
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, May 2010, p. 2830–2836 Vol. 76, No. 9
0099-2240/10/$12.00 doi:10.1128/AEM.02214-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Cyclic GMP as a Second Messenger in the Nitric Oxide-Mediated
Conidiation of the Mycoparasite Coniothyrium minitans�

Bo Li,1,2 Yanping Fu,2 Daohong Jiang,1,2* Jiatao Xie,2 Jiasen Cheng,2 Guoqing Li,1,2

Mahammad Imran Hamid,1,2 and Xianhong Yi2

State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Wuhan 430070, Hubei Province,
People’s Republic of China,1 and The Provincial Key Lab of Plant Pathology of Hubei Province, College of

Plant Science and Technology, Huazhong Agricultural University, Wuhan 430070, Hubei Province,
People’s Republic of China2

Received 12 September 2009/Accepted 24 February 2010

Understanding signaling pathways that modulate conidiation of mitosporic fungi is of both practical and
theoretical importance. The enzymatic origin of nitric oxide (NO) and its roles in conidiation by the sclerotial
parasite Coniothyrium minitans were investigated. The activity of a nitric oxide synthase-like (NOS-like) enzyme
was detected in C. minitans as evidenced by the conversion of L-arginine to L-citrulline. Guanylate cyclase (GC)
activity was also detected indirectly in C. minitans with the GC-specific inhibitor 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ), which significantly reduced production of cyclic GMP (cGMP). The dynamics of
NOS activity were closely mirrored by the cGMP levels during pycnidial development, with the highest levels
of both occurring at the pycnidial initiation stage of C. minitans. Furthermore, the NO donor, sodium
nitroprusside (SNP), stimulated the accumulation of cGMP almost instantly in mycelium during the hyphal
growth stage. When the activity of NOS or GC was inhibited with N�-nitro-L-arginine or ODQ, conidial
production of C. minitans was suppressed or completely eliminated; however, the suppression of conidiation by
ODQ could be reversed by exogenous cGMP. The results also showed that conidiation of an L-arginine
auxotroph could be restored by the NO donor SNP, but not by cGMP. Thus, NO-mediated conidiation has more
than one signal pathway, including the cGMP signal pathway and another yet-unknown pathway, and both are
essential for conidiation in C. minitans.

Coniothyrium minitans is a sclerotial parasite of the notori-
ous plant pathogen Sclerotinia sclerotiorum, and its potential
for biological control of Sclerotinia diseases has been well dem-
onstrated in several countries (13, 17, 21, 28, 33, 34, 36, 37).
Efficient production of conidia will further enhance the poten-
tial of C. minitans as a biological control agent. Understanding
signaling pathways that modulate conidiation of C. minitans
will not only facilitate manipulation of the biocontrol agent for
commercial use but also advance our understanding of fungal
biology.

Nitric oxide (NO) is a widespread signaling molecule in-
volved in regulation of a wide range of cellular functions in
animals and plants (7). NO synthesis and signaling have been
well studied in animals and plants. In mammals, NO plays roles
in relaxation of smooth muscle, inhibition of platelet aggrega-
tion, neural communication and immune regulation, while in
plants NO is involved in disease resistance, abiotic stress, cell
death, respiration, senescence, root development, seed germi-
nation, and other functions (reviewed in references 6 and 32).
NO is also involved in the development of several members of
the mycetozoa, such as, Dictyostelium discoideum (10) and
Physarum polycephalum (27). The wide variety of effects re-
flects the basic signaling mechanism that is used by mammals,

plants, and virtually all organisms (2). Despite of the extensive
research on NO synthesis and signaling processes in animals
and plants, our knowledge about NO in fungi is very limited.

Our understanding of NO synthesis and signaling in fungi is
based mainly on pharmacological studies using NO donors,
NOS inhibitors and NO scavengers. Both NO function and
nitric oxide synthase (NOS) activity have been identified in
fungi. NO plays roles in asexual spore development in the
ascomycete Neurospora crassa (19), the zygomycete Phycomy-
ces blakesleeanus (15), and the blastocladiomycete Blastocla-
diella emersonii (29), as well as C. minitans (11). NO stimulates
the formation of sexual fruiting bodies in the basidiomycete
Flammulina velutipes (26). It is also involved in other fungal
physiological processes, such as suppression of pseudomycelial
formation in the yeast Candida tropicalis (35), and delay in
conidial germination in Colletotrichum coccodes (30). In addi-
tion, NO formation was detected in the mycobiont of the
lichen Ramalina lacera during transitions between desiccation
and rehydration (31). Recently, NO signaling and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) S nitrosylation
are linked with H2O2-induced apoptotic cell death and also
mediate cell death during chronological life span pointing in
Saccharomyces cerevisiae (1). Despite the significance of NO
in a large variety of physiological processes, the origin of NO in
fungi is not clearly understood, and how this molecule interacts
with upstream receptors and downstream response elements in
fungi are still unknown.

It is suggested that NO in fungi is derived from L-arginine
under the catalysis of NOS-like enzymes. Recently, NO levels
and NOS activity have been confirmed in S. cerevisiae by mea-
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suring NO production through monitoring nitrate and nitrite
formation, by direct measurement using a NO-selective elec-
trode (AmiNO-700) and by measuring the formation of
L-[3H]citrulline from L-[3H]arginine (1). Another source of NO
may be from cytochrome c oxidase, since this mitochondrial
enzyme reduces NO2 to NO at low-oxygen concentrations (3).

In animals and plants, NO and NO-derived species function
through chemical modification of targets. These signaling mol-
ecules mostly act through binding to transition metals of met-
alloproteins (metal nitrosylation), and covalent modification of
cysteine (Cys; S nitrosylation) and tyrosine (Tyr; tyrosine ni-
tration) residues (2). One function of NO is as an activator of
soluble guanylate cyclase (GC) by binding to the heme iron,
resulting in a transient increase in the second messenger cyclic
GMP (cGMP). cGMP is a well-established signaling molecule
in many prokaryotes and eukaryotes (14). In fungi, cGMP has
been detected in N. crassa (23), P. blakesleeanus (12), and B.
emersonii (25).

Previously, we reported that L-arginine is required for
conidiation of C. minitans, and the highest amount of nitric
oxide (NO) in mycelial mass in primordial formation stage
compared to that in hyphal growth stage was observed (11). It
was suspected that NO is involved in conidiation of C. mini-
tans. However, the pathway of NO regulation for conidiation is
not understood, and the origin of NO in C. minitans is still
unknown. The objectives of this investigation were to ascertain
the enzymatic origin of NO and to determine the possible NO
signal pathways in modulating conidiation of C. minitans.

MATERIALS AND METHODS

Fungal strains and maintenance. Wild-type strain ZS-1 (CCAM 041057) of C.
minitans produces pycnidia and conidia normally on potato dextrose agar (PDA)
dishes and produces abundant conidia in liquid shake culture (4). Mutant ZS-
1T2029 (CCAM 041058) derived from strain ZS-1 is an L-arginine auxotroph,
whose gene coding for L-arginine-specific carbamoyl-phosphate synthase was
disrupted by a T-DNA insertion. It can grow, but it cannot produce conidia on
PDA petri dishes due to L-arginine deficiency (11). The wild-type and the mutant
strains were cultured on PDA or potato dextrose broth (PDB) at 20 to 22°C and
stored on PDA slants at 4°C.

Culture conditions and pharmacological studies. To collect conidia, the wild-
type strain ZS-1 was grown on PDA slants for 20 days at 20 to 22°C, whereas the
mutant ZS-1T2029 was grown on L-arginine-amended PDA slants under the
same conditions. Conidia were harvested with sterile distilled water and passed
through two layers of cheesecloth to remove debris and pycnidia. The conidial
suspension was adjusted to a concentration of 105 conidia/ml with a hemacytom-
eter for experimentation.

To study pycnidial development of C. minitans, 100 �l of inoculum was mixed
carefully with 20 ml of molten PDA (�50°C) and poured into sterile 90-mm-
diameter dishes. Dishes were incubated at 20°C, and colonies were monitored
under a microscope every 12 h.

To obtain fungal mycelia, 100 �l of inoculum of the wild-type strain ZS-1 and
the mutant ZS-1T2029 were placed onto cellophane membranes overlaying PDA
in 90-mm-diameter dishes or on PDA with different amendments as described
below and incubated at 20 to 22°C. After incubation of 48, 60, 72, 84, and 96 h,
mycelia were collected and used to detect NO production and cGMP levels.

To test the effect of 1H-[1,2,4]oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ), an
inhibitor of the soluble GC, on conidiation, 5 mg of ODQ (Sigma-Aldrich,
Germany) were dissolved in 2 ml of sterilized ddH2O to make a stock concen-
tration of 10 mmol/liter, and this stock was diluted to different concentrations
before use. The inoculum (100 �l) of the wild-type strain ZS-1 was carefully
mixed with 10 ml of molten PDA and poured into sterile petri dishes. After 24 h
of incubation at 20°C, 200-�l portions of different concentrations of ODQ were
spread onto the surface of dishes to arrive at final approximate concentrations
ranging from 10 to 100 �mol/liter, assuming that the chemical diffused evenly
throughout the medium. Colonies were checked by microscopy at �100 at 48, 60,
72, 84, and 96 h after ODQ amendment. Images were captured with a Digital

Sight DS-5 M digital camera (Nikon, Japan) using the NIS-elements F Package
version 3.0 (Nikon, Japan). Final conidial production of each dish was deter-
mined 7 days after incubation as described below.

To compare the effect of ODQ and the NOS specific inhibitor N�-nitro-L-
arginine (L-NNA; Sigma-Aldrich, Germany) on conidiation, conidia (100 �l)
were inoculated into PDA medium and incubated for 24 h. Then, 200 �l of
L-NNA (50 mmol/liter) was amended into PDA medium with a final concentra-
tion of 1 mmol/liter, and colonies were checked under microscope as described
above.

To test potential interactions between exogenous cGMP and ODQ on conidia-
tion of C. minitans, the inoculated PDA dishes were preincubated at 20°C for
24 h, and then the dishes were amended simultaneously with ODQ at 50 �mol/
liter and with cGMP (at 0.1 to 10 mmol/liter). The treated dishes were incubated
at 20 to 22°C for 7 days, and the conidial production was determined as described
below.

To determine whether exogenous cGMP could restore the conidiation of
mutant ZS-1T2029, two experiments were attempted. In the first experiment, this
mutant was cultured on PDA amended with different concentrations of cGMP
(final concentration from 10 �mol to 10 mmol/liter). In the second experiment,
a conidial suspension (100 �l) of the mutant strain ZS-1T2029 was mixed with 10
ml of molten PDA and poured into petri dishes. Inoculated dishes were incu-
bated at 20°C for 24, 36, 48, 60, or 72 h, and then cGMP was spread onto the
surface of dishes to arrive at final concentrations ranging from 10 �mol/liter to
10 mmol/liter approximately. The cGMP-treated dishes were further incubated
for 10 days, and then the conidiation and conidial production of mutant were
determined as described below.

To determine conidial production, two mycelial agar plugs (5.0 mm in diam-
eter) from each dish were transferred into a microfuge tube containing 1 ml of
sterile H2O and vortexed for 1 min. Conidia released from pycnidia were counted
with a hemacytometer and calculated as conidia per square centimeter. Exper-
iments were performed at least three times, and all colony morphology images
were captured with a digital camera (Sony T10�Japan).

NOS activity assay. To confirm whether some or all of the NO is derived from
L-arginine catalyzed by NOS-like enzyme, an NOS assay kit (Calbiochem) was
used. Formation of NO was determined by the conversion of L-[14C]arginine
(Perkin-Elmer) to L-[14C]citrulline. Extraction of protein samples from mycelia
collected at different stages was performed according to the manufacturer’s
instructions. Ten microliters mycelial extract was incubated with 2 �l of
L-[14C]arginine (50 �Ci/�l), 5 mmol of NADPH/liter, 0.6 mmol of CaCl2/liter,
and 10 �g of calmodulin/ml for 60 min at 37°C. Control reactions contained 5 �l
of rat cerebellum provided in the kit. After the removal of residual L-[14C]argi-
nine by passage through the resin supplied in the kit, converted L-[14C]citrulline
was measured in a liquid scintillation counter (Beckman, Germany). Protein
concentrations in the mycelial extracts were determined with a Coomassie bril-
liant blue staining kit (Beyotime Institute Biotech, Nanjing, China). Values were
expressed as pmol/min/mg of protein. This experiment was repeated four times.

Nitric oxide assay. The levels of nitric oxide in mycelia were determined with
the Griess reagent kit (Beyotime Institute Biotech). The optical density at 550
nm of the reaction product was measured with a UV mini-1240 spectrophotom-
eter (Shimadzu, Japan). The total protein in mycelia of wild-type strain ZS-1 or
mutant ZS-1T2029 was determined with a Coomassie brilliant blue staining kit.
The production of NO (�mol/g of total protein) was calculated with a formula
supplied in the kit. There were three replicates in each treatment, and the
experiment was repeated three times.

cGMP assay. Cytoplasmic cGMP was assayed by using a 125I-cGMP radio-
immunoassay kit (Shanghai University of Traditional Chinese Medicine, China).
About 100 mg of fresh mycelial mass was frozen with liquid nitrogen and ho-
mogenized on the ice in 2 ml of 50 mmol/liter acetate buffer (pH 4.75). Cellular
debris was removed by centrifugation (3,500 rpm, 15 min), and the supernatant
was extracted two times with an equal volume of ethanol. The aqueous layer was
lyophilized and redissolved in 1 ml of 50-mmol/liter acetate buffer (pH 4.75), and
samples were acetylated prior to radioimmunoassay. Preparation of standard
curves and assay procedures were as described in the supplier’s manual, and
radioactivity was measured by using an SN-697 gamma counter (Shanghai Insti-
tute of Applied Physics, China). The data are expressed as pmol of cGMP per
gram of fresh mycelial weight (pmol/g FW). All measurements were performed
in duplicate, and the experiment was repeated three times.

Data analyses. Data from the experiments were analyzed by using an analysis
of variance carried out using SAS version 8.1 (SAS Institute, Inc., Cary, NC).
When significant treatment differences were found, treatment means were sep-
arated using the protected least significant difference test at P � 0.05.
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RESULTS

Pycnidial development of C. minitans. The pycnidial devel-
opment of C. minitans could be divided into five growth stages
morphologically (Fig. 1). The first is the hyphal growth stage,
occurring during the first 48 h postinoculation (hpi). The sec-
ond stage is the primordial formation stage, with hyphal inter-
twisting and the formation of small knots, but with no conid-
iophore formation in the knots. The best time to observe
primordial formation is at 60 hpi. The third stage is the
pycnidial initiation stage, with conidiophore formation with a
few conidia, a clear outline of the pycnidium, and thin-walled
pycnidia, allowing light passage under a microscope. This stage
is very short and usually occurs at 72 hpi. The fourth stage
is the pycnidial formation stage. Here, the outlines of the
pycnidia are clear, the pycnidial wall turns thick, and light
cannot pass through the center and the margin of the structure.
However, there is little melanin accumulation, and the pycnidia
are white, but full with conidia. This stage usually occurs at 84
hpi. The fifth and final stage is the pycnidial maturation stage,
the last stage of C. minitans. The most distinct characteristic
at this stage is the accumulation of melanin; thus, mature
pycnidia are dark. Mature pycnidia could be observed at 96 hpi
(Fig. 1A).

NOS activity. NOS activity in C. minitans was measured by
the formation of L-[14C]citrulline from L-[14C]arginine. NOS
activity was detected from the hyphal growth stage to the
pycnidial maturation stage. A low level of NOS activity was
detected at 48 hpi on PDA. The activity increased at 60 hpi,

peaked at 72 hpi, and then declined. At 48 hpi the L-[14C]citrul-
line production rate was approximate 1.5 pmol/min/mg,
whereas at 72 hpi the rate was approximately 20 pmol/min/mg
(Fig. 2A). Thus, NOS-like activity was detected in C. minitans
and is tightly associated with conidiation of C. minitans.

Intracellular cGMP levels and GC activity. Intracellular
cGMP in C. minitans was detected at different developmental
stages. During the hyphal growth stages, cGMP was main-
tained at a relatively low level at about 4 to 5 pmol/g FW. The
intracellular cGMP level increased to 12.8 pmol/g FW in the
primordial formation stage (at 60 hpi). The cGMP level was
18.9 pmol/g FW and reached the highest level at the pycnidial
initiation stage, and then the cGMP level dropped in the
pycnidial formation stage and the pycnidial maturation stage
(Fig. 2B).

The activity of GC in C. minitans was confirmed indirectly
using the soluble GC inhibitor ODQ. At 50 �mol of ODQ/
liter, the cGMP level in mycelia remained at low levels at all
sampling points tested. The cytosolic cGMP concentrations
were about 4 to 5 pmol/g FW (Fig. 2B).

Inhibition of conidiation by ODQ. The production of
conidia was significantly suppressed by addition of ODQ at all
four concentrations tested (Fig. 3C and D). At 10 �mol of
ODQ/liter, a few pycnidia were produced, and at 50 and 100
�mol of ODQ/liter, the conidiation of C. minitans was com-
pletely inhibited (Fig. 3C and D). Except for inhibiting conidia-
tion, ODQ had no observable effect on hyphal growth. At 50
�mol of ODQ/liter, hyphal growth appeared to be normal (Fig.

FIG. 1. Five stages of pycnidial development and their morphological features in Coniothyrium minitans wild-type strain ZS-1 on PDA alone
(A) and on PDA amended with L-NNA (B) or with ODQ (C). The stages are as follows: hyphal growth stage (48 hpi), primordial formation stage
(60 hpi), pycnidial initiation stage (72 hpi), pycnidial formation stage (84 hpi), and pycnidial maturation stage (96 hpi). Each dish contained 105

conidia/ml in 10 ml of medium. ODQ and L-NNA were added at 24 hpi to the medium for final concentrations of 50 �mol/liter and 1 mmol/liter,
respectively. Magnification, �200.
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3A and B), and primordial development was observed, but
these primordia did not develop into pycnidia (Fig. 1C). This
phenomenon was also observed in dishes treated with the NOS
inhibitor L-NNA (Fig. 1B).

The suppression of conidiation by ODQ could be reversed
by the addition of exogenous cGMP (Fig. 3E and F). After
cell-permeable cGMP was applied at the same time as ODQ,
mature pycnidia could be observed later in dishes, and the
inhibitory effect of ODQ was reduced or even eliminated,
depending on the relative concentrations of ODQ and cGMP
in the media (Fig. 3F).

Endogenous NO increases cellular cGMP. When wild-type
strain ZS-1 was treated with L-NNA, an NOS inhibitor, the NO
accumulation in C. minitans was reduced, and conidiation was
blocked. Interestingly, the cGMP level in L-NNA-treated C.
minitans was 7.95 pmol/g FW, which was much lower than that
in untreated wild-type strain ZS-1 (Fig. 4A). Thus, the NOS-
inhibitor reducing NO accumulation may also reduce the ac-
cumulation of cytosolic cGMP.

The cGMP level in L-arginine auxotroph mutant ZS-1T2029
was examined; the results showed that the cGMP level in the
mutant ZS-1T2029 was maintained at a relatively low level,
and there were no significant differences between the time
points sampled (Fig. 4B). However, on media amended with
L-arginine (2.5 mmol/liter), the accumulation of cGMP in the
mutant ZS-1T2029 increased to 17.95 pmol/g FW during the
pycnidial formation stage (Fig. 4B), which was as much as in

FIG. 2. NOS-like activities (A) and intracellular cGMP levels
(B) in mycelial extracts from five pycnidial development stages of C.
minitans wild-type strain ZS-1. (A) Putative NOS-like activity was
detected by measuring the conversion rate of L-[14C]citrulline from
L-[14C]arginine. Values are means � the standard error of four inde-
pendent experiments. Bars with the same letter are not significantly
different (P � 0.05). (B) Intracellular cGMP levels on PDA and on
PDA amended with ODQ were estimated by using a 125I-based radio-
immunoassay. Values are means of four independent experiments.
Bars represent the standard deviation from the mean (n � 4).

FIG. 3. Effect of ODQ on the mycelial growth (A and B) and conidiation (C, D, E, and F) of C. minitans without or with exogenous cGMP.
(A and B) ODQ does not suppress hyphal growth and biomass. (C) ODQ inhibits conidiation. (D) Conidial production was affected by ODQ.
(E) Reversal of ODQ inhibition by cGMP. (F) Conidial production as affected by cGMP in the presence of 50 �M ODQ. The solid bars represent
means of four independent experiments, and error bars represent standard deviation from the mean (n � 6). Bars labeled with different lowercase
letters are statistically different from one another (P � 0.05).
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wild-type strain ZS-1. The levels of cGMP in the mycelial mass
of the mutant ZS-1T2029 in media with or without L-arginine
are consistent with the production of NO and pycnidial devel-
opment. The NO production pattern of the mutant in L-argi-
nine-amended medium was similar to that of wild strain ZS-1,
although the time of the highest level of NO observed occurred
�12 h later than that in the wild-type strain ZS-1 (Fig. 4).

Cytoplasmic cGMP level increased instantly by NO donor.
Addition of sodium nitroprusside (SNP), a nitric oxide donor,
almost instantly increased cGMP levels during the hyphal
growth stage of C. minitans (Fig. 5). SNP was applied to both
the wild-type strain ZS-1 and the mutant ZS-1T2029 after 48 h
in PDB. The cellular cGMP levels were increased to 23.3
pmol/g FW 1 h after SNP treatment, which was about five
times higher than that in the control. The high levels of cGMP
persisted for �2.5 h and then declined (Fig. 5).

Exogenous cGMP did not restore conidiation of a L-arginine
auxotroph mutant. All treatments with cGMP to restore the
conidiation of mutant ZS-1T2029 failed. However, our previ-
ous work showed that both L-arginine and nitric oxide donor

SNP restored conidiation of the mutant ZS-1T2029 (11). This
indicated that the second messenger cGMP is only one of the
signal molecules that NO activates for pycnidial development
and conidiation in C. minitans. We speculate that the NO-
mediated conidiation should have more than one signal path-
way and that other signal pathways which are also regulated by
NO should exist and parallel cGMP signaling.

DISCUSSION

Nitric oxide has been detected in many fungi, including C.
minitans (15, 19, 20, 29, 30), but its origin in fungi is still
unknown. In animals the biosynthesis of NO is primarily cat-
alyzed by the enzyme nitric oxide synthase (18), and in plants
the production of NO is catalyzed by nitrate reductase, xan-
thine oxidoreductase, certain plasma membrane-bound en-
zymes, and NOS-like enzymes (5). NOS activities have been
found in several other fungi (19, 26, 29, 35). Our results con-
firmed NOS activity in C. minitans as evidenced by the con-
version of L-[14C]arginine to L-[14C]citrulline. Different levels
of NOS activity have been observed in various fungi, ranging
from �10 pmol/mg/min in P. blakesleeanus mycelia (19) to
	500 pmol/mg/min in F. velutipes fruiting bodies (26). In C.
minitans, the highest level of NOS activity reached 20 pmol/
min/mg of protein during conidiation, and the timing of the
enzyme activity coincided with NO production in mycelia of C.
minitans during conidiation. NOS genes have been identified
and cloned from animals but not from plants nor fungi. Re-
cently, DNA sequences coding for hypothetical NOS-like pro-
teins have been annotated in some fungal genomes, such as P.
blakesleeanus and Magnaporthe grisea (29); however, the puta-
tive NOS-like gene remains to be identified.

The signal molecular cGMP is derived from GTP catalyzed
by GC (14), and ODQ is an irreversible inhibitor of GC (24).
We found that ODQ suppressed conidiation in C. minitans,
and interestingly, this suppression could be reversed by exog-

FIG. 4. Time course relationship of endogenous nitric oxide and intracellular cGMP in C. minitans wild-type strain ZS-1 on PDA and PDA
amended with L-NNA (A) and the L-Arg auxotroph mutant ZS-1T2029 on PDA and PDA amended with L-Arg (B). Values are the means of three
independent experiments, and bars represent the standard deviation from the mean (n � 3).

FIG. 5. Effect of NO-donor sodium nitroprusside (SNP) on cyto-
plasmic cGMP levels in C. minitans during the hyphal growth stage.
The data points are means of three independent experiments, and the
bars represent the standard deviation from the mean (n � 3).
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enous cGMP, indicating that a cGMP-mediated signal is in-
volved in conidiation of C. minitans. cGMP has been detected
in several model fungi, including N. crassa (22, 23), P.
blakesleeanus (12), and S. cerevisiae (8). With 125I radioactive
labeling and a radioimmunoassay technique, we found that the
concentration of cGMP in mycelia was similar to those re-
ported in other fungi. The highest level of cGMP in C. minitans
occurred during the primordial formation stage. Similarly,
cGMP levels in B. emersonii changed during cell differentia-
tion, and the highest level was found during sporulation (25).
In S. cerevisiae, the levels of intracellular cGMP depended on
the metabolic conditions, and the highest level was during the
exponential growth stage (8), which is an asexual reproductive
stage in yeast. Recently, a NO-cGMP signaling pathway was
reported to modulate zoospore biogenesis in the aquatic fun-
gus B. emersonii (29). However, when ODQ was used to treat
several other fungi, including Aspergillus nidulans, A. oryzae, A.
niger, and Cryphonectria parasitica, ODQ reduced pycnidial
formation significantly only in Cryphonectria parasitica but did
not have any observable effect on sporulation of the Aspergillus
species (B. Li et al., unpublished data). This indicates that the
cGMP signal in conidiation may not be universal for fungi.

In N. crassa exogenous cGMP could stimulate mycelial elon-
gation in cAMP-treated adenylate cyclase-deficient mutants
(23). In addition, cGMP caused significant increases in both
hyphal extension rate and hyphal growth unit length for both a
wild-type strain and a highly branched, “colonial” mutant
strain of Fusarium graminearum (9). Our work showed that
cGMP is involved in conidiation by C. minitans. Thus, cGMP
may be involved in a variety of biological processes.

Our results presented here demonstrated that NO, even
exogenous NO, stimulates the accumulation of cGMP in C.
minitans. This phenomenon is consistent with the model that
NO may function through a cGMP-dependent pathway, post-
translationally activating GC, and GC leads to a transient in-
crease in the second messenger cGMP (16). Thus, it is likely
that cGMP acts as a second messenger in NO-mediated
conidiation of C. minitans.

However, genes for GC or other functionally similar en-
zymes responsible for cGMP synthesis have not been cloned
from fungi. The gene coding for GC was not annotated in any
fungal genome sequences. Recently, three putative BeGC
genes with high similarity to guanylyl cyclase catalytic domains
have been found in B. emersonii (29), which is distantly related
to C. minitans phylogenetically. The transcriptional expression
profiles of these putative BeGC genes were consistent with the
guanylyl cyclase activity determined during B. emersonii sporu-
lation (29). However, we could not find any homologous genes
in C. minitans and other fungi belonging to the Ascomycota.
The function of these genes needs to be further studied.

In summary, NOS activity and cGMP were detected in C.
minitans, and the NOS activity and cGMP levels were consis-
tent with conidiation of C. minitans. Both endogenous and
exogenous NO could stimulate the accumulation of cGMP.
The GC inhibitor ODQ suppressed conidiation of C. minitans,
but the suppression could be reversed by exogenous cGMP.
Although the NO donor SNP restored conidiation in the L-
arginine auxotroph mutant ZS-1T2029, exogenous cGMP did
not. Therefore, the NO signal transduction-regulated conidia-
tion in C. minitans must have an additional pathway besides

the second messenger cGMP. Further investigation will be
necessary to determine the other NO signal pathway and sig-
naling transmission downstream of the second messenger
cGMP in C. minitans.
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