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Summary

� Fusarium graminearum produces the mycotoxin deoxynivalenol (DON) which promotes its

expansion during infection on its plant host wheat. Conditional expression of DON production

during infection is poorly characterized.
� Wheat produces the defense compound putrescine, which induces hypertranscription of

DON biosynthetic genes (FgTRIs) and subsequently leads to DON accumulation during infec-

tion. Further, the regulatory mechanisms of FgTRIs hypertranscription upon putrescine treat-

ment were investigated.
� The transcription factor FgAreA regulates putrescine-mediated transcription of FgTRIs by

facilitating the enrichment of histone H2B monoubiquitination (H2B ub1) and histone 3 lysine

4 di- and trimethylations (H3K4 me2/3) on FgTRIs. Importantly, a DNA-binding domain

(bZIP) specifically within the Fusarium H2B ub1 E3 ligase Bre1 othologs is identified, and the

binding of this bZIP domain to FgTRIs depends on FgAreA-mediated chromatin rearrange-

ment. Interestingly, H2B ub1 regulates H3K4 me2/3 via the methyltransferase complex

COMPASS component FgBre2, which is different from Saccharomyces cerevisiae.
� Taken together, our findings reveal the molecular mechanisms by which host-generated

putrescine induces DON production during F. graminearum infection. Our results also provide

a novel insight into the role of putrescine during phytopathogen–host interactions and

broaden our knowledge of H2B ub1 biogenesis and crosstalk between H2B ub1 and H3K4

me2/3 in eukaryotes.

Introduction

The plant pathogen Fusarium graminearum causes Fusarium
head blight (FHB) on wheat, barley, maize and other important
cereal crops (Goswami & Kistler, 2004). Fusarium head blight is
a devastating disease and results in substantial yield losses as well
as serious mycotoxin contamination (Pestka, 2010). One of these
contaminants, the type B trichothecene, deoxynivalenol (DON),
is the most frequently detected mycotoxin in cereal grains world-
wide, with a 59% average incidence rate (Lee & Ryu, 2017).
Deoxynivalenol impedes protein synthesis via binding to the
ribosome, and in mammals causes vomiting, anorexia, immune
dysregulation, growth and reproductive defects, and teratogenic
effects (Pestka, 2010). In the last two decades, DON contamina-
tion of food and feed has become a challenging social issue as a
result of the increased frequency and severity of FHB epidemics
worldwide as well as the high toxicity of DON (Liu et al., 2016;
Chen et al., 2019).

Given the importance of DON as a health threat, its biosyn-
thetic pathway and environmentally mediated regulatory mecha-
nisms have been extensively investigated. Deoxynivalenol

biosynthesis results from 15 trichothecene genes (TRIs), which
are distributed at a 12-gene core TRI cluster, the TRI1-TRI16
locus, and the single-gene TRI101 locus in F. graminearum
(Alexander et al., 2009). Acidic pH has been reported to promote
FgTRIs expression and DON production (Merhej et al., 2010),
while the pH regulatory factor FgPac1 is responsible for DON
biosynthesis inhibition under alkaline pH (Jawad et al., 2011a).
Light affects DON production through the fungal-specific regu-
lator velvet complex VelB/VeA/LaeA in F. graminearum (Merhej
et al., 2012; Kim et al., 2013). Carbon sources sucrose, 1-kestose,
and nystose, as well as secondary nitrogen source polyamines can
stimulate DON production (Feng et al., 2008; Gardiner et al.,
2009).

Besides it direct biological toxicity, DON has also been
reported to be an important virulence factor for F. graminearum,
playing a critical role in the spread of the pathogen within host
tissues (Bai et al., 2002; Carin et al., 2005; Stephens et al., 2008;
Ilgen et al., 2009; Bonnighausen et al., 2019). Importantly, F.
graminearum can produce enormous amounts of DON during
infection on wheat heads, whereas little is produced during vege-
tative growth (Voigt et al., 2005; Mudge et al., 2006; Kazan et al.,
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2012; Bonnighausen et al., 2019). Evidently, there is a complex
spectrum of regulatory signals for DON induction during infec-
tion. Recent studies have found that several host-generated com-
pounds, H2O2, 1-kestose, ferulic acid, coumaric acid, and
polyamines, are induced during infection. These compounds
have been reported to regulate DON biosynthesis in vitro (Ponts
et al., 2007; Gardiner et al., 2009; Nadia et al., 2011; Kazan et al.,
2012). However, the evidence that these compounds induce
DON production during infection and the corresponding mech-
anisms by which they trigger DON accumulation are mostly
lacking.

In eukaryotes, epigenetic regulation plays a vital role in rapid
response to external stresses and orchestrating secondary
metabolite biosynthesis (Macheleidt et al., 2016; Dubey & Jeon,
2017). Our previous study showed the methytransferase FgSet1
regulates the enrichment of histone 3 lysine 4 di- and trimethy-
lation (H3K4 me2/3) on FgTRIs, further promoting FgTRIs
transcription and DON production (Liu et al., 2015). In
Drosophila, budding yeast and humans, H2B monoubiquitina-
tion (H2B ub1) has been reported to be a prerequisite of H3K4
me2/3 (Kim et al., 2009; Chandrasekharan et al., 2010; Shilati-
fard, 2012). H2B ub1 is catalyzed by ubiquitin-conjugating
enzyme (E2) Rad6 and ligase (E3) Bre1, which are highly con-
served in eukaryotes (Fuchs & Oren, 2014). This chromatin
mark is associated with transcriptional regulation of specific
genes rather than the whole genome (Segala et al., 2016). How-
ever, how H2B ub1 is induced and precisely enriched to the tar-
get chromosome is poorly understood (Gallego et al., 2016).
Moreover the molecular events of H2B ub1 regulating H3K4
me2/3 remain unclear and controversial in eukaryotes (Jeon
et al., 2018; Hsu et al., 2019; Bae et al., 2020). Therefore, we
were interested in determining whether H2B ub1 and H3K4
me2/3 synergistically modulate DON biosynthesis, and in
exploring the biogenesis mechanisms of these two histone
modifications.

As an adaptation to environmental stimuli and pathogen
attack, plants usually generate the secondary nitrogen source
polyamines to help them survive (Walters, 2003; Bonnighausen
et al., 2019). Putrescine, spermidine and spermine are the major
forms of polyamines (Haggag & Abd-El-Kareem, 2009; Matam
& Parvatam, 2017). Here, we found that only putrescine can
promote FgTRIs transcription and DON production during
F. graminearum infection. Further, our study revealed that the
fungal secondary nitrogen source utilization regulator FgAreA
modulated putrescine-induced DON production by enhancing
enrichment of H2B ub1 and H3K4 me2/3 on FgTRIs. In addi-
tion, we elucidated the biogenesis of H2B ub1 on FgTRIs regu-
lated by FgAreA upon putrescine induction, and the molecular
events between H2B ub1 and H3K4 me2/3 in FgTRIs transcrip-
tional regulation. Overall, our study reveals the mechanisms by
which the host defense compound putrescine promotes DON
production in F. graminearum during infection. The results of
this study will provide novel insights into the role of host defense
compounds during phytopathogen–host interactions and
advance the knowledge of H2B ub1 and H3K4 me2/3 biogenesis
in eukaryotic organisms.

Materials and Methods

Fungal strains and phenotype determination

The wild-type strain PH-1 (NRRL 31084) of F. graminearum
was used as a parental strain for transformation experiments.
Mycelial growth of PH-1 and the resulting transformants were
assayed on potato dextrose agar (PDA), as described previously
(Yun et al., 2015). Methods for determining stress sensitivity, vir-
ulence and DON production are presented in Supporting Infor-
mation Methods S1.

For plant polyamine quantification, a 10 ll aliquot of F.
graminearum conidial suspension (105 ml�1) was injected into all
of the florets on the wheat head at anthesis. Sterile distilled water
was inoculated in same way as the control. The inoculated wheat
heads were sampled every day during the first 7 d post-
inoculation (dpi) and diseased spikelets were collected for
polyamine quantification. The quantification of polyamine in
infected and noninfected wheat heads was performed by Provin-
cial Key Laboratory of Agrobiology, Institute of Food Crops,
Jiangsu Academy of Agricultural Sciences (Nanjing, China) using
ultra performance liquid chromatography tandem mass spec-
trometry (UPLC-MS/MS). Briefly, plant material was ground in
liquid nitrogen with a mortar and pestle, then 0.5 g powder was
extracted in 10 ml of 90% acetonitrile and 2% formic acid. After
centrifugation, the supernatant was collected, and pellet plant
material was used for the second extraction in the same buffer.
Subsequently, the supernatant collected from two rounds was fil-
trated through a 0.22 lm organic filter and then injected onto a
UPLC-MS/MS apparatus (Shimadzu 30A LC system; Kyoto,
Japan) with a Triple Quad 6500 plus (Sciex; Redwood City, CA,
USA).

To assess the effect of putrescine biosynthesis inhibitors on
virulence and DON production, the surface of wheat seeds was
disinfected with 2% sodium hypochlorite for 10 min, rinsed
in several changes of sterile distilled water and then imbibed
in 2 mM putrescine biosynthesis inhibitor DL-a-
difluoromethylarginine (DFMA) and 2 mM putrescine biosyn-
thesis inhibitor DL-a-difluoromethylornithine (DFMO) with
0.05% (v/v) Tween 20 (pH 7.0) or Tween 20 only (control) for
24 h before aseptic germination. Then 3-d-old coleoptiles were
used for later virulence assays and DON production determina-
tion as described earlier.

Chromatin immunoprecipitation-qPCR analyses

Chromatin immunoprecipitation (ChIP) was performed based
on the published protocol with additional modifications (Kauf-
mann et al., 2010). Briefly, fresh mycelia of each sample were
cross-linked with 1% formaldehyde for 10 min and then the reac-
tion was stopped with 125 mM glycine for 5 min. Subsequently,
samples were grounded in liquid nitrogen and suspended in lysis
buffer with protease inhibitor (Sangon, Shanghai, China). DNA
was sheared into 200–500 bp fragments with 30 s on and 30 s off
in a Bioruptor Plus (Diagenod UCD-300; Li�ege, Belgium). After
centrifugation, the supernatant was diluted with 109 ChIP
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dilution buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris–HCl, pH 8.0, and 167 mM NaCl). The DNA fragments’
supernatant was divided into three aliquots. One was the input
sample and this was stored in � 80°C temporarily. For the other
two aliquots, one was incubated with the corresponding antibody
as an immunoprecipitation (IP) sample, and the other was incu-
bated with anti-IgG1 (Invitrogen-Thermo Fisher Scientific
MA1-10406; Waltham, MA, USA) antibody (mock sample anti-
body) as a mock sample. Before incubating with antibodies,

protein A agarose beads (Santa Cruz Biotechnology sc-2001;
Dallas, TX, USA) were added into IP and mock samples to
remove the backgound that can bind to the agarose beads. The
monoclonal anti-GFP (ab290, 1 : 500 dilution; Abcam, Cam-
bridge, UK), anti-H2B ub1 (Cell Signalling Technology 5546, 1
: 500 dilution; Danvers, MA, USA), H3K4 me2 (ab7766, 1 :
500 dilution; Abcam) or H3K4 me3 (ab8580, 1 : 500 dilution;
Abcam) was added into IP samples as IP sample antibody in cor-
responding assays. Then protein A agarose beads were added for
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a second time for immunoprecipitation in IP and mock samples.
The beads were subsequently washed in a low-salt-wash buffer, a
high-salt-wash buffer, a LiCl wash buffer and TE buffer. The
immunoprecipitated complexes were then eluted from beads with
freshly prepared elution buffer (1% sodium dodecyl sulfate
(SDS), 0.1 M NaHCO3). Then 5M NaCl was added into input,
ChIP and mock samples and incubated at 65°C for at least 4 h to
overnight to reverse crossing-linking. The resulting complexes
were treated with 2 µl RNase/sample at 37°C for 2 h, reversed
cross-linking and digested with proteinase K at 45°C for 2 h. For
each sample, an equal volume of phenol/chloroform/isoamyl
alcohol was added to precipitate DNA at � 20°C for 3 h or
overnight. Input, IP and mock DNA samples were quantified by
quantitative PCR assays with primers listed in Table S1. Relative
enrichment levels were determined using the fold enrichment
method. The ChIP signals are divided by the mock signals, repre-
senting the ChIP signal as the fold increase in signal relative to
the background signal. The experiment was repeated three times.

The micrococcal nuclease-qPCR assays

A micrococcal nuclease (MNase) assay was conducted using a
previously reported protocol (Kaster & Laubinger, 2016). Briefly,
to isolate fungal nuclei, fresh mycelia of each strain were frozen
in liquid nitrogen, and ground to a fine powder using a mortar
and pestle. The resulting powdered mycelia (0.6 g) were mixed
with 1 ml of lysis buffer (250 mM sucrose, 25% (v/v) glycerol,
2 mM MgCl2, 20 mM KCl, 20 mM Tris–HCl (pH 7.5), 5 mM
dithiothreitol) and incubated on ice for 5 min with constant stir-
ring. The homogenates were then filtered through cheesecloth
and subsequently centrifuged at 1500 g for 15 min at 4°C. The
pellets were resuspended in 1 ml nuclei extraction buffer NEB1
(20 mM Tris–HCl (pH 7.5), 0.2% (w/v) TritonX-100, 25% (v/
v) glycerol, 2.5 mM MgCl2) and centrifuged at 15 000 g for
10 min at 4°C. This step was repeated five times. The resulting
pellets were resuspended in 1 ml NEB2 buffer (20 mM Tris–
HCl (pH 7.5), 0.5% (w/v) TritonX-100, 250 mM sucrose,

10 mM MgCl2, 5 mM b-mercaptoethanol), layered onto 1 ml of
NEB3 buffer (20 mM Tris–HCl (pH 7.5), 0.5% (w/v) TritonX-
100, 1.7 M sucrose, 10 mM MgCl2, 5 mM b-mercaptoethanol),
and centrifuged at 16 000 g for 45 min at 4°C. The final nuclei
pellet was suspended in MNase reaction buffer. To conduct
MNase digestion, an equal portion of nuclei isolation (160 ll) of
each sample was mixed with 320 ll MNase reaction buffer and
treated with 4 µl MNase enzyme (Takara, Beijing, China). The
same amount of nuclei isolation without MNase treatment was
used as an undigested control. Samples were incubated at 37°C
for 8 min, and reaction was terminated by adding 50 ll of stop
buffer (50 ll 10% SDS, and 40 lg proteinase K) at 60°C for 1 h.
Each resulting sample was then treated with 1 U RNase
(10 lg ll�1) at 37°C for 1 h and stored at 4°C overnight. DNA
from each sample was extracted using the phenol-chloroform-
isoamyl alcohol method and resuspended in 50 ll water. The
resulting DNA samples were used for quantitative PCR with
multiple pairs of primers spanning the tested region (Table S1).
The resulting amplicons, having an average size of 100 with
20 bp overlap, were used for analyzing nucleosome occupancy as
described previously (Kaster & Laubinger, 2016).

Results

Deoxynivalenol production induced by putrescine is
dependent on FgAreA during F. graminearum infection

Polyamines produced by the host have been found to be involved
in DON production during F. graminearum infection (Gardiner
et al., 2009, 2010; Kazan et al., 2012; Bonnighausen et al., 2019).
To determine which polyamine(s) function in DON biosynthe-
sis, we first inoculated wheat heads with F. graminearum conidia
and measured the concentrations of three main polyamines,
putrescine, spermidine and spermine, from infected wheat
heads. As shown in Fig. 1(a), the amount of putrescine in the
infected spikes increased rapidly and remained elevated from 1 to
7 dpi. Whereas the content of spermidine was slightly increased

Fig. 1 FgAreA regulates putrescine-promoted the mycotoxin deoxynivalenol (DON) biosynthesis during Fusarium graminearum infection.
(a) Concentrations of putrescine and spermidine produced by wheat increased during F. graminearum infection. (b) The transcription of putrescine and
spermidine biosynthetic genes in wheat was induced during F. graminearum infection. Values are the relative expression in inoculated wheat heads
compared with uninfected wheat heads at the corresponding time point. dpi, days post-inoculation. (c) Putrescine promoted in vitro DON production in
F. graminearum. (d) Putrescine promoted the transcription of DON biosynthetic genes (FgTRIs) in F. graminearum. In (c, d), after 24 h culture in yeast
extract peptone dextrose (YEPD), strains were transferred to trichothecene biosynthesis-inducing (TBI) medium using putrescine, spermidine or glutamine
as the nitrogen source for 7 d (DON determination) or 48 h (FgTRIs expression detection). The expression level of each FgTRI in the wild-type (PH-1) in TBI
with glutamine was set to 1 and the FgACTIN gene was used as the internal control for normalization. (e) Putrescine biosynthesis inhibitors decreased DON
production in F. graminearum during infection on wheat coleoptiles. The amount of DON was determined after 7 dpi, with or without the treatment with
putrescine biosynthesis inhibitors 2 mM DL-a-difluoromethylarginine (DFMA) and 2mM DL-a-difluoromethylornithine (DFMO). (f, g) Putrescine
biosynthesis inhibitors reduced F. graminearum virulence. Representative images (f) and lesion sizes (g) of wheat coleoptiles treated with or without 2 mM
DFMA + 2mM DFMO after 1, 2, 4 dpi. Arrows indicate the corresponding coleoptiles lesion sites. (h) Putrescine-induced DON production was dependent
on the transcription factor FgAreA in vitro. (i) Putrescine-induced FgTRIs expression relied on FgAreA. In (g, h), DON production and FgTRIs expression
were determined as indicated in (c, d). (j) Deletion of FgAreA led to dramatically reduced DON production during infection on wheat coleoptiles. The
amount of DON produced by PH-1, DFgAreA and DFgAreA-C on wheat coleoptiles was determined after 7 dpi. (k, l) Deletion of FgAreA caused severe
deficiency in virulence. Representative images (k) and lesion sizes (l) of wheat coleoptiles after 4 dpi. Arrows indicate the corresponding coleoptiles lesion
sites. Mean and SD were estimated with data from three independent biological replicates (marked with blue dots, n = 3). Asterisks indicate statistically
significant differences using two-way ANOVA analysis followed by Sidak’s multiple comparisons test (P = 0.05). Different letters indicate significant
differences based on ANOVA analysis followed by Turkey’s multiple comparisons test (P = 0.05).

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation

New Phytologist (2021) 232: 2106–2123
www.newphytologist.com

New
Phytologist Research 2109



at 1, 6 and 7 dpi, the spermine content did not change signifi-
cantly (Fig. 1a). Next, we detected the transcription levels of
five key polyamine biosynthetic enzymes at 1–7 dpi. Ornithine
decarboxylase (ODC) and arginine decarboxylase 2 (ADC2) are

responsible for putrescine biosynthesis, S-adenosylmethionine
(SAM) is important for the biosynthesis of both spermidine and
spermine, spermidine synthase 1 (SPDS1) and spermidine syn-
thase 2 (SPDS2) are responsible for spermidine biosynthesis
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(Cynthia et al., 2004). Quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) assays showed that the tran-
scription levels of TaODC and TaADC2 were significantly
increased after inoculation, whereas the transcription levels of
TaSPDS1 and TaSPDS2 were more variable and only slightly
increased during infection (Fig. 1b). Moreover, no significant dif-
ference was observed in TaSAM transcription level in infected
wheat heads relative to healthy wheat heads (Fig. 1b). These
results suggest that putrescine and spermidine might regulate
DON biosynthesis during infection.

Further, we examined the effect of putrescine and spermidine
on DON production using trichothecene biosynthesis-inducing
(TBI) medium (Gardiner et al., 2009) with each of them as the
sole nitrogen source. Meanwhile, the primary nitrogen source,
glutamine, was used as a control, as it does not induce DON pro-
duction (Gardiner et al., 2009). As shown in Fig. 1(c), putrescine
significantly increased DON production, while spermidine did
not induce DON production. Next, qRT-PCR data revealed that
the transcriptional expressions of FgTRI1, FgTRI5, FgTRI6 and
FgTRI101 were significantly increased using putrescine as sole
nitrogen source (Fig. 1d). These results indicated that putrescine
contributed to DON production in vitro.

To further verify that putrescine plays a key role in triggering
DON biosynthesis in F. graminearum during infection, we deter-
mined the DON content in infected wheat coleoptiles treated with
putrescine biosynthesis inhibitors DL-a-difluoromethylarginine
(DFMA) and DL-a-difluoromethylornithine (DFMO) (Ma & Li,
2010; Yamamoto et al., 2017). As shown in Fig. 1(e), DON pro-
duction was significantly reduced in DFMA and DFMO treated
coleoptiles compared with untreated coleoptiles. Accordingly, the
stems of DFMA- and DFMO-treated coleoptiles displayed shorter

brown necrotic lesions than those of control coleoptiles (Fig. 1f,g),
further supporting the idea that DON is a key virulence factor
during infection. In addition, given that endogenous putrescine
was reported to be able to accelerate DON production in
F. graminearum (Crespo-Sempere et al., 2015), we also tested the
transcriptional changes of fungal putrescine synthetase FgODC
(FGSG_05903) during infection. We found that the transcription
level of FgODC decreased (Fig. S1), suggesting that for F. gramin-
earum, endogenous putrescine synthesis may not play an
important role in enhancing DON production during infection.
These results indicate that accumulated putrescine produced by
the host stimulates DON production in F. graminearum during
infection.

FgAreA as a regulator of secondary nitrogen source utilization
has been found to be involved in DON production (Min et al.,
2012; Yu et al., 2014; Hou et al., 2015). Thus, we were interested
in whether DON production induced by putrescine was
associated with FgAreA during infection. As shown in Fig. 1(h),
DON production was reduced dramatically in DFgAreA com-
pared with the wild-type and complemented strain DFgAreA-C
in TBI with putrescine. Consistent with this, qRT-PCR assays
revealed that the expression levels of FgTRI1, FgTRI5, FgTRI6
and FgTRI101 in DFgAreA were also significantly decreased
(Fig. 1i). Moreover, in vivo coleoptile inoculation assays showed
that DON was not produced in DFgAreA, and the lesion lengths
were dramatically shortened on coleoptile stems inoculated
with DFgAreA compared with the wild-type and DFgAreA-C
(Fig. 1j–l). Further, we analyzed DON production in TBI with
glutamine supplemented with a DON-inducing carbon source
sucrose, or a noninducing carbon source glucose, to exclude the
possibility that FgAreA is also responsive to other factors. We

Fig. 2 FgAreA induces FgTRIs transcription via increasing H2B ub1 enrichment upon putrescine treatment. (a) Green fluorescent protein (GFP)-FgAreA
accumulated in the nucleus after treatment with putrescine. The strain was grown in yeast extract peptone dextrose (YEPD) for 24 h, then transferred to
trichothecene biosynthesis-inducing (TBI) medium with putrescine or glutamine for 6 h. Red fluorescent protein (RFP)-tagged histone 1 (H1) acted as the
nucleus marker. Bars, 10 lm. (b) Western blot assays confirmed nuclear accumulation of GFP-FgAreA upon putrescine treatment. For protein extraction,
the strain DFgAreA::GFP-FgAreA was grown in TBI with putrescine or glutamine for 6 h after 24 h culture in YEPD. Nuclear and cytoplasmic fractions were
detected with the anti-GFP antibody. The intensity of GFP-FgAreA in the nucleus is relative to the amount of H3, while the intensity of GFP-FgAreA in the
cytoplasm is relative to the amount of GAPDH. The intensities of the Western blot bands were quantified with IMAGEJ. (c) Chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) assays showed that putrescine induced GFP-FgAreA binding to the promoters of FgTRI genes. (d) Coimmunoprecipitation
(Co-IP) assays showed that FgAreA interacted with both FgRad6 and FgBre1 and the interactions were enhanced by putrescine treatment. FgRad6 also
interacted with FgBre1 in the Co-IP assay. The strains were cultured in YEPD for 24 h, and then transferred to TBI with putrescine or glutamine for 48 h.
Total proteins (input) extracted from the strain containing a pair of constructs or a single construct were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immune blots were incubated with the monoclonal anti-GFP and anti-Flag antibodies for detection of GFP/Flag-
FgAreA, FgRad6-GFP/Flag, and GFP/Flag-FgBre1, respectively, as indicated. Then, each protein sample was pulled down using anti-GFP or anti-Flag
agarose and further detected with these antibodies. The protein samples were also detected with anti-H3 antibody as a reference. The intensities of the
Western blotting bands were quantified with IMAGEJ. Values on the bars are the intensity of detected protein band relative to that of the H3 band. (e)
FgRad6-GFP and FgBre1-GFP both colocalized with RFP-tagged nucleus marker H1 in TBI with putrescine. Bars, 10 lm. (f) Western blot assays showed
that FgRad6 and FgBre1 regulated H2B ub1 level. H2B ub1 level was detected with the anti-H2B ub1 antibody. H3 level detected with anti-H3 antibody
was conducted as the protein loading reference. (g) Deletion of FgRad6 or FgBre1 led to reduced deoxynivalenol (DON) production. (h) Deletion of
FgRad6 of FgBre1 caused decreased FgTRIs expression. (i) Western blot assays showed that putrescine treatment increased global H2B ub1 level, and the
increased H2B ub1 level was dependent on FgAreA. For protein extraction, PH-1 and DFgAreA were grown in YEPD for 24 h, and then transferred to TBI
with putrescine or glutamine for 48 h. (j) ChIP-qPCR assays revealed that putrescine treatment increased H2B ub1 enrichment on FgTRI promoters, and the
increased H2B ub1 enrichment relied on FgAreA. In (c, j), strains were grown in TBI with putrescine or glutamine for 48 h after 24 h culture in YEPD. ChIP
and mock DNA samples were quantified by quantitative PCR assays with primers amplifying different regions indicated on the diagram of each FgTRI

promoter. Relative enrichment levels were determined using the fold-enrichment method. The ChIP signals are divided by the mock signals, representing
the ChIP signal as the fold increase in signal relative to the background signal. Mean and SD were estimated with data from three independent biological
replicates (marked with blue dots, n = 3). Different letters indicate significant differences based on ANOVA analysis followed by Turkey’s multiple
comparisons test (P = 0.05).
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found that deletion of FgAREA did not affect sucrose-mediated
induction in DON biosynthesis (Fig. S2). These results strongly
indicated that FgAreA is necessary for putrescine-induced DON
biosynthesis.

FgAreA modulates FgTRIs transcription by upregulating
H2B ub1 enrichment upon putrescine treatment

To explore how FgAreA modulates DON biosynthesis upon
putrescine treatment, we first checked the transcription, protein
quantity and localization of FgAreA in TBI supplemented with
putrescine compared with those in TBI supplemented with glu-
tamine. Confocal microscopic examination showed that FgAreA
entered into the nucleus upon putrescine treatment (Fig. 2a,b),
although the total protein quantity and transcription levels were
not altered (Fig. S3). Further, chromatin immunoprecipitation
and quantitative PCR (ChIP-qPCR) analyses revealed that the
enrichment of FgAreA on FgTRIs was elevated in TBI with
putrescine compared with that in TBI with glutamine (Fig. 2c).
Overall, these results indicate that the nuclear localization and
enrichment at target genes contribute to the transcriptional activ-
ity of FgAreA.

In eukaryotic organisms, the process of transcription takes
place on chromatin in cooperation with multiple transcription
factors that impact Pol II activity, mediate responses to additional
regulatory proteins or modify the chromatin template (Wood-
worth & Holloway, 2016; Sood et al., 2017). To further explore
the function of FgAreA in regulating FgTRIs transcription under
putrescine treatment, we identified the FgAreA-interacting pro-
teins in TBI with putrescine using an affinity capture assay.
Briefly, FgAreA with the N-terminus fused with GFP was trans-
ferred into DFgAreA. The proteins purified with GFP-trap
agarose beads were further analyzed by MS. The FgAreA-
interacting proteins were identified and annotated by searching
the MS data against F. graminearum PH-1 (NCBI_assembly
ASM24013v3). False discovery rate (FDR) was used to deter-
mine relative protein confidence, and peptide-to-spectrum
matches (PSMs) were quantified to determine relative protein
abundance (Kruger et al., 2019). A total of 576 candidate-
interacting proteins with ≤ 1% FDR and PSM > 5 were listed in
the Table S2. We scanned for transcription-related proteins such
as histone modifiers, transcription factors or elongation factors
among the 576 candidates, and then focused on the putative
H2B ub1 conjugating enzyme FgRad6 (FGSG_12683) and
ligase enzyme FgBre1 (FGSG_06769). The interactions of
FgAreA with FgRad6 and FgBre1 were further confirmed by
coimmunoprecipitation (Co-IP) assays (Fig. 2d). Moreover, the
interactions of FgAreA with FgRad6 and FgBre1 were stronger in
TBI with putrescine than in TBI with glutamine (Fig. 2d), and
FgRad6 also interacts with FgBre1 in the Co-IP assay, suggesting
the association between H2B ub1 and FgAreA plays a vital role in
the presence of putrescine. Accordingly, FgRad6-GFP, GFP-
FgBre1 and GFP-FgAreA showed colocalization with the red flu-
orescent protein (RFP) signals of nuclear marker histone 1 (H1)
in TBI with putrescine (Fig. 2a,e), further indicating their func-
tion in transcriptional regulation. To confirm that FgRad6 and

FgBre1 are responsible for H2B ub1, we generated the deletion
mutants for FgRAD6 and FgBRE1 (Fig. S4), and found that H2B
ub1 level was not detected in the mutants DFgRad6 and
DFgBre1 (Fig. 2f), indicating that FgRad6 and FgBre1 are
responsible for H2B ub1 biogenesis in F. graminearum. These
data suggest that H2B ub1 might be involved in FgAreA-
regulated transcription of FgTRIs.

To explore whether H2B ub1 participates in FgAreA-regulated
DON biosynthesis upon putrescine treatment, we first deter-
mined the concentration of DON and transcriptional expression
of FgTRIs in DFgRad6 and DFgBre1 mutants. As shown in
Fig. 2, DON content in DFgRad6 and DFgBre1was significantly
reduced in TBI by putrescine treatment, as compared with the
wild-type and complemented strains (DFgRad6-C and DFgBre1-
C), respectively. Also, the transcriptional expressions of FgTRI1,
FgTRI5, FgTRI6 and FgTRI101 genes were dramatically
decreased in DFgRad6 and DFgBre1 (Fig. 2h). Furthermore, we
detected the effects of putrescine on H2B ub1 levels in TBI,
using glutamine as a control. Western blot assays revealed that
the application of putrescine facilitated H2B ub1, as compared
with glutamine; meanwhile, FgAreA is required for the induction
of the increased H2B ub1 in TBI by putrescine treatment
(Fig. 2i). ChIP-qPCR analysis showed that the enrichments of
H2B ub1 on FgTRI1 and FgTRI5 under putrescine induction
were significantly higher than those in TBI with glutamine
(Fig. 2j). Obviously, the enhancement of H2B ub1 on FgTRI1
and FgTRI5 by putrescine was compromised in the FgAREA loss-
of-function mutant (Fig. 2j), which is consistent with the reduced
transcriptional expressions of FgTRI1 and FgTRI5 in DFgAreA
(Fig. 1h). These results indicate that FgAreA enters into the
nucleus in responding to putrescine, and then facilitates H2B
ub1 enrichment on FgTRIs, consequently resulting in FgTRIs
transcriptional activation.

The bZIP domain of FgBre1 is required for H2B ub1
biogenesis

Previous studies have found that Bre1 is important for position-
ing Rad6 to the monoubiquitination site at H2B Lys123 in yeast
(Wood et al., 2003; Gallego et al., 2016), but the mechanism by
which Bre1 recognizes the target chromosome is poorly under-
stood. Analyzing the domains of FgRad6 and FgBre1, FgRad6
shares high homology with other eukaryotic organisms (Fig. S5);
however, it was surprising to find that FgBre1 contains a basic
region leucine zipper (bZIP) domain (Fig. 3a). Given that the
bZIP is a typical sequence-specific DNA-binding domain
(Beresova et al., 2009), we therefore speculated that FgBre1 may
function in selecting the target chromatin of H2B ub1 by way of
its specific DNA-binding ability. Phenotypic characterization of
a strain lacking the bZIP domain (DFgBre1-CDbZIP) showed that,
similar to DFgBre1, DFgBre1-CDbZIP displayed the defects in
H2B ub1 modification, mycelia growth, DON biosynthesis and
FgTRIs transcription (Fig. 3b–e). Further, ChIP-qPCR assays
revealed reduced H2B ub1 enrichment on FgTRI1 and FgTRI5
in DFgBre1-CDbZIP compared with DFgBre1-C (Fig. 3f). Consis-
tent with that observation, binding of FgBre1 on FgTRI1 and
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FgTRI5 was not observed in the bZIP domain truncated strain
(Fig. 3g). Moreover, electrophoretic mobility shift assays
(EMSAs) confirmed that FgBre1 can bind FgTRI1 and FgTRI5,
but FgBre1 lacking the bZIP domain cannot (Fig. 3h). Taken
together, the bZIP domain of FgBre1 mediates the binding of
target genes, which is indispensable for H2B ub1 positioning in
F. graminearum.

In eukaryotic organisms, H2B ub1 mediated by Rad6 and
Bre1 is highly conserved (Fuchs & Oren, 2014). However, we
found that the bZIP domain exists exclusively in Fusarium
species, but not in the Bre1 homologs of human, Drosophila,
yeasts and other filamentous fungi (Fig. 4a). Thus we were

interested in exploring functional differences of Bre1 homologs
with or without the bZIP domain. The full-length cDNAs of F.
verticillioides FvBre1, Botrytis cinerea BcBre1 and Drosophila
melanogaster DmBre1 tagged with GFP were transformed into
the DFgBre1 to generate heterologous Bre1 complementation
strains DFgBre1-CFv, DFgBre1-CBc and DFgBre1-CDm, respec-
tively. Western blot analysis showed that the heterologous Bre1
proteins were expressed in DFgBre1-CFv, DFgBre1-CBc and
DFgBre1-CDm (Fig. 4b). However, only DFgBre1-C and
DFgBre1-CFv strains restored H2B ub1 modification of
DFgBre1; the H2B ub1 level was undetectable in DFgBre1-CBc

and DFgBre1-CDm (Fig. 4b). Further phenotype determination

Fig. 3 The basic region leucine zipper (bZIP) domain is required for FgBre1 binding to target chromatin. (a) FgBre1 contains a specific DNA-binding
domain, bZIP, as analyzed using the SMART protein database (http://smart.embl-heidelberg.de). (b) Western blot assays showed that the lack of the bZIP
domain disrupted the generation of H2B ub1. (c) Lack of the bZIP domain caused a defect in mycelial growth. Colony morphology was observed after
growth on potato dextrose agar (PDA) for 3 d. (d) Deletion of the bZIP domain led to decreased deoxynivalenol (DON) production in trichothecene
biosynthesis-inducing (TBI) medium with putrescine. (e) Deletion of the bZIP domain resulted in reduced transcription of FgTRI genes under putrescine
treatment. (f) Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) assays showed that the bZIP domain was indispensable for the enrichment
of H2B ub1 at the promoters of FgTRI genes. (g) ChIP-qPCR assays showed that the bZIP domain was required for the enrichment of the green fluorescent
protein (GFP)-tagged FgBre1 at the promoters of FgTRI genes. In (d–g) strains were grown in TBI with putrescine for 48 h after 24 h culture in yeast extract
peptone dextrose (YEPD). Mean and SD were estimated with data from three independent biological replicates (marked with blue dots, n = 3). Different
letters indicate significant differences based on ANOVA analysis followed by Turkey’s multiple comparisons test (P = 0.05). In (f, g), relative enrichment
levels were determined using the fold-enrichment method. (h) Electrophoretic mobility shift assay (EMSA) verified the binding of FgBre1 with FgTRIs pro-
moters relied on bZIP domain.
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Fig. 4 The basic region leucine zipper (bZIP) domain of Bre1 exists exclusively in Fusarium species. (a) The homology among Bre1 orthologs from 27
eukaryotic species was analyzed using the protein BLAST tool on the NCBI platform (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The phylogenetic tree was
constructed based on the Bre1 amino acid sequences from 27 species with MEGA 5.0 using the neighbor-joining method. The bootstrap values from 1000
replications are indicated using color-coded circles at the branches. Green circle, 0–50; yellow circle, 50–80; red circle, 81–100. Conserved domains in Bre1
orthologs (right panel) were predicted with the SMART program (http://smart.embl-heidelberg.de). (b) Western blot assays showed that heterologous Bre1
proteins without the bZIP domain could not recover the H2B ub1 deficiency of DFgBre1, whereas Bre1 proteins from Fusariumwith the bZIP domain
restored the H2B ub1 level of DFgBre1. The successful expression of Bre1 orthologs in corresponding complementary strains was detected by the anti-
green fluorescent protein (GFP) antibody. H3 level detected with an anti-H3 antibody was used as the protein loading reference. (c–e) Heterologous Bre1
proteins without the bZIP domain could not restore defects in mycelia growth (c), deoxynivalenol (DON) production (d) and FgTRIs transcription (e),
whereas Bre1 proteins from Fusariumwith the bZIP domain restored these defects of DFgBre1. Colony morphology was observed after culture on potato
dextrose agar (PDA) for 3 d. For DON production and FgTRIs transcription, strains were grown in trichothecene biosynthesis-inducing (TBI) medium with
putrescine for 48 h after 24 h culture in yeast extract peptone dextrose (YEPD). Mean and SD were estimated with data from three independent biological
replicates (marked with blue dots, n = 3). Different letters indicate significant differences based on ANOVA analysis followed by Turkey’s multiple compar-
isons test (P = 0.05).
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showed that BcBre1 and DmBre1 were unable to restore the defi-
ciency in mycelia growth, DON biosynthesis or FgTRIs tran-
scription, whereas FvBre1 recovered all the defects of DFgBre1
(Fig. 4c–e). These results indicate that the bZIP domain of Bre1
specifically functions in targeting chromosome recognition in
Fusarium species.

FgAreA accelerates FgBre1’s binding to the FgTRIs

Although H2B ub1 biogenesis is dependent on the bZIP domain
of FgBre1, the molecular mechanism by which FgAreA regulates
H2B ub1 occurrence on FgTRIs under putrescine induction is
still obscure. We therefore analyzed the changes in nucleosomal
positioning under FgTRIs activation and suppressive conditions
in the wild-type and DFgAreA. The micrococcal nuclease
(MNase)-qPCR assays showed that DNA of FgTRI1 and FgTRI5
upstream was packaged in a positioned array of nucleosomes
under FgTRIs suppressive conditions (TBI with glutamine),
while the positioned nucleosome array was lost with exposure of
nucleosome-free region during FgTRIs activation conditions

(TBI with putrescine) (Fig. 5a). However, the positioned nucleo-
some array persisted under putrescine treatment in DFgAreA
(Fig. 5a), indicating that FgAreA modulates chromatin remodel-
ing in the promoters of FgTRIs upon putrescine treatment. Fur-
ther, ChIP-qPCR assays revealed that the highest FgBre1
enrichment regions were distributed in the exposed, nucleosome-
free region rearranged by FgAreA (Figs 3g, 5a). Accordingly,
ChIP-qPCR assays revealed that the binding of FgBre1 to FgTRIs
relies on the presence of FgAreA (Fig. 5b). Therefore, we deduced
that FgAreA regulates H2B ub1 enrichment on FgTRIs by facili-
tating binding of FgBre1 to FgTRIs in the presence of putrescine.

H2B ub1 and H3K4 me2/3 coregulate DON biosynthesis
upon putrescine treatment

In eukaryotes, H2B ub1 has been reported to be the prerequisite
of H3K4 and histone 3 lysine 79 (H3K79) trimethylations (Kim
et al., 2009; Chandrasekharan et al., 2010; Shilatifard, 2012).
The H3K4 methyltransferase FgSet1 has been found to regulate
the transcription of FgTRIs in F. graminearum (Liu et al., 2015).

Fig. 5 FgAreA enhances FgBre1’s binding to the promoters of FgTRIs via mediating chromatin rearrangement. (a) Micrococcal nuclease-quantitative PCR
(MNase-qPCR) assays showed that FgAreA mediates nucleosomal positioning rearrangement in deoxynivalenol (DON) biosynthetic gene (FgTRIs)
promoters. FgTRI1 and FgTRI5 upstream were packaged in a positioned array of nucleosomes in trichothecene biosynthesis-inducing (TBI) medium with
glutamine (blue), while in TBI with putrescine (green) the positioned nucleosome array was lost, allowing for exposure of a nucleosome-free region.
However, the positioned nucleosome array persisted in DFgAreA in TBI with glutamine (gray) or putrescine (red). (b) Chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) assays showed that deletion of FgAreA decreased the enrichment of FgBre1-GFP at the promoters of FgTRI genes under
putrescine treatment. Strains were growth in yeast extract peptone dextrose (YEPD) for 24 h, then transferred to TBI with putrescine for 48 h. Relative
enrichment levels were determined using the fold-enrichment method. Mean and SD were estimated with data from three independent biological
replicates (marked with blue dots, n = 3). Different letters indicate significant differences based on ANOVA analysis followed by Turkey’s multiple
comparisons test (P = 0.05).

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation

New Phytologist (2021) 232: 2106–2123
www.newphytologist.com

New
Phytologist Research 2115



Therefore, we were interested in analyzing whether H2B ub1 and
H3K4 me1/2/3 synergistically modulate DON biosynthesis
under putrescine induction. First, Western blotting assays
showed that lack of FgRad6 or FgBre1 dramatically reduced the
H3K4 me3 level and, to a lesser extent, decreased the H3K4 me2
level compared with those in the wild-type (Fig. 6a). Whereas the
H2B ub1 level in DFgSet1 was similar to that in the wild-type
(Fig. 6a), it indicates that H3K4 me1/2/3 is not required for
H2B ub1 in F. graminearum. Further, ChIP-qPCR analyses
revealed that H3K4 me2/3 enrichment on FgTRI1 and FgTRI5
was increased by putrescine treatment, and was dependent on the
presence of FgRad6 and FgBre1, although the global H3K4
me2/3 level was not changed upon putrescine treatment (Figs 6b,
S6). As expected, putrescine failed to induce DON production
and FgTRIs transcription in the mutant DFgSet1 (Fig. 6c,d).
These results indicate that H2B ub1 collaborated with its down-
stream H3K4 me2/3 in regulating DON biosynthesis upon
putrescine treatment.

FgBre2 links H2B ub1 to H3K4 me2/3

Given that the molecular mechanism of H2B ub1 regulating
H3K4 me2/3 is controversial and poorly understood (Zheng

et al., 2018; Hsu et al., 2019; Bae et al., 2020), we were interested
in exploring how H2B ub1 modulates the biogenesis of H3K4
me2/3. H3K4 me2/3 is regulated by the methyltransferase com-
plex COMPASS that consists of eight subunits, Set1, Bre2
(Cps60), Swd1 (Cps50), Spp1 (Cps40), Swd2 (Cps35), Swd3
(Cps30), Sdc1 (Cps25) and Shg1 (Cps15), in S. cerevisiae (Shilat-
ifard, 2012). Thus, we first identified these components by
BLASTP searching for the corresponding orthologs of S. cerevisiae
COMPASS components in the F. graminearum genome database
(http://fungidb.org/fungidb/) (Table S3). Western blotting assays
showed that FgSet1, FgSwd1, FgSwd3, FgSdc1 and FgBre2 were
all involved in H3K4 me2/3 generation, DON production and
FgTRIs transcription (Fig. S7a–c). Next, we detected the interac-
tion between FgRad6 and FgBre1 with the COMPASS compo-
nents using the yeast two-hybrid (Y2H) approach. As shown in
Figs 7(a) and S8(a), FgRad6 and FgBre1 both interact with
FgSet1 and FgBre2, but not other COMPASS components. The
Co-IP assays further verified the interaction between FgSet1 and
FgBre2 with FgRad6 and FgBre1 (Fig. 7b).

To explore the potential roles of these interactions in H2B ub1
regulating H3K4 me2/3, we first detected ubiquitylation levels of
FgSet1 and FgBre2, as FgRad6 and FgBre1 serve as ubiquityla-
tion E2 conjugating enzyme and E3 ligase, respectively. As shown

Fig. 6 H2B ub1 and downstream H3K4 me2/3 coregulate deoxynivalenol (DON) biosynthesis under putrescine treatment. (a) Western blot assays showed
that the H3K4 me2/3 levels were dramatically reduced in DFgRad6 and DFgBre1. H3 level detected with anti-H3 antibody was conducted for the protein
loading reference. (b) Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) assays showed that putrescine treatment increased H3K4 me2 and
H3K4 me3 enrichments on the FgTRIs 50 regions, and the increased enrichments were dependent on FgRad6 and FgBre1. Relative enrichment levels were
determined using the fold-enrichment method. (c) DON production was decreased in DFgSet1 in trichothecene biosynthesis-inducing (TBI) medium with
putrescine. (d) FgTRIs expression was reduced in DFgSet1 in TBI with putrescine. In (b–d), the wild-type, mutants DFgRad6, DFgBre1 and DFgSet1, and
complemented strain DFgSet1-C were grown in TBI with putrescine or glutamine for 48 h after 24 h culture in yeast extract peptone dextrose (YEPD).
Mean and SD were estimated with data from three independent biological replicates (marked with blue dots, n = 3). Different letters indicate significant
differences based on ANOVA analysis followed by Turkey’s multiple comparisons test (P = 0.05).
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in Fig. S8(b), neither of them could be monoubiquitinylated by
FgRad6 and FgBre1. Second, we detected protein concentrations
of FgSet1 and FgBre2 in DFgRad6 and DFgBre1 as protein inter-
actions might affect the stability of interacting proteins. How-
ever, we found that deletion of FgRad6 and FgBre1 did not
affect the protein stability of FgSet1 and FgBre2 (Fig. S8c).
Third, the Y2H and Co-IP assays showed that FgSet1 interacts
with FgBre2 (Fig. 7a,d). Given that Set1 methyltransferase activ-
ity is affected by its interaction with Bre2 in mammals (Cao et al.,

2010), we therefore determined whether FgRad6 and FgBre1
modulate H3K4 me2/3 via interference with the interaction
between FgSet1 and FgBre2. As shown in Fig. 7(d), lack of
FgRad6 or FgBre1 impeded their interaction. Fourth, ChIP-
qPCR assays revealed that the enrichment of FgBre2 on FgTRI1
and FgTR5 was induced under TBI with putrescine and was
dependent on the presence of FgRad6 and FgBre1. Nevertheless
the enrichment of FgSet1 on FgTRI1 and FgTR5 showed no sig-
nificant difference under TBI with putrescine and glutamine and

Fig. 7 FgRad6 and FgBre1 regulate H3K4 me2/3 via facilitating the interaction of FgBre2 and FgSet1. (a) Yeast two-hybrid (Y2H) assays showed that both
FgRad6 and FgBre1 interact with FgBre2 and FgSet1, and FgBre2 also interacts with FgSet1. (b) Coimmunoprecipitation (Co-IP) assays showed that both
FgRad6 and FgBre1 interact with FgBre2 and FgSet1. (c) Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) assays showed that the
enrichment of FgBre2-GFP on the 50 regions of FgTRIs increased upon putrescine treatment. Deletion of FgRad6 and FgBre1 blocked the increase of
FgBre2-GFP enrichment on FgTRIs upon putrescine treatment. Strains were grown in yeast extract peptone dextrose (YEPD) for 24 h, and then transferred
to trichothecene biosynthesis-inducing (TBI) medium with putrescine or glutamine for 48 h for ChIP-qPCR assays. Relative enrichment levels were
determined using the fold-enrichment method. Mean and SD were estimated with data from three independent biological replicates (marked with blue
dots, n = 3). Different letters indicate significant differences based on ANOVA analysis followed by Turkey’s multiple comparisons test (P = 0.05). (d) Lack
of FgRad6 or FgBre1 impeded the interaction of FgBre2 and FgSet1. The Co-IP assays also showed that the interaction between FgBre2 and FgSet1 was
not enhanced by putrescine treatment. The strain was cultured in YEPD for 24 h, and then transferred to TBI with putrescine or glutamine for 48 h. The
protein samples were also detected with anti-H3 antibody as a reference. The intensities of the Western blotting bands were quantified with IMAGEJ. Values
on the bars are the intensity of detected protein band relative to that of H3 band.
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was independent of the presence of FgRad6 and FgBre1 (Figs 7c,
S8d). Taken together, these results indicate that FgRad6 and
FgBre1 regulate the interaction of FgSet1 and FgBre2 via recruit-
ment of FgBre2 to target chromatin.

Discussion

In this study, we revealed the underlying mechanism for the host
stress response metabolite putrescine stimulating DON produc-
tion during F. graminearum infection. Putrescine activates tran-
scription factor FgAreA, and the activated FgAreA promotes
H2B ub1 and H3K4 me2/3 deposition on the chromatin region
of DON biosynthesis genes FgTRIs, which leads to increased
FgTRIs transcription and ultimately elevated DON biosynthesis
(Fig. 8). Previous studies have demonstrated that polyamine par-
ticipates in DON accumulation of F. graminearum during infec-
tion (Gardiner et al., 2009, 2010; Bonnighausen et al., 2019).
Our study elucidates the elaborate regulatory mechanism, and
considerably deepens the understanding of DON production
during infection. To cope with biotic and abiotic stresses,
polyamines are dramatically induced in plants. In response to
biotic stresses, polyamines are conjugated with phenolic acids,
and the conjugated polyamines induce systemic protection
against a wide range of pathogens including Blumeria graminis,
Puccinia recondita, Pyrenophora avenae and Crinipellis perniciosa
(Walters, 2003; Ross et al., 2004; Haggag & Abd-El-Kareem,

2009). In addition, the metabolites of polyamines result in the
accumulation of H2O2 that serves as a source for reactive oxygen
species to defend against pathogen infection (Walters, 2003).
However, our study found that putrescine can also induce DON
biosynthesis to advance F. graminearum virulence during infec-
tion of wheat, which provides a novel insight into the dual roles
of polyamines in the interaction between plants and pathogenic
fungi.

In many fungi, AreA serving as a conserved zinc finger tran-
scription factor is able to bind the consensus DNA sequence 50-
HGATAR-30 and is responsible for utilization of secondary nitro-
gen sources (Starich et al., 1998; Jawad et al., 2011b). In
Aspergillus nidulans, AreA was shown to regulate the chromatin
rearrangement in the promoters of nitrate assimilation genes and
further promote the occupancy of the transcriptional activator
NirA and histone H3 acetylation to activate transcription of
NIIA and NIAD during nitrogen metabolite derepression (Berger
et al., 2006, 2008). Apart from its role in nitrogen source
metabolism, AreA is also involved in the secondary metabolite
biosynthesis. For example, in F. fujikuroi and F. verticillioides,
AreA orthologs modulate the transcription of the gibberellin and
fumonisin B1 biosynthetic genes, respectively (Mihlan et al.,
2003; Kim & Woloshuk, 2008; Tudzynski, 2014). However, the
mechanism by which AreA modulates secondary metabolite
biosynthesis has not been characterized. Our study found that
FgAreA modulates DON biosynthesis in F. graminearum

Fig. 8 Proposed model for the molecular
mechanism of putrescine-promoted
deoxynivalenol (DON) production in
Fusarium graminearum during infection.
Wheat produces substantial putrescine
during F. graminearum infection, which
stimulates the secondary nitrogen responder
FgAreA to enter in the nucleus.
Subsequently, FgAreA binds to the
promoters of DON biosynthesis genes
(FgTRIs) to rearrange the nucleosome array.
The exposure of nucleosome-free regions
facilitates FgBre1 binding to FgTRIs
promoters via its specific basic region leucine
zipper (bZIP) domain, thus resulting in the
generation of H2B ub1. Further, FgRad6 and
FgBre1 recruit FgBre2 to interact with
methyltransferase FgSet1 in the COMPASS
complex, which enhances the biogenesis of
H3K4 me2/3. The enrichment of H2B ub1
and H3K4 me2/3 is necessary for the
activation of FgTRIs transcription and DON
biosynthesis. The blunt-ended arrow in the
closed chromatin structure indicates
transcriptional inactivation without
putrescine induction.
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(Fig. 1h–j), which is consistent with the previous studies (Min
et al., 2012; Yu et al., 2014; Hou et al., 2015). Importantly,
FgAreA regulates chromatin rearrangement of DON biosynthetic
gene promoters by loosening nucleosome occupation (Fig. 5),
which is similar to the function of AreA in regulating nitrogen
utilization (Berger et al., 2006, 2008). The loosened chromatin
then facilitates the rapid accumulation of FgBre1 and the subse-
quent H2B ub1 biogenesis during transcriptional activation.
Therefore, FgAreA function before H2B ub1 is indispensable for
target gene transcriptional activation. Pioneer transcription fac-
tors are special proteins capable of initiating targeted chromatin
opening, enabling histone modifiers, transcription factors and
other DNA binding complexes to promote transcriptional activa-
tion (Zaret & Carroll, 2011). Based on our current knowledge,
we speculate that FgAreA may act as a pioneer transcription fac-
tor both in regulating nitrogen utilization and in secondary
metabolite biosynthesis in fungi.

AreA has been reported to be the downstream of target of
rapamycin (TOR) signaling pathway in fungi (Crespo & Hall,
2002; Inoki et al., 2005; Di Como & Jiang, 2006). In S. cere-
visiae, AreA homolog Gln3 is dephosphorylated by Tap42-
dissociated phosphatase Sit4 when TOR kinase is inactive, then
dephosphorylated Gln3 is dissociated from a cytoplasmic anchor
protein Ure2 and imported into the nucleus to regulate transcrip-
tion (Cooper, 2002; Como & Jiang, 2006). Our previous study
showed that FgAreA could partially restore tolerance of the Gln3
mutant to rapamycin and paraquat, indicating that AreA is con-
served in F. graminearum (Yu et al., 2014). Thus we were inter-
ested to examine whether FgAreA is downstream of Tap42-
dissociated phosphatases. The F. graminearum genome contains
three Tap42-dissociated phosphatases, FgPP2A, FgSit4 and
FgPpg1. Deletion of FgPP2A is lethal, deletion of FgPpg1 caused
reduced DON production, and lack of FgSit4 did not alter
DON biosynthesis (Yu et al., 2014). Here, the Co-IP assays
revealed that FgAreA interacts with both FgPP2A and FgPpg1
(Fig. S9). Moreover, putrescine treatment increased the interac-
tion strength of FgAreA and FgPP2A, rather than that of FgAreA
with FgPpg1 (Fig. S9), suggesting that FgPP2A might be respon-
sible for FgAreA dephosphorylation upon putrescine. However,
it is difficult to detect the effect of FgPP2A on FgAreA phospho-
rylation levels and localization change, as FgPP2A is essential.
Collectively, we speculated that the TOR signaling pathway
might be involved in FgAreA activation during putrescine-
induced DON biosynthesis.

In fungi, the clustered arrangement of secondary metabolite
genes allows epigenetic modifications to modulate larger genomic
regions efficiently in response to environment stresses
(Macheleidt et al., 2016; Dubey & Jeon, 2017). This regulatory
model is also applicable to DON biosynthesis in F. graminearum.
In DON-inducing medium TBI, acetyltransferases FgSas3
(acetylating H3K4), FgGcn5 (acetylating H3K9, H3K18 and
H3K27) and FgElp3 (acetylating H3K14) are indispensable for
the FgTRIs expression and DON biosynthesis (Chen et al., 2018;
Kong et al., 2018). Meanwhile, the histone deacetyltransferase
Hdf1 was also reported to participate in DON production on
spikelets (Li et al., 2011). These studies indicate that precise

histone acetylation is crucial for FgTRIs expression. In addition,
the deletion of H3K4 methyltransferase FgSet1 reduced FgTRIs
transcription and DON production in another DON-inducing
medium, glucose yeast extract peptone (GYEP) (Liu et al., 2015).
Here, we report that a new histone modification H2B ub1
manipulates FgTRIs expression and DON production (Fig. 2g,
h). H2B ub1 is a prerequisite for H3K4 me2/3 and these two
modifications synergistically modulate DON biosynthesis upon
putrescine treatment in F. graminearum (Fig. 6). To our knowl-
edge, it is the first report that two histone modifications together
regulate the transcription of secondary metabolite genes in fungi.

In mammals and yeasts, histone modification H2B ub1 is
important for cell growth, development, cell cycle progression,
DNA damage response or tumorigenesis (Fuchs & Oren, 2014).
Besides, H2B ub1 functions mainly through its downstream his-
tone methylations of H3K4 and H3K79 (Kim et al., 2009;
Chandrasekharan et al., 2010; Shilatifard, 2012). Our study
found that H2B ub1 regulates growth, DON biosynthesis, viru-
lence and sensitivity to cell wall damage and oxidative stresses in
F. graminearum (Figs 2g,h, 3c–e, S10a,b). Moreover, the H3K4
me2/3 contributed to major functions of H2B ub1 in F. gramin-
earum. RNA-Seq assays for DFgBre1 and DFgSet1 showed that
1247 genes were regulated by both H2B ub1 and H3K4 me2/3
(Fig. S11a). The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis showed that these 1247 genes are
mainly involved in metabolism of arginine and proline, glyoxy-
late and dicarboxylate, as well as biosynthesis of secondary
metabolites, etc. (Fig. S11b). Accordingly, DFgSet1 displayed all
defects, including those involving fungal growth, DON biosyn-
thesis, virulence and sensitivity to cell wall damage, detected in
DFgRad6 and DFgBre1 (Figs 6c,d, S10a,b). On the other hand,
we obtained H3K79 methyltransferase mutant DFgDot1 (Figs
S4, S10c), and found that H3K79 methylations, as a branch
downstream of H2B ub1, were not involved in the earlier-
described FgSet1-mediated biological processes in F. gramin-
earum, although they did regulate sensitivity to oxidative stress
(Fig. S10b). In the budding yeast, H2B ub1 and H3K79 methy-
lations are crucial for repair of DNA double-strand breaks
(Zheng et al., 2018). However, mutants DFgRad6, DFgBre1 and
DFgDot1 exhibited similar sensitivity to the DNA-damaging
agents hydroxyurea (HU) and 4-nitroquinoline 1-oxide (4-
NQO) compared with the wild-type (Fig. S10b), suggesting that
H2B ub1 combined with H3K79 methylation is not involved in
the response to DNA damage in F. graminearum. In addition,
H2B ub1 only regulates H3K79 me2/3 in S. cerevisiae (Chan-
drasekharan et al., 2010), while H2B simultaneously controls
mono-, di- and trimethylations in F. graminearum (Fig. S10c).
These results indicate that H2B ub1 has species-specific function
in eukaryotic organisms.

H2B ub1 is regulated by Rad6 and Bre1 (human RNF20/40),
which is highly conserved in eukaryotes (Fuchs & Oren, 2014).
Bre1 is reported to interact with an acidic patch of the nucleosome
core particle surface, which positions Rad6 directly next to H2B
Lys123, thus facilitating its ubiquitination (Gallego et al., 2016).
Moreover, H2B ub1 was responsible for the regulation of
inducible transcription instead of constitutive transcription (Segala

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation

New Phytologist (2021) 232: 2106–2123
www.newphytologist.com

New
Phytologist Research 2119



et al., 2016). But how H2B ub1 is induced and precisely enriched
to the target chromosome is poorly understood. Our study identi-
fied a specific DNA-binding domain (bZIP) in FgBre1, and fur-
ther clarified its function in recognizing target FgTRIs under
putrescine induction (Fig. 3). These findings uncover, for the first
time, the mechanism of H2B ub1 in selecting target chromatin in
eukaryotes. Interestingly, phylogenetic and functional analyses
showed that this bZIP domain is unique in Fusarium species, and
Bre1 orthologs of other eukaryotes could not restore the defects of
the FgBre1 mutant. Therefore, we deduce that the accumulation
of H2B ub1 on target chromatin may depend on different factors
in other eukaryotic organisms.

In the budding yeast, H2B ub1-dependent H3K4 methyla-
tions are catalyzed by the COMPASS complex, which comprises
eight subunits: Set1, Bre2 (Cps60), Swd1 (Cps50), Spp1
(Cps40), Swd2 (Cps35), Swd3 (Cps30), Sdc1 (Cps25) and
Cps15 (Shilatifard, 2012). Among these components, Swd1,
Swd3, Bre2, Sdc1 and Set1, two domains (SET domain and
post-SET domain) constitute the catalytic region of COMPASS,
which is crucial for H3K4 methylation activity (Jeon et al., 2018;
Hsu et al., 2019). COMPASS subunits Swd2 and Spp1 are sig-
nificant for H3K4 trimethylation (Vitaliano-Prunier et al., 2008;
Shilatifard, 2012; Bae et al., 2020), whereas Cps15 has no effect
on the H3K4 methylation pattern (Shilatifard, 2012). Consistent
with the results from yeast, we also found that FgSet1, FgSwd1,
FgSwd3, FgSdc1 and FgBre2 are key components involved in
H3K4 me2/3. However, deletion of the other components,
FgSwd2 and FgSpp1, did not affect H3K4 me3 (Fig. S7a), and
the Cps15 ortholog was not found in F. graminearum (Table S3).
More recently, six conserved subunits of COMPASS, including
MoBre2, MoSpp1, MoSwd2, MoSdc1, MoSet1and MoRbBP5
(Cps50), have been identified in Magnaporthe oryzae (Zhou et al.,
2021). MoSet1 is responsible for methylating H3K4, and
MoBre2, MoSwd2 and MoSpp1 are all involved in regulating
the H3K4 me3 level, which is also different from the findings in
F. graminearum (Zhou et al., 2021).

Although H2B ub1 and its downstream H3K4 me2/3 are con-
served from yeast to plant and animals, the mechanism for this
crosstalk remains controversial and unclear (Jeon et al., 2018;
Hsu et al., 2019; Bae et al., 2020). Several regulation models have
been proposed in S. cerevisiae: H2B ub1 mediates the recruitment
of Swd2 to target chromatin, thus facilitating the occurrence of
H3K4 me3 (Lee et al., 2007); Rad6 and Bre1 ubiquitylate Swd2
at lysine 68 and 69, and then the ubiquitylated Swd2 regulates
H3K4 me3 by recruiting Spp1 to target chromatin (Vitaliano-
Prunier et al., 2008); and H2B ub1-induced allosteric rearrange-
ments in the catalytic region of the COMPASS complex render
its methylation activity for nucleosomal H3K4 me3 (Jeon et al.,
2018; Hsu et al., 2019). Different from the first two models, in
which Swd2 plays a key role in H3K4 me3 biogenesis regulated
by H2B ub1, we found that FgSwd2 has no effect on H3K4
me2/3 regulation in F. graminearum. Interestingly, our study
showed that FgRad6 and FgBre1 regulate the interaction of
FgBre2 and FgSet1 by recruiting FgBre2 to targeted chromatin
regions (Fig. 7c), which may alter the catalytic properties of the
COMPASS catalytic component. This case is similar to the third

model mentioned earlier. Studies in S. cerevisiae proposed that
recognition or sensing of H2B ub1 may trigger allosteric changes
in the COMPASS complex catalytic region, which in turn facili-
tates subsequent nucleosomal H3K4 methylation (Jeon et al.,
2018). More recently, cryoelectron microscopy analysis demon-
strated that H2B ub1 overrides the inhibitory effect of the Set1
ARM helix by allosterically modulating the packing of the Set1
catalytic domain against Swd1, Bre2 and Swd3 (Hsu et al.,
2019), which supports our deduction. To explore the molecular
events between H2B ub1 and H3K4 me2/3 in F. graminearum
precisely, further allosteric study is needed to determine whether
the catalytic property of the COMPASS complex is affected by
the interaction of FgBre2 and FgSet1.

In conclusion, this study reveals that the transcription factor
FgAreA enhances DON production through regulation of H2B
ub1 and H3K4 me2/3 enrichment on FgTRIs in F. graminearum
upon exposure to the host defensive compound putrescine during
infection. FgAreA-mediated chromatin rearrangement facilitates
E3 ligase FgBre1 binding to FgTRIs, further promoting H2B
ub1 biogenesis under putrescine. Unexpectedly, FgBre1 contains
a specific DNA-binding domain, which possesses an ability to
recognize target FgTRIs genes directly. H2B ub1 accelerates
H3K4 me2/3 through strengthening the interaction of FgBre2
and FgSet1 in the presence of putrescine.
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Fig. S1 Endogenous putrescine synthesis-encoding gene FgODC
is not upregulated during F. graminearum infection on wheat.

Fig. S2 DON-inducing carbon source could not activate tran-
scription factor FgAreA.

Fig. S3 The transcription level and protein abundane of FgAreA
were not altered upon putrescine treatment.
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FgDOT1 gene deletion mutants.

Fig. S5 Phylogenetic analysis of Rad6 orthologs from F. gramin-
earum and other eukaryotic organisms.
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Fig. S6 Global H3K4 me levels were not changed upon
putrescine treatment.

Fig. S7 H3K4 methyltransferase complex COMPASS is crucial
for DON production and FgTRIs transcription.

Fig. S8 Function analysis of the interaction between FgRad6/
FgBre1 and FgBre2/FgSet1.

Fig. S9 FgAreA interacts with both FgPP2A and FgPpg1, and
putrescine increases the interaction strength between FgAreA and
FgPP2A.

Fig. S10 H2B ub1 regulates growth, virulence and sensitivity to
stresses via its downstream H3K4 and H3K79 methylations.

Fig. S11 H2B ub1 and H3K4 me2/3 coregulate multiple biolog-
ical processes in F. graminearum.
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