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Filamentous fungi, such as Neurospora crassa, are very efficient
in deconstructing plant biomass by the secretion of an arsenal of
plant cell wall-degrading enzymes, by remodeling metabolism to
accommodate production of secreted enzymes, and by enabling
transport and intracellular utilization of plant biomass compo-
nents. Although a number of enzymes and transcriptional regu-
lators involved in plant biomass utilization have been identified,
how filamentous fungi sense and integrate nutritional informa-
tion encoded in the plant cell wall into a regulatory hierarchy for
optimal utilization of complex carbon sources is not understood.
Here, we performed transcriptional profiling of N. crassa on 40
different carbon sources, including plant biomass, to provide
data on how fungi sense simple to complex carbohydrates. From
these data, we identified regulatory factors in N. crassa and
characterized one (PDR-2) associated with pectin utilization and
one with pectin/hemicellulose utilization (ARA-1). Using in vitro
DNA affinity purification sequencing (DAP-seq), we identified
direct targets of transcription factors involved in regulating
genes encoding plant cell wall-degrading enzymes. In particular,
our data clarified the role of the transcription factor VIB-1 in the
regulation of genes encoding plant cell wall-degrading enzymes
and nutrient scavenging and revealed a major role of the car-
bon catabolite repressor CRE-1 in regulating the expression of
major facilitator transporter genes. These data contribute to a
more complete understanding of cross talk between transcrip-
tion factors and their target genes, which are involved in reg-
ulating nutrient sensing and plant biomass utilization on a
global level.
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In nature, fungi must integrate acquisition of nutrients with
metabolism, growth, and reproduction. Fungal deconstruction

of plant biomass requires the ability to efficiently produce and
secrete large quantities of secreted plant cell wall-degrading en-
zymes (PCWDEs). Turnover of plant biomass by fungi is an
ecosystem function (1), as well as an attribute that has been
harnessed industrially to convert plant biomass to simple sugars
and, in turn, high value compounds (2). The plant cell wall is com-
posed of a complex and integrated set of polysaccharides that can
vary across tissue type and plant species. Cellulose is the most re-
calcitrant and most abundant cell wall polysaccharide and is
composed of β-1,4–linked D-glucose residues arranged in linear
chains. Hemicelluloses represent about 20 to 35% of primary
plant cell wall biomass and include polysaccharides with β-1,4–linked
backbones, such as xylan, xyloglucan, and mannan. Pectin is a
heterogeneous structure with an abundance of D-galacturonic acid,
L-rhamnose, and L-arabinose. The two most common forms of
pectin are homogalacturonan, which is composed of a D-galacturonic

acid backbone, and rhamnogalacturonan I, which has a backbone
consisting of alternating galacturonic acid and rhamnose residues.
Both forms have a diverse array of side chains (3). Pectins are cross-
linked with hemicellulose and cellulose and affect plant cell wall
pore size, flexibility, and strength. Lignin, which adds rigidity to the
plant cell wall, is composed of polymers of aromatic residues and is
very recalcitrant to deconstruction (4).

Significance

Microorganisms have evolved signaling networks to identify
and prioritize utilization of carbon sources. For fungi that de-
grade plant biomass, such as Neurospora crassa, signaling
networks dictate the metabolic response to carbon sources
present in plant cell walls, resulting in optimal utilization of
nutrient sources. However, within a fungal colony, regulatory
hierarchies associated with activation of transcription factors
and temporal and spatial production of proteins for plant
biomass utilization are unclear. Here, we perform expression
profiling of N. crassa on simple sugars to complex carbohy-
drates to identify regulatory factors and direct targets of reg-
ulatory transcription factors using DNA affinity purification
sequencing (DAP-seq). These findings will enable more precise
tailoring of metabolic networks in filamentous fungi for the
production of second-generation biofuels.
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Although biochemical activities of select PCWDEs have been
investigated in a variety of filamentous fungi, how fungi sense
complex carbohydrates in plant biomass and how that sensing is
transduced intracellularly into a hierarchical metabolic response
resulting in optimal production of PCWDEs and integration of
cellular metabolism are unclear. The production of PCWDEs is
dependent on transcription factors that modulate expression of
these genes upon appropriate nutrient sensing. In Neurospora
crassa, Aspergillus nidulans, Aspergillus oryzae, and Penicillium
oxalicum, the transcription factor CLR-2 (ClrB/ManR) is the
major regulator of genes involved in the deconstruction of cel-
lulose (5, 6), while in Trichoderma reesei and Aspergillus niger, the
transcription factor Xyr1/XlnR regulates genes involved in both
cellulose and hemicellulose degradation (7, 8). In species like N.
crassa and Fusarium graminearum, XlnR homologs regulate
genes involved in hemicellulose utilization (9, 10). Transcription
factors associated with pectin deconstruction include RhaR/
PDR-1 and GaaR. In A. niger and N. crassa, RhaR/PDR-1 is
required for rhamnose utilization (11, 12), while in Botrytis cinerea
and A. niger, GaaR is responsible for galacturonic acid utilization
(13, 14). In A. niger, the AraR transcription factor modulates
arabinose utilization, while a different transcription factor (Ara1)
functions in an analogous manner in Magnaporthe oryzae and T.
reesei (15, 16). Additional transcriptional regulators that affect ex-
pression of genes encoding PCWDEs include the carbon catabolite
repressor protein CreA/CRE-1 (17, 18), COL-26/BglR (19, 20), and
VIB-1/Vib1 (21, 22).
Here, we performed transcriptional profiling of N. crassa on 40

different carbon sources to provide data on how fungi sense simple
to complex carbohydrates and analyzed profiling data to identify
regulatory factors associated with carbon source sensing and the
regulation of transcriptional responses. From this approach, two
transcription factors, one involved in pectin utilization, PDR-2,
and one involved in pectin and hemicellulose utilization, ARA-1,
were identified and their regulons characterized. Using in vitro
DNA affinity purification sequencing (DAP-seq) of transcription
factors involved in regulating PCWDE-encoding genes led to a
more complete understanding of the direct targets of transcription
factors that regulate PCWDE gene expression and of the cross talk
between transcription factors involved in regulating nutrient
sensing on a global level. In particular, our data clarified the role of
VIB-1 in the regulation of genes encoding PCDWEs and nutrient
scavenging and identified a previously overlooked mechanism of
the carbon catabolite repressor protein CreA/CRE-1 in regulating
cellular responses to carbon sources.

Results
N. crassa Carbon Metabolism Is Distinctly Regulated in Response to
Different Carbon Sources. To improve our understanding of how
regulatory networks are integrated during plant biomass utiliza-
tion by filamentous fungi, we assessed gene expression patterns
across 40 different carbon conditions in N. crassa (SI Appendix,
Table S1). To reduce the effects of differential growth on gene
expression in different carbon sources, we performed switch ex-
periments where wild-type (WT) N. crassa cells (FGSC2489) were
pregrown in sucrose as the sole carbon source (16 h), washed, and
then transferred to media containing the experimental carbon
source for 4 h prior to RNA extraction. The carbon sources were
divided into three categories: plant biomass, complex polysac-
charides found in the plant cell wall, and the monosaccharide and
disaccharide building blocks that make up these complex poly-
saccharides. We compiled a list of 113 genes encoding predicted
PCWDEs in the N. crassa genome (SI Appendix, Table S2) and
assessed expression of this gene set across our carbon panel (Fig.
1A and Dataset S1).
At low concentrations, various monosaccharides, disaccha-

rides, and oligosaccharides induce the expression of genes
encoding PCWDEs (23, 24). We exposed N. crassa to 19 different

monosaccharides and disaccharides at 2 mM concentration; this
concentration of cellobiose was previously shown to induce robust
expression of cellulolytic genes in N. crassa (23) (SI Appendix,
Table S1). As predicted, N. crassa induced genes encoding cellu-
lases in response to cellobiose, genes encoding starch-degrading
enzymes in response to maltose, genes encoding hemicellulases
in response to xylose and arabinose, and genes encoding pec-
tin deconstruction enzymes upon exposure to rhamnose and
galacturonic acid (Fig. 1A and Dataset S1). However, individual
sugars were also capable of inducing expression of PCWDEs
not responsible for degrading their parent polymer. For ex-
ample, cellobiose induced expression of some genes encoding
some xylanases and pectinases in addition to cellulases, and arabi-
nose induced expression of some genes encoding some cellulases in
addition to arabinases (Dataset S1). These data indicate metabolic
cross talk between sugar-sensing pathways and/or overlap in reg-
ulatory networks. N. crassa also showed strong transcriptional
responses to complex plant biomass substrates, such as corn
stover (a monocotyledonous plant of the grass family) and
wingnut (Pterocarya; a hardwood tree from the walnut family)
(Fig. 1A).
Monosaccharides, disaccharides, and oligosaccharides require

transport into the cell for utilization and/or signaling for induction
of genes encoding PCWDEs. Annotated sugar transporters belong
to the major facilitator superfamily (MFS) and led us to hypothe-
size that uncharacterized sugar transporters would also come from
this protein family. To test this hypothesis, we constructed a
maximum-likelihood tree using protein sequences from all MFS
transporters in the N. crassa genome (SI Appendix, Fig. S1). The
majority of predicted sugar transporters, with the exception of
NCU05897 (fucose permease) and NCU12154 (maltose perme-
ase), fell into a single monophyletic clade corresponding to family
2.A.1.1 of the Transporter Classification Database (25). Of the
predicted sugar transporters in this clade, five unannotated MFS
transporters (NCU04537, NCU05350, NCU05585, NCU06384, and
NCU07607) had increased expression on unique sugars and com-
plex carbon sources, suggesting potential involvement in catabolism
of those carbon sources (SI Appendix, Fig. S1 and Dataset S1).
To evaluate cross talk between regulatory pathways that co-

ordinate expression of PCWDEs, we performed weighted gene
coexpression network analysis (WGCNA) (26) across the tran-
scriptional dataset and identified 28 modules of coexpressed genes
(Fig. 1B and Dataset S2) that showed enrichment of specific func-
tional classifications (SI Appendix, Fig. S2). The majority of PCWDE
genes were found within three modules. Module 1 (red; n = 153)
contained genes encoding PCWDEs that are up-regulated in re-
sponse to cellulose and hemicellulose along with notable transcrip-
tion factors xlr-1, clr-1, clr-2, hac-1, and vib-1 (21, 27, 28). This
module also contained 55 genes that encoded hypothetical proteins.
Module 2 (yellow; n = 42) contained the majority of predicted
pectin metabolic genes (28) and eight genes encoding hypothetical
proteins. Module 3 (blue; n = 42) contained a number of predicted
pentose catabolic genes along with some notable xylanases and xy-
lose transporters and nine genes encoding hypothetical proteins
(Dataset S2 and SI Appendix, Fig. S2). An additional module
(module 4; n = 142; midnight blue) clustered closely with modules 1
and 3. This module was significantly enriched for genes encoding
endoplasmic reticulum (ER) and protein-processing proteins (cel-
lular transport and protein fate; SI Appendix, Fig. S2) that are cor-
egulated with genes encoding cellulases and xylanases, such as
various COPII proteins, SEC-61, and KEX2 (Datasets S1 and S2).
This module also included genes encoding 29 hypothetical proteins.

Defining the PCWDE Transcriptional Network. Prior studies in N.
crassa identified conserved transcription factors that are positive
regulators of cellulase and some hemicellulase genes (CLR-1/
CLR-2), xylanase and xylose utilization genes (XLR-1), pectin-
degrading genes (PDR-1), and starch catabolic genes (COL-26)
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(10, 11, 19, 27). We hypothesized that it would be possible to
identify additional regulators involved in plant cell wall degra-
dation by looking for transcription factors with a similar ex-
pression profile to a specific class of genes encoding PCWDEs
using hierarchical clustering. A systematic analysis of expression
profiles of 336 proteins with predicted DNA-binding domains
identified 34 additional transcription factors that were specifi-
cally induced on different plant biomass components (Dataset
S3). We hypothesized that strains carrying a deletion of a tran-
scription factor would display an altered transcriptional profile
under the conditions where they were most highly expressed
(Dataset S3). When the corresponding deletion strains were
tested under the respective induction conditions, a majority of
the 34 transcription factor deletion mutants did not display a
clear expression phenotype compared to the parental strain,
FGSC2489. However, deletion mutants for two transcription
factors showed a consistent and obvious role in PCWDE ex-
pression, NCU04295 and NCU05414 (Dataset S4).
The expression of NCU04295 clustered with genes encoding

pectin-degrading enzymes (Dataset S4) and a ΔNCU04295 mu-
tant showed decreased expression levels of genes necessary for
pectin utilization when grown in presence of pectin-rich citrus
peel compared to WT cells on citrus peel (Fig. 2 A and B and
Dataset S4). The genes with the largest decrease in expression
level in ΔNCU04295 compared to WT included pectate lyases
genes ply-1 and ply-2 (NCU06326 and NCU08176), the gal-
acturonic acid transporter gene gat-1 (NCU00988), the exo-
polygalacturonase gene gh28-2 (NCU06961), and orthologs of
gaaA, gaaB, and gaaC (NCU09533, NCU07064, and NCU09532,
respectively), encoding enzymes for galacturonic acid catabolism
(Fig. 2B and Dataset S4). The predicted protein sequence of
NCU04295 showed similarity (∼50% amino acid identity) to
GaaR, which plays a role in galacturonic acid metabolism in B.
cinerea and A. niger (13, 14). We therefore named NCU04295
pdr-2 for pectin degradation regulator-2. Consistent with its
predicted function, the Δpdr-2 mutant showed a severe growth
defect in medium containing pectin or galacturonic acid as the
sole carbon source and significantly reduced pectate lyase and
endo-polygalacturonanase activity (Fig. 2 C and D). A second
pectin degradation regulator previously identified in N. crassa,
pdr-1, also shows a severe growth defect on pectin (11). How-
ever, unlike Δpdr-1 cells, Δpdr-2 cells grew on L-rhamnose as the
sole carbon source (SI Appendix, Fig. S3), suggesting distinct
roles for PDR-2 and PDR-1 in regulating pectin degradation. A

strain bearing both pdr-1 and pdr-2 deletions mimicked the
phenotype of either a Δpdr-1 or a Δpdr-2 mutant (Fig. 2 C and
D), but did not cause a complete abolition of growth with pectin
as the sole carbon source (SI Appendix, Fig. S3).
NCU05414 displayed high expression on Miscanthus biomass

(Dataset S1). When compared to WT cells exposed to 1% Mis-
canthus, a ΔNCU05414 mutant showed reduced expression of
genes encoding several arabinosidases (NCU09924, NCU9775),
two β-xylosidases (NCU00709, NCU09923), the L-arabinose
transporter lat-1 (NCU02188), and L-arabinitol dehydrogenase
ard-1 (NCU00643) (Fig. 2E and Dataset S4), suggesting that the
ΔNCU05414 mutant would be defective for utilization of arabinan,
arabinose, and galactose. As predicted, the ΔNCU05414 strain
showed dramatically reduced growth on 2% arabinan, arabinose,
and galactose, but was able to metabolize hemicellulose and
pectin substrates (Fig. 2F). When NCU05414 was placed under the
regulation of the strong constitutive promoter gpd-1 (oxNCU05414),
cells showed increased growth on arabinose relative to WT (SI
Appendix, Fig. S3) and increased expression of ard-1 (Fig. 2G),
further supporting positive regulation of arabinose metabolic genes
by NCU05414. The NCU05414 predicted protein showed signif-
icant similarity to the Ara1 protein in T. reesei and Magnaporthe
oryzae, where it plays a role in arabinose metabolism and arabinose
and galactose catabolism, respectively (16, 29). We therefore
named NCU05414 ara-1.
Many PCWDEs involved in degradation of heterogeneous

substrates like pectin and hemicellulose are under the control of
multiple transcription factors. We constructed regulons of tran-
scription factors CLR-1, CLR-2, XLR-1, PDR-1, PDR-2, and
ARA-1 that are important for plant biomass deconstruction by
identifying genes encoding PCWDE that were down-regulated
by at least 21.5 (2.8)-fold between Δclr-1, Δclr-2, Δxlr-1, Δpdr-2,
and Δara-1 mutants versus WT cells (Dataset S4); genes up-
regulated in these mutants were similar to genes up-regulated
during the starvation response, which indicated these transcrip-
tion factors function positively. We also included data obtained
under identical conditions as performed here from our previous
studies for COL-26 and PDR-1 (11, 19). The regulons of CLR-1,
CLR-2, XLR-1, PDR-1, PDR-2, ARA-1, and COL-26 showed
extensive overlap (Fig. 3). As an example, the expression of the
putative acetylxylan esterase gene (ce1-1 NCU04870), an enzyme
responsible for cleaving acetyl groups from xylan and critically
important for increasing accessibility of xylan to xylanases,
showed a 20-fold decrease in expression levels in Δclr-2 cells

Fig. 1. Hierarchical clustering and WGCNA of N. crassa transcriptome across carbon sources. (A) Hierarchical clustering of the normalized counts (FPKMs) of
genes encoding PCWDEs in cells shifted to the indicated carbon sources. All disaccharides and monosaccharides are at 2 mM concentration, and complex
carbohydrates are at 1% (wt/vol). The color bar represents the spectrum from lowest normalized count to highest normalized count for each gene centered
on mean expression; each gene has a different range of FPKMs. (B) Coexpression network with nodes representing genes colored by modules and edges
between genes with correlated expression profiles, shown using Cytoscape (79) (Dataset S2). Four modules enriched in genes encoding PCWDEs and poly-
saccharide metabolism are labeled. Module 1 (red): genes associated cellulose and hemicellulose utilization. Module 2 (yellow): genes associated with pectin
deconstruction. Module 3 (blue): pentose catabolic and xylan utilization genes. Module 4 (midnight blue): genes encoding ER- and protein-processing
proteins (Dataset S2). Total number of genes shown in the network is 3,282.
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after a shift to Avicel, a 500-fold decrease in expression in Δxlr-1
cells after a shift to xylan, and a 7-fold decrease in expression in
Δpdr-2 cells after a shift to citrus peel relative to WT cells
(Dataset S4). Moreover, the ce1-1 promoter was shown to be
directly bound by both XLR-1 and CLR-2 by chromatin immu-
noprecipitation sequencing (ChIP-seq) (10).

Utilizing DAP-Seq to Identify Direct Targets of N. crassa Transcription
Factors. The transcriptional regulons associated with plant bio-
mass deconstruction identified above could be due to direct or
indirect regulation of target genes by a particular transcription
factor. To define the direct regulons of transcription factors in-
volved in plant biomass deconstruction, we used DAP-seq, where
in vitro-synthesized transcription factors are used for affinity
purification of bound oligonucleotides in sheared genomic DNA,
which are subsequently identified via DNA sequence analyses
(30). To ensure that DAP-seq was an effective method for
identifying direct binding sites of transcription factors involved in
plant cell wall deconstruction in N. crassa, we confirmed the
DNA binding sites of CLR-1 and XLR-1, for which ChIP-seq
data are available (10).
We reanalyzed promoter regions of genes (defined as within

3 kb of the ATG start site) bound by XLR-1 identified via ChIP-
seq (10) (Dataset S5) and bound promoter regions identified via
DAP-seq where transcription was reduced by at least 21.5 (2.8)-
fold via differential RNA-seq analysis of WT versus an Δxlr-1
mutant (Datasets S4 and S5). We identified 85 XLR-1 target

genes using ChIP-seq data and 78 genes via DAP-seq, with 47
genes shared between the two datasets (SI Appendix, Fig. S4 A, C,
and F and Dataset S5). The binding site sequences from the 78
genes identified in the DAP-seq dataset were used to build an
XLR-1 consensus binding motif, which was comparable to the one
reported from ChIP-seq data analysis (10) (SI Appendix, Fig.
S4G). Using the same methods to explore CLR-2, we identified 87
genes with CLR-2–bound promoters via DAP-seq and 65 genes
with CLR-2–bound promoters via ChIP-seq; 48 genes were shared
between datasets (SI Appendix, Fig. S4 D–F and Datasets S4 and
S5). Slight differences were identified in the CLR-2 consensus
binding sequence using DAP-seq versus that previously reported
for ChIP-seq data (10) (SI Appendix, Fig. S4G).
Neither the ChIP-seq nor DAP-seq method reliably identified

genes differentially expressed between WT and the transcription
factor mutant under the conditions tested. For example, ChIP-seq
performed on CLR-2 identified 158 genes with promoter regions
bound, while DAP-seq identified 1,683; however, only 87 of the
DAP-seq bound genes were differentially expressed in a Δclr-2
mutant relative to WT cells. For XLR-1, ChIP-seq identified
1,117 genes, while DAP-seq identified 531; 78 of these genes were
differentially expressed in a Δxlr-1 mutant relative to WT cells
(Dataset S5). We assessed the relationship between DAP-seq
peak intensity, expression values, and distance to translation
start site in data for XLR-1 and CLR-2 target genes identified by
DAP-seq/RNA-seq analyses (SI Appendix, Fig. S5). A trend to-
ward DAP-seq peaks in/near the predicted promoter region of
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Fig. 2. The transcription factor pdr-2 regulates pectin degradation, and the transcription factor ara-1 regulates arabinose utilization. (A) Differential ex-
pression analysis of ΔNCU04295 (pdr-2) relative to WT cells after a shift to 1% (wt/vol) citrus peel (Dataset S1). PCWDEs are yellow, and sugar transporters are
purple. “Base mean” is the mean of normalized counts for triplicates of both conditions tested. (B) Differential expression of PCWDEs ranked by degree of
log2 fold change from A. (C) Pectate lyase and (D) endo-polygalacturonanase (endo-PGase) activities of Δpdr-1, Δpdr-2, and Δpdr-1 Δpdr-2mutants relative to
WT. Significance was determined by ANOVA followed by a post hoc Tukey’s test. The letters above each bar indicate statistical significance with a mean
difference of P < 0.05. (E) Differential expression analysis of ΔNCU05414 (ara-1) in comparison to WT after cultures were shifted to 1% (wt/vol) Miscanthus
(Dataset S1). PCWDEs are in yellow, and sugar transporters are in purple. Base mean is the mean of normalized counts for triplicates of both conditions tested.
(F) Relative biomass accumulation of Δara-1 normalized to WT cultured in the indicated carbon sources. Significance was determined by an independent two-
sample t test of WT against Δara-1 with **P < 0.01 and ***P < 0.001 (n = 3). (G) Relative ard-1 (L-arabinitol dehydrogenase [LADH]) expression relative to act
after shift to arabinose in Δara-1 and in an ara-1 overexpression strain (Ox ara-1). For C, D, F, and G, error bars represent SD (n ≥ 3).
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genes (within ∼1 kbp from the translational start site) and a cor-
relation with being positively regulated by XLR-1 and CLR-2 was
identified. Comparisons of differential expression analyses be-
tween WT and transcription factor mutants helped to filter the
ChIP-seq and DAP-seq datasets for biologically relevant genes for
these specific transcription factors. For the remaining genes whose
expression was not altered in the transcription factor mutants, it is
unclear whether they are “false positive” or genes that might be
regulated by CLR-2 or XLR-1 under conditions that were not
assessed in this study.
In T. reesei, a constitutively active xyr1 allele (ortholog to N.

crassa xlr-1) contains a single amino acid substitution (alanine to
valine) in the C-terminal predicted α-helix (31). The construction
of the orthologous mutation (A828V) in N. crassa xlr-1 results in
a strain that shows inducer-independent expression and pro-
duction of hemicellulases (10). To test whether this mutation
affected the binding affinity of XLR-1, we also performed DAP-
seq on the XLR-1A828V mutant. The binding targets of the
XLR-1A828V mutant largely overlapped with the binding targets
of XLR-1, indicating that the A828V mutation has little or no
influence on XLR-1 DNA binding affinity (SI Appendix, Fig. S4
B and F and Dataset S5).

DAP-Seq Suggests a Multitiered System of CRE-1–Mediated Carbon
Catabolite Repression. CRE-1 is a major regulator of carbon ca-
tabolite repression, a process through which the expression of

genes involved in the utilization of nonpreferred carbon sources
is repressed in the presence of preferred carbon sources (32).
Although many PCWDEs are known to be regulated by carbon
catabolite repression, it was unclear whether this repression was
directly or indirectly mediated by CRE-1. Using DAP-seq, we
identified 329 CRE-1 binding sites in 318 promoter regions, with
11 promoters showing two peaks (Dataset S5). The 318 genes
with promoters bound by CRE-1 were enriched for 30 functional
categories (P < 1 × 10−5) involved in metabolic activities
(Dataset S6). The top 17 functional categories were all involved
in carbon metabolism, specifically cellulose, hemicellulose, pec-
tin, and starch catabolism, representing ∼50% of the total CRE-1
peaks and consistent with functions associated with CRE-1. We
used the sequences from CRE-1–bound peaks to build a consen-
sus core motif with the best-fit core motif being 5′-TSYGGGG-3′
(E = 2.7 × 10−23), similar to the 5′-SYGGRG-3′ motif described
for CreA in A. nidulans (33) (SI Appendix, Fig. S3C).
If CRE-1 directly represses genes encoding PCWDEs, we would

expect to see CRE-1 binding of PCWDE promoter regions.
However, only 19 of 113 PCWDE genes had CRE-1 binding sites
in the promoter (Dataset S5). According to the “double-lock”
mechanism proposed for Cre1 in Aspergillus nidulans (34), in-
direct repression of PCWDE expression by CRE-1 could be due to
either CRE-1 repression of transcription factors required for
PCWDE gene activation or CRE-1 repression of genes necessary
to activate those transcription factors. In our DAP-seq dataset,
promoters for only two carbon transcription factors were bound by
CRE-1, clr-1 and ara-1. However, CRE-1 binding was highly bi-
ased for promoters of genes encoding MFS transporters (22 MFS
genes), with 15 falling within the major sugar transporter clade (SI
Appendix, Fig. S1), including one high-affinity glucose transporter,
hgt-1 NCU10021 (35) and additional uncharacterized transporters
(NCU00809, NCU06522, NCU09287, NCU04537, NCU01494,
NCU06384, and NCU05897).
An uncharacterized sugar transporter bound by CRE-1, sut-28

(NCU05897; annotated as a fucose permease; SI Appendix, Fig.
S1), is a predicted ortholog of the A. niger L-rhamnose trans-
porter RhtA (36). The sut-28 mutant showed reduced growth on
L-rhamnose and, to a lesser extent, poly-galacturonic acid (Fig.
4A), and uptake of L-rhamnose in the Δsut-28 cells was elimi-
nated (Fig. 4B). Similar to a Δpdr-1 mutant, Δsut-28 cells failed
to activate expression of the rhamnose catabolic gene L-rhamnonate
dehydratase (NCU09034) (Fig. 4C). The expression of sut-28 was
higher in Δcre-1 cells compared to WT when exposed to L-rhamnose
or L-rhamnose and glucose (SI Appendix, Fig. S3D) and Δcre-1 cells
showed increased L-rhamnose uptake compared to WT when ex-
posed to pectin and glucose (Fig. 4D). These data supported the
CRE-1 DAP-seq data indicating that CRE-1 negatively regulates the
expression of sut-28.
CRE-1 also bound to the promoters of the cellodextrin trans-

porters cdt-1 (NCU00801), cdt-2 (NCU08114), and sut-12/cbt-1
(NCU05853) (37–40). Cells lacking both cdt-1 and cdt-2 are un-
able to activate cellulolytic gene transcription and do not grow on
cellulose (41). The binding of CRE-1 to the promoter of clr-1
likely contributes to the repression of cellulolytic genes by CRE-1,
as CLR-1 positively regulates clr-2, the major regulator of cellulo-
lytic genes in N. crassa (10, 27) (Dataset S5). Thus, our data sug-
gested that cellulolytic gene expression is repressed by CRE-1
through a combination of direct binding to cellodextrin trans-
porters, the transcription factor clr-1, and a few cellulolytic
PCWDEs (Fig. 5).
For genes involved in hemicellulose deconstruction, CRE-1

binding sites were detected in the promoters of the arabinose-
transporter lat-1 (NCU02188) (28), xylose transporters NCU00821
and NCU04527 (42), the xylodextrin transporter cdt-2, which is
required for WT levels of growth on xylan (39), and pentose
transporters xat-1 (NCU01132) and xyt-1 (NCU05627) (43) (Fig. 5).
CRE-1 binding peaks were not detected in the promoter of the

Fig. 3. Overlapping regulons of major PCWDE regulators in N. crassa. Plot
built with Circos, version 0.69 (80), to display positive regulation of catabolic
CAZymes by indicated transcription factors (red) derived from the identifi-
cation of genes that showed differential expression of 21.5-fold between WT
and transcription factor mutant (Dataset S1). CAZymes are divided into
functional groups displayed on the outer edge of the plot. Ar, arabinose; Ar.
cat., arabinose catabolism; β-glu, β-glucosidases; β-m, β-mannanases; Pec. cat,
pectin catabolism; PMO, polysaccharide monooxygenases; Xy, xylose. Each
CAZyme is represented by its gene ID. Each line represents genes with sig-
nificantly different expression between WT and a transcription factor de-
letion mutant under the following conditions: Δclr-1 and Δclr-2 shifted to
1% Avicel, Δcol-26 shifted to 2 mMmaltose (19), Δpdr-1 shifted to 1% pectin
(11), Δpdr-2 shifted to 1% citrus peel, Δara-1 shifted to 1% Miscanthus, and
Δxlr-1 shifted to 1% xylan (Dataset S4). The thickness of the line corresponds
to degree of fold change in the transcription factor deletion mutants com-
pared to WT cells (11, 19), with thicker lines indicating a higher fold change.

Wu et al. PNAS | March 17, 2020 | vol. 117 | no. 11 | 6007

G
EN

ET
IC
S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915611117/-/DCSupplemental


major transcriptional regulator of xylan utilization, xlr-1, although
CRE-1 binding sites were detected in the promoter of the arabinose
utilization regulator, ara-1; an Δara-1 mutant showed dramatically
reduced growth on arabinan, arabinose, and galactose (Fig. 2).
CRE-1 also directly bound to promoters of genes encoding xyla-
nases, galactosidases, and arabinanases, as well as genes necessary
for arabinose metabolism (Dataset S5 and Fig. 5).
CRE-1 was not bound to the pdr-1 or pdr-2 promoters, which are

responsible for regulating the majority of pectinase genes in N. crassa
(ref. 12 and Fig. 2A). However, CRE-1 binding sites were identified
in the promoter of a major exo-polygalacturonase (NCU06961;
gh28-2) as well as predicted metabolic enzymes for galacturonic acid
utilization (gaaA ortholog NCU09533, gaaB ortholog NCU07064,
and gaaC ortholog NCU09532) (Fig. 5 and Dataset S5).
Previous microarray data of a Δcre-1mutant relative to WT under

minimal medium conditions with sucrose as the sole carbon source
showed that 75 genes showed increased expression levels (greater
than twofold) in the Δcre-1 mutant (17), including seven genes
encoding predicted MFS transporters (Dataset S5). Of these 75
genes, the promoters of 21 of them were bound by CRE-1 in the
DAP-seq dataset (Dataset S5), a significant enrichment over expec-
ted value if random (3.5 genes). All seven of the predicted MFS
transporters that showed increased expression in the Δcre-1 mutant
relative to WT were bound by CRE-1. These MFS sugar transporters
included NCU04537 (monosaccharide transporter), NCU04963
(high-affinity glucose transporter), NCU06026 (quinate permease),
NCU05897 (sut-28), NCU10021 (hgt-1), NCU00821 (sugar trans-
porter), and NCU05627 (high-affinity glucose transporter ght-1). The
remaining set of 21 genes included a number of carbon metabolic
enzymes and 5 genes encoding proteins of unknown function
(Dataset S5). Thus, an important component of CRE-1 function
includes the repression of genes encoding transporters that play
a role in the uptake of signaling molecules that act as inducers

of transcription factors and genes associated with cellulose, hemi-
cellulose, and pectin utilization (Fig. 5).

DAP-Seq of VIB-1 Reveals a Global Role in Regulating Carbon
Metabolism. VIB-1 is a Zn2Cys6 transcription factor first identi-
fied for its role in mediating self/nonself recognition and het-
erokaryon incompatibility in N. crassa (44, 45). The Δvib-1
mutant also shows severely reduced growth on Avicel and a weak
induction of clr-2 (21), a phenotype also observed in T. reesei
Δvib1 strains (22). In addition to Avicel, the Δvib-1 mutant also
had a severe growth defect on pectin and a moderate growth
defect on xylan (SI Appendix, Fig. S6A).
RNA-seq was previously performed on Δvib-1 cells exposed to

Avicel and carbon starvation conditions (21). Here, we performed
additional RNA-seq experiments on the Δvib-1 mutant exposed to
1% pectin or 1% xylan as the sole carbon source, 1% BSA as the
sole carbon and nitrogen source, and 1% ground Miscanthus as
the complete nutrient source (Dataset S7). RNA-seq data
reflected the severity of growth phenotypes, as exposure to Avicel,
pectin, and BSA displayed the greatest number of differentially
expressed genes between WT and the Δvib-1 mutant. Consistent
with its phenotype, the Δvib-1 mutant has a more similar expres-
sion profile to WT cells under xylan conditions.
Using DAP-seq, we identified VIB-1 binding sites within

1.5 kb upstream of the ATG start site of 1,742 genes (Dataset
S5). The RNA-seq datasets were utilized to filter the DAP-seq
data by limiting the set to genes with at least a 21.5 (2.8)-fold
change in gene expression in any of our six conditions. In total, we
identified 238 direct target genes of VIB-1 (Dataset S7). Hierar-
chical clustering of gene expression data of these direct targets
showed that one cluster included the majority of genes that were
down-regulated in the Δvib-1 mutant in more than three condi-
tions. We considered these genes to be the core regulon of VIB-1
(Fig. 6A). A consensus binding motif from VIB-1 peaks within the
1.5-kb promoter regions of core regulon genes showed conserva-
tion of three critical bases: T, A, and C (Fig. 6B).
The 56 gene VIB-1 core regulon included genes involved in

heterokaryon incompatibility (tol, pin-c, and het-6) and a number of
uncharacterized genes encoding proteins with predicted roles in
heterokaryon incompatibility (HET domain proteins and genes with
polymorphic alleles in wild populations; NCU03533, NCU05840,
NCU07335, and NCU04453) (Dataset S7) (46). Most of the other
annotated genes in the VIB-1 core regulon were associated with
metabolism, including three arabinofuranosidases (NCU09170
NCU09975 and NCU02343), a β-xylosidase (NCU09923), three
cellulose polysaccharide monooxygenases (NCU02240, NCU09764,
and NCU02344), a starch active polysaccharide monooxygenase
(NCU08746), a galacturonic acid transporter (gat-1; NCU00988),
an exogalacturonase (NCU06961), rhamnogalacturonan acetyles-
terase (NCU09976), a secreted phospholipase (NCU06650), and
acid phosphatase (pho-3; NCU08643) (Dataset S7) (Fig. 6C). Three
genes encoding LaeA-like methyltransferase domains (NCU05841,
NCU05832, and NCU05501) were in the core VIB-1 regulon and
four additional LaeA-like genes were direct targets of VIB-1
(NCU04909, NCU04717, NCU04707, and NCU01148) (Dataset
S7). LaeA is a regulator of secondary metabolism in ascomycete
fungi first described in A. nidulans (47).
The clr-2 and pdr-2 genes were the only ones encoding tran-

scription factors that were direct targets of VIB-1 (Fig. 6C). In
the Δvib-1 mutant, expression of clr-2 was reduced 5.2-fold rel-
ative to WT during exposure to Avicel, and expression of pdr-2
was reduced 3.4-fold relative to WT during exposure to pectin. In
addition to clr-2 and pdr-2, a number of PCWDE-encoding genes
were bound and regulated by VIB-1, including genes encoding
enzymes in the core VIB-1 regulon (above), cellulases (gh6-3,
NCU07190; gh45-1, NCU05121, NCU05751), arabinosidase
(NCU05965), rhamnogalacturonase (NCU05598), rhamnogalactur-
onan acetylesterase (NCU09976), a pectinesterase (NCU10045),

Fig. 4. sut-28 expression and rhamnose transport activity in WT and Δcre-1
strains. (A) Relative biomass of FGSC2489 (WT) and Δsut-28 strains incubated
in pectin, rhamnose, and polygalacturonic acid (PGA) as determined by dry
weight. (B) Rhamnose uptake in FGSC2489 and Δsut-28 strains after in-
duction on pectin. (C) Relative expression of NCU09034 (L-rhamnonate
dehydratase) relative to actin (NCU04173) in FGSC2489 (WT), Δsut-28, and
Δpdr-1 strains after induction on rhamnose. (D) Rhamnose uptake in
FGSC2489 and Δcre-1 strains induced with pectin plus glucose. Error bars
represent SD (n ≥ 3). Significance was determined by an independent two-
sample t test of WT against Δsut-28 or Δpdr-1 mutants; **P < 0.01 and
***P < 0.001.
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xylanases (NCU02855, NCU04997), feruloyl esterase B (NCU09491),
and acetyl xylan esterases (NCU08785, NCU04494) (Fig. 6C). Addi-
tional genes encoding PCWDEs that were down-regulated in the
Δvib-1mutant but did not have VIB-1 binding sites in their promoters,
could be explained by reduced expression of clr-2 or pdr-2 (Fig. 6C),
consistent with the severe growth defect on cellulose and pectin sub-
strates in the Δvib-1 mutant.
Our DAP-seq data suggest that VIB-1 acts through clr-2 to

promote cellulase gene expression. However, ChIP-seq identi-
fied vib-1 as a target of the cellulase regulator, CLR-1 (10).
CLR-1 also binds to the promoter and is required for the ex-
pression of clr-2 (10). These observations suggest an interplay in
the regulation of clr-2 by CLR-1 and VIB-1. To investigate these
interactions, we measured cellulase production in a Δvib-1 Δclr-3
strain, where repression of CLR-1 activation in the absence of
cellulose is relieved (48), and in a Δvib-1 Δcre-1 mutant, which
eliminates regulation of clr-1 by CRE-1. Both double-mutant
strains showed higher cellulase activity than Δvib-1 cells (P-adj <
0.01), indicating that when relieved from either CLR-3– or CRE-1–
mediated repression, CLR-1 was capable of activating cellulolytic
gene expression in the absence of VIB-1 (SI Appendix, Fig. S6B).
However, the cellulase activity of Δvib-1 Δclr-3 or Δvib-1 Δcre-1
cells was not as high as WT cells, indicating that CLR-1 and VIB-1
were both required for full activation of cellulase genes in N. crassa
(P-adj < 0.01) (SI Appendix, Fig. S6B).
In addition to defects in growth on cellulose and pectin, N. crassa

and A. nidulans vib-1/xprGmutants show reduced growth when BSA
is the sole carbon or nitrogen source (44, 49). However, analyses of
the VIB-1 regulon on BSA did not reveal a clear reason for this
growth deficit. The expression of only three genes encoding pre-
dicted proteases/peptidases was significantly reduced in the Δvib-1
mutant compared to wild-type cells, including a metalloprotease
(mpr-8; NCU07200), a carboxypeptidase (mpr-14; NCU07536), and
a proteinase T (spr-7; NCU07159). An additional set of vitamin B6

synthesis genes also showed decreased expression in the Δvib-1 mu-
tant specifically on BSA, including pdx-1 (NCU06550) and pdx-2
(NCU06549) that encode proteins that form the enzyme complex
pyridoxal 5′-phosphate synthase or vitamin B6 synthase (Dataset S7).
Pyridoxal 5′-phosphate is a cofactor for many enzymes involved in
amino acid metabolism and other protein metabolic processes (50).

Discussion
In nature, the primary source of nutrients for N. crassa is plant
biomass. In this study, we determined expression patterns of the
laboratory strain of N. crassa during exposure to different types
of carbon sources, including monosaccharides, disaccharides,
oligosaccharides, and plant biomass. These results showed that
N. crassa responds specifically to the constituents of plant bio-
mass in a largely specific manner (e.g., genes encoding cellulases
were induced upon exposure of N. crassa to cellobiose) but also
revealed cross-regulation of genes encoding enzymes not found
in the substrate (e.g., genes encoding some xylanases were in-
duced upon exposure of N. crassa to cellobiose). Induction of
PCWDEs by constituents of the plant cell wall, particularly cel-
lobiose and xylose, have also been shown for other basidiomycete
and ascomycete fungi (51–53). These data indicate that fila-
mentous fungi respond specifically to the presence of the indi-
vidual nutrient sources available but also that the cells anticipate
the presence of additional nutrient sources. This anticipation
is likely due to the fact that individual components of the plant
cell wall are unlikely to be found alone in nature, and there-
fore expression profiles of fungi deconstructing plant biomass
are shaped by the structure and composition of the plant
cell wall.
Analyses of a large dataset of microarray transcriptomics data

of A. niger exposed to different conditions and performed by
multiple laboratories were used to generate coexpression net-
works (54). Here, WGCNA on N. crassa datasets from exposure

Fig. 5. CRE-1–mediated carbon catabolite repression acts through sugar transporter, transcription factor, sugar catabolism, and PCWDE genes to regulate
plant cell wall degradation. CRE-1 regulates expression of PCWDE regulons by repressing expression of sugar transporters, transcription factors, and genes
involved in the utilization of plant biomass components. Sugars transported into the cell may play either a direct or indirect role in the activation of tran-
scription factors necessary for cellulolytic, hemicellulolytic, and pectinolytic gene expression. The promoters of genes in black are directly bound by CRE-1, and
the promoters of genes in gray are not bound by CRE-1. The blue, orange, and green arrows indicate regulation that occurs downstream of CRE-1–mediated
repression.
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to different carbon sources under carefully controlled conditions
identified 28 clusters of coregulated genes (Dataset S2). We
were particularly interested in defining new transcription factors
and regulons associated with plant biomass deconstruction and
identified 34 transcription factors whose expression level varied
across our panel. Of these, two transcription factor mutants,
Δara-1 and Δpdr-2, showed a significantly different response to
Miscanthus and pectin, respectively, compared to WT cells (Fig.
2) and a deficiency in the utilization of arabinose/galactose
(Δara-1) and galacturonic acid and pectin (Δpdr-2). Our tran-
scriptional analyses showed that the expression of the lat-1 trans-
porter gene and the ard-1 gene were significantly down-regulated in
the Δara-1 mutant. Loss of LAT-1 prevents arabinose transport
(28), while ard-1 encodes L-arabinitol-4-dehydrogenase, which cat-
alyzes the second reaction of arabinose catabolism (55) as well as
the third step of the oxidoreductive galactose catabolism (56). PDR-
2 is involved in the regulation of genes encoding homogalacturonan
backbone-degrading enzymes and galacturonic acid catabolic en-
zymes, similar to GaaR in A. niger and B. cinerea (13, 14). Activation
of a number of pectinase genes, such as the endo-PGase gh28-1,
were dependent on the presence of both PDR-1 and PDR-2 (Fig. 2
B and D). Further characterization of transcription factors associ-
ated with plant biomass deconstruction, including those identified in
this study, will lead to a better understanding of metabolic cross talk
and reveal direct and/or indirect influence on each other in a syn-
ergistic regulatory network important for temporal and spatial de-
construction of plant biomass.
To define the direct regulons of transcription factors involved

in plant biomass deconstruction, we utilized DAP-seq, developed
to assess the direct targets of predicted transcription factors in
Arabidopsis thaliana (30). Unlike other methods of identifying
DNA binding sites, DAP-seq has the advantage that chromatin
structure and growth conditions do not play a role in determining
transcription factor binding sites. However, transcription factors
that require chromatin structure or other cofactors to bind to

their DNA target site will not be identified by DAP-seq. Our
comparison of ChIP-seq and DAP-seq data for CLR-2 and XLR-1
showed a strong overlap in these two datasets. Analyses of both
datasets were helped substantially by the availability of RNA-seq
data of the deletion mutants exposed to relevant carbon sources.
Although we identified 34 transcription factors whose expression
varied across our transcriptional profiling dataset, mutants in a
majority of these transcription factors did not show an obvious ex-
pression profile difference compared to WT when shifted to con-
ditions where their expression increased (Dataset S1). This result
could be due to redundancy of transcription factor function in nu-
trient regulation, a role of the transcription factor at a different time
point than what was assessed in this study, or a role in cross-
regulation that was not obvious from the RNA-seq dataset. We
predict that these transcription factors do play a role in nutrient
regulation in N. crassa and that a combination of DAP-seq to help
identify conditions and timing for RNA-seq and expression profiling
may help to illuminate their function. We may also have missed
direct targets of transcription factors using either DAP-seq/RNA-
seq or ChIP-seq/RNA-seq methods due to our stringent differential
expression requirements (at least 21.5-fold) from expression analyses
taken at a single time point.
Our DAP-seq data indicated that CRE-1–mediated carbon

catabolite repression acts not only through regulation of PCWDEs
and their positive transcription factor regulators, but also through
key sugar catabolic genes and sugar transporters. Repression of
transporter gene expression by CRE-1 may reduce entry of
signal-transducing sugars into the cell, thus limiting induction
of genes encoding PCWDEs. In A. niger, low concentrations of
galacturonic acid were required to induce gene expression of
galacturonic acid utilization genes, including a galacturonic
acid transporter, which was repressed by glucose in a CreA-
dependent manner (57). Thus, CRE-1 may be regulating car-
bon catabolite repression through more than four levels of control
or a “quadruple-lock” mechanism: 1) regulating expression of

Fig. 6. VIB-1 regulon. (A) Hierarchical clustering of log2 fold change values from differential expression analysis of FGSC2489 versus Δvib-1 strains shifted to
the indicated carbon conditions. Only genes with greater than 21.5-fold change in at least one of the indicated conditions and with promoters bound by VIB-1
via DAP-seq are included. The VIB-1 core regulon is a cluster of genes that were differentially expressed across multiple conditions (Dataset S7). (B) VIB-1
binding motif built using MEME v4.12.0 using DAP binding peak sequences of VIB-1 core regulon. E value = 1.8−89. (C) Plot built with Circos, version 0.69 (80),
to display positive regulation of a catabolic CAZymes by VIB-1 and the transcription factors CLR-1 and PDR-2, which are bound and directly regulated by VIB-1.
The thickness of the line corresponds to degree of fold change between WT and transcription factor mutant (Datasets S4 and S7), with thicker lines indicating
a higher fold change.
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sugar transporters; 2) regulating expression of sugar catabolic
genes; 3) regulating expression of transcription factors important for
expression of genes encoding PCWDEs; and 4) regulating the ex-
pression of genes encoding PCWDEs (Fig. 5). This quadruple-lock
mechanism may be important in nutrient sensing, in production of
specific PCWDEs based on nutrient source, and for integration of
different nutrient signals for optimal metabolic regulation during
plant biomass deconstruction. Our DAP-seq data on CRE-1
provide a framework for investigating the variety of conditions
where CRE-1 plays a role in regulating metabolism (Dataset S6),
particularly in conjunction with transcription factors that control
condition-specific responses.
The transcription factor VIB-1 belongs to the p53 superfamily,

which in mammalian cells regulates the cell cycle, DNA repair,
and apoptosis (58). In Saccharomyces cerevisiae, the p53 homo-
log, Ndt80, regulates entry into meiosis upon nitrogen starvation
(59). The genome of N. crassa has three p53 homologs, vib-1, fsd-1,
and NCU04729, none of which is required for meiosis, although
both fsd-1 and vib-1 mutants affect female reproductive structure
development, which is regulated by nutritional status (60). In fila-
mentous fungi, vib-1 homologs have been shown to regulate pro-
tease production, production of extracellular hydrolases and
PCWDEs, N-acetyl glucosamine catabolism, and secondary me-
tabolism (61). Additionally, a vib-1 homolog in the human pathogen
Candida albicans regulates virulence (62). These observations sug-
gest a general role for VIB-1 orthologs in sensing and responding to
the availability of nutrients in their environment. In N. crassa, upon
starvation, VIB-1 is required for an increase in the expression of a
number of secreted proteins associated with polysaccharide and
protein degradation (VIB-1 core regulon). These “scout” enzymes
release mono/di/oligosaccharides from the insoluble carbohydrates
in the plant cell wall, which are transported into the cell, resulting in
the full activation of genes and secretion of enzymes associated with
the utilization of a particular plant biomass component. This model
is consistent with VIB-1 functioning as a general starvation response
transcription factor, or a transcription factor important for basal
expression of nutrient acquisition genes. In cells lacking VIB-1, this
positive-feedback loop is not fully initiated, and full expression of
the PCWDE genes necessary for optimal utilization of plant bio-
mass is not achieved. Also consistent with this model, is that vib-1 is
not under carbon catabolite repression regulation, as the VIB-1
promoter is not bound by CRE-1 and limited overlap was ob-
served between the VIB-1 regulon and CRE-1 binding sites (13 of
239 genes in VIB-1 regulon).
Previously, it was hypothesized that VIB-1 functions upstream

of CRE-1 and COL-26, as the introduction of Δcre-1 Δcol-26
mutations into a Δvib-1 mutant suppressed the inability of the
Δvib-1 mutant to utilize cellulose (21). Our DAP-seq and RNA-
seq data support an alternative hypothesis. We predict that the
deletion of cre-1 and col-26 allows sufficient expression of clr-2,
and, thus, downstream enzymes and transporters necessary for
cellulose degradation, to restore growth of the Δvib-1 mutant on
cellulose (partly due to a lack of repression of the cellodextrin
transporters by CRE-1) in a manner similar to how deletion of
the three β-glucosidase genes restored cellulase production in
the Δvib-1 mutant on cellobiose (48). Under carbon-limiting
conditions, VIB-1 promotes expression of clr-2 and pdr-2 along
with a small set of PCWDEs. These secreted enzymes cleave
plant biomass and signaling sugars are transported into the cell.
For cellulose utilization, cellobiose (or a modified version of
cellobiose) results in inactivation of the repressor CLR-3 (48),
allowing activation of CLR-1. CLR-1 promotes expression of clr-2
and cellulases and, together with VIB-1, results in full expression
of clr-2 and induction of a positive-feedback loop. As the glucose
concentration increases inside the cell, CRE-1–mediated carbon
catabolite repression is activated, reducing expression of clr-1 and
cellodextrin transporters cdt-1, cdt-2, and cbt-1, thus negatively
regulating expression of PCWDEs both by limiting the expression

of clr-1 and the cleaving and import of sugar signaling molecules
(Fig. 5). Our data support the cooperative regulation of PCWDEs
by negative regulation of transporters by CRE-1 and positive
regulation of enzyme scouts that regulate signaling processes
via VIB-1.
VIB-1 regulation of HET domain genes may also play a role in

nutrient acquisition. HET domain genes allow fungi to distin-
guish between self and nonself, and initiate programmed cell
death upon fusion between nonself colonies (63). Starvation in-
creases vegetative cell fusion frequency in a number of asco-
mycete fungi, including N. crassa (64–66). We hypothesize that
VIB-1 increases expression of these HET domain genes to en-
sure viable fusion is prevented between nonself cells. Potentially,
this activity may also be related to the regulation of secondary
metabolism by VIB-1-like proteins. The promoters of LaeA-like
methyltransferase domain-containing proteins were abundant in
the direct target gene set of VIB-1. LaeA and LaeA-like meth-
yltransferase orthologs are negative regulators of secondary
metabolite production in fungi (47, 67, 68). The modulation of
the expression of these methyltransferases by VIB-1 may have
downstream gene-regulatory consequences that may affect com-
petition among microbes and nutrient acquisition during plant
biomass deconstruction and utilization.

Materials and Methods
Comprehensive List of PCWDE Genes in the N. crassa Genome. A comprehen-
sive list of predicted N. crassa genes encoding PCWDE was compiled by ex-
amining all CAZymes from the Carbohydrate Active Enzymes Database
(http://www.cazy.org) (69) (SI Appendix, Table S2).

Strains, Growth Conditions, RNA Extraction, and RNA-Seq. Strains are listed in
SI Appendix, Table S3 (see SI Appendix, Supplemental Materials and Meth-
ods for strain construction). For RNA-seq experiments induction conditions,
2 mM monosaccharides and disaccharides were used (23); for complex
polysaccharides and plant biomass, 1% (wt/vol) was used (SI Appendix, Table
S1). RNA isolation and RNA-seq methods are described in SI Appendix,
Supplemental Materials and Methods. Filtered reads were mapped against
the N. crassa OR74A genome (v12) using Tophat 2.0.4 (70) and transcript
abundance was estimated with Cufflinks 2.0.2 (71) in fragments per kilobase
of transcript per million mapped reads (FPKMs) using upper quartile nor-
malization. Differential expression analysis was performed on raw counts with
DEseq2, version 3.3 (72), using data from biological triplicates.

WGCNA and FUNCAT Analyses. The gene coexpression network was calculated
across expression profiles for theWT strain exposed to carbon sources listed in
Dataset S1 using the R package WGCNA (26) and a custom catalog (11) based
on MPS Functional Catalogue Database (FuncatDB) (73) with expanded
categories for cell wall degradation-related genes for enrichment analysis.

Enzyme Activity and Transport Assays. WT and Δcre-1 strains were induced in
0.5% pectin or 0.5% pectin plus 2% D-glucose and transferred to either
100 μM L-rhamnose or 100 μM L-rhamnose plus 100 μM D-glucose as uptake
solution. WT and Δsut-28 strains were transferred to uptake solutions con-
taining either 100 μM L-rhamnose, 90 μM D-fucose (VWR; A16789), 90 μM
D-xylose, or 90 μM D-galactose (Sigma-Aldrich; G0750). Monosaccharide
concentration of sample supernatants was quantified by high pH anion
exchange chromatography–pulsed amperometric detection on an ICS-3000
instrument (Thermo Scientific). A 25-μL sample was injected onto a Dionex
CarboPac PA20 column (3 × 30-mm guard and 3 × 150-mm analytical) and
eluted using an isocratic mobile phase of 10 mM NaOH at 0.4 mL/min and
30 °C over 12 min. Cellulase activity assays were modified from Coradetti
et al. (27) (SI Appendix, Supplemental Materials and Methods).

DAP-Seq. Predicted open reading frames for each transcription factor were
amplified from cDNA generated using RNA to cDNA EcoDry premix (Clontech).
Amplified transcription factor sequences were inserted into an expression
vector containing T7 and SP6 promoters upstream of HALO tag as previously
described (30). In vitro transcription and translation of transcription factors
was performed using Promega TnT T7 Rabbit Reticulocyte Quick Coupled
Transcription/Translation System by incubating 1 μg of plasmid DNAwith 60 μL
of TnT Master Mix and 1.5 μL of 1 mM methionine overnight at room tem-
perature. Expression was verified using Western blot analysis with Promega
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Anti-HaloTag monoclonal antibody. Single DAP-seq libraries were generated
once for each transcription factor, tested, and sequenced once with Illumina
MiSeq 2 × 150-bp runs.

Filtered reads were aligned to the N. crassa OR74A genome (v12) using
Bowtie2 v2.3.2 (70). Peak calling was performed using MACS2 v2.1.1 (74)
with P value cutoff at 0.001 and utilizing negative control library align-
ments. Peaks within 3,000 bp upstream of translation start sites were se-
lected for and annotated using a custom Python script. The same Python
script was used for reanalysis of ChIP-seq peaks dataset from Craig et al. (10)
for DAP-seq/ChIP-seq comparisons.

Data Availability. The RNA-seq data reported in this paper have been de-
posited in the Joint Genome Institute Genome Portal (75), in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive (ID
SRP133337), and in the NCBI BioProject database (76). Data are also provided
for processed RNA-seq experiments in Datasets S1, S4, S5, and S7 (75–78).
DAP-seq data reported in this paper have been deposited in the NCBI Se-
quence Read Archive (ID SRP133627). Standard Neurospora methods in-
formation is available from the Fungal Genetics Stock Center (FGSC) at
http://www.fgsc.net/Neurospora/NeurosporaProtocolGuide.htm. A list of

N. crassa deletion strains and strains constructed for this study are available
in SI Appendix, Table S3. Strains in this table are available from the FGSC
(http://www.fgsc.net/ncrassa.html).
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