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ABSTRACT Accurate nutrient sensing is important for rapid fungal growth and ex-
ploitation of available resources. Sulfur is an important nutrient source found in a
number of biological macromolecules, including proteins and lipids. The model fila-
mentous fungus Neurospora crassa is capable of utilizing sulfur found in a variety of
sources from amino acids to sulfate. During sulfur starvation, the transcription factor
CYS-3 is responsible for upregulation of genes involved in sulfur uptake and assimila-
tion. Using a combination of RNA sequencing and DNA affinity purification sequenc-
ing, we performed a global survey of the N. crassa sulfur starvation response and
the role of CYS-3 in regulating sulfur-responsive genes. The CYS-3 transcription fac-
tor bound the promoters and regulated genes involved in sulfur metabolism.
Additionally, CYS-3 directly activated the expression of a number of uncharacterized
transporter genes, suggesting that regulation of sulfur import is an important aspect
of regulation by CYS-3. CYS-3 also directly regulated the expression of genes
involved in mitochondrial electron transfer. During sulfur starvation, genes involved
in nitrogen metabolism, such as amino acid and nucleic acid metabolic pathways,
along with genes encoding proteases and nucleases that are necessary for scaveng-
ing nitrogen, were activated. Sulfur starvation also caused changes in the expression
of genes involved in carbohydrate metabolism, such as those encoding glycosyl hy-
drolases. Thus, our data suggest a connection between sulfur metabolism and other
aspects of cellular metabolism.

IMPORTANCE Identification of nutrients present in the environment is a challenge
common to all organisms. Sulfur is an important nutrient source found in proteins,
lipids, and electron carriers that are required for the survival of filamentous fungi
such as Neurospora crassa. Here, we transcriptionally profiled the response of N.
crassa to characterize the global response to sulfur starvation. We also used DNA af-
finity purification sequencing to identify the direct downstream targets of the tran-
scription factor responsible for regulating genes involved in sulfur uptake and assim-
ilation. Along with genes involved in sulfur metabolism, this transcription factor
regulated a number of uncharacterized transporter genes and genes involved in mi-
tochondrial electron transfer. Our data also suggest a connection between sulfur,
nitrogen, and carbon metabolism, indicating that the regulation of a number of met-
abolic pathways is intertwined.
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In nature, fungi must efficiently exploit nutrients to establish colonies and outcom-
pete neighboring microbes. Along with essential nutrients such as carbon, nitrogen,

and phosphate, sulfur is also required. In humans, mutations in sulfur acquisition and
metabolism genes cause skeletal abnormalities and other serious medical conditions
(1, 2). Pathogenic fungi unable to properly regulate sulfur utilization genes show
reduced virulence (3).

Fungi acquire sulfur from a variety of sulfur sources. The organic sulfur substrates
cysteine and methionine are preferred as they require minimal metabolic processing
for use in cellular processes, such as translation and the use of S-adenosylmethionine
(SAM) in methyl group transfer to various substrates. However, fungi also acquire sulfur
from other organic and inorganic sources, including taurine, cysteic acid, sulfate, and
aromatic sulfate compounds (4).

In the filamentous fungus Neurospora crassa, sulfur-responsive genes are regulated
by the basic leucine zipper transcription factor CYS-3 (NCU03536) (5). During sulfur li-
mitation, CYS-3 activates the expression of itself, genes encoding sulfur transporters,
and enzymes required for sulfur metabolism (6). When sulfur is abundant, the F-box
protein SCON-2 (NCU08563) and the Skp protein SCON-3 (NCU08991) are thought to
act in an Skp, cullin, F-box (SCF) E3 ubiquitin ligase complex to degrade CYS-3 (7, 8).
The reduced abundance of CYS-3 reduces expression of sulfur regulated genes.

A similar regulatory scheme exists in other filamentous fungi. A CYS-3 homolog,
MetR, is required for utilization of nonpreferred sulfur sources in Aspergillus nidulans
and Aspergillus fumigatus (3, 9). Like in N. crassa, an SCF E3 ubiquitin ligase complex is
thought to regulate abundance of MetR in A. nidulans (10, 11). However, the genomes
of A. nidulans and other fungi in the Eurotiales also contain a metR paralog, metZ. In A.
nidulans, metZ is regulated by MetR; MetZ is involved in activating some sulfur starva-
tion response genes (12).

Substantial work in N. crassa and other fungi elucidated aspects of sulfur regulation
using classical and molecular genetics. However, global regulation of sulfur-responsive
genes is not understood. We addressed this question by profiling the transcriptional
response of N. crassa to sulfur starvation. To further characterize the role of CYS-3 in
sulfur regulation, we combined RNA sequencing (RNA-seq) of a cys-3 mutant with DNA
affinity purification sequencing (DAP-seq) of the CYS-3 protein, allowing us to identify
direct targets of the CYS-3 transcription factor. Along with genes involved in sulfur me-
tabolism, transcription of a substantial number of genes encoding known sulfur trans-
porters and uncharacterized major facility superfamily (MFS) transporters was directly
regulated by CYS-3. Additionally, our data suggest a connection between sulfur, nitro-
gen, and carbon metabolism.

RESULTS
Genes encoding enzymes involved in sulfur acquisition and assimilation are

regulated in response to sulfur starvation. Sulfur is required for cell growth. To
ensure sufficient sulfur is available, during sulfur limitation N. crassa cells upregulate
expression of sulfur transporters and enzymes involved in sulfur metabolism (13–16).
However, the global sulfur starvation response has not been elucidated. We therefore
profiled the transcriptional response of N. crassa during sulfur starvation. We grew
wild-type cells in media containing 800 mM sulfate for 24 h and washed the mycelia ei-
ther in media lacking sulfur or containing 24 mM sulfate. We then exposed cells to sul-
fur starvation or 24 mM sulfate for 4 h prior to harvesting cells for RNA-seq. We chose
24 mM sulfate for expression profiling at 4 h because it repressed expression of known
sulfur-responsive genes (13, 16) (see Fig. S1A and B in the supplemental material)—
similar to exposure to Vogel’s minimal medium (VMM; 800 mM sulfate) (17–19)—and
also supported growth of N. crassa (Fig. S1C).

Expression of 151 genes was at least 2-fold differentially regulated in cells exposed
to sulfur starvation compared to cells exposed to 24 mM sulfate (Fig. 1A; see Fig. S2
and Data Set S1 in the supplemental material). Functional enrichment analysis of these
151 genes showed an overrepresentation of genes involved in sulfur utilization,
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including sulfur, cysteine, methionine, glutathione, taurine, and hypotaurine metabo-
lism. These 151 genes also showed enrichment for alanine, aspartate, glutamate, b-ala-
nine, and butanoate metabolism (Fig. 1B).

Expression of only 15 of the 151 differentially expressed genes was downregulated
in response to sulfur starvation (Fig. 1A; Fig. S2). These 15 genes encoded proteins

FIG 1 Genes encoding transporters and enzymes involved in sulfur metabolism are upregulated in
response to sulfur starvation. (A) Differential expression analysis of wild-type cells exposed to 24 mM
sulfate relative to media lacking sulfur. Predicted sulfur transporters are indicated by purple
diamonds. Genes predicted to be involved in sulfur, cysteine, or methionine metabolism are indicated
by red circles. Predicted MFS transporters are indicated by green squares. Dotted blue lines indicate a
2-fold change in expression. (B) Distribution of genes in KEGG categories (50) and adjusted P values
reflecting the significance of enrichment of genes assigned to a given KEGG category, as calculated
using FungiFun 2.2.8 (49), of the 151 genes at least 2-fold differentially expressed between wild-type
cells exposed to 24 mM sulfate and media lacking sulfur.
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involved in the fungal cell wall, stress response, carbohydrate metabolism, and energy
generation (Data Set S1). The other 136 differentially expressed genes were upregu-
lated in response to sulfur starvation (Fig. 1A; Fig. S2). These 136 genes included genes
encoding known and predicted enzymes involved in sulfur acquisition and metabolism
(Fig. 2; Data Set S1).

N. crassa can utilize a number of compounds as sulfur sources. Preferred sulfur sour-
ces include cysteine and methionine. Nonpreferred sulfur sources, such as sulfate, sul-
fite, arylsulfate, and taurine, are converted into cysteine and methionine before use (4).
Because genes involved in conversion of sulfate to cysteine and methionine were pre-
sumably necessary during exposure to 24 mM sulfate, we did not expect many genes
involved in cysteine and methionine metabolism to be differentially expressed
between 24 mM sulfate and media lacking sulfur. To our surprise, four genes in the cys-
teine and methionine metabolism Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway and two additional genes with roles in cysteine and methionine metabolism
were at least 2-fold more highly expressed during exposure to sulfur starvation than
24 mM sulfate (see Fig. S3 and Data Set S1 in the supplemental material). However,
only the cystathionineg-lyase gene cys-16 (NCU09230), previously shown to be upregu-
lated during sulfur starvation, is thought to be directly involved in the enzymatic path-
way converting sulfate into cysteine and methionine (20, 21) (Fig. 2; Fig. S3).

Close examination of genes involved in conversion of sulfate to adenosine 59-phos-
phosulfate (APS) to 39-phosphoadenosine-59-phosphosulfate (PAPS) to sulfite to sul-
fide, showed expression of most of these genes increased only slightly in response to
sulfur starvation (20). In fact, of the 5 genes involved in this metabolic pathway, expres-
sion of only the PAPS reductase gene cys-5 (NCU02005) and sulfite reductase gene cys-
2 (NCU04077) increased by more than 2-fold in response to sulfur starvation (Fig. 2;
Fig. S3 and Data Set S1).

As expected, a much larger increase in expression was seen in genes involved in
metabolism of sulfur sources that feed into the pathway converting sulfate to sulfide,
including those involved in metabolism of alkylsulfonites, arylsulfate, choline-O-sulfate,
cysteic acid, and taurine (16, 22, 23). Expression of arylsulfatase (ars-1 [NCU06041]),
which converts arylsulfate to sulfate, increased 427-fold. Similarly, choline sulfatase
(chol-16 [NCU08364]), which converts choline-O-sulfate to sulfate, was 22-fold upregu-
lated. Five genes encoding taurine dioxygenases, responsible for converting taurine to
sulfite (tdo-2 [NCU01057], tdo-3 [NCU02196], tdo-4 [NCU07610], tdo-5 [NCU09800], and
suc-2 [NCU07819]) increased more than 59-fold. Expression of 2 additional predicted
taurine dioxygenase genes, tdo-1 (NCU06964) and xdh-2 (NCU09738), was unchanged
(Fig. 2; Fig. S3 and Data Set S1). Cysteic acid can also be used as a sulfur source, but it
must first be converted to taurine (24). Three genes in the N. crassa genome are pre-
dicted to encode cysteic acid decarboxylases, which mediate this conversion. However,
expression of only gdc-3 (NCU06112) increased more than 2-fold in response to sulfur
starvation (Fig. 2; Fig. S3 and Data Set S1). Alkanesulfonate monooxygenase converts
alkylsulfonites to sulfite. Although 2 genes in the N. crassa genome are predicted to
encode alkylsulfonate monooxygenases, mox-7 (NCU10015) was 7-fold upregulated in
response to sulfur starvation, while aso-1 (NCU05340) was barely expressed during ei-
ther sulfur starvation or exposure to 24 mM sulfate (Fig. 2; Fig. S3 and Data Set S1).

Glutathione is a sulfur-containing antioxidant synthesized from glutamate and cys-
teine. Several glutathione transferases (gst-2 [NCU04109] and gst-6 [NCU00549]) and
the glutamate-cysteine ligase catalytic subunit (gcl-1 [NCU01157]) were also upregu-
lated during sulfur starvation (Data Set S1).

Sulfur starvation results in activation of genes involved in nitrogen and carbon
metabolism. While expression of many genes involved in converting sulfate to cyste-
ine and methionine was generally unchanged in response to sulfur starvation, expres-
sion of genes involved in converting other nonpreferred sulfur sources to sulfate or sul-
fite was significantly upregulated (Fig. 2). We hypothesized genes encoding
transporters and secreted enzymes involved in liberating sulfur from insoluble sources
might also be upregulated during sulfur limitation.
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FIG 2 Genes involved in sulfur acquisition but not cysteine and methionine metabolism are
regulated by CYS-3 in response to sulfur starvation. Shown is a cartoon of sulfur assimilation in N.
crassa. Green shading indicates that the gene was differentially expressed by at least 2-fold in wild-
type cells exposed to 24 mM sulfate compared to sulfur starvation. All of these differentially
expressed genes were upregulated during sulfur starvation compared to 24 mM sulfate. Blue shading
indicates that the gene was differentially expressed by at least 2-fold in wild-type compared to cys-32

cells exposed to sulfur starvation. All of these differentially expressed genes were activated by CYS-3
during exposure to sulfur starvation. Gray text indicates that the gene was not differentially
expressed by at least 2-fold under either of the conditions. A solid red outline indicates that CYS-3
bound the gene’s promoter and that the gene was at least 2-fold differentially expressed in wild-type
compared to cys-32 cells exposed to sulfur starvation. A dotted red outline indicates that CYS-3
bound the gene’s promoter in the unfiltered DAP-seq data but that the gene was not at least 2-fold

(Continued on next page)
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Experiments using classical and molecular genetics showed expression of sulfur
transporters increases under sulfur limitation (13, 15). As expected, expression of
the sulfate permease gene cys-14 (NCU04433) increased by 84-fold. Although the
sulfate permease gene cys-13 (NCU03235) is mainly expressed in conidia (25), cys-
13 expression also increased by 2-fold (Fig. 2; Fig. S3 and Data Set S1). Both sulfur
and chromate, a sulfate analog, are transported into the cell via sulfate permeases
(26). Expression of the chromate transporter gene trm-50 (NCU01055) increased
45-fold during sulfur starvation, suggesting trm-50 may also play a role in sulfur
transport (27) (Fig. 2; Fig. S3 and Data Set S1). Expression of two genes encoding
predicted methionine permeases, aap-7 (NCU04942) and aap-10 (NCU07754), also
increased over 9-fold during sulfur starvation (Fig. 2; Fig. S3 and Data Set S1).
Additionally, expression of two putative peptide transporter genes, mfs-9
(NCU05079) and opt-3 (NCU07894), and two predicted amino acid permease genes,
aap-18 (NCU08880) and aap-22 (NCU04435), increased more than 5-fold (Data Set
S1). However, expression of predicted sulfate transporter genes cys-23 (NCU02632)
and NCU09642, as well as the putative methionine permease gene aap-23
(NCU02195), did not change significantly during sulfur starvation (Fig. 2; Fig. S3
and Data Set S1).

The substantial induction of sulfur transporter gene expression led us to hypothe-
size expression of other transporter genes may also increase during sulfur starvation.
Indeed, expression of 10 MFS transporters increased at least 2-fold during sulfur starva-
tion (Fig. 1A). We also observed upregulation of iron-sulfur clusters transporter gene
fes-4 (NCU05029), multidrug transporter gene abc-9 (NCU03776), P-type ATPase gene
ph7 (NCU08147), voltage-gated potassium channel gene trm-68 (NCU2887), and urea
transporter gene urt (NCU09909) (Data Set S1).

Because cysteine and methionine are preferred sulfur sources, N. crassa and other
fungi can utilize proteins as a sulfur source obtained by secreting extracellular pro-
teases during sulfur starvation (14, 28–30). A global search for protease genes upregu-
lated during sulfur starvation identified 15 protease genes, including spr-7 (NCU07159)
whose expression increased 50-fold during sulfur starvation (Data Set S1).

Some fungal proteases are regulated by sulfur, nitrogen, and carbon starvation,
leading to the hypothesis that sulfur metabolism may be connected with nitrogen
and carbon metabolism (14, 29). Indeed, genes involved in nitrogen metabolism, in
particular, those involved in amino acid metabolism, were activated during sulfur
starvation. These genes included the aminotransferase gene glu-2 (NCU08998), pre-
dicted aminotransferase gene NCU08011, and kynurenine-oxoglutarate transaminase
gene nic-4 (NCU03347) (Data Set S1). Expression of the formamidase gene fma-1
(NCU02361) also increased. Additionally, we observed induction of genes involved in
nucleic acid uptake and utilization, including nuclease gene nuc-14 (NCU09788) and
predicted extracellular DNase gene NCU09525, as well as 59-nucleotidase gene nut-1
(NCU09659), uracil-5-carboxylate decarboxylase gene uc-7 (NCU06417), uracil phos-
phoribosyltransferase gene uc-8 (NCU06261), and guanine deaminase gene gua-5
(NCU07309) (Data Set S1).

Genes related to carbon metabolism were also upregulated during sulfur starva-
tion, including glycosyl hydrolase genes gh5-5 (NCU05882), gh125-2 (NCU8371),
gh71-5 (NCU07355), and gh61-2 (NCU07760), as well as cellobiose dehydrogenase-
like protein gene NCU08432, which when deleted, improves growth on pectin (31)
(Data Set S1). We also saw upregulation of NCU09519, which is involved in ascorbic
acid metabolism, and pyridoxal reductase gene pdx-6 (NCU07402), which is involved
in vitamin B6 metabolism (Data Set S1). Expression of genes encoding proteins

FIG 2 Legend (Continued)
differentially expressed under the tested conditions. There was a lower confidence that these promoters were
bound by CYS-3 in vivo than promoters of genes with a solid red outline. APS, adenosine 59-phosphosulfate;
PAPS, 39-phosphoadenosine-59-phosphosulfate; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine.
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involved in oxidation-reduction reactions and electron transfer also increased (Data
Set S1).

CYS-3 activates many genes involved in the response to sulfur starvation. The
transcription factor CYS-3 is required for expression of sulfur-regulated genes, and dur-
ing sulfur starvation, expression of cys-3 is upregulated (5). Our data confirmed cys-3
upregulation during sulfur starvation (Fig. S3 and Data Set S1). The F-box protein
SCON-2 is a member of an SCF E3 ubiquitin ligase complex responsible for CYS-3 deg-
radation (7, 8); expression of scon-2 also increases during sulfur starvation (32), which
our data confirmed. Expression of the Skp1 homolog gene scon-3, thought to work
with SCON-2 to regulate CYS-3 protein levels, was unchanged, as previously reported
(8) (Fig. S3 and Data Set S1).

To further investigate genes regulated by CYS-3, we isolated a homokaryotic cys-
32 strain from the heterokaryotic cys-3 mutant in the N. crassa deletion collection
(33). Previous work done on cys-3 used a partial cys-3 deletion (6, 34); based on
sequence and restriction site data, this cys-3 mutant is missing part of the basic leu-
cine zipper domain in exon 2 (see Fig. S4A in the supplemental material) (6). In the
deletion collection cys-3 mutant, a hygromycin resistance cassette replaced the
region from 447 bp upstream of the cys-3 start codon to 949 bp into the cys-3 open
reading frame. This region included a portion of the cys-3 59 untranslated region, the
first 301 bases of the cys-3 coding region, and a portion of the first cys-3 intron (cys-
32) (Fig. S4A and B) (33). Like other cys-3 mutants, this cys-3 partial deletion strain
was unable to grow without methionine supplementation and was unable to activate
expression of known sulfur-responsive genes during exposure to sulfur starvation
conditions (Fig. S1 and S4C) (6).

We exposed this cys-32 mutant to sulfur starvation for 4 h and measured the tran-
scriptome using RNA-seq. The remaining portion of the cys-3 gene was transcribed in
the mutant but was not upregulated during sulfur starvation (Fig. S3 and S4B and
Data Set S1). Since cys-3 activates its own expression (6, 35), lack of induction of the
remaining portion of cys-3 was consistent with a lack of CYS-3 activity. Expression of
172 genes was at least 2-fold differentially expressed between cys-32 and wild-type
cells (Fig. 3A; see Fig. S5 in the supplemental material). Functional enrichment of
these 172 genes showed overrepresentation of the same categories that were
enriched in the set of genes differentially expressed in wild-type cells exposed to sul-
fur starvation compared to 24 mM sulfate: sulfur, cysteine, methionine, glutathione,
taurine, hypotaurine, alanine, aspartate, glutamate, b-alanine, and butanoate metab-
olism (Fig. 3B).

We further analyzed similarities between genes differentially expressed during sul-
fur starvation in wild-type cells and genes regulated by CYS-3. Of the 172 genes differ-
entially expressed by at least 2-fold in cys-32 cells compared to wild-type cells, 119
were also at least 2-fold differentially expressed in wild-type cells exposed to sulfur
starvation (Fig. 3A; Data Set S1).

CYS-3 functions as a transcriptional activator (6, 35, 36). Transcriptional profiling
showed expression of 134 genes decreased by at least 2-fold in cys-32 cells.
Comparison of these 134 genes to the genes differentially expressed during sulfur star-
vation showed 114 of these 134 genes were upregulated during sulfur starvation in
wild-type cells (Fig. 3A; Data Set S1). In comparison, only 38 genes were upregulated
by at least 2-fold in cys-32 cells compared to wild-type cells. Of these 38 genes, only 5
were downregulated by at least 2-fold during sulfur starvation in wild-type cells
(Fig. 3A; Data Set S1).

Functional enrichment analysis showed CYS-3-regulated genes were involved in
cysteine and methionine metabolism (Fig. 3B). Because sulfate is converted to cysteine
and methionine as part of sulfur metabolism, CYS-3 might also regulate these genes
when the cell is exposed to sulfate. Eleven genes were at least 2-fold differentially
expressed between wild-type and cys-32 cells during exposure to 24 mM sulfate; 7 of
these 11 genes were downregulated by at least 2-fold in the cys-32 mutant. These 7
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genes included 2 predicted sulfur transporter genes, cys-13 and aap-7, and 4 genes
involved in sulfur metabolism, cys-5 (NCU02005), cys-2, cys-11 (NCU01985), and gst-4
(NCU10521) (Data Set S1). Only 4 genes were upregulated in cys-32 cells exposed to
24 mM sulfate: cys-22 (NCU06625), eas (NCU08457), NCU16018, and NCU16023 (Data
Set S1). These data support previous studies showing CYS-3 acts as a transcriptional ac-
tivator during sulfur limitation.

CYS-3 directly regulates genes associated with sulfur import, assimilation, and
metabolism. Genes differentially expressed in the cys-32 mutant compared to the wild
type could be either directly or indirectly regulated by CYS-3. We therefore identified
promoters bound by CYS-3 using DNA sequencing to identify regions of genomic DNA
bound by in vitro transcribed and translated CYS-3, a technique known as DAP-seq
(37). We identified 643 genes with 669 CYS-3 DNA binding sites within 3,000 bp
upstream of their translational start sites (see Data Set S2 in the supplemental mate-
rial). Because DAP-seq is an in vitro method of identifying DNA binding sites, it is possi-
ble CYS-3 did not regulate expression of all 643 genes in vivo (37). We therefore filtered
our DAP-seq data to identify genes whose promoters were bound and whose expres-
sion was regulated by CYS-3 by comparing CYS-3 DAP-seq data to RNA-seq data of the
cys-32 mutant.

Of the 643 genes with in vitro CYS-3 promoter binding sites, 64 were also differen-
tially expressed by at least 2-fold between wild type and the cys-32 mutant. Functional
enrichment analysis of these 64 genes showed overrepresentation of genes involved
in sulfur, cysteine, methionine, glycine, serine, threonine, and selenocompound metab-
olism (Fig. 3A and C and Fig. 4A; Fig. S5 and Data Set S2). Expression of only two of
these 64 genes increased in cys-32 cells compared to wild-type cells: gly-3 (NCU02727)
and glycosylphosphatidylinositol-anchored cell wall protein gene tpd-1 (NCU00175)
(38). The other 62 genes directly regulated by CYS-3 during sulfur starvation were acti-
vated by CYS-3, consistent with CYS-3 being a transcriptional activator (Fig. 4A; see
Fig. S6 in the supplemental material).

Using the 67 promoter binding sites in these 64 genes, we identified two potential
consensus binding motifs: ATBRCGCCATC (E value = 2.9 � 10239) and TTCYTYTYTYTTTKT
(E value = 6.4 � 1023) (Fig. 4B). The ATBRCGCCATC motif had a much smaller E value and

FIG 3 CYS-3 binds the promoters and regulates the expression of genes involved in amino acid and sulfur metabolism. (A) Heat map of the
expression level of the 172 genes that were at least 2-fold differentially expressed between wild-type and cys-32 cells exposed to sulfur starvation.
The upper heat map contains genes activated by CYS-3. The lower heat map contains genes repressed by CYS-3. Purple bars indicate genes whose
promoters were bound by CYS-3 using DAP-seq. (B) Distribution of genes in KEGG categories (50) and adjusted P values reflecting the significance of
enrichment of genes assigned to a given KEGG category, as calculated using FungiFun 2.2.8 (49), of the 172 genes that were at least 2-fold
differentially expressed between wild-type and cys-32 cells exposed to sulfur starvation. (C) Distribution of genes in KEGG categories (50) and
adjusted P values reflecting the significance of enrichment of genes assigned to a given KEGG category, as calculated using FungiFun 2.2.8 (49), of
the 64 genes whose promoters were bound by CYS-3 and that were at least 2-fold differentially expressed between wild-type and cys-32 cells
exposed to sulfur starvation.
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FIG 4 CYS-3 directly regulates genes involved in sulfur acquisition and metabolism. (A) Plot built with Circos version 0.69 (51) to display genes activated in
response to sulfur starvation and/or by CYS-3. Green lines indicate genes that were expressed at least 2-fold higher in wild-type cells exposed to sulfur
starvation than 24 mM sulfate. Blue lines indicate genes that were expressed at least 2-fold higher in wild-type than cys-32 cells exposed to sulfur
starvation. Red lines indicate genes whose promoters were bound and whose expression was activated by CYS-3 in response to sulfur starvation. In this
plot, all 62 genes whose promoters were bound by CYS-3 were activated by CYS-3, and 56 genes whose promoters were bound by CYS-3 were also
activated in response to sulfur starvation. Of the 136 genes that were activated in response to sulfur starvation, 114 were activated by CYS-3. (B) CYS-3
consensus DNA binding motif (E value = 2.9 � 10239) built using MEME version 5.1.1 (48).
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significant similarities to the CYS-3 binding motif ATGGCGCCAT and ATGRYRYCAT, identi-
fied using random oligonucleotides (39) and DNA footprinting and mobility shift assays
(40), respectively.

Promoters of genes involved in metabolizing nonpreferred sulfur sources were
bound by CYS-3, and expression of these genes was regulated by CYS-3. These
included arylsulfatase gene ars-1, choline sulfatase gene chol-16, cysteic acid decar-
boxylase gene gdc-3, dibenzothiophene desulfurization enzyme gene NCU05888,
and taurine dioxygenase genes tdo-2, tdo-3, tdo-4, tdo-5, and suc-2 (Fig. 2 and 4A). Of
the two genes encoding alkanesulfonate monooxygenases, only mox-7 was regu-
lated by CYS-3. However, the promoters of mox-7 and aso-1 were both bound by
CYS-3 in our unfiltered DAP-seq data. Although aso-1 was not regulated in our RNA-
seq data, the unfiltered DAP-seq data hint there may be a condition under which
aso-1 is expressed (Fig. 2; Data Set S2). Two genes involved in metabolizing sulfate
were regulated by CYS-3, and the promoters of these two genes were bound by CYS-
3: the gene coding for ATP sulfurylase, cys-11, which converts sulfate to APS, and the
gene coding for PAPS reductase, cys-5, which converts PAPS to sulfite (Fig. 2).
Additionally, CYS-3 both bound promoters and regulated expression of two genes
involved in glutathione metabolism: gst-4 and gst-6 (Fig. 4A; Data Set S1).

Of genes directly involved in cysteine and methionine metabolism, only cystathio-
nineg-lyase gene cys-16 and SAM synthetase gene eth-1 were regulated by CYS-3 dur-
ing sulfur starvation; promoters of both genes were bound by CYS-3 (Fig. 2 and 4A).
The promoters of several genes involved in sulfur, cysteine, and methionine metabo-
lism were bound by CYS-3 in our unfiltered DAP-seq data but were not regulated by
CYS-3 under the conditions we tested. These included cystathionine b-synthase gene
met-11 (NCU09230), myo-inositol-1-monophosphatase gene inl-3 (NCU09567), utr4
(NCU06228), and methylenetetrahydrofolate reductase gene met-13 (NCU09545)
(Fig. 2; Data Set S2). Although we did not detect CYS-3-mediated regulation of these
genes, the DAP-seq data hint CYS-3 may play a role in regulating sulfur metabolism at
other times or conditions.

CYS-3 also bound promoters of all known and predicted sulfur transporter genes
regulated by CYS-3. These included two sulfate permease genes (cys-13 and cys-14), as
well as chromate transporter gene trm-50. CYS-3 both regulated and bound the pro-
moters of two predicted methionine permease genes, aap-7 and aap-10. The promoter
of a third predicted methionine permease gene, aap-23, was bound by CYS-3 in our
unfiltered DAP-seq data, but aap-23 expression was not regulated by CYS-3 or in
response to sulfur starvation. This piece of DAP-seq binding data hints aap-23 may
play a role in sulfur metabolism under other conditions (Fig. 2 and 4A; Data Set S2).

Along with known and predicted sulfur transporters, CYS-3 both regulated and
bound the promoters of other transporters in response to sulfur starvation. These
included 8 MFS transporter genes (NCU07609, NCU09039, NCU05886, mfs-15
[NCU05884], NCU09678, NCU10512, mdr-7 [NCU01095], and predicted pantothenate
transporter gene mfs-29 [NCU07820]) (Fig. 4A). The direct activation of transporter
gene expression by CYS-3 suggested one role of CYS-3 is regulating sulfur transport.

CYS-3 bound the promoters and regulated expression of three predicted amino
acid or peptide transporter genes (aap-18, aap-22, and mfs-9). Additionally, CYS-3
directly regulated two protease genes: mpr-4 (NCU05908) and apr-10 (NCU08739)
(Fig. 4A). Activation of these genes by CYS-3 may improve the ability of the cell to har-
vest sulfur from cysteine and methionine. However, promoters of most genes regu-
lated by CYS-3 involved in nitrogen and carbon metabolism were not bound by CYS-3
in our DAP-seq data. This observation may suggest activation of these pathways is due
to an indirect effect associated with nutrient stress.

Although promoters of genes in metabolic pathways associated with utilization of
nutrient sources besides sulfur were not bound by CYS-3 in our DAP-seq data, the pro-
moters of genes involved in oxidation-reduction reactions and other aspects of elec-
tron transfer were bound by CYS-3, and CYS-3 regulated their expression (Fig. 4A; Data
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Set S1). Iron-sulfur proteins play a role in oxidation-reduction reactions in electron
transport in mitochondria. Direct regulation of genes involved in these general meta-
bolic processes by CYS-3 suggests a connection between the sulfur response and ATP
generation.

DISCUSSION

Sulfur is a component of many essential biological macromolecules. To ensure a
sufficient sulfur supply, filamentous fungi such as N. crassa scavenge sulfur from a
number of sources, including cysteine, methionine, and other organic and inorganic
sulfur compounds. Sulfur acquisition in N. crassa is regulated by the basic leucine zip-
per transcription factor CYS-3 (5). We used RNA-seq and DAP-seq to examine the
global sulfur starvation response and the role of CYS-3 in regulating sulfur acquisition.

Our data indicate CYS-3 directly regulates most genes necessary for sulfur import
and assimilation of sulfur from nonpreferred sulfur sources. Regulation of sulfur import
and assimilation genes is similar to the role of CYS-3 homologs in other filamentous
fungi. Transcriptional profiling of an A. fumigatus metR mutant under low sulfur
showed MetR regulated expression of sulfate permeases, arylsulfatase, and genes
involved in assimilating sulfur from sulfate (3). In A. nidulans, transcriptional activation
of sulfur-responsive genes may be shared by MetR and its paralog, MetZ (12, 41).

Sulfur import is an important aspect of the sulfur starvation response. Sulfur
sensing and utilization in N. crassa are well characterized using classical and molecular
genetics. The transcription factor CYS-3 is responsible for activating the sulfur response
(6). The cys-3 mutant from the Neurospora deletion collection (33) has an identical phe-
notype to the previously characterized cys-3 mutant and is required for regulation of
genes previously identified to require CYS-3 (Fig. S1 and S4 and Data Set S1) (6, 34).
Importantly, our DAP-seq data show CYS-3 binds promoters of genes expressed upon
sulfur starvation (Fig. 4A). However, as both characterized cys-3 mutants are not the
result of complete deletions (Fig. S4) (6), we cannot rule out the possibility that the
truncated CYS-3 proteins may play an additional role in the cell.

DAP-seq is comparable to the in vivo genome-wide method of identifying DNA bind-
ing sites, chromatin immunoprecipitation sequencing, in N. crassa and Arabidopsis, with a
high concordance of identified transcription factor DNA binding sites (18, 37). We identi-
fied 64 genes whose promoters were bound by CYS-3 in our DAP-seq data and were at
least 2-fold differentially expressed when comparing wild-type and cys-32 cells exposed
to sulfur starvation (Fig. 4A; Fig. S6). This set of genes included a number of genes known
or predicted to play a role in sulfur metabolism, as well as uncharacterized transporters
and genes involved in electron transport. However, this list likely does not include all
genes CYS-3 directly regulates. We identified 6 genes (aso-1, met-11, inl-3, utr4, met-13,
and aap-23) known or predicted to play roles in sulfur metabolism whose promoters
were bound by CYS-3 in our unfiltered DAP-seq data set but were not differentially
expressed in our 4-h RNA-seq data set (Data Set S1 and S2). It is likely additional genes
that are bound by CYS-3 and require CYS-3 for regulation would be identified under dif-
ferent nutrient conditions and time points than those examined here. Our DAP-seq data
provide information that will guide these future experimental approaches. The combina-
tion of transcriptional profiling under different nutrient conditions, other mutants, and
improved DAP-seq library methods may identify additional genes that are directly regu-
lated by CYS-3.

A small number of previously identified CYS-3 DNA binding sites were not identified
using DAP-seq. Several studies using mobility shift assays and DNA footprinting show
CYS-3 binds its own promoter (5, 35, 36, 40, 42). However, CYS-3 binding sites were not
identified in the cys-3 promoter using DAP-seq (Data Set S2). CYS-3 protein levels are
regulated by SCON-2 when sulfur is abundant (7, 8). scon-2 is regulated by CYS-3
(Fig. S3) (43), and prior studies identified 4 CYS-3 binding sites in the scon-2 promoter
(43). We identified multiple CYS-3 binding sites in the scon-2 promoter, but they did
not overlap the 4 sites identified by mobility shift assays (Data Set S2).
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Differences in DAP-seq and mobility shift or DNA footprinting assay transcription fac-
tor binding site identification may be due to differing methods of protein and DNA prep-
aration. We generated CYS-3 protein for DAP-seq using in vitro transcription translation.
Previous studies expressed CYS-3 in Escherichia coli or harvested CYS-3 from N. crassa nu-
clear extracts (5, 35, 36, 40, 42). Protein modifications of CYS-3 that occur in vivo may
affect DNA binding. Additionally, earlier studies used a mixture of genomic DNA, synthe-
sized oligonucleotides, and cloned DNA fragments (5, 35, 36, 40, 42); we used genomic
DNA from N. crassa grown in VMM. It is possible that DNA modifications may affect CYS-
3 DNA binding. For example, DNA methylation can block CYS-3 binding of the cys-14
promoter, although the same effect was not seen for the cys-3 promoter (40).

Our transcriptional data provide a global view of the sulfur response in N. crassa.
During sulfur starvation, CYS-3 directly upregulates many genes required for sulfur
import. We identified CYS-3 binding sites in promoters of known and predicted sulfur
transporters, such as sulfate permease genes cys-13 and cys-14 and methionine perme-
ase genes aap-7 and aap-10, as well as predicted amino acid and peptide transporter
genes and 8 uncharacterized MFS transporter genes (Fig. 2 and 4A; Data Set S2). We
confirmed CYS-3 binding 1.4 kbp upstream of the cys-14 translation start site (35) (Data
Set S2), which is necessary and sufficient for full, regulated expression of cys-14 (44).
The direct regulation of so many transporters by CYS-3 suggests sulfur import is an im-
portant aspect of the sulfur starvation response.

Cross talk exists between regulation of sulfur metabolism and a variety of other
primary metabolic pathways. In nature, N. crassa gets most of its nutrients from plant
biomass, where sulfur is in a matrix of other nutrients. Our data indicate the sulfur
response is transcriptionally intertwined with other metabolic pathways. Along with
direct regulation of genes involved in sulfur, cysteine, and methionine metabolism, CYS-3
also directly regulates genes involved in electron transfer, perhaps due to the presence of
sulfur in a number of electron carriers, such as iron-sulfur proteins (Fig. 4A). The require-
ment for iron-sulfur proteins for cell viability may also be the reason genes involved in
iron acquisition are regulated by the A. fumigatus CYS-3 ortholog MetR (3). However, in N.
crassa, indirect regulation of only a small number of genes involved in iron metabolism
was identified (Fig. 4A; Fig. S6 and Data Set S1). Direct regulation of many genes involved
in oxidation-reduction reactions and electron transport by CYS-3 may suggest a connec-
tion between the sulfur response and metabolic pathways regulating ATP generation.

Additionally, genes involved in carbon and nitrogen metabolism were regulated
during sulfur starvation (Fig. 4A; Fig. S6). Coregulation of nutrient metabolism is not re-
stricted to N. crassa, as similar phenomena are observed in the human pathogens A.
fumigatus and Cryptococcus neoformans (3, 45). Our DAP-seq data suggest the interplay
between these signaling pathways may not be directly regulated by CYS-3. It will be
the role of future studies to investigate the molecular mechanisms controlling cross
talk between these nutrient sensing and metabolism pathways.

MATERIALS ANDMETHODS
N. crassa strains and culturing. The strains used in this study were wild-type mat A and mat a

strains FGSC 2489 and FGSC 4200, respectively (wild type) (46) and FGSC 26799 cys-32::hygR mat a mu-
tant strain (cys-32) (this study). For details of FGSC 26799 construction, see Text S1 in the supplemental
material.

The media used in this study were based on VMM, which contains 58 mM sucrose as the carbon
source, 25 mM ammonium nitrate as the nitrogen source, and 800 mM sulfate as the sulfur source (19).
For details of the recipes of the media used and N. crassa growth conditions, see Text S1. All chemicals
were purchased from Sigma-Aldrich unless otherwise noted.

RNA sequencing and transcript abundance. The methods of RNA extraction, library preparation,
and sequencing were modified from those of Wu et al. (18). For details, see Text S1.

Statistical significance tests. RNA-seq experiments had 3 biological replicates, and statistical signifi-
cance was determined using Cufflinks v2.2.1 (47). Biological replicates refer to independent cultures ino-
culated on the same or independent days.

DAP-seq. Single DAP-seq libraries were prepared for CYS-3 and a negative control as described by
Wu et al. (18). DAP-seq data were filtered for CYS-3 DNA binding sites within 3,000 bp upstream of a
translational start site. This list was further filtered to only include genes whose expression was at least
2-fold differentially regulated between wild-type and cys-32 cells during exposure to sulfur starvation or
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24 mM sulfate with a count of fragments per kilobase per million (FPKM) of at least 10 under any one of
these conditions. For details, see Text S1.

DNA binding consensus motif generation. Motif discovery was performed using MEME version
5.1.1 (48). For details, see Text S1.

Functional enrichment analysis and gene annotation. Functional enrichment analysis was done
using FungiFun2 (https://elbe.hki-jena.de/fungifun/) with KEGG as the classification ontology (49, 50).
Gene to category associates were tested for overrepresentation using hypergeometric distribution with
Benjamini-Hochberg correction for false-discovery rate.

Gene annotations were pulled from FungiDB (https://fungidb.org/) or inferred from homology to
characterized genes in related fungi.

Data availability. The RNA-seq data used in this study have been deposited in the Gene Expression
Omnibus (GEO) at the National Center for Biotechnology Information (NCBI) and are accessible through
GEO series accession no. GSE173890. Processed RNA-seq data are available in Data Set S1. DAP-seq data
used in this study have been deposited in the NCBI Sequence Read Archive (SRA) and are accessible
through SRA accession no. SRX3748478 (CYS-3) and SRX3748477 (negative control). Processed DAP-seq
data are available in Data Set S2.
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TEXT S1, DOCX file, 0.03 MB.
FIG S1, TIF file, 1.1 MB.
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FIG S4, TIF file, 2.1 MB.
FIG S5, TIF file, 0.8 MB.
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