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Aflatoxins (AFs), produced mainly by Aspergillus flavus and Aspergillus parasiticus, are strongly toxic and
carcinogenic. Here, we showed that glutamine is the optimal nitrogen source for AF-production in A.
flavus grown in Czapek Dox medium. Additionally, 4 mM glutamine was the threshold for high pro-
duction of aflatoxin B;. However, no significant impact of glutamine synthetase inhibitor was detected
for on AF biosynthesis. In contrast, rapamycin could significantly suppress the glutamine inducing
effect on AFs production, simultaneously inhibiting the fungal growth and conidiation. To identify the
genes and regulatory networks involved in AFs biosynthesis, especially concerning the nitrogen source

ﬁsg:;g;ﬁ's flavus metabolism pathway and the target of rapamycin (TOR) signaling pathway, we obtained transcriptomes
Aflatoxins for A. flavus under treatment of three nitrogen sources by RNA-sequencing. We identified 1429 differ-
Nitrogen sources entially expressed genes. Through GO and KEGG pathway analyses, the relationship between nitrogen
Glutamine metabolism and AFs biosynthesis was revealed, and the effects of TOR inhibitor were confirmed. Addition-
RNA-seq ally, the quantitative real-time PCR results verified the credibility and reliability of the RNA-seq data, and

were consistent with the other experimental results. Our research laid the foundation for a primary study
on the involvement of the nitrogen regulatory network and TOR signaling pathway in AF biosynthesis.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction Animals and humans are also the victims of aflatoxicosis, liver can-

cer,and even death, through the consumption of contaminated feed

Aspergillus flavus is a notorious saprobe and opportunistic plant
pathogen infecting and contaminating a wide range of economi-
cally important grains worldwide [ 1-5]. Aflatoxins (AFs) are mainly
produced by A. flavus and Aspergillus parasiticus, and pre- and
postharvest infestations of grains with the secondary metabolites
(SMs) of AFs [Aflatoxin B; (AFB1), By, G and G,] are common [6].
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and food [7,8].

The molecular mechanisms of AF production have attracted
global attention [9]. An extensive effort to elucidate the process of
AF biosynthesis has recently revealed that more than 30 genes were
involved in AF formation in A. flavus [5,10]. Moreover, water, tem-
perature, nutrients, and other physicochemical factors were found
to have a remarkable influence on AF biosynthesis [8,11,12]. How-
ever, the way in which AF biosynthesis is affected by environmental
influences remains an enigma [5,13-15].

Nitrogen is an essential nutrient for fungal growth, and fungi can
use a wide variety of compounds as nitrogen sources [ 16], including
ammonium and glutamine, which are preferentially used over com-
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plex sources [17]. The preferential use of these readily assimilated
compounds was accomplished by nitrogen catabolite repression,
which is primarily regulated at the transcriptional level [16]. In A.
parasiticus, the quality and quantity of the nitrogen source used in
the growth medium may have different effects on AF production
[6,18,19]. For instance, asparagine-, aspartate-, alanine-, proline-
, glutamate-, glutamine- and ammonium-containing media were
shown to support AF production, while nitrate- and nitrite-
containing media did not [5,18,19]. For the substrate-specific gene
activation, additional pathway-specific transcription factors were
involved, mediating the induction of a gene set in response to a
specific inducer [20-22]. It was proposed that nitrogen sources act
as metabolic switches to trigger the expression of infection-related
genes in plant pathogenic fungi [23].

It has been widely recognized that a central regulator of cell
growth in response to nutrients (nitrogen sources) is the pro-
tein kinase Target Of Rapamycin (TOR), which is evolutionarily
conserved in all eukaryotic life forms [23-25]. In Saccharomyces
cerevisiae, the inhibition of TOR by rapamycin caused cell cycle
arrest and nutrient stress responses. Furthermore, both nitrogen
starvation and rapamycin processing resulted in the rapid dephos-
phorylation and nuclear accumulation of Gln3, a global regulator
controlling the expression of a large number of genes involved
in nitrogen metabolism [25,26]. A homolog of GIn3 in Aspergillus,
AreA, showed similar phenotypes [27-29]. However, little is known
about how TOR senses nitrogen signals and transduced the signals
to transcription factors to elicit responses [30]. Therefore, further
studies should be performed.

Our previous findings showed that compared with NaNOs, glu-
tamine is a preferred nitrogen source and could promote AFB;
production. In addition, rapamycin treatment suppressed the glu-
tamine effect on AFs biosynthesis, restrained the fungal growth and
conidiation. This study aimed to explore possible crosstalk between
nitrogen signaling and the TOR cascade in the regulation of AF
biosynthesis in A. flavus [31-33]. To determine the potential net-
works of nitrogen signaling in the regulation of AF biosynthesis
and the TOR pathway, we used high-throughput RNA sequenc-
ing (RNA-seq), which revealed abundant numbers of differentially
expressed genes (DEGs) in three groups: NaNOs (N), glutamine (G)
and glutamine plus rapamycin (R) treatments. The transcriptome
sequencing analysis revealed that the DEGs were mainly involved
in nitrogen metabolism, secondary metabolite biosynthesis, and
AF biosynthesis pathways. Thus, our research played a crucial role
in exploring the regulatory networks of AF production, nitrogen
metabolism, and TOR signaling, and laid a foundation for control-
ling the harm caused by mycotoxins.

2. Experimental procedures
2.1. Fungalisolate and culture conditions

The A. flavus wild-type NRRL3357, kindly provided by Prof.
Zhumei He (Sun Yat-sen University, Guangzhou, China), was used
in all of the experiments. All of the strains were maintained as
glycerol stocks and grown on solid Czapek Dox (CD) medium at
28°C in the dark. Detailed composition of 1L CD medium is as fol-
lows: 30g of sucrose, 3g of NaNOs, 1g of K;HPO4, 0.5g of KCl,
0.5g of MgS0,4-7H,0, 0.01g of FeSO4, 20¢g of agar. Replaceable
nitrogen sources, including ammonium chloride (NH4Cl), ammo-
nium sulfate [(NH4),SO4], ammonium nitrate (NH4NOs3), urea,
asparagine, aspartate, glutamate, Gln, alanine, proline, and tyro-
sine, and rapamycin (Sigma-Aldrich, St Louis, USA) were added to
the CD medium to the desired final concentrations after autoclav-
ing. All of the experiments included three replicate plates and were
performed at least twice.

2.2. Growth on different nitrogen sources

The different nitrogen source-containing media were inoculated
in the middle with 2.5 uL of a 4 x 10° conidia/mL suspension to
assess growth rates [12], and the growth status was observed and
photographed daily.

2.3. AFs extractions and analyses

To analyze AF production, AFs were extracted from 500 L
extract obtained from A. flavus cultures with an equal volume of
chloroform. The chloroform layer transferred to a new 1.5 mL tube
and was evaporated to dryness at 70 °C. Next, thin layer chromatog-
raphy (TLC), consisting of acetone:chloroform (1:9, v/v) solvent
system was used to analyze AF biosynthesis, and the results were
observed under ultraviolet light at 365 nm.

2.4. Conidial observation

The conidial amount produced was determined by removing
three plugs (1.5cm x 1.5cm) from each colony. Conidial sus-
pensions were viewed using a Leica inverted microscope (Leica
Microsystems). The conidia from each plug were suspended in a
solution of 0.01% Tween 20 and counted in an hemocytometer.

2.5. Impact of GIn concentrations on AF biosynthesis

To quantify AF production under 1-6 mM Gln, a MYCOTOX™
reversed-phase (Cyg column, 4.6 x 250 mm) high-performance lig-
uid chromatography 1525 (HPLC, Waters, Milford, MA, USA) was
used. The AF extract was filtered (0.22 wm), detected and ana-
lyzed. The column was equilibrated in the mobile phase (56:22:22,
water:methanol:acetonitrile) at 42 °C, and 10 p.L was injected and
run isocratically for 15 min with 100% mobile phase at a flow rate of
1.0 mL/min. A fluorescent detector with an excitation wavelength
of 365nm and an emission wavelength of 430 nm was used to
detect AFs [34]. The individual stock solutions of AFB; and AFB,
(100 mg/mL) were purchased from Sigma and stored at —20°C. Ten
working standard solutions of AFB; and AFB; (10, 20, 30, 40, 50,
60, 70, 80, 90 and 100 mg/mL) were prepared by diluting and mix-
ing each stock standard solution with methanol. Calibration curves
were constructed using working standard solutions by plotting the
peak area.

2.6. RNA extraction and quality testing

Three comparison colonies, NaNO3 (N), glutamine (G) and glu-
tamine plus rapamycin (R), were vegetatively grown on solid
Czapek Dox medium at 28°C for 30 h to obtain enough biomass.
Total RNA was extracted from 100 mg of fungal mycelia using TRIzol
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The purity of the total RNA was detected using a Nano-
Drop 2000 spectrophotometer (Thermo Fisher Scientific, Inc.), and
the integrity of the RNA samples was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Inc.). The purified RNA was
dissolved in RNase-free water and stored at —80°C.

2.7. RNA-seq library construction and sequencing

The construction of RNA-seq library was performed using the
NEBNext Ultra RNA Library Prep Kit for Illumina (New England
Biolabs, Inc.) following the manufacturer’s instructions. Briefly,
for total RNA, mRNA isolation, fragmentation and priming were
performed using the NEBNext Poly(A) mRNA Magnetic Isolation
Module (NEB #E7490). Double-stranded cDNAs were synthesized
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using fragmented-primed mRNA, Murine RNase inhibitor and Pro-
toScript II reverse transcriptase, followed by the second-strand
reaction buffer (10x) and second-strand synthesis enzyme mix.
They were purified with 1.8 x Agencourt AMPure XP beads followed
by the end repair/dA-tailing of the cDNA library. Then, NEBNext
adapter oligonucleotides were ligated to cDNA fragments, and the
AMPure XP beads system (Beckman Coulter, Beverly, USA) was used
to select larger sized fragments (>200 nt). Suitable cDNA fragments
were selected as templates for PCR amplification using the NEB
universal PCR primer and index primer. Products were purified
with the AMPure XP bead system and quantified using a Bioana-
lyzer (Agilent high sensitivity chip). Finally, RNA-seq libraries were
sequenced using an Illumina HiSeq 2500 at Fujian Agriculture and
Forestry University sequencing center (Fuzhou, China).

2.8. Transcriptome annotation and analysis

The genome and annotation data of A. flavus were downloaded
from the Ensembl Fungi database. [llumina adapters were trimmed
from the raw reads, which were further filtered with recommended
parameters (-1 35 -q 30 -w 4 -x 10) using the “fastq-mcf” tool from
the ea-utils package (code.google.com/p/ea-utils/wiki/FastqMcf).
The filtered reads were mapped to the A. flavus genome using
Tophat v 2.0.12. Cufflinks [35] was used to assemble the tran-
scriptomes and to calculate gene expression levels in both the
“fragments per kilobase of exon model per million mapped reads”
(FPKM) and “raw counts” modes. A list of differential expression
genes (DEGs) was identified using the R packages’ EdgeR [36].

Gene Ontology (GO) annotation file of A. flavus genes was down-
loaded from the UniProt. GO enrichment analysis of DEGs was
conducted in the “BiNGO” and “Enrichment Map” plugins of the
Cytoscape software [37]. Enrichment analysis of DEGs in the Kyoto
Encyclopedia of Gene and Genomes (KEGG) biological pathway was
conducted on the FungiFun2 website with default parameters.

2.9. Quantitative real-time RT-PCR assays

Quantitative real-time RT-PCR (qRT-PCR) analyses were per-
formed with independent samples from N, G and R at the same
developmental stages as those used for the RNA-seq analysis.
cDNAs were reversely transcribed using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific, Inc.), and qRT-PCR analyses
were performed on a PIKO REAL Real-Time PCR System (Thermo
Scientific, Inc.) using TransStart Top Green qPCR SuperMix (Trans-
Gen Biotech, Beijing, China). The gqRT-PCR conditions were as
follows: 95°C for 7min and 40 cycles of 95°C for 5s and 60°C
for 30s. The A. flavus B-tubulin gene was used as an internal con-
trol to normalize the expression data. The relative expression of
genes was calculated using the 2~2ACt method, and the standard
deviation was calculated from three biological replicates [38]. The
gene-specific primers are listed in Table S1.

2.10. Accession numbers

All RNA-seq data have been submitted to the NCBI Sequence
Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra/) under the
accession number SRP064723 (https://www.ncbi.nlm.nih.gov/sra/
?term=SRP064723). The accession numbers of RNA-seq datasets
used in this study are listed in Table S1 and Table S2.
3. Results

3.1. AF production in response to various nitrogen sources

A previous study showed that A. flavus strains germinated on
the CD medium, but produced limited amounts of AFs, which

was likely related to the use of the NaNOs nitrogen source in the
CD medium [5,18,19]. Thus, we investigated the effects of other
nitrogen sources on AF production and growth. There was little dif-
ference among the growth states (Fig. 1A), which corroborated the
results of Fernandez, who found that there were only slight differ-
ences in mycelial growth in the presence of a sole repressing carbon
source, regardless of the nitrogen sources [39]. Mycelial growth
on a medium containing NH4Cl and (NH4),SO4 did not increase
after the sixth day. Conversely, the growth rate on the NH4NO3
medium was different from the rates on NH4Cl- and (NH4);SO04-
containing media—despite each having ammonium—but was the
same as with other nitrogen sources (data not shown). The medium
containing tyrosine appeared opaque owing to its low solubility,
but the mycelial growth remained unaffected (Fig. 1A). Quanti-
tative analysis results of AF production showed that all of the
selected replaceable nitrogen sources supported AFB; formation,
and ammonia and urea were able to promote a small amount of
AFB, with NH4NO3 accumulating the most. Compared with ammo-
nia and urea, amino acids could induce relatively higher quantities
of AFB; biosynthesis, and the maximum level of Gln accumulated
(Fig. 1B and C). Thus, different nitrogen sources had little effect
on mycelial growth, but affected AF biosynthesis, and Gln could
promote the highest AF production in A. flavus.

3.2. Effects of GIn concentrations on AF production and growth

Previous research showed that the concentrations of nitrogen
resources could affect AF biosynthesis in A. flavus and A. parasiti-
cus [5], but it was not clear whether Gln concentrations affected
AF biosynthesis. Our previous results showed that there was little
difference in AF production among Gln concentrations of 6, 60, 90
and 120 mM (Fig. S1). Therefore, we carried out the experiments
below. Apparently, AFB; production increased under 1-4 mM Gln,
but no longer increased when the Gln concentration was at 4-6 mM
(Fig. 2B-D). Thus, we concluded that 4 mM Gln was the low con-
centration threshold for AFB; production. In addition, other SMs
increased at 4-6 mM GIn (marked by arrows in Fig. 2C). These
results indicated that Gln metabolism might be involved in AF
biosynthesis directly or regulate the expression of genes in the
AF biosynthesis pathway. Additionally, Gln concentrations also had
certain influences on the growth phenotype. The growth of A. flavus
showed the nitrogen source-limited phenotype at 1-3 mM GIn con-
centrations, but A. flavus growth had a fluffy-like morphology at
4-6 mM Gln (Fig. 2A), which might be a response to the limited
nitrogen source under undesirable circumstances. In short, these
results indicated that 4 mM GIln was the nitrogen source limiting
threshold for the AFB; production and A. flavus growth.

3.3. Effects of GIn synthetase inhibitor treatment on AF
production and growth

From the results above, we inferred that Gln might be the nitro-
gen source signal for AF formation, and other nitrogen sources could
be transformed into Gln and then regulate AF biosynthesis. Thus,
the GIn synthetase (GS) inhibitor methionine sulfoximine (MSX)
was used to deplete the intracellular Gln and then the influences of
nitrogen sources on AF production were observed. Unexpectedly,
we found that the MSX processing seemed to have little impact on
AF production (Fig. 3B and C). Studies on the possible regulatory
mechanism of MSX on AF biosynthesis need to be continued. How-
ever, the hyphae presented a fluffy-like growth phenotype after
MSX treatment (Fig. 3A). These results suggested that the regu-
latory mechanisms of the MSX treatment on AF biosynthesis and
growth were different, indicating that there were sophisticated
regulatory mechanisms for AF biosynthesis and A. flavus growth.
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3.4. Effects of rapamycin on growth, conidia and AF biosynthesis

A. flavus that germinated on a CD medium containing NaNOs
produced no AFs, and GIn supported the highest AF production.
Previous studies reported that nitrogen sources could regulate SMs
biosynthesis through the TOR signaling pathway in fungi [31,32]. To
investigate the possible relationships among nitrogen metabolism,
AF biosynthesis and the TOR signaling pathway, A. flavus strains
were treated with the TOR inhibitor rapamycin and the phenotypic
characteristics were observed. Apparently, the rapamycin treat-
mentrestrained growth, and conidia and AF production (Fig. 4A-D),
which are related to the blockage of the TOR signaling cascade
[30,40]. This suggested a certain relationship between the nitro-

gen regulatory network and the TOR kinase pathway involved in AF
production: (1) nitrate repressed AF formation but GIn promoted
it, and (2) AF biosynthesis was inhibited when the TOR kinase path-
way was suppressed. However, the molecular mechanisms of the
triadic relationship remain poorly understood.

3.5. Gene expression comparisons among RNA-seq groups

To investigate the potential gene expression networks of the
nitrogen response and TOR kinase pathways in the regulation of
AF biosynthesis, A. flavus vegetatively grown on three different
nitrogen sources NaNOs(N), glutamine (G) and glutamine plus
rapamycin (R), we sampled and analyzed using RNA-seq. About
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18 million of 151bp paired-end reads were geneared for each
RNA-seq library. The reads from RNA-seq were aligned to A. flavus
genome. An aggregate of 9995 expressed genes (FPKM >0) in at
least 3 samples were selected for subsequent DEGs analysis. The

sample homogeneity of the three control groups, with three repli-
cations, were analyzed. The samples were highly reproducible,
and the experimental results were reliable and credible (Fig. 5A).
The expression levels of nine cDNA libraries were delineated by
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boxplot profiles (Fig. 5B), and a pairwise comparison of gene
expression levels on three parallel plates was shown as Fig. 5C.
The gene expression levels of the three samples were highly simi-
lar, indicating that the RNA-seq data were reliable. Gene differential
expression analysis identified 919 DEGs (|Fold change| >1, False dis-
covery rate <0.05) between N and G, 245 DEGs between R and G,
and 995 DEGs between N and R (Fig. 5D). In total, 1429 DEGs from
the three pairwise comparisions.

3.6. Functional analysis and classifications of DEGs

To further study the transcriptome data of DEGs, GO was
adopted to analyze all of the DEG functional classifications. The GO
analysis showed that genes were down-regulated in G compared
with in N and could be categorized into 13 functional classifica-
tions. The up-regulated genes in G compared with in N contained
two functional classifications. There were 18 functional groups in
the genes down-regulated in R compared with in N, six functional
groups of up-regulated genes in R compared with in N, and seven
functional groups of up-regulated genes in G compared with in R
(Fig. 6). Most functional groups existed on either N or R, indicating
that there was a larger difference between them. Furthermore, the
significantly higher transcription levels of genes in N over those
in G were involved in transporter activities, including the trans-
membrane transporter activity of amine, substrate-specific organic
acids, amino acids and carboxylic acid, as well as oxidoreductase
activities. However, the transcription levels of genes implicated in
catalytic activity, monooxygenase activity, iron ion binding, heme
binding, and tetrapyrrole binding were much higher in G than those
in N and R. These results indicated that these genes might play
important roles in regulating AF biosynthesis.

The KEGG Pathway Database was initiated to identify the biolog-
ical pathways of DEGs, and these DEGs were found to be enriched
in the 32 KEGG pathways. Among the 32 KEGG pathways, the
most represented were those related to nitrogen metabolism,
carbon metabolism, glycine, threonine, aspartate and glutamate
metabolism, SMs biosynthesis, alpha-linolenic acid metabolism,
and AF biosynthesis (Fig. 7). Moreover, several known regulatory
factors participated in the nitrogen source-mediated regulation of
secondary metabolite biosynthesis in fungi, which included the
TOR protein kinase, GATA transcription factors AreA and AreB,
nitrogen metabolite repression regulator NmrA, bZIP transcription
factor MeaB, GS, ammonium permease MepB (the homolog MepA
in A. flavus) and velvet protein Velf/VeA [30]. The transcriptome
data showed that some of regulatory factors presented differen-
tial expression levels under the three culture conditions (Table
$2), which suggested that these regulatory factors were likely to
play critical roles in regulating nitrogen source metabolism and AF
biosynthesis processes. These results revealed the extensive and
complex relationships among nitrogen source metabolic pathways,
the TOR signaling pathway and AF biosynthesis in A. flavus.

3.7. DEGs analysis associated with AF biosynthesis in A. flavus

To assess the regulation of AF biosynthesis under the three cul-
ture conditions, the expression levels of AF biosynthesis-associated
genes were analyzed. In total, 24 DEGs relating to AF biosynthe-
sis were identified. These genes were more highly expressed in
G, which had the highest AF production (Fig. 1C and D). There
were 21 DEGs shown in Fig. 8, and the other three DEGs were aflLa
(AFLA_139240), aflMa (AFLA_139290) and aflCa (AFLA_139400). The
expression levels of aflD, aflL, aflM, aflV and aflW were reported to
play significant roles in AF biosynthesis, and the expression levels of
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these proteins affected AF production directly [5], which was con-
sistent with the results of the study. Moreover, the expression levels
of dehydrogenase (aflH and aflE), oxidase (aflX, aflL and aflV), cyclase
(aflA, aflB and aflC), methyltransferase (aflO and aflP) and oxidore-

ductase (aflQ and afll) were also quite important in AF formation,
and their activities greatly influenced AF production. In addition,
aflR was the most important regulatory gene in the AF biosynthe-
sis gene cluster, and the expression change of afiR could cause the
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changes in other AF biosynthesis pathway genes. Additionally, afiS
might be a regulatory gene controlling AF biosynthesis. Surpris-
ingly, the transcript level of afiR did not obviously change under
the three culture conditions, which might be related with the fact
that the afIR expression level could be affected by various factors
from environmental stimuli and nutritional conditions. However, a
transcriptome analysis showed that the expression level of aflS was
up-regulated in G compared with those in N and R, demonstrating
the regulatory function of afIS. The results suggested that the Gln
metabolism and TOR signaling pathway had regulatory effects on
AF production in A. flavus.

3.8. qRT-PCR assays of the DEGs

To validate the expression data obtained by RNA-seq, qRT-PCR
assays were performed for six protein coding genes, inclduing two
AF pathway genes, aflO and aflQ, two conidiation transcription fac-
tors, abaA and brlA, and two nitrogen metabolism-related genes,
niiA and niaD. Based on the fold-changes of the six genes exam-
ined, the two methods were in general agreement and qualitatively
similar, confirming the high reproducibility of the data (Fig. 9).
Additionally, niiA and niaD had significantly higher expression lev-
els in the N culture than in G or R, which was consistent with their
functions in nitrate utilization. Moreover, the expression levels of
the conidiation transcriptional genes and AF biosynthesis genes
were down-regulated in R, which corroborated the rapamycin
treatment’s inhibition of AF and conidial production in A. flavus
(Fig. 4).

4. Discussion

This study was initiated to explore possible crosstalk between
the nitrogen response pathway and TOR cascade in relation to
AF production in A. flavus. First, our experiments showed that
the nitrogen sources of ammonium and some amino acids pro-
moted AF production, and that nitrate had suppressive effects on AF
biosynthesis, suggesting that the nitrogen metabolism pathways
played important regulatory roles in AF formation. In addition,
there were nitrogen sources-specific effects on AF biosynthesis.
However, how fungi could sense different nitrogen sources is not
clearly understood. Nitrogen sources with identical ammonium

ions but different negative ions (for instance, NH4Cl, (NH4),SO4 and
NH4NO3) had varied effects on growth and AF production. These
results indicated that distinct ions might affect AF biosynthesis, and
also revealed the complexity and subtlety of the nitrogen source’s
effects on the regulation of AF biosynthesis in A. flavus.

GIn induced the maximal AFB; production in A. flavus. How-
ever, the effects of Gln concentrations on AF biosynthesis revealed
a threshold for AFB; production. Interestingly, the threshold effect
was just for AFB; production not for AFB, (data not shown).
Unexpectedly, the MSX treatment showed little impact on AF pro-
duction, but the hyphae yielded fluffy cotton-like colonies after
MSX treatment, which was likely associated with mutations in fluG,
consisting of a C-terminal GS domain, which was postulated to
synthesize a diffusible factor that initiates conidiation [41]. Addi-
tionally, for A. flavus, the deletion of fluG did not affect AF production
[42]. This suggested that there were different AF biosynthesis and
growth responses to MSX. However, the specific molecular regu-
latory mechanisms of AF biosynthesis and growth are still unclear
and need to be further explored. Additionally, a rapamycin treat-
ment restrained growth, and conidial and AF production in A. flavus,
revealing that the TOR signaling pathway was very important in the
regulation of the nitrogen response pathway and AF biosynthesis.

The transcriptome data demonstrated certain correlations
among the nitrogen source signaling pathway, TOR kinase and AF
biosynthesis pathway. In particular, some genes in the AF biosyn-
thesis gene cluster were up-regulated in G compared with in N
and R, which accounted for GIn promoting AF biosynthesis. More-
over, a wide variety of genes associated with nitrogen metabolism
and AF biosynthesis showed differential expression levels after the
rapamycin treatment, which suggested that the TOR signaling path-
way could regulate nitrogen metabolism and AF biosynthesis [40].
The transcriptome analysis also showed that the genes of the nitro-
gen metabolism and TOR cascade pathways might be diverse but
overlap in the regulation of AF biosynthesis, indicating possible
interactions between the nitrogen source metabolism and TOR cas-
cade pathways in controlling AF biosynthesis. This was the first
time that the nitrogen response and TOR signaling pathways were
linked with AF biosynthesis in A. flavus, although the AF biosynthe-
sis process and a clustered pathway of genes associated with AF
biosynthesis had been known for more than a decade [10].
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Fig.9. QRT-PCRresluts of differentially expressed genes (NaNO3; marked as N, Gln as G, and GIn plus rapamycin as R). The relative expression level of each gene was expressed
as the fold change of N, G and R in the RNA-Seq data (orange bar) and qRT-PCR data (royal purple bar). The A. flavus S-tubulin gene was used as an internal control to normalize
the expression data. The bars represent the standard deviation from three independent experiments with three replicates each.

Thus, this work contributes to a general understanding of the
nitrogen regulation of AF biosynthesis in A. flavus. Additionally, our
results provided an opportunity to better understand the molecular
basis of the nitrogen regulatory network, as well as AF biosyn-
thesis and the TOR signaling pathway. By analyzing transcriptome
data, new insights were gained into how nitrogen sources regulate
the morphology of, and SMs biosynthesis in, A. flavus, which are
essential to facilitate the development of efficient control strategies
against AFs.
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