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The formation of three oxidative DNA 5-methylcytosine (5mC) modifi-
cations (oxi-mCs)—5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC)—by the TET/JBP family of dioxy-
genases prompted intensive studies of their functional roles in mammalian
cells. However, the functional interplay of these less abundant modified
nucleotides in other eukaryotic lineages remains poorly understood. We car-
ried out a systematic study of the content and distribution of oxi-mCs in
the DNA and RNA of the basidiomycetes Laccaria bicolor and Coprinopsis
cinerea, which are established models to study DNA methylation and devel-
opmental and symbiotic processes. Quantitative liquid chromatography–
tandem mass spectrometry revealed persistent but uneven occurrences
of 5hmC, 5fC and 5caC in the DNA and RNA of the two organisms,
which could be upregulated by vitamin C. 5caC in RNA (5carC) was
predominantly found in non-ribosomal RNA, which potentially includes
non-coding, messenger and small RNA species. Genome-wide mapping of
5hmC and 5fC using the single CG analysis techniques hmTOP-seq and
foTOP-seq pointed at involvement of oxi-mCs in the regulation of gene
expression and silencing of transposable elements. The implicated diverse
roles of 5mC and oxi-mCs in the two fungi highlight the epigenetic impor-
tance of the latter modifications, which are often neglected in standard
whole-genome bisulfite analyses.
1. Introduction
5-Methylcytosine (5mC) is a widespread DNAmodification found in organisms
ranging from bacteria to mammals. In higher eukaryotes, it is an important epi-
genetic regulator that modulates gene expression and silencing of transposable
elements (TEs) [1–3]. The much less abundant oxidized forms of 5mC are intro-
duced through successive oxidation of 5mC to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) by TET (ten–eleven translo-
cation) oxygenases in the active DNA demethylation pathway (figure 1a), which
is widely studied in mammals [5,7–11]. It is increasingly acknowledged that
different oxidized 5mC modifications (oxi-mCs) have independent epigenetic
roles besides being sole intermediates in the 5mC demethylation pathway; the
most frequent of the oxi-mCs, 5hmC, has important roles in embryonic devel-
opment and gene transcription regulation in healthy and cancerous tissues
[12–14], while more rare 5fC and 5caC tend to accumulate at active enhancers
[10,11,15–17], suggesting that they are implicated in gene activity regulation.
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Figure 1. Oxidized 5-methylcytosine modifications (oxi-mCs). (a) Successive oxidation of 5mC performed by TET proteins. (b,c) Occurrence of cytosine modifications
analysed by quantitative liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) quantification in (b) DNA and (c) RNA of Laccaria bicolor and Coprinopsis
cinerea grown under conventional conditions. Amounts of 5caC, 5fC, 5hmC and 5mC were calculated as the percentage of total G using a calibration curve of a
corresponding nucleoside. At least two biological replicates were used. Oxidized 5mC derivatives were additionally purified by HPLC nucleoside fractionation prior to
HPLC-MS/MS. A 5caC in RNA (5carC) signal was not detected in L. bicolor RNA. (d ) Comparison of the abundance of modified cytosines in DNA and total RNA of the
fungi L. bicolor and C. cinerea and mammals, presented as the percentage of total G (or C). Averaged approximate DNA data from various tissues were taken from
[4] for mouse and from [5] for human; RNA data were taken from [6]. Data from untreated samples (without vitamin C or derivatization) were used for fungal DNA
and RNA (5frC was not assessed in L. bicolor (n.a.) and 5carC was not detected (n.d.)). L. b., L. bicolor; C. c., C. cinerea.
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Besides widely explored 5mC oxidation in DNA by TET
proteins in vitro and in vivo, these enzymes are also able to
oxidize 5mC in RNA (5mrC) to all three oxi-mC forms
(5hmrC, 5frC, 5carC) in vitro [18,19]. Furthermore, 5hmrC
can be derived from 5mrC [20] in vivo with a contribution
from TET dioxygenases [18], suggesting that 5mrC in RNA
may undergo the same demethylation mechanism. 5mrC is
widespread across both coding and non-coding RNAs from
all domains of life [21]. Oxi-mCs were also found in
the RNA of a variety of organisms: mammals, plants, insects
[6,18,20,22,23]. Some studies provide evidence that they
might affect RNA stability and translation, as demonstrated
for 5hmrC in Drosophila [23]. 5carC has been recently discov-
ered in mammalian RNA [6], but there is still little knowledge
about its prevalence and functions compared with those for
5hmrC or 5frC [20,22,24,25].

TET enzymes belong to a large TET–J-binding protein
(JBP) family. Sequence and phylogenetic analyses predicted
origination of the TET-JPB family from bacteriophages, and
usually a single or just a few copies of TET-JPB are found in
animals, Acanthamoeba, certain algae, Naegleria, kinetoplastids,
certain bacteria and phages. By contrast, fungi, especially basi-
diomycetes (mushrooms, rusts and smuts), display lineage-
specific expansions with numerous TET-JPB genes, which are
often associated with a unique class of TEs. The majority of
TE-associated TET-JPB genes in basidiomycetes Laccaria bicolor
and Coprinopsis cinerea (47 of 74 and 32 of 47 homologues,
respectively) are predicted to be catalytically active [26–28].

Oxi-mCs have been found in C. cinerea DNA, where they
were simultaneously mapped using single-molecule real-time
(SMRT) sequencing and, additionally, by cytosine 5-methylene-
sulfonate immunoprecipitation (CMS-IP) for 5hmC [29].
However, the distribution of individual oxi-mCs in the genomes
of L. bicolor and C. cinerea and the impact of individual oxi-mCs
on gene expression and transposon regulation has not been
explored in detail.

Both fungi belong to the order Agaricales, a large group
of Basidiomycota. The relatively small genomes of C. cinerea
and L. bicolor (approx. 37 and approx. 61 Mb, respectively)
are sequenced and assembled (partially for L. bicolor)
[30,31], and have been analysed in DNA methylation studies
[3]. Saprotrophic C. cinerea is a classic fungal model organism
that can be easily cultured under laboratory conditions,
where it completes the life cycle in just two weeks and
can be genetically manipulated [30,32]. Laccaria bicolor is
an important ectomycorrhizal symbiont of hardwood and
conifer species, which has been used to study the genes
underlying the symbiosis interactions and ecological adap-
tation [31,33]. Because of the essential role of the fungi
for tree growth and in the cycling of essential nutrients,
ectomycorrhizal symbiosis is of global ecological and
economic importance [34].

The biological functions of oxi-mCs in the DNA and RNA
of phylogenetic groups of eukaryotes other thanmammals are
still underexplored. Here, we analysed the distribution of
the 5mC oxidative forms in the nucleic acids of L. bicolor and
C. cinerea by quantitative liquid chromatography–tandem
mass spectrometry (HPLC-MS/MS) and whole-genome
profiling, which demonstrated persistent occurrence of
5hmC and 5fC in their DNA and RNAand an almost exclusive
presence of 5caC in long polyA depleted RNAs and small
RNAs. High-resolution whole-genome mapping of 5hmC
and 5fC highlighted their preferential distribution in TEs,
which exert a strong gene regulatory role, and revealed the
diverse influence of oxi-mCs and their predecessor 5mC on
gene expression in the two fungi.
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2. Material and methods
2.1. Cultivation of fungi
Laccaria bicolor (Maire) Orton S238N-H82 haploid monokar-
yotic strain (NCBI:txid486041) was kindly provided by Prof.
Francis M. Martin. Coprinopsis cinerea haploid monokaryotic
strain Okayama 7 (NCBI: txid240176) was obtained from
the Fungal Genetics Stock Center (FGSC; no. 9003).

Mycelium of C. cinerea was maintained on solid (1% agar)
yeast–malt–glucose (YMG) medium [35]. For nucleic acid
extraction, 300 ml of liquidmedium in a 1 l flaskwas inoculated
with a small amount of mycelium and grown without shaking
at 30°C for 14 days in the dark. For the enhancement of TET
activity, mycelium was grown for 7 days and then treated
with 5 mM vitamin C for 2 days (unless specified otherwise);
untreated control was grown for the same time period.

Laccaria bicolor mycelium culture was maintained at 25°C in
the dark on a solid (2% agar) modified Pachlewski medium
(10 g l−1 glucose, 3 g l−1 malt extract, 0.25 g l−1 (NH4)2SO4,
0.5 g l−1 KH2PO4, 0.15 g l−1 MgSO4·7H2O, 0.05 g l−1 CaCl2,
0.025 g l−1 NaCl, 0.0012% FeCl3, 100 mg l−1 thiamine, 2.3 mg l−1

ZnSO4·7H2O, 8.5 mg l−1 H3BO3, 0.5 mg l−1 MnCl2·4H2O,
0.6 mg l−1 CuSO4·5H2O, 0.4 mg l−1 (NH4)2MoO4). For nucleic
acid extraction, mycelium was collected after eight weeks
from a liquid medium inoculated with a small amount of
mycelium fromagar plates. For vitaminC treatment,mycelium
was incubated with 5 mM vitamin C for 2 days.
2.2. Purification of fungal DNA
Myceliumwas crushed to a powder with a pinch of polyvinyl-
pyrrolidone (PVP, K25) using a mortar, pestle and liquid
nitrogen. Powder (approx. 1 ml) was incubated at 55°C for
90 min in 4.5 ml of lysis buffer (100 mM Tris–HCl pH 8.0,
20 mM EDTA, 2 M NaCl, 2% hexadecyltrimethylammonium
bromide (CTAB), 2% PVP) with Proteinase K (Thermo
Scientific). Then, DNA was extracted using chloroform and
precipitated for 30 min at 4°C using 1.5 volumes of isopropanol
and 0.4 volumes of 3 M sodium acetate pH 5.2.

DNA was dissolved in 10 mM Tris–HCl and treated with
RNaseA/T1 (Thermo Scientific) for 1.5 h at 37°C and then pur-
ified by chloroform extraction and ethanol precipitation. DNA
quality was checked by agarose electrophoresis and the con-
centration was determined with a Qubit dsDNA HS Assay
Kit (Invitrogen).
2.3. Fungal RNA purification
Mycelium was first crushed as described for DNA extraction.
C. cinerea RNA for western dot-blot and L. bicolor RNA was
extracted using RNAzol RT Reagent (MRC) according
to the recommendations of the vendor.

For other experiments, total RNAofC. cinereawas extracted
by a modified CTABmethod [36]. Mycelium powder (approx.
100–500 µl) was incubated at 65°C for 10 min in 1 ml of lysis
buffer (2% CTAB, 2% PVP K25, 100 mM Tris–HCl pH
8.0, 25 mM EDTA pH 8, 2 M NaCl) at 550 r.p.m. Then RNA
was purified by chloroform extraction and ethanol precipi-
tation with NaOAc. RNA quality was checked by agarose
electrophoresis and the concentration was determined with
a Qubit RNA HS Assay Kit (Invitrogen).
2.4. Control RNA preparation
Control RNA was synthesized by in vitro transcription using
a TranscriptAid T7 High Yield Transcription kit (Thermo
Scientific) as recommended by the vendor. A linearized
pUC18-based plasmid carrying a recombinant sR47 (Pyrococ-
cus abyssi) gene [37] was used as a DNA template. For
synthesis of 5carC containing RNA, 25% of 5caCTP (TriLink
BioTechnologies) from total cytidine triphosphate (CTP) was
used in the reaction. RNAs were purified with an RNA Clean
and Concentrator-5 kit (RCC; Zymo Research). 5carC amounts
in the control RNAwere evaluated using HPLC-MS/MS.

2.5. Analysis of 5caC by western dot–blot
Unmodified and 5carC-containing sR47 RNA was used as a
control. For a positive DNA control, an oligonucleotide
containing 5caC was used (50-TAATAATAAA5caCCGTAA-
TAATAATAAT; Metabion) and mixed to final amounts in
nanograms as in samples with dam– dcm– lambda phage
DNA (Thermo Scientific), which was also used as a negative
control. RNA was denatured at 70°C for 10 min; DNA at 95°
C for 10 min in water. Samples were loaded onto a Hybond-
NX membrane (GE Healthcare Life Sciences, Amersham, UK),
dried and cross-linked with UV for 3 min. Membrane was
dyedwith 0.04%methylene blue (Roth) in 0.3 M sodiumacetate
(pH 5.2) for 5 min and rinsed inwater and washed for 5 min in
phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl,
10 mMNa2HPO4, 1.8 mMKH2PO4) containing 0.1% Tween 20.

A membrane was blocked for 1 h at room temperature
with 2% skimmed milk in Tris-buffered saline (TBS) (50 mM
Tris-HCl pH 7.4, 150 mM NaCl). Then, it was incubated over-
night at approximately 6°C with 1.5 µg of antibodies against
5caC (Active Motif catalogue no. 61225, RRID:AB_2793557)
in 4 ml of TBS containing 2% milk and 0.1% Tween 20 and
was washed three times for 5 min with TBS containing 0.1%
Tween 20. Then, 1.6 µl of secondary goat horseradish peroxi-
dase (HRP)-conjugated antibodies against rabbit (Active
Motif catalogue no. 15015)was added in 4 ml buffer containing
TBS, 2%milk and 0.1% Tween 20 and incubated for 1 h at room
temperature. Washing was performed three times for 5 min
with TBS containing 0.1% Tween 20 and two times with
water, then the membrane was dyed with a chromogenic
substrate, 3,30,5,50-tetramethylbenzidine (TMB; Sigma-Aldrich).

2.6. High-performance liquid chromatography coupled
with tandem mass spectrometry

For quantification of DNA oxi-mCs, approximately 9–23 µg of
DNAwas digested and the nucleosides were fractionated and
analysed with HPLC-MS/MS as in [15]. Unfractionated DNA
was used for assessment of 5mC (20–50 ng) and, after
vitamin C treatment (approx. 2 µg), for 5fC and 5hmC,
which was analysed as in [15].

For analysis of oxi-mCs in RNA, approximately 20–24 µgC.
cinerea RNA and 5 µg unmodified RNA containing standards
for calibration was first fractionated into separate 5carC,
5hmrCand5frCnucleoside fractions as forDNA in [15]. Unfrac-
tionated RNA was used for assessment of 5mrC (20–50 ng).
Samples were analysed on an integrated high-performance
liquid chromatography/electrospray ionization–tandem mass
spectrometry (HPLC/ESI-MS/MS) system (Agilent 1290
Infinity/6410B triple quadrupole) equipped with a Supelco
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Discovery HS C18 column (7.5 cm× 2.1 mm, 3 µm) using a
linear gradient of solvents at a flow of 0.3 ml min−1 at 30°C. Sol-
vents A (0.0075% formic acid in water) and B (0.0075% formic
acid in acetonitrile) were used with gradients as in [15] for
each corresponding DNAmodification. The mass spectrometer
was operating in the positive ionMRMmode and the intensities
of nucleoside-specific ion transitions were recorded: m/z rC
244.1→ 112, rG 284.1→ 152.1, 5mrC 258.1→ 126.1, 5carC
288.1→ 156, 5hmrC 274.1→ 142, frC 272.1→ 140. The ioniz-
ation capillary voltage was 1800 V, the drying gas temperature
was 150°C, the flow rate was 10 l min−1, the collision energy
was 15 V and the cell accelerator was 7 V. Fragmentation was
set at 80 V for 5fC and 100 V for other nucleosides.

For analysis of 5carC derivatization, the HPLC gradient
was: 0–6 min, 0% B; 6–22 min, 0–100% B; 22–26 min, 100%
B; 26–27 min, 100-0% B; 27–35 min, 0% B; or 0–6 min, 0% B;
6–13.5 min, 0–6% B; 13.5–21.5 min, 6–50% B; 22–26 min,
100% B; 26–27 min, 100-0% B; 27–35 min, 0% B. The ion tran-
sition for the 5carC derivative was recorded as m/z 432.2→
300.1, the fragmentation was set at 80 V, the collision
energy was 8 V and the cell accelerator was 5 V. 5carC
containing synthetic RNA was derivatized along with the
samples in each experiment to account for possible variations
of reaction effectivity. Then, the derivatization efficiency and
initial 5carC amounts were evaluated with MS/MS in this
RNA compared with untreated 5carC RNA. This RNA was
then mixed with 5 µg unmodified RNA and used for
5carC-derivative calibration. The dependency of the 5carC-
derivative MS/MS signal area from the initial 5carC
amount was calculated. Signals could be quantified when
present within a linear range of the calibration curve and
could only be detected when the signal-to-noise ratio was ≥3.

High-resolution mass spectra of the 5carC derivatization
product were acquired on a Q-TOF 6250 mass spectrometer
(Agilent) equipped with a dual-ESI source.

2.7. Synthesis of the (4-aminomethyl)benzylazide and
its hydrochloride salt
2.7.1. 1,4-Bis(azidomethyl)benzene

To a stirred solution of α,α0-dichloro-p-xylene (4.0 g,
22.9 mmol) in N,N-dimethylformamide (DMF) (60 ml)
sodium azide (8.17 g, 125.7 mmol) and tetrabutylammonium
bromide (0.74 g, 2.29 mmol) were added. The reaction mix-
ture was left to stir for 24 h at 80°C (sand bath). Then the
solvent was evaporated under reduced pressure to dryness
and water was added. The obtained solution was extracted
with diethyl ether (3 × 50 ml), the organic layers were com-
bined, dried over sodium sulfate and evaporated to give a
colourless solid (4.15 g, 96%). 1H NMR (CDCl3, 400 MHz) δ:
7.42 (s, 4H, ArH ), 4.61 (s, 4H, 2 × CH2).

2.7.2. 4-(Azidomethyl)benzylamine

Synthesis was performed according to [38]. To a mixture of
1,4-bis(azidomethyl)benzene (0.2 g, 1.06 mmol) in Et2O
(6 ml) and HCl (4.5 ml, 1 M), PPh3 (0.36 g, 1.38 mmol) was
added, and the heterogeneous mixture was stirred vigorously
for 24 h. The organic layer was then separated and the aqu-
eous layer was extracted with Et2O (3 × 5 ml) to remove the
Ph3PO and unreacted starting materials. The pH of the
aqueous layer was adjusted to 10 by adding KOH solution
(2.5 M) and then extracted with CH2Cl2 (4 × 5 ml). The
combined extracts were washed with brine, dried (Mg2SO4),
filtered and evaporated under vacuum to give the product,
which was a pale yellow oil (0.1 g, 58%). It was used in the
next reaction without further purification. 1H NMR (CDCl3,
400 MHz) δ: 7.36 (d, J = 8.0 Hz, 2H, ArH ), 7.31 (d, J =
8.0 Hz, 2H, ArH ), 4.34 (s, 2H, CH2N3), 3.91 (s, 2H, CH2NH2),
1.56 (s, 2H, NH2).

2.7.3. 4-(Azidomethyl)benzylamine hydrochloride

4-(Azidomethyl)benzylamine (0.1 g, 0.62 mmol) was stirred
in 1.1 M hydrochloride methanolic solution at room tempera-
ture for 30 min, then the solution was evaporated. The
resulting solid was washed with diethyl ether and dried to
yield a yellowish solid (0.11 g, 90%). 1H NMR (DMSO-d6,
400 MHz) δ: 8.52 (br.s, 3H, NH3), 7.54 (d, J = 8.0 Hz, 2H,
ArH ), 7.42 (d, J = 8.0 Hz, 2H, ArH ), 4.46 (s, 2H, CH2N3),
4.03 (s, 2H, CH2NH3).

2.8. Derivatization of 5carC-containing RNA
Derivatization of 5carC-RNA was based on [39]. Before the
reaction, RNA was denatured at 70°C for 10 min in water
and chilled on ice. Derivatization was done in two steps.
For optimization of the reaction in the first step, 5carC
containing sr47 RNA was incubated in 50 µl of 10 mM
2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6),
containing 20 mM N-hydroxysuccinimide (NHS; Sigma)
with four different combinations of other reagents: (a) 2 mM
EDC (1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide hydro-
chloride; Sigma); (b) 8 mM EDC; (c) 2 mM EDC, 45% dimethyl
sulfoxide (DMSO); (d) 8 mM EDC, 45% DMSO. NHS and
EDC were freshly prepared, mixed together and added last
to the reaction. The reaction in the first step was incubated
for 30 min at 37°C, with shaking at 550 r.p.m. In the second
step, in a final 150 µl volume 10 mM (4-aminomethyl)benzyla-
zide hydrochloride, sodium phosphate (pH 7.5, 100 mM)
and 150 mM NaCl were added and incubated for 1 h at 37°C,
with shaking at 550 r.p.m. Reactions were diluted 2.5 times
with water and RNAs then purified with an RNA Clean and
Concentrator kit (Zymo Research).

For further derivatization of fungal RNAs (d) conditions
were used in the first step; 0.7–25 µg RNA was incubated in
a 60 µl volume in the first step and in the final 180 µl in the
second step.

2.9. Fungal RNA purification into separate fractions
RNA was purified into large (longer than 200 nt) and small
(shorter than 200 nt) fractions with a RNA Clean and
Concentrator-5 kit (Zymo Research). PolyA RNA was
purified from the large RNA fraction (100–106 µg) using
aDynabeadsmRNAPurificationKit (Invitrogen). Large riboso-
mal RNAs were gel-purified from low melting point agarose
using Agarase (Thermo Scientific) according to the recommen-
dations of the vendor. Fractions of small RNAswere purified by
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polyacrylamide gel electrophoresis (PAGE): crushed gel was
incubated in an elution buffer (0.5 M CH3COONH4, 0.1 mM
EDTA, 0.1% SDS) for 2 h at 37°C with shaking at 600 r.p.m.
Samples were filtered through a Ultrafree-MC Centrifugal
Filter (Millipore) and RNAwas precipitated using ethanol.

2.10. Evaluation of 5hmC and 5fC enrichment using
control DNA fragments

The 188 bp model DNA fragments containing one 5hmCG or
5fCG site in one strand were produced from mouse gDNA by
polymerase chain reaction (PCR) amplification as in [40]. The
CG in the other strand was methylated using a wild-type SssI
(Thermo Scientific) according to the vendor’s protocol. Model
DNA fragments were mixed with sonicated L. bicolor DNA
at a ratio of 13 : 1287 ng to imitate the low abundance of
modifications.

We used modified hMe-Seal and fC-Seal protocols [9,41]
for detection of 5hmC and 5fC. For detection of 5fC, its
reduction to 5hmC was performed with NaBH4 as in [15].
To discriminate 5fC from 5hmC in natural genomic DNA,
5hmC was protected by glycosylation. For 5hmC protection,
glycosylation of the 5hmC/5mC fragment with unmodified
UDP-glucose was performed as a control before labelling as
described in [15]. 5hmC, reduced 5fC or protected 5hmC
containing DNA fragments were labelled using 50 µM
UDP-6-azide-glucose (Jena Bioscience) and T4 β-glucosyl-
transferase (T4 BGT; Thermo Scientific) using 10 U for 1 µg
of DNA in a 50 µl reaction. The reaction was incubated for
2 h at 37°C, followed by enzyme inactivation at 65°C for
20 min and purification using a DNAClean and Concentrator
kit (Zymo Research).

Biotinylation was then performed by adding DBCO-S-S-
PEG3-biotin (Jena Bioscience) to a 0.4 mM concentration in
10 mM Tris-HCl (pH 8.5) buffer, reactions were incubated
at 37°C for 2 h and DNA was purified with a DNA Clean
and Concentrator kit (Zymo Research). DNA was then
enriched as follows: 0.1 mg of Dynabeads MyOne Streptavi-
din C1 (Thermo Scientific) was incubated with DNA in
10 mM Tris-HCl (pH 8.5), 1 M NaCl and 0.01% Tween 20
(Roth) at room temperature for 3 h on a roller. The beads
were washed three times with 15 mM Tris-HCl (pH 7.5),
1.5 mM EDTA, 3 M NaCl, 0.01% Tween 20 and twice with
5 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 1 M NaCl and
0.01% of Tween 20.

The amounts of DNA in the bead and supernatant fractions
were evaluated by qPCR using a Maxima SybrGreen qPCR
Master Mix (Thermo Scientific); 0.3 µM of each primer pair
was used in each reaction. The amplification programme was
set as: 95°C for 10 min, 40 cycles at 95°C for 15 s, 60°C for
1 min on a Rotor-Gene Q real-time PCR system (Qiagen).

2.11. Preparation of hMe-seal and fC-seal libraries
Genomic DNAwas sonicated on a Bioruptor UCD-200 (Diag-
enode) instrument in 10 mM Tris-HCl (pH 8.5) to on average
200–250 bp fragments and purified using a DNA Clean and
Concentrator kit (Zymo Research).

5hmC protection and 5fC reduction to 5hmC was per-
formed as in [15]. To achieve similar processing of 5fC and
5hmC samples, the same purification steps were performed
with both samples, but omitting glycosylation with
unmodified UDP-glucose and reduction with NaBH4 for
5hmC. An aliquot of 2.6–2.7 µg DNA was labelled using
UDP-6-azide-glucose and T4 BGT (Thermo Scientific) as
described above (see Evaluation of 5hmC and 5fC
enrichment using control DNA samples). Two control DNA
samples were prepared: for 5hmC control samples, BGT
was omitted in the labelling step; for controlling 5hmC pro-
tection in 5fC samples, glucosylated DNA without the
reduction step was used.

The biotinylation stepwas performed in a 130 µl reaction (as
described in Evaluation of 5hmC and 5fC enrichment using
control DNA samples), and then DNA was end-filled using a
DNA End Repair Kit (Thermo Scientific) according to the
vendor’s recommendations and purified using a DNA Clean
and Concentrator kit (Zymo Research). Biotinylated DNA
was then enriched as described above (see Evaluation of
5hmC and 5fC enrichment using control DNA samples) in 40
μl of 10 mM Tris-HCl (pH 8.5), 1 M NaCl and 0.01% Tween
20 (Roth) using 0.1 mg of Dynabeads MyOne Streptavidin
C1 (Thermo Scientific) and recovered by resuspending beads
in 20 µl of 50 mM dithiothreitol, 60 mM Tris (pH 7.8), followed
by a 1 h incubation on a roller. Released DNA was separated
from the beads.

DNA was ligated overnight at 22°C to 4.2 pmol of Ion
Torrent barcoded adapters (Kapa Biosystems) in a 30 µl reac-
tion containing 0.5 mM ATP, 10 mM MgCl2, 5% PEG 4000
and 7.5 U of T4 DNA ligase (Thermo Scientific). Adapter
removal was then performed using a MagJet NGS Cleanup
and Size-selection kit (Thermo Scientific). Then, adaptor-
ligated DNA was incubated with 10 mM 2-mercaptoethanol
for 10 min at room temperature (to preclude inadvertent for-
mation of inter-nucleotide disulfide cross-links), followed by
PCR in 50 µl of Taq buffer with (NH4)2SO4 supplemented
with 0.2 mM deoxynucleoside triphosphate (dNTP), 2 mM
MgCl2, 1 μM primers and 2.5 U of Taq DNA polymerase
(Thermo Scientific). PCR cycling conditions were: 1 min
50°C, 5 min 72°C, 4 min 94°C, 1 min 65°C, 5 min 72°C, 15
cycles of 1 min 94°C, 1 min 65°C, 1 min 72°C and the final
extension step was at 72°C for 5 min. The libraries were
size-selected for 300 bp fragments (MagJet NGS Cleanup
and Size-selection kit, Thermo Scientific) and subjected to
Ion Proton (Thermo Scientific) sequencing.

2.12. Preparation of hmTOP-seq and foTOP-seq libraries
DNA was sonicated to yield approximately 200–250 bp frag-
ments with a Covaris M220 instrument and purified using
a DNA Clean and Concentrator kit (Zymo Research). 5fC
reduction to 5hmC, 5hmC protection and azide-labelling of
5hmC (5.8 µg of DNA in this step) were performed as
described above for the hMe-Seal and fC-Seal libraries. Then,
DNA was end-filled for 15 min at 20°C using a DNA End
Repair Kit (Thermo Scientific) according to the vendor’s rec-
ommendations and purified using a GeneJet Purification
Kit (Thermo Scientific). DNA was then dA-tailed using 30 U
of Klenow polymerase (Thermo Scientific) in 120 μl of its
buffer (Thermo Scientific) in the presence of 0.5 mM dATP at
37°C for 45 min, enzyme inactivated at 75°C for 15 min fol-
lowed by purification through GeneJet (Thermo Scientific)
columns. Partially complementary annealed adaptors A1/A2
(2.25 μM, A1 50 P-GATTGGAAGAGTGGTTCAGCAGGAA
TGCTGAG and A2 50 ACACTCTTTCCCTACATGACACTCT
TCCAATCT) were ligated to DNA using 30 U of T4 DNA
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ligase (Thermo Scientific) in 120 µl of its buffer (Thermo
Scientific) at 22°C overnight, followed by thermal inactivation
at 65°C for 10 min and column purification (DNA Clean and
Concentrator; Zymo Research).

TOP-seq library enrichment and preparation were then
done as in [15] and libraries were subjected to Ion Proton
(Thermo Scientific) sequencing.
ing.org/journal/rsob
Open
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2.13. Preparation of RNA libraries
Laccaria bicolor RNAwas extracted using RNAzol RT Reagent
(MRC), treated with DNaseI (Thermo Scientific) as rec-
ommended by the vendor and the longer than 200 nt fraction
was purified using RCC (Zymo Research). Then, ribosomal
RNAs were depleted using a Ribo-Zero Gold rRNA Removal
Kit (yeast; Illumina) according to recommendations of the
vendor and the longer than 200 nt fraction was purified
using RCC (Zymo Research). RNA libraries were further pre-
pared and sequenced at Thermo Fisher Scientific Baltics,
using a Collibri Stranded RNA Library Prep Kit (Invitrogen)
for Illumina (approx. 200 M pair-end reads per sample).
2.14. Analysed sequences and sequence annotations
Whole-genome sequences and annotations were downloaded
from the Joint Genome Institute Genome portal ([42];
https://genome.jgi.doe.gov/portal/; RRID:SCR_002383): the
V2 version was used for L. bicolor [31] and V1 for C. cinerea
[30]. Bisulfite sequencing data were downloaded from NCBI
SRA PRJNA122153 [3]. Coprinopsis cinerea polyA RNA-seq
data were downloaded from NCBI SRA—PRJEB4912 [43].

Protein domains were identified using InterProScan v. 86.0
([44]; https://github.com/ebi-pf-team/interproscanhttp://
www.ebi.ac.uk/Tools/pfa/iprscan/; RRID:SCR_005829)
using standard parameters and look-up of corresponding
Gene Ontology (GO) terms and Pathway annotations (–
goterms and -pa options). RepeatModeler V2.0.1 (http://
www.repeatmasker.org/RepeatModeler/; RRID:SCR_015027)
and RepeatMasker V4.1.0 (https://www.repeatmasker.org/,
RRID:SCR_012954) were used to identify repeats in each
genome (standard parameters were used). TE classes were
assigned using Censor [45] at the Genetic Information
Research Institute (GIRI) (https://www.girinst.org/; RRID:
SCR_012762). TE clusters were defined as regions rich in TEs
and were identified using an in-house script. In brief, the
genome was divided into non-overlapping windows of
100 bp length and windows with at least 25% TE content
were identified. Identified windows were merged into core
clusters (distance between windows≤ 100 bp), and core clus-
ters within less than a 10 kb distance were further merged.
We then selected clusters that were at least 5 kb in length and
the TE content was at least 50%. Final TE clusters were then
made by extending identified clusters by 5 kb on both sides.

Unique genes were identified using an in-house script. In
brief, local blastp ([46]; https://ftp.ncbi.nlm.nih.gov/blast/
executables/blast+/LATEST/; RRID:SCR_001010) was used
to identify similar protein sequences. Sequences with
a similarity threshold of at least 95% and pairwise alignment
coverage of at least 90% (up to 5% unmatched regions at
both the N and C ends) were identified as non-unique
sequences. TET genes were identified as those belonging to
the TET-JPB superfamily (cl24253) using an online NCBI
conserved domain database search (http://www.ncbi.nlm.
nih.gov/cdd; RRID:SCR_002077).

2.15. Analysis of DNA sequencing data
hMe-Seal and fC-Seal data were analysed using a custom
analysis workflow. In brief, raw reads were filtered by
length (minimum length 15) and trimmed (PHRED > 20)
using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_
toolkit/; RRID:SCR_005534), mapped using BWA ([47];
http://bio-bwa.sourceforge.net/; RRID:SCR_010910) and
filtered to contain only MAPQ≥ 30 reads. PCR duplicates
were removed based onmost left andmost right mapping pos-
itions using a custom R script. Deduplicated data were
downsampled to equal size per modification and organism.
The reference genome was then divided into non-overlapping
200 bp windows and coverage per window was calculated. To
remove background signals, we evaluated each window in a
sample and its control: if sample coverage was at least 1.2
times higher than control sample coverage, the difference in
coverage was used as a modification level within a window.

WGBS sequencing data were analysed using the BIS-
MARK ([48]; http://www.bioinformatics.babraham.ac.uk/
projects/bismark/; RRID:SCR_005604) pipeline with default
settings. For the CG fraction analysis, only CGs covered
with at least five reads were selected for further analysis.
For enrichment analysis, CGs methylated more than 50%
were used.

Raw hmTOP-seq/foTOP-seq data were analysed as
described in [49] with several modifications: only reads
longer than 30 bp were selected for mapping, which was per-
formed with hisat2 ([50]; https://daehwankimlab.github.io/
hisat2/; RRID:SCR_015530; –no-spliced-alignment was used
to prevent spliced alignments), and only those CGs that
showed coverage of at least two in the sample of combined
technical replicates and scaffolds/chromosomes longer than
100 kb were used for the analysis.

2.16. Analysis of RNA sequencing
The quality of the raw data was evaluated using the FASTQC
program (https://www.bioinformatics.babraham.ac.uk/pro-
jects/fastqc/; RRID:SCR_014583) and reads were trimmed
using BBDUK from BBMAP packages (sourceforge.net/pro-
jects/bbmap/; RRID:SCR_016965) using the manufacturer’s
recommendations. Data were mapped using the hisat2 [50]
program (https://daehwankimlab.github.io/hisat2/; RRID:
SCR_015530; used options –no-unal –no-mixed –no-discordant
–dta) using L. bicolor V2 [31] and C. cinerea [30] reference
genomes and deduplicated using samtools markdup v. 1.12
([51]; http://www.htslib.org; RRID:SCR_002105). StringTie
v. 2.0.3 ([52]; https://ccb.jhu.edu/software/stringtie/; RRID:
SCR_016323) was used to evaluate gene expression in TPM (tran-
scripts per million) and DESeq2 ([53]; https://bioconductor.org/
packages/release/bioc/html/DESeq2.html; RRID:SCR_015687)
was used to identify differentially expressed genes. Expressed
genes were identified as TPM>0.05.

2.17. Statistical analysis
The modification fraction was calculated using a formula
NmodCG/NtotalCG, where NmodCG was the number of modified
CGs and NtotalCG was the total number of CGs per gene.
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Expression and modification groups (deciles and quartiles)
were calculated using only non-zero expression/modification
genes. Low-/high-modification genes were defined as genes
falling within the first or last decile. Enrichment analysis was
performed by computing the contingency table for all or
selected CGs (or 200-bp non-overlapping bins for hMe-Seal
and fC-Seal) overlapping with a genomic region. Fisher’s
exact test was used to estimate the odds ratio and p-value.
All statistical calculations were performed using R 3.4.0.3
(https://www.r-project.org; RRID:SCR_001905).
rnal/rsob
Open

Biol.12:210302
3. Results
3.1. Detection of oxidative forms of 5mC in L. bicolor

and C. cinerea
Wemeasured the global amounts of oxi-mCs in DNA extracted
from themyceliumofL. bicolorandC. cinereabywesterndot–blot
and HPLC-MS/MS analysis. By HPLC-MS/MS, we observed
four to five times higher amounts of 5hmC and 5fC in L. bicolor
(approx. 0.0008 and approx. 0.001% of G) than in C. cinerea
(approx. 0.0002%). In each of the two fungi, the amounts of
5fC and 5hmCwere similar (figure 1b,d), in contrast tomamma-
lian DNA, in which 5hmC is themost abundant of oxi-mCs (for
example, approximately 0.06% 5hmC, approximately 0.0007%
5fC, approximately 0.0002% 5caC of C in mouse embryonic
stem cells; [4]), while levels of 5caC were the lowest (approx.
0.0001%) of all oxi-mCs (see also figure 1d). These results con-
trasted with the western dot–blot analyses using the antibodies
raised against 5caC (electronic supplementary material, figure
S1A), which showed a high 5caC signal in C. cinereaDNA (elec-
tronic supplementary material, figure S1A). Therefore, we
hypothesized that the 5caC signal observed in DNA by
western dot–blot assays might appear to be due to cross-reactiv-
ity of the 5caC antibodies with some impurities derived from
fungal extracts, or the presence of residual amounts of RNA
which might also contain 5caC. Indeed, we detected 5caC in
C. cinerea RNA by western dot–blot (electronic supplementary
material, figure S1A) and confirmed the presence of 5carC in
RNA by HPLC-MS/MS (figure 1c; electronic supplementary
material, figure S1B), although its amounts were much lower
than could be expected from thewestern dot–blot analysis (elec-
tronic supplementarymaterial, figure S1A), thereby indicating a
possible cross-reactivity with unknown components of fungal
extracts. Importantly, the observed 5mrC, 5hmrC (figure 1c)
and 5frC (electronic supplementary material, figure S1B) levels
were similar to those reported in mammalian RNA (percentage
of G: 5mrC approx. 0.25%; 5hmrC approximately 0.004%; 5carC
approximately 0.0001% [6]; see also [20]; figure 1d).

3.2. Distribution of 5caC in RNA
We sought to explore the abundance and distribution of
5carC in RNA of both fungi by HPLC-MS/MS. The
quantification of 5carC is a laborious task because, first, it
requires high amounts of RNA (up to approx. 20 ug) and,
second, in order to separate 5carC from the abundant cyto-
sine that has a similar retention time in MS/MS, HPLC
nucleoside fractionation and purification have to be per-
formed prior to MS. To enhance the detection of 5carC, we
employed a method used for chemical derivatization of
5caC in DNA [17,39], in which (4-aminomethyl)benzylazide
is conjugated to the carboxyl group through the EDC
chemistry. Under our optimized conditions (see electronic
supplementary material, Methods and figure S2A), approxi-
mately 61% of 5carC was derivatized in synthetic RNA,
resembling the reactivity of 5caC in DNA [39]. Of note, the
MS signal intensity of the 5carC derivative increased approxi-
mately 20 times as compared with underivatized 5carC
(electronic supplementary material, figure S2B) and its differ-
ent retention time eliminated the need for prior fractionation.
Moreover, the MS signal of the 5carC derivative showed a
linear dependence on 5carC amounts in input samples (elec-
tronic supplementary material, figure S2D) and high
selectivity, as the signal was well detected in the samples
mixed with different amounts of unmodified RNA (electronic
supplementary material, figure S2E). Since, on average, as
little as 0.6 fmol of derivatized 5carC could be detected, the
developed derivatization approach is well suited for measure-
ments of 5carC in fungi and other biological samples.

Under standard cultivation conditions of both fungi, deriva-
tization enabled detection of 5carC in total RNA of C. cinerea
(figure 2a; electronic supplementary material, figure S3A). To
increase the amounts of 5carC, we treated both fungi with vita-
min C, which was shown to enhance the oxidation activity of
TET enzymes in mammalian cells without changing RNA
levels [54,55]. Notably, the vitamin C treatment enhanced the
signal inC. cinerea, as expected (figure 2b; electronic supplemen-
tarymaterial, figure S3A), and induced the appearance of a very
strong signal of the 5carC-derivative in L. bicolor (figure 2d; elec-
tronic supplementary material, figure S3A). This confirmed the
presence of 5carC inC. cinerea anddemonstrated that 5carCmay
appear in L. bicolor under certain biological circumstances.

We then investigated the distribution of 5carC among var-
ious types of RNAs: polyA tail containing RNAs, polyA-
depleted large RNAs (longer than 200 nt) and small (shorter
than 200 nt) RNAs. For C. cinerea we additionally separated
large ribosomal RNAs and fractionated the pool of small
RNAs into 5.8S rRNA, 5S rRNA, tRNA, a fraction of <tRNA≥
22 nt and RNAs shorter than 22 nt, a typical length of miRNA
(electronic supplementarymaterial, figure S3B). In L. bicolor trea-
ted with vitamin C, 5carC was relatively abundant in the large
polyA-depleted and polyA RNAs while the signal was hardly
detectable in the pool of small RNAs (shorter than 200 nt)
(figure 2d). In untreated C. cinerea, the highest 5carC levels
were found in small RNAs; however, the vitamin C treatment
increased 5carC in the large polyA-depleted RNAs (figure 2b).
The polyA RNAs, 5.8S rRNA and tRNA showed a weak
signal after the vitamin C treatment in only one biological repli-
cate, while 28S, 18S and 5S rRNA fractions did not contain any
detectable 5carC in both conditions (figure 2b,c; electronic sup-
plementary material, table S1). The 5carC levels also increased
after the vitamin C treatment in the < tRNA≥ 22 nt and shorter
than 22 nt RNA fractions (figure 2c; electronic supplementary
material, table S1). The relatively strong5carC signal in these frac-
tions suggests that they contribute themost to the 5carC signal in
thepoolof small shorter than200 ntRNAs.Notably,weobserved
a 5mrC decrease and 5hmrC increase in total and small RNA
after the 2 day vitamin C treatment, which potentially attests
to the formation of oxi-mCs through the sequential oxidation of
5mrC by TET proteins. The 5 day vitamin C treatment further
elevated the amounts of 5mrC and 5hmrC but not 5carC, per-
haps as a consequence of the 5mrC reinstatement process
(figure 2b). Interestingly, 5hmrC was not detected in the polyA
RNAs of C. cinerea in all conditions.

https://www.r-project.org
https://www.r-project.org
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Figure 2. HPLC-MS/MS quantification of 5carC using chemical derivatization in RNA of basidiomycete fungi L. bicolor and C. cinerea. (a) Detection of 5carC using
chemical derivatization with (4-aminomethyl)benzylazide. MS/MS signal of 5carC (red, 20 µg RNA) and 5carC derivative (magenta, 5 µg RNA) in C. cinerea RNA.
A 5carC standard is shown in green (10 fmol), a 5carC derivative in blue (1 fmol). (b,c) HPLC-MS/MS analysis of the chemically derivatized 5carC in different RNA
fractions of C. cinerea and (d ) L. bicolor. Fungi were treated with vitamin C (vitC) for 2 (b,c,d ) or 5 days (b). Untreated L. bicolor RNA was not fractionated, as it did
not show a 5carC signal. Two biological replicates were used. Stars denote the samples with the detected and quantified signal (within a linear range of the
calibration curve) in only one of the two replicates; circles denote where the signal was detectable but could not be quantified (was outside a linear range
of the calibration curve) in one of the two replicates; samples which did not show any signal are not included (see also electronic supplementary material,
table S1). Total, total RNA; small, shorter than 200 nt RNA fraction enriched by column purification; large polyA-depleted, longer than 200 nt enriched RNAs,
from which polyA tail-containing RNAs ( polyA) were depleted; <tRNA≥22 nt, RNAs shorter than tRNA and longer than 22 nt; <22 nt, RNAs shorter than
22 nt. The small (shorter than 200 nt RNA) fraction includes 5.8S rRNA, 5S rRNA, tRNA and RNAs shorter than tRNA; large polyA-depleted RNA fraction includes
28S, 18S RNAs and other longer than 200 nt RNAs (see also electronic supplementary material, figure S3B).
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Taken together, the presence of 5carC in large RNAs other
than the most abundant 28S, 18S rRNAs in C. cinerea
indicates its association with mRNAs that lack or have short
polyA tails, or non-coding RNAs. Considering that polyA RNA
in L. bicolor acquired 5carC upon vitamin C treatment, this modi-
fication might be gained under some biological conditions. It
should be noted that 5carC amounts remained almost unaffected
by vitaminC in the pool of small RNAs ofC. cinerea and L. bicolor,
demonstrating that this modification does not cause or indicate
RNA degradation. Nevertheless, we cannot exclude that the
weak 5carC signal in the total pool of small RNAs is the conse-
quence of the degradation of large RNAs, or whether it comes
from very short regulatory RNAs, like miRNA, which was
identified in fungi (microRNA-like RNAs were found in
C. cinerea; [56]); this remains to be elucidated.

3.3. Profiling of 5hmC and 5fC genome wide
We next investigated the distribution of the most abundant
oxi-mCs, 5hmC and 5fC in the genomes of L. bicolor and
C. cinerea using hMe-Seal and its modified version fC-Seal,
which are based on affinity enrichment of 5hmC and 5fC,
respectively [9,41]. We first optimized the protocols for analy-
sis of fungal DNA on model DNA fragments which
demonstrated a good specificity for 5hmC and 5fC (Materials
and methods; electronic supplementary material, figure S4).
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including and excluding TEs (TE+/TE–) in both fungi. int., intergenic areas. (c) Fractions of 5hmCGs and 5fCGs in expressed (TPM > 0.05, Exp) and non-expressed
(NoExp) TET genes of L. bicolor and (d ) in all genes of L. bicolor and C. cinerea. All pairwise Wilcox test p-values were less than or equal to the indicated p-value.
(e) Fractions of oxi-mCs across gene groups stratified according to gene 5mCG fractions. Below, a number of genes within each group are presented. Only genes
containing oxi-mCs were used. A linear model was used to fit the plotted data. TE, transposable elements; repeats, other repeated sequences (tandem repeats, mini
and microsatellites), excluding TEs. Samples treated with vitamin C or not are marked with vitC+ or vitC–, respectively. L. b., L. bicolor; C. c., C. cinerea.
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To compare genomic distributions of both oxi-mCs in L. bico-
lor and C. cinerea, we subjected their genomic DNA through
our protocols enriching 5fC and 5hmC and the prepared
libraries were sequenced at medium sequencing coverage
(25× for L. bicolor and 45× for C. cinerea). In both fungi,
5hmC- and 5fC-containing genomic bins of 200 bp in length
showed moderate overlap with each other (Jaccard coeffi-
cients are 0.51 and 0.33 for L. bicolor and C. cinerea,
respectively). Moreover, both signals demonstrated high
overlap with whole-genome bisulfite sequencing data
(WGBS, [3]), which represent an aggregate 5mC and 5hmC
signal (56.65% and 69.70% of the 200-bp genomic bins
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containing WGBS modification signal overlap with hMe-Seal,
and 50.97% and 79.63% of the WGBS bins overlap with
fC-Seal genomic bins for L. bicolor and C. cinerea, respect-
ively). Enrichment analysis of 5hmC- and 5fC-containing
regions with various genomic elements revealed that both
modifications occurred primarily at gene-associated and inter-
genic TEs, and intergenic areas, similar to 5mC (figure 3a).
This corresponds to the 5hmC profiling results in C. cinerea
using other methods—5hmC was shown to be distributed in
TEs and their surrounding regions, centromeres, non-
expressed orphan and multicopy paralogous genes [29]. We
also observed the enrichment of 5hmC/5fC at TET genes in
both fungi that was stronger in C. cinerea.

As in most basidiomycetes, the most abundant TEs in
both fungi are class I (retrotransposons) elements belonging
to the long terminal repeat (LTR) order, of which the Gypsy
and Copia families are the most numerous [30,31,57]. LTR ret-
rotransposons are closely related in both these fungi [58]. The
second most abundant TE group is represented by the term-
inal inverted repeat (TIR) group (class II, DNA transposons).
The L. bicolor genome has been reported to contain larger TE
families than the C. cinerea genome (for example, 4662 LTRs
compared with 907, 511 TIRs compared with 12 reported in
[59]). Furthermore, in contrast to C. cinerea, TEs are not
restricted to subtelomeric or centromeric regions, but distri-
bute throughout the genome forming clusters of diverse TE
types [30,31]. The different genome composition of the two
fungi is shown in figure 3b: although intergenic regions are
most abundant in TEs in both fungi, a higher percentage of
intergenic TEs was observed in L. bicolor. Of note, only a
very small fraction of the annotated protein-coding genes
contain TEs in C. cinerea, while this fraction increases up to
approximately 30% in L. bicolor.

As genes in the fungi are relatively short (on average
1.5 kb in L. bicolor [31]; 1.8 kb in C. cinerea [30]), the
medium resolution of the affinity enrichment-based methods
(approx. 150–400 bp based on DNA fragment length in our
experiments) may generate overlapping results of oxi-mC
distribution across genomic elements, especially for TEs
whose median length is 256 bp and 233 bp in L. bicolor and
C. cinerea, respectively. Therefore, we next aimed to refine
the distribution of 5hmC and 5fC by our single CG mapping
techniques based on the TOP-seq strategy [60], putting more
emphasis on L. bicolor, as oxi-mCs have not been analysed so
far in its TE-rich genome.

To strengthen the oxi-mC signals in the fungal DNA, we
performed the vitamin C treatment: HPLC-MS/MS demon-
strated an increase from approximately 0.0004% to 0.0007%
of 5hmC and from 0.0005% to 0.0009% of 5fC in L. bicolor;
in C. cinerea, 5hmC increased from approximately 0.0002%
to 0.0014% and 5fC from 0.0004% to 0.002% (electronic sup-
plementary material, figure S5). To profile 5hmCGs in
these samples, we used our recently developed hmTOP-seq
approach [49]. Additionally, we developed its modified ver-
sion foTOP-seq, in which the 5fC reduction to 5hmC is
performed before hmTOP-seq library preparations (see elec-
tronic supplementary material, Methods), and used it for
generation of 5fCG maps in L. bicolor. As 5mC in the L. bicolor
and C. cinerea genomes occurs mainly in a CG context [3], we
focused our analysis on CGs, which are distributed in all
main genomic elements, with larger fractions in exons and
intergenic areas (figure 3b). In L. bicolor DNA, we identified
275 922 5hmCGs and 271 761 5fCGs in two replicates of the
hmTOP-seq and foTOP-seq libraries, respectively (on average
10× coverage), whose amounts increased to 315 170 5hmCGs
and 349 758 5fCGs under the vitamin C treatment, as
expected. In C. cinerea cultivated under standard conditions,
we identified 663 841 5hmCGs in two replicates of the
hmTOP-seq library (on average 10× coverage). The relatively
high correlation between 5hmCG- and 5fCG-containing
regions in various genomic elements (Pearson r = 0.85 for
genes and 0.49 for repeats) indicated a strong overlap of
5hmC and 5fC in L. bicolor. The enrichment analysis of the
identified oxi-mC-modified CGs across genomic elements
generally coincided with the aforementioned results of hMe-
Seal and fC-Seal and demonstrated similar tendencies for
both vitamin C-treated and -untreated samples (figure 3a):
5hmCGs and 5fCGs were enriched in TEs, intergenic areas,
with the most modified TEs localized in intergenic areas (elec-
tronic supplementary material, figure S6A) and TE-containing
genes, and were depleted in 50UTRs and 30UTRs. Although
exons and introns were generally oxi-mC-poor in both fungi,
a slightly stronger enrichment was observed for exons in
C. cinerea. Interestingly, although 50UTRs and 30UTRs in
C. cinerea were depleted in the WGBS-acquired modification
signal, they showed weak enrichment in 5hmCGs and 5fCGs.
In contrast to L. bicolor, the genomic elements containing oxi-
mCG-modified TEs comprised only a small part of all elements
in C. cinerea (electronic supplementary material, figure S6A).

As TEs might map to many places in the fungal genomes,
in parallel we analysed hm/foTOP-seq data using multi-
mapping sites (see electronic supplementary material,
Methods) and used them for all further analyses, except for
comparisons with WGBS. In the multi-mapping approach, a
much higher percentage of modified 5hmCGs/5fCGs was
identified in TEs in L. bicolor (electronic supplementary
material, figure S6A). The oxi-mCG enrichment analysis for
different classes of TEs evidenced similar enrichment in retro-
transposon and DNA transposon classes in both fungi;
among DNA transposons, 5hmCGs/5fCGs were enriched
in TIRs and in a helitron family found in L. bicolor in gene-
rich regions [58]. For class II elements, enrichment was
observed in LTR (such as Gypsy, Copia) and some non-LTR
families (DIRS or LINE) (electronic supplementary material,
figure S6B). Although the abundance of TE families is very
different, with LTRs being the most numerous, comparable
enrichment of all families suggests potentially similar
regulation of TEs through oxi-mCs.

To compare the distribution of oxi-mCGs and their prede-
cessor 5mCGs across genes and TEs, we used our strategy to
calculate modified CG fractions, as described previously
[61,62]. Importantly, for WGBS data, the calculated 5mCG
fractions across genes correlated well with 5mCG methyl-
ation values (0.94 for C. cinerea and 0.54 for L. bicolor).
Therefore, this strategy enabled the direct comparison of
different data and modifications measured by WGBS and
our semi-quantitative TOP-seq-based methods. The vast
majority of genes in C. cinerea contained 5hmCGs (13 185
single-mapping and 13 215 multi-mapping genes of the ana-
lysed 13 237 genes), while of 22 910 analysed genes in
L. bicolor oxi-mCs were found in 19 760 and 20 320 genes
using a single-mapping and multi-mapping approach,
respectively. We observed a good coincidence between
oxi-mCGs and 5mCGs that was stronger in C. cinerea
(figure 3e). In C. cinerea, 5mCG-containing genes distributed
bimodally: a large group of genes (approx. 11 900) showed
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the absence or low 5mCG (0–0.1) and average 0.2 5hmCG
fractions, and the second most abundant group consisted of
highly 5mCG- and 5hmCG-enriched genes (approx. 890
genes with≥ 0.7 5mCG and an average of 0.7 5hmCG frac-
tions). In L. bicolor, the majority of genes (approx. 19 500)
demonstrated low 5mCG and oxi-mCG fractions (0–0.1
5mCG and an average of 0.09 oxi-mCG), and the genes
with medium 5mCG and oxi-mCG fractions (greater than
0.2 but less than 0.7 5mCG and an average of 0.23 oxi-
mCG) outnumbered the highly modified gene group (greater
than 0.7 5mCG and an average of 0.26 oxi-mCG fractions). It
should be noted that a much larger group of unmethylated
but oxi-mCG-containing genes was observed in L. bicolor
than in C. cinerea (7709 5hmCG- and 8163 5fCG-containing
genes in L. bicolor and 2205 5hmCG genes in C. cinerea),
suggesting a distinct turnover of 5mC oxidation products in
the two fungi (figure 3e). Although 14 396 of 19 760 oxi-
mC-containing genes in L. bicolor possess both 5hmC and
5fC modifications, the genes modified with a single type of
oxi-mCGs were also detected (3018 and 2346 genes with
5hmCGs and 5fCGs, respectively).

InterProScan analysis provided GO terms to only approxi-
mately 10% of the 10% most oxi-mC-modified genes of
L. bicolor, and showed links tomany different cellular processes
(more than 40 GO terms), indicating that most likely 5hmCGs/
5fCGs are not associated with particular genes. More genes
(10–17) were found in protein dimerization activity
(GO:0046983), nucleic acid binding (GO:0003676), the G
protein-coupled receptor signalling pathway (GO:0007186),
GTPase activity (GO:0003924), guanyl nucleotide binding
(GO:0019001), G-protein beta/gamma-subunit complex bind-
ing (GO:0031683), ATP binding (GO:0005524) and catalysis
of the hydrolysis of ester linkages within nucleic acids
(GO:0004518) functions and processes. Of genes not defined
by GO terms, but with an identified domain or motif, the
majority were characterized as transposases, also belonging
to the oxygenase domain of the 2OGFeDO superfamily
(based on Pfam annotations).

3.4. Association of 5hmC/5fC with gene expression
To evaluate the impact of oxi-mCs on gene expression in fungi,
we performed whole-transcriptome sequencing of L. bicolor
mycelium cultivated under normal and elevated vitamin C
conditions. For C. cinerea, we used the publicly available
polyA RNA-seq data of the mycelium cultivated under stan-
dard conditions [43]. Although most of the L. bicolor TET
genes identified in our analysis (46 genes, seeMethods) possess
5fC/5hmC modifications (figure 3c), only four of them with
low oxi-mCG fractions showed detectable expression (TPM>
0.05) and could potentially be involved in the production of
oxi-mCs (figure 3c). Generally, we determined the preferential
association of oxi-mCs with non-expressed genes (figure 3d ).
Moreover, all multi-copy genes were more oxi-mC-modified
and less expressed than single-copy genes (electronic
supplementarymaterial, figure S6C andD),which is consistent
with the reported results of 5hmC in C. cinerea [29]. As TE-
containing genes and intergenic regions were most enriched
in 5hmCGs/5fCGs (figure 3a), we further explored
the expression and modification of genes depending on the
presence of TEs. It is known that insertion of TEs or even proxi-
mity to them downregulates genes in fungi [63]. Although TEs
in fungi are globally transcriptionally inactivated by DNA
methylation [64] and heterochromatin formation [65,66], the
impact of 5mC oxidation on the activity of TEs is unknown.
We found that genes and their upstream regions, which
might contain promoters, were more 5hmCG/5fCG-modified
when they overlapped TEs in both fungi (figure 4a; electronic
supplementary material, figure S8A), and, consequently, such
genes were less expressed (figure 4b). Laccaria bicolor genes
that overlapped TEs or were surrounded by them demon-
strated the highest oxi-mC modification and the lowest
expression levels (figure 4c,d). As TEs contain relatively high
fractions of oxi-mCGs (electronic supplementary material,
figure S7A), this strongly confirms the TE influence on gene
5fC/5hmC modification levels and, concomitantly, the
negative impact on expression.

It has been reported that moremethylated, less active genes
distribute in TE clusters in some fungi [63,64]. TE clusters were
detected in the L. bicolor genome [34]. For comparative analysis
of L. bicolor and C. cinerea, we de novo identified TE clusters,
which we defined as regions of at least 5 kb in length with
repeat content of at least 50% (see electronic supplementary
material, Methods). As expected, a considerably higher
number of clusters were found in L. bicolor: 207 and 82 TE clus-
ters in L. bicolor and C. cinerea, respectively, covering 20 966 119
and 2 578 862 bp (35.48% and 7.2% of the genome) and having
on average 60 and eight TEs per cluster. We observed that TEs
in clusters demonstrated higher 5hmCG/5fCG fractions than
solitary TEs (electronic supplementary material, figure S7A),
and highly oxi-mCG-modified TEs associated with low
expression (electronic supplementary material, figure S7B). In
accordance with high oxi-mCG fractions of TEs in clusters,
genes localized in TE clusters (and their upstream regions)
were most enriched in 5fCG/5hmCGs (figure 4a and electronic
supplementary material, figure S8A) and least expressed in
relation to genes outside of clusters or without TEs (figure 4b;
electronic supplementary material, figures S7C, S8B, S8C).

Generally, the majority of TE cluster-associated genes in
L. bicolor (4312 out of 7095) were found to be non-expressed
(average 0.28 5hmCG/5fCG and 0.11 5mCG fractions),
while only 3618 out of 15 815 genes outside of TE clusters
were silenced (average 0.24 5hmCG/5fCG and 0.13 5mCG
fractions), which attests to the silencing effect of TEs. The
measured fractions of modified cytosines of expressed
genes in clusters were slightly higher than those outside
them and consisted of on average 0.06 5hmCG, 0.06 5fCG
and 0.07 5mCG (0.03 5hmCG, 0.02 5fCG and 0.04 5mCG out-
side of clusters).

As genes and TEs included all three cytosine states, 5mC,
5hmC, 5fC, we further sought to investigate the interplay
among individual cytosine modifications in the regulation
of gene expression. We grouped all genes according to
5mCG fractions and evaluated their expression as a function
of increasing oxi-mC fractions. Strikingly, the relationship
between 5hmCG amounts and expression differed in L. bico-
lor and C. cinerea (figure 4e). A positive relationship was
detected for lowly methylated genes (5mCG fraction 0–0.1)
in C. cinerea, in line with the observed positive influence of
5hmC on the expression in mammals [67], while expression
was weak or absent in highly methylated and hydroxymethy-
lated genes (fractions > 0.5). In L. bicolor, the positive
association between expression and 5hmCG/5fCG fractions
was only noticeable when comparing the two gene
groups—without oxi-mCGs and with low oxi-mCG fractions
(up to 0.1), whereas genes with higher than 0.1 5hmCG/5fCG
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Figure 4. Relationship of 5hmC, 5fC and 5mC with gene expression in L. bicolor and C. cinerea. (a) 5hmCG and 5fCG fractions and (b) expression of all genes which
are associated with TEs (TE+, distance less than 1 kb) or not (TE–), or present in TE clusters (In cluster). Kruskal–Wallis and one-way ANOVA (for fractions and
expression, respectively) were used to test differences within groups ( p-value≤ 0.05). (c) 5hmCG and 5fCG fractions and (d ) expression of genes grouped according
to the position of TEs (clean, no TE detected within a 1 kb distance; upstream or downstream, TE detected within 1 kb upstream or downstream from a gene; up/
downstream, TE detected upstream and downstream from a gene; overlap, TE overlaps a gene). Kruskal–Wallis and one-way ANOVA (for fractions and expression,
respectively) were used to test differences within groups ( p-value ≤ 0.05). (e) Expression (log2(TPM+1)) stratified according to 5fCG and 5hmCG gene fractions in
differentially methylated genes (5mCG fractions from WGBS data shown above the graphs). ( f ) Comparison of the expression of differently modified genes grouped
according to high (H) and low (L) gene 5mCG and 5hmCG fractions in TE clusters and outside them. Asterisks indicate p-values calculated using the t-test.
(g) Expression of genes containing low levels (L) of all three 5mC-, 5fC- and 5hmC-modified CGs in L. bicolor and low 5mCGs/5hmCGs in C. cinerea, and without
(N) these modifications inside and outside of TE clusters. Asterisks indicate p-values calculated using the t-test. L. b., L. bicolor; C. c., C. cinerea; n.s., p-value > 0.05;
*p < 0.05; **p≤ 0.01; ***p≤ 0.001; ****p≤ 0.0001.
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fractions were mostly silenced irrespective of their 5mCG
content. The same trend was observed for genes associated
with TE clusters and outside them, except that expression
levels were lower inside clusters. To assess the relevance of
the CG-fraction measure for gene modification evaluations,
we additionally calculated CG-coverage values across the
same 5mCG groups: both sets of data generally corre-
sponded, except for the groups with higher 5hmCG
modification values, which showed weaker downregulation
of lowly methylated genes in L. bicolor and did not show
strong downregulation in C. cinerea (electronic supplemen-
tary material, figure S7D). This suggests the presence of
genes that contain a low number of highly modified, i.e.
highly covered, 5hmCG sites and indicates that complemen-
tary information could be collected using the two
parameters of TOP-seq data analysis.

The close-up view at genes with high or low fractions of
different cytosine modifications in L. bicolor and C. cinerea
again revealed that, in L. bicolor, both oxidized 5-methylcyto-
sine forms (data shown only for 5hmC) strongly suppress
genes in TE clusters and outside them: for both highly and
lowly methylated gene groups, only the genes possessing a
low 5hmCG fraction showed expression while highly
5hmCG-modified genes were silenced (figure 4f ). By con-
trast, higher 5hmCG levels mark more active genes when
their methylation level is low (p-value < 0.01) in C. cinerea,
but abundant 5hmCGs and 5mCGs act synergically in repres-
sion of genes (at low gene 5hmCG levels, higher 5mCG
amounts tend to downregulate genes as compared with
low 5mCG levels), with a stronger repression effect of high
5hmCG fractions ( p-value < 0.01). On the other hand, despite
the observed silencing role of oxi-mCs in both fungi and 5mC
in C. cinerea, genes containing low levels of all cytosine modifi-
cationswere found to bemore intensively expressed than genes
without modifications ( p-values < 0.001, figure 4g). The
observed differences between the fungimight suggest the pres-
ence of different mechanisms for regulation of more abundant
TEs in L. bicolor than in C. cinerea. However, we cannot exclude
that the differences arise as a result of the poor annotation of
genes and TEs in the L. bicolor genome [31,63].
4. Discussion
To understand the outcomes that might arise from the pres-
ence of many copies of TET-JPB genes in L. bicolor and
C. cinerea, we investigated the distribution of the 5mC
oxidative forms in the nucleic acids of the fungal mycelium.
We detected all three oxi-mCs in DNA of both fungi, with
similar levels of 5hmC and 5fC, which is in contrast to
much higher 5hmC abundance in mammalian DNA as com-
pared with 5fC (figure 1d ). This might indicate different
turnover or biological roles of 5hmC and 5fC in the fungi.
Contrary to mammals, L. bicolor and C. cinerea have many
TET-JPB genes (47–74 genes) in comparison with only three
genes in mammals [28,67]. Despite numerous TET-JBP
genes, only a few of them showed weak expression (this
study and [29]); thus, the observed relatively low levels of
oxi-mCs in the genomes of L. bicolor and C. cinerea are not
unexpected. The amount of 5caC in DNA of C. cinerea was
the lowest among the three oxi-mC modifications
(figure 1b,d), in contrast to the most abundant 5caC reported
by [29]. The detected discrepancy of 5caC proportions in
HPLC-MS/MS and western dot–blot analyses might be
explained by a cross-reactivity of the used 5caC antibodies,
questioning the reliability of antibody-based methods for
analysis of fungal samples. For this reason, we focused on
the comprehensive characterization of oxi-mCs in the DNA
and RNA of L. bicolor and C. cinerea by HPLC-MS/MS.

We discovered 5carC in C. cinerea RNA and developed a
chemical derivatization method to facilitate its detection by
HPLC-MS/MS—the rarest and the least investigated oxi-
mC. Among different RNA types, 5carC was observed in
polyA-depleted large RNAs, pointing to its potential associ-
ation with mRNAs that lack or have short polyA tails or
non-coding RNAs. It has been shown that some fungi contain
a significant fraction of mRNAs lacking polyA tails [68], and
short polyA tails are common in highly expressed genes
across eukaryotes [69]. An apparent 5carC signal was also
identified in C. cinerea small RNAs, with the largest 5carC
amounts found in RNAs shorter than tRNA. The treatment
of the fungal mycelium with vitamin C induced an increase
of oxi-mCs in its RNA and DNA, supporting the potential
involvement of TET proteins in the 5mC oxidation. Under
standard cultivation conditions, 5carC was not detected in
L. bicolor by our method, but the vitamin C treatment facili-
tated its substantial increase in large and polyA RNAs,
indicating that 5carC can be formed at higher cellular concen-
trations of vitamin C (fungi naturally synthesize vitamin C or
its analogues [70]), or, for example, following interaction with
a plant. Surprisingly, our data showed the absence of 5hmrC
in the polyA RNA fraction of C. cinerea, which was detected
following the vitamin C treatment only in L. bicolor,
suggesting that oxi-mCs play different roles in fungi than in
mammals, where the highest percentage of 5carC and
5hmrC was estimated in the polyA RNAs [6]. Although the
levels of 5carC in total RNA of C. cinerea (approx. 0.00001–
0.00005% of G) and L. bicolor (approx. 0.0004%) are low, they
fall within a similar range to those determined in different
mammalian tissues (0.00004–0.0005%; [6]) (figure 1d). The
relatively weak TET activity towards 5caC generation, as
reported by in vitro analysis of C. cinerea TET proteins on
DNA [71], might be responsible for the lowest amounts
of 5carC among all oxi-mCs, or 5caC might be actively
removed from DNA and RNA by excision mechanisms, such
as thymine DNA glycosylases or direct decarboxylation to
cytosine [72]. However, to date, the activity of thymine DNA
glycosylases (a potential gene was predicted in C. cinerea;
[29]) or other excision mechanisms have not yet been
discovered in fungi.

Our investigation of the presence of 5carC in fungal RNA
appends valuable information about this poorly explored
modification, though the mechanisms of its biological func-
tioning are yet to be determined. 5carC might influence RNA
geometry, similarly to 5caC in DNA, by widening the minor
groove and loosening its double-stranded parts as opposed
to more stabilizing 5mC [73]. Other cytosine modifications in
RNA are shown to affect RNA properties, stability and func-
tions in various organisms. 5mrC in mRNAs enables their
transport from the nucleus in human HeLa cells, or to distant
body parts of the plant Arabidopsis thaliana [74]. Some studies
predicted the 5mrC influence on mRNA stability [74]. In
addition, 5mrC was found to affect the binding of regulatory
long non-coding RNAs to chromatin-modifying complexes
[75]. In contrast to 5mrC, which decreases translation of
mRNA, 5hmrC can favour it in Drosophila [23]. Interestingly,
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5hmrC was shown to destabilize murine endogenous
retrovirus transcripts [75,76].

TEs comprise a larger part of the genome in ectomy-
corrhizal L. bicolor (up to 37.9% [63]), compared with
saprotrophic C. cinerea (approx. 6%, [30]). The expansion of
TEs in fungi is thought to be related to mutualistic or parasitic
interactions with plants, thereby contributing to genetic vari-
ation that is beneficial for adaptation to a host plant [57], and
significantly higher TE content in ectomycorrhizal symbionts
was found compared with other fungal lifestyles [77]. Our
hmTOP-seq-based [49] profiling of 5hmC- and 5fC-modified
CG dinucleotides in DNA of both fungi showed their accumu-
lation at TEs, which is in accordance with the published
distribution of 5mC [3] and 5hmC in C. cinerea [29]. We
found that the majority of genes in the fungi possess oxi-
mCs. The association of genes with oxi-mC-rich TEs causes
their suppression and affects gene 5hmC/5fC modification
levels. The performed separate analysis for the genes localized
inside and outside of TE clusters demonstrated the highest
5hmC/5fC modification levels in clusters, especially in non-
expressed genes, which is in line with 5mC analysis of other
fungi [63,64]. By contrast, C. cinerea genes displayed gradually
increasing expression with higher 5hmC modification levels
irrespective of the TE presence.

Importantly, using our strategy to analyse the fractions of
modified CGs, we were able to directly compare the amounts
of the three cytosine states—5mC, 5hmC and 5fC—and their
relationship with gene expression regulation. The amounts of
all three are positively correlated in L. bicolor—this is in
direct contrast to the oxi-mC proportions in mammals, where
the inverse correlation was estimated between 5fC and
5hmC, or between 5hmC/5fC and 5mC levels [17,78]. Strik-
ingly, the analysis of individual cytosine modifications across
genes revealed that high gene 5hmCor 5fC but not 5mCmodi-
fication exerts a strong suppressive effect in L. bicolor. By
contrast, more active genes are marked by higher 5hmC and
low 5mC levels in C. cinerea, and only high 5mCG levels start
to act negatively on expression along with high gene 5hmCG
levels. Despite the strong repressive role of oxi-mCGs observed
in both fungi, low levels of 5mC/5hmC/5fC modification are
required to induce expression.

To our knowledge, this is the first detailed analysis of the
relationship between 5mC and its oxidized derivatives
5hmC/5fC and expression in fungi. The observed silencing
of genes whose high oxi-mC levels are caused by highly
5hmCG/5fCG-modified TEs suggests the oxidation of 5mC
as an additional regulation/suppression mechanism that
fungi might accomplish, for example by recruiting repressive
proteins to TEs, as has been shown for TET proteins in
mammals [79]. This mechanism could also be important for
autoregulation of the expanded pool of TE-associated
[26,27] and 5hmC/5fC-modified TET-JPB genes. Diverse
impacts of oxi-mCs and 5mC on expression in L. bicolor and
C. cinerea acknowledge the variety of roles that cytosine
modification might play in different species of fungi [3,80].
Several mechanisms could have arisen in L. bicolor during
its evolution in symbiosis with plants, which, together with
the accumulation of TEs contributing to adaptation, activate
the strong control over deleterious effects of abundant TEs.

The established distribution of the 5mC and oxi-mC
modifications along with gene expression profiles of the
two fungi provide a unique resource to study epigenetic
mechanisms and highlight the importance of individual oxi-
dative cytosine modifications. Further research is needed to
gain deeper insights into the diversity of roles and distri-
bution of oxi-mCs in other developmental stages of
L. bicolor and C. cinerea and in many different fungi.
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