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SUMMARY

Cytosine DNA methylation is an epigenetic mark in
most eukaryotic cells that regulates numerous pro-
cesses, including gene expression and stress
responses. We performed a genome-wide analysis
of DNA methylation in the human malaria parasite
Plasmodium falciparum. We mapped the positions
of methylated cytosines and identified a single func-
tional DNA methyltransferase (Plasmodium falcipa-
rum DNA methyltransferase; PfDNMT) that may
mediate these genomic modifications. These ana-
lyses revealed that the malaria genome is asymmet-
rically methylated and shares common features with
undifferentiated plant andmammalian cells. Notably,
core promoters are hypomethylated, and transcript
levels correlate with intraexonic methylation. Addi-
tionally, there are sharp methylation transitions at
nucleosome and exon-intron boundaries. These
data suggest that DNA methylation could regulate
virulence gene expression and transcription elonga-
tion. Furthermore, the broad range of action of DNA
methylation and the uniqueness of PfDNMT suggest
that the methylation pathway is a potential target for
antimalarial strategies.

INTRODUCTION

In eukaryotes, DNA marking with methylated cytosines (5-meth-

ylcytosine orme5C) is involved in awide array of processes, such

as genomic imprinting, DNA repair, response to stress, and regu-

lation of gene expression (Boyko and Kovalchuk, 2008; Li et al.,

1993; Tost, 2009). The role of DNA methylation in host-virus

interactions and virulence is well documented. By contrast, there

is little information with regard to other human pathogens such
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as the entire phylum of apicomplexan parasites, including the

human malaria parasite, Plasmodium falciparum, responsible

for more than one million deaths per year. The 23 Mb genome

of P. falciparum consists of 14 chromosomes, encodes about

5,500 genes, and is the most AT-rich genome sequenced to

date (more than 90% in intergenic regions; Gardner et al.,

2002). For years, the very low GC content of the parasite’s

genome challenged the classical methods of me5C detection

(problems of detection thresholds in mass spectrometry-based

methods, Gissot et al., 2008, and bias toward me5C in CpG

context using restriction enzyme- and immunoprecipitation-

based methods). As a consequence, the methylation status of

P. falciparum’s DNA remains unclear. Previous mass spectrom-

etry-based analyses failed to identify methylated nucleosides in

P. falciparum (Choi et al., 2006; Pollack et al., 1982). Nonethe-

less, experiments involving methylase-sensitive restriction

analyses suggested the presence of partial cytosine methylation

at the locus of the gene coding for the dihydrofolate reductase-

thymidylate synthase (DHFR-TS; Pollack et al., 1991), providing

evidence that P. falciparum’s genome can carry methylations.

In the present study, we clarify the methylation status of

P. falciparum’s genome and provide a genome-wide map of

me5Cdistribution.We show thatP. falciparum’s genome ismeth-

ylated using mass spectrometry and hypomethylating drug

assays.We also identify a unique candidate DNAmethyltransfer-

ase in the parasite’s genome and demonstrate its cytosine

methyltransferase activity, both ex vivo and in vitro. Finally, we

mapped the cytosines that are methylated in the P. falciparum

genome during the intraerythrocytic cycle. To do so, we used

the state-of-the-art technique of bisulfite conversion of unmethy-

lated cytosines coupled to high-throughput sequencing (or BS-

seq), which allows the study of DNA methylation in an AT-rich

context (Cokus et al., 2008; Lister et al., 2008, 2009). Our results

revealed that non-CG methylations, generally overlooked by

other methods, could be of major importance for the regulation

of transcription elongation, splicing, and the silencing of viru-

lence genes. Applications of such works to different organisms

could remodel the current perception of their methylomes.
evier Inc.
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Figure 1. Biochemical Evidences of the Presence of DNA Methylations

(A and B) LC-MS/MS detection of me5C. (A) Selected-ion chromatograms for monitoring the m/z 242/126 transition (corresponding to the loss of a

2-deoxyribose) obtained from LC-MS/MS with the injection of (a) 2.16 nmol of total nucleosides from the enzymatic digestion mixture of Plasmodium gDNA or (b)

standard me5C (5-mdC). The integrated peak areas mentioned above the 5-mdC peak show the presence of 5-mdC in the sample. (B) Tandem mass spectra

(MS/MS) for monitoring the fragmentation of the [M+H]+ ion (m/z 242) of 5-mdC averaged from the 5-mdC peak in (A), i.e., the 12.70 and 12.27min peaks in panels

(a) and (b). See also Figure S1.

(C and D) DNMT activity in nuclear protein extracts. (C) Measurement of relative fluorescence units (RFU; mean ± SD) after 10 min of incubation for reactions

performed with 1 mg of purified bacterial DNMT (Control DNMT), 10 mg of full Plasmodium nuclear protein extract, or buffer only (blank).

(D) DNMT activity of 10 mg of full Plasmodium nuclear protein extract in the presence of hydralazine (dashed lines) 100 nM (full triangles), 200 nM (full circles), or

500 nM (full diamonds); RG108 100 nM (dotted line, empty triangles); or without inhibitor (plain line, full squares). DNMT activity was expressed in RFU/hr/mg after

background subtraction. Our results demonstrate the presence of DNMT activity in the nucleus of P. falciparum, consistent with the presence of me5C. See also

Figure S1.
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RESULTS

Detection ofMethylcytosines in P. falciparum’s Genome
We analyzed the nucleoside mixture arising from the enzymatic

digestion of P. falciparum strain 3D7 genomic DNA by liquid

chromatography-tandem mass spectrometry (LC-MS/MS). We

used the highly sensitive Thermo Scientific TSQ Vantage Triple

QuadrupoleMass Spectrometer to prevent insufficient detection

capacity. In addition, increased sensitivity was achieved by

using formic acid as a proton donor for positive electrospray

ionization. Finally, more efficient ionization was obtained in our

measurements when the 5-methyldeoxycytidine (5-mdC) was
Cell Host &
separated from the nucleosides mixture plus 5-methylcytosine

(5-mC) by liquid chromatography. Indeed, impurities present in

the sample decrease sensitivity, and proper separation prior to

ionization is essential. Using this set up, we successfully

detected the presence of 5-methyl-20-deoxycytidine in three

independent genomic DNA preparations from asynchronous

populations of P. falciparum (Figure 1A). The proportion of meth-

ylcytosines in the samples was estimated to be about 0.67% of

the total cytosines, depending on the proportion of each parasite

stage in the asynchronous sample, by matrix effect-free external

calibration (see Experimental Procedures and Figures S1A and

S1B available online). The identity of me5C was confirmed by
Microbe 14, 696–706, December 11, 2013 ª2013 Elsevier Inc. 697
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mass spectrometric measurement, which revealed the charac-

teristic m/z 242/126 transition, corresponding to the elimina-

tion of a 2-deoxyribose moiety from the [M+H]+ ion of

5-methyl-20-deoxycytidine (Figure 1B). We verified that methyl-

cytosines were not significantly detected in noninfected red

blood cells spiked in with commercial unmethylated DNA. The

data showed that only 0.0037% of 5-mdC came from the

background (Figure S1C). Similar assays were performed in

synchronized populations of P. falciparum. We found that

1.16% (±0.11), 1.31% (±0.04), and 0.36% (±0.08) of the total

cytosines are methylated at ring, trophozoite, and schizont

stages, respectively (Figure S1D). While methylation levels at

ring and trophozoite stages are comparable, there is a remark-

able diminution of methylcytosine content at schizont stage.

These observations may indicate that DNA methylation in

P. falciparum only occurs de novo and is lost during replication,

thus diluting the total methylcytosine content. Finally, drug-

response curves to hypomethylating drugs (we used the

cytosine analogs 5-azacytidine and 5-aza-20-deoxycytidine or

decitabine) show that the parasite’s viability is affected (Fig-

ure S2A). Similar to the results obtained in acute myeloid leuke-

mia cell lines (Hollenbach et al., 2010), decitabine half maximal

inhibitory concentration (IC50) is lower than 5-azacytidine IC50,

whereas maximum viability reduction is higher with 5-azacyti-

dine than with decitabine (about 80% versus 60% reduction,

respectively). These observations certainly reflect the time-

restricted incorporation of decitabine at the time of DNA re-

plication by comparison with a more continuous effect of

5-azacytidine, which can be incorporated in both DNA and

RNA. These cytosine analogs cause the parasite’s development

to stop in vitro (Figure S2B). As awhole, these results suggest the

presence of important methylation events in P. falciparum’s

genome during the intraerythrocytic stages.

Detection of C5-DNA Methyltransferase Activity in
P. falciparum’s Nucleus
We then investigated the presence of DNA cytosinemethyltrans-

ferase (DNMT) activity in P. falciparum nuclear protein extract

using an ELISA-like in vitro cytosine methylation assay (see

Experimental Procedures). Methylation of cytosine-rich DNA

coated on a 96-well plate was detected by fluorescence.

DNMT activity was expressed in relative fluorescence units per

hr and per mg of proteins (RFU/hr/mg) and measured after

10 min (Figure 1C). The RFU obtained for the Plasmodium

nuclear protein extract was 297 ± 31 RFU (±SD), which is signif-

icantly different from background (blank = 97 ± 17 RFU, n = 2).

Therefore, P. falciparum nuclear extracts showed significant

DNMT activity. The weaker intensity of the signal when

compared to the control (1 mg of purified bacterial DNA) is

consistent with a complex mixture of proteins in the parasite’s

protein extract and, therefore, diluted levels of DNMT. The

experiment was repeated in the presence of 100, 200, or

500 nM of themethyltransferase inhibitor hydralazine (Zambrano

et al., 2005) and 100 nM of the rationally designed DNMT

inhibitor RG108 (Brueckner et al., 2005). The signal was moni-

tored for 15 min (Figure 1D). Our results indicate that the methyl-

transferase activity detected in P. falciparum’s nuclear extracts

is sensitive to both hydralazine and RG108. These results

support the presence of a functional DNMT in P. falciparum.
698 Cell Host & Microbe 14, 696–706, December 11, 2013 ª2013 Els
In Silico Identification of Candidate C5-DNA
Methyltransferases
In eukaryotes, multiple families of DNMTs fulfill different func-

tions and are regulated by different pathways (Goll and Bestor,

2005). To identify putative DNMTs in P. falciparum, we searched

its genome for the presence of proteins that contain the DNA

methylase Pfam domain (Bateman et al., 2004; Finn et al.,

2006). For comparison, validation, and identification purposes,

we added to our analysis four other Plasmodium species (vivax,

yoelii, chabaudi, berghei); the apicomplexa Cryptosporidium

parvum, Cryptosporidium hominis, and Toxoplasma gondii;

and the model eukaryotic organisms Arabidopsis thaliana,

Homo sapiens, Schizosaccharomyces pombe, Saccharomyces

cerevisiae, and Neurospora crassa. We used a hidden Markov

model-driven domain recognition approach (Eddy, 1998) and

identified 31 putative DNMTs (Table S1). Among them, we

identified PF3D7_0727300 in P. falciparum, which is expressed

during the erythrocytic cycle (Otto et al., 2010; Le Roch et al.,

2003; expression was further confirmed by real-time PCR, data

not shown). For the purpose of comparison, quantitative mass

spectrometry analyses found 2 spectral counts for our putative

PfDNMT against 115 spectral counts for the constitutive elonga-

tion factor 2 PF3D7_1451100 in schizont-stage parasites

(Bowyer et al., 2011).

We found various isoforms of the de novo DNMT1/DNMT3 in

humans and their equivalent in plants. The DNMT2 and the three

plant-specific chromomethylases were found in A. thaliana. The

DNMTDim-2 and RIP defective were found inN. crassa, and one

DNMT2 homolog was found in S. pombe, which is believed to be

inactive. No DNMT was found in S. cerevisiae, consistent with

literature data. For each Plasmodium and Cryptosporidium, we

found one candidate DNMT related to DNMT2 (Figure 2A). In

Toxoplasma gondii, we found two proteins, one annotated

as putative DNMT2 and one annotated as putative methyl-

transferase. Previous analyses, however, showed that only

TGME49_027660 is expressed in T. gondii. None of the identified

proteins fell in the DNMT2 group that contained Plasmodium

candidate DNMTs.

We aligned the protein sequences for the group of putative

DNMT2 (Figure 2B). In eukaryotes, the DNMT-specific motif IV

contains a prolylcysteinyl dipeptide (or PC; Figure 2B, red arrow)

that is necessary to enzyme activity. This motif IV is well

conserved among Plasmodium spp. but is missing inCryptospo-

ridium and altered in S. pombe (Figure 2B, black frame). These

observations are consistent with previous data showing that

Cryptosporidium’s genome is not methylated (Gissot et al.,

2008) and that the fission yeast’s DNMT is not functional (Pinar-

basi et al., 1996; Wilkinson et al., 1995). In Plasmodium species,

however, the crucial PC dipeptide is complete and functional.

Altogether, our observations indicate that PF3D7_0727300

may be an active DNMT responsible for the presence of me5C

in P. falciparum’s genome.

Cloning, Expression, and In Vitro Activity of the Putative
PfDNMT PF3D7_0727300
The DNMT domain of PF3D7_0727300 was cloned into pGS21a

downstream of a glutathione S-transferase (GST)-HIS tag,

between SpeI and SacII restriction sites. This construction

included the catalytic PC motif (or complete domain; Figure 2C).
evier Inc.



Figure 2. Identification of a Functional C5-DNA Methyltransferase

(A and B) In silico identification of candidate DNMTs. The genome ofA. thaliana (At);H. sapiens (Hs);S. pombe (Sp);N. crassa (Nc); T. gondii (Tg);Cryptosporidium

spp. parvum (Cp) and hominis (Ch); and Plasmodium spp. falciparum (Pf), vivax (Pv), yoelii (Py), berghei (Pb), and chabaudi (Pc) were investigated (see Table S1 for

accession numbers). (A) Phylogenetic tree of the identified DNMT. Bootstrap values are indicated on the branches. PF3D7_0727300 was identified as a putative

PfDNMT2. (B) Multiple alignments of the DNMT2 family of proteins. The conserved DNMT motif IV is highlighted with a black frame. The red arrow shows the

presence of the catalytic prolyl-cysteinyl (PC) dipeptide in all Plasmodium and its absence in Cryptosporidium and S. pombe.

(C and D) Validation of PF3D7_0727300 as a functional DNMT. (C) Two constructions were prepared. The cloned complete domain included the PC motif,

whereas the cloned truncated domain did not contain the catalytic PC motif. The DNMT domain of PF3D7_0727300 was GST tagged, expressed, and purified.

The presence of a 42 kDa, representing the protein domain combined to the GST tag, was resolved by SDS-PAGE and revealed by anti-GSTwestern blot. The tag

is also visible at only 29.9 kDa. (D) The purified domain was tested for a DNMT activity by fluorometric ELISA-like assay in the presence of the inhibitors

hydralazine (dashed lines) 100 nM (full triangles), 200 nM (full diamonds), or 500 nM (black x); RG108 100 nM (dotted line, full circles); or without inhibitor (plain line,

full squares). The truncated domain (missing the PC motif) was also tested for DNMT activity (plain line, empty squares). Activities were measured every min for

10 min and expressed in RFU/hr/mg of protein. The DNMT domain of PF3D7_0727300 containing a PC motif can effectively methylate cytosines. See also

Figure S2 and Table S1.
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The resulting expression vector was then transfected and ex-

pressed into E. coli. After purification on glutathione-bound

resin, the purified DNMT domain of PF3D7_0727300 was eluted,

and the presence of the GST-tagged PfDNMT was verified by

western blot anti-GST (Figure 2D). Two sharp bands are visible.

The first one corresponds to the �42 kDa protein domain com-

bined to the GST tag. The second one corresponds to the

29.9 kDa GST tag only. The purified PfDNMT was immediately

tested for in vitro DNMT activity. Activity was measured every

minute for 10 min and expressed in RFU (Figure 2E, black line

with black squares). Purified protein extracts showed significant

DNMT activity. This activity was very strongly reduced in the

presence of both hydralazine and RG108 (Figure 2E, dashed

lines and dotted line, respectively). Similarly, we constructed a

truncated version of our protein, in which the catalytic PC motif

was missing (or truncated domain; Figure 2C), which showed

reduced activity compared to the fully expressed DNMT domain

(Figure 2E, black line with empty squares). These results strongly

suggest that PF3D7_0727300 is a functional methyltransferase

in P. falciparum.

As a whole, our data show that the malaria parasite’s genome

is methylated.We detected significant amounts of me5C, andwe

identified a potentially functional putative DNMT2-like enzyme

encoded by PF3D7_0727300. To further explore the methylation

status of P. falciparum, we analyzed the m5C patterning in its

genome by BS-seq.

Genome-wide Mapping of Cytosine Loci Methylated
during the Intraerythrocytic Cycle
Genomic DNA was extracted from an asynchronous population

of P. falciparum-infected erythrocytes, bisulfite treated, and

sequenced on a Genome Analyzer II platform. A total of

26,148,165 very high-quality reads were aligned to the

P. falciparum reference genome version 3 (Table S2) using the

software BRAT (bisulfite-treated reads analysis tool) in bisulfite

mode (see Harris et al., 2010 and Supplemental Experimental

Procedures). A total of 20,145,321 reads were mapped at a

unique location, with up to one sequencing error-related

mismatch (i.e., mismatches other than C/T; Table S2). A total

of nearly 96% of the genome was covered by at least one

read, with �10.63 full genome coverage (Figure S3 and Table

S2), consistent with preliminary in silico simulations (Supple-

mental Experimental Procedures). More than two million cyto-

sines were sequenced on each strand, which represents

92.6% of the total cytosines in the genome (Table S2). We

used the apicoplast as a nonmethylated internal reference and

estimated an error rate of 1.41% (i.e., proportion of mismatches

resulting from both incomplete bisulfite conversion and

sequencing error), which we used for statistical filtering of false

positives (false discovery rate [FDR] = 0.05, Lister et al., 2009).

Prior in silico tests indicated that the apicoplast genome is a suit-

able internal reference for measuring the nonconversion rate in

the case of P. falciparum (see Table S2, and Supplemental

Experimental Procedures). In addition, the use of a commercial

spike-in nonmethylated DNA is currently not suitable in

P. falciparum due to the high (A+T) content of its genome.

Indeed, as pinpointed by Krueger et al. (2012), not all sequences

have the same conversion properties, and a spike-in control

should have compatible nucleotide distributions. There is, no
700 Cell Host & Microbe 14, 696–706, December 11, 2013 ª2013 Els
commercial unmethylated AT-rich DNA that can be used for

that purpose in Plasmodium. Finally, we used the multiple read

counts at a given me5C locus as a measure of the fraction of

sequences that are methylated at that locus (i.e., the number

of sequenced cytosine divided by the total read depth at the

considered locus; Lister et al., 2008). Since our sample consisted

of an asynchronous population of the parasite intraerythrocytic

stages, this measure at each methylcytosine locus reflects the

fraction of the cycle when the considered locus is methylated.

We found that a total of 26,152 highly confident cytosine loci

were methylated, representing 0.58% of the total genomic cyto-

sine loci or 0.63% of the sequenced ones, consistent with our

LC-MS/MSmeasurements. These values were within the ranges

[0.47%; 0.85%] of the total genomic cytosines and [0.56%;

1.21%] of the sequenced cytosines for three independent

biological replicates (independent populations of mixed intraer-

ythrocytic stages). For comparison, more than two million meth-

ylated cytosine loci were found in the genome of A. thaliana

(about 5% of the total genomic cytosine loci; Lister et al.,

2008), half of them being undetected by previous mass spec-

trometry, restriction enzymes, and/or antibody-based analysis.

We examined our results, looking for the presence of the partial

methylation previously discovered by Pollack et al. (1991) in the

DHFR-TS gene body. We did not find the expected methylation

at position 749,117 on chromosome 4, but we identified 3 other

methylated loci within the gene body and one in the upstream

region (Figure S4A). We reexamined the methylation status of

position +1,030 of the DHFR-TS gene using methylation-sensi-

tive and -insensitive restriction enzymes and methylated DNA

immunoprecipitation (MeDIP) in a bisulfite-independent manner

(Figure S4Ba). Our results are consistent with observations from

Pollack et al. (1991) and indicate that this particular cytosine is

methylated. Its absence from our BS-seq data set could be

related to a lower coverage on this particular locus and may

therefore be a false negative. We repeated the same experi-

ments for other sites selected from our data set and confirmed

the presence of methylcytosines (Figure S4Ba). Finally, success-

ful bisulfite conversion of unmethylated regions was confirmed

by PCR (no restriction enzymes used; Figure S4C).

We monitored the distribution of me5C along the P. falciparum

chromosomes (Figures 3A and S3B). Regions with higher me5C

content are distributed on the whole length of chromosomes,

mostly asymmetrically. Levels of methylation are stable along

the chromosomes, including in telomeric and subtelomeric re-

gions, despite a higher GC content (Figure 3B). We further exam-

ined the context of genome-wide methylations and confirmed

that 78% of them are asymmetrical (CHH context where H can

be any nucleotide but G), the remaining 22% being almost

equally distributed between CG (10%) and CHG methylations

(12%; Figure 3C), consistent with the fact that most cytosines

of P. falciparum’s genome are in CHH contexts regardless of

their methylation status (distribution conserved among biological

replicates, data not shown). While DNA methylation occurs

almost exclusively in a CG context in differentiated human cells,

non-CG methylations were recently found in higher proportions

(up to 45%) in plants and undifferentiated human cells (Cokus

et al., 2008; Lister et al., 2008, 2009). For each context, we found

that �75%–79% of the highly confident methylations occur dur-

ing one-third of the cycle or lower (i.e., frequencies % 0.33;
evier Inc.



Figure 3. Methylation Status of

P. falciparum’s Genome during the Intraery-

throcytic Cycle

(A) Density profile of me5C content in chromosome

1. The total number of me5C found in 1 kb long

nonoverlapping windows was counted for each

strand. Blue, positive strand; red, negative strand.

The arrow shows the position of the centromere.

See also Figure S3B.

(B) CG content of chromosome 1. The total num-

ber of cytosines was counted on each strand using

1 kb long nonoverlapping windows.

(C) Methylation context distribution of me5C. The

number of me5C present in all possible contexts

(i.e., CG, CHG, and CHH) was counted.

(D) Distribution of me5C according to their

level of methylation, for each context. Stage-

specific, frequency at locus not exceeding 0.33;

Conserved, frequency at locus above 0.33; blue,

CG context; red, CHG context; green, CHH

context. See also Figure S3 and Table S2.
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Figure 3D), suggesting that DNA methylation occurs exclusively

de novo in P. falciparum and could be related to erythrocytic

cycle progression. The low number of methylated cytosines

in the parasite’s genome and the very high proportion

of CHH methylations explain why less-sensitive classical

sequence-biased methods failed to detect methylations in

P. falciparum.

Sequence Context and Preferences of Methylcytosines
We expanded our analyses of the context in which me5C occurs

to the neighboring bases (Figure S4D). In the case of unmethy-

lated cytosines, surrounding positions are most often occupied

by an adenine or a thymine, which reflects the extreme AT rich-

ness of the P. falciparum genome, with a slight preference for

thymines, except at position +1 where adenines are more

frequent (Figure S4D). Positions surrounding conserved me5C,

however, show a clear and significant preference for thymines,

including at position +1, which is particularly marked at

position �1 (p < 0.01; Figure S4D). In addition, sequences sur-
Cell Host & Microbe 14, 696–706, D
rounding me5C are generally depleted

in guanines and in cytosines when

conserved methylations are considered

(Figure S4D). Positions immediately sur-

rounding cytosines seem, however, to

behave differently: cytosines immediately

followed by another cytosine are likely

unmethylated, which could be explained

by steric effects (Figure S4D). Such

sequence preferences were previously

observed in A. thaliana (Lister et al.,

2008). In eukaryotes, sequence context

specificity is driven by multiple para-

meters, such as the different affinities

of various DNA methyltransferases

(MTases), and histone tail methylation or

interactions with RNA molecules. Since

we identified only one putative DNMT in

the entire genome (Figure 2), sequence
context specificity is unlikely to be driven by enzymatic recogni-

tion. Nonetheless, specificity could be mediated by direct RNA-

DNA interaction (Hawkins andMorris, 2008; Matzke et al., 2009),

the recently suggested methylation-directing activity of introns

(Dalakouras et al., 2009), or the complex relationship between

histone modification and DNAmethylation (Cedar and Bergman,

2009).

Our observations raise the question of a potential effect of

sequence preference on the distribution of me5C in various

regions of the parasite’s genome. P. falciparum’s coding

regions are known to have a CG content higher than that of

noncoding regions that are extremely AT rich. We measured

the proportion of me5C that is found in the various compart-

ments of the genome, i.e., the exons, the introns, the putative

promoters, and terminators of genes (up to 1 kb long non-

coding regions located upstream or downstream of the start

or stop codons, respectively). We observed an increased

distribution of me5C in exons compared to the exonic GC

content (66.7% of the genomic cytosines are found in exons;
ecember 11, 2013 ª2013 Elsevier Inc. 701



Figure 4. Genomic Distribution of Methylcytosines

(A) Repartition of me5C within different compartments of the genome.

(B) Proportion of methylated cytosines within each compartment of the

genome.

(C) Methylation status of nucleosomal DNA. For each position in the region

spanning 1600 bp around the center of nucleosomes (Ponts et al., 2010),

me5C/C are averaged and Z normalized (black curve; red curve, Fourier

transform of the profile). All replicates are considered. The hypomethylated

region spans�40–80 bp around the central position, which is the length of the

DNA fragment tightly bound to the histone surface (Brower-Toland et al.,

2002). See also Figure S4E.

(D) Strand specificity of intragenicme5C (all biological replicates). All genes are

considered. Flanking regions and gene bodies are divided into five bins. For

each bin, me5C/C are normalized by the size of the bin and averaged among all

genes. Red, template strand; blue, nontemplate strand. See also Figure S4F.

Figure 5. Methylation Status of Exon and Intron Boundaries

Methylation statuses in regions spanning 150 bp around 50 and 30 splicing
junctions. All exon and intron 50 and 30 junctions are considered. All me5C/C

ratios measured for each position around each exon and intron junction

are averaged and Z normalized position-wise (red, template strand; blue,

nontemplate strand). See also Figure S5.
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p < 0.0001), with 72% of the total me5C being found within

exons (Figure 4A). This overrepresentation of methylated cyto-

sines in exons is consistent with recent data showing that

intragenic DNA methylation occurs at a higher density in plants

(Cokus et al., 2008). Similarly, cytosines tend to be methylated

in exons (0.67% of the cytosines on average) more often than

in noncoding regions (differences not statistically significant;

Figure 4B). Since P. falciparum’s exons are enriched in nucle-

osomes (Ponts et al., 2010), we paralleled me5C marks to the
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positions of nucleosomes genome wide (Ponts et al., 2010).

We examined the distribution and the intensity of DNA methyl-

ation in the neighborhood of all nucleosomes (Figures 4C and

S4E). We observed an oscillation of the average level of

methylation, local minima being phased with the boundaries

of the nucleosome-bound regions, consistent with the marking

of DNA with methylations and nucleosome positioning being

tightly linked (Pennings et al., 2005). When both DNA strands

are considered separately, we observe that methylations

clearly localize on the template strand within the gene body,

whereas no general strand-specificity is visible within flanking

noncoding regions (Figures 4D and S4F). Such a strand spec-

ificity of DNA methylation patterns could have major conse-

quences on the affinity of the RNA polymerase II for the

template DNA and directly impact the speed of transcription

elongation to facilitate the inclusion of constitutive exons

during splicing, as seen in various eukaryotes (Zilberman

et al., 2007).

Exon and Intron Distribution of Methylcytosines and
Gene Expression
We deepened our analysis and examined methylation levels at

the extremities and the exon and intron boundaries of

P. falciparum’s genes. We found that the extremities of the

gene body are marked by DNA methylation (Figure S5A). In

particular, the start codon and the end of genes appear hyper-

methylated. Such results are consistent with previous methyl-

ation patterns established in murine and human genes, for which

hypermethylations of genes’ 30 ends reduce transcription elon-

gation efficiency (Choi et al., 2009). Recently, hypermethylation

of start and stop codons was suspected to secure the first and

last exon from exon skipping during splicing to ensure accurate

translation (Choi et al., 2009). At exon and intron boundaries, we

found splice junctions to be more methylated on both 50 and 30

ends of introns (Figures 5 and S5B), which is consistent with a

role for DNA methylation in splicing. A similar pattern was

recently observed in human embryonic cells at 50 splicing junc-

tion sites, the 30 splicing junction site nonetheless being strongly

hypomethylated (Laurent et al., 2010). In P. falciparum, we
evier Inc.



Figure 6. DNA Methylation and Gene

Expression

(A) Methylation levels of first exon and mRNA

abundance. Highly expressed (95th percentile) and

weakly expressed (5th percentile) genes were

retrieved and ranked according to their average

mRNA abundances across the erythrocytic cycle

(Le Roch et al., 2003). First exons were binned into

five bins. For each bin, me5C/C are normalized by

the size of the bin and Z scored. The representa-

tion uses a color scale from black (lowmethylation)

to white (high methylation). See also Figure S6.

(B) Average methylation levels of each bin among

all genes (red, template strand; blue, nontemplate

strand).

(C) Average methylation levels of each bin among

selected genes (red, template strand; blue, non-

template strand; plain lines, highly expressed;

dashed lines, weakly expressed). For each posi-

tion, values are Z normalized. See also Figure S6.
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further observed that these strong methylations occur almost

exclusively on the template strand, the sense strand presenting

less variation across the considered region. One hypothesis is

that strand-specific hypermethylations of splicing sites can

regulate alternative splicing in P. falciparum while constitutive

exons are secured from exon skipping by hypermethylation

of coding regions that reduces the speed of transcription

elongation.

We further investigated the relationship between DNA methyl-

ation and transcription regulation. Previous observations

showed that intragenic DNA methylation could inhibit gene

expression in plants (Hohn et al., 1996). We therefore examined

the methylation level of every first exon and compared it to the

mRNA levels measured by Le Roch and colleagues (2003) for

genes weakly or highly expressed during the intraerythrocytic

cycle (Le Roch et al., 2003). We found a negative relationship

between methylation of the first exon and mRNA abundance:

highly expressed genes appear hypomethylated, whereas

weakly expressed genes are hypermethylated (Figures 6A and

S6). In a general manner, methylation is more intense within

the first half of the first exon on the template strand (Figure 6B).

When genes with high and low expression levels are considered

separately, methylation is more intense on the sense strand and

on the second half of the first exon only when weakly expressed

genes are considered (Figure 6C). These results suggest

that intragenic methylation could regulate gene expression

in the malaria parasite, the 50 flanking region always being

hypomethylated.

DNA Methylation and Other Epigenetic Marks
In eukaryotes, acetylation of histone H3 on lysine 9 (H3K9Ac) and

methylation of lysine 4 (H3K4me3) are epigenetic marks associ-

ated to euchromatin, whereas methylation of lysine 9 (H3K9me3)

and methylation of lysine 20 on histone H4 (H4K20me3) are

involved in gene silencing. We examined the methylation status
Cell Host & Microbe 14, 696–706, D
of previously published regions con-

taining the active marks H3K9Ac and

H3K4me3, spread genome-wide, the
silencing mark H4K20me3 (also broadly spread across the

genome), and the silencing mark H3K9me3, localized in the sub-

telomeric regions and associated with the silencing of clonally

variant genes involved in virulence (Lopez-Rubio et al., 2009).

We find that regions containing the permissive marks H3K9Ac

and H3K4me3 have very similar methylation profiles; on the tem-

plate strand, methylation levels tend to increase downstream of

the mark (Figures 7A, 7C, S7A, and S7C). The strict restriction of

the silencing mark H3K9me3 to virulence genes in subtelomeric

regions is consistent with a general transcriptionally active state

of the parasite’s genes. We find that regions surrounding the

repressive marks H3K9me3 and H4K20me3 are associated to

a fairly constant methylated state regardless of the considered

strand (Figures 7B, 7D, S7B, and S7D). These observations sug-

gest that DNA methylation and H3K9me3 could be linked and

together participate in the silencing of the parasite’s virulence

genes. Since knockout experiments demonstrated that the

activity of the characterized histone deacetylase PfSIR2 alone

is not sufficient to account for all the H3K9me3, DNAmethylation

could be another mechanism acting instead of (or together with)

another deacetylase.

DISCUSSION

The present study identifies methylcytosines in an AT-rich

genome. Its success was enabled by the advent of unbiased

bisulfite conversion coupled with deep sequencing. We demon-

strate that the genome ofP. falciparum is methylated. In addition,

we identify a functional DNMT, PF3D7_0727300, with homologs

in other Plasmodium species. These findings provide insights for

the higher mutation rate observed in regions of high GC content

(Carlton et al., 2008), possibly due to deamination of methylcyto-

sines into thymines (Lutsenko and Bhagwat, 1999). In addition,

we demonstrate that non-CG methylations, generally over-

looked by other methods, can be of major importance for the
ecember 11, 2013 ª2013 Elsevier Inc. 703



Figure 7. DNA Methylation and Histone

Modifications

(A) Methylation status of regions containing

H3K9Ac. For each position in the region spanning

1,600 bp centered on the apex of the chromatin

immunoprecipitation (ChIP)-on-chip peak for

H3K9Ac (Lopez-Rubio et al., 2009), me5C/C are

averaged and Z normalized (black curve; red

curve, Fourier transform). The green dot is a scaled

representation of a nucleosome.

(B) Methylation status of regions containing

H3K9me3.

(C) Methylation status of regions containing

H3K4me3.

(D) Methylation status of regions containing

H4K20me3. For each modification, similar profiles

were obtained considering three biological repli-

cates independently (data not shown). See also

Figure S7.
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regulation of transcription elongation, splicing, or silencing of

virulence genes.

Our results are consistent with previous nucleosome posi-

tioning data showing that the parasite’s genome is mostly

hard-wired in a transcriptionally permissive state, with the

exception of the subtelomeric regions that contain silenced viru-

lence genes (Ponts et al., 2010). Plasmodium’s genome-active

state seems to be mostly maintained by epigenetic marks such

as DNA methylation, nucleosome positioning, and posttransla-

tional histone modifications. Such a pattern of hyperactive tran-

scription has been previously observed in pluripotent embryonic

stem cells and contributes to their plasticity (Efroni et al., 2008),

which could indicate that P. falciparum is a transcriptionally un-

differentiated cell throughout its intraerythrocytic cycle. Previous

work has already suggested that posttranscriptional regulations,

such asmRNA stability, could be involved in the differentiation of

the parasite into its different intraerythrocytic morphological

stages (Shock et al., 2007). In this model, a transition in methyl-

ation levels and/or nucleosome landscape could occur during

sexual differentiation. Gametocyte differentiation is indeed

known to be a general response to a wide array of stimuli (e.g.,

drug-induced stress) and is mediated by an arrest of the erythro-

cytic cycle and the transcriptional activation gametocytogenesis

genes (Le Roch et al., 2008). Such behavior mimics the refine-
704 Cell Host & Microbe 14, 696–706, December 11, 2013 ª2013 Elsevier Inc.
ment of transcription events during

pluripotent cell differentiation (Efroni

et al., 2008).

Finally, we found striking genome-wide

strand specificity in P. falciparum. Partial

strand specificity has been previously

observed in A. thaliana’s centromeric

regions (Luo and Preuss, 2003), which

are hypomethylated in comparison to

the rest of the genome. Strand specificity

could exist in other organisms in

which asymmetrical methylation-related

features may be embedded within CG-

related patterns and could be harder

to detect. Future applications of such
works could reshape the current knowledge of the methylation

status of many different organisms. Our work opens perspec-

tives in the field of epigenetics in general and infectious disease

in particular.

EXPERIMENTAL PROCEDURES

P. falciparum Strain and Culture Conditions

P. falciparum parasite strain 3D7 was maintained in human erythrocytes

according to previously described protocols (Le Roch et al., 2003; Trager

and Jensen, 1976). Cultures were harvested at 8% parasitemia.

DNA Digestion and LC-MS/MS Analysis

Genomic DNA from Plasmodium (50 mg) was denatured by heating to 95�Cand

chilled immediately on ice. Denatured DNA was subsequently digested with

two units of nuclease P1 in a buffer containing 30 mM sodium acetate (pH

5.5) and 1 mM zinc acetate at 37�C for 4 hr. Next, 25 units of alkaline phospha-

tase in 50 mM Tris-HCl (pH 8.6) were added to the digestion mixture. The

digestion was continued at 37�C for 2.5 hr, and the enzymes were removed

by chloroform extraction. The aqueous DNA layer was dried using a SpeedVac

and redissolved in water. The amount of nucleosides in the mixture was quan-

tified by UV spectrometry. Analysis of me5C in the DNA hydrolysates was

performed by online capillary high-performance liquid chromatography-elec-

trospray ionization-tandem mass spectrometry (HPLC-ESI-MS/MS) using an

Agilent 1200 Capillary HPLC Pump interfaced with an LTQ linear ion trap

mass spectrometer (Thermo Fisher Scientific). A 0.5 3 150 mm Zorbax SB-

C18 column (5 mm in particle size, Agilent Technologies) was used for the
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separation of the DNA hydrolysis mixture with a flow rate of 12.0 ml/min. A

mixture consisting of 50 pmol of total nucleosides from the enzymatic diges-

tion of Plasmodium gDNA or 2 nmol of total nucleosides from control unmethy-

lated DNA was injected in each analysis. A gradient of 0%–90% methanol (in

10 min) followed by 90% methanol (in 5 min) in 0.1% aqueous solution of

formic acid was employed. The effluent from the LC column was directed to

the LTQ mass spectrometer, which was set up for monitoring the fragmenta-

tion of the protonated ions of me5C (m/z 242). The area for peak found in the

selected-ion chromatograms for monitoring the m/z 242/126 transition,

which corresponds to the elimination of a 2-deoxyribose from me5C, was

then determined.

Extraction of Nuclear Proteins

Parasites (5 3 109) were harvested in phosphate-buffered saline (PBS) and

released from their host red blood cells by saponin lysis. After 15 min of

incubation on ice, parasites were resuspended in 1ml of cytoplasm lysis buffer

(20 mM HEPES [pH 7.9], 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM

dithiothreitol [DTT], 0.5 mM AEBSF, 0.65% Igepal; Roche cOmplete Protease

Inhibitor Cocktail) and lysed on ice for 5 min. Nuclei were pelleted by 10 min of

centrifugation at 1,500 3 g and 4�C, washed three times with ice-cold PBS,

and resuspended in 100 ml of nuclei lysis buffer (20 mM HEPES [pH 7.9],

0.1 M NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1.5 mM MgCl2, 1 mM DTT, 25%

glycerol, 1 mM AEBSF; Roche cOmplete Protease Inhibitor Cocktail). Nuclear

extracts were obtained after 20 min of lysis at 4�C with vigorous shaking and

clearing by 10 min of centrifugation at 6,0003 g and 4�C. Protein content was

quantified by Bradford assay, and DNMT activity was measured immediately

after extraction.

DNA Methyltransferase Assays

DNMT activity of protein extracts was measured using the EpiQuik DNA

Methyltransferase Activity Kit (EpigenTek Cat. #P-3004, fluorometric) following

the manufacturer’s instructions. Activity was measured every min for 10 min.

Assays were realized in triplicate on two independent sample preparations

(nuclear protein extracts or purified domains of PF3D7_0727300). The positive

control (1 mg of purified bacterial DNMT) and blank (buffer only, used for back-

ground subtraction) were run in duplicate. DNMT activity was expressed in

relative units of fluorescence per hr and per mg of proteins (RFU/hr/mg).

In Silico Search for Putative DNMTs

The program hmmsearch (HMMER v3.0; Eddy, 1998) was used to extract

sequences that carry the Pfam DNMT domain (Pfam v22.0, accession number

PF00145; Bateman et al., 2004; Finn et al., 2006, 2010) from the genomes of

the studied organisms (E value % 0.1). Protein sequences were aligned with

MUSCLE (Edgar, 2004a, 2004b), and a tree was built using the neighbor-

joining method (1,000 bootstraps).

Extraction of gDNA, Library Preparation, and Bisulfite Conversion

Parasite cultures were harvested at 50% hematocrit in PBS, and three

volumes of Cell Lysis Solution (Cat. # A7933; Promega) were added. After

10 min of incubation at room temperature, parasites were precipitated by

15min of centrifugation at 2,0003 g. Cell lysis was performed in 400 ml of para-

site lysis buffer (guanidine HCl 3.75 M, SDS 0.625% v/v, proteinase K

250 mg/ml) for 30 min at 55�C and then overnight at 4�C. DNA was extracted

with phenol-chloroform followed by ethanol precipitation and ribonuclease

(RNase) A treatment. DNA (20 mg) was solubilized in 400 ml of Tris-EDTA (TE)

buffer and sheared by sonication into fragments ranging from 50 to 500 bp.

Sheared DNA (5 mg) was processed using the Illumina Paired-End Sample

Prep Kit in which we substituted the regular adaptors with the Illumina Early

Access Methylation Adaptor Oligo. Library preparation was performed

according to the manufacturer’s instructions with some modifications. First,

on-gel fragment size selection was performed at room temperature. DNA

was then bisulfite converted twice using the EpiTect QIAGEN Kit. Libraries

were amplified with 18 cycles of PCR using a blend of the polymerases

TaKaRa Ex Taq (Clontech) and Platinum High Fidelity Polymerase (Invitrogen)

with an elongation temperature of 62�C. Sequencing was performed on an

Illumina Genome Analyzer II (paired-end reads 2 3 26 bp) at the Institute for

Integrative Genome Biology (UC Riverside).
Cell Host &
Mapping to the Reference Genome and Identification of Me5C

The reference genome was downloaded from the malaria resource Plas-

moDBv9.2 (http://plasmodb.org/plasmo/). Paired-end reads were mapped

to the reference genome with BRAT (Harris et al., 2010). Only reads that

matched a single locus in the genome, up to one nonbisulfite-related

mismatch, were used in our analysis. Methylcytosine identification was

performed according to a previously published method (Lister et al., 2008,

2009) for a maximum false discovery rate of 0.05 for nucleotides with a read

coverage within the average read coverage per base ± two SDs and equal

to at least five reads. Positive and negative strands were analyzed separately.

Biological variation was estimated from three independent samples for which,

due to lower read coverage per base on average, the minimum coverage

threshold was lowered to two (replicates 1 and 2) and one (replicate 3) reads

so that about two-thirds of the total genomic cytosines were analyzed and

the data set remained representative of the entire genome. At each significant

me5C site, the methylation level was estimated from the number of reads that

carry an unconverted cytosine divided by the number of reads that carry a

thymine, that is to say a converted cytosine (me5C/C).
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