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ABSTRACT

DNA methylation, the addition of a methyl (CH3)
group to a cytosine residue, is an evolutionarily con-
served epigenetic mark involved in a number of dif-
ferent biological functions in eukaryotes, including
transcriptional regulation, chromatin structural or-
ganization, cellular differentiation and development.
In the social amoeba Dictyostelium, previous stud-
ies have shown the existence of a DNA methyltrans-
ferase (DNMA) belonging to the DNMT2 family, but
the extent and function of 5-methylcytosine in the
genome are unclear. Here, we present the whole
genome DNA methylation profile of Dictyostelium
discoideum using deep coverage replicate sequenc-
ing of bisulfite-converted gDNA extracted from post-
starvation cells. We find an overall very low num-
ber of sites with any detectable level of DNA methy-
lation, occurring at significant levels in only 303–
3432 cytosines out of the ∼7.5 million total cytosines
in the genome depending on the replicate. Further-
more, a knockout of the DNMA enzyme leads to no
overall decrease in DNA methylation. Of the iden-
tified sites, significant methylation is only detected
at 11 sites in all four of the methylomes analyzed.
Targeted bisulfite PCR sequencing and computa-
tional analysis demonstrate that the methylation pro-
file does not change during development and that
these 11 cytosines are most likely false positives
generated by protection from bisulfite conversion
due to their location in hairpin-forming palindromic
DNA sequences. Our data therefore provide evidence
that there is no significant DNA methylation in Dic-
tyostelium before fruiting body formation and iden-

tify a reproducible experimental artifact from bisulfite
sequencing.

INTRODUCTION

DNA methylation is a post-synthetic modification that
typically occurs on cytosine residues in eukaryotic plants
and animals (1). Generally, DNA methylation is associ-
ated with transcriptional repression (2), but has been linked
to more complex processes, including cell differentiation
(3), genomic imprinting and stability (4,5), and X chromo-
some inactivation (6). The majority of DNA methylation
is carried out by the DNA methyltransferases DNMT1,
DNMT3A and DNMT3B (7). DNMT1 is responsible for
maintaining a cell’s methylation profile post-replication
by targeting hemi-methylated sites in the genome (8),
while DNMT3A and DNMT3B methylate CpG dinu-
cleotides de novo, thereby creating new epigenetic marks
(9). Although DNA methylation appears to be evolution-
arily conserved across a large number of eukaryotes (Fig-
ure 1), some organisms, such as Dictyostelium discoideum
and Drosophila melanogaster, lack the major DNMTs
while retaining the less characterized methyltransferase
DNMT2 (8).

DNMT2 was originally identified based on sequence con-
servation of essential catalytic motifs and exhibits struc-
tural similarity to other DNMTs (10,11). It is found as a
single-copy gene across the eukaryotic tree of life in protists,
plants, fungi and animals (Figure 1), suggesting an impor-
tant functional role (11,12). There is active debate relating
to the biological function of DNMT2 and specifically the
target substrates for this enzyme. To date, DNMT2 has been
shown to predominantly methylate tRNAs (13), with the
tRNAAsp(GUC) as the preferred target substrate both in vivo
and in vitro in D. discoideum (14). There is a growing body
of evidence that in species that lack DNMT1 and DNMT3
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Figure 1. Evolution of DNA methyltransferases. (A) The presence (dark boxes) or absence (white boxes) of biologically significant DNA methylation
and the DNA methyltransferase (DNMT) enzymes across eukaryotes. Kingdom, Animalia: H. sapiens, Homo sapiens; D. melanogaster, Drosophila
melanogaster; A. mellifera, Apis mellifera. Kingdom, Fungi: S. cerevisiae, Saccharomyces cerevisiae; N. crassa, Neurospora crassa; S. pombe, Schizosaccha-
romyces pombe. Kingdom, Protozoa: D. discoideum, Dictyostelium discoideum. Kingdom Plantae: Z. mays, Zea mays subsp. mays; O. sativa, Oryza sativa;
A. thaliana, Arabidopsis thaliana. The tree was generated using the NCBI taxonomy common tree (https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/
wwwcmt.cgi). (B) Maximum likelihood phylogenetic reconstruction of DNMT proteins including DNMA (EAL63449.1) from D. discoideum AX4. Bars
indicate phylogenetic grouping of DNMT1 (gray) and DNMT2 (black) homologenes. Values over branches represent support percentage from 1000 boot-
strap replicates. NCBI protein IDs are indicated.

there is no biologically significant DNA methylation
(Figure 1A). Despite this observation, there is some evi-
dence that DNMT2 may contribute to methylation of retro-
transposons in the D. melanogaster genome (15), demon-
strating a potential dual specificity for DNA and RNA
substrates (16). In addition, recent studies have demon-
strated that DNMT2 can efficiently methylate DNA when
presented in the structural context of a tRNA (17). Cur-
rently, characterizing the presence, relevance and efficacy

of DNA methylation in organisms containing only a
DNMT2 methyltransferase remains an active area of re-
search (10,11,16,18,19).

Dictyostelium discoideum, a eukaryotic slime mold con-
taining a Dnmt2 homolog (dnmA/DDB0231095) (20,21), is
among the organisms where the presence, extent and func-
tion of DNA methylation are debated. In the initial 1991
study, D. discoideum was reported to lack DNA methyla-
tion, as determined by whole genome methylation-sensitive
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restriction enzyme analysis and high-performance liquid
chromatography assays (22). Despite this early report, the
confirmed existence of a DNMT2 homolog, along with
D. discoideum’s unique AT-rich genome and an under-
representation of CpG dinucleotides relative to the GpC
isomer, implied the possible presence of a DNA methy-
lation system, as methylated CpGs are inherently chemi-
cally unstable and readily mutate to TpGs (20). Accord-
ingly, the investigation of DNA methylation in D. dis-
coideum was revisited in 2006 using more advanced method-
ologies, including antibodies to detect 5-methylcytosine in
bulk genomic DNA across distinct developmental time
points (23). These studies detected overall low levels of
DNA methylation in the genome and were confirmed using
methylation-sensitive restriction digests targeted to retro-
transposons and several other genes (23). A functional role
for the DNMA enzyme in silencing of retrotransposons
via the asymmetric methylation of cytosine residues was
confirmed using bisulfite sequencing of specific sites (21).
Furthermore, DNA methylation was demonstrated to in-
crease through development, with the highest levels at 24
h post-starvation [although there is also evidence that this
may at least in part represent cell cycle-dependent changes
in DNMA regulation (14)], and knocking out dnmA re-
vealed developmental defects and reduced DNA methyla-
tion (23). More recently, detailed studies examining the ac-
tivity of the D. discoideum DNMA enzyme demonstrated
that specific tRNA molecules are the preferred target sub-
strate for this methyltransferase, but other substrates poten-
tially remain to be characterized (14). These conflicting re-
ports, coupled with the relatively few studies investigating
DNA methylation in D. discoideum, reflect the uncertainty
regarding the status of the DNA methylation system in this
species.

To determine whether a functioning DNA methyla-
tion system is present in D. discoideum, we utilized whole
genome bisulfite sequencing (WGBS) (24) to achieve deep
coverage across multiple replicates of genomic DNA iso-
lated from cells in an 18–24 h developmental time win-
dow. Our results show that D. discoideum harbors a minimal
number (11 out of the ∼7.5 million cytosines in the genome)
of detectable significantly methylated sites that can be re-
producibly identified, many of which demonstrate low levels
of methylation. Targeted bisulfite PCR (BSP) sequencing at
two of these robust sites in a cluster on chromosome 4 indi-
cates that the methylation profile does not change between
vegetative and developing cells. Hairpin secondary struc-
tures generated by palindromic sequences around the 11 ro-
bust sites during the bisulfite reaction appear to be respon-
sible for the identification of these cytosines as false mC
positives. This reproducible artifact represents a potentially
significant source of false positives in bisulfite sequencing,
which, to our knowledge, has not previously been reported.
Consequently, one must proceed with caution when iden-
tifying putative mC sites that rely on bisulfite conversion
methods. In addition, a knockout of the dnmA gene does
not result in any decrease in overall DNA methylation in
the genome. Taken together, our studies provide evidence
that there is no significant DNA methylation in the D. dis-
coideum genome prior to fruiting body formation.

MATERIALS AND METHODS

Phylogenetic reconstruction of DNMTs

The sequence of DNMTA from D. discoideum AX4 was
aligned with the homologene dataset (25) for DNMT2 from
NCBI that includes 14 proteins from 10 species across the
tree of life (HomoloGene: 3249) and the NCBI RefSeq
ortholog dataset of DNMT1 that includes 16 sequences
and 12 species (HomoloGene: 124071). Multiple sequence
alignment was performed using MAFFT v7.508 (26). The
maximum likelihood tree was reconstructed using IQ-Tree
2 (27) using 1000 rapid bootstrap replicates.

Whole genome DNA sources

To investigate the potential for DNA methylation sites in
D. discoideum, AX4 strain cells were selected for whole
genome analysis. Dictyostelium discoideum AX4 cells have
near-complete chromosome level genome assembly with
genes functionally validated or predicted, making it the
ideal and only current candidate for whole genome anal-
ysis. Dictyostelium discoideum AX4 cells were grown in 100
ml HL5 liquid cultures (Formedium Ltd, Hunstanton, UK)
until near saturation. Once sufficient cell density (a mini-
mum of 1.0 × 106 cells/ml) was reached, 30 ml of the cul-
ture was transferred to 50 ml conical tubes. The cells were
centrifuged for 5 min at 1000 rpm at room temperature, the
medium was aspirated from the tube and the cells were re-
suspended in 1.5 ml of 1× Starvation Buffer (20 mM MES,
pH 6.8, 0.2 mM CaCl2, 2 mM MgSO4). The resuspended
cells were transferred to nitrocellulose membrane pads with
0.45 �m pores pre-wetted with Starvation Buffer, and al-
lowed to develop over the course of 18–24 h. It should
be noted that cells may have developed at different densi-
ties, which could slightly alter the timing of their develop-
ment. After this time, the cells were checked to make sure
there was no evidence of fruiting body formation and then
scraped from the pads. gDNA was extracted with a Gene-
see Scientific ZR Genomic DNA Tissue MiniPrep extrac-
tion kit, utilizing the solid tissue protocol. After extraction,
bisulfite sequencing was conducted to determine potential
sites of methylation in the genome. As a control for bisul-
fite conversion, 1% lambda phage DNA (New England Bi-
olabs) purified with PureLink Quick PCR Purification Kit
(Invitrogen) was added to each gDNA sample.

Sequencing of bisulfite-converted whole genome DNA
libraries

Library construction, bisulfite conversion and sequencing
were performed at the Beijing Genomics Institute. Briefly,
DNA was fragmented into 100–300 bp fragments by soni-
cation (Covaris S-2, Woburn, MA, USA). The fragmenta-
tion parameters were as follows: duty cycle, 10%; intensity,
5; cycles/burst, 200; cycles, 16; total fragmentation time,
960 s. Fragmentation was confirmed using a 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). Frag-
ments were end repaired (Illumina) as recommended by the
manufacturer. Repaired fragments were ligated with methy-
lated sequencing adaptors using a paired end adaptor oligo
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kit and oligo mix 5 (Illumina). Ligated fragments were se-
lected by gel electrophoresis and fragments of size 360 bp
extracted using a QIAquick gel extraction kit (Qiagen).
Size-selected fragments were exposed to a MethylMiner
methylated DNA enrichment kit (Invitrogen) and then sub-
sequently bisulfite treated using an EZ DNA methylation
kit (Zymo Research, Irvine, CA, USA). Libraries were am-
plified using T4 polymerase (Enzymatics), and sequenced
on Illumina’s HiSeq PE 150 platform.

WGBS sequence analysis and mapping DNA methylation

Data were filtered to remove adaptor sequences, duplicate
sequences, contamination and low-quality reads using BGI
software. We mapped our reads onto the D. discoideum
genome assembly 1.0 (20) using BSMAP version 2.9 (28)
with seed size 12, five maximum allowed mismatches per
read and a base quality cutoff of 20. The resulting SAM files
were then converted to sorted BAM files using SAMtools
v1.8. These files were then run through the BSMAP v2.9
methratio.py script (28), which extracts the number of con-
verted and unconverted reads at each position and corre-
sponding methylation ratios, sequence context, strand and
coordinate for each cytosine from BSMAP mapping results.
Duplicate reads were not counted and only unique map-
pings with at least 4× coverage were considered. Reads were
similarly mapped onto the lambda phage genome (Gen-
Bank: J02459.1). From these data, we determined the num-
ber of converted and unconverted reads at each cytosine po-
sition in the Dictyostelium and lambda genome assemblies,
accounting for the fact that each read comes from a bisulfite
reaction on one strand or the other.

The average methylation level across the genome was de-
termined by the ratio of the number of reads supporting
methylation to the number of reads covering a particular
cytosine site:

Rmaverage = Nm

Nm + Nnm
× 100%,

where Nm represents the number of methyl-C (noncon-
verted) reads and Nnm represents the number of nonmethy-
lated (converted) reads.

To identify individual cytosines that were significantly
methylated in the Dictyostelium genome, we compared the
number of converted and nonconverted reads at each site.
We used only sites that had coverage of four or more reads.
Methylation ratios for each cytosine in the genome were
calculated along with a lower and an upper bound for the
95% confidence interval of methylation ratio using the Wil-
son score interval for binomial proportion (29). Only cy-
tosines with a lower 95% confidence interval of methylation
ratio bound of at least 0.05 were considered to be methy-
lated residues. We asked how likely these counts were under
a binomial test where the probability of success is one mi-
nus the conversion rate, and corrected this probability value
for multiple testing (30), as previously described (31–33).
From this, were able to determine the statistically significant
methylated sites in the genome and the level of methylation
at individual 5-methylcytosines.

Bisulfite conversion efficiency

Bisulfite conversion efficiency was determined for each
WGBS dataset from the lambda phage spike-in control, in
which all cytosines should have been converted, using the
following equation:

T count
CT count

× 100%,

where T count is the total number of thymine (converted
cytosine) reads and CT count is the total number of cyto-
sine (unconverted) and thymine (converted cytosine) reads
at each cytosine position.

Comparative methylome analysis

Each of the four WGBS datasets were sorted and over-
lapped in MATLAB using the ‘intersect’ function to isolate
only robust methylated sites present in all datasets.

DNMT knockout and homologs

AX4 cells harboring a knockout of the endogenous dnmA
gene (23) were kindly provided by the Shaulsky lab. To in-
vestigate the presence of genes in the simultaneously se-
quenced AX4 wild-type (WT3) and dnmA knockout (KO)
strains, SAMtools v1.8. was used to index the sorted BAM
files of mapped reads and then extract the read depth from
them, using the option -a to include positions at which no
reads aligned. Using MATLAB, the median and mean read
depths across the candidate genes were extracted and com-
pared to the median and mean read depths across their re-
spective chromosome to determine the presence or absence
of the genes in the sequenced WT3 and KO genomes.

HMMER v3.3 (34) was used to search the D. discoideum
proteome (GenBank: AAFI00000000.2) for candidate ho-
mologs of DNA methyltransferases using the raw HMM
for the DNA methylase protein domain family (cd00315)
obtained from PFAM (35).

Bisulfite sequencing at individual robust sites

Genomic DNA was extracted from vegetative cells and
cells 18–24 h into development as described earlier. These
cells were distinct from those used in the whole genome
analyses. Bisulfite conversion was performed on 600 ng of
gDNA in each reaction using Zymo Research EZ DNA
Methylation-Lightning Kit according to manufacturer’s in-
structions. Primers were designed using MethPrimer (36) to
generate a PCR amplicon size of 406 bp around the tar-
get site at position 2524803 on chromosome 4 on the plus
strand and a PCR amplicon size of 441 bp around the tar-
get site at position 2524824 on chromosome 4 on the minus
strand:

Chr4 plus F: 5′-TTTATAGGTTTATAGTTGGAAATA
TTTTAGTAATA-3′

Chr4 plus R: 5′-CTAATATTTTACCTCATTTAAATA
ATTTTTT-3′

Chr4 minus F: 5′-AATAAATATATTAATATTGGTGTT
TTATTTTATTTG-3′
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Chr4 minus R: 5′-TACATTACTCTAATAATATTCTAT
AAACCTACAACT-3′

PCR products were ligated into the pGEM®-T Easy
Vector (Promega) and sequenced as previously described
(37). Sequences were analyzed using the Kismeth web-
based tool (38), with settings for minimum fraction of pos-
itive matches set to 0.6 and minimum fraction of length set
to 0.5.

Secondary structure analysis of identified palindromic se-
quences

Secondary structure predictions were generated using de-
fault settings on the RNAstructure Fold web server (39)
with nucleic acid type set to DNA. The sequence input was
limited to the palindromic region including the cytosine(s)
of interest.

Search of palindromic sequences across AX4 genome

Palindromes were screened using the R package Biostrings
(40). The function findPalindromes was used to search
palindromes across all six main chromosome sequences of
D. discoideum AX4. A minimum length of 19 bp and no
limit for maximum length or number of loops were used. All
nested palindromes were removed, leaving only the longest
palindromes. The quantiles of predicted palindrome length
were calculated with R Statistical Software 4.2.2 (41). Vio-
lin plots of predicted palindrome length distributions were
created with ggplot2 (42). Each mC identified in at least
two of the methylomes analyzed was mapped to determine
whether the mC is located within a palindrome.

RESULTS AND DISCUSSION

Whole genome mapping, conversion and coverage rates

Sequencing of bisulfite-converted genomic DNA from D.
discoideum AX4 WT cells grown to between 18 and 24 h of
post-starvation development, and spike-in control lambda
bacteriophage DNA, across three replicate experiments
generated a total of 239.2 million reads after quality con-
trol (see the ‘Materials and Methods’ section for details).
This time window for the cells was chosen to ensure tem-
poral heterogeneity of the gDNA sample. Previous stud-
ies have reported increasing levels of methylation as devel-
opment progresses when samples were collected at precise
time points (0, 12 and 24 h post-starvation), with the high-
est levels of DNA methylation reported in cells 24 h post-
starvation (23). The results in our current study are not di-
rectly comparable to that study, as the gDNA samples were
collected across an 18–24 h developmental time window,
prior to the formation of the fruiting body. Of the sequenc-
ing reads, between 54.96% and 71.81% mapped to unique
regions of the D. discoideum genome, which equates to an
18.13–66.15-fold average coverage across the six chromo-
somes in the genome, respectively, in each replicate (WT1,
WT2 and WT3 in Table 1). All WT replicates shared a very
similar sequencing profile, with >90% of the bases in the
genome covered by 100 or more reads (Figure 2A and B).

Table 1. Mapping, coverage and conversion rates for individual
methylomes

Methylome

Quality
reads

(million)
Mapping
rate (%)

Fold
coverage

Bisulfite
conversion

rate (%)

WT1 73.3 54.96 18.13 99.52
WT2 125.4 71.81 66.65 99.53
WT3 40.5 66.38 30.13 99.30
KO 47.1 66.63 33.77 99.29

Fold coverage of the WGBS across the six chromosomes in D. discoideum
is indicated for each methylome. The bisulfite conversion rate is calculated
from the lambda DNA spike-in control included in each experiment.

Over 80% of cytosines are covered by 75 or more reads, re-
sulting in coverage of >98.87% of all cytosines in the repli-
cate genomes with near-identical profiles for CG, CHG and
CHH (H = non-G base) sequence contexts (Figure 2C). The
bisulfite conversion rate in our experiments ranged from
99.30% to 99.53%, measured by the C-to-U deamination
rate in the unmethylated lambda genome, indicating that
the false-negative rate was <0.7% in each case (Table 1).

Overall genomic methylation profile

Initial methylome analysis indicates that a very small pro-
portion of cytosines in the Dictyostelium genome are methy-
lated. The average overall level of detectable methylation
across the entire genome, calculated from the ratio of C
reads to total reads (see the ‘Materials and Methods’ sec-
tion for details), is <0.52% in every replicate, with a similar
profile across all chromosomes and mitochondrial DNA. It
should be noted that this may include a number of false-
positive C reads arising from a failure to convert in the
bisulfite reaction and therefore is likely an overestimate of
the global methylation level. Nonetheless, methylation is de-
tected predominantly at CHH sequences, but is also found
at CG and CHG sequences (Figure 2D). Of the ∼7.5 mil-
lion cytosines in the genome, only 303 (∼0.004% of all cy-
tosines in WT2), 2135 (∼0.028% of all cytosines in WT3)
and 3432 (∼0.045% of all sites in WT1) are significantly
methylated (Table 2). This methylome profile mirrors previ-
ous studies that have reported global methylation levels in
the Dictyostelium genome of 0% (22), 0.14% (23) and 0.20%
(21) using different methodologies, indicating that DNA
methylation is very rare in this species. These results are
strikingly different from the methylation profile observed
in other eukaryotes. In mammals, 60–90% of CpGs can be
methylated (43), while in Hymenoptera insects 0.51–0.67%
of CpGs are methylated (31,32). The sparse 0.004–0.045%
of mCs detected in the three WT Dictyostelium genome
samples collected over an 18–24 h post-starvation develop-
mental time window is therefore lower than the level found
in other eukaryotic organisms with bona fide DNA methy-
lation. Among the individual sites that demonstrate a sig-
nificant level of methylation in our study, the vast major-
ity are methylated in <10% of reads, but cytosines with
up to a 100% methylation level are detected (Figure 2D).
It should be noted that while low levels of methylation at
individual sites may be biologically significant, they may
also potentially be a result of the temporal heterogene-
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Figure 2. Sequencing depth and cumulative coverage of the Dictyostelium methylome. (A) Sequencing depth distribution across the entire genome. (B)
Cumulative coverage across the entire genome, e.g. ∼90% of sites are covered by 100 or more reads. (C) Percentage of cytosines that have a certain level of
coverage, e.g. ∼80% of sites have coverage of 75 reads. The profile for cytosines in different sequence contexts (CG, CHG and CHH, where H = non-G
base) was similar. (D) Overall methylation level at methylcytosines. The methylation level at the individual mCs is calculated and organized in 10% bins
(i.e. 0–10%, 91–100%). Only mCs covered by at least 4 and no more than 1000 reads are used in this calculation. The vast majority of mCs, irrespective of
sequence context, have <10% methylation level.

Table 2. Total number of statistically significant methylated sites for each
WGBS dataset

Methylome Chr1 Chr2 Chr3 Chr4 Chr5 Chr6 Total
Fold

coverage

WT1 478 838 642 559 534 381 3432 18.13
WT2 40 73 77 50 37 26 303 66.65
WT3 281 567 413 382 295 197 2135 30.13
KO 332 536 422 346 307 229 2172 33.77

The number of sites is shown for each of the six chromosomes in the Dictyostelium
genome. The total number of sites in each methylome correlates negatively with fold
coverage.

ity of the gDNA sample analyzed and/or represent false
positives.

Methylation levels at individual mCs

In order to further investigate the identified cytosine
residues with statistically significant levels of DNA methyla-

tion, we analyzed their profile across the genome. All chro-
mosomes and the mitochondrial DNA show a wide range of
methylation levels for mCs, with mCHH sites carrying the
broadest range (Figure 3A). In parallel, we plotted the total
read number for each of these mCs (Figure 3B) and com-
pared this to methylation level (Figure 3C and D). Strik-
ingly, there is a clear inverse relationship between read depth
and methylation level at the mCs, with sites showing higher
levels of methylation having lower read depth and vice versa
(Figure 3C). This pattern is particularly clear if we just con-
sider sites with a read depth below 150 total reads (Figure
3D). This potentially indicates that the high level of methy-
lation detected at some of these mCs may simply reflect the
overall low number of reads at these sites and opens up the
clear possibility that the residues identified as methylated
may be false positives. The clear negative correlation be-
tween the number of mCs identified in each replicate and
the overall fold coverage of the genome (Table 2) suggests
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Figure 3. Methylation level and read depth at individual mCs. (A) The methylation level at the individual cytosine residues with statistically significant
levels of DNA methylation is depicted for each of the six genomic chromosomes and the mitochondrial DNA. Only mCs covered by at least 4 and no
more than 1000 reads are shown. (B) The total read number for the individual methylated sites. The vast majority of mCs, irrespective of sequence context,
have <100 total reads. (C) The methylation level (%) plotted against the total read number for the individual methylated sites demonstrates a clear inverse
relationship between read depth and methylation level at the mCs, with sites showing higher levels of methylation having lower read depth and vice versa.
(D) This inverse relationship is particularly clear when we just consider sites with a total read depth of 150 or lower. All the methylated sites in the genome
with a methylation >40% have <25 total reads.

that a higher number of reads at each position potentially
eliminate skewed methylation ratios that may otherwise ap-
pear artificially high.

Knockout of DNMA does not alter overall methylation profile

In addition to the three replicates of the WT AX4 methy-
lome, we also performed the same WGBS experiment on an
AX4 strain harboring a knockout of the sole DNA methyl-
transferase (dnmA) in Dictyostelium (23). Once more, the
overall sequencing (Table 1) and methylation profile (Ta-
ble 2) in the KO strain was similar to the three WT methy-
lome replicates, with a total of 2172 significant mCs identi-
fied. One potential explanation for this observation is that
the knockout of dnmA was incomplete, in which case the
DNMA enzyme may still be functionally produced in these
cells. To address this possibility, we analyzed the sequencing
reads in the WT3 and KO WGBS datasets by extracting the

mean and median read depths across the coordinates of the
dnmA gene (Chr. 5:1026957–1028573) and compared them
to the depth across the entire chromosome 5 (Figure 4). The
dnmA gene appeared to be knocked out as previously de-
scribed (23), with a median coverage of 1× across the dnmA
gene in the KO strain compared to a median of 117× across
the entire chromosome (Figure 4B and E). In contrast, the
median coverage in the WT3 genome was 83× across the
dnmA gene and 97× across the entire chromosome, respec-
tively, indicating that the gene is present in the WT as ex-
pected (Figure 4A and E). As a control, we performed a
similar analysis at the trmt5 gene (Chr. 3:2486411–2488090,
DDBG0279739), which is annotated as a putative tRNA
methyltransferase in the Dictyostelium genome (44). At the
trmt5 gene, no obvious difference in read depth was detected
between KO and WT3 strains (Figure 4C and D). Taken as
whole, these results indicate that the dnmA gene is deleted in
the KO strain, but this has no impact on the overall methy-
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Figure 4. Confirmation of dnmA knockout. Read depths across the dnmA gene coordinates and the surrounding sequence in (A) the WT3 genome and
(B) the KO genome. The read depth diminishes at the 5′ and 3′ ends of the dnmA gene in the KO, consistent with where the substituted fragment of dnmA
begins and ends [nucleotides 80–1292 relative to the first ATG (23)]. Read depths across the trmt5 gene coordinates and the surrounding sequence in (C)
the WT3 genome and (D) KO genome demonstrate no clear difference. (E) The median and mean read depths across the dnmA and trmt5 genes in WT3
and KO genomes. The median and mean read depths for the trmt5 gene were in a similar range to the read depths across the entirety of chromosome 3 in
both genomes, indicating that the trmt5 gene was present, as expected, in KO and WT3. In contrast, the median and mean read depths for the dnmA gene
were markedly lower in the KO strain, when compared to the entirety of chromosome 5. This pattern was not observed in the WT3 gene, confirming that
the dnmA gene is deleted only in the KO strain as previously described (23).

lation profile of the genome when compared to WT. This
discovery suggests that DNMA is not actively involved in
the methylation of DNA in the Dictyostelium genome and
is therefore consistent with earlier studies indicating that the
DNMA enzyme exhibits specificity for tRNA molecules as
a preferred target substrate (14).

Identification of 11 robust sites resistant to bisulfite
conversion

The four methylome datasets were analyzed to identify only
significantly methylated sites present in all of the methy-
lomes. Despite the fact that the samples are not uniform,
as they were collected across an 18–24 h developmental time
widow (see the ‘Materials and Methods’ section for details),
this analysis was conducted under the assumption that cy-
tosines that consistently appear across the different methy-
lomes are the most likely to represent true methylated cy-

Table 3. Statistically significant methylated cytosine positions on each
chromosome in D. discoideum determined by bioinformatic analysis of four
replicate methylomes

Chromosome 1 2 3 4 5 6 Total

Methylated
sites

0 6 1 3 1 0 11

Genomic 2831383 5720793 76958 1898399
position 3200390 2524803

3200403 2524824
8101959
8101986
8102002

The genomic position of the 11 cytosine residues identified as methylated in all four
methylomes is shown.

tosines. Only 11 such cytosines located on four different
chromosomes were identified with a statistically significant
methylation level in all datasets (Table 3). Excluding the
KO dataset from this analysis resulted in the identification
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Table 4. Methylation ratios for the 11 robust methylated sites present in all datasets

Site Strand Context GC (%) WT1 WT2 WT3 KO

Chromosome 2
2831383 − CHH 11.94 0.429 0.318 0.350 0.211
3200390 − CHH 10.45 0.286 0.156 0.300 0.500
3200403 + CHH 11.94 0.333 0.277 0.350 0.375
8101959 + CHH 17.41 0.500 0.184 0.248 0.261
8101986 − CHH 14.43 0.200 0.292 0.279 0.138
8102002 − CHH 13.43 0.278 0.313 0.273 0.233

Chromosome 3
5720793 + CHH 9.45 0.429 0.286 0.185 0.176

Chromosome 4
76958 − CHH 7.96 0.250 0.281 0.317 0.286
2524803 + CHH 16.92 0.308 0.306 0.438 0.480
2524824 − CHH 13.43 0.143 0.345 0.318 0.375

Chromosome 5
1898399 + CHG 10.45 0.333 0.148 0.222 0.200

The strand, sequence context, GC content calculated across the sequence 100 bp upstream and downstream of the site, and methylation ratios are reported.

of only one additional site on chromosome 6 at position
2767592. Intriguingly, 7 of the 11 robust sites lie within three
tight genomic clusters located on chromosomes 2 and 4
(Table 3).

The 11 robust methylated sites were dispersed across the
plus and minus strands on four different chromosomes. All
sites, except the one on chromosome 5, were in 5′-CHH-3′
(H = A, C or T) sequence contexts and none were in 5′-
CG-3′ sequences (Table 4), which was unsurprising given
the overwhelmingly AT-rich sequence distribution in D. dis-
coideum. Methylation ratios for each site varied from 0.138
to 0.5 across datasets, with many sites identified as methy-
lated in ∼30% of reads (Table 4). A critical question emerg-
ing from these data is whether these 11 robust sites do in fact
represent true mCs in the genome or false positives gener-
ated through a reproducible experimental artifact.

Bisulfite sequencing at individual robust sites in chromosome
4 cluster

To address this question in more detail, we further investi-
gated two of the robust sites located in close proximity to
each other using targeted BSP sequencing (see the ‘Materi-
als and Methods’ section for full details). The two sites in
question are found on opposite DNA strands, but are both
located in a CHH sequence context and are only 21 bp apart
(positions 2524803 and 2524824) on chromosome 4. Previ-
ous studies have indicated that overall DNA methylation in-
creases through Dictyostelium development, with the high-
est levels in cells at 24 h post-starvation (23). We therefore
analyzed the methylation pattern at and around these two
sites using BSP sequencing in both vegetative cells and cells
at 18–24 h of post-starvation development.

Plus strand site. For the robust target site located at po-
sition 2524803 on the plus strand, methylation was de-
tected at only 5 out of 33 clones in vegetative cells, rep-
resenting a low methylation frequency of 15.2% (Figure
5A). Methylation was also detected at five other cytosines,
out of the 27 total within the BSP amplicon, at positions
2524847, 2524849, 2524850, 2525008 and 2525071. None
of these cytosines were methylated in >2 of the 33 clones

(Figure 5A). A similar pattern was detected in the devel-
oped cells, with methylation of the target site in only 6 out
of 37 clones, equating to a 16.2% methylation frequency
(Figure 5B). Methylation was also detected at seven other
cytosines within the BSP amplicon in developed cells, at
positions 2524758, 2524760, 2524813, 2524847, 2524849,
2525008 and 2525071. None of these sites were methylated
in >2 out of 37 clones, with the exception of the site at
2525008, which was methylated in three clones (Figure 5B).
The methylation frequency of the plus strand target site
is not significantly different between vegetative and devel-
oped cells as determined by a chi-square goodness-of-fit test
[χ2(1, N = 37) = 0.03, P = 0.8567] and therefore indicates
there is no evidence of a change in methylation through de-
velopment. However, combining the data from vegetative
and developed cells indicates that the overall relatively low
level 15.7% methylation frequency detectable at the plus
strand target site is still higher than that at any other site
in the amplicon, all of which fall in the range of 1.4–5.7%
(Figure 5E).

Minus strand site. For the robust target site located at po-
sition 2524824 on the minus strand, a very similar overall
profile to the plus strand site in the cluster is observed. Al-
though only 4 out of 34 clones were methylated at the mi-
nus strand target site in vegetative cells (Figure 5C) and 3
out of 36 in developed cells (Figure 5D), this cytosine was
still distinguishably more methylated than any of the other
27 cytosines in the amplicon. Methylation was detectable at
10 other cytosines in total, including at positions 2524729,
2524889, 2524976, 2525007 and 2525049 (each methylated
in just one of the clones) in vegetative cells (Figure 5C), and
cytosines at positions 2524741, 2524753, 2524976, 2525038
and 2525039 (each methylated in a single clone) and the
cytosine at position 2524780 (methylated in two clones) in
developed cells (Figure 5D). The overall methylation fre-
quency of the minus strand target site is not significantly
different between vegetative and developed cells as deter-
mined by a chi-square goodness-of-fit test [χ2(1, N = 36) =
0.408, P = 0.52282], supporting the observation from the
plus strand data that there is no change in methylation dur-
ing development. However, combining the data from vege-
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Figure 5. BSP sequencing at robust sites in chromosome 4 cluster. Cytosine methylation patterns of individual clones derived from sequencing are shown
in the 5′–3′ orientation as single horizontal lines. Sequence context of each cytosine (shown as a circle) is indicated by color: CG (red), CHG (blue) and
CHH (green), where H = non-G base. The circle is filled when the cytosine is methylated. Gray bar indicates the robust target site at position 2524803
on the plus strand in vegetative (A) and developed (B) cells and at position 2524824 on the minus strand in vegetative (C) and developed (D) cells. The
methylation ratios of the cytosines with any detectable methylation in the combined vegetative (gray) and developed (blue) results are shown for the plus
(E) and minus (F) strand datasets, with the robust target sites highlighted in red.
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tative and developed cells indicates that the overall low-level
10.0% methylation frequency detectable at the minus strand
target site is above that at any other site in the amplicon, all
of which fall in the range of 1.4–2.9% (Figure 5F).

Comparison of methylation status across all datasets

Given that the two robust target sites in the chromosome
4 cluster consistently demonstrated a reproducibly higher
level of methylation than any other cytosines in their ge-
nomic vicinity, we employed an integrated analysis of both
our BSP and WGBS results to further address the methyla-
tion status at and around these sites. The methylation ratios
for each cytosine with any detectable methylation in the BSP
amplicons and/or any of the four methylomes were tabu-
lated for the plus strand (Table 5) and minus strand (Table
6). The methylation ratios at each site were also averaged
in a one-way ANOVA, which identified at least one statisti-
cally significant difference in the mean methylation ratios
between the sites. Post hoc comparisons using the Tukey
HSD test determined that the methylation ratio mean at the
robust target site on both strands was significantly greater
than the mean at each of the other sites on their respective
strands, where P < 0.001 for each comparison. This result
indicates that, with the exception of the two robust target
sites on chromosome 4, every other cytosine with detectable
methylation in the BSP data is likely a false positive, poten-
tially occurring as a result of spurious low-level conversion
in the bisulfite reaction. This observation is supported by
the fact that all these sites were largely found to be unmethy-
lated in the methylome datasets (Tables 5 and 6). The excep-
tion was the cytosine at position 2524847 in the plus strand
data, which had methylation frequencies ranging from 6.7%
to 28.7% in the methylome datasets (Table 5). However, the
high frequency of 28.7% was found in the WT1 methylome,
which had the lowest coverage with only 11 total reads at
that site, making it the least reliable measure of methylation
ratio in the WGBS datasets.

For the two robust target sites, the methylation ratios
were noticeably higher in the WGBS datasets than the BSP
data. The plus strand cytosine at position 2524803 was iden-
tified as methylated in 30.6–48.0% of reads in the different
WGBS datasets, but only in 15.2% (vegetative) and 16.2%
(developed) of the BSP clones (Table 5). Similarly, the mi-
nus strand cytosine at position 2524824 was identified as
methylated in 14.3–37.5% of reads in the different WGBS
datasets, but only in 11.8% (vegetative) and 8.3% (devel-
oped) of the BSP clones (Table 6). These results indicate
that the WGBS methylation ratios may represent an over-
estimate of the methylation frequency at the robust sites,
potentially caused by relatively low read depth at these po-
sitions. One question we must consider is whether such
low-level cytosine methylation is distinguishable from false
positives.

Palindromic sequences as a source of false positives

In order to address this question, we investigated the hy-
pothesis that the consistent methylation of the 11 sites, and
perhaps the genomic clustering observed among some of
them, is the result of a molecular characteristic they all

share, which confers increased resistance to bisulfite conver-
sion. The detection of 5mC using bisulfite conversion was
first shown by Frommer et al. (45) and Clark et al. (46) 30
years ago. The method relies upon the complete deamina-
tion of cytosine to uracil by modification with bisulfite, fol-
lowed by PCR of the modified genomic DNA and sequenc-
ing of the products. 5mC does not react with bisulfite (47)
and therefore in the final sequence analysis all of the origi-
nal unmethylated cytosines appear as thymines while 5mC
residues are displayed as cytosines. In contexts such as the
Dictyostelium genome, where there are potentially very low
levels of methylation and/or the methylation is variable in
a given DNA sequence, it becomes difficult to determine
whether the detected cytosines represent bona fide methyla-
tion or false-positive unconverted cytosines generated as an
experimental artifact. In an attempt to identify anything un-
usual about the genomic regions around the methylated se-
quences in Dictyostelium, GC content was calculated in the
100 bp upstream and downstream of each of the 11 sites and
was found to be markedly lower (range 7.96–17.41%) than
the 23% average across the entire genome (Table 4). How-
ever, this was not particularly unexpected as all of the sites
are located in non-protein-coding regions of the genome,
where lower GC content is typical in the AT-rich D. dis-
coideum genome.

The most remarkable pattern observed across the 11 sites
was their consistent location within palindromic sequences
48–80 nucleotides in length. The predicted secondary struc-
tures of the seven palindromic regions harboring all 11
sites are shown in Figure 6. Given these predictions, there
is a strong possibility that, as single-stranded DNA (ss-
DNA) molecules generated in the bisulfite treatment pro-
tocol, these sequences form rigorous hairpin-like secondary
structures (Figure 6). As bisulfite-mediated deamination of
cytosine to uracil only occurs in ssDNA, it is possible that
the stem–loop double-stranded secondary structures shield
to some extent the cytosines within them from bisulfite
conversion, leading to higher levels of nonconversion than
other sites. Incomplete separation of strands or reanneal-
ing of strands during the bisulfite conversion reaction has
been shown to produce false-positive artifacts (48,49). In
the case of the 11 sites in our datasets, it is likely that the
denaturation step of the bisulfite reaction is separating the
plus and minus strands adequately, but the ssDNA may be
rapidly reannealing to itself in these palindromic regions,
essentially forming a stretch of double-stranded DNA
(dsDNA) that inhibits bisulfite conversion at those sites
(Figure 6).

One issue with this explanation is that in cases where there
are other cytosines within the palindromic region, the other
cytosines are not necessarily showing high rates of non-
conversion across the four methylomes. Notably there were
very few other ‘converted’ cytosines (20 in total across the
combined 495 nucleotides) within the seven palindromic re-
gions. As a result of the strongly AT-rich composition of
these regions, there were only between two and eight total
cytosines within any one palindromic sequence across the
plus or minus strands (Figure 6). An analysis of the WGBS
methylation ratios of the other ‘converted’ cytosines within
the palindromic sequences actually reveals some degree of
nonconversion, with these residues meeting our criteria for
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Figure 6. Predicted stem–loop structures of palindromic sequences around the 11 significantly methylated sites. The lowest energy conformation and its
minimum free energy is shown. Nucleotides identified as significantly methylated are highlighted in yellow. For clarity, only one DNA strand from each
palindromic region is shown. As a result, highlighted guanine (G) residues represent a base paired with a ‘methylated’ cytosine (C) on the complementary
strand in the original dsDNA of the genome.

statistically significant methylation in zero to three of the
four methylomes, with a median of two (data not shown).
Strikingly, there is one characteristic shared among all the
cytosines predicted to be within the loop of the hairpin
structure (which account for 7 of the 20 ‘converted’ residues;
Figure 6): they were all completely converted in the bisul-
fite reaction in every methylome and therefore identified as
unmethylated. As the loop of the hairpin would essentially
remain single-stranded and susceptible to bisulfite conver-

sion at the usual rate, while cytosines within the double-
stranded stem would be more resistant to conversion, this
supports the idea that the secondary structure strongly
impacts bisulfite conversion efficiency. We therefore con-
clude that the methylation detected at the 11 robust sites
in the D. discoideum genome represents false-positive arti-
facts resulting from the high tendency of the regions around
these sites to form localized dsDNA that inhibits bisulfite
conversion.
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Figure 7. Majority of identified methylated sites are located in palindromic sequences. (A) A total of 1770 palindromic sequences are identified across the six
Dictyostelium chromosomes, with a similar size profile on each chromosome. (B) The number of 5mCs shared between at least two of the four methylomes
(WT1, WT2, WT3 and KO) is shown (common mCs) along with the number that are located in one of the 1770 identified palindromic sequences (mCs in
palindromes). The percentage located in palindromic sequences increases as the stringency increases from two to three methylomes and culminates with
100% of the 11 sites found in all four methylomes being located in palindromic sequences.

Majority of identified methylated cytosines are located in
palindromic sequences

To further investigate the potential for palindromic se-
quences to act as a source of false positives, we analyzed
their prevalence across the entire Dictyostelium genome. We
identified 1770 palindromic sequences (see the ‘Materials
and Methods’ section for details) distributed across all six
chromosomes (see Supplementary Table S1 for a complete
list). The overall profile of the palindromic sequences in
terms of size was also similar across all six chromosomes,
with the vast majority ranging from 19 to 80 bp (Figure
7A). We then examined the frequency that a residue iden-
tified as a 5mC in at least two of the methylomes was found
in one of these palindromic sequences (see Supplementary

Table S2). Strikingly, in every possible pairwise three-way
and the single four-way methylome analysis, at least 45.71%
of the identified common 5mCs were located in palindromic
sequences (Figure 7B). Furthermore, as the stringency of
the analysis is increased, by requiring a 5mC to be shared
between more methylomes, so did the percentage of 5mCs
located in palindromic sequences. If just two methylomes
are considered, the range is 45.71–69.05%, for three methy-
lomes it is 76.47–91.67% and for the 11 5mCs shared in
all four methylomes 100% are in palindromic sequences
(Figure 7B). These results strongly support the hypoth-
esis that palindromic sequences are a potentially signifi-
cant source of false-positive artifacts in bisulfite conversion
experiments.
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CONCLUSIONS

The paucity of studies investigating DNA methylation in
D. discoideum has prohibited our detailed understanding of
the evolution and function of eukaryotic DNA methylation
with reference to D. discoideum’s unique phylogenetic posi-
tion. That is, D. discoideum diverged soon after the plant–
animal split and is therefore closely related to two kingdoms
with largely present or absent DNA methylation systems
(i.e. plants and fungi, respectively) (20) (Figure 1). Our re-
sults in this study indicate that there is no significant DNA
methylation in Dictyostelium and that any experimentally
detectable methylation at cytosine residues is likely a result
of reproducible artifacts and/or low read depth in the whole
genome analyses. Previous studies have addressed some of
the potential sources of artifacts in bisulfite sequencing (49),
identified critical experimental parameters (48) and offered
approaches to resolve such artifacts in WGBS studies (50–
52). The results we present in this work reveal an additional
potentially significant source of false-positive artifacts in
bisulfite sequencing, which, to our knowledge, has not pre-
viously been reported.

Our findings support the earlier observation that the
genome of D. discoideum is largely devoid of methylation
(22), but contradict the results obtained by Kuhlmann et
al. (21) and Katoh et al. (23), in which they estimated 0.03–
0.20% of all cytosines in the genome were methylated with a
detectable increase between vegetative and developing AX4
cells (23). It should, however, be noted that the results of our
current study may not be directly comparable to those in
earlier studies as the gDNA samples we analyzed were col-
lected over an 18–24 h post-starvation time window, prior
to fruiting body formation. Combining our new data with
the knowledge that there is a functional DNMT2 homolog
(DNMA) with potentially broad substrate recognition in D.
discoideum opens up the exciting possibility of further dis-
secting this evolutionarily conserved epigenetic system. It
will be critical for future studies to focus on further char-
acterization of the functional activity of the DNMA en-
zyme, in particular with reference to previously confirmed
tRNA substrates (14), and investigation of the associated
phenotypic impacts in the dnmA KO background in Dic-
tyostelium.
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