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Histone modification profiles are predictive of gene expression and most of the knowledge gained is acquired
through studies done in higher eukaryotes. However, genome-wide studies involving Plasmodium falciparum,
the causative agent of malaria, have been rather few, at lower resolution (mostly using ChIP-on-chip), and
covering limited number of histone modifications. In our recent study [1], we have performed extensive
genome-wide analyses of multiple histone modifications including the active (H3K4me2, H3K4me3, H3K9ac,
H3K14ac, H3K27ac and H4ac), inactive (H3K9me3 and H3K27me3), elongation (H3K79me3) and regulatory
element (H3K4me1) in a stage-specific manner. Furthermore, we used a ligation-based method suitable for
sequencing homopolymeric stretches as seen in P. falciparum for next-generation sequencing library amplifica-
tion [2], enabling highly quantitative analysis of the extremely AT-rich P. falciparum genome. Our recently pub-
lished study suggests that transcription regulation by virtue of poised chromatin and differential histone
modifications is unique to P. falciparum [1]. Here we describe the experiments, quality controls and chromatin
immunoprecipitation-sequencing data analysis of our associated study published in Epigenetics and Chromatin
[1]. Stage-specific ChIP-sequencing data for histone modifications is submitted to Gene Expression Omnibus

(GEO) database under the accession number GSE63369.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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a pH of 7.2 in 5% CO2. Incomplete medium was prepared weekly with-
out sodium bicarbonate and stored at 4 °C. Complete medium was
freshly prepared with sodium bicarbonate. Fresh whole blood from a
healthy donor (O*V®) was used for preparing RBCs and stored at 4 °C
for at least 1 day. RBCs were washed thrice with washing medium
(complete medium without AlbuMAX I) before use. Subculturing was
done every 2 days for 6-8 h before invasion by equally dividing the con-
tents of each flask into two or more flasks and quickly restoring the
haematocrit between 1 and 1.5% in the required volume of culture medi-

Direct link to deposited data [provide URL below]
The direct link for the ChIP-sequencing data is -http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE63369

um [3]. Medium was changed every 24 h. Asynchronous culture with
early ring stage (less than 10 h) was synchronized using 5% sorbitol,
which was added 10 times the volume of infected RBCs pellet followed
by vigorous vortexing for 30 s to rupture mature parasitic forms. Culture
was then kept for incubation at 37 °C for 8 min under shaking at 240 rpm.

1. Experimental design, materials and methods
1.1. Plasmodium falciparum culture and synchronization
P. falciparum strain 3D7 was cultured in RPMI 1640 medium supple-

mented with 25 mM HEPES, 0.5% AlbuMAX [, 1.77 mM sodium bicar-
bonate, 100 uM hypoxanthine and 12.5 pg ml~ ' gentamicin sulfate, at
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Culture was centrifuged at 250 g for 5 min to get rid of ruptured RBCs.
Pellet was washed twice with washing medium and transferred to a
flask containing complete medium. Parasitemia was monitored with
acridine orange stained thin blood smear. The synchronized culture
was harvested at 18, 30 and 40 hpi for chromatin immunoprecipitation.

1.2. Screening of histone modification antibody for chromatin
immunoprecipitation (ChIP)

Infected RBCs were cross-linked with 1% formaldehyde (Catalogue
number 28908, Thermo Scientific), which was directly added to the
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culture medium drop-wise in chemical-hood and mixed by rotating for
10 min at room temperature. Formaldehyde fixed cells were quenched
with 150 mM glycine for 10 min at room temperature. Infected RBCs
were washed twice with 1x PIC and 1 mM PMSF in cold PBS. Resultant
pellet was dissolved in swelling buffer (25 mM Tris pH 7.9, 1.5 mM
MgCl2, 10 mM KCl, 0.1% NP40, 1 mM DTT, 0.5 mM PMSF, 1 x PIC) for nu-
clei isolation. Nuclei were isolated by dounce homogenization using
loose piston (B). Isolated nuclei were lysed and sonicated in sonication
buffer (10 mM Tris-HCI pH 7.5, 200 mM NacCl, 1% SDS, 4% NP-40,
1 mM PMSF) to obtain an average chromatin size of 200-400 bp.
Chromatin was pre-cleared using 50 pl of a 50% protein A Sepharose
(GE healthcare) slurry for 1 h at 4 °C with gentle inverting. Immunopre-
cipitations were carried out in 1 ml of IP buffer (20 mM Tris-HCI pH 8.0,
150 mM NaCl, 2 mM EDTA, 1% Triton-X 100). Three micrograms of an-
tibody was used per 20 pg purified chromatin. 10% Input chromatin
was obtained after preclearing by de-crosslinking and purified using
the Qiaquick column (Qiagen) according to the manufacturer's instruc-
tions. Immunoprecipitations were carried out with inverting at 4 °C for
14-16 h. The samples were then incubated with 50 L of a 50% Protein A
Sepharose slurry for 3 h at 4 °C with gentle inverting. IP samples were
reverse-crosslinked and the DNA was purified using a Qiaquick column
(Qiagen). Specificity of ChIP was determined by quantitative PCR for the
known histone modification enriched genomic region and an arbitrarily
chosen control genomic region. A serial dilution of input sample was
performed to calculate the % input enrichment. Samples were processed
for ChIP-sequencing if the enrichment was observed more than 1% of
input and 5 fold to control genomic region (Fig. 1). Primers used for
cold genomic region (Forward 5'-AACGTTAAATTTTGAATCCGAGA-3/,
Reverse 5'-AATCTCCGAGACCGGGAAT-3'), Pf11_0468 (Forward 5'-TGTG
CACATGGGAATTTCA-3’, Reverse 5’- CTCTTCAATAGCATCCTCTTCATT-
3’), PF10_0287(Forward 5’-CCATGAACTGCGACGTCTAC-3’, Reverse
5'-AAAAATCCCTTAAAAAGATGAGTGA-3'), and PF13_0303 (Forward
5’-CAACCATCGTTCCTTGACCT-3’ Reverse 5'-GTAACCGTGCGTGTGCTTTA-
3’). We found this method reproducible as the normalization is per-
formed with respect to the control genomic region from the same exper-
imental condition.

1.3. RNA extraction and strand-specific RT-PCR

Synchronized culture was harvested at 18 (rings), 30 (trophozoites)
and 48 (schizonts) hpi. Parasites were isolated by saponin (8 mg/ml in
PBS) lysis at 37 °C for 15 min. Total RNA was extracted from isolated
parasites by adding pre-warmed TRIzol to the pellet and incubated at
room temperature for 5 min. 0.2 x TRIzol volumes of chloroform was
added and vigorous shaking followed by 2-3 min incubation at room
temperature. The samples were centrifuged for 30 min to collect
upper layer and 0.5 x TRIzol volume of Isopropanol added to precipitate
RNA. RNA was treated with DNasel (Ambion) as described in the
manufacturer's protocol followed by phenol-chloroform extraction.

RT-PCR was performed using 500 ng total RNA. For each gene, reverse
transcription (RT) was performed using a forward and reverse primer.
After first strand cDNA synthesis PCR was performed using sense and
anti-sense primers.

2. Data analysis
2.1. P. falciparum ChIP-seq data processing and quality control measures

Reference genome (PlasmoDB-9.3_P.falciparum 3D7) was convert-
ed to color-space using bowtie-build. ChIP-seq data were mapped
using the Bowtie allowing two mismatches to generate SAM files. The
parameters “~55 -3 5 -a-m 1 -C” were used to select for only uniquely
mapping reads. Bed files generated using sam2bed tool (https://bedpos.
readthedocs.org/en/latest).

2.2. Analysis of ChIP-sequencing data

Our interest was to generate the distribution profile of histone mod-
ifications over the gene body in P. falciparum to generate a comprehen-
sive map. However, the transcription start sites (TSSs) and transcription
termination sites (TTSs) were not known in P. falciparum. To determine
the TSSs and TTSs, we pooled previously reported RNA-seq data cover-
ing 8 samples collected at different time points of erythrocytic cycle
stage [4]. Pfalciparum3D7_Genome_v9.3 genome index was built by
bowtie2-build (version 2.2.3) and all raw reads from RNA-seq results
from different stages were aligned using TopHat (v2.0.13) to indexed
genome [5] using parameters “~min-intron-length 10 -max-intron-
length 10,000". In the alignment process a total of 89,645,433 (76.6%)
reads were mapped out of 117,030,592 reads. Assembly of the tran-
scripts from aligned reads was carried out by cufflinks (v2.2.1) program
using PlasmoDB-9.3_Pfalciparum3D7.gff as GTF reference. Cufflinks
program was ran with following parameters, minimum intron length
set as 10 nt and a maximum intron length as 10,000 nt and assembly
was guided by GFF file (PlasmoDB-9.3_Pfalciparum3D7.gff) to annotate
the transcripts [5]. GTF file given by Cufflink was merged with reference
GTF file (PlasmoDB-9.3_Pfalciparum3D7.gtf) using Cuffmerge function
(part of Tuxedo suite). Merged GTF was converted to GFF by ‘gffread’
utility available in Tuxedo suite [5] and a gene co-ordinate GFF
file was created using AWK script (awk ‘/gene_name/{print$0}'./
merged.gff > ./genes.gff). Genes coding for rRNA and tRNA were re-
moved from this file. This modified file was used to merge overlapping
gene features using mergeBed tool from BEDTools. From this Bed files
TSSs and TTSs were extracted and used for further analysis.

2.3. Average profile calculations of histone modifications on TSSs and TTSs

Profile of histone modifications is calculated using the program
seqMiner [6]. Histone modification files (.bed) were used to generate
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Fig. 1. Assessment of H3K4me3 and H3K9ac ChIP by ChIP-qPCR. Serial dilution of input DNA was performed to make the standard curve to determine the relative concentration for
each primer pair. Fold enrichment is calculated over an arbitrarily chosen control genomic region. Error bars represent the standard deviation for three technical replicates. Samples
were processed for ChIP-sequencing if the enrichment was observed more than 1% of input and 5 fold to control genomic region.
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Fig. 2. Profiles of H3K4me3 and H3K9ac over averaged Plasmodium falciparum genes. (A) Mean tag density and (B) Normalized mean tag density of gene profile of H3K4me3 and H3K9ac
histone modifications over 500 expressed P. falciparum genes. To normalize the tag density between histone modifications, reads in each bin are divided by total number of reads for a
histone modification. (C) Profiles of H3K4me3 and H3K9ac normalized with pan-H3. Gene unit including transcription start site (TSS) and transcription termination site (TTS) is

shown below.

average gene profiles. Gene profile was divided into 100 bins (80 inside
the gene body and 10 each on 5’ and 3’ ends). ChIP-sequencing tag den-
sity values were calculated as described earlier [1,7] for each dataset and
each bin. To normalize the tag density between histone modifications,
reads in each bin are divided by total number of reads for a histone mod-
ification (Fig. 2A and B). The profiles of histone modification are also
normalized by dividing the reads in each bin with the histone H3
ChIP-sequencing (nucleosome) reads to nullify the uneven nucleosome
distribution in P. falciparum (Fig. 2C).

24. Correlation of histone modifications with gene expression

We categorized 5200 P. falciparum genes into 52 groups based on
increasing expression levels. Histone modifications are found to be
distributed throughout the gene unit in P. falciparum and therefore
enrichment of histone modifications is calculated over the entire gene
unit [7,8]. On each group, histone modification enrichment is summed
by adding the mean tag density using R function for the gene unit. Whis-
ker plots were plotted using R boxplot function with default parameters
for each category for all the histone modifications. Pearson correlation
was calculated between the median of gene expression and histone
modification for each category.

3. Discussion

Here we describe information about P. falciparum culturing,
chromatin immunoprecipitation controls and data analysis. The dataset
comprises ChIP-sequencing of multiple histone modifications in a stage
specific manner in P. falciparum. The dataset, which is recently pub-
lished [1], first time visualized histone modification profiles at the
TSSs and TTSs as opposed to translation start sites and translation termi-
nation sites [4,9]. Integrative analysis of datasets we have generated re-
veals distinct modes of epigenetic and transcriptional regulation in
P. falciparum, which can influence parasite virulence and pathogenicity
[1]. In addition, the datasets presented here serves as a framework
for further investigation of histone modifications to better understand
the epigenetic machinery in Plasmodium falciparum and other related
parasites.
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