of production and scavenging mechanisms (Bailly et al., 2008). ROS 

has been observed to accumulate during the early stages of seed germination in 

a number of species (El-Maarouf-Bouteau & Bailly, 2008); and have been 

proposed to function as transmitters of organelle status and environmental 

prompts; as well as having an active role in the mobilisation of seed reserves, 
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endosperm weakening and pathogen defence (Job et al., 2005; Shetty et al., 2008; 

Muller et al., 2009). In a germinating seed, ROS production can occur in a 

number of locations, but the principal sources are commonly known as the 

energy organelles; the chloroplast, the peroxisome and the mitochondrion.  

The chloroplast is at the core of the autotrophic regime of plant life, and is 

thus a major source of ROS production, as the oxygen generated during 

photosynthesis can readily be radicalised by electrons passing through 

photosystems I and II (Gill & Tuteja, 2010). It is important to note however, that 

in a dormant seed the population of functional chloroplasts is very low, and 

must arise from an endemic population of proplastids and is thus unlikely to 

play a major role in ROS signalling during germination. In contrast, fully 

developed peroxisomes are present in dry Arabidopsis seed; consistent with 

their pivotal role in lipid metabolism in an oil-storage seed (Mano et al., 2002). It 

has previously been shown that metabolism of lipid reserves by the 

peroxisomal enzyme glycolate oxidase leads to accumulation of ROS such as 

superoxide (O2-) and hydrogen peroxide (H2O2) during germination, which are 

likely the earliest ROS signals transmitted (Rojas et al., 2012; Gomes & Garcia, 

2013).  

 

As the endogenous oil stores (generally triglycerides) wane, the role of the 

peroxisome as a key ROS producer diminishes and mitochondria become the 

primary source of ROS (Noctor et al., 2007). With the resumption of aerobic 

respiration there is a corresponding increase in electron leakage at complexes I 

and III of the electron transport chain (ETC), leading to production of the 

dominant form of mitochondrial ROS, O2-. Dismutation of O2- to H2O2 results in 

a more stable molecule with a longer half-life, which in turn can react with 

reduced Fe+ and Cu+ to form a highly toxic but mobile hydroxyl radical (·OH), 

which is capable of crossing the mitochondria’s dual membranes and thus 

transmitting the signal to the rest of the cell (Rhoads et al., 2006). This is but one 
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example of the pivotal role the energy organelles play during seed germination, 

and prompts a closer examination of their presence in the cellular landscape 

and will be investigated further in section 1.5. 

 

1.4 Post-genomic studies of seed germination in Arabidopsis 

1.4.1 Post-genomics 

The structural determination of DNA in the 1950s (Watson & Crick, 1953) 

ushered in a field of science concerned with the molecular constituents at the 

core of biological systems, known as molecular biology. Since this time, our 

understanding in this field has increased dramatically, driven by startling 

advances in the supporting technology. The sequencing of the Arabidopsis 

genome in the year 2000 represents one of the greatest achievements to occur in 

the plant sciences, and has come to define modern plant research (Arabidopsis 

Genome Initiative, 2000). As of January 2012, 33 644 genes (27 379 of them 

protein coding) have been curated in The Arabidopsis Information Resource 

(TAIR) (Lamesch et al., 2012). These banks of genetic information have provided 

a platform with which to interrogate plant systems at multiple levels of inquiry, 

in what has come to be known as post-genomics. The fields of transcriptomics, 

proteomics and metabolomics are concerned with the study of the entire 

complement of transcripts, proteins and metabolites in a given cell or tissue, 

under defined conditions (Holtorf et al., 2002). The study of these distinct 

cellular constituents using large scale, high-throughput techniques has 

facilitated the analysis of genes and gene products at a global level, and 

provided a more complete view of the inner workings of biological systems.  

 

1.4.2 Applications to seed germination 

In the last decade, the application of post-genomic technologies to the study 

of seed germination has provided many novel insights into the complex 

interplay of processes occurring during seed germination. Early studies 
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established the presence of significant amounts of endogenous mRNA stored in 

mature seeds prior to germination (Dure & Waters, 1965). Further studies in 

Arabidopsis showed that germination could progress to full radicle emergence 

in the absence of active transcription, through the application of the 

transcriptional inhibitor α-amanatin, while germination is completely arrested 

in the presence of a translational inhibitor, such as cyclohexamide, illustrating 

the crucial function these endogenous mRNAs have in late embryogenesis and 

seed germination (Rajjou et al., 2004). A recent study has refined these 

observations and demonstrated that de novo protein synthesis is not required in 

the early stages of seed imbibition, as early changes in transcript abundance 

proceeded in the presence of cyclohexamide, possibly due to the presence of 

endogenously stored transcription factors primed in the mature seed (Kimura & 

Nambara, 2010). 

 

Post-genomic analysis has been applied to seed germination in a variety of 

species, including Arabidopsis (Nakabayashi et al., 2005), barley (Hordeum 

vulgare) (Sreenivasulu et al., 2008) and rice (Oryza sativa) (Howell et al., 2009). 

These studies found the amount of stored RNA in the dry seed to vary 

substantially between species; with Arabidopsis and barley possessing 

approximately 12 000 species of transcripts, while in rice over 17 000 were 

present. These three studies established that across differing species, a tightly 

regulated procession of transcriptional events occurs, in which the transcript 

abundance of thousands of genes is significantly altered. Thus, it is apparent 

that a dynamic relationship exists between the endogenously stored RNAs in 

the dry seed and the RNA populations that are rapidly transcribed upon 

imbibition. Accordingly, Nakabayashi et al (2005) carried out a microarray 

experiment sampling a time course focusing on this transition in states; with 

seed tissue collected at 0 h (dry seed), 6 hours after imbibition (HAI), 12 HAI 

and 24 HAI, with no stratification prior to exposure to light. Transcriptome 
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profiling of these samples revealed a marked difference between the transcript 

species present in dry seed compared to those present just 6 HAI, with many 

transcripts encoding proteins with late embryogenesis functions down 

regulated, as transcripts encoding proteins with functions in cell cycle, DNA 

processing, transcription, protein synthesis and primary metabolism observed 

to increase significantly in abundance. Promoter analysis of the endogenously 

stored RNAs revealed an overrepresented ABA-responsive element (ABRE); a 

G-box-like CACGTG sequence, which provides evidence for the mechanistic 

link between the hormonal control of seed dormancy and the accumulation of 

ABA-induced transcripts associated with late embryogenesis (Nakabayashi et 

al., 2005).  

 

Dekkers et al., (2013) advanced this by carrying out a temporal transcriptomic 

analysis of seed germination in Arabidopsis; sampling seeds at eleven time 

points during germination. Through careful seed dissection, the spatial 

dynamics of these transcriptomes were analysed in four different seed 

compartments; the radicle, the micropylar end of the endosperm, the 

cotyledons and the remainder of the endosperm (Dekkers et al., 2013). In 

contrast to Nakabayashi et al., (2005), which focused mainly on the transition 

from dry seed to freshly imbibed seed, Dekkers et al., (2013) concentrated on the 

transcriptomic dynamics that occur before (1 – 25 HAI) and after (26 – 38 HAI) 

testa rupture. It was observed that the first phase is characterised by large 

changes to the transcriptome, with thousands of transcripts significantly 

increasing or decreasing in abundance. Notably, during this phase two gene 

sets were observed displaying an inverse expression profile; with one set of 

genes associated with seed maturation (high abundance in the dry seed, and 

downregulated rapidly after imbibition) and genes associated with germination 

(low abundance in the dry seed followed by a rapid induction following 

imbibition). As this phase approaches testa rupture, the number of differentially 
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expressed genes between consecutive time points is significantly reduced. 

Following testa rupture, the second phase is characterised by the resumption of 

differential gene expression, though notably, the majority of these only are in 

the form of increases in transcript abundance (Dekkers et al., 2013). Spatial 

transcript profiling revealed that during this phase, the fates of the embryo and 

endosperm diverge rapidly, and signal the final steps of seed germination. The 

researchers suggest that enhanced access to oxygen, light signalling and 

mechano-sensing responses could be responsible for driving this rapid 

transcriptional change (Dekkers et al., 2013).   

 

1.5 Energy organelles origin, function and biogenesis 

1.5.1 The endosymbiotic theory 

A defining feature of the eukaryotic cell is the presence of distinct, membrane 

bound compartments, known as organelles. Specific organelles accommodate a 

diverse but defined assembly of enzymes, whose compartmentalisation has 

allowed for a level of metabolic control unattainable in prokaryotic cells 

(Aitchison et al., 1992). The mitochondrion, which is the site of aerobic 

respiration, is thought to have originated approximately two billion years ago, 

from an endosymbiotic event between an anaerobic pro-eukaryote, capable 

only of glycolysis and an aerobic α-proteobacteria (Emelyanov, 2001). 

Geological evidence suggests that during this time, atmospheric levels of 

oxygen were low, and thus the endosymbiote resembled something akin to a 

hydrogenosome, an organelle specialised in producing ATP and hydrogen in 

hypoxic conditions. As atmospheric oxygen levels rose as a consequence of the 

photosynthetic action of cyanobacterial ancestors, these mitochondrial 

progenitors specialised in a form of aerobic energy production known as 

oxidative phosphorylation. Approximately one billion years after this initial 

event, a second endosymbiotic event occurred between this now aerobic 

eukaryotic lineage, with a photosynthesising cyanobacterial ancestor (Stiller, 
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2007). This union gave rise to a distinct ancestry of eukaryotes, capable of both 

aerobic respiration and photosynthesis, the forebears of modern plants (Martin, 

2010). Over time, these two endosymbiotes lost or transferred portions of their 

genomes to the host nucleus, where they were free to recombine with host DNA 

(Martin et al., 1993). These genes are consequently transcribed in the nucleus, 

translated in the cytosol and targeted back to their corresponding organelles. 

The mitochondrial and plastid genome of modern plants such as Arabidopsis, 

encode less than 5% of the total proteins thought to comprise the proteomes of 

these respective compartments (Giege et al., 2005; Rolland et al., 2012). 

Consequently, these organelles have become decreasingly autonomous, thus 

strengthening the bond between host and endosymbiote.  

 

As a result of this genetic transfer, mitochondria and chloroplasts are unable 

to arise de novo in the manner of other organelles such as peroxisomes, 

endoplasmic reticulum (ER) and Golgi apparatus. Instead, two models have 

been hypothesised to explain the proliferation and differentiation, termed 

organelle biogenesis, of nascent mitochondria and chloroplast (Nisoli et al., 

2004). The first postulates the growth and division of pre-existing mature 

organelles through a form of binary fission that betrays their bacterial ancestry. 

The second posits that mature organelles develop from small and functionally 

simple precursor organelles (Nisoli et al., 2004). The complex set of cell division 

machinery involved in both mitochondrial and chloroplast division are 

comprised of proteins derived from the host and the endosymbiote 

(Osteryoung, 2001; Yang et al., 2008). Although these protein complexes are 

distinct between mitochondria and chloroplasts, they both function via the 

synchronised constriction of the outer and inner membranes, resulting in the 

production of two daughter organelles. It has been proposed that peroxisomes 

may also have an endosymbiotic origin (Lazarow, 2003), however, studies in 
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yeast and Arabidopsis have verified de novo  synthesis of peroxisomes from the 

ER (Kim et al., 2006). 

 

1.5.2 The mitochondrion – structure and function 

The mitochondrion is made up of four distinct compartments: two aqueous 

regions known as the intermembrane space (IMS) and matrix; and two 

phospholipid bilayers known as the outer and inner membranes. The outer 

membrane demarcates the boundary of the mitochondrion and permits the 

passive flow of metabolites and other small molecules (up to 10 kDa) into and 

out of the cell, mediated by porin proteins which are found throughout these 

membranes (Day et al., 2004). Between the outer and inner membrane is a 

compartment known as the IMS; an environment that typically has a low pH 

due to the accumulation of protons that occurs as a function of oxidative 

phosphorylation (Igamberdiev & Kleczkowski, 2006). In contrast to the outer 

membrane, the inner membrane is largely impermeable, allowing only oxygen, 

carbon dioxide and water to pass freely. Consequently, the trafficking of 

metabolites and proteins between the IMS and the matrix is facilitated by 

specialised carrier proteins and translocases, respectively. In addition, the inner 

membrane contains protein complexes associated with adenosine triphosphate 

(ATP) production, through oxidative phosphorylation. The inner membrane is 

folded into a complex network of invaginations, known as cristae, that greatly 

increases its surface area and thus maximises its chemiosmotic function. The 

matrix is encased by the inner membrane and is the site of essential metabolic 

pathways, such as the tricarboxcylic acid (TCA) cycle, in addition to housing 

the mitochondrial genome and associated replication, transcription, editing and 

translational machinery (Ernster & Schatz, 1981).  

 

Mitochondria occupy many roles in the cellular landscape, including: (1) the 

synthesis of many essential vitamins such as ascorbic acid, folic acid and biotin, 
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as well as the synthesis of selected amino acids (Rebeille et al., 1997; Rebeille et 

al., 2007; Birke et al., 2012); (2) being a major site of ROS production and thus 

having a role in cellular signalling (Rhoads et al., 2006); (3) as active participants 

in various metabolic and physiological pathways such as nitrogen assimilation 

(Foyer et al., 2011), iron homeostasis (Jain & Connolly, 2013) and lipid 

metabolism (Baker et al., 2006); (4) playing a central role in programmed cell 

death (PCD) (Reape & McCabe, 2010) and (5) producing cellular energy in the 

form of ATP through oxidative phosphorylation (Lenaz & Genova, 2010). This 

energy producing role is commonly considered the primary function of the 

mitochondrion and is mediated by a series of five protein complexes imbedded 

in the inner membrane, forming the ETC. Four of the five complexes are 

oxidoreductases: NADH dehydrogenase (complex I), succinate dehydrogenase 

(Complex II), cytochrome c reductase (complex III) and cytochrome c oxidase 

(complex IV); which act to transfer electrons between electron donors (such as 

NADH) and electron acceptors (such as O2) while ferrying H+ ions out of the 

matrix into the IMS. The transport of H+ across the inner membrane results in 

the generation of an electrochemical gradient which is utilised by the fifth 

complex, ATP synthase, to catalyse the formation of ATP from ADP and 

inorganic phosphate (Godinot & Di Pietro, 1986). The current model for this 

process suggests that the proton motive force generated by the electrochemical 

gradient drives the rotation of complex V in a stepwise manner, with the 

binding and subsequent release of protons into the matrix, eliciting a 

conformational change on the matrix side of the complex that facilitates the 

synthesis of ATP (Nakamoto et al., 2008).  

 

1.5.3 The two models of mitochondrial biogenesis 

Mitochondrial biogenesis is a tightly regulated process that requires the 

careful coordination of many processes, such as DNA replication, transcription, 

RNA modification (e.g. editing and splicing), translation and protein 
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translocation; in addition to synchronising protein complex assembly with 

subunits from nuclear and mitochondrial origins (Menassa et al., 1999; McCabe 

et al., 2000; Giege et al., 2005; Chacinska et al., 2008; Zmudjak et al., 2013). The 

literature describing the growth and division model of mitochondrial 

biogenesis has been established for many years from studies in Saccharomyces 

cerevisiae (yeast) and mammalian systems (Tzagoloff & Myers, 1986; Grivell, 

1989; Nisoli et al., 2004). It has been shown that mitochondrial fission generally 

coincides with mitosis, with mitochondrial mass increasing during the period 

from S-phase to M-phase; ensuring that upon cellular fission, the resulting 

daughter cells receive a roughly equal complement of mitochondria (Sanger et 

al., 2000; Jahnke et al., 2009). It is also clear that mitochondrial biogenesis can 

occur independent of cell division, with studies in mammalian systems 

revealing that increases in physical activity, or sustained exposure to low 

temperatures trigger a proliferation in mitochondrial numbers in muscle cells or 

adipocyte tissue, respectively (Brunk, 1981; Klaus et al., 1991).  

 

The second model of mitochondrial biogenesis, termed the maturation 

model, is not as well understood or studied. Initially observed in yeast systems, 

it describes the maturation of pre-existing populations of structurally and 

metabolically simple organelles, termed promitochondria, which develop into 

metabolically active ‘mature’ mitochondria. Specifically, populations of these 

promitochondria, with a deficient respiratory potential, were identified in yeast 

cells grown under anaerobic conditions, which, upon aeration were able to 

regain the ability to respire aerobically (Plattner et al., 1970). A more recent 

study incorporated electron microscopy to define the ultrastructure of these 

precursor structures during the transition into mature mitochondria (Rosenfeld 

et al., 2004). To date, it has not been demonstrated how promitochondria 

originate, however, one hypothesis suggests they derive from the selective 

degeneration of mature, metabolically active mitochondria (Day et al., 2004). 
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The available evidence suggests that, unlike the growth and division model, 

which occurs far more frequently and under many different conditions, the 

maturation model is restricted to systems undergoing a fundamental phase-

transition. For example, yeast populations transitioning from anaerobic to 

aerobic conditions, or systems progressing from a state of quiescence to active 

metabolism; such as that seen during seed germination.  

 

1.5.4 Mitochondrial biogenesis during seed germination 

Seed germination represents an attractive system to study mitochondrial 

biogenesis, as it is a distinct developmental stage that necessitates the rapid 

production of mitochondria. Accordingly, seed germination has been utilised in 

studies examining mitochondrial biogenesis; in the monocot species maize 

(Logan et al., 2001) and rice (Howell et al., 2006). In both studies, electron 

microscopy and proteomic analysis in dry and imbibing seedlings characterised 

a population of promitochondria with poorly developed internal membranes 

lacking cristae and a matrix deficient in the usual complement of metabolic and 

bioenergetic-associated proteins; such as components of the ETC (Logan et al., 

2001; Howell et al., 2006). In maize, sucrose density gradients were used to 

fractionate crude homogenates of embryos dissected from dry seeds and seeds 

at 4 time points following imbibition. This experiment identified the presence of 

two distinct sub-populations of mitochondria (referred to as heavy and light 

mitochondria) at every time point assayed. In dry seed, both sub-populations 

were comprised of poorly developed mitochondria with light mitochondria 

exhibiting no significant changes in membrane morphology or protein content 

throughout the time course. However, upon continued imbibition, heavy 

mitochondria were observed to take on the characteristic appearance of mature 

mitochondria, with numerous cristae structures and an electron dense matrix, 

suggestive of a higher protein complement (Logan et al., 2001). In rice, it was 

observed that promitochondria isolated from dry seeds were unable to import 
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proteins across their dual membranes, despite being relatively enriched in 

proteins with biogenesis functions such as the mitochondrial protein import 

components (Howell et al., 2006). However, after just 2 h imbibition, 

significantly increased protein import rates were detected in isolated 

mitochondria. As germination progressed, the protein abundance of 

mitochondrial import components, such as VDAC and TOM20, were observed 

to decrease, while proteins associated with primary metabolism, such as 

Cytochrome c and E1α, were observed to accumulate (Howell et al., 2006).  

 

In maize, northern blot analysis revealed that transcripts encoding proteins 

associated with mitochondrial bioenergetics (such as atpa, atp9, coxI, coxII and 

coxIII), exhibited low abundance throughout the early time points, followed by 

significant increase in abundance between 24 and 48 HAI (Logan et al., 2001). 

Transcriptomic analysis genes encoding mitochondrial proteins during rice 

germination furthered these observations by identifying an early peak in 

abundance at 3 HAI largely for genes encoding transport functions (Howell et 

al., 2009). This was followed by a later surge in transcript abundance at 12 HAI, 

for an overrepresentation of transcripts encoding proteins associated with 

mitochondrial energy and metabolism functions (Howell et al., 2009). 

Importantly, the suite of transcripts upregulated at 3 HAI were specifically 

enriched in mitochondrial functions (and no other energy organelle), suggesting 

that mitochondrial biogenesis plays a crucial role from the very early stages of 

seed germination (Howell et al., 2009). These observations are consistent with 

previous studies in various species, which have observed that oxygen 

consumption increases rapidly following seed imbibition, through the 

reactivation of oxidative phosphorylation within the mitochondrion (Ehrenshaft 

& Brambl, 1990; Botha et al., 1992).  
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As outlined previously, the application of post-genomic technologies to the 

examination of seed germination offers an ideal system for analysing 

mitochondrial biogenesis (Howell et al., 2006; Howell et al., 2009). However, 

with the exception of the aforementioned studies, there is a paucity of rigorous 

studies examining mitochondrial biogenesis in a background of seed 

germination in general, and none in the model plant Arabidopsis. Rice and 

maize are monocots, a lineage of plant that is thought to have diverged from 

dicots such as Arabidopsis between 140 and 150 million years ago (Chaw et al., 

2004). Over this time, these two angiospermic groups have diverged 

significantly, with the manifestation of a large number of phenotypic, 

physiological and genetic differences; not least their manner of energy stores, 

with rice and maize possessing a large starch-based endosperm and 

Arabidopsis a small oil-based endosperm (Lin et al., 2006). Thus, it is evident 

that a corresponding study, examining the process of mitochondrial biogenesis 

during Arabidopsis seed germination, would provide novel insight into 

germination as a whole, the role of mitochondria in this process and the shared 

and divergent features between monocots and dicots.  

 

1.5.5 Mitochondrial import components 

As discussed previously, over evolutionary time the mitochondrion has lost 

portions of its genome to the host nucleus. This interdependency has resulted in 

the need for the majority of mitochondrial proteins to be synthesised in the 

cytosol, and has prompted the evolution of a complex arrangement of protein 

import pathways to regulate the coordinated transport of proteins across the 

outer and inner mitochondrial membranes to their site of function (Duncan et 

al., 2013). In the general import pathway, mitochondrial proteins are recognised 

by receptors on the outer membrane and transported through the principal 

outer membrane import complex known as the translocase of the outer 

membrane (TOM) complex (Duncan et al., 2013). Subsequently, if these proteins 
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are not destined to remain in the IMS, these proteins can be laterally inserted 

into the inner membrane or translocated into the matrix. Both of these processes 

are mediated by members of the translocase of the inner membrane (TIM) 

complex. A recent study in Arabidopsis identified the presence of two 

preprotein and amino acid transport proteins; NADH dehydrogenase B14.7-like 

(B14.7) and TIM23-2; in both respiratory complex I and in the TIM17:23 

complex (Wang et al., 2012). The implications of this finding are significant, as 

this represents a juncture where mitochondrial metabolic functions meet and 

are consolidated with mitochondrial biogenesis. As such, members of the TIM 

complex have become attractive targets as regulators of mitochondrial 

biogenesis. In Arabidopsis, there are three genes coding for Tim17; AtTim17-1, 

AtTim17-2 and AtTim17-3. With the exception of Tim17-3, which is suspected 

to be a pseudogene, these proteins are predicted to contain a PRAT/degenerate 

PRAT domain and four transmembrane regions. Of the three, AtTim17-2 is the 

most abundant isoform and the only to exhibit an embryo lethal phenotype 

upon T-DNA insertional knock out (Lister et al., 2004). Presently, Tim17-1, 

which shows conservation from 43-73% amino acid sequence similarity with 

Tim17-2 via pairwise alignment, is thought to be a stress responsive isoform 

that exhibits low transcript abundance in the absence of stress, but exhibits a 

30-fold induction upon exposure of UV (Van Aken et al., 2009).        

 

1.6 Aims and approaches 

Seed germination represents a crucial period of a plants lifecycle, as it is the 

one opportunity a plant has to shrug off the restraints of a static lifestyle, and 

disperse itself both spatially and temporally. As such, seed dormancy and 

germination have become tightly regulated processes capable of bearing a 

confluence of environmental signals, distinguishing those that prove critical 

and responding rapidly to ensure the best chance of seedling establishment. 

With the advent of post-genomic technologies, there have been an increasing 
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number of studies shedding light on new facets of seed germination. The aims 

of the studies proposed in this thesis were to carry out a number of 

investigations that would offer an in-depth analysis of seed germination in 

Arabidopsis utilising transcriptomic analysis (Study I), define and examine the 

critical role of mitochondrial biogenesis during the early stages of germination 

(Study II) and investigate the role of a germination-specific mitochondrial 

protein import component (Study III). Specifically, the following studies were 

carried out: 

 

I) Study I was undertaken to provide an in-depth transcriptomic 

analysis of seed germination in Arabidopsis. By utilising an extensive 

time course that spanned freshly harvested seed, dry seed, seed 

stratification and imbibition in continuous light, this study was able to 

provide a more thorough examination of this process and to uncover 

novel, stage-specific, and transient patterns of expression. 

 

 Microarray analysis was carried out on seeds collected at ten time 

points; including freshly harvested seed, dry seed after 2 weeks 

desiccation, 3 time points during seed stratification at 4 ºC in the dark 

and 5 time points during continuous light at 22 ºC. A combination of 

hierarchical cluster and differential expression analysis was utilised to 

identify key transcriptomic events, which were then further analysed 

in conjunction with public transcriptome data and functional analysis 

using genetic inactivation, to provide greater insight into the role of 

these identified genes. Green fluorescent protein (GFP) analysis was 

carried out to confirm the organellar localisation of 65 proteins 

identified in this study showing germination-specific expression.  
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II) Study II followed on from the observations made in Study I and 

aimed to investigate mitochondrial biogenesis during seed 

germination in Arabidopsis. 

 

Using fluorescence microscopy, the three energy organelles were 

visualised and tracked during the ten time points outlined in the 

previous study. The microarray data from study I was utilised to 

carryout expression profiling of all known transcripts encoding 

mitochondrial proteins and to describe the transcriptomic events that 

drive mitochondrial biogenesis during seed germination. qRT-PCR 

analysis was utilised to investigate the coordination of nuclear and 

organelle encoded genes of the mitochondrial ETC and to assess the 

coordination between nuclear encoded PPR proteins and their 

organelle encoded mRNA targets. Additionally, the correlation 

between the abundance of transcripts and the proteins they encode 

was analysed during germination using immunodetection and mass 

spectrometry.  

 

III) Based on observations from Study I and II, a mitochondrial 

translocase of the inner membrane (TIM17-1) was identified as 

germination specific. Study III sought to outline the extent to which 

this protein influences seed germination; to identify and evaluate 

regulators of this protein and to provide evidence for the role of this 

biogenesis-associated protein during germination.  

 

Phenotypic analysis of two T-DNA insertional mutants of TIM17-1 

was utilised to assess the influence of this mitochondrial protein on 

seed germination. Temporal qRT-PCR and microarray analysis was 

then carried out on one of the mutants during a seed germination time 
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course to investigate what effects negating this protein would have on 

seed germination as a whole. Promoter analysis was used to identify 

potential regulators of this protein, which were then analysed using 

metabolomic approaches. 

Overall, these studies were designed to reveal novel aspects of germination 

at multiple levels of inquiry; from the comprehensive vantage of germination in 

Study I, to the focused examination of a single mitochondrial protein in Study 

III. Commencing this research with a transcriptomic analysis of the most 

thorough time course of seed germination to date (including seed drying, 

dormancy release through stratification and germination in the light) provided 

a strong discovery-based foundation for identifying novel features of this 

much-studied process. The identification of a suite of germination specific 

genes enriched in proteins targeted to the mitochondrion and with DNA/RNA 

metabolism and transcription factor functions provided focus for subsequent 

research, marking the transition into hypothesis-based research (Study II) and 

the formulation of a model for mitochondrial biogenesis during germination.     
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Figure 1.1 A phylogenetic diagram of land plant evolution. The Charophyceae 
(a division of green algae) are postulated to be the closest living relatives of the 
founding terrestrial plant ancestor.The first evidence of terrestrial plants comes 
from microfossils of spores dating back to the mid-Ordovician period (470 million 
years ago), which belonged to a non-vascular plant with close affinities to modern 
day bryophytes, such as liverworts. By the Silurian period (430 million years ago), 
plants with a rudimentary vascular system began to emerge. The first plants to bear 
true seeds are known as the pteridosperms (seed ferns), and appear in the fossil 
records of the late Devonian period (370 million years ago). Evidence suggests that 
it is from this extinct group of plants that the modern spermatophytes arose; specifi-
cally the gymnosperms and angiosperms; which diverged from one another 
approximately 200 million years ago.
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Figure 1.2 A model of the external and internal factors affecting seed dormancy 
and germination. Certain environmental factors such as temperature and decreased 
soil moisture content have been shown to enforce seed dormancy, via the induction of 
the phytohormones abscisic acid (ABA) and auxin. Seed dormancy can be alleviated by 
increases in soil moisture content, temperature, day length and chemical compounds 
such as karrikins. These external factors are perceived by the seed, triggering internal 
responses such as gibberellic acid (GA), ethylene, brassinosteroids and nitric oxide 
(NO); which can then influence the catabolism of ABA and initiation of seed germination. 
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A transcriptomic analysis of seed germination in 

Arabidopsis 
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Foreword to study I 

The increasing requirement for the submission of microarray data to public 

databases such as the Gene Expression Omnibus (GEO) at the National Centre 

for Biotechnology (www.ncbi.nlm.nih.gov) has facilitated the truly global 

investigation of gene expression across different tissues, stress treatments and 

developmental processes. In light of this, the transcriptomic analysis of seed 

germination outlined in Study I drew on a variety of previously published 

datasets to add greater understanding to the process of seed germination and to 

investigate the findings of this study in the greater context of the plant lifecycle. 

Comparison with a previous transcriptomic study of Arabidopsis seed 

germination (Nakabayashi et al., 2005) revealed a surprisingly dynamic series of 

transcriptomic events, including the differential expression of over 10 000 genes 

during stratification and the transient expression of a group of genes at the 

transition from stratification into continuous light. Careful cross-referencing of 

these transiently expressed genes with the AtGenExpress expression atlas 

(Schmid et al., 2005) facilitated the filtering of this list into a group of 775 genes 

that exhibited expression solely during seed germination and thus lending 

significantly more insight into the role of these genes in the context of the 

Arabidopsis lifecycle. 

 

 

 

 

 

 

 

 

 



In-Depth Temporal Transcriptome Profiling Reveals
a Crucial Developmental Switch with Roles for RNA
Processing and Organelle Metabolism That Are
Essential for Germination in Arabidopsis1[W][OA]

Reena Narsai2*, Simon R. Law2, Chris Carrie, Lin Xu, and James Whelan

Australian Research Council Centre of Excellence in Plant Energy Biology (R.N., S.R.L., C.C., L.X., J.W.) and
Centre for Computational Systems Biology (R.N.), University of Western Australia, Crawley, Western
Australia 6009, Australia

Germination represents a rapid transition from dormancy to a high level of metabolic activity. In-depth transcriptomic
profiling at 10 time points in Arabidopsis (Arabidopsis thaliana), including fresh seed, ripened seed, during stratification,
germination, and postgermination per se, revealed specific temporal expression patterns that to our knowledge have not
previously been identified. Over 10,000 transcripts were differentially expressed during cold stratification, with subequal
numbers up-regulated as down-regulated, revealing an active period in preparing seeds for germination, where transcription
and RNA degradation both play important roles in regulating the molecular sequence of events. A previously unidentified
transient expression pattern was observed for a group of genes, whereby a significant rise in expression was observed at the
end of stratification and significantly lower expression was observed 6 h later. These genes were further defined as germination
specific, as they were most highly expressed at this time in germination, in comparison with all developmental tissues in the
AtGenExpress data set. Functional analysis of these genes using genetic inactivation revealed that they displayed a significant
enrichment for embryo-defective or -arrested phenotype. This group was enriched in genes encoding mitochondrial and
nuclear RNA-processing proteins, including more than 45% of all pentatricopeptide domain-containing proteins expressed
during germination. The presence of mitochondrial DNA replication factors and RNA-processing functions in this germina-
tion-specific subset represents the earliest events in organelle biogenesis, preceding any changes associated with energy
metabolism. Green fluorescent protein analysis also confirmed organellar localization for 65 proteins, largely showing
germination-specific expression. These results suggest that mitochondrial biogenesis involves a two-step process to produce
energetically active organelles: an initial phase at the end of stratification involving mitochondrial DNA synthesis and RNA
processing, and a later phase for building the better-known energetic functions. This also suggests that signals with a
mitochondrial origin and retrograde signals may be crucial for successful germination.

Seeds represent a crucial stage in the plant life cycle,
as they are essential for the propagation of the species
and allow dispersal to new locations. Seeds also allow
plants to optimize survival strategy, as seeds display
dormancy, which can be “broken” via a variety of
environmental factors, thus allowing plants to opti-
mize growth with reference to environmental condi-
tions. As the seed is often the primary product utilized
by humans, it is not surprising that seed germination
is an intensively studied topic. There are a plethora of

excellent articles and reviews characterizing seed dor-
mancy and germination, with loss-of-function and
gain-of-function mutants analyzed, across multiple
species and utilizing many “omics” technologies
(Gallardo et al., 2001; Fu et al., 2005; Nakabayashi
et al., 2005; Cadman et al., 2006; Holdsworth et al.,
2008a; Sreenivasulu et al., 2008; Howell et al., 2009). It
has been observed that seed dormancy occurs in most
plant species and provides seeds with a mechanism to
survive extended periods of debilitating conditions
prior to germination. In this way, germination can oc-
cur under favorable conditions, ensuring the greatest
chance at seedling establishment (Baskin and Baskin,
2004). A range of factors have been identified in
relation to dormancy initiation, maintenance, and al-
leviation, including temperature, moisture content,
daylength, light quality, and mineral nutrition (Allen
et al., 2007). These external triggers are perceived by
the seed and elicit a series of signal transduction
pathways, leading to the modulation of the phytohor-
mones abscisic acid (ABA) and GA (Allen et al., 2007).
Studies have shown that it is the antagonistic interac-
tion between these two hormones that is at the core of
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dormancy maintenance (linked to ABA activity) and
dormancy release and germination initiation (linked to
GA activity) in plants (Allen et al., 2007; Holdsworth
et al., 2008a; Sreenivasulu et al., 2008).
To dissect the molecular mechanisms that exist

downstream of the hormonal signals regulating ger-
mination, transcriptomic and metabolomic profiling
studies have been carried out in a range of species
including Arabidopsis (Arabidopsis thaliana; Gallardo
et al., 2001; Fu et al., 2005; Nakabayashi et al., 2005; Fait
et al., 2006), barley (Hordeum vulgare; Sreenivasulu
et al., 2008), and rice (Oryza sativa; Howell et al., 2009).
These studies have revealed some common properties
of transcriptomic changes that occur across these plant
species. First, a large number of mRNA species
(12,000–17,000) are present in the dry seeds or embryos;
second, there appears to be a tightly regulated, tem-
porally controlled transition through germination
characterized by phasic changes in transcript abun-
dance (Nakabayashi et al., 2005; Sreenivasulu et al.,
2008; Howell et al., 2009). For Arabidopsis, transcrip-
tomic changes were analyzed with a focus on profiling
stored mRNAs in dry seed, to better differentiate the
transition from late embryogenesis to seed germina-
tion (Nakabayashi et al., 2005). This profiling of dry
seed (0 h) and seeds at 6, 12, and 24 h post imbibition
under continuous light focused on ABA regulation
and revealed transcriptomic differences between
germination in the wild type and abi5 mutants
(Nakabayashi et al., 2005). However, the maturation
of freshly harvested seeds (prior to dark desiccation)
and the breaking of dormancy over stratification were
not examined. Likewise, in studies with rice and
barley, germination of ripened seed, at 0, 1, 3, 12,
and 24 h for rice (Howell et al., 2009) or at 0 and 24 h
(and 48 and 72 h) for barley (Sreenivasulu et al., 2008),
will not identify important steps from seed maturation
(ripe seed) through desiccation and stratification. A
recent systems-level approach, analyzing regulators of
germination in flowering plants, utilized various pub-
licly available transcriptome data sets and found that
specific coordinated transcriptional regulation occurs
separating the transition from dormancy to germina-
tion in flowering plants and that dormancy may have
evolved by adjusting existing cellular phase transition
and abiotic stress response-related genetic pathways
(Bassel et al., 2011).
In Arabidopsis, dormancy is broken via the cold

(4˚C) imbibition of seeds in darkness. In most exper-
iments involving the growth of Arabidopsis, seeds are
typically sown and placed at 4˚C in the dark for at least
48 h. This process is referred to as stratification, and
studies examining the germination rate of stratified
and nonstratified seeds alike reveal a significant in-
crease in germination rates when seeds are subjected
to stratification (Yamauchi et al., 2004; Dave et al.,
2011). A role for GA- induced signaling during strat-
ification has been shown using 8K Arabidopsis micro-
arrays (Yamauchi et al., 2004). While the essential role
for GA has been demonstrated for dormancy release,

promoting embryonic expansion, inducing the mobi-
lization of storage reserves, and mediating the weak-
ening of tissues that envelope the embryo (Brady and
McCourt, 2003; Yamauchi et al., 2004; Feurtado and
Kermode, 2007; Holdsworth et al., 2008b), the detailed
molecular networks and signaling that results in this
increased germination rate and synchrony during and
after stratification, are not yet elucidated. While the
identities of some components responsive to these
hormonal cues have been identified, such as the role of
Della proteins in maintaining dormancy under ABA
control (Tyler et al., 2004; Cao et al., 2006; Dohmann
et al., 2010), a detailed molecular sequence of events,
underpinning the transition from a dormant seed to
the young seedling, is lacking;, especially with respect
to temporal resolution.

Successful germination requires the mobilization of
energy reserves to power germination until photosyn-
thesis is established. Studies of mitochondrial biogen-
esis during germination in rice revealed that poorly
differentiated mitochondria, lacking cristae and ma-
trix structure, were present in dry seed and that the
peak in transcript abundance for components encod-
ing the machinery of oxidative phosphorylation was
24 h after imbibition (Howell et al., 2006). In maize, a
similar study at the protein level showed that respira-
tory chain components did not peak until 48 h post
imbibition (Logan and Leaver, 2000). However, other
measures, such as analysis of cristae structure, increase
in respiration, and ability to import proteins, reveal that
mitochondrial biogenesis and activity are activated
earlier than the peak in transcript abundance, encoding
components involved in oxidative phosphorylation
(Howell et al., 2006, 2007). In addition, protein import
complexes were able to import protein just 30 min after
imbibition (Howell et al., 2006, 2007). Complementing
this, a transcriptomic study analyzing germination in
rice revealed a surge in transcript abundance for genes
encoding transport functions at 3 h after imbibition
(Howell et al., 2009). This suggests that signals (and
responses) affecting mitochondrial function are taking
place earlier in germination.

To gain a greater temporal dissection of the processes
occurring during germination in Arabidopsis, a detailed
time course providing an expansive view of the process,
before and after seed desiccation, over the course of
stratification, to germination and postgermination, was
analyzed. Analysis of this extensive time course enabled
the identification of novel, stage-specific, and transient
patterns of expression. The identification of these tight
expression patterns provided the basis for determining
the relationship between coexpression, colocalization,
and function of encoded proteins. Functional analysis
also revealed a link between function and the pattern of
gene expression. GFP tagging was carried out to verify
organellar localization for a large number of proteins,
many of which were annotated as having “unknown
functions.” This in-depth temporal analysis revealed a
transient peak in expression for transcripts associated
with ethylene metabolism, novel organelle proteins,
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and a role for RNA processing andmRNA decay at the
earliest stages of germination in Arabidopsis. The
greater dissection of these processes at the temporal
level uncovers processes that have gone unnoticed and
thus represent a mechanistic gap in our understanding
of the transition from dormancy to germination.

RESULTS

Overview of Transcriptomic Changes: From Seed to

Stratification and Germination

To gain a comprehensive insight into Arabidopsis
germination, 10 time points were selected, including
freshly harvested ecotype Columbia seeds (before
desiccation, directly upon removal from the silique;
H), seeds desiccated for 15 d in darkness (0 h), and
seeds stratified at 4�C in the dark for 1 h (1 h S), 12 h
(12 h S), and 48 h (48 h S). Stratified seeds were then
transferred into continuous light and further collected
at 1, 6, 12, 24, and 48 h into the light (1 h SL, 6 h SL, 12 h
SL, 24 h SL, and 48 h SL, respectively). As germination
is generally defined as concluding when a part of the
embryo emerges from the testa (generally around 24 h
after imbibition in the light), the final time point (48 h
SL) is considered a postgermination time point. Dur-
ing the time course analyzed, 15,789 genes were found
to be expressed at one or more time points, with more
than 95% of these genes significantly up- or down
regulated (following false discovery rate correction)
during this crucial developmental stage, reflecting the
extensive regulation occurring at the transcript level
(Supplemental Table S1). While a previous study has
examined the transcriptomic responses for less than
8,000 genes during stratification (Yamauchi et al.,
2004), to date, there has been no global (22,000 genes)
transcriptomic analysis carried out during stratifica-
tion, which may reflect the general assumption that
few significant processes, apart from an increase in
water content, occur during stratification.

The inclusion of three time points during stratifica-
tion revealed that greater than 10,000 genes are differ-
entially expressed over the 48 h during stratification
(S), with the greatest number of differentially expressed
genes (DEGs) changing in transcript abundance be-
tween 12 h S and 48 h S (Fig. 1A; Supplemental Table
S1). Notably, many of the changes observed were
increases in transcript abundance, with a total of 7,517
unique transcripts increasing in transcript abundance
over 48 h of stratification compared with 9,801 tran-
scripts up-regulated during the first 48 h after transfer to
light at 22�C (Fig. 1A). Thus, the observed differential
expression is not only a reflection of the clearing out of
stored transcripts upon imbibition but also the tran-
scriptional up-regulation occurring as part of the ger-
mination process, which is supported by the observed
functional categorization of the proteins encoded by
these transcripts. The functional categories overrepre-
sented in the earliest subsets of up-regulated DEGs

during stratification included the oxidative pentose
phosphate pathway and nitrogen and hormone me-
tabolism (1 h S versus 12 h S; Fig. 1B). Upon closer
examination, it is seen that genes encoding proteins
involved in ethylene signaling are first induced in the
early hours of stratification (1 h S versus 12 h S;
Supplemental Table S2). This is in agreement with the
role of ethylene, which has been shown to augment ger-
mination completion (Kecpczyński and Kecpczyńska,
1997; Beaudoin et al., 2000). The largest number of
DEGs were observed between 12 h S and 48 h S, in-
cluding an induction and overrepresentation of genes
encoding nucleotide metabolism, RNA processing, and
protein synthesis functions (12 h S versus 24 h S; Fig. 1B).
Closer analysis of the subsets in the protein category (12
h S versus 48 h S; Fig. 1B) revealed an induction of genes
encoding cytoplasmic and organellar ribosomal proteins
(Supplemental Table S2). In contrast, protein modifica-
tion and degradation functions were underrepresented
in these subsets (12 h S versus 24 h S; Fig. 1B).

Once stratified, seeds were transferred into contin-
uous light, and an induction and overrepresentation of
genes encoding photosynthesis-related functions as
well as lipid, hormone, and secondary metabolism
functions were observed (Fig. 1). Interestingly, several
RNA- and protein-related functions were seen to be
significantly underrepresented in the subsets of DEGs
up-regulated between 1 h SL and 48 h SL, possibly due
to the earlier induction of these genes during stratifi-
cation (Fig. 1B). As may be expected after transfer into
light, an overrepresentation of lipid metabolism and
developmental function-related genes, particularly
storage proteins and late embryogenesis-abundant
proteins, was observed in the down-regulated subsets
of DEGs (1 h SL versus 6 h SL; Fig. 1; Supplemental
Table S2). Closer examination of these data reveals an
initial down-regulation of genes encoding lipid trans-
fer functions between 0 h and 1 h SL, followed by a
repeated overrepresentation of triacylglycerol synthe-
sis functions in the genes down-regulated between 1 h
SL and 48 h SL (Fig. 1; Supplemental Table S2). These
changes complement the known breakdown of oil
storage reserves that occurs during germination in
oilseeds (Graham, 2008). Thus, there appear to be
distinct processes occurring between stratification (0 h
to 48 h S) and germination (48 h S to 48 h SL).

Correlation between Coexpression, Localization, and
Function in Transcripts and Proteins

To visualize the expression profiles across stratifi-
cation and germination (as defined in Fig. 2A), the
normalized expression values for all 15,789 genes
expressed over germination were made relative to the
maximum expression over the time course and hierar-
chically clustered (see “Materials and Methods”), re-
vealing four distinct clusters (Fig. 2B). Cluster 1 in
Figure 2B represents approximately 30% of all genes
expressed during germination and is characterized by
low expression from dry seed to stratification and even
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up to 6 h SL, followed by significant up-regulation
after 6 h SL (Fig. 2B). As expected, Gene Ontology
(GO) overrepresentation analysis (see “Materials and
Methods”) showed that this cluster was enriched in
several GO categories, including genes encoding pro-
teins targeted to the plastid, chloroplast, and ribosome
(Fig. 2C). Genes encoding proteins with transferase,
hydrolase, and transporter functions as well as struc-
tural molecular activity were also enriched in this
cluster (cluster 1; Fig. 2C), corresponding with the
increase in energy demand and significant morpho-
logical changes that are observed after 12 h SL, as the
seed transcends to a seedling (Fig. 2A). The morpho-
logical changes observed during germination in this

study (Fig. 2A) comply with previous observations
during germination (Fu et al., 2005). Furthermore, this
up-regulated expression pattern can be readily ob-
served in a previous Arabidopsis germination study
that analyzed global transcriptomic changes without
stratification of seeds (cluster 1; Supplemental Fig. S1;
Nakabayashi et al., 2005) and is also evidenced during
germination in other species, such as rice and barley
(Sreenivasulu et al., 2008; Howell et al., 2009). In
contrast, cluster 2 represents the stored mRNAs
present in dry seed that remain at a high level of ex-
pression up to 12 h S followed by a distinct down-
regulation (Fig. 2C). Genes in this cluster represent
27% of the total genes expressed during germination

Figure 1. Overview of transcrip-
tomic changes during stratification
and germination. A, The number of
genes significantly (P , 0.05, PPDE
. 0.96) differentially expressed dur-
ing dark stratification at 4�C (in black
boxes) and, following this, into con-
tinuous light. S, Stratification; SL,
continuous light following stratifica-
tion. The total number of genes up-
regulated (red) or down-regulated
(blue) in each comparison is shown
above each bar. B, For each com-
parison, the significant fold change
was analyzed using the PageMan
tool (Usadel et al., 2006). Statistical
analysis of overrepresented func-
tional categories was carried out us-
ing the overrepresentation analysis
Fisher method with Benjamini-
Hochberg false discovery rate cor-
rection. For the larger functional
categories, average z-scores are vi-
sualized. Functional categories that
did not show significant changes
were collapsed for display (detailed
functional categories are shown in
Supplemental Table S2). Statistical
significance is represented by a
false-color heat map (up, orange;
down, green) where a z-score of
1.96 represents a P value of 0.05.
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and were enriched in nucleus-targeted proteins, in-
cluding those showing transcription factor (TF) activ-
ity (cluster 2; Fig. 2C). Given that germination can still
occur in the absence of transcription (Rajjou et al.,

2004), the presence of these transcripts in dry seed,
early in the time course, likely represents the crucial
genes necessary for immediate response to imbibition
(Fig. 2C). Again, the presence of these stored tran-

Figure 2. Seed morphology, hierarchical clustering of expression profiles, and GO representation of genes during Arabidopsis
germination. A, Light microscopy was used to examine the changes in morphology over the germination time course. B, All genes
called present at a minimum of one time point were normalized to the highest level of expression over the time course of the study
and hierarchically clustered using average linkage based on Euclidian distance. Four clusters were identified: cluster 1 (pink),
transcripts that increased in abundance over the time period examined; cluster 2 (blue), transcripts highly expressed in dry seed to 12
h S that decreased in abundance over time; cluster 3 (green), transcripts with low or absent abundance in dry seeds that peaked
between 48 h S and 6 h SL and then declined in abundance; cluster 4 (black), transcripts that displayed relatively stable levels of
abundance throughout the time course. C, For each cluster, all genes were analyzed for representation in GO categories. Over/
underrepresented functional categories were identified by z-score analysis, where statistical significance is represented by a false-
color heat map (up, orange; down, green) where a z-score of 1.96 represents a P value of 0.05. D, Protein abundance profiles (from
Fu et al., 2005) were compared with transcript abundance profiles during germination. The percentage of transcripts in each cluster
that showed similar (up-regulated/down-regulated) protein abundance profiles during germination is indicated.
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scripts has also been observed in rice and barley
(Sreenivasulu et al., 2008; Howell et al., 2009).
By analyzing this extensive time course, it was

revealed that a group of genes (in cluster 3) are
expressed at a very low level up to 12 h S, then
dramatically increase in abundance between 48 h S
and 6 h SL, before decreasing back to significantly
lower levels by 48 h SL, the majority decreasing by 12 h
SL (Fig. 2B). This transient expression pattern for a
significant number of genes is not apparent during
germination when seeds are not stratified (Supple-
mental Fig. S1; Nakabayashi et al., 2005). Examination
of over/underrepresented GO categories for these
transiently expressed genes revealed significant over-
representation of genes encoding proteins targeted to
the mitochondria, nucleus, and ribosomal proteins,
corresponding with the observed overrepresentation
of DNA, RNA-binding, and transcription functions
(Fig. 2C, red boxes). The overrepresentation of TF
functions in cluster 2 and DNA and RNA-binding
functions in cluster 3 suggests a two-step regulation of
genes encoding these regulatory factors, with the
genes in cluster 2 likely encoding the regulatory pro-
teins responsive to imbibition and required for the
early stages of germination, while genes in cluster 3
are likely to encode the regulatory proteins required
for normal germination progression and later plant
development. In contrast, the genes in cluster 4 were
enriched in proteins of unknown cellular localization
and biological processes and slowly increased, de-
creased, or largely remained unchanging in abun-
dance across the germination time course (Fig. 2, B
and C). This set of genes may represent genes required
for basic cellular functions, not highly responsive un-
der germination conditions.
Previous studies have shown that while germina-

tion progresses to the point of radicle emergence in the
absence of transcription, seedling establishment is
prevented (Rajjou et al., 2004). Therefore, during this
crucial developmental process, the translation of tran-
scripts expressed during germination is clearly es-
sential for further development. To identify any
correlation between transcript and protein abundance,
the transcript abundance profiles in this study were
compared with previous studies examining protein
abundance during germination (Gallardo et al., 2001,
2002; Fu et al., 2005; Chibani et al., 2006). Specifically,
one study identified over 400 proteins expressed in
dry seeds: seeds after 3 d of cold stratification and then
30, 48, 72, and 96 h into a 16/8-h light/dark cycle (Fu
et al., 2005). This study categorized a large number of
the protein abundance profiles as present = 1/absent =
0 for each time point (e.g. if a protein was present in
dry seed and after stratification, but not following
transfer into the light/dark cycle, it was categorized as
11000; Fu et al., 2005). In this way, present/absent
profiles were observed for 117 unique proteins over
this time course (Fu et al., 2005), for which parallel
expression information is also available in our study
(Supplemental Table S5). A number of the proteins

identified by Fu et al. (2005) have also previously been
identified in other germination studies, and these have
been annotated in Supplemental Table S5 (Gallardo
et al., 2001; Fu et al., 2005; Chibani et al., 2006). Using
this present/absent (1/0) profiling of protein abun-
dance, these proteins were matched to the correspond-
ing transcript profiles from this study (Fig. 2D).
Remarkably, it was seen that 81% of the up-regulated
proteins over time showed comparable transcript
expression profiles (16% slowly up in cluster 4 + 65%
up in cluster 1; Fig. 2D; Supplemental Table S5).
Similarly, of the 20 proteins highly expressed in seeds
and not detected following stratification or transfer
into the light/dark cycle, 15 proteins showed similar
transcript expression profiles (i.e. for transcripts in
cluster 2, highly expressed in freshly harvested and
dry seed and decreasing in abundance over the ger-
mination time course; Fig. 2D). Interestingly, three
genes encoding DNA/RNA-binding functions, Gly-
rich protein 7 (At2g21660), a heterogeneous nuclear
ribonucleoprotein (At4g14300), and a Isy1-like splic-
ing domain-containing protein (At3g18790), were seen
to have both a transient transcript expression profile
(i.e. were in cluster 3 in this study) and also a transient
protein abundance profile (Fu et al., 2005; Supplemen-
tal Table S5).

Identification of a Set of Germination-Specific Genes

To further analyze the genes that showed transient
expression during germination (cluster 3; Fig. 2B),
publicly available microarrays carried out on a wide
variety of tissues in the AtGenExpress developmental
set (Supplemental Table S3; Schmid et al., 2005) were
downloaded, normalized, and analyzed together with
the 30 arrays in this study (see “Materials and
Methods”). Expression levels of the 15,789 genes ex-
pressed during germination and development were
visualized in the same row (and cluster) order as
shown in Figure 2B and were hierarchically clustered
by tissue samples (columns) to determine in what
other tissues/organs these genes were also expressed
(Supplemental Fig. S2). Examination of these revealed
that the genes in clusters 1 and 4 (as shown in Fig. 2B)
consist of genes that are highly expressed or unchang-
ing in expression in most other developmental tissues
as well as late germination (Supplemental Fig. S2). As
expected, the genes in cluster 2 (Fig. 2B) that were
highly expressed in dry seeds were also highly ex-
pressed across the microarrays analyzing developing
seeds (Supplemental Fig. S2). In contrast, it was ob-
served that the genes in cluster 3 were most highly
expressed between 48 h S and 12 h SL, even in
comparison with all other developmental tissues (Sup-
plemental Fig. S2, blue box). To filter these genes
further for primarily germination-specific (GS) expres-
sion, only those genes that had a relative expression
level greater than 0.5 (relative to maximum expression
level) between 1 h S and 24 h SL across all tissues were
visualized (as these time points strictly represent ger-

Germination Transcriptome and Organellar Proteins

Plant Physiol. Vol. 157, 2011 1347



mination). In this way, 775 unique genes were identi-
fied as showing the highest expression during germi-
nation (i.e. GS; Fig. 3A).

Intriguingly, analysis of over/underrepresented GO
categories for these 775 GS genes revealed approxi-
mately double the expected percentage of genes in this
set encoding proteins targeted to the mitochondria,
nucleus, and ribosomes, corresponding with the ob-
served overrepresentation of DNA- and RNA-binding
functions (Fig. 3B). Genes encoding TFs represented
only 53 of the 775 genes, which was not significantly
greater/less than the expected percentage in the
genome. This indicates that the genes encoding mito-
chondria- and nucleus-localized proteins were bind-
ing DNA or RNA but performing functions other than
transcriptional regulation. To discover the nature of
these other encoded protein functions, the genes in
these mitochondrial and nuclear subsets from the 775
GS genes were viewed based on the subfunctional
groups within these sets, revealing a significant en-
richment of RNA-processing functions in both sets
(mitochondrial and nuclear; Fig. 3C). Additionally,
helicase and ribonucleoprotein/RNA-binding func-
tions were also seen to be enriched in the nuclear set
(Fig. 3Cii). For the mitochondrial set from the 775 GS
genes, protein fate functions were observed to be en-
riched (18% versus 8% in the whole mitochondrial set),
despite the majority of genes in the mitochondria en-
coding metabolism and energy functions (which were
underrepresented in this set; Fig. 3Cii). Closer examina-
tion of the genes encoding RNA-processing functions
revealed a significant (P , 0.001) overrepresentation of
pentatricopeptide repeat domain (PPR)-containing
genes in this GS subset, with nearly 10% (75 genes) of
the 775 genes encoding a PPR domain-containing pro-
tein, while PPR domain-containing genes only make
up less than 2% of all genes in the genome. To confirm
that the observed PPR gene expression pattern was
limited to the transiently expressed genes during
germination, the percentage of PPR genes in each
cluster was examined (Fig. 3Di). Interestingly, it was
seen that 45% (137) of all PPRs were in cluster 3,
showing transient expression during germination, and
of these, 75 genes showed GS expression (Fig. 3D).

Despite the finding that this transient expression
pattern cannot be readily identified when seeds are not
stratified (Supplemental Fig. S1; Nakabayashi et al.,
2005), when the 75 PPR genes showing GS expression
were examined together with the microarrays from
this study, it was observed that the transient expres-
sion pattern during germination was somewhat main-
tained (Fig. 3Dii); however, the temporal resolution
was lost or not observed. This suggests that the stage-
specific expression of these genes is a characteristic of
germination, independent of whether seeds undergo
stratification (Fig. 3Dii). To determine whether these
transiently expressed genes also displayed transient
expression during germination in other species, rice
orthologs of the 775 Arabidopsis GS genes were visu-
alized, showing their expression across germination

and developmental tissues in rice (details of the arrays
used are shown in Supplemental Table S4; Supple-
mental Fig. S3A). A total of 768 rice orthologs of the
775 Arabidopsis GS genes could be identified using
InParanoid (version 7.0; Remm et al., 2001). Only 383
(approximately 50%) of the 768 rice orthologs dis-
played maximum expression during rice germination
(Supplemental Fig. S3A, yellow box; Howell et al.,
2009; Narsai et al., 2009); however, these did not
display the transient pattern observed in Arabidopsis.
Instead, the expression pattern observed for the rice
orthologs was more similar to the patterns observed
for clusters 1, 2, and 4 in Arabidopsis. As PPR genes
display high levels of orthology between plant species
(O’Toole et al., 2008), the subset of 68 rice PPR genes
orthologous to the 75 GS genes in Arabidopsis (Fig.
3D, i and ii, green box) were isolated and the expres-
sion levels were hierarchically clustered (Fig. 3Diii).
Expression of the 68 orthologous genes in rice revealed
no transient expression pattern (Fig. 3Diii). In addi-
tion, visualization of these 68 rice PPR genes across
germination and other developmental tissues (Sup-
plemental Fig. S3B) further confirmed the divergence
in the transcriptomic response of PPR gene expression
between monocots and dicots, despite orthology.

Loss of Function of GS Genes Results in

Embryo Lethality

A recent study defined 481 genes as seed essential,
where a loss-of-function mutation in these genes was
found to result in a seed-related phenotype, mostly em-
bryo lethal. These genes are indicated in the SeedGenes
database (Meinke et al., 2008). The list of SeedGenes
characterized as showing a seed-related phenotype (e.g.
seed lethal) was matched against the genes expressed
during germination. Of the 481 genes in this database
(referred to as “seed-genes”), expression of 422 genes
could be detected during this germination time course.
A significant enrichment of seed-genes was seen in
cluster 1 (35% versus 30% in the genome) and cluster 3
(22% in cluster 3 versus 15% in the genome; Supple-
mental Fig. S4), with 35 seed-genes observed in the set of
775 GS genes (Fig. 3A). Interestingly, the rice orthologs
for these 35 genes did not show a transient expression
pattern during rice germination (Supplemental Fig. S4,
B and C), suggesting that despite orthology, the con-
trolled expression of these genes during germination
may be specific to Arabidopsis germination.

Given the enrichment of seed-lethal genes in the 775
GS genes identified in Figure 3A, a search was carried
out on the 775 to determine whether these genes
encode crucial protein functions necessary for seed/
seedling or even plant development. To do this, large-
scale reverse genetic studies identifying phenotypes
for knocked out/silenced genes were matched to the
775 GS genes. The studies/databases examined are
outlined in Supplemental Table S6. In addition to the
large-scale studies/databases, it was observed that 110
of the 775 GS genes encode proteins experimentally
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Figure 3. Identification of GS gene expression. A, Publicly available microarrays carried out on wild-type tissues in the
AtGenExpress developmental set (Schmid et al., 2005; E-AFMX-9) were normalized together with the arrays in this study.
Hierarchical clustering of the relative expression levels are for 775 unique genes identified as showing the highest expression
during germination, with expression levels less than 50% of these levels in all other tissues. B, Examination of over/
underrepresented GO categories for these transiently expressed genes revealed significant overrepresentation of genes encoding
proteins targeted to the mitochondria, nucleus, and ribosomes, corresponding with the observed overrepresentation of DNA-
and RNA-binding functions. The overrepresentation of these functions, specifically during germination, implies that these genes
are likely to encode the regulatory proteins required specifically for germination progression and later development. Over/
underrepresented functional categories were identified by z-score analysis. Statistical significance is represented by a false-color
heat map (up, orange; down, green) where a z-score of 1.96 represents a P value of 0.05. C, The distribution of genes into
functional subcategories, categorized as follows: i, mitochondrial; ii, nuclear. D, i, The percentage of PPR-encoding genes in
each cluster is displayed as a pie chart showing the percentage of genes in each cluster in the genome. ii, Expression levels during
germination without (no stratification) and including stratification for the 75 PPR genes identified as possessing GS expression in
this study. iii, Expression of the rice genes orthologous to the 75 Arabidopsis genes shown across germination under aerobic and
anaerobic conditions in rice.
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shown and/or predicted to be localized to the mito-
chondria (Fig. 2B); therefore, all genes encoding these
proteins were individually searched for known phe-
notypes in previous publications. In this way, 114
genes were identified as having altered developmental
phenotypes (Fig. 4A). To ensure that this process of
searching for phenotypes did not have any particular
bias, sets of 775 randomly selected genes were gener-
ated and examined for phenotypes exactly as carried
out for the 775 GS set (i.e. all studies/databases in
Supplemental Table S6, and individual searching for
genes encoding mitochondrial proteins). It was seen
that, overall, the 775 GS set consisted of significantly
more genes with known phenotypes compared with
the average number across the random gene sets (P ,
0.01; 114 genes versus 79 genes expected). Moreover,
the types of phenotypes also significantly differed,
with more than three times the number of genes with
seed-lethal/embryo-arrested phenotypes seen in the
GS set (51 genes) compared with the 775 random gene
sets (Fig. 4; Pagnussat et al., 2005; Meinke et al., 2008).
Interestingly, closer examination of the 114 genes with
known phenotypes also reveals an obvious enrich-
ment of 40 genes encoding RNA-binding/processing
functions, compared with only 16 in the random gene
sets (Fig. 4). Examples of these genes encoding pro-
teins involved in RNA-binding functions included
RNA helicases (e.g. At5g08610), RNA-binding pro-
teins (e.g. At4g32720 and At1g49400), various ribonu-
cleases (e.g. At1g01040 and At2g17510), and proteins
containing an RNA recognition motif (e.g. At4g24280;
Supplemental Table S6). The identification of these
functions as being most highly expressed during ger-
mination (Fig. 3A) combined with observations that
the silencing/loss of function of a significant number
of these genes results in seed-lethal/embryo-arrested
phenotypes (Fig. 4; Supplemental Table S6) reveal the
crucial requirement for the expression and function of
RNA binding/processing during early germination
and development in Arabidopsis.

Confirming the Organellar Location of Proteins with
GS Expression

The transcriptomic results presented strongly sug-
gest a clear link between localization and coexpression,
with genes encoding proteins annotated as plastid/
chloroplast localized being overrepresented in cluster
1 (Fig. 2B) and genes encoding mitochondria/nucleus-
localized proteins being overrepresented in cluster 3
(Fig. 2B). Considering these correlations, it was hypoth-
esized that a selection of genes, with hitherto uncon-
firmed protein localizations, could encode proteins
localized to the mitochondria, plastids, and/or perox-
isomes, based on their expression patterns and pre-
dicted localizations as annotated in the Arabidopsis
SUBA localization database (Heazlewood et al., 2007).
A range of 65 genes (Supplemental Table S7) largely
showingGS expression (as in Fig. 3A) were analyzed by
GFP targeting to determine protein localization. Fusion

proteins were constructed and transiently transformed
into Arabidopsis cell culture using biolistic transforma-
tion. Organelle targeting was verified using alternative
oxidase-red fluorescent protein (AOX-RFP) as a mito-
chondrial control, targeted small subunit of Rubisco
(SSU)-RFP as a plastid control, and RFP-SRL (S, Ser; R,
Arg; L, Leu) as a control for peroxisomal targeting (see
“Materials and Methods”). Protein accumulation was
characterized as to the mitochondria, plastid, dual
targeted to the mitochondria and the plastid, peroxi-
some, cytoplasm, endoplasmic reticulum, Golgi, or the
nucleus. Examples of fluorescence micrographs for pro-
teins targeted to the mitochondria, plastids, and perox-
isomes are shown in Figure 4A, and the complete set of
targeting results is shown in Supplemental Figure S5.

Most of the genes for which localization was deter-
mined exhibited low expression in dry seed and 48 h
SL (i.e. they were highly expressed specifically during
germination; genes with GS expression are indicated
by carets in Fig. 5B). Analysis of the localization of
these confirmed the predicted localization for most
genes, with some exceptions, including a mito-
chondrial transcription termination factor (mTERF;
At5g06810) and a PPR-containing protein, At4g21170,
that were predicted to be mitochondrial but appear to
be dual targeted to both mitochondria and plastids
(Fig. 5B; Supplemental Fig. S5). It can be seen that
several genes displayed in Figure 5B encode DNA/
RNA-binding functions, including a mitochondrial in-
tron maturase, a mTERF protein, many mitochondrial
PPR-encoding proteins, as well as a plastid-targeted
chaperone DNAJ protein, a plant homeodomain finger
DNA-binding TF, and a tRNA methyltransferase (Fig.
5B). The transient expression of these genes encoding
regulatory functions during germination and the con-
firmation of their mitochondrial and plastid localization
reveal a specific step of transcriptional regulation that
occurs for organellar proteins during this crucial stage of
development. Further supporting the essential role of
these genes during the earliest stages of germination, it
was revealed that three of the 65 genes selected for
localization studies encode proteins for which a loss of
function results in a seed-lethal phenotype (denoted ED
in Fig. 5B), as determined previously (Ding et al., 2006;
Meinke et al., 2008; Hammani et al., 2011). Each of these
genes, At1g79490 (Fig. 5A), At1g10270, At5g60960, and
At5g39710, encoded proteins predicted to be mitochon-
drial, which was confirmed by GFP analysis (Fig. 5B;
Supplemental Fig. S5). Notably, a number of recent
studies have also confirmed the observed localization
for four of these proteins, At5g46920 (Keren et al., 2009),
At1g80270 (Doniwa et al., 2010), At5g60960 (Hammani
et al., 2011), and At4g36040 (Chen et al., 2010).

Furthermore, including the two seed-lethal genes
annotated as “unknown function,” it can be seen that
localization was determined for 13 other genes of
unknown function (Fig. 5B). These analyses reveal clues
about the possible functions of these genes, inferred
from their organellar localization and GS expression,
forming the basis of further functional studies of these
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genes (Fig. 5B). In addition, it was observed that two
small auxin-responsive RNA-like-encoding genes were
predicted to encode mitochondria-targeted proteins;
however, the localization of these was determined to
be nuclear/cytoplasmic (Fig. 5B). The transient expres-
sion of these was particularly interesting, as it is known
that these genes are specifically regulated at the level of
mRNA decay, allowing tight control of mRNA levels
(Newman et al., 1993). This subset of tightly controlled,
transiently expressed nucleus-, mitochondria-, and/or

plastid-targeted genes (Fig. 5B) may represent crucial
control factors responsible for the normal regulation of
gene expression during germination.

Factors Affecting Transcript Abundance during
Arabidopsis Germination

It is known that, upon imbibition during germina-
tion, stored mRNAs are degraded as in vivo transcrip-
tion begins, and this pattern of decrease in abundance

Figure 4. Functional analysis of proteins encoded by genes defined as GS. Of the 775 genes showing GS expression, 114 genes
showed a published phenotype when mutated/silenced/knocked out. This number is significantly greater (P , 0.001) than the
expected percentage of genes showing phenotypes in random sets of 775 genes. A, The types of phenotypes observed for the 114
genes with known phenotypes in the GS set. The number of genes displaying each phenotype is indicated (details can be seen in
Supplemental Table S6). The significant overrepresentation of seed-lethal phenotypes is indicated with the red asterisk. Of the
114 genes, the number of those encoding RNA-binding/processing functions is also shown in the center of the pie chart. AA,
Amino acids; FA, fatty acids; WT, wild type. B, From a list of 775 randomly selected genes, 79 genes (on average, across three
independent, randomly selected sets) were found to have phenotypes. The number of genes and the distribution of phenotypes
observed for these are shown. Of the 79 genes, the number of those encoding RNA-binding/processing functions is also shown in
the center of the pie chart. Note that the pie chart in B is smaller than that of the 114 genes in A, as it is drawn to scale for the
number of phenotypes observed.
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of stored transcripts appears to be conserved indepen-
dently of whether seeds are stratified or not (cluster 2;
Fig. 6Aii). Similarly, the up-regulation of specific tran-
scripts over the germination time course is also con-
served (cluster 1; Fig. 6Ai). Although these expression
patterns are relatively conserved during germination
with/without stratification, the temporal develop-
ment sequence is different due to different experimen-
tal designs. Two distinct phases of RNA degradation
were evidenced (i.e. clusters 2 and 3). A comparison of
these genes with the mRNA half-lives of approxi-
mately 13,000 genes that have been previously deter-
mined in Arabidopsis (Narsai et al., 2007) allows
insight into the regulatory processes that may affect
transcript stability or degradation. Given that tran-
scripts encoding core cellular functions, such as those
involved in energy (e.g. photosynthesis), have rela-
tively longmRNA half-lives (Narsai et al., 2007), it was
not surprising to observe a significant (P , 0.05)
enrichment of transcripts with longer half-lives in
cluster 1 (Fig. 6B). Similarly, given the sharp decrease
that occurs after the transient expression seen in
cluster 3, it was also expected to find that this cluster
was enriched in transcripts with relatively short half-
lives (less than 6 h; Fig. 6B). In contrast, it was
surprising to see that there was no enrichment of
transcripts with shorter half-lives in cluster 2 (Fig. 6B),
given that this group is characterized by a significant
decrease in transcript abundance (cluster 2; Fig. 6, A
and B). Although this decrease is seen to occur much
slower for stratified seeds (this study), it does appear
that when seeds are imbibed under continuous light,

Figure 5. GFP analysis confirms the localization of proteins encoded by

genes expressed during germination. A subset of 65 genes predicted to
encode organelle-targeted proteins were analyzed to determine subcel-
lular localization. Only those genes most highly expressed during germi-
nation (i.e. showing low expression in dry seed and postgermination [48 h
SL]) were selected for analysis. A, Examples of fluorescence images for
proteins targeted to the mitochondria, plastids, and peroxisomes. The
images for every protein identified as targeting to an organelle can be
found in Supplemental Figure S5. Fusion proteins containing GFPand the
first 100 amino acids (AA) of the protein of interest (or the last 100 amino
acids in the case of the peroxisomal predicted proteins) were constructed
and transiently transformed into cell culture using biolistic transformation.
Organelle targeting was verified using AOX-RFP as a mitochondrial
control, SSU-RFP as a plastid control, and RFP-SRL as a control for
peroxisomal targeting. B, A heat map showing expression levels during
germination for the 65 genes analyzed by GFP targeting. The Arabidopsis
Gene Identifier for each gene, brief gene symbol/description, and local-
ization determined by GFP are shown next to the heat map. Predicted
localizations are indicated in parentheses (M, mitochondria; Pl, plastids;
Per, peroxisomes) next to the experimentally determined localization.
Note that genes that were defined as most highly expressed during
germination in Figure 3a are indicated by carets. Known phenotypeswhen
the gene is knocked out/silenced are as follows: defective in flower (F),
stress (St), embryo (ED), growth (G), and seedling (SL). Reference for
phenotypes are as follows: 1 Boavida et al. (2009); 2 Kwak et al. (2011);
3 Ding et al. (2006); 4 Keren et al. (2009); 5 Hilson et al. (2004); 6 Hammani
et al. (2011); 7 Meinke et al. (2008); 8 Kuromori et al. (2006); 9 Chen et al.
(2010); 10 Saiga et al. (2008); 11 Osakabe et al. (2005). AGI numbers in
gray indicate those annotated as involved in RNA binding/processing.
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with no stratification (Nakabayashi et al., 2005), these
stored transcripts decrease to about 50% of their dry
seed levels within 6 h, indicating a relatively rapid rate
of decrease in abundance (cluster 1; Fig. 6A). These
findings indicate that the rate of degradation is
controlled in a developmental stage-specific manner
(Fig. 6, A and B).
The other factor controlling transcript abundance is

transcription; therefore, without directly measuring
transcription, focus was shifted to how the transcripts
encoding these regulatory factors respond during
germination. Thus, the Arabidopsis TF database was

queried (Riaño-Pachón et al., 2007), resulting in the
observation that cluster 2 was significantly enriched in
genes encoding TFs (35% of all TFs are in cluster 2; Fig.
6Ci). This is particularly interesting as it further sup-
ports the important role of mRNA stability during
germination, given that genes encoding TFs are known
to have short mRNA half-lives (Narsai et al., 2007) and
yet are seen to remain stably abundant up to 12 h S
(Fig. 6A). A closer look at the families of TFs in each
cluster reveals specific over/underrepresentation pat-
terns, including the significant overrepresentation of
the MYB, LOB, Orphans, AUX/IAA, and bHLH fam-

Figure 6. Analysis of putative regulatory factors affecting transcript abundance. A, Parallel comparison showing the average
profile of genes in clusters 1 to 4 (i–iv) for transcripts expressed during germination without stratification (no stratification) and
including stratification (this study). B, The mRNA half-lives of all genes expressed during germination are shown as a pie chart
indicating the percentage of genes that had mRNA half-lives of differing lengths (i.e. 0 h to over 24 h). For each cluster (1–4; i–iv),
the distribution of genes into the different mRNA half-life increments is indicated, with red/blue font indicating an over/
underrepresentation of genes with mRNA half-lives for that increment. C, Expression profiles of all the genes encoding TFs in
Arabidopsis (Riaño-Pachón et al., 2007; 1,299 expressed during germination) were used to determine whether there was an
overall over/underrepresentation of TFs in each cluster. i, The percentage of TFs in each cluster is compared with the percentage
of genes in that cluster in the genome. ii, The representation of specific TF families within each cluster is compared with the
percentage present in the genome to show if specific families were over/underrepresented, which is indicated by the red or blue
font, respectively (P , 0.05). TF families that were also overrepresented and showed the same expression pattern in rice
germination are indicated in black boxes (Perrin et al., 2004; Pagnussat et al., 2005; Nakagawa and Sakurai, 2006; Lister et al.,
2007; Meinke et al., 2008; Boavida et al., 2009; Yu et al., 2009).
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ilies in cluster 1 (Fig. 6Cii). Interestingly, the AUX/IAA
and bHLH families were also seen to be overrepre-
sented in the group of genes showing the same up-
regulation pattern over germination in rice (Fig. 6Cii,
black boxes; Howell et al., 2009). Several studies have
examined the role of AUX/IAA proteins and have
revealed that these proteins have repressor functions
crucial for normal development (Ulmasov et al., 1997;
Tiwari et al., 2004). Given their conserved expression
pattern, it is possible that their role in regulating
germination and development is conserved across
monocots and dicots. Similarly, cluster 2 was signifi-
cantly enriched in the HB, Trihelix, and HSF families,
with the latter also seen to be overrepresented in the
parallel cluster during rice germination (Fig. 6Cii;
Howell et al., 2009). Previous studies have implicated
a role for HSFs for normal development in plants and
other eukaryotic species (Kotak et al., 2007a), with one
study even showing a build up of both transcript and
protein abundance for HSFs over the course of seed
development (Kotak et al., 2007b). Therefore, it was
not surprising to see the conserved expression pattern
of these genes across rice and Arabidopsis (Fig. 6Cii).

Although cluster 3 was not enriched in TFs, it was
seen that of the TFs present, there was an enrichment
of C3H, HB, C2C2 GATA, and the mTERFs, with 15 of
the 23 mTERFs expressed during germination present
in cluster 3 (Fig. 6Cii). It has been shown that HB TFs
have a role in cell differentiation and growth; thus,
their overrepresentation in cluster 3 may reflect an
increase in demand for TFs controlling these vital
processes during germination (Kappen, 2000). A pre-
vious study has shown the crucial role these factors
play, not only in mitochondrial transcription termina-
tion but also in the initiation of transcription and the
control of mitochondrial DNA replication (Roberti
et al., 2009). The role for CH3 was also characterized
in Arabidopsis embryos and was seen to be expressed
from globular to late cotyledon stages (Li and Thomas,
1998). Thus, it was not surprising to see the overrep-
resentation of these in cluster 3 (Fig. 6Cii).

To analyze putative cis-elements that may be in-
volved in regulating transcript abundance during
germination, genes in each cluster and the 775 GS set
identified in Figure 3 were examined for overrepre-
sented putative 6-mers in the 1-kb upstream region of
the transcriptional start site. The 775 GS set was
specifically chosen because the abundance of these
transcripts increases and decreases in a relatively short
time period, and thus they are likely to be coregulated
at the transcriptional level, accounting for the ob-
served increase and possibly actively degraded to
produce the decrease observed. Overall, the 1-kb
upstream promoter elements displayed significant
enrichment of 6-mers, with some elements found in
up to 49% of the genes that showed GS expression
(Table I). All promoter elements were matched against
known cis-element-binding sites within the AGRIS
database (Davuluri et al., 2003; Palaniswamy et al.,
2006; Yilmaz et al., 2011) and studies that have char-

acterized specific binding sites (Kosugi et al., 1995;
Schöffl et al., 1998). Any elements showing a signifi-
cant overrepresentation (P, 0.05) for genes in clusters
1 to 4 and the GS subset are shown in Table I. Promoter
analysis of stored mRNAs was carried out previously,
and a significant overrepresentation of ABRE-binding
sites was observed for these (Nakabayashi et al., 2005),
a feature confirmed in this study, with ABRE elements
also observed in genes of cluster 2 (Fig. 6A; Table I).
Interestingly, there was an overwhelmingly large num-
ber of known motifs seen in the GS subset, suggesting
that numerous factors may be involved in the controlled
expression pattern observed for these genes. An exam-
ple of these included an overrepresentation of Telobox
and Site II elements for the genes in cluster 3 and the GS
subset (Table I), complying with the role of these genes
in the control of genes encoding organellar proteins
during development and the circadian regulation of
genes encoding mitochondrial proteins (Giraud et al.,
2010). Additionally, it can be seen that genes encoding
HSF TFs were enriched in cluster 2 (Fig. 6C). It is pos-
sible that these HSFs have a role in the control of genes
in the GS subset, as several heat shock element (HSE)-
binding site motifs were seen to be enriched in the GS
subset (Table I), implying that the stored HSF encoding
transcripts in dry seed (cluster 2) may be translated
upon imbibition and have a downstream role in the
control of GS transcript abundance.

DISCUSSION

Profiling analysis has been carried out at different
levels during germination in Arabidopsis, from tran-
scriptomic (Nakabayashi et al., 2005) to proteomic
(Gallardo et al., 2001; Rajjou et al., 2004; Fu et al., 2005;
Chibani et al., 2006), to metabolite (Fait et al., 2006)
analysis. These analyses have contributed to the un-
derstanding of the various processes that occur during
germination. This study set out to observe if a greater
temporal dissection of germination in Arabidopsis
would reveal additional time- or stage-specific molec-
ular processes that enable the transition from dor-
mancy to active metabolism and also to gain a deeper
understanding of the role of stratification in the pro-
cess of germination. While the above studies have
uncovered many novel aspects of germination and
given insights into various regulatory processes, the
results in this study revealed specific features of ger-
mination that, to our knowledge, have previously
gone undetected, specifically, the number of changes
in transcript abundance during 48 h of stratification
almost equaled that observed during 48 h of germi-
nation in continuous light; the identification of a
specific set of genes that appear to be predominantly
expressed during the earliest stages of germination on
the transition from stratification to germination, which
are enriched in functions required for germination;
and lastly, the environmental effects on the rate of
RNA degradation during germination.
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Stratification-Specific Regulation during Germination

The process of germination is strongly affected by
environmental cues, which can significantly affect the
rate and success of germination. Exposing seeds to
cold temperatures to assist breaking dormancy, or seed
stratification, is an established practice that is rou-

tinely utilized to maximize germination potential
(Russell et al., 2000; Yamauchi et al., 2004; Dave
et al., 2011). However, the molecular mechanisms
underpinning the role of seed stratification have not
been explored in depth, with only one previous study
examining the effect of stratification on the transcrip-
tome, utilizing 8K DNA microarrays and focusing on

Table I. Known motifs that were found to be significantly overrepresented in genes expressed over germination

The specific hexamer, name of the known motif, reference (Ref.) showing the source of the motif (1 = AGRIS, 2 = Schöffl et al. [1998], 3 = Kosugi
et al. [1995]), and occurrence in all genes expressed during germination in each cluster and the GS subset are shown (boldface data indicate
significant overrepresentation). Note that motifs with asterisks indicate that these were also identified as overrepresented in dry seed by Nakabayashi
et al. (2005).

Hexamer Motif Name Ref.
Genome

(15,789)
Cluster 1 Cluster 2 Cluster 3 Cluster 4 GS

CACGTG* ABRE, CBF2, G-box motif 1 2,927 (19%) 886 (19%) 978 (23%) 375 (16%) 688 (15%) 98 (13%)
CGTGTC ABRE-like binding site motif 1 1,799 (11%) 508 (11%) 636 (15%) 239 (10%) 416 (9%) 79 (10%)
ACGTGT ABRE-like binding site motif, Z box 1 2,888 (18%) 850 (18%) 967 (23%) 351 (15%) 720 (16%) 102 (13%)
ACACGT* ACE promoter motif 1 2,916 (18%) 854 (18%) 973 (23%) 365 (16%) 724 (16%) 99 (13%)
GCCGAC CBF1 BS in cor15a 1 799 (5%) 222 (5%) 282 (7%) 100 (4%) 195 (4%) 29 (4%)
CCACGT* CBF2 binding site motif, GBF 1 2,240 (14%) 701 (15%) 729 (17%) 276 (12%) 534 (12%) 96 (12%)
TGCCGA DRE-like promoter motif 1 781 (5%) 221 (5%) 266 (6%) 103 (4%) 191 (4%) 35 (5%)
TTCCCG E2F binding site motif 1 1,342 (9%) 347 (7%) 363 (9%) 235 (10%) 397 (9%) 77 (10%)
CAAGGG EIL1 BS in ERF1 1 1,246 (8%) 338 (7%) 345 (8%) 221 (10%) 342 (8%) 90 (12%)
GCCGCC ERE promoter motif, GCC box 1 748 (5%) 181 (4%) 201 (5%) 137 (6%) 229 (5%) 44 (6%)
CTAGGG LFY BS in AP3 1 992 (6%) 274 (6%) 243 (6%) 184 (8%) 291 (6%) 66 (9%)
CGGGCC SORLIP2 1 381 (2%) 123 (3%) 89 (2%) 70 (3%) 99 (2%) 27 (3%)
GGGCCG SORLIP2 1 715 (5%) 194 (4%) 194 (5%) 127 (6%) 200 (4%) 56 (7%)
GGGCCT SORLIP2 1 1,793 (11%) 522 (11%) 447 (10%) 324 (14%) 500 (11%) 112 (14%)
AAACCC TELO-box promoter motif 1 4,979 (32%) 1,442 (31%) 1,242 (29%) 925 (40%) 1,370 (30%) 377 (49%)
AACCCT TELO-box promoter motif 1 3,412 (22%) 939 (20%) 793 (19%) 716 (31%) 964 (21%) 313 (40%)
ACCCTA TELO-box promoter motif 1 2,570 (16%) 727 (15%) 606 (14%) 547 (24%) 690 (15%) 239 (31%)
CCCTAA TELO-box promoter motif 1 2,726 (17%) 739 (16%) 684 (16%) 542 (24%) 761 (17%) 226 (29%)
AGCCGA DRE-like promoter motif 1 1,140 (7%) 319 (7%) 345 (8%) 168 (7%) 308 (7%) 68 (9%)
GCCGAA DRE-like promoter motif 1 1,073 (7%) 306 (6%) 311 (7%) 162 (7%) 294 (7%) 68 (9%)
CGACAT DRE promoter motif 1 1,949 (12%) 579 (12%) 523 (12%) 330 (14%) 517 (11%) 115 (15%)
TCCCGC E2F binding site motif 1 750 (5%) 231 (5%) 189 (4%) 119 (5%) 211 (5%) 47 (6%)
TCAAGG EIL in ERF1 1 2,401 (15%) 675 (14%) 626 (15%) 380 (17%) 720 (16%) 149 (19%)
AGGGGG EIL in ERF1 1 507 (3%) 145 (3%) 147 (3%) 88 (4%) 127 (3%) 30 (4%)
AGAGCC ERE promoter motif 1 1,726 (11%) 509 (11%) 455 (11%) 275 (12%) 487 (11%) 102 (13%)
GATTGC GATA-like 1 2,087 (13%) 597 (13%) 514 (12%) 341 (15%) 635 (14%) 126 (16%)
GCGATT GATA-like 1 1,476 (9%) 385 (8%) 396 (9%) 235 (10%) 460 (10%) 90 (12%)
GGATAC GATA 1 1,624 (10%) 464 (10%) 424 (10%) 244 (11%) 492 (11%) 99 (13%)
AGAACG HSE binding site motif 1 1,856 (12%) 533 (11%) 519 (12%) 278 (12%) 526 (12%) 110 (14%)
AGCTTC HSE binding site motif 1 3,672 (23%) 1,001 (21%) 953 (22%) 622 (27%) 1,096 (24%) 224 (29%)
CGTTCT HSE binding site motif 1 1,691 (11%) 473 (10%) 456 (11%) 258 (11%) 504 (11%) 102 (13%)
GCTTCT HSE binding site motif 1 3,817 (24%) 1,054 (22%) 1,015 (24%) 618 (27%) 1,130 (25%) 239 (31%)
CAGAAC HSE binding site motif 2 2,531 (16%) 734 (16%) 658 (15%) 405 (18%) 734 (16%) 154 (20%)
CCAGAA HSE binding site motif 2 2,781 (18%) 773 (16%) 766 (18%) 472 (21%) 770 (17%) 170 (22%)
TTCCGG HSE binding site motif 2 1,581 (10%) 394 (8%) 446 (10%) 265 (12%) 476 (11%) 98 (13%)
TTCGCG HSE binding site motif 2 634 (4%) 165 (4%) 173 (4%) 106 (5%) 190 (4%) 41 (5%)
CGTCGT JASE2 motif in OPR2 1 1,811 (11%) 512 (11%) 497 (12%) 298 (13%) 504 (11%) 107 (14%)
TAAACC LFY BS in AP3 1 5,756 (36%) 1,648 (35%) 1,526 (36%) 952 (41%) 1,630 (36%) 374 (48%)
ATCGAC Nonamer promoter motif 1 1,817 (12%) 515 (11%) 479 (11%) 285 (12%) 538 (12%) 117 (15%)
TCGACG Nonamer promoter motif 2 1,326 (8%) 380 (8%) 354 (8%) 207 (9%) 385 (9%) 80 (10%)
CGGATC Octamer promoter motif 1 1,503 (10%) 401 (9%) 400 (9%) 254 (11%) 448 (10%) 91 (12%)
CAACAG RAV1-A binding site motif 1 2,763 (18%) 775 (16%) 764 (18%) 415 (18%) 809 (18%) 170 (22%)
TGGGCT Site II 3 2,769 (18%) 805 (17%) 697 (16%) 475 (21%) 792 (18%) 186 (24%)
TGGGCC Site II 3 2,922 (19%) 838 (18%) 749 (18%) 500 (22%) 835 (19%) 183 (24%)
AGGGCC SORLIP2 1 562 (4%) 174 (4%) 151 (4%) 93 (4%) 144 (3%) 34 (4%)
GGGCCA SORLIP2 1 1,197 (8%) 382 (8%) 287 (7%) 187 (8%) 341 (8%) 72 (9%)
TGGGCC SORLIP2 1 2,922 (19%) 838 (18%) 749 (18%) 500 (22%) 835 (19%) 183 (24%)
CTCAAG SORLIP3 1 3,105 (20%) 901 (19%) 819 (19%) 489 (21%) 896 (20%) 184 (24%)
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the role of GA during stratification (Yamauchi et al.,
2004). Thus, our study, utilizing the 22K Arabidopsis
genome microarrays, represents the most in-depth
transcriptomic analysis during stratification to date.
The first overall effects of stratification are evidenced
in the number of DEGs, where there was in fact a
greater rate of induction of genes upon exposure to
light (cluster 1; Fig. 5A) and a significantly slower rate
of decrease in abundance for stored mRNAs (cluster 2;
Fig. 5A) for seeds that have been stratified versus not
stratified, supporting the positive effect of stratifica-
tion on germination rate. Also, comparing the DEGs in
this study (including stratification) with germination
without stratification (Nakabayashi et al., 2005) reveals
that the up-regulation of transcripts encoding protein
synthesis and hormone metabolism functions occurs
between 12 h S and 48 h S in this study, revealing, to
our knowledge for the first time, that the up-regulation
of these genes occurs almost exclusively during strat-
ification in the germination process (Fig. 1; Supple-
mental Fig. S6). It has been shown that although
germination can succeed when transcription is inhib-
ited, seedling establishment is prevented (Rajjou et al.,
2004), revealing a crucial role for transcription post-
germination. Taken together with the finding that ger-
mination is prevented when translation is inhibited
(Rajjou et al., 2004), it is likely that these genes encod-
ing protein synthesis functions represent the next
wave of translational machinery required for germi-
nation progression.

In addition to protein synthesis functions, hormone
metabolism was also seen to be affected during
stratification (Fig. 1; Supplemental Fig. S6). Specifi-
cally, a significant up-regulation of genes encoding
Ethylene Response Factor family members (ERFs;
e.g. ERF1 [At3g23240], ERF2 [At5g47220], and ERF5
[At5g47230]) was observed within the first 12 h of
stratification (Fig. 1; Supplemental Table S2). Notably,
this early up-regulation of ERFs cannot be distin-
guished from genes highly expressed in the dry seed
or other hormone-responsive genes when seeds are
not stratified (Supplemental Figs. S6, A versus B, and
S7; Nakabayashi et al., 2005). It has been shown that
ethylene counteracts the inhibitory actions of ABA
(Kecpczyński and Kecpczyńska, 1997; Beaudoin et al.,
2000; Linkies et al., 2009) and promotes endosperm
cap weakening and endosperm rupture in Lepidium
sativum and Arabidopsis (Linkies et al., 2009). Thus,
the rapid induction of these genes during stratifica-
tion, as revealed in this study, not only confirms these
roles for ethylene but reveals that this regulation is
possibly one of the earliest contributing factors to the
greater germination rates and synchrony generally
observed after stratification. Taken together, the find-
ings in this study provided novel insight into why
stratification can lead to greater germination rates
(i.e. hormonal signaling is activated at this stage before
the other changes occur that drive germination and
growth). In contrast, when seeds are not stratified,
these changes occur simultaneously and thus are not

as efficient at ensuring successful germination. This
demonstrates that the specific temporal sequence of
events that occur during germination is important for
developmental progression.

Identification of a Novel Transient Expression Pattern
during Germination

Upon examination of expression profiles during
germination, it was revealed that approximately 14%
of genes show transient expression, mostly peaking in
abundance between 48 h S and 6 h SL (cluster 3; Fig.
2B). Extensive comparisons of these genes across other
developmental tissues then revealed that a subset of
these genes are specifically expressed during germi-
nation (GS set of 775 genes; Fig. 3A). Given that this
transient expression pattern is not observed for a
significant number of genes during germination with-
out stratification (Supplemental Fig. S1), this suggests
that during stratification, there is a time- and temper-
ature-specific regulation that occurs that allows these
genes to peak in expression before the observed syn-
chronous decrease in abundance occurs. Thus, this
expression pattern for these genes cannot be identified
in unstratified seeds, as they are groupedwith genes in
cluster 2, which decline in abundance during germi-
nation. Examination of the genes in this GS set reveals
an enrichment of genes encoding RNA-binding func-
tions, nuclear and mitochondrial proteins, particularly
those encoding PPR proteins (Fig. 3, B and C). This
study revealed a tightly controlled stage of regulation
for PPR-encoding genes over the course of germina-
tion (Fig. 3D). PPR proteins are defined by a repeating
35-amino acid motif, predicted to form an a-helix and
to be targeted to mitochondria and plastids (Schmitz-
Linneweber and Small, 2008). To date, PPR proteins
have been shown to have roles in RNA splicing,
cleavage, editing, stability, and translation (Schmitz-
Linneweber and Small, 2008). A recent study has even
shown that AtPPR2 binds to 23S rRNA and plays a
role in mitotic division and cell proliferation during
embryogenesis (Lu et al., 2011). Another study showed
that a point mutation in the PPR domain of a chloro-
plast PPR protein delayed chloroplast development
(Cao et al., 2011). In addition to this, many of the genes
identified as showing embryo-lethal phenotypes un-
der loss-of-function conditions (Meinke et al., 2008)
encode PPRs, and a significant number of these
showed this transient expression pattern in this study,
suggesting a finely controlled, stage-specific require-
ment for RNA processing during germination. Over-
all, a significant proportion of the genes defined as
displaying a GS profile in this study were observed to
display altered phenotypes associated with embryo
development or male or female gametophyte devel-
opment (Fig. 4). This shows that the functions of many
of the proteins, largely with RNA-binding functions,
encoded by these genes are essential for germination,
thus giving insight into some of the earliest processes
that occur during germination.
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The role of RNA-binding proteins has been exam-
ined in a number of studies, from those specifically
focused on plastid RNA-binding proteins (Wang et al.,
2006) to analysis of families of proteins such as the
Gly-rich RNA-binding proteins (Kim et al., 2007;
Kwak et al., 2011). Specifically, transcriptomic analysis
revealed that two genes, cp29A and cp29B, were
highly expressed in germinating seedlings and there-
fore were selected for further analysis (Wang et al.,
2006). Interestingly, a correlation between the tran-
script and protein abundance for these genes was
observed, and it was observed that new isoforms of
these proteins were generated following posttransla-
tional modification of these proteins during seedling
development (Wang et al., 2006). Similarly, studies
examining Gly-rich RNA-binding proteins have also
indicated a crucial role for these proteins during
Arabidopsis germination and seedling development
(Kim et al., 2007) as well as in the regulation of gene
expression at the posttranscriptional level during abi-
otic stress (Schmidt et al., 2010). A recent study ana-
lyzing the protein structure of GRP4 and GRP7 during
cold acclimation revealed the crucial role of specific
sequence domains necessary for the correct RNA
chaperone activity of these proteins (Kwak et al.,
2011). Interestingly, GFP localization in this study has
revealed, to our knowledge for the first time, that
GRP4 is localized to the mitochondria (Fig. 5). Also,
notably, comparison of the protein abundance data
during germination and the transcriptomic analysis
from this study has also revealed that GRP7 is tran-
siently expressed both at the transcript (this study)
and protein (Fu et al., 2005) levels during germination
and seedling establishment. Collectively, these find-
ings suggest a finely controlled but crucial role of
RNA-binding GRPs during germination.
A recent study used publicly available microarray

data to examine the phase transitions from dormancy to
germination and generated a condition-dependent net-
work model of transcriptional interactions in Arabi-
dopsis called SeedNet (Bassel et al., 2011; http://vseed.
nottingham.ac.uk). This network comprises 8,261 nodes
and demonstrates two major regions of interaction
enriched in transcripts identified by significance anal-
ysis microarrays: region 1, which is associated with
nongermination; region 2, which represents a transition
between nongermination and germination; and region
3, which is associated with germination (Bassel et al.,
2011). Closer examination reveals that region 2 is sig-
nificantly enriched in transcripts encoding RNA me-
tabolism functions and represents a unique cluster of
interactions that bridge these two regions, suggesting a
mediating role for these genes in the transition from
nongerminating to germinating states (Bassel et al.,
2011). Interestingly, when the 775 transcripts compris-
ing the GS set (identified in Fig. 3A) from this study
were queried in SeedNet, the majority localized to
region 2 and region 3, with only a small proportion
being identified in region 1. The large number of GS
genes seen in region 2, together with the association of

these genes with RNA metabolism as well and the
enrichment of RNA-binding/processing functions,
suggest that the transient up-regulation of these genes
represents a crucial regulatory switch necessary for
germination progression.

In addition to RNA-processing and PPR protein-
encoding genes, closer examination of the genes in the
GS set (775 genes; Fig. 3A) rapidly reveals other genes
encoding mitochondrial proteins that also show this
tight, transient expression pattern. GFP localization for
a selection of the proteins encoded by these genes
(Fig. 4) confirmed their mitochondrial localization and
supported the coexpression and colocalization pattern
observed for many of these genes. The crucial role of
mitochondria during germination has been examined
before, and it has been suggested that the biogenesis of
new mitochondria is more important in oilseeds
(Morohashi et al., 1981; Weitbrecht et al., 2011). Nota-
bly, this burst in the expression of genes encoding
mitochondrial proteins does not represent the building
of the bioenergetic functions required to power ger-
mination but rather a specific phase of DNA repli-
cation, RNA synthesis, and processing that occurs
during germination. The genes encoding mitochon-
drial proteins that were most highly expressed (tran-
siently) at this time included a significant percentage
of genes encoding mTERFs (15 of the 23 genes encod-
ing mTERFs were expressed during germination; Fig.
5C) and PPR proteins (137 of the 309 genes encoding
PPRs were expressed during germination; Fig. 3Di). It
has been shown that mTERFs not only function in
mitochondrial transcription termination but also in the
initiation of transcription and the control of mitochon-
drial DNA replication (Roberti et al., 2009). Taken
together, these findings reveal a possible pinpoint in
time during germination when mitochondrial biogen-
esis is activated. This activation of mitochondrial DNA
replication and transcription may play a crucial role in
signaling the later expression of other bioenergetics
components required for germination. It has been
previously reported that a dual-targeted protein that
plays a role in translation in plastids andmitochondria
is required for organelle retrograde signaling (Pesaresi
et al., 2006). Thus, these findings during germination
suggest the possibility that mitochondrial retrograde
signaling may play a crucial role in the process of
germination.

Interestingly, the transcriptomic analysis of rice ger-
mination also identified a subset of transiently ex-
pressed genes (Howell et al., 2009); however, this
occurred later in germination, and the functions of
genes in these sets differed. While the transiently ex-
pressed genes during rice germination were enriched
in genes encoding TFs (Howell et al., 2009), genes
transiently expressed in Arabidopsis germination were
enriched in RNA-processing functions (Fig. 3A). How-
ever, it is possible that the controlled expression of these
RNA-processing functions also occurs in rice but is
missed due to rice seed maturity, as rice seeds do not
undergo stratification; thus, dormancy is broken in an
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alternative manner. Another possibility is that these
differences represent divergences between monocots
and dicots or starch seeds and oilseeds. However, more
intensive profiling studies in rice or other cereals, from
fresh seed, during ripening and during dormancy
alleviation may identify a similar process.

Crucial Role of mRNA Decay during Germination

One of the first processes seen to occur upon imbi-
bition is the clearing out of stored transcripts (cluster 2;
Fig. 6A). For these, it was seen that even transcripts
with mRNA half-lives longer than 6 h decrease to less
than 50% of their starting abundance in under 6 h
upon imbibition in optimal light and temperature
conditions (no stratification; cluster 2; Fig. 6, Aii and
Bii), while transcripts in this cluster decrease in abun-
dance at a much slower rate during stratification (this
study; cluster 2; Fig. 6A). Finding the genes in cluster 2
(i.e. the stored mRNAs) to be enriched in TFs was
somewhat surprising, given that transcripts encoding
TFs have been shown to have short half-lives, allowing
these mRNAs to be rapidly degraded (Narsai et al.,
2007). Thus, these findings suggest that the stored seed
transcripts are somehow highly stabilized in the dry
seed and that controlled degradation of these specific
transcripts occurs upon imbibition, even beginning
during stratification. The importance of the role of
mRNA decay during germination has been displayed
in studies that have shown that normal germination
and development suffer when mRNA degradation is
affected (Delseny et al., 1977; Nishimura et al., 2005;
Hirayama and Shinozaki, 2007). Given that the ex-
pression profiles compared for stratified versus non-
stratified seeds revealed differences in the rate of
decrease for transcripts in cluster 2, this indicates
that the germination “clock” is highly controlled, with
gene expression being tightly regulated and controlled
by environmental conditions. A perfect example of
this controlled regulation during germination is for
genes in cluster 3 (Fig. 2B), which show a strong
induction followed by an equivalently strong reduc-
tion of these genes, suggesting that tight regulation
occurs, most likely both at the transcriptional and
degradation levels. A previous study has shown a role
for controlled/active mRNA decay in yeast in re-
sponse to anaerobic conditions (Dagsgaard et al.,
2001). Thus, the tightly controlled regulation of tran-
script abundance observed in clusters 2 and 3, as well
as the differences in the rates of decrease in abundance
under stratified or unstratified conditions, present an
argument suggesting a possible role for active mRNA
decay that occurs in response to the imbibition or light
during germination.

CONCLUSION

The greater temporal dissection of germination
combined with functional analysis reveals molecular

mechanisms occurring during germination that have
previously gone undetected. Identification of these
processes provides a molecular explanation for the
greater rates of germination that occur during germi-
nation after stratification and also provide greater
resolution of the processes that occur during germi-
nation. If such processes also occur in monocots, it
may provide new targets to prevent precocious ger-
mination in cereals.

MATERIALS AND METHODS

Arabidopsis Tissue Collection and Microarrays

To analyze a range of time points before and during Arabidopsis (Arab-

idopsis thaliana ecotype Columbia) germination, 10 time points were analyzed

including freshly harvested seeds (H; which were collected from a single batch

of wild-type plants that were exactly the same age) and then the seeds

following 15 d of ripening (0 h) and after 1 h of stratification (1 h S), 12 h of

stratification (12 h S), and 48 h of stratification (48 h S); plates were then

transferred to continuous light and collected 1 h into the light (1 h SL), 6 h into

the light (6 h SL), 12 h into the light (12 h SL), 24 h into the light (24 h SL), and

48 h into the light (48 h SL). Eighty milligrams of wild-type Arabidopsis seeds

was plated onto Murashige and Skoog medium (containing 3% Suc) for each

individual time point collection in the time course. Collections were repeated

three times for three biological replicates.

RNA Isolation and Microarray and Differential

Expression Analyses

For all samples collected, the Ambion Plant RNA isolation aid and RNAq-

eous RNA isolation kit were used for effective isolation of RNA. A total of 400 ng

of total RNAwas used as the starting amount of RNA for the ATH1Arabidopsis

genome expression array. Using the IVT Express kit (Affymetrix), microarrays

were carried out according to the manufacturers’ instructions. Before beginning

the microarray experiments as well as during the course of the microarrays, the

Agilent Bioanalyzer was used to ensure high-quality starting RNA, generated

amplified RNA, and effective fragmentation prior to hybridization to the

microarray. All raw intensity CEL files were imported into Avadis 4.3 (Strand

Genomics), and standard MAS5.0 normalization was first carried out to deter-

mine present/absent/marginal calls for each probe set. All probe sets that

encoded hybridization controls, bacterial genes, and more than one single gene

were excluded, leaving a global Arabidopsis expression set consisting of 15,789

probe sets. Probe sets that were called present in two or more replicates were

considered to be expressed and were then used for further analysis. GC-robust

multiarray average normalization was carried out for all 30microarrays, and the

resulting normalized intensities were used as the input for the differential

expression analysis. This was carried out using the Cyber-T method, which

implements a Bayesian method (Baldi and Long, 2001) for the determination of

probe sets showing significant changes in transcript abundance. The posterior

probability of differential expression (PPDE) method within Cyber-Twas used

for false discovery rate calculation (Choe et al., 2005). All input criteria were

set according to Cyber-T recommendations applicable for each experimental

set. A probe set was defined as significantly changing at P, 0.05, with a PPDE

of greater than 0.96 (false discovery rate). These cutoffs and this Bayesian

method of differential expression have been verified and been used in

previous microarray studies (Narsai et al., 2010). In this way, step-wise

differential expression analysis was carried out. All original microarray

data files have been deposited to the Gene Expression Omnibus at the

National Center for Biotechnology Information under accession number

GSE30223.

Hierarchical Clustering and z-Score Analyses of

GO Categories

To view the profiles of expression changes over the time course, all GC-

robust multiarray average studies were made relative to the maximum

intensity over the time course. These data were then hierarchically clustered
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using average linkage (based on Euclidean distance), and four cluster profiles

were drawn using Partek Genomics Suite (version 6.5). To determine if there

was a statistically significant overrepresentation or underrepresentation of a

particular subcategory of GO (i.e. GO cellular component, GO molecular

function, and GO biological process), a z-score analysis was carried out to

compare the two proportions (subset versus genome), where p refers to the

mean and n is the number of genes in the subset.

z ¼ p̂1 2 p̂ 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p̂
�
12 p̂

�ð 1
n1

þ 1
n2
Þ

q

A cumulative standard normal table was used to match the z-score, and

based on this, P values were determined.

PageMan Analysis

To analyze the functional representation of the genes differentially

expressed during the time course, differential PageMan analyses were carried

out using the unique set of probe sets representing the DEGs (Usadel et al.,

2006). Fisher’s test for overrepresentation analysis (1.0 cutoff; Benjamini-

Hochberg [Benjamini andHochberg, 1995] false discovery rate correction) was

carried out in PageMan to determine statistically significant over/underrep-

resentation of genes classified into specific bins.

Publicly Available Arabidopsis and Rice Microarrays

To compile the publicly available Affymetrix Arabidopsis and rice (Oryza

sativa) microarrays, all experiments containing CEL files were downloaded

from the Gene Expression Omnibus within the National Centre for Biotech-

nology Information database or from the MIAME ArrayExpress database

(http://www.ebi.ac.uk/arrayexpress/). The Gene Expression Omnibus

Series or Experiment numbers for the respective studies are shown in

Supplemental Table S3. The Arabidopsis AtGenExpress developmental data

set was downloaded as CEL files (E-AFMX-9). These CEL files in addition to

the 30 CEL files from this study were imported and quantile normalized

together to enable comparability across these arrays using Partek Genomics

Suite version 6.5. To carry out parallel analysis for developmental conditions

in rice, 41 developmental tissues for rice (Supplemental Table S4) were also

downloaded and analyzed in the same manner as described for the Arabi-

dopsis developmental set.

Analysis of Orthologs

The InParanoid: Eukaryotic Ortholog Groups database (version 7.0; Remm

et al., 2001) was utilized to analyze all orthologs between Arabidopsis

and rice. The orthologous group file containing the rice versus Arabidopsis

set was downloaded for the whole-genome comparison. This generated

information for orthologs is identified by Arabidopsis Genome Initiative

(AGI) numbers for Arabidopsis and The Institute for Genomic Research

identifiers for rice.

Analysis of Phenotypes for 775 GS Genes and
Random Gene-Sets

For this analysis, only the list of 21,192 Affymetrix probe sets that matched

to individual AGI numbers was isolated and used. From those, three sets of

775 randomly selected gene-sets were generated using Partek Genomic Suite

version 6.5. These sets were analyzed and scrutinized for phenotypes in

exactly the same manner as was carried out for the 775 GS set identified in

Figure 3A. First, large-scale forward genetics studies were mined and

matched to any genes in these sets; in addition, all genes encoding proteins

localized to the mitochondria were individually searched for publications

indicating phenotypes, and these were collated (numbers for each set are

shown in Supplemental Table S6B). Full references for all phenotypes iden-

tified in the 775 GS set are shown in Supplemental Table S6C).

Construction of GFP Fusion Proteins to Confirm
Organelle Targeting

Given that the expression profiles showed correlation between coexpres-

sion and colocalization (e.g. the genes showing a transient expression pattern

[cluster 3] were enriched in genes encoding mitochondrial proteins, while

cluster 1 was enriched in genes encoding plastid proteins; Fig. 2C), a selection

of 65 genes, mostly encoding proteins predicted to be mitochondrial, were

selected for GFP localization analysis. For each gene, the region of the protein

encoding the targeting signals was cloned in frame with GFP by Gateway

cloning (Invitrogen), as described previously (Carrie et al., 2009). For proteins

predicted to target to the mitochondria or plastid, the first 100 amino acids

were fused to the N terminus of GFP. For proteins predicted to target to the

peroxisome, the last 100 amino acids were fused to the C terminus of GFP.

Three RFP fusion proteins were utilized as controls for subcellular localiza-

tion. To control for mitochondrial targeting, the 42-amino acid mitochondrial

targeting signal of AOX was fused to RFP (Murcha et al., 2007). To control for

plastid targeting, the full-length cDNA of the plastid-targeted SSU was fused

to RFP (Murcha et al., 2007). To control for peroxisomal targeting, the

peroxisomal targeting signal 1 was fused to the C terminus of RFP, which

has been used effectively previously (Carrie et al., 2007).

Confirmation of Organelle Targeting of the GFP
Fusion Proteins

Biolistic transformation of the GFP constructs of interest, with their

associated RFP controls, was carried out on Arabidopsis cell suspensions as

reported previously (Carrie et al., 2007). Approximately 5 mg of both the GFP

fusion protein and the RFP control was coprecipitated onto gold particles and

transiently transformed using the biolistic PDS-1000/He system (Bio-Rad;

http://bio-rad.com/). Gold particles were bombarded into 2 mL of Arabi-

dopsis cell suspension spread on filter paper placed on osmoticum plates,

followed by incubation at 22�C for 24 h in the dark. Visualization of the

fluorescent proteins was carried out using an Olympus BX61 fluorescence

microscope (http://www.olympusmicro.com) with excitation wavelengths of

460/480 nm for GFP and 535/555 nm for RFP; emission wavelengths were

measured at 495 to 540 nm for GFP and 570 to 625 nm for RFP. Micrographs

were captured and processed using cell-imaging software as described previ-

ously (Carrie et al., 2007). Localizations as determined by GFP analysis were

as follows: At5g60730, mitochondrial; At5g40660, mitochondrial; At1g14620,

mitochondrial; At4g14790, mitochondrial; At3g23830, mitochondrial;

At1g10270, mitochondrial; At5g39960, mitochondrial; At5g46920, mitochon-

drial; At1g67620, mitochondrial; At1g61990, mitochondrial; At1g09680, mito-

chondrial; At1g20300, mitochondrial; At1g80270, mitochondrial; At2g15630,

mitochondrial; At2g40240, mitochondrial; At4g02820, mitochondrial;

At5g60960, mitochondrial; At5g61370, mitochondrial; At3g15140, mitochon-

drial; At3g19440, mitochondrial; At5g54580, mitochondrial; At4g29540, mito-

chondrial; At1g71850, mitochondrial; At2g39120, mitochondrial; At1g08220,

mitochondrial; At1g28395, mitochondrial; At1g79490, mitochondrial;

At5g39710, mitochondrial; At5g47455, mitochondrial; At5g03455, mitochon-

drial; At2g16570, plastid; At1g30270, plastid; At4g36040, plastid; At2g27510,

plastid; At1g09940, plastid; At4g08790, plastid; At3g07780, plastid; At1g78050,

plastid; At5g66950, plastid; At3g56330, plastid; At1g51080, plastid; At1g52720,

plastid; At3g19680, plastid; At3g24506, plastid; At3g56360, plastid; At5g06810,

mitochondrial/plastid; At4g21170, mitochondrial/plastid; At1g06270, plastid

membrane/endoplasmic reticulum; At3g60680, peroxisome/cytoskeleton;

At1g69270, peroxisome; At4g14680, nucleus; At2g44510, nucleus; At2g45210,

nucleus; At1g02870, nucleus; At1g07220, nucleus; At1g18680, cytoplasmic;

At1g64185, cytoplasmic; At5g51770, cytoplasmic; At5g50760, cytoplasmic;

At5g65450, cytoplasmic; At1g31940, cytoplasmic; At1g74680, endoplasmic

reticulum; At3g21140, endoplasmic reticulum; At1g04900, endoplasmic retic-

ulum; At4g00750, Golgi.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Gene expression profiles during germination

without stratification (data from Nakabayashi et al., 2005) were also

hierarchically clustered in parallel.

Supplemental Figure S2.Gene expression across Arabidopsis germination

and development.

Supplemental Figure S3. Expression of rice genes orthologous to 775

Arabidopsis GS genes across rice germination and development.

Supplemental Figure S4. Expression profiles of all 422 genes with known

seed phenotypes (described in the SeedGenes database; Meinke et al., 2008).
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Supplemental Figure S5. GFP fluorescence images for the 65 proteins

targeted to the mitochondria, plastids, and/or peroxisomes.

Supplemental Figure S6. PageMan output for DEGs during Arabidopsis

germination without stratification (A), original microarray data from

Nakabayashi et al. (2005), and including stratification (B), as in this

study.

Supplemental Figure S7. Gene expression profiles during germination

with stratification (this study) and without stratification (data from

Nakabayashi et al., 2005) are visualized in parallel for genes encoding

proteins involved in ethylene-related functions (based on PageMan

bins).

Supplemental Table S1. Differential expression analysis in dry seeds and

stratified and germinating seedlings.

Supplemental Table S2. PageMan output for DEGs during Arabidopsis

germination.

Supplemental Table S3. Details of the developmental tissue set (Schmid

et al., 2005; E-AFMX-9) AtGenExpress (ATGE) accessions, number of

biological replications, sample details, genotype, tissue, age, photope-

riod, growth, and substrate.

Supplemental Table S4. Details of the developmental tissue microarrays

used for rice.

Supplemental Table S5. Comparison of protein abundance data from Fu

et al. (2005) with the parallel transcript abundance profiles in this

germination study.

Supplemental Table S6. Details of the phenotypes shown in Figure 4,

names of database resources used, and full references for these genes.

Supplemental Table S7. A selection of genes (more than 75% from cluster

3) with predicted organellar localizations were analyzed by GFP tagging

to confirm protein localization.
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Chapter 3 

Mitochondrial biogenesis during seed germination 
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Foreword to study II 

Mitochondrial biogenesis has been investigated previously during seed 

germination in maize and rice. The impetus to carry out a further study, in the 

model eudicot Arabidopsis, was more than simply an effort to draw 

comparisons with these previous studies in monocots; but to focus sharply on 

the early events that occur in the mitochondria at the transition from 

stratification into continuous light. This drew from previous work outlined in 

Study I, which identified the transient expression of a significantly high 

proportion of transcripts encoding mitochondrial proteins (Narsai et al., 2011), 

and prompted a closer analysis of the tightly coordinated procession of genetic 

events that underpin mitochondrial biogenesis during seed germination. 

Linking comprehensive mitochondrial transcript data with organelle encoded 

transcript data; protein abundance data (a combination of immunoblot 

detection assays and mass spectrometry) and fluorescence microscopy 

facilitated the generation of a detailed model of mitochondrial biogenesis 

during seed germination. 

 

 

 

 

 

 

 

 

 

 



Nucleotide and RNA Metabolism Prime Translational
Initiation in the Earliest Events of Mitochondrial
Biogenesis during Arabidopsis Germination1[W][OA]

Simon R. Law2, Reena Narsai2, Nicolas L. Taylor, Etienne Delannoy3, Chris Carrie, Estelle Giraud,
A. Harvey Millar, Ian Small, and James Whelan*

Australian Research Council Centre of Excellence in Plant Energy Biology (S.R.L., R.N., N.L.T., E.D., C.C.,
E.G., A.H.M., I.S., J.W.), Centre for Computational Systems Biology (R.N., I.S.), and Centre for Comparative
Analysis of Biomolecular Networks (N.L.T., A.H.M.), University of Western Australia, Crawley 6009, Western
Australia, Australia

Mitochondria play a crucial role in germination and early seedling growth in Arabidopsis (Arabidopsis thaliana). Morphological
observations of mitochondria revealed that mitochondrial numbers, typical size, and oval morphology were evident after 12 h
of imbibition in continuous light (following 48 h of stratification). The transition from a dormant to an active metabolic state
was punctuated by an early molecular switch, characterized by a transient burst in the expression of genes encoding
mitochondrial proteins. Factors involved in mitochondrial transcription and RNA processing were overrepresented among
these early-expressed genes. This was closely followed by an increase in the transcript abundance of genes encoding proteins
involved in mitochondrial DNA replication and translation. This burst in the expression of factors implicated in mitochondrial
RNA and DNA metabolism was accompanied by an increase in transcripts encoding components required for nucleotide
biosynthesis in the cytosol and increases in transcript abundance of specific members of the mitochondrial carrier protein
family that have previously been associated with nucleotide transport into mitochondria. Only after these genes peaked in
expression and largely declined were typical mitochondrial numbers and morphology observed. Subsequently, there was an
increase in transcript abundance for various bioenergetic and metabolic functions of mitochondria. The coordination of
nucleus- and organelle-encoded gene expression was also examined by quantitative reverse transcription-polymerase chain
reaction, specifically for components of the mitochondrial electron transport chain and the chloroplastic photosynthetic
machinery. Analysis of protein abundance using western-blot analysis and mass spectrometry revealed that for many proteins,
patterns of protein and transcript abundance changes displayed significant positive correlations. A model for mitochondrial
biogenesis during germination is proposed, in which an early increase in the abundance of transcripts encoding biogenesis
functions (RNA metabolism and import components) precedes a later cascade of gene expression encoding the bioenergetic
and metabolic functions of mitochondria.

A distinguishing feature in the life cycle of many
flowering plants is the production of seeds that are
capable of remaining dormant for several years. Yet,
upon perception of appropriate signals, the dormant
seed transitions from a quiescent state to a highly
active metabolic state. This transition requires a rela-
tively rapid reestablishment of the various biochemi-

cal activities localized to a number of distinct cellular
structures/organelles. These organelles can then uti-
lize the stored reserves to establish the seedling before
photosynthesis begins to support plant growth. This
ordered and timely reestablishment of metabolic func-
tion is essential for successful seedling establishment,
as the biochemical machinery required for autotrophic
growth must be completed before seed reserves are
exhausted (Bewley, 1997).

In dry seeds, mitochondria do not have the charac-
teristic cristae structures, which represent infolding of
the inner membrane that contains the ATP-producing
respiratory chain (Logan et al., 2001; Vartapetian et al.,
2003; Howell et al., 2006). Rather, they appear as more
circular organelles where both membranes are close to
each other (Logan et al., 2001; Vartapetian et al., 2003;
Howell et al., 2006). This structure, which has been
termed a promitochondrion structure (Logan et al.,
2001), develops the more typical mitochondrial mor-
phology in 12 to 24 h after imbibition (the passive
uptake of water by the seed) in maize (Zea mays) and
rice (Oryza sativa; Logan et al., 2001; Howell et al.,
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2006). This structural change is accompanied by an
increase in metabolic activity. However, mitochondria
do not arise de novo but rather from preexisting
organelles, and the details of the molecular mecha-
nisms and signals that initiate this process are unclear.
Mitochondrial biogenesis requires energy and various
building blocks that are produced in the mitochondria;
thus, some endogenous mitochondrial activity must
exist to prime subsequent mitochondrial biogenesis,
which ultimately provides energy for a variety of cel-
lular processes in the germinating tissues. The regula-
tion and timing of mitochondrial biogenesis are of
critical importance to the process of germination and
early seedling establishment.
Studies on mitochondrial biogenesis during germi-

nation have been primarily carried out in starch-
storing seeds, such as maize and rice. Initial studies
in maize revealed that transcripts and proteins of the
ATPase complex and cytochrome oxidase began to
accumulate after 6 h of imbibition (Ehrenshaft and
Brambl, 1990). A notable exception was observed with
the mitochondrially encoded subunit 9 of the ATP
synthase complex, which was detected in dry embryos
and increased further in imbibition. A later study
showed that the transcript and protein for mitochon-
drial HSP60 were present in dry embryos and in-
creased upon imbibition (Prasad and Stewart, 1992). A
detailed study in maize built on these earlier studies to
propose that different populations of mitochondria
existed and that the “light” or promitochondrial frac-
tion matured into cristae-containing mitochondria
with large increases in metabolic components (Logan
et al., 2001). Studies in rice revealed that an ordered
assembly of mitochondria occurs, that components
required to build or import mitochondrial proteins are
present in promitochondrial structures, and that they
are active almost immediately upon imbibition to
facilitate the rapid rate of mitochondrial biogenesis
and associated increases in respiration observed in the
first 24 h after imbibition (Howell et al., 2006, 2007).
No direct studies have been carried out in the oil

seed Arabidopsis (Arabidopsis thaliana) to investigate
mitochondrial biogenesis and determine how it pro-
ceeds relative to the other energy organelles: chloro-
plasts and peroxisomes. The importance of the
mitochondrion in providing energy for germination
and the interaction with photosynthesis position it as a
critical organelle during germination and early seed-
ling establishment (Nunes-Nesi et al., 2011). Previ-
ously, we have carried out an in-depth transcriptome
analysis of germination and defined greater than 700
germination-specific genes (i.e. genes defined as dis-
playing maximum expression during germination
compared with all other development stages in Arab-
idopsis; Narsai et al., 2011). Thus, to define the role of
mitochondria in germination and to study the earliest
events of mitochondrial biogenesis during germina-
tion in Arabidopsis, we undertook a closer analysis of
this germination transcriptome data set (GSE30223;
Narsai et al., 2011) and combined it with a detailed

analysis of mitochondria- and plastid-encoded organ-
ellar genes (using high-throughput quantitative re-
verse transcription [qRT]-PCR). To link these data with
cellular development, we visualized mitochondrial
profiles during germination using mitochondrially
targeted GFP and compared this with chloroplast-
and peroxisome-targeted red fluorescent protein (RFP)
and cyan fluorescent protein (CFP), respectively. Pro-
tein abundance profiles during germination were also
analyzed in this study, using antibodies and peptide
mass spectrometry to link the timing of transcriptional
changes to protein accumulation changes. The results
show the status of mitochondria in fresh dry seeds and
the changes that occur over the course of seed matu-
ration, stratification (moist chilling of the seeds in
darkness to alleviate dormancy), germination (the
time from the start of water uptake to the point where
the embryo emerges from the testa), and post germi-
nation. These results show some of the earliest changes
in mitochondria that occur during germination.

RESULTS

Temporal Examination of Organelle Biogenesis

The use of a stably transformed line of Arabidopsis
seed containing different fluorophores targeted to the
mitochondria, plastid, and peroxisome facilitated an in
vivo temporal examination of biogenesis for the energy
organelles during germination (Fig. 1A). Throughout
the germination time course, peroxisomes (cyan chan-
nel) were observed to be present in high densities,
with negligible changes to morphology and size
(approximately 2 mm). This is consistent with the
pivotal role of glyoxysomes and peroxisomes in me-
tabolizing the energy stores present in oil seeds prior
to the establishment of photoautotrophism (Graham,
2008). In the red channel, small proplastids (1–2 mm)
were observed at high densities in the first time point
(dry seed; Fig. 1Ai). The plastids remain small until as
late as 12 h SL (i.e. 12 h into continuous light, following
48 h of stratification at 4�C in the dark), after which
they undergo a major increase in size (approximately
4 mm) and exhibit a globular morphology by 48 h SL.
This organellar expansion is symptomatic of the tran-
sition from undifferentiated proplastid to etioplasts
and chloroplasts, as photosynthesis is established
in the greening cotyledons. In the green channel,
mitochondria could not be visualized in dry seeds,
and as the mitochondrial, peroxisomal, and plastid
fluorescence-tagged proteins were all driven by the 35S
cauliflower mosaic virus promoter, the lack of a mito-
chondrial signal reflects mitochondrial mass or protein,
not a lack of expression of the marker. However,
following 48 h of stratification (Fig. 1Aii), GFP-contain-
ing mitochondrial populations could be observed, with
variedmorphologies and sizes (0.5–2mm). After 12 h SL
in continuous light (Fig. 1Aiii), the mitochondrial mor-
phology took on a more uniform rod shape, accompa-
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Figure 1. Developmental profiling of mitochondria, plastids, and peroxisomes in an Arabidopsis embryo/seedling over a
germination time course. A, Seeds from a stably transformed line of Arabidopsis plants expressing mitochondria-targeted GFP,
plastid-targeted RFP, and peroxisome-targeted CFP were examined at a number of time points during seed germination. i, The
cotyledon of an embryo dissected from a dry seed. Peroxisomes (cyan) and proplastids (red) are visible in high numbers. ii, The
cotyledon of an embryo dissected from a seed after 48 h of stratification (48 h S; prior to transfer to continuous light). Peroxisomes
(cyan) and proplastids (red) are visible in high numbers; mitochondria (green) can begin to be identified, although these are not as
distinct as in later time points. iii, The cotyledon of an embryo dissected at 12 h in continuous light (12 h SL). All three organelles
are clearly visible. iv, The cotyledon of an embryo dissected at 48 h in continuous light (48 h SL). All three organelles are more
clearly visible. The plastids (red) have quadrupled in size and are colocalizing with the peroxisomes. Bars = 15 mm. B, Total
protein was extracted from Arabidopsis seeds collected during the germination time course and separated by SDS-PAGE (30 mg).
Separated proteins were transferred to a polyvinylidene difluoride membrane and subjected to western-blot analysis. Following
quantitation of band intensities using ImageQuant TL software (GE Healthcare), values were normalized to the highest level of
intensity over the time course and graphed.
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nied by an increase in mitochondrial density. This is
consistent with studies using electron microscopy that
indicate that the cristae structure of mitochondria de-
velop 12 to 24 h after imbibition (Logan et al., 2001;
Howell et al., 2006). This increase in density and uni-
form morphology remained consistent throughout the
remainder of the time course. In the early time points
(Fig. 1A, i–iii), peroxisomes and proplastids had a
seemingly random distribution within cells and were
not observed to interact with each other. However, in
the final time point (48 h SL; Fig. 1Aiv), the peroxisomes
were observed to colocalize in clusters around the
chloroplasts. Colocalization of this nature has been
observed in adult leaf tissue previously (Mano et al.,
2002) and suggests the establishment of photorespira-
tion, a hallmark of the transition from glyoxysome to
leaf peroxisome.
Protein abundance changes for several organelle

proteins were analyzed across a time series from
freshly harvested seeds (upon removal from siliques)
as well as dry seeds after 15 d of ripening (0 h), across
48 h of dark stratification (S), and then following 48 h
of exposure to light (SL) at 22�C. Western-blot analysis
using antibodies raised to markers of different com-
partments showed that the pattern of protein expres-
sion over the time course differed substantially (Fig.
1B). For some proteins, the protein abundance did not
dramatically change in abundance over the time
course, with less than a 50% change in abundance
seen from dry seeds to 48 h SL (Fig. 1B). This was true
for the cytosolic marker UGPase, which maintained a
relatively consistent abundance, being highly abun-
dant (70% or 0.7) in harvested and dry seed to max-
imum abundance (100% or 1.0) at 48 h SL (Fig. 1B). The
mitochondrial marker ATPb varied in abundance
from 60% (0.6) at harvest and dry seed to maximum
abundance at 48 h SL (Fig. 1B). Larger increases in
protein abundance were observed in mitochondrial
voltage-dependant anion channel (VDAC) and the
peroxisomal 3-ketoacyl-CoA thiolase (Kat2; 40% [0.4]
at harvest and dry seed to 100% [1.0] at 48 h SL). The
largest increases in protein abundance were observed
for the two subunits of plastid Rubisco, denoted SSU
and RbcL (30% [0.3] at harvest and dry seed and 100%
[1.0] at 48 h SL), and the vacuole V-ATPase (20% [0.2]
at harvest and dry seed to 100% [1.0] at 48 h SL;
Fig. 1B).

Transcript and Protein Correlation in Organelle
Biogenesis during Germination

To study the process of organelle biogenesis during
germination, transcript abundance changes were ana-
lyzed using the previously published microarray data
(GSE30223; Narsai et al., 2011), and protein abundance
was measured by shotgun mass spectrometry detec-
tion of peptides. Of the 15,789 genes expressed in at
least one time point during the time course (Narsai
et al., 2011), quantitative data for 178 of the corre-
sponding proteins were obtained by counting peptide

mass spectra (Ishihama et al., 2005; see “Materials and
Methods”). For each of these, the corresponding tran-
script abundance was normalized to maximum (for
the equivalent time points as the proteins) and visu-
alized as a heat map in order of functional category
(Fig. 2; Supplemental Table S1). In this way, it was
possible to identify any concordance between tran-
script and protein levels during germination.

Examination of the heat map showing transcript
and protein abundance, and the corresponding corre-
lation coefficient for each gene revealed a pattern of
concordance relating to function, with 81 of the 178
transcripts/proteins showing significant positive
correlations of r . 0.62, while only 15 of the 178
transcripts/proteins showed significant negative cor-
relations (r , 20.62; Fig. 2). Notably, a number of
genes encoding mitochondrial (green bars), plastid
(red bars), and peroxisomal (blue bars) components
from this overlapping set revealed strong correlations
(Fig. 2). For example, for genes encoding translation
functions, particularly ribosomal proteins, a strong
concordance was observed between transcript and
protein abundance, with positive correlations ob-
served for all but two of the genes encoding translation
functions (Fig. 2). Also, nine of the 14 mitochondrial
proteins displayed significant positive correlations
(r. 0.62); for example, two ADP/ATP carrier proteins
(At3g08580 and At5g13490) that have a role in trans-
port were seen to have significant positive correlations
(Fig. 2; Supplemental Table S1). Additionally, 10 of the
34 plastid proteins also showed strong positive corre-
lations (r . 0.62; Fig. 2). The pattern of expression for
these organellar proteins (and transcripts), largely
encoding major metabolic components, showed an
increase over time, sometimes showing a lower/stable
expression by 48 h SL (Fig. 2). In contrast, embryo
development and other seed-related proteins, such as
the late embryogenesis abundance proteins (LEA) and
two abscisic acid-responsive proteins, were most
highly expressed in dry seed (0 h) and decreased in
abundance in both transcript and protein to varying
degrees upon imbibition. However, despite the differ-
ence in expression pattern, these functions were also
seen largely to show strong transcript and protein
correlations. Thus, using microarray analysis of tran-
script abundance and mass spectrometry-based quan-
titation of proteins (Fig. 2), in a number of cases, it is
clear that strong concordance is evident.

Comparative Analysis of Organelle Transcripts Reveals a

Transient Suite of Genes Unique to the Mitochondria

Of the 15,789 genes expressed in at least one time
point during the germination time course, the genes
encoding organelle-targeted proteins were analyzed to
compare transcriptomic profiles observed over the
time course of stratification and germination (Supple-
mental Fig. S1; Supplemental Table S2). Using strict
and consistent criteria of localization predication da-
tabases and publications showing experimentally de-
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termined localization (see “Materials and Methods”),
genes were defined as encoding proteins localized to
the plastid (2,135), peroxisome (447), and mitochon-
drion (980) in an equivalent manner (Supplemental
Fig. S1; Supplemental Table S2). By defining localiza-
tions in this manner, bias for a single organelle was
reduced to a minimum, allowing maximum compara-
bility between these gene lists (see “Materials and
Methods”). For each gene set (e.g. the mitochondrial
set; Fig. 3), expression values were hierarchically clus-
tered, and four distinct clusters were observed: cluster
1, transcripts that increased in abundance from 6 h SL
and remained at high levels across the time course;
cluster 2, highly expressed in dry seed and up to 12 h S
before decreasing over time; cluster 3, transiently
expressed with low/absent expression levels in dry
seed and up to 12 h S before increasing dramatically in
abundance at 48 h S, but then decreasing after 6 to 12 h
into the light (SL); and cluster 4, largely unchanging in
abundance over the time course. Upon examination of
the genes encoding plastid-localized proteins, it was
evident that these were significantly overrepresented
in cluster 1 profiles (up-regulated after 6 h SL; 48%
plastid versus 30% across the whole transcriptome;
Supplemental Fig. S1Ai). This overrepresentation was
not unexpected, given that the plastid proteins largely
function upon exposure to light. In contrast, genes
encoding peroxisome proteins were not different in
expression pattern from that seen in the genome
(Supplemental Fig. S1Aii). Interestingly, it was seen
that for the mitochondrial gene set, there was an
overrepresentation of transcripts showing transient
expression (cluster 3, 25% versus 15% across the whole
transcriptome; Fig. 3). The decrease seen in the abun-
dance of transcripts in this transient cluster coincides
with the time point(s) when transcripts in cluster
1 begin to increase (6–12 h SL) and also coincides
with the time point(s) when the morphological obser-
vations reveal that mitochondria take on the typical
rod-shaped appearance (Fig. 1Aiii). Thus, the appear-
ance of transcripts in cluster 3 correlates with a tran-
sitional event from the dormant seed to active
mitochondrial biogenesis. The correlation between
mitochondrial function and this transitory burst in
expression led us to examine putative regulatory ele-
ments in the promoters of these genes (Fig. 3).

In order to gain insight into the regulatory processes
that drive the observed changes in transcript abun-
dance, the presence of cis-acting regulatory elements
or transcription factor-binding sites was analyzed.
First, the promoter regions of genes in clusters 1 and
3 were searched for 6-mers (six-nucleotide motifs) to

Figure 2. Concordance/discordance in transcript and protein abun-
dance data during germination. Transcript and protein abundance data

were normalized to maximum and visualized as a heat map in order of
functional category. Pearson’s correlation coefficient was calculated for
each transcript/protein abundance pair. Correlation coefficients greater
than 0.625 were considered statistically significant (P , 0.05) and are
indicated by the gray line. Annotation and localization details for each
gene are shown in Supplemental Table S1, in accordance with the
displayed order.

Law et al.
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find significantly overrepresented motifs (Fig. 3, left
side). In addition, Pscan was used to search for motifs
that are known binding sites of specific transcription
factors (Zambelli et al., 2009), and their overrepresen-
tation is shown with a variety of elements defined in
clusters 1 and 3 compared with the genome represen-
tation, and while there was some overlap (GATA, Heat
Shock Factor binding site, and Heat Shock Element),
there were also distinct groups in each cluster (Fig. 3).
Notably, the ABRE-like and DRE elements, which have
been previously associated with germination, were
present in cluster 1 but not in cluster 3 (Nakabayashi
et al., 2005). Analysis of known transcription factor-
binding sites may be more informative, as the regula-
tors are known. Here, it was also observed that both
clusters 1 and 3 shared overrepresented binding sites
for PIF3, ANT, FLC, ABI4, and CDC5, but cluster 3 was
also unique in that it contained RAV1, DAG1, and

DAG2 binding sites, while cluster 1 contained bHLH
binding sites that were not enriched in cluster 3. The
binding sites for all these transcription factors have
been previously associated with germination, but with
reference to the expression of plastid-encoded genes or
proteins found in other locations (Peterson, 1977;
Ikeda et al., 2009; Groszmann et al., 2010; Lau and
Deng, 2010; Taylor et al., 2010; Rizza et al., 2011). Thus,
it would appear that the regulation of genes encoding
mitochondrial proteins during germination is likely to
be under these samemainstream regulatory pathways.
Notably, the finding that genes encoding mitochon-
drial proteins are overrepresented in this transient
expression pattern suggests that one of the earliest
targets of these previously characterized regulators of
germination is in fact genes that encode mitochondrial
proteins, which are activated very early during ger-
mination.

Figure 3. Distribution of overrepre-
sented motifs (left panel) and transcrip-
tion factor (TF)-binding sites (right
panel) and in the promoters of mito-
chondrial genes (center panel). All
transcripts for genes encoding mito-
chondrial proteins called present at a
minimum of one time point were nor-
malized to the highest expression
value of each gene and hierarchically
clustered. Cluster 3 of the mitochon-
drial set was observed to be signifi-
cantly enriched compared with the
clustered distribution of the genome,
indicated with an asterisk. On the left,
putative regulator-binding motifs cal-
culated to be overrepresented (by
z-score analysis; P , 0.05) are indi-
cated for clusters 1 and 3 (i.e. where
transcripts were observed to increase
during the time course of the experi-
ment). On the right are listed known
transcription factor-binding sites en-
riched in clusters 1 (pink) and 3
(green), as determined by Pscan (Zam-
belli et al., 2009), with the expression
of the profile of the transcription fac-
tors indicated according to cluster (e.g.
the binding site for PIF3 is enriched in
genes present in clusters 1 and 3, and
the expression of PIF3 is assigned to
cluster 1 by hierarchical clustering).
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To gain a detailed insight into the mitochondrial
functions activated as one of the primary events of
germination, a functional analysis was carried out. The
first step involved further curation of the mitochon-
drial gene list, which was generated largely upon
collation of localization data from 40 relevant publi-
cations (Supplemental Table S2D; Supplemental Ma-
terials and Methods S1). In this way, the expression of
a refined list of 945 genes encoding mitochondrial
proteins was examined, and a custom pathway image
was used to compare and contrast patterns of tran-
script abundance for genes encoding mitochondrial
proteins that were assigned to distinct functional
categories (Fig. 4; Supplemental Fig. S1B). Stable and
low transcript abundance was observed in all func-
tional categories at the first four time points (H, 0 h, 1 h

S, and 12 h S; Fig. 4), corresponding with the lack of
visible mitochondria during this time (Fig. 1Ai). The
first suite of transcripts to undergo a discernible and
dramatic increase in abundance were those encoding
proteins belonging to the protein import apparatus of
the outer mitochondrial membrane (TOMs, SAM, and
metaxin), which were seen to peak in expression at
48 h S and 1 h SL (Fig. 4). The early increase in the
abundance of these transcripts complies with previous
findings in rice that have also shown these genes to be
among the first to increase in transcript abundance
upon imbibition (Howell et al., 2006, 2009). Interest-
ingly, however, this intensive examination of the
mitochondrial subset revealed that this distinct ex-
pression pattern was also observed to a greater extent
for transcripts encoding proteins involved in the tran-

Figure 4. Transcript abundance profiles of genes encoding mitochondrial proteins during germination. Transcript abundance
was normalized to the maximum expression level during the time course, classified into nontrivial BINS, and displayed on a
custom pathway image. A method of color-coding was utilized to distinguish subtle variations between the profiles. Three shades
of green were used to denote transcript abundance peaking at 48 h S/1 h SL (light green), 6 h SL (medium green), and 12 h SL
(dark green). Two shades of red were used to denote transcript abundance increasing steadily, with maximal abundance in the
final time point (dark red) and transcript abundance increasing steadily until 24 h SL, followed by a small decrease/stabilization
in abundance at 48 h SL (light red). For a number of transcripts, one or more proteins were quantitated. Purple asterisks have been
used to indicate when transcript and protein abundances peak at the same time point.

Law et al.
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scription of mitochondria-encoded genes as well as
RNA editing and splicing factors (Fig. 4, light green
shading). Notably, when the protein abundance for
one of these factors (a mitochondrial pentatricopeptide
repeat [PPR; At5g46460]; Fig. 2) was quantitated, the
protein abundance also corresponded with the tran-
sient expression seen for the respective transcript (Fig.
4, purple asterisk; Supplemental Table S1). This tran-
sient expression was also seen for RNA polymerase
and splicing factors as well as mitochondrial members
of the mitochondrial transcription termination factor
family (Fig. 4), which have been shown to have a role
not only in transcription termination but also in tran-
scription initiation (Hyvärinen et al., 2010) and even in
modulating mitochondrial DNA replication (Hyväri-
nen et al., 2007; Roberti et al., 2009). Interestingly, it
was seen that chloroplast RNA polymerase did not
show this transient expression pattern (data not
shown) and instead peaked in expression at 48 h SL.
Coincident with this early transient induction of genes
involved in mitochondrial RNA metabolism was an
analogous increase in the abundance of transcripts
encoding proteins involved in cytosolic nucleotide
synthesis and a number of mitochondrial carrier pro-
teins previously defined as nucleotide carriers (Pal-
mieri et al., 2011; Fig. 4, nucleotide synthesis and
nucleotide carriers).
At 6 h SL, transcripts of genes encoding ribosomal

proteins, proteins involved in protein folding, and the
inner membrane protein import machinery peaked, as
did a number of proteins associated with mitochon-
drial DNA replication (Fig. 4, medium green shading).
The final transient peak in transcript abundance was
observed for genes encoding tRNAs and the protein
constituents of the VDAC, which occurred at 12 h SL
(Fig. 4, dark green shading; Supplemental Fig. S2, dark
green shading). Quantitative western blotting also
revealed that the protein abundance of VDAC accu-
mulated in a similar way to the corresponding tran-
script expression pattern from dry seed to 48 h S, and
protein abundance only peaked at the final time point
(Supplemental Fig. S3).
Transcripts encoding the metabolic functions of

mitochondria, such as components of the electron
transport chain, ascorbate glutathione metabolism,
and photorespiration, all peaked later during germi-
nation, at either 24 h SL or 48 h SL (Fig. 4, light red and
dark red shading, respectively). Quantitative western
blotting for components of complex I, complex III, and
complex V also revealed that these proteins peaked in
abundance coincident with the respective transcript
abundances (Fig. 4; Supplemental Fig. S3). Interest-
ingly, tricarboxylic acid (TCA) cycle components also
peaked in transcript abundance at 24 h SL or 48 h SL
(Fig. 4). It is possible that this late induction of the TCA
cycle and glycolysis components reflects the change in
energy pathways, from the mobilization of storage
lipids via b-oxidation and the glyoxylate cycle during
germination (Bewley, 1997), which could provide the
energy for early RNA and protein metabolism, to the

use of newly fixed carbon through photosynthesis
and the glycolytic degradation of sugars as seedling
establishment occurs. Interestingly, genes encoding
proteins of the glycolytic pathway, located in the cy-
tosol but previously reported to be associated with the
outer mitochondrial membrane (Graham et al., 2007),
peaked in expression at the same time (48 h SL) as the
transcripts encoding mitochondrial metabolic func-
tions (Fig. 4, glycolysis). Notably, these transcripts
(encoding glycolytic functions) showed a very slow
increase in abundance during stratification and up to
12 h SL (likely representing a minor response to im-
bibition) before sharply increasing in transcript abun-
dance at 24 h and 48 h SL, when the energy demand
increases with seedling establishment (Fig. 4, glycoly-
sis).

The Mitochondrial Transcriptome, Nucleotide, and RNA

Metabolism during Germination

The changes in transcript abundance patterns de-
scribed above suggest that mitochondrial RNA me-
tabolism is activated very early during germination,
just after imbibition. As ATH1 microarray GeneChips
use polyadenylated mRNA to measure transcript
abundance, this is not a suitable platform to measure
the abundance of the nonpolyadenylated transcripts of
mitochondria-encoded genes. Thus, a qRT-PCR plat-
form analyzing random-primed cDNAwas employed
to measure transcript abundance for genes encoded in
the mitochondrial genome (de Longevialle et al., 2007).
We used four time points to determine the pattern of
expression for mitochondrial genes encoding proteins
found in complexes I, III, IV, and Vand for three genes,
ccmB, ccmC, and ccmF, that are required for cytochrome
c biogenesis (Giegé et al., 2008). The profiles for these
mitochondrial transcripts were compared with the
transcriptomic profiles observed for the nucleus-
encoded counterparts of these complexes at the same
time points: 0 h, 6 h SL, 24 h SL, and 48 h SL. The 0-h
and 6-h SL time points reveal which mitochondrial
transcripts (indicated in gray) increased significantly
in abundance before the nucleus-encoded counterpart
transcripts (indicated in red). The latter were seen to
significantly increase in abundance only at or after 6 h
SL (Fig. 5).

It was evident that the pattern of accumulation of
transcripts for mitochondrially encoded proteins dif-
fered significantly compared with the accumulation of
transcripts for nucleus-encoded proteins in the same
respiratory complex (Fig. 5). While transcript abun-
dance for both nuclear andmitochondrial genes was at
its lowest at 0 h, several mitochondrial transcripts
increased in abundance during stratification and
peaked in expression between 1 h SL and 12 h SL,
while the nucleus-encoded counterparts increased in
abundance later and peaked at 24 h SL (Fig. 5; Sup-
plemental Table S3). Furthermore, the protein abun-
dance for nucleus-encoded electron transport chain
components of complex I and complex III also peaked
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at 24/48 h SL, as did their corresponding transcripts
(Fig. 4; Supplemental Fig. S3). Thus, it appears that the
early increase in expression observed for nuclear genes
encoding mitochondrial proteins associated with RNA
transcription, splicing, and editing has functional sig-
nificance, as the transcript abundance of mitochondrial
transcripts increases in a similar manner and pattern
over the same time period. Interestingly, the protein
abundance of a mitochondrial PPR protein (At5g46460)
also showed this transient expression, peaking in
abundance at 48 h S before decreasing over time (Fig.
2). Notably, the mitochondria-encoded transcripts gen-
erally did not decrease in abundance, unlike the
nucleus-encoded transcripts in cluster 3 (Figs. 3 and 5;
Supplemental Table S3).

A corresponding survey of the chloroplast-encoded
components of the photosynthetic machinery and
their nucleus-encoded counterparts was also carried
out for comparison (Supplemental Fig. S4). It was
observed that the nuclear and plastid transcripts dif-
fered in expression at 0 h, as the nuclear transcripts
were all lowly expressed or absent, while most of the
chloroplast transcripts were moderately to highly ex-
pressed (Supplemental Fig. S4). However, by 6 h SL,
the abundance of plastid transcripts was reduced to
levels similar to those of their nuclear counterparts

and then proceeded to increase in abundance in a very
similar manner to the nucleus-encoded components,
with all transcripts peaking in expression at 48 h SL
(Supplemental Fig. S4).

In order to further investigate the relationship be-
tween the nucleus-encoded mitochondrial proteins
involved in RNA metabolism and their organelle-
encoded targets, 261 PPR proteins known or predicted
to be targeted to the mitochondria were compiled
(Supplemental Table S4). Hierarchical clustering of
these revealed that a significant percentage of this set
of PPR proteins showed transient expression, peaking
in expression between 48 h S and 6 h SL (62% versus
15% in the genome; P , 0.01; Fig. 6A). A number of
studies have characterized the interactions between
specific Arabidopsis PPR proteins and their organelle-
encoded targets (Chateigner-Boutin et al., 2011;
Hammani et al., 2011; Hölzle et al., 2011; Jonietz
et al., 2011; Verbitskiy et al., 2011; for review, see
Delannoy et al., 2007; Fujii and Small, 2011). These
studies were used as a basis to investigate specific
regulatory events of mitochondrial RNA processing
during the germination time course (Fig. 6B). When
the transcript abundance for the PPR proteins and
their targets were plotted together, it became clear that
the PPR transcripts increased in abundance transiently

Figure 5. Coordination of nucleus- and organelle-encoded components of the mitochondrial electron transport chain.
Expression values derived from microarray analysis of nucleus-encoded components of the mitochondrial electron transport
chain were profiled in parallel to corresponding mitochondria-encoded components quantitated by qRT-PCR. For each gene
displayed, gene names, annotations, and abundance levels are detailed in Supplemental Table S3.
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before or coincident with their targets, but never after
(Fig. 6B). Interestingly, the majority of PPR proteins
known to bind just one transcript had a profile charac-
terized by a single peak (e.g. MEF8, MEF22, andMEF18;
Takenaka et al., 2010), while PPR proteins with multiple
known targets had profiles punctuated with multiple
peaks (e.g. MEF11 [Takenaka et al., 2010] and MEF1
[Zehrmann et al., 2009]; Fig. 6B). These concordant
profiles were also observed when transcripts encoding
chloroplastic PPR proteins were profiled alongside their
organelle-encoded transcripts (Supplemental Fig. S5).
Thus, it appears that the expression of nuclear genes
encoding proteins implicated in RNA processing in
mitochondria (and plastids) occurs just prior to, or
coincident with, changes in the target organelle tran-
script abundance. This close correspondence may in
some cases be due to a causative relationship: some PPR
proteins have been shown to directly control RNA
stability and accumulation (Prikryl et al., 2011).
In addition to the genes encoding PPR proteins, it is

clear that a significant number of other nuclear genes
encoding mitochondrial proteins display a transient
expression pattern, peaking in abundance at 48 h S

before decreasing in abundance after 6 h SL (cluster 3;
Fig. 3; Supplemental Fig. S1B). Notably, this group
included the mitochondrial components of the purine
biosynthesis pathway, phosphoribosylaminoimida-
zole synthase (At3g55010) and phosphoribosylformyl-
glycinamidine amidotransferase (At1g74260), as well
as a series of mitochondrial carriers that were recently
predicted to be nucleotide carriers based on sequence
consensus analysis across organisms (Palmieri et al.,
2011). This suggests a coordination of mitochondrial
nucleotide synthesis and nucleotide transport with
this early RNA metabolism phase of mitochondrial
biogenesis initiation.

Considering the potential role of this transient phase
in the development of functional mitochondria, we
sought to gain an insight into the importance of the
roles played by the 239 genes highlighted through a
survey of the genetic impact of their loss on Arabi-
dopsis growth, development, and morphology (clus-
ter 3; Supplemental Fig. S1B). To do this, a number of
databases and large-scale forward and reverse genetic
studies were queried, identifying phenotypes for
knocked out/silenced genes. The databases included

Figure 6. Profiling mitochondria-targeted PPRs and their known organelle-encoded transcript targets. A, Hierarchical clustering
of the relative expression levels of 261 genes encoding PPR proteins targeted to the mitochondria. Of the four clusters identified,
cluster 3, which is characterized by transient expression, was significantly (P, 0.001) enriched (62%) when compared with the
total genome (15%). B, PPR proteins that have been characterized previously in the literature were normalized alongside qRT-
PCR data showing expression of their known mitochondria-encoded RNA targets.
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the SeedGenes database, which documents pheno-
types for all genes showing embryo-lethal/defective
phenotypes (Meinke et al., 2008); the Chloroplast 2010
Project, which reveals phenotypes for genes predicted
to be localized to the chloroplast (Ajjawi et al., 2010);
and the Agrikola database (Hilson et al., 2004). Fur-
thermore, these were supplemented with individual
gene searches in The Arabidopsis Information Re-
source (TAIR; Swarbreck et al., 2008). Remarkably, of
the 239 genes queried, one in three (78 genes) had a
previously observed (and published) altered phenotype
(Fig. 7; Supplemental Table S5). Furthermore, the
finding that nearly 40% of these showed embryo-
arrested/lethal phenotypes is a highly significant
overrepresentation (P , 0.01) in comparison with the
expected number in the genome (Berg et al., 2005;
Bryant et al., 2011). The number of developmentally
impaired phenotypes (specifically embryo lethal; Fig.
7) suggests that the role of these proteins is highly
significant for normal plant development. Taken to-
gether with the observed synchronous expression seen
for these genes during germination, this suggests that

these genes not only carry out crucial mitochondrial
functions but that their expression represents a crucial
control point during germination and seedling estab-
lishment through the linkage of nucleotide synthesis
and transport with RNA metabolism.

DISCUSSION

Mitochondrial populations in dormant dry seeds
represent the minimum structure (promitochondria)
required to produce mitochondria and are essentially
in a state of synchronized dormancy with each other.
The rapid development of mitochondria following
imbibition (the passive uptake of water by the seed)
allows the synchronous maturation of mitochondria to
be investigated (Logan et al., 2001; Howell et al., 2006).
Previous studies on mitochondrial biogenesis during
seed germination in maize have detailed the transition
from promitochondria to mature mitochondria that
contain typical cristae morphology (Logan et al., 2001),
but the regulatory and developmental processes that
drive this maturation are unknown. In order to un-

Figure 7. Phenotypes observed in a
transiently expressed set of genes en-
coding mitochondrial proteins during
seed germination. Of the 239 tran-
siently expressed genes (Supplemental
Fig. S1B; cluster 3), one in three (78
genes) were observed to have a previ-
ously published phenotype when si-
lenced or knocked out (Supplemental
Table S5). Of these, 37% presented
an embryo-arrested/lethal phenotype,
which is three times greater than the
expected number of embryo-arrested/
lethal phenotypes for the whole ge-
nome. Other categories are as follows:
leaf shape/development/amino acid
content/fatty acid content/polysac-
charide (AA/FA/PS) content, whole
plant affected, developmental, flower
development/timing/siliques, reduced/
altered hypocotyl and/or root growth,
and seed pigment/yield/amino acid
content/fatty acid content (for details,
see Supplemental Table S5). WT, Wild
type.
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cover the earliest events in mitochondrial activation
during germination, we carried out transcript and
protein profiling of Arabidopsis seeds from freshly
harvested seed (collected on the day from mature
siliques) through stratification (at 4�C in the dark on
solid Murashige and Skoog [MS] medium) and then
imbibition in light for 48 h. In parallel with this,
tagging of organelles with fluorescent marker proteins
was used to monitor mitochondrial biogenesis. Or-
ganelle transcript abundance changes were also
monitored to investigate the coordination of gene
expression between the organelle and nuclear ge-
nomes.
Combining these investigations revealed that mito-

chondrial RNA and DNA metabolism, in terms of

transcription, translation, and replication, represent
the earliest mitochondrial functions that are reestab-
lished during the transition from promitochondria to
metabolically active mitochondria during germination
(Fig. 8). The activation of DNA and RNA functions is
supported by the early peak in expression of factors
involved in cytosolic nucleotide metabolism and mi-
tochondrial transporters that supply nucleotides to the
mitochondrial matrix (Fig. 8). There are two sources of
evidence that this peak in transcripts encoding mito-
chondrial DNA- and RNA-related processes is func-
tionally important. First, this peak precedes the rise in
mitochondrial transcript abundance, which in turn
precedes the rise in transcripts for nucleus-encoded
components of mitochondrial metabolism (Figs. 4 and

Figure 8. A model for mitochondrial biogenesis during germination. Mitochondria in dry seeds lack cristae structures (Stasis).
The earliest events that occur in mitochondrial biogenesis occur at the end of stratification and the first hour of transfer to light
and are associated with RNA transcription and translation, leading to an increase in the transcript abundance of mitochondria-
encoded genes. The next stage, which occurs at 24 h after transfer to light, is the increase in the transcript abundance of genes
encoding various metabolic components. For a number of transcripts, one or more proteins were quantitated. The stages at which
the lowest/highest corresponding protein abundances are observed are indicated with black/green asterisks, respectively.
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5). Second, mutational analysis of the genes that en-
code these mitochondrial proteins shows that inacti-
vation leads to either complete embryo arrest or
slower development (Fig. 7; Meinke et al., 2008).
Thus, this peak in transcript abundance for genes
encoding mitochondrial proteins involved in DNA
replication and transcription is essential for normal
development. Following this “biogenesis” state, the
mitochondria accumulate the apparatus necessary for
energy production and enter what we have termed a
“metabolic” state (Fig. 8), which represents the mature
mitochondria. Interestingly, the transcript abundance
profiles of the components of the electron transport
chain particularly displayed a high level of similarity
with the corresponding protein abundances (derived
from quantitative western-blot data and peptide mass
spectroscopy), with an accumulation of these compo-
nents toward the final time points, peaking in abun-
dance at 24 and 48 h SL (Fig. 8, green asterisk). In
contrast, mitochondrial import components were seen
to exhibit dissimilar patterns between transcript and
protein accumulation (Fig. 8); however, this was ex-
pected, given that low correlations between transcript
and protein abundance for these components have
been previously observed both in Arabidopsis (Lister
et al., 2007) and rice (Howell et al., 2006).

The phasic nature of mitochondrial biogenesis out-
lined in this study offers an intriguing insight into the
role of the host over the endosymbiont. Being of
prokaryotic ancestry, it would not be surprising to
observe similarities in the transition from promito-
chondrion to mature mitochondrion with that of the
germination of a bacterial endospore. Both structures
represent internalized bodies of a bacterial nature, and
both undergo a period of stasis prior to an “activation
event.” However, in contrast to promitochondria, the
dormant endospore is in fact already replete with the
necessary apparatus required for germination, and
activation is a biophysical process without major mac-
romolecular synthesis (Moir, 2006). This deviation in
molecular maturation serves to emphasize the crucial
role of the eukaryotic host cell.

Investigation of germination offers an excellent bi-
ological system for studying the coordination of a
variety of processes, given the rapid, wholesale
changes observed in a strict temporal progression. In
this study, we have examined correlations between
nuclear and mitochondrial transcripts, correlations
between putative regulators of organelle gene expres-
sion and their target transcripts, and correlations be-
tween transcript and protein abundance. Analysis of
protein abundance using western-blot analysis and
mass spectrometry revealed a number of positive
correlations between transcript and protein abun-
dance (Fig. 2). In many cases where negative correla-
tions were observed, it was simply due to a temporal
dislocation (i.e. a period of lag between transcript
abundance and protein abundance). It has been pre-
viously shown in other systems that the degree of
correlation between transcript and protein abundance

increases if time offsets are used (Irmler et al., 2008).
Thus, the negative correlation observed for cruciferin
(Fig. 2) is possibly due to the fact that while transcript
abundance has peaked at 48 h SL, the encoded protein
has not yet accumulated. Similarly, for mitochondrial
ASP1 (At2g30970) and AAC2 (At5g13490), it was seen
that the transcript level increased from 48 h S to 6 h SL
and then decreased/stabilized at 48 h SL, while the
corresponding proteins were still absent at 48 h S and
only increased in abundance from 6 h SL before
peaking at 48 h SL (Fig. 2; Supplemental Table S1).
Given the technical limitations of obtaining quantita-
tive protein abundance, these data revealed (in this
system at least) that when active cellular synthesis and
growth are occurring, transcript abundance is likely to
be the primary level of control. A recent study inves-
tigating the plastid-specific transcriptional program of
germination found that during stratification and ger-
mination, transcript and protein accumulation are not
concordant and postulated that plastid transcription
was more important for germination than translation
(Demarsy et al., 2012). It should be noted that only
semiquantitative macroarrays were used in that study,
time points were much farther apart than in our work
(dry seeds, imbibed seeds, and 2-, 4-, and 6-d-old
plantlets), and a 16-h-light/8-h-dark cycle was used,
which imposes a daily modulation on top of the
germination process. Considering these differences,
particularly the light/dark cycle, we would expect to
see differences between that study and ours. Interest-
ingly, while it was noted that specific inhibition of
plastid translation with lincomycin did not prevent
germination, it was seen that the inhibition of both
plastid and mitochondrial translation with chloram-
phenicol completely prevents it (Demarsy et al., 2012),
further emphasizing the integral role of mitochondrial
biogenesis during germination.

The analysis of nuclear and mitochondrial tran-
scripts for proteins located in the same respiratory
chain complex revealed that the peak in transcript
abundance occurs at different times. In fact, by 48 h S,
mitochondria-encoded transcripts had peaked in
abundance, whereas nucleus-encoded transcripts had
not yet significantly changed in abundance compared
with the harvested seeds (Fig. 5). Interestingly, even at
the protein level, nucleus-encoded proteins (complex I
subunit Ndufs4 [At5g67590] and cytochrome c subunit
[At1g22840]) increased almost 10-fold in abundance
from dry seed to 48 h SL, in contrast to the mitochond-
rially encoded complex I protein NAD9 (AtMg00070),
which only increased by more than 2-fold in abun-
dance from dry seed to 48 h SL (data not shown). This
apparent lack of coordination between mitochondrial
and nuclear transcripts has been previously observed
in mitochondrial biogenesis in Arabidopsis during
sugar starvation and refeeding (Giegé et al., 2005).

This study has also allowed an investigation into the
time course of the accumulation of mitochondrial
transcripts compared with that of transcripts encoding
proteins involved in processing these mitochondrial
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transcripts (Fig. 6). The expression of genes encoding
PPR proteins during germination is strikingly en-
riched in cluster 3, and it was revealed that the
transcript encoding a protein involved in transcript
maturation, such as editing, always peaked in abun-
dance prior to or coincident with the target transcript
for those with known targets (Fig. 6). It was shown that
the first hour of stratification represents a phase of
acute activity, where these genes are expressed and
likely active, which helps to explain the lethal or
severe growth phenotypes observed when these genes
are inactivated (Fig. 7; Meinke et al., 2008). This rapid
response is particularly intriguing in light of the seed’s
capacity to cycle between different depths of dor-
mancy for months or even years at a time in anticipa-
tion of environmental conditions suitable for seedling
establishment. As yet, the molecular regulation of dor-
mancy cycling remains a mystery, although a number
of studies have identified a series of possible mecha-
nisms (Cadman et al., 2006; Holdsworth et al., 2008;
Footitt et al., 2011).
The regulation of nuclear genes encoding mitochon-

drial proteins is often divided into anterograde and
retrograde regulatory pathways (Millar et al., 2011).
While retrograde pathways and signaling are inten-
sively studied under stimulation via various stresses
that induce changes in transcript and protein abun-
dance under stress (Wessel and Flügge, 1984), little is
known about the retrograde pathways that exist to
regulate the expression of the majority of mitochon-
drial proteins involved in carbon metabolism and
respiration during normal growth and development,
or even if such pathways exist. One possibility is that
during seed germination, no communication takes
place and that as soon as the conditions for germina-
tion are satisfied, all events commence in essentially a
preprogrammed manner limited only by biophysical
constraints and the availability of substrates to achieve
germination and seedling establishment. While this
model could not account for temporal differences in
transcript abundance observed between mitochon-
dria- and nucleus-encoded transcripts, it is harder to
explain the temporal difference observed for nucleus-
encoded transcripts that encode different functions.
Another possibility is that retrograde signals are

sent from mitochondria to the nucleus to coordinate
gene expression that ensures that the germination
process only proceeds when different metabolic pre-
conditions have been met in a series of checkpoints.
While the existence and nature of such signals remain
to be defined, it has been reported that perturbation of
both mitochondrial and plastid translation by inacti-
vation of the dual targeted, nucleus-encoded prolyl-
tRNA synthetase 1 results in a retrograde response,
with leaky mutants of this gene shown to result in the
differential expression of genes encoding proteins
involved in photosynthetic functions (Pesaresi et al.,
2006). Furthermore, plastidial gene expression repre-
sents an important group of retrograde signaling from
plastids to the nucleus, indicating that organelle gene

expression can act as a retrograde signal (Pfannschmidt,
2010). Thus, it is postulated in this study that the early
burst in the transcript abundance of mitochondrial
genes uncovered here may be acting as a signal to
prompt the expression of nuclear genes encoding pro-
teins involved in various metabolic functions required
for germination and seedling establishment. However,
intensive follow-up studies are necessary to validate
this hypothesis. Overall, it appears that while mito-
chondrial functions appear to be under developmental
control during the earliest stages of germination (i.e. the
activation of mitochondrial transcription and transla-
tion), the next phase of gene expression may require
signals from this preceding event before these re-
sponses can occur and germination can progress to
seedling establishment. Thus, it is proposed that nucle-
otide synthesis and transport, and the concomitant
mitochondrial transcription and translation, during
early germination are essential steps to mediate the
transition frompromitochondria intomature mitochon-
dria (Logan et al., 2001).

CONCLUSION

The transition of promitochondria to mature mito-
chondria displaying high metabolic activity is charac-
terized by a burst in the expression of genes encoding
functions in nucleotide biosynthesis and transport as
well as in organelle RNA- and DNA-related functions.
This switch occurs prior to the increase in mitochon-
drial numbers, prior to the assumption of typical oval
mitochondrial morphology, and is probably essential
for germination to occur. While this switch has not
been identified in other plant species studies to date, it
provides a developmental target that may be used to
ensure that premature germination or sprouting does
not occur in cereals, and it may also represent the
earliest time points that putative signals potentially
originating from the mitochondria could signal the
nucleus to proceed with mitochondrial biogenesis.

MATERIALS AND METHODS

Transformation of Arabidopsis Ecotype Columbia with

Organelle-Targeted Fluorescent Proteins

A stably transformed line of Arabidopsis (Arabidopsis thaliana ecotype

Columbia [Col-0]) seed, expressing three distinct organelle-targeted fluores-

cent proteins, was generated via Agrobacterium tumefaciens-mediated transfor-

mation. The first construct consisted of the 42-amino-acid mitochondrial

targeting signal of alternative oxidase fused to GFP (Carrie et al., 2007) and

cloned into pCambia 1301 in place of GUS. The second construct consisted of

the full-length cDNA of the plastid-targeted small subunit of Rubisco

(Rubisco SSU) fused to RFP (Carrie et al., 2007) and cloned into the pGreenII

expression cassette (Hellens et al., 2000). The final construct consisted of the

peroxisomal targeting signal 1 fused to the C terminus of CFP in the binary

plasmid pFGC (Nelson et al., 2007). These constructs were stably transformed

by three consecutive rounds of Agrobacterium-mediated transformation uti-

lizing the floral dipping method outlined by Clough and Bent (1998). Follow-

ing the floral dipping, seeds were harvested and screened using antibiotic

selection, with hygromycin for the GFP construct, kanamycin for the RFP

construct, and glufosinate for the CFP construct.
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Confocal Microscopy to Observe Organelle Biogenesis

during a Germination Time Course

The transformed seeds were surface sterilized by treatment with 0.05%

(v/v) Triton X-100 in 70% (v/v) ethanol followed by successive washes with

70% (v/v) ethanol and 100% (v/v) ethanol. The seeds were then plated on

Arabidopsis solid medium, containing 4.3 g of Gamborg’s B5 basal medium

(Austratec), 0.5 g of MES, and 30 g of Suc, made up to 1 L with double distilled

water. The seeds were then stratified for 48 h at 4�C in the dark, followed by an

additional 48 h in continuous light (100 mE m22 s21) at 23�C. Seeds were

collected throughout this time course, and the embryos were excised from the

surrounding endosperm and testa by submerging in water and applying

pressure with a coverslip. GFP, RFP, and CFP localization was monitored

using a Leica TCS SP2 multiphoton confocal microscope, with excitation

wavelengths of 410/440 nm (CFP), 460/480 nm (GFP), and 535/555 nm (RFP)

and emission wavelengths of 460/480 nm (CFP), 500 to 540 nm (GFP), and 570

to 625 nm (RFP). Images were analyzed using ImageJ image-processing

software (Abramoff et al., 2004).

Arabidopsis Tissue Collection for Transcript and
Protein Analysis

Approximately 80 and 150 mg of Arabidopsis (Col-0) seeds was surface

sterilized as outlined above and sown on Arabidopsis solid MS medium (3%

Suc) for transcript and protein analysis, respectively. Sampling was carried

out at 10 time points: freshly harvested seed (H) on the day of collection from

plants, seeds following 15 d of dark, dry, ripening (0 h), seeds after 1 h of

stratification (imbibition of seeds on Arabidopsis MS medium at 4�C in the

dark; 1 h S), 12 h of stratification (12 h S), 48 h of stratification (48 h S), and on

plates transferred to continuous light and collected 1 h into the light (1 h SL), 6

h into the light (6 h SL), 12 h into the light (12 h SL), 24 h into the light (24 h SL),

and 48 h into the light (48 h SL; sampling as described by Narsai et al. [2011]).

Collections were repeated three times for three biological replicates.

RNA Isolation, qRT-PCR, and Microarray Analysis

The Ambion Plant RNA isolation aid and RNAqeous RNA isolation kit

were used for effective isolation of RNA from all samples collected. qRT-PCR

was carried out using the LightCycler 480 system (Roche). SYBR Green I was

the selected assay detection format, as carried out previously (Delannoy et al.,

2009). The primer sequences used in this study have been outlined (Delannoy

et al., 2009; Kühn et al., 2009). For microarray experiments, 400 ng of total RNA

was used as the starting amount of RNA for the ATH1 Arabidopsis genome

expression array; for details, see Narsai et al. (2011). In order to view the

profiles of expression changes over the time course, all GC-robust multiarray

average was made relative to the maximum intensity over the time course. For

Supplemental Figure S1, these data were then hierarchically clustered using

average linkage clustering (based on Euclidean distance) in Partek Genomics

Suite version 6.5.

MapMan Analysis

To visualize the shifting patterns of the abundance of transcripts encoding

proteins targeted to the mitochondria, transcripts were mapped into a custom

mitochondrial MapMan pathway (Usadel et al., 2005), with 1,059 of the total

present set (15,789) being classified into nontrivial MapMan BINS. The

transcript abundance of each gene was scaled to range between 21 and 1,

and values were averaged across each BIN.

Compiling Lists of Organellar Proteins

To compare the changing patterns of transcript abundance between the

mitochondria, the chloroplast, and the peroxisome, it was necessary to

generate lists of transcripts encoding proteins targeted to these organelles.

To make these lists as comparable as possible, a consistent set of criteria was

employed, using SUBA (Heazlewood et al., 2007). Based on the output from

SUBA, next to each gene in each organelle list a source number is indicated,

where 1 refers to an experimentally determined localization by either mass

spectrometry or GFP analysis, 2 refers to a computationally predicted local-

ization based on protein sequence (however, for a gene to be denoted as 2, at

least five predictors needed to have predicted to the same localization), and 3

refers to a protein localization determined by both experimental analysis and

prediction. Given the limited experimental annotation for peroxisomal localiza-

tion and the limited number of peroxisomal predictors (PeroxP [Emanuelsson

et al., 2007] and WoLF PSORT [Horton et al., 2007]), the peroxisomal list was

augmented with genes from the AraPerox database (Reumann et al., 2004), and

these were denoted as 4. The predictor programs utilized were Predotar (Small

et al., 2004), TargetP (Emanuelsson et al., 2007),WoLF PSORT (Horton et al., 2007),

MitoProt2 (Claros and Vincens, 1996), SubLoc (Hua and Sun, 2001), iPSORT

(Bannai et al., 2002), MITOPRED (Guda et al., 2004) PeroxP (Emanuelsson et al.,

2003), MultiLoc (Höglund et al., 2006), and LOCtree (Nair and Rost, 2005).

To produce a comprehensive list of genes encoding proteins targeted to the

mitochondria, a custom list of all currently defined genes encoding proteins

located in the mitochondria in Arabidopsis was manually compiled and

annotated based on a number of functional classifications: carrier proteins and

import components of the mitochondrial outer and inner membrane, constitu-

ents of the electron transport chain, prohibitins, generation enzymes, RNA

editing/splicing, RNA polymerase and organelle-encoded genes, transcription

factors, ribosomal proteins, translation factors, tRNAs, assembly, ascorbate/

glutathione, sulfur metabolism, heme, folate, and photorespiration. For defining

lists of mitochondrial proteins involved in amino acid metabolism, cytosolic

glycolysis, and the TCA cycle, annotations were based on MapMan ATH1

TAIR9 annotation BIN files with localization, as these functional categories

have been extensively defined previously. The annotated gene list for 945

mitochondria-located proteins was categorized into a BIN hierarchy for

display on the custom mitochondria MapMan image according to the BIN

structure shown in Supplemental Table S2. A full outline of the manual

curation of this list, including all references, can be found in Supplemental

Materials and Methods S1.

Phenotype Analysis of Transiently Expressed Genes

A subset of 239 transiently expressed genes encoding proteins targeted to the

mitochondria was cross-referenced against a number of large-scale forward and

reverse genetic studies, identifying phenotypes for knocked out/silenced genes.

Databases used were the SeedGenes database (Meinke et al., 2008), the Chlo-

roplast 2010 Project (Ajjawi et al., 2010), and the Agrikola database (Hilson et al.,

2004). Furthermore, these databases were supplemented with manual database

checking of TAIR (Swarbreck et al., 2008). Sources and full references for each

phenotype are shown in Supplemental Table S5.

Total Protein Extraction from Seed, and Protein

Quantification for SDS-PAGE and Western Blotting

Following collection, seeds were snap frozen with liquid nitrogen and

ground with a mortar and pestle. The extraction was carried out according to

the methodology outlined at http://www.seed-proteome.com. Total protein

was extracted in triplicate, at 2�C, in 2.2 mL of lysis buffer containing 7 M urea

(Bio-Rad), 2 M thiourea (AnalaR), 4% (w/v) CHAPS (Sigma-Aldrich), 18 mM

Tris-HCl (Amresco), and 0.2% (v/v) Triton X-100 (Sigma-Aldrich). Following a

10-min incubation at 4�C, 14 mM dithiothreitol was added. The protein

extracts were then stirred for 20 min at 4�C, followed by rounds of centrif-

ugation at 35,000g for 10 min at 4�C. Protein concentrations were then

measured in accordance with a methodology adapted from Schaffner and

Weissmann (1973). For each sample, 4 mL of protein extract was diluted with

25 mL of double distilled water, followed by the addition of 300 mL of Amido

black (taken from a stock solution containing 26mg of Amido black in 100mL of

acetic acid:MetOH [1:10]). This mixture was then mixed by vortexing and

incubated for 5 min at room temperature, followed by 4 min of centrifugation at

13,000 rpm at room temperature. Once the supernatant had been removed, the

pellet was washed with 500 mL of acetic acid:MetOH (1:10), followed by a

second round of centrifugation. Then, the dyed protein pellet was resuspended

in 1mL of 0.1 MNaOH and the absorbancewasmeasured at 615 nmon aUV-VIS

spectrophotometer (Shimadzu). A standard curve derived from eight dilutions

of a bovine serum albumin standard quantitated in the same manner was then

used to quantitate the samples.

SDS-PAGE and Western Blotting

SDS-PAGE was utilized to separate 30 mg of total protein extract from each

time point, alongside a purified mitochondrial sample (Supplemental Fig. S6),

which was then transferred to a supported polyvinylidene difluoride mem-

brane (Millipore) in Towbin buffer (Towbin et al., 1979), at 30 V for 16 h, using
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a Trans-Blot Plus Electrophoretic Transfer Cell (Bio-Rad). Probing of proteins

of interest was undertaken using an array of different antibodies that have

been described previously or purchased from Agrisera. The VDAC protein

was obtained from Dr. Tom Elthon (University of Nebraska). The antibody for

Kat2 has been described previously (Footitt et al., 2007). The antibodies for

ATP synthase, RbcS, RbcL, V-ATPase, and UGPase were purchased from

Agrisera. Blots were visualized by chemiluminescence (Roche Applied Sci-

ence) using an ImageQuant RT ECL Imager (GEHealthcare). The western-blot

band intensities were subsequently quantitated using ImageQuant TL soft-

ware (GE Healthcare).

Mass Spectrometry Identification of Proteins Expressed
during Germination

Following collection, seeds were snap frozen with liquid nitrogen and

ground to a powder in a Retsch ball mill. The extraction was carried out based

on Wessel and Flügge (1984) and carried out in triplicate. Briefly, the powder

was resuspended in SDS-Tris grinding buffer (500 mM Tris, pH 7.0, 7% [w/v]

SDS, and 10% [v/v] b-mercaptoethanol), and the solution was spun at 10,000g

for 5 min. To the supernatant were added 4 volumes of methanol, 1 volume of

chloroform, and 1 volume water; it was then vortexed and spun at 10,000g for

5 min. The protein interface was collected and washed in 500 mL of methanol,

and the pellet was air dried. The pellet was then resuspended in 20%

acetonitrile and 10 mMNH4HCO3 andmixed for 1 min at 30 Hz in a Retsch ball

mill at room temperature. The resulting solution was spun at 2,000g for 5 min,

and the resulting supernatant was collected. The protein content was deter-

mined by a modified Bradford assay using bovine serum albumin as a

standard (Peterson, 1977). A total of 250 mg was then digested and run on the

mass spectrometer as outlined previously (Taylor et al., 2010).

Output files from quantitative-time of flight data were conducted using the

Mascot search engine version 2.3.02 (Matrix Science) and the TAIR9 database

(June 19, 2009; 3,3621 sequences and 13,487,170 residues) utilizing error

tolerances of 6100 ppm for mass spectrometry and 6 0.5 D for tandem mass

spectrometry, Max Missed Cleavages set to 1, Oxidation (M) and Carbox-

ymethyl (C) variable modifications, the instrument set to ESI-Q-TOF, and

Peptide Charge set at 2+ and 3+. Output files for each triplicate treatment were

then aligned, including the protein MOWSE score, peptide matches, and the

Mascot-calculated exponentially modified protein abundance index values

based on Ishihama et al. (2005). Protein content was calculated using the

method of Ishihama et al. (2005) and shown as an average of triplicates with SE

(Supplemental Table S6.) Only proteins identified in two out of three biolog-

ical replicates in at least one time point were used for further analysis (Fig. 2).

In this way, 178 unique proteins were identified.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Hierarchical clustering of the transcript abun-

dance of transcripts targeted to the three energy organelles.

Supplemental Figure S2.MapMan visualization of transcripts involved in

mitochondrial processes during a germination time course.

Supplemental Figure S3. Protein abundance profiling of Arabidopsis seed

during a germination time course.

Supplemental Figure S4. Coordination of nucleus- and organelle-encoded

components of the chloroplast photosynthetic electron transport chain.

Supplemental Figure S5. Profiling of chloroplast-targeted PPRs and their

known organelle-encoded transcript targets.

Supplemental Figure S6. Confirmation quantitation of total proteins

extracted from Arabidopsis seeds during the germination time course.

Supplemental Table S1. Details of the 178 transcripts/proteins analyzed

in parallel, shown in accordance with the order presented in Figure 2.

Supplemental Table S2. Mitochondrial lists of genes generated using

SUBA through a combination of experimental evidence (mass spectros-

copy and GFP) and predictive tools.

Supplemental Table S3. Average transcript abundance of mitochondria-

encoded genes of the electron transport chain during germination, as

shown in Figure 5.

Supplemental Table S4. Lists of PPR proteins targeted to either the

mitochondria or the chloroplast.

Supplemental Table S5. Data for each gene that was found to have a

phenotype, details showing the number of genes showing known

phenotypes, and full references for these genes.

Supplemental Table S6. Abundance of 178 proteins calculated using the

exponentially modified protein abundance index during germination.

Supplemental Materials and Methods S1. A custom list of all currently

defined genes encoding proteins located in the mitochondria in Arabi-

dopsis that was manually compiled and annotated based on a number of

studies.
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Verbitskiy D, Härtel B, Zehrmann A, Brennicke A, Takenaka M (2011)

The DYW-E-PPR protein MEF14 is required for RNA editing at site

matR-1895 in mitochondria of Arabidopsis thaliana. FEBS Lett 585:

700–704
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Chapter 4 

Perturbation of a mitochondrial protein import 

component influences seed germination rates 
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Foreword to study III 

Study I and II characterised facets of seed germination and mitochondrial 

biogenesis using a variety of different methods in wild-type Arabidopsis seed. 

Building upon this, Study III demonstrated that the T-DNA insertional 

mutation of a specific mitochondrial import component influenced the 

background levels of GA and ABA, to the extent that seed germination 

progressed at a significantly faster rate. The implications of these observations 

are noteworthy, as it positions the mitochondria as more than just a source of 

cellular energy for the establishing seedling, but also as a signalling hub with a 

central role during this crucial developmental process. Consequently, this study 

demonstrates the potential for the modification of the timing of seed 

germination through the perturbation of mitochondrial biogenesis.   
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Abstract  
In Arabidopsis thaliana, small gene families encode multiple isoforms for 

many of the components of the mitochondrial protein import apparatus. There 

are three isoforms of the translocase of the inner membrane 17 (Tim17).  

Transcriptome analysis indicates that AtTim17-1 is only detectable in dry 

seed. In this study, two independent T-DNA insertional mutant lines of 

translocase of the inner membrane 17-1 (Tim17-1), exhibited a germination 

specific phenotype, showing a significant increase in the rate of germination. 

Microarray analyses revealed that Attim17-1 displayed alterations in the 

temporal sequence of transcriptomic events during germination, peaking 

earlier compared to wild-type. Promoter analysis of AtTim17-1 further 

identified an abscisic acid (ABA) responsive element (ABRE), which binds 

ABA responsive transcription factors, acting to repress the expression of 

AtTim17-1. Attim17-1 dry seeds contained significantly increased levels of 

abscisic acid (ABA) and gibberellin (GA), 2-fold and 5-fold respectively, the 

higher ratio of GA to ABA consistent with faster germination. Attim17-1 

mutants exhibited ABA and glucose-insensitivity phenotypes during 

germination.  These results support the model that mitochondrial biogenesis is 

regulated in a tight temporal sequence of events during germination, and 

altering mitochondrial biogenesis, feeds back to alter the germination rate, via 

altering the levels of the master regulatory hormones that define germination.  
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Introduction 
Germination represents an important transition from dormancy to an 

active metabolic state (Bewley, 1997) involving a complex molecular set of 

events. The burst of metabolic activity results in the mobilisation of energy 

reserves to power the germination process until active photosynthesis is 

established and thus the establishment of organelles or organelle biogenesis 

represents a crucial process during germination (Morohashi et al., 1981; 

Howell et al., 2006; Law et al., 2012). Mitochondrial function is required for the 

earliest steps of germination, both for ATP production and for its central role in 

a variety of metabolic processes (Macherel et al., 2007). Detailed analysis of 

mitochondrial respiration during germination in Oryza sativa (rice) revealed a 

bi-phasic increase, whereby oxygen uptake is detectable almost immediately 

on imbibition, then this stabilises for some time before increasing greater than 

4-fold afterwards (Howell et al., 2007). The latter increase in respiration is 

accompanied by an increase in mitochondrial cristae structure and is 

accompanied by a temporal change in abundance for a variety of transcripts 

encoding components of mitochondrial biogenesis, which peak prior to 

transcripts and proteins encoding respiratory chain components (Howell et al., 

2007; Law et al., 2012). The changes in transcript abundances are also 

accompanied by changes in protein abundances, again where the increase in 

respiration is accompanied by an increase in respiratory chain components 

(Law et al., 2012).  

 

A detailed physiological and biochemical study of germination in Zea 

mays (maize), suggested two populations of mitochondria are present, with a 

model to show an increase in mitochondria that are enriched in metabolic 

functions over time (Logan et al., 2001). Detailed transcript and protein 

analysis in Arabidopsis thaliana (Arabidopsis) is also consistent with the 

above studies (Narsai et al., 2011; Law et al., 2012). Thus a model for 

mitochondrial biogenesis during Arabidopsis germination was proposed, 

suggesting that dry seeds contain mitochondria with the capacity for 

respiration, i.e. these are functional after imbibition, and this followed by a 

substantial increase in mitochondrial biogenesis as defined by an increase in 
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mitochondrial mass or number (Law et al., 2012). This model helps to explain 

the increase in activity and mitochondrial protein abundance that is observed 

throughout germination and early seedling development.  

 

Studies have examined the regulatory gene networks involved in the 

process of germination, both at the physiological and molecular levels 

(Finkelstein et al., 2008; Holdsworth et al., 2008). One of the most well known 

regulatory pathways involved during germination is the signalling pathways 

that modulate the levels of abscisic acid (ABA) and gibberellin (GA) to 

regulate the initiation of germination in plants. The maintenance of dormancy 

and the initiation of germination is a balance of these antagonistic hormones, 

with ABA levels maintaining dormancy and GA levels prompting a release for 

dormancy, triggering the downstream molecular events associated with 

germination initiation (Bewley, 1997; Holdsworth et al., 2008). Research in 

this area indicates a complicated regulatory network, where light and cold can 

act as environmental cues during imbibition, increasing the amount of GA 

binding to the GA receptor, GA-INSENSITIVE DWARF1 (GID1) that 

subsequently binds to the DELLA repressor protein (Golldack et al., 2013). 

Binding of GA with the DELLA repressor results in its targeting for degradation 

by the ubiquitin-proteosome system; lifting the repression of transcription of a 

variety of genes that promotes germination (Golldack et al., 2013).  

  

The translocases of the inner mitochondrial membrane (Tim) are 

essential subunits involved in the import of the majority of the inner membrane 

and matrix located proteins involved in a variety of metabolic pathways 

(Murcha -submitted). Thus, the various Tim subunits play a crucial role in 

supporting mitochondrial biogenesis at the earliest stages of germination, as 

functional mitochondria are required to provide ATP and various metabolites 

to establish an active metabolic state. While functional mitochondria exist at 

the earliest stages of germination, as evidenced by the detection of protein 

import and oxygen uptake almost immediately after imbibition (Howell et al., 

2007), various other studies indicate that active mitochondrial biogenesis also 

occurs, as defined by an increase in mitochondria numbers (Logan et al., 
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2001; Howell et al., 2006; Sreenivasulu et al., 2008; Narsai et al., 2011; Law 

et al., 2012).  

  

Recent studies have revealed a variety of interactions between various 

respiratory chain protein complexes and the complexes of the protein import 

apparatus, either by direct protein-protein interactions or via the dual-location 

of a single protein in two different protein complexes (Gebert et al., 2011; 

Wang et al., 2012). In yeast (Saccharomyces cerevisiae), the succinate 

dehydrogenase subunit 3 (Sdh3), has also been shown to be associated with 

Tim18, an accessory protein of the Translocase of the Inner Membrane 22 

(TIM22) complex (Gebert et al., 2011). Additionally, in Arabidopisis, B14.7 a 

member of the Preprotein and Amino Acid Transporters (PRAT) family, which 

also includes the inner membrane protein translocases, Tim17/23/22, was 

found to be located in both respiratory Complex I (NADH ubiquinone 

oxidoreductase) and the TIM17:23 complex (Wang et al., 2012). While the 

mechanistic significance of these interactions are not yet understood, over-

expression of a subunit of TIM17:23, has been shown to result in a dramatic 

decrease in Complex I abundance in Arabidopsis (Wang et al., 2012). 

Collectively, these findings propose a model allowing for the direct regulation 

of the mitochondrial respiratory activity with mitochondrial biogenesis (Murcha 

et al., 2012; Wang et al., 2012). Notably, in both yeast and plants, the rate-

limiting step of protein import is the abundance of the inner membrane 

translocases (Dekker et al., 1997; Rehling et al., 2001; Wang et al., 2012), not 

the outer membrane components, indicating a direct relationship between the 

inner membrane translocases and mitochondrial biogenesis (Wang et al., 

2012). 

 

Both Tim17 and 23 belong to the PRAT family of transporters that are 

proposed to have been derived from a single eubacterial ancestor and are 

characterised by four transmembrane domains and a conserved 

[G/A]X2[F/Y}X10RX3Dx6[G/A/S]GX3G motif (Rassow et al., 1999). In 

Arabidopsis, this family consists of 16 members, with three isoforms encoding 

for Tim17 and three isoforms encoding Tim23 (Murcha et al., 2003; Murcha et 
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al., 2007).  Isolated mitochondria from rice embryos have the ability to import 

proteins as little as 30 minutes after imbibition, even before the large increase 

in oxygen uptake (Howell et al., 2007) and notably PRAT proteins are 

detected in mitochondria isolated from dry rice embryos, but decrease in 

abundance over germination (Howell et al., 2006). This suggests that protein 

import components are pre-positioned to facilitate the burst of mitochondrial 

biogenesis required to complete the germination process (Howell et al., 2007) 

and this essential role is confirmed by the observed embryo/seedling lethal 

phenotypes observed when the translocases of the inner mitochondrial 

membrane are knocked out  (Hamasaki et al., 2012; Kumar et al., 2012). 

 

In order to investigate the role of Tim17-1 (At1g20350) in the context of 

mitochondrial biogenesis during germination, we examined T-DNA insertional 

knock-out (KO) lines of Attim17-1. We saw that the different genes encoding 

isoforms of AtTim17, displayed differential expression over development. 

Specifically, AtTim17-1 expression is seen to be higher during seed 

development and appears to be induced by stress (Schmid et al., 2005).  

Given the essential role of import components during mitochondrial 

biogenesis and germination it was proposed that AtTim17-1 may play a role in 

mitochondrial biogenesis during germination.  

 

 

Results 
  

AtTim17-1 is a seed specific isoform of Tim17 

In Arabidopsis, three genes encode for AtTim17 (AtTim17-1, AtTim17-2 

and AtTim17-3), with all three predicted to contain four transmembrane 

regions and a PRAT/degenerate PRAT domain (Fig. 1A). Pairwise alignments 

show conservation from 43-73% amino acid sequence similarity and 33-59% 

identity (Supplemental Fig. S1 Ai). AtTim17-1 (218 aa) and AtTim17-2 (243 

aa) are the most similar, both in size and similarity (73%; Supplemental Fig. 

S1 Ai).  Analysis of publically available microarray data over the course of 

development revealed that transcripts for AtTim17-1, AtTim17-2 and AtTim17-
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3 exhibit varying expression profiles (Fig. 1B).  AtTim17-2 is clearly the most 

abundant isoform, showing a high and mostly uniform expression pattern 

throughout development (Fig. 1B). In contrast, AtTim17-1 showed a more 

stage specific expression pattern, with notably higher expression during the 

course of seed development (Fig. 1B). Notably, seed development is also one 

of the few stages at which AtTim17-3 shows the lowest expression (Fig. 1B). 

Based on these expression patterns, and the recently examined role of 

mitochondrial biogenesis during seed germination (Law et al., 2012), we 

examined the expression of the three isoforms throughout germination by 

Quantitative Real-Time PCR (QRT-PCR). To do this, total RNA was isolated 

from Arabidopsis seeds collected at nine time-points from harvesting fresh 

seeds, through stratification to radicle emergence following exposure to 

continuous light. In this way, we confirmed the expression patterns from the 

microarray data, and showed that AtTim17-1 is more abundant in dry seed 

and decreases over germination, AtTim17-2 is the most abundance isoform 

and exhibits no significant change throughout the time course, whilst AtTim17-

3 increases over germination (Fig. 1C). Notably, while 3 genes encode for 

Tim17 in Arabidopsis, other plant species similarly contain multiple isoforms 

though no other branch with AtTim17-1 (Supplemental Fig. S1 Aii). Thus, the 

presence of Tim17-1 in Arabidopsis (Fig. 1A), coupled with its developmental 

specific expression (Fig. 1B and C) is somewhat intriguing, and suggests a 

possible novel role for AtTim17-1 in mitochondrial biogenesis in Arabidopsis. 

  

Attim17-1 knock-outs exhibit a faster germination rates 

To examine the possible role(s) of AtTim17-1, two T-DNA insertional 

knock-out lines for Attim17-1 were obtained and screened for homozygosity. 

Sequencing of mutants confirmed Attim17-1 KO1 (SALK_091528) contains a 

T-DNA insert within the 5’ UTR at position -402 bp upstream of the predicted 

translational start site, and Attim17-1 KO2 (SALK_092885) contains a T-DNA 

insert at position +360 bp in the predicted protein coding region (Fig. 2A). To 

confirm that these insertions affected protein abundance, an antibody raised 

against AtTim17-2, which displays cross-reactivity to AtTim17-1 was used and 

this specificity was confirmed by immunodetection against full-length 
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recombinant proteins AtTim17-1, AtTim17-2 and AtTim17-3 (Supplemental 

Fig. S1 B).  Note that antibodies raised specifically against AtTim17-2 and 

AtTim17-1 cross-react with both recombinant full-length AtTim17-1 and 

AtTim17-2 but not AtTim17-3, whilst antibodies raised against AtTim17-3 

detected both recombinant full-length AtTim17-2 and AtTim17-3 

(Supplemental Fig.  S1 B). Thus, AtTim17-2 antibody detects both isoforms of 

Tim17-1 and AtTim17-2 that can be distinguished by differences in the 

apparent molecular weight. In this way, it was seen that AtTim17-2 is the most 

abundant isoform at the protein level as well, while AtTim17-1 and AtTim17-3 

cannot be detected in mitochondria isolated from wild-type (Col-0) (Fig. 2A ii).  

 

Given the apparent lack of AtTim17-1 protein in wild-type (Col-0) plants, 

and the observed stage specific expression of AtTim17-1 (Fig. 1B), closer 

examination of AtTim17-1 transcript expression was carried out across both 

development and stress, and it was revealed that a 30-fold induction of 

AtTim17-1 occurs following UV exposure (Van Aken et al., 2009). Thus to 

confirm a lack of AtTim17-1 protein in Attim17-1, two-week old plants (Col-0, 

Attim17-1 KO1 and Attim17-1 KO2) were treated with UV illumination for 30 

min, six hours prior to mitochondrial isolation and immunodetection. In this 

way, a band corresponding to the apparent molecular weight of AtTim17-1 (29 

kDa) was detected in mitochondria isolated from wild-type (Col-0) treated 

plants but not in mitochondria isolated from Attim17-1 KO1 and Attim17-1 

KO2 plants (Fig. 2A ii). As expected, a 30 kDa band was detected in all 

samples (Fig. 2A ii), corresponding to the apparent molecular weight of 

AtTim17-2 (Murcha et al., 2005). Thus, at both the transcript and protein 

levels, AtTim17-2 is the predominant isoform corresponding with the recent 

findings showing that when this gene is knocked-out, an embryo lethal 

phenotype is observed (Murcha-submitted). Nevertheless, the specific 

induction and expression of AtTim17-1 during seed development and in 

response to UV, suggests that AtTim17-1 may have a more specialised role in 

Arabidopsis.    
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To examine this more closely a detailed phenotypic analysis of Attim17-

1 KO1 and Attim17-1 KO2 was carried out according to the parameters as 

outlined by Boyes and colleagues (Boyes et al., 2001). Plate based growth 

progression on 0% (w/v) and 3% (w/v) sucrose showed Attim17-1 KO1 and 

Attim17-1 KO2 reaching developmental stage 0.5 (cotyledons emerged) 

significantly faster than Col-0 (indicated by *) (p ≤ 0.05) (Fig. 2A i and 2A ii). 

Soil based growth progression showed no differences between Col-0, 

Attim17-1 KO1 and Attim17-1 KO2 in reaching the developmental stages 

tested (Fig. 2B iii). Additional growth parameters such as plant height, 

maximum rosette radius and number of rosette leaves showed no difference 

between Col-0, Attim17-1 KO1 and Attim17-1 KO2 (Fig. 2B iv) suggesting no 

phenotypic differences could be identified following emergence of the 

cotyledons under normal growth conditions.  

 

Given the expression of AtTim17-1 during seed development, and the 

faster rate of reaching cotyledon emergence (Fig. 2A), the germination rates 

were also measured (as the percentage of seeds showing radicle emergence) 

for all Attim17-1 KO and Col-0 lines following three days stratification at 4o C, 

and transfer to 22o C with a 16 h day length cycle. To examine this more 

closely, seeds were first sown on MS plates containing 0-6% (w/v) 

sucrose/glucose (Fig. 3A). In all conditions, Attim17-1 KO1 and Attim17-1 

KO2 displayed significantly (p<0.05) faster germination rates compared to 

Col-0 (Fig. 3A i-iv) with the largest difference observed on 6% (w/v) glucose, 

where only ~30% of WT seeds germinated by 10 days in contrast to ~70% 

germination of Attim17-1 KO seeds (Fig. 3A iv). Notably, even in the absence 

of sucrose, 90% of the Attim17-1 KO seeds germinated by 30 h, whilst only 

70% was observed for Col-0 seeds (Fig. 3A i). Considering these effects on 

germination rates, the effects of ABA were also examined and germination 

rates were measured on 3% (w/v) sucrose plates containing increasing 

amounts of ABA (Fig. 3B). As expected, Col-0 seeds exhibited a decrease in 

germination rates with increasing amounts of ABA, whilst Attim17-1 KO1 and 

Attim17-1 KO2 showed little decrease in germination rates with increasing 

amounts of ABA (Fig. 3B i-iv). Under 1 mM ABA, Attim17-1 KO1 and Attim17-
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1 KO2 germinated more than twice as fast as Col-0, showing ~80% 

germinated by 24 h post stratification compared to the <40% seen for Col-0 

(Fig. 3B iv). Therefore, in addition to displaying a faster germination rate, it 

was concluded that Attim17-1 lines are insensitive to ABA and glucose 

inhibition of germination compared to wild-type (Col-0) (Fig. 3).  

 

Transcriptomic profiles are altered during germination in AtTim17-1 
mutants 

To investigate the differences between Col-0 and Attim17-1 at a 

molecular level, QRT-PCR analysis was carried out.  Total RNA was isolated 

from Col-0 and Attim17-1 KO2 seeds collected at nine time-points, from fresh 

seeds through stratification to radicle emergence (Fig. 3). Given the essential 

role of the inner membrane translocases (Hamasaki et al., 2012; Kumar et al., 

2012) and their differential expression during mitochondrial biogenesis (Law 

et al., 2012), four sets of genes were selected for analysis (Fig. 4).  

 

Firstly, genes encoding the mitochondrial inner membrane translocase 

TIM17:23 complex  (AtTim17-1, AtTim17-2, AtTim17-3, AtTim23-1, AtTim23-2 

and AtTim23-3) were examined (Fig. 4A). As expected, AtTim17-1 was not 

expressed in the Attim17-1 KO2 line, whilst Col-0 showed maximal 

abundance of AtTim17-1 at the beginning of the time course (H and 0 h) 

before decreasing in abundance throughout the remainder of the time course 

(Fig. 4A). In contrast, the transcript profiles of AtTim17-2 revealed a very low 

level of correlation (R = -0.03) between Col-0 and Attim17-1 KO2 (Fig. 4A). 

Although both the early (H, 0 h, 1 h S and 12 h S) and late (12 h SL and 24 h 

SL) time points exhibit profile similarity, with no significant difference observed 

in the direct two-way comparisons, the samples that were collected at the 

transition from stratification into continuous light (48 h S, 1 h SL and 6 h SL) 

were distinguished by a significant increase in transcript abundance of 

AtTim17-2 in Attim17-1 KO2 compared to Col-0; showing a two-fold higher 

expression level than Col-0 at 1 h SL (Fig. 4A). This difference may be due to 

compensation for the lack of a functional Attim17-1 gene. In contrast, the 

comparative profiles for AtTim17-3 transcript abundance were relatively 



 
 

12 
 

similar, with a correlation co-efficient of R = 0.9, despite the higher abundance 

observed at several time points (Fig. 4A). The partner protein for Tim17 in the 

TIM17:23 complex is Tim23, and analysis of transcript abundance for the 

three genes encoding Tim23, reveal that AtTim23-2 and AtTim23-3 showed a 

significant increase in transcript abundance, from as early as the 12 h S time 

point (Fig. 4A).  

 

Secondly, three genes encoding functions required for other aspects of 

mitochondrial biogenesis, including a mitochondrial helicase, DNA gyrase and 

a Pentatricopeptide Repeat containing Protein (PPR) were analysed by QRT-

PCR (Fig. 4B). Interestingly, it was observed that while the expression profiles 

of these genes were similar between Attim17-1 KO2 and Col-0, in general 

there was an increase in transcript abundance that was greater in magnitude, 

particularly after the seeds were transferred into the light, and this stabilised 

towards the end of germination (Fig. 4B). In contrast, when the third set of 

genes, encoding the mitochondrial Rieske FeS of Complex III (Risp), the 

stress responsive UPOX protein and the WRKY6 transcription factor were 

examined, very little difference was seen between the Attim17-1 and Col-0 

expression profiles (Fig. 4C). Similarly, little difference was seen in the 

expression of a gene encoding a ribosomal protein 18 (RPL18) and the small 

subunit of ribulose 1, 5-bisphosphate carboxylase/oxygenase (Rubisco SSU) 

(Fig. 4D). However, greater divergence was seen in the expression profiles of 

a gene encoding a peroxisomal protein import component (PEX14), which 

showed nearly a 2-fold higher level of expression in Attim17-1 compared to 

Col-0 (Fig. 4D). Overall, while the magnitude of expression differed to 

between the genes, these were often observed at 12 h S, 48 h S or 1 h SL 

(Fig. 4). Thus inactivation of AtTim17-1 appears to affect transcript abundance 

at the latest stages of stratification or the earlier stages of germination. 

 

In order to obtain a global view of the transcriptomic differences between 

Attim17-1 KO2 and Col-0, microarray analysis, ATH1 arrays were carried out 

using RNA isolated at four time points; dry ripe seed - 0h, 48 h after 

stratification – 48hS, 6 h into the light at 22 oC – 6hSL and 24 h into the light - 
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24hSL, representing the end of germination as the radicle had emerged from 

the seed coat (Fig. 5; Supplemental Table S2a). Differential expression 

analysis was carried out between Attim17-1 KO2 and Col-0 at each time point 

and false discovery rate correction was employed (Choe et al., 2005). It was 

observed that no significant changes were observed in three of the four time 

points, however, 37 genes were defined as differentially expressed at 48 h S; 

preceding the transition from stratification into continuous light (Supplemental 

Table S2b).  This is consistent with the QRT-PCR data shown in Fig. 4, 

showing that while the magnitude was larger at some time points, the overall 

differences were relatively subtle.  Thus, in a global analysis, the manner in 

which these differences were manifested are not defined as significant, 

however, when the global pattern of changes are analysed an interesting 

trend emerged. Previously, it has been shown that a transient peak in gene 

expression is observed upon the transition from stratification into exposure to 

continuous light during germination of Col-0 seeds (Narsai et al., 2011), and 

this transient expression pattern is also clearly observed here (Fig. 5A – 

cluster 3; Supplemental Table S2c). Upon carrying out over-representation 

analysis of GO functional categories, it can be seen that this cluster is 

enriched in genes encoding mitochondrial proteins and nucleic acids functions 

(Fig. 5B and C – cluster 3), which was also observed previously (Narsai et al., 

2011). However, in the Attim17-1 KO2 mutant, the size of this cluster is 

decreased with respect to the number of genes, and notably the increased 

proportions of genes encoding mitochondrial proteins and nucleic acid binding 

functions are moved to cluster 1 (Fig. 5). Thus, overall the inactivation of 

AtTim17-1 results in an alteration of the temporal pattern of expression for 

genes encoding mitochondrial proteins, nucleic acid binding proteins and 

other nuclear proteins.  

 

Attim17-1 mutant seeds exhibit an abundance of seed storage proteins  
Collectively, the transcriptomic results showing a shift in the expression 

patterns (Fig. 5), together with the faster rate of germination (Fig. 3A) and 

insensitivity to ABA germination inhibition (Fig. 3B) suggests that AtTim17-1 

may play a role in defining the timing of germination. Recently, it was shown 
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that seed storage and embryogenesis associated proteins decrease in 

abundance over the course of germination, both at a transcript and protein 

levels (Narsai et al., 2011). Additionally, the overall decrease in seed storage 

proteins have been shown to occur during germination in a number of species 

(Gallardo et al., 2001, 2002). To determine whether the stored proteins were 

different between Col-0 and Attim17-1, total protein was extracted from 50 mg 

and 100 mg of dry seeds from Col-0, Attim17-1 KO1 and Attim17-1 KO2 

plants and analysed on SDS-PAGE (Fig. 6A). It was evident that both 

Attim17-1 knock-out lines showed higher abundance of several proteins 

ranging from 32-20 kDa (Fig. 6A). These protein bands were then excised 

from the gel and identified by ESI MS/MS mass spectrometry and it was seen 

that these represent the seed storage proteins cruciferin 3, 4 and A 

(Supplemental Table S3).  

 

The varying apparent molecular weights of these cruciferins (Fig. 6A) 

correspond to the different patterns of protein carbonylation of cruciferins 

evident in seed protein extracts (Job et al., 2005). During seed maturation and 

germination, cruciferins are known to be degraded by oxidative damage (Job 

et al., 2005), which is consistent with the proposal that oxidative stress 

accompanies seed development and germination (Bailly and Kranner, 2011). 

In Attim17-1 mutant seeds, there is an increased abundance of the 

carbonylated cruciferins, Cruciferin 3 (At4g28520) and Cruciferin A 

(At5g44120) (Fig. 6A). As it has been shown that the phosphorylation of 

Cruciferin 3, encoded by At4g28520, is modulated by ABA (Wan et al., 2007) 

together with the faster germination rate and ABA insensitivity evident in the 

Attim17-1 lines, further investigation was carried out to support the apparent 

link between Attim17-1 and ABA. Specifically, the ABA and GA content from 

the dry seeds of Col-0, Attim17-1 KO1 and Attim17-1 KO2 was determined by 

Q-TOF MS. Total ABA and GA were calculated for these, and it was seen that 

ABA levels are significantly higher (~2-fold higher) in Attim17-1 KO1 and 

Attim17-1 KO2 seeds compared to Col-0 (Fig. 6B) whilst total GA19, the 

precursor to the active GA1 (Ogawa et al., 2003) showed up to a 5-fold 

increase in both knock-out lines (Fig. 6B).  
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AtTim17-1 promoter contains ABREs that act as a repressor of AtTim17-
1 

Promoter analysis of the upstream region of Attim17-1 was carried out, 

revealing two putative ABREs (ACGTG) present at positions -191 and -111 

(Fig. 7A). The activity of the two ABREs within the promoter of AtTim17-1 was 

tested using a GUS reporter assay under the control of the 1 kb promoter 

region of AtTim17-1. To do this, transient transformation of Arabidopsis cell 

suspensions were carried out with the 1 kb promoter, and with the putative 

ABREs mutated. The activity of the AtTim17-1 native 1 kb promoter was set to 

100, and all other activities are shown relative to this (Fig. 7B). Given that a 

link between stress and ABA has been shown before, activities were 

measured following oxidative stress with H2O2 treatment, and this revealed 

that basal activity was almost doubled when cells were treated with H2O2 prior 

to transformation (Fig. 7B).  

 

Deletion of putative ABRE 1 resulted in a 3-fold increase in basal GUS 

activity, and this could not be further increased with H2O2 treatment (Fig. 7B), 

indicating that this ABRE 1 acts as a repressor of transcription for AtTim17-1. 

A similar but weaker trend was also observed upon deletion of the putative 

ABRE 2 (Fig. 7B), further supporting a role for ABA in controlling AtTim17-1 

expression. In order to determine if ABA response transcription factors bind 

these functional elements, Yeast 1-Hybrid (Y1H) assays were performed 

against the transcription factors ABA-INSENSITIVE (ABI) factor 4 and 5 and 

ABRE binding factors (ABF) 3 and 4 (Fig. 7C). Growth on DDO media 

indicates co-transformation of bait and prey, while growth of TDO indicates a 

positive interaction. Interestingly all four transcription factors tested, bound to 

ABRE 1 as evidenced by growth on TDO media, and mutation of this element 

(∆ABRE) eliminated growth (Fig. 7C). Thus, confirming a direct link between 

all of these transcription factors, the ABRE 1, and the control of AtTim17-1 

expression. While ABRE 2 also appeared to bind all four factors, mutation of 

this element did not abolish growth for ABI3 and ABI4, whereas it did for 

ABF3 and ABF4 (Fig. 7C), suggesting that ABRE 2 may only bind these.  
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Discussion 
Here, we define a crucial role for mitochondria in development, 

specifically examining the way in which the timing of mitochondrial biogenesis 

impacts on germination. Previous studies on germination revealed a distinct 

temporal response in the expression of genes encoding mitochondrial 

proteins (Narsai et al., 2011; Law et al., 2012). Specifically, the genes 

encoding components involved in mitochondrial biogenesis were seen to 

display an early and distinct peak in expression, followed later by the 

expression of genes encoding a variety of the metabolic functions found in 

mitochondria (Narsai et al., 2011; Law et al., 2012). Many mitochondrial 

proteins are encoded in small genes families, and in particular the 

components of the protein import apparatus are distinctive by the fact that 

they are often encoded by two to three genes in plants, in contrast to one 

gene in yeast or mammals (Murcha et al., 2007). Whilst there is little evidence 

to suggest that these different isoforms in plants have different functions, the 

abundant public microarray datasets reveal that they display differential 

expression patterns during development or in response to stress (Fig. 1B). 

This suggests that the expression of these genes is under the control of 

different internal or external cues, allowing for the dissection of the possible 

specialised roles of distinct genes or isoforms. Here, we found that AtTim17-1 

plays a distinct role in defining the timing of germination. 

 

Analysis of Attim17-1 T-DNA insertional mutants revealed that they 

display an early germination phenotype and are insensitive to inhibition by 

ABA or glucose (Fig. 3). It is proposed that mitochondrial biogenesis and 

hence germination is in fact suppressed by ABA, which has previously been 

characterised to establish and maintain seed dormancy (Rodriguez-Gacio 

Mdel et al., 2009). In the absence of a functional AtTim17-1, it is likely 

AtTim17-2 compensates for it, as it is the most abundant isoform and has 

been shown to be embryo lethal upon loss-of–function (Murcha-submitted). 

However, AtTim17-2 does not contain any predicted ABRE cis-regulatory 

elements, and thus is likely not to be repressed by ABA. The absence of a 
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functional AtTim17-1 during seed development and germination results in the 

elevated germination rates. In addition, the concentration of ABA is also 

elevated in Attim17-1 KO seeds, possibly as a response to suppress 

germination. Although this attempt is futile, as the plant is insensitive to ABA 

and exhibits elevated GA19 levels, thus germination proceeds more rapidly. 

Notably other components associated with mitochondrial biogenesis are also 

elevated in transcript abundance in Attim17-1 compared to Col-0. It is 

proposed that the increased amount of AtTim17-2 and AtTim23-2 observed in 

the Attim17-1 T-DNA insertional mutants may in fact trigger an early burst in 

mitochondrial biogenesis. It has previously been demonstrated that an 

increase in the abundance of AtTim23-2 at the protein level, resulted in an up-

regulation of transcript abundance of a variety of genes encoding 

mitochondrial proteins, especially those involved in mitochondrial biogenesis 

(Wang et al., 2012). Thus, the altered expression of AtTim17-2, which also 

increases the expression of its partner protein AtTim23-2 (Wang et al., 2012), 

may also have a similar effect at the earliest stages of germination.   

  

In addition to revealing the importance of mitochondrial function during 

germination, the results support a critical role for mitochondrial biogenesis, 

and a defined temporal sequence of events that is required for normal 

germination and development. The sub-specialisation of AtTim17-1 during 

seed development and germination, under the control of ABA, provides a tight 

mechanistic link between mitochondrial biogenesis and germination. This 

study also reveals that the alteration of a single mitochondrial import 

component has a dramatic effect on plant hormone levels. While the ~2-fold 

increase in ABA may be explained by the absence of a functional Tim17-1 

gene, (ABA is increased to suppress Tim17 function, but this is futile as 

Tim17-2, that can clearly compensate, is not controlled by ABA), the 5-fold 

increase in GA is surprising. Given that increased transcript abundance is 

also observed for genes encoding other components of the mitochondrial 

import apparatus, it is possible that mitochondrial biogenesis in some way can 

impact on the biosynthesis of GA. This is consistent with a model where 

mitochondrial biogenesis plays an early role in germination. If mitochondrial 
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biogenesis is linked or necessary for the increase in GA, that promotes 

germination, then manipulation of mitochondrial biogenesis can define the 

timing or rate of germination.  
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Material and methods 
Sequence and phylogenetic analyses 
Orthologs were identified using Phytozome v9.1 (http://www.phytozome.net) 

and the phylogenetic tree analysed using MEGA 5.2.2 (Tamura et al., 2011) 

using the maximum likelihood tree method and the Jones-Thornton-Taylor 

model after 1,000 replications. Alignments were performed using 

ClustalOmega (www.ebi.ac.uk) and MatGAT 2 (Campanella et al., 2003) was 

used to determine the percentage identity and similarity matrix. 

 

Plant material and growth conditions 

Experiments on A. thaliana were performed with ecotype Col-0 and SALK T-

DNA insertion lines (SALK_091528 and SALK_092885), which were obtained 

from the ABRC seed stock center (Alonso et al., 2003). SALK_091528 and 

SALK_092885 lines were screened for homozygosity with primers listed in 

Supplemental Table S1 as previously outlined (Wang et al., 2012). For 

germination assays and plate based phenotyping, seeds were surfaced-

sterilized with 70% (v/v) ethanol and germinated on half-strength Murashige 

and Skoog medium containing 0.5 x Gamborg’s B5 salts, 50 μg/ml 

cefotaxime, and 2 mM MES (pH 5.7) with varying concentrations of sucrose or 

glucose. Plates were stratified for 3 d at 4 oC followed by 22 oC with a light 

intensity of 80 μmol quanta m-2 s-1 in a 16-h photoperiod. Soil grown plants 

were sown onto a mixture of peat moss, vermiculite and perlite, stratified and 

grown at the growth conditions stated above. For microarrays, seeds were 

sterilised and sown on MS plates, which were stratified for 48 h at 4 oC in the 

dark before being transferred to 22 oC with a light intensity of 80 μmol quanta 

m-2 s-1 in a 16-h photoperiod. 

 

Germination assays 

The seeds of Col-0 KO1 (SALK_091528) and KO2 (SALK_092885) were, 

harvested at the same time and stored at 25oC for at least 4 weeks. Seeds 

were grown on MS media supplemented with varying concentrations of 

sucrose or glucose and ABA. To synchronize germination, all seeds were 

stratified at 4oC for 3 days, followed by transfer to normal growth conditions. 

http://www.phytozome.net/
http://www.ebi.ac.uk/
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Each germination assay was conducted in triplicate, with a minimum of 100 

seeds used per genotype. Seeds were determined as germinated when 

radicle emergence was observed according to Linkies et al., 2009 (Linkies et 

al., 2009). A paired Students t-test was carried out to identify significant 

differences between Col-0 and KO (p>0.05, n=3) 

   
Mitochondria isolation 

For the isolation of mitochondria from plate-grown plants, mutant and Col-0 

seeds were chlorine gas sterilized and sown on MS media. Plants were grown 

for 2 weeks as described above and mitochondria were isolated as described 

previously (Lister et al., 2007).  

 

Antibody production 

Polyclonal antibodies for AtTim17-2 were described previously (Murcha et al., 

2005). For the production of antibodies against AtTim17-1 and AtTim17-3, 

(At1g20350, amino acids 88-243) and AtTim17-3 (At5g11690, amino acids 1-

159) cDNA was cloned into pDest15 (Invitrogen) using Gateway technology, 

with a PreScission Protease cleavage site within the C-terminus and the GST 

using primers listed in Supplemental Table S1. GST recombinant proteins 

were expressed in Rosetta™ cells and purified using GST-Sepharose 

(Scientifix). On column PreScission protease (GE healthcare) digestion was 

carried out to elute the protein and used for antigen production in rabbits as 

per the standard protocol (Cooper and Paterson, 2008). Full-length 

recombinant proteins were expressed in bacteria for testing antibody 

specificity as previously outlined (Roston et al., 2012). Protein abundance of 

recombinant protein was normalised by immunodetection with anti-6xHis.  

  

Protein extraction, Immunoblotting and Mass Spectrometry 
Total protein extraction from dry seed was carried out as described previously 

(Law et al., 2012). Mitochondrial proteins were separated on SDS-PAGE and 

transferred to Hybond-C extra nitrocellulose membrane (GE Healthcare). 

Immunodetection of proteins was performed as described (Wang et al., 2012). 

For proteomic mass spectrometry analyses, protein bands of interest were 
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excised from SDS-PAGE gels, slices macerated and electro-eluted using a 

CBS Scientific electro-eluter according to (Hunkapiller et al., 1983). Protein 

identification was carried out by in-gel digestion and electrospray ionisation 

tandem mass spectrometry (Meyer et al., 2007).  

 

Reporter Gene Analysis 
The 1059 bp upstream region of the AtTim17-1 start codon was cloned into 

pCR2.1 (Qiagen) and an internal NcoI restriction site was mutated via site-

directed mutagenesis (Stratagene Quikchange II Site-directed mutagenesis 

kit) prior to subcloning into pLUS (Ho et al., 2008). ABA response elements 

were mutated via site-directed mutagenesis (ACGTG to AAAAA) at positions -

111 and -191. The constructs were made as translational fusions with GUS, 

with the first ATG of the gene used as start codon for GUS. Biolistic 

transformation was performed using the PDS-1000 system (Bio-Rad), as 

previously described (Ho et al., 2008).  

 

Yeast 1-hybrid assays 

Coding regions of ABI3 (At3g24650), ABI4 (At2g40220), ABF3 (At4g34000) 

and ABF4 (At3g19290) transcription factors were cloned into pDRIVE 

(Qiagen) using the Roche Expand High Fidelity PCR System (Roche) and 

subsequently  cloned into the pGADT7-rec2 prey vector (Clontech). As a 

control, the binding capacity of the p53 transcription factor to a DNA sequence 

containing a p53-binding motif (+) or not (-) was used. For construction of the 

pHIS2 bait vectors, forward and reverse oligonucleotides (Supplemental Table 

S1) were annealed and ligated into EcoRI–SacI linearised pHIS2 vector. The 

50 bp region surrounding the ABREs were cloned into pHIS2 upstream of the 

HIS3 promoter region and HIS3 reporter gene. The yeast 1-hybrid screen was 

carried out by co-transforming bait and prey vectors into yeast strain Y187 

and plating out on selection media. Positive co-transformants were grown in 

SD -Trp -Leu (DDO) liquid media until OD600 reached 0.1 and diluted 10-fold 

multiple times and spotted on DDO and TDO (triple dropout SD -Trp -Leu -

His) media plates supplemented with 90 mM 3-aminotriazole (3-AT, Sigma-

Aldrich). The plates were incubated for 3 d at 28°C.  
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Phenotypic analysis 

Phenotypic analysis was carried out according to Boyes et al., 2007 (Boyes et 

al., 2001). For plate based growth progression, plants were measured on both 

MS plates with or without 3% (w/v) sucrose. 

  

Quantitative Real-Time PCR 

QRT-PCR was carried out on Attim17-1 KO2 and Col-0 during a germination 

time course. For the germination assay, Attim17-1 KO2 and Col-0 seeds were 

cultivated on 3% (w/v) sucrose MS media and collected at 9 time points 

during a seed germination time course: H (freshly harvest tissue), 0 h (seed 

collected following 2 weeks of drying), 1 h S, 12 h S and 48 h S (seed 

collected during stratification (S) at 4º C in the dark) and 1 h SL, 6 h SL, 12 h 

SL and 24 h SL (seed collected during exposure to continuous light (SL) at 22 

ºC). For each sample, 80 mg of tissue was collected from 3 independent 

biological replicates. Total RNA isolation was carried out using Spectrum™ 

Plant Total RNA Kit (Sigma-Aldrich), followed by cDNA synthesis using the 

Bio-Rad iScript cDNA synthesis kit, as per manufacterers’ instructions. 

Absolute transcript abundance was assayed using the LightCycler 480 and 

the LightCycler 480 SYBR Green I Master (Roche) in duplicate. Transcripts 

for: AtTim17-1 (At1g20350), AtTim17-2 (At2g37410), AtTim17-3 (At5g11690), 

AtTim23-1 (At1g17530), AtTim23-2 (At1g72750), AtTim23-3 (At3g04800), 

Rieske, WRKY6 (At1g62300), PEX14 (At5g62810), SSU (At1g67090), RNA 

helicase (At3g26560), DNA Gyrase A (At3g10690) and PPR repeat-

containing protein (At1g02370) were assayed using primers listed in 

Supplemental Table S1.  
 

Microarray analysis 

Total RNA was isolated from seeds of Col-0 and Attim17-1 KO2 germination 

samples (0 h, 48 h S, 6 h SL and 24 h SL) and 400 ng RNA was used as the 

starting amount for the ATH1 Arabidopsis genome expression array. Using 

the IVT express kit, microarrays were carried out according to manufacturers’ 

instructions, and all quality checks were followed.  MAS5.0 normalisation was 



 

 
 

23 
 

first carried out to determine present/absent/marginal calls for each probeset, 

using the Affymetrix® GeneChip® Command Console® Software. Probesets 

that were called present in two or more replicates, were considered to be 

expressed, and these 15, 127 probesets were then used for further analysis, 

as done previously (Narsai et al., 2011). Data was then GC-RMA normalised 

and used as the input for differential expression analysis using the Cyber-T 

method  (Baldi and Long, 2001; Kayala and Baldi, 2012). The PPDE analysis 

was carried out within Cyber-T for false discovery rate correction. All input 

criteria were set according to Cyber-T recommendations applicable for each 

experimental set. A probeset was defined as significantly differentially 

expressed if p<0.05, and PPDE >0.95 (i.e. <5% false discovery rate). To 

visualise the expression profiles of the total present set, the GC-RMA 

normalised data was made relative to the maximal intensity. The data was 

then imported into Partek® Genomics Suite™ (version 6.5) and hierarchically 

clustered using average linkage based on Euclidian distance to generate the 

clusters seen in Fig. 5. Assignment to subcategories of Gene Ontology (GO) 

was carried out using The Arabidopsis Information Resource (TAIR) and the 

statistical significance of any perceived over or under representations was 

validated using a z-score analysis to compare the proportion between subset 

and genome. The heatmap seen in Fig. 1B was also generated in Partek 

genomics suite using the Atgenexpress developmental set (Schmid et al., 

2005) and the Arabidopsis germination dataset (Narsai et al., 2011), as 

described previously (Narsai et al., 2011). 
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Phytohormone profiling 
ABA and gibberellins were extracted from ten milligram homogenized seeds 

using 400 μl 10% (v/v) methanol containing 1% (v/v) acetic acid to which 

deuterated isotopically labelled internal standards (1 ng (+) cis, trans-ABA-d6, 

Santa Cruz Biotechnology or [17, 17-2H2]GA19 (Gawronska et al., 1995) 

have been added. Extraction and enrichment was carried out as described 

previously (George et al., 2010). An aliquot of the samples were reconstituted 

in acetonitrile:methanol (1:1, v/v) and used for ABA quantification using a 

6500 Series LC-QTOF-MS (Agilent Technologies) operated with ESI in the 

negative ion mode (Kanno et al., 2012). Quantification was based on 

calibration with ABA standards and deuterated internal standard additions 

with transitions (m/z) using 263/153 (ABA) and 269/159 (d6-ABA) as quantifier 

ions. Samples for GA measurements were dried down, derivatized and run on 

a GCT PremierTM benchtop orthogonal acceleration time-of-flight (oa-TOF) 

MS (Waters, USA). GA integration was processed using MassLynx software 

and signal alignment done using MetAlignTM v3 (Lommen, 2009). 

Identification and subsequent calibration was verified by GC-MS spectra 

housed in custom GA libraries (obtained from Peter Hedden, Rothamsted 

Research, UK) and deuterated standards for GA1. 

 
Accession Numbers 

Sequence data from this article can be found in the Arabidopsis Genome 

Initiative under the following accession numbers: AtTim17-1 (At1g20350), 

AtTim17-2 (At2g37410), AtTim17-3 (At5g11690), AtTim23-1 (At1g17530), 

AtTim23-2 (At1g72750), AtTim23-3 (At3g04800), AtABI3 (At3g24650), AtABI4 

(At2g40220), AtABF3 (At4g34000), AtABF4 (At3g19290), AtTom20-3 

(At3g27080), Mitochondrial Helicase (At3g26560), DNA Gyrase (At3g10690), 

PPR (At1g02370), Risp (At5g13440), WRKY6 (At1g62300), RPL18 

(At1g29970), PEX14 (At5g62810) and SSU (At1g67090). 
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Figure Legends 
Figure 1. Analysis of Tim17 genes from Arabidopsis. A) Pairwise 

alignment of AtTim17-1, AtTim17-2 and AtTim17-3. The transmembrane 

domains are boxed in black as determined by TMpred and the Preprotein and 

Amino Acid Transporter (PRAT) consensus sequence is indicated above the 

sequence consisting of the conserved motif of 

[G/A]X2[F/Y}X10RX3Dx6[G/A/S]GX3G. B) Heat map showing the transcript 

expression profiles of AtTim17-1, AtTim17-2 and AtTim17-3 during 

development indicating AtTim17-2 to be the highest expressed isoform and 

AtTim17-1 showing specific developmental expression, in particular, high 

abundance in seed (boxed in green). C) Quantitative Real-Time PCR (QRT-

PCR) confirm AtTim17-1 shows high abundance in dry seed, AtTim17-2 

exhibits no significant change throughout the time course whilst AtTim17-3 

increases over the germination profile. Col-0 plants were cultivated on MS 

media and collected at 9 time points during a seed germination time course: H 

(freshly harvest tissue), 0 h (seed collected following 2 weeks of drying), 1 h 

S, 12 h S and 48 h S (seed collected during stratification (S) at 4º C in the 

dark) and 1 h SL, 6 h SL, 12 h SL, 24 h SL and 48 h SL (seed collected during 

exposure to continuous light (SL) at 22º C).   

 

Figure 2. Characterisation of T-DNA insertional knock-out lines for 
AtTim17-1. A i) Two T-DNA insertional knock-out lines were obtained for 

AtTim17-1 (At1g20350), KO1 (SALK_091528) and KO2 (SALK_092885). The 

arrow indicates the position of the T-DNA insert as confirmed by Sanger 

sequencing. A ii) Loss of function was confirmed by immunodetection of 

mitochondria isolated from 2 week old plants. Publically available array data 

indicate a 30-fold induction of AtTim17-1 following UV exposure; therefore 

Col-0, Attim17-1 KO1 and KO2 were treated by UV for 1 h, 6 h prior to 

mitochondrial isolation. AtTim17-1 can be detected in UV treated Col-0, as 
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indicated by the presence of a 29 kDa band (indicated by *), when probed 

with antibody raised against AtTim17-2.  AtTim17-1 was not detected in 

mitochondria isolated from stress treated KO1 or KO2 confirming they are 

functional knock-out lines of AtTim17-1. B) Growth stage analysis of Attim17-1 

KO1 and KO2 lines. Plate-based growth progression of Col-0, Attim17-1 KO1 

and KO2 on i) 0% (w/v) and ii) 3% (w/v) sucrose. The arrows define the time 

(days after sowing) that Col-0 plants have reached the developmental stages 

as defined by Boyes et al., (2001). The boxes indicate the time between each 

growth stage. Stage 0.1, imbibition; stage 0.5, radical emergence; stage 0.7, 

hypocotyl emerge from seed coat; stage 1.0, cotyledons fully opened; stage 

1.02, two rosette leaves >1 mm in length; stage 1.04, four rosette leaves >1 

mm in length. Data are given as averages for 10 plants. Days are relative to 

the days after sowing after a 3-d stratification at 4°C. B iii) Soil-based growth 

progression as before: stage 1.10, 10 rosette leaves >1 mm; stage 5.10, first 

flower buds visible; stage 6.00, first flower opens; stage 6.90, flowering 

complete. B iv) Representative growth parameters determined for Col-0 and 

mutants, number of rosette leaves >1 mm, the maximum rosette radius (mm) 

and plant height (mm) over time. Data are given as averages ± SE for 10 

plants. P < 0.05 using a Student’s t test. Asterisks indicate significant 

differences between knock-outs and Col-0.  

 

Figure 3. Attim17-1 knock-outs exhibit faster germination rates on 
various sugars and exhibit abscisic acid insensitivity. A) Germination 

rates of Attim17-1 KO1 and KO2 were determined as the number of seeds 

showing radicle emergence at various time points from 0 h following 

stratification to 10 days following incubation at normal growth conditions 

(n=100 ± SE). Seeds were grown on a range of sucrose and glucose 

concentrations 0 and 3% (w/v) sucrose and 3 and 6% (w/v) glucose. B) 

Germination rates were determined as described above, except they were 

grown on media containing increasing concentrations of abscisic acid (ABA) 

with 3% (w/v) sucrose. Attim17-1 KO1 and KO2 exhibit significantly faster 

germination rates compared to wild-type (Col-0). Germination rates are 

insensitive to increasing ABA concentrations. Significant differences are 
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indicated by *  (KO1) and * (KO2) compared to Col-0. Data is given as relative 

averages ± SE for 100 seeds. P < 0.05 using a Student’s t test. 

 

Figure 4. QRT-PCR analysis of transcripts encoding proteins involved in 
a range of functions in wild-type (Col-0) and Attim17-1 KO2 during seed 
germination. Four distinct classes of genes were selected to examine genes 

associated with: A) Genes encoding mitochondrial import components, 

AtTim17-1, AtTim17-2, AtTim17-3, AtTim23-1, AtTim23-2 and AtTim23-3. B) 

Genes encoding proteins of other mitochondrial biogenesis functions, RNA 

Helicase, DNA Gyrase A, PPR-containing protein. C) Genes encoding 

mitochondrial respiratory protein Risp and stress responsive proteins UPOX 

and WRKY6 Mitochondrial other functions and stress responsive functions. D) 

Genes encoding proteins located in the cytosol (RPL18), peroxisome (PEX14) 

and plastid, Rubisco SSU. For each gene, correlation coefficients were 

generated from Col-0 and Attim17-1 KO2 expression profiles.  

 

Figure 5. Comparative analysis of hierarchically clustered transcripts 
and GO representations from Col-0 and Attim17-1 KO2 during seed 
germination in Arabidopsis. A) All genes called present in a minimum of 1 

time point were normalised to the maximal expression level over the time 

course and hierarchically clustered, using average linkage based on Euclidian 

distance. For both Col-0 and Attim17-1 KO2 samples, four major clusters 

were identified; of which the proportion of transcripts in cluster 1 and cluster 3 

differed significantly between Col-0 and Attim17-1 KO2.  B) To identify the 

level of conservation between transcripts that were sorted into clusters 1 and 

3 in Col-0 and Attim17-1 KO2; the respective lists were sorted to define 

whether the transcripts were classed: Col-0 only, Shared or Attim17-1 KO2 

only. C) The three classes of transcripts from both clusters 1 and 3 were then 

assessed for representation in GO categories. Over or under representation 

(compared to the total present set) was visualised using a false-colour heat 

map (red – up; green – down), based on z-score analysis. Statistically 

significant (p≤0.01) data points were identified by a black box.                    
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Figure 6. Total protein composition, ABA and GA concentration from the 
dry seeds of Attim17-1 knock-outs. A) Total protein from Col-0 and 

Attim17-1 KO1 and KO2 show altered total protein composition from proteins 

extracted from 50 mg and 100 mg of dry seed. Coomassie stained gels were 

scanned and band intensity (band indicated in red box) was quantitated. The 

highest value from each sample is represented as a ratio of 1. Quantitated 

proteins (indicated in red box) were excised from the gel and subsequently 

identified by ESI MS/MS. The identifying peptide matches are listed 

corresponding to bands A-D (Supplemental Table S3). B) Total ABA and 

GA19 concentrations from Col-0 and Attim17-1 KO1 and KO2 dry seeds 

indicate a significantly higher abundance of ABA in the knock-out compared to 

Col-0 (n=3 p< 0.05) (indicated by *). 

 

Figure 7. ABA responsive elements bind to the AtTim17-1 promoter and 
act as a repressor of transcription. A) Motif analysis of AtTim17-1 

(At1g20350) 1 kb upstream promoter indicates two ABREs (ACGTG) are 

present. B) GUS reporter analysis of the AtTim17-1 1kb promoter region. 

GUS activity was normalised to the untreated 1 kb promoter. Cells were 

treated with water or hydrogen peroxide (H2O2). A red asterisk indicates a 

significant difference (P<0.05) between the GUS activity of the wild-type 

promoter and the mutated promoter within a treatment. A green asterisk 

indicates a significant difference (P<0.05) between the GUS activity of a 

mock-treated versus treated samples within a promoter. C) Yeast 1-hybrid 

interaction assays indicate that the ABRE binding factors ABF3, ABF4 and 

ABA-related transcription factors ABI3 and ABI4 interact with the AtTim17-1 

ABREs 1 and 2. Mutation to ABRE 1, DO (Triple Drop Out) media (SD -Trp -

Ade -Leu) and thus indicates no interaction. An artificial 3xABRE construct 

and the interaction of P53 with a P53 binding site were used as controls. 

 

Supplemental Figure 1.  A i) MatGAT analysis of AtTim17-1, AtTim17-2 and 

AtTim17-3. Light grey shading indicates percentage similarity and dark grey 

shading indicates percentage identity. A ii) Phylogenetic analysis of Tim17 

from Arabidopsis (At), Glycine max (Gm), Oryza sativa (Os), Sorghum bicolor 
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(Sb) Vitis vinifera (Vv) and Zea mays (Zm). Orthologs were identified using 

Phytozome v9.1 and the phylogenetic tree analysed using MEGA 5.2.2 using 

the maximum likelihood tree method and the Jones-Thornton-Taylor model 

after 1,000 replications.  B) Testing the specificity of antibodies used. 

Antibodies were raised against AtTim17-1, AtTim17-2 (Murcha et al., 2006) 

and AtTim17-3, and tested against full-length recombinant proteins of 

AtTim17-1, 2 and 3. Antibodies raised against Tim17-1 and 2 detect both 

proteins of 29 and 30 kDa respectively. Antibodies raised against AtTim17-3 

detect recombinant AtTim17-3 at 14 kDa, weak detection of AtTim17-2, whilst 

there is no detection of AtTim17-1. Detection with anti-6xhis confirms 

comparable protein abundance. 

 

Supplemental Table 1. List of primers used in this study 

 

Supplemental Table 2. A) For each of the 15,127 genes that were expressed 

during the time course, the Affymetrix probeset identifier, the Arabidopsis 

Gene Identifier (AGI) and the expression values (normalised to the maximal 

value of each gene) are shown for Col-0 and Attim17-1 KO2. B) List of genes 

differentially expressed between Col-0 and Attim17-1 KO2 at the time point 48 

h S, 48 h after stratification prior to transfer to continuous light C) List of 

transcripts comprising cluster 1 and 3 following sorting between the Col-0 set 

and the Attim17-1 set. 

 

Supplemental Table 3. Mass spectrometry based identification of SDS-

PAGE bands of altered abundance from total protein extracts from Col-0, 

Attim17-1 KO1 and Attim17-1 KO2.  List of polypeptide fragments identified by 

SDS-PAGE and digested in gel with trypsin. 
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Figure 1. Analysis of Tim17 genes from Arabidopsis show AtTim17-1 is present in dry seed  A) Pairwise 
alignment of AtTim17-1, AtTim17-2 and AtTim17-3. The transmembrane domains are boxed in black as 
determined by TMpred and the Preprotein and Amino Acid Transporter (PRAT) consensus sequence is indi-
cated above the sequence consisting of the conserved motif of [G/A]X2[F/Y}X10RX3Dx6[G/A/S]GX3G. B) 
Heat map showing the transcript expression profiles of AtTim17-1, AtTim17-2 and AtTim17-3 during devel-
opment indicating AtTim17-2 to be the highest expressed isoform and AtTim17-1 showing specific develop-
mental expression, in particular, high abundance in seed (boxed in green). C) Quantitative Real-Time PCR 
(QRT-PCR) confirm AtTim17-1 shows high abundance in dry seed, AtTim17-2 exhibits no significant change 
throughout the time course whilst AtTim17-3 increases over the germination profile. Col-0 plants were culti-
vated on MS media and collected at 9 time points during a seed germination time course: H (freshly harvest 
tissue), 0 h (seed collected following 2 weeks of drying), 1 h S, 12 h S and 48 h S (seed collected during 
stratification (S) at 4º C in the dark) and 1 h SL, 6 h SL, 12 h SL, 24 h SL and 48 h SL (seed collected during 
exposure to continuous light (SL) at 22º C).  
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Figure 2. Characterisation of T-DNA insertional knock-out lines for AtTim17-1. A i) Two T-DNA insertional knock-out lines were 
obtained for AtTim17-1 (At1g20350), KO1 (SALK_091528) and KO2 (SALK_092885). The arrow indicates the position of the 
T-DNA insert as confirmed by Sanger sequencing. A ii) Loss of function was confirmed by immunodetection of mitochondria 
isolated from 2 week old plants. Publically available array data indicate a 30-fold induction of AtTim17-1 following UV exposure, 
therefore Col-0, Attim17-1 KO1 and KO2 were treated by UV for 1 h, 6 h prior to mitochondrial isolation. AtTim17-1 can be 
detected in UV treated Col-0, as indicated by the presence of a 29 kDa band (indicated by *), when probed with antibody raised 
against AtTim17-2.  AtTim17-1 was not detected in mitochondria isolated from stress treated KO1 or KO2 confirming they are 
functional knock-out lines of AtTim17-1. B) Growth stage analysis of Attim17-1 KO1 and KO2 lines. Plate-based growth 
progression of Col-0, Attim17-1 KO1 and KO2 on i) 0% (w/v) and ii) 3% (w/v) sucrose. The arrows define the time (days after 
sowing) that Col-0 plants have reached the developmental stages as defined by Boyes et al., (2001). The boxes indicate the 
time between each growth stage. Stage 0.1, imbibition; stage 0.5, radical emergence; stage 0.7, hypocotyl emerge from seed 
coat; stage 1.0, cotyledons fully opened; stage 1.02, two rosette leaves >1 mm in length; stage 1.04, four rosette leaves >1 mm 
in length. Data are given as averages for 10 plants. Days are relative to the days after sowing after a 3-d stratification at 4°C. 
B iii) Soil-based growth progression as before: stage 1.10, 10 rosette leaves >1 mm; stage 5.10, first flower buds visible; stage 
6.00, first flower opens; stage 6.90, flowering complete. B iv) Representative growth parameters determined for Col-0 and 
mutants, number of rosette leaves >1 mm, the maximum rosette radius (mm) and plant height (mm) over time. Data are given 
as averages ± SE for 10 plants. P < 0.05 using a Student’s t test. Asterisks indicate significant differences between knock-outs 
and Col-0. 



 3% sucrose

0 

0.2 

0.4 

0.6 

0.8 

1 

 

6 12 18 24 30 36 42 48 52 59 

Col-0 
KO1 
KO2 

 3% glucose

 

0 

0.2 

0.4 

0.6 

0.8 

1 

16 22 28 40 46 52 59 76

Col-0
KO1 

0 

0.2 

0.4 

0.6 

0.8 

1 

 

6 12 18 24 30 36 42 48 52 59 

Col-0
KO1 
KO2 

A i

A ii

A iii

A iv

B i

B ii

B iii

B iv
h following stratification

h following stratification

12       24        42       48      66

1

0.8

0.6

0.4

0.2

0

12       24        42       48      66

1

0.8

0.6

0.4

0.2

0

12       24        42       48      66

1

0.8

0.6

0.4

0.2

0

12       24        42       48      66

1

0.8

0.6

0.4

0.2

0

 ra
di

ca
l e

m
er

ge
nc

e

1 mM ABA 3% (w/v) sucrose

0.8 mM ABA 3% sucrose 

0.5 mM ABA 3% (w/v) sucrose 

0 mM ABA 3% (w/v) sucrose

0.8 mM ABA 3% (w/v) sucrose 3% (w/v) glucose

0% (w/v) sucrose/glucose

3% (w/v) sucrose

 ra
di

ca
l e

m
er

ge
nc

e
 ra

di
ca

l e
m

er
ge

nc
e

 ra
di

ca
l e

m
er

ge
nc

e

 ra
di

ca
l e

m
er

ge
nc

e
 ra

di
ca

l e
m

er
ge

nc
e

 ra
di

ca
l e

m
er

ge
nc

e 

h following stratification

h following stratification

h following stratificationh following stratification

h following stratification

**

**

** **
** ****

**
**

*

*

A iv

-0.1 
0 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

Col-0
KO1 
KO2 

h/days following stratification

 6% (w/v) glucose

28
 h 

40
 h 

46
 h 

52
 h 

59
 h 4 d 5 d

 
6 d

 
7 d

 
8 d

 
9 d

 
10

 d 

 ra
di

ca
l e

m
er

ge
nc

e

****
**

** **

**

**

** **
** **

**

**

**
**

**

** **
**

* * * * *

*

* *

*

KO2 

Figure 3.  Attim17-1 knock-outs exhibit faster germination rates on various sugars and exhibit 
abscisic acid insensitivity. A) Germination rates of Attim17-1 KO1 and KO2 were determined as 
the number of seeds showing radicle emergence at various time points from 0 h following stratifi-
cation to 10 days following incubation at normal growth conditions (n=100 ± SE). Seeds were 
grown on a range of sucrose and glucose concentrations 0 and 3% (w/v) sucrose and 3 and 6% 
(w/v) glucose. B)  Germination rates were determined as described above, except they were 
grown on media containing increasing concentrations of abscisic acid (ABA) with 3% (w/v) 
sucrose. Attim17-1 KO1 and KO2 exhibit significantly faster germination rates compared to 
wildtype (Col-0). Germination rates are insensitive to increasing ABA concentrations. Significant 
differences are indicated by *  (KO1) and * (KO2) compared to Col-0. Data is given as relative 
averages ± SE for 100 seeds. P < 0.05 using a Student’s t test. 
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Figure 4. QRT-PCR analysis of transcripts encoding proteins involved in a range of functions in 
wild-type (Col-0) and Attim17-1 KO2 during seed germination. Four distinct classes of genes were 
selected to examine genes associated with: A) Genes encoding mitochondrial import components, 
AtTim17-1, AtTim17-2, AtTim17-3, AtTim23-1, AtTim23-2 and AtTim23-3. B) Genes encoding 
proteins of other mitochondrial biogenesis functions, RNA Helicase, DNA Gyrase A, PPR-
containing protein. C. Genes encoding mitochondrial respiratory protein Risp and stress respon-
nsive proteins UPOX and WRKY6 Mitochondrial other functions and stress responsive functions. D)
 Genes encoding proteins located in  the cytosol (RPL18), peroxisome (PEX14) and plastid, SSU.
 For each gene, correlation coefficients were generated from Col-0 and Attim17-1 KO2 expression
 profiles.
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Figure 5. Comparative analysis of hierarchically clustered transcripts and GO representations from Col-0 
and Attim17-1 KO2 during seed germination in Arabidopsis. A) All genes called present in a minimum of 1 
time point were normalised to the maximal expression level over the time course and hierarchically clus-
tered, using average linkage based on Euclidian distance. For both Col-0 and Attim17-1 KO2 samples, four 
major clusters were identified; of which the proportion of transcripts in cluster 1 and cluster 3 differed signifi-
cantly between Col-0 and Attim17-1 KO2 B) To identify the level of conservation between transcripts that 
were sorted into clusters 1 and 3 in Col-0 and Attim17-1 KO2; the respective lists were sorted to define 
whether the transcripts were classed: Col-0 only, Shared or Attim17-1 KO2 only. C) The three classes of 
transcripts from both clusters 1 and 3 were then assessed for representation in GO categories. Over or 
under representation (compared to the total present set) was visualised using a false-colour heat map (red 
– up; green – down), based on z-score analysis. Statistically significant (p≤0.01) data points were identified 
by a black box.                   
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Figure 7. ABA responsive elements bind to the AtTim17-1 promoter and act as a repressor of tran-
scription. A) Motif analysis of AtTim17-1 (At1g20350) 1 kb upstream promoter indicates two ABRE 
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5.1 A model for mitochondrial biogenesis during seed 
germination 

 
From the research carried out in Study I and II, a model of mitochondrial 

biogenesis was constructed that describes a triphasic progression of events that 

occur during seed germination. The first and second phases are characterised 

by temporally discrete transient peaks in expression of transcripts encoding 

DNA/RNA metabolism and components involved in protein import and 

translation, respectively; while the third phase is characterised by the increase 

in abundance (reaching maximum abundance by 24 – 48 h SL) of transcripts 

encoding ETC components (Figure 5.1).  

 

Mitochondrial DNA and RNA metabolism (DNA replication, transcription, 

transcriptional regulation and RNA editing/splicing) represent the earliest 

functions to be established during mitochondrial biogenesis, upon rehydration 

of the dry seed (48 h S – 1 h SL) (Figure 5.1 A). It was also observed that the 

transient burst in expression of genes encoding these mitochondrial functions 

occurs coincident with a peak in expression of transcripts encoding proteins 

associated with cytosolic nucleotide metabolism and the transporters 

responsible for conveying these nucleotides into the matrix. These observations 

suggest the coordinated accumulation of nucleotides so they can be utilised for 

the transcription of mitochondrially encoded proteins. Proteins associated with 

DNA and RNA metabolism have been previously demonstrated to display 

rapid rates of protein turnover, with proteins belonging to this category 

displaying some of the highest average synthesis and degradation rates (KS and 

KD respectively) of any functional category, in whole extracts of Arabidopsis cell 

culture (Li et al., 2012). A subsequent study examining degradation rates for 

mitochondrial proteins made consistent observations, with many enzymes 

involved in mitochondrial DNA and RNA processes turning over rapidly, with 

one member, Glycine-rich RNA binding protein 2 (GR-RBP2), exhibiting the 
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sixth fastest turnover rate of any mitochondrial protein (Nelson et al., 2013). A 

complementary study which examined global mRNA decay rates in 

Arabidopsis also observed that degradation rates of transcripts encoding 

proteins with RNA metabolism functions (specifically transcription factors and 

PPR proteins) have some of the shortest half-lives of any transcript species 

observed (Narsai et al., 2007).  

 

These observations highlight the importance of the transient nature of this 

initial burst in the expression of DNA and RNA metabolism functions; 

particularly for the rapid and coordinated degradation of these transcripts (and 

possibly the encoded proteins) in the early hours of exposure to light following 

stratification. This is supported by previous findings, which have shown that 

perturbation of mRNA decay during seed germination often has major 

deleterious effects on the normal development of the germinating seed (Delseny 

et al., 1977; Nishimura et al., 2005; Yoine et al., 2006). Taken together, these 

findings suggest that proteins with DNA and RNA metabolism functions are 

not simply acting to maintain mitochondria through the constitutive 

management of the mitochondrial transcript pool, but rather, by providing a 

decisive and fleeting function in establishing mitochondria at the outset of seed 

germination. 

 

 Shortly after the first phase of intense RNA and DNA metabolic activity (1 h 

SL – 6h SL), there is a second phase in which transcripts encoding proteins 

involved in the translation of mitochondrial RNA (ribosomes, translation 

factors and tRNA-related functions) peak transiently in abundance (Figure 5.1 

B). Comparative analysis of this transcript data with corresponding protein 

abundance data revealed strong levels of concordance during germination, 

confirming that this rapid induction and degradation of transcripts with protein 

metabolism functions is not only observed at the transcript level (Study II; 
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Figure 2). In addition, the transcript abundance of proteins associated with 

mitochondrial protein import, such as components of the TOM and TIM 

complexes, are also reaching maximal abundance levels; suggesting that import 

of nuclear-encoded mitochondrial proteins may occur simultaneously with the 

synthesis of organelle-encoded proteins. This coordination is not surprising, as 

many mitochondrial protein complexes are made up of both nuclear and 

organelle encoded subunits, and successful assembly necessitates careful 

control over subunit accumulation and stoichiometry (Jansch et al., 1996). As the 

time course progresses, the transcript abundance of proteins associated with 

protein synthesis and import diminishes significantly. As this reduction 

proceeds, the opposite is observed for transcripts encoding members of the 

mitochondrial ETC (third phase), which increase in abundance steadily until 

reaching maximal abundances in the final stages (24 h SL – 48 h SL) of the time 

course (Figure 5.1 C). These findings are consistent with previous studies in 

maize and rice, which observed transcripts encoding members of the ETC to 

accumulate during late seed germination with maximum abundance occurring 

following radicle emergence (24 h SL – 48 h SL) (Logan et al., 2001; Howell et al., 

2009). This phase represents the final steps in the transition of the 

promitochondria to mature mitochondria, as characterised by a greatly reduced 

emphasis on biogenesis, and accompanied by an increase in bioenergetic and 

metabolic functionality, as required during the vegetative stages of plant 

development. 

 

The diametrically opposed relationship between proteins associated with 

biogenesis and metabolism has been characterised in plant systems previously. 

A recent study in Arabidopsis has identified two proteins that are subunits of 

NADH dehydrogenase (Complex I) and the TIM17:23 complex (Wang et al., 

2012). Analysis of Attim23-2 overexpressors revealed a surprising inverse 

correlation between TIM23-2 abundance and Complex I abundance; in addition 
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to increased import ability and increased rates of mitochondrial transcription 

and translation; manifesting phenotypically with a retarded growth phenotype. 

Correspondingly, T-DNA knockouts of Complex I subunits resulted in 

significantly higher levels of TIM23-2, in addition to a number of other import 

components of the outer and inner membrane and increased import rates. 

Furthermore, in both yeast and plant systems, the TIM17:23 complex was found 

to interact with cytochrome bc1 (Complex III), via TIM21; a relationship that is 

thought to regulate the switching of the TIM17:23 complex between the transfer 

of proteins across the inner membrane and their lateral insertion into the 

membrane (van der Laan et al., 2006; Wang et al., 2012). These examples provide 

evidence to support the interconnected nature of the mitochondrial import 

components and the complexes of the ETC, and hints at a mechanistic link 

bridging biogenesis and bioenergetic functions.  

 

In light of this, the observations made in Study III are particularly 

interesting. Of the three isoforms of Tim17 in Arabidopsis, AtTim17-2 is widely 

considered to be the dominant isoform and the only Tim17 demonstrated to be 

embryo lethal upon loss of function (Lister et al., 2004; Murcha et al., 2013). 

However, in Study II, it was demonstrated that AtTim17-1, the isoform 

previously recognised as stress-responsive (Van Aken et al., 2009), exhibited its 

highest transcript abundance in freshly harvested seed, dry seed and the early 

stages of seed germination, prior to a reduction in abundance to minimal levels 

by radicle emergence. This reduction occurs while TIM17-2 abundance exhibits 

no significant change during the time course; confirming that upon the 

completion of germination (24 – 48 h SL), AtTim17-2 becomes the dominant 

isoform for the remainder of the plants lifespan. It has been previously 

demonstrated that in yeast and plant systems, the inner membrane translocases 

are the rate limiting factors of protein import into the mitochondrion (Dekker et 

al., 1997; Wang et al., 2012). Thus, the presence of two ABREs in the promoter of 
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AtTim17-1 positions it as a prime target of hormonal control for the 

maintenance of seed dormancy and as an obstruction to germination. The fact 

that insertional knock-out lines of AtTim17-1 results in a 5-fold increase in GA19 

(the precursor to bioactive GA1) abundance and a significantly increased 

germination rate strongly reinforces this view. It is exciting to hypothesise that 

AtTim17-1 represents a seed specific import component that is positioned at the 

nexus of biogenesis and bioenergetic functions during seed germination.  

5.2 The influence of the evolutionary age of genes during seed 
germination  

 
A recent study (Quint et al., 2012) carried out an exhaustive investigation of 

the evolutionary age of genes expressed during embryogenesis in Arabidopsis 

(from zygote to mature seed), which revealed striking similarities with 

observations made in a corresponding transcriptomic study of ontogenetic 

divergence during animal embryogenesis (Domazet-Loso & Tautz, 2010). 

Principally, the researchers established a phylostratigraphic hierarchy for each 

gene: with a scale ranging from phylostratum (PS) 1 for the oldest genes 

showing the strongest homology to prokaryotic sequences; to PS 13 for the 

evolutionarily youngest genes, with no homologues in any other species (Quint 

et al., 2012). This study revealed the presence of an ‘embryonic hourglass’; 

whereby evolutionarily young genes are chiefly expressed at the beginning and 

end of embryogenesis, and punctuated by the transient expression of 

evolutionary ancient genes at mid-embryogenesis; in what is known as the 

phylotypic stage (Quint et al., 2012). Building on this, Dekkers et al., (2013) 

investigated the evolutionary age of genes expressed during seed germination 

and discovered a similar coordination of the expression of old and young genes. 

In this instance, the relative expression of young genes was highest shortly after 

imbibition, before dropping consistently until testa rupture, at which time the 

expression of these genes was observed to increase again to maximal levels. 
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Ancient genes exhibited an inverse expression pattern, with low transcript 

abundance at the beginning of germination, followed by a transient peak in 

abundance at testa rupture and then decreasing to low levels by the end of the 

time course (radicle emergence) (Dekkers et al., 2013).  

 

To investigate the implications of these findings, the phylostratigraphic 

ranking established in Quint et al., (2012) was applied to the list of 775 

germination specific genes defined in Study I. Consistent with the observations 

outlined in Dekkers et al., (2013), proportional analysis revealed that 

evolutionarily ancient genes that arose before plant evolution (PS 1 and 2) are 

significantly (P < 0.001) overrepresented in this suite of transiently expressed 

genes compared to the whole genome (Figure 5.2A – 28% vs 22% and 34% vs 

25% for PS 1 and 2, respectively). In contrast, genes that arose during early 

plant evolution (PS 4) and in seed-bearing plants (PS 6) were significantly 

underrepresented (Figure 5.2A – 20% vs 26% and 8% vs 11% for PS 4 and PS 6, 

respectively). Based on these observations and the enrichment of seed-lethal 

genes in this group, it is exciting to hypothesise that the suite of 775 

germination specific genes defined in Study I, belong to an evolutionarily 

ancient group of genes that are key components of a highly conserved 

transcriptional program that underpins seed germination in plants throughout 

their evolutionary history. 

 

In light of the significant (P < 0.01) overrepresentation of mitochondrial 

proteins in the list of 775 germination specific genes, it might seem evident that 

the mitochondrial transcriptome would reflect the same transcriptomic profiles 

observed in Dekkers et al., (2013), with evolutionarily young genes expressed 

early and late in seed germination, punctuated by the transient expression of 

evolutionarily old genes. To test this, the list of 1035 genes defined as encoding 

mitochondrial proteins (Study II) was cross-referenced with the 
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phylostratigraphic ranking established by Quint et al., (2012). In this way, the 

rank of each gene found to be displaying maximal expression at a given time 

point was averaged and recorded. As a point of reference, this was also carried 

out for the whole genome set (Figure 5.2B). Interestingly, though the whole 

genome set displayed an analogous transcriptome profile to that presented in 

Dekkers et al., 2013, the mitochondrial list was observed to display the opposite 

of this, with evolutionarily old genes expressed at both the beginning and end 

of Arabidopsis germination, interrupted by the transient expression of younger 

genes at 48 h SL and 1 h SL (Figure 5.2B). Closer inspection of the mitochondrial 

genes expressed during these time points reveals the source of this abundance 

of evolutionarily young genes. Of the hundreds of genes expressed transiently 

in the mitochondrial set, including transcription factors, tRNA-related 

functions, ribosomes and protein import components (n = 167; average PS = 1.6), 

only members of the PPR family are consistently classed in the 

phylostratigraphically young (PS 4, 5, 6 and 7) gene groups and the sheer 

abundance of transiently expressed PPRs (n = 149; average PS 4.4) influences 

the entire mitochondrial set.  

 

PPRs are predominately organelle targeted proteins that have been 

demonstrated to have a diverse array of RNA metabolism functions, including: 

transcription (Ding et al., 2006), RNA editing (Chateigner-Boutin et al., 2008), 

splicing (de Longevialle et al., 2008), processing (Nakamura et al., 2003), stability 

(Yamazaki et al., 2004) and translation (Choquet & Wollman, 2002). Although 

PPRs have been documented in every eukaryotic genome currently sequenced, 

the numbers observed in animal systems are far fewer than those found in 

plants; with several hundred PPRs observed in most plant genomes (450 in 

Arabidopsis and 477 in rice), but only 5 and 6 identified in the genomes of yeast 

and humans, respectively (Lurin et al., 2004). This disparity arises from at least 

two significant expansions of the PPR gene family (most likely driven by 
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retrotransposition) that occurred during plant evolution; with the initial 

expansion occurring after the separation of land plant lineages from green algae 

(12 PPRs identified in Chlamydomonas reinhardtii vs 103 PPRs identified in moss); 

and the second occurring following the divergence of moss and vascular plants 

(approximately 450 million years ago), but prior to the divergence of monocots 

and dicots (approximately 140 million years ago) (Chaw et al., 2004; O'Toole et 

al., 2008; Rensing et al., 2008; Fujii & Small, 2011). Although coexpression of 

transcripts encoding PPRs and mitochondrial proteins is not surprising, the 

relatively late appearance and expansion of the PPR gene family is particularly 

interesting in light of the significant enrichment of PPRs in the germination 

specific (GS) set (75 PPRs out of 775 GS genes), and in the mitochondrial set; 

which are both largely made up of evolutionarily old genes.  

 

In consideration of these observations, it appears seed germination 

comprises a tightly regulated procession of genetic events; most notably the 

coordinated transient expression of a suite of evolutionarily ancient genes 

enriched in mitochondrial proteins. Amidst this, lies an island of evolutionarily 

young genes belonging to the same family, encoding proteins that are involved 

in the metabolism of organelle RNA; particularly that of the mitochondrion. 

The arrival and subsequent expansion of these PPRs late in plant evolutionary 

history emphasises the progressively centralised role mitochondrial biogenesis 

has occupied during seed germination in higher plants. 

 

5.3 The mitochondrion as a signalling hub during germination 

The mechanical story of mitochondrial biogenesis during seed germination is 

becoming increasingly well established, with a number of studies describing the 

stepwise maturation of promitochondria into metabolically active 

mitochondria, which have a central role in the cellular landscape as a source of 

ATP (Study II and (Logan et al., 2001; Howell et al., 2006)). In addition, the 
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literature regarding plant responses to biotic and abiotic stresses have long 

recognised the mitochondrion as a focal point for stress perception and 

signalling (Van Aken et al., 2009). Consequently, it is useful to view the 

mitochondrion as more than just a source of cellular energy, but also as a 

signalling hub, capable of perceiving and consolidating numerous signals 

(known as anterograde signalling) and transmitting signals of their own in 

order to regulate responses based on perceived stresses or developmental 

checkpoints (known as retrograde signalling). These signals are pivotal to the 

assembly of the numerous nuclear and organelle encoded subunits that make 

up each complex of the respiratory chain, which requires a tremendous level of 

coordination.  

 

It has been previously demonstrated that disruption of mitochondrial 

function can impair cell proliferation; an observation that was commonly 

attributed to a reduction in the energy pool as a consequence of dysfunction to 

mitochondrial respiration (Van Aken et al., 2007; Escobar-Alvarez et al., 2010; 

Skirycz et al., 2010; Zhuang & Yao, 2013). However, a recent study in mouse 

embryonic fibroblasts (MEFs) has demonstrated that cellular proliferation is 

arrested by the stalling of mitochondrial ribosomes and that the observed 

reduction in metabolic potential is purely a downstream consequence of this 

dysfunction (Richter et al., 2013). According to the authors, this stalling activates 

a pathway to rescue dysfunctional ribosomes, which in turn, elicits the 

degradation of mitochondrial rRNA and mRNA pools and arrests cell 

proliferation via a retrograde signal (Richter et al., 2013).  

 

Translational stress has also been advanced as an initiator of retrograde 

signals in plants. It has been demonstrated that null mutants of the PROLY-

tRNA SYNTHETASE1 (PRORS1) protein, which is targeted to both  

mitochondria and chloroplasts, result in the arrest of embryo development 
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(Pesaresi et al., 2006). However, mutants with leaky alleles of PRORS1, showed 

down-regulated expression of nuclear encoded genes associated with 

photosynthetic light reactions. This downregulation was independent of light 

or photooxidative stress, suggesting that the observed downregulation of 

photosynthetic machinery occurred by means of retrograde signals originating 

from mitochondria and chloroplast, as a consequence of translational stress 

(Pesaresi et al., 2006). The transient expression of mitochondrial translational 

machinery during early seed germination in Arabidopsis (Study II), could 

represent a crucial checkpoint for the monitoring of mitochondrial homeostasis 

and has a role in the regulation of cellular proliferation during seed 

germination.  

5.4 Future directions 
 

The findings presented in this thesis have revealed many novel aspects of the 

process of mitochondrial biogenesis during seed germination in Arabidopsis. 

This research builds on the firm foundations set down by previous influential 

studies and in much the same way, has paved the way for further research. 

When carrying out transcriptomic analyses on whole tissues, one must accept 

the caveat that tissue-specific transcriptomes are homogenised and thus many 

interesting features are lost. Application of novel technologies such as cell 

sorting and laser-assisted microdissection have begun to resolve this problem 

with great effect (Gronlund et al., 2012; Schmid et al., 2012). Dekkers et al., 2013 

illustrated the effectiveness of transcriptomic analysis on the dissected 

compartments of Arabidopsis seeds during germination, which revealed a 

number of tissue-specific features; including the similarity between endosperm 

and embryo transcriptomes, that become increasingly divergent as germination 

progresses. These findings encourage the adoption of similar techniques, in an 

effort to construct a spatial and temporal model of mitochondrial biogenesis.  
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It is clear microarrays have had a significant impact on a number of fields of 

research, facilitating the simultaneous querying of thousands of genes; 

however, this technology is not without its limitations. It is important to note 

that the Affymetrix ATH1 GeneChip represents just 23 750 of the 33 644 genes 

currently annotated as comprising the Arabidopsis genome (Lamesch et al., 

2012). New developments in transcriptomic technologies, such as tiling arrays 

(Matsui et al., 2008) and RNA-Seq transcriptional profiling (Lister et al., 2009) 

are redefining the way we interrogate gene expression, by providing complete 

coverage of the genome, in addition to mapping mutations, identifying splice 

variants and hallmarks of epigenetic regulation.  

 

Naturally, an important future direction of this research is the eventual 

application to the field of agriculture. The emerging story of the central role of 

the mitochondrion during seed germination, and the influence mutations of 

mitochondrial proteins have on germination rates (Study III) positions it as a 

prime target for the regulation and modification of certain aspects of seed 

germination, such as a factor against vivipary (precocious germination) in 

wheat (Fang & Chu, 2008) or for the enhanced synchronisation of barley during 

the malting process (Sottnikova et al., 2013).  
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