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ARTICLE INFO ABSTRACT

Penicillium roqueforti is used in the production of several kinds of ripened blue-veined cheeses. In addition, this
fungus produces interesting secondary metabolites such as roquefortine C, andrastin A and mycophenolic acid.
Pezl To date, there is scarce information concerning the regulation of the production of these secondary metabolites.
Secondary metabolism Recently, the gene named pczl (Penicillium C6 zinc domain protein 1) was described in P. roqueforti, which
Penicillium roqueforti encodes for a Zn(II),Cyse protein that controls growth and developmental processes in this fungus. However, its
effect on secondary metabolism is currently unknown. In this work, we have analyzed how the overexpression
and down-regulation of pcz1 affect the production of roquefortine C, andrastin A and mycophenolic acid in P.
roqueforti. The three metabolites were drastically reduced in the pcz1 down-regulated strains. However, when
pczl was overexpressed, only mycophenolic acid was overproduced while, on the contrary, levels of roquefortine
C and andrastin A were diminished. Importantly, these results match the expression pattern of key genes in-
volved in the biosynthesis of these metabolites. Taken together, our results suggest that Pcz1 plays a key role in
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regulating secondary metabolism in the fungus Penicillium roqueforti.

1. Introduction

Filamentous fungi are eukaryotic microorganisms with several in-
teresting biological properties, among them, a great ability to synthe-
size secondary metabolites. These chemical compounds have ecological
roles in communication, defense and as virulence factors, providing
fungi competitive advantages over those microorganisms that cohabit
with them in the natural environment (Keller et al., 2005; Brakhage,
2013; Spiteller, 2015; Macheleidt et al., 2016). From the applied point
of view, several fungal secondary metabolites have great biotechnolo-
gical importance as antibiotics, immunosupressors, industrial pigments,
etc. However, other fungal secondary metabolites such as mycotoxins
are toxic and potentially deleterious for humans and animals (Yu and
Keller, 2005; Macheleidt et al., 2016).

Fungi belonging to the genus Penicillium, including the species
Penicillium roqueforti, are among the most important producers of sec-
ondary metabolites (Nielsen et al., 2017). P. roqueforti is an ascomycete
filamentous fungus widely distributed in nature (Filtenborg et al., 1996;
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Driehuis, 2013) and industrially utilized for the ripening of blue-veined
cheeses, contributing to the development of their organoleptic proper-
ties. In addition, P. roqueforti is an active producer of several toxic and
non-toxic secondary metabolites (Garcia-Estrada and Martin, 2016),
including roquefortine C, andrastin A, mycophenolic acid, PR-toxin and
isofumigaclavines. In recent years, the gene clusters for the biosynthesis
of these compounds in P. roqueforti have been identified (Kosalkova
et al,, 2015; Del-Cid et al., 2016; Fernandez-Bodega et al., 2017;
Hidalgo et al., 2017; Rojas-Aedo et al., 2017), granting access to studies
focused on their transcriptional regulation.

Roquefortine C is one of the main secondary metabolites of P. ro-
queforti (Kosalkova et al., 2015). This alkaloid is a mycotoxin that af-
fects several cellular processes and has been reported to be neurotoxic
(Fontaine et al., 2016). On the other hand, mycophenolic acid is a
metabolite with medical relevance. It is a meroterpenoid with in-
hibitory activity on inosine-monophosphate dehydrogenase of T and B
lymphocytes, so it is used as immunosuppressant (Usleber et al., 2008).
Finally, the meroterpenoid andrastin A has the ability to inhibit Ras
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Table 1
Primers designed in this work®.
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Primer name Sequence (5— 3')

Used for:

LEV-GPD-COMUN-FW"
GPD-COMUN-RV
GPD-C6-START-FW"
C6-END-RV
C6-Trp-START-FW"
TER-Trp-LEV-COMUN-

GGTGATGTCTGCTCAAGCGGG

CTAGTTGGCGCGAATGACCA

RV’

Nde-Fle-fw® AGACTCCATATGAGATTGCGACGGCGTATTGC
Nde-Fle-rv® AGACTCCATATGCAAGCTTGCAAATTAAAGCC
RogD-gper-Fw AAAGGTTGAGGAGCACTGGA

RogD-qpcr-Rv AACTCCACCCACAACTCTCG

RogA-gper-Fw ATCTGTGGCACGATTCATCA

RogA-gpcr-Rv CTCGACCCTGACCATTGTTT

RogR-gper-Fw TATGCCTTCAAGGGTGGTCT

RogR-gpcr-Rv TTGAAGTTAGCCCAGCGAGT

GCGGATAACAATTTCACACAGGAAACAGCCTCACCACAAAAGTCAGACG

AACAGCTACCCCGCTTGAGCAGACATCACCATGTCCAATGTCGATATATC

TGTGTCGCGACTGGTCATTCGCGCCAACTAGATAGAGTAGATGCCGACCGC
GTAACGCCAGGGTTTTCCCAGTCACGACGTCGAGTGGAGATGTGGAGTG

- Amplification of the promoter PgpdA for in vivo recombination in
yeast
- Amplification of the pcz1 gene for in vivo recombination in yeast

- Amplification of the terminator TrpC for in vivo recombination in
yeast

- Amplification of the phleomycin-resistance cassette
qRT-PCR experiments of rpt gene
qRT-PCR experiments of rds gene

qRT-PCR experiments of rdh gene

@ The primers for gqRT-PCR experiments of pcz1, mpaC, mpaG, mpaH, adrD, adrH, adrI and B-tubulin gene were described previously by Gil-Duran et al. (2015), Del-
Cid et al. (2016) and Rojas-Aedo et al. (2017), so they are not included in this Table.
> These primers have a 29-31 nt overlapping sequence (underlined) necessary for the recombination in vivo process.

¢ These primers have Ndel restriction sites (underlined).

farnesyl transferase, so it is a molecule with promising anticancer
properties (Okamoto et al., 2013).

As mentioned above, the gene clusters for the biosynthesis of ro-
quefortine C, mycophenolic acid and andrastin A have already been
identified in P. roqueforti (Kosalkova et al., 2015; Del-Cid et al., 2016;
Rojas-Aedo et al., 2017). The biosynthetic gene cluster for roquefortine
C consists of four genes and two of them (rds and rpt) have been de-
monstrated to participate in the biosynthesis of this mycotoxin
(Kosalkova et al., 2015). On the other hand, the cluster for the bio-
synthesis of mycophenolic acid in P. roqueforti is composed of seven
genes, and according to functional experiments, all they would be in-
volved in the biosynthesis of the compound (Del-Cid et al., 2016). Fi-
nally, the cluster for the biosynthesis of andrastin A is composed of ten
genes, whose functional analyses suggest that they all participate in the
production of this compound (Rojas-Aedo et al., 2017).

The regulation of fungal secondary metabolism is a complex process
involving an intricate connection among chemical, cellular and genetics
determinants (Lim and Keller, 2014; Calvo and Cary, 2015; Macheleidt
et al., 2016). In particular, the regulatory mechanisms governing the
biosynthesis of roquefortine C, andrastin A and mycophenolic acid in P.
roqueforti are not fully understood. An interesting fact to note is that
within the genomic clusters for the biosynthesis of these metabolites,
there are no genes encoding transcriptional factors that could regulate
the expression of the biosynthetic genes (Kosalkova et al., 2015; Del-Cid
et al., 2016; Rojas-Aedo et al., 2017), so probably their biosynthesis is
under the control of wide-domain regulators.

Several aspects of the regulation of roquefortine C biosynthesis have
been studied in some detail in Penicillium species. These studies indicate
that the production of this compound is regulated by an a-subunit from
a heterotrimeric G protein, the conidiation-specific protein BrlA, and
Sfk1, a transmembrane protein involved in the phosphoinositide second
messengers’ pathway (Garcia-Rico et al., 2008; Garcia-Rico et al., 2009;
Qin et al., 2013; Torrent et al., 2017). Regarding andrastin A and my-
cophenolic acid, to date only Sfk1 has been involved in the regulation of
their production (Torrent et al., 2017).

Fungal development is closely related with secondary metabolites
production. In this way, several regulators simultaneously affecting
both processes are known. Some examples are LaeA (Bayram et al.,
2008; Kosalkova et al., 2009; Dagenais et al., 2010; Shaaban et al.,
2010; Wiemann et al., 2010), StuA (Twumasi-Boateng et al., 2009; Sigl
et al., 2010; Ipcho et al., 2010; Lysoe et al., 2011), MtfA (Ramamoorthy
et al., 2013; Smith and Calvo, 2014), CsnE (Zheng et al., 2017a; Zheng
et al., 2017b) and McrA (Oakley et al., 2017).

In a previous work, we characterized a novel gene with unknown
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function in P. roqueforti. This gene, named pcz1 (Penicillium C6 zinc
domain protein 1), encodes for a Zn(II),Cyse protein (Gil-Duran et al.,
2015). Functional studies indicated that Pcz1 is a positive regulator of
growth and conidiation, that negatively regulates conidial germination
(Gil-Duran et al., 2015). Taking into account that pcz1 regulates asexual
development in P. roqueforti, we sought to explore whether this gene
may also be regulating secondary metabolism in this fungus.

2. Materials and methods
2.1. Fungal strains

The wild-type strain P. roqueforti CECT 2905 (ATCC 10110) was
used in this work. P. roqueforti strains M9 and M11, derivative from
strain CECT 2905, have been previously described (Gil-Duran et al.,
2015). In these strains, the pcz1 gene was silenced using RNAi-silencing
technology. P. roqueforti strains SE23 and SE24, overexpressing pcz1,
were constructed in this work (see below).

2.2. Generation of P. roqueforti strains SE23 and SE24 overexpressing pcz1

To overexpress pczl in P. roqueforti, the plasmid pSEpczl was con-
structed. In this plasmid, pczl is under the control of the Aspergillus
nidulans constitutive promoter PgpdA and TtrpA terminator. In addi-
tion, pSEpcz1 contains a phleomycin-resistance cassette for selection of
P. roqueforti transformants. pSEpczl was constructed as follows: pcz1,
the promoter PgpdA and the terminator TtrpA were amplified by PCR
using suitable primers (Table 1) and Pfu polymerase to avoid undesir-
able mutations. As template for pcz1 amplification, genomic DNA from
P. roqueforti was used, whereas PgpdA and TtrpA were amplified using
plasmid pAN7-1 (Punt et al., 1987) as template. Once obtained, the
three amplicons were linked to plasmid pRS426 by in vivo recombina-
tion in Saccharomyces cerevisiae BY4741 (ura3-), giving rise to plasmid
PRS426pczl. For this purpose, yeasts were transformed with a mix
containing the three amplicons and the plasmid pRS426 previously
linearized with EcoRI and Xmal, and selected in suitable medium
lacking uracil. Recombinant plasmid pRS426pczl was extracted from
yeast transformants using standard protocols, propagated into E. coli
DH5a cells, purified, and sequenced. Sequencing confirmed successful
recombination. Finally, a phleomycin-resistance cassette was amplified
from plasmid p43gdh (Cardoza et al., 1998) by PCR using suitable
primers containing Ndel restriction sites (Table 1) and cloned into Ndel-
digested pRS426pcz1, giving rise to pSEpczl.

Plasmid pSEpczl was introduced into P. roqueforti CECT 2905 by
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protoplast transformation. For this purpose, protoplasts were obtained,
transformed with pSEpczland selected on Czapek-sorbitol medium
containing phleomycin, exactly as described Gil-Duran et al. (2015). To
obtain homokaryotic strains, conidia from colonies were transferred
three times onto Czapek medium to stabilize the genotype.

2.3. RT-qPCR experiments

RNA from P. roqueforti was extracted as described by Gil-Duran
et al. (2015) and used for qRT-PCR assays. The primers and protocols
for qRT-PCR analyses of pcz1, mpaC, mpaG, mpaH, adrD, adrH, adrl and
B-tubulin gene (control of normalization) were described elsewhere
(Gil-Durén et al., 2015; Del-Cid et al., 2016; Rojas-Aedo et al., 2017).
For qRT-PCR analyses of rds, rpt and rdh, suitable primer sets were
designed (Table 1). cDNA synthesis and RT-qPCR reactions were carried
out exactly as described by Rojas-Aedo et al. (2017), using a StepOne
Real-Time PCR System (Applied Biosystems, USA). The data were
analyzed using the AACt method and normalized to P-tubulin gene
expression.

2.4. Phenotypic characterization of transformants, extraction of secondary
metabolites and HPLC analyses

Apical extension rates, production of conidia, and conidial germi-
nation kinetics were measured exactly as described by Gil-Durén et al.
(2015).

The production, extraction and HPLC analyses of roquefortine C,
andrastin A and mycophenolic acid from P. roqueforti strains were done
as described by Torrent et al. (2017), Rojas-Aedo et al. (2017), and Del-
Cid et al. (2016), respectively.

3. Results
3.1. Overexpression of pczl

In a previous work, we performed the RNAi-mediated gene silencing
of pcz1 in P. roqueforti (Gil-Duran et al., 2015). In this work, we have
generated additional strains overexpressing pczl. For this purpose,
plasmid pSEpczl was introduced into P. roqueforti CECT 2905. After
transformation, 70 phleomycin-resistant transformants were obtained.
Thirty of them were randomly chosen. DNA was obtained from the
thirty transformants and tested for the presence of the pczI-expression
cassette by PCR (Fig. S1). Five out the thirty transformants showed the
expected PCR bands, so they were selected for RT-qPCR analyses. Two
of these transformants (hereafter named SE23 and SE24) showed the
highest pcz1 overexpression levels (three times higher than the wild-
type strain; Fig. 1a), and they were selected for further experiments.

3.2. Effect of pcz1 overexpression on the phenotype of P. roqueforti

Previously, Gil-Duran et al. (2015) reported that RNAi-mediated
gene silencing of pcz1 promoted conidial germination, decreased apical
growth, and repressed conidiation. Therefore, it would be expected that
strains overexpressing pczl show the opposite phenotype. Our results
indicate that this prediction was correct. The overexpression of pczl
delayed conidial germination as compared with wild-type strain
(Fig. 1b). On the other hand, the transformants overexpressing pczl
showed increased apical extension rates in all tested media (Fig. 1c).
Finally, the overexpressing strains showed a marked increase in conidia
production (Fig. 1d). Thus, these results confirm the previous ob-
servations about the effects of pczl on P. roqueforti phenotypes.

3.3. Effect of pcz1 on mycophenolic acid production in P. roqueforti

To functionally characterize the role of pczl in secondary metabo-
lism in P. roqueforti, we used the RNAi-silenced strains M9 and M11
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previously obtained by Gil-Durdn et al. (2015) and the pczl-over-
expressing strains SE23 and SE24 obtained in this work (see above). We
measured the production of roquefortine C, andrastin A and myco-
phenolic acid in these strains, comparing them with the levels produced
by the wild-type strain.

In the case of mycophenolic acid, the RNAi-mediated silencing of
pczl drastically decreased its production in P. roqueforti. As shown in
Fig. 2a, P. roqueforti CECT 2905 (wild-type strain) produced an average
of 293.5 mg of mycophenolic acid per gram of dry-mycelium, but the
compound was undetectable in strains M9 and M11. Conversely, strains
SE23 and SE24 overexpressing pczl exhibited increased levels of my-
cophenolic acid, producing an average of 1323 and 1184 mg of myco-
phenolic acid per gram of dry-mycelium, respectively (4-4.5 times
higher levels as compared to wild-type strain, Fig. 2b). These results
clearly indicate that pcz1 positively affects the production of this sec-
ondary metabolite.

To test whether pcz1 could control the biosynthesis of mycophenolic
acid at the transcriptional level, we measured the expression of three
genes (namely mpaC, mpaH and mpaG) encoding biosynthetic enzymes
from the mycophenolic acid gene cluster from P. roqueforti. mpaC en-
codes a polyketide synthase that catalyzes the first step in the bio-
synthesis of mycophenolic acid (Regueira et al., 2011; Del-Cid et al.,
2016). On the other hand, mpaH encodes an enzyme that mediated the
oxidative cleavage of a farnesylated precursor to give rise to the in-
termediate demethylmycophenolic acid (Zhang et al., 2015; Del-Cid
et al., 2016). Finally, mpaG encodes an O-methyltransferase that cata-
lyzes the methylation of demethylmycophenolic acid to form myco-
phenolic acid (Regueira et al., 2011; Del-Cid et al., 2016). As shown in
Fig. 2, the levels of production of mycophenolic acid in strains with
different pczl backgrounds positively correlated with the expression
levels of the analyzed genes. Thus, in the pczI RNAi-silenced strains, the
biosynthetic genes mpaC, mpaH and mpaG showed expression levels
between 5 and 25% of the wild-type strain (Fig. 2c), while in the SE23
and SE24 strains such genes reached levels 50% higher than in wild-
type strain (Fig. 2d). These results indicate that pcz1 is required for the
expression of mycophenolic acid gene cluster.

3.4. Effect of pcz1 on roquefortine C production in P. roqueforti

The RNA-mediated silencing of pcz1 drastically decreased the pro-
duction of roquefortine C (Fig. 3a). On the one hand, P. roqueforti CECT
2905 (wild-type strain) produced an average of 551.4 mg of roque-
fortine C per gram of dry-mycelium, whereas the compound was un-
detectable in strains M9 and M11. Remarkably, when strains over-
expressing pczl were analyzed, they also showed decreased levels of
roquefortine C, although the effect was not so drastic as compared to
RNAi-silenced transformants. Thus, strains SE23 and SE24 produced an
average of 42.7 and 238.9 mg of roquefortine C per gram of dry-my-
celium, respectively, representing a decrease between 2.3-12.9 times
the production levels observed in the wild-type strain (Fig. 3b).

The results obtained above correlated with the expression of genes
from the roquefortine C gene cluster, namely rds, rdh and rpt. The rds
gene encodes a nonribosomal peptide synthetase that forms trypto-
phanyl-histidyl diketopiperazine from the precursors L-tryptophan and
L-histidine. On the other hand, rdh encodes a dehydrogenase that acts
on the diketopiperazine or the intermediate roquefortine D. Finally, rpt
encodes an enzyme that prenylates roquefortine D or the reduced di-
ketopiperazine (Kosalkova et al., 2015). As shown in Fig. 3c, the levels
of expression of the three biosynthetic genes in the RNAi-silenced
transformants were barely detectable (2.7% or lower of the wild-type
strain levels), whereas the strains overexpressing pcz1 showed levels of
the expression of the biosynthetic genes between 14 and 38% of the
wild-type strain levels (Fig. 3d).
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Finally, we assessed the production of andrastin A in P. roqueforti produced an average of 924.7 mg of andrastin A per gram of dry-
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Fig. 1. Effect of the overexpression of pczI on P. roqueforti phenotype. (A) qRT-PCR analysis of the expression of pcz1 in P. roqueforti CECT 2905 (WT) and strains
SE23 and SE24. Error bars represent the standard deviation of three replicates in three different experiments. The symbol * indicates that increases in the expression
of pcz1 in transformants SE23 and SE24 were statistically significant (P < 0.05 using Student’s t-test) respect to the wild-type strain. (B) Germination kinetics of P.
roqueforti CECT 2905 (WT) and transformants SE23 and SE24. Data are expressed as the percentage of germinated conidia vs. hours of incubation. Error bars
represent the standard deviation of three replicates in three independent experiments. (C) Apical extension rates (mm/h) of P. roqueforti CECT 2905 (WT) and
transformants SE23 and SE24. The experiments were performed in five media: Power, Czapek, PDA, CYA and YES. Error bars represent standard deviation of three
replicas from three different experiments. The symbol * indicates that increases in the apical extension rates of strains SE23 and SE24 were statistically significant
(P < 0.05 using Student’s t-test) as compared to the wild-type strain. (D) Conidial production by P. roqueforti CECT 2905 and strains SE23 and SE24. The mea-
surements were performed in poor medium Czapek (left panel) and rich medium Power (right panel) after 1, 3 and 5 days of cultivation. Error bars represent the
standard deviation of three replicas from three independent experiments. The symbol * indicates that increases in conidial production of SE23 and SE24 were
statistically significant (P < 0.05 using Student’s t-test) as compared to the wild-type strain.
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Fig. 2. Production of mycophenolic acid by P. roqueforti strains and analysis of the expression of mycophenolic acid biosynthetic genes. (A) Production of myco-
phenolic acid by pcz1-silenced transformants M9 and M11 in comparison with the control wild-type strain (WT). (B) Production of mycophenolic acid by strains SE23
and SE24 overexpressing pczl, in comparison with the control wild-type strain (WT). (C) qRT-PCR analysis of the expression of mpaC, mpaG and mpaH in pcz1-
silenced transformants M9 and M11 in comparison with the wild-type strain (WT). (D) qRT-PCR analysis of the expression of mpaC, mpaG and mpaH in strains SE23
and SE24 overexpressing pczl, in comparison with the wild-type strain. In all cases, data are average of three replicas from three different experiments. Error bars
indicate the standard deviation of the mean value. The symbol * indicates statistically significant differences of transformants (P < 0.05 using Student’s t-test) as
compared to the wild-type strain.

mycelium, whereas the compound was undetectable in strains M9 and genes adrD, adrH and adrl were expressed at 43-75% the levels ob-
M11 (Fig. 4a). In the case of strains SE23 and SE24 overexpressing pcz1, served in wild-type strain (Fig. 4d).
they produced an average of 513.9 and 531.8 mg of andrastin A per

gram of dry-mycelium, respectively, representing a decrease between 4. Discussion

1.7-1.8 times the production levels observed in the wild-type strain

(Fig. 4b). These results correlated with the expression level of genes In our previous report, we analyzed the effects of down-regulating
adrD, adrH and adrl from the andrastin A gene cluster. adrD encodes a pczl in P. roqueforti using RNAi-silencing technology (Gil-Duran et al.,
polyketide synthase that synthesizes 3,5-dimethylorsellinic acid 2015). As a result, a decrease in apical growth rate, the promotion of
(DMOA). On the other hand, adrH encodes a FAD-dependent mono- conidial germination, and a strong repression of conidiation were ob-
oxygenase that forms epoxyfarnesyl-DMOA methyl ester from the pre- served. In this work and using the opposite strategy (overexpression of
cursor farnesyl-DMOA methyl ester. Finally, adrl encodes a terpene pczl), we confirmed an important role of this P. roqueforti regulator in
cyclase that catalyzes the cyclization of epoxyfarnesyl-DMOA methyl these processes. Thus, overexpression of pcz1 produced increased apical
ester to produce andrastin D, the first andrastin of the pathway growth, delayed conidial germination, and a marked increase in conidia
(Matsuda et al., 2013; Rojas-Aedo et al., 2017). As shown in Fig. 4c, formation. Taken together, these results give strong support to the key
adrD, adrH and adrl transcripts were barely detected in the RNAi-si- role of pcz1 in developmental processes in P. roqueforti.

lenced transformants M9 and M11 (between 1 and 3% of wild-type In addition to such developmental role, the results summarized in
strain levels). In the case of strains SE23 and SE24, the biosynthetic this work strongly support that pcz1 has an important role in the control
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Fig. 3. Production of roquefortine C by P. roqueforti strains and analysis of the expression of roquefortine C biosynthetic genes. (A) Production of roquefortine C by
pczl-silenced transformants M9 and M11 in comparison with the control wild-type strain (WT). (B) Production of roquefortine C by strains SE23 and SE24 over-
expressing pczl, in comparison with the control wild-type strain (WT). (C) qRT-PCR analysis of the expression of rds, rpt and rdh in pcz1-silenced transformants M9
and M11 in comparison with the wild-type strain (WT). (D) qRT-PCR analysis of the expression of rds, rpt and rdh in strains SE23 and SE24 overexpressing pcz1, in
comparison with the wild-type strain. In all cases, data are average of three replicas from three different experiments. Error bars indicate the standard deviation of the
mean value. The symbol * indicates statistically significant differences of transformants (P < 0.05 using Student’s t-test) as compared to the wild-type strain.

of secondary metabolism in P. roqueforti. In the case of mycophenolic
acid, overexpression of pczl increased the production of this secondary
metabolite. Conversely, the RNAi mediated silencing of pcz1 reduced
mycophenolic acid production. These changes in mycophenolic acid
production positively correlated with the expression levels of genes
encoding enzymes involved in the biosynthesis of the compound. All
together, these results support that pczl is a positive regulator of the
biosynthesis of mycophenolic acid in P. roqueforti. To the best of our
knowledge, Pcz1l would be the first zinc-finger protein involved in the
regulation of mycophenolic acid, so in the future, it would be very in-
teresting to test if this regulation may involve the direct binding of Pcz1
to promoter of genes from the mycophenolic acid gene cluster, or
whether there are intermediate transcriptional regulators involved.
Different to mycophenolic acid, the effect of pcz1 on roquefortine C
and andrastin A is rather complex. The RNAi mediated silencing of pcz1
led to a drastic reduction in the production of both metabolites in P.
roqueforti. However, the overexpression of pczl did not increase the
production of the metabolites and instead, it led to decreased levels of
roquefortine C and andrastin A. Importantly, the expression of the
biosynthetic genes was in agreement with the levels of production ob-
served for each metabolite in the overexpressing and silenced strains.
This kind of contrasting role of a regulator over fungal secondary me-
tabolism, particularly the negative effect of the overexpression over the
synthesis of secondary metabolites, has been observed before. For ex-
ample, in a comparative global analysis of the secondary metabolites
produced by Trichoderma reesei strains, Derntl et al. (2017) found a
group of metabolites that tended to be less abundant in strains either
lacking or overexpressing the transcription factor Xppl. In other study,
Ramamoorthy et al. (2013) analyzed the effect of the transcription
factor MtfA on secondary metabolism in A. nidulans. The authors found
that the deletion of mtfA blocked the production of sterigmatocystin,
terrequinone A, and penicillin, as well as the expression of genes from
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their biosynthetic clusters. However, when mtfA was overexpressed, the
expected opposite effect (that is, increased production) was observed
only for penicillin, but not for sterimatocystin and terrequinone A,
whose production decreased again. A similar result was found when the
orthologue of mtfA in A. flavus was analyzed. In this case, peanuts seeds
infected with A. flavus strains either lacking or overexpressing mtfA,
showed a decrease in aflatoxin Bl content with respect to control
strains (Zhuang et al., 2016).

The inhibitory effect of the overexpression of Pczl on the synthesis
of roquefortine C and andrastin A in P. roqueforti raises an interesting
question: why is the production of these secondary metabolites reduced
when Pczl is overexpressed? A plausible hypothesis is an indirect ne-
gative control by Pczl of the expression of these secondary metabolite
gene clusters. This mechanism has been previously observed for the
regulator mtfA in A. nidulans and A. flavus. In these fungi, the over-
expression of mtfA causes a decrease of aflR expression. AfIR is the
positive regulator that activates the transcription of aflatoxin and
sterigmatocystin pathway genes in Aspergillus, so reduced levels of afiR
transcripts result in decreased production of aflatoxin and ster-
igmatocystin in A. flavus and A. nidulans, respectively (Ramamoorthy
et al., 2013; Zhuang et al., 2016). Since the absence of mtfA also pro-
duces reduced levels of aflatoxin and sterigmatocystin, it has been
proposed that wild-type levels of MtfA, in a balanced stoichiometry
with other present factors, are required to normal biosynthesis of sec-
ondary metabolites in A. flavus and A. nidulans (Ramamoorthy et al.,
2013; Zhuang et al., 2016). According to this proposal, in our case we
can hypothesize that wild-type levels of Pczl are required to normal
production of roquefortine C and andrastin A in P. roqueforti. Over-
expression of Pcz1 would alter normal balance of putative regulators of
roquefortine C and andrastin A, resulting in decreased levels of these
metabolites. It should be highlighted that to date, specific regulators
(either positive or negative) of roquefortine C and andrastin A pathways
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Fig. 4. Production of andrastin A by P. roqueforti strains and analysis of the expression of andrastin A biosynthetic genes. (A) Production of andrastin A by pcz1-
silenced transformants M9 and M11 in comparison with the control wild-type strain (WT). (B) Production of andrastin A by strains SE23 and SE24 overexpressing
pczl, in comparison with the control wild-type strain (WT). (C) gqRT-PCR analysis of the expression of adrD, adrH and adrI in pcz1-silenced transformants M9 and M11
in comparison with the wild-type strain (WT). (D) qRT-PCR analysis of the expression of adrD, adrH and adrl in strains SE23 and SE24 overexpressing pczl, in
comparison with the wild-type strain. In all cases, data are average of three replicas from three different experiments. Error bars indicate the standard deviation of the
mean value. The symbol * indicates statistically significant differences of transformants (P < 0.05 using Student’s t-test) as compared to the wild-type strain.

have not been identified in any fungus, so this hypothesis remains to be
verified.

The different effects of RNAi-silencing and overexpression of pczl
on the production of secondary metabolites in P. roqueforti may also be
explained by other mechanisms, such as the “competition” for the use of
the sharing precursors or intermediates. It should be noticed that my-
cophenolic acid and andrastin A are synthesized from the same pool the
precursors, namely acetyl-CoA, malonyl-CoA, and S-adenosyl methio-
nine (Regueira et al., 2011; Matsuda et al., 2013), whereas the bio-
synthesis of roquefortine C requires dimethylallyl diphosphate
(Kosalkova et al., 2015), an isoprenoid synthesized in the mevalonate
pathway using acetyl-CoA as the sole carbon source (Albermann et al.,
2013). Therefore, roquefortine C, mycophenolic acid and andrastin A
share acetyl-CoA as a precursor. Taking into account these facts, we can
hypothesize that in pczl RNAi-silenced strains, mycophenolic acid,
andrastin A and roquefortine C would be reduced because their bio-
synthetic genes would not be fully expressed. But when pcz1 is over-
expressed, the mycophenolic acid gene cluster would be more effi-
ciently activated. As a consequence, the common precursors would be
efficiently used to produce mycophenolic acid in detriment of andrastin
A and roquefortine C. The lack of precursors for andrastin A and ro-
quefortine C makes unnecessary the full expression of their gene clus-
ters, resulting in a low production of these compounds.

Finally, a regulatory cross-talk mechanism could also explain the
differences in the production of secondary metabolites in our P. ro-
queforti strains. In fungi, cross-talk between secondary metabolism gene
clusters was originally described in A. nidulans (Bergmann et al., 2010),
and belongs to a complex process of communication among (appar-
ently) non-related gene clusters. This process is generally observed
when a secondary metabolism gene cluster is subjected to genetic
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manipulation and as a result, a non-related gene cluster changes its
gene expression pattern. Regulatory cross-talk between secondary me-
tabolites has also been observed in Penicillium species. In P. chryso-
genum, a strain deleted in the penicillin cluster and therefore, unable to
synthesize penicillin, produced increased amounts of PR-toxin (Hidalgo
et al., 2014; Martin, 2017). Remarkably, previous evidence suggests
that mycophenolic acid would be subjected to regulatory cross-talk in P.
roqueforti (Hidalgo et al., 2014). In this fungus, the silencing of four
genes of the unrelated PR-toxin gene cluster resulted in the over-
production of large amounts of mycophenolic acid (Hidalgo et al.,
2014). Accordingly, changes in the expression levels of pczl could
trigger a complex network of regulatory cross-talk between the gene
clusters of mycophenolic acid, andrastin A and roquefortine C and de-
pending the case, the cross-talk would produce the overproduction or
reduction in the levels of these compounds. To date, cross-talk between
the biosynthetic gene clusters for mycophenolic acid, andrastin A and
roquefortine C has not been demonstrated, so further experimental
work is needed to determine if Pczl could be affecting cross-talk be-
tween these clusters in P. roqueforti.

Our previous work highlighted the existence of pcz1 orthologues in
a wide range of species of filamentous fungi from the phylum
Ascomycota (Gil-Duran et al., 2015). In the light of the roles described
herein for P. roqueforti pcz1, it will be interesting to address, in future
research, the role of such orthologues in other fungi, exploring the
conservation of transcriptional mechanisms regulating secondary me-
tabolism and development.
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