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The transcription factors NsdC and NsdD are required for sexual development in Aspergillus nidulans. We now show these pro-
teins also play a role in asexual development in the agriculturally important aflatoxin (AF)-producing fungus Aspergillus flavus.
We found that both NsdC and NsdD are required for production of asexual sclerotia, normal aflatoxin biosynthesis, and conid-
iophore development. Conidiophores in nsdC and nsdD deletion mutants had shortened stipes and altered conidial heads com-
pared to those of wild-type A. flavus. Our results suggest that NsdC and NsdD regulate transcription of genes required for early
processes in conidiophore development preceding conidium formation. As the cultures aged, the �nsdC and �nsdD mutants
produced a dark pigment that was not observed in the wild type. Gene expression data showed that although AflR is expressed at
normal levels, a number of aflatoxin biosynthesis genes are expressed at reduced levels in both nsd mutants. Expression of aflD,
aflM, and aflP was greatly reduced in nsdC mutants, and neither aflatoxin nor the proteins for these genes could be detected. Our
results support previous studies showing that there is a strong association between conidiophore and sclerotium development
and aflatoxin production in A. flavus.

The filamentous fungus Aspergillus flavus produces a number of
secondary metabolites, including the toxic and carcinogenic

aflatoxins (AFs). AFs are polyketide-derived compounds pro-
duced by A. flavus during growth on crops such as corn, pea-
nuts, cottonseed, and tree nuts (5). Ingestion of foods contam-
inated with AFs has been implicated in acute toxicoses, while
chronic, low-level exposure can lead to immune suppression
and liver cancer (34, 41). In addition to the health risks associ-
ated with AFs, there are also significant adverse economic im-
pacts to producers due to market rejection of contaminated
crops and livestock losses as well as costs associated with mon-
itoring for AF contamination (36, 45).

A. flavus occurs as a saprophyte in soils and normally repro-
duces clonally by means of conidia (asexual spores), although re-
cent evidence suggests that sexual recombination is possible in A.
flavus (25). Infestations of A. flavus in crops are sustained by pro-
duction and dissemination of airborne conidia or sclerotia (repro-
ductive bodies formed from mycelia that are capable of resisting
unfavorable environmental conditions). Sclerotia can remain
dormant for long periods of time until favorable conditions allow
germination and production of more conidial inoculum (17, 19).
High concentrations of AFs may occur in both conidia and scle-
rotia of A. flavus. Increased animal toxicity has been attributed to
the combined activity of AFs and other metabolites present in
sclerotia (42). Sclerotia are proposed by some researchers to be a
vestige of the sexual structures termed cleistothecia produced by
Aspergillus spp. such as A. nidulans. Cleistothecia are compact
mycelial structures that harbor the ascospores (20). The ability to
reproduce sexually has now been demonstrated in both A. flavus
and A. parasiticus (25, 26, 33). These studies demonstrated the
presence of ascospore-containing ascocarps within the matrix of
sclerotia, supporting the role of these structures in sexual as well as
asexual reproduction.

Fungal development and secondary metabolite production are
known to be coregulated in many filamentous fungi, including A.
flavus (9, 14, 38). Numerous environmental factors that affect

fungal growth, such as nutritional status, pH, temperature, stress,
and light, are involved in regulation of developmental processes,
including sexual or asexual reproduction (12, 17, 21). A number
of common regulatory factors that govern morphological differ-
entiation in fungi, especially in A. nidulans, have been identified,
and some of these factors have been found to control genes in-
volved in secondary metabolite production as well (8, 32, 43, 46).
For example, the Velvet complex proteins, LaeA, VeA, and VelB,
regulate A. nidulans development as well as secondary metabolite
production in a light-responsive manner (6, 35, 37, 39). The VeA-
LaeA-VelB heterotrimeric complex also appears to have a similar
function in A. flavus, because inactivation of either VeA or LaeA
results in loss of AF and sclerotium production (2, 18, 29).

Previous work identified a group of A. nidulans mutants
termed NSD (never in sexual development) because they failed to
produce cleistothecia (22). NsdD is a GATA-type zinc finger tran-
scription factor (23, 24), while NsdC is a C2H2 zinc finger-type
DNA-binding protein that has been shown to negatively regulate
asexual sporulation (30). We found homologs of these genes in A.
flavus and A. parasiticus. Because of the relationship between de-
velopment of cleistothecia and sclerotia, we postulated that in A.
flavus NsdC and NsdD could be required for transcriptional reg-
ulation of genes necessary for the related developmental processes
of sclerotium morphogenesis and conidiation. In addition, based
on the existence of genetic links between morphogenesis and sec-
ondary metabolism (9), we considered it possible that Nsd pro-
teins could regulate AF production. To test this hypothesis, we
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examined sclerotium formation, conidiophore morphology, and
AF production in A. flavus nsdC and nsdD gene knockout mu-
tants.

MATERIALS AND METHODS
Strains, media, and growth conditions. An Aspergillus flavus CA14
�ku70 �niaD �pyrG parental strain (referred to as CA14; obtained from
P.-K. Chang, SRRC) was used as the host for transformation. Three �nsdC
(CA14 �ku70 �niaD �nsdC) and �nsdD (CA14 �ku70 �pyrG �nsdD)
mutants were obtained, and initial characterization of these strains
showed that all had a consistent phenotype. Cultures were point inocu-
lated onto YGT agar (0.5% yeast extract, 2% glucose, and 1 ml of trace
element solution per liter of medium) (27) supplemented with 1 mg/ml
uracil and 1 mg/ml uridine (YGT-U) and incubated at 30°C in the light, a
condition that promotes conidiation. Conidia were collected from plates
in 0.01% Triton X-100 and stored at 4°C.

Vector construction and fungal transformation. The A. flavus nsdC
and nsdD gene orthologs were identified by a gene index search of
the Aspergillus Comparative Database (http://www.broadinstitute.org
/annotation/genome/aspergillus_group/MultiHome.html). A PCR-based
method was used to construct an nsdD-niaD knockout plasmid, following
essentially the same protocol as described in reference 11 and as depicted
in Fig. S1A in the supplemental material. Briefly, 5= and 3= regions of the
nsdD gene were amplified using oligonucleotide primers. The locations of
the primers (contig 3; in parentheses following the primer sequence)
within and flanking nsdD are based on the Broad Institute Aspergillus
Comparative Database nucleotide sequence data for the A. flavus genome.
The primers used were 5= nsdD KpnI-NotI (5=-GGTACCGCGGCCGCA
CGGTACACTATTAGATCATAGCCGA-3=) (nucleotide [nt] 2009099)
and 5= nsdD XhoI (5=-CTCGAGATGCTTCTGCTTGTAGTTGGGA-3=)
(nt 2009840). The 3= end of nsdD was amplified using the primers 3=
nsdD XbaI (5=-TCTAGATTCGAAGAAGCGACGAGGCGTAAG-3=) (nt
2010653) and 3= nsdD NotI (5=-GCGGCCGCTCGGAACATTTCATGAC
CACACCT-3=) (nt 2011264). Following PCR amplification of A. flavus
genomic DNA with Ex Taq HS polymerase (TaKaRa), PCR products of
the expected sizes of 745 bp for the 5= nsdD amplification and 620 bp for
the 3= nsdD amplification were obtained. PCR products were subcloned
into TOPO pCR2.1 (Invitrogen, Carlsbad, CA) and verified by DNA se-
quencing. The 745-bp PCR product was digested with KpnI and XhoI and
subcloned into KpnI-XhoI-digested pBluescript II SK (Agilent Technol-
ogies, Santa Clara, CA). Subsequently, pBluescript II SK-5=-745-bp KpnI-
XhoI plasmid DNA was XbaI/NotI digested and ligated to the XbaI-NotI-
digested 620-bp 3= nsdD PCR product. The resulting pBluescript II
SK-nsdD 5= and 3= PCR product plasmid DNA was isolated and digested
with XhoI-XbaI. Plasmid pSL82 harboring the A. parasiticus niaD gene
was also digested with SalI-XbaI to release a fragment of about 6.7 kb
containing the niaD gene and flanking regions. The 6.7-kb niaD gene was
then ligated to XhoI-XbaI-digested pBluescript II SK-nsdD 5= and 3= PCR
plasmid DNA to generate the final pNsdD-niaD knockout vector. The 5=
nsdD-niaD-3= nsdD DNA region could be released from the pBluescript
vector by NotI digestion for subsequent fungal transformation (see Fig.
S1A in the supplemental material). Essentially the same protocol was used
to prepare the nsdC knockout vector, NsdC-pyrG, except that the gene
coding sequence was disrupted with the A. parasiticus pyrG gene (see Fig.
S2A in the supplemental material). The nsdC complementation vector,
pPTRI-NsdC, was constructed by amplifying an approximately 3.8-kb
region of CA14 genomic DNA representing 2.0 kb of the nsdC coding
region and 1.3 kb of upstream and 590 bp of downstream sequence using
primers 5= nsdC (ATTAAAGCTTTGCCTGGCGACCCTCAC) and 3=
nsdC (GAGTAAGCTTCACATTTTGCAACCGTCATACTCC). This PCR
product was digested with HindIII and ligated into HindIII-digested
pPTRI vector (TaKaRa) harboring the pyrithiamine resistance gene for
selection of transformants. The nsdD complementation vector, pPTRI-
NsdD, was constructed by amplifying an approximately 3.0-kb region of
CA14 genomic DNA representing 1.6 kb of the nsdD coding region and

890 bp of upstream and 530 bp downstream sequence using primers 5=
nsdD (GTACCTGCAGACTGCCTGATCTTCCT) and 3= nsdD (GTACC
AGCTGGGAGTGTAAGGCAATCCAAG). This PCR product was di-
gested with PstI-PvuII and ligated into PstI-SmaI-digested pPTRI vector.

Preparation, transformation, and regeneration of fungal protoplasts
were carried out essentially as described by Cary et al. (11). Conidia were
inoculated in potato dextrose broth supplemented with 1 mg/ml uracil
and 1 mg/ml uridine (PDB-U), and transformants were regenerated on
Czapek solution agar (CZ) (Difco) supplemented with 10 mM ammo-
nium sulfate (CZ-AS) (pNsdC-pyrG transformation) or 1 mg/ml uracil
and uridine (CZ-U) (pNsdD-niaD transformation). For complementa-
tion experiments, A. flavus �nsdC 17 and �nsdD 3 strains were grown in
V8 broth supplemented with 10 mM ammonium sulfate (�nsdC 17) or 1
mg/ml uracil and uridine (�nsdD 3) for protoplasting and regenerated on
CZ-AS agar [�nsdC 17(pPTRI-NsdC)] or CZ-U [�nsdD 3(pPTRI-
NsdD)] and 0.1 �g/ml pyrithiamine. Putative �nsd transformants were
screened for nitrate (�nsdD) or uracil (�nsdC) prototrophy and single-
spore isolated prior to further analyses. Putative �nsd complementation
transformants were screened by additional transfer on CZ-AS or CZ-U
agar supplemented with 0.1 �g/ml pyrithimine and single-spore isolated
prior to further analyses.

Nucleic acid isolation and analysis. Fungal genomic DNA for PCR
was prepared from mycelia following 48 h of incubation with shaking (200
rpm) at 30°C in YGT-U broth. Genomic DNA was extracted using a 0.1 M
lithium–20 mM EDTA– 0.5% SDS (LETS) buffer method (10). For real-
time quantitative PCR (qPCR) of aflatoxin gene expression, 100-ml
PDB-U cultures were inoculated with a suspension (105 spores/ml) of
CA14 or �nsd mutant conidia and incubated at 30°C with shaking (180
rpm) in the dark. Mycelia were harvested at 24, 48, and 72 h, immediately
frozen in liquid nitrogen, and stored at �80°C for RNA extraction. For
qPCR of developmental gene expression, 150-mm plates of YGT-U agar
were overlaid with 7.5 ml of a suspension (106 spores/ml) of conidia in
molten 0.7% water agar. The top agar layer containing the developing
fungi was collected at 12, 24, and 36 h, immediately frozen in liquid ni-
trogen, and stored at �80°C for RNA extraction. RNA was isolated from
about 100 mg of ground mycelia using the Aurum total RNA minikit
(Bio-Rad, Hercules, CA) and treated with RNase-free DNase I (Bio-Rad).
RNA quality and quantity were determined using the Experion automated
electrophoresis station (Bio-Rad). RNA aliquots were preserved at
�80°C. cDNA was synthesized from RNA using the iScript cDNA synthe-
sis kit (Bio-Rad). Quantitative PCR was performed using SYBR green I
chemistry and the iCycler iQ5 multicolor real-time PCR detection system
(Bio-Rad) (13). The sequences of the oligonucleotide primers used for
qPCR amplification are listed in Table S1 in the supplemental material.
When possible, all primers were designed to span an intron. Samples were
run in triplicate, and gene expression levels at each time point were nor-
malized (��CT analysis) to A. flavus 18S rRNA gene expression levels
utilizing the gene expression analysis software package for the Bio-Rad
iQ5 system. Reverse transcription-PCR (RT-PCR) of RNA isolated from
complemented �nsdC and �nsdD mutants was used to confirm expres-
sion of nsdC and nsdD in these transformants. Template cDNA (�100 ng)
was prepared as described above for qPCR and amplified with Ex Taq HS
polymerase using primers nsdC RT-PCR F (CGAGAAGCAACAACTAA
ATACAAT) and nsdC RT-PCR R (GTCAAGTTACCGGGCTGCGAG
ATG) and primers nsdD RT-PCR F (GTCACGACTCAAGATTCGCGAA
ACCACTC) and nsdD RT-PCR R (CTCGTATACGTAGTAAGGCATCC
TGGTTC). Amplification conditions consisted of 94°C for 2 min followed
by 35 cycles of 98°C for 15 s, 60°C for 30 s, and 72°C for 30 s and a final
extension at 72°C for 7 min. The PCRs were separated on a 1% agarose gel
and observed following ethidium bromide staining. Gel images were cap-
tured on a Fujifilm LAS-3000 luminescent image analyzer (Fujifilm Life
Science, Stanford, CT).

Morphological studies. Fungal growth was estimated as colony diam-
eter measured after growth for 5 days following point inoculation of 1 �l
of a spore suspension (103 spores/ml) onto YGT-U agar. Conidium pro-
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duction was determined after growth for 5 days on YGT-U agar overlaid
with 3 ml of a suspension of conidia (106 spores/ml) in molten 0.7% water
agar. Conidia were collected in duplicate from 7-mm cores taken from
equivalent regions of the fungal mat on the agar surface. The cores were
individually homogenized in 1 ml 0.01% Triton X-100 and appropriately
diluted, and conidia were counted using a hemocytometer. Counts were
done on three separate transformants and the mean and standard devia-
tion determined from the combined data for the 6 samples. For determi-
nation of sclerotium production, 1 �l of a suspension of 103 spores/ml was
center point inoculated onto YGT-U or PDA-U plates. Plates were incu-
bated at 30°C for 14 days in the dark (a condition that promotes sclero-
tium formation). Following incubation, the plates were sprayed with 70%
ethanol to collapse the mycelial mat and allow enumeration of sclerotia.
The total number of sclerotia per 100-mm petri plate was determined.
Sclerotia from triplicate plates were counted and the mean and standard
deviation determined. Statistical differences in numbers of conidia and
sclerotia were calculated using a two-sample t test, assuming equal vari-
ances. Pigment production was assayed for cultures on YGT-U agar sup-
plemented with 100 �g/ml tricyclazole (a gift from Dow AgroSciences,
Indianapolis, IN).

Microscopy. Cultures for microscopy studies were center point inoc-
ulated with 1 �l of a suspension of conidia (103 spores/ml) and grown for
7 days at 30°C in the light on PDA-U. Conidiophore morphology was
directly examined from colonies growing on PDA-U plates using an
Olympus SZH10 stereomicroscope and Nikon DS-Qi1 camera. Images
were captured using the NIS-Elements imaging software (Nikon). Mea-
surements of conidiophore stipes and conidia from agar media or of con-
idiophore morphology from submerged cultures were obtained using an
Olympus BH-2 microscope equipped with a Nikon Digital Sight DS-L1
camera. Samples were suspended in mounting medium (1.3 ml Aerosol
OT and 24 ml 95% ethanol brought to a final volume of 100 ml with
water).

Aflatoxin analysis. Aflatoxin production was analyzed by extracting
metabolites from the combined mycelia and broth of cultures grown in
100 ml PDB-U with shaking in the dark at 30°C for 72 h. Following incu-
bation, 50 ml acetone was added to the cultures and then gently agitated at
room temperature for a minimum of 1 h. AF was extracted and analyzed
by thin-layer chromatography (TLC) as previously described (11). The
extract residue was resuspended in acetone and spotted on a TLC plate
(Si250F; J.T. Baker). The plate was then developed in toluene-ethyl ace-
tate-formic acid (5:4:1, vol/vol/vol), air dried, and examined for the pres-
ence of AF under UV light. A second solvent system consisting of ethyl
acetate, methanol, and water (40:1:1, vol/vol/vol) was also used to confirm
the presence of AF in the samples. Liquid chromatography-mass spec-
trometry (LC-MS) was performed in both the positive- and negative-ion
modes by atmospheric pressure chemical ionization (APCI). LC condi-
tions were a 10-min gradient of 10% acetonitrile in 0.025% aqueous tri-
fluoroacetic acid (TFA) to 90% acetonitrile in 0.025% aqueous TFA on a
C18 column. LC detection was with a photodiode array detector.

Western blot analysis. Mycelia of the CA14 and the �nsdC and �nsdD
strains were harvested from 48-h PDB-U shake cultures, frozen in liquid
nitrogen, and stored at �80°C. Frozen mycelia were ground to a powder
in liquid nitrogen and resuspended in Tris-saline buffer (10 mM Tris [pH
8.0], 150 mM NaCl) supplemented with Halt protease inhibitor (Thermo
Scientific, Rockford, IL) and phenylmethylsulfonyl fluoride (PMSF) (125
�M; Sigma). Supernatants were collected following centrifugation at
10,000 � g for 20 min and concentrated approximately 10-fold using an
Amicon Ultra-15 centrifugal filter unit (Millipore Corp., Billerica, MA).
Total protein samples (�15 �g) were electrophoresed on NuPAGE 4 to
12% Bis-Tris gels (Invitrogen) and subsequently electroblotted onto
Hybond-P polyvinylidene difluoride (PVDF) membranes (GE Health-
care, Buckinghamshire, United Kingdom). Membranes were blocked
with 3% ECL Advance blocking agent (GE Healthcare), and protein de-
tection was carried out using anti-AflD (Nor-1), -AflM (Ver-1), or -AflP
(OmtA) polyclonal antiserum (1:500 dilution; a gift from Ludmila Roze)

(15) and peroxidase-labeled anti-rabbit secondary antibody (1:50,000 di-
lution; GE Healthcare) following the manufacturer’s protocols (Amer-
sham ECL Advance western blotting kit; GE Healthcare).

RESULTS
Generation and molecular analysis of A. flavus nsdC and nsdD
knockout mutants. Orthologs in A. flavus to A. nidulans nsdC and
nsdD were identified by BLASTP searches of the Broad Compara-
tive Aspergillus Database (http://www.broadinstitute.org/annotation
/genome/aspergillus_group/MultiHome.html). The predicted cDNA
and genomic sequences were also obtained from the database. The
A. flavus nsdD gene ortholog (AFL2G_03635.2) is predicted to be
1,580 bp, with a deduced protein sequence of 453 amino acids.
The A. flavus nsdC gene ortholog (AFL2G_06495.2) is 1,914 bp,
with a predicted protein sequence of 638 amino acids. Clustal
alignment of the A. nidulans and A. flavus NsdC and NsdD amino
acid sequences demonstrated 72.2% and 71.3% identity, respec-
tively. Deletion mutants of A. flavus CA14 were constructed (see
Fig. S1A in the supplemental material) using niaD selection for
nsdD knockout and pyrG selection for nsdC knockout (see Fig.
S2A in the supplemental material). Three isolates were confirmed
to be knockouts by PCR with primers P1 and P2, in which a CA14
nontransformed control generated a product of 1.1 kb whereas the
�nsdD mutants had a product of 6.9 kb as the expected size for
insertion of niaD (see Fig. S1B in the supplemental material). The
three putative �nsdC mutants gave PCR products of the expected
size of 3.6 kb for the pyrG-disrupted nsdC gene, while the non-
transformed CA14 strain gave a product with the expected size of
2.8 kb (see Fig. S2B in the supplemental material). Since mutant
phenotypes of each gene knockout were similar, only �nsdC 17
and �nsdD 3 were used for the experiments described below. The
�nsdC 17 and �nsdD 3 strains were complemented with the nsdC
and nsdD wild-type alleles using pyrithiamine resistance for selec-
tion after transformation with pPTRI-nsdC and pPTRI-nsdD, re-
spectively. Integration of these vectors was confirmed by PCR
analysis (see Fig. S3A in the supplemental material) and RT-PCR,
indicating that both strains expressed the respective comple-
mented genes for nsdC and nsdD (see Fig. S3B in the supplemental
material). The genetically complemented strains gave PCR prod-
ucts of sizes similar to that for the CA14 isolate, and no PCR
product was generated from the �nsd knockout strains.

�nsdC and �nsdD mutants have altered colony morphology.
Colony phenotypes of �nsdC and �nsdD mutants were markedly
different from those of the control strains when grown on YGT-U
medium (Fig. 1). The �nsdC mutants displayed an ochre conidial
pigmentation, compared to the dark green of the CA14 strain,
while the �nsdD mutants were a slightly lighter green than CA14.
The CA14 strain presented a light beige pigment on the underside
of the colony, while the �nsdC and �nsdD mutants produced a
black pigment that did not diffuse into the surrounding medium.
The presence of this pigment was more pronounced earlier in
growth of the �nsdC mutants, but upon extended incubation the
black pigmentation in the �nsdD mutants almost equaled that in
the �nsdC mutants. Pigmentation was best demonstrated during
growth on YGT-U; however, it was also produced during growth
on PDA-U and CZ-U (data not shown). Although the pigment
appeared to have melanin-like characteristics based upon its in-
solubility in water, precipitation by 3 M HCl, UV spectrophotom-
etry, and decolorization by hydrogen peroxide (data not shown),
pigment production was not inhibited when �nsdC and �nsdD
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mutants were grown on YGT-U supplemented with 100 �g/ml
tricyclazole, a dihydroxynaphthalene (DHN)-melanin inhibitor
(see Fig. S4 in the supplemental material). Genetically comple-
mented �nsd strains did not produce the pigment. The �nsdC
mutants showed radial growth that was comparable to that of the
CA14 control strain after 4 days of growth on YGT-U agar, while
the �nsdD mutants presented decreased radial growth (Fig. 1).

Altered conidiophore morphology in �nsd mutants. Micro-
scopic examination of the �nsdC and �nsdD mutants revealed
marked alterations in conidiophore morphology (Fig. 2A). The
mutants exhibited a columnar arrangement of the conidial chains
on the conidiophores, while the CA14 parental strain presented
radiate conidial heads. Conidiophore stipes were significantly
shorter for the mutants than the CA14 strain. The average stipe
lengths for the �nsdC 17 and �nsdD 3 mutants were 80.0 � 28.7
�m and 84.8 � 29.3 �m, respectively, while the CA14 stipe length
was 862.5 � 176.9 �m (Fig. 2B). Both mutants produced degen-
erate conidiophores following 5 days of growth in submerged cul-
ture (Fig. 2A). While the CA14 strain produced few or no degen-
erate conidiophores and no observable conidia in submerged
culture, the �nsdC 17 mutant produced numerous conidiophores
which usually consisted of multiple, single-conidium-harboring
phialides present on the vesicle. The �nsdD 3 strain also produced
numerous conidiophores, yet these were usually observed as ves-
icles harboring a single phialide and conidium. The �nsdC C5 and
�nsdD C4 complementation strains produced stipes of almost
normal length (536.5 � 129.0 and 504.5 � 67.5 �m, respectively).

Measurement of conidial diameter did not reveal any significant
differences between the CA14, nsd mutant, and genetically com-
plemented strains (data not shown).

Decreased conidium production and loss of sclerotia in
�nsdC and �nsdD mutants. Quantitative analysis of conidium
production showed a statistically significant decrease in the number
of conidia in both the �nsdC and �nsdD mutant colonies compared
to that of CA14 following growth on YGT-U medium (Fig. 3). Com-
plementation of the �nsdC and �nsdD mutants produced transfor-
mant isolates with conidium production comparable to that of the
CA14 strain (Fig. 3). Initiation of conidium production at 30°C with
illumination in the CA14 strain occurred at about 29 h, while initia-
tion in the�nsdD 3 and�nsdC 17 mutants occurred at about 21 h and
14 h, respectively. qRT-PCR expression analysis of the A. flavus brlA
ortholog (AFL2G_00999.2) revealed that its mRNA levels were about
100- and 200-fold higher in the �nsdD 3 and �nsdC 17 mutants than
in CA14 at 12 and 24 h, respectively, on YGT-U (Fig. 4). Expression of
brlA at 36 h in the �nsdC 17 mutant was about 2-fold higher than that

FIG 1 Colony growth, pigmentation, and sclerotium production in A. flavus
CA14 �nsdC and �nsdD mutants and �nsdC and �nsdD complementation
strains. CA14, �nsdC 17 and �nsdD 3 mutants, and genetically complemented
�nsdC C5 and �nsdD C4 strains were grown on YGT-U medium for 5 days
with fluorescent light illumination. (A) View from top of colony. Conidial
pigmentation was altered in the �nsd mutants. Decreased growth of the �nsdD
3 strain was observed. (B) View of underside of colony. Pigmentation was
readily observed on the undersides of the �nsdC 17 and �nsdD 3 mutant
colonies. (C) YGT-U plates demonstrating sclerotium production were grown
for 14 days in the dark. The plates were sprayed with 70% ethanol to allow
visualization of sclerotia. Sclerotia were absent in the �nsdC and �nsdD mu-
tants and were produced in the wild-type CA14 and �nsdC and �nsdD com-
plementation strains. S, sclerotia.

FIG 2 Light microscopy of �nsd mutants reveals altered conidiophore morphol-
ogy. (A) Column 1, examination of conidiophore stipe length. Fungal mycelia
were harvested from PDA-U plates and placed in mounting medium solution on
a microscope slide. Magnification, �400. Arrows denote the conidiophore stipe.
Note that the CA14 image does not demonstrate the total stipe (see column 2).
Column 2, examination of conidial head structure. Images were captured from
cultures growing on surfaces of PDA-U agar plates. Magnification, �60. Column
3, examination of conidiophore production under submerged culture in PDA-U
broth. Magnification, �200. Phialides (P) and conidia (C) on the degenerate con-
idiophores are indicated. (B) Analysis of stipe length was done by microscopy on
the wild-type CA14, the �nsdC 17 and �nsdD 3 mutants, and the �nsdC C5 and
�nsdD C4 complementation strains. Values are the means and standard devia-
tions of 20 stipe length measurements for each �nsd mutant, each complementa-
tion isolate, and the wild-type CA14 isolate. Bars with different letters have values
that are significantly different (P � 0.001).
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in CA14 and the �nsdD 3 mutant. Expression of the A. flavus abaA
ortholog (AFL2G_02163.2) was also higher at 12 and 24 h in the nsd
mutants than in CA14, although expression in CA14 was higher than
that in both mutants at 36 h.

In addition to the defects observed in conidiphore formation,
�nsdC and �nsdD mutants did not produce sclerotia on PDA-U
or YGT-U after 14 days at 30°C either in the light or in the dark
(Fig. 1). The CA14 strain grown in the dark produced sclerotia on
both PDA-U (634.7 � 25.5 sclerotia/100-mm plate) and YGT-U
(753.3 � 116.0 sclerotia/100-mm plate) at 14 days. Genetically
complemented strains �nsdC C2 and C5 produced 922.7 � 73.5
and 1,264.0 � 280.0 sclerotia/plate, respectively, on PDA-U, and
�nsdD C4 and C5 produced 517.3 � 22.6 and 506.0 � 8.5 sclero-
tia/plate, respectively, on PDA-U. The genetically complemented
strains also produced sclerotia on YGT-U (Fig. 1C).

Aflatoxin biosynthesis, gene transcription, and immuno-
blotting. AFB1 or AFB2 was not detected by TLC analysis of ex-
tracts from 72-h PDB-U broth cultures of the �nsdC 17 mutant.
Significantly lower levels of AFs were detected in the �nsdD 3
mutant than in extracts of CA14 (Fig. 5A). AF accumulation in the
CA14, �nsdC 17, and �nsdD 3 strains observed at 120 h was sim-
ilar to that observed at 72 h (data not shown). A small amount of
a greenish-yellow metabolite was detected in the extract of the
�nsdC 17 culture, which migrated close to the AFB1 band on TLC.
However, TLC using a different solvent system (ethyl acetate-
methanol-water at 40:1:1, vol/vol/vol) revealed that this metabo-
lite migrated differently from that of the AFB1 standard (results
not shown). The ability to synthesize AFB1 and AFB2 was restored
in the genetically complemented �nsdC and �nsdD strains
(Fig. 5A). The extracts from the mutant cultures were also ana-
lyzed by LC-MS (see Fig. S5 in the supplemental material). The
AFB1 standard (m/z 313 [M � H]� in the positive-ion spectrum)
eluted at 3.63 to 3.90 min under the LC gradient conditions and
was detected in an extract of A. flavus CA14 and in extracts of the
�nsdD 3 mutant. The m/z 313 ion profile of the �nsdC strain
showed multiple m/z 313 peaks but showed no peak at the ex-
pected elution time for AFB1 or with the signal strength of that of
the �nsdD mutant or the parental strain.

Transcript levels of several aflatoxin biosynthetic genes were
analyzed by qPCR of total RNA isolated from mycelia harvested at
24, 48, and 72 h (Fig. 5B). The genes aflD (nor-1), aflM (ver-1), aflP
(omtA), and aflR were expressed in both the �nsdD 3 and �nsdC

17 mutants. For aflD, aflM, and aflP at 48 h, CA14 mRNA levels
were higher than those of the �nsdC 17 mutant and �nsdC 17
levels were not significantly different from those of the �nsdD 3
mutant, though the trend indicated slightly higher levels of these
transcripts at this time point in the �nsdC mutant. At 72 h, the
�nsdD 3 strain showed the highest levels of expression of these
genes, followed by CA14 and then the �nsdC 17 strain. At 24 h,
little to no expression of these three genes was detected. The level
of aflR mRNA was highest in the �nsdD 3 mutant at all time
points, followed by that in the �nsdC 17 mutant, and it was lowest
in CA14. Agarose gel electrophoresis of the PCR products showed
that all transcripts were processed completely in CA14 as well as
the mutant strains at all of the assay times (data not shown).

Western blot analysis of AflM, AflD, and AflP after growth for
48 h in PDB-U shake culture showed that the �nsdC 17 strain
produced no detectable levels of these proteins, while the �nsdD 3
strain produced detectable levels of these proteins but significantly
lower levels than CA14 (Fig. 5C). The levels of protein production
correlated well with the results for aflatoxin production by these
strains (Fig. 5A).

DISCUSSION
nsdD and nsdC are required for normal conidiophore develop-
ment and sclerotium production in A. flavus. In A. nidulans,
nsdC and nsdD are predicted to encode C2H2-type DNA-binding
proteins that act as positive regulators of sexual (cleistothecial)
and negative regulators of asexual (conidial) development (23,
30). What function the orthologs of these genes have in the pre-

FIG 3 Deletion of nsdC and nsdD results in reduced conidiation. The wild-
type CA14, three �nsdC (16, 17, and 21) and �nsdD (2, 3, and 7) mutants, and
two �nsdC (C2 and C5) and �nsdD (C4 and C5) complementation isolates
were grown on YGT-U agar for 5 days at 30°C with illumination. Values are the
means and standard deviations from the two samplings each of conidia from
the three separate transformants of the deletion mutants and two transfor-
mants of the complementation isolates. Bars with different letters have values
that are significantly different (P � 0.003).

FIG 4 qPCR of the conidiation-specific transcription factors brlA and abaA.
Gene expression levels at each time point were normalized (��CT analysis) to
A. flavus 18S rRNA gene expression levels utilizing the gene expression analysis
software package for the Bio-Rad iQ5.
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dominately asexual A. flavus has not been determined. In the ab-
sence of either nsdC or nsdD, stipe formation and ultimately con-
idiophore head morphology were profoundly altered (Fig. 2A),
suggesting that these transcription factors activate genes involved
in early developmental processes common to both sexual and
asexual fungi. In both �nsdC and �nsdD mutants, the altered
stipes caused the conidia to form in long columnar stacks on the
phialides, in contrast to the normal radial arrangement on stipes
in the parental strain. This change caused a reduction of the num-
ber of conidia produced by the mutants. Alterations to conidio-
phore morphology in A. nidulans nsdC or nsdD mutants have not
been reported.

The lack of ability to produce sclerotia of the A. flavus �nsdC

and �nsdD mutants observed in this study suggests that formation
of these structures is controlled similarly to the formation of
cleistothecia in A. nidulans (30) and A. fumigatus (40). The ab-
sence of sclerotia in the mutants could be caused by defects in
hyphal fusion, as was observed previously in A. fumigatus �nsdD
mutants (40). This observation suggested that NsdD may be nec-
essary for transcriptional activation of genes required for produc-
tion of proteins involved in hyphal anastomosis as well as cell wall
integrity and maintenance. Defects in cell wall structure could also
contribute to the observed defects in conidiophore development
in A. flavus �nsdD as well as �nsdC mutants. Both the A. flavus
�nsdC and �nsdD mutants accumulate a dark pigment during
growth on agar media (Fig. 1) that appears to resemble the dark

FIG 5 Aflatoxin production and expression of aflatoxin biosynthetic genes in �nsd mutants and �nsd complementation strains. (A) Extracts of the wild-type
CA14, �nsdC 17 and �nsdD 3 mutants, and �nsdC (C2 and C5) and �nsdD (C4 and C5) genetically complemented strains grown for 3 days on PDB-U. Extracts
(5 �l) were spotted onto 250-�m silica gel TLC plates, and metabolites were separated in toluene-ethyl acetate-formic acid (5:4:1, vol/vol/vol). Aflatoxin
standards were also spotted on the plate. The plates were visualized under 310-nm UV light. (B) qPCR of aflatoxin gene transcripts from 24-, 48-, and 72-h
cultures. Gene expression levels at each time point were normalized (��CT analysis) to A. flavus 18S rRNA gene expression levels utilizing the gene expression
analysis software package for the Bio-Rad iQ5. Bars: white, CA14; gray, �nsdD 3 mutant; black, �nsdC 17 mutant. (C) Western blot analysis of AF enzymes (AflM,
AflD, and AflP) present in total protein extracts of 48-h cultures of strains grown in PDB-U shake cultures.
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pigments produced by A. nidulans nsdC and nsdD mutants (22)
and A. fumigatus nsdD mutants (40). The pigment in the A. flavus
mutants appears to resemble melanin, but because its production
was not affected by the melanin biosynthesis inhibitor tricycla-
zole, it does not appear to be the product of the DHN-melanin
pathway (7). The observed pigment may be the product of the
3,4-dihydroxyphenylalanine (DOPA)-melanin biosynthetic path-
way, which is not sensitive to tricyclazole. The pigment did not
appear to be secreted into the medium, as it was not observed in
the agar beyond the colony margin. The pigmentation observed
may be similar to the brown pigment produced by aging colonies
of A. oryzae, an A. flavus variant that is also incapable of sclerotium
production (4, 31). We hypothesize that the brown pigment may
be an oxidation product of a pigment specifically targeted to scle-
rotia and that the pigment is still produced in the nsdC and nsdD
mutants. In the absence of sclerotia, it accumulates in the mycelia.

NsdD and NsdC repress expression of genes that activate
asexual sporulation. Our study revealed that NsdD and NsdC
repress expression of genes that activate asexual sporulation. The
A. flavus �nsdC and �nsdD mutants showed a precocious, abnor-
mal increase in expression of brlA and abaA, genes encoding tran-
scriptional activators of asexual sporulation (1). This increase
likely caused the earlier conidiophore development than that ob-
served for the parental strain. Premature expression of brlA was
also noted in A. nidulans nsdC mutants (30), and earlier conidium
formation was also observed in A. nidulans nsdC and nsdD mu-
tants (23, 30). The increased and earlier expression of brlA and
abaA in the A. flavus �nsd mutants suggests that both NsdC and
NsdD negatively regulate asexual reproduction by repressing brlA
expression, which in turn delays expression of abaA. BrlA func-
tions in the early stages of conidial development, while AbaA func-
tions in the intermediate stages (3). Despite an apparent increase
in brlA and abaA expression during growth of the A. flavus �nsdC
and �nsdD mutants, conidiation decreased (Fig. 3). As stated
above, we postulate that the observed decrease in conidium pro-
duction in these mutants is a direct result of the aberrant architec-
ture observed in the conidiophores in the �nsd mutants. During
growth in submerged culture, both �nsdC and �nsdD mutants
produced numerous degenerate conidiophores usually harboring
a single conidium attached to the phialide. This observation also is
consistent with the loss in normal controls for conidiophore de-
velopment in the mutants (Fig. 2A, lane 3) and with the observa-
tion in A. nidulans that NsdC is involved in repressing asexual
sporulation under hypoxic conditions that exist in submerged
cultures (30). However, unlike the A. flavus mutants, A. nidulans
nsdD mutants did not produce conidia under submerged culture.

The transcription factors NsdD and NsdC affect expression
of genes involved in aflatoxin production. Fungal development
and production of many secondary metabolites (such as AFs) are
known to be coregulated in filamentous fungi (9, 38). Interest-
ingly, in addition to their regulatory role governing morphologi-
cal differentiation in A. flavus, the transcription factors NsdD and
NsdC are required for normal production of the potent carcino-
gen aflatoxin. To our knowledge, this is the first report on the
effect of NsdC and NsdD on secondary metabolism. Our results
show that AF production does not occur in nsdC mutants even
though the regulatory gene, aflR, is expressed at elevated levels
compared to those in the parental strain. The markedly down-
regulated expression of tested AF biosynthetic genes and the in-
ability to detect key biosynthetic proteins together with the ab-

sence of AF biosynthesis suggest that NsdC may be required for
expression of a transcriptional cofactor necessary for activation of
expression of AF cluster genes by AflR. The only fungal cofactors
so far described that are known to affect AF production are VeA
and LaeA. However, both LaeA and VeA have also been shown to
be necessary for aflR expression, so a previously undescribed co-
factor may be involved in the inability of �nsdC mutants to make
AFs. Loss of nsdD also led to a marked decrease in AF production,
but even though expression of aflR was also elevated in these mu-
tants, expression of key biosynthesis genes and their encoded pro-
teins occurred at levels consistent with the levels of AF produced.

Taken together, these results suggest that the loss of NsdC or
NsdD results in developmental alterations that impact the ability
of AflR to activate expression of the AF biosynthesis genes. It is
possible that posttranslational modifications of AflR, which are
necessary for AflR’s full activity, could be altered in the nsdC and
nsdD knockout mutants. A similar phenomenon was observed in
both A. flavus and A. parasiticus strains following treatment with
5-azacytosine or following numerous serial mycelial transfers (16,
28, 44). Despite partial expression of aflR and AF biosynthetic
genes, these strains no longer produced AF (or produced AF at
significantly lower levels in the case of �nsdD mutants) and often
demonstrated morphological changes such as reduced sporula-
tion and sclerotium production. Future research will further con-
tribute to the understanding of the observed reduction/loss of AF
production in the A. flavus �nsd mutants and possible genetic
elements associated with this pattern.

In conclusion, our results provide evidence that NsdC and
NsdD regulate expression of early genes required for the forma-
tion of the conidiophore. Both NsdC and NsdD are also required
for sclerotium production and, importantly, for normal AF pro-
duction. Orthologs of NsdD and NsdC are present in numerous
filamentous fungi. Therefore, agents or environmental conditions
that alter proper fungal development could prevent AF produc-
tion. These considerations may be of importance for development
of effective strategies for remediation of preharvest AF contami-
nation in crops.
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