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Abstract 

T he “p53-lik e” superf amily transcription f actor, VIB-1, pla y s a crucial role in mediating heterokaryon incompatibility and regulating the transcription 
of specific genes in v olv ed in the secretion of extracellular hydrolases in Neurospora crassa . However, the precise mechanism underlying the 
transcriptional regulatory function of VIB-1 is still poorly understood. Here, we reveal that VIB-1 is involved in the H 2 O 2 -induced oxidative stress 
response, in which deletion of vib-1 leads to an H 2 O 2 -sensitive phenotype and inhibition of cat-3 e xpression. Con v ersely, VIB-1 o v ere xpression 
confers an H 2 O 2 -resist ant phenot ype and robustly activates cat-3 in a dose-dependent manner. Import antly, we identified the DNA-binding 
domain of VIB-1 as the k e y component required for these regulatory processes. Furthermore, VIB-1 activates cat-3 transcription by interacting 
with and recruiting general transcription factors and RNA polymerase II to the cat-3 promoter, resulting in eviction of H2A.Z and a decrease 
in nucleosome density in these regions. Additionally, VIB-1 positively regulated the expression of other t wo t arget genes, NCU05841 and 
NCU02904, in the same manner . Together , our findings re v eal a mechanism b y which VIB-1 is in v olv ed in the transcriptional activation of cat-3 
and other VIB-1-targeted genes by promoting PIC assembly on their promoters. 
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eactive oxygen species (ROS), which are produced by aer-
bic organisms through the electron transport chain during
ndogenous and extracellular redox reactions, ubiquitously
nvolved in the regulation of diverse cellular functions, such
s governing cell-cycle phase transitions, serving as intracellu-
ar signaling molecules in signal transduction pathways during
ormal metabolism, or being stimulated by an external envi-
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uary 20, 2025. Accepted: February 22, 2025 
c Acids Research. 
ons Attribution-NonCommercial License 
ial re-use, distribution, and reproduction in any medium, provided the 
up.com for reprints and translation rights for reprints. All other 
ink on the article page on our site—for further information please contact 

https://doi.org/10.1093/nar/gkaf174
https://orcid.org/0000-0001-6053-132X
https://orcid.org/0000-0002-2629-1673


2 Liu et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acids, proteins, and lipids, and even cell death in serious cases
[ 4–6 ]. Therefore, the timely removal of excess ROS and the
maintenance of intracellular ROS homeostasis are essential
for the survival and development of living organisms. Enzy-
matic antioxidants, such as superoxide dismutase, catalase,
peroxiredoxin, glutathione peroxidase, and glutathione per-
oxidase play a crucial role in the removal of ROS [ 7 , 8 ]. 

Catalases (CATs) are necessary for the conversion of H 2 O 2

to dioxygen and water, and are highly conserved and pre-
cisely regulated at multiple levels to achieve redox homeosta-
sis in aerobionts [ 8–11 ]. Thus, catalase plays an important
role in eliminating excess ROS and maintaining intracellular
ROS homeostasis at different stages of development. There are
three catalases, C AT-1, C AT-3, and C AT-4, and one catalase-
peroxidase, CAT-2, which are expressed in Neurospora crassa
at different stages of its asexual life cycle [ 12 , 13 ]. Consis-
tent with the ROS levels in different cells, CAT-1 mainly ac-
cumulates in conidia, while CAT-2 is generally produced in
both aerial hyphae and conidia. CAT-3 plays a dominant role
in the active mycelia and in the early stages of conidia for-
mation. Importantly, the antioxidant function of CAT-3 can-
not be replaced by other catalases [ 12 , 14 ]. CAT-3 is a cata-
lase that can also be induced by different stress conditions,
such as exogenous hydrogen peroxide, paraquat, CaCO 3 , uric
acid, and heat shock [ 12 ]. Our previous work has identi-
fied several transcriptional regulators of cat-3 transcription.
For example, CPC-1 (Cross-Pathway Control-1, homologous
to General Control Non-derepressible 4 (GCN4) in Saccha-
romyces cerevisiae ), coordinates with the histone acetyltrans-
ferase NGF-1 (Neurospora GCN5 Factor-1, homologous to
General Control Non-derepressible 5 (GCN5)) to positively
regulate cat-3 expression in response to H 2 O 2 -induced oxida-
tive stress [ 15 ]. Conversely, the histone variant H2A.Z neg-
atively regulates the transcription of cat-3. SWR complex-
mediated H2A.Z deposition and NC2 α/ β-INO80C-mediated
H2A.Z removal from the transcription start site (TSS) of the
cat-3 locus both significantly influence cat-3 transcription [ 16 ,
17 ]. We also found that Bub3 / Ada21 represses cat-3 tran-
scription by maintaining BuGZ binding to cat-3 , and dele-
tion of BuGZ leads to increased recruitment of CPC-1 and
NC2 α/ β to regulatory regions of cat-3 [ 18 ]. By contrast, we
found that deletion of histone deacetylase HDA-2 (Histone
Deacetylase-2) and its partner proteins results in decreased
expression of cat-3 , elevated acetylation levels of histone H4,
and high deposition of H2A.Z at the cat-3 locus [ 19 ]. These
results indicate that chromatin structure and histone modifi-
cations play major roles in regulating the inducible expression
of the cat-3 . However, it is unclear how these transcription fac-
tors and chromatin regulators are organized to control cat-3
expression, and it is not known whether other transcriptional
regulators are involved in the regulation of cat-3 expression by
affecting chromatin structure and histone modification during
physiological conditions. 

In fungi, Ndt80-like transcription factors, belonging to the
“p53-like” superfamily, play crucial roles in regulating vari-
ous processes. These include regulation of efflux pumps [ 20 ,
21 ], GlcNAc sensing / metabolism [ 22 ], sexual reproduction
[ 23 ], hyphal growth and virulence, regulation of pigment pro-
duction [ 24 , 25 ], and protease production [ 26 , 27 ]. Similar
to the p53 protein, the Ndt80-like transcription factor func-
tions as a general starvation response transcription factor that
is important for the basal expression of nutrient acquisition
genes. Three Ndt80 homolog proteins—VIB-1 (Vegetative In-
compatibility Block-1, NCU03725), FSD-1 (Female Sexual 
Development-1, NCU09915), and RON-1 (Regulator of N- 
Acetylglucosamine, NCU04729)—were found in N. crassa 
[ 23 , 28 ]. VIB-1 regulates heterokaryon incompatibility (HI) 
by controlling the expression of heterokaryon-incompatible 
related genes at the mating-type or het-c loci, which causes 
programmed cell death (PCD) in heterokaryon [ 29 , 30 ]. Un- 
like in Saccharomyces cerevisiae , none of the three members 
are necessary for the meiosis process in N. crassa , while genetic 
analysis has shown that FSD-1 and VIB-1 regulate the forma- 
tion of female reproductive structures (protoperithecia) [ 23 ,
31 , 32 ]. VIB-1 is required for extracellular protease produc- 
tion in response to nitrogen and carbon starvation [ 33 ], and 

for the utilization of cellulose by affecting the expression lev- 
els of CLR2, an important regulator of the hydrolase gene [ 34 ,
35 ]. Interestingly, constitutive expression of Trichoderma ree- 
sei vib-1 in a N. crassa vib-1 mutant can fully restore growth 

and cellulolytic enzyme activity, where TrVIB-1 and N. crassa 
VIB-1 share 49% amino acid identity [ 34 ]. Together, these ob- 
servations suggest a general role for VIB-1 homologs in sens- 
ing and responding to environmental nutrients to determine 
which sets of genes to activate. On the other hand, starvation 

increases the frequency of vegetative cell fusion in several as- 
comycete fungi [ 36–38 ]. ROS levels increase during mycelial 
fusion in N. crassa . As an important transcription factor for 
nutrient sensing and cell fusion, VIB-1 regulates the transcrip- 
tion of nutrient acquisition genes and HET domain genes.
However, the molecular mechanism by which VIB-1 regulates 
the expression of target genes is unclear. 

Here, we found that the transcription factor VIB-1 acti- 
vates cat-3 expression in a dose-dependent manner, depend- 
ing on its DNA-binding domain. Chromatin immunoprecip- 
itation (ChIP) assays revealed that VIB-1 binds to the pro- 
moter region of cat-3 and regulates its expression by promot- 
ing the assembly of the transcription preinitiation complex 

(PIC) through interactions with general transcription factors 
(GTFs), resulting in altered chromatin structure. Collectively,
our work elucidates the underlying mechanism by which VIB- 
1 functions in transcriptional regulation. 

Materials and methods 

Strains and culture conditions 

In this study, 87–3 ( bd, a ) [ 39 ] was used as the wild-type
(WT) strain. The ku70 

RIP ( bd, a ) strain [ 40 ], generated 

previously, was used as the host strain for creating the vib- 
1 

KO strain. The H2A.Z 

KO strain [ 16 ], cat-3 

KO strain [ 41 ],
Nc2 αKO strain [ 17 ], cpc-1 (j-5) strain [ 15 ], and upf-3 

KO 

[ 42 ], generated previously, were also used in this study.
The vib-1 

KO ; H2A.Z 

KO or upf-3 

KO ; vib-1 

KO strain was gen- 
erated by crossing vib-1 

KO with H2A.Z 

KO or upf-3 

KO .
The vib-1 

KO ;Myc-VIB-1, vib-1 

KO ;Myc-VIB-1 

R190AR191A ,
vib-1 

KO ;Myc-VIB-1 

R290AR291A , vib-1 

KO ;Myc-VIB-1 

� DBD ,
wt ;Myc-VIB-1, wt ;Myc-VIB-1 

R190AR191A , wt ;Myc-VIB- 
1 

R290AR291A , or wt ;Myc-VIB-1 

� DBD strains were generated 

by transferring pcfp -Myc-VIB-1, pcfp -Myc-VIB-1 

R190AR191A ,
pcfp -Myc-VIB-1 

R290AR291A , and pcfp -Myc-VIB-1 

� DBD con- 
structs into the his-3 locus of vib-1 

KO ( his-3, A ) or the 301–6 

( his-3, A ) strain. The Nc2 αKO ;Myc-VIB-1 strain was gen- 
erated by transferring pcfp -Myc-VIB-1 into the his-3 locus 
of the Nc2 αKO strain ( his-3, A ). The cpc-1 (j-5);Myc-VIB-1 

strain was generated by transferring pcfp -Myc-VIB-1 into 
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he cpc-1 (j-5) strain genomic DNA with the NrsR [ 43 ] as
he resistance screening gene. The wt ;Myc-MED-1, wt ;Myc-

ED-4, wt ;Myc-MED-5, wt ;Myc-MED-8, wt ;Myc-MED-
0, wt ;Myc-MED-12, wt ;Myc-MED-14, wt ;Myc-MED-16,
t ;Myc-MED-17, wt ;Myc-MED-18, and wt ;Myc-TFIIB

trains were generated by transferring pcfp -Myc-MED-1,
cfp -Myc-MED-4, pcfp -Myc-MED-5, pcfp -Myc-MED-8,
cfp -Myc-MED-10, pcfp -Myc-MED-12, pcfp -Myc-MED-14,
cfp -Myc-MED-16, pcfp -Myc-MED-17, pcfp -Myc-MED-
8, and pcfp -Myc-TFIIB constructs into the 301–6 strain
 his-3, A ), respectively. The vib-1 

KO ;Myc-MED-16 and vib-
 

KO ;Myc-MED-17 strains were generated by transferring
cfp -Myc-MED-16 and pcfp -Myc-MED-17 constructs into
he vib-1 

KO strain ( his-3, A ), respectively. The vib-1 

KO ;HA-
IB-1 

WT , vib-1 

KO ;HA-VIB-1 

� AD1 , vib-1 

KO ;HA-VIB-1 

� AD2 ,
ib-1 

KO ;HA-VIB-1 

� AD3 , and vib-1 

KO ;HA-VIB-1 

� AD strains
ere generated by transferring pcfp -HA-VIB-1 

WT , pcfp -HA-
IB-1 

� AD1 , pcfp -HA-VIB-1 

� AD2 , pcfp -HA-VIB-1 

� AD3 , and
cfp -HA-VIB-1 

� AD constructs into the his-3 locus of vib-1 

KO 

 his-3, A ) strain, respectively. All strains constructed in this
tudy possess a band background. 

Conidia of the indicated strains were inoculated in petri
ishes with 50 ml of minimal medium (1 × Vogel’s and 2% glu-
ose) and cultured at 25 

◦C in constant light until the exponen-
ial growth phase of the mycelia. The mycelial mats were cut
ith a specific puncher for quantification. Then, these small
ycelial disks were transferred to Erlenmeyer flasks with 50
l minimal medium and were grown at 25 

◦C with shaking
or 18 h under constant light. 

late assay 

he medium for plate assays contained 1 × Vogel’s, 3% su-
rose, and 1.5% (w / v) agar with different concentrations of
 2 O 2 . WT or mutant strains were inoculated at the cen-

er of the disks and grown under constant light at 25 

◦C on
he medium. When the WT strain almost completely covered
he medium without H 2 O 2 , all the plates were scanned, and
he average growth rate of each strain relative to that in the
edium without H 2 O 2 (0 mM) was calculated. The growth
iameter of WT and mutants under 0 mM H 2 O 2 was defined
s their respective reference unit “1,” and the relative growth
f WT and mutants under other different concentrations of
 2 O 2 was calculated, respectively. Each experiment was per-

ormed at least three times independently [ 17 ]. 

eneration of antiserum against VIB-1 

he GST-VIB-1 (amino acids Pro439-Thr639) fusion protein
as expressed in Esc heric hia coli BL21 cells, and the soluble

ecombinant protein was purified and used as the antigen to
enerate rabbit polyclonal antiserum as described previously
 44 ]. 

n-gel assay for catalase activities 

ample preparation, protein extraction, and quantification for
he in-gel assay were the same as previously described [ 41 ,
5 ]. Equal amounts of total protein (25 μg) were loaded into
ach protein lane of a 7.5% native polyacrylamide gel. Af-
er 3 h of electrophoresis, the gel was soaked in 7 mM H 2 O 2

ith gentle shaking for 10 min, and then immediately trans-
erred into a freshly prepared mixture containing 1% potas-
ium hexacyanoferrate (III) and 1% iron (III) chloride hex-
ahydrate. Catalase activities were visualized as bright bands
where H 2 O 2 was decomposed by catalases. 

The stained colonies for testing extracellular 
catalase activity 

A small amount of 7-day-old conidia was resuspended in 1
ml of ddH 2 O, and 0.2 μl of this conidial suspension was in-
cubated on solid medium containing 1 × Vogel’s, 1.5% agar,
and 1 × Fig’s at 30 

◦C for 4 days. Similar to the In-gel assay
for catalase activities [ 45 ], the medium with colonies in Petri
dishes was treated with 7 mM H 2 O 2 for 10 min, then washed
with ddH 2 O and immersed in a mixture of freshly prepared
1% potassium hexacyanoferrate (III) and 1% iron (III) chlo-
ride hexahydrate for 2 min. Extracellular catalases were visu-
alized as a transparent circle (halo) where H 2 O 2 was decom-
posed by the catalases. 

Protein analyses 

Protein extraction, quantification, and western blot analysis
were performed as described previously [ 44 ]. Equal amounts
of total protein (32 μg) were loaded into each protein lane
of an SDS–polyacrylamide gel and separated by electrophore-
sis. Then, the total proteins were transferred onto a PVDF
(Polyvinylidene Fluoride) membrane and western blot analysis
was performed using an antibody against the target protein. 

RT-qPCR (Reverse Transcription Quantitative 

Polymerase Chain Reaction) 

Total RNA was extracted with TRIzol reagent and each RNA
sample (5 μg) was subjected to reverse transcription with
a commercial reverse transcription kit (Thermo Scientific,
#M1682), and the cDNA was amplified by qPCR. The primers
used for qPCR are shown in Supplementary Table S1 . The rel-
ative value of gene expression was calculated using the 2 

- ��CT

method [ 46 ] by comparing the cycle numbers for each sample
to those for the untreated control. The results were normal-
ized to the expression levels of the β-tubulin gene [ 15 , 17 ]. 

Coimmunoprecipitation assays 

Cell extracts from the conidia incubated for 24 h were used
to perform protein coimmunoprecipitation analyses. Protein
extraction, quantification, and coimmunoprecipitation assays
were performed as described previously [ 17 ]. Briefly, 3 mg / ml
protein extracts in extraction buffer were incubated with 3
μl of monoclonal antibody against c-Myc (HT101-02, Trans-
Gen Biotech) for 4 h at 4 

◦C with rotation. Then, the 40 μl
of precleaned protein G-Sepharose (17-0885-02, GE Health-
care) was added and incubated for 1 h at 4 

◦C with rotation.
The beads were washed three times with ice-cold extraction
buffer, mixed with protein loading buffer, and boiled for 10
min, and the immunoprecipitated proteins were analyzed by
western blot. 

ChIP-qPCR 

ChIP assays were performed as described previously [ 47 ].
Briefly, N. crassa tissues were fixed with 1% formaldehyde for
15 min at 25 

◦C with shaking and then quenched with glycine
at a final concentration of 125 mM for 5 min. Cross-linked tis-
sues were ground and resuspended at 0.5 g / 6 ml in lysis buffer
containing 1 mM PMSF (Phenylmethylsulfonyl fluoride), 1
μg / ml pepstatin A, and 1 μg / ml leupeptin. Chromatin was

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
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sheared by sonication to ∼300 bp fragments. Equal amounts
of total protein (2 mg protein / ml) were used per immunopre-
cipitation, and 10 μl was kept as the input DNA. ChIP was
carried out with 2.5 μl of antibody to H3 (BE3015, EASY-
BIO), 3 μl of antibody to H3ac (06-599, Millipore), 3 μl of
antibody to H4ac (06-866, Millipore), 10 μl of antibody to
H4 (14149S, CST), 8 μl of antibody to INO80 [ 48 ], 10 μl of
antibody to NC2 α [ 17 ], 10 μl of antibody to TFIIB [ 17 ], 10
μl of antibody to H2A.Z [ 16 ], 10 μl of antibody to VIB-1, or
5 μl of antibody to RPB-1 [ 49 ]. Finally, immunoprecipitated
DNA was quantified using real-time PCR with primer pairs
(see Supplementary Table S1 ). Recruitments or occupancies
data were normalized by the input DNA and presented as a
percentage of input DNA. 

Results 

VIB-1 is a positive regulator of cat-3 transcription in 

a dose-dependent manner 

To investigate factors regulating catalase expression in Neu-
rospor a cr assa , we screened transcription factor mutants (in
the band background) and found that the vib-1 

KO mutant is
sensitive to H 2 O 2 . As shown in Fig. 1 A and B, the vib-1 

KO

strain showed a H 2 O 2 -sensitive phenotype compared to that
of the WT strain. To further confirm the H 2 O 2 -sensitive phe-
notype of the vib-1 

KO strain, a construct carrying the sequence
encoding the Myc-tagged VIB-1 driven by a strong promoter
of the cfp gene (NCU02193) was transformed into the vib-
1 

KO strain. The ectopic expression of Myc-VIB-1 rescued the
H 2 O 2 -sensitive phenotype of the vib-1 

KO strain to that of the
WT strain (Fig. 1 A and B), indicating that the observed pheno-
type was due to the deletion of the vib-1 gene. Since catalases
could be secreted in response to oxidative stress in the envi-
ronment, we examined the activity of catalases using a stained
colonies experiment in the WT, vib-1 

KO , and vib-1 

KO ;Myc-
VIB-1 transformant strains. A large halo representing cata-
lase activity was observed in the WT and vib-1 

KO ;Myc-VIB-1
colonies, but it was significantly smaller around the vib-1 

KO

colonies (Fig. 1 C). Then, we examined the zymogram of cata-
lases in the WT, vib-1 

KO , and vib-1 

KO ;Myc-VIB-1 strains by
an in-gel assay. As shown in Fig. 1 D, the band corresponding
to CAT-3 activity was extremely weak in the vib-1 

KO strain
compared to that in the WT and vib-1 

KO ;Myc-VIB-1 strains.
These data indicate that VIB-1 positively regulates the CAT-3
activity. 

A previous study showed that the level of cat-3 mRNA
was decreased in the vib-1 mutant compared with that of the
WT strain under conditions with BSA, Xylan, or no carbon
medium [ 35 ]. Consistently, western blot and RT-qPCR analy-
ses revealed that the levels of CAT-3 protein and cat-3 mRNA
were reduced in the vib-1 

KO strain compared to those in the
WT and vib-1 

KO ;Myc-VIB-1 strains (Fig. 1 E and F). To com-
pare the protein levels of Myc-VIB-1 driven by cfp promoter
in vib-1 

KO ;Myc-VIB-1 strain and endogenous VIB-1 in WT
strains, we generated a VIB-1-specific antibody that recog-
nized a specific band at the predicted molecular weight in the
WT strain but not in the vib-1 

KO strain ( Supplementary Fig.
S1 ). Western blot analysis revealed that Myc-VIB-1 protein
level in vib-1 

KO ;Myc-VIB-1 strain was higher than the endoge-
nous VIB-1 in the WT strain (Fig. 1 E). Taken together, these
results confirm that VIB-1 is a positive regulator of cat-3 tran-
scription in N. crassa . 
To test whether VIB-1 overexpression in WT can further 
elevate cat-3 transcription, we generated the wt; Myc-VIB-1 

transformants to measure the expression levels of cat-3 . West- 
ern blot analysis revealed that the level of Myc-VIB-1 driven 

by cfp promoter is higher than VIB-1 levels in the WT and 

wt ;Myc-VIB-1 strain (Fig. 2 A). Consistent with the VIB-1 

overexpression, the levels of C AT-3 protein, C AT-3 activity,
and cat-3 mRNA were significantly increased in the wt ;Myc- 
VIB-1 strain compared to those of the WT and vib-1 

KO strains 
(Fig. 2 A–C). Plate assays showed that although VIB-1 overex- 
pression reduced the growth rate, the transformant exhibited 

resistance to H 2 O 2 treatment compared to the WT strain (Fig.
2 D and E). Taken together, these results indicate that VIB- 
1 positively regulates cat-3 expression in a dose-dependent 
manner. 

The DNA-binding activity of VIB-1 contributes to 

cat-3 activation 

Early studies on Ndt80-like transcription factors began with 

the sporulation-specific transcription factor Ndt80p in Sac- 
charomyces cerevisiae , which identified the DNA-binding do- 
main of Ndt80p and revealed that Ndt80p belongs to the 
Ig-fold family of transcription factors [ 50 , 51 ]. Subsequently,
introducing amino acid substitutions at DNA-contacting 
residues indicated that many of these mutations significantly 
reduced DNA-binding affinity and transcriptional activity 
[ 52 ]. Through amino acid sequence alignment of the S. cere- 
visiae Ndt80p protein with those from other organisms, the 
DNA-binding domain of Ndt80p was found to be highly con- 
served in filamentous fungi ( Supplementary Fig. S2 A) [ 50 ,
52 , 53 ]. This domain is located at residues 185–350 of the 
N. crassa VIB-1 protein. Residues K110, R111, and R254,
which have been shown to reduce DNA-binding affinity upon 

mutation in S. cerevisiae , correspond to R190, R191, and 

R291 in N. crassa VIB-1 protein ( Supplementary Fig. S2 A).
To test the role of the DNA-binding activity of VIB-1 for 
cat-3 expression and H 2 O 2 sensitivity, we made the pcfp - 
Myc-VIB-1 

R190AR191A , pcfp -Myc-VIB-1 

R290AR291A , or pcfp - 
Myc-VIB-1 

� DBD construct and transformed each of them into 

the vib-1 

KO strain, respectively. Plate assays showed that ec- 
topic expression of Myc-VIB-1 but not Myc-VIB-1 

R190AR191A ,
Myc-VIB-1 

R290AR291A , or Myc-VIB-1 

� DBD proteins rescued 

the H 2 O 2 -sensitivity of the vib-1 

KO strain to that of the WT 

strain ( Supplementary Fig. S2 B and C). RT-qPCR analysis re- 
vealed that myc-vib-1 mRNA levels driven by the cfp pro- 
moter significantly increased in the vib-1 

KO strains compared 

to the vib-1 mRNA levels in the WT strain (Fig. 3 A). Sim- 
ilarly, protein levels of Myc-VIB-1 and VIB-1 mutants in the 
vib-1 

KO strains, but not VIB-1 

� DBD proteins, were significantly 
increased compared to those in the WT strain (Fig. 3 B), indi- 
cating that the deletion of the DBD from the VIB-1 protein 

may affect its stability. Consistent with the phenotypic results,
the low levels of CAT-3 activity, transparent halo, CAT-3 pro- 
tein, and cat-3 mRNA in the vib-1 

KO strain were rescued by 
Myc-VIB-1, but not by the DNA-binding deficient proteins 
(Fig. 3 C–F), indicating that the DNA binding activity of VIB- 
1 is required for cat-3 activation. 

We then examined the overexpression of VIB-1 protein with 

a deficient DNA-binding domain in the WT background and 

found that overexpression of Myc-VIB-1 but not the mutant 
VIB-1 increased resistance to H 2 O 2 treatment compared to 

that in the WT strain ( Supplementary Fig. S3 A and B), suggest- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
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ng that overexpression of Myc-VIB-1 with the DNA-binding
efect mutation in the WT background has no effect on en-
ogenous VIB-1 function. Consistent with the phenotypic re-
ults, CAT-3 activity and CAT-3 protein levels were increased
y overexpression of Myc-VIB-1, but not by its DNA-binding
omain mutants ( Supplementary Fig. S3 C and D). 
To confirm whether VIB-1 activates cat-3 transcription by

irectly binding to its promoter, we performed ChIP assays
ith VIB-1-specific antibodies in WT, vib-1 

KO , and transfor-
ant strains. ChIP assays showed that VIB-1 could be en-

iched in the promoter and TSS of the cat-3 gene in the WT
nd vib-1 

KO ;Myc-VIB-1 strains (Fig. 3 G and H), whereas the
nrichments were abolished in vib-1 

KO ;Myc-VIB-1 

R190AR191A ,
ib-1 

KO ;Myc-VIB-1 

R290AR291A , and vib-1 

KO ;Myc-VIB-1 

�DBD 

trains (Fig. 3 H). Consistent with the elevated expression
f cat-3 , the enrichment of VIB-1 was dramatically in-
reased in the wt ;Myc-VIB-1 transformant compared to that
in the WT strain (Fig. 3 I). These results demonstrate that
the DNA-binding activity of VIB-1 is required for cat-3 

activation. 

VIB-1 activates its target genes by decreasing the 

nucleosome density at these loci 

To determine whether the binding of VIB-1 facilitates the re-
cruitment of transcription PIC at the cat-3 locus, we measured
the recruitment of TFIIB and RPB-1 in the WT, vib-1 

KO , and
wt ;Myc-VIB-1 strains by ChIP assays using TFIIB- or RPB-1-
specific antibodies. The recruitment levels of TFIIB and RPB-
1 at the cat-3 TSS and ORF regions decreased in the vib-1 

KO

strain and increased significantly in the wt ;Myc-VIB-1 strain
compared with WT strain (Fig. 4 A and B). These results indi-
cate that VIB-1 activates cat-3 transcription by recruiting or
stabilizing the transcription PIC. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
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We previously found that a transcriptional activator,
CPC1 / GCN4, binds to the cat-3 promoter and coordinates
with the histone acetyltransferase NGF-1 / GCN5 to acetylate
histone H3 at the nucleosomes of the cat-3 promoter and TSS
[ 15 ]. ChIP assays showed that the levels of H3 and H4 at the
cat-3 promoter and TSS in the vib-1 

KO strain were higher than
those in the WT strain (Fig. 4 C and D). However, overexpres-
sion of VIB-1 in the WT strain reduced the nucleosome density
at the cat-3 promoter and TSS compared to those in the WT
strain (Fig. 4 C and D), indicating that VIB-1 functions to re-
duce nucleosome density at the promoter and TSS of the cat-3
gene. ChIP data revealed that overexpression of VIB-1 in the
WT strain significantly increased the H3ac levels but not the
H4ac levels at the cat-3 promoter and TSS compared to those
in the WT and vib-1 

KO strains (Fig. 4 E and F), indicating that
VIB-1 activates cat-3 expression by decreasing the nucleosome
density at the cat-3 gene. 

In a study on N. crassa regarding the regulatory and tran-
scriptional mechanisms governing carbon utilization, 238 di-
rect target genes of VIB-1 were identified through DNA affin-
ity purification sequencing (DAP-seq) and RNA-seq analysis
[ 35 ]. To determine whether the mechanism of VIB-1 is con-
served in other target genes, we selected two VIB-1 target
genes, NCU05841 and NCU02904, for validation. Results 
from the VIB-1 ChIP assay indicated that VIB-1 is recruited 

to these target genes ( Supplementary Fig. S4 A). Compared 

to the WT strain, the expression levels of NCU05841 and 

NCU02904 genes were reduced in the vib-1 

KO strain, while 
their expression levels were increased in the wt; Myc-VIB-1 

strain ( Supplementary Fig. S4 B). These results further con- 
firmed that these genes are indeed VIB-1 target genes. Sim- 
ilar to the case of the cat-3 gene locus, the recruitment lev- 
els of TFIIB and RPB-1 at the TSS or downstream regions of 
the NCU05841 and NCU02904 genes decreased in the vib- 
1 

KO strain and increased in the wt ;Myc-VIB-1 strain com- 
pared with WT strain ( Supplementary Fig. S5 A and B). Con- 
sistent with the cat-3 gene, the levels of H3 at the TSS of these 
VIB-1 target genes were elevated in the vib-1 

KO strain but re- 
duced in the VIB-1 overexpression strain compared to those 
in the WT strain ( Supplementary Fig. S5 C). ChIP assays also 

showed that overexpression of VIB-1 in the WT strain signifi- 
cantly increased the H3ac levels at the TSS of the NCU05841 

and NCU02904 genes compared to those in the WT and vib- 
1 

KO strains ( Supplementary Fig. S5 D). Taken together, these 
results indicate that VIB-1 activates target gene transcrip- 
tion by recruiting or stabilizing the transcription PIC and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
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Figure 3. VIB-1 activates the transcription of cat-3 via its DNA-binding activity. ( A ) RT-qPCR assays analyzing the levels of vib-1 mRNA in the WT, vib-1 KO , 
and VIB-1 transformants. ( B ) Western blot analyses showing the levels of VIB-1 protein in the WT, vib-1 KO , and VIB-1 transformants. The membranes 
stained by Coomassie Blue represent the total protein in each sample and act as a loading control for the western blot. ( C ) In-gel assay analysis of the 
CAT-3 activity le v els in WT, vib-1 KO , and VIB-1 transformants. ( D ) Extracellular catalases assay showing the levels of extracellular catalases activity in the 
WT, vib-1 KO , and VIB-1 transformants. ( E ) Western blot analyses showing the levels of CAT-3 protein in the WT, vib-1 KO , and VIB-1 transformants. The 
membranes stained by Coomassie Blue represent the total protein in each sample and act as a loading control for the western blot. ( F ) RT-qPCR assays 
analyzing the le v els of cat-3 mRNA in the WT, vib-1 KO , and VIB-1 transformants. ( G ) Schematic depicting the cat-3 gene. Promoter, TSS and ORF1 
indicate the regions tested by ChIP-qPCR; ORF, open reading frame. ORF1 refers to the ChIP-qPCR primer pair located in the first ORF region of the 
cat-3 gene, 330 bp downstream of the TSS. ( H and I ) ChIP assays showing the binding levels of VIB-1 at Promoter / TSS regions of cat-3 gene in WT, 
vib-1 KO , and VIB-1 transformants. Error bars indicate SD ( n = 3). Significance was evaluated by t wo-t ailed t -test; ** P < 0.01, *** P < 0.001. 
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decreasing nucleosome density at the recruitment sites,
demonstrating a general mechanism. 

VIB-1 overexpression bypasses CPC1 activity for 
cat-3 activation 

To evaluate the relationship between VIB-1 and CPC-1 for cat-
3 activation, we first examined the levels of VIB-1 protein in
WT and cpc-1 (j-5) strains. The cpc-1 (j-5) strain is a mutant of
N. crassa generated previously [ 54 ], in which a translocation
occurred in the promoter region of the cpc-1 gene, preventing
transcription of cpc-1 mRNA and thereby abolishing the ex-
pression of the CPC-1 protein. Western blot analysis revealed
reduced levels of VIB-1 protein in the cpc-1 mutant compared
to those in the WT strain (Fig. 5 A). To test whether the low ex-
pression of cat-3 in the cpc-1 mutant can be rescued by overex-
pression of VIB-1, we introduced the pcfp -Myc-VIB-1 plasmid
into the cpc-1 (j-5) mutant. Plate assays showed that overex-
pression of VIB-1 partially restored the H 2 O 2 -sensitive pheno-
type of the cpc-1 (j-5) mutant (Fig. 5 B and C). Consistent with
the phenotypic results, the low levels of cat-3 mRNA, CAT-3
protein, and CAT-3 activity in the cpc-1 (j-5) mutant were res-
cued to the WT levels by VIB-1 overexpression (Fig. 5 D–F).
Recently, we found that mutants of the UPF complex factors 
exhibit strong H 2 O 2 -resistant phenotypes and elevated cat-3 

expression via increased CPC-1 protein [ 42 ]. To further deter- 
mine the genetic interaction between vib-1 and upf in the cat- 
3 activation process, we generated the upf3 

KO ; vib-1 

KO double 
mutant and examined the H 2 O 2 sensitivity of the double mu- 
tant. Similar to the vib-1 single mutant, this double mutant 
also exhibited H 2 O 2 -sensitive phenotypes (Fig. 5 G and H),
indicating that the loss of VIB-1 reversed the H 2 O 2 -resistant 
phenotype of the upf mutant. Consistent with these pheno- 
types, elevated levels of CAT-3 activity and CAT-3 protein in 

the upf-3 

KO strain were significantly decreased in the absence 
of VIB-1 (Fig. 5 I and J), further demonstrating that VIB-1 ac- 
tivates cat-3 downstream of CPC-1 activity. 

VIB-1 overexpression also bypasses NC2 α activity 

for cat-3 activation 

In N. crassa , the histone variant H2A.Z is incorporated 

into nucleosomes at the cat-3 locus through a chromatin re- 
modeling complex, the SWR1 complex, and acts as a neg- 
ative regulator of cat-3 gene expression [ 55 ]. Negative co- 
factor 2 (NC2) is a conserved histone-fold transcriptional 



VIB-1 Activates catalase-3 in Neurospora crassa 9 

A

E

B C

D

H2O2(mM)

0

2.5

5

WT cp
c-1

(j-
5)

cp
c-1

(j-
5);

Myc
-V

IB
-1

0.5
0.0

1.0
1.5
2.0
2.5
3.0

Re
la

tiv
e

le
ve

ls
of

tra
ns

cr
ip

ts

cp
c-1

(j-
5)

cp
c-1

(j-
5);

Myc
-V

IB
-1

cp
c-1

(j-
5);

Myc
-V

IB
-1

CAT-3

CAT-1

WT cp
c-1

(j-
5)

membrane

CAT-3

membrane

Myc-VIB-1

WT cp
c-1

(j-
5)

cp
c-1

(j-
5);

Myc
-V

IB
-1W

T

0.0
0.2
0.4
0.6
0.8
1.0
1.2

Re
la

tiv
er

at
eo

fg
ro

w
th

0 2.5 5      mM H2O2

cpc-1 (j-5)

cpc-1 (j-5);
Myc-VIB-1

WT
W

T
cp

c-1
(j-

5)

vib
-1

KO

VIB-1

Membrane

F

G

H2O2(mM)

0

10

up
f3

KO ;vi
b-1

KO

W
T

vib
-1

KO

up
f3

KO

CAT-1

CAT-3

W
T vib

-1
KO

up
f-3

KO

up
f3

KO ;vi
b-1

KO

UPF3

Membrane

VIB-1

W
T

vib
-1

KO

up
f-3

KO

up
f3

KO ;vi
b-1

KO

H

I J

CAT-3

WT
vib-1KO

upf3KO

upf3KO;vib-1KO

0 10          mM H2O2

Re
la

tiv
er

at
e o

fg
ro

w
th

0.0
0.2
0.4
0.6
0.8
1.0
1.2

n.s.

cat-3

Figure 5. VIB-1 o v ere xpression b ypasses CPC1 activity f or cat-3 activ ation. ( A ) Western blot analy ses sho wing the le v els of VIB-1 protein in the WT, 
cpc-1 (j-5), vib-1 KO strains. The membranes stained by Coomassie Blue represent the total protein in each sample and act as a loading control for the 
western blot. ( B ) Plate assay analysis showing mycelial growth of WT, cpc-1 (j-5), and cpc-1 (j-5);Myc-VIB-1 strains on plates with 0, 2.5, or 5 mM H 2 O 2 

as indicated. Cultures were inoculated in plates at 25 ◦C under constant light. ( C ) Quantitation of growth relative to WT, cpc-1 (j-5), and cpc-1 
(j-5);Myc-VIB-1 strains under conditions described in panel (B). ( D ) RT-qPCR assays analyzing the levels of cat-3 mRNA in WT, cpc-1 (j-5), and cpc-1 
(j-5);Myc-VIB-1 strains. ( E ) Western blot analyses showing the levels of CAT-3 and VIB-1 protein in the WT, cpc-1 (j-5), and cpc-1 (j-5);Myc-VIB-1 strains. 
The membranes stained by Coomassie Blue represent the total protein in each sample and act as a loading control for the western blot. ( F ) In-gel assay 
analysis of the CAT-3 activity levels in WT, cpc-1 (j-5), and cpc-1 (j-5);Myc-VIB-1 strains. ( G ) Plate assay analysis showing mycelial growth of WT, vib-1 KO , 
upf3 KO , and upf3 KO ; vib-1 KO strains on plates with 0 or 10 mM H 2 O 2 as indicated. Cultures were inoculated in plates at 25 ◦C under constant light. ( H ) 
Quantitation of growth relative to WT, vib-1 KO , upf3 KO , and upf3 KO ; vib-1 KO strains under conditions described in panel (G). ( I ) In-gel assay analysis of the 
CAT-3 activity le v els in WT, vib-1 KO , upf3 KO , and upf3 KO ; vib-1 KO strains. ( J ) Western blot analyses showing the levels of CAT-3, VIB-1, and UPF3 protein in 
the WT, vib-1 KO , upf3 KO , and upf3 KO ; vib-1 KO strains. The membranes stained by Coomassie Blue represent the total protein in each sample and act as a 
loading control for the western blot. Error bars indicate SD ( n = 3). Significance was evaluated by t wo-t ailed t -test; n.s . , P > 0.05, * P < 0.05, ** P < 0.01, 
*** P < 0.001. 



10 Liu et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

regulator in eukaryotes [ 56–60 ]. Our previous data showed
that NC2 α/ β positively regulates cat-3 transcription through
recruiting the chromatin remodeling INO80 complex, which
removes H2A.Z from the cat-3 promoter / TSS regions [ 17 ].
Thus, we examined the occupancies of H2A.Z, NC2 α, and
INO80 at the cat-3 promoter and TSS in the WT, vib-1 

KO ,
and wt ;Myc-VIB-1 strains. ChIP assays showed that the loss
of VIB-1 dramatically increased the occupancy of H2A.Z and
decreased the enrichment of NC2 α and INO80 at the cat-3
promoter and TSS compared to those of the WT and wt ;Myc-
VIB-1 strains (Fig. 6 A and B, and Supplementary Fig. S6 ), sug-
gesting that VIB-1 activates cat-3 expression by antagonizing
the inhibition of H2A.Z around the cat-3 promoter and TSS.
To test this possibility, we generated the vib-1 

KO ; H2A.Z 

KO

double mutant, and found that deletion of H2A.Z reversed
the sensitive phenotype of the vib-1 

KO strain in response to
H 2 O 2 -induced oxidative stress (Fig. 6 C and D). Consistently,
in-gel assays and western blot analyses showed that the low
levels of CAT-3 activity and CAT-3 protein in the vib-1 

KO

strain were reversed by the deletion of H2A.Z compared
to those in the WT strain, and these levels were still lower
than those in the H2A.Z 

KO or wt ;Myc-VIB-1 strains (Fig. 6 E
and F). Unexpectedly, the mRNA levels of cat-3 in the vib-
1 

KO ; H2A.Z 

KO double mutant were significantly lower than
those in the H2A.Z 

KO and wt ;Myc-VIB-1 strains (Fig. 6 G),
indicating that VIB-1 plays a crucial role in cat-3 activation.
The ChIP assay further showed that the recruitment of TFIIB
and RPB-1 at the cat-3 TSS and ORF region in the wt ;Myc-
VIB-1 strain was significantly increased, while the recruitment
of TFIIB and RPB-1 in the H2A.Z 

KO and vib-1 

KO ; H2A.Z 

KO

strains was comparable with the WT strain (Fig. 6 H and I).
Taken together, these results suggest that VIB-1 activates cat-3
transcription through recruiting TFIIB and RNA polymerase
II (RNAPII), which results in decreased H2A.Z from the cat-3
promoter and TSS. 

To test whether VIB-1 overexpression also bypasses NC2
activity for cat-3 activation, we generated the Nc2 αKO ;Myc-
VIB-1 transformants by introducing the pcfp -Myc-VIB-1 plas-
mid into the Nc2 αKO strain. As expected, plate assays showed
that the H 2 O 2 -sensitive phenotype of the Nc2 αKO strain was
partially restored by VIB-1 overexpression compared to those
of the WT and Nc2 αKO strains (Fig. 7 A and B). Consistently,
VIB-1 overexpression restored the low levels of cat-3 mRNA,
CAT-3 protein, and CAT-3 activity in the Nc2 αKO strain to
WT levels (Fig. 7 C–E). ChIP assays showed that VIB-1 bind-
ing levels at the cat-3 promoter and TSS were significantly
decreased in the Nc2 αKO strain, whereas VIB-1 overexpres-
sion restored VIB-1 binding levels in the Nc2 αKO mutant
to WT levels (Fig. 7 F). Similarly, VIB-1 overexpression re-
duced the levels of H2A.Z deposition at the cat-3 locus in the
Nc2 αKO strain to those of the WT strain (Fig. 7 G). Taken to-
gether, these results indicate that VIB-1 overexpression also
bypasses the NC2 α activity for cat-3 activation by promoting
the assembly of PIC, which results in decreased H2A.Z from
the cat-3 promoter and TSS. 

VIB-1 weakly interacts with TFIIB and mediator 
subunits for facilitating PIC assembly 

The low expression of the cat-3 gene in the cpc-1 (j-5) and
Nc2 α mutants rescued by VIB-1 overexpression strongly sug-
gests that VIB-1 may facilitate to recruit the transcriptional
machinery to the cat-3 locus. Amino acid sequence align-
ment showed that the putative activation domain of the N.
crassa VIB-1 protein had a weak homology with the transcrip- 
tion activator of the herpes virus, ICP4 ( Supplementary Fig. 
S7 ). Herpes Simplex Virus 1 ICP4 can cooperate with TBP 

and TFIIB at promoters containing the ICP4-binding site to 

form a stable, tripartite complex [ 61–63 ]. To test the in- 
teractions between VIB-1 and N. crassa GTFs, we overex- 
pressed Myc-tagged TFIIB, TAF-5, or 11 MED subunits in 

the WT strain, respectively. Immunoprecipitation assays re- 
vealed that overexpressed Myc-TFIIB, MED-17, or MED-21 

proteins weakly interacted with endogenous VIB-1, respec- 
tively ( Supplementary Fig. S8 ), indicating that VIB-1 interacts 
with N. crassa GTFs for facilitating the recruitment of the 
transcription machinery at the cat-3 gene for its activation.
To further confirm this possibility, we measured CAT-3 activ- 
ity in these overexpressed strains. Like the wt ; pcfp -Myc-VIB-1 

strain, overexpression of Myc-tagged MED-14, MED-16, or 
MED-17 in the WT strain increased CAT-3 activity compared 

to those in the WT strain (Fig. 8 A and B). To test whether 
VIB-1 is essential for activating cat-3 by the overexpression 

of MED subunits, we generated the vib-1 

KO ; pcfp -Myc-MED- 
16 or MED-17 transformants. In-gel assay revealed that the 
overexpression of these subunits cannot elevate the expres- 
sion of cat-3 in the vib-1 

KO background compared with those 
in WT overexpression strains (Fig. 8 C), indicating that VIB-1 

is necessary for recruiting the transcription machinery. Taken 

together, these results indicate that VIB-1 facilitates recruit- 
ing and stabilizing the PIC on the cat-3 promoter for its 
activation. 

To further test the role of putative transcription ac- 
tivation domain of VIB-1 for cat-3 expression, we con- 
structed pcfp-HA-VIB-1 

�AD1 , pcfp-HA-VIB-1 

�AD2 , pcfp-HA- 
VIB-1 

�AD3 , and pcfp-HA-VIB-1 

�AD (complete deletion) con- 
structs and transformed each of them into the vib-1 

KO strain,
respectively ( Supplementary Fig. S9 A). Plate assays showed 

that ectopic expression of HA-VIB-1 

WT , as well as the deletion 

variants, rescued the H 2 O 2 -sensitivity of the vib-1 knockout 
strain to levels comparable to the WT strain ( Supplementary 
Fig. S9 B and C). Consistent with these phenotypic observa- 
tions, the low levels of CAT-3 protein and CAT-3 activity in the 
vib-1 

KO strain were restored by the expression of the defective 
HA-VIB-1 proteins ( Supplementary Fig. S9 D and E). These 
findings indicate that the putative transcription activation do- 
main of VIB-1 is not required for the activation of cat-3 . Al- 
though TrVIB1 (VIB-1 ortholog from T. reesei ) and N. crassa 
VIB-1 share 74.1% amino acid identity in their NDT80 DNA- 
binding domain, they only share 39.5% amino acid identity 
in their putative transcription activation domain. Consistent 
with our observation, constitutive expression of T. reesei vib- 
1 in an N. crassa vib-1 mutant can restore growth and cel- 
lulolytic enzyme activity [ 34 ]. These results strongly suggest 
that VIB-1 binding to the promoter region mediated by DNA- 
binding domain is critical for activating expression of its target 
genes 

Discussion 

Catalases play important roles in maintaining intracellular 
ROS homeostasis. In this study, we found that VIB-1 regulates 
cat-3 expression to respond to oxidative stress in N. crassa .
As a Zn2Cys6 transcription factor, VIB-1 directly binds to 

the cat-3 promoter region, recruiting the PIC, including TFIIB 

and RNAPII, to reduce nucleosome density and promote 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf174#supplementary-data
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Figure 6. VIB-1 activates cat-3 transcription by recruiting TFIIB and RNAPII and reducing H2A.Z from the cat-3 promoter / TSS regions. ( A and B ) ChIP 
assa y s sho wing the occupancy le v els of H2A.Z (A) and the recruitment of NC2 α (B) at the P romoter / TSS regions of the cat-3 gene in WT, vib-1 KO , and 
wt ;Myc-VIB-1 strains. ( C ) Plate assay analysis showing mycelial growth of WT, vib-1 KO , vib-1 KO ; H2A.Z KO , and H2A.Z KO strains on plates with 0, 5, or 10 
mM H 2 O 2 as indicated. Cultures were inoculated in plates at 25 ◦C under constant light. ( D ) Quantitation of growth relative to WT, vib-1 KO , 
vib-1 KO ; H2A.Z KO , and H2A.Z KO strains under conditions described in panel (C). ( E ) In-gel assay analysis of the CAT-3 activity levels in WT, vib-1 KO , 
vib-1 KO ; H2A.Z KO , H2A.Z KO , and wt ;My c-VIB-1 strains. ( F ) Western blot analy ses sho wing the le v els of CAT-3 protein in WT, vib-1 KO , vib-1 KO ; H2A.Z KO , 
H2A.Z KO , and wt ;Myc-VIB-1 strains. The membranes stained by Coomassie Blue represent the total protein in each sample and act as a loading control 
for the western blot. ( G ) RT-qPCR assays analyzing the levels of cat-3 mRNA in WT, vib-1 KO , vib-1 KO ; H2A.Z KO , H2A.Z KO , and wt ;Myc-VIB-1 strains. ( H and 
I ) ChIP analyses showing recruitment of TFIIB (H) and RPB-1 (I) at different regions of the cat-3 gene in WT, vib-1 KO , vib-1 KO ; H2A.Z KO , H2A.Z KO , and 
wt ;Myc-VIB-1 strains. The locations detected by the ChIP assay are indicated in Fig. 3 G. Error bars indicate SD ( n = 3). Significance was evaluated by 
t wo-t ailed t -test; n.s., P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001. 
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cat-3 transcription. Additionally, VIB-1 facilitates the removal
of the H2A.Z histone variant from nucleosomes through the
NC2-INO80 complex, further enhancing chromatin accessi-
bility at the cat-3 promoter and TSS. VIB-1 works synergis-
tically with CPC-1 / GCN4 and NGF-1 / GCN5-mediated hi-
stone H3 acetylation to facilitate efficient transcription fac-
tor binding. Together, these activities enable VIB-1 to dynam-
ically regulate cat-3 expression by recruiting transcriptional
machinery, modulating chromatin structure, and cooperating
with other transcriptional regulators, thereby ensuring an ef-
fective response to oxidative stress (Fig. 8 D). 

The Ndt80 domain has the most extensive DNA-binding
interface among p53 superfamily members, with secondary
structural elements that increase DNA-binding affinity,
thereby enabling high-affinity binding of monomer Ndt80 

proteins to target DNA [ 50 , 52 , 53 ]. Similarly, VIB-1 recog- 
nizes specific DNA motifs, such as the cat-3 promoter, and mu- 
tations in key residues (R190A, R191A, R290A, and R291A) 
disrupt its DNA-binding ability and transcriptional activation 

of cat-3 . Deletion of the DNA-binding domain reduces VIB- 
1 stability and impairs its function, while overexpression of 
a DNA-binding-deficient VIB-1 does not affect cat-3 expres- 
sion or H 2 O 2 sensitivity in the WT strain, suggesting that in- 
tact DNA-binding activity is essential. These findings support 
the hypothesis that VIB-1 may function as a monomer to bind 

DNA and activate cat-3 expression. 
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Fungal responses to stress are intricate, specific, and multi-
ayered, yet they rely on only a few evolutionarily conserved
egulators. This suggests that a single regulator often coordi-
ates multiple stress-specific responses [ 64 , 65 ]. In N. crassa ,
IB-1 serves as a prime example of such a regulator. VIB-1 is
 multifunctional transcription factor that not only regulates
atalase expression to lower intracellular ROS levels but also
lays a role in HI and nutrient utilization [ 34 , 35 , 66 ]. This
emonstrates N. crassa ’s adaptive strategies to cope with com-
lex environmental stress. Such integration of functions may
elate to environmental adaptability, metabolic efficiency, and
ellular protection mechanisms. 

In fungi, HI processes are typically accompanied by ROS ac-
umulation [ 67 , 68 ], which, when excessive, can lead to PCD
o kill the fused cells. ROS accumulation not only serves as
 marker of stress, such as oxidative damage, but also func-
ions as an intracellular signal triggering downstream process,
ncluding PCD [ 69–75 ]. During HI, ROS may act both as a sig-
aling trigger and as an executor of cellular damage, with VIB-
 potentially playing a dual regulatory role in this context.
rom an evolutionary perspective, regulating oxidative stress
nd HI through a single transcription factor like VIB-1 may
rovide multiple adaptive advantages. First, such a mechanism
ould improve the efficiency of responses to environmental
hanges by utilizing shared signaling pathways. For example,
when external stress increases ROS levels, VIB-1 can simulta-
neously activate antioxidant genes and initiate incompatibility
responses to eliminate potential cellular threats. Second, em-
ploying a single regulator conserves genetic and metabolic re-
sources, enhancing fungal competitiveness in resource-limited
conditions. 
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