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ABSTRACT

Histone H3 lysine 27 methylation catalyzed by poly-
comb repressive complex 2 (PRC2) is conserved
from fungi to humans and represses gene tran-
scription. However, the mechanism for recognition
of methylated H3K27 remains unclear, especially
in fungi. Here, we found that the bromo-adjacent
homology (BAH)-plant homeodomain (PHD) domain
containing protein BAH–PHD protein 1 (BP1) is a
reader of H3K27 methylation in the cereal fungal
pathogen Fusarium graminearum. BP1 interacts with
the core PRC2 component Suz12 and directly binds
methylated H3K27. BP1 is distributed in a subset
of genomic regions marked by H3K27me3 and co-
represses gene transcription. The BP1 deletion mu-
tant shows identical phenotypes on mycelial growth
and virulence, as well as similar expression profiles
of secondary metabolite genes to the strain lack-
ing the H3K27 methyltransferase Kmt6. More impor-
tantly, BP1 can directly bind DNA through its PHD fin-
ger, which might increase nucleosome residence and
subsequently reinforce transcriptional repression in
H3K27me3-marked target regions. A phylogenetic
analysis showed that BP1 orthologs are mainly con-
served in fungi. Overall, our findings provide novel
insights into the mechanism by which PRC2 medi-
ates gene repression in fungi, which is distinct from
the PRC1-PRC2 system in plants and mammals.

INTRODUCTION

The establishment and maintenance of chromatin structure
is critical for the development and environmental adapta-
tion of eukaryotes. Reversible epigenetic histone modifica-
tions can alter chromatin structure to tightly regulate gene
expression (1,2). Polycomb repressive complex-2 (PRC2)
catalyzes the methylation of lysine residue K27 in his-
tone 3 (H3K27) methylation, resulting in facultative hete-
rochromatin for transcriptional repression at Polycomb tar-
get loci (3). PRC2 was originally discovered in Drosophila
melanogaster, and is evolutionarily conserved in organisms
ranging from fungi to humans (4,5). In Drosophila, PRC2 is
formed by four core proteins: enhancer of zeste E(Z), sup-
pressor of zeste 12 SU(Z)12, extra sex combs (ESC) and
the Nurf55 protein. The E(Z) protein contains a SET do-
main and exerts histone lysine methyltransferase (HMT) ac-
tivity for trimethylating H3K27 (H3K27me3). Su(z)12 and
Nurf55 compose the nucleosome-binding subunits in PRC2
and anchor the E(z) enzyme onto chromatin substrates, and
ESC is required for HMT activity enhancement (6). Increas-
ing data indicate that variant forms of PRC2 with distinct
components and accessory proteins exist in plants and an-
imals; however, the assembly of fungal PRC2 is less under-
stood (7).

Precise recognition of histone epigenetic marks by
‘reader’ proteins is essential for establishing and main-
taining proper chromatin structure and gene expression.
H3K27me3 deposited by PRC2 is classically recognized
by another Polycomb repressive complex PRC1, which
participates in PRC2 recruitment and promotes chro-
matin compaction for gene silencing in animals and
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plants (8–10). H3K27me3 is read by PRC1 through chro-
modomain (ChD)-containing chromobox homolog (CBX)
proteins in animals (11). In plants, LHP1 interacts with
the Nurf55 homolog, MSI1, directly binds H3K27me3 and
forms a positive feedback loop to recruit PRC2 (12,13).
EMBRYONIC FLOWER 1 (EMF1) is another compo-
nent of PRC1 in Arabidopsis and is proposed to mediate
H3K27me3-dependent gene silencing through chromatin
compaction (14). Moreover, variant PRC1 can ubiquitylate
histone H2A by RING1A/B to positively regulate PRC2
in both plant and animal systems (5,15,16). In addition
to PRC1, many specific domain-containing proteins have
been found to be involved in H3K27me3 ‘read out’ (17,18).
For example, the Tudor domain in PHF1 and the bromo-
adjacent homology (BAH) domain in the BAHD1 pro-
tein can directly bind H3K27me3 to stimulate PRC2 ac-
tivity in mammals (19–21). The BAH and plant home-
odomain (PHD) finger-containing proteins SHL and EBS
read H3K27me3 and regulate the growth and floral phase
transition of flowering plants (22–24).

PRC2 is well conserved in many fungi; however, com-
ponents of PRC1 are notably absent in this kingdom (7).
This absence implies that unidentified reader proteins may
recognize H3K27 methylation in fungi. Thus, identification
and characterization of a fungal PRC2 reader is critical
for understanding how fungi maintain gene repression and
may also reveal general mechanisms by which PRC2 regu-
lates gene expression in higher eukaryotes. In this study, we
identified a PRC2-interacting protein in the cereal fungal
pathogen Fusarium graminearum, which contains a BAH
domain and PHD finger and was designated as BP1 (BAH-
PHD protein 1). BP1 localizes to the nucleus and directly
interacts with the Suz12 component of PRC2 in a BAH and
PHD finger-dependent manner. More importantly, in con-
trast to the H3K27 methylation recognition system that de-
pends on PRC1 in plants and animals, BP1 can bind methy-
lated H3K27 peptides and exhibits DNA-binding activity
at PRC2 target loci. The results of this study indicate that
BP1 is a reader of H3K27 methylation in fungi, which pro-
vides novel insight into the regulatory mechanism of PRC2
in gene transcriptional repression.

MATERIALS AND METHODS

Fungal strains and culture conditions

The F. graminearum wild-type strain PH-1 (NRRL 31084)
was used as a parental strain for transformants generated
in this study. The wild-type and transformant strains were
grown on potato dextrose agar (PDA) (200 g potato, 20
g glucose, 10 g agar and 1 l water) for growth rate exam-
ination. Mycelia grown in yeast extract peptone dextrose
(YEPD) medium (10 g peptone, 3 g yeast extract, 20 g D-
glucose and 1 l water) were used for ChIP-seq and ChIP-
qPCR.

Strain construction

The �Kmt6, �Eed, �Suz12 and �BP1 gene deletion mu-
tants were generated by the double-joint PCR approach
(25). Polyethylene glycol (PEG)-mediated protoplast trans-
formation of F. graminearum was carried out using pro-

tocols described previously (26). Briefly, the open read-
ing frame (ORF) of each gene was replaced with a hy-
gromycin (HPH) resistance cassette, and the resulting dele-
tion mutants were identified by PCR assays with the rele-
vant primers (Supplementary Table S1). For �Kmt6 com-
plementation, the fragment containing the native promoter
and ORF (without stop codon) of Kmt6 was amplified
with the relevant primers. The resulting PCR products
were purified and then co-transformed with the XhoI-
digested pYF11-gfp-G418 plasmid into the yeast strain
XK1-25 using the Alkali-Cation Yeast Transformation Kit
(MP Biomedicals, Solon, USA) to generate a recombi-
nant vector, pYF11-KMT6-gfp. Subsequently, the pYF11-
KMT6-gfp vector was recovered from the yeast transfor-
mant by using the yeast plasmid extract kit (Solarbio, Bei-
jing, China) and then transferred into Escherichia coli strain
DH5� for propagation. The recombinant plasmid pYF11-
KMT6-gfp was purified from E. coli and introduced into
�Kmt6 to generate the complementation strain �Kmt6-
C (�Kmt6::Kmt6-GFP). Transformants were selected with
geneticin (G418). The Eed-GFP, Suz12-GFP, BP1-GFP
and BP1-mCherry fusion constructs were similarly con-
structed.

To construct the truncated proteins BP1�BAH and
BP1�PHD, PH-1 genomic DNA was used as a template
for amplifying the corresponding fragments. To generate
the BP1�BAH-GFP strain, the upstream fragment of the
BAH domain (1858 bp, including the native promoter)
and downstream fragment of BAH domain (652 bp, with-
out stop codon) were amplified with the primers P51/52,
and P53/54, respectively. These two fragments were fused
by double-joint PCR and then co-transformed with the
XhoI-digested pYF11-gfp-G418 plasmid into the yeast
strain XK1-25. Then, the recombinant plasmid pYF11-
BP1�BAH-gfp-G418 was transformed into �BP1 to gener-
ate BP1�BAH-GFP strain. The BP1�PHD-GFP, BP1�BAH-
mCherry, and BP1�PHD-mCherry strains were similarly
constructed.

To construct the �BP1::EBS-C (�BP1::EBS-GFP),
�BP1::SHL-C (�BP1::SHL-GFP) and �BP1::EPR1-C
(�BP1::EPR1-GFP) heterogeneous complementation
strains, the fragments containing the promoter (BP1) re-
gion and open reading frame (EBS, SHL or EPR1, without
stop codon) were amplified and fused by overlapping
PCR. The resulting fused fragments were subsequently
co-transformed with the XhoI-digested pYF11-gfp-G418
plasmid into the yeast strain XK1-25. The recombinant
plasmid was individually introduced into �BP1, and then
the resulting transformants were identified by PCR assays
with the relevant primers (Supplementary Table S1). Before
protoplast transformation, all recombinant plasmids were
verified by DNA sequencing.

Microscopic observations

For observation of the localization of fluorescent fusion
proteins, each strain was cultured in potato dextrose broth
(PDB) at 25◦C for 24 h, and fresh mycelia were exam-
ined with a Zeiss LSM780 confocal microscope (Gottin-
gen, Niedersachsen, Germany). To observe nuclei, fresh
mycelia were washed with sterilized water and stained with
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10 �g ml–1 4′,6-diamidino-2-phenylindole (DAPI, Sigma).
The following excitation/emission UV wavelengths were
used for fluorescent detection: DAPI, 405/410–470 nm;
mCherry, 561/590–640 nm; GFP, 488/490–530 nm.

Affinity capture-mass spectrometry (ACMS) analysis

Fresh mycelia (2.0 g) of the �Kmt6::Kmt6-Flag strain were
finely ground and suspended in 10 ml of extraction buffer
(50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 2 mM phenylmethylsulfonyl fluoride) supple-
mented with 100 �l of protease inhibitor cocktail (phenyl-
methanesulfonyl fluoride, 100 mM; pepstatin A, 2.2 mM; L-
trans-epoxysuccinyl-leucylamido (4-guanidino) butane, 1.4
mM; 1,10-phenanthroline, 500 mM) (C600382, Sangon
Co., Shanghai, China). After centrifugation at 10 000 g for
20 min at 4◦C, supernatant (8 ml) was transferred into a
sterilized tube. Approximately 250 �l of anti-Flag agarose
(M20018S, Abmart, Shanghai, China) was added to cap-
ture Kmt6-Flag interacting proteins following the manu-
facturer’s instructions. After incubation at 4◦C overnight,
agarose was washed three times with 2.5 ml of Tris buffered
saline (TBS, 20 mM Tris–HCl, 500 mM NaCl, pH 7.5). Pro-
teins binding to the beads were boiled with 600 �l TBS sup-
plemented with 100 �l 10% SDS. After centrifugation at
5000 g for 5 min, proteins in the supernatant were concen-
trated to 70 �l and digested with trypsin as described pre-
viously (27). Tryptic peptides were analyzed by mass spec-
trometry (MS) by Shanghai Applied Protein Technology
Co. Ltd (Shanghai, China). The Eed-GFP, Suz12-GFP and
BP1-GFP interacting proteins were similarly captured by
anti-GFP agarose (gta-20, ChromoTek, Martinsried, Ger-
many), and MS analysis was performed. Three biological
replicates were conducted for each protein.

Liquid chromatography electrospray ionization tandem mass
spectrometry (LC–ESI-MS/MS) analysis

LC–MS/MS analysis was performed on a Q Exactive mass
spectrometer coupled to Easy nLC (Thermo Fisher Scien-
tific). The peptide mixture was loaded onto a reverse-phase
trap column (Thermo Scientific Acclaim PepMap100, 100
�m × 2 cm, nanoViper C18) connected to a C18 reversed-
phase analytical column (Thermo Scientific Easy Column,
75 �m × 10 cm, 3 �m resin) in buffer A (0.1% formic acid)
and separated with a linear gradient of buffer B (84% ace-
tonitrile and 0.1% formic acid) for 60 min at a flow rate of
300 nl/min controlled by IntelliFlow technology. Then, the
peptides were injected into the Velos via ESI in positive ion-
ization mode. MS data were acquired by choosing the most
abundant precursor ions from the survey scan (300–1800
m/z) for higher-energy collision dissociation (HCD) frag-
mentation. The full MS1 scan was acquired at a resolution
of 70 000 at 200 m/z. The automatic gain control target was
set to 1 × 106 charges with a 40 ms maximum ion injec-
tion time. The dynamic exclusion duration was 30 s. The
subsequent MS2 scan was set to 17 500 resolution at 200
m/z for HCD spectra, isolation width was 2 m/z, and max-
imum ion injection time was 50 ms. The normalized colli-
sion energy was 27 eV and the underfill ratio was defined
as 0.1%.

MS/MS spectra were searched using the MAS-
COT engine (Matrix Science, London, UK; version
2.4) embedded in Proteome Discoverer 2.4 (Thermo
Electron, San Jose, CA.) against the F. graminearum
database https://fungidb.org/fungidb/app/downloads/
Current Release/FgraminearumPH-1/fasta/data/). An
initial search was set at a precursor mass window of 6
ppm. The search followed an enzymatic cleavage rule of
trypsin/P and allowed two maximal missed cleavage sites
and a mass tolerance of 20 ppm for fragment ions. The
database search was conducted according to the following
parameters: carbamidomethylated cysteine was regarded
as a fixed modification, while methionine oxidation was
considered a variable modification. The cutoff of the global
false discovery rate for peptide and protein identification
was set to 0.01, and at least one unique peptide could be
subjected to further quantification.

Western blotting analysis

Protein isolation was performed as previously described
(26). The resulting proteins were separated by 10% SDS
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto an Immobilon-P transfer membrane (Millipore,
Billerica, MA, USA). Monoclonal anti-GFP (ab32146,
Abcam, Cambridge, UK), anti-mCherry (ab125096), anti-
H3K4me3 (ab8580), anti-H3K36me3 (61102, Active Mo-
tif), anti-H3K27me3 (39155, Active Motif) and anti-Flag
(SL5142, Sigma, Burlington, USA) antibodies were used
for immunoblot analyses. Samples were also detected with
monoclonal anti-GAPDH antibody (EM1101, Huanan
Biotechnology Co., Ltd, Hangzhou, Zhejiang, China) or
anti-H3 antibody (M130918, Huanan Biotechnology Co.,
Ltd, Hangzhou, Zhejiang, China) as a control. Three bio-
logical replicates were conducted for each experiment.

Co-immunoprecipitation (Co-IP) assays

For Co-IP assays, total proteins were extracted from dual-
labeled (GFP and Flag tags) strains and incubated with
anti-GFP-Trap® (gta-20, ChromoTek, Martinsried, Ger-
many) agarose as described previously (28). Proteins eluted
from agarose were analyzed by western blot with an anti-
Flag and anti-GFP antibody. The protein samples were also
detected with monoclonal anti-GAPDH antibody as a ref-
erence. Two biological replicates were conducted for each
experiment.

Yeast two-hybrid assays

Y2H assays were performed according to the BD Match-
maker Library Construction & Screening Kits instructions
(Clontech, PaloAlto, CA). Yeast two-hybrid (Y2H) as-
says were performed according to the BD Matchmaker Li-
brary Construction & Screening Kits instructions (Clon-
tech, PaloAlto, CA). The full length ORF of each candi-
date gene was amplified using PH-1 genomic cDNA as the
template, and cloned into the bait plasmids pGBKT7 and
pGADT7, respectively. To construct the BP1�BAH cassette
for Y2H, the upstream fragment from the start codon to
291 bp in the ORF of BP1 and the downstream fragment

https://fungidb.org/fungidb/app/downloads/Current_Release/FgraminearumPH-1/fasta/data/
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(450 bp from the end of the BAH domain to the last nu-
cleotide before the stop codon) were amplified using PH-
1 genomic cDNA as a template with the relevant primers.
The purified PCR fragments were fused by double-joint
PCR and subsequently cloned into pGBKT7 to generate
pGBKT7-BP1�BAH. The pGBKT7-BP1�PHD recombinant
plasmid was similarly constructed. All recombinant plas-
mids were verified by sequencing before the Y2H assay to
confirm that the inserted coding regions were correct with-
out base shifts and mutation.

The resulting bait vector and each prey vector were co-
transformed into S. cerevisiae strain Y2H Gold following
the LiAc/ss-DNA/PEG (lithium acetate/single- stranded
DNA/polyethylene glycol) transformation protocol. In ad-
dition, a pair of plasmids pGBKT7-53 and pGADT7 served
as a positive control. A pair of plasmids pGBKT7-Lam and
pGADT7 was used as a negative control. Serial concentra-
tions of transformants were assayed for growth at 30◦C for
3 days on basal medium SD (-Trp-Leu, without tryptophan
and leucine), selective medium SD (-Trp-Leu-His, without
tryptophan, leucine and histidine), and selective medium
SD (-Trp-Leu-His-Ade, without tryptophan, leucine, his-
tidine and adenine). Three independent experiments were
performed to confirm yeast two-hybrid assay results (29).

Protein expression and purification

BP1 was amplified using PH-1 genomic cDNA, and then
cloned into the pGEX-4T-1 vector (GST-tag) for pep-
tide pull-down assays, pMAL-c2X vector (MBP-tag) for
ITC and EMSA assays, and pET-22a vector (6 × His-
tag) for bio-layer interferometry (BLI) assays. The plas-
mid was transformed into E. coli strain BL21 (DE3), and
the cells were cultured in Luria Bertani medium contain-
ing 50 �g ml–1 ampicillin. Protein expression was induced
by adding isopropyl �-D-thiogalactoside (IPTG) to a final
concentration of 0.2 mM at 16◦C, when the cell culture
reached an optimal density at 600 nm of 0.4–0.6 at 37◦C
in a shaker. After an additional 10 h of culture, bacteria
were harvested at 3990 rcf, at 4◦C for 15 min. The bacte-
rial pellet was resuspended in lysis buffer containing 200
mM NaCl, 20 mM MES pH 6.5, and 5% glycerol and dis-
rupted by crushing at 800 bar at 4◦C for 3 times. The dis-
rupted homogenate was further processed by centrifuga-
tion at 11 860 rcf, at 4◦C for 60 mins and the supernatant
was transferred for FPLC system purification. The super-
natant containing fusion GST tag protein was applied on a
prepacked glutathione-Sepharose column (GST Trap High
performance, GE Healthcare) by FPLC with a 1 ml/min
flow rate. In the washing steps, the GST Trap column was
washed with lysis buffer until the absorbance at 280 nm
UV became stable. Finally, the proteins were eluted with ly-
sis buffer plus 20 mM reduced L-glutathione (GSH). The
eluted proteins were further purified by cation exchange
chromatography (Heparin, HP, GE Healthcare). After sam-
ple application and washing, the elution step adopted a lin-
earized model by gradually increasing the salt concentra-
tion to 1 M NaCl in 50 min. During this process, the target
proteins were gradually eluted and fractionized to 96-well
deep plates with 1.8 ml elute in each well. The fractions cor-
responding to the elution curve (absorbance curve of UV
280 nm) were subjected to SDS-PAGE analysis. Finally, the

target proteins were concentrated to less than 2 ml and sub-
jected to size exclusion chromatography (SEC), and the elu-
tion peak corresponding to the monomeric state of the tar-
get proteins was concentrated for subsequent experiments.
The fusion MBP and 6× His-tagged proteins were purified
by the same strategy as GST fusion proteins, except for in
the capture steps. The MBP and His trap FF column (GE,
Healthcare) was adopted, and lysis buffer plus 20 mM mal-
tose or 500 mM imidazole was used as the elution buffer for
eluting MBP and His-tag fusion protein, respectively.

The GST-BP1�BAH, GST-BP1�PHD, MBP-BP1�BAH and
MBP-BP1�PHD were similarly cloned, expressed and puri-
fied as described above. All of the mutations were gener-
ated by a double-joint PCR approach and were expressed
and purified using the same protocol used for the full-
length protein. Purified and desalted proteins were stored
at −80◦C for future use.

Peptide pull-down

Peptide pull-down assays were performed as follows: 1.5 �g
of biotinylated histone peptides were first incubated with
62.5 �l of magnetic streptavidin beads (S1420S, NEB, New
England Biolabs) in 1 ml of peptide binding buffer (50 mM
Tris−HCl, pH 8.0, 300 mM NaCl, 0.1% NP-40) for 1 h at
4◦C. Then, peptide-bound beads were washed twice with 1
ml of peptide binding buffer, and then incubated with 1.5 �g
of GST-tagged full-length or truncated BP1 proteins in 0.5
ml of binding buffer for 3 h at 4◦C. After washing five times
with binding buffer, the protein-bead complex was boiled in
SDS (sodium dodecyl sulfate) loading buffer and detected
with an anti-GST antibody (EM80701, Hua An Biotech-
nology Co., Ltd, Hangzhou, China). 5% input was loaded
as the control.

Isothermal titration calorimetry (ITC) and bo-layer interfer-
ometry (BLI) binding assays

ITC binding experiments were performed on a Microcal
PEAQ-ITC instrument with a 19-injection setting. The run-
ning parameters were set to: temperature at 25◦C, refer-
ence power at 5 �cal/s, stir speed at 0.75 rcf/s and the
duration/spacing time of 4/150 s. The synthesized peptides
were lyophilized and dissolved in the same buffer as MBP-
tagged BP1 proteins with 100 mM NaCl, 20 mM HEPES,
pH 7.5 and 3 mM �-mercaptoethanol. All the raw ITC data
were processed using the Origin 7.0 program.

BLI experiments were carried out using a FortéBio Octet
RED 96 system (Pall-fortébio Corporation). The biotiny-
lated histone peptides were loaded onto streptavidin sensors
(SA, #18–5019, Pall-fortébio Corporation) in 250 �l of SD
buffer (0.1% BSA, 0.05% Tween 20, 10 mM PBS, pH 7.4) for
equilibrium for 300 s. The associations of peptide with BP1-
6 × His were tested by soaking the peptide-loaded sensors
in the wells containing BP1-6 × His at different concentra-
tions for 100 s. The dissociations of peptide from protein
were tested by depriving sensors from the wells for 150 s.
When the process of association and dissociation for one
concentration were finished, 300 s of equilibration was per-
formed to prepare for the next concentration. Finally, the
results were calculated by FortéBio data analysis 10.0 soft-
ware.
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Chromatin immunoprecipitation (ChIP) and ChIP-seq anal-
ysis

ChIP of wild type PH-1 and �BP1-C assays was carried out
with fresh mycelia grown in yeast extract peptone dextrose
(YEPD) medium for 24 h and performed as previously de-
scribed (23,30) using anti-H3K27me3 (39155, Active Mo-
tif) and anti-GFP (ab290, Abcam, Cambridge, UK) anti-
bodies. Briefly, approximately two grams of mycelia were
cross-linked with 1% formaldehyde for 20 min at room tem-
perature and then stopped with 125 mM glycine. Samples
were ground with liquid nitrogen and re-suspended in ly-
sis buffer (250 mM, HEPES pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Triton, 0.1% deoxyCholate, 10 mM DTT) and
protease inhibitor (Sangon Co., Shanghai, China). After
centrifugation, the supernatant was diluted with 10 × ChIP
dilution buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7
mM Tris−HCl, pH 8, 167 mM NaCl, 0.4 mM PMSF and
protease inhibitor) before shearing the chromatin by sonica-
tion. The obtained chromatin was sonicated into DNA frag-
ments between 200 and 500 bp using Diagenode Biorup-
tor (high setting, 18 cycles, every cycle with 30 s ‘on’ and
30 s ‘off’). Samples were pre-washed with 20 �l of pro-
tein A agarose (sc-2001, Santa Cruz, CA, USA) for 1 h at
4◦C. Then, the supernatant was incubated with 5 �l anti-
GFP antibody (ab290, Abcam, Cambridge, UK) or anti
H3K27me3 antibody (39155, Active Motif) overnight at
4◦C, and then added into 20 �l of protein A agarose for
1.5 h at 4◦C. The beads were washed in an orderly man-
ner with low salt buffer (150 mM NaCl, 0.1% SDS, 1% Tri-
ton X-100, 2 mM EDTA, 20 mM Tris−HCl, pH 8), high
salt buffer (500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris−HCl, pH 8), LiCl buffer (0.25 M
LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA,
10 mM Tris−HCl, pH 8), and TE buffer (10 mM Tris−HCl
pH 8, 1 mM EDTA). The DNA-protein complex was re-
verse cross-linked and, DNA was recovered with phenol-
chloroform extraction. The recovered DNA was used as a
template for followed ChIP-seq and ChIP-qPCR. Three bi-
ological repeats were performed.

For the ChIP-seq assay, purified DNA was used for
library construction with the NEBNext Ultra II DNA
Library Prep Kit for Illumina (NEB, E7645L). Subse-
quently, high- throughput sequencing was carried out us-
ing an Illumina Hiseq-PE150 by Novogene Corporation
(Beijing, China). The sequencing reads were mapped to the
F. graminearum reference genome (FungiDB-44 F. gramin-
earum PH-1 Genome) using BWA (Burrows Wheeler
Aligner v 0.7.12) software. The genome ChIP-seq pro-
files were generated using MACS 2.1.0 with only uniquely
mapped reads (Supplementary Table S2). Peaks were called
at P values ≤0.005 with input DNA as a control. To validate
the ChIP-seq results, ChIP-qPCR assay was performed.
The mRNA levels of the tested genes were relative to the
internal reference gene ACTIN using quantitative real-time
PCR.

RNA-seq analysis

Total RNA was isolated from three independent biologi-
cal replicates from the wild type PH-1, the deletion mutant
�Kmt6, and �BP1. DNA-free total RNA was generated

by the NEBNext® Ultra™ RNA Library Prep Kit for Il-
lumina® following the manufacturer’s recommendations
and index codes were added to attribute sequences to each
sample. Library quality was assessed on an Agilent Bioan-
alyzer 2100 system. Clustering of the index-coded samples
was performed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according
to the manufacturer’s instructions. After cluster generation,
the library preparations were sequenced on an Illumina No-
vaseq platform and 150 bp paired-end reads were generated.
The sequencing reads were mapped to the F. graminearum
genome (FungiDB-44 F. graminearum PH-1 Genome) us-
ing HISAT 2 v2.0.5 software. Feature Counts v1.5.0-p3 was
used to count the reads mapped to each gene. Differen-
tial gene expression was determined by DESeq2 v1.16.1 (P
value ≤ 0.05; fold change ≥ 2.0). We used cluster Profiler
R package to test the statistical enrichment of differentially
expressed genes in KEGG pathways.

Electrophoretic mobility shift assay (EMSA)

The Cy3-labeled DNA fragments were incubated with
increasing amounts of purified MBP-BP1, BP1�BAH or
BP1�PHD protein in 1× binding buffer (10 mM Tris pH
7.5, 100 mM NaCl, 0.1 mM DTT and 5% glycerol) for 30
min on ice. After the reaction, 2.5 �l of 10× loading buffer
(10 mM Tris pH 7.5, 1 mM DTT, 50% vol/vol glycerol,
0.001% wt/vol bromophenol blue, 0.001% wt/vol xylene
cyanol FF) was added to stop the reaction and analyzed by
5% native PAGE. Gel electrophoresis was performed with
cold 0.5× Tris/borate/EDTA running buffer at 100 V for
60 min on the ice. Cy3-labeled DNA fragments in the gel
were analyzed with Typhoon 5 and quantified by using Im-
ageQuant (Amersham, GE Helthcare).

MNase-qPCR

The MNase (micrococcal nuclease)-qPCR assay was used
to measure nucleosome occupancy. Fresh mycelia were har-
vested in liquid nitrogen and ground to a fine powder using
a precooled mortar and pestle, and then nuclei were isolated
as previously described (31). The isolated DNA (70–80 ng)
was digested with 0.5 �l of micrococcal nuclease (final con-
centration 0.01–0.02 units/�l, Takara) for 8 min in diges-
tion buffer at 37◦C. Mononucleosomes were then excised
from 1.5% agarose gels and purified using a gel purification
kit. The purified DNA was quantified using a NanoDrop
ND-1000 spectrophotometer. The nucleosome occupancy
was calculated with the 2–��Ct method using undigested
genomic DNA followed by normalization over that of Actin
100+ loci for each sample. The tiled primer sets used for
real-time PCR are listed in Supplementary Table S1. Three
independent experiments were performed for the MNase-
qPCR assay.

Pathogenicity assays

The conidia of each strain formed in CMC medium were
collected and suspended in sterile distilled water to a final
concentration of 105 conidia ml–1. A 10 �l suspension of
fresh conidia of each strain was injected into a floret in the
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central section spikelet of a single flowering wheat head of
the susceptible cultivar Zimai22. At 15 days after inocula-
tion, the infected spikelets in each inoculated wheat head
were recorded. For wheat leaf infection, fresh mycelial plugs
of each strain were inoculated in the middle of the leaves
and incubated in a growth chamber at 25◦C. Images were
taken 6 days after inoculation. Corn silk infection assays
were carried out essentially as described above for wheat leaf
infection. The images were taken at 5 days post-inoculation.
There were 15 replicates for each strain in each experiment,
and three biological replicates were conducted.

RESULTS

Identification of PRC2 components in F. graminearum

Candidate core PRC2 components in F. graminearum,
Kmt6 (FGSG 15795), Eed (FGSG 15909) and Suz12
(FGSG 04321), were previously identified with respective
Drosophila homologs through BLASTp (32). They contain
representative domains as their corresponding homologs
(Figure 1A). To determine whether these three proteins in-
deed interact with each other and form a complex, we first
fused each candidate component to GFP and observed their
subcellular localization in F. graminearum. As shown in Fig-
ure 1B, all three subunits were primarily co-localized to nu-
clei stained with DAPI in the mycelia, suggesting that these
components may form a complex in the nucleus, similar to
PRC2 in other species. Then, we performed an ACMS as-
say using individual proteins fused with 3× Flag or GFP as
baits to test whether these subunits interact with each other
in vivo. The results showed that each bait protein could cap-
ture the other two candidate components (Figure 1C, Sup-
plementary Table S3). Co-IP assays with strains expressing
Kmt6-Flag and Eed-GFP, Kmt6-Flag and Suz12-GFP or
Suz12-Flag and Eed-GFP confirmed these interactions in
vivo (Supplementary Figure S1A). Furthermore, Y2H as-
says indicated that Kmt6 physically interacted with Eed and
Suz12 (Figure 1D, Supplementary Figure S1B). Together,
these results suggest that Kmt6-Suz12-Eed forms a complex
in this fungus.

To determine whether this complex functions similar to
PRC2 to catalyze H3K27 methylation in this fungus, sin-
gle gene deletion mutants �Kmt6, �Eed and �Suz12 dis-
played similar colony morphology with dramatically re-
duced growth on PDA and were nonpathogenic as com-
pared with wild-type PH-1 (Figure 1E, Supplementary Fig-
ure S2). Importantly, disruption of each of these gene com-
pletely abolished H3K27me3 modification but did not af-
fect H3K4 or H3K36 trimethylation (Figure 1F). The de-
fect in hyphal growth and aberrant H3K27me3 levels in
these mutants were completely restored in the correspond-
ing gene-complementation strains (−C) under the tested
conditions (Figure 1E-F, Supplementary Figure S2).

Notably, a Nurf55 homolog also exists in the genome
of F. graminearum at the FGSG 16720 locus (Supple-
mentary Figure S3A). However, the deletion mutant of
FGSG 16720 exhibited different phenotypes, as compared
to those of the �Kmt6, �Eed and �Suz12 mutants, and the
H3K27 methylation level was not significantly affected in
the FGSG 16720-deletion mutant (Supplementary Figure

S3B, C). Thus, the Nuf55 homolog might not be a compo-
nent of the PRC2 in this fungus. Taken together, the data
show that Kmt6 mediates the interaction between Suz12
and Eed, that these proteins form a PRC2 complex to cat-
alyze H3K27me3 in F. graminearum.

BP1 protein interacts with Suz12

To identify factors associated with PRC2 for H3K27me3-
mediated gene silencing, we analyzed putative domains
in all the proteins captured by PRC2 components in the
ACMS assay. One protein (FGSG 11913) drew our atten-
tion because it was captured by all three core PRC2 compo-
nents when they were used as baits, and confirmed by Co-IP
(Figure 1C, Supplementary Figure S4A and B, Table S3).
FGSG 11913 contains a BAH domain followed by a plant
homeodomain (PHD) (Figure 2A). Since both BAH and
PHD were previously reported to be associated with PRC2
readers in plants and animals (19–24), we hypothesized that
the BAH-PHD protein encoded by the FGSG 11913 lo-
cus may be a potential accessory of PRC2, and is thus
hereafter called BP1 (BAH-PHD protein 1). All three core
PRC2 components could be captured when BP1 was used
as a bait in the ACMS assay (Supplementary Table S3).
To verify whether BP1 indeed interacts with PRC2, Y2H
assays were conducted, and the results showed that BP1
directly interacted with Suz12 but not Kmt6 or Eed (Fig-
ure 2B, Supplementary Figure S4C). The interaction be-
tween BP1 and Suz12 was further confirmed by fluores-
cence co-localization and Co-IP. Both fluorescence fused
proteins were localized to nuclei in the mycelia of strains ex-
pressing Suz12-GFP and BP1-mCherry (Figure 2C, upper
panel). The interactions between BP1-Flag and Suz12-GFP
were detectable by Co-IP in two directions (Figure 2D).
Furthermore, the deletion mutant �BP1 displayed similar
growth phenotypes and virulence as the mutants of PRC2
core components (Figures 1E and 2E, Supplementary Fig-
ure S2). Thus, these results suggest that BP1 is associated
with PRC2 by interacting with Suz12 (Figure 2F).

To determine whether the BAH domain and the PHD
finger are necessary for the interaction between BP1 and
Suz12, truncated proteins BP1�BAH and BP1�PHD, lacking
either the BAH domain and PHD finger, respectively, were
generated. We found that neither truncated protein inter-
acted with Suz12 in Y2H assays (Figure 2B, Supplementary
Figure S4C). Although the mCherry labeled BP1�BAH and
BP1�PHD still co-localized with Suz12-GFP in nuclei (Fig-
ure 2C), the growth-defective phenotype of �BP1 was not
rescued by either BP1�BAH or BP1�PHD (Figure 2E). There-
fore, both the BAH domain and PHD finger in BP1 are es-
sential for the BP1 interaction with PRC2 and for functional
BP1 activity. Surprisingly, the total level of H3K27me3 in
the �BP1 strain was comparable to that in the wild type
PH-1 (Supplementary Figure S4D), in contrast to the mu-
tants of core components of PCR2 (Figure 1F), suggesting
that BP1 might act as a downstream effector of PRC2.

In the genome of F. graminearum, 27 putative proteins
contain either the BAH or PHD domain, and two contain
both domains (Supplementary Table S4). To test whether
these other BAH domain- or PHD finger-containing pro-
teins are involved in PRC2, in addition to BP1, we first
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Figure 1. Kmt6, Eed, and Suz12 are core PRC2 components in F. graminearum. (A) Domain architecture of putative core PRC2 components. (B) Kmt6,
Eed and Suz12 localize to the nucleus. Proteins were fused with GFP and transformed into the wild type, and visualized by confocal microscopy. DAPI
staining was used to indicate the nucleus. DIC, differential interference contrast. Scale bar: 10 �m. (C) Summary of the main interactors of Kmt6, Suz12
and Eed as identified by affinity capture-mass spectrometry (AC-MS) analysis. Fungal strains stably expressing FLAG-tagged Kmt6, GFP-tagged Eed
or Suz12 were individually subjected to FLAG or GFP affinity purification followed by MS. (D) Kmt6 interacts with Eed and Suz12 in yeast cells. The
full-length protein was fused with the GAL4-AD or BD domain, as indicated. Serial concentrations of yeast cells were assayed for growth on selected
medium without tryptophan, leucine, histidine and adenine. pGBKT7-53 + pGADT7 and pGBKT7-Lam with pGADT7 were used as the positive and
negative control, respectively. (E) Mutants of core PRC2 components showing reduced mycelial growth on potato dextrose agar plates. The wild type PH-1,
deletion mutants and corresponding complementation strains (−C) were inoculated on potato dextrose agar plates and incubated at 25◦C for 3 days. (F)
Mutants of core PRC2 components abolished H3K27me3 but not H3K4me3 or H3K36me3 marks. Total proteins in corresponding strains were extracted,
and specific proteins were detected by immunoblotting using the indicated antibodies. The protein samples were also detected with an anti-H3 antibody
used as a loading control.

attempted to knock out these individual genes and exam-
ine the growth rates of mutants. Ideally, if a protein is im-
portant for PRC2-mediated gene silencing, the disruption
mutant of this protein would display growth defect pheno-
types on PDA similar to those of the mutants of the core
PCR2 components. Using homologous recombination, we
successfully disrupted 26 of 29 genes. Repeated efforts to
delete the remaining 3 genes failed, likely because the mu-
tations may have been lethal. Among the 26 mutants, eight
mutants exhibited visually reduced mycelial growth (Sup-
plementary Figure S5A). Next, we performed a Y2H as-
say to determine whether the proteins encoded by the eight

growth-associated genes and three lethal genes were able to
physically interact with PRC2 core components. As shown
in Supplementary Figure S5B, none of the 11 tested pro-
teins interacted with Kmt6, Suz12 or Eed. Therefore, we in-
fer that BP1 is the sole BAH-PHD protein interacting with
the PRC2 complex in this fungus.

BP1 is a reader of methylated H3K27

Histone readers can recognize and directly bind post-
translationally modified histones through specific domains,
such as the BAH domain and PHD finger (18,19,33). Given
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Figure 2. BP1 associates with PRC2 via Suz12. (A) Schematic representation of BP1 and its domains. (B) BP1 interacts with Suz12 depending on both the
BAH domain and PHD finger in yeast cells. The full-length protein or truncated BP1 variants BP1�BAH and BP1�PHD were fused with the GAL4-AD or BD
domain, as indicated. Serial concentrations of yeast cells were assayed for growth on selected medium without tryptophan, leucine, histidine and adenine.
(C) BP1-mCherry co-localizes with Suz12-GFP in the nucleus via either the BAH or PHD finger. Vegetative hyphae of dual-labelled strains were observed
under a confocal microscope after incubation in PDB medium for 24 h. DIC, differential interference contrast. Bar = 10 �m. (D) Coimmunoprecipitation
of BP1 and Suz12. BP1-Flag was immunoprecipitated by anti-GFP from the total protein lysates of a dual-labelled strain expressing Suz12-GFP and BP1-
Flag, and vice versa. (E) BAH and PHD finger domains are essential for BP1 function in vegetative growth. The wild type PH-1, �BP1 and corresponding
complementation strains (-C) were inoculated on potato dextrose agar plates and incubated at 25◦C for 3 days. (F) Diagram of the inferred BP1-PRC2
interaction pattern.

that BP1 is a BAH-PHD protein and interacts with compo-
nents in the PRC2, we tested the binding capability of BP1
to methylated H3K27 peptides. We first performed a his-
tone peptide pull-down assay using purified GST-BP1 pro-
tein. The results indicated that GST-BP1 could be pulled
down by H3K27me1, H3K27me2 and H3K27me3 pep-
tides in a sequentially increasing manner but could not pull
down un-methylated H3K27 or H3K36me3 peptides (Fig-
ure 3A). The H3K4me3 peptides were also able to pull
down GST-BP1 but to a much lesser extent than methy-
lated H3K27 peptides (Figure 3A). The methylated H3K27
peptide-binding activity was confirmed by ITC binding
analysis (Figure 3B). Moreover, BLI results also showed
that BP1 could bind methylated H3K27 peptides (Sup-
plementary Figure S6). Consistent with the histone pull-
down results, BP1 showed a binding preference for H3K27
with a higher methylation level (Figure 3B). Furthermore,
we found that the truncated protein BP1�BAH, but not
BP1�PHD, showed abolished binding activity to H3K27me3
peptides in histone peptide pull-down assays, suggesting
that the BAH domain of BP1 was critical for its bind-
ing activity with methylated H3K27 peptides (Figure 3C).
This evidence fully demonstrates that BP1 is a H3K27-
methylation reader in F. graminearum.

BP1 is distributed in a set of genomic regions marked by
H3K27me3

Considering that BP1 is associated with PRC2 and di-
rectly binds the methylated H3K27 peptides, we sought
to determine whether BP1 genomic targets coincided with
H3K27me3 throughout the genome using ChIP-seq. The
�BP1 mutant was in a locus complemented with a BP1-
GFP fusion cassette under its native promoter. The com-
plemented strain �BP1::PBP1 BP1-GFP was subjected to
ChIP-seq with an anti-GFP antibody. H3K27 trimethy-
lated genomic regions were immunoprecipitated with an
anti-H3K27me3 antibody. In agreement with the findings
of a previous study (32), H3K27me3 was found in all
four chromosomes, predominantly in subtelomeric regions
in F. graminearum. As predicted, the results of BP1-GFP
ChIP-seq indicated that BP1 exhibited a similar distribu-
tion as H3K27me3 on the chromosomes in the wild-type
fungus (Figure 4A). Both BP1 and H3K27me3 were en-
riched in gene bodies extending from the transcription
start site (TSS) to regions near the transcription termina-
tion site (TTS) (Figure 4B). We identified a total of 4071
significant BP1 peaks (P value ≤ 0.005), corresponding
to 2363 genes. To overlap the BP1-associated genes with
H3K27me3-marked genes, we performed Venn diagram
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Figure 3. BP1 binds methylated H3K27 histone peptides. (A) Im-
munoblots showing the pull-down results for GST-BP1 using different bi-
otinylated histone peptides. Precipitation was analyzed with an anti-GST
antibody. The 0.5% input served as the positive control. (B) ITC binding
curves showing the MBP-BP1 binding preference for histone H3 with dif-
ferent K27 methylation levels. The MBP tag was used as a control. NDB,
no detectable binding. (C) Immunoblots showing the pull-down results for
GST-labeled BP1 and truncated proteins using H3K27me3 peptides. GST
served as a control. The precipitation of biotinylated H3K27me3 was ana-
lyzed with an anti-GST antibody. The amount of GST proteins were con-
trolled by Coomassie staining.

analysis and found that 44% (1045 of 2363) of BP1-bound
genes overlapped with H3K27me3 marked genes (Figure
4C). A KEGG analysis revealed significant enrichment of
overlapping genes involved in several important biological
processes, such as cyanoamino acid metabolism, starch and
sucrose metabolism and secondary metabolic biosynthesis
(Figure 4D). We selected five loci co-occupied by BP1 and
H3K27me3 in different chromosomes and validated the en-
richment of BP1 and H3K27me3 at the gene body regions
of these five loci using ChIP and qPCR (Figure 4E and F).
Altogether, these results illustrate that BP1 co-occupies a
large number of genomic regions marked with H3K27me3
in vivo. Notably, H3K27me3 enrichment was absent in some
regions of BP1-GFP occupied genes and vice versa (Supple-
mentary Figure S7).

BP1 depletion relieves the gene transcription repressed by
Kmt6

It was previously shown that thousands of genes were
derepressed following disruption of PRC2 in fungi (32,34).
Given that BP1 co-occupies a large number of genomic re-
gions marked with H3K27me3, it is reasonable to deduce
that BP1 might be involved in H3K27me3-mediated gene
repression. To test this hypothesis, we performed RNA-
seq experiments with mRNA extracted from the mycelia
of wild-type, �Kmt6 and �BP1 mutants grown in YEPD
to determine their transcriptional profiles. Consistent with
the findings of a previous study (32), we found more up-
regulated genes than down-regulated genes in the �Kmt6,
with 4224 versus 1040 genes, respectively (P value < 0.05,
fold change > 2) (Figure 5A). Similar to the transcrip-
tional patterns of �Kmt6, 4805 genes were dysregulated in

the �BP1 strain, with 3896 up-regulated and 909 down-
regulated genes (Figure 5B, Supplementary Data 1). A Venn
diagram showed a significant overlap in up-regulated genes
between the �BP1 and �Kmt6 strains (3651 genes, rep-
resenting ∼94% of the up-regulated genes in �BP1) (Fig-
ure 5C, Supplementary Data 2). Among these genes, 715
genes (20% of the overlapping up-regulated genes) were
co-occupied by H3K27me3 and BP1 (Figure 5D), indicat-
ing that these genes were repressed directly by BP1 and
H3K27me3.

A KEGG analysis indicated that genes co-repressed by
BP1 and Kmt6 are involved in both primary and secondary
metabolisms, including metabolism of amino acids and car-
bon, as well as the biosynthesis of secondary metabolites
(Figure 5E).In addition, Kmt6 has been identified as a re-
pressor of secondary metabolism in F. graminearum (32),
suggesting that BP1 may also negatively regulate secondary
metabolism. To visualize the effects of BP1 on the regu-
lation of secondary metabolite (SM) genes (35), we gen-
erated heat-maps of transcriptional changes in the �BP1
and �Kmt6 strains and compared to the wild type, in-
cluding genes encoding polyketide synthases (PKS), non-
ribosomal peptide synthases and cytochrome P450 enzymes
in F. graminearum. As shown in Figure 5F, 74% of the tested
genes (80 of 109 genes) were significantly up-regulated more
than 2-fold compared to those in the wild type, showing al-
most the same expression patterns as those of the �Kmt6
strain. RT-qPCR of selected SM genes in the mutants and
wild type confirmed the RNA-seq results (Figure 5G) and
further suggested that BP1 represses the biosynthesis of
secondary metabolites. Taken together, these results sug-
gest that BP1 facilitates gene repression, and regulates an
overlapping set of PRC2 target genes, especially secondary
metabolic genes.

BP1 has DNA-binding activity that depends on its PHD fin-
ger

Increasing evidence suggests that histone reader domains
have nucleic acid-binding activity (36). Considering that
BP1 contains both BAH and PHD finger domains, we thus
determined potential DNA-binding activity of BP1. The
top 500 peak sequences occupied by BP1-GFP in the ChIP-
seq data were used to search for potential DNA binding
motifs of BP1 by MEME SUITE online software (37).
The top 10 output motifs showed diversity without clear
sequence specificity (Supplementary Figure S8A). Subse-
quently, four different motifs were randomly selected and
further subjected to testing for DNA-binding activity of
BP1. As shown in Figure 6A, increasing the amount of
the purified fused protein MBP-BP1 strongly retarded the
electrophoretic mobility of all four tested DNAs, in con-
trast to the results of MBP alone in the EMSA. The DNA-
binding activity was further validated by ITC assay (Sup-
plementary Figure S8B). These results suggest that BP1 can
bind DNA but might not show sequence specificity. Thus,
we selected five random DNA fragments and determined
whether they could bind to BP1 by performing an EMSA.
As shown in Supplementary Figure S9, BP1 could bind
all tested DNA fragments. Collectively, our results reveal
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Figure 4. BP1 localizes to H3K27me3 genome-wide. (A) ChIP-seq signals within four chromosomes of F. graminearum as detected with an anti-H3K27me3
antibody (red) and anti-GFP antibody targeted to BP1-GFP (blue). The Y-axis represents the RPM, reads per million (the read coverage was normalized by
the total number of mapped reads). The track scales of BP1 and H3K27me3 ranged from 0 to 500. (B) Metagene plots of H3K27me3 and BP1 distribution at
target transcription units and flanking intergenic regions. TSS, transcription start site and TTS, transcription termination site. The y-axis scales represent
reads per genomic content (1 × normalization) (RPGC). (C) Venn diagram showing statistically significant overlapping between the genes targeted by
BP1-GFP and those occupied by H3K27me3. P values (Fisher’s exact test) for overlapping between gene sets are indicated. (D) KEGG analysis results
of BP1 and H3K27me3 of overlapping target genes. (E) Genome-browser view of normalized BP1-GFP (blue) and H3K27me3 (red) ChIP-seq peaks at
selected targeted genes. The y-axis represents the RPM. The track scale of BP1 ranged from 0 to 300. (F) ChIP-qPCR assay showing that BP1-GFP and
H3K27me3 were significantly enriched at the gene body regions of selected targeted genes. ChIP and input-DNA samples were quantified by quantitative
PCR. ACTIN served as the control locus. Relative enrichment of BP1 and H3K27me3 at the indicated loci was normalized to input. The data represent
the mean ± standard deviation (s.d.) (n = 3 biological repeats).

that BP1 has strong DNA-binding ability with no sequence
specificity.

Next, the secondary metabolic gene Fg00012 encoding
a cytochrome P450 oxidoreductase was selected as a tar-
get gene to further investigate which domain is critical
for the DNA-binding activity of BP1. The gene was oc-
cupied and repressed by both BP1 and H3K27me3 in the
ChIP-seq analysis (Figure 6B, upper panel). ChIP-qPCR
confirmed the co-occupancy and revealed that BP1 and

H3K27me3 were mainly enriched at the gene body region
(Figure 6B, middle and bottom panels). Then, a DNA frag-
ment in the Fg00012 gene body region was used as the DNA
substrate (5′-GTAGTTGACAAAGGTGAACACAGC-3′)
in an EMSA assay to determine its affinity with full-length
MBP-BP1 and truncated proteins, MBP-BP1�BAH and
MBP-BP1�PHD. EMSA results showed that MBP-BP1 and
MBP-BP1�BAH strongly retarded the electrophoretic mo-
bility of the tested DNA fragment, whereas MBP-BP1�PHD
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Figure 5. BP1 represses an overlapping set of H3K27 trimethylated genes. (A, B) Scatter plot showing changes in gene expression as detected by RNA-seq
in �Kmt6 and �BP1 strains compared to the wild type PH-1, respectively. Up- and down-regulated genes are highlighted in red and green, respectively.
Expressed genes with fold-change ≥2 and P-value ≤0.05 were regarded as significantly different. The remaining genes are shown in black. (C) Venn diagram
analysis showing up-regulated genes in both �Kmt6 and �BP1 strains compared with those in PH-1. P values (Fisher’s exact test) for overlapping between
gene sets are indicated. (D) Venn diagrams showing statistically significant overlapping between up-regulated genes in the mutants and genes co-occupied
by both BP1-GFP and H3K27me3. (E) KEGG analysis of overlapping and up-regulated genes after loss of �Kmt6 and �BP1. (F) Heat-maps showing
transcriptional changes of selected secondary metabolic biosynthetic genes in mutant strains compared to those in the wild type, including genes encoding
polyketide synthase (PKS), non-ribosomal peptide synthase (NRPS) and cytochrome P450 enzymes in F. graminearum. (G) Expression levels of selected
genes presented in the f panel were verified by RT-qPCR for the wild type PH-1, �Kmt6 and �BP1 strains. Actin served as a control. Each error bar
represents the s.d. of a mean obtained from three independent experiments.
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Figure 6. BP1 is able to bind DNA via its PHD finger. (A) Electrophoretic mobility shift assay (EMSA) assessing the DNA-binding activity of BP1. Four
over-represented BP1-binding motifs and their representative DNA fragments were used as DNA substrates. The purified MBP tag was used as a control.
(B) Genome browser view of normalized BP1 (blue) and H3K27me3 (red) ChIP-seq peaks at the Fg00012 genomic region. Chip-seq peaks showing the
diagram of the loci assessed and regions amplified by ChIP-qPCR. ChIP-qPCR assays revealed that BP1 was significantly enriched in the Fg00012 coding
region. ChIP and input DNA samples were quantified by quantitative PCR assays. Relative enrichment of BP1 at Fg00012 genomic region was normalized
to input. F indicates the fragment amplified by PCR using the corresponding primers. (C) DNA-binding activity of MBP-BP1, MBP-BP1�BAH and MBP-
BP1�PHD to the specified DNA fragment as determined by EMSA. The MBP tag was used as a control. (D) Schematic diagram of BP1-PRC2 mediated
gene transcriptional repression.

totally abolished the capability to retard DNA mobility
(Figure 6C). Together, these findings suggest that BP1 can
directly bind DNA largely depended on its PHD domain.
Considering the evidence to this point in our study, we
proposed the following mechanism for PRC2-BP1 medi-
ated gene transcriptional repression: PRC2 trimethylates
H3K27 at the targeted region of chromosomes, and then,
H3K27me3 is read by the downstream reader BP1, which
might subsequently result in nucleosome retention through
the DNA-binding activity of BP1 (Figure 6D).

BP1 orthologs are mainly distributed in fungi

To determine whether BP1 orthologs exist in other or-
ganisms, we searched BP1 orthologs from a BLASTp
search against the NCBI non-redundant protein sequence
database using BP1 as the query sequence, followed by
BAH domain and PHD finger architectural analysis. A to-

tal of 633 orthologs were retrieved, representing 633 fun-
gal and plant species, as well as other eukaryotes mainly
in the fungal kingdom (Figure 7A, Supplementary Data
3). Notably, the BP1 ortholog in Neurospora crassa, EPR-
1, was recently identified as an effector of Polycomb re-
pression, indicating that the ortholog BP1 may be func-
tionally conserved in fungal PRC2 mediated gene silenc-
ing (13). BP1 shows 37.7% amino acid sequence identity
with EPR-1, especially in the BAH domain and PHD fin-
ger (Supplementary Figure S10A, Figure 7B-C). To test
whether BP1 and EPR-1 are functionally interchangeable, a
heterologous complementation experiment was conducted.
EPR-1 was integrated into a �BP1 strain to the native lo-
cus and expressed using the BP1 promoter. The resulting
transformants were identified by PCR and immunoblotting
(Supplementary Figure S10B, C). As expected, EPR-1 was
able to partly rescue the growth defect and attenuated viru-
lence in �BP1 strain (Figure 7D-E). In addition, we com-
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Figure 7. BP1 orthologs are widely distributed in eukaryotes. (A) Distribution of BP1 orthologs by kingdom. The number of orthologs in different kingdoms
and the percentage of each in the total of the retrieved orthologs are shown. (B, C) Amino acid alignment of the BAH domain and PHD finger in BP1, the
ortholog EPR1 in Neurospora crassa and EBS and SHL in Arabidopsis thaliana. The conserved residues are indicated below the alignments. (D) Colony
morphology of the wild type PH-1, �BP1, �BP1 complementation strains �BP1-C and �BP1 heterogenous complementation strains �BP1::EPR1-C,
�BP1::EBS-C and �BP1::SHL-C grown on PDA medium for 3 days at 25◦C. (E) Virulence of the wild type PH-1, �BP1 and complementation strains
on wheat heads. Disease symptom of the tested strains on wheat heads were recorded at 15 day post-inoculation.

plemented the �BP1 using its orthologs from Arabidopsis
thaliana, EBS and SHL, which contain a BAH domain and
PHD finger and were identified as H3K27me3 readers in A.
thaliana. As shown in Figure 7D, E, EBS and SHL failed to
complement the defects in �BP1, which may have been due
to the sequence variations in the BAH domain and PHD
finger (Figure 7B, C). Meanwhile, EBS and SHL regulation
of gene repression was previously shown to be largely de-
pendent on Polycomb repressive complex 1 (PRC1) in A.
thaliana (22). These results suggested that BP1 orthologs
may be functionally conserved in fungi.

DISCUSSION

The polycomb protein complex-mediated transcriptional
repression has been extensively studied in plants and ani-
mals. Various PRC1 and PRC2 complexes containing alter-
native components or accessory proteins have been identi-
fied (3,38). Recently, increasing evidence has indicated that
PRC2 complex also exists in fungi (7). Although fungal
PRC2 is considered to be relatively simple compared with
its counterparts in higher eukaryotes, compositions of fun-

gal PRC2 were previously shown to vary in different species
(7). Genetic evidence and crystal structures revealed that
homologs of animal Ezh2-Eed-Suz12 are core subunits in
the ascomycetes Neurospora crassa and Chaetomium ther-
mophilum (39,40). However, in a previous study, the Suz12
homolog was found to be absent in the yeast Cryptococ-
cus neoformans, where two novel PRC2 subunits Bnd1 and
Ccc1, may be functional homologs of Suz12 (41). In agree-
ment with previous findings in Neurospora, we found that
homologs of Ezh2, Eed and Suz12 are core components
of PRC2 in F. graminearum, and depletion of these three
core subunits led to elimination of H3K27me3. The ho-
molog of subunit Nurf55 (FGSG 16720) was not involved
in H3K27me3 deposition in F. graminearum, although the
predicted functional domains of FGSG 16720 were largely
intact. Our results were also consistent with the PRC2
function of PRC2 complex in fungal growth and viru-
lence as well as regulating secondary metabolite gene ex-
pression in F. graminearum, as reported by Freitag’s group
(32,34). Considering the limited literature and bioinfor-
matic analysis available to date, we propose that the fungal
PRC2 components vary significantly, similar to their diver-



Nucleic Acids Research, 2021, Vol. 49, No. 18 10461

sity in plants and animals, while the core Ezh2-Eed-Suz12
module of PRC2 is conserved in fungi.

In plants and animals, H3K27me3 is recognized by spe-
cific readers, and then various components of the nuclear
signaling network are recruited to repress gene transcrip-
tion. Many specific domain-containing proteins have been
previously found to be involved in H3K27me3 readouts,
including PRC1-dependent or PRC1-independent proteins
(42). Recent studies indicated that two BAH domain-
containing proteins in Arabidopsis, SHL and EBS, inter-
act with the PRC1 component EMF1 to form a BAH-
EMF1 complex that then reads the H3K27me3 mark and
mediates gene repression in plants (22–24). Recently, an-
other BAH protein in Arabidopsis, AIPP3, coordinates
with PHD proteins to read H3K27me3 and unmodified
H3K4 and promotes transcriptional repression through de-
phosphorylation of Pol II (43). However, the mechanism
underlying the interpretation of H3K27me3 in fungi re-
mains unclear (7,34). In this study, we found that the
BAH-PHD-containing protein BP1 is a methylated H3K27
reader in F. graminearum. BP1 directly binds the methy-
lated H3K27 as modified by PRC2 and plays a critical role
in gene repression. Consistent with our results, a BAH-
PHD-containing protein EPR-1 in N. crassa was very re-
cently identified by others as an effector of PRC2, although
the binding affinity of EPR-1 for methylated H3K27and
its interaction with PRC2 were not investigated. Previously,
EPR-1 and H3K27me3 were found to co-occupy and re-
press an overlapping set of PRC2 target genes (13). In con-
trast to the SHL and EBS which function depending on
PRC1 in plants, BP1 interacts with the PRC2 core compo-
nent Suz12 directly, which provides a novel pattern of in-
teraction between a reader and PRC2 due to the absence of
PRC1 in fungi.

In contrast to other modifications, methylation does not
change the overall charge of a histone and thus is un-
able to directly affect chromatin folding (44). Readers rec-
ognize specific histone methylation and recruit other pro-
teins that are essential for chromatin structural changes
and subsequent biological outcomes (42). Interestingly, an
increasing number of histone readers and associated pro-
teins exhibit nucleic acid-binding activity, which leads to in-
creased affinity for nucleosomes through multivalent con-
tacts. DNA-binding activity ultimately ensures the proper
spatial and temporal control of chromatin structure and
all DNA-templated processes (36). Currently, the PHD fin-
ger, PWWP, chromodomain and Tudor families of histone
methylation reader domains are known to possess the abil-
ity to bind nucleic acids (36). Among these domains, chro-
mobox 2 (CBX2), a component of PRC1, was shown to
bind both H3K27me3 and nucleic acids (45). In addition,
the PRC2 accessory protein PHF1 binds DNA and pro-
longs the residence time of PHF1-PRC2 on chromatin, re-
sulting in more efficient H3K27 methylation (46). In this
study, we found that the identified H3K27-methylation
reader in F. graminearum, BP1, has the DNA-binding ac-
tivity largely dependent on its PHD finger, which might
also contribute to nucleosome occupancy at PRC2 tar-
get regions, similar to PHF1 (46). To test this hypothe-
sis, we performed MNase-qPCR to examine nucleosome
positioning and occupancy in the genomic regions of the

target gene Fg00012 in the wild-type, �Suz12, �BP1 and
��BP1/Suz12 double mutant strains (Supplementary Fig-
ure S11A). Nucleosome-depleted regions immediately up-
stream of the transcription start site (TSS) are common
in eukaryote promoters (47). The Fg00012 genomic region
from −200 to 700 bp was selected for detection. Three well-
positioned nucleosomes were identified in the targeted re-
gion in the wild type. Nucleosome occupancy was only
slightly reduced in �Suz12; however, we reproducibly found
a dramatic reduction (50%) in nucleosome occupancy in
the �BP1 strain and a more severe reduction in the dou-
ble mutant (Supplementary Figure S11B). Consistent with
the nucleosome occupancy data, deletion of BP1 led to 50-
fold overexpression of Fg00012 compared to that of the
wild type. Moreover, the expression level of Fg00012 was
significantly higher in the double mutant (��BP1/Suz12)
than in the single mutant strains (Supplementary Figure
S11C). These results indicate that the DNA-binding activity
of BP1 might increase nucleosome residence at H3K27me3-
marked genomic regions to reinforce gene transcriptional
repression, although additional targeted genes remain to be
further investigated.

Unexpectedly, deletion of BP1 did not obviously alter
the H3K27me3 levels, although the transcription of PRC2-
repressed genes was largely relieved in the �BP1 strain.
A similar observation was reported for N. crassa: loss of
the PRC2 effector EPR-1 derepressed H3K27-methylated
genes without loss of H3K27 methylation (13). These ob-
servations stand in contrast to findings in plants and an-
imals, in which readers or accessories, such as SHL, EBS
and PHF1, positively contribute to the activity of PRC2
(22,46). Given that BP1 has dual binding affinity for methy-
lated H3K27 and DNA and is essential for nucleosome
occupancy, a reasonable explanation for the gene repres-
sion of BP1 without affecting H3K27 methylation is that
PRC2 complex first methylate H3K27 on the target re-
gions, and then, the downstream reader BP1 recognizes and
binds methylated H3K27. In addition, BP1 binds DNA to
effectively increase nucleosome residence and might rein-
force transcriptional repression. The BP1 deletion mutant
showed dramatic elimination of nucleosomes from target
regions and a loosened chromosome structure, which ac-
tivates gene transcription, but showed no or a limited ef-
fect on the previously methylated histone, since BP1 acts as
a downstream effector. Notably, other unidentified acces-
sories of the nuclear signaling network may also participate
in this process, such as Rpd3, a histone deacetylase. Rpd3
is important for gene transcriptional repression, and in this
study, it was captured by PRC2 components in F. gramin-
earum, making it worthy of further investigation.

Studies on PRC2-mediated H3K27 methylation in fungi
are increasing rapidly. For example, fungal PRC2 was pre-
viously suggested to play important roles in growth, the
stress responses, fungus−plant interactions and regulation
of secondary metabolites (SMs) (7,34). H3K27me3 modu-
lated the cellular response to genotoxic stress in N. crassa
(48). In the phytopathogenic fungus Magnaporthe oryzae,
disruption of the H3K27 methyltransferase MoKMT6 re-
sulted in a slight growth defect but showed significantly at-
tenuated virulence in planta (49). H3K27me3 also repressed
fungal alkaloid biosynthesis and regulated the normal sym-
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biotic interaction between the host plant Lolium perenne
in symbiotic fungus Epichloe festucae (50). In Fusarium
fujikuroi, deletion of H3K27 methyltransferase Kmt6 was
lethal, and knock-down of Kmt6 led to defects in mycelial
growth, but increased biosynthesis of SMs (51). In addi-
tion, H3K27me3 is reported to regulate the polyketide my-
cotoxin, dothistromin, in the forest pathogen Dothistroma
septosporum (52). Consistent with a previous study (32),
disruptive mutants of PRC2 core component function and
the reader BP1 caused dramatic growth reduction and vir-
ulence in F. graminearum in our study. In addition, in the
present study, BP1 and H3K27me3 were predominately en-
riched in subtelomeric regions and subsequently played a
similar role in the transcriptional repression of SM genes.
SM genes encoding PKS, NRPS and cytochrome P450 en-
zymes (32,35,53) were significantly up-regulated in the mu-
tants. Since some SMs have bioactivity against microbes
and deletion mutants of PKS showed increased growth rates
in previous studies (53,54), we speculate that enhanced ac-
cumulation of SMs produced in the PRC2 and BP1 mutants
was one of the reasons for their reduced growth. In contrast
to transcriptomic data obtained under low- and high- ni-
trogen conditions previously identified (32), we found that
Kmt6 not only repressed SM genes but was also involved
in primary metabolism, such as amino acid and carbon
metabolism, when the fungus was grown in YEPD medium.
These findings imply that target genes of PRC2 are dynamic
and that their growth is condition-dependent. Taken to-
gether, the data show that PRC2 and related readers are
critical for fungal growth, survival and interkingdom inter-
actions.

Rapid advances in chemical biology and epigenetics are
facilitating exploration of targeting the epigenetic machin-
ery, yielding epigenetic therapies for cancer and various
human diseases (55–57). Several small-molecule modula-
tors targeting epigenetic machinery or epigenome read-
ers are being screened, and some of these inhibitors have
been approved or are in clinical stage trials (57–60). The
novel methylated H3K27 reader, BP1, plays important
roles in fungal growth and pathogenicity, as well as the
expression of secondary metabolite biosynthetic genes in
F. graminearum, and its orthologs are widely distributed
in ascomycetes. Therefore, it is plausible that compounds
actively targeting BP1 can be used for plant fungal dis-
ease management, especially diseases caused by Fusarium
species.
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