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ABSTRACT

Poaceae plants can locally accumulate iron to sup-
press pathogen infection. It remains unknown how
pathogens overcome host-derived iron stress dur-
ing their successful infections. Here, we report that
Fusarium graminearum (Fg), a destructive fungal
pathogen of cereal crops, is challenged by host-
derived high-iron stress. Fg infection induces host
alkalinization, and the pH-dependent transcription
factor FgPacC undergoes a proteolytic cleavage into
the functional isoform named FgPacC30 under al-
kaline host environment. Subsequently FgPacC30
binds to a GCCAR(R = A/G)G element at the pro-
moters of the genes involved in iron uptake and in-
hibits their expression, leading to adaption of Fg to
high-iron stress. Mechanistically, FgPacC30 binds to
FgGcn5 protein, a catalytic subunit of Spt-Ada-Gcn5
Acetyltransferase (SAGA) complex, leading to dereg-
ulation of histone acetylation at H3K18 and H2BK11,
and repression of iron uptake genes. Moreover, we
identified a protein kinase FgHal4, which is highly
induced by extracellular high-iron stress and pro-
tects FgPacC30 against 26S proteasome-dependent
degradation by promoting FgPacC30 phosphoryla-
tion at Ser2. Collectively, this study uncovers a novel
inhibitory mechanism of the SAGA complex by a tran-

scription factor that enables a fungal pathogen to
adapt to dynamic microenvironments during infec-
tion.

GRAPHICAL ABSTRACT

INTRODUCTION

The redox-active metal iron (Fe) is an essential cofactor
for a variety of essential cellular processes, including DNA
replication and energy production (1,2). Although iron
scarcity is harmful for the survival and development of eu-
karyotes, iron overload leads to the generation of toxic ROS
via Fenton reaction resulting in damages to various cellu-
lar components (3). Therefore, many eukaryotic organisms,
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including plants and phytopathogens, have evolved sophis-
ticated strategies to tightly regulate iron acquisition, con-
sumption and storage, thus maintaining intracellular iron
homeostasis.

Iron is a focus of the struggle in host–pathogen in-
teractions (4,5). During mammalian-pathogen interac-
tions, mammals use iron-withholding strategies to prevent
pathogens from invading the host (4,6). In line with this,
some host plants deploy similar mechanisms, such as syn-
thesizing iron-sequestering ferritin and defensins, to inter-
fere with pathogen scavenging for iron, and consequently
reducing infections by pathogens (7–9). In contrast to with-
holding iron to reduce pathogen proliferation, some plants,
particularly Poaceae, can locally accumulate iron to prevent
pathogen infection (5,10,11). For example, wheat plants
can locally increase iron levels and promote cereal defenses
against Blumeria graminis infection (12). Similarly, maize
with an adequate iron nutritional status may also recruit
free iron to the infection site to suppress fungal infection
of Colletotrichum graminicola (13). While it is known that
local iron accumulation is a ubiquitous defense response in
plants, it remains largely unknown how pathogens counter-
act host-derived high-iron stress.

Microbial pathogens encounter dynamic microenviron-
ments during infection. Extensive transcription repro-
gramming enables microorganisms to precisely respond to
changes of host environments (14,15). Histone acetylation
that serves as as a switch between repressive and active
chromatin status has been implicated as a fundamental
mechanism of transcriptional regulation (16,17). Histone
acetylation is tightly regulated by histone acetyltransferases
(HATs) and histone deacetylases (HDACs), which can be
recruited by specific transcriptional activators and repres-
sors to its target genes. The evolutionary conserved Spt-
ADA-Gcn5-Acetyltransferase (SAGA) complex consisting
of the HAT Gcn5 and its interacting partner Ada2/Ada3
is a multi-module assembly that controls eukaryotic tran-
scription by modifying histones (18,19). The human SAGA
complex plays a genome-wide role in transcriptional acti-
vation and is required for RNA polymerase II transcription
(20). In yeast, rapid depletion of SAGA complex leads to
transcription defects of ∼13% protein-coding genes (21). In
fungal pathogens, Gcn5-mediated histone acetylation is im-
portant for regulating the genes involved in host environ-
ment adaption and fungal virulence (15). For example, the
�Gcn5 mutant of Candida albicans exhibits hypersensitiv-
ity to host-derived oxidative stresses and attenuated viru-
lence (22). Gcn5 is important in responding to the specific
environmental conditions encountered by Cryptococcus ne-
oformans within the host. Accordingly, the �Gcn5 mutant
is avirulent in animal models of cryptococcosis (23). Simi-
larly, disruption of Gcn5 also results in attenuated virulence
in plant fungal pathogens, such as Fusarium graminearum,
Ustilago maydis and Fusarium fujikuroi (24–26), and is im-
portant for secondary metabolism and asexual spore pro-
duction in Aspergillus spp. (27–28). Although it has been
well known that the SAGA-mediated histone acetylation
is critical for regulating gene transcription in response of
fungi to host environmental cues, the underlying molecu-
lar mechanisms that regulate the assembly and activity of
SAGA complex remain to be documented.

F. graminearum (named Fg thereafter) is an economically
devastating fungal pathogen that causes cereal scab in the
world (29,30). In recent years, wheat-Fg has emerged as an
important pathosystem for investigating fungal pathogene-
sis. Here, we show that in wheat-Fg interactions, Fg is ex-
posed to host-derived high-iron stress during infection. To
overcome this stress, the pathogen is able to induce plant
alkalinization, and the fungal transcription factor FgPacC
undergoes a proteolytic cleavage into FgPacC30 during host
pH upshifts, which directly binds to the promoters of Fg
iron uptake genes and represses their expression. Mech-
anistically, we demonstrate that FgPacC30 binds and in-
hibits the activity of FgGcn5, a histone acetyltransferase
of the SAGA complex. Subsequently, FgPacC30 deregu-
lates H3K18 and H2BK11 acetylation and suppresses the
expression of iron uptake genes. Additionally, we identified
a protein kinase FgHal4 that is involved in the phosphoryla-
tion of FgPacC30 under high-iron conditions, and thereby
protecting FgPacC30 against 26S proteasome-dependent
degradation. Taken together, this study demonstrates that
the transcription factor FgPacC plays a key role in protect-
ing the fungus from iron toxicity through direct binding of
promoters and inhibition of SAGA activity. This work il-
lustrates adaptation of a fungal pathogen to host-derived
iron stress at an epigenetic level, which provides a concep-
tual regulatory mechanism for understanding fungal adap-
tion to a host-derived stress.

MATERIALS AND METHODS

Fungal Strains and growth determination

The Fg wild-type strain PH-1 (NRRL 31084) was used as a
parental strain throughout this study (31). Mycelial growth
of the wild-type PH-1 and its derivative strains were assayed
on minimal medium (MM; 0.5 g KCl, 0.5 g MgSO4·7H2O,
1 g KH2PO4, 2 g NaNO3, 0.01 g FeSO4·7H2O, 30 g su-
crose, 200 �l of trace element solution (per 100 ml, 5 g
citric acid, 5 g ZnSO4·6H2O, 0.25 g CuSO4·5H2O, 1 g
Fe(NH4)2(SO4)2·6H2O), 10 g agar and 1 l water) adjusted to
different pH with appropriate buffers, and further supple-
mented with or without 5 mM iron (Fe2+). The mycelial ra-
dial growth (colony diameter) of each strain was measured
with a calliper gauge along two diameters at right angles to
one another, and the average diameter for each plate was
calculated as described by Weitz et al. (32).

Mutant generation and complementation

Targeted gene replacement with hygromycin resistance cas-
sette using polyethylene glycol (PEG) mediated protoplast
transformation method was performed as reported previ-
ously (33). Primers used for gene replacement and identifi-
cation of mutants are listed in Supplementary Table S1. The
deletion mutants of FgPACC and FgHAL4 were further
confirmed by Southern blot assays (Supplementary Figure
S1).

To complement the deletion mutants, the full-length Fg-
PACC or FgHAL4 fragment with its native promoter se-
quence was co-transformed with XhoI-digested pYF11 into
the yeast strain XK1-25 by yeast gap repair approach (34).



6192 Nucleic Acids Research, 2022, Vol. 50, No. 11

The resulting pYF11:: FgPACC or pYF11::FgHAL4 con-
struct was transformed into the protoplast of �FgPacC
or �FgHal4 mutant, respectively. The resulting geneticin-
resistant transformants were confirmed by Southern blot
assays (Supplementary Figure S1). All of the mutants gener-
ated in this study were preserved in 15% glycerol at −80◦C.

Plant infection assays

The pathogenicity of each strain on flowering wheat
(Triticum aestivum) head and seedling leaf was assessed as
described previously (31,35). Briefly, a 10 �l aliquot of coni-
dial suspension (105 conidia/ml) of each strain was injected
in the palea in middle spikelet of a wheat head. The control
wheat head was inoculated with a 10 �l aliquot of sterilized
water. Spikelets with typical wheat scab symptoms were ex-
amined at 14 day post-inoculation (dpi) to calculate the dis-
ease index (36). The mean ± standard deviation of the dis-
ease index was calculated with data from three biological
replicates with at least ten wheat heads examined in each
replicate.

To assay Fg infection on wheat seedling leaf, a 5-mm
mycelial plug collected from the edge of 3-day-old colony
was inoculated on a 14-day-old seedling leaf, and the inocu-
lated leaves were incubated at 25◦C and 100% humidity with
12 h of daylight. Data were presented as the mean ± stan-
dard deviation three biological replicates with at least 10
seedling leaves examined in each replicate showing the le-
sion area by ImageJ.

Staining procedures and microscopy observation

For investigating plant alkalinization and iron accumula-
tion in wheat plant in response to Fg attack, the wheat heads
(palea tissues) or seedling leaves inoculated with Fg at 24,
48 and 120 h post-inoculation (hpi) were stained with 1
mM 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt
(HPTS) (H1529, Sigma-Aldrich, St. Louis, MO, USA) or
5 �M FeRhoNox™-1 (GC901, Goryo Chemical, Inc., Sap-
poro, Japan) in an incubator with 5% CO2 for 60 min at
37◦C, and then washed three times with sterile PBS as de-
scribed previously (37,38). Fluorescent signals of the pH in-
dicator HPTS in the protonated form (excitation 405 nm)
and deprotonated form (excitation 458 nm) were detected
under a Zeiss LSM710 microscope (Gottingen, Niedersach-
sen, Germany). The image analyses were performed using
the Fiji software (https://fiji.sc/) with ‘ratiometric’ macro.
Fluorescent signals of the Fe2+ indicator FeRhoNox™-1
were examined under a Nikon SMZ25 microscope with the
excitation/emission wavelengths of 532 nm/570 nm.

Determination of iron and pH in apoplastic fluids of wheat
plants

Extraction of apoplastic fluids was performed by using a
previously described method with slight modifications (39).
Briefly, 14-day-old wheat seedling leaves inoculated with Fg
at different time intervals were washed and vacuum infil-
trated with cold water twice for 2 min. Apoplastic fluids
were collected by centrifugation at 3000 × g for 5 min, and
then were used for further iron content and pH measure-
ment.

Iron content of apoplastic fluids from Fg infected wheat
seedling leaves were assayed by using an Iron Assay Kit (Ab-
cam, ab83366), and Fe2+ content was measured by using
the Synergy H1 microplate reader (OD = 593 nm; Biotek
Instruments, Winooski, VT, USA) following the manufac-
turer’s instructions (40). The pH of apoplastic fluids from
wheat seedling leaves and palea tissues sampled at different
time intervals after Fg inoculation was measured with a pH
electrode (model PHM93, Radiometer Analytical).

RNA-seq analysis and RT-qPCR

For in vitro and in planta fungal transcriptome analy-
sis, the wheat seedling leaves infected with Fg were sam-
pled at 24, 48 and 120 h post-inoculation (hpi) for total
RNA extraction using TRIZOL reagent (TaKaRa, Dalian,
China) following the manufacturer’s instructions. In ad-
dition, samples of mycelia used for inoculation were col-
lected to represent the time point of 0 hpi. RNA-seq was
conducted using Illumina HiSeq4000 sequencing system.
For RNA-seq analysis, all of the raw reads were filtered by
Fastp (version 0.18.0) software to remove adapters and low
quality reads (quality score ≤ 20) (41). Clean reads were
aligned to the reference genome of Fg strain PH-1 (assem-
bly ASM24013v3) using Hisat2 (v1.3.3) (42). Expression
levels for each sample were quantified to FPKM (fragment
per kilobase of transcript per million mapped reads) using
Stringtie (v1.2.0) (43). Genes displaying log2[fold change]
≥1.5 and an adjusted (false discovery rate) P value <0.05
were classified as differentially expressed genes (DEGs) by
using DESeq2 package (44).

For RT-qPCR assay, the concentrations of purified RNA
samples were determined with the Nanodrop 8000 spec-
trophotometer. Five micrograms of total RNA were reverse
transcribed using Primescript™ first-Strand cDNA synthe-
sis system (TaKaRa, Dalian, China) with an oligo(dT)
primer and cDNA was quantified in real-time PCR using
TB Green Fast qPCR Mix kit (TaKaRa, Dalian, China).
Quantitative PCR reactions were performed in 20 �l in
96-well plates on a ABI QuantStudio™ 5 machine (Ther-
moFisher Scientific, Waltham, USA) and with the follow-
ing cycling conditions: 95◦C/30 s and then 40 cycles of
95◦C/5 s, 60◦C/15 s. All of the measurements were fol-
lowed by melting curve analysis. Results were analyzed
using QuantStudio™ 5 machine (ThermoFisher Scientific,
Waltham, USA). The comparative cycle threshold (CT)
method was used for data analysis and relative fold dif-
ference was expressed as 2−��CT. As an internal control,
primers for FgACTIN were used for each quantitative real-
time PCR analysis. Primer sequences used for RT-qPCR are
listed in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP)-seq and ChIP-
qPCR analyses

ChIP was performed according to a previously described
protocol with minor modifications (45). Briefly, fresh
mycelia of each sample were cross-linked with 1% formalde-
hyde for 10 min. Fixation was stopped with 125 mM
glycine for 5 min. Subsequently, fixed culture samples were
grounded in liquid nitrogen, and re-suspended in 10 ml of

https://fiji.sc/
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nuclear extraction buffer I (0.4 M sucrose, 10 mM Tris–
HCl, pH 8.0, 10 mM MgCl2, 5mM �-mercaptoethanol, 0.1
mM PMSF, 1× protease inhibitor). DNA was sheared into
200–500 bp fragments with 30 s on and 6 min off by using
a Covaris E220 DNA Sonicator (Covaris, Woburn, MA).
After centrifugation, the pellets were suspended in 4 ml of
nuclear extraction buffer II (1.7 M sucrose, 10 mM Tris–
HCl, pH 8.0, 10 mM MgCl2, 1% Triton X-100, 5 mM �-
mercaptoethanol and 1× protease inhibitor). Re-suspended
samples were then centrifuged at 13 000 × g for 15 min
at 4◦C. The resulting pellets were re-suspended in 300 �l
of nuclear lysis buffer (50 mM Tris–HCl, pH 8.0, 10 mM
EDTA, 1% SDS and 1 × protease inhibitor). Samples were
then sonicated by two pulses of 30 s sonication and 1 min
rest. After centrifugation at 4000 × g for 5 min at 4◦C, the
supernatant was transformed into a clear tube, and was
diluted with 10 × ChIP dilution buffer (1.1% Triton X-
100, 1.2 mM EDTA, 16.7 mM Tris–HCl, pH 8.0 and 167
mM NaCl). Immunoprecipitation was conducted using the
monoclonal anti-GFP (ab290, Abcam, Cambridge, UK)
antibody, anti-H3K18ac (39755, Active Motif Inc., Carls-
bad, USA) antibody, or anti-H2BK11ac (ab240613, Ab-
cam, Cambridge, UK) together with the protein A agarose
beads (sc-2003, Santa Cruz, CA, USA). The beads were
subsequently washed by low salt wash buffer, high salt wash
buffer, LiCl wash buffer, and TE buffer. After washing, elut-
ing, reversing the crosslinking, and removing all proteins,
the resulting pellets were re-suspended in 50 �l of distilled
water. DNA was extracted by phenol/chloroform method.
As controls, input DNA was recovered by phenol extrac-
tion after the sonication step. The DNA extracted from
the FgPacC30-GFP ChIP samples was subjected to high-
throughput sequencing on the Illumina Hiseq4000 platform
by BGI (Shenzhen, China). Two biological replicates were
included for each ChIP-seq assay.

For ChIP-seq analysis, 50 bp single-end reads of ChIP-
seq were obtained, and the quality was controlled using
SOAPnuke (v2.1.7) (46). The parameters were used as fol-
lows: remove the reads containing adapters or >1% of un-
known nucleotides (N); delete the reads if there are >40%
bases having a quality value lower than 20. Clean reads were
mapped to the reference genome of Fg strain PH-1 (assem-
bly ASM24013v3) by Bowtie2 (version 2.4.5) with default
parameters. RPKM (reads per kilobase per million mapped
reads) were calculated to normalized reads using bamCom-
pare tool in Deeptools (version 2.4.1) with input DNA as a
control (47–48). Visualization of the average read coverage
over 2 kb upstream and downstream of the TSS was per-
formed by Deeptools. BigWig files generated by Deeptools
were used for visualization in Integrative Genome Viewer
(version 2.8.9) (49).

The PCR primers used for ChIP-qPCR assays are listed
in Supplementary Table S1. Relative enrichment values
were calculated by dividing the amount of immunoprecipi-
tated DNA by the amount of input DNA.

Co-immunoprecipitation and affinity capture-mass spectrom-
etry analysis

For in vivo co-immunoprecipitation (co-IP) assays, con-
structs of targeted genes fused with different markers (GFP,

3 × Flag) were transformed in pairs into the wild-type PH-
1. The resulting transformants were confirmed by western
blot analysis with monoclonal anti-Flag (F1804, Sigma-
Aldrich, St. Louis, MO, USA) and anti-GFP (ab32146,
Abcam, Cambridge, UK). Total proteins from the strain
bearing a pair of fusion constructs were extracted, and
were further incubated with the anti-GFP agarose (Chro-
moTek, Martinsried, Germany) at 4◦C overnight. Proteins
eluted from the agarose were analyzed by western blot
with the anti-FLAG antibody. The protein samples were
also detected with the monoclonal anti-GAPDH antibody
(EM1101, HuaAn Biotech. Ltd., Hangzhou, China) as a
reference. All western blots were recorded and imaged by
Image Quant LAS4000 mini (GE Healthcare, Chicago,
USA). To perform affinity capture-mass spectrometry anal-
ysis, the functional isoform FgPacC (FgPacC30) was tagged
with GFP and transformed into the �FgPacC mutant.
The resulting transformant �FgPacC::FgPacC30-GFP was
used for affinity capture-mass spectrometry analysis as
described previously (31). Furthermore, �FgPacC trans-
formed with GFP fragment was used as a control for ex-
clusion of nonspecific affinity proteins.

Yeast two-hybrid (Y2H) and microscale thermophoresis
(MST) assays

To construct plasmids for yeast two hybrids (Y2H) analysis,
the coding sequence of each gene was amplified from cDNA
of the wild-type strain PH-1 with corresponding primer
pairs indicated in Supplementary Table S1. Each cDNA
fragments were cloned into the yeast GAL4-binding do-
main vector pGBKT7 and GAL4-activation domain vector
pGADT7 (Clontech, Mountain View, CA, USA), respec-
tively. Pairs of Y2H plasmids were co-transformed into S.
cerevisiae strain AH109 following the LiAc/SS-DNA/PEG
transformation protocol. In addition, the plasmid pair
pGBKT7-53 and pGADT7-T was served as a positive con-
trol. The plasmid pair pGBKT7-Lam and pGADT7-T was
used as a negative control. Transformants were grown at
30◦C for 3 days on synthetic medium (SD) lacking Leu and
Trp, and then transferred to SD without His, Leu, Trp and
Ade to assess protein-protein interaction. Three indepen-
dent experiments were assayed to confirm each Y2H result.

Microscale thermophoresis (MST) assays were per-
formed by using Monolith NT.115 (NanoTemper Tech-
nologies, Germany) as described in previous publications
(50). Target proteins were fluorescently labeled with NT-
647-NHS (NanoTemper Technologies) via amine conjuga-
tion. For detecting the binding affinity, 10 �M of fluores-
cently labeled protein in label buffer (130 mM NaHCO3,
50 mM NaCl) was titrated against increasing concentra-
tions of unlabeled ligand. The samples were loaded into
MST premium-coated capillaries (Monolith NT.115 MO-
K005, Germany) and measured at 25˚C with 80% MST
power and and 20% LED power. Data were analyzed using
Nano Temper Analysis Software (NanoTemper Technolo-
gies, Germany).

HAT activity assays

An in vitro histone acetylation assay was carried out fol-
lowing a previous publication with minor modifications
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(51). Briefly, purified histone proteins (H3-His and H2B-
His) was incubated with purified FgGCN5-His protein
in HAT buffer (50 mM pH 8.0 Tris–HCl, 50 mM KCl,
0.1 mM EDTA, 1 mM DTT, 1 mM protease inhibitor,
5% glycerol, and 5 mM acetyl-CoA) in the absence or
presence of increasing concentrations of FgPacC30-His
protein. The resulting reactions were then resolved by
SDS-PAGE and analyzed by western blotting using anti-
H3K18ac (39755, Active Motif Inc., Carlsbad, USA), anti-
H2BK11ac (ab240613, Abcam, Cambridge, UK) antibod-
ies.

Phos-tag analysis

The FgPacC30-Flag fusion construct was transformed into
the wild-type strain PH-1 and the mutant �FgHal4, respec-
tively. Proteins of the resulting strains were resolved on 8%
SDS-polyacrylamide gels supplemented with 25 �M Phos-
binding reagent acrylamide (F4002, APE × BIO) and 100
�M ZnCl2. Gels were first equilibrated three times in trans-
fer buffer containing 5 mM EDTA for 5 min and further
equilibrated in transfer buffer without EDTA twice for 5
min. Proteins from the Zn2+-phos-tag acrylamide gel to the
PVDF membrane were transferred for 4 h at 100 V. Finally,
the transferred membrane was analyzed via western blot-
ting with the anti-Flag antibody.

Electrophoretic mobility shift assay (EMSA) and luciferase
activity assays

For determination of the binding ability of FgPacC30 with
the potential element GCCAR(R = A/G)G, FgPacC30
was amplified and cloned into pET32a vector to generate
the recombinant FgPacC30-His protein in E. coli BL21.
FgPacC30-His was further purified by Ni Sepharose beads
and eluted by imidazole (Supplementary Figure S2). The
biotin-labeled DNA probes were synthesized by GenScript
(Nanjing, China). The EMSA assay was performed using
a LightShift™ Chemiluminescent EMSA Kit (20148, Ther-
mofisher, USA) following the manufacturer’s instruction
(52). Briefly, purified FgPacC30-His was mixed with biotin-
labeled or competitive probes, and then inoculated for 20
min at 25◦C. The reaction mixtures were separated on a 6%
polyacrylamide mini gel for 90 min, and then transferred
to a positively charged nylon membrane (Millipore, USA).
Signals were visualized using Image Quant LAS4000 mini
(GE Healthcare, Chicago, USA).

For luciferase activity assay, the promoter fragments of
FgNPS6, FgSID1, FgMIRB, FgSIT1, FgHAPX and
FgSREA were cloned into LUC reported plasmid
pICSL86900. The full-length sequence of FgPacC30-
GFP was inserted into pICH86988 vector. The resulting
constructs were transformed into Agrobacterium GV3101
cells, and then co-expressed or separately expressed in
Nicotiana benthamiana. To capture LUC images, N.
benthamiana leaves were sampled after infiltration at 48
hours. The samples were incubated with 1 mM luciferin
substrate (Biovision, San Francisco, America), and then
photographed under a Tanon-6600 Multi Chemilumines-
cent Imaging System (Tanon, Shanghai, China). The LUC
activity of each sample was quantified with a Promega
GloMax Navigator microplate luminometer.

Bimolecular fluorescence complementation (BiFC) assay

The FgPacC30-CYFP fusion constructs were constructed
by cloning the fragments into pHZ68. Meanwhile, the
FgHal4-NYFP or FgGcn5-NYFP fusion constructs were
generated by cloning the related fragments into pHZ65. A
pair of FgPacC30-CYFP and FgHal4-NYFP or FgGcn5-
NYFP constructs was co-transformed into the protoplasts
of wild type PH-1. YFP signals were examined under a
Zeiss LSM710 confocal microscope (Gottingen, Nieder-
sachsen, Germany). The nuclear localization was confirmed
by simultaneous nuclear staining with 4′-6-Diamidino-2-
phenylinodle (DAPI).

RESULTS

Fg infection provokes iron accumulation in wheat tissues

Alkalinization of host tissues has been reported from sev-
eral hemibiotrophic pathogens including Colletotrichum
species and Fusarium oxysporum to increase their infec-
tious potential and suppress host immunity during the early
biotrophic stages of infection (53–55). Thus, we initiated
this project to investigate the pH changes during Fg infec-
tion. Firstly, we adapted a bioassay in plates containing dif-
ferent pH indicators, and observed significant extracellu-
lar alkalinization surrounding the wheat seedling leaves and
roots infected with Fg (Supplementary Figure S3). By using
a previously reported apoplastic pH fluorescent indicator 8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS)
(37,38), we found that pH upshifts in the apoplast of wheat
seedling leaves started at 48 hours post-inoculation (hpi),
and increased significantly at 120 hpi (Figure 1A, B). Then,
we sought to monitor the pH dynamics in the apoplastic
fluids from wheat tissues over time in response to Fg infec-
tion with a pH electrode. At 48 hpi, the pH in the apoplast
of wheat heads and seedling leaves presented a slight upshift
with an average of 5.3 ± 0.3 and 5.6 ± 0.3, respectively (Fig-
ure 1C). The pH values increased rapidly after 48 hpi, and
reached 7.9 ± 0.4 and 8.3 ± 0.1 at 120 hpi for the infected
wheat heads and seedling leaves, respectively (Figure 1C). In
contrast, the apoplastic pH of uninfected controls remained
at 4.9–5.0 ± 0.3 at 120 hpi (Figure 1C). These data indicate
that Fg infection is able to induce rapid extracellular alka-
linization in wheat tissues during 48–120 hpi, which verifies
the previous finding from F. oxysporum and Colletotrichum
spp.

To explore potential effects of host alkalinization on Fg
pathogenesis, we investigated transcription profiling using
the RNA-sequencing (RNA-seq) approach for Fg in vitro
(representing 0 hpi) and in planta at 24, 48 and 120 hpi,
respectively. Principle component analysis showed that the
transcriptomes of Fg grown in planta at acid conditions (at
24 or 48 hpi) were more similar to each other, but differ-
ent from that at alkaline pH condition (at 120 hpi) (Sup-
plementary Figure S4A, B), implying a transcriptional re-
programming in Fg during host alkalinization. Next, we
analyzed the genes whose expressions were significantly
changed during plant alkalinization. Interestingly, gene on-
tology (GO) enrichment analysis showed that the expres-
sion levels of genes related to iron acquisition pathways,
including siderophore metabolism and transport, as well
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Figure 1. F. graminearum infection provokes host alkalinization. (A) Time-course images of pH upshifts in the apoplast of wheat seedling leaves during
F. graminearum (Fg) infection. HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt) staining showed the apoplastic pH changes of wheat seedling
leaves inoculated with Fg at 24, 48 and 120 h post-inoculation (hpi). Ratiometric images taken by using a confocal indicate the intensity of 458 nm divided
by the intensity of 405 nm for each pixel. Scale bar: 20 �m. (B) Quantification of the intensity of 458/405 nm values in wheat seedling leaves inoculated with
Fg at 24, 48 and 120 hpi. Data are presented as the mean ± standard deviation from three biological replicates. Different letters (a, b) represent significant
differences statistically according to the one-way ANOVA followed by Fisher’s LSD test (P < 0.05). (C) The pH levels in apoplastic fluid samples from the
palea tissues of wheat spikelets and seedling leaves at different time points after inoculation with Fg. Data are presented as the mean ± standard deviation
from six replicates for each time point.

as reductive iron assimilation (RIA), were suppressed at
120 hpi as compared with those at 24 and 48 hpi (Fig-
ure 2A). Previous studies have shown that the siderophore-
mediated iron uptake is the major pathway for fungal
iron acquisition in Fg (56,57). Therefore, we generated
the deletion mutants of the key siderophore biosynthe-
sis (FgNPS6 and FgSID1) and transport genes (FgSIT1
and FgMIRB), and found that all of these Fg mutants
exhibited defects in iron uptake (Supplementary Figure
S5), confirming previous findings (56,57). Then, we fur-
ther examined the expression of these iron uptake genes
at 24, 48 and 120 hpi by quantitative reverse transcrip-
tion PCR (RT-qPCR) (Figure 2B), and found that they
were transcriptionally repressed during plant alkalinization
(48–120 hpi). Collectively, these results indicate the expres-
sion of iron uptake genes in Fg are suppressed during host
alkalinization.

Previous studies in filamentous fungi have showed that
expression of iron uptake genes were inhibited under high-
iron stress (58). Given that the expression of iron uptake
genes in Fg are suppressed after 48 hpi, we proposed that
Fg might face high-iron stress during its infection. To test
this hypothesis, we determined iron dynamics in wheat tis-
sues in response to Fg infection by using the Fe2+ indica-
tor FeRhoNox™-1. As shown in Figure 2C and Supplemen-
tary Figure S6, abundant iron significantly accumulated in
the apoplast of wheat seedling leaves at 48 to 120 hpi, but
not at 24–48 hpi. Furthermore, we determined the apoplas-
tic iron content of wheat seedling leaves at 24, 48 and 120
hpi. The iron concentration accumulated approximately to
5 mM at 120 hpi that was significantly higher than those at
24 and 48 hpi (Figure 2D). Taken together, these data re-
veal that Fg infection provokes iron accumulation in wheat
tissues.

Previous studies have reported that many plants are able
to locally accumulate iron to inhibit pathogen infectious
growth (5,10,11). To further evaluate effects of high-iron
stress on Fg growth during its infection under different pH
levels, the wild-type strain PH-1 was grown on solid high-
iron media (5 mM Fe2+) buffered to pH 4.0, 6.5 and 8.0, re-
spectively. Unexpectedly, Fg growth was inhibited on solid
high-iron media at pH 4.0 and 6.5 conditions; however, Fg
was hypertolerance to high-iron stress under pH 8.0 condi-
tion (Figure 3A). These results support a mechanism for Fg
to tolerate high-iron stress under alkaline host environment
during infection.

FgPacC serves as a major regulator for high-iron stress re-
sponse in Fg under alkaline host environment

Next, we aimed to elucidate regulatory mechanisms of
Fg adaption to high-iron stress under alkaline host envi-
ronment. As previously reported in filamentous fungi As-
pergillus spp. and Alternaria alternata, two transcription
factors SreA and HapX serve as key regulators for fun-
gal adaption to iron excess (59–62). Therefore, we gener-
ated FgHAPX and FgSREA deletion mutants, and deter-
mined their sensitivity to high-iron stress at different pH lev-
els. Phenotypic analysis showed that FgHapX- or FgSreA-
deficiency rendered Fg more susceptible to high-iron stress
than wild-type PH-1 only under acid or neutral conditions,
but not at alkaline pH condition (Figure 3A, B), indicating
that Fg may contain a FgHapX- and FgSreA-independent
regulatory mechanism mediating response of the pathogen
to high-iron stress during plant alkalinization.

From the transcriptome data and RT-qPCR assay, we
found that expression of the pH responsive transcrip-
tional regulator FgPACC (FGSG 12970) was induced dur-
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Figure 2. The expression of iron uptake genes in F. graminearum is repressed during host alkalinization. (A) Hierarchical clustering of 21 iron uptake
genes at 120 hours post-inoculation (hpi) as compared with those at 24 or 48 hpi. Colors represented the log2(FPKM + 1) of the iron uptake genes (upper
panel). A list of GO terms enriched in the clusters is shown (lower panel). (B) Expression of FgMIRB, FgSIT1, FgNPS6 and FgSID1 at 24, 48, and 120 hpi
was evaluated by RT-qPCR using FgACTIN gene as the internal control. Expression of each iron uptake gene at 24 hpi was set as 1.0. Data are presented
as the mean ± standard deviation from three biological replicates. Different letters (a, b and c) represent significant differences statistically according
to the one-way ANOVA followed by Fisher’s LSD test (P < 0.05). (C) Time-course images of the iron accumulation in wheat seedling leaves during Fg
infection. FeRhoNox™-1 (red fluorescence) staining showed ferrous iron (Fe2+) accumulation in the apoplasts of wheat seedling leaves. Scale bar: 20 �m.
(D) Ferrous iron (Fe2+) contents in apoplastic fluid samples from wheat seedling leaves inoculated with Fg at 24, 48 and 120 hpi. Data are presented as the
mean ± standard deviation from three biological replicates. Different letters (a, b) represent significant differences statistically according to the one-way
ANOVA followed by Fisher’s LSD test (P < 0.05).

ing host alkalinization (48–120 hpi) (Figure 3C). We there-
fore generated the FgPACC knock out mutant �FgPacC
and found that the mutant exhibited significantly increased
sensitivity to high-iron stress at alkaline pH condition
(Figure 3A, B; Supplementary Figure S1). To elucidate
whether FgPacC controls the expression of iron uptake
genes in Fg, we profiled the transcriptome of �FgPacC
at pH 8.0 condition, and found that iron uptake related
genes, encoding for siderophore metabolism and trans-
port proteins, iron permease, and RIA (reductive iron
assimilation) proteins were significantly up-regulated in
the mutant (Figure 3D). RT-qPCR assays confirmed that
the transcript levels of key iron uptake genes, FgNPS6,
FgSID1, FgSIT1 and FgMIRB, were significantly increased
in �FgPacC under alkaline condition (Figure 3E). Col-
lectively, these results indicate that FgPacC could repress
the expression of iron uptake genes in Fg, thus conferring
the adaption of the fungus to high-iron stress at alkaline
pH condition.

In order to determine whether FgPacC-dependent high-
iron resistance during plant alkalinization is important for
fungal virulence of Fg, we examined the pathogenicity of
�FgPacC. The results showed that the disease index of
�FgPacC on wheat spikelets was significantly decreased as
compared with those of the wild-type PH-1 and comple-
mentary strain �FgPacC::FgPacC (Figure 3F, G). More-
over, we also found that the lesion area on wheat seedling
leaf caused by �FgPacC was significantly reduced at 120
hpi, but not at 48 hpi (Figure 3H). Taken together, these
findings indicate that FgPacC is required for full virulence
of Fg.

FgPacC is cleaved into a functional isoform during plant al-
kalinization, that binds to the promoters of iron uptake genes
of Fg

Previous studies have revealed that fungal PacC must un-
dergo alkaline pH-dependent proteolytic cleavage into the
functional isoform, and thereby translocating into nucleus
and orchestrating the cellular response to pH upshifts (63).
To examine the processing and subcellular localization of
FgPacC in Fg, GFP was fused to the N-terminal of Fg-
PacC driven by the FgPacC native promoter. The result-
ing GFP::FgPACC construct was then transformed into
the �FgPacC mutant to generate the complementary strain
�FgPacC::GFP-FgPacC. We found that GFP-FgPacC was
rapidly translocated into nucleus, and cleaved into a 30-
kDa active form (named FgPacC30 thereafter) under alka-
line pH condition (Supplementary Figure S7A, B), similar
to the size reported for other fungi (63,64). To character-
ize functions of the isoform FgPacC30, we complemented
the mutant �FgPacC with FgPacC30 fused with GFP un-
der the control of its native promoter to construct a com-
plementary strain �FgPacC::FgPacC30-GFP. Phenotypic
assays showed that FgPacC30-GFP was exclusively local-
ized to the nucleus even at acidic conditions, and could
fully complement the defects of �FgPacC in high-iron re-
sistance under alkaline condition (Supplementary Figure
7A, C). Bioinformatic analysis revealed that a predicted nu-
clear localization sequence (NLS) was located in the N-
terminal of FgPacC30. To evaluate whether the nuclear lo-
calization is essential for FgPacC30 function, we comple-
mented �FgPacC with a mutated FgPacC30-GFP with-
out the NLS domain (�FgPacC::FgPacC30�NLS-GFP). As
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Figure 3. FgPacC mediates high-iron resistance by repressing the expression of iron uptake genes during fungal infection. (A) �FgPacC exhibited increased
sensitivity to high-iron stress at pH 8.0. The sensitivity of wild-type PH-1, the mutants (�FgPacC, �FgHapX, and �FgSreA), and the complementary
strains (�FgPacC::FgPacC, �FgHapX::FgHapX, and �FgSreA::FgSreA) to high-iron stress was determined at pH4.0, 6.5 or 8.0. A five-mm mycelial
plug of each strain was incubated for three days on minimal medium (MM) supplement with or without 5 mM Fe2+ at pH 4.0, 6.5 or 8.0. (B) Mycelial
inhibition by the high-iron stress relative to each untreated control was calculated for each strain at pH 4.0, 6.5 and 8.0, respectively. Data are presented
as the mean ± standard deviation from four biological replicates. Different letters (a, b and c) represent significant differences statistically according to
the one-way ANOVA followed by Fisher’s LSD test (P < 0.05). (C) Expression of FgPACC at 24, 48 and 120 hpi was evaluated by RT-qPCR using
FgACTIN gene as the internal control. FgPACC expression at 24 hpi was set as 1.0. Data are presented as the mean ± standard deviation from three
biological replicates. Different letters (a, b and c) represent significant differences statistically according to the one-way ANOVA followed by Fisher’s LSD
test (P < 0.05). (D) Heatmap showed the iron uptake genes regulated by FgPacC in the mutant �FgPacC as compared to those the wild-type PH-1 in
RNA-seq assays. Colors represented the log2(FPKM + 1) of the differentially expressed iron uptake genes. Yellow color indicates relatively high expression,
and green color indicates relatively low expression. (E) The expression levels of iron uptake genes were evaluated by RT-qPCR in the wild-type PH-1 and
the mutant �FgPacC at pH 8.0 using FgACTIN gene as the internal control. Expression of each iron uptake gene in wild-type PH-1 was set as 1.0. Data
are presented as the mean ± standard deviation from three biological replicates. Statistical significance compared to the wild-type PH-1 was determined
using Student’s t-test (**P < 0.01). (F) Virulence of the wild-type PH-1, the mutant �FgPacC, and the complementary strain �FgPacC::FgPacC were
evaluated on wheat heads. Images of infected wheat heads were photographed at 14 dpi (left panel). The mean and standard deviation of the disease index
of each strain were estimated with data from three independent replicates (right panel). Different letters (a, b) represent significant differences statistically
according to the one-way ANOVA followed by Fisher’s LSD test (P < 0.05). (G) Cross-sections of inoculated and adjacent wheat spikelets. Spikelets were
infected with PH-1::FgActin-RFP or �FgPacC::FgActin-RFP. The samples were taken at 7 dpi. Inoculated spikelets are indicated with white arrows. (H)
Virulence of the wild-type PH-1, the mutant �FgPacC, and the complementary strain �FgPacC::FgPacC were evaluated on seedling leaves. Images of
infected seedling leaves were photographed at 120 hpi (left panel). Lesion area caused by each strain was measured at 48 hpi and 120 hpi, respectively
(right panel). Data are presented as the mean ± standard deviation from three biological replicates. Different letters (a, b) represent significant differences
statistically according to the one-way ANOVA followed by Fisher’s LSD test (P < 0.05).
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shown in Supplementary Figure 7C, FgPacC30�NLS-GFP
was unable to accumulate in the nucleus, and the strain
�FgPacC::FgPacC30�NLS-GFP lost the function of high-
iron resistance at alkaline pH condition. Therefore, these
results indicate that the proteolytic cleavage and nuclear lo-
calization of FgPacC is required for high-iron resistance of
Fg under alkaline host environment.

Next, we performed chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) assay with
�FgPacC::GFP-FgPacC under acidic (pH 4.0) and
alkaline (pH 8.0) conditions. The results showed that
GFP-FgPacC was significantly enriched at the promot-
ers of iron uptake genes FgNPS6, FgSID1, FgSIT1,
FgMIRB, FgSIDF and FgFETC at pH 8.0, but not at
pH 4.0 (Figure 4A), indicating that FgPacC binds to the
promoters of iron uptake genes at alkaline condition. Since
FgPacC undergoes a C-terminal cleavage and nuclear
translocation at alkaline condition, we further examined
whether the FgPacC30 isoform could direct bind to the
promoters of iron uptake genes. ChIP-qPCR assays with
�FgPacC::FgPacC30-GFP revealed that the functional
isoform FgPacC30 could bind to the promoters of iron
uptake genes, at both pH 4.0 and pH 8.0 conditions (Figure
4B). Dual-LUC assays verified the binding of FgPacC30
with the promoters of these iron uptake-related genes in
planta (Supplementary Figure S8). To further evaluate
whether other iron uptake-related genes are also regulated
by FgPacC30, we performed a genome-wide ChIP-Seq
assay with �FgPacC::FgPacC30-GFP, and found that
FgPacC30 bound to the promoter regions of 14 genes
involved in fungal iron uptake (Supplementary Figure S9).

Previous studies showed that the functional PacC isoform
could bind to a cis-element GCCAR(R = A/G)G (65,66).
The multiple EM for motif elicitation (MEME) analy-
sis showed that all of these FgPacC-targeted iron uptake-
related genes harbor this conserved PacC-binding cis-
element (Figure 4C). Therefore, we purified the functional
form FgPacC30 fused with 6 × His (named FgPacC30-
His) to detect its binding ability to this consensus by using
EMSA. As shown in Figure 4D, FgPacC30-His was able
to bind to 6 × GCCAR(R = A/G)G, whereas excess unla-
beled fragments blocked the binding, underlining specificity
of the binding of FgPacC30 with GCCAR(R = A/G)G.
Moreover, microscale thermophoresis (MST) analysis fur-
ther verified the binding of FgPacC30 with 6 × GC-
CAR(R = A/G)G element (Figure 4E). Taken together,
these results indicate that FgPacC30 directly binds to the
GCCAR(R = A/G)G element at the promoters of genes
involved in iron uptake and suppresses their transcription.

FgPacC30 binds to FgGcn5 and downregulates histone acety-
lation in Fg

To understand the molecular mechanism of FgPacC30 in
repressing the expression of iron uptake-related genes, we
tried to identify FgPacC30-interacting proteins in Fg by
performing the affinity capture assay using FgPacC30-GFP
as a bait. The wild-type strain PH-1 expressing GFP was
used as a negative control. Given that FgPacC30 is local-
ized to nucleus and represses gene expression, we scanned
for the FgPacC30-interacting proteins that are potentially

nuclear localized. Among the 41 candidates, we found
that FgPacC30 might interact with FgGcn5, a homolog
of S. cerevisiae Gcn5 (Supplementary Table S2), which
is a catalytic subunit of SAGA complex. The association
of FgPacC30 with FgGcn5 was further confirmed via co-
immunoprecipitation (co-IP) and yeast two hybrids (Y2H)
(Figure 5A, B). MST tests also revealed a strong binding
affinity of FgPacC30 with FgGcn5 (Figure 5C). Moreover,
the bimolecular fluorescence complementation (BiFC) as-
says showed that functional isoform FgPacC30 interacted
with FgGcn5 in the nucleus (Figure 5D).

Because FgPacC30 physically interacted with FgGcn5,
we next examined the effect of FgPacC deletion on FgGcn5-
mediated histone acetylation in Fg. As reported previously,
FgGcn5 is essential for acetylation of H3K18 and H2BK11
(named as H3K18ac and H2BK11ac, respectively) (26).
Therefore, we evaluated H3K18ac and H2BK11ac lev-
els in �FgPacC. Notably, we found that H3K18ac and
H2BK11ac levels were enhanced in �FgPacC as compared
to those in the wild-type PH-1 (Figure 5E). Moreover, Y2H
assays showed that the acetyltransferase (HAT) domain of
FgGcn5 was required for its interaction with FgPacC30
(Supplementary Figure S10). These results imply that Fg-
PacC30 may directly inhibit the HAT activity of FgGcn5,
and subsequently reduce histone acetylation. To verify this
possibility, we evaluated the effect of FgPacC30 on the
acetyltransferase activity of FgGcn5 on histone protein H3
and H2B in vitro. The FgGcn5-, H3-, and H2B-6 × His
proteins were purified with a Ni-NTA column. As shown
in Figure 5F, FgGcn5 was able to catalyze the acetylation
of H3K18 and H2BK11. Importantly, both the levels of
H3K18ac and H2BK11ac were notably decreased in the
presence of FgPacC30 at different molar ratios (3×, and
6 × in relative to FgGcn5) (Figure 5F), indicating that Fg-
PacC30 was able to directly inhibit the HAT activity of Fg-
Gcn5 in vitro. Taken together, these results demonstrate that
FgPacC30 binds FgGcn5 to deregulate the histone acetyla-
tion in Fg.

FgPacC30 represses expression of iron uptake genes by re-
ducing FgGcn5-mediated histone acetylation during infection

To investigate the potential roles of FgGcn5-mediated hi-
stone acetylation in expression of iron uptake genes, we
generated the deletion mutants of FgGcn5, and found
that �FgGcn5 showed the defects of global acetylation of
H3K18 and H2BK11 (Supplementary Figure S11A). ChIP-
qPCR assays showed that the lack of FgGcn5 led to sig-
nificantly decreased H3K18ac or H2BK11ac enrichments
at the promoters of iron uptake genes (FgNPS6, FgSID1,
FgSIT1 and FgMIRB) as compared to those of the wild
type under alkaline and high-iron condition (Figure 6A).
Accordingly, RT-qPCR results showed that the deletion of
FgGcn5 led to the low expression levels of these iron up-
take genes under alkaline and high-iron conditions (Sup-
plementary Figure S11B). Collectively, these results suggest
that FgGcn5-mediated histone acetylation contributes to
the transcriptional activation of iron uptake genes in Fg.

As reported in S. cerevisiae, Gcn5 forms a HAT module
with Ada2 and Ada3, which is required for the SAGA’s nu-
cleosomal HAT activity (67–69). In vivo co-IP and in vitro
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Figure 4. FgPacC30 binds to a conserved motif GCCAR(R = A/G)G at the promoters of genes involved in iron uptake. (A, B) ChIP-qPCR assays
revealed the enrichment of GFP-FgPacC (A) and FgPacC30-GFP (B) at the promoters of the FgNPS6, FgSID1, FgSIT1, FgMIRB, FgSIDF and FgFETC
genes at pH 4.0 and pH 8.0. ChIP- and input-DNA samples were quantified by quantitative PCR assays with the primer pair indicated in Supplementary
Table S1; rabbit IgG was used as a negative control. Data are presented as the mean ± standard deviation from three biological replicates. Statistical
significance compared to lgG was determined using Student’s t-test (ns: not significant, **P < 0.01). (C) Identification of FgPacC30 binding motifs by
using the multiple EM for motif elicitation (MEME) program. The identified binding cis-element in iron metabolism genes were indicated in the black
square. (D) FgPacC30 bound to the cis-element GCCAR(R = A/G)G in electrophoretic mobility shift assay (EMSA). The binding of PacC30-His with
the biotin-labeled 6 × GCCAAG or 6 × GCCAGG was determined by EMSA. The 100-fold excess of unlabeled element was used as competitors. (E)
Microscale thermophoresis (MST) assays showed the binding of FgPacC30 with 6 × GCCAAG or 6 × GCCAGG. The dissociation curve was fit to the
data to calculate the Kd values. Data are presented as the mean ± standard deviation from three repeated experiments.

MST assays showed that both FgAda2 and FgAda3 can
interact with FgGcn5 (Supplementary Figure S11C, D).
FgAda2 and FgAda3 deletion mutants showed similar de-
fects with �FgGcn5 in histone acetylation at H3K18 and
H2BK11 (Supplementary Figure S11A). RT-qPCR assays
also revealed that both FgAda2 and FgAda3 promoted ex-
pression of iron uptake genes under alkaline and high-iron
condition (Supplementary Figure S11E). These results in-
dicate that SAGA complex plays an important role in tran-
scriptional regulation of iron uptake genes in Fg.

Given that FgGcn5-mediated H3K18ac and H2BK11ac
are associated with expression of iron uptake genes, and
FgPacC30 is able to inhibit the HAT activity of FgGcn5,
we speculated that FgPacC represses these genes expres-
sion through its inhibition on FgGcn5-mediated histone
acetylation. To test this hypothesis, we determined im-
pact of FgPacC deletion on H2BK11ac and H3K18ac en-
richment at the key iron uptake genes, FgNPS6, FgSID1,
FgSIT1 and FgMIRB. The results showed that, compared
with the wild-type PH-1, �FgPacC exhibited significantly
higher enrichments of H3K18ac and H2BK11ac in these
iron uptake genes after incubation for 6 and 9 h under al-
kaline and high-iron conditions, but showed no obvious
changes under acidic and low-iron conditions (Figure 6A),
indicating that FgPacC downregulates the histone acety-
lation on iron uptake genes under alkaline and high-iron
condition. Next, we generated the double deletion mutant
(�FgPacC + FgGcn5) and the RT-qPCR assays showed
that the expression levels of iron uptake genes were signif-
icantly decreased in �FgGcn5 and �FgPacC + FgGcn5
as compared with those in wild-type PH-1 at alkaline and
high-iron conditions (Supplementary Figure S11B). ChIP-

qPCR assays also revealed that both �FgPacC + FgGcn5
and �FgGcn5 exhibited similar decreased enrichments of
H3K18ac and H2BK11ac at iron uptake genes (Figure 6A).
Collectively, these findings support that FgPacC suppresses
iron uptake genes expression under alkaline and high-iron
conditions through inhibition of FgGcn5-mediated his-
tone acetylation at iron uptake genes. Notably, although
�FgGcn5 and �FgPacC + FgGcn5 displayed significantly
decreased sensitivity to high-iron stress under alkaline con-
dition as compared with �FgPacC, they exhibited stronger
defects in mycelial growth without high-iron treatment
(Supplementary Figure S11F). Moreover, �FgGcn5 and
�FgPacC + FgGcn5 displayed stronger defects in viru-
lence on wheat heads than �FgPacC (Supplementary Fig-
ure S11G), indicating that FgGcn5 may have both positively
and negatively regulatory roles in mycelial growth and vir-
ulence, acting downstream of FgPacC.

To gain further insight into function of FgPacC in reg-
ulating histone acetylation during Fg infection, we per-
formed genome-wide ChIP-seq to profile the chromatin
landscape of H2BK11ac and H3K18ac in the wild-type PH-
1 and the mutant �FgPacC inoculated in wheat heads at
120 hpi, and found that the accumulation of H2BK11ac
and H3K18ac signals was globally more pronounced in
�FgPacC than those in wild-type PH-1 (Figure 6B, C).
In addition, both H2BK11ac and H3K18ac were predom-
inately deposited around 5′ region of genes in Fg (Figure
6B, C). These results reveal that FgPacC inhibited histone
acetylation during Fg infection. Next, we compared the
H2BK11ac and H3K18ac signals at the iron uptake genes in
�FgPacC and wild-type PH-1. As shown in Figure 6D, all
of the 21 iron uptake genes displayed significantly increased
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Figure 5. FgPacC30 binds to FgGcn5 and downregulates histone acetylation at H2BK11 and H3K18. (A) The association of FgPacC30 with FgGcn5 was
verified via in vivo co-IP assay. Total proteins for each sample were extracted from each strain expressing FgPacC30-GFP with or without FgGcn5-Flag.
The immune complexes were pulled down using anti-Flag agarose beads and immunoblotted with an anti-GFP and an anti-Flag antibody. GAPDH used
as the loading control. (B) FgPacC30 interacted with FgGcn5 in Y2H assay. Serial dilutions of the yeast cells were plated on synthetic defined (SD) medium
lacking leucine (L), tryptophan (T), histidine (H), and adenine (A) (SD-L-T-H-A). The yeast strain containing pGBKT7-53 and pGADT7 was used as a
positive control, whereas that containing pGBKT7-Lam and pGADT7 was used as a negative control. (C) Microscale thermophoresis (MST) assays showed
the binding of FgPacC30 with FgGcn5. The dissociation curve was fit to the data to calculate the Kd values. Data are presented as the mean ± standard
deviation from three repeated experiments. (D) FgPacC30 interacted with FgGcn5 in the nucleus in bimolecular fluorescence complementation (BiFC)
assay. The nuclear localization was confirmed by simultaneous nuclear staining with 4′-6-diamidino-2-phenylinodle (DAPI). Bar: 10 �m (upper panel).
Colocalization of proteins was analyzed by line-scan graph analysis. The white arrow indicates the analyzed area. y axis: the intensity of YFP and DAPI
signals quantified with ImageJ; x axis: the distance (�m) (lower panel). (E) FgPacC inhibited FgGcn5-mediated histone acetylation in Fg. Effect of FgPacC
deletion on H3K18ac and H2BK11ac levels was determined by western blotting using anti-H3K18ac and anti-H2BK11ac antibodies. H3 protein was used
as the loading control. The intensity of H3K18ac or H2BK11ac band from the wild-type PH-1 grown in MM was set as 1.00; and the relative intensity of
H3K18ac or H2BK11 band from each treatment was quantified with ImageJ. (F) In vitro assay evaluating the inhibition of FgPacC30 against the HAT
activity of FgGcn5 on H2BK11 and H3K18. Purified H3- or H2B-6 × His was incubated with FgGcn5-6 × His in HAT buffer in the absence or presence
of FgPacC30 at different molar ratios (3 × or 6 × FgPacC30-His in relative to FgGcn5). The relative intensity of H3K18ac (left upper panel) or H2BK11
(right upper panel) band of each reaction was quantified with ImageJ. The band from the control reaction (only H3- or H2B-6 × His in HAT buffer) was
set as 1.00. Protein loading control is shown by coomassie blue staining (left and right lower panels).

enrichments of H2BK11ac and H3K18ac in �FgPacC as
compared to those of the wild type. These results support
the model that FgPacC represses iron uptake genes expres-
sion during Fg infection through its inhibition of FgGcn5-
mediated histone acetylation.

Ser137 of FgPacC30 determines its binding to FgGcn5

Zinc-fingers (ZnFs) are known as specific modules for
protein-protein and protein-DNA interaction (70). Do-
main analysis indicates that FgPacC contains three C2H2-
type zinc finger domains (ZnF1, ZnF2 and ZnF3) in the

N-terminal of FgPacC protein (Figure 7A). Y2H assays
showed that the ZnF3 domain is necessary for interaction
of FgPacC30 with FgGcn5 (Figure 7B). Next, we tried to
define the fragment within the ZnF3 domain that is re-
quired for the interaction of FgPacC30 with FgGcn5. Based
on the sequence of ZnF3 domain from different PacC ho-
mologues in Pezizomycotina, we identified a highly con-
served fragment ZnF3 (133–143) corresponding to amino
acid residues 133–143 of FgPacC (Figure 7D). Previous
studies in yeast have shown that Gcn5 can target the se-
quences with an S-x-K-K/R-P motif (71). Notably, this pu-
tative Gcn5-binding motif (SFKRP, amino acid residues
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Figure 6. FgPacC30 inhibits FgGcn5-mediated histone acetylation during fungal infection. (A) ChIP-qPCR assays showed the H3K18ac and H2BK11ac
deposition at the promoters of iron uptake genes, FgNPS6, FgSID1, FgSIT1, and FgMIRB in the wild-type PH-1, �FgPacC, �FgGcn5, and the double
deletion mutant (�FgPacC + FgGcn5). Each strain was cultured in minimal medium (MM) under acidic and low-iron (0.04 mM Fe2+, pH 4.0) conditions,
and then subsequently incubated in MM under alkaline and high-iron (5 mM Fe2+, pH 8.0) conditions for 6 h and 9 h. ChIP- and input-DNA samples
were quantified by quantitative PCR assays. Data are presented as the mean ± standard deviation from three biological replicates. Statistical significance
was determined using one-way ANOVA followed by Fisher’s LSD test (ns: not significant, *P < 0.05, **P < 0.01). (B) Accumulation of H2BK11ac and
H3K18ac were globally enhanced in �FgPacC as compared to those in the wild-type PH-1 inoculated on wheat heads at 120 hpi. Heatmaps showing the
H2BK11ac and H3K18ac signals around the TSS (Transcription Start Site) of all tested genes in PH-1 and �FgPacC. The H2BK11ac and H3K18ac signals
along TSS from –2 to + 2 kb are shown. (C) Profiles of global H2BK11ac and H3K18ac signals around TSS in PH-1 and �FgPacC. The ChIP signals were
calculated as log2(IPRPKM/InputRPKM) for each 10 bp. (D) Representative examples of iron uptake genes showing enhanced enrichment of H2BK11ac or
H3K18ac in the mutant �FgPacC than those in the wild-type PH-1. ChIP-seq data from two biological replicates (ip1 and ip2) were shown in the figure
for �FgPacC and the wild-type PH-1 in the IGV (Integrative Genomics Viewer) browser. The ChIP signals were calculated as log2(IPRPKM/InputRPKM)
for each 10 bp. Blue boxes with white arrows represent the open reading frames of iron uptake genes.

137–141) is localized in the ZnF3 (133–143) fragment of
FgPacC30. Therefore, we proposed that SFKRP motif
might mediate the FgPacC30-FgGcn5 interaction. To ver-
ify this hypothesis, we synthesized the ZnF3 (133–143)
peptide and performed in vitro MST assays. As shown
in Figure 7C, we observed a strong binding affinity of
ZnF3 (133–143) with FgGcn5, indicating that this SFKRP-
containing region is sufficient for FgGcn5-FgPacC30 in-
teraction. Moreover, Y2H assays showed that the trun-
cated FgPacC30�SFKRP was unable to interact with Fg-
Gcn5 (Figure 7B). To further test whether SFKRP mo-
tif is necessary for FgPacC30 function, we complemented

�FgPacC with a mutated FgPacC30�SFKRP. The resulting
strain �FgPacC::FgPacC30�SFKRP exhibited ∼51% inhibi-
tion of mycelial growth, but �FgPacC::FgPacC30 showed
no inhibition by high-iron stress at pH 8.0 condition (Figure
7E), indicating that FgPacC30�SFKRP was unable to restore
the defect of �FgPacC in the high-iron stress tolerance un-
der alkaline condition. Taken together, these results suggest
that the SFKRP motif is essential for the interaction of Fg-
PacC30 with FgGcn5.

Given that the ZnF domains may function as DNA-
binding motifs that regulate genes expression, and ZnF3
(133–143) of FgPacC30 directly interacts with FgGcn5,
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Figure 7. Ser137 of FgPacC30 is required for its interaction with FgGcn5. (A) Schematic view of the typical C2H2-type zinc fingers domain ZnF3 containing
a SFKRP motif in the N-terminal of FgPacC. (B) Fine mapping of the FgGcn5-binding region in FgPacC30. Y2H assay revealed that a S137A substitution
within the SFKRP motif led to disassociation of FgPacC30 with FgGcn5. Serial dilutions of the yeast cells were plated on synthetic defined (SD) medium
lacking leucine (L), tryptophan (T), histidine (H), and adenine (A) (SD-L-T-H-A). The yeast strain bearing pGBKT7-53 and pGADT7 was used as a
positive control, whereas the strain containing pGBKT7-Lam and pGADT7 was used as a negative control. (C) S137 of FgPacC30 is the key residue
required for the interaction with FgGcn5. Microscale thermophoresis (MST) assays showed FgGcn5 bound with ZnF3 (133–143) (FCGKSFKRPQD)
but not with the mutated ZnF3(133–143)S137A (FCGKAFKRPQD) of FgPac30. The dissociation curve was fit to the data to calculate the Kd values.
Data are presented as the mean ± standard deviation from three repeated experiments. (D) S137 of FgPacC30 is conserved in Sordariomycetes, while a
S137A substitution was widespread in Leotiomycetes and Eurotiomycetes fungi. The phylogenetic tree was constructed based on the amino acid sequences
of RPB2 from 13 Pezizomycotina fungal species with Mega 5.0 using the neighbor-joining method. (E) Determination of sensitivity of the wild-type PH-1,
�FgPacC::FgPacC30�SFKRP, �FgPacC::FgPacC30S137A, and �FgPacC::FgPacC30 to high-iron stress at pH 8.0. (F) Microscale thermophoresis (MST)
assay showed that the ZnF3 (133–143) domain of FgPac30 was unable to bind to the cis-element GCCAR(R = A/G)G, and FgPac30 could bind with its
cis-element 6 × GCCAR(R = A/G)G in the presence of FgGcn5. Data are presented as the mean ± standard deviation from three repeated experiments.
(G) Deletion of FgPacC homologues in Sordariomycetes fungi, F. oxysporum and M. oryzae led to increased sensitivity to high-iron stress. (H) Elevated
H2BK11ac and H3K18ac levels in the mutants �FolPacC and �MoPacC as compared to these in their wild type strains Fol4287 and Guy11, respectively.
(I) Enhanced expression of iron uptake genes in the mutants �FolPacC, and �MoPacC at pH 8.0. Expression of iron uptake genes in F. oxysporum and M.
oryzae PACC mutants was evaluated by RT-qPCR using FolACTIN gene and MoACTIN as the internal control, respectively. Expression of iron uptake
genes in F. oxysporum wild-type strain Fol4287 or M. oryzae wild-type Guy11 was set as 1.0. Data are presented as the mean ± standard deviation from
three biological replicates. Statistical significance compared to wild-type strain Fol4287 or Guy11 was determined using Student’s t-test (ns: not significant,
* P < 0.05, ** P < 0.01).
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we next examined whether interaction of FgGcn5 with
the ZnF3 domain of FgPacC30 disrupts the binding
of FgPac30 with its target DNA element 6 × GC-
CAR(R = A/G)G. MST assays showed that the ZnF3 (133–
143) peptide was unable to bind to the cis-element 6 × GC-
CAR(R = A/G)G (Figure 7F), indicating the ZnF3 do-
main of FgPacC30 is not a functional domain responsi-
ble for the binding of FgPacC30 with its cis-element. In
addition, the binding affinity of FgPacC30 with 6 × GC-
CAR(R = A/G)G showed no obvious change in the ab-
sence or presence of FgGcn5 (Figure 4E and 7F, respec-
tively), indicating that the interaction of FgGcn5 with Fg-
PacC30 did not interfere with the binding of FgPacC30 to
its cis-element GCCAR(R = A/G)G at the promoters of
iron uptake genes.

To investigate the evolutionary trajectories of SFKRP
motif in PacC, we searched for PacC homologues in
13 Pezizomycotina fungal species. Sequence alignment us-
ing ClustalW showed that the SFKRP motif in differ-
ent Sordariomycetes PacC homologues is entirely con-
served; however, a S137A substitution was widely present
in Leotiomycetes and Eurotiomycetes (Figure 7D). To
determine whether this substitution would affect the
FgPacC30-FgGcn5 interaction, we generated a mutated
FgPacC30S137A, where the S137 residue was substituted
with A, and carried out Y2H assays. The Y2H as-
says showed that the mutated FgPacC30S137A was no
longer able to interact with FgGcn5 (Figure 7B). Fur-
thermore, we synthesized a mutated ZnF3 (133–143) pep-
tide containing a S137A substitution (named ZnF3 (133–
143)S137A). By using MST, we found that the ZnF3 (133–
143)S137A peptide was unable to bind to FgGcn5 (Figure
7C), demonstrating that S137 residue plays a critical role
in FgPacC30-FgGcn5 interaction. Moreover, we comple-
mented �FgPacC with a mutated FgPacC30S137A and the
resulting strain �FgPacC::FgPacC30S137A showed ∼52%
inhibition of mycelial growth by high-iron stress at pH 8.0
condition (Figure 7E), indicating that FgPacC30S137A failed
to restore the defects of �FgPacC in high-iron stress toler-
ance under alkaline condition. Taken together, these results
indicate that S137 residue is conserved in Sordariomycetes
PacC homologues and determines the FgGcn5-FgPacC30
interaction.

Since the key S137 residue is widespread in Sordari-
omycetes PacC homologues, we further evaluated whether
this PacC-mediated epigenetic regulatory mechanism of
iron homeostasis is evolutionary conserved in Sordari-
omycetes. To do this, we knocked out FgPacC homo-
logues in Sordariomycetes fungal species, F. oxysporum
and M. oryzae. Phenotypic characterizations revealed that
�FolPacC and �MoPacC mutants displayed increased sen-
sitivity to high-iron stress in comparison with the wild
type at alkaline pH condition (Figure 7G). Consistently, as
shown in Figure 7H, the H2BK11ac and H3K18ac levels
were elevated in �FolPacC and �MoPacC. RT-qPCR as-
says showed that the key iron uptake genes were also sig-
nificantly upregulated in �FolPacC and �MoPacC (Figure
7I). Taken together, these findings suggest that FgPacC is
functionally conserved in Sordariomycetes to regulate high-
iron stress response.

FgPacC30 is phosphorylated at Ser2 upon high-iron stress

Next, we aimed to investigate how FgPacC30 senses extra-
cellular high-iron stress. In eukaryotes, transcription fac-
tors are frequently phosphorylated or dephosphorylated
in response to extracellular signals (72) and previous data
shows A. nidulans PacC can be heavily phosphorylated, pre-
sumably a signal for proteolysis (64). Therefore, we first
tested whether FgPacC30 is phosphorylated in response
to high-iron stress. Phos-tag assays showed that the phos-
phorylated isoforms of FgPacC30 increased under high-
iron stress (Figure 8A), indicating that the phosphorylation
of FgPacC30 was induced in response to high-iron stress.
Moreover, the phosphoproteome assay revealed that the
serine residue at 2 site (Ser2) of N terminus in FgPacC might
be subject to phosphorylation (Supplementary Figure S12).
In agreement with the evolutionary conserved function of
PacC in high-iron adaption, the site Ser2 is evolution-
ary conserved in PacC homologues from Sordariomycetes
fungi (Figure 8B). To explore the roles of FgPacC phos-
phorylation in high-iron stress response, we constructed
strains containing phosphor-inactive or phosphorymimetic
FgPacC30. Briefly, the predicted phosphorylation residue
S2 was replaced by alanine (A) to mimic dephosphorylation
status, or aspartic acid (D) to mimic phosphorylated condi-
tion, respectively (Figure 8B). The mutated FgPacC30S2A-
Flag and FgPacC30S2D-Flag alleles were then trans-
formed into the mutant strain �FgPacC, and the resulting
strains were designated as �FgPacC::FgPacC30S2A-Flag
and �FgPacC::FgPacC30S2D-Flag, respectively. Phos-tag
assays showed that FgPacC30 was normally phosphory-
lated in �FgPacC, but FgPacC30S2A could not be phos-
phorylated in the strain �FgPacC::FgPacC30S2A-Flag un-
der high-iron stress (Figure 8C). Phenotypic analysis re-
vealed that similar to �FgPacC, �FgPacC::FgPacC30S2A-
Flag displayed increased sensitivity to high-iron stress
at alkaline pH conditions as compared with wild-type
PH-1 (Figure 8D). In contrast, �FgPacC::FgPacC30S2D-
Flag showed significant growth defects, and exhibited
enhanced tolerance to high-iron stress than wild-type
PH-1 at alkaline pH conditions (Figure 8D). Consis-
tently, the expression of key iron uptake genes, FgNPS6,
FgSID1, FgSIT1 and FgMIRB, were significantly ele-
vated in �FgPacC::FgPacC30S2A-Flag, but reduced in
�FgPacC::FgPacC30S2D-Flag (Figure 8E), indicating that
the phosphorylation at Ser2 of FgPacC30 is required for the
repression of iron uptake genes.

To test whether the phosphorylation of FgPacC30
could impact FgGcn5-mediated histone acetylation,
we determined the H3K18ac and H2BK11ac levels
in FgPacC phosphor-inactive or phosphorymimetic
strains. The global H3K18ac and H2BK11ac levels were
markedly enhanced in �FgPacC::FgPacC30S2A-Flag,
but reduced in �FgPacC::FgPacC30S2D-Flag as shown
by western blot (Figure 8F). Moreover, ChIP-qPCR
assays showed that H3K18ac and H2BK11ac enrich-
ments at these iron uptake genes were significantly
increased in �FgPacC::FgPacC30S2A-Flag, but decreased
in �FgPacC::FgPacC30S2D-Flag (Figure 8G). Taken
together, these data indicate that phosphorylation at Ser2
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Figure 8. FgHal4 promotes the phosphorylation of FgPacC30 and protects FgPacC30 against 26S proteasome-dependent degradation under high-iron
condition. (A) Phos-tag assays showed that FgPacC30 was phosphorylated in response to extracellular high-iron stress. The dephosphorylated and phos-
phorylated FgPacC30 are indicated with black and red arrows, respectively (upper panel). Each protein sample was also subjected to normal SDS-PAGE
followed by immunoblotting with the anti-Flag antibody as the loading control (lower panel). (B) Sketch map of the phosphorylated residue in FgPacC30
(upper panel). The phosphorylation site Ser2 is conserved in PacC homologues from Sordariomycetes fungi (Fusarium graminearum, Fusarium oxyspo-
rum and Magnaporthe oryzae), but not in Saccharomyces cerevisiae, Aspergillus nidulans and Cryptococcus neoformans. Sequence alignment was performed
by ClustalW (lower panel). (C) The phosphorylation status of FgPacC30 or FgPacC30S2A in wild-type PH-1 or the mutant �FgHal4 background was de-
termined by Phos-tag assays. The dephosphorylated and phosphorylated FgPacC30 or FgPacC30S2A are indicated with black and red arrows, respectively
(upper panel). Proteins extracted from each strain were also subjected to normal SDS-PAGE followed by immunoblotting with an anti-Flag antibody as
loading controls (lower panel). (D) Determination of sensitivity of the wild-type PH-1, �FgPacC::FgPacC30S2A-Flag, and �FgPacC::FgPacC30S2D-Flag
to high-iron stress at different pH (left panel). Mycelial inhibition by the high-iron stress relative to each untreated control was calculated for each strain at
pH 4.0, 6.5 and 8.0, respectively (right panel). Data are presented as the mean ± standard deviation from four biological replicates. Different letters (a, b,
and c) represent significant differences statistically according to the one-way ANOVA followed by Fisher’s LSD test (P < 0.05). (E) Comparisons in expres-
sion of iron uptake genes among the wild-type PH-1, �FgPacC::FgPacC30S2A-Flag and �FgPacC::FgPacC30S2D-Flag were evaluated by RT-qPCR using
FgACTIN gene as the internal control. Expression of each iron uptake gene in the wild-type PH-1 was set as 1.0. Data are presented as the mean ± standard
deviation from three biological replicates. Statistical significance was determined using one-way ANOVA followed by Fisher’s LSD test (ns: not signifi-
cant, ** P < 0.01). (F) FgPacC phosphorylation negatively regulated histone acetylation at H3K18 and H2BK11 in Fg. H3 of each sample was used as
a loading control. (G) ChIP-qPCR assays showed that FgPacC phosphorylation inhibited the H3K18ac and H2BK11ac deposition at the promoters of
iron uptake genes. ChIP- and input-DNA samples were quantified by quantitative PCR assays. Data are presented as the mean ± standard deviation from
three biological replicates. Statistical significance was determined using one-way ANOVA followed by Fisher’s LSD test (*P < 0.05, ** P < 0.01). (H)
The 26S proteasome inhibitor MG132 inhibited the degradation of unphosphorylated FgPacC30 under high-iron stress condition. The accumulation of
FgPacC30-Flag, FgPacC30S2A-Flag or FgPacC30S2D-Flag was determined by immunoblot analysis after treatment for 6 hours with or without 5 mM Fe2+

or 200 �M MG132. (I) Bimolecular fluorescence complementation (BiFC) assay showed that FgPacC30 interacted with FgHal4 in the nucleus. The nuclear
localization was confirmed by simultaneous nuclear staining with 4′-6-diamidino-2-phenylinodle (DAPI). Bar: 10 �m. White arrows highlight areas ana-
lyzed by line-scan graph analysis. y axis: the intensity of YFP and DAPI signals quantified by ImageJ; x axis: the distance (�m) (right panel). (J) �FgHal4
showed increased sensitivity to high-iron stress. A five-mm mycelial plug of each strain was incubated for three days on minimal medium (MM) supplement
with or without 5 mM Fe2+ at pH 8.0. (K) FgHal4 was required for FgPacC30 accumulation upon high-iron stress. The amounts of FgPacC30-Flag under
high-iron treatment were detected by western blot using anti-Flag antibody. 1–3 represents three independent transformants containing FgPacC30-Flag in
the background strain of wild-type PH-1 or the mutant �FgHal4. FgGAPDH used as the loading control.
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of FgPacC is required for epigenetically repressing the
expression of iron uptake genes.

Phosphorylation at Ser2 protects FgPacC30 against
proteasome-dependent degradation

Signal-dependent degradation of transcription factors
through ubiquitin-26S proteasome system represents a cru-
cial mechanism of transcriptional regulation (73,74). From
the affinity capture assays, we found that FgPacC30 might
interact with the ubiquitin-26S proteasome (Supplementary
Table S2), suggesting that FgPacC30 may be subjected to
26S proteasome mediated degradation, possibly in a man-
ner analogous to PacC processing in A. nidulans (64). Then,
we examined the protein abundance of FgPacC30 in the
strain �FgPacC::FgPacC30-Flag via immunoblot analysis
using anti-Flag antibody. The results showed that the pro-
tein abundance of FgPacC30 was substantially increased
with high-iron treatment (Figure 8A, H). Moreover, this in-
crease in FgPacC30 protein abundance could also be in-
duced by the 26S proteasome inhibitor [z-Leu-Leu-Leu-
CHO (MG132)] even without high-iron treatment (Figure
8H). These results suggested that high-iron stress likely in-
hibits the 26S proteasome-dependent degradation of Fg-
PacC30, leading to the FgPacC30 accumulation.

To dissect the biological significance of Fg-
PacC30 phosphorylation on protein stability, we
further examined the protein levels of phospho-
inactive FgPacC30S2A and phosphorymimetic
FgPacC30S2D in the �FgPacC::FgPacC30S2A-Flag and
�FgPacC::FgPacC30S2D-Flag. The results showed that
FgPacC30S2A protein accumulated at a low level even under
high-iron conditions, while MG132 treatment could sig-
nificantly increase the protein abundance of FgPacC30S2A

(Figure 8H). By contrast, FgPacC30S2D showed significant
protein accumulation even without high-iron treatment
(Figure 8H). Therefore, these results support the model
that high-iron stress mediated the phosphorylation of
FgPacC30 at Ser2, thus protecting FgPacC30 against
protein degradation mediated by 26S proteasome system.

FgHal4 is highly induced by high-iron stress and mediates the
phosphorylation of FgPacC30, thus preventing its degrada-
tion

Next, we tried to identify the potential protein kinase that
is required for the phosphorylation of FgPacC30. From the
affinity capture assay, we identified a Ser/Thr protein ki-
nase FgHal4 might interact with FgPacC30 (Supplemen-
tary Table S2). Furthermore, co-IP and Y2H assays veri-
fied the association of FgPacC30 with FgHal4 (Supplemen-
tary Figure S13A, B). BiFC assay also showed that FgHal4
could interact with FgPacC30 in the nucleus (Figure 8I).
In planta RT-qPCR assays indicated that FgHAL4 expres-
sion was notably induced at 48–120 hpi (Supplementary
Figure S13C). Interestingly, under in vitro conditions, we
found that FgHAL4 was highly induced at high-iron condi-
tion, but not at alkaline pH condition (Supplementary Fig-
ure S13D). Furthermore, we generated the deletion mutant
of FgHal4 and found that �FgHal4 showed similar defects
with �FgPacC in high-iron resistance under alkaline condi-
tion (Figure 8J). These results suggest that FgHal4 is likely

highly induced by host-derived high-iron signal and asso-
ciated with FgPacC30 to regulate high-iron stress response
during infection.

Next, we performed a Phos-tag assay to verify the func-
tion of FgHal4 in regulating FgPacC phosphorylation. The
results showed that the phosphorylation of FgPacC30 was
abolished in the mutant �FgHal4 under high-iron stress
(Figure 8C). Furthermore, the increased FgPacC30 protein
accumulation induced by high-iron stress was notably at-
tenuated in �FgHal4 in comparison to that in wild-type
PH-1 (Figure 8K). These results indicate that FgHal4 pro-
motes the phosphorylation of FgPacC30 upon high-iron
stress and protects its degradation via 26S proteasome sys-
tem.

DISCUSSION

Balance of intracellular iron levels is necessary for ev-
ery organism. In plant-pathogen interactions, host plants
evolve multiple strategies to perturb iron homeostasis of
pathogens, thus restricting their infection (5,7). Previous
studies have shown that Poaceae plants, such as wheat and
maize, can locally accumulate iron to wield against fun-
gal pathogens (5,10,11). Consistently, this study shows that
wheat plants can locally increase iron levels during Fg in-
fection, leading to high-iron stress against the pathogen in-
fectious growth. Moreover, this study found that FgPacC
serves as a major regulator for iron stress response during
Fg infection. PacC was known as a pH regulatory factor
and plays an pivotal role in secondary metabolism in patho-
genetic fungi, including Fg, Fusarium fujikuroi, Ganoderma
lucidum, Beauveria bassiana, and Aspergillus spp. (75–81).
Here we showed that FgPacC is a key regulator for alka-
line pH response. More importantly, we demonstrated that
during infection, FgPacC undergoes a proteolytic cleavage
into the functional isoform FgPacC30, which subsequently
binds to a GCCAR(R = A/G)G motif at the promoters of
genes involved in iron uptake and inhibits their expression.
This FgPacC-dependent adaption to high-iron stress may
enable the infectious growth and survival of Fg within the
host plant. Therefore, we present a previously unreported
regulatory mechanism of high-iron stress responses medi-
ated by FgPacC during fungal infection, providing novel in-
sights into transcriptional regulation of iron homeostasis in
eukaryotes.

Acetylation or deacetylation of histone proteins acts as
a critical epigenetic switch to turn on or off eukaryotic
genes (18). Histone mediated by HATs often represents
an active chromatin configuration that is associated with
transcriptional activation; whereas histone deacetylation
catalyzed by HDACs induces a repressed chromatin state
and transcriptional repression (82,83). The SAGA complex,
containing the Gcn5 HAT, is conserved in most eukary-
otes, and functions as a transcriptional coactivator (84).
Recently, the functions of the SAGA complex have been
well-characterized in plants, animal systems, as well as in
some filamentous fungi (84–86). In S. cerevisiae, the DNA-
binding activators (such as Gcn4 and Swi5) recruit SAGA
complex to the promoters of its target genes to generate
a localized domain of modified histones, leading to the
transcriptional activation (87,88). Increasing evidence in-
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dicates that SAGA-mediated histone acetylation dynam-
ics is tightly linked with iron homeostasis in eukaryotic
cells. In A. thaliana, Gcn5-mediated H3K9ac and H3K14ac
of FDR3 contribute to iron uptake (89). In mammalian
cells, histone deacetylase 3 is epigenetically involved in sup-
pression of hepcidin expression, thus governing systemic
iron homeostasis (90). More recently, in the human fun-
gal pathogen C. albicans, the interplay of transcriptional
regulators Hap43, Sef1 and trimeric HAP complex regu-
lates the H3K9ac levels at the promoters of iron homeosta-
sis genes and fine-tunes their expression (91). Although it
has been well documented that the SAGA complex con-
trols gene transcription by modifying histone acetylation,
the molecular mechanisms that tightly regulate the activity
of SAGA complex remain largely unknown. In the present
study, we demonstrate that the functional isoform of a fun-
gal transcriptional factor FgPacC30 directly binds FgGcn5
to inhibit its HAT activity, leading to the downregulation of
histone acetylation at H2BK11 and H3K18 at target genes;
subsequently represses expression of iron uptake genes (Fig-
ure 9). To the best of our knowledge, this is the first report
of an inhibitory mechanism for SAGA complex mediated
by a transcription factor that enables the transcriptional re-
pression of specific genes at an epigenetic level. Apart from
regulation of iron uptake, FgGcn5 was reported to activate
the expression of genes involved in fungal development, sec-
ondary metabolism and virulence (26,92). Based on pre-
viously published RNA-seq data, FgGcn5 could also re-
press the expression of virulence-related genes (such as Fg-
STE12, FgRLM1 and FgMEC1), and may play negative
roles in regulating Fg virulence (92). In this study, we found
that �FgGcn5 and �FgPacC + FgGcn5 displayed stronger
defects in mycelial growth and virulence than �FgPacC.
Therefore, it is likely that FgGcn5 plays both positively and
negatively regulatory roles in fungal growth and virulence
by acting downstream of FgPacC, and may be also inde-
pendent of this factor partly.

During infection, many fungal pathogens can induce ei-
ther a pH upshift or downshift in the surrounding host tis-
sues. In a number of fruit fungal pathogens, such as Col-
letotrichum spp. and Alternaria alternata, the fungi alkalin-
ize the host tissues by release of ammonia and thus drive
fungal pathogenesis (54,93). Whereas, the root-infecting
fungus, Fusarium oxysporum, is able to trigger host alka-
linization by secreting a functional homologue of rapid
alkalinizing factor (RALF) to increase its infectious poten-
tial and suppress host immunity (53). In this study, we found
that Fg infection triggered an increase of almost 3 units of
the pH in wheat tissues during 48–96 hpi, resulting in alka-
linization of the host plant. However, the underlying mech-
anism of how Fg provokes host alkalinization remains un-
clear.

In response to ambient pH upshifts, fungi evolve a con-
served Pal/Rim signaling pathway, which was first de-
scribed in ascomycete fungi A. nidulans and S. cerevisiae
(94). In A. nidulans, the transmembrane protein PalH senses
alkaline pH signal and mediates ubiquitination and phos-
phorylation of PalF, leading to endocytosis of the receptor
complex and recruitment of the endosomal sorting com-
plexes required for transport (ESCRT) to the plasma mem-
brane (94). This results in the activation and processing of
the zinc finger transcription factor PacC through the PalA-

PalB-PalC involved proteasome. The truncated PacC is sub-
sequently translocated into nucleus and induces the acti-
vation of alkaline-expressed genes and repression of acid-
expressed genes (63,94). Similar mechanisms involving the
PacC signaling pathway have also been reported in fungal
pathogens, such as F. oxysporum, Yarrowia lipolytica and
C. neoformans (95–97), indicating the pH signaling sys-
tem is widely conserved throughout the fungi kingdom. In
this study, we found that Fg-provoked plant alkalinization
on wheat tissues triggers the proteolytic cleavage of Fg-
PacC into the functional isoform FgPacC30. The FgPac30
is translocated into the nucleus and binds to FgGcn5 to in-
hibit its HAT activity, thus transcriptionally downregulat-
ing expression of the iron uptake genes, subsequently pro-
moting Fg infection. These results suggest that Fg-induced
host alkalinization confers the adaption of the fungus to
host-derived high-iron stress during infection. While Gcn5
is well known as its roles in targeting histones, it also acety-
lates non-histone substrates to regulate diverse aspects of
cell physiology (98). Since FgGcn5 acetylates histones in
the nucleus, the processing and nuclear translocation of
FgPacC seem to be required for its inhibitory function in
FgGcn5-dependent histone acetylation. However, it cur-
rently remains unclear whether the full length of FgPacC
associates with FgGcn5 in the cytoplasm and inhibits the
FgGcn5-mediated acetylation of non-histone proteins.

Phosphorylation of transcription factors mediated by
various protein kinases is an important mechanism for eu-
karyotic cells to regulate their DNA binding ability and pro-
tein accumulation in response to the environmental stim-
uli (72,99). Recently, this phosphorylation-dependent mod-
ulation of transcription factor activity was also reported to
be employed by cells to sense the external iron signals. In
A. thaliana, the phosphorylated transcription factor URI
was found to accumulate during iron-deficiency, and conse-
quently driving the iron uptake (100). FIT, a key transcrip-
tion factor responsible for regulating iron uptake in plants,
was also found to be deactivated through Tyr phosphoryla-
tion (101). In the yeast S. cerevisiae, the Hog1 kinase neg-
atively regulates iron uptake by phosphorylating the low-
iron sensing transcription factor Atf1 (102). Here, we found
that the protein kinase FgHal4 is highly induced by host-
derived high-iron stress although it remains unclear how
the high-iron stress induces transcription of FgHal4. In ad-
dition, FgHal4 interacts with FgPacC30 and is responsible
for the phosphorylation of FgPacC30. The phosphorylated
FgPacC30 is subsequently able to avoid 26S proteasome-
dependent degradation, leading to the protein accumula-
tion (Figure 9). However, it is currently unclear whether the
C-terminal cleavage and nuclear translocation of FgPacC
occur prior to the high-iron induction of FgPacC phospho-
rylation.

Phylogenetic analysis showed that Ser2 is widely present
in PacC homologues from Sordariomycetes but not from
S. cerevisiae and A. nidulans. Consistently, the S. cerevisiae
Hal4 was unable to sense the high-iron condition (Supple-
mentary Figure S14). In addition to Ser2, we found that the
S137 residue is also conserved in PacC homologues from
Sordariomycetes, but the S137A substitution is widespread
in Leotiomycetes and Eurotiomycetes. Based on the Y2H
and MST results, we observed that the S137 of FgPacC30
is a key residue required for the interaction of FgPacC30
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Figure 9. A proposed model for epigenetic regulation of iron uptake genes during Fg-wheat interactions. Fg infection induces plant alkalinization and high-
iron stress in wheat tissues. At alkaline and high-iron host environment, the protein kinase FgHal4 is highly induced and promotes the phosphorylation
of FgPacC30. The phosphorylated FgPacC30 is able to avoid the protein degradation via 26S proteasome pathway, leading to the protein accumulation.
The accumulated FgPacC30 binds to FgGcn5 and inhibits its HAT activity, leading to deregulation of histone acetylation at H3K18 and H2BK11, and
repression of iron uptake genes. Subsequently, Fg enhances adaption to host-derived high-iron stress during infection. Figure created using BioRender
(http://biorender.com/).

with FgGcn5, and the S137A substitution blocks this in-
teraction (Figure 7B, C). Consistently, deletion of FgPacC
homologues in Sordariomycetes fungi, F. oxysporum and M.
oryzae, also lead to deregulation of histone acetylation and
iron uptake genes repression. Therefore, our findings indi-
cate that PacC is functionally conserved and serves as a re-
pressor for iron uptake in Sordariomycetes by inhibiting the
HAT activity of Gcn5.

In conclusion, we report a fungal transcription factor Fg-
PacC that can directly bind and inhibit the HAT activity
of FgGcn5, subsequently enhances adaption of Fg to host-
derived high-iron stress during infection. This effective epi-
genetic regulatory mechanism enables fungal pathogens to
rapidly and precisely respond to dynamic host microenvi-
ronments.
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