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Abstract

Background: Crop residue is an abundant, low-cost plant biomass material available worldwide for use in the
microbial production of enzymes, biofuels, and valuable chemicals. However, the diverse chemical composition
and complex structure of crop residues are more challenging for efficient degradation by microbes than are
homogeneous polysaccharides. In this study, the transcriptional responses of Neurospora crassa to various plant
straws were analyzed using RNA-Seq, and novel beneficial factors for biomass-induced enzyme production
were evaluated.

Results: Comparative transcriptional profiling of N. crassa grown on five major crop straws of China (barley, corn,
rice, soybean, and wheat straws) revealed a highly overlapping group of 430 genes, the biomass commonly
induced core set (BICS). A large proportion of induced carbohydrate-active enzyme (CAZy) genes (82 out of 113)
were also conserved across the five plant straws. Excluding 178 genes within the BICS that were also upregulated
under no-carbon conditions, the remaining 252 genes were defined as the biomass regulon (BR). Interestingly, 88
genes were only induced by plant biomass and not by three individual polysaccharides (Avicel, xylan, and pectin);
these were denoted as the biomass unique set (BUS). Deletion of one BUS gene, the transcriptional regulator rca-1,
significantly improved lignocellulase production using plant biomass as the sole carbon source, possibly functioning
via de-repression of the regulator clr-2. Thus, this result suggests that rca-1 is a potential engineering target for
biorefineries, especially for plant biomass direct microbial conversion processes.

Conclusions: Transcriptional profiling revealed a large core response to different sources of plant biomass in
N. crassa. The sporulation regulator rca-1 was identified as beneficial for biomass-based enzyme production.
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Background
Renewable plant biomass is a potential low-cost feedstock
for the microbial production of lignocellulolytic enzymes,
biofuels, or value-added chemicals. This process represents
a promising strategy to supply the world’s energy demand
and reduce greenhouse gas emissions derived from burn-
ing fossil fuels [1,2]. Crop residues are ideal raw materials
for bioconversion because they are abundant worldwide,
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low-cost, compatible with food security, and >50% (w/w)
cellulose/hemicellulose, which can be used for biorefinery
[3,4]. However, plants have evolved rigid and complex cell
walls to support upright growth, transport nutrients, and
protect against microbial invasion. Composed of various
polymeric building blocks (typically including cellulose,
hemicellulose, pectin, lignin, and structural proteins) [5],
the plant cell wall presents a greater challenge to lignocel-
lulolytic enzyme digestion than individual polysaccharides
like microcrystalline cellulose (e.g., Avicel), xylan, or pectin,
which are commonly used in biorefinery studies. High
complexity and heterogeneity in chemical composition and
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organization makes plant biomass a bioprocessing feed-
stock with uneven chemical and physical properties [6,7].
Therefore, understanding the commonalities and differ-
ences in microbial degradation of diverse plant cell wall
types will be useful for developing a case-by-case or univer-
sal strategy for plant biomass biorefinery.
Filamentous fungi are currently the main source for

commercial carbohydrate hydrolytic enzyme production
[1]. Investigation of fungal responses to a wide spectrum
of biomass substrates is needed not only to gain more
knowledge of plant cell wall degradation and utilization
but also to rationally engineer filamentous fungi for
biomass-based enzyme, ethanol, and chemical produc-
tion. This information will be especially helpful in using
plant biomass direct microbial conversion (DMC), a re-
cently suggested, promising strategy [7,8] whereby fila-
mentous fungi are used to generate valuable products,
such as fatty acids produced by Neurospora crassa [9] and
ethanol by Trichoderma reesei and Fusarium oxysporum
[10]. Although transcriptome analysis has been performed
in different fungal systems digesting various types of
plant biomass (such as Miscanthus giganteus, barley,
oat, canola, alfalfa, wheat straw, and bagasse) [11-16],
the comparative analysis of genome-wide profiling on a
wide spectrum of biomass substrates in a single fungus
species can offer outstanding knowledge on specific and
common microbe responses to different crop residues,
which will be useful for engineering fungal DMC using
various sources of plant biomass.
The filamentous fungus N. crassa has the ability to ro-

bustly degrade and utilize lignocellulosic materials [12,17].
Its available genome-wide deletion database [18,19] offers
great advantages for ongoing studies of the mechanism of
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Figure 1 Chemical composition (left panel) and hemicellulosic compo
residues. BS, barley straw; CS, corn straw; RS, rice straw; SS, soybean straw; W
three replicates.
digesting polysaccharides (such as Avicel, xylan, and pec-
tin) [12,20-22]. Studies using this model organism have
begun to reveal a more thorough perspective on lignocel-
lulolytic enzyme induction, regulation, and production in
filamentous fungi [23]. These advances can be rationally
applied to N. crassa as well as other filamentous fungi to
further improve their production of lignocellulolytic en-
zymes and even target chemicals via DMC [9].
In this study, we report a large-scale comparison of

N. crassa transcriptome induction by five crop straws
(barley, corn, rice, soybean, and wheat straws; BS, CS,
RS, SS, and WS, respectively) that are highly abundant
in China [24] and around the world [25]. Differential
gene expression profiling of N. crassa grown on these
crop residues versus sucrose showed a large “core” and
a small “shell” response to a variety of plant straws.
Carbohydrate-active enzymes (CAZys) [26] were sig-
nificantly induced by all five straws and displayed a
highly overlapping gene pool, indicating a conserved
CAZy set for plant biomass degradation in N. crassa.
This CAZy set contained a high proportion (10 of 14)
of plant cell wall-induced lytic polysaccharide monooxy-
genase (LPMO) genes. Finally, screening mutants of tran-
scription factors which were induced only by complex
plant cell wall samples yielded a sporulation regulator
rca-1 that was beneficial for lignocellulolytic enzyme
production on plant biomass in N. crassa.

Results
Chemical composition of crop residues
The five crop straws contained similar proportions of cel-
lulose (30%–40%; Figure 1 and Additional file 1: Table S1),
the major component of agro-residues [3]. Four (BS, CS,
h
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RS, and WS) comprised more than 20% hemicelluloses,
while soybean straw contained less hemicellulose but the
highest lignin content among five crop residues (Figure 1).
Moreover, soybean straw had the lowest proportion of ara-
binose in hemicellulose (5.6%) compared with the other
four straws (9.4%–13.8%; Figure 1 and Additional file 1:
Table S1). Generally, lignin and ash compositions in the
five crop straws were more varied than that of cellulose/
hemicellulose (Figure 1). The variety in chemical compos-
ition combined with complex organization account for the
high heterogeneity in chemical and physical properties of
plant biomass.

Differential expression analysis of biomass-induced profiling
data revealed common and unique responses to crop
residues
Cellulase and xylanase activities and secreted proteins of
N. crassa (FGSC 2489) cultured on ground corn straw
were determined over time. Culture supernatant rarely
accumulated protein until day 2 (Figure 2), but weak cel-
lulase and xylanase activities could be detected at 30 h
(Figure 2). Based on a previous study [12], lignocellulolytic
enzymes can be transcriptionally highly induced by plant
biomass before 40 h in N. crassa. By checking the 30-h
cultures grown on each crop residue medium, the mycelia
were phenotypically (hyphal length and branching)
comparable to the 16-h culture on sucrose (Additional
file 2: Figure S1), which were further used for transcrip-
tome profiling (RNA-Seq). RNA-Seq data showed good
accordance with the results of quantitative real-time re-
verse transcription polymerase chain reaction (qRT-PCR)
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Figure 2 Growth curve of Neurospora crassa on 2% (w/v)
ground corn straw as the sole carbon source. The cellulose
hydrolysis activity (CMCase), exo-glucanase activity (pNPCase),
xylanase activity, and total protein in supernatants were determined
between 24 h and 9 days. Values represent the means of at least
three replicates; error bars show standard deviation.
using the Pearson correlation analysis (Figure 3). All se-
lected cellulases (NCU07340, cbh-1; NCU09680, gh6-2;
and NCU00762, gh5-1) and hemicellulases (NCU08189,
gh10-2; NCU05924, gh10-1; and NCU02855, gh11-1)
were highly induced after 30 h of growth on crop resi-
dues (Figure 3).
For further analysis, differential gene expression analysis

was performed by generalized fold change (GFOLD) [27]
and DEGseq [28] using the 16-h sucrose-grown sample as
a control (Additional file 3: Table S2; Methods). Totals of
520–890 genes were significantly elevated, with greater
than threefold changes (GFOLD ≥ 1.6, P value < 1e-4) in
the five substrates compared with the sucrose condition
(Table 1). Of these genes, 430 genes were commonly
induced on all five straws (Figure 4A). Conversely, a
small number of genes (76–253 genes) showed decreased
expression based on the same criteria (GFOLD ≤ −1.6,
P value < 1e-4) (Table 1). For those upregulated genes, ap-
proximately 60% (300–560 genes) also exhibited threefold
upregulation when mycelia pre-grown on sucrose for 16 h
were transferred to minimal medium (“Methods”) with
no-carbon source for 4 h (Table 1), indicating a starvation
response that was synergic with plant cell wall degradation
and utilization in N. crassa [20]. However, these expres-
sion changes under the no-carbon condition were not of
the same order of magnitude as those under the lignocel-
lulosic conditions (Additional file 3: Table S2).
Except the 430 biomass commonly induced core set

(BICS) genes, many genes showed different induction
patterns under the five straws. For example, 148 genes
were specifically induced by corn straw, accounting for
a greater percentage of all induced genes than in other
crop straws (Figure 4B). Most “CS-unique” genes (85 of
148) were also induced by the no-carbon condition
(Additional file 4: Table S3, sheet 1), suggesting that
corn straw may elicit broader carbon de-repression
than other crops. Conversely, soybean straw induced
the fewest genes (Table 1), as well as “shared” and
“unique” genes (Figure 4A, B). Furthermore, a second
large set of shared genes in Figure 4A (128 genes in-
duced in BS, CS, RS, and WS) was not upregulated on
soybean straw. This feature was also verified by
principle component analysis (PCA) based on tran-
scriptome expression profiling, which showed that soy-
bean straw (a dicot crop) was separated a little from
the other four monocot straws (Figure 4C). These ob-
servations might reflect the transcriptional responses of
N. crassa to the chemical composition distinctions dis-
played in Figure 1.
A detailed functional analysis (FunCat [29]) showed

that polysaccharide or carbohydrate metabolism was
also enriched in all five biomass “shared” and “unique”
sets, which was not the case in the “common” set or
starvation condition (no carbon) (Additional file 4:
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Table S3, sheet 1). Although these 23 polysaccharide/
carbohydrate metabolism genes (Additional file 4:
Table S3, sheet 1, after removing redundant ones) in
the “shared” and “unique” sets induced by each straw
were not the same, most (17 out 23) were induced by
at least two crop straws. For example, all six CAZy
Table 1 Differential gene expression profile on five crop
residues

BS CS RS SS WS

Upregulated genes 656 888 738 524 742

“Common” ratea 65.5% 48.4% 58.3% 82.1% 58.0%

“No-carbon” rateb 60.7% 63.6% 62.6% 57.6% 62.1%

Downregulated genes 76 253 117 141 101

“Common” rate 72.4% 21.7% 47.0% 39.0% 54.5%

“No-carbon” rate 60.5% 78.3% 63.2% 46.1% 63.4%

BS barley straw, CS corn straw, RS rice straw, SS soybean straw, WS
wheat straw.
aGenes commonly regulated by all five straws versus sucrose as a sole carbon
source; “no-carbon” data were derived from a reference [20].
bGenes regulated in the no-carbon condition versus sucrose as a sole
carbon source.
genes (NCU09904, gh16; NCU09175, gh17; NCU09042,
gh2; NCU07351, gh67; NCU04526, ce3; and NCU01059,
gh47) were upregulated under at least two straw condi-
tions (Additional file 4: Table S3, sheet 1). However, corn
straw uniquely induced many genes unrelated to C-
compound metabolism but associated with secondary
metabolism and detoxification (Additional file 4: Table
S3, sheet 1). For example, NCU05780, a glutathione S-
transferase gene, was highly induced only on corn
straw (RPKM (reads per kilobase per million mapped
reads) = 224.6, Additional file 3: Table S2), indicating a
reduction reaction was required for detoxifying oxides
when N. crassa was grown on corn residue. Intri-
guingly, rice straw induced some cation-metabolism
genes and soybean straw induced nucleoside-
metabolism genes, reflecting diverse impurities, such
as iron contamination [15], in different crop straws.
Functional analysis of all downregulated genes in the
five straws revealed that protein-folding, structural
protein, inorganic element metabolism, and disease-
defense genes were mainly enriched in this gene set
(Additional file 4: Table S3, sheet 2).
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Comparative analysis of biomass regulon revealed
common and specific features with polysaccharides
regulons
The 430 genes commonly induced by all five crop resi-
dues (the BICS genes) were primarily assigned into
three clusters using hierarchical clustering with com-
parison to the no-carbon condition [30] (Figure 5A;
Additional file 5: Table S4, sheet 1). Clusters 1 (C1)
and 2 (C2) genes were mostly upregulated by carbon
starvation. These two clusters were mainly related to
nutrient metabolism and transport and enzyme cofac-
tors (Figure 5B, C). This result might indicate reliance
on cellular organic metabolism, transformation, and
energy homeostasis in carbon starvation conditions.
The biggest cluster (C3) harbored 252 genes that were
specifically induced by biomass (Figure 5A). This 252-
gene set was upregulated on all five crop residues
compared with both sucrose (carbon catabolite repres-
sion) and no-carbon (starvation) conditions and was
denoted as the “biomass regulon” (BR) [20,22]. FunCat
results showed that C-compound or extracellular carbon
metabolism and polysaccharide binding were prevalent in
the BR group (Figure 5D). Two recently characterized,
conserved cellulose degradation regulators clr-1
(NCU07705) and clr-2 (NCU08042) [20] were also in-
cluded in this set (Additional file 6: Table S5, sheet 1).
The regulons of three main plant cell wall polysaccha-

rides, cellulose (Avicel), hemicellulose (xylan), and pec-
tin, have been published and include 212, 117, and 189
genes, respectively [20,22]. Venn diagram comparison of
these three datasets showed that 164 BR genes were
shared with the polysaccharide regulons, donated as the
“biomass shared set” (BSS), but another 88 genes were
not shared and comprised the “biomass unique set”
(BUS) (Figure 6A). As shown in Figure 6A, the 252 BR
genes observed in the present study, combined with the
polysaccharide regulons identified previously (212 for
Avicel [20], 117 for xylan [22], and 189 for pectin [22]),
a total of 461 genes were obtained after removing the re-
dundant ones. These 461 genes were then manually
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assigned to several functional categories based on Fun-
Cat [29] and CAZy [26,31] (Additional file 6: Table S5,
sheet 2). Hierarchical clustering analysis of functional
category showed that the BR was the closest to the Avi-
cel regulon (Figure 6B). The 164-gene BSS was especially
enriched for auxiliary activities family (mainly belonging
to AA9, previously GH61), hemicellulase, and pectinase
genes. The BUS consisted of some unclassified CAZy
genes, carbon metabolism genes, and 38 other unclassified
genes (Figure 5E; Additional file 6: Table S5, sheet 2).
These genes might be of importance for plant biomass
degradation and utilization [17]. For example, by checking
the phenotypes of transcription regulator mutants from
BUS, a limited characterized transcription factor rca-1
(NCU01312) [32] was found to affect the expression and
production of cellulase and xylanase (see mutant
screening, below). Not surprisingly, the xylan and pectin
regulons were enriched for hemicellulose and pectin
hydrolytic genes but showed limited induction for AA
genes (Figure 6B).
The CAZome was induced on a large scale and functioned
on various lignocellulosic materials as a conserved
hydrolytic enzyme pool
Two hundred twenty-five genes in the N. crassa genome
are predicted to encode glycosyl hydrolases based on
the latest version of CAZy [31], called the CAZome
(Additional file 7: Table S6, sheet 1). Of the 225 CAZy
genes, approximately 100 were significantly upregulated
threefold on most of the tested crop residues (Figure 7A
and Additional file 7: Table S6, sheet 2). This upregu-
lated gene set was slightly larger than those on any one
of the three polysaccharides (Avicel, xylan, and pectin),
especially xylan (Figure 7A). Moreover, the CAZy groups
induced by the five crop residues displayed similar distri-
butions of six CAZy functional categories; all five crop
residues elicited an especially high number (11–13 of
14) of AA9 genes (Figure 7A). A Venn diagram of these
five crop residue-induced CAZy groups showed that
they shared the majority (82 genes) of their upregulated
genes (Figure 7B).
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The transcriptional regulator rca-1 is involved in
lignocellulolytic enzyme synthesis for N. crassa grown on
plant biomass
Multiple studies have already shown that several transcrip-
tional regulators and a set of hydrolytic enzymes are tightly
associated with polysaccharide degradation in N. crassa
[20,21,33]. These genes were mainly identified under
homo-polysaccharide conditions. This study showed that
many genes were uniquely induced by various crop resi-
dues (Figure 6A). Screening the single gene deletion strain
database from Fungal Genetics Stock Center (FGSC)
[19] is an efficient way to identify critical components
for plant cell wall degradation in N. crassa [20,22].
Thus, knockout strains of transcriptional regulators
from the BUS (Figure 6A and Additional file 6: Table
S5, sheet 2) were screened using Vogel’s minimal
medium with 2% ground corn straw as the sole carbon
source (“Methods”).
A sporulation regulator (NCU01312) deletion mutant

Δrca-1 secreted significantly more proteins than wild
type (WT) when grown on corn straw (Figure 8A). The
mycelia dry weight of Δrca-1 was slightly higher than
that of WT, but not significantly so by Student’s t-test
(Figure 8B). However, the Δrca-1 mutant showed defi-
cient growth on glucose and on sucrose (Figure 8B).
This deficient phenotype was also observed on Avicel
but not on xylan and pectin (Additional file 8: Figure
S2), suggesting that the higher enzyme secretion in
Δrca-1 was related to the plant biomass and not pure
cellulose induction. Protein sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) of Δrca-1
showed similar banding patterns but remarkably in-
creased protein abundances as compared with WT
grown on corn straw (Figure 8C). These bands were
probably NCU07340 (CBH-1, ~70 kD)/NCU09680 (GH6-
2, ~70 kD), NCU07190 (GH6-3, ~40 kD), and NCU07326
(GH43-6, ~37 kD) based on a comparison with the
SDS-PAGE of the N. crassa secretome from a previous
report [12]. The CMCase, pNPCase, and xylanase activ-
ities confirmed this observation (Figure 8D), especially
that of xylanase, which was approximately twofold
higher xylanase activity than that of WT. The transcript
abundance of all selected main cellulases (NCU09680,
NCU07340, NCU04952, and NCU00762) and xylanases
(NCU07326 and NCU05924) in mutant Δrca-1 grown
for 16 h on sucrose and then transferred to corn straw
for 4 h caused at least a twofold higher induction than
in WT (Figure 8E). This finding was in accord with the
greater extracellular protein levels and enzyme activities
in Δrca-1 (Figure 8A, D), which were also observed
when N. crassa was grown on BS, RS, and WS as the
sole carbon sources (Additional file 9: Figure S3). Al-
though the culture supernatant of SS showed low se-
creted protein levels (data not shown), 4 h induction by
SS when transferred from 16 h of pre-growth on sucrose
showed that the transcript abundances of cellulase and
xylanase were elevated in the rca-1 mutant (Additional
file 9: Figure S3C).
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N. crassa rca-1 is a homolog of the sporulation regula-
tor flbD in Aspergillus nidulans [34]. It encodes a pro-
tein with a Myb-like DNA-binding domain that can
complement the A. nidulans flbD mutant but has nearly
unidentifiable effects on N. crassa conidiation [32]. How-
ever, loss of this gene significantly increased lignocelluloly-
tic enzyme production in N. crassa when exposed to plant
cell wall (Figure 8A, C and Additional file 9: Figure S3A).
To further determine the regulatory differences in cellu-
lase expression between Δrca-1 and WT, the transcript ex-
pression levels of major lignocellulase regulators in N.
crassa, including clr-1/2 (NCU07705/NCU08042) [20],
xlr-1 (NCU06971) [21], and cre-1 (NCU08807) [33], were
assessed by qRT-PCR. clr-2 consistently displayed a two
folds higher transcript level in Δrca-1 versus WT when
mycelia pre-grown for 16 h in minimal medium with 2%
sucrose were transferred to corn straw for 4–6 h (Figure 8F),
indicating that rca-1 may have a negative effect on clr-2 ex-
pression when mycelia are exposed to plant straws. clr-2
also showed remarkably higher expression level in the
Δrca-1 mutant when mycelia were grown on soybean straw
(Additional file 9: Figure S3C). Conversely, the transcript
level of rca-1 did not show any remarkable changes in Δclr-
1/2, Δxlr-1, or Δcre-1 mutants versus WT [20,21,33]. All
these observations suggest that rca-1 affects the expression
of plant polysaccharide-degrading enzyme genes by up-
stream regulation/modulation of the cellulose regulator clr-
2 when grown on plant biomass. Additionally, the double
mutant F1-Δrca-1; Δcre-1 (Additional file 10: Figure S4)
had approximately two folds higher lignocellulolytic enzyme
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Figure 8 Phenotype of mutant Δrca-1 versus wild type (WT) grown on corn straw. CS, corn straw; M, protein marker; YE, yeast extract.
(A–D) Secreted proteins, mycelial dry weight (mycelia grown on 2% glucose, or sucrose for 16 h, and 2% corn straw for 7 days), SDS-PAGE, and
enzymatic activities, including cellulose hydrolysis activity (CMCase), exo-glucanase activity (pNPCase), and xylanase activity, of Δrca-1 versus WT
when grown for the indicated times. (E) Induction of selected CAZy genes in WT and Δrca-1 mutant after transfer 16-h sucrose grown mycelia to
corn straw for 4 h. (F) Time course of relative expression levels of plant cell wall-degrading associated regulators in Δrca-1 mutant versus WT after
transfer from 16-h sucrose culture to corn straw for the indicated times. Values represent the means of at least three biological replicates; error
bars show standard deviation. Statistical significance was performed using a two-tailed Student’s t-test. *P < 0.05; **P < 0.01.
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production than that of Δrca-1 (Figure 9) and significantly
higher pNPCase activity than that of Δcre-1 (Figure 9A),
suggesting a possible novel strategy of strain improvement
for lignocellulase production by co-disruption of rca-1
and cre-1.

Discussion
Despite some differences in chemical composition and
organization among five major crop residues, especially
the dicotyledonous soybean straw, which was slightly
more distinct than the other four monocot straws in
composition as well as transcriptional response in N.
crassa, transcriptome profiling showed a large conserved
core response to these straws in the model cellulolytic
fungus N. crassa, including a conserved CAZome. Of
430 core genes responding to growth on plant biomass,
a 252-gene set was identified as the BR. Many genes
(65%) in this set overlapped with either the Avicel, xylan,
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strains to increase production of cell wall-degrading en-
zymes and the end-product conversion rate.
Eighty-eight genes were upregulated only on plant bio-

mass, rather than on Avicel, xylan, or pectin [20,22].
Athough most genes in this set encoded unknown or
unclassified proteins, they could be a resource for identi-
fying novel components involved in lignocellulose de-
construction [17]. For example, the sporulation regulator
rca-1 (NCU01312) screened from this gene set dramatic-
ally increased lignocellulase production in N. crassa
when grown on plant biomass but not on Avicel. Previ-
ous studies show that rca-1 can complement flbD dele-
tion in A. nidulans, but deletion had no detectable
sporulation defect in N. crassa [32]. Intriguingly, loss of
the flbD downstream conidiation regulator brlA in Peni-
cillium decumbens not only blocked conidiation but also
significantly improved cellulase production when grown
on cellulose supplemented with wheat bran [35]. A bio-
informatics search predicted that many sequences upstream
of CAZy genes harbor BrlA-binding sites in P. decumbens
[35], but evidence for a direct binding interaction has not
yet been revealed. The RCA-1 regulator is a MYB family
member that contains two imperfect repeats [32] for bind-
ing the cis-element 5′-AACTGNCW-3′ [36]. Searching the
upstream 1-kb promoters of 225 CAZy genes by PATSER
in RSAT [37] yielded 51 promoter regions containing can-
didate Myb-binding sites, but most harbored only one or
two sites, with the exception of NCU07035 (Additional file
11: Table S7). The gene NCU07035, a member of glycosyl
hydrolase family 18 (mainly representing chitinase), showed
elevated expression levels when grown on all five tested
crop residues (Additional file 3: Table S2) and also on
Avicel when grown for 30 h [12]. Although the tran-
script of NCU07035 was not highly expressed, the role
of its family in N. crassa grown on lignocellulose needs
to be further investigated.
Examination of the expression levels of lignocelluloly-

tic regulators xlr-1, clr-1/2, and cre-1 showed that clr-2
was upregulated in the rca-1 deletion mutant compared
with WT, indicating that the mutant might enhance the
expression of biomass-degrading genes via de-repression
of clr-2. Cellulolytic transcription factors clr-1/2 were
necessary to fully induce all major cellulase and some
major hemicellulase genes in N. crassa [20]. Notably, in-
duction of clr-2 is dependent on clr-1 in N. crassa.
Therefore, RCA-1 might repress clr-2 expression by dir-
ectly regulating and (or) interacting with CLR-1 to
modulate its induction, although clr-1 was not sup-
pressed by RCA-1 at the mRNA level (Figure 8F).
Additionally, deletion of rca-1 led to slower growth on
glucose or sucrose than in the WT (Figure 8B) and
also observed that rca-1 was de-repressed when extra-
cellular glucose levels increased (unpublished data),
suggesting that this sporulation regulator plays a role
in carbon or glucose metabolism/signaling. However,
how this sporulation regulator in N. crassa affects cell
growth in carbon-depleted or -plentiful environment
requires further investigation of the correlation be-
tween colony survival and sporulation as well as bio-
chemical identification of the targets of conidiation
regulators in N. crassa.
Given that rca-1 influences production of plant

biomass-degrading enzymes on a wide spectrum of bio-
mass substrates, rca-1 might be an advantageous target
for engineering the biorefinery of plant biomass through
DMC. Functional characterization of BUS genes is a
potential strategy to gain a more complete view of
N. crassa growth on plant biomass. Further engineering
of growth properties on plant biomass in conjunction
with DMC product yield based on BUS might facilitate
the fungal bioconversion process.

Conclusions
Transcriptional profiling of N. crassa grown on different
plant biomass revealed a conserved core gene set for
plant cell wall utilization, including a conserved pool of
CAZy genes. Eighty-eight genes (the biomass unique set,
BUS) were specifically induced by plant biomass but not
by Avicel, xylan, or pectin. Deletion of one of these
genes, the sporulation transcription factor rca-1, was
identified as beneficial for the production of lignocellu-
lases on plant straw and might be a potential target to
engineer strains for biomass-based biorefinery through
direct microbial conversion technology.

Methods
Strains, media, and culture conditions
The N. crassa WT strain (FGSC 2489) and the rca-1 de-
letion strain (NCU01312, FGSC 11209) were obtained
from FGSC [38]. Mutant Δcre-1 was a gift from the la-
boratory of Professor N. Louise Glass. For RNA-Seq
preparation, conidia of N. crassa WT were inoculated
at 106 conidia/mL into 100 mL 1× Vogel’s salts (minimal
medium) with 2% (w/v) sucrose for 16 h or with 2% (w/v)
of the indicated ground crop-straw carbon sources for
30 h and grown at 25°C with constant light shaking at
200 rpm. The 50× Vogel’s salts were prepared as previ-
ously described [39]. The straws included BS, CS, RS,
SS, and WS were harvested from Anhui Province,
China, and mechanically ground. Mycelia grown for
30 h on various straws were photographed under a
microscope (OLYMPUS, Japan).
For protein assays, 2 mL of culture supernatants were

collected at each time point, centrifuged at 15,294 × g for
8 min to remove mycelia and stored at 4°C for analysis
within 1 day or at −20°C for SDS-PAGE. For media shift
experiments, N. crassa cultures were first grown on
100 mL 1× Vogel’s salts supplemented with 2% (w/v)
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sucrose for 16 h, and mycelia were filtered through six
layers of gauze and immediately washed with sterilized
water at least five times. Then, mycelia were transferred
into new media containing 100 mL 1× Vogel’s salts with
2% (w/v) ground straws for the indicated time (2, 4, and
6 h) at 25°C, 200 rpm.
For transcription factor mutant screening, conidia

were inoculated at 106 conidia/mL into a 250-mL flask
with 100 mL 1× Vogel’s minimal medium with 2%
ground corn straw as the sole carbon source then cul-
tured for 7 days at 25°C, with shaking at 200 rpm under
constant light.

RNA extraction, sequencing, and data analysis
Cultured mycelia were harvested after the indicated
growth time via filtration and immediately frozen in li-
quid nitrogen. Total RNA from frozen samples was iso-
lated with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) as previously described [12] and further treated
with DNase I (RNeasy Mini Kit, QIAGEN, Hilden,
Germany). RNA concentration was measured with a Nano-
drop 2000c (Thermo Scientific, Waltham, MA, USA), and
RNA integrity was checked by agarose gel electrophoresis.
The total RNA of two biological replicate samples was ex-
tracted separately, mixed together after measuring the qual-
ity of each sample, and used for high-throughput RNA
sequencing.
The qualified RNA was prepared using the standard

protocol from Shenzhen BGI (Shenzhen, China) and se-
quenced on the Illumina HiSeq™ 2000 platform (San
Diego, CA, USA). Prior to reads mapping, adaptors and
low quality reads were removed based on the BGI stand-
ard process (www.genomics.cn). Total clean reads were
mapped against predicted transcripts from the N. crassa
OR74A genome (version 12) [40] using TopHat (version
2.0.8b) [41] with at most two mismatches. Raw counts of
reads mapped to unique exons were calculated by
HTSeq (version 0.6.0) [42] and used for both norma-
lizing transcript abundance (RPKM, reads per kilobase
per million mapped reads [43]) and differential gene
expression analysis using GFOLD (version 1.1.0) [27]
and DEGseq [28]. Genes with GFOLD ≥ 1.6 (log2 fold
change ≥ 1.6) and DEGseq P value < 1e-4 were considered
significantly differentially expressed between growth con-
ditions. RNA-Seq raw data are available at the Gene Ex-
pression Omnibus under accession number GSE60986.
The GFOLD values of genes commonly upregulated by
the five crop residues were hierarchically clustered with
HCE software (version 3.5) [30]. The complete linkage
method with Euclidean distance as the similarity metric
was used for cluster generation.
For PCA, the RNA-Seq reads of N. crassa grown

on sucrose, BS, CS, RS, SS, and WS were the input
data of DESeq [44], which calculated the eigenvectors
for each sample by eigenvalue decomposition of the
corresponding sample covariance matrix. The first two
principle components of each eigenvector were plotted
by it [44], with each point representing a biological
sample. This type of analysis is useful for determining
of sample-to-sample distances and batch effects [44].
Although PCA represents the total variance, the PCA plot
displayed only the most important component of each
sample.

Quantitative real-time PCR
qRT-PCR was performed using the iScript cDNA Syn-
thesis Kit and IQ SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA) or SYBR Green Realtime PCR
Master Mix (TOYOBO, Osaka, Japan) according to the
manufacturers’ instructions on a CFX96 real-time PCR
detection system (Bio-Rad). Each reaction was done in
triplicate. The actin gene (NCU04173) was used as an
endogenous control for all experiments. All primers
used in this study are listed in Additional file 12: Table
S8. Relative expression level of each gene was calcu-
lated using the Livak method (2−ΔΔCt).

Measurement of crop residue composition
Agricultural crop residue composition was measured ac-
cording to the analytical procedure of the National Re-
newable Energy Laboratory (NREL; http://www.nrel.gov/).
Briefly, 300 ± 1 mg biomass powder was transferred to a
capped vessel with the addition of 3 mL 72% (w/w) sul-
furic acid and incubated at 30°C in a water bath for 1 h.
During this time, the vessel was vortexed at a maximum
speed of 5 s every 10 min. After incubation, 84 mL deion-
ized water was added, and the mixture was carefully
transferred to a capped bottle. The mixture was then auto-
claved for 1 h at 121°C. The hemicellulosic glucose ana-
lysis was previously described [45]. Briefly, 50 ± 1 mg
biomass was shortly mixed with 14.5 mL of 4% (w/w) sul-
furic acid before autoclaving. Finally, the concentration of
monosaccharides was determined by high-performance li-
quid chromatography (HPLC; Waters e2695, Manchester,
UK) using a Waters 2414 refractive index detector and
Aminex HPX-87H Column (Bio-Rad). Elution was per-
formed at 63°C with 5 mM sulfuric acid at a flow rate of
0.6 mL/min. The content of cellulose and hemicellulose in
the crop residues was calculated by the following formu-
las: %cellulose (w/w) = [(Ctotal glucose −Chemicellulosic glu-

cose) × 86.73 × 0.9 × 100]/300, %hemicellulose (w/w) =
[(Cxylose +Carabinose) × 86.73 × 0.88 × 100 +Chemicellulosic glu-

cose × 86.73 × 0.9 × 100]/300, where, Cmonosaccharide is the
concentration (mg/mL) of a sugar as determined by
HPLC.
For acid insoluble lignin, the precipitate of the auto-

claved mixture above was dried at 75°C until constant
weight then ashed using a muffle furnace with a ramping

http://www.genomics.cn/
http://www.nrel.gov/
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program at 575°C for 3 h. The sample was weighed
again after cooling. The content of acid insoluble lignin
was calculated by the formula: %acid insoluble lignin
(w/w) = (Wprecipitation −Wacid-insoluble ash) × 100/300. The
absorbance at 320 nm of the hydrolysis supernatant
was measured with a UV-1800 spectrophotometer
(Shimadzu, Kyoto, Japan) and used to calculate acid
soluble lignin by the formula: %acid soluble lignin
(w/w) = OD320 × 86.73 × 100/30/300.
For ash determination, 600 ± 1 mg dried biomass pow-

der was ashed using a muffle furnace at 575°C for 3 h.
The content was calculated by the formula: %ash (w/w) =
Wash × 100/600.
Enzyme activity and dry weight assays
The total extracellular protein content was determined
using the Bradford (Bio-Rad) method with BSA as a
standard. The endo-glucanase and endo-xylanase ac-
tivities were measured using the azo-CMC/xylan kit
(Megazyme, Wicklow, Ireland) according to the manu-
facturer’s instructions. The exo-glucanase activity was
assessed using p-nitrophenol-D-cellobioside (pNPC;
Sigma-Aldrich) as the substrate. Briefly, a 250-μL cul-
ture supernatant that was diluted with 50 mM sodium
citrate (pH 4.8) was added to 250 μL of 1 mg/mL
pNPC, then incubated immediately for 10 min at 50°C.
The reaction mixture was terminated by adding 500 μL
of 1 M sodium carbonate and determined at 420 nm by
a UV-1800 spectrophotometer (Shimadzu). One unit (U)
of exo-glucanase activity was defined as the amount of
enzyme that liberates 1 μmol of pNP per min.
Mycelia grown on sucrose or glucose for 16 h were

harvested, dried, and weighed. Biomass dry weight of
corn straw cultures was indirectly measured as previ-
ously described [46]. Briefly, a 5-mL culture broth was
centrifuged at 3,220 × g for 5 min, the supernatant was
discarded, and 3 mL acetic acid (80%, v/v):nitrate (10:1, v/v)
reagent was added to solubilize fungal biomass by boiling
in water for 2 h. The reaction mixture was then centrifuged,
dried, and weighed. Mycelial dry weight was defined as the
dry weight of the original 5-mL culture minus that of the
reaction mixture.
Statistical significance tests and data plotting
Statistical significance tests between two conditions
were performed using a two-tailed Student’s t-test. En-
richment analysis involved the identification of one
functional category or gene group that was overrepre-
sented in a whole gene collection. Significant enrich-
ment was analyzed by a one-tailed Fisher’s exact test
(http://www.langsrud.com/stat/fisher.htm) unless otherwise
indicated. For all tests, *P < 0.05, **P < 0.01. Data were plot-
ted using the R program platform (http://www.r-project.
org/). Venn diagrams were constructed with a web tool
from Ghent University (http://bioinformatics.psb.ugent.be/
webtools/Venn/).
Additional files

Additional file 1: Table S1. Chemical composition of five crop
residues. BS, barley straw; CS, corn straw; RS, rice straw; SS, soybean straw;
WS, wheat straw. Values represent the mean ± standard deviation of at
least three replicates. aThe percentages of three monosaccharides in each
residual hemicellulose are shown in brackets in the order hemicellulosic
glucose, xylose, and arabinose.

Additional file 2: Figure S1. Phenotype of Neurospora crassa grown
on five crop residues (2%, w/v) for 30 h and 2% sucrose for 16 h. Scale
bar = 100 um.

Additional file 3: Table S2. Gene expression profiles and differential
expression analysis of RNA-Seq data. For all genes RPKM, log2 fold
change, and P value on each crop residue versus sucrose were
calculated.

Additional file 4: Table S3. Functional category analysis (FunCat) of
up/downregulated genes. Sheet 1: functional category analysis (FunCat)
of upregulated genes excluding the 430-gene biomass commonly induced
core set; sheet 2: functional category analysis (FunCat) of downregulated
genes.

Additional file 5: Table S4. Hierarchical clustering and functional
category analysis of 430 biomass commonly induced core set genes.
Sheet 1: clustering analysis of 430-gene biomass commonly induced core
set (BICS); sheet 2: functional category analysis (FunCat) of 430-gene BICS.

Additional file 6: Table S5. Functional classification of biomass and
polysaccharide regulons. Sheet 1: regulons induced by various
lignocellulosic substrates in N. crassa; sheet 2: functional classification of
lignocellulolytic regulons.

Additional file 7: Table S6. CAZome elicited by five crop residues.
Sheet 1: the CAZome of N. crassa genome; sheet 2: upregulated CAZy
genes of N. crassa induced by various lignocellulosic substrates.

Additional file 8: Figure S2. Phenotype of mutant Δrca-1 versus wild
type (WT) grown on three polysaccharides, Avicel for 7 days, xylan for
4 days, and pectin for 4 days. (A)–(D) Relative levels of secreted proteins,
cellulose hydrolysis activity (CMCase), exo-glucanase activity (pNPCase),
and xylanase activity of Δrca-1 versus WT grown on the indicated carbon
source. Values represent the means of three replicates; error bars show
standard deviation.

Additional file 9: Figure S3. Phenotype of mutant Δrca-1 versus WT
grown on four non-corn crop residues. (A) Relative levels of secreted
proteins and xylanase activities of Δrca-1 versus WT grown on indicated
crop straws for 4 days. (B) SDS-PAGE of secreted proteins of WT and Δrca-1.
(C) Induction of tested CAZy genes and lignocellulolytic regulators in WT
and Δrca-1 mutant after transfer to soybean straw for 4 h from 16-h sucrose
grown culture. Values represent the means of three replicates; error bars
show standard deviation.

Additional file 10: Figure S4. Genotypes of mutant Δrca-1 × Δcre-1
progeny identified by PCR and 1.5% (w/v) agarose gel electrophoresis.
F1-Δrca-1, the Δrca-1 progeny; F1-Δrca-1; Δcre-1, the rca-1 and cre-1
double deletion progeny; hph, hygromycin phosphotransferase gene; M,
oligo-nucleotide marker. For each isolate, from left to right, PCR products
present the genes cre-1, hph in cre-1 locus, rca-1, and hph in rca-1 locus.
If one isolate had DNA bands only in the lanes “cre-1” and “rca-1”, it was
wild type. Conversely, if one isolate had DNA bands in the lanes “cre-1-hph”
and “rca-1-hph” and no bands in the “cre-1” or “rca-1” lanes, it was an
F1-Δrca-1; Δcre-1 progeny. If it only showed bands in “cre-1” and “rca-1-hph”
lanes, it was an F1-Δrca-1 progeny.

Additional file 11: Table S7. Myb-binding site prediction in the
upstream 1-kb promoter region of the CAZome of N. crassa. “F” represents
forward strand; “C” represents complement strand.

Additional file 12: Table S8. Primers used in this study.
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