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Abstract

Heterotrimeric G-protein-mediated signaling pathways play a pivotal role in transmembrane signaling in eukaryotes. Our
main aim was to identify signaling pathways regulated by A. nidulans GprB and GprD G-protein coupled receptors (GPCRs).
When these two null mutant strains were compared to the wild-type strain, the DgprB mutant showed an increased protein
kinase A (PKA) activity while growing in glucose 1% and during starvation. In contrast, the DgprD has a much lower PKA
activity upon starvation. Transcriptomics and 1H NMR-based metabolomics were performed on two single null mutants
grown on glucose. We noted modulation in the expression of 11 secondary metabolism gene clusters when the DgprB and
DgprD mutant strains were grown in 1% glucose. Several members of the sterigmatocystin-aflatoxin gene cluster presented
down-regulation in both mutant strains. The genes of the NR-PKS monodictyphenone biosynthesis cluster had overall
increased mRNA accumulation in DgprB, while in the DgprD mutant strain the genes had decreased mRNA accumulation.
Principal component analysis of the metabolomic data demonstrated that there was a significant metabolite shift in the
DgprD strain. The 1H NMR analysis revealed significant expression of essential amino acids with elevated levels in the DgprD
strain, compared to the wild-type and DgprB strains. With the results, we demonstrated the differential expression of a
variety of genes related mainly to secondary metabolism, sexual development, stress signaling, and amino acid metabolism.
We propose that the absence of GPCRs triggered stress responses at the genetic level. The data suggested an intimate
relationship among different G-protein coupled receptors, fine-tune regulation of secondary and amino acid metabolisms,
and fungal development.
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Introduction

Signal transduction pathways are essential for the living

organisms, controlling the majority of physiological responses.

Heterotrimeric G-protein-mediated signaling pathways play a

pivotal role in transmembrane signaling in eukaryotes, through the

modulation of an extracellular stimulus and its transmission within

the cell. G-protein signaling is comprised of three parts: (i) a seven-

transmembrane-spanning G-protein coupled receptor (GPCR); (ii)

a heterotrimeric G protein consisting of a, b and c subunits, and

(iii) an effector. After sensitization of a specific GPCR by ligand

binding, conformational changes of the Ga subunit occur,

resulting in an exchange of GDP to GTP in this subunit. The

GTP-bound Ga subunit undergoes another conformational

switch, promoting the dissociation of Ga-GTP and Gbc subunits,

and both separated subunits can amplify and propagate signals by

modulating activities of effector molecules [1].

Fungi are excellent models to study environmental sensing

because they have simple but evolutionarily conserved signal

transduction pathways similar to those present in many eukary-

otes. Microorganisms, such as fungi, have evolved mechanisms in

order to sense and adapt to their environment. In this context,

GPCRs are the largest family of transmembrane receptors that are

able to sense signals, especially pheromones and nutrients [2]. The

pathways regulated through GPCRs control various aspects of

growth, morphogenesis, mating, and virulence [3]. A combinato-

rial search of various fungal genomes was performed in order to

identify putative GPCRs in the model filamentous fungus

Aspergillus nidulans. The results identified nine genes predicted to

encode GPCRs, designated GprA to GprI, and subsequent
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phylogenetic analyses grouped them into four classes [4].

Subsequent studies on A. nidulans demonstrated that seventeen

geens, designated GprA-P and NopA, actually encode for at least

sixteen putative GPCRs [5,6].

GprB and GprD were previously characterized in A. nidulans

[4,7]. GprB is similar to the pheromone receptor Ste3p of S.

cerevisiae [4] and appears to be required for self-fertilization in A.

nidulans. A null gprB mutant affects self-fertilized fruiting body

formation (without affecting vegetative growth), asexual develop-

ment, Hülle cell production and heterothallic sexual development

[7]. GprD is required to negatively modulate sexual development

in A. nidulans based on results showing a null gprD mutant led to

uncontrolled activation of sexual development, and subsequent

developmental abnormalities [4]. All the promoter regions of

gprB/D contain two or three copies of a pentanucleotide stress

response element (STRE; 59-AGGGG-39), and various stresses can

affect sexual development in fungi [7]. A recent study proposed

that the ligand for GprD belongs to a class of hormones known as

oxylipins [8]. Treatment of A. nidulans wild-type with plant

oxylipins results in cAMP accumulation, but this is prevented in

the absence of the gprD gene. Despite the recent characterization

of GprB and GprD, the signals and mechanisms responsible for

their functions remain to be characterized. Therefore, we

identified signaling pathways regulated by A. nidulans GprB and

GprD. Transcriptomics of two single mutants grown on glucose

was performed to quantify the differential gene expression in the

strains lacking gprB and gprD, compared to the wild-type strain. In

addition, metabolomic analysis using 1H nuclear magnetic

resonance (NMR) spectroscopy generated a metabolic fingerprint

comparing levels of many compounds present in the wild-type and

the mutant strains grown in glucose. Our results present a broad

view of metabolic pathways affected by GprB and GprD in A.

nidulans.

Results and Discussion

Phenotypical characterization of A. nidulans strains
grown on different carbon sources

In a first attempt to elucidate the biological role of GprD and

the putative pheromone receptor GprB in A. nidulans, correspond-

ing gene deletion mutants were grown on different carbon sources

to validate that the absence of gprB or gprD genes affects carbon

utilization. The growth of the DgprB, DgprD, and the wild-type

strains was analyzed on minimal medium (MM) containing mono-

(25 mM each) and polysaccharydes (1% each) and glycerol (2%)

grown at 37uC. As shown in Figure 1, under all tested conditions,

the radial diameter of the colonies of the mutant strains was

comparable to that of the wild-type strain. Similarly, there were no

growth differences at 30, 37, and 44uC (data not shown). These

results indicate that the mutant strains are able to metabolize all

tested sugars. Therefore, the corresponding deleted genes are not

essential sensor molecules for growth on the carbon sources tested.

The accumulation of mRNA encoding for GprB and GprD was

quantified in wild-type at different glucose concentrations and

during carbon starvation (Figure 2). There was an increase in gprB

and gprD mRNA accumulation when the wild-type strain was

grown in 1% glucose (Figures 2A–B), while only the gprB mRNA

accumulated at the lower glucose level of 0.1% (Figure 2A). We

also evaluated the mRNA accumulation of gprB and gprD during

carbon starvation in wild-type (Figures 2C–D). Both genes had a

decrease in their mRNA accumulation after 12 hours of starvation

(Figures 2C–D); however at 24 hours of starvation, there is an

increase in gprB and a decrease in gprD mRNA accumulation

(Figures 2C–D). Curiously, the gprB mRNA levels were compa-

rable after 24 hours of starvation and when they were grown in

1% glucose (Figure 2). We cannot currently provide a reasonable

explanation for this observation.

We constructed GprB::GFP and GprD::mRFP strains aiming to

verify their sub-cellular localization. These two strains have

identical phenotypes to the wild-type strain (data not shown). In

general, receptors located in the cellular membrane need to be

desensitized after activation by their ligands in order to avoid a

constitutive signal. In this way, receptors are internalized and can

be either degraded or recycled [9,10]. We have followed their sub-

cellular location by germinating them for 30 minutes, 1, 2, 4, 6, 8,

and 12 hours at 37uC in either MM without any carbon source,

0.1% glucose or 1.0% glucose. In the earlier time points like 30

minutes and 1, 2, 4, and 8 hours the GprB::GFP was not visible

(Figure 3A and data not shown). However at 12 hours germina-

tion in all media, this fluorescence appeared diffused in the

cytoplasm (Figure 3A). In contrast, GprD::mRFP showed a

detectable fluorescence for all time points and media (Figure 3B).

When conidia were germinated in MM without any carbon

source, there is fluorescence at 2 to 12 hours localized more

intensely at the periphery of the swollen conidia, probably

concentrated at the emerging apical tip of future germling

(Figure 3B). In MM+0.1% glucose, GprD::mRFP is present at

the periphery of the germling at 2, 4, 6, and 8 hours, starts to be

removed to the single vacuole (12 hours; Figure 3C; second lane).

In MM+1.0% glucose, there is a strong accumulation of

GprD::mRFP at the periphery of the cell at 30 minutes, 1, 2,

and 4 hours (Figure 3D). From 6 to 12 hours, there is intense

formation of vesicles and translocation to the single vacuole

(Figure 3D).

Protein kinase A (PKA) has a very important role in growth.

PKA helps cells to respond to glucose and links cell cycle

progression to mass accumulation (for a review, see [11,12]). S.

cerevisiae Gpa2, a Ga subunit of the heterotrimeric G proteins, and

Gpr1, a G protein-coupled receptor, that physically interacts with

Gpa2, define a nutrient-sensing pathway that works in parallel

with Ras to activate PKA (for a review, see [12]). Several studies

suggest that Gpr1/Gpa2 activate PKA through activation of

adenylate cyclase [13,14]. We evaluated how starvation affects the

PKA activity in the wild-type, DgprB, and DgprD mutant strains. By

growing them for 24 hours in liquid minimal medium supple-

mented with 2% glucose, and then tranferring the mycelia to a

liquid minimal medium without a carbon source for 12 and

24 hours (Figure 4). Upon starvation, all three strains displayed

increased PKA activity (Figure 4). When these two null mutants

were compared to the wild-type strain, the DgprB mutant showed

an increased PKA activity in both the control (before transferring

to liquid medium without any carbon source) and during

starvation (Figure 4A). In contrast, the DgprD had a much lower

PKA activity upon starvation (Figure 4B).

During S. cerevisiae growth, high PKA activity occurs in the

presence of rapidly fermented sugars like glucose or sucrose.

Growth arrest of fermenting cells or growth on a respiratory

carbon source, like glycerol or ethanol, is associated with low

activity of the PKA pathway. S. cerevisiae PKA is inactive, existing

as a tetrameric holoenzyme composed of two catalytic subunits

encoded by one of three redundant TPK genes (TPK1, TPK2, and

TPK3) and two regulatory subunits encoded by BCY1 [11,12,15].

The addition of glucose to cells induces a rapid elevation of the

cAMP level due to activation of adenylate cyclase (Cyr1) via the

Gpr1/Gpa2 and the Ras1/Ras2 pathways [16]. Binding of cAMP

to the Bcy1 inhibitory subunit of PKA liberates the catalytic

subunits, resulting in their activation [16]. Glucose-starvation for

12 and 24 hours in A. nidulans induced a 60% increase in PKA

Aspergillus nidulans G-Protein Coupled Receptors
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activity. Interestingly, DgprB and DgprD showed contrasting

behavior, i.e. the lack of GprB promoted an increase in PKA

activity during growth on glucose and during starvation. On the

other hand, the absence of GprD greatly reduced PKA activity

under starvation conditions.

Transcriptome analysis of A. nidulans DgprB and DgprB
strains grown on glucose

To gain insight into which genes were influenced by the absence

of gprB or gprD genes, we determined the transcriptional profile of

A. nidulans strains grown on glucose 1%. The wild-type, DgprB, and

DgprD strains were grown on 1% glucose for 24 and 48 hours at

37̊C. The wild-type strain was used as reference, and differentially

expressed genes were observed in the mutant strains. Only

significant (p,0.01) differentially expressed genes, up-or down-

regulated, were considered with log2 Cy5/Cy3 ratios$1 and#1.

In the DgprB strain we observed 308 and 311 differentially

expressed genes at 24 and 48 hours, respectively, and 341 and 312

genes in the DgprD strain at 24 and 48 hours, respectively

(Supplementary Table S1). The Venn diagram for the differen-

tially expressed genes (Figure 5) demonstrated that 1 gene was up-

regulated in both mutant strains grown on glucose for 24 hours

(Figure 5A), and 21 genes were down-regulated in the same

conditions (Figure 5B). Upon 48 hours of growth, 2 genes were up-

regulated (Figure 5C), and 22 genes were down-regulated in both

mutant strains (Figure 5D). Included in the 21 genes down-

regulated at 24 hours were seven genes that encode proteins

involved with sterigmatocystin biosynthesis and AN10576, encod-

ing ivoA, one module nonribosomal peptide synthetase (NRPS)

involved in conidiophore pigmentation ([17]; Tables S1 and S2).

Taken together, the results suggest that the absence of gprB and

gprD genes interfered with different pathways of A. nidulans at the

transcriptional level. FunCat, a genetic database, functionally

categorized the differentially expressed genes with known classi-

fication (Functional Catalogue database, http://mips.helmholtz-

muenchen.de/proj/funcatDB) (Table 1, Supplementary Table

S2). The majority of differentially transcribed genes in the mutant

strains respond to the category "Metabolism" and the subcatego-

ries "Carbohydrate and Secondary metabolism". The transcrip-

tome analysis reveals that the absence of gprB and gprD genes

interferes with overall metabolism, due to disturbances in carbon

flow, and these effects were more pronounced in the DgprD strain.

After growth of DgprD strain on glucose, three genes encoding key

metabolic enzymes involved in primary metabolism were strongly

down-regulated: AN2583 (gpdC), encoding glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH), AN5843 (pdkA), encoding

phosphoenolpyruvate synthase (PEP synthase), and AN4913

(phk), encoding phosphoketolase (PHK; Supplementary Table

S1). The GAPDH plays a central role in glycolysis, where it

Figure 1. The DgprB and DgprD growth on different carbon sources. Growth phenotypes of strains having the indicated relevant, partial
genotypes on the indicated solid media after 72 hours at 37uC.
doi:10.1371/journal.pone.0062088.g001
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converts glyceraldehyde-3-phosphate to bisphosphoglycerate. PEP

synthase catalyzes the first step of conversion of pyruvate to

glucose in gluconeogenesis. PHK plays a pivotal role in the

pentose phosphate pathway (PPP), converting D-xylulose-5-

phosphate into acetyl phosphate and glyceraldehyde-3-phosphate.

The three genes, cited above, were less expressed by 3.5-fold in the

DgprD grown on glucose, compared to the wild-type strain. The

results demonstrate disturbances in the carbon flow of glucose

metabolism in DgprD. In contrast, the gene encoding an ATP-

citrate lyase (ACL; AN 3577) was more expressed by 2-fold in the

DgprD strain compared to the wild-type. ACL is an enzyme

responsible for providing cytoplasmic acetyl-CoA from citrate

[18]. In a previous study, ACL was required for normal asexual

and sexual development in the ascomycete fungus Fusarium

graminearum [19].

G-protein signaling is strictly connected to secondary metabolite

production and fungal development [20–25]. A study estimated 53

secondary metabolism gene clusters encode for backbone struc-

tures in A. nidulans, such as putative polyketide synthase (PKS),

non-ribosomal peptide synthase (NRPS), and hybrid PKS-NRPS

genes [26]. The results of this study show modulated expression of

11 secondary metabolism gene clusters encoding for backbone

structures when the DgprB and DgprD mutant strains are grown in

1% glucose for 24 and 48 hours (Suplementary Tables S1 and S2).

Several members of the sterigmatocystin-aflatoxin gene cluster

presented down-regulation in both mutant strains (AN7806,

AN7807, AN7812, AN7816, AN7818, AN7825, and AN11013).

Notably, most of the genes of the NR-PKS monodictyphenone

biosynthesis cluster are differentially regulated in both mutants

(Supplementary Tables S1 and S2). In DgprB, the NR-PKS genes

have increased mRNA accumulation. In the DgprD strain they

have decreased mRNA accumulation (Supplementary Tables S1

and S2).

Three genes encoding oxidoreductases similar to sporulation-

related genes in S. cerevisiae were up-regulated in DgprB (AN9127,

AN0216, and AN2606). In the DgprD strain, the gene encoded by

AN2606 was strongly down-regulated (6-fold difference compared

to the wild-type) (Supplementary Table S1). The gene AN2606 is

Figure 2. The gprB and–D mRNA accumulation levels in different growth conditions in the wild-type strain. (A) and (C) gprB; (B) and (D)
gprD.
doi:10.1371/journal.pone.0062088.g002
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Figure 3. Sub-cellular location of GprB and–D. (A) GprB::GFP, (B) GprD::mRFP (grown in MM+0% glucose), (C) GprD::mRFP (grown in MM+0.1%
glucose), and (D) GprD::mRFP (grown in MM+1.0% glucose) at 30uC (Bars, 10 mm).
doi:10.1371/journal.pone.0062088.g003
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similar to S. cerevisiae gene dit1, a gene encoding for a pyoverdine/

dityrosine biosynthesis protein involved in spore cell wall

maturation [27]. Moreover, in the DgprD strain, two genes

encoding proteins related to conidium development and sporula-

tion were strongly deregulated, AN8803 and AN0055. AN8803

encodes RodA, a putative hydrophobin transcriptionally regulated

by BrlA, a transcription factor required for normal sporulation in

Aspergilli [28,29]. AN0055 encodes for TmpA, a putative

transmembrane protein that regulates asexual development in A.

nidulans, and it is required for expression of brlA [30]. The results

correlate with the different sporulation capacities presented by the

mutant strains (data not shown).

The category "Transport" presented a considerable number of

differentially expressed genes in both mutant strains (Table 1). In

the DgprB mutant strain there were 25 transporter-encoding genes

(14 up-regulated and 11 down-regulated) while in the DgprD, there

were 23 transporter-encoding genes (13 up-regulated and 10

down-regulated). Many of these transporters are members of the

Major Facilitator Superfamily (MFS), single-polypeptide second-

ary carriers able to transport only small solutes in response to

chemiosmotic ion gradients [31]. Most of the genes related to MFS

transporters belong to the class of multidrug resistant (MDR)

transporters [32]. In the DgprD strain, a gene encoding for

transport of secondary metabolites, dbaD (AN7898; [33]) was

strongly up-regulated (Table S1). Several genes encoding amino

acid transporters including AN8659, AN9300 and AN9174 were

strongly down-regulated in the DgprD strain, compared to wild-

type, by 3-, 4-, and 6-fold, respectively. AN8659 encodes for a

gene similar to the S. cerevisiae gene tat1, which encodes for an

amino acid transporter responsible for the uptake of valine,

leucine, isoleucine, and tyrosine [34–36]. AN9300 is similar to the

S. cerevisiae gene MUP1, which is involved in the synthesis of a

transporter responsible for the uptake of methionine and cysteine

[37,38]. AN9174 encodes for a gene similar to the S. cerevisiae gene

gap1, encoding a general amino acid permease in the yeast. GAP1

directs the uptake of all the naturally occurring L-amino acids,

some D-amino acids, toxic amino acids analogs and the

polyamines putrescine and spermidine [39–42], and appears to

be transcriptionally regulated by nitrogen catabolite repression

(NCR; [39]).

A previous study reported the interaction of a G-alpha subunit

of the fungal pathogen Sporothrix schenckii with two metal ion

transporters, known as siderophores [43]. The permeases are

generally expressed in response to stress conditions and iron

deprivation. The interaction of permeases with a component of G-

protein signaling reinforces the role of G- proteins in response to

environmental signals. In A. nidulans DgprB strain, we observed two

highly down-regulated major iron siderophore genes, identified as

AN7800, encoding the mirA gene and AN8540, encoding mirB

gene [44,45]. In A. nidulans, the lack of the intracellular side-

rophore ferricrocin contributes to several effects, including

elimination of cleistothecia formation in homothallic conditions

[46]. The results suggest that absence of gprB impairs the

perception of environmental signals that lead to sexual develop-

ment. Markedly, the gene gprA (AN2520), the homolog of gprB in

A. nidulans [7], a recognized pheromone receptor, had a 3.5-fold

increase in expression in the DgprB strain, compared to the wild-

type strain. This finding indicates the regulation of cellular

signaling is encoded by a redundant gene in the absence of its

homolog.

Genes involved in interactions with the environment, cell

rescue, defense, and virulence were differentially transcribed in the

mutant strains. AN5046 encoding a defense-like protein, Anisin-1,

annotated with high identity to the mosquito defense AaDefA1

[47] was down-regulated in both mutant strains (Supplementary

Tables S1 and S2). Another gene encoding a defense-like protein,

AN11510, was less expressed in the DgprB mutant strain

(Supplementary Tables S1 and S2). The gene AN6487, encoding

for a putative aspartyl protease similar to S. cerevisiae yps3 gene,

responsible for yapsin production involved in maintenance of cell

wall integrity [48], was upregulated in the DgprB strain. Similarly,

the gene identified as AN3675 had 2-fold increase in expression in

Figure 4. Determination of the protein kinase A activity for the
wild-type, DgprB and DgprD mutant strains. Protein kinase A (PKA)
activity is increased and decreased in the DgprB and DgprD mutant
strains, respectively, upon carbon starvation. These three strains were
grown for 24 hours in liquid minimal medium supplemented with 2%
glucose. Then, their mycelia were transferred to liquid minimal medium
without carbon source for 12 and 24 hours. The control represents PKA
activity before transferring the mycelia to liquid medium without any
carbon source. (A) Absolute levels of PKA activity from cultures of the
wild-type, DgprB, and DgprDmutant strains for control MM+2% glucose)
and carbon-starved for 12 and 24 hours. (B) Difference in PKA activity
between the wild-type strain and DgprB and DgprDmutant strains. One
unit of kinase activity is defined as the number of nanomoles of
phosphate transferred to a substrate per minute per milliliter. The t-test
was used to compare the mutant strains with the wild-type strain (p-
value,0.05, **, and,0.01 *).
doi:10.1371/journal.pone.0062088.g004
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the DgprD strain, when compared to the wild-type strain. This gene

encodes CpcA, a transcription factor involved in cross-pathway

control of amino acid biosynthesis in response to amino acid

starvation, with an additional role in sexual development [49,50].

In summary, the results obtained from the transcriptome

analysis of two A. nidulans GPCR mutant strains, DgprB and

DgprD, revealed differential expression in a variety of genes related

mainly to secondary metabolism, sexual development, stress

signaling, and amino acid metabolism. It appears that the absence

of these GPCRs triggers a stress response at the genetic level. The

data suggest an intricate relationship among different G-protein

coupled receptors, fine-tune regulation of secondary and amino

acid metabolisms, and fungal development.

Figure 5. Venn diagram showing the genes specifically expressed in the DgprB and DgprD mutant strains. (A) and (B) show the genes
up-regulated at 24 and 48 hours, respectively, while (C) and (D) show the genes down-regulated at 24 and 48 hours, respectively.
doi:10.1371/journal.pone.0062088.g005

Table 1. Categorization of genes differentially expressed in A. nidulans mutant strains grown on glucose compared to the wild-
type strain.

FunCat category*
ngprB
(down-regulated)

ngprB
(up-regulated)

ngprD
(down-regulated)

ngprD
(up-regulated)

Metabolism 27 39 43 16

Cell rescue, defense and virulence 5 10 8 9

Transport 9 7 11 15

Transcription 1 1 2 3

Protein synthesis 1 - -

Protein fate - 1 4 1

Protein with binding functions 1 7 9 5

Biogenesis of cellular components 2 1 1

Cell type differentiation 1 1 1

Signal transduction - 1 1 1

Interaction with the environment - 5 1 3

Energy - - 2 1

Regulation of metabolism - - - 1

Retroelements - - - 2

Biogenesis - - - 2

*Categorization enrichment analysis were performed with p,0.001.
doi:10.1371/journal.pone.0062088.t001
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The metabolome of A. nidulans DgprB and DgprB strains
grown on glucose

The comparison of the gene expression profiles between the A.

nidulans DgprB and DgprD strains and the wild-type, grown on

glucose, demonstrated that the overall metabolism of the mutant

strains, especially in the DgprD strain, was strongly modified. To

gain a better understanding of the metabolic processes affected by

the absence of gprB and gprD genes, we analyzed the intracellular

metabolites produced by the A. nidulans strains in the same

conditions of the gene expression studies. The strains were grown

on glucose in a batch cultivation medium for 24 and 48 hours at

37uC, the metabolites were extracted as described in Material and

Methods, and analyzed by 1H NMR. Five biological replicates

were used to generate the data presented below.

First, the statistical method of PCA was applied to the data,

which was used to qualify differences within the data set. This

method reduces multidimensional data to two principal compo-

nents that represent the differences among samples in a two-

dimensional plot [51]. Our PCA analysis demonstrated that the

principal component 1 (PC1) was responsible for 70.2% of the

variance, with the PCA scores plot revealing three major groups of

data points, as observed in the Figure 6A. One group is

represented in the middle of the plot, and contains data points

representing the wild-type and DgprB strains grown on glucose for

24 and 48 hours. The other two groups are located in the upper

and lower left sides of the plot, representing the data points from

the DgprD strain grown on glucose for 24 and 48 hours,

respectively (Figure 6A). These results led to two main conclusions:

(i) the overall intracellular metabolism of the fungi was not highly

affected in the absence of gprB gene; (ii) there was a shift in the

metabolic profile of the fungus grown on glucose in the DgprD

strain. The second conclusion (ii) correlated with the previous

results, which demonstrated the absence of gprD gene had a more

perceptible effect compared to the absence of gprB.

In our metabolome analysis, we were able to clearly detect five

different amino acids: leucine, isoleucine, valine, glutamine and

aspartate (Figure 6B and Table S3). In all repetitions, the levels of

these amino acids were increased in the DgprD strain, compared to

the wild-type strain. The intracellular intermediates of carbon

metabolism, glucose, succinate, malate, and fumarate, were

detected in the present study. After 24 hours of growth on

glucose, the DgprD strain presented significant differences from the

wild-type and DgprB strains for all the carbon metabolism

intermediates (Figure 6C and Table S3). Glucose is the most

readily used carbon source by fungi, and succinate, malate and

fumarate are intermediates of the tricarboxylic acid cycle (TCA).

The metabolomic analysis detected the intracellular metabolites

ß-hydroxybutyrate, lactate, choline, sn-glycero-phosphocholine, 2-

phosphoglycerate, adenosine, and acetate (Figure 6D). Of these

metabolites, ß-hydroxybutyrate, lactate, and adenosine were

significantly increased in the DgprD strain, compared to the wild-

type strain, in at least one time point (Table S3). In some

prokaryotes, ß-hydroxybutyrate (BHB) is the monomer of the

polymeric ester poly-ß-hydroxybutyrate (PHB), an intracellular

energy reserve accumulated when the microorganism is grown

under nutrient limitations [52]. In mammals, BHB is one of the

ketone bodies that is used as an energy source during fasting and

starvation [53]. Lactate, a metabolite produced under anaerobic

fermentative conditions [54] was detected at high concentrations

in A. nidulans strains grown on glucose, suggesting that fermenta-

tion is also taking place under our experimental conditions. An

accumulation of lactate indicates glycolysis is taking place at a

faster rate than the TCA cycle is able to utilize all of the glycolytic

end products. The levels of lactate in the DgprD strain were almost

2-fold higher at 48 hours compared to the wild-type and DgprB

strains (Figure 6D).

Choline and sn-glycero-phosphocholine are important compo-

nents of cellular membranes, and choline appeared to be involved

in the growth and in the regulation of mycelial morphology of

filamentous fungi [55]. Both metabolites were detected at

relatively high levels in our experimental conditions, but no

significant differences were detected among the strains (Figure 6D

and Table S3).

Adenosine is a precursor of AMP, ADP, ATP, and the second

messenger cAMP [56]. The levels of adenosine in the mutant

DgprD were 3-fold higher compared to the wild-type strain after

24 hours of growth, but these levels strongly decreased after

48 hours (Figure 6D). The metabolite 2-phosphoglycerate is an

intermediate of glycolysis. It is the substrate of the ninth step of this

metabolic pathway, where it is catalyzed by enolase into

phosphoenolpyruvate (PEP). 2-phosphoglycerate accumulated in

a significant manner in both mutant strains after growth for

24 hours, compared to the wild-type strain (Figure 6D). Acetate is

a key metabolic precursor in most organisms. In fungi, acetate is

involved in many metabolic processes, from glycolysis to secondary

metabolism, through generation of acetyl-CoA. Under experi-

mental conditions, acetate was highly accumulated in the DgprD

strain after 24 hours of growth, decreasing after 48 h, in a parallel

manner to adenosine (Figure 6D).

In summary, the 1H NMR analysis of intracellular metabolism

provided a rapid and efficient method to observe the metabolic

fingerprint of A. nidulans under experimental conditions. The

results clearly demonstrated the metabolome of A. nidulans DgprD

strain differed significantly from the wild-type and DgprB mutant

strain. The metabolic profiles of the strains reinforce the idea that

the absence of a functional GprD affects glucose metabolism in A.

nidulans. The PCA analysis demonstrated a significant metabolite

shift in the DgprD strain grown on glucose (Figure 6A). A

considerable number of amino acids were detected in our

experimental conditions, and the amount of amino acids was

higher in the DgprD, compared to the wild-type and DgprB strains

(Figure 6B). This suggests that A. nidulans GprD could be involved

somehow in the control of amino acid synthesis. In fact, recent

interest in branched chain amino acids (BCAA) have shown that

BCAA are major regulators via mTOR [57] and nutrient sensing

[58], and induce mitochondria biogenesis [59]. In fact, they have

been proposed to be potential targets for type 2 diabetes [58]. As

demonstrated by the transcriptome analysis, the cpcA gene

(AN3675) was up-regulated in the DgprD strain in the same

conditions (Supplementary Table S1). This gene encodes for

CpcA, a transcriptional regulator that controls the amino acid

supply in fungi [49,50,60]. An overexpression of the cpcA gene

induces an arrest in fruiting body formation when low levels of

amino acids are present. The block can be released by a

supplement of amino acids, in connection to the control of

primary metabolism and fungal development [49,50,60]. The up-

regulation of the cpcA transcript in DgprD may control sexual

development and thereby maintain equilibrium, but an excess of

amino acids releases this control. Regarding the gprD gene

deletion, the results provide evidence for the activation of the

genetic system responsible for amino acid supply and consequently

fruiting bodies formation. Therefore, GprD may regulate sexual

development using the aforementioned mechanism.

Asexual development is the common reproductive method in

most fungi, whereas sexual reproduction is rare, due to the high

energy-consumption of the sexual sporulation process [60]. The

glucose metabolism detected in the gprD strain may not provide

sufficient energy for sexual development. The 1H NMR analysis
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found metabolic intermediates, typical of starvation conditions and

hypoxia, such as, ß-hydroxybutyrate and lactate, respectively. The

high amount of lactate may suggest that fermentation was taking

place in our experimental conditions in the presence of oxygen. It

is well known in mammalian systems, that the ‘fight or flight’

response induced by epinephrine significantly increases glucose

consumption in the periphery [61], but glucose production in the

liver [62], It is mediated by a G-protein coupled receptor which

activates PKA and increases cAMP levels [62]. A recent study has

shown that a similar decrease in PKA activity with increased

glucose consumption as occurred with the DgprD strain occurs with

the a-adrenoreceptor (G-protein coupled receptor) in adipocytes.

The levels of acetate, malate, succinate, and fumarate were

increased in the DgprD strain after growth for 24 h. In addition to

the TCA cycle, succinate and malate are produced through an

alternative pathway, the glyoxylate shunt, which allows cells to

convert acetyl-CoA, provided from acetate, into succinate.

Succinate can then be used to replenish the TCA cycle or to

function as precursors for amino acid biosynthesis or carbohydrate

biosynthesis. Thus, the glyoxylate shunt enables cells to use acetate

as the sole carbon source [63]. This pathway may be activated in

the absence of GprD, providing the amino acids and the energy

necessary for fruiting bodies formation. However, the unpaired

metabolism is probably a cause for the developmental defects

observed in the DgprD strain [4].

Conclusions
Transcriptional profiling and NMR analysis aimed to identify

the metabolic pathways that are influenced in A. nidulans by

GPCRs, GprB and GprD. Notably, the A. nidulans wild-type PKA

activity is increased upon starvation. However, upon starvation,

the PKA activity is increased in the DgprB mutant but decreased in

the DgprD mutant strains. The DgprB and DgprD strains displayed

contrasting behavior, i.e. the absence of GprB promoted the

increase of PKA activity during growth on glucose and during

starvation. Although, the absence of GprD drastically reduced the

activity of PKA, the decrease was more evident under starvation

conditions. Our results suggest that the absence of gprB and gprD

genes interferes, at both transcriptional and metabolic levels, with

the different metabolic pathways of A. nidulans. A large number of

genes encoding proteins involved in secondary metabolism were

modulated at the transcriptional level in both mutants. Several

members of the sterigmatocystin-aflatoxin gene cluster presented

down-regulation in both mutant strains. Many of the genes of the

NR-PKS monodictyphenone biosynthesis cluster had increased

and decreased mRNA accumulation in DgprB and DgprD,

respectively. The differential behavior between both mutants was

observed for genes related to sexual development, stress signaling,

and amino acid metabolism. The 1H NMR analysis of intracel-

lular metabolites showed the absence of the gprB gene did not

significantly affect overall metabolism in A. nidulans. The effects of

the absence of the gprD gene were significantly detectable in PCA

and statistical analysis compared to the DgprB and wild-type

strains. The metabolic profiles of the strains reinforced the idea

that the absence of a functional GprD affects glucose metabolism

in A. nidulans. Accordingly, the levels of lactate, a metabolite

produced under anaerobic conditions, was 2-fold higher in the

DgprD strain when compared to the wild-type and DgprB strains.

The results provide a preliminary comprehension of how GprB

and GprD, two fungal GPCRs, affect metabolic pathways. Further

work should concentrate on understanding how GprB and GprD

are able to modulate these pathways at the molecular level.

Materials and Methods

Fungal strains and growth conditions
The A. nidulans strains used in this study were kindly provided by

Dr. Jae-Hyuk Yu (University of Winconsin, Madison, USA). The

mutant strains RJA36 (pabaA1, yA2; DgprB::argB+), RKH57.25

(biA1; DgprD::argB+) and the wild-type strain FGSC4 (veA+) were

grown on solid minimal medium with appropriate supplements

(MM), with the indicated carbon source, and incubated at 37 uC.

The stock cultures were kept on silica beads with 7% milk (w/v) at

4uC. The batch cultivation medium (BCM; pH 6.5) was composed

of 50 ml/liter salt solution (6 g/liter NaNO3, 1.5 g/liter KH2PO4,

0.5 g/liter KCl and 0.5 g/liter MgSO4.), 200 ml/liter trace

elements (10 g/liter EDTA, 4.4 g/liter ZnSO4.7H2O, 1.0 g/liter

MnCl2.4H2O, 0.32 g/liter CoCl2.6H2O, 0.315 g/liter Cu-

SO4.5H2O, 0.22 g/liter (NH4)6Mo7O24.4H2O, 1.47 g/liter

CaCl2.2H2O and 1 g/liter FeSO4.7H2O) and 1% glucose as

carbon source. The incubation was performed at 37 uC.

For the viability assays using oxidative stress agents, 10-fold

dilutions of starting suspension conidia were used. Conidia were

collected from 5-day-old cultures grown on solid minimal medium

containing the appropriate supplements. The amount of conidia

was calculated using a counting chamber. It was spotted 105, 104,

103 and 102 conidia in a volume of 5 ml on minimal medium agar

plates (control) and agar plates containing farnesol (10 and

50 mM), 2 mM paraquat, and 0.1 mM menadione. The plates

were incubated at 37uC for 48 h.

For the quantification of sporulation, 50 ml of a spore

suspension containing 16107 conidia prepared from a freshly

harvested and filtered spore suspension was spread onto MM agar

plates containing low glucose (0.1% w/v) and high glucose (1% w/

v) concentration. Five plates for each strain were incubated for

48 h, and the conidia produced on each plate were harvested with

10 ml of PBS solution containing 2% (v/v) Tween 80 (Merck,

Germany). The spore suspensions were filtered through 40 mm-

pore filter (Millipore, USA), and the number of conidia was

determined using a counting chamber.

Construction of A. nidulans GprD::mRFP and GprB::GFP
strains

To generate the GprD::mRFP and the GprB::GFP strains

under the control of the endogenous promoter, a portion of 59

UTR flanking region, the open reading frame (ORF) and a

portion of 39 UTR flanking region of the gpr genes were amplified

from the wild-type A. nidulans gDNA and cloned in frame with the

monomeric red fluorescent protein (mRFP) gene or the green

fluorescent protein (GFP) gene. The stop codon of the genes was

Figure 6. The metabolome of A. nidulans DgprB and DgprB strains grown on glucose. (A) PCA plot illustrating the variance of the integrals
from NMR spectral data for all strains collected at 24 or 48 hours. (B–D) Column charts for identified metabolites expressed in Relative Metabolite
Levels (Calculated taking Log2 of molar ratios from integrated spectral data). Metabolite levels were measured and averaged for each strain after
24 hours of growth (black) and 48 hours of growth (light grey). Using a two-way ANOVA, at 24 hours P,0.001 was determined for leucine/isoleucine,
valine, isoleucine, b-hydroxybutyrate, acetate, malate, and aspartate, P,0.05 was determined for glucose. At 48 hours, P,0.001 was determined for
valine and glucose, P,0.01 was determined for isoleucine and lactate, P,0.05 was determined for leucine/isoleucine and b-hydroxybutyrate. The
columns not sharing the same letter are significantly different from strains within their time of collection (Tukey HSD, p,0.05).
doi:10.1371/journal.pone.0062088.g006
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omitted in the construction. The construct links mRFP or GFP to

the C-terminus of gprD and gprB, respectively, and the selective

marker used was pyro. The S. cerevisiae in vivo recombination system

was used for the production of the transformation cassette as

previously described [64].

Microscopic analysis
The GprD::mRFP and GprB::GFP strains were grown on

coverslips in the indicated conditions. After incubation in minimal

medium with no carbon source or glucose for a determined time,

the coverslips were rinsed with phosphate-buffered saline (PBS;

140 mM NaCl, 2 mM KCl, 10 mM NaHPO4, 1.8 mM KH2PO4,

pH 7.4) and mounted for examination. Slides were visualized on

an Observer Z1 fluorescence microscope using a 1006 objective

oil immersion lens (mRFP filter; excitation 543 nm/emission

550 nm). DIC (differential interference contrast) images and

fluorescence images were captured with an AxioCam camera

(Carl Zeiss) and processed using AxioVision software (version 4.8).

RNA extraction
After harvesting, mycelia were disrupted by grinding, and total

RNA was extracted with RNeasy Plant Mini Kit (Qiagen). RNA

(10 mg) from each treatment was fractionated in 2.2 M formalde-

hyde, 1.2% agarose gel, stained with ethidium bromide, and

visualized with UV-light in order to check RNA integrity. The

samples were submitted to RNAse-free DNAse treatment as

previously described, purified with RNeasyH Mini Kit (Qiagen),

and then quantified in the NanoDropH 2000 Thermo Scientific

(Thermo Scientific). RNA integrity was verified in the Agilent

2100 Bioanalyzer (Agilent Technologies), according to manufac-

turer’s protocol.

Protein kinase A activity assay
A total of 107 conidia of the wild-type, DgprB, and DgprD mutant

strains were grown for 24 hours at 37uC in erlemeyer-flasks of

250 ml 50 ml MM containing 2% glucose on a rotary shaker

(180 rpm). The liquid media was discarded and the mycelia

washed with sterile water prior incubation with glucose-free MM

for 12 and 24 hours, under the same conditions. The mycelia was

harvested via vacuum filtration and immediately frozen in liquid

nitrogen. The extraction of total protein and the protein kinase A

activity assays were performed using the PepTagH Non-Radioac-

tive Protein Kinase A kit (Promega), according to the manufac-

tures instructions. The intensity of the phosphorylated substrate

was determined via densitometry analysis using the ImageJ

software.

Microarray slides construction and gene expression
methods

The Agilent arrays were designed using the Agilent E-array

software tool (available at https://earray.chem.agilent.com/

earray/). Briefly, gene sequences representing the whole A. nidulans

A4 genome were uploaded and the ORF numbers carefully

validated by comparing the sequences deposited in three

databanks [CADRE (The Central Aspergillus Resource); AspGD

(Aspergillus Genome Database) and BROAD Institute], resulting

in 11,251 ORFs being submitted to Agilent E-array. Based on the

quality parameter implemented by Agilent E-array, 11,143 probes

were designed from the uploaded sequences. These probes were

represented three or four times on the microarray slides. The gene

annotation used in the analysis was based on [65,66]. Therefore,

the microarray slides comprised of 45,220 features representing

the gene probes, 1,417 Agilent internal controls and 800 controls

that represented 80 randomly chosen A. nidulans ORFs.

To identify the A. nidulans genes transcriptionally activated by

growth of wild-type, DgprB and DgprD strains on 1% glucose for 24

and 48 h, we measured gene expression using Agilent custom-

designed oligonucleotides arrays (4644K microarray), described

above. After RNA isolation and purification, cDNA was synthe-

sized using the T7 promoter primer. Initially, 5 mg of total RNA

was incubated with AgilentTM RNA Spike-In controls probes

(RNA Spike A and B mix). The RNA and primer were denatured

at 65uC for 10 minutes, and then placed on ice for 5 min.

Subsequently, cDNA Master Mix (4 mL 56 First Strand Buffer,

2 mL 0.1 M DTT, 1 mL 10 mM dNTP mix, 1 mL MMLV-RT

and 0.5 mL RNaseOut) was added, prior to incubation at 40 uC
for 2 hours. Finally, the samples were incubated at 65uC for 15

minutes. The samples were then labeled with Cy-3 or Cy-5-dUTP

using the Two-Color Microarray-based gene expression analysis

kit (Quick Amp Labeling Kit, Agilent TechnologiesTM, USA)

following the manufacturer’s procedures. cRNA amplification and

labeling were performed by adding to the samples the AgilentTM

Transcription Master Mix (20 mL 46Transcription Buffer, 6 mL

0.1 M DTT, 8 mL NTP mix, 6.4 mL 50% PEG, 0.5 mL RNase

OUT, 0.6 mL inorganic pyrophosphatase, 0.8 mL T7 RNA

Polymerase, 2.4 mL Cyanine 3-CTP to control samples, or cyanine

5-CTP to treated samples, and 15.3 mL nuclease-free water), and

incubating the mixtures at 40 uC for 2 hours. The labeled cRNA

was purified using RNeasyH Mini Kit (Qiagen), and then

quantified in the NanoDropH 2000 (Thermo Scientific).

Prior to hybridization, 825 ng of each labeled cRNA was

incubated at 60 uC for exactly 30 minutes with AgilentTM

Fragmentation Mix (11 mL 106 Blocking agent, 2.2 mL 256
fragmentation buffer, and nuclease-free water to bring the volume

to 52.8 mL). The fragmentation process was stopped by adding

55 mL of 26GE Hybridization Buffer HI-RPM. Finally, 100 mL

of the sample was placed onto the microarray slide, which was

mounted into the AgilentTM Microarray Hybridization Chamber.

The hybridization was performed in an Agilent G2545A

Hybridization Oven set at 65 uC for 17 hours. After, microarray

slides were washed according to Agilent’s instruction and scanned

using GenePixH 4000B microarray scanner (Molecular Devices,

USA).

Gene expression analysis
Gene expression data was extracted from TIFF images

generated using Agilent Feature Extraction (FE) Software, version

9.5.3.1 (Agilent Technologies, USA) and the Linear Lowess

algorithm to subtract the background noise and normalized

intensity values. The normalized values were uploaded into the

Express Converter (version 2.1, TM4 platform available at http://

www.tm4.org/utilities.html), which converts the file from the

Agilent to mev (multi experiment viewer) format that is compatible

with the TM4 softwares used for microarray analysis (available at

http://www.tm4.org/). The mev files were uploaded into the

MIDAS software (TM4 platform), where the data was averaged

for the replicated probes of each gene on the array and the two

biological replicates of each treatment. The generated mev files

were finally analyzed using TMeV (TM4 platform, Multi

Experiment Viewer, available at http://www.tigr.org/software/

microarray.shtml). Differentially expressed genes were statistically

identified using one-class t test (p.0.01) and further filtered for

those with a mean log2 expression ratio over 1.0. The full dataset

was deposited in the Gene Expression Omnibus (GEO) from the

National Center of Biotechnology Information (NCBI) with the
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number GSE42553 (http://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc = GSE42553).

Metabolite extraction
The metabolite extraction protocol used was based in Neurospora

crassa and Fusarium graminearum metabolomic studies, recently

described [67–70]. After growth of A. nidulans wild-type, DgprB and

DgprD on batch culture medium containing 1% glucose (w/v) for

24 and 48 h, the mycelia were filtered under vacuum and

immediately frozen at 280uC. The metabolites were extracted

from frozen tissues (0.1 g) by pulverizing it in liquid nitrogen until

reached the consistency of a fine powder. To each powdered

sample was added 800 ml of extraction buffer containing 1:1 (v/v)

acetonitrile-d3 (CD3CN):deuterium oxide (D2O) plus 50 mM

sodium acetate-d3 (CD3COOD). Acetonitrile has been shown to

precipitate proteins without small molecule loss [64,66]. Extracts

were clarified by centrifugation at full speed for 2 min., and the

supernatants transferred to a new tube and immediately frozen on

dry ice for further processing to 1H NMR analysis.

1H NMR analysis
For NMR-based metabolomic analysis, dried media samples

were resuspended in 70 ml of deuterium oxide (D2O) with 20 mM

phosphate buffer, 0.1 mM 2,29,3,39 deutero-trimethyl propionate

(TSP), and 1 mM Formate. Proton (1H) spectra were acquired at

25 uC on a 14.1 T Varian INOVA spectrometer (600 MHz 1H

frequency) equipped with a CapNMRTM microcoil (Magnetic

Resonance Microsensors Corp, Savoy, MN). The 1H NMR

spectra were acquired using a one-pulse sequence with pre-

saturation of the water resonance using a 90uflip angle, and a total

repetition time (TR) of 5.65 s. The time to acquire a spectrum

from each sample was approximately 40 minutes with 512

transients.

Molar ratios were calculated from the 1H NMR spectra by

comparing peak areas to the total integration of each spectrum

after removing the water and TSP peaks. The spectral data of the

culture media was processed using ACDLabs 12.0 1D NMR

Processor (ACD Labs). Spectral processing followed a standard

routine. First, prior to Fourier transformation, the spectra were

zero-filled to 32,000 points and an apodization Gaussian function

of 0.5 Hz was applied. Spectrum were phased, baseline corrected,

and reference to TSP set to 0 ppm. Chemical shifts presented were

obtained from the Human Metabolome Database (http://www.

hmdb.ca). For statistical comparison of multiple spectra, we

performed principal component analysis (PCA) [70]. The spectra

were binned into 0.04 ppm segments using ACDLabs, and values

were exported to SIMCA-P+11 (Umetrics). The first two principal

components were plotted to demonstrate the separation between

samples, which qualified differences within the dataset.

Supporting Information

Table S1 Differentially expressed genes in DgprD strain
grown on glucose in a significant manner (p,0.01).
(XLSX)

Table S2 FunCat categorization of some genes down-or
up-regulated in the mutant strains grown on glucose,
compared to the WT.
(XLSX)

Table S3 Statistical analysis of metabolite profile.
(XLSX)
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