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Two-component signaling pathways based on phosphoryl group transfer between histidine kinase and
response regulator proteins regulate environmental responses in bacteria, archaea, plants, slime molds, and
fungi. Here we characterize a mutant form of DCC-1, a putative histidine kinase encoded by the NCU00939
gene of the filamentous fungus Neurospora crassa. We show that this protein participates in the regulation of
processes such as conidiation, perithecial development, and, to a certain degree, carotenogenesis. Furthermore,
DCC-1 is suggested to exert its effect by promoting cyclic AMP production, thereby placing this protein within

the context of a signaling pathway.

Signal transduction by phosphorylation and dephosphoryla-
tion of cellular proteins plays pivotal roles in regulating nu-
merous cellular processes in both prokaryotes and eukaryotes.
In prokaryotes, signaling by phosphoryl group transfer reac-
tions relies on two-component signal transduction (TCS) path-
ways that depend on histidine and aspartyl residues as phos-
phoryl group donors and acceptors (24, 26, 39, 43). The
prototypical two-component system comprises two protein
components, a sensor histidine kinase (HK) and its cognate
response regulator (RR), that contain a transmitter domain
with an invariant histidine residue and a receiver domain with
an invariant aspartate residue, respectively. Signal reception by
the HK is believed to propagate conformational changes in the
protein that stimulate an ATP-dependent autophosphorylation
at the conserved histidine residue. The phosphokinase then
donates the phosphoryl group to the conserved aspartate res-
idue in the receiver domain of the cognate RR, thereby ren-
dering it functional, in general as a transcriptional regulator
(26, 39). Upon cessation of signaling, both the cognate RR and
the HK undergo dephosphorylation, which results in silencing
of the system (11). Many TCS pathways, however, are more
elaborate and operate through a phosphorelay (7, 12, 23, 28,
40). In these systems, signal transmission involves, in addition
to the two above-mentioned domains, an extra receiver domain
and a histidine-containing phosphotransfer domain (HPT) that
can be fused to the HK or can be present as independent
proteins (12, 17, 20, 28, 40). Such TCS pathways have also been
found in plants, slime molds, and fungi (8, 13, 28). It is note-
worthy that most bacterial sensor kinases possess only one
transmitter domain, whereas the sensor kinases present in eu-
karyotic microorganisms or plants are almost exclusively mul-
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tipartite kinases (8, 13, 28, 33). Curiously, the architecture of
filamentous fungal TCS pathways provides another notable
difference. Prokaryotic TCS pathways are typically orga-
nized in protein pairs, whereas in filamentous fungi, multi-
ple HKs appear to share a single HPT protein to transduce
signals to two RRs. For instance, the Neurospora crassa
genome predicts 11 hybrid HKs, one HPT protein, and two
canonical RRs, in addition to the RR protein encoded by
the NCU(7378 gene and homologous to Saccharomyces
cerevisiae Rim15p, which lacks the conserved aspartate res-
idue of its receiver domain (5).

A number of studies have addressed the functions and phe-
notypes of various TCS proteins in N. crassa. For instance, it
has been shown that RRG-1 is involved in the activation of a
mitogen-activated protein kinase (MAPK) pathway that regu-
lates female fertility and responses to osmotic and fungicide
stresses (18). On the other hand, RRG-2 is implicated in cell
responses against oxidative stress during vegetative growth (4).
Moreover, the HPT-1 protein has been suggested to play a
central role in N. crassa viability because attempts to delete the
corresponding gene have been fruitless (4). Finally, the func-
tion of the OS-1, PHY-1, and PHY-2 HKs has also been
addressed in N. crassa. OS-1 has been shown to participate in
the activation of the above-mentioned MAPK pathway (1, 18,
36) and therefore has been placed upstream of RRG-1 in the
signaling cascade responsive to osmotic and fungicide stresses
(18). PHY-1 and PHY-2 show sequence similarity to bacterio-
phytochromes and plant phytochromes (5), and a bacterially
expressed N-terminal fragment of PHY-2 was shown to cova-
lently bind either biliverdin or phycocyanobilin in vitro, with
the resulting holoprotein displaying red/far-red light photo-
chromic absorption spectra and a photocycle. However, dele-
tions of phy-1 and phy-2 cause no phenotypic defects (10),
although they produce alterations in the expression of the
light-responsive conidiation gene con-10 (25).

Here we describe the results of experiments demonstrating that
the protein encoded by the NCU00939 gene, a putative histidine
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FIG. 1. Schematic representation of the NCU00939-encoded protein (hereafter referred to as DCC-1) and verification of NCU00939 gene
deletion. (A) SMART analysis of the DCC-1 protein reveals the presence of GAF and PAS/PAC as sensing domains and transmitter (TD) and
receiver (RD) domains with conserved histidine (H1031) and aspartate (D1464) residues. (B and C) Localization of the primers used for
verification of the dcc-1 deletion and the sizes of the expected PCR products in the wild-type and mutant strains. (D) Products obtained by PCR
using primers 1 and 2 and chromosomal DNA from the wild-type (wt) strain (lane 2) or the dcc-1 deletion mutant (lane 4) or primers 1 and 3 and
DNA from the wild-type strain (lane 3) or the dcc-1 deletion mutant (lane 5).

sensor kinase, participates in the regulation of asexual sporula-
tion, perithecial development, and, to a certain degree, caroteno-
genesis. We therefore propose to coin the NCU00939-encoded
protein DCC-1, for development and carotenogenesis control,
and hereafter this protein will be referred to as DCC-1. More-
over, we provide experimental data indicating that DCC-1 most
likely exerts its effect by promoting cyclic AMP (cAMP) produc-
tion, thereby placing DCC-1 within the context of a signaling
pathway that operates during conidiation and sexual develop-
ment.

Probing for phenotypic differences in N. crassa HK mutants.
The N. crassa genome predicts 11 hybrid HKs, one HPT pro-
tein, and two canonical RRs (5). Although various studies have
addressed the function of the RRs and HPT, only three HKs
have been studied. To gain some insight into the TCS pathways
and the functions of the various HK proteins, we pursued a
phenotypic characterization of single HK deletion mutants. All
strains were provided by the Fungal Genetics Stock Center
(FGSC) (22), except the NCU04615 mutant, which was made
in this study according to the previously published knockout
procedure (9). All strains were confirmed by PCR (data not
shown). For example, the dcc-I mutant (FGSC catalog no.
13652) was verified by PCR using primers 5'-AGCCGCAAG
TGGGAGCTACAT-3" (placed upstream of the dcc-1 gene
and indicated as primer 1 in Fig. 1B and C), 5'-CCAATGCA
TCTATGGCTCTCTATCGTAC-3" (placed within the dcc-1
gene and indicated as primer 2 in Fig. 1B), and 5’-TTGGGC
TTGGCTGGAGCTAGT-3' (placed within the iph gene and
indicated as primer 3 in Fig. 1C). As shown in Fig. 1, primers
1 and 2 amplified a band of the expected size (5.4 kb) in the
wild-type strain but not in the mutant strain (Fig. 1D, lanes 2
and 4). On the other hand, primers 1 and 3 amplified a band of
the expected size (2.1 kb) in the mutant strain but not in the

wild-type strain (Fig. 1D, lanes 3 and 5), thereby confirming
the replacement of the dcc-1 gene with hph.

We observed that all mutants germinated and grew as well as
the wild-type strain (FGSC catalog no. 2489) (data not shown),
except for the Adcc-1 mutant strain, which exhibited a slightly
lower hyphal elongation rate (Fig. 2A). Moreover, although no
defects in radial growth were observed in any of the mutants,
a striking difference was noticeable in the dcc-1 deletion strain.
Orange pigmentation, representative of carotenoid accumula-
tion, was observed over the entire surface of the plate inocu-
lated with the dcc-1 mutant strain, whereas in the case of the
wild type, orange pigmentation was observed mainly at the
center and near the edge of each plate (Fig. 2B). Because of
these apparent differences, we decided to focus our efforts on
the characterization of the dcc-I mutant strain. The dcc-1 gene
encodes a putative hybrid HK, which is conserved among Sor-
dariomycetes but whose function is unknown. The SMART
protein domain prediction program (21, 35) revealed the pres-
ence of GAF and PAS/PAC motifs as sensing or input domains
and the conserved histidine and aspartate residues located at
positions 1031 and 1464 in the transmitter and receiver do-
mains, respectively (Fig. 1A).

Carotenes accumulate in the dcc-I mutant strain. Carote-
noids are widespread terpenoid pigments synthesized by all
photosynthetic organisms (6, 16), some heterotrophic bacteria
(2), and fungi (3, 32). In N. crassa, the characteristic orange
pigmentation of mycelia is caused by the accumulation of the
xanthophyll neurosporaxanthin and variable amounts of caro-
tene precursors.

To test whether DCC-1 affects mycelial carotenoid accumu-
lation, 1 X 10° wild-type or dcc-1 mutant spores were inocu-
lated into liquid Vogel’s sucrose medium (VSM) plates sup-
plemented with 0.2% Tween 80 as a wetting agent to avoid
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FIG. 2. Effect of DCC-1 on N. crassa vegetative growth and caro-
tenoid accumulation. (A) The wild-type (wt) strain (open bars) and the
dcc-1 mutant (closed bars) were grown on VSM agar in race tubes. The
apical elongation rate was monitored for 5 days and is expressed as
cm/day. The experiment was repeated three times in its entirety, and
the standard deviation is depicted. (B) The wild-type (left) and dcc-1
mutant (right) strains were inoculated onto VGM plates. After 36 h of
incubation in darkness, the plates were illuminated for 24 h. The
images presented are representative of the growth of both strains in
glucose-rich medium. (C) Duplicate cultures of the wild-type (open
bars) and dcc-1 mutant (closed bars) strains were inoculated into liquid
VSM supplemented with 0.2% Tween. After incubation for 36 h in
darkness, one of the cultures was illuminated for 24 h while the other
one was kept in darkness. Carotenoids were extracted from 0.1 g of
mycelia, and the absorbance at 475 nm was determined. The data,
expressed as ng carotenes/mg protein, represent the average of three
independent experiments, and the standard deviation is depicted.

conidiation (44). After 36 h of incubation in darkness, the
cultures were divided into two groups; one was illuminated at
22°C with a fluorescent lamp (855 Ix), and the other was main-
tained in darkness as a control. After 12 h of exposure to light,
mycelia were collected, frozen in liquid nitrogen, and disrupted
with a mortar and pestle. Acetone and hexane were used in
consecutive extractions of total carotenoids from 0.1 g of fro-
zen sample, and the maximal absorption at 475 nm was mea-
sured. It was found that after illumination, the dcc-I mutant
produced 2-fold more carotenes than the wild-type strain (Fig.
2C). More interestingly, the dcc-1 mutant accumulated signif-
icant amounts of carotenes even in darkness, in contrast to the
wild-type strain, where no carotenoids were detected (Fig. 2C).
It has to be noted that although the growth conditions were
aimed to repress conidiation, a considerable amount of conidia
was detected in the dcc-1 deletion strain (data not shown), and
therefore, the total amount of mycelial and conidial carote-
noids is presented for this strain. Although the experiments
described here cannot differentiate between a direct effect of
DCC-1 on carotene regulation and an indirect effect through
the activation of conidiation, this result suggests that DCC-1
plays a significant role in the pathway that controls caroteno-
genesis and even asexual sporulation.

NOTE 1735

The DCC-1 HK regulates conidiation of N. crassa. N. crassa
is a filamentous fungus that has a complex life cycle due to its
ability to produce both asexual (vegetative phase of growth)
and sexual spores (38). During vegetative growth, N. crassa
hyphae elongate, intertwine, and fuse, forming the mycelial
network. Under carbon source deprivation and when a water-
air interface exists, N. crassa enters its asexual developmental
cycle, during which aerial hyphae differentiate from mycelia,
generate chains of proconidia, and terminate with the septa-
tion of proconidia and the release of free mature conidia
(macroconidia). We therefore argued that if the DCC-1 HK
acts as a repressor of the process of conidiation, growing the
dcc-1 mutant on glucose-rich medium and incubating the
plates in complete darkness should result in augmented conidi-
ation. This was tested by inoculating Vogel’s glucose medium
(VGM) plates with 1 X 10? wild-type or mutant conidia, incu-
bating the plates at 30°C in complete darkness, and harvesting
and counting the conidia every 12 h. It was found that the
mutant strain produced conidia as early as 12 h after inocula-
tion, unlike the wild-type strain, in which conidia were detected
after 48 h. Remarkably, even at 72 h after inoculation, the
mutant strain produced approximately 3.5 times more conidia
than the wild type (Fig. 3A).

As mentioned above, formation of aerial hyphae and subse-
quent conidiation require an air-water interface, and therefore
conidiation does not occur in submerged cultures (37). Given
the above-described phenotype of increased conidiation under
growth-repressing conditions (glucose-rich medium and dark-
ness), we asked whether the dcc-I mutant also produces
conidia in submerged cultures. We therefore inoculated wild-
type and mutant strains into VSM at 1 X 10° spores/ml and
incubated the cultures at 30°C with agitation (200 rpm) in
complete darkness. After 16 h of incubation, a sample of each
strain was withdrawn and examined by light microscopy. As
expected, no conidia were observed in submerged cultures of
the wild type. In contrast, the mutant strain produced a signif-
icant amount of conidia (Fig. 3B). Also, the hyphae of the
mutant strain appeared to be shorter than those of the wild-
type strain (Fig. 3B). This is to be expected if the hyphae of the
mutant strain were to enter the program of conidiation pre-
maturely. This was tested by comparing the growth of the
wild-type and mutant strains in standing liquid VSM cultures.
As shown in Fig. 3C, the wild-type strain conidiated at the tip
of the elongated aerial hyphae, whereas dense premature
conidiation and no elongated aerial hyphae were observed in
the mutant strain (Fig. 3C). Premature conidiation could also
provide a plausible explanation of the above-described slower
lineal growth of the dcc-I mutant (Fig. 2A). In view of the
above results, it can be concluded that the N. crassa DCC-1 HK
acts as a negative regulator of the asexual sporulation pathway,
since its absence causes derepression of conidiation under non-
sporulating conditions.

The DCC-1 HK is required for proper perithecial develop-
ment in N. crassa. Given the significant role of DCC-1 as a
negative regulator of sporulation during vegetative growth, we
asked whether it also participates in the regulation of sexual
development. Under conditions of nitrogen limitation, N.
crassa enters a sexual life cycle during which vegetative hyphae
initiate a sexual differentiation pathway to form the female
reproductive structure (protoperithecium) (27, 30). The pro-
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FIG. 3. Effect of DCC-1 on conidiation of N. crassa. (A) The wild-
type (wt; open bars) and dcc-1 deletion mutant (closed bars) strains
were grown on VGM plates. Conidia were harvested and counted at
the times indicated. The data, expressed as spores/ml, represent the
average of three independent assays. (B) The wild type (left) and the
dcc-1 mutant (right) were grown in liquid VSM at 30°C with agitation
(200 rpm). After 16 h of incubation in darkness, an aliquot was with-
drawn and examined by light microscopy. Arrows indicate conidia
formed by the mutant strain. (C) Cultures of the wild-type (left) and
dcc-1 mutant (right) strains were grown in standing liquid VSM cul-
tures. After 3 days of incubation at 30°C in darkness, tubes were
illuminated for 24 h and photographed.

toperithecium consists of a multicellular hypha (or ascogo-
nium) enclosed within an aggregate of knotted vegetative hy-
phae. A specialized hypha (trichogyne) extends from the
protoperithecium and fuses with a fertilizing (male) cell. N.
crassa has two distinct mating types (4 and a), and fusion with
the opposite mating type is required for fertilization of the
protoperithecium. After fertilization, the protoperithecium en-
larges and differentiates to form a fruiting body (or perith-
ecium) consisting of several specialized tissues from which the
meiotic products (ascospores) are eventually ejected into the
air (14, 29).

To test for possible effects of the DCC-1 HK on the pro-
cesses of the N. crassa sexual cycle, the 74-ORS-6a (FGSC
catalog no. 4200) wild-type and dcc-I mutant strains were
inoculated as females onto 10-cm plates under nitrogen-limit-
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FIG. 4. DCC-1 is required for proper perithecial development in N.
crassa. The 74-ORS-6a (FGSC catalog no. 4200) wild-type (wt; A, C,
and E) and dcc-1 mutant (B, D, and F) strains were inoculated as
females onto Vogel’s N modified agar plates. After 7 days of incuba-
tion at 25°C in the presence of light, the plates were inoculated with
strain 74-OR23-1VA (FGSC catalog no. 2489) as the male, and 7 days
later, the plates were examined. Representative pictures of the surface
of the wild type (A, C) and the dcc-1 mutant (B, D) are presented. The
cross sections of the plates with the wild-type (E) and Adcc-1 mutant
(F) strains are presented. Arrows indicate the localization of the per-
ithecia formed.

ing conditions (Vogel’s N modified medium [31]) and incu-
bated at 25°C with constant light. At day 7 postinoculation,
wild-type strain 74-OR23-1VA (FGSC catalog no. 2489) was
inoculated as a male and the plates were incubated at 25°C
with constant light. Seven days later, it was observed that, in
contrast to the wild-type strain, which formed mature pig-
mented perithecia on the surface of the plate, only an insig-
nificant number of small unpigmented mutant fruiting bodies
were observed on the surface of the plate (Fig. 4A to D),
suggesting that deletion of dcc-1 leads to sterility. However,
after careful inspection of the plates inoculated with the mu-
tant strain, it was observed that an almost equal number of
mature perithecia were formed, although they were submerged
in the agar (Fig. 4F). This phenotype should result in the
ascospores, if they were formed, remaining enclosed in the
perithecia or being ejected into the agar but unable to be
released into the air. To test whether mature and viable asco-
spores are produced in the dcc-1 mutant, submerged perithecia
were harvested from the agar and disrupted with a homoge-
nizer to release the ascospores. Indeed, mature ascospores
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FIG. 5. DCC-1 deletion unmasks circadianly regulated conidiation of N. crassa. Circadianly regulated conidiation patterns of the wild-type (wt)
and dcc-1, bd, and dcc-1 bd mutant strains were tested in race tubes. To entrain the cultures, tubes were kept for 24 h in constant light. Tubes were
then shifted to constant darkness, and growth was monitored every 24 h. The periods of the dcc-1, bd, and dcc-1 bd mutant strains are expressed

in hours. The wild-type strain period was not determined (ND).

able to germinate after heat activation and form colonies at
percentages similar to those of the wild type were obtained
(data not shown). It can therefore be concluded that although
the DCC-1 HK does not affect ascospore production and via-
bility, it is required for proper localization of perithecia.

Deletion of dcc-1 results in unmasking circadianly regulated
conidiation of N. crassa. Circadian oscillators, which respond
to environmental signals such as light and temperature, are
known to control the expression of various genes whose prod-
ucts are associated with cellular processes, including develop-
ment (42). The most obvious and prominent circadianly con-
trolled rhythm in N. crassa is that of conidiation, which forms
a characteristic conidial banding-pattern on plates or in long
glass culture tubes (race tubes). Also, it has been previously
reported that RRG-1 of N. crassa functions in an output path-
way to regulate circadian rhythmicity, although the upstream
HK was not identified (41). Because of the intimate association
of the DCC-1 sensor HK with the process of conidiation and
the involvement of a two-component system protein (RRG-1)
in the regulation of rhythmicity (2), we asked whether DCC-1
also affects this process. To test this, we assayed the dcc-1
deletion strain for the formation of conidiation bands in race
tubes with glucose-arginine medium. It has to be mentioned
that the wild-type strain does not form the conidial banding
pattern. This is because CO, levels become elevated during
vegetative growth, and as a consequence, conidiation becomes
suppressed, thereby masking the rhythmic banding pattern.
Therefore, a ras-I mutant strain (FGSC catalog no. 1858),
carrying a T791 substitution and referred to as a bd mutant
(34), which is about 200-fold less sensitive to the CO, masking
effect, is used for circadian rhythm studies.

Exponentially grown mycelia of the wild-type, dcc-1, bd, and
dcc-1 bd mutant strains were inoculated at one side of the race
tubes and incubated with illumination at 25°C for 24 h to
entrain the cultures before a shift to constant darkness. The
edge of the colony was marked every 24 h under a red security
light, and the period was determined. It was found that the
dcc-1 deletion strain formed conidiation bands, although they
were not as intense as those formed by the bd mutant strain
(Fig. 5). This could be because the dcc-I mutant conidiates
throughout the race tube, which causes a partial masking of the
conidiation bands (Fig. 5). The period of the dcc-I mutant was
found to be 20.98 * 0.4 h, which is insignificantly shorter than
the 21.73 = 0.5- and 21.84 = 0.6-h periods of the bd and the
dcc-1 bd mutant strains, respectively (Fig. 5). Therefore, it can
be concluded that the DCC-1 protein plays a role not in the

regulation of circadian rhythmicity but rather in the masking
process of circadianly regulated conidiation.

Exogenous cAMP reverses the dcc-1-dependent differentia-
tion phenotypes. To gain some insight into the pathway(s)
through which dcc-1 exerts its effect, we looked for mutant
strains that exhibit phenotypes similar to the ones described for
the dcc-1 mutant strain. Interestingly, similar phenotypes have
been described for mutants encoding proteins that are impli-
cated in cAMP metabolism. For example, a gna-3 (Ga3 sub-
unit which, together with CR-1, participates in cAMP produc-
tion) mutant shows dense premature conidiation and
formation of short aerial hyphae, two phenotypes that are
reversed by exogenous cAMP (19). Another phenotype due to
Agna-3 that is not reversed by exogenous cAMP is the forma-
tion of submerged perithecia (19). Considering the similar
phenotypes of the gna-3 and dcc-1 mutants, the ability of
cAMP to reverse the Adcc-1-dependent phenotypes was tested.
It was found that addition of cAMP to solid VGM and stand-
ing liquid cultures resulted in a drastic reduction of premature
conidiation (Fig. 6A and B) and improved aerial hypha elon-
gation of the Adcc-I mutant (Fig. 6C). It should be mentioned
that, as has been reported for the Agna-3 strain (19), cAMP
addition to submerged cultures does not reverse the conidia-
tion phenotype of the Adcc-1 mutant strain (data not shown).
Furthermore, carotenoid accumulation in the mutant strain
was reduced to wild-type levels (Fig. 6D) whereas conidiation
was decreased approximately 2-fold when the liquid VSM con-
taining 0.2% Tween 80 as a wetting agent was supplemented
with cAMP (data not shown). It may therefore be concluded
that DCC-1 participates in the regulation of asexual sporula-
tion and carotenogenesis most likely by affecting cAMP me-
tabolism in a pathway that may include GNA-3 and CR-1.

Finally, the effect of cCAMP in circadianly regulated conidi-
ation could not be tested because endogenous oscillations of
the level of cAMP have been shown to be critical for clock-
controlled conidiation (15). Also, as has been described for the
Agna-3 mutant (19), supplementation with cAMP did not re-
store the sexual defects (formation of submerged perithecia) of
the Adcc-1 mutant (data not shown).

Taken together, our findings strongly suggest that the
DCC-1 protein of N. crassa plays a pivotal role in the pathways
that regulate developmental processes such as conidiation and
perithecial development and in the one responsible for mask-
ing circadianly regulated conidiation during vegetative growth
and also, to a certain degree, affects carotenoid accumulation.
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average of three independent experiments.

Conclusions. The N. crassa NCU00939 gene encodes a pu-
tative hybrid HK consisting of GAF and PAS/PAC as input
domains, a transmitter domain with a conserved histidine res-
idue at position 1031, and a receiver domain with a conserved
aspartate residue at position 1464. Phenotypic analyses of a
DCC-1 mutant strain (FGSC catalog no. 13652) indicate that
this putative sensor HK negatively regulates the processes of
conidiation and, to a certain degree, carotenogenesis and also
has pronounced effects on the development of perithecia dur-
ing the sexual life cycle. Moreover, DCC-1 appears to exert its
effect by affecting cAMP metabolism in a pathway that includes
GNA-3 and CR-1, thereby placing DCC-1 within the context of
a signaling pathway that operates during conidiation and sex-
ual development. Although this study provides some insight
into the processes regulated by DCC-1, the scope of its control
remains to be clarified and the other components participating
in the same signaling cascade(s) have yet to be determined.
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and Claudia Rodriguez Rangel for technical assistance.

This work was supported by grants 80684 from the Consejo Nacional
de Ciencia y Tecnologia (CONACyT); IN219709-3 from DGAPA,
UNAM; and CRPMEX008-02 from ICGEB.

ADDENDUM IN PROOF

The observed phenotypes were found to segregate with the
hygromycin B resistance gene (hph), indicating that they are
the result of the deletion of the dcc-1 gene.
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