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Abstract

The presence or absence of specific transcription factors, chromatin remodeling machineries,
chromatin modification enzymes, post-translational histone modifications and histone variants all
play crucial roles in the regulation of pathogenicity genes. Chromatin immunoprecipitation (ChlIP)
followed by high-throughput sequencing (ChiP-seq) provides an important tool to study genome-
wide protein-DNA interactions to help understand gene regulation in the context of native
chromatin. ChlP-seq is a convenient in vivo technique to identify, map and characterize occupancy
of specific DNA fragments with proteins against which specific antibodies exist or which can be
epitope-tagged in vivo. We optimized existing ChIP protocols for use in the wheat pathogen
Zymoseptoria tritici and closely related sister species. Here, we provide a detailed method,
underscoring which aspects of the technique are organism-specific. Library preparation for
Illumina sequencing is described, as this is currently the most widely used ChlIP-seq method. One
approach for the analysis and visualization of representative sequence is described; improved tools
for these analyses are constantly being developed. Using ChIP-seq with antibodies against
H3K4me2, which is considered a mark for euchromatin, and H3K9me3, which is considered a
mark for heterochromatin, the overall distribution of euchromatin and heterochromatin in the
genome of Z. tritici can be determined. Our ChIP-seq protocol was also successfully applied to Z.
tritici strains with high levels of melanization or aberrant colony morphology, and to different
species of the genus (Z. ardabiliae and Z. pseudotritici), suggesting that our technique is robust.
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The methods described here provide a powerful framework to study new aspects of chromatin
biology and gene regulation in this prominent wheat pathogen.

Keywords

histone modifications; protein-DNA interactions; chromatin immunoprecipitation; ChlP; genome-
wide histone modification maps

1. Introduction

The genome of Zymoseptoria tritici is one of the best-assembled eukaryotic genomes
(Goodwin et al., 2011). The reference isolate IPO323 has a total of 21 chromosomes of
which eight are accessory chromosomes (Wittenberg et al., 2009; Goodwin et al., 2011).
The 39 Mb genome of IPO323 has an overall relatively high content of repetitive DNA,
18%. On the 13 core chromosomes few expressed genes are found in “islands” of repetitive
DNA. The accessory chromosomes, however, are enriched with repetitive DNA and contain
fewer expressed and predicted genes (Dhillon et al., 2014). This well-assembled genome
provides an excellent resource for comparative genomics (Stukenbrock et al., 2011),
analyses of genome-wide transcription patterns (Kellner et al., 2014; Yang et al., 2013), and
studies of protein-DNA interaction and chromatin structure. So far, protein-DNA
interactions and chromatin have been little studied in this species. Here, we describe how
methods based on chromatin immunoprecipitation provide a powerful framework for the
identification of protein binding sites and protein distribution across a small eukaryotic
genome.

Chromatin is a complex of histones and non-histone proteins packing the DNA within the
nuclei (van Holde, 1989). The basic unit of chromatin is the nucleosome consisting of a
~150 bp segment of double-stranded DNA wound around a core octamer of the histone
proteins, H2A, H2B, H3 and H4. Tails of histones carry a wide range of post-translational
modifications that can influence their interaction with the associated DNA and determine
chromatin condensation state to generate two cytologically recognizable conformations,
euchromatin and heterochromatin (Jenuwein and Allis, 2001; Strahl and Allis, 2000; van
Holde, 1989). In contrast to euchromatin, which is decondensed during interphase,
constitutive heterochromatin remains condensed throughout the cell cycle. Posttranslational
histone modifications are thought to affect these “open” or “closed” chromatin states and
thus mediate a wide range of molecular processes, including transcription of genes by direct
or indirect changes in chromatin structure or recruitment of protein complexes, resulting in
gene activity or silencing (Grewal and Jia, 2007; Kouzarides, 2007). Over the past 15 years,
correlations of certain histone modifications with euchromatin and active transcription or
with heterochromatin and silencing have been noted (Bernstein et al., 2002; Bernstein et al.,
2006; Mikkelsen et al., 2007). In filamentous fungi, three different modifications of histone
H3 have been most widely analyzed to distinguish euchromatin and heterochromatin. These
are dimethylation of the lysine 4 of the tail of histone H3 (H3K4me2), which is normally
associated with euchromatin, and trimethylation of lysine 9 or 27 on H3 (H3K9me3 and
H3K27me3), which is usually associated with heterochromatin (Chujo and Scott, 2014;
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Connolly et al., 2013; Reyes-Dominguez et al., 2010; Tamaru and Selker, 2001; Tamaru et
al., 2003; Smith et al., 2011; Soyer et al., 2014).

Chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq; Fig. 1)
is an exceedingly powerful method for the generation of genome-wide maps of interactions
between proteins and DNA, including histone modifications, transcription factor binding
sites, occupancy with chromatin remodeling factors and mapping of histone variants
(Johnson et al., 2007; Meyer and Liu, 2014; Park, 2009; Smith et al., 2011). In filamentous
fungi, ChlP-based approaches have been widely used to study chromatin modification and
centromere structure of Neurospora crassa (Honda et al., 2010; Jamieson et al., 2013; Lewis
et al., 2009; 2012; Smith et al., 2008; 2011; Tamaru and Selker, 2001; Tamaru at al., 2003).
Recently, ChIP has also been applied in studies of host-pathogen interactions. In the rice
blast fungus Magnaporthe oryzae, ChlP allowed the identification of binding sites of a
transcription factor (TF) crucial for the regulation of virulence-related genes (Kim et al.,
2010). In Fusarium graminearum and Leptosphaeria maculans, the roles of chromatin
modifications in regulation of secondary metabolite and effector-encoding genes were
likewise demonstrated using ChlP-seq and ChIP-gPCR with antibodies against euchromatic
and heterochromatic marks (Connolly et al., 2013; Soyer et al., 2014). These studies
demonstrated the importance of DNA-protein interactions in the regulation of pathogenicity
determinants and highlighted the potential of ChIP-based approaches in studies of chromatin
structures and their modifications in fungal pathogens. We adapted and improved existing
protocols for studies of protein-DNA interactions and chromatin modifications for the use in
Z. tritici and related species of the same genus (Z. ardabiliae and Z. pseudotritici). ChIP-seq
allows us to address new questions related to key biological processes, such as gene
regulation, pathogenicity, population genomics and evolution of important plant pathogenic
fungi.

2. Methods

2.1. Overview of ChIP

We focus on ChIP followed by high-throughput sequencing (ChlP-seq) as perhaps the most
powerful method for the analysis of chromatin states, and supply a step-for-step method
optimized for Z. tritici in the supplementary information (Supplementary Method) and data
obtained with this method with Z. tritici (Figs. 2 and 3). The purpose of the following
sections is to provide an outline of the method and to discuss important aspects or variations
and why specific methods are preferred over others, always with a view to the specifics of
Zymoseptoria compared to other species of filamentous fungi. ChIP is an in vivo method to
identify genomic regions associated with a particular DNA binding protein such as a TF
(Orlando et al., 1997; 1998) or to identify regions enriched with a given histone
modification (Hecht and Grunstein, 1999; Wu and Grunstein, 2000). Briefly, chromatin
fragments associated with proteins of interest, for example specific TFs, are cross-linked,
typically with formaldehyde (crosslinking, or “X-Chip”), sheared by sonication or digested
with enzymes down to mononucleosome size, and captured by reactions with protein-
specific antibodies. This is the “experimental” sample, whereas the “input” control is not
treated with antibodies. DNA from immunoprecipitated samples or input control chromatin
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fragments is isolated by precipitation after proteins have been degraded with proteinases.
Thus, the DNA serves as the readout for the original pattern of protein occupancy (Fig. 1).
Because of the relatively strong interactions between histone octamers and DNA, chromatin
can sometimes also be used in its native state (Native-Chip”) (Turner, 2001; see Cosseau et
al., 2009, and Soyer et al., 2014, for methods that can be applied to fungi). This method can
be useful when treatment with formaldehytde “over-crosslinks” chromatin, resulting in an
essentially irreversible state; even with prolonged shearing chromatin cannot be broken into
small fragments after over-crosslinking (Orlando et al., 1997)

2.2. Experimental outline and important considerations

2.2.1. Strains and culture conditions—Strains of Z. tritici are sensitive to
environmental conditions, for example a small change in temperature or medium
composition may cause dramatic changes in cell or colony morphology. As always,
biological replicates are essential and necessary to capture the natural variation within and
among strains. We use a minimum of two biological replicates for each growth experiment
and repeat experiments with different strains at least twice. We have assessed presence of
centromere proteins and various histone modifications of different isolates grown in rich
(yeast-malt-sucrose) medium. Yeast-like cells of different Z. tritici isolates were grown at
18°C in a shaking incubator (200 rpm) until a cell density of approximately 107 cells/ml was
reached (Kellner et al., 2014). Chromatin was prepared according to the detailed method
described in the Supplementary Method. This protocol should work to study chromatin
while the fungus is growing in isolation or within its plant host. The challenge will be to
obtain sufficient amounts of material but this can be achieved by pooling several parallel
samples. Results obtained with an endophyte, Epichloé (Chujo and Scott, 2014), suggest that
this will be possible in the near future.

2.2.2. Methods to break cells for chromatin isolation—Originally, ChlP was carried
out in Drosophila embryos and other animal cells and thus no special breakage procedure
was used. Whole embryos or Schneider cells were cross-linked and directly sheared by
sonication (Orlando et al., 1997; 1998). Tougher yeast cells were ground under liquid
nitrogen or subjected to bead-beating (Hecht and Grunstein, 1999). Initial protocols for N.
crassa also relied on bead-beating (Tamaru et al., 2003) but in recent years two different
sonication steps have been used to first break the cells and then shear chromatin (Honda et
al., 2012). We attempted to break Z. tritici cells by sonication alone, as this speeds up the
procedure, especially when processing multiple samples, a protocol that works well for F.
graminearum (Connolly et al., 2013) and F. fujikuroi (Studt et al., 2013; Wiemann et al.,
2013). We found, however, that this yielded insufficient chromatin shearing and amounts of
DNA obtained after ChIP were too low for subsequent analyses. Thus, we now apply
grinding under liquid nitrogen, optimized for the isolation of RNA and protein from fungi in
plant material (S. Poppe, P. Happel and E.H. Stukenbrock, in review; Kellner et al., 2014).
We encountered similar difficulties with other species; for example, numerous strains of
Trichoderma reesei, F. solani, F. oxysporum, and L. maculans. In these cases we either
employ bead-beating (T. reesei, Karimi-Aghcheh et al., 2013; Seiboth et al., 2012) or
grinding under liquid nitrogen followed by native ChIP (L. maculans, Soyer et al., 2014).
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2.2.3. Methods to fragment chromatin—The goal of chromatin fragmentation is to
generate mono- or dinucleosomal fragments for precise mapping of protein occupancy.
Depending on protein occupancy or regional chromatin structure, resistance of DNA within
chromatin to enzymatic digestion or mechanical shearing can vary, resulting in bias.
Micrococcal nuclease (MNase) digests linker DNA until it encounters a physical barrier,
such as a TF binding a regulatory element or a nucleosome. MNase digestion appears not to
induce significant bias in the subsequent analysis (Allan et al., 2012). Overall, MNase
digestion is more reproducible than shearing with a single tube tip sonicator. However, if a
Covaris sonication device is used, sonication is preferable over enzymatic digestion, because
of improved reproducibility of shearing. Our studies with Z. tritici suggest that
fragmentation of chromatin by MNase digestion and sonication results in similar patterns of
the distribution of the centromere-specific H3, CenH3 (Fig. 3 and K. Schotanus, L.R.
Connolly, M. Freitag and E.H. Stukenbrock, unpublished data). In other filamentous fungi
we found this to be an important variable. While chromatin can be fragmented equally well
by sonication and MNase digestion in Zymoseptoria, N. crassa, F. graminearum, F.
verticillioides and F. fujikuroi, reproducible sonication with high chromatin yields proved so
far difficult with various isolates of F. solani, F. oxysporum and L. maculans, especially
from crosslinked samples. In these cases, MNase digestion, sometimes in the absence of
formaldehyde crosslinking has proved more successful (Soyer et al., 2014; L.R. Connolly
and M. Freitag, unpublished data). Other considerations favor the use of MNase as well.
Mechanical shearing requires a tip sonicator or Covaris machine, both expensive, and
optimizing parameters for crosslinking and shearing is time-consuming. In contrast, MNase
digestion is easy to optimize, reproducible and does not require specific equipment. For all
fragmentation methods, the optimal time for digestion to mono- and di-nucleosomes, the
amount of input material and the concentration of the enzyme have to be determined. Over-
digestion can result in degradation of DNA below ~150 bp fragments. The procedure should
be optimized even for species of the same genus or strains of the same species. We
optimized the MNase digestion conditions for three different Zymoseptoria species (Fig. 2
shows Z. ardabiliae).

2.2.4. Choice of antibodies—Proteins of interest are selectively immunoprecipitated
with antibodies raised against the whole or fragments of the protein. Alternatively, an
epitope tag can be included in the DNA sequence encoding the protein of interest to generate
a translational fusion. There are advantages and disadvantages with both approaches.
Tagged versions of proteins must be carefully tested and ideally should complement all
defects of a deletion mutant. The advantage, however, is that commercially available
antibodies have been thoroughly tested in other organisms (Table 1). Raising antibodies to
parts or all of a protein of interest can be expensive and may not work, even after repeated
trials. Usually, however, protein-specific antibodies work well for ChIP-seq, especially if
they have not been excessively purified (Smith et al., 2010). Not all antibodies are ChIP-
grade, even if they work well for westerns or co-immunoprecipitation experiments; all
should be carefully checked (Cosseau et al., 2009).

2.2.5. Quantification of ChIP results—After immunoprecipitation, cross-links between
chromatin components are reversed, proteins digested and DNA precipitated. The amount of
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DNA obtained from a single ChIP sample varies but is usually between 5 and 50 ng in a 30
to 50 pl volume. While the minimum amount of DNA required for successful lllumina
sequencing is very low, between 5-10 ng per sample for most fungi, slightly more is
required for other organisms (Park, 2009). It is sometimes advisable to pool several ChIP
samples to avoid having to overamplify ChIP-seq libraries at later steps in the protocol.
Using too many amplification steps results in bias towards over- or underrepresentation of
AT-rich regions (L.R. Connolly, P.A. Phatale, S. Friedman, J.M. Galazka and M. Freitag,
unpublished data); the same bias has been observed in analyses of methylated DNA (Ji et al.,
2014).

There are several ways to quantify the relative enrichment of precipitated DNA.
Quantification can be targeted to particular loci of interest by using region-specific primers
(multiplex ChIP-PCR or ChIP-qPCR). Multiplex PCR involves one PCR with labeled
nucleotides and at least two primer pairs, one amplifying an experimental locus (presumably
enriched with the protein binding to the isolated DNA), the other amplifying a control region
(presumably not enriched). The internal control allows calculating ratios of relative
enrichment in a very straightforward manner (Smith et al., 2008; 2011; Tamaru et al., 2003)
but primer pairs and PCR conditions must be carefully selected to assure a linear
relationship between number of PCR cycles and product amplified. Real-time quantitative
PCR (gRT-PCR) has been used extensively to replace multiplex PCR with ChIP-gPCR (e.g.
Soyer et al., 2014) but there are no internal controls, primer pairs must be even more
carefully selected and the method is quite labor-intensive and expensive. Thus, high-
throughput sequencing of a representative portion of all isolated DNA (ChlIP-seq) has
become the standard qualitative and quantitative method for ChlP analyses in filamentous
fungi. Assaying individual regions is mostly done as validation of whole-genome ChiIP-seq
data or for quantitative approaches in well-defined genomes regions.

2.2.6. ChlP-seq library preparation—Before the DNA can be subjected to ChlP-seq by
next generation sequencing, specific adapters must be ligated to the immunoprecipitated
DNA fragments. During these steps, the DNA is size-selected, purified and enriched. We
recently published a detailed protocol for lllumina library preparation, including tips for
troubleshooting (Pomraning et al., 2012). In recent years, many core sequencing facilities or
companies started offering library preparation services, there are commercial kits available
and, lastly, for different sequencing platforms different library methods are required. There
are no steps in which the biological origin of the DNA matters significantly; thus, we will
not discuss library preparation in great detail here. Our most recent protocol, relying largely
on Illumina TruSeq methods is part of the Z. tritici-specific supplementary information. One
aspect needs to be considered, however. We, and others (Ji et al., 2014), have noticed that
heterochromatic sequences, which are usually AT-rich, can be depleted by Illumina
protocols, likely during PCR overamplification. Thus, special considerations need to be
made when studying heterochromatin, for example keeping the number of final library
amplification PCR cycles below ten.

2.2.7. Controls—The most frequently used strategy to generate a control for ChlP consists
of preserving a fraction of each sheared chromatin sample that will not undergo
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immunoprecipitation, the so-called “input control” (Park, 2009; Tamaru et al., 2003). In
Chip-seq, libraries are constructed with this input DNA to distinguish enriched regions from
the background noise of sequencing and to limit sequencing bias from many sources (local
chromatin structure, repetitive DNA, library preparation) (Chen et al., 2012; Teytelman et
al., 2009). However, quantitative analyses of enriched regions showed that input controls
also can be highly variable between biological replicates (Cheung et al., 2011; de Boer et al.,
2014). Deep sequencing of the precipitated sample DNA from several replicates and
different conditions (for example, “induced” versus “uninduced” expression of a tagged TF)
limits false negatives of poorly enriched and false positives or spuriously enriched regions.
Specialized analyses tools have been developed to analyze sample data without the need of
an input control. In the past we compared both methods; we used input controls and
inducible protein expression to quantify occupancy of TFs but comparisons between several
independent samples need to be made to assess presence of histone modifications.

2.3. Analysis of ChIP-seq data: considerations and tools for Z. tritici

The output of ChIP is DNA associated with the immunoprecipitated protein of interest.
Sequencing of this DNA followed by mapping to a reference genome allows us to identify
the genomic locus of the DNA and thus the specific binding sites for proteins, ideally down
to short palindromic binding sites, e.g. for TFs (Johnson et al., 2007; Smith et al., 2010). For
ChiIP-seq, 50-nt short-read sequencing is sufficient. On an Illumina Hi-Seq2000 machine
approximately 250 million reads can be produced in a single lane, translating to about 12.5
Gb of sequence, more than 300-fold of the typical Zymoseptoria genome content. Data will
include both sequence reads that are true signal and non-specific background or “noise”.
Alignment (or mapping) of Chip-seq reads to the reference genome generates a histogram of
stacked reads on chromosome coordinates (x axis). On the y axis the number of times a
specific nucleotide was found as part of a read is shown. Alignment will thus result in
“enriched” regions or “peaks” that represent the DNA to which the protein or protein
complex was bound. In ChIP-seq with fungal genomes there is almost always background
noise because coverage is very deep. The y axis value will rarely go to “0”; this is usually
the case when a sequence that is present in the reference genome is missing from a specific
sample, e.g. by deletion or translocation of chromosome fragments.

2.3.1. Sequencing coverage and data quality—As with de novo sequencing
approaches, the appropriate depth of ChlP-seq depends largely on the size of the genome.
Excellent or adequate ChlP-seq datasets for most filamentous fungi consist, after filtering
and quality control, of 4 to 20 million mapped reads (Connolly et al., 2013; Jamieson et al.,
2013; Karimi-Aghcheh et al., 2013; Smith et al., 2010; 2011), overall fewer than for other
eukaryotes (Pepke et al., 2009). In our experiments with Z. tritici we obtained variable
numbers of 50-nt reads with antibodies targeting different proteins or protein modifications
(Fig. 3). For ChIP-seq with the centromere-specific CenH3 protein tagged with GFP we
obtained 15,270,094 reads, compared to 7,349,409 reads from H3K4me2; 9,750,281 reads
from H3K9me3 and 7,263,505 reads from H3K27me3 corresponding to a calculated genome
coverage of 9-19X. This level of depth is usually sufficient to call peaks and calculate
statistically significant enrichment above background levels (Fig. 3). Coverage alone is not a
good predictor of how well peaks, or -in the case of histones- regions of enrichment can be
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called, because background noise tends to increase with sequencing depth as well, though
not in a linear fashion. For TF ChlIP, peak calling using two different conditions (“induced”
or “uninduced”) can help to localize true peaks.

In our experiments, quality control of ChlP-seq reads was done with grooming, trimming,
filtering and masking tools from the Galaxy server (www.galaxyproject.org, Blankenberg et
al., 2010; Giardine et al., 2005; Goecks et al., 2010;). In brief, reads with an overall quality
score below 20 and reads with less than 25% of nucleotides with a quality score above 20
were discarded. For the remaining reads, nucleotides with quality scores below 20 were
masked with Ns.

2.3.2. Mapping against a reference genome and data visualization—The choice
of appropriate mapping software depends on the type of sequence data. For ChiP-seq data,
software developed for mapping of small reads, such as Bowtie2 or SOAP2 is suitable
(Langmead, 2010; Langmead and Salzberg, 2012; Li et al., 2009). Both methods implement
algorithms that allow the rapid and efficient mapping of millions of reads to a reference
genome. They generate a summary report with mapping statistics, including unmapped
reads, reads which only mapped once and reads that map to multiple positions. We almost
exclusively use Bowtie2 for mapping of ChlP-seq reads to the Z. tritici reference genome of
IPO323 (Goodwin et al., 2011) or those of other filamentous fungi. We allowed reads with
multiple “hits” (mostly short identical regions in stretches of repetitive DNA, for example
transposons or rDNA) to be mapped one by one to different identical matching regions in
the genome; thus, each region receives almost the same number of reads but the number is
an integer. An alternative choice is to calculate the number of identical (“clonal”) reads and
assign the average to each of a discrete number of identical matching positions in the
genome.

Multiple genome viewers are available for visualization of mapping data. A genome viewer
provides an important tool to evaluate genome-wide distribution of reads, helps to spot
chromosome rearrangements or deletions, assess data quality and consistency between
replicates. Genome browsers also provide the only way to show different types of data such
as tracks for genes, transcripts, repetitive sequences, ChlP-seq and transcript levels in a
comprehensive manner. In studies with Z. tritici, we use two browsers extensively. One, the
Z. tritici gbrowse site, is currently housed at OSU and provides stable genome-wide access
to published genome, updated transcript and now ChlP-seq data; access to the site is
password-protected but as soon as data are published it is made publicly available. The
gbrowse viewer is excellently suited for genomes that are completely assembled. Although
most tracks give qualitative, not quantitative information, “browser glancing” is usually the
first way to develop new hypothesis based on high-throughput sequencing data. Installation
and upkeep of a gbrowse site is somewhat labor-intensive. Thus we employ another, perhaps
more nimble, genome viewer for our work, the Integrative Genome Viewer (IGV) (http://
www.broadinstitute.org/software/igv; Thorvaldsdéttir et al., 2013). IGV also supports large
datasets and allows the parallel visualization of different tracks, such as annotations and
ChiIP-seq or RNA-seq at chromosome scale as well as local scales (e.g. down to the
nucleotide level). Both browsers allow upload of tracks that convey quantitative evaluations
of data, e.g. peaks that show statistically significant enrichment or quantitative changes in
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gene expression. In addition, there are several other genome browsers available (Argo,
Artemis), but IGV and gbrowse are the two most commonly used by researchers who work
on filamentous fungi.

2.3.3. Peak calling analysis and peak annotation—Numerous peak-callers have
been developed, optimized for different types of experiments such as the identification of TF
binding sites or histone modifications (for examples, see reviews by Bailey et al., 2013;
Pepke et al., 2009). Peak calling software addresses background “noise” and normalization
in different ways; every operator needs to be knowledgeable on this and the field is changing
quickly, so that specific recommendations are not very useful. Peak calling analysis is
applied to identify those genomic regions, which statistically are enriched with sequencing
reads over the background noise of reads (Park, 2009). The methodological approaches and
challenges of peak-calling analyses have been reviewed and discussed only recently (Meyer
and Liu, 2014). It is usually a good idea to support conclusions from one analysis (i.e.
detection and quantification of enriched sites or regions) by analyses with a second software
tool (Meyer and Liu, 2014). Most tools are dedicated to the quantification of TF binding
sites in specific regions. More recently, the most widely used program, MACS (Feng et al.,
2012; Zhang et al., 2008), has been updated to allow for the quantification of the broader
regions of histone enrichment, which can extend over a few to dozens of nucleosomes, (i.e.
from 200 to thousands of base pairs; Bailey et al., 2013). Examples from our previous work
with N. crassa and F. graminearum illustrate these differences (Connolly et al., 2013; Smith
etal., 2010; 2011).

For Z. tritici we applied two different peak-calling algorithms: RSEG (Song and Smith,
2011), which was originally developed to identify genome-wide regions of histone
modifications, and MACS2, an updated version of MACS that now combines detection of
TF binding sites and broader regions of enrichment (Feng et al., 2012). Both RSEG and
MACS can be run without the input control that used to be preferred in earlier studies.
MACS models background signals by using a Poisson distribution. The user predefines a p-
value for significantly enriched domains or peaks (the default p-value is <107°). RSEG
relies on a Hidden Markov Model approach to provide the coordinates of enriched domains.
In both cases the coordinates for statistically significant peaks from ChlIP-seq can be
correlated to gene and transcript coordinates from RNA-seq (Fig. 3). For Z. tritici data we
called enriched domains with RSEG and MACS, and found a high degree of overlap
between peak coordinates; thus, both peak callers appear to yield similar results. We also
analyzed the overlap between biological replicates by assessing the distribution of
H3K4me2, H3K9me3 and H3K27me3 and across chromosomes and comparing the output
by correlation analyses (Fig. 3).

The goal of ChIP-seq analysis is not only to locate significantly enriched regions across the
genome but ideally also to help quantify the enrichment, for example of different histone
modifications in different samples and to correlate these enriched regions with gene
expression under various conditions (Connolly et al., 2013). One also seeks to determine the
association of different peaks with genomic features such as coding sequences and
transposable elements. Combining ChIP-seq data of histone modifications with RNA-seq
data from Z. tritici allows detailed analyses of gene transcription across the genome (Fig. 3).

Fungal Genet Biol. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soyer et al. Page 10

This correlation provides the functional definition for heterochromatic (transcriptionally
silent) and euchromatic (transcriptionally active) regions.

3. Concluding remarks

In spite of the economic importance of Z. tritici as a worldwide wheat pathogen, the biology
of this fungus is still poorly understood. During host infection, Z. tritici undergoes a life-
style transition from biotrophic to necrotrophic growth. This hemibiotrophic infection
pattern must entail a finely tuned regulation of gene expression likely involving changes at
the chromatin level. Chromatin-mediated regulation of pathogenicity-related genes has
recently been shown in other phytopathogenic fungi, including Epichloe festucae, F.
graminearum, F. fujikuroi and L. maculans (Chujo and Scott, 2014; Connolly et al., 2013;
Studt et al., 2013; Soyer et al., 2014; Wiemann et al., 2013), supporting this hypothesis.
Here we describe a ChIP-seq based approach to study chromatin-based gene regulation in Z.
tritici during in vitro growth. We defined euchromatic and heterochromatic regions by
mapping reads obtained by ChlP with various antibodies against modified histones to the
reference genome of the IPO323 strain (see Fig. 3), and to correlate the average chromatin
structure with genome annotation and transcriptomic data (K. Schotanus, M. Méller, J.
Soyer, J. Grandaubert, L.R. Connolly, M. Freitag, E.H. Stukenbrock, in preparation). The
next logical step, already mentioned above, will be to further develop existing ChlP
methodology for in planta experiments, something that has not been done yet for any
phytopathogenic fungus. As histone modifications are highly conserved, antibodies used
with fungi will also detect plant histone modifications. Thus, either ChIP-seq will need to be
carried out at great depth or more specific antibodies may need to be developed to increase
specificity of the isolated DNA. In E. festucae, ChIP-qPCR with specific primers was used
on in planta material for comparison of chromatin structures during in vitro and in planta
growth, demonstrating induction of secondary metabolite cluster genes during host infection
(Chujo and Scott, 2014). The best approach for the future will be to generate ChlP-seq and
RNA-seq data for both organisms in one experiment to get a more complete view of gene
regulation during infection. As sequencing and reagent costs decrease, this will be the goal
of our future studies.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix A, Supplementary Method file

The Supplementary information provides a detailed annotated protocol of the ChIP assay
and library preparation as used for Z. tritici.
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Fig. 1.
General overview of a chromatin immunoprecipitation (ChIP) experiment. The genomic

DNA associated with a specific histone modification or a non-histone protein (e.g. a
transcription factor) can be detected in vivo by ChIP. DNA is fragmented by mechanical or
enzymatic sheering. Antibodies (dark and light purple marks) against a particular post-
translational histone modification (black spheres) or non-histone protein (yellow) are used
for the immunoprecipitation of DNA associated with the targeted proteins. Purified DNA is
amplified and sequenced allowing identification of DNA associated with the protein of
interest.
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Optimization of micrococcal nuclease (MNase) digestion. Many different conditions were
tested for the three Zymoseptoria species, the best being 20 minutes at 37°C. Shown here is
MNase digestion of Z. ardabiliae chromatin with either 1000 units of MNase (“+”; New
England Biolabs) or no enzyme (“-") at 4°C and 37°C. The digestion time was optimized to
release mostly mononucleosomes (~150 bp). Digestion profiles for Z. tritici and Z.
pseudotritici revealed similar optimal conditions (data not shown). Optimal digestion can
vary for different species and strains and should be done and re-checked for each different

set of strains.
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Fig. 3.

Centromere location and enrichment of histone modifications identified by ChlP-seq in Z.
tritici. (A) View of chromosome 13 of Z. tritici IPO323. Reads obtained from ChlP-seq with
GFP-CenH3 (green) identify the centromere, and regions enriched with H3K4me2 (light
blue), H3K9me3 (purple), H3K27me3 (orange) identify euchromatin, and heterochromatin,
respectively. ChlP-seq results are compared to the location of genomic features; shown are
coding sequences (dark blue; according to a new annotation based on RNA-seq;
Grandaubert et al., in review) and transposable elements (TEs, red). Tracks were visualized
with the Integrative Genome Viewer (IGV; http://www.broadinstitute.org/software/igv;
Thorvaldsdéttir et al., 2013). (B) Detailed view of the centromeric region. (C) Detailed view
of a smaller region of chromosome 13 to show histone modifications and mapping of RNA-
seq reads (grey). Statistically enriched regions predicted by analyses with RSEG (Song and
Smith, 2011) appear as rectangles under the called peak for each modification.
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