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Abstract

In Neurospora crassa, the transcription factor COL-26 functions as a regulator of glucose

signaling and metabolism. Its loss leads to resistance to carbon catabolite repression. Here,

we report that COL-26 is necessary for the expression of amylolytic genes in N. crassa and

is required for the utilization of maltose and starch. Additionally, the Δcol-26 mutant shows

growth defects on preferred carbon sources, such as glucose, an effect that was alleviated if

glutamine replaced ammonium as the primary nitrogen source. This rescue did not occur

when maltose was used as a sole carbon source. Transcriptome and metabolic analyses of

the Δcol-26 mutant relative to its wild type parental strain revealed that amino acid and nitro-

gen metabolism, the TCA cycle and GABA shunt were adversely affected. Phylogenetic

analysis showed a single col-26 homolog in Sordariales, Ophilostomatales, and the Magna-

porthales, but an expanded number of col-26 homologs in other filamentous fungal species.

Deletion of the closest homolog of col-26 in Trichoderma reesei, bglR, resulted in a mutant

with similar preferred carbon source growth deficiency, and which was alleviated if gluta-

mine was the sole nitrogen source, suggesting conservation of COL-26 and BglR function.

Our finding provides novel insight into the role of COL-26 for utilization of starch and in inte-

grating carbon and nitrogen metabolism for balanced metabolic activities for optimal carbon

and nitrogen distribution.

Author summary

In nature, filamentous fungi sense nutrient availability in the surrounding environment

and adjust their metabolism for optimal utilization, growth and reproduction. Carbon
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and nitrogen are two of major elements required for life. Within cells, signals from carbon

and nitrogen catabolism are integrated, resulting in balanced metabolic activities for opti-

mal carbon and nitrogen distribution. However, coordination of carbon and nitrogen

metabolism is often missed in studies that are based on comparisons between single car-

bon or nitrogen sources. In this study, we performed systematic transcriptional profiling

of Neurospora crassa on different components of starch and identified the transcription

factor COL-26 to be an essential regulator for starch utilization and needed for coordinat-

ing carbon and nitrogen regulation and metabolism. Proteins with sequence similar to

COL-26 widely exist among ascomycete fungi. Here we provide experimental evidence

for shared function of a col-26 ortholog in Trichoderma reesei. Our finding provides novel

insight into how the regulation of carbon and nitrogen metabolism can be integrated in

filamentous fungi by the function of COL-26 and which may aid in the rational design of

fungal strains for industrial purposes.

Introduction

Filamentous fungi are one of the primary degraders of plant biomass because of their ability to

produce enzymes that break down complex polysaccharides, including cellulose, hemicellu-

lose, and pectin in the plant cell wall and starch, which is the major storage component in

plants. Starch consists of two types of polysaccharides, amylose and amylopectin. Amylose is

composed of linear chains of α-1,4-linked glucose units, while amylopectin is composed of α-

1,4-linked glucose polymers, with branched α-1,4-glucan connected through α-1,6 glucosidic

bonds at branch points. Our understanding of starch degradation by filamentous fungi mainly

comes from work in Aspergillus spp. (reviewed in [1]), which are industrially important pro-

ducers of starch-degrading enzymes. Three types of enzymes, α-amylases, glucoamylases, and

α-glucosidases, hydrolyze starch synergistically to produce glucose. α-Amylases hydrolyze α-

1,4-glucan chains endolytically to produce maltose, while α -glucosidases and glucoamylases

hydrolyze maltose and α -1,4-linkage exolytically from non-reducing ends to form glucose.

Glucoamylases also hydrolyze α -1,6 linkages at branch connections. Recently, a new family of

lytic polysaccharide monooxygenases (LPMO) active on starch was identified in Neurospora
crassa [2]. The starch-active LPMOs together with a biological redox partner oxidatively cleave

amylose, amylopectin, and starch. The expression of genes encoding amylolytic enzymes can

be induced by starch and its degradation products, maltose and glucose [3–5].

In Aspergillus spp., expression of genes encoding amylolytic enzymes requires the transcrip-

tional activator AmyR, a zinc binuclear cluster (Zn(II)2Cys6) DNA-binding protein belonging

to the Gal4p family of transcription factors [6]. Disruption of amyR in A. oryzae and A. nidu-
lans leads to significantly decreased amylolytic enzyme activities and restricted growth on

starch medium [7, 8]. A similar role in starch hydrolysis was demonstrated for amyR homologs

in Penicillium decumbens [9], Fusarium verticillioides and F. graminearum [10]. Genome

sequencing of two Trichoderma reesei mutant strains, RUT C30 and PC-3-7, with enhanced

cellulase production and resistance to carbon catabolite repression (CCR) identified SNPs in

the bglR gene, a homolog of amyR [11, 12]. Although a T. reesei strain bearing a deletion of

bglR was reported having reduced growth on maltose and glucose, further investigation on the

phenotype of the ΔbglR mutant was not reported. Instead, Nitta et al. (2012) suggested that

BglR regulates genes encoding β-glucosidases and belongs to a new functional transcription

factor group distinguishable from AmyR based on two observations [11]. First, when induced

by cellobiose, expression of some β-glucosidase genes was lower in the ΔbglR mutant as
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compared to the parental PC-3-7 strain. Second, AmyR and BglR form two separate clusters in

phylogenetic analyses. However, the AmyR homologs in F. graminearum and F. verticillioides
(FgART and FvART, respectively) are in the same cluster as BglR and are essential for starch

utilization [10].

COL-26 is the N. crassa ortholog of BglR and was named colonial-26 (col-26) for its colonial

phenotype on medium containing sucrose, glucose or fructose as a sole carbon source [13, 14],

suggesting COL-26 plays a role in regulating glucose metabolism. In N. crassa, COL-26 was

shown to function synergistically with CRE-1, a transcription factor important for CCR and in

regulating cellulase gene expression and enzyme production [14]. The Δcol-26 mutant is also

resistant to 2-deoxyglucose, suggesting it has impaired CCR.

In this study, we tested growth phenotypes of the Δcol-26 mutant on a variety of carbon

sources and determined that COL-26 is essential for maltose and starch utilization. We deter-

mined that the absence of col-26 led to a decrease in expression of amylolytic genes. Metabolic

analyses of the Δcol-26 mutant in comparison to WT cells indicated that mis-regulation of the

TCA cycle, GABA shunt, and amino acid biosynthesis occurs in the Δcol-26 mutant. Replacing

ammonium as a nitrogen source on preferred carbon sources with glutamine alleviated the

growth defects of Δcol-26 on glucose, but not on maltose medium. Our study indicates that

COL-26 has an important and conserved role in the regulation of starch degradation as coordi-

nating primary carbon and nitrogen metabolism in filamentous fungi, and provides insight for

the rational design of strains for the food and biofuel industries.

Results

Growth phenotypes of the Δcol-26 mutant on different carbon sources

The Δcol-26 mutant poorly utilizes simple sugars, including glucose, fructose, and sucrose, but

grows well on complex polysaccharides such as cellulose [14]. To test whether COL-26 is

important for the utilization of other carbon sources, we tested the growth of the Δcol-26
mutant on different mono-, di- or polysaccharides as a sole carbon source. As observed previ-

ously, the Δcol-26 mutant showed reduced growth in glucose, fructose and sucrose [14], but

also showed reduced growth on xylose and cellobiose and essentially no growth on maltose or

trehalose (Fig 1A). On complex polysaccharides, such as xylodextrins and albumin, the Δcol-26
mutant grew similarly to the WT parental strain. However, the Δcol-26 mutant showed a severe

growth defect on amylopectin (Fig 1A). To verify that col-26 is causative for these growth phe-

notypes, we introduced a copy of the col-26 gene under regulation of the A. nidulans gpd pro-

moter at the csr-1 locus in the Δcol-26 mutant (see Materials and methods). This Pgpd-col-26;
Δcol-26 strain showed a similar growth phenotype as the WT strain on these different carbon

sources (Fig 1A). Consistent with the hypothesis that COL-26 plays a role in regulating genes

encoding enzymes required for utilization of starch, trehalose and maltose, the expression

level of col-26 was induced 4 to 8 -fold by a 4-hr exposure to trehalose, maltose, amylopectin

and amylose (Fig 1C).

A genetic interaction between cre-1 and col-26 was revealed in the regulation of cellulase

production; increased expression levels of cre-1 was observed in the Δcol-26 mutant [14]. This

observation suggested that mis-regulation of cre-1 (and thus inappropriate triggering of CCR)

may play a role in the growth phenotype of the Δcol-26 mutant. To test this hypothesis, we

examined the growth phenotype of the Δcre-1; Δcol-26 double mutant as compared to the WT

strain and the Δcol-26 and Δcre-1 single mutants on a variety of carbon sources. The Δcre-1;
Δcol-26 mutant grew similarly to the Δcol-26 mutant when glucose, xylose, sucrose, cellobiose,

maltose, trehalose, or amylopectin was used as the sole carbon source (Fig 1B), indicating that
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Fig 1. Growth of WT and col-26 mutants in VMM with different carbon sources. (A) Growth of the wild type parental strain (FGSC 2489), the Δcol-

26 mutant and the col-26 complemented strain (Pgpd-col26;Δcol-26) in liquid VMM with indicated carbon source after 24 hrs of growth, except for the

xylodextrin cultures, which were grown for 39 hrs. (B) Growth of the wild type parental strain (FGSC 2489), Δcol-26, Δcre-1, and Δcre-1;Δcol-26 strain

in liquid VMM with indicated carbon source after 24 hrs. (C) Fold change in expression levels of col-26 in the WT strain when exposed to different

carbon sources in switch experiments (see Materials and methods). Fold change was determined by comparing the col-26 transcript abundance in

samples grown in VMM with the indicated carbon source to the mean expression level of col-26 in samples switched to VMM with no carbon. Transcript

abundance was measured by RNA-seq experiments Error bar: standard deviation from three biological replicates.

https://doi.org/10.1371/journal.pgen.1006737.g001
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the mis-regulation of cre-1 expression was not causative for the poor growth phenotype

observed in the Δcol-26 mutant.

Transcriptional profiling of the wild type strain on starch components

Neurospora has long been known to be a starch utilizer ever since its discovery over 170 years

ago on contaminated bread in a French Bakery [15]. Although mutants deficient for the utili-

zation of starch (sor-4, gla-1 and gla-2) have been identified [16], how N. crassa transcription-

ally responds to starch in its environment has not been previously investigated. To provide

systematic data on expression changes in response to defined polysaccharide constituents of

starch, we performed transcriptional profiling of WT cells exposed to Vogel’s minimal

medium (VMM) [17] containing amylose or amylopectin as the sole carbon source (1% w/v)

and WT cells exposed to VMM containing maltose as the sole carbon source (2% w/v). RNA-

seq data from N. crassa cultures exposed to VMM with no carbon (NC) or VMM with 2% (w/

v) sucrose were included as controls.

The fifteen sets of RNA-seq data were first evaluated using principle component analysis

(PCA). Biological replicate samples from the same carbon condition clustered tightly (Fig 2A).

Expression patterns from cultures exposed to amylose and amylopectin also clustered closer to

each other than to the NC, maltose and sucrose samples, suggesting a common transcriptional

response in N. crassa upon exposure to polysaccharides of starch. Additionally, expression pat-

terns from cultures exposed to maltose were distant from those exposed to sucrose in the PCA

plot, suggesting substantial transcriptional changes specifically induced by maltose.

Pairwise comparison between the transcriptome of WT cells exposed to amylose or to amy-

lopectin compared to that of VMM-NC revealed genes with differential expression levels (fold

change greater than 2, and false discovery rate (FDR)-corrected p value below 0.01). After sub-

tracting genes that were also differentially induced or repressed in sucrose as compared to

VMM-NC, we identified 322 genes that increased in expression level in WT cells upon expo-

sure to amylose/amylopectin and 108 genes that showed reduced expression levels in amylose/

amylopectin (Fig 2B; S1 Table, Sheet 1). We name this 322-gene set the “starch regulon”.

Indeed, the only overrepresented KEGG pathway in this set of 322 genes was starch and

sucrose metabolism (adjusted p-value: 4.8e-3). No KEGG pathway was overrepresented in the

108 reduced expression gene set. Analyses of RNA-seq data from WT on maltose revealed a set

of 1871 genes that increased in expression level and 1881 genes that decreased in expression

level compared to data from WT on NC. After subtracting genes that were similarly regulated

by sucrose, we identified 736 genes with increased expression level and 696 genes with

decreased expression level in WT cells on maltose medium (Fig 2B; S1 Table, Sheet 2). The

maltose-inducible gene set was enriched in genes from functional categories of biogenesis of

cell wall, perception of nutrient and nutritional adaptation, and electron transport and mem-

brane-associated energy conservation. Additionally, the maltose-inducible gene set overlapped

the starch regulon by 111 genes (S1 Table, Sheet 3). A search in the Carbohydrate Active

Enzymes (CAZyme) database (http://www.cazy.org/) [18] revealed that 7 of the 111 genes

were predicted to act on carbohydrates. Three of them, NCU04674 (gh31-3), NCU01517 (gla-
1), and NCU08746 have annotated functions in degrading starch. gh31-3 encodes a α-glucosi-

dase, gla-1 encodes a glucoamylase and NCU08746 encodes a lytic polysaccharide monoxygen-

ase that acts on starch [2] (Fig 2C). A BLASTP search of the transporter classification

databases (TCDB) (http://www.tcdb.org/) with cut-off value less than 1e-20 identified 14 genes

likely encoding transporters. Four of them, hgt-1 (NCU10021), NCU05627, NCU04963, and

NCU04537 are annotated as sugar transporter genes (Fig 2C). hgt-1 shows high affinity glucose

transport activity [19], while NCU05627 (xyt-1) has xylose transporting activity [20]. The
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Fig 2. Transcriptome of WT strain grown in starch components. (A) Principal component analysis (PCA) of RNA-seq data

from the WT strain (FGSC 2489) exposed to different carbon sources. NC: VMM with no carbon. (B) Venn diagram of

differentially expressed genes in WT cells exposed to sucrose, maltose, amylose and amylopectin. (C) Fold change in

expression levels in WT cells of genes induced by all three starch components, maltose, amylose and amylopectin. (D) Fold

change in expression levels of genes significantly induced by starch polysaccharides versus by maltose. Fold change is the

relative transcript abundance compared to WT grown in VMM-NC. Error bar: standard deviation from three biological replicates.

https://doi.org/10.1371/journal.pgen.1006737.g002
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transport substrates of NCU04963 and NCU04537 remain to be determined. There are also 5

TF genes induced by all three starch components, tah-3, vad-2, kal-1, hac-1, and NCU03975

(Fig 2C). tah-3 was found to be required for tolerance to a harsh plasma environment [21]. For

VAD-2 and KAL-1, a role in nutrient metabolism or sensing has been proposed [13]. HAC-1

is involved in the unfolded protein response and is necessary for growth on cellulose, but not

hemicellulose in N. crassa [22].

Genes in the starch-regulon, but that were not in the maltose-inducible gene set, included

gh13-6, tre-1, and clr-2 (Fig 2D). gh13-6 encodes an α-amylase, tre-1 encodes a trehalase, and

CLR-2 is the major transcriptional regulator of cellulase genes in N. crassa and is essential for

the utilization of cellulose [23–25]. Among genes significantly induced by maltose, but not by

starch polysaccharides were NCU00801 (cdt-1) and NCU12154 (Fig 2D). CDT-1 is a cellodex-

trin transporter and NCU12154 was annotated as maltose permease. The latter shows low

homology to the yeast maltose permease (P53048; TCDB database). Interestingly, the α-amy-

lase gene (gh13-6) in the starch regulon was not induced by maltose (Fig 2D). Instead, two

other α-amylase genes (NCU09805 gh13-1 and NCU08131 gh13-2) were significantly induced

(Fig 2D).

Comparative transcriptional analysis of WT and the col-26 mutant

The Δcol-26 mutant failed to grow on maltose and amylopectin (Fig 1A). To investigate the

functions of COL-26 required for utilization of these substrates, we evaluated transcriptional

changes in the Δcol-26 mutant when switched to medium containing amylose or maltose

under identical conditions as with the WT parental strain (see above). RNA-seq data from the

WT and Δcol-26 biological replicates were subjected to PCA analysis and data from the same

strain grown under the same growth conditions clustered together (Fig 3A). On the PCA plot,

data from the Δcol-26 mutant exposed to amylose and data from the Δcol-26 mutant exposed

to maltose did not cluster.

Under amylose conditions, the expression level of 1242 genes was significantly lower in the

Δcol-26 mutant, while the expression level of 1124 genes increased (Fig 3B, S2 Table). Strik-

ingly, 252 genes out of the 322-gene starch regulon gene set (78%) were down regulated in the

Δcol-26 mutant (Fig 3B), including three of the four amylolytic genes, gla-1, the starch-active

LPMO (NCU08746), gh13-6 and 19 transporter genes including hgt-1, xyt-1, NCU04963, and

NCU04537 (Fig 3C). Seventeen TF genes in the starch regulon were also down regulated in the

Δcol-26 mutant, including tah-1, tah-3, vad-2, ada-5, and kal-1 (S2 Table, sheet 1). The major-

ity of the remaining 70 starch-regulon genes (41 genes) whose expression levels were not

affected by the col-26 deletion were annotated as hypothetical. These data indicate that COL-

26 is a major regulator of the starch regulon of N. crassa. The down regulation of expression of

the starch regulon genes by deletion of col-26 is consistent with the growth defect observed in

the Δcol-26 mutant on starch polysaccharides (Fig 1A).

Under maltose conditions, the expression levels of 1110 genes were significantly increased

in Δcol-26 mutant, while the expression levels of 988 genes decreased (Fig 3B and S2 Table,

sheet 2). The three amylolytic genes, i.e., gla-1, gh13-2, and the starch LPMO (NCU08746) and

the four sugar transporter genes, hgt-1, xyt-1, NCU04963, and NCU04537 were members of

the down-regulated gene set (Fig 3C). This down-regulated gene set also included additional

100 transporter genes, many from the Mitochondrial Protein Translocase (MPT) family, the

Nuclear mRNA Exporter (mRNA-E) family, the Mitochondrial Carrier (MC) family, and the

Major Facilitator Superfamily (MFS) (S2 Table). The down-regulated 988-gene set in the Δcol-
26 mutant only overlapped the 736 maltose-inducible set in WT cells by 63 genes (Fig 3B).

Directly comparing the amylose and maltose RNA-seq data between the WT and the Δcol-26
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Fig 3. Transcriptome of WT andΔcol-26 on maltose and amylose and genes impacted by the col-26 deletion. (A)

Principal component analysis (PCA) of RNA-seq data from the WT and Δcol-26 strains grown on either amylose or maltose.

(B) Venn diagram of genes down-regulated in the Δcol-26 mutant on amylose and maltose compared to the starch regulon and

the maltose-inducible gene set identified in WT cells. C) Fold change in expression levels of genes induced by all three starch

components (amylose, amylopectin and maltose), but down regulated in the Δcol-26 mutant. (D) Venn diagram of differentially

Integration of carbon and nitrogen metabolism by COL-26
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mutant showed that 363 genes were down regulated and 421 genes were up regulated in

absence of col-26. We named the 363 genes as the “COL-26-dependent gene set” and the 421

genes as the “COL-26-reduced expression gene set” (S3 Table, Fig 3D). Only 33 genes in the

COL-26-dependent gene set (less than 10%) were induced in WT cells by exposure to maltose,

amylose, or amylopectin.

Analyses of the COL-26-dependent and reduced expression gene sets

For the COL-26-dependent gene set, a functional enrichment analysis using FunCat [26]

showed that transcription and protein synthesis were overrepresented, including rRNA pro-

cessing, where 79 of 198 genes in this category were identified as being COL-26 dependent

(p = 9e-52). Genes from categories such as RNA binding functions, ribosome biogenesis,

rRNA modification, mRNA synthesis and mitochondrial transport were also enriched (p = 3e-

17, 2e-13, 3e-9, 2e-7, and 1e-2 respectively). The COL-26-dependent gene set contained 6 TF

genes besides col-26. Three were annotated to be hypothetical, and the other three were vib-1
(NCU03725), nit-2 (NCU09068), and cpc-1 (NCU04050) (Fig 3E). VIB-1 (vegetative incom-

patibility block-1) is required for extracellular protease secretion in response to both carbon

and nitrogen starvation [27] and for the utilization of cellulose [14]. The cpc-1 gene (cross-
pathway control-1) is the ortholog of S. cerevisiae GCN4, and is required in N. crassa for the

expression of many amino acid biosynthetic genes in response to amino acid starvation [28–

30]. Ten genes in CPC-1 regulon [30] were also found in the COL-26-dependent gene set (S3

Table). The nit-2 gene (nitrate nonutilizer-2) is the major regulatory transcription factor in N.

crassa regulating nitrogen catabolism and is critical for utilization of nitrate, nitrite, purines,

and most amino acids as a nitrogen source (reviewed in [31]). Also in this set were genes

encoding catabolic enzymes in nitrogen metabolism and amino acid synthesis such as am,

which encodes the NADP-glutamate dehydrogenase (NADP-GDH), gln-1 (NCU06724) and

gln-2 (NCU04856), both of which encode glutamine synthases. Several transporters in this set

are also predicted to be involved in nitrogen and amino acid assimilation, including uc-5
(NCU07334), mtr (NCU06619), pmb (NCU05168) and tam-1 (NCU03257). uc-5 encodes a

uracil permease [32]. The mtr mutant is defective in transport of neutral aliphatic and aromatic

amino acids. The pmb mutant is defective in basic L-amino acid transport and has reduced

uptake of L-arginine, L-lysine, and L-histidine [16] and tam-1 encodes a predicted ammonium

transporter.

We also compared the COL-26-dependent gene set to the set of genes that showed reduced

expression levels in WT cells in carbon-free medium as compared to WT on maltose or on

amylose to reflect the effects of carbon starvation under these two conditions. This comparison

revealed that 291 of the 363 COL-26-dependent genes also showed reduced expression in WT

cells when no carbon source was available (S3 Table), including vib-1, nit-2, uc-5, mtr, pmb,

am, and 5 of the 10 CPC-1 regulon genes. However, cpc-1, gln-1 and gln-2 were not among

these 291 genes.

The COL-26-reduced expression gene set was enriched with genes in the functional catego-

ries of non-vesicular cellular import (p = 7e-8), secondary metabolism (p = 4e-6), degradation

or biosynthesis of phenylalanine (p = 2e-5), allantoin and allantoate transport (p = 2e-7), poly-

saccharide metabolism (p = 2e-6), and C-compound and carbohydrate transport (p = 9e-6).

This gene set also included 39 transporter genes, 7 TF genes, and 26 CAZyme genes (S3 Table).

All predicted TF genes in this set have no assigned function. The majority of the transporter

expressed genes in the Δcol-26 mutant on amylose as compared to maltose. (E) Fold change in expression of selected col-26-

dependent genes. Error bar: standard deviation from three biological replicates.

https://doi.org/10.1371/journal.pgen.1006737.g003
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genes (25 of 39) belong to the MFS family, but only two, cdt-2 and cbt-1 (NCU08114 and

NCU05853) have been characterized (Fig 3E). CDT-2 transports cellodextrins and xylodex-

trins [33–35], while CBT-1 has transporting activity for cellobionic acid [36, 37]. The 26

CAZymes are from 21 CAZyme families, and two of them, a cellulose LPMO gene pmo-3
(NCU07898) and a cellobiose dehydrogenase gene cdh-2 (NCU05923) have been characterized

in N. crassa [38, 39]. Of these 421 genes, 195 were also de-repressed in WT cells under carbon-

free conditions relative to WT on maltose or amylose.

Growth defects of the Δcol-26 mutant are restored by the substitution of

nitrate/ammonium with glutamine as the sole nitrogen source

COL-26 was essential for the utilization of starch components and was essential for expression

of a large fraction of genes associated with utilization of starch in WT cells (Figs 1 and 3B).

However, its growth defect on preferred carbon sources was unique, as other mutants, such as

Δclr-1 and Δclr-2 are unable to grow on cellulose, but have WT growth rates on preferred car-

bon sources [23]. Our observation of the down regulation of tam-1, am, gln-1 and gln-2
genes (Fig 3E) in the Δcol-26 mutant and the fact that loss-of-function of glutamine synthase

renders N. crassa dependent upon glutamine for normal growth [40] prompted us to test

whether the reduced growth of the Δcol-26 mutant in VMM-glucose was due to impaired

nitrogen metabolism.

To test this hypothesis, we examined growth of the Δcol-26 mutant in VMM where ammo-

nium nitrate was replaced by glutamine, VMM(Gln). Bird’s minimal medium (BMM) [41]

was also used for assessing the effect of glutamine substitution, BMM(Gln); BMM(NH4Cl) has

ammonium chloride as the sole nitrogen source. The carbon source for both VMM(NH4NO3)

and BMM(NH4Cl) was glucose; the Δcol-26 mutant showed decreased growth on VMM

(NH4NO3)-glucose (Fig 1A). Mycelial biomass from 24-hr cultures of the WT and Δcol-26
strains, as well as a glutamine synthetase mutant (Δgln-1) [16] were compared (Fig 4A). In

VMM(NH4NO3) with 2% (w/v) glucose as the carbon source, both Δcol-26 and Δgln-1 grew

poorly, reaching only 11~ 12% of WT biomass. Both mutants grew much better in VMM

(Gln), with Δcol-26 and Δgln-1 reaching 47% and 72% of WT biomass, respectively (Fig 4A).

Similar rescue effects of glutamine were observed in the Δcol-26 and Δgln-1 mutants in BMM

(Gln) as compared to that in BMM(NH4Cl) (Fig 4A). Substitution of glutamine for ammonia

also partially rescued the growth of the Δgln-1 mutant on maltose or amylopectin, but failed to

rescue the growth of the Δcol-26 mutant under the same conditions (Fig 4B). The distinctive

rescue effect of glutamine in the Δcol-26 mutant on medium with glucose versus medium with

maltose argues for glutamine being used as a nitrogen source rather than a carbon source. To

test this hypothesis, WT, and the Δcol-26, Pgpd-col-26 and Δgln-1 strains were grown on VMM

with either glutamine, glutamate, arginine or proline as both the carbon and nitrogen source

or as the carbon source with ammonium nitrate as the nitrogen source (S1 Fig); none of the

strains efficiently utilized these amino acids as a carbon source, with only minimal mycelial

biomass observed after 9 days of growth (S1 Fig).

The Δcol-26 and Δcre-1 mutants are resistant to 2-deoxyglucose (2-DG), a glucose analog

that cannot be metabolized but is able to trigger CCR [14]. It is often used to select for, or eval-

uate, impairment of CCR or glucose repression in filamentous fungi [42, 43]. As Δcol-26 grows

extremely slowly in VMM(NH4NO3) with glucose, we hypothesized that its insensitivity to

2-DG may be a result of its mis-regulation of carbon/nitrogen metabolism. Since the growth of

the Δcol-26 mutant in VMM(Gln) was enhanced, we evaluated whether this restoration in

growth rescued the sensitivity to 2-DG in the Δcol-26 mutant. We used cellobiose as the sole

carbon source, as the Δcol-26 mutant grows better under these conditions (Fig 1A). The WT,
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Fig 4. Effect of glutamine replacement as a nitrogen source on growth of WT,Δcol-26 andΔgln-1

strains on glucose or maltose as a sole carbon source. (A) Fungal biomass accumulation in WT and

mutant strains was measured after 24 hrs of growth on indicated media with glucose as the sole carbon

source. (B) Fungal biomass accumulation in WT and mutant strains was measured after 24 hrs of growth on

indicated media with maltose as the sole carbon source. VMM(NH4NO3): Vogel’s minimal medium [17] with
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Δcre-1, Δcol-26, and Δgln-1 strains were grown in VMM-2% (w/v) cellobiose with or without

0.2%(w/v) 2-DG, with either NH4NO3 or glutamine as the nitrogen source. The Δcol-26
mutant showed a clear resistance to 2-DG, independently of whether NH4NO3 or glutamine

was used as the nitrogen source (Fig 4C). These data indicate that Δcol-26 resistance to 2-DG

inhibition (and thus impaired COL-26-mediated CCR) remains independent of the nitrogen

source.

Comparative metabolite analysis of WT and the Δcol-26 mutant

To further understand the changes in primary carbon, nitrogen, and amino acid metabolism

in the Δcol-26 mutant relative to the WT strain, we profiled 45 intracellular metabolites from

WT, Δcol-26 and Δgln-1 strains grown on VMM (NH4NO3) or VMM(Gln) with glucose as the

carbon source (S4 Table). Strains were first grown in VMM(NH4NO3)-cellobiose (2% w/v) to

accumulate fungal biomass, then switched to VMM(NH4NO3)-NC for 18 hrs and subse-

quently grown in VMM(NH4NO3) or VMM(Gln) with glucose (2% w/v) for an additional 5.5

hrs. Intracellular metabolites were extracted and subjected to analyses using gas chromatogra-

phy coupled to mass spectrometry (GC-MS) augmented with liquid chromatography coupled

to tandem mass spectrometry (LC-MS/MS); normalized abundances of metabolites were com-

pared between WT and the mutants. Relative quantitative analysis showed that 17 metabolites

were significantly different between WT and the mutants (p< 0.05) (Fig 5A). However, sur-

prisingly little similarity in metabolite profile was observed when the Δgln-1 and Δcol-26
mutants were compared.

In the Δgln-1 mutant, glutamine levels were significantly lower than WT when grown in

VMM(NH4NO3), but the intracellular glutamine deficiency was rescued by growth on VMM

(Gln) media (Fig 5A). However, although the growth defect of the Δcol-26 mutant on glucose

was partially alleviated when grown on VMM(Gln) media, the intracellular glutamine levels in

the mutant were similar to that of WT grown on either VMM(NH4NO3) or VMM(Gln) (Fig

5A). Instead, the Δcol-26 mutant accumulated high levels of four metabolites under both con-

ditions: 4-aminobutanoic acid (GABA), phenylalanine, cysteine and succinate and was defi-

cient in three metabolites: valine, threonine and succinic semialdehyde. Only the high level of

GABA and the low level of lysine were shared phenotypes between the Δcol-26 and the Δgln-1
mutant (Fig 5A). GABA and succinic semialdehyde are two intermediate metabolites in the

GABA shunt, a metabolic pathway that bypasses two enzymatic steps of the TCA cycle to pro-

duce succinate from α-ketoglutarate via glutamate (Fig 5B). As the GABA shunt links primary

nitrogen and carbon metabolism, the abnormal level of these intermediates suggests a mis-reg-

ulation of primary carbon and nitrogen metabolism occurs in the Δcol-26 mutant. The levels

of several amino acids showed a difference between the Δcol-26 mutant and WT grown on

VMM(NH4NO3), including homoserine, valine, lysine and threonine.

Functional conservation of COL-26 in ascomycete species

In filamentous ascomycete fungi, COL-26, ART, and AmyR are conserved in their functions

in regulating starch degradation [7, 8, 10](this study). We further demonstrated critical

ammonium nitrate as the nitrogen source. VMM(glutamine): Vogel’s minimal medium with glutamine (25 mM)

as the nitrogen source. BMM(NH4Cl): Bird’s minimal medium [41] with ammonium as the sole nitrogen

source. BMM(glutamine): Bird’s minimal medium with glutamine (25 mM) as the nitrogen source. (C) Growth

of WT, Δcre-1, Δcol-26 and Δgln-1 strains in VMM with either NH4NO3 or glutamine as the sole nitrogen

source with or without 2-DG (0.2%) supplementation (+ and -, respectively) after 48 hrs. Cellobiose (2% w/v)

was used as the carbon source.

https://doi.org/10.1371/journal.pgen.1006737.g004
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Fig 5. Metabolite profiling of WT andΔcol-26 strains. (A) Heat map of metabolites whose levels were

significantly different between the WT parental strain and the Δcol-26 or Δgln-1 mutant were grouped by

hierarchical clustering based on mean level of biological replicates from VMM with glucose and either

ammonium nitrate or glutamine as the sole nitrogen source. Single asterisk: (0.05 < p < 0.1). Double asterisk:

(P <0.05). (B) TCA and the GABA shunt pathways. Black: metabolites detected and measured in our
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functions of COL-26 in integrating nitrogen and carbon metabolism, a role not previously

reported for AmyR/BglR/ART orthologs in other fungi. Although phylogenetic analyses have

been performed to infer functional conservation of these homologs [10, 11], either a single

homolog per fungal genome was chosen or homologs from very few model organisms were

included in the analyses. Our search for col-26 homologs in 44 fungal species within the Asco-

mycota using BLASTP with cut-off E value of e-20 revealed that many fungi have more than

one predicted col-26 homolog and that the number of col-26 homologs varies within each spe-

cies (S5 Table). For example, some Fusarium species and Trichoderma species have 5 or 6 col-
26 homologs, while other species such as Metarhizium spp., Verticillium spp., Myceliophthora
thermophile, Thielavia terrestris, Chaetomium globosum, Cordyceps militaris, and Beauveria
bassiana, each have only one homolog of col-26. Three Aspergillus spp. have 3 col-26 homologs,

including amyR, but amyR from both A. oryzae and A. nidulans was not the best hit by col-26.

In order to gain a broader view regarding functional conservation of the col-26 homologs, we

constructed a phylogenetic tree of the 86 COL-26 protein sequences using a Maximum Likeli-

hood algorithm. CLR-2 (NCU08114; also identified as Neucr2 6271 in Mycocosm) was used as

outgroup to root the tree (Fig 6). Although two COL-26 homologs exist in T. reesei (BglR/

Trire2 52368 and Trire2 55109), only BglR was within the same clade as COL-26. Similarly,

although F. graminearum and F. verticillioides possess 5 and 6 homologs of COL-26 respec-

tively, only FgART and FvART were in the same clade as COL-26 and BglR. The genome of

Magnaporthe oryzae (also called Magnaporthe grisea) has a single COL-26 homolog, named

MoCOD1 [44]. Interestingly, the ΔMocod1 mutant showed significant growth reduction on

glucose and maltose-containing medium but not on starch-containing medium, while the

ΔFgART1 mutant displayed a severe growth defect on glucose and starch-containing medium,

but not on maltose-containing medium [10, 44]. AmyR from A. oryzae, A. niger, and A. nidu-
lans together with two COL-26 homologs from A. flavus and A. terreus, respectively, form a

clade distant from the COL-26 clade, while a MalR (AO90038000235) from A. oryzae and two

homologs from A. flavus and A. nidulans, respectively, are in a clade more closely aligned to

the COL-26 clade. Although AmyR is reported to be required for growth on both starch and

maltose in A. nidulans [8], A. oryzae largely relies on MalR for growth on maltose [45].

Our phylogenetic tree indicated that BglR is the closest T. reesei homolog of COL-26.

Reduced growth of the ΔbglR mutant on maltose has been reported [11]. To test if BglR func-

tions similarly to COL-26, we replaced the endogenous bglR coding sequence in T. reesei with

the pyr4 gene in a Δpyr4 auxotrophic mutant [46]. All PCR verified transformants grew slowly

on MM with 2% glucose agar plates. Three independent ΔbglR mutants were selected for fur-

ther assessment. We subsequently tested growth of the ΔbglR mutant in minimal medium with

ammonium sulfate, MM((NH4)2SO4) as the sole nitrogen source with glucose, maltose, treha-

lose, amylose or amylopectin as the sole carbon source. In contrast to parental WT strain

QM6a, almost no growth of the ΔbglR mutants in MM-glucose, MM-amylopectin or MM-tre-

halose was observed (Fig 7A). Surprisingly, neither the parental QM6a strain nor the ΔbglR
mutant grew in MM when maltose or amylose was used as the sole carbon source.

To assess the influence of glutamine on glucose utilization in the ΔbglR mutant, we mea-

sured changes in glucose concentration in liquid cultures of QM6a and the ΔbglR mutant in

MM((NH4)2SO4) or MM(Gln) with 2% glucose as the sole carbon source. This approach was

experiments. Grey: metabolites not detected or measured. Red: metabolites showing higher accumulation in

the Δcol-26 mutant as compared to the WT parental strain. Green: metabolites showing significantly lower

accumulation in the Δcol-26 mutant relative to the WT strain. Blue arrows: the GABA shunt in the

mitochondria.

https://doi.org/10.1371/journal.pgen.1006737.g005
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chosen because T. reesei utilized glutamine as a carbon source more efficiently than N. crassa,

which prevented an unambiguous conclusion about glucose consumption rate based on

growth phenotypes (S2 Fig). In MM((NH4)2SO4), only 11% of the glucose in the medium was

used after 2 days by the ΔbglR mutant versus a 90% reduction in glucose levels in the parental

QM6a strain (Fig 7B). In MM(Gln), an increase of glucose consumption to 60% by the ΔbglR
mutant was detected when glutamine was used as the nitrogen source, while QM6a showed

Fig 6. Phylogenetic analysis of COL-26. Phylogenetic tree of 86 COL-26 homologs identified in the genomes of 44 ascomycete species. The tree is

rooted with Neucr2 6271/CLR2 as an outgroup. Bootstrap values from 30 to 100 are shown as purple circles with the smallest size representing 30 and

the biggest size representing 100. Homologs with biological functions reported in literatures are in bold. Red: clade contains COL-26 from N. crassa, BglR

from T. reesei, FgART and FvART from F. graminearum and F. verticillioides, and MgCOD1 from M. grisea. Blue: clade with MalR from A. oryzae. Green:

clade with AmyR from Aspergillus sp. Name of homologs are abbreviated with the fungal portal name from Mycocosm (JGI) [74] followed by

corresponding protein ID. Full names of the fungal species and protein ID numbers are in S5 Table.

https://doi.org/10.1371/journal.pgen.1006737.g006
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similar glucose consumption on MM(Gln) as MM((NH4)2SO4) (Fig 7B). These data suggest

that, like COL-26 in N. crassa, BglR also plays a critical role in regulating starch degradation

and primary carbon and nitrogen metabolism in T. reesei. Based on the phylogenetic analyses,

such a multi-regulatory role may also be conserved in col-26 orthologs in many other filamen-

tous fungal species.

Discussion

In nature, filamentous fungi must integrate data from available carbon sources to coordinate

with nitrogen, phosphorus and sulfur assimilation for optimal growth. How this coordination

is achieved in these organisms is currently not clear, as most studies evaluate physiological/

transcriptional differences based on comparison between single carbon or nitrogen sources. In

this study, we identified a conserved regulator, COL-26, that plays a role in coordinating the

utilization of starch components with nitrogen regulation.

By comparing the amylose and maltose RNA-seq data between the WT and the Δcol-26
mutant, we identified a 363-COL-26-dependent gene set. This gene set contained many genes

with functions in primary nitrogen and amino acid metabolism, including the transcription

factors vib-1, nit-2, and cpc-1. A large percentage of these genes were also induced in WT when

cells were exposed to maltose or amylose, indicating coordinate regulation of nitrogen metab-

olism with carbon metabolism. The down regulation of genes such as gln-1 and gln-2 in the

Δcol-26 mutant and its unique phenotype of poor growth on preferred carbon sources led us to

speculate that an inability to coordinate carbon and nitrogen metabolism may occur in the

Δcol-26 mutant. This hypothesis was supported by the partial rescue of growth defects in the

Δcol-26 mutant by the use of glutamine as the sole nitrogen source with glucose as the carbon

Fig 7. Phenotype of T. reeseiΔbglR mutant. (A) Growth phenotype of the T. reesei ΔbglR mutants grown for 44 hrs in MM-glucose, -maltose and –

amylopectin and for 96 hrs in MM-trehalose and -amylose. QM6a: WT. #1, #2, #3 are three independent ΔbglR mutants. (B) Measurements of

glucose reduction in media to infer glucose consumption rates of WT and ΔbglR mutant when ammonium or glutamine was used as the nitrogen

source. Error bar: standard deviation from three biological replicates.

https://doi.org/10.1371/journal.pgen.1006737.g007
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source. As in N. crassa, growth defects on glucose medium were noted for a F. graminearum
ΔFgART mutant [10], a M. oryzae ΔMoCOD1 mutant [44] and a T. reesei ΔbglR mutant [11].

Here we provided experimental evidence that in T. reesei, BglR was essential for amylopectin

and trehalose utilization and for ammonium assimilation on preferred carbon sources. Our

data also showed that T. reesei cannot grow on amylose or maltose. These data indicate that,

unlike N. crassa, T. reesei may rely on α-1, 6 linkages for signaling for starch degradation.

Whether these functions are all conserved by the COL-26 orthologs in other filamentous fungi

awaits further verification. However, as many filamentous fungi are plant pathogens of starch

crops, such as F. graminearum and M. oryzae, and deletion of the col-26 orthologs reduced

pathogenicity in both these fungi, understanding the regulatory mechanisms by the COL-26

orthologs could shed light on the development of future anti-fungal strategies.

The data from metabolic analyses showed that several metabolites in the TCA cycle and

GABA shunt pathway were either at a higher or lower level in the Δcol-26 mutant as compared

to WT cells. In particular, high levels of succinate and GABA persisted and succinic semialde-

hyde remained below detectable levels in the Δcol-26 mutant even when glutamine was pro-

vided as the nitrogen source and growth was partially restored. The GABA shunt pathway is a

metabolic route conserved among bacteria, fungi, plant and vertebrates. The role of the GABA

shunt has been extensively investigated in animals and plants due to GABA being a key neuro-

transmitter in the central and peripheral nervous system of vertebrates and a signal molecule

in response to many biotic and abiotic stresses in plants [47]. The GABA shunt in fungi has

received less attention, but has been associated with nitrogen metabolism, spore germination,

asexual sporulation, redox homeostasis, acidogenic growth, response to hypoxia, oxidative

stress and virulence [48–53]. Besides the GABA shunt, an alternative pathway exists for GABA

catabolism in many eukaryotes including S. cerevisiae, through which the intermediate metab-

olite, succinic semialdehyde (SSA), is reduced to γ-hydroxybutyric acid (GHB) [54]. In the

Δcol-26 mutant, it is possible that mis-regulation of enzyme activities at either the transcrip-

tional and (or) post-transcriptional level and/or defects in the transport of glutamate or GABA

between cytoplasm and the mitochondria may occur. Whether the reduction of succinic semi-

aldehyde or the other metabolites in the mutant is caused by increased activity of enzymes in

one pathway versus a re-wiring the metabolite to other pathways warrants further investiga-

tion. Our metabolite data is consistent with a regulatory role of COL-26 in the GABA shunt

and in coordinating primary carbon and nitrogen metabolism for optimal fungal growth.

In addition to a role in the coordination of primary carbon and nitrogen metabolism, COL-

26 is essential for the utilization of starch. In A. niger, transcriptional analyses via microarrays

of carbon-limited chemostat or batch cultures growing on maltose versus xylose revealed that

only three amylolytic genes aamA (acid α-amylase), glaA (glucoamylase), agdA (α-glucosidase)

were induced by maltose [55, 56]. In A. oryzae, ten genes annotated to encode glucoamylase,

maltose permease, maltase, sugar transporters and maltose O-acetyltransferase were up regu-

lated by maltose [57]. In this study, we performed systematic transcriptional profiling of N.

crassa on different components of starch, including maltose, amylose, and amylopectin. From

these analyses, we identified a starch regulon consisting of 322 genes; COL-26 is required for

WT expression patterns of 252 of these 322 genes. Surprisingly, our data showed that expres-

sion changes in N. crassa in response to polysaccharides of starch differed substantially from

those induced by maltose (Fig 2A), where only ~1/3 of the starch regulon genes were induced

(Fig 2B). Such transcriptional differences may reflect changes in signaling or utilization strate-

gies by Neurospora for optimal uptake of nutrients of different forms (disaccharides versus

polysaccharides, for example).

The function of a COL-26 homolog in Aspergilli, AmyR, the transcriptional regulator asso-

ciated with maltose and starch utilization in Aspergillus spp., shows some divergence in
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function even among Aspergillus species. In A. oryzae, where maltose-utilizing (MAL) clusters

are found, AmyR is important for starch degradation, but MalR is required for maltose utiliza-

tion and AmyR activation [45]. In A. nidulans and A. niger, which lack MAL clusters, AmyR is

critical for both maltose and starch utilization [5, 8]. N. crassa does not have MAL clusters and

no protein exhibits higher homology to MalR than COL-26. Here, we demonstrated that COL-

26 is essential for the utilization of maltose, amylopectin and amylose, all components of

starch. Consistent with this essential role, the expression of col-26 increased in presence of

amylose, amylopectin, and under a low concentration of maltose (2 mM), while deletion of

col-26 led to decrease in expression level of 78% of the starch-regulon genes.

Genes related to cellulose degradation were among the genes that increased in expression

level in the Δcol-26 mutant. These included cellodextrin and cellobionic acid transporter

genes, cdt-2 and cbt-1, respectively and cellulase genes pmo-3 and cdh-2. Substrates of CDT-2

and CBT-1 are in fact products from PMO-3 and CDH [38, 39]. A screen for N. crassa hyper-

secretors of cellulases also identified a modest increase of cellulase production in the Δcol-26
mutant [46]. These data support the hypothesis that cellulose degradation by N. crassa is nega-

tively regulated by a COL-26-mediated glucose repression, consistent with the robust 2-DG

resistance in Δcol-26 mutant. In support of a conserved function of COL-26, a Penicillin oxali-
cum ΔamyR mutant also showed decreased amylase activity and increased cellulase expression

on cellulose [58]. These observations suggest an antagonizing effect between activation of amy-

lolytic genes versus cellulase genes in filamentous fungi, which is mediated by COL-26/AmyR.

In this study, although we focused on elucidating the essential roles of COL-26 in regulating

starch degradation and primary carbon and nitrogen metabolism, we also demonstrated that

COL-26 and BglR were essential for trehalose utilization. Trehalose is the major internal car-

bohydrate reserve in N. crassa and other fungi and trehalose mobilization occurs during ger-

mination of fungal spores, a process that can be enhanced by glucose combined with a

nitrogen source [59]. The tre-1 gene, encoding trehalase, was within the starch regulon, but

was not differentially expressed in the Δcol-26 mutant on starch components. Whether the

inability to utilize trehalose is a consequence of the inability of the Δcol-26 mutant to efficiently

utilize glucose (cleavage of trehalose yields two glucose molecules) is unclear. In the insect

pathogen Metarhizium acridum, enhancing fungal utilization of trehalose, the main carbon

source in insect hemolymph, has been shown to improve virulence [60]. Single col-26 ortho-

logs occur in the genomes of the insect-pathogenic fungi Metarhizium acridum and Metarhi-
zium robertsii. Further study of functions of the COL-26 orthologs in trehalose utilization in

these fungi may aid in developing more potent strains for insect biocontrol.

Finally, we identified a number of predicted transporter genes within the starch regulon,

including hgt-1, xyt-1, NCU04963, and NCU04537, while cdt-1 and NCU12154 were signifi-

cantly induced by maltose. NCU12154 has been annotated as maltose permease based on bio-

informatics analyses, although biochemical evidence is lacking. It is possible that one of these

uncharacterized transporters encode a maltooligosaccharide transporter that accompanies

activity of intracellular α-amylase, which are part of the starch regulon. Testing transporting

activity of the predicted transporters will aid in our understanding of diverse nutrient assimila-

tion pathways by filamentous fungi.

Materials and methods

Strains

N. crassa Δcol-26 (FGSC 11031) and Δgln-1 (FGSC 19959) were obtained from the Fungal

Genetics Stock Center (http://www.fgsc.net/). The Pgpd-col-26;Δcol-26 strain was constructed

by transforming the Δcol-26 mutant with a DNA fragment containing the A. nidulans gpdA
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promoter, the open reading frame and 3’ untranslated region (UTR) of col-26, and flanking

regions homologous to the upstream and downstream genomic sequence of the csr-1 gene.

Transformants were selected for resistance for cyclosporin [61] and tested for genotypes by

diagnostic PCR. The transformants with positive results were backcrossed to FGSC 2489 to

obtain a csr-1::PgpdA-col-26;Δcol-26 homokaryotic strain.

The T. reesei ΔbglR mutants were created by transforming protoplasts of an uridine auxo-

trophic strain made from QM6a (Δpyr-4) [46] with two split-marker DNA fragments using

method described in [62]. One of the split-marker fragment contains a ~1 kbp sequence

homologous to upstream genomic sequence of the bglR gene followed by the promoter and the

first half of the pyr-4 coding sequence and the other contained the second half the pyr-4 coding

sequence with ~400 bp of overlap sequence with the first half of the pyr-4 coding sequence and

a ~1 kb sequence homologous to the downstream genomic sequence of the bglR gene. Trans-

formants were first grown on the plates with minimal media and subsequently transferred to

PDA plates for conidiation. Conidia were tested for correct integration of the pyr-4 gene at the

bglR locus using diagnostic PCR. The strains with the bglR gene disrupted were subjected to

single colony purification. Three verified ΔbglR homokaryotic strains were used for down-

stream analysis.

Culture conditions

N. crassa cultures were grown on slants, each with 3 mL of Vogel’s minimal medium (VMM)

with 2% sucrose [17] and 2% agar, at 30˚C in dark for 24 hours, followed by 4–10 days in con-

stant light at 25˚C to stimulate conidia production. For growth phenotype testing in 24-well

plates, conidia were inoculated at 106/ml into 3 mL of VMM with selected carbon and nitrogen

sources in 24-well plates covered with breathable rayon film seal, and the culture were grown

at 25˚C in constant light with shaking at 200 rpm. The film was taken off before imaging. At

least two replicates were included in each experiment and the same experiments were done at

least twice.

For mycelial biomass measurement, conidia were inoculated at 106/ml into 100 mL of

VMM with selected carbon and nitrogen sources and grown at 25˚C in constant light with

shaking at 200 rpm. For crosses, one parental strain was grown on plates with synthetic cross-

ing medium [63] for 2 weeks at room temperature for protoperithecial development. Conidia

of the other parental strain were added to the plates for fertilization. Plates were kept for 3

weeks at room temperature. Ascospores were collected and activated as described [64], plated

on VMM with 1% sucrose, and incubated at room temperature for 18 hrs. Germinated asco-

spores were transferred to VMM slants supplemented with cyclosporin or hygromycin B and

screened for desired genotypes by diagnostic PCR.

T. reesei cultures were grown in either minimal media [65] for selecting transformants or

with PDA for conidiation. For growth phenotype testing, conidia were inoculated at 106/ml

into 3 mL minimal media with a selected carbon source in 24-well plates, and the culture were

grown at 28˚C in dark with shaking at 200 rpm.

Media shift experiments

For RNA-seq experiments on VMM with 2% (w/v) maltose and metabolite analyses, conidia

were inoculated at 106 conidia/mL into 3 mL VMM with 2% cellobiose and grown at 25˚C in

constant light and shaking at 200 rpm for 28 hrs. The mycelial biomass was washed twice with

VMM-NC, followed by 18 hrs of incubation in VMM-NC. Mycelia were then transferred to

VMM with maltose and grown 5.5 hrs for RNA-seq experiments, or transferred to VMM or

VMM(Glu) with 2% (w/v) glucose and grown 5.5 hrs for metabolite profiling experiments.
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For RNA-seq experiments on VMM with other carbon sources, conidia were inoculated at

106 conidia/mL into 3 mL VMM with 2% sucrose and grown at 25˚C in constant light and

shaking at 200 rpm for 16 hrs. The mycelial biomass was washed twice with VMM-NC and

then transferred to VMM with the selected carbon sources for 4 hrs prior to RNA extraction.

Concentrations of carbon sources were glycerol (2 mM), fructose (2 mM), mannose (2 mM),

trehalose (2 mM), sorbose (2 mM), xylose (2 mM), sucrose (2% w/v), cellobiose (2 mM), malt-

ose (2 mM), avicel (1% w/v), amylose (1% w/v), amylopectin (1% w/v), xyloglucan (1% w/v).

RNA-seq experiments, data processing and analyses

Mycelia of cultures were harvested by filtration and flash frozen in liquid nitrogen. RNA was

extracted using the Trizol method (Invitrogen) and further purified using RNeasy kits (QIA-

GEN). RNA-seq libraries of WT and Δcol-26 from 2% (w/v) maltose were prepared at the

Functional Genomics Lab, a QB3-Berkeley Core Research Facility at UC Berkeley and

sequenced on an Illumina HiSeq2000 at the Vincent J. Coates Genomics Sequencing Lab.

Other libraries were prepared and sequenced at JGI as part of the Neurospora ENCODE CSP

project. Total RNA starting material was 1 μg per sample and 10 cycles of PCR was used for

library amplification. The prepared libraries were then quantified using KAPA Biosystem’s

next-generation sequencing library qPCR kit and run on a Roche LightCycler 480 real-time

PCR instrument. The quantified libraries were then multiplexed into pools of 9 libraries, and

the pool was then prepared for sequencing on the Illumina HiSeq sequencing platform utiliz-

ing a TruSeq paired-end cluster kit, v3, and Illumina’s cBot instrument to generate a clustered

flowcell for sequencing. Sequencing of the flowcell was performed on the Illumina HiSeq2000

sequencer using a TruSeq SBS sequencing kit, v3, following a 1x100 indexed run recipe.

The sequencing reads that passed filtering from the CASAVA 1.8 FASTQ files were sub-

jected to quality score checking using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_

toolkit/). Only reads with all bases scoring greater than 22 were used to map against predicted

transcripts from the N. crassa OR74A genome v12 (Neurospora crassa Sequencing Project,

Broad Institute of Harvard and MIT http://www.broadinstitute.org/) with Tophat v2.0.4 [66].

The output bam files were sorted and indexed using the SAMtools package [67] and the

indexed files were visualized in Integrative Genomics Viewer [68]. Transcript abundance

reflected in FPKM was estimated with Cufflinks v2.0.2 [66] mapping against reference iso-

forms. Profiling data are available at the GEO (http://www.ncbi.nlm.nih.gov/geo/; Series

Record GSE GSE92848 and GSE95350). For differential gene expression analysis, the bam files

were first processed using the HTSeq package v0.6.0 [69] to generate raw counts, and the raw

counts are subjected to differential analysis using the DESeq2 package version 1.10.1 [70].

The FungiFun2 online resource tool was used in functional enrichment analysis (https://

elbe.hki-jena.de/fungifun/fungifun.php) [71]. The gene to category associations was tested for

over-representation using hypergeometric distribution and the probability for false discovery

rate was controlled by the Benjamini-Hochberg procedure.

Metabolite extraction

Mycelia from 3 mL cultures in 24-well plates were harvested by filtration followed by a quick

wash in distilled water. Half of biological replicates were used for metabolite extraction and

the other half were dried for biomass measurement. Washed mycelia for metabolite extraction

were quickly put into a tube containing 200 μL zirconia beads (0.5 mm) and 500 μL extraction

buffer (80% acetonitrile, 20% water, 0.1 M formic acid) and snap frozen in liquid nitrogen.

Samples were stored at -80˚C until extraction before mass spectrometry (MS) analysis. For

metabolite extraction, the frozen samples were immediately put in a bead-beater (BioSpec)
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and homogenized for 1 min, and cooled on ice. The homogenate were centrifuged at 4˚C at

14 000 rpm for 5 minutes, and the supernatants were subjected to either GC-MS or LC-MS

analysis.

For GC-MS analysis, 20 μL of the supernatant was collected and transferred to 1.5 mL

micro-tubes containing 50 μL internal standard solution (d27-Myristic acid in methanol,

250 μM). Samples were dried under reduced pressure using a speedvac (Savant). Samples were

derivatized for GC-MS analysis according to the method of Kind et al [72]. Briefly, 10 μL of

methoxyamine hydrochloride dissolved in pyridine (40 mg/mL) was added to each dried sam-

ple, and shaken at 30˚C at maximum speed for 90 min using a thermomixer (Eppendorf). A

mixture of retention time marker standards were prepared by dissolving fatty acid methyl

esters (FAMEs) of different linear chain lengths in chloroform (C8, C9, C10, C12, C14, C16

FAMES at 0.8 mg/ml, and C18, C20, C22, C24, C26, C28, C30 at 0.4 mg/ml). The FAME mix-

ture (20 μL) was added to 1 mL of N-methyl-N-trimethylsilytrifluoroacetamide (MSTFA) con-

taining 1% trimethylchlorosilane (TMCS), and 90 μL of the FAMEs/MSTFA solution was

added to each sample. Samples were shaken at 37˚C at maximum speed in a thermomixer for

30 min, and then transferred to and sealed in amber GC-MS sample vials containing glass

inserts (Agilent). Extraction blanks were prepared following the above procedure but starting

with empty Eppendorf tubes.

For LC-MS analysis, supernatant (350 μL) was collected and filtered through 0.2 μm spin

filters (Pall) by centrifugation for 1 min at 14000 rpm. Fifty μL of the filtrate was transferred to

HPLC vials containing 50 μL of an internal standard mixture solution. Samples were kept at

4˚C in the LC-MS autosampler chamber. Extraction blanks were prepared in triplicate by fol-

lowing the above sample preparation procedure with empty microtubes.

Metabolite profiling, data acquisition and analyses

For GC-MS analysis, samples were analyzed using an Agilent 7890 gas chromatograph (Agi-

lent Technologies, Santa Clara, CA) connected to an Agilent 5977 single quadrupole mass

spectrometer, all controlled by Agilent GC-MS MassHunter Acquisition software. Samples

were injected using a Gerstel automatic liner exchange MPS system (Gerstel, Muehlheim, Ger-

many) controlled by Maestro software. Sample injection volume was 2 μL, and the injector

was operated in splitless mode. Samples were injected into the 50˚C injector port which was

ramped to 270˚C in a 12˚C/s thermal gradient and held for 3 min. The gas chromatograph was

fitted with a 30m long, 0.25mm ID Rtx5Sil-MS column (Restek, Bellefonte, PA), 0.25 mm 5%

diphenyl film with a 10 m integrated guard column. Initial oven temperature was set at 50˚C,

and the over program was as follows: ramp at 5˚C/min to 65˚C, held for 0.2 min; ramp at

15˚C/ min to 80˚C, held for 0.2 min; ramp at 15˚C/min to 310˚C, hold for 12 min. The mass

spectrometer transfer line and ion source temperature was 250˚C and 230˚C, respectively.

Electron ionization was at 70 eV and mass spectra were acquired from 50 to 700 m/z at 8 spec-

tra per second. Raw data was visually inspected using Agilent MassHunter Qualitative Analysis

software (Agilent Technologies, Santa Clara, CA). Agilent MassHunter Unknowns Analysis

software v. B.07.00 (Agilent Technologies, Santa Clara, CA) was used to perform peak decon-

volution and library matching. A library match score was calculated for using FAME markers

for retention time calibration, and matching mass fragmentation spectra to those in the Fiehn

GC-MS Metabolomics RTL Library [72]. Metabolites of interest were only included in further

analysis if their library match scores were greater than 75%. The identities of some metabolites

with scores lower than 90% were confirmed by comparing mass spectra and retention times

with that of authentic reference standards (S6 Table). Mass spectral and retention time data

from identified target metabolites were used to make an analysis method in MassHunter
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Quantitative Analysis Software for GCMS (v.B.07.00). For each metabolite, a quantifier ion

and two qualifier ions were defined to produce an extracted ion chromatogram in a specified

retention time window. Integration of the extracted ion chromatogram peaks yielded peak

areas that were further normalized by the mean of dry fungal biomass from biological repli-

cates. The normalized peak areas were used for comparing the relative abundance of metabo-

lites across samples.

Targeted LC-MS analysis was performed for select metabolites not detected by GC-MS

(S7 Table). Samples were analyzed on an Agilent 6550 ESI-QTOF LCMS fitted with a Merck

SeQuant Zic-HILIC column (150 x 1 mm, 3.5 mm, 100 Å) with a guard column. Mobile

phase consisted of 5% ammonium acetate in water (solvent A), and 5% ammonium acetate

in water-acetonitrile (10:90) (solvent B). The following LC solvent time-table was used: 0

min, 100% B; 1.5 min, 100% B; 25 min, 50% B; 26 min, 35% B; 32 min, 35% B; 33 min, 100%

B; 40 min, 100% B. Flow rate: 0.25 ml/min; injection volume: 2 μL. Each sample was ana-

lyzed in positive and negative ionization mode. Raw data was analyzed using Agilent Mas-

sHunter Qualitative analysis. Extracted ion chromatograms were produced from raw

scan data using calculated m/z values for target metabolites, corresponding to their molecu-

lar ion and potential adducts: (M+H)+, (M+Na)+, (M+K)+ for Positive mode; (M-H)-,

(M+COOH)-, (M+CH3COOH)- for Negative mode. The identity of detected ions were con-

firmed by comparing retention time with reference standards, or checked by performing

MS/MS analysis of the target ion, and comparing ion fragments with those in the METLIN

online database. Integration of the extracted ion chromatogram peaks yielded peak areas

that were further normalized by the mean of dry fungal biomass from biological replicates.

Normalized peak areas were used for comparing the relative abundance of target metabo-

lites across samples.

For differential metabolite analysis, the normalized peak areas were log transformed and

then used in the independent t-test of hypothesis that there is no difference between WT and

the mutant. P values of less than 0.05 were considered significantly different and values

between 0.05 and 0.1 were interpreted as indicating a trend toward statistical significance.

Four biological replicates measured by GC-MS and two biological replicates measured by

LC-MS were used in differential analysis. All metabolites that were found to be either signifi-

cantly different or with a trend toward statistical significance were subjected to hierarchical

clustering analysis.

Hierarchical clustering analysis is performed with Cluster 3.0 [73] using log transformed

mean of normalized peak areas from biological replicates. The values were centered to the

mean across different growth conditions and normalized on a per metabolite basis. Average

linkage clustering was performed with Euclidean distance as the similarity metric.

Phylogenetic analysis of putative col-26 orthologs

Protein sequences of selected ascomycetes were downloaded from JGI Mycosm [74] and used

to construct a local protein database using the NCBI BLAST+ application (version 2.2.31) (S5

Table). The putative COL26 orthologs were searched in the database using BLASTP with a

cut-off E value less than e-20. All hits were tested by reciprocally BLASTP against the N. crassa
database and only ones that resulted in COL26 as the best hit were retained for protein

sequence alignment. Protein sequences of the putative COL26 orthologs from selected species

were aligned using three different programs: Clustal Omega [75], MAFFT [76], and MUSCLE

[77], and the best alignment was chosen and further trimmed using trimAl [78]. The trimmed

alignment file was used for phylogenetic tree construction by the RAxML program with 200

bootstraps [79]. The result were visualized and edited in iTOL (http://itol.embl.des/) [80].
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Supporting information

S1 Table. Expression data from WT cells. Sheet 1: Genes with statistically significant expres-

sion changes in WT cells when exposed to amylose or amylopectin relative to WT cells

exposed to no carbon and sucrose. Sheet 2: Genes with statistically significant expression

changes in WT cells when exposed to maltose relative to WT cells exposed to no carbon and

sucrose. Sheet 3: Overlap between maltose-inducible gene set and starch regulon in WT cells.

(XLSX)

S2 Table. Expression data from Δcol-26 cells. Sheet 1: Genes with significant expression

changes under amylose conditions in the Δcol-26 mutant relative to WT. Sheet 2: Genes with

significant expression changes under maltose conditions in the Δcol-26 mutant relative to WT.

(XLSX)

S3 Table. List of genes differentially expressed in Δcol-26 mutant under both maltose and

amylose conditions (the col-26-dependent and the col-26-reduced gene sets).

(XLSX)

S4 Table. Intracellular metabolites identified by either GC or LC-MS in the Δcol-26 or

Δgln-1 mutants versus WT cells.

(XLS)

S5 Table. List of the col-26 homologs identified in the genomes of 44 ascomycete species.

(XLSX)

S6 Table. Metabolites identified by GC-MS using the Fiehn metabolite library, and corre-

sponding ions used as quantifier and qualifier ions for extracting peaks from raw data.

(PDF)

S7 Table. Metabolites identified by LC-MS and corresponding ions used to extract peaks

from raw data for relative quantitation.

(PDF)

S1 Fig. Growth of WT, Δcol-26 mutants, and Δgln-1 mutant on VMM with an amino acid

(2% w/v) as both carbon and nitrogen sources and on VMM (NH4NO3) with an amino acid

(2% w/v) as the carbon source.

(PDF)

S2 Fig. Growth of WT, ΔbglR mutants on MM with glutamine or ammonium sulfate as the

nitrogen source and either glutamine or sugar as the carbon source.

(PDF)
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