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Identifying nutrients available in the environment and utilizing them
in the most efficient manner is a challenge common to all organisms.
The model filamentous fungus Neurospora crassa is capable of uti-
lizing a variety of carbohydrates, from simple sugars to the complex
carbohydrates found in plant cell walls. The zinc binuclear cluster
transcription factor CLR-1 is necessary for utilization of cellulose, a
major, recalcitrant component of the plant cell wall; however, ex-
pression of clr-1 in the absence of an inducer is not sufficient to
induce cellulase gene expression. We performed a screen for un-
identified actors in the cellulose-response pathway and identified
a gene encoding a hypothetical protein (clr-3) that is required for
repression of CLR-1 activity in the absence of an inducer. Using clr-3
mutants, we implicated the hyperosmotic-response pathway in the
tunable regulation of glycosyl hydrolase production in response to
changes in osmolarity. The role of the hyperosmotic-response path-
way in nutrient sensing may indicate that cells use osmolarity as a
proxy for the presence of free sugar in their environment. These
signaling pathways form a nutrient-sensing network that allows
N. crassa cells to tightly regulate gene expression in response to
environmental conditions.

MAP kinase cascade | carbon metabolism | hyperosmotic response |
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Accurately sensing and responding to nutrients is a challenge
common to all organisms. Complex signaling networks have

evolved to efficiently deploy resources required to harvest and
utilize nutrients with the least energy expended by the cell. In
humans, inaccurate nutrient sensing can result in type II diabetes
and obesity (1). Mutations in nutrient-sensing pathways also play a
role in cancer progression, since rapid growth of tumors causes
physiological changes that result in abnormal nutrient require-
ments and utilization (2). In fungi, inaccurate nutrient sensing and
signaling can result in slow growth or an inability to appropriately
utilize nutrients in the environment (3).
Saprophytic filamentous fungi are capable of consuming a

wide variety of carbohydrates from simple sugars to the complex
carbohydrates found in plant cell walls. Utilization of these
complex carbohydrates requires the cell to activate expression of
genes encoding secreted enzymes that degrade insoluble carbo-
hydrates into sugars that can be subsequently imported into the
cell (3). If these enzymes are not produced, the cell cannot utilize
these complex carbon sources (4–6). However, production of
such enzymes when preferred carbon sources are present results
in a competitive disadvantage (7). Thus, filamentous fungi have
evolved a complex nutrient-sensing network that queries the
state of the environment to activate expression of these enzymes
only when complex carbohydrates are present and preferred
carbon sources are absent (8–10). In this study, we use the cel-
lulolytic response of the filamentous fungus Neurospora crassa as
a model to investigate the interplay of various signaling pathways
that regulate the cellular response to preferred and nonpreferred
carbon sources.

Cellulose, the major component of the plant cell wall, is a
polymer of β-(1–4)–linked glucose units that is highly recalcitrant
to degradation. In fungi that can utilize cellulose, lignocellulolytic
gene expression is repressed when preferred carbon sources are
present through a process known as “carbon catabolite repression”
(11). There are several transcription factors involved in carbon
catabolite repression (3). The best studied is the zinc finger
transcription factor cre-1 (NCU08807), the N. crassa ortholog of
Saccharomyces cerevisiae MIG1 (12, 13). CRE-1 represses the
expression of cellulase genes in response to a range of simple
sugars, including glucose, and products of cellulose degradation,
such as the disaccharide cellobiose (14).
When cellulose is present in the absence of preferred carbon

sources, the induction of cellulolytic genes in N. crassa is de-
pendent on two zinc binuclear cluster transcription factors: clr-1
(NCU07705) and clr-2 (NCU08042) (Fig. S1A) (4). In the ab-
sence of an inducer, clr-1 is expressed but unable to activate the
expression of cellulase genes. When an inducer, such as a deg-
radation product of cellulose, is present, CLR-1 activates the
expression of a small number of genes, including several β-glu-
cosidases and the transcription factor clr-2 (4). CLR-2 is re-
sponsible for the majority of cellulase gene expression (15).
Deletion of either clr-1 or clr-2 abolishes the cellulolytic response
and eliminates the ability of N. crassa cells to utilize cellulose as a
carbon source (4). Constitutive expression of clr-2 results in the
activation of cellulase gene expression even in the absence of an
inducer (15). However, expression of clr-1 in the absence of an

Significance

Microbes have evolved complex signaling networks to identify
and prioritize utilization of available energy sources. For many
fungi, such as Neurospora crassa, this entails distinguishing be-
tween an array of carbon sources, including insoluble carbohy-
drates in plant cell walls. Here, we identified a repressor of the
cellulose-response pathway in N. crassa. Using this derepressed
mutant, we implicated the conserved hyperosmotic-response
MAP kinase pathway in regulating the response of N. crassa to
insoluble carbohydrates. We hypothesize that fungal species
that degrade plant biomass use osmolarity as a proxy for soluble
sugar in the environment to regulate their nutritional responses,
enabling tailored production of lignocellulases. This finding
could help in battling fungal plant diseases and in the pro-
duction of second-generation biofuels.

Author contributions: L.B.H., S.T.C., and N.L.G. designed research; L.B.H. and S.T.C. per-
formed research; L.B.H. and S.T.C. analyzed data; and L.B.H. and N.L.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: RNA-seq data used in this study were deposited in the Gene Expression
Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession no. GSE95681).
1To whom correspondence should be addressed. Email: Lglass@berkeley.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1707713114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1707713114 PNAS | Published online September 25, 2017 | E8665–E8674

G
EN

ET
IC
S

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707713114/-/DCSupplemental/pnas.201707713SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1707713114&domain=pdf
https://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95681
mailto:Lglass@berkeley.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707713114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707713114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1707713114


inducer is not sufficient to elicit the full cellulolytic response,
leading us to hypothesize that there could be additional, un-
identified genes involved (4).
To test this hypothesis, we screened for mutants that activated

the cellulolytic response in the absence of an inducer. From this
screen, we identified a repressor of CLR-1 activity, which we
named “clr-3.” Deletion of clr-3 resulted in CLR-1–dependent
cellulase gene expression in the absence of an inducer. Further
analysis of mutants identified in the screen led to the discovery
that the hyperosmotic response (OS) MAP kinase pathway is
involved in the cellulolytic response in N. crassa.
Our data support a model in which the regulation of cellulase

gene expression is the result of the integration of a range of
environmental inputs, which are transmitted via nutrient-sensing
pathways. One of these is the OS pathway, which we hypothesize
uses osmolarity to sense the presence of free, soluble sugar, as
opposed to insoluble, crystalline carbon sources found in plant
cell walls. Together with genes, such as cre-1, involved in carbon
catabolite repression, clr-3, working through the transcription
factor clr-1, and the OS pathway form a nutrient-sensing network
that transmits information about available nutrients to tightly
regulate the expression of genes necessary to consume non-
preferred carbon sources.

Results
CLR-3 Acts Through CLR-1 to Repress the Cellulolytic Response. Activa-
tion of cellulase gene expression in N. crassa requires CLR-1 and
CLR-2 (Fig. S1A) (4). Expression of clr-2 is directly regulated by
CLR-1, and constitutive expression of clr-2 is sufficient to activate
the cellulolytic response (15, 16). However, transcription of clr-1
does not result in the activation of cellulase gene expression in the
absence of an inducer (4).
To identify additional regulators of the cellulolytic response,

we placed a hygromycin-resistance marker (HygR) under the reg-
ulation of the pmo-4 (NCU01050) promoter, which is bound by
both CLR-1 and CLR-2 and is activated in response to cellulose
(Fig. S1A) (16). Wild-type cells containing the Ppmo-4-HygR con-
struct grew when exposed to medium containing the inducer
carboxymethyl cellulose (CMC) and hygromycin. However,
when these cells were exposed to a noninducing carbon source,
such as xylan, growth was inhibited when hygromycin was added
(Fig. S1B). We mutagenized the Ppmo-4-HygR strain using the
chemical mutagen N-methyl-N-nitro-N-nitrosoguanidine (NTG)
and screened for mutants able to grow on medium containing
xylan and hygromycin (Fig. S1B).
We first characterized two mutants, M13 and M201, and con-

firmed that these two mutants expressed cellulases even in the
absence of an inducer. To mitigate possible effects caused by dif-
ferential growth speed in media containing different carbon
sources, we grew M13 and M201 cells in medium containing su-
crose as the sole carbon source and then washed and transferred
the mycelial mass to medium containing an inducing carbon source
(cellulose), a noninducing, nonrepressing carbon source (xylan), or
starvation conditions [Vogel’s salts (17) lacking a carbon source].
Secreted cellulase activity was measured 72 h posttransfer. To
identify the causative mutations in M13 and M201 that resulted in
cellulase activity in the absence of an inducer, we used bulked
segregant analysis followed by Illumina sequencing.
Analysis of sequencing data of the bulk progeny pools showed

that both M13 and M201 contained nonconservative missense
point mutations in conserved regions in a hypothetical protein,
NCU05846 (Fig. S2A). These were the only mutations in coding
regions present exclusively in progeny that exhibited inappro-
priate cellulase secretion. Both mutants exhibited a modest
amount of secreted cellulase activity in the absence of an inducer
but wild-type levels of secreted cellulase activity in the presence
of cellulose (Fig. 1A). A strain carrying a full deletion of NCU05846
exhibited an identical cellulase-secretion phenotype, which was

complemented by expressing NCU05846 at the his-3 locus (Fig.
1A). N. crassa cells are multinucleate, and it is possible to make
heterokaryons with genetically different nuclei. To assess com-
plementation of the cellulase phenotype in M13 and M201, we
forced heterokaryons between the mutants and cells that were
either deleted or wild type for NCU05846 (Fig. S2B). (M13 +
ΔNCU05846) and (M201 + ΔNCU05846) heterokaryons failed
to complement the inappropriate cellulase-secretion phenotype
(Fig. S2C). However, when heterokaryons were made by mixing
M13 or M201 with cells wild type at the NCU05846 locus, the
expression of cellulases under noninducing xylan conditions was
significantly reduced (P < 2 × 10−3) (Fig. S2C). These data in-
dicated that mutations in NCU05846 were causative for the
cellulase-secretion phenotype; we therefore named NCU05846
“clr-3” for “cellulose degradation regulator-3.”
The clr-3 promoter is bound by both CLR-1 and CLR-2, and

clr-3 expression is up-regulated in the presence of cellulose (4,
16). The CLR-3 protein included a domain of unknown function
(DUF1479) with orthologs in sordariomycete species (Fig. S2).
The CLR-3 protein family appeared to have undergone dupli-
cation and loss, with a variable number of DUF1479-containing
paralogs in the genomes of ascomycete and basidiomycete spe-
cies. The N. crassa genome also contained a clr-3 paralog,
NCU02600, whose expression is up-regulated in the presence of
cellulose (Fig. S2D) (4). To determine whether NCU02600 is
involved in regulating cellulase gene expression, we measured
the secreted cellulase activity of cells lacking NCU02600. No
differences in the secreted cellulase activity of ΔNCU02600 cells
compared with wild-type cells or any combinatorial effects of
deleting both clr-3 and NCU02600 were detected (Fig. S2C).
Because changes in the secreted cellulase activity of the Δclr-3

mutant could be due to defects in any aspect of cellulase pro-
duction, from mRNA abundance to protein secretion, we asked
whether clr-3 was responsible for regulating cellulolytic gene ex-
pression. We grew wild-type and Δclr-3 cells in medium containing
sucrose as the sole carbon source and subsequently exposed these
cells to either the noninducing carbon source xylan or starvation
for 10 h. qRT-PCR was performed on RNA isolated from these
cultures for two genes whose expression is known to be activated
during the cellulolytic response: clr-2 and cbh-1 (NCU07340) (4).
In wild-type cells, expression of clr-2 is regulated by CLR-1,
and expression of the cellulase gene cbh-1 is activated by both
CLR-1 and CLR-2 (4, 16). Under xylan conditions, cells lacking
clr-3 showed a 56% increase in clr-2 expression (P = 6 × 10−3) and
a 70-fold increase in cbh-1 expression (P = 4 × 10−3) compared
with wild-type cells (Fig. 1B). The difference in the expression
of clr-2 and cbh-1 in wild-type and Δclr-3 cells during starvation
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Fig. 1. CLR-3 (NCU05846) negatively regulates the cellulolytic response.
(A) Carboxymethyl cellulase (CMCase) activity of enzymes secreted into cul-
ture supernatants 72 h posttransfer to the indicated medium by the in-
dicated wild-type or mutant cultures. (B) Transcript abundance of clr-2 and
cbh-1 relative to act 10 h posttransfer to the indicated medium as measured
by qRT-PCR in wild-type or Δclr-3 (ΔNCU05846) cells. Error bars indicate SDs.
Circles indicate the values of individual biological replicates (Dataset S1).
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conditions was even more pronounced, with a 16-fold increase in clr-2
expression (P = 3 × 10−5) and a 396-fold increase in cbh-1 expression
(P = 6 × 10−5) (Fig. 1B). These data indicated that clr-3 regulates
cellulase gene expression at the level of transcript abundance.
It is possible that CLR-3 acts through the CLR-1/CLR-2

cellulase-induction pathway or, alternatively, it could function in
an as-yet unidentified cellulase-regulation pathway. Because
deletion of clr-3 caused inappropriate expression of clr-2, we
hypothesized that CLR-3 repressed the expression of cellulase
genes in a CLR-1–dependent fashion (4, 16). In support of our
hypothesis, cells that lacked both clr-1 and clr-3 were unable to
secrete cellulases even in the presence of cellulose, indicating
that deletion of clr-3 was unable to suppress the Δclr-1 pheno-
type (Fig. 2A). Additionally, constitutive overexpression of clr-1
in combination with Δclr-3 resulted in a fourfold increase in
secreted cellulase activity during exposure to xylan (P = 3 × 10−6)
and a threefold increase in secreted cellulase activity under
starvation conditions (P = 10−4) compared with overexpression
of clr-1 in an otherwise wild-type background (Fig. 2A). These
data indicated that CLR-3 acts through the CLR-1/CLR-2 path-
way to repress the expression of cellulases in the absence
of cellulose.
To provide further evidence that CLR-3 acts upstream of

CLR-1 activation, we investigated the effect of deleting clr-3 on
the transcriptome of N. crassa. Previous studies used ChIP se-

quencing (ChIP-seq) and RNA sequencing (RNA-seq) to iden-
tify the genes whose promoters are bound by CLR-1 and whose
expression is activated in a CLR-1–dependent manner (4, 16).
Our cellulase activity data (Fig. 2A) indicated that Δclr-1 was
epistatic to Δclr-3, leading us to hypothesize that cells lacking clr-
3 will up-regulate the expression of genes whose promoters are
bound by and whose expression is regulated by CLR-1. Analysis
of RNA-seq data showed that all but one of the genes whose
promoters are bound by CLR-1 were significantly up-regulated
in Δclr-3 cells compared with wild-type cells during starvation
conditions (Fig. 2B and Dataset S2). A more comprehensive
analysis of the transcriptome showed that the expression of
72 genes was up-regulated (more than fourfold) in Δclr-3 cells
compared with wild-type cells at both 4 h and 10 h posttransfer to
starvation (clr-3 regulon), and the expression of all but six of
these genes was also activated during exposure to the crystalline
cellulose substrate Avicel (Avicel regulon) (Fig. 2C and Dataset
S3) (4, 16). This 66-gene set was highly enriched for genes bound
by either CLR-1 or CLR-2 compared with the Avicel regulon as
a whole (Fig. 2D and Dataset S2). These data indicated that
CLR-3 acts to repress the action of CLR-1 in the absence of
an inducer.

The Hyperosmotic-Response Pathway Regulates Cellulase Gene
Expression. Cellulase activity of Δclr-3 cells in the absence of an
inducer was significantly (more than fivefold) less than that of
wild-type cells exposed to cellulose (P < 10−103), indicating
that other repression or activation mechanisms must be involved
in cellulase induction (Fig. 1A). One of the mutants identified in
the screen, M211, had significantly increased secreted cellulase
activity under noninducing conditions compared with Δclr-3 cells
(P < 3.1 × 10−16) (Fig. S3A). When backcrossed, this mutant
segregated into two groups of progeny with inappropriate cellulase
production (Fig. S3 A and B). Progeny in the first group (M211
Moderate) were morphologically indistinguishable from both wild-
type and Δclr-3 cells and produced cellulases at levels comparable
to Δclr-3 cells (Fig. S3 A and B). The second group of progeny
(M211 High) had a distinct morphological phenotype that was
similar to that of the original M211 mutant and exhibited signifi-
cantly increased cellulase production compared with Δclr-3 cells
under noninducing conditions (P < 6.2 × 10−15) (Fig. S3 A and B).
We used bulked segregant analysis and Illumina sequencing to
identify a large chromosomal deletion that included clr-3 in both
the M211 Moderate and M211 High progeny (Dataset S4). Fur-
ther analysis of the M211 High bulk progeny genomic sequences
showed a substantial number of additional point mutations, in-
cluding a missense mutation in os-1 (NCU02815), os-1R572H, which
is a histidine kinase in the OS pathway (Dataset S4) (18). Histidine
kinases are known to transmit information about environmental
stimuli through signal-transduction pathways, and the OS-1R572H

mutation is in the sensor domain of this protein, specifically in
the semistructured connector between the two α-helices of the
HAMP domain (present in histidine kinases, adenyl cyclases,
methyl-accepting proteins, and phosphatases) (19, 20).
The N. crassa OS pathway is homologous to the S. cerevisiae

high-osmolarity glycerol (HOG) pathway and was identified for its
role in responding to hyperosmotic shock (21, 22). In N. crassa,
hyperosmolarity activates the histidine kinase OS-1, which works
through a response regulator and a histidine phosphotransferase
to activate the OS MAP kinase cascade [os-4 (NCU03071), os-5
(NCU00587), and os-2 (NCU07024)] (18, 23–26). When activated
by hyperosmotic shock, the MAP kinase OS-2 activates the basic
leucine zipper domain transcription factor ASL-1 (NCU01345)
and other unknown transcription factors, which are responsible for
activating the expression of osmoresponsive genes (Fig. 3A) (27).
Because the morphological phenotype of the M211 High

mutant progeny was similar to that of OS pathway mutants, we
hypothesized that the OS pathway mutation was responsible for
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the increased cellulase activity secreted by the M211 mutants
(Fig. S3B). To test this hypothesis, we constructed (M211 + Δclr-3)
and (M211 + Δos-1 Δclr-3) heterokaryons and determined their
cellulase phenotype (Fig. S3C). As expected, the cellulase-
secretion phenotype of the (M211 + Δclr-3) heterokaryon was
indistinguishable from that of Δclr-3 cells (Fig. S3D). However,
the secreted cellulase activity of the (M211 + Δos-1 Δclr-3)
heterokaryon was sevenfold higher than that of the (M211 +
Δclr-3) heterokaryon during starvation conditions (P = 3 × 10−5)
(Fig. S3D). These data indicated that the os-1mutation is at least
partially responsible for the increased cellulase activity of the
M211 mutant, although we cannot rule out the possibility that
other mutations in this strain are contributing to its inappropriate
cellulase secretion.

To assess the role of the OS pathway in cellulase regulation,
we tested strains carrying deletions of members of the OS
pathway alone and when these OS mutations were combined
with Δclr-3. Deletions of members of the OS pathway in an
otherwise wild-type background did not have a significant effect
on cellulase production (Fig. 3B). However, in a Δclr-3 back-
ground, deletions of members of the OS MAP kinase cascade
showed significantly increased cellulase activity compared with
Δclr-3 cells in noninducing conditions, with a twofold increase on
xylan and a 10-fold increase under starvation conditions (P <
2.1 × 10−15) (Fig. 3B). To confirm that activation of the OS-2
MAP kinase was required for proper cellulase regulation, we
constructed a kinase-dead os-2 allele by mutating residues ho-
mologous to residues necessary for activation of the S. cerevisiae
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Hog1 MAP kinase (T171 and Y173) to alanine (os-2T171A Y173A)
(28, 29). Cells that expressed the kinase-dead os-2T171A Y173A

allele in combination with Δclr-3 showed secreted cellulase ac-
tivity at levels comparable to Δos-2 Δclr-3 cells when exposed to
cellulose, xylan, or starvation conditions (Fig. 3B).
To ensure that this increase in secreted cellulase activity was

due to changes in the transcript abundance of genes involved in
the cellulolytic response rather than a translational or post-
translational effect, we measured the expression of clr-2 and
cbh-1 in Δos-2 Δclr-3 cells. Deletion of os-2 in combination with
Δclr-3 had very little effect on clr-2 and cbh-1 transcript abundance
when cells were exposed to xylan. However, under starvation
conditions a threefold increase in clr-2 expression (P = 3 × 10−6)
and a fourfold increase in cbh-1 expression (P = 4 × 10−7) was
observed, indicating that the OSMAP kinase pathway acted at the
transcript level to regulate the cellulolytic response, particularly
under starvation conditions (Fig. 3C).
Previous studies showed that the histidine kinase OS-1 is at

least partially responsible for activating the OS MAP kinase
cascade in response to hyperosmolarity (18, 30). We hypothe-
sized that OS-1 would play a similar role in the regulation of
cellulase expression. However, deletion of os-1 in combination
with clr-3 caused a threefold reduction in secreted cellulase ac-
tivity under starvation conditions compared with Δclr-3 cells (P =
7.6 × 10−5) (Fig. 3B). Deletion of os-1 had an even more dra-
matic effect on cellulolytic gene transcript abundance. Transcript
levels of clr-2 and cbh-1 were decreased by ninefold and 89-fold,
respectively, in Δos-1 Δclr-3 cells under starvation conditions
compared with Δclr-3 cells (P < 6 × 10−5) (Fig. 3C). Additionally,
when exposed to xylan, Δos-1 Δclr-3 cells showed a 21-fold de-
crease in cbh-1 expression compared with Δclr-3 cells (P = 6 ×
10−5) (Fig. 3C).
Because the role of OS-1 appeared to oppose that of the OS

MAP kinase pathway with respect to cellulase regulation under
starvation conditions, in contrast to its role in OS MAP kinase
pathway activation under hyperosmotic conditions (23–25, 30), we
hypothesized that the epistatic relationship between OS-1 and the
OS MAP kinase cascade might also differ in these two conditions.
To test this, we deleted os-1 and os-4 in combination with clr-3.
The pattern of secreted cellulase activity of Δos-1 Δos-4 Δclr-3
cells was indistinguishable from that of Δos-4 Δclr-3 cells, sug-
gesting that, as during the response to hyperosmotic shock, the
histidine kinase OS-1 was upstream of the MAP kinase kinase
kinase OS-4 during the response to starvation (Fig. 3B).
In N. crassa, the basic leucine zipper transcription factor ASL-

1 regulates the expression of some OS-2–dependent genes; how-
ever, deletion of asl-1 does not cause sensitivity to hyperosmotic
shock, and not all OS-2–dependent genes are regulated by ASL-1,
implying that the OS pathway also works through other, unknown
transcription factors to regulate gene expression (27). To test the
possibility that regulation of cellulase gene expression by the OS
pathway was mediated by ASL-1, we measured the secreted cel-
lulase activity of cells lacking asl-1. As with deletion of members of
the OS pathway, deletion of asl-1 in an otherwise wild-type cell
had no effect on secreted cellulase activity under any of the con-
ditions we tested (Fig. 3B). However, unlike deletion of members
of the OS pathway, cells lacking asl-1 and clr-3 showed a level of
secreted cellulase activity that was indistinguishable from that of
Δclr-3 cells, indicating that the OS pathway does not act through
asl-1 to regulate cellulases (Fig. 3B).
There are two possible mechanisms for the regulation of cel-

lulase gene expression by the OS pathway. One possibility is that
clr-3 and the OS pathway work in the same pathway to derepress
CLR-1 activity. Alternatively, the OS pathway could play a role
more similar to that of carbon catabolite repression and regulate
cellulases through an independent pathway. To distinguish be-
tween these two possibilities, we used RNA-seq to investigate the
role of the OS pathway in responding to starvation, the nutrient

condition in which the OS pathway appeared to have the greatest
role in regulating cellulase expression. The OS pathway had the
largest phenotypic effect on cellulase production in cells lacking
clr-3, so we first investigated the transcriptomes of Δos-1 Δclr-3
and Δos-2 Δclr-3 cells. Consistent with secreted enzyme activity,
of the 215 genes in the Avicel regulon, 104 were significantly
(more than twofold) down-regulated in Δos-1 Δclr-3 cells, and
69 were significantly (more than twofold) up-regulated in Δos-2
Δclr-3 cells compared with Δclr-3 cells (Fig. 3D and Dataset S2).
In contrast, only four genes in the Avicel regulon were signifi-
cantly (more than twofold) up-regulated in Δos-1 Δclr-3 cells,
and only 11 genes were significantly down-regulated in Δos-2
Δclr-3 cells compared with Δclr-3 cells (Fig. 3D and Dataset S2).
These data indicated that the OS pathway has a global effect on
cellulase gene expression under starvation conditions.
We hypothesized that genes regulated by os-1 and os-2 that

were not in the Avicel regulon might provide a clue as to whether
the OS pathway regulated cellulase expression in the same path-
way as clr-3 or through a separate pathway. Corroborating the
secreted cellulase activity, deletion of either os-1 or os-2 alone did
not have a significant effect on the expression of the vast majority
of genes in the Avicel regulon (Fig. 3D and Dataset S2). However,
to our surprise, 55 genes that were significantly (more than four-
fold) up-regulated inΔos-2 cells compared with wild-type cells (os-
2 starvation regulon) were also differentially expressed in Δclr-3
cells compared with wild-type cells after exposure to starvation for
10 h (clr-3 10 h regulon). If clr-3 and os-2 were working through
the same pathway, the expression level of these genes should be
similar in single clr-3 and os-2 mutants and in Δos-2 Δclr-3 cells.
However, if clr-3 and os-2 were working through separate path-
ways, it was likely that deletion of both clr-3 and os-2 would result
in an additive effect. Analysis of the transcriptomes of Δos-2 Δclr-3
cells showed that nearly all the genes in both the os-2 starvation
regulon and the clr-3 10 h regulon were significantly (more than
twofold) up-regulated compared with deletions of either os-2 or
clr-3 alone, indicating that os-2 and clr-3 act in separate pathways
(Fig. 3E and Dataset S3).
One gene of particular interest that was up-regulated in both

Δclr-3 and Δos-2 cells compared with wild-type cells after 10 h
exposure to starvation was the invertase gene (NCU04265),
which is necessary for the consumption of sucrose, with a fivefold
increase in transcript abundance in Δos-2 cells compared with
wild-type cells during starvation (Dataset S3) (31). This up-
regulation may indicate that os-2 has a general role in repres-
sing genes involved in the consumption of nonpreferred carbon
sources when conditions are not favorable to producing these
proteins. If the OS pathway is involved in the general regulation
of genes necessary for the utilization of nonpreferred carbon
sources as opposed to a specific role in cellulase regulation,
deletion of os-2 should significantly affect the production of
other enzymes, such as xylanases. To test this hypothesis, we
deleted os-2 in cells that expressed a constitutively active version
of the transcription factor xlr-1 (NCU06971) (Pccg-1-xlr-1

A828V),
which is responsible for activating the expression of xylanase
genes in the presence of xylan (5, 16). We observed a greater
than twofold increase in xylanase secretion during starvation con-
ditions in Pccg-1-xlr-1

A828V Δos-2 cells compared with Pccg-1-xlr-1
A828V

cells (P = 1.4 × 10−11), indicating that the effect of the OS pathway-
mediated response to starvation is not limited to cellulase gene
regulation (Fig. 3F).

The OS Pathway Exhibits Tunable Regulation of Cellulase Expression
in Response to Changes in Osmolarity. The OS pathway mediates
responses to hyperosmolarity, oxidative stress, and heat stress by
regulating the expression of an overlapping set of genes (22, 24,
32). It is possible that the OS pathway mediates a general stress
response to a variety of stresses, including the nutrient stress
experienced by cells exposed to starvation and poor carbon
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sources, whose physiological effect on the cell is mitigated by the
regulation of a core set of stress-response genes. An alternative
hypothesis is that the OS pathway-mediated response to starva-
tion is a hypoosmotic response to the low osmolarity that results
from a lack of soluble sugar in the environment.
To distinguish between these two hypotheses, we first analyzed

the expression of gcy-1 (NCU04923), a gene involved in the
production of glycerol in response to hyperosmotic shock, using
qRT-PCR under hyperosmotic and starvation conditions (32).
Corroborating previous results, we saw a ninefold OS-2–de-
pendent increase in gcy-1 transcript abundance after a 2-h ex-
posure to hyperosmotic shock caused by the addition of 1 M
NaCl compared with osmonormal conditions; this increased ex-
pression was sustained, albeit at a reduced level, for up to 10 h
(P < 10−4) (Fig. 4A). However, there was no increase in gcy-1
transcript abundance after exposure to starvation compared with
osmonormal conditions with sucrose as the sole carbon source
(Fig. 4A). To confirm that gcy-1 expression was dependent on the
osmolarity of the environment even in the absence of a carbon
source, we increased the solute concentration in medium lacking
a carbon source from 16 mM to 1,288 mM. The transcript
abundance of gcy-1 in wild-type cells was dependent on osmo-

larity and increased to levels comparable to those observed in
medium containing sucrose + 1 M NaCl (P = 2 × 10−4, df = 1,
F = 33, one-way ANOVA) (Fig. S4A). These data indicated that
the response to starvation does not activate processes, such as
glycerol production, that are instrumental in the OS pathway-
dependent response to hyperosmotic shock.
Since the OS pathway was not activating a general stress re-

sponse in response to starvation, we hypothesized that the OS
pathway regulates cellulase expression in response to changes in
osmolarity. We tested this hypothesis in two complementary ways:
by observing the effect of low osmolarity on cells whose cellulose
response is derepressed and by increasing the osmolarity of the
environment of cells with a strongly induced cellulose response to
levels at which gcy-1 expression was significantly activated.
Assuming complete dissociation of all salts, we calculated the

osmolarity of the solutes in Vogel’s salts, the N. crassa growth
medium (17), to be 161 mM. If cellulase production is regulated
in response to osmolarity, reducing the concentration of Vogel’s
salts should result in increased cellulase activity. Since we wanted
to distinguish the effects resulting from changing osmolarity on
cellulase expression from those due to direct activation of the
cellulose response by external carbon sources, we measured the
secreted cellulase activity of Δclr-3, Δos-1 Δclr-3, and Δos-2
Δclr-3 cells in medium lacking a carbon source. We reduced the
concentration of Vogel’s salts so that the resulting osmolarity
was 16 mM and then increased the osmolarity with NaCl. As we
increased the osmolarity of the medium from 16 mM to 161 mM,
we saw a significant decrease in the secreted cellulase activity of
Δclr-3 cells (P = 6 × 10−6, df = 1, F = 31, one-way ANOVA) (Fig.
4B). This result was significantly different from the pattern of
secreted cellulase activity of either Δos-1 Δclr-3 or Δos-2 Δclr-3
cells (P < 0.01, df = 4, F > 3.7, two-way ANOVA) (Fig. 4B). To
control for potential effects caused by the addition of NaCl, we
also changed the osmolarity of the medium by altering the
concentration of Vogel’s salts and observed a similar effect on
Δclr-3 cells (P = 0.005, df = 1, F = 17, one-way ANOVA) (Fig.
S4B). The cellulase activity of Δos-1 Δclr-3 cells was consistently
low and that of Δos-2 Δclr-3 cells was consistently high across the
various Vogel’s concentrations (P < 0.02, df = 2, F > 2.4, two-
way ANOVA) (Fig. S4B). To confirm that this effect was due to
regulation of cellulase gene expression by the OS pathway in
Δclr-3 cells, we measured expression of clr-2 and cbh-1 as we
increased the Vogel’s concentration from 16 mM to 161 mM and
saw a significant decrease in the transcript abundance of both
genes (P < 8 × 10−5, df = 1, F > 68, one-way ANOVA) (Fig.
S4C). This effect was not observed in Δos-2 Δclr-3 cells (P <
0.004, df = 2, F > 9, two-way ANOVA) (Fig. S4C). These data
indicated that cellulase expression in cells with a derepressed
cellulose response is regulated by the osmolarity of the envi-
ronment in an OS pathway-dependent fashion.
If osmolarity is serving as a proxy for the amount of soluble

sugar in the environment, we would expect to see a similar effect in
wild-type cells under inductive conditions as osmolarity is in-
creased with NaCl. As predicted, we observed a significant de-
crease in the secreted cellulase activity of wild-type cells exposed to
cellulose as we increased the salt concentration, culminating in
a complete abolition of cellulase activity at 1 M NaCl (P = 8.0 ×
10−28, df = 1, F = 668, one-way ANOVA) (Fig. 4C). To control for
possible effects caused by high concentrations of NaCl, we also
tested the secreted cellulase activity of cells lacking the three
major extracellular β-glucosidases (ΔΔΔβ-glucosidase) (NCU00130,
NCU04952, and NCU08755), which allowed the induction of cel-
lulase gene expression when these cells were exposed to cellobiose
(14). Consistent with results of cultures with added NaCl, the se-
creted cellulase activity decreased in ΔΔΔβ-glucosidase cells as the
concentration of the nonionic osmolyte cellobiose increased, an ef-
fect not due solely to carbon catabolite repression (P < 2.4 × 10−9,
df = 1, F > 64, one-way ANOVA) (Fig. S4D).
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the indicated solute concentration. Solute concentration indicates the total
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solutes from NaCl). CMCase activity is shown relative to that present in the
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VMM + cellulose. CMCase activity is shown relative to that present in the cul-
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Because cells lacking os-2 are extremely sensitive to increases
in osmolarity, it was not possible to measure cellulase activity of
Δos-2 cells when exposed to high concentrations of NaCl (22).
However, deletion of os-1 caused a significant insensitivity to
NaCl concentration with respect to secreted cellulase activity,
resulting in significantly higher secreted cellulase activity at
higher concentrations of NaCl compared with wild-type cells
(P = 1.5 × 10−14, df = 4, F = 28, two-way ANOVA) (Fig. 4C). A
similar dependence on OS-1 was seen in ΔΔΔβ-glucosidase Δos-
1 cells exposed to increasing concentrations of cellobiose (P =
0.045, df = 3, F = 2.8, two-way ANOVA) (Fig. S4D). These data
indicated that cells regulate cellulase expression in response to
osmolarity in an OS pathway-dependent fashion.
If cells are using osmolarity to regulate the expression of plant

cell wall-degrading enzymes, it is possible that the effects of the
OS pathway would be particularly noticeable after direct in-
oculation into a medium where the only carbon source is crys-
talline and thus does not affect the osmolarity of the medium.
We tested this hypothesis by directly inoculating wild-type, Δos-
1, and Δos-2 cells into medium containing cellulose as the sole
carbon source and measuring secreted cellulase activity. De-
letion of os-1 resulted in significantly decreased cellulase activity
compared with wild-type cultures (P = 0.03, df = 4, F = 3, two-
way ANOVA), while deletion of os-2 resulted in significantly
increased cellulase activity compared with wild-type cultures
(P = 10−5, df = 4, F = 8, two-way ANOVA) (Fig. 4D). These
results indicated that the OS pathway plays a role in regulating
glycosyl hydrolase expression immediately after colonization of a
crystalline carbon source, such as cellulose.

The OS Pathway-Mediated Regulation of Glycosyl Hydrolases Does Not
Act Through the Canonical Carbon Catabolite-Repression Pathway.
One of the genes in the os-2 starvation regulon was cre-1, which
encodes a transcription factor that is a regulator of carbon ca-
tabolite repression (Fig. 5A and Dataset S3) (13). Deletion of cre-1
increases activation of the cellulolytic response when preferred
carbon sources, such as sugars released during the breakdown of
cellulose, are present (11). Because the expression of cre-1
appeared to be os-2 dependent, and CRE-1 represses cellulase
gene expression, we asked whether the OS pathway worked
through CRE-1 to repress the cellulolytic response.
To test whether CRE-1 is downstream of the OS pathway

during cellulase regulation, we deleted cre-1 in combination with
clr-3 and investigated whether the pattern of cellulase expression
matched that of cells lacking clr-3 in combination with a member
of the OS pathway. When exposed to xylan, cells lacking both
cre-1 and clr-3 exhibited a twofold increase in cellulase activity
compared with cells lacking clr-3 (P = 1.7 × 10−19) (Fig. 5B).
Corroborating the cellulase activity data, we observed a 13-fold
increase in clr-2 transcript abundance and a 28-fold increase in
cbh-1 transcript abundance in Δcre-1 Δclr-3 cells compared with
Δclr-3 cells (P < 4.8 × 10−5) (Fig. 5C). However, during starva-
tion, secreted cellulase activity of Δcre-1 Δclr-3 cells was not
significantly different from that of Δclr-3 cells (Fig. 5B). Indeed,
the transcript abundances of clr-2 and cbh-1 actually decreased
by fourfold and eightfold, respectively, in Δcre-1 Δclr-3 cells as
compared with Δclr-3 cells (P < 10−3) (Fig. 5C).
The differences in cellulase expression in cells lacking clr-3 in

combination with cre-1 as opposed to members of the OS
pathway led us to wonder whether cre-1 and the OS genes were
working through separate pathways to regulate cellulase gene
expression. If true, we predicted that a strain carrying cre-1, os-5,
and clr-3 mutations would show an additive effect for cellulase
activity. As hypothesized, a Δcre-1 Δos-5 Δclr-3 strain showed a
greater than 65% increase in secreted cellulase activity when
exposed to xylan compared with either Δcre-1 Δclr-3 cells or Δos-
5 Δclr-3 cells (P < 5.7 × 10−7) (Fig. 5B). These data supported

the hypothesis that CRE-1 and the OS pathway function in
separate pathways to regulate cellulase gene expression.
To investigate this hypothesis further, we performed a global

analysis of gene expression in Δcre-1 Δclr-3 compared with Δclr-3
cells and found that nearly 80% of the genes in both the clr-3 and
Avicel regulons were significantly (more than twofold) down-
regulated in Δcre-1 Δclr-3 cells compared with Δclr-3 cells un-
der starvation conditions (Fig. 3D and Dataset S2). Although the
down-regulation of genes in the Avicel regulon in Δcre-1 Δclr-3
cells was reminiscent of cells lacking both os-1 and clr-3, further
analysis of the RNA-seq data showed that, unlike in the tran-
scriptome of Δos-1 Δclr-3 cells, the expression of 49 genes in the
clr-3 10 h regulon, but not in the Avicel regulon, was increased by
at least twofold in Δcre-1 Δclr-3 cells compared with Δclr-3 cells
(Fig. 3E and Dataset S3). This pattern of gene expression was
substantially different from that in cells lacking clr-3 and either
os-1 or os-2, suggesting that cre-1 is not downstream of the OS
pathway in the starvation response.
Our data indicated that the OS pathway regulates cellulase

expression due to changes in solute concentration, while the
transcription factor cre-1 regulates cellulase expression in response
to the presence of preferred carbon sources (11). To confirm that
the OS pathway does not regulate cellulase expression in response
to preferred carbon sources, we investigated the response of
N. crassa to the nonhydrolysable glucose analog 2-deoxyglucose.
When wild-type cells are exposed to medium containing 2-deox-
yglucose in combination with a nonpreferred carbon source,
such as cellulose, cells are unable to grow because the presence of
2-deoxyglucose represses the cellulolytic response (33). We in-
oculated cells carrying deletions of cre-1, clr-3, os-1, and os-2 alone
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(A) Preferred carbon sources activate the transcription factor CRE-1, which re-
presses the expression of genes involved in the utilization of nonpreferred
carbon sources. (B) CMCase activity of enzymes secreted by the indicated wild-
type or mutant cultures into culture supernatants 72 h posttransfer to the in-
dicated medium. (C) Transcript abundance of clr-2 and cbh-1 relative to act 10 h
posttransfer to the indicated medium as measured by qRT-PCR in the indicated
wild-type or mutant cells. Error bars indicate SDs. Circles indicate the values
of individual biological replicates (Dataset S1). (D) Pictures of the indicated
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and in combination in medium containing either cellulose or
cellulose with 2-deoxyglucose. All of these cells were able to grow
in medium containing cellulose; however, the additional presence
of 2-deoxyglucose prohibited the growth of cells lacking os-1, os-2,
and/or clr-3 but not cre-1, suggesting that the OS pathway does not
regulate cellulase gene expression in response to the chemical
signature of preferred carbon sources (Fig. 5D).

Discussion
Regulation of gene expression in response to nutrient availability
requires cells to integrate signals from a variety of signaling
pathways that query the state of the extracellular environment.
The wide variety of carbohydrates utilized by saprophytic fila-
mentous fungi makes these organisms an excellent model system
to study nutrient-sensing networks. Using a forward genetic
screen, we identified members of signaling pathways involved in
both the direct activation of cellulase gene expression in re-
sponse to cellulose and in general regulation of genes involved in
the utilization of nonpreferred carbon sources. Our study revealed
that CLR-3, a cellulase repressor, regulates the activity of the
transcription factor CLR-1 in response to cellulose and that the
OS pathway is involved in the regulation of genes required for
the consumption of nonpreferred carbon sources. These path-
ways work together with other highly conserved pathways, such
as the carbon catabolite-repression pathway, to form a nutrient-
sensing network that tightly regulates the expression of genes
required for plant biomass utilization (Fig. 6).

clr-3 Encodes a Repressor of CLR-1 Activity. Induction of cellulase
gene expression is accomplished by the transcription factors CLR-
1 and CLR-2. Our data indicate that in the absence of cellulose
CLR-3 represses the activity of CLR-1. When cellulose is present,
the repressive activity of CLR-3 is relieved, and CLR-1 activates
the expression of a small number of cellulases and other genes
necessary for the utilization of cellulose, including the transcrip-
tion factor clr-2 (Fig. 6). CLR-2 is responsible for activating the
expression of the majority of cellulase genes (4, 15). Our data

indicate that CLR-3 acts to repress the activity of the transcription
factor CLR-1 in the absence of an inducer. Although homologs of
clr-1 occur throughout ascomycete species, the role of CLR-1 as
the regulator of the cellulolytic response does not appear to be
broadly conserved (3). Thus, we hypothesize that functional
orthologs of clr-3 may exist only in species in which CLR-1 regu-
lates the cellulolytic response, consistent with the conservation of
CLR-3 among sordariomycete species (Fig. S2D).
CLR-3 is a DUF1479-containing protein. Although proteins

containing this domain exist in both prokaryotes and eukaryotes,
their function is unknown. A recent study in Candida albicans
showed that a gene encoding a DUF1479-containing protein, Gig2,
is up-regulated in response to the sugar N-acetylglucosamine;
Gig2 may bind the related sugar N-glycolylneuraminate or N-ace-
tylneuraminate (34). If Gig2 and CLR-3 function similarly, this
observation may indicate a role for CLR-3 in binding a sugar mol-
ecule, such as cellobiose, or a derivative, thus, inactivating the re-
pressive function of CLR-3. Identifying potential metabolites bound
to CLR-3 may help clarify the soluble signaling molecule re-
sponsible for directly activating the cellulolytic response in N. crassa.

The OS Pathway Regulates the Expression of Genes Involved in the
Utilization of Nonpreferred Carbon Sources in Response to Changes in
Osmolarity. The N. crassa OS pathway was initially identified for
its role in responding to hyperosmotic shock but also has a more
general role in cellular stress, including responses to heat stress,
oxidative stress, circadian rhythm, and simultaneous exposure to
heat stress and starvation (21, 24, 32, 35, 36).
We identified a role for the OS pathway in the general regu-

lation of genes involved in the utilization of nonpreferred carbon
sources in response to changes in osmolarity. Deletion of members
of the OS MAP kinase cascade results in increased expression of
plant cell wall-degrading enzymes under noninducing conditions in
cells with derepressed (hemi)cellulolytic responses. In Trichoderma
reesei, cells lacking the orthologous os-2 MAP kinase (tmk3) show
decreased cellulase production after direct inoculation into liq-
uid culture. However, the Δtmk3 mutant shows severe pleiotro-
pic growth defects, and Δtmk3 cells grown on solid medium do
not show the same reduction in cellulase production (37). The
T. reesei hypercellulolytic mutant RUT-C30 shows defects in
osmotic homeostasis (38). Our work suggests that this osmotic
defect may be partially responsible for the increased cellulase
production of RUT-C30.
Several additional examples of a role for OS MAP kinase

pathways in nutrient sensing exist. In mammalian neuronal cells,
the p38 MAP kinase (orthologous to os-2) has been shown to
regulate O-linked β-N-acetylglucosamine protein modifications,
particularly in response to glucose deprivation (39). In S. cerevisiae
and C. albicans, the p38 MAP kinase ortholog Hog1 functions
with the nutrient-sensing Kss1 MAP kinase to regulate morpho-
logical responses to the nonpreferred carbon source, galactose
(40). However, unlike the N. crassa OS pathway-mediated re-
sponse to starvation, the S. cerevisiae Hog1-mediated response to
the nonpreferred sugar galactose activates the expression of genes
required for the response to hyperosmotic shock, including genes
in the glycerol-production pathway (40).
To our surprise, the upstream histidine kinase OS-1 has an

opposing role in the regulation of genes involved in the con-
sumption of nonpreferred carbon sources in N. crassa. Under
starvation conditions, cells lacking os-1 and clr-3 show decreased
cellulase gene expression compared with Δclr-3 cells. The role of
OS-1 as a repressor of the OS MAP kinase cascade is consistent
with the role of a homologous protein in S. cerevisiae, Sln1, a
histidine kinase partially responsible for regulating the activation of
Hog1 (41, 42). However, previous studies in N. crassa indicate that
OS-1 acts as an activator of the OS MAP kinase cascade during
exposure to hyperosmotic shock (18, 30). Additionally, OS-1 has
been hypothesized to act as an osmosensor, perhaps via the HAMP

CLR-1 CLR-1

cellulose

CLR-3

Preferred
Carbon Source

CRE-1

Starvation

Osmoresponsive
Gene

Expression
ASL-1

+unknown TFs

Starvation
(Hypoosmolarity)

OS-1

Free Sugar
(Hyperosmolarity)

TF?

OS-5OS-2 OS-4

cellulases

clr-2

Fig. 6. Model: Cellulolytic genes are regulated by carbon source and os-
molarity. CLR-3 represses the activity of CLR-1 in the absence of cellulose,
and the action of CLR-3 is, in turn, repressed by the presence of cellulose. The
OS pathway regulates the lignocellulolytic response by sensing the changes
in osmolarity that occur due to the presence or absence of sugars. The
presence of substantial free sugar or hyperosmotic conditions activates the
OS MAP kinase pathway, activating ASL-1 and other, unknown transcription
factors (TF) to activate osmoresponsive gene expression and repress glycosyl
hydrolase production. Starvation or hypoosmotic conditions cause OS-1 to
repress the OS MAP kinase pathway, allowing increased glycosyl hydrolase
expression in conditions in which free sugar is in short supply. Carbon ca-
tabolite repression acts through the transcription factor CRE-1 to repress the
expression of cellulases in the presence of preferred carbon sources and
activate the expression of cellulases in the absence of a carbon source.
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domains found in group III hybrid histidine kinases (26, 43). The
differing roles for OS-1 in regulating cellulase expression in re-
sponse to hyperosmotic shock versus starvation led us to hypoth-
esize that the OS pathway could be responding to the changes in
osmolarity caused by the presence or absence of soluble sugars to
regulate the expression of genes involved in the consumption of
nonpreferred carbon sources (Fig. 6).
Although we identified a role for the OS pathway in regulating

the expression of cellulase genes in response to changes in os-
molarity, there are still several unanswered questions about how
this is accomplished. ASL-1 is the only transcription factor known
to be downstream of the OS pathway in N. crassa. However, our
data taken together with the observation that Δasl-1 cells are not
sensitive to hyperosmolarity (27) indicate that other transcription
factor(s) are likely involved in regulating the transcriptional re-
sponse to changes in osmolarity. It will be the role of future studies
to identify which transcription factor(s) or other downstream
targets are activated by the OS pathway, whether any other genes
are involved in mediating the phosphorylation of the OS pathway,
and how that affects the regulation of genes involved in the con-
sumption of nonpreferred carbon sources.

A Network of Nutrient-Sensing Pathways Regulates Cellulase Gene
Expression. Our data support a model in which signals transmitted
through multiple signaling pathways are integrated by the cell to
regulate the expression of the (hemi)cellulolytic response. Genes
encoding enzymes involved in plant biomass deconstruction must
be both released from repression by transcription factors regulated
by the presence of preferred carbon sources and activated by
transcription factors that are regulated specifically by components
of plant biomass, such as cellulose (Fig. 6).
We hypothesize that the OS pathway uses the osmolarity of the

environment as a proxy for the concentration of available soluble
sugar to regulate the expression of genes required for the utiliza-
tion of insoluble or otherwise nonpreferred carbon sources (Fig. 6).
When the histidine kinase OS-1 senses an increase in the osmo-
larity of the environment, it activates the OS MAP kinase cascade,
which in turn recruits ASL-1 and other, unknown transcription
factors to activate osmoresponsive gene expression to increase the
internal osmolarity of the cell so that it matches the external os-
molarity more closely (18, 32, 44). Our data indicate that this OS
pathway-mediated response also recruits an as-yet unknown com-
ponent(s) to repress the expression of genes, such as cellulases, that
are involved in the consumption of nonpreferred carbon sources.
We hypothesize that, during starvation or initial inoculation onto
an insoluble carbon source when no free sugar is available, OS-
1 represses the activity of the OS MAP kinase cascade. This, in
turn, releases the transcriptional inhibition of cellulase genes.
The OS pathway plays an important role in cellulase regulation.

However, other pathways, such as the carbon catabolite-repression
pathway, which signals through the transcription factor cre-1, also
play a critical role in regulating cellulase expression (11). Unlike
the OS pathway, the carbon catabolite-repression pathway dis-
tinguishes between the types of carbohydrates available to regulate
gene expression (3). This may explain why cre-1 had a significant
role in repressing cellulase gene expression when cells were ex-
posed to the plant cell wall component xylan, while deleting either
os-1 or os-2 in combination with clr-3 had very little effect on
cellulase gene expression when xylan is the sole carbon source.
Our data indicate that the expression of cellulase genes in

N. crassa is regulated by at least three distinct pathways: CLR-
mediated cellulase induction, the canonical carbon catabolite-
repression pathway, which includes CRE-1, and the OS pathway.
Further studies into the mechanisms by which these three pathways
interact with each other and with other nutrient-sensing pathways to
regulate cellulase gene expression could provide clues about how
other eukaryotic nutrient-sensing networks interact. This approach
could also lead to the identification of novel targets for battling

infection by pathogenic fungi, since accurate nutrient sensing
is required for the progression of mammalian disease caused
by Aspergillus fumigatus infections (45). Additionally, studies
on nutrient sensing and cellulase production in saprophytic
fungi have implications for increasing the production of plant
cell wall-degrading enzymes, which can be harvested as part of
a pipeline for the generation of second-generation biofuels and
other high-value products.

Materials and Methods
N. crassa Strains and Culturing. The strains used in this study are listed in Table
S1. All strains were derived from the wild-type reference strain Fungal Ge-
netics Stock Center (FGSC) 2489 using standard genetic techniques and were
confirmed by PCR and DNA sequencing (46, 47). The only exceptions are the
Δasl-1 strains. Details of their construction and the construction of hetero-
karyons can be found in SI Materials and Methods.

N. crassa cultures were grown on Vogel’s minimal medium (VMM) with
carbon sources added at 2% (wt/vol) unless otherwise noted (17). Specifics of
the carbon sources used can be found in SI Materials and Methods. Unless
otherwise noted, cells were grown from freezer stocks on VMM + sucrose +
1.5% agar (Fisher Scientific) slants for 2 d at 30 °C in the dark and 4 d at
25 °C in constant light before inoculation into the indicated medium at
1 × 106 conidia/mL for all experiments.

Forward Genetic Screen. Ppmo-4-Hyg
R conidia were harvested, washed, and

resuspended in 25 mL PBS with NTG (TCI America) for 2 h before plating on
VMM (without calcium) + 0.5% xylan + 0.11 M Tris (pH 8) + 262 μg/mL
hygromycin B (Invitrogen) + 1.5% agar. Details of the mutagenesis procedure
can be found in SI Materials and Methods. Hygromycin-resistant colonies were
transferred to slants containing VMM + 0.5% xylan + 200 μg/mL hygromycin B.
To ensure that hygromycin resistance was due to inappropriate activation of
the cellulolytic response, the cellulase activity of mutants grown on VMM +
xylan was tested. Mutants that showed cellulase activity in the absence of an
inducer were subjected to bulked segregant analysis.

DNA Sequencing and Bulked Segregant Analysis. Mutants that showed cellulase
activity in the absence of an inducer were backcrossed to the parental
Ppmo-4-Hyg

R strain, and ascospore progeny were divided into mutant-like and
parental-like pools. Genomic DNA isolation and bulked segregant analysis
were modified from Heller et al. (48). For details see SI Materials and Methods.

Enzyme-Activity and Gene-Expression Assays. Enzyme-activity assays and as-
says for gene expression were modified from Coradetti et al. (4). For details
see SI Materials and Methods.

RNA Sequencing and Transcript Abundance. Libraries were prepared from total
RNA using standard Illumina protocols. RNA was sequenced on either an
Illumina HiSeq. 2000 or 4000 system and analyzed using HiSat2 v2.0.5 (49) and
Cufflinks v2.2.1 (50). Details can be found in SI Materials and Methods.

Statistical Significance Tests. For RNA-seq data, experiments were done in
biological triplicate, and statistical significance was determined using
Cufflinks v2.2.1 (50). For all qRT-PCR and secreted enzyme activity exper-
iments at least three biological replicates were done. Biological replicates
were independent cultures inoculated on either the same or independent
days. The exact numbers for all qRT-PCR and secreted enzyme activity
experiments are shown in Dataset S1.

Statistical significance was determined using a two-tailed homoscedastic
(equal variance) Student’s t test unless otherwise noted. Values of bars and
lines in bar and line graphs, respectively are the mean of the biological
replicates, and error bars in all figures are SDs. Circles on bar and line graphs
indicate the values of individual replicates.

Unless otherwise noted, carboxymethyl cellulase (CMCase) activity is
shown relative to the CMCase activity present in the culture supernatant of
wild-type cells 72 h posttransfer to VMM + cellulose, and clr-2 and cbh-1
expression is shown relative to the expression of these genes in wild-type
cells exposed to VMM + xylan.

Data Availability. RNA-seq data used in this study were deposited in the Gene
Expression Omnibus at the National Center for Biotechnology Information
and are accessible through GEO series accession no. GSE95681. The numerical
values used to generate all qRT-PCR and secreted-enzyme activity graphs are
shown in Dataset S1.
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SI Materials and Methods
Construction of Δasl-1 Strains. The Δasl-1 strain was purified from
FGSC 21336 (47) through the generation of microconidia by
growth on water agar, and homokaryons were screened by
PCR. The Δasl-1 Δclr-3 strain was generated by transforming a
hygromycin-resistant cassette targeted to the asl-1 locus by flanks
homologous to the 3′ and 5′ regions of asl-1 via electroporation
into a Δclr-3::nourseothricin-resistant strain [generated using
Δmus-52 (NCU00077) cells and backcrossed to the FGSC 2489
wild-type strain as previously described (46)]. After electroporation,
cells were incubated in VMM + sucrose with 50 μM SCR7 inhibitor
(Apex Bio) (51) for 4 h at room temperature, washed, and plated
on selective medium. Homokaryons were obtained through
the generation of microconidia by growth on water agar and
screened by PCR.

Heterokaryon Strain Construction. Heterokaryons were generated
by coinoculating the indicated strains (which contained either a
hygromycin-resistant cassette or a phleomycin-resistance cassette)
on slants containing VMM + sucrose. Conidia from these coino-
culated strains were harvested and transferred to slants containing
VMM + sucrose + 200 μg/mL hygromycin B + 10 μg/mL phleo-
mycin (pH 8) (to improve phleomycin selection), grown for 2 d at
30 °C in constant dark and 4 d at 25 °C in constant light. Conidia
were then harvested for enzyme-activity assays, which were per-
formed as described below.

Carbon Sources. Carbon sources used included Avicel (cellulose)
(Sigma-Aldrich), xylan from beechwood (Sigma-Aldrich), sucrose
(Fisher Scientific), carboxymethyl cellulose (Sigma-Aldrich), and
cellobiose (Fluka Analytical). Where indicated, 2-deoxyglucose
(Sigma-Aldrich) was added at 0.2%, and NaCl (Fisher Scientific)
was added at the indicated concentration. The starvation medium
was VMM lacking a carbon source.

Forward Genetic Screen: NTG Mutagenesis. Ppmo-4-HygR conidia were
harvested, washed, and resuspended in 25 mL PBS with NTG
(TCI America). A combination of conidial and NTG concentra-
tions was used to sample a range of mutation rates; 108 conidia
were exposed to 50 μM or 100 μM NTG, and 109 conidia were
exposed to 500 μM NTG. Cells were incubated while rotating for
2 h at room temperature and then were washed three times in
VMM + 0.1% thiosulfate before resuspension in 1 mL H2O. The
mutated cell suspension was added to 20 mL VMM (without
calcium) + 0.5% xylan + 0.11 M Tris (pH 8) (to ensure colonial
growth) + 1% agar and was plated on 4 × 10 mL VMM (without
calcium) + 0.5% xylan + 0.11 M Tris (pH 8) + 262 μg/mL
hygromycin B (Invitrogen) + 1.5% agar. Plates were grown for
3–5 d at 30 °C, and hygromycin-resistant colonies were transferred
to slants containing VMM + 0.5% xylan + 200 μg/mL hygromycin
B. To ensure that the hygromycin resistance was due to in-
appropriate activation of the cellulolytic response, the secreted
cellulase activity of mutants grown on VMM + xylan was tested.
Mutants that showed cellulase activity in the absence of an inducer
were subjected to bulked segregant analysis.

DNA Sequencing and Bulked Segregant Analysis. Mutants that showed
cellulase activity in the absence of an inducer were backcrossed to
the parental Ppmo-4-HygR strain, and ascospore progeny were di-
vided into mutant-like and parental-like pools. For genomic
DNA isolation, individual mutant progeny were inoculated at
5 × 105 conidia/mL in VMM + sucrose in 3-mL cultures in

round-bottomed 24-well plates (VWR) and grown at 25 °C in
constant light with constant shaking at 200 rpm for 48 h. Mycelia
were harvested by filtering onWhatman paper no. 1, frozen at −80 °C
overnight, and lyophilized. Lyophilized pads were ground by bead
beating dry with silica beads. Genomic DNA from mutant-like and
parental-like pools was purified as described by Heller et al. (48)
and submitted to the Vincent J. Coates Genomics Sequencing
Laboratory at the University of California, Berkeley (UC Berkeley)
for library preparation and sequencing on an Illumina HiSeq
2000 system with 100-bp paired-end reads (48).
Reads were filtered for quality using the FASTX-Toolkit (http://

hannonlab.cshl.edu/fastx_toolkit/index.html), and the remaining
reads were filtered for paired mates only with a custom Perl script.
Sequences were mapped to the N. crassa FGSC 2489 version
12 genome (52) using the short read aligner bowtie2 (53). Discor-
dant mapping was allowed with the default bowtie2 mixed option.
Insertions and deletions were realigned with the Broad Institute’s
Genome Analysis Toolkit, and SNPs, insertions, and deletions were
subsequently identified with the Genome Analysis Toolkit (54).

Enzyme-Activity Assays. For experiments in which cells were
transferred to the experimental medium, 3 × 106 conidia of the
indicated strains were inoculated into 3 mL VMM + sucrose in
round-bottomed 24-well plates and grown at 25 °C in constant
light with constant shaking at 200 rpm for 24 h. The VMM +
sucrose was vacuumed out of the well, and the mycelial cell mass
was washed once in VMM lacking a carbon source (or 0.1×
Vogel’s salts lacking a carbon source for cultures transferred to
medium containing 0.1× Vogel’s salts), resuspended in the in-
dicated medium, and incubated as described above. Culture
supernatants were harvested 72 h posttransfer. The enzyme
activity present in the culture supernatant was assayed with
Remazol brilliant Blue R-conjugated CMC and xylan (birch-
wood) kits (Megazyme).
For experiments in which cells were directly inoculated into

VMM + cellulose, 3 × 106 conidia of the indicated strains were
inoculated into 3 mL of VMM + cellulose in round-bottomed
24-well plates, and cultures were incubated at 25 °C in constant
light with constant shaking at 200 rpm. Culture supernatant was
harvested 0 h, 24 h, 48 h, 72 h, and 96 h postinoculation and
stored at −20 °C before enzyme activity was measured.

Gene-Expression Assays.Conidia (108) were inoculated into 100 mL
of VMM + sucrose in 250-mL flasks and incubated at 25 °C in
constant light with constant shaking at 200 rpm for 16 h. The
cultures were centrifuged at 2,522 × g for 5 min and washed once
with VMM lacking a carbon source. Mycelia were then resus-
pended in 100 mL of the indicated medium and grown as above
for the indicated amount of time. The only exceptions were cul-
tures transferred to either VMM + sucrose or VMM + sucrose +
1 M NaCl, which after centrifugation were washed once with
VMM + sucrose and then resuspended in the indicated medium.
Mycelia were harvested by filtering on Whatman paper

no. 1 and were flash-frozen in liquid N2 at the indicated time
posttransfer. Total RNA was extracted using TRIzol (Life Tech-
nologies) and purified using the RNeasy kit (Qiagen). To determine
relative transcript abundance, RNA was then subjected to qRT-PCR
using the EXPRESS One-Step SYBR GreenER kit (Life Tech-
nologies) or RNA-seq.

RNA-Seq and Transcript Abundance. Libraries were prepared from
total RNA using standard Illumina protocols. The Δclr-3 cells
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exposed to starvation for 4 h and the Δclr-1 cells exposed to cel-
lulose for 4 h were sequenced at the UC Berkeley Vincent
J. Coates Genomics Sequencing Laboratory on an Illumina HiSeq
2000 system with 50-bp single-end reads. All other RNA samples
were sequenced at the University of California, Davis Genome
Center on an Illumina HiSeq 4000 system with 50-bp single-end
reads. The RNA sequences were aligned to the predicted tran-
scripts from the N. crassa OR74A genome (v12) (52) with
HiSat2 v2.0.5 (49). Transcript abundance (fragments per kilobase
of transcript per million mapped reads, FPKM) and differential
gene expression were determined using Cufflinks v2.2.1 (50).

Hierarchical clustering was performed using the Cluster 3.0 soft-
ware suite (bonsai.hgc.jp/∼mdehoon/software/cluster/software.htm)
using the average linkage method with uncentered correlation as
the similarity metric. Before clustering, FPKMs from each strain/
condition were averaged, log-transformed, and centered on the
geometric mean across conditions.
The raw RNA-seq files from wild-type, Δclr-1, and Δclr-2 cells

transferred to cellulose and Pccg-1-clr-2 and wild-type cells
transferred to starvation conditions for 4 h were taken from
Coradetti et al. (4) and Coradetti et al. (15) and were subjected
to the same data-processing pipeline as the RNA-seq data from
this study (4, 15).

CLR-1 CLR-1

cellulose

?

CLR-2

cellulases

CLR-1/CLR-2 Regulated

cellulases

clr-2

CLR-1 Regulated

cellulases

CLR-2 Regulated

a

b

HygR
Ppmo-4

Hygromycin - + - + - + - +
CMC CMCXylan XylanCarbon Source

Ppmo-4-HygR

Parental Strain
Ppmo-4-HygR

Positive Mutant

Fig. S1. Screen for regulators of the cellulolytic response in N. crassa. (A) The zinc binuclear cluster transcription factor CLR-1 is activated through an unknown
mechanism by the presence of cellulose to induce expression of the zinc binuclear cluster transcription factor clr-2, which is translated in an active form.
Together CLR-1 and CLR-2 are responsible for the expression of genes necessary for the consumption of cellulose, which fall into three broad categories: genes
regulated by CLR-1 alone, genes regulated by CLR-2 alone, and genes regulated by both CLR-1 and CLR-2. To screen for activators of the cellulolytic response,
we placed a hygromycin-resistance cassette under the control of the pmo-4 promoter, which is regulated by both CLR-1 and CLR-2, and mutagenized the cells
using NTG. (B) The indicated mutant cells were inoculated onto solid VMM containing either CMC (an inducing carbon source) or xylan (a noninducing carbon
source) as the sole carbon source with or without hygromycin and were allowed to grow for 2 d at 30 °C in constant dark and for 5 d at 25 °C in constant light.
N. crassa growth on CMC is significantly slower than on xylan. The arrows indicate the medium conditions used to screen for mutants that activate the cellulose
response in the absence of an inducer.
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Fig. S2. CLR-3 (NCU05846) is a member of a family of DUF1479-containing proteins that has undergone duplication and loss. (A) Alignment of protein sequences of CLR-3 (NCU05846)
homologs. Sequences were obtained from BLAST searches of fungal genomes at MycoCosm (genome.jgi.doe.gov/programs/fungi/index.jsf) hosted by the Joint Genome Institute. Se-
quences were aligned using MAFFT version 7.304 with the default settings (55). The entire aligned sequence is shown with zoomed-in regions showing the conserved regions sur-
rounding the CLR-3 (NCU05846) mutations identified in our screen (E407G, caused by a nucleotide change in codon 407 from GAG to GGG, and G669R, caused by a nucleotide change in
codon 669 from GGA to AGA). Amino acids are colored using a scheme that colors amino acids with similar chemical properties with similar colors. Mutations identified in our screen are
indicated by a yellow star, and the residue is highlighted in red in the consensus sequence. The region containing DUF1479 is indicated by a blue bar. (B) The indicated mutant and
heterokaryon cells were inoculated onto solid VMM + sucrose with or without hygromycin and phleomycin as indicated and were allowed to grow for 2 d at 30 °C in constant dark and
4 d at 25 °C in constant light. M13 and M201 are marked with a phleomycin-resistance cassette. All deletion mutants are marked with a hygromycin-resistance cassette. (C) CMCase
activity of enzymes secreted by the indicated wild-type, mutant, or heterokaryon cultures into culture supernatants 72 h posttransfer to the indicated medium. Error bars indicate SDs.
Circles indicate individual biological replicates (Dataset S1). (D) Protein sequences of CLR-3 (NCU05846) homologs were used to build a phylogenetic tree using the maximum likelihood
method based on the Jones–Taylor–Thornton (JTT) matrix-based model (56) using MEGA7 (57) with Ustilago maydis as an outgroup. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model and then selecting the topology with superior log likelihood value. Clades of predicted
orthologous proteins are indicated with pink, green, or purple highlighting. Full species names: Aspergillus nidulans, Aspergillus niger, Botrytis cinerea, Fusarium graminearum,
Fusarium oxysporum, Magnoporthe oryzae, Myceliophthora thermophila, Neurospora crassa, Neurospora tetrasperma, Penicillium oxalicum, Podospora anserina, Sordaria macrospora,
Trichoderma reesei, and Ustilago maydis.
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Fig. S3. Mutations in the OS pathway in combination with clr-3 mutations increase cellulase secretion. (A) CMCase activity of enzymes secreted by the in-
dicated wild-type or mutant cultures into culture supernatants 72 h posttransfer to the indicated medium. (B) The indicated wild-type and mutant cells were
inoculated onto solid VMM + sucrose and allowed to grow for 2 d at 30 °C in constant dark and 4 d at 25 °C in constant light. (C) The indicated mutant and
heterokaryon cells were inoculated onto solid VMM + sucrose with or without hygromycin and phleomycin as indicated and allowed to grow for 2 d at 30 °C in
constant dark and 4 d at 25 °C in constant light. M211 is marked with a phleomycin-resistance cassette. All deletion mutants are marked with a hygromycin-
resistance cassette. (D) CMCase activity of enzymes secreted by the indicated wild-type, mutant, or heterokaryon cultures into culture supernatants 72 h
posttransfer to the indicated medium. Error bars indicate SDs. Circles indicate individual biological replicates (Dataset S1).
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Fig. S4. The OS pathway regulates cellulase expression in response to changes in osmolarity. (A) Transcript abundance of gcy-1 relative to act 2 h posttransfer
to the indicated medium as measured by qRT-PCR in wild-type or Δos-2 cells. Wild-type and Δos-2 cells exposed to starvation conditions were transferred to
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dicated solute concentration. Transcript abundance of gcy-1 is shown relative to gcy-1 transcript abundance in wild-type cells exposed to VMM + sucrose.
(B) CMCase activity of enzymes secreted into culture supernatants 72 h posttransfer to medium lacking a carbon source with the indicated concentration of
Vogel’s salts (0.1× = 16 mM, 0.5× = 81 mM, 1× = 161 mM). CMCase activity is shown relative to that present in the culture supernatant of Δclr-3 cells exposed to
16 mM solute. (C) Transcript abundance of clr-2 and cbh-1 relative to act 10 h posttransfer to medium lacking a carbon source with the indicated concentration
of Vogel’s salts (0.1× = 16 mM, 0.5× = 81 mM, 1× = 161 mM) as measured by qRT-PCR in wild-type or Δos-2 cells. Transcript abundance is shown relative to clr-2
or cbh-1 transcript abundance in Δclr-3 cells exposed to 161 mM solute. (D) CMCase activity of enzymes secreted into culture supernatants 72 h posttransfer to
VMM with the indicated concentration of cellobiose by the indicated mutant cultures. CMCase activity is shown relative to that present in the culture su-
pernatant of ΔΔΔβ-glucosidase cells 72 h posttransfer to VMM + 0.04 M cellobiose. Error bars indicate SDs. Circles indicate individual biological replicates
(Dataset S1). Horizontal spread of individual data points surrounding an average is shown to aid in viewing the values of replicates with similar y values. It does
not indicate any differences in the x values of data points.
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Table S1. Strains used in this study

Name Genotype Source

Wild type Wild-type mat A FGSC 2489 (47)
Δclr-1 Δclr-1::HygR mat A FGSC 11028 (46)
Δclr-2 Δclr-2::HygR mat A FGSC 15834 (46)
Δclr-3 Δclr-3::HygR mat A FGSC 14350 (46)
Δclr-3 Δclr-3::HygR mat a FGSC 14349 (46)
ΔNCU02600 ΔNCU02600::HygR mat a FGSC 19887 (46)
Δos-1 Δos-1::HygR mat A FGSC 11696 (46)
Δos-1 Δos-1::HygR mat a FGSC 11695 (46)
Δos-4 Δos-4::HygR mat a FGSC 18202 (46)
Δasl-1 Δmus-52::BarR; Δasl-1::HygR mat a This study
Δcre-1 Δcre-1::HygR mat A This study
Δos-2 Δos-2::HygR mat A This study
Δos-5 Δos-5::HygR mat A This study
Δasl-1 Δclr-3 Δasl-1::HygR; Δclr-3::NatR mat a This study
Δclr-1 Δclr-3 Δclr-1::HygR; Δclr-3::HygR mat a This study
Δcre-1 Δclr-3 Δcre-1::HygR; Δclr-3::HygR mat A This study
Δos-1 Δclr-3 Δos-1::HygR; Δclr-3::HygR mat A This study
Δos-1 Δclr-3 Δos-1::HygR; Δclr-3::HygR mat a This study
Δos-2 Δclr-3 Δos-2::HygR; Δclr-3::HygR mat A This study
Δos-4 Δclr-3 Δos-4::HygR; Δclr-3::HygR mat a This study
Δos-5 Δclr-3 Δos-5::HygR; Δclr-3::HygR mat A This study
ΔNCU02600 Δclr-3 ΔNCU02600::HygR; Δclr-3::HygR mat a This study
os-2T171A Y173A Δclr-3 os-2T171A Y173A:HygR; Δclr-3::NatR mat a This study
Δclr-3 clr-3 @ his-3 clr-3:his-3 (NCU03139); Δclr-3::HygR mat a This study
Δcre-1 Δos-5 Δclr-3 Δos-5::HygR; Δcre-1::HygR; Δclr-3::HygR mat A This study
Δos-1 Δos-4 Δclr-3 Δos-1::HygR Δos-4::HygR; Δclr-3::HygR mat a This study
ΔΔΔβ-glucosidase Δos-1 Δos-1::HygR; Δgh1-1::HygR Δgh3-3::HygR; Δgh3-4::HygR mat A This study
ΔΔΔβ-glucosidase Δcre-1 Δos-1 Δos-1::HygR; Δgh1-1::HygR Δgh3-3::HygR; Δgh3-4::HygR Δcre-1::HygR mat A This study
Pccg-1-clr-1 Δclr-3 Pccg-1 (NCU03753)-clr-1-V5-HIS:his-3 Δsad-1::HygR (NCU02178) rid-1− (NCU02034);

Δclr-1::HygR; Δclr-3::HygR mat A
This study

Pccg-1-xlr-1
A828V Δos-2 Pccg-1-xlr-1

A828V:his-3 Δsad-1::HygR rid-1−; Δxlr-1::HygR Δos-2::HygR mat A This study
Ppmo-4-Hyg

R Ppmo-4-Hyg
R:PhleoR mat A This study

M13 Ppmo-4-Hyg
R:PhleoR M13 mat a This study

M201 Ppmo-4-Hyg
R:PhleoR M201 mat a This study

M211 Ppmo-4-Hyg
R:PhleoR M211 mat a This study

M211 High Progeny Ppmo-4-Hyg
R:PhleoR M211 High Progeny mat A This study

M211 Moderate Progeny Ppmo-4-Hyg
R:PhleoR M211 Moderate Progeny mat A This study

M13 + Δclr-3 Ppmo-4-Hyg
R:PhleoR M13 + Δclr-3::HygR mat a (Heterokaryon) This study

M13 + ΔNCU02600 Ppmo-4-Hyg
R:PhleoR M13 + ΔNCU02600::HygR mat a (Heterokaryon) This study

M201 + Δclr-3 Ppmo-4-Hyg
R:PhleoR M201 + Δclr-3::HygR mat a (Heterokaryon) This study

M201 + ΔNCU02600 Ppmo-4-Hyg
R:PhleoR M201 + ΔNCU02600::HygR mat a (Heterokaryon) This study

M211 + Δclr-3 Ppmo-4-Hyg
R:PhleoR M211 + Δclr-3::HygR mat a (Heterokaryon) This study

M211 + ΔNCU02600 Ppmo-4-Hyg
R:PhleoR M211 + ΔNCU02600::HygR mat a (Heterokaryon) This study

M211 + Δos-1 Ppmo-4-Hyg
R:PhleoR M211 + Δos-1::HygR mat a (Heterokaryon) This study

M211 + Δos-1 Δclr-3 Ppmo-4-Hyg
R:PhleoR M211 + Δos-1::HygR; Δclr-3::HygR mat a (Heterokaryon) This study

Pccg-1-clr-2 Pccg-1-clr-2:his-3 Δsad-1::HygR rid-1−; Δclr-2::HygR mat A Coradetti et al. (15)
Pccg-1-xlr-1

A828V Pccg-1-xlr-1
A828V:his-3 Δsad-1::HygR rid-1−; Δxlr-1::HygR mat A Craig et al. (16)

Pccg-1-clr-1 Pccg-1-clr-1-V5-HIS:his-3 Δsad-1::HygR rid-1−; Δclr-1::HygR mat A Xiong et al. (58)
ΔΔΔβ-glucosidase Δgh1-1::HygR Δgh3-3::HygR; Δgh3-4::HygR mat A Znameroski et al. (14)
ΔΔΔβ-glucosidase Δcre-1 Δgh1-1::HygR Δgh3-3::HygR; Δgh3-4::HygR Δcre-1::HygR mat A Znameroski et al. (14)

BarR, glufosinate-resistance cassette; FGSC, Fungal Genetics Stock Center (47); HygR, hygromycin-resistance cassette; NatR, nourseothricin-resistance cassette;
PhleoR, phleomycin-resistance cassette.

Other Supporting Information Files

Dataset S1 (XLS)
Dataset S2 (XLS)
Dataset S3 (XLS)
Dataset S4 (XLS)
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