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The fungus Penicillium camemberti is widely used in the ripening of various bloomy-rind

cheeses. Several properties of P. camemberti are important in cheese ripening, including

conidiation, growth and enzyme production, among others. However, the production of

mycotoxins such as cyclopiazonic acid during the ripening process by P. camemberti has

raised concerns among consumers that demand food with minimal contamination. Here

we show that overexpressing an a-subunit from the subgroup I of the heterotrimeric G pro-

tein (Gai) influences several of these processes: it negatively affects growth in a media-

dependent manner, triggers conidial germination, reduces the rate of sporulation, affects

thermal and osmotic stress resistance, and also extracellular protease and cyclopiazonic

acid production. Our results contribute to understanding the biological determinants un-

derlying these biological processes in the economically important fungus P. camemberti.

ª 2017 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction (a, b, and g) and remain inactive when all subunits are to-
In filamentous fungi, heterotrimeric GTP binding proteins (G

proteins) have been implicated in the regulation of several bi-

ological processes. G proteins are composed of three subunits
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gether, with GDP (guanosine 50- diphosphate) bound to the

a subunit (Neves et al. 2002). When a receptor coupled to the

G protein is stimulated, the a subunit exchanges GDP for

GTP (guanosine 50- triphosphate), causing a conformational
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change in specific switch regions and the separation of the

a subunit from the bg dimer (Sprang 1997), allowing them to

interact with downstream effectors. The a subunit and the

bg dimer are inactivated by the intrinsic GTPase activity of

the Ga subunit. Once GTP is hydrolyzed to GDP, the Ga subunit

and the bg dimer re-associate, bringing back the G protein to

its heterotrimeric inactive state (McCudden et al. 2005).

Fungal Ga subunits have been classified into three sub-

groups (I, II, and III) (B€olker 1998; Li et al. 2007). Ga subunits

from subgroup I (hereafter Gai) are implicated in regulating

several biological processes such as conidiation (Yu et al.

1996; Ivey et al. 2002; Garc�ıa-Rico et al. 2008a), conidial germi-

nation (Truesdell et al. 2000; Eaton et al. 2012), vegetative

growth (Liu & Dean 1997; Yang & Borkovich 1999), stress resis-

tance (Garc�ıa-Rico et al. 2009; Garc�ıa-Rico et al. 2011), and the

production of proteases (Emri et al. 2008; Tan et al. 2009) and

secondary metabolites (Calvo et al. 2002; Yu & Keller 2005;

Garc�ıa-Rico et al. 2009), among others.

In almost all fungal species analyzed to date, Gai negatively

affects conidiation (Tag et al. 2000; Segers & Nuss 2003). How-

ever, in the case of conidial germination the effect of Gai is not

so clear. While it has been described that the disruption of Gai

affects conidial germination in some fungi (Truesdell et al.

2000; Eaton et al. 2012), in other cases Gai does not seem to

be involved in this process (Jain et al. 2002; Mukherjee et al.

2004). Further, in the fungus Penicillum roqueforti and Penicillum

chrysogenum Gai stimulates germination in the absence of any

carbon source (Garc�ıa-Rico et al. 2009; Garc�ıa-Rico et al. 2011).

The effects of Ga subunits over apical growth are variable

among fungal species. InAspergillus nidulans,Neurospora crassa

and Stagonospora nodorum, Gai positively affects apical exten-

sion of the fungal colony (Yu et al. 1996; Ivey et al. 2002;

Gummer et al. 2012), while in species from the genera Fusarium

and Penicillium the Gai subunit negatively affects the apical

growth rate (Tag et al. 2000; Garc�ıa-Rico et al. 2007; Garc�ıa-

Rico et al. 2009; Studt et al. 2013). These data suggest that Gai

subunits play a key role in fungal development, although

they can have opposing (positive or negative) effects on apical

extension rates of hyphae.

Gai subunits are also related to thermal and hypertonic

stress resistance. While Gai subunits increase the thermal

sensitivity of conidia in several fungi (Yang & Borkovich

1999; Garc�ıa-Rico et al. 2009; Garc�ıa-Rico et al. 2011), their role

in hypertonic stress is variable. In Cryphonectria parasitica, P.

roqueforti and P. chrysogenum, Gai negatively affects hypertonic

stress resistance (Segers & Nuss 2003; Garc�ıa-Rico et al. 2009;

Garc�ıa-Rico et al. 2011), while inN. crassa, S. nodorum, Cochliobo-

lus heterostrophus and Alternaria alternata, Gai positively affects

the rate of apical extension under hypertonic conditions (Ivey

et al. 1996; Horwitz et al. 1999; Yang& Borkovich 1999; Solomon

et al. 2004; Wang et al. 2010).

Gai subunits also play a role in the production of extracel-

lular proteases and secondary metabolites (mycotoxins, anti-

biotics or pigments), and in both cases Gai can have a positive

or negative effect, depending on the fungus analyzed (Hicks

et al. 1997; Calvo et al. 2002; Emri et al. 2008; Garc�ıa-Rico et al.

2008b; Garc�ıa-Rico et al. 2009; Tan et al. 2009). Therefore, Gai

signaling differentially regulates protease and secondary me-

tabolite production and in each case this must be analyzed

individually.
Penicillium camemberti is a filamentous fungus that is impor-

tant in the food industry and is responsible in large measure

for the organoleptic properties of bloomy-rind cheese, such

as Camembert and Brie. Several studies showed that the bio-

logical properties of P. camemberti (such as growth, conidial,

and protease production) are fundamental for the cheese-

ripening process (Nielsen et al. 1998; McSweeney & Sousa

2000; Boualem et al. 2008; Leclercq-Perlat et al. 2013). However,

the production of potentially deleterious secondary metabo-

lites (i.e. cyclopiazonic acid) during cheese ripening by P. cam-

emberti has raised concerns (Kozlovsky et al. 2014).

Surprisingly, and despite its biotechnological importance,

many of the biological determinants underlying most of the

processes carried out by P. camemberti remain to be deter-

mined. To gains insights into these fundamental processes,

we overexpressed a dominant allele of the Gai protein and an-

alyzed its effect on several physiological processes of the eco-

nomically important fungus P. camemberti.

Materials and methods

Fungal strains

The wild-type strain Penicillium camemberti NRRL 877 was

kindly provided by Dr Juan F. Mart�ın (Inbiotec, Le�on, Spain).

Penicillium camemberti transformants Pc-T04, Pc-T06, and Pc-

T08 were obtained by introducing plasmid pPgaG42R contain-

ing the dominant allele pga1G42R from Penicillum chrysogenum

(Garc�ıa-Rico et al. 2007) into the wild-type strain by protoplast

transformation (see below). pga1G42R encodes a Gai protein

where glycine at position 42 was replaced by an arginine.

This mutation is expected to disrupt the endogenous GTPase

activity of the Gai subunit, thereby resulting in a dominant ac-

tive G protein (Yu et al. 1996). In addition to these transform-

ants, a P. camemberti strain containing the wild-type

pga1allele was constructed and used as a control.

Transformation of Penicillium camemberti NRRL 877

Fungal protoplasts were isolated as described by Garc�ıa-Rico

et al. (2007), with some modifications. Briefly, approximately

1.5 g of wet myceliumwas suspended in 20 ml TPP buffer (po-

tassium phosphate buffer 50mM pH 5.8, KCl 0.7 M) containing

10 mg ml�1 Lysing Enzymes from Trichoderma harzianum (Sig-

maeAldrich) and 200 U ml�1 of b-glucuronidase (Sigma-

eAldrich). The suspension was incubated at 28 �C for 2 h

with gentle shaking (80 rpm). Protoplasts were obtained by fil-

tering the sample through a nylon filter and transformed as

described by Fierro et al. (2004). Transformed protoplasts

were selected on Czapek-sorbitol medium using phleomycin

(20 mg ml�1) as the selection agent. Conidia from these colo-

nies were subsequently transferred three times on the same

medium to stabilize the genotype and obtain homokaryotic

strains.

DNA and RNA extractions, and RT-PCR assays

Penicillium camemberti DNA and total RNA were extracted as

described by Gil-Dur�an et al. (2015).
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RT-PCR experiments were performed as described by

Cepeda-Garc�ıa et al. (2014)withminormodifications. Briefly, to-

tal RNAwas treatedwith RNase-freeDNase I (Roche, Germany),

and quantified in a MultiSkan GO quantification system using

a mDrop plate (Thermo Scientific, Germany) following theman-

ufacturer’s instructions. Two hundred ng of treated RNA were

used to synthesize pga1 cDNA using RevertAid Reverse Tran-

scriptase (Thermo Scientific, Germany) and primers 50-
AGTCCCTCGAGCTGCCT-30 and 50-CTTCTTGCGCTCGGATCG-
30. Amplification of b-tubulin cDNA was performed with

primers 50-GTAACCAAATCGGTGCTGCTTTC-30 and 50-ACCCT
CAGTGTAGTGACCCTTGGC-30 as an internal control. Products

of the RT-PCR reactions were resolved by electrophoresis on

a 1.5 % agarose gel, stainedwith ethidium bromide and quanti-

fied by densitometric analysis using the ‘myImageAnalysis

Software’ program (Thermo Scientific, Germany).

Valueswere expressed as the ratio between pga1/b-tubulin.

Phenotypic characterization

For phenotypic analyses, the different strains were grown on

different solid media: potato dextrose agar (PDA), Czapek min-

imal medium, and Power rich medium (Garc�ıa-Rico et al. 2007;

Garc�ıa-Rico et al. 2008a). Apical extension rates and conidia pro-

duction were measured according to Garc�ıa-Rico et al. (2007).

Analysis of conidial germination

Conidial germination analysis was conducted as described by

Garc�ıa-Rico et al. (2009), with some modifications. Fifty ml of

Czapek minimal liquid medium were inoculated with conidia

(final concentration 1 � 107 conidia ml�1) and incubated at

25 �C and 120 rpm for 16 h. From the fourth hour of incubation

and at regular intervals of 1e2 h, samples were taken and ob-

served under the microscope. The number of germinated and

non-germinated conidia was counted from 10 randomly-

chosen fields. A conidium was considered as germinated

when the length of its germ tube was the same size or longer

than its diameter. The percentage of germinated conidia was

calculated and plotted against time. The same experiment

was performed using Czapek liquid mediumwithout a carbon

source and distilledwater alone, but sampleswere taken at 16,

24, and 36 h of incubation.

Analysis of thermal and hypertonic stress resistance

Thermal stress resistance was determined as conidial resis-

tance to heat-shock as described by Garc�ıa-Rico et al. (2009).

The effect of hypertonic stress on vegetative growth was

assayed by calculating the relative apical extension rates of

the colonies growing in Czapek or Powermedia supplemented

with 1.5 M KCl or 1.5 M NaCl, with respect to the control (stan-

dard Czapek and Power). Results were expressed as percent-

age of apical extension rate as compared to control

conditions (Ivey et al. 1996).

Proteolytic activity in culture supernatants

Extracellular proteolytic activity in culture supernatants was

determined as described by Ch�avez et al. (2010). The strains
were grown in liquid CAC medium (wheat flour, 30 g l�1; pea-

nut flour, 5 g l�1; sodium citrate, 2 g l�1; citric acid, 2 g l�1; pH

4.5) for 96 h. At this time, aliquots of the different cultures

were withdrawn, centrifuged, and the supernatants were

assayed for proteolytic activity according to the azocasein

method described by Larsen et al. (1998). Enzymatic activity

of each strain was normalized by total protein concentration,

as determined by the Bradford method.
Cyclopiazonic acid (CPA) production

Cyclopiazonic acid (CPA) production was determined as de-

scribed by Rodr�ıguez et al. (2012) with some modifications.

Briefly, each strain was grown on malt extract agar plates

(malt extract, 30 g l�1; peptone, 5 g l�1; agar, 15 g l�1; pH 5.4)

for 15 d at 25 �C. Mycelia from three Petri dishes was scraped

off and extracted with 5 ml of chloroform. After centrifuga-

tion, the solution was filtered through a 0.45 mm pore size ny-

lonmembrane, and sampleswere dried in a rotary evaporator.

The extracts were suspended in 400 ml of acetonitrile just be-

fore HPLC analysis. HPLC analysis was performed on aWaters

1525 HPLC system (Waters, Ireland) by injecting 20 ml of each

sample into a 4.6� 250mm (5 mm) RPC18 SunFire column (Wa-

ters, Ireland). The columnwas held at 35 �C. A solvent gradient

with water and acetonitrile (both acidified with 0.02 % tri-

fluoroacetic acid) was used. The gradient was 15 % acetonitrile

for 25 min, an increase to 68 % in 2 min, and then 100 % for

5 min. The flow was 1.2 ml min�1. CPA showed a retention

time of 25.4 min. Pure CPA (Calbiochem, San Diego, CA) was

used as standard.
Results and discussion

Expression of pga1G42R decreases apical extension and
conidiation in Penicillium camemberti

The subunit Gai is central for fungal growth, but its role in de-

velopment is variable among fungal species. To functionally

characterize the effect of Gai in P. camemberti, wild-type strain

NRRL 877was transformedwith plasmid pPgaG42R expressing

the dominant pga1G42R allele (Garc�ıa-Rico et al. 2007). After

transformation, 40 phleomycin-resistant transformants were

obtained, of which 11 were randomly selected and subjected

to RT-PCR (see Materials and Methods). Three of these trans-

formants (named Pc-T04, Pc-T06, and Pc-T08) expressed the

pga1G42R allele to levels between 29 and 67 % higher that the

wild-type strain (Fig 1), confirming the successful overexpres-

sion of pga1G42R. The presence of plasmid pPgaG42R in all

strains was confirmed by PCR (data not shown).

Overexpressing the pga1G42R allele altered the normal phe-

notype of P. camemberti, affecting growth and sporulation

(Fig 2). As expected, the rate of apical growth was faster in the

more nutritive Power medium than in PDA and Czapek (mini-

malmedium).Thepga1G42R allelenegativelyaffectedhyphal ex-

tension, resulting in smaller thalli than in the wild-type strain

in all testedmedia.We did not observe changes in thalli aspect

(data not shown). In Czapekmedium, the apical growth rate of

strains overexpressing pga1G42R ranged between 0.035 and

0.055 mm h�1, versus 0.088 mm h�1 in the wild-type strain



Fig 1 e Expression of pga1G42R in transformants Pc-T04, Pc-

T06 and Pc-T08. Transcript levels of pga1 and b-tubulin in P.

camemberti NRRL 877 (WT) were quantified by densitometric

analysis using the ‘myImageAnalysis Software’ program

(Thermo Scientific, Germany), and the pga1/b-tubulin ratio

was normalized as a ratio of 1.0. The same experiment was

performed using transformants Pc-T04, Pc-T06, and Pc-T08,

and normalized with respect to the pga1/b-tubulin ratio

from the wild-type strain. A strain containing the wild-type

pga1 allele was used as a control. Error bars represent

standard deviation of three replicates from three different

experiments. The symbol * indicates that overexpression of

the pga1G42R allele in transformants Pc-T04, Pc-T06, and Pc-

T08 was statistically significant (p < 0.05 using Student’s t-

test) as compared to the wild-type and control strains.
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(Fig 3), indicating that the transformants grewat a rate between

40 and 62 % of wild-type strain levels. A similar result was ob-

served in PDA medium (transformants grew at a rate between

38 and 55 % of wild-type strain levels). In Power medium the
Fig 2 e Phenotypes of P. camemberti NRRL 877 (WT) and

transformants Pc-T04, Pc-T06, and Pc-T08. Colonies were

grown for 7 d at 28 �C in Czapek (Cz), PDA, and Power (Pw)

media. Note the marked reduction in colony diameter in

strains Pc-T04, Pc-T06, and Pc-T08 as compared to the wild-

type strain, especially in Czapek and PDA media.
effect of overexpressing pga1G42R was less evident and trans-

formants showed apical growth rates ranging between 73 and

84% ofwild-type strain levels (Fig 3). Together, these results in-

dicate that expressing thepga1G42Rallele inP. camemberticaused

a reduction in the apical extension rate, which seems to be de-

pendent on the culturemedium. It is known that changes in the

nutrient source affect fungal growth (Riquelme et al. 2011). For

example, in P. camemberti growth of the mycelium is affected

by nutrient availability (Adour et al. 2002; Aziza et al. 2005). In

this context, G protein-mediated signaling plays a key role in

detecting nutrient availability in fungi (Li et al. 2007). Thus,

and although the role of additional signaling pathways cannot

be ruled out at this point, our results suggest that in P. camem-

berti, changes in nutrient availability affect growth through

the Gai signaling pathway.

Overexpressing the pga1G42R allele drastically reduced con-

idia formation in all tested media (Fig 4). In Czapek and PDA,

conidia formation was between 3.6 % and 3.5 % of wild-type

strain levels, while in Power medium (a medium optimized

for sporulation) it was 4.2 %. A similar result was observed

through the entire sporulation cycle (after 3, 5, and 7 d of

growth) in all tested media (Fig 4). These results clearly indi-

cate that the pga1G42R allele strongly inhibits conidiation. In al-

most all fungal species analyzed to date, Gai negatively affects

conidiation, either by decreasing conidia production (e.g. Tag

et al. 2000) or completely abolishing it (e.g. Segers & Nuss

2003). In fungi, conidiation is regulated by a central pathway

composed of three genes (brlA, abaA, and wetA; Mirabito

et al. 1989) and this pathway can be activated via Gai-cAMP

(Zuber et al. 2002; Garc�ıa-Rico et al. 2008a). Further, Boualem

et al. (2008) showed that the expression of brlA and wetA in-

creased in P. camemberti grown on solid medium. Thus, al-

though further experimental confirmation is needed, it

seems plausible that in P. camemberti the Gai subunit reduces

conidial production by affecting genes of the conidiation cen-

tral pathway through the modulation of cAMP levels, as

shown to occur in other fungi.

Expression of pga1G42R induces conidial germination in
absence of carbon source in Penicillium camemberti

In general, no significant differences in conidial germination

were observed between any of the tested strains in Czapekme-

dium (data not shown). However, in Czapek medium without

a carbon source (sucrose), approximately 50 % of conidia from

transformants expressing pga1G42R germinated after 36 h

(Fig 5A). A similar result was observed in distilled water alone

(Fig 5B). As expected, the wild-type strain was unable to germi-

nate in the absence of a carbon source. These results indicate

that transformants expressing pga1G42R can germinate in the

absence of any organic molecules, suggesting that Gai signal-

ling participates in sensing carbon sources, which is the signal

for conidial germination (d’Enfert 1997). Truesdell et al. (2000)

and Eaton et al. (2012) described that the disruption of Gai neg-

atively affects conidial germination in Colletotrichum trifolii and

Neurospora crassa, respectively. Further, in Penicillum roqueforti

and Penicillum chrysogenum the Gai protein triggers germination

in the absence of carbon sources (Garc�ıa-Rico et al. 2009; Garc�ıa-

Rico et al. 2011). In filamentous fungi, germination depends on

several abiotic external factors and is triggered by the presence



Fig 3 e Comparison of the apical extension rates (mm hL1)

of P. camemberti NRRL 877 and transformants Pc-T04, Pc-

T06, and Pc-T08. Three different media (Czapek (Cz), PDA

and Power (PW)) were used. A strain containing the wild-

type pga1 allele was used as control. Error bars represent

standard deviation of three replicas from three different

experiments. The symbol * indicates that reductions in the

apical extension rates of strains Pc-T04, Pc-T06, and Pc-T08

were statistically significant (p < 0.05 using Student’s t-test)

as compared to the wild-type and control strains.
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of organic compounds (d’Enfert 1997), while in submerged cul-

tures germination is independent of the carbon source (Xue

et al. 2004). In summary, Gai signalling would participate in

sensing carbon sources in P. camemberti.
Fig 4 e Conidial production by P. camemberti NRRL 877 and

transformants Pc-T04, Pc-T06, and Pc-T08. Measurements

were performed in Czapek (A), PDA (B), and Power (C) media

after 3, 5, and 7 d of cultivation. A strain containing the

wild-type pga1 allele was used as a control. Error bars rep-

resent the standard deviation of three replicas from three

independent experiments. The symbol * indicates that re-

ductions in conidial production of strains Pc-T04, Pc-T06,

and Pc-T08 were statistically significant (p < 0.05 using

Student’s t-test) as compared to the wild-type and control

strains.
Expressing the pga1G42R allele decreases heat shock and
hypertonic stress resistance in Penicillium camemberti

Since Gai exerts its action through cAMP and several stress-

response regulators and genes are controlled by the

cAMPePKA pathway in fungi (Bahn et al. 2007; Conrad et al.

2014), we aimed to determine if Gai played a role in stress tol-

erance in P. camemberti.

Expression of pga1G42R decreased thermal stress resistance

approximately 1.7 fold at 45 �C and 8.8 fold at 50 �C (Fig 6A). Fur-

ther, expressionofpga1G42Rdecreasedosmotic stress resistance

to 1.5 MNaCl or KCl. The relative apical extension rate of trans-

formants expressing the dominant allele was approximately

72 % and 52 % of wild-type levels in the presence of KCl and

NaCl in Power medium, and 65 % and 62 % in Czapek medium

(Fig 6B). Our results indicate that upregulating of Gai signalling

by expressing pga1G42R impaired the ability of P. camemberti to

efficiently respond to thermal and osmotic stress. Similar re-

sults were obtained in Neurospora crassa, Fusarium oxysporum,

Cryphonectria parasitica, Penicillum roqueforti, and Penicillumchrys-

ogenum (Yang & Borkovich 1999; Jain et al. 2002; Segers & Nuss

2003; Garc�ıa-Rico et al. 2009; Garc�ıa-Rico et al. 2011).
Expression of pga1G42R decreases extracellular proteolytic
activity in Penicillium camemberti

Proteases produced by P. camemberti play a key role in develop-

ing the organoleptic properties of cheese (McSweeney& Sousa
2000). Highlighting their role in this process, up to 52 different

mRNAs linked to extracellular proteases are expressed in P.

camemberti during cheese-ripening (Lessard et al. 2014). To de-

termine if Gai was implicated in regulating the production of

extracellular proteases, we compared the extracellular



Fig 5 e Percentage of germinated conidia of P. camemberti

NRRL 877 and transformants Pc-T04, Pc-T06, and Pc-T08 in

Czapekminimal medium lacking a carbon source (A), and in

distilled water alone (B) after 12, 24, and 36 h. Incubations

were carried out at 25 �C and 120 rpm. A strain containing

the wild-type pga1 allele was used as a control. Error bars

represent the standard deviation of three replicas from

three independent experiments. The symbol * indicates that

increases in the percentage of germinated conidia of strains

Pc-T04, Pc-T06, and Pc-T08 were statistically significant

(p < 0.05 using Student’s t-test) as compared to the wild-

type and control strains.
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proteolytic activity of strains expressing pga1G42R and the

wild-type strain. All the tested transformants showed a signif-

icantly lower proteolytic activity than the wild-type strain

(Table 1). The proteolytic activity of transformants Pc-T04,

Pc-T06, and Pc-T08 was 26.3, 18.4, and 51.3 % of the wild-

type levels, indicating that expressing the pga1G42R allele in

P. camemberti importantly reduces the production of extracel-

lular proteases. To date, opposing results about the role of Gai

in the production of extracellular proteases have been re-

ported. Transcriptomic and proteomic studies showed that

inactivating Gai decreased the production of extracellular pro-

teases in phytopathogenic fungi (Dawe et al. 2004; Schulze-

Gronover et al. 2004; Tan et al. 2009). Interestingly, downregu-

lating the production of extracellular proteases in these fungi
correlated with decreased virulence (Gao & Nuss 1996;

Schulze-Gronover et al. 2001; Solomon et al. 2004), suggesting

that proteases (and their control by Gai) are important for phy-

topathogenicity. Conversely, inactivating Gai in the non-

phytopathogenic fungus Aspergillus nidulans increased proteo-

lytic activity (Emri et al. 2008). In that study, the authors sug-

gest that increasing the production of extracellular proteases

would allow A. nidulans to use minor energy sources, allowing

fungi lacking the Gai to survive under carbon starvation

(Emri et al. 2008). Penicillium camemberti is also a non-

phytopathogenic fungus, and the pga1G42R allele produces

a dominant active G protein signaling (Yu et al. 1996), which

could be considered the opposite of inactivating Gai. Hence,

our results are in agreement with those reported for A. nidu-

lans, as activating Gai downregulates the production of extra-

cellular proteases in P. camemberti (the opposite effect of

inactivating Gai in A. nidulans).
Expression of pga1G42R decreases the production of the
secondary metabolite cyclopiazonic acid (CPA) in Penicillium
camemberti

CPA is one of the main mycotoxins produced by P. camemberti.

To study if Gai affects this process, CPA production was ana-

lysed in strains expressing pga1G42R and in the wild-type

strain. Transformants expressing pga1G42R produced between

29.7 and 32.1 % of wild-type CPA levels after 15 d of culture

(Table 1), indicating that pga1G42R negatively affects the pro-

duction of this mycotoxin. In fungi, the role of Gai subunits

in the production of secondary metabolites is variable. For ex-

ample, in Aspergillus spp. Gai negatively regulates the produc-

tion of several secondary metabolites (Calvo et al. 2002), while

in other fungi (i.e. Penicillum chrysogenum, Penicillum roqueforti)

Gai stimulates their production (Garc�ıa-Rico et al. 2008b;

Garc�ıa-Rico et al. 2009). Further studies are warranted to fully

understand the role of Gai in secondarymetabolism. One pos-

sibility is that Gai triggers complex signal transduction net-

works that culminate in the activation or repression of

specific transcription factors which, in turn, control the ex-

pression of genes implicated in synthesizing specific second-

ary metabolites. Our results suggest that in P. camemberti,

Gai negatively regulates CPA production. To the best of our

knowledge, only two genes have been implicated in control-

ling CPA synthesis, namely veA and laeA (Duran et al. 2007;

Hong et al. 2015). Inactivating veA decreases CPA production

in Aspergillus flavus (Duran et al. 2007), while overexpressing

laeA increases CPA production in Aspergillus fumisynnematus

(Hong et al. 2015). Interestingly, veA and laeA encode the VeA

and LaeA proteins, which are part of the velvet complex, a reg-

ulatory unit that regulates secondary metabolism and devel-

opment in fungi (Bayram & Braus 2012). Although the

functional connection betweenG proteins and the velvet com-

plex is unknown (Bayram & Braus 2012), there are some cases

where both pathways seem to control the same biological pro-

cesses in fungi (Jeong et al. 2003; Han et al. 2008; Lee et al. 2012).

Therefore, determining if the velvet complex and GaI act to-

gether in regulating CPA production in P. camemberti should

be investigated.



Fig 6 e Comparative analysis of thermal and hypertonic stress resistance of P. camemberti NRRL 877 and transformants Pc-

T04, Pc-T06, and Pc-T08. (A) Conidial survival after 1 h of heat shock treatments at 45 �C and 50 �C, expressed as percentage of

viable conidia (able to germinate and form colonies) against a non-treated control which was set to 100 % viability. (B) Rel-

ative apical growth rates in Czapek minimal medium or Power medium containing 1.5 M KCl or 1.5 M NaCl. Data are ex-

pressed as the percentage of apical growth rates for each strain grown in the medium supplemented with the indicated salt

versus growth without salt. In (A) and (B), a strain containing the wild-type pga1 allele was used as control. Error bars rep-

resent the standard deviation of three replicas from three independent experiments. The symbol * indicates that reductions

in stress resistance of strains Pc-T04, Pc-T06, and Pc-T08 were statistically significant (p < 0.05 using Student’s t-test) as

compared to the wild-type and control strains.

Table 1 e Extracellular proteolytic activity and
cyclopiazonic acid (CPA) production by P. camemberti
NRRL 877 and transformants Pc-T04, Pc-T06, and Pc-T08.

Strain Proteolytic
activity (U mg�1 of

protein)

CPA (mg g�1

dry weighta)

NRRL 877

(wild-type)

1574.76 � 93.72 69.47 � 13.13

Control 1617.92 � 26.06 67.42 � 11.37

Pc-T04 415.59 � 59.30b 20.62 � 10.80b

Pc-T06 290.75 � 24.88b 19.87 � 1.60b

Pc-T08 808.44 � 42.50b 22.33 � 4.28b

a CPA production was normalized by dry weight of fungal mycelia.

For this purpose, the mycelium from each sample was dried as de-

scribed by Garc�ıa-Rico et al. (2009).

b Significant differences as compared to the wild-type and control

strains (p � 0.001, Student-t test).
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Conclusions

Despite that several biological properties of Penicillium camem-

berti are important and have biotechnological applications, its

physiology remains poorly understood. In this work, we show

that expressing a dominant allele of a Gai protein in P. camem-

berti decreases apical extension, conidiation, thermal and hy-

pertonic stress resistance, and extracellular protease and CPA

production. In addition, the dominant pga1G42R allele triggered

conidial germination in the absence of a carbon source. Our

results shed light into the regulation of these biological pro-

cesses in the economically important fungus P. camemberti.
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