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Abstract 

 

Histone modifications contribute to gene regulation in eukaryotes. Previous studies investigated 

how histone modifications support the integration of multiple signals into one transcriptional 

output at the promoter of the phosphoenolpyruvate carboxylase (Pepc) gene of Zea mays. Two 

distinct sites were identified that were differentially modified in response to endogenous and 

exogenous stimuli: the transcription initiation site (TIS) and the upstream promoter region. Based 

on these studies, a histone code for Pepc was proposed. 

The first aim of the present study was to investigate the conservation of this histone code at other 

genes. It was shown that the histone code of Pepc was also observed at other C4 genes in maize 

as well as at the promoters of Pepc and malic enzyme (Me) in the related monocotyledonous 

plants Sorghum bicolor and Setaria italica. It was concluded that the observed mechanism was 

potentially recruited from ancestral C3 plants to regulate the expression of C4 genes.  

In the second part of this work, the genome-wide distribution of two histone modifications (histone 

3 lysine 9 acetyl [H3K9ac] and histone 3 lysine 4 trimethyl [H3K4me3]) was compared between 

two developmental zones of the maize leaf (base and blade). This allowed for the analysis of 

dynamic changes in H3K9ac and H3K4me3 compared to static analyses at constant conditions in 

previous studies. Comparative analyses of the dynamics of both histone modifications and the 

transcription of associated genes revealed that the fold changes of both histone modifications 

correlated well with the fold changes of the transcription of associated genes. When focusing on 

regulated H3K9ac enriched regions (peaks), we identified regulated secondary upstream peaks 

(R-SUPs) as a new feature of H3K9ac. R-SUPs were enriched at genes that were induced in the 

blade compared to the base and especially on photosynthetic genes. Meta-analyses revealed 

that R-SUP associated genes were enriched within potential C4 genes that were identified by 

other groups. It was concluded that R-SUPs could be a consequence of the adaption of the 

regulation of ancestral C3 genes during the evolution of C4 photosynthesis. 

In the last part of this thesis, the influence of light on gene regulation from the base to the blade of 

the maize leaf was analyzed. The regulation of genes along the leaf gradient was classified into 

light-dependent and light-independent regulation. It was shown that light is an important factor for 

the regulation of genes that were induced in the blade while the majority of repressed genes were 

regulated light-independently. A meta-analysis showed that genes from the defined classes were 

equally co-regulated with H3K9ac, underlining the general role of H3K9ac in gene regulation.  
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Zusammenfassung 

 

Histonmodifikationen sind an der Genregulation in Eukaryoten beteiligt. In vorangegangen 

Studien der Gruppe wurde untersucht, wie Histonmodifikationen an der Integration vielfältiger 

Reize in eine Transkriptionsantwort des Phosphoenolpyruvatcarboxylase (Pepc) Gens von Zea 

mays mitwirken. Es wurden zwei Promotorregionen identifiziert, die in Abhängigkeit von internen 

und externen Reizen differentiell modifiziert wurden: am Startpunkt der Transkription und an einer 

vorgeschalteten (distalen) Position des Promotors. Aus diesen Studien wurde ein 

Histonmodifikationsmuster für Pepc abgeleitet. 

In der vorliegenden Arbeit wurde die Allgemeingültigkeit dieses Musters untersucht. Es konnte 

gezeigt werden, dass das Histonmodifikationsmuster von Pepc sowohl an anderen C4 Genen in 

Mais als auch an den Promotoren von Pepc und dem Malatenzym (Me) in den verwandten 

monokotylen Pflanzen Sorghum bicolor und Setaria italica zu finden war. Es wurde 

geschlussfolgert, dass dieses Muster von gemeinsamen Vorfahren der C4 Gräser übernommen 

wurde, um die Transkription von C4 Genen zu regulieren.   

Im zweiten Teil der vorliegenden Arbeit wurde die genomweite Verteilung von zwei 

Histonmodifikationen (Histon 3 Lysin 9 Acetyl [H3K9ac] und Histon 3 Lysin 4 Trimethyl 

[H3K4me3]) zwischen zwei Entwicklungszonen des Maisblattes (Basis und Lamina) verglichen. 

Dies ermöglichte eine Analyse der dynamischen Veränderung beider Histonmodifikationen im 

Gegensatz zu vorangegangenen Analysen in statischen Situationen. Korrelationsanalysen 

zwischen den Histonmodifikationen und der Transkription assoziierter Gene zeigten, dass die 

Änderungen der Histonmodifikationen mit den Änderungen der Transkription assoziierter Gene 

korrelierten. Der Fokus auf H3K9ac-modifizierte Bereiche (Peaks), die differentiell zwischen Basis 

und Lamina reguliert waren, führte zur erstmaligen Identifikation von sekundären, regulierten 

distalen Peaks (R-SUPs) der Histonmodifikation H3K9ac. R-SUPs wurden vermehrt an Genen 

gefunden, die von der Basis zur Lamina induziert wurden; dabei insbesondere an 

photosynthetischen Genen. Durch eine Metaanalyse konnte zudem gezeigt werden, dass R-SUP 

assoziierte Gene unter C4 Kandidatengenen, die von anderen Gruppen zuvor identifiziert worden 

waren, angereichert waren. Basierend auf diesen Ergebnissen wurde diskutiert, ob R-SUPs 

während der Evolution von C4 Genen aus deren C3 Vorläufern entstanden sein könnten. 

Im letzten Teil der Arbeit wurde der Einfluss des Lichts auf die Genregulation zwischen Basis und 

Lamina des Maisblattes untersucht. Diese Regulation wurde in lichtabhängig und lichtunabhängig 

eingeteilt. Es wurde gezeigt, dass Licht ein entscheidendes Signal für die Regulation von Genen 

war die in der Lamina induziert wurden, während der Großteil der reprimierten Gene 

lichtunabhängig reguliert wurde. Sowohl lichtabhängige als auch lichtunabhängige Gene zeigten 

Ko-Regulation von Transkription und H3K9ac. Dies bestätigt die grundlegende Rolle von H3K9ac 

in der Genregulation. 

 

Schlagwörter: Histonmodifikationen, Genregulation, C4 Photosynthese   
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Chapter 1 - General introduction 

 

1.1 Chromatin  

Eukaryotes have to compress their genome in some way to pack the large amount of DNA 

within their nuclei. For example, the diploid genome of the sequenced cultivar of maize (B73) 

consists of about 2,3 x 109 base pairs (Schnable et al., 2009). The whole genome would 

measure 1.7 m in an uncompressed form. To store this huge amount of information in the 

nucleus of every single cell the DNA is associated with certain proteins and tightly packed by 

physical interactions between these DNA-protein complexes. The resulting structure is 

named chromatin. The basic building blocks of the chromatin are nucleosomes (Kornberg, 

1977). Each nucleosome consists of around 147 base pairs of DNA wrapped around an 

octamer of each two of the histone proteins H2A, H2B H3 and H4. The histone protein H1 

acts as linker to stabilize the interaction of DNA with the octameric histone complex. The 

single nucleosomes are linked by a DNA stretch with varying length (Luger et al., 1997; 

Kouzarides, 2007). The nucleosomes are further compressed in a highly organized manner 

and build up the chromosomes in the end, which are visible under the light microscope. The 

structure of chromatin is highly dynamic and massively influences essential DNA-associated 

processes like replication, DNA repair, recombination and especially regulation of gene 

expression (Groth et al., 2007; Li et al., 2007). Chromatin associated with active or inducible 

genes is called euchromatin and associated with silenced genes heterochromatin. These 

states of chromatin are partially variable and the transition is fluid to adapt to the 

requirements of different developmental stages or changing conditions and needs of the 

individual cell (Shu et al., 2012).  

 

1.1.1 Histone modifications and their role in the regulation of gene expression 

Nucleosomes are mainly globular structures. However, the N-terminal tails of histone 

molecules are exposed and can be post-translationally modified to regulate the interaction 

between the histone proteins and the DNA. The alterations of the interaction are used in 

eukaryotes to regulate essential processes like replication, DNA-repair, condensation and 

transcription of associated genes. Examples for such histone modifications are methylation, 

acetylation, ubiquitination, ADP-ribosylation, and sumoylation of lysines, but also other amino 

acids are modified (Kouzarides, 2007; Li et al., 2007). One way of regulation is the 

recruitment of chromatin remodeling complexes that rearrange the nucleosomes in an ATP-
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dependent manner and open the chromatin structure to facilitate DNA-binding of different 

enzymes (van Attikum et al., 2004; Wysocka et al., 2006).  

In plants, especially the regulation of transcription by lysine (K) methylation and acetylation of 

histone 3 (H3) and 4 (H4) has been studied comprehensively. So far, 8 lysine residues of H3 

and H4 are known that are targeted by methylation (me) and 10 that are targeted by 

acetylation (ac). 6 of these residues are targeted by both ac and me (Benhamed et al., 2006; 

Chen and Tian, 2007). The complexity even increases because lysine methylation can occur 

as mono-, di, or tri methylation (me1, me2 and me3). Acetylation is widely associated with 

active genes while methylation can also be found associated with inactive genes dependent 

on the modified K residue and the degree of methylation (Wang et al., 2009; Lauria and 

Rossi, 2011). Two models exist that explain the regulatory influence of histone modifications 

on the transcription of associated genes: the histone code model and the charge 

neutralization model. Histones have a positive net charge due to their high content of lysine 

and arginine. The incorporation of acetyl groups reduces the positive charge which leads to a 

diminished interaction with the negatively charged DNA. This can facilitate the binding of 

DNA binding proteins like transcription factors and RNA polymerases to activate transcription 

in an unspecific manner (Dion et al., 2005; Wang et al., 2009). However, K methylation does 

not change the net charge of histones, which shows that the charge neutralization model 

alone is not sufficient to explain the regulatory effects of histone modifications completely. 

The histone code model argues that histone modifications are directly recognized by certain 

factors to guide DNA binding proteins to their target sequences. For example, it was shown 

in yeast that bromodomains are able to recognize acetylated histones and might act as 

targeting modules for certain proteins (Hassan et al., 2007). Also a specific interaction of the 

TATA box binding-protein associated factor 3 with H3K4me3 to initiate transcription was 

observed in human cell lines (Vermeulen et al., 2007; Lauberth et al., 2013). Data for both 

models exist and potentially both models describe aspects of the integration of diverse 

signals into one transcriptional output.   

 

1.1.2 Genome-wide analysis of histone modifications  

Genome-wide analyses of histone modifications offer the opportunity to study the association 

of certain histone modifications with distinct regions of the genome on a global level. First 

attempts were carried out with tilling arrays. The tilling array is a subtype of microarrays 

using probes that cover specific regions of the genomic DNA. Labeled DNA fragments that 

are chromatin immunoprecipitated (ChIP) with antibodies against certain histone 

modifications are hybridized and quantified. In recent years, next generation sequencing 
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techniques have become the method of choice for genome-wide analysis of histone 

modifications (ChIP-Seq). The immunoprecipitated DNA is extensively sequenced and the 

sequencing reads are afterwards mapped to the reference genome. Complex algorithms are 

used to analyze genomic regions for the enrichment of analyzed histone modifications. ChIP-

Seq enables genome-wide analyses of the association of histone modifications that is not 

biased by the nature of the spotted probes (Ho et al., 2011). Both methods have been used 

and correlated with genome-wide expression data to study the characteristics of various 

histone modifications and their impact on gene expression in plants (Ha, 2013).  

Genome-wide profiles of histone modifications were comprehensively studied in Arabidopsis 

(Zhang et al., 2007; Zhang et al., 2009; Zhou et al., 2010; Roudier et al., 2011). The histone 

modifications H3K4me1, H3K4me2, H3K4me3, H3K9me3, H3K9ac, H3K27me3, H3K36me3 

and H3K56ac were mostly found in euchromatic regions, indicating that they are associated 

with genes rather than transposable elements (TEs) and other repetitive and silenced 

regions that are located in heterochromatic regions. On the contrary, H4K20me1 and 

H3K9me2 were mainly found in heterochromatic regions and associated with silenced TEs. 

H3K27me1 and H3K27me2 were found in both hetero- and euchromatic regions. Most of the 

histone modifications that were associated with genes were mainly enriched at the 5´ end of 

gene bodies. Especially H3K4me3, H3K9ac and H3K56ac sharply peaked at the 

transcription initiation sites (TIS). H3K27me2 and H2K27me3 were evenly distributed and 

H3K27me2 was additionally located in the flanking regions of genes. The association of 

histone modifications with genes in euchromatic regions indicates that they might contribute 

to the regulation of gene expression. To test this hypothesis, the correlation between the 

enrichment of histone modifications and the transcription of associated genes was evaluated. 

The intensities of H3K9ac, H3K56ac, H3K4me3, H3K9me3 and H3K36me3 increased with 

higher transcription rates whereas the histone modifications H3K4me1, H3K4me2, 

H3K27me1, H3K27me2 and H3K27me3 showed decreasing intensities. Such correlations 

alone are not sufficient to define certain histone modifications as general “on” or “off” marker 

for associated genes. The mechanistic connection between each histone modification and 

the transcription of associated genes has to be evaluated in detail to understand the impact 

on the regulation of gene expression. Genome-wide analyses of histone modifications were 

also carried out in maize and rice. The described characteristics of H3K4me3, H3K9ac, 

H3K9me3, H3K27me3 and H3K36me3 were also observed in maize. H3K4me2, H3K4me3 

and H3K9ac also showed equal characteristics in rice, indicating a deep evolutionary 

conservation of the functions (Wang et al., 2009; Du et al., 2013; West et al., 2014).  

Most genome-wide analyses were used to study histone modifications in a static situation.  

The intensities of histone modifications were correlated with the gene expression of genes 
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with different transcriptional levels. Up to now, only two studies in the plant research field 

analyzed the dynamics of histone modifications from individual genes between two situations 

and correlated fold changes of the transcription with the fold changes of associated histone 

modifications. Brusslan et al. (2012) analyzed the dynamics of H3K4me3 and H3K27me3 

between mature and senescent leaves of Arabidopsis. A positive correlation for H3K4me3 

and a negative correlation for H3K27me3 with the transcription of associated genes were 

observed. He et al. (2013) studied the dynamics of H3K4me3 and H3K9ac between shoots 

and roots of maize more comprehensively. 70% to 90% of the genes that were associated 

with differential H3K4me3 and H3K9ac between shoots and roots were transcriptionally co-

regulated. The fold changes of the histone modifications correlated well with the fold changes 

of the transcription of associated genes. Additional analyses and also alternative 

normalization approaches are needed to extend the knowledge about the dynamics of 

histone modifications in a genome-wide context.  

 

1.2 C4 Photosynthesis  

Plants are photoautotrophic organisms that fix atmospheric CO2 into biomass using light as 

energy source in a process called photosynthesis. The photosynthetic pathway can be 

divided into two parts: light-dependent and light-independent reactions. Light-dependent 

reactions are characterized by the absorption of light energy to generate the energy and 

reducing equivalents adenosine triphosphate (ATP) and reduced nicotinamide adenine 

dinucleotide phosphate (NADPH). These equivalents are used in the light-independent 

reaction (Calvin cycle) to fix inorganic CO2 into organic compounds like sugars. The enzyme 

that catalyzes the fixation of CO2 is ribulose-1,5-bisphosphate carboxylase-oxygenase 

(RubisCO), which is the most abundant protein on our planet. RubisCO also has an 

oxygenase activity that results in the formation of toxic 2-phosphoglycolate that is detoxified 

in an energy consuming process called photorespiration (Peterhansel et al., 2010). In dry 

and warm climates, photorespiration can lower the photosynthetic efficiency up to 40% 

(Ehleringer, JR et al., 1997). Plants developed different strategies to reduce photorespiration. 

The most successful approach is C4 photosynthesis. In C4 photosynthesis, CO2 is 

concentrated around RubisCO to lower the oxygenase activity. C4 photosynthesis has 

evolved independently in at least 66 lineages within the past 35 million years (Sage et al., 

2012). Three independent sub types of C4 photosynthesis exist that were defined based on 

different pathways to release CO2 in the bundle sheath cells. The economical most important 

C4 crops are monocotyledonous grasses like maize, Sorghum bicolor and Setaria italica that 

all perform NADP-malic enzyme (NADP-ME) C4 photosynthesis (Christin et al., 2009).  
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1.2.1 C4 photosynthesis in maize 

C4 photosynthesis is characterized by the spatial separation of the initial CO2 fixation, 

independent of RubisCO, and the Calvin cycle into mesophyll (M) and bundle sheath (BS) 

cells. A schematic overview of the NADP-ME C4 photosynthesis in maize is shown in Figure 

1-1. CO2 diffuses into M cells and is converted to bicarbonate which is fixed by 

phosphoenolpyruvate carboxylase (PEPC) into the C4 intermediate oxalacetate (OAA). OAA 

is reduced to malate in the chloroplasts by NADP-dependent malate dehydrogenase (MDH). 

Malate enters the BS cells through plasmodesmata and is decarboxylated to pyruvate by 

NADP-malic enzyme (ME) in the chloroplasts. The released CO2 enters the Calvin cycle 

while pyruvate diffuses back into the chloroplasts of M cells where it is regenerated to the 

bicarbonate acceptor phosphoenolpyruvate by pyruvate-Pi-dikinase (PPDK). The cycle can 

be regarded as a pump that uses C4 acids as an intermediate to transport bound carbon into 

the BS cells where CO2 is released around RubisCO. Thick cell walls around the BS cells 

and the enlarged distance of BS cells to the leaf surface compared to leaves from C3 plants 

prevent the loss of released CO2 by diffusion. The increased CO2 concentrations around 

RubisCO lead to a drastic decrease in photorespiration and therefore an enhanced 

photosynthetic efficiency, especially in dry and warm climates (Nelson, 2010; Langdale, 

2011). 

 
Figure 1-1: Schematic overview of the C4 photosynthesis of Zea mays. The bold line around the bundle sheath 

cell indicates a reinforced cell wall. CA, carbonic anhydrase; PEPC, phosphoenolpyruvate carboxylase; MDH, 

malate dehydrogenase; ME, malic enzyme; PPDK, pyruvate-Pi-dikinase; HCO3-, bicarbonate; PEP, 

phosphoenolpyruvate; OAA, oxaloacetate; PYR, pyruvate; RuBP, ribulose-1,5-bisphosphate; NADPH, 

nicotinamide adenine dinucleotide phosphate (reduced); NAPD+, nicotinamide adenine dinucleotide phosphate 

(oxidized); AMP, adenosine monophosphate; ATP, adenosine triphosphate (Horst, 2009). 
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Several anatomical and physiological requirements have to be met for functional C4 

photosynthesis: Kranz anatomy has to be established which is characterized by a high 

density of BS cells surrounded by M cells. The BS cells have to be enclosed by thick cell 

walls to reduce diffusion of released CO2. Both cell types have to be equipped with 

differentiated chloroplasts specialized for the requirements within both cell types. 

Plasmodesmata have to be established to facilitate the excessive exchange of metabolites 

between M and BS cells. Additionally, transporters for the import and export of C4 specific 

metabolites have to be expressed and integrated into the chloroplast membranes (Gowik and 

Westhoff, 2011; Nelson, 2011). The development of these requirements is described in 

Chapter 1.3.1 of the introduction.   

 

1.2.2 Regulation of C4 gene expression by histone modifications in maize 

It is supposed that the genes needed to perform C4 photosynthesis derive from gene 

duplications in ancestral C3 plants. Gene duplications enable mutation of one of the 

duplicated genes without losing the primary function (Brautigam et al., 2011; van den Bergh, 

Erik et al., 2014). During C4 evolution, the expression of C4 genes was adapted to the 

requirements needed to perform C4 photosynthesis. C4 genes are appropriate models to 

study the regulation of gene expression because they are regulated by various stimuli and 

developmental signals. Relevant C4 genes are differentially expressed between M and BS 

cells, potentially, to keep the directional CO2 pump running (Chang et al., 2012; Tausta et al., 

2014). C4 genes, like most photosynthetic genes, are induced by light and show a diurnal 

expression pattern (Horst et al., 2009). Nitrogen availability regulates the expression of the 

C4 genes Pepc, Ca and Ppdk, potentially due to the fact that according proteins are highly 

abundant and their synthesis consumes a lot of nitrogen (Sugiharto et al., 1990; Sugiharto et 

al., 1992; Suzuki et al., 1994). Additionally, it has been shown that high sugar contents 

repress the expression of various C4 genes in a hexokinase dependent manner (Jang and 

Sheen, 1994). All these signals have to be integrated into one transcriptional output. 

Comprehensive studies on the Pepc promoter in maize showed that the appearance of 

certain histone modifications at certain positions of the promoter can be associated with 

distinct signals that regulate Pepc transcription. Two sites at the Pepc promoter were 

identified that were associated with analyzed histone modifications: the core promoter which 

is localized adjacent to the TIS and the upstream promoter which is located further upstream 

of the TIS. It was shown that H3K9ac and H4K5ac were induced by light and highly co-

regulated with transcription at the upstream promoter. These data are in line with the general 

association of histone acetylations with active genes, described in 1.1.2. However, these 
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histone modifications were differently regulated at the core promoter. H3K9ac and H4K5ac 

were only observed in the light, but not affected by the metabolic state and therefore not 

strictly co-regulated with the transcription (Offermann, 2006; Offermann et al., 2008). 

Interestingly, levels of H3K9ac and H4K5ac at the core promoter followed a diurnal rhythm 

and started to decrease in the second half of the light period when the light stimulus was still 

present (Horst et al., 2009).Thus, H3K9ac seemed to represent the light stimulus in a diurnal 

manner at the core promoter of Pepc that is independent of transcription. These data 

suggested different roles of H3K9ac and H4K5ac dependent on the modified region of the 

Pepc promoter. Additionally, H3K4me3, that has also been associated with active genes, 

was found to mark the Pepc core promoter in a tissue specific manner. Pepc is transcribed in 

M cells and H3K4me3 was found at the core promoter only in M cells, independent of the 

illumination state and the transcriptional activity. At the core promoter of the BS specific Me 

gene, H3K4me3 was only found in the BS cells (Danker et al., 2008). These data exemplify 

the complexity of the signal integration at C4 promoters and the demand to study histone 

modifications in different situations to understand their impact on gene expression. Further 

studies in other C4 species and genome-wide analyses could help understanding and 

generalizing the regulation of C4 gene expression by histone modifications. 

 

1.3 The maize leaf gradient - a model to study development 

Leaves of dicotyledonous plants develop in an asymmetric manner. The development is 

polarized from the base to the leaf edges in general but further divisions in all directions are 

inserted at later stages of leaf development, resulting in a mosaic-like spatial dispersion of 

cells with different developmental stages. This pattern impedes the analysis of 

developmental processes in leaves from dicotyledonous plants (Poethig, 1987; Nelson and 

Langdale, 1989; Efroni et al., 2010).  

In contrast, the development of leaves of monocotyledonous grasses is polarized all over the 

leaf. In maize, cell division is restricted to the base of the leaf where the initial cells are 

recruited from around 40 meristematic cells (Poethig and Szymkowiak, 1995). The 

arrangement of newly generated cells remains aligned from the base to the tip of the maize 

leaf (Nelson and Langdale, 1989). The differentiation of cells is strictly organized and 

continuous from the tip to the base (basipetally); cells at the tip are thoroughly differentiated 

while they are undifferentiated at the base of the leaf (Sharman, 1942; Evert et al., 1996; 

Sylvester et al., 1990). Because of the structured and polarized development, the growing 

maize leaf is nowadays also referred to as the developmental gradient. The developmental 

gradient of maize was classified into three zones in dependence on the local activity of cells 
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(Figure 1-2). The base of the leaf is characterized by undifferentiated cells from the 

intercalary meristem and was defined as division zone (DZ). The size of the mature leaf is 

strongly controlled by the size of the DZ (Rymen et al., 2007; Nelissen et al., 2012). In the 

adjacent zone, cells expand and start to differentiate (expansion zone [EZ]). Cells become 

part of the mature zone when the expansion is completed (mature zone [MZ], Sylvester et 

al., 1990; Nelissen et al., 2013). Nelissen et al. (2012) showed that the developmental zones 

of the maize leaf were characterized by varying concentrations of endogenous plant 

hormones. Auxin and cytokinines peaked in the DZ while gibberellines peaked in the EZ. 

Environmental factors that might influence the development of the maize leaf have not been 

investigated so far. 

 
Figure 1-2: Classification of analyzed sections into defined zones (a) and corresponding microscopic images (b-

d). DZ, division zone (b); EZ, expansion zone (c); MZ, mature zone (d). The nomenclature of the figure from 

Nelissen et al. (2013) was modified according to Candaele et al. (2014).   

 

The strictly polarized and linear organization of the developmental gradient of the maize leaf 

offers the opportunity to comprehensively study the development of various biological 

processes within a single organ. Identifying factors required for the establishment of C4 

photosynthesis at different developmental stages is of special interest. Additionally, the 

connection of different datasets can be used to analyze regulatory cascades from the 

regulation of gene expression to functional proteins and metabolites in general (Nelson, 

2011; Candaele et al., 2014; Ponnala et al., 2014). 
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1.3.1 Omics along the developmental gradient of maize to characterize the 

establishment of C4 photosynthesis 

In recent years, new technologies, like next generation sequencing technologies, have 

become available to a broad spectrum of researchers and large data sets on the 

developmental gradient of maize have been generated on a genome-wide level. Such 

datasets comprise transcriptomic, proteomic and metabolomic analyses (Majeran et al., 

2010; Li et al., 2010; Pick et al., 2011; Aubry et al., 2014; Tausta et al., 2014; Wang et al., 

2014). One aim was to understand the regulatory and anatomical factors that are responsible 

for the establishment of C4 photosynthesis along the developmental gradient. Technologies 

for genome-wide analyses to study the developmental gradient of maize were firstly used by 

Li et al. (2010) and Majeran et al. (2010). Li et al. (2010) applied RNA-Seq to analyze the 

transcriptomes of four representative zones of the maize leaf (base, expansion, maturing and 

mature). Majeran et al. (2010) used a shotgun proteomic approach to analyze the proteomes 

of identical four and two additional zones. The proteomic data was complemented with 

comprehensive microscopic analyses to analyze the establishment of anatomic features 

needed for C4 photosynthesis. Additionally, both studies also incorporated differential 

analyses of BS and M cells at different stages of development. Hierarchical clustering and 

analyses of known marker genes or proteins for certain processes were used to understand 

the establishment of C4 photosynthesis. The RNA and protein levels of both studies 

correlated well over the analyzed developmental zones (Ponnala et al., 2014).  

Initially, the transition point between sink and source tissues was identified as a kind of 

reference point for developmental analyses of C4 photosynthesis. The base of the leaf is a 

heterotrophic sink tissue that depends on the supply with carbohydrates from the autotrophic 

source tissue with active photosynthesis (Evert et al., 1996). The sink-source transition point 

is defined as the zone of the leaf where the import and export of carbohydrates are level. The 

location was identified at the area of the leaf where cells are initially exposed to light 

(transition from EZ to MZ) by autoradiography of incorporated 14CO2 (Majeran et al., 2010; Li 

et al., 2010).   

The observations regarding the gradual establishment of C4 photosynthesis overlapped 

between both studies and are summarized in Figure 1-3 (Majeran et al., 2010). 

Plasmodesmata between future BS and M cells were already established within the first two 

centimeters of the division zone. Slightly afterwards, the maturation of the vascular elements 

occurred. The tissue up to that point was characterized as completely heterotrophic: the 

abundances of proteins involved in sucrose degradation, sink-specific transporters of 

metabolites and enzymes of the respiratory machinery peaked in that area. However, 

structural requirements for C4 photosynthesis already started to show up: the orientations of 
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cells in a Kranz anatomy specific manner and the beginning differentiation of proplastids 

were already recognized before the sink-source transition point. Also differential 

accumulation of BS and M specific proteins was observed for a small fraction of total BS and 

M specific proteins. In the following developmental phase, the leaf emerges into direct light 

and the sink-source transition point is included. In that area, the photosynthetic machinery 

rapidly evolved. Proteins associated with the establishment and homeostasis of the plastidal 

proteome and the synthesis of isoprenoids and tetrapyrroles peaked in that area. Also a 

rapid accumulation of BS and M specific proteins needed for C4 photosynthesis was 

observed. Cell elongation and cell wall thickening were still in progress in that area, indicated 

by a high accumulation of enzymes associated with cellulose and fatty acid synthesis. Thus, 

the photosynthetic machinery was basically prepared before the sink-source transition point 

and directly activated when light was available, although the development was still ongoing. 

The area after the sink-source transition point was characterized by continuous maturation of 

the photosynthetic machinery and required anatomical structures towards the tip of the leaf. 

The elongation of cells and the cell wall thickening of the BS cell wall were completed closely 

after the sink-source transition point. This was characterized by decreased abundances of 

cell wall and lignin synthesis associated proteins. Proteins associated with the biogenesis of 

chloroplasts also decreased while especially the expansion of M chloroplasts continued 

towards the tip of the leaf. The increasing accumulation of BS and M specific proteins and 

photosynthetic metabolite transporters towards the tip indicated increasing C4 metabolism. 

This was underpinned by strongly increasing abundances of proteins associated with starch 

metabolism, protection from reactive oxygen species and the visible accumulation of starch 

grains towards the tip of the leaf.  
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Figure 1-3: Overview of observed proteomic and anatomical changes along the developmental gradient of maize. 

The upper part summarizes anatomical features observed by light microscopy and the lower part changes within 

the indicated protein clusters measured by shot gun proteomics. The vertical dashed line indicates the transition 

point between sink and source tissues. The green lines and processes in red represent features that are 

preferably found in the source part while orange lines and blue processes are rather found in the sink part of the 

leaf. MC, mesophyll cells; BSC, bundle sheath cells; SAM, S-adenosylmethionine; OPPP, oxidative pentose 

phosphate pathway; FA, fatty acid; MVA, mevalonate pathway; MEP, methyl-erythritol-4-phosphate pathway; 

ROS, reactive oxygen species (Majeran et al., 2010).   

 

The establishment of C4 photosynthesis along the development gradient of maize was also 

analyzed by Pick et al. (2011). The growing maize leaf was cut at the sink-source transition 

point and the upper part was subdivided into 10 continuous fragments that were mainly 

analyzed for their metabolites, enzyme activities and transcript levels. The results were in 

line with the observations described above. On the metabolite level, different clusters of co-

regulated metabolites were identified. Clusters including metabolites linked to C4 

photosynthesis and chlorophyll synthesis increased towards the tip of the leaf. Additionally, 

Chapter 1 - General introduction

11



enzyme activities of C4 associated proteins were highest at the tip of the leaf. On the other 

hand, one big cluster of metabolites containing proteinogenic amino acids, precursors of the 

cell wall, and minor sugars decreased. This cluster was defined as building block cluster, 

reflecting the needs of the included metabolites at the heterotrophic base of the leaf to 

establish cellular functions.  

 

1.3.2 Identification of C4 photosynthesis related genes 

Transcriptomic data can be used to identify unknown genes that might participate in certain 

biological processes by co-expression analyses of genes with known function. Pick et al. 

(2011) first used transcriptomic data of the developmental gradient from maize to identify 

transcription factors that might control the establishment and regulation of C4 

photosynthesis. 32 transcription factors were found that were tightly co-expressed with the 

C4 genes Pepc, NADP-Me and Ppdk. Comparative analyses of transcriptomic data from 

different species have also been used to identify transcription factors that might be 

associated with C4 photosynthesis. Wang et al. (2014) compared the transcriptomic data of 

the developmental gradient of maize (Li et al., 2010) to transcriptomic data of the 

developmental gradient of the monocotyledonous C3 plant rice. The sink-source transition 

point and metabolomic data of rice and maize were used to calibrate the developmental 

gradients from both species on each other. Potential C4-related transcription factors were 

identified by four criteria: expression above background in both species, a clear 

correspondence of the orthologous genes, differential expression between BS and M cells in 

maize and different expression profiles along the developmental gradients from both species. 

118 transcription factors were identified that fulfilled these criteria and that are candidates for 

genes that evolved from C3 plants to regulate C4 specific gene expression. Aubry et al. 

(2014) compared the transcriptomes of the developmental gradient of the dicotyledonous C4 

plant Gynandropsis with the transcriptomic data of the developmental gradient from maize (Li 

et al., 2010). 18 transcription factors were identified that were co-expressed with known C4 

photosynthesis associated genes along the developmental gradient in both species. 

Interestingly, nine of these transcription factors were equally distributed between BS and M 

cells in maize and Gynandropsis. However, co-expression and clustering analyses with 

known genes can only suggest potential association of genes with biological processes. The 

usage of multiple strategies can help to narrow candidate lists down, but in the end, 

functional association can only be indicated by functional assays.  
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A Common Histone Modification Code on C4 Genes in
Maize and Its Conservation in Sorghum and
Setaria italica1[W][OA]

Louisa Heimann2, Ina Horst2, Renke Perduns, Björn Dreesen3,
Sascha Offermann, and Christoph Peterhansel*

Leibniz University Hannover, Institute of Botany, 30419 Hannover, Germany

C4 photosynthesis evolvedmore than 60 times independently in different plant lineages. Each time, multiple genes were recruited into
C4 metabolism. The corresponding promoters acquired new regulatory features such as high expression, light induction, or cell type-
specific expression in mesophyll or bundle sheath cells. We have previously shown that histone modifications contribute to the
regulation of the model C4 phosphoenolpyruvate carboxylase (C4-Pepc) promoter in maize (Zea mays). We here tested the light- and
cell type-specific responses of three selected histone acetylations and two histone methylations on five additional C4 genes (C4-Ca, C4-
Ppdk, C4-Me, C4-Pepck, and C4-RbcS2) in maize. Histone acetylation and nucleosome occupancy assays indicated extended promoter
regions with regulatory upstream regions more than 1,000 bp from the transcription initiation site for most of these genes. Despite
any detectable homology of the promoters on the primary sequence level, histone modification patterns were highly coregulated.
Specifically, H3K9ac was regulated by illumination, whereas H3K4me3 was regulated in a cell type-specific manner. We further
compared histone modifications on the C4-Pepc and C4-Me genes from maize and the homologous genes from sorghum (Sorghum
bicolor) and Setaria italica. Whereas sorghum and maize share a common C4 origin, C4 metabolism evolved independently in S. italica.
The distribution of histone modifications over the promoters differed between the species, but differential regulation of light-induced
histone acetylation and cell type-specific histone methylation were evident in all three species. We propose that a preexisting histone
code was recruited into C4 promoter control during the evolution of C4 metabolism.

The current best estimate for the minimal number of
independent evolutionary origins of C4 photosynthesis is
62. Thus, C4 photosynthesis belongs to the most prom-
inent examples of parallel or convergent evolution in
nature (Sage et al., 2012). C4 plants established a carbon
pump that transports CO2 from mesophyll (M) to bundle
sheath (B) cells, where Rubisco and the Calvin cycle are
active (von Caemmerer and Furbank, 2003). One major
aspect of C4 evolution was the recruitment of preexisting
genes to encode the enzymes of the C4 pathway (Hibberd
and Covshoff, 2010). Key enzymes for C4 photosynthesis
in M cells are carbonic anhydrase (C4-Ca), phosphoenol-
pyruvate carboxylase (C4-Pepc), and pyruvate phosphate
dikinase (C4-Ppdk). Conversely, in B cells, a decarboxylase
such as NAD(P)-malic enzyme (C4-Me) and/or phos-
phoenolpyruvate carboxykinase (C4-Pepck) and Rubisco
(RbcS for the genes encoding the small subunit) are

required at high levels (Langdale, 2011). Maize (Zea mays)
makes use of both a chloroplastic NADP-Me and a cy-
tosolic Pepck for C4 acid decarboxylation (Furumoto et al.,
1999; Wingler et al., 1999). During the recruitment
process, C4 genes acquired new regulatory features: the
genes show much higher expression than their C3 coun-
terparts (Ku et al., 1996), they are activated in response
to light (Sheen and Bogorad, 1987; Sheen, 1999), and their
activity is often modulated by additional metabolic
stimuli such as nitrate availability (Sugiharto et al., 1992)
or sugar accumulation (Sheen, 1990). Much of this regu-
lation takes place on the level of promoter activity (Sheen,
1999; Hibberd and Covshoff, 2010). Furthermore, C4
proteins show selective accumulation in M or B cells. In-
formation for cell type specificity is encoded in promoter
sequences (Gowik et al., 2004; Akyildiz et al., 2007), in
untranslated transcript regions (Patel and Berry, 2008;
Kajala et al., 2012), and/or in the coding sequence (Brown
et al., 2011), depending on the C4 gene and the species.
There is evidence that some genes in C3 plants were
predisposed to their recruitment into the C4 pathway,
because their C3 orthologs show aspects of C4 regulation
already in the C3 plant (Brown et al., 2010; Kajala et al.,
2012). Also, C4 genes are often correctly regulated when
overexpressed in a C3 host, indicating that the relevant
trans-acting factors are available in C3 plants (Ku et al.,
1996; Engelmann et al., 2003).

Research in recent years has highlighted the role of
chromatin structure and modification in the control of
transcription. The primary repeat unit of chromatin is
the nucleosome particle that is formed by DNA wound
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around a protein body. This protein body consists of
two copies each of the histone proteins H2A, H2B, H3,
and H4 (Kouzarides, 2007). Chromatin is a passive
barrier for transcription and other DNA-associated
biochemical processes (Kingston and Narlikar, 1999).
Two major mechanisms that facilitate the transcription
of chromatin have been identified. On the one hand,
chromatin-remodeling complexes are recruited to spe-
cific chromatin domains and alter the mobility of nu-
cleosomes in an ATP-dependent manner (Mellor, 2005).
This results in differences in nucleosome occupancy
(NO) at specific DNA positions. In both yeast and
humans, active gene promoters are characterized by
low NO (Lee et al., 2004; Nishida et al., 2006). On the
other hand, histones can be posttranslationally modi-
fied in multiple ways (Bannister and Kouzarides, 2011;
Tan et al., 2011). Using genome-wide correlation
analyses, some of these modifications have been
associated with transcriptionally active or inactive
chromatin domains (Bernstein et al., 2007; Zhang,
2008). The best studied modification of histones is
probably Lys acetylation. Multiple residues on the N-
terminal tails of histones H3 and H4 can be acetylated.
Histone acetylation is tightly correlated with gene
transcription (Pokholok et al., 2005; Wang et al.,
2009a). The activating properties of histone acetylation
may be explained by two nonmutually exclusive hy-
potheses: either they are due to neutralization of the
interaction of the positively charged Lys side chains
with the negatively charged DNA, resulting in the
mitigation of histone-DNA interaction (charge neu-
tralization model; Dion et al., 2005; Henikoff and
Shilatifard, 2011), or they are due to the provision of
binding sites for transcription factors and other proteins
that specifically bind to acetylated histones (histone
code model; Berger, 2007; Hassan et al., 2007; Nelissen
et al., 2007). The latter model also implies that histone
modifications can be used for the storage of information
about developmental and environmental cues on the
promoters.
A second prominent modification of histones is Lys

methylation. Again, multiple Lys residues on histones
are prone to methylation (Sims et al., 2003). Depending
on the Lys that is methylated, these modifications are
either found in actively transcribed chromatin regions
or in heterochromatic nontranscribed regions (Sims
et al., 2003; Martin and Zhang, 2005). Furthermore, the
terminal amino group of the Lys side chain can be
monomethylated, dimethylated, or trimethylated, and
this also affects the interpretation of the modification.
Methylated Lys residues are recognized by specific
protein domains (Kim et al., 2006) and, thus, can re-
cruit proteins that, in turn, activate or repress tran-
scription. The most prominent example of histone
methylation associated with active genes is the trime-
thylation of Lys-4 on histone H3 (H3K4me3) at the
start of the transcribed gene region (Santos-Rosa et al.,
2002; Heintzman et al., 2007; Wang et al., 2009a).
We have previously studied information storage by

histone modifications on the promoter of C4-Pepc in

maize. Our studies revealed that the acetylation of Lys-
9 on histone H3 (H3K9ac) and Lys-5 on histone H4
(H4K5ac) on the promoter is controlled by illumination
(Offermann et al., 2006, 2008). The modifications were
even set on inactive gene copies as long as the light
stimulus was received, but they were removed in the
dark. Other Lys residues such as H3K18 were consti-
tutively acetylated on C4-Pepc (Offermann et al., 2008).
Conversely, H3K4me3 on C4-Pepc was not affected by
the light stimulus but was controlled by a cell type-
specific signal specifically in M cells. In B cells, H3K4me2
was found instead (Danker et al., 2008). Here, we tested
whether this control of specific modifications is con-
served on other C4 genes in maize and on the ortho-
logous C4-Pepc and C4-Me genes of the C4 grasses
sorghum (Sorghum bicolor) and Setaria italica. Whereas
maize and sorghum share a common C4 origin, S.
italica evolved C4 metabolism independently (Christin
et al., 2009a; Sage et al., 2012) and separated from the
maize/sorghum lineage approximately 25 million
years ago (Vicentini et al., 2008). Our data reveal a
close similarity of the histone code within maize C4
genes and, for at least two key genes, across the spe-
cies. This suggests that this code was recruited into C4
in two independent C4 lineages.

RESULTS

Chromatin Modification Profiles of C4 Genes in Maize

We used chromatin immunoprecipitation (ChIP)
from illuminated leaves harvested 4 h after the onset of
illumination to identify regions on C4 gene promoters
in maize that show high H3K9ac or H3K4me3. C4
genes were identified from the genome sequence based
on their homology to complementary DNAs (cDNAs)
that had been shown before to encode C4-specific tran-
scripts (see “Materials and Methods”; Supplemental Fig.
S1). All modification data were standardized for the
number of nucleosomes in the tested chromatin region
(NO). NO was determined by precipitating chromatin
with an antibody directed to an invariant domain of
histone H3 and is shown in Supplemental Table S1. Y-
scales always show the relative enrichment of acetylation
or methylation at the respective site compared with the
Actin1 housekeeping gene promoter (Haring et al., 2007;
i.e. a value of 10 means that the modification is found 10
times more often on nucleosomes on the tested C4 gene
promoter region than on nucleosomes on the Actin1
promoter [see “Materials and Methods”]).

In the core promoter region (2200 relative to the
transcription initiation site [TIS]) of the C4-Pepc pro-
moter (Fig. 1A), we detected a 6-fold enrichment in
acetylation compared with the Actin1 promoter. This
number slightly decreased at position 2900 and then
increased to 12-fold enrichment at position 21,300.
Further upstream, acetylation constantly decreased.
For C4-Me (Fig. 1D), the situation was similar, with a
peak of acetylation on the core promoter (2240) and a
second peak further upstream (21,450). Also, relative
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enrichment compared with Actin1 was similar on C4-
Pepc and C4-Me. Therefore, for both genes, we selected
a position on the upstream promoter (Zm1) and a
position on the core promoter (Zm2) with high H3K9ac
for the following analysis of light regulation (Fig. 2).
These selected positions on the C4-Pepc and C4-Me
promoters had already been shown to contain regulated
chromatin modifications in previous studies (Offermann
et al., 2006, 2008; Danker et al., 2008).

We further screened the promoters of the C4 genes
C4-Ca, C4-Ppdk, C4-Pepck, and C4-RbcS2 with the aim
to define comparable chromatin positions (i.e. a core
promoter position and an upstream promoter position
with high H3K9ac). On C4-Ppdk (Fig. 1B), we observed
high H3K9ac on the core promoter (position2150) and
at position 2800 but a rapid decline at more upstream
positions. Accordingly, Zm1 was positioned at 2800
and Zm2 at 2150. On C4-Ca (Fig. 1C), we detected
high H3K9ac signals at position 21,200 (Zm1) and
directly at the TIS (Zm2). We were unable to establish
a functioning PCR system directly in the core promoter
region of C4-Ca because of the very high GC content
(more than 75% between 2300 and 0) and multiple
repetitive sequence elements; therefore, we had to use
a PCR system centered on the TIS instead. On C4-Pepck
(Fig. 1E), H3K9ac was highest on the core promoter
(2100) and constantly declined toward the upstream
promoter. Zm1 was defined at the most upstream

position with at least 5-fold higher acetylation com-
pared with Actin1 (21,200), and Zm2 again was placed
on the core promoter. On C4-RbcS2 (Fig. 1F), H3K9ac
levels were generally lower. Maximum levels on the
core promoter were only 2.3-fold higher compared
with the Actin1 promoter. Moreover, H3K9ac rapidly
declined toward more upstream promoter regions. In
order to allow direct comparison with the other C4
genes, we decided to place positions Zm1 and Zm2 on
C4-RbcS2 at 21,100 (the most upstream position with
detectable H3K9ac) and 2190 (highest acetylation),
respectively.

H3K4 trimethylation (H3K4me3) is another chro-
matin mark of active genes that usually peaks in the 59
region of the transcribed sequence (Santos-Rosa et al.,
2002; Heintzman et al., 2007; Wang et al., 2009a).
Therefore, we tested an additional position in the 59
region of the transcribed sequence. This position is
designated as Zm3 henceforth (for exact positions, see
Supplemental Fig. S1). On all genes, H3K4me3 levels
were clearly increased at Zm3 compared with the
promoter positions (Fig. 1, right graphs). On C4-Pepc,
C4-Ca, and C4-Pepck, significant relative enrichments
of H3K4me3 were also detected at Zm2, whereas
H3K4me3 levels were near background at the Zm2
position on the other genes. At Zm1, H3K4me3 signals
were undetectable (C4-Ppdk, C4-Ca, C4-Me, C4-RbcS2)
or very low (C4-Pepc, C4-Pepck). We selected the Zm3

Figure 1. Histone modification profiles of six C4 genes from maize. Amounts of chromatin precipitated with an antibody
specific for H3K9ac or H3K4me3 in illuminated leaves (4L) are shown. Numbers on the x axis indicate bp positions relative to
TIS. Positions chosen for further analyses are designated Zm1, Zm2, and Zm3. Values are presented as the relative enrichment
(RE) of modifications per nucleosome over modifications per nucleosome found on maize Actin1. All data points are based on
at least three independent experiments. Vertical lines indicate SE.
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position for further studies of histone methylation on
the maize C4 genes.

Environmental and Developmental Regulation of C4 Gene
Chromatin in Maize

A key feature of C4 gene regulation is gene induc-
tion by light. We compared promoter activity and
histone acetylation at the Zm1 and Zm2 positions on
the six maize C4 genes in response to illumination (Fig.
2). Beside H3K9ac, H4K5ac and H3K18ac were in-
cluded, because these modifications showed specific
responses to illumination on the C4-Pepc promoter
before (Offermann et al., 2008). The amounts of het-
erogeneous nuclear RNA (hnRNA) derived from the
genes were used as an approximation for promoter
activity, because these primary transcripts are rapidly
spliced after synthesis and do not accumulate (Elferink
and Reiners, 1996; Delany, 2001; Wu et al., 2009). For
all six C4 genes, hnRNA levels were low in plants that
were exposed to 72 h of darkness (72D plants) and
clearly increased in plants that were illuminated for 4 h
(4L plants), indicating light-induced promoter activity
(Fig. 2A).

For chromatin analyses, we used the same stan-
dardization methods as described for Figure 1. On the
Zm2 site proximal to the TIS, H3K9ac was strongly
induced (3- to 5-fold) on all genes after illumination,
with the exception of C4-Ca (only 1.5-fold induction;
Fig. 2B). H4K5ac at position Zm2 also responded
positively to illumination on all tested genes, albeit to
different extents. Light induction was 10-fold or more
for C4-Pepc and C4-Rbcs2, approximately 2-fold for C4-
Ppdk, C4-Me, and C4-Pepck, and less than 2-fold for C4-
Ca. In contrast, H3K18ac at Zm2 remained largely
unchanged in 72D plants compared with 4L plants on
all C4 genes. At the more upstream-located Zm1 po-
sition, H3K9ac was strongly induced by illumination
on all C4 genes. Likewise, H4K5ac showed a clear in-
duction at Zm1 on all genes with the exception of
RbcS2, where H4K5ac levels remained low in 4L plants.
H3K18ac at the Zm1 position was unaffected by the
light treatment on five of the six tested genes. A slight
increase was only observed on C4-Pepck. Thus, with few
exceptions, H3K9ac and H4K5ac responded positively
to illumination at both the Zm1 and Zm2 promoter
positions of the C4 genes, whereas H3K18ac remained
unaffected by light.

Figure 2. Light regulation of transcription and histone acetylation on
six C4 genes in maize. A, Relative quantification of hnRNA expression
levels of the six C4 genes in leaves from plants that were exposed to 72
h of darkness (72D; gray columns) and in plants that were illuminated
for 4 h (4L; black columns). Transcription is standardized for maize
Actin1 expression (relative enrichment [RE]). hnRNA expression levels

were determined by quantitative reverse transcription (RT)-PCR
with a primer system specific for an intron (Supplemental Fig. S1).
B, Light-dependent H3K9ac, H4K5ac, and H3K18ac on positions
Zm1 and Zm2 of the six C4 genes. Values are presented as the
relative enrichment of modifications per nucleosome over modifi-
cations per nucleosome found on the Actin1 promoter. All data
points are based on at least four independent experiments. Vertical
lines indicate SE.
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A second hallmark of C4 gene regulation is cell type-
specific expression of C4 genes in M or B cells. We
compared hnRNA levels of the tested C4 genes in
leaves and isolated B strands (Fig. 3A). A rapid me-
chanical isolation protocol at low temperatures was
used for B cell preparation in order to minimize
hnRNA turnover during the preparation (Jenkins and
Boag, 1985; Bassett et al., 1988). We did not isolate M
cells for this assay, because the preparation of M cell
protoplasts from leaves is a lengthy procedure during
which C4 genes are often strongly suppressed. If pro-
moter activity would contribute to gene regulation, a
clear depletion of M-specific transcripts in isolated B
cells compared with total leaves would be expected in
our assay. In contrast, B-specific transcripts are ex-
pected to be more abundant in B preparations than in
total leaves (assuming an even number of B cells and
M cells in leaves, a 2-fold increase in B cells compared

with total leaves would be expected). Accordingly,
hnRNA levels were clearly lower in B cells compared
with total leaves for C4-Pepc, C4-Ppdk, and C4-Ca,
whereas C4-Me, C4-Pepck, and RbcS2 transcripts were
1.8- to 2.6-fold enriched in B preparations.

We used chromatin isolated from M and B cells to
test cell type-specific histone methylation on the C4
genes at position Zm3. Previous analyses indicated
that methylation marks remain stable on M cell pro-
moters during the preparation of protoplasts, even
though C4 gene expression is suppressed (Danker
et al., 2008). Figure 3B shows the ratio of H3K4me3 to
H3K4me2 signals (H3K4me3/me2) at the Zm3 posi-
tions of the tested C4 genes in M and B cell chromatin.
For C4-Pepc and C4-Me, we had shown before that
high H3K4me3 signals and low H3K4me2 signals were
established in the cell type where the particular gene
can be activated by other stimuli (i.e. in M cells for C4-
Pepc and in B cells for C4-Me). In each respective other
cell type, we had observed the opposite pattern, with
high H3K4me2 and low H3K4me3 instead. Conse-
quently, an H3K4me3/me2 ratio of 1.9 was deter-
mined for C4-Pepc in chromatin from M cells, and this
ratio dropped to 0.2 in chromatin from B cells. How-
ever, on C4-Me, the H3K4me3/me2 ratio was much
higher in B cells than in M cells. For the other genes
that showed preferential expression in either M cells
(C4-Ca, C4-Ppdk) or B cells (C4-Pepck, C4-RbcS2), similar
patterns were observed. C4-Ca and C4-Ppdk showed
clearly higher H3K4me3/me2 ratios in chromatin from
M cells than in chromatin from B cells, and C4-Pepck and
C4-RbcS2 showed an opposite distribution of these his-
tone modifications.

In order to determine whether this H3K4 methylation
pattern was established independently of the transcrip-
tion of C4 genes, we also measured H3K4me3/me2
levels in M and B chromatin isolated from etiolated
leaves. In etiolated leaves, C4 genes are inactive because
they never received a light stimulus (compare with Fig.
2). As shown in Figure 3B, H3K4me3/me2 ratios in M
and B cells derived from etiolated leaves were very
near those obtained from illuminated leaves. For M
cell-specific genes, signals were higher in M cells than
in B cells. B cell-specific genes showed the opposite
pattern, although absolute levels were somewhat re-
duced. Only on C4-RbcS2 were ratios near 1 observed
in chromatin from both M and B cells. Thus, cell type-
specific histone methylation of H3K4 is found in
maize on all tested C4 genes except C4-RbcS2. The
specific role of the latter gene is revisited below in
“Discussion.”

Histone Code at the C4-Pepc and C4-Me Genes in
Independent C4 Lineages

The data described so far were obtained to study
whether different C4 genes in maize showed similar
chromatin modification profiles. We further analyzed
whether homologous C4 genes in different species also

Figure 3. Cell type-specific transcription and histone methylation on
six C4 genes in maize. A, Quantification of hnRNA expression levels of
the six C4 genes in leaves (L) and B cells (B) isolated from plants that
were illuminated for 4 h (4L plants). Values are arbitrary units (AU)
derived from a cDNA standard dilution series. hnRNA expression
levels were determined by quantitative RT-PCR with a primer system
specific for an intron (Supplemental Fig. S1). B, Ratio of the amount of
chromatin precipitated with an antibody specific for H3K4me3 and
H3K4me2 in isolated M or B cells. Black bars indicate data from il-
luminated plants (4L), whereas gray bars indicate data from etiolated
plants. Ratios are without dimension. All data points are based on at
least four independent experiments. Vertical lines indicate SE.
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showed similar chromatin modifications. To this end,
we compared light-induced and cell type-specific chro-
matin marks on the C4-Pepc and C4-Me genes from the
C4 model grasses sorghum and S. italica with those
obtained from maize (Figs. 1–3). Identification of
nearest gene homologs is described in “Materials and
Methods” and Supplemental Figure S1. The three C4-
Pepc genes and the three C4-Me genes showed very
similar intron-exon organization in the coding regions
(Supplemental Fig. S1) but no detectable sequence
homology on the putative promoters. In order to de-
limit the maximum length of the promoters, we ana-
lyzed the distance to the next upstream gene. The next
gene was predicted 30 kb upstream of the maize C4-
Pepc gene, 100 kb upstream of the sorghum C4-Pepc
gene, but only 7 kb upstream of the S. italica C4-Pepc

gene. For C4-Me, distance to the next upstream gene was
13 kb (maize), 11 kb (sorghum), and 15 kb (S. italica).

In order to define suitable gene positions for chro-
matin analyses, we again profiled H3K9ac over the
putative promoter regions. Furthermore, we tested
H3K4me3 levels at selected positions. Figure 4A shows
the profile obtained for sorghum C4-Pepc. H3K9ac
peaked at an upstream promoter position (21,400;
Sb1). Unlike in maize, a second peak was not observed
in the core promoter (2100) but rather at the start of
the transcribed region (+300; Sb2). At this position,
also high H3K4me3 levels were observed (Fig. 4B).
Positions Sb1 and Sb2 were chosen for the analysis of
light-dependent histone acetylation (Fig. 4, C–E); in
addition, Sb2 was chosen for the analysis of cell type-
specific histone methylation (Fig. 4, F and G).

Figure 4. Histone modification profile of the C4-Pepc gene from sorghum. A and B, Amounts of chromatin precipitated with an
antibody specific for H3K9ac and H3K4me3 in illuminated leaves (4L). Positions chosen for further analyses are designated Sb1
and Sb2. Values are presented as the relative enrichment (RE) of modifications per nucleosome over modifications per nu-
cleosome found on sorghum Actin1. Numbers on the x axis indicate bp positions relative to TIS. C, Relative quantification of
C4-Pepc hnRNA expression levels in sorghum leaves from plants that were exposed to 72 h of darkness (72D; gray columns)
and in plants that were illuminated for 4 h (4L; black columns). Transcription is standardized for Actin1 expression (RE). hnRNA
expression levels were determined by quantitative RT-PCR with a primer system specific for an intron (Supplemental Fig. S1). D
and E, Light-dependent H3K9ac, H4K5ac, and H3K18ac on positions Sb1 and Sb2. Values are presented as the relative en-
richment of modifications per nucleosome over modifications per nucleosome found on sorghum Actin1. F, Quantification of
C4-Pepc hnRNA expression levels in sorghum leaves (L) and B cells (B) isolated from plants that were illuminated for 4 h (4L
plants). Values are arbitrary units (AU) derived from a cDNA standard dilution series. hnRNA expression levels were determined
by quantitative RT-PCR with a primer system specific for an intron (Supplemental Fig. S1). G, Ratio of the amount of chromatin
precipitated with an antibody specific for H3K4me3 and H3K4me2 in leaves and B cells. Black bars indicate data from illu-
minated plants (4L), whereas gray bars indicate data from plants that were exposed to 72 h of darkness (72D). Ratios are without
dimension. All data points are based on at least three independent experiments. Vertical lines indicate SE.
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As expected, sorghum C4-Pepc hnRNA levels were
much higher in 4L than in 72D plants (Fig. 4C). On
position Sb1, acetylation of H3K9 (3-fold) and H4K5
(2-fold) was enhanced by light, whereas H3K18ac was
even slightly reduced in 4L compared with 72D plants
(Fig. 4D). On Sb2, H3K9ac was 3-fold induced, but
H4K5ac and H3K18ac remained unaffected by the
light stimulus (Fig. 4E).

C4-Pepc hnRNA amounts in total leaves were about
3.5-fold higher than in isolated B strands (Fig. 4F). This
is typical for genes that are preferentially transcribed
in M cells (compare with Fig. 3). Unlike in maize, we
analyzed cell type-specific histone methylation in sor-
ghum by comparing methylation levels in total leaves
and B cells, because we failed to prepare intact M cell
protoplasts from sorghum leaves. H3K4me3/me2
ratios were more than 2-fold higher in total leaves
compared with isolated B cells. In order to provide
evidence that this H3K4 methylation pattern is estab-
lished independent from the actual rate of transcrip-
tion, we tested whether the H3K4me3/me2 ratio is
different between chromatin from 4L and 72D leaves
(Fig. 4H). No differences were detected, indicating that
H3K4 methylations do not respond to the light stim-
ulus or the rate of transcription.

An analogous data set for S. italica C4-Pepc is shown
in Figure 5. On the S. italica C4-Pepc promoter, acety-
lation peaked at positions 2600 (Sit1) and +300 (Sit2;
Fig. 5A). Again, core promoter acetylation (2300) was
relatively low. At Sit2, but not Sit1, also high H3K4me3
levels were detected. hnRNA levels of S. italica C4-Pepc
were strongly induced by light (Fig. 5C). This corre-
lated with light-induced H3K9ac and H4K5ac at both
tested gene positions. Again, H3K18ac remained un-
affected by the light stimulus (Fig. 5, D and E). When
comparing hnRNA levels in total leaves and B cells, 4-
fold higher levels were observed in leaves, indicating
cell type-specific transcription (Fig. 5F). Consistently,
H3K4me3/me2 ratio was much higher in total leaves
compared with B cells but was unaffected by light and,
therefore, transcription rates (Fig. 5G). Thus, the sor-
ghum and S. italica C4-Pepc genes showed clearly dif-
ferent distributions of histone acetylation over the
promoters compared with maize, but regulation of
transcription, histone acetylation, and H3K4 methyla-
tion were highly similar to maize C4-Pepc.

In order to substantiate these observations, we also
compared the transcription and chromatin regulation
of the C4-Me genes from the three species. Data sets
are organized identically to the C4-Pepc data in Figures
4 and 5. On sorghum C4-Me, H3K9ac peaked at
positions 2500 (Sb1) and +100 (Sb2; Fig. 6A). High
H3K4me3 levels were again found at Sb2 (Fig. 6B).
Promoter activity was induced 3-fold by light. On
position Sb1, H3K9ac increased 6-fold after illumina-
tion, whereas H4K5ac did not change. On position Sb2,
all tested histone acetylations were unaffected by il-
lumination. Figure 6, F and G, shows the results re-
garding cell type specificity of this gene. The hnRNA
for C4-Me accumulated to 1.8-fold higher levels in B

cells compared with total leaves (Fig. 6F). A theoretical
increase of 2-fold would be expected in these assays for
genes that show B cell-specific transcription or modi-
fication, assuming even numbers of M and B cells in a
leaf (compare with Fig. 3). The H3K4me3/me2 ratio
was also 1.8-fold higher in B cells (Fig. 6G). Very similar
H3K4me3/me2 ratios were recorded from leaves of 4L
and 72D plants (Fig. 6G). Thus, H3K4 methylation
levels were unaffected by light.

On S. italica C4-Me, the highest H3K9ac signals were
observed at position +300 at the start of the transcribed
sequence (Sit2). Acetylation declined toward the up-
stream promoter, but a second peak was detected at
position 22,000 (Sit1; Fig. 7A). Comparable H3K9ac
levels were also found at an even more upstream po-
sition (22,500; data not shown). As for the other genes,
high H3K4me3 signals were only detected at position
Sit2 (Fig. 7B). A 2-fold increase in S. italica C4-Me gene
transcription was induced by light. This was accom-
panied by a more than 2-fold increase in H3K9 acety-
lation at the more upstream Sit1 position. H4K5ac
remained largely unaffected and H3K18ac was down-
regulated by light at this position. At position Sit2 at
the start of the transcribed sequence, H3K9ac and
H4K5ac remained unaffected by the light stimulus,
whereas H3K18ac was again down-regulated after il-
lumination. When comparing B cells with total leaves,
C4-Me hnRNA levels were 2.3-fold higher in B cells
(Fig. 7F) and the H3H4me3/me2 ratio was 2.9-fold
higher (Fig. 7G). Again, the H3K4me3/me2 ratio remained
largely unaffected by light (Fig. 7G).

DISCUSSION

We wanted to analyze promoter histone modifica-
tions on C4 genes in maize. The definition of pro-
moters in eukaryotic genomes is complicated, because
of the large genome size and the resulting long dis-
tance to the next upstream gene that can be used to
define maximal promoter size. Indeed, the next up-
stream gene was annotated between 5 kb and more
than 100 kb distant from the predicted TIS of the maize
genes analyzed (Goodstein et al., 2012; Supplemental
Fig. S1). Promoter elements can act over a long dis-
tance, as described before for the element controlling
M-specific expression of C4-Pepc in Flaveria spp. (Gowik
et al., 2004) or the upstream promoter region of Flow-
ering Locus T in Arabidopsis (Adrian et al., 2010).
Promoter-deletion studies were instrumental in iden-
tifying such functional elements. However, these de-
letion studies require the use of transgenes that
randomly integrate into plant genomes (Francis and
Spiker, 2005; Kim et al., 2007). Epigenetic traits such as
NO and histone modification can be strongly affected
by the transgene integration site (Yan and Boyd, 2006;
Yamasaki et al., 2011; Yin et al., 2012). Transgenic
promoter studies, therefore, are of limited value for the
analysis of epigenetic mechanisms controlling pro-
moters. Chromatin signatures have been used instead
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to identify functional promoter elements in humans
(Heintzman et al., 2007; Müller-Tidow et al., 2010). Our
analyses revealed that all maize C4 genes but RbcS2
had extended promoter regions enriched in acetylation
more than 1 kb upstream of the TIS (Fig. 1). This often
coincided with reduced NO (Supplemental Table S1).
This pattern is unexpected, as H3K9ac peaks around
the TIS on the average maize gene and acetylation in
upstream promoter regions is usually low (Wang et al.,
2009a). However, the functional significance of these
regions is suggested by the strong reaction of upstream
promoter histone acetylation to illumination and, thus,
gene transcription (Fig. 2). Moreover, the upstream
promoter region of C4-Pepc also contains DNA methyl-
ation sites that are regulated by light, further supporting

the involvement of these regions in gene regulation
(Tolley et al., 2012). We cannot discriminate in this
assay whether the increase in acetylation on the up-
stream promoter is necessary for transcriptional ac-
tivation or just accompanies this process. However,
we have shown before for C4-Pepc that upstream
promoter acetylation can be induced even when gene
activation is suppressed, supporting the autonomous
regulation of histone acetylation in this promoter re-
gion (Offermann et al., 2006, 2008).

The distribution of acetylation over the C4-Pepc and
C4-Me promoters was strikingly different in S. italica
and sorghum compared with maize. The highest acety-
lation was detected in the 59 part of the transcribed region
in these species. Localization of the second acetylation

Figure 5. Histone modification profile of the C4-Pepc gene from S. italica. A and B, Amount of chromatin precipitated with
an antibody specific for H3K9ac and H3K4me3 in illuminated leaves (4L). Positions chosen for further analyses are des-
ignated Sit1 and Sit2. Values are presented as the relative enrichment (RE) of modifications per nucleosome over modifi-
cations per nucleosome found on S. italica Actin1. Numbers on the x axis indicate bp positions relative to TIS. C, Relative
quantification of C4-Pepc hnRNA expression levels in S. italica leaves from plants that were exposed to 72 h of darkness
(72D; gray columns) and in plants that were illuminated for 4 h (4L; black columns). Transcription is standardized for Actin1
expression (RE). hnRNA expression levels were determined by quantitative RT-PCR with a primer system specific for an
intron (Supplemental Fig. S1). D and E, Light-dependent H3K9ac, H4K5ac, and H3K18ac on positions Sit1 and Sit2. Values
are presented as the relative enrichment of modifications per nucleosome over modifications per nucleosome found on
S. italica Actin1. F, Quantification of C4-Pepc hnRNA expression levels in S. italica leaves (L) and B cells (B) isolated from
plants that were illuminated for 4 h (4L plants). Values are arbitrary units (AU) derived from a cDNA standard dilution series.
hnRNA expression levels were determined by quantitative RT-PCR with a primer system specific for an intron (Supplemental
Fig. S1). G, Ratio of the amount of chromatin precipitated with an antibody specific for H3K4me3 and H3K4me2 in leaves
and B cells. Black bars indicate data from illuminated plants (4L), whereas gray bars indicate data from plants that were
exposed to 72 h of darkness (72D). Ratios are without dimension. All data points are based on at least three independent
experiments. Vertical lines indicate SE.
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peak was highly variable, with positions between
2500 (sorghum C4-Me) and 22,000 (S. italica C4-Me)
relative to the TIS (Figs. 4A–7A). One obvious expla-
nation for the lack of core promoter acetylation on
some of the genes is the clearly smaller genome size of
S. italica (490 Mb; Doust et al., 2009) and sorghum (730
Mb; Paterson et al., 2009) compared with maize (2,300
Mb; Schnable et al., 2009), which might limit promoter
sizes. Indeed, on S. italica C4-Pepc, the gene with the
shortest distance to the next upstream gene, the up-
stream acetylation peak was already found at position
2600.

Independent of the variable positions of acetylation
peaks, light regulation of acetylation at these peak
positions was highly similar when comparing the three

C4 grasses. All C4-Pepc and all C4-Me genes showed
clear light regulation of H3K9ac at least at one of the
tested positions, mostly at the more upstream position.
Light regulation of H4K5ac was evident on the C4-Pepc
genes but not on C4-Me genes in sorghum and S.
italica. The lack of H4K5ac regulation correlates with a
rather weak light induction of C4-Me transcription in
these species (only 2- to 3-fold light induction for C4-
Me compared with 20- to 60-fold for C4-Pepc), sug-
gesting that transcription levels might contribute to
the degree of modification of this site. Remarkably,
H3K18ac was never induced by light on any of the C4
genes but remained unchanged or even declined after
illumination. Thus, the positive regulation of selected
acetylation sites, most notably H3K9ac, by light is a

Figure 6. Histone modification profile of the C4-Me gene from sorghum. A and B, Amount of chromatin precipitated with an
antibody specific for H3K9ac and H3K4me3 in illuminated leaves (4L). Positions chosen for further analyses are designated Sb1
and Sb2. Values are presented as the relative enrichment (RE) of modifications per nucleosome over modifications per nu-
cleosome found on sorghum Actin1. Numbers on the x axis indicate bp positions relative to TIS. C, Relative quantification of
C4-Me hnRNA expression levels in sorghum leaves from plants that were exposed to 72 h of darkness (72D; gray columns) and
in plants that were illuminated for 4 h (4L; black columns). Transcription is standardized for Actin1 expression (RE). hnRNA
expression levels were determined by quantitative RT-PCR with a primer system specific for an intron (Supplemental Fig. S1). D
and E, Light-dependent acetylation of H3K9ac, H4K5ac, and H3K18ac on positions Sb1 and Sb2. Values are presented as the
relative enrichment of modifications per nucleosome over modifications per nucleosome found on sorghum Actin1. F,
Quantification of C4-Me hnRNA expression levels in sorghum leaves (L) and B cells (B) isolated from plants that were illu-
minated for 4 h (4L plants). Values are arbitrary units (AU) derived from a cDNA standard dilution series. hnRNA expression
levels were determined by quantitative RT-PCR with a primer system specific for an intron (Supplemental Fig. S1). G, Ratio
of the amount of chromatin precipitated with an antibody specific for H3K4me3 and H3K4me2 in leaves and B cells.
Black bars indicate data from illuminated plants (4L), whereas gray bars indicate data from plants that were exposed to 72 h
darkness (72D). Ratios are without dimension. All data points are based on at least three independent experiments. Vertical
lines indicate SE.
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common feature of the histone code on C4 genes in
maize, sorghum, and S. italica. These results are in
line with other observations in plants. Earley et al.
(2007) reported that histone H4 is progressively
acetylated from the inner modification Lys-16 to the
N-terminal modification Lys-5. When yeast Lys resi-
dues on the N-terminal tail of H4 were replaced by
Arg residues, mimicking unacetylated Lys residues,
the inner Lys→Arg-16 mutation affected gene expres-
sion differently from all the other mutations, which
rather showed additive effects on gene expression
(Dion et al., 2005). Thus, acetylations on more C-terminal
residues of the histone tails might play different roles
than on N-terminal residues. However, in a genome-
wide analysis of changes in histone modifications
during deetiolation in Arabidopsis, the outer H3K9ac

and the inner H3K27ac showed a high degree of cor-
egulation (Charron et al., 2009). More chromatin
analyses in dynamic, and not static, configurations
(Roudier et al., 2009) are required to analyze whether
the light-induced acetylation pattern observed on C4
genes can be generalized for all genes that respond to
illumination.

H3K4me3 was always weak on the upstream pro-
moter, but strong signals were obtained at the start of
the transcribed region. Surprisingly, H3K4me3 did not
respond to the light stimulus either on the six maize C4
genes or on C4-Pepc or C4-Me in sorghum and S. italica
(Figs. 3–7). The observed pattern is unexpected, be-
cause C4 gene activity is very low in etiolated plants
and plants exposed to prolonged darkness (Fig. 2)
and H3K4me3 is frequently used as the key epigenetic

Figure 7. Histone modification profile of the C4-Me gene from S. italica. A and B, Amount of chromatin precipitated with an
antibody specific for H3K9ac and H3K4me3 in illuminated leaves (4L). Positions chosen for further analyses are designated Sit1
and Sit2. Values are presented as the relative enrichment (RE) of modifications per nucleosome over modifications per nu-
cleosome found on S. italica Actin1. Numbers on the x axis indicate bp positions relative to TIS. C, Relative quantification of
C4-Me hnRNA expression levels in S. italica leaves from plants that were exposed to 72 h of darkness (72D; gray columns) and
in plants that were illuminated for 4 h (4L; black columns). Transcription is standardized for Actin1 expression (RE). hnRNA
expression levels were determined by quantitative RT-PCR with a primer system specific for an intron (Supplemental Fig. S1). D
and E, Light-dependent acetylation of H3K9ac, H4K5ac, and H3K18ac on positions Sit1 and Sit2. Values are presented as the
relative enrichment of modifications per nucleosome over modifications per nucleosome found on S. italica Actin1. F,
Quantification of C4-Me hnRNA expression levels in S. italica leaves (L) and B cells (B) isolated from plants that were illu-
minated for 4 h (4L plants). Values are arbitrary units (AU) derived from a cDNA standard dilution series. hnRNA expression
levels were determined by quantitative RT-PCR with a primer system specific for an intron (Supplemental Fig. S1). G, Ratio
of the amount of chromatin precipitated with an antibody specific for H3K4me3 and H3K4me2 in leaves and B cells. Black
bars indicate data from illuminated plants (4L), whereas gray bars indicate data from plants that were exposed to 72 h of
darkness (72D). Ratios are without dimension. All data points are based on at least three independent experiments. Vertical
lines indicate SE.
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indicator of active genes (Santos-Rosa et al., 2002;
Heintzman et al., 2007; Wang et al., 2009a). Our pre-
vious analyses had shown that high H3K4me3 (and
low H3K4me2) were found on C4-Pepc in M cells and
on C4-Me in B cells, suggesting a function in the es-
tablishment of cell type specificity (Danker et al., 2008).
The data presented here strongly support this hy-
pothesis, because all the C4 genes in maize, sorghum,
and S. italica showed cell type-specific but light-independent
regulation of H3K4 methylation (Figs. 3–7). Develop-
mentally regulated H3K4 trimethylation in one of the
two photosynthetic cell types, therefore, constitutes a
second element of the common histone code in leaves
of C4 grasses.

Promoter histone modifications rather contribute to
gene regulation on the transcriptional level than on the
posttranscriptional level. In accordance with the his-
tone methylation data described above, hnRNA accu-
mulation patterns from leaves and isolated B cells
recorded in this study suggested that the cell type
specificity of C4 gene expression was controlled on the
transcriptional level. However, different from our ob-
servation, it had been repeatedly shown for B cell-
specific genes in maize such as RbcS and C4-Me that
posttranscriptional mechanisms control the cell type
specificity of gene expression (Viret et al., 1994; Sheen,
1999; Brown et al., 2011). On the other hand, a reporter
construct containing the promoter and the 59 untranslated
region of maize C4-Me was exclusively expressed in B
cells of transgenic maize plants, indicating an impor-
tant role of the promoter in B cell specificity (Nomura
et al., 2005). In this line, transient promoter-reporter
assays with maize leaves suggested that an RbcS pro-
moter element, together with sequence elements in the
transcribed region, contributed to the repression of
gene expression in M cells (Xu et al., 2001). The gene
analyzed in the study by Xu et al. (2001) is identical to
RbcS1 as defined by Ewing et al. (1998), whereas we
studied RbcS2 here. However, both RbcS1 and RbcS2
showed B cell-specific expression in the latter study.
Together, B-specific gene expression seems to be regulated
simultaneously on multiple levels. H3K4 methyla-
tion might constitute a first level of this regulation
that primes genes for possible activation by other
stimuli.

Chromatin patterns on the maize RbcS2 gene in-
vestigated here differed in several respects from the
other maize C4 genes analyzed. The acetylated pro-
moter region was shorter than the acetylated region on
the other promoters (Fig. 1), and the light response of
acetylation was stronger at the core promoter position
Zm2 than at Zm1 (Fig. 2). In addition, different from
the other C4 genes, illumination contributed to the
establishment of the histone methylation pattern on
RbcS2 (Fig. 3). The latter observation is in accordance
with in situ hybridization studies on RbcS expression
in etiolated maize leaves that showed basal RbcS ex-
pression in both M and B cells. After illumination, M
cell expression was suppressed and B cell expression
was enhanced. Both processes together established a

cell type-specific expression pattern (Langdale et al.,
1988). RbcS expression in both M and B cells was also
observed in very young Amaranthus spp. leaves (Wang
et al., 1992). This type of RbcS gene regulation would
explain the relatively high H3K4me3 levels on RbcS2 in
etiolated M cells.

It is an unsolved question how the promoters of C4
genes acquired the regulatory elements necessary for
efficient functioning of the C4 pathway. Within a sin-
gle species, several genes must have evolved C4 ex-
pression patterns in parallel, and the demands for
regulation of the new promoters such as high expres-
sion, light inducibility, and B or M specificity were
highly overlapping. Thus, it is tempting to speculate
that common regulatory elements were recruited by
the different C4 genes. Such corecruitment was not
detectable by an analysis of primary DNA sequences,
although it might exist, taking the low conservation
and short sequence lengths of transcription factor-
binding sites (Sandelin et al., 2004) into consider-
ation. Instead, we observed a high degree of similarity
on the level of regulated histone modifications on the
different C4 genes in maize. Thus, we propose that C4
promoters rather jointly acquired a histone code than a
DNA code. This hypothesis is supported by the ex-
tensive conservation of this code on orthologous C4-
Pepc and C4-Me genes from two separate C4 lineages,
the maize/sorghum lineage and the S. italica lineage
(Figs. 4–7). Because these two lineages evolved C4
metabolism independently (Brutnell et al., 2010), a
preexisting epigenetic mechanism for promoter control
was probably recruited into C4. This hypothesis is
analogous to what has been proposed for regulatory
DNA sequences in the transcribed region of C4 genes
(Brown et al., 2010, 2011; Kajala et al., 2012). In this
respect, it will be interesting to see whether light-
induced and tissue-specific genes in C3 plants share
the described histone code.

CONCLUSION

Analysis of histone modification profiles on C4 genes
in maize revealed a common histone modification code
associated with light induction and cell type-specific
gene expression. Comparative modification profiling on
two selected C4 genes in sorghum and S. italica sug-
gested that this code is used in independent C4 lineages
and, thus, was probably recruited into C4 from an an-
cient mechanism already existing in C3 plants.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Maize (Zea mays ‘Montello’), sorghum (Sorghum bicolor ‘BTx623’), and

Setaria italica ‘Set20’ were cultivated in growth chambers with a 16-h photo-

period and a day/night temperature regime of 25°C/20°C. Seedlings were

grown in soil (VM; Einheitserde) with a photon flux density of 120 to 180 mmol

m22 s21 or in complete darkness (etiolated plants) until the third leaf was fully
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expanded. 72D plants were grown in the normal light rhythm but darkened

for 3 d before harvest.

Sequence Identification

Coding sequences for maize C4 genes were derived from the literature.

References for individual genes are given in Supplemental Figure S1. Nearest

C4 gene homologs were identified for sorghum by Wang et al. (2009b) and for

S. italica by Christin et al. (2007, 2009b) and Besnard et al. (2003). The corre-

sponding genes including exon-intron predictions and surrounding genome

sequences were derived from www.phytozome.net (Goodstein et al., 2012).

Coordinates of the respective loci are also listed in Supplemental Figure S1.

Isolation of B Cells

For gene expression analyses in maize, B strands were isolated mechan-

ically as described before by Hahnen et al. (2003), but without diethylether

treatment. For the isolation of B strands from sorghum and S. italica, leaves

were washed extensively in ice-cold water and homogenized in a Waring

Blendor three times for 3 s each time. The mixture was sieved through a

household sieve, and the homogenization step was repeated with the filter

residue. The suspension was then filtered through Miracloth (VWR), and the

residue was washed extensively with ice-cold water. The isolated B strands

were shortly dried with paper and frozen in liquid nitrogen.

The material used for ChIP from isolated maize M and B cells was already

described by Danker et al. (2008). Leaves were treated with formaldehyde as

described below and afterward incubated in SMC buffer (0.5 M sorbitol, 5 mM

MES, and 10 mM CaCl2, pH 5.8) containing 15% (w/v) Rohament CL (AB

Enzymes), 10% (w/v) Rohament PL (AB Enzymes), and 0.6% (w/v) Macer-

ozyme R-10 (Serva) for 2.5 h at 25°C.

For ChIP analysis from isolated sorghum and S. italica B strands, 4 g of

leaves was cross linked as described below and afterward incubated in SMC

buffer containing 3% (w/v) Cellulase Onozuka R-10 (Serva) and 0.6% (w/v)

Macerozyme R-10 (Serva) for 20 h at 25°C under constant agitation. M pro-

toplasts and remaining epidermal strips were separated manually in ice-cold

water. The quality of each preparation was evaluated microscopically.

ChIP

As described previously by Horst et al. (2009), 6 g of leaves from 10- to 12-d-

old maize seedlings was harvested and cross linked. For sorghum and S. italica,

4 g of leaves from 14- to 16-d-old seedlings was harvested and vacuum

infiltrated with 1% (v/v) formaldehyde instead of 3% (v/v) for maize. ChIP

was performed as described by Haring et al. (2007).

The material was ground, resuspended in extraction buffer (10 mM sodium-

butyrate, 400 mM Suc, 10 mM Tris-HCl, pH 8.0, 5 mM b-mercaptoethanol, 0.1 mM

phenylmethylsulfonyl fluoride [PMSF], and 13 Complete [Roche Applied Sci-

ence]), and incubated for 15 min at 4°C. Afterward, the solution was filtered

through four layers of Miracloth (VWR), and the residue was washed with

purification buffer 1 (10 mM sodium-butyrate, 250 mM Suc, 10 mM Tris-HCl, pH

8.0, 5 mM b-mercaptoethanol, 0.1 mM PMSF, 10 mM MgCl2, 1% [w/v] Triton

X-100, and 13 Complete) and afterward with purification buffer 2 (10 mM

sodium-butyrate, 1.64 M Suc, 10 mM Tris-HCl, pH 8.0, 5 mM b-mercaptoethanol,

0.1 mM PMSF, 2 mM MgCl2, 0.15% [w/v] Triton X-100, and 13 Complete). After

purification, nuclei were resuspended in nuclei lysis buffer (25 mM Tris-HCl,

pH 8.0, 5 mM EDTA, 0.5% [w/v] SDS, 0.1 mM PMSF, and 13 Complete).

Chromatin was sheared with a Bioruptor (Diagenode) for 10 min (setting,

high; interval, 30/30 s) under constant cooling. The sheared chromatin solution

was diluted 2-fold with ChIP buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 150

mM NaCl, and 0.1% [w/v] Triton X-100) and precleared with 40 mL of protein

A agarose (Roche Applied Science). Precleared chromatin was split into ali-

quots of 400 mL for immunoprecipitation and one aliquot of 40 mL for de-

termination of the amount of input. The chromatin aliquots were added to 30

mL of protein A agarose, and modified histones were detected with 5 mL of

anti-acetyl H4K5 (07-327; Millipore), 5 mL of anti-acetyl H3K9 (07-352; Millipore),

1 mL of anti-acetyl H3K18 (07-354; Millipore), 5 mL of anti-dimethyl H3K4 (07-

030; Millipore), 2.5 mL of anti-trimethyl H3K4 (04-745 [Millipore] and ab8580

[Abcam]), and 1 mL of anti-H3 C-term (ab1791; Abcam). The control serum for

the determination of background precipitation was derived from rabbits im-

munized with an unrelated protein from potato (Solanum tuberosum).

After washing, the antibody-bound complexes were released and decross

linked by incubation in elution buffer (62.5 mM Tris-HCl, pH 6.8, 200 mM NaCl,

2% [w/v] SDS, and 10 mM dithiothreitol) at 65°C overnight. The coprecipi-

tated DNA was purified using the MSB Spin PCRapace kit (Invitek). Typically,

2 mL of eluted DNA was used as a template for quantitative PCR analysis.

Data Normalization

Real-time PCR signals obtained from an immunoprecipitate with an antibody

directed against a specific histone acetylation or methylation were first corrected

for the real-time PCR signals precipitated using a negative control serum (see

above). The negative control serum signal was never more than 10% of the signal

obtained with a specific antibody. The signal obtained with the antibody against

an invariant domain of histone H3 (anti-H3 C-term; see above) was defined as

NO. The acetylation or methylation signal at a gene position was divided by

NO at the same position to obtain the modification signal per nucleosome (MN).

MN is always shown as a relative enrichment compared with the MN on

the promoter of the Actin1 housekeeping gene. For H3K4me3/me2 ratios, the

MN obtained with the antibody directed to H3K4me3 was divided by the

MN obtained with the antibody directed to H3K4me2. The resulting ratio is

dimensionless.

RNA Isolation and Reverse Transcription

Total RNA isolation was performed by phenol-chloroform extraction as

described by Haring et al. (2007). About 25 to 30 mg of ground plant material

was dissolved in 1 mL of Trizol and agitated for 15 min. After the addition of

0.2 volume of chloroform and agitation for 10 min, phases were separated by

centrifugation (13,000 rpm, 4°C, 15 min). The aqueous phase was transferred

to a new reaction tube and washed twice with 1 volume of chloroform. RNA

was precipitated with 2 volumes of ice-cold ethanol (96%) for 20 min at 220°C

and following centrifugation (13,000 rpm, 4°C, 15 min). After washing with

70% ethanol, the RNA was dissolved in 30 mL of water. The quality of the

isolated RNA was controlled by electrophoresis, and the concentration was

determined photometrically.

One unit of DNaseI (Fermentas) per microgram of RNA andMgCl2 to a final

concentration of 2 mM were added, and reactions were incubated for 30 min at

37°C, followed by a denaturation step of 15 min at 70°C to remove traces of

contaminating DNA. cDNA synthesis was performed with approximately

1 mg of total RNA and 50 pmol of random nonamer primer. Reactions were

incubated for 5 min at 70°C and cooled down on ice before adding 200 units of

Moloney murine leukemia virus reverse transcriptase (Promega) and 1 mM

deoxyribonucleotide triphosphates in reaction buffer as specified by the

manufacturer. hnRNAs were amplified from cDNA using primer systems

specific for introns (Supplemental Fig. S1). A dilution series of cDNA from

illuminated leaves was used as a standard.

Quantitative PCR

Quantitative PCRwas performed on an ABI PRISM 7300 sequence detection

system (Life Technologies) using SYBR Green fluorescence (Platinum SYBR

Green QPCR Mix; Life Technologies) for detection. Oligonucleotides were

purchased from Metabion. Oligonucleotide sequences are given in Supplemental

Figure S1. Amplification conditions were 2 min of initial denaturation at 95°C,

followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Afterward, a melting

curve was recorded. General reaction conditions were 3 mM MgCl2 and 200 nM

of each oligonucleotide. Sizes of the amplified molecules were confirmed by gel

electrophoresis.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers NM_001111948, NM_001112268, U08401.1,

NM_001111843, AB018744, Y092214.1, J01238, XM_002438476, XM_002454985,

XM_002456645, AF495586, FN397881, and AF288226.

Supplemental Data

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

Supplemental Figure S1. Nucleosome occupancy on the gene promoters

investigated in this study.

Supplemental Table S1. Gene information and oligonucleotide sequences.
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Supplemental data 1: Gene information and oligonucleotide sequences. 

Zea mays – Phosphoenolpyruvate carboxylase (C4-Pepc) 

Locus GRMZM2G083841 

Transcript variant T01  

Chromosome 9 

Next upstream gene ∼ 30 kb  
Reference/Identification genomic locus homologous to mRNA NM_001111948 (Wang 

et al., 2009) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 
 

-3000 
GTATTGTGATGGTGACCCTAGGAAC 

TGTTTATTTGGGATGTACTTCCTTTG 

 
-2400 

TATCCTTCTGCCTAGGTTGAGTAGCT 

TGTTGACACCAAATCCTAACCAAA 

 
-2100 

GTCACAATTGAAGATTCGTGCAAGG 

CAGTTTGAACTAAACGACTTCCAAC 

Zm1 -1300 
GTACAAATGAGGTGCCGGATTGATG 

CGGCCATGGCATGATACAATTCTCA 

 -900 
CAAGTGCCAACAACACATCGC 

GAAGGGCACCATACATATAGGG 

Zm2 -200  
CGATTGCCGCCAGCAGT 

GAACCGGCTGTGGCTGAG * 

Zm3 +420  
GCTCGTGTCGTGTGCTCGCT * 

ATGGAGCTCGCCACGAGGATGG 

hnRNA +4300 
GTATGCTGCCATTGCCCATTGC 

TAGCCTGATAGTGAGTGACGCACA 
*  oligonucleotide shows mismatches to database genome sequence, but efficiently amplifies DNA from the genotype 

used in this work 

  

  

1000bp

=UTR =Exon =Intron=TIS
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Zea mays – Pyruvate phosphate dikinase (C4-Ppdk) 

Locus GRMZM2G306345 

Transcript variant as described by (Sheen, 1991) 

Chromosome 6 

Next upstream gene ∼ 34 kb 
Reference/Identification genomic locus homologous to mRNA NM_001112268 (Wang 

et al., 2009) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 
 

-2600 
CGATCATCTCTCCAGTCAACTG 

CAAGCTCAGGGTGCTAAAATCAC 

 
-1900 

GATTCATCAGTAGTTAGACTTAGTC 

CCTGGTAAGTCTTCATTCATAACC 

 
-1300 

AGGGGTATTGTGAACAAGAGGATG 

CCAATTCCTCGCAAAGACACTTCAC 

Zm1 -800  
TGGAGGCGTTGGCTAAAGTAC 

AGAGGTAAATCAGATGACTACAAAAGAAAG 

Zm2 -150 
CACTATAGCCACTCGCCGCAAG 

CTGCTCACCTTATCCCGGACGT 

Zm3 +900 
CGTGTCAAGGTGTCCTCGCAAG 

CACAGGTGTTGTAACGCAAACGTTG 

hnRNA +900 
CGTGTCAAGGTGTCCTCGCAAG 

CACAGGTGTTGTAACGCAAACGTTG 

 

  

1000bp

=UTR =Exon =Intron=TIS
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Zea mays – Carbonic anhydrase (C4-Ca) 

Locus GRMZM2G121878 

Transcript variant T02 

Chromosome 3 

Next upstream gene ∼ 4 kb 
Reference/Identification genomic locus homologous to mRNA U08401.1 (Wang et al., 

2009) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 -2800 
GAGGCGGCGGGAACTCC 

CGACGTGAGGTGTTCGGTG 

 -2200 
CATGCACGACAAAGGGAAAACG  

GGCGACATCATAAGCACATGAG 

 -1600 
CTATACCACCCCTCACTTGTTCTG 

GATTGGCTGGCTGCTCATGTAC 

Zm1 -1200 
GATCTGACAGCACCACCGAAC 

GTTCTAGGCATCATTCATCATCACG 

 -700 
CAGGGTCAGGGAGACCGC 

CTACGAGAGAGACGTGCTTAC 

 -400 
GCAGTAGCATCGCGTCCAC 

GGGAAATGATGAAACGCGCGG  

Zm2 0 
CGGCACTCGCACGATCAATG 

GCGAGGCTGGCGACGATG 

Zm3 +1800  
TGGGCGCGCGCG CGTG 

CTCTCGTTTGACTCCTCAGCTGC 

hnRNA +6700 
GGTTTGGTGTGGTGTACGTACG 

GTAACTGCTCGACGAATGTACAAC 

 

  

1000bp

=UTR =Exon =Intron=TIS
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Zea mays – Malic Enzyme (C4-Me) 

Locus GRMZM2G085019 

Transcript variant T01 

Chromosome 3 

Next upstream gene ∼ 13 kb 
Reference/Identification genomic locus homologous to mRNA NM_001111843 (Wang 

et al., 2009) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 
 

-2850 
CGTTCAGGTAAAGACACGCAAACTC 

GGTATATGTTCTTGATCTGGTGTG 

 
-2000 

TGATGGCTACAGTTTGCCGCTAG 

TAG CAGCCGCGCCCTTCATC 

Zm1 -1600 
TGCACCGTTTCGTCCTGAGC 

TGCGTCCAATTGATCGGCAC 

 -1450 
GACTGGTGAAAAGATTCAACTTCGC 

CATATCGTACCACCACTGCCTC 

 -1000 
CGTCTTCTTCCAGAGGCGG 

CTGATCACCGATAGAAAAGCGG 

Zm2 -240 
GGATATGATCGTCCCGCCCAACG 

GCTGCCGACCACGGGTATTGAC 

Zm3 +400 
CAGGTTGCCACCGCCTCATC 

CGCTTCGTCCTCCCTGCTT * 

hnRNA +4900 
GCAGCACTACCGGTAGTTGCGG 

GTTTGGCTTTGCTTTGCTTTGC * 
*  oligonucleotide shows mismatches to database genome sequence, but efficiently amplifies DNA from the genotype 

used in this work 

  

1000bp

=UTR =Exon =Intron=TIS
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Zea mays – Phosphoenolpyruvate carboxykinase (C4-Pepck) 

Locus GRMZM2G001696 

Transcript variant T01 

Chromosome 1 

Next upstream gene ∼ 18 kb 
Reference/Identification genomic locus homologous to mRNA AB018744 (Furumoto 

et al., 1999) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 -3200 
GACACAAAGAGGATCAATTACAGAG 

CTTTGTAAGCCGCAGGAGATAAC 

 -2400 
CCGGTATGGTCACATTATCTGTG 

CACGACCGTAAAAACTTATATAGTAG 

 -1800 
GCTGTCATATGCGTGGTACCC 

GAAATCCAACCACAACCAAGAGG 

Zm1 -1200 
GATTTACTCTCATGAGCGCCATATGG 

CGCTCTAAACCTGATGCTCCTAG 

 -570 
GTGGTGTCGGCGCAGTCTG 

GAAATAGAACACGCAACCTACAGATTC 

Zm2 -100 
GAGTATTAGCAAGCATACAGGAGT 

CACTCTGCAGGAGCAGCAG 

Zm3 +400 
TGGTCCCATCCCAGCAGGG 

GTCCTGCTTCTTCTTCCCGG 

hnRNA +3800 
GCTCTGAGTCTCACCTCACG 

CATTTGTCAAGTTCGAGATTGGTC 

  

1000bp

=UTR =Exon =Intron=TIS
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Zea mays – Ribulose-1,5-bisphosphate carboxylase oxygenase (C4-RbcS2) 

Locus GRMZM2G113033 

Transcript variant T01 

Chromosome 2 

Next upstream gene >100 kb 

Reference/Identification genomic locus homologous to mRNA Y092214.1 (Ewing et 
al., 1998) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 -1800 
CTACACCACACCCTCCAAATAG 

CATGGTCGCGCGGTTGGG 

Zm1 -1100 
GGCTGATGTTAGCGCTATACTCTG 

CGAAGTGTGCCTTTTAGATTACATGC 

 -700 
CTTTTTCATAATAATGGCTGAGGCG 

CGGACCCGCCGAAATTTCAG 

Zm2 -190 
CCTAGTTTCCATTGTCGTACGTTC 

GCCACCACTTGTCGCCTTATCG 

Zm3 +300 
CATACTAGCCAGCCTGCCAGC 

GCTGCAGCCTGCAAAGAAGATG 

hnRNA +570 
CGATGATGTACCATGTGTGTGCG 

GTACACCTGCGTGGCGTCGG 

 

 

 

Zea mays – Actin1 

Locus GRMZM2G126010 

Transcript variant T03 

Chromosome 8 

Next upstream gene ∼ 16 kb 
Reference/Identification genomic locus homologous to mRNA J01238 (Haring et al., 

2007) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 -100 
TTTAAGGCTGCTGTACTGCTGTAGA 

CACTTTCTGCTCATGGTTTAAGG 

mRNA +170 ** 
CCTATCGTATGTGACAATGGCACT 

GCCTCATCACCTACGTAGGCAT 
** intron not included 

  

1000bp

=UTR =Exon =Intron=TIS

1000bp

=UTR =Exon =Intron=TIS
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Sorghum bicolor – Phosphoenolpyruvate carboxylase (C4-Pepc) 

Locus Sb10g021330 

Transcript variant Sb10g021330.1 

Chromosome 10 

Next upstream gene >100 kb 

Reference/Identification genomic locus homologous to mRNA Sb10g021330 (Wang 
et al., 2009) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 -2500 
AGTTACTTCATTATCATAAATTTCTTGGCC 

GGTTTAGAAGATTTTGGCCATGAAGAC 

Sb1 -1400 
CGGGACATGTAATAAGGAGTTAGG 

GGTGGTGGTGAAGATATGCGG 

 -700 
GCCTTCCTCCAGCGCCATGCATCCTC 

CTGTTTGCAGTCAAGGCCGGATTCTGGGG 

 -100 
GCATGCCTTTCCAATCCCGCG 

CAATGCAGGGCGCCGGCC 

Sb2 +300 
GGACCTCCATGGCCCCAGCCTTCGCG 

CGACACCTCGTAGCACTCCTGGACC 

 +600 
CCAACCTGGCGGAGGAAGTGG 

GGACTCGGTGGTGGCGGAG 

hnRNA +3900 
AAGAGTATTTGATGCTGGCGCAG 

CAGAAAATCCAGTTGCCAGCAG 

  

1000bp

=UTR =Exon =Intron=TIS
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Sorghum bicolor – Malic Enzyme (C4-Me) 

Locus Sb03g003230 

Transcript variant Sb03g003230.1 

Chromosome 3 

Next upstream gene ∼ 11 kb 
Reference/Identification genomic locus homologous to mRNA Sb03g003230 (Wang 

et al., 2009) was identified by whole genome BLAST on 
www.phytozome.net (Goodstein et al., 2012) 

 

 

 

Name bp relative to TIS Sequence (5’→3’) 

 -2500 
CGCCACCTTGCGCCACCTCT 

GGACTCGATAGGGCATGGTATGC 

 -1500 
GTTAAGGACATGTTCAACAAATGCAA 

AGGCAGCAAGAGCTAGCCATGC 

 -1000 
CCACCTAAAACCTTGAGTCCTCACAAA 

GCACCATGGAATGAAAAGCTACTATTTT 

Sb1 -500 
GTCGTTGTTAGTGTACGTGGCACAAG 

GCTTACACTTCCAAAAAACAAGCGCC 

 -200 
GCGGCGTTCTAGTTTTCCGCGT 

GGTCAGTCCCAAGGTTCAGCAAAC 

Sb2 +100 
TCCACACTACTACTGCCCCTG 

GGCGCGAGCGGAGATCATGGT 

hnRNA  
GCGTTGTTGTAGAATTCTGAATCGAGT 

AGGACAAATCTAAAGCAAAGCAGACAA 

 

Sorghum bicolor – Actin 

Locus Sb03g040880 

Transcript variant Sb03g040880.1 

Chromosome 3 

Next upstream gene ∼ 4 kb 
Reference/Identification nearest homologue to Actin1 from Zea mays on 

www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 +2400 
GTGCTATTCCAGCCATCCTTCATTGG 

GCGGTCAGCAATACCAGGGAAC *
 

mRNA +2400 
GTGCTATTCCAGCCATCCTTCATTGG 

GCGGTCAGCAATACCAGGGAAC * 
*  oligonucleotide shows mismatches to database genome sequence, but efficiently amplifies DNA from the genotype 

used in this work 

  

1000bp

=UTR =Exon =Intron=TIS

1000bp

=UTR =Exon =Intron=TIS

Chapter 2 - Publication I

35



Setaria italica – Phosphoenolpyruvate carboxylase (C4-Pepc) 

Locus Si005789m.g 

Transcript variant Si005789m 

Chromosome scaffold 4 

Next upstream gene ∼ 7 kb 
Reference/Identification genomic locus homologous to mRNA AF495586 (Besnard et 

al., 2003; Christin et al., 2007, suppl. table1) was identified by 
whole genome BLAST on www.phytozome.net (Goodstein et 
al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 -1800 
CGGAAGACAACATCATGCATGTGC 

ATGGATGCTCAGCCAGCTACC 

 -1400 
ATCAATGCCCTCGGCGCCAATC 

GATTATATATCGGCTCCATGTGTG 

Sit1 -600 
GAAAAAAACCTGGGAACAAGCC 

GTCTTCCTCTTCCCCTACCCG 

 -300 
GGGTATGTGGCTGGCTGTGCA 

GGACTCAAGCATGTGCTATATAGGAC 

Sit2 +300 
GGCAAGGTCTCCGAGGACGAC 

AGGACGATTACGAATTCACGGATG 

 +1000 
GCAGCTGTATGCCAAGGACATCAC 

GTGTTGAAATGTAAGTACCTCCCTC 

hnRNA +4500 
CGAGGTATTGTAGAAATGTGTTTGA 

CACGGAGTTCGTCATTGCAGCG 

  

1000bp

=UTR =Exon =Intron=TIS
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Setaria italica – Malic Enzyme (C4-Me) 

Locus Si000645m.g 

Transcript variant Si000645m 

Chromosome scaffold 5 

Next upstream gene ∼ 15 kb 
Reference/Identification nearest homologue to Malic Enzyme from Setaria viridis 

FN397881(Christin et al., 2009, suppl. table1) was identified 
by whole genome BLAST on www.phytozome.net (Goodstein 
et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

Sit1 -2000 
TTTGACAATGTGGTGCTACATATTTAG 

CAGTCTCTTGAATGTGTCGTAAAC 

 -1500 
ATAAGGCACAAACCTCCTCAAAACC 

CCGCTGTCGAGCACATGTCG 

 -1000 
GCCGCTACAACAACGTTGTAC 

CATAGCTGAAATCACACTATGTGG 

 -200 
TGATCAAATGGTTGGTCAGGACCG 

GTTAGTCGGCTGGAGATGGAAT 

Sit2 +300 
GCCTATACCCCCTTACCGTTTCC 

GCCTTCCACTGCGGAGACAAAAAAA 

 +1500 
CAATATGACCATGCCACCCAAAG 

GATCCCTCAAAAGGGTGTAACCAC 

hnRNA +1100 
GGATTCTCCCTTCACCTACGTTTAC 

GACCTACGCAAATCTGATTCCTAAACT 

 

 

Setaria italica – Actin 

Locus Si010361m.g 

Transcript variant Si010361m 

Chromosome scaffold 7 

Next upstream gene ∼ 3 kb 
Reference/Identification nearest homologue to Actin1 from Zea mays on 

www.phytozome.net (Goodstein et al., 2012) 

 

 
 

Name bp relative to TIS Sequence (5’→3’) 

 +1600 
GGTATGGAGTCGCCTGGAATCC 

GCGGTCAGCAATACCAGGGAAC 

mRNA +1600 
GGTATGGAGTCGCCTGGAATCC 

GCGGTCAGCAATACCAGGGAAC 

  

1000bp

=UTR =Exon =Intron=TIS

=UTR =Exon =Intron=TIS

1000bp
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Supplemental data 2: Nucleosome occupancy on the gene promoters investigated in this study. 

A, Zea mays, B, Sorghum bicolor and C, Setaria italica. NO is defined as the amount of chromatin precipitated 

with an antibody specific for an invariant C-terminal epitope on histone H3 (H3C) divided by the amount of 

chromatin subjected to immunoprecipitation (Input). NO is shown as relative enrichment (RE) compared to the NO 

on the promoter of the Actin1 gene. All data points are based on at least three independent experiments. Vertical 

lines indicate standard errors. 
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Photosynthetic Genes and Genes Associated with the C4
Trait in Maize Are Characterized by a Unique Class of
Highly Regulated Histone Acetylation Peaks on
Upstream Promoters1[OPEN]

Renke Perduns, Ina Horst-Niessen, and Christoph Peterhansel*

Institute of Botany, Leibniz University Hannover, 30419 Hannover, Germany

Histone modifications contribute to gene regulation in eukaryotes. We analyzed genome-wide histone H3 Lysine (Lys) 4
trimethylation and histone H3 Lys 9 acetylation (two modifications typically associated with active genes) in meristematic cells
at the base and expanded cells in the blade of the maize (Zea mays) leaf. These data were compared with transcript levels of
associated genes. For individual genes, regulations (fold changes) of histone modifications and transcript levels were much
better correlated than absolute intensities. When focusing on regulated histone modification sites, we identified highly regulated
secondary H3 Lys 9 acetylation peaks on upstream promoters (regulated secondary upstream peaks [R-SUPs]) on 10% of all
genes. R-SUPs were more often found on genes that were up-regulated toward the blade than on down-regulated genes and
specifically, photosynthetic genes. Among those genes, we identified six genes encoding enzymes of the C4 cycle and a
significant enrichment of genes associated with the C4 trait derived from transcriptomic studies. On the DNA level, R-SUPs
are frequently associated with ethylene-responsive elements. Based on these data, we suggest coevolution of epigenetic
promoter elements during the establishment of C4 photosynthesis.

The transcription rate of genes is regulated by their
promoters. In eukaryotes, genes are associated with
proteins that condense the DNA molecule. The associ-
ation of DNA and proteins is called chromatin. The
basic repeat structure of chromatin is an octamer of two
of the histone proteins H2A, H2B, H3, and H4 plus
approximately 160 bp of DNA (Kouzarides, 2007). This
structure not only forms a passive barrier to binding of
other proteins to DNA but also, actively participates in
the regulation of transcription. Posttranslational modi-
fications of histones are important elements of this
regulatory role (Lauria and Rossi, 2011). A wealth of
different modifications was identified. Studies in dif-
ferent model organisms revealed that promoters and
transcribed regions of active genes fundamentally differ
in their histone modification profile compared with in-
active genes (Berger, 2007; Zhang, 2008). Two major

theories have been suggested of how histone modifica-
tions can regulate gene transcription. Acetylation of his-
tones might neutralize the positive charge of lysines on
the flexible histone N-terminal tails and by this, reduce
the interaction with negatively charged DNA. This would
enhance DNA accessibility for transcription factors and
the RNA polymerase. Therefore, histone acetylation was
mostly observed on actively transcribed genes (Dion
et al., 2005; Wang et al., 2009). Other histone modifica-
tions do not neutralize the positive charge of Lys. The
best studied of these modifications is Lys methylation.
The three hydrogen atoms on the «-amino group of ly-
sines can be partially or fully replaced by methyl groups;
thus, mono-, di-, and trimethylated forms of lysines exist.
Different forms of Lys methylation have been associated
with active or inactive genes (Wang et al., 2009; Roudier
et al., 2011). The most obvious role for histone modifi-
cations in this scenario is the provision of binding sites for
transcription factors. This has been exemplified by the
binding of TATA box binding protein-associated factor3,
a subunit of the general transcription initiator factor
TFIID, to trimethylated Lys 4 on histone H3 (H3K4me3)
to initiate transcription (Vermeulen et al., 2007; Lauberth
et al., 2013) or the recognition of acetylated histones by
bromodomain proteins (Hassan et al., 2007). The combi-
nation of all different histone modifications on a gene
might form a histone code or epigenetic memory that
collects and integrates information about developmental
and environmental signals perceived by the organism
(Turner, 2002; Song et al., 2012; To and Kim, 2014).

The leaf gradient of monocotyledonous plants is
a useful tool to study developmental dynamics of

1 This workwas supported by the Deutsche Forschungsgemeinschaft
(grant no. PE819/5–1) and the European Union FP7 Program (Project
3to4; contract no. 289582).
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biological processes. Monocot leaves develop from
undifferentiated meristematic cells at the base to ma-
ture photosynthetic cells at the tip. Thus, different
developmental stages can be isolated from the same
leaf (Nelissen et al., 2012; Wang et al., 2014). Devel-
opment of the maize (Zea mays) leaf is of special in-
terest, because the photosynthetic tissue functionally
differentiates during maturation into mesophyll (M)
and bundle sheath (BS) cells: the two cell types re-
quired to perform C4 photosynthesis (Langdale, 1998;
Majeran et al., 2005). Thus, the dynamics of tran-
scriptomes, proteomes, metabolite levels, and photo-
synthesis on the maize leaf gradient have been studied
(Li et al., 2010; Majeran et al., 2010; Pick et al., 2011;
Tausta et al., 2014; Wang et al., 2014). Moreover, this
type of analysis has also been transferred to dicotyle-
donous C4 plants, where leaves of different growth
stages (Külahoglu et al., 2014) or different zones of an
individual developed leaf were compared (Aubry
et al., 2014). All of these studies aimed at identifying
genes that were coregulated with photosynthetic genes
and specifically, C4 genes.
We previously analyzed the function of histone

modifications on C4 genes in maize. We defined specific
modifications that were associated with light regulation
(Offermann et al., 2006), differentiation of M and BS cells
(Danker et al., 2008), circadian regulation (Horst et al.,
2009), or metabolic regulation of C4 genes (Offermann
et al., 2008). This code was, at least in part, conserved in
other C4 grasses (Heimann et al., 2013; Horst et al.,
2013). Most significantly, we found that acetylation of
H3K9 (H3K9ac) on core promoters only occurred in the
light but was independent of other stimuli. In contrast,
H3K4me3 was associated with M and BS cell differen-
tiation but independent of light (Offermann et al., 2008).
In this study, we compared transcript levels and his-

tone modification levels between base and blade of
maize leaves on a genome-wide level. Our data reveal a
quantitative association between changes in transcrip-
tion and changes in histone modifications of individual
genes. The focus on regulated histone modifications in
this study allowed the identification of regulated sec-
ondary upstream peaks (R-SUPs) on many develop-
mentally regulated genes as a unique feature of H3K9ac.
R-SUPs showed distinct properties compared with
transcription initiation site (TIS) region peaks and were
associated with ethylene-responsive elements (EREs) on
the DNA level. Moreover, R-SUPs were significantly
enriched on photosynthetic genes and found on some
key genes encoding enzymes of the C4 cycle. Meta-
analyses of R-SUP genes and lists of potential C4-
associated genes derived from different transcriptomic
studies revealed a substantial overlap.

RESULTS AND DISCUSSION

Assessment of Data Quality

We isolated RNA and chromatin from the base and
the blade of the maize leaf (corresponding to segments

24 and +4 in Li et al., 2010). The abundance of mRNAs
was measured by RNA sequencing (RNA-Seq), and
the abundance of histone modifications was measured
by chromatin immunoprecipitation sequencing (ChIP-
Seq) after precipitation of chromatin with antibodies
directed to H3K9ac and H3K4me3. Comparison of
transcript abundance at the base and the blade
revealed 7,634 transcripts that were significantly up- or
down-regulated (false discovery rate [FDR] # 0.05;
fold change $ |2|) in our data set.

Quality of RNA data was analyzed by comparison
with previously published data on transcription on the
leaf gradient (Li et al., 2010). Pearson correlation co-
efficients of the two replicates generated here and the
previous data set are given in Supplemental Figure S1;
88% of the regulated genes from our data set showed
identical regulation in the data set in Li et al., 2010. To
concentrate on robustly regulated genes, we further
only considered genes that were identically regulated
in both studies (2,865 up-regulated genes and 3,823
down-regulated genes when comparing base and
blade).

For the comparative analyses and the statistical
evaluation of quantitative ChIP-Seq data, we used
DiffBind (Stark and Brown, 2011). This program was
initially developed for the identification of differential
transcription factor binding to DNA (Ross-Innes et al.,
2012) but recently, also used in a study on genome-
wide induced alterations in histone modifications in
mice (Papait et al., 2013). DiffBind normalizes ChIP-
Seq samples for differences in peak calling and the
amount of mapped reads enabling a direct quantitative
comparison of histone modifications from different
biological situations (“Materials and Methods”). As a
quality test, we determined the percentage of consen-
sus peaks derived from expected or unexpected sam-
ple combinations (Table I). Expected combinations
were merged from either all four samples (two repli-
cates from the base and two replicates from the blade)
or at least two associated samples (either the two
replicates from the base or the two replicates from the
blade). Unexpected combinations included detection
of peaks in one of the base samples and one of the
blade samples. The percentages of consensus peaks
that were built from expected combinations were more
than 95% for both tested modifications. For H3K9ac,
61% of all peaks were detected in both the blade and
the base, whereas 10% were only detected at the leaf
base and 8% were only in the blade. For H3K4me3,
similar numbers were observed, but a higher number
of peaks (75%) was detected both at the base and in the
blade, indicating less regulation of H3K4me3 com-
pared with H3K9ac. The percentages of consensus
peaks that were derived from unexpected combina-
tions were always lower than 5%. This indicated that
peak calling was consistent in all samples and allowed
for a comparative analysis of histone modifications at
the leaf base and the blade.

It has previously been described that H3K9ac and
H3K4me3 were associated with actively transcribed
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genes. Modifications were mainly enriched around the
TIS and with lower abundance in the transcribed re-
gion of maize genes (Wang et al., 2009; He et al., 2013).
To investigate if our ChIP-Seq data from two different
zones from the maize leaf confirm these findings, we
tested whether histones on transcribed genes were
methylated and/or acetylated (Fig. 1A). From the
26,055 genes that were expressed with reads per kilo-
base per million mapped reads (RPKM) . 0.1 in at
least one of the investigated tissues, 20,841 (80%)
showed H3K9ac modification, and 20,456 (79%)
showed H3K4me3 modification. Both modifications
were found on 19,560 (75%) transcribed genes. Thus,
both modifications were highly associated with tran-
scribed genes. When analyzing the distribution of
H3K4me3 and H3K9ac signals, both modifications
peaked between the TIS and position +1,000 bp of the
transcribed region (Fig. 1B). This region was defined as
the TIS region. The detected distributions were in ac-
cordance with other data sets on positioning of the
investigated histone modifications on active genes in
maize (Wang et al., 2009; He et al., 2013).

A Dynamic Analysis of Histone Modifications Revealed a
Unique Class of Upstream Acetylation Peaks

Whereas a static view on histone modifications on
genes with low and high transcript levels provided
important insights into their function, much less is
known about the dynamics of histone modifications
during gene activation or inactivation of individual
genes. Our quantitative determination of transcript
abundances and histone modifications in two different
developmental zones allowed for the comparison of
both parameters on the level of individual genes. Fig-
ure 2 shows a correlation analysis of transcript levels
and histone modifications. Correlation between the
absolute intensity of the tested histone modifications

and the absolute transcript level of the corresponding
gene (Fig. 2, Intensities) was low and only showed a
slight tendency for more intense histone modification
signals on higher transcribed genes. However, when
plotting the fold change in histone modifications be-
tween leaf base and blade against the fold change in
transcript levels from the same samples (Fig. 2, Fold
changes), we observed significant correlation for both
H3K9ac and H3K4me3. This was also exemplified
by the much better Pearson correlation coefficients
(P values) for fold changes compared with intensities
(Fig. 2). Thus, although a rough correlation between
the intensity of a histone modification peak and the
abundance of the associated transcript in a given bio-
logical situation exists, changes in histone modification
between two biological situations or developmental
stages provide much better information about the ac-
tivity of the gene. Our observations are supported by
another study in maize, where transcript abundance
and histone modification levels were compared be-
tween root and shoot tissues of maize. Best correla-
tions were found for relative changes and not absolute
values (He et al., 2013). In a recent study on histone
modifications and leaf senescence in Arabidopsis
(Arabidopsis thaliana), histone modifications increased
during gene activation for a subset of genes, but other
genes were already premarked with histone modifi-
cations before activation and did not show such in-
creases (Brusslan et al., 2015). The very good
correlation between fold changes in the tested histone
modifications and fold changes in transcript levels in
our study argues against widespread premarking of
genes at the leaf base for later activation in the blade of
the maize leaf.

Our data analysis up to this point suggested that
regulation of histone modifications between different
biological situations was highly associated with
regulation of transcript levels. We, therefore, focused

Table I. Sources of merged consensus peaks of H3K9ac and H3K4me3 from DiffBind

Histone modification peaks called in replicates (A and B) from the leaf base (Base) or the leaf blade
(Blade) were analyzed with DiffBind. Number and percentage of consensus peaks merged from the in-
dicated peak combinations of samples are shown.

Combinations Base A Base B Blade A Blade B H3K9ac Peaks H3K4me3 Peaks

No. % No. %

X X X X 26,742 61.1 24,661 74.9
X X 4,329 9.9 1,655 5.0
X X X 1,362 3.1 1,980 6.0
X X X 317 0.7 226 0.7

X X 6,258 14.3 1,197 3.6
X X X 3,507 8.0 962 2.9

X X X 27 0.06 639 1.9
Expected 42,542 97.3 31,320 95.2

X X 940 2.1 846 2.6
X X 236 0.5 91 0.3

X X 10 0.02 608 1.8
X X 6 0.01 43 0.1

Unexpected 1,192 2.7 1,588 4.8
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our analyses on H3K9ac and H3K4me3 peaks that
were regulated between leaf base and blade (FDR #
0.05, peak fold change $ |2|; Fig. 3A, regulated
peaks). A distribution of these peaks is shown in
Figure 3A. For H3K4me3 (Fig. 3A, right), we ob-
served a distribution that was very similar to the
distribution observed for all peaks (Fig. 1B; i.e. most
regulated peaks were found in the TIS region, the
frequency slowly declined toward the downstream
region, and only few regulated peaks were found
in the upstream promoter region). However, for
H3K9ac, we observed beside the TIS region and the
downstream region a separate region of regulated
acetylation peaks in the upstream promoter region.
This region was distinct from the TIS region, because
the number of regulated peaks declined between
TIS and 2500 bp and then increased again toward
more upstream-located promoter regions. The highest
number of these upstream acetylation peaks was found
around position 21,000 bp relative to the TIS.
Whereas H3K9ac and H3K4me3 peaks in the TIS

region and downstream region were already described

in different species (Wang et al., 2009; Roudier et al.,
2011; Du et al., 2013; He et al., 2013; Hussey et al.,
2015), our observation of regulated upstream H3K9ac
peaks on an genome-wide basis was, to our knowl-
edge, unique. We first wanted to test whether reg-
ulated upstream acetylation was simply caused by
false annotations of TIS. To exclude this possibility,
we evaluated whether the 1,084 genes with regulated
upstream H3K9ac peaks had additional H3K9ac
peaks in the annotated TIS region or the downstream
region (Fig. 3B). For comparison, data for the 251
upstream H3K4me3 peaks were included; 69% (53% +
16%) of all genes with a regulated upstream H3K9ac
peak also had an H3K9ac peak in the annotated TIS
region. On those genes, upstream H3K9ac peaks
were distinct secondary peaks that were separate
from the primary TIS region H3K9ac peak. For 31%
(24% + 7%) of all tested genes, no TIS region acetyla-
tion peaks were detected, and it was unclear whether
the TIS was correctly annotated. For H3K4me3, the
distribution was different, and most genes with a
regulated upstream H3K4me3 did not show a TIS re-
gion peak. We, therefore, concentrated on H3K9ac and
analyzed R-SUPs in more detail. A list of the 748 (576 +
172) genes with R-SUPs is provided in Supplemental
Table S1.

Figure 1. Overlap between expressed and modified genes and distri-
bution of H3K9ac and H3K4me3 peaks. A, Overlap between
expressed genes and genes modified by H3K9ac and H3K4me3.
Expressed genes showed a mean RPKM . 0.1 in one of the analyzed
tissues. B, Distribution relative to the TIS. H3K9ac and H3K4me3
peaks were grouped into 250-bp bins according to their position.
Percentages of all peaks are plotted on the y axes. Three distinct re-
gions are indicated: upstream (U), TIS (T), and downstream (D). +,
More than 4,500 bp downstream of the TIS.

Figure 2. Correlation of H3K9ac or H3K4me3 signals and transcript
levels for individual genes. Log2-transformed values of absolute signal
intensities or fold changes between base and blade were plotted
against each other. The values for H3K9ac and H3K4me3 are
plotted on the y axes, and the values for transcription are plotted on
the x axes. For absolute signal intensities, only the values from the
tissue with the higher transcription are shown. P, Pearson correla-
tion coefficient.
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Distinct Properties of R-SUPs of H3K9ac and
Associated Genes

We first tested whether R-SUPs differed in shape or
the degree of regulation from the associated TIS region
peaks on the same genes (Fig. 4A). Whereas both peak
classes showed an average width of 600 to 700 bp, the
peak intensity of R-SUPs was 3 times lower than the
intensity of associated TIS region peaks. However,
R-SUPs were clearly more regulated between leaf
base and blade (factor 5.53 versus 3.13 for the TIS
region peaks), suggesting that they might also be
important for gene regulation.

We furthermore tested if R-SUPs and associated
genes showed the same ratio of induction and re-
pression in the blade compared with the majority of

H3K9ac peaks and genes (Fig. 4B). Interestingly, the
ratio of induced and repressed H3K9ac peaks differed
notably between R-SUPs and all H3K9ac peaks or all
TIS region peaks. The ratio of induced to repressed
H3K9ac peaks in the blade was only 0.7 for all H3K9ac
peaks and 0.5 for all TIS region peaks, indicating that
more H3K9ac peaks were repressed than induced
when comparing leaf base and blade. However, the
ratio for R-SUPs was 2.1, indicating that they were
more often induced than repressed. Comparable ratios
were observed for the transcriptional regulation of
associated genes. More genes were down-regulated
between leaf blade and base, but for R-SUP genes,
we observed more up-regulation.

Histone modifications might facilitate access of
transcription factors to DNA on promoters (Hassan

Figure 3. Distribution of regulated H3K9ac and H3K4me3 peaks rel-
ative to the TIS and peak composition of genes with a regulated up-
stream peak. A, Regulated H3K9ac and H3K4me3 peaks (fold change
$ |2|, FDR # 0.05) were grouped into 250-bp bins according to their
position. Percentages of all peaks were plotted on the y axes. +, More
than 4,500 bp downstream of the TIS. B, Possible H3K9ac peak
compositions of genes with a regulated H3K9ac upstream peak are
indicated in left. The bars indicate absolute values. The fractions of the
indicated composition from all genes with regulated upstream peaks
are given as percentages. Three distinct regions are indicated: up-
stream (U), TIS (T), and downstream (D).

Figure 4. Characterization of R-SUPs and TIS region peaks from
R-SUP-associated genes and comparison of ratios from induced to
repressed H3K9ac peaks and genes from different groups. A, Mean
widths, intensities and fold changes from R-SUPs and TIS region
H3K9ac peaks of R-SUP-associated genes were calculated and plotted
as indicated. The width is given as base pairs, and the intensities are
given as normalized read counts. B, Ratios from induced to repressed
H3K9ac peaks (left) and genes (right) from the indicated groups (x
axes) were calculated and are plotted on the log10-transformed y axes.
Genes and H3K9ac peaks are regulated with a fold change $ |2| and
an FDR # 0.05.
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et al., 2007; Vermeulen et al., 2007; Lauberth et al.,
2013). We, therefore, analyzed whether specific DNA
sequences were enriched under R-SUPs. We used the
MEME and DREME algorithms of the MEME-ChIP
Suite (Machanick and Bailey, 2011) for de novo iden-
tification of enriched sequences. These algorithms are
insensitive for biases (e.g. caused by the C/G content
of a genome, because the nucleotide compositions of
the input sequences are used to generate a randomized
reference sequence for the statistical enrichment anal-
yses; Bailey and Elkan, 1994; Bailey, 2011). Both algo-
rithms identified highly related sequences as the most
overrepresented motifs (Table II). These motifs are
most similar to EREs with a (A/C)GCCGCC core se-
quence (Hart et al., 1993). EREs are binding sites for
ethylene response element binding factors (ERFs; also
ERE binding proteins) and have so far been mainly
associated with biological processes, such as pathogen
response (Zhou et al., 1997) and abiotic stress (Gutterson
and Reuber, 2004).

Functional Classification of R-SUP-Associated Genes

To analyze if the occurrence of R-SUPs can be as-
sociated with specific processes, we also tested bio-
logical processes as defined by MapMan bins (Thimm
et al., 2004) for enrichment within R-SUP-associated
genes (Fig. 5). To be more specific, we focused on those
R-SUP genes that showed the typical expression and
acetylation pattern defined in Figure 4B: induction of
both transcription and R-SUP acetylation in the leaf
blade compared with the base (201 genes; Supplemental
Table S2). Six biological processes contained sufficient
genes to reliably test for enrichment by x

2 test (expec-
tation $ 5). Only the photosynthesis bin showed sig-
nificant enrichment, with almost 2 times as many R-SUP
genes as expected (Fig. 5). This was not caused by a
general overrepresentation of photosynthesis genes
among genes that were up-regulated in the leaf blade,
because enrichment was calculated relative to all genes
that were up-regulated in the leaf blade and not relative
to all genes independent of their regulation.
R-SUP-associated genes in the photosynthesis bin

are listed in Supplemental Table S2. We found genes
from all different subprocesses of photosynthesis, such

as light reaction and the Calvin cycle. However, the
most striking observation was that five annotated
genes encoding for enzymes of the C4 cycle were
found in this group: two genes encoding carbonic
anhydrases (CAs) and one gene each for phosphoenol-
pyruvate carboxylase (PEPC), malic enzyme (ME), and
pyruvate-inorganic phosphate-dikinase. In addition, a
gene encoding phosphoenolpyruvate carboxykinase
was on the list of R-SUP-associated genes. This gene
was assigned to the MapMan bin gluconeogenesis but
has been shown to participate in C4 metabolism in
maize (Pick et al., 2011). Thus, in total, six genes for C4
enzymes contained R-SUPs.

We verified this observation for five of the six genes
by comparing ChIP-Seq data from this study with
previously published chromatin immunoprecipitation-
quantitative polymerase chain reaction (ChIP-qPCR)
data from our laboratory (Offermann et al., 2008;
Heimann et al., 2013). An exemplary profile for ME is
shown in Figure 6A, and data for four other genes are
shown in Supplemental Figure S2. Red and green dots
in Figure 6A represent ChIP-Seq reads, whereas the
black line in Figure 6A represents the ChIP-qPCR data.
In the blade, beside the TIS region peak, an R-SUP was
evident that peaked at around 21,500 relative to the
TIS in both ChIP-Seq and ChIP-qPCR data. In this
zone, ME transcript levels were highest. At the leaf
base, where ME was weakly transcribed, the TIS re-
gion peak only slightly changed, whereas the R-SUP
completely disappeared. To quantify this effect, we
determined H3K9ac fold changes between leaf base
and blade for R-SUP and TIS peaks on these C4 genes
(Fig. 6B; “Materials and Methods” gives a definition of
the R-SUP on one of the CA genes). Whereas fold
changes for R-SUPs varied between 9- and 200-fold
dependent on the gene, fold changes for TIS region
peaks were only between 2- and 10-fold. For each in-
dividual C4 gene, regulation of the R-SUP was at least
6-fold stronger than regulation of the TIS region peak.
This indicated a strong association of R-SUP regulation
and transcriptional regulation for these C4 genes.
Another link between R-SUPs and C4 metabolism was
provided by our finding that EREs were enriched
within the DNA sequences associated with R-SUPs
(Table II). Pick et al. (2011) identified transcription
factors that were coregulated with prominent C4

Table II. Enrichment of motifs within sequences from R-SUPs

Genomic sequences covered by R-SUPs were subjected to MEME ChIP for de novo identification of
motifs and subsequent alignment of discovered motifs to known binding sites from the JASPAR CORE
Plantae database.

Most Overrepresented Motif Algorithm E Value Transcription Factor Family with the Most Similar Motif

MEME 1.9e-13 ERF1

DREME 3.3e-4 ERF1
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genes, and 9 of 18 functionally annotated transcription
factors were ERF proteins.

Meta-Analysis of the Connection between Up-Regulated
R-SUP Genes and Potential C4 Genes

We hypothesized that R-SUPs were common ele-
ments of genes related to C4 photosynthesis and might
be involved in coregulation of these genes on the leaf
gradient. However, a manual inspection revealed that
other C4 genes, such as malate dehydrogenase and
small subunit of Rubisco, did not show R-SUPs. We,
therefore, screened previously generated lists of can-
didate genes associated with C4 metabolism based on
their expression profile on the leaf developmental gra-
dient or their specificity for M or BS cells. The analysis
by Aubry et al. (2014) identified genes that were M or
BS specific in both dicotyledoneous (Gynandropsis spp.)
and monocotyledoneous (maize) C4 plants. Within
this group of 294 genes, 68 genes were transcrip-
tionally up-regulated in the leaf blade and also had an
up-regulated H3K9ac peak; 17 of these genes had an
up-regulated R-SUP.

This is a significant enrichment of R-SUP genes
within the list of potential C4 genes (data not shown; P
[x2] = 0.01). Four of the six R-SUP genes encoding C4
enzymes (Fig. 6) were also found in this comparison.
This included PEPC and pyruvate-inorganic phosphate-
dikinase but also, both CA genes described above. One
of the two CA genes was already described as C4 spe-
cific (GRMZM2G121878; Studer et al., 2014). The second
CA gene (GRMZM2G414528) was mainly expressed in
leaves (Sekhon et al., 2013), and transcripts were
highly enriched in M cells compared with BS cells in

both maize and Gynandropsis spp. (Aubry et al., 2014).
Thus, this gene might contribute to C4-CA activity.
This is in line with the minor growth reduction of
C4-CA double mutants (Studer et al., 2014), sug-
gesting that some remaining CA activity was present
in these double mutants for the formation of C4 cycle
substrates.

Another R-SUP-associated gene in the list by Aubry
et al. (2014) was a sulfate transporter (GRMZM2G395114),
which was specifically expressed in BS cells of maize
and Gynandropsis spp. Transcription of this gene was
10-fold higher in the blade compared with the base of
the leaf, but H3K9ac at the TIS was unaffected by the
transcriptional up-regulation. Instead, we observed a
7-fold up-regulation of the R-SUP that was positioned
at 21,600 bp relative to the TIS. This gene might also
play a role in C4 photosynthesis, consistent with the
confinement of sulfate metabolism to BS cells in C4
plants (Kopriva and Koprivova, 2005).

Figure 6. Regulation of R-SUPs and TIS region peaks on genes en-
coding C4 enzymes. A, H3K9ac profile on the ME gene at the leaf base
and blade. Positions are relative to the TIS in base pairs. Red and green
dots represent mapped forward and reverse ChIP-Seq reads. The black
line represents previously obtained ChIP-qPCR data from the mature
leaf (Heimann et al., 2013). Arrows represent high and low transcript
levels. Tx, Transcription. B, H3K9ac fold changes between leaf base
and blade for R-SUPs and TIS region peaks on genes encoding C4
enzymes. PEPCK, Phosphenolpyruvate carboxykinase; PPDK, pyruvate-
inorganic phosphate-dikinase.

Figure 5. Enrichment analysis of R-SUP-associated genes with in-
duction of both transcription and R-SUP acetylation in the leaf blade
compared with the base within processes defined by MapMan bins. All
genes that are transcriptionally induced and linked to an induced
H3K9ac peak were chosen as reference for the analysis. The degree of
enrichment is given as a ratio of expected (exp.) and observed (obs.)
counts (log10-transformed y axis). The significances of overrepresen-
tations were evaluated by x2 test, and derived P values were adjusted
using the Benjamini-Hochberg correction. Processes were analyzed
only if at least five counts were expected in the tested group. *, FDR #
0.05.
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A BS-specific DNA binding with one finger (DOF)
transcription factor (ZmDOF30; AC233935.1_FG005)
that had previously been suggested as a candidate
C4 regulator also had an up-regulated R-SUP. DOF
transcription factors have been shown to control ex-
pression of genes involved in carbon metabolism
(Yanagisawa, 2000) and specifically, the C4-PEPC gene
(Yanagisawa and Sheen, 1998). Both activating and
repressive functions have been suggested (Yanagisawa
and Sheen, 1998). ZmDOF30 might, therefore, act as an
activator of BS-specific gene expression and/or a re-
pressor of M-specific genes in BS cells.
In total, we found 25 transcription factors from the

GRASSIUS Database (Yilmaz et al., 2009) that were
associated with an up-regulated R-SUP. We, therefore,
also compared these transcription factors with a list
of transcription factors that were preferentially ex-
pressed in M or BS cells in maize (Li et al., 2010). Nine
transcription factor genes were found on both lists.
Again, an ERF gene was among these candidates
(maize ethylene response element binding protein17;
GRMZM2G029323). Together with the multiple ERFs
identified as candidate C4 regulators by Pick et al.
(2011) and the ERE sequences enriched in R-SUP re-
gions (see above), this underlines the potential role of
EREs as C4 regulatory elements.
The ZmDOF30 (AC233935.1_FG005) transcription

factor was again in the overlap. We furthermore
identified two R-SUP-associated genes encoding BS-
specific basic leucine zipper (bZIP) transcription factors
(GRMZM2G092137 and AC203957.3_FG004). Transcrip-
tion factors from the bZIP family have been shown to
interact with DOF transcription factors (Zhang et al.,
1995) and be involved in the regulation of histone
acetylation and chromatin structure on maize genes
(Casati and Walbot, 2008). Thus, complexes of ZmDOF30
and bZIP factors might be involved in the control of
C4 gene expression.

CONCLUSION

During evolution of C4 photosynthesis, C4 genes
evolved from C3 ancestors (Brown et al., 2010; Christin
et al., 2012) but had to adopt new promoter elements
to control higher and more regulated gene expression
(Ku et al., 1996; Hibberd and Covshoff, 2010). The
comparative analysis of regulated histone modifica-
tions in different developmental zones of the maize
leaf in this study allowed for the identification of
R-SUPs that are distinct from the often-described
acetylation peaks in TIS regions. R-SUPs are often as-
sociated with EREs and might, therefore, constitute
sites for binding of regulatory transcription factors.
This binding would be facilitated by the strong acet-
ylation of histones that increases accessibility of DNA
in the chromatin context (Dion et al., 2005). Moreover,
R-SUPs were identified on many photosynthetic and
C4-related genes, suggesting that they might contrib-
ute to regulation of these genes. Our data suggest an
evolutionary scenario, where parallel recruitment of

upstream promoter elements from photosynthetic
genes contributed to reprogramming of gene expres-
sion during establishment of C4 photosynthesis in
maize. Comparative analyses on the chromatin struc-
ture of orthologs of C4 promoters in C3 grasses and
transgenic studies with promoter deletion constructs
will help to test this hypothesis.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Maize (Zea mays) ‘B73’ was grown in growth chambers with a photoperiod

of 16 h of light at 25°C and 8 h of dark at 20°C. The photon flux intensity was

adjusted to 130 mmol m22 s21. Water-soaked seeds were transferred to soil,

and plants were harvested when the third leaf was fully expanded (13–

14 d after sowing); 4 cm from the middle of the illuminated area of the third

leaf were harvested for analysis of the leaf blade. Base samples were isolated

from the same leaves. Plants were cut 0.5 cm above soil, and the lowest 1 to

2 cm of the leaf area without light access was harvested.

RNA Isolation and RNA Sequencing

Harvested leaf sections from six plants per biological replicate were pooled

and ground in liquid nitrogen. About 50 to 60 mg of ground plant material was

dissolved in 1 mL of Trizol and agitated for 15 min; 0.2 volumes of chloroform

was added. Samples were agitated for 10 min, and phases were separated by

centrifugation (16,100g at 4°C for 15 min); 400 mL of the aqueous phase was

transferred to a new reaction tube and washed with 1 volume of chloroform.

The RNA was precipitated by addition of 2 volumes of 96% (v/v) ice-cold

ethanol, incubation at 220°C for 30 min, and centrifugation (16,100g at 4°C for

15 min). The precipitate was washed with 70% (v/v) ice-cold ethanol and

dissolved in 30 mL of RNase-free water. The isolated RNA was treated with

the RNase Free DNase Set (79254; Qiagen), purified with the RNeasy Mini-

Elute Cleanup Kit (74204; Qiagen), and eluted two times in 14 mL of RNase-

free water. Kits were used according to the manufacturer’s instructions. The

integrity of the RNA was analyzed by agarose gel electrophoresis, and the

concentration was measured photometrically; 2 mg of RNA per biological

replicate was submitted to sequencing on an Illumina HiSeq2000 Instrument

with 50-bp single-end reads (GATC Biotech). The service included quality

assessment on a 2100 Bioanalyzer, complementary DNA synthesis from

fragmented poly(A)+ RNA, and library preparation.

ChIP and ChIP Sequencing

We generated two biological replicates for the analysis of the histone

modifications, which is in accordance with the guidelines for ChIP-Seq ex-

periments from the Encyclopedia of DNA Elements and Model Organism

Encyclopedia of DNA Elements Consortia (Landt et al., 2012). Harvested leaf

sections from 10 plants per biological replicate were pooled, and chromatin

was cross linked as described (Horst et al., 2009). Chromatin isolation and

immunoprecipitation were performed as described (Heimann et al., 2013),

with the exception that protein A agarose was not blocked with salmon sperm

DNA. Modifications were detected with 5 mL of antiacetyl H3K9 (07-352;

Merck Millipore) or 2.5 mL of anti-H3K4me3 (04-745; Merck Millipore). After

washing and reversion of the cross link, samples were treated for 2 h with

RNase A (R4642; Sigma-Aldrich) according to the manufacturer’s instructions.

The precipitated DNA was purified with the MiniElute PCR Purification Kit

(428004; Qiagen). For each biological replicate, eight ChIP reactions were

pooled; 10 ng of precipitated DNA was submitted to sequencing on an Illu-

mina HiSeq2000 (for H3K9ac) or Illumina HiSeq2500 (for H3K4me3) Instru-

ment with 50-bp single-end reads (GATC Biotech). The service included

quality assessment on a 2100 Bioanalyzer and library preparation.

Processing and Analysis of RNA-Seq Data

Quality of raw sequencing reads was checked with FastQC (http://www.

bioinformatics.babraham.ac.uk/projects/fastqc/), and reads were processed

with the Trimmomatic software (Bolger et al., 2014). The adapter clipper,
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leading trimmer, trailing trimmer, and sliding window trimmer modules were

used with their default settings to trim the raw sequences. Processed se-

quences were imported into the CLC Genomics Workbench 7.5.1 (http://

www.clcbio.com/products/clc-genomics-workbench/; Qiagen). Read map-

ping was carried out with the RNA-Seq Analysis Tool. Reads were mapped

with default settings only to regions that were covered by gene annotations of

the maize reference genome (Zea_mays.AGPv3.21.dna.toplevel; ftp://ftp.

ensemblgenomes.org/pub/plants/release-21/). Reads that mapped equally

to multiple positions were ignored. Raw read counts were chosen as expres-

sion values. RPKM values were calculated for each gene to quantify absolute

expression (Mortazavi et al., 2008). Statistical evaluation of differentially

expressed genes was carried out with the Empirical Analysis of DGE Tool,

which implements edgeR analysis (Robinson et al., 2010) and Benjamini-

Hochberg correction of P values (Benjamini and Hochberg, 1995). For addi-

tional analyses, only genes annotated as protein coding and with an RPKM .

0.1 in at least one of the developmental zones were selected. This threshold

was determined based on the coefficient of variation between RPKM values of

the biological replicates that strongly increased at RPKM # 0.1.

Processing and Analysis of ChIP-Seq Data

Quality assessment and processing of raw ChIP-Seq sequencing reads were

carried out as for RNA-Seq data. Processed reads were imported to the CLC

Genomics Workbench. Duplicated reads were removed with the tool Remove

Duplicate Reads using default settings. The reads were mapped to the maize

reference genome (Zea_mays.AGPv3.21.dna.toplevel; ftp://ftp.ensemblgenomes.

org/pub/plants/release-21/) using default parameters with two exceptions:

reads were mapped without masking, and reads that mapped equally to mul-

tiple positions were ignored. The Peak Shape Tool from the CLC Genomics

Workbench was used to call peaks. This tool uses the Hotelling observer to ac-

count for variable shapes of peaks (Hotelling, 1931). This approach was suc-

cessfully used before to call peaks with varying shapes (Kumar et al., 2013).

Peaks were initially called with a P value of 0.0001. Afterward, the Advanced

Peak Shape Tools were used to optimize peak calling according to the manual.

For each sample, a subset of 1,000 called peaks with the highest P values was

used as positive regions to define a unique filter with the tool Learn Peak Shape

Filter. The number of bins was calculated for each sample as window size per

size of bins (35 bp). This optimized filter was used for the definite peak calling

with the tool Apply Peak Shape Filter again with a P value of 0.0001.

Differential analysis of regulated peaks between the blade and base of the

maize leaf was carried out with the R Bioconductor Package DiffBind following

the manual (Stark and Brown, 2011). DiffBind merged overlapping peaks from

different samples if peak coordinates overlapped in at least two samples.

Reads within the coordinates of merged consensus peaks were counted and

normalized for each sample, even if the peak was not called in this sample.

Quantitative differences of the normalized reads in the merged peak areas

were statistically evaluated using the implemented R Package edgeR

(Robinson et al., 2010). Consensus peaks were annotated to genes using the

PeakAnalyzer software (Salmon-Divon et al., 2010) with options TSS-Nearest

Transcription Start Site and Coding and Non-Coding Genes. If several tran-

script variants were annotated for one gene, peak distances to the TIS were

always calculated for the most 59-located transcript variant. Only peaks that

were located a maximum of 4,000 bp upstream of the TIS or within the

transcribed region of the annotated gene were included. As described for

RNA-Seq data, the analysis was focused on protein-coding genes with an

average RPKM . 0.1. We checked the core C4 genes manually and realized

that a strong H3K9ac peak upstream of the CA gene (GRMZM2G121878) was

wrongly annotated to a neighboring gene (GRMZM2G122025) that was not

expressed (RPKM = 0) and annotated as a low-confidence gene. This peak was

reannotated to GRMZM2G121878.

Enrichment Analysis of MapMan Processes

MapMan bins were used to assign genes to processes (Thimm et al., 2004).

The x2 test was used to test for enriched processes. Only processes were taken

into account if their expectation in the analyzed group was $5. The calculated

P values were adjusted with the Benjamini-Hochberg correction to account for

multiple testing (Benjamini and Hochberg, 1995).

Motif Identification

De novo identification of motifs was performed with MEME-ChIP

(Machanick and Bailey, 2011; http://meme-suite.org). Genomic sequences

that were covered by R-SUPs were used as input. MEME-ChIP uses 100 bp

from the center of the sequences and performs de novo motif discovery using

the algorithms MEME and DREME. Reported motifs were automatically

compared with known motifs from the JASPAR CORE Plantae Database

(Mathelier et al., 2014) with TOMTOM. MEME-ChIP was used with its de-

fault settings, except for limitation of maximum width to 10 nucleotides in

MEME.

The original data sets from this article can be found in the National Insti-

tutes of Health Gene Expression Omnibus database under the accession

number GSE67551.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Read mapping statistics of ChIP-Seq and RNA-

Seq libraries and comparison of RNA-Seq data from this study with data

from Li et al., 2010.

Supplemental Figure S2. H3K9ac profiles on selected C4 genes at the leaf

base and blade.

Supplemental Table S1. List of genes with R-SUPs.

Supplemental Table S2. List of R-SUP-associated genes with induction of

both transcription and R-SUP acetylation in the leaf blade compared

with the base and their functional annotations; additionally, overlaps

between these genes and gene lists from two C4-related studies and

induced R-SUP genes assigned to the photosynthesis bin are shown.
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Supplemental figure S1: Read mapping statistics of ChIP-Seq and RNA-Seq libraries and 

comparison of RNA-Seq data from this study with data from Li et al., 2010. 

 

 

 

 

Figure S1: Read mapping statistics of ChIP- and RNA-Seq libraries and comparison of RNA-

Seq data from this study with data from Li et al., 2010. A Summary of processed reads and 

mapping statistics of ChIP- and RNA-Seq libraries for all replicates and samples. B Pearson 

correlation coefficients between analogous fragments from Li et al. (2010) and this study.  

RNA-Seq Processed reads Uniquely mapped reads % (Uniquely mapped)

Base A 59,346,263 46,246,282 78%

Base B 33,432,364 24,687,777 74%

Blade A 74,724,999 53,086,298 71%

Blade B 27,582,965 18,668,247 68%

H3K9ac-ChIP Processed reads Uniquely mapped reads % (Uniquely mapped)

Base A 29,553,783 23,724,782 80%

Base B 18,884,476 15,417,201 82%

Blade A 30,611,609 23,999,153 78%

Blade B 24,498,527 19,320,849 79%

H3K4me3-ChIP Processed reads Uniquely mapped reads % (Uniquely mapped)

Base A 13,877,095 7,718,604 56%

Base B 7,915,293 6,624,821 84%

Blade A 16,204,778 10,212,086 63%

Blade B 25,950,063 21,664,983 83%

Base Base A Base B Li et al., Base A Li et al., Base B

Base A 0.9 0.94 0.89

Base B 0.9 0.9 0.93

Li et al., Base A 0.94 0.9 0.95

Li et al., Base B 0.89 0.93 0.95

Blade Blade A Blade B Li et al., Blade A Li et al., Blade B

Blade A 0.93 0.96 0.96

Blade B 0.93 0.92 0.93

Li et al., Blade A 0.96 0.92 1

Li et al., Blade B 0.96 0.93 1

A 

B 
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Supplemental figure S2: H3K9ac profiles on selected C4 genes at the leaf base and blade.
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Figure S2: H3K9ac profiles on selected C4 genes at the leaf base and blade. Positions 
are relative to TIS in bp. Red and green dots represent mapped forward and reverse 
ChIP-Seq reads. The solid lines represent previously obtained ChIP-qPCR data from 
the mature leaf (Heimann et al., 2013). Arrows represent high and low transcript levels 
(Tx=Transcription). PEPC = phosphoenolpyruvate carboxylase, PPDK = pyruvate-Pi-(Tx=Transcription). PEPC = phosphoenolpyruvate carboxylase, PPDK = pyruvate-Pi-
dikinase, CA = carbonic anhydrase, PEPCK = phosphenolpyruvate carboxykinase.
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Abstract 

Various studies analyzed the developmental gradient of the maize (Zea mays) leaf to 

understand the gradual establishment of Kranz anatomy and C4 photosynthesis. We 

characterized the influence of light on genes that were differentially expressed from the base 

to the blade of the maize leaf by a comparative analysis of RNA-Seq data from three different 

tissues: base (division zone), illuminated blade (maturing zone) and blade exposed to 

prolonged darkness for 52 hours. We classified genes that were differentially expressed from 

the base to the blade into four classes; repressed (Rep) or induced (Ind) from the base to the 

blade in a light-dependent (Ld) or light-independent (Li) manner. The majority of Ind-genes 

were regulated light-dependently while Rep-genes were mainly regulated light-

independently. Meta-analysis of classified genes showed that they were equally co-regulated 

with the histone modification histone 3 lysine 9 acetylation (H3K9ac). We also showed that 

regulated secondary upstream peaks (R-SUPs) of H3K9ac were not significantly enriched 

within the defined classes of regulation. Additionally, we identified histone acetyltransferases 

(HATs) and histone deacetylases (HDACs) as potential regulators of classified genes based 

on their expression profiles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 - Manuscript I

57



Introduction 

 

The leaf gradient of monocotyledonous plants is a useful platform to study the establishment 

of various biological processes in a gradually developing system. The base of the growing 

monocot leaf is characterized by meristematic and undifferentiated cells that are continuously 

dividing (division zone; Sylvester et al., 1990; Nelissen et al., 2013). The size of the division 

zone strongly affects the final size of the mature leaf (Rymen et al., 2007; Nelissen et al., 

2012). Undifferentiated cells expand and differentiate adjacent to the division zone; this zone 

was defined as expansion zone. When the expansion of cells is completed they are 

integrated into the mature zone where all structural and physiological parameters for a 

functional metabolism are established (Sylvester et al., 1990; Majeran et al., 2010; Li et al., 

2010; Nelissen et al., 2013). Thus, all stages of various biological processes can be analyzed 

in a single leaf at a given time point of development.  

 

Specifically, the analysis of the developmental gradient of the maize leaf is of interest to 

characterize the establishment and regulation of C4 photosynthesis. Kranz anatomy is 

essential to perform C4 photosynthesis and is established by the differentiation of cells into 

bundle sheath and mesophyll cells on the developmental gradient (Langdale, 1998; Majeran 

et al., 2005; Majeran et al., 2010). In recent years, numerous studies characterized the 

dynamics of metabolites, proteins, transcripts and anatomical structures along the 

developmental gradient of the maize leaf to understand processes and their regulation 

required to establish C4 photosynthesis (Li et al., 2010; Majeran et al., 2010; Pick et al., 

2011; Tausta et al., 2014). Additionally, transcriptional profiles along the developmental 

gradient of maize were compared to the monocotyledonous C3 plant rice and the 

dicotyledonous C4 plant Gynandropsis to identify genes associated with C4 photosynthesis 

(Wang et al., 2014; Aubry et al., 2014). We previously extended the knowledge about gene 

regulation along the maize leaf gradient by analyzing the impact of the histone modifications 

histone 3 lysine 9 acetylation (H3K9ac) and histone 3 lysine 4 trimethylation (H3K4me3) on 

the transcription of associated genes on a genome-wide level. Wang et al. (2009) described 

previously that H3K9ac and H3K4me3 were found at transcription initiation sites of actively 

transcribed genes in shoots and roots of maize. We analyzed the dynamics of both 

modifications and the transcription of associated genes and observed a good correlation 

between transcriptional regulation of genes and associated H3K9ac and H3K4me3. 

Additionally, we identified and characterized regulated secondary upstream peaks (R-SUPs) 

as a unique feature of H3K9ac. R-SUPs were enriched on genes that were induced from the 

base to the blade and especially on C4 associated genes (Perduns et al., 2015).  
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The characterization of factors that are responsible for the regulation of gene expression 

along the developmental gradient has widely been overlooked so far. It was shown that the 

endogenous plant hormones cytokinin, auxin, castasterone and gibberellin were enriched in 

the division and expansion zone of the maize leaf and regulated leaf growth (Nelissen et al., 

2012). Light, as an important environmental stimulus, is another promising candidate for the 

regulation of genes that are differentially expressed from the base to the blade of the maize 

leaf. The base of secondary maize leaves is shaded by older leaves while the maturing zone 

is illuminated. It has been described that light is required to establish functional 

photosynthesis and controls the expression of various genes through the perception by at 

least four different classes of photoreceptors: phytochromes, cryptochromes, phototropins 

and unidentified ultraviolet B (UVB) photoreceptors. These receptors use distinct pathways to 

interpret and transduce the perceived light signals to alter the gene expression for an 

appropriate adaptation of cellular functions and development (Sheen, 1999; Ma et al., 2001; 

Li et al., 2011). For example, it was shown that the expression of the small subunit of the 

ribulose-1,5-bisphosphate carboxylase-oxygenase (RbcS) is regulated in a phytochrome and 

cryptochrome dependent manner (Martinez-Hernandez et al., 2002; Oh and Montgomery, 

2011). RbcS and other light regulated genes share conserved promoter elements, like G- 

and I-boxes, that are summarized as light-responsive cis-elements (LREs; Terzaghi and 

Cashmore, 1995). It has been shown that LREs are targeted by various transcription factors 

and that their structural arrangement affects the transcriptional responsiveness of 

corresponding genes to different light conditions (Menkens et al., 1995; Lopez-Ochoa et al., 

2007). Several studies indicate that light regulation is mediated by histone modifications. 

Jang et al. (2011) observed that the transcription of Arabidopsis phytochrome A itself was 

tightly regulated by histone modifications. The regulatory impact of histone modifications on 

the light-dependent expression of phosphoenolpyruvate carboxylase (Pepc) of maize was 

characterized in detail in our lab (Offermann et al., 2006; Offermann et al., 2008; Horst et al., 

2009). The observed histone modification profiles of Pepc were partially conserved on other 

C4 genes in maize and in the related C4 grasses Sorghum and Setaria (Horst et al., 2013; 

Heimann et al., 2013). 

 

In this study, we aimed to characterize the influence of light on genes that were differentially 

expressed comparing base and blade of the maize leaf. In a first step, we compared RNA-

Seq data from two developmental zones of the maize leaf, the base (division zone) and 

blade (maturing zone), to identify genes that were differentially expressed. In a second step, 

we used RNA-Seq data of blade samples of plants that were exposed to 52 hours of 

prolonged darkness (re-etiolated) to classify the regulation of genes from the base to the 

blade into light-dependent and -independent regulation. The resulting gene groups were 
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characterized and subsequently analyzed for their co-regulation with the histone modification 

H3K9ac and their association with R-SUPs in a meta-analysis. Additionally, the expression 

profiles of histone acetyltransferases (HATs) and histone deacetylases (HDACs) were 

screened to identify potential regulators of H3K9ac in the analyzed zones of the maize leaf.  
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Results and Discussion 

 

 

Assessment of data quality and clustering of RNA-Seq samples 

 

We isolated RNA from two developmental zones of the maize leaf: base (division zone) and 

blade (maturing zone). The zones correspond well to segments -4 and +4 from Li et al. 

(2010; Perduns et al., 2015). To investigate the influence of light on genes that are regulated 

from the base to the blade we furthermore isolated RNA from blades of maize plants that 

were exposed to 52 hours of prolonged darkness (re-etiolated). The abundance of mRNAs 

was analyzed by RNA-Seq. Re-etiolated blades were taken as a model for a leaf blade that 

developed in the absence of light. An alternative would have been blades from etiolated 

plants, because maize develops true leaves even when grown in complete darkness 

(Heimann et al., 2013). However, these blades differ in structure and shape from blades 

derived from plants grown in the light (Charron et al., 2009). Therefore, we decided to 

analyze blades from re-etiolated plants to investigate the influence of light on gene regulation 

from the base to the blade. Offermann et al. (2006) showed before that transcription of Pepc 

in re-etiolated maize plants was on a basal level, comparable to the expression in etiolated 

plants. 

 

To assess quality and clustering of RNA-Seq data, we analyzed the correlation between 

replicates of the investigated samples (Table 1). Pearson correlation coefficients between the 

associated biological replicates were above 0.9 for all three samples. Interestingly, 

correlation coefficients between replicates from the blade and the re-etiolated blade ranged 

from 0.2 to 0.26 while the correlation coefficients between the base and the re-etiolated 

blade samples ranged from 0.08 to 0.15. Taken together, the transcriptomes of re-etiolated 

blade samples clustered closer to transcriptomes of the blade compared to base samples.  

 

Thus, transcriptional changes caused by re-etiolation of the blade were smaller compared to 

changes of the transcriptomes from the base to the blade. The re-etiolation of the blade 

alone is not sufficient to reconstitute the transcriptome of the base within the differentiated 

blade, indicating that multiple factors are responsible for the transcriptional alterations from 

the base to the blade of the maize leaf. Additionally, transcriptional changes caused by re-

etiolation of the blade might be different to changes caused by the initial illumination during 

leaf development.  
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Table 1: Correlation of replicates from different tissues. Pearson correlation coefficients between all incorporated 

tissues (base, blade and re-etiolated [Re-et.] blade) and replicates (A/B) based on the expression values.  

 

 

Classification of transcriptional regulation from the base to the blade of the maize leaf 

 

To analyze the impact of light on the regulation of individual genes from the base to the 

blade, we classified the regulation into light-dependent and -independent groups with a 

stepwise approach (Figure 1). First of all, genes had to be significantly regulated from the 

base to the blade (fold change ≥ |10| with a false discovery rate [FDR] ≤ 0.05). For this step, 

only protein coding genes with reads per kilobase per million mapped reads (RPKM) > 0.1 in 

one of the analyzed zones were taken into consideration. Genes that were regulated from 

the base to the blade were further classified according to their transcriptional response upon 

re-etiolation of the blade in a second step. We defined groups of light-independently 

regulated genes that showed additional regulation between illuminated and re-etiolated blade 

according to Figure 1 (fold change ≥ |10| with an FDR ≤ 0.05). Genes that were not 

significantly regulated in the re-etiolated blade compared to the blade were classified as light-

independent (FDR > 0.05). The classes of regulation are abbreviated according to Figure 1C.     

 

We used comparably strict thresholds of fold changes for the definition of classes to ensure 

that the members were reliable. As a drawback, genes that were not regulated > |10| fold in 

one of the comparisons were not classified. To assess the influence of the used thresholds 

we analyzed the overlap between the defined classes when thresholds of a |10| or |2| fold 

regulation were used. Overall, 70% of the classified genes using the 2-fold threshold were 

still classified when using the 10-fold threshold (data not shown). We decided to use the |10| 

fold threshold in order to ensure that only truly regulated genes were included.  

 

  

Base_A Base_B Blade_A Blade_B Re-et. blade_A  Re-et. blade_B

Base_A 0.9 0.1 0.08 0.13 0.11

Base_B 0.9 0.14 0.15 0.1 0.08

Blade_A 0.1 0.14 0.93 0.26 0.25

Blade_B 0.08 0.15 0.93 0.22 0.2

Re-et. blade_A 0.13 0.1 0.26 0.22 0.98

 Re-et. blade_B 0.11 0.08 0.25 0.2 0.98
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Figure 1: Schematic overview of the definition from light-dependently and light-independently regulated genes 

that were differentially expressed between blade and base A Genes that were induced in the blade compared to 

the base and repressed in response to re-etiolation (Fold change ≥ |10|, FDR ≤ 0.05) were classified as light-

dependent genes. Light-independently regulated genes were not regulated in response to re-etiolation (FDR > 

0.05). Only protein coding genes with a mean RPKM > 0.1 in the blade or at the base were taken into 

consideration. B Genes that were repressed in the blade compared to the base and induced in response to re-

etiolation (Fold change ≥ |10|, FDR ≤ 0.05) were classified as light-dependent genes. Light-independently 

regulated genes were not regulated in response to re-etiolation (FDR > 0.05). Only protein coding genes with a 

mean RPKM > 0.1 in the blade or at the base were taken into consideration. C Abbreviations of the defined 

classes.  

 
 

Induced in blade vs base Repressed in blade vs base

Light-dependent Ind_Ld Rep_Ld

Light-independent Ind_Li Rep_Li

4h
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Light-independent (Li)Light-dependent (Ld)

52h4h 52h

+

4h

A

B
Repressed in the blade (Rep)

4h

52h4h 52h

+

4h

Light-independent (Li)Light-dependent (Ld)

C
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Figure 2 summarizes numbers of genes in the defined classes. Overall 5938 genes were 

significantly regulated from the base to the blade. 2582 genes were induced in the blade 

compared to the base (Ind-genes) and 3356 genes were repressed (Rep-genes). 1191 Ind-

genes were further classified as light dependent (Ind_Ld-genes) and 780 as light-

independent genes (Ind_Li-genes), respectively. 265 Rep-genes were classified as light 

dependent (Rep_Ld-genes) and 2752 as light-independent (Rep_Li-genes). 611 Ind-genes 

and 339 Rep-genes showed an aberrant regulation upon re-etiolation and could not be 

classified clearly. For example, these genes were not regulated ≥ |10| fold (albeit 

significantly) in the re-etiolated blade compared to the blade.  

 

The majority of Ind-genes were transcriptionally affected by light (60%), but, surprisingly, a 

notable amount of Ind-genes was not affected (40%). For Rep-genes the relation was 

inverted. 91% were classified as Rep_Li-genes and only 9% as Rep_Ld-genes. Thus, light 

was an important factor for the induction of genes during leaf development while Rep-genes 

were not affected by light. Several additional stimuli differ between the base and blade and 

could contribute to gene regulation during leaf development: for example, hormones, 

exposure to ambient air or the content of metabolic compounds (Pick et al., 2011; Nelson, 

2011; Nelissen et al., 2012; Wang et al., 2014). Additionally, meristematic cells divide at the 

base of the leaf and differentiate into functional tissues along the leaf gradient (Nelissen et 

al., 2012). For example, the Kranz anatomy is gradually established and it was shown that 

many genes were specifically expressed in bundle sheath or mesophyll cells, respectively. 

The expression of such genes is potentially influenced by the developmental stage or the 

presence of the specific tissue (Majeran et al., 2010; Tausta et al., 2014; Chang et al., 2012). 

Thus, the light-independent regulation of the majority of Rep-genes and a considerable 

amount of Ind-genes is reasonable.  
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Figure 2: Quantities of genes within the defined classes of regulation. A Quantities of Ind-genes that were 

classified according to the definition from Figure 1A. Percentages were calculated relative to the sum of Ind-genes 

that could be classified further. B Quantities of Rep-genes that were classified according to the definition from 

Figure 1B. Percentages were calculated relative to the sum of Rep-genes that could be classified further. 

 

 

Characterization of classified genes  

 

To evaluate if the defined classes of regulation could be associated with distinct processes 

we tested whether genes from biological processes defined by MapMan bins were enriched 

(Figure 3; Thimm et al., 2004) in any of the classes. Four processes were significantly over- 

or underrepresented within both classes of Ind-genes.  

The most striking process was photosynthesis which was enriched within Ind_Ld-genes and 

heavily underrepresented within Ind_Li-genes. It is known that the establishment of 

photosynthesis is dependent on light and that many photosynthetic genes are regulated by 

light (Sheen, 1999; Sakamoto et al., 2008; Heimann et al., 2013). Under- and 

overrepresentation of photosynthetic genes within Ind_Li- and Ind_Ld-genes was therefore a 

2582 genes induced in the blade (Ind)

Light-dependent
(Ind_Ld)

Light-independent
(Ind_Li)

611 genes not classified 

1191 genes
(60%)

780 genes
(40%)

A

3356 genes repressed in the blade (Rep)

265 genes
(9%)

2752 genes
(91%)

B

Light-dependent
(Rep_Ld)

Light-independent
(Rep_Li)

339 genes not classified 
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reliable indicator for the validity of the defined classes. Additionally, genes from the process 

RNA were underrepresented and genes from the process secondary metabolism were 

enriched within Ind_Ld-genes. Within Ind_Li-genes, only the process cell was enriched. 

 

C4 genes mainly belong to the process photosynthesis. We analyzed C4 genes defined by 

Chang et al. (2012) manually and observed that from 16 genes associated with C4 

photosynthesis 14 were classified as Ind-genes and 12 were further classified as Ind_Ld-

genes (Supplemental table S2). Pyruvate-Pi-dikinase (Ppdk) and malic enzyme (Me) were 

not classified as Ind-Ld-genes because they were repressed less than 10 fold (albeit 

significantly) between illuminated and re-etiolated blade. Transcript amounts were still on a 

high level in the re-etiolated blade with an RPKM of 2459 for Ppdk and 942 for Me. This 

might indicate that both genes are also participating in metabolic processes which are not 

light-dependent or that their mRNAs are more stable compared to other C4-associated 

genes.  

Members of the process secondary metabolism were also enriched within Ind_Ld-genes. We 

analyzed the sub processes in detail and observed that genes associated with isoprenoid 

and phenylpropanoid metabolism were significantly enriched within Ind_Ld-genes. The ratio 

from observed to expected counts was 1.7 for both sub processes with p-values of the χ2-test 

< 0.02 (data not shown). Metabolites of both classes are known to be involved in the 

absorption of photons (Dixon and Paiva, 1995; Ruiz-Sola and Rodríguez-Concepción, 2012; 

Singh and Sharma, 2015). Thus, the light-dependent induction of associated genes in the 

blade is expected.  

Within Ind_Li genes, the process cell was enriched. This included the sub processes cell-

organization, -division, -cycle and -motility. In general, the majority of associated genes are 

repressed along the developmental gradient (Li et al., 2010). Associated genes which are 

induced in the blade might be responsible for maintenance and organization of the cellular 

organization, including Kranz anatomy, at the blade of the leaf. Accordingly, Chang et al., 

(2012) found 173 genes, associated with the process cell that were enriched in bundle 

sheath (156) or mesophyll cells at the blade of the leaf (17).   

Additionally, genes from the process RNA were underrepresented within Ind_Ld-genes. 

Genes from the process RNA are mainly transcription factors. Transcription factors are 

involved in the regulation of various processes. Their underrepresentation within Ind_Ld-

genes indicates that Ind-Ld-genes might be regulated by common transcription factors or that 

responsible transcription factors are not transcriptionally co-regulated with comparable fold 

changes.  

However, no process was significantly over- or underrepresented within Rep-genes. Sizes of 

both classes of Rep-genes hindered statistical enrichment analyses. The Rep_Ld class was 
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very small and a strong under- or overrepresentation was needed for significance. On the 

other hand, the class of Rep_Li genes nearly comprises all Rep-genes and within this group, 

no biological process was significantly enriched. 

 

 
Figure 3: Enrichment analysis of processes within the defined classes of regulation. Processes were defined by 

MapMan bins. Only processes were analyzed if at least five counts were expected in the tested group. Ten 

processes with the highest expectations are shown. The degree of enrichment is given as ratios of expected 

(Exp.) and observed (Obs.) counts (Log10-transformed y-axis). The significances of enrichments were evaluated 

by χ
2
-test and derived p-values were adjusted using Benjamini Hochberg correction. *: FDR ≤ 0.05.  

 

 

Meta-analysis of H3K9ac signals associated with defined classes of regulation 

 

In a previous study, we analyzed the quantitative relationship between the histone 

modification H3K9ac and transcription of associated genes by comparing the dynamics of 

both parameters from the base to the blade of the maize leaf. We identified and 

characterized regulated secondary upstream peaks (R-SUPs) as a unique feature of the 

histone modification H3K9ac. We observed that R-SUP associated genes were enriched 

within genes that were induced in the blade compared to the base and especially on 

photosynthetic genes (Perduns et al., 2015). In this study, we showed that light is a crucial 

factor for the induction of photosynthetic genes from the base to the blade and we were 
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interested if the occurrence of R-SUPs can be linked to light regulation of associated genes. 

We therefore analyzed if R-SUP associated genes were enriched within the defined classes 

of regulation (Figure 4). 

R-SUP associated genes were not significantly enriched in any of the defined classes, but 

tendencies for enrichment within Ind_Ld-genes could be observed. 81 R-SUP associated 

genes were expected and 92 were observed. The p-value for the enrichment was 0.09. 

Within Ind_Li-genes 55 R-SUP associated genes were expected and 46 observed (p-value = 

0.1). For both classes of Rep-genes, no such tendencies could be observed.  

 

We showed that the majority photosynthetic genes were upregulated on the gradient and 

downregulated by re-etiolation (Ind-Ld genes; Figure 3). Therefore, the tendencies for over- 

and underrepresentation of R-SUP associated genes within Ind_Ld- and Ind_Li-genes might 

be caused by the previously shown association of R-SUPs with photosynthetic genes. To 

test this hypothesis, we excluded all photosynthetic genes from Ind-genes and re-analyzed 

the enrichment within both classes. The degree of over- and underrepresentation declined 

and the p-values increased to 0.3 for both classes (data not shown), indicating that over- and 

underrepresentation of R-SUP associated genes within Ind_Ld- and Ind_Li-genes was 

mainly caused by photosynthetic genes. On the other hand, this observation underpins the 

specific association of R-SUPs with photosynthetic genes, independent of the class of 

regulation.  

 

 
 
Figure 4: Enrichment analysis of R-SUP associated genes within the defined classes of regulation. R-SUP 

associated genes were identified in the study Perduns et al. (2015). All Ind- and Rep-genes associated with 

H3K9ac peaks, were chosen as reference for the indicated groups. The degree of enrichment is given as ratios of 

expected (Exp.) and observed (Obs.) counts (Log10-transformed y-axis). The significances of enrichments were 

evaluated by χ
2
-test. 
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In a previous study, we also showed a good correlation of fold changes from the base to the 

blade of H3K9ac and the transcription of associated genes (Perduns et al., 2015). We were 

interested whether this holds true for the different classes of regulation defined here (Figure 

5). Percentages of genes modified with H3K9ac were similar between the defined classes of 

regulation. Around 80% of all classified genes were associated with H3K9ac. Also 

percentages of H3K9ac modifications that were co-regulated with transcription of associated 

genes were similar between the classes. Around 90% of all analyzed H3K9ac peaks were 

significantly co-regulated with the transcription of associated genes, while 3% to 4% were 

regulated opposite to the transcription in each case. 

 

This suggests that genes that were regulated from the base to the blade of the maize leaf in 

a light-dependent or -independent manner used H3K9ac to regulate transcription. It has 

previously been shown that transcription was co-regulated with H3K9ac between shoots and 

roots from maize (He et al., 2013). This indicates that H3K9ac is tightly linked to the 

transcriptional activity of associated genes in general. 

 
Figure 5: Relationship between the regulation of transcription and H3K9 acetylation. A Genes which were 

classified according to Figure 1 were analyzed for the frequencies of associated H3K9ac modification. The 

percentages were calculated relative to the number of genes within each class of regulation. B The frequencies of 

significant co-regulation between the transcription and H3K9ac were calculated. The numbers represent the 

percentages of regulated genes which were associated with significantly regulated H3K9ac according to the 

indicated regulation (FDR ≤ 0.05). The values of H3K9ac modified genes from Figure 5A were taken as 100% for 

each transcriptional class of regulation. Rep, repressed in the blade compared to the base; Ind, induced in the 

blade compared to the base.  
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We wanted to understand how H3K9ac is regulated between the base and the blade of the 

maize leaf. In general, histone acetylations are incorporated by histone acetyltransferases 

(HATs) and removed by histone deacetylases (HDACs; Pandey et al., 2002; Chen and Tian, 

2007). It was shown that H3K9ac is associated with actively transcribed genes (Figure 5; 

Dion et al., 2005; Wang et al., 2009; Perduns et al., 2015). Therefore, HATs of H3K9ac can 

be regarded as positive regulators of transcription and HDACs of H3K9ac as negative 

regulators. We expected that the expression of HATs is correlated with potential target genes 

and that the expression of HDACs is negatively correlated with potential target genes. We 

classified HATs and HDACs of the maize genome manually to find candidate enzymes for 

the regulation of H3K9ac within the analyzed zones of the maize leaf (Table 2).  

Three out of 16 annotated HDACs could be classified based on the scheme in Figure 1. 

Hdt103, 104 and Hda119 were classified as Rep_Li-genes. These HDACs are candidates for 

the suppression of genes at the base that were induced in the blade. They were also not 

regulated by light according to our criteria. All other HATs and HDACs could not be 

classified. This is probably due to the very strict criteria for the classification.  

However, the expression profiles of HATs and HDACs that were not classified also allow for 

the estimation of potential target genes. For example, Hda101 and Hda110 were mainly 

expressed in the re-etiolated blade and at the base. These might be potential HDACs for the 

regulation of Ind_ld-genes. Hda120 was the only HDAC with enhanced expression in the 

blade and might be responsible for the suppression of genes at the blade.  

 

Overall, HATs were expressed at lower levels and their regulation was weaker compared to 

HDACs. No HAT could be classified based on the scheme in Figure 1. Ham102 was the 

highest expressed HAT and the only one with enhanced expression in the blade. It is likely 

that Ham102 induces gene expression in the blade. Hag101 and Hag102 were strongly 

expressed at the base and only moderately in the re-etiolated blade, indicating a role in the 

induction of H3K9ac at the base of the leaf. Surprisingly, the expression of seven HATs was 

strongest in the re-etiolated blade. Potentially, HATs are more important for the regulation of 

the transcriptional adaptations caused by the absence of light compared to HDACs. 

Accordingly, it was shown that the expression of rice HATs is regulated by various stresses 

(Liu et al., 2012). However, transcription of HATs or HDACs alone does not necessarily 

indicate activity. There are several examples that individual HATs and HDACs interact with 

non-histone proteins to become activated or to be transported from the cytosol to the nucleus 

upon specific stimuli (Bhat et al., 2004; Gonzalez et al., 2007; Alinsug et al., 2012; Kuang et 

al., 2012). Conversely, the absence of a specific RNA indicates that the enzyme is inactive. 

Further experiments are needed to understand the role of individual HATs and HDACs in the 

regulation of gene expression along the developing maize leaf.  
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Table 2: Expression values and defined classes of regulation of annotated HDACs (A) and HATs (B). The color 

code indicates expression strength (dark = high) and is applied for each gene independently. Re-et., re-etiolated.   

 

 

 

 

 

 

 

 

B

A

HAT Locus Base Blade Re-et. blade Class of regulation
Hag101 GRMZM2G046021 18.8 4.2 8.4 -

Hag102 GRMZM5G851405 17.5 1.4 1.4 -

Hag103 GRMZM2G100872 11.3 3.3 18.8 -

Hag107 GRMZM2G359735 6.2 1.9 10.4 -

Ham101 GRMZM2G044126 9.0 8.3 11.7 -

Ham102 GRMZM2G140288 11.1 22.9 9.8 -

Hac101 GRMZM2G069886 8.2 4.3 14.6 -

Hac111 GRMZM2G470556 5.2 7.5 17.1 -

Hac113 GRMZM2G139977 9.1 9.2 14.9 -

Hac115 GRMZM2G335438

Haf101 GRMZM2G394722 5.7 4.9 15.4 -

Not expressed

HDAC Locus Base Blade Re-et. blade Class of regulation
Hdt101 GRMZM2G057044 1.5 0.2 0.8 -

Hdt102 GRMZM2G100146 140.7 44.7 17.6 -

Hdt103 GRMZM2G159032 145.3 5.0 14.6 Rep_Li

Hdt104 GRMZM5G898314 23.9 0.5 0.6 Rep_Li

Srt101 GRMZM2G058573 7.6 4.8 12.5 -

Hda101 GRMZM2G172883 41.5 28.7 50.9 -

Hda102 GRMZM2G119703 14.0 3.5 8.4 -

Hda108 GRMZM2G136067 29.3 9.6 11.0 -

Hda109 GRMZM2G457889 21.7 15.4 15.8 -

Hda110 GRMZM2G107309 10.6 3.4 9.7 -

Hda115 GRMZM2G456917

Hda116 GRMZM2G081474 8.6 0.6 2.3 -

Hda117 GRMZM2G046824 4.3 1.4 13.6 -

Hda118 GRMZM2G456473 1.2 1.2 0.2 -

Hda119 GRMZM2G163572 0.5 0.0 0.1 Rep_Li

Hda120 GRMZM2G008425 0.9 6.6 2.5 -

Not expressed
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Material and methods 

 

Plant material and growth conditions 

Maize (B73) plants were cultivated in growth chambers under long-day conditions. The 

photoperiod was adjusted to 16 h of light with a photon flux intensity of 130 µmol s-1 m-2 and 

a temperature of 25°C. During the dark period, maize plants were grown at 20°C for 8 h. 

Water soaked seedlings were transferred to soil (VM, Einheitserde, Sinntal) and cultivated 

until the third leaf was fully expanded (13 to 14 days). Blade and base samples were 

harvested from the third leaf of the identical plants 4 h after the onset of light. 4 cm from the 

middle of the illuminated part of the leaf were harvested as blade samples. Plants were cut 

0.5 cm above the soil and the lowest 1-2 cm of the third leaf with no access to light were 

harvested for base samples. Plants for the analysis of the influence of light on gene 

expression along the leaf gradient were transferred to darkness just before the onset of light 

and kept in prolonged darkness for 52 h (re-etiolated) so that they were harvested at identical 

time points of the day compared to the blade and base samples.  

 

RNA isolation 

Harvested leaf sections from six plants per biological replicate were pooled and ground in 

liquid nitrogen. About 50 to 60 mg of ground plant material was dissolved in 1 mL of Trizol 

and agitated for 15 min; 0.2 volumes of chloroform were added. Samples were agitated for 

10 min, and phases were separated by centrifugation (16,100g at 4°C for 15 min); 400 µL of 

the aqueous phase was transferred to a new reaction tube and washed with 1 volume of 

chloroform. The RNA was precipitated by addition of 2 volumes of 96% (v/v) ice-cold ethanol, 

incubation at -20°C for 30 min, and centrifugation (16,100g at 4°C for 15 min). The 

precipitate was washed with 70% (v/v) ice-cold ethanol and dissolved in 30 µL of RNase-free 

water. The isolated RNA was treated with the RNase Free DNase Set (79254; Qiagen, 

Venlo), purified with the RNeasy Mini-Elute Cleanup Kit (74204; Qiagen, Venlo), and eluted 

two times in 14 µL of RNase-free water. Kits were used according to the manufacturer’s 

instructions. The integrity of RNA was analyzed by agarose gel electrophoresis, and the 

concentration was measured photometrically; 2 µg of RNA per biological replicate was 

submitted to sequencing on an Illumina HiSeq2000 Instrument with 50 bp single-end reads 

(GATC Biotech). The service included quality assessment on a 2100 Bioanalyzer, 

complementary DNA synthesis from fragmented poly(A)+ RNA, and library preparation. 

 

Processing and analysis of RNA-Seq data 

Quality of raw sequencing reads was checked with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and reads were processed with 
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the Trimmomatic software (Bolger et al., 2014). The adapter clipper, leading trimmer, trailing 

trimmer, and sliding window trimmer modules were used with their default settings to trim the 

raw sequences. Processed sequences were imported into the CLC Genomics Workbench 

7.5.1 (http://www.clcbio.com/products/clc-genomics-workbench/; Qiagen, Venlo).  

Read mapping was carried out with the RNA-Seq Analysis Tool. Reads were mapped  

with default settings only to regions that were covered by gene annotations  

of the maize reference genome (Zea_mays.AGPv3.21.dna.toplevel; 

ftp://ftp.ensemblgenomes.org/pub/plants/release-21/). Reads that mapped equally to multiple 

positions were ignored. Raw read counts were chosen as expression values. RPKM values 

were calculated for each gene to quantify absolute expression (Mortazavi et al., 2008). 

Statistical evaluation of differentially expressed genes was carried out with the Empirical 

Analysis of DGE Tool, which implements edgeR analysis (Robinson et al., 2009) and 

Benjamini-Hochberg correction of P values (Benjamini and Hochberg, 1995). Only genes 

annotated as protein coding and with an RPKM > 0.1 in at least one of the developmental 

zones were selected for the first step of the analysis: comparison of base and blade samples. 

This threshold was determined based on the coefficient of variation between RPKM values of 

the biological replicates that strongly increased at RPKM ≤ 0.1. Genes which were regulated 

between the base and blade with a fold change ≥ |10| and an FDR ≤ 0.05 were further 

analyzed for their regulation in the re-etiolated blade compared to the blade from illuminated 

plants.   

 

Enrichment analysis of MapMan processes 

MapMan bins were used to assign genes to processes (Thimm et al., 2004). The χ2-test was 

used to test for significantly enriched processes. Only processes were taken into account if  

≥ 5 counts were expected within the analyzed group. The calculated p-values were adjusted 

with the Benjamini Hochberg correction to account for multiple testing (Benjamini and 

Hochberg, 1995). 

 

Meta-analysis of H3K9ac ChIP-Seq data within defined classes of regulation 

ChIP-Seq data from Perduns et al. (2015) was used to analyze the defined classes of 

regulation for the enrichment of R-SUP associated genes and the co-regulation with H3K9ac 

signals.  

 

HAT and HDAC sequences 

Sequences of maize HATs and HDACs were downloaded from ChromDB (Gendler et al., 

2007). The sequences were used to identify the current IDs of corresponding genomic loci 

with the BLAST tool from Phytozome (http://phytozome.jgi.doe.gov/pz/portal.html#).  
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Supplement 

 

Supplemental table S1: Read mapping statistics of RNA-Seq libraries  

 

Supplemental table S1: Read mapping statistics of RNA-Seq libraries from all incorporated samples. Re-et., re-

etiolated. 

 

 

 

Supplemental table S2: Overview of the regulation of C4 genes 

 

Supplemental table S2: Overview of the regulation and defined classes of regulation of C4 genes. C4 genes 

were defined by Chang et al. (2012). Numbers represent significant fold changes of the indicated comparisons 

(FDR ≤ 0.05). Re-et., re-etiolated; Pepc, phosphoenolpyruvate carboxylase; Ppdk, pyruvate, Pi dikinase; Me, 

malic enzyme; Ca, carbonic anhydrase; Pepck, phosphoenolpyruvate carboxykinase; Mdh, malate 

dehydrogenase, RbcS2/4, ribulose-1,5-bisphosphate carboxylase-oxygenase2/4; Mep3, proton/pyruvate 

symporter3; Asp-at1, aspartate aminotransferase1; Tpt, triose-phosphate/phosphate antiporter; Ppt, 

phosphoenolpyruvate/phosphate translocator; Dct2, dicarboxylate transporter2; Sut1, sucrose transporter1; Omt, 

2-oxoglutarate/malate transporter; Dit1, dicarboxylate transporter1 

Processed reads Mapped reads (unique) % (unique mapped)
Base A 59,346,263 46,246,282 78%

Base B 33,432,364 24,687,777 74%

Blade A 74,724,999 53,086,298 71%

Blade B 27,582,965 18,668,247 68%

Re-et. Blade A 36,531,501 26,038,059 71%

Re-et. Blade A 37,431,260 26,734,597 71%

Gen Locus Blade vs Base Blade vs re-et. Blade Class of regulation
Pepc GRMZM2G083841 1221.6 180.5 Ind_Ld-genes

Ppdk GRMZM2G306345 765.0 6.7 -

Me GRMZM2G085019 1321.9 8.2 -

Ca GRMZM2G121878 1852.9 46.8 Ind_Ld-genes

Pepck GRMZM2G001696 3468.1 4470.1 Ind_Ld-genes

Mdh GRMZM2G129513 36.2 17.7 Ind_Ld-genes

RbsS2 GRMZM2G113033 81.3 979.2 Ind_Ld-genes

RbsS4 GRMZM2G098520 39.2 421.4 Ind_Ld-genes

Mep3 GRMZM2G138258 807.8 4684.5 Ind_Ld-genes

Asp-at1 GRMZM5G836910 13.9 32.1 Ind_Ld-genes

Tpt GRMZM2G070605 83.6 226.3 Ind_Ld-genes

Ppt GRMZM2G174107 16.0 82.1 Ind_Ld-genes

Dct2 GRMZM2G086258 34.9 141.8 Ind_Ld-genes

Sut1 GRMZM2G034302 84.9 11.7 Ind_Ld-genes

Omt GRMZM2G383088 9.9 38.6 -

Dit1 GRMZM2G040933 8.4 21.8 -
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Chapter 5 - General discussion 

 

5.1 Conservation of C4 specific histone modification patterns 

The expression of many genes in eukaryotes is highly regulated by various signals of 

different origin. Different signals with potentially contrary impact on gene expression are 

simultaneously present and have to be integrated into one transcriptional output of the 

respective gene. Signals are integrated at the promoters of genes. The structures of 

promoters are very diverse and they are mainly located upstream of the transcription 

initiation site with varying lengths. Promoters are characterized by their DNA sequence that 

provides binding sites for various transcription factors and RNA-polymerases to regulate 

transcription (Gagniuc and Ionescu-Tirgoviste, 2012; Porto et al., 2014). The DNA of 

eukaryotes is tightly packed by the interaction with nucleosomes into chromatin that 

influences the accessibility of the DNA. Histone modifications are one mechanism of 

chromatin to regulate the expression of associated genes (Kouzarides, 2007; Li et al., 2007). 

Some histone modifications regulate gene expression by loosening the interaction of DNA 

and histone proteins to facilitate binding of transcription factors and RNA polymerases 

(charge neutralization model) or they recruit specific factors that interact with certain histone 

modifications (histone code model; Chapter 1.1.1). Comprehensive studies on the Pepc 

promoter in maize revealed that potentially both models act site by site to integrate different 

signals that regulate the expression of Pepc (Offermann, 2006; Offermann et al., 2008; 

Danker et al., 2008; Horst et al., 2009) 

In the present study, observations from previous analyses on the promoter of Pepc were 

confirmed and extended: Analyzed histone modifications were found at two distinct sites at 

the Pepc promoter. The core promoter region was located around -200 bp and the upstream 

promoter region around -1300 bp upstream of the TIS (Chapter 2). In a recent study, Horst et 

al. (2013) summarized the current knowledge of signal integration at the Pepc promoter by 

histone modifications and the proposed models for both detected regions (Figure 5-1). 

Shortly, analyzed histone modifications in the upstream promoter region were regulated by 

all indicated signals in a dosage-dependent manner and they were highly co-regulated with 

the transcription of the Pepc gene. These modifications might therefore potentiate the 

transcription of Pepc by improving the access of DNA binding proteins to the DNA. Such 

regulation would argue for the charge neutralization model for this region of the Pepc 

promoter. This hypothesis is supported by the absence of the investigated histone 

methylation H3K4me3 in that region that would not influence the charge of histones. 
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H3K4me3 was only found at the core promoter region of the Pepc promoter (Chapter 2; 

Danker et al., 2008). Histone modifications behaved different in the core promoter region. 

H3K9ac and H4K5ac were induced by light, independent of the transcription rate. For 

example, in the light, H3K9ac and H4K5ac were also found in the core promoter region when 

the transcription of Pepc was repressed by metabolic signals (low nitrogen and high sugar 

concentrations; Offermann et al., 2008). The signal of the tissue was represented by 

H3K4me3 which was found only in the M cells at the core promoter of Pepc, independent of 

the light signal (Chapter 2; Danker et al., 2008). Such pairs of specific histone modifications 

and distinct stimuli that are independent of the expression of the associated gene argue for 

the histone code model as suggested by Turner (2002). 

 

Figure 5-1: Histone modification model of C4-Pepc from Zea mays. Numbers indicate lysine residues at the N-

terminal tails of histones H3 and H4. The color code symbolizes the signals listed at the bottom of the figure. The 

grey arrow at the right indicates the TIS. The two sites of enriched histone modifications are shown as distinct 

regions: core and upstream promoter regions, labeled with the proposed model of the regulation of gene 

expression by histone modifications (Horst et al., 2013).  

 

Additionally, the influence of histone modifications on the expression of other C4 associated 

genes was investigated to analyze the conservation of the observations at the Pepc promoter 

(Chapter 2). The distribution and regulation of H3K9ac, H3K18ac, H4K5ac and H3K4me3 

were analyzed at the promoters of carbonic anhydrase (Ca), malic enzyme (Me), pyruvate-Pi-

dikinase (Ppdk), phosphoenolpyruvate carboxykinase (Pepck) and the small subunit of 

ribulose-1,5-bisphosphate carboxylase-oxygenase (RbcS2) in maize. H3K18ac was 

constitutively found at the promoters of investigated genes, independent of light. Offermann 

et al. (2008) analyzed H3K18ac in roots of maize and detected decreased intensities 

compared to the leaf in both regions of the Pepc promoter. It was supposed that H3K18ac 

represents the organ where Pepc is expressed. This hypothesis might also be valid for the 
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other investigated C4 genes. Similar to Pepc, H3K4me3 was restricted to the core promoter 

regions of the analyzed genes, only in the tissue where the corresponding genes were 

expressed. The proposed histone code model for H3K18ac and H3K4me3 in the core 

promoter region of Pepc might also be true for the analyzed C4 genes. H3K18ac and 

H3K4me3 might lead to a poised chromatin structure that allows rapid activation when the 

organ or tissue is illuminated.  

Interestingly, the results in Chapter 2 showed that the promoters of the analyzed C4 genes 

also had increased H3K9ac and H4K5ac signals at the TIS and further upstream that 

correlated with the induction of associated genes by light. For Ca and Me, it was shown that 

H3K9ac in the upstream region was distinguishable from the core promoter region by a drop 

of signal between both regions; comparable to what had been reported for the Pepc 

promoter. At the promoters of Ppdk, Pepck and RbcS2 strong H3K9ac peaks at the TIS were 

observed that slowly declined towards the upstream regions. In Chapter 3, the genome-wide 

distribution of H3K9ac was analyzed by ChIP-Seq. Manual inspection of the ChIP-Seq data 

of analyzed C4 genes revealed that also Pepck and Ppdk were associated with distinct 

H3K9ac peaks in the upstream region in the blade samples, while no distinct peaks could be 

detected by the qPCR analyses (Supplemental figure S2 of Chapter 3). Thus, the overlay of 

data from ChIP-qPCR experiments with ChIP-Seq data showed that the results from both 

methods were in agreement, but that the resolution of the ChIP-Seq data outperformed the 

resolution of the ChIP-qPCR data. This is reasonable, because the size and the density of 

used primer systems limits the resolution of ChIP-qPCR data (Haring et al., 2007). Thus, the 

data indicates that the distances between chosen primer systems in Chapter 2 was too large 

to detect the drop of H3K9ac between the peaks at the TIS and in the upstream region of 

Ppdk and Pepck. The genome-wide occurrence of upstream peaks is discussed in Chapter 

5.2.1 

Furthermore, it was shown that the promoters of orthologous Me and Pepc genes of the 

related C4 grasses Sorghum bicolor and Setaria italica also showed two distinct regions of 

enriched H3K9ac signals in the light (Chapter 2). Interestingly, the locations of both distinct 

regions were different compared to maize. The promoters of Me and Pepc in Setaria showed 

no H3K9ac signals in the expected core promoter region at the TIS but in the beginning of 

the coding region at +200 bp to +300 bp downstream of the TIS. The upstream promoter 

regions of enhanced H3K9ac signals shifted towards the TIS compared to maize. One 

reasonable explanation is the smaller genome size of Setaria (490 Mbp; Doust et al., 2009) 

compared to maize (2300 Mbp; Schnable et al., 2009) which might lead to condensed 

promoters. Accordingly, H3K9ac was tightly restricted to the TIS in Arabidopsis with a 

genome size of 125 Mbp (The Arabidopsis Genome Initiative, 2000; Zhou et al., 2010).  
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The regulation of the analyzed histone modifications in both promoter regions have to be 

analyzed in biological situations where the transcription of the according genes is modulated 

to understand the interplay of transcription and histone modifications in more detail. 

However, the described similarities of the analyzed histone modifications and the existence 

of modified upstream regions at promoters of prominent C4 genes in related species 

indicated a deep evolutionary conservation of the histone code used to integrate signals on 

the promoters of C4 genes.  

 

5.2 Comparative analysis of H3K9ac and H3K4me3 on a genome-wide scale 

In recent years, genome-wide analyses of histone modifications generated comprehensive 

knowledge about the global distribution of histone modifications in static situations (Chapter 

1.1.2). In Chapter 3, it was aimed to extend the knowledge about signal integration on plant 

promoters and to focus on the regulation of histone modifications and the correlation with the 

transcription of associated genes between two biological situations. Additionally, the 

occurrence of upstream promoter regions with increased H3K9ac signals at C4 genes, like 

described in Chapter 5.1, should be investigated on a genome-wide scale to analyze their 

specificities. The developmental gradient of the maize leaf offers a useful tool to study 

regulatory features of C4 photosynthesis (Chapter 1.3.1). Therefore, the dynamics of 

transcription and the histone modifications H3K9ac and H3K4me3 were analyzed between 

two developmental zones of the maize leaf: the base and the blade. The base of the leaf is 

characterized by undifferentiated cells that develop to mature photosynthetic cells at the 

blade (Nelson, 2011). This system has been studied comprehensively to understand the 

establishment of C4 photosynthesis in maize. High throughput technologies have been used 

to analyze transcriptomes, proteomes and metabolomes at different stages of development 

(Li et al., 2010; Majeran et al., 2010; Pick et al., 2011; Ponnala et al., 2014). These studies 

offered the opportunity to compare the generated data set with published data on the 

developmental gradient and integrate the findings. Accordingly, obtained RNA-Seq data were 

correlated with the RNA-Seq data from Li et al. (2010) and it was shown that the analyzed 

zones (base and blade) correlated well with the segments -4 and +4 from Li et al. (2010). 

Therefore, RNA-Seq data from Li et al. (2010) could be used to ensure the identification of 

significantly regulated genes between the base and blade to enhance the reliability of the 

analyses. The ChIP-Seq data were generated from identical zones and were initially 

screened for previously described characteristics as quality control. In Chapter 3, it was 

shown that H3K9ac and H3K4me3 were associated with actively transcribed genes and 

mainly located at the TIS regions, independent of the developmental zone. The overlap 

between both modifications was substantial: 80% of transcribed genes were associated with 
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H3K9ac, 79% with H3K4me3 and 75% with both modifications. Both histone modifications 

have been described to be enriched at the TIS regions of actively transcribed genes in 

Arabidopsis, rice and maize in different biological situations and tissues (Wang et al., 2009; 

Zhou et al., 2010; Roudier et al., 2011; Du et al., 2013; He et al., 2013).  

Genome-wide data of histone modifications in static situations were frequently linked to 

genome-wide transcriptomic data from identical biological situations to correlate intensities of 

histone modifications with transcription levels of associated genes. For such analyses, the 

genes were grouped according to their transcription level and the average signal intensities 

of the associated histone modifications were calculated for the according groups. It was 

shown that groups of highly expressed genes were associated with high levels  

of H3K9ac and H3K4me3 while weakly expressed genes were associated with low levels of 

H3K9ac and H3K4me3 (Wang et al., 2009; Roudier et al., 2011). In Chapter 3, the 

correlation of signal intensities of individual genes in a static view was compared with the 

correlation of the fold changes of histone modifications and the transcription of individual 

genes between the base and blade. The Pearson correlation coefficients for the correlation 

of individual signal intensities in a static view were calculated as 0.2 for H3K9ac and 0.3 for 

H3K4me3 while they were higher for the correlation of fold changes of individual genes: 0.7 

for both H3K9ac and H3K4me3. This might indicate a disadvantage of such correlations 

between individual genes in a static view. The genomic environment might influence the 

impact of histone modifications on the expression of individual genes. Additionally, different 

condensation levels of the chromatin might technically influence the accessibility of the 

histone modifications for the specific antibodies within the cross linked samples. For 

example, we showed in Chapter 2 that expression of analyzed C4 genes varied only by a 

factor of 2 within the illuminated blade while the intensities of H3K9ac at the TIS varied by a 

factor of 4. At the upstream promoter positions the variation between different C4 genes was 

even more than 10 fold. The analyses of individual genes in dynamic situations could 

potentially lower the effects of such biases because the genomic context of the correlated 

parameters remains constant. The dynamics of histone modifications have rarely been 

studied in the plant field. In maize, only one study analyzed H3K9ac and H3K4me3 from 

roots and shoots in a comparative manner (He et al., 2013). Similar to the results in Chapter 

3, it was also shown that the fold changes of H3K9ac and H3K4me3 between shoots and 

roots correlated well with the fold changes of the transcription of associated genes. However, 

no comparison to the correlation of signal intensities on the bases of individual genes was 

drawn like shown in Chapter 3. The data indicated that the intensities of H3K9ac and 

H3K4me3 were not suitable parameters for the estimation of the transcription of associated 

genes in static situations while the fold changes between two biological situations could be 

used to estimate the fold changes in transcription of associated genes.  
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In Chapter 5.1 it was discussed that H3K9ac represents the light signal at the core promoters 

of prominent C4 associated genes, like it was shown for the core promoter region of Pepc 

(Offermann et al., 2008). The results in Chapter 3 and 4 indicate that this seems not to be 

valid for all H3K9ac-modified genes on a genome-wide scale. In Chapter 4, RNA-Seq data of 

the re-etiolated blade were used to investigate the influence of light on gene regulation from 

the base to the blade. Groups of genes were defined that were induced or repressed from 

the base to the blade in a light-dependent or -independent manner. Interestingly, around 

60% of all classified genes that were induced in the blade compared to the base were light 

regulated while only 9% of the repressed genes where regulated by light. Thus, light might 

be an important activating factor in the leaf blade, but only a weak repressive factor. The 

degree of co-regulation of transcription and H3K9ac was calculated within the groups and 

around 90% of H3K9ac modified genes that were significantly regulated from the base to the 

blade were associated with co-regulated H3K9ac, independent of the influence of light. For 

instance, also genes that were repressed in the blade compared to the base in a light-

independent manner were associated with co-regulated H3K9ac. Additionally, He et al. 

(2013) showed that genes that were induced in the root compared to the shoot were highly 

co-regulated with H3K9ac. Therefore, the representation of the light signal by H3K9ac at the 

core promoter region of Pepc seemed to be a specific case that might be valid for other light 

regulated genes. Further experiments, such as discussed in Chapter 5.1, are needed to 

investigate the representation of the light signal by H3K9ac at other light-dependently 

regulated genes than Pepc. H3K9ac might also represent different signals at different genes. 

The analysis of H3K9ac in biological situations where the expression of light-independently 

regulated genes is modulated could help to understand the roles of H3K9ac. 

 

5.2.1 Identification and characterization of R-SUPs 

In Chapter 2, it was shown that two distinct H3K9ac peaks were found at the promoters of 

prominent C4 genes. One aim of the genome-wide analysis of histone modifications in 

Chapter 3 was to investigate whether specific groups of genes are characterized by such 

strong H3K9ac in upstream promoter regions. On a genome-wide level, no obvious 

enrichment of H3K9ac or H3K4me3 peaks in upstream promoter regions could be detected 

for all identified H3K9ac and H3K4me3 peaks that were associated with transcribed genes. 

However, when focusing on peaks that were significantly regulated from the base to the 

blade an increase of H3K9ac peaks in the upstream region was detected while the 

distribution of regulated H3K4me3 peaks was similar to all peaks. To exclude that these 

regulated upstream peaks were caused by false annotated TIS it was analyzed whether 

associated genes also showed an H3K9ac peak at the annotated TIS. Most of such genes 
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were additionally associated with a TIS peak that was distinguishable from the regulated 

upstream peak and, therefore, the upstream peak was a secondary peak. Those upstream 

peaks were accordingly termed “regulated secondary upstream peaks” (R-SUPs). The 

distribution of H3K9ac has been described in various studies in static situations but R-SUPs 

have not been identified to our knowledge. In Chapter 3, the analysis of regulated H3K9ac 

peaks enabled the identification of R-SUPs. In maize, only He et al. (2013) also analyzed the 

regulation of H3K9ac between roots and shoots of maize but no observation of R-SUPs was 

reported. In that study, precipitated DNA from three biological replicates were pooled and 

sequenced once, so that the biological variation could not be considered for the statistical 

evaluation. Therefore, He et al. (2013) included only H3K9ac peaks if the peak was found in 

both samples (shoots and roots) to ensure that the peaks were valid. Thus, genomic regions 

without a detected peak in one of the tissues were excluded from the analyses. A different 

approach was used for the statistical evaluation of the ChIP-Seq data in Chapter 3 that 

included H3K9ac peaks if the peak was found in at least two replicates that were analyzed 

independently. It was shown that R-SUPs had lower intensities compared to TIS peaks but 

their regulation was stronger. Also a manual inspection of C4 genes showed that R-SUPs 

were not detected at the base of the leaf whereas the TIS peaks were already observed with 

low intensities (Chapter 3). Potentially, He et al. (2013) missed R-SUPs because they were 

excluded from the analysis due to the absence in one of the investigated tissues.  

To characterize the occurrence of R-SUPs and the associated genes their regulation from 

the base to the blade was analyzed (Chapter 3). It was shown that R-SUPs and transcription 

of associated genes were preferentially induced in the blade compared to TIS peaks and 

genes associated with a TIS peak only. To analyze if genes of certain biological processes 

were preferentially associated with R-SUPs the group of R-SUP associated genes that 

showed induction of both the R-SUP and transcription in the blade compared to the base 

was screened for enriched processes. Enrichment was only found for genes associated with 

photosynthesis. Among these genes, 5 genes were found that were known to be associated 

with C4 photosynthesis (Pepc, Ppdk, Me, Ca and Pepck; Hibberd and Covshoff, 2010). 

Another link to C4 photosynthesis was added by the analysis of DNA sequences that were 

associated with R-SUPs. As described in Chapter 1.1.1, it is supposed that acetylation of 

histones might diminish the interaction between DNA and histone proteins to facilitate the 

access of DNA-binding proteins, like transcription factors (Dion et al., 2005). Therefore, two 

algorithms were used to analyze whether distinct DNA motifs were enriched within the 

sequences associated with R-SUPs. Both algorithms identified similar sequences that were 

related to the motif of ethylene responsive factors (ERFs; Chapter 3). Although ERF 

transcription factors were frequently associated with biotic and abiotic stresses (Gutterson 

and Reuber, 2004; Mishra et al., 2015), Pick et al. (2011) identified 18 transcription factors 
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that were co-expressed with prominent C4 genes of which 9 belonged to the ERF family. The 

described characteristics indicated a link between R-SUPs and C4 photosynthesis. 

Therefore, it was analyzed whether R-SUPs were enriched within potential C4 genes that 

were previously identified based on their expression profiles along the leaf gradient of maize 

and between mesophyll and bundle sheath cells (Li et al., 2010; Aubry et al., 2014). It was 

shown that R-SUP associated genes were enriched within these lists and interesting 

candidates for C4 related genes were found based on their annotation and previous studies 

(Chapter 3). For example, an additional Ca gene was found that was mainly expressed in 

mesophyll cells (Aubry et al., 2014) and that might contribute to the initial hydration of CO2. 

Another example was a DNA binding with one finger (DOF) transcription factor that was 

expressed in bundle sheath cells (Li et al., 2010; Aubry et al., 2014). DOF transcription 

factors have been shown to be involved in the regulation of the expression of Pepc in maize 

(Yanagisawa and Sheen, 1998) and light responsive genes in general (Kushwaha et al., 

2011).   

R-SUPs were identified as unique feature of H3K9ac and it was shown that R-SUPs were 

enriched at the promoters of known and potential C4 associated genes. R-SUPs might be a 

consequence of the adaptation of the expression of ancestral C3 genes required for the 

evolution of C4 photosynthesis (Hibberd and Covshoff, 2010). Changes in gene expression 

profiles might be acquired by addition or mutation of upstream promoter elements. For 

example, it was shown that two upstream promoter regions of the Pepc gene of Flaveria 

trinervia (C4) were mutated compared to the closely related C3 species Flaveria pringlei. The 

upstream promoter regions conferred mesophyll specific expression, a hallmark for Pepc in 

C4 species, when fused to the promoter of Pepc from Flaveria pringlei (Gowik et al., 2004). 

Such mutated upstream elements might be associated with altered histone modifications in 

those regions. Accordingly, the occurrence of R-SUPs could be used to narrow lists of 

potential C4 genes down, to focus on genes that fulfill the expectations of potential C4 genes 

on the transcriptional level and are additionally associated with an R-SUP. However, the 

described association of R-SUPs with C4 photosynthesis was mainly based on enrichment 

analyses. Additional wet lab experiments are needed to understand the role of R-SUPs in the 

regulation of C4 genes. The analyses of H3K9ac profiles of orthologous genes in C3 plants 

could help to investigate the specificity of R-SUPs for C4 genes. Promoter-deletion mutants 

with or without R-SUP regions could be studied in different biological situations to extend the 

understanding of R-SUPs. ChIP-Seq experiments to analyze binding sites of potential ERF1 

transcription factors that were identified by Pick et al. (2011) could also help to analyze 

whether R-SUPs provide binding sites for distinct transcription factors.  
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5.2.2 Perspectives for the utilization of next generation sequencing data 

Next generation sequencing (NGS) based approaches are nowadays the method of choice 

for the genome-wide analysis of RNA und DNA associated processes. RNA-Seq was first 

used by Weber et al. (2007) to re-sequence the transcriptome of Arabidopsis thaliana. Since 

then, NGS methods have been massively improved and current protocols enable the 

generation of millions of sequencing reads at affordable costs. RNA-Seq has been used 

frequently to analyze gene expression in non-model organisms, because the RNA-Seq data 

itself can be used for the de novo assembly of transcriptomes and, thus, no knowledge of the 

transcriptome is required (Martin et al., 2013). This is exemplified by the 1KP project that 

aims to sequence the transcriptomes of 1000 plant species (Matasci et al., 2014). The RNA-

Seq data of published experiments are provided at public repositories and can be used by 

researchers to re-analyze them in further contexts. For example, Yu et al. (2015) used 22 

RNA-Seq datasets from various developmental stages of maize to predict transcription 

factors (TFs) and corresponding transcription factor bindings sites (TFBs) by computational 

approaches. Promoter sequences of highly co-expressed genes from the same gene 

ontology (GO) were screened for conserved motifs within maize and orthologous genes of 

five additional species. Potential TFs that might bind to these motifs were identified by 

complex approaches to screen datasets of known TF-TFBs pairs of various species with the 

predicted TFBs of maize. This comprehensive analysis extended the database of known TF-

TFBs pairs by far. Previously, only 30 TF-TFBs pairs were known in maize. Yu et al. (2015) 

predicted 253 TF-TFBs pairs. 12 newly identified TF-TFBs pairs were validated 

experimentally. RNA-Seq data generated in Chapters 3 and 4 could contribute to similar 

approaches that rely on co-expression analyses including various situations.  

ChIP-Seq data have not been used for computational analyses to improve gene annotations 

or predict genes, although the enrichment of H3K9ac or H3K4me3 was frequently shown to 

be associated with the TIS of transcribed genes. One example from our lab for the 

improvement of individual gene annotations by ChIP-Seq data is shown in Figure 5-2. We 

aimed to annotate homologous histone methyltransferases (HMTs) in maize based on the 

Arabidopsis sequences. Two distinct regions of one HMT from Arabidopsis were found to be 

homologous to two genes in maize that were annotated consecutively (Sdg115.1 and .2). 

The RNA-Seq data showed that both genes were equally expressed indicated by 

comparable levels of RNA-Seq reads in the exon regions of both genes. Additionally, the 

ChIP-Seq data showed that only Sdg115.1 was associated with H3K9ac and H3K4me3 in 

the TIS region, suggesting that Sdg115.1 and .2 belong to the same gene. A PCR from 

cDNA with primers spanning the gap between both genes validated this assumption (Ina 

Horst-Nießen; unpublished data).  
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Figure 5-2: Simplified scheme for 

the usage of next generation 

sequencing data to improve the 

annotation of Sdg115. The arrows in 

the upper part symbolize the 

annotation of Sdg115 as two distinct 

genes. Grey lines under the 

annotation illustrate mapped reads 

from the experiments indicated at the 

left. Both analyzed modifications 

(H3K9ac and H3K4me3) were 

enriched only at the start of 

Sdg115.1. The lower part shows the 

altered annotation that was verified 

by PCR from cDNA. 

Another observation suggests the genome-wide use of ChIP-Seq and RNA-Seq data to 

validate the expression of genes that were annotated by in silico predictions only. Genes that 

were annotated as low confidence genes were excluded from the analyses in Chapters 3 and 

4 to enhance the reliability. Such annotations were based on computational predictions 

(http://www.maizegdb.org/gene_center/gene). It was described that H3K9ac and H3K4me3 

were associated with actively transcribed genes and mainly found in TIS regions. In the 

unfiltered dataset, 786 low confidence genes were found that were linked to both H3K9ac 

and H3K4me3 in the TIS region and that were transcribed in at least one of the analyzed 

developmental zones. Thus, the expression of these genes was validated and they were 

additionally associated with two histone modifications that were frequently described as 

activating modifications. Accordingly, the combination of ChIP-Seq and RNA-Seq data could 

also be used for de novo annotation of genes on a genome-wide scale.  
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Appendix 

 

 

List of abbreviations 

 

ADP Adenosine diphosphate 

AMP Adenosine monophosphate 

ATP Adenosine triphosphate 

ac Acetylation 

bp Base pairs 

BS Bundle sheath  

CA Carbonic anhydrase (enzyme) 

Ca Carbonic anhydrase (gene) 

cDNA Complementary DNA 

ChIP Chromatin immunoprecipitation 

CO2 Carbon dioxide  

DNA Deoxyribonucleotide acid 

DOF DNA binding with one finger 

DZ Division zone 

ERF1 Ethylene responsive factor 

EZ Expansion zone 

GO Gene ontology 

H Histone 

HCO3- Bicarbonate 

HMT Histone methyltransferases 

Mbp Mega base pairs 

MDH Malate dehydrogenase (enzyme) 

ME Malic enzyme (enzyme) 

Me Malic enzyme (gene) 

me Methylation 

me2 Dimethylation 

me3 Trimethylation 

MZ Maturing Zone 

K Lysine 
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NADPH Nicotinamide adenine dinucleotide phosphate (reduced) 

NADP Nicotinamide adenine dinucleotide phosphate (oxidized) 

NGS Next generation sequencing 

OAA Oxalacetate 

PCR Polymerase chain reaction 

PEPC Phosphoenolpyruvate carboxylase (enzyme) 

Pepc Phosphoenolpyruvate carboxylase (gene) 

PEPCK Phosphoenolpyruvate carboxykinase (enzyme) 

Pepck Phosphoenolpyruvate carboxykinase (gene) 

Pi Inorganic phosphate 

PPDK Pyruvate-Pi-dikinase (enzyme) 

Ppdk Pyruvate-Pi-dikinase (gene) 

qPCR Quantitative Real-time PCR  

RNA Ribonucleic acid 

R-SUP Regulated secondary upstream peaks 

RubisCO Ribulose-1,5-bisphosphate carboxylase-oxygenase (gene) 

RbcS2 Small subunit of RubisCO (gene) 

Sdg SET domain group 

Seq Sequencing 

TE Transposable element 

TF Transcription factor 

TFB Transcription factor binding site 

TIS Transcription initiation site 
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