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TET/JBP enzymes oxidize 5-methylpyrimidines in DNA. In mam-
mals, the oxidized methylcytosines (oxi-mCs) function as epige-
netic marks and likely intermediates in DNA demethylation.
Here we present a method based on diglucosylation of 5-hydroxy-
methylcytosine (5ShmC) to simultaneously map 5hmC, 5-formylcyto-
sine, and 5-carboxylcytosine at near-base-pair resolution. We
have used the method to map the distribution of oxi-mC across
the genome of Coprinopsis cinerea, a basidiomycete that encodes
47 TET/JBP paralogs in a previously unidentified class of DNA trans-
posons. Like 5-methylcytosine residues from which they are de-
rived, oxi-mC modifications are enriched at centromeres, TET/JBP
transposons, and multicopy paralogous genes that are not
expressed, but rarely mark genes whose expression changes be-
tween two developmental stages. Our study provides evidence for
the emergence of an epigenetic regulatory system through recruit-
ment of selfish elements in a eukaryotic lineage, and describes
a method to map all three different species of oxi-mCs simultaneously.
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he discovery that oxidative modifications of DNA bases are

catalyzed by the TET/JBP family of 2-oxoglutarate and iron-
dependent dioxygenases (1-4) opened a major area of research
into the epigenetics of various eukaryotic lineages (reviewed in
refs. 5-7). In metazoans, the TET/JBP family is represented by
TET proteins, which are present in all animals that are known to
possess DNA cytosine methylation (3, 8, 9). The three TET
paralogs of vertebrates have been shown to catalyze the oxida-
tion of 5-methylcytosine (SmC) to 5-hydroxymethylcytosine
(5hmC) (2), which is progressively oxidized to 5-formylcytosine
(5fC) and 5-carboxyleytosine (5caC) (10-12). The discovery of
these oxidized methylcytosine (oxi-mC) modifications triggered
a flurry of studies on the mammalian TET paralogs; the reports
increasingly point toward important roles for these oxidative
modifications as intermediates in the enigmatic process of DNA
demethylation, and also as epigenetic marks in their own right
(13, 14) (reviewed in refs. 5-7). TET proteins have roles in di-
verse biological processes, including epigenetic regulation of
gene transcription, embryonic development, stem cell function,
and cancer (5), but the mechanisms underlying their biological ac-
tivities are still poorly defined.

Several methods have been developed to profile individual
oxi-mC species at base resolution in genomic DNA (reviewed in
ref. 5). However, none of these methods can simultaneously map
all three oxi-mC species—5hmC, 5fC, and S5caC—at the same
time; rather, they rely on chemical or enzymatic conversion of
individual oxi-mCs followed by bisulfite sequencing. Two re-
cent sequencing technologies, single-molecule, real-time (SMRT)

www.pnas.org/cgi/doi/10.1073/pnas.1419513111

sequencing and protein nanopore sequencing, are capable of
recognizing modified bases in unamplified genomic DNA (15-18).
In SMRT sequencing, SmC and ShmC are barely detectable in
unmodified DNA, whereas 5fC and 5caC yield a robust kinetic
signature (16). As 5ShmC is an abundant oxi-mC modification in
mammalian DNA, we sought a method for mapping ShmC together
with 5fC and 5caC by using the SMRT sequencing technique.

We applied the method to the genome of Coprinopsis cinerea,
an organism that has been used as a fungal model to study DNA
methylation (19-21). C. cinerea was chosen for these studies
because of its small genome size (~36 Mb, ~1/100th the size of
the human genome), a fully sequenced and assembled genome
(22, 23), and the presence of multiple copies of DNA trans-
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posons with genes encoding TET/JBP proteins (1, 8, 9,
22). We show that oxi-mCs mark TET/JBP transposons
and other repetitive elements in C. cinerea, and are also
enriched at centromeres. There is an overall correlation between
the distribution of SmC and oxi-mC in C. cinerea, as in mammals
(24); however, whereas ShmC is enriched in the gene bodies of
highly expressed genes in mammals (14, 25, 26), oxi-mC mod-
ifications mark genes that are silent or poorly expressed in C.
cinerea, and tend to be excluded from highly expressed genes and
genes whose expression is altered between oidia (haploid spores)
and haploid mycelia.

Results

TET/JBP-Coding Transposons and oxi-mCs. The C. cinerea genome
contains a total of 47 TET/JBP genes (Table S1), most of which
are part of Kyakuja transposons (8). At least 32 of the TET/JBP
genes are predicted to encode catalytically active proteins, and 29 of
them belong to “complete” Kyakuja elements defined as possessing
the three core genes, encoding a transposase, the TET/JBP enzyme,
and a protein with a divergent HMG domain (8) (Fig. 14 and
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Tables S1 and S2). The C. cinerea genome has two distinct paralogs
of DNA cytosine methyltransferase 1 (DNMT1) (CC1G_01237 and
CC1G_00579) that are present across all Agaricomycetes (mush-
rooms), but not other fungi (8). C. cinerea also encodes a third
predicted DNA cytosine methylase (CC1G_00872, also called
DNMTS5) with a distinct architecture (8) which has been recently
shown to methylate cytosines with a bias towards those in inter-
nucleosomal linker regions (27). The modified cytosines in C. cinerea
are likely to arise as a result of the interplay between these DNA
methylases and the active TET/JBP proteins.

The C. cinerea genome contains all three oxi-mCs ShmC,
5fC, and 5caC (Fig. 1B). The relative levels of ShmC in
C. cinerea DNA are lower, and the relative levels of 5caC
higher, than in mouse embryonic stem cell DNA, as judged
by MS and DNA dot blot (Fig. 1 B and C). Bisulfite analysis
showed, as previously observed (27), that the majority of meth-
ylated cytosines were located in the CpG context [we note that
some fraction of these may be hydroxymethylated, as bisulfite
sequencing cannot distinguish between SmC and ShmC (28)]
(Fig. 1D).
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Fig. 1. TET/JBP-coding transposons and oxi-mCs. (A) Genomic organization of the Kyakuja transposons in C. cinerea. Genes are depicted as arrows pointing

from the 5’ to the 3’ direction of the coding sequence. Gene neighborhoods are labeled with the name of the TET/JBP gene, species name, and the sequence
identification (gi) number with the chromosome number in brackets. The number of complete elements with a particular organization in the genome is
shown next to the label. Five of the depicted transposons represent the more prevalent Kyakuja-1 element, which contains a gene coding for a predominantly
a-helical protein between the TET/JBP and transposase genes that may also be fused to the transposase; the sixth is a less frequent Kyakuja-2 element that
contains a gene for a cysteine-rich protein with conserved cysteine residues (Cys-clus) 5’ to the TET/JBP gene. In most Kyakuja elements, the TET/JBP gene is
encoded on the opposite strand of DNA relative to the gene for the transposase, with the two in a head-to-head orientation; the TET/JBP gene and the gene
encoding the HMG domain-containing protein (HMG) are usually on the same strand. The GenBank entry for CC1G_15488 and the transposase associated with
CC1G_05497 fuses several distinct domains on the same strand. These are depicted as separate genes. a-hel dom, o-helical domain; DS, dikaryon-specific; HM,
expressed in haploid mycelium; MI, meiotically induced; MR, meiotically repressed; MS, meiosis-specific; oidia, expressed in oidia. Stage-specific gene expression
information is from Burns et al. (50). (B) Dot blots showing the relative abundance of 5hmC (Left), 5fC (Middle), and 5caC (Right) in C. cinerea (Ccin) compared
with mouse embryonic stem cell DNA. TET1CD, DNA from HEK293 cells transfected with the TET1 catalytic domain. (C) Relative levels of 5hmC, 5fC, and 5caC in
C. cinerea estimated by MS. (D) All ~18.5 million cytosines (on both strands) in the 13 assembled chromosomes of the C. cinerea genome were categorized into
three groups according to their sequence context (H = A, C, or T). Although only one fourth of all cytosines occur in the CpG context, more than 99% of all
methylated cytosines (or hydroxymethylated cytosines, as bisulfite sequencing cannot distinguish between 5mC and 5hmC) are observed at CpGs.
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Enhancing the Kinetic Signature of 5hmC in SMRT Sequencing. In an
effort to identify all three oxi-mC species simultaneously in the
C. cinerea DNA, we turned to SMRT sequencing (29-31). SmC
and 5hmC are only weakly detected by SMRT sequencing (15),
whereas 5caC yields a strong signal (16). To enhance the kinetic
signature of ShmC, we converted ShmC to a diglucosylated ad-
duct by using two T-even bacteriophage enzymes in succession
(Fig. 24). Tests on a synthetic SMRTbell DNA template (30)
with 5ShmC incorporated at two positions (Fig. 2B) confirmed
that the interpulse duration (IPD) ratio of ShmC to unmodified
Cwas small (~2) (15) (Fig. 2C, Top). Addition of a single glucose
using T4 phage B-glucosyltransferase (BGT) increased the IPD
ratio to between 2 and 10 (Fig. 2C, Middle); diglucosylation by
successive treatment with BGT followed by T6 phage B-glucosyl
a-glucosyl transferase (BGAGT) (32) increased the IPD ratio to
between 10 and 29 (Fig. 2C, Bottom). The magnitude and pattern
of the observed signal showed a clear dependence on the se-
quence context (Fig. 2 C and D and Fig. S14).

We compared signals from 5SmC, ShmC, diglucosylated ShmC,
5fC, and 5caC by sequencing SMRTbells containing these
modified cytosines in a degenerate sequence context, in which
the two nucleotides immediately 5' and 3’ of the CpG di-
nucleotide were randomized (NNCGNN; Fig. 2D and Fig. S14).
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For 5fC, high IPD ratios were observed at position +2 with re-
spect to the CpG cytosine (Fig. 2D and Fig. S14); for 5caC (16)
and diglucosylated 5caC, high IPD ratios were observed at the
CpG cytosine (position 0), at position +2 and, to a lesser extent,
at position +6 (Fig. 2D and Fig. S14). For 5SmC, close spacing of
modified cytosines had a cumulative effect: when we sequenced
a SMRThbell template that was methylated at defined closely
spaced positions, successive SmC residues yielded progressively
increasing IPD ratios, albeit not in a linear fashion (Fig. S1B).
Thus, SMRT sequencing on native DNA yields the positions of
5fC and 5caC, whereas SMRT sequencing on diglucosylated
DNA yields the positions of all three oxi-mCs (Fig. 2D) (16).

Mapping the Genomic Locations of oxi-mCs in the C. cinerea Genome.
A major advantage of SMRT sequencing is the ability to se-
quence long stretches of genomic DNA without PCR amplifi-
cation. For diglucosylated C. cinerea DNA obtained from oidia
(19, 33), we performed SMRT sequencing on two SMRTbell
templates, one containing DNA sheared to a length of 400-500 bp
and another sheared to ~6 kb; for native DNA, we sequenced
only ~6-kb fragments of DNA. The longer insert libraries per-
mitted unambiguous assignment of reads to specific repetitive
genomic regions that are shorter than the long reads. Both
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7 SMRT sequencing. (A) Conversion of 5hmC to a
9 diglucosylated adduct using two T-even bacterio-
1 phage enzymes in succession. (B) Synthetic SMRTbell
template with 5hmC incorporated at two CpG
positions (asterisks). (C) IPD ratio signatures of
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samples were sequenced to ~120x total coverage. To identify
statistically significant kinetic variants indicative for modified
bases, we calculated log-transformed P values by applying ¢ tests
to the sample IPDs against an in silico control at every genomic
position [Qmod values, calculated as —10log(P value); SI Materials
and Methods).

To confirm the results of SMRT sequencing of diglucosylated
DNA (digluc-SMRT-seq), we used cytosine S-methylenesulphonate
(CMS) immunoprecipitation (IP) as a validated method of map-
ping ShmC (34-36). Treatment with sodium bisulfite converts
5hmC to CMS, a highly immunogenic adduct (34). We immu-
noprecipitated bisulfite-treated C. cinerea DNA obtained from
oidia (19, 33) with a specific and sensitive antiserum against
CMS (34, 36) and mapped ShmC-enriched regions of the ge-
nome (HERGs) by using a statistical model that explicitly
considers biological and technical replicates for calculating
overdispersion (37, 38) (SI Materials and Methods). In pairwise

comparisons, the correlation between technical replicates was
99%, and that between biological replicates was >95% (Fig.
S24). The number of reads reached saturation as judged by
multiple random sampling of different numbers of reads (Fig.
S2B), and coverage was high, with >99% of all CpGs in the C.
cinerea genome covered by extended (250-bp) reads (Fig. S2C).
However, standard mapping considering only uniquely mapped
reads (Fig. 34, unique mappers) revealed a substantial number
of repetitive genomic regions where CMS enrichment could not
be calculated, as neither input nor CMS-IP data could be mapped
to a unique position in the genome. To address this problem, we
included reads that mapped to as many as 100 different genomic
regions in input and CMS-IP analyses, and then calculated
HERGs (Fig. 34, CMS-IP, multiple mappers; details and map-
ping statistics are provided in SI Materials and Methods and
Tables S3 and S4). The HERGs obtained by multiple mapping
were merged with the original HERGs in which we considered
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Fig. 3. Mapping oxi-mCs in the C. cinerea genome. (A) Anti-CMS IP coverage [in reads per kilobase per million (rpkm)] of short reads mapping to only one

position in the genome (unique mappers) or as many as 100 positions in the

genome (multiple mappers). By considering only uniquely mapped reads,

a substantial number of repetitive genomic regions cannot be covered by input or CMS-IP data. To address this problem, we also considered reads that

mapped to as many as 100 different genomic regions in input and CMS-IP anal

yses (SI Materials and Methods). Extended HERGs are obtained by merging

HERGs identified by the two alternative approaches. (B) To estimate the enrichment of HERGs at different annotated genomic regions, we performed 100
random samplings of the same number of genomic regions with the same size distribution (S/ Materials and Methods). This analysis showed substantial

enrichment of HERGs at repetitive elements and Kyakuja transposons (P < 0.001
and 4% of HERGs mapped to annotated centromeres. (C) An analogous analysi

, empirical test). A substantial amount of HERGs (72%) accumulate at genes
s shows substantial enrichment of digluc-SMRT kinetic variants at extended

HERGS (P < 0.001), suggesting a high agreement between methods. (D) Single base-level comparison of cytosines in a CpG context covered by bisulfite (CMS
input, x axis) and digluc-SMRT (y axis) sequencing (n = 2,786,393). Horizontal dashed red line represents a Qmod 60 threshold applied for defining digluc-
SMRT kinetic variants. Bisulfite methylation shows a common bimodal distribution, and 5hmC is detected by digluc-SMRT essentially only in the high range of
bisulfite methylation that is incorrectly considered as highly methylated by bisulfite sequencing. (E) Chromosome-wide views of extended HERGs (CMS IP),
digluc-SMRT, and native SMRT sequencing data shows high correspondence among the distributions of oxi-mC species detected by these different

technologies.
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only uniquely mapped reads, to obtain “extended” CMS-IP HERGs
(Fig. 34, Ext. HERGs) used in subsequent analyses.

An advantage of CMS-IP is that the input DNA has been
bisulfite-treated, and hence can be used to infer the sum of 5mC
and S5ShmC at each CpG (28). Single-base analysis of the bisulfite-
treated input DNA confirmed that the majority of methylated/
hydroxymethylated cytosines were present in a CpG context (Fig.
1D). In total, there are 371,971 CpGs with a C-to-T conversion
rate of less than 20% in the bisulfite-treated input DNA, whereas
the lambda control sequences have a mean C-to-T conversion
rate of 98.8% (SI Materials and Methods), indicating that 8.26%
of all cytosines genome wide (or 9.3% of all covered cytosines)
are highly methylated/hydroxymethylated (>80%; Table S5).

Almost all repetitive elements and Kyakuja (TET/JBP) trans-
posons overlap with HERGs, indicating that they are strongly
marked by oxi-mCs; in contrast, only a small fraction (13.8%)
of genes overlap with HERGs (Fig. S2D). To estimate the en-
richment of HERGs at different annotated genomic regions, we
performed 100 random samplings of the same number of genomic
regions with the same size distribution (SI Materials and Methods).
This analysis showed substantial enrichment of HERGs at repetitive
elements and Kyakuja transposons (P < 0.001, empirical test; Fig.
3B). Although only a small fraction of annotated genes are marked
by hydroxymethylation (Fig. S2D), a substantial amount of HERGs
(72%) accumulate at these genes, a number slightly but signifi-
cantly greater than the enrichment calculated for random ge-
nomic sequences of similar length (Fig. 3B). Finally, 4% of
HERGs mapped to annotated centromeres (Fig. 3B), whereas
almost 100% of the annotated centromeres overlap with HERGs
(Fig. S2D; discussed further later).

Signals obtained by digluc-SMRT-seq were significantly enriched
in extended CMS-IP HERGs (Fig. 3C). Consequently, digluc-
SMRT-seq signals are also significantly enriched at repetitive ele-
ments, Kyakuja transposons, and centromeres (P < 0.001, empirical
test). The presence of ShmC correlated with the presence of
5mC: ~92% of all diglucosylation signals from SMRT sequenc-
ing with a Qmod value >60 corresponded to CpG cytosines that
are highly (80-100%) methylated (5SmC/5hmC) as determined by
bisulfite sequencing (Fig. 3D). The approximate genome-wide
fraction of oxi-mCs (inferred by 1,807 digluc-SMRT-derived
kinetic variants at CpGs with Qmod value >60) compared with
highly methylated (>80%) CpGs inferred by bisulfite sequencing
is 0.5% (Fig. 3D and Table S5). There was a strong overall corre-
spondence among the three techniques, anti-CMS-IP, digluc-
SMRT-seq, and native SMRT sequencing, particularly evident in
chromosome-wide views (Fig. 3E and Fig. S2F).

oxi-mCs Mark DNA Transposons, Centromeres, and Retrotransposons.
Kyakuja transposons containing predicted active TET/JBP enzymes
were major foci for SmC oxidation, suggesting that TET/JBP
proteins might regulate the methylation status of their own
transposons. In each case, an extensive region including not only
the Kyakuja transposon itself but also nearby repetitive elements
was enriched for oxi-mC, with the length of the enriched region
ranging from ~30 kb to ~90 kb in the examples shown (Fig. 44
and Fig. S34). In addition, we found significant enrichment of
oxi-mC at other mobile selfish elements in the C. cinerea ge-
nome. Among these are the DNA transposons Dileera and
Zisupton, whose transposases are related to those of the Kyakuja
elements (1, 8). There are 14 copies of Dileera and 8 copies of
Zisupton transposons in the C. cinerea genome, and the majority
of them (57%) contain oxi-mC (an example is shown in Fig.
S3B). As also observed in the Kyakuja transposons, oxi-mCs are
distributed within the bodies of the transposase genes of
these elements.

There was also a strong correspondence of extended regions of
methylcytosine oxidation with centromeres (Fig. 4B). The posi-
tions of 9 of 13 cytologically defined centromeres (39) are highly
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correlated with a cluster of transposon-related sequences, which
are otherwise rare in the genome except for their occurrence
near telomeres (22). Repeated sequences have previously been
shown to be a primary target of cytosine methylation in C. cinerea
(27), as confirmed in this work; however, instead of observing
uniform methylation across the presumed centromere regions,
we observed a distinctive pattern of DNA modification at 8 of 13
centromeres (chr 1, 2, 3, 4, 6, 7, 10, 12), consisting of local
hypomethylated islands in regions of elevated CpG density sur-
rounded by a large region of densely modified sequences that
contained SmC, ShmC, and other oxi-mCs (Fig. 4B and Fig. S3
C-E). These local regions of hypomethylation were distinguished
by the presence of Copia-like transposon fragments (shown in
orange in the “repetitive element” tracks in Fig. 4B and Fig. S3
C-E), and were flanked by regions enriched for oxi-mC (Fig. 4B
and Fig. S3 C-E). The Copia elements were also present in the
flanking pericentric regions; however, the density of SmC dif-
fered dramatically in otherwise identical Copia sequences, with
<5% methylated within the presumed centromere core region in
contrast to >18% methylated within the flanking pericentric
region. The pattern on chromosome 10 occurred at a location
other than the cytologically annotated centromere (Fig. S4E),
which may reflect a strain difference: numerous chromosome-
length polymorphisms have been described previously in C. cinerea
(40). For these eight chromosomes, the new correlation between
centromeres and hypomethylated/copia regions was even higher
than the previous correlation (22) based simply on the presence
of transposon clusters (R* = 0.93 vs. R*= 0.89).

A search for conserved sequences with oxi-mC signals re-
covered an extended repetitive motif with a single oxi-mC (5’-
CACAGGTTACTGCGGAGCGCAGCAGAGATAAATTAG-
AGAA-3’) that was considerably expanded in the C. cinerea
genome (more than 30 copies). The motifs tended to be found
in pairs, with the individual motifs in a pair typically ~7.9 kb
apart (Fig. 5B and Fig. S4), and comparison of signals from
native and digluc-SMRT-seq suggested that it was 5fC or 5caC
(Fig. 5C). Further analysis showed that the motifs were located
in the LTRs of a group of mushroom retrotransposons related
to the Ty/gypsy-like elements of ascomycete fungi and included
among the clusters of repetitive elements previously annotated
to Gypsy and Copia families (22). The complete versions of the
Ty/gypsy-like elements are retrotransposons that encode poly-
proteins with serial GAG, Zn-Knuckle, aspartyl peptidase, reverse
transcriptase, RNase H, ZnF, integrase and chromodomain
(Fig. 54). The C. cinerea genome has six complete copies of
these Ty/gypsy-like retrotransposons on chromosomes 1, 4, 7, 9,
11, and 12, of which at most three (on chromosomes 1, 9, and 11)
are likely to be transcribed, based on the presence of ESTs
mapping to them; the remaining retrotransposon copies are all
fragments at different stages of degeneration. For active copies
and inactive fragments, there is a very widespread correlation of
the retrotransposon with regions with a high frequency of oxi-
mC, implying that TET/JBP enzymes specifically target these
elements for modification (Fig. 5 B and C and Fig. S4). In ad-
dition, we found three copies of a DIRS1-family retrotransposon
in C. cinerea (41, 42), which also contained oxi-mC in the body of
the element. Overall, our data indicate that large genomic
regions surrounding Kyakuja transposons as well as other
DNA transposons and retrotransposons are heavily modified
with oxi-mC.

A C. cinerea TET/JBP Is Transcribed at the Oidial Stage and Is Catalytically
Active. Although both DNMT1 paralogues (CC1G_01237, CC1G_
00579) and the third DNA cytosine methylase (CC1G_00872,
DNMTS5) were expressed at the RNA level at the oidial stage
(Fig. S5B and Dataset S1), only a single TET/JBP (CC1G_05497)
was expressed at this stage (Fig. SSA and Dataset S1). To confirm
the catalytic activity of this C. cinerea TET protein (here termed
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CcinTET), we expressed a FLAG-tagged version in mammalian
HEK?293 cells and compared its activity with that of FLAG-tagged
human TET2 (Fig. 6 A and B). Unlike hTET2, which is completely
localized to the nucleus, a significant proportion of CcinTET was
localized to the cytoplasm in HEK293 cells cultured at 37 °C (Fig.
64 and Fig. S5C), but the enzyme still generated copious amounts
of 5ShmC as judged by immunocytochemistry, comparable to the
amounts generated by hTET2 (Fig. 6B). However, in contrast to
a previous report using a different C. cinerea TET/JBP protein
(43), we were unable to detect significant 5caC in cells expressing
CcinTET, even though hTET2 clearly generated ScaC over the
background level observed in untransfected cells (Fig. S5D).

We examined the correlation of SmC and oxi-mC distribution
with gene transcription at the oidial stage. There is a complete
coincidence of oxi-mC and SmC-enriched regions using the dif-
ferent methods (shown for chromosome 2 in Fig. 6C), but, at this
stage of development, there are no large genomic regions that
show enrichment for oxi-mC over SmC. As expected, transcrip-
tion was strongly suppressed in regions of heavy 5mC, which
correlated well with regions enriched for oxi-mC (Fig. 6 C
and D).

Paralogous Multicopy Genes Are Less Expressed in Oidia and Show
Higher oxi-mC. C. cinerea has an efficient mechanism to detect
DNA duplications introduced by DNA-mediated transformation
and methylate them during the sexual cycle, a process called
methylation induced premeiotically, or MIP (21). We confirmed
that methylation/hydroxymethylation occurred primarily at se-
quences present in multiple copies, by inserting two additional
copies of the tryptophan synthetase gene (#rpl) at the endoge-
nous locus (CC1G_13871; Fig. S64). Bisulfite sequencing of 20
haploid meiotic segregants revealed that all CpG sequences
within the 451-bp promoter region of this tandem triplication
were methylated (or hydroxymethylated) to varying degrees (Fig.
S6B, Left); no other cytosines were modified. The endogenous
locus of WT C. cinerea is not methylated (Fig. S6B, Right), in-
dicating that DNA cytosine methylation/hydroxymethylation is
acquired only when duplications are introduced.
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as observed at 8 of 13 centromeres (units are as
described above).

This finding led us to investigate the cytosine modification
status of endogenous duplicated genes. The 13,236 protein-
coding genes on the assembled chromosomes in the C. cinerea
genome were previously classified into orphan genes with no
obvious homologs in related species such as Laccaria bicolor
(orphans, n = 3,689), single-copy genes with at least one ortholog
in a related species (orthologs, n = 5,830), and paralogous mul-
ticopy genes that are primarily distributed in regions with aver-
age or high rates of meiotic recombination (paralogs, n = 3,717)
(22) (Fig. S6C). Digluc-SMRT sequencing showed that oxi-mCs
were significantly enriched at paralogous multicopy genes, strongly
depleted at conserved single-copy genes (i.e., orthologs), and slightly
depleted at nonconserved single copy genes (i.e., orphans; Fig.
S6D). In total, we observed ShmC, 5fC, and/or ScaC modifications
at 1,043 of the 13,236 annotated genes (7.88%) based on digluc-
SMRT sequencing: in detail, 634 (17%) paralogs, 238 (6.3%)
orphans, and 177 (3%) orthologs are modified with oxi-mC.

RNA-sequencing (RNA-seq) showed that 98% of all orthol-
ogous genes but only 77% of orphan genes and 63% of paralo-
gous genes are expressed at the oidial stage. Strikingly, oxi-mC
almost exclusively marks nonexpressed orphan and nonexpressed
paralogous genes (Fig. S6F). Even expressed paralogous genes
tend to be less expressed than single-copy orthologous genes
(Fig. S6F and Dataset S1). Thus, gene body 5SmC and oxi-mC
appear to be modifications associated with low gene expression
in C. cinerea at the oidial stage.

Oxi-mC Modifications Are Excluded from Oidial Genes That Change in
Expression from the Oidial to the Hyphal Stage. To examine the
relation of oxi-mC to changes in gene expression during the
C. cinerea life cycle, we obtained RNA from haploid mycelia and
examined gene transcription by RNA-seq. An M (log ratios,
y axis) vs. A [mean average (MA), x axis] plot comparing gene
expression in oidia and hyphae shows a large number of differ-
entially expressed genes between these two developmental stages,
with approximately equal numbers of genes showing increased
and decreased expression (Fig. S6G). Only 30% of multicopy
paralogous genes, but ~40% of nonconserved single-copy genes
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(orphans) and ~65% of conserved single-copy genes (ortho-
logs), showed significant changes in expression between the
oidial and hyphal stages. Notably, these differentially expressed
genes were almost devoid of oxi-mC modifications [Fig. S6H, red
(up-regulated) and green (down-regulated) bars; genes unchanged
in their expression are shown in blue; dark bars indicate genes
devoid of oxi-mC modifications]; in contrast, oxi-mC modifications
marked a substantial fraction of multicopy paralogous genes and
nonconserved (orphan) single-copy genes whose expression was
unchanged between the oidial and hyphal stages (Fig. S6H, light
blue bars). These findings suggest the existence of mechanisms
that limit epigenetic cytosine modifications at genes whose ex-
pression is dynamically altered during the C. cinerea life cycle.

Discussion

We have devised a method to simultaneously map the three
different species of oxi-mC (ShmC, 5fC, and 5caC) at near-base-
pair resolution by using diglucosylated SMRT sequencing, and
have used it to report, to our knowledge, the first whole-genome
analysis of oxidative cytosine modifications in the genome of the
model fungus C. cinerea, a mushroom that attracted the atten-
tion of geneticists and cytologists because it can be cultured on
defined media in the laboratory (19, 33). The sequences of the
13 chromosomes of C. cinerea have been assembled through
shotgun sequencing (22), and the DNA methylation status of its
genome has been mapped by whole-genome bisulfite sequencing
(27). The small genome size of this organism (~36 Mb) fa-
cilitated our analysis, and SMRT sequencing of long DNA
fragments (~6 kb) allowed us to map repetitive sequences un-
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modified cytosines in the LTR motif.

ambiguously. The technologies and analysis methods we have
used can be modified for extension to larger genomes.

Although digluc-SMRT sequencing can be used for rapid
analysis of oxi-mC modifications, it has some potential limi-
tations. (i) Given the strong dependence of the IPD ratio on
sequence context and modification density, certain modified
methylcytosines are likely to be missed. (ii) Although 5fC/5caC,
which give signals in native DNA, can be distinguished from
5hmC, which provides a robust signal only after diglucosylation,
the three oxi-mC species are not readily distinguishable if only
diglucosylated DNA is sequenced. (iii) It may be challenging to
identify the exact oxi-mC modification in regions that are rich in
modified CpGs. (iv) For larger genomes, the low throughput of
the instrument requires enrichment of desired DNA regions
before SMRT sequencing.

The presence of all three oxi-mCs in C. cinerea DNA, and the
fact that the C. cinerea genome encodes at least 32 TET/JBP
paralogs predicted computationally to be catalytically active,
suggests that methylcytosine oxidation is a dynamic regulatory
modification in this organism. We find that, like SmC, oxi-mCs
are enriched at Kyakuja transposons, at other transposons and
repetitive elements, and at annotated centromeres. Moreover,
SmC and oxi-mC are excluded from most orthologous single-
copy genes and all orphan and paralogous genes whose expres-
sion changes between two stages of the C. cinerea life cycle. The
data suggest that as for DNA methylation, a primary function of
methylcytosine oxidation in C. cinerea is to limit gene expression
at repetitive elements and paralogous gene arrays. In contrast,
several groups have reported selective enrichment of 5ShmC
at gene bodies of highly expressed genes in differentiated
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Fig. 6. Catalytically active TET/JBP gene and relation of DNA modifications to gene expression. (A) Immunostaining of FLAG-CcinTET and 5hmC. HEK293T cells
were transfected with pEF-Flag-CcinTET. 5ShmC and CcinTET levels were detected by rabbit anti-5hmC (active motif) and mouse anti-Flag (Sigma) antibodies,
followed by Alexa Fluor 488 goat anti-rabbit IgG (green) and Alexa Fluor 647 goat anti-mouse IgG antibodies (red). The nuclei were stained with DAPI (blue). (B)
Use of IXM high-content imaging system to examine the catalytic activity of CcinTET in HEK293T cells. Each dot indicates the intensity of 5hmC and CcinTET
expression (Flag-positive cells) of a single cell (22,248 cells analyzed). Green indicates HEK293T cell expressed with pEF-Flag-CcinTET; black indicates HEK293T cell
expressed with empty vector. (C) Complete strand separated data representation of (from top to bottom) bisulfite (CMS-Input)-derived modifications (5mC and
5hmQ), digluc-SMRT, native SMRT sequencing (assessed by Qmod values), and RNA-seq data coverage at 10-bp windows along the full chromosome 2. Note the
complete coincidence of oxi-mC and 5mC-enriched regions and the strong suppression of transcription in regions of heavy 5mC/oxi-mC. (D) Heat maps of mean
5mC/5hmC (CMS-Input), digluc-SMRT, and native-SMRT signals per gene in oidia, sorted by gene expression in oidia from high to low. Elevated mC/oxi-mC
signals are predominantly observed at silenced genes (Right). Silenced genes are sorted from high (at left) to low (at right) 5mC/5hmC level.

mammalian cells (14, 25, 26). Potentially, this difference could reflect
a difference in the functions of 5hmC and 5fC/5caC, the oxi-mC
species present at high levels in mammalian cells and C. cinerea,
respectively (Fig. 1B). TET2 in mammals is reported to associate
with the SET1/COMPASS complex, which travels with RNA
polymerase II (44), and would therefore mark gene bodies of
highly expressed genes (25); in contrast, 5SfC/ ScaC have been
reported, by using in vitro assays, to diminish the processivity of
RNA polymerase II. A similar function has been attributed to
base J (p-D-glucosyl-hydroxymethyluracil): a fraction of base J in
Leishmania is found at transcription termination sites where two
polycistronic transcription units that are transcribed in opposite
directions converge, and the loss of base J is accompanied by a
dramatic increase in read-through transcription at these sites (45).

Unexpectedly, we found that C. cinerea centromeres could be
defined not only by methylcytosine oxidation, but also by a cen-
tral hypomethylated region. The hypomethylation patterns are
similar in DNAs extracted from nondividing cells (oidia) and
dividing cells (mycelia), suggesting that hypomethylation and the
presence of oxi-mC may be important components of the epi-
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genetic mechanism that marks the centromere. It will be of interest
to determine if this hypomethylation pattern and enrichment for
oxi-mC also characterize centromeres in other organisms.
Notably, only one of the 47 TET/JBP proteins is active in
oidia; in hyphae, one TET/JBP is expressed at moderate levels
whereas several others are expressed at extremely low levels
(Dataset S1). Other TET/JBPs are expressed at other stages of
the life cycle (Fig. 14). We have shown experimentally that the
TET/IBP expressed in oidia (CC1G_05497) is enzymatically
active. However, this protein produces ShmC but not 5caC under
our experimental conditions, despite the fact that the majority of
oxi-mC in oidia is 5caC; in contrast, one of the Naegleria Tet
proteins whose structure was recently determined (46) yields
5caC as the end product. There are several reasons why the only
TET protein expressed in oidia does not generate ScaC effi-
ciently when expressed in mammalian cells: (i) because oidia are
spores, a different TET/JBP protein might deposit oxi-mC be-
fore the oidial stage; (if) our experimental conditions might not
mimic those in the oidia; or (iii) the high level of 5caC in
C. cinerea may reflect low activity of thymine DNA glycosylase,
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which is known to excise 5fC and 5caC in mammalian DNA (11,
47-49). Although expressed at low levels in the cell types ex-
amined to date (refs. 22, 50 and present report), the C. cinerea
TDG homolog (encoded by CC1G_09247) retains the residues
necessary to specifically recognize and excise oxi-mC (3).

In summary, we have developed the digluc-SMRT-seq ap-
proach to simultaneously map the oxi-mC distributions at near-base
resolution and have generated genome-wide maps of oxi-mC
in the model organism C. cinerea. Our findings emphasize the
generality of oxi-mC species as potential epigenetic marks across
eukaryotic lineages, and provide a genome-scale snapshot of an
epigenetic regulatory system that appears to have emerged via
recruitment of selfish elements (8, 51). Although the functional
significance of the fungal systems and modifications described
here remain to be explored in detail, they open unexpected leads
for understanding gene regulation and chromatin structure, not
only in basidiomycete fungi but in other eukaryotes as well.
Given the prevalence of 5caC despite the presence of a predicted
active TDG, C. cinerea could serve as a model system for
studying the functions of oxidized cytosine marks.

Materials and Methods

Purification of T6 Phage BGAGT. An ORF encoding the BGAGT gene was
amplified by PCR from T6 phage DNA and cloned into the inducible bacterial
expression vector pRSETB (Invitrogen) to give pRSETB-BGAGT. BL21 DE3
pLysS competent cells (Stratagene) were transformed with pRSETB-BGAGT
and induced with IPTG during log-phase growth to induce expression of His-
tagged BGAGT. Bacterial pellets were resuspended in lysis buffer (50 mM
Tris, pH 8.0, 300 mM NacCl, 5 mM -mercaptoethanol) plus 10 mM imidazole,
and sonicated on ice for four intervals of 30 s each. Lysates were clarified by
centrifugation at 13,800 x g for 20 min. His-tagged BGAGT was purified on
a HisTrap FF column (GE Healthcare) as follows: 5 mL column was equili-
brated with 50 mL lysis buffer plus 10 mM imidazole. Lysate was applied to
the column, and the column was washed with 50 mL lysis buffer plus 40 mM
imidazole. His-tagged BGAGT was eluted in one step using 10 mL lysis buffer
plus 250 mM imidazole. Purified product was dialyzed by using a Slide-a-lyzer
Dialysis Cassette (MWCO 3500; Pierce) to 50 mM Tris, pH 8.0, 100 mM Nacl,
and stored at —80 °C in aliquots after addition of 50% (vol/vol) glycerol.

Diglucosylation of 5ShmC. Genomic DNA was isolated from C. cinerea oidia
protoplast cells by using DNeasy plant maxi-kit (Qiagen) following the
manufacturer’s instructions. Purified genomic DNA was sheared to ~400-500
bp fragments by using Covaris S2. A maximum of 1 pg fragmented DNA was
treated with 8 U T4-BGT (M0357; NEB) and 200 ng recombinant BGAGT
in 100 pL of 100 mM Tris, pH 7.4, 50 pyM UDP-glucose (NEB), 40 mM
p-mercaptoethanol, and 25 mM MqgCl, for 2 h at 30 °C. DNA was purified
using the MinElute PCR purification kit (Qiagen) and then converted into a
SMRTbell library for sequencing using the PacBio RS system. Control
experiments with a purified 5hmC-containing oligonucleotide (35) showed
that both glucosylation steps catalyzed by T4-BGT and T6-BGAGT resulted in
essentially complete modification at each step.

Preparation of C. cinerea Genomic DNA. For preparation of C. cinerea genomic
DNA before dot blot estimation of 5hmC, 5fC, and 5caC, 107 oidia were lysed
in 1.5 mL 40 mM Tris, pH 8, 40 mM EDTA, 0.5% SDS containing 100 mg
RNAseA/mL and incubated for 30 min at 37 °C. Proteinase K (10 pL, 10 mg/
mL) was added, and sample was incubated at 65 °C for 5 h. An extra 10 pL
proteinase K (10 mg/mL) was added, and samples were incubated overnight
at 65 °C. One-tenth volume 5 M KOAc was added and sample was place on
ice for 15 min and then centrifuged at 21,000 x g for 20 min at 4 °C. The
supernatant was collected, and genomic DNA was precipitated by the addition
of two volumes of 100% ethanol and washed twice with 70% (vol/vol) etha-
nol. Genomic DNA was resuspended in 10 mM Tris, pH 8, 1 mM EDTA con-
taining RNaseA and left at 4 °C overnight. Genomic DNA was extracted with
equal volumes of phenol, phenol:chloroform:isoamyl alcohol (25:24:1), and
chloroform:isoamyl alcohol (24:1), and then precipitated by the addition of
one-tenth volume 3 M NaOAc and two volumes of 100% ethanol, washed
twice with 70% (vol/ivol) ethanol, and then resuspended in 10 mM Tris, 0.1 mM
EDTA, pH 8.0, and allowed to resuspend overnight at 32 °C.

Analysis of 5fC and 5caC Levels by Dot Blot. C. cinerea genomic DNA samples
were denatured by heating to 95 °C for 10 min in 10 mM Tris, 6.25 mM
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EDTA, pH 8.0. Samples were neutralized by the addition of ammonium ac-
etate, pH 7, to a final concentration of 770 mM. Twofold serial dilutions
were spotted onto a nitrocellulose membrane in an assembled Bio-Dot ap-
paratus (Bio-Rad). The membrane was washed briefly in 2x SSC, air-dried,
vacuum-baked, blocked in 1x Dulbecco PBS solution, 0.05% Tween-20, and
5% (wt/vol) milk solids for 1 h at room temperature.

5caC. Membranes were incubated with rabbit anti-5caC (diluted to 1:10,000,
no. 61225; Active Motif) overnight at 4 °C, washed, and then incubated with
goat anti-rabbit IgG-HRP. To ensure equal loading of genomic DNA, the same
blot was stained with 0.02% methylene blue in 0.3 M sodium acetate (pH 5.2).
5fC. 5fC levels were compared by using the same procedure with the fol-
lowing modifications. Genomic DNA samples were denatured by heating to
95 °C in 10 mM Tris, 62.5 mM NaOH, 6.25 mM EDTA, pH 8.0, for 10 min.
Membranes were incubated with rabbit anti-5fC (no. 61223; Active Motif)
diluted to 1:10,000 overnight at 4 °C.

MS. DNA digestion, separation of nucleosides, and liquid chromatography/
tandem MS (i.e., LC-MS/MS/MS) analysis were performed as described pre-
viously (52).

CMS-IP. C. cinerea genomic DNA (5 ug) was sheared by using Covaris to
yield a majority of fragments of ~250 bp, then purified by using a Qiagen
MiniElute column. Fragmented DNA was end-repaired, 3’ adenylated, and
ligated to methylated Illumina adaptors using an Illlumina TruSeq library
preparation kit. The libraries were then bisulfite-converted by using a
Methylcode bisulfite conversion kit (Invitrogen) according to the man-
ufacturer’s instructions. 5hmC is converted to CMS after bisulfite treat-
ment as reported previously (36). The bisulfite-converted genomic DNA library
was denatured in 0.4 M NaOH, 10 mM EDTA for 10 min at 95 °C, neutralized
by addition of an equal volume of cold 2M ammonium acetate, pH 7.0, in-
cubated with anti-CMS antiserum in 1x IP buffer (10 mM sodium phosphate
pH 7.0, 140 mM Nadl, 0.05% Triton X-100) overnight at 4 °C, then precipitated
with Protein G beads (34-36). Precipitated DNA was washed three times with
1x IP buffer and eluted with Proteinase K, then purified with phenol-
chloroform. The immunoprecipitated library DNA was amplified by using 12
cycles of PCR (KAPA HiFi Uracil+ polymerase; KAPAbiosystems) and DNA se-
quencing was performed by using an lllumina Genome Analyzerll (GAIl) (34-36).

SMRT Sequencing. SMRTbell templates for sequencing were prepared as
described previously (16). For the diglucosylated sample, SMRTbell tem-
plates from ~500-bp and ~6-kb insert libraries were sequenced using C2/C2
chemistry and 2 x 45 min and 1 x 90 min movie acquisition modes, re-
spectively. For the native sample, ~6-kb SMRTbell templates were sequenced
by using the same chemistry and 1 x 90 min movie acquisition mode. All
samples were sequenced to achieve ~120x total sequencing coverage.

Library Preparation for RNA-Seq. C. cinerea oidia mRNA was isolated using
Qiagen RNeasy plant mini kit. mRNA (5 pg) was used for two rounds of polyA
selection following the manufacturer’s instructions [Poly(A)Purist MAG kit;
Life Technologies]. For oidia, RNA library preparation was done by using
SOLID Total RNA-seq kit (Life Technologies), and, for hyphae, RNA library
preparation was done after polyA selection by using an NEB NEBNext Ultra
RNA Library Prep Kit for Illumina. Library quality was analyzed by using
Agilent 2100 Bioanalyzer platform.

Immunocytochemistry and ImageXpress Micro Quantification. Actively tran-
scribed TET/JBP (CC1G_05497) at oidia stage of C. cinerea was cloned into
pEF-V5 vector with Flag-tag and transfected into HEK293T cell by using
Lipofectamine 2000. For immunocytochemistry experiments, transfected
cells were seeded on cover class and fixed with 4% (wt/vol) parafor-
maldehyde for 15 min followed by permeabilization in PBS solution/0.2%
Triton-X100 for 15 min. Then DNA was denatured with 2N HCI for 30 min
and neutralized with 100 mM Tris-Cl (pH 8.5) for 10 min. Next, cells were
blocked with PBS solution containing 1% BSA and 0.05% Tween 20 for 1 h.
Cells were then incubated with primary antibodies [anti-Flag (Sigma) and
anti-5hmC or 5fC or 5caC (Active Motif)] for 1 h at room temperature and
followed by incubation with secondary antibodies (Alexa Fluor 488 goat
anti-rabbit IgG and Alexa Fluor 647 goat anti-mouse IgG) and DAPI for 1 h.
Cells were washed with PBS solution three times after primary and sec-
ondary antibody incubation. Images were taken by using an Olympus
FV1000 confocal microscope. For ImageXpress Micro (IXM) quantification
experiments, transfected cells were cultured on Corning Costar assay plates
and stained with anti-Flag and anti-5hmC or 5fC or 5caC antibodies as de-
scribed earlier. Images were taken by using an IXM imaging system, and
data were analyzed by MetaXpress Software Application Modules.
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