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Allgemeinverständliche Zusammenfassung 

Pflanzen nutzen das Sonnenlicht um Substanzen, sogenannte Kohlenhydrate, zu 

synthetisieren. Diese können anschließend als Energielieferant für das eigene Wachstum 

genutzt werden. Der aufbauende Prozess wird als Photosynthese bezeichnet. Ein wichtiges 

Anliegen ist deshalb zu verstehen, wie Pflanzen äußere Einflüsse wahrnehmen und die 

Photosynthese dementsprechend regulieren. Ihre Zellen tragen diese Informationen in den 

Genen. Die Pflanzen nutzen aber in der Regel nicht alle ihre Gene gleichzeitig, die sie zur 

Anpassung an Umwelteinflüsse besitzen. Zu meist wird nur eine Teilfraktion der gesamten 

Information benötigt. Wir wollten der Frage nachgehen, welche Gene die Zellen für welche 

Situation regulieren. Im Zellkern gibt es Proteine, sogenannte Transkriptionsfaktoren, die 

spezifische Gene finden können und deren Transkription modulieren. Wenn ein Gen 

gebraucht wird, wird seine Information in andere Moleküle übersetzt (transkribiert), 

sogenannte Transkripte. Die Information dieser Transkripte wird benutzt um Proteine, 

Makromoleküle aus Aminsäuren, zu synthetisieren. Aus der Transkription eines Gens kann 

eine große Zahl des Transkripts entstehen. Es ist wahrscheinlich, dass ein Gen, dass gerade 

gebraucht wird, mehr Transkriptmoleküle hat als andere Gene. Da die 

Transkriptionsfaktoren mit der Transkription der Gene interferieren können, entwickelten 

wir in der vorliegenden Arbeit Strategien zur Identifikation dieser im Zellkern zu findenden 

Proteine mittels eines „Proteomics“-Ansatzes. Wir entwickelten weiterhin eine Strategie zur 

Identififikation von Transkripten Transkriptionsfaktor-codierender Gene in der Zelle und in 

welche Menge sie vorkommen. Dieser Ansatz wird als „Transcript-Profiling“ bezeichnet. Wir 

fanden Zellkern-lokalisierte Proteine, die als Signalmoleküle funktionieren könnten und 

Transkripte, die bei unterschiedlichen Umweltbedingungen in der Zelle vorhanden waren. 

Wir benutzten, die oben genannten Ansätze um die einzellige Grünalge Chlamydomonas zu 

untersuchen. Die Informationen, die wir erhielten, halfen zu verstehen welche 

Transkriptionsfaktoren notwendig sind, damit Chlamydomonas bei unterschiedlichen 

Umweltbedingungen, wie z.B. unterschiedliche Lichtintensitäten und unterschiedlicher 

Konzentration von Kohlenstoffdioxid, überlebt. 
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Summary  

The transcriptional regulation of the cellular mechanisms involves many different 

components and different levels of control which together contribute to fine tune the 

response of cells to different environmental stimuli. In some responses, diverse signaling 

pathways can be controlled simultaneously. One of the most important cellular processes 

that seem to possess multiple levels of regulation is photosynthesis. A model organism for 

studying photosynthesis-related processes is the unicellular green algae Chlamydomonas 

reinhardtii, due to advantages related to culturing, genetic manipulation and availability of 

genome sequence. In the present study, we were interested in understanding the regulatory 

mechanisms underlying photosynthesis-related processes. To achieve this goal different 

molecular approaches were followed. In order to indentify protein transcriptional regulators 

we optimized a method for isolation of nuclei and performed nuclear proteome analysis 

using shotgun proteomics. This analysis permitted us to improve the genome annotation 

previously published and to discover conserved and enriched protein motifs among the 

nuclear proteins. In another approach, a quantitative RT-PCR platform was established for 

the analysis of gene expression of predicted transcription factor (TF) and other 

transcriptional regulator (TR) coding genes by transcript profiling. The gene expression 

profiles for more than one hundred genes were monitored in time series experiments under 

conditions of changes in light intensity (200 µE m-2 s-1 to 700 µE m-2 s-1), and changes in 

concentration of carbon dioxide (5% CO2 to 0.04% CO2). The results indicate that many TF 

and TR genes are regulated in both environmental conditions and groups of co-regulated 

genes were found. Our findings also suggest that some genes can be common intermediates 

of light and carbon responsive regulatory pathways. These approaches together gave us new 

insights about the regulation of photosynthesis and revealed new candidate regulatory 

genes, helping to decipher the gene regulatory networks in Chlamydomonas. Further 

experimental studies are necessary to clarify the function of the candidate regulatory genes 

and to elucidate how cells coordinately regulate the assimilation of carbon and light 

responses. 
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1 The Section 1.4 presented in the following Chapter contains parts of the following manuscript:  

Daniel Martins de Souza, Bruno Menezes de Oliveira, Erich Castro-Dias, Flavia Vischi Winck, Ricardo Shiniti 

Horiuchi, Paulo Aparecido Baldasso, Hugo Takeda Caetano, Natalia Katuchi Pires, Sérgio Marangoni, José 

Camillo Novello (2008) The untiring search for the most complete proteome representation: reviewing the 

methods. Briefings in Functional Genomics and Proteomics, 7(4): 312-321. ©Oxford University Press. 
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1.1 Gene expression in eukaryotes 

Living cells are constantly subjected to environmental changes and developmental processes 

which function as external and internal stimuli. For example, one could think of many factors 

which would stimulate a cellular response, such as hormones, light, temperature, osmotic 

pressure, nutrient deprivation, pathogens, among others. Cells, encode in their genomes all 

the information which allows them to respond to a changing environment. The translation of 

the stimuli received into a cellular response, on a new cellular state, involves many different 

processes which function in a coordinated and integrated manner. One of the processes that 

influence the response of cells to the environmental changes is known as gene expression 

regulation. Since the 80´s the gene expression issue has been receiving much attention from 

molecular biologists mainly after discovering of evidences indicating that differential gene 

activation would explain how the gene expression is controlled (Brown, 1981). The process 

of gene transcription in eukaryotes is performed by different RNA polymerases, which 

transcribe different classes of genes. RNA polymerase I is nucleolar in origin and synthesizes 

ribosomal RNAs. RNA polymerase II is responsible for the transcription of protein coding 

genes and miRNA genes, whereas RNA polymerase III synthesizes tRNAs and other small 

structural RNA molecules, such as the 5S ribosomal RNA subunit. Additionally, flowering 

plants contain further two RNA polymerases, IV and V, which are involved in the synthesis of 

small interfering RNAs (siRNAs) (Onodera et al., 2005; Zhang et al., 2007b). In the following 

we focus on the mechanism of gene transcription by RNA polymerase II. It has been 

demonstrated that the transcriptional machinery is composed of a multi-complex of proteins 

which interact in order to activate gene transcription. This complex contains a group of 

proteins required for gene transcription, but there is evidence that the general components 

of the transcriptional machinery may vary depending on the physiological conditions. Among 

these general components, RNA polymerase II is responsible for synthesizing the mRNA 

molecules from protein-coding and miRNA genes, but its function is only accomplished when 

a pre-initiation complex (PIC) is assembled. First, the general transcription factor TFIID, a 

complex of TBP (TATA-binding protein) and TAFs (TBP-associated factors), binds to the core 
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promoter of genes permitting the complete assembling of the PIC with the participation of 

the general transcription factors TFIIA, TFIIB, TFIIE, TFIIF and TFIIH (Sauer et al., 1995; 

Verrijzer, 2001; Thomas and Chiang, 2006). The components of the PIC have been shown to 

pass through an extensive rearrangement of the protein-DNA interactions until complete 

engagement of RNA Polymerase II to the core promoter (Yakovchuk et al., 2010). 

Interestingly, it has been shown that protein sequences showing similarity to TBP can also 

participate in controlling the expression of genes which do not contain a TATA-box on their 

promoter region. The interaction between these transcription related factors (TRFs), 

transcription factors (TFs) and nucleosome remodeling factors seem to be able to control 

gene expression, suggesting that the recognition of different core promoters could involve 

different proteins complexes (Goodrich and Tjian, 2010). Complementary, the action of co-

activators has been shown to be important for activating the gene transcription by direct 

binding to the PIC or by facilitating chromatin rearrangement and the access of the PIC to 

the regulatory DNA sequences (Thomas and Chiang, 2006). The role of co-activators seems 

to be preceded by the action of transcriptional activators, which are able to bind to specific 

regions of the chromatin and recruiting chromatin co-activators leading to modification of 

the nucleosome histones. The transcriptional activators can recruit the Mediator complex 

which has been shown to be an important component of gene expression regulation by 

targeting polymerase II and recruiting it to the PIC and favoring the engagement of PIC to the 

DNA (Malik and Roeder, 2010). There are indications that the presence of Mediator is 

necessary for the expression of all genes, but still there are controversies (Thomas and 

Chiang, 2006). The different modules of the Mediator complex have also been shown to be 

involved in the mediation of different signals to the PIC which would in fact modulate the 

activation of the PIC. Different modules were involved in responding or mediating signals 

from specific cellular pathways. The interaction of Mediator with signaling molecules or co-

activators can induce to different structural configurations which could be translated into 

different outputs, inducing or repressing transcriptional output (Thomas and Chiang, 2006; 

Malik and Roeder, 2010). 
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1.2 Regulation of the gene expression 

An important aspect of how cells respond to environmental stimuli resides in the control of 

gene expression through transcriptional regulation. The individual and normally 

differentiated cells usually do not use their whole repertoire of genes for adaptation to new 

environmental situations. How cells determine which genes are important in a given 

condition and how they are regulated constitute fascinating questions for which answers are 

intimately related with the basis of cell survival and development (O'Malley et al., 1977). The 

pattern of gene expression, in other words the assortment of which genes that are switched 

“on” or “off”, determines the features of a cell in a certain condition. These patterns are 

mostly controlled through transcriptional regulation, influencing the number of genes which 

are transcribed and the abundance of their transcripts at any given moment (Verrijzer, 

2001). In eukaryotes, the control of the cellular responses through transcriptional regulation 

involves the participation of different molecules such as microRNAs, transcription factors 

(TFs) and other transcription regulators (TRs). Transcription factors are proteins that can 

bind to the DNA molecules and contain in their basic structure one or more sequence-

specific DNA-binding and trans-activation domain(s) which can interact with other co-

activator proteins or directly with the PIC. TFs recognize specific DNA regulatory elements 

that are generally located in the promoter region of the genes they control, resulting in the 

induction or repression of gene transcription. Some TFs only execute their regulatory 

function after dimerization (Latchman, 1997). The nuclear DNA of eukaryotes contains many 

different DNA regulatory elements which can be recognized by TFs, such as core promoter 

elements, upstream promoter region elements and distal enhancer or silencer elements. 

Upstream promoter elements are usually located at a position shortly upstream of the core 

promoter (100-200bp) and can be recognized by TFs which in turn may interact with co-

activators to facilitate the formation and recruitment of PIC components, increasing 

transcriptional rates (Brand et al., 1985; Nolis et al., 2009). However, the interaction of some 

TFs with the PIC may also lead to transcriptional repression, inhibiting basal transcription 

when activators are absent (Thomas and Chiang, 2006). Distal regulatory elements have also 

been identified and shown to be important in these processes. They can be located 
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thousands of base pairs away from the core promoter, and by DNA looping and interaction 

with TFs can fold back to the promoter region of the target genes and thereby modulate 

their transcriptional output (Nolis et al., 2009). Transcription regulator proteins are also 

involved in the regulation of transcription but, in contrast to transcription factors lack a 

sequence-specific DNA-binding domain. They contribute to transcriptional regulation, e.g. 

through chromatin remodeling, or as co-activators or co-repressors (Brivanlou and Darnell, 

2002). Models of how the expression of a gene is activated or repressed date back to 1960´s 

and had already proposed the existence of many of the elements we today know as part of 

the signaling and regulatory networks (Britten and Davidson, 1969). More recent models 

include a vast number of possible regulatory mechanisms and confirmed that transcription 

factors and regulators can have positive or negative effect on the transcription initiation 

(Jacob and Monod, 1961; Britten and Davidson, 1969; Brivanlou and Darnell, 2002). 

Recently, with the possibility of genome-wide analysis of DNA cis-elements (DNA regions to 

which TFs can bind in a sequence-specific manner) and the identification of TF target genes, 

the analysis of gene regulatory networks has expanded. It has been revealed that most likely 

the previous master regulator TFs can also be regulated by other transcriptional regulators, 

and subsets of transcriptional cascades can be regulated by a combination of transcriptional 

regulators, which would result in a more flexible cellular response but also in a more 

complex regulatory network (Kaufmann et al., 2010). The many processes involved in the 

regulation of gene expression, including chromatin remodeling, transcription, mRNA 

processing, nuclear export of RNAs, mRNA translation in the cytoplasm and RNA degradation 

seem to actually function in a tightly-coupled way (Figure 1-1).  
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Figure 1-1. Schematic representation of the main components involved in the different 

levels of the regulation of eukaryotic gene expression.  

(Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Genetics; (Komili 
and Silver, 2008), copyright 2011).  

Genome-wide studies, together with experimental data demonstrating molecular 

interactions between regulatory proteins have demonstrated that the elements or factors 

involved in gene expression regulation can exhibit a coordinated activity. For instance, the 

coordinated activity of TFs indicates that not only a combinatorial, coordinated binding of 

TFs to a particular gene promoter occurs but rather that a group of TFs can bind coordinately 

to the promoter or regulatory regions of many genes simultaneously. This would generate a 

coupled input which would lead to a more sensitive and organized regulatory response to 

different stimuli (Komili and Silver, 2008). The key role of the transcriptional regulation in 

driving cellular responses and determining phenotypes has been studied for many years 

(Doebley and Lukens, 1998) and the complexity of the signaling pathways seem to have 

increased during the evolution of animals and plants and it has been suggested that the 

number of TFs and their proportion in the genomes is correlated to the increase in 

complexity of the cellular responses (Levine and Tjian, 2003; Lang et al., 2010). However, 

there are some indications that the complexity of genetic pathways can not be explained 

only by natural selection, but also through non-adaptive processes (Lynch, 2007).  
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1.3 Chlamydomonas as a model for understanding plant gene regulatory networks 

The unicellular green algae Chlamydomonas reinhardtii (Figure 1-2) is a model organism for 

the study of photosynthesis (Harris, 2001). It has recently been selected as one of the model 

plants to be studied with a focus on understanding photosynthesis and biomass 

accumulation through a systems biology approach (http://www.goforsys.de/).  

 

Figure 1-2. The unicellular alga Chlamydomonas reinhardtii. 

(A) A single Chlamydomonas cell viewed by bright field microscopy. (B) Experimental setup 
showing Chlamydomonas cells cultured in biofermenters. 

Recently, its genome was sequenced (Grossman et al., 2007; Merchant et al., 2007) allowing 

the annotation of TF and TR coding genes (Riaño-Pachón et al., 2007). The repertoire of TFs 

and TRs predicted for Chlamydomonas was found to be smaller than the one found in 

flowering plants, such as Arabidopsis (Riaño-Pachón et al., 2008). However, Chlamydomonas 

contains all the components necessary for regulating photosynthetic activity and this whole 

repertoire of regulators can now be analyzed, at least at the transcriptional level. The TF and 

TR genes that show variations on expression levels in response to environmental or 

developmental changes may have a regulatory role in a given cellular response. Several gene 

expression profiling studies of Chlamydomonas grown in different environmental conditions 

have been carried out. Examples include alteration of light intensity, concentration of CO2, 

deprivation of sulfur and nitrogen sources (Im et al., 2003; Grossman et al., 2007; Gonzalez-

Ballester et al., 2010). These studies analyzed gene expression responses in a global manner 

using microarray hybridizations and, recently, deep sequencing technologies. The results of 

such studies enormously contributed to the discovery of genes important to the cellular 
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responses in Chlamydomonas. However, only a few TFs of Chlamydomonas have been 

studied in deep (Table 1-1) and the information about the regulatory role of most of the TFs 

and TRs in different biotic and abiotic stresses is limited (Grossman et al., 2007; Merchant et 

al., 2007; Riaño-Pachón et al., 2008).  

Table 1-1. Transcriptional regulators functionally characterized in Chlamydomonas. 

Protein ID 
(JGI v.3.1) 

TF family 
Gene 

symbol 
Biological process in which the  

protein is involved 
Citation 

79755 mTERF MOC1 Mitochondrial light acclimation (Schonfeld et al., 2004) 

148821 SBP CRR1 Copper and hypoxia induced pathways. (Kropat et al., 2005) 

159133 
C2C2-CO-

like  
CrCO Growth and synchronicity of cell division (Serrano et al., 2009) 

174777 RWP-RK MID Mating type determination 

(Ferris and Goodenough, 
1997); (Goodenough et al., 

2007); (Lin and Goodenough, 
2007) 

184359 
MYB-

related 
LCR1 Carbon Concentrating Mechanism (CCM) (Yoshioka et al., 2004) 

185576 G2-like PSR1 
Phosphate scavenging during phosphorus 

depletion 
(Wykoff et al., 1999) 

186972 C2H2 
CCM1-
B/CIA5 

Carbon Concentrating Mechanism (CCM) 
(Fukuzawa et al., 2001); 

(Xiang et al., 2001) 

190458 
Sigma70-

like 
CrRpoD Transcription of plastid encoded genes (Bohne et al., 2006) 

195786 E2F-DP E2F1 Cell cycle  (Fang et al., 2006) 

195787 E2F-DP DP1 Cell cycle (Fang et al., 2006) 

195807 RWP-RK NIT2 Nitrate assimilation 
(Camargo et al., 2007); 

(Schnell and Lefebvre, 1993) 

117914 HSF HSF1 Thermotolerance (Schulz-Raffelt et al., 2007) 

Due to the limited number of TFs and TRs characterized, uncovering gene regulatory 

networks in Chlamydomonas is a complex task. One way to accelerate the discovery of gene 

regulatory networks involves targeted gene expression profiling and the analysis of time-

series expression data. Furthermore, this type of analysis is useful for further inferring the 

dynamic of the cellular responses (Gitter et al., 2010). The technologies used for global 

analysis of time-series gene expression, such as microarrays, have limitations, which reduce 

their sensitivity to identify variations in the gene expression of low abundant transcripts, 
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such as TF and TR genes (Sam et al., 2011). With the prediction of TF and TR genes in 

Chlamydomonas, more sensitive, target techniques, such as quantitative reverse-

transcription PCR (qRT-PCR), can now be employed for gene expression analysis. The high 

sensitivity of this technique, permit the detection of variations in the expression of genes 

which are present in very low copy numbers in a cell. In principle, the detection of less than 

five copies (even one copy) of a target sequence is possible (Valasek and Repa, 2005). 

Furthermore, in order to identify the components and the topology of Chlamydomonas gene 

regulatory networks, time series gene expression analysis were carried out. We focused in 

detecting expression level variations of TF and TR coding genes using qRT-PCR, as well as in 

uncovering regulatory elements for these regulatory genes in a genome-wide scale. This 

approach may allow getting new and deeper insights into the regulatory mechanisms 

occurring in Chlamydomonas and it would support future studies on the evolution of these 

gene regulatory networks in plant species.  

1.4 Challenges in identifying protein transcriptional regulators1 

The experimental identification of the whole repertoire of TFs and TRs through proteomics 

still represents a challenge due to the fact that many of these proteins are usually in very 

low copy number per cells. Different strategies have been developed to increase the 

detection limit of such low abundant proteins. Many of them use proteomic technologies for 

the exhaustive identification of the whole set of proteins extracted from a cellular 

compartment, cell or tissue (Gygi et al., 2002; Jorrin et al., 2007; Sandhu et al., 2008). An 

alternative approach relies in analyzing the ‘subproteomes’ instead of the whole proteome. 

This strategy consists, primarily, of the separation of organelles or macromolecular 

structures of the cell, using methods such as differential purification, immunoprecipitation 

                                                        

1
 Modified from the following publication: 

Daniel Martins de Souza, Bruno Menezes de Oliveira, Erich Castro-Dias, Flavia Vischi Winck, Ricardo Shiniti 

Horiuchi, Paulo Aparecido Baldasso, Hugo Takeda Caetano, Natalia Katuchi Pires, Sérgio Marangoni, José 

Camillo Novello (2008) The untiring search for the most complete proteome representation: reviewing the 

methods. Briefings in Functional Genomics and Proteomics, 7(4):312-321. ©Oxford University Press 
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or sucrose density gradients, with a subsequent analysis of each organellar fraction using 

two-dimensional electrophoresis and mass spectrometry or another proteomic techniques 

(Martins de Souza et al., 2008). Jung and colleagues have reviewed the application of 

subcellular proteomes in many different organelles and macromolecular structures including 

mitochondria, lysosomes, peroxisomes, endoplasmatic reticulum, Golgi apparatus and 

nuclei, indicating the advantages of this approach. The analysis of subcellular proteomes also 

contributes to the improvement of protein and gene annotation (Jung et al., 2000; Jorrin-

Novo et al., 2009). In some cases, the nucleus has been sub-divided into multi-protein 

complexes such as the nuclear matrix, spliceosome, spindle pole and the nuclear pore 

complex. Moreover, the subcellular proteome analysis helped to identify protein complexes 

and delineate a 3D distribution of subsets of proteins in the cell, providing new clues about 

protein cellular trafficking and organelle specialized functions (Neubauer et al., 1998; Gerner 

and Sauermann, 1999). The subcellular fractionation and purification of organelles reduces 

the complexity of the proteome, permitting the identification and the localization of new 

proteins and may provide indications of possible roles for these proteins. The main 

drawback of this procedure is the difficulty in obtaining specific subcellular compartments 

free of contamination from other compartments (Jorrin-Novo et al., 2009). Different 

methods for the isolation of organelles have been proposed and there is no general 

procedure that can be applied broadly to all cell types.  

Proteomic analysis of plant species had contributed to increasing the knowledge regarding 

the identification of proteins and their variants, but efforts have to be done for exploiting 

the full potential of the proteomic approach in the plant field. So far only a few plant species 

have been reported to be investigated by proteomic approaches (Park, 2004; Jorrin et al., 

2007). In Chlamydomonas, the subproteomic studies have contributed in revealing the 

protein profiles of subcellular components, such as flagellum, photosynthetic apparatus, 

chloroplast ribosome and mitochondrial oxidative phosphorylation machinery (Stauber and 

Hippler, 2004; Rolland et al., 2009). The analysis of the subcellular proteome of 

Chlamydomonas has also identified proteins with important functions on the circadian clock 

(Wagner et al., 2005). In another plant species, such as Arabidopsis thaliana, the 

subproteome of many different organelles have been described, including mitochondria, 
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chloroplast, nuclear matrix, among others, and demonstrated to be important also for 

revealing the similarities of protein composition between organelles from different plant 

species and with other non-photosynthetic organisms (Jorrin-Novo et al., 2009). The nuclear 

proteome analysis of Chlamydomonas reinhardtii was performed in the present study and 

contributed to the identification of TFs and TRs, giving us an overview of the protein 

functional categories present in the nuclear compartment. Our approach revealed the 

identity of, not only, previously predicted nuclear proteins but also indicated the existence 

of novel proteins with unknown function. 

1.5 Systems biology 

With the massive information accumulated from genomic, transcriptomic and proteomic 

studies it is necessary to use a different approach in order to better understand the relation 

between the different cellular components and mechanisms which occur simultaneously in a 

cell. A holistic and broad interpretation of the mechanisms by which molecules interact to 

produce the functional properties of the cells are the essence of what is called systems 

biology (Alberguina and Westerhoff, 2005). By combining the capacity of generating datasets 

from biological systems, simulation based on principles of physics and chemistry and 

mathematical modeling, it has been possible to create hypotheses which try to explain the 

biological events in a coordinated and integrated way (Rho et al., 2008). This has been done 

through the development of models, molecular networks and recognizing the topology of 

the networks of molecular interactions detected in living cells (Zhang et al., 2007a; Zhang et 

al., 2008a). The improvement of such integrative analysis would most likely lead to the 

improvement of the capacity of creating new valid hypotheses and to perform experimental 

simulations to model biological systems. It is important also to emphasize that none of this 

would be possible without the development of the field of bioinformatics which represents 

an important and solid base for the future development of accessible and user friendly 

sources of information that could be interpreted and explored by all scientists (Zhang et al., 

2008a). For establishing the connections between the components of the systems it is 

important to perform comparative analyses. It is then essential to identify and measure the 
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elements which constitute the systems (genes, metabolites, proteins, transcripts, etc.) for 

understanding the fundamental mechanisms underlying the regulation, interaction, 

metabolism and signal transduction in a cell or organism. A systems biology approach 

increases the possibilities of interpreting emerging characteristics and to understand the 

functional properties in terms of how they persist through the nonlinear interactions 

between the molecules of the biological systems (Alberguina and Westerhoff, 2005). A 

recent initiative of the German government supported the analysis of plant species in a 

systems biology approach. Within this project, i.e., GoFORSYS (http://www.goforsys.de/), 

the model organism Chlamydomonas is studied at different levels with the participation of 

different research groups in a “Core Experiment”, in which the groups participate in a 

common experiment and work with the same sample, with the focus of collecting 

information of the different mechanisms involved in photosynthesis and biomass 

production. Within GoFORSYS I contributed by investigating expression levels of TF and TR 

encoding genes under changes of light conditions and carbon dioxide availability towards 

deciphering important regulators and generating information which will be integrated into 

further models (Grimbs et al., 2011). 
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1.6 Aims and structure of the present work  

The main objectives of the present work were to identify the components and the structure 

of gene regulatory networks of Chlamydomonas reinhardtii. Different approaches were used 

to better understand gene expression regulation. I focused my work on the development of 

strategies for the identification of TF and TR proteins and analysis of TF and TR gene 

expression in response to different environmental conditions. During the work several 

questions arose, such as: What protein classes can be found in the nucleus of 

Chlamydomonas? Is it possible to experimentally identify the transcriptional regulator 

proteins of Chlamydomonas reinhardtii? Are these nuclear proteins sharing specific 

sequence similarities? Other important questions also appeared during the development of 

this work. Considering that the two main external environmental elements important for 

photosynthesis and biomass production are light and CO2 availability we addressed 

questions related to photosynthesis-related processes: Which TFs and TRs are light 

responsive? Which TFs and TRs are CO2 responsive? What are the possible functions they 

exert in these cellular responses? My thesis contains six Chapters and is structured as follow: 

Chapter 1 constitutes a general introduction containing a brief review of the most important 

concepts related to my work. Nevertheless, each of the following chapters 2, 3, 4 and 5, 

have its own introduction focused on more specific concepts, description of material and 

methods, results and discussion and conclusions. Supplemental information related to each 

chapter is included after bibliographic references as appendices. Outlook and curriculum 

vitae are included after appendices. Chapter 2, published on Journal of Phycology, describes 

the results of the optimization of a method for the isolation of nuclei from Chlamydomonas, 

suitable for proteomic and functional studies. Chapter 3, under revision for publication on 

the Proteomics journal, contains the results of the nuclear proteome analysis of 

Chlamydomonas, which revealed the identity of more than 700 proteins, including TF and TR 

that share sequence similarities. The proteomic dataset is available through the public 

repository PRIDE (http://www.ebi.ac.uk/pride/) and through a website I build 

(http://plntfdb.bio.uni-potsdam.de/ChlamyTRI). In Chapter 4, I briefly presented the results 
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and efforts which contributed to the Core Experiment 1 of the GoFORSYS project. On this 

experiment, several groups were working together to obtain a time series data set of 

biological Chlamydomonas responses to changes in light conditions. The groups involved 

analyzed the same sample at different levels, such as: metabolites, polysome distribution, 

enzyme activities, organelle transcripts, nuclear transcripts, proteome, starch accumulation, 

among many others. My particular contribution to this work was focused on the 

identification of the gene expression profile of TFs and TRs. The results of this work revealed 

new candidate genes which can have a role in transcriptional control on different light 

conditions. The data produced in this work will be integrated into a global analysis of the 

Chlamydomonas responses to environmental changes. Chapter 5 reports the results of the 

analysis of TF and TR gene expression, the genome-wide sequencing of nucleosome-

depleted chromatin regions and the reconstruction of gene regulatory network for 

Chlamydomonas cells under carbon deprivation conditions. A manuscript summarizing these 

results is in preparation. The final Chapter 6 contains a general discussion of my work 

highlighting the main achievements and summarizing interesting new findings.  
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Chapter 2 Isolation of nuclei from 

Chlamydomonas2 

 

 

2 The text shown in this chapter was published in the Journal of Phycology®. Please see citation below: 

Flavia Vischi Winck, Miroslaw Kwasniewski, Stefanie Wienkoop, Bernd Mueller-Roeber (2011) An optimized 

method for the isolation of nuclei from Chlamydomonas reinhardtii (CHLOROPHYCEAE), J. Phycol., 47, 333–

340. ©2006,the Phycological Society of America. 
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2.1 Abstract 

The cell nucleus harbours a large number of proteins involved in transcription, RNA 

processing, chromatin remodelling, nuclear signalling and ribosome assembly. The nuclear 

genome of the model alga Chlamydomonas reinhardtii has recently been sequenced and 

many genes encoding nuclear proteins including transcription factors and transcription 

regulators have been identified through computational discovery tools. However, a 

comprehensive annotation of nuclear proteins will require support from biochemical and 

proteomics data. Cellular preparations with enriched nuclei are important to assist in such 

analyses. Here, we describe a simple protocol for the isolation of nuclei from 

Chlamydomonas, based on a commercially available kit. The modifications done in the 

original protocol includes mainly alterations of the differential centrifugation parameters 

and detergent-based cell lysis. The nuclei enriched fractions obtained with the optimized 

protocol show low contamination with mitochondrial and plastid proteins. The protocol can 

be concluded within only three hours and the proteins extracted can be used for gel-based 

and non-gel-based proteomic approaches. 

2.2 Introduction 

The unicellular green alga Chlamydomonas reinhardtii (Chlamydomonas in the following) has 

been employed as a model system for the biochemical and molecular analysis of 

photosynthesis-related processes, flagellar function, phototaxis, lipid biosynthesis, 

nutritional responses and hydrogen metabolism since many years (Gorman and Levine, 

1966; Rochaix, 2002; Stauber et al., 2003). It has recently been chosen by the German 

GoFORSYS consortium (www.goforsys.de) as one of its key model organisms for studying the 

physiological and biochemical links between photosynthesis and biomass accumulation. As 

numerous molecular and genetic tools are available for Chlamydomonas, gene function 

studies are straightforward (Martin and Goodenough, 1975; Harris, 2001). The sequence of 

the nuclear genome of Chlamydomonas has recently been reported (Merchant et al., 2007), 

facilitating the analysis of cellular processes in this model alga (Grossman et al., 2007).  
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In eukaryotic cells, the nucleus plays an important role in gene expression control (Fink et al., 

2008). Regulation of gene expression is a multi-facetted process that besides transcriptional 

regulation at the promoter level involves many other layers of control including RNA splicing 

and processing, RNA stability control, ribosome assembly, translation and others. We have 

recently analyzed the Chlamydomonas genome and identified ~40 protein families 

representing DNA-binding transcription factors (TFs) and other transcriptional regulators 

(TRs) (Riaño-Pachón et al., 2007). However, a broad coverage of nuclear proteins is most 

likely not feasible by in silico analyses alone. Wet-lab experiments including e.g. proteomic 

approaches can provide additional information (Heazlewood et al., 2004). For example, 

studies performed with nuclei isolated from Arabidopsis thaliana allowed identifying TFs 

responding to cold stress (Bae et al., 2003). We envisage that proteomics will also contribute 

to a better definition of the nuclear proteome in Chlamydomonas. The prior isolation of 

nuclei in such experiments reduces the complexity of the biological samples facilitating 

proteomics-based discovery even of low-abundant nuclear proteins (Jung et al., 2000; 

Martins de Souza et al., 2008).  

The interest in analyzing plant nuclear proteins is not recent and several methods for the 

isolation of nuclei are available (Murray, 1965; Loureiro et al., 2007). Nevertheless, protocols 

for the isolation of nuclei from plants often have limitations (Steck et al., 1970; Pertoft, 

2000). Some of the previous protocols used protoplasts as a source of nuclei. Some others 

included detergents like Nonidet P40 (NP-40) in the isolation procedure, or introduced 

deflagellation steps as in the case of Chlamydomonas (Keller et al., 1984; Saxena et al., 1985 

; Hagstrom et al., 1997). NP-40 has been shown to interfere with DNA-protein interaction 

assays (Nakshatri and Bhat-Nakshatri, 1997). The deflagellation of Chlamydomonas cells is 

achieved by a pH shock where cells are kept at low pH (4.5) before the pH is increased again 

(to pH 7.0). Such a pH shift likely affects the cellular proteome profile by e.g. activating 

calcium uptake (Quarmby, 1996), altering the metabolism of sulfur-deprived 

Chlamydomonas cells (Kosourov et al., 2003), inducing dramatic changes in nuclear 

architecture and altering the levels of some RNA transcripts (Colon-Ramos et al., 2003). 

For proteomic studies a reproducible method for sample preparation which does not largely 

affect the protein profile of the cell is needed. Here we present a modified protocol for the 
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isolation of nuclei from Chlamydomonas. The protocol can be broadly used for nuclear 

proteomic analyses and can be finished within three hours, with a high level of 

reproducibility. A first analysis of the proteins extracted from the nuclei isolates by nano-

LC/MS/MS indicated the presence of a range of high- and low-abundant nuclear proteins 

including TFs. 

2.3 Material and Methods 

2.3.1 Cell culture and growth condition 

Chlamydomonas reinhardtii strain CC-503 cw92 mt+ obtained from the Chlamydomonas 

Genetics Center (Duke University, North Carolina) was cultured in 2-L-Erlenmeyer flasks at 

30°C in high-salt medium (HSM) (Sueoka, 1960) at continuous light of 75 µmol·m-2·s-1 and 

continuous shaking at 100 rpm. Cells were grown to the early log phase with a maximum 

OD750nm = 0.5 (~6 x 106 cells·mL-1) and harvested (250 mL) by centrifugation at 3.000 g for 2 

min at 4°C in either a fixed-angle or swinging bucket rotor. 

2.3.2 Isolation of nuclei  

The protocol provided in the CelLytic PN kit (Sigma-Aldrich, Steinheim, Germany) was 

originaly designed for the isolation of nuclei from plant leaves; we optimized it for the 

isolation of nuclei from Chlamydomonas cells. The original protocol was modified as outlined 

in the following. Unless otherwise stated, chemicals were provided by the kit. Dithiothreitol 

(DTT) and protease inhibitor cocktail (catalogue no. P9599) were obtained from Sigma-

Aldrich. The cell pellet obtained by centrifugation (see above) was gently resuspended with a 

Pasteur pipette in 5 mL of 1 x NIB solution (Luthe and Quatrano, 1980; Dignam et al., 1983; 

Conley et al., 1994; Dyer and Herzog, 1995; Guidez et al., 1998), transferred to a 50-mL 

plastic conic tube and centrifuged for 2 min at 4°C at 3.000 g using an Eppendorf 5810R 

centrifuge equipped with a swinging-bucket rotor. If not indicated otherwise all subsequent 

centrifugations were also done using a swinging-bucket rotor. The cell pellet was 

resuspended in 600 µL of 1 x NIB solution and dropped into a mortar previously cooled with 

liquid nitrogen. Cells were macerated with a pestle until a fine soft green powder was 



 Chapter 2-Isolation of nuclei from Chlamydomonas 

19 

 

obtained. The powder was transferred to a 50-mL plastic conic tube and 10 mL of 1 x NIBA 

solution (NIB buffer containing protease inhibitors) were added. The homogenized sample 

was kept on ice for 10 min, filtered through one layer of Miracloth membrane (pore size 22-

25µm; Calbiochem, Bad Soden, Germany) into a new 50-mL plastic conic tube, and 

centrifuged at 1.260 g for 10 min at 4°C. The pellet was resuspended in 10 mL of 1 x NIBA 

solution containing 1 % Triton X-100 and homogenized with a Pasteur pipette to permit lysis 

of the cytoplasmic membranes. The sample was kept on ice for 10 min and centrifuged at 

1.000 g for 30 min at 4°C. The lysis was repeated once and the pellet obtained was washed 

by resuspension in 1 mL of 1 x NIB solution and transferred to a 2-mL plastic tube. The 

samples were centrifuged at 600 g for 10 min at 4°C in a fixed-angle rotor and the washing 

procedure was repeated. The final nuclei pellet was used for protein extraction or preserved 

at -80°C in 100 µL storage buffer provided by the CelLytic PN kit. 

2.3.3 Protein extraction 

Total protein extract was prepared as follows: 1 mL of culture of Chlamydomonas cells 

grown in HSM medium (Sueoka, 1960) was harvested at the log phase at an OD750 nm = 0.5 by 

centrifugation at 3.000 g for 2 min at 4°C. The pellet was mixed with 2 mL of extraction 

buffer (100 mM HEPES-NaOH, pH 7.5, 4 mM EDTA, 5 mM DTT, 0.4 mM PMSF, 10 % glycerol, 

0.05 % Triton X-100, 1:100 protease inhibitor cocktail for plants (Sigma-Aldrich), and 

subjected to cell lysis using a 10-mL Potter Elvehjem tissue grinder. The cell lysate was 

transferred to a new tube and centrifuged at 12.000 g for 10 min at 4°C. Proteins were 

extracted from the nuclear isolates using the solutions provided in the CelLytic PN kit 

according to the manufacturer´s instructions and kept at -80°C. Protein concentration was 

determined using the DC Protein Assay Kit (BioRad, München, Germany). 

2.3.4 Western blot analyses 

Purity of the fractions containing nuclei was investigated by Western blot analysis. Proteins 

(2 µg) from each sample (total cell extract and nuclear fraction) were loaded and separated 

on 15 % SDS-polyacrylamide gels and transferred to Immobilon-P PVDF membrane 

(Millipore, Schwalbach, Germany) by electro-blotting using a mini trans-blot electrophoretic 
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transfer cell (BioRad). Potential contaminations by plastidic and mitochondrial were tested 

using polyclonal antibodies raised against chloroplastic subunit H of photosystem I (Psa-H) 

(Agrisera, Vännäs, Sweden) and mitochondrial outer membrane porin (Heins et al., 1994) 

antibody kindly provided by Dr. Hans-Peter Brown, University of Hannover, Germany), 

respectively. The primary antibodies were used at dilutions 1:5000 and 1:1000, respectively. 

The enrichment for nuclear proteins was analyzed using a polyclonal antibody raised against 

histone H3 protein (Cell Signaling, Frankfurt am Main, Germany) at a dilution of 1:1000. The 

presence of ribulose-1,5-bisphosphate carboxylase/oxygenase was analyzed using an 

antibody raised against its large subunit (RbcL) at a dilution of 1:10000 (Spijkerman, 2008). 

The antibody was kindly provided by Dr. Anke Koch (University of Potsdam, Germany). Goat 

anti-rabbit IRDye 800-conjugated secondary antibody (1:5000 dilution; LICOR, Bad Homburg, 

Germany) was used in all Western blots. The blot images were analyzed with the Odyssey 

infrared scanner at 800 nm (LICOR). 

2.3.5 Two dimensional gel electrophoresis 

Frozen nuclei from a 1-L Chlamydomonas culture were thawed and centrifuged for 30 min at 

10.000 g. The pellet was resuspended in 6 vol. (160 µL) of sample preparation buffer (9 M 

urea, 2 % ampholytes and 70 mM DTT). After incubation for 30 min at room temperature 

and centrifugation for 45 min at 15.000 g the supernatant was removed and precipitated 

with trichloracetic acid (TCA). Two-dimensional gel electrophoresis (2DE) was performed by 

Proteome Factory (Berlin, Germany). Thirty-six µg of protein (the whole precipitate) was 

applied to vertical rod gels (9 M urea, 4 % acrylamide, 0.3 % PDA, 5 % glycerol, 0.06 % 

TEMED and 2 % carrier ampholytes [pH 2-11], 0.02 % APS) for isoelectric focusing (IEF) at 

8.820 Vh in the first dimension. After IEF, the gels were incubated for 10 min in equilibration 

buffer containing 125 mM trisphosphate (pH 6.8), 40 % glycerol, 65 mM DTT, and 3 % SDS, 

and subsequently frozen at -80°C. SDS-PAGE gels (20cm x 30cm x 0.1cm) containing 375 mM 

Tris-HCl buffer (pH 8.8), 12 % acrylamide, 0.2 % bisacrylamide, 0.1 % SDS and 0.03 % TEMED 

were prepared for the second dimension. After thawing, the equilibrated IEF gels were 

immediately applied to the SDS-PAGE gels. Electrophoresis was performed using 140 V for 

5h 15 min until the front reached the end of the gel. After 2DE separation the gels were 
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stained with FireSilver (Proteome Factory, Berlin, Germany). The 2DE gel was digitized at a 

resolution of 150 dpi using a PowerLook 2100XL scanner (Umax, Willich, Germany) with 

transparency adapter. Two-dimensional image analysis was performed using 

ProteomWeaver software (Definiens, Munich, Germany). 

2.3.6 Identification of nuclear proteins  

To check for the enrichment of nuclear proteins in nuclear extracts proteins were separated 

by SDS polyacrylamide gel electrophoresis. Proteins isolated from the gel stained with 

Coomassie Brilliant Blue G (Sigma-Aldrich) were identified using a Reflex II MALDI-ToF mass 

spectrometer (Bruker, Bremen, Germany). The peptides were extracted from the protein 

bands using the protocol described by Shevchenko et al. (1996). α-Cyano-4-hydroxy cinnamic 

acid in a solution containing 7 vol. acetonitrile and 3 vol. 0.1 % TFA was used as matrix. Mass 

spectrometry was performed in reflector mode using the monoisotopic peaks produced by 

the autolysis of trypsin (m/z 2163.06) and matrix ion (m/z 568.14) as calibration peaks. 

Protein identity was determined using the list of monoisotopic peaks obtained from the 

analyses of the proteolytic peptides. The search was done using the Mascot tool 

(http://www.matrixscience.com/) against the MSDB 20060831 database. Search parameters 

included a maximum of two missed enzymatic cleavages and a peptide error tolerance of 10 

ppm. Protein hits presenting the best score considering the significance threshold (p-value 

<0.05) were considered the best match. 

2.3.7 Protein pre-fractionation and nano-LC/MS/MS 

Proteins extracted from two independent nuclear isolates were pre-fractionated according 

to the following procedure. The isolated nuclei were resuspended in urea-SDS buffer (50 mM 

Tris, pH 7.8, 8 M urea, 2 % SDS) and sonicated for 30 min in a bath sonicator (model 

Sonopuls; Bandelin, Berlin, Germany). The samples were centrifuged at 10.000 g for 10 min 

and the supernatant was transferred to a new tube. One mL Trizol was added and the 

proteins were extracted as described by Lee and Lo (2008). The protein pellet was 

resuspended in 20 µL of 1 x SDS-PAGE buffer and separated in a 12 % SDS-polyacrylamide gel 

(Laemmli, 1970). The gel lane was cut in 10 pieces and each fraction was subjected to 
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protein in-gel digestion and desalting as previously described (Shevchenko et al., 1996; 

Rappsilber et al., 2003). The protein digest was loaded onto a pre-column using a 1D nano 

flow LC system (Agilent, Böblingen, Germany). A monolithic column (Merck, Darmstadt, 

Germany) of 15 cm length and 0.1 mm internal diameter was coupled to an Orbitrap LTQ XL 

mass spectrometer (Thermo Electron, Dreieich, Germany) operated in a data-dependent 

mode. Peptides where eluted during a 60-min gradient from 5 % to 100 % MetOH / 0.1 % 

formic acid (FA) with a controlled flow rate of 0.5 µL per min. After mass spectrometric 

analyses, mgf files were created from the raw data and searched against an in-house 

developed protein database described by May et al. (2008). The protein identification was 

performed using Mascot software (http://www.matrixscience.com) applying the following 

criteria: maximum of two missed cleavages, maximum peptide error tolerance of 10 ppm, 

maximum fragment ion mass error tolerance of 0.8 Da. Variable modifications due to 

carbamidomethylation and oxidation were accepted. Peptides with an ion score greater than 

the calculated threshold (p < 0.05) were assigned as significant protein hits. 

2.3.8 Microscopy  

Bright-field and fluorescence microscopy were used to check intact cells and the integrity of 

the nuclei isolated. The nuclei isolates were resuspended in storage buffer provide by the 

CelLytic PN kit (Sigma-Aldrich) and stained for 10 min with Vectashield Fluorescence 

Mounting Medium containing 4,6-diamino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlingame, USA). The intact cells were stained directly with DAPI for 10 min before 

microscopy. The slides were analyzed with an Olympus BX-51 fluorescence microscope 

and Olympus BX 61 epi-fluorescence microscope motorised (Olympus, Hamburg, Germany).  

2.4 Results and Discussion 

Initially, we used a commercially available kit, CelLytic PN from Sigma-Aldrich, for the 

isolation of nuclei from Chlamydomonas, and followed the manufacturer´s protocol that was 

originally established for the isolation of nuclei from plant leaves. The Chlamydomonas cells 

were disrupted by maceration in liquid nitrogen and suspended in the buffer volumes 
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indicated by the user´s guide. The centrifugation steps were followed without modifications 

in standard fixed centrifuge rotors. The CelLytic PN protocol includes a final centrifugation in 

either a sucrose and or Percoll gradient to increase the purity of the nuclei. However, this 

original procedure turned out to be unsuitable for the isolation of nuclei from 

Chlamydomonas cells. After the final centrifugation step the supposed nuclear fraction at 

the bottom of the centrifugation tube remained as a double-layered pellet that consisted of 

a soft, white fraction containing the nuclei and an upper green phase containing intact cells 

and chloroplasts that were not sufficiently removed from the nuclear preparation (data not 

shown). We thus optimized the available protocol to allow efficient isolation of nuclei from 

Chlamydomonas cells for proteome studies. Our protocol of isolation of nuclei can yield on 

average at least 3.5 x106 nuclei per extraction, starting from 250 ml culture volume. This 

finding was revealed by counting the nuclei with Thoma counting chamber. The entire 

procedure can be completed within three hours, is highly reproducible (Figure appendix A-1) 

and is suitable for gel-based or non-gel-based proteomic studies as shown by the possibility 

of performing high-quality 2DE gels (Figure appendix A-2) and nano-LC/MS/MS protein 

identification (Table 2-1). The procedure can also be performed for Chlamydomonas cw15 

mutant and cc1690 strains (data not shown). A schematic outline of the protocol is given in 

Figure appendix A-3. 

2.4.1 Cell disruption  

We tested several methods for the disruption of Chlamydomonas cells including 

homogenization with a Potter Elvehjem tissue grinder, cell disruption by bead milling, cell 

suspension bio-nebulization with a BioNeb system (Glas-Col, Terre Haute, USA), and cell 

maceration using liquid nitrogen. In our hands, maceration in liquid nitrogen appeared to be 

the most simplest and efficient procedure for nuclei isolation, resulting in much less intact 

cells than with the other methods tested (data not shown). Keeping the fraction of intact 

cells low is important as they turned out to precipitate together with the released nuclei 

forming the upper green phase at the final centrifugation step. 
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Table 2-1. Examples of proteins identified by LC mass spectrometry in nuclei isolates. 

Besides core histones also other nuclear-localized molecules including transcription factors 

and nucleolar proteins were found in the nuclear isolates. 

Protein ID# Functional annotation& Gene ID# 

Protein 
sequence 

covered by MS 
analysis (%) 

161836 Histone H2B C_270156 85.2 

69 Histone H2A fgenesh1_pm.C_scaffold_3000012 36.8 

102205 Histone H2B e_gwH.18.188.1 67.1 

105 Histone H3 fgenesh1_pm.C_scaffold_3000048 50.4 

97501 Histone H4 e_gwH.5.178.1 32.4 

184356 HMG* Estext fgenesh2 kg.c 280024 28 

149734 ZnFinger C2H2* Chlre2_kg.scaffold_27000003 9.7 

176419 Nop10 fgenesh2_pg.C_scaffold_36000079 92.2 

146324 Nop52 Chlre2_kg.scaffold_1000148 10.9 

 

#Protein and gene sequences were obtained from JGI (http://genome.jgi-

psf.org/Chlre4/Chlre4.home.html) and NCBI (http://www.ncbi.nlm.nih.gov/) databases.  

&Functional annotation data are available at the JGI and NCBI databases.  

*Catalogued in the Plant Transcription Factor Database (http://plntfdb.bio.uni-

potsdam.de/v3.0/). 

2.4.2 Detergents 

In the protocol of Keller et al. (1984) Nonidet P40 was used as detergent for cell lysis; we 

replaced it by Triton X-100. As indicated previously by Smith and Wells (1984), 1 % Triton X-

100 has the capacity to solubilize 20 - 30% of the nuclear envelope of eukaryotic cells. Triton 

X-100 almost completely removes the outer nuclear membrane whereas the inner nuclear 

membrane remains largely intact (Cox and Emili, 2006). Thus, using Triton X-100 as a 

detergent allows preserving internal components of the nucleus during the isolation 

procedure. The structural integrity of the nuclei isolated was verified by microscopy and is 

shown in Figure 2-1. Triton X-100 is a non-ionic detergent that can easily be removed from 

the samples during the clean-up procedure carried out prior to mass spectrometric analysis. 

http://plntfdb.bio.uni-potsdam.de/v3.0/
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Therefore the analysis of proteins obtained from the nuclei by gel-free or gel-based 

proteomic techniques is straightforward (see below).  

 

Figure 2-1. Analysis of the structural integrity of the nuclei isolated from Chlamydomonas. 

(A) Fluorescence microscopy of intact Chlamydomonas cells stained with DAPI. (B) Bright 
field microscopy of nuclei isolated from Chlamydomonas. The same sample stained with 
DAPI analyzed by fluorescence microscopy is shown in (C), and the merged image is shown in 
(D). DAPI stained nuclei are shown 400-fold magnified in (E). Stereomicroscopy of the 
nucleus isolated is shown in (F). 

2.4.3 Immunochemical assays 

To determine the presence of non-nuclear proteins in the nuclear isolates, Western blot 

analyses were performed (Figure 2-2). The results indicated very low contamination of the 

nuclear fractions with chloroplast thylakoid membrane protein PsaH and mitochondrial 

outer membrane porin (Heins et al., 1994; Amunts et al., 2005). A strong enrichment for 

nuclear protein histone H3 was evident in isolated nuclei. Western blot analysis revealed 

that RbcL protein was not completely removed from the nuclear fraction during the isolation 
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of nuclei. However, the relative abundance of RbcL was proportionally reduced in 

comparison to the abundance of the nuclear proteins, demonstrating a substantial nuclear 

enrichment (not shown). 

 

Figure 2-2. Immunochemical detection assays. 

Total protein extract (T) and nuclear protein extracts (N) were separated in a 15% SDS-
polyacrylamide gel as shown on the silver-stained gel on the left. For Western blot analyses, 
2 µg of protein was loaded in each lane. After the transfer to a PVDF membrane and 
incubation with the primary and secondary antibodies, the markers were visualized by 
fluorescence imaging. The following marker proteins were analyzed: PsaH for chloroplasts; 
outer membrane porin (Pom) for mitochondria, and histone H3 (H3) for nuclei. MW, 
molecular weight marker (numbers indicate kDa). 

2.4.4 Differential centrifugation 

Many protocols established for the isolation of organelles include differential centrifugation 

steps. While optimizing the isolation protocol for Chlamydomonas nuclei we also modified 

some of the differential centrifugation parameters (cf. Materials and Methods). We found 

that low-speed centrifugation and extended centrifugation times were necessary for a 

successful recovery of the nuclear fraction at the bottom of the centrifugation tube. Another 

change we included in the protocol was the use of a swinging-bucket rotor carrying the 

conical tubes.  



 Chapter 2-Isolation of nuclei from Chlamydomonas 

27 

 

2.4.5 Identification of nuclear proteins  

Proteins extracted from the nuclei were analyzed by MALDI-ToF and nano-LC/MS/MS. By 

performing pre-fractionation of proteins using 1D SDS-PAGE and nano-LC/MS/MS we were 

able to identify more than 100 proteins in a preliminary study, from a starting amount of 30 

µg of nuclear protein extract. A detailed analysis of the nuclear proteome of 

Chlamydomonas is currently being conducted. Table 2-1 gives a list of some of the proteins 

identified. The proteins found are known to be present in different levels in the cell nucleus 

and indicate enrichment not only of highly abundant proteins such as histones but also of 

low-abundant proteins like transcription factors and other transcription regulators. Thus, the 

easy-to-implement nuclei isolation protocol reported here will be of great relevance for the 

identification of further constituents of the Chlamydomonas nuclear proteome in the future. 

2.5 Conclusions 

We present a straightforward and easy-to-implement protocol for the isolation of nuclei 

from Chlamydomonas cells. The protocol was optimized based on a commercial CelLytic PN 

kit from Sigma-Aldrich. Critical modifications of the protocol were introduced, including 

changes in the type of the centrifuge rotor as well as centrifugation speed and times. 

Efficient cell membrane lysis was obtained using Triton X-100 as detergent. The whole 

procedure can be finished within three hours, is highly reproducible and broadly applicable 

to proteomic studies. The optimized protocol was developed in order to avoid dramatic 

changes of the proteome profile. Noteworthy, it facilitates nuclear proteome analyses by 

gel-free or gel-based methods, which will aid to the characterization of nuclear proteins and 

gene regulatory networks in Chlamydomonas.  
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Chapter 3 Chlamydomonas nuclear 

proteome analysis3  

 

 

3 The following text represents a slightly extended version of a manuscript entitled “The nuclear proteome 

of the green alga Chlamydomonas reinhardtii” in revision by the journal Proteomics for peer review and 

publication.  Authors: Flavia Vischi Winck, Diego Mauricio Riaño-Pachón, Frederik Sommer, Jens Rupprecht 

and Bernd Mueller-Roeber.
 
 



Chapter 3-Chlamydomonas nuclear proteome 

29 

 

3.1 Abstract  

Nuclear proteins play a central role in regulating gene expression. Their identification is 

important for understanding how the nuclear repertoire changes over time under different 

conditions and how that translates into different transcriptional states. Nuclear proteins are 

often underrepresented in proteomic studies due to their frequently low abundance. So far, 

just a few studies describing the nuclear proteome of plant species have been published. 

Recently, the nuclear genome sequence of the unicellular green alga Chlamydomonas 

reinhardtii has been obtained and annotated, allowing the development of further detailed 

studies for this organism. However, a detailed description of its nuclear proteome has not 

been reported so far. Here we present an analysis of the nuclear proteome of the sequenced 

Chlamydomonas strain cc503. Using LC-MS/MS we identified 1.108 proteins from nuclei 

isolates with a maximum 1% peptide spectrum false discovery rate. Besides well-known 

proteins (e.g. histones), transcription factors and other transcriptional regulators (e.g. tubby 

and HMG) were identified. We performed the prediction of the subcellular localization of 

these proteins using computational tools and we calculated their codon usage. Our data 

revealed the disagreement between different prediction approaches and suggests the needs 

for improvement of the computational prediction programs. The presence of protein motifs 

in nuclear proteins was investigated by computational tools and specific over-represented 

protein motifs were identified. This study provides new insights into the complexity of the 

nuclear environment, and reveals novel putative protein targets for further studies of 

nuclear mechanisms.  

3.2 Introduction 

The analysis of sub-proteomes in plant species has revealed the identity of many proteins 

from different organelles and has assisted in the recognition of their subcellular location, 

disclosing new molecular targets for functional studies (Rolland et al., 2009). The proteome 

analysis of different cellular organelles, including mitochondria, chloroplasts and nuclei, has 

already been carried out for Arabidopsis thaliana, Oryza sativa and Medicago truncatula 



Chapter 3-Chlamydomonas nuclear proteome 

30 

 

aided by to the publication of their genomic sequences. Similarly, with the availability of the 

genomic sequence of the green alga Chlamydomonas reinhardtii it has been possible to 

study its proteins in a high-throughput manner. The sub-proteomes of some of its cellular 

entities, including chloroplast ribosomes, flagellae, and eyespots, have previously been 

published, but a detailed description of the nuclear proteome was not available so far 

(Rolland et al., 2009; Wagner et al., 2009; Terashima et al., 2010). The functional 

specialization of proteins is to a great extent related to their intracellular organization (Gitai, 

2005). It is therefore important to study the cellular sub-proteomes to better understand 

which proteins and mechanisms are involved in organelle communication and how these 

processes are regulated. Furthermore, analyzing the nuclear proteome is of great interest 

because of its close connection with the processes of gene expression regulation. Many 

DNA-binding proteins directly or indirectly involved in the regulation of gene expression 

have been shown to be at least transiently located in the nucleus (Casal and Yanovsky, 

2005). C. reinhardtii is a unicellular green alga that has been used as model for extensive 

analysis of the photosynthetic machinery; recently it has also been recognized as a good 

experimental model in systems biology-oriented approaches (Merchant et al., 2007; May et 

al., 2008; Christian et al., 2009; Renberg et al., 2010; Wienkoop et al., 2010). So far little is 

known about the proteins involved in the regulation of nuclear gene expression in C. 

reinhardtii. The analysis of the nuclear proteome performed in the present study has 

revealed the identity of many proteins related to transcriptional control (e.g. transcription 

factors and other regulators), nucleosome biogenesis (nucleolar proteins and ribosomal 

proteins) and proteins with previously unknown functional annotation. Many of these 

proteins involved in regulatory processes have a low expression level and are supposed to be 

present in the nuclear compartment in very low numbers (Gygi et al., 1999). This can be 

partially explained by the low codon bias hypothesis (Gygi et al., 2000). In many highly 

expressed protein coding genes of eukaryotes and prokaryotes, not all possible codons are 

found, which indicates the existence of a bias for preferential use of some particular codons. 

In many gene sequences it was observed that they do not have all the 64 codons and only 

some of them are present. This can be explained by the use of alternative codons which are 

synonymous, which means a different codon triplet coding for the same amino acid can be 
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present in a gene sequence. The frequency of occurrence of synonymous codons determines 

what is called codon usage bias (Wright, 1990). Our findings revealed proteins of putative 

regulatory function (e.g., nucleolar phosphoprotein, protein kinase), with a relatively low 

codon bias, conversely, a higher codon bias was found among some well known highly 

expressed proteins (e.g., histones, tubulin). Another aspect of interest is protein localization; 

however, for most of the regulatory proteins from Chlamydomonas there is no experimental 

evidence for their subcellular localization. Many efforts have been done for the 

improvement of computational tools able to characterize in silico the protein’s subcellular 

location (Casadio et al., 2008). Nevertheless the publicly available methods differ in their 

underlying biological motivation, computational method used, localization coverage and 

reliability (Donnes and Hoglund, 2004). Many methods use the available protein sequence 

information from related species for their predictions and use different algorithms for 

comparing those protein sequences and inferring their subcellular location (Casadio et al., 

2008). Identifying the protein subcellular location is important for a better understanding of 

the role of proteins in organisms. However, experimentally this is a very time consuming and 

costly task. With the increasing number of available genomic sequences it is important to 

improve the predictors because many of the inferred functions of the proteins will most 

likely come from the use of such tools. The algorithms for predictions now include many 

other features combining evolutionary information and text mining (Fyshe et al., 2008). 

Besides the difficulty of identifying the correct subcellular location of proteins through 

prediction methods there are other factors limiting protein characterization in a high 

throughput manner. Usually, the functional characterization of proteins involves the cloning 

and overexpression of a certain gene and the analysis of the expressed protein. The sub-

proteome analysis is an important alternative for the identification of a large number of 

proteins from a cellular compartment and it helps to improve protein functional annotation. 
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3.3 Material and methods 

3.3.1 Isolation of nuclei 

Nuclear-enriched fractions were obtained as previously described (Winck et al., 2011) from 

five independently grown cultures of Chlamydomonas reinhardtii (strain cc503) cultured in 

2-L flasks in photoautotrophic and temperature controlled conditions. Cells were cultured in 

H5P medium (modified TAP medium without acetate and with 5mM HEPES as buffering 

agent) under continuous light (100µE m-2 s-1) and constant supply of air with 2% CO2 (gas 

mixture was provided by B-DCU Biostat fermenter (Sartorius, Goettingen, Germany) and 

controlled via GC system (Agilent Technologies 3000 micro-GC, Waldbronn, Germany). All 

steps of the nuclei isolation procedure were performed at 4°C. The cells were harvested 

from a 1-L culture by centrifugation for 2min at 3000 g, suspended in 600 µL of NIB solution 

and grinded in a cooled mortar. The powdered material was suspended in 10 mL of NIB 

solution, filtered through a Miracloth membrane (22-25µm; Calbiochem, Bad Soden, 

Germany) and centrifuged for 10min at 1260 g. The cell pellet was homogenized with 1% 

Triton X-100 in NIBA solution and centrifuged for 30min at 1000 g. This procedure was 

repeated once and the cell pellet was washed twice by homogenization in 1mL of NIB 

solution and centrifuged for 10min at 600 g. Five nuclei-enriched fractions were used for 

protein extraction as described by Lee and Lo (Lee and Lo, 2008) followed by a pre-

fractionation by SDS-PAGE. The gel lane was cut into 10 pieces and each fraction was 

subjected to protein in-gel digestion with Trypsin and desalted with STAGE tips with C18 

disks (3M, Neuss, Germany) (Shevchenko et al., 1996; Rappsilber et al., 2003).  

3.3.2 Mass spectrometry  

The peptides were separated and analyzed by LC/MS-MS using the Proxeon nEASY HPLC 

system coupled to an LTQ XL Orbitrap hybrid mass spectrometer (Thermo Scientific, 

Dreieich, Germany). RP-HPLC separation of peptides was performed using 75µm internal 

diameter Integrafrit columns (New Objective, Woburn, MA, USA) packed with 15 cm of 

Reprosil-Pur C18-AQ 3 µm particles (Dr. Maisch, Ammerbruch-Entringen, Germany). One-

hour gradients at 350 nl/min of A (2% 2-propanol, 0.5% acetic acid) and B (80% acetonitrile, 
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0.5% acetic acid) ramped from 0% B to 40% B in 45 min and from 40% B to 80% B in 15 min. 

In between, analysis wash runs were performed to ensure no carry-over from sample to 

sample. The LTQ XL Orbitrap was operated in data-dependent mode taking one full MS scan 

(300 m/z – 1800 m/z) in the Orbitrap analyzer at a resolution of 30000 and an AGC target of 

1000000, followed by 5 consecutive MS2 scans in the LTQ ion trap on the most intense ions. 

Parent ions with unassigned and 1+ charge state were rejected; fragmented parent ions 

were excluded from MS2 selection for 30 sec. 

3.3.3 Protein identification 

After mass spectrometry peak lists were generated from the raw data using the 

DTAsupercharge plugin from MSQuant software V 1.5 (http://msquant.sourceforge.net/). 

Default parameters were used and Mascot generic files (mgf) were created. Protein 

identification was performed by peptide searching against an in-house developed protein 

database that contains annotated protein sequences from the following sources: 

Chlamydomonas nuclear genome assembly versions 3.1 and 4.0 and AUGUSTUS v5 gene 

predictor obtained from the Department of Energy/Joint Genome Institute (DOE/JGI; 

http://genome.jgi-psf.org/); chloroplast genome (GenBank accession number: NC_005353) 

assembled by the Boyce Thompson Institute; mitochondrial genome (NC_001638) 

assembled by Dalhousie University. A target database was established as a non-redundant 

protein dataset, i.e. when two or more 100% identical protein sequences were found in the 

original files, only one was kept with a new protein identifier and annotated proteins that 

had only a single amino acid were excluded. Protein sequences from this database were 

concatenated to a second dataset containing the protein sequences of the target database 

randomly shuffled (decoy database) which was achieved using the decoy.pl script (Matrix 

Science, London, UK). The combined database containing both types of protein sequences 

(target-decoy database; 113.676 entries) is freely available from the datasets session of our 

website (http://plntfdb.bio.uni-potsdam.de/ChlamyTRI). Protein identification was 

performed using Mascot search engine (v. 2.2.03; Matrix Science) applied to target-decoy 

database. The search parameters were: maximum of two missed cleavages, peptide error 

tolerance of 10 ppm, maximum fragment ion mass error tolerance of 0.8 Da. Fixed 
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modifications on cysteine carbamidomethylation and variable modifications on methionine 

oxidation were accepted. Proteins containing peptides with an ion score greater than the 

calculated threshold (p<0.05) were regarded as significant hits. Those protein hits were 

subjected to a False Discovery Rate (FDR) analysis using the program Mayu (Reiter et al., 

2009). A maximum Peptide Spectrum Matches (PSM) FDR of 1% was selected as a filtering 

parameter and the protein hits included in this group were selected for further analysis. 

3.3.4 Prediction of protein subcellular location 

Prediction of subcellular location was performed with the computational tools BaCelLo 

(Pierleoni et al., 2006), NucPred (Brameier et al., 2007), Predict NLS (Cokol et al., 2000) and 

WolfPSORT (Horton et al., 2007). The predictions were obtained only for the proteins 

sequences annotated from the nuclear genome sequence v3.1, mitochondria and 

chloroplast genomes of C. reinhardtii.  

3.3.5 Codon usage analysis 

ENC (effective number of codons), correspondence analysis (COA) and codon bias index (CBI) 

were calculated using the program CodonW 1.3 (John Peden, 

http://sourceforge.net/projects/codonw/). The analysis was performed with the CDSs 

obtained from the Chlamydomonas genome annotation v.3.1 (DOE/JGI), corresponding to 

the total proteome (9625 CDSs) and to the nuclear proteome dataset (684 CDSs) of C. 

reinhardtii. The COA analysis was used to calculate and to generate the list of putative 

optimal codons. 

3.4 Results and discussion 

3.4.1 Protein identification 

By applying the protein identification and filtering parameters described in Material and 

methods, 1.108 protein hits were identified; protein hits and peptide coverage data are 

available through our website (datasets menu; Supplemental files 1 and 2; 

http://plntfdb.bio.uni-potsdam.de/ChlamyTRI/) which includes information about the 
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correspondent scores, peptides identified and protein coverage. The processed raw data 

(mgf files), and the list of proteins identified using Mascot are available in the PRIDE 

repository (Acc 13764) (http://www.ebi.ac.uk/pride/) (Barsnes et al., 2009). Protein 

sequences contained in the target protein database described above were subjected to the 

Mercator application (http://mapman.gabipd.org/web/guest/app/mercator) for automated 

functional protein annotation. Domain identifications and the possible classification of the 

proteins into families were performed by searching against the Pfam database (V. 23, 

http://pfam.sanger.ac.uk/). Pfam domains were assigned to approximately 52% of the 

proteins from the target protein database (data not shown).  

3.4.2 Motif analysis 

To test whether the nuclear proteins identified had common sequence features, 

overrepresented protein motifs were identified using the MEME suite (v.4.3.0, 

http://meme.nbcr.net/) (Bailey et al., 2006). From the 1.108 proteins analyzed 386 showed 

at least one conserved motif. In our search the twenty motifs found were subjected to 

alignment against the target protein database using the tool MAST 

(http://meme.sdsc.edu/meme4_3_0/cgi-bin/mast.cgi) (Bailey and Gribskov, 1998). This 

analysis allowed the identification of additional proteins sharing the same protein motif and 

to estimate the enrichment of the protein motifs in our nuclear proteome dataset. The 

results from the MAST analysis indicate that some of the motifs aligned with many other 

protein sequences from the total target protein database. Interestingly, other motifs were 

found to align with only a few other proteins suggesting that those motifs are specific of a 

small group of proteins. These proteins are listed in Supplemental file 2 (datasets menu; 

http://plntfdb.bio.uni-potsdam.de/ChlamyTRI/), which includes information about the 

motifs and their corresponding p-values, together with a predicted functional annotation 

from MapMan (Thimm et al., 2004) and InterPro (Zdobnov and Apweiler, 2001). The 

estimation of the enrichment of those motifs in the nuclear proteome dataset was done by 

comparing their frequencies in the nuclear dataset and in the target protein database (Table 

3-1). 
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3.4.3 Protein functional categories of the nuclear proteome 

Some of the motifs identified are domains of well known proteins, including histones and 

helicases. However, other poorly characterized motifs were found. These proteins may share 

similar cellular locations or functions, but further experiments are needed for clarification. 

To identify significantly over-represented gene ontology (GO) terms in the dataset of 

identified proteins, we first mapped GO terms to proteins by exploiting the protein domains 

identified in the Pfam database, using the pfam2go mapping file 

(http://www.geneontology.org/external2go/). We then tested for overrepresented GO 

terms using BiNGO (Maere et al., 2005) (with Bonferroni family wise error rate, FWER, 

correction and significance level threshold of 0.05) and graphically visualized the results 

using Cytoscape (Cline et al., 2007) (http://www.cytoscape.org/). The overrepresented GO 

terms for biological process, molecular function and cellular component ontologies for the 

nuclear proteome dataset were, respectively: gene expression (GO:0010467, corrected p-

value 7.1e-45), structural constituent of ribosome (GO:0003735, corrected p-value 1.9932e-

42), and ribonucleoprotein complex (GO:0005732, corrected p-value 2.7515e-43). 

Furthermore, a total of 241 out of the 386 nuclear proteins which contained significant 

protein motifs were also analyzed using BiNGO and Cytoscape. The most significantly 

overrepresented terms for biological process, molecular function and cellular component 

were, respectively: ribosome biogenesis (GO:0042254, p-value 1.3e-10), nucleic acid binding 

(GO:0003676, p-value 4.8e-44), and nucleolus (GO:0005730, p-value 3.7e-08). The graphical 

visualization of the networks of overrepresented GO terms for both protein data sets, i.e. 

the complete nuclear proteome data set and the sub set containing only proteins with 

conserved motifs, are shown in Figure 3-1 and Figure 3-2, respectively.  
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Figure 3-1. Network of overrepresented GO terms in the nuclear proteome dataset. 

Analysis of overrepresented GO terms for the proteins identified was done using BiNGO. 
Terms were extracted based on the category ´molecular function´ with a significance level of 
0.05; p-values were calculated and corrected by Bonferroni´s method. The size of the nodes 
(circles) is proportional to the number of proteins found within the term, and the color scale 
indicates the corrected p-value corresponding to each term. 
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Our data revealed groups of proteins that shared the same motif but did not have a defined 

GO term. To elucidate their possible nuclear functions we performed further analyses. The 

percent distribution of the functional categories of the proteins identified was calculated 

using GO Slimmer (http://amigo.geneontology.org/cgi-bin/amigo/slimmer) and the pre-

existing generic GO slim set of ontology terms 

(http://www.geneontology.org/GO.slims.shtml) of the category ´molecular function´ (Figure 

3-3).  
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Figure 3-3. Percent distribution of the functional categories of the proteins identified. 

Proteins were mapped to GO Slim terms of the molecular function category using the pre-
existing generic GO set from GO Slimmer. A) Distribution of the functional categories based 
on the first child terms of the category ´molecular function´ from GO generic. B) Distribution 
of the functional categories based on the first child terms of the GO term ´binding´. 

Of note, photosynthesis-related proteins also appeared in the nuclear dataset, however we 

can not exclude that those proteins are contaminants of the nuclear fractions. We were also 
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able to identify putative low-abundant proteins such as the transcription factors and 

transcription regulators presented in Table appendix B-1.  

3.4.4 Prediction of subcellular location 

The prediction of subcellular location of proteins revealed differences among the predictors. 

It is important to compare different tools in order to have more confidence of the 

subcellular predictions and in the present analysis the four tools appeared to disagree in the 

number of proteins predicted to be nuclear (Table 3-2). When comparing the percentage of 

the proteins from the whole Chlamydomonas proteome (genome annotation v.3.1, 

mitochondria and chloroplast genomes) the disagreement of the results revealed the need 

for complementary information for the judgment of the reliability of the predictions. Only 33 

proteins from the total proteome of Chlamydomonas were predicted to have nuclear 

subcellular location when analyzed with all four tools (data not shown). Only two of them 

are present in the nuclear proteome dataset. The predictors were selected based in their 

possibility to predict the subcellular location of plant proteins and the parameters and 

training datasets were based on plant genome annotations. It has been shown previously 

that the best performing program for cellular localization of nuclear plant proteins was 

BaCelLo (Casadio et al., 2008). Even with the highest overall accuracy for plant proteins it 

seems that this tool still lacks the existence of a statistical parameter for the explanation of 

the significance of the predictions. 

Table 3-2. Percentage of proteins predicted to be located in the nuclear compartment. 

 
BaCelLo NucPred PredictNLS WolfPsort 

Total Proteome 47,95% 1,02% 6,04% 14,90% 

Nuclear proteome 31,60% 1,44% 7,20% 10,28% 

3.4.5 Codon bias indexes in Chlamydomonas reinhardtii 

There were previous indications that the protein expression levels can be correlated to the 

presence of codon bias on the corresponding genes (Gygi et al., 1999). In Yeast for example, 
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where more than half of the genes present a codon bias < 0.2, only a few proteins which can 

usually be detected in gel-based proteomics, possess codon bias lower than 0.1. In our 

present study of the nuclear proteome we were also interested in studying the codon usage 

patterns in Chlamydomonas and investigate if the codon bias indices could be of usefull for 

estimating protein abundance. Our analysis of the codon indices revealed that C. reinhardtii 

present a biased codon usage distribution which has also been observed previously by Naya 

and colleagues (Naya et al., 2001). The resulting putative optimal codons (Table 3-3) 

generated with the correspondence analysis (COA) were used for calculating the codon bias 

index (CBI). 

The correspondence analysis took the overall number of codons of the input 9625 coding 

DNA sequences for determining the high and low biased codons. The results of the effective 

number of codons (ENC) and CBI analysis indicated that Chlamydomonas make use of a 

repertoire of preferential codons (Figure 3-4). It has been shown previously that some highly 

expressed genes in C. reinhardtii have also a lower number of codons on their composition 

(higher codon bias). In C. reinhardtii we could assume that for many genes translationally 

optimal codons exist, but further studies of gene transcription and translation rates and on 

abundances of tRNAs in Chlamydomonas would auxiliate to understand if the efficiency of 

transcription and codon bias are related to tRNA abundances or if it is a independent 

process. If the codon bias in Chlamydomonas presents a positive effect in transcription, we 

should expect that the high frequency of a preferred codon should be correlated to the 

abundance of its isoacceptor tRNA. In Chlamydomonas, the GC3 composition (G+C content 

at the third codon position of codons) has been shown to be the highest among all plants 

studied so far, reaching to approximately 77% (Wang and Roossinck, 2006). The highest 

similarity of synonymous codons GC3 composition was observed between Chlamydomonas 

and monocots, where a G or C is mostly found in the third position of the most abundant 

synonymous codons. 
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Table 3-3. Putative optimal codons of Chlamydomonas reinhardtii 

Codon Amino acid Codon Amino acid 

UUC (Phe) ACC (Thr) 

UCC (Ser) AAC (Asn) 

UAC (Tyr) AAG (Lys) 

UGC (Cys) GUC (Val) 

UCG (Ser) GCC (Ala) 

CCC (Pro) GAC (Asp) 

CAC (His) GGC (Gly) 

CGC (Arg) GUG (Val) 

CUG (Leu) GAG (Glu) 

CAG (Gln) GAG (Glu) 

AUC (Ile) 
  

 

Figure 3-4. Codon bias distribution in Chlamydomonas reinhardtii.  

(A) Most of the coding DNA sequences analyzed from the total proteome showed a relatively 
high codon bias (CBI > 0.1), with an average CBI of 0.4. A CBI value closest to 1 indicates that 
a DNA sequence contains a lower diversity of codon triplets and contains a higher usage of 
synonymous codons, known as “preferred” codons. The CBI values were calculated from 
9625 CDSs from Chlamydomonas genome annotation V3 (DOE/JGI) using the program 
CodonW (http://sourceforge.net/projects/codonw/). (B) The coding DNA sequences 
analyzed for the nuclear proteome (684 CDSs) show a tendency of having higher codon bias 
compared to the total proteome, with an average CBI of 0.6.  
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The comparison of the ENC of the total proteome with the nuclear proteome dataset 

revealed that the distribution of the effective number of codons is slightly different between 

the two datasets. The CDSs corresponding to the nuclear proteins seem to have a higher 

codon usage bias in comparison to the total proteome dataset; the DNA sequences of the 

nuclear proteins seem to contain reduced effective number of codons (ENC) (Figure 3-5). 

 

Figure 3-5. Distribution of the effective number of codons in the total annotated proteome 

of Chlamydomonas reinhardtii.  

The CDSs annotated from the genome of C. reinhardtii v.3.1, containing most of the 
sequences included in our total proteome dataset (9625 CDSs) and most of the sequences 
which corresponded to the nuclear proteome dataset (685 CDSs), were used for the 
determination of the codon indexes using the program CodonW. The number of different 
codons found in each CDS represents the Effective Number of Codons (ENC) for this 
sequence. (A) Distribution of the number of different codon triplets found in the total 
annotated proteome. (B) ENC of the proteins identified in the nuclear proteome. The 
analysis indicates that sequences corresponding to the nuclear proteome dataset have a 
tendency to possess a lower ENC in comparison to the total proteome dataset. 

These findings are showing that the codon usage in Chlamydomonas seems to present a 

particular and different codon bias distribution, and most of the coding sequences analyzed 

here showed a rather high codon bias. This could be attributed to the high GC content of the 
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genome, leading to higher GC3, but further studies are needed to understand if there is a 

general and direct correlation of codon bias and translational optimization. It is then more 

difficult to evaluate the validity of using the codon bias indices in Chlamydomonas for 

estimating protein concentrations. Further investigation on the correlation of codon usage 

and translational rates in Chlamydomonas would be of help to elucidate how the codon bias 

can influences the gene expression.  

3.5 Conclusions 

In the present work we analyzed the nuclear proteome of Chlamydomonas reinhardtii and 

the automated annotation combined with the analysis of GO overrepresented terms of the 

nuclear proteome dataset indicates that most of the proteins identified are related to 

nuclear functions. The identification of protein sequence motifs conserved within the group 

of nuclear proteins indicated the existence of enriched motifs whose function could be 

related to gene expression regulation, but further studies have to be done in order to 

confirm their function. The computational tools for prediction of protein subcellular location 

could not detect nuclear proteins from plant species in a consistent way, showing 

disagreement between predictions. This indicates that predictors should be improved, 

maybe by including proteins from other organisms as background models for the 

development of the prediction algorithms or by including conserved protein motifs in the 

searching strategies. We analyzed the codon bias distribution for most of the genes encoding 

the proteins predicted in the total proteome of Chlamydomonas and for nuclear proteome 

dataset obtained in the present study, looking for possible ways of estimating protein 

abundance. The codon bias analysis revealed that most of the protein coding sequences 

from C reinhardtii present a relatively high codon bias (> 0.1). These results make it difficult 

to discern which codon bias should be considered low or high for the particular case of 

Chlamydomonas. The codon bias indices do not seem to be good parameters for the 

inference of protein abundance or transcript abundance in Chlamydomonas. Our data will be 

helpful for further functional analyses of the Chlamydomonas proteins and their homologues 

from higher plants. 
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Chapter 4 Regulation of TF and TR 

gene expression by light4 

 

 

 

 

4 In the present Chapter the results of our contribution to the Core Experiment 1 of GoFORSYS project 

(http://www.goforsys.de) are presented. In the Core Experiment 1 different research groups were working 

in different platforms in order to obtain data about the cellular responses of Chlamydomonas under 

different light conditions. More than ten groups have worked with the same sample and our data will be 

integrated and made available through a Metadata repository. 

 

http://www.goforsys.de/
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4.1 Abstract 

Light-regulated cellular mechanisms are closely related to photosynthesis and plant biomass 

accumulation. Much is known about the processes that take place within cells transforming 

the light energy and CO2 into carbohydrates. Several photosynthesis-related regulatory 

processes occur at the level of transcription, in particular involving transcription factor (TF) 

and transcription regulator (TR) coding genes. However, the function of many of them 

remains unknown. In the present work, we analyzed the expression pattern of 245 TF and TR 

coding genes predicted from the annotated genome of the green algae Chlamydomonas 

reinhardtii. In a time series experiment changing the light conditions, from low light (200µE 

m-2 s-1) to high light (700µE m-2 s-1), the gene expression levels of TFs and TRs were measured 

through a multi-parallel quantitative reverse-transcription PCR assay. The results revealed 

groups of co-expressed TF and TR coding genes in response to the light shift; their possible 

role in light-mediated cellular responses is discussed.  

4.2 Introduction 

Light responsive genes are induced by light signals that reach photoreceptors which in turn 

activate signaling cascades. In Arabidopsis plants, it has been shown that phytochromes, 

representing one of several types of photoreceptors, can function as signaling molecules 

and, in addition to activating Ca2+ and cGMP dependent signaling cascades, can directly 

regulate the activity of transcription factors inside the nucleus. Cryptochromes also 

constitute a group of photoreceptors that are found in animals and plants, and are involved 

in most of the known blue light-induced responses (Cashmore et al., 1999). They are 

flavoproteins that contain two co-factors: flavin adenine dinucleotide (FAD) and 

methenyltetrahydrofolate (MTHF). Cryptochromes are involved in many different cellular 

processes, such as the control of the circadian clock, flowering and de-etiolation (Banerjee 

and Batschauer, 2005). In Arabidopsis, cryptochromes 1 and 2 are localized in the nucleus 

under light conditions, and appear to de-repress gene expression by interacting with other 

nucleus-localized proteins, such as constitutive photomorphogenic 1 (COP1) (Liscum et al., 
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2003). Nevertheless, Arabidopsis quadruple mutants of phytochrome A and B and 

cryptochrome 1 and 2 under light conditions still show up-regulation of genes involved in 

photosynthesis and electron transfer, indicating the existence of alternative pathways which 

could regulate the expression of photosynthetic genes (Perelman et al., 2003). 

Phototropin photoreceptors are also involved in the regulation of light-responses in land 

plants, and are known to function as receptor kinases capable of regulating downstream 

signaling cascades. Some transcriptional regulators such as transcription factors (TFs) 

containing zinc-finger domains function as intermediates of the signaling cascades activated 

by phototropins (Gyula et al., 2003). Light-induced responses in plants, such as chloroplast 

relocalization, stomatal opening, and phototropism are regulated by phototropins. In 

Arabidopsis, the mutation of phototropin 1 leads to the accumulation of light-harvesting 

complex II chlorophyll a/b binding protein (LHCB) and ribulose-1,5-bisphosphate carboxylase 

oxygenase large subunit (RbcL) when low-light-acclimated plants are transferred to high-

light conditions, whereas wild type plants reduce the levels of both transcripts (Liscum et al., 

2003).  

Although the knowledge acquired with the studies of flowering plants is important to 

understand light responses, the study of algae and microalgae has revealed many 

particularities of these systems. In green algae genomes, including that of Chlamydomonas 

reinhardtii, no genes homologous to Arabidopsis phytochrome genes or genes for 

phytochrome interacting factors could be found (Riaño-Pachón et al., 2008). Thus, it is 

possible that, in Chlamydomonas, light responses are primarily induced by cryptochrome 

and phototropin photoreceptors. In Chlamydomonas, one copy of a cryptochrome gene, 

CHLAMYDOMONAS PHOTOLYASE HOMOLOGUE 1 (CPH1), was found in its genome (Immeln 

et al., 2007). Furthermore, CPH1 protein was shown to undergo light-induced proteolysis in 

vivo and its blue-light-dependent autophosphorylation was verified in vitro. It has been 

suggested that the phosphorylation of CPH1 can leads to its dimerization and functional 

activation (Immeln et al., 2007). Phototropins in Chlamydomonas seem to be involved in 

sexual development, late gametogenesis, mating competence, and zygote germination 

(Huang and Beck, 2003). It has been shown that Chlamydomonas phototropin (PHOT) is 

important for the blue light induced up-regulation of light-harvesting polypeptides (e.g. 
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LHCBM6), glutamate-1-semialdehyde aminotransferase (GSAT) and phytoene desaturase 

(PDS) (Im et al., 2006). 

Thus, plant photoreceptors seem to modulate the expression of light-responsive genes in a 

direct or indirect manner. Plants can, therefore, adapt to alterations in light conditions by 

changing the expression levels of genes related to photosynthesis, chloroplast development 

and cellular metabolism. In this biological scenario, the transcriptional regulation of gene 

expression plays an important role in the modulation of these cellular responses. 

Transcription factors (TFs) and transcription regulators (TRs) from different classes, such as 

bZip, MYB, bHLH, WRKY, appear among the genes early responding to alterations of light 

conditions, i.e., within one hour after application of the light stimulus (Casal and Yanovsky, 

2005). Several TFs and TRs involved in light responses in flowering plants have been 

functionally characterized and their role in the regulation of gene expression investigated 

(Casal and Yanovsky, 2005).  

The bZIP transcription factor, hypocotyl 5 (HY5), has been proposed as a key light responsive 

TF in all plants (Correa et al., 2008). In Arabidopsis, HY5 has been shown to bind to promoter 

regions containing the G-box (CACGTG) element, including the promoter of RUBISCO 

CARBOXYLASE-OXYGENASE SMALL SUBUNIT (RbcS) gene. In addition, HY5 interacts with the 

COP1 protein, a ubiquitin ligase, which ubiquitylates HY5 thus triggering its degradation. In 

Chlamydomonas, one Arabidopsis HY5 orthologous gene was found (Riaño-Pachón et al., 

2008). However, the amino acid sequence of algal HY5 proteins differs from that of HY5 

proteins found in angiosperms. Chlamydomonas HY5 does not contain the interaction site 

for COP1, furthermore, a homologue of COP1 could not be detected. The absence of COP1 in 

Chlamydomonas indicates the presence of alternative light signaling pathways. Another TF 

involved in light-responses is HY5 homolog (HYH), which controls a very similar set of genes 

as HY5, as it binds to G-box elements located on promoter regions (Chattopadhyay et al., 

1998; Casal and Yanovsky, 2005). Members of the bHLH TF family, for instance, phytochrome 

interacting factor (Pif3) and long hypocotyls in far red 1 (Hfr1), can also bind to G-box 

elements and are also involved in the light responses through phytochrome-mediated 

pathways in Arabidopsis (Casal and Yanovsky, 2005). Light-responsive members of the MYB 

TF family, bind to the DNA sequence motif AATCT which is present in the promoter of the 
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gene encoding light harvesting chlorophyll a/b binding protein (Lhcb1*3) (Wang et al., 1997). 

Several methods and approaches were used for searching conserved light-responsive cis-

elements (LREs) on the promoter region of light responsive genes and many of them were 

found, but so far there is no evidence of a general, single motif present in the promoter 

regions of all light-regulated genes (Jiao et al., 2007). Most likely, the high flexibility and 

complexity of the light-regulated networks can be attributed to the combination of several 

different motifs found in the promoter of the light-responsive genes, which would integrate 

multiple inputs into a coherent response. 

Chromatin remodeling factors also play an important role in the transcriptional regulation of 

light responses. Arabidopsis plants mutated for the DE-ETIOLATED-1 (DET1) gene show an 

over-expression of almost half of the genes known to be induced by light. The DET1 gene 

seems to function as a spatio-temporal regulator of light induced genes (Maxwell et al., 

2003). It is important to highlight that light responses are usually integrated with other 

signaling networks, influencing the activity of many of the biochemical pathways of the 

different cellular organelles.  

Chlamydomonas cells also seem to have different mechanisms to respond to light stresses, 

balancing the efficiency in light capture and the photoprotective capacity. The regulation of 

light harvesting mechanisms in excess light involves different proteins that, are not found in 

vascular plants. For example, the ancient protein LHCSR which is member of the LHC 

superfamily was found to be important in responses to high light and for protection against 

photodamage (Peers et al., 2009). LHCSR transcript levels increase under high light 

conditions. Moreover, its expression is not coordinated with the expression of other LHCs, 

and its transcripts have been shown to accumulate under conditions which contribute to 

photo-oxidative stress, such as deprivation of carbon dioxide, high light and nutrient 

deprivation (iron and sulfur) (Peers et al., 2009). In Chlamydomonas, the photon conversion 

efficiency seems to be linked to biomass production. Mutants with reduced levels of LHC 

proteins showed increased biomass production. It was suggested that biomass production is 

reduced when cells activate their mechanism of photoprotection, particularly in high light 

conditions (~1000µE m-2 s-1). The translational repression of LHC subunits by the constitutive 
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expression of Nab1, which codes for a RNA binding protein, interfered with the 

photoprotection mechanism and increased biomass production (Beckmann et al., 2009).  

The genome-wide investigation of the Chlamydomonas gene expression patterns in different 

light and CO2 conditions revealed the identity of many candidate genes involved in 

photosynthesis (Im et al., 2003). However, TFs and TRs represent only a very small fraction 

of the genes identified in such analysis, making it difficult to understand globally the 

regulation of expression of photosynthesis-related genes. Previous efforts have been done 

for determining which Chlamydomonas genes are involved in photosynthesis, and 

orthologous genes in Arabidopsis were found, improving the assignment of the genes into 

functional categories. However, the categories “signaling” and “nucleic acid transaction” 

obtained from genome-wide approaches have been shown to contain many genes with 

unknown function (Grossman et al., 2010). The discovery of many TF and TR genes in the 

genome of Chlamydomonas and their assignment to gene families supports further 

functional studies and the analysis of gene regulatory networks (Riaño-Pachón et al., 2007). 

However, the functions of most of them remain unknown. In order to investigate the role of 

regulatory genes in Chlamydomonas, we measured expression changes of the previously 

predicted TF and TR coding genes in a time series experiment where cultures were shifted 

from low light (200µE m-2 s-1) to high light (700µE m-2 s-1) conditions. This approach helped 

us to uncover the identity of many light-responsive transcriptional regulators and their 

possible role in light-inducible responses is discussed.  

4.3 Material and methods 

4.3.1 Cell culture and growth conditions 

Chlamydomonas reinhardtii strain cc1690 was obtained from the Chlamydomonas Genetics 

Center (Duke University, North Carolina, USA) and cultured in a bioreactor system Biostat® 

B-DCU (Sartorius Stedim Biotech, Melsungen, Germany) equipped with pH, temperature, 

dO2, pressure controllers and a turbidometer. Growth conditions were automatically 

adjusted keeping the concentration of CO2 close to 5%. Cell density was kept by semi-

continuous dilutions at an approximate concentration of 3x106 cells·mL-1. Cells were cultured 



Chapter 4-Regulation of TF and TR gene expression by light  

54 

 

in photoautotrophic conditions in a modified TAP medium (Gorman and Levine, 1965) where 

the phosphates were replaced by 5mM HEPES and the acetate was omitted. The average 

temperature used for cooling the five liter culture vessels was 21°C. Light shift experiments 

with cultures transferred from 200µE m-2 s-1 (low light) to 700µE m-2 s-1 (high light) were 

conducted to four experimental replicates. The control bioreactor was kept at constant light 

at 200µE m-2 s-1. Cells were sampled on ten time points, -60, 0, 5, 10, 20, 40, 60, 120, 240 

and 480min, described here as minutes from “time zero” where the shift on light intensity 

was applied. Control and treatment samples were collected for the same time points and 

samples for transcript analysis were harvested in 2mL aliquots by centrifugation for two 

minutes at 3.000 g and the cell pellet was immediately frozen in liquid nitrogen and kept at -

80°C until further use. 

4.3.2 Primer design for qRT-PCR and validation 

The design of primer pairs was based on the C. reinhardtii gene models of the genome 

annotation v.3.1 released by the Joint Genome Institute (DOE/JGI; http://genome.jgi-

psf.org/Chlre3/Chlre3.home.html). Primer pairs were designed for the predicted 

transcription factors and transcription regulators genes described in the Plant Transcription 

Factor Database (Riaño-Pachón et al., 2007). Criteria for primer design are as follows 

(Udvardi et al., 2008): Tm = 60 ± 1°C, length 18 to 25 bases, preferentially on exon-exon 

junctions. Primers were designed to have a GC content between 45 and 55% when possible 

(due to the high GC content of the Chlamydomonas), generating a single PCR product sizing 

between 60 and 150 bp. Primers were synthesized by Eurofins MWG Operon (Ebersberg, 

Germany). A complementary in silico validation of the specificity of the primers was carried 

out using the computational tool QuantPrime (Arvidsson et al., 2008). Experimental 

validation of primer pairs was performed by checking the presence and approximate size of 

PCR products obtained from the amplification of cDNA synthesized from RNA extracted from 

C. reinhardtii cells grown under low light intensity (200µE m-2 s-1) photoautotrophic 

conditions as described in section 4.3.1. PCR products were separated in 3% agarose gels 

and amplicons which did not have the correct size (i.e., deviating by more than 20bp from 
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the expected size, based on data extracted from the genome annotation v.3.1) were 

excluded from further analysis. 

4.3.3 RNA extraction, cDNA synthesis and quantitative RT-PCR 

Total RNA extraction was performed using the RNeasy Plant Mini Kit (Qiagen, Hilden, 

Germany). Briefly, the frozen cell pellet was homogenized in 450µL of lysis buffer RLT and 

frozen again in liquid nitrogen for three minutes. Cells were completely lysed by incubating 

the frozen cell pellet at 56°C for 3min. Further steps of the RNA extraction were performed 

as described by the manufacturer. In order to remove genomic DNA from the RNA extracts, 

on-column digestion of DNA was performed using DNAse I (Qiagen, Hilden, Germany) and an 

additional DNAse treatment was performed, on the RNA eluate, using TURBO DNAse 

(Ambion, Darmstadt, Germany) as indicated by the manufacturer. The integrity of the RNA 

was checked by electrophoresis on 2% denaturing agarose gels; RNA quality was assessed by 

determining the 260nm/280nm absorbance ratio using a Nanodrop (Thermo Scientific, 

Schwerte, Germany). Furthermore, the absence of genomic DNA in the RNA extracts was 

assessed by performing a q-PCR on a 1µL aliquot of each sample of total RNA using primer 

pair annealing to an intergenic region of chromosome 16 (forward primer 5’-

TGTCTTGTGAATCCTGCCCTC-3’ and reverse primer 5’-AAAGAGCTCACAAGTACACACCGA-3’). 

Only if the q-PCR analysis of the RNA sample resulted in a Ct value higher than 36, the RNA 

was used for cDNA synthesis. Three micrograms of total RNA were used for cDNA synthesis 

reaction employing the SuperScript III First Strand System (Invitrogen, Darmstadt, Germany) 

according to the manufacturer’s instructions, using oligo-(dT20) as primer for the synthesis of 

the first complementary DNA strand. The efficiency of the cDNA synthesis reaction was 

estimated by qRT-PCR using primer pairs for the UBIQUITIN PROTEIN LIGASE coding gene 

(protein ID 190824 (DOE/JGI); forward primer 5’-TTACCTGCCTTCCGATTGCGTAGC-3’ and 

reverse primer 5’-TTACTATGCCTGAGCACGCAGCAC-3’). The cDNA samples were diluted ten 

times prior to the final PCR reaction which was conducted with the SYBR Green mix (Applied 

Biosystems, Darmstadt, Germany) within a final reaction volume of 5µL containing 5µM 

primers. Dilution of primers and pipetting into the PCR 384 well plates were performed with 

a robot to increase accuracy and throughput. The ABI PRISM 7900HT sequence detection 
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system (Applied Biosystems, Darmstadt, Germany) was used for the qRT-PCR reactions 

which were carried out as previously described (Caldana et al., 2007). 

4.3.4 qRT- PCR data analysis 

Raw qRT-PCR data was pre-processed with the program SDS v.2.3 (Applied Biosystems, 

Darmstadt, Germany) and the amplification curves were analyzed considering a threshold of 

0.2 on the variation of sample fluorescence to passive dye fluorescence in order to obtain 

the Ct values (Cycle threshold). The baseline was taken from the 3rd up to the 15th cycle of 

amplification. Quality controls were done in order to evaluate the raw data by means of 

efficiency of the amplification reactions and the profile of the melting curves. Genes in which 

the amplification efficiency was lower than 95% for more than 25% of the reactions were 

excluded from further analysis. Reactions presenting multiple melting curves or melting 

temperatures that disagreed with the expected melting temperature were also excluded 

from further analysis. PCR products that experimentally did not present the same expected 

size and the ones that presented multiple amplicons were also excluded from further 

analysis. Only high quality measurements were selected for the relative gene expression 

analysis. All raw Ct values were normalized by the quantile method using the R package 

qpcrNorm that can be found through the Bioconductor project (Mar et al., 2009). Biological 

median of the Ct values from the four experimental replicates was calculated and the 

transcript levels were determined according to the delta-delta Ct method (where ΔΔCt = ΔCt 

treatment – ΔCt control) (Udvardi et al., 2008). The relative gene expression was calculated 

as 2-ΔΔCt and presented as scaled log2 values.  

4.3.5 Clustering analysis  

The transcript profiles for the expressed genes were further analyzed by the quality 

threshold nonhierarchical clustering method (QT) (Heyer et al., 1999) using Pearson´s 

correlation as distance measure. The clustering process considered a minimum size cluster 

of five genes and a diameter of 0.5. The QT method used for the clustering is available as an 

application of the program Multi experiment Viewer (MeV) v.4.6.0 (Saeed et al., 2003). 
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4.3.6 Identification of conserved motifs 

Promoter DNA sequences of 14598 genes annotated on the Chlamydomonas genome v.3.1 

were obtained from the data available at the DOE Joint Genome Institute 

(http://genome.jgi-psf.org/chlamy/chlamy.home.html) using Perl scripts written in house. 

The putative promoter regions of genes were analyzed using the MEME suite (v.4.3.0, 

http://meme.nbcr.net/). Search parameters were: a motif could appear at any number of 

repetitions, the minimum and maximum width of a motif was set 4 and 15 residues, 

respectively, and a maximum of 10 motifs were requested on each run. Other parameters 

were left with their default values. Evaluation of specificity of the motifs found was carried 

out with MAST tool (Bailey and Gribskov, 1998).  

4.4 Results and discussion 

In the present work we established a qRT-PCR platform for the gene expression analysis of 

TF and TR genes of C. reinhardtii, which has opened the venue for understanding the role of 

many transcriptional regulators in response to different environmental conditions. By 

including primers for the analysis of the 245 predicted TFs and TRs, our transcript profiling 

revealed that expression pattern of 127 TF and TR coding genes varies with changes in light 

intensity. The quality control tests performed on the raw dataset for exclusion of 

inconsistent data were of great value for removing potential technical problematic primers 

and keeping only high quality expression values for further analysis. Gel images of the 

amplification products are available upon request. For this particular time series experiment 

we did not find a stable gene that could be used as a reference gene for data normalization 

(data not shown). Thus, data normalization by the QT method was chosen which allowed 

minimizing bias possibly introduced by vaguely defined reference genes for data 

normalization (Guenin et al., 2009).  

4.4.1 Gene expression profiling  

Gene expression profiles of co-expressed genes were assigned to eleven clusters by the QT 

method. The clusters identified show the expression profiles of the 127 TF and TR genes 
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modulated in the time series experiment of light shift (Figure 4-1). Our data suggested the 

existence of co-regulated TF and TR genes in response to the transition from low light 

(200µE m-2 s-1) to high light conditions (700µE m-2 s-1).  

 

 

Figure 4-1. Cluster analysis of gene expression profiles for TF and TR coding genes in 

response to a light shift from 200µE m-2 s-1 to 700µE m-2 s-1.  

Each panel shows the expression levels (scaled, Log2) of TF and TR coding genes that, 
according to the QT clustering, share similar expression patterns. The gray lines represent 
the expression level of each individual gene at the different time points. The time points 1 to 
10 correspond to the following sampling time points, respectively: -60, 0, 5, 10, 20, 40, 60, 
120, 240 and 480 min relative to the time of the light shift, i.e., time point 2.  
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A list containing the primer sequences, information about the gene families, and the 

respective clusters for the genes analyzed is available in the Table appendix C-1. The 

expression levels of the genes analyzed by QT method are listed in Table appendix C-2. 

4.4.2 Early response genes 

Our clustering analysis revealed genes that had similar expression profiles and seem to be 

co-regulated within the first minutes (15min) after the light shift. These genes are interesting 

candidates, considering their possible role in the regulation of the first steps of cellular 

acclimation and signaling crosstalk. One of these groups of early response genes is cluster 

number 10. This cluster contains five genes (protein IDs: 143060, 159133, 194335, 187360 

and 184359) for which we found conserved motifs located on their promoter regions using 

the MEME suite. The motifs found were compared to the sequences of the 14598 promoter 

regions of Chlamydomonas genes using motif alignment search of the MAST tool. Some of 

these motifs appear to be specific, and were found in the promoter region of only few genes 

(p-value < 0.0001) (Table appendix C-3). Among the motifs found on the promoter region of 

genes from Cluster 10, one in particular (Motif 7) draw our attention. Motif 7 

(“AATG[AC]CAAT[AC][AT]TAT”; E-value = 5.3e+003) was found in the promoter region of two 

genes, protein ID 184359 and protein ID 187360, members of the MYB-related and C2C2-

GATA TF families, respectively. The MAST results showed that Motif 7 is present in the 

promoter regions of only four genes in total at a genome-wide scale (protein IDs: 187360, 

187361, 184359 and 196464; see Figure 4-2).  

The TF member of the MYB-related family encodes the LCR1 protein, which is known to be 

induced during activation of the Carbon Concentrating Mechanism (CCM) in C. reinhardtii. 

(Yoshioka et al., 2004). The protein LCR1 (for Low-CO2 stress responsive), appears to 

participate in the regulation of the expression of the carbonic anhydrase coding gene (Cah1). 

However, it is not essential for the induction of Cah1, and it has a role in maintaining the 

high expression level of Cah1 under conditions of carbon deprivation. 
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Figure 4-2. Common motif found within the promoters of early response genes from 

Cluster 10.  

(A) MEME logo of Motif 7, present in the promoter region of MYB-related and C2C2-GATA TF 
genes (protein ID 184359 and protein ID 187360, respectively). (B) The conserved sequences 
found in the promoter region of these genes, identified using the MEME tool, and their 
respective p-values. (C) Motif 7 was analyzed with the MAST tool revealing two additional 
genes containing this motif in their promoter regions. The corresponding p-values and the 
motif sites found within the promoters are given. Nucleotides conserved in all sequences are 
highlighted in red.  

The C2C2-GATA TF (protein ID 187360) identified in our transcript profiling as having the 

same conserved motif as Lcr1 in its promoter has not been fully characterized in 

Chlamydomonas. Its orthologous gene in Arabidopsis thaliana (AT4G17570.1), has been 

shown to be up-regulated by cold and UV-B stresses (Kilian et al., 2007). Many TFs belonging 

to the GATA family have been reported to regulate the expression of photosynthetic genes, 

such as GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GAP A) and RIBULOSE-1,5-

BISPHOSPHATE CARBOXYLASE OXYGENASE SMALL SUBUNIT (RBCS) (Borello et al., 1993; 

Jeong and Shih, 2003). Our results suggest that these two early response genes (protein ID 

184359 and protein ID 187360) may be necessary for the first steps of the cellular 

acclimation of C. reinhardtii to high light conditions. However, it is not known if the 

conserved motif found in the promoter region of both genes contains in fact a cis-regulatory 

element. The other two genes (protein ID 187361 and 196464) which also contain Motif 7 in 

their promoters have not been functionally characterized so far. Nevertheless, their 

predicted functional annotation indicates that these genes may encode proteins with 

peptidase activity and phosphate/sodium transporters characteristics, respectively.  
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Further experimental analyses of the promoters of these genes will help to elucidate the 

importance of Motif 7 for light-induced responses.  

4.4.3 Stress responsive genes 

Among the genes responding to the light shift, two TF genes members of the heat shock 

factor family (HSF) were identified. These two genes, Hsf1 and Hfs2 (protein IDs 117914 and 

122706, respectively) showed to be light responsive. Their expression levels increased after 

the shift from low to high light, returning to similar initial levels approximately 120min after 

the light shift (Figure 4-1, Cluster 1 and 8, respectively). Previous studies have shown that 

HSF proteins contain a DNA- binding domain at the N-terminus, a conserved hydrophobic 

repeat and a C-terminal transactivation domain. Heat shock factor 1 has a nuclear 

localization signal (conserved motif RRKRR) within its C-terminal region and two putative 

leucine-rich regions which may be involved in nuclear export. As far as our knowledge goes, 

only Hsf1 has been functionally characterized in Chlamydomonas. It has previously been 

shown that the Hsf1 transcript level increases in less than 45 min when Chlamydomonas 

cells are stressed by heat (40°C) (Schulz-Raffelt et al., 2007). Moreover, HSF1 interacts 

constitutively with HSP70A and can interact with HSP90, functioning as a master regulator of 

stress responses (Schmollinger et al., 2010). As it is also responsive to the light shift applied 

in the present study, it is possible that the HSF proteins are also an important element of the 

pathways of light-inducible stress responses in Chlamydomonas. Further experiments 

confirming HSF target genes would help to clarify the structure of the signaling pathway for 

heat and light stresses in Chlamydomonas and determining if HSF function is indirectly or 

directly related to light signals and photosynthesis-related responses. 

4.4.4 Candidate regulatory genes of photosynthesis-related genes 

Previous findings have demonstrated in Arabidopsis plants that the TF ELONGATED 

HYPOCOTYL 5 (HY5) protein, a bZIP transcription factor, interacts with G-box and GATA box 

elements in the promoter regions of light-responsive genes, and HY5 could be a main 

regulator of light-induced responses (Correa et al., 2008). HY5 protein is located in the 

nuclear compartment of the cells independent of the presence of light (Chattopadhyay et al., 
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1998). In flowering plants, phytochromes can induce downstream signaling cascades 

negatively regulating COP1, which lead to accumulation of HY5 in the nucleus 

(Chattopadhyay et al., 1998; Hardtke et al., 2000). Phytochromes are not present in 

Chlamydomonas, and it is therefore likely that another pathway or components other than 

HY5 are involved in the regulation of main light responses.  

In the following some new candidate genes that are differentialy expressed upon the light 

shift are discussed. Cluster 1 includes a member of the bZIP TF family (protein ID 147286) 

whose expression level increased after the light shift reaching its highest expression level (FC 

>3) around 40min after the light shift. This TF has not been characterized functionally, and 

the most similar sequences found in the non-redundant database of NCBI 

(http://www.ncbi.nlm.nih.gov/), using the BLAST tool, corresponds to hypothetical proteins 

from Volvox carteri f. nagariensis (E-value 2e-31) and Chlorella variabilis (E-value 6e-04). 

There is no evidence for ortologues in land plants, and only one orthologue was previously 

identified in Ostreococcus tauri (Ot15g01450) (Correa, et al., 2008). 

Our study revealed new candidate genes which could be involved in the regulation of the 

light-induced responses. The expression levels of four members of the C2C2-GATA TF family 

were found to be modulated in response to the light shift. Two of them, protein IDs 179289 

and 171659, were assigned to the gene Clusters 1 and 2, respectively, and showed changes 

of their expression levels within the first 60 min after the light shift. One of these GATA 

factors, protein ID 171659, was down-regulated after the light shift and its expression level 

was continuously low during high light condition. In contrast, another GATA factor (protein 

ID 179289) has a transient high expression during the first hour of high light, returning to 

similar initial expression levels after 120 min. GATA TFs are present in many different 

organisms. They are found for instance, in fungi, metazoans and plants. It has been shown 

that these factors can recognize the consensus DNA sequence WGATAR (W = T or A; R = G or 

A) in promoter regions (Reyes et al., 2004). The DNA binding domain of GATA factors is 

constituted by one or two zinc finger domains of the form CX2CX17–20CX2C followed by a 

highly basic region (Lowry and Atchley, 2000). Some members of this family are known to be 

related to light-responses. Jiao and colleagues, have shown that fast changes in the 

abundance of the transcripts of GATA factor genes of Arabidopsis thaliana seedlings occurs 
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in less than one hour after the shift from dark to blue-light condition (Jiao et al., 2003). 

Furthermore, cryptochromes have shown to be important during early flower development 

in Arabidopsis plants by regulating the transcription of genes containing GATA boxes in their 

promoters (Jiao and Meyerowitz, 2010), indicating that changes on the expression of C2C2-

GATA factors may reflect the induction of blue light regulated signaling pathway(s). Due to 

the apparent lack of phytochromes in Chlamydomonas, one hypothesis that may explain 

how cells respond to light is that the cryptochromes and phototropins may have a major role 

in the induction of the light responses and that the light signals could be mostly induced by 

blue light (Jiao and Meyerowitz, 2010).  

The interaction between the Arabidopsis GATA-1 factor (gene ID: At3g24050) and regulatory 

elements (named XXIII) located in the promoter of the GLYCERALDEHYDE-3-PHOSPHATE 

DEHYDROGENASE (GAP A) gene has been previously verified in vitro (Jeong and Shih, 2003). 

The expression levels of the genes encoding subunits A and B of GAP, GAPA and GAPB in 

Arabidopsis, have been shown to be coordinately modulated by light. It has been suggested 

that the GATA box is a general essential promoter fragment present in light-regulated 

photosynthesis genes (Hihara et al., 2001). Furthermore, it was previously shown that high 

light induces not only photosynthesis-related genes but also induces changes on the 

expression level of HEAT SHOCK PROTEIN (HSP) genes in cyanobacteria (Synechocystis) and 

also in Chlamydomonas. These observations indicate crosstalk between signaling pathways 

induced by light and heat (Hihara et al., 2001; Yamano et al., 2008). The study of knockout 

lines for these GATA factors would reveal if their target genes are indeed photosynthesis-

related genes. 

4.5 Conclusions 

In the present study we established a platform for the analysis of the gene expression of 245 

predicted TF and TR coding genes from C. reinhardtii through quantitative RT-PCR. A time 

series experiment monitoring the alterations on the gene expression patterns in response to 

changes of light conditions (from 200µE m-2 s-1 to 700µE m-2 s-1) revealed groups of co-

regulated genes. The expression profiles of 127 genes could be analyzed by clustering and 



Chapter 4-Regulation of TF and TR gene expression by light  

64 

 

most of the genes could be assigned to groups of genes sharing similar expression patterns. 

Interestingly, among the early responsive genes we found genes involved in abiotic stress 

responses, the carbon concentrating mechanism and genes not functionally characterized. 

New candidate genes members of the bZIP and C2C2-GATA TF families were found to be 

regulated in response to changes in light intensity. Our results indicate that genes involved in 

different signaling pathways, such as stress and light-induced signaling pathways, are 

transcriptionally regulated during the process of cell acclimation to high light conditions. 

These genes may be important components for the coordination and integration of complex 

gene regulatory networks in Chlamydomonas. Further functional characterization of these 

candidate regulatory genes is necessary to elucidate their regulatory role on photosynthesis-

related events. 
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5.1 Abstract 

The photosynthetic unicellular algae Chlamydomonas reinhardtii is a model organism for the 

study of photosynthesis and mechanisms related to carbon metabolism. In the past years, 

the study of the Carbon Concentrating Mechanism (CCM) has revealed the identity of 

important regulatory genes. However, as far as our knowledge goes, there is no study 

reporting an analysis focused on recognizing the expression patterns of transcription factors 

and transcription regulators involved in the CCM. Transcription factors (TFs) and 

transcription regulators (TRs) are important players in the regulation of transcription and 

recently we have predicted more than 240 TF and TR to be present in the Chlamydomonas 

reinhardtii genome. For better understanding the regulation of the CCM in Chlamydomonas 

and uncover regulatory elements, we performed a quantitative reverse transcription 

polymerase chain reaction based transcript profiling of the TF and TR genes of 

Chlamydomonas. The gene expression patterns of 130 genes were obtained for cells grown 

under photoautotrophic conditions and subjected to a shift from high-CO2 (HC) to low-CO2 

(LC) conditions. Additionally, we performed a genome-wide identification of nucleosome-

depleted regions of cells under LC using a sequencing approach, revealing potential 

regulatory elements involved in CCM responses. The gene regulatory network for CCM was 

reconstructed using a mathematical modeling approach based on the expression profiling 

dataset and revealed new candidate genes participating in the control of the CCM. The 

combination of the three approaches suggested that a TF (protein ID 188627), a member of 

the MYB family and responsive to LC, could function as regulator of CCM-related genes. Our 

results suggest an additional important role of LCR1 in down-regulating the gene expression 

of a particular set of genes responsive to LC conditions. 

5.2 Introduction 

The photosynthetic algae Chlamydomonas reinhardtii is able to concentrate inorganic 

carbon (Ci) intracellular via the Carbon Concentrating Mechanism (CCM). Through this 

mechanism, the concentration of CO2 increases at the site of the ribulose-1, 5 bisphophate 
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carboxylase oxygenase (Rubisco) enzyme which stimulates the overall rate of 

photosynthesis. It has been proposed that the CCM and Rubisco have co-evolved (Badger et 

al., 1980; Kaplan and Reinhold, 1999). The CCM is thus important for cells to survive in 

niches where depletion of Ci can occur rapidly, such as aquatic environments where the 

availability of Ci and O2 can vary, as well as pH (Pollock et al., 2004; Spijkerman, 2008; 

Yamano et al., 2008). Particularly, the CCM is induced when the extracellular concentration 

of Ci goes below 0.5% (Fukuzawa et al., 2001). It has been shown that some proteins most 

likely act as HCO3
- transporters and CO2 channels in the plasma membrane and in the 

chloroplast outer membrane. Some genes, including Ccp1, Ccp2, Lci1, Hla3 and Rh1, have 

been proposed to express membrane proteins that might participate in the transport of Ci 

into the chloroplast (Yamano and Fukuzawa, 2009). These proteins would mediate the 

increase of Ci concentration, and thus increasing the CO2 availability close to the Rubisco´s 

active site (Moroney and Ynalvez, 2007). Furthermore, studies with the cyanobacterium 

Synechocystis PCC6803 and Chlamydomonas acidophila have shown that cells grown in light 

and CO2-free or low CO2 conditions are able to take up Ci faster than cells grown in darkness 

and in low CO2 or CO2-free or conditions, suggesting the existence of a cooperative effect 

between light and carbon signaling in the modulation of the expression of CCM-related 

genes (McGinn et al., 2003; Spijkerman, 2011). Similar findings were also reported for C. 

reinhardtii, revealing that the decrease of the Ci concentration is not sufficient to activate 

the CCM and that enhanced expression of CCM-related genes is affected by different light 

intensities (Yamano et al., 2008). However, since the induction of the CCM in 

Chlamydomonas seems to be also dependent on the light conditions, the question arised 

whether the cells can directly sense external concentrations of Ci or whether the induction 

of CCM is triggered by indirect sensing the external Ci concentration (Yamano and Fukuzawa, 

2009). Mutant lines in Chlamydomonas have permitted to partially identify some of the CCM 

regulatory mechanisms. A mutant deficient for Ci uptake was isolated previously and a gene 

named Ccm1 was shown to complement the mutant phenotype and to allow induction of 

the CCM. CCM1 is a hydrophilic protein that contains a C2H2-type zinc-finger motif, which 

may confer protein-DNA binding activity. Interestingly, the cellular level of CCM1 does not 

change during the acclimation to LC, therefore, a post-translational control of CCM activity 
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was suggested (Fukuzawa et al., 2001). Another regulator of CCM is LCR1, a TF, member of 

the MYB family. Mutant lines for LCR1 showed transcriptional down-regulation of CCM-

related genes, such as CARBONIC ANHYDRASE (Cah1) (Dionisio-Sese et al., 1990) and Lci1 

(Low-CO2 inducible) (Miura et al., 2004). It has been suggested that LCR1 translocates to the 

nucleus and binds to promoter elements of Cah1, regulating its transcription in response to 

low Ci concentrations (Yoshioka et al., 2004). The enzyme carbonic anhydrase has been 

previously reported to equilibrate the cellular concentration of CO2 and HCO3
- and it is an 

important component of the CCM (Badger et al., 1980). Nonetheless, there is no complete 

understanding of the whole regulatory network for the CCM. 

In order to obtain a deeper understanding of the regulatory mechanism in Chlamydomonas 

and with the purpose of obtaining a broad view of the possible regulators of the CCM we 

performed transcript profiling of around 250 TF and TR coding genes. These TF and TR genes 

were previously predicted by our group (Riaño-Pachón et al., 2007; Riaño-Pachón et al., 

2008)� based on the C. reinhardtii genome annotation v.3.1 (Merchant et al., 2007). The 

expression patterns of these genes were obtained for cells grown photoautotrophycally in 

constant illumination and subjected to a shift from High-CO2 (HC) to Low-CO2 (LC) 

conditions. Based on the results obtained novel candidate genes involved in CCM were the 

proposed and a gene regulatory network underlying the CCM was reconstructed. I addition, 

a genome-wide identification of nucleosome-depleted regions was performed, resulting in 

the discovery of putative regulatory elements of the CCM-related genes. 

5.3 Materials and Methods 

5.3.1 Cell growth conditions and strain 

C. reinhardtii (strain cc503 cw92 mt+) was cultured in 2L flasks in photoautotrophic, and 

temperature controlled conditions. Cells were cultured in H20P medium (modified TAP 

medium without acetate supplemented with 20mM HEPES as buffering agent) under 

continuous light (~200µE m-2 s-1) and constant supply of air with 5% CO2 (gas mixture was 

provided by B-DCU Biostat fermenter, Sartorius, Goettingen, Germany) and controlled via a 

GC system (Agilent Technologies 3000 micro-GC, Waldbronn, Germany). After the cell 
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culture reached at an optical density of 0.5 at 750nm (approximately 3x106 cells·mL-1) 900mL 

were sampled and the concentration of CO2 was reduced to 0.04% in air. Samples of 20mL of 

cell culture were then collected after 60min and 120min, and 1L of cell culture was sampled 

after 180min. Samples from all time points were harvested for transcript analysis by 

centrifugation at 3000 g for 2min and the cell pellet was frozen in liquid nitrogen. The 

samples were kept at -80°C until further use. Cells (900mL) from the last time point (180min) 

were directly subjected to the crosslinking step of the FAIRE method, described later on in 

the section 5.3.5.  

5.3.2 Primer design for qRT-PCR and validation 

The design of primer pairs was based on the C. reinhardtii gene models of the genome 

annotation v.3.1 released by the Joint Genome Institute (DOE/JGI; http://genome.jgi-

psf.org/Chlre3/Chlre3.home.html). Primer pairs were designed for the predicted 

transcription factors and transcription regulators genes described in the Plant Transcription 

Factor Database (Riaño-Pachón et al., 2007). Primers for carbonic anhydrase coding gene 

(GI:159468241, GeneBank at NCBI) were designed based on the coding DNA sequence 

(genomic coordinates: chromosome_4: 1849052..1853308) obtained from the C. reinhardtii 

genome annotation v.4 (http://genome.jgi-psf.org/Chlre4/Chlre4.home.html). Criteria for 

primer design are as follows (Udvardi, et al., 2008): Tm = 60 ± 1°C, length 18 to 25 bases, 

preferentially on exon-exon junctions. Primers were designed to have a GC content between 

45 and 55% when possible (due to the high GC content of the Chlamydomonas), generating a 

single PCR product sizing between 60 and 150 bp. Primers were synthesized by Eurofins 

MWG Operon (Ebersberg, Germany). A complementary in silico validation of the specificity 

of the primers was carried out using the computational tool QuantPrime (Arvidsson et al., 

2008). Experimental validation of primer pairs was performed by checking the presence and 

approximate size of PCR products obtained from the amplification of cDNA synthesized from 

RNA extracted from C. reinhardtii cells grown under photoautotrophic conditions as 

described on section 5.3.1, except that the concentration of CO2 was kept constant at 2%. 

PCR products were separated in 3% agarose gels and amplicons which did not have the 

correct size (i.e., deviating by more than 20bp from the expected size, based on data 
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extracted from the genome annotation v.3.1) were excluded from further analysis. A list 

with the sequences and respective identifiers of the primer pairs used in the present study is 

shown in Table appendix D-1. 

5.3.3 RNA extraction, cDNA synthesis and quantitative RT-PCR 

A quantitative reverse transcription PCR (qRT-PCR) platform was established for the analysis 

of the transcript levels of the 245 predicted TF and TR coding genes, Actin and Cah1. Total 

RNA extraction was performed using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). 

Briefly, the frozen cell pellet was homogenized in 450µL of lysis buffer RLT and frozen again 

in liquid nitrogen for three minutes. Cells were completely lysed by incubating the frozen cell 

pellet at 56°C for 3min. Further steps of the RNA extraction were performed as described by 

the manufacturer. In order to remove genomic DNA from the RNA extracts, on-column 

digestion of DNA was performed using DNAse I (Qiagen, Hilden, Germany) and an additional 

DNAse treatment was performed, on the RNA eluate, using TURBO DNAse (Ambion, 

Darmstadt, Germany) as indicated by the manufacturer. The integrity of the RNA was 

checked by electrophoresis on 2% denaturing agarose gels; RNA quality was assessed by 

determining the 260/280 absorbance ratio using a Nanodrop (Thermo Scientific, Schwerte, 

Germany). Furthermore, the absence of genomic DNA in the RNA extracts was assessed by 

performing a q-PCR on a 1µL aliquot of each sample of total RNA using primer pair annealing 

to an intergenic region of chromosome 16 (forward primer 5’-TGTCTTGTGAATCCTGCCCTC-3’ 

and reverse primer 5’-AAAGAGCTCACAAGTACACACCGA-3’). Only if the q-PCR analysis of the 

RNA sample resulted in a Ct value higher than 36, the RNA was used for cDNA synthesis. 

Three micrograms of total RNA was used for cDNA synthesis reaction employing the 

SuperScript III First Strand System (Invitrogen, Darmstadt, Germany) according to the 

manufacturer’s instructions, using oligo-(dT20) as primer for the synthesis of the first 

complementary DNA strand. The efficiency of the cDNA synthesis reaction was estimated by 

qRT-PCR using primer pairs for the UBIQUITIN PROTEIN LIGASE coding gene (protein ID 

190824 (DOE/JGI); forward primer 5’-TTACCTGCCTTCCGATTGCGTAGC-3’ and reverse primer 

5’-TTACTATGCCTGAGCACGCAGCAC-3’). The cDNA samples were diluted ten times prior to 

the final PCR reaction which was conducted with the SYBR Green mix (Applied Biosystems, 
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Darmstadt, Germany) within a final reaction volume of 5µL containing 5µM primers. Dilution 

of primers and pipetting into the PCR 384 well plates were performed with a robot to 

increase accuracy and throughput. The ABI PRISM 7900HT sequence detection system 

(Applied Biosystems, Darmstadt, Germany) was used for the qRT-PCR reactions which were 

carried out as previously described (Caldana et al., 2007). 

5.3.4 Quantitative RT-PCR data analysis 

Raw qRT-PCR data were pre-processed with the program SDS v.2.3 (Applied Biosystems, 

Darmstadt, Germany) and the amplification curves were analyzed considering a threshold of 

0.2 for the variation of the fluorescence of the sample to the fluorescence of the passive dye 

to obtain the Ct values (Cycle threshold). The baseline measurement was taken from the 3rd 

to the 15th cycle. Quality controls were done in order to evaluate the raw data by means of 

efficiency of the amplification reactions using log-linear regression as described previously 

(Ramakers et al., 2003) and the patterns of the melting curves. Genes for which the 

amplification efficiency was lower than 95% in more than 25% of the reactions were 

excluded from further analysis. Reactions presenting multiple melting peaks or melting 

temperatures which disagreed with the expected temperature were also excluded from 

further analysis. Only high quality measurements were selected for the relative gene 

expression analysis. All raw Ct values of TF and TR genes were normalized by the Quantile 

method using the R package qpcrNorm (Mar et al., 2009) available through the Bioconductor 

project (www.bioconductor.org/). Biological medians of the normalized Ct values (ΔCt) from 

the five biological replicates were calculated. The relative gene expression levels were 

calculated as delta-delta Ct values (ΔΔCt = ΔCtLC – ΔCtHC). Fold change (FC) was calculated as 

2-ΔΔCt (Udvardi et al., 2008). Expression values were normalized by genes and mean centered 

before the clustering analysis, performed using the MeV suite v4.6. (TM4 Microarray 

Software Suite) (Saeed et al., 2006). Clustering of the gene expression profiles was 

performed using the Quality Threshold (QT) algorithm (minimum cluster size of 4 genes, 

diameter 0.5, and Pearson correlation as distance measure). Expression levels for Cah1 were 

determined from three experimental replicates and expression levels calculated by the ΔΔCt 

method as previously described (Caldana et al., 2007) using actin coding gene 
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(GI:159482013; forward primer: 5´-GCGGCTAACGACGGAGGAT-3´; reverse primer: 5´-

CCATGACCCGCTCCTCATATC-3´) as a reference gene. 

5.3.5 Formaldehyde-assisted isolation of regulatory elements (FAIRE) 

For the identification of nucleosome-depleted chromatin regions likely containing regulatory 

elements we used the FAIRE method (Figure 5-1) (Nagy et al., 2003; Giresi and Lieb, 2009). 

To this end, 900mL of C. reinhardtii cell culture was sampled three hours after the shift from 

HC to LC and crosslinked by stirring at 150rpm for five minutes at room temperature with 

100mL of 10x crosslinking buffer (10% formaldehyde, 100mM KCl, 100mM NaCl, 100mM, 

100mM HEPES, pH 8.0) reaching the final concentration of 1% formaldehyde. The 

crosslinking reaction was quenched by adding 1M glycine to a final concentration of 125mM 

and stirring at 150rpm for five minutes at room temperature. Cells were harvested by 

centrifugation at 22°C for 3 min at 3000 g in 1L bottles using a Beckman coulter Avanti J 

series centrifuge with fixed-angle rotor model JLA-16.250 (Beckman Coulter GmbH, Krefeld, 

Germany). The cell pellet was suspended in 10mL of resuspension buffer (0.5% Triton X-100, 

10mM HEPES, 0.5mM EDTA, 10mM KCl, 10mM NaCl), transferred to 50mL conic tubes and 

centrifuged at 4°C for 3min at 3000 g. The pellet was resuspended with 10mL of Lysis buffer 

(1% Triton X-100, 10mM KCl, 1.5mM MgCl2.6H2O, 0.2M sucrose, 10mM HEPES, pH 8.0) 

supplemented with 1:100 plant protease inhibitor cocktail (Sigma,  #P9599) and fresh 1mM 

DTT. The samples were incubated for 10 min on ice and centrifuged at 4°C for 20 min at 

1000 g. The lysis step was repeated once and the final pellet was suspended in 2mL of 

Nuclear lysis buffer (140mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 

1% sodium dodecylsulfate, 50mM HEPES, pH 8.0) supplemented with 1:100 plant protease 

inhibitor cocktail (Sigma, #P9599) and fresh 1mM DTT. An aliquot of 500µL was separated to 

further check chromatin crosslinking efficiency. Samples were sonicated on ice (5 cycles at 

40% power, 9 x 10% cycle, 10sec/cycle) using a Sonopuls HD 2070 sonicator (Bandelin 

Electronic, Berlin, Germany). 
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Figure 5-1. Illustration of active and silenced chromatin states and the formaldehyde-

assisted isolation of regulatory elements (FAIRE). 

Chromatin states are important elements for the regulation of gene expression. In the active 
state, chromatin shows a temporary displacement of nucleosomes, favoring the interaction 
of DNA-binding proteins with the genomic regulatory elements. Panel (A) shows the active 
and silenced chromatin, highlighting the difference between the two states. In panel (B), the 
FAIRE method is summarized: first, the total chromatin is crosslinked (indicated by red 
crosses) by formaldehyde. The crosslinked chromatin is then fragmented by sonication and 
phenol:chloroform DNA extraction is performed. The fragments of DNA that are isolated into 
the aqueous phase are the regions depleted for nucleosomes. Fragments containing high 
levels of crosslinked proteins are collected in the interphase.  

After sonication samples were centrifuged at 4°C at 4000 g for 5min. The supernatant was 

kept at -80°C until further use. An aliquot of 500µL from the extracted sonicated chromatin 
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was taken for gel analysis and to serve as a control sample. Control samples were 

decrosslinked by overnight incubation at 65°C. Both, control and sonicated chromatin were 

subjected to a standard nucleic acid extraction procedure using Roti®-

Phenol:Chloroform:Isoamylalcohol mixture (Roth, Karlsruhe, Germany) as previously 

described (Giresi and Lieb, 2009) and the samples containing the FAIRE extracted DNA 

fragments were kept at -80°C until further analysis. 

5.3.6 Quantitative PCR of nucleosome-depleted DNA fragments isolated by FAIRE 

Fragments of chromatin isolated using the FAIRE method were analyzed by quantitative PCR 

in order to check if the sample was enriched with defined DNA segments. We selected the 

Cah1 genomic locus (chromosome_4:1849052-1853308, protein ID 24120; name: 

estExt_fgenesh1_pm.C_150006, C. reinhardtii genome annotation v.4) as a marker. The 

locus selected includes coding and non-coding regions (including 5´ upstream sequence). In 

Chlamydomonas, it has been described that the transcription of Cah1 increases under 

carbon deprivation conditions. Previous studies revealed the position of putative enhancer 

and silencer elements in the promoter region 5´upstream of the translation initiation code 

(ATG) of Cah1 (Kucho et al., 2003). Primer pairs were designed for ten segments of the 

genomic locus of Cah1 (Table 5-1). A scheme of the regions covered by the primer pairs is 

shown in Figure 5-2. 

 

Figure 5-2. Fragments of the Cah1 genomic locus analyzed by qPCR. 

Quantitative real time PCR analysis was performed for ten DNA segments of the Cah1 gene 
locus and enrichment of each fragment was measured. Red areas show the location of the 
DNA segments amplified and quantified. Exons are indicated by dark blue boxes and introns 
by dashed lines. 
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Table 5-1. Sequence and coordinates of the primer pairs used for enrichment analysis of 

FAIRE fragments through qPCR. 

 

Primer pair 
coordinates* 

Sequences of oligonucleotides 
 

Amplicon 
identifier** 

Start/end Forward primer (5´-> 3´) Reverse primer (5´-> 3´) 

10 660/729 TAGCCTTTCAAGCCGCGCCA GCGTCAAACCTCCTTCCAACCG 

12 804/867 GCCGGAACTCCAACCAAGTAGC GCATTTCTGCATGCGCACAGT 

14 937/1000 CCGCCGTACCGTTGTCACTTT CGCAGGGTGTGGACAACTATGG 

23 1574/1637 TAGGGCGATGAACGGTTCTGGT TCCTTGCCCTCCCTGTATGTGG 

36 2485/2545 TGGAGTGCGAGCACGCTTAGTA CCAAGGCACCCAGATGCATGAC 

43 2940/3008 GTTCCACTTCCACTCCACCTCG AAAGTCAAGAGTTGCGCCCACG 

52 3602/3663 CATCAAGCTGGGTGAGCTGCTG TGAGGCTGCCCTCGTACGTTA 

54 3719/3781 CATCAGCTTCGGCCAGTGGAAC GTGGAGTTGCACTCCTTCAGGC 

68 4714/4773 ATGGAGTTGGTTCCACGATGGG ACGTCCGGCCCACTGACTTTAT 

72 4996/5062 CTGTCTGGCTGGCTGGGTTGTT TGCATTGATCGGCATGTGCGAC 

*Coordinates taken from the Cah1 genomic locus (chromosome_4:1849052-1853308) 

**The position of the amplicons along the Cah1 genomic locus is shown in Figure 5-2. 

FAIRE samples were diluted to a final concentration of 50ng·µL-1 before the qPCR reaction 

and 1µL was mixed with 5µL of 2x SYBR Green mix (Applied Biosystems, Darmstadt, 

Germany) to a final reaction volume of 10µL containing 5µM primers. The reactions were 

conducted in  384 well plates and PCR amplification was conducted on an ABI PRISM 7900HT 

sequence detection system (Applied Biosystems, Darmstadt, Germany) as previously 

described (Caldana et al., 2007). To calculate the enrichment of genomic regions we used a 

method previously described (Giresi and Lieb, 2009). Briefly, the average of the resulting Ct 

values for the control and FAIRE samples were calculated. The ratio between FAIRE to 

control samples (FAIRE/control) was determined for each segment. For each sample the 

average Ct value of the adjacent region of the segment possessing the lowest resulting ratio 

(FAIRE/control) was taken as a reference region for calculating the ΔCt values (Ctregion of interest-

Ctreference region). The ΔΔCt values (ΔCtFAIRE sample – ΔCt control sample) were calculated and the 

enrichment level determined as 2-ΔΔCt. FAIRE experiments were done in triplicate and three 

technical replicates were done for each segment analyzed by qPCR. 
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5.3.7 Deep sequencing 

For the genome-wide identification of nucleosome-depleted regions and putative regulatory 

elements of C. reinhardtii the DNA fragments present in the FAIRE samples were sequenced 

by deep sequencing technology. So far no FAIRE-seq data have been published for plant 

species and no protocol was available for such analysis in C. reinhardtii. FAIRE sample from 

one of the three experimental replicates analyzed previously by qPCR was selected for deep 

sequencing. The chromatin was extracted from cells grown for three hours under LC 

condition. After isolation of nucleosome-depleted genomic fragments using the FAIRE 

method the sample was fractionated on a 2% agarose gel and fragments between 200 to 400 

bp were used for the construction of a DNA library for sequencing. DNA library preparation 

and DNA sequencing were performed by LGC Genomics (Berlin, Germany) according to 

standard protocols using Paired-end-DNA sample kit, HiSeq paired-end cluster generation kit 

with paired-end Flowcell and TruSeq SBS kit HT (200 cycles) according to the user guide 

instructions (Illumina, Eindhoven, The Netherlands). A total of 350ng of double strand DNA 

containing the FAIRE fragments was subjected to end repair and adenylation of the 3´ends 

for ligation of adaptors. The ligation products were purified from a gel and the fragments 

amplified by PCR (12 cycles). The final PCR product was purified with Ampure beads and the 

library validated and quantified using a Bioanalyzer (Agilent, Waldbronn, Germany) and 

Nanodrop (Thermo, Dreieich, Germany). Amplified DNA fragments were sequenced with a 

HiSeq2000 sequencing system (Illumina, Eindhoven, The Netherlands). Paired-end sequence 

reads of 50bp were mapped against the masked Chlamydomonas genome sequence v.4.0 

(DOE/JGI Joint Genome Institute; http://genome.jgi-psf.org/Chlre4/Chlre4.home.html) using 

bowtie (Langmead et al., 2009) (URL: http://bowtie-bio.sourceforge.net/index.shtml). 

Mapping files on SAM format were manipulated with SAMtools 

(http://samtools.sourceforge.net/) and BEDtools (http://code.google.com/p/bedtools/) in 

order to export mapping positions into BED format. FAIRE-seq peaks were detected by using 

the Model-based Analysis approach, MACS (Zhang et al., 2008b). FAIRE-seq peaks were 

mapped to the Chlamydomonas DOE/JGI v.4.0 genome annotation in order to find the 

closest annotated features, thus identifying affected genes. 
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5.3.8 Reconstruction of gene regulatory network (GRN)  

In order to reconstruct the gene regulatory network of Chlamydomonas during CCM, we 

used the novel IOTA (inner composition alignment) method (Donner et al., 2011). IOTA is a 

permutation-based asymmetric association measure which is capable to identify pairs of 

genes which putatively interact or are regulated, determines the directionality of this 

regulation, and in addition, is also capable to identify autoregulatory links. The measure was 

applied to the expression data of TF and TR coding genes analyzed in the present study in 

order to reconstruct the topology of the underlying regulatory network. IOTA determines 

additionally the robustness of the identified regulatory links, distinguishing also the indirect 

from the direct regulations, correctly identifying approximately 75% of the uni- and 

bidirectional regulatory links, while fixing the false positive rates at approximately 25%. 

5.3.9 Motif analysis 

To test whether the promoter regions of genes of interest had common sequence features, 

5´ upstream regions of selected genes were retrieved from the Chlamydomonas genome 

annotation v.3.1 (DOE/JGI) and overrepresented sequence motifs were identified using the 

MEME suite (v.4.3.0, http://meme.nbcr.net/) (Bailey et al., 2006), allowing a maximum of 10 

motifs to be reported and maximum motif length of 20 nucleotides. Other parameters were 

used as default settings. When significant motifs were found, an analysis of their specificity 

was conducted using MAST (http://meme.sdsc.edu/meme4_3_0/cgi-bin/mast.cgi) and a file 

containing 14598 promoter sequences obtained from the Chlamydomonas genome 

annotation v.3.1 (DOE/JGI). 

5.4 Results and discussion 

5.4.1 Gene expression analysis by transcript profiling of TF and TR genes 

We measured changes on the TF and TR gene expression by qRT-PCR. Primer pairs were 

designed for the 245 TF and TR coding genes predicted previously (Riaño-Pachón et al., 

2007) and validated. The results of qRT-PCR experiment showed that approximately 67% of 

these genes passed our criteria of quality control and were selected for further data analysis. 
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From these 165 genes, 130 genes coding for TFs and TRs were monitored at four different 

time points which correspond to 0h, 1h, 2h and 3h from the shift from High-CO2 (HC) to Low-

CO2 (LC). Expression of thirty-five genes could not be quantified probably because their 

transcript abundance was below the limit of detection of the qRT-PCR or the respective 

genes were not expressed at all in the conditions analyzed. A graph representation of the 

gene expression fold change (FC) of the TF and TR genes monitored during carbon 

deprivation is shown in Figure 5-3. 

 

Figure 5-3. Gene expression fold changes during carbon deprivation. 

Expression levels of the 130 TF and TR genes analyzed 60min, 120min and 180min after the 
reduction of the carbon dioxide concentration from 5% to 0.04% are shown. The darker gray 
lines cutting the plot area internally and horizontally represent the threshold of a 2 fold 
change. Dots above or below those lines represent genes exhibiting a more than 2 fold 
expression change.  

5.4.2 Co-expressed TF and TR genes under low carbon concentration 

The expression profiles of the 130 genes monitored were analyzed using the QT clustering 

method (using Pearson correlation as distance measure). Co-expressed genes were 

identified and clustered in groups showing similar expression profiles (Figure 5-4).  
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Figure 5-4. Co-expressed TF and TR genes under carbon deprivation.  

The analysis of the transcript levels of TF and TR coding genes revealed co-expressed genes 
clustered according to similar expression profiles using the quality threshold method with 
Pearson correlation as distance measure. The normalized expression levels are represented 
in the y axis as the relative expression values (scaled, Log2) scaled by gene minima and 
maxima and mean centered. At time zero (0min) the carbon dioxide concentration in the 
growth medium was shifted from 5% to 0.04%. Samples were taken immediately before the 
shift (indicated as 0min) and after 60, 120 and 180 min. 

Several TF and TR genes were found to be regulated by the decrease in CO2 concentrations. 

One hundred and twenty one genes were grouped into ten clusters; nine genes could not be 

assigned to any cluster. A list with the genes and their respective cluster is presented in 

Table appendix D-2. Genes induced or repressed (FC > 2) are listed in Table appendix D-3. 
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5.4.3 Early response TF and TR genes under carbon deprivation 

From the genes up-regulated after the transition from HC to LC some increased in expression 

already within one hour. Among these early responsive genes, we found that the following 

members of different TF and TR gene families: DDT (protein ID: 8155; FC > 8), CSD (protein 

ID: 126810; FC > 6), MYB-related (protein ID: 166618; FC > 5), HSF (protein ID: 117914; FC > 

4) and SNF2 (protein ID: 111277; FC > 3), all of it were up-regulated at least 2 fold (Table 

appendix D-3).  

The transcriptional regulator DDT was predicted to have three domains: Bromodomain, DDT 

and PHD and so far only one gene of this family was found in the genome of 

Chlamydomonas (Riaño-Pachón et al., 2007). Bromodomains have been shown to be 

important for chromatin remodeling through the formation of protein complexes that can 

recognize acetylated lysines of core histones and further causing disassembling of the 

nucleosome structure (Akai et al., 2010). Since more than three decades the acetylation of 

histones is known to directly correlate with increased rates of RNA synthesis (Marushige, 

1976). However, how the histone modifications and their interplay with cofactors function to 

regulate the transcription of a certain gene in vivo is still under investigation (Jiang et al., 

1997; Chen et al., 2010). 

Another TF identified among the early responsive genes encodes a member of the CSD 

protein family and the presence of two domains, CSD and RRM, on its sequence was 

previously predicted (Perez-Rodriguez et al., 2009). The CSD domain is known to be related 

to cold shock responses and the RRM domain has been described to be related to RNA 

binding activities. In contrast to prokaryotic CSD proteins, eukaryotic proteins containing a 

CSD domain may also contain other domains and their functions are not exclusively related 

to cold shock responses (Graumann and Marahiel, 1998). Bacteria and vertebrate proteins 

containing CSD domains have been shown to be involved in many different cellular 

processes and are able to bind to nucleic acids, either DNA or RNA, affecting transcription 

and translation events (Chaikam and Karlson, 2010). A major cold shock protein in E. coli, 

CSPA, was described to be involved in mechanisms for destabilizing mRNA secondary 

structure favoring translation during cold acclimation. It was shown that CSPA binds to 
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ssRNA molecules in a cooperative way dependent of the length of the RNA molecule and 

concentration of CSPA and it was suggested to function as a RNA chaperone (Jiang et al., 

1997). In plants, it has been shown that Arabidopsis cold shock protein CSDP1, containing 

the CSD domain, can complement the cold sensitivity phenotype in defective bacteria and its 

RNA chaperone activity was verified (Karlson and Imai, 2003; Kim et al., 2007). In our 

experiment, the expression of CSD was up-regulated within one hour and started to 

decrease after two hours under LC. Most likely, the RNA chaperone function of CSD is 

important during this time for favoring the translation of the new transcripts which should 

be produced in a fast manner due to the sudden changes on the CO2 levels. 

The MYB-related TF early induced under LC was predicted to contain one MYB DNA-binding 

domain. Its transcript has already been identified previously in Chlamydomonas cells under 

carbon deprivation conditions. However, this gene has not been functionally characterized 

(Asamizu et al., 2000). Members of the MYB-related TF family in Arabidospsis were showed 

to be involved in hydrogen peroxide responses (Desikan et al., 2001), phosphate uptake 

(Nilsson et al., 2007), and responses to hormones, dehydration and salt stress (Martin and 

Paz-Ares, 1997). In Chlamydomonas, a MYB domain-containing transcription factor, member 

of the G2-like TF family, has been found to be involved in the regulation of phosphate uptake 

and mutant lines for this gene, named Psr1, revealed the importance of PSR1 for cellular 

responses during P starvation (Moseley et al., 2009). 

Our data also revealed an induced over-expression of Hsf1 (protein ID: 117914), a member 

of the heat shock transcription factor (HSF) TF family. Transcription factors of the HSF family 

are widely distributed among eukaryotic species. In plants, this protein family usually 

contains many members. In contrast, for instance, Saccharomyces cerevisae (yeast) has only 

one member of this family. Also in yeast, this protein binds constitutively to heat shock 

elements located in the promoter region of target genes and it was demonstrated that in 

non-heat shock conditions it has a basal transcriptional activation (Miller and Mittler, 2006). 

In Arabidopsis plants, 21 genes were found to be part of the HSF family. Arabidopsis HSF 

proteins of class A, the largest group of HSF in Arabidopsis, contain an activation domain in 

the C-terminal part which has been suggested to be involved with transcriptional activation. 

The recognition of new domains, such as CTAD and NES, led to the identification of more 
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than 60 new candidate HSF proteins of class A in Arabidopsis (Kotak et al., 2004). In 

Chlamydomonas, two genes, Hsf1 and Hsf2, have been annotated as members of the HSF 

protein family. A comparison of the protein sequences of HSF1 from Chlamydomonas with 

HSFs from flowering plants has revealed that HSF1 is phylogenetically closest to the 

Arabidopsis HSF proteins of class B1. However, there are indications that HSF1 of 

Chlamydomonas contains an extended insert sequence between its two oligomerization 

domains and harbor a putative nuclear export domain and aromatic, hydrophobic and acidic 

element domains reflecting higher similarity to Arabidopsis HSF proteins of class A. Previous 

studies revealed that Chlamydomas HSF1 was over-expressed during heat shock. 

Chlamydomonas RNAi lines generated for HSF1 showed reduced expression of HSF2 and 

HSP90 during heat shock and it has been suggested that HSF1 constitutively and specifically 

interacts with HSP70A and could be a key regulator in stress response in Chlamydomonas 

(Schulz-Raffelt et al., 2007). Interestingly, in Arabidopsis plants the steady-state transcript 

level of the different Hsf genes seems to be different in different tissues. The transcript level 

of Hsf genes has also been shown to vary under different conditions, such as moderate light 

and oxidative stress (Davletova et al., 2005; Miller and Mittler, 2006). In Chlamydomonas, 

previous studies revealed the identification of two EST variants for Hsf1 in cells grown under 

LC condition but their specific functions were not determined (Asamizu et al., 2000). 

Another gene we found highly expressed shortly after the LC shift is a TR member of the 

SNF2 family and its DNA sequence possess high similarity (e-value = 5e-174) to the Rad54 

gene in Arabidopsis thaliana. RAD54 is known to be involved in chromatin remodeling and 

has an important role in homologous recombination. Its overexpression enhances resistance 

to DNA damage in Arabidopsis (Klutstein et al., 2008). In yeast, RAD54 binds to dsDNA, 

causing DNA structural alterations, and modulates the interaction of proteins with DNA 

(Solinger et al., 2002).  

The over-expression of Hsf in the first steps of CCM could also be an additional evidence of 

the role of HSF proteins in regulating gene transcription, likely recruiting remodeling factors 

which can together function in the transient displacement of histone octamers, as previously 

suggested (Erkine and Gross, 2003). 
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The functional analysis of mutants or RNAi lines for these genes may help to understand 

their role in the CCM and revealing which transcriptional regulatory function they exert in C. 

reinhardtii. Previous evidences of their role in other types of stress responses also indicate 

their possible function as general stress responsive genes. 

5.4.4 Late responsive TF and TR genes under carbon deprivation 

During carbon deprivation, cellular responses lead to the induction or repression of the 

expression of genes necessary for the control of the CCM (Miura et al., 2004). A master 

regulator of the expression of CCM-related genes, Ccm1, is constitutively expressed in LC 

and HC conditions (Fukuzawa et al., 2001) and  its mutation modified the expression levels of 

many low carbon inducible genes, such as putative membrane proteins which have been 

suggested to be involved in the regulation of Ci uptake and carbon metabolism (Miura et al., 

2004). One of the genes also regulated by CCM1, named Lcr1 (Low-CO2 stress response), is a 

TF member of MYB-related family which is involved in the regulation of downstream target 

genes important to the CCM, such as Lci1, Lci6 and Cah1 (Yoshioka et al., 2004). In the group 

of genes over-expressed by the cells grown for 180min under LC we found the predicted 

MYB-related TF (protein ID 184359) which codes for the LCR1 protein (GI:46020170, 

JGVI/Chlre4 transcript Id: OVA_estExt_fgenesh2_kg.C_230055), among the top five higher 

genes. Other TF and TR coding genes were also expressed at high expression levels and of 

our knowledge only Lcr1 has been functionally characterized with respect to CCM (Figure 

5-5). 
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Figure 5-5. TF and TR genes showing prominent expression changes after three hours of 

cell growth at LC condition. 

In Chlamydomonas cells grown for three hours in low CO2concentrations (0.04%) 40 genes 
showed an alterated expression (FC >2) compared to cells grown in high CO2 concentrations 
(5%). The graph shows the five genes for which the most prominent expression changes 
were observed after 180min at LC condition. Among them is the Lcr1 (protein ID 184359), 
known as Low-CO2 response regulator. The other genes represented in the plot encode 
members of the CSD (protein ID 126810), ABI3VP1 (protein ID 168369), SNF2 (protein ID 
188544) and MYB-related (protein ID 188627) families. Error bars indicate standard 
deviation. 

Based on our observations, it seems possible that some of these genes are involved in the 

initial regulation of the expression of Cah1 since deletion mutation of Lcr1 in 

Chlamydomonas did not completely abolish the expression of Cah1 during carbon 

deprivation (Yoshioka et al., 2004). The function of Lcr1 in the regulation of expression of 

Cah1 has been suggested to be related to the amplification and maintenance of the levels of 

Cah1 transcripts in response to low concentrations of CO2 and no function related to the 

initial induction of the expression of Cah1 was demonstrated (Yoshioka et al., 2004). A list 

with other TF and TR genes which showed a fold change higher than 2 after three hours from 

the shift from LC to HC is showed in Table appendix D-3. 
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5.4.5 Induction of CCM and identification of putative regulatory elements of Cah1 

During the CCM, many genes have previously been shown to be induced when 

Chlamydomonas cells grown under LC conditions. Among them and conserved between 

plant species is the gene coding for the enzyme carbonic anhydrase (CAH1) (Dionisio-Sese et 

al., 1990). In our expression analysis, we could observe and verify the increase in the 

abundance of the transcripts for Cah1, as expected (Figure 5-6). 

 

Figure 5-6. Expression levels of Cah1, encoding carbonic anhydrase 1. 

The expression level of Cah1 was determined by measuring its transcript abundance by qRT-
PCR. The median Ct values ±SE of the gene coding for actin and carbonic anhydrase is shown 
in (A) demonstrating the relative stability of ACTIN expressionduring the shift from HC to LC. 
Figure A also shows the expression level of Cah1. ACTIN was used as reference gene for 
determining relative Cah1 expression; the comparison of expression levels between the HC 
and LC conditions showed that Cah1 is over-expressed (Log2, FC >2) at low concentration of 
CO2. Time points where significant changes were detected (p-value<0.05, on dependent t-
test for paired-samples) are indicated by a star (*). The relative expression levels of Cah1 
after the shift from HC to LC are shown as –ΔCt values in (B). Error bars indicate standard 
deviation (SD). 

The over-expression of Cah1 in LC conditions was expected as previously discussed, and this 

finding indicated that the CCM was induced in our experimental conditions. Cah1 has been 

described to be induced by a concomitant effect of light and LC concentrations. It has been 

previously shown that under carbon deprivation conditions, Chlamydomonas cells grown in 

the dark do not show an increase in the transcript levels of Cah1 in contrast to cells cultured 

in red, blue or white light (Dionisio-Sese et al., 1990). The sequence 5´upstream of Cah1 

coding region contains at least one silencer and one enhancer region (Kucho et al., 1999). In 

the enhancer region two putative enhancer elements, EE-1 
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(AGATTTTCACCGGTTGGAAGGAGGT; -293bp to -269bp from the first ATG) and EE-2 

(CGACTTACGAA; -241bp to -231bp from the first ATG) were found. Previous experimental 

findings indicated the existence of a nuclear protein which binds to these two enhancer 

elements independently of the carbon dioxide concentrations and light illumination. Within 

the two EEs, four copies of a sequence motif (consensus sequence “GANTTNC “) were found 

(Kucho et al., 2003). This motif shows high sequence similarity with the plant box III motif 

which has been shown to be a light responsive element. In order to identify possible 

regulatory elements and in a further approach their genome-wide distribution in C. 

reinhardtii we analyzed the nucleosome depletion pattern of Cah1 locus. FAIRE samples 

from C. reinhardtii grown for three hours in LC were obtained and analyzed by qPCR. I found 

that DNA-protein complexes are crosslinked within five minutes when cells are incubated in 

1% formaldehyde (Figure 5-7). When de-crosslinked samples were subjected to the DNA 

extraction procedure using phenol-chloroform the recovery of DNA from the aqueous phase 

was possible. When DNA was crosslinked to proteins, it was not possible to extract the DNA 

since all complexes tend to be segregated to the interphase between the aqueous and 

organic phases during the DNA extraction procedure and this difference can be observed on 

agarose gels (Figure 5-7). 
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Figure 5-7. Test of crosslinking efficiency and DNA recovery from crosslinked and de-

crosslinked FAIRE samples. 

The efficiency of the crosslinking procedure was accessed by separation of the chromatin 
samples on 1% agarose gels. Samples of non-sonicated chromatin crosslinked for five 
minutes and de-crosslinked overnight at 65°C, were subjected to ordinary DNA extraction 
using phenol-chloroform (A). As can be seen in lane 1, de-crosslinked DNA was recovered 
from the aqueous phase by the DNA extraction procedure. Crosslinked DNA generally 
accumulates in the interphase between the aqueous and organic phase during the DNA 
extraction procedure, and it was not recovered, as expected, by the DNA extraction 
procedure (A, lane 2). Effects of incubation times on crosslinking of DNA were analyzed in 
sonicated FAIRE samples and are shown in (B) and (C). Non-crosslinked chromatin (B, lane 1) 
and chromatin crosslinked by incubation with 1% formaldehyde for 1 min (B, lane 2), 2min 
(B, lane 3) and 5min (B, lane 4) are shown. DNA crosslinking was observed within 5min of 
incubation with 1% formaldehyde. In (C) the de-crosslinking of the sonicated FAIRE samples 
permitted us to efficiently recover DNA by phenol-chloroform extraction from the samples 
previously crosslinked (shown in Figure B). M, molecular weight marker. Labels (+) and (-) 
indicate whether a certain treatment (crosslinking or de-crosslinking) was applied or not, 
respectively. 

The FAIRE samples were subjected to qPCR analysis to check for enrichment of DNA 

fragments representing different regions of the genomic Cah1 locus. Primer pairs were 

designed to cover the coding and non-coding genomic regions of Cah1. The quantitative PCR 

analysis revealed enrichment for DNA fragments located within the 5´upstream region of the 
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Cah1. The position where these enriched fragments are located matches to the region where 

regulatory elements have been previously found on the Cah1 promoter during Low-CO2 

conditions (Kucho et al., 1999). We also found an enriched fragment located at the 3´UTR 

region of Cah1 (Figure 5-8).  Our findings suggest that it is possible to identify potential 

regulatory elements in the genome of C. reinhardtii using the FAIRE approach. Of note, a 

region downstream of Cah1 was also enriched, indicating that nucleosomes are also 

depleted in this particular position of the chromatin and that the enriched region 

downstream of Cah1 could function as a binding region recognized by DNA-binding proteins.  

 

Figure 5-8. Quantitative PCR of the FAIRE fragments found in the genomic locus of Cah1. 

DNA segments located in the promoter region (amplicons cah1_12 and cah1_14) and in a 
region located in the last exon of the Cah1, representing the 3´UTR (amplicons cah1_68 and 
cah1_72) of Cah1, were found to be enriched. Decrosslinked chromatin was used as control 
for calculating the enrichment of genomic fragments in the FAIRE samples. The enrichment 
was determined as 2-ΔΔCt (see Material and Methods) and error bars indicate the standard 
error (SE) of the mean values. 

5.4.6 Genome-wide mapping of nucleosome-depleted chromatin DNA segments 

Our qPCR results for FAIRE samples indicated the whole set of putative regulatory elements 

of C. reinhardtii could be identified by sequencing all DNA fragments obtained with FAIRE 

using deep sequencing technology (FAIRE-seq). The FAIRE approach was first described by 

Nagy and colleagues in 2003 (Nagy et al., 2003). Initially these authors were interested in the 
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identification of genome-wide histone methylation patterns. It is known that histone H3 

lysine 4 methylation by certain methyltranferases, e.g. SET1p from S. cerevisae, is associated 

with active chromatin, and active and repressed genes may be distinguished by di- or 

trimethylation of histone lysines (Boa et al., 2003; Gencheva et al., 2006). The discovery of 

regulatory DNA elements in formaldehyde crosslinked chromatin was a serendipitous 

process and it was observed when researches were trying to perform chromatin 

immunoprecipitation (ChIP) experiments and by a “fortunate mistake” they forgot to 

decrosslink the isolated chromatin used in the immunoprecipitation before subjecting it to 

phenol-chloroform DNA extraction. The authors observed that once they did not reverse the 

crosslink, there was a much greater efficiency of recovering non-coding sequences in the 

aqueous phase of the DNA extraction (Giresi et al., 2007; Giresi and Lieb, 2009). These 

observations were also confirmed by experiments using microarrays of the entire yeast 

genome (Hogan et al., 2006). The isolation of regulatory elements is possible due to the high 

number of lysines in histone proteins which makes the crosslink to formaldehyde more likely 

to happen within the nucleosomes than in the “open” nucleosome-depleted chromatin 

regions, which contains other proteins with weaker interactions to the formaldehyde and 

are consequently less attached to the chromatin during the DNA-protein crosslinking process 

(Toth and Biggin, 2000; Sutherland et al., 2008). It has been demonstrated that the regions 

enriched in the aqueous phase of FAIRE samples are strongly negatively correlated with the 

nucleosome occupancy in yeast (Hogan et al., 2006). Additional FAIRE experiments 

previously performed with human cell cultures showed that the enrichment with 

nucleosome-depleted regions was positively correlated with the presence of transcriptional 

start sites and long-distance regulatory elements, such as enhancers and silencers of the 

Homo sapiens genome (Giresi and Lieb, 2009). The FAIRE approach also detected 

nucleosome-depleted genomic regions in Zea mays and the active chromatin states for 

alleles of genes involved in the biosynthesis of anthocyanin (Louwers et al., 2009).� For the 

study presented here, we established the FAIRE method for isolating nucleosome-depleted 

chromatin DNA fragments of C. reinhardtii, and further sequenced the DNA fragments which 

were isolated using the FAIRE method. The resulting sequencing reads were aligned against 

the masked Chlamydomonas genome sequence v.4.0 (DOE/JGI, Joint Genome Institute; 
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http://genome.jgi-psf.org/Chlre4/Chlre4.home.html) allowing 2 nucleotide mismatches at 

maximum. Computational analysis was performed using the MACS tool, revealing the 

regions with a significant (p < 10-5) tag enrichment along the genome (FAIRE peak) and the 

regions which the accumulation of these tags, for each peak, was highest (FAIRE summit). In 

total, 6442 FAIRE peaks were found along the genome. This information was made available 

through a web genome browser (http://tartarus.uniandes.edu.co/cgi-

bin/gbrowse/Chlamydomonas_v4/), where the FAIRE peaks, FAIRE summits, FAIRE-seq reads 

and the annotated transcripts (http://genome.jgi-

psf.org/Chlre4/download/FrozenGeneCatalog_20080828_transcripts.fasta.gz) were 

included, thus allowing the visualization of FAIRE peaks putatively influencing particular loci 

(Figure 5-9).  

 

Figure 5-9. FAIRE peaks genome browser.  

On the genome browser FAIRE peaks, FAIRE summits, sequence read coverage under low 
CO2 and annotated transcripts of Chlamydomonas v.4 are available. The Cah1 locus is shown 
as an example here. FAIRE peaks are shown as green horizontal bars, corresponding to the 
nucleosome-depleted regions identified by FAIRE-seq. The Cah1 gene structure is shown 
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above the FAIRE peaks (with exons indicated in yellow). This browser allows the users to 
track any region of the nuclear genome and the corresponding FAIRE peaks. 

Our findings indicate that the genomic regions of C. reinhardtii depleted for nucleosomes 

have a tendency to be localized in intergenic regions, but close to transcription start sites 

(TSS) or to transcription termination sites (TTS) in most cases. We found that for the 6442 

FAIRE peaks identified, 4206 FAIRE summits could be assigned to a closer gene´s coding 

sequence. The distance between the 5´ and 3´ extremities from the gene´s coding sequence 

to the FAIRE summit was calculated. Approximately 65% of the FAIRE peak summits are 

located up to a distance of 500bp from the extremity (either 5´start or 3´end) of a gene´s 

coding sequence. However, there are also peaks which are located thousands base-pairs 

away from the closer gene´s coding sequence. A histogram showing the distribution of the 

FAIRE summits and the correspondent distance to the gene´s coding sequence is plotted 

(Figure 5-10). 

 

Figure 5-10. Histogram of the approximate distances of FAIRE summits from their next 

closest annotated gene. 

Genomic coordinates were used to calculate the distances between FAIRE summits and the 
start and stop codons of their closest gene.  

The presence or absence of FAIRE peaks close to a certain transcript was further 

investigated. We were interested to understand whether the presence of a FAIRE peak close 

to a gene´s coding sequence was associated with differential gene expression. TF and TR 



Chapter 5-Regulation of TF and TR gene expression under carbon deprivation 

92 

 

genes differentially expressed (FC > 2, including up and down-regulated TF and TR genes) 

were included in this association analysis. The statistical analysis indicated a significant 

association of the two variables, (presence of FAIRE peak and fold change > 2; p-value = 

0.005 using a chi-square test). 

It is therefore more likely to find a FAIRE peak close to annotated transcripts of genes that 

are affected at the expression level by more than 2-fold, than close to genes that are only 

weakly affected by a treatment (here: shift from HC to LC concentrations). We did not see 

correlation between the presence of a FAIRE peak and exclusive up-regulation of gene 

expression (p-value = 0.7). The same conclusion was previously drawn for nucleosome 

occupancy studies at gene promoters in yeast (Hogan et al., 2006). Our experimental data 

suggest that the FAIRE approach reveals the identity of nucleosome-depleted regions and 

potential genomic regulatory elements of C. reinhardtii. Moreover, we identified that 

seventeen TF and TR genes analyzed in our transcript profiling have a correspondent FAIRE 

peak located closely to their coding region. The genomic coordinates of these peaks are 

shown in the Table appendix D-4 . It was then reasonable to assume that these seventeen 

genes may share similar sequence motifs in their promoter regions. To investigate this 

possibility, sequences of the 5´ upstream regions of the TF and TR genes for whose FAIRE 

peaks were identified, were analyzed using the MEME suite and the results revealed the 

existence of conserved motifs statistically significant (Table appendix D-5). Ten motifs 

identified by MEME were also analyzed using the MAST tool in order to predict their 

specificity and statistical significance of the conserved motifs found over a dataset 

containing 14598 annotated promoter sequences extracted from the Chlamydomonas 

genome annotation v.3.1 (DOE/JGI). The MAST analysis revealed that all seventeen 

promoter sequences of the TFs and TRs which contained a correspondent FAIRE peak 

presented p-value less than 0.0001 when compared to the whole promoter dataset, which 

indicates that those motifs, in the combination in which they were found on each promoter 

sequence, are statistically significant. 
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5.4.7 Chlamydomonas CCM gene regulatory network 

Reconstruction of the gene regulatory network of C. reinhardtii grown in LC using the IOTA 

method (Donner et al., 2011), revealed the genes that putatively regulate the expression of 

other genes and the regulatory links of 122 TF and TR coding genes. This approach allowed 

us to visualize the topology of the CCM network (Figure 5-11), detecting the presence of 

already known LC responsive regulators such as LCR1 and generating new insights into the 

regulation of CCM. For example, in the reconstructed GRN, it was predicted that LCR1 

regulates five others TF or TR coding genes (protein IDs: 93505, 120035, 152660, 160281 and 

192634) (p > 0.95). It was also possible to identify two additional genes which could regulate 

a subgroup of genes predicted to be regulated by LCR1. These two genes are predicted TF 

gene of the MYB-related family (protein ID 188627) and a TR member of SNF2 family (protein 

ID 188544).  

The MYB-related TF was predicted to regulate four (protein IDs: 93505, 152660, 160281 and 

192634) of the five genes putatively regulated by LCR1 with a probability higher than 0.95. 

These four genes are members of the following TF and TR families, respectively: SBP, 

Orphan, FHA and C3H. A motif search analysis using MEME was performed for the promoter 

region of the two MYB-related TFs which were predicted to share common target genes. 

One of them codes for LCR1 (protein ID 184359) and the other codes for a putative MYB TF 

(protein ID 188627) which has no functional annotation. The motif analysis revealed that 

both genes have conserved sequence motifs on their promoter; the sequences of these 

motifs are shown in Table appendix D-6. This finding suggests that both genes may be co-

regulated by similar DNA-binding proteins if the motif found is truly a DNA cis-element 

sequence. Not surprisingly, not all motifs found were specific for these two sequences. 

When all motifs were analyzed, individually, using the MAST tool against the 14598 

promoter sequences of the Chlamydomonas genes, some of them showed no statistical 

significance. Interestingly, one of the motifs found in the promoters of these two genes, 

Motif 4 (Table appendix D-6), seems to be very specific to these promoter regions. The 

results of MAST analysis of the Motif 4 against the whole 14598 promoter sequences of 

Chlamydomonas revealed that only these two genes contain this motif (p-value below 
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0.0001), reinforcing our suggestion of co-regulation of both MYB TFs during carbon 

deprivation. The TR member of SNF2 family was predicted to regulate three (protein IDs: 

93505, 152660 and 192634) of the five genes predicted to be regulated by LCR1. Our 

transcript profiling data revealed that these putatively regulated genes are down-regulated 

after three hours under LC (see Table appendix D-3), indicating a possible role of LCR1, MYB-

related (protein ID 188627) and SNF2 (protein ID188544) as gene expression repressors in 

CCM. These results gives us a new insight into the regulation of CCM-related genes, 

revealing new candidate regulatory genes and gives emphasis to the putative function of 

LCR1 as transcriptional repressor during CCM.  

 

Figure 5-11. Graph representation of the reconstructed gene regulatory network of 

Chlamydomonas grown in LC conditions.  

A gene regulatory network of Chlamydomonas was reconstructed using the IOTA method 
and a graphical representation of the topology of the whole network is shown in the upper 
left part of the figure. The area indicated by a red rectangle is zoomed out in the right part of 
the figure; it shows the interaction partners of the two MYB-related TFs that are highly 
expressed in the LC condition. One of these genes is the Low-CO2 stress responsive regulator 
(LCR1, protein ID 184359; yellow node) and when compared to the other member of MYB-
related family (protein ID 188627; green node) shows common interaction partners.  
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Moreover, each TF or TR from the reconstructed GRN regulates on average 4 other genes. A 

matrix containing all the interaction pairs obtained with IOTA method together with their 

probability values is available through the datasets section of our web site 

(http://plntfdb.bio.uni-potsdam.de/ChlamyTRI/). This information can be very useful for 

identifying common pathways induced or repressed under LC. It also helps in the 

identification of new candidate genes related to the transcriptional regulation of CCM and 

allow further studies focused on exploring sub-networks.  

5.5 Conclusions 

The cellular response of Chlamydomonas to the reduced external availability of CO2 involves 

the transcriptional regulation of many genes and some of them playing a crucial role in the 

CCM. Until present, many different studies have been performed in order to understand 

how cells sense changes in the environmental conditions and how these changes lead to a 

new transcriptional state where a different set of genes are induced or repressed. Thus, it 

has been previously demonstrated that during CO2 deprivation, Chlamydomonas triggers the 

expression of genes related to mechanisms related to carbon up-take, photosynthesis and 

photorespiration. However, there was no deep study about the changes in expression levels 

of the predicted transcriptional regulators or regulatory elements involved in the CCM. In 

our present study, we established a qRT-PCR platform for the transcript profiling of 245 TF 

and TR genes. Moreover, the expression profiles of 130 genes were determined in a time 

series experiment where the concentration of CO2 was shifted from 5% to 0.04%. Early 

responsive up-regulated TF and TR genes seem to comprise a group of genes with functions 

related to chromatin remodeling, nucleosome displacing and alteration of RNA stability. We 

have found that late responsive genes include up-regulated genes which possibly execute 

more specific functions related to the induction of genes directly involved in the carbon 

metabolism, such as Lcr1, which was found to be present in this group. Another MYB-related 

TF coding gene was found to be up-regulated in the group of late responsive genes, and its 

promoter region contains conserved sequence motifs also found in the promoter region of 

Lcr1, suggesting that both TFs could contain similar promoter cis-elements and be 



Chapter 5-Regulation of TF and TR gene expression under carbon deprivation 

96 

 

recognized by the same DNA-binding protein and be co-regulated. Additionally, we 

reconstructed theoretically the underlying regulatory network where both genes (Lcr1 and 

MYB-related with protein IDs: 184359 and 188627, respectively) were predicted to regulate 

a very similar set of genes whose expression levels were decreased under LC. Furthermore, 

the predicted gene regulatory network revealed the putative interacting partners of more 

than one hundred genes and will serve as a basis for selecting further candidate genes and 

related sub-networks. We also performed a genome-wide analysis of the nucleosome 

occupancy of cells grown for three hours under LC using a FAIRE-seq approach. Our 

sequencing data revealed the existence of correlation between high gene expression fold 

change and presence of FAIRE peaks. It is then more likely to find a FAIRE peak close to a 

gene with gene expression fold change higher than 2. The TF and TR genes which presented 

a gene expression fold change higher than 2 and simultaneously presented a FAIRE peak, at 

three hours after the shift from HC to LC, also presented conserved motifs on their promoter 

regions. It is then suggested that the combination of expression profiling data, gene 

regulatory network reconstruction, and genome-wide mapping of chromatin nucleosome-

depleted regions accelerates the discovery of potential transcriptional regulators, revealing 

new possible interactions and new target genes. Our findings revealed a number of new 

candidate genes related to carbon deprivation responses, opening the venue for 

complementary functional analysis of transcriptional regulators of CCM and regulatory 

elements of C. reinhardtii. 
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In the present work, different approaches were used to investigate gene regulatory 

networks in Chlamydomonas reinhardtii. The methods and platforms developed during the 

present work permitted to study TFs and TRs which are usually present in very low levels in 

the cells. The detection of the TFs and TRs either at the protein level or at the transcript 

levels demands high sensitivity and accurate methods. The optimization of the isolation of 

nuclei from Chlamydomonas permitted us to identify TFs and TRs and serve as a base for 

future comparative nuclear proteome analysis. An overview of the nuclear proteome of 

Chlamydomonas was provided and the analysis based on gene ontology terms revealed that 

components involved in gene expression constitute the major functional class of nuclear 

proteins discovered in our proteomics approach. Furthermore, a large fraction of nuclear 

proteins identified contained motifs classified as “binding” as a major ontology term. Several 

of these motifs are constituted by tandem amino acid repeats, such as polyQ or polyE. The 

function of tandem amino acid repeats in the protein activity is not completely understood. 

Previous studies in yeast and humans have suggested that proteins containing these regions 

may be important to transcriptional control (Simon and Hancock, 2009). In yeast, peptides 

containing acidic and polar amino acid repeats were significantly found within transcription 

factors and protein kinases (Simon and Hancock, 2009). There are evidences that 

modifications of the repeat length, usually the increase in the number of repeats, may lead 

to protein malfunctioning. In human disorders, such as Huntington's disease, the expansion 

of the length of the polyglutamine repeat has been shown to be related to many 

abnormalities, including transcriptional dysregulation (Chen, 2011). In plants, proteins of the 

subfamily LRR-kinases, contain leucine amino acid repeats and have shown to be involved in 

processes related to development and defense responses (Sun and Wang, 2011). Our 

proteomics data revealed that only few motifs found in the nuclear proteins identified are 

constituted of tandem amino acid repeats, and simultaneously enriched in the nuclear 

proteome of Chlamydomonas. Thus, the poly amino acid repeats of these particular proteins 

may be important for their functional activity in the nucleus. The function of the motifs 

found in the nuclear proteins remains unknown but our results suggest that these proteins 

are candidates for further investigation of transcriptional regulation in Chlamydomonas. 
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Some of the nuclear proteins with unknown functional annotation in Chlamydomonas have 

orthologues genes in flowering plants, such as Arabidopsis thaliana and Medicago. The 

functional characterization of these proteins would help to identify their role in nuclear 

processes and their functional conservation over large evolutionary time spans. The analysis 

of the nuclear proteome contributed to the functional annotation of Chlamydomonas 

proteins and confirmed that analyzing the subcellular proteome is an interesting way not 

only to detect the general composition of an organelle, but also to unravel some of the 

characteristics of their protein sequences. 

The identification of the nuclear proteome was only the first step towards a deeper 

understanding of the complexity of the environment where transcriptional regulation occurs 

and revealed interesting candidate proteins specific for that compartment. 

In Chlamydomonas, only few transcriptional regulators have been functionally characterized, 

making it difficult to get comprehensive information about gene regulatory networks. 

Recently, with the sequencing of the Chlamydomonas genome it became possible to explore 

its genomic information for the identification of candidate genes. From that point, the 

prediction of TFs and TRs was possible and revealed the identity of more than two hundred 

candidate regulatory genes (Riaño-Pachón et al., 2007).  

In the present work, a set of 245 genes previously predicted to code for TFs and TRs was 

used as base for the analysis of time series gene expression data generated through 

transcript profiling using quantitative reverse-transcription PCR. This platform was used to 

investigate the regulation of the TF and TR coding genes under conditions of varying light 

intensities and carbon deprivation.  

Much is known about photosynthesis and the main enzymes and proteins involved in the 

direct metabolic processes of using light energy for the synthesis of organic compounds. 

However, in Chlamydomonas, most of the transcriptional light-induced regulatory genes 

remain to be investigated. To our knowledge, no study focusing on the analysis of the 

expression patterns of TF and TR genes in Chlamydomonas had been reported until now.  

By investigating the expression profiles of the TFs and TRs under different environmental 

conditions, such as different light intensities and different concentrations of CO2, genes 

responsive to such conditions could be identified. Our transcript profiling of TF and TR genes 
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in short time series experiments under transition from low light (200µE m-2 s-1) to high light 

(700µE m-2 s-1) revealed the expression profile of 127 genes. Interesting results were found 

and showed group of light-responsive genes which are regulated within one hour after the 

light shift. This group contains genes which also have been shown to have a role in other 

cellular responses different from the light-induced ones. Genes such as Lcr1 which is induced 

during induction of the carbon concentrating mechanism (CCM) and Hsf1 which is induced 

during heat stress were also found to be induced by the light shift.  

Interesting observations also came from the analysis of the gene expression of TFs and TRs 

under carbon deprivation conditions. Genes previously shown to be involved in CCM were 

identified as expected. However, other genes related to stress responses, such as Hsf1, were 

found to be induced by LC conditions. One new candidate gene for the regulation of the 

CCM-related genes is a TF of the MYB-related family (protein ID 188627) which showed an 

expression profile similar to that of Lcr1, which also codes for a MYB-related TF. As revealed 

previously, LCR1 is a regulator of CCM-related genes and is necessary for maintaining the 

expression of Cah1 which encodes carbonic anhydrase, an enzyme highly expressed under 

LC conditions (Kucho et al., 1999). In the present study, a conserved motif was found in the 

promoter regions of both MYB-related TF genes. Our data thus indicates that both genes are 

co-regulated by one same protein (TF) capable to recognize this regulatory motif and to 

induce the expression of both genes. The reconstructed gene regulatory network for CCM 

showed that both MYB-related genes regulate almost the same set of target genes. 

However, further experiments are needed to investigate if the conserved motifs found are 

indeed DNA regulatory cis-elements and the target genes have also to be experimentally 

confirmed. 

Furthermore, our findings suggested it seems possible that a common set of transcriptional 

regulators of Chlamydomonas gene regulatory networks participate in different signaling 

pathways as integrative regulators of different responses and function in a coordinated way 

to regulate photosynthesis-related genes, according to the availability of environmental light 

and carbon dioxide. This is not completely unexpected, and evidences from signaling 

crosstalk in flowering plants subjected to different environmental conditions was already 

found. There are evidences of the existence of common regulators involved in the signaling 
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pathways induced by alterations of heat and light conditions (Franklin, 2009). In 

Chlamydomonas, the integration of different signaling pathways is not very well understood. 

Nevertheless, alterations of photosynthesis and photorespiration status during the 

acclimation to carbon deprivation were previously observed (Vance and Spalding, 2005; 

Moroney and Ynalvez, 2007). We found many genes which had similar expression profiles in 

the experiments of carbon deprivation and light shift, and three of these genes were up-

regulated (FC > 2) in both experimental conditions. These candidate genes are respectively 

members of the HSF (protein ID 117914), bZIP (protein ID 147286) and RWP-RK (protein ID 

195917) TF families. These genes can be important candidates for the study of what I call 

here “light-carbon” responses, and their functional characterization would help in 

understanding the essential cellular mechanisms of the integrative regulatory responses.  

The identification of the genomic nucleosome-depleted regions by FAIRE-seq revealed a 

large number of genes which could be transcriptionally regulated in Chlamydomonas and 

their possible regulatory elements can be identified. These data can assist in obtaining a 

global view of the genes that are regulated in a certain condition and this can be used as 

complementary information to improve the description of gene regulatory networks. 

The present work indicates that regulation of cellular acclimation at the transcriptional level 

is multifactorial and can incorporate elements of different, but interdependent cellular 

responses. How the specific signaling inputs are perceived by the same set of genes but 

translated into regulation of specific downstream regulatory pathways needs to be 

elucidated in detail.  
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Outlook 

Many new questions appeared during the development of the present work and additional 

work has already been initiated to address some of them. With the methods and technical 

platforms developed for this study more experimental (culture) conditions can be tested and 

comparative analyses performed at either the protein or transcript levels. It is expected that 

other researches will also benefit from the information reported here, e.g. when analyzing 

gene regulatory networks in Chlamydomonas. Functional assays using nuclear extracts, 

including the analysis of DNA-protein interactions have already been performed by other 

groups and can now be performed with the method described here for the isolation of 

nuclei. Studies aiming at testing the subcellular localization of functionally non-annotated 

proteins identified in the Chlamydomonas nuclear proteome are currently being performed. 

In addition, target genes of the most interesting candidate regulatory TFs can now be 

identified by generating knockdown cell lines and subsequent analysis of gene expression 

patterns using microarray hybridizations or deep sequencing technologies. Further analysis 

of the FAIRE-seq data will likely provide us even larger number of new candidate genes and 

regulatory elements which should be tested experimentally in order to confirm their 

regulatory role. Our website ChlamyTRI (Chlamydomonas Transcriptional Regulation 

Initiative; URL: http://plntfdb.bio.uni-potsdam.de/ChlamyTRI/) can be used for sharing 

information obtained in this work and for motivating future discussions on the topic of 

transcriptional regulation in Chlamydomonas.  
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Appendix A. Isolation of nuclei 

from Chlamydomonas  

 

Figure appendix A-1. Enrichment in nuclear proteins and reproducibility of the protein 

profiles from isolated nuclei. 

(A) SDS-PAGE analysis of proteins obtained from whole-cell extracts (lane T) versus those 
obtained from nuclei (lane N). As expected, the nuclear protein pattern markedly differs 
from that of whole-cell extracts. (B) Reproducibility of the protein profiles obtained from 
Chlamydomonas nuclei. Proteins obtained from three independent replicates of nuclear 
isolates (R1, R2 and R3) were separated by SDS-PAGE and stained with silver nitrate. (C) 
Proteins from whole-cell and nuclear extracts stained with silver nitrate. The square 
indicates the gel band that was subjected to protein identification by MALDI-ToF mass 
spectrometry, resulting in the identification of the protein histone H4. MW, molecular 
weight in kDa. 
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Figure appendix A-2. Two-dimensional electrophoresis of the nuclear proteins of 

Chlamydomonas. 

High-resolution separation of proteins was straightforward using nuclear extracts isolated 
following the optimized procedure described in this report. A starting amount of ~100 µg 
total nuclear protein yielded approximately 450 protein spots. 
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Figure appendix A-3. Scheme of the protocol used for the isolation of nuclei from 

Chlamydomonas. 
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Table appendix D-2. Clusters of transcription factor and transcription regulator gene 

expression profiles in carbon deprivation conditions 

Protein ID Gene name (DOE/JGI genome v.3.1) Gene family Cluster 
106059 e_gwH.39.39.1 PLATZ 1 
106655 e_gwH.45.68.1 MYB 1 
107982 e_gwH.71.56.1 AP2-EREBP 1 
111277 e_gwW.8.20.1 SNF2 1 
117914 e_gwW.22.121.1 HSF 1 
118487 e_gwW.23.151.1 SET 1 
126810 estExt_gwp_1H.C_30224 CSD 1 
127044 estExt_gwp_1H.C_60003 C2C2-GATA 1 
129649 estExt_gwp_1H.C_190094 MYB 1 
13217 fgenesh1_pg.C_scaffold_18000047 SNF2 1 
142793 Chlre2_kg.scaffold_6000283 SET 1 
147286 Chlre2_kg.scaffold_18000211 bZIP 1 
152660 Chlre2_kg.scaffold_48000084 Orphans 1 
171659 fgenesh2_pg.C_scaffold_1000280 C2C2-GATA 1 
171833 fgenesh2_pg.C_scaffold_1000454 SBP 1 
183777 estExt_fgenesh2_kg.C_10285 bHLH 1 
187360 estExt_fgenesh2_pg.C_60027 C2C2-GATA 1 
188131 estExt_fgenesh2_pg.C_90026 SNF2 1 
192634 estExt_fgenesh2_pg.C_310136 C3H 1 
195787 BIS_DP E2F-DP 1 
196759 CNA_query SNF2 1 
93505 fgenesh1_est.C_scaffold_5000041 SBP 1 
107654 e_gwH.64.49.1 C3H 2 
115254 e_gwW.13.162.1 SBP 2 
120035 e_gwW.31.178.1 C2C2-Dof 2 
122939 e_gwW.73.33.1 PHD 2 
142507 Chlre2_kg.scaffold_3000480 MYB-related 2 
145251 Chlre2_kg.scaffold_13000164 HMG 2 
147364 Chlre2_kg.scaffold_19000038 CCAAT 2 
149109 Chlre2_kg.scaffold_28000057 MYB-related 2 
149734 Chlre2_kg.scaffold_27000003 C2H2 2 
153922 Chlre2_kg.scaffold_69000044 C3H 2 
166515 fgenesh2_pg.C_scaffold_7000434 Pseudo ARR-B 2 
174174 fgenesh2_pg.C_scaffold_24000249 FHA 2 
174408 fgenesh2_pg.C_scaffold_28000008 Pseudo ARR-B 2 
177657 fgenesh2_pg.C_scaffold_44000001 AP2-EREBP 2 
180087 fgenesh2_pg.C_scaffold_82000073 SNF2 2 
190458 estExt_fgenesh2_pg.C_190061 Sigma70-like 2 
192899 estExt_fgenesh2_pg.C_330097 HMG 2 
19751 fgenesh1_pg.C_scaffold_52000016 AP2-EREBP 2 
6823 fgenesh1_pg.C_scaffold_7000374 SET 2 
75247 gwW.45.133.1 AP2-EREBP 2 
108149 e_gwH.74.33.1 SBP 3 
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Protein ID Gene name (DOE/JGI genome v.3.1) Gene family Cluster 
111791 e_gwW.7.372.1 CCAAT 3 
117345 e_gwW.19.26.1 SNF2 3 
146239 Chlre2_kg.scaffold_1000063 C3H 3 
149159 Chlre2_kg.scaffold_28000107 Orphans 3 
153832 Chlre2_kg.scaffold_68000004 SET 3 
168290 fgenesh2_pg.C_scaffold_4000341 Orphans 3 
171307 fgenesh2_pg.C_scaffold_16000183 bHLH 3 
177618 fgenesh2_pg.C_scaffold_43000072 SNF2 3 
184386 estExt_fgenesh2_kg.C_280024 HMG 3 
187405 estExt_fgenesh2_pg.C_60109 PHD 3 
189373 estExt_fgenesh2_pg.C_140328 PHD 3 
189471 estExt_fgenesh2_pg.C_150166 CCAAT 3 
190589 estExt_fgenesh2_pg.C_190258 C2H2 3 
191829 estExt_fgenesh2_pg.C_250060 FHA 3 
193280 estExt_fgenesh2_pg.C_400083 FHA 3 
193672 estExt_fgenesh2_pg.C_450097 bZIP 3 
194555 estExt_fgenesh2_pg.C_690037 C3H 3 
195840 FER_158808 RWP-RK 3 
195860 FER_estExt_fgenesh2_pg.C_260253 RWP-RK 3 
101275 e_gwH.16.88.1 CCAAT 4 
142718 Chlre2_kg.scaffold_6000208 FHA 4 
160281 acegs_kg.scaffold_89000008 FHA 4 
173312 fgenesh2_pg.C_scaffold_20000161 FHA 4 
179289 fgenesh2_pg.C_scaffold_66000003 C2C2-GATA 4 
181226 fgenesh2_pg.C_scaffold_692000001 FHA 4 
186976 estExt_fgenesh2_pg.C_50434 PLATZ 4 
187531 estExt_fgenesh2_pg.C_60308 bZIP 4 
189879 estExt_fgenesh2_pg.C_10357 HMG 4 
193681 estExt_fgenesh2_pg.C_450107 PHD 4 
195838 FER_fgenesh1_est.C_scaffold_27000019 RWP-RK 4 
195918 FER_rwp13 RWP-RK 4 
93901 fgenesh1_est.C_scaffold_2000026 Orphans 4 
95196 fgenesh1_est.C_scaffold_28000028 bZIP 4 
106739 e_gwH.46.36.1 SBP 5 
120259 e_gwW.35.20.1 Jumonji 5 
123164 e_gwW.83.55.1 MYB-related 5 
148821 Chlre2_kg.scaffold_24000220 SBP 5 
151215 Chlre2_kg.scaffold_33000083 HMG 5 
166327 fgenesh2_pg.C_scaffold_7000246 SBP 5 
169967 fgenesh2_pg.C_scaffold_12000026 bZIP 5 
170879 fgenesh2_pg.C_scaffold_14000329 AP2-EREBP 5 
180245 fgenesh2_pg.C_scaffold_80000049 bZIP 5 
180819 fgenesh2_pg.C_scaffold_111000009 CCAAT 5 
184359 estExt_fgenesh2_kg.C_230055 MYB-related 5 
195154 estExt_fgenesh2_pg.C_940001 SET 5 
195891 FER_158168 RWP-RK 5 



Appendix D-Analysis of TF and TR gene expression under carbon deprivation 

150 

 

Protein ID Gene name (DOE/JGI genome v.3.1) Gene family Cluster 
104871 e_gwH.34.98.1 FHA 6 
113031 e_gwW.6.283.1 E2F-DP 6 
116834 e_gwW.1.432.1 E2F-DP 6 
142476 Chlre2_kg.scaffold_3000449 C3H 6 
168936 fgenesh2_pg.C_scaffold_9000075 MYB-related 6 
188711 estExt_fgenesh2_pg.C_110254 Jumonji 6 
194168 estExt_fgenesh2_pg.C_570011 Orphans 6 
195786 BIS_E2F E2F-DP/BIS_E2F {E2F1} 6 
6783 fgenesh1_pg.C_scaffold_7000334 SNF2 6 
117655 e_gwW.20.153.1 CCAAT 7 
159133 acegs_kg.scaffold_38000029 C2C2-CO-like 7 
166618 fgenesh2_pg.C_scaffold_5000087 MYB-related 7 
190315 estExt_fgenesh2_pg.C_180104 Orphans 7 
193299 estExt_fgenesh2_pg.C_410029 Orphans 7 
195917 FER_171222 RWP-RK 7 
8155 fgenesh1_pg.C_scaffold_6000122 DDT 7 
112628 e_gwW.3.655.1 MYB-related 8 
130971 estExt_gwp_1H.C_300115 G2-like 8 
145450 Chlre2_kg.scaffold_14000083 SNF2 8 
153371 Chlre2_kg.scaffold_60000060 SET 8 
170309 fgenesh2_pg.C_scaffold_13000060 Jumonji 8 
177573 fgenesh2_pg.C_scaffold_43000027 RWP-RK 8 
190311 estExt_fgenesh2_pg.C_180098 FHA 8 
105687 e_gwH.38.105.1 C3H 9 
119283 e_gwW.27.121.1 MYB 9 
121606 e_gwW.50.58.1 SBP 9 
142283 Chlre2_kg.scaffold_3000256 HMG 9 
22211 fgenesh1_pg.C_scaffold_94000028 C3H 9 
108444 e_gwH.81.18.1 SBP 10 
122706 e_gwW.71.31.1 HSF 10 
126346 estExt_gwp_1H.C_70177 Orphans 10 
17550 fgenesh1_pg.C_scaffold_36000015 C2H2 10 
135484 estExt_gwp_1W.C_110128 SNF2 Unassigned 
135809 estExt_gwp_1W.C_130065 CCAAT Unassigned 
168369 fgenesh2_pg.C_scaffold_2000015 ABI3VP1 Unassigned 
180470 fgenesh2_pg.C_scaffold_87000015 Orphans Unassigned 
188544 estExt_fgenesh2_pg.C_100357 SNF2 Unassigned 
188627 estExt_fgenesh2_pg.C_110140 MYB-related Unassigned 
34069 estExt_fgenesh1_pg.C_280053 FHA Unassigned 
53522 estExt_GenewiseH_1.C_70037 FHA Unassigned 
94169 fgenesh1_est.C_scaffold_10000094 C3H Unassigned 

 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
1

 

  Ta
b

le
 a

p
p

en
d

ix
 D

-3
. 

C
. 

re
in

h
a

rd
ti

i 
tr

an
sc

ri
p

ti
o

n
 f

ac
to

rs
 a

n
d

 t
ra

n
sc

ri
p

ti
o

n
 r

eg
u

la
to

rs
 r

eg
u

la
te

d
 (

FC
 >

 2
) 

af
te

r 
18

0m
in

 u
n

d
er

 c
ar

b
o

n
 d

ep
ri

va
ti

o
n

 

co
n

d
it

io
n

s 

P
ro

te
in

 ID
 

G
e

n
e 

n
am

e 
(D

O
E/

JG
I g

en
o

m
e 

an
n

o
ta

ti
o

n
 v

.3
.1

) 
TF

 f
am

ily
 

C
lu

st
er

 
FC

 6
0m

in
 

FC
 1

20
m

in
 

FC
 1

80
m

in
 

19
58

40
 

FE
R

_1
5

88
08

 
R

W
P

-R
K 

3 
0.

64
31

51
 

0.
34

61
93

 
0.

16
61

38
 

18
69

76
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_5
04

3
4 

P
LA

TZ
 

4 
0.

38
90

47
 

0.
27

55
48

 
0.

16
79

57
 

11
30

31
 

e_
gw

W
.6

.2
8

3.
1 

E2
F-

D
P 

6 
1.

26
00

75
 

2.
14

46
72

 
0.

16
82

29
 

19
58

38
 

FE
R

_f
ge

n
es

h
1_

es
t.

C
_s

ca
ff

o
ld

_2
70

0
00

1
9

 
R

W
P

-R
K 

4 
0.

24
63

24
 

0.
38

59
34

 
0.

16
98

66
 

95
19

6
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_2

8
0

00
0

2
8

 
b

ZI
P

 
4 

0.
28

55
2

 
0.

70
46

06
 

0.
21

19
16

 

14
91

59
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_2
80

0
01

0
7

 
O

rp
h

an
s 

3 
0.

72
45

28
 

0.
26

84
82

 
0.

28
27

18
 

10
81

49
 

e_
gw

H
.7

4.
33

.1
 

SB
P

 
3 

1.
05

75
89

 
0.

63
62

53
 

0.
28

56
18

 

19
59

18
 

FE
R

_r
w

p
13

 
R

W
P

-R
K 

4 
0.

54
47

46
 

0.
80

93
48

 
0.

34
19

31
 

18
98

79
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_1
0

3
57

 
H

M
G

 
4 

0.
63

11
36

 
0.

63
20

89
 

0.
34

35
05

 

10
12

75
 

e_
gw

H
.1

6.
88

.1
 

C
C

A
A

T
 

4 
0.

58
53

07
 

0.
78

65
67

 
0.

34
46

06
 

19
58

60
 

FE
R

_e
st

Ex
t_

fg
en

es
h

2_
p

g.
C

_2
6

02
5

3 
R

W
P

-R
K 

3 
2.

07
10

6
 

0.
54

72
71

 
0.

35
01

95
 

16
82

90
 

fg
en

es
h

2_
p

g.
C

_s
ca

ff
o

ld
_4

00
0

34
1

 
O

rp
h

an
s 

3 
0.

90
27

05
 

0.
82

86
99

 
0.

37
04

88
 

19
45

55
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_6
9

0
03

7 
C

3H
 

3 
0.

90
46

51
 

0.
83

76
77

 
0.

38
51

47
 

93
50

5
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_5

0
0

00
4

1 
SB

P
 

1 
1.

55
71

78
 

1.
06

05
38

 
0.

39
31

98
 

16
02

81
 

ac
e

gs
_k

g.
sc

af
fo

ld
_8

90
0

0
00

8
 

FH
A

 
4 

0.
90

75
89

 
0.

91
65

13
 

0.
41

16
21

 

19
26

34
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_3
1

0
13

6 
C

3H
 

1 
1.

35
79

89
 

1.
15

09
15

 
0.

41
35

09
 

14
72

86
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_1
80

0
02

1
1

 
b

ZI
P

 
1 

2.
50

21
03

 
1.

02
20

82
 

0.
43

06
82

 

19
36

81
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_4
5

0
10

7 
P

H
D

 
4 

0.
81

32
36

 
0.

78
43

64
 

0.
44

13
83

 

18
94

71
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_1
5

0
16

6 
C

C
A

A
T

 
3 

1.
25

61
41

 
0.

97
23

09
 

0.
44

71
88

 

11
12

77
 

e_
gw

W
.8

.2
0

.1
 

SN
F2

 
1 

3.
90

80
52

 
1.

72
38

52
 

0.
44

78
69

 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
2

 

 P
ro

te
in

 ID
 

G
e

n
e 

n
am

e 
(D

O
E/

JG
I g

en
o

m
e 

an
n

o
ta

ti
o

n
 v

.3
.1

) 
TF

 f
am

ily
 

C
lu

st
er

 
FC

 6
0m

in
 

FC
 1

20
m

in
 

FC
 1

80
m

in
 

17
92

89
 

fg
en

es
h

2_
p

g.
C

_s
ca

ff
o

ld
_6

60
0

00
0

3
 

C
2C

2-
G

A
TA

 
4 

0.
64

61
 

1.
08

60
4

 
0.

44
92

93
 

18
93

73
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_1
4

0
32

8 
P

H
D

 
3 

1.
20

49
91

 
0.

72
76

16
 

0.
45

22
94

 

19
41

68
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_5
70

0
11

 
O

rp
h

an
s 

6 
0.

85
80

53
 

6.
33

42
43

 
0.

45
50

64
 

18
75

31
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_6
0

3
08

 
b

ZI
P

 
4 

0.
58

65
 

1.
17

64
43

 
0.

46
35

47
 

15
26

60
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_4
80

0
00

8
4

 
O

rp
h

an
s 

1 
1.

12
73

54
 

1.
02

36
11

 
0.

47
70

08
 

17
76

18
 

fg
en

es
h

2_
p

g.
C

_s
ca

ff
o

ld
_4

30
0

00
7

2
 

SN
F2

 
3 

1.
68

54
04

 
0.

42
67

37
 

0
.4

77
1

 

53
52

2
 

es
tE

xt
_G

en
ew

is
eH

_1
.C

_7
00

3
7

 
FH

A
 

U
n

as
si

gn
ed

 
2.

67
83

12
 

2.
41

76
4

 
2.

03
32

92
 

15
12

15
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_3
30

0
00

8
3

 
H

M
G

 
5 

0.
93

86
35

 
1.

61
13

77
 

2.
05

91
72

 

12
00

35
 

e_
gw

W
.3

1.
1

78
.1

 
C

2C
2-

D
o

f 
2 

0.
76

38
15

 
0.

83
00

49
 

2.
08

81
45

 

14
73

64
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_1
90

0
00

3
8

 
C

C
A

A
T

 
2 

0.
83

46
42

 
0.

71
60

48
 

2.
11

21
74

 

18
08

19
 

fg
en

es
h

2_
p

g.
C

_s
ca

ff
o

ld
_1

11
0

00
0

0
9

 
C

C
A

A
T

 
5 

0.
42

35
61

 
1.

04
23

14
 

2.
39

20
05

 

19
59

17
 

FE
R

_1
7

12
22

 
R

W
P

-R
K 

7 
2.

66
38

92
 

1.
39

23
26

 
2.

48
04

09
 

14
88

21
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_2
40

0
02

2
0

 
SB

P
 

5 
0.

71
27

28
 

1.
02

50
3

 
2.

57
59

71
 

19
28

99
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_3
30

0
9

7 
H

M
G

 
2 

0.
82

34
51

 
0.

63
08

28
 

2.
65

19
03

 

19
58

91
 

FE
R

_1
5

81
68

 
R

W
P

-R
K 

5 
0.

97
96

45
 

1.
90

32
12

 
2.

67
79

56
 

16
83

69
 

fg
en

es
h

2_
p

g.
C

_s
ca

ff
o

ld
_2

00
0

01
5

 
A

B
I3

V
P

1 
U

n
as

si
gn

ed
 

4.
59

76
68

 
7.

59
35

28
 

2.
68

60
1

 

12
68

10
 

es
tE

xt
_g

w
p

_1
H

.C
_3

0
22

4 
C

SD
 

1 
6.

85
80

36
 

11
.1

27
99

 
3.

18
16

77
 

18
85

44
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_1
00

3
57

 
SN

F2
 

U
n

as
si

gn
ed

 
1.

02
16

68
 

1.
96

68
45

 
3.

52
62

28
 

18
86

27
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_1
1

0
14

0 
M

YB
-r

el
at

ed
 

U
n

as
si

gn
ed

 
1.

27
44

58
 

2.
31

23
7

 
9.

11
83

25
 

18
43

59
 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_2

30
05

5 
M

YB
-r

el
at

ed
 

5 
0.

62
77

14
 

7.
16

80
26

 
15

.1
49

01
 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
3

 

 Ta
b

le
 a

p
p

en
d

ix
 D

-4
. F

A
IR

E 
p

ea
ks

 f
o

u
n

d
 f

o
r 

th
e 

TF
 a

n
d

 T
R

 g
en

es
 a

n
al

yz
e

d
 u

n
d

er
 c

a
rb

o
n

 d
ep

ri
va

ti
o

n
 

 
 

 

G
en

o
m

ic
 c

o
o

rd
in

at
es

  
(D

O
E/

 J
G

I g
en

o
m

e 
an

no
ta

ti
o

n 
v.

4)
 

 
 

 
 

P
ro

te
in

 ID
 (

D
O

E/
 

JG
I g

en
o

m
e 

an
n

o
ta

ti
o

n
 v

.3
.1

) 

Ex
p

re
ss

io
n

 le
ve

l 
(F

C
) 

3
h

 u
n

d
er

 L
o

w
-

C
O

2
 

P
e

ak
 n

am
e 

C
h

ro
m

o
so

m
e 

P
ea

k 
st

ar
t 

P
ea

k 
en

d
 

P
e

ak
 

le
n

gt
h

 
Sc

o
re

 (
-1

0*
LO

G
10

(p
va

lu
e

))
 

Fo
ld

 
e

n
ri

ch
m

en
t 

P
e

ak
 

su
m

m
it

 

10
48

71
 

0
.6

94
0

1
45

5
1

35
 

M
A

C
S_

p
ea

k_
38

4
8

 
ch

ro
m

o
so

m
e_

3 
61

07
67

 
61

17
05

 
93

9
 

13
7.

66
 

10
.3

8
 

60
7

 

12
68

10
 

3.
18

1
6

77
3

5
88

 
M

A
C

S_
p

ea
k_

47
2

6
 

ch
ro

m
o

so
m

e_
6 

24
29

96
4

 
24

30
75

3
 

79
0

 
58

.7
2

 
7.

48
 

36
3

 

14
54

50
 

1.
95

8
0

68
0

1
85

 
M

A
C

S_
p

ea
k_

40
9

5
 

ch
ro

m
o

so
m

e_
3 

47
94

90
8

 
47

96
57

4
 

16
67

 
25

4.
36

 
8.

68
 

90
9

 

14
88

21
 

2.
57

5
9

70
5

6
51

 
M

A
C

S_
p

ea
k_

35
9

0
 

ch
ro

m
o

so
m

e_
2 

66
50

16
7

 
66

51
21

7
 

10
51

 
88

.9
1

 
6.

92
 

18
1

 

14
88

21
 

2.
57

5
9

70
5

6
51

 
M

A
C

S_
p

ea
k_

35
9

1
 

ch
ro

m
o

so
m

e_
2 

66
55

55
7

 
66

56
72

7
 

11
71

 
70

.2
5

 
5.

89
 

70
1

 

15
33

71
 

1.
24

5
9

58
2

5
63

 
M

A
C

S_
p

ea
k_

31
4

9
 

ch
ro

m
o

so
m

e_
1

7 
63

76
23

6
 

63
76

81
9

 
58

4
 

71
.7

 
7.

23
 

36
3

 

15
33

71
 

1.
24

5
9

58
2

5
63

 
M

A
C

S_
p

ea
k_

31
5

0
 

ch
ro

m
o

so
m

e_
1

7 
63

79
03

4
 

63
79

67
6

 
64

3
 

55
.0

9
 

5.
34

 
38

5
 

17
55

0
 

N
A

 
M

A
C

S_
p

ea
k_

45
0

6
 

ch
ro

m
o

so
m

e_
5 

20
18

15
3

 
20

1
88

56
 

70
4

 
58

.7
 

6.
68

 
38

6
 

18
37

77
 

1.
24

8
3

88
3

8
78

 
M

A
C

S_
p

ea
k_

21
0

9
 

ch
ro

m
o

so
m

e_
1

4 
18

96
22

7
 

18
96

65
5

 
42

9
 

59
.5

1
 

6.
03

 
14

9
 

18
37

77
 

1.
24

8
3

88
3

8
78

 
M

A
C

S_
p

ea
k_

21
1

0
 

ch
ro

m
o

so
m

e_
1

4 
18

97
51

0
 

18
98

34
5

 
83

6
 

55
.5

3
 

4.
36

 
38

6
 

18
43

59
 

15
.1

4
9

00
8

9
85

 
M

A
C

S_
p

ea
k_

36
9

6
 

ch
ro

m
o

so
m

e_
2 

83
23

92
8

 
83

24
88

7
 

96
0

 
11

5.
95

 
6.

74
 

47
1

 

18
43

86
 

0
.7

80
6

0
58

3
5

37
 

M
A

C
S_

p
ea

k_
25

6
9

 
ch

ro
m

o
so

m
e_

1
6 

34
17

74
4

 
34

18
55

1
 

80
8

 
59

.2
 

5.
07

 
49

8
 

19
04

58
 

1.
27

8
8

82
3

0
95

 
M

A
C

S_
p

ea
k_

41
3

2
 

ch
ro

m
o

so
m

e_
3 

54
74

84
5

 
54

75
47

3
 

62
9

 
63

.7
6

 
6.

8
 

19
4

 

19
41

68
 

0
.4

55
0

6
38

4
2

64
 

M
A

C
S_

p
ea

k_
22

4
0

 
ch

ro
m

o
so

m
e_

1
5 

17
82

80
 

17
89

27
 

64
8

 
65

.0
6

 
7.

13
 

45
5

 

19
45

55
 

0
.3

85
1

4
74

0
9

86
 

M
A

C
S_

p
ea

k_
49

0
5

 
ch

ro
m

o
so

m
e_

6 
53

12
89

1
 

53
13

71
7

 
82

7
 

52
.9

 
3.

84
 

52
9

 

19
58

40
 

0
.1

66
1

3
76

4
3

27
 

M
A

C
S_

p
ea

k_
49

3
4

 
ch

ro
m

o
so

m
e_

6 
58

05
94

1
 

58
06

43
3

 
49

3
 

68
.4

2
 

6.
68

 
25

0
 

19
58

40
 

0
.1

66
1

3
76

4
3

27
 

M
A

C
S_

p
ea

k_
49

3
5

 
ch

ro
m

o
so

m
e_

6 
58

15
16

6
 

58
16

05
2

 
88

7
 

53
.6

6
 

7.
08

 
35

8
 

19
58

60
 

0
.3

50
1

9
51

9
1

21
 

M
A

C
S_

p
ea

k_
48

8
4

 
ch

ro
m

o
so

m
e_

6 
49

71
62

7
 

49
72

17
8

 
55

2
 

12
3.

93
 

9.
33

 
36

9
 

19
58

91
 

2.
67

7
9

56
3

1
09

 
M

A
C

S_
p

ea
k_

38
1

3
 

ch
ro

m
o

so
m

e_
3 

20
16

43
 

20
22

83
 

64
1

 
12

5.
62

 
8.

5
 

21
9

 

19
58

91
 

2.
67

7
9

56
3

1
09

 
M

A
C

S_
p

ea
k_

38
1

4
 

ch
ro

m
o

so
m

e_
3 

21
06

70
 

21
20

73
 

14
04

 
14

1.
11

 
6.

71
 

10
09

 

93
50

5
 

0
.3

93
1

9
77

9
7

81
 

M
A

C
S_

p
ea

k_
34

7
3

 
ch

ro
m

o
so

m
e_

2 
48

21
20

7
 

48
22

76
8

 
15

62
 

14
7.

03
 

8.
25

 
53

7
 

95
19

6
 

0
.2

11
9

1
62

0
0

03
 

M
A

C
S_

p
ea

k_
25

9
5

 
ch

ro
m

o
so

m
e_

1
6 

39
12

99
3

 
39

13
92

4
 

93
2

 
94

.1
 

7.
29

 
41

1
 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
4

 

 Ta
b

le
 a

p
p

en
d

ix
 D

-5
. M

o
ti

fs
 f

o
u

n
d

 in
 t

h
e 

5´
u

p
st

re
am

 r
eg

io
n

s 
o

f 
th

e 
TF

 a
n

d
 T

R
 g

en
es

 w
h

ic
h

 p
re

se
n

te
d

 F
A

IR
E 

p
ea

ks
 

P
ro

te
in

 
ID

 (
JG

I 
v.

3.
1)

 

T
ra

n
sc

ri
p

tI
D

 
(J

G
I v

.4
) 

M
o

ti
fI

D
 

M
o

ti
f 

p
-

va
lu

e 
Le

ft
_f

la
n

k 
Si

te
 

R
ig

h
t_

fl
an

k 
G

e
n

e 
m

o
d

e
l n

am
e 

TF
 f

am
ily

 

10
48

71
 

10
48

71
 

m
o

ti
f_

1 
9

.6
7E

-0
8 

C
C

G
C

G
C

G
TG

C
 

C
G

C
A

G
C

TG
C

TG
CG

G
C

 
G

G
C

TG
G

CG
C

T 
e_

gw
H

.3
4.

98
.1

 
FH

A
 

10
48

71
 

10
48

71
 

m
o

ti
f_

3 
5

.9
4E

-0
6 

TC
G

C
G

C
A

C
A

G
 

A
C

C
A

TA
C

A
A

A
C

A
C

A
 

C
C

A
A

A
TG

TA
T

 
e_

gw
H

.3
4.

98
.1

 
FH

A
 

10
48

71
 

10
48

71
 

m
o

ti
f_

4 
1

.1
4E

-1
0 

TG
G

G
TT

TG
G

T 
TC

A
G

TT
TG

G
G

C
TG

G
TA

TC
TA

 
C

A
C

C
C

C
C

C
C

C
 

e_
gw

H
.3

4.
98

.1
 

FH
A

 

10
48

71
 

10
48

71
 

m
o

ti
f_

5 
1

.1
5

E
-0

6 
G

A
TG

G
A

TG
C

T 
TT

TT
C

TC
TT

G
 

A
TG

G
C

A
G

TA
T 

e_
gw

H
.3

4.
98

.1
 

FH
A

 
10

48
71

 
10

48
71

 
m

o
ti

f_
6 

2
.5

4E
-0

5 
TA

TT
C

G
C

C
G

G
 

G
TT

TG
G

TG
A

T 
C

G
C

G
C

A
C

A
G

A
 

e_
gw

H
.3

4.
98

.1
 

FH
A

 

10
48

71
 

10
48

71
 

m
o

ti
f_

7 
6

.3
5E

-1
0 

C
G

G
TG

G
TG

G
T 

G
G

CG
G

TG
G

TG
G

TG
G

TG
G

TG
 

G
A

C
A

G
G

G
CG

G
 

e_
gw

H
.3

4.
98

.1
 

FH
A

 

10
48

71
 

10
48

71
 

m
o

ti
f_

8 
1

.0
4E

-0
7 

A
TG

TG
TG

G
C

T 
C

TC
C

TT
A

G
C

C
A

TG
A

A
A

C
A

T
 

G
A

C
TT

TA
C

A
A

 
e_

gw
H

.3
4.

98
.1

 
FH

A
 

10
48

71
 

10
48

71
 

m
o

ti
f_

9 
2

.6
2E

-0
9 

TG
G

G
C

C
C

G
C

A
 

G
G

CG
A

C
G

G
G

G
C

CG
C

A
G

G
C

G
C

 
C

G
G

C
C

C
C

C
C

C
 

e_
gw

H
.3

4.
98

.1
 

FH
A

 

12
68

10
 

12
68

10
 

m
o

ti
f_

1 
2

.0
1E

-0
5 

TG
G

C
C

TT
TC

G
 

A
G

C
A

TT
TG

C
A

G
C

C
G

G
 

G
C

A
G

G
G

C
TC

T 
es

tE
xt

_g
w

p
_1

H
.C

_3
02

24
 

C
SD

 

12
68

10
 

12
68

10
 

m
o

ti
f_

2 
1

.6
9E

-0
7 

C
A

C
A

A
A

TA
TT

 
TA

TT
A

A
TA

A
A

TT
 

A
A

A
A

G
C

A
A

A
T

 
es

tE
xt

_g
w

p
_1

H
.C

_3
02

24
 

C
SD

 

12
68

10
 

12
68

10
 

m
o

ti
f_

3 
5

.0
4E

-0
8 

A
TA

A
A

TT
A

A
A

 
A

G
C

A
A

A
TA

A
A

G
A

C
A

 
C

A
G

A
G

TC
A

G
C

 
es

tE
xt

_g
w

p
_1

H
.C

_3
02

24
 

C
SD

 

12
68

10
 

12
68

10
 

m
o

ti
f_

4 
1

.2
0E

-0
7 

A
C

C
A

C
TT

G
A

A
 

C
G

TC
TT

TG
A

C
G

TG
G

TA
TA

A
A

 
TG

C
A

TC
TG

TC
 

es
tE

xt
_g

w
p

_1
H

.C
_3

02
24

 
C

SD
 

12
68

10
 

12
68

10
 

m
o

ti
f_

6 
1

.2
0E

-0
5 

C
A

C
A

C
C

A
G

C
T

 
G

TT
TG

C
TC

A
T

 
G

C
C

TT
G

C
C

G
T 

es
tE

xt
_g

w
p

_1
H

.C
_3

02
24

 
C

SD
 

12
68

10
 

12
68

10
 

m
o

ti
f_

7 
3

.2
5E

-0
5 

G
TG

TT
TC

TT
G

 
G

C
C

G
TT

TG
C

G
C

A
G

G
TC

C
TT

 
G

TG
G

C
A

C
C

C
A

 
es

tE
xt

_g
w

p
_1

H
.C

_3
02

24
 

C
SD

 

14
54

50
 

20
66

76
 

m
o

ti
f_

1 
6

.4
2E

-0
6 

C
G

G
C

A
C

C
G

G
C

 
A

TC
A

G
TT

G
C

C
G

C
TG

C
 

A
TC

G
G

C
A

TG
C

 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_1

40
00

08
3

 
SN

F2
 

14
54

50
 

20
66

76
 

m
o

ti
f_

2 
1

.6
9E

-0
7 

TG
TA

TG
C

TT
A

 
A

A
TA

A
A

TT
A

TG
T 

C
A

G
G

C
TC

TT
T

 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_1

40
00

08
3

 
SN

F2
 

14
54

50
 

20
66

76
 

m
o

ti
f_

3 
4

.4
9E

-0
6 

C
G

G
C

C
A

A
G

TA
 

A
TC

G
A

G
C

G
A

A
TA

C
A

 
C

C
C

G
A

A
A

G
C

G
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_1
40

00
08

3
 

SN
F2

 

14
54

50
 

20
66

76
 

m
o

ti
f_

4 
6

.6
8E

-0
9 

G
C

G
C

G
G

G
A

C
T 

TC
A

A
TT

TG
G

TG
TA

TT
A

TA
TT

 
A

TC
A

A
A

TT
G

T 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_1

40
00

08
3

 
SN

F2
 

14
54

50
 

20
66

76
 

m
o

ti
f_

6 
1

.5
7E

-0
6 

G
G

C
C

C
C

C
TT

A
 

A
TT

TG
A

G
G

A
T 

TC
G

A
TA

TC
A

T
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_1
40

00
08

3
 

SN
F2

 

14
54

50
 

20
66

76
 

m
o

ti
f_

7 
1

.8
3E

-0
7 

G
G

G
G

C
C

TG
G

T 
G

G
C

A
G

TG
C

TG
G

CG
G

TG
G

TG
 

C
G

G
CG

G
G

C
A

G
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_1
40

00
08

3
 

SN
F2

 

14
54

50
 

20
66

76
 

m
o

ti
f_

9 
1

.2
3E

-0
6 

TC
G

G
C

G
C

A
TC

 
G

G
CG

A
C

C
C

A
G

C
C

A
TC

A
G

TG
C

 
G

G
G

TT
C

G
TC

G
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_1
40

00
08

3
 

SN
F2

 

14
88

21
 

19
59

28
 

m
o

ti
f_

1 
9

.2
1E

-0
7 

C
TC

G
C

C
A

C
A

G
 

A
G

G
C

TC
TG

C
TG

G
TG

C
 

G
G

C
TG

A
C

TT
A

 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_2

40
00

22
0

 
SB

P
 

14
88

21
 

19
59

28
 

m
o

ti
f_

2 
4

.9
3E

-0
8 

TG
TT

TC
A

C
A

T
 

A
A

A
TA

A
TA

A
TG

T 
C

C
TG

TT
C

C
C

A
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_2
40

00
22

0
 

SB
P

 

14
88

21
 

19
59

28
 

m
o

ti
f_

3 
1

.8
2E

-0
7 

A
C

C
A

TC
TT

C
T

 
A

G
C

A
A

G
C

A
A

A
TA

A
A

 
G

G
C

A
A

CG
C

TG
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_2
40

00
22

0
 

SB
P

 

14
88

21
 

19
59

28
 

m
o

ti
f_

5 
1

.1
5E

-0
6 

C
C

C
C

C
G

TT
TC

 
TT

TC
C

TC
TT

G
 

C
A

C
TC

G
A

C
C

G
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_2
40

00
22

0
 

SB
P

 

14
88

21
 

19
59

28
 

m
o

ti
f_

6 
1

.8
1E

-0
5 

C
A

G
A

TT
G

A
C

T 
A

TT
TG

TG
TA

T
 

G
C

C
G

TC
G

C
TG

 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_2

40
00

22
0

 
SB

P
 

14
88

21
 

19
59

28
 

m
o

ti
f_

7 
4

.5
7E

-0
7 

TG
TG

TA
TG

C
C

 
G

TC
G

C
TG

G
G

C
A

TG
C

TG
C

TG
 

A
C

A
G

A
A

A
C

TG
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_2
40

00
22

0
 

SB
P

 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
5

 

 

P
ro

te
in

 
ID

 (
JG

I 
v.

3.
1)

 

T
ra

n
sc

ri
p

tI
D

 
(J

G
I v

.4
) 

M
o

ti
fI

D
 

M
o

ti
f 

p
-

va
lu

e 
Le

ft
_f

la
n

k 
Si

te
 

R
ig

h
t_

fl
an

k 
G

e
n

e 
m

o
d

e
l n

am
e 

TF
 f

am
ily

 

14
88

21
 

19
59

28
 

m
o

ti
f_

9 
1

.4
5E

-0
6 

A
C

A
A

A
G

C
G

TC
 

G
C

C
G

G
C

C
G

A
G

C
TG

G
C

C
G

C
G

C
 

A
A

A
C

C
A

TC
TT

 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_2

40
00

22
0

 
SB

P
 

15
33

71
 

15
33

71
 

m
o

ti
f_

1 
3

.8
5E

-0
8 

G
C

C
C

G
C

G
C

CG
 

A
G

C
A

G
C

TG
C

TG
CG

G
C

 
C

G
C

A
C

A
C

G
A

C
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_6
00

00
06

0
 

SE
T 

15
33

71
 

15
33

71
 

m
o

ti
f_

2 
1

.0
7E

-0
8 

TC
TG

A
C

A
A

C
A

 
A

A
TA

A
A

TA
A

TG
T 

TG
C

G
A

G
A

G
C

A
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_6
00

00
06

0
 

SE
T 

15
33

71
 

15
33

71
 

m
o

ti
f_

6 
1

.0
3E

-0
5 

TG
G

C
TG

C
A

G
C

 
A

TT
TG

A
C

G
A

T 
G

A
TG

A
G

G
A

CG
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_6
00

00
06

0
 

SE
T 

15
33

71
 

15
33

71
 

m
o

ti
f_

7 
6

.5
3E

-0
6 

G
C

G
G

G
G

G
CG

G
 

G
G

C
A

G
A

G
G

C
C

G
TG

G
TC

G
G

G
 

G
G

CG
G

G
G

C
C

G
 

C
h

lr
e2

_k
g.

sc
af

fo
ld

_6
00

00
06

0
 

SE
T 

15
33

71
 

15
33

71
 

m
o

ti
f_

8 
8

.3
6E

-0
8 

G
G

A
G

C
TT

A
A

T 
C

TC
A

C
C

A
C

C
C

TT
G

TG
C

A
G

T 
C

G
C

TC
A

A
A

A
A

 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_6

00
00

06
0

 
SE

T 

15
33

71
 

15
33

71
 

m
o

ti
f_

9 
1

.4
2E

-0
7 

C
G

C
A

G
C

G
A

C
A

 
G

G
C

TG
C

G
C

A
G

C
A

TC
A

G
G

CG
C

 
A

A
C

A
G

G
C

A
TC

 
C

h
lr

e2
_k

g.
sc

af
fo

ld
_6

00
00

06
0

 
SE

T 

17
55

0
 

17
55

0
 

m
o

ti
f_

1 
8

.7
8E

-0
6 

C
C

TG
C

G
A

TA
G

 
C

G
G

C
TC

C
G

C
TG

C
C

G
C

 
G

A
A

C
A

G
TA

G
G

 
fg

en
es

h
1_

p
g.

C
_s

ca
ff

o
ld

_3
60

00
01

5
 

C
2H

2 

17
55

0
 

17
55

0
 

m
o

ti
f_

1
0 

3
.0

2E
-1

2 
C

C
C

C
TC

C
C

A
G

 
C

A
A

C
A

A
G

TT
A

TC
TT

TA
TT

A
 

A
A

G
C

A
G

C
TT

T 
fg

en
es

h
1_

p
g.

C
_s

ca
ff

o
ld

_3
60

00
01

5
 

C
2H

2 

17
55

0
 

17
55

0
 

m
o

ti
f_

2 
9

.7
5E

-0
7 

TC
A

C
A

A
C

G
TT

 
A

A
A

A
A

A
TG

A
TT

T
 

G
G

A
C

A
G

A
TA

A
 

fg
en

es
h

1_
p

g.
C

_s
ca

ff
o

ld
_3

60
00

01
5

 
C

2H
2 

17
55

0
 

17
55

0
 

m
o

ti
f_

3 
2

.7
4E

-0
6 

A
G

TT
C

G
C

A
C

G
 

G
G

C
A

A
G

TG
A

A
G

A
A

A
 

TG
C

TG
A

A
C

A
C

 
fg

en
es

h
1_

p
g.

C
_s

ca
ff

o
ld

_3
60

00
01

5
 

C
2H

2
 

17
55

0
 

17
55

0
 

m
o

ti
f_

4 
4

.1
9E

-1
1 

TT
G

G
TT

TA
G

T 
TC

A
G

TT
TG

G
G

C
TG

G
TA

A
TT

A
 

C
A

A
TC

C
A

C
C

C
 

fg
en

es
h

1_
p

g.
C

_s
ca

ff
o

ld
_3

60
00

01
5

 
C

2H
2 

17
55

0
 

17
55

0
 

m
o

ti
f_

6 
5

.1
2E

-0
6 

TC
G

A
C

C
C

C
C

T
 

A
TT

TG
C

C
C

A
T

 
G

C
C

A
TC

C
C

C
C

 
fg

en
es

h
1_

p
g.

C
_s

ca
ff

o
ld

_3
60

00
01

5
 

C
2H

2 

17
55

0
 

17
55

0
 

m
o

ti
f_

7 
2

.9
4E

-0
7 

G
C

G
A

G
C

C
G

G
G

 
G

G
C

A
G

A
G

G
CG

G
TG

G
TG

G
A

G
 

G
A

G
G

C
A

TC
TT

 
fg

en
es

h
1_

p
g.

C
_s

ca
ff

o
ld

_3
60

00
01

5
 

C
2H

2 

17
55

0
 

17
55

0
 

m
o

ti
f_

8 
1

.1
1E

-1
1 

A
A

TC
A

TC
G

C
T

 
C

TC
A

TC
A

G
C

C
TT

G
TA

C
C

A
T

 
TA

TC
C

C
C

C
A

G
 

fg
en

es
h

1_
p

g.
C

_s
ca

ff
o

ld
_3

60
00

01
5

 
C

2H
2 

17
55

0
 

17
55

0
 

m
o

ti
f_

9 
1

.9
0E

-0
7 

A
C

A
G

TA
G

G
TA

 
G

G
CG

G
TG

G
C

G
G

CG
G

CG
G

CG
C

 
TG

C
C

C
TG

C
TT

 
fg

en
es

h
1_

p
g.

C
_s

ca
ff

o
ld

_3
60

00
01

5
 

C
2H

2 

18
37

77
 

18
37

77
 

m
o

ti
f_

1 
4

.7
4E

-0
6 

G
TC

A
G

C
TC

C
G

 
C

C
C

A
A

C
TG

C
TG

C
TG

C
 

G
TT

TA
TG

TT
C

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_1
02

85
 

b
H

LH
 

18
37

77
 

18
37

77
 

m
o

ti
f_

2 
3

.0
2E

-0
7 

G
A

TG
C

A
TA

A
A

 
A

A
TT

A
A

G
A

A
TG

T 
TT

A
TG

C
A

TT
G

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_1
02

85
 

b
H

LH
 

18
37

77
 

18
37

77
 

m
o

ti
f_

3 
5

.9
4E

-0
6 

G
G

A
A

A
A

TT
TT

 
G

C
A

A
A

A
TT

A
A

G
A

TA
 

G
C

G
TA

C
G

CG
T 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_1

02
85

 
b

H
LH

 

18
37

77
 

18
37

77
 

m
o

ti
f_

5 
1

.8
7E

-0
6 

C
A

C
A

C
G

C
C

C
G

 
TT

TC
C

TG
TT

G
 

TA
TC

TT
TT

C
C

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_1
02

85
 

b
H

LH
 

18
37

77
 

18
37

77
 

m
o

ti
f_

6 
4

.6
8E

-0
7 

TC
A

TC
C

C
A

TA
 

A
TT

TG
C

G
C

A
T 

TT
TG

C
C

C
A

C
T

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_1
02

85
 

b
H

LH
 

18
37

77
 

18
37

77
 

m
o

ti
f_

7 
2

.7
7E

-0
6 

G
C

A
C

TG
C

A
A

C
 

G
TG

G
C

TG
C

TG
G

TG
G

TG
G

G
G

 
G

A
C

A
A

G
G

C
A

G
 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_1

02
85

 
b

H
LH

 

18
43

59
 

20
55

6
1

 
m

o
ti

f_
1 

2
.9

1E
-0

6 
G

G
TG

C
TG

G
TA

 
C

A
C

A
G

C
TG

C
TG

G
CG

A
 

G
C

C
C

C
C

G
G

G
T 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_2

30
05

5 
M

YB
-r

el
at

ed
 

18
43

59
 

20
55

6
1

 
m

o
ti

f_
4 

1
.3

5E
-0

8 
TC

C
G

TC
C

G
A

C
 

TG
A

G
TT

TT
G

G
C

A
G

G
TT

TT
TA

 
A

TT
G

TG
A

G
C

C
 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_2

30
05

5 
M

YB
-r

el
at

ed
 

18
43

59
 

20
55

6
1

 
m

o
ti

f_
7 

4
.5

7E
-0

7 
G

TC
A

G
C

A
C

A
A

 
G

G
CG

C
TG

TT
G

A
A

G
G

TG
C

A
T 

A
C

A
G

G
TG

C
TT

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_2
30

05
5 

M
YB

-r
el

at
ed

 

18
43

59
 

20
55

6
1

 
m

o
ti

f_
8 

9
.0

0E
-0

8 
G

C
TG

A
A

TA
C

C
 

C
TC

A
G

C
A

G
C

TG
TA

A
A

TC
A

T
 

TT
G

C
A

C
C

A
G

C
 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_2

30
05

5 
M

YB
-r

el
at

ed
 

18
43

59
 

20
55

6
1

 
m

o
ti

f_
9 

1
.9

0E
-0

7 
G

C
TC

C
C

TT
G

A
 

G
G

CG
G

C
G

G
C

G
C

TA
TC

C
A

C
G

C
 

A
TG

C
TT

TT
TT

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_2
30

05
5 

M
YB

-r
el

at
ed

 

18
43

86
 

18
43

86
 

m
o

ti
f_

1 
3

.2
0E

-0
5 

TT
C

C
G

G
C

G
C

G
 

TT
G

C
G

G
TG

C
TG

G
TG

C
 

TC
C

G
TC

G
C

G
A

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_2
80

02
4 

H
M

G
 

18
43

86
 

18
43

86
 

m
o

ti
f_

2 
1

.6
0E

-0
6 

C
A

G
G

TA
G

C
CG

 
TT

TT
A

A
TA

A
A

C
T

 
G

G
G

TG
C

A
G

C
C

 
es

tE
xt

_f
ge

n
es

h
2_

kg
.C

_2
80

02
4 

H
M

G
 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
6

 

 

P
ro

te
in

 
ID

 (
JG

I 
v.

3.
1)

 

T
ra

n
sc

ri
p

tI
D

 
(J

G
I v

.4
) 

M
o

ti
fI

D
 

M
o

ti
f 

p
-

va
lu

e 
Le

ft
_f

la
n

k 
Si

te
 

R
ig

h
t_

fl
an

k 
G

e
n

e 
m

o
d

e
l n

am
e 

TF
 f

am
ily

 

18
43

86
 

18
43

86
 

m
o

ti
f_

6 
6

.7
3E

-0
5 

TC
C

C
G

TT
TG

A
 

A
TT

TG
C

C
G

G
T 

C
TG

A
A

A
TC

TT
 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_2

80
02

4 
H

M
G

 

18
43

86
 

18
43

86
 

m
o

ti
f_

7 
1

.3
7E

-0
6 

A
A

A
A

G
G

TG
C

A
 

G
C

C
A

C
A

C
G

G
G

A
A

G
C

TG
C

TG
 

G
C

G
TC

G
A

C
C

C
 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_2

80
02

4 
H

M
G

 

18
43

86
 

18
43

86
 

m
o

ti
f_

8 
2

.6
6E

-0
8 

C
C

C
C

G
G

TG
G

G
 

C
TC

TT
C

A
TG

TT
TG

TG
A

C
G

T 
C

C
C

A
G

G
C

G
A

C
 

es
tE

xt
_f

ge
n

es
h

2_
kg

.C
_2

80
02

4 
H

M
G

 

19
04

58
 

19
04

58
 

m
o

ti
f_

1 
1

.3
0E

-0
5 

G
G

C
C

A
A

G
A

C
A

 
C

G
C

C
G

TT
G

C
TG

C
C

A
A

 
C

G
G

TC
G

G
G

A
G

 
es

tE
xt

_f
ge

n
es

h
2_

p
g.

C
_1

90
06

1 
Si

gm
a7

0
-l

ik
e 

19
04

58
 

19
04

58
 

m
o

ti
f_

6 
1

.2
6E

-0
6 

A
G

TG
TT

G
A

G
C

 
A

TT
TG

A
G

C
A

T 
TT

C
C

C
G

C
A

G
T 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_1
90

06
1 

Si
gm

a7
0

-l
ik

e 

19
04

58
 

19
04

58
 

m
o

ti
f_

7 
5

.6
3E

-0
6 

A
C

G
TC

C
G

A
G

G
 

A
G

A
A

C
TG

C
TG

G
A

G
C

TA
C

TG
 

TA
G

G
G

A
TC

A
G

 
es

tE
xt

_f
ge

n
es

h
2_

p
g.

C
_1

90
06

1 
Si

gm
a7

0
-l

ik
e 

19
04

58
 

19
04

58
 

m
o

ti
f_

8 
2

.0
5E

-0
7 

C
C

TT
TA

G
TT

G
 

C
G

TA
TC

A
G

TC
G

TG
G

G
C

A
A

T 
TG

TA
G

A
A

G
A

C
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_1
90

06
1 

Si
gm

a7
0

-l
ik

e 

19
04

58
 

19
04

58
 

m
o

ti
f_

9 
1

.4
5E

-0
6 

G
G

C
C

TC
TG

C
C

 
G

G
C

TA
G

G
TG

G
G

C
A

C
A

C
A

C
G

C
 

TT
C

TG
A

C
A

C
G

 
es

tE
xt

_f
ge

n
es

h
2_

p
g.

C
_1

90
06

1 
Si

gm
a7

0
-l

ik
e 

19
41

68
 

19
41

68
 

m
o

ti
f_

1 
2

.9
6E

-0
8 

A
A

C
A

A
TC

C
C

C
 

C
G

C
C

G
C

TG
C

TG
C

TG
C

 
TG

C
C

G
C

TG
C

T 
es

tE
xt

_f
ge

n
es

h
2_

p
g.

C
_5

70
01

1 
O

rp
h

an
s 

19
41

68
 

19
41

68
 

m
o

ti
f_

3 
3

.3
4E

-0
7 

A
TC

TC
A

G
TT

G
 

A
G

G
A

A
A

TT
A

A
A

A
TA

 
A

G
G

C
C

C
TG

G
A

 
es

tE
xt

_f
ge

n
es

h
2_

p
g.

C
_5

70
01

1 
O

rp
h

an
s 

19
41

68
 

19
41

68
 

m
o

ti
f_

6 
1

.5
0E

-0
5 

C
TG

C
TC

A
A

G
G

 
G

TT
TG

G
G

C
A

T 
C

TC
A

A
A

C
TC

G
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_5
70

01
1 

O
rp

h
an

s 

19
41

68
 

19
41

68
 

m
o

ti
f_

7 
2

.0
7E

-0
7 

TG
C

TG
C

TG
C

T 
G

C
C

G
C

TG
C

TG
C

TG
C

TG
C

TG
 

C
TG

C
TG

C
TG

C
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_5
70

01
1 

O
rp

h
an

s 
19

41
68

 
19

41
68

 
m

o
ti

f_
8 

1
.2

5E
-0

8 
G

A
G

G
A

G
A

G
A

T 
G

TC
TT

C
A

G
G

C
G

TG
TG

TC
A

T 
C

C
G

C
TA

C
TG

C
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_5
70

01
1 

O
rp

h
an

s 

19
41

68
 

19
41

68
 

m
o

ti
f_

9 
7

.4
5E

-0
7 

TG
C

TG
C

TG
C

T 
G

C
C

G
C

C
G

G
CG

G
CG

C
A

G
G

TG
C

 
G

G
G

C
C

G
TG

G
A

 
es

tE
xt

_f
ge

n
es

h
2_

p
g.

C
_5

70
01

1 
O

rp
h

an
s 

19
45

55
 

19
45

55
 

m
o

ti
f_

1 
1

.5
9E

-0
6 

G
TG

TG
G

C
G

G
C

 
C

G
C

C
G

C
C

G
C

TG
C

CG
C

 
C

G
A

G
CG

C
TC

C
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_6
90

03
7 

C
3H

 

19
45

55
 

19
45

55
 

m
o

ti
f_

3 
9

.1
2E

-0
8 

TA
TA

A
C

G
C

G
C

 
A

A
C

A
A

G
C

TA
A

A
A

C
A

 
G

TA
TA

G
TC

TG
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_6
90

03
7 

C
3H

 

19
45

55
 

19
45

55
 

m
o

ti
f_

4 
3

.6
0E

-0
7 

TC
G

A
TT

G
A

C
A

 
C

C
A

C
TT

TG
G

TA
TA

A
A

A
TG

G
A

 
G

G
G

G
TT

TT
A

A
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_6
90

03
7 

C
3H

 

19
45

55
 

19
45

55
 

m
o

ti
f_

6 
2

.4
8E

-0
6 

C
G

A
TG

C
A

A
TT

 
A

TT
TG

C
G

A
A

T 
C

TT
C

C
TT

C
C

T
 

es
tE

xt
_f

ge
n

es
h

2_
p

g.
C

_6
90

03
7 

C
3H

 

19
45

55
 

19
45

55
 

m
o

ti
f_

7 
1

.2
9E

-0
5 

G
TC

C
A

TG
TC

G
 

G
G

G
A

C
TC

G
G

G
G

TG
G

G
CG

TG
 

G
C

TG
G

TG
G

C
C

 
es

tE
xt

_f
ge

n
es

h
2_

p
g.

C
_6

90
03

7 
C

3H
 

19
58

40
 

19
58

40
 

m
o

ti
f_

1 
1

.0
4E

-0
6 

A
G

G
A

C
G

C
G

G
A

 
TG

C
TG

C
TG

C
TG

C
TG

C
 

TA
TT

A
C

TC
A

T
 

FE
R

_1
58

80
8

 
R

W
P

-R
K 

19
58

40
 

19
58

40
 

m
o

ti
f_

7 
4

.2
7E

-0
9 

G
G

C
A

G
C

C
A

G
C

 
G

G
C

A
C

TG
G

TG
TT

G
G

TG
G

TG
 

G
TG

TT
G

G
TG

G
 

FE
R

_1
58

80
8

 
R

W
P

-R
K 

19
58

40
 

19
58

40
 

m
o

ti
f_

9 
8

.9
3E

-1
0 

C
C

A
TC

G
G

C
C

T 
G

G
CG

G
C

G
C

C
G

C
CG

C
A

C
G

C
G

C
 

TG
C

TC
C

C
G

C
A

 
FE

R
_1

58
80

8
 

R
W

P
-R

K 

19
58

60
 

19
58

60
 

m
o

ti
f_

1 
1

.3
9E

-0
5 

G
TT

C
G

A
TA

G
C

 
A

G
G

A
G

C
TG

C
TC

G
TG

G
 

C
A

TC
C

G
C

C
TG

 
FE

R
_e

st
Ex

t_
fg

en
es

h
2_

p
g.

C
_2

60
25

3 
R

W
P

-R
K 

19
58

60
 

19
58

60
 

m
o

ti
f_

2 
5

.1
6E

-0
7 

G
C

C
C

G
A

TT
G

A
 

TA
TT

A
G

TA
A

A
G

T
 

G
TT

A
C

TC
TT

G
 

FE
R

_e
st

Ex
t_

fg
en

es
h

2_
p

g.
C

_2
60

25
3 

R
W

P
-R

K 

19
58

60
 

19
58

60
 

m
o

ti
f_

3 
1

.0
5E

-0
6 

G
A

C
C

TG
A

C
TT

 
A

G
C

A
A

G
C

G
A

A
A

A
TT

 
A

G
G

TT
A

A
G

C
T 

FE
R

_e
st

Ex
t_

fg
en

es
h

2_
p

g.
C

_2
60

25
3 

R
W

P
-R

K 

19
58

60
 

19
58

60
 

m
o

ti
f_

4 
1

.1
1E

-0
8 

G
TG

TC
G

TC
TT

 
TG

A
C

TT
TG

A
A

C
TG

TA
TT

TA
A

 
G

G
TT

A
A

TG
TG

 
FE

R
_e

st
Ex

t_
fg

en
es

h
2_

p
g.

C
_2

60
25

3 
R

W
P

-R
K 

19
58

60
 

19
58

60
 

m
o

ti
f_

6 
2

.4
2E

-0
5 

C
A

G
G

C
G

C
A

G
A

 
G

TT
TG

TT
G

A
T 

TA
C

A
C

A
G

TT
G

 
FE

R
_e

st
Ex

t_
fg

en
es

h
2_

p
g.

C
_

26
02

53
 

R
W

P
-R

K 

19
58

60
 

19
58

60
 

m
o

ti
f_

7 
1

.6
5E

-0
6 

C
A

C
G

TG
TG

A
G

 
G

C
A

G
G

TG
G

G
C

A
A

G
G

TG
C

A
G

 
TG

C
TG

C
C

TG
G

 
FE

R
_e

st
Ex

t_
fg

en
es

h
2_

p
g.

C
_2

60
25

3 
R

W
P

-R
K 

19
58

60
 

19
58

60
 

m
o

ti
f_

8 
2

.7
4E

-0
9 

G
TG

A
TG

A
TC

A
 

C
TG

A
TC

A
G

G
C

G
TG

A
G

C
C

A
T 

G
A

TC
G

G
A

TG
C

 
FE

R
_e

st
Ex

t_
fg

en
es

h
2_

p
g.

C
_2

60
25

3 
R

W
P

-R
K 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
7

 

 

P
ro

te
in

 
ID

 (
JG

I 
v.

3.
1)

 

T
ra

n
sc

ri
p

tI
D

 
(J

G
I v

.4
) 

M
o

ti
fI

D
 

M
o

ti
f 

p
-

va
lu

e 
Le

ft
_f

la
n

k 
Si

te
 

R
ig

h
t_

fl
an

k 
G

e
n

e 
m

o
d

e
l n

am
e 

TF
 f

am
ily

 

19
58

60
 

19
58

60
 

m
o

ti
f_

9 
4

.5
8E

-0
8 

C
G

C
C

TT
C

G
TG

 
G

G
CG

G
G

G
C

A
G

G
C

A
C

A
G

G
CG

C
 

A
G

A
G

TT
TG

TT
 

FE
R

_e
st

Ex
t_

fg
en

es
h

2_
p

g.
C

_2
60

25
3 

R
W

P
-R

K 

19
58

91
 

19
58

91
 

m
o

ti
f_

1 
6

.8
5E

-0
7 

A
C

A
G

TT
G

G
C

C
 

A
A

G
C

G
C

TG
C

TG
C

CG
C

 
TC

G
C

C
C

G
C

A
A

 
FE

R
_1

58
16

8
 

R
W

P
-R

K 

19
58

91
 

19
58

91
 

m
o

ti
f_

1
0 

2
.1

7E
-1

2 
C

G
C

A
G

C
A

G
C

T 
C

A
A

G
A

A
TT

TA
TG

A
TT

A
TA

A
 

TT
C

TA
A

G
A

TA
 

FE
R

_1
58

16
8

 
R

W
P

-R
K 

19
58

91
 

19
58

91
 

m
o

ti
f_

2 
2

.0
2E

-0
6 

G
C

G
A

A
TT

C
G

T 
A

TT
A

A
G

TG
A

TG
T 

TG
A

A
C

TC
G

A
A

 
FE

R
_1

58
16

8
 

R
W

P
-R

K 

19
58

91
 

19
58

91
 

m
o

ti
f_

3 
3

.3
4E

-0
7 

TA
A

TT
C

TA
A

G
 

A
TA

A
A

TC
TA

A
A

A
C

A
 

A
A

TC
C

C
A

G
C

G
 

FE
R

_1
58

16
8

 
R

W
P

-R
K 

19
58

91
 

19
58

91
 

m
o

ti
f_

4 
3

.2
3E

-0
7 

C
G

A
A

G
A

A
A

A
G

 
TT

A
G

C
TT

G
A

G
C

TG
A

TA
A

A
C

T
 

G
A

G
G

A
G

G
C

C
A

 
FE

R
_1

58
16

8
 

R
W

P
-R

K 

19
58

91
 

19
58

91
 

m
o

ti
f_

6 
4

.7
2E

-0
5 

C
A

A
C

C
A

TG
A

C
 

G
TA

TG
C

G
C

A
T 

G
C

A
A

C
G

G
C

A
T 

FE
R

_1
58

16
8

 
R

W
P

-R
K 

19
58

91
 

19
58

91
 

m
o

ti
f_

7 
1

.4
6E

-0
5 

TG
C

C
G

A
A

A
G

A
 

G
G

A
A

C
TG

G
A

G
A

A
TG

TC
G

A
C

 
G

TA
A

C
TG

G
C

C
 

FE
R

_1
58

16
8

 
R

W
P

-R
K 

19
58

91
 

19
58

91
 

m
o

ti
f_

9 
1

.6
1E

-0
6 

C
A

G
C

C
TG

TC
G

 
G

G
C

TT
C

G
CG

TC
A

G
C

A
G

G
C

G
C

 
C

G
G

C
C

A
G

C
A

G
 

FE
R

_1
58

16
8

 
R

W
P

-R
K 

93
50

5
 

93
50

5
 

m
o

ti
f_

1 
1

.6
9E

-0
7 

G
TG

TA
C

A
G

C
A

 
A

G
C

A
G

C
TG

C
TG

G
G

G
C

 
C

G
G

G
C

A
C

A
G

C
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_5

00
00

41
 

SB
P

 

93
50

5
 

93
50

5
 

m
o

ti
f_

3 
3

.1
6E

-0
7 

A
G

G
TG

C
G

TT
G

 
A

G
C

A
A

TC
C

A
A

A
A

C
A

 
G

G
C

TG
G

G
C

TG
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_5

00
00

41
 

SB
P

 

93
50

5
 

93
50

5
 

m
o

ti
f_

5 
4

.5
1E

-0
7 

TA
A

A
C

A
C

TC
C

 
TT

TC
C

TT
TT

G
 

TC
TC

C
G

C
A

G
G

 
fg

en
es

h
1_

es
t.

C
_s

ca
ff

o
ld

_5
00

00
41

 
SB

P
 

93
50

5
 

93
50

5
 

m
o

ti
f_

6 
7

.9
2E

-0
5 

A
G

C
TC

G
C

G
TT

 
A

C
TT

G
G

G
A

A
T 

G
C

G
TT

G
CG

TG
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_5

00
00

41
 

SB
P

 

93
50

5
 

93
50

5
 

m
o

ti
f_

7 
2

.3
4E

-0
6 

C
G

TG
C

G
G

C
G

T 
G

G
CG

C
TG

G
G

G
C

A
TG

TC
C

TC
 

TT
TG

G
C

A
C

G
G

 
fg

en
es

h
1_

es
t.

C
_s

ca
ff

o
ld

_5
00

00
41

 
SB

P
 

93
50

5
 

93
50

5
 

m
o

ti
f_

8 
4

.1
1E

-0
8 

G
TC

C
TG

C
A

G
C

 
C

G
C

A
TC

A
TC

C
G

TG
TG

C
G

G
T 

TC
G

A
TG

A
G

G
T 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_5

00
00

41
 

SB
P

 

93
50

5
 

93
50

5
 

m
o

ti
f_

9 
1

.5
8E

-0
7 

C
G

TC
G

C
A

C
C

C
 

G
G

C
TA

C
G

G
CG

C
C

A
G

C
C

A
TG

C
 

C
G

G
G

A
A

C
G

G
C

 
fg

en
es

h
1_

es
t.

C
_s

ca
ff

o
ld

_5
00

00
41

 
SB

P
 

95
19

6
 

95
19

6
 

m
o

ti
f_

1 
4

.7
9E

-0
9 

C
C

C
A

C
G

C
TG

G
 

A
G

C
A

G
C

TG
C

TG
C

CG
C

 
A

G
TC

G
G

TG
G

A
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_2

80
00

02
8

 
b

ZI
P

 

95
19

6
 

95
19

6
 

m
o

ti
f_

3 
4

.7
7E

-0
9 

C
A

G
G

G
G

G
G

A
C

 
A

G
C

A
A

G
TA

A
A

A
A

C
A

 
TC

A
A

C
G

G
TG

G
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_2

80
00

02
8

 
b

ZI
P

 

95
19

6
 

95
19

6
 

m
o

ti
f_

4 
6

.2
6E

-0
8 

C
G

G
TC

TG
G

G
C

 
TG

A
A

A
TT

G
G

G
A

TT
G

G
A

TT
A

A
 

A
C

TA
C

A
A

A
C

T
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_2

80
00

02
8

 
b

ZI
P

 

95
19

6
 

95
19

6
 

m
o

ti
f_

5 
4

.5
1E

-0
7 

A
A

C
TT

C
C

TC
T

 
TT

TT
C

TT
TT

G
 

TG
C

TC
TT

G
C

A
 

fg
en

es
h

1_
es

t.
C

_s
ca

ff
o

ld
_2

80
00

02
8

 
b

ZI
P

 

95
19

6
 

95
19

6
 

m
o

ti
f_

7 
1

.0
3E

-0
6 

TG
G

A
CG

C
G

G
T 

G
G

CG
G

A
C

C
TC

G
A

G
G

TG
C

TG
 

G
G

TG
A

G
TG

C
G

 
fg

en
es

h
1_

es
t.

C
_s

ca
ff

o
ld

_2
80

00
02

8
 

b
ZI

P
 

95
19

6
 

95
19

6
 

m
o

ti
f_

9 
1

.3
5E

-0
8 

TG
A

C
G

C
C

G
A

T 
G

G
CG

G
C

G
G

C
G

G
CG

G
CG

G
C

G
C

 
C

G
G

C
TC

C
G

A
C

 
fg

en
es

h
1_

es
t.

C
_s

ca
ff

o
ld

_2
80

00
02

8
 

b
ZI

P
 



A
p

p
en

d
ix

 D
-A

n
al

ys
is

 o
f 

TF
 a

nd
 T

R
 g

en
e 

ex
p

re
ss

io
n

 u
n

de
r 

ca
rb

o
n

 d
ep

ri
va

ti
o

n
 

15
8

 

 Ta
b

le
 a

p
p

en
d

ix
 D

-6
. M

o
ti

fs
 f

o
u

n
d

 in
 t

h
e 

p
ro

m
o

te
r 

re
gi

o
n

s 
o

f 
th

e 
tw

o
 c

o
-e

xp
re

ss
e

d
 M

Y
B

 T
Fs

  

P
ro

te
in

 ID
 

M
o

ti
fI

D
 

M
o

ti
f 

   
   

p
-v

al
u

e 
Le

ft
 f

la
n

k 
M

o
ti

f 
si

te
 

R
ig

h
 f

la
n

k 
M

o
ti

f 
re

gu
la

r 
e

xp
re

ss
io

n
 

M
A

ST
 

p
o

si
ti

o
n

 p
-

va
lu

e 

18
86

27
 

1 
2

.2
4

E-
12

 
A

A
A

TC
G

A
TT

C
 

A
A

G
TG

C
A

TA
A

A
A

A
G

C
A

TA
C

A
 

TG
TA

TG
C

A
C

T 
A

A
[A

G
]T

[G
T]

[C
G

]A
[G

T]
A

A
A

[A
C

]A
G

C
A

T[
A

G
]C

A
 

4.
8 

e
-1

1 

18
43

59
 

1 
6

.1
7

E-
12

 
G

C
G

TC
A

A
C

TG
 

A
A

A
TT

G
A

G
A

A
A

C
A

G
C

A
TG

C
A

 
C

A
C

A
C

G
C

TT
T

 
A

A
[A

G
]T

[G
T]

[C
G

]A
[G

T]
A

A
A

[A
C

]A
G

C
A

T[
A

G
]C

A
 

8.
7 

e
-1

1 
18

43
59

 
2 

8
.2

0
E

-0
7 

A
G

C
A

TA
C

A
C

C
 

A
A

A
A

TC
TA

T
 

TC
G

C
C

TT
G

A
A

 
A

A
A

A
TC

[G
T]

A
T 

> 
0.

00
01

 

18
86

27
 

2 
2

.0
1

E
-0

6 
TG

A
C

A
A

A
G

A
G

 
A

A
A

A
TC

G
A

T
 

TC
A

A
G

TG
C

A
T 

A
A

A
A

TC
[G

T]
A

T 
> 

0.
00

01
 

18
86

27
 

3 
2

.2
9

E
-0

8 
G

G
C

C
G

C
A

TG
T 

TC
A

TT
TG

C
A

TC
A

 
TC

G
C

G
C

TC
A

T 
TC

A
TT

TG
C

A
[C

T]
C

A
 

8.
2 

e
-0

8 

18
43

59
 

3 
5

.2
9

E
-0

8 
C

A
G

C
TG

TA
A

A
 

TC
A

TT
TG

C
A

C
C

A
 

G
C

A
TA

C
A

C
C

A
 

TC
A

TT
TG

C
A

[C
T]

C
A

 
1.

5 
e

-0
7 

18
86

27
 

4 
9

.0
5

E
-1

2 
G

G
C

C
TT

G
G

A
C

 
A

TA
A

C
TC

G
TT

A
A

A
A

C
C

C
A

A
A

 
G

G
C

CG
C

C
C

C
A

 
A

T[
A

G
]A

C
[A

T]
[A

C
][

G
T]

[G
T]

TA
[A

C
]A

A
C

C
[A

C
]A

[A
C

]A
 

2.
3 

e
-1

0 

18
43

59
 

4 
1

.7
7

E
-1

1 
A

G
TT

TC
G

TG
C

 
A

TG
A

C
A

A
TG

TA
C

A
A

C
C

A
A

C
A

 
G

G
CG

G
G

A
A

G
G

 
A

T[
A

G
]A

C
[A

T]
[A

C
][

G
T]

[G
T]

TA
[A

C
]A

A
C

C
[A

C
]A

[A
C

]A
 

3.
3 

e
-1

0 

18
43

59
 

5 
4

.2
6

E
-0

9 
A

G
G

A
C

A
TT

G
A

 
A

TT
A

C
C

A
A

G
G

A
G

A
A

 
TG

C
C

A
A

TA
A

T
 

A
TT

A
C

C
A

[A
T]

G
[G

T]
A

G
[A

C
]A

 
7.

2 
e

-0
5 

18
86

27
 

5 
6

.9
2

E
-0

9 
C

G
TG

G
C

G
TT

C
 

A
TT

A
C

C
A

TG
TA

G
C

A
 

G
C

C
G

C
C

G
A

A
A

 
A

TT
A

C
C

A
[A

T]
G

[G
T]

A
G

[A
C

]A
 

3.
3 

e
-0

8 

18
43

59
 

6 
1

.2
4

E
-0

6 
C

A
C

A
C

A
C

G
C

T
 

TT
C

A
TA

A
C

T
 

TG
G

G
TT

A
C

C
G

 
TT

C
A

[C
T]

A
A

C
T

 
> 

0.
00

01
 

18
86

27
 

6 
2

.8
7

E
-0

6 
C

C
C

TG
C

TT
C

G
 

TT
C

A
C

A
A

C
T

 
C

C
A

C
A

TC
C

G
C

 
TT

C
A

[C
T]

A
A

C
T

 
> 

0.
00

01
 

18
43

59
 

7 
1

.8
1

E
-0

5 
A

C
TT

C
C

G
C

C
T

 
A

A
TA

C
A

A
 

TC
C

G
C

C
TC

C
C

 
A

A
[G

T]
A

C
A

A
 

> 
0.

00
01

 

18
86

27
 

7 
4

.4
4

E
-0

5 
G

C
G

C
C

A
G

TT
G

 
A

A
G

A
C

A
A

 
C

TT
TG

C
TA

A
A

 
A

A
[G

T]
A

C
A

A
 

> 
0.

00
01

 

18
43

59
 

8 
1

.5
8

E
-0

8 
G

TA
A

TA
TT

TG
 

C
A

G
TA

A
TA

G
G

C
A

C
 

A
A

TC
A

C
TT

A
T

 
C

A
G

[G
T]

A
A

TA
G

G
[C

T]
A

C
 

3.
1 

e
-0

5 

18
86

27
 

8 
2

.5
7

E
-0

8 
C

C
A

TC
C

C
TG

C
 

C
A

G
G

A
A

TA
G

G
TA

C
 

G
C

G
G

G
C

TG
C

C
 

C
A

G
[G

T]
A

A
TA

G
G

[C
T]

A
C

 
4.

9 
e 

-0
8 

18
43

59
 

9 
2

.6
3

E
-0

6 
TC

G
TC

C
G

C
TA

 
TG

A
A

G
TC

C
A

 
TC

C
TT

C
A

TC
G

 
TG

A
A

G
TC

C
A

 
> 

0.
00

01
 

18
86

27
 

9 
2

.6
3

E
-0

6 
C

TG
A

TA
C

TT
C

 
TG

A
A

G
TC

C
A

 
C

TT
C

TA
C

TC
A

 
TG

A
A

G
TC

C
A

 
>

 0
.0

00
1 

18
43

59
 

10
 

3
.0

5
E

-0
5 

G
TG

TA
A

G
G

G
C

 
C

A
TT

G
A

A
 

C
G

A
C

TG
C

A
TT

 
C

A
TT

G
A

A
 

> 
0.

00
01

 

18
86

27
 

10
 

3
.0

5
E

-0
5 

G
G

A
A

CG
C

C
G

T 
C

A
TT

G
A

A
 

G
C

G
A

A
C

A
C

A
T 

C
A

TT
G

A
A

 
> 

0.
00

01
 



Publications 

159 

 

Publications 

Manuscripts published or submitted  

Winck F.V., Riaño-Pachón D.M., Sommer F., Rupprecht J., Mueller-Roeber B. (2011) The 

nuclear proteome of the green alga Chlamydomonas reinhardtii. Proteomics, in revision. 

Authors contributions: FVW and BMR conceived and designed the study. FVW 

designed the experiments. FVW and JR prepared the cell cultures and established 

experimental conditions. FVW performed the isolation of nuclei and preparation of 

protein extracts. FVW and FS performed the preparation of peptides and performed 

analysis on LC/MS/MS. FVW and DMRP performed the protein identification and 

build the website. FVW, BMR and DMRP wrote the manuscript. All authors 

contributed to final corrections of the manuscript. 

Winck, F.V., Kwasniewski, M., Wienkoop, S., Mueller-Roeber, B. (2011) An optimized method 

for the isolation of nuclei from Chlamydomonas reinhardtii (CHLOROPHYCEAE), J. Phycol., 47, 

333–340. 

Authors contributions: BMR and FVW conceived and designed the study. FVW and 

MK designed the experiments. FVW performed the experiments of isolation of nuclei, 

microscopic analysis, protein separation and immunochemical detections. FVW and 

SW performed the LC/MS/MS analysis. FVW performed the MALDI-ToF analysis. FVW 

performed the protein identification. BMR and FVW wrote the manuscript.  

Martins-de-Souza D, Oliveira BM, Castro-Dias E, Winck FV, Horiuchi RS, Baldasso PA, Caetano 

HT, Pires NK, Marangoni S, Novello JC (2008) The untiring search for the most complete 

proteome representation: reviewing the methods, Briefings in functional genomics & 

proteomics, 7, 312-321. 

Authors contributions: DMS, BMO, FVW, SM and JCN participated in the design of the 

review and final corrections of the manuscript. DMS and FVW wrote the conclusions. 

FVW wrote the sessions about low expressed proteins, subcellular proteome and 



Publications 

160 

 

biofluid analysis. BMO and ECD wrote the session about narrow range and non-

equilibrium pH electrophoresis. ECD and HRS wrote the session of proteome pre-

fractionation. PAB, HTC and NKP wrote the session fluorimetric detection methods.  

Manuscripts in preparation 

Winck FV, Arvidsson S, Riaño-Pachón DM, Koseska A, Donner S, Rupprecht J, Mueller-Roeber 

B. Deciphering gene regulatory network of carbon concentrating mechanism in 

Chlamydomonas reinhardtii. 

Previous publications 

Vilca-Quispe A, Ponce-Soto LA, Winck FV, Marangoni S. Isolation and characterization of a 

new serine protease with thrombin-like activity (TLBm) from the venom of the snake 

Bothrops marajoensis. Toxicon. 2010 Apr 1; 55(4):745-53. PMID: 19931298. 

Lira CB, Siqueira Neto JL, Giardini MA, Winck FV, Ramos CH, Cano MI. LaRbp38: a Leishmania 

amazonensis protein that binds nuclear and kinetoplast DNAs. Biochem Biophys Res 

Commun. 2007 Jul 6; 358(3):854-60. PMID: 17506988. 

Silva JA, Damico DC, Baldasso PA, Mattioli MA, Winck FV, Fraceto LF, Novello JC, Marangoni 

S. Isolation and biochemical characterization of a galactoside binding lectin from Bauhinia 

variegata candida (BvcL) seeds. Protein J. 2007 Apr; 26(3):193-201. PMID: 17203390. 

Martins-de-Souza D, Astua-Monge G, Coletta-Filho HD, Winck FV, Baldasso PA, de Oliveira 

BM, Marangoni S, Machado MA, Novello JC, Smolka MB. Absence of classical heat shock 

response in the citrus pathogen Xylella fastidiosa. Curr Microbiol. 2007 Feb; 54(2):119-23. 

PMID: 17211542. 

Purcino RP, Medina CL, Martins de Souza D, Winck FV, Machado EC, Novello JC, Machado 

MA, Mazzafera P. Xylella fastidiosa disturbs nitrogen metabolism and causes a stress 

response in sweet orange Citrus sinensis cv. Pera. J Exp Bot. 2007; 58(11):2733-44. PMID: 

17609534. 
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Ponce-Soto LA, Baldasso PA, Romero-Vargas FF, Winck FV, Novello JC, Marangoni  S. 

Biochemical, pharmacological and structural characterization of two PLA2 isoforms Cdr-12 

and Cdr-13 from Crotalus durissus ruruima snake venom. Protein J. 2007 Jan; 26(1):39-49. 

PMID: 17203396. 

Pereira DR, Martins D, Winck FV, Smolka MB, Nishimura NF, Rabelo-Gonçalves EM, Hara NH, 

Marangoni S, Zeitune JM, Novello JC. Comparative analysis of two-dimensional 

electrophoresis maps (2-DE) of Helicobacter pylori from Brazilian patients with chronic 

gastritis and duodenal ulcer: a preliminary report. Rev Inst Med Trop Sao Paulo. 2006; May-

Jun; 48(3):175-7. PMID:  16847509. 

Damico DC, Lilla S, de Nucci G, Ponce-Soto LA, Winck FV, Novello JC, Marangoni S. 

Biochemical and enzymatic characterization of two basic Asp49 phospholipase A2 isoforms 

from Lachesis muta muta (Surucucu) venom. Biochim Biophys Acta. 2005 Oct 30; 1726(1):75-

86. PMID: 16005152. 

Smolka MB, Martins-de-Souza D, Winck FV, Santoro CE, Castellari RR, Ferrari F, Brum IJ, 

Galembeck E, Della Coletta Filho H, Machado MA, Marangoni S, Novello JC. Proteome 

analysis of the plant pathogen Xylella fastidiosa reveals major cellular and extracellular 

proteins and a peculiar codon bias distribution. Proteomics. 2003 Feb; 3(2):224-37. PMID: 

12601815. 
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