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Summary

Expression of the C4-specific isoform of the phosphoenolpyruvate carboxylase gene (C4-Pepc) in
maize is affected by multiple endogenous and exogenous stimuli. Regulation takes place primarily on
the level of transcription so that most of these stimuli have to be integrated into a promoter response.
The gene is therefore an excellent model to study signal integration on the chromatin level.

The first aim of this project was to compare the chromatin regulation of C4 gene expression in the
millet species Setaria italica and Sorghum bicolor with the previously analyzed regulatory mechanisms
in Zea mays. The hypothesis was that chromatin modification patterns found in maize are ubiquitous
mechanisms for integration of information on promoters. Sorghum bicolor and Setaria italica are
suitable candidates to answer this question, because Sorghum is closely related to maize whereas
Setaria separated from the maize/Sorghum lineage approximately 25 Million years ago and evolved
C4 photosynthesis independently. Modification profiling on two selected C4 genes in Sorghum and
Setaria suggested that a histone code is used in independent C4 lineages and, thus, was probably
recruited into C4 from an ancient mechanism already existing in C3 plants. A model summarizing our
current knowledge about epigenetic gene regulation of C4 promoters is provided.

In the second part of this work, the current knowledge about histone modifications in C4 gene
regulation was expanded by profiling the abundance of five so far non-characterized histone H3
modifications on C4-Pepc. The experiment revealed that each modification showed a specific
distribution over the gene. Interestingly, all acetylations were regulated by light whereas methylation
was always regulated in a cell-type specific manner.

Long noncoding RNAs are another factor influencing the activity of promoters. In the third part of this
work, the aim was to characterize a long noncoding RNA (IncRNA) associated with the C4-Pepc
promoter of maize. A IncRNAs homologous to 126 bp of promoter sequence of the gene in maize was
identified. It was only detectable in tissues where the gene was expressed and followed the protein-
coding transcript in abundance through light/dark treatment as well as in diurnal regulation. However,
whereas the protein-coding transcript was completely suppressed by a treatment mimicking high sugar
availability, the IncRNA remained unaffected by this stimulus. Pharmacological suppression of RNA
polymerase Il completely abandoned promoter activity, but did not affect IncRNA levels. Additionally it

could be shown that the INncRNA is associated with chromatin.

Altogether these results expand our knowledge about the role of chromatin in signal integration in

plants and specifically the complex regulation pattern of the C4-Pepc gene.
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Zusammenfassung

Die Expression der C4-spezifischen Isoform des Phosphoenolpyruvatcarboxylase-Gens (C4-Pepc)
wird durch vielfaltige endogene und exogene Stimuli reguliert. Die Regulation erfolgt in erster Linie auf
der Ebene der Transkription, so dass viele dieser Stimuli zu einer Promotorantwort integriert werden
mussen. Das Gen ist daher ein hervorragendes System zur Studie der Signalintegration auf der
Chromatinebene.

Das erste Ziel dieser Arbeit war es, das Vorhandensein eines allgemeinen Musters fir die
Genregulation in den Hirsesorten Setaria italica und Sorghum bicolor im Vergleich zu bereits
erforschten regulatorischen Mustern in Mais zu prifen. Die Arbeitshypothese war, dass
Chromatinmodifikationsmuster generell zur Signalintegration auf Promotoren verwendet werden.
Sorghum bicolor und Setaria italica stellen zur Untersuchung dieser Hypothese angemessene
Kandidaten dar, denn Sorghum ist ein naher Verwandter von Mais, wohingegen sich Setaria vor etwa
25 Millionen Jahren von der Mais/Sorghum Linie getrennt und C4-Photosynthese unabhangig
entwickelt hat. Die Modifikationsanalyse von zwei ausgewahlten Genen in Sorghum und Setaria
deutet daraufhin, dass dieser Code in unabhangigen C4 Organismen verwendet wird und demnach
von einem Mechanismus der bereits in C3-Pflanzen etabliert war, in C4-Pflanzen rekrutiert wurde.
Zusétzlich wurde ein Modell erstellt welches das bisherige Wissen zur epigenetischen Regulation von
C4-Genen zusammenfasst.

Im zweiten Teil dieser Arbeit wurde das aktuelle Wissen uber Histonmodifikationen in der C4-
Genregulation durch die Analyse von funf bis dahin noch nicht in Mais charakterisierten Modifikationen
erweitert. Die Experimente zeigten, dass jede Modifikation eine einzigartige Verteilung Uber das Gen
aufweist. Interessanterweise wurden alle untersuchten Acetylierungen durch Licht reguliert,
wohingegen alle untersuchten Methylierungen gewebespezifisch reguliert wurden.

Ein weiterer Faktor, der die Promotoraktivitat beeinflussen kann, sind lange nichtkodierende RNAs.
Das Ziel des dritten Teils dieser Arbeit war es, eine lange nichtkodierende RNA (IncRNA) zu
charakterisieren die mit dem C4-Pepc Promotor assoziiert ist. Es konnte festgestellt werden, dass die
nichtkodierende RNA homolog zu 126 Basenpaaren der C4-Pepc Promotorsequenz aus Mais ist. Die
IncRNA konnte nur in Geweben detektiert werden, in denen das Gen exprimiert wird. Ebenso zeigte
die nichtkodiernede RNA wéhrend Hell/Dunkel Experimenten sowie in der diurnalen Regulation eine
ahnlich hohe Abundanz wie das proteinkodierenden Transkript. Weiterhin konnte gezeigt werden,
dass Stimuli wie hohe Zuckerverfligbarkeit, welche die Transkription des proteinkodierenden
Transkripts hemmen, keinen Einfluss auf die Abundanz der nichtkodierenden RNA haben. Ebenfalls
keinen Einfluss hatte die pharmakologische Suppression der RNA Polymerase Il, welche die
Promotoraktivitat von C4-Pepc herabsetzt. Mit Hilfe von Chromatinanreicherung war es auf3erdem
moglich eine Chromatinassoziation der IncRNA zu zeigen.

Zusammengefasst erweitern diese Ergebnisse unser bisheriges Wissen Uber die Rolle des
Chromatins in der pflanzlichen Signalintegration und im Speziellen tber die komplexe Regulation des
C4-Pepc Gens.
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1 Introduction

1.1 Photosynthesis

The process of photosynthesis is one important metabolic pathway in plants. It is the source for plant
growth and development. Plants are photoautotrophic organisms that are able to use light energy for
the conversion of inorganic compounds into organic compounds (Koussevitzky et al., 2007).
Photosynthesis can be separated into two different reactions, the light-reactions and the light-
independent reactions. Plants absorb light using the pigment chlorophyll. They cannot use the entire
light spectrum but absorb light at specific wavelengths in the blue and red spectral range. Light-
dependent reactions occur in the thylakoid membranes of the chloroplasts and the main function is to
use light energy to synthesize adenosine triphosphate (ATP) and reduced nicotineamide adenine
dinucleotide phosphate (NADPH). These energy and reducing equivalents can further be used in the
light-independent reaction, the Calvin cycle, for the fixation of carbon dioxide (CO,). During the
process of photosynthesis sugars are synthesized from carbon dioxide and water. In all plants CO, is
fixed by the enzyme Ribulose-1.5-bisphosphate carboxylase-oxygenase (Rubisco). Rubisco is the
most abundant protein in the world and it is involved in the light-independent reaction of the Calvin
cycle. One important characteristic of Rubisco, besides the carboxylase activity, is its oxygenase
activity. It is able to fix CO, as well as O, and both compounds compete for the active site of Rubisco.
Despite the fact that it has a higher specificity for CO, than for O,, every fourth reaction is an
oxygenation (Brooks, 1985).

Due to evolutionary changes in the atmosphere, CO, concentrations decreased and O, concentrations
increased, Rubisco oxygenase activity increased as well. The fixation of oxygen results in one
molecule each of 3-phosphoglycerate and 2-phosphoglycolate. Phosphoglycolate has no metabolic
purpose (Gowik and Westhoff, 2011) and the process in which phosphoglycolate is disposed is called
photorespiration. During this process, energy has to be invested and previously fixed carbon is
released. Therefore, photorespiration leads to decreased carbohydrate production and thus leads to
losses in both biomass and yield of plants (Peterhansel et al., 2010). In the Calvin cycle CO, is
converted to two molecules of 3-phosphoglycerate (3-PGA). Subsequently 3-PGA is reduced to 3-
glyceraldehyde-phosphate (GAP), a reaction that uses the NAPDH and ATP produced in the light
reaction. In summary, three CO, fixation events are necessary to produce one reduced carbohydrate
(Taiz L, 2007).

Overall the photosynthetic efficiency of many plants is reduced by the inability of Rubisco to suppress
the reaction with oxygen. C4 plants overcome this limitation by increasing the concentration of carbon

dioxide around the enzyme (Gowik and Westhoff, 2011).
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1.1.1 C4-Photosynthesis

Major features of C4 plants are the high rates of photosynthesis as well as the efficient use of water
and nitrogen resources. It is an adaptive trait that reduces photorespiration under low CO, and high
temperature (Sage et al., 2012).

The high photosynthetic efficiency of C4 plants is due to their mechanism of carbon assimilation which
results from several biochemical and anatomical modifications that allow plants to concentrate CO, at
the site of Rubisco. As a consequence of this concentrating mechanism of CO,, the competitive
inhibition of Rubisco by oxygen is largely repressed and C4 plants show drastically reduced rates of
photorespiration (Wyrich et al., 1998; Gowik and Westhoff, 2011). C4 leaves consist of mainly two cell
types, mesophyll (M) and bundle sheath (B) cells. The leaf anatomy allows C4 plants a primary and

secondary CO; fixation reaction. This peculiar anatomy is called Kranz anatomy (see also Figure 1-1).
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Figure 1-1: Kranz anatomy of C4 leaves.
lllustrated is the microscopic picture of a cross section of a leaf. Arrows point to bundle sheath cells and mesophyll cells,
respectively (Hahnen S, 2004).

Figure 1-2 shows a schematic overview of NADP-ME dependent C4 photosynthesis. Different
modifications of this pathway can be found beside the NADP-ME dependent C4 cycle, depending on
the decarboxylating enzyme and the localization of this enzyme. Different from the model described in
the next chapter the decarboxylation can also take place in the mitochondria or in the cytoplasm of the
B cells (Kanai, 1999).

In C4 leaves, atmospheric CO, enters the cytoplasm of M cells through stomata, where it is initially
fixed into the four-carbon compound, oxaloacetate by phosphoenolpyruvate carboxylase (PEPC).
Oxalacetate is reduced to malate in the mesophyll chloroplasts by NADP dependent malate
dehydrogenase. Malate diffuses from M cells to B cells, presumably through palsmodesmata, which
are abundant at the interface of the two cell types (Gowik and Westhoff, 2011). In B cells chloroplasts,
malate is decarboxylated by NADP-malic enzyme to release CO, near to Rubisco. The product formed
from this reaction, pyruvate, is returned to the M cells where it is phosphorylated to

phosphoenolpyruvate by Pyruvate-P;-Dikinase (Langdale, 2011).
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Figure 1-2: Schematic overview of the C4 photosynthesis of Zea mays.

Schematic overview of NAPD-ME type like C4 photosynthesis like it is preformed in maize. To avoid CO, diffusion, the bundle
sheath cells have a fortified cell wall that is denoted in the Figure. CA: Carboanhydrase; PEPC: Phosphoenolpyruvate
carboxylase; MDH: Malate dehydrogenase; ME: Malic enzyme; PPDK: Pyruvate-P;-Dikinase; HCOj3: Bicarbonate; PEP:
Phosphoenolpyruvate; OAA: Oxaloacetate; PYR: Pyruvate; RuBP: Ribulosel-5,bisphosphate; NAPDH": Nicotinamide adenine
dinucleotide phosphate (reduced); NAPD": Nicotinamide adenine dinucleotide phosphate (oxidized); AMP: Adenosine
monophosphate; ATP: Adenosine triphosphate. (Horst, 2009)

The energy costs of the C4 cycle are higher than the costs of C3 plants because every CO, molecule
has to be fixed twice. Firstly CO, is converted into a 4-carbon organic acid and secondly it is fixed by
Rubisco. Although the energy demands of C4 plants are higher, the energetic costs of the C4 pathway
are balanced through the fact that CO, is concentrated at the site of Rubisco to prevent oxygen from
competing for the active site of Rubisco (Ewing et al., 1998; Dai et al., 1993).

Thus, C4 plants are especially abundant under environmental conditions that would normally favour
photorespiration such as high light intensities, high temperatures, and dryness. C4 plants are mostly
found in grassland floras and in the tropical and subtropical regions of the earth (Edwards and Smith,
2010).

1.2 Phylogenetic relationship between maize, Sorghum and Setaria

C4 photosynthesis is a very good example for convergent evolution because the same biological trait
evolved independently about 62 times in at least 17 plant families (Sage et al., 2012). A number of C4
plants are among the most productive crops in agriculture like Zea mays, or the millet species
Sorghum bicolor and Setaria italica (common name: foxtail millet) (Wyrich et al., 1998, Christin et al.,
2009a). Whereas Sorghum and maize share a common C4 origin, Setaria separated from the
maize/Sorghum lineage approximately 25 Million years ago and evolved C4 photosynthesis
independently (Vicentini et al., 2008). All of the three species belong to the PACMAD clade of
Poaceae family (Christin et al., 2009a). The PACMAD clade contains the six subfamilies, Panicoideae,

Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and Danthonioideae. The Panicoideae
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subfamily contains the agronomically important crop plants maize, Sorghum, in the tribe
Andropogoneae and Setaria in the tribe Paniceae (Mauro-Herrera et al., 2013; Li and Brutnell, 2011).
Also C3 species are found in the Paniceae as well as in the Andropogoneae. Figure 1-3 exemplarily

illustrates the phylogenetic relationship of some C4 and C3 species among the Poaceae.

ca Zeamays

Sorghum bicolor
c3

Andropogoneae

Steinchisma laxa

Panicoideae

Setariaitalica
c4 Setaria viridis

Paniceae

c3 Pennisetum glaucum

Oplismenus hirtellus

c3 — Bambusoideae

= Erhartoideae

Figure 1-3: Phylogeny of the Poaceae.

The cladogram illustrates the phylogenetic relationship of C4 and C3 species among Poaceae. Highlighted are Zea mays,
Sorghum bicolor and Setaria italica. Maize and Sorghum share a common C4-origin. Setaria evolved C4-metabolism
independently. Species on the end of grey branches perform C4 photosynthesis, on black branches C3 photosynthesis,
respectively (altered after Brutnell et al., 2010 and Ibrahim et al., 2008).

17 independent C4 origins are proposed by Christin et al., 2007 in the Panicoideae subfamily and
none in the other five families (Langdale; 2011).

One major aspect and a general prerequisite of C4 evolution is based on the creation of new genes
and the recruitment of pre-existing genes to encode the enzymes of the C4 pathway (Hibberd and
Covshoff, 2010). These genetic redundancies have been acquired through the process of duplications
of whole genomes, genome parts, or only single genes. Therefore, massive changes in gene
regulation are needed and came along with these alterations (Gowik and Westhoff, 2011).
Furthermore, leaves have been altered towards Kranz anatomy, a photorespiratory CO, pump was
established, and finally a C4 cycle was created. There are just few exceptions, e. g. in the aquatic
lineages and in two Chenopod lineages (Binertia and Suaeda), where the pathway takes place in a

single cell (Langdale 2011).
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1.2.1 The C4 specific phosphoenolepyruvate carboxylase of maize, sorghum and Setaria
italica

The C4-Pepc gene family is very well studied especially in maize and the enzyme plays an important
role in the C4 system (Wang et al.,, 2009; Schéaffner and Sheen, 1992). C4-Pepc belongs to a
multigene family which contains non-photosynthetic and C4 isoforms. In contrast to the specific C4
isoform, all the other genes are expressed on a constitutive basal level in different tissues. However
the transcription of the C4 isoform is induced by light and the gene is exclusively expressed in
mesophyll cells. Therefore the promoter had to acquire new functions such as high light-inducibility,
and mesophyll-specific expression of the gene

The C4-Pepc gene is well analyzed for several regulatory mechanisms. Besides the light regulation
(Horst, 2009), the nitrogen availability of the plant plays an important role (Sheen, 1999). High hexose
concentrations were identified to act inhibitory on C4-Pepc transcription (Sheen, 1990) and it is also
known that the C4-Pepc gene is regulated in the diurnal rhythm (Horst, 2009). Recent studies from our
lab indicated that chromatin structure and histone modifications are important in the response of the
promoter to all these signals (Mellor, 2005; Offermann et al.,, 2008). Because of its complex
transcriptional regulation, C4-Pepc is an excellent model for studying the integration of environmental
and developmental stimuli on a promoter and thus regulating of its activity. Figure 1-4 demonstrates
the gene organization of the C4-Pepc genes found in maize, Sorghum and Setaria. It was altered after
phytozome.org, where the gene structure and environment for each species was predicted based on

genome sequence information.
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Figure 1-4: Gene organization of the C4-Pepc genes of Zea mays, Sorghum bicolor and Setaria italica.

Gene structure is shown as an intron-line, exon-block diagram. The Zea mays C4-Pepc gene is 5408 bp long and consists of 10
exons and 9 introns, the Sorghum bicolor C4-Pepc gene is 6536 bp long and consists of 10 exons and 9 introns and the Setaria
italica C4-Pepc gene is 8433 bp long and consists of 9 exons and 8 introns. The three genes showed comparable intron-exon
organization, but no detectable sequence homology on the putative promoters. 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 4 kb upstream of the Setaria C4-Pepc gene.
The 3'UTR of Setaria C4-Pepc is so far unknown (sequence information was taken from phytozome.org).

The genome of eukaryotes is mainly organized in linear chromosomes. The localization of genes on
the chromosomes is different for each species. The investigated C4-Pepc gene is located on different
chromosomes in the three different species analyzed. It is located in the maize genome on

chromosome 9, in the Sorghum genome on chromosome 10 and in the Setaria genome on

chromosome 4 (Christin et al., 2009; Goodstein et al., 2012). The three genes differ in length but
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showed comparable intron-exon organization but no sequence homology on the putative promoters
(Figure 1-4). Furthermore the neighboring gene architecture upstream of the C4-Pepc genes was
different in all three species (see also Chapter 2). The Setaria C4-Pepc is located nearby a
serine/threonine phosphatase gene, which is transcribed in opposite direction to the C4-Pepc gene. In

contrast, the maize and Sorghum C4-Pepc genes are not flanked by a gene in a comparable distance.

1.3 Chromatin

The genome sizes of the species investigated in this study are about 2500 Mbp for maize (Schnable et
al., 2009), 730 Mbp for Sorghum (Paterson et al., 2009) and 490 Mbp for Setaria (Doust et al., 2009).
The maize genome consists of a chromosome set which would be up to 1.7 m uncompressed. This
amount of DNA needs to be packed tightly together in order to be stored in the nucleus of a cell. For
this purpose DNA is associated with certain proteins and this DNA-protein-complex is called
chromatin. The core particle of chromatin is the nucleosome octamer which consists of each two of the
histone proteins H2A, H2B, H3 and H4 and DNA that is wound around this core particle 1.65 times (Li
et al., 2007, Kouzarides, 2007). Histone H1 acts as a stabilizer for this complex. This is the first step of
DNA organization. In the second step multiple histones wrap into a fibre which has a density of 40-fold
and contains nucleosomes arrays in their most compact form (Luger, 1997). The third state of packing
is the chromosome structure, which can be seen under a light microscope. Since the DNA is wrapped
around the histone proteins, chromatin is the real template for essential processes in the cell like
replication, recombination and repair events (Li et al., 2007). Transcriptionally active chromatin is
named euchromatin, whereas transcriptional inactive chromatin is called heterochromatin.

Although every cell of an individual contains the same amount and sequence of DNA, different sets of
genes are transcribed in different cells. Different genes are expressed at different strength and under
different conditions, as required for growth and development. This leads to a specific model of gene
regulation. Gene regulation is possible on different levels like transcription, RNA processing, or

translation. Nucleosomes can be part of the gene regulation on the transcriptional level.

1.3.1 Therole of histone modifications in gene regulation

In principle chromatin structure is not accessible for transcription (Narlikar et al., 2002) so histones and
their N-terminal tails are targets of several histone modifications, which are used to regulate
transcription, DNA replication or DNA repair mechanisms (Lusser, 2001). Histones can be covalently
modified in multiple ways. Acetylation and methylation of multiple lysines on the N-terminal tails of H3
and H4 have been best studied. Whereas acetylation is almost exclusively associated with active
promoters, methylation can induce active or repressive states dependent on the residue that is
methylated (Wang et al., 2009a; Pokholok et al., 2005).

Chromatin modifications are known to regulate chromatin structure by recruiting remodelling enzymes
that can use the energy derived from ATP hydrolysis to rearrange nucleosomes and allow transcription

or polymerase binding (Turner, 2002; Bannister and Kouzarides, 2011).
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Figure 1-5: Postranslational acetylation and methylation of histone H3 and H4
Shown are the N-terminal end of histone H3 and histone H4 with potential acetylation (orange triangles) and methylation sites
(blue dots) (altered after Benhamed et al., 2006; Chen and Tian, 2007).

Figure 1-5 exemplarily gives an overview about histone modifications found on histone H3 and histone
H4. Methylation sites are illustrated as blue dots, whereas acetylation sites are presented as yellow
triangles. Generally, acetylation takes place on lysine residues (Shahbazian and Grunstein, 2007)
whereas methylation can take place on lysine and arginine residues (Pang et al., 2010). Lysine
methylation is more extensively studied than arginine methylation. Lysines can be mono-, di- or tri-
methylated (Dutnall, 2003). Beside acetylation and methylation, regulation can also take place by
phosphorylation and ubiquitination (Yang and Seto, 2008), but these modifications are not discussed
here because they are not relevant for this work.

Basically, illumination of plants leads to a stronger acetylation of the histones H3 and H4 in the
promoter region and at the start of the coding region of genes being regulated by light. The steady-
state equilibrium is controlled by the interplay of histone acetyltransferases (HAT) and histone
deacetylases (HDACs) (Choi and Howe, 2009). It has been argued that, beside steady-state levels,
the dynamic turn-over rate of acetylation is important in controlling transcription initiation (Clayton et
al., 2006). Euchromatic areas are more often acetylated than heterochromatic areas. At the same time
the frequency of specific acetylations differs strongly between plants and other organisms (Fuchs et
al., 2006). Histone acetylation and thus the regulation of the maize C4-Pepc gene by this modification
are already well studied (Offermann, 2006; Danker et al., 2008; Horst et al., 2009). Acetylation,
especially histone H3 lysine 9 (H3K9) and histone H4 lysine 5 (H4K5) acetylation, is a modification
that frequently correlates with actively transcribed genes (Offermann et al., 2008).

As well as acetylation, the equilibrium of histone methylation is controlled by certain enzymes,
histonemethyltransferases and -demethylases (Bannister and Kouzarides, 2011; Biel et al., 2005; Shi
et al., 2004). Histone H3 lysine 4 (H3K4) methylation is the most prominent methylation and H3K4 tri-
methylation (H3K4me3) is also associated with euchromatic areas like acetylation. In contrast H3K9
methylation correlates with inactive gene areas (Martin and Zhang, 2005). In principle, promoters and
coding regions can be associated with methylation, but whole genome studies revealed that the

majority of methylation is concentrated around the transcription initiation site (Zhou et al., 2010).
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1.3.2 Hypothesis of the histone code and charge neutralization model

Chromatin modifications are known to regulate chromatin structure by recruiting remodelling enzymes
that can use the energy derived from ATP hydrolysis to rearrange nucleosomes (Wang et al., 2009a).
They may also affect higher order chromatin structure by influencing the contact between
nucleosomes and DNA. Histone modifications can lead to neutralization of positively charged histone
tails, thereby weakening the interaction with the negatively charged DNA. This might allow better
access for RNA polymerases and other transcription factors (Turner, 2002).

There are two competing hypotheses that explain these regulation patterns (see Figure 1-6). One
possible way how histone modifications can be involved in gene regulation is due to charge
neutralization (charge neutralization model). It is thought that some histone modifications can lead to
neutralization of positively charged histone tails, and so weaken the interaction between proteins with
the negatively charged DNA. This might lead to a better access for RNA polymerases and other
transcription factors (Dion et al., 2005; Henikoff and Shilatifard, 2011). In this model certain signals are
interpreted to an information integration which further leads to histone modifications. In this model the

role of the histone modifications would be just to control the response of a certain integrator.

S1 S2 S3 S1 S2 S3
intearation histone histone histone
9 mod. 1 mod. 2 mod. 3

} N

histone
modifications

} }

— —

integration

response response

Figure 1-6: Model of the charge neutralization model and histone code model (see also Chapter 3).

The main idea of the histone code hypothesis is that genetic memory is not only stored in the DNA
sequence itself, but also in tail modifications of histone proteins. The critical point is that histone
modifications serve to recruit proteins by specific recognition of modified histones. These recruited
proteins can act on chromatin structure and DNA accessibility to promote or prevent transcription. In
this model, histone modifications are controlled by certain signals and used to integrate the signal and
store the information on the promoter.

So the question arises, if histone modifications are used to store and amplify the signal or if they are
just used to control the response through nucleosomes remodeling? Actually, it could be shown that
both scenarios apply. The two hypotheses are discussed in detail in Chapter 3 ‘Signal integration on

plant promoters: A case study in maize’.
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1.4 Long non coding RNAs

The central dogma of molecular biology describes how genetic information is converted within a
biological system. It is a classic view that DNA stores information and that this genetic information is
transcribed into messenger RNA (mMRNA) and finally translated into a protein (Francis Crick, 1970). In
these days, a big part of the transcriptome was named as ‘dark matter’ (Yamada et al., 2003; van
Bakel et al., 2010). The central has been extended. Beside transcripts coding for proteins (MRNAS),
an ever increasing number of noncoding RNAs (ncRNAs) have been described in the transcriptome of
eukaryotes. Nowadays noncoding RNAs (ncRNASs) have received increasing attention. With the help
of microarray analysis and new sequencing technologies it has recently been shown that the majority
of the genome is transcribed in eukaryotes (Lucia and Dean, 2011). As a consequence of these
findings there is a need to discriminate between different noncoding RNAs. Beside long known
examples such as ribosomal RNAs or transfer RNAs, Noncoding RNAs can include small RNAs,
generally under 200 base pairs in length, and longer molecules, sometimes referred to as long
noncoding RNAs (IncRNAs) (Kapranov et al., 2007; Jiao and Meyerowitz, 2010, @rom et al., 2010).
Whereas small RNAs mostly act on the level of posttranscriptional gene regulation and RNA
interference (Ghildiyal and Zamore, 2009), many possibilities have been considered of how long non
coding RNAs might function. One possible function could be that IncRNAs guide certain proteins to
specific genome regions (Baker, 2011), or that they act as scaffolds keeping protein complexes
together. Another possibility is that IncRNAs act as scaffold and as guide at the same time. Further
proposed possibilities are that INcRNAs act as byproducts to open the DNA and thereby to activate
nearby genes, they act as effectors, allowing a protein to modify chromatin or otherwise regulate gene
expression or they just act as enhancer or activator, for boosting gene transcription of genes encoding
for proteins. Lee et al. (2012) were able to show that the XIST locus (Xist = X-inactive-specific
transcript) encodes a 20 kbp RNA which is expressed from the inactive X chromosome. In plants,
IncRNAs have been reported to function in directing chromatin-modifying activities to their targets and
play an important role in development, such as flowering. Tsai et al. (2010) recently identified a 1.1
kbp noncoding RNA in Arabidopsis thaliana from the Flowering Locus C (FLC), called COLDAIR that
recruits the chromatin-modifying complex, Polycomb repressive Complex 2 (PRC2) and establishes
H3 lysine-27 trimethylation to mediate vernalization. Heo et al. (2011) recently showed that HOTAIR, a
IncRNA derived from a Hox gene cluster, serves as a modular scaffold for PRC2.

Several INcRNAs have been identified with the ability to block transcription of their neighboring protein
coding genes (Martens et al., 2004). On the other hand it was shown by Hirota et al. (2008) that
transcription of certain promoter associated INcCRNAs also can help to induce an open chromatin
structure that allows the binding of activator proteins and transcription of the neighboring protein

coding gene.
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A Common Histone Modification Code on C4 Genes in
Maize and Its Conservation in Sorghum and
Setaria italica™IOAl

Louisa Heimann?, Ina Horst?, Renke Perduns, Bjorn Dreesen?,
Sascha Offermann, and Christoph Peterhansel*

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

C4 photosynthesis evolved more 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 CO, 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
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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
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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
Actinl housekeeping gene promoter (Haring et al.,, 2007;
ie. 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 Actinl
promoter [see “Materials and Methods”]).

In the core promoter region (—200 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 Actinl promoter. This
number slightly decreased at position —900 and then
increased to 12-fold enrichment at position —1,300.
Further upstream, acetylation constantly decreased.
For C4-Me (Fig. 1D), the situation was similar, with a
peak of acetylation on the core promoter (—240) and a
second peak further upstream (—1,450). Also, relative
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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 Actini. All data points are based on
at least three independent experiments. Vertical lines indicate st.

enrichment compared with Actinl was similar on C4-
Pepc and C4-Me. Therefore, for both genes, we selected
a position on the upstream promoter (Zml) 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 (position —150) and
at position —800 but a rapid decline at more upstream
positions. Accordingly, Zm1 was positioned at —800
and Zm2 at —150. On C4-Ca (Fig. 1C), we detected
high H3K9ac signals at position —1,200 (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 —300 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
(—100) and constantly declined toward the upstream
promoter. Zml was defined at the most upstream
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position with at least 5-fold higher acetylation com-
pared with Actinl (—1,200), and Zm2 again was placed
on the core promoter. On C4-RbcS2 (Fig. 1F), H3K%ac
levels were generally lower. Maximum levels on the
core promoter were only 2.3-fold higher compared
with the Actinl 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 Zm?2 on
C4-RbcS2 at —1,100 (the most upstream position with
detectable H3K9ac) and —190 (highest acetylation),
respectively.

H3K4 trimethylation (H3K4me3) is another chro-
matin mark of active genes that usually peaks in the 5’
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 5’
region of the transcribed sequence. This position is
designated as Zm3 henceforth (for exact positions, see
Supplemental Fig. S51). 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

Plant Physiol. Vol. 162, 2013
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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
Actinl expression (relative enrichment [RE]). hnRNA expression levels
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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). H4Kbac 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-Rbes2, 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 Zml 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 Zml and Zm2 promoter
positions of the C4 genes, whereas H3K18ac remained
unaffected by light.

were determined by quantitative reverse transcription (RT)-PCR
with a primer system specific for an intron (Supplemental Fig. S1).
B, Light-dependent H3K%ac, 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 Actini promoter. All data
points are based on at least four independent experiments. Vertical
lines indicate st.
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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
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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. $1). 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 s.
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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 RbeS2 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
H3K4me?2 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 H3K4me?2 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-RbeS2 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

Plant Physiol. Vol. 162, 2013



Chapter 2

24

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

Common Histone Modification Code of C4 Genes

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 (—1,400;

Sb1). Unlike in maize, a second peak was not observed
in the core promoter (—100) 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).

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
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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 Sh2. 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. $1). 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 st.
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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 —600 (Sitl) and +300 (Sit2;
Fig. 5A). Again, core promoter acetylation (—300) was
relatively low. At Sit2, but not Sitl, 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 H4Kbac 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 —500 (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
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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/me?2 ratio
was also 1.8-fold higher in B cells (Fig. 6G). Very similar
H3K4me3/me?2 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 H3K%ac 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 —2,000 (Sitl; Fig. 7A). Comparable H3K9ac
levels were also found at an even more upstream po-
sition (—2,500; 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 Sitl 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, H3K9%c 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/me?2 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; Miiller-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

Common Histone Modification Code of C4 Genes

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 5’ part of the transcribed region
in these species. Localization of the second acetylation
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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 Actini. 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. $1). 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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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 Sh1
and Sh2. 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 Actin? 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 Sh1 and Sb2. Values are presented as the
relative enrichment of modifications per nucleosome over modifications per nucleosome found on sorghum Actinl. 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 st.

peak was highly variable, with positions between
=500 (sorghum C4-Me) and —2,000 (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
—600.

Independent of the variable positions of acetylation
peaks, light regulation of acetylation at these peak
positions was highly similar when comparing the three
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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
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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 Actini. 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 Actinl expression (RE). hnRNA
expression levels were determined by quantitative RT-PCR with a primer system specific for an intron (Supplemental Fig. $1). 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 Actinl. 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 st.

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-

common feature of the histone code on C4 genes in
maize, sorghum, and S. ifalica. 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 H3K%ac
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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

465



Chapter 2

29

Heimann et al.

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 5" 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
RbeS1 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
Zm?2 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
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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. ifalica 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 pmol
m~?s”! 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. ifalica, 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 CaCly, 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. ChlP
was performed as described by Haring et al. (2007).

The material was ground, resuspended in extraction buffer (10 mm sodium-
butyrate, 400 mwm Suc, 10 mm Tris-HC, pH 8.0, 5 mm S-mercaptoethanol, 0.1 mm
phenylmethylsulfonyl fluoride [PMSF], and 1X 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-HCI, pH
8.0, 5 mm B-mercaptoethanol, 0.1 mm PMSF, 10 mm MgCly, 1% [w/v] Triton
X-100, and 1x Complete) and afterward with purification buffer 2 (10 mm
sodium-butyrate, 1.64 m Suc, 10 mm Tris-HCI, pH 8.0, 5 mm B-mercaptoethanol,
0.1 mm PMSF, 2 mm MgCl,, 0.15% [w/v] Triton X-100, and 1X 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 1% 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-HCI, pH 8.0, 1 mm EDTA, 150
mum NaCl, and 0.1% [w/v] Triton X-100) and precleared with 40 pL of protein
A agarose (Roche Applied Science). Precleared chromatin was split into ali-
quots of 400 pL for immunoprecipitation and one aliquot of 40 pL for de-
termination of the amount of input. The chromatin aliquots were added to 30
uL of protein A agarose, and modified histones were detected with 5 uL of
anti-acetyl H4K5 (07-327; Millipore), 5 uL of anti-acetyl H3K9 (07-352; Millipore),
1 pL of anti-acetyl H3K18 (07-354; Millipore), 5 uL of anti-dimethyl H3K4 (07-
030; Millipore), 2.5 uL of anti-trimethyl H3K4 (04-745 [Millipore] and ab8580
[Abcam]), and 1 pL 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 (Selanum tuberosuim).

After washing, the antibody-bound complexes were released and decross
linked by incubation in elution buffer (62.5 mm Tris-HCI, pH 6.8, 200 mm NaCl,
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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 uL 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 Actinl 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 —20°C
and following centrifugation (13,000 rpm, 4°C, 15 min). After washing with
70% ethanol, the RNA was dissolved in 30 pL of water. The quality of the
isolated RNA was controlled by electrophoresis, and the concentration was
determined photometrically.

One unit of DNasel (Fermentas) per microgram of RNA and MgCl, to a final
concentration of 2 mv 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 ug 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. 51). A dilution series of cDNA from
illuminated leaves was used as a standard.

Quantitative PCR

Quantitative PCR was 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 MgCl, 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 TO1

Chromosome 9

Next upstream gene ~ 30 kb

Reference/ldentification genomic locus homologous to mMRNA NM_001111948 (Wang
et al., 2009) was identified by whole genome BLAST on
www.phytozome.net (Goodstein et al., 2012)

™ =Tis[_]=UTR ] =Exon— =intron

&.—I—I—I—I—W

H H H H H =~ H
-3000 -2400 -2100 Zm1 -900 Zm2 Zm3 hnRNA L()bp
Name bp relative to TIS Sequence (5'>3)
-3000 GTATTGTGATGGTGACCCTAGGAAC
TGTTTATTTGGGATGTACTTCCTTTG
22400 TATCCTTCTGCCTAGGTTGAGTAGCT
TGTTGACACCAAATCCTAACCAAA
2100 GTCACAATTGAAGATTCGTGCAAGG
CAGTTTGAACTAAACGACTTCCAAC
7m1 -1300 GTACAAATGAGGTGCCGGATTGATG
CGGCCATGGCATGATACAATTCTCA
-900 CAAGTGCCAACAACACATCGC
GAAGGGCACCATACATATAGGG
7m2 -200 CGATTGCCGCCAGCAGT
GAACCGGCTGTGGCTGAG *
7m3 +420 GCTCGTGTCGTGTGCTCGCT *
ATGGAGCTCGCCACGAGGATGG
GTATGCTGCCATTGCCCATTGC
hnRNA +4300 TAGCCTGATAGTGAGTGACGCACA

* oligonucleotide shows mismatches to database genome sequence, but efficiently amplifies DNA from the genotype
used in this work
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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/ldentification

genomic locus homologous to mMRNA NM_001112268 (Wang
et al., 2009) was identified by whole genome BLAST on
www.phytozome.net (Goodstein et al., 2012)

™ =mis[_]=utrR [ll=Exon — =Intron

m

HE—HHHHHHHHHHHHHH
"
Lo | H H H H H 1000bp
2600 -1900 -1300 Zm1 Zm2  Zm3/hnRNA -
Name bp relative to TIS Sequence (5>3)
2600 CGATCATCTCTCCAGTCAACTG
CAAGCTCAGGGTGCTAAAATCAC
-1900 GATTCATCAGTAGTTAGACTTAGTC
CCTGGTAAGTCTTCATTCATAACC
1300 AGGGGTATTGTGAACAAGAGGATG
CCAATTCCTCGCAAAGACACTTCAC
Zmi -800 TGGAGGCGTTGGCTAAAGTAC
AGAGGTAAATCAGATGACTACAAAAGAAAG
7m2 150 CACTATAGCCACTCGCCGCAAG
CTGCTCACCTTATCCCGGACGT
7m3 +900 CGTGTCAAGGTGTCCTCGCAAG
CACAGGTGTTGTAACGCAAACGTTG
hnRNA +900 CGTGTCAAGGTGTCCTCGCAAG
CACAGGTGTTGTAACGCAAACGTTG
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Zea mays — Carbonic anhydrase (C4-Ca)

Locus GRMZM2G121878
Transcript variant T02

Chromosome 3

Next upstream gene ~4 kb

Reference/ldentification

genomic locus homologous to mMRNA U08401.1 (Wang et al.,
2009) was identified by whole genome BLAST on
www.phytozome.net (Goodstein et al., 2012)

™ =Tis I:l =UTR .:Exon = =Intron

5 H—HH———
| ]
H H H H HH H H H
2600 2200 1600 T00400, Zm3 hnRNA 1000bp
Name bp relative to TIS Sequence (5'>3)
2800 GAGGCGGCGGGAACTCC
CGACGTGAGGTGTTCGGTG
2200 CATGCACGACAAAGGGAAAACG
GGCGACATCATAAGCACATGAG
1600 CTATACCACCCCTCACTTGTTCTG
GATTGGCTGGCTGCTCATGTAC
Y 1200 GATCTGACAGCACCACCGAAC
GTTCTAGGCATCATTCATCATCACG
200 CAGGGTCAGGGAGACCGC
CTACGAGAGAGACGTGCTTAC
400 GCAGTAGCATCGCGTCCAC
GGGAAATGATGAAACGCGCGG
" 0 CGGCACTCGCACGATCAATG
GCGAGGCTGGCGACGATG
TGGGCGCGCGCG CGTG
Zm3 +1800 CTCTCGTTTGACTCCTCAGCTGC
GGTTTGGTGTGGTGTACGTACG
hnRNA | +6700 GTAACTGCTCGACGAATGTACAAC
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Zea mays — Malic Enzyme (C4-Me)

Locus GRMZM2G085019
Transcript variant T01

Chromosome 3

Next upstream gene ~13kb

Reference/ldentification

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)

™ =Tis D =UTR .:Exon = =Intron

H H H4 H

-2850 -2000 Zm1 -1000
-1450

EI-II-I-I-I-I-I-I-I-I-I-I—I-I-I-I-I-I-D—

H H L |

Zm2 Zm3 hnRNA _1000bp_

Name bp relative to TIS Sequence (5'—>3’)
2850 CGTTCAGGTAAAGACACGCAAACTC
GGTATATGTTCTTGATCTGGTGTG
2000 TGATGGCTACAGTTTGCCGCTAG
TAG CAGCCGCGCCCTTCATC
7mi -1600 TGCACCGTTTCGTCCTGAGC
TGCGTCCAATTGATCGGCAC
1450 GACTGGTGAAAAGATTCAACTTCGC
CATATCGTACCACCACTGCCTC
-1000 CGTCTTCTTCCAGAGGCGG
CTGATCACCGATAGAAAAGCGG
7m2 240 GGATATGATCGTCCCGCCCAACG
GCTGCCGACCACGGGTATTGAC
7m3 +400 CAGGTTGCCACCGCCTCATC
CGCTTCGTCCTCCCTGCTT *
GCAGCACTACCGGTAGTTGCGG
hnRNA +4900 GTTTGGCTTTGCTTTGCTTTGC *

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

used in this work
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Zea mays — Phosphoenolpyruvate carboxykinase (C4-Pepck)

Locus GRMZM2G001696

Transcript variant T01

Chromosome 1

Next upstream gene ~18 kb

Reference/ldentification genomic locus homologous to mMRNA AB018744 (Furumoto
et al., 1999) was identified by whole genome BLAST on
www.phytozome.net (Goodstein et al., 2012)

|—’ =TIS I:l =UTR . =Exon == =Intron

I m————

[ H H H H H H H
3200 -2400 -1800 Zm1 -570 Zm2 Zm3 hnRNA _1000bp_
Name bp relative to TIS Sequence (5'>3)
-3200 GACACAAAGAGGATCAATTACAGAG
CTTTGTAAGCCGCAGGAGATAAC
2400 CCGGTATGGTCACATTATCTGTG
CACGACCGTAAAAACTTATATAGTAG
-1800 GCTGTCATATGCGTGGTACCC
GAAATCCAACCACAACCAAGAGG
7m1 1200 GATTTACTCTCATGAGCGCCATATGG
CGCTCTAAACCTGATGCTCCTAG
570 GTGGTGTCGGCGCAGTCTG
GAAATAGAACACGCAACCTACAGATTC
7m2 -100 GAGTATTAGCAAGCATACAGGAGT
CACTCTGCAGGAGCAGCAG
7m3 +400 TGGTCCCATCCCAGCAGGG
GTCCTGCTTCTTCTTCCCGG
GCTCTGAGTCTCACCTCACG
hnRNA | +3800 CATTTGTCAAGTTCGAGATTGGTC
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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/ldentification

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)

™ =mis[_]=utR [Il=Exon — =intron

-1800

— - —  ——
Zm1 -700 Zm2  Zm3 hnRNA

1000bp

Name bp relative to TIS Sequence (5—>3)
-1800 CTACACCACACCCTCCAAATAG
CATGGTCGCGCGGTTGGG
7mi -1100 GGCTGATGTTAGCGCTATACTCTG
CGAAGTGTGCCTTTTAGATTACATGC
-700 CTTTTTCATAATAATGGCTGAGGCG
CGGACCCGCCGAAATTTCAG
7m2 -190 CCTAGTTTCCATTGTCGTACGTTC
GCCACCACTTGTCGCCTTATCG
7m3 4300 CATACTAGCCAGCCTGCCAGC
GCTGCAGCCTGCAAAGAAGATG
CGATGATGTACCATGTGTGTGCG
hnRNA +570 GTACACCTGCGTGGCGTCGG
Zea mays — Actinl
Locus GRMZM2G126010
Transcript variant T03
Chromosome 8
Next upstream gene ~ 16 kb

Reference/ldentification

genomic locus homologous to mMRNA J01238 (Haring et al.,
2007) was identified by whole genome BLAST on
www.phytozome.net (Goodstein et al., 2012)

EI--_I:

HH
-100 mRNA

™ =mis[_]=utrR ll=Exon — =intron

1000bp

Name bp relative to TIS Sequence (5'—>3)
100 TTTAAGGCTGCTGTACTGCTGTAGA
CACTTTCTGCTCATGGTTTAAGG
MRNA +170 ** CCTATCGTATGTGACAATGGCACT

GCCTCATCACCTACGTAGGCAT

** jntron not included
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Sorghum bicolor — Phosphoenolpyruvate carboxylase (C4-Pepc)

Locus Sbh109g021330

Transcript variant Sb10g021330.1

Chromosome 10

Next upstream gene >100 kb

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

™ =mis[_]=utrR [J=Exon — =intron

|El---l i H—HEEEEE |
H - H HH H H
-2500 Sb1 -700 +100 Sb2 +800 hnRNA 1000bp
Name bp relative to TIS Sequence (5'—>3)
2500 AGTTACTTCATTATCATAAATTTCTTGGCC
GGTTTAGAAGATTTTGGCCATGAAGAC
Sbi 1400 CGGGACATGTAATAAGGAGTTAGG
GGTGGTGGTGAAGATATGCGG
-700 GCCTTCCTCCAGCGCCATGCATCCTC
CTGTTTGCAGTCAAGGCCGGATTCTGGGG
-100 GCATGCCTTTCCAATCCCGCG
CAATGCAGGGCGCCGGCC
Sh2 +300 GGACCTCCATGGCCCCAGCCTTCGCG
CGACACCTCGTAGCACTCCTGGACC
+600 CCAACCTGGCGGAGGAAGTGG
GGACTCGGTGGTGGCGGAG
AAGAGTATTTGATGCTGGCGCAG
hnRNA | +3900 CAGAAAATCCAGTTGCCAGCAG
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Sorghum bicolor — Malic Enzyme (C4-Me)

Locus Sbh03g003230
Transcript variant Sb03g003230.1
Chromosome 3

Next upstream gene ~11kb

Reference/ldentification

genomic locus homologous to MRNA Sb03g003230 (Wang
et al., 2009) was identified by whole genome BLAST on
www.phytozome.net (Goodstein et al., 2012)

™ =mis[_]=utR [ll=Exon — =intron

— Lo I oy |
-2500 -1500 -1000

EI-I-I-I-I-I-I-I-I-I-I-I-I-I-I—I-I-I-I:I

HHH H

1000bp
Sb1-200 Sb2 hnRNA —_—

Name bp relative to TIS Sequence (5'—>3’)
2500 CGCCACCTTGCGCCACCTCT
GGACTCGATAGGGCATGGTATGC
1500 GTTAAGGACATGTTCAACAAATGCAA
AGGCAGCAAGAGCTAGCCATGC
1000 CCACCTAAAACCTTGAGTCCTCACAAA
GCACCATGGAATGAAAAGCTACTATTTT
Shl 500 GTCGTTGTTAGTGTACGTGGCACAAG
GCTTACACTTCCAAAAAACAAGCGCC
200 GCGGCGTTCTAGTTTTCCGCGT
GGTCAGTCCCAAGGTTCAGCAAAC
Sh2 +100 TCCACACTACTACTGCCCCTG
GGCGCGAGCGGAGATCATGGT
hnRNA GCGTTGTTGTAGAATTCTGAATCGAGT

AGGACAAATCTAAAGCAAAGCAGACAA

Sorghum bicolor — Actin

Locus Sh03g040880
Transcript variant Sb03g040880.1
Chromosome 3

Next upstream gene ~4 kb

Reference/ldentification

nearest homologue to Actinl from Zea mays on
www.phytozome.net (Goodstein et al., 2012)

™ =mis[_]=utR [ll=Exon — =intron
L] HEHE

H

1000bp
+2400 / mRNA

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
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Setaria italica — Phosphoenolpyruvate carboxylase (C4-Pepc)

Locus Si005789m.g
Transcript variant Si005789m
Chromosome scaffold 4
Next upstream gene ~7kb
Reference/ldentification genomic locus homologous to mMRNA 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)
™ =mis[_]=utrR ll=Exon — =Intron
E-l -H HE N
H H HH H H H
-1800 -1400 Sit1-300 Sit2 +1000 hnRNA %
Name bp relative to TIS Sequence (5'>3)
-1800 CGGAAGACAACATCATGCATGTGC
ATGGATGCTCAGCCAGCTACC
-1400 ATCAATGCCCTCGGCGCCAATC
GATTATATATCGGCTCCATGTGTG
Sit1 -600 GAAAAAAACCTGGGAACAAGCC
GTCTTCCTCTTCCCCTACCCG
-300 GGGTATGTGGCTGGCTGTGCA
GGACTCAAGCATGTGCTATATAGGAC
Sit2 4300 GGCAAGGTCTCCGAGGACGAC
AGGACGATTACGAATTCACGGATG
+1000 GCAGCTGTATGCCAAGGACATCAC
GTGTTGAAATGTAAGTACCTCCCTC
CGAGGTATTGTAGAAATGTGTTTGA
hnRNA +4500 CACGGAGTTCGTCATTGCAGCG
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Setaria italica — Malic Enzyme (C4-Me)

Locus Si000645m.g
Transcript variant Si000645m
Chromosome scaffold 5
Next upstream gene ~15kb

Reference/ldentification

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)

=Intron

™ =mnis[_]=utrR JJ=Exon

H H

Sit1  -1500 -1000

H H —H H
] 1000bp
200 Sit2  hnRNA +1500 —_—

Name bp relative to TIS Sequence (5'>3)
Sit1 2000 TTTGACAATGTGGTGCTACATATTTAG
CAGTCTCTTGAATGTGTCGTAAAC
-1500 ATAAGGCACAAACCTCCTCAAAACC
CCGCTGTCGAGCACATGTCG
-1000 GCCGCTACAACAACGTTGTAC
CATAGCTGAAATCACACTATGTGG
200 TGATCAAATGGTTGGTCAGGACCG
GTTAGTCGGCTGGAGATGGAAT
Sito +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 ~3kb

Reference/ldentification

nearest homologue to Actinl from Zea mays on
www.phytozome.net (Goodstein et al., 2012)

™ =Tis I:l =UTR .:Exon = =Intron
E HEEHE |

o |
+1600 / mRNA

1000bp

Name bp relative to TIS Sequence (5'>3)
+1600 GGTATGGAGTCGCCTGGAATCC
GCGGTCAGCAATACCAGGGAAC
MRNA +1600 GGTATGGAGTCGCCTGGAATCC

GCGGTCAGCAATACCAGGGAAC




Chapter 2 43

Literature cited

Besnard G, Pincon G, D'Hont A, Hoarau JY, Cadet F, Offmann B (2003) Characterisation of the
phosphoenolpyruvate carboxylase gene family in sugarcane (Saccharum spp.). TAG 107:
470-478

Christin P-A, Salamin N, Savolainen V, Duvall M, Besnard G (2007) C4 Photosynthesis evolved in
grasses via parallel adaptive genetic changes. Curr Biol 17: 1241-1247

Christin P-A, Samaritani E, Petitpierre B, Salamin N, Besnard G (2009) Evolutionary Insights on
C4 Photosynthetic Subtypes in Grasses from Genomics and Phylogenetics. Genome Biol Evol
2009: 221-230

Ewing RM, Jenkins GI, Langdale JA (1998) Transcripts of maize RbcS genes accumulate
differentially in C3 and C4 tissues. Plant Mol Biol 36: 593-599

Furumoto T, Hata S, Izui K (1999) cDNA cloning and characterization of maize phosphoenolpyruvate
carboxykinase, a bundle sheath cell-specific enzyme. Plant Mol Biol 41: 301-311.

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, Mitros T, Dirks W, Hellsten U,
Putnam N, Rokhsar DS (2012) Phytozome: a comparative platform for green plant genomics.
Nucleic Acids Res 40: D1178-1186

Haring M, Offermann S, Danker T, Horst |, Peterhéansel C, Stam M (2007) Chromatin
immunoprecipitation: quantitative analysis and data normalization. Plant Methods 2: 11

Sheen J (1991) Molecular mechanisms underlying the differential expression of maize pyruvate,
orthophosphate dikinase genes. Plant Cell 3: 225-245

Wang X, Gowik U, Tang H, Bowers J, Westhoff P, Paterson A (2009) Comparative genomic

analysis of C4 photosynthetic pathway evolution in grasses. Genome Biol 10: R68



Chapter 2

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 Actinl gene.

All data points are based on at least three independent experiments. Vertical lines indicate standard errors.
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SHORT COMMUNICATION

Signal integration on plant promoters
A case study in maize

Ina Horst*, Louisa Heimann', and Christoph Peterhansel*

Leibniz University Hannover; Institute of Batany; Hannover, Germany

*These authors contributed equally to this work.

Keywords: histone modification, histone code, signal integration, C4 photosynthesis, Zex nays, Sorghum bicolor, Setaria italica

Gene promoters perceive numerous signals and integrate this information into a single response, the transcriptional
activity of a gene. It was speculated that covalent modification of histones on the promoters might have an important
function in storage and integration of signals. Using the genes for the core proteins of C4 metabolism in maize as a
model, we associated the perception of specific signals with the establishment of individual histone modifications. Core
elements of the histone code defined in these studies are conserved on all C4 genes and on other maize genes that
respond to similar stimuli. Moreover, the code is used in independent C4 lineages. However, our data also advise caution
because interpretation of histone modifications might differ dependent on the promoter position of the modification.
The model provided here constitutes a starting point for genome-wide decoding of stimulus-modification pairs in epi-

genetic gene regulation.

In behavioral sciences, information integration theory describes
the valuation and integration of information derived from dif
ferent sources or signals into a response.’ On a molecular level,
information integration is a major function of gene promoters
that translate numerous developmental or environmental inputs
into a single output, the transcriptional rate. Eukaryotic genes
arc packed into chromatin. Research from the last two decades
established chromatin as a key player in gene regulation.” The
basic repeat unit of chromatin is the nucleosome that is made
up of cach two copies of the histone proteins H2A, H2B, H3
and H4 plus approximately 147 bp of DNA wound around this
body.> Multiple amino acid residues on histone proteins can be
modified in numerous ways with acetylation and methylation of
the N-terminal domains of histones H3 and H4 being the best
studied modifications.*? Two different models for the function
of histone modifications in gene regulation were proposed in the
past (Fig. 1A): First, some histone modifications can lead to neu-
tralization of positively charged histone tails, thereby weakening
the interaction with the negatively charged DNA. This might
allow better access for RNA polymerases and other transcrip-
tion factors (charge neutralization model).%” This model would
imply that information integration takes place before chromatin
is modified and that chromatin modifications would just be used
to control the response function of the integrator. Alternatively,
specific histone modifications are themselves recognized by tran-
scription factors (histone code model).*? In this model, histone

Correspondence to: Christoph Peterhansel, Email: cp@botanik.uni-hannover.de
Submitted: 05/16/13; Revised: 06/13/13; Accepted: 06/13/13

modifications would be controlled by defined signals and used
to store and integrate information on promoters. Thus, histone
modification would act on the level of the integration function.
The C4 carbon concentrating mechanism in maize is an excel-
lent system to study signal integration on chromatin, because the
corresponding genes are highly transcribed and regulated in a
similar manner by many different developmental and external
signals. Major developmental stimuli include organ specificity
(ie., genes are only transcribed in leaves, but not in roots) and
tissue specificity (i.e., within a leaf, most C4 genes are ecither
transcribed in mesophyll cells or bundle sheath cells, but not in
both tissues). Most important responses to external signals are
a strong induction by light and a downregulation at low nitro-
gen availability or high leaf sugar levels.!"”! In addition to the
high degree of regulation of promoter activity, initial studies
revealed that epigenetic factors are involved in the regulation of
C4 genes.">" It was shown that de-methylation of four specific
cytosines in the upstream promoter region of the C4 gene encod-
ing phosphoenolpyruvate carboxylase (C4-Pepc) occurred in a
light- and tissue-specific manner. Using the same promoter as a
model, we identified histone modifications associated with gene
regulation (Fig. 1B). Among others, these analyses revealed that
core promoter histone modifications were controlled by specific
stimuli, e.g., acetylation of lysine 9 on histone H3 (H3K9ac) and
H4K5ac were exclusively controlled by light,14 whereas trimeth-
ylation of H3K4 (H3K4me3) potentiated the gene for activation

Citation: Horst |, Heimann L, Peterhansel C. Signal integration on plant promoters: a case study in maize. Plant Signal Behav 2013; 8:225389
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Figure 1. Histone modification models and phylogeny of the Poaceae. (A}
Tweo different models for the function of histone modifications in signal inte-
gration. Charge neutralization model (left), histone code maodel (right). (B}
Schematic model of the function of histone modifications in C4-Pepc gene
regulation. Numbers represent lysine residues on the N-terminal tails of his-
tones H3 and H4. The color represents as listed in the figure. Core promoter
modifications follow the histone code model, upstream promoter modifica-
tions follow the charge neutralization model. (C) The cladegram illustrates
the phylogenetic relationship of representative C4 and C3 species among
the Poaceae. The PACMAD clade contains both C4 (gray branches) and C3
species (black branches), whereas the BEP clade contains only C3 species.
The most recent possible phylogenetic origins of light-induced histone
acetylation (yellow dot) and tissue-specific histone methylation (green dot}
are indicated.

in mesophyll cells.” Such stimulus-modification pairs were com-
patible with a histone code model and argued for a function of
histone modifications in signal integration. However, in more
upstream promoter regions, histone modifications responded to

€25389-2
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all tested stimuli, including nitrogen availability and metabo-
lite repression, in a similar and dose-dependent manner sug-
gesting that histone modifications were only used to control
the response function of the promoter as predicted in the
charge neutralization model.14

We now analyzed whether other C4 genes in maize use
the same histone code.16 Key features of the code such as
light-dependent histone acetylation and tissue-specific histone
methylation were highly reproducible on all genes encoding
enzymes of the C4 core cycle.6 Here, we add dara for the
core promoters of four additional maize genes (Fig. 2). Glkl
encodes a kinase with possible function in mesophyll chloro-
plast development,17 whereas Cp24, Cp26 and Cp29 encode
clements of the light harvesting complex 11.18 All these genes
are preferentially transcribed in mesophyll cells of illuminated
maize leaves (data not shown and ref. 19). Accordingly, we
found high H3K9ac only in illuminated leaves, but not in
leaves from plants C‘KPUM:'E[ to prolungt‘d darkness. H3K4me3
levels were increased in mesophyll compared with bundle
sheath cells, even when leaves were never illuminated. These
additional results substantiate our hypothesis that a universal
code is used for the control of promoters by light and tissue-
specific signals in maize.

The question remains to which extent this histone code
has been established during evolution of C4 metabolism or
whether a previously existing code has been recruited into
C4. Due to its recent evolutionary origin (approximately 25
million years), the C4 syndrome is an outstanding example
for parallel evolution with more than 60 independent ori-
gins in different plant lincages.20 Recent analyses of DNA
sequence elements responsible for C4-specific gene expression
indicated that these elements were active in different C4 lin-
cages2] and already found in the C3 orthologs of some of
these genes.22,23 We therefore compared chromatin patterns
on C4-Pepe and a second C4 gene, C4-malic enzyme (C4-
Me) in maize, sorghum and Setaria italica.16 Whereas maize
and sorghum share the same C4 origin, C4 photosynthesis in
S. italica evolved independently (Fig. 1C, alwered after refs. 24
and 25). All three species belong to the PACMAD clade of the
Poaceae family that contains both C3 and C4 plants whereas
the sister BEP clade exclusively contains C3 plants.lG The
comparative chromatin analyses again revealed light induc-
tion of H3KYac, but tissue-specific control of H3K4me3 in
all three species.16 Thus, the two core features of the maize
C4 histone code were retrievable in independent C4 lineages.
These results indicate that elements of the histone code had
been recruited into C4 from a preexisting mechanism. The
most recent possible phylogenetic origin of this mechanism
was after separation of the PACMAD and BEP clades (yellow
and green dots in Fig. 1C). Further comparartive analyses will
show whether the origin can be dated back to even earlier time

points.
In conclusion, data from previous work and the chromarin
analyses on additional genes added here point to an important

Volume 8 Issue 9



Chapter 3

48

>

H3Kac (RE)

H3K4me3/me2 (—)UJ

08

04

06

03

Cp24 Cp26 Cp29
26 82
1.3 4.1
0 72D 4L 0 72D 4L 0 72D 4L
14 20 1.0
07 10 05
M B 0 M B 0 M B 0

Glk1

72D 4L

Figure 2. Light regulation of histone acetylation and cell-type specific histone methylation on four maize genes.(A) Light-dependent acetylation of histone
H3 lysine 9 (H3K9ac) in leaves from plants that were exposed to 72 h darkness (72D, gray columns) and frem plants that were illuminated for 4 h (4L, black
columns). Values are presented as the relative enrichment (RE) of modifications per nucleosome over modifications per nucleesome found on the Actinl
promoter. (B) Ratio of the histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 4 dimethylation (H3K4me2) in mesophyll (M) or bundle sheath
(B) cells isolated form etiolated leaves. Cp24, Cp26 and Cp29 encode components of light harvesting complex I, Glk1 a kinase involved in mesophyll chlo-
roplast development. All data points are based on at least four independent experiments. Vertical lines indicate standard errors.

role of histone modifications in the integration function of plant
promoters. The histone code used to display the perception of

specific stimuli seems to be highly conserved. Dependent on the
modification and the position on the promoter, histone modifica-

tions might in addition help to implement the response function

Df pmmotcrs.
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Abstract

Recent studies revealed the importance of certain histone modifications and the co-regulation of these
modifications. Here, we were able to show that the reversible light induced expression of the C4-
phosphoenolpyruvate carboxylase (C4-Pepc) locus is accompanied by several changes in so far non-
characterized histone H3 modifications (H3K4ac, H3K4me3, H3K27ac, H3K27me3, H3K36ac,
H3K36me3) and that each modification, showed a gene-specific distribution of modifications. We
found that C4-Pepc activation during light was accompanied by enrichment in H3K4ac, H3K27ac and
H3K36ac in the promoter region whereas the tri-methylation of these lysines was mainly found at the
start of the coding region and more downstream. We further extended our investigations to the cell-
type specific response of these modifications of C4-Pepc and additionally of a second gene, malic
enzyme (C4-Me). These studies revealed that all tested methylation did not respond to the light
stimulus but were rather regulated in a cell-type specific manner and that H3K27me3 presumably acts
as ‘off -marker for C4-Pepc in bundle sheath cells The presence of activating and repressive histone
marks suggests a mechanism for the rapid and reversible regulation of C4-Pepc by dark and light, and

a specific code for cell-type specific expression.
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Introduction

Light (L) is an important environmental factor that impacts on plant development. A group of genes
that are strongly regulated by light are the genes that encode proteins of C4 photosynthesis such as
the phosphoenolpyruvate carboxylase (C4-Pepc) or malic enzyme (C4-Me) gene (Sheen, 1999;
Kausch et al., 2001). C4-Pepc is a key enzyme of C4 photosynthesis because it catalyzes primary
CO; fixation. In addition to light dependent induction it is also regulated by the nutrient availability and
the metabolic state of the cell (Sheen, 1999). C4-Me is involved in the carbon concentrating
mechanism near Rubisco. It catalyzes the oxidation reaction of malate to pyruvate and CO, and is
also strongly regulated by light (Gowik and Westhoff, 2011).

When C4 plants are germinated in darkness or exposed to prolonged darkness, leaves turn to be
yellowish because of the missing chlorophyll (Yoshida et al., 2001). In parallel to the L-dependent
morphological changes, changes in gene expression could be observed (Jiao and Meyerowitz, 2010).
These changes in gene expression have been frequently correlated with changes in specific histone
marks. The pattern and distribution of histone modifications are highly complex, because of the high
number of residues that potentially can be modified and the multiple combinatorial modifications
(Zhang, 2008). Some modifications directly alter chromatin structure, whereas others serve as binding
platforms to recruit additional effectors. The most prominent modifications to date are acetylation and
methylation, which in combination can modulate chromatin conformation (Barrand et al., 2010).
C4-Pepc is an excellent model for studying the function of different histone modifications. Recent
studies form our lab indicated that C4-Pepc has an extend promoter and that chromatin structure and
histone maodifications are important for the regulation of this model gene (Offermann et al., 2006;
Offermann et al., 2008).

Additionally, there are reports among the literature where histone modifications are involved in
L-dependent gene expression. An important example and well studied modification is histone H3
lysine 4 tri-methylation (H3K4me3). H3K4me3 is generally understood as ,on‘-marker for transcription
and is usually found at the start of the coding region of genes (Heintzman et al., 2007; Pokholok et al.
2005). Jang et al. (2011) recently showed that acetylation of H3K9 and H3K27 as well as H3K4me3
enrichment is correlated with the activation of the Phytochrome A locus during deetiolation of
Arabidopsis thaliana seedlings. In comparison to methylation, acetylation of histone H3 (H3K4ac) is
not very well studied. Nevertheless, Guillemette et al. (2011) were able to show that H3K4ac is
enriched on actively transcribed genes and can often be found upstream of H3K4me3.

Light is not the only stimulus that strongly effects gene expression of C4 genes. As a result of the
spatial separation of the C4 cycle in mesophyll (M) and bundle sheath (B) cells, there needs to be a
certain code that leads to M or B specific expression. We previously reported that trimethylation of
H3K4 (H3K4me3) marks the C4-Pepc and C4-Me gene for activation in the corresponding tissue
(Danker et al., 2008). In contrast to H3K4me3 the H3K27me3 was found to be associated in
Arabidopsis with euchromatic regions of silenced genes (Barrand et al., 2010). Additionally it has
previously been shown by Zhang et al. (2008) that H3K27me3 can primarily be found on genes which
are silenced in a tissue-depended manner. Acetylation of the same lysine on histone H3 (H3K27ac)
instead is again widely understood as an ‘on’-marker (Creyghton et al., 2010). Another important
histone modification is H3K36me3. Barrand et al. (2010) has shown that H3K36me3 can be found in
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the coding region of actively transcribed genes and also up to 6 kbp downstream the transcription
initiation site (TIS). In contrast H3K36ac is mainly found in promoters of transcribed genes (Morris et
al., 2006). Additionally it has been supposed that H3K36ac plays a role in the so called ‘exon-marking’
and is found on the borders between exons and introns to link epigenetic information, transcription and
splicing together (Barrand et al., 2010).

Modifications may act alone or influence each other to open or repress chromatin. This communication
across modifications is called ‘crosstalk’ (Fischle et al., 2003; Suganuma and Workman, 2008). Over
the years several examples showed the importance of crosstalk. A very well studied example is the
COMPASS complex where H2B monoubiquitination is needed to trigger H3K4 methylation and H3
lysine 79 (H3K79) methylation (Suganuma and Workman, 2008).

In this study we wanted to understand global chromatin changes associated with the light/dark
transition (L/D transition) on C4-Pepc and in accordance to cell-type specificity on C4-Pepc and C4-
Me in maize.
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Results

We used chromatin immunoprecipitation from illuminated leaves harvested 4h after onset of
illumination (4L plants) and plants that were exposed to prolonged darkness (72D plants) to identify
global chromatin changes associated with the L/D transition on C4-Pepc. We compared the changes
of 6 histone marks over 7 regions for D/L transition a of the C4-Pepc locus (see Figure 0-1).

These regions encompass the upstream and core promoter regions, as well as several regions within
the coding region of the gene. Next to light induced methylation of H3K4me3, antibodies specific for
methylation and acetylation on histone H3 (H3K4ac, H3K27ac, H3K27me3 H3K36ac and H3K36me3)
were investigated to create a complete picture of the changes in histone modifications due to the light
stimulus and the cell type specificity. Since we already investigated the distribution of H3K4me3 on the
C4-Pepc gene we used this antibody as internal control to ensure the quality of material preparation,
especially the B cells preparation (Danker et al., 2008). As internal control for repressed chromatin the
highly conserved TY1 class copia LTR retrotransposon was used. The expression of a copia-like
transposon (Copia) was shown to be repressed in rice (Liu et al., 2004), and real-time PCR
experiments suggested that it is repressed in maize as well (Haring et al., 2007).

Normally precipitation efficiencies for the promoter of the housekeeping gene Actin-1 or Gapdh
(Glyceraldehyde 3-phosphate dehydrogenase) were used to correct the data for possible variations in
the quality of chromatin preparations from different samples (Haring et al., 2007). Since the levels of
Actin-1 or Gapdh were not always comparable between 4L and 72D plants for every tested antibody
we refrained from correcting measured data for a housekeeping gene.

Figure 0-1 A shows a model of the C4-Pepc gene with all measured positions indicated as black bars
under the gene structure. To detect nucleosome occupancy on the gene, we precipitated chromatin
with an antibody directed to the invariant domain of the C-term of histone H3 (H3C) (Figure 0-1 A).
Nucleosome occupancy did not change significantly upon illumination. In both 72D and 4L plants, the
most obvious characteristic was a 2-fold increase at the start of the transcribed region, as previously
shown by Offermann et al. (2006). The left panel shows the analyzed methylations and the right panel
analyzed acetylations. H3K4me3 peaked at the start of the coding sequence and was weak more
upstream of the TIS, but did not show significant differences between L and D plants as described
before (Danker et al., 2008). H3K4me3 of C4-Pepc showed significantly higher modifications on
position (-200 bp to 4300 bp) than Copia, which is in accordance with previously shown data (Danker
et al., 2008) . In comparison to that, H3K27me3 only showed a higher signal than Copia on Positions
+500 bp and +4300 bp. H3K36me3 signals were enriched mainly in the coding region (+500 bp and
+4300 bp) but also in the core promoter region. Signal intensities were always lower or in the range of
Copia. It is striking that almost no modification was observed with all tested antibodies on position
+1900 bp which was the only region investigated, covering mainly an exon. No significant changes

between the D/L samples were observed with all tested methylation antibodies (Figure 0-1 B-G).
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Figure 0-1: Distribution of the histone acetylation and tri-methylation over the C4-Pepc promoter and coding region in
4L and 72D plants.

Presented are the acetylation and tri-methylation levels of plants harvested 4 hours after illumination (green bars) and plants
that were harvested after prolonged darkness (yellow bars) over the promoter and coding region of the C4-Pepc gene. A, model
of the C4-Pepc gene with all measured positions indicated with black bars; Exons, 5 UTR and 3'UTR presented as black and
white boxes, respectively. The arrow indicates the transcription initiation site. B, shows the amount precipitated with an invariant
domain of the C-terminal part of histone H3C, C, shows the H3K4 tri-methylation; D, H3K27 tri-methylation; E, H3K36 tri-
methylation; F, H3K4 acetylation; G, H3K27 acetylation; H, H3K36 acetylation.

A 2-fold increase of acetylation was detected for H3K4ac in the core promoter and at the start of the
coding region (-200 bp, +500 bp), but only a slight increase could be detected on the upstream
promoter (-2400 bp) but all upstream positions anyways peaked in the range of the Copia signal. An
enrichment of acetylation in 4L plants in the core promoter and coding region was also found for
H3K27ac and H3K36ac. But in contrast to H3K4ac the increase of acetylation covered the whole
promoter region.

For H3K27ac the enrichment was always 2- to 3-fold, except on position 500 bp and the highest peak
was observed in the core promoter region and at the start of the coding region. The distribution of

H3K36ac differs from H3K4ac and H3K27ac. The highest acetylation peak was found in the far
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upstream promoter region (-1400 bp) with a 4-fold increase in 4L plants compared to 72D plants. Also
acetylation sites seemed to be regulated in the coding region of the gene and all signals were
significantly higher than on Copia. The methylation state of C4-Pepc is in contrast to the general global
increase of acetylation during the L period. Figure 0-1 B-G also reveals that light activation was clearly
associated with enrichment of acetylation of all tested modifications, mainly in the promoter region.

In a second experiment the cell-type specificity of certain histone modification were tested between
leaves an B cells on the M cell specific gene (C4-Pepc) over 6 regions and the B cell specific gene
(C4-Me) over 5 regions. Since the upstream promoter position -2400 bp showed only signals under
background in B cells we refrained to show this position.

Figure 0-2 and Figure 4-3 illustrate the distribution of the histone modifications over the C4-Pepc and
C4-Me genes in 4L samples and B cells derived from 4L plants. Figure 4-2 shows the distribution of
the histone acetylation and tri-methylation over the C4-Pepc gene in 4L and B cells. The left panel
shows again the analyzed methylations and the right panel the analyzed acetylations. Again
precipitation with an antibody directed to an invariant domain of the C-terminal part of histone H3C
was measured (Figure 4-2 A) but the nucleosomes occupancy differed a lot between 4L samples and
B cells.

Figure 4-2 B shows that H3K4me3 is clearly enriched in 4L plants compared to B cells. In both
samples the modification peaked at the start of the coding sequence and was weak more upstream of
the TIS. H3K27me3 was found to be 2-3-fold enriched within the gene (+500 bp and +4300 bp) in B
cells, compared to 4L plants and H3K36me3 signals were enriched mainly in the coding region
(+500 bp and +4300 bp) but also in the core promoter region in 4L plants. In B cells the same
distribution was observable with the exception that H3K36me3 showed no peak on position +4300 bp.
In contrast to the methylation, H3K4ac peaked as already observed in the first experiment in the
promoter region, but was hardly detectable in B cells. H3K27ac on the contrary showed comparable
high acetylation levels in both samples and peaked mainly in the core promoter (-200 bp) and
upstream promoter (-1400 bp) as well as in the end of the gene (+4300 bp). H3K36ac level were
mainly enriched in the promoter region. Whereas 4L plants showed a continuously increase towards
the upstream promoter, the acetylation levels in B cells do not change.

Figure 4-3 shows the distribution of the histone acetylation and tri-methylation over the C4-Me gene in
4L and bundle sheath cells. The left panel shows again the analyzed methylations and the right panel
analyzed acetylations. Again precipitation with an antibody directed to an invariant domain of the C-
terminal part of histone H3C was measured (Figure 4-2 A) but the nucleosomes occupancy differed a

lot between 4L samples and B cells.
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Figure 0-2: Distribution of the histone acetylation and tri-methylation over the C4-Pepc promoter and coding region in

4L plants and bundle sheath cells.

Presented are the acetylation and tri-methylation levels of plants harvested 4 hours after illumination (green bars) and from
bundle sheath cells (grey bars) over the promoter and coding region of the C4-Pepc gene. A, model of the C4-Pepc gene with
all measured positions indicated with black bars; Exons, 5 UTR and 3'UTR presented as black and white boxes, respectively.
The arrow indicates the transcription initiation site. B, shows the amount precipitated with an invariant domain of the C-terminal
part of histone H3C, C, shows the H3K4 tri-methylation; D, H3K27 tri-methylation; E, H3K36 tri-methylation; F, H3K4 acetylation;

G, H3K27 acetylation; H, H3K36 acetylation.
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The most obvious characteristic was that H3K4me3 levels of C4-Me were comparably high in B cells,
compared to the 4L samples, except on position -1400 bp. Comparable to the distribution on the C4-
Pepc gene; highest H3K4me3 was found at the start of the coding region and was weak more
upstream. On the contrary H3K27me3 peaked in the promoter region and at the start of the coding
region in 4L plants (-1400 bp to +500 bp), whereas in B cells the highest peaks were observed in the
upstream promoter region (-1400 bp) and at the end of the gene (+1900 bp and +4300 bp).
H3K36me3 showed a comparable distribution like H3K4me3 on C4-Me. Highest H3K36me3 levels
were detected within the gene for 4L plants (+500 bp and +1900 bp) and on positions -200 bp and
+500 bp for B cells. Acetylation levels were found to be more abundant in the promoter region for
H3K4ac. The highest peak was observed on position -1400 bp. From there the acetylation
continuously decreases towards the end of the gene. In contrast to 4L plants H3K4ac was always 2-4
fold lower in B cells.

H3K27ac showed again comparable high acetylation levels in 4L plants and B cells. Highest peaks
were observed on position -1400 bp and at the start of the coding region +500 bp. Also H3K36ac
levels showed comparable high acetylation levels in 4L plants and B cells in the promoter region. 4L
plants also peaked at the start of the coding region and in both samples acetylation levels decreases

towards the end of the gene.
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Figure 0-3: Distribution of the histone acetylation and tri-methylation over the C4-Me promoter and coding region in 4L
plants and bundle sheath cells.

Presented are the acetylation and tri-methylation levels of plants harvested 4 hours after illumination (green bars) and from
bundle sheath cells (grey bars) over the promoter and coding region of the C4-Me gene. A, model of the C4-Me gene with all
measured positions indicated with black bars; Exons, 5 UTR and 3'UTR presented as black and white boxes, respectively. The
arrow indicates the transcription initiation site. B, shows the amount precipitated with an invariant domain of the C-terminal part
of histone H3C, C, shows the H3K4 tri-methylation; D, H3K27 tri-methylation; E, H3K36 tri-methylation; F, H3K4 acetylation; G,
H3K27 acetylation; H, H3K36 acetylation.
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Discussion

In this study we have focused on investigating chromatin changes on the C4-Pepc and C4-Me locus
for two reasons: firstly, both genes are activated by light and expressed in cell-type specific manner;
and secondly, C4-Pepc and C4-Me are well investigated loci which allow a more detailed
investigations of changes in histone modifications along different genomic and promoter regions.

We were able to show that the reversible light induced expression of the C4-Pepc locus is
accompanied by several changes in so far non-characterized histone H3 modifications and that each
modification, showed a gene-specific distribution of modifications. We chose to study three pairs of
modifications, due to the assumption, that on positions were methylation can be detected no
acetylation would occur.

We found that acetylation of all tested modifications of C4-Pepc peaked in the promoter region,
whereas methylation was mainly found at the start of the coding region and more downstream of the
gene. Additionally this data revealed that all tested methylations are not influenced by the light
stimulus. We observed a striking gap in x and y at position 1900 on the C4-Pepc gene
(see Figure 4-1). However, this was not reproducible in the 2m experiment (see fig 4-2) and therefore
not taken into consideration for data analysis. These findings are in accordance to the literature. Jang
et al. (2011) were able to show in Arabidopsis thaliana seedlings that acetylation of H3K9 and H3K27
as well as H3K4me3 enrichment correlated with gene activation during deetiolation on the
Phytochrome A locus. Additionally using genome-wide chromatin Immunoprecipitation, Guillemette et
al. (2011), were able to show that H3K4ac was enriched at promoters of actively transcribed genes
and located upstream of H3K4me3. This pattern was found to be conserved in human cells and it is
presumably that these modifications crosstalk. H3K36me3 was shown to be associated with the
transcription of active genes with the distinct pattern that H3K36me3 increases towards the 3’ end of
genes. Down-regulation experiments of the H3K36 methyltransferase SetD2 revealed global and
gene-specific H3K36 demethylation as well as global H3K27 hypermethylation. It was also shown that
H3K27me3 levels on promoters were not affected (Wagner and Carpenter, 2012; Barrand et al.,
2010). Another evidence for a crosstalk was given by (Nightingale et al., 2006). They were able to
show with the help of mass spectrometry analysis that H3K4me3 was highly associated with high
acetylations on histone H3 (K9, K14, K18, K23 and K27). Since the H3K4 acetylation levels for C4-
Pepc only reaches the Copia detection limit on two positions in both experiments, it is just speculation
whether a crosstalk can be observed here too. H3K4ac is enriched in the core promoter region on 4L
plants whereas H3K4me3 is enriched at the coding region and this pattern was reproducible in both
experiments (Figure 0-1 B and C, Figure 0-2 B and C). A clearer picture was received for C4-Me in 4L
plants where a clear increase of H3K4ac in 4L plants could be observed on the promoter in
comparison to Copia (see Figure 0-3 B and C).

A crosstalk between H3K4me3 and H3K27ac can only be assumed for B cells on C4-Pepc because
H3K4me3 peaked in the core promoter and at the start of the coding region, while H3K27ac was
highly enriched within the gene. Further a crosstalk of H3K4me3 and H3K27ac could also be assumed
for C4-Me B cells. Whereas in B cells the highest H3K27me3 peak was observed within the upstream
promoter region, it was found for H3K4me3 at the start of the coding region. It has recently be shown

by Zhang et al. (2007) that H3K27me3 is mainly found on genes associated with tissue-dependent
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transcription. In addition to that it was recently reported that modifications like H3K27ac and H3K9ac
are correlated with the activation of photosynthetic genes.

Further the results from Charron et al. (2009) and Jang et al. (2011) show that H3K27me3 and
H3K27ac are regulated in an inverse pattern. We could not observe an inverse regulation in these
experiments , but our results indeed support the theory that H3K27me3 as an ‘off-marker is
associated with tissue-dependent transcription, given the fact, that C4-Pepc is a M cell specific gene
and high H3K27me3 levels were found on this gene in B cells, where it should be inactive (see Figure
0-2 D).

On the contrary signal intensities of H3K27me3 on C4-Me are very low and hardly reached the
detection limit, whereas H3K27ac are enriched on the upstream promoter and at the start of the
coding region. The finding that the ‘off’-marker H3K27me3 is low on C4-Me in B cells is in accordance
to a tissue-dependent transcription, because the gene should be active in B cells.

H3K36ac is mainly be found in promoters of Pol Il transcribed genes from yeast (Morris et al., 2006),
an inverse position pattern in comparison to H3K36me3. The distribution of H3K36ac correlates with
patterns found for other histone H3 acetylation sites like H3K9ac and H3K14ac (Barrand et al., 2010;
Krogan et al., 2003). For C4-Pepc H3K36me3 never reaches the detection limit of Copia in all tested
samples. So we can assume that C4-Pepc is not regulated by this modification. C4-Me instead
showed enriched H3K36me3 signals in 4L plants as well as in B cells in the coding region of the gene.
These findings are in agreement with Barrand et al. (2010) and Krogan et al. (2003), that modification
for 4L plants were found at the beginning of the coding region and further downstream. Additionally it
was assumed that H3K36me3 plays a role in so called exon-marking and that this exon marking links
chromatin modifications and mRNA processing. It was proposed and shown that H3K36me3
associated with the elongating form of Pol Il and that the absence of H3K36me3 affects productive
elongation, resulting in RNAPII stalling at the 3’ end of genes. This assumption could not be
confirmed, at least not for C4-Pepc but we observed a general increase in H3K36me3 occupancy on
C4-Me exons (+500bp, +1900bp, +4300 bp).

We were able to detect so far not described activating and repressive histone modifications on C4-
Pepc and C4-Me. Since the maize genome encodes a number of histone
acetyltransferases/deacetylases and methyltransferases/demethylases, it further needs to be
investigated which role they play in global chromatin changes and therefore for the gene expression in

response to D/L and cell-type specificity.
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Material and Methods

Plant material and growth conditions

Maize (Zea mays cv. Montello), Sorghum (Sorghum bicolor BTx623) and Setaria (Setaria italica
Set20) were cultivated in growth chambers with a 16 h photoperiod and a day/night temperature
regime of 25°C/20°C. Seedlings were grown in soil (VM, Einheitserde, Sinntal-Jossa, Germany), with
a photon flux density of 120-180 pmol m™ s™ until the third leaf was fully expanded. 72D plants were

grown in the normal light rhythm, but darkened for three days before harvest.

Chromatin immunoprecipitation (ChIP)

As described previously by Horst et al. (2009), 6 g leaves from 10- to 12-d-old maize seedlings were
harvested and crosslinked. Chromatin immunoprecipitation was performed as described by Haring et
al. (2007). The material was ground, resuspended in extraction buffer (10 mM Na-Butyrate, 400 mM
sucrose, 10 mM Tris-HCI, pH 8.0, 5 mM beta-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) and 1x Complete (Roche Applied Science, Mannheim, Germany)) and incubated for 15 min at
4°C. Afterwards, the solution was filtered through 4 layers of Miracloth (VWR, Darmstadt, Germany)
and the residue was washed with purification buffer 1 (10 mM Na-Butyrate, 250 mM sucrose, 10 mM
Tris-HCI, pH 8.0, 5 mM beta-mercaptoethanol, 0.1 mM PMSF, 10 mM MgCl,, 1% w/v Triton X-100 and
1x Complete) and afterwards with purification buffer 2 (10 mM Na-Butyrate, 1.64 M sucrose, 10 mM
Tris-HCI, pH 8.0, 5 mM beta-mercaptoethanol, 0.1 mM PMSF, 2 mM MgCl,, 0.15% wi/v Triton X-100
and 1x Complete). After purification, nuclei were resuspended in nuclei lysis buffer (25 mM Tris-HCI,
pH 8.0, 5 mM EDTA, 0.5% w/v SDS, 0.1 mM PMSF, and 1x Complete).

Chromatin was sheared with a Bioruptor (Diagenode, Liege, Belgium) 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-HCI, pH 8.0, 1 mM EDTA, 150 mM NacCl, 0.1% w/v Triton X-100) and precleared with
40 pL protein A agarose (Roche Applied Science, Mannheim, Germany). Precleared chromatin was
split into aliquots of 400 pL for immunoprecipitation and one aliquot of 40 pL for determination of the
amount of input. The chromatin aliquots were added to 30 uL protein A agarose and modified histones
were detected with 2.5 uL anti-trimethyl H3K4 (04-745, Millipore, Billerica, USA), 5 pL anti-acetyl H3K4
(07-539, Millipore, Billerica, USA), 5 uL anti-acetyl H3K27 (07-360, Millipore, Billerica, USA), 5 uL anti-
acetyl H3K36 (07-540, Millipore, Billerica, USA), 5 yL anti-trimethyl H3K27 (07-449, Millipore, Billerica,
USA), ), 5 uL anti-trimethyl H3K36 (ab9050, Abcam, Cambridge, UK) and 1 pL anti-H3 C-term
(ab1791, Abcam, Cambridge, UK).

The control serum for determination of background precipitation was derived from rabbits immunized
with an unrelated protein from potato. After washing, the antibody-bound complexes were released
and de-crosslinked by incubation in elution buffer (62.5 mM Tris-HCI, pH 6.8, 200 mM NacCl, 2% wi/v
SDS, and 10 mM dithiothreitol) at 65°C overnight. The co-precipitated DNA was purified using the
MSB Spin PCRapace kit (Invitek, Berlin, Germany).Typically, 2 pL of eluted DNA were used as a

template for quantitative PCR analysis.
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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 (NCS, see above). The NCS signal was never more than

10% of the signal obtained with a specific antibody.

qPCR

Quantitative PCR was performed on an ABI PRISM 7300 sequence detection system (Life
Technologies, Darmstadt, Germany) using SYBR Green fluorescence (Platinum SYBR Green QPCR
Mix, Life Technologies, Darmstadt, Germany) for detection. Oligonucleotides were purchased from
Metabion (Martinsried, Germany). Oligonucleotide sequences are given in Supplemental data 1.
Amplification conditions were 2 min of initial denaturation at 95°C, followed by 40 cycles of 15 s at
95°C, 1 min at 60°C. Afterwards a melting curve was recorded. General reaction conditions were 3
mM MgCl, and 200 nM of each oligonucleotide. Sizes of the amplified molecules were confirmed by

gel electrophoresis.
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Abstract

Long noncoding RNAs (IncRNAs) have been implicated in regulation of transcription in eukaryotes.
We detected an abundant IncRNA homologous to 126 bp of promoter sequence of the C4-specific
phosphoenolpyruvate carboxylase gene (C4-Pepc) in maize. C4-Pepc is one of the most highly
expressed genes in maize and strongly regulated by diverse environmental and developmental stimuli.
The IncRNA was only detected in leaf mesophyll cells where C4-Pepc expression is highest. It
followed the protein-coding transcript in abundance through light/dark treatments and diurnal
regulation. However, whereas the protein-coding transcript was completely suppressed by feeding of
desoxyglucose to leaves, the INncCRNA remained unaffected by this treament. Pharmacological
suppression of RNA polymerase |l activity with a-Amanitin also completely abolished synthesis of the
protein-coding transcript, but INcRNA levels remained high. Using subcellular fractionation, we show
that the IncRNA is associated with chromatin. A possible function of the IncRNA in increasing
accessibility of C4-Pepc promoter chromatin to transcription factors is discussed.
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Introduction

With the help of microarray analysis and new sequencing technologies, it has been shown that the
majority of the genome in eukaryotes is transcribed into RNA (Lucia and Dean 2011). A major function
of RNA is to transfer genomic code information to protein synthesis (messenger RNA = mRNA).
However, it is known since long that other RNAs rather have structural or regulatory functions. The
family of noncoding RNAs (ncRNAs) contains such diverse members as transfer RNA (tRNA),
ribosomal RNA (rRNA), microRNAs (miRNA), small interfering RNA (siRNAs) and long noncoding
RNAs (IncRNA). rRNAs and tRNAs are abundant and well-described constituents of the translation
machinery (Ghildiyal and Zamore 2009). miRNAs are small cytoplasmic RNAs of 20-25 bases in
length that are involved in posttranscriptional gene silencing and induce degradation or repression of
productive translation of homologous mRNAs (Brennecke et al. 2005; Cui et al. 2006). Small RNAs of
similar size were described to control the formation of heterochromatin on transposons and repetitive
DNA elements in the nucleus (casiRNA) (Ghildiyal and Zamore 2009). IncRNAs are also nuclear
RNAs and associated with chromatin, but clearly longer (> 100 nucleotides) (Rinn and Chang 2012).
The best studied example for a INcRNA is the “X inactive specific transcript” Xist that binds in cis to
one of the two X chromosomes in females, recruits the polycomb repressive complex 2 (PRC2), and
induces the repression of this chromosome for dosage compensation (Lee et al. 2012; Rinn and
Chang 2012; Wutz 2011). Similarly, the IncRNA HOTAIR, that is itself derived from a Hox gene
cluster, can suppress other Hox gene clusters in trans in a PRC2-dependent manner (Tsai et al.
2010). In plants, Heo and Sung (2011) recently identified a 1.1 kbp IncRNA derived from an intron of
the Flowering Locus C (FLC) called COLDAIR. The RNA is involved in establishment of a repressive
chromatin structure on the gene that is induced by vernalization and required for flowering.

A common feature of INcCRNAs characterized so far is their possible function in chromatin regulation.
Chromatin is not only a passive barrier to transcription, but contributes actively to gene regulation. The
core particle of chromatin is the nucleosome octamer which consists of each two of the histone
proteins H2A, H2B, H3 and H4 and DNA that is wound around this core particle nearly two times
(Kouzarides et al. 2007). Histones can be covalently modified in multiple ways. Acetylation and
methylation of multiple lysines on the N-terminal tails of H3 and H4 have been best studied. Whereas
acetylation is almost exclusively associated with active promoters, methylation can induce active or
repressive states dependent on the lysine that is methylated and the number of methyl groups that are
transferred to the terminal amino group (Wang et al. 2009a; Pokholok et al. 2005). Chromatin
modifications are known to regulate chromatin structure by recruiting remodelling enzymes that can
use the energy derived from ATP hydrolysis to rearrange nucleosomes (Bannister and Kouzarides
2011).

The gene encoding C4-specific phosphoenolpyruvate carboxylase (C4-Pepc), a key enzyme of C4
photosynthesis that catalyzes primary CO, fixation in this photosynthetic subtype, is among the most
highly transcribed genes in maize (Sheen and Bogorad 1987; Kausch et al. 2001). Because of its
complex transcriptional regulation, C4-Pepc is an excellent model for studying the integration of
environmental and developmental stimuli into a promoter response. C4-Pepc is only transcribed in
leaves, but not in other plant organs. Within the leaf, promoter activity is restricted to mesophyll cells.

In bundle sheath cells, the second photosynthetic cell type that cooperates with mesophyll cells in C4
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photosynthesis, the gene remains inactive (Sheen 1999). C4-Pepc transcription is highly inducible by
light (Horst et al. 2009), but suppressed by metabolic stimuli such as high sugar availability (Sheen
1999). Recent studies from our lab indicated that chromatin structure and histone modifications are
important in the response of the promoter to all these signals (Horst et al. 2013; Offermann et al.
2008).

In this study, we report the identification of a transcript homologous to the core promoter region of C4-
Pepc. Characterization of the abundance and localization of this transcript in response to diverse
stimuli suggests that it is important for the establishment of an active chromatin structure on the C4-
Pepc core promoter.
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Results

Transcription of the C4-Pepc promoter

The promoters of many highly transcribed genes in humans are covered with non-coding transcripts
(Wilusz et al. 2009; Kanhere et al. 2010). We wanted to determine whether C4-Pepc promoter regions
were also transcribed. To this end, we isolated RNA from illuminated leaves of maize harvested 4h
after onset of illumination (4L plants), prepared cDNA and determined the abundance of transcripts by
guantitative real-time PCR (qPCR). The absence of genomic DNA contamination was tested by
parallel cDNA synthesis reactions that did not contain reverse transcriptase (-RT control, see also
Materials and Methods). With none of the primer systems, DNA was amplified from -RT controls (data
not shown). Figure 5-1a shows a truncated diagram of C4-Pepc gene structure and the positions of
the amplicons on the promoter. We tested 14 promoter regions of 100-200 bp in length (primer
systems see online resource 1) and, for comparison, a gene region near to the 3’ end of the gene
(region 1). The latter amplicon covered an exon-intron border and, therefore, detected unspliced
nascent transcripts (hnRNA) from cDNA. We and others have shown before that the abundance of
hnRNA transcripts provides a good estimate for promoter activity (Elferink and Reiners 1996,
Offermann et al. 2006; Wu et al. 2009). Relative abundances of RNA homologous to the 15 tested
promoter regions are shown in Figure 5-1b and Figure 5-1c on two different scales. We detected
various amounts of transcripts in 13 of the 15 tested promoter regions. By far strongest signals were
obtained from regions 2 and 3. The corresponding PCR systems are centered at positions +10 and -
100 relative to the predicted transcription initiation site (TIS), respectively. The abundances of the
NncRNAs homologous to these regions were comparable to the abundance of hnRNA detected in
region 1 (Figure 5-1b). A second much weaker peak was observed in region 12 (-1700 bp relative to
TIS, Figure 5-1c). These results were obtained in the maize hybrid line Montello, but were completely
reproducible in B73, an unrelated maize inbred line (see online resource 2). Thus, significant amounts
of promoter transcripts were detected near to the TIS and in the core promoter region of the C4-Pepc

gene.
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Figure 0-1: Overview about promoter transcripts found on the C4-Pepc promoter.

a, Truncated gene-model of C4-Pepc. Exons, 5" UTR and 3'UTR presented as black and white boxes, respectively. The arrow
indicates the transcription initiation site. The amplification sites for gPCR analysis are presented as numbers with black bars
above the map. b, Promoter transcript expression levels on two different Y-scales. c, Ethidium bromide-stained agarose gel of
amplified promoter transcripts from the C4-Pepc loci shown in a. All data points are based on at least three independent
experiments. Vertical lines indicate standard errors. Values are arbitrary units derived from a cDNA standard dilution series.
hnRNA expression levels were determined by quantitative RT-PCR with a primer system specific for an intron (primer systems
see online resource 1).

To determine whether region 2 and region 3 transcripts formed part of the protein-coding transcript or
whether they were transcribed independently, we used PCR primer systems homologous to the core
promoter (upstream primers of region 2 [Fwl] and region 3 [Fw2]) and to the start of the coding
sequence (Revl). Amplicons with Revl as the reverse primer cover an intron, thus, amplification from
genomic DNA and RNA could be discriminated (Figure 5-2a). As shown in Figure 5-2b, all tested
primer combinations amplified fragments from genomic DNA. In none of the cases, amplification from
—RT controls was observed. Amplification from cDNA (+RT lanes) was only possible with Fw2 as a
forward primer. Sequencing of the PCR products confirmed that the Fw2/Revl product was obtained
from cDNA and not from contaminating genomic DNA, because the amplified sequence did not
contain the intron (data not shown). These data suggested that the region 2 amplicon forms part of the
protein-coding transcript and that the TIS was incorrectly mapped in earlier studies. The region 3
transcript was seemingly separately transcribed from the protein-coding transcript. To determine the
length of the region 3 transcript, we also performed PCR testing a set of primer systems covering the
core promoter region every 5 bp (Figure 5-2a, gray arrows). The longest product that could be
obtained was 126bp in length (Fw2/Rev2). All other tested primer systems did not detect significant

amounts of promoter transcripts.
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Figure 0-2: Determination of possible protein-coding transcripts and the size of region 3 transcript.

a, Truncated gene-model of C4-Pepc. Exons, 5° UTR and 3'UTR are represented as black and white boxes, respectively. The
amplification sites for PCR and sequencing analysis are presented as black arrows below the map. Forward primers are
designated with Fw, reverse primer with Rev. Grey arrows indicate primer systems covering the region around the noncoding
RNA product. b, Ethidium bromide-stained PCR products obtained with indicated primer systems, +RT represents reverse
transcription, -RT represents the control for DNA contaminations, G represents amplified products from DNA to determine the
size.

Regulation of region 3 transcripts

In order to analyze possible functions of region 3 transcripts, we determined the abundance of these
transcripts in different tissues and under various growth conditions. For comparison, abundance of C4-
Pepc hnRNA (region 1 transcript) was always measured. A key feature of C4 gene regulation is gene
induction by light. Region 1 and region 3 transcript levels were therefore measured in plants that were
exposed to 72h darkness (72D plants) and compared to plants in a normal day night rhythm,
harvested 4h after onset of illumination (4L plants) (Figure 3a). 72D plants contained 80-fold less
region 1 transcripts than 4L plants. Region 3 transcripts were only reduced by approximately 50%. We
further followed diurnal regulation of region 1 and region 3 transcripts at different time points after
illumination (Figure 5-3b). Both transcripts showed a comparable induction in the morning, a reduction
towards the end of the illumination phase, and constant levels during the night.

We further studied organ and cell-type specificity of the region 1 and 3 transcripts. It had been
reported before that C4-Pepc is only transcribed in mesophyll cells (M cells) of leaves. We did not
isolate M cells, because preparation of M cell protoplasts from leaves is a lengthy procedure during
which C4 gene transcription is often strongly suppressed. Instead, we compared region 1 and region 3
transcript levels in total leaves and bundle sheath strands that can be rapidly isolated form leaves (see
Materials and Methods). As expected, region 1 transcripts were 14-fold depleted from isolated BS cells
compared to total leaves (Figure 5-3c). Such depletion was also observed for region 3 transcripts,
albeit to a slightly lower extent.

Figure 5-3d shows amplification products from RT-PCRs with RNA derived from different plant organs
(coleoptiles, roots, pollen, and seeds). In all organs, Actinl hnRNA was detectable from RNA
preparations. Amplification was dependent on reverse transcription indicating absence of DNA

contamination in these preparations. Neither region 1 transcripts nor region 3 transcripts were
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detectable in RNA from any of the tested organs. However, successful amplification was possible with

genomic DNA derived from the same tissues as a template.
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Figure 0-3: Light and tissue specific transcription of C4-Pepc and region 3 transcripts.

a, Relative quantification of C4-Pepc hnRNA and region 3 transcripts expression levels from plants that were exposed to 72h
darkness (72D, grey columns) and in plants that were illuminated for 4h (4L, black columns). b, Relative quantification of C4-
Pepc hnRNA (black columns) and region 3 transcripts (white columns) expression levels in a diurnal approach. Plants were
harvested after Oh, 4h, 14, and 20h, respectively. ¢, Relative quantification of C4-Pepc hnRNA and region 3 transcripts
expression levels from plants that were illuminated for 4h (4L, black columns) and bundle sheath cells (grey columns). d,
Ethidium bromide-stained PCR products derived from different tissues, coleoptiles, pollen, seeds and roots. As control, always
Actin-1 transcription was measured. a-d, Values are arbitrary units derived from a cDNA standard dilution series. hnRNA
expression levels were determined by quantitative RT-PCR with a primer system specific for an intron (for details see online
resource 1). All data points are based on at least three independent experiments. Vertical lines indicate standard errors.

We additionally tested a metabolic stimulus that was known to suppress C4-Pepc transcription.
Detached leaves were fed with different concentrations of desoxyglucose (DOG) via the transpiration
stream and transcript levels were compared (Figure 5-4a). The amounts of region 1 transcripts were
reduced with increasing concentrations of DOG. Region 2 transcripts from the 5’ end of the protein-
coding transcript (see above) were also tested and showed a similar dose-dependent suppression by
DOG. However, amounts of region 3 transcripts remained completely unaffected. Leaves were also
treated for 4 and 8h with a-Amanitin, a potent inhibitor of RNA polymerase Il, (Figure 5-4b). Region 1
transcripts and region 2 transcripts were undetectable in these samples. However, region 3 transcripts
were easily detectable and found at similar levels as in control plants that were also detached, but not

treated with a-Amanitin (“-“ samples in Figure 5-4b). In these control samples, also region 2 and region

3 transcripts were detected and levels of all three amplicons were comparable.
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Figure 0-4: Metabolite and a-Amanitin dependent transcription of C4-Pepc and region 3 transcripts.

a, Relative quantification of C4-Pepc hnRNA and region 2 and 3 transcripts expression levels from plants that were treated with
increasing amounts of 2-deoxyglucose (DOG) via the transpiration stream, from 0 mM to 25 mM, respectively. b, Relative
quantification of C4-Pepc hnRNA and region 2 and 3 transcripts expression levels from plants that were treated with a-Amanitin
via the transpiration stream for 4 and 8 hours. As control always transcription levels of non-treated plants were measured. a-b,
Values are arbitrary units derived from a cDNA standard dilution series. hnRNA expression levels were determined by
quantitative RT-PCR with a primer system specific for an intron (for details see online resource 1). All data points are based on
at least three independent experiments. Vertical lines indicate standard errors.

Chromatin association of region 3 transcripts

We hypothesized that region 3 transcripts remain associated with the promoter after synthesis. We
therefore isolated chromatin from 4L and 72D plants. Nucleic acids and proteins were covalently
crosslinked with formaldehyde before start of the purification to ensure that loosely associated
macromolecules were not lost. Figure 5-5a shows the abundance of region 3 transcripts compared to
the abundance of C4-Pepc mRNA in chromatin preparations. Corresponding abundances of the
transcripts in total leaves are shown in Figure 5-5b. Only region 3 transcripts, but not C4-Pepc mRNA
were detected in the chromatin preparations. Also Actinl mRNA and region 1 transcripts were not
detected in chromatin (data not shown) indicating that chromatin preparations were largely free of
cytosolic contamination. In total leaves, both region 3 transcripts and mRNAs were detected and
transcript abundance was dependent on illumination (as shown in Figure 5-3). The data indicate that

region 3 transcripts are associated with chromatin.
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Figure 0-5: Chromatin association of region 3 transcript.

a, Relative quantification of region 3 transcripts and mRNA levels detected in chromatin extract in plants that were exposed to
72h darkness (72D, grey columns) and in plants that were illuminated for 4h (4L, black columns). b, Relative quantification of
C4-Pepc hnRNA (data taken from figure 3a) and mRNA levels from plants that were exposed to 72h darkness (72D, grey
columns) and in plants that were illuminated for 4h (4L, black columns). All data points are based on at least three independent

experiments. Vertical lines indicate standard errors.
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Discussion

We detected diverse RNAs when screening by RT-PCR for transcripts that were homologous to the
C4-Pepc promoter in maize. Surprisingly, two of these transcripts derived from the core promoter near
to the predicted TIS were present at similar levels as nascent unspliced C4-Pepc hnRNA (Figure 5-1).
hnRNAs differ in abundance by two or three orders of magnitude from the corresponding mRNAs and
are often hardly detectable when genes are not highly transcribed (Reed 2003; Offermann et al.
2006). One possible interpretation of the result was that the TIS was not correctly mapped in previous
work (Yanagisawa and Izui 1989) or differed between the cultivar used here and in the previous study.
Indeed, PCR analyses showed that the more downstream promoter transcript formed part of the
protein-coding transcript (Figure 5-2) and, consequently, showed an identical regulation as C4-Pepc
hnRNA over all tested treatments (Figure 5-4). This was reproducible in the model inbred line B73, the
most used maize line for research purposes (Schnable et al. 2009). Thus, the major TIS of C4-Pepc
was located at least 48 bp more upstream in both Montello and B73 than previously annotated. Our
data do not exclude that other initiation sites are used with lower efficiency.

Ample evidence suggested that the more upstream region 3 transcript was transcribed independent
from the protein-coding transcript. First, different from region 2 transcripts, amplification as a
continuum with parts of the protein-coding transcript failed (Figure 5-2). Second, regulation was similar
to the protein-coding transcript, but several important differences including sensitivity to a-Amanitin
and DOG existed (Figures 5-3 and 5-4). Third, region 3 transcripts were associated with chromatin
whereas the coding transcript was not (Figure 5-5). These results were different for the recently
described promoter transcript on the GLDPA gene in the C4 plant Flaveria trinervia that was derived
from an alternative transcription initiation site in the promoter and that was merged with the major
protein-coding sequence by splicing (Wiludda et al. 2012). It is therefore probable that region 3
promoter transcripts belong to the class of IncRNAs. Their size of 126 nucleotides is at the lower end
of what is known for such RNAs, but clearly longer than other chromatin-associated RNAs that are
derived from the miRNA pathway (Lee 2012; Carthew and Sontheimer 2009).

Whereas diverse functions in gene regulation have been assigned to IncRNAs derived from introns or
intergenic sequences (compare Introduction), only few reports exist that described the function of
IncRNAs homologous to core promoter sequences. Kapranov et al. (2007) described a class of short
transcripts in humans that were less than 200 nt in length and that were found on promoters of highly
transcribed genes. In yeast, transcripts of heterogeneous length spanning active promoters were also
observed (Davis and Ares 2006). Conversely, Kanhere et al. (2010) reported that ncRNAs, about 50 to
200 bp in length, transcribed downstream of the promoter region of Polycomb genes, can recruit the
repressor protein PRC2 and prevent formation of the protein-coding transcript. Thus, promoter-
associated INcRNAs can act positively or negatively on transcription. In all studies, formation of these
transcripts was assigned to RNA polymerase Il (RNAPII) activity. It was speculated that these
transcripts functioned as a scaffold for recruiting proteins or simply as a consequence of promoter
stalling of RNAPIlI (Baker 2011). However, in this study, a-Amanitin treatment did not reduce
abundance of region 3 transcripts, whereas the protein-coding transcript was completely abolished by
the treatment (Figure 5-4). This indicates that region 3 transcripts were not formed by RNAPII. Plants,

different from animals, express specific RNAPs (RNAP IV+V) that are insensitive to a-Amanitin for the
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synthesis of small RNAs implied in gene silencing (Haag and Pikaard 2011) and that might also
synthesize the region 3 transcript. Alternatively, region 3 transcripts might be relatively stable and
therefore simply not synthesized during the 8h of treatment. a-Amanitin only inhibits formation of new
transcripts, but does not impact on existing transcripts (Brueckner and Cramer 2008). However, this is
in disagreement with the clear fluctuation of region 3 transcript levels in the diurnal rhythm (Figure 5-
2b). Discrimination between ncRNAs with an actual function or ncRNAs that are simply nonfunctional
byproducts is complicated because of the high number of randomly transcribed genome regions
(Ponjavic et al. 2007). Because of the lack of efficient transformation systems in maize, we were
unable to manipulate the amounts of region 3 transcripts by overepxression or RNA interference.
Instead, we used co-regulation as evidence for functional association. Region 3 transcripts were
regulated by light, tissue-specific signals and diurnal stimuli (Figure 5-3) in a very similar manner as
the protein-coding transcript. We have shown before that all these stimuli also impact on activating
histone modifications such as acetylation (Offermann et al. 2006; Danker et al. 2008; Horst et al. 2009)
or H3K4 trimethylation (Patel and Berry, 2007) in the core promoter region where the region 3
transcript was formed. Moreover, as well histone modifications on the core promoter (Offermann et al.
2008) as region 3 transcript abundance (Figure 5-4) remained unaffected by high sugar availability.
Based on this tight correlation over many treatments of (i) promoter activity, (ii) region 3 transcript
abundance and (iii) activating histone modifications, we hypothesize that continuous formation of
region 3 transcripts increases the accessibility of C4-Pepc promoter chromatin for transcription factors
and RNAP Il. Consistent with this idea, region 3 transcripts were shown to be associated with
chromatin (Figure 5-5). Furthermore, accessibility of C4-Pepc promoter chromatin increased after
illumination of dark-grown plants (Kalamajka et al. 2003), a treatment that also increased the
abundance of region 3 transcripts. Further analyses will identify potential interactors of region 3
transcripts on the promoter that mechanistically link transcript formation to chromatin modification
(Tsai et al. 2010).

In conclusion, analysis of the promoter region of C4-Pepc in maize identified a chromatin-associated
IncRNA that is transcribed independently from the protein-coding transcript, but highly co-regulated.

The most probable function of this transcript is to increase core promoter accessibility of the gene.
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Materials and Methods

Plant material and growth conditions

Maize (Zea mays cv. Montello and B73), was cultivated in growth chambers with a 16 h photoperiod
and a day/night temperature regime of 25°C/20°C. Seedlings were grown in soil (VM, Einheitserde,
Sinntal-Jossa, Germany) with a photon flux density of 120-180 pmol m™ s™ until the third leaf was fully
expanded. 72D plants were grown in the normal light rhythm, but darkened for three days before

harvest.

Isolation of bundle sheath cells

For gene expression analyses, bundle sheath strands were isolated mechanically as described before
by Hahnen et al. (2003), but without diethylether treatment. Leaves were washed extensively in ice
cold water and homogenized in a Waring Blendor for 3 x 3 s. 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, Darmstadt, Germany) and the residue was washed
extensively with ice-cold water. The isolated bundle sheath strands were shortly dried on paper and

frozen in liquid nitrogen.

Plant treatment and tissue preparation

Plants were treated with a-Amanitin or 2-deoxyglucose (DOG) as previously described by Offermann
et al. (2008). After 3 h light, 10- to 12-day-old leaves were detached under water 1 cm above the
laminar joint and incubated for 4 h and 8 h in solutions containing 10 uM a-amanitin or DOG at varying
concentrations as indicated in the figure, in combination with 5 pM trans-zeatin (all Sigma-Aldrich,
Schnelldorf, Germany) and 16 mM KNOjs (Li et al. 2010) in tap water.

RNA isolation and reverse transcription

Total RNA isolation was performed by phenol-chloroform extraction as described in Offermann et al.
(2006). About 25-30 mg ground plant material was dissolved in 1 ml Trizol and agitated for 15 min.
After addition of 0.2 volumes chloroform and agitation for 10 minutes, 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 2 volumes of chloroform. RNA was precipitated with 2 volumes of ice cold
ethanol (96%) for 20 min at -20 °C and following centrifugation (13.000 rpm, 4 °C, 15 min). After
washing with 70% ethanol, the RNA was dissolved in 30 pl H,O. The quality of the isolated RNA was
controlled by electrophoresis and the concentration was determined photometrically.

One unit of DNAsel (Fermentas, St. Leon Roth, Germany) per pg of RNA and MgCl, 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 pg of total RNA and 50 pmol of random nonamer primer. Control
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reactions in the absence of reverse transcriptase were used to exclude amplification from residual
DNA contamination. 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, Mannheim,
Germany) and 1mM dNTPs in reaction buffer as specified by the manufacturer. hnRNAs were
amplified from cDNA using primer systems specific for introns (online resource 1). A dilution series of

cDNA from illuminated leaves was used as a standard.

qPCR

Quantitative PCR was performed on an ABI PRISM 7300 sequence detection system (Life
Technologies, Darmstadt, Germany) using SYBR Green fluorescence (Platinum SYBR Green QPCR
Mix, Life Technologies, Darmstadt, Germany) for detection. Oligonucleotides were purchased from
Metabion (Martinsried, Germany). Oligonucleotide sequences are given in online resource 1.
Amplification conditions were 2 min of initial denaturation at 95°C, followed by 40 cycles of 15 s at
95°C, 1 min at 60°C. Afterwards, a melting curve was recorded. General reaction conditions were
3 mM MgCl, and 200 nM of each oligonucleotide. Sizes of the amplified molecules were confirmed by
gel electrophoresis. A dilution series of genomic DNA was used to determine relative abundance
between different PCR systems (arbitrary units [AU]). All standard curves used for comparison had

similar slopes, intercepts, and correlation coefficients.

Chromatin preparation

As described previously by Horst et al. (2009), 6 g leaves from 10- to 12-d-old maize seedlings were
harvested and vacuum infiltrated with crosslink buffer (10 mM Na-Butyrate, 400 mM sucrose, 10 mM
Tris-HCI, pH 8.0, 5 mM beta-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and 3%
v/v formaldehyde). The crosslink was stopped after 10 min by addition of glycine to a final
concentration of 0.2 M. The material was ground, resuspended in extraction buffer (10 mM Na-
Butyrate, 400 mM sucrose, 10 mM Tris-HCI, pH 8.0, 5 mM beta-mercaptoethanol, 0.1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1x Complete (Roche Applied Science, Mannheim,
Germany)) and incubated for 15 min at 4°C. Afterwards, the solution was filtered through 4 layers of
Miracloth (VWR, Darmstadt, Germany) and the residue was washed with purification buffer 1 (10 mM
Na-Butyrate, 250 mM sucrose, 10 mM Tris-HCI, pH 8.0, 5 mM beta-mercaptoethanol, 0.1 mM PMSF,
10 mM MgCl,, 1% wi/v Triton X-100 and 1x Complete) and afterwards with purification buffer 2 (10 mM
Na-Butyrate, 1.64 M sucrose, 10 mM Tris-HCI, pH 8.0, 5 mM beta-mercaptoethanol, 0.1 mM PMSF, 2
mM MgCl,, 0.15% wi/v Triton X-100 and 1x Complete). After purification, nuclei were resuspended in
nuclei lysis buffer (25 mM Tris-HCI, pH 8.0, 5 mM EDTA, 0.5% w/v SDS, 0.1 mM PMSF, and 1x
Complete). Chromatin was sheared with a Bioruptor (Diagenode, Liége, Belgium) for 10 min (setting:
high, interval 30/30 s) under constant cooling. Afterwards chromatin was de-crosslinked by incubation
in elution buffer (62.5 mM Tris-HCI, pH 6.8, 200 mM NaCl, 2% w/v SDS, and 10 mM dithiothreitol) at
65°C overnight. The precipitated RNA was dissolved in 1 ml Trizol and agitated for 15 min. Further

preparation steps were carried out as described in section RNA isolation.
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Online Resource 1 Gene information and oligonucleotide sequences.

Zea mays — Phosphoenolpyruvate carboxylase (C4-Pepc)

Locus GRMZM2G083841

Transcript variant TO1

Chromosome 9

Next upstream gene ~ 30 kb

Reference/ldentification genomic locus homologous to mMRNA 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’)

1 +4300 GTATGCTGCCATTGCCCATTGC
TAGCCTGATAGTGAGTGACGCACA

2 +10 AACGACTCCCCATCCCTATTTGAAC
AGCAGGGAAGCGAGACGGTTG*

3 -100 CCGGTTCCGTTGCGGTTACC
CAAATAGGGATGGGGAGTCGTTGG

4 200 CGATTGCCGCCAGCAGT
GAACCGGCTGTGGCTGAG *

5 -300 GCACCGAGCCAAGCCAAAAGG
GATGTGGAGAGGGGTGTCTGCT

6 350 TTAACTGCTAAGGGACGCCCTCTC
GTCAACAGCACCGAGCCAAGC

7 400 CCCTCTCCACATCCTGCAAAGC
ATTCCGTTGGCTAATTGGGTAGCA

8 500 CTCTTAGCCACAGCCGCCTCA
TGCAGCCTACTTGCTAACAGACG

9 -700 TGGCACCCTTATCCCTACAATAGC
GTCTGTTTGCAGGATGTGGTTGAG

10 -1100 GTGTTAGGACACGTGGTTAGC
CACTTGGCAGCGGTGAAGATAC

11 -1400 GTACAAATGAGGTGCCGGATTGATG
CGGCCATGGCATGATACAATTCTCA

12 -1600 CCAAACAGACCCTAAAAATGTGTG
GCAGTTGATCTATTCCAGCCTCTTA

13 -1700 AGAAACAAAAGCAAGGTCAAGGTG
GGTTCTGTTTTCCTGCTTCTAAAAGT

14 -2100 GTCACAATTGAAGATTCGTGCAAGG
CAGTTTGAACTAAACGACTTCCAAC

15 2400 TATCCTTCTGCCTAGGTTGAGTAGCT
TGTTGACACCAAATCCTAACCAAA

* oligonucleotide shows mismatches to database genome sequence, but efficiently amplifies DNA from the genotype
used in this work
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Online resource 2 Overview about promoter transcripts found on the C4-Pepc promoter in B73.

a, Truncated gene-model of C4-Pepc. Exons, 5 UTR and 3'UTR presented as black and white boxes,
respectively. The arrow indicates the transcription initiation site. The amplification sites for gPCR
analysis are presented as numbers with black bars above the map. b, Promoter transcript expression
levels on two different Y-scales. ¢, Ethidium bromide-stained agarose gel of amplified promoter
transcripts from the C4-Pepc loci shown in a. All data points are based on at least three independent
experiments. Vertical lines indicate standard errors. Values are arbitrary units derived from a cDNA
standard dilution series. hnRNA expression levels were determined by quantitative RT-PCR with a
primer system specific for an intron (see online Resource 1).
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6 General discussion

6.1 Modified model of signal integration on the C4-Pepc promoter

The results obtained in the present study helped to extend and confirm the existing model for signal
integration on the C4-Pepc promoter from maize. It was shown in previous studies of the C4-Pepc
promoter, that histones underlie a highly complex regulation of different modifications. In the following
figure all results that are known to date are summarized. The model consists mainly of two theories
after which histone modifications and in this context signal integration and promoter response can be
regulated. The two theories were extensively described in Chapter 3. Figure 6-1 illustrates how
information of nutrient and metabolic regulation, organ and tissue specificity, as well as gene induction
by light is stored on the chromatin level in leaves. In previous years, using the promoter of the C4-
Pepc gene, histone modifications were identified which are associated with each of these signals.
However, beside the so far tested modifications, histone lysine residues can have many additional
modifications that may be regulated by different stimuli. Some residues can be even both acetylated
and methylated. For this reason three acetylation/methylation sites were selected (H3K4, H3K27,
H3K36) and tri-methylation and acetylation from the same samples was recorded.

It was previously shown by Offermann et al. (2008) that light induces acetylation in the core promoter
on the lysine residues H3K9 and H4K5 (Figure 6-1, light inducibility presented as yellow dots). These
acetylations are removed when the plants are exposed to prolonged darkness, suggesting that
information about previous illumination is lost. It was also shown that H3K14ac, H4Kl1l6ac and
H3K18ac did not respond to the light stimulus (Figure 6-1, organ specificity presented as light green
dots). It is probable that these modifications are not involved in potentiating a transcriptional response
of the C4-Pepc gene since they were also found in tissues where C4-Pepc was only expressed at a
basal level. They rather are involved in a poised chromatin state that allows transcriptional activation
by illumination. This in contrast to the maodifications investigated in this study. All investigated
acetylations responded strongly to the light stimulus (see Fig. 4-1) in the core promoter region,
H3K27ac and H3K36ac did also respond in the upstream promoter region. This is also in accordance
with a study on the light induction of Phytochrome A from Jang et al. (2011). They were able to show
that H3K9/14ac, H4K5ac, and H3K27ac are involved in light induction in the promoter and coding
region of the Arabidopsis Phytochrome A locus. Offermann et al. (2006) were able to show that core
promoter hyperacetylation also occurred in B cells and that histone acetylation was induced by light
even though the transcription was not induced. It could be shown in this study that H3K27ac and
H3K36ac also cover the promoter in B cells and that these modifications are induced by light in total
leaves. However it seems to be that these modifications are presumably differentially interpreted in B
cells than in leaves and do not induce transcription of C4-Pepc. A possibility might be that these
modifications cannot be interpreted because an important information is missing e.g. a modification
that marks the tissue. Badeaux et al. (2013) proposed a model, where chromatin modifications are
interpreted by ‘reader’ proteins and that the role of histone modifications is to recruit these ‘reader’

proteins directly or with the help of crosstalk between histone modifications.
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However, histone acetylation alone is not sufficient for promoter activation of C4-Pepc. Through
extensive studies of the tri-methylation of histone H3 lysine 4 it could be shown that this modification
acts as an ‘on’-marker for transcriptionally active states (Figure 6-1, tissue-specificity presented as
green dots). After separation of the two photosynthetic active tissues M and B cells it could be shown
that C4-Pepc showed high tri-methylation of H3K4 in M cells and high di-methylation in B cells. An
inverse pattern was observed for C4-Me. Based on this, the conclusion could be made that tri-
methylation of H3K4 marks the tissue in which the corresponding gene is activated through light
(Danker et al., 2008).

charge neutralization histone code
@ 4

y » H3 18 (9 H3

27 " 4 ‘ 27 14 q:

36 @ 36
p 8 H4 o B8 H4
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12 » 12 5
upstream core
-100
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Figure 6-1: Extended histone modification model of C4-Pepc from Zea mays.

Numbers represent lysine residues on the N-terminal tails of histones H3 and H4. The colors represent signals as listed in the
Figure. Core promoter modifications follow the histone code model; upstream promoter modifications follow the charge
neutralization model.

Additionally to the findings of Danker et al. (2008) this study revealed that H3K27me3 also seemed to
act as B cell specific modification. As an ‘off'-marker it was found to be strongly enriched on C4-Pepc
in B cells around the TIS and within the gene and not regulated by light (Chapter 4, Figure 4-2). It is
possible that tissue-specific methylations poise the promoter for light-dependent activation.

Next to the analysis of histone modifications in this study, more chromatin based processes
associated with C4-Pepc regulation in maize are found in the literature. Tolley et al. (2012) showed
how DNA methylation is affected by illumination of the C4-Pepc promoter. They identified 4 cytosine
residues in the C4-Pepc promoter in leaves where they could show that illumination leads to de-
methylation of these cytosines, and that de-methylation correlates with C4-Pepc expression.
Additionally de-methylation of these cytosines was only found to appear in M cells. Surprisingly, they
could show that in the 0.6 kb promoter region, which was shown to be required for M-specific
expression, no cytosine methylation was found. They rather proposed that unmethylated CpG islands
recruit certain proteins which direct H3K4 tri-methylation. It could be shown that H3K4me3 is enriched
around the TIS.

Another example of how DNA methylation can influence chromatin changes is DNA

methyltransferase-1 (DNMT1). When the event of replication takes place, the state of methylated DNA
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is preserved. Recruitment of DNMT1 is essential to prevent the uncontrolled transcription of otherwise
silenced genes. The activity of DNMT1 is regulated by two proteins (SET7 and AKT1) which can either
methylate or phosphorylate DNMTL1 to decrease or increase the stability of the protein. These findings
reveal a crosstalk of modifications directly on the DMNTL1 protein (Estéve et al., 2011, Badeaux and
Shi, 2013).

Since it was shown, that all acetylations are light regulated and all methylations are regulated in a
tissue-dependent matter, it can be speculated whether this is due to the half-life of these modifications.
Cell-type specificity of a modification is defined independently of illumination and can therefore be
assumed as long-term memory which is in accordance to the fact that, methylation are supposed to
have a longer half-life than acetylation. The turnover rate of a methylation e.g. H3K27m3 was shown
to be 3.128 days, whereas the turnover rate of acetylation of histone H3 was measured to be 3 to 30
min. In contrast to that, DNA-methylation can stay a life-time and appears to be mitotically stable
(Barth and Imhof, 2010, Badeaux and Shi, 2013).

Less is known about the regulation of histone modifications in the transcribed region of C4 genes. One
possible role could be that acetylation in the coding region of the gene is the continuation of the
signaling cascade that starts in the promoter region and helps to integrate the signals that finally leads
to transcription. Another possible role is that they act along with other modifications in a positive or
negative feedback loop via ‘crosstalk’. In Chapter 4, a possible role of the so called ‘crosstalk’ between
certain modifications is discussed. The question that remains after the extended study of so far non-
characterized histone modifications in maize is, if the charge neutralization vs. histone code
hypothesis is still valid! It could be shown that light induced all acetylations in the upstream and core
promoter, as well as in the start of the coding region, whereas methylation was not affected by this
stimulus and concentrated around the TIS. There is no evidence that the described hypothesis in
chapter 3 should not be valid, but to come to a better overall understanding of these modifications,
more experiments are needed. When manipulating nitrogen and sugar availability, Offermann et al
(2008) were able to show that these treatments only modulated the acetylation state of the upstream
promoter region and that this regulation of modification most certainly followed the charge
neutralization model. That still needs to be proven for the newly tested modifications. Nevertheless,
this study revealed that H3K27ac and H3K36ac are regulated by light also in the upstream promoter
region.

The regulation studies of the promoter of maize C4-Pepc were further extended to the RNA level.
Another factor that might influence C4-Pepc expression that was found in the core promoter region
was a long noncoding RNA. This IncRNA is regulated by the same stimuli that influence the core
promoter like light or tissue specificity, but it showed no response to nutrients and metabolites. This is
highly reminiscent of the control of histone acetylations on the C4-Pepc promoter. It seems that core
promoter histone modification correlates with the presence of the IncRNA. Since we were able to
detect the INcRNA in crude chromatin extracts, one possible option for the function is that it keeps the
promoter open for the transcription machinery and/or prepares an euchromatic state. Another
possibility is that it interacts with other e.g. enhancer elements and transcription is initialized or held

because of this interaction. Kalamajka et al. (2003) reported an increase in the accessibility of
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promoter chromatin after transcriptional activation. The most prominent example to date in plants is
the ‘Vernalization-mediated epigenetic silencing by a long intronic noncoding RNA’ of the Flowering
locus C (FLC) described by Heo et al (2011) .The The authors were able to identify a 1.1 kb IncCRNA
derived from an intron of the Flowering Locus C (FLC) called COLDAIR. It is a good example of how
an IncRNA is involved in a negative feedback loop associated with histone modifications. When the
FLC gene is actively transcribed COLDAIR levels also increases. In a next step, COLDAIR recruits the
chromatin-modifying complex, Polycomb repressive Complex 2 (PRC2) which establishes H3 lysine-
27 trimethylation as an ‘off-marker, by this reducing transcription of the FLC gene. The concomitant
reduction of COLDAIR then again results in lower H3K27me3 levels.

Mondal et al. (2010) characterized an intergenic noncoding RNA that also regulated gene expression
of the neighboring genes FANK1 and ADAM12 in two different tissues (placenta and brain) and that it
was associated with chromatin. The biological relevance of the IncRNA found on the C4-Pepc
promoter is supported by the strong correlation between hnRNA and IncRNA transcription. However,

the actual function still remains unclear.
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6.2 Regulation of C4-Pepc from Sorghum bicolor and Setaria italica

To answer the question whether the control of specific modifications is conserved on the orthologous
C4-Pepc genes of the C4 grasses Sorghum bicolor and Setaria italica, first of all the Chromatin
Immunoprecipitation protocol already established for maize (Haring et al., 2007) needed to be altered
towards the requirements of Sorghum and Setaria. Chromatin Immunoprecipitation (ChIP) is an
experimental technique to isolate chromatin and to investigate protein-DNA interactions. The type of
ChIP used in my work is called cross-linked ChIP (xChIP). It uses reversibly cross-linked chromatin
sheared by sonication. The crosslink is achieved by using formaldehyde as a reversible crosslink
agent. Protocol steps that had to be modified were the sort and length of formaldehyde fixation and
the chromatin fragmentation (data not shown). After the successful adaptation and establishment of
the xChIP protocol, we wanted to analyze promoter histone modifications of photosynthetic genes
from Sorghum and Setaria to answer the question to which extent the histone code had been
established during development of C4 metabolism or whether a previously existing code had been
recruited into C4. We therefore compared chromatin patterns on C4-Pepc. A challenge in these
comparative studies was that, whereas the maize promoters had been well defined in previous
studies, the Sorghum and Setaria promoters were just annotated based on automated genome
sequence analysis. The definition of a promoter by such technologies is problematic, because
promoters lack conserved consensus sequences. Traditionally, promoters were defined by simple
sequence elements such as the TATA box (Dikstein, 2011), but a more comprehensive analysis of
many promoters in eukaryotes revealed that they often lack TATA boxes and other expected elements
(Mencia et al., 2002, Basehoar et al., 2004). The definition of the promoter region is rather
complicated, e.g. the size of a promoter most certainly depends on the genome size of the species
that is investigated. It is likely to say, that promoters in Setaria (genome size 490 Mbp) are shorter
than promoters in maize with a genome size of 2300 Mbp (Schnable et al., 2009, Doust et al., 2009)
simply due to the limited space between genes. Which set of experiments are suitable to define a
promoter region? The size of the promoter region of Sorghum and Setaria is a point that still needs to
be exactly evaluated. The best guess was made by nucleosome occupancy and histone acetylation
assays (see Chapter 2). These results indicate that Sorghum has an intermediate promoter size
compared to maize C4-Pepc with highest acetylation peak found -1400 bp of the TIS, whereas Setaria
has the smallest promoter size of the three investigated species with highest acetylation peak already
found -600 bp of the TIS. Still no exact size of the promoter could be defined yet. Further approaches
to narrow down the border of a promoter are the investigation on the chromatin level. It was previously
shown in maize that the ‘end’ of certain C4 gene promoter was associated with high H3K9
dimethylation and low H3K9 acetylation levels (data not shown). H3K9me2 has been reported to be
mainly located in heterochromatic areas in Arabidopsis thaliana, while H3K9ac is associated with
euchromatic regions (Zhou et al., 2010). Additionally, other genome-wide studies revealed that
acetylated histones are found in the promoter and actively transcribed regions whereas H3K4me3 is
concentrated around the TIS (Zhou et al., 2010, Barth and Imhof, 2010, Wang et al., 2009a).

The following figure (Figure 6-2) presents the model for the regulation of histone modifications and

thus promoter response that could be established for Sorghum and Setaria in this study.
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Figure 6-2: Histone modification model of C4-Pepc Sorghum bicolor and C4-Pepc Setaria italica.
Numbers represent lysine residues on the N-terminal tails of histones H3 and H4. The colors represent signals as listed in the
Figure. A, Histone modification model of C4-Pepc Sorghum bicolor. B, Histone modification model of C4-Pepc Setaria italica.

The functional significance of certain promoter region is suggested by the strong reaction to
illumination of certain histone modifications and the concomitant changes in gene transcription (see
Chapter 2). The comparative analyses revealed light induction of H3K9ac and H4K5ac in the promoter
and coding regions, but also tissue-specific control of H3K4me3 in both species. The only striking
difference between the two histone modification models shown in Figure 6-2 is that in Sorghum,
H4K5ac do not respond to the light stimulus in the coding region. Light did also not induce any change
in acetylation levels of H3K18, so an organ specific regulation can be assumed based on the data
obtained from maize (see above). To support this assumption, since only leaf tissue was investigated,
suitable experiments are e.g. measuring acetylation in different tissues like roots or coleoptiles.
Surprisingly and in contrast to maize, the regulation of modification was not mainly found to be located
in the promoter region but also shifted to the start of the coding region. This is probably due to the
smaller genome size of Sorghum and Setaria. A similar distribution of modifications was also found in
genome wide studies of Arabidopsis (Wang et al., 2009a)

It further needs to be investigated whether the histone acetylation in Sorghum and Setaria is only light-
dependent or affected by other stimuli. Nitrogen- or sugar repression experiments could help to
identify if a certain modification is following the histone code or charge neutralization model. In a
definition by Turner et al. (2002), histone modifications which follow the histone code theory need to
be set independently of the transcription event which could be a good guideline for further

investigations.
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We observed a high similarity of regulation of certain histone modifications between maize, Sorghum
and Setaria on C4-Pepc. The histone code used to generate a response to specific stimuli seems to
be highly conserved. Dependent on the modification and the position on the promoter, histone
modifications can help to integrate different stimuli into a promoter response function. Together with
data from previous work and the chromatin analyses on additional genes, this leads to the suggestion
that histone modifications play an important role in signal integration. These results expand our
knowledge about the role of chromatin in signal integration in plants and the complex regulation of
photosynthesis in C4 plants.
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